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Abstract: Liquid crystal nanoparticles have been utilized as an efficient tool for drug delivery 

with enhanced bioavailability, drug stability, and targeted drug delivery. However, the high 

energy requirements and the high cost of the liquid crystal preparation have been obstacles to 

their widespread use in the pharmaceutical industry. In this study, we prepared liquid crystal 

nanoparticles using a phase-inversion temperature method, which is a uniquely low energy 

process. Particles prepared with the above method were estimated to be ~100 nm in size and 

exhibited a lamellar liquid crystal structure with orthorhombic lateral packing. Pharmacokinetic 

and tissue distribution studies of a hydrophobic peptide-based drug candidate formulated with 

the liquid crystal nanoparticles showed a five-fold enhancement of bioavailability, sustained 

release, and liver-specific drug delivery compared to a host–guest complex formulation.
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Introduction
In recent years, hydrophobic peptide-based therapeutics have been investigated 

intensively owing to their many benefits compared with low molecular weight drugs.1,2 

These benefits include extremely high potency achieved from structure-based drug 

design, selectivity, broad spectrum of application, lower toxicity, vast chemical and 

biological diversity, and ease of discovery at the peptide and nucleic acid levels.1–5 

Although many hydrophobic peptide-based therapeutics have been developed, most 

of them have shortcomings, such as poor metabolic stability, poor oral bioavailability, 

rapid clearance, and poor solubility.6 To overcome these obstacles, new drug delivery 

systems have been intensively studied during the last decade and many successful 

results have been reported. These systems include liposomes,7–10 PEGylated (polyethyl-

ene glycosylated) peptides,11,12 lipid nanocapsules,13,14 solid lipid nanoparticles,15 liquid 

crystal nanoparticles (LCNPs),16 and polymeric nanocapsules.17 Many hydrophobic 

peptide-based therapeutics have been approved on account of the new drug delivery 

systems. However, there are still unresolved challenges related to some persistent 

drawbacks, including the instability of vesicles for liposome and lipid nanocapsules,18,19 

as well as the limited application of PEGylation.11

Among the reported drug delivery systems, LCNPs have received increasing atten-

tion because of the advantages they offer compared to other systems. For example, 

LCNPs are often incorporated with biocompatible and non-toxic excipients compared to 

polymeric nanoparticles; hence, oral delivery of LCNPs is possible.20–23 In a similar fash-

ion to the protection afforded to the biodegradable drugs by polymeric nanoparticles, 

the liquid crystalline structure of LCNPs can protect active ingredients from the harsh 

gastrointestinal conditions.24,25 Additionally, sustained drug release may be achieved 
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with drugs incorporated in LCNPs,26 allowing for a reduction 

in drug toxicity, which can be elevated at high drug concen-

trations.27 However, LCNPs have not been widely applied, 

particularly owing to the high costs associated with the 

massive energy input required in the manufacturing process, 

which includes high-shear homogenization and high-pressure 

emulsification or ultrasonication.16,28 Since the introduction 

of lipid nanocapsules with the phase inversion temperature 

(PIT) method,29–31 numerous topical, oral, and pulmonary 

applications of the nanocapsules have been implemented.32–34 

The benefits of the PIT method include low energy and cost 

inputs, short realization time, obviation of organic solvents, 

and versatile application for lipophilic drugs. The lipid 

nanocapsules can also circumvent a number of drawbacks 

associated with conventional drug delivery systems.31 In 

addition, these nanocapsules improve drug bioavailability and 

drug stabilization, and the PEGylation of the particle surface 

prevents interaction with serum components, which allows 

for improved pharmacokinetic (PK) profile and prolonged 

residence time.35 However, it has been challenging to ensure 

that the capsules are stable against flocculation, which leads 

to an increase in vesicle sizes and emulsion instability.36 From 

our studies on the lipid nanocapsules prepared with the PIT 

method, we hypothesized that preparing LCNPs using the 

PIT method could be a solution to these limitations because 

particle aggregation can be prevented by the liquid crystal 

structure of LCNPs, which is stabilized by the bulky chains 

of the surfactants.37 Moreover, we envisioned that the LCNPs 

could be used as a liver-specific delivery system, avoiding 

clearance by the mononuclear phagocyte system, because the 

surface of the LCNPs is covered with the PEG chains and the 

size of the LCNPs can be set to ~100 nm.38,39

In this study, we report a novel and economic drug deliv-

ery system using LCNPs prepared by the PIT method incorpo-

rating a new hepatitis C virus NS5A inhibitor, BMK-20113. 

BMK-20113 is a very hydrophobic peptide-based drug candi-

date possessing an excessively high inhibitory activity against 

the NS5A protein (half maximal effective concentration, 

EC
50

=0.26 nM).40 However, it exhibited a rather undesirable 

PK profile in rats.40 The composition of LCNPs incorporating 

BMK-20113 and the manufacturing process were optimized 

by varying the quantities/proportions of surfactants to melting 

lipids and then observing the phase behavior at the PIT of the 

complex. The physicochemical properties of the LCNPs were 

evaluated using conventional methods, including small- and 

wide-angle X-ray diffraction (SAXD and WAXD), particle 

size analysis, differential scanning calorimetry (DSC), and 

transmission electron microscopy (TEM). The PK profiles 

and tissue distribution of BMK-20113 incorporated into 

the LCNPs were compared with those obtained from the 

examination of the compound incorporated in a conventional 

host–guest complex (HGC), which was previously utilized 

in PK studies of BMK-20113.40

Material and methods
Materials
BMK-20113 was synthesized in our lab and its structure 

and activity were described in our previous report.40 

Emulgade® SE-PF, tetradecyl tetradecanoate (Cetiol® MM, 

myristyl myristate), polyethylene glycol (PEG)-15 hydroxy-

stearate (Solutol® HS 15), and PEG-12 cetostearyl ether 

(Eumulgin® B1, ceteareth-12) were kindly provided by BASF 

SE (Dusseldorf, Germany). 2-Hydroxypropyl-β-cyclodextrin 

(HP-β-CD) was purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). Carbopol 980 NF was purchased from Shanghai 

Chineway Pharmaceutical Technology (Shanghai, People’s 

Republic of China). The water used in the sample preparation, 

high-performance liquid chromatography (HPLC), and liquid 

chromatography-mass spectrometry (LC-MS/MS) proce-

dures and the isopropyl alcohol used in the HPLC procedure 

were of HPLC grade and were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). All other reagents were of 

analytical grade and were used as supplied.

