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Background: Extracellular vesicles (EVs) are capable of manipulating cellular functions for
the maintenance of biological homeostasis and disease progression, such as in glaucoma
disease. These nano-particles carry a net negative surface charge under physiological condi-
tions that can contribute to EVs:EVs interaction and their uptake by target cells.

Purpose: To investigate the effect of glaucoma drugs on EVs physicochemical characters
and the implications for their uptake by trabecular meshwork (TM) cells.

Methods: TM or non-pigmented ciliary epithelium (NPCE) cells derived EVs were incu-
bated with commercial anti-glaucoma formulation, Timolol maleate, Brinzolamide or
Benzalkonium Cl and their size and zeta potential (ZP) and physical interactions of EVs
derived from NPCE cells and TM cells were evaluated. The contribution of EVs interactions
to up-take by TM cells was examined using fluorescence-activated cell sorting.

Results: EVs size and ZP were affected by the ionic strength of the buffer rather than EVs
type. Commercial glaucoma eye drops, including B-blocker, a-2-agonist and prostaglandin
analogs, reduced NPCE EVs ZP, whereas exposure of EVs to carbonic anhydrase inhibitor
caused an increase in the ZP. A correlation was found between increased ZP values and
increased NPCE EVs uptake by TM cells. We were able to show that Benzalkonium chloride
stands behind this ZP effect and not Timolol or Brinzolamide.

Conclusion: Altogether, our findings demonstrate that EVs size, surface membrane charge,
and ionic strength of the surrounding have an impact on EVs:EVs interactions, which affect
the uptake of NPCE EVs by TM cells.

Keywords: extracellular vesicles, trabecular meshwork, non-pigmented ciliary epithelium,
primary open-angle glaucoma, zeta potential, ionic strength

Introduction
Eukaryotic and prokaryotic cells secrete a range of Extracellular Vesicles (EVs) of
different sizes and content, among these are exosomes.' Exosomes are small lipid
bi-layer membranous vesicles sized 40—150 nm that allow exchange of nucleotides,
proteins and lipids between cells. These extracellular nano-vesicles mediate cellular
processes, including intracellular signaling. Such communication is not only essen-
tial for multicellular organisms but also is being increasingly recognized to play
a role in the pathogenesis of diseases.” Although in various works the use of the
term “exosomes” is common we will use the term EVs, throughout the article.’
EVs can be characterized according to their physical properties, as size, con-
centration and surface charge, by applying several techniques®® that are used for
size and concentration determination. The surface charge of EVs is reflected by the
zeta potential (ZP).° The ZP of disperse systems is a measure of charge stability and
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affects all particle—particle interactions'® and particle—
medium interactions, including the tendency of the parti-
cles to aggregate.!" A higher absolute ZP results in greater
electrostatic repulsions between particles and minimizes
their tendency for aggregates formation. EVs with ZP
between —20 mV and +20 mV tend to aggregate. In this
context, differences in size and ZP values have been
reported for characterized EVs derived from different
body fluids,>12"14 15,16

Therefore, ZP is a useful tool to investigate the collective

tissues and cell cultures.'’
behavior of EVs in dispersed systems that allows studying
the activity of EVs in biological processes. For example,
the surface charge is known to influence various biological
processes associated with EVs, such as cellular uptake.'®
Like the plasma membrane of cells, EVs acquire
a negative surface electrical charge when brought into
contact with a hydrophilic buffer, phosphate-buffered sal-
ine (PBS), for instance. This means that a cluster induction
of EVs by the elution buffer can take place.'® This data
should be taken in consideration, since the stability and
ability of EVs to deliver signals depend on the ZP of the
EVs, the vehicle pH, EVs concentration and on the ionic
strength of the surrounding fluid that may be affected by
disease condition and drugs treatments.

EVs are important constituents of the aqueous humor
(AH), which participates in the communication between
the non-pigmented ciliary epithelium (NPCE) and the tra-
becular meshwork (TM) tissue.”**" AH is produced by the
NPCE and flows into the posterior chamber, which then
moves into the anterior chamber and is finally drained
through the TM and into Schlemm’s canal. EVs mediated
signaling in the ocular drainage system is under investiga-
tion regarding the pathophysiology of intraocular pressure
that leads to primary open-angle glaucoma (POAG), char-
acterized in deterioration of the optic nerve head.*
A potential pathway involved in the regulation of intrao-
cular pressure and in the effects of NPCE-derived EVs on
TM cells is the canonical Wnt signaling. The Wnt signal-
ing pathway involves in the activation of Wnt target genes,
leads to GSK3p inactivation by phosphorylation and sta-
bilization of free B-Catenin.>>** Experiments in our lab
highlight the role of EVs in mediating signals between
NPCE and TM cells, through the Wnt
pathway.>> %’ In relation to the Wnt signaling, EVs can

signaling

serve as transporters for aqueous insoluble ligands, such as
lipophilic Wnt proteins.***°
Regarding the impact of EVs concentration on signal

transfer to target cells, we have examined the dosing

effects of NPCE-derived EVs on TM Wnt signaling.
A general dose response at the gene, matrix metalloprotei-
nases activity and at the protein level of key canonical Wnt
components was described.?” Concentrations of EVs were
tested based on previous publications, taking into consid-
eration some limitations. For example, there is a wide
range of EVs amount per cell documented in the

literaturefo*33

and there is a lack of evidence regarding
the physiological concentrations of EVs, which can vary
from one system to the other depending on tissue and cell
types, in malady or normal state.” Our data support the
concept that EVs biological effects are concentration-
dependent at their target site. This led us to assume that
higher EVs concentration will increase the chance for
physical interactions between EVs to take place, which
will eventually yield clusters. This kind of EVs interac-
tions can take place not only among particles originated at
the same cell but also between EVs secreted from different
cell types.

