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KEYWORDS Summary Neurotrophic keratopathy (NK) is a degenerative corneal disease with a loss of
Neurotrophic corneal sensitivity and impairment of corneal healing. Low dose insulin eyedrops have been
keratopathy; shown to be a simple and effective treatment for refractory NK when the response to the usual
Insulin; treatment is incomplete. At present, there are no commercially available forms, and there
Ophthalmic solution; is no data regarding the stability of these products as prepared by compounding pharmacies.
Physicochemical In this work, we studied the physicochemical and microbiological stability of an insulin oph-
microbiological thalmic formulation obtained by mixing insulin lispro in artificial tears with a polyethylene and
stability; propylene glycol base. The stability of this 1 1U/mL insulin ophthalmic formulation was analysed
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for 12 months in low-density polyethylene (LDPE) multidose eye droppers at 4°C. The studied
parameters of physicochemical stability were: visual inspection, turbidity, UV spectral absorp-
tion, osmolality and pH. In addition, insulin and m-cresol concentrations and quantification
of impurities (insulin covalent aggregates and insulin fragments) were studied thanks to the
development of a new Size Exclusion Chromatographic method. For unopened eye droppers,
all tested physicochemical parameters remained stable for 12 months at 4°C, and excellent
microbiological stability was obtained. In conditions of simulated use, these parameters also
remained stable for one month at 4°C, and no impact of potential temperature rises on the
insulin and m-cresol concentrations in the insulin eyedropper was observed.

© 2022 Elsevier Masson SAS. All rights reserved.

Résumé La kératite neurotrophique (KN) est une maladie dégénérative avec diminution de la
sensibilité et altération de la cicatrisation cornéenne. Les collyres a Uinsuline a faible dose se
sont révélées étre un traitement simple et efficace pour la KN réfractaire lorsque la réponse au
traitement habituel est incompléte. A [’heure actuelle, aucune forme commerciale n’est dispo-
nible et il n’existe aucune donnée concernant la stabilité de ces préparations. Dans cette étude,
nous avons évalué la stabilité physico-chimique et microbiologique d’une formulation d’un col-
lyre a Uinsuline obtenue en mélangeant de Uinsuline lispro dans des larmes artificielles a base
de polyéthylene et de propylene glycol. La stabilité de cette formulation ophtalmique d’insuline
a 1Ul/mL, conservée dans des compte-gouttes multidoses en polyéthyléne basse densité (PEBD)
a +4°C, a été analysée pendant 12 mois. Les parametres de stabilité physico-chimique concer-
naient l’inspection visuelle, la turbidité, le spectres UV, ’osmolalité et le pH. La stabilité du
collyre (concentration de Uinsuline et du m-crésol, recherche d’impuretés: agrégats covalents
d’insuline et fragments d’insuline) a été étudiée par une nouvelle méthode chromatographique
d’exclusion de taille. Tous les parametres physico-chimiques testés sont restés stables pen-
dant une période de 12 mois a +4 °C et une excellente stabilité microbiologique a été obtenue.
Dans des conditions d’utilisation simulées, ces parameétres sont également restés stables pen-
dant 1 mois a +4°C et aucun impact d’une éventuelle augmentation de température sur la
concentration d’insuline et de m-crésol dans le compte-gouttes d’insuline n’a été observé.

© 2022 Elsevier Masson SAS. Tous droits réservés.

Introduction

Neurotrophic keratitis is a degenerative corneal disease due
to the damage to the trigeminal nerve leading to a cor-
neal loss of corneal sensation and breakdown of the corneal
epithelium [1,2]. The etiology of NK is very large such as
herpex simplex, varicella zoster, neurosurgery for trigemi-
nal neuralgia, diabetes or central nervous system disease
[1,2]. Different treatments were developed to restore cor-
neal integrity and to prevent its progression. Among them
there were the nerve grafts, amniotic membrane transplan-
tation [3—5] or therapeutic bandage contact lens (BCL) [6].
Nerve growth factor (NGF) is a neurotrophic factor relea-
sed by corneal epithelial cells and supports corneal integrity
through multiple mechanisms [7,8]. NGF stimulated cell pro-
liferation and survival of the sensory nerves that innervate
the cornea. At present time the recombinant human NGF
cenegermin ophthalmic solution 0.002% is the main treat-
ment specifically indicated for the treatment of NK [8].
Plasma rich in growth factors (PGRF) eye drops could be also
a safe and effective therapeutic option for patients with NK
[9]. Insulin receptor (INSR) and insulin growth factor type