Preparation of lcNPs and hgc
The compositions of the LCNP formulations are described 

in Table 1 and the PIT method used for preparing the for-

mulations is as follows: first, the lipid (composed of lipids, 

drug, and surfactants) and aqueous portions were heated 

separately at ~85°C. The aqueous portion was then added 

to the lipid portion and stirred until the hazy mixture turned 

semi-transparent. The mixture was then cooled to 25°C in a 

water bath containing ice for 1 minute to obtain the LCNPs. 

The PIT was measured with a conductivity meter (Cond 6+; 

Eutech Instruments Pte Ltd, Singapore), which measures the 

conductivity change at the emulsion inversion zone.

LCNP formulations with the compositions described in 

Table 2 were prepared for the PK and structure analysis. 

The procedure for the preparation of these formulations was 

the same as that described above for the LCNPs. For the 

HGCs, 20.0 g of HP-β-CD was slowly added to 100 mL of 

purified water to form a solution, which was vortexed until 

clear. Then 0.5 mL of PEG-15 hydroxystearate was added 

to 0.25 mL of dimethyl sulfoxide incorporated with 5 mg of 

BMK-20113, and this solution was mixed until clear. The 

BMK-20113 solution was added to 4.25 mL of the HP-β-CD 

solution and then vortexed until clear. The prepared LCNPs 

and HGC were stored at 4°C for further evaluation.
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saXD and WaXD analysis
The structures of the LCNPs were characterized using SAXD 

and WAXD analyses carried out on a SAXSpace (Anton-

Paar, Graz, Austria) at the National Instrumentation Center 

for Environmental Management (NICEM, Seoul, Korea). 

The scattering intensity was estimated as a function of the 

scattering vector q which is defined as:

 
q =

4π θ
λ
sin

,
 

(1)

where θ and λ stand for the scattering angle and wavelength, 

respectively. The distances between the planes of the LCNP 

surface (d) were calculated from the obtained indexing peaks 

in the SAXD scattering patterns using Bragg’s equation,

 
d

q
=

2π
.
 

(2)

The calculated inter-planar distances were multiplied by 

the peak ratio of the particular peak. The packing structure 

of the LCNPs was determined using WAXD. The scattering 

patterns were compared with the patterns previously reported 

by Bouwstra et al.41

Dsc analysis
The thermal properties of the LCNPs were investigated at 

the NICEM using a DSC-Q1000 (TA Instruments, Crawley, 

UK) equipped with a thermal analysis data system for the 

baseline correction, transition temperature, and calculation 

of the transition heat. The samples were first cooled to 20°C 

and then heated to 80°C at a heating rate of 2°C/minute under 

a constant flow of nitrogen gas.

TeM analysis
A 0.10 mL aliquot of the LCNP dispersion was diluted in 

1.0 mL of water or hydrochloric acid-potassium chloride 

buffer solution (0.2 M, pH 1.5) at 25°C. The diluted dispersion 

was dropped onto CF300-Cu carbon film (Electron Micro-

scopy Sciences, Hatfield, PA, USA) and then dried for 1 day 

under reduced pressure. The TEM images were obtained on 

JEOL EM-2010 and JEM-3010 microscopes (JEOL, Tokyo, 

Japan) at an accelerating voltage of 200 kV.

Particle size analysis
The particle size was evaluated using dynamic light scat-

tering, which yields the mean particle size and particle size 

distribution. Approximately 0.2 mL of the LCNP dispersion 

Table 1 Optimization of the ratio of emulgade se-PF and Peg-12 cetostearyl ether in lcNPs

Entry
(LCNP-#)

Composition Results

Part A
(wt%)

Part B
(wt%)

Emulgade 
SE-PF

PEG-12
cetostearyl
ether

Tetradecyl 
tetradecanoate

Water PIT
(°C)

Appearance

1 10.00 0.00 10.00 80.00 – separated
2 8.00 2.00 10.00 80.00 – Macroemulsion
3 6.00 4.00 10.00 80.00 73 Transparent
4 5.00 5.00 10.00 80.00 83 Transparent
5 4.00 6.00 10.00 80.00 83 Transparent
6 2.00 8.00 10.00 80.00 93 Macroemulsion
7 0.00 10.00 10.00 80.00 98 Macroemulsion

Note: compositions, phase inversion temperatures, and appearances of liquid crystal nanoparticles.
Abbreviations: LCNPs, liquid crystal nanoparticles; PEG-12, polyethylene glycol-12; PIT, phase inversion temperature; wt, weight.

Table 2 compositions of lcNPs for the evaluation of the physicochemical properties

Ingredient LCNP

#8 #9 #10 #11 #12

Water (g) 14.000 14.000 14.000 14.000 14.000 
emulgade se-PF (g) 1.500 1.493 1.478 1.463 1.425 
Peg-12 cetostearyl ether (g) 1.500 1.493 1.478 1.463 1.425 
Tetradecyl tetradecanoate (g) 3.000 2.985 2.955 2.925 2.850 
BMK-20113 (g) 0 0.0300 0.0900 0.1500 0.3000 
BMK-20113 (wt% to lipid mix) 0% 0.500% 1.50% 2.50% 5.00%
BMK-20113 (wt% to dispersion) 0% 0.150% 0.450% 0.750% 1.50%

Abbreviations: LCNPs, liquid crystal nanoparticles; PEG-12, polyethylene glycol-12; wt, weight.
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was diluted in 10 mL of purified water at 25°C. Then 3 mL 

of the diluted dispersion was added to a ϕ21 cylinder cell in 

a particle size analyzer (DLS-8000HL; Otsuka Electronics, 

Osaka, Japan), which was equipped with a 10 mW helium–

neon laser. The evaluation was performed 30 times for each 

dispersion at a detection angle of 90° and the measurement 

was repeated three times.

