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The main objective of this study was to characterize and find mechanisms to prevent acylation of therapeutic
peptides encapsulated in glucose-star poly(D,L-lactic-co-glycolic acid) (PLGA) microspheres. The effect of ad-
dition of divalent cation salts CaCl2, MnCl2 as well as carboxymethyl chitosan (CMCS) on inhibition of acyla-
tion of octreotide (Oct), salmon calcitonin (sCT), and human parathyroid hormone (hPTH) was evaluated.
Peptide content and integrity inside the degrading microspheres was monitored by reversed-phase high per-
formance liquid chromatography (HPLC) and mass spectrometry during release incubation under physiolog-
ical conditions. The extent of peptide acylation was strongly inhibited in the formulations containing divalent
cations and/or CMCS as excipients, although specific effects were dependent on the specific peptide and ex-
cipient combinations. Both inorganic cations improved stability of Oct and hPTH but not sCT. Addition of
CMCS alone was ineffective. Combining inorganic cations with CMCS improved stability of Oct and sCT but
it had no effect on hPTH stability. The operative stabilization mechanisms are consistent with blocking pep-
tide–PLGA interactions by a) directly competing for PLGA interactions with dications and/or b) increasing
peptide affinity in the stabilizer phase within PLGA pores. Hence, inorganic multivalent cations are general stabi-
lizers against peptide acylation, the effect of which may be augmented in certain instances with addition of CMCS.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Biodegradable and biocompatible poly(D,L-lactic acid) (PLA) and
poly(D,L-lactic-co-glycolic acid) (PLGA) microparticles and implants
are among the most useful and promising platforms to provide long-
acting systemic and/or local peptide and protein delivery [1–3]. Howev-
er, among the most challenging tasks in successful product develop-
ment is the stabilization of proteins and peptides during manufacture,
storage and after drug administration [4–7]. In addition to potential
deleterious effects resulting from accumulation of acidic degradation
products [8–10], presence of moisture [11,12] inside PLGA depots, and
interaction between PLGA and peptide or protein [13,14], chemical
reactions between PLGA and peptides is also a significant obstacle. Nu-
cleophilic primary amines, such as from the N-terminus and lysine side
chain, can interact with the carboxylic acid end-groups of PLGA or PLGA
degradation products to form acylated adducts, which could have po-
tential detrimental effects, such as loss of activity, immunogenicity
and toxicity. Peptide acylation has attracted significant attention re-
cently [15–23]. It has been shown that the electrostatically driven sorp-
tion of the peptide to the PLGA is a common precursor to the acylation
and followed by subsequent release of acylated peptide [18]. PEGylation
of peptide to block labile primary amino groups of the peptide was also
demonstrated to strongly inhibit acylation [18].
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In previous studies from our group, we have demonstrated that sol-
uble chloride salts of dications, such as Ca2+ andMn2+, when placed in
the presence of PLGA and octreotide (Oct), strongly inhibit octreotide
adsorption to PLGA, the precursor to peptide acylation, and thus peptide
acylation due to the competition with dicationic octreotide for ionic in-
teraction with carboxylate end groups of PLGA [24]. Moreover, when
thesemultivalent cationic salts were suitably co-encapsulated in inject-
able PLGA microspheres by an optimized double emulsion-solvent
evaporation method, the salts were significantly retained and found to
strongly inhibit acylation of the octreotide in degrading PLGA micro-
spheres [25]. This finding suggested the use of soluble multivalent cat-
ionic salts as a viable strategy for minimizing the acylation of peptides.

The purpose of this study was to (a) test the generality of the water-
soluble dicationic salts to stabilize two other peptides known to undergo
acylation in PLGA, namely, salmon calcitonin (sCT) and human parathy-
roid hormone (hPTH), (b) to evaluate the feasibility to further inhibit
acylation using polyelectrolyte as an additional excipient by inhibiting
electrostatic interactions of the peptide with PLGA and (c) to explore
the mechanism of acylation inhibition upon addition of stabilizing
excipients.
2. Materials and methods

