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Purpose. To investigate the behaviour of peptides and hyaluronan in
strong acid solutions containing electrolytes in the preparation of a
new formulation of insulin, hyaluronan-insulin complex, and to evalu-
ate the in vivo oral activity of the formulation.
Methods. Individual processing parameters in the preparation of the
insulin complex were first refined, and two formulations were subse-
quently investigated. The chemical structure, particle size and hydro-
philic/hydrophobic properties of the insulin complex in these formu-
lations were studied using light scattering techniques, amino acid
analysis, atomic force microscopy and cryo-transmission electron mi-
croscopy. The in vivo activity of oral hyaluronan-insulin complex was
then evaluated by measuring the decrease in blood glucose concen-
trations in streptozotocin diabetic rats.
Results. Five of seven batches of the two insulin complex formula-
tions fit the baseline criteria for approval of the new formulation. The
formulation consists of a transparent aqua sol containing a solid hy-
drophobic phase as precipitate. Glucose-lowering activity was dem-
onstrated after oral administration of the insulin complex to diabetic
rats.
Conclusion. A new insulin formulation, a hyaluronan-insulin com-
plex, has been developed and oral activity has been demonstrated.

KEY WORDS: hyaluronan-insulin complex; glucose-lowering activ-
ity; insulin; hyaluronan; insulin formulation.

INTRODUCTION

Currently, one of the main challenges in research asso-
ciated with the medical use of proteins and peptides is to find
a formulation suitable for oral administration. Orally admin-
istered proteins are normally rapidly destroyed in the alimen-
tary canal by proteases, peptidases, and/or gastric acid. More-
over, the gut epithelium is an effective barrier, which pre-
vents, both physically and as a result of the local digestive
enzymes, the uptake of proteins into the systemic circulation.
As a consequence, very few pharmaceuticals containing pro-
teins intended for oral administration have been developed
(1). Those available include oral vaccines containing micro-
bial proteins (2). Obviously, any new formulation for oral
administration of proteins and peptides, where systemic ef-
fects are required, has to be designed to protect the proteins
against inactivation during transport to and uptake through
the gut epithelium.

Studies using liposomes (3,4) or stabilized foams (5,6) as
structural carriers have indicated that the fluidity of the lyo-
tropic liquid crystalline phases makes these systems unstable
in a biological environment. The mobility of these structures
results in large variations in the exposure and release of en-
capsulated peptides, making them less suitable for medical
use without further stabilisation.

In this study, we used hyaluronan (7), a polymer with a
documented safety record (8–10), as a carrier for insulin, the
model protein used in these investigations. In order to im-
prove the oral bioavailability of insulin, it is necessary to re-
duce the size of the molecule and adjust the hydrophobic/
lipophilic balance of the insulin.

The main aim of this study was to investigate and opti-
mize a method of formulating insulin with hyaluronan for oral
intake. We also show that the hyaluronan-insulin complex has
oral glucose-lowering activity in hyperglycemic streptozoto-
cin-diabetic rats. In a follow-up study, the biological proper-
ties of hyaluronan-insulin complex and native insulin, and
their capacity to decrease blood glucose concentrations in
streptozotocin-diabetic rats, will be compared (11).

MATERIALS AND METHODS

Materials

Insulin, human recombinant, lyophilized, sterilized, and
with a specific activity of >26 IU/mg, was purchased from
Roche Molecular Biochemicals (Mannheim, Germany). Hy-
aluronan with a relative molar mass of 7.7 × 106 Da was
obtained from Pharmacia AB (Uppsala, Sweden). A specific
fraction of the hyaluronan, with a relative molar mass of
about 1.5 × 105 Da, was prepared by stepwise acid hydrolysis
and subsequent dialysis. The molecular mass and intrinsic
viscosity of each batch of hydrolyzed hyaluronan were deter-
mined using high-performance size-exclusion chromatogra-
phy combined with refractive index, multiple angle laser light
scattering, and viscometry detection (SEC-RI-MALLS-Visc)
(12) using a concentration range from 8.5 to 25 mg/ml of
water.