Diverse internalization pathways might affect the
kinetics of intracellular complex processing. Intercellular
communication can be achieved by EVs membrane pro-
teins that interact with the target cells through endocytosis,

33738 or act as ligands for cell surface recep-

phagocytosis
tors on the target cell.” Recently we were able to show that
NPCE EVs uptake by TM cells is mediated through NPCE
EVs surface proteins in an active manner that involves
endocytosis and phagocytosis mechanism.®® Inhibitor and
co-localization study’® revealed that the mechanism by
which particles in sizes of 50-1000 nm internalized to
the target cell was strongly dependent on particle size.
Internalization of microspheres with a diameter of 50 nm
and 100 nm involved clathrin-coated pits, whereas the
internalization of the 200 nm and 500 nm beads was
reduced by approx. 8§—10 times. Hence, size might be an
important parameter in the pathway of EVs entry to target
cells.

To determine what are the appropriate conditions for
EVs physical interactions to occur, the following questions
were taken into consideration; do the versatile concentra-
tions and especially the high ones lead to aggregates for-
mation? If so, what are the conditions that promote this
clustering formation? Another important question is
whether TM cells release EVs to physically interact with
NPCE EVs, forming aggregates that attenuate incoming
EVs mediated signaling in TM cells? Do eye drops for
glaucoma treatment affect EVs surface charge that
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stimulates or attenuates the entry to the target site, ie, the
T™ cell?

Several publications suggest that EVs physically inter-
act to form dimers or larger clusters to regulate signaling
in biological systems.''** However, the relevance of
aggregates formation and their effect on signal transfer to
the target cells has not been explored yet, despite their
crucial role in stability, pharmacokinetics, and release
mechanism that are essential topics for developing drug
delivery applications.

The main aim of the present study was to investigate
the effect of interactions between NPCE and TM-derived
EVs and aggregates formation on the entry to TM cells. To
accomplish that, buffer solutions with several ionic
strengths and various commercial solutions for POAG
treatment, pure active ingredients, and preservative were
examined. Then, fluorescently labeled NPCE EVs exposed
to the solutions described above were incubated with TM
cells at various time points, to track their internalization
ratio.

Methods
Cell Culture

Cells were cultured according to previously published
conditions.”> ?” Briefly, a human trabecular meshwork
(TM) cell line was donated by Alcon Laboratories, Fort
Worth, TX, USA and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 pg/mL streptomycin
and 100 units/mL penicillin (all from Biological
Industries, Kibbutz Beit Ha-Emek, Israel) in a humidified
atmosphere of 95% air and 5% CO, at 37°C. Human non-
pigmented ciliary epithelial (NPCE) cell line*' was kindly
supplied by Prof. Miguel Coca-Prados, Yale University,
USA. Two different TM cell line splits (TM-10 and TM-
16) and a human NPCE (ODM-2) cell line were used
along the study and cell lines authentication test was
performed at the Genomics Center of Biomedical Core
Facility, Technion, Israel, using the Promega GenePrint
24 System and the results are attached (Appendix A-I
and A-II). All cell lines were used up to 25 passages.

The use of the human cell lines used in the present
research was approved by the ethics committee of the Ben-
Gurion University of the Negev.

One hundred percent cells confluence was used
through the studies. NPCE cells were cultured in DMEM
depleted of FBS-derived EVs by overnight centrifugation,

using Beckman Coulter ultracentrifugation, for 14 hr, 4°C
and 100,000xg. Two hundred milliliters of supernatant
were collected and transferred to a 200mL medium; con-
taining 2 mM L-glutamine, 0.1 mg/mL streptomycin, and
100 units/mL of penicillin. EVs depleted serum was used
along all experiments.

Research Model

To evaluate the ionic strength effects on EVs size and ZP,
the following solutions were analyzed; several PBS buffer
strengths (0.01M, 0.1M, and 1M), eye drops solutions
used for POAG treatment; Alphagan-P® (Allergan),
V-OPTIC®  (Vitamed, AZOPT®  (Alcon),
Lumigan® (Allergan) and Travatan™ (Alcon). In addition,

Israel),

the pure active ingredients: Timolol maleate (Sigma-
Aldrich), Brinzolamide (Cayman chemical company) or
their preservative Benzalkonium chloride (BAK) (Sigma-
Aldrich). Before the experiments, NPCE and TM-derived
EVs were extracted by precipitation method. Their size
and concentration were determined using TRPS technol-
ogy. Then, sizes, ZP, and ionic strengths of EVs in various
solutions were analyzed by NTA and Zeta sizer, respec-
tively. After determination of the optimal conditions that
favor EVs aggregates formation, we investigated whether
EVs aggregates have an impact on their uptake by TM
cells. To do so, labeled NPCE EVs were treated with
several PBS concentrations or with various drugs, and
incubated with TM cells for 30 min, 1 hr, 2 hr, and 4 hr.
Uptake of EVs by TM cells was analyzed using Flow
Cytometer.

