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Abstract

Nanocrystals have drawn increasing interest in pharmaceutical industry because of the ability to
improve dissolution of poorly water-soluble drugs. Nanocrystals can be produced by top-down
and bottom-up technologies and have been explored for a variety of therapeutic applications. Here
we review the methods of nanocrystal production and parenteral applications of nanocrystals. We
also discuss remaining challenges in the development of nanocrystal products.
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1. Introduction

Approximately 40% of active pharmaceutical ingredients in the discovery stage have poor
water-solubility [1]. In order to attain adequate bioavailability of poorly soluble drugs,
special formulation strategies are employed to increase their dissolution in aqueous medium
[2]. Traditionally, organic solvents are used as co-solvents [3] or a part of emulsion [4] to
formulate the poorly soluble drugs as aqueous dosage forms. Alternatively, the drug is fitted
in cyclodextrins, which have a hydrophobic interior and a hydrophilic exterior, and made
soluble in water [5]. Another way of enhancing the solubility of poorly soluble drugs is to
produce nanoparticulate formulations, such as liposomes [6], micelles [7], nanoemulsion [8],
solid lipid nanoparticles [9], and polymeric nanoparticles [10]. However, relatively low drug
loading efficiency, concerns for the safety of excipients, and complicated manufacturing
process are noted as potential disadvantages of these strategies.

Nanocrystallization is a technique to produce crystalline particles of poorly soluble drugs in
the nanometer range (i.e., nanocrystals). Due to the size and, thus, the high surface area to
volume ratio, nanocrystals can increase the saturation solubility of a drug and the dissolution
rate of drug particles [11]. Nanocrystals have gained increasing interest in the
pharmaceutical industry because of the simple structures and compositions. They have been
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explored for a variety of therapeutic applications including oral [12], dermal [13],
pulmonary [14], systemic administration [15], as well as targeted drug delivery [16] and
intraperitoneal chemotherapy [17]. The objective of this article is to review the production
of nanocrystals and their therapeutic applications focusing on parenteral use. We will also
discuss the remaining challenges in the development of nanocrystal products.

2. Production of Nanocrystals

Nanocrystals of poorly soluble drugs can be created by “top-down” or “bottom-up”
technologies (Fig. 1), or combinations of the two [18]. Nanocrystals are produced from the
drug itself, with surfactants or polymeric stabilizers on the surface; thus, the drug content in
nanocrystals approaches 100% [18]. The production of nanocrystals is relatively easy to
scale up and transfer to industry as compared to other formulations on the market, such as
liposomes [19, 20] and albumin-based nanoparticles [21]. Several nanocrystal products,
produced by wet milling and high-pressure homogenization, have been approved by the US
Food and Drug Administration as oral products (Table 1).

2.1 Bottom-up technologies

The bottom-up approach refers to methods that create small drug particles from drug
molecules dissolved in an organic solution. Small drug particles are formed as drug
molecules precipitate from solution in the presence of an agent and/or a condition that
induces nucleation of the molecules. For example, a non-solvent, which is miscible with the
solvent but does not dissolve the drug, is used to induce the nanocrystal formation, in
conjunction with various methods to mix the drug solution with non-solvents such as
rotation, liquid jets, or multi-inlet vortex mixing [22]. Alternatively, supercritical fluid,
ultrasonic waves, or controlled solvent evaporation are employed to induce drug
precipitation. These technologies are discussed in detail in a recent review article [22].

Particles produced by the bottom-up approach can be crystalline or amorphous. Amorphous
nanoparticles produced by a technique called Nanomorph™ achieve higher saturation
solubility and faster dissolution rate than nanocrystals [23, 24]. However, they are prone to
partial or complete re-crystallization, which may lead to decreased bioavailability. Due to
the stability and consistent performance, nanocrystals are usually favored over amorphous
particles. On the other hand, the production of nanocrystals within a desired size range
depends critically on precise control of the precipitation and prevention of the crystal growth
during the production [18]. The complexity of the process control and potential risk of
residual organic solvents have discouraged the development of commercial products [25].
Recently, spray-drying [26] and freeze-drying [27, 28] processes have been used to achieve
continuous control of the crystallization at large scales.

