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Proteins and oligonucleotides represent powerful tools for the treatment of several
ocular diseases, affecting both anterior and posterior eye segments. Despite the
potential of these compounds, their administration remains a challenge. The last
years have seen a growing interest for the noninvasive administration of
macromolecular drugs, but still there is only little information of their permeability
across the different ocular barriers. The aim of this work was to evaluate the
permeation of macromolecules of different size, shape, and charge across porcine
ocular tissues such as the isolated sclera, the choroid Bruch's membrane and the
cornea, both intact and de‐epitelialized. Permeants used were two proteins
(albumin and cytochrome C), an oligonucleotide, two dextrans (4 and 40 kDa), and
a monoclonal antibody (bevacizumab). Obtained data and its comparison with the
literature highlight the difficulties in predicting the behavior of macromolecules
based on their physicochemical properties, because the interplay between the



charge, molecular radius, and conformation prevent their analysis separately.
However, the data can be of great help for a rough evaluation of the feasibility of a
noninvasive administration and for building computational models to improve
understanding of the interplay among static, dynamic, and metabolic barriers in the
delivery of macromolecules to the eye.

Keywords
macromolecular drug delivery; in vitro models; passive diffusion/transport;
permeability; proteins; oligonucleotides; diffusion; monoclonal antibody

INTRODUCTION
Macromolecular drugs, such as proteins and oligonucleotides, represent nowadays important

therapeutic tools in the treatment of ocular diseases. For instance, bevacizumab (149 kDa),

ranibizumab (48 kDa), pegaptanib (50 kDa), and aflibercept (115 kDa) are currently in use (approved

or off‐label) for the treatment of neovascularisation in both anterior and posterior segment eye

diseases; CNTF (ciliary neurotrophic factor, 23 kDa) is in clinical trial for the treatment of dry‐AMD

(Phase III) and retinitis pigmentosa (Phase II).1 Several other proteins are under investigation,2, 3 as

well as oligonucleotides and other nucleic acids, as the inhibition of gene expression also represents

a valuable therapeutic option for the treatment of diverse ocular pathologies for both the anterior4 and

posterior segment.5 It is possible to expect that the understanding of the molecular basis of the

pathologies will further increase the number of possible drug candidates in next years.

Drug administration to the eye is a difficult task because of the peculiar structure of this organ and

the presence of static and dynamic barriers protecting the internal tissues. Presently, drug

bioavailability to the anterior chamber after topical application is very limited (lower than 5%) because

of the short residence time of the formulation on the ocular surface and the very low permeability of

the cornea. Cornea consists of an external epithelium, a collagenous layer (stroma), and an internal

endothelium (Fig.  1). The posterior segment of the eye is even more difficult to target: topical

application is not efficient and systemic administration is hindered by the presence of the blood–

retinal barrier. Bioavailability problems related to the posterior segment make the intravitreal injection

the present option for drug administration. However, many studies are ongoing to evaluate the trans‐

scleral route as a possible noninvasive alternative to target the posterior segment. In this case, to

reach the retina, drugs must diffuse across the sclera, choroid, Bruch's membrane, and retinal

pigmented epithelium (RPE) (Fig. 2).



Figure 1 [Query:PE-Q1 to ALL] AU: Please check the presentation of the captions of Figures 1--9 for

correctness. Schematic representation of the barriers involved in the permeation across the
cornea. The outermost layer is the epithelium, followed by a connective tissue (stroma)
and endothelium. The image is not to scale. The thickness reported is relative to porcine
tissues.



Figure 2 Schematic representation of the static barriers involved in trans‐scleral
permeation. The drug have to diffuse first across the sclera (connective tissue), then
across the choroid (vascular tissue) and the Bruch's membrane to reach the RPE, a
pigmented monolayer characterized by tight junctions and representing the outermost
layer of the retina. The image is not to scale. The thickness reported is relative to porcine
tissues. Asterisks indicate choroidal blood vessels, where a dynamic clearance



mechanism is present. The thickness reported is relative to porcine tissues.

Many papers on permeability of ocular barriers toward small drugs have been published, in order

to understand how physicochemical characteristics such as the molecular weight (MW), lipophilicity,

and ionization can impact on the flux.6 Permeability data are of utmost importance as it provides the

basis for the development of in silico models, which are crucial for predicting the rate of drug delivery

to the eye and ocular bioavailability.7-10 One of the problems in the building and validation of in silico

models for macromolecules is the lack of an extensive collection of their permeability data. Such a

collection should be based on data obtained from several laboratories and for macromolecules with a

wide range of physicochemical properties.

The aim of this work was to evaluate the permeation of macromolecules of different size,

conformation, and charge across porcine ocular tissues, in order to collect data of the molecular

characteristics impacting their permeation. In particular, the isolated sclera, the bilayer choroid

Bruch's membrane (CH‐BM), and the cornea will be studied as barriers. As some corneal pathologies

compromise the integrity of the corneal epithelium, permeation across de‐epithelialized cornea will

also be performed. Permeants used will be two model proteins (albumin, 66 kDa and cytochrome C,

12.4 kDa), a model oligonucleotide (7.9 kDa), two dextrans (4 and 40 kDa), and bevacizumab (149

kDa), a monoclonal antibody with the therapeutic rationale. The accumulation of bevacizumab and

oligonucleotide in the cornea and sclera after short application times (30 min) will also be

investigated using fluorescence microscopy. All collected data will be then compared with the

literature and referred to in vivo and in vitro permeation experiments through human and animal

ocular barriers. The availability of this permeability data can be of great help for the development of

accurate pharmacokinetic models, an important prescreening tool to estimate the likelihood of

obtaining therapeutic concentrations at the target site.11

MATERIALS AND METHODS

Materials

4‐(2‐Hydroxyethyl)‐1‐piperazineethanesulfonic acid (HEPES) was purchased from Sigma–Aldrich (St.

