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Abstract: The aim of this study was to investigate whether a cationic polyelectrolyte, poly-
(ethylene glycol)-b-poly(L-histidine) diblock copolymer (PEG-polyHis), can stabilize insulin, at
the aqueous/methylene chloride interface formed during the microencapsulation process. Insulin
aggregation at this interface was monitored spectrophotometrically at 276 nm. The effects of
protein concentration, pH of the aqueous medium, and the presence of poly(lactic-co-glycolic
acid) (PLGA) in methylene chloride (MC) on insulin aggregation were observed. For the 2.0
mg/mL insulin solutions in phosphate buffer (PB), the effect of addition of Pluronic F-127 as a
positive control and addition of PEG-polyHis as a novel excipient in PB was also evaluated at
various insulin/polymeric excipient weight ratios. The conformation of insulin protected by PEG-
polyHis and recovered after interfacial exposure was evaluated via circular dichroism (CD)
spectroscopy. Greater loss in soluble insulin was observed with increasing insulin concentrations.
pH 6.0 was selected for optimal ionic interactions between insulin and PEG-polyHis based on
ú potential and particle size studies. pH 4.5 and 7.4 (no ionic complexation between insulin and
PEG-polyHis) were selected as controls to compare the stabilization effect of PEG-polyHis with
that at pH 6.0. Incubation of PEG-polyHis with insulin at pH 6.0 drastically reduced protein
aggregation, even in the presence of PLGA. PEG-polyHis and F-127 reduced insulin aggregation
in noncomplexing pH conditions pointing to the role played by PEG in modulation of insulin
adsorption at the interface. Far-UV (205-250 nm) CD study revealed negligible qualitative effects
on soluble insulin’s secondary structure after interfacial exposure. RP-HPLC and size-exclusion
HPLC showed no deamidation of insulin or formation of soluble high molecular weight
transformation products respectively. MALDI-TOF mass spectrometry confirmed the results from
chromatographic procedures. Radioimmunoassay carried out on select samples showed that
recovered soluble insulin had retained its immunoreactivity. An experimental method to simulate
interfacial denaturation of proteins was designed for assessment of protein stability at the interface
and screening for novel protein stabilizers. Understanding and manipulation of such polyelec-
trolyte-insulin complexation will likely play a role in insulin controlled delivery via microsphere
formulation(s).
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Introduction
Development of an injectable controlled-release system

for a protein may involve encapsulation in microspheres

prepared from nontoxic, nonimmunogenic, biocompatible,
and biodegradable polymers such as poly(lactic-co-glycolic
acid) (PLGA).1-4 For microencapsulation, an aqueous protein
solution is emulsified into an organic solvent such as
methylene chloride (MC) containing PLGA to form the
primary water/oil (w/o) emulsion. Formation of a primary
w/o emulsion is considered the main cause of protein
inactivation and aggregation.5-7 One approach to tackle
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protein instability during microsphere formulation is to add
stabilizing excipients such as polyols, surfactants, and poly-
(ethylene glycol) to the inner aqueous core that compete with
the proteins for the aqueous/organic solvent interface and
can prevent emulsification-induced protein denaturation and
aggregation.7-12

Recombinant human insulin was chosen as an unstable
therapeutic protein. Insulin-surface/interface interactions can
induce conformational changes and aggregation; resulting
in inactivation of insulin.13,14A study by Kwon et al. showed
that the rate of insulin aggregation induced at the MC-water
interface was an order of magnitude higher than the control
conditions using an aqueous solution. The effects of nonionic
(dodecyl maltoside (DDM)) and anionic (sodium dodecyl
sulfate (SDS)) surfactant in a buffer were also evaluated at

various insulin/surfactant molar ratios.15 DDM failed to delay
insulin aggregation at all ratios used, whereas less than 10%
change in %T was observed in 1 h when a 10-20-fold
excess of SDS was used. Previous studies using ionic
complexation of insulin with SDS and polymethacrylic acid
reported better encapsulation efficiencies of insulin presum-
ably based upon greater retention of insulin stability at the
w/o interface.16,17

This study is aimed at investigating the effect of poly-
(ethylene glycol)-b-poly(L-histidine) (PEG-polyHis: a cat-
ionic polyelectrolyte) on reduction of aggregation of insulin
at the interface and is depicted in Figure 1. The imidazole
ring in histidine has an electron pair on the unsaturated
nitrogen that endows polyHis with an amphoteric nature by
rapid and reversible protonation-deprotonation (Figure 2).
In a previous study from our group, PEG-polyHis signifi-
cantly improved the stability of BSA both in aqueous
solutions and in PLGA microspheres.18 A systematic attempt
for understanding the factors affecting aggregation of insulin,
to analyze the effect of individual parameters such as insulin
concentration, the presence of PLGA, and the stabilization
effects of ionic and nonionic polymeric excipients, is reported
here.
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Figure 1. Ionic interactions between insulin and PEG-polyHis
are expected to prevent contacts of insulin with methylene
chloride. I-II shows interfacial aggregation of insulin on the
methylene chloride layer. III depicts competition between
PEG-polyHis and insulin for the interfacial area. IV-V shows
protection of insulin against interfacial stresses via complex-
ation with PEG-polyHis.
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Experimental Section
Materials. Insulin, recombinant human, USP (potencyg

