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ABSTRACT: Nanodiamonds (ND) belong to the nano-carbon family, which involves several
synthesis, post-synthesis methods, and other modifications for ND preparation. NDs have played
vital role both inside and outside of medicine in recent years. The study of NDs has stated in
early 1960s, NDs are smaller particles with a size of about 4-5 nm with confined size distribu-
tion, large-scale synthesis at lower costs relying on the carbon explosives ignition, apparent
surface functional design along with bio-conjugation and extreme biocompatibility. It has been
predicted that the ND’s magnetic characteristics will contribute to the up-growth of various
therapeutic promoters for delivery vehicles, diagnostic probes, gene therapy, tissue scaffolds,
anti-bacterial and anti-viral treatments, and devices like nano-robots. Furthermore, the wide ap-
plications of biotechnology have displayed the potential usage of NDs in certain bioanalytical
needs like fluorescent bio labeling through fluorescent and protein purification of proteins. In
this current review, the determination of ND’s design, property, classes, constancy, organiza-
tion, surface modification, biocompatibility, and its applications in the biomedical field have
penned. The usage of ND as anti-neoplastic agents and in other health related formulations have
displayed exceptional results for future growth. Additionally, NDs provide other functionalities
such as production of biodegradable surgical devices of bone, the assassination of drug resistant
microbes and viruses, tissue engineering scaffolds, and aids in the delivery of genetic matter into
the nucleus of cells.

KEY WORDS: nanodiamond, surface modification, biomedical applications, biocompatibility,
bio-sensing

I. INTRODUCTION

Nanodiamonds (NDs), or diamond nanoparticles, are diamond-like structures having
particle size range less than 10 nm. Nano-scale-size diamond fragments are propitious
components for research due to their comparably small size allocation, flexible surface
complex and chemical dormancy altogether that constitute them as affirmative elements
for various biological and electronic applications.! ND powder are processed through
detonation as ultra-dispersed diamond displays exclusive surface characteristics.
Homogeneous distribution of the particles composed with varied types of functional
groups along with lactone, carboxyl, ketone, alkyl and hydroxyl groups are identified on
the ND particles surface and their corresponding aggregates.’'® Any covalent or non-
covalent alterations of these functional groups can modify the features of these ND
materials."
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It is foreseen that the properties of NDs will be utilized in an identical fashion to
other quantum dots, carbon and metallic nanoparticles for the creation of curative agents
for transmission vehicles, probes, anti-bacterial and anti-viral treatments, gene therapy,
tissue scaffolds, and medical devices like nano-robots.'>!* Especially, applications in
biotechnology have displayed potential uses of NDs in various bioanalytical insights
like bio-labeling and protein purification by making use of FND particles.!® In bio-de-
signing process, manufacturing of nano-scale materials like ceramic, metallic, compos-
ite and polymeric molecular level of interaction with greater specificity determines the
exceptional probability of nanotechnology in life sciences.'>!"'® Nevertheless, the adap-
tation of these improvements in clinical research and applications actually depend on
a set of diversified techniques of nanofabrication, additionally downsizing devices like
BioMEMS, along with augmentation of novel analytical processes.!”!?2!

Il. STRUCTURE OF NDS$S

In its ground state the electronic configuration of elemental carbon is 1s% 2s% 2p* Two
of the electrons in the 1S orbital are known to be core electrons and the rest 4 are va-
lence electrons. The hybridization (sp?) of C atoms possess into graphite that is a 2D
hexagonal structure, whilst hybridization (sp?) of C atoms results in a tetrahedral struc-
ture (diamond). The valence e- of diamond with nearby C atoms leads to the formation
of o-bond thus forming a layer of C atoms with a modified FCC (face-centered cubic
structure). Absence of free electrons in diamond makes it a toughest solid with thermal
conductance, and optical dispersion features. Gallium arsenide, silicon and germanium
possess the similar structure like of diamond. ND structure is a complex made of (i)
central core composed of C with sp* hybridization (ii) C shell with sp*> hybridization
that envelopes the core partly (iii) the outer surface of C atoms leads to the formation of
functional groups which aids to cease the bonds and holds on H and O atoms (Fig. 1).
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FIG. 1: Structure explaining the different layers of diamond (reprinted from Bera et al. with
permission from Springer Nature, copyright 2019)*
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Over the surface of pristine ND, varied groups such as CH moieties, CH,, CH, are
determined in distinct configurations (O=CH,, C-CH,, O-CH, O-H) along with O moi-
ety such as carboxylic (~COOH) group, lactone (O—C=0), carbonyl groups (—-C=0), and
ether (-C-O-C-) (Fig. 2).2*

Although diamond is known to be reliable when compared to graphite at atmo-
spheric pressure, in the nano-scale-size range, the particles of diamond with smaller
size of 5 nm are observed to be stable greater than graphite.?** In a research carried out
by Barnard et al.,”® based on the density functional theory, the endurance of diamond,
graphite and fullerene was evaluated and concluded that diamond is found to be one of
the stable C clusters (size of 1.9-5.2 nm). Barnard, through computer simulation tech-
niques, has documented the effect of polyhedral shape on the stability of NDs.?*?” Three
different shapes of ND particles like truncated octahedral (TO), octahedral (OC), and
cubo-octahedral (CO), where OC consists of 8 {111} facets, TO of 8 {111} facets for
which 2 adverse vertices are actually truncated in order to form (100) surface structures,
CO contains 8 {111} and 6 {100} facets, respectively. The facets are trimmed down
from the crystal with a lattice constant of 3.56 A. Each one of them is at similar distance
from that of the cluster center.

lll. CATEGORIZATION OF NDS

Based on the particle size of primary forms, ND particles are classified into 3 group of
particles such as ultra-nanocrystalline (nm), nano-crystalline (tens of micrometers), and
diamondiods which are defined H terminated forms contains tens of C atoms.