Louis, Missouri), as well as bovine serum albumin (BSA), fluorescein isothiocyanate conjugate (FITC‐

BSA, MW 66 kDa), fluorescently labeled dextrans (FD‐4, MW 4 kDa; FD‐40, MW 39 kDa),

cytochrome C (CYTC, MW 12.4 kDa), and melanin from Sepia officinalis [Query:PE-Q1 to ALL] AU: 4-(2-

Hydroxyethyl)-1-piperazineethanesulfonic ... Sepia officinalis. Please check the sentence for correctness. . A 24‐mer single‐

stranded DNA (OLIGO, 5′‐dAdCdC dTdGdG dGdAdC dAdTdC dGdTdT dCdCdA dTdTdC dAdTdA‐



3′, MW 7287.8 Da) synthesized and labeled at the 5′ end with fluorescein at the Centre for Drug

Research, University of Helsinki (Helsinki, Finland). Avastin® (Roche Pharma, Reinach, Switzerland)

[Query:PE-Q1 to ALL] AU: Please check the updated location information of Roche Pharma for correctness.  was used as a

source of bevacizumab (BEVA, MW 149 a). Composition: 25 mg/mL bevacizumab; 60 mg/mL α,α‐

trehalose dihydrate; 0.4 mg/mL polysorbate 20; 5.8 mg/mL sodium phosphate monobasic

monohydrate; 1.2 mg/mL sodium phosphate dibasic anhydrous (pH 6.2).
12

 Bevacizumab

derivatization FITC conjugation occurs through the free amino groups of bevacizumab, forming a

stable thiourea bond.
13

 The derivatization procedure was explained in detail in a previous paper.
14

Briefly, 250 μL of a FITC solution (1 mg/mL) in 0.1 M carbonate/bicarbonate buffer (pH 9) were

added to 1 mL of bevacizumab (5 mg/mL) in 0.1 M carbonate/bicarbonate buffer. The mixture was

incubated at 20 ± 2°C for 2 h protected from light. Then, the labeled bevacizumab was separated

from the free FITC on a Sephadex G‐25M column (Sigma–Aldrich). The concentration of

bevacizumab [Beva(mg/mL)] after conjugation was determined by measuring the absorbance at 280

nm (A280), assuming that the extinction coefficient (  = 1.4) was not altered by conjugation
15

and taking into account the correction factor because of the absorbance of FITC at [Query:PE-Q1 to

ALL] We have moved the ref citation 15 here from equation 1. Please check for correctness. 280 nm (0.35 × A495)
15, 16

:

(1)

Buffer solutions were HEPES-‐‑buffered saline (5.96 g/L HEPES, 9.0 g/L NaCl pH 7.4 with NaOH 5
N) and phosphate-‐‑buffered saline (PBS; 0.19 g/L KH2PO4, 5.98 g/L Na2HPO4•12H2O, 8.8 g/L NaCl
pH 7.4 with H3PO4). All the other chemicals used were of analytical grade.

Tissue Preparation

Fresh porcine eyes were isolated from Landrace e Large White (age 10–11 months, weight 145–190

kg, both female and male animals) and were supplied from a local slaughterhouse (Annoni S.p.A.,

Parma, I). The eyes were kept in PBS at ±4°C until the dissection carried out within 2 h from the

enucleation. In the first step, muscular and connective tissues around the eye‐bulb were completely

removed. The isolation of the cornea was described in a previous paper.
17

 Briefly, the full‐thickness

cornea (epithelium, stroma, and endothelium, C‐FULL), was isolated as a corneo‐scleral button‐

shaped piece, cutting with a scalpel beyond the limbus of bulbs with macroscopically intact cornea.

To obtain de‐epithelialized cornea (C‐DEP), the whole eye bulb was soaked in deionized water at



60°C for 2 min to remove the epithelium. In order to avoid tissue damage during the preparation,

corneal tissues were exposed to air only for a few minutes and once prepared, all samples were kept

into an isotonic solution (0.9% NaCl) until their use that took place within 30 min. In the isolation of

the CH‐BM, starting from a whole eye bulb, the anterior segment was removed, then vitreous and

retina were discarded and the choroid‐Bruch's layer was carefully removed from sclera; both

pigmented (containing melanin) and nonpigmented samples (no melanin) were isolated. Following

the same method, the sclera (SC) and the sclera‐choroid‐Bruch's layer (S‐CH‐BM) were isolated.

Only the equatorial part of the sclera (thickness: 1.25 ± 0.25 mm) was used for the permeation

experiments.

Permeation Experiments

Permeation experiments were performed in glass Franz‐type diffusion cells (Disa, Milan, Italy). In the

case of cornea and CH‐BM samples, the diffusion area was 0.2 cm2, and in the case of the sclera

and the trilayer, the diffusion area was 0.6 cm2. The donor compartment (volume 1 mL) was filled

with 300 μL of solution containing the macromolecule in HEPES buffer, except for bevacizumab,

when PBS buffer was used. Concentrations and experimental conditions are summarized in Table 1.

Different donor concentrations were linked to the diverse sensitivity of analytical methods used and to

the different permeability of the tissues under investigation. In the case of FITC‐bevacizumab, the

postderivatization concentration of 2.5 mg/mL was used in all cases. The receiving phase consisted

of 4 mL of HEPES buffer (PBS in the case of bevacizumab) thermostated at 37°C and stirred with a

magnetic bar. At predetermined times, samples of 300 μL were taken from the receiving

compartment and immediately replaced by an equal volume of fresh buffer. Permeation was followed

for 5 h, unless otherwise indicated. All samples containing fluorescent probes were carefully

protected from light using aluminum foil until analysis.

