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Purpose. A novel, non-reversible, aqueous-based lipidization strategy with palmitic acid as a model lipid

was evaluated for conjugation with salmon calcitonin (sCT).

Materials and Methods. A water-soluble (-maleimido lysine derivative of palmitic acid was synthesized

from reaction of palmitic acid N-succinimidyl ester and (-maleimido lysine. The latter was generated

from reaction of a-Boc-lysine and methylpyrrolecarboxylate, with subsequent deprotection of the Boc

group. The palmitic derivative was further conjugated with sCT via a thio-ether bond to produce Mal-

sCT in aqueous solution. The identity and purity of Mal-sCT was confirmed by Electrospray Ionisation

Mass spectrometry (ESIYMS) and HPLC.

Results. Yield of Mal-sCT was 83%. Dynamic light scattering and circular dichroism data suggested that

Mal-sCT presented as a stable helical structure in aqueous solutions of varying polarity, with a

propensity to aggregate at concentrations above 11 mM. Cellular uptake of Mal-sCT was twice that of

sCT in the Caco-2 cell model, and the conjugate was more resistant to liver enzyme degradation. Mal-

sCT exhibited comparable hypocalcemic activity to sCT when administered subcutaneously in the rat

model at sCT equivalent dose of 0.114 mg/kg. Peroral Mal-sCT, however, produced variability in

therapeutic outcome. While four out of six rats did not respond following intragastric gavage with Mal-

sCT, two rats showed significantly suppressed plasma calcium levels (õ60% of baseline) for up to 10 h.

Conclusion. A novel non-reversible, water-soluble lipid conjugate of sCT was successfully synthesized

that showed (1) different aggregation behavior and secondary structure, (2) improved enzymatic stability

and cellular uptake, and (3) comparable hypocalcemic activity in vivo compared to sCT.
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INTRODUCTION

Lipid conjugation is a promising method for increasing
the deliverability of a peptide drug. The lipid can facilitate
interaction between the peptide and its binding sites on the
cell membrane, and promote a depot effect through binding
to plasma proteins and the local administration site (1,2).
Lipid modification can also increase the enzymatic stability of
the peptide drug (3,4). Collectively, these properties may
contribute towards delayed systemic absorption and increased
plasma circulation time, which can lead to prolonged or even
enhanced efficacy. This is seen with insulin detemir [NN-304,

also known as Lys B29-tetradecanoyl des-(B30) human
insulin], a soluble, long-acting insulin which shows a flat
timeYaction profile over 12 h and a long clearance rate from
its subcutaneous injection site (5). Likewise, stearoyl acylated
antiviral antibodies have been observed to suppress virus
reproduction by 100-fold greater than non-modified anti-
bodies because of their capacity for intracellular penetration
(6).

Despite its potential, lipidization frequently results in
reduced or, in some cases, loss of bioactivity of a pharma-
ceutical (7,8). To confer the benefits of lipidization without
sacrificing efficacy, Shen_s group designed a novel method,
known as reversible aqueous lipidization (REAL), in which
water-soluble lipid groups were conjugated to a peptide drug
via inter-disulfide bonds (9Y12). This method has been shown
to be particularly useful for potentiating the activity of
peptide drugs with an intra-disulfide bond, such as desmo-
pressin (10,11), calcitonin (12) and octreotide (13). The
potentiated activities appeared to be related to the enhanced
stability of the conjugates and their capacity to bind to local
tissues and plasma proteins. For these reversible conjugates,
activity in vivo was associated with the regeneration of the
parent drug after oral or subcutaneous administration. There
was evidence, however, that the REALYpeptide conjugate
itself might be active (12).
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On that basis, we examined the structureYactivity
relationships of peptide drugs with intra-disulfide bonds,
and found further evidence that the intra-disulfide bond is
frequently not essential for activity. For example, the
replacement of the disulfide moiety in desmopressin with a
sulfideYmethylene group resulted in a longer duration of
activity (14). An analogue of octreotide, PTR 3173, which did
not have an intra-disulfide bond, was shown to be as potent
as octreotide in inhibiting forskolin-stimulated cAMP accu-
mulation in several cell lines (15,16). Linear salmon calcito-
nin (sCT) analogues without an intra-disulfide bond also
possessed intact hypocalcemic activity in the rat model (17).
More recently, the sCT S-sulfonated analog was shown to
have a more potent activity than sCT in rats (18). These
findings led us to hypothesize that the disulfide bond in
peptide drugs might be a potential site for non-reversible
lipidization. The argument for non-reversible lipidization is
that it maintains greater conjugate stability, and therefore
greater assurance of realizing the lipid-mediated advantages
in vivo compared to a labile lipid conjugate.

To date, there is no report on a non-reversible aqueous-
based lipid modification method targeted at the intra-
disulfide bond of a peptide drug. In this paper, we describe
a novel non-reversible, aqueous-based lipid conjugation
method targeted at the intra-disulfide bond of salmon
calcitonin, a model drug. This method is unique compared
to other non-reversible lipidization methods (19Y21) because
it utilizes an aqueous medium, which is environmentally
friendlier than noxious organic solvents, and gives very high
yield. It may therefore be a useful generic tool for the
lipidization of peptide drugs with sulfideYether bonds.

