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A B S T R A C T

For drug nanocrystals (NCs), particle shapes can affect aqueous solubility, dissolution rate and oral bioavail-
ability. However, the effects of particle shapes on the transport of NCs across the intestinal barriers remain
unclear. In the present study, spherical, rod-shaped and flaky NCs (SNCs, RNCs, and FNCs) were prepared and
characterized. Meanwhile, fluorescence resonance energy transfer molecules were used to track the fate of intact
NCs. Results showed that particle shapes had great influences on the mucus permeation, cellular uptake and
transmembrane transport of NCs, and RNCs exhibited the best absorption efficiency. Besides, we found that
endoplasmic reticulum/Golgi and Golgi/plasma membrane pathways might be involved in the transcytosis and
exocytosis of NCs. Moreover, the oral bioavailability study showed that AUC0–24h of RNCs was 1.44-fold and 1.8-
fold higher than that of SNCs and FNCs, respectively. Collectively, these results provided compelling evidences
that RNCs could potentially improve the absoption efficacy of NCs in oral delivery. Our findings give deep
insights into the impacts of particle shapes on the oral absoption of NCs and provide valuable knowledge for
rational design of optimized NCs for oral drug delivery.

1. Introduction

Oral administration is one of the most favorable routes due to its
convenience [1]. However, more than 40% of marketed drugs and 90%
of new chemical entities coming from combinatorial chemistry and
high-throughput screening are poorly water-soluble, greatly limiting
their absorption and application in oral delivery [2,3].

Various approaches have been developed to improve the solubility
by reducing the particle sizes [4], breaking the lattice energies [5] and
changing the particle shapes [6]. Crystal shapes, also termed as “crystal
habits”, are attracting more attention in pharmaceutical industry. It has
been reported that modification of crystallization medium and proce-
dure can produce changes in crystal shapes or habits, which can further
affect their biopharmaceutical properties [7]. For example, plate-
shaped celecoxib crystals recrystallized from toluene at 60 °C showed
higher dissolution rate and oral bioavailability than acicular crystals
recrystallized at 25 °C, due to their more hydrophilic surfaces [8,9].
Therefore, exploration of crystal shapes and selection of an appropriate
habit with improved pharmaceutical attributes is an effective and ef-
ficient strategy for the formulation of poorly water-soluble drugs.

However, at present, research work on drug crystal shapes is mainly
limited within microscale.

Recently, shapes of nanoparticles also arouse great interest for their
unique ability to affect the biological properties such as the mucus
permeation [10,11], cellular uptake [12], transmembrane transport
[13], cellular functions [14], as well as biodistribution and excretion
[15]. As reported, mesoporous silica nanoparticles (MSNs) with larger
aspect ratios had faster internalization rates and were taken up in larger
amounts [14]. Besides, long-rod MSNs showed lower in vivo biode-
gradation, systemic absorption and excretion, especially lower liver
distribution and urinal excretion than spheres [15]. For another ex-
ample, studies on polystyrene nanoparticles also showed that nanorods
exhibited superior biological properties, including longer retention time
in GI tract, stronger ability of penetration into space of villi, and higher
mesenteric lymph transportation than nanospheres [13,16]. Up to now,
though the impacts of nanoparticle shapes on oral absorption have been
studied, most of the vehicles reported are inorganic materials or poly-
mers based, in the absence of drug compounds, by which the toxicity
caused is unexpected. In addition, the mechanisms of transmembrane
transport and intracellular trafficking are still unclear for different
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shaped nanoparticles.
Nanocrystals (NCs) emerging as one of the most prevalent carrier-

free strategies to improve the oral bioavailability of poorly water-so-
luble drugs [17] were investigated in this study. NCs consist of finely
dispersed solid drug particles in aqueous media with particle sizes
ranging in 1–1000 nm [18]. It is well known that NCs have unique
advantages in oral administration, including high saturation solubility,
rapid dissolution velocity and strong adhesiveness to biological sur-
faces. Compared with carrier-mediated nanoformulations, NCs are
supposed to overcome a number of carrier-related drawbacks, such as
low drug loading efficiency and excipients-associated toxicity [2]. Un-
derstanding the impacts of shapes on the oral absoption of NCs will
provide benefits for rational design of NCs for oral drug delivery. To the
best of our knowledge, studies of the shape effects of NCs on oral de-
livery were rarely reported, and how the shapes affect the transporta-
tion across the intestinal barriers has not been investigated.

In this study, lovastatin (LOV) was selected as a model drug. To
investigate the influences of particle shapes on the oral delivery,
spherical, rod-shaped and flaky NCs were fabricated, and their physi-
cochemical properties were thoroughly investigated. In addition,
fluorescence resonance energy transfer (FRET) probes were applied as a
reliable and effective approach to track the intact NCs in cells and
gastrointestinal tracts [19,20], and the mucus permeability of NCs was
investigated both in vitro and in situ. Besides, the endocytosis, in-
tracellular trafficking, exocytosis and transcytosis of NCs were also
evaluated. Finally, the pharmacokinetic study was performed to explore
the optimal shape of NCs for oral administration.

2. Experimental section

2.1. Materials

LOV was purchased from Yantai Justaware Pharmaceutical Co., Ltd.
(Yantai, Shandong, China). Lovastatin acid (LOVA) was purchased from
TLC PharmaChem., Inc. (Canada). Lutrol® poloxamer 188 (F68) was
kindly gifted by BASF Co., Ltd. (Shanghai, China). Hanks balanced salt
solution (HBSS), DAPI, penicillin, streptomycin sulphate, phosphate
buffered saline (PBS), DiO (3,3′-dioctadecyloxacarbocyanine per-
chlorate), DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate), brefeldin A, monensin and bafilomycin A1 were obtained
from Dalian Meilun Biotechnology Co., Ltd. (Dalian, Liaoning, China).
Lyso Tracker probe, ER-Tracker probe and Golgi Tracker were pur-
chased from KeyGEN Biotech (Nanjing, Jiangsu, China). Wheat germ
agglutinin Alexa Fluor ™ 488 conjugate (WGA-AF488) was purchased
from Thermo Fisher Scientific Co., Ltd. (Shanghai, China). Cremophor®
EL was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China).
The Caco-2 cell line was acquired from American Type Culture
Collection (Manassas, USA). HT29-MTX cell line was given as a gift
from Dr. Wu's laboratory (Key Laboratory of Smart Drug Delivery of
Ministry of Education and PLA, School of Pharmacy, Fudan University,
Shanghai, China). Eagle's minimal essential medium (MEM/EBSS) was
purchased from Hyclone Laboratories, Inc. (Hyclone, UT, USA).
Dulbecco's modified Eagle's minimal essential medium (DMEM), fetal
bovine serum (FBS), sodium pyruvate and nonessential amino acid
were obtained from Gibco (Carlsbad, CA). BCA assay kits were pur-
chased from Beyotime Biotechnology Co., Ltd. (Haimen, Jiangsu,
China). All other reagents and chemicals were of analytical grade.

