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Therapeutic peptides are highly attractive drugs for the treatment of various diseases. However, their poor phar-
macokinetics due to rapid renal elimination limits their clinical applications. In this study, amodel hormone pep-
tide, leuprolide, was covalently linked to core-cross-linked polymeric micelles (CCL-PMs) via two different
hydrolysable ester linkages, thereby yielding a nanoparticulate system with tuneable drug release kinetics. The
ester linkage that provided the slowest peptide release kinetics was selected for in vivo evaluation. Compared
to the soluble peptide, the leuprolide-entrapped CCL-PMs showed a prolonged circulation half-life (14.4 h) fol-
lowing a single intravenous injection in healthy rats and the released leuprolide was detected in blood for
3 days. In addition, the area under the plasma concentration–time curve (AUC) value was N100-fold higher for
leuprolide-entrapped CCL-PMs than for soluble leuprolide. Importantly, the released peptide remained biologi-
cally active as demonstrated by increased and long-lasting plasma testosterone levels.
This study shows that covalent linkage of peptides to CCL-PMs via hydrolytically sensitive ester bonds is a prom-
ising approach to achieving sustained systemic levels of peptides after intravenous administration.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decades, peptides have emerged as promising thera-
peutic agents for the treatment of cancer,metabolic disorders, cardiovas-
cular and a variety of other society-burdening diseases [1]. Compared to
other biologics (e.g., antibodies), peptides havemany advantages such as
higher potency, less immunogenicity and easier synthesis and modifica-
tion [2–4]. However, the development of therapeutic peptides for clinical
application still faces substantial challenges. Tomention, peptides gener-
ally have poor pharmacokinetics. Due to their small molecular size, pep-
tides are rapidly eliminated through the kidneys leading to their short
plasma half-life, typically ranging from few hours to minutes [5]. For
this reason, frequent dosing is required to achieve therapeutic effects.
Moreover, peptides are also susceptible to proteolytic degradation
which renders them ineffective [5].

To overcome these limitations of therapeutic peptides, various deliv-
ery systems have been developed to enhance the efficacy of peptides
through the improvement of their pharmacokinetics and biodistribution
rials Science and Technology,
erlands.
profile [6]. For example, the circulation kinetics of peptides can be im-
proved through conjugation to polymers (e.g., polyethylene glycol,
polysialic acid), oligosaccharides (e.g., cyclodextrins) or proteins (e.g.,
human serum albumin) [7–10]. Besides chemical conjugation, peptides
can also be noncovalently incorporated into biodegradable long-acting
release matrices, such as poly(D,L-lactide-co-glycolide) (PLGA) micro-
particles, which protects them against degradation and allows their
sustained release [6,11]. Tomaintain prolonged therapeutically relevant
plasma levels of peptides (essential for e.g., peptide hormones), peptide
formulations are often administered via the subcutaneous (s.c.) or in-
tramuscular (i.m.) route. Such routes of administration allow sustained
release of peptides from the locally administered formulations leading
to prolonged systemic exposure to the peptide. In the present study,
we propose a novel approach for obtaining sustained plasma levels of
a peptide by attaching the peptide via a hydrolytically sensitive bond
to long-circulating core-cross-linked polymeric micelles (CCL-PMs)
after intravenous (i.v.) administration.

Polymeric micelles are self-assembled colloidal particles composed
of amphiphilic block copolymers. Their size, typically b100nm, depends
on themolecularweight and the characteristics of the amphiphilic block
copolymers [12,13]. Owing to the steric stability provided by the hydro-
philic shell and their small size, polymeric micelles can circulate in
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blood for extended periods by evading themononuclear phagocytic sys-
tem (MPS) and yet not excreted by kidneys [14–18]. Several polymeric
micellar formulations have undergone clinical evaluations as recently
reviewed by Cabral et al. [19]. However, amajor challenge for polymeric
micelles after i.v. administration is their poor in vivo stability as a result
of dilution and adsorption of unimers to plasma proteins (e.g., albumin
and lipoproteins) [15,20]. To stabilize polymeric micelles for in vivo ap-
plications block copolymers can be cross-linked in themicellar core [21,
22]. Furthermore, instead of physical encapsulation, drugs can be cova-
lently entrapped in polymeric micelles to prevent premature drug re-
lease from the micelles [23–25].

In this study, CCL-PMs were explored to prevent the rapid renal
elimination of therapeutic peptides and to slowly release these peptides
in the systemic circulation. Previously, micellar systems based on
block copolymers of poly(ethylene glycol) (PEG) and poly(N-(2-
hydroxypropyl)methacrylamide-oligolactates) (pHPMAmLacn) have
been successfully applied to target dexamethasone and the anticancer
drug doxorubicin for the treatment of rheumatoid arthritis and tumours
in animals, respectively [23,24,26]. Using this technology, in the present
study a model peptide (leuprolide) was covalently linked to CCL-PMs
via hydrolysable linkers.