2.1. Materials

Glucose star-type PLGA 50/50 is a star polymer with PLGA do-
mains extending from hydroxyl groups of a D-glucose core [26]. The
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glucose star-type PLGA 50/50 with a weight averaged molecular weight
of 50 kDa and an acid number of 4.2 mg KOH/g polymer was provided
by Novartis Pharmaceutical Corp (Basel, Switzerland). Salmon calcitonin
(sCT) and human parathyroid hormone, 1–34, (hPTH) were purchased
from PolyPeptide Laboratories (Strasbourg, France). Octreotide acetate
(Oct) was provided by Novartis Pharmaceutical Corp. Polyvinyl alcohol
(PVA, 88 mol% hydrolyzed,MW25,000)was obtained fromPolysciences,
Inc (Warrington, PA). Anhydrous manganese chloride (MnCl2) and
calcium chloride (CaCl2) were obtained from Sigma (St. Louis, MO).
O-Carboxymethyl chitosan (CMCS, MW 80–100 K, substitution de-
gree: 60–80%) was supplied by Qingdao Heppe Biotechnology
Co (Qingdao, China). Yttrium 1000 ppm, calcium 1000 ppm and man-
ganese 1000 ppm ICP standard solutions were purchased from GFS
Chemicals Company (Columbus, OH). All other chemicals were of ana-
lytical grade or higher and were purchased from commercial suppliers.

2.2. Preparation of millicylinders encapsulating sCT and hPTH

PLGA was dissolved in methylene chlorine at 62.5% (wt/wt) concen-
tration. sCT and hPTHwere suspended in PLGA/methylene chloride solu-
tion at 5% theoretical loading (w/w). The suspensionwas then loaded into
a 3 ml syringe and extruded into silicone rubber tubing (0.8 mm) by a
syringe pump (Harvard Apparatus, Holliston, MA) at approximately
0.01 ml/min. The silicone tubing loaded with suspension was dried at
room temperature for 24 h followed by further drying in a vacuum
oven at 40 °C for another 48 h.

2.3. Preparation of microspheres

Microspheres were prepared using a modified double emulsion-
solvent evaporation method [27]. Briefly 21–35 mg peptide was
dissolved in 85 μl or 100 μl of methanol. PLGA was dissolved in 2 ml
methylene chloride at 500 mg/ml concentration. Polymer and peptide
solutions were mixed and homogenized at 10,000 rpm for 1 min in the
ice bath using a homogenizer (VirTis Company, Gardiner, NY) to form
W1/O emulsion. In some instances, 100 μl of aqueous solution of O-
carboxymethyl chitosan (2 wt.%) was added to the internal aqueous
phase (W1) prior to homogenization. The emulsion stabilizer (2 ml of
aqueous PVA solution at 1 or 3 wt.%) was added and the mixture was
vortexed with a Vortex Genie 2™ (Scientific Industries, Bohemia, NY)
at maximum speed for 45 s. The 1 wt.% PVA solution was used in prepa-
ration of Oct microspheres, while the 3 wt.% PVA solution was used in
Table 1
Formulation conditions of peptides loaded microspheres.

Formulation # Peptide CMCS added Salt added LTS

w/w%

1 Oct − − −
2 Oct + − −
3 Oct − CaCl2 2.4
4 Oct − MnCl2 2.4
5 Oct + CaCl2 2.4
6 Oct + MnCl2 2.4
7 sCT − − −
8 sCT + − −
9 sCT − CaCl2 2.4
10 sCT − MnCl2 2.4
11 sCT + CaCl2 2.4
12 sCT + MnCl2 2.4
13 hPTH − − −
14 hPTH + − −
15 hPTH − CaCl2 2.4
16 hPTH − MnCl2 2.4
17 hPTH + CaCl2 2.4
18 hPTH + MnCl2 2.4

Abbreviations: CMCS is carboxymethyl chitosan, Oct is octreotide, sCT is salmon calcitonin, h
salt, LAS is the actual loading of salt determined by ICP-OES, EES is the salt encapsulation effici
is the peptide encapsulation efficiency.
order to obtain sCT and hPTHmicrospheres of a desired size distribution.
The formed W1/O/W2 emulsion was immediately transferred to 100 ml
0.3% PVA aqueous solution under stirring at a constant rate. In the case
of addition of divalent cationic salts, 25 mg CaCl2 or MnCl2 and 2.5 g
corresponding salts were added to the organic phase and external aque-
ous phase (W2) simultaneously, as described in Table 1. After evapora-
tion of methylene chloride (3 h), the microspheres were collected by
sieve and washed repeatedly with deionized water. Finally, the micro-
sphereswere lyophilized for 24 h and stored in a desiccator at 4 °C before
further investigation.

2.4. Microsphere characterization

2.4.1. Morphology of microspheres
The morphology of microspheres after freeze-drying was analyzed

by scanning electron microscopy (SEM). Microspheres samples were
sputter-coated with gold for analysis by Hitachi S3200 Variable Pres-
sure SEM (Tokyo, Japan).