27.5 U/mg, zinc contente 1.08%), was purchased from
Sigma Chemical Co. (St. Louis, MO). Pluronic F-127
(abbreviated as F-127 hereafter) was purchased from BASF
Group (New Jersey). F-127 defines a block copolymer that
is a solid, has a PO block of 3600 Da, and has 70% weight
of EO.19 PLGA [lactide:glycolide (L:G) ratio) 50:50, MW
) 40-75 kDa] was purchased from Sigma-Aldrich (St.
Louis, MO). Methylene chloride (MC) purchased from Fisher
Scientific Co. was used without further purification. All
buffer salts used in studies were of analytical grade and
purchased from Sigma Chemical Co. (St. Louis, MO). Buffer
solutions were prepared according to the standard pharma-
copeial procedures. The I125-labeled insulin radioimmunoas-
say (RIA) kit was purchased from MP Biomedicals, Or-
angeburg, NY.

PEG-polyHis Synthesis and Characterization.PEG-
polyHis was synthesized and characterized as previously
reported.20,21 In brief, PEG-polyHis was synthesized by a
coupling reaction between the monocarboxyl poly(ethylene
glycol) (PEG-COOH) and poly(Nim-dinitrophenyl (DNP)
L-His), followed by deprotection of poly(Nim-DNP L-His)
block. The synthesis method includes selecting a blocking
group for the primary amino group and imidazole ring of
L-His and the synthesis of monomericNim-DNP-L-His
N-carboxyanhydride NCA. Poly(Nim-DNP L-His) was syn-
thesized by ring-opening polymerization ofNim-DNP L-His
(NCA) in the presence of an amine initiator. The total
molecular weight of PEG-polyHis used in this study was

7.5 kDa consisting of two blocks, PEG 2 kDa and polyHis
5.5 kDa (average degree of polymerization: 36), as deter-
mined by1H NMR. Polydispersity of the diblock copolymer
was 1.34 as determined by MALDI-TOF. To independently
confirm the apparent pKa, acid-base titration was carried
out by following the protocol in a previous study.20,25 The
pH range was determined to be 6.5-7.0. PEG-polyHis may
form ionic complexes with insulin within a narrow pH range
based on attraction between opposite charges on insulin
[isoelectric point (pI) ) 5.4] and PEG-polyHis.

Preparation of Insulin Solutions. Insulin solutions were
prepared by diluting a stock solution made in 0.025 M
hydrochloric acid (HCl) with appropriate pH buffers (ionic
strength 0.15 M) to obtain the desired insulin concentrations.
The pH of the solutions was adjusted by adding either 1 N
sodium hydroxide (NaOH) or 1 N HCl. All insulin solutions
were filtered through a 0.22µm Acrodisc low protein-binding
syringe filter (Pall Corporation, Ann Arbor, MI).

Estimation of Insulin Content in Samples. For all
samples, the concentration of insulin was checked by
assuming an extinction coefficient of 1.0 for 1.0 mg/mL at
276 nm by UV spectrophotometry.22 Controls included
aqueous buffers (pH 4.5, 6.0, and 7.4) incorporating F-127
and PEG-polyHis, and blanks included aqueous buffers (pH
4.5, 6.0, and 7.4).

ú Potential Analyses: pH-Dependent Complexation.ú
potential studies helped determine the working pH range for
complexing insulin and PEG-polyHis.18 The aim was to
optimize the pH that induced molecular-level interactions
between insulin and PEG-polyHis such that insulin com-
plexes could be tested against stresses encountered during
agitation. PEG-polyHis concentrations were fixed at 0.5 mg/
mL. Insulin concentrations were varied from 0.17 to 1.5 mg/
mL. Therefore, the weight ratio of insulin to PEG-polyHis
ranged from 1:3 to 3:1. It was anticipated that insulin and
PEG-polyHis would form ionic complexes in a narrow pH
range. Therefore, seven pHs were selected to evaluate
complex formation: 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, and 7.4 (0.15
M ionic strength, the physiological ionic strength). Theú
potential of uncomplexed PEG-polyHis and insulin was
measured within the experimental pH range as a control.ú
potential as a function of the weight ratio of insulin to PEG-
polyHis and pH was obtained using a zetasizer (Malvern
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Figure 2. Chemical structure of the diblock copolymer PEG-
poly(L-histidine). The asterisk (*) indicates the lone pair of
electrons available for reversible protonation.
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system) at 25°C. These results were used to provide evidence
supporting intermolecular attraction between oppositely
charged species. The aim was to optimize pH for forming
ionic complexes, so that insulin complexes could be tested
against interfacial stresses encountered during emulsification
with an MC solution of PLGA.

