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Advances in the field of biomaterials have allowed development
of bone implants that are biocompatible, bioresorbable2,3 and
osteoconductive4,5 (i.e. able to support bone growth on their
surface). Despite these advantages, the vast majority of currently
available implant materials suffer from poor bioactivity,4 osteo-
inductivity6 (ability to induce osteogenesis) and osteointegration.7

Over the past few decades, many efforts have been devoted to
improving properties of implant materials by their functionaliza-
tion with nanoparticles such as osteoinductive hydroxyapatite
nanocrystals resembling inorganic part of the bone or bioactive
nanoparticles loaded with different types of drugs/biomolecules
such as factors facilitating osteogenesis (e.g.bone morphogenetic
proteins, BMPs,8–10 osteopontin,11 dexamethasone12), anti-
microbial (Ag,13 CuO,14 Se,15 curcumin,16–18 chlorhexidine19,20)
or anti-inflammatory agents (e.g.curcumin,16–18,21 quercitrin22,23)
and drugs inhibiting bone resorption (e.g.bisphosphonates such
as alendronate24–26).

One of the most widespread and versatile methods for fabrica-
tion of nanoparticles is nanoemulsification. It relies on formation
of dispersions of nanosized droplets by mixing a polar phase with
a non-polar phase in the presence of a surfactant27 and allows
manufacturing of very small particles (o100 nm) that are inject-
able, 3D-printable, offer high surface-area-to-volume-ratio and
minimal mass transport limitations. Nanoparticles obtained by
nanoemulsion technology have received particular attention in
biomedical engineering due to fabrication procedures requiring
lower surfactant concentrations (compared to other emulsifica-
tions methods i.e. macro- and microemulsification28) or no
surfactant at all, translating into reduced risk of in vivo adverse
effects associated with high surfactant levels (e.g.cytotoxicity29,30

and mucosa irritation31) and improved biocompatibility of the
final product. These qualities have contributed to the broad use
of nanoparticles formulated via nanoemulsion technology in
different fields of tissue engineering including bone,32–35

cartilage,36 neural37 and cardiac37,38 tissue engineering.39,40

Among nanoparticles (NPs) fabricated via nanoemulsion
technology hydroxyapatite NPs and drug-loaded synthetic poly-
mer NPs have been the most extensively studied in the context
of bone regeneration applications. Hydroxyapatite nano-
particles have been widely explored as fillers and strengths
enhancers of orthopaedic and dental implants41–44 due to their
excellent biocompatibility45,46 and well documented osteo-
conductive47 and osteoinductive48–50 properties. When incorpo-
rated into implant material, they improve a number of properties
crucial for its in vivo performance such as hydrophilicity,51 surface
properties,52 mechanical resistance53–55 and osteoinductivity.56,57

Osteoinductivity of nano-hydroxyapatite is attributed to the size of
its particles and their high resemblance to hydroxyapatite nano-
crystals occurring in the natural bone.58–60 As a result, hydroxy-
apatite nanocrystals are better recognized by the host cells
compared to their micron-sized counterparts61,62 and thus can
more effectively stimulate cellular behaviors involved in osteo-
genesis such as osteogenic differentiation, cell adhesion, proli-
feration and migration.48

Synthetic polymer nanoparticles are probably the largest
category of NPs used for bone regeneration applications.63

This type of NPs is typically made of biodegradable polymers
such as poly(lactide-co-glycolide) (PLGA), poly(lactic acid) (PLA),
poly(e-caprolactone) (PCL) or polyethylene glycol (PEG) and are
predominantly applied as delivery vehicles for pro-osteogenic
agents (e.g.bone morphogenetic proteins, BMPs8–10) and drugs
preventing bone resorption,24–26 implant-related infections or
inflammation.16–18,21 Drug-loaded nanoparticles can provide
controlled sustained drug release over extended periods of
time16,18,21,64 and can be easily introduced into bone defects
(e.g. viainjection), which may eliminate adverse side effects of
drugs administered systemically and current therapeutic
approaches to bone injuries based on supra-physiological doses
of BMP-2.65

In this review, we discuss nanoemulsion technology and its
current uses in manufacturing of nanoparticles for bone
regeneration applications. In the first section, we introduce
basic concepts of nanoemulsification including nanoemulsion
formation, properties and preparation methods. In the next
sections, we focus on applications of nanoemulsions in fabrica-
tion of nanoparticles used for delivery of drugs/biomolecules
facilitating osteogenesis and functionalization of bone implants
with special emphasis on biomimetic hydroxyapatite nano-
particles, synthetic polymer nanoparticles loaded with bioactive
compounds and bone-targeting nanoparticles. We also high-
light key challenges in formulation of nanoparticles via nano-
emulsification and outline potential further improvements in
this field.

Nanoemulsion technology

Nanoemulsions (also known as mini-emulsions) are hetero-
geneous systems, in which nanosized droplets (o100 nm27)
of one immiscible liquid (the dispersed phase) are dispersed
in another liquid (the continuous phase). Nanoemulsions are
formed by mixing an oil (non-polar) phase with an aqueous
(polar) phase in the presence of an emulsifier. First, the
dispersed phase is broken up into larger droplets forming a
macroemulsion (also called a coarse emulsion), which in the
second step is broken up into nanodroplets.66 Deformation and
breaking up of the droplets expands the interface between
the phases, which significantly increases interfacial area and
interfacial energy. For this reason, formation of nanoemulsions
does not occur spontaneously and requires energy input.28 The
role of emulsifier is to reduce the interfacial tension between
the immiscible phases and lower the shear force needed to
break up the droplets.67 At the same time, emulsifier molecules
adsorbed to the surface of newly formed droplets impart a
physical barrier between neighbouring droplets, which stabi-
lizes them and prevents them from coalescing.28

