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In the  present  study  we  aimed  to control  insulin  release  from  the reverse  hexagonal  (HII) mesophase
using  Thermomyces  lanuginosa  lipase  (TLL)  in  the  environment  (outer  TLL)  or within  the  HII cylinders
(inner  TLL).  Two  insulin-loaded  systems  differing  by  the  presence  (or  absence)  of  phosphatidylcholine
(PC)  were  examined.

In  general,  incorporation  of  PC into  the  HII interface  (without  TLL)  increased  insulin  release,  as  a more
cooperative  system  was  formed.

Addition  of  TLL to the  systems’  environments  resulted  in  lipolysis  of  the  HII structure.  In the absence
of  PC,  the  lipolysis  was  more  dominant  and  led to a significant  increase  in  insulin  release  (50%  after  8  h).
However,  the  presence  of  PC stabilized  the  interface,  hindering  the  lipolysis,  and  therefore  no impact  on
the  release  profile  was  detected  during  the  first  8 h.
rug release
hosphatidylcholine (PC)
onoolein

Entrapment  of  TLL within  the  HII cylinders  (with  and without  PC)  drastically  increased  insulin  release
in  both  systems  up  to 100%.  In the  presence  of  PC insulin  released  faster  and the structure  was  more
stable.

Consequently,  the  presence  of  lipases  (inner  or outer)  both  enhanced  the  destruction  of the  carrier,
and  provided  sustained  release  of the  entrapped  insulin.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Reverse hexagonal (HII) lyotropic liquid crystals (LLCs) are
elf-assembled, long, and dense micelles, arranged in a two-
imensional array. Each of these cylinders is formed by a layer
f surfactant molecules, in which the lipophilic moieties point
utward and the hydrophilic heads point inward. The cylinders
re filled with a hydrophilic solvent, which is usually water
1–3]. Hence, those structures enable the entrapment of lipophilic

olecules between the lipid moieties, and water-soluble com-
ounds within the aqueous domains. One of the most studied
urfactants that create the LLCs’ matrices and in particular the HII

esophase is glycerol monooleate (GMO). This system was shown

o have potential applications as a host system for drug delivery
4–7], food applications [8,9], and protein crystallization [5,10–14].

∗ Corresponding author.
E-mail address: garti@mail.huji.ac.il (N. Garti).

1 The results presented in this paper will appear in the Ph.D. dissertation of T.M.-
.  in partial fulfillment of the requirements for the Ph.D. degree in Chemistry, The
ebrew University of Jerusalem, Israel.

ttps://doi.org/10.1016/j.colsurfb.2017.11.031
927-7765/© 2017 Elsevier B.V. All rights reserved.
The HII mesophase (containing GMO/water), that commonly
assembled at 80 ◦C and inverts to other structures upon cooling
[15], was stabilized at room temperature by the addition of a spe-
cific triacylglycerol ester (triglyceride, TAG) [16]. This stabilization
enables utilization of the HII system for incorporation of bioactive
molecules, and in particular peptides and globular proteins [5,17].
It was shown that the HII carrier improves the conformational
stability of the model protein (lysozyme, LSZ) as a function of tem-
perature, pH, and denaturing agent (urea) [18,19]. Furthermore, the
HII system enables sustained and controlled release [7,20–22].

Of special interest is the protein insulin, which is a hormone
regulating carbohydrate and fat metabolism. Diabetes mellitus is
a pathological condition characterized by an absolute or relative
lack of insulin resulting in high blood glucose due to the inability
to transport the glucose into cells (Type 1–juvenile, Type 2–adult)
[23–25]. Hence, exogenous insulin must be administered by daily
subcutaneous (s.c.) injection [26,27]. Although the oral route would

be preferable, this has not been achievable due to denaturing of the
insulin as it travels down the gastrointestinal tract (GIT). Therefore,
we have recently focused our research on embedment of insulin
into the HII system [28–31], as it was shown that oral insulin can

https://doi.org/10.1016/j.colsurfb.2017.11.031
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.11.031&domain=pdf
mailto:garti@mail.huji.ac.il
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e comparable to s.c. insulin with regard to glycemic efficacy and
afety [32,33].

