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ABSTRACT: In this work, new micellar systems able to cross corneal
barrier and to improve the permeation of imatinib free base were
prepared and characterized. HA-EDA-C16, HA-EDA-C16−PEG, and
HA-EDA-C16−CRN micelles were synthesized starting from hyalur-
onic acid (HA), ethylenediamine (EDA), hexadecyl chains (C16),
polyethylene glycol (PEG), or L-carnitine (CRN). These nanocarriers
showed optimal particle size and mucoadhesive properties. Imatinib-
loaded micelles were able to interact with corneal barrier and to
promote imatinib transcorneal permeation and penetration. In addition, a study was conducted to understand the in vitro
imatinib inhibitory effect on a choroidal neovascularization process. Imatinib released from polymeric micelles was able to
inhibit endothelial cell sprouting and to promote cell tube disruption.
KEYWORDS: ocular drug delivery, hyaluronic acid, polymeric micelles, imatinib, transcorneal permeation, ocular neovascular diseases

■ INTRODUCTION

Neovascular ocular diseases, like age-related macular degener-
ation, proliferative diabetic retinopathy, and retinopathy of
prematurity, share the pathophysiological mechanisms of
neovascularization leading to retinal detachment and destruc-
tion of photoreceptors.1−3 Neovascularization is a complex
process where pericytes and endothelial cells proliferate and
migrate to promote the formation of further blood vessels
starting from existing mature vessels. This process is regulated
by different growth factors including vascular endothelial
growth factor (VEGF) and platelet-derived growth factor-B
(PDGF-B).4 VEGF-A, a fundamental factor of both physio-
logical and pathological angiogenesis, is a well-known target for
antiangiogenesis treatment.5 PDGF-B, secreted by vascular
endothelial cells, is a factor that attracts pericytes at the vessel
formation site. PDGFR-β, a cell surface tyrosine-kinase
receptor expressed on pericytes, is the main receptor for
PDGF-B in the eye. The alteration of PDGF-B/PDGFR-β
system can promote the formation of pericyte-deficient vessels;
therefore, the anti-VEGF therapy could be more effective.6

This allows the regression of pathological vasculature without
influencing mature vessels.7 This evidence suggests that a more
potent therapy for neovascular ocular diseases can be achieved
with the simultaneous use of anti-PDGF and anti-VEGF
agents, with a significant reduction in blood vessel formation.
In this context, small-molecule kinase inhibitors are used as
antiangiogenic agents in ocular disease models since they are
able to target many types of growth factor receptors.8,9 In
addition, Raimondi and colleagues reported that neuropilin 1

(NRP1) regulates angiogenesis via ABL1 and in a VEGF- and
VEGFR2-independent manner; this result proposes that the
ABL1 inhibition represents a new antiangiogenic treatment to
complement VEGF and PDGF blockade in neovascular ocular
diseases or in the growth of solid tumor.10 Imatinib mesylate
(Gleevec, formerly STI-571), a multitargeted tyrosine kinase
inhibitor (TKI), is administered for molecularly targeted
therapy in different types of cancer such as glomerular disease
and Ph+ chronic myeloid leukemia (Ph+CML).11 Imatinib is a
small-molecule kinase inhibitor of ABL1 extensively used to
suppress tumor proliferation by blocking Bcr-Abl fusion
proteins expressed in the tumor cells. Imatinib selectively
inhibits also the PDGF receptors (α and β) and c-Kit, but it
does not inhibit other receptors or cytoplasmic tyrosine
kinases.12 In last years, different researcher groups designed
various nanosystems to release imatinib free base for treatment
of cancer. Gupta and colleagues prepared imatinib-loaded
nanostructured lipid carriers to improve the in vitro and in vivo
profile of drug.13 Ramazani and colleagues developed imatinib-
loaded poly(D,L-lactide-co-glycolide) (PLGA) microspheres
that can allow the prolonged release of imatinib.14 Tivozanib,
axitinib, and other TKI molecules are experimentally employed
to evaluate the efficacy on retinal and choroidal neo-
vascularization.8,15 Therefore, the aim of this study was to
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prepare imatinib (free base)-loaded polymeric micelles for the
potential treatment of neovascular ocular diseases. Mucoadhe-
sive polymeric micelles were obtained starting from an
appropriate derivative of hyaluronic acid (HA), a natural
component of vitreous body and aqueous humor. This
biopolymer is able to increase the time of corneal contact of
the aqueous formulations, reduce the loss of drugs, and
improve their bioavailability.16 Furthermore, HA can be
chemically modified to obtain derivatives that can be used
both in regenerative medicine and drug delivery fields.17−20 In
particular, the synthesis and characterization of an amphiphilic
derivative of hyaluronic acid containing ethylenediamine
(EDA) and hexadecyl groups (C16), called HA-EDA-C16,
were reported here. EDA was used to insert primary amine
groups on HA backbone that are useful for additional
functionalization. In fact, in previous works, it was demon-
strated that the presence of reactive amine groups on HA
backbone allows researchers to obtain various systems for
different uses.18,21−23 In this work, HA-EDA-C16 derivative was
used to prepare micelles through a cosolvent evaporation
method. To improve drug corneal passage, the external shell of
micelles was modified with corneal penetration enhancers such
as PEG or L-carnitine. PEG chains on the micelle surface can
act as mucoadhesion promoters because they enhance the
contact time with the mucus layer of the tear film; in addition,
PEGylated shells play an important role in enhancing the
corneal penetration of drug-loaded micelles.24,25 On the other
hand, L-carnitine protects corneal cells from hyperosmotic
stress in dry eye and retinal pigment epithelium from H2O2-
induced oxidative damage.26 L-Carnitine is transported into
cells by OCTN1 and OCTN2 (Organic Cation Transporter
System), which are on the surface of human corneal and
conjunctival epithelial cells.27,28 Therefore, L-carnitine-deco-
rated micelles were designed as smart colloidal carriers able to
promote drug absorption after administration on the ocular
surface probably through OCTN interactions. Starting from
HA-EDA-C16, two polymeric derivatives named HA-EDA-
C16−PEG and HA-EDA-C16−CRN were synthesized by
grafting PEG (Mw of 2 kDa) or L-carnitine (CRN),
respectively. Therefore, HA-EDA-C16−PEG and HA-EDA-
C16−CRN micelles were prepared by using the cosolvent
evaporation method. The mucoadhesive properties and size of
these micelles were compared to data obtained for HA-EDA-
C16 micelles. All synthesized polymeric derivatives were used
to prepare imatinib-loaded micelles; the ability of these carriers
to entrap and release the drug was assessed by in vitro analyses.
Drug-loaded micelles were tested by using in vitro and ex vivo
models to evaluate the imatinib permeation through a
monolayer of human corneal epithelial cells and bovine
cornea, respectively. Finally, an in vitro model of neo-
vascularization was employed to evaluate the antiangiogenic
effect of imatinib (as a solution or loaded into micelles). For
this study, HUVEC and ECM (extra-cellular matrix) gel were
used as an ophthalmological in vitro model.29,30