Insulin Fibrillation at Water/Methylene Chloride (MC)
Interface under Mild Agitation. Insulin solutions become
increasingly turbid as insulin aggregates on aqueous/MC
interface.15 Thus, insulin aggregation can be detected by
measuring the loss of soluble insulin by UV spectropho-
tometry. MC (with or without PLGA) was placed on the
bottom of the glass vials (density) 1.33 g/mL at room
temperature), and insulin solution was gently placed on top
of it. Concentrations of insulin, and polymeric excipients
under investigation, PEG-polyHis and F-127, were varied.
In preliminary experiments, the pH of insulin solutions was
varied to estimate its effect on insulin aggregation. This
helped narrow down the range of pH values to be used in
aggregation studies and indirectly supportedú potential
results in selecting conditions for ionic complexation between
insulin and PEG-polyHis. PLGA was added to MC at a
concentration of 100 mg/mL in some studies after optimiza-
tion of amounts of PEG-polyHis. Agitation was carried out
at 400 rpm. Samples taken at predetermined times were
transferred to an Eppendorf tube and centrifuged at 10000g
for 10 min. % soluble insulin remaining was plotted as a
function of time. Comparison experiments using PEG-
polyHis and F-127 (a nonionic surfactant) to investigate their
ability to reduce insulin aggregation were carried out by
varying polymeric excipient/insulin weight ratios at a fixed
insulin concentration in the second phase of experiments.
These surfactants were added with insulin in appropriate
buffer solutions.

Far-UV Circular Dichroism Measurements. The circular
dichroism (CD) spectra were recorded on an AVIV 62DS
spectropolarimeter equipped with a water bath operated at
ambient temperature (∼24 °C). A quartz cuvette with 0.1
cm path length was used. The spectra were scanned between
205 and 250 nm: 10 scans were taken with a step size of
0.5 nm. All conformational measurements were carried out
under identical conditions. The following samples were
subject to spectroscopic evaluation: (1) insulin solution
freshly made (concentration) 0.4 mg/mL, no interfacial
exposure to MC; (2) soluble insulin recovered after interfacial
exposure to MC for 4 h at 400 rpm(concentration) 0.4
mg/mL).

HPLC Analyses: Characterization of Nature of Ag-
gregates.Soluble insulin recovered after interfacial exposure
was analyzed by high-performance liquid chromatography
(HPLC). Reversed-phase and size-exclusion chromatography
were carried out in order to detect the different degradation
products in recovered soluble insulin samples (after inter-
facial exposure), and the aggregates present at the interface
were dissolved in 6 M urea and dialyzed against deionized
water for a period of 4 h in a microdialyzer (QuixSep,
Membrane Filtration Products Inc., Seguin, TX).

The chromatograph was equipped with an HPLC LC
pump, an injection valve (Rheodyne), a UV-vis detector
set at the wavelength of 215 nm, and an integrator combined
in an Agilent 1100 series HPLC system. An Extend 5µm
C18 (4.6× 250 mm) (Agilent, USA) was employed. Insulin
samples were analyzed at room temperature using a binary
gradient consisting of (A) water/TFA (99.9/0.1) and (B)
acetonitrile/TFA (99.9/0.1). The gradient consisted of 15%
B to 65% B in 10 min, followed by equilibration at 15% B
for 5 min. Flow rate was set at 1 mL/min.

For the size-exclusion chromatography (SE-HPLC), a 4
µm Zorbax GF-250 column (4.6× 250 mm) (Agilent, USA)
was employed. The mobile phase was an aqueous solution
of 20 mM phosphate buffer with pH adjusted to 6.0 with
sodium hydroxide. Flow rate was set at 0.4 mL/min, and
analysis was carried out at room temperature.

Insulin Stability Assessment Using Matrix-Assisted
Laser Desorption/ Ionization Time-of-Flight Mass Spec-
trometry (MALDI-TOF MS). Soluble insulin recovered
after interfacial exposure was subject to MALDI-TOF MS
analyses. Spectra were obtained on a Voyager-DE STR
Biospectrometry Workstation (PerCeptive Biosystems), with
anR-cyano-4-hydroxycinnamic acid as the matrix. The mode
of operation was linear, extraction delay time of 200 ns, and
an accelerating voltage of 20 000 V. Insulin solutions with
concentrations of 60µg/mL were mixed in 1:1 ratio with
the matrix material. The following samples were subject to
spectrometric evaluation: (1) insulin solution freshly made
(no interfacial exposure to MC; (2) soluble insulin recovered
after interfacial exposure to MC for 4 h at 400rpm; and (3)
aggregates dissolved in 6 M urea and dialyzed as explained
in the HPLC methods section.

Denaturation of Insulin at the Aqueous/MC Interface
on Emulsification. (a) Time-Dependent Emulsification.
Insulin (2.0 mg) and a fixed amount of PEG-polyHis (4.0
mg as optimized in initial studies) were added in 1 mL of
buffer solutions with an appropriate pH (6.0 or 7.4),
incubated for 1 h at room temperature, and subsequently
emulsified into PLGA solution in MC (100 mg/mL) at a 1:5
v/v water-to-MC ratio. Ultra Turrax T25 basis model
apparatus (IKA-Werke) was used at 19 000 rpm for different
durations of homogenization (15, 30, or 60 s). The emulsions
were destabilized by addition of a suitable volume of
phosphate buffer, pH 7.4, ionic strength 0.15 M, and phase
separation was allowed to occur, aided by centrifugation at
10000g for 5 min.

