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Abstract Currently, nanosizing is becoming increasingly
prevalent as an efficient way for the improvement of oral drug
absorption. This study mainly focuses on two points, namely
the crystal properties, and the in vitro and in vivo character-
izations of drug crystals during the nanosizing process. We
used glyburide, an oral type 2 diabetes (T2D) medication, as
our model drug. We sought to reduce the crystalline size of
this drug and evaluate its absorption properties by comparing
it with the original coarse drug because of previous reports
about its gastrointestinal absorption insufficiency. Glyburide
crystals, ranging from 237.6 to 4473 nm were prepared suc-
cessfully by jet milling and media milling. The particle sizes
and the crystal morphology were analyzed by characterization
of the solid states, equilibrium solubility, and dissolution be-
havior. Additionally, pharmacokinetic study was performed in
SD rats. The solid state results indicated a loss in crystallinity,
amide-imidic acid interconversion, and partial amorphization
during nanosizing. Further, in in vitro tests, nanocrystal for-
mulations remarkably increased the solubility and dissolution
of the drug (compared to microcrystals). In the in vivo test,
reducing the particle size from 601.3 to 312.5 nm showed no
improvement on the Cmax and AUC (0–36 h) values, while a
profound slowing of the drug elimination occurred with re-
duction of particle size. Further reduction from 312.5 to
237.6 nm lead to a significant increase (p < 0.001) of the
AUC (0–36 h) from 6857.8 ± 369.3 ng mL−1 h to
12,928.3 ± 1591.4 ng mL−1 h, respectively, in rats. Our

present study confirmed that nanosizing has a tremendous
impact on promoting the oral absorption of glyburide.

Keywords Nanosizing . Glyburide . Nanocrystal .

Crystalline . Oral bioavailability

Introduction

There has been an expansion in the use of active pharmaceu-
tical ingredients in the last two decades due to the advances in
high-throughput screening and combinatorial chemistry.
Unfortunately, about 70~90% of these active compounds have
absorption issues, with poor aqueous solubility [1]. Poor sol-
ubility, characterized by some oral administered drugs, poses a
problem, in that it restricts their biopharmaceutics and phar-
macokinetic properties and subsequently, their pharmaceutical
efficiency. Away to overcome this major obstacle commonly
faced by formulation scientists is to improve the solubility of
such drugs by using formulation strategies [2–4]. A well-
established and relatively simple approach used to solve this
problem is particle size reduction [5].

As predicted by the Ostwald–Freundlich and Kelvin equa-
tions, the saturation solubility of a drug is dependent on its
particle size and particle curvature [6]; and the Noyes–
Whitney equation has been used to correlate a drug particle
size with its dissolution rate [7]. Reduction of drug particle
size effectively increases its surface area, decreases thickness
of the diffusion layer, and enhances solubility. These effects
can dramatically improve the dissolution rate and simulta-
neously increase oral bioavailability [3]. Furthermore, various
studies have demonstrated nanosize optimizations, enable
achievement of smaller particle size, and consequently, im-
prove bioavailability [8–10].
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In general, top-down (breaking up large particles into
smaller ones), bottom-up (building up nanoparticles from
molecules) techniques, and combined approaches are often
used for nanosizing [8, 11]. Typically, the top-down ap-
proaches mainly involve homogenization or milling while
the bottom-up approaches, primarily are based on the princi-
ple of precipitation [12]. In the process of formulation design,
aspects such as stabilizers selection, homogenization/milling
time, pressure, speed, and milling media are often discussed in
the literature [13–15]. In these reports, nanosizing was used to
show poorly water soluble drugs can be absorbed and ensured
delivery to target sites. To fully understand the in vivo fate of
nanocrystals, our previous work further demonstrated differ-
ent in vitro and in vivo performances of rod-shaped and
spherical-shaped lovastatin nanocrystals [16] and the relation-
ship between dissolution and pharmacokinetics for
nimodipine nanocrystals [17]. There remain certain aspects,
however, that needed careful investigation. Different drug
crystals required different production time to achieve a partic-
ular minimal particle size. Whether the crystalline transforma-
tion and amorphization will occur by the high energy input
during the nanosizing process remain to be elucidated.
Additionally, no systematical study has described the influ-
ence of the nanosizing process on the crystal properties.
Thus, the crystal state during nanosizing process requires care-
ful analysis.