1 (IGF-1R) played a major role in the regulation of molecu-
lar processes including differentiation and survival [10,11].
Due to their strong similarity of structure the formation
of insulin and IGF-1 hybrid receptors (Hybrid-R) is possible
[12]. It was showed an accumulation of Hybrid-R in the cor-
neal epithelial cell nucleus in response to stress induced by
growth factor deprivation [13]. This nuclear accumulation
is associated with partial cell cycle arrest and a reduction
in mitochondrial respiration. Thus, in the cornea, Hybrid R
expression is mediated by the presence of insulin and serve
to regulate key functions required for cell growth and survi-
val [14]. Studies have shown that supra-physiological levels
of insulin applied topically to the eyes promotes corneal
wound healing in animals with diabetes [15,16].

Despite all this recent and favorable clinical data, there is
still currently no commercially insulin delivery system in the
treatment of ulcer cornea or NK. Indeed, at present time,
insulin delivery devices have been developed to deliver bio-
active insulin in order to maintained normo — glycemic blood
glucose levels for the treatment in diabetes melitus [17,18].
The major insulin delivery devices that are currently in use
for the treatment of diabetes were insulin syringues [19,20],
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insulin pens [21], insulin jet injectors [22,23], insulin infu-
sion pumps [24,25], insulin inhalers [26—28]. Expending the
effort to expand the delivery routes have focused on the
development of nasal [29,30], buccal, oral [31,32], and
transdermal routes [33]. For the ocular route, for the treat-
ment of diabetes, it suffered from low bioavailability caused
by blinking and tearing [34].

Concerning treatment of corneal ulcer, it was demonstra-
ted that topical insulin drops at 1 Ul/mL could be a simple
and effective treatment for refractory neurotrophic corneal
ulcers [35]. A complete corneal re-epithelialization within 7
to 25 days was shown for patients with neurotrophic corneal
ulcers refractory to a range of medical and surgical treat-
ments [35]. A topical insulin up to 2 Ul per drop is safe for
human ocular usage for diabetic patients on postoperative
corneal epithelial wound healing after vitreoretinal surgery
[36]. A 50UI/mL topical insulin might improve the rate of
epithelial wound healing [37]. No adverse events were noted
with the use of topical insulin at concentration up to 100
Ul/mL of the published cases [38].

For insulin ocular administration for corneal ulcers, it is
important to increase the precorneal residence time of the
eye drop formulation. Therefore, the new generations of
artificial tears integrated in their formulation natural poly-
mer (methylcellulose derivatives) and synthetic polymers
(polyethylene glycol, hydroxypropyl Guar). These polymers
added a higher viscosity, prolonging the drug residence time
on the cornea at physiological pH tear (pH=7.4).

Despite all these favorable clinical data, there is cur-
rently no commercially available formulation of insulin
eyedrops. As well, no studies have been published concer-
ning the stability of insulin eyedrops, and generally the
analysis where either lacking several tests or suffered from
shortcomings concerning impurities products research.

The aim of this study was to assess the physicochemical
stability and to control the sterility of a new ophthal-
mic insulin eye drops formulation. This one was obtained
by diluting the commercial Humalog insulin lispro solution
(100UI/mL) with artificial tear lubricant eye drops to a
final concentration of 1UlI/mL in a low-density polyethy-
lene (LDPE) multidose eyedropper, the most use container
in hospital pharmacy.

The 1 Ul/mL insulin concentration was used because it
was previously demonstrated that this dose was non-toxic
and was the optimal dose for the treatment of refractory
corneal ulcer for diabetics and non-diabetics patient [35].

The stability of this ophthalmic insulin formulation was
studied at 4°C for 12 months in unopened eyedroppers and
in simulated use conditions at 4°C and 25°C for one month.