The ability of emulsifiers to stabilize the droplets results
from their amphiphilic structure. Emulsifier molecules are
composed of a hydrophilic group (the head) and a hydrophobic
domain (the tail). When added to an oil-in-water (o/w) emulsion
(dispersion of oil droplets in an aqueous phase), emulsifier
molecules spontaneously surround the oil droplets with their
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non-polar tails extending into the droplet, while their heads
direct outwards (towards the continuous phase) as depicted in
Fig. 1. In the case of the reverse (water-in-oil, w/o) nano-
emulsions (composed of water droplets dispersed in the oil
phase), the orientation of emulsifier molecules is reversed: non-
polar tails are directed outwards (facing the oil phase), whereas
polar heads point to the center of water droplets (Fig. 1). Oil-in-
water emulsions are referred to as regular emulsions,68 whereas
water-in-oil emulsions are called reverse or invert emulsions.
When emulsion is further dispersed into another continuous
phase, it is called a multiple emulsion or emulsified emulsion.
An example of multiple emulsion is oil-water-oil (o/w/o)
emulsion, which consists of small oil droplets dispersed in
larger water droplets suspended in the continuous oil phase.

Properties of nanoemulsions

Nanoemulsions have several significant advantages over conven-
tional emulsions (macroemulsions) containing droplets in the
0.1–5.0 mm range70 and microemulsions containing droplets
ranging in size from 10 to 100 nm.71 First, nanoemulsions are
much more kinetically stable than macroemulsions, i.e. they
can resist phase separation for much longer periods of time.72

Increased kinetic stability of nanoemulsions is attributed to their
very small droplet size, which prevents gravitation-driven phase
separation processes such as droplet sedimentation and floc-
culation (a process where droplets group together, but do not
merge, Fig. 2). Second, due to the droplet size significantly
smaller than the wavelength of visible light (380–700 nm),
nanoemulsion droplets scatter little light, making them appear
transparent, as opposed to macroemulsions, which are usually
opaque or turbid.73 This quality allows incorporation of

nanoemulsions into products that need to be optically clear
and enables their easy observation by light microscopy. Third,
preparation of nanoemulsions requires much lower concen-
trations of surfactants compared to macro- and micro-
emulsions28 or no surfactant at all,74 which substantially
improves their biocompatibility. Although nanoemulsions
have similar droplet size to microemulsions (10 to 100 nm71),
they are much more resistant to physical and chemical changes
than microemulsions,72 which tend to easily destabilize with
changing composition or environmental conditions such as
temperature and pH. Other advantages of nanoemulsions
include low polydispersity of the droplets (o10–20% vs.4 40% for
macroemulsions72) and improved bioavailability of compounds
encapsulated in the droplets.75 The fundamental difference
between nanoemulsions and microemulsions is that nano-
emulsions are thermodynamically unstable, i.e. they are not in
chemical equilibrium and do not form/reform spontaneously
(without energy input) when the emulsifier, oil and aqueous phase
are brought together.27 However, they are kinetically stable, which
means that they remain stable for extended periods of time
(ranging from several days76 to several years77), but over time will
eventually separate into two phases due to their natural tendency to
lower their interfacial area and interfacial energy (which is lower in
the two-phase state). The advantage of this metastability is that it
removes the compositional limitation of microemulsions required
for their thermodynamic stability. As a result, nanoemulsions can
be functionalized with much wider variety of compounds.78

Factors affecting nanoemulsion droplet size

Droplet size is a key factor that determines nanoemulsion
stability and physicochemical properties including its transparency,

Fig. 1 Illustration of a regular (oil-in-water, o/w) and reverse (water-in-oil, w/o) nanoemulsion droplets stabilized with an amphiphilic emulsifier. W/o
nanoemulsion (left): non-polar tails are directed towards the oil phase, whereas polar heads point to the center of water droplets. O/w nanoemulsion
(right): amphiphilic emulsifier molecules spontaneously surround the oil droplets with their non-polar tails extending into the droplet, while their heads
direct outwards, towards the continuous polar phase. Copyright r2017 Scrivener Publishing LLC. Reproduced from ref. 69: https://doi.org/10.1002/
9781119364221.ch6 with permission from Scrivener Publishing LLC.
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Another factor strongly affecting nanoemulsion stability is
the emulsifier concentration. In most cases, applying higher
emulsifier concentrations produces more stable nanoemulsions.101

However, in some systems the opposite effect can occur due to
various mechanisms of inter-droplet interactions in different
nanoemulsions.101 Other variables influencing nanoemulsion
destabilization rate is temperature, ionic strength, pH and
viscosity of the continuous phase.72,102 Ionic strength and pH
of the continuous phase have a major impact on electro-
static interactions and the repulsive barrier between the
droplets102,103 and therefore most strongly affect emulsions
stabilized with ionic emulsifiers. The higher the ionic strength of
the continuous phase, the lower the repulsive barrier between
the droplets and the higher probability of their flocculation/
coalescence. Temperature alters viscosity of the phases, inter-
facial tension, adsorption of the surfactant to the droplets,
dispersed phase solubility and diffusivity in the continuous
phase,104 which has indirect effect on nanoemulsion stability.
Since both interfacial tension and viscosity decrease with an
increase in temperature, elevating the temperature facilitates
nanoemulsion formation. However, emulsion stability decreases
as the temperature rises due to higher solubility of the dispersed
phase in the continuous phase and accelerated Ostwald
ripening.72,105,106 Sharp changes in temperature are particularly
harmful for the stability of nanoemulsions.104

Nanoemulsion stability can be improved by increasing
viscosity of the continuous phase. More viscous continuous
phase slows down gravitational separation (flocculation and
sedimentation) and reduces the frequency of droplet collisions
and coalescence, which contributes to increased resistance of
the emulsion to separation.102,107 Nanoemulsion stability may
be also increased by lowering dispersed to continuous phase
volume ratio104 and droplet polydispersity index. Lower stabi-
lity is generally displayed by polydisperse nanoemulsions con-
taining a range of different droplet sizes.28,90 As mentioned
before, in polydisperse systems smaller droplets display larger
solubility in the continuous phase than the large ones.70 As the
polydispersity of nanoemulsion increases, the differences in
solubility between droplets become higher, which in turn accele-
rates the Ostwald ripening. Over the recent years, many efforts
have been devoted to improving control over nanoemulsion
stability by using emulsifiers responsive to specific stimuli
such as light (e.g.azobenzene modified emulsifiers),108,109 pH
(e.g.poly(methacrylic acid-co-methyl methacrylate-co-7-(4-vinyl-
benzyloxyl)-4-methylcoumarin emulsifier110) or salts (e.g.
zwitterionic emulsifiers). Stimuli-responsive emulsifiers allow
reversible stabilization/destabilization of nanoemulsions in
response to physical or chemical changes, which can prove
very useful in on-demand site-specific drug delivery.

