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ARTICLE INFO ABSTRACT

Keywords: Anti-inflammatory drugs have been prescribed extensively for a wide range of diseases. Combined with over-the-
anti—inﬂamm‘atory drug nanocrystal counter use, approximately 30 billion doses of non-steroidal inflammatory drugs (NSAIDs) are consumed
nanosuspensions annually in the USA. The global market of glucocorticoids (GCs) is forecast to reach US$ 8.6 billion by 2025.

targeting anti-inflammatory drugs Severe adverse effects have been reported for NSAIDs, GCs, and COX-2 selective NSAIDs (COXIBs). Furthermore,
NSAID nanocrystals

CQA nanocrystal the overwhelming majority of these drug substances are BCS class II, which limits their bioavailability due to

NSAID delivery poor water solubility. Drug nanocrystals, a carrier-free nanosystem, can increase saturation solubility, dissolution
rate, and the mucoadhesiveness of these drugs. The enhancement of these properties was highlighted in our
findings. These features improve the efficacy and safety of anti-inflammatory drugs. In this review, we show that
drug nanocrystals are an attractive strategy that contributes to an important shift in the development of inno-
vative products for different routes of administration. The possibility of targeting can minimize the adverse
effects and improve the efficacy in the management of inflammatory conditions. We comprehensively review the
critical quality attributes (CQAs) in the anti-inflammatory drug nanocrystals preparation, which are fundamental
to developing a successful marketable product. Despite the advantages, maintaining properties such as average
particle size, surface properties, and physicochemical stability of these preparations during shelf life poses
challenges to be overcome.

1. Introduction recruiting immunological and molecular components and physiological
process, this response may be more damaging than the initial harmful

Inflammation is a natural response of the organism, involving events stimulation (Hall, 2017), requiring pharmacological intervention to
responsible for releasing chemical mediators and migrant cells to return relieve the general and nonspecific symptoms such as pain, redness,
the homeostasis (Netea et al., 2017). For being a complex response, heat, swelling, and loss of tissue function (Takeuchi and Akira, 2010).
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Anti-inflammatory drugs are listed on the World Health Organization
(WHO) Model List of Essential Medicines (WHO, 2019), and more than
70 million prescriptions are written each year for them (Medscape,
2017).

The pharmacological intervention in the inflammation response is
mediated by its action in the arachidonic acid pathway. The release of
prostanoids involved in inflammation is due to the activity of the
cyclooxygenase enzyme (COX). COX has two isoforms: isoform 1 (COX-
1) is constitutive of various tissues, and isoform 2 (COX-2) is induced in
the presence of inflammatory mediators, and it is responsible for the
most of inflammation symptoms (Su and O’Connor, 2013).
Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit non-selectively
both COX isoforms. Within this group, there are the COX-2 selective
NSAIDs (COXIBs), aiming to act only on the inflammatory response. This
mechanism allows avoiding the adverse effects by inhibiting COX-1,
such as decreasing the gastric cytoprotective effect, and increased sus-
ceptibility to acute renal failure, hepatic and cardiovascular disorders
(Rang et al, 2016; Scheiman, 2016). In addition to the
anti-inflammatory activity, NSAIDs have been investigated as an anti-
cancer agent (Gurpinar et al., 2014; Kumar et al., 2016). Estimates show
that NSAIDs, including COXIBs, are regularly taken by 15% of the USA
population and, through occasional use, more than 30 billion doses are
taken each year (Harvard Health Publishing, 2018).

Table 1
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Another group used to fight inflammation is glucocorticoids (GCs),
which comprise potent anti-inflammatory and immunosuppressive ac-
tivity drugs with extensive pharmacological usage in treating other
distinct diseases. In inflammation, GCs have an inhibitory effect on the
phospholipase A; enzyme (PLAj3), responsible for the arachidonic acid
formation, suppressing the entire inflammatory cascade. Genomic
mechanisms also have a role in the anti-inflammatory effect of GCs
(Ingawale et al., 2015), and its extensive applicability for the treatment
of various diseases and conditions has been reflected in GCs global
market size. According to the ‘Global Steroids Industrial Chain Market
Insights, Growth Trends and Competitive Analysis 2025’, it is estimated
that GCs segment can achieve US$ 8.6 billion by 2025 end, expanding
the compound annual growth rate in 1.8 % on this period evaluated (QY
Research, 2018)

The lack of selectivity of conventional NSAIDs between both COX
isoforms results in a high number of adverse effects, especially in COX-1
inhibition, as we mentioned before. Although COXIBs minimize
gastrointestinal complications, the selective inhibition of COX-2 in-
volves decreasing vasodilatory and anti-aggregation prostaglandin
production, leading to an increase of cardiovascular risk as myocardial
infarction, thrombosis, and ischemic stroke (Mendes et al., 2012).
Furthermore, GCs is also responsible for a wide range of adverse effects,
such as osteoporosis, muscle atrophy, hyperglycemia, fat redistribution,

Physicochemical and pharmacological considerations of conventional BCS class II anti-inflammatory drugs

Drug Molecular pKa (pH logD Calculated Group Conventional Main indication Adverse effects
weight (g/ 1.2-7.5) (pH solubility (mg/ dosage (mg)
mol) 7.4) mL)
Aceclofenac 354.19 3.44 (acidic) 0.49 0.01 NSAID 100-200 Joint diseases and pain Nausea, vomiting and other
relief gastrointestinal effects
Betamethasone 392.46 Neutral 1.68 0.01 GC 0.5-4 Topical inflammation and May have systemic effects
allergic reactions when applied topically, skin
fragility
Budesonide 430.53 Neutral 2.73 0.01 GC 0.4-9 Topical inflammation, Systemic absorption in nasal
respiratory conditions use, hepatic impairment,
dysphonia
Celecoxib 318.37 Neutral 4.01 0.01 COXIB  100-400 Rheumatic diseases, pain Severe skin and cardiovascular
relief reactions
Diclofenac 296.15 4.00 (acidic) 1.10 0.1 NSAID 75-200 Musculoskeletal disorders, Gastrointestinal discomfort,
sprain, and strain hepatotoxicity, thrombotic
events
Etodolac 287.35 4.73 (acidic) 0.83 0.01 NSAID  600-1000 Joint diseases, acute pain Nausea, agranulocytosis,
abdominal pain
Hydrocortisone 362.46 Neutral 1.72 0.01 GC 30-100 Topical inflammation, Skin fragility, increase in
acetate respiratory conditions intraocular pressure
Ibuprofen 206.28 4.85 (acidic) 1.34 0.01 NSAID 600-2400 Headache, dysmenorrhea, Gastrointestinal reactions,
reduce fever nausea, vomiting
Indomethacin 357.8 3.79 (acidic) 0.26 0.01 NSAID  75-200 Rheumatic diseases, pain Gastrointestinal and
associated with orthopedic =~ hematological effects, vertigo,
procedures headache, kidney toxicity
Ketoprofen 254.3 3.88 (acidic) 0.39 0.01 NSAID  100-300 Joint diseases, reduce fever ~ Careful use in hepatic and
renal patients, skin reactions
in topical use
Mefenamic acid 241.3 3.89 (acidic) 2.18 0.01 NSAID 500-1500 Headache, musculoskeletal Cutaneous rash, diarrhea,
pain drowsiness
Meloxicam 351.41 4.47 (acidic) -1.10 0.01 NSAID 7.5-15 Rheumatic and joint Gastrointestinal effects,
diseases pruritus, headache, dizziness
Nabumetone 228.29 Neutral 3.22 0.01 NSAID  500-1000 Rheumatic and joint Gastrointestinal, nausea,
diseases vomiting
Naproxen 230.26 4.19 (acidic) -0.05 0.01 NSAID  500-1500 Joint diseases, headache Gastrointestinal, slightly
increase in blood pressure
Nimesulide 308.31 6.70 (acidic) 1.20 0.01 NSAID  100-200 Acute pain, reduce fever Hepatotoxicity
Piroxicam 331.35 3.79 (basic) -1.52 0.01 NSAID 10-30 Joint diseases, acute pain Gastrointestinal, slightly
and 4.76 increase of blood pressure,
(acidic) skin reactions
Triamcinolone™ 394.4 Neutral 0.24 0.01 GC 4-48 Topical inflammation Skin fragility, risk of systemic

absorption

Molecular weight, conventional dosage, main indication and adverse effects data were obtained from Brayfield (2017) and Drugbank (2020) database. Solubility
values obtained from Drug Delivery Foundation (2020) database; pKa and logD values obtained from ChEMBL (2020) database. NSAID: non-steroidal anti-in-

flammatory drug; GC: Glucocorticoid; COXIB: COX-2 selective NSAID
* BCS class IV
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skin fragility, and adrenal insufficiency (Vandewalle et al., 2018). The
resistance of GCs by several molecular mechanisms is also a concern in
chronic inflammation therapies (Ingawale et al., 2015).