Material and methods

Preparation and storage of insulin solution
formulations

The formulation of the 1 UI/mL insulin solution was prepared

using two commercial solutions:

e the commercial artificial tears Systane Ultra solution
(Alcon Laboratories, Rueil-Malmaison, France) with the
following composition: Polyquad (polidronium chloride)
0.001% m/v; aminomethylpropanol, boric acid, hydroxy-

propyl guar, polyethylene glycol 400, propylene glycol,
natrium chloride, potassium chloride, sorbitol, purified
water;

e the commercial Humalog solution (Eli Lilly Laborato-
ries, Fegersheim, France) with the following: insulin
lispro (100UI/mL (i.e., 3.5mg/mL in a hexameric
form (data sheet))), m-cresol (3.15mg/mL), glycerol,
dinatrium monohydrogenophosphate heptahydrate, zinc
oxide, chlorhydric acid and natrium hydroxide for adjus-
ted pH (7.0—7.8), sterile water for injection.

The formulation was prepared by mixing 0.1 mL of the
Humalog solution with 9.9 mL of Systane at room tempera-
ture under gentle agitation inside the bioquell Qube sterility
isolator (This Qube is an aseptic processing workstation
with an integrated Hydrogen Peroxide Vapor (HPV) decon-
tamination system). The obtained insulin solution was thus
sterilely distributed (8 mL per unit, for a maximum filling
capacity of 10mL for eye droppers) into the white Squee-
zable Eye Dropper Low-Density Polyethylene (LDPE) Bottles
(Gravis, Trelaze, France) which dispense one uniform drop
at a time. The dropper tips and caps were made in polyethy-
lene terephthalate (PTE). The dropper tips have an accurate
opening to guarantee consistent and uniform drops (drop
volume averages 40 pL per drop).

Study design

The stability of the 1UI/mL insulin solutions was studied in
unopened eyedroppers stored vertically in the dark for 12
months at 4°C. A simulated use study was also performed
during 30 days at 4°C and at 25°C in a climate chamber.

Stability of 1Ul/mL insulin in unopened
multidose eyedroppers

The eyedroppers containing insulin were stored vertically at
4°C in the dark. Immediately after the preparation, (day
0), 8, 15, 20, 29, 60, 90, 120, 150, 180, 240, 270, 360
days, four units (n=4) were submitted to several analyses:
visual inspection, insulin and m-cresol quantification, impu-
rities research (resulting from insulin covalent aggregates or
insulin degradation products), osmolarity, pH, UV absorption
spectra acquisition and turbidity. Sterility was also assessed
using four units immediately after preparation and after 60,
90, 120, 180, 240 and 360 days of storage.

Stability of insulin in opened multidose
eyedroppers (simulated use study)

The eyedroppers were subjected to a simulation of patient
use. Immediately after the preparation and every day for
one month, one drop was manually emitted out of each eye
dropper morning and evening. As well, day 0, 8, 15, 20 and
29, for four units (n=4), few drops of each eye dropper was
manually emitted out of the bottle, collected and mixed for
analysis. After analysis, the units were stored at 4°C. As
well, during this period, pH and osmolarity measurements
were carried out. Similar experiments were carried out at
25°C.
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Analyses performed on the insulin solutions

Visual inspection

The insulin solutions were emptied into glass test tubes,
and these solutions were visually inspected under suitable
lighting on a white and black background. Aspect, colour
and a screening of visible macroparticles, haziness, or gas
development were performed.

Spectrophotometric analysis

By using an UV spectrophotometer (UV1800, Shimadzu,
France) the UV absorption spectra of the insulin solutions
were acquired. As well, the turbidity of the insulin solutions
was measured at 600 nm. The optical density at 600 nm was
used as a quantitative indicator of the turbidity resulting
from insoluble insulin particles. An elevation of the absor-
bance measured at 600 nm over 0.1 indicated a precipitate
was generated in the solution [39].