2.4.2. Drug loading and encapsulation efficiency
Themicrosphereswere dissolved inmethylene chloride and peptides

were extractedwith 0.1 M acetate buffer (pH 4.0). Peptide concentration
and acylated peptide level were determined by high performance liquid
chromatography (HPLC). Each formulation was analyzed in triplicate.
HPLC conditions are described below.

2.4.3. Ca2+ and Mn2+ content in the microspheres
The content of divalent cations in themicrospheres was analyzed by

inductively coupled plasma-optical emission spectroscopy (ICP-OES,
Perkin-Elmer Optima 2000 DV with Winlab software). Inorganic salts
were extracted as previously described for peptides [25]. Solutions con-
taining divalent cations were diluted with water prior to analysis and
1 ppm yttrium was added as an internal standard. Ca2+ was detected
at 396.85 nm in the radial plasma mode and Mn2+ was detected at
257.61 nm in the axial plasma mode. Each measurement was an aver-
age of three scans.

2.5. In vitro release and stability of peptide in PLGA microspheres

Release and acylation kinetics of peptides encapsulated in PLGA mi-
crospheres were examined during microsphere incubation in PBS
(7.74 mM Na2HPO4, 2.26 mM NaH2PO4, 137 mM NaCl, and 3 mM KCl,
LAS

w/w%
EES

%
LTD

w/w%
LAD

w/w%
EED

%

− − 3.4 2.7±0.1 81±1
− − 2.9 2.4±0.1 82±2
2.2±0.2 94±6 3.4 3.3±0.2 98±3
2.3±0.1 99±3 3.4 3.4±0.1 100±3
2.0±0.2 84±7 3.4 3.8±0.2 111±4
2.3±0.2 96±5 3.4 3.7±0.2 106±5
− − 2.2 0.7±0.2 29±10
− − 2.2 0.6±0.2 29±10
1.5±0.1 62±2 2.1 0.7±0.1 33±2
0.9±0.2 36±8 2.1 0.7±0.1 31±3
1.8±0.1 73±1 2.1 1.5±0.1 73±2
1.9±0.1 78±4 2.1 1.6±0.1 76±4
− − 2.1 0.8±0.1 37±3
− − 2.1 0.6±0.2 30±8
1.8±0.1 74±3 2.1 0.4±0.1 18±4
0.7±0.1 31±2 2.1 0.5±0.1 25±1
1.8±0.1 74.±1 2.1 0.5±0.1 22±1
1.9±0.1 79±2 2.1 0.4±0.1 21±1

PTH is human parathyroid hormone 1–34, LTS is the theoretical loading of divalent cation
ency, LTD is the theoretical loading of peptide, LAD is the actual loading of peptide, and EED
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pH 7.4) with 0.02 wt.% Tween 80 (PBST) at 37 °C. Microspheres were
placed in 1.0 ml of PBST under continuous agitation at a constant
speed of 320 rpm. Release media was replaced at least weekly. At pre-
selected time points, microspheres were lyophilized and their contents
were extracted. The concentrations of peptide acylation products and
divalent cations were assayed by HPLC and ICP-OES, respectively. Each
formulation was examined in triplicate.
2.6. HPLC analysis of peptides

Oct, sCT and hPTH were analyzed by reversed phase HPLC (Waters
Alliance system) using a Nova Pak 3.9×150 mm C-18 column (Waters,
Milford, MA). A gradient elution method was utilized with mobile
phases A: 0.1% (v/v) TFA in acetonitrile and B: 0.1% (v/v) TFA in water.
The linear gradient of 25% to 35% A in 10 min were used for Oct, 30%
to 35% A in 20 min for hPTH, and 32% to 37% A in 30 min for sCT. All
gradients were delivered with 1.0 ml/min flow rate. UV absorbance
was measured at 215 nm for Oct and 280 nm for sCT and hPTH.
2.7. Detection of peptide acylation products by RP-HPLC MS and
MALDI-TOF MS