Human serum albumin (HSA, 200 mg/ml) was obtained
from Pharmacia & Upjohn (Stockholm, Sweden). Strepto-
zotocin was provided by Pharmacia Corp. (Kalamazoo, MI,
USA). Other raw materials, of biotechnological performance
standard (cell culture tested), were purchased from Sigma (St.
Louis, MO, USA). All solutions used were filtered (0.22-�m
diameter) or sterilized for 25 min at 125°C before use.

Animals

Outbred male insulin-naive Sprague-Dawley (SD) rats,
with a body weight of 280–370 g, were purchased from B&K
Universal AB (Sollentuna, Sweden). The streptozotocin dia-
betic rats were active and eating during the hours of darkness
and had free access to water and pellet rat food throughout
the study. In order to induce diabetes, the rats were injected
with streptozotocin 4–7 days before the blood glucose char-
acterizations and the start of the insulin experiments. Blood
glucose concentrations were determined using blood glucose
reagent strips (MediSense, Baxter Travenol, Deerfield, IL,
USA). Blood samples were taken from an incision in the tip
of the tail by carefully pressing blood along the tail vein.
Streptozotocin-treated rats with an initial blood glucose level
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less than 15 mM were excluded from the investigation. The
regional Animal Ethics Committee at Uppsala University ap-
proved all animal experiments, which were carried out under
the supervision of a licensed veterinarian.

Dynamic Light Scattering

Changes in the hydrodynamic radius of hyaluronan dur-
ing dissolution at pH 1.5 and 7.5 were followed using dynamic
light scattering. The light source was a frequency-stabilized
Coherent Innova Ar-ion laser emitting vertically polarised
light at 488 nm. The detector consisted of a 4-�m monomodal
fiber coupled to an ITT FW 130 photomultiplier. The auto-
correlator was an ALV-5000 with 288 exponentially spaced
channels, obtained from ALV-Laser Vertriebsgesellschaft
GmbH (Langen, Germany). The scattering cell was immersed
into a thermostatted bath with an index matching liquid
(decaline). The measured intensity correlation function, g2(t),
is related to the electric field correlation function, g1(t), by the
Siegert relation

g2�t� = 1 + � � |g1�t�|
2

where � is a nonideality factor (13). The electric field corre-
lation function

g1�t� = �� � A��� � e−t��d�ln ��

was analyzed in terms of a continuous distribution of relax-
ation times using a constrained regulating algorithm, REPES
(13). The diffusion coefficient, D, was then obtained from the
relaxation rate (13,14). The diffusion coefficient was mea-
sured at three concentrations of hyaluronan, 10, 30, and 90
�g/ml, and the hydrodynamic radius was calculated from the
extrapolated value of the diffusion coefficient at infinite di-
lution using the Stokes-Einstein relationship (15).

Measurements of pH, �-Potential, Solubility, and
Hydrophobic Properties of Hyaluronan

The �-potential at different pH values was determined
using the Doppler effect in the light scattering from particles
moving in an electric field in a Zeta Sizer 4000, Master S
version PCS: v 1.26 (Malvern Instruments, Palo Alto, CA,
USA). The dissolution of the samples was detected by a de-
crease in light scattering (turbidity) or was followed by direct
observation of the turbidity of the dispersions. The proton
binding capacity was measured by acid-base titration (16).

Determination of Zinc Content

Native insulin and hyaluronan-insulin complex were
treated with 2% nitric acid for 2 h at 120°C in sealed am-
poules, filtered through a 00 H-filter from Whatman, and
assayed by mass spectrometry in a SCIEX Elan 6100 ICP-MS
(Perkin Elmer, Boston, MA, USA).