Our present study focused on two main points, crystals
properties, and the in vitro and in vivo characterizations of
drug crystals during the nanosizing process. Glyburide, the
model drug, is among the Class II drugs in the biopharmaceu-
tical classification system [18]. In this study, glyburide micro-
crystals and three nanocrystals ranging from 4.4 μm to
263.6 nm were prepared from the microcrystals by jet milling
and media milling. During the nanosizing process, the drug
crystal properties needed to be defined.We used the following
techniques to characterize glyburide nanosizing: (1) dynamic
light scattering; (2) scanning electron microscopy (SEM); (3)
transmission electron microscopy (TEM); (4) differential
scanning calorimetry (DSC); (5) powder X-ray diffractometry
(PXRD); (6) Fourier-transform infrared spectroscopy (FT-IR);
and (7) Raman spectroscopy (Raman). Finally, in vitro disso-
lution and in vivo pharmacokinetic studies were conducted,
which revealed a positive correlation between glyburide
nanosizing and oral intestinal absorption.

Materials and methods

Materials

Glyburide was purchased from the Tianjin Institute of
Pharmaceutical Research Co., Ltd. (Tianjin, China).
Polyvinylpyrrolidone K30 (PVP K30) and Lutrol poloxamer

407 (F127) were a gift by BASF Co., Ltd. (Shanghai, China).
Hydroxypropyl methylcellulose E5 (HPMC-E5) was obtained
from Anhui Sunhere Pharmaceutical Excipients Co., Ltd.
(Huainan, China). Sodium dodecyl sulfate (SDS) and sucrose
were obtained from Tianjin Bodi Chemical Holding Co., Ltd.
(Tianjin, China). Methanol (HPLC grade) was supplied by
Tianjin Kemer Chemical Reagent Co., Ltd. (Tianjin, China).
N-hexane and dichloromethane were obtained from Concord
Technology Co., Ltd. (Tianjin, China).

Preparation of glyburide formulations

Preparation of glyburide microcrystals

Glyburide microcrystals were prepared using an RT-25 jet
milling machine (Beijing Yanshan Zhengde Machinery
Equipment Co., Ltd., Beijing, China). Glyburide coarse pow-
der was added into a powder feeder and then freshly micron-
ized. The injector pressure and grinding pressure were kept at
0.6 and 0.4 MPa, respectively. The mill was maintained at a
feeding rate of 1 g/min, using compressed air as the carrier.

Preparation of glyburide nanocrystals

Glyburide coarse powder and stabilizer were added into a
beaker and mixed using magnetic stirring, followed by media
milling with a BBX24B Bullet Blender Blue homogenizer
(Next Advance, Inc., USA). These two procedures were con-
ducted to generate homogeneous suspension. Further, 1 mL of
zirconium dioxide beads were added to 1 mL of the suspen-
sion. Subsequently, nanocrystals with different particle sizes
were obtained by changing the stabilizer and varying the mill-
ing parameters, as shown in Table 1.

Freeze-drying

Characterization and pharmacokinetic studies were carried out
to improve the physical stability of glyburide nanocrystals,
which was further used for physicochemical analysis. The
procedures used were as follows: Samples were lyophilized
using an FDU-1100 EYELA freeze dryer (Tokyo Rikakikai
Co., Ltd., Tokyo, Japan), and sucrose (5%, w/v) was used as
the cryoprotective agent. Initially, samples were frozen at

Table 1 Nanocrystal stabilizer and milling parameters

Stabilizers Milling
time (min)

Bead diameters
(mm)

Nano-1 PVPK30 (6%, w/v) 25 0.1

Nano-2 PVPK30 (6%, w/v) 12 0.5

Nano-3 PVPK30 (6%, w/v) 9 0.5
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−80 °C for 8 h. Then a two-step cold drying was performed at
−40 °C for 3 h, followed by −20 °C for 15 h. Finally, a one-
step mild temperature drying was performed at 30 °C for 3 h.

Characterization of nanocrystals

Particle size

The particle sizes and polydispersity indexes (PdI) of the
nanocrystals were determined using a Zetasizer Nano ZS90
instrument (Malvern Instruments Ltd., Malvern, UK). All
samples were diluted 500-fold and measured at 25 °C at a
scattering angle of 90°. Each sample was measured in tripli-
cate for 14 cycles. Microcrystals were measured using a
Mastersizer 3000 instrument (Malvern Instruments Ltd.,
Malvern, UK). The dispersion pressure was kept at 2 bars,
with a feed rate range of 50%.