Table 1 shows some representative of each group and the primary
indication, such as pain, fever, rheumatic and joint diseases, headache,
and others. In addition to the adverse effects caused by the mechanism
of action itself, 94% of our findings show that these drugs belong to the
biopharmaceutical classification system (BCS) class II, with low water
solubility and high permeability. This feature reduces the dissolution
rate, and the drug could not achieve therapeutic levels, resulting in low
bioavailability and requiring high doses (Mohammad et al., 2019). The
use of nanotechnologies is one of the most prevalent methods for
bioavailability enhancement (Malamatari et al., 2018). Among them,
drug nanocrystal is an approach to overcome poor absorption of low
water-soluble drugs, which comprise 40% of new chemical entities in
the pharmaceutical industry (Savjani et al., 2012).

During drug nanocrystal preparation, problems regarding the quality
of final drug product can be predicted by systematic control of important
variables involved in the process. Critical quality attributes (CQAs) are
physical, chemical, and biological properties present at any step of the
process, which should be within a specific range to guarantee that the
final drug product has the desired quality (ICH Q8(R2), 2009). Average
drug particle size and distribution, chemical composition, general shape,
and stability are among the critical properties related to drug nano-
crystals (FDA, 2017).

Thus, this review aims to explore recent findings and a regulatory
perspective of anti-inflammatory drug nanocrystals. This article in-
cludes insights about direct targeting, the selection of stabilizers and
preparation techniques, and particular attention to CQAs.

2. Drug nanocrystals: a tool for bioavailability improvement of
anti-inflammatory drugs

Nanocrystals are undoubtedly an important strategy for improving
the physicochemical properties of BCS class II drugs, which has gained
attention in the nanotechnology field. According to the ‘Nanotechnology
in Drug Delivery - Global Market Trajectory & Analytics’, the nano-
technology drug delivery global market is estimated at US$ 124.7 billion
in 2027, where drug nanocrystal has forecast to reach US$ 83.1 billion in
the end of the analysis period, even considering the coronavirus
pandemic crisis and consequent economic recession (Research and
Markets, 2020).

By definition, drug nanocrystals are nanoparticles with crystalline
structure, particle size below 1000 nm, and composed of drug and sta-
bilizer system, without matrix material (Junghanns and Miiller, 2008).
When the drug nanocrystals are dispersed in an aqueous media, they are
referred to as nanosuspensions. The change of the intrinsic properties by
decreasing drug particle size improves the bioavailability of BCS class II
drugs, and it may benefit BCS class IV, with poor solubility and poor
permeation, since higher drug water solubility increases the concen-
tration gradient and it enhances drug permeability (Peltonen and Hir-
vonen, 2018). This increased permeability by drug nanocrystal was
already described by the diffusion of nanoparticles through the unstirred
water layer (UWL) (sometimes referred to as the aqueous boundary
layer). UWL is a region of fluid adjacent to membrane cells in which the
solvent movement is slower than in the bulk medium (Wood et al.,
2018). Erythrocytes and intestine cells were already used as cellular
models to study this phenomenon (Barlow et al., 2017). UWL offers
resistance to drug diffusion before the permeation through membrane
cells. Hence, the drug gradient concentration between bulk and UWL
may affect the overall permeability (di Cagno and Stein, 2019; Korjamo
et al., 2009). Nanocrystals could overcome UWL resistance due to their
higher diffusivity than larger particles. Along with the higher dissolution
rate, this would provide a higher amount of dissolved molecules avail-
able to permeation (Imono et al., 2020; Roos et al., 2018). Sometimes
the mucus layer is considered a biological barrier to drug absorption,

European Journal of Pharmaceutical Sciences 158 (2021) 105654

considering the overall composition, including mucin glycoproteins,
lipids, inorganic salt, and water. The mechanism proposed includes fast
diffusion or higher penetration for nanoparticles as well (Guo et al.,
2019b; Liu et al., 2020).

The following four main advantages of drug nanocrystal formulation
are related to size reduction: increase of dissolution rate, enhance of
saturation solubility, improved mucoadhesiveness, and minimization of
fed/fasted state variation. When drug particle size is decreased to
nanoscale, it increases the surface-area-to-volume ratio, making the
dissolution faster, and it can be represented by the Noyes-Whitney
equation (Eq 1) (Noyes and Whitney, 1897):
de_D x A x (Cs— Cx) &)
dt h
Where dc/dt is the dissolution velocity (change of concentration by
time), D is the diffusion coefficient, A is the surface area, h is the
diffusional distance, Cs is the saturation concentration, and Cx is the
bulk concentration. The dissolution rate is proportional to the concen-
tration gradient, and this in vitro assay may be consistent with in vivo
results. In addition to improving aceclofenac release by 2.10-fold, as
shown in Table 2, when orally administered in rats, it showed almost 2-
fold increase in Cp,5x and 1.55-fold increase in AUC, both compared with
the raw drug (Narayan et al., 2017). The higher dissolution velocity can
enhance the rate and extent of the absorption, reducing the conventional
dose of aceclofenac. Additionally, the bioavailability enhancement
provided by nanocrystal technology causes a rapid onset of action,
bringing quality of life in patients with anti-inflammatory drug treat-
ment for pain relief.

Similarly, particle size affects saturation solubility. Factors such as
dissolution medium, temperature, and the crystalline drug structure
may also influence (Chogale et al., 2016). Saturation solubility is asso-
ciated with the Kelvin equation, which was first proposed to describe the
relationship between the curvature of the liquid drop’s surface and the
vapor pressure in liquid-vapor systems (Wang et al., 2020; Xia et al.,
2020). In this model, molecules passing from the drop to the gas phase
constitute the vapor pressure, which is enhanced when the drop surface
curvature increases (Yarom and Marmur, 2015). Hence, this phenome-
non is analogous to the transference of molecules from a solid nano-
particle towards the liquid phase. The reduction in the nanoparticle’s
curvature increases the dissolution pressure, contributing to enhancing
saturation solubility (Junyaprasert and Morakul, 2015). The
Ostwald-Freundlich equation (2) directly describes the relationship be-
tween saturation solubility and particle size (Fontana et al., 2018):

Cs 20V

log—= ~———— 2
%% Ca~ 2303RTpr 2

Where Cs is the saturation solubility, Ca is the solubility of large parti-
cles, o is the interfacial tension of the drug substance, V is the molar
volume of the particle material, R is the gas constant, T is the absolute
temperature, p is the density of the solid, and r is the radius. This
enhancement is more relevant for particles in the nanoscale range. The
fundamental difference from this model to the Noyes-Whitney equation
(1) is the variable time, since in this latter the dissolution kinetics is the
parameter associated with surface area and, consequently, particle size.

Evaluating the saturation solubility, flurbiprofen nanosuspensions in
dermal delivery demonstrated an increase of saturation solubility of 5.3-
fold compared to a coarse powder, as mentioned in Table 3 (Oktay et al.,
2018). The same study showed the nanosuspension has a permeated
drug amount 2.2-fold higher than the suspension in rat’s skin during ex
vivo evaluation. The improved permeation using flurbiprofen nano-
suspensions is correlated with an increase of gradient concentration
between formulation and skin due to the enhancement
surface-area-to-volume ratio, saturation solubility, and dissolution rate
when reducing the drug particle size. Additionally, these features
improve adhesiveness to surfaces due to an increase in the contact area
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Table 2
Anti-inflammatory drug nanocrystals prepared using wet bead milling (WBM) approach
Drug (conc.) Route of Stabilizer Milling Final Solubility Dissolution Characterization Ref.
administration (conc.) speed (time) particle
size (nm)
(PDI)
Indomethacin Oral Poloxamer 407 400 rpm (24  260-270 - - DLS, TEM, NMR, Kuroiwa et al.
(100 mg/mL) (50 mg/mL) h) (0.11-0.21) Raman, HPLC, SS (2018)
Meloxicam (0.15 Oral Tween 80 1200 rpm (4 88.0 - 80-100% release XRPD, DLS, LD, SEM Tao Liu et al.
g) (0.5% w/w) h) after 10 min in pH (2018)
7.4
Budesonide (1 g) Pulmonary Poloxamer 188 500 rpm 259.0 + - Faster dissolution XRPD, DSC, DLS, Tingting Liu
.38 (120 min) 2.0(0.18 & before encapsulation FESEM, HPLC et al. (2018)
0.08) in the first 4 h
Ibuprofen (0.5 g) Pulmonary HPMC (10% 200 rpm 533.0 + 28 - Complete dissolution ~ XRPD, DSC, TGA, Malamatari
w/w of (180 min) after 5 min in pH 6-7 DLS, LD, SEM et al. (2017)
ibuprofen)
Aceclofenac (200 Oral PVA(0.25%) 400 rpm (4 484.7 + Increase of 1.99- 2.19-fold higher in XRPD, DSC, DLS, Narayan et al.
mg) h) 54.12 fold in water and 2h UV, HPLC, SEM, SS (2017)
(0.108 + 1.65-fold in HCl
0.009)
Dexamethasone Dermal Poloxamer 407 800 rpm (3 221.0 + - Complete dissolution DLS, SEM, UV, LC- Doge et al.
(0.05% w/v) (0.49% w/v) h) 4.0 (0.08 + after 5h MS (2016)
0.03)
Meloxicam (10%) Intranasal PVA (0.5 8) 400 rpm (50 135.0 &+ ~3.08 higher in - DLS, LD, SEM Bartos et al.
min) 0.002 pH 5.5 as nasal (2015)
spray
Indomethacin (1 Oral Poloxamine 1100 rpm 286.0 + - ~100% was DLS, SEM, SS, CAM, Liu et al.
g) 908 (0.4 g) 15.0 (0.22 dissolved after 1 min ~ SPR (2015)
+0.01) at pH 5.0
Sodium diclofenac Dermal Poloxamer 188 3000 rpm 279.0 £ 8 3-fold higher than - XRPD, DSC, DLS, Pireddu et al.
acid (2:1 w/w) (2:1 w/w) (60 min) (0.17 + coarse crystals SEM, HPLC, SS (2015)
0.01)
Naproxen (1% w/ Oral Tween 80 3200 rpm (4  ~ 270.0 - - XRPD, DSC, ATR- Kumar and
V) (0.2% w/v) h) FTIR, DLS, HPLC- Burgess
UV, LC-MS (2014)
Meloxicam (20 Oral PVP k30 (20 2000, 400 119.0 - 23.07-fold higher in XRPD, DLS, LD, SS, Ochi et al.
mg) mg/mL) rpm (2 min, pH 1.2 and 2.08-fold HPLC-UV (2014)
1 min, higher in neutral
respect.) media
Nimesulide (1% Oral Poloxamer 407 175 rpm (15 702.6 + 59-fold higher in - XRPD, DSC, FTIR, Giilstin et al.
w/Vv) (0.5 w/v) min) 10.1 pH 1.2 than raw DLS (2013)
(0.324 + powder
0.04)
Indomethacin (1 Oral Poloxamer 188 1100, 100 340.0 + Significantly high Significantly high in DLS, HPLC Liu et al.
g) 0.6 8) and 850rpm  4.0(0.24+ inpHS5 pHS5 (2013)
(30 min 0.06)
each)