Oct and its degradation products were separated and identified
previously by HPLC–MS [25]. hPTH and its degradation products
were separated by HPLC and their corresponding fractions were col-
lected and concentrated. Peptides in different fractions were iden-
tified by matrix-assisted laser desorption-ionization time-of-flight
mass spectrometry (MALDI-TOF MS). sCT and its degradation were
identified by MALDI-TOF MS without separation and fractionation.
Samples were prepared by mixing 2 μl of peptide solution with 2 μl
of the matrix solution. Matrix solution contained 10 mg/ml solution
of alpha-cyano-4-hydroxy-cinnamic acid (CHCA) in 50:50 of acetoni-
trile/ethanol mixture. One microliter drops of peptide/matrix mixture
were placed on the plate and dried prior to mass spectrometry anal-
ysis. The mass spectrometer, a Waters Tof Spec 2E™ (Waters, Milford,
MA), was run in linear mode. The mass spectrometer was calibrated
with a mixture of known peptides in the CHCA matrix (i.e., angioten-
sin I, substance P, renin substrate, ACTH Clip 18–39, insulin chain B
oxidized, and insulin). The data was acquired and processed using
MassLynx 3.5 software.
2.8. FTIR

Fourier transform infrared (FT-IR) spectra of KBr pellets were
recorded in the 4000–400 cm−1 region using a Perkin-Elmer FT-IR spec-
trometer. Fifty scans were taken with a resolution of 4 cm−1.
2.9. EPR

Electron paramagnetic resonance (EPR) spectra of Mn2+ ion in aque-
ous solution were taken on a Bruker EMX Electron Spin Resonance Spec-
trometer at a frequency of 9.15 GHz and a power of 16.29 mW. All EPR
measurements were done at lower temperature controlled by liquid ni-
trogen. The solution was placed in a 3 mm i.d. quartz tube. The 100 kHz
field modulation width was 6 G. All the solutions contained 0.1 M NaCl.
2.10. Statistical analysis

Analysis of covariancewas conducted using Tukey pairwise compar-
isons (family error rate of α=0.05) to check for differences between
formulations. If a p-value for a test or comparison is less than 0.05,
then it can be concluded that a statistically significant difference exists.
Minitab (v16) was used for the analysis.
3. Results and discussion

3.1. Preparation and characterization of microspheres

Three therapeutic peptides were selected to examine the influ-
ence of divalent cations and carboxymethyl chitosan (CMCS) on inhi-
bition of their acylation in PLGA implants: octreotide (Oct), salmon
calcitonin (sCT) and human parathyroid hormone (hPTH). Octreotide
is a 8-amino acid peptide with 2 labile primary amines (1 N-terminus
and 1 lysine residue at position 5); salmon calcitonin (sCT) is a 32-
amino acid peptide with 3 primary amines (1 N-terminus and 2 lysine
residues at positions 11 and 18) and human parathyroid hormone
(hPTH) is a 34-amino acid peptidewith 4 primary amines (1 N-terminus
and 3 lysine residues at positions 13, 26 and 27). All three peptides are
basic. While the isoelectric points of Oct and hPTH are approximately
8.3 and 8.0, respectively, the isoelectric point of sCT is significantly higher
at approximately 10.4. Peptides were encapsulated in microspheres
using amodified double emulsion-solvent evaporationmethod. Peptides
were encapsulated with or without addition of CaCl2, MnCl2 and CMCS,
and with combination of salt and CMCS. The encapsulation characteris-
tics of the resulting formulations are listed in Table 1. All microspheres
were spherical with varying degree of surface porosity when analyzed
by scanning electron microscopy (Fig. S1).

Whereas the encapsulation efficiency of Oct was high in all formu-
lations, the encapsulation efficiencies of sCT and hPTH were typically
low. This low encapsulation efficiency may have been caused by in-
creased solubility of the peptides in the higher emulsifier concentra-
tion aqueous solution. Because sCT and hPHT strongly increased the
organic phase viscosity, a 3% PVA emulsifier solution was used during
microsphere preparation for these two peptides, instead of the 1%
solution used for Oct encapsulation. This increase in emulsifier con-
centration allowed formation of sCT and hPTH microspheres with de-
sirable size distributions. Control microsphere formulations prepared
with lower PVA emulsifier concentrations for encapsulation of sCT
and hPTH were much too large to be useful in this study. The low en-
capsulation efficiency of hPTH-loaded PLGA microparticles also has
been reported elsewhere [28]. Interestingly, sCT-loaded formulations
11 and 12 containing both dication salt and CMCS displayed elevated
encapsulation efficiency around 75%, in contrast with around 30% for
other equivalent sCT-loaded formulations. The higher EE is consistent
with the nonporous surface morphology of these microspheres rela-
tive to other sCT containing formulations (Fig. S1). This improvement
in EE and morphology was likely due to an interaction between the
sCT with CMCS in presence of dication salts. This improvement was
not observed when either dication (formulations 9 and 10) or CMCS
(formulation 8) were added separately. Such an increase in loading
efficiency was not observed for the hPTH formulation, strongly
suggesting a lack of interaction between hPTH and CMCS–dicationic
salt mixtures.