In vitro dialysis
To avoid the potential precipitation of BMK-20113, a modi-

fied assay was used, as previously reported by Hua.42 To pre-

pare the donor solution, 1.5 mL of the HGC dispersion was 

mixed with 4 mL of 0.5 wt% carbopol gel and then dispersed 

into 38.5 mL of the dissolution medium, which was 50 mM 

phosphate-buffered saline (pH 6.5). To prepare the LCNP 

dispersion donor solution, 0.2 mL of LCNP-#11 was mixed 

with 4 mL of 0.5 wt% carbopol gel and then dispersed into 

39.8 mL of the dissolution medium. A total of 11 mL of the 

donor solution was added to a dialysis bag (10 kDa molecu-

lar weight cut-off, Thermo Fisher Scientific) and this was 

suspended in 90 mL of the acceptor solution, which was the 

dissolution medium. At scheduled intervals, 400 µL of the 

acceptor solution was collected for HPLC assay and an equal 

volume of fresh dissolution medium was added to maintain 

a constant volume. The concentration of BMK-20113 in the 

collected sample was determined by HPLC.

PK studies
The Sprague Dawley rats (184–238 g body weight) used 

in the study were supplied by Sippr-BK Lab Animal Ltd 

(Shanghai, People’s Republic of China) as shown in Table S1. 
The animal studies were performed at Sundia MediTech Co. 

Ltd. The institutional animal ethics care and use committee 

of Sundia approved the animal protocols and the studies 

were performed in accordance with the guidelines of the 

committee. For the intravenous (IV) and oral (PO) dose 

group, the nominal concentration of the dosing solutions 

was 1.0 mg/mL. The study was designed as described in 

Table 3 and conducted in parallel with the two formulations 

(HGC and LCNP-#11) as described in Table 2. Individual 

doses were calculated based on pre-treatment body weights 

recorded on the day of dose administration. The IV dose was 

administered via the tail vein as a bolus injection, and each 

animal received 5 mL of the solution per kg of body weight. 

For the PO dose, each animal was administered 10 mL of 

the solution per kg of body weight via a gavage tube. Blood 

(0.2–0.3 mL) was collected in polypropylene tubes containing 

ethylenediaminetetraacetic acid (EDTA)-K
2
 as an anticoagu-

lant, at different time points and then stored on wet ice until 

processed for plasma by centrifugation. The samples were 

centrifuged at 6,000 rpm for 8 minutes within 1 hour of blood 

collection. The plasma samples were then stored at ~-20°C 

until analyzed by LC-MS/MS with an internal standard. The 

lower limit of quantification of BMK-20113 was 1.0 nmol/L. 

PK parameters were calculated with WinNonlin® 6.3 through 

the use of non-compartmental PK analysis method.

Tissue distribution studies
Six Sprague Dawley rats (190–216 g in body weight) supplied 

by Sippr-BK Lab Animal Ltd. were used in this study. The 

nominal concentration of the dose solution was 1.0 mg/mL. 

For the study, six male Sprague Dawley rats were divided 

into two groups: the animals in group 1 and group 2 were 

given a single IV dose with HGC and LCNP-#11, respec-

tively, at a nominal dose of 5 mg/kg as a 1 mg/mL solution. 

Individual doses were calculated based on pre-dose body 

weights recorded on the day of dose administration. For IV 

dose, administered amounts via tail vein as a bolus injection, 

are presented in Table S2. Samples of the cerebrospinal fluid 

(CSF), blood (0.150–0.200 mL), lung, liver, kidney, spleen, 

skin, and muscle were collected into polypropylene tubes 

containing EDTA-K
2
 as the anticoagulant and stored on wet 

ice until processed for plasma by centrifugation. The samples 

were centrifuged within 30 minutes of blood collection at 

6,000 rpm for 8 minutes and the plasma samples were then 

stored in a freezer until analyzed by LC-MS/MS. The tissues 

were homogenized with five volumes of phosphate-buffered 

saline to obtain a tissue suspension.

LC-MS/MS analysis in the body 
distribution study
LC-MS/MS analysis of plasma, kidney, liver, skin, and 

spleen samples was carried out using a Shimadzu LC-20AD 

Table 3 Design of the pharmacokinetic study

Groups
(n=5)

Treatment

Test 
formulation

Dose level Route Vehicle

(mg/kg BW)

1 BMK-20113 5.00 IV hgc
2 BMK-20113 10.00 PO hgc
3 lcNP-#11 5.00 IV lcNP
4 lcNP-#11 10.00 PO lcNP
Plasma collection Time points: 0.083 (IV only), 0.25, 0.5, 1, 2, 4, 8, 

24 hours post-treatment
Test article storage: room temperature
Overnight food fast of animals: yes

Note: Design of the pharmacokinetic study of hgc and lcNPs incorporating 
BMK-20113 in male sprague Dawley rats.
Abbreviations: BW, body weight; HGC, host–guest complex; LCNPs, liquid 
crystal nanoparticles; IV, intravenous; PO, oral.
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coupled with an AB Sciex API 4000 (Shimadzu, Kyoto, 

Japan). Standard curve samples (20 µL), quality control 

samples and rat plasma samples were mixed with 60 µL 

of acetonitrile containing internal standard (200 ng/mL of 

tolbutamide or 50 ng/mL of propranolol) in Eppendorf tubes. 

After vortexing the mixture for 1 minute, the mixture was 

centrifuged for 10 minutes at 13,000 rpm at 4°C and then 

the supernatant (50 µL) was transferred to a 96-well plate 

which was pre-added in 150 µL of water. After shaking the 

samples for 10 minutes, 10 µL of sample was injected into 

LC-MS/MS. The separation was carried out on a Thermo 

Betasil C18 column (2.1×50 mm, 5 µm particle size) with 

0.1% trifluoroacetic acid in water (A) and acetonitrile (B) as 

the mobile phase at a flow rate of 0.5 mL/minute. Method: 

10% B (0–0.5 minutes), 10%–95% B (0.5–1.1 minutes), 95% 

B (1.1–1.4 minutes), 95%–10% B (1.4–1.5 minutes), 10% B 

(1.5–2.2 minutes). Mass transitions: 260.3/116.2 for propra-

nolol (internal standard); 761.4/289.1 for BMK-20113.

