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Abstract

Objectives Bevacizumab (Avastin) is a recombinant humanized monoclonal antibody
used in ophthalmology (off-label) for the treatment of neovascularization in diseases such as
diabetic retinopathy and age-related macular degeneration (wet form). Bevacizumab is
currently administrated by repeated intravitreal injection, which can cause severe compli-
cations; a non-invasive delivery route is therefore desirable. The passive permeation of
bevacizumab through isolated human sclera was evaluated and the iontophoretic technique
was explored as a method to enhance its transscleral transport in vitro.
Methods Bevacizumab was fluorescently labelled using fluorescein isothiocyanate
(FITC). Permeation experiments were conducted for 2 h in Franz-type diffusion cells using
human sclera as the barrier. The donor compartment contained FITC-bevacizumab (2.5 mg/
ml) in phosphate-buffered saline at pH 7.4. In the iontophoretic experiments, a current
intensity of 2.3 mA (current density 3.8 mA/cm2) was applied. The permeation samples were
analysed with a fluorescence detector (excitation and emission wavelengths were 490 and
520 nm, respectively). The stability of FITC-bevacizumab conjugate was checked by thin
layer chromatography.
Key findings The main finding of this work is that anodal iontophoresis can significantly
enhance bevacizumab transport through isolated human sclera (enhancement factor 7.5),
even though the drug is essentially uncharged. Due to the relatively constant characteristics
of antibodies, these results can probably be extended to other molecules of the same family.
Conclusions Preliminary results indicate that anodal iontophoresis could be a promising
strategy to non-invasively deliver bevacizumab through the sclera. The presence in the eye
of other barriers, both static and dynamic, necessitates further evaluation of the technique on
more complex ex-vivo and in-vivo models.
Keywords bevacizumab; fluorescein isothiocyanate; iontophoresis; transscleral
permeation

Introduction

Therapeutic and diagnostic antibodies have become a very fast growing area and the study
of their non-invasive administration is a timely topic.[1] Bevacizumab (MW 149 KDa) is a
recombinant humanized IgG1 monoclonal antibody that inhibits angiogenesis by binding
with high affinity to human vascular endothelial growth factor.[2] Bevacizumab is active
against different types of cancer and, recently, it has been successfully used in ophthalmol-
ogy, although off-label, for the treatment of diseases such as diabetic retinopathy, age-related
macular degeneration (wet form), neovascular glaucoma and several other conditions char-
acterized by neovascularization.[3] In the treatment of diseases of the posterior segment of the
eye, bevacizumab is currently administered by repeated intravitreal injection, which can be
the cause of severe complications; a non-invasive delivery route is therefore highly desirable.
The relatively high permeability of the sclera to macromolecules[4] could encourage the
transscleral administration of bevacizumab, but the passive flux is probably too low to reach
therapeutically active concentrations in the back of the eye.[5,6] Drug transport across the
sclera can be increased by means of enhancing techniques such as microneedles, alone or
in combination with enzymatic treatment,[7,8] or iontophoresis, that is the application of
low-intensity electrical current.[9]
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Iontophoresis has been extensively studied for the trans-
dermal administration of drugs, but the knowledge acquired
from this route cannot be directly applied to the transscleral
route due to the different characteristics of the two barriers. In
fact, the low permeability of the skin restricts passive admin-
istration to molecules with a molecular weight lower than
1000 Da[9] (although high molecular weight compounds can
be administered using enhancers)[10] and the high electric
resistance limits current density to 0.5 mA/cm2. In the case of
the sclera, the high permeability allows molecules up to
150 kDa to be delivered[4] and its porous structure and high
water content[11] permits current intensities of 3–4 mA (corre-
sponding to current density of 5.8–7.7 mA/cm2).[12]

The purpose of this work was to evaluate the permeability
of bevacizumab across isolated human sclera in vitro and to
explore the effect of iontophoresis on the transscleral perme-
ation of this antibody. Since the outermost barrier to drug
transport to the back of the eye is represented by the sclera,
this tissue was used as a screening barrier for studying beva-
cizumab passive and current-assisted transport.