Nanoemulsion preparation: high and low energy methods

Nanoemulsion preparation methods can be categorized into
two main types: high energy methods and low energy methods.
High energy methods employ high shear forces to disrupt the
dispersed phase into the nanodroplets.111 In low energy methods,
the energy required for nanodroplet formation originates from

changes in chemical potential of emulsion components, driven by
changes in temperature or composition of the oil–water mixture,
which allows production of nanoemulsions under gentle mixing
conditions. The devices used in high energy methods to generate
shear stress include high pressure homogenizers, microfluidizers
and ultrasonicators.

High-pressure valve homogenization (HPVH). The high pres-
sure valve homogenizers (e.g.piston gap homogenizer depicted
in Fig. 3) are employed to manufacture nanoemulsions with
very small droplet size (o1 nm).112 In the HPVH method, the
emulsifier-rich aqueous phase is added to an organic phase and
mixed with a high-speed mixer (e.g. Ultra Turrax disperser or
Silverson mixer) to form a coarse emulsion. The resulting
emulsion is introduced into a HPVH device for several homo-
genization cycles under high pressure (up to 300 MPa), which
allows formation of nanosized droplets. The disruptive force in
the homogenization chamber of high pressure homogenizers
can be generated by pushing the emulsion under high pressure
through a narrow valve (10–100 mm in diameter) such as a small
orifice in an orifice plate or a narrow gap between a stator and a
rapidly moving rotor (in rotor stator homogenizers).113–115

Shear stress may be also produced by colliding two jets of

Fig. 3 Schematic illustration of high-pressure homogenization performed
in piston gap homogenizer. Copyright r2017 Elsevier B.V. Reproduced from
ref. 113: https://doi.org/10.1016/j.jconrel.2017.03.008 with permission from
Elsevier B.V.
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Factors determining final droplet size include the amplitude of
ultrasonic waves and ultrasonication time.122 An increase in the
sonication time leads to increase in energy input, which
reduces the size of the droplets.88 Compared to other high
energy emulsification methods, ultrasonication requires least
energy to generate nanoemulsions.113 It also allows formation
of nanoemulsions without the use of surfactants.88,123

One of the biggest advantages of high energy methods lies
in their versatility. They allow effective production of nano-
emulsions from oil–water mixtures of almost any composition,
including mixtures without surfactants.113 The major limita-
tion of these systems is high cost of homogenizers and large
amount of heat generated by friction of the emulsions on the
homogenizer surfaces, which needs to be dissipated by cooling
of the device during its operation.113,124 The heat generated
during homogenization rules out high energy methods from
certain applications such as formulation of nanoemulsions
containing thermosensitive compounds including proteins
and nucleic acids.113 Another drawback of high energy nano-
emulsification is degradation and fragmentation of high
molecular weight compounds (e.g.polymers such as starch,125

methylcellulose,126 chitosan127) leading to reduction in their
molecular weight and changes in their properties such as
viscosity or degradation rate.

The limitations of high energy methods such as exposure of
formulation to high shear stress can be overcome by low energy
nanoemulsification methods. As mentioned before, in these
methods, nanoemulsion formation is induced by changes in
temperature or composition of the oil–water mixture. The
energy input required for nanoemulsification is generated by
changes in the chemical potential of the emulsion components,
which allows formation of nanoemulsions by gentle mixing
of water and oil phase. Low energy methods include self-
nanoemulsification method, solvent displacement method,
bubble bursting method, transitional phase inversion (TPI)
and catastrophic phase inversion (CPI) method. The TPI can
be conducted as phase inversion temperature (PIT) or phase
inversion composition (PIC), whereas the CPI is performed as
emulsion inversion point (EIP).

Phase inversion temperature (PIT) method. In this approach,
nanoemulsion formation is driven by a change in temperature
of oil/water/surfactant mixture.128 Emulsification process relies
on temperature-dependent changes in hydrophilicity and lipo-
philicity of emulsifier molecules. Temperature influences
the degree of hydration of the polar heads in the surfactant
molecules, which alters the spontaneous curvature of the surfac-
tant layers surrounding emulsion droplets129 leading to conver-
sion of o/w to w/o nanoemulsion (or vice versa)via an intermediary

Fig. 6 Preparation of nanoemulsion via ultrasonication. Ultrasonic waves emitted by the piezoelectric probe cause formation of cavitation bubbles,
which grow in an unstable manner and ultimately implode. As a result, coarse emulsion droplets break up into nanodroplets. Copyright r2017 Elsevier
B.V. Adapted from ref. 113: https://doi.org/10.1016/j.jconrel.2017.03.008 with permission from Elsevier B.V.
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solvent.129 Rapid diffusion of solvent molecules from the oil
phase to the aqueous phase causes intense turbulence at the
water/oil interface leading to droplet formation. Spontaneous
formation of nanoemulsion results from combining two liquids
that are thermodynamically stable alone, but create a non-
equilibrium state when they are brought together. Resulting
nanoemulsion has lower Gibbs free energy compared to the
separated state.112 Organic phases used in spontaneous nano-
emulsification methods typically contain low percentage of oil
and high percentage of solvent (high solvent/oil ratio), which
increases the rate of solvent diffusion and intensity of
turbulence142 and results in formation of smaller droplets.
The size of the droplets is also influenced by the type and the
structure of surfactant, as well as phase volume ratio and
viscosity.143