HOOC-H,C-COO

-CH, - S
COO-CH,-NH: \Ar—OOC
_—o0
g,L H,N H, N-H, C-HN
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FIG. 2: Presence of various functional groups on surface of ND surface (outer surface leads to
formation of functional group) (reprinted from Bera et al. with permission from Springer Nature,
copyright 2019)*
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A. Nanocrystalline Diamond Particles

Nanocrystalline particles of diamond with typical sizes (tens of nanometers) are found
in isolated monocrystalline or polycrystals forms (Fig. 3). The monocrystalline forms
are derived by processing monocrystalline (byproduct of natural form of diamond or
HPHT synthesis) particles that are of micron size. Processing of these micron particles
to lesser fractions usually include crushing, distillation, and branding of the powder.
The monocrystalline forms are observed to be having sharper edges when distinguished
with other ND forms. Monocrystalline ND powder is the absolute fine product among
the class of ND products. Synthetic HPHT types consisting of 100 ppm N atoms with
sizes of 25 nm, 35 nm, 100 nm were utilized to generate fluorescent structures by pro-
ton irradiation trailed by strengthening for applications in bio-labeling.*>° While the
polycrystalline ND powder is produced by using micron scale-sized polycrystalline
particles which are usually derived through shock synthesis (DuPont de Nemours’s
method).?° The polycrystalline forms have nanometer scale-sized grains which are
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FIG. 3: Explanatory description of different types of NDs and their applications
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about 20-25 nm. The fractions of diamond formed through micronizing and grading
have the particle size of 25 nm. This kind of ND has impurities and is not used in any
biological applications. The configuration of the primary matter is more like platelets
than like a sphere.’!

B. Ultrananocrystalline Diamond Particles

Among different types of ultra-nanocrystalline forms (Fig. 3), the detonation method is
exclusive and mainly commercialized. The size range of the particles resulted through
this detonation method rely upon the explosive charge weight and hence no specific size
is in principle, though majority of the vendors develop the particles within 3.5-6.0 nm.
These small NDs are useful for biological applications such as drug delivery (Nanoscale
medicine)* adsorption of protein,**** genetic material transporter,* gene gun ballistic
transfer as enterosorbents.*¢’

C. Family of Diamonds

A family of species with H-terminated forms consisting of 1-2 nm where been discov-
ered in the recent past. These structures called as diamonds are found to be highly solid,
well exemplified, and deducible,?® and act as building mass for nanotechnology. The
size of diamondoids is found to be in between the size of adamantine molecule which
is the smallest of hydrogen terminated form and the size of ultra-nanocrystalline forms.
These diamond molecules are derived from petrol as nanometric sized helices, rods,
pyramids and discs.***° Hitherto, the synthesis of diamondiod forms like tetramantane,
and antitetramantane was only possible under the category of higher diamondoids.*
Nevertheless, lower forms of diamondoids such as diadamantane, adamantane, and tria-
damantane have been extricated using crude oil much prior than the higher forms and
are available in large quantities. These lower forms like the adamantane derivatives have
wide applications across clinical medicine, pharmacology, and bio-sensing units.*

IV. SYNTHESIS AND AMALGAMATION OF ND$S

A. Commercial Methods

The synthesis of NDs occurs in different methods with their commercialization.** One
of the widely used is the Du Pont method where the precursors of carbon precursors like
graphite, coal, and carbon black are converted to diamond within a capsule through the
shock wave application (~ 140 GPa) which is produced external to the capsule. The pre-
cursors are fixed within the inner tube and outer tube looped through a driving tube. The
free room within the tube is infused with certain explosive components. The shock waves
usually are produced through the combustion of explosive compound at particular end
of the equipment that actually condense the tube and converts the sp? C-component into
nanoscale diamond particles. A combination of graphite 6% to 10% and metallic powder
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either of Cu, Al, and Ni are utilized to avoid diamond re-graphitization. The final yield
of ND is found to be almost 5% that of primary supplied matter within the capsule or
about 60% of that of carbon phase. The final product of ND has bimodal size distribu-
tion of 1-4 nm and the other with 10-150 nm. Nevertheless, numerous modifications are
made across this method.** The next procedure for the production of ND in large scale
depends on the C detonation with explosives. In this particular process, ND synthesis
occurs in both of the C material along with the explosive’s C atoms condensation.* The
cubic phase which is not higher than 20 nm is produced in an inert atmosphere however
in atmospheric air the size is 8 nm only. The production rate of the final product is 3.4%
of mass or 17% of the C at the primary stage. The last and third method is through the
explosion process for the synthesis of diamond clusters produced from the explosives
used as precursors. Currently numerous industrial reactors are processed for the produc-
tion of ND particles.’