MATERIALS AND METHODS

Materials

Salmon calcitonin (sCT) was purchased from Unigene
Laboratory (Boonton, NJ, USA). N-a-(tert-butoxycarbonyl)-
l-lysine (N-Boc-lysine), Hanks Balanced Salt Solution
(HBSS), N-2-hydroxyethylpiperazine-N 0-2-ethanesulfonic
acid (HEPES), trifluoroethanol, methylpyrrolecarboxylate,
palmitic acid N-succinimidyl ester (Pal-Suc), tris(2-carbox-
yethyl) phosphine (TCEP), trifluoroacetic acid (TFA), fluo-
rescein-5-isothiocyanate (FITC) and calcium standard
solution (1.000 mg/ml) were from Sigma-Aldrich (St. Louis,
MO, USA). Minimum essential medium (MEM) and fetal
bovine serum (FBS) were from Gibco BRL Life Technology
(Grand Island, NY, USA). Acetonitrile and isopropanol of
HPLC grade were from Fisher Scientific (Irvine, CA, USA),
and Milli-Q water was used for HPLC mobile phase.

Finnegan MAT LCQ mass spectrometer, equipped with
an Electrospray Ionization (ESI) or Atmospheric Pressure
Chemical Ionization (APCI) source, and coupled with
Xcalibur LCQ Tune Plus Version 1.0 SR software (San Jose,
CA, USA), was used for mass spectrometry analysis. The MS
spectrometer settings were as follows: capillary temperature
270-C; shealth gas 75 unit/min; auxiliary gas 20 unit/min,
spray voltage 4 kV, capillary voltage 10 V. LC flow rate:
0.5 ml/min (50% methanol). Injection volume: 20 ml. Bruker
300 M NMR was used for all the NMR analyses.

Synthesis of Water-Soluble Palmitic Acid Derivative

N-(-Maleimido a-Boc-L-Lysine

N-(-maleimido a-Boc-L-lysine (II) was synthesized
according to published methods (22,23) with slight modifica-
tion, as shown in Fig. 1A. Briefly, 1.56 g (10 mmol) of
methylpyrrolecarboxylate and 2.46 g (10 mmol) of N-Boc-l-
lysine (I) were mixed in saturated aqueous NaHCO3 at 0-C
for 2 h. The solution was acidified to pH 3 with 20% of
H2SO4 before extraction with ethyl acetate. The organic
layers were combined and the residue after solvent evapora-
tion was isolated by silica-gel column flushing with chlo-
roformYmethanol stepwise gradient. The target was pooled
together and solvent was evaporated. This reaction resulted
in 2.70 g of N-(-maleimido a-Boc-L-lysine (II) (yield 84.5%).

1H-NMR (CDCl3) d ppm: 1.30Y1.95 (6H, m, (CH2)3),
1.44 (9H, s, Boc(COCCH3)3), 3.52 (2H, t, NCH2), 4.28 (1H,
m, a-CH), 5.08 (1H, d, -NHCO-), 6.69 (2H, s, maleimido-H).
ESIYMS (MNa+): m/z 348.3 (calculated 349.3). 13C-NMR
(CDCl3) d ppm: 22.5 (lysine-g-CH2), 27.8 (lysine-b-CH2), 28.1
(Boc-CH3), 31.6 (lysine-d-CH2), 37.2 (lysine-(-CH2), 52.9
(31.6 (lysine-a-CH2), 81.5 (Boc-C-), 133.9 (maleimido-CH),
155.5 (Boc-CO-), 170.7 (maleimide-CO-), 176.2 (lysine-COOH).

e-Maleimido Lysine Derivative of Palmitic Acid
(Pal-Lys-Mal)

Pal-Lys-Mal (IV) was synthesized based on a previous
report (23) with slight modification. N-(-maleimido a-Boc-L-
lysine (II) (0.8104 g, 0.24 mmol) was reacted with 8 ml of
saturated HCl in dry ethyl acetate (prepared by flushing dry
HCl with ethyl acetate) for 30 min at room temperature
before addition of 3 ml of dry ether at 0-C. HCl salt of N-(-
maleimido-L-lysine (III) (0.4675 g, 1.78 mmol, 71.6% yield)
was isolated by precipitation and filtration.

N-(-maleimido-L-lysine HCl (III) (0.47 g, 1.78 mmol) was
added without further purification to 0.71 g (2.02 mmol) of
Pal-Suc and 493 ml (3.56 mmol) of triethyl amine in 15 ml of
dimethylformide (DMF). The reaction mixture was stirred at
room temperature for 0.5 h, then diluted with 100 ml of water.
The precipitate was collected via filtration and dried in vacuo.
The residue was eluted in a silica gel column using a mixture
of chloroform, methanol and acetic acid (100:2:0.01) as eluent
to produce the target Pal-Lys-Mal (IV) (0.282 g, 34.2% yield).

APCIYMS (MH+): experimental m/z: 465.0 (calculated:
465.6). 1H-NMR (CDCl3) d ppm: 0.84 (3H, CH3), 1.22 (26H,
m, (CH2)13), 1.58 (4H, m, lysine-g,d- CH2), 1.70-1.94(2H, m,
lysine-b-CH2), 2.23 (2H, t, COCH2), 3.48 (3H, t, CH3), 4.51
(1H, q, lysine-a-CH), 6.46 (1H, d, CONH), 6.67 (2H, d,
maleimido-H), 9.33 (1H, broad, COOH). 13C-NMR (CDCl3)
d ppm: 174.91, 174.33, 170.85, 134.02, 52.06, 37.14, 36.32,
31.81, 31.16, 29.60, 29.57, 29.55, 29.43, 29.24, 29.18, 27.94,
25.57, 22.57, 22.22, 13.99.