2.2 Top-down technologies

Top-down approach is based on two basic size reduction methods: wet milling [29] and
high-pressure homogenization [30]. The wet milling process applies shear stress on large
drug particles by grinding an aqueous suspension that contains a drug and a surface
stabilizer using beads or pearls in a milling chamber [31]. The outcome of the milling
process is determined by the hardness of the drug, energy input, milling time, and stabilizer
concentration [31]. Microfluidization and piston-gap homogenization are examples of high-
pressure homogenization [18]. Microfluidization is based on the jet stream principle, where
the size diminution is achieved by collision of two fluid streams of particle suspension in a
Y-type chamber under high pressure [25, 30]. The piston-gap homogenizer forces a particle
suspension to pass a small gap (~5 m) under pressure. The high shear forces, turbulent
flow, and cavitation generated during this passage can reduce the particle size to the
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nanometer range [25, 30]. The performance of this process depends on the number of cycles,
power density, and temperature [30]. These techniques are widely used in industry.

Compared to bottom-up methods, top-down methods require higher energy consumption and
a longer operation time. The risk of contamination due to the erosion of milling beads is also
a disadvantage of wet milling [32]. Moreover, the high-energy process may induce phase
transition of a drug, which may compromise the in-vivo performance of the products [33].

2.3 Combined technologies

A pre-treatment step (bottom-up) and particle size reduction step (top-down) may be
combined. For example, precipitates are first obtained from anti-solvent precipitation, spray-
drying, or lyophilization (pre-treatment step), followed by high-pressure homogenization
(particle-size reduction) [18, 25]. One of the roles of the high-pressure homogenization step
is to anneal the initial precipitates, which are often thermodynamically unstable, into an
ordered crystal structure [25]. Two well-established techniques, NANOEDGE™ and
smartcrystals®, have been discussed elsewhere in detail [18, 25].

2.4 Nanocrystal Stabilization

Due to the high surface energy generated by nanonization, surface stabilizers are needed to
prevent aggregation and precipitation of nanocrystals. Examples of stabilizing systems are
summarized in a recent review article [34]. For drug nanocrystals with no surface charge,
anionic surfactants such as sodium cholate, sodium deoxycholate, and sodium lauryl sulfate
are often used to keep the particles separated via electrostatic repulsion. Another way of
stabilizing nanocrystals is to apply polymeric stabilizers on their surface and establish a
steric barrier against aggregation. Polymers used for this purpose are derivatives of
cellulose, polyvinyl alcohol, polyvinyl pyrrolidone, Polysorbates (polyoxyethylene sorbitan
fatty acid esters), and Pluronics (or Poloxamers, triblock-copolymers of polyoxyethylene
and polyoxypropylene) [35, 36]. Some of the stabilizers, such as arginine, amphiphilic
amino acid copolymers, and vitamin E polyethylene glycol succinate (TPGS), are
biologically active and provide additional functions to the nanocrystals [29]. For example,
TPGS, an effective P-glycoprotein inhibitor [37], enables paclitaxel (PTX) nanocrystals to
overcome multidrug resistance [38]. The effectiveness of PTX nanocrystals stabilized with
TPGS was demonstrated in a nude mouse model bearing multidrug-resistant NCI/ADR-RES
human ovarian cancer cells [38].

The effectiveness of a nanocrystal stabilizer depends on its affinity for a drug, the
concentration, and the stabilizer to drug ratio in suspension. Relatively hydrophobic
stabilizers have higher affinity for drug crystals and a greater stabilizing effect [39]. There is
a positive correlation between particle size and the hydrophilic lipophilic balance (HLB)
value of a non-ionic surfactant in bottom-up approaches; thus, the HLB value can be a
useful guideline for the selection of a stabilizer [40]. Typically, a surfactant with a low HLB
value (lipophilic surfactant) is a good stabilizer of hydrophobic nanocrystals. Adequate
surface coverage by stabilizers, irrespective of their mechanisms, is critical to the
stabilization of nanocrystals. However, it does not necessarily mean that the stability
increases in proportion to the concentration of a stabilizer. When the concentration of a
surfactant exceeds the critical micelle concentration (CMC), the excessive surfactant has a
negative effect on the stability of the nanocrystal suspension (nanosuspension) because
micelle formation begins to compete with adsorption to the nanocrystal surface [41-43].

