pubs.acs.org/molecularpharmaceutics

pharmaceuhcs

Effect of Octreotide—Polyethylene Glycol(100) Monostearate
Modification on the Pharmacokinetics and Cellular Uptake of
Nanostructured Lipid Carrier Loaded with Hydroxycamptothecine

Zhigui Su, Jiangxiu Niu, Yanyu Xiao, Qineng Ping,* Minjie Sun, Aiwen Huang, Weiliang You, Xiaoye Sang,
and Dongfen Yuan

State Key Laboratory of Natural Medicines, China Pharmaceutical University, Nanjing-210009, PR China

o Supporting Information

ABSTRACT: A new conjugate, octreotide—polyethylene glycol(100) monostearate OPMS NLC
(OPMS), was developed for the enhancement of targeting delivery of hydroxycamp— % (%)
tothecine (HCPT) loaded in nanostructured lipid carrier (NLC).2 x10 >and 5 x 10> Mgtz | Opspnin
mmol of OPMS were respectively used to modify NLC so that the targeted nanocarriers %‘ %:/ ‘

with low and high ligand density were obtained. For comparison, the pegylated NLCs @ t.‘ ‘%
without octreotide were prepared by adding equal molar amounts of polyethylene Tmmmss \I“mm‘,essc,'
glycol(100) monostearate (PGMS). The relation between the modification levels and “mm caren
properties of various NLCs were studied in vivo and in vitro. At a high modification level,

aslower release rate of HCPT and the more stable nanocarriers was achieved. At the same a ‘ b b b n
time, the fixed aqueous layer thickness (FALT) and average surface density of PEG chains

(SDpgg) was increased, but the distance (D) between two neighboring PEG grafting sites became narrower. The in vivo
pharmacokinetic study in healthy rat indicated that the modified NLCs had a longer circulation than NLC (P < 0.05) due to
pegylation effect and OPMS modified NLCs had larger MRT and AUC,_; than that of PGMS modified NLCs at the same
modification level. Furthermore, the florescence microscopy observation also showed the targeting effect of octreotide modification
on somatostatin receptors (SSTRs) of tumor cell (SMMC-7721). The uptake of SMMC-7721 was much more than that of normal
liver cell (L02) for OPMS modified NLC, and the highest uptake was observed for S x 10> mmol of OPMS modified one. No
obvious difference was found among the L02 uptake of OPMS modified NLCs and NLC, but their uptake was higher than that of
PGMS modified NLCs. All the results indicated that the OPMS highly modified NLCs would improve the effect of antitumor

therapy by inhibiting the degradation, evading RES and enhancing the drug uptake of tumor cells.
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B INTRODUCTION

The objective of cancer chemotherapy was to achieve site-
specific drug delivery as well as minimize systemic side effects.
Ligand—PEG-lipid conjugate was w1de1y used as targeting mole-
cule in drug delivery systems (DDS)." Each part of the conjugate
played a different role. As an active targeting molecule, the ligand
increased the affinity of DDS for the target site. The hydrophilic
PEG segment might prolong the systemic circulation time and
minimize the nonspecific interaction with nontarget sites
such as the reticuloendothelial system (RES). The hydrophobic
lipid was generally utilized as an anchor molecule connecting
the conjugate with DDS. Lots of examples were found in
ligand—PEG-lipid based targeted liposomes for cancer drug
delivery and achieved tumor targeting both in vitro and
in vivo.>?

It was reported that somatostatin receptors (SSTRSs) had
been investigated as potential targets because they were over-
expressed in some tumors.* Somatostatin analogues including
octreotide, lanreotide, vapreotide etc. conjugated to radioactive
isotopes or cztotoxm drugs had been used for tumor dlagn051s
and therapy.” For example, [1251] [Tyr Joctreotide,” indium-
111 DTPA octreotide (OctreoScan),8 90Y-DOTATOC
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(beta-emitter yttrlum -90 conjugated viaDOTA to Tyr3 -octreotide
(DOTATOC)),” octreotide conjugated pachtaxel ! somatos-

tatin AN-238 consisting of 2- pyrrohnodoxorub1c1n (AN-201)
linked to a somatostatin analogue RC 121" and camptothecin-

somatostatin (CPT—SS) conjugates'” had all been proved use-

fully to explore the efficacy of receptor-mediated cytotoxicity and
selectively destroy cancer cells while sparing normal tissues. In
consideration of the pharmaceutical setting, octreotide as the
tumor targetlng ligand possessed specific affinity for SSTR-2 and
SSTR-5" and high stab111ty in physiological conditions. Sun
et al."* and Zhang et al."® had successfully conjugated octreotide
to the PEG end of PEG-PE or PEG-DSPE; however the final
products were often a mixture, containing several non-site-specific
conjugates of the peptide—PEG-lipid and nonreacted PEG-lipid,
and the yield was somewhat low. These gave birth to an idea of
using octreotide as the targeting moiety to develop a novel,
simplified octreotide—PEG-lipid conjugate, which would be of
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benefit to improve the site-specification, purification and yield as
well as protect the functional groups.

Nanostructured lipid carrier (NLC) consisting of solid lipid
and liquid lipid was a new type of colloidal drug delivery system,
which offered advantages of improving drug loading capacity,
controlling release properties and drug targeting.'®'® Taking
the physiological and/or biodegradable lipids into consideration,
NLC also revealed an excellent tolerability compared with
polymeric nanoparticles; furthermore, NLC was easier to scale
up, more stable for storage and less costly than liposomes. By
now NLC was mainly investigated for dermal application with
few investigations focusing on the parenteral route.”® In this
paper, efforts were focused on improving the drug targeting
efficiency of NLCs, especially aiming to enhance the stability,
prolong the retention of drug in vivo and enhance the drug
uptake of tumor cells.