Insulin-loading into the HII carrier was found to destabilize the
tructure [29] and to disorder the interface [28], as insulin was
ocated in the water core and in between the GMO  headgroups.
nsulin encapsulation enhanced the formation of the �-helix struc-
ure, which characterizes a more stable conformation, compared to
hen it is dissolved in aqueous solution [30]. Addition of the co-

urfactant phosphatidylcholine (PC) to the HII system significantly
ncreased insulin’s cumulative release [31]. However, a major part
f the insulin content still remained “trapped” in the HII matrix.
upture of the hexagonal structure would enable the release of the
trapped” insulin and control the insulin release rate.

Thermomyces lanuginosa lipase (TLL) was shown to cause lipol-
sis of the LLCs’ structures and to provide structural transitions,
s the lipid composition was modified during lipolytic processes
34–36]. Our laboratory’s previous study demonstrated that addi-
ion of TLL to the HII system disordered and decomposed the
exagonal mesophase, and thereby enhanced the diffusion of the
ncapsulated drug (sodium diclofenac) [37]. Thus, addition of TLL
nto the aqueous core of the insulin-loaded HII mesophase could
nable control of the insulin release rate. This would assist in the
evelopment of a novel insulin-carrier that could fully digest and
elease all the entrapped insulin. Additionally, since lipases per-
orm an essential role in digestion by the GIT, examination of the
nsulin-loaded HII system in the presence of TLL can emulate the
IT.

In the present study we aimed to design a smart biological
arrier for insulin that would enable an efficient and sustained
nd controlled delivery. Insulin release would be examined in two
spects: (1) upon addition of TLL into the aqueous environment,
nd (2) upon addition of TLL directly into the insulin-loaded HII
esophase. Additionally, the relationship between insulin release

nd the breakage of HII structure was explored.

. Experimental

.1. Materials

Monoolein, distilled glycerol monooleate (GMO) (min. 97 wt%
onoglycerides, 2.5 wt% diglycerides, and 0.4 wt%  free glycerol;

cid value 1.2, iodine value 68.0, and melting point 37.5 ◦C) was
btained from Riken Vitamin Co. (Tokyo, Japan). Phosphatidyl-
holine (PC) of soybean origin (Epikuron 200, min. 92 wt% PC)
as purchased from Degussa (Hamburg, Germany). Tricaprylin

triacylglycerol, TAG) (97–98 wt%), Thermomyces lanuginosa lipase
TLL; 100,000 U/g), phosphate buffered saline (PBS; 0.01 M;  pH 7.4),
nd dichloromethane were purchased from Sigma Chemical Co.
St. Louis, MO,  USA). NovoRapid (insulin aspart; 100 U/mL solu-
ion for injection) was purchased from Novo Nordisk (Bagsvaerd,
enmark). The water was double distilled. All components were
sed without further purification.

.2. Preparation of HII mesophases

Four reverse hexagonal liquid crystal systems composed
f GMO/TAG/(insulin solution), GMO/PC/TAG/(insulin solution),
MO/TAG/(insulin solution)/TLL, and GMO/PC/TAG/(insulin solu-

ion)/TLL with weight ratios of 72/8/20, 63/10/7/20, 71.1/7.9/20/1,
nd 62.1/10/6.9/20/1, respectively, were prepared. In order to study
he influence of PC and TLL on the mesophases, they were solu-

ilized at constant concentrations while decreasing the GMO  and
AG concentrations but keeping the weight ratio of GMO/TAG (9:1)
nd insulin solution (NovoRapid) content of 20 wt% constant. The
eighed quantities of GMO, TAG, and PC were mixed while heating
ces B: Biointerfaces 161 (2018) 670–676 671

to 80 ◦C. The samples were stirred and cooled to 32 ◦C. An appro-
priate quantity of the insulin solution and TLL were added and the
samples were stirred. Additionally, 1000 U/g TLL solution in PBS
was prepared.

2.3. Insulin release kinetics

A vertical Franz diffusion cell (PermeGear, Inc., Hellertown, PA,
USA) was  used to determine the insulin release profile of the var-
ious formulations. The receptor chamber was filled with 5 mL  PBS
(pH 7.4) with or without 1000 U/g TLL. Then, freshly prepared liq-
uid crystal formulations were mounted on a supporting membrane
(100 �m;  Millipore, Bedford, MA,  USA) and clamped over the filled
receptor (diffusion area 0.64 cm2). The apparatus was  constantly
stirred (500 rpm) and kept at 32 ± 0.5 ◦C. At 0.5, 1, 3, 5, and 8 h,
0.4 mL  samples were taken from the receptor chamber, and insulin
content was measured twice by enzyme-linked immunosorbent
assay (ELISA) (Mercodia, Sweden). Each sampling was followed by
insertion of 0.4 mL  of fresh PBS or 1000 U/g TLL solution in PBS. The
experiment was repeated three times.