EVs Extraction

EVs were extracted from NPCE or TM cells using poly-
Ethylene glycol (PEG) 8000 precipitation**** with slight
modifications; cell culture conditioned medium was col-
lected, centrifuged at 1500xg for 15 min at 4°C, to pellet
dead cells and cell debris. Precipitation solution was pre-
pared as follows: 100% PEG-8000, 1M NaCl, mixed with
the conditioned medium 1:5 v/v, respectively, filtered
through a 0.22 um PVDF filter and incubated overnight
at 4°C. The mixtures were centrifuged at 1500xg at 4°C
for 30 min to pellet the EVs. The pellet containing the EVs
was re-suspended in PBS 0.1M, pH=7.2 and pelleted by
ultracentrifugation at 100,000xg for 70 min at 4°C. The
final pelleted EVs were suspended in 1 mL PBS 0.1M,
pH=7.2 and were stored at —80°C until use.
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Tunable Resistive Pulse Sensing (TRPS)

EVs size and concentration were determined by gNano
(Izon Science, Christchurch, New Zealand) instrument,
using the Tunable Resistive Pulse Sensing (TRPS) tech-
nology with an NP150 membrane (85-300 nm).*® To
eliminate contaminating debris, EVs samples were passed
through 0.22 pm filters before TRPS analysis. The appa-
ratus was operated at a voltage of 0.48-0.64 V without
pressure. The membrane was stretched to 47 mm.
Polystyrene beads at a concentration of 1.2 x 10" beads/
mL (110 nm; Izon Science) were used to calibrate size and
concentration, following the manufacturer’s instructions.
Samples were diluted 100-fold with PBS 0.1M buffer,
pH 7.2, and measured up to 10 min. The movement of
the particle through the membrane is identified as change
in the ionic stream causing current changes. The signal
power is proportional to the particle size. According to the
number of particles and their velocity at a specific time,
the qNano determines the EVs sizes and concentration.

Zeta Potential and lonic Strength

Following exposure of EVs to various conditions, ZP and
ionic strength of both NPCE and TM derived EVs were
analyzed to track physical interactions resulting in EVs aggre-
gates. Measurements were performed using Nano Zeta sizer
(Malvern). All experiments were performed at 1:1000 dilu-
tions, yielding particle concentrations of 10.8x10/mL PBS.
The effect of PBS concentrations (0.01M, 0.1M and 1M),
various ocular drops for glaucoma treatment (300 nM
Alphagan-P®™"  34x10°nM  V-Optic®™*®  1.3x10°nM
Azopt™* 3.09 nM Lumigan® and 3.91 nM Travatan®),*
two (Timolol
Brinzolamide™) and the main preservative present in the eye

active  ingredients maleate®™  and
solutions — BAK,>" were examined. ZP and ionic strength for
each treatment (PBS dilutions, eye drops, active ingredients or
preservative) were determined for three EVs populations:
NPCE EVs, TM EVs or NPCE EVs + TM EVs. In addition,
we tested the effect of PBS dilutions on various combinations
of EVs types at 1:1, 1:2, 2:1 NPCE:TM ratio. NPCE or TM-
derived EVs and their mixture of 1*NPCE: 1*TM suspended

in 0.1M PBS, were used as controls in all experiments.

Vesicles Characterization by NanoSight
NS300

Nanoparticle Tracking Analysis (NTA) was performed
with a NanoSight NS300 instrument (Malvern) and the
NTA 3.2 analytical software. Sample size distributions

were calibrated in a liquid solution by the analysis of
Brownian motion via light scattering. NTA provides single
particle size and concentration measurements. All mea-
surements were conducted at 25°C. The same samples
used for ZP and ionic strength measurements were utilized
for NTA analysis to characterize the effect of PBS dilu-
tions, eye drops for glaucoma treatment, their preservative
and the effect of active ingredients on the size of EVs
derived from NPCE and TM cells. Since the NP150 mem-
brane used in gNano measurements has pores that allow
the passage of particles with a diameter of 85-300 nm, we
chose to use the NTA device, to ensure that the entire
particle range in the sample was analyzed, especially par-
ticles larger than 300 nm indicating aggregate formation.

EVs Labeling

Purified NPCE EVs were labeled with 2mM of DiD;
a lipophilic fluorescent dye (1,10-dioctadecyl- 3,3,30,30-
tetramethyl-indodi-carbocyanine,4-chloro-benzenesulfonate
salt Biotium, Hayward, CA, USA) at concentration of 10uL/
ImL PBS (0.1M, pH 7.2). EVs were incubated for 10 min at
room temperature to ensure uniform labeling. After staining,
labeled EVs were resuspended in PBS and pelleted by ultra-
centrifugation at 100,000xg for 70 min at 4°C to remove the
unincorporated dye. The final labeled-EVs pellet was sus-
pended in an appropriate volume of PBS (0.1M, pH 7.2),
calculated by the final concentration of EVs that was incu-
bated with TM cells (5.4x10° EVs/2x10° TM cells).>’

Flow Cytometry Analysis (FACS)

To examine whether NPCE EVs aggregates have an impact
on their uptake by TM cells, FACS analysis was used. TM
cells were seeded in 6-well plates at a density of 0.5x10°
cells per well in 6 mL of 10% DMEM. After cells reached
100% confluence, the medium was replaced with EVs
depleted medium. Then, labeled NPCE EVs treated with
various solutions for glaucoma treatment, or their preserva-
tive or the active ingredient, were incubated with TM cells
for 30 min, 1 hr, 2 hr and 4 hr. TM cells were detached by
trypsinization (Trypsin EDTA solution B (0.25%), EDTA
(0.05%), (Biological Industrials)), washed once with EVs
free medium and twice with PBS by centrifugation of 600xg
for 5 min at 25°C, for each wash. TM cells containing
labeled EVs were re-suspended in 200 pL of the washing
buffer (1 mM EDTA, 2% FBS, 0.01M PBS). Samples were
filtered through FALCON tubes (Cell Strain 35uM W/5ML
Tube-500/C, BactLab Israel) and fluorescence intensity was
determined by Gallios Flow Cytometer (Beckman Coulter)
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using 638 nm Red laser (FL-6), for labeled EVs uptake
assessment. Analysis was conducted using Kaluza software
(Beckman Coulter).