An important advantage of spontaneous nanoemulsification
is that it can be performed under mild conditions (gentle
mixing and room temperature) either in the presence or absence
of surfactants.144 The spontaneous nanoemulsification mecha-
nism is often utilized in self-nanoemulsifying drug delivery
systems (SNEDDS). SNEDDS are anhydrous homogenous liquid
mixtures composed of an oil phase, a surfactant, a co-emulsifier
and a drug, which spontaneously form an o/w nanoemulsion
upon dilution with water under gentle stirring.145 When SNEDDS
are introduced into the aqueous environment of the gastro-
intestinal tract, they form o/w nanoemulsion with a help of
agitation created by stomach digestive motility.146 SNEDDS are
widely used to increase adsorption and bioavailability of hydro-
phobic bioactive compounds.

Emulsion inversion point (EIP) method. In the EIP method,
the phase inversion occurs through catastrophic phase inversion
(CPI) mechanism. In the catastrophic inversion, the surfactant137

and all variables affecting its HLB are held constant and the
volume ratio of oil and water is altered.138 The dispersed phase
is titrated into the continuous phase leading to increasing
volume fraction of the dispersed phase. When droplet popula-
tion reaches critical packing, the phase inversion occurs.139 For
instance, titrating water phase into a stirred surfactant–oil
mixture causes the system to invert from w/o emulsion to o/w
nanoemulsion140 (Fig. 8). The mechanism of catastrophic
phase inversion depends on water and oil phase composition
and volume ratio, surfactant type, concentration, temperature,
agitation rate, vessel geometry and surface wetting.137

Solvent displacement method. Solvent displacement method,
also known as the nanoprecipitation method, is based on
the interfacial deposition of polymeric nanoparticles after the
displacement of a semi-polar solvent miscible with water
(present in a polymer solution) by a non-solvent. Nano-
particles are formed by a dissolution of the polymer in a
water-miscible organic solvent (e.g. acetone, ethanol, ethyl
methyl ketone) followed by a drop-wise transfer or injection
of the organic phase into an aqueous phase containing a
surfactant (Fig. 9). Rapid diffusion of organic solvent into the
aqueous phase leads to spontaneous nanoemulsification.147–149

Subsequent evaporation of the solvent leads to conversion of
nanoemulsion droplets into solid polymer nanoparticles.150

Parameters affecting size of the nanoparticles include polymer
type and molecular weight, concentration of surfactant, organic
phase injection rate, aqueous phase agitation rate and phase
volume ratio.151 This technique is widely applied for nano-
encapsulation of drugs.150

Bubble bursting method. This method involves bubbling of
a gas through an aqueous phase containing a surfactant
towards the oil phase. When the bubble reaches the water–oil
interface (Fig. 10), the film of the oil phase is pushed up
forming a bubble cap. When the film on top of the air bubble
becomes thin enough, it ruptures and generates spatters of oil
forming polydisperse droplets in the water phase.152 Droplet
size can be influenced by oil layer thickness and viscosity,
bubble diameter and carbon number of the oil.153 The effi-
ciency of nanoemulsion formation is dictated by the frequency
of bubbling.

Fig. 8 Schematic representation of low-energy nanoemulsification by
the catastrophic phase inversion (CPI) method. The amount of water
added to a W/O emulsion is progressively increased until a phase inversion
occurs and an O/W emulsion is formed. Copyright rRoyal Society of
Chemistry 2011. Reproduced from ref. 141: https://doi.org/10.1039/
C0SM00549E with permission from The Royal Society of Chemistry.

Fig. 9 Solvent displacement method. Nanoparticles are formed by a
dissolution of polymer in water-miscible organic solvent ( e.g. acetone)
followed by a transfer of the organic phase into an aqueous phase
containing a surfactant. Rapid di�usion of organic solvent into the aqueous
phase leads to spontaneous nanoemulsification. Evaporation of the sol-
vent leads to conversion of nanoemulsion droplets into solid polymer
nanoparticles. Copyright s2016 MDPI. Reproduced from ref. 150: https://
doi.org/10.3390/nano6020026 available under the Creative Commons
Attribution License.
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methods are often polydisperse, suffer from inhomogeneous
phase composition58,170 and poor osteoinductivity related to
large crystal size (in the micrometer range).58,59 Since hydro-
xyapatite nanoparticles fabricated via nanoemulsion techno-
logy display reduced polydispersity and agglomeration, they
exhibit improved densification behavior during sintering, lower
incidence of microstructural flaws and higher mechanical
resistance of the resulting ceramics.62,171,172 Due to the nano-
scale size, they also demonstrate higher resemblance to
hydroxyapatite nanocrystals occurring in the natural bone58,59

and can stimulate osteogenesis48 more effectively compared to
their microscale counterparts.61,62 For that reason, hydroxy-
apatite nanocrystals are currently the most desirable form of
hydroxyapatite for bone regeneration applications.