Conc.: concentration; Ref.: references; PDI: Polydispersity index; XRPD: X-ray powder diffraction; DSC: differential scanning calorimetry; DLS: dynamic light scat-
tering; LD: laser diffraction; SS: stability studies; UV: ultraviolet; SEM: scanning electron microscopy; FESEM: field emission scanning electron microscopy FTIR:
Fourier-transform infrared spectroscopy; ATR-FTIR: attenuated total reflectance Fourier-transform infrared spectroscopy; TGA: Thermogravimetric analysis; LC-MS:
liquid chromatography coupled with mass spectrometry; HPLC: high-performance liquid chromatography; NMR: Nuclear magnetic resonance; HPLC-UV: high-per-
formance liquid chromatography coupled with ultraviolet; CAM: contact angle measurement; SPR: surface plasmon resonance; Raman: Raman spectroscopy; TEM:
transmission electron microscopy.

of small particles (Saini and Kumar, 2018). Celecoxib nanosuspensions
have improved adhesion in mucus and intestinal villus in rats, which
contributes to the drug delivery across the four segments of the intestine,
mainly in the duodenum (He et al., 2017). The absorption enhancement
by drug nanocrystal may benefit high-dose anti-inflammatory drugs,
requiring less to produce the effect and facilitating patient compliance

The anti-inflammatory drugs with multiple-dose regimen could have
its administration frequency decreased by drug particle size reduction in
nanoscale. Pharmacokinetic studies using animal model demonstrate
that drug nanocrystal presents a rapid increase in plasma concentration.
However, the elimination is equivalent compared to the conventional
drug/microsuspension, mainly evaluated as half-life (t; /). For instance,
aceclofenac nanocrystal did not significantly differ the t; » and elimi-
nation rate constant comparing to the conventional drug (Narayan et al.,
2017). Similar results were observed in fluticasone and etodolac nano-
suspensions (Afifi et al., 2015; Fu et al., 2019). In healthy humans,
budesonide nanocrystal for inhalation delivery presented a Cpax in-
crease and Tp,ax reduction compared to Pulmicort Respules (budesonide

as a dry-powder inhaler, AstraZeneca, Wilmington, DE), indicating rapid
drug delivery and absorption (Kraft et al., 2004). Simultaneously, the
t1/2 was corresponding to the marketed drug product. For other phar-
macological classes, similar results have been extensively found in the
animal model (Imono et al., 2020; Ma et al., 2017; Paredes et al., 2020;
Sattar et al., 2017; Sharma and Mehta, 2019; Zhang et al., 2020).
Therefore, the increase in drug nanocrystal absorption and an equivalent
decrease in its t; /2 and other pharmacokinetics parameters may support
the reduction of the conventional dose or keep it, and reduce the
administration throughout the day. However, studies comparing the
effects of a single dose of drug nanocrystal with multiple-dose of the
conventional drug is paramount to test this hypothesis and assure its
safety.

The increased saturation solubility of drug nanocrystals may also
eliminate the food effect in oral administration. Poorly water-soluble
drugs are mainly ingested with food to improve bioavailability since
the gastrointestinal system facilities the dissolution rate by increased
gastric fluid, delayed gastric emptying, and increase of splanchnic flow
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Table 3
Anti-inflammatory drug nanocrystals prepared using high-pressure homogenization (HPH) approach
Drug (conc.) Route of Stabilizer Milling pressure Final Solubility Dissolution Characterization Ref.
administration (conc.) (cycle or time) particle
size (nm)
(PDI)
Flurbiprofen (4%)  Dermal Plantacare ® 30,000 psi (25 cycles)  654.3 + 5.3-fold - XRPD, DSC, LD, Oktay et al.
2000 (2.5:1 D/ (microfluidization) 9.7 (0.30 than coarse DLS, SEM, HPLC, (2018)
S) + 0.02) powder SS
Meloxicam (0.8 g)  Oral Tween 80 1300 bar (20 cycles) =+ 400.0 - 80-100% dissolved XRPD, DLS, LD, Tao Liu et al.
(0.5% w/w) in the first 10 min SEM (2018)
Ibuprofen (0.25% Oral Tween 80 + 1000 bar (20 min) 79.0 - - DLS, SS Fernandes
w/Vv) PVP k30 (0.2% (80°C) (0.126) et al. (2017)
and 1.2% w/v,
respect.)
Celecoxib (4:1 D/ Oral TPGS (4:1 D/S) 200 and 800 bar (5 232.5 + ~4-fold More than 80% XRPD, DSC, FTIR, Heetal. (2017)
S) and 20 cycles) 3.0 (0.20 greater than released within 10 DLS, LD, SEM,
+ 0.02) coarse min TEM, SS
celecoxib
Meloxicam Oral (ODT) Poloxamer 188 500 and 1000 bar (2 463.5 + - 90% was dissolved XRPD, DLS, SEM Iurian et al.
(0.75% w/v) (1% w/v) and 20 cycles) 9.71 after 6 min (2017)
(0.312 + (influenced by
0.014) freeze-drying) in
PH7.4
Piroxicam (2.5% Oral (ODT) Poloxamer 188 500 and 1500 bar (3 414.3 + - All formulations XRPD, DSC, FTIR, Lai et al.
w/w) (1.5% w/w) and 30 cycles) 21.1 (0.40 with high DLS, SEM, UV (2014)
+ 0.02) dissolution rate
than coarse ODT
Hydrocortisone Oral Poloxamer 188 150, 500 and 1500 677.0 + - - DLS, LD, ESEM Moschwitzer
acetate (10% (1% w/w) bar (2, 2, and 30 55.0 and Miiller
w/w) cycles) (2013)
Indomethacin Oral HPMC (0.5% 18,000 psi (70 min) 428.0 + - - XRPD, DLS, SEM, Verma et al.
(0.5% w/v) w/v) (microfluidization) 13.0 LM, SS (2011)

Conc.: concentration; Ref.: References; PDI: polydispersity index; D/S: drug:stabilizer ratio; ODT: orally disintegrating tablets; XRPD: X-ray powder diffraction; DSC:
differential scanning calorimetry; FTIR: Fourier-transform infrared spectroscopy; DLS: dynamic light scattering; LD: laser diffraction; SS: stability studies; HPLC: high-
performance liquid chromatography; UV: ultraviolet; SEM: scanning electron microscopy; ESEM: environmental scanning electron microscopy; TEM: transmission

electron microscopy; LM: light microscopy.

in food presence (Jinno et al., 2006; Junyaprasert and Morakul, 2015).
The fed/fasted state may vary the bioavailability, leading to a
sub-optimal therapeutic level and poor performance (Mer-
isko-Liversidge et al., 2003). Drug nanocrystals uniformly formulated
can minimize this variation because the dissolution rate is fast enough,
even under the fasted state (Junyaprasert and Morakul, 2015). A good
example is aprepitant nanocrystals, an antiemetic agent marketed as
Emend® by Merck. The conventional formulation of aprepitant requires
food presence to achieve therapeutic levels, where is an unavailable
approach for patients with nausea. In addition to the bioavailability
improvement, the fed/fasted state variation was eliminated during in
vivo evaluation (Merisko-Liversidge, 2015). For anti-inflammatory
drugs, this type of assessment requires further studies. Despite being
more effective in the postprandial state to minimize their gastrointes-
tinal side effects, the variation of absorption of anti-inflammatory drugs
can be decreased when using nanocrystal formulation.