Conjugation of Pal-Lys-Mal with sCT

Conjugation of Pal-Lys-Mal with sCT generated the con-
jugate, Mal-sCT (V), as shown in Fig. 1A. Mal-sCT was pre-
pared by mixing, with stirring, 31.12 mg of sCT and 27.0 mg of
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Pal-Lys-Mal (IV), together with 30 mg of tris(2-carboxyethyl)-
phosphine (TCEP), in 0.5 M of pH 7.0 phosphate buffer under
argon protection at 0-C for about 20 h.

Mal-sCT was separated from the reaction mixture in a C-18
semi-preparative column (10�250 mm) with the elution system:
A: 0.1% TFA in water and B: isopropanol and acetonitrile
(1:1 v/v) mixture containing 0.1% TFA; from 50% B to 90% B
in 40 min at a flow rate of 2 ml/min. The fractions containing
the target were collected and pooled together, and after the
evaporation of the organic solvent in a rotary evaporator, the
concentrated target was lyophilized and identified with ESIYMS
by comparing the experimental and calculated m/z values based
on an exact mass of 4,360.4 Dalton for MW of Mal-sCT.

The purity of Mal-sCT was confirmed with HPLC.
HPLC analysis was carried out using a Waters Symmetry300
C-18 column (4.6�250 mm). Elution time profile was from
100% A: water (0.1% TFA) to 100% B: 1:1 v/v mixture of
isopropanol and acetonitrile (0.1% TFA) in 40 min and
maintaining at 100% B for another 5 min. Volume of sample
injected was 100 ml and the sample was detected at l=214 nm.

Circular Dichroism

CD spectra were obtained with a Jasco J810 spectropho-
tometer instrument.Spectra were acquired over a wavelength
range of 190 to 260 nm. The N2 flow rate was set at 5 l/min.
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Fig. 1. Schematic diagram showing the synthesis pathway of (A) (-Maleimido Lysine Derivative of

Palmitic acid (Pal-Lys-Mal, IV) and (B) conjugation of Pal-Lys-Mal to sCT.
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The sample cuvette (200 ml) was cleaned until blank samples
(0, 20, and 50% of trifluoroethanol (TFE) in water) showed
optical density of less than 0.5 mDeg. The spectra of test
samples, which comprised of 0.10 mM of sCT or Mal-sCT in
distilled water or aqueous TFE solutions (0Y50%), were
recorded with the corresponding solvents serving as blanks.

Dynamic Light Scattering (DLS)

Data collection was performed using the ProteinSolutions
DynaPro Dynamic Light Scattering Instrument at a laser
wavelength of 825.8 nm, detection angle of 90-, and typical
sample volume of 20 ml. Each light scattering experiment
consisted of 20 or more independent readings, and the data
were analyzed using the DynaPro Instrument Control Soft-
ware for Molecular Research DYNAMICS (version 5.26.60).
Samples were dissolved in distilled water at 2.50, 11.2, 50.0, 220
and 1,000 mM concentrations. To minimize dust interference,
all solutions were freshly prepared and centrifuged at 2,000 rpm
for 2 min (Eppendorf centrifuge 5417, Hamburg, Germany) im-
mediately prior to analysis. Particle size data are presented as
mean T polydispersity.

Stability to Intestinal Metabolism

The protocol for studying peptide stability in intestinal
fluid was adapted with modifications from a published report
(24). Rats (n=3) were fasted for 24 h before they were
euthanized by IP injection of ketamine (150 mg/kg) and
xylazine (20 mg/kg). An abdominal incision was made to ex-
pose the intestine, and 30Y40 cm of small intestine, starting
from the duodenum, was excised from each rat. The lumen
of each intestinal segment was immediately flushed with
7.5Y9.0 ml of ice-cold PBS buffer (pH 6.6). The washings
from all the intestinal segments were pooled, and the protein
content (1.2õ1.5 mg/ml) was determined using the MicroBCA
assay, with bovine serum albumin as standard. The degrada-
tion experiments were initiated by incubating 40 mM of sCT
or Mal-sCT with intestinal fluids at a final intestinal protein
concentration of 45 mg/ml. The mixtures were shaken at 50 rpm
in a water bath at 37-C. At specific time points, 150 ml aliquot of
the incubation mixture was withdrawn and the enzyme reaction
was quenched by adding 10 ml of acetic acid. The amount of
sCT or Mal-sCT remaining was determined by HPLC assay as
described above.