2.2. Preparation of LOV NCs

LOV spherical NCs (SNCs) were prepared using a planetary ball mill
(Nanjing Chishun Science and Technology Co., Ltd., Nanjing, Jiangsu,
China). First, LOV crude drug (6%, w/v) was suspended in an aqueous
solution containing F68 (1.2%, w/v). Twenty milliliters of the course
suspension and 70 g zirconium oxide beads (0.5 mm Φ) were loaded to
the milling beakers. The milling process was operated at 35 Hz for

120min.
Sonoprecipitation combined with high pressure homogenization

(HPH) was used to prepare LOV rod-shaped NCs (RNCs). Initially,
300 μL LOV/acetone (6.67%, w/v) was rapidly injected into 5mL of an
aqueous solution containing F68 (0.32%, w/v). The ultrasonication was
performed for 5min with ultrasonic probe set at 300W. Then, the milky
suspension was homogenized at a pressure of 1200 Pa for 40 cycles
using an AH-2010 high pressure homogenizer (ATS Engineering Inc.
Canada).

LOV flaky NCs (FNCs) were fabricated using a cooling crystal-
lization-homogenization method. Briefly, in the cooling crystallization
process, 1 g LOV was dissolved in 15mL of methanol at 60 °C. Then, the
clear solution was transferred to an ice bath with a magnetic stirring at
a speed of 500 rpm for 30min. After recrystallization, the suspension
was filtrated, and washed with pure water for three times. The residues
were collected and dried in a desiccator for 24 h. Subsequently, a sus-
pension consisting of 0.5% LOV recrystallized drug and 0.5% F68 were
loaded to the homogenizer. The homogenizing was performed at a
series of pressurized homogenization processes: 300 Pa for 5 cycles,
500 Pa for 5 cycles, 800 Pa for 5 cycles and finally 1200 Pa for 40 cycles.

2.3. Preparation of fluorescence hybrid NCs

A fluorescence resonance energy transfer (FRET) pair (DiO as the
donor and DiI as the acceptor) was loaded into the NCs for tracing. For
hybrid SNCs (SNCs/FRET), the hybrid drug was firstly prepared by an
evaporative crystallization procedure. Briefly, 1 g LOV crude drug and
1mg FRET pair were dissolved in 10mL acetone at a temperature of
50 °C. The clear solution was stirred at a speed of 500 rpm until most of
the crystals precipitated. Thereafter, the precipitates were filtrated and
washed with water for three times. The hybrid drug was collected and
dried in a desiccator for 24 h. The subsequent procedures were per-
formed according to Section 2.2.

For hybrid RNCs (RNCs/FRET), the FRET pair was added in the
LOV/acetone solution at a concentration of 16.7 μg/mL. For hybrid
FNCs (FNCs/FRET), 1 mg FRET pair and 1 g LOV were dissolved in
15mL methanol at 60 °C. Then RNCs/FRET and FNCs/FRET were pre-
pared following the procedures described in Section 2.2. All the NCs/
FRETs were under three centrifugation-resuspension cycles to remove
loosely bounded fluorescence agents on the surfaces.

2.4. Characterization of NCs

2.4.1. Dynamic light scattering (DLS)
The average hydrodynamic diameters (z-ave), polydispersity in-

dexes (PDI), and zeta potentials were measured using a Zetasizer Nano
ZS90 instrument (Malvern Co., UK). All samples were measured for 3
runs at a fixed angle of 90° at 25 °C.

2.4.2. TEM
The morphology of NCs was observed using an H-7650 TEM

(Hitachi High-technologies (Shanghai) International Trading Co., Ltd.,
Shanghai, China). About 10 μL of diluted NCs was dropped on a copper
grid with a 300-mesh carbon supported membrane and dried in a va-
cuum drying oven at 40 °C. Then the samples were stained with 1%
phosphotungstic acid solution for 30 s. After drying in the air, the grids
were observed using the TEM operated at an acceleration voltage of
80 kV.

2.4.3. AFM
The AFM observation was performed using a Cypher S system

(Asylum Research, Oxford Instruments Co., Ltd., Shanghai, China). The
samples were dropped onto polished silicon slices and dried at room
temperature. The experiments were performed in air ambient using the
tapping mode for imaging. The AFM images were analyzed using the
Igor Pro 6.1 software.
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2.4.4. DSC
DSC analysis was carried out using a DSC 1 (Mettler-Toledo

International Inc., Switzerland). To prevent interference from ex-
cipients, the aqueous NCs were filtered to remove the surplus stabi-
lizers, and the filtrates were dried in a vacuum desiccator. The samples
(about 2mg) were accurately weighed, sealed in aluminum pans and
heated over the range of 30–200 °C at a rate of 10 °C/min.

2.4.5. XRPD
The crystallinity of the samples was investigated using a D/Max

2500 PC X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with
Cu-Kα radiation. The scanning rate was 2°/min and the scanning in-
crement was 0.03° over the range of 3–50°.

2.5. Mucus permeation of NCs

2.5.1. Mucus diffusion study
The permeability of NCs across the mucus was measured using a

Transwell® system as previously described with minor modifications
[21]. Briefly, 100 μL of intestinal mucus was placed uniformly into
Transwell® 3415 chamber (Corning Costar, NY, USA). Six hundred
microliters of PBS (pH 7.4) were added in the acceptor compartment,
and after 15min of equilibration, 200 μL NCs were slightly and care-
fully added to the donor side. LOV solution (LOV Sol) was used as a
control. The LOV Sol was prepared by dissolving 20mg LOV in 1mL co-
solvent mixture of ethanol and Cremophor® EL (1: 1, v/v) and diluted to
the working concentration with PBS. The device was maintained at
37 °C. An aliquot of 200 μL sample was withdrawn from the acceptor
side at 0.25, 0.5, 1, 1.5 and 2 h, and replaced with 200 μL fresh PBS. The
samples were diluted with acetonitrile and determined using an HPLC
method. The Papp values were calculated as follows:

= ×

×dt A C
Papp dQ 1

0 (1)

where dQ/dt is the flux of LOV from donor side to acceptor side; C0 is
the initial concentration of LOV in the donor side, and A is the mem-
brane area (cm2).

2.5.2. Mucus permeation study in Caco-2/HT29-MTX cocultures
Caco-2 and mucus-secreting HT29-MTX cells mixed at a ratio of 7:3

were seeded onto Transwell® 3462 filters and cultured for 21 days.
After that, the cells were incubated with NCs/FRETs and a physical
mixture of LOV Sol and FRET dyes (PM LOV Sol) for 0.5 and 2 h. Then,
the cells were rinsed with cold PBS, washed thoroughly and fixed with
4% paraformaldehyde. Subsequently, the cells were incubated with
0.5% Triton X-100 for 10min and stained with DAPI and WGA-AF488
for nuclei and mucus identification, respectively. The membrane was
carefully cut and examined using a Nikon A1R confocal laser scanning
microscope (CLSM) (Nikon, Japan) to capture serial pictures along the
x–z axis. The NCs/FRETs were excited using an argon ion laser at
488 nm, and a spectral filter of 570–1000 nm was used for FRET
emission in the confocal channel images.