Insulin quantification and IPs research

Size Exclusion Chromatography (SEC) material

The High Performance Liquid Chromatography (HPLC) sys-
tem consisted of an Agilent 1260 Quaternary pump VL
(G1311C), an Agilent 1260 DAD VL (G1315D), an Agilent
1260 Infinity High Performance Autosampler (G1329B) and
an Agilent 1260 Infinity Thermostated Column Compart-
ment (TTC) (G1316A) (Paris, France). The AdvanceBio SEC
300A 7.8 x 300 mm, 2.7 um (p/nPL1180-5301) column was
furnished by Agilent (Paris, France). The mobile phase
consisted of a mixture of (200 mL of anhydrous acetic acid
(glacial) +300mL of acetonitrile (ACN)+400mL of water)
adjusted to pH=3.00 with concentrated ammonia and then
diluted to 1000mL with water. The column was ther-
moregulated at a temperature of 25°C and the mobile
phase flow-rate was optimized so as to obtain an efficient
separation of the molecules of interest on the studied chro-
matogram. The detection wavelength was fixed at 276 nm.
All the products used in this work were of analytical grade
[40].

Forced degradation studies of insulin: thermal
stress

In order to exclude potential interferences of insulin impu-
rities (insulin covalent aggregates and insulin fragments)
with insulin quantification, the commercial 100 Ul/mL insu-
lin HUMALOG solution was subjected to the following forced
degradation conditions. All experiments were performed
using a 4mL amber glass vial with a PTFE cap (Thermo-
scientific, USA). For the heat stress, 3.0 mL of the HUMALOG
solution was placed in the vial and heated in a water bath
at 70°C for 24h. The same forced degradation procedure
was carried out with 3 mL of the commercial Systane Ultra
solution. The stress conditions were performed in triplicate.

Method validation

The method linearity was studied by the preparation of one
calibration curve daily for four days using five concentrations
of insulin in pg/mL (17.50; 28; 35, 42, 70 ng/mL). These
concentrations were obtained by an appropriate dilution of
the 100 Ul/mL Humalog solution with the Systane solution
base.

The calibration curve should have a determination coeffi-
cient r2 equal or higher than 0.999. The homogeneity of the
curve was determined by the use of a Cochran — Test. ANOVA
tests were applied to determine applicability. Each day for
three days, 6 solutions of insulin 1 Ul/mL were prepared,
analysed and quantified using a calibration curve prepared
the same day. The repeatability of the method was esti-
mated by the calculation of the relative standard deviation
(RSD) of intraday analysis and intermediate precision was
calculated using an RSD of inter-days analysis. Both RSDs
were considered acceptable if they were lower than 5%.
Method accuracy was estimated by the evaluation of the
recovery of five theoretical concentrations to experimen-
tal values found using mean square equation, and results
should be found within the range 95—105%. The overall accu-
racy profile was constructed following the instructions from
reference [41].

m-cresol was quantified using the same method as for
insulin quantification, using a calibration curve ranging from
16 to 70 pg/mL validated using the same methodology as
previously described for the validation of the insulin quan-
tification method.

Osmolality, pH measurements

For each unit, pH measurements were carried out using
a MA235Advanced pH — Meter (Mettler Toledo, Béthune,
France). Before measurements, a validation procedure was
carried out by the use of a series of four standard buffer solu-
tions of pH between 1 and 8. The Osmolality was determined
on 20 L samples using a freezing point osmometer Loeser
TYP15 (Loser Messtechnik, Berlin, Germany). Before measu-
rements, the osmometer was calibrated using a calibrated
osmolality standard.

Sterility assay

Following the sterility assay [42], each eyedropper was ope-
ned under a laminar air flow of a microbiological safety
cabinet. A fraction of the insulin solution was inoculated on
the microbiological media, fluid thioglycolate medium with
resaruzin, used for the growth of aerobic and anaerobic bac-
teria incubated at 37 °C for 15 days. A second fraction of the
insulin solution was inoculated on the soy-bean casein digest
medium, used for the growth of aerobic bacteria and fungi
incubated at 25°C for 15 days. Each culture medium was
then visually studied for any signs of microbial growth.

Data analysis and stability criteria

The visual aspect of the solution, UV spectra acquisition,
turbidity, pH, osmolality, insulin concentration and pre-
sence or absence of impurities (insulin covalent aggregates
and insulin fragments) were analysed throughout this work.
This study was carried out following the recommenda-
tions of the international conference on harmonisation for
stability study [43], the French society of clinical phar-
macy (SFPC) and the Evaluation and Research Group on
Protection in Controlled Atmosphere (GERPAC) [44]. A varia-
tion of concentration outside the 90—100% range initial
concentration (with limits of a 95% confidence interval of
the measures), the presence of impurities products and
the variation of the physicochemical parameters were not
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acceptable. As usual, osmolarity data were studied consi-
dering clinical tolerance of the insulin formulation and pH
measurements must did no vary by more than one pH unit
from the initial value [44].