The lung, muscle, and CSF samples were analyzed by 

LC-MS/MS using a Shimadzu LC-20AD coupled with an 

AB Sciex API 4000. The other analytical conditions are the 

same as those used for the plasma, kidney, liver, skin, and 

spleen samples.

Results
Preparation and physicochemical 
properties of lcNPs
The estimated PIT values and appearances of the LCNPs 

prepared with varying compositions are shown in Table 1. 

The ratio of Emulgade® SE-PF to PEG-12 cetostearyl ether 

was optimized by varying the ratio of the surfactant to the 

fixed concentrations of the surfactant mixture (10 wt%) and 

tetradecyl tetradecanoate (10 wt%). Semi-transparent disper-

sions were evident when the ratios of Emulgade SE-PF and 

PEG-12 cetostearyl ether were in the range of 2:1–2:3 and the 

phase inversion of the compositions appeared above 80°C. 

Based on previous reports that the stability of the formulation 

was improved as the PIT increased, a 1:1 ratio of Emulgade 

SE-PF and PEG-12 cetostearyl ether, which showed the 

highest PIT, was selected.30 As the composition of surfactant 

mix, tetradecyl tetradecanoate and water was varied, semi-

transparent nanodispersions were obtained at ratios of the 

dotted area illustrated in Figure 1, which was plotted based 

upon the results shown in Table S3. The dispersion with com-

position #8 in Figure 1 and Table 2 (LCNP-#8) was selected 

for further evaluation because it was incorporated with the 

highest amount of the lipid mix (30 wt% to the dispersion) 

comprising tetradecyl tetradecanoate (15 wt%) and the sur-

factant mix (15 wt%) compared with the other dispersions. 

The phase behavior of dispersion LCNP-#8 on heating is 

described in Figure 2 with the estimation of electric current 

value. The electric current value decreased from ~140 µS at 

80°C to below 20 µS at 95°C; hence, the PIT was determined 

as 88°C, which is the median value of 80°C and 95°C.30 BMK-

20113 was incorporated in LCNP-#8 at 0.500, 1.50, 2.50, and 

5.00 wt% to the lipid complex, as illustrated in Table 2. The 

2.50 wt% sample of LCNP-#11 was selected for further PK 

studies because precipitation was observed with the 5.00 wt% 

sample (LCNP-#12). Drug stability during the heating process 

was evaluated using HPLC, and no drug decomposition was 

observed, as shown in Figure S1. BMK-20113 is practically 

insoluble in water40 and is therefore assumed to be partitioned 

in the lipid phase of the LCNP dispersion.

Figure 1 Ternary phase diagram of the surfactant complex, tetradecyl 
tetradecanoate, and water. 
Notes: The dotted triangle indicates the compositions at which the liquid crystal 
nanoparticles (LCNPs) can be prepared. The composition of LCNP-#8 is designated 
by a dark dot (•).

Figure 2 conductivity of liquid crystal nanoparticles (lcNP)-#8 on heating.
Note: a semi-transparent phase appeared as the conductivity decreased from 80°c.

°
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The SAXD intensity (y-axis) is plotted against the scat-

tering vector (x-axis) in Figure 3A. Since the diffraction 

patterns are composed of sequential peaks, the LCNPs can 

be considered to have a lamellar liquid crystal structure. 

There is a correlation between the peaks positioned at 0.65 

and 1.3 (nm-1) with:

 2Q
1
 = Q

2
, (3)

where Q
1
 stands for 0.65 and Q

2 
stands for 1.3. Therefore, the 

distance between the two phases is calculated to be ~9.7 nm 

by using Bragg’s equation,

 
d

q
=

2π
.
 

(4)

From the results of the SAXD, it can be assumed that the 

surface of the LCNPs comprises a lipid lamellar phase with a 

periodicity of 9.7 nm. As shown in Figure 3B, the scattering 

vector values in the WAXD are 15.0 and 16.6 (nm-1); 

therefore, the distances between the hydrocarbon chains are 

0.419 and 0.379 nm, respectively, according to Bragg’s equa-

tion. These values are comparable with the orthorhombic lat-

eral packing values, which are 0.41 and 0.37 nm, respectively, 

as reported by Bouwstra et al.41 There were no differences 

in the distance values as the concentration of BMK-20113 

increased from 0 to 5.00 wt% in the lipid phase. From the 

results of SAXD and WAXD, it can be presumed that the 

LCNPs are composed of a lipid lamellar liquid crystal with 

orthorhombic lateral packing, as shown in Figure 4.

The DSC results are shown in Figure 5. The melting 

peak of the LCNPs without BMK-20113 was observed 

at ~35°C, which is lower than those observed for tetradecyl 

tetradecanoate (43.79°C), Emulgade SE PF (39.21°C), and 

PEG-12 cetostearyl ether (38.27°C), as shown in Figure S2. 

The enthalpy values of the LCNPs incorporated with 0, 0.50, 

1.50, and 2.50 wt% BMK-20113 to the lipid mix were esti-

mated to be 34.3, 34.3, 34.0, and 34.1 J/g, respectively.

TEM images of the LCNPs incorporating BMK-20113 

in 0, 0.50, 1.50, and 2.50 wt% to the lipid mix are shown in 

Figure 3 evaluation of the physicochemical properties of the liquid crystal nanoparticles (lcNPs). 
Notes: (A) small angle X-ray diffraction (saXD) and (B) wide angle X-ray diffraction (WaXD) of lcNP-#8, #9, #10, and #11. The lamellar liquid crystal structure is 
indicated by the sequential peaks positioned at 0.65 and 1.3 (nm-1) in the saXD. In the WaXD, the peaks positioned at 15.0 and 16.6 (nm-1) correspond to the orthorhombic 
lateral packing structure. No significant changes were observed with varying concentrations of BMK-20113.
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Figure 6. The sizes of LCNPs are from 70 to 130 nm and there 

were no significant differences in the particle shape at all 

tested concentrations of BMK-20113. However, the particle 

size increased with increasing concentrations of BMK-20113 

from 0 to 2.50 wt%. There was no drug expulsion based on 

the TEM evaluation, which detects the drug recrystallization 

as shown in Figure S3. Additionally, the shapes and sizes 

of LCNP-#8 and #11 in an acidic condition (pH 1.5) were 

evaluated with TEM to ensure the stability in PO. As shown 

in Figure S4, the morphological properties of LCNP-#8 

and #11 in the acidic condition were comparable with those 

of LCNP-#8 and #11 in the neutral condition.