SEM

The morphologies of the raw crystals microcrystals and
nanocrystals were examined using an SU8010 field emission
SEM (Hitachi Ltd., Tokyo, Japan), to identify particles with a
better resolution. Samples were coated with a thin layer of
gold and placed on conductive double-sided carbon tapes.
The accelerating voltage mode used to collect secondary elec-
trons emitted by the atoms of the drug crystals was 20 kV.

Tem

To further confirm the morphology and shape of the glyburide
nanocrystals, samples were examined using a JEM-2100,
TEM (JEOL Ltd., Tokyo, Japan). Briefly, 10 μL of diluted
nanocrystals (0.5 mg/mL) was dropped on copper grids with a
200-mesh carbon supported membrane and dried at room tem-
perature. Then, 2% phosphotungstic acid solution was added
for 30 s to stain the nanocrystals. After drying in the air for
10 s, the samples were observed at an accelerating voltage of
200 kV.

DSC

DSC analysis was conducted using a DSC 1 instrument
(Mettler-Toledo International Inc., Schwerzenbach,
Switzerland). The thermal properties of the coarse glyburide,
its microcrystals, physical mixture, and its nanocrystals were
analyzed. For DSC measurement, each sample was weighed
accurately in pierced aluminum pans and heated at a 10 °C/
min rate, from 25 to 200 °C in a nitrogen atmosphere.
Aluminum oxide was used as a reference in all of the studies.

PXRD

We analyzed the crystallinity of the coarse drug, microcrys-
tals, and nanocrystals, by using a D/Max 2500 PC X-ray dif-
fractometer (Rigaku Corporation, Tokyo, Japan) over a 2θ
range of 3° to 50° at a scanning rate of 1°/min. We operated
the equipment at a voltage of 40 kV and a current of 40 mA.
Moreover, a vertical goniometer was used to measure the
scattered radiation.

FT-IR

The interaction between drug and excipients was analyzed
using an FT-IR spectrometer (Bruker Corporation,
Switzerland) at room temperature. The samples were com-
pressed into small pellets with potassium bromide (KBr)
scanned over the range 4000 to 400 cm−1.

Raman spectroscopy

Raman spectroscopy was conducted to analyze crystal sam-
ples with rough uneven or curved surfaces, using a Renishaw
InVia Raman microscope (Gloucestershire, UK) which was
equipped with a 532 nm laser. The laser power was 100 mW
and the integration time was 10 s.

In vitro evaluation

Equilibrium solubility measurement

We added excess glyburide (about 6 mg) to 10 mL tubes
(n = 3) containing 9 mL distilled water. The tubes were shaken
continuously in a water bath maintained at 37 °C. At 1, 4, 8,
24, 48, and 72 h, the equilibrated samples were passed through
a 0.22 μmmembrane filter (Tianjin Kemer Chemical Reagent
Co., Ltd., China) and 1 mL of each filtrate was diluted with
equal volume of methanol. Finally, the amount of dissolved
drug was analyzed quantitatively for each sample by HPLC.

In vitro dissolution test

We used ZRS-8G dissolution tester (Tianjin Tianda Tianfa
Technology Co., Ltd., Tianjin, China) to evaluate the in vitro
dissolution performance of glyburide crystals. (Paddle meth-
od, Electrolab Dissolution Tester TDT-06P, USP). Powder
samples of the coarse drug, microcrystals, and nanocrystals
(equivalent to 2.5 mg glyburide) were dispersed in 250 mL
phosphate buffer solution (pH 6.8 ± 0.05) containing 0.3%
SDS. The tests were conducted at 37 °C with a paddle speed
of 75 rpm. At 0.25, 0.5, 1, 2, 3, and 4 h, samples (10 mL each)
were withdrawn and replaced with the same volume of fresh
medium. Then, each sample was passed through a 0.22 μm
membrane filter. Each filtrate was then diluted with methanol
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and quantitatively analyzed by high-performance liquid chro-
matography (HPLC).