Results

Research of the optimal chromatographic
conditions for the SEC separation of insulin
with the other compounds in the insulin
eyedropper

A total of 10pL of the new insulin ophthalmic solu-
tion (1UlI/mL) freshly prepared was eluted isocratically
with the mobile phase (200mL of anhydrous acetic acid
(glacial) + 300 mL of acetonitrile (ACN)+400mL of water)
adjusted to pH=3.00 with concentrated ammonia and then
diluted to 1000 mL with water) at a column temperature
equal to 25°C. So as to obtain an analysis time less than
25min and a resolution at least equal to 1.5 for the worst
separated pair of peaks on the chromatogram the flow-rate
was fixed at 0.8 mL/min. The corresponding chromatogram
was given in Fig. 1A. Three peaks were clearly distinguished
at retention times of 10.82 min, 16.56 min, 19.07 min with
the addition of a negative peak (NP) (13.72min). This NP
can be attributed to the absorbance of solute less than that
of mobile phase and from the end of the entropy-dominated
size separation range on the size exclusion chromatography
(SEC) column [45].

To find which compound corresponded to each of these
peaks, m-cresol and the 100 Ul/mL Humalog and Systane
solutions were successively injected into the chromatogra-
phic system in the same chromatographic conditions. The
retention times of m-cresol (16.20min) was found on the
chromatogram of the Humalog solution (Fig. 1B). The nega-
tive peak (NP) and the positive peak provided from the
Systane solution injection inside the chromatographic sys-
tem (Fig. 1C).

Therefore, the peak at 10.82 min corresponded to insulin
in its monomeric form due to the dilution and disassembly
of its hexameric form upon injection onto the SEC column
[46].

A summary of the m-cresol, Positive Systane Peak (PSP)
retention times and relative retention times (relative to
insulin monomer) was given in Table 1.

Insulin quantification and impurities products
(IPs) research

For six replicates of the 1Ul/mL ophthalmic solution, the
RT and area RSDs for the insulin peak (RT=10.826 min;
Area=24.2294) were within the acceptable limit of 4 3%
demonstrating the excellent reproducibility and precision
of our SEC technique for the insulin quantification.

This analytical method for the quantification of insulin
in the Systane solution base was linear for concentra-
tion ranging from 17 pug/mL to 70 png/mL including the
insulin concentration target of 1 Ul/mL=35ug/mL in
eye dropper. The mean linear regression was equal to
A=0.7821*x — 3.2089. In this equation A was the surface

area of the insulin peak and x (ng/mL) the concentration of
insulin. The intercept was not significantly different from
zero and the mean determination coefficient r? of three
calibration curves was 0.9997. This last result indicated an
excellent dose-dependent correlation between peak area
and insulin concentration. The relative mean relative bias
coefficients were less than 3.0% for the calibration points.
The mean repeatability RSD coefficient and mean inter-
mediate precision RSD coefficient were less than 5%. The
accuracy profile constructed with the data showed that the
limits of 95% interval coefficients were all within 3% of the
accepted value. The limit of quantification was equal to
10 pg/mL.

Concerning m-cresol quantification, similar results were
obtained with the following mean linear regression
A=9.1102*x - 4.6148 with an excellent determination
coefficient r? of three calibration curves (0.9999) for
concentration ranging from 17 ug/mL to 70 pg/mL including
the m-cresol concentration target of 31.5 ng/mL in the insu-
lin eye dropper.

Size exclusion chromatography separation methods are
integral components of quality control strategies for biomo-
lecules. SEC is the long-standing standard for detection and
quantification of proteins impurities particularly covalent
aggregates (CAs) and fragments (Fs). Insulin covalent aggre-
gates (InCAs) elutes earlier than the main peak of insulin
monomer (In) while the insulin fragments (InFs) elutes later.

