Drug Development and Industrial Pharmacy, 2010; 36(7): 751-761

ORIGINAL ARTICLE

informa

healthcare

Characterization and formulation optimization of solid
lipid nanoparticles in vitamin K1 delivery

Chi-Hsien Liu!, Chao-Ting Wu' and Jia-You Fang?

!Graduate Institute of Biochemical and Biomedical Engineering, Chang Gung University, Taoyuan, Taiwan, ROC and
2Graduate Institute of Natural Products, Chang Gung University, Taoyuan, Taiwan, ROC

Abstract

Background: Solid lipid nanoparticle (SLN) systems have been applied to various drugs and delivery routes.
Vitamin K1 is an important cofactor for maintaining hemostasis and preventing hemorrhage. Method:
Vitamin K1-loaded SLNs are systematically being developed by optimizing triglycerides and lipophilic and
hydrophilic surfactants based on the size and stability of the resulting SLNs. Concentrations of the surfac-
tants, Myverol and Pluronic, were optimized by a central composite design and response surface method-
ology. Vitamin K1 (phylloquinone) was used as a lipophilic drug in the SLN system to evaluate the
potential for oral delivery. Results: Vitamin K1-loaded SLNs had a mean size of 125 nm and a zeta potential
of —23 mV as measured by photon correlation spectroscopy. The prepared SLNs were examined by differ-
ential scanning calorimetry and transmission electron microscopy and found to have an imperfect crystal-
line lattice and a spherical morphology. Effects of ultrasonication duration and drug load on the particle
size and entrapment efficiency of the SLNs were also evaluated. Conclusion: More than 85% of the vitamin
K1 was entrapped in SLNs when the payload was <5%. The vitamin K1 in SLNs was stable for a 54-h dura-
tion in simulated gastric and intestinal fluids. The particle size and vitamin K1 entrapped in the SLN were
stable after 4 months of storage at 25°C. The results demonstrated that SLNs prepared herein can poten-
tially be exploited as carriers for the oral delivery of vitamin K1.
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Introduction

Solid lipid nanoparticles (SLNs) have several advantages
over other drug delivery systems, such as good tolerability,
rapid biodegradation, high bioavailability, high drug-
loading capacity, good production scalability, and a lack
of organic solvents in the preparation process'. Factors
contributing to the increased rate of drug delivery by SLNs
include solubility enhancement, the large surface-to-
volume ratio due to the nanosizes, and a permeation
enhancer effect>®. However, the choice of lipids and emul-
sifiers and their concentrations have a great impact on the
quality of the SLN dispersions. These formulation ingre-
dients significantly affect the physicochemical proper-
ties and the drug-release profiles of the nanoparticles’.
Lipids such as triglycerides, fatty acids, and waxes, as well
as emulsifiers such as lecithin, phosphatidylcholine,

poloxamer, and polysorbate, have been used to prepare
SLN delivery systems*’. In such studies, all variables
except the one being studied are held constant during test
runs, that is, one variable is tested at a time. Sometimes,
variable interactions exist, which cannot be investigated
by the one-variable-at-a-time technique. The response
surface methodology (RSM) is useful in simultaneously
analyzing process variables when variable interactions are
very complicated. RSM has been adopted to optimize the
formulation of sustained-release microspheresﬁ, oral-
controlled-release formulations for insulin-lauryl sulfate
complex7, formulations of nanoemulsions®®, and penetra-
tion rates of meloxicam sodium gel'®. Those studies dem-
onstrated the value of RSM for formulation optimization in
various drug delivery systems. Furthermore, the field of
nanoparticle delivery systems for drugs and nutraceuticals
with poor water solubility has been rapidly expanding!®.
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Sufficient data implicate that the bioavailability of hydro-
phobic drugs can be improved when these drugs are encap-
sulated in SLNs. For example, the bioavailability of poorly
water-soluble drugs such as quercetin'?, vinpocetine'3, all-
trans retinoic acid'#, and spironolactone'® in SLNs was sig-
nificantly increased compared with that in the solution form
after oral administration in rats.

Vitamin K1 is an important cofactor for maintaining
hemostasis by aiding the carboxylation of vitamin K-
dependent proteins that have great impacts on athero-
sclerosis and atherogenesis'®. Vitamin K1 also prevents
the hazard of hemorrhage in breastfeeding infants'”.
The deficiency of vitamins K1 and D2 causes reduced
bone mineral density in female patients with Alzhe-
imer’s disease!®. Arterial calcification caused by war-
farin was alleviated by a vitamin K1-rich diet in rats'®. In
addition, oral vitamin K1 lowers the international nor-
malized ratio more rapidly than subcutaneous vitamin K1
in asymptomatic patients who have supratherapeutic
international normalized ratio values while receiving war-
farin-associated coagulopathy?’. Nevertheless, Pereira
et al. reported that the intestinal absorption of mixed-
micellar vitamin K1 is unreliable in adults with severe
acute liver dysfunction and in infants with cholestatic
liver disease®""?2. Determining how to orally deliver vita-
min K1 in these patients with high efficiency is an impor-
tant issue. Particle size is one of the important factors that
have a direct impact on the stability, biodistribution, and
release kinetics of SLN systems'. Small particles with a
large surface ensure close contact with tissues. Therefore,
nanosized droplets have better chances to adhere to tis-
sue surfaces, penetrate barriers, and transport drugs in a
more controlled fashion?®. Furthermore, small droplet
size makes the dispersion stable for a long time against
sedimentation, hence offering increased stability. Parti-
cle size is also a good indicator of instability, because the
size increases before macroscopic changes appear®.
Reducing the particle size to values below 500 nm
improves the bioavailability of carotenoids in the small
intestine. This improvement in bioavailability is linked to
the direct uptake of the nanoparticles, which is con-
trolled by the size of the nanoparticle system'!. However,
no data on uptake were published for particles smaller
than 50 nm. Very recently, two research groups used
experimental design to develop the SLN formulation and
aimed to obtain SLNs with size range of 100-200 nm?>*%5,
High drug payload is the aim of drug delivery. However,
the studies discussing effects of drug load on SLN size are
few. In this study, different hard lipids and hydrophilic
and hydrophobic emulsifiers were systematically
screened to choose the best combination for SLN pro-
duction. SLN with small particle size was developed by
using a central composite design and RSM. Vitamin K1
was used as a model drug to be encapsulated in the
SLNs. The aim of this work was to optimize the SLN

formulations and investigate the influence of surfac-
tants and preparation process on the size, stability, and
entrapment efficiency (EE) of the SLNs. The physical
characteristics and release profiles of vitamin K1-
loaded SLNs under physiological buffers were also
investigated. Moreover, the effects of temperature on
the stability of vitamin K1-loaded SLNs were studied to
evaluate the long-term stability.