Materials and Methods

Materials
Avastin (Roche Pharma, Reinach, Switzerland) was used
as the bevacizumab source. Composition: bevacizumab
25 mg/ml; a,a-trehalose dihydrate 60 mg/ml; polysorbate
20 0.4 mg/ml; sodium phosphate monobasic monohydrate
5.8 mg/ml; sodium phosphate dibasic anhydrous 1.2 mg/ml
(pH = 6.2).[2]

Tissue preparation
Human corneoscleral rims discarded following harvesting of
the corneal button (Regional Cornea Bank, Bologna, Italy)
were frozen in liquid nitrogen and used within 15 days of
explant. The freezing procedure does not modify scleral his-
tology[13] and, according to Olsen et al.,[14] should not influ-
ence scleral permeability. The mean thickness of the scleral
samples used for permeation experiments was measured
with a digital caliper (Absolute Digimatic 547-401, resolu-
tion 0.001 mm; Mitutoyo, Milan, Italy,) and found to be
0.60 � 0.07 mm.

Bevacizumab derivatization
Fluorescein isothiocyanate (FITC) conjugation occurs
through the free amino groups of the antibody forming stable
thiourea bonds.[15] FITC solution (250 ml, 1 or 4 mg/ml) in
0.1 m carbonate/bicarbonate buffer (pH 9)[15] was added to
1 ml of bevacizumab solution (5 or 10 mg/ml) in the same
buffer. The mixture was incubated at 20 � 2°C for 2 h with or
without gentle stirring, protected from light. Then, FITC-
labelled bevacizumab was purified from free FITC on a size
exclusion Sephadex G-25M column (Sigma-Aldrich, St
Louis, MO, US): the reaction mixture was applied to the top
and the column was eluted with 10 ml of phosphate-buffered
saline (PBS; 0.19 g/L KH2PO4; 5.98 g/L Na2HPO4 12H2O;
NaCl 8.8 g/L; pH 7.4). Fractions of 1 ml were collected: the
conjugate, due to its high molecular weight, eluted in fractions
3–4. Unbound FITC was retained on the column and eluted

only after extensive (40–50 ml) PBS washing. The presence
of free FITC in the conjugate sample was checked by thin
layer chromatography (TLC).

The concentration of bevacizumab was determined by
measuring the absorbance of the solution at 280 nm (A280),
taking into account the extinction coefficient of the conjugate
( E280

0 1 1 4. % .= , assuming it was not altered by conjugation)[16]

and the absorbance of FITC at 280 nm (0.35 ¥ A495):[17]

Bevacizumab A Amg ml 280 495( ) = − ×( )( )0 35 280
0 1. . %E

FITC concentration was calculated from the absorption at
495 nm (A495) and the extinction coefficient of bound FITC
( E495

0 1 195. % = ):[18]

FITC Amg ml( ) = 495 495
0 1E . %

The FITC to bevacizumab molar ratio obtained after conju-
gation was calculated as:

Molar ratio MW MW
FITC bevacizumab

bevacizumab FITC

mg ml mg m

= ( ) ×
( ) ll

mg ml mg ml149 000 389 FITC bevacizumab
( )

( ) ( )

( )
= ( ) ×

The presence of free FITC in the conjugate sample was
checked by TLC.

FITC-bevacizumab quantification
Afluorimetric method was used for the quantification of FITC-
bevacizumab. Standard solutions were prepared by dilution of
FITC-bevacizumab samples of known concentration with PBS
(pH 7.4) and analysed with a fluorimeter (series 200a; Perkin
Elmer, Norwalk, CT, USA), the excitation and emission wave-
lengths being 490 and 520 nm, respectively. The linearity
was checked in the interval 38–910 ng/ml (y = 0.1131x;
R2 = 0.9925), the limit of quantification was 38 ng/ml, the
relative standard deviation was between 1.3 and 13.3%, and the
relative standard error was between 2.5 and 13.1, depending on
the concentration.

Blank permeation experiments were conducted both in
passive and iontophoretic conditions to verify the specificity of
the method used. The fluorimetric analysis of the samples
collected excluded the presence of interference from the sclera.