HPLC analysis

HPLC technique was used to evaluate the drug contents
employing a Waters e2695 HPLC system, consisting of a
2489 UV/Visible Detector and a 515 pump (Waters
Technology Co., Ltd., Shanghai, China). The drug concentra-
tions were analyzed using a validated HPLC method [19]. An
ODS Cosmosil 5C18-AR-IIcolumn (150 mm × 4.6 mm,
4.5 μm) with UV detection at 300 nm was used as a mixture
of ammonium dihydrogen phosphate (pH 3.5) / methanol at
37.5:62.5, as the eluent at a flow rate of 1.0 ml/min. The
concentration of each sample was calculated by the external
standard method with a glyburide retention time (RT)
10.9 min.

Pharmacokinetic study

Animal studies

The protocols for our animal studies were approved by the
Animal Ethics Committee of Shenyang Pharmaceutical
University (Shenyang, China). Animal experiments were per-
formed according to the BGuidelines for the Care and Use of
Laboratory Animals.^ Male Sprague-Dawley (SD) rats
weighing 250 ± 20 g were randomly assigned to five groups
(n = 6). The rats fasted for 12 h before the study, and all groups
were administered with a single oral dose of 10 mg glyburide.
Blood samples (0.3 mL) were collected from the suborbital
venous plexus and transferred to heparinized tubes at 0.17,
0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h. After centrifugation
at 13,000 rpm for 10 min, a plasma sample was obtained at
each time point, for each group and stored at −20 °C until
required for LC-MS-MS analysis.

Plasma processing

Glyburide was extracted using a liquid-liquid extraction pro-
cedure. For sample preparation, 20 μL of an internal standard
solution (250 ng/mL, glipizide) and 20 μL of initial mobile
phase were added to 100 μL plasma samples. Afterward,
50 μL phosphoric acid (0.25 M) and 3 mL extraction solvent
(n-hexane: dichloromethane at a volume ratio of 1:1) were
added, mixed for 3 min, and then centrifuged at 3500 rpm
for 10 min. The organic layer obtained was transferred to a
clean vial and evaporated at 40 °C under a gentle nitrogen
purge. Dried residue was re-dissolved in 100 μLmobile phase
and centrifuged at 15,000 rpm for 10 min. Finally, 5 μL of
supernatant from each sample was injected into the LC-MS-
MS system.

LC-MS-MS analysis

An ACQUITY UPLC™ system (Waters Co., Ltd., Milford,
MA, USA) was used to determine the plasma drug concentra-
tion, using a validated LC-MS-MS method [20]. The separa-
tion was performed using an ACQUITY UPLC BEH C18
column (50 mm × 2.1 mm, 1.7 μm; Waters Co., Ltd.,
Milford, MA, USA) and quantification was executed using
multiple transition reaction monitoring of the m/z 446 →
321 for glipizide and m/z 494 → 369 for glyburide, respec-
tively. The standard curve was linear (r2 > 0.99) over the range
1–3000 ng/mL. The lower limit of quantification was 1 ng/
mL.

Statistical analysis

The results of the analysis were expressed as mean ± S.E.
One-way ANOVA was carried out using IBM SPSS
Statistics 21 software. Differences were considered statistical-
ly significant if the p value was less than or equal to 0.05.

Results and discussion

Formulation and preparation of drug crystals

The results of our present studies show that jet milling and
media milling are capable of breaking up coarse glyburide into
the micron and nano range. In this process, factors such as the
size of the milling media, type, and a number of stabilizers,
milling speed and time, were optimized to obtain the desired
particle size and polydispersity index (PdI). Then,
nanocrystals were freeze-dried to improve their physical sta-
bility for further characterization: Sucrose (5%w/v) was added
to each formulation to prevent crystal agglomeration and en-
sure complete redispersion. The dry powders obtained were
loose and dispersible. We evaluated the apparent particle size
of the nanocrystals and microcrystals, using dynamic light
scattering and laser diffraction. The results are shown in
Table 2. After micronization, the d50 (which means that 50%
of the particles by volume are smaller than the given value) of
the microcrystals was reduced to 4.473 μm. Nanocrystals
were prepared using media milling, exhibited a relatively
low PdI, suggesting that the drug crystals were uniform.