■ EXPERIMENTAL SECTION
Materials. All solvents and chemicals were of analytical

grade. Hyaluronic acid mini (HAMINI; Mw 7.3 kDa; Mw/Mn
1.63) was purchased from Biophil Italia S.P.A. Tetrabutyl-
ammonium hydroxide (TBA−OH), bis(4-nitrophenyl)-
carbonate (4-NPBC), hexadecylamine (C16−NH2), O-[2-(6-
oxocaproylamino)ethyl]-O′-methylpolyethylene glycol 2000
(PEG-aldehyde, PEG-CHO Mw 2 kDa), L-carnitine inner

salt (CRN), Dulbecco’s phosphate buffered saline pH 7.4
(DPBS), diethyl ether, chloroform (CHCl3), ethanol (EtOH),
tetramethylammonium chloride (TMACl), anhydrous dimeth-
yl sulfoxide (DMSOA), methanol (MeOH), picrylsulfonic acid
solution (2,4,6-trinitrobenzenesulfonic acid, TNBS), methox-
ypolyethylene glycol amine (PEG-NH2, Mw 2 kDa), pyrene,
mucin type III (from porcine stomach) and 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Se-
phadex G-25, imatinib (I), N-(3-(dimethylamino)propyl)-N′-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccini-
mide (NHS), and ECM Gel from Engelbreth-Holm-Swarm
murine sarcoma (EHS matrix) were purchased from Sigma-
Aldrich (Italy). Ethylenediamine was purchased from Fluka
(Italy). Deuterium oxide (D2O), sodium chloride (NaCl), and
sodium hydrogen carbonate (NaHCO3) were purchased from
Merck (Italy). Tetrahydrofuran-d8 (THF-d8) was purchased
from VWR (Italy). Tetrahydrofuran (THF) was purchased
from Alfa Aesar (Italy); AlexaFluor-NHS488 (carboxylic acid,
succinimidyl ester) and Live&Dead Viability/Cytotoxicity Kit
for mammalian cells were purchased from Life Technologies-
Thermo Fisher Scientific (USA).
HEPES buffer pH 7.4, simulating ocular fluid, was prepared

by dissolving HEPES (5.96 g) and NaCl (9 g) in 1 L of
bidistilled water, with pH value adjusted with NaOH 5 M.
Human corneal epithelial cells (HCEpiC) and Human
umbilical vein endothelial cells (HUVEC) were purchased
from ScienCell Research Laboratories (USA). Keratinocyte
serum-free basal medium with bovine pituitary extract (BPE,
50 μg/mL) and recombinant human epithelial growth factor
(EGF, 5 ng/mL) were used for the culture of HCEpiC and the
in vitro experiments (Gibco−Thermo Fisher Scientific, USA).
Endothelial cell growth medium (all-in-one ready-to-use) was
used for the culture of HUVEC and the in vitro experiments
(Sigma-Aldrich, Italy).

Apparatus. Proton nuclear magnetic resonance (1H NMR)
was performed by using a Bruker Avance II 300 spectrometer
operating at 300.12 MHz. FT-IR spectra were carried out by
using a Bruker Alpha instrument. Ultraviolet (UV) measure-
ments were carried out by using a Shimadzu UV-2401PC
spectrophotometer. Gel permeation chromatography (GPC)
was performed by using an Agilent 1260 Infinity Multi-
Detector Bio-SEC solution, as reported elsewhere.17 GPC
system was equipped with a pump system, a PolySep-GFC-P
4000 column from Phenomenex, Bio-Dual Angle LS/DLS, and
RI Detector. Analyses were performed with 70% 0.025 M
TMACl solution and 30% MeOH mixture as an eluent, with a
flow of 0.6 mL/min and a column temperature of 35 °C ± 0.1.
Pullulan standards (range 5.9−788 kDa) were used to obtain
the calibration curve. Pyrene emission spectra were recorded
by using a RF-5301PC spectrofluorometer (Shimadzu, Italy).
Dynamic light scattering (DLS) analyses were conducted at 25
°C by using a Malvern Zetasizer Nano ZS instrument, fitted
with a 532 nm laser at a fixed scattering angle of 173° (Malvern
Instrument, Malvern). Drug detection was performed by using
a HPLC Agilent instrument 1260 Infinity equipped with a
Quaternary Pump VL G1311C and a DAD detector 1260 VL,
50 μL injector, and a computer integrating apparatus
(OpenLAB CDS ChemStation Workstation). A reversed
phase column Luna Phenomenex C18 (100 A size 250 ×
4.60 mm2) was employed as a stationary phase at controlled
temperature (20 °C); a mobile phase of methanol was used
with a flow equal to 0.8 mL/min. The wavelength of 270 nm
was selected for the quantification. To obtain a calibration
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curve, imatinib standard solutions were prepared in MeOH for
the evaluation of drug loading and drug amount in vitro and ex
vivo experiments.
Synthesis and Characterization of HA-EDA-C16 De-

rivative. Tetrabutylammonium salt of HA (HA-TBA) was
produced as reported elsewhere.22,31 One gram of HA-TBA,
dissolved at 1% (w/v) in DMSOA, was mixed with DMSOA
containing the appropriate amount of 4-NPBC to have a molar
ratio (X) between 4-NPBC and HA-TBA repeating unit, equal
to 0.7. Reaction was left at 40 °C for 4 h. After this time, the
temperature was increased to 60 °C and an appropriate
amount of hexadecylamine (C16NH2), dissolved in DMSOA,
was added to have a molar ratio (Y) between C16NH2 and 4-
NPBC equal to 0.3. Reaction was left at 60 °C for 20 h. After
this time, temperature was decreased to 40 °C and an
appropriate amount of ethylenediamine (EDA) was added to
have a molar ratio (Z) between EDA and 4-NPBC equal to 2.
After 3 h, 1 mL of aqueous NaCl saturated solution was added
under stirring for 30 min at room temperature to exchange
tetrabutylammonium with sodium. Reaction product was
precipitated in EtOH and washed several times (with EtOH
90% and EtOH). Product was dried under vacuum; the yield of
HA-EDA-C16 derivative was calculated compared to the weight
of starting HA and it was equal to 81.7% ± 3.1. Derivatization
degree in C16 (DDC16 mol %) was calculated by 1H NMR. 1H
NMR (300.12 MHz, D2O/THF-d8 3:2 (v/v), δ): 0.99 (s, 3H,
−CH3 of hexadecylamine), 1.5 (br m, 28H, −CH2−(CH2)14-
CH3 of hexadecylamine), 1.9 (s, 3H, NH−CO−CH3 of
hyaluronic acid), 3.3−4.0 (pyranosyl group of HA). The molar
derivatization degree in C16 portions linked to HA (DDC16 mol
%) was calculated by comparing the peak at δ 0.99 and δ 1.5,
attributable to methyl and methylene groups of C16 chain, with
the peak at δ 1.9, attributable to acetamido group of HA. The
derivatization degree in pendant EDA groups linked to HA
(DDEDA mol %) was determined by TNBS colorimetric assay
using PEG-NH2 (Mw 2 kDa) as a standard.22,32 The weight-
average molecular weight (Mw) of HA-EDA-C16 derivative was
determined by GPC analysis (see Apparatus). Each sample (5
mg) was dissolved in 700 μL of 0.025 M TMACl solution, and
then 300 μL of methanol was added. Samples and pullulan
standards were filtered through 0.45 μm and injected into GPC
apparatus.
Synthesis and Characterization of HA-EDA-C16−PEG

Derivative. HA-EDA-C16 was dissolved in bidistilled water at
pH 6.5 with HCl 0.1 N. An appropriate amount of PEG-
aldehyde (Mw 2 kDa) was added to have a molar ratio
between PEG-aldehyde and HA-EDA-C16 repeating unit equal
to 0.1. pH value was monitored and adjusted at 6.5 with HCl
0.1 N; reaction was left at room temperature for 24 h, under
stirring. Final product was purified by using dialysis bag
(MWCO 3.5 kDa) against water for 3 days, and then polymer
solution was freeze-dried. The yield of HA-EDA-C16−PEG
derivative was calculated compared to the weight of starting
HA-EDA-C16 derivative and it was equal to 85.1% ± 2.3.
Derivatization degree in PEG (DDPEG mol %) was calculated
by 1H NMR. 1H NMR (300.12 MHz, D2O, δ): 0.99 (s, 3H,
−CH3 of hexadecylamine), 1.5 (br m, 28H, −CH2−(CH2)14-
CH3 of hexadecylamine), 1.9 (s, 3H, NH−CO−CH3 of
hyaluronic acid), 3.3−4.0 (pyranosyl groups of HA), 3.6 (s,
180H, −O−(CH2−CH2−O)45− groups of PEG). The molar
derivatization degree in PEG, expressed as moles of PEG
portions linked per moles of HA-EDA-C16 repeating unit %
(DDPEG mol %), was calculated by comparing integral of the

peak at δ 3.6, attributable to methylene groups of PEG chain,
with the peak at δ 1.9, attributable to acetamido group of HA.
Derivatization degree in PEG was also calculated with TNBS
colorimetric assay and confirmed by FT-IR analysis (HA-EDA-
C16−PEG spectrum showed the C−H scissoring and bending
band of PEG in the range 1450−1300 cm−1, and the N−H
bending band of PEG at 800 cm−1). The weight-average
molecular weight (Mw) of HA-EDA-C16−PEG derivative was
determined by GPC analysis using the conditions reported
above.