Statistics

Data are presented as mean =+ standard deviation.
Statistical evaluation of one-way ANOVA was performed
with GraphPad Prism version 7.0 software (La Jolla, CA,
USA). Differences between groups were tested using
Tukey’s test. Two-way ANOVA was conducted to deter-
mine NPCE EVs and TM EVs ZP, ionic strength and size
to track EVs: EVs interactions using Zeta sizer and NTA
devices. All tests were considered significant at P < 0.05.

Results

EVs Sizes and Concentrations Measured
by TRPS

Size and concentrations of EVs isolated from NPCE or TM
cells culture supernatants were measured using TRPS method
prior to farther experiments. EVs concentration of 10.8x10’
particles/mL was used for ZP, ionic strength and size determi-
nations. For FACS analysis we used NPCE EVs concentration
of 5.4x10° particles/mL. EVs size measurements resulted in
97.50 + 10.21 nm and 112.38 + 15.62 nm for NPCE (Figure
1A) and TM (Figure 1B) derived EVs, respectively.

Zeta Potentials and Size of EVs
Suspended in PBS with Different lonic
Strengths

Zeta sizer and NTA devices were used to measure the ZP,
ionic strengths and diameter of three EVs groups (NPCE
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Figure | NPCE and TM Size and concentration.

EVs, TM EVs, NPCE EVs +TM EVs) suspended in sev-
eral concentrations of PBS buffers (0.01M, 0.1M, and
IM). Increasing the ionic strength of the EVs buffers
with the same pH (7.2), resulted with higher EVs size,
higher ionic strength and less negative value of ZP.

There was a significant change in ZP of TM EVs
suspended in 0.01M PBS (Table 1, sector II) compare to
NPCE EVs + TM EVs suspended in PBS with the same
ionic strength (Table 1, sector IIT). Comparison of mode
values that represent the EVs diameter, indicates that at
0.01M or 0.1IM PBS concentrations, NPCE EVs size
(Table 1, sector I) was significantly lower than TM EVs
size (Table 1, sector II). The size of suspended NPCE EVs
in 1M (Table 1, sector I) was significantly lower than TM
EVs (Table 1, sector IT) and NPCE EVs + TM EVs (Table
1, sector III) exposed to the same PBS concentration.

Size Distribution of NPCE/TM/NPCE
+TM — Derived EVs Suspended in PBS

with Various lonic Strengths

Examination of the effect of phosphate buffer (PBS; pH
7.2) with various ionic strengths on EVs size distribution
was done using NTA (Figure 2A—C). The size of NPCE
EVs (red line) in several concentrations of buffer - 0.01M,
0.1M and 1M was 90 nm (Figure 2A), 100 nm (Figure 2B)
and 120 nm (Figure 2C) respectively, while TM EVs size
(blue line) in the same PBS dilutions was 110 nm (Figure
2A), 120 nm (Figure 2B) and 150 nm (Figure 2C), respec-
tively. TM EVs have a larger diameter than NPCE’s EVs.
The higher the ionic strength, the greater elevation in EVs
size of both cell types (Figure 2A—C). The same trend of
increase in size, with increased PBS buffer concentration
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Notes: Size and concentration distribution of NPCE (A) and TM (B) derived EVs as measured by Tunable Resistive Pulse Sensing Technology (TRPS).
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Table | Zeta Potentials and Size of EVs Suspended in PBS with Different lonic Strengths
NPCE EVs
Sector Measured Parameter Z Potential (mV) lonic Strength (mS/cm) Mode (nm)
I 0.01M Control NA 3.2+0.29 NA
0.0IM + NPCE EVs —35.41+10.25 2.29+1.1 86.93+4.671
0.1M Control NA 13.76+0.49 NA
0.IM + NPCE EVs —12.2743.15 17.28+0.9 98.47+5.2 | ###
IM Control NA 59.49+4.92 NA
IM + NPCE EVs —4.24+1.56 116.07+11.57 109.2+7.43%
TM EVs
Measured Parameter Z Potential (mV) lonic Strength (mS/cm) Mode (nm)
Il 0.01M Control NA 3.2+0.29 NA
0.0IM + TM EVs —33.2849.06%** 2.440.37 #dk 109.63+8.76
0.1M Control NA 13.76+0.49 NA
0.IM + TM EVs —10.91£3.29 17.12+1.04 115.4618.67
IM Control NA 59.49+4.92 NA
IM+TM EVs —4.82+1.78 114.37+15.99 137.9+6.68
NPCE EVs + TM EVs
Measured Parameter Z Potential (mV) lonic Strength (mS/cm) Mode (nm)
n 0.01M Control NA 3.2+0.29 NA
0.0IM + NPCE EVs+ TM EVs —40.77+£7.91 3.37+1.18 95.97+9.77
0.1M Control NA 13.76+0.49 NA
0.IM + NPCE EVs + TM EVs —11.354£2.08 17.4310.7 106.13+3.38
IM Control NA 59.49+4.92 NA
IM + NPCE EVs + TM EVs —3.81+£2.26 114.67+6.45 148.63+6.99