Morphology

The SEM and TEMmicrographs in Fig. 1 show changes in the
crystal size reduction process. The particle sizes shown in the
pictures are consistent with the above-measured diameters.
Microcrystals (Fig. 1) aggregated into small particles with
no uniform size and shape. Compared with microcrystals,

Drug Deliv. and Transl. Res. (2017) 7:428–438 431



the nanocrystals (Fig. 1b, c, d) had a relatively uniform size
distribution and random morphology.

Crystal characterization

To elucidate the effects of nanosizing processes on drug crys-
tal properties, the solid state of microcrystals, freeze-dried
nanocrystals, and the physical mixture was investigated using
DSC, PXRD, FT-IR, and Raman spectroscopy, with the re-
sults shown below:

DSC

In Fig. 2, the thermal behavior of coarse glyburide, microcrys-
tals, nanocrystals, a physical mixture and an excipient mix-
ture, are reported. First, the DSC thermogram of coarse
glyburide (Fig. 2a) presented a sharp peak at 166.8 °C (onset
temperature), while the thermal behavior of freeze-dried
nanocrystals slightly shifted to a lower temperature. Second,
the endothermic peak of nanocrystals (Fig. 2c, d, e) showed an
onset temperature at 164.91 °C (Nano-3), 159.65 °C (Nano-

2), and 158.64 °C (Nano-1). The endothermic peak of excip-
ient also was observed in Fig. 2.Third, there was slight and
broader shift in the endothermic peak of nanocrystals toward
lower temperatures, compared with the peak of the corre-
sponding pure drug, which could be the result of nanonization
[21, 22]. The slight shift observed towards lower temperatures
might be due to loss of crystallinity and the appearance of the
excipients. The Hf decreased from 62.809 J/g (coarse
glyburide) up to 30.745 J/g (Nano-3), 20.29 J/g (Nano-2),
and 13.35 J/g (Nano-1), further confirming the loss in crystal-
linity during the milling process. Reduction of the particle size
from micro range to the nano range leads to a significant
increase in the surface-volume ratio, and a resulting change
in surface energy which we anticipated could further affect the
intrinsic properties of the drug particles. Weakened thermal
resistance and intermolecular interactions in the nanocrystals
means that less energy is required to rupture the bonds be-
tween the drug molecules [23]. The reflected DSC thermo-
grams exhibited left and broadened peaks, which is most like-
ly due to the size effect and crystal defects during the milling
process [24, 25].

Fig. 1 The SEM image of a
micronized glyburide, and the
TEM images of nanocrystals: b
Nano-3, c Nano-2, and d Nano-1.
(Nano-3: 601.3 nm; Nano-2:
312.5 nm; Nano-1: 237.6 nm)

Table 2 Particle size and PdI of
glyburide (data are expressed as
mean ± S.D., n = 3)

Preparation Before freeze-drying After freeze-drying

Mean diameter (nm) PdI Mean diameter (nm) PdI

Microcrystals 4437 – – –

Nano-3 601.3 ± 21.85 0.347 ± 0.042 681.3 ± 15.81 0.429 ± 0.220

Nano-2 312.5 ± 21.83 0.299 ± 0.041 344.5 ± 8.194 0.253 ± 0.034

Nano-1 237.6 ± 4.788 0.159 ± 0.028 246.7 ± 6.512 0.223 ± 0.028
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PXRD

The PXRD images provided further evidence for the physical
state of the glyburide nanocrystals. The diffractogram patterns
of coarse glyburide, microcrystals, nanocrystals, the physical
mixture, and excipient mixture are presented in Fig. 3. A sharp
and intense diffraction peak of coarse glyburide (Fig. 3a) con-
firms a crystalline nature which is in good agreement with the
study by Pei T. Mah and Timo Laaksonen [26]. Characteristic
peaks were observed at 2θ of 11.7°, 13.1°, 18.9°, 19.4°, 20.7°,
21.8°, 22.8°, 23.1°, 24.7°, and 25.2° in the untreated glyburide
[26]. The reduced intensity and slight broadening of the peaks
following nanonization could be due to small drug crystals
[24] and the surface coating of the stabilizers [27]. The broad

halo characteristic observed in (Fig. 3b, c, d, e) may attribute
to the so-called Bsize broadening phenomenon^ of crystalline
materials with sizes less than 1 μm and is related to micro-
structure changes (crystal size, defects, and microstrain).
During milling, collision and shear forces determine the
breakdown of the drug crystals from micro range down to
the nano range. These high energy forces may also induce a
change in crystal structure and partial or total amorphization
of the samples [28–30].