2.4. Cross-polarized light microscope

Microscopic observations were performed using a Nikon model
Eclipse 80i microscope equipped with Digital camera model DXM
1200C (Nikon, Tokyo, Japan). The samples were inserted between
two glass microscope slides and observed with cross-polarizers.

2.5. Lipolysis kinetics

Lipolysis of the HII mesophases was  monitored by breakage of
the HII structures at various time points. Fifty mg of the appro-
priate insulin-loaded HII system were inserted in a test tube with
0.2 mL  PBS with or without 1000 U/g TLL, for different time periods.
5 mL  of dichloromethane were added to each test tube, and stirred
to complete breakage of the HII structure and phase separation. A
sample was then immediately collected from the dichloromethane
phase (to avoid further lipolysis). The samples were injected into
the GCMS for analysis of the lipid composition.

2.6. Gas chromatography–mass spectroscopy (GC–MS)

Chromatographic measurements were performed using GC–MS
with 7890A GC and 5975C MSD  detector (Agilent Technologies,
Santa Clara, CA, USA). The ionization source was  of an electron ion-
ization (EI) mode. Solution was  injected into a DB-5MS capillary
fused silica column (0.25 mm diameter, 15 m length, 0.25 �m inter-
nal coating) (Agilent Technologies). Injector temperature was  set to
290 ◦C. The column temperature was measured from 60 ◦C to 290 ◦C
at 25 ◦C/min. Regression and statistical analysis of the obtained data
were conducted using the GC–MS ChemStation software package
and NIST library.

3. Results

3.1. Enzymatic lipolysis of the insulin-loaded HII mesophase

The stability of the insulin-loaded HII structures, with and with-
out PC, was studied by addition of TLL to the environment of the
HII systems or into the core of the HII structures. The TLL that was
placed in the aqueous environment is mimicking the situation in

our guts. We  termed this TLL, in short, the “outer TLL”. While by
adding the TLL in the aqueous channels together with the insulin its
effect was  more localized and we hoped to obtain better control of
insulin release. We  termed this TLL, in short the “inner TLL”. When
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Table 1
Time (hr) elapsed until full decomposition of the HII structure.

Time (h)

Without PC With PC

No TLL stable stable
Fig. 1. Schematic presentation of TLL enzymatic hydrolysis of: (A) glycer

o TLL was present, the insulin-loaded HII carriers maintained their
exagonal symmetry in the presence and in the absence of PC.

However, when (outer or inner) TLL was added to the system,
nzymatic lipolysis of GMO, PC and TAG took place, resulting in
estruction of the HII structure. Fig. 1A–C presents the lipolysis
rocesses of the GMO, PC, and TAG, and the formation of the corre-
ponding fatty acids.

Each system was followed up to full destruction of the HII sym-
etry by cross-polarizing light microscope. Fig. 2A–F illustrates the
icroscope images of the different HII structures, 8 h after prepa-

ation.
The times required for a full decomposition of the HII structures

ere determined visually by transition of all the gel formulation
nto a solution. These, together with the confirmation of their
ecomposition by microscope images (Fig. 2A–F), could demon-
trate that there are significant differences in the decomposition

inetics as a function of TLL location.

When TLL was embedded (solubilized) within the aqueous core
f the HII channels, the HII structure decomposed ∼6 times faster
Outer TLL 30 100
Inner TLL 5 18

than when TLL was  in the aqueous environment (the time elapsed
until full decomposition of the HII structure was  5 h in the inner TLL
system and 30 h in the outer TLL system, in the absence of PC, and
18 h in the inner TLL system and 100 h in the outer TLL system, in the
presence of PC; Table 1). The microscope images (Fig. 2C vs. E, and
Fig. 2D vs. F) also illustrate that TLL embedment within the HII chan-
nels resulted in much rapid decomposition of the structures than if

it was  present in the outer environment. These differences can be
explained by at least three factors: (1) inner TLL had more inter-
actions (higher local concentration) with the lipid molecules than
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Fig. 2. Cross-polarizing light microscopy images of HII system containing: (A) GMO/TAG/(insulin solution), (B) GMO/PC/TAG/(insulin solution), (C) GMO/TAG/(insulin solu-
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ion)  in TLL environment (D) GMO/PC/TAG/(insulin solution) in TLL environment, (
reparation.