B. High-Pressure High-Temperature (HPHT) Method

In this particular process natural C form like (graphite/coke) is introduced through an
anvil by maintaining immense pressure and kept under high temperature. Thereby the C
results into a highly stable compound called as diamond. The synthetic form of diamond
formed through this procedure consists of 100 ppm to 300 ppm of N.* By making use
of extreme energy radiations, the diamond carbon is knocked out of the structure thus
creating vacancies (V). The nitrogen vacancy (N-V) color defect centers are liable for
the emission of fluorescence.*43

C. Chemical Vapor Deposition (CVD) Method

Chemical vapor deposition (CVD) is known to be one of well-known methods for both
crystalline and polycrystalline forms where in each of the case the substrate required
is diamond. Various forms of CVD method exist and process depends on the precursor
gases activation such as microwave energy is used in microwave plasma enhanced CVD
method in order to energize the gases. This method of CVD is most popular but very
expensive to run and provides huge areas for the deposition of ND films. These films
are produced through vapors of carbon on substrates of non-diamond/diamond.*® Amidst
the various films ultra and nanocrystalline kinds are highly resistant to pressure and pos-
sess superior mechanical properties. Size of these films can be restrained by precursors
which are H rich and C poor, pressure, voltage and temperature.*’ The diamond films of
ultrananocrystalline form which usually range from 3nm to 5nm are produced under H
poor and argon rich conditions.*® Along with the size difference these films also display
dissimilarity in the sp? C content. The sp? C content is 50% in the nano form while it is
2-5% in ultranano form.* For example, the coating of biomedical implants is done by
using ultrananocrystalline films which is of higher quality to that of silicon, quartz, and
platinum used as substrates. This superior quality is ascribed to their opaque structure,
roughness of the surface, reduced cytotoxicity and structural boundaries. Likewise, the
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nanocrystalline films are highly stable, more biocompatible and selective in nature and
have immense electrochemical possessions.*

D. HPHT Ball Milling

HPHT-based ball milling method is the most prominent and widely accepted method
employed for fabrication of stable and FNDs. It is seven process in which very first
step is genesis of pdiamonds using HPHT (approximate size is > 150 pm) and fol-
lowed by annealing and irradiation of diamonds for generating nitrogen vacancy cen-
tre (approximate size is > 50 um). After generation of uniform pdiamonds two series
of milling process is formed i.e., jet milling (approximate size is > 1 um), followed
by bead milling (approximate size is > 200 nm). After this step purification and size
fractionalization is done with ultimately end stage of ultracentrifugation generating
ultra-nano-sized NDs. Size of isolated NDs prepared using HPHT method can be
tuned within range of 4 to 25 nm with appropriate application of centrifugation and
acceleration.”!

E. Laser Ablation

In 1960s there were reports of development of ruby laser from laser ablation. Iron oxide
nanoparticles were firstly synthesized using laser ablation techniques in 1987 with the
help of high-power pulsed laser radiation on solid-liquid interfaces. Laser radiation is
composed of many methods but out of all these methods, pulsed laser ablation in liquids
(PLAL) is most attractive and well accepted method with special emphasis on growth of
NDs at solid-liquid interfaces. Methodology behind PLAL is combination of pulse laser
deposition and chemical routes which produces stable colloidal suspensions. Parameters
which determine the property of NDs are as follows: a) laser impulsion along with exci-
tation, b) temperature and pressure of system, ¢) solvent system used. In this method in-
tensity of laser on material is 10® W/cm?which finally leads to ejection and evaporation
of targeted material. Synthesis is done by submerging powder or solid form of material
in suitable solvent under defined temperature and pressure with interaction of targeted
atoms and liquid evaporation.>

F. Carbide-Derived Diamonds

Carbon derived from metal carbides extraction is known as carbides derived car-
bon. Synthesis of various carbon structures by selectively etching carbides produces
nanocrystalline diamonds. Various techniques are employed for removing metals
from carbides and genesis of carbon coating or powdered carbon from supercritical
water leaching, halogen treatment at high temperature, decomposition via vacuum.
Nanoporous carbon was produced using chlorination of carbon. In case of silicon ex-
traction from silicon carbide operating near temperature of 1000°C generates nano-
crystalline diamonds with size of 5 nm in chlorinated gaseous environment.>
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V. ND SURFACE MODIFICATIONS

NDs nano scale size, greater surface area, and the probability of distillation with the help
of oxidizing agents allow them to be a practicable applicant for any surface modifica-
tion and activity. Figure 4 summarizes approaches establish various functionalities on
the surface of NDs.>%? Few of the primary alterations of the ND surface include surface
radical’s generation, substrate for producing dicarboxylic acid-60 and carboxylic acid-
59 NDs. For better functionality of the surface area, it is required for the surface to be
uniform all over and this can be achieved by reactions using hydrogen, fluorine, and
chlorine and was successful in earning homogeneity of the surface and boosting reactiv-
ity.***® Under reaction with amine, hydroxyl and carbon fluoride, the chlorinated NDs
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FIG. 4: Schematic representation of modification on ND surfaces for functionalization (reprinted
from Karami et al. with permission from Elsevier, copyright 2019)3
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are altered. At the end, the NDs are kept under reaction with ethylenediamine, alkyllith-
ium, and glycine ethyl ester HCL etc.’® Through surface modification and functionaliza-
tion, the reduction of the complex NDs size occurs which is one of the novel treatments.

Surface modification with alkyl groups shortened the size to 150-450 nm from 15
um. Compared to that of pristine, long alkyl chain functionalization of NDs displayed
an improved organic solvent solubility.*® Similarly, alterations using fluorine lead to the
reduction of size by 160 nm from 1930 nm.® On reaction with borane, pm sized pristine
NDs was reduced to 50 nm.> After hybridization with alkyl silane, modified NDs are
utilized to produce biotinylated NDs by modifying the surface. While, the Lysine par-
ticles at the surface will get lowered to 21 nm from 1281 nm. Hence, the final product
with lysine modification and surface stowing of 1.7 mmol/g displayed higher solubility
in H O when compared with other NDs-carboxylated.”

