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Uniform mPEG-b-PMETAC enables pH-responsive delivery of insulin
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ABSTRACT: A cationic block copolymer (mPEG-b-PMETAC) with uniform molecular weight was synthesized using atom transfer rad-
ical polymerization. Insulin was reversibly encapsulated by mPEG-b-PMETAC via electrostatic interaction. The secondary and tertiary
structures of insulin during the assembly and delivery processes were monitored by circular dichroism and fluorescence spectrum.
The effects of pH and salt concentration on encapsulation were examined, respectively. Enhanced stability of the encapsulated insulin
against proteolysis by trypsin and chymotrypsin was demonstrated. Insulin can be encapsulated and delivered from an mPEG-b-PME-
TAC assembly by tuning the pH and ionic strength, which determines the electrostatic interaction between insulin and the polymer.
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INTRODUCTION

Drug delivery systems have gained wide interest, particularly pro-
tein and peptide drugs which have marginal stability and lose
their activity due to proteolysis and renal exclusion.' Targeted
release is also expected for a full display of the function of pro-
tein drugs. To achieve these objectives, increased efforts in the
fabrication of nanostructured drug delivery systems such as lipo-
somes,” microspheres,” nanogels," and polymeric micelles have
been observed.™ Kataoka and Harada’ first reported that polye-
lectrolyte could reversibly form an assembly with proteins and
DNAs through electrostatic interactions. Amphiphilic and
neutral-ionic block co-polymers can also spontaneously form an
assembly with counter-charged macromolecules in aqueous solu-
tion, forming a core—shell or core—corona structure.® The assem-
bly of lysozyme and poly(ethylene glycol)—poly(ethylene glycol)—
poly(a,p—aspartic acid) block copolymer [PEG-P(Asp)] can be
tuned by altering pH and ionic strength, and behaves as an on-
off control of activity.” It is reported that tumor tissues usually
appear acidotic due to increased glucose consumption, and the
extracellular pH of human tumors can reach 5.7.'° This stimu-
lated the e of pH-responsive drug delivery systems for antitumor
drug delivery.'"'> The abovementioned polyelectrolyte micelle
systems, in which the formation and dissociation of the micelles
can be conveniently tuned by pH, hold great promise for such
pH-responsive protein and peptide drug delivery systems. How-
ever, the mechanism by which the polyelectrolytes affect the

structure and function of encapsulated proteins or DNAs is not
fully understood, particularly at the molecular level.

The high surface charge density of polyions with quaternary
ammonium makes them attractive for use as drug carriers for
cells or tissues.'> While amphiphilic polymers grafted with qua-
ternary ammonium and palmitoyl groups have been proposed
for the oral administration of protein,''> the hydrophobic
interaction may lead to unfolding of encapsulated insulin and,
consequently, accelerated degradation by chymotrypsin. PEG is
a biocompatible polymer, which forms vast numbers of hydro-
gen bonds with water and thus enhances protein structure.'® In
fact, polymers with PEG block and quaternary ammonium
groups have been used for gene delivery.'”'® In this study, we
synthesized a block polymer consisting of PEG and quaternary
ammonium blocks, using the atom transfer radical polymeriza-
tion (ATRP) procedure to achieve a uniform encapsulation suit-
able for the targeted and controlled delivery of insulin.

The purpose of this work was to develop new polyions suitable
for the targeted oral administration of protein drugs. To achieve
this objective, first, the polyions should be positively charged to
ensure that they target cells or tissues with a negative surface
charge. Second, the encapsulated protein should be protected
against cleavage by trypsin or chymotrypsin. Finally, the delivery
can be triggered by pH. Moreover, we attempted the ARTP pro-
cedure with a uniform distribution of polyions which favors the
encapsulation and delivery of protein drugs.

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.
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Figure 1. Synthesis of PEG-b—PMETAC by ATRP.