Polyethylene glycol(100) monostearate (PGMS) with poly-
ethylene glycol (PEG) molecular weight 4000 g/mol was an
amphiphilic polymeric derivative of hydrophilic PEG modified
by attaching a hydrophobic moiety, which could be easily
incorporated into the lipid core of NLC with the hydrophilic
PEG chains on their surface.”’** In current studies, octreotide
was conjugated with PGMS to obtain octreotide—PEG-mono-
stearate conjugate (OPMS) using a two-step method which was
site-specific and high yield and did not interfere with biological
activities of octreotide. Then 10-hydroxycamptothecin (HCPT),
a derivative of natural camptothecin (CPT) which had been
shown to be more active and less toxic against gastric carcinoma,
hepatoma, leukemia and tumor of head and neck as compared
with CPT,**was chosen as the model drug to construct HCPT-
loaded NLC. In addition, current research suggested the thermo-
dynamic stability, prolongation of the circulation half-life and
cellular uptake of colloidal drug delivery systems were influenced
by the amounts of PEG modification.””***> Therefore, the
effects on different amounts of PGMS and OPMS used to modify
NLCs were investigated in order to evaluate physicochemical
properties, plasma stability, pharmacokinetics and cellular

uptake.

B MATERIALS AND METHODS

Materials. 4-Nitrophenyl chloroformate was obtained from
Suzhou Time-Chem Technologies Co. Ltd. (China). Octreotide
was purchased from Shanghai C-Strong (China). Polyethylene
glycol(100) monostearate (PGMS) with PEG molecular weight
4000 g/mol was purchased from Sigma (Milwaukee, WI, USA).
HCPT (purity 99.0%) was provided by Knowshine (Shanghai)
Pharmachemicals Inc. (China). Soybean phospholipids (PC,
purity 90%) were a kind gift from Evonik Degussa China Co.,
Ltd. (Shanghai, China). Labrafac CC was kindly gifted from
Gattefosse. Trilaurin and coumarin-6 were purchased from
Tokyo Chemical Industry (TCI, Japan). RPMI-1640 cell culture
medium was from Gibco (Life Technologies, Switzerland).
3-(4,5-Methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was obtained from Amresco (Solon, Ohio, USA). BCA
Protein Assay Kit was from Thermo Scientific Pierce (Rockford,
USA). The other reagents were analytical grade and used without
further purification. Double distilled water was used in this study.

Animals. Sprague—Dawley (SD) rats were obtained from the
Shanghai Silaike Laboratory Animal Ltd., were housed on
standard laboratory diet at an ambient temperature and humidity
in air-conditioned chambers and were used for the present

studies. All the animals were pathogen free and allowed to access
food and water freely. All animal experiments were conducted
in full compliance with local, national, ethical and regulatory
principles with the approval of the Institutional Animal Care and
Use Committee at China Pharmaceutical University.

Cell Cultures. The following cell lines were used: L02
(human-derived liver cell), SMMC-7721 (human hepatocellular
carcinoma cell line). Both of them were grown in RPMI1640
supplemented with 10% (v/v) fetal bovine serum. Cells were
incubated in a humidified atmosphere at 37 °C, gassed with 5%
CO, in air, and subcultured every 2 days with 0.25% trypsin.

Synthesis of Octreotide—Polyethylene Glycol-Monostea-
rate Conjugates (OPMS). OPMS was synthesized with a two-
step procedure. The first step was according to previous research
with a little modification®® and formed a new amphiphilic
intermediate, p-nitrophenylcarbonyl-Polyethylene glycol(100)
monostearate (pNP-PGMS).

Second, 50 mg of pNP-PGMS was dissolved in 5§ mL of
dichloromethane; then the organic solvent was evaporated until
complete dryness under vacuum and formation of a dried film.
11 mg of octreotide dissolved in 4 mL of 0.01 mol/L HCI was
added to the dried film, homogenized by sonication to obtain
suspension and then mixed with 20 mL of 0.2 mol/L NaCO;—
NaHCOj buffer (pH 9.0). The mixture was incubated for about
12 h at 4 °C and dialyzed with a Spectrum dialysis bag (MWCO
of §kDa, BBI, Canada) at 4 °C for 48 h to remove free octreotide.
Finally, OPMS solution was lyophilized and stored at 4 °C until
further use. The structure of the conjugate was characterized by
"H NMR spectrum, surface tension measurement and synchro-
nous fluorescence spectra (SFS).”

Determination of Coupling Ratio of Octreotide on PGMS.
The amount of octreotide on the OPMS was determined via
BCA Protein Assay Kit. In brief, the amount of octreotide was
calculated from a standard curve obtained from the octreotide
solutions mixed with PGMS as standard solution in a series of
concentrations (25—500 ug/mL). 20 uL of OPMS solution after
dialyzing or above standard solution and 200 u#L of BCA WR
were added into a 96-well plate and mixed completely. After
incubation for 30 min at 37 °C in the dark, the absorbance was
measured at 570 nm on a Microplate Reader (Thermo Electron
Co.). The above procedure was performed in triplicate. The
coupling ratio (CR) of reaction was calculated with the following
formula:

CR(%) = CV/Q x 100%

where CR is coupling ratio of reaction, C is the concentration of
coupled octreotide in OPMS solution after dialyzing, V is the
volume of OPMS solution after dialyzing and Q is the amounts of
octreotide added into the reaction.