2.5.3. In situ intestine absorption
In situ absorption studies in rats were performed to investigate the

influences of the mucus barrier on the internalization of NCs in small
intestines. All experiments were approved by the Animal Ethics
Committee of Shenyang Pharmaceutical University (Shenyang, China),
and were conducted in accordance with the “Guidelines for the Care
and Use of Laboratory Animals”. SD rats weighing between 220 and
250 g were fasted overnight before experiments with free access to
water. The rats were anesthetized with an intraperitoneal injection of
urethane (20mg/kg), and then a midline laparotomy was done to ex-
pose the ileum. A 3 cm section of intestinal loop was made and ligated
at both ends. Mucus layer was removed by a pretreatment or a post-
treatment with N-acetyl-L-cysteine (NAC). Then, the pretreated, post-

treated and non-treated intestines were incubated with 200 μL NCs and
LOV Sol (200 μg/mL) for 2 h. After that, a thorough washing process
was performed to remove the remained NCs. Then, the intestines were
weighed and homogenized using a high-speed shear machine. The
amount of LOV in the intestine was measured using an HPLC method.

To visualize the absorption status in intestine villi, the NCs/FRETs
and PM LOV Sol were administered directly into the intestinal loops.
The rats were sacrificed at 0.5 h and 2 h. The loops were removed,
mildly washed, fixed with 4% paraformaldehyde for 2 h, and then de-
hydrated in 30% sucrose at 4 °C overnight. After frozen in optimal
cutting temperature-compound (Miles Laboratories Inc., Indiana, USA)
in liquid nitrogen, the tissues were sectioned into 15 μm intervals and
stained with WGA-AF488 and DAPI to visualize the mucus and nuclei,
respectively. Finally, the tissue-sections were observed using a CLSM.

2.6. Cell study

2.6.1. Cells culture
Caco-2 and HT29-MTX cells were used for cell studies. Caco-2 cells

were grown in a culture flask containing MEM/EBSS supplemented
with 10% fetal bovine serum, 1% sodium pyruvate, 1% non-essential
amino acid, 1% penicillin, and 1% streptomycin. HT29-MTX were
cultured with DMEM supplemented with 10% fetal bovine serum, 1%
non-essential amino acid, 1% penicillin, and 1% streptomycin. The cells
were cultured at 37 °C with 90% relative humidity and 5% CO2 supply.

2.6.2. Cellular uptake of NCs
To investigate the cellular uptake at different time points, Caco-2

and HT29-MTX were seeded into 24-well plates at a density of
1.5× 104 cells/well, respectively. After cultured for 14 days, the cells
were incubated with 50 μg/mL NCs or LOV Sol for different time in-
tervals (5, 10, 30, 60, and 120min). After incubation, the cells were
rinsed with cold PBS and washed thoroughly to remove the attached
samples. Three hundred microliters of pure water were added to each
well, and the cells were scraped off and subjected to an ultrasonic
homogenizer (SCIENTZ-IID, Ningbo, Zhejiang). The total protein was
quantified using a BCA assay kit, and the amount of LOV was de-
termined using a UPLC-MS/MS as previously reported [22].

Moreover, the images of NCs/FRETs in cells were also observed
using a CLSM. Cells were seeded on glass slides at the same density.
After incubated with the NCs/FRETs and PM LOV Sol for 2 h, the cells
were treated as described in Section 2.5.2 and stained with DAPI for
nuclei identification. The fluorescence intensity was analyzed using the
Image J software.

2.6.3. Endocytosis pathways study
The endocytosis pathways of NCs were investigated using different

inhibitors as described in Table S1. Caco-2 cells were seeded in 24-well
plates as described in Section 2.6.2. Before adding the samples, the cells
were preincubated with various inhibitors at 37 °C for 0.5 h. Then the
inhibitors were removed, and the cells were incubated with 50 μg/mL
NCs or LOV Sol for another 1 h. Finally, the cells were treated as de-
scribed in Section 2.6.2 and the internalization was analyzed using the
UPLC-MS/MS method.

2.6.4. Intracellular trafficking of NCs
To elucidate the intracellular trafficking of NCs, colocalizations of

NCs and organelles were analyzed. Caco-2 cells were seeded on the
glass slides until 80% confluence. Then, the NCs/FRETs and PM LOV
Sol were carefully added and incubated with cells at 37 °C for 0.5, 1 and
2 h. After incubation, cells were rinsed with cold PBS and thoroughly
washed. The cells were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100 and stained with Lyso Tracker (60 nM), ER-
Tracker (200 nM) and Golgi Tracker (1 μM). The samples were observed
using a CLSM. In addition, Pearson's correlation coefficients were de-
termined using the Image J software.
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2.6.5. Exocytosis pathways study
For exocytosis pathways elucidation, the cells were first incubated

with NCs (50 μg/mL) for 1 h. Then, the solutions were replaced by
bafilomycin A1, monensin and brefeldin A and incubated for 2 h. After
incubation, the cells were treated as described in Section 2.6.2 and the
internalization was analyzed using the UPLC-MS/MS method.

2.6.6. Transcellular transport across Caco-2 cell monolayer
Caco-2 cells were seeded on Transwell® 3462 filters (Corning

Costar, NY, USA) at a density of 1.5× 104 cells/well. Mediums in both
upper and lower compartments were refreshed every day and the
transepithelial electrical resistance (TEER) values were measured using
a cell resistance meter (Millicell ERS, Millipore) to monitor the integrity
of cell monolayer. After 21 days of cell differentiation, monolayers with
TEER values higher than 300Ω cm−2 were used.

Cell monolayers were first equilibrated at 37 °C in HBSS. After
equilibration, the cell monolayers were incubated with NCs or LOV Sol
(50 μg/mL) at 37 °C. During incubation, 300 μL of the samples were
withdrawn from the basolateral chambers at predetermined time in-
tervals (15, 30, 60, 90, and 120min) and refreshed with equivalent
volumes of HBSS. Meanwhile, the TEER values were measured at each
time point. The samples were determined using the UPLC-MS/MS
method. The Papp values were calculated according to Eq. (1).

To evaluate whether the NCs were transcytosed across the cell
monolayers or not, the solution from basolateral chambers after 2 h
were collected and characterized by TEM. Zeta potentials were also
measured using a Zetasizer Nano ZS90 instrument.