Table 1 [Query:PE-Q1 to ALL] AU: Please check the presentation of Tables 1 and 2 for correctness. Characteristics of the
Model Molecules Used, Experimental Conditions, and Apparent Permeability Coefficient (Average ±
SD)

Experimental
Conditions Results

Compound MW (kDa)

Stoke's
Radius
(Å) Charge (pH 7.4) Tissue

Donor
Concentration
(mg/mL)

Papp ×

106

(cm/s)

Dextran (FD‐4) 4.4a 14a Neutral ζ: ∼2.68
± 0.56 mV18, 19

C‐FULL 1 0



C‐DEP 1 1.70 ±
0.86

CH‐BM 0.1 12.13 ±
10.04b

SC 0.1 1.08 ±
0.28

24‐mer ssDNA
(OLIGO)

8 20 Negative C‐FULL 1.5 0

C‐DEP 1.5 1.89 ±
0.95

CH‐BM
pigmented

0.025 5.3 ±
5.02c

CH‐BM
not
pigmented

0.025 27.5 ±
5.6c

SC 0.25 1.32 ±
0.87

S‐CH‐BM 0.25 0.41 ±
0.18b

Cytochrome C
(CYT C)

12.4 17.8–
20.120

Positive (+9 at
pH 8)

C‐FULL 70 0

C‐DEP 70 3.17 ±
0.71

CH‐BM 0.521 13.5d21

SC 1021 2.16 ±
0.4921

Dextran (FD‐40) 39a 45a Neutral ζ: −2.68
± 0.56 mV18, 19

C‐FULL 2 0

C‐DEP 2 0.097 ±
0.083

CH‐BM 0.5 6.82 ±
3.42b

SC 0.522 0.27 ±
0.1122

Bovine serum
albumin (FITC‐
BSA)

67 36 Negative ζ: −23
mV23

C‐FULL 2 0

C‐DEP 2 0.77 ±
0.04



CH‐BM 0.1 11.7 ±
2.2b

SC 2 0.18 ±
0.12

Bevacizumab
(FITC‐BEVA)

149 55 Neutral ζ: −3.32
± 0.87 mV14

C‐FULL 2.5 0

C‐DEP 2.5 0

CH‐BM
pigmented

2.5 3.47 ±
0.82b

SC 2.5 0.05 ±
0.07
μge

aFrom suppliers.
bAverage of pigmented and not pigmented (p > 0.05).
cExperiment time 2 h.
dDifferences in lag‐time: 80 min for pigmented, whereas no lag‐time for not pigmented.
eAmount permeated after 5 h. Permeability coefficient is not calculable as the steady state was not reached.
C‐FULL, full‐thickness cornea (epithelium, stroma, and endothelium); C‐DEP, de‐epithelialized cornea; CH‐BM,
choroid‐Bruch's membrane bilayer; SC, sclera; S‐CH‐BM, sclera‐choroid‐Bruch's membrane trilayer.

All the conditions were tested three to four times, with the exception of oligonucleotide permeation

across the sclera (n = 13) and across S‐CH‐BM (n = 8).

Analytical Methods

All fluorescent permeants were analyzed without any preliminary separation with fluorescence

multilabel plate reader (Viktor3 1420; Wallac or Cary Eclipse, Varian; λex 485 nm, λem 535 nm).

Cytochrome C was analyzed with a HPLC/UV system (Flexar, Perkin‐Elmer, Norwalk, Connecticut)

with a 150 × 4.6 mm2 column packed with 5 μm C18 silica reversed‐phase particles (Phenomenex,

LePecq, France) and equipped with a security guard column (Security Widepore). The mobile phase

A (aqueous) was 0.1% TFA (trifluoroacetic acid) in a mixture of distilled water and CH3CN (95:5 vol

%), whereas the phase B (organic) was 0.1% TFA in CH3CN. The flow rate was 1.6 mL/min. The LC

gradient program [time (min)/% mobile phase B] was set to 0.01/25, 6/55, 9/55, 9.1/25, and 12/25.

Temperature was kept at 40°C and the absorption was monitored at 214 nm. The injection volume

was 100 μL. The retention time of cytochrome C was approximately 4 min. Linearity was obtained in

the concentration range of 5–500 μg/mL; RSD% (relative standard deviation%) and ER% (relative

error%) were lower than 15%. The LOD (limit of detection) and the LLOQ (lower limit of



quantification) were 2.5 and 5 μg/mL, respectively.

Fluorescence Microscopy

In order to evaluate the distribution of macromolecules inside the tissues after 30 min of permeation

experiments, porcine cornea and sclera were frozen in liquid nitrogen. The samples were then

immersed in Killik frozen section medium (Bio‐Optica, Milan, Italy) and sectioned in 8‐μm thick slices

with a rotary cryomicrotome (Reichert‐Jung Frigocut 2700, Nussloch, Germany). Sections were

rinsed in PBS, mounted on polylysine precoated microscope slide and covered with the coverslips,

previously coated with a fluorescence mounting medium (PBS:glycerol = 50:50). Tissues were

analyzed with an optical microscope equipped with a fluorescence filter Nikon Eclipse 80i (λex 465

nm; λem 495 nm). Images were taken with a Nikon Digital Sight DS‐2mV camera (Nikon Instruments,

Calenzano, Italy) using NIS Elements F software (Nikon Instruments) and analyzed with ImageJ

Software.24

Data Processing

Permeated amount (μg/cm2) is presented as a function of time (min). The transmembrane flux of

macromolecules (J, μg/cm2 min) is calculated from the slope of the regression line at steady state,

and the apparent permeability coefficient (Papp, cm/s) is calculated at the steady state as:

(2)

where CD (μg/mL) is the concentration of the donor solution. The lag-‐‑time (min) was determined
from the intercept on the x-‐‑axis of the regression line at steady state. Blank experiments were
conducted to exclude the presence of any interference from the tissue.

Statistical Analysis

Results in Tables 1 and 2 are expressed as mean value ± SD. For the sake of clarity, in the figures,

the standard error of the mean (SEM) is reported instead of SD.