(b) PEG-polyHis Concentration Dependence.The effect
of increasing concentration of PEG-polyHis was estimated
in a method described above. The weight ratio of insulin to
PEG-polyHis was changed to 1:1 (suboptimal complexation),
1:3 and 1:4 (excess amount for potential surfactant activity)
in addition to the optimal 1:2 weight ratio used in the first
phase. The duration of emulsification was fixed at 30 s as
optimized earlier.

Radioimmunoassay (RIA) of Recovered Soluble Insu-
lin. The amount of insulin in the supernatant recovered
following interfacial exposure with or without polymeric
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excipients was determined using a commercially available
human insulin RIA kit (ImmuChem; MP Biomedicals,
Orangeburg, NY) whose output was given in international
insulin activity microunits per milliliter (µIU/mL). The
detection range of this kit was 5.5-310 µIU/mL. Insulin
samples were analyzed in duplicate. Appropriate controls
included insulin standards incubated with polymeric excipi-
ents at similar concentrations used in the actual study.
Recovered soluble insulin samples that were used in RIA
analyses were initially analyzed by reversed-phase high-
performance liquid chromatography (RP-HPLC) as previ-
ously described.

Results
Toward validating the proposed concept, we selected PEG-

polyHis as a cationic polyelectrolyte and insulin (isoelectric
point (pI) ) 5.4) as a model anionic protein. Variations of
solution pH can significantly alter the electrostatic interac-
tions by altering the charge present on amino acid residues
with ionizable side chains. Theú potential results provide
evidence for intermolecular interactions between PEG-
polyHis and insulin.ú potential results coincide well with
pH-dependent changes in the net charges. Both insulin and
PEG-polyHis bear a net positive charge below pH 5.4 and
tend to repel each other. As an example, at pH 5.0, PEG-
polyHis and insulin haveú potential values of+18 mV and
+7.4 mV. Using a weight ratio of 1:2 for insulin to PEG-
polyHis, overall charges added up to 24.2 mV. Complexation
is not significant above pH 7.0, because PEG-polyHis
becomes neutral. However, insulin and PEG-polyHis could
form ionic complexes in the pH range 5.5 to 6.5 due to
opposite net charges. A specific pH value, denoted in this
study as critical pH (pHcrit), can be used to parametrize the
results. At pHcrit ) 6.0, PEG-polyHis carries a positive charge

of +12.4 mV compared to a negative potential of-11.6
mV for insulin. Interactions of these two at 1:2 weight ratio
had an overallú potential of the system as-0.5 mV. Figure
3 showsú potential as a function of insulin to PEG-polyHis
weight ratio and pH. This weight ratio and pH condition was
used for interfacial stability studies.

If insulin and PEG-polyHis interact to form optimal
complexes, the value of theú potential should be near zero.
This means that the surface charge of the complex is neutral
because of charge neutralization between insulin and PEG-
polyHis. At pH 5.5 theú potential for insulin and PEG-
polyHis mixture at weight ratio 1:2 and 1:1 had values close
to zero. However, the selection of pH 6.0 was based on
higher interfacial stability of insulin and a greater solubility
at pH 6.0 which has practical benefits in terms of the use of
a higher amount of insulin that can be incorporated in the
controlled-release microsphere formulation, the ultimate goal
of this project. Interfacial exposure experiments carried out
at lower insulin concentrations (∼ 0.5 mg/mL) in solutions
at pH 5.5, 6.0, 6.6, 7.0, and 7.4 revealed a lower interfacial
stability at pH 5.5 compared to pH 6.0 insulin solution. At
pH 5.5, 78% of insulin was retained in the soluble form
compared to 96%, 98.4%, and 41.6% at pH 6.0, 6.6, and
7.4 respectively.

Insulin fibrils were formed on exposure to MC. Aggrega-
tion of insulin at the interface was measured by loss of
soluble insulin in the upper layer. Figure 4 shows the effect
of insulin concentration on rate of fibrillation of insulin on
exposure to MC with agitation. pH 7.4 was initially selected
for this study as reported in a previous study involving
monomeric insulin.15 Rapid aggregation was seen at higher
insulin concentrations. Insulin adsorption at the interface is
enhanced by an increase in its aqueous concentration, because
a greater concentration gradient facilitates the mass transfer

Figure 3. ú potential of insulin/PEG-polyHis complexes at room temperature. The order of symbols from left to right: PEG-
polyHis, insulin, insulin:PEG-polyHis ) 1:2, 1:1, 2:1, 3:1.
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of insulin to the interface. In general, aggregation processes
are kinetically controlled and the rates of aggregation
proportional to the protein concentration.13-15 An insulin
concentration of∼2.0 mg/mL was selected for further
evaluation.

Figure 5 shows pH dependence of insulin loss for up to 4
h with agitation which causes interfacial denaturation of
insulin. Similar pH insulin solutions were considered as in
ú potential studies. Higher aggregation was observed at pH
7.4. Lower insulin aggregation was seen in the pH range
6.0-7.0. Acid stabilization of insulin is due to the protonation
of a single site with a pKa of ∼7.0 and is accompanied by a
change in the tertiary structure as observed by an alteration
in the near-UV CD spectrum with no detectable perturbations
in the secondary structure as determined by far-UV CD
(results not shown here). Similar results have been reported
earlier.23 pH 6.6 showed the least insulin loss compared to
other pH insulin solutions. However, due to inadequate
molecular interactions between insulin and PEG-polyHis at

pH 6.6 (fromú potential studies), pH 6.0 was selected for
further studies.