Stability to Liver Metabolism

A previously described in vitro metabolic system (11)
was adopted with slight modification to investigate the en-
zymatic stability of sCT and Mal-sCT. A fresh liver (7.5 g),
harvested from a euthanized normal Wistar female rat (240 g),
was soaked in normal saline, then triturated and mixed with
7.5 ml of MEM solution containing 5% FBS. The mixture was
centrifuged at 2,000 rpm at 4-C (Hettich Zentrifugen,
Tuttlingen, Germany) for about 2 min, and the supernatant
was collected. Lyophilized sCT and Mal-sCT were separately
added to aliquots of the supernatant to give final concentration
of 0.1 mM, and the mixtures were incubated in a water bath
operating at 37-C and a shaking frequency of 60 rpm. The
reacting mixtures were sampled at 0, 15, 30, 45, 60, 90, and

120 min. Ethanol (125 ml) was immediately added, under
vortex, to each withdrawn sample (50 ml) to quench the
reaction, and the supernatant fractions (120 ml), isolated by
centrifugation of the samples, were analyzed by HPLC as
described above.

Uptake by Caco-2 Cells

sCT and Mal-sCT were labeled with the fluorophore,
FITC, to allow for their quantification in cellular uptake
experiments. Synthesis of FITC-sCT and FITC-Mal-sCT was
based on the reaction between the isothiocyanate group of
FITC and the primary amino groups of lysine and N-terminal
amine in the peptides (25). The conjugation reaction, at a
drug to FITC molar ratio of 1:2, was carried out in pH 9.0
NaHCO3 solution at 0Y4-C for 3 h. The reactions were
quenched by adding 5 ml of pH 4.0 ammonium acetate
solutions. Fractions containing the FITC-labeled peptides
were isolated by elution in a semi-preparative HPLC column
and lyophilized. The labeling efficiency was determined by
calculating the relative peak heights of unlabeled and labeled
drugs obtained from MS measurements. Labeling efficiencies
for 1 FITC- and 2 FITC-labeled sCT were 56.9 and 7.1%,
respectively. Corresponding labeling efficiencies for Mal-sCT
were 37.1 and 4.9%.

Cellular uptake experiments were conducted according
to the established protocols in our laboratory (26). Freeze-
dried FITC-labeled samples were dissolved in the uptake
medium (HBSS containing 10 mM HEPES and buffered to
pH 7.4) to give 5.0 mM sCT or Mal-sCT solution. Caco-2 cells
(passage 56, American Type Culture Collection, Rockville,
MD) were cultured for 10 days on 96-well polycarbonate
plates (NuncTM, Nalge Nunc International, Denmark) at
a seeding density of 2�104 cells/well. The cells were washed
thrice with pre-warmed uptake medium and equilibrated
for 1 h with 100 ml of the medium at 37-C. After the uptake
medium was aspirated, the cells were incubated with 100 ml
of test samples for up to 145 min at 37-C. The experiments
were terminated by aspirating the test samples and washing
the cells three times with ice-cold PBS. To each well was added
100 ml of uptake medium, and the cells were solubilized
1 h later with 100 ml/well of 0.2 M NaOH/0.5% Triton-100.
The cell lysates were measured for fluorescence using a plate
reader (Spectra Fluor, Tecan Group Ltd., Männedorf,
Switzerland; lexc 485 nm, lemi 535 nm) calibrated with
FITC-sCT and FITC-Mal-sCT samples (0.05 to 2.5 mM)
dissolved in 1:1 v/v of uptake medium and the lysate of
control cells. Cell-associated FITC-sCT and FITC-Mal-sCT
was expressed as a percent of the initial amount administered
to each well (mean T SD, n=6).

Pharmacodynamic Response

Pharmacodynamic response of the conjugates was eval-
uated by analysis of plasma calcium concentration and the
area above the intensity curve (AAIC) in the rat model (27).
Wistar female rats weighing 170 õ 220 g (about 8 weeks old)
were purchased from the National University of Singapore
(NUS) Centre for Animal Resources, and housed at the NUS
Animal Holding Unit. All experimental protocols involving
animals were approved by the Animals Ethics Committee of
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NUS. The rats were divided randomly into groups of six after
3 days of acclimatization, and the pharmacodynamic re-
sponse was assessed following subcutaneous and oral admin-
istration of sCT and Mal-sCT.

For subcutaneous administration, sCT and Mal-sCT
were separately dissolved in normal saline at 0.114 and
0.145 mg/ml, respectively, and injected under the dorsal skin
of the rat using a 27-gauge needle. The dose for Mal-sCT
was calculated to give equimolar concentration as the dose
for sCT. For oral administration, sCT and Mal-sCT were
dissolved in distilled water to prepare 2.5 mg/ml sCT
equivalent solutions. The rats were fasted for 12Y16 h
before they were administered by intragastric gavage via
an 18-gauge gavage needle with 5.0 mg/kg of sCT or 6.4
mg/kg of Mal-sCT (equivalent to 5.0 mg/kg sCT). Control
rats were administered with normal saline. Immediately
before, and at 1, 2, 4, 8, 12, 18, 24 h after administration of
sCT or Mal-sCT, blood samples (120Y150 ml) were collected by
saphenous vein puncture with a Microvette\ CB300LH
(Sarstedt, Germany). Blood plasma was obtained by
centrifuging the samples at 5,000 rpm (Eppendorf Centrifuge
5145D) for 10 min at 15-C.