In this study, poly(ethylene glycol) mono-methylether-block—
poly (2-(methacryloyloxy) ethyltrimethylmmonium chloride)
(mPEG-b-PMETAC) was synthesized using ATRP. The potential
of this polymer to construct a pH-responsive drug delivery sys-
tem was tested using insulin as a model protein. The effects of
pH and salt on the electrostatic interaction and hydrophobic
interactions between this novel cationic block polymer and
insulin were examined, respectively. The conformational change
of insulin in relation to its secondary and tertiary structure dur-
ing encapsulation and release were monitored. The stability of
encapsulated insulin against enzymatic degradation was
demonstrated.

EXPERIMENTAL

Chemical Agents

2-(Methacryloyloxy) ethyltrimethylammonium chloride (METAC,
72% aqueous solution), polyethylene glycol monomethylether
(M, ~ 1900), 2-bromoisobutyryl bromide, 1,1,4,7,7-pentamethyl-
diethylenetrilamine (PMDTA), and trifluoroacetic acid were pur-
chased from Alfa Aesar Company (UK). Porcine insulin (28.6
IU/mg) was obtained from Wanbang Biopharmaceuticals
(China). Trypsin and copper(I) bromide were purchased from
Sigma-Aldrich Company (USA). Chymotrypsin was purchased
from Amresco Company (USA). The Micro BCA protein assay
kit was obtained from Beyotime Institute of Biotechnology
(China). All other chemicals used were of analytical grade.

Synthesis of mPEG-b—-PMETAC
A hydrophilic and positively charged block polymer, mPEG-b—
PMETAC, was synthesized using ATRP, as shown in Figure 1.

The macromolecular initiator, poly(ethylene glycol) mono-
methyl ether-2-bromoisobutyrate (mPEG-Br), was synthesized
as shown in Figure 1. In brief, 3.8 ¢ mPEG (Mw = 1900) was
first dissolved in 100 mL of anhydrous toluene. Then 0.28 mL
triethylamine and 0.3 mL 2-bromoisobutyryl bromide were
added. The reaction proceeded for 5 h at 45°C in an N, atmos-
phere. After filtering out insoluble substances, the solution was
concentrated in a rotary subatmospheric evaporator at 40°C
and precipitated in cold ether. The precipitate was dissolved in
CH,Cl,, and then precipitated in cold ether. This dissolution—
precipitation cycle was repeated three times before vacuum
drying.

Then mPEG-b-PMETAC was synthesized by the ATRP method.
Briefly, 0.23 g (~1.0 mmol) mPEG-Br and 9.4 mL (~50 mmol)
2-(methacryloyloxy) ethyltrimethylammonium chloride
(METAC) was dissolved in 20 mL water in a Schlenk flask. After
adding 151 mg (1.0 mmol) CuBr and 173 mg (1.0 mmol)
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1,1,4,7,7-pentamethyldiethylenetrilamine (PMDTA) as ligand,
the Schlenk flask was sealed. The mixture was degassed via a
freeze—pump—thaw cycle three times and then incubated in an
oil bath at 50°C for 24 h. After polymerization, the mixture was
cooled to room temperature and dialyzed in water for 24 h to
remove excess small molecules.
freeze-dried to obtain the solid polymer.

Encapsulation of Insulin in mPEG-b-PMETAC Micelles and
Determination of Complexation Efficiency

First, 0.5 mL of solution A (10 mg mL™' mPEG-b-PMETAC)
was added to 4.5 mL of buffer solutions with increasing pH
from 3.0 to 8.0 (Gly-HCI buffer 50 mM, pH 3.0; citrate buffer
50 mM, pH 4.0 and 5.0; phosphate buffer 50 mM, pH 6.0 and
7.0; Tris—=HCI buffer 50 mM, pH 8.0), followed by the addition
of 5 mL solution B containing 8 mg mL™" insulin. The mix-
tures were vortexed and sonicated for 5 min, and then incu-
bated overnight at room temperature.

