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Methods: Semi-crystallin
diameter for EPN were pre

). Thereafter, drug content solubility and dissolution
its NPs were evaluated for their antibacterial activity.
NPs have significantly increased solubility and dissolution

method

Introduction

In pharmaceuticals, solubility is one of the main factors that keeps many potential
drug molecules from the market. Poor aqueous solubility affects bioavailability, due
to reduced dissolution of the drug in the body, which leads to poor drug absorption,
and thus the desired plasma concentration is not achieved to cause pharmacological
action.! Problems with solubility result in increased costs, as a much higher dose is
needed to reach the required plasma concentration level. Moreover, higher doses result
in undesired pharmacological responses, such as more adverse effects and poor patient
compliance, when the outcome is not what a patient expects.>*

Solid dosage forms like tablets and capsules, when administered orally, first
undergo dissolution in gastrointestinal fluids prior to absorption. For less soluble drugs,
the dissolution rate limits the bioavailability. To develop a suitable dosage form, many
difficulties arise due to the poor water solubility of drugs, as the therapeutic efficacy
of a drug depends upon the solubility of drug molecules.*
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Many approaches have been adopted to solve the prob-
lems of poor solubility and decreased bioavailability. To
improve solubility, some of the techniques that have been
used so far are particle-size reduction, solid dispersion, and
presentation of a drug in the form of nanoparticles (NPs).
NPs are smaller in size than conventional drug particles, and
so there is increased drug surface area.>”’

Drug nanocrystals can be produced by several techniques,
including “top-down” and “bottom-up” approaches.®’
Top-down methods are used frequently in the pharma-
ceutical industry, and include milling and high-pressure
homogenization,'*!! while bottom-up approaches, eg, super-
critical fluid technology, antisolvent precipitation, and spray
freezing into liquid, are used less commonly. Among the
bottom-up approaches, the antisolvent precipitation method
is an easy, simple and cost-effective way to achieve a nano
scale.’>"* If a drug is soluble in an organic solvent, precipita-
tion would be a feasible method.!° Evaporative precipitation
of nanosuspension (EPN) and anti-solvent precipitation
with a syringe pump (APSP) are among the approaches
that are used to address the problems of solubility, dissolu-
tion rate and bioavailability.'"!> Fessi et al first developed
and patented a solvent displacement method for the simple

and rapid preparation of a nanosuspension as presente
Bilati et al."
Phospholipid carriers have become an attracfa

daceae), commonly
formulations arcggm

have a numb¢ pharmacological actions including anti-

malarial,?? anti-S@@hythmic,?*?* anti-hyperglycemic,®
anticancer,”?’ hep®o-protective,?® antioxidant,” and
antimicrobial.***! However, the poor water solubility of BBR
impacts its dissolution rate and oral bioavailability, thus
limiting its clinical use."”> BBR appears to be a hydrophilic
compound and has a log P-value of —1.5,3? which makes BBR
a class III drug in the biopharmaceutical classification system
(BCS). Drugs included in this class are lipophobic and have
poor membrane permeability, and the absorption of the drugs
is mostly limited to the paracellular pathway. This limits
intestinal absorption and leads to low bioavailability.*

BBR NPs were prepared using APSP and EPN methods in
order to improve the bioavailability of the drug. The prepared
NPs were investigated for parameters including dissolution,
solubility, and antimicrobial properties.

Materials and methods

Materials

All the chemicals utilized in this study were of analytical
grade from Sigma-Aldrich Co. (St Louis, MO, USA).
Unprocessed BBR powder was received as a kind gift from

DrJaved Ali, Department of Microbiolggsiiiliakistan Council

in the APSP method, a solvent (ethanol)
o prepare a saturated solution of BBR which was
idly injected into a particular volume of deionized water
nti-solvent) at a fixed flow rate of 1 mL/min under mechani-
1 stirring (3,000 rpm), with the help of a syringe. The same
procedure was used while incorporating different volumes of
the deionized water with the same volume of saturated drug
solution (1:10, 1:15, 1:20 v/v). After stirring, the resulting
mixture, which was in the form of a turbid/opaque suspen-
sion, was evaporated quickly in a vacuum using a rotary
evaporator to obtain nano-sized drug particles."

In EPN, a pure drug saturated solution was prepared in
ethanol and then, as a result of the quick addition of hexane
(anti-solvent) to the prepared drug solution, a nanosuspen-
sion was formed. Different solvent:anti-solvent ratios (1:10,
1:15, 1:20 v/v) were used. Nano-sized drug particles from a
nanosuspension were obtained by rapid evaporation of the
solvent and anti-solvent in a vacuum.!! HPMC and PG at a
concentration of 1% were used as stabilizers for NP prepara-
tion by both methods.

