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Abstract

A special class of hydrophobically modified polyelectrolytes was studied wherein poly(acrylic
acid) (PAA) was conjugated with Pluronic F127 NF surfactant. The Pluronic-PAA copolymer
solutions form gels at low concentrations when exposed to body temperature. Such gels possess
enhanced retention in topical applications. Circular dichroism spectra indicate that tertiary
structures of human insulin, haemoglobin, and albumin were stabilized in solutions of Pluronic-
PAA. Aggregation of insulin in gelled solutions of Pluronic-PAA was impeded as demonstrated
in shaking tests. The presence of Pluronic-PAA hindered the insulin degradation by o-
chymotrypsin by at least 7-fold. Extraction of calcium ions from trypsin by Pluronic-PAA led to
the dramatic changes in the tertiary structure and total loss of enzymatic activity, suggesting
that Pluronic-PAA could inhibit tryptic degradation of proteins.

Introduction

Poly(acrylic acid) (PAA) and its cross-linked derivatives can be considered as safe
drug carriers, as they are not absorbed through the mucosa and thus are devoid of
systemic side effects, when applied in topical drug delivery (Junginger et al 2000). In
addition, PAA and its hydrogels are mucoadhesive and show enhanced retention in
body cavities (Felt et al 1999). Finally, since PAAs act as adsorption and penetration
enhancers they have been suggested for use as facilitators of the paracellular
permeation of the hydrophilic peptides (Junginger et al 2000). We have recently
discovered a new class of PAA-based copolymers and gels, whereby PAA is
modified with a triblock copolymer of poly(ethylene oxide) (PEO) and poly-
(propylene oxide) (PPO) (Pluronic, or Poloxamer), which is attached to PAA via
carbon—carbon bond (Bromberg 1998a—¢; Bromberg & Ron 199¥; Bromberg &
Barr 199Y; Bromberg & Magner 1999; Bromberg & Salvati 1999; Bromberg &
I'emchenko 1999 ; Bromberg 2001a, b). The copolymers of PAA and Pluronics
(termed Pluronic-PAA herein) possess properties beneficial for topical delivery that
complement mucoadhesion of PAA, such as the ability to self-assemble in aqueous
solutions forming micelle-like aggregates (Bromberg 1998c, d; Huibers et al 1999).
The Pluronic-PAA micelles are capable of solubilizing hydrophobic drugs in
aqueous solutions (Bromberg & ‘I'emchenko 1999). The copolymers are muco-
adhesive (Bromberg 1999), non-irritating (Bromberg & Ron 199%), and enhance
bioavailability of drugs (Bromberg 2001a). In this study, we concentrated on
Pluronic-PAA as protein formulation aids. It appears that when Pluronic-PAA and
model protein solution forms a gel at 37°C, the protein aggregation is impeded,
while the tertiary structure of human proteins such as insulin, haemoglobin and
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serum albumin, is not altered. On the other hand,
Pluronic-PAA does alter the structure of trypsin by
extracting Ca?" (that stabilizes the protein) and dimin-
ishes its enzymatic activity. This finding suggests that
proteins may be advantageously stabilized against
tryptic digestion when formulated with Pluronic-PAA.

Materials and Methods

Materials

Human crystalline insulin (95-98 % by HPLC), human
haemoglobin (lyophilized), human albumin (globulin
and fatty acid free, ~99%), trypsin type XIII from
bovine pancreas (TPCK treated, essentially salt-free),
and a-chymotrypsinogen from bovine pancreas (essen-
tially salt-free, crystallized and lyophilized) were all
purchased from Sigma (St. Louis, MO). Pluronic F127
NF was obtained from BASF Corp. (Parsippany, NJ)
and used without further treatment. All other chemicals
were obtained from commercial sources and were of the
highest purity available. Poly(ethylene oxide)-b-poly-
(propylene oxide)-b-(polyethylene oxide)-g-poly(acrylic
acid) (CAS #186810-81-1) was synthesized by disper-
sion/emulsion polymerization of acrylic acid along
with simultaneous grafting of poly(acrylic acid) onto
Pluronic backbone as described in detail elsewhere
(Bromberg 199%b). After synthesis, the polymer was
purified by dialysis against 10 mM potassium phosphate
buffer (pH 7.0) and lyophilized. In this work, we refer to
the ensuing copolymer as Pluronic-PAA. The residual
concentration of monomers in Pluronic-PAA was below
5 ppm. The polymer had a weight-average molecular
mass of 3.5x 10° Da and consisted of 45% Pluronic
F127 and 55 % poly(acrylic acid) as measured by FTIR
and NMR.