Table 2 Trans‐Scleral Permeability Coefficient of Macromolecules

Proteins

Molecules Tested
MW
(kDa)

Radius
(Å)a

P × 106

(cm/s) Sclerab
Sclera Thickness
(μm) Reference

Insulin 5.7 11.3–20 1.93 ± 0.32 H 590 25



Insulin 5.7 11.3–20 0.85 ± 0.48 P 1250 25

Cytochrome C 12.4 20 2.16 ± 0.49 P 1250 21

Basic fibroblast growth
factor

16 30 0.012 ±
0.0077

H – 26

Fluorescein–ovalbumin 45 30.5 0.77 P 810 27

Ranibizumab 48 42 0.85c H 600–1000 28

HSA 69 34 0.06–0.15 B 1000 29

FITC‐BSA 70 36 2.38 ± 0.45 H 600 ± 49 30

FITC‐BSA 70 36 0.83 ± 0.5 H 810 ± 280 31

BSA 68 36 4.0c H – 32

FITC‐BSA 66 54 0.90 ± 0.50 H 600–1000 28

FITC‐BSA 70 33 4.15 P 850d 19

FITC‐BSA 67 36 0.18 ± 0.12 P 1250 This work

FITC‐BSA 67 36 5.49 ± 2.12 R 416 ± 21 33

FITC‐BSA 67 36 6.8 R – 34

Hemoglobin 65 27 0.11–0.47 B 1000 29

FITC‐IgG 150 55 4.61 ± 2.17 R 416 ± 21 33

FITC‐bevacizumab 149 55 0.53 ± 0.73 H 600 ± 70 14

Bevacizumab 149 55 0.8c H – 32

Bevacizumab 149 63 0.29 ± 0.14 H 600–1000 28

FITC‐bevacizumab 149 63 0.05 ± 0.07
μge

P 1250 This work

Single‐Stranded Oligonucleotides

Molecules Tested MW
(kDa)

Radius
(Å)a

P×106

(cm/s)
Sclerab Sclera

Thickness (μm)
Reference

Fluorescein‐12‐mer 4 – 0.09 ± 0.02 B – 9

Fluorescein‐12‐mer 4 – 0.75 B – 35

Fluorescein‐24‐mer 8 – 0.77 ± 0.18 H – 36

Fluorescein‐24‐mer 8 – 1.32 ± 0.87 P 1250 This work

Fluorescein‐24‐mer 8 – 0.19 ± 0.01 B – 9

Fluorescein‐24‐mer 8 – 0.85 B – 35

Fluorescein‐36‐mer 12 – 0.17 ± 0.05 B – 9

Fluorescein‐36‐mer 12 – 0.63 B – 35

Other Macromolecules



Molecules Tested MW

(kDa)

Radius

(Å)
a

P × 10
6

(cm/s)

Sclera
b Sclera

Thickness (μm)

Reference

Inulin 5 14 9.0 ± 2.2 H 610 ± 90 37

Inulin 5 14 1.0–1.97 B 1000 29

Inulin 5 14 2.54 ± 0.35 R ‐ 38

FITC‐dextran 4000 4 14 8.87
c H – 32

FITC‐dextran 4000 4.4 14 2.67 ± 0.07 P 1250 39

FITC‐dextran 4000 4.4 14 1.08 ± 0.28 P 1250 This work

FITC‐dextran 4000 4.3 14 0.71 ± 0.09 B – 9

FITC‐dextran 4000 4.4 14 25.2 ± 5.1 R 416 ± 21 33

Radiolabeled dextran

10000

10 23 6.4 ± 1.7 H 610 ± 90 37

Rhodamine‐dextran

10000

10 – 1.5 H – 40

Table 2 continued.

Proteins

Molecules Tested

MW

(kDa)