The resultant solution was

The mixture was centrifuged at 11,000 rpm for 20 min. The
supernatant containing the nonassociated insulin was collected,
and the amount of free insulin was determined by the bicincho-
ninic acid (BCA) colorimetric protein assay.'* The complexation
efficiency was calculated using the following equation:

(Total insulin—Free insulin)
X100%

Complexation efficiency (%)= Total insuli
otal insulin

Enzymatic Degradation of Encapsulated Insulin

Trypsin (1.2 mg/mL) and chymotrypsin (0.16 mg/mL) were dis-
solved in Tris—HCl buffer (pH=28.0, 50 mM, with 1 mM
CaCl,), respectively, as protease solutions. Solutions of insulin
and insulin—polyelectrolyte complexes were divided into samples
of 1 mL, each containing 0.2 mg insulin. Trypsin solution (30
uL) or chymotrypsin solution (40 uL) was added to each sam-
ple at 37°C for enzymatic degradation.”® Aliquots (100 uL) were
withdrawn at 0 min, 10 min, 30 min, 1 h, 2 h, and 3 h, respec-
tively, stored at 4°C and the reaction was terminated by 1% tri-
fluoroacetic acid aqueous solution. The samples were then
centrifuged and the concentrations of the remaining insulin in
the supernatant were measured by reverse phase chromatogra-
phy (Shim-pack VP-ODS C18 (150), SHIMADZU Corporation,
Japan) with distilled-deionized water (A) and acetonitrile (B),
each containing 0.1% trifluoroacetic acid as the mobile phase.
The gradient eluting agent was set as follows: 0—40 min: B10—
60%; 40—45 min: B60%; 45-55 min: B10%.

Assays

Dynamic Light Scattering Measurements. The size of the
micelles was determined using dynamic light scattering (DLS)
measurements with a ZetaSizer 3000HSA (Malvern Instruments)
and He-Ne lasers (22 mW) with wavelengths of 632.8 nm. All
measurements were performed with a scattering angle of 90° at
298 K. Prior to DLS measurements, each sample was filtered
using a 0.45 um filter.

Stop-Flow Measurement of the Mixture Operation. The
kinetics of the co-assembled insulin and mPEG-b-PMETAC
were determined with the stop-flow modulation of the Chiras-
can Spectropolarimeter (Applied Photophysics). The intensity of
scatter light was measured with a fluorescence detector at an
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Figure 2. Characterization of mPEG-b-PMETAC: (a) FT-IR; (b) 1H-
NMR.

excitation wavelength of 577 nm and an excitation voltage of
300 mV.

Fluorescence Spectra of the Mixture Solution. Fluorescence
spectra were obtained with an RF-5301 spectrofluorophotometer
(SHIMADZU). All measurements were obtained at an excitation
wavelength of 280 nm and an emission wavelength range of
280-400 nm at room temperature.

Circular Dichroism Spectra of the Mixture Solution. Circular
dichroism (CD) spectra were determined with the Chirascan
Spectropolarimeter (Applied Photophysics). All measurements
were obtained at a wavelength range of 180-300 nm at room
temperature.

RESULTS AND DISCUSSION

Synthesis and Characterization of mPEG-b—PMETAC
We chose atom transfer radical polymerization (ATRP) for syn-
thesis of the hydrophilic and positively charged block polymer,
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mPEG-b-PMETAC, due to its strength in the controllable syn-
thesis of polymers with uniform molecular weight and struc-
ture.”’ The quaternary ammonium block of this polymer offers
electrostatic interaction with the negatively charged protein, and
the PEG block offers a hydrophilic and biocompatible microen-
vironment for the encapsulated protein.

The obtained polymer was subjected to Fourier transform infra-
red spectroscopy (FT-IR) and 'H nuclear magnetic resonance
(*H-NMR). The results of these studies are shown in Figure 2.