VI. CHARACTERISTICS OF NDS

A. Chemical Features

Among the group of carbon nanoparticles, NDs are found to be having unique charac-
teristics because of the surface hydrophilic nature to use these nanomaterials for various
biomolecules. Due to their larger surface area, small size, ability to react with various
oxidizing solutions, NDs are accessible particles for functionalization of the surface.
Several groups like ethers, carboxylic acid, esters, lactones and amines encircle the sur-
face of ND. The initial alteration performed on the surface of NDs is the creation of radi-
cals, from which carboxylic acid, and decarboxylic acid NDs were produced.®*** In gas
and liquid media, the ND surface modification was examined by. The effect of alteration
on sorption properties and catalyst of NDs was analyzed Kulakova et al.®

B. Structural Features

While defining the structural features, two important features of NDs are to be men-
tioned which effects its properties: (i) number of surface atoms (which defines the size)
and (ii) shape of the individual ND molecules. In globular particle of diamond, the num-
ber of atoms is determined by using the following formulas:

4

N, =—nR?
total 3V0
n, = (nbulk)2/3 (1)
n, 3
Ntotal 4Rn}3/u31k

While the count of the surface atoms can be computed using the expression (ns),
whereas, nbulk = bulk atomic density; ns = surface density.

Volume 38, Issue 4, 2021



48 Yadav, Shukla, & Flora

Specifically, sum of surface atoms for spherical particles can be calculated by the
below set of rule. Through the experiments made by detonation methods, the shape
of ND HRTEM images and clusters of ND were displayed as spherical. Nevertheless,
on the superficial layers of Mo tip, the HRTEM images of individual NDs group dis-
played the survival of matter on the surface of particles in the shape of polyhedral
(Table 1). This particular shape is very much alike to the particles of ND produced by
Matsumoto and Matsui.®® Regularly shaped twinned crystals and CO are typical habit
of these clusters. The shape of diamond cluster is associated to its stability which in
turn depends on the surface atoms state. The cluster stability is influenced by many
factors such as presence of active groups on ND surface: surface hydrogenation and
surface reconstruction. Based on Ab initio calculation, the spherical shape was ob-
served for ND particles having diamond surface with (111) plane and undergo buki-
fication.®” Paired crystals with common shape and CO shape are few of habits these
groups display. The stability of the group is affected through certain determinants like
hydrogenation of the surface, existence of active groups over the particle surface and
reconstruction of the surface. Another study by Kern and Hafner® documented that

TABLE 1: Physicochemical characterization of ND properties and techniques employed

Physicochemical
feature

Property

Characterization technique

Surface features

sp* & sp? content

XRD, Raman, XPS, EELS

Surface functional
groups

XPS, FTIR, TDMS, NMR, Electrophoretic
mobility, Titration

Metal content ICP-MS, PIXE
(surface)
Diamond core Fluorescence Quantum efficiency, STED, FL lifetime, PL

spectroscopy/microscopy, EPR (paramagnetic
centers)

Lattice quality

XRD, HRTEM

Dopants

Conductivity (BDD), XPS, IGA (C, H, O, N,
S) Bulk

Metal content (bulk)

ICP-MS, PIXE

Size Aggregate size DLS (RH) (volumetric)
Monocrystalline size | XRD, DLS (RH) (volumetric), Disc
centrifugation (number)
Shape — HRTEM

DLS, dynamic light scattering; EELS, electron energy loss spectroscopy; EPR, electron paramagnetic
resonance; FTIR, Fourier transform infrared spectroscopy; HRTEM, high-resolution transmission electron
microscopy; ICP-MS, inductively coupled plasmon mass spectroscopy; IGA, instrumental gas analysis;
NMR, nuclear magnetic resonance; PIXE, proton induced X-ray emission; STED, stimulated emission
depletion; TDMS, thermal desorption mass spectroscopy; XPS, X-ray photoelectron spectroscopy; XRD,
X-ray diffraction.
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the clusters of truncated octahedron cluster are found to be higher than that of spheri-
cal forms and CO. The difference of binding energy amidst spherical forms and CO
is very small ~ 0.01-0.02 eV/atom. Distinct C nanomaterials possess limited stability
distinctness and the change in the shape of particle is inferred through agitation and
hence varied forms for ND groups were noticed. For example, in the phase transition,
the conversion to ND particles can be inferred by utilizing irradiation through electron
beam. In case if the ND particles surface is not terminated by H, the end structures
can be of hybrid type like bucky diamonds. The blockade amidst the ideal and the
reconstructed surface in bucky diamonds rely upon mainly on the size and expand as
the particle size increases.

C. Electronic Features

In the year 1999, the films of diamond were analyzed by making use of edge structural
studies in-order to figure out the development of nanomaterials gap with size.*” This
helped to depict the endurance of quantum effect up to a range of 27 nm. However,
in Ge and Si, the quantum effect will dissolve later 57 nm. The quantum effect
was found vanished in particles greater than nanometer.”®’! Thus, this revealed that
the quantum effect would not impact the particle’s structure of around 44 nm. DND
emission spectra and X-ray absorption methods were found analogous to bulk dia-
mond with secondary minimum of 302 eV, exciton broadening 289.3 eV. Runge make
use of time independent and dependent density-functional theory (DFT) evaluation
to analyze the dependence of size on optical gap.” It was also concluded that in nano
materials with size larger than 1nm the quantum effect vanishes. The diamondoid
gaps are observed to be below the bulk diamonds gaps if the size is amidst 1 and
1.5 nm. This is totally dissimilar compared to the action of H terminated Si and Ge
nano materials.” There are two classes of nanoparticles classes that have been docu-
mented; (i) diamondoids made out from admantine cages and (ii) spherical, H-bond
ND and huge amounts of diamondoids are derived from petrol and HPLC aids in
distillation (Table 1).