Radius

(Å)
a

P × 10
6

(cm/s) Sclera
b

Sclera

Thickness (μm) Reference

FITC‐dextran 10000 9.5 23 0.38 ±

0.06

B – 9

FITC‐dextran 10000 10 23 0.5 B – 41

Fluorescein‐dextran 10000 10 23 4.5 ± 2.2 R 440 ± 90 42

Tetramethylrhodamine‐

dextran 10000

10 30 0.7 ± 0.35 H – 26

FITC‐dextran 20000 20.0 32 2.25
c H – 32

FITC‐dextran 20000 20 52 0.34
c H 600–1000 28

FITC‐dextran 20000 20.2 32 0.38 ±

0.18

B – 9

FITC‐dextran 20000 16.9 32 6.79 ±

4.18

R 416 ± 21 33

Radiolabeled dextran 40000 40 45 4.9 ± 2.4 H 610 ± 90 37

Rhodamine‐dextran 40000 40 – 0.7 H – 40

FITC‐dextran 40000 40 66 0.32
c H 600–1000 28

FITC‐dextran 40000 39 45 0.35 ± P 1250 39



0.12

Dextran 40000 38 45 0.26 ±

0.04

B – 9

FITC‐dextran 40000 38.9 45 2.79 ±

1.58

R 416 ± 21 33

Fluorescein‐dextran 40000 40 45 2.2 ± 0.6 R 440 ± 90 42

Polystyrene sulfonic acid 67 69 2.9
c H – 32

Radiolabeled dextran 70000 70 60 1.9 ± 0.4 H 610 ± 90 37

Rhodamine‐dextran 70000 70 – 0.4 H – 40

FITC‐dextran 70000 70 60 0.082 ±

0.012

H 600 ± 49 30

FITC‐dextran 70000 70 54 1.86 ±

0.96

P 850
d 19

Positive FITC‐dextran 70000 70 54 2.44 ±

1.29

P 850
d 19

Negative FITC‐dextran 70000 70 54 0.79 ±

0.22

P 850
d 19

FITC‐dextran 70000 77 60 0.10 ±

0.06

B – 9

FITC‐dextran 70000 71.2 60 1.39 ±

0.88

R 416 ± 21 33

Fluorescein‐dextran 70000 70 60 2.6 ± 1.3 R 440 ± 90 42

Rhodamine dextran 70000 70 60 1.35 ±

0.77

R 416 ± 21 33

FITC‐Ficoll 70000 70 72 1
c H 600–1000 28

FITC‐Ficoll 70000 70 34 1.37 ±

0.54

P 850
d 19

Positive FITC‐Ficoll 70000 70 34 0.62 ±

0.27

P 850
d 19

Negative FITC‐Ficoll 70000 70 34 6.81 ±

2.46

P 850
d 19

FITC‐dextran 150000 150 85 0.097 ±

0.022

H 600 ± 49 30

FITC‐dextran 150000 120 85 0.48 ±

0.06

H 590 39

FITC‐dextran 150000 150 90 0.8
c H 600–1000 28

FITC‐dextran 150000 120 85 0.16 ±

0.07

P 1250 39



FITC‐dextran 150000 150 85 1.34 ±
0.88

R 416 ± 21 33

aDiscrepancy among the values of the same macromolecule can be ascribed to different determination
methods.
bH, human; P, porcine; B, bovine; R, rabbit.
cApproximative value estimated/calculated from figures and experimental details.
dAverage value, calculated from permeability coefficient and diffusion coefficient as reported in the reference
paper.
eAmount permeated after 5 h. Permeability coefficient is not calculable as the steady state was not reached.

The difference between values was assessed using either one‐way ANOVA (Kaleidagraph 4.01

software) followed by Bonferroni test or Student's t‐test and considered statistically significant when p

< 0.05.

RESULTS AND DISCUSSION
The properties of a macromolecular drug depend upon its structure and MW. These factors influence

molecular radius, shape, and isoelectric point that, in turn, can impact on the interaction with

extracellular matrix and connective fibers constituting the tissues. In the end, these properties can

influence their partition, accumulation, and permeation characteristics and thus their bioavailability

after ocular application. In this paper, six macromolecules are investigated: an oligonucleotide, two

proteins, an antibody, and two high MW neutral dextrans, providing a variety of physicochemical

properties. The characteristics of the molecules selected are reported in Table  1. The molecular

radius reported is the hydrodynamic (or Stoke's) radius that equals to the radius of a sphere diffusing

at the same rate in an aqueous solution. Stoke's radius is appropriate in the case of globular proteins

(albumin, cytochrome, and bevacizumab), whereas in the case of oligonucleotides or dextrans, it is

less pertinent, as they have a more flexible structure and a higher deformability.18 Oligonucleotides

probably have a worm‐like structures and dextrans are random coil extended polymers with

asymmetric configurations. Both molecules can change their conformation and diffusivity with the

ionic strength and concentration.43, 44 Finally, dextrans and bevacizumab are neutral molecule,

whereas oligonucleotides and cytochrome are examples of negatively and positively charged

macromolecules.

Table 1 shows the relevant permeation parameters obtained in this work.

Trans‐Scleral Permeability

There are several static and dynamic barriers to trans‐scleral administration. Figure  2 represents

schematically the static barriers to the permeation. The dynamic barriers will be described in Other



Barriers to the Posterior Eye Segment. The outermost barrier that a drug has to cross is the sclera.

The diffusion of macromolecules across the sclera has been previously reviewed6, 45 but a

comprehensive report of permeability data is still lacking. Here, we present Table 2 where, as far as

we know, the existing permeation data of oligonucleotides, proteins, dextrans, and other

macromolecules such as ficolls, polystyrene sulfonic acid, and inulin have been collected. This data

is also shown in Figure  3 as a function of the MW (Fig.  3a) and molecular radius (Fig.  3b).

Apparently, as also reported by other authors, the Stoke's radius is a better predictor of the

permeability than the MW, although the correlation between the permeability and molecular radius is

still very poor. Only a slight decreasing trend can be seen and the data variability is very large. The

source of variability can lie both in the source of sclera and in the characteristics of the

macromolecules that, although having the same Stoke's radius, can differ in charge, shape, and

conformability/flexibility.



Figure 3 Permeability coefficient of the molecules tested as a function of the MW (a) and
molecular radius (b). Proteins are represented by full circles ( ● ), neutral dextrans by
open circles (○), oligonucleotides by crosses (Í), and the remaining molecules by open
triangles (∆). Permeability coefficient and molecular radius are taken from Table 2. When
different radii were reported for the same molecules, the most represented value was
used. In case of oligonucleotides, molecular radius of 14 (12‐mer), 20 (24‐mer), and 24
(36‐mer) were used.

To check the role of the sclera thickness, we have collected all the available data for albumin

(human and BSA, both FITC conjugated and nonconjugated) and reported it in Figure 4 as a function

of the inverse of the sclera thickness. As can be seen, a linear correlation is obtained (R2 = 0.78),

suggesting that differences between animal models can be at least in part because of the different



tissue thickness (rodent/murine < human < porcine < bovine), in agreement with the Fick's law:

(3)

where J (μg/cm2 s) is the trans-‐‑scleral flux, dM/dt (μg/s) is the permeation rate, A (cm2) is the
permeation area, Cd (μg/mL) is the concentration of the molecule in the donor solution, K is the
sclera/vehicle partition coefficient, D (cm2/s) is the diffusion coefficient, and h (cm) is the diffusion
path length.

Figure 4 Permeability coefficient of albumin across the sclera as a function of the
inverse of the scleral thickness; data are taken from Table 2. When the sclera thickness
was not reported, a thickness of 400 μm (rabbit), 600 μm (human), and 1250 μm
(porcine and bovine) was used for the calculation.