Formulation of Hyaluronan-Insulin Complex

All materials used in the development of the formulation
were sterilized. Solutions of native insulin were filtered (pore
diameter 0.22 �m). Mixing, dialyzing, pH adjustment, and
dispensing in vials were performed in laminar flow units un-

der aseptic conditions. Insulin and hyaluronan were dissolved
in an acid environment and dialyzed in dialysis bags, Spectra
Pore R MWCO 6-8000, from Spectrum (Rancho Dominquez,
CA, USA), containing about 4 ml of the relevant prepara-
tions. The physical appearance during complexation, that is,
transparency, colloidal state, gel or precipitate formation, was
evaluated by direct observation or by light scattering. Ion
concentration, pH, and ocular appearance were determined
after dialysis.

The procedure comprised the following steps: dissolution
of hyaluronan and insulin, complexation of the insulin and
stabilization of the hyaluronan/insulin complex (Fig. 1). It is
essential that hyaluronan be kept at low pH for no longer
than 12 h, to prevent uncontrolled breakdown of the mol-
ecule. In order to evaluate the preparation steps and process
parameters, 11 different preparations of insulin, each with a
unique set of process parameters, were made. The monitored
process parameters included the relative proportions of hyal-
uronan and insulin, the time interval between the addition of
hyaluronan and insulin, the pH at which hyaluronan and in-
sulin were dissolved, the time at which the dialysis medium
was exchanged, the ion strength of the replacement medium
(0.5 mM Tris buffer, pH 6.5, with 0–0.9% sodium chloride),
and the duration of the dialyzing procedure.

Fig. 1. (A) Schematic presentation of the proposed procedure com-
prising dissolution, compression, and stabilization of the formulation
of hyaluronan-insulin complex. The upper part shows the exchanges
of the dialysis solution with time along with the equilibration pH at
the end of the dialysis intervals. The physical characteristics of the
preparation inside the bags are specified. (B) The relative �-poten-
tials of hyaluronan (based on the measured values at pH 1.5 and 7.5)
and of insulin and hyaluronan-insulin complex at different pH values.
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Preparation of Hyaluronan-Insulin Complex

Of the 11 formulations tested (trial and error procedure),
two final preparation methods with slightly different propor-
tions of insulin and hyaluronan were chosen, resulting in the
best yield without any phase separation.

Preparation A was made with a molar ratio of insulin:
hyaluronan � 12:1. Hyaluronan (92 mg) was slowly dissolved
in 6.5 ml 1 M sodium sulphate to obtain a clear solution.
Insulin (45 mg as a solid) was added to the solution, and a
clear gel was formed at pH 1.5. The two-phase jelly-like mix-
ture was stored for 12 h at 5–7°C. The transparent gel phase
was then gently dispersed throughout the transparent solution
phase, dispensed into a dialysis bag and dialyzed for 50 h at
5–7°C. Two batches of this preparation were made.

Preparation B, with a molar ratio of insulin:hyaluronan
� 15:1, was made from 78.9 mg hyaluronan in 7.0 ml 1 M
sodium sulfate. Hyaluronan was titrated by adding 1.0 ml of 1
M hydrochloric acid to result in a pH of 1.6. Insulin, 45.1 mg
in 0.2 ml 1 M hydrochloric acid and 0.8 ml 1 M sodium sulfate,
was added to the hyaluronan preparation to form a cloudy
solution (pH 1.8). The solution was dialyzed for 50 h. Five
batches of this preparation were made.

Quality Control of Hyaluronan-Insulin Complex

Each of the seven batches of the insulin complex was
tested for compliance with the following test criteria:

1. No oxidation: no cysteic acid, originating from the
cleavage and oxidation of S-S- bridges, detected during
amino-acid analysis.

2. Molar ratio insulin:hyaluronan � 12 to 30:1.
3. Osmolality: 290–320 mmol/kg.
4. pH: 5–6.
5. Appearance: colloidal state with a solid phase as a

precipitate.
6. Blood glucose decrease in streptozotocin-diabetic rats

1 h after oral administration: statistically greater than the
average blood glucose decrease in 24 untreated diabetic rats
(11).