FT-IR

Since FT-IR spectroscopy is sensitive to structural changes
occurring in a sample, we analyzed the infrared characteristics
of the glyburide crystal during the size reduction process and
the results obtained are shown in Fig. 4. The main absorption
bands of glyburide (Fig. 4a) were observed at 3374.82,
3319.86, and 1717.30 cm−1 which corresponded to NH,
HN-C=O, and =C-O-C groups, respectively. Sharp peaks at
1306.54, 1341.25 cm−1 and peaks at 1157.08, 1183.11 cm−1

are associated with the asymmetric and symmetric stretching
vibration of SO2. The excipient peaks at 1121 and 1670 cm

−1

correspond to C-N and C=O stretching. It was evident from
the spectrum that a reduction in band intensity and the loss of
spectral resolution occurs upon milling. Both effects are at-
tributable to the nanosizing and drug amorphization process.
Moreover, several distinct differences were observed between
nanocrystals and microcrystals. First of all, the N-H stretching
detected at 3319.86 cm−1 in the coarse glyburide (Fig. 4a)
found to mostly disappear in Nano-1, while the N-H stretch
at 3374.82 cm−1 remains mostly unchanged. The next obvious
difference is that a significant loss of peak intensity was ob-
served at the 1717.30 cm−1 (carbonyl stretching region) of the
spectrum of the quenched sample. Apart from the decrease, a

Fig. 3 The X-ray diffraction results of a coarse drug, b micronized
glyburide, c Nano-1, d Nano-2, e Nano-3, f physical mixture, and g
excipient mixture

Fig. 4 FT-IR spectra of a coarse drug, bmicronized glyburide, cNano-1,
d Nano-2, e Nano-3, f physical mixture, and g excipient mixture

Fig. 2 The DSC thermograms of a coarse drug, bmicronized glyburide,
c Nano-1, d Nano-2, e Nano-3, f physical mixture, and g excipient
mixture
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new band at 1654 cm−1 was found to appear. According to
reports in the literature, this new band is attributable to C=N
stretching. Also, the spectral changes were connected with the
transition between the keto form and the enol form (keto-enol
tautomerism) of glyburide, a result of the amide-imidic acid
conversion during the milling process [31].

Raman spectroscopy

Raman spectroscopy is a technique which involves examina-
tion at the molecular level, and it uses inter- and intramolecu-
lar vibrations to investigate structural differences [32]. The
Raman spectra of coarse glyburide, microcrystals, and
nanocrystals are shown in Fig. 5. Characteristic peaks were
observed at 1588 cm−1 (C=C stretching), double peaks at
1368 cm−1 (asymmetric stretching of SO2) and 1152 cm−1

(symmetric stretching of SO2), which broadened upon mill-
ing. Nanosizing resulted in merging of multiple from 1428 to
1459 cm−1, which could be assigned to a deformation of alkyl
groups’ vibrations. Furthermore, milling of glyburide resulted
in clear reductions in peak intensity at 1014,1151,1178,1199,
and 1246 cm−1, and the peak is broadening at 1250 cm−1.
Often, peak broadening and intensity reduction are related to
crystal disorder which was evident in the size reduction pro-
cess [29].

Equilibrium solubility of glyburide

For solubility measurements, equilibrium solubility methods
are preferred to kinetic solubility measurement [33]. The equi-
librium solubility of microcrystals and nanocrystals are shown
in Fig. 6. The solubility of microcrystals, Nano-2 and Nano-3,
was less than 0.4 g/mL for 72 h, and it was clear that Nano-1
exhibited a marked improvement in solubility (from 0.23 to

1.36 μg/mL). There was no significant increase in solubility
between 48 and 72 h (p > 0.05), indicating that equilibrium
attainment. The poor wettability of the microcrystals powder
may partly account for the low solubility of the microcrystals
[34] since some of the powder was floating on the medium
during the entire shaking process. Following a further reduc-
tion, the solubility of Nano-3 and Nano-2 did not show any
significant improvement, and this can be explained by the
broader size distribution. Differences in the diffusion layer
and surface area in nanocrystals are responsible for creating
differences in solubility [15]. The research of Bernard Van
Eerdenbrugh has suggested that the influence of particle size
on the relative solubility (relative to that of the unmilled drug)
might only become significant when the particle size is small-
er than 300 nm, consistent with our results [35]. The Kelvin
and Noyes-Whitney equation could explain the subsequent
increase in solubility: A decrease in particle size to 237.6 nm
leads to a significant increase in the surface area, which may
further reduce the diffusion layer and increase the dissolution
pressure, thereby, increasing the solubility. Molecules from
highly concentrated solution around small-sized nanocrystals