Figure 2(a) shows the FT-IR spectrum of mPEG, mPEG-Br, and
mPEG-b-PMETAC, respectively. Compared to mPEG and
mPEG-Br, the peak at 2460 cm ™' disappeared and a peak
emerged at 1730 cm Y, which indicated the conversion of —OH
groups of mPEG to ester groups. The peak at 3427 cm ™' indi-
cated hydrogen bonds in residual water. The peak at 2889 cm ™
represented methylene or methyl groups. In the mPEG-b-PME-
TAC spectrum, splitting of the peak at 2889 cm™ ' indicated the
existence of both methylene groups in the PEG chains and
methyl groups in the PMETAC chains. The peaks between 1461
and 955 cm™' were assigned to the fingerprint region of the
PEG chain, and no obvious alterations were detected.

The structure of mPEG-b-PMETAC was further confirmed by
the "H-NMR spectrum with D,O as the solvent, as shown in
Figure 2(b). The peak at 4.8 ppm indicated residual water in
mPEG-b-PMETAC. Peak 1 indicated methylene groups in PEG
blocks (m, 0 =3.72 ppm, —OCH,CH,—); Peak 2 (s, 6 =2.05
ppm) and Peak 3 (m, = 1.22 ppm) represent methylene and
methyl groups in the skeleton of the PMETAC block, respec-
tively; Peak 4 (m, 6 = 3.86 ppm) and Peak 5 (s, 6 =3.30 ppm)
refer to methyl groups, which were connected to the positively
charged nitrogen atom in the quaternary ammonium segments.
According to the ratio of the peak area of proton from PEG
segments (Peak 1) to that of the quaternary ammonium group
(Peak 6) in PMETAC segments, the weight-average molecular
weight was calculated and was found to be 11 kDa. GPC analy-
sis of the polymer was unsuccessful as the high surface charge
density of the PMETAC block made the polymer extremely
hydrophilic and thus insoluble in chloroform or tetrahydrofu-
ran. Aqueous phase GPC was also unsuitable for analysis of pol-
yions such as mPEG-b-PMETAC as the elution may be
distorted by the electrostatic interaction, either attractive or
repulsive, and thus affects interpretation of the molecular
weight of the polyions.**

Encapsulation of Insulin with mPEG-b-PMETAC Micelles
Encapsulation was conducted by mixing insulin and mPEG-b—
PMETAC solution at room temperature. During each run, the
final concentrations of insulin and mPEG-b-PMETAC were
0.034 and 0.34 mM, respectively, i.e., the molar ratio of mPEG-
b-PMETAC to insulin was 10 : 1.

Determination of the complexation efficiency showed that
96.7% of insulin was encapsulated by mPEG-b—PMETAC. Simi-
lar studies on insulin complexation with cationic polymers gen-
erally obtained a complexation efficiency of 85 to 100%.'****

DLS measurements showed that the typical particle size in the
mixture solutions varied from 100 to 800 nm under different
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Figure 3. Size distribution of the insulin-mPEG-b-PMETAC assembly.

conditions. The size distribution at pH 7.0 without the addition
of NaCl is shown in Figure 3. It was shown that the mixture of
insulin and mPEG-b-PMETAC formed micelles with a diameter
of 180 nm and a narrow distribution, indicating a homogenous
structure, which benefitted from the uniform polymer synthe-
sized using ATRP. However, a TEM graph was not obtained
because the micelles were only stable in aqueous solution.

The kinetics of the assembly were determined using the stop-
flow experiment. Scatter light intensity indicated the number of
particles in solution. Figure 4 shows the stop-flow mixture of
insulin and mPEG-b-PMETAC at pH 7.0.

No significant change in scatter light intensity was observed
when insulin or mPEG-b-PMETAC was mixed with buffer solu-
tion. When insulin was mixed with mPEG-b-PMETAC, scatter
light intensity rose rapidly within 200 ms, showing that large
particles formed in solution due to aggregation of insulin and
polyions. The intensity then decreased within 10 s, showing that
the initial large particles were unstable and dissociated to form
smaller and more stable nanoscale species. The stop-flow experi-
ment conducted under other conditions obtained similar encap-
sulation kinetics.