2.6.7. Transcytosis pathways of NCs
To elucidate the transcytosis pathways, cells were firstly incubated

with bafilomycin A1, monensin and brefeldin A for 1 h. Subsequently,
the inhibitors were removed and replaced by 50 μg/mL NCs. After in-
cubation for 2 h, the samples in the basolateral chambers were de-
termined using the UPLC-MS/MS method.

2.7. In vivo pharmacokinetic study

SD rats weighing 220–250 g were chosen as experiment animals.
The rats were randomly divided into four groups and administered with
NCs and LOV Sol by gavage at a single dose of 20mg/kg. Before ad-
ministration, the rats were fasted for 12 h with free access to water.
Blood samples (300 μL) were collected into heparinized tubes at 0.08,
0.17, 0.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h after dosing.
Plasma samples were treated and analyzed as previously reported [22].

2.8. Analytical method

2.8.1. HPLC analysis
The Waters e2695 HPLC system, equipped with a 2489 UV/Visible

detector and a 515 pump (Waters Technology Co., Ltd., Shanghai,
China), was used for LOV quantification. The chromatographic se-
paration was carried out on a Thermo Scientific Hypersil ODS-2 (C18)
column (250×4.6mm, 5 μm), and the mobile phase composed of
acetonitrile and 0.1% phosphoric acid (80: 20, v/v) was pumped at a
flow rate of 1.0mL/min. It was detected at a wavelength of 238 nm.

2.8.2. Statistical analysis
The statistical significance of the results was analyzed using a two-

tailed student's t-test. A p value< .05 (p < 0.05) was considered as
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of LOV NCs

NCs with different shapes can be manufactured using different

methods [23]. In this study, SNCs and RNCs were prepared as reported
[23] previously with slight modifications. FNCs were prepared using a
cooling crystallization-homogenization method. It is reported that the
crystals isolated from solvents of different polarity can be differently
shaped [24]. For LOV, the cooling crystallization from methanol was
inclined to be flaky shaped (Fig. S1). F68 was used as a stabilizer to
reduce the particle sizes and improve the stability of NCs. As shown in
Table 1, the prepared NCs showed similar particle sizes (~400 nm),
PDIs (~0.2) and zeta potentials (~−20mV in water). In addition, it has
been reported that the zeta potentials may affect the permeability [25].
Thus, the zeta potentials in HBSS were also measured to test the phy-
sical stability of the NCs during the cellular studies. It showed that the
zeta potentials among the different NCs were very similar, indicating
that the drug permeability was independent of zeta potentials. More-
over, the saturation solubilities of NCs in HBSS were< 2 μg/mL (Table
S2), revealing that the shape and integrity of NCs can remain constant
during the cellular experiments.

TEM and AFM were used to observe the shapes of the NCs. As shown
in Fig. 1, FNCs were 400 to 600 nm in both length and width (Fig. 1A),
with the height of 100 to 200 nm (Fig. 1D). SNCs were spheroidal with
diameters of 300 to 500 nm (Fig. 1B), and its height was ~400 nm
(Fig. 1E), which was consistent with the sizes obtained using the DLS.
The RNCs were 300 to 1000 nm in length and 50 to 200 nm in width
(Fig. 1C), and the height was about 100 nm (Fig. 1F). From the results,
NCs in different shapes were successfully prepared.

Phase transformation during the manufacturing process may affect
the oral bioavailability. Therefore, DSC and XRPD were used to in-
vestigate the crystalline state of NCs. As shown in Fig. 1G, bulk LOV
crystals had a single sharp peak at 173.33 °C. The endothermic peaks
for SNCs, RNCs and FNCs were at 172.83 °C, 173.66 °C and 173.83 °C,
respectively, indicating the crystalline state of NCs was unchanged. The
results were further confirmed by XRPD (Fig. 1H). The bulk LOV ex-
hibited sharp characteristic diffraction peaks at 2θ of 8.13°, 15.87°,
16.92°, 17.76°, 19.17°, 22.59° and 22.95°. The NCs maintained all dif-
fraction peaks above, confirming that the crystalline state was kept
during the fabrication procedure.

To trace the fates of NCs, FRET pair (DiO/DiI, 1:1) was loaded into
NCs for imaging (Fig. S2). The characteristics of NCs were not changed
after the formation of NCs/FRETs (Table S4, Fig. S3). In addition, we
have proved that the pairs were not released from the NCs during the
cellular studies (Fig. S4).

3.2. Mucus permeation of NCs

Mucus layer, a dynamic semipermeable barrier adherent to epithe-
lial surface, is the first barrier that cannot be ignored. In this study, the
mucus was obtained by gently scraping the mucosal surfaces of the
jejunum and ileum of fasted rats. The viscosity was about
0.0520 ± 0.0046 Pa·s, which was similar with the samples from small
intestines of pigs [26]. The permeability of NCs through mucus layer
was measured using donor-acceptor compartments. As shown in
Fig. 2A–B, the cumulative amount of LOV transported through the
mucus layer was increasingly linear over time. Specifically, RNCs
showed the highest Papp value of ~6.21×10−6 cm/s, which was 3-fold
to SNCs (~2.1×10−6 cm/s, p < 0.05). The Papp value of FNCs was
~5.21×10−6 cm/s, which was 2.5-fold to SNCs (p < 0.05). This

Table 1
Particle sizes, PDIs, and zeta potentials of NCs with different shapes.

Particle sizes (nm) PDIs Zeta potentials
in water (mV)

Zeta potentials in
HBSS (mV)

SNCs 405.8 ± 10.7 0.22 ± 0.07 −24.0 ± 0.6 −2.46 ± 0.54
RNCs 411.0 ± 5.1 0.16 ± 0.03 −22.3 ± 0.7 −2.53 ± 0.32
FNCs 417.3 ± 7.0 0.18 ± 0.03 −18.2 ± 1.4 −2.67 ± 0.32
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indicated that RNCs were easier to penetrate through the mucus layer,
while SNCs were more likely to be trapped in the net structure of mucus
layer. This may be because that the Brownian movement of anisotropic
nanoparticles were more vigorous than that of isotropic nanoparticles
[27]. In addition, rotation around the mucus networks and the shear
flow might facilitate the diffusion of RNCs [10,11]. Moreover, Papp of
RNCs was higher than that of LOV Sol (~4.39× 10−6 cm/s), although
the differences were not statistically significant. It is reported that NCs

could drift into the mucus layer and form a reservoir to release the drug
with smaller effective diffusion thickness [28]. All factors above may
produce a higher Papp value of RNCs.