3.2. Identification of sCT and hPTH acylation products

To examine the kinetics of chemical degradation of peptides inside
PLGA implants, simple PLGA millicylinders were incubated in 97% RH
at 37 °C, to rapidly cause instability of the peptide without drug re-
lease [4,29]. Prior to incubation and at specified time intervals the
peptides were extracted from millicylinders and analyzed by HPLC
and MALDI-TOF MS. The HPLC chromatogram of extracted sCT and
hPTH from millicylinders prior to incubation and after 21 days is dis-
played in Fig. 1. Only a main peptide peak was detected in the HPLC
chromatograms before millicylinder incubation for both sCT and
hPTH, indicating that both peptides were stable during encapsulation
process. However, after millicylinders were incubated in 97% RH at
37 °C, peptide degradation products were detected in the HPLC chro-
matograms. MALDI-TOF MS analysis of sCT HPLC peak with 10.5 min
retention time confirmed the presence of peptide acylation by single
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lactic (sCT–LA) andglycolic (sCT–GA)units anddouble acylationby either
two lactic units (sCT–2LA) or one lactic and one glycolic unit (sCT–LA–
GA). The HPLC profile of hPTH exhibited appearance of three peptide
degradation peaks. The peaks were identified by MALDI-TOF MS to be
different hPTH acylation products, i.e., hPTH1–34–GA, hPTH1–34–LA and
hPTH1–34–LA–GA. Themolecular masses and the expectedmodified pep-
tides detected andMALDI-TOF MS spectra of extracted sCT and hPTH are
provided in the supporting information (Table S1, Figs. S2 and S3).
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3.3. Stabilization of octreotide by additives in PLGA microspheres

It has been reported that the ionic interaction between amino groups
of Oct and the carboxylic acid end groups of degrading PLGA results in
peptide adsorption to free-acid end group PLGA and subsequent acyla-
tion of peptide [30]. We demonstrated that co-encapsulation of water-
soluble divalent cation salts efficiently inhibit the acylation of Oct in
PLGA microspheres [24,25]. However, the water-soluble cationic salts
were not always retained in the polymer for an extended incubation pe-
riod. Carboxymethyl chitosan (CMCS), a known dication chelator, was
co-encapsulated with Oct and water-soluble dicationic salts in PLGAmi-
crospheres in order to increase retention of the salts.
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Fig. 1. HPLC chromatograms of sCT (A) and hPTH (B) extracted from the millicylinders
incubated at 97% RH and 37 °C for 0 and 21 days.
CMCS is themost frequently used derivative of chitosan. It has all the
advantages of chitosan, including biocompatibility, biodegradability,
antibacterial activity, nontoxicity, and excellent chelation capacity. In
addition, CMCS is non-antigenic and has an excellent water-solubility
[31–37]. CMCS contains carboxylic groups that could interact with
dications providing chelator properties or could interact with
amino groups of peptides, both could possibly be helpful to inhibit
peptide acylation by minimizing dication loss from PLGA or increas-
ing partitioning of peptide in the CMCS phase. CMCS was incorpo-
rated into microspheres by addition to the inner water phase
during microspheres preparation. The effect of excipients on the
stability of Oct in degrading microspheres is shown in Fig. 2A. The
differences in purity results from the other five formulations with
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Fig. 2. Kinetics of native octreotide content (A), total octreotide remaining (B), and divalent
cation remaining (C) in PLGAmicrospheres after incubation in PBST at 37 °C.■ Formulation
1, no additives; ● Formulation 2, CMCS; ▲ Formulation 3, CaCl2; ▼ Formulation 4, MnCl2;
♦ Formulation 5, CaCl2 and CMCS;★ Formulation 6, MnCl2 and CMCS.
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either CMCS (formulation 2) or dications (formulations 3 and 4) or
both (formulations 5 and 6) as excipients compared to control (for-
mulation 1) were statistically significant. By simply adding a diva-
lent cation (Ca2+ or Mn2+), the acylation of Oct was strongly
inhibited, as was reported previously [25]. Adding both divalent
cationic salts and CMCS further increased the extent of acylation in-
hibition. However, the purity increases caused by Ca2+ was not sta-
tistically significant from those caused by Mn2+, i.e. formulation 3
was not significant from formulation 4, and formulation 5 was not
significant from formulation 6. Incorporation of CMCS without the
divalent cationic salts also slightly improved the stability of Oct
relative to the no additive formulation until 28 days.