Similarly to conventional hydroxyapatite synthesis (performed
in bulk liquid reaction media), nanoemulsification-based
synthesis is based on chemical reactions between calcium and
phosphate sources under alkaline pH.173 In the nanoemulsion-
based methods, however, the aqueous reaction medium
(aqueous solution or organic solvent) is dispersed in the oil
phase in the form of nanodroplets (w/o nanoemulsion). HAp
synthesis in nanoemulsions is typically a two-step process.
In the first step, separate reverse (w/o) nanoemulsions of reac-
tants required for the synthesis, i.e. Ca2+ source (e.g.CaCl2,

160

CaNO3
175) and PO4

3� source (e.g. H3PO4,
175 (NH4)2HPO4), are

prepared. For this purpose, aqueous solution of Ca2+ or PO4
3�

source is mixed with the oil phase composed of a non-polar
solvent (e.g. cyclohexane,160 n-decane175), a surfactant (e.g.
CTAB,160 AOT175) and a co-surfactant (e.g. n-pentanol160).
A co-surfactant is applied to increase flexibility of phase inter-
face, which improves stability of the droplets.176 In the second
step, nanoemulsions of Ca2+ and PO4

3� source are mixed
together at an appropriate ratio (e.g. stoichiometric HAp Ca/P
molar ratio 1.67) to initiate HAp synthesis reaction. Mixing of
nanoemulsions leads to random collisions and coalescence of
the droplets and formation of nanoreactors containing both
Ca2+ and PO4

3� ions. The synthesis is induced by adding an
alkali (e.g. NH4OH, NaOH) to the non-polar phase. Synthesis
reactions can be performed at ambient177,178 or elevated

temperature.160,179 Heating of nanoemulsion droplets containing
HAp crystals during their growth (for example in an autoclave160

or a microwave179) provides additional process parameters
allowing higher degree of control over crystal morphology.

Size and structure of HAp nanoparticles synthesized in
nanoemulsion droplets is governed by Ca/P precursor molar
ratio, reaction pH, temperature181 and nanoemulsion droplet
size, which in turn depends on applied nanoemulsification
method, composition and physicochemical properties of the
water and oil phases.175 Altering these parameters allows to
obtain HAp nanocrystals displaying a broad spectrum of sizes
and shapes (e.g. rod-like, sphere-like, needle-like, nanofibers)
as depicted in Fig. 12.

Challenges and solutions in synthesis of nano-hydroxy-
apatite via nanoemulsion technology. Synthesis of hydroxyap-
atite using nanoemulsions reduces the time required for the
reaction due to small volume of the reaction media.160 However,
reduced medium volume contributes also to one of the key
downsides of this method, which is low product yield. For that
reason, this approach has been used solely on a laboratory scale.
In order to implement it on an industrial scale, it is necessary to
scale up the manufacturing process. One of the factors limiting
its efficiency is mixing of reactant solutions, which in the
methods proposed so far was performed either by vigorous
stirring160,175,177–179 or ultrasonication.182 In order to scale up
these methods, it could be beneficial to perform the nano-
emulsification step in high throughput turbulence-based
mixing devices allowing continuous feeding of the reactant
solutions such as turbine homogenizers183–185 or impinging
jets reactors.186 This type of devices has been successfully used
in scaling up nanoemulsion-based manufacturing of polymer
nanoparticles for drug delivery.184,186

Another disadvantage of nanoemulsion-based synthesis of
hydroxyapatite is the use of surfactants, which may contaminate
the obtained product and adversely affect its biocompatibility.29,30

To overcome this issue, a surfactant-free nanoemulsification
methods have been devised. Formation of nanoemulsions in
the absence of surfactants can be performed via direct pouring
technique based on the Ouzo effect. The Ouzo effect relies

Fig. 11 Optical microscope image of hydroxyapatite nanoparticles synthesized in double emulsion (w/o/w) droplets. Panels (a), (b) and (c) show
nanoparticles obtained from precursor solutions containing di�erent concentrations of calcium nitrate and phosphoric acid: (a) 0.1 M and 0.06 M,
(b) 0.5 M and 0.3 M, and (c) 1.0 M and 0.6 M, respectively. The structure of the aggregates becomes more compact as the precursor concentration
increases. Scale bars are 50mm for (a) and (b) and 30 mm for (c). Copyright r2009 American Chemical Society. Adapted from ref. 174: https://doi.org/
10.1021/cm9028935 with permission from American Chemical Society.
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track droplets at different stages of HAp synthesis based on
the distance of the droplet from fluid injection port.174 Real-time
observation of the processes occurring in the droplets could aid
in tailoring synthesis conditions based on current crystal mor-
phology and contribute to better understanding of HAp crystal
formation mechanism, which is not fully understood. So far,
microfluidic devices have been employed only for the synthesis
of HAp in microemulsion droplets (Fig. 14).174 Combining
microfluidic platforms with nanoemulsion-based synthesis of
hydroxyapatite could open new perspectives for fabrication
of more monodisperse nano-hydroxyapatite crystals of highly
controllable size and shape.

In the methods discussed above, HAp synthesis was per-
formed in a liquid environment of water nanodroplets. Alter-
natively, hydrogel nanospheres can be used as nanoreactors for
the crystal growth. Such approach has been employed by
Ethirajan et al.,182 who conducted HAp synthesis in gelatin
nanospheres fabricated via reverse nanoemulsion method. To
initiate the synthesis, the cross-linked gelatin nanospheres
were placed in an aqueous solution of Ca2+ source, where
Ca2+ ions were bound to the carboxyl groups of gelatin mole-
cules. Subsequent addition of phosphate ions to the suspen-
sion of gelatin nanospheres led to formation of monodisperse
HAp nanoparticles inside gelatin nanospheres. This technique

offers an attractive alternative to methods employing liquid
nanoemulsions due to several reasons. First, it enables syn-
thesis of HAp nanocrystals and their nanoencapsulation in one
step. Second, since it can be performed under physiological
conditions, it may be readily applied to co-encapsulate cells
(e.g. osteogenic stem cells) with HAp crystals. Such combi-
nation could allow formation of bioartificial nanoscaffolds, in
which HAp crystals are embedded in a hydrogel matrix
(mimicking extracellular matrix) colonized with osteogenic
cells. Also, since gelatin nanospheres can be easily assembled
(e.g. via 3D-printing189) or cross-linked together190 at physio-
logical temperature, they could be used as building blocks of
modular bone tissue constructs.191 Due to their small size,
HAp-loaded nanospheres could also be implanted or injected
directly to the bone defect. Methods allowing synthesis of HAp
directly within hydrogel nanocarriers, such as the one dis-
cussed above, used in conjunction with cell encapsulation
and in vitro tissue culture hold great promise for manufacturing
of nanoscaffolds and multifunctional biomimetic bone tissue
constructs.