Encapsulation of Insulin with mPEG-b-PMETAC at Different
pH Values

The effect of pH on assembly was investigated. The final con-
centrations of insulin and mPEG-6-PMETAC were 0.034 and

Figure 4. Scatter light intensity of the stop-flow mixture of insulin and
mPEG-b-PMETAC.

0.34 mM, respectively. During each run, the pH of the final
solution was adjusted from 3.0 to 8.0. Table I shows the size of
mPEG-b-PMETAC, insulin, and the mPEG-b-PMETAC/insulin
mixture at different pH values, as determined by DLS.

mPEG-b-PMETAC is a cationic polyelectrolyte in aqueous solu-
tion regardless of pH, while the charge property of insulin mol-
ecules is determined by pH. Surface charges of insulin at
different pH values, which were calculated using the H+ + sim-
ulation tool (Supporting Information), are shown in Supporting
Information Figure S1 and Table I. The isoelectric point of insu-
lin was around pH 5.5, which is consistent with that obtained
in other studies.”>*®

As shown in Table I, insulin or mPEG-b-PMETAC did not pro-
duce observable scattering within the detection limits in isolated
states. The size of the polymer micelle encapsulating insulin was
pH-responsive. When the pH was lower than 5.0, no complex
was detected. When the pH was 5.0, loose complexes were
formed with a large diameter and a wide distribution, indicating
that an incompact structure was formed at the transition state.?’”
A higher encapsulation yield and a smaller complex diameter
were obtained when the pH of the solution was greater than
5.0. Thus, it was possible to load insulin into the polymer
micelles at a neutral or basic pH and discharge insulin at an
acidic pH. This was favorable for the stability of encapsulated
insulin and prevented cleavage by trypsin or chymotrypsin.

Table I. Hydrodynamic Diameters and Charge Properties of mPEG-b-PMETAC/Insulin Complex at Different pHs

Polymer Insulin Complex Loading

pH diameter (nm) diameter (nm) Insulin charge® diameter (nm)° efficiency (%)
3.0 ND ND 3.989 ND 0

4.0 ND ND 2.283 ND 0

5.0 ND ND 0.514 314.1 (0.222) 56.3

6.0 ND ND -0.757 141.7 (0.084) 95.8

7.0 ND ND —-2.340 180.9 (0.062) 96.7

8.0 ND ND -3.670 175.8 (0.068) 96.3

ND, not detected.

@Determined by H++ calculation, details are given in Supporting Information.

®The values in brackets indicate the polydispersity index (PDI).
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Figure 5. Secondary structure analysis of insulin and its complex at differ-

ent pH values: (a) circular dichroism of free insulin; (b) circular dichro-
ism of insulin in the presence of mPEG-b-PMETAC; (c¢) 6 (208 nm)/0
(222 nm) at different pH values. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The secondary structures of free insulin and its corresponding
complex with mPEG-b-PMETAC at different pH values were
determined and are shown in Figure 5.

Figure 5(a) shows the circular dichroism (CD) spectra of natu-
ral insulin at pH 3.0-7.0. Two natural peaks at 208 and 220 nm
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Figure 6. Fluorescence emission spectra of free insulin and its complex at
different pH values. Notes: Dashed lines show the fluorescence emission
spectrum of free insulin; solid lines show the fluorescence emission spec-
trum of insulin complexed with polyions. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

indicated that the secondary structure of native insulin was
composed of three «-helices in chain A and B, and one f-sheet.
When molecules aggregate to form dimers or hexamers,”>*’ the
residues in the helix of the B chain play important roles.”® The
transition of insulin between monomer and dimers or hexamers
is influenced by concentration, pH, and metal ions (Zn>", etc.).
Insulin is prone to aggregate in neutral solution, and forms
monomers or dimers at pH 2 or lower, and at pH 9 or
higher.”"** Therefore, in the pH range of 3.0-7.0, insulin mole-
cules prefer to form hexamers which favor the stability of
insulin.