Thin layer chromatography
In order to test the presence of free FITC in the conjugate as
well as the stability of the FITC-bevacizumab conjugate after
current application, a TLC method was set up. Different
amounts of FITC (1–25 ng) were spotted on a silica gel plate
(Silica gel 60 F254; Merck, Darmstadt, Germany) using 1-ml
calibrated pipettes (Sigma-Aldrich). The plate was run using a
mixture of methanol and chloroform (1 : 1). With this
mixture, free FITC migrated with an Rf value (migration of
compound / migration of solvent front) of 0.85, while the
FITC-bevacizumab conjugate remained at the deposition site.
After air-drying, the plate was examined under a UV lamp at
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365 nm. The limit of quantification of free-FITC was 2.5 ng.
Then, standard solutions of FITC-bevacizumab conjugate
were analysed before and after current application
(i = 2.3 mA; 2 h). These solutions (containing 15 mg of FITC-
bevacizumab conjugate, corresponding to approximately
25 ng of FITC) were deposed and run together with four lanes
of FITC standard solutions at different concentrations and the
presence of free FITC was checked.

Dynamic light scattering analysis: size and
zeta potential
Solutions of bevacizumab and FITC-bevacizumab in PBS
pH 7.4 were analysed with a 90Plus/BI-MAS apparatus
(Brookhaven Instruments Corporation, Holtsville, NY, US)
and a Nanoseries Zetasizer, ZS, (Malvern Instruments,
Malvern, UK).

The size analysis was performed at 25°C, 658 nm, 90°
(fluid refractive index: 1.33, viscosity 0.89 cP). Each measure
lasted 2 min and was repeated 6 times.

Permeation experiments
Permeation experiments were performed in Franz-type diffu-
sion cells (0.6 cm2); human sclera was mounted with the con-
junctival side facing the donor compartment and, to reduce the
edge damage, the minimum force necessary to keep the cell
sealed was applied. The receptor compartment contained 4 ml
of PBS pH 7.4 at physiological temperature (37°C) while the
donor compartment contained 200 ml of FITC-labelled beva-
cizumab (2.67 mg/ml) in PBS. In the iontophoretic experi-
ments, both anodal and cathodal, silver-silver chloride
electrodes were used. The drug donor solution was separated
from the electrodes by salt bridges (agar 2% p/v in 1 m KCl).
The current (i = 2.3 mA; d = 3.8 mA/cm2) was applied
through a constant current generator. At predetermined time
intervals, the receptor solution was sampled and analysed.
The duration of the experiment was 2 h because preliminary
tests indicated that steady state is reached within this time.

Transscleral flux (mg/cm2 per h) was calculated as the slope
of the regression line at steady-state, while the permeability
coefficient (cm/s) was calculated by dividing flux per drug
donor concentration CD (mg/ml). The enhancement factor was
calculated as Piontophoresis / Ppassive.

Passive and anodal permeation experiments were per-
formed for 30 min, to evaluate drug distribution inside the
tissue after a shorter application time. The sclera was then
frozen in liquid nitrogen, embedded and sectioned (8 mm;
Reichert-Jung Frigocut 2700, Nussloch, Germany). The sec-
tioning was performed from the choroidal (receiver) to the
conjunctival (donor) side of the sclera and the blade was
cleaned before each cut to avoid contamination from the
scleral surface. Images were taken using an optical micro-
scope (Nikon Eclipse 80i, Nikon Instruments, Calenzano,
Italy) equipped with a 465–495 bandpass filter and a camera
(Nikon Digital Sight DS-2Mv, Nikon Instruments, Calenzano,
Italy).

Statistical analysis
Permeation experiments were replicated 3–6 times. All results
are expressed as mean � SD. Statistical analysis of the effect

of anodal and cathodal iontophoresis on bevacizumab flux
was performed using the Kruskal-Wallis test.