Evaluation of Hyaluronan-Insulin Complex

Insulin concentrations were determined by amino-acid
analysis at the Biomedical Center, Uppsala University. Val-
ues for threonine and serine were corrected for destruction
using the standard recoveries of 0.96 and 0.90, respectively,
during 24 h of hydrolysis.

Hyaluronan concentrations were calculated from the cor-
rected recovery of glucosamine during amino-acid hydrolysis
(from the standard recovery of 0.5) using the residual weight
379 of the dimeric repeating subunit of hyaluronan.

Osmolality was calculated from the vapour pressure
measured with VAPRO, Vapor Osmometer 5520 (Wescor
Inc., Logan, Utah, USA).

Atomic force microscopy (AFM): the the insulin com-
plex in two of the approved batches was examined at the
Center for Surface Biotechnology, Uppsala University, by Dr.
Magnus Bergkvist using AFM on hydrophobic silica (DDS)
surfaces, according to methods described by Bergkvist (17).
Intermittent contact AFM was performed using a Digital In-
strument NANOSCOPE IIIa multimode system (micro

masch series NSC12/SC12; the resonance frequency of the
tips was ∼10 kHz and the force constant was 0.08 N/M). Hy-
drophobic DDS surfaces are used for single macromolecular
surface interactions to analyze structures down to nanometer
scale in size (MicroMasch, Tallinn, Estonia).

Cryotransmission electron microscopy (Cryo TEM; Zeiss
902A, Overkochen, Germany) was used to identify the insulin
complex from the batches used in the AFM study, using the
technique for of viewing small structures described by
Almgren et al. (18).

Evaluation of Insulin Activity

The in vivo oral activity of the hyaluronan-insulin com-
plex in batches fullfilling the quality control criteria (1 to 5)
was evaluated in streptozotocin-diabetic rats. As a control,
the in vivo oral activity also of noncomplexed mixure between
native insulin and hyaluronan in a molar ratio of 15:1 was
evaluated in streptozotocin-diabetic rats. The insulin prepa-
rations, 0.5–1.5 ml, were administered through a feeding tube.
Each formulation was diluted with isotonic sodium chloride
to an appropriate concentration. The blood glucose concen-
tration was measured using blood glucose reagent strips 1 h
after administration.

The change in glucose concentration, �Gor(ti), was cal-
culated according to Eq. 1 in each treated rat

�Gor�ti� = Gor�ti� − Gor�t0� (1)

where Gor(t0) is the blood glucose concentration at t0 � 07.00
h, and ti is the time of day at which the first sample after
administration was taken. The change in glucose concentra-
tion was compared with the average change in glucose con-
centration, taken at the same time of day, in 24 nontreated
streptozotocin-diabetic control rats as described in Jeder-
ström et al. (11). Briefly, the changes in glucose concentration,
�Gc(t), in these control rats were determined every hour for
a day. The distribution of these blood glucose values did not
significantly deviate from the normal distribution at any of
the time points. The analysis of the statistical significance of
�Gor(ti) was based on comparisons with the 0.05-quantile of
the change in glucose concentration in the control rats at the
same time of day [�Gc,�=0.05(ti)]. The decrease in glucose
concentration in the test rats, �Gor(ti), was considered as sta-
tistically significant if it was greater than �Gc,�=0.05(ti).

RESULTS AND DISCUSSION

Physicochemical Evaluation of Hyaluronan

Molar Mass and Viscosity of Hyaluronan

More than 80% of the hyaluronan used had a relative
molecular mass ranging between 1.24 × 105 and 1.86 × 105

Da. The 1.50 × 105 to 3.00 × 105 Da hyaluronan was signifi-
cantly less viscous than the 900,000 Da hyaluronan. The high
viscosity of the higher molar mass fraction made it difficult to
obtain a homogeneous mixture during preparation of the hy-
aluronan-insulin complex and was therefore not used.