Plasma calcium level was assayed by atomic absorption
spectrometry (Perkin Elmer AAnalyst 100, MA, US) using a
hollow calcium lamp at l=422.7 Å as the light source (28).
Slit width was 0.7 nm and pure ethyne /compressed air flame
was used. Calibration was performed using standard solutions
that contained 5.0, 10.0 and 15.0 mg/dl of calcium, together
with 140 mM of NaCl and 5 mM of KCl. Blank solutions
comprised of 140 mM of NaCl and 5 mM of KCl without
calcium. The standard and blank solutions, as well as all
plasma samples, were diluted 50-fold with a solution con-
taining 10 mM of LaCl3 and 37 mM of HCl before they were
analyzed. Average recovery of calcium using this method was
100.3% (RSD=3.8%, n=3) over the concentration range of
5.55 to 13.3 mg/dl.

Plasma calcium versus time graphs were constructed,
and the linear trapezoidal method was applied to determine
the AAIC. Relative pharmacological bioavailability, F, was
calculated according to Eq. 1:

F ¼ AAIC oralð Þ
D oralð Þ � E max

D min=max
ð1Þ

where AAIC referred to the area above the plasma cal-
ciumYtime curve, D was the dose administered, Dmin/max
was the minimum dose required for maximum calcium
lowering effect, and Emax was the hypocalcaemic activity at
this dose. Emax and Dmin/max for subcutaneously adminis-
tered sCT had the values of 426.8 mg min/dL and 10.2 ng/rat
(100Y250 g), respectively (27). Since the absolute bioavailabil-
ity of sCT following subcutaneous injection was 16.1% on a rat
model (27), the absolute pharmacological bioavailability for
the orally administered peptides was calculated as F�16.1%.

Statistical Analyses

Results are expressed as mean T standard deviation. Plasma
calcium and cellular uptake data were analyzed by one-way
ANOVA, with post-hoc Tukey_s tests and Independent-Sample
t-test applied, respectively, for the comparison of group means
at a p value of 0.05 (SPSS 12.0, SPSS Inc., Chicago, IL).

RESULTS

Synthesis of Mal-sCT

The synthesis pathways for the water-soluble lipid, Pal-
Lys-Mal (IV), and the subsequent conjugation of sCT with
Pal-Lys-Mal are shown in Fig. 1. Pal-Lys-Mal was synthesized
by palmitoylation of (-maleimido-lysine (III) with Pal-Suc.

Fig. 2. Mass spectrum of purified Mal-sCT in water.
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(-maleimido-lysine was obtained by de-protection of (-mal-
eimido a-Boc lysine (II), which was derived by attaching a
maleimido group at the (-amine of a-Boc-lysine via an
imideYamide intermediate (22). The presence of the malei-
mido groups was readily confirmed by 1H-NMR (single peak
6.70 ppm) and 13C-NMR (134 ppm) spectra.

Conjugation of Pal-Lys-Mal with sCT was conducted by
one-pot synthesis (Fig. 1B). The intra-disulfide bond of sCT
was reduced by TCEP to form thiols in an aqueous
environment at pH 7.0 and, without separation, further
reacted with the maleimido group of the lipid to yield the
thiol-ether bond of Mal-sCT. Despite the mild conditions of
synthesis, the conjugation process was very efficient, giving a
high yield (83%) of the purified conjugate.

The ESIYMS spectrum (Fig. 2) of the conjugate showed an
array of main peaks at 873.5 (17%), 1,091.4 (100%) and 1,454.5
(7%), which agreed well with the calculated m/z values for Mal-
sCT: 873.1(M+5H+), 1,091.1(M+4H+) and 1,454.5 (M+3H+),
respectively. HPLC analysis (Fig. 3) of the conjugate suggested
a pure single compound with higher lipophilicity than sCT.

Circular Dichroism Spectra

The CD spectrum of sCT in water showed no apparent
secondary structure (Fig. 4A). Upon the addition of TFE, an
organic solvent with low dielectric constant, sCT showed a
positive peak at 192 nm and two negative peaks at 208 nm
and 222 nm, respectively, suggesting the presence of a
helical structure. This structure became more evident at
higher TFE concentrations. In contrast, the Mal-sCT
exhibited comparable CD spectra whether it was dissolved
in water or in aqueous solutions of TFE (Fig. 4B). The CD
spectra of Mal-sCT suggest a helical structure for the
conjugate that was stable and less dependent on the
environment than that for sCT.

Size Measurements

Figure 5 shows the mean particle size measured by
dynamic light scattering analyses of sCT and Mal-sCT in

distilled water. sCT (MW 3.43 kDa) had mean radii of 1.1 nm
in the concentration range of 220 to 1,000 mM, which
translated to a calculated MW of 4.69 kDa, comparable with
the MW of sCT. This suggests that sCT in distilled water
existed mainly as monomers. Further dilution of the sCT
solution resulted in very low photon counts (results not
shown), making it difficult to take measurements against
the background noise. As the dilution of sCT was not
likely to cause peptide fragmentation, the implication is that
the particle size of sCT could not be accurately measured
below a critical concentration. By comparison, Mal-sCT
(MW 4.36 kDa) had radii of 3.1 to 3.6 nm over a wide
concentration range of 11.2 to 1,000 mM. The particle size
range was equivalent to a calculated MW of between 46.02
and 66.37 kDa. Further dilution of the Mal-sCT solution to
2.5 mM resulted in a hydrodynamic radii of 1.3 nm, equivalent
to 6.38 kDa, or 1.5 times the MW of Mal-sCT. These data
suggest that Mal-sCT in aqueous solutions might have
transited from aggregated to monomeric states when diluted
from 11.2 to 2.5 mM.