Synthesis and Characterization of HA-EDA-C16−CRN
Derivative. To synthesize HA-EDA-C16−CRN derivative, L-
carnitine (CRN) was dissolved in bidistilled water at pH 5 with
HCl 0.1 N. To activate carboxyl group of CRN, appropriate
amounts of NHS and EDC were added to have both molar
ratios between NHS and CRN and between EDC and CRN
equal to 1.5. This step of activation was performed at room
temperature for 4 h. Afterward, activated CRN solution was
added dropwise to a HA-EDA-C16 aqueous solution at the
concentration of 1% (w/v). The molar ratio between L-
carnitine and HA-EDA-C16 repeating unit was equal to 0.1.
The reaction was left at room temperature for 20 h under
stirring. Final product was purified through a dialysis (MWCO
2 kDa) against water for 3 days, then was recovered after
freeze-drying. The yield of HA-EDA-C16−CRN derivative was
calculated compared to the weight of the starting HA-EDA-C16
derivative and it was equal to 87.3% ± 3.1. Derivatization
degree in CRN (DDCRN mol %) was calculated by 1H NMR.
1H NMR (300.12 MHz, D2O, δ): 0.99 (s, 3H,-CH3 of
hexadecylamine), 1.5 (br m, 28H, −CH2−(CH2)14-CH3 of
hexadecylamine), 1.9 (s, 3H, NH−CO−CH3 of hyaluronic
acid), 2.8 (s, 9H, −N+(CH3)3 of L-carnitine), 3.3−4.0
(pyranosyl groups of HA). The derivatization degree in L-
carnitine, expressed as moles of CRN portions linked per
moles of HA-EDA-C16 repetitive unit % (DDCRN mol %), was
calculated by comparing the peak at δ 2.8, attributable to
methyl groups of L-carnitine, with the peak at δ 1.9,
attributable to acetamido group of HA. Derivatization degree
in CRN was also calculated by TNBS colorimetric assay. The
weight-average molecular weight (Mw) of HA-EDA-C16−CRN
derivative was determined by GPC analysis using the
conditions reported above.

Critical Aggregation Concentration (CAC) Determi-
nation by Fluorescence Spectroscopy. The critical
aggregation concentration (CAC) of HA-EDA-C16, HA-EDA-
C16−PEG, and HA-EDA-C16−CRN derivatives was deter-
mined by fluorescence spectroscopy using pyrene as a
fluorescence probe.33 Briefly, 100 μL of pyrene solution (6.0
× 10−5 M) in acetone was added to a series of vials followed by
evaporation to remove the acetone. Aqueous solutions of each
derivative (in bidistilled water, DPBS, and HEPES buffer) with
concentrations ranging from 1 × 10−4 to 2 mg/mL were added
to each vial, and then samples were left overnight in orbital
shaker (100 rpm) at 37 °C to equilibrate pyrene with micelles.
The final concentration of pyrene in each vial was 6.0 × 10−7

M. Solutions were placed in quartz cuvettes and emission
spectra were recorded. The change in pyrene intensity ratio
(I373/I384) was plotted as a function of sample concentration
(mg/mL) and the CAC value was determined.34

Preparation and Characterization of Empty and
Drug-Loaded HA-EDA-C16, HA-EDA-C16−PEG, and HA-
EDA-C16−CRN Micelles. A cosolvent evaporation method
was used to prepare drug-loaded HA-EDA-C16, HA-EDA-C16−
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PEG, and HA-EDA-C16−CRN micelles. For the drug-loaded
micelles, imatinib and each polymeric derivative were dissolved
in THF/H2O 1:1 (v/v) mixture to obtain a final polymer
concentration of 0.3% (w/v). The weight ratio between each
derivative and drug was equal to 1:0.5 (w/w). THF was
removed by evaporation under stirring (1000 rpm) at room
temperature for 3 h; vacuum was applied to remove the
residual organic solvent. At the end of drug loading process,
the colloidal dispersion was centrifuged, filtered through a 1
μm syringe filter, and subsequently lyophilized. Empty micelles
were prepared in the same manner. The values of particle size
(nm), polydispersity index (PDI), and ζ-potential (mV) of all
micelles were determined by DLS analysis. Each micellar
dispersion (1 mg/mL), obtained by using bidistilled water,
DPBS, and HEPES buffer pH 7.4 as suspending media, was
analyzed in triplicate. In addition, the stability of empty and
drug-loaded micelles, in terms of particle size, was evaluated in
DPBS at 25 °C until 7 days (Supplemental Figure I). The
amount of imatinib (I) in drug-loaded micelles was determined
through HPLC. Each sample was dispersed in methanol
overnight under stirring, and then it was filtered with 0.45 μm
filter and analyzed by HPLC. Each analysis was performed in
triplicate. The drug loading percentage (DL%) was calculated
as the ratio between the weight of drug into micelles and the
weight of drug plus polymer.
Preparation and Characterization of Fluorescent-

Labeled HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-
C16−CRN Micelles. Fluorescent-labeled micelles were pre-
pared similarly as reported elsewhere.35 Empty HA-EDA-C16,
HA-EDA-C16−PEG, and HA-EDA-C16−CRN micelles were
dispersed in pH 8.3 bicarbonate buffer solution at the
concentration of 10 mg/mL; pH value was adjusted to 8.3
with HCl 0.1 N. AlexaFluor-NHS488 (solubilized in DMSO at
the concentration of 10 mg/mL) was added to the micellar
dispersion considering the weight ratio between AlexaFluor488
and micelles equal to 1:100. pH value was adjusted again to
8.3, and then the reaction was carried out at room temperature
in the dark for 1 h under stirring. Final product was purified by
GPC using a Sephadex G25 column. Recovered fluorescent-
labeled micelles were lyophilized. The yield of HA-EDA-C16−
AlexaFluor488, HA-EDA-C16−PEG-AlexaFluor488, and HA-
EDA-C16- CRN-AlexaFluor488 micelles was calculated with
respect to the starting weight of micelles and it was equal to
95.1% ± 0.9, 97.4% ± 1.6, and 96.8% ± 2.1, respectively. The
values of particle size (nm), polydispersity index (PDI), and ζ-
potential (mV) of all micelles were determined by DLS
analysis. Each micellar dispersion (1 mg/mL), obtained by
using bidistilled water, DPBS, and HEPES buffer pH 7.4 as
suspending media, was analyzed in triplicate (Supplemental
Table 1). In addition, the stability of micelles, in terms of
particle size, was evaluated in DPBS at 25 °C until 7 days
(Supplemental Figure II).
Mucoadhesion Studies. The mucoadhesive properties of

HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-C16−CRN
micelles were evaluated by transmittance analysis. Micelles and
mucin dispersion were mixed with a ratio 1:1 (v/v) to obtain a
final mucin and micelles concentration of 1 and 5 mg/mL,
respectively. Each sample was incubated in orbital shaker (100
rpm) at 35 °C; at scheduled time points (from 10 to 360 min),
sample transmittance was measured at 500 nm. Unmodified
HAMINI was used as a positive control. Obtained data were
reported as transmittance %, calculated as the ratio between
sample and mucin transmittance values. The decrease in

transmittance % of sample demonstrated mucoadhesive
properties. Each experiment was performed in six replicates.