Preparation of HCPT-Loaded NLCs. The solvent evaporation
method as described by Lu et al. and Nikanjam et al.***
was utilized to prepare NLC with some modifications. In a 0.5 L
round-bottomed flask, lipid matrix materials and HCPT were
dissolved in 20 mL of ethanol—methylene dichloride solvent
mixture (8:2, v/v). Lipid matrix containing PC, Trilaurin,
Labrafac CC and vitamin E were fixed at an optimized mass
ratio of 66.3:24.1:4.8:4.8 (w/w). Meanwhile, HCPT was 2.5 wt %
oflipid matrix. The organic solvent was evaporated under vacuum
at 40 °C for 4 h, and then the flask was placed in desiccators under
vacuum overnight. The dried lipid film was hydrated with 2.6%
(v/v) glycerol solution at 37 °C for 30 min and ultrasonicated at
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Scheme 1. Schematic Representation of the Unmodified and
Modified NLCs

PGMS modified NLC NLC

\/Octreotide @ Monostearate @ HCPT _~/-® PGMS \\/vu OPMS

400 W for 15 min. The unentrapped drug was removed using a
0.22 um cellulose nitrate membrane.

For the preparation of modified NLCs, PGMS or OPMS was
added into the lipid matrix and then the procedures were the
same as those described above. Two different amounts of PGMS
or OPMS, 2 x 10~2 mmol and § x 10™° mmol of each, were
added into the matrix to evaluate the effect of modification
amounts on characterization, drug release and other properties
of NLCs. Correspondingly, based on the modification of agents
and their amounts, the modified NLCs were named in order
as P;-NLC, Py-NLC, O;-NLC and Oy-NLC, respectively
(Scheme 1).

Particle Size, Zeta Potential and Morphology. Particle size,
its distribution indicated by polydispersity index (PI) and zeta
potential of HCPT-loaded NLC were determined by Zetasizer
3000HS (Malvern, U.K.). The morphological observation was
performed under transmission electron microscopy (TEM,
H-600, Hitachi, Japan) following negative staining with 0.1 wt
% sodium phosphotungstate solution. Additionally, atomic force
microscopy (AFM) (Veeco diNanoScope V, USA) was also used
to characterize the morphology. The samples of AFM were made
according to the following description: one drop of properly
diluted nanoparticle suspension was placed on the surface of a
clean silicon wafer and air-dried at room temperature. Then
the sample was observed by AFM with a 5 um scanner in
contact mode.

Determination of Encapsulation Efficiency (EE) and Drug-
Loading Coefficient (DL). The concentration of HCPT in
unmodified NLC and modified NLCs was determined by
Shimadzu 10-A vp HPLC system (Kyoto, Japan). The stationary
phase, Diamonsil C,g column (150 mm X4.6 mm, S 4m), was
kept at 40 °C. The mobile phase was a mixture of $5:45
methanol:0.075 mol/L ammonium acetate buffer (v/v, pH
6.5) adjusted with acetic acid. The flow rate was 1.0 mL/min.
The injection volumn was 20 ¢L, and effluent was monitored at
383 nm. HPCT-loaded NLCs were filtrated through the 0.22 um
cellulose nitrate membrane. The 50 uL filtration was dissolved in
450 uL methanol and vortexed for 30 s, and then centrifuged at
12,000 rpm for 10 min. The drug concentrations before and after
filtration were determined. EE in the NLCs was calculated as
follows:

EE(%) = (C,/Cp) x 100%
where C, is the concentration of the drug after filtration and Cy, is

the concentration of the drug before filtration.
DL in the NLCs was calculated as follows:

DL(%) = Qu/(Q4 + Qu) x 100%

where Qg is the amounts of the drug in NLCs and Q,, is the
amount of the feeding materials.

Calculation of Fixed Aqueous Layer Thickness (FALT) of
NLCs. The FALT was calculated via Gouy—Chapmann
theory.* According to this theory, zeta potential (L) as the
electrostatic potentials at the position of the slipping plane L was
expressed as

Iny(L) =InA—kL

where A is a constant and k is the Debye—Huckel parameter,
equal to 4/(C)/0.3 (C is the molality of electrolytes). If zeta
potentials were measured from the changing concentrations of
NaCl(0,0.01,0.05, 0.1 M, respectively) and plotted against k, the
slope L gave the position of the slipping plane or thickness of the
fixed aqueous layer in nm units.

Determination of Incorporated Ratio (IR) of PGMS and
OPMS, Average Surface Density of PEG (SDpgg) and Distance
(D) between Two Neighboring PEG Grafting Sites of Mod-
ified NLCs. The amounts of nonadhered PGMS or OPMS,
defined as W;, were obtained by ultrafiltration with molecular
weight cutoff 100 kDa and determined by colorimetric method as
described by Peracchia et al.*' with a slight modification. PEG
content was calculated by a standard curve in a range from 1 to
15 ug PEG/mL. The amounts of total PEG in modified NLCs
(including the nonadhered and adhered PEG on the surface of
NLC), defined as W, were directly measured without ultrafiltra-
tion. Thus, the amounts of PEG attached on the surface of NLC
were equal to (W, — W) and the incorporation ratio (IR) of
PGMS and OPMS was calculated by

IR(%) = (W, — Wy) /W, x 100%

The surface density of PEG chains (SDpgg) could be defined by
the ratio between the total number of PEG chains (Npgg) and
the nanoparticle surface area (S,,):>'

SDprg = Npeg/Sup

Resolving, Npgg = (Wpga/MWpgg)A,, where Wopgg is equal to
(W, — W), MWpe is the molecular weight of PEG and 4, is
Avogadro’s number. S,,, = 471" Nt ey Npcs is the total number
of nanoparticles and r is approximate to the whole particle radius,
neglecting the PEG layer thickness (error < 10%). From these
data of SDpgg, the D was calculated by