Divalent cations effectively inhibited acylation of octreotide likely
due to competition with cationic Oct for ionic interactions with car-
boxyl groups of free-acid end-group PLGA [24,25]. There are two po-
tential mechanisms of how the addition of carboxymethyl chitosan
can affect Oct acylation. CMCS is known to have good chelating affinity
with metals [38]. Mn2+ mainly binds to the carboxymethyl groups of
CMCS [39], whereas chelation of the biopolymer with Ca2+ is assisted
by the acetamide and hydroxyl groups in addition to carboxyl groups
[40]. This chelation ability might be helpful to prevent the peptide sorp-
tion competitor, divalent cations, from leaking from degrading PLGA
microspheres. However, there was very limited effect of CMCS addition
on retention of dicationswithin PLGAmicrospheres as discussed later in
Section 3.4 (Fig. 2C). Another likely reason for decreasing the acylation
is formation of polyanion/polycation complex between Oct and CMCS.
The carboxyl residues of CMCS and the amino groups of Oct may inter-
act to form the polyelectrolyte complex to reduce the availability of Oct
for sorption to PLGA.
3.4. Chelation activity of CMCS

The chelation of affinity of CMCS to Ca2+ andMn2+ ions was tested
by FTIR and EPR. The FTIR spectra of CMCS in the presence and absence
of Ca2+ or Mn2+ are shown in Fig. 3. The spectrum of CMCS alone
shows the characteristic absorption at 1602 and 1414 cm−1 due to
asymmetric and symmetric stretching vibration of COO−, indicating a
successful substitution of carboxymethyl groups in the biopolymer
[41]. The strong, broad band at 3414 cm−1 is assigned to the stretching
vibration of –OH. The C–O absorption peak of secondary hydroxyl group
is at 1069 cm−1. The aminopeak (N–Hband) near 1589 cm−1 is almost
not visible, which shows that the carboxymethyl group has substituted
the aminogroupof chitosan. Therewas a change in the spectra upon ad-
dition of divalent cations. The absorption of asymmetric stretching
vibration of COO− groups at 1602 cm−1 and 1414 cm−1, and hydroxyl
groups at 1069 cm−1, both decreased and shifted to a higher wave
4000 3500 3000 2500 2000 1500 1000 500

CMCS

Wavenumber / cm-1

CMCS+Ca2+

CMCS+Mn2+

Fig. 3. FTIR spectra of CMCS, CMCS+Ca2+ and CMCS+Mn2+.
number in the presence of Ca2+ orMn2+. These changes are consistent
with the chelation of CMCS with Ca2+ and Mn2+, which is assisted by
hydroxyl and carboxyl groups.

Electron paramagnetic resonance (EPR) is a powerful and sensi-
tive technique often used for the identification and characterization
of paramagnetic transition metals, such as Mn2+, which has unpaired d
electrons. EPR was used in this study to identify the chelation affinity of
CMCS to Mn2+. The EPR spectra of aqueous Mn2+ solution (A), Mn2+

solution containing Ca2+ (B), Mn2+ solution containing CMCS (C) and
Mn2+ solution containing both Ca2+ and CMCS (D) are shown in Fig. 4.
The spectrum A for 0.25 mMMnCl2 aqueous solution (pH 6.2) exhibited
a characteristic EPR signal of six lines, resulting fromhyperfine interaction
with the spin of the nucleus (I=5/2). In spectrumB, the same concentra-
tion of CaCl2 (0.25 mM) was added to the MnCl2 solution, which had no
effect on Mn2+ EPR spectrum. In spectrum C, 0.015% CMCS was added
to MnCl2 solution and the intensity of the EPR signal was reduced signif-
icantly, indicating bonding of Mn2+ ions to CMCS. It has been reported in
the literature that theMn2+ EPR signal disappears when the ion binds to
macromolecules [42]. The intensity of the Mn2+ EPR signal was reduced
less relative to spectrum C when CMCS was added to the solution con-
taining both Ca2+ andMn2+ ions (D) compared to 0.25 mMMn2+ solu-
tionwithCMCSonly (C). These data strongly suggest that calcium ions are
competitive for manganese binding to CMCS.

