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Abstract: Despite the safety and convenience of oral administration, poorly water-soluble drugs
compromise absorption and bioavailability. These drugs can exhibit low dissolution rates, vari-
ability between fed and fasted states, difficulty permeating the mucus layer, and P-glycoprotein
efflux. Drug nanocrystals offer a promising strategy to address these challenges. This review focuses
on the opportunities to develop orally administered nanocrystals based on pharmacokinetic out-
comes. The impacts of the drug particle size, morphology, dissolution rate, crystalline state on oral
bioavailability are discussed. The potential of the improved dissolution rate to eliminate food effects
during absorption is also addressed. This review also explores whether permeation or dissolution
drives nanocrystal absorption. Additionally, it addresses the functional roles of stabilizers. Drug
nanocrystals may result in prolonged concentrations in the bloodstream in some cases. Therefore,
nanocrystals represent a promising strategy to overcome the challenges of poorly water-soluble
drugs, thus encouraging further investigation into unclear mechanisms during oral administration.

Keywords: drug nanocrystal; nanosuspension; oral administration; bioavailability; absorption;
pharmacokinetics; dissolution rate; food effect; mucus layer; permeation

1. Introduction

Oral administration is the most common therapeutic route due to its convenience,
safety, patient compliance, and cost-effectiveness [1]. Despite these advantages, orally
administered drugs face challenges that compromise absorption and bioavailability, such
as poor water solubility. Estimates indicate that 40% of approved drugs have low water
solubility, while 90% of new chemical entities in development also exhibit this property [2].
According to the Biopharmaceutical Classification System (BCS), drug aqueous solubility
and membrane permeability are key factors that influence drug bioavailability. Poorly
water-soluble drugs may have high membrane permeability (BCS class II) or low membrane
permeability (BCS class IV), with the limited dissolution rate being a challenge for both
BCS classes during oral absorption [2].

After the oral administration of a poorly water-soluble drug, the first obstacle to over-
come is its solubilization in the aqueous gastrointestinal environment. Biliary secretions,
which are mainly composed of bile acids, phospholipids, and cholesterol, promote drug
solubilization by incorporating lipophilic drugs into mixed micelles. Once solubilized, the
drug is transported through the mucus layer and reaches the enterocyte membrane for
absorption [3]. However, the short transit time in the small intestine can cause the drug to
reach the colon before solubilization is complete, thus resulting in low oral bioavailabil-
ity [4].

Additionally, oral administration is susceptible to variability between the fed and
fasted states (Figure 1). When a drug’s plasma concentration decreases during food intake,
it is referred to as a negative food effect. Conversely, when absorption increases under
these conditions, it is known as a positive food effect [5]. The presence of food in the
gastrointestinal environment increases the pH, fluid volume, and motility, and delays
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gastrointestinal emptying [6]. While lipophilic drugs often show improved solubility and
absorption in the fed state, the pH shift due to food can alter the solubility and dissolution of
ionizable compounds [6,7]. Consequently, the erratic drug absorption caused by variations
between the fed and fasted states can compromise patient safety, especially for drugs with
multiple dosing frequencies or a low therapeutic index, which leads to poor therapeutic
effects or acute/chronic toxicity [8].

Drug administration in food presence

Changes in the gastrointestinal system
|
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-An increase in Tmax may be improve drug solubilization, thereby levels can decrease the AUC in
present after food intake due to the presenting a superior AUC after food the fed state compared to the
delay of gastric emptying. intake than in the fasted state. fasted state.

Figure 1. Variation in oral absorption during fed and fasted states can significantly impact the drug
bioavailability. The term “absence of a food effect” denotes that drug plasma concentrations remain
consistent irrespective of the individual’s fed or fasted state. In contrast, a “positive food effect” is
evident when the plasma concentrations of orally administered drugs increase in the presence of
food. Conversely, a “negative food effect” is characterized by a reduction in drug exposure when
food is consumed.

Another barrier during oral administration is the mucus layer, which is a viscoelastic
gel with a high water content and is mainly composed of structural glycoproteins called
mucins [9]. While the mucus layer protects the intestinal epithelial surface from harm-
ful substances and pathogens, its aqueous composition, high viscosity, and pore size of
50-1800 nm hinder the penetration of micronized poorly water-soluble drugs [3,9,10]. After
traversing the mucus layer, these drugs encounter the unstirred water layer (UWL), which
lies adjacent to the intestinal membrane and has a thickness of about 300 pm [11]. The
hydrophilicity and thickness of the UWL present a significant challenge during the oral
administration of poorly water-soluble drugs, especially for BCS class II drugs. These drug
substances have a high membrane permeability, which makes UWL permeation a critical
limiting step [4,11].

Once the drug has crossed the UWL, certain efflux transporters located at the entero-
cyte apical membrane can further compromise intestinal drug absorption. P-glycoprotein
(P-gp), which is also known as multidrug resistance protein 1 (MDR1), is a well-known
efflux transporter found in various cells, where it functions to limit systemic exposure to
toxic compounds [12]. Both toxic compounds and orally delivered drugs that are likely
P-gp substrates share lipophilicity as a common physicochemical property [13]. In the
intestine, P-gp transports the drug from the apical membrane back into the intestinal lumen,
thereby affecting drug absorption and distribution.
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Different strategies have been used to improve the solubility and oral bioavailability
of poorly water-soluble drugs. These strategies include prodrug formation [14], cyclodex-
trins [15], cocrystals [16], co-amorphous solid dispersions [17], and eutectic mixtures [18].
Among the nanostructured drug delivery systems, drug nanocrystals are a prominent
approach for enhancing the bioavailability of poorly water-soluble drugs. This carrier-free
system consists of sub-micron drug particles (1-1000 nm) stabilized in a suspension, which
can be suspended in either aqueous or non-aqueous media [19] (Figure 2). Compared with
other nanostructured drug delivery systems, drug nanocrystals offer advantages such as
high drug loading, improved long-term physical stability, ease of industrial scale-up, and

the optional use of organic solvents [20].

Steric stabilized nanocrystals
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Figure 2. Representation of the structure of drug nanocrystals in an aqueous medium. The hy-
drophobic chain of a steric stabilizer interacts with the drug substance, while the hydrophilic chain
extends into the aqueous phase. In electrostatic stabilization, repulsive forces between the charged
nanocrystal particles are formed, which prevents particle aggregation.

Drug nanocrystals can be prepared using top-down, bottom-up, or combined methods.
In the top-down approach, high input energy reduces the drug particle size to the nanoscale.
Wet bead milling (WBM) and high-pressure homogenization (HPH) are the most effective
techniques for obtaining drug nanocrystals via the top-down approach. In WBM, the
micronized drug and a stabilizer solution are added to a milling container filled with wear-
resistant beads, such as yttria-stabilized zirconia or cross-linked polystyrene. A high-speed
rotor then reduces the drug particle size through shear, friction, and impact forces between
the drug particles, the grinding medium, and the walls of the milling container [21]. In
HPH, drug nanocrystals are produced by shear, turbulence, and cavitation forces as the
coarse suspension (containing the drug, stabilizer, and vehicle) is forced through a narrow
gap under pressure [22].