D. Biomedical Features

NDs find their application in the biomedical field such as sensing, drug delivery,
purification and imaging depending on the physical chemical and biological fea-
tures (Table 2). NDs are usually produced at lesser price by using the detonation
methods in greater quantities and displayed reduced toxicity and huge compatibility.
Though NDs were commercialized recently (Alit, Sinta, ITC, Aldrich, and others), a
variety of purities and size distribution with varied uniformity exists. For example,
monocrystalline forms of NDs (4 to 5 nm) are determined to be stable and offer an
interface, which is biocompatible, and the absence of reactive O species (ROS) gen-
eration.” The particles of ND are incorporated at varied concentrations through ani-
mal systems and individual cells. NDs act as biomedical probes and offer therapeutic
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TABLE 2: Various physiochemical features and applications of NDs

Property Features Applications
Structural NDs having small size range Interact effectively with same size range
(~4-5nm) bioactives.
NDs having larger surface area Having greater potency and efficacy to
(~300-400 m?) conjugate with drug, proteins etc.
Biological Actively conjugates with Targeted therapy.
biomacromolecules (polymers, Utilized for cell organism studies.
proteins, bioactives, DNA, etc)
Particle having high
biocompatibility and low cellular
toxicity
Chemical Chemically inert to corrosion, pH | Coating of pharmaceutical formulations,
and degradation and stability implants, films forming agent and
Consisting large number of substrate for cell growth etc.
unpaired electron for radiations/ | Provide X-ray protective surfaces and
ozone resistance detection devices.
Potential sp* carbon shells Enhanced physical adsorption of
Having high chemical purity lipophillic biomolecules.
Design biocompatible and stable
interphase.
Having larger variety of surface | Enhanced attachment and coupling with
functionalization features drug molecules and other polymeric
Functional oxygen moiety systems and metal composition materials.
consisting on ND surface Provide water-dispensability and
hydrophilicity to form suspensions for
further binding to other molecular entity.
Technical Economical, Due to commercial availability utilized
Synthesized efficiently in for mass production (i.e., detonation
laboratory by diverse techniques | synthesis).
Accessibility of a variety of superiority/
purity samples.
Mechanical | Fine coarse Skin polishing, dispersion of bioactive or
High potency and rigidity polymer composites.
Utilized as additives, ballistic delivery to
tissues and cells.
Electro- Redox activities of detonated ND | As an effective chemical/biosensing agent.
chemical Electrochemical coating with Enhance durability and life of medical
metals instruments/formulation/stability.
Thermal Withstand in variety of high and | Composite formulation, sterilization
low temperatures range (autoclave) and liquid nitrogen storage.

benefits meanwhile refraining impairment to healthy tissues and cells. They can be
used as additives to improve the action of medicines used for dermatology, oncology
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and other diseases. Pure forms of NDs are known to control BP, clean out the gastro-
intestinal system and cure for various cancers. Presence of unpaired e-over the ND
surface enables each particle to an effective radical donor that stroll the free radicals
and helps in treating various illnesses. NDs, due to their large area of surface pro-
motes to have stronger affinity towards adsorbing enzymes, proteins and other bio-
logical molecules, greater inclination for binding to bacteria and viruses, removing
and absorbing them.” They also help to clean protein solutions and may also act as
enterosorbent within the body. NDs consist of abundant functional groups contain-
ing O which are actually included all along modification and purification stages,
though the bulk diamond surface studied to be inert chemically. For instance, treat-
ment of samples with acid produces highly pure material by eradicating the sp* C
atoms and residues of metals during hydrophilicity for the sake of solubility. By us-
ing high temperatures and through chemical analysis without degrading its inert core,
the contribution of NDs in medicine shows up (Table 1). Through various methods
of functionalization, the use of NDs in multiple methods come across where they
get effortlessly integrated into certain biological materials like enzymes, proteins,
antigens, hormones or any drugs through covalent and electrostatic communication.”
NDs act as effective delivery systems with the main aim of manageable discharge of
disabled materials that may take place through certain enzymes like proteases, ester-
ase, and lipases. The most important part of this mechanism is that the functionality
and conformation of the molecule and its flexibility towards the desired treatment is
maintained. In addition, NDs can be transferred through multiple methods and one
such is through ballistic delivery.’

E. Optical Features

NDs optical features are found to be extraordinary because of their translucent nature
in the wavelength range of visible light that is found to be higher than that of glass and
high refraction. These particular features grant both in vivo and in vitro imaging either
without or with modifications through numerous methods.” NDs as fluorescent labels
show up non-photo bleaching, stable and bright fluorescence from N vacancy defects
in the lattice.””””° Through the Raman spectrum, NDs admits devastating discovery with
living cells.**®' Whole of these schemes have displayed exceptional congeniality with
living cells compared to that of other nanoparticle dependent labels like quantum dots
which usually release toxic materials during the process.” Specifically, the radiation in
the red region helps to prove beneficial for in vivo imaging while the emission in the
green region is likely with 1a kind diamonds that consist of H3 defects.®% In polymers,
NDs have the capability to raise the diffusion of additives meanwhile enhancing the
hardness, strength and radiation. NDs can be used as an abrasive on both soft and hard
surfaces for polishing. Lower permeability and porosity of complexed NDs can be uti-
lized in bringing up separation and bio-filtration equipment comprised of microscopic
pore membranes to carry ultrafiltration or non-porous layers for prolonged storage in the
presence of low or high temperatures.
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VIl. ND BIOCOMPATIBILITY AND REGULATORY STATUS

For nanoparticles to be incorporated for biomedical applications, it must be verified for
any interaction with biological system. For detailed study different cytotoxicity studies
were performed. Toxicity of any system depends on many factors like starting material
or method involved. NDs synthesized using HPHT method shows low or no sign of cy-
totoxicity in comparison to NDs synthesized from detonation method.