Leuprolide is a potent agonistic analogue of gonadotropin releasing
hormone (GnRH), which inhibits the secretion of pituitary gonadotro-
pin and suppresses testicular and ovarian steroidogenesis when admin-
istered at therapeutic doses [27,28]. Interestingly, short-term use of
leuprolide stimulates pituitary gonadotropin release and briefly in-
creases testosterone levels, while long-term administration induces in-
hibition of the pituitary-gonadal axis due to down-regulation of the
GnRH pituitary receptors leading to reduced systemic testosterone levels
and so-called ‘chemical castration’ inmen [29]. However, leuprolide in its
free form is rapidly cleared from the bloodstream following parenteral
administration, with a biological half-life of ~3 h in healthy male volun-
teers [30]. The use of CCL-PMs aims to prevent the rapid elimination of
leuprolide and achieve sustained bioactive leuprolide levels in the sys-
temic circulation.

In the present study, leuprolidewas covalently linked to themicellar
core via two different hydrolysable linkages based on either a sulfide or
a sulfoxide ester. The in vitro release profiles of both micellar disper-
sions were compared, and the leuprolide-entrapped CCL-PMs with the
slower release kinetics was selected for in vivo assessment. The phar-
macokinetic profile of the selected leuprolide-entrapped CCL-PMs was
evaluated in healthy rats. Furthermore, the bioactivity of released pep-
tide from these leuprolide-entrapped CCL-PMs was determined by
measuring plasma testosterone levels.
2. Materials and methods

2.1. Materials

Leuprolide HCl (pGlu-His-Trp-Ser-Tyr-Leu-Leu-Arg-Pro-NHC2H5,
molecular mass 1209.5 Da) and the internal standard for leuprolide
(pGlu-His-Trp-Ser-Tyr-Ala-Leu-Arg-ProNHC2H5) were obtained from
Bachem AG (Bubendorf, Switzerland). Testosterone-17β (androst-
4-ene-17β-ol-3-one) and internal standard testosterone-17β-d3
were obtained from Steraloids (Newport, RI) and CDN-Isotopes
(Quebec, Canada) respectively. N,N′-dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), 4-methoxyphenol, methacrylic
anhydride, potassium persulfate (KPS), tetramethylethylenediamine
(TEMED), trifluoroacetic acid (TFA), ammonium acetate and formic acid
were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands).
N,N-dimethylformamide (DMF) and acetonitrile (ACN) were purchased
from Biosolve (Valkenswaard, The Netherlands). Triethylamine (TEA)
was purchased fromMerck (Darmstadt, Germany). The monomers N-2-
hydroxypropyl methacrylamide monolactate (HPMAmLac1) and N-2-
hydroxypropyl methacrylamide dilactate (HPMAmLac2) as well as the
initiator (mPEG5000)2-ABCPA were synthesized as described previously
[31]. The other chemicals were used as received.

2.2. Synthesis and analysis of leuprolide-derivatives

2.2.1. Synthesis of leuprolide-L1
2-((2-(Methacryloyloxy)ethyl)thio) acetic acid (L1) was synthe-

sized as described previously [24] (Fig. 1A). Next, leuprolide was conju-
gated to L1 as illustrated in Fig. 1B. In brief, leuprolide (0.12 mmol), L1
(0.30 mmol) and DMAP (0.30 mmol) were dissolved in 3.7 mL DMF.
Subsequently, DCC (0.33 mmol) was added and the resulting mixture
was stirred for 16 h at room temperature. Next, the reaction mixture
was filtered and then evaporated at 45 °C under reduced pressure. The
residual oil was purified using preparative HPLC (Agilent 1100/1200 in-
tegrated withWaters Sunfire Prep C18 5 μmOBD 30 × 50 mm column;
eluent A: 95%H2O/5% ACN/0.1% formic acid; eluent B: 5% H2O/95% ACN/
0.1% formic acid) and freeze-dried to obtain leuprolide-L1 (LeuL1) as
fluffy white powder.

2.2.2. Synthesis of leuprolide-L2
2-((2-(Methacryloyloxy)ethyl) sulfinyl)acetic acid (L2) was synthe-

sized essentially as previously described with minor modifications [24]
(Fig. 2A). In brief, compound 2 (5.12 mmol) was dissolved in ACN
(18 mL) and mixed with a solution of sodium periodate (7.68 mmol)
in H2O (18 mL). The reaction mixture was stirred for 16 h at room tem-
perature and then filtered. The filtrate was extracted three times with
ethyl acetate. The combined organic layers were washed with brine,
dried over Na2SO4 and evaporated to dryness to obtain an oil which so-
lidified upon standing. The resulting solid was dissolved in diethyl ether
(50 mL) and cooled to −40 °C. The obtained precipitate was filtered,
washed with cold diethyl ether and dried to obtain compound 3 (61%
yield) as a white solid. Next, compound 3 (4.67 mmol) and a trace
amount of 4-methoxyphenol (to prevent premature polymerization)
were dissolved in cold TFA (2.95 mL) under nitrogen and stirred in an
ice bath for 2 h. Thereafter, TFA was removed by evaporation in vacuo
and coevaporation with toluene. The resulting yellow oil was stirred
with diethyl ether (20 mL) for 15 min and the precipitate was filtered
to obtain L2 as a white solid (38% yield). Subsequently leuprolide was
conjugated to L2 to obtain leuprolide-L2 (LeuL2) using the same meth-
od as described in Section 2.2.1. (Fig. 2B).