In Vitro Imatinib Release Studies. Drug release studies
from HA-EDA-C16/I, HA-EDA-C16−PEG/I, and HA-EDA-
C16−CRN/I micelles were conducted at pH 7.4 in sink
conditions by using the dialysis method. Each sample (total
drug amount equal to 0.5 mg for each system) was dispersed in
DPBS at the concentration of 1% (w/v) and placed in a
dialysis bag (MWCO 1 kDa); DPBS was used as a release
medium. A ratio between internal and external environment
equal to 1:10 (v/v) was set. Samples were left in a thermostatic
shaker (100 rpm, 37 °C); at scheduled time-points (from 10
min to 48 h), the aliquots of receiving medium (1 mL) were
taken and replaced by fresh medium (1 mL). The drug amount
in each sample was determined by using a UV−vis
spectrophotometer (λ = 257 nm). Free drug solutions (0.025
mg/mL) and suspensions (0.5 mg/mL) in DPBS were used as
a comparison. To prepare imatinib solution, drug was
previously dissolved in methanol at the concentration of 2.5
mg/mL, then diluted in DPBS to obtain the final concentration
of 0.025 mg/mL (residual methanol is equal to 1% v/v).

In Vitro Cell Viability Assay. HCEpiC viability was
evaluated after the treatment with HA-EDA-C16, HA-EDA-
C16−PEG, and HA-EDA-C16−CRN micelles. Micelles were
dispersed in DPBS at the concentration of 10 mg/mL. Each
stock solution was sterilized by filtration using a sterile 0.22 μm
syringe membrane filter. The values of drug loading and
particle size were measured before and after filtration to check
the integrity of micelles. Dispersions of micelles at different
concentration were prepared by dilution of the stock solution
with complete cell culture medium. HCEpiC (passage 2−3)
were seeded in a 96-well plate at a density of 105 cells/well and
incubated overnight at 37 °C in a humidified atmosphere with
5% CO2. The medium into each well was replaced by 200 μL
of medium containing empty micelles, at a final concentration
per well ranging between 0.01 and 0.7 mg/mL. HCEpiC
viability was evaluated after 6 and 24 h of incubation by using
MTS (3-(4 ,5 -d imethy l th iazo l -2 -y l) -5 -(3-carboxy-
methoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium assay (Cell-
Titer 96 AQueous One Solution Cell Proliferation, PROM-
EGA) following the supplier’s instructions. HUVEC viability
was assessed after the treatment with imatinib solution, empty
micelles, or drug-loaded micelles. HUVEC (passage 6−7) were
seeded in a 96-well plate at the density of 3 × 104 cells/well
and incubated overnight at 37 °C in a humidified atmosphere
with 5% CO2. In the first experiment, imatinib solution was
prepared in MeOH at the concentration of 10 mg/mL, and
then it was diluted in complete cell culture medium in the
range 0.5−125 μg/mL (residual MeOH was in the range
0.005−1.25% v/v). The medium into each well was replaced
by 150 μL of imatinib solution at different concentrations or by
150 μL of complete cell culture medium with MeOH 1.25%
(v/v). HUVEC viability was evaluated after 6 and 24 h of
incubation by using MTS assay. In the second experiment,
empty and drug-loaded HA-EDA-C16, HA-EDA-C16−PEG,
and HA-EDA-C16−CRN micelles were dispersed in DPBS at
the concentration of 3 mg/mL. Each stock solution, after
filtration with a sterile 0.22 μm filter, was diluted in complete
cell culture medium at the concentration of 3 mg/mL.
HUVEC viability was evaluated after 6 and 24 h of incubation
by using MTS assay. For all experiments, the absorbance of
each sample was measured using a multiwell plate reader
(Tecan, Groedig, Austria) at 490 nm. Results were reported as
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cell viability %, calculated as the ratio between the optical
density of sample and the optical density of HCEpiC or
HUVEC cultured in tissue culture polystyrene (TCPS) used as
control cells.
Transcorneal Permeation Studies: In Vitro Trans-

corneal Permeation. The in vitro transcorneal permeation
study was conducted as reported elsewhere.17 For this study,
transwell system was chosen as an experimental system which
mimics the physiological corneal barrier. HCEpiC were seeded
at a density of 105 cells/well on the top of a collagen-coated
filter (0.4 μm pores −6.5 mm, 0.33 cm2 Transwell-PTFE
membrane insert, Corning); cells were grown until confluence
by changing the complete cell culture medium every day.36−38

The donor and acceptor chambers of transwell were filled with
150 μL and 650 μL of complete cell culture medium,
respectively. On the day of the experiment, the medium in
the donor chamber was removed and replaced by 150 μL of:
(1) a fluorescent-labeled micellar dispersions in complete cell
culture medium at the concentration of 2 mg/mL; (2) HA-
EDA-C16/I, HA-EDA-C16−PEG/I, and HA-EDA-C16−CRN/I
micelles dispersed in complete cell culture medium; samples
were dispersed in DPBS, filtered by using a 0.22 μm filter, and
then diluted in complete cell culture medium to obtain a final
drug concentration equal to 100 μg/mL; (3) imatinib solution
(drug was previously solubilized in MeOH at 2.5 mg/mL and
then it was diluted in complete cell culture medium at 0.025
mg/mL; residual MeOH was less than 1% v/v). Samples were
incubated at 37 °C in a humidified atmosphere with 5% CO2.
At scheduled time intervals (from 0.25 to 6 h), aliquots (200
μL) were withdrawn from the acceptor chamber and
immediately replaced by the same amount of fresh medium
to maintain sink conditions. For the HA-EDA-C16−Alexa-
Fluor488, HA-EDA-C16−PEG-AlexaFluor488, and HA-EDA-C16-
CRN-AlexaFluor488 micelles, collected samples were analyzed
by using spectrofluorometer (λex, 485 nm; λem, 520 nm). For
drug-loaded micelles, recovered samples were lyophilized,
treated with MeOH, and then analyzed by HPLC. Results were
expressed as μg/cm2 of fluorescent-labeled micelles permeated
or drug permeated as a function of incubation time (h). Each
experiment was performed in triplicate.
Transcorneal Permeation Studies: Ex Vivo Trans-

corneal Permeation. The ex vivo transcorneal permeation
study was conducted by using bovine corneas and a vertical
Franz type diffusion cell, chosen as a two-compartment open
model.39 The validation of the ex vivo model was reported
elsewhere.17 All animal tissues were collected by Istituto
Zooprofilattico della Sicilia “A. Mirri” (Palermo, Italy)
following authorization of local Department of Veterinary
Prevention (ASP-Palermo, Italy). Entire bovine eyeballs were
immersed for 2 h in streptomycin 1% (v/v) containing DPBS;
cornea was obtained by carefully detaching it from underlying
iris using tweezers. Each cornea was washed in HEPES buffer
pH 7.4, then used as a membrane in vertical Franz type
diffusion cell (active area available for permeation equal to
1.1304 cm2). Donor and acceptor chambers were filled with
HEPES buffer and placed at 35 °C ± 0.1. After 15 min, HEPES
solution was removed from donor chamber and replaced by
300 μL of (1) a fluorescent-labeled micellar dispersions in
HEPES buffer at the concentration of 3 mg/mL; (2) HA-EDA-
C16/I, HA-EDA-C16−PEG/I, and HA-EDA-C16−CRN/I
micelles in HEPES buffer (final drug amount in the donor
chamber was equal to 150 μg); (3) imatinib solution (drug was
previously solubilized in MeOH at 2.5 mg/mL and then it was