Figure 5(b) shows the CD spectra of insulin in the presence of
mPEG-b-PMETAC. When the pH was below 6.0, the CD spec-
tra of insulin in the presence of mPEG-b~-PMETAC was indis-
tinguishable from that of free insulin, indicating that mPEG-b—
PMETAC had little effect on the secondary structure of insulin
at low pH. At pH 6.0 and 7.0, the intensity of the peak at
208 nm, which is the characteristic absorption of the a-helix of
insulin, decreased significantly. Considering that the insulin and
mPEG-0-PMETAC complex was formed at high pH as shown
in Table I, this suggests that at pH 6.0 and 7.0, the structural

—= 1000E
1750 £
. 1500 £
—— 1250 E
B L oo e 0 o
: 1
808 .
o)
e I free insulin 1
§0‘4' [ linsulin+polyion |
= —m— diameter ]
0.0

0 150 300 450
c(NaCl) (mM)
Figure 7. Influence of NaCl concentration on the size* and secondary
structure of the insulin-mPEG-b-PMETAC complex. Notes: No particles
were detected when the NaCl concentration was greater than 225 mM.
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transition of insulin from o-helix/f-sheet to f-sheet structure
occurred during the encapsulation by mPEG-b-PMETAC.

In this study, we used Oxos nm)/0222 nm) to characterize the
structure of insulin both in the free and complex state. The
influence of pH on the value of 0208 nm)/0222 nm) is shown in
Figure 5(c). When mPEG-b-PMETAC was added to insulin
solution at pH 3.0—4.0, insulin maintained its natural secondary
structure. From the DLS results shown in Table I, no complex
was formed under these conditions and the polymer itself had
no effect on insulin structure. Although the nanosized complex
was detected at pH 5.0 (Table I), insulin in the complex main-
tained its natural structure. This was due to the loose complex
formed between insulin and the polymer with a diameter
greater than 300 nm. A further increase in pH value led to a
more negative charge on insulin, intensified the electrostatic
interaction between insulin and mPEG-b-PMETAC, resulted in
a more compact complex (Table I) and the structural transition
of insulin from o-helix/f-sheet to f-sheet structure.

There are six acidic amino acid residues in an insulin molecule,
namely Glu A4, Glu A17, Asn A21, Glu B13, Glu B21, and Thr
B30, four of which form parts of the a-helix structure. In solu-
tion at high pH, the acidic residues behave as negative charge
centers, which can interact with the cationic polymer. Thus, the
o-helix structure may be damaged due to the strong interaction
between the cationic polymer and insulin, resulting in a signifi-
cant decrease in the 0208 nm)/0(222 nm) value, as observed.

Figure 6 shows the fluorescence emission spectra of mPEG-b—
PMETAC/insulin complex and their free counterparts at differ-
ent pH values.

It can be seen that free insulin exhibited an emission peak at
the wavelength of 305 nm when the excitation wavelength was
280 nm, due to lack of tryptophan residues. When encapsulated
with mPEG-b-PMETAC, this peak intensity at 305 nm signifi-
cantly decreased. Quenching indicated a strong interaction
between insulin and mPEG-b-PMETAC, as it is often seen in
the electrostatic interaction between proteins and charged poly-
mers.” Increased pH led to more fluorescence quenching, indi-
cating the intensity of the interaction between insulin and
mPEG-b-PMETAC at increased pH. In addition, a red shift in
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maximum emission wavelength at pH 6.0 and 7.0 was observed,
indicating that more hydrophobic groups in insulin were
exposed to the aqueous environment caused by extremely
hydrophilic mPEG-b-PMETAC.** In contrast, a red shift was
not observed at pH 3.0-5.0.

