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Background: Despite tremendous advancement, cancer still remains one of the leading causes of
death worldwide. Inefficiency of current drug delivery regimens is one important factor that limits
the therapeutic efficacy of existing drugs, thus contributing to cancer mortality. To address this
limitation, synthetic nanotechnology-based delivery systems have been developed; however, they
raise concern of inducing adverse immunogenic reactions. Exosomes (Exos) are nonimmunogenic
nano-sized vesicles that have received significant attention as efficient drug delivery system.
Methods: Drug loading in Exos were achieved by incubating different cell types viz pancreatic
cancer cells (PCCs), pancreatic stellate cells (PSCs), and macrophages (M@s) with Doxorubicin
(DOX). Differential ultracentrifugation was performed to isolate exosome and their size was
determined by dynamic light scattering analysis. The efficacy of drug packaging into Exos was
evaluated by HPLC. Flow cytometry was performed to examine the apoptosis. Cell viability
was determined using the WST-1 assay.

Results: PCCs shed the most Exos and were the most efficient in drug loading followed by
M@s and PSCs as examined by HPLC quantification. However, when compared for antitumor
efficacy, MO-derived Exos loaded with DOX (M@-Exo0-DOX) showed highest activity fol-
lowed by PSCs and PCCs.

Conclusion: These varying antitumor activities likely resulted from nondrug contents of Exos
since we did not observe any significant differences in their uptake by the cancer cells. Altogether,
our data suggest that donor cell-specific differences exist in Exos, which could influence their
utility as drug carrier for therapeutic purposes.

Keywords: exosome, macrophage, pancreatic cancer, drug delivery, doxorubicin

Introduction

Cancer is the second leading cause of death worldwide, and a major reason for high cancer
mortality is the ineffectiveness of existing therapies.!? Therapeutic efficacy of current
and emerging drugs is limited due to their inability to reach to the target cells in opti-
mally effective doses because of their rapid metabolization in the systemic circulation’
as well as lack of selectivity.* Moreover, nonspecific delivery of drugs leads to normal
tissue toxicity, which further reduces the therapeutic index. To achieve the targeted and
protected delivery of drugs, many artificial drug carriers have been developed includ-
ing dendrimers,’ liposomes,® plasmonic nanoparticles,” magnetic nanoparticles,® and
polymer-based nanoparticlces.” However, being of foreign origin, these artificial nanocar-
riers are prone to hepatic clearance,'® while also posing concerns for immunotoxicity.'!
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Exosomes (Exos) are lipid bi-layer membrane vesicular
nanostructures of endosomal origin that are released by
almost all kinds of cells.>!* These were initially thought to
be garbage bags of unwanted cellular biomaterial; however,
they are now established as crucial players in intercellular
communication.'?!8 Exos efficiently carry all kinds of bio-
logical molecules including miRNAs, mRNAs, and proteins
protected from enzymatic degradation.'>'® Exosomal delivery
of cargo to the recipient cells is highly efficient that occurs
either by direct membrane fusion, receptor-mediated endocy-
tosis, macropinocytosis, or phagocytosis.'*?’ These properties
of Exos have prompted researchers to exploit their utility as
drug delivery vehicle for the treatment of a variety of diseases,
including cancer.!®!*21"2* Exos derived from the tumor cells
have been investigated for tumor-targeted drug delivery since
they carry similar surface receptors as tumor cells.? In other
studies, Exos derived from cells in the tumor microenviron-
ment such as fibroblasts and immune cells have been exam-
ined for their drug loading and tumor-targeting efficacy.'*?

In this study, we examined the efficacy of different cell
types viz pancreatic cancer cells (PCCs), pancreatic stellate
cells (PSCs), and macrophages (M@s) for drug (doxorubicin
[DOX]) packaging and release into Exos and the subsequent
applicability of released Exos as the drug carrier of choice.
Our data show that PCCs shed Exos most efficiently followed
by M@s and PSCs. Moreover, PCCs exhibited the maximum
drug-loading efficiency into the Exos followed by MQs and
PSCs. Furthermore, we observed that all types of DOX-treated
cells shed slightly more Exos as compared to those treated with
vehicle only. In addition, our data show that M@-derived DOX-
loaded Exos had the greatest tumor cell toxicity followed by
those derived from PSCs. No changes, however, were reported
in the uptake of different exosomal preparations by the cancer
cells. Taken together, these findings depict donor cell-specific
differences in exosomal yield, drug-loading, and antitumor
activities, which should be taken into consideration for their
use as effective drug delivery system for cancer therapy.