Materials and methods

Materials

Precirol ATO5, a glyceryl palmitostearate, was kindly
donated by Gattefossé Co. (Paramus, NJ, USA). Surfac-
tants such as Myverol 18-04K (palmitic acid monoglycer-
ides) and Centrol 2F-SB were obtained from Quest
International (Vernier, the Netherlands) and Central
Soya Co. (Fort Wayne, IN, USA), respectively. Estasan
3575 (caprylic/capric triglyceride) was provided by
Unigema (Bromborough, UK). Tween 20, Tween 80,
Span 60, Pre-7070, lauric acid (C12), myristic acid (C14),
palmitic acid (C16), and stearic acid (C18) were pur-
chased from IL-Shin Emulsifier Co. (Seoul, Korea). All
reagents were used without further purification. Vitamin
K1 was purchased from Roche (Basel, Switzerland) and
Pluronic® F68 was provided by Sigma-Aldrich (St. Louis,
MO, USA). The water used in this study was freshly puri-
fied by Milli-Q Gradient A10 system (Millipore,
Molsheim, France). Ethanol, methanol, isopropanol, and
other chemicals were analytical reagent grade.

Preparation of SLN

SLNs were prepared according to previous articles with
some modification?®?’. In brief, aqueous and oil phases
were separately prepared. Drug, solid lipid, and emulsi-
fier were melted at 85°C to prevent the recrystallization of
lipids during the process. Hydrophilic surfactants and
water were mixed at 85°C and added to the melted oil
phase. The mixture was then dispersed with an ultrasonic
probe (XL2000, Misonix, Farmingdale, NY, USA) for 3
minutes. Finally, the SLN dispersion was obtained after
cooling down at room temperature for 12 hours. The
SLNs prepared were analyzed by the following methods.
In the storage test, the vitamin K1-loaded SLN was stored
at different temperatures for 4 months. The average size
and EE were determined at a fixed interval?,

Measurement of physicochemical properties of solid
lipid nanoparticles

The average particle size, polydispersity index (PI), and
zeta potential in different formulations were characterized



by using Zetasizer Nano ZS 90 (Malvern, Worcestershire,
UK) at a fixed angle of 90° and a temperature of 25°C.
The smaller the PI, the more uniform the size distribu-
tion of dispersion. Zeta potential characterizes the sur-
face charge of particles, which is an indicator of the
long-term stability. Zeta potential values of +30 mV and
above represent a stable formulation. Samples were
diluted with water to a suitable concentration before
the analysis of size distribution.

In vitro release studies of vitamin K1 from SLN

The release studies were performed with static Franz
diffusion cells (diffusion area: 0.195 cm?, Chi-Fa Co.,
Hsinchu, Taiwan). The cells consist of donor and
receptor chambers between which a membrane is
positioned. Polycarbonate membranes (Millipore,
Schwalbach, Germany) with an average pore size of 50
nm were used as a barrier to prevent the entrance of
SLN to the receptor liquid. A volume of 0.5 mL of SLN
dispersion (containing 0.25% vitamin K1) was applied
to the donor compartment. The volume of receptor
fluid was 5 mL. The receptor medium consisted of a
solution of phosphate buffered saline:ethanol (4:1, v/
v). The composition of the receptor medium was cho-
sen because of the insufficient solubility of vitamin K1
in the aqueous saline. Because the receptor buffer was
not intended to mimic in vivo conditions, it is suitable
for the in vitro study. Each receptor chamber contained
a stirring magnetic bar to maintain the homogeneity of
buffer during the experiment. Simulated gastric fluid
(SGF, pH 1.2) and simulated intestinal fluid (SIF, pH
7.5) were prepared according to USP with pepsin
(0.32%, w/v) and pancreatin (1%, w/v), respectively®’,
The temperature of receptor chamber was controlled at
37°C by a water circulator. The whole buffer (5 mL) in
the receptor chamber was taken and fresh buffer was
replenished at fixed intervals.

Samples collected were analyzed by high-performance
liquid chromatography (HPLC) using the following proto-
col as modified from the previous report®’. The analysis
condition included a Microsorb-C18 column (250 X 4.6
mm, Varian, Palo Alto, CA, USA), a mobile phase of meth-
anol and isopropanol (80:20, v/v), and a flow rate of 1 mL/
min. Vitamin K extracted from SLN was diluted with ace-
tone and analyzed using an UV detector at 270 nm.

Entrapment efficiency

The free vitamin K1, which is not entrapped in the
SLN, was determined by using the following protocol.
Aqueous SLN dispersion (250 uL) and hexane (750 uL)
are mixed in an eppendorf tube by a Disruptor-Vertex
(Scientific Industries, Bohemia, NY, USA) for 30 minutes.
Hexane served as the extracting solvent to extract the
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free vitamin K1, whereas the SLNs and the entrapped
vitamin K1 remain intact in this solvent at the opera-
tion condition for 30 minutes. The amount of incorpo-
rated vitamin K1 was determined as a result of the
initial vitamin K1 minus the free vitamin K1. The EE
could be calculated by the following equation:

(Vvinitial drug — varee drug )
W; X 100%

initial drug

Entrapment efficiency (%) =

where ‘W1 dryg is the mass of initial drug used for the
assay and the ‘Wyee gryg Is the mass of free drug
detected in the supernatant after centrifugation of the

aqueous dispersion?’.

Characterization by differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis was
performed using TA Instruments DSC 2010 (New Castle,
DE, USA). A heating rate of 5°C/min was used in the
range of 10-90°C. Analysis was performed under a nitro-
gen purge (50 mL/min) and standard aluminum sample
pans (40 puL) were used. About 5-10 mg sample was
taken for analysis. An empty pan was used as reference.
Thermal analysis of SLN was performed according to
the paper of Venkateswarlu and Manjunath3!.

SLN observation by transmission electron microscopy

SLN samples were diluted 1:25 with Milli-Q water and
dried on carbon film (CF200-Cu, Electron Microscopy
Science, Washington, PA, USA) for 12 hours. After
stained with a 1% solution of phosphotungstic acid
(Merck, Darmstadt, Germany) for 30 seconds, samples
were then analyzed by transmission electron micros-
copy (TEM) (JEOL JEM 2000 EXII, Tokyo, Japan).