To evaluate the stability of the LCNP dispersions, particle 

size analysis was performed using dynamic light scattering 

at scheduled time intervals, and the results are illustrated in 

Figure 7. There were no significant changes in the particle 

size when stored at 4°C from day 1 after preparation for up 

to 2 months. However, the particle size of the LCNPs with 

2.50 wt% BMK-20113 was larger than those with other 

concentrations. At 37°C, there was no increase in the particle 

size at 0 and 0.50 wt% BMK-20113. However, a significant 

increase in size was observed in the LCNPs with 2.50 wt% 

BMK-20113 after 2 weeks. The LCNPs with 1.50 wt% 

BMK-20113 showed a slight increase in size after 2 weeks. 

However, this was comparable with the values at 1 and 

2 months. This result suggests that the size increase is not 

accelerated until after 2 months.

PK studies
The in vitro release patterns of BMK-20113 from the HGC 

and LCNPs are shown in Figure 8. For the HGC, 3.87% of the 

BMK-20113 was released within 3 hours, followed by 3.51% 

Figure 4 Illustration of the structure of the prepared liquid crystal nanoparticles (lcNPs).
Note: The interphase of the LCNPs is comprised of a lamellar liquid crystal structure with orthorhombic lateral packing.

Figure 5 The differential scanning calorimetry (Dsc) curves for liquid crystal nanoparticles (lcNP)-#8, #9, #10, and #11.
Note: The main peaks from 33°c to 36°c and the small peaks at 25°c and 32°C for LCNP-#8 did not change significantly with increasing concentrations of BMK-20113.

°
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in the next 69 hours. The evaluation of LCNP-#11 showed 

that 19.5% of BMK-20113 was released within 12 hours, 

with a 1.65%/hour release rate (R2=0.995). This was followed 

by 32.0% release in the next 60 hours, with a 0.518%/hour 

release rate in a sustained manner (R2=0.955).

The results of the PK studies following IV and PO 

administration of HGC and LCNP-#11 in rats are shown in 

Table 4 and Figure 9. Significant differences were observed 

between HGC and LCNPs in the maximum concentration 

(C
max

), clearance rate (CL
z
/F), release pattern, and bioavail-

ability (F) of BMK-20113. With PO administration, the C
max

 

value with the LCNPs was two-fold higher than that with 

HGC, and the peptide-based drug in the LCNPs was released 

in a sustained manner. In addition, a sudden increase in the 

drug concentration was observed with the HGC with PO 

administration. A significant increase (five-fold) in F value 

was observed with PO administration of LCNPs compared 

with the HGC.

Tissue distribution studies
The tissue distributions of BMK-20113 after IV adminis-

trations of the test compound in the HGC and LCNPs are 

Figure 6 Transmission electron microscopy (TeM) images of liquid crystal nanoparticles (lcNP)-#8, #9, #10, and #11.

Figure 7 Stability of liquid crystal nanoparticles (LCNP)-#8, #9, #10, and #11.
Notes: at (A) 4°c and (B) 37°C. LCNP-#8 and #9 were stable at 4°c and 37°C for 2 months, while LCNP-#10 and #11 were stable at 4°c for 2 months and at 37°c for 
1 week.
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described in Figure 10. The plasma concentration of BMK-

20113 after dosing with the LCNP formulation was lower 

than that resulting from the HGC formulation, in line with 

the results shown in Table 4, which presumably results from 

the prolonged retention of LCNPs in the tissues. As shown in 

Figure 10A, the concentration of BMK-20113 after dosing 

with the LCNP formulation is the highest in the liver, while 

after dosing with the HGC formulation the concentration 

of BMK-20113 is higher in the kidney, plasma, and lung 

than in the liver. Furthermore, the liver/plasma distribution 

ratio in the LCNP formulation is more than ten-fold higher 

than that in the HGC formulation, as shown in Figure 10B. 

Regarding the distribution to the kidney and lung, the ratios 

in the LCNP formulation are higher than those in the HGC 

formulation; however, the drug concentrations in the LCNP 

formulation are lower than those in the HGC formulation. 

This shows that BMK-20113 in the LCNP formulation is 

specifically distributed into the liver, while that in the HGC 

formulation is distributed into the plasma, kidney, liver, and 

lung nonspecifically. Additionally, the concentration in CSF 

is very low with the LCNP formulation, less than one seventh 

of that observed with the HGC formulation, which indicates 

that the LCNP formulation does not allow noticeable blood–

brain barrier penetration.

Discussion
The LCNPs in this study were prepared by simple heating 

of the complex to 85°C, followed by rapid cooling to 25°C 

in a minute. Therefore, the energy input required for the 

preparation was much lower than that required for high-

pressure homogenization and ultrasonication, which are used 

in the conventional preparation. Therefore, the industrial 

preparation of LCNPs using the method in this study could 

be more convenient than that with conventional methods. As 

illustrated in Figure 2, the conductivity was ~140 µS at 80°C 

and with a temperature increase to 95°C, it fell below 20 µS. 

During the conductivity change period, the appearance of 

the complex changed from turbid to semi-transparent. This 

change in appearance signified that the complex phase had 

changed from the melt-lipid in water emulsion to a bicontinu-

ous phase.43 The solubility of BMK-20113 in the lipid phase 

was improved as the temperature increased. Therefore, the 

dissolution process for BMK-20113 was endothermic, and 

recrystallization or aggregation of BMK-20113 could occur 

at low temperatures. At 4°C, there was no aggregation and 

recrystallization of the poorly water-soluble BMK-20113;40 

therefore, it can be concluded that BMK-20113 was encapsu-

lated in the liquid crystal structure of the LCNPs. One major 

concern with the heating process during the preparation of 

lipid nanocapsules is the degradation of the drug during the 

process. There was no change in the HPLC analysis of BMK-

20113 during the preparation of the LCNPs compared to the 

original BMK-20113 in tetrahydrofuran, which confirmed 

Figure 8 cumulative release (0–72 hours [h]) of BMK-20113 from the host–guest 
complex (HGC, control solution) and liquid crystal nanoparticles (LCNP-#11); n=3.