Materials and methods

Reagents

The following reagents were used in this study: DMEM
(Corning Incorporated, Corning, NY, USA); penicillin
and streptomycin (10,000 U/mL each; GE Healthcare Life
Sciences, Logan, UT, USA); FBS (Atlanta Biologicals,
Lawrenceville, GA, USA); DOX hydrochloride (Tocris
Bioscience, Bristol, UK); SuperSignal™ West Femto
Maximum sensitivity substrate kit (Thermo Fisher Scientific,
Waltham, MA, USA), Trypan blue (Corning Incorporated),

cell proliferation reagent (WST-1) (Roche Diagnostic
Corporation, Indianapolis, IN, USA), PE Annexin V
Apoptosis Detection Kit (BD Biosciences, San Diego, CA,
USA), Tris-buffered saline (Thermo Fisher Scientific), and
Tween 20 (Boston Bioproducts, Ashland, MA, USA).

Cell culture

RAW264.7 (M@s) and MiaPaCa-2 (PCC line) were pro-
cured from American Type Culture Collection (Manassas,
VA, USA). PSCs were generously gifted by Dr P. K. Singh,
Eppley Cancer Institute (Omaha, NE, USA). All the cell
lines were maintained as monolayer cultures in DMEM,
supplemented with 10% FBS, penicillin (1,000 U/mL), and
streptomycin (1,000 U/mL), in a 5% CO, incubator at 37°C.
Intermittent testing was done to authenticate cells and to
ensure that they were free of mycoplasma contamination.

Exo extraction, size distribution analysis,

and quantitation

For Exos’ extraction, confluent flasks of M@s, PCCs, and PSCs
were treated either with vehicle (PBS) or | uM DOX for 48 h.
After 48 h, conditioned media were collected and the Exos were
extracted as reported earlier.?® Briefly, the conditioned media
from DOX-treated cells were collected and initially centrifuged
at lower speeds (16,500x g for 30 min) to remove cell debris,
apoptotic bodies, and large vesicles. The supernatant obtained
was further centrifuged at 120,000x g in an ultra-centrifuge,
for 2 h, to obtain Exo pellet. A washing step is followed by
resuspending the pellet in S mL of PBS solution and was cen-
trifuged at 120,000x g for an additional 2 h. The Exos were
labeled as PCC-Exo0-Veh, PSC-Exo-Veh, and M@-Exo-Veh
(obtained from vehicle-treated PCCs, PSCs, and M@, respec-
tively) and PCC-Exo-DOX, PSC-Ex0-DOX, and M@-Exo-
DOX (obtained from DOX-treated PCCs, PSCs, and M@,
respectively). Exos were stored at 4°C until further analysis.
Size distribution of Exos was determined on freshly extracted
preps diluted in deionized water (1:1,000 vol ratio) using
DelsaMax PRO (Beckman Coulter, Brea, CA, USA) dynamic
light scatter analyzer. Exos were quantified indirectly by the
surface protein quantitation using the DC™ protein assay kit
(Bio-Rad Laboratories Inc., Hercules, CA, USA).

Quantification of DOX loading

in exosomal preparations

After washing step, Exo pellets were left to air dry for 2 h.
Thereafter, 20 UL of 8 M urea was added and pellets were
sonicated in a bath type sonicator for 5—10 min. To the above
suspension, 60 UL of 50 mM ammonium bicarbonate/10 mM
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tris(2-carboxyethyl) phosphine hydrochloride and 1.5 puL of
trypsin were added and left overnight for protein digestion.
Released DOX was measured using the reverse-phase HPLC,
equipped with a UV detector. DOX standards of concentra-
tions ranging from 1 to 500 UM were prepared using a 1:1
mixture of water/acetonitrile. A standard curve was plotted
using the area under the curve of the standards. Subsequently,
5.0 uL of the Exo digest was injected onto a C18 guard
column using a gradient, starting at 50% Solvent A (96.8%
water, 3% acetonitrile, and 0.2% formic acid) and 50% Sol-
vent B (96.8% acetonitrile, 3% water, and 0.2% formic acid)
to 70% Solvent B and then a washing step at 90% Solvent B.

Cell viability assay

To examine the effect on cell viability, we used either free
DOX or equivalent doses of different Exo-DOX formulations
based on their loaded DOX content as determined by HPLC
analysis. Cancer cells were seeded in 96-well plates at a
density of 5x10° cells/well, and after 24 h of resting period,
cells were treated with vehicle or DOX or DOX-loaded
exosomal preparations for 24, 48, and 72 h. Subsequently,
cell viability was measured using the WST-1 assay following
manufacturers’ instructions.

Apoptosis measurement

PCCs were seeded in six-well plates at a density of 2.5x10°
cells/well. After a 24 h resting period, cells were treated
either with DOX or with Exo-DOX formulations with DOX
concentration equivalent of DOX half maximal inhibitory
concentration (IC,) at 48 h. Thereafter, cells were stained
with 7-amino-actinomycin (7-AAD) and PE Annexin V using
the PE Annexin V Apoptosis Detection Kit as per manu-
facturer’s instructions. The processed cells were analyzed
for the percentage of apoptotic cells using flow cytometry.