Numerous researchers have determined the lethal nature of NDs that can differ
based on the surface chemistry of the cell line type and the medium.?# NDs with amine
termination displayed greater toxicity compared to that of NDs with hydroxyl end and
carboxyl end when study have performed on embryonic cells of kidney with 200 pg/mL
concentration.® While the NDs with carboxyl ends did not display any kind of genotoxic
impact in mouse fibroblasts®® however promoted damage to DNA in mouse stem cells
to a certain extent than what raised in case of carbon-nanotubes.®” Though there is not
enough evidence with respect to the nanoparticle’s serum cytotoxicity, various theories
have been kept forward. Serum helps to act as a layer of protective cells over the par-
ticles for which it is believed that they may possess certain cytotoxicity.® In addition, it
has been observed that serum has the ability to improve the nanoparticle’s diffusion con-
stancy and enhances aggregation. Further, the internalization of the nanomaterials was
seen to be greater in the no show of serum comparatively to its existence.®*® Through
other studies it was observed that the nanomaterials has the ability to adsorb certain mi-
cronutrients present in the media, hence worth, cytotoxic effects are produced through
degrading the cells with vital nutrients.”! For instance, when IV infusion of altered NDs
with the dose ranges about 125 mg into the group of rabbit did not lead to any side ef-
fects or death. Not either of the hemoglobin level or blood cell count was observed to
be decreased after fifteen minutes after infusing with 50 mg of altered NDs. The impact
was detected after 2 days where the bilirubin content, triglycerides and other lipoprotein
contents displayed changes. More of animal studies have to be taken up before going to
human trials in order to check on their safety.*®

On administration of NDs into blood stream of rats in preclinical assessment, NDs
circulate in blood stream in several cycles without any instance of excretion. After 2 h of
administration accumulation in liver and lungs was observed. In one study reported by
Zhang et al., inflammatory response was observed in lungs.” Possible reason for this ob-
servation might be retention of NDs in lung. In another study, Yuan et al. demonstrated
retention of NDs in liver and lung of murine model for 28 days.”® Specifically, accumu-
lation takes place in liver macrophages because capturing of NDs in reticuloendothelial
system. NDs were also found deeply seated in the abdominal surfaces including perito-
neum. But no reports were on the excretion of drugs via urinary and faecal route.

Despite the advantages of NDs, it has some limitations which limit its biomedical
application to preclinical stages only. Few considerations which limits its applications is
low emission from NDs N-V centers in comparison to standard organic dyes. Also large
size of NDs limits its functionality because of biocompatibility issues, further alteration
in functional protein upon interaction.
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VIIl. APPLICATIONS OF ND$S

A. Anticancer Therapy

Recent studies show that NDs have the ability to activate the enhanced vascular per-
meability irrespective of the enhanced permeability and retention (EPR) effect (pas-
sive tumor targeting).”* Among various types of NDs with various surface chemistries,
ND-NH, was found to cause and have the greatest degree of vascular leak comparatively
to ND-COOH. The actual process includes a series of biochemical processes triggered
by ND thus resulting in the unclosing of junctions in between the endothelial cells.
This particular process is reversible and can be revived at the end of the ND treatment.
Application of ND to kill the cancer cells through tissue leakiness was performed under
in vitro by using transwell model. While in their absence, the barrier will guard the cells
present in the below well against doxorubicin that has been added to the upper well.
Nevertheless, by taking up pre-treatment using NDs allows the barrier translucent to
doxorubicin thus leading in higher death rate of cancer cells in comparatively to the
death rate monitored in the control sample. Because of its fully approachable nature and
large area, NDs were analyzed for triggered release and adsorption studies of numerous
antitumor drugs which includes tetra cyclines, 4-hydroxytamoxifen, tetracyclines and
paclitaxel.”® One of the most known mechanisms of chemo resistance of cancer cells
is the therapeutic efflux that helps to curb the performance of the cytotoxic medicines.
Drug complexes with NDs have the ability to cross the protective layers and convey
the antitumor complex to the cytosol by endosomal delivery. Antitumor treatments with
NDs display many exciting opportunities. For instance, recent developments in infus-
ing leakiness of the vascular cells will aid to convey greater concentrations of drugs to
cancer cells during primary stages of tumorigenesis, earlier when EPR was not been
kept forward. A considerable progress was seen in conveying water insoluble antitumor
drugs through ND platforms. NDs will help promote controlled delivery of antitumor
drugs under the changes in pH and stimuli. The adsorption complex of ND plays a key
role in slaying the cancer cells that are resistant to drugs, circumventing the drug efflux
and cutting down antitumor drug side effects. Additionally, the ND complexes were also
utilized in combination therapy in order to treat tumors with multi drug resistance and
battle against tumor stem cells thus causing metastasis. Table 3 represents the different
ND system for cancer treatment strategy.