Table 4 results of pharmacokinetic studies

Pharmacokinetic 
parameter

Unit HGC LCNP-#11

IV PO IV PO

T1/2Z h 1.50±0.565 2.23±0.312 1.50±0.847 2.06±0.616
Tmax h – 2.40±0.894 – 1.30±1.52
cmax nmol/l 20,600±4,890 149±40.7 3,340±1,420 306±119
aUc(0-t) h⋅nmol/l 11,200±2,640 686±259 3,030±459 999±220
aUc(0-∞) h⋅nmol/l 11,200±2,650 762±270 3,100±495 1,070±202
Vz/F l/kg 1.43±0.876 3.63±0.678 4.74±2.92 2.72±0.377
clz/F l/h/kg 0.617±157 61.1±21.6 2.16±0.301 38.5±15.0
MrT(0-t) h 0.761±0.0864 18.8±5.67 1.22±0.349 12.7±2.48
F % – 3.08±1.16 – 16.5±3.62

Note: results of pharmacokinetic studies of the hgc and lcNPs incorporated with BMK-20113.
Abbreviations: HGC, host–guest complex; LCNPs, liquid crystal nanoparticles; IV, intravenous; PO, oral; T1/2Z, terminal elimination half-life; Cmax, maximum concentration; 
Tmax, time to cmax; CLz/F, clearance rate; AUC, area under the curve; Vz/F, volume of distribution; MRT(0-t), mean retention time; F, bioavailability; h, hour(s).
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the stability of BMK-20113 under the heating conditions, 

as shown in Figure S1.

The SAXD analysis revealed that the surface of the 

LCNPs is composed of a lipid lamellar phase with a periodic-

ity of 9.7 nm. In the WAXD analysis, the alkyl chains of octa-

decanol, hexadecanol, and the surfactants are positioned at 

distances of 0.419 and 0.379 nm, respectively, which means 

that the LCNPs are composed of orthorhombic lateral pack-

ing, as illustrated in Figure 4. The lamellar liquid structure is 

considered suitable for drug delivery because the sustained 

drug release was reported to be possible with the multilayer 

structured carrier.44,45 There was no difference in the SAXD 

Figure 9 Plasma concentrations (nmol/l) of BMK-20113 incorporated in host–
guest complex (hgc) and liquid crystal nanoparticles (lcNPs)-#11 in male sprague 
Dawley rats after a 10 mg/kg oral dose, n=5.
Abbreviation: h, hour(s).

Figure 10 Concentrations and tissue distributions of BMK-20113 incorporated into host–guest complex (HGC) and liquid crystal nanoparticles (LCNP)-#11.
Notes: (A) concentrations of BMK-20113 in tissues, in male sprague Dawley rats 5 minutes after a 5 mg/kg intravenous dose of BMK-20113 incorporated into hgc or 
lcNP-#11, n=3. (B) ratio of the concentration of BMK-20113 in the tissue to that in the plasma after oral dose of BMK-20113 incorporated into hgc or lcNP-#11.
Abbreviation: CSF, cerebrospinal fluid.
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and WAXD patterns with increasing concentrations of 

BMK-20113. Therefore, it can be concluded that the lat-

eral packing of lipids at the surface of the LCNPs was not 

concentration-dependent. It can also be predicted that the 

controlled release of the drug was possible because of the 

layer-by-layer erosion of the drug from the lamellar liquid 

crystal structure.45

The DSC evaluation of the LCNPs showed a main peak 

at 35°C, which is lower than the melting peaks of excipients 

(Figure 5 and S2). As reported by Montenegro et al,46 the 

melting peak of cetyl palmitate could be lower than the 

peak of the cetyl palmitate bulk. This lower melting point 

could be attributed to the nano-size of the particles and 

the non-crystallized, super-cooled state of the core of the 

LCNPs.46,47 The state of tetradecyl tetradecanoate in the 

LCNP layer in this study was nano-sized and could also 

be the super-cooled form resulting from the rapid cooling 

process. This phenomenon may explain the decrease in the 

melting point.

Because the melting peak of the LCNPs is observed at 

34°C–36°C, the particle could melt after oral dosing and 

the coalescence of the particles could follow. Because the 

coalescence results in destabilization of the formulation, it 

is not suitable for oral administration. In order to ensure the 

stability under the PK evaluation conditions, the stability of 

the LCNPs was evaluated using dynamic light scattering at 

4 and 37°C, as shown in Figure 7. It should be noted that 

the stability at 37°C was important to ensure the stability of 

the vehicle under the conditions of the PK study. At 4°C, 

there was no significant change in particle size for 2 months, 

which means that the LCNPs are stable under that condi-

tion. However, an increase was observed in the particle size 

when the LCNPs were stored at 37°C. The particle size of 

the LCNPs was preserved for up to 1 week; however, it 

significantly increased 2 weeks after the incorporation of 

1.50 and 2.50 wt% BMK-20113 to the lipid mix (LCNP-#10 

and #11, respectively). It can be assumed that the addition 

of BMK-20113 to the LCNPs at a concentration higher than 

1.50 wt% (LCNP-#10) affects the amorphous property of the 

core, which presumably leads to the acceleration of coales-

cence and Ostwald ripening. Furthermore, the lipids in the 

LCNPs are converted to liquid form above 35°C, as shown 

by the DSC results. Therefore, the coalescence and Ostwald 

ripening could be stimulated at 37°C, thereby increasing the 

particle size and destabilizing the LCNPs. However, the sta-

bility of the LCNPs at 37°C is acceptable for the PK study 

since the test is performed within 2 to 3 days. The acceptable 

stability of the LCNPs at 37°C can be rationalized based upon 

the retardation of coalescence because of the repulsive forces 

produced by the PEG group of PEG-12 cetostearyl ether.48 

Because of the repulsive forces, the surface layer comprising 

the surfactant can act as a physical barrier, therefore, the for-

mulation can be stable for 1 week. As for the stability in the 

acidic condition, the particle shapes and sizes of LCNP-#8 

and #11 were comparable with those in the neutral condition. 