diluted in HEPES at 0.025 mg/mL); and (4) imatinib
suspension (0.5 mg/mL) in HEPES buffer. Volume in the
acceptor chamber was equal to 4.5 mL; area available to
permeation was 1.1304 cm2. Each experiment was carried out
in six replicates for 360 min under stirring (50 rpm); at
scheduled time intervals (from 0.25 to 6 h), aliquots (200 μL)
were withdrawn from acceptor chamber and replaced by the
same volume of fresh HEPES to maintain sink conditions. In
addition, imatinib amount that remains entrapped into corneal
tissue at the end of the experiment was quantified. Each cornea
was washed with HEPES buffer to remove the drug remained
on its surface and then it was treated with 2 mL of MeOH
overnight at 37 °C under stirring (300 rpm). Obtained
solutions were analyzed by HPLC. For the HA-EDA-C16−
AlexaFluor488, HA-EDA-C16−PEG-AlexaFluor488, and HA-
EDA-C16−CRN-AlexaFluor488 micelles, collected samples
were immediately analyzed by using a spectrofluorometer
(λex, 485 nm; λem, 520 nm). Other samples were lyophilized;
200 μL of MeOH was added to dissolve drug and obtained
solution was analyzed by HPLC. All results were expressed as
μg/cm2 of permeated fluorescent-labeled micelles or perme-
ated drug as a function of incubation time (h).

In Vitro Endothelial Cell Tube Formation Assay.
Endothelial cell tube formation was observed on ECM gel
from Engelbreth-Holm-Swarm murine sarcoma (EHS matrix).
Gel solidifies at 37 °C, forming a basement membrane rich in
pro-angiogenic factors on top of which endothelial cells can
form tubular complexes.29 For all experiments, 75 μL of the
EHS matrix were transferred to each well of a 96-well plate.
Plate was incubated at room temperature at least 10 min and
then incubated for 30 min at 37 °C (humidified atmosphere
with 5% CO2). In the first experiment, HUVEC suspension
(75 μL) was added to an equal volume of (1) imatinib solution
at the concentration in the range of 5−25 μg/mL; imatinib was
previously solubilized in MeOH at the concentration of 10
mg/mL, then diluted with complete cell culture medium
(residual MeOH was less than 1% v/v); (2) HA-EDA-C16/I,
HA-EDA-C16−PEG/I, and HA-EDA-C16−CRN/I micellar
dispersion; samples were dispersed in DPBS (1 mg/mL),
filtered with a 0.22 μm filter, and then diluted with complete
cell culture medium (0.3 mg/mL) to obtain a final drug
concentration of 40 μg/mL. Each prepared dispersion (cells
with imatinib solution or cells with drug-loaded micelles) was
added on the top of gel layer to obtain a final cell density of 3
× 104 cells/well. Plate was incubated at 37 °C (humidified
atmosphere with 5% CO2); endothelial cell tube formation was
observed until 24 h using an optical microscope with a 10×
magnification. In the second experiment, HUVEC (passage 6−
7) were first seeded on the top of a thin gel layer at the density
of 3 × 104 cells/well. After the complete tube formation
occurred, cell medium was removed from each well and then
150 μL was added of imatinib solution at the concentration in
the range of 5−25 μg/mL (prepared as described above) or
HA-EDA-C16/I, HA-EDA-C16−PEG/I, HA-EDA-C16−CRN/I
micellar dispersion with a final drug concentration of 40 μg/
mL (samples were prepared as described above). Plate was
incubated at 37 °C (humidified atmosphere with 5% CO2); the
alteration of endothelial cell tube structures was observed until
24 h, using an optical microscope with a 10× magnification. At
the end of experiments, when possible, Live&Dead assay was
conducted following the supplier’s instructions. Images were
acquired using a CareZeis Axio Vert microscope with a 10×
magnification.
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Statistical Analysis. All results were reported as means ±
standard deviation (S.D.), and, when applicable, statistical
analysis for significance was performed by means of
Bonferroni’s Multiple Comparison Test using GraphPad
software. Values of p < 0.05 were considered statistically
significant (∗), while a p-value < 0.01 (∗∗) and a p-value <
0.001 (∗∗∗) were considered as highly significant.

■ RESULTS AND DISCUSSION

Polymeric micelles were designed starting from the knowledge
obtained in a previous work, in which a series of hexadecyl
derivatives of hyaluronic acid was synthesized with a different
degree of molar derivatization in C16 chains (7−15%).40 In
particular, HAC16 micelles (C16 molar amount of 12%) were
able to entrap hydrophobic corticosteroids and to improve the
transcorneal permeation profile by using in vitro and ex vivo
models.40 Here, the authors made a modification of the
micellar external shell with potential corneal penetration
enhancers such as PEG or L-carnitine to improve drug corneal
permeation. For this reason, the synthesis of a new hyaluronic
acid derivative named HA-EDA-C16 was reported. Ethylendi-

amine (EDA) was used to add primary amine groups available
for functionalization with PEG or L-carnitine. HA-EDA-C16
derivative was synthesized following a chemical procedure
consisting of the preliminary activation of primary hydroxyl
groups of HA. This step was followed by nucleophilic
substitution with hexadecylamine and then with ethylendi-
amine (Scheme 1). The molar amount of C16 chains linked to
HA backbone (i.e., DDC16 mol %) was equal to 12.2% ± 0.03
(calculated by 1H NMR, see Supplemental Figure III). The
linked molar amount of EDA groups (i.e., DDEDA mol %) was
equal to 48.4% ± 0.8 (Table 1). The PEGylated derivative of
HA-EDA-C16 was prepared through a Schiff-base chemistry
that involved the terminal aldehyde group of PEG (Mw 2 kDa)
and the −NH2 of EDA groups. Reaction was conducted using
a molar ratio between PEG-CHO and NH2 groups of HA-
EDA-C16 equal to 0.1 (Scheme 2).
DDPEG mol % value was equal to 6% ± 1.2 (calculated by 1H

NMR, see Supplemental Figure IV). To confirm this value,
TNBS assay was conducted to evaluate the reduction of free
NH2 groups on polymer derivative. The DDEDA mol % value of
HA-EDA-C16−PEG decreased from 48.4% ± 0.8 (i.e., the

Scheme 1. Chemical Procedure for Hyaluronic Acid (HA) Derivatization with C16−NH2 Chains and EDA Groups To Obtain
HA-EDA-C16 Derivative, Starting from HA-TBA and Using 4-NPBC as Activating Agent

Table 1. Values of DDC16 mol %, DDEDA mol %, DDPEG mol %, DDCRN mol %, Mw (kDa), and Mw/Mn of HA-EDA-C16, HA-
EDA-C16−PEG, and HA-EDA-C16−CRN

sample DDC16 mol % DDEDA mol % DDPEG mol % DDCRN mol % Mw (kDa) Mw/Mn

HA-EDA-C16 12.2 ± 0.03 48.4 ± 0.8 17.67 1.84
HA-EDA-C16−PEG 12.2 ± 0.03 39.8 ± 1.7 6 ± 1.2 22.36 1.79
HA-EDA-C16−CRN 12.2 ± 0.03 38.6 ± 0.9 7.2 ± 2.3 18.17 1.81
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DDEDA mol % value of starting HA-EDA-C16) to 39.8% ± 1.7
(Table 1). A further confirmation of PEG derivatization was
carried out with FT-IR analysis; HA-EDA-C16−PEG spectrum
was qualitatively compared to PEG and HA-EDA-C16 spectra
(Supplemental Figure V). To synthesize HA-EDA-C16−CRN
derivative, the carboxyl group of L-carnitine was activated by
EDC/NHS coupling method. Then activated L-carnitine was
added in a HA-EDA-C16 water solution to obtain a molar ratio

between CRN and EDA groups of HA-EDA-C16 equal to 0.1
(Scheme 3). HA-EDA-C16−CRN derivative was characterized
by a DDCRN mol % value equal to 7.2% ± 2.3 (calculated by 1H
NMR, see Supplemental Figure VI). In addition, the reduction
of free NH2 groups from 48.4% ± 0.8 (i.e., the value of starting
HA-EDA-C16) to 38.6% ± 0.9 was evaluated by TNBS assay.
HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-C16−CRN
derivatives were characterized by SEC to evaluate their weight-