Yet, also after thickness normalization (i.e., calculation of DK), still a 20‐fold difference in the

permeability coefficient of albumin exists. This could be attributed to differences in the organization of

collagen fibers that impact on its tortuosity and thus on the diffusion path length. Because the

porosity of sclera is rather high, its thickness matches rather well with the diffusion path length of

small solutes, whereas macromolecules cannot pass all the smallest pores but have to find a

tortuous path for penetration. Finally, it is important to notice that the duration of an experiment can



also influence the measured permeability coefficient, as demonstrated by Wen et al.
46

 using small‐

sized drugs.

Concerning the role of the macromolecular characteristics on the trans‐scleral permeability, very

little data are available in the literature. To elucidate the role of the molecular radius more closely,

only neutral dextrans were selected under study. Dextrans are polysaccarides composed of glucose

monomers and have the same structure, zeta potential, and molecular conformation, differing only in

their molecular radius. In Figure 5, their permeability versus inverse of radii is shown, in agreement

with the Stoke–Einstein equation. Again, the difference between the different animal models is

evident, also after the normalization of the tissue thickness.

Figure 5 Permeability coefficient of neutral dextrans multiplied by the sclera thickness as

a function of the inverse of molecular radius (1/r; A−1
) (data from Table  2). When the

sclera thickness was not reported, a thickness of 400 μm (rabbit), 600 μm (human), and

1250 μm (porcine and bovine) was used for the calculation. Different symbols refer to the

different source of sclera used; bovine (open circles, ○), rabbit (open squares, c), porcine

(crossed squares), human (open triangle ∆). Full circles (●) indicate the average value.

In addition to the molecular radius, shape, charge, and conformation can also have a role.

Recently, Wen et al.
28

 compared proteins and dextrans and found that dextrans had a higher

normalized permeability across the sclera (permeation coefficient normalized by the aqueous

diffusion coefficient) as compared with proteins of comparable MW, probably because of higher

structure flexibility, analogously to reports of diffusion of proteins, and polysaccharides across other

porous membranes. On the contrary, Srikantha et al.
19

 reported slower diffusion of neutral dextran



and neutral Ficoll compared with that of albumin.

Another molecular feature that has an impact on the trans‐scleral permeability is the charge. The

role of the charge is still controversial even in case of low MW compounds. Some authors suggest

that the sclera is more permeable to negatively charged molecules,
29, 47

 whereas others report that

positively charged molecules partition and cross the sclera more easily.
46, 48

 Ranta et al.
9
 studied the

permeability of oligonucleotides (4–12 kDa) across bovine sclera and found values lower than those

obtained with both dextrans and proteins of similar molecular radii. This was explained by the

negatively charged polymers such as hyaluronic acid and GAGs in the sclera preventing the

partitioning of negatively charged molecules because of charge repulsion.
49, 50

 However, in the

present paper, the permeation of the oligonucleotide is reasonably in‐line with its size, whereas

cytochrome C (positively charged) permeation resulted in a significantly higher permeability

coefficient (Table 1).

The analysis of the data in Table 2 does not permit to draw conclusions of the effect of the charge

on the permeability of macromolecules, also because differences in the charge often follow

differences in the shape and conformation. In this regard, Srikantha et al.
19

 studied macromolecules

diffusion across the sclera using neutral, cationic, and anionic Ficoll and dextrans with MW of 70 kDa.

Their results indicate that a charge have a different impact on the permeability, depending on the

structure of the molecules, suggesting that a charge can have an indirect effect because of a change

in the molecular conformation. Another reason that makes the evaluation of the role of the charge on

the permeability difficult is that, because of ion binding, the charge number of a macromolecule in the

solution is different from that calculated from its pKa value. For example, the charge number of

cytochrome C at pH 8.25 and in 0.15 M NaCl has been measured to be as low as +1.4
51

 and that of

BSA −2.3 (0.01 M NaCl, pH 6.4–6.8).
52

 Hence, the comparison of data from various sources is rather

difficult.

Finally, both negative and positive compounds can interact with the sclera. Drug adsorption on

connective tissues has been demonstrated with streaming potential measurements using molecules

of different charge and MW.
53, 54

 Also, neutral molecules could in principle interact with the sclera via

nonionic interactions and specific binding sites: it has been found, for instance, that sclera contains

binding sites for insulin and for insulin‐like growth factor‐1.
55

 Additionally, recent data suggest that

more than the net charge of a protein, its electrostatic potential distribution (and in particular the

presence/absence of regions of high and low charge distribution as well as the presence of

hydrophobic regions) is responsible for the interaction with the transport pathway.
56

 It is also



important to underline that scleral binding can have different effect on drug delivery: on one hand, it

can hinder drug diffusion, on the other hand, it can create a drug reservoir into the tissue that permits

to obtain a sustained release, as demonstrated with both high22 and low57 MW compounds.

Permeability Across the CH‐BM

The choroid is a vascular layer composed of capillaries and supported by the Bruch's membrane, a

connective membrane of 2–4 μm thickness, forming the main barrier to permeation across the

choroid‐Bruch's bilayer.58-60 Permeability data of macromolecules in this layer is very scarce and,

until now, has merely been performed to evaluate the translocation of nutrients and waste products

across the Bruch's membrane. Yet, the permeability found is relatively high. Human serum proteins

(MW 39–211 kDa) are able to cross human choroid‐Bruch's layer in vitro,61 as well as FITC–dextrans

(MW 4.4–500 kDa)58 or even fluorescently labeled low‐density lipoproteins (MW: 2400–3900 kDa;

size 19–23 nm).62 The permeability data obtained in this work (Table  1) highlight that no trend

regarding the charge or size is observable. Only bevacizumab shows a significantly lower

permeation, probably as a consequence of the much higher MW and radius.