The bottom-up approach involves forming drug nanocrystals through nucleation
in a supersaturated solution [23]. Precipitation or antisolvent precipitation is a typical
bottom-up method used to obtain nanocrystals. A drug solution is prepared using an
appropriate solvent (organic phase), while the stabilizer is dissolved in the antisolvent
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(aqueous phase) [19]. Adding the antisolvent to the solvent phase decreases the drug
solubility, which creates supersaturation followed by nucleation and crystal growth [24,25].
A sonication step can be included to improve the mixing efficiency and facilitate drug
nucleation [25].

All these techniques require the use of stabilizers to prevent physical instabilities, such
as aggregation, sedimentation, and Ostwald ripening, which result from the increased
Gibbs free energy when reducing the drug particle size to the nanoscale [26]. Using agents
like non-ionic/polymeric or ionic stabilizers, or a combination of these, can effectively
address these issues and maintain a nanocrystal particle size during storage (Figure 2) [26].

Due to its advantages, drug nanocrystals have been utilized in the development of
innovative pharmaceutical products. The first marketed pharmaceutical product containing
drug nanocrystals was Rapamune® (sirolimus), which was launched in 2000 by Wyeth
Pharmaceuticals (Madison, NJ, USA) [27]. The tablets with sirolimus nanocrystals showed
a 21% increase in bioavailability compared with the marketed oral suspension. Emend®,
which was launched in 2003 by Merck (Winehouse Station, NJ, USA), contains 80 mg
or 125 mg of aprepitant nanocrystals, which represents a 25-30% dose reduction from
conventional products. Tricor® (Abbott, Wiesbaden-Delkenheim, Germany; 2004) and
Megace ES® (Par Pharmaceuticals, Spring Valley, NY, USA; 2005) eliminated the fed /fasted
variation by presenting fenofibrate and megestrol acetate as nanocrystals, respectively [28].

The improvement of oral absorption and bioavailability through drug nanocrystals
has been extensively documented. This review discusses the potential mechanisms in-
volved, with a focus on nanocrystal properties and pharmacokinetic (PK) performance.
Additionally, this review addresses the challenges associated with the oral administration
of nanocrystals by highlighting opportunities for enhancing the bioavailability and efficacy
of poorly water-soluble drugs.

Table 1 presents the recent findings from PK studies that involved drug nanocrystals.
Most of these studies were conducted in rats due to their availability, relatively low cost,
and ease of handling. Rabbits and dogs are also used as animal models for studying drug
nanocrystal absorption, and PK results can be cautiously extrapolated to humans by taking
into account species-specific differences. For instance, a drug that is well absorbed orally
in humans often shows similar absorption in dogs, but the reverse may not always be
true [29]. Humans and dogs have significant differences in their gastrointestinal tracts,
including variations in the length, volume, composition, pH, and transit time [30-32].

Table 1. Key pharmacokinetics of orally delivered drug nanocrystals in studies conducted from 2019
to 2024 that involved rats, rabbits, and beagle dogs.

Drug Nanocrystal In Vivo Performance
Composition Preparation Method  Particle Size (nm) Control Main Observations References
Increase by 2-fold in
. . Cmax and 1.5-fold in
Cmacalc%t Ant?sci)lvetnt 244 + 2 Commercial product ~ AUCy_; in the fasted [33]
Soluplus precipitation L
state; elimination of
food effect
Stabilizer solution Increase by 2-fold in
Ritonavir Coarse suspension Cmax and AUCogp
HPMC 3cps + SDS HPH 541.8 £ 14.5 Physical mixture compared with [34]

commercial product

Commercial product in the fed state
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Table 1. Cont.
Drug Nanocrystal In Vivo Performance
Composition Preparation Method  Particle Size (nm) Control Main Observations References
Spherical: WBM Rod-shaped increased
Lovastatin Rod: antisolvent Drug solution in AUC( o4, by 1.8-fold
P188 precipitation-HPH 405.8-417.3 ethanol and and 1.4-fold [35]
Flaky: cooling Cremophor® EL compared with other
crystallization-HPH morphologies
Ginkgolide B Antisolvent 835 + 1.8 Active compound InCéease:rzr dlg_ffgllj mn [36]
.. . . . . max -
HPMC E5 precipitation suspended in HPMC in AUCy_,
Microsuspension Increase by 2.7-fold in
Megestrol acetate . Cmax and 3.6-fold in
HPMC + SDS WBM 158.0 Commercial product AUCy_o, compared [37]
Coarse nanocrystals . - .
with microsuspension
. Increase by 1.8-fold in
Venetoclax Antisolvent
. ~340.0 Drug suspension Cmax and 2-fold [38]
PVA precipitation-HPH in AUCq .,
Nintedanib Antisolvent Drug suspension Increase by 2.5-fold
Na-CMC Pprecipitation 3703 £19.3 in T80 in AUCq 391
Increase by 3-fold in
e . Drug suspended Cmax and 1.8-fold in
%ﬁ‘ﬁ?ﬁgg P;:g“l’tl:sro‘; 280.1+ 3.7 in Na-CMC AUC. compared [40]
precip Commercial product ~ with the commercial
product
Active compound Increase by 1.3—f01d' in
Aprepitant suspended Cmax and 1.5-fold in
HPCS WBM 151.0 + 14.5 in Na-CMC AUCO_t compare(.:l [41]
. with the commercial
Commercial product
product
Increase of 6 h in
Simvastatin Antisolvent . Tmax, 73 hin MRT,
P407 precipitation 157.8 Drug suspension and a decrease by [42]
2-fold in Cpax
. . No significant
Rebamipide Ant?S(.)lve.nt 148.0 £ 25 Commercial product  difference between [43]
P188 + P407 precipitation
the tablets
Increase by 3-fold in
. . . Drug suspended Cmax and 1.7-fold in
SDGShilfii‘f;n ‘?:Ct;scl’tl;’sg; 96.5 + 15.0 in CMC AUC; compared [44]
precip Commercial product ~ with the commercial
product
Cyclosporin A Commercial iﬁiﬂg;;agocryzrés
HPC + TPGS WBM 280-522 microemulsion max [45]
. AUC_4g, compared
+SDS suspended in water .
with larger ones
Nanocrystals of ~300
Isoliquiritigenin Antisolvent 46-540.0 Active compound nm increased 5.8-fold [46]
mPEG-PCL precipitation ’ suspension of Cmax and 2.7-fold
in AUCO,t
Nilotinib Antisolvent Drue suspension Increase by 1.5-fold in
Soluplus® T 1305+ 1.2 RN Crnax and 1.5-fold [47]
+ HPMCAS preaip in AUCy_oan
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Table 1. Cont.
Drug Nanocrystal In Vivo Performance
Composition Preparation Method  Particle Size (nm) Control Main Observations References
Doluteeravir Increase by 3-fold in
& HSH-antisolvent Drug suspension Chax, 1.9-fold in
T80 + T20 o 337.1+£0.2 . [48]
® precipitation in MC AUC, and
+ Soluplus
prolonged t; /»
Maneiferin Increase by 1.1-fold in
& HSH-antisolvent Active compound Crax, 1.2-fold in
HPMC + P407 A 100.2 : [49]
precipitation suspension AUCy, prolonged
+ T80
tl /27 and MRT
Increase by 4-fold in
.. . Drug suspension in Cmax and 3-fold in
Fntrectinio Antisolvent 83 + 15 HPMC AUCq p4p; [50]
precipitation Vehicle elimination of
food effect
Quercetin Almost 11-fold
HPMC E15, P188, WBM 193-210 Active Corr}pound increase in AUC_; [51]
suspended in water for HPMC E15 and
P407, TPGS or GL .
P188 preparations