Results

The conditions for derivatization of bevacizumab with FITC
were found to be critical, because aggregation occurred. A
molar ratio of bevacizumab to FITC of 1 : 20 and the avoid-
ance of stirring were found to be the optimal conditions to
obtain a clear solution containing 2.67 � 0.14 mg/ml of beva-
cizumab as conjugate, with a FITC/bevacizumab ratio of
0.64 � 0.16. TLC analysis showed that the separation step
after conjugation was efficient since no free-FITC was
present. With the same technique, the stability of the conju-
gate upon iontophoresis application was verified: no detach-
ment of FITC was pointed out.

Because the main degradation pathways of bevacizumab
are aggregation and formation of charge-related variants,[2]

both the antibody size[19,20] and zeta potential were determined
before and after current application. Bevacizumab size was
15.1 � 0.1 nm (polydispersity index = 0.19) and zeta poten-
tial was very close to zero (–3.32 � 0.87 mV). Both size and
charge were not influenced by iontophoresis application
(Table 1). A modest size increase was observed in bevaci-
zumab conjugate. Unfortunately, it was not possible to deter-
mine the zeta potential of the conjugate (the solution was too
diluted), but the low conjugation ratio of FITC to bevaci-
zumab (0.64) suggests that it should not vary.

FITC-bevacizumab transscleral permeation was tested
passively and in the presence of cathodal and anodal ionto-
phoresis for 2 h. The permeation profiles (Figure 1) show the
ability of anodal iontophoresis to enhance drug permeation.
Flux, permeability coefficient and enhancement factor are
reported in Table 2.

Permeation experiments in passive and anodal conditions
were also performed for 30 min only; vertical sections of the
sclera were then analysed with a fluorescence microscope.
The results confirm the enhancing effect of anodal current
(Figure 2).

Discussion

In order to quantify bevacizumab, a derivatization procedure
with FITC was set up. With this method it is not possible to
verify the biological activity of the antibody, however, due to
the very low metabolic activity of the sclera,[11] it can be
reasonably assumed that bevacizumab was not degraded
during transscleral transport.

Table 1 Dynamic light scattering results

Size (nm) Polydispersity
index

Zeta
potential

(mV)

Bevacizumab 15.1 � 0.1 0.19 –3.32 � 0.87
Bevacizumab after

iontophoresis
14.9 � 0.3 0.18 –4.67 � 1.14

FITC-bevacizumab 19.6 � 0.9 0.22 –
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At first FITC-bevacizumab permeation was tested pas-
sively: despite its big size, the drug was able to passively cross
human sclera in vitro giving rise to a flux of 4.92 � 6.73 mg/
cm2 per h (Table 2). The permeability coefficient (0.53 �
0.73 ¥ 10-6 cm/s) was lower than that obtained with a model
IgG through rabbit sclera (4.61 � 2.17 ¥ 10-6 cm/s),[4] in
agreement with the different thickness. Iontophoresis was then
tested. The conditions chosen (i = 2.3 mA, d = 3.8 mA/cm2)
were significantly lower than the ocular tolerance values
reported on human volunteers[12] to avoid tissue damaging
effects. When cathodal iontophoresis was applied, bevaci-
zumab flux did not change compared with passive permeation
(see Table 2), while anodal iontophoresis produced a dramatic
increment of bevacizumab permeation, well evident after
approximately 1 h. The presence of such a lag-time in transs-
cleral transport has already been described when iontophoresis
was applied to high molecular weight neutral dextrans.[21]

Bevacizumab transscleral flux after anodal iontophoresis
application was 37.01 � 9.37 mg/cm2 per h: the enhancement
factor obtained in this condition was 7.5 � 1.9 (6.4 � 2.2 if
calculated on the cumulative amount of bevacizumab perme-
ated after 2 h).

Generally speaking, the mechanisms involved in ionto-
phoresis are an increase of passive permeability due to current
application, electroosmosis and electrorepulsion. Current
application could in principle modify scleral permeability.
However, Li et al.[22] found no difference in the permeability
of rabbit sclera in vitro after 20 min of application of a very
high current density (10 mA/cm2). Moreover, experiments
performed in our laboratory on porcine sclera demonstrated
that the application of current for 2 h (anodal, 1.75 mA/cm2)
did not modify scleral permeability toward a 40-KDa dextran
(unpublished data). The lack of enhancement obtained with
cathodal iontophoresis in this work supports the absence of
scleral damage following current application.