B. Gene Delivery

As we know that gene delivery is the admittance of genetic material into the cells with
the aim of restoring defective genes in order to gain a certain function or repair a gene to
set off other functions.'** Earlier, virus particles have been identified to actually transfer
the genetic matter into the cell genome."** Considering, viruses (through viral vectors)
have been used for the transfer of genetic material to alter the cell functions permanently
that is known as permanent transfection. Non-viral methods are efficient to deliver the
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genetic matter to the cytoplasm which is known as transient transfection. The genetic
matter will survive in the cytoplasm for an extent and later disappear when the cells
undergo division. Transfer of genetic matter through non-viral vehicles is found to be
less efficient than the viral vectors.'* By the process of passive diffusion of non-viral
vectors delivered the genetic matter to the nucleus via the nuclear pore.'*! This kind of
diffusion through the nuclear pore totally relies on the vector size and amount of genetic
material. Quite a number of carriers such as gold and magnetic iron oxide particles have
been studied for genetic matter delivery.'**'* The small size of ND makes it feasible
for the passive diffusion into the nucleus. An exceptional example of the ND particle
was determined with ND treated with Fenton. The oxidation through Fenton forms ND
to be free from amorphous carbon and of smaller size where it can get in through the
HeLa cell membrane to the nucleus.'* The capability of the NDs to skip off from the
endosomes is also vital for the genetic material delivery into the nucleus.”

C. Antimicrobial Agents

Contagious diseases are few among the main causes of death across the world, espe-
cially the bacterial infections being the one subsidizing to immense death rate. Hence,
nanoparticles complexed with bactericidal agents contribute as an alternative approach
to the existing antibiotic treatments.'* The production of these nanoparticles needs a
thorough understanding on the toxicity and biocompatibility, the design and efficiency
of the nanoparticles.'” Knowing about the pathogenesis of bacteria helps to understand
the inhibition process beyond changing the gut bacteria or activating any kind of resis-
tance against bacteria.'*® Among the various types of antibacterial agents, ND particles
complexed with proteins, carbohydrates and antibiotics have been analyzed and stud-
ied.®"¥ Not just NDs has a role as an antibacterial treatment carrier, exceptionally ND
by itself bring about bacterial cell death.'>*!!

D. Tissue and Bone Implants

Bone tissue engineering (BTE) came into picture around 30 years ago and depends on
the initiation of stem cells with unnatural scaffolds which are then extricated to bone
tissue. This approach admits to rebuild the damaged bones and hence may be used in
bone surgery. Once the bone is reformed, the need of scaffold is not required and can
be evacuated through surgery or degraded. Degradation of the scaffold should go along
with the rate of tissue regeneration. As bones withheld heavy loads, the scaffolds used
should have greater mechanical strength. This makes the primary reason why the fixa-
tion devices are prepared with metals. Additionally, the scaffold’s chemical properties
are vital to cut down the immune response and adverse effects. Young’s modulus of ND,
hardness, great surface chemistry and stability of the core region are highly beneficial
for enhancing chemical and mechanical features of scaffolds made of bio-absorbable
polymer. It was documented that octadeclamine-ND complex entrenched in PLLA or
poly L-lactic acid have shown a rise of 800% hardness and 200% young’s modulus
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correlated to PLLA.”? While the usage of phospholipid-ND complex gains a constant
ND particle dispersion in PLGA or polylactic-co-glycolic acid.*> Compared to the puri-
fied form, 10% of PLGA/ND displayed a rise of 100% in young’s modulus and 550%
hardness. Additionally, the complex of ND-PLGA curtailed down the degradation, thus
allowing hFOB1.19 osteoblasts growth. Numerous applications of ND based DDS for
tissue implants and regeneration are documented in Table 3.

E. Stem Cell Regeneration and Delivery

Stem cells have become the key focus in the human cellular therapy development and
translation research in order to cure diseases. A critical content of data is found to be
available on NDs and its uses for apprehending stem cells without disturbing their nor-
mal nature. For example, it was documented that the iron oxide particles with fluo-
rescent labelling (0.9 um) and carboxylated NDs (0.25 um) did not show any adverse
effect on the normal adipogenic and osteogenic differentiation potential, morphology,
secretion of cytokines, CD marker expression and other biochemical features of stem
cells of adipose-derived mesenchyme.'>? In several studies, NDs have displayed excel-
lent biocompatibility in the cell lines without any cytotoxicity.*! Nevertheless, it has
been documented that the NDs will provoke the interpretation of DNA repair proteins
like MOGG-1 and p53 in stem cells of embryos indicating damage of DNA. Moreover,
it was found that the NDs with oxidation possess more potential for DNA damage
compared to the NDs which are raw in nature, which might be because of the surface
chemistry. Precise monitoring of the stem cells under in vivo conditions is a vital step
in understanding the regeneration and differentiation of stem cells. Different types of
photo-probes and optical processes have been deployed for this determination however
majority of these methods are restricted because of toxicity, photo bleaching and back-
ground tissue conflict. Figure 5 represents the ND potential for stem cell delivery and
regeneration.