2.2.3. Analysis of leuprolide derivatives
The molecular mass of leuprolide derivatives was determined using

electrospray ionizationmass spectrometry (ESI-MS) on a Shimadzu liq-
uid chromatography–mass spectrometry (LC–MS) QP8000 in positive
ion mode. A Gemini® 3 μm C18 column (150 × 3 mm) (Phenomenex)
was used with a gradient from 100% eluent A (95% H2O/5% ACN/0.1%
TFA) to 100% B (5% H2O/95% ACN/0.1% TFA) in one hour with a flow of
1 mL/min and UV-detection at 253 nm. The mass used to identify
leuprolide-L1 and leuprolide-L2 was m/z 1396 (M + H)+ and m/z
1412 (M+ H)+, respectively.

The synthesized leuprolide derivatives were measured by nuclear
magnetic resonance (NMR) spectroscopy on a Bruker AVANCE III HD
700 MHz spectrometer equipped with a TCI cryoprobe, using DMSO-
d6 as solvent. For each leuprolide derivative, the numbering scheme of
the linker is given in Supplementary Fig. 1 and a full NMR characterisa-
tion was carried out by applying various homo- and heteronuclear two-
dimensional experiments to obtain complete sets of 1H, 15N and 13C res-
onance assignments (Supplementary Table S1–S3).

2.3. Synthesis of mPEG5000-b-pHPMAmLacn block copolymer

Block copolymer containing a hydrophilic block of monomethoxy
poly(ethylene glycol) (mPEG, Mn = 5000) and a thermosensitive block
composed a random copolymer of HPMAmLac1 and HPMAmLac2 (Fig. 3)
was synthesized. The feed molar ratio of HPMAmLac1: HPMAmLac2 was



Fig. 1. Synthesis of leuprolide-L1. (A) Synthesis scheme of L1 [24] and (B) conjugation of L1 to leuprolide.

100 Q. Hu et al. / Journal of Controlled Release 205 (2015) 98–108
53/47. The block copolymer was prepared by free radical polymeriza-
tion using (mPEG5000)2-ABCPA as initiator (molar ratio of monomer:
initiator was 150:1) as described previously [20,32]. Subsequently,
13 mol% of the lactate side chains was derivatized with methacrylate
groups upon reactionwith methacrylic anhydride according to a proto-
col reported previously [20]. The obtained block copolymer was
characterised using methods described elsewhere [23,33].

2.4. Preparation of leuprolide-entrapped CCL-PMs

Polymeric micelles were formed using the fast heatingmethod [34].
In brief, an ice-cold solution of methacrylated mPEG-b-pHPMAmLacn
block copolymer (830 μL, 24 mg/mL) was mixed with TEMED (25 μL,
120 mg/mL) dissolved in ammonium acetate 150 mM pH 5.0 buffer.
Subsequently, LeuL1 or LeuL2 (100 μL, 20 mg/mL leuprolide equiv., dis-
solved in 50/50 (v/v) ethanol/water mixture) was added, followed by
rapid heating to 60 °C while stirring vigorously for 1 min to form poly-
meric micelles. The micellar dispersion was then transferred into a
vial containing KPS (45 μL, 30mg/mL). The polymeric micelles were co-
valently stabilized by crosslinking themethacrylatemoieties of both the
leuprolide derivatives as well as the polymers under a N2 atmosphere for
1 h at RT, to obtain either LeuL1-entrapped CCL-PMs (LeuL1 CCL-PMs) or
LeuL2-entrapped CCL-PMs (LeuL2 CCL-PMs) (Fig. 3). The final concentra-
tions of block copolymer and leuprolide derivatives (leuprolide equiva-
lents) were 20 and 2 mg/mL, respectively. Next, the LeuL1 CCL-PMs and
LeuL2 CCL-PMs dispersions were filtered using 0.2 μm cellulose mem-
brane filters to remove large particles/aggregates.

For the in vivo study, LeuL1 CCL-PMswere purified and concentrated
5 times using a KrosFlo Research IIi Tangential Flow Filtration (TFF) Sys-
tem equipped with modified polyethersulfone (mPES) MicroKros® fil-
ter modules (MWCO 500 kDa). Ammonium acetate 20 mM pH 5.0
buffer containing 130mMNaCl was used as the washing buffer and re-
ferred to as “vehicle” in the following sections.

2.5. Particle size distribution

The size of LeuL1 and LeuL2 CCL-PMs was measured by dynamic
light scattering (DLS) using a Malvern ALV/CGS-3 Goniometer. DLS re-
sults are given as a z-average particle size diameter (Zave) and a polydis-
persity index (PDI).

2.6. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) analysis of the different
micellar dispersions was conducted using a Philips Tecnai 12 micro-
scope equipped with a Biotwin-lens and a LaB6 filament, operated at
120 kV acceleration voltage. Glow discharged grids (copper 200 mesh
grid with a carbon-coated thin polymer film, Formvar on top) were
used for sample preparation and 2% uranyl acetate (w/v) was used as



Fig. 2. Synthesis of leuprolide-L2. (A) Synthesis scheme of L2 and (B) conjugation of L2 to leuprolide.
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a negative stain. Imageswere capturedwith a SISMegaview II CCD cam-
era and processed with AnalySIS software.
2.7. Determination of free and total leuprolide content

The concentration of free leuprolide, free leuprolide-L1 or leuprolide-
L2 in the micellar dispersions was determined by ultra-performance liq-
uid chromatography (UPLC) (Waters, USA) using an Acquity BEH C18
1.7 μm column (50 × 2.1 mm) (Waters). A gradient from 100% eluent A
(95% H2O/5% ACN/0.1% formic acid) to 100% B (10% H2O/90% ACN/0.1%
formic acid) was used at a flow of 0.25 mg/mL. The injection volume
was 7 μL and the runtime was 5 min. The determination was performed
using an ultraviolet/visible light detector (TUV, Waters) set at 210 nm.
Leuprolide dissolved in water was used for calibration.