HPMC: Hydroxypropyl methylcellulose; SDS: sodium dodecyl sulfate; P188: poloxamer 188; WBW: wet bead
milling; HPH: high-pressure homogenization; HSH: high-speed homogenization; PVA: polyvinyl alcohol; Na-
CMC: sodium carboxymethyl cellulose; T80: Tween 80; HPCS: hydroxypropyl chitosan; P407: poloxamer 407;
CMC: carboxymethyl cellulose; HPC: hydroxy methylcellulose; TPGS: D-tocopheryl polyethylene glycol succinate;
mPEG-PCL: methoxyl polyethylene glycol-polycaprolactone; HPMCAS: hydroxypropyl methylcellulose acetate
succinate; MC: methyl cellulose; T20: Tween 20; GL: glycyrrhizin acid. Soluplus® and Cremophor® were
introduced by BASF (Ludwigshafen, Germany).

2. Influential Factors for Drug Nanocrystals in Oral Absorption

Several factors influence the oral absorption of drug nanocrystals, including the
particle size, dissolution rate, crystalline state, type and concentration of stabilizers, surface
charge, and morphology. These factors contribute to enhancing the oral absorption through
various mechanisms, such as improved mucoadhesion, minimized variability between fed
and fasted states, enhanced permeation through the mucus layer, and increased intestinal
transport (Figure 3).

2.1. Particle Size and Morphology

Table 1 presents drug nanocrystal particle sizes ranging from 46 to 540 nm. These
preparations, which were obtained through top-down methods, varied from 151 to 522 nm,
while bottom-up and combined-method strategies ranged from 46 to 540 nm and 84 to
420 nm, respectively (Table 1). This broad range of particle sizes can be attributed to
the properties of the drug, the concentration of the drug and stabilizer, and the type of
stabilizer used.

Additionally, each preparation method has specific variables that may influence the
nanocrystal particle size. For WBM, these variables include the amount and size of the
beads and the milling speed /time. For HPH, they include the homogenization pressure,
number of cycles, and flow rate. For the precipitation technique, mixing efficiency, volume
ratio, and flow rate of antisolvent/solvent are critical factors [52-54]. Understanding the
critical process parameters, as well as the critical material attributes, is essential for the
development of this preparation under a quality by design (QbD) approach. Statistical
tools help to identify the interactions, critical factors, and significance of each variable on
the nanocrystal particle size. In Table 1, 42% of the studies utilized these tools to optimize
the nanocrystal size by employing methods such as the response surface methodology
and fractional factorial design [33,40,42,44,47-50]. This provides a scientific rationale for
understanding the particle size reduction as a function of independent variables.
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Figure 3. Schematic illustration of the opportunities provided by orally administered drug nanocrys-
tals for enhancing intestinal absorption through various pathways. After oral administration, drug
nanocrystals can improve the mucoadhesion, increase mucus permeation, and pass through the
unstirred water layer (UWL) via the particle drift effect. Additionally, the use of functional stabilizers
can inhibit the P-glycoprotein (P-gp) efflux and promote paracellular delivery. Subsequently, the high
concentration gradient between the intestine and blood vessels enhances nanocrystal absorption.

The impact of the particle size in oral absorption was evaluated for cyclosporin
A, which is an immunosuppressant, prepared as nanocrystals (280 nm, 522 nm, and
2967 nm) [45]. In the PK study, the reduction in particle size correlated with an increased
Chmax and AUC(_4g: 280 nm > 522 nm > 2967 nm. The AUC(_4g;, value for the 280 nm
cyclosporin A nanocrystal was 57.25 + 0.92 h-pg/mL, which was 1.1- and 1.5-fold higher
than that of the 522 nm and 2967 nm preparations, respectively. Additionally, the larger
formulation (2967 nm) exhibited a 1.4-fold increase in Tmax, which indicates a potential
agglomeration process that delayed the time to reach Cnax. Interestingly, even though the
cyclosporin A nanocrystal at 280 nm showed an improvement in PK compared with the
commercial product, the enhancement was modest. A further reduction in particle size
below 280 nm could potentially yield more substantial PK improvements for cyclosporin
A nanocrystals.

The impact of the particle size on oral absorption was also investigated using isoliquir-
itigenin as nanocrystals, which is an experimental flavonoid compound that has been
reported to have anti-inflammatory and antitumoral activities [46]. Three formulations
were prepared with particle sizes of 555.7 nm, 271.0 nm, and 46.2 nm, and their PK was
evaluated in rats (Table 1). The preparations showed improvements in Cpax, Tmax, and
AUC compared with coarse isoliquiritigenin. Surprisingly, the 271.0 nm nanocrystal ex-
hibited the most significant enhancement in PK parameters, where it even surpassed the
46.2 nm nanocrystal (Table 1). This finding was consistent with the in vitro release from
a dialysis membrane at 37 °C, where the preparations released 71.8%, 87.6%, and 80.9%
within 48 h for the 555.7 nm, 271.0 nm, and 46.2 nm nanocrystals, respectively.
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Notably, a smaller nanocrystal does not always translate to greater drug absorption.
Similar scenarios were observed with coenzyme Q10, which is also known as ubiquinone
and is a dietary supplement that can be used in the treatment of vascular disfunctions
and other diseases [55]. The nanocrystal preparations that ranged from 700 nm to 120 nm
demonstrated nearly identical bioavailability enhancement (~5-fold increase compared
with a coarse suspension) until reaching a particle size of 80 nm, which resulted in a
7-fold increase in oral bioavailability [56]. This contrasts with dissolution tests in Tween 20
aqueous solution, where 80 nm and 120 nm nanocrystals showed only 65.4% and 13.2%
release after 24 h, respectively. Nanocrystals sized at 400 nm and 700 nm, as well as pure
coenzyme Q10, exhibited less than 5% release in the same timeframe.

These findings suggest that in vivo dissolution rates for nanocrystals may be rapid
enough that they can overshadow differences in oral bioavailability between formulations
with varying particle sizes. The high aqueous dissolution of drug nanocrystals can be
enhanced by endogenous surfactant secretions, such as bile salts and phospholipids in
the intestinal environment, as previously mentioned. Thus, achieving an optimal particle
size is critical for each preparation to improve the oral bioavailability, which could pose a
challenge during in vivo experiments. One approach to addressing this challenge is the
use of simulation modeling to predict oral absorption based on specific particle sizes [57].