The amount of total peptide and divalent cation remaining in the
microspheres during incubation in PBST 37 °C is shown in Fig. 2B and
C. Since Oct is mildly unstable in phosphate buffer, the Oct remaining
in the microspheres was used to evaluate the release kinetics [43]. The
amount of Oct released from microspheres containing both CMCS and
cationic salts was slightly reduced relative to microspheres prepared
with neither additives nor a combination of cationic salts and CMCS,
probably due to some interaction of peptide with CMCS in presence of
dications. In contrast to our hypothesis, the presence of CMCS did not
significantly affect cation retention in PLGA. Since the content of CMCS
in each batch of microspheres was low (2mg/1000 mg microspheres),
there may have been insufficient CMCS to influence retention Ca2+ or
Mn2+. In addition, development of acidicmicroclimate inside degrading
PLGA microspheres may have interfered with the CMCS pH-dependent
chelating ability [38]. The slight increase in Oct stability in presence
of CMCS could be attributed to the charge interaction between the
carboxylic groups of CMCS and the peptide amino groups, which
would reduceOct sorption to PLGA and its subsequent acylation. Further
experiments would be required to test this hypothesis.
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Fig. 4. EPR spectra for: 0.25 mM Mn2+ aqueous solution (A), 0.25 mM Mn2+ and
0.25 mM Ca2+ solution (B), 0.25 mM Mn2+ with 0.015% CMCS (C) and 0.25 mM Mn2+

with 0.25 mM Ca2+ and 0.015% CMCS (D).
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3.5. Acylation of sCT and hPTH in PLGA microspheres

The effect of excipients on the stability of sCT and hPTH in degrading
PLGA is displayed in Figs. 5A and 6A. The acylation was the most visible
for the hPTH microspheres compared with Oct and sCT microspheres.
Only 50% of native hPTH remained after 21-day incubation compared
with 85% and 75% of intact sCT and Oct, respectively. This was probably
due to the greater number of acylation target sites, i.e., primary amino
groups of lysine residues and N-terminal amino acids. Similar to Oct,
all five formulations with either CMCS or dications alone or both (for-
mulations 14–18) improved the stability of PTH at different extents
compared to control (formulation 13). Adding CMCS alone did not sig-
nificantly inhibit PTH acylation. However, the addition of divalent cat-
ionic salts alone to hPTH PLGA microspheres decreased the acylation
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Fig. 5. Kinetics of native sCT content (A), total sCT remaining (B), and divalent cations
(C) remaining in microspheres after incubation in PBST at 37 °C. ■ Formulation 7, no
additives; ● Formulation 8, CMCS; ▲ Formulation 9, CaCl2; ▼ Formulation 10, MnCl2;
♦ Formulation 11, CaCl2 and CMCS; ★ Formulation 12, MnCl2 and CMCS.
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Fig. 6. Kinetics of native hPTH content (A), total hPTH (B), and divalent cations
(C) remaining in microspheres after incubation in PBST at 37 °C. ■ Formulation 13,
no additives; ● Formulation 14, CMCS; ▲ Formulation 15, CaCl2; ▼ Formulation 16,
MnCl2; ♦ Formulation 17, CaCl2 and CMCS; ★ Formulation 18, MnCl2 and CMCS.
significantly. The dication stabilization effect is the most visible upon
addition ofMnCl2. Higher efficacy ofMn2+ ion relative to Ca2+ to inhib-
it sorption of amino groups of peptide to PLGA and their subsequent ac-
ylation has been reported previously [24]. Addition of CMCS in presence
of dication salts did not further improve the stability of hPTH andhad no
effect on rate of release of dications for PLGA microspheres.

Overall, the response of hPTH to co-encapsulation of different stabi-
lizers in PLGA microspheres was similar to the response of Oct to the
stabilizers. Addition of dication salts alone improved stability of these
peptides, while addition of CMCS alone showed only very limited effect
on stabilization of peptides or retention of dications in the polymer. By
contrast, sCT exhibited very different behavior in presence of various
stabilizers. Addition of dications alone or CMCS alone had no significant
stabilization effect on sCT. By contrast, the co-encapsulation of both ad-
ditives dication salt and CMCS fully stabilized sCT for the entire duration



Table 2
Summary of stabilizing effect of excipients on the three peptides.