Notes: Phosphate buffers with various ionic strengths were used to measure the NPCE EVs, TM EVs and NPCE EVs + TM EVs surface charge (ZP) and size (nm). ZP was
measured with Nano Z Sizer in three independent triplicates and ten technical repetitions for each sample. EVs mode was measured by NTA in three independent triplicates
and five technical repetitions for each sample. One-way ANOVA and Tukey’s posttest were used to determine statistical difference. Significant differences among treatments
are as follows: ¥#(p<0.01) 0.0IM - TM EVs Vs NPCE EVs+ TM EVs, #(p<0.001) 0.0IM - TM EVs Vs NPCE EVs+ TM EVs; (p<0.05) 0.0IM - NPCE EVs Vs TM EVs; ##
(p<0.001) 0.IM - NPCE EVs Vs TM EVs; *(p<0.01) IM - NPCE EVs Vs TM EVs, NPCE EVs Vs NPCE EVs+ TM EVs.

was found when NPCE EVs and TM EVs were suspended
at a ratio of 1:1. Incubation of 1*NPCE EVs: 1*TM EVs
(green line) with 0.01M, 0.1M and 1M PBS solutions led
to particle size of 100 nm (Figure 2A), 110 nm (Figure 2B)
and 150 nm (Figure 2C), respectively. Figure 2 indicates
that for all three ionic strengths of PBS, NPCE EVs peak
was shifted to the left compared to TM EVs peak and
compared to 1*NPCE EVs: 1*TM EVs peak. The sizes
obtained for 1*NPCE EVs: 1*TM EVs added to PBS in
concentrations of 0.01M and 0.1M are the arithmetic
means of NPCE EVs and TM EVs in the same ionic
strengths solutions. At a concentration of 1M PBS, the
size distribution of the EVs mixture (1*NPCE EVs: 1*TM
EVs) was more affected by TM EVs size than that of
NPCE EVs. EVs size was affected by the ionic strength
of the surrounding rather than EVs type in all mixtures.
All samples that contained different EVs types and ratios

showed a greater shift in size using 1M compared to 0.1M
that is used routinely in labs as the ultimate buffer for
maintaining EVs properties.

Zeta Potentials and Size of NPCE or
TM-Derived EVs Suspended in Different
Solutions Used for Glaucoma Treatment

and Their Main Preservative

ZP, ionic strengths and size of NPCE or TM-derived EVs
suspended with eye drops for glaucoma treatment or their
pure active ingredient or their preservative were analyzed
using Nano Zeta sizer and NTA devices. To reach the con-
centrations of the eye drops present in the AH,*’° solutions
were diluted using PBS buffer of 0.1M. Each solution
belongs to one of the main groups for POAG treatment:

Alphagan-P® — oL agonist, V-Optic®® — B blocker, Azopt™® —
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Figure 2 Size Distribution of NPCE/TM/NPCE+TM — Derived EVs Suspended in PBS with Different lonic Strengths.

Notes: NTA analysis of EVs size distribution as function of cell type and PBS (pH=7.2) dilutions. EVs were incubated with 0.0IM (A), 0.IM (B) and IM (C) PBS prior
analysis. Each histogram represents the frequency of EVs in a particular size, ranging from 70 to 350 nm. Each line, red (NPCE EVs), blue (TM EVs) or green (NPCE EVs + TM
EVs), represents the mean + S.D. from three independent experiments performed in triplicates.

Carbonic anhydrase inhibitor, Lumigan® and Travatan® —
Prostaglandin analog. ZP of NPCE EVs (Table 2A) and TM
EVs (Table 2B) were significantly less negative (**p<0.01,
*#%p<0.01 for NPCE EVs and TM EVs, respectively) than
the ZP of Azopt™®. Brinzolamide and Timolol maleate did
not differ in their ZP compared to those of NPCE EVs
(Table 2A) and TM EVs (Table 2B). The ZP of NPCE
EVs (Table 2A) and TM EVs (Table 2B) were significantly
more negative (***p<0.001) than the ZP of V-Optic™® and
BAK. Comparison of the eye drops Vs active ingredient

alone and its preservative alone showed that the ZP of
treated NPCE EVs (Table 2A) and TM EVs (Table 2B)
with Azopt™® were significantly more negative than the
ZP of treated NPCE EVs or TM EVs with Brinzolamide
and BAK (***p<0.001). The ZP of NPCE EVs treated with
V-Optic® (Table 2A) was significantly less negative than
Timolol maleate (***p<0.01), while TM EVs treated with
V-Optic™® showed no difference compared to Timolol mal-
eate (Table 2B). No difference was found in ZP values of
treated NPCE EVs (Table 2A) or TM EVs (Table 2B) with
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Table 2 Zeta Potentials and Size of NPCE or TM-Derived EVs Suspended in Different Solutions Used for Glaucoma Treatment and

Their Main Preservative

A) ZP, lonic Strength and Size of NPCE EVs Suspended in Different Solutions Used for Glaucoma Treatment Comparison.
Different Superscript Letters are Significantly Different from Each Other as Established by One-Way ANOVA and Tukey’s
Posttest at Least at p<0.05. Results Represent the Mean * S.D from Three Independent Experiments Performed in Triplicates

NPCE EVs + Treatment Z Potential (mV) lonic Strength (mS/cm) Mode (nm)
NPCE EVs (Untreated) —1227+3.15° 17.28+0.9% 98.47+5.212
Azopt® —14.94%1.72° 16.32£0.81° 95.24+4.88°
Brinzolamide —11.71£2.94>¢ 18.47+0.94¢ 95.1+6.18%
V-Optic® —7.48£127%f 16.62£0.8™° 100.59£5.68*
Timolol maleate —10.65+2.54*2 16.220.95* 98.13+6.4*
BAK —8.7712.148 14.3%1.459 105.83+10.22°
Alphagan-P® -10.95+3.98" 16.48£0.71>° 99.8+2.23*
Lumigan® —6.15%1.2 17.1£0.81% 99.17+8.1*
Travatan® —5.45%.330 16.94£0.93%° 96.7+1.87*