D = \ I/SDPEG

In Vitro Drug Release of NLCs. In vitro drug release of NLCs
with plasma or without plasma was analyzed by a membrane
dialysis technique. In order to investigate stability of NLCs in the
acidic microenvironment of the tumor, the study of drug release
in vitro was done in phosphate buffer with pH 7.4, pH 6.5 and pH
S.4.1 mL of NLCs (containing 500 ug of HCPT) was placed into
a preswelled dialysis bag (3.5 kDa MW cutoff, Sigma, USA).
Meanwhile, HCPT solution was prepared as control. To simulate
the in vivo environment, 1 mL of fresh rat plasma was placed into
the dialysis bag. The bag was tightened and soaked in 150 mL of
phosphate buffer. The HCPT concentration was kept at a level
lower than the solubility of HCPT in phosphate buffer (about
9 ug/mL) through all the experiment. The experiments were
carried out at 37 °C for 48 h in 3 replicates. At predetermined
intervals, S mL of the dissolution medium was withdrawn and
replaced with the same amount of prewarmed fresh medium.
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The samples of the replicates were acidified with glacial acetic
acid before analysis by HPLC.

Influence of Rat Plasma on Particle Size, Pl and Drug
Release of NLCs. In this part of the study, 3 mL of each NLC
suspension was mixed with 3 mL of fresh rat plasma at 37 °C with
soft stirring. After the specified incubation time, 100 uL of
mixture was withdrawn and determined by Zetasizer 3000HS.
Meanwhile, another 200 #L of mixture was applied on the top of
alcm X 40 cm column, filled with 10 mL of Sephadex GS0.
Then the column was eluted at a flow rate of 1 mL/min with
phosphate buffer pH 5.6. Sample fractions from 7 to12 mL were
collected, demulsified by methanol (1:9, v/v) and acidified with
glacial acetic acid before analysis by HPLC. The change of
particle size was calculated as follows:

change of particle size (%) = [size(0) — size(t)]/size(0) x 100%

where size(0) is the value of size before incubation and size(t) is
the value of size after t min incubation time.
The change of size distribution was calculated as follows:

change of PI (%) = [PI(t)/PI(0) — 1] x 100%

where PI(0) is the value of PI before incubation and PI(¢) is the
value of PI at t min.
The ratio of drug release from NLCs was calculated as follows:

drug release (%) = [EE(0) — EE(t)]/EE(0) x 100%

where EE(0) is the value of EE before incubation and EE(t) is the
value of EE at ¢ min.

Pharmacokinetics Studies in Rats. The in vivo concentra-
tion of HCPT in plasma was determined as describe in Determi-
nation of Encapsulation Efficiency (EE) and Drug-Loading
Coefficient (DL) except that HCPT was monitored by a
fluorescence detector (Shimadzu, Japan) with excitation wave-
length of 382 nm and emission wavelength of 528 nm. Once
drawn, the sample was centrifuged at 4000 rpm for 10 min at
4 °C. The plasma was frozen at —20 °C until assay. 10 uL of
glacial acetic acid and 200 L of ethyl acetate:methanol (1:1, v/v)
were added into 100 #L of plasma and vortexed for 2 min. The
mixture was centrifuged at 12000 rpm for 10 min, and 20 4L of
supernatant was injected into the HPLC system. The HCPT-
loaded NLCs were used in this experiment, and HCPT injection
acted as reference. All the preparations were administered
intravenously into the tail vein of male SD rats at a dose of
2.5 mg of HCPT/kg (n = 6), and blood samples were taken
with a heparinized syringe at S, 15, 30, 60, 120, 240, 480, 720,
and 1440 min. The plasma concentrations versus time data
were analyzed by Kinetica 4.4 (Thermo Electron Corporation,
Waltham, MA, USA). Parameters including ¢, 5, MRT and AUC
were determined.

Cellular Uptake Study by Fluorescent Microscopy. In this
study the NLC loading coumarin-6 was prepared by the method
as described in Preparation of HCPT-Loaded NLCs, but HCPT
was replaced with coumarin-6. L02 and SMMC-7721 were
seeded at a density of 10° cells/well on a pretreated coverslip.
After 24 h, cells were incubated with HBSS for 20 min. Next, the
medium was replaced with NLC samples in which the concen-
tration of coumarin-6 was 500 ng/mL and incubated for 2 h.
After removing the supernatant and washing the well three times
with PBS7.4, cells were fixed by 4% paraformaldehyde for 20 min.
Then, they were rinsed three times with PBS7.4 and observed
under fluorescent microscope (Olympus X 51, Japan).

Statistical Data Analysis. Statistical data analysis was per-
formed using the Student ¢ test with p < 0.0S as the minimal level
of significance.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Octreotide—Polyethylene
Glycol(100) Monostearate (OPMS). The OPMS was synthesized
and confirmed by'H NMR spectrum. The surface tension and
SES identification revealed that the hydrophilicity of PEG and the
local microenvironment of Trp of octeotide were not changed after
the coupling reaction. The coupling ratio of octreotide on the
PGMS of three batches of products determined by BCA Protein
Assay Kit was 89.17 & 2.79% (n = 3). Numerous coupling strategies
had been develoged to achieve site-directed ligand—PEG-lipid
conjugates.”'*'>** There were two amino groups in the structure
of octreotide, (t-amino group and €-amino group, and the latter was
the active site of octreotide. In order to conjugate with a-amino
group selectively, the pH of the reaction had to be carefully
maintained below 10 as described by Sun et al."*