Therefore, it can be assumed that the LCNPs are durable 

under the “stomach environment”.

As shown in Figure 8, sustained release of BMK-20113 

incorporated in the LCNPs was observed until 72 hours, 

compared with the HGC formulation, which showed a very 

low drug release rate. Because the evaluation was carried out 

below the saturation point of BMK-20113, it clearly indicates 

that the sustained release is possible with the LCNPs. The 

results can be explained by the structure of the LCNPs, as 

determined by SAXD and WAXD. These analyses showed 

that the drug release can be controlled by the layer-by-layer 

erosion of the orthorhombic lateral packing structure of the 

LCNPs at 37°C.45 Conversely, the HGC is composed of 

HP-β-CD as the host incorporated with the peptide-based 

therapeutic BMK-20113, which is the guest with a cyclic 

structure. The structure is efficient for incorporating the 

hydrophobic drug with the hydrophobic site of HP-β-CD; 

however, the drug release can be delayed or inhibited if the 

affinity of the bond between the HP-β-CD and the peptide-

based drug candidate is too strong.49 Additionally, the loading 

efficiency of the BMK-20113 was 25.0 mg in 1.00 g of the 

LCNPs, which is much higher compared with that for the 

HGC at 5.88 mg in 1.00 g of the complex. The enhanced effi-

ciency of the drug loading can be explained by the amorphous 

state of the LCNP core. This complex core is composed of 

tetradecyl tetradecanoate, cetyl palmitate, glyceryl stearate, 

hexadecanol, and octadecanol, which provides more room 

for the encapsulation of BMK-20113.50

In the PK study shown in Table 4, the bioavailability of 

the BMK-20113 incorporated in the LCNPs is more than five 

times higher than that with the HGC. In addition, the termi-

nal half-life (T
1/2Z

) of the LCNP–BMK-20113 complex was 

comparable with that of the HGC–BMK-20113 complex. The 

mean retention time of the PO dosing was higher for the HGC 

compared to the LCNP, as shown by the sudden increase in 

drug concentration observed at 1, 2, and 4 hours in the HGC 

(Figure 9). Therefore, the half-life and mean retention time 

could have been retarded during the evaluation of the HGC. 

The amounts of BMK-20113 released from the HGC at 1, 2, 

and 4 hours were about twice as high as that at 0.25 hours. 

Conversely, sustained release of BMK-20113 was observed 
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from the LCNPs and the concentration was maintained at a 

constant level from 0.25 to 4 hours, which suggests that the 

drug release was uniform. With these results, it can be con-

cluded that drug delivery with the LCNPs is more efficient 

than with the HGC. These results are in agreement with the 

predicted properties obtained from the dialysis, SAXD, and 

WAXD analysis. The improvement in the bioavailability of 

the BMK-20113 incorporated in the LCNPs is presumably 

attributable to the multilayer structure of LCNPs, which 

offers sustained drug release.44 In addition, the liquid crystal 

structure protects the drug within the gastrointestinal tract, 

thereby enhancing its stability because the drug is encapsu-

lated in the lipid core. Moreover, the outer layer is PEGy-

lated with ceteareth-12 and ceteareth-20, which function as 

a stealth layer under gastrointestinal conditions; therefore, 

the BMK-20113 incorporated into the LCNPs is more stable 

than with the HGC.35,51

From the tissue distribution study, it can be reasoned 

that the hydrophobic peptide-based drug is delivered spe-

cifically to the liver when it is incorporated into the LCNPs. 

As described in the results, the distribution into the liver 

with LCNP-#11 is more than ten-fold higher than with 

HGC. The concentrations in the kidney and lung from the 

LCNP formulation are higher than those from the HGC 

formulation. However, the higher values are not because of 

selective delivery to the kidney and lung by the LCNPs, but 

because of the lower plasma concentration with the LCNP 

formulation compared to the HGC formulation, as shown in 

Figure 10A. Therefore, it can be concluded that the LCNPs 

are a more liver-specific drug delivery system than the HGC. 

The liver-specific drug delivery can be rationalized with the 

mechanism of lipid metabolism.38,39 In the reported mecha-

nism, the emulsions can be metabolized via the comparable 

metabolism pathway of chylomicron or removed from the 

plasma by the cells of the mononuclear phagocyte system 

when the emulsions are recognized as foreign materials.38 

If the LCNPs are recognized as a foreign material, then the 

concentration of BMK-20113 should be significantly reduced 

in the blood within 30 minutes or less and should be increased 

in both the liver and spleen because of the mononuclear 

phagocyte system, the Kupffer cells of the liver, and the 

macrophages of the spleen.38 However, the concentrations 

are preserved at a certain level until 1 hour after IV and 

4 hours after PO administration, as shown in Table 4 and 

Figure 9. Another plausible mechanism for liver-specific 

delivery is that the LCNPs can be metabolized via the lipid 

emulsion metabolism pathway. As it was reported in the drug 

delivery system with lipid emulsions, the emulsion can be 

recognized as artificial chylomicrons.52 Because the LCNPs 

melt at body temperature, it can also be recognized as arti-

ficial chylomicrons which enable the specific accumulation 

into the liver. Furthermore, in the body distribution study, 

the concentration in the spleen with the LCNP formulation 

is not significantly different from that with the HGC for-

mulation, while the difference in the liver is significant, as 

shown in Figure 10A. From the results, it can be seen that 

the LCNPs are specifically delivered to the liver by avoiding 

clearance by the mononuclear phagocyte system, presum-

ably because of the PEG groups of the surfactants and the 

reduced particle size.