Procedures

Insulin was lyophilized from 10 mm phosphate buffer
(pH 7.4) and stored at —70°C prior to use. Colloidal
stability of insulin was ascertained by a shaking test,
whereby insulin was dissolved either in phosphate-
buffered saline (PBS, pH 7.4) with 0.01 % sodium azide
orin 0.5 or 1 w/v% Pluronic-PAA solutions of Pluronic-
PAA in PBS, resulting in 10 uM insulin concentration.
The fibrillation kinetics were studied in 5 mL glass
HPLC vials (3 mL filling volume) using a horizontal
shaker at 37°C and 100 strokes min™'. The vials were
intermittently withdrawn and their contents filtered by
either a syringe-fitted membrane filter (pore size 0.2 ym)

or centrifugation at 37°C using Micropure Filtration
Device (pore size 0.45 ym) (Millipore Co., Bedford,
MA). Filtered samples were analysed for residual insulin
concentration by UV spectrometry using an extinction
coefficient of 6.2x 10° M~' cm™" at 276 nm (Hinds et al
2000) on a Shimadzu 1601 UV-vis spectrophotometer.
Sample concentrations were determined by comparison
with standard curves in the same PBS bulffer. In circular
dichroism studies, the insulin-containing stock samples
were prepared in PBS buffer (38 mm, pH 7.4) at 0.1 mm
and filtered through an Acrodisc 0.2 ym syringe filter.
The samples were diluted by PBS buffer or Pluronic-
PAA solution in the same PBS buffer to result in 5 um
insulin and 0.5 w/v% Pluronic-PAA concentrations.
Enzymatic degradation of insulin by a-chymotrypsin
was studied as described by Akiyoshi et al (1998).
Namely, a 1 mg mL™" insulin solution in either 38 mm
PBS (pH 7.4) or 1 w/v% Pluronic-PAA in the same
buffer was equilibrated at 37°C for 1 h and a 1 mL
aliquot was added to 1 mL of a 70 ug mL™" «-chymo-
trypsin solution in the same buffer. The mixture was
shaken at 37°C at 100 strokes min™' and at a specified
time subjected to the insulin degradation assay using the
ninhydrin method (Hovgaard et al 1992). After the
completion of the ninhydrin reaction, the solution elec-
tronic absorbance was measured at 570 nm and com-
pared with that of the standard glycine solutions. The
enzymatic degradation was monitored by the relative
increase in the concentration of primary amino groups
liberated by the a-chymotrypsinogen cleavage: degra-
dation, % =100x (C,/C,—1). Herein, C, and C, are the
total peptide concentrations immediately after (~ 30 s)
addition of a-chymotrypsin and at time ¢, respectively.

Haemoglobin and albumin were lyophilized from
0.1 mpotassium phosphate buffer (pH 7.0) and stored at
—70°C prior to use.

Trypsin was lyophilized from 50 mm phosphate buffer
(pH 6.8) and stored at —70°C prior to use. Trypsin was
dissolved either in 0.5 w/v% of Pluronic-PAA solution
in 50 mm phosphate buffer (pH 6.8) or in 50 mm phos-
phate buffer (pH 6.8) at 1 mg mL™' concentration
(Luelen et al 1995). The solution of trypsin in buffer
was stored at —20°C and thawed immediately prior to
the CD measurement. The trypsin in Pluronic-PAA
solution was kept at 37°C for 0.5 h prior to measure-
ment. The depletion of Ca** from trypsin as a result of
interaction with Pluronic-PAA was ascertained by sep-
aration of trypsin and Pluronic-PAA using dialysis. The
solution of trypsin (control) or trypsin and Pluronic-
PAA was dialysed against calcium-free 50 mm phos-
phate buffer at 4°C using Spectra/Por cellulose ester
membrane (MW cut-off 50 kDa, Spectrum). The buffer
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solution was lyophilized and the residual solids were
analysed for calcium content using a Spectroflame ICP
Model FMD-07 inductively coupled plasma atomic
emission spectrometer (Spectro Inc., Littleton, MA).
Enzymatic activity of trypsin in solution and in the
presence of 1 w/v% Pluronic-PAA was measured as
described in detail elsewhere (Luelien et al 1995) using
N-a-benzoyl-L-arginine ethylester (Sigma) as a
substrate.