Experimental design and statistical analysis

In this study, all data are reported as mean * standard
deviation (SD, n = 3). In the optimization experiment,
a second-order function (response surface) is used to
characterize the effects of surfactants on particle size
in this study. Data obtained from the experiments
designed on the central composite design were
regressed to obtain the coefficients in the second-
order equation. Regression analysis can be facilitated
by coding the factor so that the lower and upper levels
of each ingredient are —1 and +1, respectively. The
response surface regression procedure in SAS software
(Cary, NC, USA) was used to find the coefficients (k;_5)
in the quadratic equation as demonstrated in the
following equation:
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Nanoparticle size = function (Myverol 18- 04K,
Pluronic F68)
=constant+k; X x; +ky X X, 1)

kg X Xy XXy ey X X7 + ks X X5

where x; and x, represent the coded levels of Myverol
18-04K and Pluronic F68, respectively. The response
surface can be further analyzed to determine the opti-
mum concentrations of the ingredients. Sigmaplot
package (Systat, San Jose, CA, USA) was used to generate
the contour plot.

Results and discussion

Screening experiments

Different hard lipids and hydrophilic and hydrophobic
emulsifiers were systematically screened to choose the
best combination for SLN production. The lipids tested
in this study were lauric acid (number of carbons: 12,
melting point (MP): 45°C), myristic acid (number of
carbons: 14, MP: 59°C), palmitic acid (number of car-
bons: 16, MP: 63°C), stearic acid (number of carbons:
18, MP: 70°C), and Precirol ATO5 (glyceryl palmito-
stearate, MP: 57°C). The formulations consisted of 10%
lipid, 1.5% Tween 80, 0.5% Myverol 18-04K, and 88%
water. When the carbon number in the fatty acid was <14,
that is, lauric acid and myristic acid, the SLNs were of
the gelation type. The observed gelation of SLNs is
reported to be associated with the polymorphic transi-
tion of a solid lipid*?. When SLN samples were in gela-
tion, their particle size could not be determined. SLNs
containing stearic acid were previously used to study
the oral adsorption of octadecylamine®, However, the
particle size of SLNs composed of stearic acid (914 nm)
was significantly larger than that of SLNs composed of
Precirol ATO5 (298 nm) as indicated in Table 1. Precirol
ATOS5, a glyceryl palmitostearate, is a good solid lipid for
sustained release®!. Precirol ATO5 was chosen from
the five tested hard lipids based on its ability to form
stable small-sized SLNs. The rationale for developing

Table 1. Effects of lipids on the particle size of SLNs.

Lipids Particle size (nm)
Lauric acid (C12) ND (gelling)
Myristic acid (C14) ND (gelling)
Palmitic acid (C16) 6516
Stearic acid (C18) 914
Precirol ATO5 298

The formulation contained 0.5% of Myverol 18-04K, 1.5% of Tween
80, and 10% lipid.

small-sized SLNs is that small particles with a large
surface ensure close contact with tissues. Therefore,
nanosized droplets have better chances to adhere to tis-
sue surfaces, penetrate barriers, and transport drugs in a
more controlled fashion?, Consequently, the SLN with
the minimal particle size was the target of this study.

The hydrophilic-lipophilic balance (HLB) system for
selecting suitable emulsifiers to stabilize emulsions has
been used for more than 50 years. The HLB value is a
function of the weight percentage of the hydrophilic
portion of a nonionic surfactant for determining the
HLB of emulsifier blends. The stability of an emulsion
depends on the balance of the emulsifier at the oil-
water interface, the nature of the oil phase, the additives
in the aqueous and oil phases, the viscosity, and the
electrokinetic properties of the emulsion®. Blends of
hydrophilic and hydrophobic emulsifiers can increase
an emulsion’s stability and reduce the size of the oil
droplets by reducing interfacial tension between the oil
and water phases®®. Additionally, several nonionic
emulsifiers offer additional steric stabilization effects by
avoiding aggregation of the nanoparticles in the colloi-
dal system®’. In this study, different binary mixtures of
emulsifiers were tested to evaluate their effects on SLNs.
Seven surfactants were screened including three hydro-
philic surfactants (Tween 80, Tween 20, and Pluronic
F68) and four hydrophobic surfactants (Centrol 2F-SB,
Myverol 18-04K, Span 60, and Pre-7070). All surfactants
screened in this study are generally recognized as safe
for the oral delivery use. In addition, hydrophilic or
hydrophobic surfactants are classified according to the
value of the HLB®, The hydrophilic emulsifiers have
HLB values > 10, whereas the lipophilic emulsifiers have
HLB values from 1 to 10%%. Combinations of hydrophilic
and lipophilic emulsifiers are usually used to achieve a
stable dispersion by forming a film around the dis-
persed droplets and maintaining the droplet stability®’.
Therefore, several combinations of surfactants were
tested in the study. HLBs for Centrol 2F-SB, Myverol 18-
04K, Span 60, Pre-7070, Tween 80, Tween 20, and Plu-
ronic F68 are 4, 7, 4.7, 3.8, 15, 16.7, and 19, respectively.
The concentrations of hydrophilic and hydrophobic
surfactants in the screening test were maintained at
1.5% and 0.5%, respectively. Results of particle size
analyses for these 12 combinations are given in Table 2.
The SLNs were in gelation when combinations of Span
60 plus Tween 20 and Span 60 plus Pluronic F68 were
used. Among these surfactant blends, the combination
of Myverol 18-04K and Pluronic F68 had the smallest
particle size for the SLNs containing Precirol ATO5.
Therefore, Myverol 18-04K and Pluronic F68 were cho-
sen from the seven surfactants based on their small par-
ticle size and stability.

Myverol 18-04K, a hydrogenated palm oil glyceride, is
often used in margarine and ice cream as an emulsifier.



Table 2. Effects of surfactants on the particle size of SLNs.

Lipid phase Aqueous phase

emulsifier (0.5%) emulsifier (1.5%) Particle size (nm)

Centrol 2F-SB Tween 80 299.02
Tween 20 294.95
Pluronic F68 276.01

Myverol 18-04K Tween 80 298
Tween 20 275.91
Pluronic F68 225.03

Pre-7070 Tween 80 268.02
Tween 20 276.42
Pluronic F68 260.45

Span 60 Tween 80 307.43
Tween 20 ND (gelling)
Pluronic F68 ND (gelling)

The lipid used in this study is 10% Precirol ATO5.