The Size of Hyaluronan

In the light scattering measurements, the relaxation time
distributions were essentially single-modal under all condi-
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tions. The intensities of the undiluted and water-diluted hy-
aluronan samples were similar, whereas that of the sample
diluted with acid was about 2-fold greater. This correlates
nicely with the hydrodynamic radii obtained from extrapola-
tion of the diffusion coefficients to zero concentration. For
water-diluted hyaluronan, the hydrodynamic radius was 65
nm, and the corresponding value for the acid-diluted samples
was 105 nm (Table I). The diffusion coefficients of the
samples diluted in water and acid at the concentrations used
in the extrapolation were linear functions of concentration.

These results are consistent with an increase in hyaluro-
nan particle dimensions in an acidic environment and suggest
that the hyaluronan molecule unfurls from a curled cylinder
to a straight chain on the addition of strong acid. This expan-
sion of the molecule when the pH is lowered to 1.5 is clearly
linked with the protonisation of the glucuronic acid and N-
acetylglucosamine residues of the molecule, as indicated by
the �-potential.

The �-Potential of Hyaluronan

The �-potential of hyaluronan changed from a highly
negative charge (−59 mV) to a positive charge (3.1 to 16.9
mV) when the pH was lowered from 6 to 2–3 (Table I). This
straightening of hyaluronan and the change in charge are nec-
essary to allow insulin to form a stable complex with the
hyaluronan molecule. When the environment is subsequently
returned from acidic to neutral, the hyaluronan can reform
around the insulin to form various complexes.

Physicochemical Evaluation of the
Hyaluronan-Insulin Complex

AFM

The following samples of hyaluronan and insulin in a
mixture and of the hyaluronan-insulin complex, preparation
A, were examined on silica surfaces as described in (17):

Sample A, native insulin 1 mg/ml and hyaluronan 1mg/
ml, in a molar ratio of 25:1, dissolved in isotonic sodium chlo-
ride, containing Tris buffer 0.5 mM, pH 6.5, did not lead to
any detectable complex formation, as illustrated in Fig. 2,
Sample A. The lack of hydrophobic sites on the hyaluronan
and native insulin molecules prevented attachment to the hy-
drophobic surface of the scanned site.

Sample B, hyaluronan-insulin complex, a precipitate in

the clear solution from dialysis, assayed to contain 2.4 mg
insulin/ml with a molar ratio of insulin:hyaluronan � 19:1,
was seen as a mixture of threads and solid spots (<10 nm), Fig.
2, Sample B. The molecules obviously had hydrophobic sites,
which were able to bind to the hydrophobic surface of the
scanned DDS site.

Sample C, the clear supernatant, the solution from dialy-
sis centrifuged at 11,000 rpm (20,000 × g) at 10°C for 15 min,
assayed to contain 1.6 mg/ml of insulin:hyaluronan in a molar
ratio of 15:1, contained a solid phase (particles) of the hydro-
phobic hyaluronan-insulin complex visible under AFM. The
spots appeared to be about 2 nm in diameter, Fig. 2, Sam-
ple C.

Sample D, the sediment after centrifugation mixed with
100 �l of the clear solution from the dialysis procedure, as-
sayed to contain 5.2 mg insulin per ml with a molar ratio of
insulin:hyaluronan of 54:1, was seen as distinct spots and par-
allel threads, with some wider strips, Fig. 2, Sample D. The
largest spots appeared to be about 2 nm in diameter and the
strips were 1 nm in width. This suggests that the insulin com-
plex was hydrophobic (i.e., it was adsorbed to the hydropho-
bic surface of the DDS site) and that the precipitate contained
threads of insulin that were associated with a helical hyaluro-
nan structure in a mixture with solid small particles. Both
structures contained hyaluronan-insulin complex and hyal-
uronan.

Cryo-Transmission Electron Microscopy

Cryo-TEM was used to demonstrate the presence of the
hyaluronan-insulin complex in the test suspensions, prepara-
tion A, (Fig. 3).