B) ZP, lonic Strength and Size of TM EVs Suspended in Different Solutions Used for Glaucoma Treatment Comparison. Different
Superscript Letters are Significantly Different from Each Other as Established by One-Way ANOVA and Tukey’s Posttest at
Least at p<0.05. Results Represent the Mean £ S.D from Three Independent Experiments Performed in Triplicates

TM EVs + Treatment Z Potential (mV) lonic Strength (mS/cm) Mode (nm)
TM EVs (Untreated) -10.91£3.29° 17.1211.04* 115.468.67*
Azopt® —14.66%1.52° 16.21£0.85° 107.2745.79*
Brinzolamide -10.96+1.332 17.170.75° 116.6%3.08%
V-Optic® —6.791.61° 16.65£0.85>° 107.1729.212
Timolol maleate -8.9314.36™¢ 17.25£0.49* 112.4315.6*
BAK -8.1£3.42¢ 13.64%1.33¢ [13.13¢11.11°
Alphagan-P® —5.6x1.659 16.44£0.83>° 110.47£12.37°
Lumigan® —6.3x1.9%¢ 17£0.9* 102.67+2.84*
Travatan® —6.72%1.665¢ 16.69£0.9%° 109.23%1.5%

V-Optic®™® and BAK. The ionic strengths of BAK for both
NPCE EVs (Table 2A) and TM EVs (Table 2B) were sig-
nificantly lower compared to control groups and all other
solutions (***p<0.001). For all treatments, no difference in
size of NPCE EVs was found (Table 2A and B).

Zeta Potentials of NPCE or TM — Derived
EVs Suspended in Different Glaucoma Eye

Drops and Their Main Preservative

We further focused on the effect of V-Optic® and Azopt™
solutions on the ZP of NPCE and TM-derived EVs. NPCE
or TM-derived EVs, suspended in 0.1M PBS (pH 7.2) were
used as controls. The ZP of EVs exposed to BAK was
examined, to determine its contribution to changes in the
EVs ionic strength. Timolol maleate and Brinzolamide,
which are the active ingredients of V-Optic® and AZOPT®,
respectively, were tested. As shown in Figure 3C and
D compared to control groups, the ZP of EVs exposed to
V-Optic®™ (***p<0.001), and BAK (***p<0.001, **p<0.01)

were less negative. While the ZP of EVs exposed to Azopt™
was more negative (***p<0.001) (Figure 3A and B). NPCE
or TM EVs exposed to Brinzolamide had similar ZP as the
control (Figure 3A and B), but less negative than Azopt™
(***p<0.001) and more negative than BAK (***p<0.001).
Timolol maleate exhibited no change in the ZP of TM EVs
compared to the control group and V-Optic® values (Figure
3D). The ZP of NPCE EVs exposed to Timolol maleate
(Figure 3C) was significantly less negative than the control
group (*p<0.05), but more negative than V-Optic®
(***p<0.001) and BAK (*p<0.05).

Size Distribution of NPCE/TM — Derived
EVs Suspended in Different Solutions
Used for Glaucoma Treatment and Their

Main Preservative
We examined the effect of the ionic strength induced by
various types of eye drops, their active ingredient and their
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Figure 3 Zeta Potentials of NPCE or TM — Derived EVs Suspended in Different Glaucoma eye drops and their Main Preservative.

Notes: ZP of NPCE (A and C) or TM (B and D) derived EVs treated with different solutions used for glaucoma treatment, their active ingredients and preservative.
Significant differences in the ZP of treated or untreated NPCE EVs (A) and TM EVs (B) were demonstrated when exposed to Azopt®, Brinzolamide or BAK. Treatment with
V-Optic®, Timolol maleate or BAK led to significant differences in the ZP of NPCE EVs (C) and TM EVs (D). The bar graph represents the means * S.D. from three
independent experiments performed in triplicates. One-way ANOVA and Tukey’s posttest were used to determine statistical difference, as indicated by asterisks (*P < 0.05,

P < 0.01, ¥*P < 0.001).

main preservative on the size of NPCE and TM-derived
EVs. The size of NPCE or TM-derived EVs (with the
same concentration and pH of 7.2) was measured with
NTA. For all experiments and EVs cell types, no signifi-
cant difference in EVs size was detected. An average size
of 90-120 nm was documented for NPCE EVs, TM EVs
and combination of both populations in the ratio of 1:1.
Nevertheless, a possible potential formation EVs aggre-
gates following extraction, storing and dilutions for size
analysis was detected as shown in Figure 4. Figure 4A and
C demonstrate that the size of NPCE EVs suspended with
BAK (gray line) was larger than the control of untreated
NPCE EVs (red line). The size of TM EVs exposed to
Azopt™ (green line - Figure 4 and B) or Timolol maleate
(purple line - Figure 4D) was smaller than the control of
untreated TM EVs (blue line).

Labeled NPCE EVs Uptake by TM Cells
Following Exposure to Different Glaucoma

Eye Drops and Their Main Preservative
The surface charge of the EVs is reflected by its ZP and
may affect the interactions with the target cell surface.
EVs may internalize by cells in many machineries, includ-
ing receptor-mediated endocytosis, phagocytosis, lipid
rafts machinery, micro-pinocytosis, or direct fusion with
the target cell membrane.”>>® Some of these routes
involve membrane fusion or recognition of EVs surface
proteins by the target cell.>® Hence, changes in the ZP and
ionic strength may reflect on the preferred mechanism of
uptake.