Scheme 2. Chemical Procedure for HA-EDA-C16 Derivatization with PEG-Aldehyde (PEG-CHO, Mw 2 kDa) To Obtain HA-
EDA-C16−PEG Derivative

Scheme 3. Chemical Procedure for HA-EDA-C16 Derivatization with Activated L-Carnitine (CRN) To Obtain HA-EDA-C16−
CRN Derivative
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average molecular weight (Mw) (Table 1). HA-EDA-C16
derivative was characterized by CAC values (mg/mL) similar
to those obtained for HAC16 derivative, as reported else-
where.40 This result confirmed that the presence of EDA
groups not influenced the self-assembling property of HAC16
derivative (Table 2). Obtained data suggest that the presence
of PEG (with a DDC16 mol % of 6% ± 1.2) or CRN (with a
DDCRN mol % of 7.2% ± 2.3) allowed to maintain the self-
assembling property. In all investigated conditions, the CAC
value for these derivatives was within the range of 0.1−0.4 mg/
mL. In particular, lower values were obtained for micellar
dispersion in DPBS and HEPES buffer. Reasonably, the ionic
strength of these media allowed a strong aggregation, and then
low CAC values were obtained.
HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-C16−CRN

micelles were prepared by cosolvent evaporation method.40−42

The positive influence of ionic strength on micellar aggregation
was confirmed by the value of particle size in DPBS lower than
that in bidistilled water. However, in HEPES buffer, this effect
was less evident. The different saline composition of HEPES
buffer (HEPES and NaCl) compared to DPBS (NaCl, KCl,
Na2HPO4, KH2PO4) probably influenced polymeric aggrega-
tion in a different way (Table 3). In addition, HA-EDA-C16−
PEG and HA-EDA-C16−CRN micelles in bidistilled water
showed a value of ζ-potential lower than that of HA-EDA-C16
micelles, probably due to the exposition of PEG or L-carnitine
in the external shell. All prepared micelles showed an
interaction with mucin statistically higher (p < 0.001) than
that observed for unmodified HA. The decoration of the
micellar shell with PEG or L-carnitine has allowed to further
increase the mucoadhesive characteristic compared to that
shown by micelles HA-EDA-C16 (p < 0.05) (Figure 1). The
formation of macro-aggregates occurred thanks to the
mucoadhesive interaction between mucin and micelles;
therefore, a decrease in transmittance values was ob-
served.43−45 In addition, obtained data suggest that a time-
independent mucoadhesion process occurred for each sample.
Imatinib free base (I) was chosen as a TKI molecule able to

potentially inhibit ocular neovascularization processes. Micelles
of HA-EDA-C16, HA-EDA-C16−PEG, or HA-EDA-C16−CRN

were able to entrap this drug and resulting drug-loaded
micelles showed a particle size lower than the empty micelles
(Table 4). Probably, a stronger hydrophobic interaction
between hexadecyl chains and lipophilic drug molecules (Log
P = 3) occurred to promote the formation of smaller micelles
(<200 nm). Imatinib release profile from HA-EDA-C16/I, HA-
EDA-C16−PEG/I, and HA-EDA-C16−CRN/I micelles was
studied in DPBS. The diffusion of free drug from solution and
suspension was analyzed in the same conditions (Figure 2). To
prepare imatinib solution, the drug was dissolved in methanol
and then diluted in DPBS at final concentration of 0.025 mg/
mL (SMAX imatinib < 0.0146 mg/mL).13,46 Drug molecules
diffused completely within 48 h. Organic solvent (MeOH) was
not necessary for the preparation of other samples. After 48 h,
a drug amount of 16.38% ± 0.11 was released by using drug
suspension. An amount of 75.20% ± 2.62, 82.97% ± 1.53,
71.49% ± 1.73 was released by using HA-EDA-C16, HA-EDA-
C16−PEG, and HA-EDA-C16−CRN micelles, respectively (p <
0.05). Therefore, investigated micelles are able to rapidly
release a large amount of imatinib, with an initial therapeutic
dose followed by a drug sustained release. Therefore, release
profiles obtained could be beneficial in the ocular therapy.47

Table 2. CAC Values (mg/mL) in H2O, DPBS, and HEPES Buffer of HAC16,
40 HA-EDA-C16, HA-EDA-C16−PEG, and HA-

EDA-C16−CRN Derivatives

sample H2O DPBS HEPES

HA-C16 0.280 ± 0.010 0.170 ± 0.010 0.130 ± 0.020
HA-EDA-C16 0.233 ± 0.014 0.119 ± 0.015 0.121 ± 0.010
HA-EDA-C16−PEG 0.387 ± 0.017 0.138 ± 0.002 0.139 ± 0.014
HA-EDA-C16−CRN 0.271 ± 0.005 0.140 ± 0.002 0.111 ± 0.001

Table 3. Values of Particle Size, PDI, and ζ-Potential of HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-C16−CRN Micelles in
Bidistilled Water, DPBS, and HEPES Buffer

sample dispersing medium particle size (nm) PDI ζ-potential (mV)

HA-EDA-C16 H2O 231.5 ± 9.5 0.221 −37.6 ± 5.6
DPBS 173.7 ± 7.4 0.293 −14.7 ± 2.8
HEPES 145.8 ± 6.3 0.284 −10.2 ± 3.1

HA-EDA-C16−PEG H2O 222.6 ± 2.9 0.198 −26.4 ± 4.9
DPBS 157.7 ± 9.7 0.187 −10.3 ± 0.8
HEPES 217.7 ± 1.2 0.204 −10.2 ± 1.1

HA-EDA-C16−CRN H2O 226.8 ± 6.8 0.219 −20.1 ± 1.1
DPBS 143.8 ± 4.3 0.176 −12.1 ± 0.9
HEPES 211.5 ± 6.1 0.191 −10.6 ± 2.3

Figure 1. Transmittance % values of mixture of mucin with micelles
(HA-EDA-C16, HA-EDA-C16−PEG, or HA-EDA-C16−CRN) or
starting HAMINI as a function of time.
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HA-EDA-C16, HA-EDA-C16−PEG, and HA-EDA-C16−CRN
micelles showed appropriate size, mucoadhesive properties,
optimal drug loading capacity, and ability to sustain imatinib
release. By taking into account these advantageous character-
istics, all micellar systems were sterilized and their
cytocompatibility was evaluated on human corneal epithelial
cells (HCEpiC). The selected sterilization process allowed
researchers to maintain the properties of micelles unaltered in
terms of entrapped quantity of drug and particle size
(Supplemental Table 2). After the incubation of cells with
different micelle concentrations, HCEpiC viability was
maintained and values greater than 70% compared to
untreated cell control were obtained (ISO 10993−5)
(Supplemental Figure VII). In addition, the stability of all
micelles when dispersed in HCEpiC culture medium was
confirmed until 7 days at 37 °C (Supplemental Figure VIII). In
vitro and ex vivo permeation experiments were performed to
evaluate the ability of micellar systems to interact with corneal
epithelial cells or with corneal structure. A transwell system
was used for in vitro permeation experiments through a
HCEpiC monolayer. HA-EDA-C16−PEG-AlexaFluor488 and
HA-EDA-C16−CRN-AlexaFluor488 micelles showed a favorable
permeation profile compared to that obtained for HA-EDA-
C16−AlexaFluor488 micelles (p < 0.001) (Figure 3A). Probably,
micellar shell decoration with PEG or CRN improved the

interaction between amphiphilic copolymers and cell mono-
layer. In addition, a greater value was obtained for HA-EDA-
C16−CRN-AlexaFluor488 micelles compared to HA-EDA-C16−
PEG-AlexaFluor488 micelles at the end of experiment (p <
0.01). In the ex vivo experiment, HA-EDA-C16−CRN-
AlexaFluor488 micelles showed a strong ability to permeate
the corneal barrier. A weaker interaction between these
micelles and corneal stroma probably occurred until 6 h,
compared to PEGylate and free hyaluronic acid micelles. In
fact, HA-EDA-C16−PEG-AlexaFluor488 and HA-EDA-C16−
AlexaFluor488 micelles showed a retarded permeation profile
(Figure 3B). For these samples, the different hydrophilic/