Prior to injection, LeuL1 CCL-PMs or LeuL2 CCL-PMswere diluted 10-
fold in ammonium acetate 150 mM pH 5.0 buffer and stored at 5 °C to
minimize additional hydrolysis.

The concentration of total (entrapped and released) leuprolide in
the micellar dispersions was determined by measurement of released
leuprolide upon hydrolysis of the ester bonds in borate 100 mM
pH 9.4 buffer supplemented with NaCl to isotonicity at 37 °C. The release
was considered completewhen a plateau in leuprolide concentrationwas
reached. The concentration of total leuprolide was measured by UPLC
using the same analytical method mentioned above.

The amount of peptide entrapped is calculated as follows: amount of
peptide entrapped = amount of total leuprolide content – amount of
free leuprolide – amount of free leuprolide derivative (leuprolide
equiv.). The peptide entrapment efficiency (EE) and peptide loading
(PL) were calculated using the UPLC data as follows:

EE ¼ Amount of peptide entrapped
Amount of peptide added

� 100%:

PL ¼ Amount of peptide entrapped
Amount of peptide entrapped þ polymer addedð Þ � 100%:

2.8. In vitro leuprolide release from CCL-PMs

The in vitro release of leuprolide from CCL-PMs was measured in
phosphate buffered saline pH 7.4 at 37 °C. Briefly, LeuL1 CCL-PMs or
LeuL2 CCL-PMs dispersions (prepared using the methods described in
Section 2.4) were diluted 40-fold in phosphate 100 mM pH 7.4 buffer
supplemented with 15 mM NaCl (max. 50 μg/mL leuprolide equiv.).
The concentration of released leuprolide was determined by UPLC



Fig. 3. Synthesis scheme of leuprolide-entrapped CCL-PMs.
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using the analyticalmethodmentioned in Section 2.7. The percentage of
leuprolide release is calculated as:

% Release of leuprolide ¼ Amount of released leuprolide
Amount of total leuprolide

� 100%:

2.9. Pharmacokinetics

Animal experimentswere conducted in compliancewith the nation-
al regulations and approved by the local ethical committee for animal
experimentation. Fifteen male Sprague Dawley rats (Charles River
Deutschland, Germany) weighing ∼300 g were randomly divided into
five groups of three rats. All animals were housed in a temperature-
controlled room (21 ± 3 °C), with 55 ± 15% relative humidity, and a
photoperiod of 12/12 h. Tap-water and pelleted rodent food (SM R/M-
Z from SSNIFF® Spezialdiäten GmbH, Germany) were provided to the
animals.

Leuprolide dissolved in ammoniumacetate 20mMpH5.0 buffer also
containing 130 mM NaCl (referred to as “soluble leuprolide”) was
injected i.v. into the tail vein of the rats at a dose of 0.10 mg/kg. We
selected LeuL1 CCL-PMs for the in vivo studies considering the peptide
release profile as explained in the result and discussion section. Disper-
sions of LeuL1 CCL-PMs were injected i.v. into the tail vein of the rats at
doses of 0.13, 1.3 and 13 mg/kg leuprolide, respectively. As a control
group, the vehicle itself was injected i.v. into the rats. Blood samples
(approximately 0.5 mL per sampling time point) were serially collected
in tubes containing K3-EDTA from the vena cava via a cannula which
was inserted into the jugular vein. Within 30 min after sampling, the
blood samples were centrifuged and the plasma samples were stored
at −75 °C until analysis. The concentrations of released and total (re-
leased plus entrapped) leuprolide as well as endogenous testosterone-
17β in plasma were determined using the method described in the fol-
lowing section.
2.10. Determination of released leuprolide, total leuprolide and endogenous
testosterone-17β concentrations in rat plasma

Released and total (released plus entrapped) leuprolide as well as
endogenous testosterone-17β concentrations in rat plasmawere deter-
mined by LC-MS. Prior to the extraction procedure of the samples, the
internal standards pGlu-His-Trp-Ser-Tyr-Ala-Leu-Arg-Pro-NHC2H5 and
testosterone-17β-d3 were added to 100 μL of rat plasma for the quanti-
fication of leuprolide and testosterone-17β, respectively. For the deter-
mination of released leuprolide and testosterone-17β concentrations,
the rat plasma samples were diluted 1:1 with ammonium acetate
150mMpH5.0 buffer. For the determination of total leuprolide concen-
tration, rat plasma sampleswere 1:1 dilutedwith borate 100mMpH9.4
buffer supplemented with NaCl to isotonicity and incubated at 37 °C for
48 h to ensure full release of leuprolide. Next, ice-cold acetonitrile
(2 × 200 μL) was added stepwise to the plasma, followed by brief
vortexing. The samples were subsequently centrifuged (12,000 ×g) for
8 min and the supernatants were evaporated in a SpeedVac until dry-
ness. Next, the residue was dissolved in 40 μL of solvent (50% ACN in
water with 0.1% formic acid).