The CD spectra were recorded, without noise re-
duction, in the 180-250 nm range in quartz cuvettes
with a 1 mm light path length (JASCO 165-01) with a
thermostatted cell holder incorporating a Peltier device
(JASCO PTC-343) using a JASCO J-720 Spectro-
polarimeter (JASCO Inc., Easton, MD). Ten scans were
averaged before the final spectrum was acquired. The
data for insulin (ellipticity in mdeg) were transformed to
mean residue ellipticity (®) using the expression
(Goldman & Carpenter 1974) @ =0 M /CA, where @ is
the observed ellipticity (mdeg), M is the mean residue
molecular weight (g mol™), A is the optical path length
(cm), and C is the protein concentration (g mL™).

Rheological measurements were performed using a
controlled stress Rheolyst Series AR1000 Rheometer
(TA Instruments, New Castle, DE) with a cone and
plate geometry system (cone: diameter, 4 cm; angle, 2°,
truncation, 57 gm) equipped with a solvent trap. The
zero shear viscosity (7)) of the Pluronic-PAA solutions
was estimated from the creep experiments according to
(Bromberg & Barr 2000):

y(0)/oy = Jo+1/1,
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where ¢ is the time, () is the shear strain, o is the shear
stress and J¢ is the steady state shear compliance.

Results and Discussion

Pluronic-PAA in aqueous solutions shows a tendency to
self-assemble via formation of micelle-like aggregates.
Such aggregates can dramatically change rheological
properties of the solution (Bromberg 1998d, ¢). The
effect of temperature on the property of 1 w/v% Plur-
onic-PAA solution to flow under shear is illustrated in
Figure 1. The sol-gel transition is reflected in the steady
shear (creep) experiments. The Pluronic-PAA solution
pre-equilibrated at 20°C was about 20-fold more com-
pliant (capable of flowing) than at 30°C and recovered
to a much higher degree upon cessation of stress. Further
increases in temperature up to 45°C lead to still more
rigid gels, as the lesser compliance shows. The gelation
of Pluronic-PAA is also reflected in the increase of
the complex viscosity in oscillatory shear experiments
above certain critical gelation thresholds (Figure 2).
Note that Pluronic-PAA solutions are gels at 37°C,
at which temperature the polymer—protein interactions
are studied.

In order to characterize the effects of Pluronic-PAA,
if any, on the tertiary structure of proteins, circular
dichroism spectroscopy was employed (Figure 3).

Notably, while the presence of Pluronic-PAA did not
induce any significant changes in insulin, haemoglobin,
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Figure 2 Complex viscosity (*) of Pluronic-PAA solution in
10 mM phosphate buffer/0.01 % sodium azide (pH 7.4) as a function
of temperature. Numbers designate polymer concentration in w/v%.
Oscillatory stress 0.6 Pa, temperature ramp 3°C/min, angular fre-
quency 6.28 rad/s.
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and albumin, very pronounced changes were observed
in trypsin, analogous to the ones observed upon auto-
degradation (Luellen et al 199%). It is interesting to
observe that Pluronic-PAA and all proteins under study,
except for trypsin, had a negative net charge (isoelectric
point of insulin, albumin and haemoglobin is 4.7-5.3
(Bromberg & Klibanov 199%), and pl of trypsin is
10.1-10.8 (I'subor et al 199¢)). Thus the formation of
polyelectrolyte complexes between Pluronic-PAA and
insulin, albumin, or haemoglobin due to attractive elec-
trostatic interactions can be ruled out. However, hydro-
phobicinteractions must be prevalent. Indeed, Pluronic-
PAA interacts strongly with co-ionic surfactants such as
alkyl sulfates (Bromberg et al 2000). It has been shown
that alkyl chains of surfactant can be incorporated into
the micelles of Pluronic-PAA, cores of which consist
primarily of poly(propylene oxide) (PPO) (Huibers et al
1999). The micelles form in Pluronic-PAA solutions at
temperatures above 20°C (Bromberg 1998a—) and
serve as junctions of physical cross-links bridging
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Figure 3 Far-UV circular dichroism spectra of human insulin (A), albumin (B), haemoglobin (C), and bovine trypsin (D) at 37°C. Spectra
were measured in buffers (dashed line) or in 0.5 w/v% Pluronic-PAA solutions in the same buffers (solid line). Concentrations of the proteins
were 5 uM (A), 10 um (B), 2 um (C) and 42 um (D). Buffers were PBS (38 mm, pH 7.4) (A), 10 mm potassium phosphate (pH 7.0) (B,C), and