The particle size reduction of drug nanocrystals can also enhance mucus layer interac-
tions, which can facilitate intestinal absorption. In the mucus layer, drug nanocrystals are
well-suited to pass through this barrier, as they fall within the mucus pore size range of
50-1800 nm [10]. The passage through the mucus layer involves adsorption and penetration
mechanisms. During adsorption, interactions between nanocrystals and mucus may occur,
which can prolong the drug retention time, increase the concentration gradient, and has
the potential to promote drug diffusion [10]. The penetration of drug nanocrystals in the
mucus layer is estimated by the Stokes—Einstein equation (Equation (1)), where the radius
of the diffusing particles (r) is inversely proportional to the diffusion coefficient (D) [58]:

kT
~ énmrh

1)

where k is the Boltzmann constant, T is the absolute temperature, 11 is the viscosity of the
mucus layer, and h is the thickness of the mucus layer. The morphology of nanocrystals
also plays a significant role in mucus permeation and absorption enhancement. Lovastatin
nanocrystals, a lipid-lowering drug, were obtained with distinct morphologies and have
been reported to exhibit different bioavailabilities in rats (Table 1) [35]. Similarly, in a
mucus permeation study using rat intestinal mucosa, rod-shaped lovastatin nanocrystals
demonstrated greater penetration in the mucus layer compared with flaky and spherical
nanocrystals. The rod-shaped nanocrystals were also more easily internalized by epithelial
cells during an in situ intestinal absorption test. The study related this result to the fact that
spherical lovastatin nanocrystals are more likely to be trapped in the mucus layer networks,
which reduces their apparent permeability coefficient (Papp) compared with rod-shaped
nanocrystals. The larger contact area of rod-like nanocrystals with the intestinal membrane,
combined with their ease of rotation through mucus networks, may facilitate the permeation
and internalization of rod-like nanocrystals compared with other morphologies [35,59].

2.2. Dissolution Rate

The unique properties exhibited by drug nanocrystals are demonstrated by mathemat-
ical models. According to the Noyes—Whitney equation (Equation (2)), the large surface
area-to-volume ratio and the short diffusion distance result in an increase in the dissolution
rate [60]:

dc D xAx(Cs—Cx)

dt ~ h @
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where dc/dt is the dissolution rate (drug concentration shift by time), D is the diffusion
coefficient, A is the surface area-to-volume ratio, Cs is the saturation concentration, Cx is
the bulk concentration, and h is the diffusional distance.

The drug in the nanometer range also affects the saturation solubility since it in-
creases the particle curvature, which enhances the dissolution pressure and shifts the
equilibrium toward dissolution [61]. This phenomenon is parallel with the Kelvin equa-
tion (Equation (3)), where the particle radius is inversely proportional to the dissolution
pressure [23,61]:

Pr 2yMr

In— =

P rRTp
where Pr is the dissolution pressure of a particle with the radius r, Poo is the dissolution
pressure of a large particle, v is the surface tension, Mr is the molecular mass, r is the
particle radius, R is the gas constant, T is the absolute temperature, and p is the particle
density. Consequently, more particles can interact with aqueous biological fluids, and the
concentration gradient between the intestinal membrane and blood vessels is improved.
Then, drug absorption and oral bioavailability can be enhanced.

Approximately 81% of the studies (Table 1) conducted in vitro dissolution tests.
Among these studies, 88% reported an enhanced dissolution rate of drug nanocrystals
compared with the control. As elucidated by the Noyes—Whitney equation, the improve-
ment in dissolution rate is attributable to the reduction in the particle size to the nanoscale.
This size reduction increases the surface area-to-volume ratio and decreases the diffusion
layer thickness surrounding the drug particles, thereby facilitating nanocrystal dissolution.
The rapid dissolution enabled by drug nanocrystals is essential for improving the oral
bioavailability of poorly water-soluble drugs.

For example, in vitro dissolution studies of gliclazide as nanocrystals, which isan
antidiabetic drug, in a phosphate buffer (pH 7.4) at 37 °C showed a 2.3-fold higher release
compared with the pure drug [44]. This increase is attributed to the larger surface area-
to-volume ratio achieved by reducing the drug particle size to the nanoscale. Significant
improvements in Cpax and AUC¢ for gliclazide nanocrystals were presented in the PK
studies (Table 1), while the time to reach Cimax (Tmax) was 3-fold shorter than that of the pure
drug. In rats subjected to a glucose overload (2 g/kg orally), drug nanocrystals showed a
remarkable reduction in glucose blood levels compared with the pure drug and commercial
product. These results show the importance of dissolution rate enhancement by drug
nanocrystals in achieving rapid drug absorption and potentially improving the efficacy.

In addition to enhancing the oral bioavailability, the increased dissolution rate and
saturation solubility provided by drug nanocrystals can significantly benefit poorly water-
soluble drugs that are affected by variations between fed and fasted states. As previously
mentioned, absorption variability in these states can lead to sub-optimal drug levels or
toxicity, especially for drugs with a low therapeutic index. Drug nanocrystals are known
for their potential to eliminate fed /fasted state variations due to the dissolution rate in both
conditions being fast enough [62]. In the PK studies, similar AUC values were observed in
both the fed and fasted groups following the oral administration of nanocrystals [33,63-65].

Entrectinib is an anticancer drug that exhibits decreased solubility under fasted condi-
tions [66]. Entrectinib is a weak base (pKa 2.5), and it presents higher solubility in gastric
fluid in the absence of food but tends to precipitate upon reaching the intestine [50]. To
address this issue, an entrectinib nanocrystal (83 nm) was developed, and the food effect
was evaluated in rats [50]. Entrectinib nanocrystals exhibited a dissolution rate of approxi-
mately 98% after 4 h in both fasted- and fed-state simulated intestinal fluids (FaSSIF and
FeSSIF), in contrast to the dissolution rates of 74% and 61% for pure entrectinib, respectively.
This observation is consistent with the PK results, which demonstrated nearly equivalent
AUC( 4y, values for the nanocrystals in both states (13,949.9 £ 329.3 ng-h/min in the
fed group vs. 11,702.8 £ 330.6 ng-h/min). These results suggest the elimination of the
fed/fasted variability. Furthermore, the Cnax and AUC( 41 of the nanocrystals increased
by 4-fold and 3-fold, respectively, compared with pure entrectinib (Table 1).

3)
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Nevertheless, the fed/fasted state variation may not be eliminated by the nanocrystal
approach. For example, ritonavir nanocrystals (541.8 nm), an antiretroviral drug, were
developed, and the food effect was evaluated in rats [34]. In a dissolution test at 37 °C
using 0.06 M polyoxyethylene 10 lauryl ether media, the coarse drug, commercial product,
physical mixture, and nanocrystals all achieved 100% release after 2 h. The nanocrystals
improved the AUC_g;, in the fed group when compared with the commercial product
(Table 1), coarse drug, and physical mixture. In the fasted group, the commercial product
presented a slightly higher (1.3-fold) AUC_g}, than the nanocrystal.

When comparing the nanocrystal group performance in the fed and fasted states,
absorption in the fed group was almost 10 times higher than in the fasted group (AUC_g,
of 442.3 + 2444 min-pug/mL vs. 47.7 + 15.9 min-ug/mL, respectively). This outcome
indicates that the improvement in oral bioavailability provided by nanocrystals was not
sufficient to eliminate the food effect. This suggests that the drug’s intrinsic properties
can override the benefits provided by nanocrystals. In the fasted state, the gastric pH of
healthy humans typically ranges from 1 to 3 [67]. However, when the pH shifts to 6-8 in
the duodenum due to bicarbonate buffer secretion, pH-dependent drugs can precipitate
in the small intestine [5]. Given that ritonavir is a weakly basic drug, supersaturation in
the stomach and subsequent precipitation in the intestine is anticipated [34]. Additionally,
magnetic resonance imaging data show that in the fasted state, the gastric fluid content
is less than 50 mL, and the small intestine is mostly empty [5]. This limited fluid volume
restricts drug solubilization in the gastrointestinal tract in the absence of food.