3. Application of Nanocrystals

Nanocrystals are used as is or further processed into various dosage forms. Most nanocrystal
products on the market are oral dosage forms and thoroughly reviewed elsewhere [25, 34].
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Here we discuss emerging use of nanocrystals in parenteral applications, local and systemic,
with a specific focus on the rationale and therapeutic outcomes.

3.1 Dermal application

Nanocrystals are used in dermal applications to enhance the dissolution of poorly soluble
drugs in aqueous phase, thereby increasing the concentration gradient between the
formulation and the skin and, thereby, transdermal penetration of the drug [25]. For
example, nanocrystal formulations of poorly soluble antioxidative agents such as hesperetin
[44] and lutein [13] were developed as anti-aging cosmetic products. Hesperetin
nanocrystals were prepared by high-pressure homogenization using stabilizers suitable for
dermal use, such as Poloxamer 188, Tween 80, Inutec SP1 (inulin lauryl carbamate) and
Plantacare 2000 (alkyl polyglycoside) [44]. A short-term stability test showed that all
nanosuspensions remained reasonably stable at different temperatures [44]. Similarly, a
lutein nanocrystal suspension stabilized with Plantacare 2000 was produced by high-
pressure homogenization [13]. With the reduction of particle size, lutein nanocrystals
showed a saturation solubility 26.3 fold higher than that of coarse powder. The lutein
nanocrystals were able to penetrate through cellulose nitrate membranes, used as an in-vitro
model of a penetration barrier, 14 times better than coarse powder. However, no permeation
through pig ear skin was observed, which indicates that the lutein entering the skin remained
there due to the lipophilicity [13]. Another example is a solid-in-oil nanosuspension of
diclofenac sodium [45]. The nanosuspension was developed for transdermal delivery of
diclofenac, which induces severe gastric damages when administered orally [46]. The solid-
in-oil nanosuspension was produced by suspending a freeze-dried emulsion mixture of
diclofenac sodium and sucrose esters (surfactants) in isopropyl myristate [45]. The resulting
nanosuspensions increased the flux of diclofenac sodium across the Yucatan micropig skin
model by 3.8 fold as compared with a surfactant-free control [45].

3.2 Ocular application

The potential of nanosuspension for optical application has been relatively overlooked due
to the popularity of mucoadhesive polymer nanoparticles [47-49]. However, clinical
development of mucoadhesive formulations has been slow [50]; thus, nanocrystal
formulations are gaining interest as a commercially viable alternative. Because
nanosuspensions can be produced with a small amount of stabilizers generally regarded as
safe (GRAS), they can quickly translate to commercial products once the proof of concept is
demonstrated [25]. Nanosuspensions of several poorly soluble glucocorticoid drugs, such as
hydrocortisone, prednisolone, and dexamethasone, have been produced to obtain better
ocular bioavailability [51]. Compared to solutions and micro-crystalline suspensions, the
nanosuspensions exhibited higher rates and extents of ophthalmic absorption and greater
intensity and duration of the drug effect [51]. Another hydrocortisone nanosuspensions were
produced by microfluidic precipitation (bottom-up) or wet milling (top-down) [52, 53].
Differential scanning calorimeter analysis and X-ray powder diffraction measurements
indicated that hydrocortisone particles produced by microfluidic precipitation were
amorphous, whereas the milled particles were crystalline and relatively more stable during
storage. Both nanosuspensions showed higher ocular bioavailability than that of
hydrocortisone solution [52].