Preparation and Characterization of NLCs. The particle
size, PI and zeta potential are listed in Table 1. The modification
of PGMS or OPMS resulted in decreasing of the particle size as
compared with NLC, which might be due to the increase of
surface-active effect with mixing surfactant.®® In addition, the
PEG chain of these systems could act as a tighter net on the
outside of vesicles, thus limiting the increase of vesicle size.>*
According to the previous report, it was possible for nanoparti-
cles with size around 100—200 nm to exhibit long blood
circulation effect due to avoidance of the recognition of RES
and accumulate in tumors via “leaky” vasculature through the
enhanced permeability and retention (EPR) effect.*>¢

From Table 1 it was observed that the value of zeta potential of
NLCs was increased by modifying different amounts of PGMS
and OPMG because the presence of PEG on the surface of
nanoparticles partially masked the negative charge.'””” The
higher the amounts of PGMS and OPMG were, the less the
negative value of zeta potential was. After a complete screening of
the surface by PEG attachment, the zeta potential would be
practically zero, which was considered sufficient to avoid RES
recognition.36 Moreover, a zeta potential range of —20 to —11
mV corresponds to the threshold of agglomeration in
dispersion.® Thus the range of zeta potential obtained in this
study was not high enough for a sufficient electrostatic stabiliza-
tion. However, PGMS and OPMS, containing PEG chains, could
provide additional steric stabilization for modified NLCs.

Figure 1 shows the TEM of unmodified and modified NLCs. It
could be observed that unmodified NLC appeared as spherical
shapes (Figure 1A) and modified NLCs exhibited quasi-spherical
shapes (Figure 1B). The border of unmodified NLC might be
surrounded by single or more phospholipid layers, while mod-
ified NLCs showed a core/shell structure with PEG chains
dangling outside of NLCs and providing steric stabilization to
the vesicle. The particle size measured by TEM was smaller than
that measured by Zetasizer 3000HS. This could be attributed to
the fact that Zetasizer 3000HS measured the hydrodynamic
diameter of vesicles, for which the PEG chain had significant
effect on vesicle size; while TEM measured the vesicles adsorbed
on a copper screen under vacuum condition.

Figure 2 shows the AFM of unmodified and modified NLCs.
Both of them appear as quasi-spherical shapes. As shown by
curves A and B, the particle size measured by AFM was larger
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Table 1. Physicochemical Properties of NLCs”

preparations PGMS (mmol) OPMS (mmol) size (nm) PI zeta potential (mV) EE (%) DL (%)
NLC 1214 £2.35 0.26 £0.03 —15.04 +1.03 944 +3.7 224013
P;-NLC 2x 1073 119.6 £ 1.8 0.23 +0.08 —6.5440.98 952+ 44 2240.15
Py-NLC 5x107° 103.6 £33 0.31 +0.04 —5.76 £2.01 90.7 +3.8 1.940.12
O.-NLC 2x107° 1205+ 1.7 0.25+£0.06 —3.77+1.17 93.6+5.5 224+0.18
Op-NLC $x10° 113.7+£24 0.30 £ 0.07 —3.74 £1.25 91.4+48 1.9+ 0.15
“Data are represented as mean & SD (n = 3).
Table 2. FALT, IR, SDpgg and D for NLCs*
preparations FALT (nm) IR (%) SDpeg D (nm)
NLC 0.80+0.31
P.-NLC 1.7440.57" 856940.77 0.18740.024 2.45+0.04
Ty Py-NLC 238+£1.02° 7850+ 1.82* 0492+0.019% 1.4240.03*
400 600 800nm O;-NLC 2194087 84064115 022040015 2174002
Oy-NLC 3724045 747140.79* 0.592+0.021* 1.3040.03*

200 400 600 800nm

Figure 2. AFM images of unmodified NLC (A) and modified NLC (B).
The profiles were obtained from the height images.

than that measured by Zetasizer 3000HS and the geometric
diameter of unmodified and modified NLCs was almost 2 times
larger than that of Zetasizer 3000HS. It might be responsible
for lipid spreading or flattening of NLCs onto the mica surface
and fusion process during sample preparation.”® *° The height
of modified NLC measured from AFM images was higher
than that of unmodified, 12 nm vs 7 nm, and the X/Z curve
of modified NLCs appeared smooth, but the X/Z curve of
unmodified NLC was crude, which could further confirm the
fact that the PEG chains served as a rough shell or “coating”
outside NLCs.**

“Data are represented as mean & SD (n = 3). *P < 0.05, versus NLC;
*P < 0.0S, versus P;-NLC and O;-NLC; **P < 0.05, versus P;-NLC,
O.-NLC and Py-NLC.

Fixed Aqueous Layer Thickness (FALT). As shown in Table 2,
with increasing the amounts of PGMS and OPMS from 2 x 10>
to 5 x 10~ mmol, the FALT increased. The results were in good
agreement with the reports. Shimada et al,*' Sadzuka et al.**
and Shi et al,* who found that FALT was a function of PEG
molecular weight and the amounts of PEG used. The FALT
suggested that the PEG chains of PGMS and OPMS constructed
more complete “mushroom” structures than “brush” structures
according to the modeling of PEG-lipid by Needham et al.** On
the one hand, in the “brush” model, the FALT was more than
10 nm.>°On the other hand, the transition of conformation from
mushroom to brush was predicted to occur at less than 2 mol %
for PEGSK-Lipid, while at least 60 mol % of PEGSK-Lipid in the
brush conformation was needed to fully cover the surface.* ™
In present studies, the grafting density of PGMS in P -NLC and
Py-NLC was 1.2 mol % and 2.8 mol %, and the grafting density of
OPMS in O;-NLC and Oy-NLC was 1.2 mol % and 2.7 mol %,
respectively. Therefore, the conformation of PEG chains in the
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Figure 3. In vitro release curve of HCPT from HCPT injection and HCPT-loaded NLCs: (A) pH 7.4 without plasma, (B) pH 7.4 with plasma, (C) pH