Table 4. Values of Drug Loading (DL%), Particle Size, PDI, and ζ-Potential of HA-EDA-C16, HA-EDA-C16−PEG, and HA-
EDA-C16−CRN Micelles in Bidistilled Water, DPBS, and HEPES Buffer

sample DL % (w/w) dispersing medium particle size PDI ζ-potential

HA-EDA-C16/I 13.1 ± 0.5 H2O 193.3 ± 8.2 0.282 −33.3 ± 3.7
DPBS 164.1 ± 4.9 0.230 −19.5 ± 2.9
HEPES 143.7 ± 7.2 0.280 −11.8 ± 1.7

HA-EDA-C16−PEG/I 12.6 ± 0.8 H2O 180.4 ± 11 0.208 −22.6 ± 4.3
DPBS 191.6 ± 8.4 0.184 −18.1 ± 3.8
HEPES 135.5 ± 11 0.202 −10.9 ± 0.5

HA-EDA-C16−CRN/I 11.2 ± 0.4 H2O 165.7 ± 4.9 0.176 −23.8 ± 4.3
DPBS 143 ± 7.3 0.201 −16.4 ± 1.7
HEPES 128.9 ± 4.7 0.196 −12.4 ± 1.8

Figure 2. Cumulative imatinib release/dissolution % from free drug
solution (▼ green), free drug suspension (▲ pink), HA-EDA-C16
micelles (● red), HA-EDA-C16−PEG micelles (■ blue), HA-EDA-
C16−CRN micelles (∗ orange) until 48 h. Data represent means ± SD
(n = 3).

Figure 3. (A) In vitro and (B) ex vivo transcorneal permeation profiles
of HA-EDA-C16−AlexaFluor488, HA-EDA-C16−PEG-AlexaFluor488,
and HA-EDA-C16−CRN-AlexaFluor488 micelles (μg/cm2 of perme-
ated micelles as a function of incubation time).
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hydrophobic balance of amphiphilic polymer forming micelles
probably causes an increased interaction with corneal barrier.
In addition, the mucoadhesive properties of all micelles should
be also considered. The stronger mucoadhesive behavior of
PEGylated- and L-carnitine-micelles compared to free hyalur-
onic acid micelles could prolong the contact time between
nanocarriers and corneal epithelium and, consequently,
promote the accumulation and permeation of micelles.
Therefore, both mucoadhesion and ability of micelles to
interact with corneal structure are two aspects that potentially
could increase the drug permeation through corneal barrier.
With the aim to confirm the ability of these micelles to

improve imatinib transcorneal permeation, all drug-loaded
micellar dispersions were also tested using in vitro and ex vivo
models. In vitro experiments confirmed the ability of HA-EDA-
C16−PEG and HA-EDA-C16−CRN micelles to improve drug
permeation if compared with permeation profile of imatinib
solution (p < 0.01 and p < 0.001, respectively) (Figure 4A). Ex
vivo experiments showed that all micelles improved imatinib
permeation through corneal barrier after a lag time of 2 h
(Figure 4B). HA-EDA-C16−PEG and HA-EDA-C16−CRN
micelles allowed an equal drug permeation until 6 h.

Compared with free hyaluronic acid micelles, a higher
permeation profile of imatinib was observed when drug was
delivered from HA-EDA-C16−PEG micelles (p < 0.01) or HA-
EDA-C16−CRN micelles (p < 0.01). This result allows
researchers to suppose that micellar shell decoration with
PEG or CRN increased the drug stromal diffusion and then
transcorneal permeation.
In addition, although methanol traces in imatinib solution

could promote transcorneal permeation, the high hydro-
phobicity of imatinib (Log P = 3) probably limited strongly
the interaction with the amphiphilic barrier. In the case of
imatinib suspension, drug molecules could precipitate on
corneal surface and this could hinder drug transcorneal
permeation (Figure 4B).
At the end of each ex vivo experiment, the amount of drug

retained into the cornea was evaluated and expressed as μg of
drug per cm2 of tissue (Table 5). HA-EDA-C16 micelles
allowed to increase imatinib corneal retention of 11.51- and
9.46-times compared to drug solution and drug suspension,
respectively. HA-EDA-C16−CRN micelles allowed an increase
of 13.15 and 10.81, respectively, while imatinib corneal
retention was increased of 5.17- and 4.25-times when using
HA-EDA-C16−PEG micelles compared to drug solution and
suspension.
The PEGylation of micelles probably allowed to increase

their interaction with stromal compartment; therefore,
imatinib retention was reduced. For this reason, the role of
HA-EDA-C16−PEG micelles as penetration enhancers was less
evident compared to the HA-EDA-C16 and HA-EDA-C16−
CRN micelles. All data obtained from these permeation studies
were used to calculate imatinib fluxes (Js) and imatinib
permeability coefficients (Kp) through the HCEpiC monolayer
or bovine cornea35,40,48 (Table 6). The flux (Js) and the
permeability coefficient (Kp) were determined by using the eqs
1 and 2, respectively:

= × μ − −J Q A t/( ) ( g cm h )s
2 1

(1)

=K J C/ (cm/h)p s D (2)

In these equations, Q was the amount of drug (μg) that
crossed the monolayer/cornea and that arrived into the
acceptor chamber, A was the effective area available for
permeation (0.33 cm2 for in vitro study, 1.1304 cm2 for ex vivo
study), t was the exposure time (h), and CD was the drug
concentration loaded into the donor chamber (μg/cm3).
For the in vitro study, the Kp value of imatinib solution was

greater than that obtained with HA-EDA-C16 micelles (p <
0.01) and it was equal to that obtained by using HA-EDA-
C16−PEG micelles. Probably, the presence of residual
methanol in imatinib solution (less than 1% v/v) promoted
drug permeation.49 HA-EDA-C16−CRN micelles were capable
to improve the drug permeation in the in vitro model. An
increase in Kp value of 1.46-times was obtained by using these
micelles compared to imatinib solution (p < 0.001). In
addition, micelles decorated with L-carnitine were capable to
increase in vitro imatinib permeation compared to HA-EDA-
C16 (p < 0.001) and HA-EDA-C16−PEG micelles (p < 0.05).
Obtained Kp value from ex vivo experiment confirmed the
potential role of micelles to improve the transcorneal
permeation and penetration of imatinib. HA-EDA-C16, HA-
EDA-C16−PEG, and HA-EDA-C16−CRN micelles increased
imatinib Kp value of 10.5-, 20.5-, and 16.5-times compared to
drug suspension (p < 0.001 for all samples). In addition, a