The x-z axis of Caco-2/HT29-MTX monolayers were observed using
a CLSM. As shown in Fig. 2C, the PM LOV Sol showed negligible signal,
indicating that the free FRET pair did not interfere the observation. In
case of NCs/FRETs, the red fluorescence signals were distributed in the
middle portion of the cell layer for SNCs/FRET and RNCs/FRET, and in

Fig. 1. The TEM and AFM images of FNCs (A, D), SNCs (B, E) and RNCs (C, F). DSC curves (G) and XRPD patterns (H) of crude LOV (a), SNCs (b), RNCs (c) and FNCs
(d).
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the upper portion for FNCs/FRET at 0.5 h. This indicated that, FNCs/
FRET had a poor transport ability through the cell layer, though they
could transport through the mucus layer. After 2 h, more NCs/FRETs
transported through the monolayer, and the fluorescence signal of
RNCs/FRET was much stronger than that of SNCs/FRET and FNCs/
FRET, indicating that RNCs/FRET had higher trafficking ability. The
transport order was RNCs/FRET > SNCs/FRET > FNCs/FRET.

3.3. In situ intestine absorption

To further investigate the obstructing influence of mucus on the
absorption of NCs, in situ absorption studies were conducted.

Specifically, the mucus layer adherent to the surface of intestine epi-
thelium was removed by pretreatment or post-treatment with 10mM
NAC, because NAC was a widely used mucolytic agent in clinic to break
hydrogen and disulfide bonds of mucus [29]. The internalized amounts
of LOV are shown in Fig. 2D. In the mucus-absent intestine tissues, all
formulations had higher absorption of LOV than those in the presence
of mucus, indicating that mucus was a big barrier for the uptake of NCs.
Besides, RNCs were internalized into epithelial cells more easily com-
pared with SNCs and FNCs, while FNCs exhibited least absorption in
epithelial cells. In the case of post-treatment with NAC, the uptake of
SNCs and FNCs were significantly reduced (p < 0.05) compared to the
samples with no pre-treatment, revealing that they were easy to be

Fig. 2. Cumulative amounts of LOV transported through the mucus layer (A) and the corresponding Papp values (B). X-z axis of Caco-2/HT29-MTX monolayer
incubated with NCs/FRETs and PM LOV Sol for 0.5 and 2 h (C). In situ intestinal absorption of the NCs and LOV Sol with or without a pretreatment or a post-treatment
process to remove the mucus (data are mean ± SD, n= 3, *p < 0.05) (D). CLSM images of frozen sections of intestinal loops for 0.5 h (E) and 2 h (F) after
intragastric administration of NCs/FRETs and PM LOV Sol. The green (WGA-AF488) and blue (DAPI) signal represented mucus and nucleus, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trapped in the mucus layer. However, for RNCs, the mucus layer
showed less influence on their absorption (p > 0.05). The results were
consistent with the mucus permeation study.

In situ absorption of the NCs into the rat intestine villi was also vi-
sualized using a CLSM after administration for 0.5 h and 2 h, and the
results are shown in Fig. 2E–F. PM LOV Sol showed negligible red
signals within the intestine villi. At 0.5 h, the NCs/FRETs were mainly
located in the mucus layer, and the RNCs/FRET showed stronger red
signals because it was easier for the RNCs/FRET to pass through the
mucus layer. After 2 h incubation, more SNCs/FRET and RNCs/FRET
passed through the mucus layer and epithelial cells to the basolateral
side, while FNCs/FRET failed to be efficiently absorbed in intestinal
tract, indicating poor transepithelial ability of FNCs/FRET. These re-
sults suggested that RNCs/FRET can enhance the mucus permeation
and cellular uptake of LOV in the gastrointestinal tract. What's more,
though FNCs had a more favorable Papp in mucus layer than SNCs, the
less uptake by epithelial cells was the major reason for their lower in-
testine absorption.

3.4. Cell studies

3.4.1. Cellular uptake study
The cellular uptake of NCs was investigated on Caco-2 and HT29-

MTX cells. As shown in Fig. 3A, the internalization of LOV was time-
dependent within 2 h. In the first 5 min, LOV Sol showed higher ab-
sorption than NCs. This is because LOV could quickly transport across
the epithelial cells by passive diffusion [30]. For NCs, a fast inter-
nalization was observed in the first 10min. This may be due to the rapid
passive diffusion of free LOV in formulations. After that, the uptake rate
was decreased, indicating the endocytosis might be involved. The
amount of internalized LOV for RNCs (99.8 ± 27.3 nmol/mg protein)
at 2 h was 2-fold and 2.5-fold higher than that of SNCs
(53.2 ± 8.6 nmol/mg protein) and FNCs (35.2 ± 15.9 nmol/mg pro-
tein), respectively. In addition, the CLSM images also demonstrated that
RNCs/FRET had a higher uptake (p < 0.05) after 2 h incubation
(Fig. 2B and E). It is reported that rod-like NPs have better inter-
nalization than spherical NPs because rod-like NPs have a larger contact
area with the cell membrane as the longitudinal axis of the rods in-
teracts with the cell membrane [14,31–33]. However, the uptake of
FNCs was poor due to the higher elastic free energy that need to bend
the plasma membrane [34]. A molecular modeling conducted by Y. Li
et al. dictates that disk-like NPs have a stronger membrane deformation
and more complicated rotations than spherical NPs and cylindrical NPs
[34,35]. The cellular uptake in HT29-MTX cells showed similar results
(Fig. C, D and F) as in Caco-2 cells. Interestingly, the absorption in
HT29-MTX cells were higher than that in Caco-2 cells, this might in-
dicate that goblet cells had greater ability for the internalization of NCs.

3.4.2. Endocytosis mechanisms
Specific inhibition studies were performed to investigate the uptake

mechanisms of different shaped NCs. The inhibitors we used (Table S1)
had no influence on cell viability (Fig. S6). As shown in Fig. 3G–J, the
cellular uptake of all NCs was significantly decreased (p < 0.05) in the
presence of sodium azide [36] or placed at 4 °C [37], suggesting that
these NCs were taken up through an energy-dependent endocytosis. As
shown in Fig. 3G, the cellular uptake efficiency of SNCs was dramati-
cally decreased (p < 0.01) in the presence of indomethacin and col-
chicine, indicating that caveolae-mediated endocytosis as well as mi-
cropinocytosis were involved in the internalization of SNCs. For RNCs
(Fig. 2H), the cellular uptake efficiency was significantly decreased by
45% (p < 0.05) after pretreatment with indomethacin, which in-
dicated that RNCs were mainly internalized via clathrin-mediated en-
docytosis. Nevertheless, chlorpromazine, quercetin and colchicine
could inhibit the uptake process of FNCs (Fig. 2I), in particularly,
chlorpromazine could inhibit by 69% (p < 0.01). This suggested that
the FNCs were mainly internalized by clathrin-mediated endocytosis,

while macropinocytosis and clathrin-and caveolae-independent en-
docytosis were also involved. In addition, the inhibitors did not have
any impact on the endocytosis of LOV Sol (Fig. 2J). The results revealed
that the different shaped NCs had different endocytosis pathways,
which might lead to the discrepancies in cellular uptake.