The most prominent adverse effect of NSAIDs is gastrointestinal
irritation, impairing gastric compartment defense by local and systemic
mechanisms. As for the local effect, NSAIDs cause damage to epithelial
cells, and decrease of mucus and bicarbonate secretion (Scheiman,
2016). Hence, the mucosa becomes less resistant to the stomach acidic
environment. Regarding the systemic effect, COX-1 inhibition reduces
prostaglandin E; production, which has an essential role in protecting
gastric mucosa. The systemic effect is observed regardless of the
administration route (Takeuchi, 2012). Additionally, poorly
water-soluble drug substances promote a high and prolonged drug
concentration in the gastric compartment, leveraging the NSAIDs
toxicity.

The anti-inflammatory drug nanocrystals can reduce the gastroin-
testinal adverse effect by a systemic and local effect. The systemic effect
is attributed to increased drug bioavailability, decreasing drug dosage,
and attenuating the direct stimulation in the gastrointestinal

compartment (Nagai et al., 2020). Meloxicam nanocrystals presented
minimal gastrointestinal lesions compared with the conventional drug
dispersion after repetitive administration in rats for a month. The
nanocrystal formulation used a dose 4-fold reduced, which was the same
dose that presented an increase of bioavailability, and an equivalent
decrease in paw edema (Nagai et al., 2020). Despite the mucoadhesive
property, drug nanocrystals will quickly disperse and dissolve
comparing with larger coarse API particles, although further specific
studies are necessary to address this issue mechanistically.

Liversidge and Conzentino (Liversidge and Conzentino, 1995) pre-
pared naproxen nanocrystals, where the effect in minimizing the gastric
irritation followed by oral administration was evaluated in rats. The
naproxen nanocrystals were obtained by the top-down approach using
poloxamer 188 as a stabilizer, with no particles above 400 nm. Addi-
tionally, they presented 4-fold increase in naproxen absorption, and the
gastric irritancy was significantly lower than coarse naproxen. It shows
that anti-inflammatory drug nanocrystal is a safe and efficient alterna-
tive to minimize the adverse effects of the conventional
anti-inflammatory drugs.

The benefits of anti-inflammatory drug nanocrystals approach for
different routes of administration have been reported recently, and some
of those benefits are shown in Table 2-4. In addition to the 26-fold
enhancement in dissolution rate as we show in Table 4, dexibuprofen
nanocrystals presented almost equivalent analgesic potency than the
conventional drug with dose 4-fold reduced after oral administration in
BALB/c mice (Ullah et al., 2018). Diclofenac acid nanocrystals in dermal
delivery improved skin deposition and permeation compared to the
commercial topical formulation in in vitro transdermal evaluation (Pir-
eddu et al., 2015), which may require fewer applications to produce the
desirable anti-inflammatory and analgesic effect. Fluticasone nano-
suspensions exhibited significant anti-inflammatory activity in the lungs
compared to microsuspensions after pulmonary delivery in mice, even in
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Table 4
Anti-inflammatory drug nanocrystals prepared using a bottom-up technology
Drug (conc.) Route of Bottom-up Stabilizer (conc.) Final Solubility Dissolution Characterization Ref.
administration method (solvents) particle
size (nm)
(PDI)

Beclomethasone Dermal Antisolvent Poloxamer 407 622.0 + 745.5 higher XRPD, DSC, DLS, Assem
dipropionate (10 (ethanol + (1% w/v) 21.0 (0.30 than raw TEM et al.
mg/mL) aqueous solution) + 0.01) powder (2019)

Meloxicam (5:1 D/ Sublingual Acid-basic Poloxamer 407 178.7 + 4.81-fold Almost complete XRPD, DLS, SEM, SS Song
S) neutralization + Tween 80 4.5 (0.197 increase in pH dissolution within et al.

(NaOH -+ HCI) (50% w/w of + 0.015) 6.8 10 min as fast (2018)
drug, 5:5 each) dissolving
sublingual films

Dexibuprofen (30 Oral Antisolvent HPMC and PVP 85.0 +£ 2.5 ~ 5-fold 26-fold increase XRPD, DSC, DLS, Ullah

mg/mL) (ethanol + (1% w/v) (0.17 + increase in compared with SEM, TEM, FTIR, et al.
aqueous solution) 0.01) water marketed tablets HPLC-UV, SS (2018)
Meloxicam (0.5% Transdermal Acid-basic Poloxamer 407 175.0 + XRPD, DSC, DLS, Yu et al.
w/Vv) neutralization + Tween 80 4.0 (0.167 SEM, HPLC-UV, SS (2018)
(NaOH + HCI) (0.1% w/v, 80:20 + 0.030)
each)
Aceclofenac (20 mg) Antisolvent Tween 80 (20 716.0 + 3.45x higherin  Slightly decrease DSC, FESEM, HPLC Park
(acetone + mg) 65.0 water and than raw drug et al.
aqueous solution) 4.03x higher in (2016)
pH 6.8

Conc.: concentration; Ref.: References; PDI: polydispersity index; D/S: drug: stabilizer ratio; XRPD: X-ray powder diffraction; DSC: differential scanning calorimetry;
DLS: dynamic light scattering; SS: stability studies; HPLC: high-performance liquid chromatography; HPLC-UV: high-performance liquid chromatography coupled with
ultraviolet; SEM: scanning electron microscopy; FTIR: Fourier transformed infrared; FESEM: field emission scanning electron microscopy; TEM: transmission electron

microscopy.

6 h post-administration, indicating that drug nanocrystal can prolong
the fluticasone retention in the lungs (Fu et al., 2019). This can be
attributed to the drug penetration enhancement, where fluticasone
nanocrystals penetrate the periciliary liquid layer, escaping from
mucociliary clearance. Also, nanosized particles are essential for this
route of administration since depositing GCs back of the mouth and the
throat could lead to localized immune suppression and favor local
opportunistic infections (Gao et al., 2012). For intravenous adminis-
tration (IV), drug nanocrystal is preferred because particles larger than 5
um can lead to capillary blockade and embolism (Gao et al., 2012). For
ophthalmic delivery, drug nanocrystal has a rapid onset of action
compared to other techniques since this approach does not use matrix
material (Peters et al., 2020), and it is less prone to cause ocular irri-
tation and blurry vision compared to other techniques to overcome the
poor water-soluble drugs problem (Sharma et al., 2016). Thus, it is a
promising technique to improvement of poorly water-soluble anti-in-
flammatory drugs efficacy, feasible for different administration routes.

Drug nanocrystals were first introduced at the beginning of the 1990s
(Liversidge et al., 1992). Rapamune® (sirolimus) was one of the first
products on the market in 2000 by Wyeth Pharmaceuticals (Malamatari
et al,, 2018). In contrast, Celebrex® (celecoxib) had already been
approved in 1998 as a new drug application (NDA) of oral
anti-inflammatory drug nanocrystals by Pfizer (Chen et al., 2017). In
2006, Naprelan® was approved as tablets of naproxen nanocrystals by
Wyeth (Jarvis et al., 2019). Ilevro® containing nepafenac nanocrystals
for ophthalmic delivery by Alcon also represents anti-inflammatory drug
nanocrystals on the market, launched in 2013 (Chen et al., 2017).

Furthermore, submissions to the Food and Drug Administration
(FDA) for nanocrystal drug products from 1973 to 2015 comprised
approximately 30% of all applications containing nanomaterials, in
which 32% were abbreviated new drug applications (ANDA) (Chen
et al., 2017). Regarding therapeutic areas, 11% had anti-inflammatory
indication. The high percentage of ANDA nanocrystals can be
explained because nanocrystals are readily translatable technology in
contrast to other nanomaterials.

3. Targeting anti-inflammatory drug nanocrystals

Anti-inflammatory drug nanocrystals can be targeted towards

inflammation sites to improve the in vivo behavior and minimize adverse
effects. The targeting process can be divided into active targeting and
passive targeting, as we illustrated in Figure 1. In active targeting is used
ligands such as proteins, antibodies, and small molecules to enhance
delivery to specific organs. In passive targeting, the drug particles can be
internalized by cells and delivered through the cell route. The targeting
process depends on the drug particle size, dissolution rate, route of
administration, and surface modification. Under 1000 nm, drug nano-
crystals can be uptake by the mononuclear phagocytic system (MPS)
cells and, below 100 nm, they can be endocytosed by other cells (Miiller
et al., 2011). Despite this phenomenon, long-acting intramuscular pro-
drug injection in the submicron range in rats revealed the API uptake by
MPS cells. The pharmacokinetics and histopathological findings indi-
cated that prodrug uptake by macrophages promoted a slower second
phase dissolution and conversion to the active drug. It shows that
long-acting injection drugs, even in the submicron range, can have its
pharmacokinetics behavior influenced by the MPS uptake (Darville
et al., 2016, 2014).