50 mMm phosphate (pH 6.8) (D).
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Figure 4 Kinetics of insulin degradation at 37°C in the presence of
a-chymotrypsin with (diamonds) and without (circles) Pluronic-PAA.
For experimental detail, see text.

polymer domains thus creating gels. However, as
surfactant molecules complex with PPO segments, the
Pluronic-PAA gels weaken, indicating that the forma-
tion of the intermolecular associations, which form
cross-links, is hindered (Bromberg et al 200C). Anal-
ogous effects can be expected upon addition of insulin
(the most hydrophobic out of the proteins studied) to
Pluronic-PAA solutions. Indeed, addition of insulin at
5mg mL™" and 11 mg mL™" lowered the zero-shear
viscosity of 1 w/v% Pluronic-PAA measured at 37°C
and pH 7.4 by 6 and 12%, respectively. Similarly,
hydrophobic interactions between other (anionic) pro-
teins and glycoproteins and PPO segments of Pluronic-
PAA have been observed to reduce viscosity of Pluronic-
PAA solutions (Bromberg 2001a). CD spectra of insulin
in buffer and in the Pluronic-PAA solution were very
similar (Figure 3A), indicating comparable «-helix and
p-sheet contents. The magnitudes of the negative
minima at 208 and 223 nm («-helix and S-sheet, respect-
ively) reflect upon self-association of insulin. The far-
ultraviolet CD-band at 208 nm is essentially due to o-
helices formed from residues between B10-B19, A2-A6,
and A13-19. Structure is the primary component of the
far ultraviolet CD-band at 223 nm, and the ratio be-
tween the intensities (©,,/0,,,) is a qualitative measure
of the amount of insulin self-association (Pocker &
Biswas 1980). Although both CD-bands (208 and
223 nm) decrease in intensity with decreased concen-
tration/association, the ratio ®,,;/®,,; increases. This is
because an antiparallel g-structure is formed when two
monomers dimerize resulting in an increase of ©,,, with-
out an increase of ®,, (Hinds et al 2000). In a very
dilute solution (0.1 x#M), almost all insulin exists in its

Days

Figure 5 Kinetics of aggregation of insulin at 37°C as measured in
a shaking test. Squares, circles, and triangles designate insulin in a
buffer solution, in 0.5 w/v% Pluronic-PAA solution, and 1 w/v%
Pluronic-PAA solution, respectively. See experimental section for
further detail.

monomeric form (@,y/0,,, = 1.52), while concen-
trations of 1-10 uM result in dimers (@,y/0,,; = 1.43)
(Pocker & Biswas 198(). In our experiments, the ®,,,/
®,,, values of 1.49 and 1.45 were measured in 5 uM
solutions of insulin in the buffer and 0.5 w/v% Pluronic-
PAA, respectively. Note that at 0.5 w/v% and 37°C
Pluronic-PAA forms micellar aggregates in aqueous
solutions (Bromberg 1998c, d). Therefore, it can be
concluded that the presence of Pluronic-PAA does not
alter the overall conformation (tertiary structure) of
insulin. Figure 4 shows the kinetics of insulin degra-
dation in the presence of a-chymotrypsin with and
without Pluronic-PAA. As is seen, the presence of
Pluronic-PAA hinders the insulin degradation by at
least 7-fold.

These observations are indicative of the formation of
mixed Pluronic-PAA-protein micelles with proteins em-
bedded inside the PPO-rich cores. Such an arrangement
would enhance stability of the proteins, analogously to
stabilization observed in micellar solutions of low-
molecular weight surfactants (Constantino et al 1997),
and decelerate enzymatic degradation of the proteins.

The ability of Pluronic-PAA to prevent insulin from
aggregation was estimated in the shaking test by as-
saying the amount of residual insulin after filtration
(Figure £).

Without Pluronic-PAA, the insulin self-aggregates
via nucleation (formation of active centres), growth,
and precipitation (Constantino et al 1997). Without the
polymeric additive, the precipitates are removed by
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filtration, so that over 95% of the initial insulin is
precipitated (Figure £). In contrast, Pluronic-PAA pre-
vents the insulin precipitation, lowering the protein
removal to about 40 and 20 % after 3 weeks with 0.5 and
1 w/v% Pluronic-PAA, respectively. This effect can be
attributed to the gelling and surface activity of the
Pluronic-PAA. Viscosification of the solution lowers
the convectional flows and protein diffusion in Pluronic-
PAA solutions (Ho et al 2001), thus reducing the fre-
quency of encounters of the protein molecules necessary
for aggregation. Furthermore, since Pluronic-PAA is
surface active it occupies the hydrophobic air—water
interface (Bromberg et al 2000). This prevents insulin
from aggregating on the interface and hinders the ag-
gregation. Similar effects on insulin aggregation have
been reported with Pluronics, but a higher concentration
of Pluronic is required to stabilize insulin (Chawla et al
1985; Barichello et al 1999).