Addition of PEG-polyHis to insulin solutions at different
pH (4.5, 6.0, and 7.4) improved the recovery of soluble
insulin irrespective of pH. Blending PEG-polyHis with
insulin at pH 7.4 and pH 4.5 reduced the insulin fibrillation
process. Nearly 75% of initial insulin was recovered after
agitation for 4 h on addition of PEG-polyHis at pH 7.4.
Nearly 97% of initial content of insulin was recovered at
pH 6.0 on addition of an optimal amount or higher than
optimal amounts of PEG-polyHis. Detailed results are
provided in Table 1. Increasing PEG-polyHis concentration
beyond 2-fold insulin concentrations at pH 6.0 did not cause
significant changes in soluble insulin recovery.

Addition of PLGA to MC (100 mg/mL) led to insignificant
additional soluble insulin loss at pH 6.0 (97.3( 0.7
remaining without PLGA in MC; 95.1( 1.2 with PLGA).
Addition of matrix-forming PLGA reduced the recovery of
soluble insulin from 84% to 79% in the absence of PEG-
polyHis at pH 6.0.

Comparison experiments were carried out using weight
ratios of F-127 to insulin from 10:1 to 1:2. Higher F-127
amounts led to greater loss of soluble insulin at all pHs
studied (results not shown here). This may be attributed to
initiation of association between individual Pluronics mol-
ecules leading to depletion of monomer concentration
available to provide protection to denatured insulin. At pH
4.5 and 7.4, F-127 and PEG-polyHis were nearly equally
effective in preventing insulin fibrillation at the interface.

Far-UV Circular Dichroism Study. To minimize the
contribution of buffer and PEG-polyHis in the far-UV CD
signal, the signal from the buffer, PEG-polyHis, and F-127
simultaneously determined was subtracted from the total
signal. Decomplexation was carried out after phase separation
to avoid changes in signal from insulin structural alteration
due to molecular interactions with the diblock copolymer.
Similar concentrations of insulin in phosphate buffer were
used as controls for acquiring the far-UV spectra. Figure 6
shows the far-UV CD spectrum of insulin recovered in the
supernatant. Negligible effects on secondary structure are
seen for insulin after formulation in a primary w/o emulsion
and recovery in soluble form after breaking of the emulsion
and phase separation.

HPLC Analyses: Characterization of Nature of Ag-
gregates.It should be noted that, in this paper, the term
stability referred to insulin is defined as the ability of this
peptide not to undergo transformation into side products,
namely, desamido-insulin and soluble covalent aggregates.

Figure 4. Effect of insulin concentration (mg/mL) on the rate
of insulin aggregation. The plot of % retention of soluble insulin
as a function of time is shown. N ) 3.

Figure 5. Relative insulin aggregation as a function of pH
on exposure to the methylene chloride layer at 400 rpm for 4
h. Initial insulin concentration was set at 2.03 mg/mL. N ) 3.

Table 1. Effect of Increasing Amounts of PEG-polyHis on
Insulin Aggregation on Exposure to Methylene Chloride
(MC) (N ) 3-4). Agitation Rate: 400 rpm for 4 h

% soluble insulin remaining

wt ratio of insulin to PEG-polyHis
pH

no
PEG-polyHis 3:1 2:1 1:2 1:2.5 1:3

4.5 45.8 ( 4.4 53 ( 2.8 59 ( 2.8 62 ( 2.8 68 ( 4.1 75 ( 2.8
6.0 84.0 ( 2.7 85 ( 1.3 89 ( 1.8 97 ( 1.3 97 ( 0.7 96 ( 0.9
7.4 33.0 ( 5.9 48 ( 2.8 56 ( 3.9 61 ( 2.8 73 ( 3.4 75 ( 2.8
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Insulin stability was assessed by two chromatographic
techniques: RP-HPLC, which allows the simultaneous
detection of insulin and desamido-insulin, and SE-HPLC,
which allows the detection of insulin and its water-soluble
high molecular weight transformation products (HMWTPs).

A typical RP-HPLC chromatogram is shown in Figure 7,
where the soluble insulin recovered from interfacial studies
had an identical retention time as that of an insulin standard;
this provided supportive evidence that insulin did not degrade
to products of different chemical nature, such as the A21
desamido-insulin in agreement with literature data.24-26

Similarly, the aggregates dissolved in 6 M urea and dialyzed
against deionized water showed a similar retention time,
indicating that the aggregates were of noncovalent nature.