Fig. 2A showed the change of size profile of the insulin
lispro (Humalog) under thermal stress conditions compared
to the initial chromatogram of this Humalog solution at Day0
(Fig. 1B). The peak of insulin monomer (In) at 10.95min
disappeared. Two peaks appeared on the chromatogram at
retention times of 5.65 min and 12.52 min corresponding res-
pectively to InCAs and InFs. The peak of m-cresol remained
unchanged (16.21 min). The resolution between two adja-
cent peaks on the chromatogram was always higher than
1.5.

The chromatogram of the Systane solution under these
thermal stress conditions showed no peak of degradation
products or aggregates (Fig. 2B) compared to the initial
chromatogram of Systane (Fig. 1C). The NP and the PSP
remained unchanged on these two chromatograms.

A summary of the impurity (InCAs and InFs) retention
times and relative retention times (relative to insulin mono-
mer) was given in Table 1.

Stability of 1 Ul/mL Insulin in unopened
multidose eyedroppers at 4°C for 12 months

Physical stability

All samples stayed limpid and uncolored. There was no
appearance of any visible particle matter, haziness or gas
development. No elevation of the absorbance value measu-
red at 600 nm was over 0.1 (Table 2).

Chemical stability

Evolution of pH and osmolality throughout the study was pre-
sented in Tables 3 and 4. Throughout the study, osmolality
did not vary by more than 2% of the initial osmolality (279
mOsm/kg) after 12 months of storage at 4°C. Moreover, pH
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Figure 1. Reference chromatogram at 276 nm of (A) the 1.0 Ul/mL insulin ophthalmic formulation (Day0) (B) the 100 Ul/mL insulin Humalog
commercial Solution (C) the Systane commercial solution and (D) the 1.0 Ul/mL ophthalmic formulation (Day 360).

Table 1 Insulin monomer (In), insulin covalent aggregates (InCAs), insulin fragments (InFs), m-cresol and Positive Systane
Peak (PSP) retention times (RT) and relative retention times (rRT) (relative to insulin monomer).

Peak of RT (min) rRT
In 10.9 1

InCAs 5.6 0.51
InFs 12.5 1.15
m-cresol 16.2 1.49
PSP 18.1 1.66

did not vary by more than 0.5% of the initial pH value (7.83)
after 12 months of storage at 4°C.

Throughout the study, insulin and m-cresol concentra-
tions remained well within the 90-110% concentration range
when the formulations were stored at 4°C for 12 months as
presented in Figs. 3A and 4A.

86

The chomatograms showed no sign of the presence of
insulin covalent aggregates (InCAs) and insulin fragments
(InFs) after 12 months of storage at 4°C (Fig. 1D). As well,
the Negative Peak (NP) and the Positive Systane Peak (PSP) of
the Systane solution observed on the SEC column remained
unchanged after 12 months of storage at 4°C (Fig. 1D).
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Figure 2. Reference chromatogram at 276 nm under thermal stress conditions of (A) the 100 Ul/mL insulin Humalog commercial Solution
and (B) the Systane commercial solution.

Table 2 Evolution of turbidity over time (n=4, mean +95% confidence interval): *in the unopened eyedroppers for 12
months for a temperature storage of 4°C (A). *In a patient simulated use for one month for a temperature storage of the
eyedroppers of 4°C (B) and 25°C (C).

Day 0 8 15 20 30 60 90 120 150 180 240 270 360

0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02
0.01 0.02 0.02 0.01 0.02 * * c 2 * * * ¥
0.02 0.01 0.02 0.03 0.02 * * & @ * * % *

O >

Table 3 Evolution of pH over time (n=4, mean £ 95% confidence interval): *in the unopened eyedroppers for 12 months
for a temperature storage of 4°C (A). *In a patient simulated use for one month for a temperature storage of the
eyedroppers of 4°C (B) and 25°C (C).

Day 0 8 15 20 30 60 90 120 150 180 240 270 360

A 7.83 7.85 7.85 7.84 7.87 7.86 7.86 7.85 7.86 7.85 7.86 7.86 7.86
+0.04 +0.01 +£0.01 +0.02 +0.01 £0.02 +£0.02 +0.01 +£0.01 +0.02 +£0.01 =+0.01 =+0.01

B 7.84 7.86 7.85 7.85 7.85 * * * * * * * *
+0.03 +0.01 +£0.02 +0.01 =+0.01

© 7.84 7.87 7.84 7.85 7.86 * * * * * * * *
+0.02 +£0.02 +£0.02 =+£0.02 =+0.02

Table 4 Evolution of osmolality (mOsm/kg) over time (n=4, mean+95% confidence interval). *in the unopened eye-
droppers for 12 months for a temperature storage of 4°C (A). *In a patient simulated use for one month for a temperature
storage of the eyedroppers of 4°C (B) and 25°C (C).