Sample C, the clear supernatant from centrifugation of
the dialyzed preparation, contained a number of aggregates
sized between 20 and 200 nm in diameter. The lower picture
in Fig. 3 is of a large aggregate consisting of small spots. Single
spots outside and spots within the aggregate were less than 10
nm in diameter. We suggest that the spots comprised hyal-
uronan-insulin complexes, containing 1.6 mg/ml, assayed to
contain a molar ratio of insulin:hyaluronan of 15:1. These
spots may be the same as the solid phase of hydrophobic
hyaluronan-insulin complexes found in the AFM study, which
was composed of particles about 2 nm in diameter (Fig. 2,
Sample C). Cryo-TEM analyses of Sample B, the clear solu-
tion obtained directly from the dialysis procedure, and
Sample D did not differ to any great extent. However, more

Table I. Physicochemical Properties of Hyaluronan (1.5 × 105 Da) in Solutions of
Varying Concentration and Acidity

Hy
(�g/ml)

HCl 1 M
(ml)

Distilled
water
(ml)

Zeta sizer
Hydrodynamic

radius, Rn

(nm)KCPa pH
�-potential

(mV)

10 — 1 2844 6.5 −59 65
10 1 1 — 2.4 3.1 —

5 1 1 2542 — 16.9 105
30 — 1 — — — 65
15 1 1 — 2.5 — 105
90 — 1 — — — 65
45 1 1 — — — 105

a Number of particles counted.
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distinct and larger aggregates were detected in Sample D, in
which the sediment obtained after centrifugation was sus-
pended in 100 �l of the clear solution from the dialysis pro-
cedure. The spots were more compact, but no helical struc-
tures were identified.

Zinc Analyses

The results of the mass spectrometric analysis of zinc are
summarized in Table II. The molar ratio of insulin:Zn
changed during the preparation of the hyaluronan-insulin
complex . The native, rDNA-derived insulin had a ratio of
about 3, which is in line with the ratios of crystallized insulin,
containing two hexameric forms, of 6:2 and 6:4 (19). The
analysis confirmed the presence of zinc in native insulin and
the loss of 80% of this during the preparation of the insulin

complex. It has been reported that removal of zinc from in-
sulin results in a reversible state of structural flexibility and
also that the presence of zinc in the molecule may be an
important factor in its hypoglycemic activity, which is more
prolonged for 4-zinc insulin than for 2-zinc insulin (19).

Native human insulin is stored in the �-cells as a Zn2+-
stabilized hexamer. The cell parameters of crystallised 2Zn-
insulin and 4Zn-insulin hexamers are ah � 82.5 Å, bh � 82.5
Å, ch � 34.0 Å, 	 � 120°, and ah � 80.7 Å, bh � 80.7 Å, ch

� 37.6 Å, 	 � 120°, respectively (21). The hexamer crystals,
organized as three dimmers, could schematically be described
as a disk (or a cylinder) with diameter 16.5 nm and height 3.4
nm. The biologically active form of insulin is the monomer
that interacts with the insulin receptor, but the monomer self-
associates into dimers and higher oligomers in the blood-
stream. The secondary structure of insulin monomer at neu-
tral pH in solution is considered being similar to that of the
crystallographically identified T-state of the hexamer (20).
The complex containing insulin:hyaluronan in a molar ratio of
15:1 that is described in this paper was 2–10 nm in size, indi-
cating a considerable reduction from that of native insulin
during the complexation procedure.

Proposed Mechanism for the Formation of
Hyaluronan-Insulin Complex

Figure 1 summarises the procedure used to prepare the
insulin complex.

When hyaluronan is dissolved in a solution with a pH

Fig. 2. Atomic force microscopy of samples where the size of the objects shown is related to the light intensity and the calibration scales to
the right of the pictures.