Pluronic F68 (also called Poloxamer 188) is a nonionic
surfactant that is widely used in pharmaceutical
formulations®*!. Recently, Pluronic F68 was used to con-
stitute a nanostructured lipid carrier system because of
its steric stabilization ability*’. The combination of the
chosen ingredients (Precirol ATO5, Myverol 18-04K,
and Pluronic F68) for the SLN preparations has not
been investigated before. Concentrations of surfactants
in the SLNs were optimized using a central composite
design and RSM. It is reported that Pluronic F68 moder-
ately inhibits the P-glycoprotein efflux system and
intestinal lipoprotein secretion, leading to the improved
oral absorption of cyclosporin A*2. The inhibition of P-
glycoprotein and cytochrome P450 by F68 can improve
the oral absorption of hydrophobic drugs®3. Therefore,
the ability of F68 to manipulate P-glycoprotein efflux
system is a good surfactant as an excipient for oral drug
delivery systems. In the next section, factorial design
based on response surface method was adopted to min-
imize SLN for encapsulation of a model drug—vitamin
K1. A full factorial design was used to evaluate the
combined effect of the surfactant concentration on the
size of the prepared SLN.

Optimization of SLN preparation

Precirol ATO5, Myverol 18-04K, and Pluronic F68 were
found to be key ingredients for stable SLN production
based on our previous screening experiments. Optimal
concentrations for the binary blend of Myverol 18-04K
and Pluronic F68 were developed by fixing the concen-
tration of the lipid (Precirol ATO5) at 10%. Central com-
posite design provides the minimal experimental
number to investigate the effects of a tested variable.
The matrix of the central composite design and experi-
mental results are shown in Table 3. The tested ranges
of surfactants were 0.15-0.85% for Myverol 18-04K and
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Table 3. The matrix designed by the 2% factorial experiment and par-
ticle size of SLNs.

Myverol 18-04K Pluronic F68
(%, w/w) (%, w/w)
1 -1(0.25) -1(0.75) 305.63 £0.52
2 +1(0.75) -1(0.75) 293.25+0.02
3 -1(0.25) +1(2.25) 232.40+3.82
4 Run Factors Particle size (nm)
5 -1.41 (0.15) 0(1.5) 224.72+3.80
6 +1.41 (0.85) 0(1.5) 259.05 + 6.06
7 0(0.5) ~1.41 (0.44) 331.72+0.45
8 0(0.5) +1.41 (2.56) 214.87+1.04
9 0(0.5) 0(1.5) 233.92+3.75

The lipid used in this study is 10% Precirol ATO5 (n = 3).

0.44-2.56% for Pluronic F68. Three repeats at the center
point were used to calculate the pure error; therefore,
the total number of trials for this design was 13. The full
second-order polynomial model for SLN size obtained
by the response surface regression procedure using SAS
software is given by

size=233.81+5.08 X x, —36.90 X xp @)

+6.40X X3 +4.22X X, X5 +22.20 X X5;

where x, = Myverol 18-04K and xz = Pluronic F68 in
coded values.

By analyzing these coefficients in the above second-
order polynomial mode, the increase of Pluronic could
efficiently reduce the particle size of SLNs than Myverol
for its negative and large coefficient (-36.9). The
increase of Myverol concentration would lead to the
increase of size. The cross-interaction of Pluronic and
Myverol on size of SLN was not significant because
the coefficient of x,xz was very small. Furthermore,
the F-value for the full quadratic equation for the SLN
particle size was 10.5, indicating that the second-order
response surface model was significant at the 5% level.
The determination coefficient (R?) for the quadratic
equation was 0.9459, which indicates a good fit for the
model (particle size) and two surfactants. Accordingly,
the relation between SLN size and two surfactants was
well represented by the second-order model. The
canonical analysis in the SAS software is a mathemati-
cal procedure for simplifying a second-order polyno-
mial model and finding the extreme (maximum or
minimum) value of the response surface model. The
results of the canonical analysis demonstrated that the
response surface of the SLN had a minimal particle size.
The effects of Myverol 18-04K and Pluronic F68 on SLN
size were visualized from a contour plot based on
Equation 2 (Figure 1). The SLN’s composition with a
minimal particle size was clearly observed in the center
of the plot. Moreover, a new set of experiments with
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Figure 1. Contour plot for the average diameter (nm) of SLNs versus
the surfactants (Myverol 18-04K (x,) and Pluronic F68 (xg )based on
the response surface model (Equation 2).

different concentrations of Myverol 18-04K and Plu-
ronic F68 were performed to evaluate whether the
response surface fits the experimental data. As shown in
Table 3, a minimal size of 208 nm was experimentally
obtained at a composition of 0.27% Myverol 18-04K and
2.54% Pluronic F68, which were slightly shifted from the
predictions of the model (0.33% Myverol 18-04K and
2.17% Pluronic F68). In addition, a small deviation
exists between the model predicted by Equation (2) and
the experimental results shown in Table 4. The close-
ness in the values of prediction and experimental data
indicates the validity of the generated mathematical
model for the prediction of particle size of SLN. In
summary, the optimized composition (0.27% Myverol
18-04K, 2.54% Pluronic F68, 10% Precirol ATO5, and
92.19% water) can produce nanosized SLNs.

The characterization of pH, PI, and zeta potential of
the SLNs prepared by the optimal composition was
investigated. The PI and zeta potential for the prepared

Table 4. The formulations designed by the steepest descent method.

SLNs were 0.18 £ 0.04 and —31.20 £ 3.08, respectively.
The PI is an indicator of the homogeneity of the size
distribution. A PI value of >0.5 indicates a broad size
distribution and a value of 0 indicates a monodispersed
population. The PI value of 0.18 indicated that the
optimal composition could be used to produce a sta-
ble SLN dispersion with a uniform size distribution.
The zeta potential provides electrostatic repulsion to
prevent the coagulation of particles in dispersion sys-
tems. Generally, particle aggregation is less likely to
occur for particles with surface charges exceeding
30 mV. Because Pluronic F68 is a nonionic surfactant,
the negative charge of SLNs may be due to fatty acids
released from the hydrolysis of Myverol (palmitic acid
monoglycerides) or Precirol (glyceryl palmitostear-
ate). Previously, a combination of hydrophilic and
lipophilic emulsifiers has been used to maintain a sta-
ble dispersion. In such a system, the hydrophilic and
lipophilic emulsifiers are thought to align alongside
each other imparting more rigidity and strength to the
emulsifier film through hydrogen bonding®’. Our
results also showed that mixed surfactants with appro-
priate concentrations could prepare the SLNs with the
smallest particle size.