In addition to the barrier properties of the Bruch's membrane, also the presence of melanin should

be considered. In fact, the amount of melanin is quite high in the choroid and it is known to bind

several drugs, hampering their transport to the retina.63 This has an effect on both the permeability

coefficient and/or on the lag time. In the literature, very little data of the interaction between

macromolecules such as proteins and gene materials and melanin is available. Pitkänen et al.64

found that 21‐mer or 10‐mer phosphodiester oligonucleotides did not bind either synthetic melanin or

melanin isolated from bovine eyes. On the contrary, the affinity of cytochrome C to porcine melanin

inside the choroid was demonstrated by in vitro binding studies and confirmed by permeation

experiments.21

In the present work, an attempt to perform binding studies with isolated melanin from Sepia

officinalis and 24‐mer oligonucleotide, albumin, and bevacizumab was carried out, but because of

analytical interferences, conclusions could not be drawn [Query:PE-Q1 to ALL] AU: In the present ... drawn. Please

check the sentence for the correctness of the changes made. . However, appreciable results were obtained with the

permeation experiments performed through pigmented and not‐pigmented isolated CH‐BM. In the

case of BSA and bevacizumab, the presence of melanin in the tissue did not change the permeability

coefficient (Table 1), whereas in case of oligonucleotide, the flux across the nonpigmented tissue

was higher than that of the pigmented tissue (Fig. 6), suggesting an interaction of the oligonucleotide



with melanin or melanosomes. The calculated permeability coefficients (Table  1) also show a

statistical difference (p = 0.003).

Figure 6 Permeation profiles of 24‐mer oligonucleotide across pigmented (full circle, n =

3) and not pigmented (void circle, n = 4) choroid‐Bruch's membrane. The donor

concentration was 25 μg/mL. Data are reported as mean ± SEM. The pictures illustrate

the choroid‐Bruch's membrane with and without melanin mounted on the inferior

chamber of a vertical diffusion cell (on the top of each image, vertical view). (Pictures are

taken from supplementary data of Pescina et al.65 with permission from …) [Query:PE-Q1 to

ALL] AU: Please provide the name of the publisher of Ref. 81 in the '...' in the caption of Figure 6. .

Despite the relatively high permeability of choroid and despite its thinness, it is interesting to note

that the permeability of the oligonucleotide across the trilayer (S‐CH‐BM) is significantly lower (p <

0.05) than that across the isolated sclera (Fig.  7). The calculation of the permeability of the

membrane by summing the resistivities (1/Ptrilayer = 1/Psclera+ 1/PCH‐BM) results in discrepancy with

the values measured directly for the multilayer, (0.35 ± 0.06) × 10
−6

 cm/s being the experimental

value (with pigmented choroid; Fig. 7) and 1.05 × 10
−6

 cm/s the calculated value (with pigmented

choroid, data from Table  1). This discrepancy could be attributed to the fact that a trilayer takes

longer time to reach the steady state.



Figure 7 Permeations profiles of a 24‐mer ssDNA through porcine sclera (full square, n
= 13), trilayer having pigmented choroid (full triangle, n = 8), trilayer having not
pigmented choroid (void triangle, n = 4). In all cases, donor concentration was 250
μg/mL and permeation area corresponded to 0.6 cm2. Data are reported as mean ±
SEM.

Permeability Across the Cornea

As expected, none of the macromolecules tested was able to cross the full‐thickness cornea in 5 h.

The low permeability of corneal epithelium is because of tight junctions that restrict drug diffusion

through the paracellular pathway (cut‐off 10 Å6), limiting the permeation of high MW hydrophilic

compounds. Experimental data were corroborated with fluorescence microscopy images shown in

Figure 8 and referred to diffusion for 30 min of fluorescently labeled oligonucleotide or bevacizumab

in porcine full‐thickness cornea (Figs.  8a and 8d), de‐epithelialized cornea (Figs.  8b and 8e), and

sclera (Figs.  8c and 8f). Because of the high MW and hydrophilicity, both the oligonucleotide and

bevacizumab were completely retained by the outer layers of the corneal epithelium, as clearly

shown in the fluorescence microscopy (Figs. 8a and 8d).



Figure 8 Fluorescence microscopy after 30 min of permeation through full‐thickness

(upper panels) and de‐epithelialized (middle panels) porcine cornea and equatorial

region of porcine sclera (bottom panels). Images are referred to oligonucleotide (a–c)

and bevacizumab (d–f). (Scale bar, 100 μm).

However, macromolecules and even antibodies are administered topically to treat corneal

neovascularisation or other corneal diseases efficiently. For example, bevacizumab for corneal

neovascularisation,
66

 infliximab for ocular surface scarring,
67

 and antisense oligonucleotide for the

prevention of cornea graft rejection
68

 can be mentioned. The reason for their efficacy is linked to the

increased permeability of the corneal epithelium induced by the diseases or by corneal transplant,

favoring drug diffusion to the underlying tissues. Therefore, the permeability of the model molecules

was also evaluated across de‐epithelized cornea, which was chosen as a model of damaged tissue.



The relevant permeability parameters obtained are given in Table 1. An illustrative permeation profile

of an oligonucleotide is shown in Figure 9.

Figure 9 Permeation profiles of 24‐mer oligonucleotide across full‐thickness (full circle, n
= 3) and de‐epithelialized porcine cornea (full square, n = 3), starting from a 1.5‐mg/mL
donor solution. (Mean ± SEM).

For molecules with a radius equal or lower than 35 Å, the permeability of the bilayer stroma‐

endothelium is comparable with the permeability of the sclera, in agreement with the literature data

for small molecules.6 Trans‐scleral permeation of drugs is comparable to the diffusion into the

corresponding stromal water pores.38 In the case of bevacizumab, on the contrary, substantial

differences can be seen between the two tissues. Although no permeation was observed across the

de‐epitelialized cornea in 5 h, trans‐scleral permeation was observed, although the sclera was thicker

than the de‐epitelialized cornea (∼1.2 mm vs. 0.8 mm).

Permeation data were confirmed by fluorescence microscopy. As shown in Figure 8, the diffusion

of oligonucleotide was hindered neither by corneal stroma (Fig. 8b), nor by sclera (Fig. 8c). Although

the permeability coefficients through the two tissues are similar (Table 1), a deeper fluorescent front

is seen in stroma than in sclera.