The sampleswere subsequently analysed by LC-MSusing aDionexUl-
timate 3000 RSLC system equipped with a NCS-3500RS binary nanoLC
pump and VWD-3400RS variable wavelength detector (Dionex Softron
GmbH, Germering, Germany). Chromatographic separationwas achieved
on an Eclipse Plus C18 column (1.8 μm, 2.1 × 50 mm) from Agilent
(Waldbronn, Germany) at a flow rate of 0.3 mL/min. The mobile phase
consisted of eluent A (90% H2O/10% ACN/0.1% formic acid (v/v)/2 mM
ammonium acetate) and eluent B (10% H2O/90% ACN/0.1% formic acid
(v/v)/2 mM ammonium acetate) and the injection volume was 10 μL.
Mass spectrometric detection was performed on an Agilent 6540 Q-TOF
Accurate Mass spectrometer (Agilent Technologies, Santa Clara, CA),
which operated in the positive ion mode using a Jet Stream electrospray
ionization (ESI) source. The masses used to identify and quantify the
analytes were m/z 605.3300 (M+ 2H)2+ for leuprolide, m/z 584.3065



Table 1
Characteristics of (methacrylated) mEPG5000-b-pHPMAmLacn block copolymer.

Mw

(kg/mol)
PD

(Mw/Mn)
Mn of pHPMAmLacn

(kg/mol)
M
%

Critical micelle
temperature (°C)

31.6 2.5 15.0 12 10

The Mw and polydispersity (PD) of the (methacrylated) block copolymers were deter-
mined by GPC; the number average molecular weight (Mn) of the thermosensitive block
of the block copolymer and percentage of methacrylation (M %) were determined by 1H
NMR analysis; the critical micelle temperature of the methacrylated block copolymer
was determined by UV–VIS spectrophotometer, essentially as described previously [38].

103Q. Hu et al. / Journal of Controlled Release 205 (2015) 98–108
(M+ 2H)2+ for internal standard leuprolide (pGlu-His-Trp-Ser-Tyr-Ala-
Leu-Arg-Pro-NHC2H5),m/z 289.2162 (M+H)+ for testosterone-17β and
m/z 292.2350 (M+ H)+ for testosterone-17 β-d3.

2.11. Statistical analysis

Pharmacokinetic data are presented as the mean ± SD of 3 rats per
group unless otherwise noted. Pharmacokinetic parameters were calcu-
lated usingMultifit pharmacokinetic software (University of Groningen,
The Netherlands) by a two compartment nonlinear model as described
previously [35]. Statistical significance was analysed using two-tailed
unpaired Student's t-test. A p-value b 0.05 was considered statistically
significant. The linear correlation between AUC∞ and administered
leuprolide dose was tested using an unpaired two-tailed Student's t-test.

3. Results and discussion

3.1. Synthesis and purification of leuprolide derivatives

L1 or L2was conjugated to leuprolide through DCC/DMAPmediated
esterification of the carboxyl group of the linker and the hydroxyl group
of serine residue of the peptide, thereby yielding methacrylated
leuprolide derivatives containing either a sulfide (LeuL1) or a sulfoxide
(LeuL2) ester.

LeuL1 and LeuL2were purified by prep-HPLC and obtained in 42% and
27% yields, respectively. As evidenced by LC–MS analysis, only one linker
moleculewas conjugated to leuprolide as peaks for LeuL1 and LeuL2were
observed at m/z 1394 (M + H)+ and m/z 1410 (M+ H)+, respectively
(Supplementary Fig. 2). As shown in Table S1, the 1H chemical shifts of
the serine residue in leuprolide derivatives significantly differed from
those observed in leuprolide [36], indicating that the linkerwas conjugat-
ed at the hydroxyl group of serine residue. Evidence for the covalent at-
tachment follows directly from the observed 1H–1H NOE contacts going
from serine sidechain protons to methylene (H1) protons in the linker,
as well as the presence of long-range 1H–13C couplings between serine
beta protons and the adjacent C_O carbonyl carbon (C8) of the linker.
Tomention, the 1H chemical shifts of tyrosine residue in leuprolide deriv-
atives were in good agreement with those observed in leuprolide [36],
suggesting that the tyrosine hydroxyl groupwas notmodified in the con-
jugation reaction. This selective conjugation also corroborates thefindings
of Sundaram et al. where the carboxyl group of docetaxel hemiglutarate
was selectively conjugated to GnRH agonist deslorelin via the serine
hydroxyl group of the peptide (instead of the phenolic hydroxyl group
in tyrosine) [37].
Table 2
Characterisation of LeuL1 CCL-PMs and LeuL2 CCL-PMs.