Fig. 13 Flowchart for the synthesis of Ag +-doped nano-hydroxyapatite
via direct pouring technique based on the Ouzo e�ect. Mixing of water-
miscible organic solvent (acetone) containing calcium precursor with an
alkaline aqueous phase containing phosphorus source leads to sponta-
neous formation of o/w nanoemulsion. Copyright r2016 Faculty of Tech-
nology, University of Novi Sad. Adapted from ref. 156: https://www.tf.uns.
ac.rs/publikacije/PAC/pdf/PAC%2033%2006.pdf licensed under Creative
Commons Attribution-Non Commercial-No Derivatives 4.0 International
license.

Fig. 14 Synthesis of hydroxyapatite nanoparticles in double W/O/W
microemulsion droplets produced using a microfluidic device. (a) Scheme
of a microfluidic device. W/O/W double microemulsion droplets are
generated by co-extrusion of an aqueous phase (aqueous solution of
calcium and phosphorus precursors) and oil phase (silicon oil + surfactant)
through a microcapillary into a continuous aqueous phase. The oil phase
forms shells around inner aqueous phase droplets (b…e). Optical micro-
scope images of double microemulsion droplets (b and c). Initially, HAp
occupies the entire volume of microemulsion droplets (b). As water
diffuses into the droplets (due to differences in osmolality), the droplets
swell (c). Gradual thinning of oil shells leads to destabilization of the
droplets and release of hydroxyapatite crystals. Hydroxyapatite nano-
particle aggregate (d) and oil shells at higher magnification (e). Scale bars
are 50 mm for (b), (d), (e) and 150 mm for (c). Copyright r2009 American
Chemical Society. Adapted from ref. 174: https://doi.org/10.1021/
cm9028935 with permission from American Chemical Society.
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Current applications of nano-hydroxyapatite fabricated via
nanoemulsion technology in bone regeneration. Hydroxy-
apatite nanoparticles obtained via nanoemulsion technology
are intensively explored as inorganic components of composite
bone implant materials. Such composites consist of HAp
nanocrystals embedded in a soft and elastic biodegradable
polymer mimicking organic part of bone extracellular matrix
(ECM)58,59 such as collagen,192 chitosan,193 poly(L-lactic acid),
PLA,194,195 poly(glycolic acid), PGA,196,197 poly(D,L-lactic-co-
glycolic acid), PLGA,196 etc.Combination of hydroxyapatite with
elastic polymers facilitates shaping of the composites, reduces
their brittleness54,55 and improves their ability to bear the
mechanical loads needed for bone remodeling.198 Presence
of nano-hydroxyapatite in the composites has been shown to
significantly enhance adhesion, proliferation, viability and
osteogenic differentiation of cells seeded onto the implant such
as human mesenchymal stem cells (hMSCs),199 which is attri-
buted to osteoinductive properties of HAp nanocrystals and
rougher surface of the material facilitating cell attachment.
These qualities of nano-hydroxyapatite have been also used to
develop osteoinductive coating materials for bone implants
designed to accelerate their osseointegration with the host tissue.
An example of such material is a polyelectrolyte multilayer coating
composed of alternate layers of polyanionic hyaluronic acid and
polycationic collagen reinforced with silicon-carbonated HAp
nanoparticles (SiCHAp) mimicking bone mineral composition
(2–8 wt% carbonate, o1 wt% Si).199 Coating synthetic polymer
(PLA) films with this kind of material has been demonstrated to
effectively improve cell–implant interactions and survival of cells
on material surface in vitro.199

HAp nanoparticles synthesized in nanoemulsion droplets
have been also used for fabrication of 3D scaffolds for cell
culture.51,200,201 Zhou et al.200,201 have designed an interesting
composite consisting of PLA microspheres filled with carbonated
hydroxyapatite (CHAp) nanospheres. CHAp nanospheres were
synthesized via o/w nanoemulsion method and used as the osteo-
conductive filler of PLA microspheres. CHAp-filled microspheres
were then applied as the building blocks of bone tissue scaf-
folds.201,202 The blocks were assembled into a solid porous con-
struct (shown in Fig. 15) by sintering using laser as a power source.
The resulting construct exhibited a porous structure containing
a network of interconnected macro- and micropores allowing
effective transfer of nutrients/oxygen into the scaffold and
providing favourable environment for the growth of cells.

Nano-hydroxyapatite obtained via nanoemulsification has
also been applied to improve hydrophilicity and bioactivity of
hydrophobic bioinert synthetic polymers such as polycaprolac-
tone (PCL).51 It has been found that incorporating HAp nano-
particles into such materials (e.g.electrospun PCL nonwovens51)
not only significantly enhances their wettability, but also intro-
duces ionic groups required for scaffold–cell interactions that
are absent in non-modified polymer. Because of that, implants
containing nano-hydroxyapatite are more readily colonized by
cells (either host cells or cells seeded onto them in vitro such as
stem cells).199

Fabrication of polymer nanoparticles for drug/biomolecule
delivery

One of the most common applications of nanoemulsion
technology in bone regeneration is fabrication of polymer