uter TLL that interacted only with the carboxylic groups somewhat
idden in the aqueous channels, (2) the active site of the inner TLL
as closer and in good contact with the carboxylic groups (the sub-

trate) attacking them more efficiently than the outer TLL, and (3)
he active site of the TLL, which exists in two forms, closed (inac-
ive) and open (active) [38], can be modified upon encapsulation
39].

The mesophases were constructed and exposed to TLL once
ithout PC and once in its presence. The aim was to understand the

ole of PC along with the TLL on the control of the insulin release in
he presence of the TLL.

Composing the HII mesophases with PC hindered the destruc-
ion process of the HII structure ∼3.5 times slower than in the
bsence of PC (the time elapsed until full decomposition of the HII
tructure was 30 h in the absence of PC and 100 h in the presence
f PC in the outer TLL system, and 5 h in the absence of PC and 18 h
n the presence of PC in the outer TLL system; Table 1). PC is struc-
ure builder and kosmotropic agent to the HII mesophase increasing
ts stability. The microscope images (Fig. 2C vs. D, and Fig. 2E vs. F)

llustrate the PC effect on the decomposition kinetics. It is clear that
he addition of PC has a strong stabilization effect on the HII struc-
ure, forming a more compact and more tightly packed interface
O/TAG/(insulin solution)/TLL, and (F) GMO/PC/TAG/(insulin solution)/TLL, 8 h after

[31,40], resulting in more hindered contact of the enzyme to the
active site. The effect indeed inhibited the lipolysis process.

The stability of the HII structure was  expressed by the hydrol-
ysis of the TAG and the formation of the lipolysis products was
studied (Fig. 1A–C). We  intentionally destructed the HII structures
and explored the lipolysis products at different time intervals. The
content of GMO  and TAG, and their hydrolysis products (oleic acid
and DAG, respectively; Fig. 1A and C), up to a complete structure
destruction, were quantified using GC–MS. The molar concentra-
tion of each component was calculated from the peaks’ areas, and
was plotted against time (Fig. 3A–D). Since oleic acid is also a
metabolite of PC (Fig. 1B), in the GMO/TAG/PC-based systems, the
measured molar concentration of the oleic acid could be up to
15 mol% bigger than the real concentration.

It should be noted that no lipolysis products were detected in
the absence of TLL, and no noticeable differences were detected
between the chromatograms of the two HII systems (with and with-
out PC) (data not shown).

As expected, addition of outer TLL gradually increased the molar

fraction (expressed in mole percentage) of the hydrolysis prod-
ucts as a function of time (Fig. 3A and B). In the presence of
PC, the progress in the hydrolysis process and production of the
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ig. 3. Lipolysis kinetics of the HII systems ((A) and (B)) when TLL is in the environ
MO,  ( ) DAG, and ( ) TAG in the GMO/TAG-based HII mesophase composed. ( )

etabolites were moderate, pointing again to the stabilization of
he structure, which hindered the lipolysis process. The impact of
he lipolysis on the two HII systems was also compared, at the
ime frame, in which the HII structures were completely destructed
after 30 and 100 h in the absence and in the presence of PC, respec-
ively). At these time points, even though it seemed that the HII
tructure was decomposed, only 50 mol% of GMO  was  hydrolyzed
o form oleic acid in the absence of PC, while 70 mol% of GMO  was
ydrolyzed to form oleic acid in the presence of PC. Additionally,
nly 65 mol% of TAG was hydrolyzed to form DAG in the absence of
C, while 75 mol% of TAG was hydrolyzed to form DAG in the pres-
nce of PC. Hence, more pronounced lipolysis should take place in
rder to completely destruct the HII structure containing PC.