Z-average hydrodynamic diameter (nm) PDI E

LeuL1 CCL-PMs 74 ± 7 0.03 ± 0.02 3
LeuL2 CCL-PMs 68 ± 1 0.02 + 0.01 4

Z-average hydrodynamic diameters, polydispersity index (PDI) of LeuL1 CCL-PMs and LeuL2 CC
peptide loading (%PL) aswell as the percentage of free leuprolide and leuprolide derivative in Le
the mean ± SD of 2–3 different batches.
3.2. Synthesis and characterisation of mPEG5000-b-pHPMAmLacn block
copolymer

A thermosensitive block copolymer composed of a random block of
pHPMAm-Lac1/Lac2 and a hydrophilic mPEG block was prepared via
radical polymerization and obtained in good yield (~85%). The critical
micelle temperature (CMT) of the synthesized block copolymer was
28 °C. The number average molecular weight of the block copolymer
as determined by NMR was ca. 20 kg/mol (Table 1). Gel permeation
chromatography (GPC) analysis showed that the block copolymer had
an average molecular weight of ca. 32 kg/mol with a polydispersity of
2.5, which is normal for this type of free radical polymerization [23].
In a subsequent step, 12 mol% of the lactate groups of the mPEG-b-
p(HPMAmLacn) block copolymer was derivatized with methacrylate
groups and the CMT of the methacrylated polymer was 10 °C, which is
in good agreementwith previous data [23]. The Z-average hydrodynamic
diameter and PDI of polymeric micelles composed of the methacrylated
block copolymer (2 mg/mL) were 65 nm and 0.04, respectively, which
are in line with previous data [33].

3.3. Preparation and characterisation of leuprolide-entrapped CCL-PMs

LeuL1 and LeuL2 were covalently entrapped in CCL-PMs to obtain
LeuL1 CCL-PMs and LeuL2 CCL-PMs, respectively. The Z-average hydro-
dynamic diameters of these CCL-PMs were about 70 nm, with a low PDI
(b0.1) (Table 2, Fig. 4A). This particle size is typical for CCL-PMs pre-
pared from this type of block copolymer [24]. The morphology of the
LeuL1 CCL-PMs and LeuL2 CCL-PMs was spherical, as demonstrated by
TEM analysis (Fig. 4B). After purification and concentration by TFF, the
mean particle size and PDI of LeuL1 CCLPMs remained the same. The
leuprolide entrapment efficiency was 35% and 40% for LeuL1 and LeuL2
respectively, while free leuprolide, free LeuL1 or LeuL2 content was less
than1%. Considering the highhydrophilicity of LeuL1 and LeuL2 (calculat-
ed (c) Log P = 1.08 and 0.15, respectively, calculated using Chemdraw),
the entrapment efficiency is surprisingly high, likely due to the covalent
linkage that is formed between the peptide and the CCL-PMs. A similar
drug entrapment efficiency was also found with doxorubicin covalently
entrapped in CCL-PMs [23].

3.4. In vitro leuprolide release from leuprolide-entrapped CCL-PMs

The hydrolysis of the ester bonds linking leuprolide to CCL-PMs al-
lows leuprolide to be released in time. The peptide release profiles of
LeuL1 CCL-PMs and LeuL2 CCL-PMswere evaluated under physiological
conditions (pH 7.4, 37 °C). Fig. 5 shows that leuprolide was released
from the CCL-PMs in a sustained fashion, following first-order kinetics
(R2 N 0.99 and R2 N 0.96 for LeuL1-CCL-PMs and LeuL2-CCL-PMs respec-
tively). Importantly, the release of leuprolide from CCL-PMs containing
sulfide-ester linked leuprolide (LeuL1, t1/2 = 3.7 ± 0.2 days) wasmuch
slower than that from CCL-PMs containing the sulfoxide-ester linked
leuprolide (LeuL2, t1/2 = 0.9 ± 0.1 day). Compared to LeuL1, LeuL2
has a higher degree of oxidation of sulfur and therefore a reduced electron
density at the carbonyl group of the ester bond. This in turn results in a
faster hydrolysis of the ester bond in sulfoxide ester and thereby faster re-
lease of leuprolide from LeuL2 CCL-PMs. These data demonstrate that the
release kinetics of leuprolide can be tailored by employing linkers
E (%) PL (%) Free leuprolide (%) Free leuprolide derivative (%)

5 ± 3 3.3 ± 0.3 b1% b1%
0 ± 8 3.9 ± 0.7 b1% b1%

L-PMs were analysed using DLS. The percentage of peptide entrapment efficiency (% EE),
uL1CCL-PMs and LeuL2 CCL-PMswere determinedbyUPLC analysis. Data are expressed as



Fig. 4. Particle size distribution and morphology of LeuL1 CCL-PMs and LeuL2 CCL-PMs. (A) hydrodynamic size distribution and (B) TEM image.
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containing thioether esters with different degrees of oxidation (i.e., a sul-
fide (L1) or sulfoxide (L2) ester), as previously reported by Crielaard et al.
for dexamethasone [24].

Leuprolide is a peptide hormone that exerts its therapeutic effect
through the suppression of luteinizing hormone (LH) and follicle
%
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Fig. 5. Release of leuprolide from CCL-PMswith leuprolide covalently linked to the core via two
of 2–3 batches.
stimulating hormone (FSH). Thus sustained leuprolide levels are
desired in the bloodstream. To achieve this, the linkage that renders
the slowest leuprolide release kinetics should be employed. Besides,
given a polymeric micelle system with prolonged circulation kinetics,
the release rate of peptide should be slow enough to exploit the long
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Table 3
Pharmacokinetic data of total (released plus entrapped) leuprolide in plasma following i.v.
administration of LeuL1 CCL-PMs (0.13 mg/kg, 1.3 mg/kg and 13 mg/kg, respectively) in
rats. Data are presented as the mean ± standard error (n = 3).