Interaction of the trypsin with Pluronic-PAA caused
the appearance of the minimum around 199 nm (Figure
3D), indicating changes in the tertiary structure of the
enzyme. Analogous changes have been observed upon
interaction of trypsin with lightly cross-linked poly-
(acrylic acid) (Noveon AA1 and Carbopol 934P from
B. F. Goodrich company) (Luelien et al 1995). It has
been shown that the changes in the trypsin structure
occur due to the extraction of Ca®" ions, which play
an important role in maintaining the thermodynamic
stability of the enzyme (Delaage et al 1967). Extraction
of calcium ions from trypsin by 1 w/v% Pluronic-PAA
at 37°C leads to the total loss of the enzymatic activity,
in agreement with the results with Carbopol and No-
veon polymers (Luelien et al 199%). In our experiments,
a 1.7-fold depletion of Ca** from trypsin due to inter-
action with 0.5 w/v% Pluronic-PAA was observed, in
agreement with the depletion of Ca*" by polyacrylates.
These results suggest that if a Pluronic-PAA and
peptide formulation were to be administered orally, the
peptide could be protected from the tryptic degradation.

In summary, in this communication we report on
interactions of Pluronic-PAA copolymers with proteins
that appear to be favourable from the drug delivery and
formulation standpoint. Tertiary structure of human
insulin, albumin, and haemoglobin is stabilized by such
interactions, while trypsin is degraded and tryptic ac-
tivity is suppressed.

References

Akiyoshi, K., Kobayashi, S., Shichibe, S., Mix, D. Baudys, M., Kim,
S. W., Sunamoto, J. (1998) Self-assembled hydrogel nanoparticle

of cholesterol-bearing pullulan as a carrier of protein drugs: com-
plexation and stabilization of insulin. J. Control. Release 54:
313-320

Barichello, J. M., Morishita, M., Takayama, K., Nagai, T. (1999)
Absorption of insulin from Pluronic F-127 gels following sub-
cutaneous administration in rats. Int. J. Pharm. 184: 189-198

Bromberg, L. (1998a) A novel family of thermogelling materials via
C-C bonding between poly(acrylic acid) and poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide). J. Phys. Chem. B
102 (11): 1956-1963

Bromberg, L. (1998b) Polyether-modified poly(acrylic acid): synthesis
and properties. Ind. Eng. Chem. Res. 37: 4267-4274

Bromberg, L. (1998c) Self-assembly in aqueous solutions of polyether-
modified poly(acrylic acid). Langmuir 14: 58065812

Bromberg, L. (1998d) Properties of aqueous solutions and gels
of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide)-g-poly(acrylic acid). J. Phys. Chem. B 102: 10736-10744

Bromberg, L. (1998¢) Scaling of rheological properties of hydrogels
from associating polymers. Macromolecules 31: 6148-6156

Bromberg, L. E., Ron, E. S. (1998) Protein and peptide release from
temperature-responsive gels and thermogelling polymer matrices.
Adv. Drug Deliv. Rev. 31: 197-221

Bromberg, L.E. (1999) Interactions between hydrophobically
modified polyelectrolytes and mucin. Polym. Prepr. 40: 616-617

Bromberg, L. E., Barr, D.P. (1999) Aggregation phenomena in
aqueous solutions of hydrophobically modified polyelectrolytes. A
probe solubilization study. Macromolecules 32: 3649-3657

Bromberg, L. E., Barr, D. P. (2000) Self-association of mucin. Biom-
acromolecules 1: 325-334

Bromberg, L. (2001a) Enhanced nasal retention of hydrophobically
modified polyelectrolytes. J. Pharm. Pharmacol. 53: 109-114

Bromberg, L. (2001b) Hydrophobically modified polyelectrolytes and
polyelectrolyte block-copolymers. In: Nalwa, H. S. (ed.) Handbook
of Surfaces and Interfaces of Materials. Academic Press. In press