3.3 Pulmonary application

Nanosuspensions can be nebulized for pulmonary drug delivery. In addition to the
contribution to drug dissolution and diffusion, nanocrystals are known to have good tissue
adhesiveness and prolonged residence time at the absorption site [11, 25], because of the
dramatically increased contact area (per mass) with mucosa [18]. A nanocrystal form of
baicalein, a bioactive flavonoid, was prepared by anti-solvent re-crystallization followed by
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high-pressure homogenization [14]. The baicalein nanosuspension (10 mg/kg) instilled into
the lungs demonstrated a significantly faster onset time and higher concentration than oral
baicalein nanocrystals (121 mg/kg) and almost identical pharmacokinetic parameters to
those of intravenous (1V) injection (10 mg/kg) in a rat model [14]. Budesonide, an anti-
inflammatory corticosteroid, was formulated as nanosuspensions using high-pressure
homogenization for the local therapy of asthma [54, 55]. Stabilized by a combination of
lecithin (electrostatic stabilizer) and tyloxapol (steric stabilizer), budesonide nanosuspension
was stable during one year storage at room temperature [54] and proved to be safe and
effective in healthy volunteers [55].

3.4 Intravenous (IV) application

Nanocrystals with a size in the range of 100-300 nm can take advantage of the enhanced
permeability and retention (EPR) effect to reach solid tumors with high vascular densities.
Several anti-cancer drugs, such as paclitaxel [38, 42, 56, 57], camptothecin [16, 58], deacety
mycoepoxydiene [59], oridonin [41, 60, 61], cucurmin [62] and asulacrine [15], were
formulated as injectable nanocrystal formulations. Nanocrystals have advantages over other
nanoparticle formulations since the drug content is relatively high (~100%) and the
formulation is less dependent on solubilizing agents that may have dose-limiting side
effects. On the other hand, tumor accumulation of nanocrystals is predicated on prolonged
circulation, which requires protection of the nanocrystal surface from opsonin adsorption
and recognition by the reticuloendothelial system. For this purpose, nanocrystals may be
coated with protective polymers like other nanoparticle systems. Nanocrystal form of
nevirapine, an anti-retroviral drug, was surface-modified with serum albumin, dextran, and
polyethylene glycol (PEG) by physical adsorption [63]. Of these, PEG protected
nanocrystals from phagocytic uptake best; dextran and albumin coating rather increased the
macrophage uptake as compared to bare nanocrystals [63]. The PEG-coated nanocrystals
showed the longest mean residence time in blood as compared to bare- and the other coated
nanocrystals [63].

When cellular uptake of nanocrystals at the target tissues is desired, the surface is further
decorated with cell-specific ligands. For example, folate-receptor (FR) targeted nanocrystals
were produced using a conjugate of folic acid and Pluronic F127 as a stabilizer of PTX
nanocrystals [57]. The FR-targeted nanocrystal formulation showed a greater cytotoxicity
than non-targeted one [57]. On the other hand, the addition of a targeting ligand did not
always improve nanocrystal transport across the cell membrane. Nanocrystals of
atovaquone, an antiparasitic agent, were produced using Tween 80, poloxamers, or sodium
dodecyl sulfate [64, 65]. Apolipoprotein E (apoE), which binds to the low-density
lipoprotein receptor (LDLr) abundant in the brain capillary endothelial cells, was added to
improve their passage across the blood-brain barrier (BBB) [64]. However, there was no
additional nanocrystal passage across the in vitro BBB model or increase in the brain uptake
of nanocrystals attributable to apoE ligands [64]. Interestingly, nanocrystals stabilized with
Tween 80 and Poloxamer 184 showed relatively good BBB passage irrespective of the
presence of apoE and corresponding therapeutic effect in murine toxoplasmosis [64]. A later
study showed that oral atovaquone nanocrystals stabilized with sodium dodecyl sulfate
showed greater brain uptake and therapeutic effect than those with Poloxamer 188 [65]. The
contribution of these surfactants to nanocrystal transport across BBB may be explained by
several mechanisms including blocking of efflux pumps, reduction of drug uptake by
phagocytes, opening of tight junctions, or (unknown) receptor-binding processes [64].