Characterization

The prepared NPs were characterized using Fourier-transform
infrared spectroscopy (FTIR) for structure confirmation, scan-
ning electron microscopy (SEM) for surface morphology and
particle size, X-ray diffraction (XRD) for the determination

submit your manuscript

304

Dove

Drug Design, Development and Therapy 2018:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Berberine nanoparticles with enhanced in vitro bioavailability

of structure lattice, and differential scanning calorimetry
(DSC) to study the thermal behavior of the sample.

BBR NPs were characterized to determine their particle
size and associated polydispersity index (PDI) by dynamic
light scattering (Zetasizer® NanoS, Malvern Instruments,
Malvern, UK). All the samples were analyzed in triplicate
(n=3), and results were presented as mean * SD.

FTIR was performed in the range of 4,400-200 cm™!
using an infrared spectrophotometer (IR Prestige-21 Fourier-
transform infrared spectrophotometer, Shimadzu, Kyoto,
Japan) in the range of 200—4,400 cm™'.

Electron photomicrographs of NPs prepared by APSP
and EPN were obtained by SEM (JEOL JSM-5910, Tokyo,
Japan), which was operated at 20 kV using the standard
procedure for sample preparation.

The XRD patterns of unprocessed BBR and prepared
NPs were recorded using an X’Pert PRO X-ray diffractome-
ter (PANalytical, Almelo, the Netherlands). The operating
voltage was 40 kV, operating current was 30 mA, the start
angle 26 was 5° and the finishing angle was 60°.

DSC studies were done using Mettler-Toledo 822¢
(Greifensee, Switzerland). The procedure involved
using ~3—6 mg of sealed sample in one pan while an empty
pan served as a standard. Heat flow to both pans was p
at a rate of 10°C/min under nitrogen gas flow. Any cf
due to thermal effect in the pans was recor

In vitro analysis
Solubility studies
Solubility is the maximum a
of large
not dependent on

lus amount (equivalent to
and the prepared NPs were

orbital shaker, I8 GmbH, Staufen im Breisgau, Germany)
at 25°C (room temperature) for 72 hours at 3,000 rpm.
After mixing, samples were centrifuged at 3,000 rpm and
filtered through a Whatman filter paper no 1 (Thermo
Fisher Scientific, Waltham, MA, USA). For determination
of solubility, the filtered portion was diluted and analyzed at
263 nm using a UV-visible spectrophotometer (PharmaSpec
1,700 UV-visible spectrophotometer, Shimadzu). The same
procedure was adopted for PBS pH 6.8 and 0.1 M HCI as

solvents to determine the solubility. All tests were run in

triplicate. The data were evaluated to determine their sig-
nificance by applying statistical analysis (one-way ANOVA
followed by Dunnett’s post hoc test).

Dissolution
Three different dissolution media — distilled water, 0.1 M
HCI, and PBS (pH 6.8) — were used in the dissolution studies
in accordance with United States Pharmacopeia (USP)
method II (paddle method) as reported previously, with
slight modifications.**>’” The volume used for each medium
was 900 mL at 37°C£0.5°C at a rotation speed of 100 rpm.
C were subjected

e drawn at pre-
minutes) and

¥am was replaced.?®
d and observed spec-

rophotometer, Agilent Tech-
CA, USA) at a maximum wavelength

In vitro antimicrobial potentials against four
ta — two Gram-positive (Staphylococcus aureus and
Bacillus subtilis) and two Gram-negative (Escherichia coli
and Pseudomonas aeruginosa) — as well as two yeasts (Can-
dida albicans and Candida glabrata) using 96-well microtest
plate methods in accordance with the Clinical and Laboratory
Standards Institute guidelines® and a previously reported
method.* The lowest concentration of test NPs that totally
inhibited the growth of bacteria and yeasts was considered
as the minimal inhibitory concentration (MIC; ug/mL) of the
respective test NPs. Positive controls included norfloxacin (for
Gram-negative bacteria), clarithromycin (for Gram-positive
bacteria), and miconazole (for yeasts), while PBS was used as
a vehicle for NP solutions from the respective methods.

Results and discussion
Characterization of the NPs prepared by

APSP and EPN

NPs of BBR prepared by APSP and EPN methods were
characterized by the following analytical techniques: SEM,
Zetasizer, FTIR, DSC and XRD.