LeuL1 CCL-PMs
0.13 mg/kg

LeuL1 CCL-PMs
1.3 mg/kg

LeuL1 CCL-PMs
13 mg/kg

t1/2 (h) 18.6 ± 29.9 22.6 ± 11.0 26.6 ± 4.0
AUC∞ (h ∗ ng/mL) 26,158 ± 7843 268,877 ± 61,414 2,666,680 ± 338,457

CL (mL/kg/h) 5 ± 1 5 ± 1 5 ± 1
Vss (mL/kg) 113 ± 67 143 ± 38 187 ± 10
MRT (h) 23 ± 19 30 ± 13 38 ± 6

t½=half-life of elimination, AUC∞=areaunder the plasma concentration–time curve, CL=
clearance, Vss = steady-state volume of distribution, MRT =mean residence time.

Fig. 6. Leuprolide plasma levels after single i.v. administration of leuprolide solution (0.10 mg/kg) or LeuL1 CCL-PMs (0.13 mg/kg, 1.3 mg/kg and 13 mg/kg, respectively) in rats.
(A) Released leuprolide plasma levels. (B) Total leuprolide plasma levels. Data are expressed as the mean ± SD (n = 3).
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residence of the carrier system as to obtain steady drug plasma levels.
Therefore, in our study themicellar dispersionwith the slowest peptide
release kinetics (i.e., LeuL1CCL-PMs)was selected for in vivo evaluation.

3.5. Pharmacokinetic profile of LeuL1 CCL-PMs

The pharmacokinetics of leuprolide formulated in either free formor
CCL-PMswere evaluated in a rat model. Plasmawas obtained at various
timepoints after a single i.v. administration of vehicle, soluble leuprolide
and different doses of LeuL1 CCL-PMs. Plasma samples were analysed to
determine released and total (released plus entrapped) leuprolide
concentrations. The plasma-disappearance curves of released and total
leuprolide are shown in Fig. 6 and the calculated pharmacokinetic param-
eters for LeuL1-CCL-PMs are depicted in Table 3.

As expected, rats treated with vehicle alone (without peptide)
showed leuprolide levels below the limit of detection (LOD) (i.e.,
0.1 ng/mL) at all the time points. We found that soluble leuprolide
(0.1 mg/kg) was rapidly eliminated from the circulation and the
plasma levels were detectable only for 2 h post-administration.
Due to the limited time points, pharmacokinetic parameters for sol-
uble leuprolide could not be calculated and are therefore not includ-
ed in Table 3.

In contrast, LeuL1 CCL-PMs (0.13 mg/kg) drastically extended
the blood residence time of released leuprolide (t ½ = 14.4 h),



Fig. 7. AUC∞ after i.v. administration of LeuL1 CCL-PMs at three different doses (0.13 mg/kg, 1.3 mg/kg and 13 mg/kg) in rats. (A) Released leuprolide plasma levels. (B) Total leuprolide
plasma levels. These data are from the same experiment as that in Fig. 6. Data are expressed as the mean ± SD (n = 3).
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which was detected in blood for 3 days (Fig. 6A). This is attributed
to the prolonged blood residence of the CCL-PMs [39,40] and cova-
lent peptide conjugation. Accordingly, the AUC∞ of LeuL1 CCL-PMs
(26,158 h ∗ ng/mL)was 178-fold higher than the predicted AUC∞ value of
soluble leuprolide (147 h ∗ ng/mL). Compared to soluble leuprolide, the
i.v. administration of LeuL1 CCL-PMs gave rise to a five-fold lower peak
of leuprolide plasma concentration, potentially precluding peak-related
side effects. Importantly, the administration of LeuL1 CCL-PMs led to a
2-fold higher plasma AUC∞ of released leuprolide than did soluble
leuprolide. The systemic exposure to soluble leuprolide was essentially
due to the high peak concentration while sustained plasma levels of re-
leased leuprolide was attained with LeuL1 CCL-PM for 3 days (Fig. 6A).
As shown with other (similar) systems [20,39,41,42], the small hydrody-
namic size and stealth properties provided by PEG chains allowpolymeric
micelles to escape MPS recognition and subsequent clearance, leading to
prolonged circulation time. Itmaybe assumed thatwhile CCL-PMsare cir-
culating in blood, hydrolysis of the sulfide ester occurs, giving rise to the
release of leuprolide in the bloodstream in a sustained manner. It is also
possible that (part of) leuprolide is released from the micelles upon
Fig. 8. Testosterone and released leuprolide plasma levels in rats between 0 and 24 h post single
and 13mg/kg, respectively). The blue dashed line indicates the average basal plasma testosteron
shown in Fig. 6A. Data are expressed as the mean ± SD (n = 3).
uptake by macrophages (e.g., in the liver) and subsequently re-enters
the systemic circulation as released leuprolide.

As shown in Fig. 6, the plasma-disappearance curves of released and
total leuprolide followed the same pattern after i.v. administration of
LeuL1 CCL-PMs at various doses. These data suggest that the leuprolide
levels in plasma are dictated by the residence of LeuL1 CCL-PMs in circu-
lation.Moreover, the AUC∞ of both released and total leuprolide plasma
levels are correlated linearly with the administered dose of LeuL1-CCL-
PMs (released leuprolide level: P = 0.008, R2 N 0.999; total leuprolide
level: P b 0.001, R2 N 0.999) (Fig. 7). The linear correlation between
AUC∞ and the administration dose of LeuL1 CCL-PMs implies a linear
bioavailability at a dose between 0.13 and 13mg/kg. These data demon-
strate that the plasma leuprolide levels on demand can be achieved by
adjusting the dose proportionally.