Table II. Mass Spectrometric Analysis of Zinc in Insulin Preparations

Preparation of insulin

Zinc
content

ppb
Molar ratio
Insulin:Zn

Native insulin, 25.2 mga 9733 2.96
Hyaluronan-insulin complex, 24.6 mga

(molar ratio insulin:hyaluronan � 22.6) 1747 15.8
Native pig 4-zinc insulin (hexameric) (19) — 1.5
Native pig 2-zinc insulin (hexameric) (19) — 3.0

a In 10 ml Tris buffer 10 mM, pH 6.5, saline.
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Fig. 3. Cryo-transmission electron microscopy of hyaluronan-insulin complex, preparation I, where the lower row shows magnifications of the
objects in the upper row. (Clusters marked with an arrow and “I” are ice crystals.)

Formulating Insulin for Oral Administration 2045



range of 1.3–1.5, it becomes positively charged and its struc-
ture is elongated from 65 to 105 nm. Adding Na2SO4 to the
electrolyte solution helps to dissolve the hyaluronan. The
DLVO theory predicts that both repulsive and attractive mo-
lecular interactions are weakened and become negligible
when ionic strength exceeds ∼0.1 M, which is probably why
insulin and hyaluronan are soluble at low pH and the hyal-
uronan structure is more flexible. Insulin is dissolved at pH <
1.5, far below its isoelectric point at pH 5.4 (22). Thus, the
negative charge of the acidic amino acids will be lost at low
pH and the hydrophobicity of the molecules will be increased
(16,23). Hyaluronan and insulin then form a homogeneous
mixture/gel structure.

We suggest that the initiation of dialysis of insulin and
hyaluronan against solutions of successively decreasing ionic
strength and increasing pH triggers the formation of a com-
plex between the molecules and the subsequent formation of
a stable structure of the hyaluronan-insulin complex (Fig. 1).
At pH 2 and during the start of the dialysis process, hyaluro-
nan is either slightly positively charged or uncharged (Table
I). During the course of the dialysis, the carboxyl groups of
insulin dissociate with increasing pH, so that the molecule
approaches its minimal net charge at the isoelectric point at
pH 5.4. Hyaluronan becomes negative with increasing pH
above 3. Thus, in the pH range 3–5.4, hyaluronan is negative
and insulin is positive. Due to the lowering of ionic strength
during the dialysis both molecules become surrounded by dif-
fuse double layers of simple ions. The loss of ions decreases
the double layer according to the DLVO theory (24,25), and
increases the hydrophobic interactions between the molecular
surfaces. Thus, when pH increases above 3 and the concen-

tration of electrolytes is lowered further, the repulsive (posi-
tive) energy potential between the insulin and hyaluronan
surfaces caused by the diffuse double layer decreases and the
attractive energy potential begins to dominate. The total en-
ergy potential barrier at medium intersurface distances thus
disappears or becomes small compared with the thermal en-
ergy of the insulin and hyaluronan molecules, leading to close
contact and the squeezing out of water between the surfaces,
and forming a stable complex between insulin and hyaluro-
nan. Compact complexes between polycations and polyanions
can actually be formed when the ionic strength is low; if mixed
in the correct proportions, the complex will be neutral (7).

AFM and Cryo-TEM studies demonstrated the small size
of the insulin-hyaluronan particulate complex. The particles
of a similar complex, made earlier by complexing human
growth hormone with hyaluronan, were also small (16). The
particles cannot be seen by the naked eye, but form a totally
transparent solution. The amino-acid analyses indicate that
the particles might consist of a number of insulin molecules
surrounded by a hyaluronan molecule.

The loss of zinc from the interior of the native hexamer
insulin during dialysis and formation of hyaluronan-insulin
complexes is an indication of conformational changes to the
insulin structure. However, as shown in the next section, the
insulin complex is still biologically active after oral adminis-
tration to streptozotocin-diabetic rats.