Effects of sonication

Ultrasonic emulsification was used to provide the
energy to disperse the lipid phase and prepare the SLNs
in this study. The ultrasonic energy intensity has great
impacts on the droplet size of the nanoemulsions**. The
effects of dispersion energy provided by ultrasonication
on particle size and EE of the prepared SLNs were inves-
tigated by using the optimal formulation plus 0.25%
vitamin K1. The size of the SLNs decreased from 239 to
127 nm as the time of ultrasonication increased from 2
to 8 minutes (Figure 2). However, more than an 8-
minute ultrasonic time did not further significantly
reduce the particle size. In contrast, a 25-minute ultra-
sonication was needed to prepare SLNs containing
trimyristin (2%), soylecithin (0.2%), poloxamer 188
(1%), and stearylamine (0.05%)! by using a hot homog-
enization method. Ultrasonic emulsification has been

Factors Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9

Myverol 0.53 0.48 0.43 0.38 0.33 0.28 0.23 0.18 0.13
(%)

Pluronic 0.72 1.08 1.45 1.81 2.17 2.54 2.90 3.3 3.62
F68 (%)

Predicted 296.14 260.86 235.66 220.54 215.50 220.55 235.68 260.89 296.18
size (nm)

Realsize  369.68+£8.57 253.54+6.23 239.69+5.92 225.0%+5.65 215.91+3.73 208.31+£3.68 215.49+1.80 212.73+5.12 213.76£2.60
(nm)

The formulation contained 10% Precirol ATO5 and 0.25% vitamin K1. The mixture was dispersed with an ultrasonic probe for 3 minutes (n = 3).
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Figure 2. Influence of ultrasonication time on the particle size and
entrapment efficiency (EE) of SLN loaded with 0.25% vitamin K1.
Error bar stands for standard deviation (n = 3).

reported to be superior in terms of droplet size and
energy efficiency when compared with classical rotor-
stator dispersion. It is also more practicable with
respect to production cost, equipment contamination,
and aseptic processing than a microfluidization
approach?®, This research group also reported that
excess energy input leads to an increase in droplet size
of emulsion by increasing the collision frequency of the
formed particles and inducing reaggregation. However,
the increase in ultrasonication time did not influence
the EE of vitamin K1 at the concentration of a 0.25%
drug load in the optimized formulation. The SLN sam-
ples were prepared using an ultrasonic probe for 8 min-
utes for the following experiments.

Effects of drug load on size and EE

Effects of an increase in the vitamin K1 load on the par-
ticle size and EE in the developed formulation were
evaluated. When the load of vitamin K1 increased from
0.25% to 5.0%, the size of the SLNs increased from 132 to
212 nm and the PI decreased from 0.30 to 0.14 as shown
in Figure 3. The incorporation of more drugs in the SLNs
increased the particle size, which might be due to
entrapment of the drug in the nanoparticles. In addi-
tion, the EE of vitamin K1 slightly dropped from 98% to
~85% when the drug load increased from 0.25% to 5%.
The lipophilic solubility of SLNs makes them good car-
riers for lipophilic drugs with high loading capacities®®.
More than 90% lipophilic clozapine entrapped in SLNs
was reported®!. The high EE of vitamin K1 in SLNs may
be attributed by its limited water solubility and high
lipophilicity. In addition, the high drug load in SLNs
increased the concentration gradient toward the target.
Hence, vitamin K1 permeation from the lipid core to the
aqueous phase was enhanced. Sequentially, the payload

Solid lipid nanoparticles for vitamin K1 oral delivery 757

[ EE (%)
—&— Size
—O—_PI
1009 T Lo [ 03
§ T i ol
> — (! —
g 8o _ o - E o6
2 1 F150 =
= T N _
@ 60 ® Lo4 T
€ T o
o S
g % 100 2
8 40 — \§/§\ o o2
2 e
w k50
20 4 L 0.0

0 1 2 3 4 5 6
Drug dosage (%,w/v)

Figure 3. Effects of vitamin K1 load on the particle size, entrapment
efficiency (EE), and polydispersion index (PI). The mixture was dis-
persed with an ultrasonic probe for 8 minutes. Error bar stands for
standard deviation (n = 3).

of vitamin K1 was set to 0.25% for further experiments.
The properties of vitamin K1-loaded SLNs were also
characterized. The PI and zeta potential for the 0.25%
vitamin K1-loaded SLNs were 0.17 + 0.02 and —26.83 +
2.83, respectively. The payload of 0.25% vitamin K1
slightly changed the zeta potential (—26.83 mV) com-
pared to that (—31.2 mV) of the drug-free SLN. The high
loading capacity and the small and uniform particle size
demonstrated the superiority of the formulation devel-
oped herein.

Release experiments

One of our aims was to evaluate the gastrointestinal sta-
bility of SLNs with vitamin K1 load. When SLNs are
given orally, they pass through different gastrointestinal
regions where they are exposed to different pH and dif-
ferent enzymatic conditions, which can influence their
drug-release behavior and stability. To test this hypoth-
esis, vitamin K1-loaded SLNs were subjected to differ-
ent fluids with different ionic strengths and enzymatic
conditions, and the drug-release behavior was eluci-
dated by using the modified Franz diffusion cells. Diffu-
sion cells with polycarbonate membranes (with a pore
size of 100 nm) were adapted to investigate the release
of vitamin K1 from the SLNs according to the paper of
Truong Cong et al.*® Figure 4 shows the percentage
release of vitamin K1 from the SLNs in SGF and SIF. In
SIF, about 4.4% of the entrapped vitamin K1 was
released in the initial 6 hours, and only about 5% of the
entrapped drug was further released during the subse-
quent 50 hours of incubation. The amount of vitamin
K1 released from the SLNs increased in the order of SIF
> SGF > pH 1.2 buffer > pH 7.5 buffer. The released
vitamin K1 after 54 hours was only 10% and 5% of the
entrapped drug in SGF and SIF, respectively. These
results indicated that the vitamin K1-loaded SLNs were
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Figure 4. In vitro release profile of vitamin K1 from SLNs after
incubated in different buffers (mean * SD; n = 3). Donor buffer was
composed by SLN and buffer (1:1, v/v). The pore size of membrane
was 100 nm.
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Figure 5. Flux profile of vitamin K1 from SLNs after incubated in dif-
ferent buffers (mean + SD; n = 3). Donor buffer was composed by
SLN and buffer (1:1, v/v). The pore size of membrane was 100 nm.