As the total leuprolide plasma levels are mainly contributed by the
intact LeuL1 CCL-PMs, the observed half-life of elimination (t½) of
total leuprolide plasma level reflects the circulation half-life of LeuL1
CCL-PMs. Plasma disappearance of LeuL1-CCL-PMs showed log-linear
pharmacokinetics for all doses, with a half-life of elimination (t½) of
i.v. injection of leuprolide solution (0.10mg/kg) or LeuL1 CCL-PMs (0.13mg/kg, 1.3mg/kg
e level inmale Sprague–Dawley rats [52]. Released leuprolide levels (grey line) have been
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22.6 ± 4.0 h, indicating dosage-independence of blood clearance of
LeuL1 CCL-PMs. This phenomenon has also been observed in PEGylated
liposomes [43].

3.6. Testosterone levels in plasma

Both animal and human studies have demonstrated that the admin-
istration of leuprolide induces a marked release of hormones LH and
FSH in the circulation, which subsequently stimulates an initial and
temporary boost in testosterone levels in males [44–47]. Therefore, to
establish that leuprolide is released from LeuL1 CCL-PMs in its biologi-
cally active form, plasma testosterone levels were determined. As
shown in Fig. 8, plasma testosterone levels increased immediately
after i.v. administration of soluble leuprolide. Likewise, an increase of
testosterone levels was also observed after i.v. administration of LeuL1
CCL-PMs at different doses. The surge of plasma testosterone levels
clearly demonstrates that leuprolide is released from LeuL1 CCL-PMs
in its biologically active form. The continuous stimulation of the pitui-
tary suppresses the hypophyseal–gonadal axis (possibly through the
process of down-regulation of pituitary receptors for GnRH and
desensitization of the pituitary gonadotropins) and in turn the plasma
testosterone levels [48], as observed in all leuprolide-treated groups.
However, there was a clear difference between the duration of the
effect. The plasma testosterone levels decreased by N150-fold in 24 h
after i.v. injection of soluble leuprolide (0.1 mg/kg) whereas it only
dropped by ca. 10-fold in 24 h after i.v. administration of LeuL1 CCL-
PMs (0.13 mg/kg). Between 48 h and 120 h, the testosterone levels
decreased to b0.5 ng/mL in both cases. Surprisingly, as shown in
Fig. 8, testosterone peak levels were not dose-dependent yet within
the same order of magnitude for all leuprolide-treated groups, indicat-
ing that a plateau-level of testosterone surge was reached already at
1.3 mg/kg dose level. The biological response pattern may be attributed
to the saturation and down-regulation of the pituitary GnRH receptors
by the analogue or some unknown phenomena [49]. Nonetheless, com-
pared to soluble leuprolide, the plasma testosterone levels decreased at
a substantially lower rate when formulated in LeuL1 CCL-PMs, owing to
the steady and long-lasting effect of released leuprolide on plasma tes-
tosterone levels. As the aim of testosterone level determination was to
examine the bioactivity of the released leuprolide rather than long-
term efficacy, testosterone levels were only monitored until 120 h. In
the course of the study, no clinically relevant signs were found in ani-
mals treated with LeuL1-CCL-PMs (Supplementary Table S4).

The present study reports on a novel strategy to covalently link pep-
tides to CCL-PMs via different hydrolysable ester linkages. The small-
sized and long-circulating polymeric micelle system allows sustained
release of the biologically active peptide into the systemic circulation
for several days following intravenous administration. Commercial
products containing leuprolide such as Eligard® (gel-like depot) and
Lupron depot® (microspheres) have also demonstrated good efficacy
in vivo after subcutaneous or intramuscular administration [50,51].
However, the strategy we propose enables the nanoformulation to be
absorbed directly in the systemic circulation following intravenous ad-
ministration and allows for higher efficiency for reaching various target
sites (e.g., the systemic circulation for leuprolide). Furthermore, consid-
ering the good tolerability of this nanoformulation, we believe this
novel strategy has a great potential for the delivery of therapeutic pep-
tides, especially when local administration is not feasible (e.g., due to
unwanted immunogenicity induced by the absorption of peptides
from the injection site).

To mention, we selected leuprolide as the model peptide and devel-
oped this delivery strategy for broad applications. This reported tech-
nology may be used to entrap not only leuprolide, but also other
(hydrophobic) peptides in the micellar core to achieve higher entrap-
ment efficiency. The use of hydrolysable linkers may allow tuneable
peptide release profile at various disease sites (e.g., inflammatory and
tumour tissues). Owing to the enhanced permeability and retention
(EPR) effect [53], CCL-PMs can preferentially localize into tumour and
inflammatory tissues, as demonstrated in mouse melanoma model
and arthritis models [24,39]. Thus these CCL-PMs may be employed
for not only sustained release of therapeutic peptides in blood, but
also targeting of anticancer or anti-inflammatory peptides to tumours
and inflammatory sites. Altogether, these key features encourage appli-
cation of this polymeric micelle system for the sustained release of a
range of therapeutic peptides.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.12.023.
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