3.5 Intraperitoneal (IP) application

Recently, nanocrystals were used for IP chemotherapy of ovarian cancer. IP drug
administration has gained increasing interest due to a number of preclinical and clinical
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results that demonstrated relatively good therapeutic effects compared to 1V [66]. The
potential benefits of IP drug delivery are multifaceted. A drug delivered IP can achieve a
higher concentration and a longer half-life in the peritoneal cavity compared to those
observed with 1V [67-76] and, thus, has a greater opportunity for locoregional effects [77-
79]. Moreover, an IP-administered drug is partly absorbed to systemic circulation, getting
access to regions of organs and tissues that are not in direct contact with peritoneal fluid [80,
81]. Finally, if delivered as nanoparticles with a specific size, a drug can be trafficked
through lymph nodes [76, 82, 83], which provides an opportunity to treat diseases spreading
via the lymphatics. An example of IP application of paclitaxel nanocrystals was reported in
conjunction with hyperthermic therapy [17]. Here, PTX nanocrystals were produced using
Pluronic F127 as a stabilizer and used for hyperthermic IP chemotherapy (HIPEC). The
PTX nanocrystals showed similar anti-tumor activity as Taxol with relatively low apparent
toxicity [17]. Unlike Taxol, the blood level of PTX continued to increase even after the
discontinuation of nanocrystal HIPEC, which suggests the long-term residence of
nanocrystals in the peritoneal cavity [17].

4. Remaining Challenges in Nanocrystal Development for Parenteral Applications

4.1 Instability during storage

Ostwald ripening refers to a phenomenon that small particles gradually dissolve and
redeposit on the surface of larger particles over time (Fig. 2) [84]. It occurs when the particle
size in a dispersion system is heterogeneous and the dispersed phase (drug) has a limited
solubility in the medium (water) [85], which, unfortunately, are the conditions frequently
encountered in pharmaceutical suspensions [86, 87]. Ostwald ripening leads to the particle
size growth and physical instability of a dispersion system during storage; therefore, there is
a strong need for preventing this process.

Surfactants and polymers are commonly used as stabilizers to delay detachment and
attachment of drug molecules at the surface of dispersed particles [85]. Polymers are
believed to be more effective than small molecular-weight surfactants because they tend to
adhere to the nanocrystal surface less dynamically than surfactants [88]. Another way of
preventing particle size growth is to produce uniform nanocrystals, thus eliminating one of
the conditions for Ostwald ripening. Optimizing the process parameters, such as the number
of high-pressure homogenization cycles [62], milling time [33, 52] and milling speed [89],
can eliminate large particles and obtain narrow size distribution. Processing
nanosuspensions into solid products is another way of avoiding dynamic changes in the
medium and thus Ostwald ripening [34, 90].

4.2 Instability during applications

Due to the high surface area to volume ratio, complete dissolution of nanocrystals can occur
quickly (in less than an hour) as long as a sink condition is maintained (Table 2). On the
other hand, in locations with a limited volume of fluid, such as the peritoneal cavity,
stomach, or the lungs, nanocrystals may be exposed to a non-sink condition for an extended
period of time. This may limit the dissolution rate of the nanocrystals and provide an
opportunity for sustained drug release [16]. However, with the gradual surface erosion and
loss of stabilizing agents, the nanocrystals may become increasingly unstable and, thus,
undergo agglomeration and Ostwald ripening over time. When this occurs, drug dissolution
slows down significantly, to an extent that the drug is no longer bioavailable. We have
experienced a consequence of particle agglomeration in an animal model of IP tumors [91].
Here, we produced PTX particles with precipitation followed by sonication and
administered the particles IP into mice bearing ovarian tumors in the peritoneal cavity, using
an in-situ crosslinkable hyaluronic acid-based hydrogel as a carrier [91]. The PTX
precipitates delivered with the hydrogel were best retained in the peritoneal cavity as
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compared to other formulations, which included multiple injections of Taxol, a bolus
injection of Taxol, PTX precipitates alone, and Taxol delivered with the hydrogel. Despite
the prolonged IP retention, the anti-tumor effect of hydrogel-embedded PTX precipitates
was not significantly different from the others, which were cleared from the peritoneal
cavity much earlier. One of the possible explanations is the agglomeration of PTX
precipitates, which led to incomplete dissolution of PTX [91].