When correlating the PK performance of ritonavir nanocrystals with entrectinib
nanocrystals—both of which are weakly basic drugs—entrectinib nanocrystals were able to
eliminate the variability between the fasting and fed states, as previously mentioned, unlike
ritonavir nanocrystals. This suggests that entrectinib may be less dependent on endogenous
surfactant secretion for solubilization in the fed state compared with ritonavir. The differ-
ence in particle size between the two preparations (ritonavir nanocrystals at 541.8 nm and
entrectinib nanocrystals at 83 nm) also indicates that reducing the particle size of ritonavir
nanocrystals might be necessary to achieve the dissolution rate required to eliminate the
variability between the fasting and fed states. Additionally, since the elimination of food
effects by nanocrystals is attributed to their rapid dissolution regardless of food presence,
the absorption of these formulations may be limited by permeability [68]. Considering
that ritonavir is a BCS class IV drug and entrectinib is a BCS class II drug, the differences
observed in the fed /fasted state studies may be related to ritonavir’s poor permeability,
which may not have been fully addressed by the nanocrystal approach [69-71].

Notably, significant differences were observed in the PK performance of the commer-
cial ritonavir product (Norvir®, Abbott, Chicago, IL, USA) in male Wistar rats compared
with humans. Similar phenomena may occur with ritonavir nanocrystals. Following a
10 mg/kg oral administration in rats, the commercial product exhibited a positive food
effect (AUC_g, of 63.2 £ 25.1 min-pg/mL in the fasted state and 221.9 &= 98.7 min-pg/mL
in the fed state). Conversely, after an oral administration of 100 mg of ritonavir in healthy
humans, a negative food effect was observed (AUC of 4.6 £ 2.0 min-pg/mL in the fasted
state and 3.5 & 1.6 min-pg/mL after food intake) [72,73]. This negative food effect in hu-
mans was supported by different study [74]. In addition to differences in the administered
doses, significant anatomical and physiological differences between humans and rats may
impact drug absorption. The human intestinal tract is approximately 5.5 times longer
than that of rats, resulting in a surface area that is 200 times larger [75]. Nevertheless,
the considerable difference in body size between humans and rats renders this intestinal
surface area not directly comparable [75]. Furthermore, theoretical data suggest that while
the rat model can be useful for predicting oral drug absorption in humans, it is not reli-
able for predicting bioavailability [76]. Therefore, it is necessary to conduct studies that
involve drug nanocrystal absorption in the target species to clarify improvements in oral
bioavailability, especially during fed/fasted state studies.
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These species-specific differences in food effect evaluation may also be observed
for megestrol acetate nanocrystals. In male beagle dogs, after the oral administration
of 10 mg/kg in the fed state, megestrol acetate nanocrystals exhibited an AUCy_; that
was 1.6 times higher than in the fasted state (n = 3) [77]. Compared with the commercial
product, the nanocrystal formulation showed a greater enhancement in AUCy_; in the
fasted state (2-fold increase), while the bioavailability was similar in the fed state. In a
randomized, open-label, crossover study conducted in healthy male humans, a single
625 mg/5 mL dose of megestrol acetate nanocrystals in the fasted state demonstrated
bioequivalence to the commercial product (https:/ /clinicaltrials.gov/study/NCT06147908,
accessed on 17 August 2024) (n = 52) [78]. Beagle dogs are commonly used in preclinical
studies to assess the oral absorption of drug delivery systems intended for human use
due to their similar gastrointestinal tract dimensions and comparable fasted-state gastric
motility [30,79]. However, contrary to expectations, the fasted state in dogs often limits
drug absorption since dogs typically do not voluntarily drink water after receiving oral
medication, which can restrict the drug dissolution in the limited residual gastrointestinal
water [80]. Despite this, the gastric pH in fasted dogs is reported to range from about 2
to 6.5 due to lower basal peak acid secretion, which may allow weakly acidic drugs to
dissolve more easily, and thereby enhance the drug absorption [31]. Therefore, it is highly
recommended the use of compounds, such as pentagastrin, in dog models to decrease
the gastric pH and better mimic human conditions during PK studies to minimize these
species-specific differences [79].

Regarding the food effect, another important case is cinacalcet as nanocrystals, which
is a drug used in the treatment of hyperparathyroidism [33]. The cumulative dissolution
of cinacalcet nanocrystals exceeded 95% in water and buffer solutions at pH 1.2, pH 4.5,
and pH 6.8. In contrast, the pure drug exhibited less than 20% dissolution in these four
different media. The commercial product (Sensipar® tablets, Amgen Inc., Thousand Oaks,
CA, USA) demonstrated a dissolution profile similar to that of the nanocrystals in pH 1.2
and pH 4.5 buffers. The fed/fasted variation was assessed in rats, and the similar AUCy_,
values in both states indicate that the cinacalcet nanocrystals eliminated the food effect
(Table 1). Compared with the commercial product, the nanocrystals showed improvements
in Cpax and AUC_; in the fasted group. In the fed group, the cinacalcet nanocrystals
presented similar Cpax and AUC(_¢ values to the commercial product, which could be
correlated with the dissolution rate. Lipophilic drugs administered with high-fat meals
tend to have an improved solubility and absorption in the small intestine due to increased
bile salt secretion in response to food intake [81]. In the fed state, the rate of gastric
emptying is reduced, which enables the accumulation of substantial volumes of food
and water within the gastric lumen. This accumulation acts as a dissolution medium
for oral dosage forms [5]. Furthermore, pharmaceutical excipients present in solid oral
dosage forms, such as disintegrants, high concentrations of surfactants, sugar-containing
excipients, and natural polymers, can enhance the aqueous solubility of drugs [2]. This can
explain the similarity in Cpax and AUCy_; values between the cinacalcet nanocrystal and
the commercial product in the fed group.

Additionally, drug nanocrystals offer a significant advantage by improving the dis-
solution rate and saturation solubility, then creating a concentration gradient across
the intestinal membrane that promotes transcellular diffusion via passive transport [10]
(Figure 3). Nanocrystals were shown to increase the drug transport across various cell
models. Ginkgolide B, which is an experimental compound derived from the Ginkgo biloba
tree used in Parkinson’s disease, was obtained as nanocrystals (85 nm) [36]. The prepa-
ration showed a 92.17% release at pH 7.4 in phosphate buffer saline (PBS) after 30 min
compared with 16% for pure ginkgolide B. [36]. The transport of these nanocrystals through
Mardin-Darby canine kidney (MDCK) cells presented a Papp that was 2.7-fold higher than
that of pure ginkgolide B without compromising the integrity of the MDCK monolayer. The
PK studies in rats revealed that the nanocrystals significantly increased the plasma Cmax
and AUCy_ compared with the pure compound (Table 1). In neuronal tissue following
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the oral administration, this increase was 3-fold for Cyhax and 2.5-fold for AUCy_;, which
indicates that nanocrystals could be a promising strategy for brain drug delivery after oral
administration. This result is attributed to the small particle size of the nanocrystals, which
allows the drug to cross the blood-brain barrier (BBB). The use of HPMC E5 as a stabilizer
may also play a role, as its osmotic properties can enhance drug concentration in brain
tissue [82,83]. However, orally administered drug nanocrystals will likely dissolve in the
gastrointestinal tract before crossing the BBB as intact particles, which makes the ideal
particle size for passing through this barrier negligible.