Since bevacizumab is substantially neutral (the zeta poten-
tial is slightly negative and very close to zero) and assuming
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Figure 1 Transscleral permeation profiles of bevacizumab. Permea-
tion profiles of bevacizumab (2.67 mg/ml) following anodal
iontophoresis ( ), passive permeation (�) and cathodal iontophoresis
(�). Mean � SD (n � 3).

Table 2 Transscleral permeation parameters of fluorescein
isothiocyanate-bevacizumab

Flux (mg/
cm2 per h)

Permeability
coefficient

(cm/s) ¥ 106

Enhancement
factor

Passive 4.92 � 6.73 0.53 � 0.73 –
Cathodal 3.17 � 3.38 0.34 � 0.36 0.7 � 0.6
Anodal 37.01 � 9.37* 4.02 � 1.02* 7.5 � 1.9

Data are mean � SD. *P < 0.01, significantly different compared with
the passive value.

100 mm 100 mm

Anodal iontophoresisPassive diffusion

Figure 2 Fluorescence microscopy. Sections of human sclera were treated for 30 min with fluorescein isothiocyanate-bevacizumab (2.67 mg/ml) in
passive and iontophoretic (anodal, 2.3 mA) conditions.
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that passive permeability is not altered by iontophoresis, the
only mechanism responsible for the enhancement is electroos-
mosis, a convective solvent flow caused by the application of
electric current on a charged membrane.[23] Human sclera has
an isoelectric point of approximately 3,[21] meaning that at
physiological pH it is negatively charged (probably due to the
presence of sulfate and uronic acid groups in glicosaminogly-
cans). As a consequence, the electroosmotic flow is in the
anode to cathode direction, as was previously demonstrated
using neutral dextrans as markers.[21]

Apparently, the amount of bevacizumab permeated is low
when compared with the most used clinical protocol (intrav-
itreal injection of 1.25 mg of bevacizumab monthly); never-
theless intravitreal injection is intended to deliver a depot dose
for 1 month or more. Due to its non-invasivity and to the
future availability of devices, now in development,[24,25] ionto-
phoretic administration could be applied more frequently and
hence a lower dose could be sufficient. Additionally, recent
data on human volunteers suggest that bevacizumab can be
active at doses as low as 12.5 mg.[26]

The results obtained are encouraging, however, a long time
was necessary for iontophorsesis to achieve a significant
enhancement in drug transport across the tissue (1 h). To have
more information about the kinetics of the process, perme-
ation experiments were also conducted for 30 min and vertical
sections of the sclera were then analysed with a fluorescence
microscope. After passive diffusion, bevacizumab remained
mainly in the more external part of the sclera, filling the
superficial spaces between collagen fibres[11,13] (Figure 2). In
the presence of anodal iontophoresis (Figure 2), a deeper
penetration was evident, confirming the effectiveness of the
technique after 30 min.

It is necessary to consider that the sclera is not the only
barrier involved. In fact, the topically applied drug has to
overcome other barriers both static (choroid, Bruch’s mem-
brane, retinal pigmented epithelium) and dynamic (choroidal
circulation, retinal pigmented epithelium)[27,28] to reach the
posterior segment of the eye. For this reason, it will be nec-
essary to use more complex ex-vivo and in-vivo models to
evaluate the effectiveness of this enhancing technique.

Conclusions

The effect of iontophoresis on the transport of an antibody
through the sclera was studied. The main finding was that
anodal iontophoresis is able to significantly enhance bevaci-
zumab transport through human sclera. Since bevacizumab
zeta potential (a measure of the superficial charge) is close to
zero and the current applied does not alter the passive perme-
ability of the tissue, the mechanism involved is probably
electroosmosis. Due to the relatively constant characteristics
of antibodies, these results can probably be extended to other
molecules of the same family. Limitations should also be
mentioned: the time necessary to obtain a significant enhance-
ment was quite long and therefore optimization of the tech-
nique is necessary. Moreover, the presence, besides the sclera,
of other barriers both static and dynamic requires further
evaluation of the technique on more complex ex-vivo and
in-vivo models.
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