Figure 4. (A) In vitro and (B) ex vivo transcorneal permeation profiles
of imatinib using drug solution, drug suspension, HA-EDA-C16/I,
HA-EDA-C16−PEG/I, and HA-EDA-C16−CRN/I micelles (μg/cm2

of permeated drug as a function of incubation time).
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statistically significant increase was evaluated when all micelles
were compared to imatinib solution (p < 0.01 for HA-EDA-C16
micelles; p < 0.001 for HA-EDA-C16−PEG and HA-EDA-C16−
CRN micelles). Therefore, the results obtained confirm that
the prepared micelles could allow the release of imatinib free

base in the eye, modulating also its transcorneal permeation
over time.
By taking into account the advantages of these nanocarriers,

further studies in vitro were conducted to investigate the
imatinib effect on neovascularization process. It is known that
close cell−cell connections of sprouting endothelial cells,
pericytes or their progenitor mesenchymal cells allow the
formation of functional blood vessels.15 To evaluate the
endothelial cell interactions during vessel formation, the
sprouting assay can be used as an in vitro model. For this
reason, to evaluate if imatinib was able to act on vessel-
associated tissue produced by endothelial cells, the tube
formation assay was performed on HUVEC in ECM matrix.
ECM matrix was used with endothelial cells thanks to the
presence of several pro-angiogenic growth factors; during
angiogenesis, produced ECM seemed to be essential to create a
structure along which endothelial cells establish vascular
complexes. For the first time, HUVEC viability was confirmed
by using imatinib solution with a concentration less than 25
μg/mL (equal to 50.65 pM). In addition, the low presence of
methanol (less than 1% v/v) was safe for cells under these
experimental conditions (Supplemental Figure IX). In the
concentration range of 5−25 μg/mL, imatinib solution was
tested for the in vitro tube formation assay (see Experimental

Table 5. Imatinib Amount (μg/cm2) Retained into Cornea at the End of ex Vivo Transcorneal Permeation Study

drug solution drug suspension HA-EDA-C16 micelles HA-EDA-C16−PEG micelles HA-EDA-C16−CRN micelles

1.29 ± 0.27 1.57 ± 0.21 14.86 ± 0.88 6.67 ± 1.2 16.97 ± 1.07

Table 6. Values of Flux (Js, μg/cm
2 h−1) and Permeability

Coefficient (Kp, cm/h) of Imatinib Using Free Drug
Solution, Free Drug Suspension, and Drug-Loaded Micelles
through HCEpiC Monolayer (in Vitro Permeation Study, A)
and Bovine Cornea (ex Vivo Permeation Study, B)

A Js Kp

drug solution 2.330 ± 0.171 0.09321 ± 0.00832
HA-EDA-C16/I 3.071 ± 0.164 0.06143 ± 0.00351
HA-EDA-C16−PEG/I 5.042 ± 0.104 0.10086 ± 0.00208
HA-EDA-C16−CRN/I 6.802 ± 0.139 0.13604 ± 0.00173

B Js Kp

drug solution 0.007 ± 0.001 0.00028 ± 0.00003
drug suspension 0.020 ± 0.004 0.00004 ± 0.00002
HA-EDA-C16/I 0.208 ± 0.011 0.00042 ± 0.00002
HA-EDA-C16−PEG/I 0.406 ± 0.009 0.00082 ± 0.00003
HA-EDA-C16−CRN/I 0.331 ± 0.005 0.00066 ± 0.00004

Figure 5. Image analysis of endothelial cell tube formation on EHS matrix. Cell control and cell treated with imatinib solution (5−25 μg/mL) until
6 h. Right Column: Live&Dead assay conducted at the end of the experiment.
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Section). After 6 h of treatment, a limited HUVEC sprouting
process was evident using an imatinib solution of 15 μg/mL.
On the contrary, imatinib at 25 μg/mL was able to inhibit the
formation of endothelial cell tubes (Figure 5). Also the ability
of imatinib to cause the disruption of endothelial cell tube
structures was confirmed in vitro. In particular, this effect was
more evident using imatinib solution at 25 μg/mL (Figure 6).
To evaluate imatinib efficacy when released from micelles, a
similar study was performed by using HA-EDA-C16/I, HA-
EDA-C16−PEG/I, and HA-EDA-C16−CRN/I micelles. Em-

ployed imatinib concentration was equal to 40 μg/mL,
considering that micelles were capable to release drug
molecules in a modulated way during experimental time (48
h) (see Figure 2). Chosen experimental conditions (in terms of
concentration of empty and imatinib-loaded micelles) allowed
to maintain HUVEC viability until 24 h (Supplemental Figure
X). Therefore, imatinib-loaded micelles were tested for the in
vitro cell tube formation assay. When micelles were loaded
within endothelial cells on the top of EHS matrix, the
inhibitory effect of imatinib was confirmed until 24 h. In

Figure 6. Structural regression of endothelial cell tube on EHS matrix. Cell control and cell treated with imatinib solution (5−25 μg/mL) until 24
h.

Figure 7. Image analysis of endothelial cell tube formation on EHS matrix. Cell treated with HA-EDA-C16/I, HA-EDA-C16−PEG/I, and HA-EDA-
C16−CRN/I micelles (imatinib concentration equal to 40 μg/mL) until 24 h. Right Column: Live&Dead assay conducted at the end of experiment.
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particular, a limited and random inhibition of HUVEC
sprouting was observed when HA-EDA-C16/I and HA-EDA-
C16−PEG/I micelles were used. In the case of HA-EDA-C16−
CRN/I micelles, a stronger inhibitory effect was assessed after
24 h of treatment; cells appeared isolated from each other
(Figure 7). Imatinib was able also to reduce preformed cell
tubular structures when administered within the micelles
(Figure 8). The micrograph of the Live&Dead test allowed to
evaluate a visible reduction of cellular interactions, probably in
terms of both number and entity. Furthermore, a higher
inhibitory effect appeared with HA-EDA-C16−CRN/I micelles
compared to HA-EDA-C16/I and HA-EDA-C16−PEG/I
micelles. Probably, the presence of L-carnitine improved the
interaction with endothelial cells and consequently the efficacy
of imatinib.
Obtained data suggest the potential of imatinib in the

treatment of retinopathies. VEGF and PDGF are the most
significant known growth factors implicated in the choroidal
neovascularization process. Therefore, a combined inhibition
of VEGF/PDGF receptors by imatinib could allow a more
specific and especially improved management of retinopathies.
In fact, the additional inhibition of PDGF (compared to the

alone inhibition of VEGF) could reduce the disordered
proliferation of cells and the ECM that accompany neo-
vascularization with a consequent improvement in the efficacy
of the therapeutic treatment.

■ CONCLUSION

In this study, the off-label use of imatinib to treat neoangio-
genesis in an experimental in vitro model was assessed. A
preliminary characterization confirmed the efficacy of imatinib,
at different aqueous concentration, to inhibit the endothelial
cell sprouting and to reduce potentially the formation of
functional vessels. In addition, compared to the use of free
drug or no drug treatment, imatinib significantly inhibited
endothelial cell tube formation as well as promoted cell tube
disruption on EHS matrix when released from polymeric
micelles prepared using appropriate hyaluronic acid derivatives.
In particular, micelles were prepared by using hyaluronic acid
(HA) derivatives containing chains of ethylenediamine (EDA),
hexadecyl (C16), polyethylene glycol (PEG), or L-carnitine
(CRN). Resulting samples, named as HA-EDA-C16, HA-EDA-

C16−PEG, and HA-EDA-C16−CRN micelles, allowed research-
ers to load imatinib and to obtain a biological effect
maintaining cell viability and above all avoiding the use of
methanol. Another important outcome was that these
polymeric systems could potentially be administered non-
invasively, that is, by topical ocular instillation. Indeed, these
systems showed appropriate particle size in different media
(lower than 300 nm) and mucoadhesive properties. Above all,
micelles were able to interact with corneal barrier and to
promote the transcorneal permeation and penetration of
imatinib. Obtained results suggest that prepared micelles
could represent optimal candidates for off-label use of imatinib
in the potential treatment of retinopathies.
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