Formulation
#

Peptide CMCS
added

Salt
added

% native peptide

3 days 7 days 14 days 21 days 28 days

1 Oct − − − 92.7±0.5 88.1±0.3 80.8±0.4 76.3±0.4
2 Oct + − − 94.0±0.6 90.2±0.4 86±2 77±2
3 Oct − CaCl2 − 97.7±0.2 94.5±0.2 91.0±0.7 85.2±0.9
4 Oct − MnCl2 − 97.7±0.1 95.4±0.5 91.1±0.6 85.9±0.5
5 Oct + CaCl2 − 97.4±0.4 95.9±0.4 92.8±0.1 89.2±0.4
6 Oct + MnCl2 − 98.1±0.2 96.7±0.6 94.0±0.7 90.1±0.4
7 sCT − − 93.5±0.9 91±3 84±3 83±7 −
8 sCT + − 100.0±0.1 92±3 88±6 83.8±0.8 −
9 sCT − CaCl2 99.9±0.2 94.3±0.3 85±2 87±6 −
10 sCT − MnCl2 97±1 94±3 86±2 88±4 −
11 sCT + CaCl2 100.0±0.1 100.0±0.1 99.7±0.5 98±2 −
12 sCT + MnCl2 99.3±0.9 99±2 99±2 98.3±0.3 −
13 hPTH − − 77±2 68±2 56±3 46.1±0.8 −
14 hPTH + − 83±2 71.7±0.5 58.2±0.7 50±3 −
15 hPTH − CaCl2 90±3 88±3 76±2 62±4 −
16 hPTH − MnCl2 95.2±0.6 92±2 89±3 84±2 −
17 hPTH + CaCl2 93.7±0.8 88.3±0.8 73±2 69±3 −
18 hPTH + MnCl2 94.9±0.7 90.5±0.5 72±2 61±4 −
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of incubation. This is consistent with increase in encapsulation efficien-
cy of peptide upon addition of the divalent cation–CMCS mixture,
strongly suggested peptide interaction with the divalent cation–CMCS
combination, thereby inhibiting the precursory peptide–PLGA interac-
tion to acylation. The potential reason for the different response of Oct
and hPTH to addition of CMCS in comparison to sCT could be related
to the difference in isoelectic points of these peptides. The sCT is the
most basic of the three with isoelectic point of 10.4, while Oct and
hPTH are less basic with isoelectic points of 8.3 and 8.0, respectively.
The stronger basic properties of sCT might be favorable in its binding
to a CMCS/dication phase and, hence, reduction of sorption to PLGA
and prevention of acylation in presence of dication salts. The stabilizing
effects of excipients on the three acylation-labile peptides are summa-
rized in Table 2. In addition, a graphic describing the two proposed
mechanisms of stabilization, namely, a) blocking peptide from combin-
ing with negatively charged sites on PLGA and b) increasing peptide
partitioning into a CMCS/divalent cation phase is given in the Supple-
mentary materials (Fig. S4).

Addition of cation and/or CMCS affected the release of sCT and hPTH
frommicrospheres due to a number of factors such as changes in poros-
ity, water uptake, osmotic pressure and degradation of PLGA, as shown
in Figs. 5B and 6B. Figs. 5C and 6C display the kinetics of divalent cation
content remaining in sCT and hPTH loaded microspheres over incuba-
tion time, respectively. Addition of CMCS in the microspheres slightly
retarded the leakage of cationic salts. This effect is more noticeable for
sCT- than for hPTH-containing microspheres.

In addition to its advantages, further addition of CMCSwith dications
could also have potential negative effects on acylation, including: a) the
formationof chemical complexeswithdicationsmay reduce cation avail-
ability for the electrostatic attractions with PLGA and the adsorption
competition with peptide to PLGA; and b) the acceleration of water up-
take upon incorporation of water-soluble CMCS and divalent cations
could theoretically increase acylation. The large number of potential in-
teractions with multiple excipients, peptide, and polymers and the
resulting phase behavior that could exist, make difficult firm conclusions
on the specific mechanism of acylation inhibition afforded by the unique
combinations of excipients described here.

4. Conclusions

Specific combinations of two types of excipients, divalent cationic
salts and CMCS, were capable of strongly minimizing acylation of three
separate peptides. Two operative stabilizationmechanisms appear to in-
volve inhibition of peptide sorption to the polymer and increasing
peptide partitioning into aqueous polymer pores. effects of excipients
on inhibition of acylation varied depending on the properties of individ-
ual peptides. Selective addition these stabilizers to the PLGA micro-
spheres for future peptide candidates will need to be considered on an
individual peptide case-by-case basis.
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