Day 0 8 15 20 30 60 90 120 150 180 240 270 360
A 279+3 278+1 275+3 282+1 275+4 276+5 274+3 280:|:2 280j:2 281:t4 280j:4 281:|:2 283j:2
B 279+2 273+3 274+4 280+2 275+5 * *

C 281+2 281+3 276+3 28242 27842
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Figure 3.

Evolution of insulin concentration (expressed in percentage of the initial concentration over time): *in the unopened eyedroppers

for 12 months for a temperature storage of 4°C (A). *In a patient simulated use for one month for a temperature storage of the eyedroppers

of 4°C (B) and 25°C (C).

The UV spectra of the insulin solutions remained virtually
unchanged over these 12 months.

The UV spectra at Day360 compared to that at Day0 sho-
wed that the shift in maxima and minima’s wavelengths were
inferior to 2nm which was considered acceptable (Fig. 5).
As well, the shift in maxima and minima’s absorbance were
inferior to 3% (Fig. 5).

Sterility assay

None of the seven analyzed solutions conserved in unopened
bottles at day 0, day 60, day 90, day 120, day 180 day 240
and day 360 showed any signs of microbial growth.

Insulin and m-cresol concentrations in eye
drop simulated use at 4°C and 25°C

The simulated use test was performed on formulations for
30 days at 4°C. The insulin and m-cresol concentrations
remained well within the 90—110% concentration range as

seen in Figs. 3B—4B. Turbidity, pH and osmolality remained
unchanged (Tables 2—4).

To study the impact of potential temperature rise during
storage on insulin and m-cresol concentrations, the same
experiments were carried out for a storage temperature
of 25°C. The insulin and m-cresol concentrations remai-
ned well within the 90—110% concentration range as seen in
Figs. 3C—4C. Turbidity, pH and osmolality values remained
unchanged (Tables 2—4).

Discussion

This work described data on the physicochemical stability of
a new formulation of a 1 Ul/mL insulin solution conditioned
in sterilized LDPE eye dropper which can be used for the
treatment of refractory neurotrophic keratopathy.

Eye drops are the most commonly used solutions in the
treatment and diagnosis of eye disease. To avoid adverse
reactions, eye drops should have characteristics such as

867



M.H. Le Nguyen, M.S Naoum, C. Andre et al.

(A

[
o
v

100 0 833 $ @ & @ ] ] ® (]
95
90
85
80
75

m-cresol concentration (%) ~~

0 30 60 90 120 150 180 210 240 270 300 330 360

time (Day)

Cl
N—

105
100 @ @

95

20

85

80

75
0 5 10 15 20 25 30 35

[
|

m-cresol concentration (%)

time (Day)

2

105
100 ® ¢ & = @
95

90

85

80

75

0 5 10 15 20 25 30 35
time (Day)

m-cresol concentration (%)
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droppers for 12 months for a temperature storage of 4°C (A). *In a patient simulated use for one month for a temperature storage of the
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Figure 5. Evolution of the UV spectrum (Absorbance A versus wavelength A (nm)) of the 1UlI/mL insulin eye drops formulation at Day0
and Day360.
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being clear, isotonic or sterile that adapt to the physiological
conditions of the eye.

Tears have a normal pH of 7.4 to 7.7, although different
diseases can modify their pH [47,48]. The buffer capacity of
tears can neutralize solutions with a wide range of pH values
(3.5—10.5) providing the solutions are not buffered. In our
formulation the pH eye drop was maintained in a pH around
7.85 which was an excellent point for clinical tolerance.
Indeed, if the pH values get outside the range 4—8, there
may be irritation and the drug bioavailability can decrease
because of increasing tearing. The pH of our eye drops sto-
red at 4°C for 12 months remained within this range over
the study period.