6.5, (D) pH 54 (n=23).

surface of modified NLCs was located somewhere between the
“mushroom” and “brush”. This meant that most of the PEG
chains constricted slightly and possessed enough density to
ensure that no gaps or spaces on the particle surface were left
uncovered.”*

Surface Properties of Modified NLCs: IR, SDpgg and D. As
has been shown in Table 2, OPMS modified NLCs showed lower
IR but higher SDppg compared with PGMS modified NLCs at
the same amounts of modified materials. When modified with
2 x 10~* mmol of PGMS or OPMS, the IR was higher than that
modified with 5 x 107> mmol (P < 0.05), but the SDppg was
lower than that modified with 5 x 10~ mmol (P < 0.05). PGMS
and OPMS both had the same hydrophobic “anchor”, stearin, but
with different molecular weight of hydrophilic chains. As the
length and flexibility of hydrophilic chains increased, the hydro-
philic interaction between hydrophilic chain and aqueous med-
ium was stronger than that of hydrophobic interaction between
the hydrophobic “anchor” and the core.**° In addition, further
increasing the amounts of PGMS and OPMS led to the reduction
of IR, which should be attributed to a sterical hindrance of the
reactivity by hydrophilic chains. Thus the conclusions could be
drawn that the incorporation of OPMS was more difficult than
that of PGMS and had lower incorporated ratio.

Moreover, previous research proved that SDpgg depended on
not only the IR but also the molecular weight of hydrophilic
chains and particle size.">% In order to reach the same SDpeg,
the higher the molecular weight of the hydrophilic chains was, the
less amount of PEG-lipid was needed; besides SDpgg decreased
with the descent of particle size due to the larger specific surface
area of nanoparticles for partition of PEG chains. So in this study
the SDpgg might be influenced by all of the above factors.

In this study the D of P;-NLC and O;-NLC was 1.72-fold and
1.67-fold wider than that of Py-NLC and Oy-NLC. With
increasing the modified material from 2 X 10> and 5 x 10>
mmol, the D decreased, which meant that the PEG on the surface
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of NLCs got thicker and narrowed the distance between two
neighboring PEG grafting sites of modified NLCs. As reported by
Gref, the radius of most of the plasma proteins was between 2 and
5 nm.>* So when modified with 2 x 10~> mmol of PGMS and
OPMS it was not enough to prevent the adsorption of proteins, but
the capacity of decreasing protein adsorption strengthened when
the amounts of PGMS and OPMS reached 5 x 10> mmol.

In Vitro Release of HCPT-Loaded NLCs. In vitro release study
was shown in Figure 3. Except for HCPT-injection, all prep-
arations did not exhibit a fast release of HCPT at the initial stage,
which could be attributed to the encapsulation of HCPT into
NLCs and the depot effect of NLCs. Comparing Figure 3 panels
A and B, it was observed that the release rate increased in the
present of plasma. The faster release might be due to the increase
of solubility of HCPT in plasma and accelerated passive diffusion
of HCPT from the lipid core of NLCs; besides the faster release
might be also due to the degradation of NLC lipid matrix by all
kinds of lipase in plasma®* *° and increase the speed of the
hydration of the drug molecules in the inner core with release
medium. The sustained release effect of modified NLCs is better
than that of NLC, and the higher amounts of modified materials
were applied, the better sustained release effect was obtained.
With the same amounts of modified materials OPMS modified
NLCs showed a slower release rate than that of PGMS modified
NLCs. It was likely that the sterical hindering effect of PGMS
and OPMS abated the adsorption of lipase on the surface of
modified NLCs and slowed down the degradation. Comparing
Figure 3 panels A, C and D, the release behavior of HCPT-loaded
NLCs in pH 6.5 and 5.4 was similar to that in pH 7.4. Therefore,
NLCs could maintain significantly sustained release behavior
under the microenvironment of tumor.

In order to speculate the release mechanism of HCPT-loaded
NLCs, several popular kinetic models were used to simulate all
the release profiles, including the zero-, first-, Higuchi release
models, Hixson—Crowell cube root model (H—C), Weibull
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Figure 4. Influence of plasma on particle size, PI and drug release of NLCs: (A) the particle size change curve of NLCs; (B) the PI change curve of

NLCs; (C) the drug release of NLCs (n = 3).

model, and the novel reciprocal powered time model
(RPT).> "> Akaike’s approach and AIC (Akaike discriminatory
criterion) values were applied to determine the suitability of
these models.®® According to the minimum values principle of
AIC, the Weibull and RPT models were found to be much better
for the simulation of all release profiles than other models,
although the H—C model also gave smaller AIC values, especially
while the plasma was in pH 7.4 PBS. The H—C model mainly
implied an erosion process;>”*® obviously, the presence of
various enzymes in plasma could accelerated the particle erosion.
However, Barzegar—Jallali et al.>* had reported that both the
Weibull and RPT models could be applicable for any release
mechanisms of drug-loaded nanoparticles, such as dissolution,
diffusion, mixed dissolution—diffusion and erosion. Therefore,
our results suggested that several mechanisms may be involved
in the HCPT release from NLCs other than a single erosion
process. The penetration of liquid media into the system,
hydration and passive diffusion might also play a role. The AIC
values of the three model simulations for in vitro release profiles
of HCPT-loaded NLCs in different PBS media and in pH 7.4
PBS with plasma are summarized in Tables SI1—SI4 in the
Supporting Information.