Biological Effect of Hyaluronan-Insulin Complex

Table III summarizes the results of the in vivo glucose-
lowering activity of the batches of the insulin complex and the

Table III. Characterization of the Hyaluronan-Insulin Complex

Batcha

Insulin/hyaluronan
molar ratio Loss of

mass
(%)

Biological characterization

Dose
(mg)

Time of
treatment

�Gor(ti)
(mM)

�Gc,a=0.05(ti)
(mM) SignificanceInitial Final

A1b 12 12 46 1.0 07.00 1.8 −7.4 No
A2 12 15 45 1.5 07.00 −13.5 −7.4 Yes
B3b 15 38 69 1.1 12.00 −9.0 −14.2 No
B4 15 27 50 1.2 07.00 −7.0 −7.4 No
B4 1.2 07.00 −9.6 −7.4 Yes
B5 15 21 40 1.5 07.00 −4.7 −7.4 No
B5 2.3 10.00 −19.7c −15.2c Yes
B5 1.5 07.00 −16.6c −10.9c Yes
B5 1.5 07.00 −16.9c −10.9c Yes
B6 15 22 21 4.7 11.00 −7.9 −12.9 No
B6 4.7 07.00 −1.5 −7.4 No
B6 4.7 07.00 −23.6 −7.4 Yes
B7 15 20 76 1.2 07.00 −3.1 −7.4 No
B7 1.5 07.00 −8.8 −7.4 Yes
B7 1.5 07.00 −8.0 −7.4 Yes
C8 — 15 — 3.1 14.00 −0.4 −12.6 No
C8 3.1 14.00 −3.9 −12.6 No
C8 3.1 14.00 −1.9 −12.6 No
C8 3.1 14.00 −2.1 −12.6 No

a Two formulation compositions, A (batches 1 and 2) and B (batches 3–7), of hyaluronan-insulin com-
plex were used. A third formulation, C (batch 8), of a mixture of native insulin and hyaluronan, was
used as control.

b These batches did not comply with the required specifications and were consequently not studied
further.

c Initial values, �Gor(t0), were not available and were substituted as described in Ref. 11.
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control batch of a mixture of insulin and hyaluronan. In pre-
paring the insulin complex, the initial molar ratio of insulin:
hyaluronan was either 12 (batch A) or 15 (batch B). The final
ratio increased in the approved formulations up to a maxi-
mum of 27. Two batches were rejected because of poor yield
and unacceptable insulin:hyaluronan ratio. None of the rats
given insulin from the control batch showed any significant
decreases.

The evaluation of the biological activity was experimen-
tally complicated, essentially due to variations in the indi-
vidual rat blood glucose concentrations during the course of
the day. It was also apparent that a dose-activity relationship
existed after oral administration, but this has not yet been
fully characterized. As is evident from Table III, the esti-
mated effect on blood glucose concentrations in different rats
varied within the same batch of insulin; some analyses did not
meet the requirement that �Gor(ti) be greater than �Gc,�=0.05

(ti). However, it is quite evident that orally administered, hy-
aluronan-insulin complex given in appropriate doses is bio-
logically active. A subsequent paper discusses a comparative
biological study of the insulin complex and native insulin
given both subcutaneously and orally to rats; this study found
improved biological activity for the insulin complex (11).

This new method appears to offer potential as a general
method for the formulation of proteins intended for oral ad-
ministration. However, before conclusions can be drawn on
the possible role of these formulations in clinical practice,
further studies in both animals and humans are required, par-
ticularly in the area of mechanism of protein uptake, trans-
port through the gut mucosa and bioavailability.

In conclusion, the size of the insulin is reversibly de-
creased when insulin and hyaluronan are dissolved in an acid
environment followed by a decrease in the ion concentration
and increased pH during dialysis. The hyaluronan-insulin
complex appears as a colloidal phase, an aqua sol, containing
a solid phase as precipitate. The preparations appeared as a
totally transparent solution, although clusters of particles less
than a few nm in diameter were seen using AFM and Cryo-
TEM. A significant decrease in blood glucose concentration
was obtained in rats after oral administration of the hyaluro-
nan-insulin complex, but not the native insulin.
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