The MPS cells comprise a phagocytic cells system, predominantly
macrophages, present in the liver, spleen and lungs (Gustafson et al.,
2015; Miiller et al., 2011). For instance, Kupffer cells, the most impor-
tant MPS cells of the liver, is responsible for the major drug nanoparticle
accumulation in this organ (Samuelsson et al., 2017). They represent
80-90% of the total body macrophage population (Bertrand and Leroux,
2012). Furthermore, the liver presents fenestrations in the endothelial
cells allowing the nanoparticles to be trapped in them, contributing to
additional accumulation in this organ (Blanco et al., 2015; Van Haute
and Berlin, 2017).

For oral delivery, the recognition by phagocytic cells is minimal once
the dissolution is fast enough until the absorption process occurs (Lu
etal., 2017; Miiller et al., 2011). For intravenous delivery, the MPS cells
have a significant role in the drug nanocrystal uptake (Fuhrmann et al.,
2014). The nanoparticles recognized as an exogenous material will be
opsonized, and further uptake by MPS cells in the bloodstream, which
will carry the engulfed material to its organ of residence, leading drug
nanoparticle accumulation (Gustafson et al., 2015; Jokerst et al., 2011).
The persistent presence of naturally toxic drugs in these organs, such as
chemotherapeutic agents, can compromise the safety promised by the
nanocrystal preparation (Zhou et al., 2016).
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Figure 1. Anti-inflammatory drug

nanocrystal recognition by active and
e passive targeting. While in the active
‘ targeting the nanocrystal is specifically
recognized due surface decoration by
ligands such as proteins, antibodies and
its fragments, peptides, and specific
molecules, in the passive targeting anti-
inflammatory drug nanocrystals could
be recognized by macrophages and
penetrate in the inflammation site.
MPS: Mononuclear phagocytic system
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The nanocrystal clearance by MPS cells may not occur instantly.
Ritonavir nanocrystals remained 68% intact into monocyte-derived
macrophages after 24 h post-uptake by passive targeting (Kadiu et al.,
2011). The internalization of drug nanocrystal will act as a depot, dis-
solving the drug slowly until diffusing out of the cells, whose mechanism
has been explored to specific targeting in different therapies, such as HIV
and cancer (Fuhrmann et al., 2014; Lu et al., 2017, 2015; Zhou et al.,
2018). In active targeting, the drug surface is decorated with specific
ligands to avoid the phagocytic cells’ clearance and increase the target
specificity. For instance, folic acid is a ligand of folate receptor-§
expressed on the surface of the activated macrophage, and it is currently
used to improve drug nanocrystal targeting in HIV since this phagocytic
cell acts as a viral reservoir (Liu et al., 2010; Wong et al., 2019; Zhou
et al., 2018).

As for anti-inflammatory drug nanocrystal, targeting macrophages is
also an interesting hypothesis for therapy improvement. This approach
has already been investigated by matrix nanosystems, such as lipid-
based, polymeric, and chitosan nanoparticles, whether by active or
passive targeting (Chuang et al., 2018; Dolati et al., 2016). For nano-
crystals, this strategy remains unexplored. The enhanced permeability
and retention (EPR) frequently present in inflammation enables the drug
nanoparticles with the appropriate size (approximately 200-700 nm) to
permeate through vascular endothelium gaps. They will then be slowly
released in the site of inflammation (Chuang et al., 2018). Based on this
principle, anti-inflammatory drug nanocrystals could permeate through
inflamed leaky vessels due to the EPR effect and achieve organism sites
with limited drug delivery, such as arthritic joints, and then will be
taken up by macrophages. In some inflammatory diseases, macrophages
act as central players, such as rheumatoid arthritis (Udalova et al.,
2016). The hypothesis is based on the internalization of
anti-inflammatory drug nanocrystals by macrophages, which would be
directly targeted into the inflammatory site by combining EPR effect and
passive targeting, improving the efficacy and safety of these drugs.
Nevertheless, it is necessary to consider the observations related to the
particle size, dissolution rate, and administration route presented in this
chapter. The necessity to explore this insight in further studies to eval-
uate the behavior of anti-inflammatory drug nanocrystal at the intra-
cellular level is also paramount.

TARGETING TO THE
INFLAMMATION SITE

4. Preparation techniques of anti-inflammatory drug
nanocrystals

4.1. Bottom-up technology

The drug nanocrystal preparation involves the bottom-up and top-
down technologies, as well as combinations of both of them. The
bottom-up consists of the growth of small particles from individual
molecules. This process is also called nanoprecipitation because drug
particles are precipitated from a supersaturated solution (Sinha et al.,
2013). The supersaturation is the driving force for the growth of a
crystal, achieved by decreasing the temperature or addition of an
anti-solvent (De Waard et al., 2011). Bottom-up approaches have the
following main advantages in preparing drug nanocrystals: minimal or
no use of mechanical energy in the process, fewer expenses compared to
other techniques, and suitable for thermolabile drugs (Miao et al.,
2018).

Although a few authors have used bottom-up to prepare anti-
inflammatory nanocrystals, as shown in Table 4, our findings related
that this technique is promising, with particle size varying from 85.0 to
716 nm. In addition to preparing nanocrystals using solvent-antisolvent
precipitation with saturation solubility approximately 700-fold higher
than raw powder, beclomethasone dipropionate nanocrystals presented
amount retention on the skin in an ex vivo study 2.49-fold higher than
the marketed product (Assem et al., 2019). Furthermore, local accu-
mulation efficiency (LAC) of nanocrystals was approximately 25-times
higher than brand formulae. Thus, bottom-up approaches in this
report not only enhanced the drug deposition on the skin but also
decreased the amount permeating into the systemic circulation,
providing a safer product.

Acid-basic neutralization is another type of bottom-up strategy that
also offers anti-inflammatory drug nanocrystals pH-dependent solubility
with excellent properties (Mou et al., 2011). A report of meloxicam, a
weak acid drug with pH-dependent solubility as dissolving sublingual
film nanocrystal, was performed in acid-basic neutralization. It showed
a mean particle size below 200 nm and a great polydispersity index
(PDI) (Table 4), even after redispersion on sublingual films (Song et al.,
2018). Moreover, the films containing these nanocrystals showed an
increased AUC of 4.33-fold, and Cpax 5.42-fold higher of raw meloxicam
in rats. It indicates that drug nanocrystals prepared by acid-basic
neutralization can be a promising delivery system to improve the
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bioavailability of poorly water-soluble anti-inflammatory drugs that are
pH-dependent.

Despite advantages, bottom-up approaches have difficulty in con-
trolling the particle size growth, and may produce amorphous materials
(Peltonen and Hirvonen, 2018). Thorough removal of residual organic
solvents is also important to prevent problems in physical and chemical
stability (Mahesh et al., 2014), and toxicity for the patients. Environ-
mental contamination is another concern when using organic solvents,
showing that the process needs to be very well controlled to prepare
successful anti-inflammatory drug nanocrystals using bottom-up
technologies.

4.2. Top-down approach

The top-down process is the most important industrial technology in
particle size reduction (Salazar et al., 2012). This process differs from
bottom-up in not requiring organic solvents, better control of particle-
shape and size, and ease of scale-up (Miiller et al., 2001). It is a
high-energy process, where micron-sized drugs are suspended into an
aqueous or non-aqueous dispersion medium containing stabilizers and,
under mechanical attrition (wet bead milling (WBM)) or high pressure
(high-pressure homogenization (HPH)), it reduces drug particles to the
nanoscale (Tuomela et al., 2016b; Van Eerdenbrugh et al., 2008). WBM
is the most common method to produce drug nanocrystal in the industry
(Kumar and Burgess, 2014) and, as can be seen in Table 2, it is also the
most reported anti-inflammatory drug nanocrystal method in our find-
ings (50%).

WBM is performed dispersing the drug and stabilizer in aqueous
media, then it is placed in a jar with ball milling media while moving the
beads at high speed (Giilsiin et al., 2009). Particle size reduction is ob-
tained by impact, friction, and shear forces produced from the move-
ment of milling media. Usually, the grinder chamber is made of stainless
steel, porcelain, or hard material, and the beads can be made of porce-
lain, yttrium-stabilized zirconium, glass, agate, or special polymer ma-
terials. Zirconia or yttrium zirconia beads (stabilized version) are
frequently used as milling agent. The size can vary from < 0.1 mm to 20
mm, and smaller milling beads produce finer nanoparticles due to the
increase of the collision frequency between drug and the beads, drug and
drug, and drug and the vessel wall (Malamatari et al., 2018). Indo-
methacin nanosuspension, with smallest particle size (340.0 + 4.0 nm),
was obtained using zirconium oxide beads of 1 mm, in contrast to 5 and
10 mm ones (Liu et al., 2013). On the other hand, very small beads (<
0.03 mm) may not generate sufficient energy to reduce the drug particle
size (Malamatari et al., 2018). This literature review found that
anti-inflammatory drug nanocrystals prepared by WBM mostly used
beads of 0.5 mm (data not shown). However, an optimal bead size to
obtain smaller drug particle size will depend on different parameters,
including drug hardness, an appropriate stabilizer selection, milling
speed, and time.