Influence of Plasma on Particle Size, Pl and Drug Relaese
of NLCs. Goppert and Muller®" demonstrated that in the first
S min after iv administration up to 90% of the injected dose was
recognized by the MPS and taken up by the liver macrophages; if
particles “survive” this first S min, prolonged blood circulation
was found. Figure 4A illustrates the particle size change curve of
NLCs. During the first S min the particle size of NLC, P;-NLC
and O -NLC decreased 10.92%, 5.30% and 8.02% respectively.
However, plasma had less effect on Pi;-NLC and Oy-NLC: only
2.22% and 0.71% of decrease were observed. The change of
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particle size might be responsible for two aspects: the surface
degradation of NLCs leading to a decrease in particle size and
the plasma protein adsorption resulting in an increase in particle
size. Obviously, the effect of surface degradation on the particle
size played a greater part than plasma protein adsorption.
Figure 4B reveals that the PI rose sharply after S min incuba-
tion time except for Oy-NLC, and then slowed down with
increasing incubation time. Subsequently, no obvious increase
of PI was observed after 60 min incubation time except for
NLC. This phenomenon could be explained by the adsorption
of plasma protein on the surface of NLCs. According to the
“Vroman effect” the plasma protein adsorption was time-
dependent.”> At the first 5 min plasma proteins with high
concentrations but lower affinity in plasma would initially occupy
the surface of the nanoparticle to cause a rapid change of particle
size.> As shown in Figure 4A, with incubation time prolonging
the decrease of particle size allow the surface areas of nanopar-
ticles to shrink much more slowly than their volumes, causing
nanoparticles to have far greater surface-to-volume ratios and to
be able to bind more plasma protein than before. So the effect of
plasma protein adsorption on particle size became slight.
Figure 4C shows that the drug release from NLCs rose
gradually as incubation time expanded. After 24 h incubation,
the percentage of drug release from NLC reached 32.48%, which
was 1.17-, 1.89-, 1.33-, and 2.45-fold of that of P;-NLC,
Py-NLC, O;-NLC and Oy-NLC respectively. Apart from
the degradation of plasma, the increase in solubility of HCPT
in plasma also accelerated the drug release from NLCs.
The protection of modified materials was amount-dependent.
As shown above, the more the modified materials were
used, the higher SDpgg and the narrower D were acquired.
All above would lead to strengthen the effect of protection and
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Table 3. Pharmacokinetics Parameters of HCPT Injection,
NLC, PL-NLC, PH'NLC, OL-NLC and OH'NLC after Iv
Administration”

preparations t1/> (min) MRT (min)  AUC (ug min/mL)

39.03 & 4.02
101.58 + 13.62°

57.84 + 7.81
134.95 + 32.93

HCPT injection 34.37 £ 4.01
NLC 104.9 + 15417

P-NLC  123.354£29.19" 153.17 2127 185.59 + 18.69"
Py-NLC  240.88 4 22.23™%298.97 + 13.47™* 510.12 + 27.49™*
O;-NLC 14694 £ 12.37" 176.50 £ 16.50™  252.92 + 14.32"*
Ou-NLC  313.26 & 8917 395.92 + 10.40" 731.44 % 36.45™**

? Data are represented as mean =+ SD (1 = 6). *P < 0.05, versus HCPT
injection; *P < 0.05, versus NLC; **P < 0.05, versus NLC, P; -NLC and
OL-NLC; **P < 0.05, versus NLC, P;-NLC, O;-NLC and Py-NLC.

NLC modified by OPMS also revealed the better effect of
protection.

Pharmacokinetic Studies in Rats. Figure 5 depicts the
plasma concentration—time profiles after intravenous injection
in rats. Encapsulation of HCPT into NLCs dramatically in-
creased the mean residence time (MRT) and the area under
the curve (AUC) compared with HCPT injection (P < 0.0S).
In fact, after 4 h the concentrations of HCPT in NLC, P;-NLC,
Py-NLC, O;-NLC and Oy-NLC in blood were about 4.10,
10.92, 58.64,20.01 and 67.19 times that of free HCPT. Then the
free HCPT was quickly removed from the circulating system and
could not be detected. On the contrary, Pz-NLC and Oy-NLC
exhibited a remarkable retention with the drug levels of 15.8 and
58.5 ng/mL at 24 h.

Comparing the pharmacokinetic parameters of NLC and
modified NLCs, an even higher MRT and AUC were observed
for the latter, confirming the protective effects of PGMS and
OPMS (Table 3). Meanwhile, the long circulative effect of
modified NLCs was depended on the amounts of PGMS or
OPMS used. All above were in agreement with the results of
surface properties, in vitro release and plasma stability studies,
which meant the dominant mechanism of prolonged retention of
modified NLC was to inhibit the degradation and evade RES
uptake after entering the systemic circulation.

In this study, OPMS modified NLCs seemed to have superior
stealth effects compared with PGMS modified NLCs at the same
amounts of modified materials used. There were several reasons
for this result: For the long-circulating effect it was necessary to
have a less negative or even neutral zeta potential.>> As shown in
Table 1, OPMS modified NLCs possessed less negative zeta
potential in contrast to PGMS modified NLCs (p < 0.0S).
Second, FALT was an important factor for improving stability,

preventing opsonization and macrophage uptake. Our above study
proved that the FALT of OPMS modified NLCs was thicker than
that of PGMS modified NLCs at the same amounts of modified
materials. Third, the optimal SDpg close to 0.5—0.67 PEG/ nm? for
one PEG is suggested for avoiding complement consumption, and
the D should be around 1—1.5 nm to avoid the adsorption of
proteins."’s’64 Our results confirmed that when the SDpgg was 0.592
PEG/nm? corresponding to a D of 1.30 nm, it was enough for the
Ox-NLC to maintain its resistance to complement and other plasma
proteins, and have a prolonged circulation time.