Intestinal Metabolism

Figure 6 shows the degradation profiles of sCT and Mal-
sCT in the diluted intestinal solutions. Degradation of sCT
was almost complete within 5 min, the degradation data
fitting well with the first order kinetics (Y=100ej1.20X and
R2=0.96). Degradation of Mal-sCT was less well defined by
first order kinetics (Y=100ej0.043X, R2=0.84). However, there
were no significant differences in the percent remaining
between sCT and Mal-sCT at 2 (p=0.094) and 5 (p=0.072)
min based on the 2-tailed t-test.

Liver Metabolism

After 15 min of incubation in the liver juice, less than
1% of sCT was detected, indicating a rapid degradation of
the peptide by the liver enzymes. When the incubation
period was prolonged to 30 min, there was negligible amount
of sCT remaining, and the peptide became undetectable after

Fig. 3. HPLC chromatograph of (A) sCT and (B) Mal-sCT.
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45 min of incubation (Fig. 7). In comparison, Mal-sCT
showed a slower rate of liver metabolism, with 86.4% of the
conjugate remaining after 15 min of incubation in the liver
juice. Even when the incubation period was prolonged to 90
min, about 10% of the conjugate remained detectable in the
juice. The degradation data for sCT and Mal-sCT fitted a first
order degradation profile to give the following respective
equations: Y=100ej0.231X (R2=0.91) and Y=100ej0.0195X

(R2=0.92), where Y represents the percent remaining after
incubation. A comparison of the two equations suggests that
Mal-sCT was 11.8-fold more resistant than sCT against liver
metabolism.

Cellular Uptake by Caco-2 Cells

Initial uptake of FITC-sCT and FITC-Mal-sCT by the
Caco-2 cell monolayers was rapid, with subsequent uptake

occurring at slower rates (Fig. 8). At all time points, the
cellular uptake of FITC-Mal-sCT was about 2-fold higher
than that of FITC-sCT. For example, at 145 min of
incubation, the cell-associated FITC-sCT was equivalent to
2.08% of the initial load, while the corresponding figure for
FITC-Mal-sCT was 4.21%.

Hypocalcemic Activity in the Rat Model

The in vivo bioactivity of Mal-sCT was evaluated by
measuring its ability to lower plasma calcium levels after
subcutaneous injection (Fig. 9) or intragastric gavage (Fig. 10)
in the rat model. Rats dosed with the vehicle served as
negative controls, while those administered with equivalent
sCT dose were positive controls. Baseline plasma calcium
levels were not significantly different between the rats in the
control and treatment groups prior to treatment initiation.
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Fig. 4. Circular dichroism spectra of (A) sCT and (B) Mal-sCT in aqueous solutions containing different

concentrations of trifluoroethanol (TFE). Peptides were analyzed at a concentration of 0.10 mM.
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Compared to the vehicle, Mal-sCT administered subcu-
taneously at a dose of 0.145 mg/kg (equivalent to 0.114 mg/kg
sCT) was observed to cause a significant lowering of the
plasma calcium level at 2 h post-injection (Fig. 9). The plasma
calcium level remained at low levels from 2 to 12 h post-
injection. Subcutaneous sCT at the same dose produced
comparable results to Mal-sCT, causing a significant lowering
of the plasma calcium levels from 1 to 12 h post-injection.
However, Mal-sCT appeared to give more variable out-
comes, as evidenced by the wider error bars for the plasma
calcium levels at 8 and 12 h post-injection.

The biological activities of peroral sCT and Mal-sCT
were also compared. All six rats given sCT (dose 5.0 mg/kg)
by intragastric gavage showed significantly lower plasma
calcium levels at 1 to 2 h post-administration (p<0.001), and
a return of the calcium levels to baseline at 4 h post-
administration (Fig. 10A). In contrast, the mean plasma
calcium data obtained for peroral Mal-sCT were not statis-
tically different from baseline levels. However, while consis-
tent outcomes were observed for all the rats in the sCT
group, the outcomes were not uniform across the six rats in
the peroral Mal-sCT treatment group (Fig. 10B). The
majority of the rats (four out of six) did not exhibit a
lowering in plasma calcium level following the administration
of Mal-sCT, but two rats in the group showed low calcium

levels, about 6.5 mg/dl, from 2 to 12 h post-administration.
This suggests that Mal-sCT might be effective in select
individuals.

The pharmacodynamic responses attributed to peroral
sCT and Mal-sCT was quantified by determining the AAIC.
Mean AAIC for peroral sCT at 579T314 mg min/dL (n=6)
was not statistically different from that for peroral Mal-sCT
at 1254T1829 mg min/dL (n=6). Mean relative and absolute
pharmacological BA for sCT were calculated to be 0.0069
and 0.0011%, respectively. These values were approximately
26-fold less than that reported for sCT delivered directly into
the rat duodenum at a similar dose (27), suggesting that
the peptide was significantly degraded in the gastric fluid.
Mean relative pharmacological BA for peroral Mal-sCT
was 0.015%, about 2-fold higher than that for peroral
sCT. However, the accuracy of the BA value for Mal-sCT
is compromised by the large variation in plasma calcium
data obtained.