The drug particle reduction is proportional to the increase of rotation
speed and time. However, our findings revealed that increasing speed
and grinding time does not necessarily result in an additional reduction
of nanocrystal particle size. On the contrary, extended milling time may
produce nanocrystals with larger particle size due to aggregation
(Kumar and Burgess, 2014; Tao Liu et al., 2018; Pireddu et al., 2015).
Kumar and Burgess (Kumar and Burgess, 2014) prepared naproxen
nanocrystals by WBM with Tween 80 or HPMC E-15 as stabilizers. While
naproxen nanocrystals stabilized with Tween 80 presented no aggre-
gation in all stabilizer concentration and milling intensities, providing
particle size below 300 nm as mentioned in Table 2, the opposite was
observed when stabilized with HPMC E-15. The particle size of naproxen
nanocrystals increased independently of HPMC-E15 concentration in
the higher milling intensity (3400 rpm), showing that increasing the
stabilizer concentration or milling intensity does not obtain smaller drug
particle size. Naproxen nanocrystals stabilized with HPMC-E15 showed
aggregation and chemical instabilities, where degradation in a
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decarboxylated product of naproxen took place in the WBM process. It
shows that other parameters must also be considered during grinding to
obtain smaller sizes of anti-inflammatory drug nanocrystals. This in-
cludes the surfactant selected, hardness of the drug, viscosity, and
temperature (Junghanns and Miiller, 2008).

HPH is the second most important technique to produce drug
nanocrystals, considering a highly productive process with low batch-to-
batch variation (Junyaprasert and Morakul, 2015; Moschwitzer, 2013).
The drug particle size reduction can be divided into microfluidization
technology (IDD-P™), where the collision of two jet streams under high
pressure can reduce drug particle size by shear and cavitation forces
(Junyaprasert and Morakul, 2015). Piston gap in water (Dissocubes®) is
another HPH method, where the dispersion (containing the drug, sta-
bilizer, and aqueous media) is forced to pass through narrow channels
with the help of a piston under high pressure. Drug nanocrystals is ob-
tained by cavitation, high shear forces and turbulent flow (Joseph and
Singhvi, 2019). The difference between the Dissocubes® and Nano-
pure® is the dispersion media of the latter, composed of polyethylene
glycol (PEG) or fatty acids, and the absence of cavitation forces, in which
the particle size reduction occurs by shear forces, particle collisions, and
turbulence (Junyaprasert and Morakul, 2015).

Table 3 shows anti-inflammatory drug nanocrystals with particle size
from 79 to 677.0 nm. It can be directly influenced by the homogeniza-
tion pressure, where a higher pressure will provide high energy to
reduce drug particle size. Additionally, it is necessary enough homoge-
nization cycles to maintain sufficient energy to break down the particles
and obtain uniform drug nanocrystals, and both homogenization pres-
sure and cycles will also depend on the drug hardness (Junyaprasert and
Morakul, 2015). Despite the benefits, HPH demands high equipment
costs, and the process energy increases the temperature of dispersion
even at lower pressures (approximately 10 °C at 500 bar), which can
compromise thermolabile drugs and the stabilizer efficiency (Junyap-
rasert and Morakul, 2015; Shrimal et al., 2020). WBM and HPH can
render the process more susceptible to contamination due to extended
milling time and homogenization cycles. Additionally, process param-
eters have to be adequate to avoid porous and fragile nanoparticles (Tao
Liu et al., 2018).

It is possible combining the bottom-up and top-down methods as an
option to improve the effectiveness of drug nanocrystal preparation. The
patented Nanoedge™ by Baxter was the first combination of technolo-
gies to obtain drug nanocrystal (Chang et al., 2015). This technique
combines the precipitation method and HPH, a great strategy to over-
come crystal growth and promote the long-term stability of bottom-up
technology (Mirza et al., 2017). Additionally, smartCrystal® is a
patented technique by PharmaSol GmbH, later acquired by Abbot. It
comprises different combination processes, not limited to the bottom-up
and top-down association. HPH is the main treatment, and each
pre-treatment differs in smartCrystal®, which can be: spray drying
(called H 42), precipitation (H 69), and lyophilization (H 96) (Bansal
et al., 2012). These techniques are advantageous since they can produce
drug nanocrystal with particle size below 100 nm, which is very difficult
to obtain using HPH alone (Shegokar and Miiller, 2010). Pre-treatment
steps such as spray drying and lyophilization lead drug powder easier to
particle size reduction by HPH.

Furthermore, smartCrystal® includes combinative technology (CT),
where it is possible to combine WBM and HPH. Fluticasone nano-
suspension was prepared combining these top-down techniques (Fu
et al., 2019). The drug particle size was reduced below 250 nm, and the
dissolution rate was improved 1-33-fold compared to the micro-
suspensions, even after the internalization of the drug particles by
Calu-3 cells. The nanosuspensions maintained stable for three months.
These results indicate that combining the benefits of WBW and HPH
techniques is a feasible approach to anti-inflammatory drug nanocrystal
preparation.
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5. Stabilization of anti-inflammatory drug nanocrystals

An essential common feature of all methods to prepare drug nano-
crystals discussed in Section 4 is that they all use stabilizers. Its use is
vital to prepare nanocrystals with excellent physical and chemical
characteristics. The particle size reduction changes Gibbs free energy,
and the nanosuspension becomes thermodynamically unstable, result-
ing in agglomeration and formation of large particle size, decreasing the
surface-area-to-volume ratio (Ghosh et al., 2011). Over time, stability
issues may also emerge due to Ostwald ripening. This phenomenon oc-
curs due to the difference in dissolution rate and saturation solubility
among particles with different sizes, which allows the increasing of
larger particles from the dissolution of the smaller ones (Skrdla and
Yang, 2019).

An adequate stabilizer should provide a barrier to agglomeration
(Van Eerdenbrugh et al., 2008), and its selection is as fundamental as
other process parameters. There is still no rationale in the selection of
stabilizers, with this process driven by trial and error. It is also necessary
to be safe, non-toxic, and adequate for the intended route of adminis-
tration. Stabilization can be divided into electrostatic, comprising
cationic and anionic surfactants (as sodium dodecyl sulfate, benzalko-
nium chloride) and steric, such as polymers and nonionic surfactants
(povidones, cellulosederivates, poloxamers) (Van Eerdenbrugh et al.,
2008). The cationic and anionic stabilizers prevent physical instabilities
by electrostatic repulsion, while nonionic and polymers by forming a
steric barrier (Tuomela et al., 2016a). To obtain these advantages, it is
possible to combine both electrostatic and steric stabilizers.

Although a standard mechanism in the stabilizer selection is unclear,
there are some methods to support it following a physicochemical
coherence. Ochi and colleagues (Ochi et al., 2014) prepared meloxicam
nanocrystals and screened hydrophilic polymers based on the
anti-precipitant by the solvent shift method. In this approach, polymers
should promote a crystal growth inhibition in a supersaturated drug
solution, which was previously correlated with stability by acting as a
precipitation inhibitor (Chauhan et al., 2013). The viscosity and pH of
the polymer solution presented no correlation with the precipitation of
meloxicam, and the efficiency of crystal growth inhibition was not
influenced by the polymer’s polymerization degree. It indicates that the
effect of stabilizers on the meloxicam precipitation is strongly correlated
with drug-stabilizer interactions, such as hydrogen bonds and van der
Waals forces. In this report, PVP-k30 presented the highest supersatu-
ration ratio (given by dissolved concentration/equilibrium solubility),
which was directly correlated with the efficiency of crystal growth in-
hibition. Furthermore, meloxicam nanocrystal stabilized with PVP-k30
showed a great particle size reduction and a increase of dissolution
rate, as mentioned in Table 2, along with excellent pharmacokinetic
results. The efficiency of crystal growth inhibition by PVP-k30 also re-
flected in meloxicam nanocrystal stability as expected, where presented
minimal aggregation during 21 days of storage in comparison of other
polymers evaluated. Thus, the precipitation by solvent shift is a prom-
ising approach to select an adequate polymer during drug nanocrystal
preparation, providing mechanistic relationships about the key factors
that are influencing the stabilization efficiency. However, this technique
cannot be applied in electric stabilizers screening because the aggrega-
tion inhibition could overestimate the drug solubility (Ochi et al., 2014).

In addition to the traditional role of stabilizing drugs and improving
process efficiency, the stabilizers can promote other benefits in pre-
paring drug nanocrystals. Dexamethasone acetate nanocrystals associ-
ated with polymyxin B for ophthalmic delivery were produced using
both cationic stabilizers, cetylpyridinium chloride and benzalkonium
chloride (Romero et al., 2016). The particle size was 200 to 250 nm and
was maintained after 6 months of storage at 5 °C, room temperature and
40 °C. The mucoadhesion itself promoted by the decrease of drug par-
ticle size was intensified with the use of a cationic system due to elec-
trostatic interactions between stabilizer and mucosa. It shows that a
drug nanocrystal formulation with an excellent stabilization system can
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be an alternative for ocular delivery, with increased performance than
standard eye drop formulations.