Fig. 5 Raman spectra of a coarse drug, bmicronized glyburide, c Nano-
1, d Nano-2, e Nano-3, f physical mixture, and g excipient mixture

Fig. 6 Equilibrium solubility of micronized glyburide and Nano-3,
Nano-2, and Nano-1 in distilled water

Fig. 7 Dissolution profiles ofmicronized glyburide andNano-3, Nano-2,
and Nano-1 in pH 6.8 buffer solution containing 0.3% SDS. Each bar
represents mean ± S.E. of three independent experiments
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tend to diffuse into the vicinity of larger nanocrystals where a
low concentration is present. This continuous process tends to
create a concentration gradient, leading to the dissolution of
small crystalline particles and the growth of larger particles as
explained by Ostwald ripening [36].

In vitro dissolution performance

The in vitro, dissolution performances of microcrystals and
freeze-dried nanocrystals were investigated in a buffer solu-
tion of pH 6.8, containing 0.3% SDS. The dissolution profiles
are shown in Fig. 7. It is noticeable that glyburide displayed
definite improvement after nanosizing. In the case of jet-
milled microcrystals, more than 70% of the glyburide dis-
solved within 4 h; while, nearly 70% of the nanocrystals dis-
solved within 30 min, as opposed to the only 20% solvation
observed with the microcrystals. After 4 h, 100% of the
glyburide had dissolved from Nano-1, and Nano-2, prepara-
tions, while only about 83.7% dissolved from Nano-3. The
dissolution rate was shown to be linearly proportional to the
specific surface area, as described by the Noyes–Whitney
equation, and it is apparent that the dissolution rate and extent

of dissolution were improved proportionally by breaking drug
crystals down to the nano range [28]. Moreover, the dramatic
increase in the dissolution rate can result from the enhanced
surface area of the reduced particles and the decreased diffu-
sion layer thickness. Overall, fast and complete dissolution
was obtained when the particle size was reduced to
237.6 nm. We assumed that this increase in the in vitro disso-
lution rate would favor in vivo bioavailability.

In vivo bioavailability performance

The plasma drug concentration–time curves of glyburide mi-
crocrystals and nanocrystals after oral administration to SD
rats are presented in Fig. 8, and the key pharmacokinetic pa-
rameters are shown in Table 3. The AUC(0−t) of nanocrystals
exhibited a significant increase, compared with the microcrys-
tals. Also, the differences in the pharmacokinetic parameters
of the particle sizes were observed and shown to be statisti-
cally significant. The AUC (0–36 h) value of Nano-3, Nano-2,
and Nano-1was increased about 2.32-fold (p < 0.05), 2.30-
fold (p < 0.05), and 4.34- fold (p < 0.01) compared with
microcrystals, respectively. These results clearly proved the
effect of nanosizing on the in vivo oral absorption and the
necessity of nanosizing. By comparing the pharmacokinetic
outcome ofmicrocrystals and nanocrystals, an interesting phe-
nomenon was discovered that the Cmax and AUC (0–36 h)

showed no improvement when the particle size was reduced
from 601.3 to 312.5 nm. As shown in Fig. 8, the time of
maximal plasma concentration was achieved later in Nano-3
than in Nano-2, which is indicative of a delayed absorption
process. Meanwhile, the t1/2 (h) improved from 3.7 to 5.2, and
theMRT (h) decreased from 5.2 to 4.9. These results indicated
that nanosizing could slow down the elimination of glyburide
and sustained the drug in the body for a longer time. When
drug nanocrystals are orally administered, they are rapidly
dissolved and reach equilibrium solubility in the GI tract.
The complete dissolution of the drug, however, is still limited
by its solubility within the GI tract. Additionally, it is also
reported that particles smaller than 211 nm could penetrate