DISCUSSION

Lipid modification of peptides has gained prominence in
recent years for improving peptide drug deliverability
(2,8,21,29,30). Chemical methods for lipidization usually
target the free (-amine of lysine or the N-terminal amine.
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These methods inevitably involved the use of noxious organic
solvents, such as chloroform and dimethylformide, which are
hardly favorable for maintaining peptide drug stability
(31,32). In addition, solvent removal is mandatory, requiring
complicated post-processing (20). On this basis, the ability to
conjugate a lipid to a peptide drug in an aqueous media is
highly desirable.

A water-soluble lipid, cysteine 2-pyridine disulfide
derivative of palmitic acid, has previously been applied to
the lipidization of protein drugs via a reversible disulfide
bond (9,11). Ionization of the carboxyl group at cysteine at
neutral pH significantly improved the aqueous solubility of
the lipid, thereby allowing the conjugation process to be
performed in an aqueous environment. The disulfide bond
between the lipid and the peptide was designed to break
down under reductive conditions, e.g., in the liver, to
generate the peptide drug in vivo (11). Our hypothesis was
that a non-reversible, aqueous-based lipid conjugation at the
disulfide bond was also feasible, and that it would confer
greater benefits in terms of presenting consistent stability to
the peptide drug in vivo, provided the lipid modification did
not compromise the activity of the peptide. To evaluate the
hypothesis, salmon calcitonin, a 32-amino acid peptide drug
for inhibiting bone resorption, was used as the model
compound to produce the analog, Mal-sCT.

Using straightforward synthesis procedures, we have
shown that Mal-sCT could be obtained at high purity and
yield. More importantly, the lipid modification did not
compromise the hypocalcemic activity of the peptide, thereby
confirming that the disulfide moiety in sCT was not critical
for its biological activity. HPLC analysis did not show the
appearance of sCT when Mal-sCT was incubated with the
liver juice, suggesting that the thio-ether bond in Mal-sCT
was stable under reductive conditions. The implication is that
the in vivo hypocalcemic activity of Mal-sCT could be
attributed to the analog itself, not to the parent compound.
At sCT equivalent dose of 0.114 mg/kg, Mal-sCT showed
comparable hypocalcaemic activity to sCT following subcu-
taneous injection in the rat model. While this might suggest
comparable bone resorption activities for the two com-
pounds, it should be noted that the plasma calcium level
has a threshold value because of homeostasis (27). Therefore,

differences in bone resorption activity between two com-
pounds, particularly at high doses, might not be reflected by
significantly different plasma calcium levels (12) despite
reports on a direct correlation between plasma calcium level
and bone resorption activity (33,34). Further studies, e.g., the
comparison of ED50 values, will have to be conducted to
establish whether subcutaneously injected Mal-sCT is bio-
equivalent to sCT.

The CD data provided an interesting correlation of sCT
activity to its conformation. sCT was shown to exhibit a
highly labile conformation in an aqueous medium, changing
from random coil to helical structure as the polarity of the
medium was decreased (Fig. 4). By comparison, the confor-
mation of Mal-sCT was independent of the polarity of the
medium, the peptide maintaining a helical structure in
aqueous media containing 0Y50% of TFE. This has significant
implications because the manifold conformations of sCT in
aqueous solutions have not allowed its active conformation to
be resolved to date (27). Mal-sCT is the first sCT analog to
show a robust helical structure in aqueous solutions, and by
inference of its comparable hypocalcemic activity in vivo,
would suggest that the helical sCT is a biologically active
molecule.

The dynamic light scattering data suggested that Mal-
sCT formed aggregates over the concentration range of 11 to
1,000 mM in water (Fig. 5). This is not a unique phenomenon,
because other lipidated peptides, e.g., insulin conjugated with
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Fig. 10. Plasma calcium level of six individual rats after intragastric

gavage with sCT (A) and Mal-sCT (B). sCT and Mal-sCT were

administered as 2.5 mg/ml and 3.2 mg/ml (equivalent to 2.5 mg/ml

sCT) solutions in water, respectively. Dose administered for sCT and

Mal-sCT was equivalent to 5.0 mg/kg of sCT.
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myristoyl or deoxycholic acid (21,35), have been reported to
show aggregation behavior in water. Micellization of the
amphiphilic Mal-sCT was likely to be promoted in water
through the segregation of the dual lipid chains to form a
microenvironment of low dielectric constant. The propensity
of Mal-sCT to aggregate in water probably underpinned its
enhanced stability in the liver juice, since the aggregates will
limit enzyme access to individual Mal-sCT molecules. In
contrast, sCT existed predominantly as monomers in aqueous
media and it was rapidly degraded by the liver enzymes. This
contradicts the findings by Sinko_s group, who showed
negligible hepatic first-pass elimination of sCT following
portal venous injection into beagle dogs (36). The contradic-
tion may have arise from the higher concentration of liver
enzymes used in the present study.