As shown in Tables 24, in most of the studies we reviewed of anti-
inflammatory drug nanocrystals, the authors used polymers or nonionic
surfactants as stabilizers, followed by associated polymers + nonionic
surfactants. The performance of nanocrystals prepared was variable,
also depending on other factors, as we discussed in the previous section.
The amount of drug and stabilizer can vary, mostly ranging from 0.1% to
1% w/w, but still does not follow a pattern. Although some studies have
investigated several stabilizers to select the best scheme among them,
only 38% have performed stability studies. This assay is essential to
ensure that anti-inflammatory drug nanocrystals can maintain their
physical and chemical properties, especially of drug nanocrystals
intended for commercial marketing.

6. Physical and chemical properties and regulatory perspective

It is essential to understand CQAs to guarantee the benefits that drug
nanocrystals can offer are present. By determining the physical and
chemical properties, it is possible to ensure a successful preparation.
Intended for commercialization, a full description of these characteris-
tics such as identity and quality must be provided as any drug submitted
to FDA, along with CQAs that are specific to nanomaterials, such as
particle size distribution and physical stability, and attributes that
potentially affect the efficacy, safety, or quality of the final drug product
(FDA, 2017). The essential parameters are (i) chemical composition, (ii)
average particle size, (iii) size distribution, (iv) shape and morphology,
(v) stability, (vi) dissolution rate and saturation solubility (FDA, 2017;
Miiller et al., 2001). Ideally, it is recommended to perform at least two
types of techniques for each parameter to validate the results obtained
by more than one method. Few authors in the studies we reviewed
performed all of these assays in anti-inflammatory drug nanocrystal
preparation, as can be seen in Tables 2-4. The absence of these assays
can be attributed to the high cost of performing these techniques.

The properties that anti-inflammatory drug nanocrystals offer are
attributed to their dimensions (FDA, 2017), consequently drug particle
size measurement is vital to guarantee if the size reduction has been
successful. Average particle size (Tables 2-4) was determined by dy-
namic light scattering (DLS). Briefly, this technique provides the hy-
drodynamic diameter, which is determined based on the fluctuation in
the intensity of scattered light (Bhattacharjee, 2016). As recommended
by the FDA, some studies also performed a second method such as laser
diffraction (LD). In this case, the particle size is measured from the
scattered light and reported as the volume of an equivalent sphere (Xu,
2015). The volumetric median diameter is obtained based on the
contribution of each particle in the volume distribution, which is often
presented as a D-value (D10, D50, D90).

In addition, our findings revealed that scanning electron microscopy
(SEM) was the most used technique for morphological evaluation of
drug nanocrystal, followed by transmission electron microscopy (TEM)
(Tables 2-4). Whereas SEM was designed to examine on surface
morphology, TEM provides information on the internal structure of the
nanocrystals (Inkson, 2016), and both techniques provide particle in-
formation in the submicron range (0.0012-5 ym), where drug particles
are analyzed individually in high resolution (Peltonen and Strachan,
2015; Sangolkar et al., 2012).

Regarding solid-state material, thermal analysis is commonly used
for drug nanocrystal characterization. Among the techniques, ther-
mogravimetric (TG) and differential scanning calorimetry (DSC) are the
most used. In TG analysis, the percentage of mass loss of the sample
upon heating is related to temperature or time. This relationship allows
obtaining information such as water loss and degradation kinetics (Coty
et al., 2020). Besides, it is possible to identify when the events occur
(onset temperature) and the degradation products. In this case, the
analysis is coupled with equipment based on gas analysis, such as a mass
spectrometer (Mansfield, 2015). In DSC, the sample’s heat flow upon
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heating is compared with a reference material, being related to the
temperature’s function. Hence, thermogram profile and thermodynamic
parameters such as heat capacity and enthalpy provide information
about the sample, such as amorphous/crystalline state and phase tran-
sition (Mansfield, 2015). Besides, it allows studying the compatibility of
the drug with the excipients (Thakkar and Misra, 2020).

Another commonly used technique to characterize drug nanocrystals
is X-ray powder diffraction (XRPD). It is based on the organization
pattern between crystalline and amorphous materials. In the first, the
molecules present long-range order at the atomic level, lacking the latter
(Peltonen and Strachan, 2020). Hence, Bragg peaks emerge from crys-
talline materials when incited with X-ray radiation, allowing differen-
tiating crystalline structures from amorphous materials (Guo et al.,
2019a; Rahman et al., 2019). It is worth noting that the physicochemical
characterization of nanocrystals may require previous special sample
preparation. For instance, as drug nanocrystals are commonly prepared
in the aqueous medium, drying techniques such as spray drying or
lyophilization may be required to obtain the necessary amount of solid
sample (Guo et al., 2019a; Koradia et al., 2018; Mansfield, 2015).

The crystalline structure is thermodynamically stable and prevents
solid-state modification after storage (Surwase et al., 2013). The amor-
phous drug exhibits short-range molecular order against a
three-dimensional long-range in crystalline compounds (Colombo et al.,
2018). The crystal-packing energy is the necessary energy to disrupt the
crystal lattice and remove the molecules from the structure during the
solubilization (Jermain et al., 2018). It is the driving force of drug sol-
ubility, and an amorphous state minimizes this energy disrupting crys-
talline drug structure (Jermain et al., 2018). The amorphous drug has
improved thermodynamic properties, resulting in the highest saturation
solubility, and consequently, bioavailability than drug nanoparticles in
the crystalline state (Junghanns and Miiller, 2008; Sun et al., 2012).

Despite the benefits, amorphous form represents the most energetic
solid state, which is stored like a compressing spring that will release its
energy, and therefore, the compound into a supersaturated state (Jer-
main et al., 2018). The amorphous drug must resist its thermodynamic
tendency to nucleation and crystal growth in the supersaturated state,
critical during its storage (Gajera et al., 2019). Thus, the amorphous
state is sometimes undesirable due to this issue on formulation stability.
Solid-state materials rarely have a pure crystalline or amorphous nature.
It means that drug nanocrystals may present some degree of long-range
molecular disorganization, whereas amorphous materials may present
short-range order at the atomic or molecular level. Since nanoparticles
tend to aggregate easily, additional stability issues such as hygroscop-
icity and crystallization tendency should be considered for amorphous
nanoparticles (Peltonen and Strachan, 2020).

Thus, Colombo and colleagues (Colombo et al., 2018) performed
amorphous indomethacin nanosuspensions intending to obtain the
aforementioned benefits associated with the nanotechnology to provide
a synergistic effect in the saturation solubility. The amorphous state was
promoted by quench cooling and showed no diffraction peaks by XRPD,
indicating amorphization. After WBM, the XRPD diffractograms and
further confirmed by FTIR showed that poloxamer 407 does not main-
tained the amorphous state, working only as a stabilizer. The amorphous
indomethacin nanosuspension promoted saturation solubility 422%
higher than amorphous powder, and this result was even 103% higher
than indomethacin nanocrystals. Hence, the most significant disadvan-
tage of an amorphous drug state was observed in the same report: the
nanoparticles were stable for only 10 days, which means that the shelf
life of the product remains a challenge to be overcome and improved.

Dissolution is another test required by FDA for new submissions
containing drug nanoparticles. It is is not a specific CQA for nano-
materials, but it is necessary to validate the quality and chemical per-
formance courses with the lifecycle of the drug (FDA, 2017). This assay
depends on agitation or rotation speed, apparatus, the media, concen-
tration of drug and stabilizer, and others. Additionally, according to the
FDA (FDA, 2017), the drug release should achieve a plateau and at least
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85% release in the labeled amount for the immediate release dosage
form. Approximately 58% of our findings in anti-inflammatory drug
nanocrystals performed a dissolution test with excellent results as shows
Tables 2-4, while some studies have reached almost complete dissolu-
tion in less than 10 minutes (He et al., 2017; Iurian et al., 2017; Liu et al.,
2015; Tao Liu et al., 2018; Malamatari et al., 2017; Song et al., 2018).
Furthermore, most anti-inflammatory drugs from Table 1 presents an
acidic pKa in physiological pH, which makes their dissolution profile
strongly pH-dependent such as meloxicam (Ochi et al., 2014) and
indomethacin (Liu et al., 2013) nanocrystals. Considering acid pKa
values (Table 1), the aqueous solubility of drug substances tends to be
higher in the intestine than in the stomach (Pobudkowska and Doman-
ska, 2014). Besides, their lipophilicity at pH 7.4 tends to be lower than
the neutral compounds. Both features are due to the ionization of these
compounds as pH increases.

The FDA also warns in its guide for nanomaterials that drugs can
interact with some compartments of the dissolution test. Also, to eval-
uate the pH influence, sample ratio, and paddle agitation speed, Liu and
colleagues (Liu et al., 2013) showed that indomethacin nanocrystals
could interact with the filter material during the dissolution study.
Dissolution tests have a full application in quality control studies of
anti-inflammatory drug nanocrystals, but these parameters must be well
controlled so that dissolution profiles are successfully defined.