Encapsulation of Insulin by mPEG-b-PMETAC at Different
NaCl Concentrations

To examine the effect of ionic strength on the assembly based
on electrostatic interaction, the effects of NaCl concentration on
the assembly were investigated. The final concentrations of insu-
lin and mPEG-0-PMETAC were 0.034 and 0.34 mM, respec-
tively, in each run. The NaCl concentration ranged from 0.0 to
450 mM at pH 8.0.

As shown in Figure 7, the average diameter of the nanoparticles
increased from 100 to 900 nm as the NaCl concentration
increased from 0 to 225 mM. No nanoparticles were detected
when the NaCl concentration was greater than 225 mM. As
shown in the circular dichroism spectra, when the salt concen-
tration increased, the value of 0208 nm)/0222 nm) for the mPEG-
b-PMETAC/insulin complex increased and approached the

(a) CD spectra
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Figure 9. Structural transition of reversible encapsulation under different
pH values: (a) CD spectra; (b) FL spectra. Notes: Dashed lines show cir-
cular dichroism and fluorescence emission spectra of natural insulin; solid
lines show spectra of the insulin complex with mPEG-b—PMETAC. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]
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Table II. Reversible Encapsulation of Insulin by mPEG-b-PMETAC Triggered by pH Swing

Average particle diameter (nm)

Step 1 (pH=3.0)
Insulin ND
mPEG-b-PMETAC/insulin ND
01208 0222 nm)

Step 1
Insulin 1.220
mPEG-b-PMETAC/insulin 1.331

Fluorescence ratio of insulin in complex and its free counterpart (F/Fo)

Step 1

FlFo 0.420

Step 2 (pH=7.0) Step 3 (pH=3.0)
ND ND

175.7 (0.086)° ND

Step 2 Step 3

1.167 1.279

0.656 1.228

Step 2 Step 3

0.231 0.586

ND, not detected.
@The values in brackets indicate the polydispersity index (PDI).

value of free insulin at pH 8. When the concentration of NaCl
was greater than 225 mM, the 0208 nm)/0(222 nm) for the mPEG-
b-PMETAC/insulin complex and its free counterpart was not
distinguishable. This suggested that an increase in the ionic
strength reduced the electrostatic interaction between insulin
and mPEG-b-PMETAC.

pH-Responsive Assembly of the Insulin-mPEG-b-PMETAC

A pH-responsive encapsulation and release of insulin by mPEG-
b-PMETAC was performed, as shown in Figure 8. Briefly, in
step 1, insulin and mPEG-b-PMETAC were dissolved in Gly—
HCI-NaCl buffer (pH =3.0, 10 mM) for 12 h. In step 2, this
mixture was dialyzed with phosphate buffer (pH = 7.0, 10 mM)
for 12 h, and the final pH of the dialyzed solution was tuned to
7.0. In step 3, the obtained solution was dialyzed with Gly—
HCI-NaCl buffer (pH 3.0, 10 mM) for 12 h, and the final pH
of the dialyzed solution was tuned to 3.0. At each step, samples
were collected for CD, FL, and DLS analysis.

The CD spectrum and fluorescence emission spectrum are
shown in Figure 9(a and b), respectively. A summary of the
results is shown in Table II.

As shown in Table II, no nanoparticles were observed at pH 3.0
both in the free insulin solution and in the insulin/mPEG-b—
PMETAC solution. When the pH was adjusted to 7.0, nanopar-
ticles composed of insulin and mPEG-b-PETAC appeared. In
contrast, no such nanoparticles appeared in the free insulin
solution. When the pH was tuned to 3.0 again, no nanoparticles
of mPEG-b-PETAC were detected, indicating dissociation of the
insulin—polymer assembly.