4.3 Lack of target specificity

The surface of nanocrystals is decorated with specific ligands for target-specific delivery. A
few examples with physically adsorbed ligands were introduced in section 3.4; however,
continuous surface erosion poses a challenge to the longevity of the targeting effect. In this
regard, it is worthwhile to note a recent approach to produce a co-crystal of a drug and
functional molecules [56]. Here, Li et al. produced hybrid crystals by co-crystallization of
PTX and fluorescent dyes, where guest dye molecules were integrated in PTX nanocrystals
[56]. Since the dye was embedded throughout the matrix, the PTX-dye hybrid nanocrystals
could be located via real-time imaging during their lifetime in the body. The same principle
is applicable to producing drug-ligand hybrid nanocrystals with the prolonged target
specificity.

5. Future Perspectives

While the design of nanoparticulate formulations has become increasingly sophisticated,
structurally and conceptually simple nanocrystals have a unique advantage with respect to
the development of commercial products. Nanocrystals can greatly enhance the saturation
solubility and dissolution rate of poorly soluble drugs with simple production technologies
and compositions. The large contact area of hanocrystals can allow for a greater interaction
with tissue or cell surfaces and enhance drug absorption. Several oral nanocrystal products
are available on the market, and dermal and IV products are actively explored. However, the
potential of nanocrystals has not been thoroughly investigated for different applications such
as targeted or local drug delivery. For example, nanocrystals can be combined with
implantable delivery systems to attain a higher local concentration for a prolonged period of
time. In addition, modification with a ligand presents an opportunity to deliver nanocrystals
in a target-specific manner. However, the current methods of nanocrystal production and
modification do not adequately address the challenges in development of such products, and
new approaches to engineer nanocrystals are strongly awaited. In addition, much remains to
be understood with respect to the mechanisms of intracellular transport and distribution of
nanocrystals.
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nanocrystals can be further processed into sterile products or other dosage forms.
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Fig. 2.
Schematic representation of Ostwald ripening in nanosuspension.
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Examples of nanocrystal products for oral administration approved by the FDA [25, 34]

Table 1

Page 16

Trade name (drug)

Manufacturing techniques

Indications

Company

Rapamune® (Sirolimus)
Emend® (Aprepitant)
Tricor® (Fenofibrate)

Triglide® (Fenofibrate)

Megace ES® (Megestrol acetate)
Avinza® (Morphine sulfate)

Focalin® XR (Dexmethyl-phenidate

HCl)

Ritalin® LA (Methylphenidate HCI)

Zanaflex Capsules™ (Tizanidine HCI)

Top-down, wet milling
Top-down, wet milling

Top-down, wet milling

Top-down, high-pressure homogenization

Top-down, wet milling
Top-down, wet milling

Top-down, wet milling

Top-down, wet milling

Top-down, wet milling

Immunosuppressive
Antiemetic
Hypercholesterolemia
Hypercholesterolemia
Antianorexic

Psychostimulant drug

Attention deficit hyperactivity

disorder

Attention deficit hyperactivity

disorder

Muscle relaxant

Wyeth Pharmaceuticals
Merck & Co.

Abbott Laboratories
Skye Pharma

Par Pharmaceutical
King Pharmaceuticals

Novartis

Novartis

Acorda
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Table 2

Examples of nanocrystal dissolution in a sink condition

Drug Particlesize(nm)  Dissolution rate Reference
Oridonin 322.7 98% dissolved in 24 min [41]
Asulacrine d(v; 0.5) *133+20 42%dissolvedin6h [15]
Celecoxib d(v; 0.5) 360 91.8% dissolved in 50 min  [92]
Meloxicam d(v;0.5) 530+ 110  100% dissolved in 10 min  [93]
Artemisinin 100-360 75.9% dissolved in 4 h [94]
Nitrendipine 209+9 90% dissolved in 2 min [95]
Quercetin 213.6 £29.3 73.2% dissolved in 20 min  [96]
Itraconazole ~300 85% dissolved in 90 min [12]
Camptothecin ~ 200-700 50% dissolved in 2 h [16]

*
Note: size of the particles for which 50% of the same volume contains particles smaller than d (v; 0.5).

Curr Opin Solid State Mater Sci. Author manuscript; available in PMC 2013 December 01.

Page 17