stable under the tested solutions. The enzyme, pancre-
atin, in the SIF helped to digest the lipids in the SLNs
and release the vitamin K1. Therefore, SLNs in the SIF
had the highest diffusion flux of 12 pg/cm?/h (Figure 5).
Vitamin K1-loaded SLNs showed maximal flux in the
first 5 hours in the SIF, which was due to a burst release.
Pepsin, an enzyme in the stomach, also contributed to
the release of vitamin K1 in the SGF. In addition, the
release rate of vitamin K1 was really slow in the pH 1.2
and pH 6.8 buffers without digestive enzymes (Figure 5).
The flux of vitamin K1 increased in the order of SIF >SGF
>pH 1.2 buffer >pH 7.5 buffer. The SLNs developed
could retain most entrapped drug (>85%) for 56 hours
in SGF and SIF, indicating the good gastrointestinal
stability of SLNs. Previously, the uptake of particles by

the Peyer’s patches in the small intestine was reported
to increase with decreasing particle size*’. The nanos-
cale and stability of SLN might help the particles perme-
ate the Peyer’s patches and increase the bioavailability.
Nevertheless, further in vivo studies for vitamin K1-
loaded SLNs are needed to validate its oral delivery
efficacy.

Storage experiments

Chemical transformation of solid lipids during storage
is reported to change the structure of SLNs, the load
and/or release capacity, the interfacial properties, and
their in vivo fate’. Size change and drug degradation
during storage are important considerations in design-
ing formulations. The effects of storage temperature
and duration of storage on the stability of vitamin K1-
loaded SLN were studied at different storage tempera-
ture (4°, 25°, and 37°C). Previously, the stability of vita-
min K1 (phylloquinone) in total parenteral nutrition at-
home admixtures was studied*®. Vitamin K1 showed
good stability for 20 days at a room temperature in the
presence or absence of lipids and trace elements in
admixtures. Similarly, our storage results indicated that
vitamin K1 loaded in SLN was stable over 30 days
(Figure 6). However, a significant increase in the size of
the SLNs was observed when they were stored at 37°C
for 60 days. The size of the SLNs stored at 37°C
increased from 125 to 361 nm after 120 days of storage.
Some precipitate was also observed in samples stored at
37°C for 90 days. The particle sizes increased before
macroscopic changes appeared. Therefore, the increase
in particle size is a good indicator of instability?. SLNs
did not aggregate or precipitate when stored at a
temperature below 25°C for 120 days. Therefore, vita-
min K-loaded SLNs are stable using the formulations

400
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Figure 6. Effects of storage temperature on the particle size of
vitamin K1-loaded SLNs. Error bar stands for standard deviation.
*P<0.05(n=3).
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Figure 7. Effects of storage temperature on the stability of vitamin
K1-loaded SLNs. Error bar stands for standard deviation. *P < 0.05.
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developed when stored at a temperature below 25°C.
Effects of storage on the entrapped drug were also
investigated using HPLC. From the results of Figure 7,
vitamin K1 in SLNs was stable at 37°C (or lower tem-
peratures) for only 2 months. In addition, vitamin K1
in the SLNs deteriorated quickly at 37°C after 90 days
as indicated in Figure 8. In contrast, vitamin K1 in
SLNs was stable after being stored at 25°C for 120 days.
Previously, Venkateswarlu and Manjunath3! found
that clozapine-loaded SLNs increased from 40 to 79
nm after 6 months of storage at 25°C. The fact that
transitions of dispersed lipids from metastable forms
to a stable form might slowly occur during storage may
lead to drug expulsion from SLNs. The degradation of
vitamin K1 observed at 37°C may have been due to
drug expulsion during lipid transformation. Our stor-
age test showed that vitamin K1-loaded SLNs were sta-
ble below a temperature of 25°C with 4 months of
storage.

Characterization of vitamin K1-loaded SLNs

The morphology of vitamin K1-loaded SLNs was observed
using TEM. Samples for TEM were stained according to a
previous report®®. The mean size of the SLNs was 125 + 8
nm in the TEM image (Figure 8), which was consistent
with the size (124 nm) measured by photon correlation
spectroscopy. It is evident that the particles prepared in
this study are spherical ones, and the formulation devel-
oped can efficiently control the size of nanoparticles. Pre-
viously, SLNs were reported to have a spherical
morphology by Garcia-Fuentes et al.2% The morphology of
SLNs might be influenced by the use of different dispersing
devices, SLN compositions, or photographic devices.
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Figure 8. TEM photograph of vitamin K1-loaded SLNs (bar, 100 nm).

DSC analysis was performed to obtain the thermo-
grams and evaluate the degree of lipid crystallinity.
The enthalpy of the SLNs was calculated on the basis
of the total weight used. The incorporation of 0.25%
vitamin K1 into the SLNs did not influence the crys-
tallinity of SLNs (Table 5). In this study, values of
crystallinity for SLNs with and without vitamin K1
were 88% and 89%, respectively. This suggests that
the loading of vitamin K1 in the SLN did not signifi-
cantly affect lattice arrangement in the lipid cores.
Previously, values of 64-98% crystallinity for SLNs indi-
cated that the crystals of the solid lipid are in a 3-form3!.
Therefore, the SLNs prepared in this study might be
the p-form.

Conclusions

Among the 12 lipids and surfactants screened in this
study, Precirol ATO5, Myverol 18-04K, and Pluronic
F68 formed stable SLN dispersions. The optimal con-
centrations of Myverol 18-04K and Pluronic F68 were
0.33% and 2.17% using a central composite design
and RSM. The prepared SLNs were found to have an
imperfect crystalline lattice and a spherical morphol-
ogy. In addition, ultrasonication for 8 minutes could
efficiently reduce the particle size to 125 nm. More
than 85% vitamin K1 was entrapped in SLNs when
the payload was less than 5%. The developed SLNs
could keep the drug entrapped in the presence of SGF
and release the drug in SIF in the in vitro study. SLNs
were demonstrated to be potential carriers for the
oral delivery of vitamin K1 based on our results.
However, in vivo studies for vitamin K1-loaded SLNs
should be performed to determine its oral delivery
efficacy.
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Table 5. Enthalpies and crystallinity of bulk ingredients and SLN.