The CD spectrum shown in Figure 9(a) and Table II shows that
at pH 3.0 (in step 1), the secondary structure of insulin with
mPEG-b-PMETAC was similar to that of free insulin with the
0208 nm)/0(222 nm) value of 1.22. When the pH of the solution
was tuned to 7.0 (in step 2), the formation of the complex
driven by electrostatic interaction between negatively charged
insulin and positively charged mPEG-0-PMETAC occurred,
resulting in the structural transition from o-helix/f-sheet
(0208 nm)/0222 nm) was around 1.22) to f-sheet structure
(0208 nm)/0222 nm) Was around 0.66). When the pH was again
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tuned to 3.0 (in step 3), the transition from f-sheet structure to
a-helix/f-sheet occurred, indicating that this structural transi-
tion was reversible. The FL spectrum shown in Figure 9(b) and
Table II also demonstrated the reversible tertiary structural tran-
sition of insulin on encapsulation and release.

Stability of Encapsulated Insulin Against Enzymatic
Degradation

The loss of biological function in protein and peptide drugs in
vivo is often caused by protease degradation; especially after
oral administration where digestive enzymes are encountered.’
In this study, trypsin and chymotrypsin were used as proteases
to degrade the polymer encapsulated insulin, using free insulin
as a control. Figure 10 shows the residual intact insulin after
enzymatic degradation in the presence and absence of mPEG-b—
PMETAC at pH 8. Detailed elution curves are shown in Sup-
porting Information (Figure S2).

The content of insulin was calculated from the volume and
absorbency of the fraction which appeared at 25 min during
elution (Supporting Information Figure S2). As shown in Figure
10, after a 3 h enzymatic degradation period, the contents of
residual intact insulin were below 30% in the case of free insu-
lin after both trypsin and chymotrypsin treatment, while those
in the case of the insulin/mPEG-b~-PMETAC complex were

Trypsin

3 —&— free insulin - - ® - insulin+polyion
Y Chymotrypsin
100 .w | —O—freeinsulin --O - insulin+polyion
o L
=
®
£
©
=
i=
®
(S

0 . . .
0 60 120 180
t (min)

Figure 10. Enzymatic degradation ratio of insulin by trypsin and
chymotrypsin.
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above 50 and 70%, after chymotrypsin and trypsin treatment,
respectively.

Insulin is cleaved by trypsin at B22-B23 and B29-B30 [Support-
ing Information Figure S3(a)],*” which are adjacent to the glu-
tamate residue (B21) and the carboxyl at the end position, both
of which are negatively charged and thus attract the positively
charged blocks of mPEG-b-PMETAC chains, and this hindered
enzymatic degradation. In addition, the positively charged
blocks of mPEG-b-PMETAC appear to have an electrostatic
repulsive force on the positively charged trypsin molecules
(pI=10.5) at pH = 8. This further inhibited its degradation of
insulin. Tsiourvas et al. reported that oligolysine or oligoargi-
nine, other types of biocapatible polycations which form com-
plexes with proteins, failed to protect insulin from trypsin
degradation.”

With regard to chymotrypsin which has 7 cleavage sites on
insulin molecules [Supporting Information Figure S3(b)] (5 on
the surface and 2 in the hydrophobic core),® a more compre-
hensive inhibition may require a larger mPEG-b-PMETAC poly-
mer to shield all cleavage sites. In addition, chymotrypsin with
pl of 8.1-8.6 is very weakly charged at pH = 8, thus the electro-
static repulsive force between the polymer and chymotrypsin is
much weaker, compared to that between the polymer and tryp-
sin. These factors may account for the reduced degradation by
chymotrypsin, as compared to that obtained by trypsin.

CONCLUSIONS

In conclusion, a hydrophilic-cationic diblock copolymer, PEG-
b-PMETAC, capable of pH-responsive encapsulation of insulin
was synthesized. Reversible changes in the secondary and terti-
ary structure of insulin were observed during the pH-trigged
formation and dissociation of the assembly with PEG-b—
PMETAC. Significantly enhanced stability against enzymatic
degradation by trypsin and chymotrypsin were observed. These
findings indicate that this pH-responsive assembly system is
promising for the drug delivery of proteins/peptides.
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