There are some points to consider relative to the improvement of
dissolution rate and saturation solubility. A very rapid drug dissolution
can result in high plasma peak and very early Tpax (Junghanns and
Miiller, 2008). In this case, a modify drug delivery system has to be
considered to overcome this problem. Budesonide nanocrystals were
prepared by WBM and loaded into hyaluronic acid to enhance the
mucoadhesivity in pulmonary delivery (Tingting Liu et al., 2018).
During the in vitro evaluation, the loaded nanocrystal prolonged the
retention time on the porcine tracheal mucosa than budesonide nano-
crystal alone. In the pharmacokinetic evaluation, the budesonide
nanocrystal absorption was so fast that it could not be possible to be
observed in the experimental conditions, with Cpax similar to the
nanocrystal intravenous administered. On the one hand, it shows that
the nanocrystal was capable of increasing the dissolution rate and the
budesonide absorption, which is practically insoluble in water, as shown
in Table 1. However, the rapid absorption decreases drug retention in
the lungs, as was predicted in in vitro evaluation, reducing the thera-
peutic performance. Loaded budesonide nanocrystals into hyaluronic
acid showed a gradual increase of absorption, with drug concentration
declining slowly until 24 h. Thus, modify the drug delivery system is an
alternative to avoid too fast absorption, which can be undesirable in
some treatments using anti-inflammatory drugs.

Besides, it is crucial to evaluate the role of an increase in drug
permeability during topical administration in the nanocrystal approach.
For NSAIDs, such as diclofenac, ketoprofen, and indomethacin, the
permeability enhancement is beneficial as it allows the drug easily reach
deeper structures, such as muscles, joints, and bones, improving thera-
pies of rheumatic diseases, sprain, and musculoskeletal pain. Also, the
dermal delivery of anti-inflammatory drugs is an alternative to minimize
gastrointestinal damages. However, the permeability increase can be a
problem for GCs. Drug nanocrystals can reach systemic absorption and
potentiate the several adverse effects of these drugs, as mentioned in
Section 1, which is already possible to be seen in the conventional
topical formulations of GCs (Dhar et al., 2014). Regarding drug nano-
crystal penetration, similar results were reported in a comparative study
between ethylcellulose nanocarriers and nanocrystals approaches for
dexamethasone intended to dermal delivery (Doge et al., 2016). In this
case, the nanocrystal formulation presented increased penetration
instead of permeability. Likewise, a fast penetration might not maintain
the retention required to nanocrystals produce the effect, resulting in
higher application frequency and increasing the risk of systemic ab-
sorption of a GC. In this report, ethylcellulose nanocarriers of dexa-
methasone could prolong release kinetic, being a better option for
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topical dexamethasone delivery in this case. Despite that, the use of
mucoadhesivity enhancers for dexamethasone nanocrystals, such as
hyaluronic acid and derivates, as we mentioned above, is an option to
overcome this challenge, improving the safety of mnanocrystal
formulation.

Before the stability studies, it is possible to predict drug nanocrystals
behavior during storage by PDI determination. It describes the unifor-
mity degree, where a uniform nanoparticle distribution is when PDI is
closer to 0.0 (Bera, 2015). A high PDI (> 0.7) indicates that the sample
has multiple particle size distributions (Danaei et al., 2018), with the
potential to increasing particle size due to crystal growth (Ostwald
ripening). Hence, a narrow particle size could diminish the difference in
saturation solubility between small and larger particles, which could
inhibit crystal growth during storage (Wang et al., 2013; Wu et al,,
2011). Stabilizer concentration and temperature may also influence
crystal growth. If stabilizer concentration is high enough to increase
drug solubility, it could potentialize Ostwald ripening; regarding tem-
perature, it was already described that higher temperatures promoted
crystal growth during stability study (Malamatari et al., 2018; Wu et al.,
2011).

Similarly to PDI, zeta potential (ZP) is another parameter that affects
stability. When charged drug nanoparticles are dispersed, an electric
double layer (EDL) is created on its surface, and ZP is the interface be-
tween the EDL of moving particles and the dispersant layer around it
during the application of an electric field (Bhattacharjee, 2016). This
interface is called slipping potential, and then ZP is the slipping potential
of a drug particle moving under an electric field (Wang et al., 2013). It
affects stability since ZP indicates the degree of repulsion between the
dispersion charges, where high values - positively or negatively charged
— prevent aggregation due to the strong repellent forces among the
nanocrystals (Das et al., 2012). This value depends on the type and
amount of stabilizer to provide sufficient surface coverage repulsion
among the particles. The electrostatic and steric forces may be simul-
taneously present in the nanosuspension, where the ZP absolute value of
20 mV is adequate to stabilize the formulation (Zhang et al., 2020). Our
findings revealed a preference for non-ionic or polymeric stabilizers to
develop anti-inflammatory drug nanocrystal, resulting in ZP values from
-0.0725 to -35.8 mV (data not shown), which may indicate sterically
stabilized preparations.

Indomethacin nanosuspension was prepared to evaluate the stabili-
zation efficiency of poloxamers and poloxamines (Liu et al., 2015). The
different values among the non-ionic (poloxamer 188, -24 mV) and the
protonable stabilizers (poloxamine 908, -14 mV and poloxamine T1107,
-16 mV) is attributed to the dense hydrated poly(ethylene oxide) (PEO)
layer of the protonable ones that efficiently covers the surface of indo-
methacin nanosuspension. This characteristic can neutralize the nega-
tive drug charges, providing lower ZP compared to the non-ionic
stabilizer. Moreover, these three stabilizers proved to be efficient in
maintaining the physical stability of indomethacin nanosuspension,
where drug particle size presented a minimal variation of 30 nm after
storage of 1.5 years — independent of the evaluated temperature: 4 °C,
25 °C or 40 °C —. It shows that ZP is a useful method to predict the
stability of drug nanocrystal, even though stability studies have para-
mount importance and it is irreplaceable to date.

Our findings showed that the stability tests were conducted on a
short-time evaluation to obtain preliminary results about the quality of
the drug product prepared on a laboratory scale, usually a few weeks to
months at 25 °C (data not shown). The temperature values are generally
based on the ICH Q1A (R2) guideline, which is established considering
climatic conditions of the European Union, Japan, and the USA
(temperate, subtropical, and Mediterranean climates — climatic zones I-
II) (ICH Q1A (R2), 2003). However, drug nanosuspension intended to be
commercialized in countries such as Brazil, India, or Egypt (hot dry or
humid climate — climatic zones III-IV), when based in ICH Q1A (R2),
may have its stability studies non-consistent due to their different value
(30 °C) established for long-term testing conditions (WHO, 2018).
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The nanosuspension accelerated stability studies (40 °C and 75%
RH) are challenging. At high temperatures, the micellization will take
place in surface adsorption instead of the stabilizer (Wang et al., 2013).
Thus, the increase of kinetic energy promoted by elevated temperatures
will turn the electrostatic repulsion among the particles easier to over-
come, leading to aggregation (Wang et al., 2013). It shows that the
stabilizer is strongly affected by the temperature increase. The indo-
methacin nanosuspension stability was evaluated under stress condi-
tions (45 °C and thermal cycling) (Verma et al., 2011). Depending on the
stabilizers type and their concentration, the drug presented an increase
of particle size after three months of storage, with whose change ac-
companies the temperature increase (15 °C, 25 °C, 35 °C, and 45 °C).
When using HPMC in a 1:1 drug:stabilizer ratio, an excellent stabiliza-
tion was observed, possibly due to the excess of the stabilizer used to
prepare this formulation. This ratio (1:1) was sufficient to surface
coverage even at 45 °C and provided less growth of the average particle
size (108%) than HPMC 10:1 (210%).

7. Final considerations

The nanocrystal approach is an excellent alternative to overcome the
poor water-soluble problem present in many anti-inflammatory drugs. It
is a feasible, safe, and easy scale-up technology, where it has a potential
for bioavailability improvement, with the possibility of dose reduction
and requiring fewer administrations throughout the day. In addition to
other benefits, the increase of the dissolution rate of anti-inflammatory
drug nanocrystal avoids a higher and prolonged concentration in the
gastric compartment, reducing the local gastrointestinal damages. For
other administration routes such as pulmonary and dermal delivery,
anti-inflammatory drug nanocrystals can increase drug retention, pro-
moting a higher local drug delivery, and avoiding systemic absorption.
Furthermore, the nanocrystal formulation can be target towards
inflammation sites, minimizing adverse effects, and also contributing to
dose reduction, although it requires further studies to understand the
mechanisms involved comprehensively. Understanding quality attri-
butes are also vital while seeking FDA approval of a nanomaterial
product, selecting an adequate stabilizing complex to maintain the su-
persaturated state, preparing anti-inflammatory drug nanocrystals with
consistent particle size, morphology, and solid-state results, confirming
its properties through dissolution and solubility tests, and evaluating all
this development chain during stability tests. Hence, understanding the
general mechanism involved in its preparation is possible to obtain anti-
inflammatory drug nanocrystal with excellent permeation, absorption,
and bioavailability, minimizing the adverse effects attributed to its
mechanism of action.
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