Sample Enthalpy (J/g) Crystallinity (%)
Material Precirol ATO5 197.25 100.00
Myverol 18-04K 187.4 100.00
Pluronic F68 131 100.00
Vitamin K1 0 0
PM? Material (a, b, c) 170.4 97.16
Material (a, b, c¢) + vitamin K1 169.3 99.62
SM? Material (a, b, ¢) 173.05 98.67
Material (a, b, ¢) + vitamin K1 160.75 94.59
Lyophilized SLN SLN (blank) 154.4 88.04
SLN (vitamin K1) 152.2 89.56

2Physical mixture (PM) and solvent evaporated mixture (SM) of @ and b contain 95.24% triglyceride; lyophilized SLN
(a), (b), and (c) contains 63.96%, 63.61%, and 61.98% triglyceride, respectively. Degree of crystallinity of PM, SM, and
lyophilized SLN was calculated by comparing their enthalpy with enthalpy of bulk ingredients. Enthalpy of bulk lipid is
being taken as 100%. Enthalpy of SLN was calculated on the basis of total weight taken.

Acknowledgment

This work was supported by grants NSC96-2628-E-182-
039-MY2 and CMRPD 170081.

Declaration of interest

The authors report no conflicts of interest. The authors
alone are responsible for the content and writing of the

paper.

References

1. Mehnert W, Mider K. (2001). Solid lipid nanoparticles: Produc-
tion, characterization and applications. Adv Drug Deliv Rev,
47:165-96.

2. Fang]Y, Fang CL, Liu CH, Su YH. (2008). Lipid nanoparticles as
vehicles for topical psoralen delivery: Solid lipid nanoparticles
(SLN) versus nanostructured lipid carriers (NLC). Eur ] Pharm
Biopharm, 70:633-40.

3. Miiller RH, Radtke M, Wissing SA. (2002). Solid lipid nanoparti-
cles (SLN) and nanostructured lipid carriers (NLC) in cosmetic
and dermatological preparations. Adv Drug Deliv Reyv,
54(Suppl. 1):S131-55.

4. Heurtault B, Saulnier P, Pech B, Proust JE, Benoit JP. (2003).
Physico-chemical stability of colloidal lipid particles. Biomate-
rials, 24:4283-300.

5. Muchow M, Maincent P, Miiller RH. (2008). Lipid nanoparti-
cles with a solid matrix (SLN®, NLC®, LDC®) for oral drug
delivery. Drug Dev Ind Pharm, 34:1394-405.

6. Abu-Izza K, Garcia-Contreras L, Lu DR. (1996). Preparation
and evaluation of zidovudine-loaded sustained-release micro-
spheres. 2. Optimization of multiple response variables. J
Pharm Sci, 85:572-76.

7. Shi K, Cui F, Yamamoto H, Kawashima Y. (2009). Optimized
formulation of high-payload PLGA nanoparticles containing
insulin-lauryl sulfate complex. Drug Dev Ind Pharm, 35:177-84.

8. Pey CM, Maestro A, Sole I, Gonzalez C, Solans C, Gutierrez JM.
(2006). Optimization of nano-emulsions prepared by low-
energy emulsification methods at constant temperature using a
factorial design study. Colloids Surf A Physicochem. Eng Asp,
288:144-50.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Taha EI, Samy AM, Kassem AA, Khan MA. (2005). Response
surface methodology for the development of self-nanoemulsi-
fied drug delivery system (SNEDDS) of all-trans-retinol acetate.
Pharm Dev Technol, 10:363-70.

ChangJS, Huang YB, Hou SS, Wang R], Wu PC, Tsai YH. (2007).
Formulation optimization of meloxicam sodium gel using
response surface methodology. Int ] Pharm, 338:48-54.

Acosta E. (2009). Bioavailability of nanoparticles in nutrient
and nutraceutical delivery. Curr Opin Colloid Interface Sci,
14:3-15.

LiH, Zhao X, MaY, Zhai G, Li L, Lou H. (2009). Enhancement of
gastrointestinal absorption of quercetin by solid lipid nanopar-
ticles. ] Control Release, 133:238-44.

Luo Y, Chen D, Ren L, Zhao X, Qin J. (2006). Solid lipid nano-
particles for enhancing vinpocetine’s oral bioavailability. J
Control Release, 114:53-59.

Hu L, Tang X, Cui F. (2004b). Solid lipid nanoparticles (SLNs) to
improve oral bioavailability of poorly soluble drugs. ] Pharm
Pharmacol, 56:1527-35.

Langguth P, Hanafy A, Frenzel D, Grenier P, Nhamias A, Ohlig
T, Vergnault G, Spahn-Langguth H. (2005). Nanosuspension
formulations for low-soluble drugs: Pharmacokinetic evalua-
tion using spironolactone as model compound. Drug Dev Ind
Pharm, 31:319-29.

Berkner KL, Runge KW. (2004). The physiology of vitamin K
nutriture and vitamin K-dependent protein function in athero-
sclerosis. ] Thromb.Haemost, 2:2118-32.

Ijland MM, Pereira RR, Cornelissen EAM. (2008) Incidence of
late vitamin K deficiency bleeding in newborns in the Nether-
lands in 2005: Evaluation of the current guideline. Eur J Pediatr,
167:165-9.

Sato Y, Kanoko T, Satoh K, Iwamoto J. (2005). Menatetrenone
and vitamin D2 with calcium supplements prevent nonverte-
bral fracture in elderly women with Alzheimer’s disease. Bone,
36:61-8.

Schurgers L], Spronk HMH, Soute BAM, Schiffers PM, DeMey
JGR, Vermeer C. (2007). Regression of warfarin-induced medial
elastocalcinosis by high intake of vitamin K in rats. Blood,
109:2823-31.

Crowther MA, Douketis JD, Schnurr T, Steidl L, Mera V, Ultori
C, et al. (2002). Oral vitamin K lowers the international normal-
ized ratio more rapidly than subcutaneous vitamin K in the
treatment of warfarin-associated coagulopathy: A randomized
controlled trial. Ann Intern Med, 137:251-4.

Pereira SP, Shearer MJ, Williams R, Mieli-Vergani G. (2003).
Intestinal absorption of mixed micellar phylloquinone (vitamin
K1) is unreliable in infants with conjugated hyperbilirubi-
naemia: Implications for oral prophylaxis of vitamin K defi-
ciency bleeding. Arch Dis Child Fetal Neonatal Ed, 88:F113-8.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pereira SP, Rowbotham D, Fitt S, Shearer MJ, Wendon ],
Williams R. (2005). Pharmacokinetics and efficacy of oral ver-
sus intravenous mixed-micellar phylloquinone (vitamin K1) in
severe acute liver disease. ] Hepatol, 42:365-70.