Analyses of recovered soluble insulin by size-exclusion
HPLC did not reveal any high molecular weight transforma-
tion products (HMWTPs) covalent aggregates). The pattern
of retention of soluble insulin recovered was identical with
that of an insulin standard at equivalent concentrations
(Figure 8). Similarly, aggregates dissolved in 6 M urea did
not show any high molecular weight transformation products
as reported in previous studies.27,28

Insulin Stability Assessment Using MALDI-TOF Mass
Spectrometry. In the MALDI-TOF mass spectra shown in
Figure 9, soluble insulin recovered from interfacial studies
displayed an identical spectrum with peaks at [M+ H]+1 of
5808 and [M+ 2H]+2 of 2905 with no evidence of covalent
aggregation or desamido-insulin peaks similar to an insulin
standard. White aggregates formed at the interface were
soluble in 6 M urea, indicating the noncovalent nature of
aggregates. Following dissolution in 6 M urea and dialysis,
recovered insulin showed an identical spectral pattern,
confirming the noncovalent nature of aggregates.

Denaturation of Insulin at the Aqueous/MC Interface
on Emulsification. Time-Dependent Emulsification.Sup-

(26) Blanco, D.; Alonso, M. J. Protein encapsulation and release from
poly(lactide-co-glycolide) microspheres: effect of the protein and
polymer properties and of the co-encapsulation of surfactants.Eur.
J. Pharm. Biopharm. 1998, 45, 285-294.

(27) Jiang, G.; Qiu, W.; DeLuca, P. Preparation and in vitro/in vivo
evaluation of insulin-loaded poly(acryloyl-hydroxyethyl starch)-
PLGA composite micropsheres.Pharm. Res.2003, 20 (3), 452-
459.

(28) Rosa, G. D.; Iomelli, R.; Rotonda, M. I. L.; Moro, A.; Quaglia,
M. F. Influence of the coencapsulation of different non-ionic
surfactants on the properties of PLGA insulin-loaded micro-
spheres.J. Controlled Release2000, 69, 283-295.

Figure 6. Far-UV CD spectrum (205-250 nm) on exposure
to the methylene chloride layer at 400 rpm for 4 h. Initial insulin
concentration was set at 0.4 mg/mL.

Figure 7. RP-HPLC chromatogram of soluble insulin recov-
ered from systems containing polymeric excipients after
interfacial exposure and comparison with an insulin standard
at equivalent concentrations.

Figure 8. SE-HPLC chromatogram of soluble insulin recov-
ered after interfacial exposure and its comparison with an
insulin standard at equivalent concentrations.

Figure 9. Comparison of mass spectra of (A) insulin stan-
dard, (B) recovered soluble insulin, and (C) insulin aggregates
dissolved in 6 M urea and dialyzed against deionized water.
Masses are mentioned below the charged species listed. Initial
insulin concentrations were 60 µg/mL and were diluted with
the matrix material.
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port for the importance of ionic complexation between insulin
and PEG-polyHis in preventing insulin destabilization at the
w/o interfaces during emulsification is evident. Complexation
of insulin with PEG-polyHis at pH 6.0 (“[c]” system) reduced
the loss of soluble insulin effectively, limiting the loss of
soluble insulin to about 7% compared to 25% in samples
without any PEG-polyHis. Stabilization effect at pH 6.0 may
possibly be attributed to conformational rigidity for insulin
provided by PEG-polyHis. Blending PEG-polyHis with
insulin at pH 7.4 did not lead to major improvement in
soluble insulin recovery. Nearly 22% insulin was aggregated
with addition of PEG-polyHis versus 28% loss without any
PEG-polyHis. Insulin aggregation at pH 6.0 was lower than
at pH 7.4 even without addition of any polymeric excipient.
This indicated the usefulness of carefully selecting a rational
pH in minimizing interfacial stresses on exposure to an
organic solvent.

The duration of shear applied during primary emulsion
formation can impact the degree of aggregation and inactiva-
tion. Excessive shear duration may lead to undesirable loss
of protein without any additional improvements in emulsion
formation or characteristics. Kinetic studies clearly revealed
that the major factor in destabilization of insulin is the
exposure to a water/MC interface. Duration of homogeniza-
tion plays a secondary role in the aggregation process.
Emulsification for 15 s compared to 30 s duration did not
lead to a significant increase in soluble insulin recovered.
Increasing the duration of homogenization to 60 s did not
lead to substantial decrease in recovery of soluble insulin as
shown in Figure 10. Only 11% of insulin was lost in the
complex system (pH 6.0) compared to 7% for 30 s. This
may represent a 50% increase; however, the experimental
error nullifies its impact. Based on these studies, it was
determined that the duration of homogenization be limited
to 30 s for future microsphere fabrication.

PEG-polyHis Concentration Dependence.Loss of 7-11%
of insulin as aggregates when complexed with PEG-polyHis
at pH 6.0 led to increasing the concentration of PEG-polyHis
to complex with potentially unshielded insulin, which may
have undergone denaturation at the interface. To test the
hypothesis, PEG-polyHis was added in amounts different
than those used in optimal complex formation in previous
studies. Increasing the PEG-polyHis concentration beyond
2 times the amount of insulin did not lead to significant
changes in recovery of soluble insulin. Addition of as much
as 4 times of PEG-polyHis with respect to insulin increased
the soluble insulin amount by 3%, which lies close to
observations from use of twice the amount of PEG-polyHis.
Results are summarized in Figure 11.