Conclusion
In this study, the LCNPs incorporated with the peptide-based 

therapeutics were prepared using the PIT method, which 

required low energy input with a short processing time. The 

structure of the LCNPs was determined to be orthorhombic 

lateral packing with a lamellar liquid crystal structure, and 

the particle sizes were ~100 nm. The stability of the LCNPs 

was confirmed with the particle size analysis at 4°C. The 

BMK-20113 incorporated in the LCNPs was stable during 

the PIT procedure and the loading efficiency of the LCNPs 

was 2.5 wt% for the lipid mix and 0.75 wt% for the disper-

sion, which was higher than that for the HGC. The dialysis 

test confirmed the sustained release of the drug incorporated 

in the LCNPs. The PK study showed that the F value of the 

LCNP–BMK-20113 complex increased five-fold compared 

with that for the HGC–BMK-20113 complex. The improve-

ment in the F value and sustained release are in agreement 

with the predicted properties of the liquid crystal structure 

of the LCNPs. The liquid crystal structure facilitated the 

controlled release of the drug and the F value was improved 

because the LCNPs were stable under the gastrointestinal 

conditions owing to the PEGylated surface, which acts as 

a stealth layer. Furthermore, it was revealed in the tissue 

distribution study that the LCNPs are a liver-specific drug 

delivery system.
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Table S1 Body weights and dose volumes of sprague Dawley rats for the pharmacokinetic study

Group Animal ID Body weight (g) Dose route Dose volume (mL)

1 1# 236 IV 1.18 
1 2# 208 IV 1.04 
1 3# 212 IV 1.06 
1 4# 224 IV 1.12 
1 5# 202 IV 1.01 
2 1# 238 PO 2.38 
2 2# 220 PO 2.20 
2 3# 218 PO 2.18 
2 4# 216 PO 2.16 
2 5# 218 PO 2.18 
3 1# 220 IV 1.10 
3 2# 212 IV 1.06 
3 3# 220 IV 1.10 
3 4# 206 IV 1.03 
3 5# 212 IV 1.06 
4 1# 226 PO 2.26 
4 2# 218 PO 2.18 
4 3# 216 PO 2.16 
4 4# 214 PO 2.14 
4 5# 220 PO 2.20 

Abbreviations: IV, intravenous; PO, oral.

Table S2 Body weights and dose volumes of Sprague Dawley rats for the tissue distribution study

Group Animal ID Body weight (g) Dose route Dose volume (mL)

1 101# 212 IV 1.06
1 102# 190 IV 0.95
1 103# 210 IV 1.05
2 201# 210 IV 1.05
2 202# 200 IV 1.00
2 203# 216 IV 1.08

Abbreviation: IV, intravenous.

Supplementary materials
general information
High-performance liquid chromatography analyses were 

performed with an HP1100 system (Agilent Technologies, 

Santa Clara, CA, USA), comprised of HP Chemstation soft-

ware, an auto sampler, a quaternary pump, and a photodiode 

array detector. C18 Vydac 218TP54 column 250×4.6 mm in 

diameter (5 µm particle size) was employed for the analysis. 

The mobile phase for the analysis was 0.1% trifluoroacetic 

acid in water (A) and acetonitrile (B) at a flow rate of 1 mL/

min at 20°C. Method: 100% A and 0% B (0 minutes), 100% 

B (10 minutes), 100% B (20 minutes), 0% B (22 minutes), 

0% B (25 minutes).
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Table S3 compositions of lcNPs for the pharmacokinetic study

Entry Composition Results

Part A
(wt%)

Part B
(wt%)

Emulgade 
SE-PF

PEG-12
cetostearyl ether

Tetradecyl 
tetradecanoate

Water PIT
(°C)

Appearance

1 10.00 0.00 10.00 80.00 – separated
2 8.00 2.00 10.00 80.00 – Macroemulsion
3 6.00 4.00 10.00 80.00 73 Transparent
4 5.00 5.00 10.00 80.00 83 Transparent
5 4.00 6.00 10.00 80.00 83 Transparent
6 2.00 8.00 10.00 80.00 93 Macroemulsion
7 0.00 10.00 10.00 80.00 98 Macroemulsion
8 2.50 2.50 0.00 95.00 78 Transparent
9 2.50 2.50 5.00 90.00 81 separated
10 2.50 2.50 10.00 85.00 82 separated
11 2.50 2.50 15.00 80.00 ND separated
12 2.50 2.50 20.00 75.00 ND separated
13 2.50 2.50 2.50 92.50 ND Macroemulsion
14 5.00 5.00 0.00 90.00 82 Macroemulsion
15 5.00 5.00 5.00 85.00 84 separated
16 5.00 5.00 10.00 80.00 85 Transparent
17 5.00 5.00 15.00 75.00 87 separated
18 5.00 5.00 20.00 70.00 87 separated
19 7.50 7.50 0.00 85.00 83 Macroemulsion
20 7.50 7.50 5.00 80.00 85 separated
21 7.50 7.50 10.00 75.00 87 Transparent
22 7.50 7.50 15.00 70.00 88 Transparent
23 10.00 10.00 0.00 80.00 82 Macroemulsion
24 10.00 10.00 5.00 75.00 83 separated
25 10.00 10.00 10.00 70.00 85 Macroemulsion
26 12.50 12.50 0.00 75.00 86 gelling
27 12.50 12.50 5.00 70.00 85 gelling
28 15.00 15.00 0.00 70.00 87 gelling
29 7.50 7.50 20.00 65.00 88 separated
30 7.50 7.50 25.00 60.00 90 gelling
31 7.50 7.50 30.00 55.00 93 gelling

Abbreviations: PEG-12, polyethylene glycol-12; PIT, phase inversion temperature; LCNPs, liquid crystal nanoparticles; ND, not determined; wt, weight.
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Figure S1 high-performance liquid chromatography analysis of BMK-20113 incorporated into the liquid crystal nanoparticles (lcNPs).
Notes: (A) BMK-20113 in tetrahydrofuran, (B) lcNP-#8 and (C) lcNP-#11.
Abbreviations: min, minute(s); Sig, signal; Ref, reference.
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Figure S3 Transmission electron microscopy image of BMK-20113 recrystallization of lcNP-#12.
Abbreviation: lcNP, liquid crystal nanoparticle.

Figure S2 The differential scanning calorimetry results.
Notes: emulgade se-PF (A), tetradecyl tetradecanoate (B) and Peg-12 cetostearyl ether (C).
Abbreviations: PEG-12, polyethylene glycol; Exo up, exothermic heat flow.
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Figure S4 Transmission electron microscopy image of lcNP-#8 and #11 in an acidic condition (ph 1.5).
Abbreviation: lcNP, liquid crystal nanoparticle.
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