Bromberg, L. E., Klibanov, A. M. (1995) Transport of proteins
dissolved in organic solvents through biomimetic membranes. Proc.
Natl. Acad. Sci. USA 92: 1262-1266

Bromberg, L., Magner, E. (1999) Release of hydrophobic compounds
from micellar solutions of hydrophobically modified polyelectro-
lytes. Langmuir 15: 6792-6798

Bromberg, L., Salvati, L. (1999) Bioactive surfaces via immobilization
of self-assembling polymers onto hydrophobic materials. Bio-
conjugate Chem. 10: 678-686

Bromberg, L., Temchenko, M. (1999) Loading of hydrophobic
compounds into micellar solutions of hydrophobically modified
polyelectrolytes. Langmuir 15: 8627-8632

Bromberg, L., Temchenko, M., Colby, R. H. (2000) Interactions
among hydrophobically modified polyelectrolytes and surfactants
of the same charge. Langmuir 16: 2609-2614

Chawla, A. S., Hinberg, 1., Blais P., Johnson, D. (1985) Aggregation
ofinsulin, containing surfactants, in contact with different materials.
Diabetes 34: 420424

Constantino, H. R., Liauw, S., Mitragotri, S., Langer, R., Klibanov,
A. M., Sluzky, V. (1997) The pharmaceutical development of
insulin: historical perspectives and future directions. In: Sharokh,
Z., Sluzky, V., Cleland, J. L., Shire, S. J., Randolph, T. W. (eds)
Therapeutic Protein and Peptide Formulation and Delivery, ACS
Symp. Ser. 675, American Chemical Society, Washington, DC, pp.
29-66

Delaage, M., Ladzunski, M. (1967) The binding of Ca>* to trypsinogen



Interactions among proteins and hydrophobically modified polyelectrolytes

and its relation to the mechanism of activation. Biochem. Biophys.
Res. Commun. 28: 390-394
Felt, O., Baeyens, V., Zignani, M., Buri, P., Gurny, R. (1999) Mucosal

drug delivery, ocular. In: Mathiowitz, E. (ed.) Encyclopedia of

Controlled Drug Delivery. Vol. 2, Wiley, New York, pp. 605-626

Goldman, J., Carpenter, F. H. (1974) Zinc binding, circular dichroism,
and equilibrium sedimentation studies in insulin (bovine) and
several of its derivatives. Biochemistry 13: 4566-4574

Hinds, K., Koh, J. J., Joss, L., Liu, F., Baudys, M., Kim, S. W. (2000)
Synthesis and characterization of poly(ethylene glycol)-insulin
conjugates. Bioconjugate Chem. 11: 195-201

Ho, A. K., Bromberg, L. E., O’Connor, A. J., Perera, J. M., Stevens,
G. W, Hatton, T. A. (2001) Solute diffusion in solutions of associ-
ative polymers. Langmuir. In press

Hovgaard, L., Mack, E.J., Kim, S. W. (1992) Insulin stabilization
and GI absorption. J. Control. Release 19: 99-108

Huibers, P. D. T., Bromberg, L. E., Robinson, B. H., Hatton, T. A.
(1999) Reversible gelation in semidilute aqueous solutions of associ-

547

ative polymers: a small-angle neutron scattering study. Macro-
molecules 32: 4889-4894

Junginger, H. E., Thanou, M., LueBen, H. L., Kotze, A. F., Verhoef,
J. C. (2000) Safe mucosal penetration enhancers: A fiction? In:
Park, K., Mrsny, R.J. (eds) Controlled Drug Delivery. Designing
Technologies for the Future. ACS Symp. Ser. 752, American
Chemical Society, Washington, DC, pp. 25-35

LueBen, H. L., Verhoef, J. C., Borchard, G., Lehr, C.-M., de Boer, A.
G., Junginger, H. E. (1995) Mucoadhesive polymers in peroral drug
delivery. II. Carbomer and polycarbophil are potent inhibitors of
the intestinal proteolytic enzyme trypsin. Pharm. Res. 12:
1293-1298

Pocker, Y., Biswas, S.B. (1980) Conformational dynamics of
insulin in solution. Circular dichroic studies. Biochemistry 19:
5043-5049

Tsuboi, A., Izumi, T., Hirata, M., Xia, J., Dubin, P. L., Kokufuta E.
(1996) Complexation of proteins with a strong polyanion in an
aqueous salt-free system. Langmuir 12: 6295-6303