The changes observed in the ZP and ionic strengths of
EVs (Table 2, Figure 3) led us to investigate the effect of
their active and

glaucoma eye drops, ingredients
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Figure 4 Size Distribution of NPCE/TM — Derived EVs Suspended in Various Solutions used for Glaucoma Treatment and their Main Preservative.
Notes: Size distribution of NPCE EVs (A and C) or TM EVs (B and D) suspended with Azopt®, Brinzolamide and BAK (A and B) or V-Optic®, Timolol maleate and BAK (C and D) as measured
by NTA. Each histogram represents the frequency of EVs in a particular size, ranging from 0 to 400 nm. Means * S.D. from three independent experiments performed in triplicates are presented.
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preservative on NPCE EVs internalization to TM cells.
TM cells were incubated with DID labeled NPCE EVs
exposed to various treatments for 30 min, 1 hr, 2 hr and
4 hr at 37°C (Figure 5). A significant effect of NPCE EVs
uptake was observed after 30 min (Figure 5B, I) compared
to other time points. Treatment with Azopt® exhibited
a significant elevation in NPCE EVs uptake compared to
untreated and labeled NPCE EVs - at 30 min (**P< 0.01)
(Figure 5B, I), 1 hr (***P< 0.001) (Figure 5B, II) and 2 hr
(***P< 0.001) (Figure 5B, III). Elevation in EVs uptake
was also established by BAK after 30 min of incubation
(**p<0.01) (Figure 5B, I). A reduction in NPCE EVs
uptake by TM cells was mediated by V-Optic®, Timolol
maleate and Brinzolamide (Figure 5B), while the two last
ones caused a significant effect at 30 min (***p<0.001)
(Figure 5B, I). For all time points, Timolol maleate sig-
nificantly reduced the uptake by TM cells (Figure 5B). The
significant effects shown after 30 min incubation with TM
cells were not observed at the latest time points of 1 hr, 2
hr and 4 hr, except for NPCE EVs treated with Azopt™
(Figure 5B, I-III) and Timolol maleate (Figure 5B, I-IV).

Discussion

The role of NPCE-derived EVs on the Wnt signal mod-
ulation in TM cells was previously demonstrated.” 2’
Changes in Wnt proteins expression levels in TM cells
as a result of NPCE-derived EVs can be a result of TM
internalization process of the EVs, or TM surface ligand
activation by EVs. There are various routes of EVs uptake,
the main being endocytosis, phagocytosis and soluble or
juxtacrine signaling.>* The feasibility of these mechanisms
is also/partly mediated by the presence of specific proteins
on the surface membrane of EVs. These surface proteins
can be damaged by significant changes in solution pH,
ionic strength, temperature, and destructive enzymes.
Hence, it is important to maintain the appropriate condi-
tions of solutions for EVs actions and functions.*->*>°
Given the lack of knowledge whether eye drops for glau-
coma treatment or AH surrounding may contribute to
NPCE-TM communication mediated by EVs, it is difficult
to define precisely whether EVs interactions occur selec-
tively, based on the particle size, zeta potential and/or
ligand-receptor pairs. This prompted us to investigate the
effect of EVs size and surface charge mediated by several
environmental conditions (buffer concentrations and the
ionic strengths of drugs) on the efficiency of their cellular
uptake as a function of time. This insight is of relevance in
the context of defining EVs internalization pathways, and

for the utilization of EVs as bio-therapeutics and drug
delivery vehicles.

The present findings demonstrate the importance of the
surrounding conditions, rather than particle type (Figure 1,
Table 1). We found that the ratio of NPCE EVs: TM EVs
have no major effect on EVs size and cluster formation
(Figure 2). Increasing the ionic strength of the EVs buffers
with the same pH (7.2) resulted in higher EVs size, higher
ionic strength, and less negative value of zeta potential. This
trend indicates that at a higher buffer concentration, the
tendency for aggregate formation increases. A comparison
of the zeta potentials at 0.01M indicates that the value of TM
EVs was significantly less negative than that of NPCE EVs:
TM EVs at a 1:1 ratio. This might suggest that the presence
of NPCE EVs in a mixture can cause repulsion with TM EVs
and decrease aggregates formation (Table 1, Figure 2). For all
experiments and EVs cell types, no difference in EVs size
was detected using various eye drops solutions or their pre-
servative (Table 2). These results highlight the significant
effect that AH surrounding composition and ionic strength
may have on EVs size and aggregates formation in the ocular
drainage system. Solution of NPCE EVs with Azopt™,
Brinzolamide, or BAK (Figure 3A) indicates that the active
ingredient and the preservative contribute to the decrease in
the zeta potential. The same conclusion can be drawn for TM
EVs (Figure 3B). Moreover, the size of the TM EVs was
decreased using Azopt”™ (Figure 4B), while the size of the
NPCE EVs suspended in BAK was increased (Figure 4A).
This suggests that additional non-active ingredients in
AZOPT® eye drops solution, such as Carbomer used as
thickening agent ionized at pH=7.2, might affect the EVs
zeta potential to be more negative. It is known that the
complex formation between the active ingredients in drugs
and their non-active ingredients often leads to their stabiliza-
tion. The forces involved are van der Waals forces, dipole—
dipole interactions, hydrogen bonding, Coulomb forces, and
hydrophobic interactions. An example for such ingredient is
Carbomer that improves the bioavailability of drugs and is
widely employed in ophthalmic formulations.>® Carbomer is
an acid-based polymer with pKa value of 6-6.5 that has
proton-able carboxylic groups linked to the molecular net-
work of the polyelectrolyte, which allow interactions with
oppositely charged drugs through the formation of
a polyelectrolyte-drug complex.”” At pH of 7.2 phosphate
buffer, the carboxylic groups are highly dissociated and the
repulsion between the negatively charged carboxyl groups
causes the molecules to uncoil into an elongated structure.’®
In aqueous dispersions, the ionic-pair formation yields a high
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Figure 5 Labeled NPCE EVs Uptake by TM Cells Following Exposure to Different Glaucoma eye drops and their Main Preservative.