Embedment of TLL within the HII channels (inner TLL) gradually
ncreased the molar percent of the hydrolysis products as a func-
ion of time (Fig. 3C and D). Analysis of the molar concentration of
he hydrolysis products, with and without PC, revealed only minor
ifferences. This is in contrast to the lipolysis rate that was detected
hen TLL was in the system’s environment (outer TLL). Hence, it is

ssumed that when TLL was located in the system’s environment, it
rst interacted with TAGs and the lipids’ tails, leading to more dom-

nant TAG lipolysis. Since the active site of the TLL was far from the
ipids-water interface, its activity was hindered [41]. With time,
LL succeeded to penetrate the interface “from in out”, resulting in
ipolysis of the GMO. However, since the addition of PC stabilized
he interface, it more efficiently blocked the access of TLL to the
MO  ester groups.

The lipolysis rate of the HII systems containing TLL was  com-
ared at the time intervals in which the HII structures were
ompletely destructed (after 5 and 18 h in the absence and in the
resence of PC, respectively). At these time points, even though it
eemed that the HII structure was decomposed, only 10 mol% of
MO  was hydrolyzed to form oleic acid in the absence of PC, while
0 mol% of GMO  was hydrolyzed to form oleic acid in the presence
f PC. Additionally, only 85 mol% of TAG was hydrolyzed to form
AG in the absence of PC, while 95 mol% of TAG was hydrolyzed to
orm DAG in the presence of PC. These results demonstrate again
hat more pronounced lipolysis is needed in order to break the
MO/PC/TAG-based structure.
, and ((C) and (D)) when TLL is embedded within the cylinders. (�) oleic acid, (©)
 acid, ( ) GMO, ( ) DAG, and ( ) TAG in the GMO/PC/TAG-based HII mesophase.

3.2. The impact of TLL on insulin release from the HII mesophase

The kinetic release profile of insulin from the liquid crystal
was investigated by the Franz cell apparatus. This experimen-
tal platform is based on a physical separation of the colloidal
nanostructures from the receptor chamber by an artificial mem-
brane, from which samples were withdrawn to quantify insulin
content. Several previous studies on liquid crystal-based release
system used this approach [42–44]. Thus, lower aggregates and
non-dissolved particles are expected in comparison to the USP dis-
solution apparatus (bath). In addition, the lower volume used in
the Franz cell system may  increase the sensitivity of the system. On
the other hand, it should be noted that this non-automated method
requires extensive training to generate reproducible results.

Cumulative release of insulin from the HII mesophase was
monitored as a function of PC and TLL, and was plotted as time-
dependent release (Fig. 4A–C). In the absence of TLL, release was
very slow (as expected from HII mesophase). In both cases most of
the release occurred in the first three hours (Fig. 4A). Yet, the HII
systems demonstrated different release kinetics with or without
PC. Addition of PC drastically increased insulin release rate (11%
insulin was released in the presence of PC while only 2% insulin
was released in the absence of PC, after 3 h). After the first three
hours, a strong drop in insulin cumulative release was detected in
the absence of PC, from 2% after 3 h to only 1% after 5 h. Similarly
but in less extend, in the presence of PC the commutative release
dropped from 11% after 3 h to only 5% after 5 h. Since it is not likely
that insulin diffused out of the receptor compartment, the explana-
tion for this effect might be related to the fact that after five hours
we are no longer detecting (recording) the insulin that released.
After 5 h, a major fraction of the released insulin molecules, were
no longer stable in the PBS solution, as insulin has a poor stability in
aqueous solution and a strong tendency to aggregate [45]. There-
fore, the actual percentage of insulin released is probably higher
than the measured. After eight hours, a further decrease in insulin
release was  not detected although insulin was even less stable in

the PBS solution (Fig. 4A); thus, insulin had to continue to release
from the HII system.
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 GMO/PC/TAG-based HII system: (A) with no TLL, (B) to TLL environment, and (C)
hen TLL is embedded within the HII cylinders.

These release measurements are in agreement with our previ-
us published results, in which the release of human recombinant
nsulin from the HII system was monitored [31]. It was shown that

ost of the release occurred in the first 40 min, followed by a more
oderate release. In the present study, the release was slower,

ince an artificial membrane was used. Hence, it created a bar-
ier (obstruction) that extended the first stage of the release, in
hich the diffusion process of insulin was dominant. The moderate

elease of insulin, which was detected in the second stage of release,
as explained by a resistance process that significantly slowed it
own. This resistance process (denoted as obstruction factor) was
ttributed to the blockage of the lipid membrane by insulin. Once
nsulin diffusion started, it was transported through the lipid layer

nd “set” in it, hindering further diffusion.