Some reports suggest that the enhanced absorption of drug nanocrystals is primarily
due to increased permeation rather than an increased dissolution rate. Megestrol acetate
nanocrystals, an appetite stimulant, were evaluated in a dissolution—permeation study
using a setup with donor (pH 6.5) and acceptor (pH 7.4) chambers at 37 °C that were
separated by a PVDF membrane [37]. A drug solution in methanol was also tested to
determine the impact of dissolution on permeability. The results showed that the Papp
increased with nanocrystal particle size reduction (158 nm = 200 nm > 373 nm > 1950 nm).
The driving force of membrane permeation is the reduction of drug concentration from
the donor to acceptor chambers over time. If the permeation depends on dissolution, the
megestrol acetate solution would have a higher permeation rate than the drug nanocrystals
(which are suspensions). However, the P,pp of nanocrystals (158 nm) was found to be
2-fold higher than that of the drug solution.

In PK studies in rats, the 158 nm megestrol acetate nanocrystals showed a 3.6, 1.4,
and 1.8-fold improvement in AUC_p;, compared with the microsuspension (1950 nm),
commercial product (200 nm), and coarse nanocrystal (373 nm), respectively (Table 1).
These results may indicate that permeation, not dissolution, is the key factor for the
improved oral absorption of megestrol acetate nanocrystals. The authors related this result
to the reduction in the effective membrane thickness in the UWL. Colloidal drug particles,
such as nanocrystals, are reported to improve passive permeation through the UWL using
a mechanism termed the particle drifting effect [84]. The mucus layer in the UWL can be
divided into firmly and loosely adhered regions, and the particle-drifting effect occurs when
drug particles smaller than 2 um drift in both regions [11,85] (Figure 3). Once within the
UWL, drug nanocrystals have the potential to form a reservoir to be dissolved in the UWL,
which allows drug molecules to diffuse to the epithelial cell membrane [84]. When the
distance between the drug particles in the UWL and the epithelial cell membrane is smaller
than the distance between the bulk fluid and the UWL interface, the effective thickness
of the UWL (i.e., diffusional resistance) is reduced [11]. Since the UWL barrier dominates
the permeation resistance of BCS class II drugs, nanocrystals can provide an additional
mechanism for improving intestinal absorption through the particle-drifting effect.

According to the Biopharmaceutics Classification System (BCS), the extent of drug
absorption is primarily determined by the transport of the drug from the intestine into
the body, mainly across the epithelial cell membrane surface of the gastrointestinal tract,
without accounting for chemical or enzymatic degradation [86,87]. This establishes a corre-
lation between the extent of the drug absorption and the intestinal membrane permeability.
However, since megestrol acetate is a BCS class II drug with poor aqueous solubility but
high permeability, the primary limiting factor for its oral absorption is the dissolution
rate, not its permeability [88]. This concept is more relevant to BCS class IV drugs, which
have both poor solubility and poor permeability, where improving the dissolution alone,
without also enhancing permeability, may have little impact on the oral absorption [89]. For
some BCS class IV drugs, simply enhancing the dissolution through nanocrystals may not
effectively improve the oral bioavailability [71]. PK studies that compared nanocrystals to a
drug solution administered orally could provide further insight into the role of permeability
in the absorption of megestrol acetate nanocrystals.

In cell-based permeation studies, the dissolution reflects the driving force for drug
nanocrystal absorption. Nintedanib, which is used to treat pulmonary diseases, was
prepared as nanocrystals (325.3 £ 1.0 nm) [39]. The preparation showed a 1.3-fold lower
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transport through human colon adenocarcinoma (Caco-2) monolayers compared with the
drug solution in Tween 80. In contrast, the in situ single-pass intestinal perfusion in rats
showed that nanocrystals improved absorption in all intestinal segments compared with
the solution. The PK studies also revealed that nintedanib nanocrystals increased the
AUC_; by 2.5-fold compared with the drug solution (Table 1). This suggests that for these
nanocrystals, dissolution may be the primary factor for enhanced absorption rather than
permeability. Drug nanocrystals released 73.7% at pH 6.8 within 10 min compared with
6.1% for the pure drug. The lower transport of nanocrystals through cells compared with
the drug solution is attributed to reservoir formation in the mucus layer, which reduces
the effective diffusion thickness of the drug molecules. An alternative explanation could
be that nintedanib nanocrystals may need to dissolve before being transported by Caco-
2 monolayers, which is the possible reason why the drug solution presented superior
transport over the drug nanocrystals.

2.3. Crystalline State

The molecular arrangement of drugs in crystalline or amorphous structures signifi-
cantly influences their aqueous solubility. While the term “nanocrystals” typically suggests
a nanoparticulate system in a crystalline state, drug nanocrystals involve a particle size
reduction, whether in a crystalline or amorphous form. Generally, crystalline forms exhibit
regular atomic patterns and stable molecular conformations that reduce the Gibbs free
energy, whereas amorphous compounds have randomly arranged molecules [90].

Combining a particle size reduction with an amorphous state showed notable results
in enhancing the solubility and dissolution rate of poorly water-soluble drugs, which
consequently increased the drug absorption and oral bioavailability. Cilnidipine, which is
an antihypertensive drug, was prepared as a nanocrystal, and X-ray diffraction analysis
confirmed its amorphous state [40]. The nanocrystal achieved 85% release within the first
5 min compared with the pure drug. In saturation solubility testing, the nanocrystal showed
a 6.9-fold increase in a phosphate buffer (pH 6.8) compared with the pure drug. These
results align with the PK study, where the cilnidipine nanocrystals exhibited a significantly
increased Cmax and AUC_; compared with both the pure drug and the commercial product
(Table 1). Similarly, venetoclax nanocrystals, which are used in the treatment of lymphocytic
leukemia, were found to be partially amorphous due to the high pressure used during
their preparation [38]. Venetoclax nanocrystals demonstrated a remarkable 20-fold increase
in saturation solubility at pH 6.8 (sodium phosphate buffer) compared with the free base
drug. Dissolution testing revealed the complete release of drug nanocrystals (100%) within
2 h, in contrast to the < 43.5% for conventional venetoclax. The PK studies in rats showed a
2-fold increase in the relative oral bioavailability and a 1.7-fold increase in Cmax compared
with the commercial product (Table 1).

The superior saturation solubility and dissolution rate of amorphous nanocrystals
compared with their crystalline counterparts stem from weaker bonding forces between
molecules [90]. It requires less energy to disrupt the drug’s internal structure and release
isolated molecules into the supersaturated state [91]. However, a significant challenge in
amorphous nanocrystals is maintaining the supersaturated state before nucleation and
crystal growth. An effective stabilizer system is crucial to address this challenge and ensure
that the drug remains at adequate concentrations throughout its gastrointestinal transit.