3.4.3. Intracellular trafficking of NCs
Particle shapes could not only affect the internalization, but also the

intracellular trafficking. In this study, colocalization of organelles and
NCs/FRETs at different time points (0.5, 1, and 2 h) were conducted to
investigate the intracellular fates of different shaped NCs/FRETs. The
results are shown in Fig. 4 and Fig. S7–8. SNCs/FRET, RNCs/FRET and
FNCs/FRET were located in perinuclear region. Yellow fluorescence
spots, typifying the colocalization, were observed in lysosomes after
incubation. As described before, all three NCs/FRETs were internalized
via vesicle-mediated endocytosis. The NCs/FRETs may be encapsulated
in vesicles and underwent a completed process involving shuttling
along microtubules and mature into lysosomes [38]. In addition,
Pearson's coefficient (R value) was calculated to learn the colocalization
rate of NCs/FRETs and organelles. For SNCs/FRET and RNCs/FRET, the
R values for lysosomes remained constant (~ 0.2) over time (Fig. S7 D-
E, Fig. 4D–E and Fig. S8 D-E). However, it increased for FNCs/FRET
(Fig. S7F, Fig. 4F and Fig. S8F), which may be related to the slower
internalization process.

In addition, SNCs/FRET, RNCs/FRET and FNCs/FRET showed co-
localization with ER and Golgi complexes with different colocalization
rates. ER is a specialized organelle that regulates the biogenesis,
folding, assembling, as well as trafficking of proteins [39]. Golgi com-
plex serves as an important station for secretory function, which in-
volved the transport of macromolecules to the plasma membrane and
transport out of the cells. The entering of ER or Golgi complexes may be
mediated by vesicle-related secretion pathways, and both ER/Golgi and
Golgi/plasma membrane pathways were involved [40,41]. For SNCs/
FRET, R values for ER and Golgi complexes increased over time. Be-
sides, the R values of ER were higher than those of Golgi complexes,
especially for 1 h incubation (Fig. 4D). This indicated that SNCs/FRET
were mainly accumulated in ER and transported slowly from ER to
Golgi complexes. However, RNCs/FRET were transported from ER to
Golgi complexes more easily, as evidenced by lower R values for ER.
FNCs/FRET showed the lowest colocalization rate, especially in Golgi
complexes. In 0.5 h (Fig. S7), negligible yellow fluorescence spots were
observed in Golgi and the R value of Golgi was much lower than that of
ER (p < 0.05), suggesting that the transport of FNCs/FRET from ER to
Golgi was more difficult.

3.4.4. Exocytosis pathways of NCs
For better understanding the trafficking of the NCs, bafilomycin A1,

brefeldin A and monensin were used to block the specific pathways.
Bafilomycin A1 is a V-ATPase inhibitor commonly used to inhibit the
reacidification of vesicles after endocytosis [42], and it can also be used
to inhibit the retrograde membrane transport at the ER/Golgi com-
plexes [43]. As shown in Fig. 4G–I, in the presence of bafilomycin A1,
the endocytosis processes of all NCs were suppressed (p < 0.05). This
indicated that the reacidification of vesicles may influence the en-
docytosis process. The exocytosis was also significantly suppressed as
more NCs remained in the cytoplasm. This indicated the reacidification
process was involved in the transport pathways of NCs. Brefeldin A and
monensin are common inhibitors that block the Golgi transport net-
works. Brefeldin A is reported to disrupt the structure of Golgi and
block the vesicular trafficking to endosomes and the Golgi complexes,
including from ER to Golgi [44,45]. Monensin inhibits the pathways
from Golgi complexes to basolateral membrane [46]. In this study,
brefeldin A and monensin showed significant inhibition effects on ER/
Golgi and Golgi/plasma membrane (PM) pathways in the exocytosis
process for SNCs, RNCs and FNCs, which confirmed that the exocytosis
of the three NCs might involve these two pathways. Besides, brefeldin A
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and monensin showed negligible inhibition effect on the endocytosis of
NCs.

3.4.5. Transport of NCs
A Caco-2 cell monolayer cultured on a permeable membrane was

used to mimic the intestinal epithelium. The Papp values from the apical
side to the basolateral side were calculated and the results are shown in

Fig. 5A. LOV Sol had a Papp value of 4.41× 10−6 cm/s. However, NCs
showed much lower permeability, confirming the “easy entry, hard
transcytosis” phenomenon as reported before [47]. The Papp value of
RNCs was 0.68× 10−6 cm/s, which was 1.15-fold and 1.74-fold higher
than those of SNCs and FNCs (p < 0.05). This indicated that RNCs
were easier to transport through Caco-2 monolayers than SNCs and
FNCs. The accumulative amount of LOV in cells was also measured after

Fig. 3. Cellular uptake of NCs and LOV Sol on Caco-2 cells (A) and HT29-MTX cells (C) at different time points (data are mean ± SD, n=3). Fluorescence intensity
and CLSM images of the absorption for NCs/FRETs and PM LOV Sol in Caco-2 cells (B, E) and HT29-MTX cells (D, F) at 2 h (data are mean ± SD, n= 3, *p < 0.05).
Endocytic mechanisms of NCs and LOV Sol on Caco-2 cells (data are mean ± SD, n= 3, *p < 0.05, **p < 0.01) (G–J).
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the transport study for 2 h. As shown in Fig. 5B, LOV Sol
(11.9 ± 0.8 nmol/mg protein) had much more LOV than NCs in Caco-2
monolayers. Notably, RNCs exhibited significantly higher internaliza-
tion than SNCs (p < 0.05) and FNCs (p < 0.05), which was consistent
with the cellular uptake results. During the transport studies, the TEER
values (Fig. 5C) were also monitored and the values did not change
significantly, which indicated that the NCs could not transport across
the Caco-2 monolayer via the paracellular pathway.

Furthermore, the transport mechanisms of NCs were studied by
blocking the transport pathways. The results (Fig. 5D–F) showed that,
the percentage of NCs transport across the Caco-2 monolayer were
significantly decreased for SNCs, RNCs and FNCs with the addition of
bafilomycin A1, brefeldin A and monensin, suggesting that re-
acidification of vesicles process, ER/Golgi pathways and Golgi/PM
pathways were involved in the transport of NCs.

To evaluate the transcytosis of the NCs, the contents of the baso-
lateral chambers after 2 h were collected and characterized for zeta

potentials and morphologies. From the results (Fig. 5G–H), the zeta
potentials of the transcytosed NCs were −5.49 ± 0.16mV,
−7.62 ± 0.30mV and −8.48 ± 0.66mV for SNCs, RNCs and FNCs,
respectively, which were higher than the corresponding ones in HBSS
(Table 1). This may be due to the adsorption of protein on the surface of
the NCs during the transport process. In addition, the morphologies
were observed using a TEM to give the direct evidence of transcytosed
NCs. It showed that NCs could transport from the donor chamber to the
basolateral chamber. Importantly, the shapes did not change sig-
nificantly.