The fluorescent images taken after 30 min of permeation of bevacizumab confirm its different

diffusion rate in the two tissues (Figs. 8e and 8f): depths of bevacizumab diffusion front, measured

with ImageJ Software, were 64.4 ± 10 and 151.4 ± 15 μm, for stroma and sclera, respectively. This

difference can be related to the different tissue structure. It is known that stroma and sclera have a



similar composition in terms of water content and collagen type but different fibrils diameter and

arrangement
69

 that can lead to different tissue porosity. We can hypothesize that the different

porosity between sclera and corneal stroma do not influence the permeability of molecules with a

radius up to 45 Å, but can have an impact on antibodies permeation (radius: 65 Å).

Our data are in agreement with in vivo experiments in which bevacizumab, topically applied on

intact cornea of healthy mice, was not able to reach the stroma even after 7 days of treatment.
66

 In

the case of complete epithelium removal, bevacizumab crossed the whole thickness of the stroma in

6 h.
66

 Finally, using a mouse model of corneal neovascularisation, because of the inflammation and

the loss of integrity, IgG was detectable in stroma after 48 h from the beginning of the application.
66

Another in vivo data supporting substantial lack of penetration across intact cornea was reported by

Berdugo et al.
70

: a fluorescent 15‐mer ODN (MW 5.2 kDa) applied in vivo on the rat cornea was not

able to entirely cross the tissue and was detectable only into the outermost epithelial layers.

In vitro data on the permeability of macromolecules across the cornea are not abundant and are

often conflicting. In general, discrepancies in the permeability of these molecules in the cornea can

be attributed to the different source of the tissue (human, porcine, rabbit) and different experimental

conditions, such as the duration of permeation experiments, the concentration of the permeant in the

donor solution, and the sensitivity of the analytical method.

The diffusion of single‐chain variable fragments (scFv) was studied in vitro through full‐thickness

porcine cornea. All permeants were detected into receiving chamber after 7 h, and the same result

was observed with a 48‐kDa Fab.
71

 Similar results were obtained with ESBA105 (both native and

fluorescently labeled), a 26.3‐kDa scFv antibody having anti‐TNF‐α activity, across intact rabbit

cornea,
72

 and with a scFv (28 kDa) and a miniantibody (67 kDa) across porcine cornea.
73

 The ability

to cross the full‐thickness human cornea was recently demonstrated for myoglobin (16.7 kDa) and

BSA (66 kDa).
74

 On the contrary, even in 10 h, IgG antibodies did not penetrate porcine full‐

thickness cornea
71

 or de‐epithelialized cornea.
73

 Concerning linear dextrans, different authors have

demonstrated passive diffusion of FD‐4 through rabbit full‐thickness cornea in vitro with the

permeability coefficient of 0.4 × 10
−775

 and 0.25 × 10
−8

 cm/s.
76

 FD‐4 permeation was significantly

increased with chemical enhancers.
75

Other Barriers to the Posterior Eye Segment

It is important to underline that beyond the static barriers studied in this paper, dynamic barriers are

also present in vivo and can hinder drug transport to the target. In the case of the treatment of



anterior segment diseases, it seems that the main clearance mechanism (beyond lacrimation and

spillage) is represented by the conjunctival blood and lymphatic flows.

When the posterior segment is the target of the therapy, the choroidal circulation can be an

important obstacle. In fact, once the drug has crossed the sclera, it can in principle enter the

fenestrated capillaries of the choroidal circulation and be removed. However, this mechanism should

impact less on macromolecules than on small drugs. In fact, the fenestrations (80–100 nm) present in

the choroidal capillaries are covered (shelted/overlied) by radially oriented fibers77 that reduce the

size of the gap and probably limit the clearance of macromolecules.9, 78 Similarly, Kim et al.79

showed that although dynamic clearance mechanisms significantly reduced the subconjunctival

concentration of a small drug (half‐life: 22 min), the clearance rate for albumin was much slower

(half‐life: 5.3 h) and was comparable in in vivo and postmortem experiments. This suggests that

dynamic barriers have a limited effect on the ocular clearance of large molecules.

Also, the retinal pigment epithelium, a monolayer of cells anchored on Bruch's membrane and

connected with tight junctions, can hinder drug diffusion to the retina. Nonetheless, cultured RPE

monolayers are permeable to inulin and horseradish peroxidase (35 kDa)80 and ex vivo bovine RPE‐

choroid is permeable toward dextran with MW up to 80 kDa.81 Finally, Amaral et al.27 demonstrated

both ex vivo and in vivo (on rats) the permeability of PEDF [Query:PE-Q1 to ALL] AU: Please replace PEDF with its

full form.  and ovalbumin across RPE.

CONCLUSIONS
Macromolecular drugs, such as proteins and oligonucleotides, represent today important therapeutic

tools in the treatment of ocular diseases, and the understanding of the molecular basis of the

pathologies will further increase the number of possible drug candidate in the next years. As the

noninvasive ocular administration of drug is a timely topic, the knowledge and the understanding of

macromolecules permeability across ocular barriers is of utmost importance to be able to evaluate

the feasibility of a noninvasive administration.

In the present paper, the permeability of macromolecules of different MW, charge, and

conformability has been evaluated across different ocular tissues and the results have been

completed with an update of literature data. From the data here presented, it is evident that it is

difficult to predict macromolecules behavior based on their physicochemical properties, mainly

because—opposite to small molecules—there is an interplay among charge, molecular radius, and

conformation, that prevent to analyze them separately. However, the information here presented can



be of great help for a rough evaluation of the feasibility of a noninvasive administration to the anterior

and posterior segment of the eye and to build computational models in order to improve

understanding of the interplay among static, dynamic, and metabolic barriers in the delivery of

macromolecules to the eye.
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