Transformation of sCT to Mal-sCT improved its degra-
dation against the hepatic peptidases. Although it might be
argued that the enhancement in stability was not encourag-
ing, this level was in agreement with some reports, e.g., the
lipidization of desmopressin was shown to cause 11.5-fold
resistance to enzyme degradation (11). On the other hand,
Mal-sCT showed comparable degradation rate to sCT in the
diluted intestinal fluid, suggesting that the aggregated state of
Mal-sCT did not confer protection against the intestinal
peptidases. This is not unusual, for the lipidization of peptide
drugs does not always result in protection against enzyme
degradation. In one study, the lipidization of insulin was
shown to decrease the peptide stability in intestinal fluid by
1.9-fold (7). Nevertheless, the failure of Mal-sCT to resist
degradation in the intestinal fluid does bring into question
the practicality of synthesizing Mal-sCT. However, as the
same lipidization process does not often bring about equita-
ble enzyme stability for different peptides (7,37), it is
conceivable that the novel synthetic pathway that was
developed in this study may still prove useful for stabilizing
other peptides to enzyme degradation.

Mal-sCT showed 2-fold stronger cellular uptake com-
pared to sCT in the Caco-2 cell model. The stronger cellular
association of Mal-sCT is not surprising given its greater
lipophilicity. Cellular uptake experiments were conducted
with dilute sCT and Mal-sCT solutions (5 mM) to avoid uptake
saturation. At this concentration, both sCT and Mal-sCT
existed as monomers. Therefore the higher cellular uptake of
Mal-sCT could not be attributed to an aggregation phenom-
enon.

The oral BA of Mal-sCT dissolved in water was
determined in the present study. Despite many publications
reporting on the enhanced stability (3,4), cellular uptake (9)
or both (29,37) of lipidized peptide drugs, there is little data
on their in vivo activity. Often, the higher oral bioavailability
of the peptides was alluded to based on the in vitro data
(9,12,21,29,37), and what little in vivo data available on these
conjugates were derived with specially designed pharmaceu-
tical formulations (12). In view of its greater resistance to
liver metabolism and stronger cellular association, Mal-sCT
was anticipated to have greater oral bioavailability than
sCT. This was not evident from the in vivo data. Mal-sCT,
delivered by intragastric gavage as dissolved molecules in
water at equivalent sCT dose and concentration, did not
produce mean plasma calcium levels that were significantly
different from the baseline level at all the time points

measured. In contrast, peroral sCT solution at the same dose
was observed to significantly lower the plasma calcium level
of the rats to 20% at 1 h post-administration, and to maintain
this level for the next 1Y3 h.

Wide variation in within-group outcome was seen with
peroral Mal-sCT, with four out of six rats not responding,
while two rats showed a highly favorable outcome in which the
plasma calcium level was reduced by up to 40% from the
baseline level for a prolonged period of time of up to 10 h.
Several factors may explain the variation. Firstly, the oral
route of administration is known to produce significant within-
group variations in BA, in particular for compounds with very
low oral BA. Nonetheless, the pharmacodynamic responses
for all the rats in the sCT treatment group were highly
comparable. Mal-sCT, however, had a propensity to aggregate
in aqueous media. If it were to aggregate into larger particles
in the GIT, variable absorption profiles could result (38,39).
Depending on the stability of the aggregates in the GIT, Mal-
sCT could be absorbed as particulates, in which case,
absorption would occur predominantly through the M cells
of the Peyer_s patch, a route that tends to give highly variable
BA (40).

The variation in pharmacodynamic response might also
result from factors other than absorption (41). This is because
Mal-sCT also produced greater variability in plasma calcium
levels compared to sCT when it was administered to the rats
by subcutaneous injection (Fig. 9). Such pharmacological
variation has not been reported for other non-reversible
lipid-conjugates, such as insulin (8,21,42), indicating that the
increase in lipophilicity of the molecule was not an influenc-
ing factor. Mal-sCT appeared to have a more rigid confor-
mation in water, and this could have limited its capacity to
bind with certain receptor phenotypes. Calcitonin receptors
in human (43,44) and in the rat (45Y48) are known to show
genetic polymorphisms. The calcitonin receptor was hypothe-
sized to bind with sCT, and its analogues, in a 2-step process
that involved the peptide backbone/receptor interaction
followed by the peptide side-chain/receptor interaction
(45,49,50). sCT is proposed to adopt an extended conforma-
tion to participate in the first reaction, followed by a
restructuring into the helical conformation for the subse-
quent reaction due to the decreased polarity at the mem-
brane interface (51). Mal-sCT lacks this flexibility; its rigid
helical conformation might favor the second reaction, but
would hinder the peptide from making the initial interaction
with the receptor. The therapeutic outcome of peroral Mal-
sCT could be further complicated by the genetic polymor-
phisms of metabolic enzymes (52). More experiments are
being planned to provide a better understanding of the
behavior of Mal-sCT in vivo.

In conclusion, we have reported a novel method for
conjugating a water-soluble lipid to sCT to generate a novel,
non-reversible, water-soluble lipid-sCT conjugate at high
yield. This conjugate, denoted as Mal-sCT, showed higher
lipophilicity and a stable helix structure in aqueous solutions
of varying degrees of polarity. Compared with sCT, the
conjugate had a stronger tendency to form aggregates, was
more resistant to enzyme degradation, and exhibited stronger
cellular association. Biological activity was not compromised
by the lipid conjugation, as Mal-sCT produced comparable
hypocalcaemic activity to sCT when injected subcutaneously
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into the rat model. The biological activity of peroral Mal-sCT
was, however, inconclusive due to wide within-group varia-
tions in therapeutic response.
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