Notes: Effects of treated NPCE EVs incubated in various solutions for glaucoma treatment, their active ingredients and preservative on the uptake by TM cells. (A)
Representative FACS plots, showing the percentage of TM cells positive to DID labeled treated NPCE EVs — right panel, compared to TM cells incubated with labeled and
untreated NPCE EVs, after 30 min of incubation at 37°C. (B) Evaluation of the uptake ratio of labeled NPCE EVs using FACS analysis, presented as relative fluorescence
intensity of positive-gated TM cells. The bar graphs represent means * S.D. from three independent experiments performed in triplicates. One-way ANOVA and Tukey’s
posttest were used to determine statistical difference, as indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

proportion of counter-ionic condensation with numerous that the active ingredient, Timolol maleate, contributed to the
various basic drugs, exhibiting both high-affinity constants  elevation in zeta potential that was detected for NPCE EVs
and negative electro-kinetic potential.>® Figure 3C indicates  treated with V-Optic™, while BAK caused a decrease in the

1078 submit your manuscript International Journal of Nanomedicine 2021:16

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Tabak et al

zeta potential. The same conclusion is relevant for TM EVs
(Figure 3D), though only a trend was detected. It suggests
that V-Optic® and Timolol maleate have more influence on
NPCE EVs zeta potential than on TM EVs. As depicted in
Figure 4: while the size of NPCE EVs exposed to BAK was
sharply increased compared to NPCE EVs treated with
V-Optic® or Timolol maleate (Figure 4C), the trend was
less noticeable for TM EVs treated with BAK.
Nevertheless, the sizes of TM EVs exposed to V-Optic® or
Timolol maleate were decreased compared to untreated TM
EVs (Figure 4D).

The increase (more negative charged) in the zeta poten-
tial of NPCE EVs exposed to Azopt™ (Table 2A, Figure
3A), explains the significant elevation in NPCE EVs
uptake by TM cells after 30 min, 1 hr and 2 hr of incuba-
tion (Figure 5B, I-1III). A significant decrease in the uptake
of treated NPCE EVs with Timolol maleate (Figure 5B, I-
IV) or Brinzolamide (Figure 5B, I) can be explained by the
decrease (less negative charged) in the zeta potentials
(Table 2A, Figure 3A and C). Treatment with Timolol
maleate caused a significant decrease in NPCE EVs uptake
at all-time points, thus suggesting that for such an active
ingredient the preferred mechanism of uptake may involve
a longer process such as endocytosis or phagocytosis.
Since the significant effect of NPCE EVs internalization
was observed after 30 min (Figure 5A and B, I) compared
to longer time points (1 hr, 2 hr, and 4 hr), a ligand-
receptor recognition is a possible mechanism of uptake.

Even though we did not find a change in size after
incubation of NPCE EVs with TM EVs at different ratios
(1:1, 1:2, 2:1), we cannot rule out the option that physical
interactions between EVs have an inhibitory effect on incom-
ing signals. Another possibility that needs further research is
whether particles, probably with remarkable difference in
their sizes, may fuse to create a larger particle (one “swollen”
by another) and whether it has an influence on the surface
antigen composition. An additional point to take in consid-
eration is the diverse range of mechanisms that includes
clathrin or caveolae-mediated endocytosis and is used by
cells to accomplish different tasks.>* Caveolae are character-
ized by the presence of the integral membrane protein caveo-
lin and can internalize large molecular complexes, such as
cholera toxin,” certain viruses such as SV40 (simian virus
40)°°! and bacteria.®> Tt will be interesting to obtain an
insight into the size-dependent regulation of particle interna-
lization via an endocytic or a juxtacrine signaling mechan-
ism. We have shown that eye drops for glaucoma treatment,
not only affects the target site cells but also affects the entry

of particles by changing their zeta potential. Therefore, it is
important to examine the type and dose of eye drops given to
the patient, as it may not only affect treatment efficacy but
may cause changes in the signal transduction mediated by
EVs. We are aware that the use of human TM cell line
embodies a limitation for extrapolating our findings to pri-
mary TM cells, as phenotypic changes have been described
for cell lines in general. However, our findings light up the
principle that the effect of drugs on EVs ZP changes affect
EVs subsequent uptake by TM and consequently determine
EVS effects on TM function. As such, they contribute an
innovative perspective that might be general and valid for
other experimental models as well. Evaluating the validity in
primary cells results will certainly reinforce the potential
clinical significance of the present study.

Increased or decreased uptake of EVs into TM cells by
IOP lowering drugs may affect biological processes in TM
cells. Since EVs carry messages in the form of mRNA,
miRNA and have been engineered to carry siRNA, we pro-
pose that the biological effects will depend on the load com-
position of the EVs. The excipients used in IOP lowering
drugs and in other ocular preparations might have a significant
contribution to their effect on EVs uptake so that the pharma-
ceutical composition of the preparation is also significant.

To summarize, our results suggest that particle size,
surface membrane charge, and the ionic strength of the
surrounding have an important role in NPCE-TM cell
communication via EVs. The present work contributes to
the recognition of the importance of interactions between
nanoparticles used in drug delivery system.
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