Reducing the ratio of insulin to PEG-polyHis from optimal
1:2 to 1:1 led to an additional 10% loss of soluble insulin.
Importantly, a higher amount of unshielded insulin present
because of incomplete ionic complexation may be the
primary reason for increased insulin aggregation. This finding
indicates the requirement for complexation for most effective
protection against aggregation of insulin and indirectly
supports theú potential determination for an optimal weight
ratio for ionic complexation to be 1:2 of insulin to PEG-
polyHis.

Radioimmunoassay (RIA) of Recovered Soluble Insu-
lin. Analyses of released insulin by RIA and RP-HPLC
showed an excellent correlation between values determined
from these two methods. No interference was seen from
polymeric excipients. Comparative results from RP-HPLC
and RIA for studies at pH 6.0 are presented in Figure 12.
Similar results were obtained for insulin incubation at pH
7.4 (results not shown here). Results from this study support
far-UV dichroism evaluation of recovered soluble insulin in
terms of retention of native structure of insulin. Recovered
insulin is immunoreactive and hence has a high probability
of being biologically active in streptozotocin-induced diabetic
animal models. Very few studies comparing the RIA assay

Figure 10. Kinetic plot of loss of soluble insulin as a function
of homogenization duration during the primary emulsion
formation. Initial concentration was fixed at 2.06 mg/mL. PEG-
polyHis concentration was fixed at 4.12 mg/mL (weight ratio
of insulin to PEG-polyHis was set at 1:2). N ) 3.

Figure 11. Effect of insulin to PEG-polyHis weight ratio on
insulin aggregation. Insulin concentration was fixed at 2.07
mg/mL. N ) 3.
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with UV spectrophotometry and RP-HPLC have reported
similar good correlations.29,30

Overall, the use of polymeric excipients proved effective
in retention of higher structures of insulin.

Discussion
At the interfacial region, that may have reduced hydro-

phobic interactions between protein molecules due to a high
concentration of MC, insulin hexamers may easily dissociate
to monomers when exposed to the interface and form
aggregates.15,31To test whether the observed insulin aggrega-
tion might be caused by mechanical shear stress and/or
continual creation of an air/water interface, a 2 mg/mL insulin
solution was agitated under similar conditions without the
addition of MC. Without MC, insulin solution showed only
a 3% drop in soluble insulin content up to 4 h. Experimental
results demonstrate that agitation-associated effects (e.g.,
shear and continual creation of new water/air interface) do
not cause significant insulin instability.

Based on reports in the literature, a rational stabilization
strategy for proteins during emulsification should either
prevent contacts between the protein and the aqueous/organic
solvent interface or prevent unfolding of the protein. Our
hypothesis that reversible molecular shielding of insulin with

PEG-polyHis by ionic complexation will protect insulin from
harsh environmental conditions has been proved correct.
Complexing insulin with PEG-polyHis at pH 6.0 reduced
the loss of soluble insulin most effectively compared to the
blend systems (pH 4.5 and 7.4). Possibly, conformational
rigidity imparted by complexation at pH 6.0 plays a role in
preventing destabilization of insulin. A plausible explanation
is that complexation induced the formation of PEG-polyHis
cover over the insulin surface and prevented direct exposure
of insulin to the interfaces. PEG-polyHis protects against
insulin aggregation at two noncomplexing pHs, 4.5 and 7.4
(blend systems), pointing to the role played by PEG in
modulating insulin’s interfacial adsorption. Numerous studies
reported on protein-polyelectrolyte (water-soluble polymers)
complex formation have been motivated by interest in
enzyme stabilization and immobilization, while protecting
the catalytic activity of the active center for glucose
dehydrogenase, alcohol dehydrogenase,â-galactosidase, and
trypsin.32-35 It has been suggested that electrostatic interac-
tions between the enzymes and the polymers play a dominant
role in stabilization of nonenzymatic proteins as well.36,37

Because of amphipathicity and flexible conformation,
proteins are surface active so that they tend to adsorb at
water/organic solvent interfaces. Adding surfactants can
significantly decrease adsorptive losses and subsequent
protein denaturation. Pluronics have been investigated as
surfactants/additives in formulating microspheres of proteins
such as insulin,26,28bovine serum albumin (BSA),38,39human
growth hormone (hGH),40 and recombinant human nerve

(29) Lougheed, W. D.; Albisser, A. M.; Martindale, H. M.; Chow, J.
C.; Clement, J. R. Physical stability of insulin formulations.
Diabetes1983, 32, 424-432.

(30) Ron, E.; Turek, T.; Mathiowitz, E.; Chasin, M.; Hageman, M.;
Langer, R. Controlled release of polypeptides from polyanydrides,
Proc. Natl. Acad. Sci. U.S.A.1993, 90, 4176-4180.

(31) Donsmark, J.; Jorgensen, L.; Mollmann, S.; Frokjaer, S.; Rischel,
C. Kinetics of Insulin adsorption at the oil-water interface and
diffusion properties of adsorbed layers monitored using fluores-
cence correlation spectroscopy.Pharm. Res.2006, 23 (1), 148-
155.

(32) Andersson, M. A.; Hatti-Kaul, R. Protein stabilizing effect of
polyethyleneimine.J. Biotechnol. 1999, 72, 21-31.