The addition of PC increased insulin release as was  already
etected and investigated [31]. PC increased the spacing between
he tails, providing more mobility to the cylinders. As a result, a
ces B: Biointerfaces 161 (2018) 670–676 675

more cooperative system was  formed, meaning that the move-
ments of the lipophilic tails indirectly induce fluctuations in the
GMO heads, as detected by dielectric spectroscopy [46] and rheo-
logical analysis using Bohlin model [31].

Addition of TLL to the HII mesophase environments (outer TLL)
revealed different behaviors (Fig. 4B). In the absence of PC, insulin
release gradually increased as a function of time until it reached
41% after 8 h. Since insulin has poor stability in aqueous solution
[45], the actual release is probably much higher. The release, based
on decomposition rate of the insulin led to estimate its release to
be of ca ∼43% after 5 h, and more than 50% after 8 h. Hence, the
presence of TLL in the outer environment of this system had very
strong effect on the insulin release. The major impact of the TLL
could already be observed after 3 h, in which 13% of the insulin was
released compared to only 2% in the absence of TLL. Therefore, we
concluded that the contact of the HII system with the TLL, even if
it comes from an outer environment (for example, the guts) disor-
dered and destructed the hexagonal mesophase and enhanced the
insulin release.

The presence of PC in the HII system showed a very surprising
behavior, as the release was  similar to that in the absence of TLL.
These results indicate that the structure did not modify in the first
8 h, as PC stabilized the interface and hindered the lipolysis. This
is also supported by the microscope image of the system (Fig. 2D)
and by the GC–MS analysis, after 8 h (Fig. 3A and B). Once sufficient
amount of the GMO  and TAG were hydrolyzed the release of the
insulin increased significantly (data not shown).

Insulin release from the TLL-loaded in the aqueous phase of the
HII mesophases (inner TLL) demonstrated dramatic increase in its
release as a function of time (Fig. 4C). In the absence of PC, insulin
release gradually increased as a function of time until it reached 48%
after 5 h. Since insulin has poor stability in aqueous solution [45],
the actual release was  calculated (an estimated) using the measure-
ments of the reference system without TLL. The actual calculated
insulin release reached 80% after 5 h, and up to 100% after 8 h.

Upon addition of PC, a unique behavior was  recorded. During the
first hour, insulin release was lower in the presence of PC than the
release in its absence, but after 5 h the measured release reached
85%, pointing to actual release of up to 100%. Hence, it is assumed
that during the first hour PC inhibited the lipolysis process. There-
fore the structure was less damaged and insulin diffused more
slowly. However, when the structures started to crack, PC enhanced
insulin release as was  detected after 5 h.

In the present manuscript we  had focused only on the reverse
hexagonal liquid crystalline phase (HII mesophases), and not on
their dispersions (hexosomes). It is possible to prepare hexosomes
based on our HII carriers (GMO/TAG/water system), however the
problem of using such dispersions is that the solubilized drug is
released into the aqueous medium before it is given to the patient
(on the shelf). Another disadvantage is the limited capacity of the
solubilized drug.

4. Conclusions

The addition of TLL to the environment of the HII systems (outer
TLL) resulted in lipolysis and destruction of the HII structures, as
monitored by cross-polarized light microscope and by the increase
in the molar concentration of the lipolysis products (GC–MS analy-
sis). In the absence of PC, the TLL lipolysis effect was  more dominant
and led to a significant increase in insulin release (50% after 8 h).
However, when PC was added to the HII system, the interface was

better stabilized. As a result, the lipolysis process was  hindered, and
no impact on the release profile was detected in the first 8 h.

Entrapment of TLL within the HII cylinders (inner TLL) drasti-
cally enhanced the destruction of the HII structures as monitored
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y microscope images and GC–MS analysis. As a result, all the
ntrapped insulin was released from the system (100% after 5–8 h).
nalysis of the molar concentration of the hydrolysis products with
nd without PC revealed only minor differences in the first hours.
et, more lipolysis was needed in order to fully destruct the HII
ymmetry.

In conclusion, this study demonstrates that insulin release from
he HII carriers can be controlled by the addition of PC and in the
resence of lipases. Lipase enhanced both the destruction of the
arrier and the release of the entrapped drug. PC hindered the lipol-
sis and therefore slowed insulin release. The controlled release
ould improve glucose control in the treatment of diabetic patients.
his study can be used for a future design of insulin release from
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