2.4. Stabilizing Agents

As previously mentioned, the increase in Gibbs free energy caused by particle size
reduction will tend to cause drug nanocrystals to agglomerate or undergo Ostwald ripening
to decrease this energetic state [92]. Therefore, the use of stabilizers is crucial to prolong
the physical stability of drug nanocrystals during storage. Most reports in Table 1 used
non-ionic/polymeric stabilizers, followed by combinations of non-ionic/polymeric + ionic
stabilizers. Non-ionic/polymeric agents stabilize drug nanocrystal by forming a steric
barrier between the particles, while ionic stabilizers provide electrostatic stabilization by
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creating repulsive forces between the charged particles [93]. The frequent use of non-
ionic/polymeric stabilizers in Table 1 can be attributed to advantages such as their effec-
tiveness in both aqueous or non-aqueous media and their insensitivity to pH changes in the
gastrointestinal tract [52]. The combination of non-ionic/polymeric + ionic stabilizers has
gained prominence for stabilizing drug nanocrystals through both steric and electrostatic
mechanisms, which can minimize the particle size variability during storage.

In addition to this primary role, the stabilizers can contribute to the oral bioavailability
of drug nanocrystals. For instance, the effect of stabilizing agents on the dissolution rate,
saturation solubility, and oral absorption in rats of quercetin nanocrystals, a supplementary
flavonoid with anti-inflammatory and antioxidant activities, was evaluated [51]. The
stabilizers tested were HPMC E15, poloxamer 407, poloxamer 188, TPGS, and glycyrrhizin
acid (GL). Quercetin nanocrystals were prepared using equal amounts of the drug and
each stabilizer, which resulted in similar particle sizes (~200 nm) to eliminate the size as
a variable in drug nanocrystal performance. All nanocrystals improved the saturation
solubility of quercetin in water, with the most significant enhancements for nanocrystals
stabilized with P407 and TPGS. These preparations showed 16- and 14-fold increases,
respectively, compared with pure quercetin.

In dissolution tests, the release order of the nanocrystals was P407 > TPGS > GL >
P188 > HPMC E15 > pure quercetin. Interestingly, the increase in AUC(_; compared with
pure quercetin was as follows: HPMC E15 = P188 > GL > P407 = TPGS (Table 1). Similar to
the AUC_; results, all nanocrystals increased Cmax compared with pure quercetin, with
the most pronounced enhancement observed in nanocrystals stabilized with P407 (9-fold).
These stabilizers prolonged Tmax, except P407 and TPGS, which provided Tmax values
that were 6- and 3.9-fold faster than pure quercetin. This finding aligns with the greatest
increase in saturation solubility and dissolution rate for these preparations. Although the
benefits of drug nanocrystals are typically attributed to improved dissolution rates and
aqueous solubility, this study demonstrated that stabilizing agents significantly impact the
PK performance of orally administered nanocrystals. Further investigation is required to
fully understand the functional roles of each stabilizer and determine which effects will be
the primary driving forces following the oral administration of drug nanocrystals.

The stabilizing agent can also affect drug nanocrystal transport in intestinal cells.
Drug transport across the intestinal membrane involves both transcellular and paracellular
diffusion. Paracellular diffusion refers to drug absorption through tight junctions with
pore sizes not exceeding 20 nm, which significantly limits drug nanocrystal transport via
this pathway [10]. The paracellular delivery for nanocrystals can be enhanced by using
stabilizers that open tight junctions, such as sodium dodecyl sulfate (SDS), Kolliphor® HS15,
sodium deoxycholate, and chitosan [41,94-96] (Figure 3). Additionally, some stabilizing
agents are reported to avoid drug efflux by the P-gp pump. TPGS, which is a non-ionic
stabilizer derived from vitamin E, is known for modulating the P-gp efflux transporter
by blocking sites in the P-gp pump and preventing drug efflux (Figure 3) [97,98]. Similar
to TPGS, Soluplus®, Tween 80, Cremophor® EL, and poloxamers are commonly used
as stabilizers in drug nanocrystal preparations and are P-gp inhibitors [43,47,48,99,100].
Using P-gp inhibitors in nanocrystals is particularly attractive for cancer chemotherapy,
as P-gp overexpression causes multidrug resistance [101,102]. Additionally, a high drug
concentration in the intestinal lumen can saturate the P-gp pump, which reduces the
efflux and promotes absorption, which is a condition that drug nanocrystals can easily
achieve [13]. For example, nilotinib, which is a BCS class IV drug used in leukemia
treatment and a P-gp substrate, showed significantly improved PK parameters when
prepared as a nanocrystal with Soluplus® as the stabilizer (Table 1) [47]. This effect is likely
attributable to the increased passive diffusion, the particle drifting effect through the UWL,
and P-gp inhibition by Soluplus®, despite further studies being required to address this
mechanism for nilotinib nanocrystals.
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2.5. Surface Charge

The electrostatic stabilizers can provide a high positive (cationic) or negative (anionic)
surface charge, which can be utilized to improve the oral absorption of drug nanocrystals,
in addition to their stabilization role. For instance, electrostatic attraction forces between
the drug surface and the mucus layer can further prolong the drug retention time, which
enhances mucoadhesion [103] (Figure 3). The glycosylated amino acids by glycan linkages
present in the mucus layer contribute to the negative charge density present in mucins [104].
This property can be exploited in drug nanocrystal development by using cationic stabiliz-
ers, which provide positive charges that increase the electrostatic attraction forces between
the opposite charges of nanocrystals and the mucosa (Figure 3).

Aprepitant nanocrystals, which are used as an antiemetic, were prepared by wet
ball milling using hydroxypropyl chitosan as a stabilizer [41]. This chitosan derivative
has a carboxyl group with Ca?* binding ability, which can remove divalent ions from
the extracellular matrix and increase permeability [41,105]. According to PK results, the
aprepitant nanocrystal presented 3.4-fold and 1.5-fold increases in AUCy_+ compared with
the pure drug and commercial product, respectively. The cationic stabilizer provided a
high positive charge to the aprepitant nanocrystal (+63.5 &= 0.3 mV), which could enhance
the nanocrystal mucoadhesion and enable continuous drug release at the mucosal surface,
and thereby promote bioavailability.

However, the mucoadhesion strength requires further investigation, as some reports
indicate that a very positive surface charge can strongly interact with mucin. This can cause
drug nanocrystals to have difficulty penetrating the mucus layer, thereby hindering drug ab-
sorption [103,106,107]. For instance, bufadienolides are experimental compounds derived
from traditional Chinese medicine and are explored in cancer treatment [108]. Bufadieno-
lide nanocrystals with different stabilizers were prepared, and their mucus permeation
was evaluated using a transwell system that contained intestinal mucus from rats [108].
The cumulative penetration of nanocrystals was significantly higher than that of the con-
ventional compound, especially for the pectin-stabilized formulation (209.2 & 4.6 nm, ZP:
—30.5 £ 1.7 mV). Despite this general increase, nanocrystals stabilized with chitosan qua-
ternary ammonium salt (438.2 & 1.5 nm, ZP: +30.0 + 1.8 mV) presented the lowest Papp.
This result suggests that the high positive charge of this preparation promoted a strong
interaction with mucus, thus compromising nanocrystal penetration. Additionally, the
larger particle size of this cationic-stabilized nanocrystal could also contribute to its reduced
penetration compared with negatively charged bufadienolide nanocrystals.