Fig. 8 In vivo plasma concentration of glyburide versus time curves after
oral administration of 10 mg glyburide to SD rats (data are mean ± S.E.,
n = 6)

Table 3 Pharmacokinetic parameters of glyburide formulations after oral administration of a single dose of 10 mg/kg to SD rats, data are presented as
mean ± SE, n = 6

Pharmacokietic parameters Micronized glyburide Nano-3 Nano-2 Nano-1

Cmax (ng mL−1) 343.9 ± 47.4 1760.4 ± 257.1### 1760.4 ± 257.1 2705.1 ± 492.3★★

T max (h) 3.2 ± 0.4 2 ± 0.5 2.0 ± 0.2 2.0 ± 0.3

t1/2 (h) 13.3 ± 6.6 3.7 ± 0.7### 5.2 ± 0.8 6.9 ± 1.7

AUC (ng mL−1 h) 2976.6 ± 491.1 6895.0 ± 367.1## 6857.8 ± 369.3 12,928.3 ± 1591.4★★★

MRT (h) 9.9 ± 1.7 5.2 ± 0.5 4.9 ± 0.4 7.7 ± 1.5

p < 0.05 (★), p < 0.01 (★★), and p < 0.001 (★★★) versus Nano-2 as the control

p < 0.05 (*) and p < 0.01 (**) versus Nano-3 as the control

p < 0.05 (#) and p < 0.001 (###) versus microcrystals as the control
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to a depth of 60 μm into the gastrointestinal mucous gel layer
in rats and retarded the elimination process [37]. Further, it
was evident from our findings that, the t1/2 of absorption
displayed in the micronized glyburide was higher (p < 0.05)
than the t1/2 exhibited in the coarse glyburide. This prolonged
period of drug metabolism might be due to the absence of a
stabilizer. In fact, when drug crystals are orally administered
initially, the undissolved drugs are likely to adhere to the gas-
trointestinal mucous gel layer, leading to a higher local con-
centration. After micronization, poor wettability and an in-
creased tendency for electrostatic interaction to occur, make
the drug powder more likely to gather in the GI tract, and thus,
retard its metabolism [38]. Finally, there was a change in the
crystal state from stable microcrystal form to a metastable
nanocrystals state [39]. Since the gastrointestinal tract con-
tains gastric fluid, a drug with a high aqueous solubility prop-
erty is expected to dissolve rapidly [40]. Firstly, particle size
affects the dissolution rate of drug crystals; nanocrystals with
smaller particle size are supposed to have higher solubility in
the GI tract, dissolving faster, whereas larger particles dissolve
more slowly. The uptake of dissolved drug crystals can occur
via macropinocytosis, caveolin-mediated endocytosis and the
M cells in Peyer’s patches [14]. Secondly, size-dependent up-
take of nanoparticles has also been observed, with nanoparti-
cles of smaller sizes (336.3 nm) demonstrating higher levels of
intestinal transport via enterocytes and M cells [41].
Furthermore, particle size affects the penetration through
biomembranes of nanocrystals. For example, nanocrystals of
fluorescein diacetate can penetrate into the cornea, whereas
microcrystals cannot [42]. Compared with coarse hybrid
nanocrystals, smaller saquinavir hybrid nanocrystals are more
likely internalized by caco-2 cells and translocated into
enterocytes and jejunum in vitro [43].

Conclusion

Our present study has clearly demonstrated changes in prop-
erties of crystals in the nanosizing procedures. During the
milling process, nanocrystals exhibited loss of crystallinity,
amide-imidic acid conversion, and partial amorphization.
When the particle size reduced to 237.6 nm, the nanocrystals
improved in their aqueous solubility properties and in disso-
lution tests. In the in vivo analysis, reduction of particle size
from 601.3 to 312.5 nm showed no improvement in bioavail-
ability, but elimination slowed down moderately, with this
reduction. Interestingly, a particle size reduction ranging from
312.5 to 237.6 nm resulted in substantial improvement in both
absorption and elimination rates (p < 0.001); there was a sig-
nificant difference in the AUC for nanocrystals, and the ability
of the drug to sustain in the rat system for a much longer time.
Collectively, our results show that, the reduction of glyburide
particle size to 237.6 nm significantly improved the in vitro

and in vivo characteristics, which certainly could favor the
therapeutic efficacy of the drug in T2D therapy.
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