F. Bioanalysis (Biolabeling and Biosensing)

In addition to the application in bio-labeling and drug delivery, functionalized NDs can
be used for application in analysis and sensing. Various attempts were made by making
use of bio arrays, nano-films and were documented by Huang et al.'*®® NDs complexed
with antibodies and bacteria for biosensor applications were put forward by Smirnov et
al.'® Diamond nanowires were used for this kind of investigations. By using electro-
chemical analysis, the electro chemical properties of the nanowires were studied along
with the characterization of surface properties. The surface and adsorption properties
make them to attract proteins in spectrometry analysis. Not to mention, NDs do possess
greater affinity towards proteins and their mixtures can be examined even at very low
concentrations and the proteins that have been adsorbed need not be detached from NDs.
Studies carried out by Hens et al.'”® and determined NDs as probes to carry out electro-
phoretic collection for analytical uses.
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Zavala and coworkers synthesized non cytotoxic functionalized fluorescent NDs us-
ing bifunctional peptides for reorganization of amyloid B (Ap) aggregates as biomarker
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for Alzheimer disease. Prepared functionalized NDs are highly sensitive even in pico-
molar concentration when examined both in in vitro and in vivo studies.!”’ Bergmann
et al. synthesized fluorescent NDs which can be coupled with endotoxins because of
N-V defect centres within lattice.'”” In this study, researchers observe endotoxin filtra-
tion through membranes using confocal microscopy. Fu et al. characterized single ND
stability in comparison to Alexa Fluor 546 with first one predicting more stable in com-
parison to latter one in terms of photobleaching and fluorescence bleaching establishing
a new entity as promising biomarker.'”? Su and coworkers demonstrated biocompatible
albumin-conjugated fluorescent NDs (FNDs) as time dependent fluorescent imaging
in miniature pigs with induction of human placenta choriodecidual membrane-derived
mesenchymal stem cells (pcMSCs) when administered intravenously.'”* Posokhina de-
veloped reusable supramolecular indicator system by covalently binding cellulose-ure-
ase complex on the modified ND surface for detection of urea in blood samples.!” A list
of ND applications is provided in Table 3.

IX. PATENT MAPPING OF ND$S

NDs have open an innovative field of drug delivery. Many researchers are exploring the
best outcomes of NDs with its wider biomedical application as therapeutic and diagnos-
tic tool. Preclinical studies must be well established before moving on to clinical trials.
Table 4 discusses the patent filed or granted in the field of NDs.'7®!”’

X. THE FUTURE OF NDS AND CONCLUSION

Investigators and researchers who support and provide their efforts to identify and de-
termine the variety of biomedical applications of NDs they also deal very closely with
chemists, scientists and materials. The importance of purification, characterization and
the surface properties has to be studied to gain adequate profits of NDs in both medicine
and biology. NDs composed of organic carbon are convenient forms for the chemist
to work on. Additionally, the surface of NDs can be layered using polymer shells and
silica which helps to improve stability and solubility. Along with, the nanoparticle’s size
plays a vital role in their application. For instance, passive transfer of the NDs into the
nucleolemma is possible only when the size is 5 nm or less. In tumor treatment proce-
dures, NDs functionalized with surface chemistry are used to cause vascular leakiness
which is an effect very much alike EPR that kills the cancer cells during initial stages of
tumorigenesis. As NDs have adjustable surface properties they can be used to transfer
various types of antitumor drugs. These drug-ND complex offer uninterrupted release
of drug and residence time inside the cells hence so conquering the cancer cells resis-
tance and cutting down the chemotherapy side effects. Medicine and Biology are highly
benefitted from non-photo bleaching effects and bright NDs. A certain known defect of
NDs like silicon vacancy (SiV), nitrogen vacancy (NV), europium vacancy (EuV) was
investigated for imaging in varied wavelengths especially to the infrared range. It was
seen that there is a considerable rise in the ND applications in various fields of drug
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TABLE 4: Patents on NDs with application in biomedical field
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products thereof

S. No. Title of work Work done Application
number
1 NDs enhanced drugs | Efficacy of drugs like analgesics, usS
cholesterol reducing drugs and 20100129457A1
other substances are increased
with covalent binding to functional
groups on ND surface
2 ND UV protectant Preparation of cosmetic or 8,753,614
formulations sunscreen comprising diamond
nanoparticle in a physiological
medium
3 Skin treatment for Mineral carrier for blood product 9,227,089
promoting hair infusion
growth
4 ND particle Preparation of soluble ND EP 2435360 A2
complexes particles and therapeutic agents
by conjugation with insoluble
anthracycline, tetracycline
compounds, nucleic acids, proteins
5 Healthcare Formulation of deodorants, US7294340
and cosmetic toothpastes, shampoos, antibiotics,
compositions dermal strips, DNA test strips, skin
containing ND cleansers
6 Composite Synthesizes of porous inorganic/ 9,248,383
materials containing | organic hybrid particles embedded
nanoparticles with nanoparticles
and their use in
chromatography
7 Method of making Preparation method for 9,283,657
a diamond particle polycrystalline diamond in
suspension and homogeneous suspension of ND
method of making and microdiamond particles
a polycrystalline
diamond article there
from
8 High shear Method for preparation with 8,888,736B2
application in medical | therapeutic gas or a therapeutic
therapy liquid or a combination thereof and
a liquid carrier in a high shear
9 Cleaning oral care Oral care preparation comprising of 8,293,216B2
compositions fused silica with improved cleaning
10 ND fractional and the | Method of detonation for ND 7,569,205B1

fabrication
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delivery and bio-imaging in the recent years. Nevertheless, few obstacles do exist which
are to be beaten up. NDs aggregation is one of the serious issues, especially when the
size is less than 50 nm. Henceforth, an efficient method is required in order to avoid ag-
gregation. Interaction of the animal organs with NDs and the outcome of the complex in
the body is not been well studied. Research and investigation on NDs persists to look for
further progress like including magnetism and other optical properties. These properties
like FRET, optical trapping and magnetic resonance NDs will help in the validation of
labeling, drug delivery and bio-imaging for applications in the biomedical field in the
coming future.
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