Both our study'* and Zhang’s"® have revealed that the long-
circulation effect in vivo of PEGylated liposomes was affected
after octreotide modification. There was no effect on the
pharmacokinetics behavior for OPMS modified NLCs. More-
over, OPMS modified NLCs have superior stealth effects com-
pared with PGMS modified NLCs at the same amounts of
modified materials used. It was possible that the hydrophilic
PEG chains might insert into aqueous interior of liposomes
which would interfere the integrity of phospholipid bilayers,
reduce the stability and accelerate the drug leakage. For NLCs,
the matrix structure of hydrophobic core would be more stable
and the inserting PEG chains could not affect the matrix integrity.

Cellular Uptake of NLCs. Research on nanoparticles labeled
with fluorescent dyes was frequently used to study cellular uptake
in vitro. Figure 6 shows the qualitative observation of cellular
uptake study by fluorescence microscopy. In SMMC-7721 the
fluorescent intensity of different preparations was basically in
the following order: Oy-NLC > O-NLC > NLC > P;-NLC >
Py-NLC (Figure 6 a(A—E)), however, in L02 the order
of fluorescent intensity was Ox-NLC ~ Op-NLC ~ NLC >
P;-NLC > Py-NLC (Figure 6 b(A—E)). The fluorescence
intensity of PGMS modified NLCs in Figure 6 A—C was weaker
than NLC both in SMMC-7721 and in L02. The decreased
uptake of stealth fluorescent NLC might be dependent on
the presence of the PEG chains on the surface of NLC, which
formed a hydrophilic cloud.***® As the percentage of the stealth
agent added increased, the decreased effect was enhanced, which
meant that the excessive hydrophilicity acted as a barrier to
prevent NLCs from approaching the cell membrane. Meanwhile,
for NLC, P;-NLC and Py-NLC, the zeta potential was —19.2 &
1.1, —7.4 £ 0.87 and —4.5 &= 1.4 mV respectively. The electronic
repulsion between NLC and SMMC-7721 or L02 resulted
in fewer nanoparticles being adsorbed to SMMC-7721 or L02
compared with P;-NLC and Py-NLC. But in this experiment
surface hydrophobic/hydrophilic balance of NLC was consid-
ered to be the key character to determine the cellular uptake
efficiency.

Interestingly, as shown in Figure 6A,D,E, two cell lines almost
had the same fluorescent intensity in Figure 6A, but the uptake of
the O-NLC and Oy-NLC by SMMC-7721 significantly en-
hanced on contrast with that of L02. Because of overexpessing
SSTRs by SMMC-7721 the targeting moiety of octreotide
modified on the surface of NLC showed the tumor-targeting
property significantly, suggesting that the mechanism of uptake
of O;-NLC and Oy-NLC in SMMC-7721 could be somatostatin
receptor mediated endocytosis. The more OPMS incorporated,
the stronger the fluorescence intensity was. So we concluded that
somatostatin receptor mediated endocytosis was OPMS con-
centration-dependent and not influenced by the hydrophilicity
and stereospecific blockade of PEG chains. The in vitro proper-
ties of octreotide mediated uptake were coincident with the
in vivo results of tissue distribution, where Oy-NLC remarkably
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Figure 6. The fluorescent microscopy images of SMMC-7721 (a) and L02 (b) cells after incubation with (A) NLC, (B) P;-NLC, (C) Py-NLC,

(D) OL-NLC, (E) Oy-NLC with 500 ng/mL of coumarin-6 at 37 °C for 2 h.

increased the accumulation of HCPT in tumors in S180 tumor-
bearing mice, where the area under the concentration—time
curves (AUC) of HPCT in the tumor for Oy-NLC was 1.95,
4.25, and 11.0S times more than that of Py-NLC, NLC and
HCPT-injection, respectively.

Conclusion. A novel octreotide—PEG-lipid conjugate has
been synthesized and characterized within this study. The NLC
loading HCPT modified by two different amounts of PGMS with
passive targeting property and OPMS with active targeting property
were evaluated. The modified NLCs showed sustained release
effect, plasma stability and long-circulating effect. In addition, with
increasing the amount of PGMS and OPMS all of the effects
mentioned above enhanced and exhibited modification content-
dependent. Moreover, the tumor cell uptake for OPMS modified
NLCs was significantly higher than that for NLC and PGMS
modified NLCs because of the recognition of SSTRs. All data
showed that OPMS modified NLC had excellent targeting proper-
ties in vitro and in vivo. The higher modification level would
enhance the targeting delivery effect. Both the unmodified NLC and
modified NLCs without loading HCPT have no cytotoxic impacts
in SMMC-7721 and L02 cell lines using MTT assays. All the NLC
preparations were safe on two kinds of cells, even at the highest
concentration (2 mg/mL), the cell viability was over 90% for 24 h.

At the same time the hemolysis assay indicated that even at the
highest particle concentration (S mg/mL) of NLCs, the relative
hemolytic activity was lower than 3%. Therefore, the design of the
active targeting NLC as nanocarriers by modifying OPMS could
be one of the practicable methods to delivery chemotherapeutics to
tumor. Further studies should be carried out on the antitumor
effects in vitro and in vivo and the mechanism of intracellular uptake.
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