(33) Ganhorn, A. S.; Green, D. W.; Hershey, A. D.; Gould, R. M.;
Plapp, B. V. Kinetic characterization of yeast alcohol dehydro-
genases.J. Biol. Chem.1987, 262, 3754-3761.

(34) Teramoto, M.; Nishibue, H.; Ogawa, H.; Kozono, H.; Morita, K.;
Matsuyama, H. Effect of addition of water-soluble cationic
polymers on thermal stability and activity of glucose dehydro-
genase.Colloids Surf., B1996, 7, 165-171.

(35) Teramoto, M.; Nishibue, H.; Ogawa, H.; Kozono, H.; Morita, K.;
Matsuyama, H.; Kajiwara, K. Efect of addition of polyethylene-
imine on thermal stability and activity of glucose dehydrogenase.
Appl. Microbiol. Biotechnol.1992, 38, 203-208.

(36) Kaibara, K.; Okazaki, T.; Bohidar, H. B.; Dubin, P. L. pH-induced
coacervation in complexes of bovine serum albumin and cationic
polyelectrolytes.Biomacromolecules2000, 1 (1), 100-107.

(37) Xia, J.; Dubin, P. L.; Kokufuta, E.; Havel, H.; Muhoberac, B. B.
Light scattering, CD, and ligand binding studies of ferrihemo-
globin-polyelectrolyte complexes.Biopolymers1999, 50 (2), 153-
161.

(38) Lin, W. J.; Huang, L. I. Influence of Pluronics on poly(ε-
caprolactone) microparticles.J. Microencapsulation2001, 18 (2),
191-197.

(39) Giunchedi, P.; Conti, B.; Genta, I.; Conte, U.; Puglisi, G. Emulsion
spray-drying for the preparation of albumin-loaded PLGA mi-
crospheres.Drug. DeV. Ind. Pharm.2001, 27 (7), 745-750.

(40) Johnson, O. L.; Jaworowicz, W.; Cleland, J. L.; Bailey, L.;
Charnis, M.; Duenas, E.; Wu, C.; Shepard, D.; Magil, S.; Last,
T.; Jones, A. J. S.; Putney, S. D. The stabilization and encapsula-
tion of human growth hormone into biodegradable microspheres.
Pharm. Res.1997, 14, 730-735.

Figure 12. Comparison of insulin contents obtained from RP-
HPLC and radioimmunoassay (RIA). Four different kinds of
samples tested included an insulin standard (A), soluble
insulin recovered following interfacial exposure without any
polymeric excipient (B), soluble insulin recovered following
interfacial exposure from systems with F-127 (C), and soluble
insulin recovered following interfacial exposure from systems
with PEG-polyHis at pH 6.0 (D). N ) 2.
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growth factor (rhNGF)41 with mixed results. Pluronics are
believed to be absorbed to the abnormally exposed hydro-
phobic regions of the unfolded proteins and alter local
hydrophobic interactions as well as alter the local surface
tension in such a fashion as to facilitate protein disaggre-
gation and refolding.42 In all systems, PEG-polyHis was more
effective in preventing insulin aggregation than F-127.
Modest results with F-127 to protect insulin at the interface
may be explained on the basis of anomalous behavior of
PEG chains at the water/MC interface. PEG chains prefer-
entially distribute in the MC layer.5,43 The relatively hydro-
phobic polypropylene block and PEG may show affinity for
the organic solvent, explaining its lower efficacy in prevent-
ing insulin aggregation.

In summary, a lower amount of insulin aggregates at the
water/MC interface upon emulsification on complexation
with PEG-polyHis. These aggregates are primarily caused
by the presence of the interface, and not by other stress
factors such as homogenization. The maintenance of physical
stability of insulin by ionic complexation is strong evidence
supporting the hypothesis that addition of PEG-polyHis to
insulin can be a beneficial strategy by preventing insulin from
interacting with different surfaces. The significance of PEG-
polyHis does not lie exclusively in imparting interfacial
stability to insulin during the primary emulsion formation
in microspheres. The role of PEG-polyHis is multifunctional
in the proposed microsphere formulation. Our previously
published results on BSA microspheres containing similar
complexes of BSA with PEG-polyHis showed that PEG-

polyHis is a suitable proton scavenger (byproducts from
degradation of PLGA) and helps maintain microenvironment
pH above 5.0 for a 30 day period.18 This is significant from
retention of stability of insulin in an otherwise deleterious
microenvironment that develops during incubation of mi-
crospheres for release studiesin Vitro and in ViVo. It has
been widely reported in the literature that the accumulation
of acidic byproducts of degradation of PLGA is responsible
for acid-induced deamidation and covalent dimer formation
of insulin especially at pH 5.0 and below in the microsphere
microenvironment.24,44-46 Maintenance of pH above 5.0 by
PEG-polyHis in insulin microspheres may lead to a better
preservation of quality of insulin and a more complete
release.

This study also demonstrates the design of experiment for
routine monitoring of the time-course of insulin aggregation
induced by the w/o interface and screening of novel protein
stabilizers. This experimental approach can be used as a
general platform for numerous proteins.
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