3.5. Oral bioavailability study

LOV is a lactone prodrug and can be rapidly metabolized to the
active metabolite LOVA after oral administration [48]. Thus, the
plasma concentration of LOVA was measured and the results are shown
in Fig. 6 and Table 2. LOV Sol exhibited the highest Cmax

Fig. 4. Colocalization images of NCs/FRETs with lysosomes, ER and Golgi complexes and corresponding colocalization rates for SNCs/FRET (A, D), RNCs/FRET (B,
E) and FNCs/FRET (C, F) after incubation in Caco-2 cells for 1 h. Effects of endosomes reacidification and Golgi complexes transport network on endocytosis and
exocytosis of SNCs/FRET (G), RNCs/FRET (H) and FNCs/FRET (I) (data are mean ± SD, n= 3, *p < 0.05, **p < 0.01).
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(1673.15 ± 473.56 ng/mL) and the shortest Tmax (0.13 ± 0.05 h).
This was because free LOV molecules exhibited high permeability and
can be rapidly absorbed. However, it suffered the disadvantages of the
rapid secondary metabolism of LOVA [49,50]. The Tmax of FNCs was
significantly longer than that of LOV Sol, which may be due to the poor
absorption of FNCs in epithelial cells. The T1/2 of SNCs, RNCs and FNCs
were longer than LOV Sol (Table 2), suggesting that NCs could extend
the circulation time of LOV in vivo. In addition, the AUC0–24h of RNCs
was 1631.77 ± 334.83 ng·min/mL, which was 1.44-fold and 1.8-fold
higher than that of SNCs and FNCs. The results indcated that RNCs were
a superior formulation to improve the oral bioavailability of LOV.

4. Conclusion

In this study, SNCs, RNCs and FNCs were successfully prepared to
investigate the roles of particle shapes on the oral absorption of NCs.
RNCs exhibited superior performance in the mucus permeation and in
situ intestine absorption studies, and it also showed enhanced cellular
uptake and transepithelial transport ability compared with SNCs and
FNCs. Moreover, the bioavailability of RNCs was 1.44-fold and 1.8-fold
higher than that of SNCs and FNCs, suggesting that RNCs could

Fig. 5. Papp values of the NCs and LOV Sol permeation across Caco-2 cell monolayers from donor to acceptor compartments (data are mean ± SD, n= 3, *p < 0.05)
(A). Accumulative amount of LOV in Caco-2 cells after 2 h transport (data are mean ± SD, n=3, *p < 0.05) (B). TEER values of cell monolayers during the
transport study at different time points (C). Influence of various inhibitors on the transcytosis of SNCs (D), RNCs (E) and FNCs (F) (data are mean ± SD, n= 3,
*p < 0.05, **p < 0.01). Zeta potentials (G) and TEM images (H) of NCs after transcytosis across the Caco-2 monolayer.

Fig. 6. Plasma concentration profiles of LOVA after oral administration of NCs
and LOV Sol.
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potentially improve the bioavailability of NCs in oral delivery. To the
best of our knowledge, this is the first report comparing the mucus
permeability, endocytosis, exocytosis, transcytosis and pharmacoki-
netic behaviors of different shaped drug NCs. Our findings give deep
insights into the impacts of particle shapes on the oral absoption of NCs
and provide knowledge for rational design of NCs for oral drug delivery.

Declaration of Competing Interests

None.

Acknowledgments

This work was financially supported by the National Science and
Technology Major Project (China) Major Project (No.
2017ZX09101001), by the National Nature Science Foundation of
China (No. 81502993), by Nature Science Foundation of Liaoning
Province (No. 20170540842), Basic Research Projects of Universities of
Liaoning Provincial Department of Education (2017LQN02) and the
Science and Technology Innovation Projects for Young and Middle-aged
Talents of Shenyang (RC180261).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2019.06.015.

References

[1] P. Fasinu, V. Pillay, V.M.K. Ndesendo, L.C. du Toit, Y.E. Choonara, Diverse ap-
proaches for the enhancement of oral drug bioavailability, Biopharm. Drug Dispos.
32 (2011) 185–209.

[2] A. Fahr, X. Liu, Drug delivery strategies for poorly water-soluble drugs, Expert Opin.
Drug Deliv. 4 (2007) 403–416.

[3] S. Kalepu, V. Nekkanti, Insoluble drug delivery strategies: review of recent advances
and business prospects, Acta Pharm. Sin. B 5 (2015) 442–453.

[4] D.N. Xia, F.D. Cui, H.Z. Piao, D.M. Cun, H.Y. Piao, Y.B. Jiang, M. Ouyang, P. Quan,
Effect of crystal size on the in vitro dissolution and Oral absorption of Nitrendipine
in rats, Pharm. Res. 27 (2010) 1965–1976.

[5] C. Brough, R.O. Williams 3rd, Amorphous solid dispersions and nano-crystal tech-
nologies for poorly water-soluble drug delivery, Int. J. Pharm. 453 (2013) 157–166.

[6] M. Guo, Q. Fu, C. Wu, Z. Guo, M. Li, J. Sun, Z. He, L. Yang, D nanocrystals exhibit
superior in vitro dissolution and in vivo bioavailability over spherical like nano-
crystals: a case study of lovastatin, Colloids Surf. B: Biointerfaces 128 (2015)
410–418.

[7] D. Kumar, R. Thipparaboina, N.R. Shastri, Impact of Nisoldipine crystal morphology
on its biopharmaceutical properties: a layer docking assisted study, Org. Process.
Res. Dev. 19 (2015) 1912–1917.

[8] S.R. Modi, A.K.R. Dantuluri, V. Puri, Y.B. Pawar, P. Nandekar, A.T. Sangamwar,
S.R. Perumalla, C.C. Sun, A.K. Bansal, Impact of crystal habit on biopharmaceutical
performance of celecoxib, Cryst. Growth Des. 13 (2013) 2824–2832.

[9] S.R. Modi, A.K.R. Dantuluri, S.R. Perumalla, C.C. Sun, A.K. Bansal, Effect of crystal
habit on intrinsic dissolution behavior of celecoxib due to differential wettability,
Cryst. Growth Des. 14 (2014) 5283–5292.

[10] M.R. Yu, J.L. Wang, Y.W. Yang, C.L. Zhu, Q. Su, S.Y. Guo, J.S. Sun, Y. Gan, X.H. Shi,
H.J. Gao, Rotation-facilitated rapid transport of Nanorods in mucosal tissues, Nano
Lett. 16 (2016) 7176–7182.

[11] P. Jurney, R. Agarwal, V. Singh, D. Choi, K. Roy, S.V. Sreenivasan, L. Shi, Unique
size and shape-dependent uptake behaviors of non-spherical nanoparticles by en-
dothelial cells due to a shearing flow, J. Control. Release 245 (2017) 170–176.