While mucoadhesion can enhance drug absorption, its effect may be negligible during
oral delivery due to the rapid dissolution of drug nanocrystals. This challenge can be
addressed by coating drug nanocrystals with polymer-based carriers and hydrogels to
improve the local retention. Simvastatin nanocrystals, which are used in the treatment of
dyslipidemia, were prepared and coated with thiolated xanthan gum to enhance mucoad-
hesion in the upper gastrointestinal tract [42]. In dissolution tests, the nanocrystals showed
superior drug release compared with pure simvastatin in both pH 2.0 and pH 7.0 media.
Drug nanocrystals presented a very high ZP value in the module (+20,000 mV), which was
probably due to thiolated groups (R-57) present in the xanthan gum coating that could
increase disulfide bonds within the polymeric system of simvastatin nanocrystals [42]. In
a mucoadhesion study that used 0.1% mucin, the mucoadhesive nanocrystals showed a
decreased ZP value over time that reached +16,500 4+ 869 mV after 6 h. The decrease in
zeta potential during incubation with mucin was related to the interaction between the
positive charges on the nanocrystal surface and the negatively charged mucin.

After oral administration in rats, the mucoadhesive simvastatin nanocrystals signifi-
cantly increased Tmax, as well as AUC(_o, by almost 22 times compared with the pure drug
(Table 1). The possibly high mucoadhesion capacity led to a Cmax that was 2-fold lower than
pure simvastatin. This strong mucoadhesion also may have resulted in dose-dependent
cytotoxicity during the MTT test, which was potentially related to the remarkable increase
in MRT from 23 h to 96 h in the nanocrystal group. Therefore, it may be necessary to
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evaluate alternative coating systems to provide mucoadhesion that improves the drug
retention time while ensuring patient safety.

3. Pharmacokinetics Particularities

Drug nanocrystals usually present significant improvements in Cpmax, Tmax, and AUC,
as shown in Table 1. However, the half-life (t; ) can be prolonged with nanocrystals. A
study on dolutegravir nanocrystals in rats showed that the nanocrystals exhibited increased
Cmax and AUC, along with a 1.4-fold higher t; /, compared with the pure drug (Table 1) [48].
The extended t; /; from 18.4 + 1.2 h to 25.2 £ 3.3 h can be advantageous for dolutegravir,
which is an antiretroviral drug, as prolonged systemic exposure can address challenges
such as adherence failures, costly treatment, and frequent administration [109]. Although
the increase in t;/; in this study was slight, coating the preparation with polymers or
hydrogels is a potential alternative to prolong nanocrystal concentration in the bloodstream
and viral tissue reservoirs.

Similarly, mangiferin, which is an experimental polyphenol compound derived from
the mango tree with antioxidant and anti-inflammatory activities, was prepared as nanocrys-
tals that combined HPMC, poloxamer 407, and Tween 80 as stabilizing agents [49]. The PK
study in rabbits demonstrated prolongations of 1.5-fold in t; /; and 2-fold in Tay, slight
increases in Chax and AUCy_, and a 1.4-fold enhancement in MRT. This indicates that the
mangiferin nanocrystals exhibited prolonged systemic exposure, which was likely due to a
coating effect from the stabilizer combination. The reduced intensity of the endothermic
peak of mangiferin in the drug nanocrystals suggests either dissolution upon heating or
coating by the stabilizers. This finding is corroborated by the in vitro dissolution study in
pH 7.4 phosphate buffer, where the preparation achieved almost 100% release only after
8 h of testing.

However, a longer t;/, can also raise concerns about potential toxicity, which is a
significant consideration for nanostructured drug delivery systems. Nanocrystals can
penetrate deeper into tissues than larger particles and remain in the organism for a longer
duration [110]. The internalization of nanocrystals by cellular epithelium and endothelium
plays a role in this aspect [111]. Nevertheless, this toxicity is typically limited to drug
nanocrystals smaller than 100 nm, and the recognition of orally delivered nanocrystals by
these cells is minimal since dissolution occurs quick enough before absorption [23].

Unexpected PK performance for drug nanocrystals can occur. Rebamipide nanocrys-
tals, a quinolone drug used to treat gastritis, were prepared and incorporated into a bilayer
tablet (Table 1) [43]. This bilayer tablet consisted of rebamipide nanocrystals for immediate
release and a sustained-release layer of the conventional drug (total dose: 300 mg), with
the aim to decrease dosing frequency. The dissolution of the bilayer tablet was conducted
in two stages: using a pH 1.2 buffer for 2 h, followed by a pH 6.8 buffer for 24 h. Almost
60% of rebamipide nanocrystal was released in the first 2 h at pH 1.2, and it reached 100%
after 24 h at pH 6.8. Surprisingly, no considerable differences in oral absorption between
the bilayer tablet and the commercial product were observed in the PK study with beagle
dogs, even though the bilayer tablet dose was three times that of the commercial prod-
uct (300 mg vs. 100 mg, respectively). The authors attributed this result to rebamipide’s
absorption site being in the upper gastrointestinal tract, which causes sustained release
in the intestine inappropriate [43,112]. This challenge may be overcome by designing a
gastroretentive drug delivery system that allows rebamipide nanocrystals to remain in the
upper gastrointestinal tract for a longer duration [113].

Another possible reason for the lower bioavailability of the nanocrystals compared
with the commercial product is the potential removal of nanocrystals from the bloodstream
by macrophage phagocytosis [114]. Once inside macrophages, drug nanocrystals can take
up to 20 days to release, which compromises absorption [115]. However, this effect is
negligible for oral administration because the rapid dissolution of nanocrystals mitigates
such uptake, whereas it is more pronounced in intravenous drug delivery [114].
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4. Conclusions

The enhanced oral absorption and bioavailability provided by drug nanocrystals are
primarily attributed to their reduction in particle size to the nanoscale. This enhancement
can be further improved when the nanocrystals are in an amorphous state, although main-
taining the physical stability of such preparations is a concern. Pharmacokinetic studies
may not always differentiate between drug nanocrystals with different particle sizes, which
suggests the existence of an optimal particle size range for significant bioavailability im-
provement for each nanocrystal preparation. The dissolution rate can be fast enough to
eliminate the absorption variability between the fed and fasted states, although this effect
can be influenced by the drug’s intrinsic properties, such as pKa. While nanocrystals can
enhance the transcellular delivery, whether the primary driving force for their absorption
is permeation or the dissolution rate needs further investigation. The use of functional
stabilizing agents can improve nanocrystal absorption by enhancing the mucoadhesion,
opening tight junctions, and inhibiting the P-gp efflux transporter. The increased surface
area-to-volume ratio of nanocrystals can enhance their interaction with the mucus layer,
especially when using a cationic stabilizer. However, overly strong interactions can hinder
drug absorption or cause toxicity. Overall, drug nanocrystals have proven to be an impor-
tant strategy for overcoming challenges associated with the oral administration of poorly
water-soluble drugs while considering the formulation’s particularities and limitations.
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