Surface morphology

SEM studies were carried out for unprocessed BBR, and its
NPs were prepared by APSP (Figure 1) and EPN (Figure 2).
The white patches in the figures show the formation of NPs
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20 kV x20,000 1 um

20 kV x20,000 1 um

Figure | Scanning electron microscope images of berberine nanoparticles prepared by anti-solvent precipitation with a syringe pump.
Abbreviation: CRL UOP, Central Resource Lab, University of Peshawar.

with diameters of approximately 90—110 nm for APSP and vibrations),
65-75 nm for EPN. The high surface area due to particle
size reduction enhanced solubility, dissolution rate and the
bioavailability of the NPs.

Particle size measurement
The mean particle sizes of BBR NPs prepared through APSP
and EPN methods are represented in Figure 3A and 3B,
respectively. Both figures represent mean particle size ranges
from 5045 nm to 170+£7 nm. The mean particle size and
values of NPs prepared by the EPN method was 71.53 n
while the NPs prepared by APSP method had a mggmme
size of 102.62 nm. These values show that b

d intense diffraction peaks at 26 of 8.6°, 9.1°,
29°, 16.2°, 20.9°, 25.4°, and 30.1°, which indicates that
nprocessed BBR is crystalline in nature. The NPs prepared
the APSP and EPN methods show diffraction peaks
with less intensity, which is indicative of a change in the

narrow size distribution.

FTIR studies
FTIR spectra of unprocessed B

crystalline nature of the material (Figure 5). Less crystalline
(semi-crystalline) and amorphous materials have greater free

energy compared to their corresponding crystalline forms.
Therefore, less crystalline or amorphous forms of the drugs
can be more easily solubilized and have enhanced dissolu-

tion rates compared to their respective crystalline forms.*

x20,000 1 um 20 kV x20,000 1 um

Figure 2 Scanning electron microscope images of berberine nanoparticles prepared by evaporative precipitation of nanosuspension.
Abbreviation: CRL UOP, Central Resource Lab, University of Peshawar.
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Figure 3 Particle size of the nanocrystals and associated polydispersity in
(B) evaporative precipitation of nanosuspension.

EPN metliods were further
effect of crystal struc-

unpro arp endothermic peak showing
melting o R at 145°C. Prepared NPs had almost the same
melting point &@hat of the unprocessed drug, but the melting

endothermic peaR was less intense, with an enthalpy of heat
fusion lower than the unprocessed drug. The reduction in the
enthalpy values is an indication of reduction in crystallinity
due to decrease in particle size.*=34

In vitro evaluation

Solubility studies

Next, the solubility of unprocessed BBR (Figure 7) and the
prepared NPs in distilled water, 0.1 M HCl and PBS (pH 6.8)
were studied. The results clearly indicate that solubility

of BBR increases when converted to the nano form in all
three solvents. The enhancement of the solubility may be
attributed to the changes in the crystalline nature of BBR
to a semi-crystalline or less crystalline form.'*#24¢4 The
nano form of BBR has more free energy compared to the
micro form which further helps in improving the solubility
of the NPs. It is evident from Figure 7 that the solubility of
BBR in distilled water is very close to that of PBS (pH 6.8).
The solubility of BBR in 0.1 M HCI was lower than that in
distilled water and PBS (pH 6.8). The decrease in solubility
in 0.1 M HCI solution may be due to conversion of BBR to
berberine chloride, which is less soluble than BBR.

It was found that the solubility of the NPs was signifi-
cantly higher (P<<0.001) than the unprocessed BBR in the
distilled water, 0.1 M HCI and PBS.

Dissolution studies

Dissolution studies of unprocessed BBR and of the NPs
prepared by the APSP and EPN methods were carried out
in distilled water (Figure 8A), PBS pH 6.8 (Figure 8B)
and 0.1 M HCI (Figure 8C) over a period of 120 minutes.
Samples were drawn at different time intervals (15, 30,
45, 60, 90, and 120 minutes). Dissolution rate analysis
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(APSP), and (C) evapora
Abbreviations: % T, per8
prepared by APSP method.

precipitation of nanosuspension (EPN).

clearly shows that unprocessed BBR dissolution was very
low (<<30%) in distilled water, 0.1 M HCI, and in PBS
(pH 6.8), but NPs prepared by APSP and EPN methods
showed an improved dissolution rate compared to that of
raw BBR over the same time range (120 minutes). NPs
made by both methods showed more than 70% dissolution
within 15 minutes in all three dissolution media, which
clearly indicates an enhanced dissolution rate. The enhanced

cm™!

infrared spectroscopy spectra of (A) unprocessed berberine; and nanoparticles prepared by (B) anti-solvent precipitation with a syringe pump

gge transmission; MB, material berberine; MB EPN, berberine nanoparticles prepared by EPN method; MB APSP, berberine nanoparticles

dissolution rate of NPs can be ascribed to certain factors
such as increased surface area, conversion to amorphous
form or reduction in the crystallinity, good dispersibility,
decrease in agglomeration and aggregation between the
hydrophobic drug particles.*

NPs prepared by the EPN method showed a superior
dissolution rate compared to those prepared by the APSP
method.
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Figure 5 X-ray diffractograms of unprocessed berberine and nanoparticles
prepared by anti-solvent precipitation with a syringe pump (APSP), and evaporative
precipitation of nanosuspension (EPN).