[12] X.L. Huang, X. Teng, D. Chen, F.Q. Tang, J.Q. He, The effect of the shape of me-
soporous silica nanoparticles on cellular uptake and cell function, Biomaterials 31

(2010) 438–448.
[13] D. Li, J. Zhuang, H.S. He, S.F. Jiang, A. Banerjee, Y. Lu, W. Wu, S. Mitragotri,

L. Gan, J.P. Qi, Influence of particle geometry on gastrointestinal transit and ab-
sorption following Oral administration, ACS Appl. Mater. Interfaces 9 (2017)
42492–42502.

[14] X. Huang, X. Teng, D. Chen, F. Tang, J. He, The effect of the shape of mesoporous
silica nanoparticles on cellular uptake and cell function, Biomaterials 31 (2010)
438–448.

[15] L.L. Li, T.L. Liu, C.H. Fu, L.F. Tan, X.W. Meng, H.Y. Liu, Biodistribution, excretion,
and toxicity of mesoporous silica nanoparticles after oral administration depend on
their shape, Nanomed-Nanotechnol 11 (2015) 1915–1924.

[16] A. Banerjee, J.P. Qi, R. Gogoi, J. Wong, S. Mitragotri, Role of nanoparticle size,
shape and surface chemistry in oral drug delivery, J. Control. Release 238 (2016)
176–185.

[17] V.B. Junyaprasert, B. Morakul, Nanocrystals for enhancement of oral bioavailability
of poorly water-soluble drugs, Asian J. Pharm. Sci. 10 (2015) 13–23.

[18] V.B. Patravale, A.A. Date, R.M. Kulkarni, Nanosuspensions: a promising drug de-
livery strategy, J. Pharm. Pharmacol. 56 (2004) 827–840.

[19] T.O. McDonald, P. Martin, J.P. Patterson, D. Smith, M. Giardiello, M. Marcello,
V. See, R.K. O'Reilly, A. Owen, S. Rannard, Multicomponent organic nanoparticles
for fluorescence studies in biological systems, Adv. Funct. Mater. 22 (2012)
2469–2478.

[20] A. Wagh, F. Jyoti, S. Mallik, S. Qian, E. Leclerc, B. Law, Polymeric nanoparticles
with sequential and multiple FRET Cascade mechanisms for multicolor and multi-
plexed imaging, Small 9 (2013) 2129–2139.

[21] H. Friedl, S. Dunnhaupt, F. Hintzen, C. Waldner, S. Parikh, J.P. Pearson,
M.D. Wilcox, A. Bernkop-Schnurch, Development and evaluation of a novel mucus
diffusion test system approved by self-nanoemulsifying drug delivery systems, J.
Pharm. Sci. 102 (2013) 4406–4413.

[22] M. Guo, L. Zhao, M. Li, Q. Fu, X. Pu, B. Liu, Z. He, L. Yang, Simultaneous de-
termination of lovastatin and its metabolite lovastatin acid in rat plasma using
UPLC-MS/MS with positive/negative ion-switching electrospray ionization: appli-
cation to a pharmacokinetic study of lovastatin nanosuspension, J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 1023-1024 (2016) 55–61.

[23] M.R. Guo, Q. Fu, C.N. Wu, Z.B. Guo, M. Li, J. Sun, Z.G. He, L. Yang, Rod shaped
nanocrystals exhibit superior in vitro dissolution and in vivo bioavailability over
spherical like nanocrystals: a case study of lovastatin, Colloid Surf. B 128 (2015)
410–418.

[24] P. Bukovec, A. Meden, M. Smrkolj, F. Vrecer, Influence of crystal habit on the
dissolution of simvastatin single crystals, Acta Chim. Slov. 62 (2015) 958–966.

[25] S. Nangia, R. Sureshkumar, Effects of nanoparticle charge and shape anisotropy on
translocation through cell membranes, Langmuir 28 (2012) 17666–17671.

[26] S.K. Lai, Y.Y. Wang, D. Wirtz, J. Hanes, Micro- and macrorheology of mucus, Adv.
Drug Deliv. Rev. 61 (2009) 86–100.

[27] B. Roy, A. Mondal, S.K. Bera, A. Banerjee, Using Brownian motion to measure shape
asymmetry in mesoscopic matter using optical tweezers, Soft Matter 12 (2016)
5077–5080.

[28] K. Sugano, Possible reduction of effective thickness of intestinal unstirred water
layer by particle drifting effect, Int. J. Pharm. 387 (2010) 103–109.

[29] S. Takatsuka, T. Kitazawa, T. Morita, Y. Horikiri, H. Yoshino, Enhancement of in-
testinal absorption of poorly absorbed hydrophilic compounds by simultaneous use
of mucolytic agent and non-ionic surfactant, Eur. J. Pharm. Biopharm. 62 (2006)
52–58.

[30] M. Schachter, Chemical, pharmacokinetic and pharmacodynamic properties of
statins: an update, Fundam. Clin. Pharmacol. 19 (2005) 117–125.

[31] H. Meng, S. Yang, Z. Li, T. Xia, J. Chen, Z. Ji, H. Zhang, X. Wang, S. Lin, C. Huang,
Z.H. Zhou, J.I. Zink, A.E. Nel, Aspect ratio determines the quantity of mesoporous
silica nanoparticle uptake by a small GTPase-dependent macropinocytosis me-
chanism, ACS Nano 5 (2011) 4434–4447.

[32] H. Tang, H. Zhang, H. Ye, Y. Zheng, Receptor-mediated endocytosis of nano-
particles: roles of shapes, orientations, and rotations of nanoparticles, J. Phys.
Chem. B 122 (2018) 171–180.

[33] R. Vacha, F.J. Martinez-Veracoechea, D. Frenkel, Receptor-mediated endocytosis of
nanoparticles of various shapes, Nano Lett. 11 (2011) 5391–5395.

[34] Y. Li, T. Yue, K. Yang, X. Zhang, Molecular modeling of the relationship between
nanoparticle shape anisotropy and endocytosis kinetics, Biomaterials 33 (2012)
4965–4973.

[35] Y. Li, M. Kroger, W.K. Liu, Shape effect in cellular uptake of PEGylated nano-
particles: comparison between sphere, rod, cube and disk, Nanoscale 7 (2015)
16631–16646.

[36] T. Fan, C. Chen, H. Guo, J. Xu, J. Zhang, X. Zhu, Y. Yang, Z. Zhou, L. Li, Y. Huang,

Table 2
Pharmacokinetic parameters of LOVA after oral administration to rats (data are mean ± SE, n=5).

Pharmacokinetic parameters SNCs RNCs FNCs LOV Sol

Cmax (ng/mL) 565.92 ± 123.73⁎ 620.71 ± 90.53⁎ 313.65 ± 34.30⁎⁎ 1673.15 ± 473.56
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