Kogan A, Garti N. (2006). Microemulsions as transdermal
drug delivery vehicles. Adv Colloid Interface Sci, 123-26:
369-85.

Dong X, Mattingly CA, Tseng M, Cho M, Adams VR, Mumper
RJ. (2009). Development of new lipid-based paclitaxel nano-
particles using sequential simplex optimization. Eur ] Pharm
Biopharm, 72:9-17.

Zhang]J, Fan Y, Smith E. 2009. Experimental design for the opti-
mization of lipid nanoparticles. ] Pharm Sci, 98:1813-9.

Hu FQ, Hong Y, Yuan H. (2004a). Preparation and characteriza-
tion of solid lipid nanoparticles containing peptide. Int J
Pharm, 273:29-35.

Wissing SA, Miiller RH. (2002). Solid lipid nanoparticles as
carrier for sunscreens: In vitro release and in vivo skin penetra-
tion. ] Control Release, 81:225-33.

Carlotti ME, Sapino S, Trotta M, Battaglia L, Vione D, Pelizzetti
E. (2005). Photostability and stability over time of retinyl palmi-
tate in an O/W emulsion and in SLN introduced in the emul-
sion. ] Dispers Sci Technol, 26:125-38.

Garcia-Fuentes M, Torres D, Alonso MJ. (2003) Design of lipid
nanoparticles for the oral delivery of hydrophilic macromole-
cules. Colloids Surf B: Biointerfaces, 27:159-68.

Martinson TA, Plumley FG. (1995). One-step extraction and
concentration of pigments and acyl lipids by sec-butanol from
in vitro and in vivo samples. Anal Biochem, 228:123-30.
Venkateswarlu V, Manjunath K. (2004). Preparation, character-
ization and in vitro release kinetics of clozapine solid lipid
nanoparticles. ] Control Release, 95:627-38.

Helgason T, Awad TS, Kristbergsson K, McClements D], Weiss
J. (2008). Influence of polymorphic transformations on gelation
of tripalmitin solid lipid nanoparticle suspensions. J] Am Oil
Chem Soc, 85:501-11.

Yuan H, Chen J, Du YZ, Hu FQ, Zeng S, Zhao HL. (2007). Stud-
ies on oral absorption of stearic acid SLN by a novel fluoromet-
ric method. Colloids Surf B Biointerfaces, 58:157-64.

Vivek K, Reddy H, Murthy RSR. (2007). Investigations of the
effect of the lipid matrix on drug entrapment, in vitro release,
and physical stability of olanzapine-loaded solid lipid nano-
particles. AAPS Pharm Sci Tech, 8:83.

Al-Sabagh AM. (2002). The relevance HLB of surfactants on the
stability of asphalt emulsion. Colloids Surf A Physicochem Eng
Asp, 204:73-83.

Solid lipid nanoparticles for vitamin K1 oral delivery
36.

37.

38.

39.
40.
41.

42,

43.
44.
45.

46.

47.

48.

761

Rahate AR, Nagarkar JM. (2007). Emulsification of vegetable
oils using a blend of nonionic surfactants for cosmetic applica-
tions. J Dispers Sci Technol, 28:1077-80.

Han F, Li S, Yin R, Liu H, Xu L. (2008). Effect of surfactants on
the formation and characterization of a new type of colloidal
drug delivery system: Nanostructured lipid carriers. Colloids
Surf A Physicochem Eng Asp, 315:210-6.

Goppert TM, Miiller RH. (2005). Polysorbate-stabilized solid
lipid nanoparticles as colloidal carriers for intravenous target-
ing of drugs to the brain: Comparison of plasma protein
adsorption patterns. ] Drug Target, 13:179-87.

Bouchemal K, Briancon S, Perrier E, Fessi H. (2004). Nano-
emulsion formulation using spontaneous emulsification: Sol-
vent, oil and surfactant optimisation. Int ] Pharm, 280:241-51.
Gullapalli RP, Sheth BB. (1999). Influence of an optimized non-
ionic emulsifier blend on properties of oil-in-water emulsions.
Eur J Pharm Biopharm, 48:233-8.

Csaba N, Sanchez A, Alonso MJ. (2006). PLGA: Poloxamer and
PLGA: Poloxamine blend nanostructures as carriers for nasal
gene delivery. ] Control Release, 113:164-72.

Seeballuck F, Ashford MB., O’Driscoll CM. (2003). The effects of
Pluronicblock copolymers and Cremophor® EL on intestinal
lipoprotein processing and the potential link with P-glycopro-
tein in Caco-2 cells. Pharm Res, 20:1085-92.

Zhang Y, Benet LZ. (2001). The gut as a barrier to drug absorp-
tion: Combined role of cytochrome P450 3A and P-glycopro-
tein. Clin Pharmacokinet, 40: 159-68.

Kentish S, Wooster TJ, Ashokkumar M, Balachandran S, Mawson
R, Simons L. (2008). The use of ultrasonics for nanoemulsion
preparation. Innov Food Sci Emerg Technol, 9:170-5.

Blasi P, Giovagnoli S, Schoubben A, Ricci M, Rossi C. (2007).
Solid lipid nanoparticles for targeted brain drug delivery. Adv
Drug Deliv Rev, 59:454-77.

Truong Cong T, Faivre V, Nguyen TT, Heras H, Pirot F,
Walchshofer N, et al. (2008). Study on the hydatid cyst mem-
brane: Permeation of model molecules and interactions with
drug-loaded nanoparticles. Int ] Pharm, 353:223-32.

Bhavsar MD, Tiwari SB, Amiji MM. (2006). Formulation opti-
mization for the nanoparticles-in-microsphere hybrid oral
delivery system using factorial design. J Control Release,
110:422-30.

Billion-Rey F, Guillaumont M, Frederich A, Aulagner G.
(1993). Stability of fat-soluble vitamins A (retinol palmi-
tate), E (tocopherol acetate), and K1 (phylloquinone) in
total parenteral nutrition at home. J Parenter Enteral Nutr,
17:56-60.



Copyright of Drug Development & Industrial Pharmacy is the property of Taylor & Francis Ltd and its content
may not be copied or emailed to multiple sites or posted to alistserv without the copyright holder's express
written permission. However, users may print, download, or email articles for individual use.