Fig. 15 (A) A composite porous sca�old sintered from PLA composite microspheres loaded with carbonated hydroxyapatite (CHAp) nanoparticles via
selective laser sintering technique. (B) Scanning electron microscopy (SEM) image of a cross-section of PLA/CHAp composite microsphere. The
microsphere cross section was obtained by embedding the microsphere in epoxy resin and sectioning with a microtome. Part (A): Copyright r2007
Springer Science + Business Media, LLC. Adapted from ref. 201: https://doi.org/10.1007/s10856-007-3089-3 with permission from Springer Science +
Business Media, LLC. Part (B): Copyrightr2007 Springer Nature. Adapted with permission from ref. 181: https://doi.org/10.1007/s10856-007-3156-9.
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to moieties present in the bone tissue such as Ca2+ ions. An
example of such compounds is bisphosphonates (BP), compris-
ing two Ca2+-binding phosphonate groups (P-C-P) in their
molecules.215 Among bisphosphonates, alendronate has
emerged as a very promising agent for functionalization of
NPs.24,25,204 Alendronate (ALN) is a drug approved by the FDA
for clinical use in osteoporosis treatment. Its anti-osteoporotic
effect is based on suppression of bone resorption through
inhibition of osteoclast activity.216 ALN is also able to bind to
hydroxyapatite (both natural and synthetic) via multiple Ca2+

ions present in its molecules (Ca10(PO4)6(OH)2). Furthermore,
when ALN–functionalized hydroxyapatite nanoparticles are
incorporated into bone implants, they act as ‘‘anchors’’
strengthening interaction between the implant and the host
tissue.16,17 Therefore, functionalization of NPs with ALN yields
three-functional delivery vehicles capable of targeting bone,
inhibiting bone resorption and anchoring the implant to the
host bone. For that reason, ALN has been broadly applied
for functionalization of nanoparticles for bone regeneration
applications including inorganic (e.g.hydroxyapatite,26 Fe3O4,

217

clay218) and polymer (e.g.poly(g-benzyl-L-glutamate),17 poly(lactic-
co-glycolic acid)24,25) nanoparticles. The majority of research in
this area has been focused on PLGA nanoparticles,17,24,25 which
have been approved by the FDA for use in drug delivery due to
sustained drug release, low toxicity and biocompatibility.53 ALN-
modified PLGA nanospheres are typically obtained via previously
described nanoemulsion/solvent evaporation technique.17,24,25

This type of NPs has been shown to be non-cytotoxic, haemo-
compatible, biocompatible and suitable for intravenous admini-
stration.25 When injected intravenously, ALN-modified PLGA
nanospheres have been shown to reach the bone much faster
compared to control nanospheres (non-conjugated with ALN) and
accumulate in the bones of experimental animals.24 ALN-NPs
were also retained in the bones for longer periods of time than
control nanoparticles, which translated to significantly improved
therapeutic outcome.24 Unfortunately, ALN is a rare example of a
drug that can act both as a therapeutic agent and bone-targeting
ligand. To provide bone-targeted delivery of drugs without innate
affinity to bone, other strategies have been proposed. For example,
bone-targeting drug-loaded NPs have been obtained by introdu-
cing phosphonate groups into surfactants used during nanopar-
ticle manufacturing. Zhang et al. have proposed conjugating a
bisphosphonate (pamidronate) to the terminal hydroxyl group of
a non-ionic surfactant Brij 78, which was subsequently used for
fabrication of nano-formulations (such as lipid NPs, hydrogel
PLGA NPs and oil-in-water nanoemulsions) for bone-targeted
delivery of curcumin.16 Curcumin has multiple biological
effects including suppressive effect on bone resorption,219

anti-inflammatory,21 analgesic, antioxidant18 and antimicro-
bial activity.220 Therefore, curcumin-eluting NPs hold a lot of
promise as bioactive components of multifunctional bone
implants that could potentially resolve the issues of implant-
related infections, pain and inflammation.18,21 Kasinathan and
co-workers developed an injectable in situ gelling implant
based on curcumin-loaded PCL nanoparticles suspended in
PLGA sol gelling upon contact with phosphate buffer of

physiological pH (pH 7.4).18 The resulting NPs-loaded gel has
been demonstrated to release curcumin in a sustained manner
over the period of 7 days in vitro and exert a substantially
improved anti-tumor effect in mice compared to plain curcu-
min administered via intraperitoneal injection.18 Zambrano
et al. have further confirmed therapeutic potential of injectable
curcumin-loaded PLGA nanoparticles for local treatment of
inflammation and inhibition of bone resorption in animal
model of periodontal disease.21 Since implant-related infections
and inflammation are one of the leading causes of bone implant
failure, functionalization of bone substitute materials with
curcumin-loaded NPs may contribute to significant improvement
in their in vivo performance.21 Due to local drug release, this type of
implants can also eliminate systemic side effects of drugs routinely
administered in the postoperative period such as antibiotics,
analgesics and anti-inflammatory drugs.221,222

Challenges & outlook

Despite growing number of studies on bone implant materials
functionalized with nanoparticles obtained via nanoemulsion
technology, they have not yet reached the clinic and still remain
at in vitro18,199 or animal testing stage.18,21 However, several
bone substitute materials functionalized with nanoparticles
fabricated via other techniques are currently on the market.
Commercially available bone implant materials are based on
ceramic nanoparticles, either hydroxyapatite nanocrystals
(e.g. Ostims injectable bone filling manufactured by Osartis,
Germany or PerOssals bone substitute by aap Implantate
AG, Germany) or beta-tricalcium phosphate nanocrystals (e.g.
Vitosss Synthetic Cancellous Bone Void Filler by Orthovita/
Stryker, USA).223,224 These materials have been shown to be
biocompatible,224 yet some questions remain about their long-
term persistence in the body and their potential chronic
toxicity. Key safety concerns are associated with the release of
nanoparticles from implant material over time due to its
mechanical wear or matrix material degradation, which may
lead to unwanted effects in the surrounding tissues such as
nanoparticle-induced inflammatory response, periprosthetic
osteolysis and implant loosening.225–227 Due to high surface-
area-to-volume ratio nanoparticles are more biologically active
compared to their micron-sized counterparts. As a result, once
released from the implant, they may be able to induce much
more potent adverse effects in the host. In addition, nano-
dimensions open up the possibility of nanoparticle migration
to distant locations in the body and crossing biological barriers
such as the blood–brain barrier228,229 and endothelium,230 as
well as cellular and intracellular membranes, which gives them
access to various cellular compartments including the
nucleus.231 In vitro studies confirm that hydroxyapatite nano-
particles are easily taken up by cells,232,233 where they can exert
an array of deleterious effects such as alterations in DNA
structure,234 chromosome aberrations,235,236 cell membrane
damage, production of reactive oxygen species/inflammatory
cytokines237–241 and apoptosis.242,243 The extent of nano-
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hydroxyapatite cytotoxicity is strongly related to nanoparticle
shape and crystallinity with low crystalline, needle-shaped
crystals being the most cytotoxic.241 Needle-shaped hydroxy-
apatite nanoparticles show also higher tendency to penetrate
through biological barriers such as mucus membranes, as
demonstrated by in vitro studies on models of mucosa-like
human corneal epithelial tissue.244 For these reasons, needle-
shaped hydroxyapatite nanoparticles are of particular concern
in relation to their systemic availability and chronic toxicity.
The ability of hydroxyapatite NPs to pass through biological
barriers has been also shown in a number of animal studies.
Hydroxyapatite nanoparticles administered intravenously,245–247