Another key aspect of the eye drop production process is
that they must be isotonic with natural tears. The physiolo-
gical osmolarity of human tears ranges from 302 mOsm/L to
318 mOsm/L [49,50].

Healthy eyes can tolerate solutions with an osmotic
pressure of up to 425 mOsm/L without pain or excessive
tear production [51]. The results show that the osmolarity
(around 279 mOsm/kg) of our insulin eye drops that had been
conserved at 4°C for 12 months was strongly appropriate for
ophthalmic administration.

Insulin was composed of 51 amino acids in two peptide
chains (A and B) linked by two disulfide bonds. Insulin exis-
ted as a monomer at a very low concentration (0.6 mg/mL).
At a higher concentration such as 1 Ul/mL (i.e., 35 ng/mL)
the hydrophobic association of the B23 to B28 regions on
insulin monomers could result to the formation of a non-
covalent dimer [52]. In the presence of zinc ions and in the
pH range 4.0—8.0, three dimers assembled primarily to form
a non-covalent hexamer. In the lilly pharmaceutical formu-
lation, insulin lispro was a non-covalent hexamer stabilized
by zinc and m-cresol [53,54]. During the topical adminis-
tration m-cresol diffused out, weakening dimer interactions
in this insulin form and leads to hexamer disassembly into
insulin monomers. Monomer thus bind to insulin receptor on
the ocular surface, which in turn promotes the therapeutic
effect.

Problem relating to aggregation of insulin results from
the formation of covalent-dimer or higher covalent oligomer
leading to covalent aggregates (CAs) on long-term storage of
insulin preparation. The presence of such CAs may result to
immunological side effect.

For this novel formulation, all parameters were in favor
of a physical stability for12 months at 4°C. No modifications
of visual aspects were detected. The solutions remained
colorless, limpid through the study. Turbidity analysis did
not reveal the formation of any additional particles and the
pH and osmolality values also remained within specifications
of any additional particles such as insoluble precipitates of
insulin due to the formation of insoluble covalent aggre-
gates. This result was reinforced by the fact that our SEC
experiments did not revealed the appearance of Insulin
covalent aggregates, Insulin fragments or the formation of
degradation products of the Systane solution. As well, the UV
spectrum of this insulin formulation remained unchanged.

Insulin and m-cresol concentration remained within spe-
cifications after 12 months of storage thus conserving good
therapeutic efficiency during the conservation period. No
degradation rate was observed during this period for m-
cresol and insulin. The fact that the concentration of the

preservative m-cresol was practically constant during this
conservation period maintained an excellent stability for
insulin. Indeed, at the insulin lispro interface, close to the
tetrahedral Zinc, there is a hydrophobic pocket where m-
cresol can bind and thus stabilized the hexamer structure
and prevented thus the appearance of InCAs (or InFs) during
the storage of insulin eye droppers.

The sterility assay did not reveal any microbial contami-
nations in units stored for 12 months at 4°C.

During the simulated use study, insulin and m-cresol were
quantified in the emitted drops to evaluate any potential
loss of Active Pharmaceutical Ingredient (API) by sorption
for example on the dropper tips in PTE during the emission
of drops.

For a storage at 4°C, during the 30 days study, insulin
and m-cresol concentrations in the emitted drops remai-
ned stable. There was thus no significant loss of insulin
and m-cresol during the direct topical administration by the
patient. A similar result was observed for a storage at 25°C
during the 30 days study demonstrating clearly no impact of
potential temperature excursions during storage on insulin
eye droppers.

Conclusion

Our work brought important information about the stabi-
lity of 1 Ul/mL insulin eye droppers. By the development of
a new Stability Indicating Size Exclusion chromatographic
method it was demonstrated that 1Ul/mL insulin solutions
were physicochemical and microbiological stable for 12
months when stored in LDPE bottles at 4°C. It was sho-
wed an absence of significant interaction between the LDPE
container and the PTE dropper tip and cap with the studied
insulin ophthalmic formulation. In simulated use conditions,
for one month of storage, no impact of potential tempera-
ture excursion on the insulin and m-cresol concentration in
the insulin eyedropper was observed. This shelf life of 12
months, with no commercial alternative, allows the prepa-
ration to be computed in advance, stored, dispensed and
used by the patient.
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