Abbreviations: MB, material berberine; MB EPN, berberine nanoparticles prepared
by EPN method; MB APSP, berberine nanoparticles prepared by APSP method.

Antimicrobial assays

BBR NPs prepared by APSP and EPN methods had
better antibacterial and antifungal activities than BBR
(unprocessed) and respective standard antimicrobial drugs
(Table 1). The antibacterial activity of BBR NPs produced by
the EPN method was increased by three- to four-fold against

Gram-positive bacteria. However, BBR NPs prepared Ry the

APSP method showed a two- to three-fold increase in a
against Gram-positive bacteria as shown by a reducti
MICs given in Table 1. The results indi 1

Original berberine

Heat enthalpy
(J/g)

MB APSP N
MB EPN N
60 80 100 120 140 160 180

Temperature (°C)

Figure 6 Differential scanning calorimetry results of unprocessed berberine (original
berberine) and nanoparticles prepared through anti-solvent precipitation with a
syringe pump (APSP) and evaporative precipitation of nanosuspension (EPN).
Abbreviation: MB, material berberine.

v

Figure 7 Solubility studies of unprocessed Derine and particles prepared by

anti-solvent precipitation with a syringe
of nanosuspension (EPN) methods.

pecially in poorer countries,
tibiotic resistance. Plants and their
0 be natural remedies, have thus been
d not only in developing and poorer countries
loped countries, in which herbal medicines

BBR has been demonstrated to reduce the infectivity of
bacteria, fungi, and protozoa in both animals and humans.>%->3
Previous studies have shown that BBR has negligible activity
against Gram-positive bacteria,*® with Zhang et al*’ reporting
the antibacterial activity of BBR against both Gram-positive
and Gram-negative bacteria, with activities equal to or greater
than 512 pg/mL against S. aureus and E. coli, respectively.
In the present study, BBR NPs prepared by APSP and EPN
methods have MIC values of 128 and 64 pug/mL respec-
tively, which indicates a substantial (300%—400%) increase
in antibacterial activity against Gram-positive bacteria.
Similarly, a profound increase in antibacterial activity by
BBR NPs prepared by the EPN method was found against
E. coli,ie, MIC 32 pg/mL. The anticandidal activity of BBR
NPs was shown to be better than unprocessed BBR. Against
C. albicans and C. glabrata, the activity was measured as
64, 128, and 256 ng/mL, respectively, for NPs prepared by
the EPN method, NPs prepared by the APSP method, and
unprocessed BBR.

Conclusion
The dissolution of NPs prepared by EPN and APSP methods in
aqueous medium were 76.8% and 74.1%, respectively, while

Drug Design, Development and Therapy 2018:12
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Figure 8 In vitro dissolution profiles of unprocessed berb
precipitation of nanosuspension (EPN) methods in (A)
Abbreviation: D/water, distilled water.

respective NPs. BBR NPs produced by both APSP and EPN
methods have shown promising activities against Gram-positive
and Gram-negative bacteria, and yeasts, with NPs prepared by
the EPN method showing superior results compared to those
made with the APSP method, and the unprocessed drug.

Table I In
with a syringe p8

antifungal activities of berberine and its nanoparticles (NPs) prepared by anti-solvent precipitation
(APSP) and evaporative precipitation of nanosuspension (EPN) methods

Gram-positive bacteria Gram-negative bacteria Yeasts

S. aureus B. subtilis E. coli P. aeruginosa C. albicans C. glabrata
Berberine 512 >512 512 256 256 256
Berberine NPs by APSP 128 256 64 128 128 128
Berberine NPs by EPN 64 128 32 64 64 64
Norfloxacin - - 16 8 - -
Clarithromycin 8 4 - - - -
Miconazole - - - - 32 128

Note: Minimum inhibitory concentration values shown as pg/mL.
Abbreviations: S. aureus, Staphylococcus aureus; B. subtilis, Bacillus subtilis; E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; C. albicans, Candida albicans; C. glabrata,
Candida glabrata.
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