intraperitoneally248 or orally249 have been demonstrated to
migrate and accumulate in the liver, kidneys and lungs.245,247–249

It has also been found that once they reached those organs, they
induced multiple histopathological changes including degenera-
tion of nephric tubule epithelium in the kidneys,245 degeneration
of hepatic adipose tissue,249 inflammatory cell infiltration,249

necrosis and apoptosis,245,248 leading to elevation of tumor necro-
sis factor-a (TNF-a)239 in the serum. Pathomorphological changes
in the liver translated to increased serum levels of hepatic enzymes
including alanine aminotransferase (ALT), alkaline phosphatase
(ALP) and aspartate aminotransferase (AST).247,249 It is worth
noting that the above effects have been reported for relatively high
doses of nanohydroxyapatite (10.0–33.3 mg per kg body weight245,248

) administered in a free (non-immobilized) form. Therefore, the
informative value of these studies on in vivo toxicity of nano-HAp
immobilized in composite bone implants is limited. It is likely that
nano-hydroxyapatite particles released from an implant would
not achieve sufficient concentration to elicit those effects. On
the other hand, these findings strongly indicate that injectable
therapies based on non-immobilized hydroxyapatite nanoparticles
administered intravenously (e.g. bone-targeting NPs24) should be
treated with particular caution in terms of nanoparticle migration/
accumulation in the body. Besides the issue of NPs migration, in
case of nano-hydroxyapatite administered intravenously, there is
growing concern about nanoparticle-induced haemolysis250 and
aggregation of the red blood cells in the blood vessels,251 which
poses a serious risk of vessel occlusion and thrombotic events. It has
been also shown that HAp NPs can accumulate and deposit in the
blood vessels similarly to cholesterol, leading to artery calcification
and atherosclerosis.252

The safety of the second category of NPs fabricated via
nanoemulsion technology – polymer NPs for drug/biomolecule
delivery – also remains controversial. Biodegradable polymers
typically used for manufacturing of this type of NPs (e.g.PLGA,
PLA, PCL) are considered biocompatible and have been
approved by the FDA for use in drug delivery and other
biomedical applications.253 However, the distinctive physico-
chemical properties of nanoparticles related to their small size
and high surface-area-to-volume ratio make it impossible to
extrapolate the toxicity data of the raw material to polymer NPs.
Although the fate of polymer NPs in the body is still not
well understood, numerous in vitro studies demonstrate that
they readily cross cellular membranes and are uptaken by
cells.254,255 Cytotoxicity data also indicates that polymer NPs

can cause cell membrane damage,256 alter DNA structure257

and induce production of inflammatory cytokines258,259 and
reactive oxygen species in the cells.259–261 Further safety con-
cerns are associated with the ability of polymer NPs to cross
biological barriers (e.g. brain–blood barrier228,229 and blood–
retina barrier256), migrate via the circulatory and lymphatic
systems and accumulate in the distant lymph nodes262,263 or
organs such as liver,228 spleen, lungs, bone marrow,264 kidney,
heart and brain.228 Despite this fact, polymer NPs have not
been demonstrated to exhibit significant in vivo toxicity in
terms of pathomorphological changes in the target organs even
at high doses administered intravenously265–267 or orally.228,260,268

In order to fully answer the question whether and to what extent
nanoparticles used for bone regeneration applications are safe in
the long-term, more data concerning their in vivo behavior and
potential chronic toxicity is necessary.

Conclusions

Nanoemulsion technology has proven a valuable tool for fabri-
cation of nanoparticles for bone regeneration applications.
Combining nanoemulsification techniques with hydroxyapatite
synthesis has enabled manufacturing of high-quality, mono-
disperse, agglomerate-free nanohydroxyapatite powders of
significantly improved osteoinductive and mechanical properties.
Polymer nanoparticles formulated via nanoemulsion technology
have been extensively researched as bioactive components of
orthopaedic implants providing sustained local delivery of drugs
such as bone morphogenetic proteins, antimicrobial, anti-
inflammatory and anti-osteoporotic agents. Further advances have
been made with the development of bone-targeting nanoparticles
with high affinity to bone. As a result, in the recent years bone
implant materials have progressed from bioinert bone substitutes
serving merely as weight-bearing prostheses to multifunctional
systems able to actively interact with the host tissue and stimulate
new bone formation. The emergence of advanced tissue engineer-
ing techniques such as 3D-bioprinting has allowed incorporating
nanoparticles into biomimetic bone tissue constructs in a spatially
controlled manner providing tissue-specific distribution of bioac-
tive molecules. Despite these significant advances, so far nano-
particles obtained via nanoemulsion technology have not reached
the clinic and in the vast majority of cases remain at in vitro or
animal testing stage. The main issues impeding clinical transla-
tion of these NPs are biocompatibility and safety concerns related
to their very small size and ability to pass through biological
barriers such as blood–brain barrier and cell membranes. The
challenge that still needs to be addressed before this category of NPs
can be implemented on a larger scale is scaling up of nanoemulsion-
based methods for nanoparticle fabrication. More studies exploring
in vivo behavior of nanoparticles, particularly in the long term, are
also necessary to allow further progress in this field.
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