Uptake studies

For fluorescence imaging, PCCs seeded in a six-well plate
at a density of 2.5x10° cells/well. Following a 24 h resting
period, cells were treated with Exo-DOX formulations
with DOX concentration equivalent to 85.32 nM. After 8 h
incubation, the cells were visualized under a microscope for
DOX fluorescence (EVOS microscopy). For fluorescence
quantification, 5x10° cells/well were seeded in 96-well plate
and rested for 24 h. Subsequently, cells were treated with
Exo0-DOX formulations with DOX concentration equivalent
to 85.32 nM. After 8 h incubation, media were removed and
cells were washed with PBS. In the end, cells were analyzed
for fluorescence intensity using the 96-well plate reader.

Statistical analysis

Data from replicative experiments were analyzed for mean
SD/error calculation. The unpaired two-tailed Student’s #-test
was used to determine P-value, and a P-value of =0.05 was
considered statistically significant.

Results
Preparation of DOX-loaded exosomal
preparations from different cell types

and their characterization

To obtain DOX-loaded Exos, we treated near confluent
cultures of PCCs, PSCs, and M@s with either vehicle or
1 uM of DOX for 48 h (Figure 1A). Subsequently, culture
supernatants were collected and Exos were isolated by
ultracentrifugation (Figure 1A). Exos from vehicle- or
DOX-treated PCCs, PSCs, and M@s were analyzed for their
size distribution using dynamic light scattering (Figure 1B).
Data show that the size of the Exos obtained from the vehicle
or DOX-treated cells fall under the range of 120-155 nm
(Figure 1B). However, the size of Exo-DOX was slightly
larger compared to the Exos obtained from cells treated with
vehicle only (Figure 1B). Next, we measured the surface
protein contents of Exos to assess differences in exosomal
shedding by different cell types. Data show that PCCs shed
Exos most efficiently followed by M@s, whereas the least
quantity of Exos was detected in preparation from PSCs. In
addition, we observed that DOX-treated cells shed slightly
more Exos than those treated with vehicle only (Figure 1C).
Furthermore, immunoblot analyses revealed the presence of
CD9 (Exo marker) but the absence of Arf6 (microvesicle
marker), indicating the purity of exosomal preparation
(Figure S1). UV—Vis spectrophotometry analyses of the
Ex0-DOX preparations revealed absorption maxima at
~480 nm, which corresponds to DOX absorption, and
thus, it is indicative of the DOX loading into these Exos
(Figure S2). As expected, no such absorption was observed
in Exos obtained from vehicle-treated cells (Exo-Veh).
DOX loading in Exos was quantified by HPLC equipped
with a UV-Vis detector on a C18 guard column. The HPLC
data show that PCC-Exo-DOX contained the maximum
amount of DOX (3.00 pg) followed by M@-Exo-DOX
(1.66 ng) and PSC-Exo-DOX (0.86 ug) (Figure 2A). To
assess DOX-loading efficiency, we normalized the total
DOX content from exosomal preparations to their surface
protein content. Resulting data demonstrated maximum
loading in PCC-Ex0-DOX (14.06 ng/ug), followed by M@-
Ex0-DOX (7.27 ng/ng) and PSC-Exo-DOX (3.99 ng/ug)
(Figure 2B).
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Figure | Extraction and characterization of Exos.

Notes: (A) Schematic representation of the experimental procedure of extraction of Exos. (B) Exos from the vehicle- or DOX-treated M@, PCCs, and PSCs obtained after
ultra-centrifugation, and their sizes were determined by dynamic light scattering. (C) The Exos were quantified colorimetrically for protein content with the help of DC®

protein assay kit. Bars represent mean * SD.

Abbreviations: Exos, exosomes; DOX, doxorubicin; M@s, macrophages; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells.

M@-derived Exo-DOX preparation

shows highest antitumor activity

To assess the efficacy of different DOX-loaded exosomal
preparations, we first treated PCCs with free DOX rang-
ing in concentration from 0 to 1,000 nM at three different
time points viz 24, 48, and 72 h (Figure 3A). The IC_, was
determined to be 121.7, 85.32, and 40.65 nM at 24, 48, and
72 h time points, respectively. Next, we treated PCCs with

85.32 nM (IC, at 48 h) of free DOX or PCC-Ex0-DOX,
M@-Exo0-DOX, and PSC-Ex0-DOX carrying an equivalent
amount of DOX for 24, 48, and 72 h. At the end of the
stipulated treatment time, cell viability was determined by
the WST-1 assay. At 48 and 72 h time points, Exo-DOX
formulations were significantly more toxic to cancer cells
than an equivalent amount of free DOX (Figure 3B and C).
More importantly, we observed the greatest growth inhibitory
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Figure 2 Quantification of DOX loading in Exos obtained from PCC, PSC, and MQ@.
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Notes: (A) Near confluent PCC, PSC, and M@ cells treated with DOX for 48 h and isolated Exos were subjected to reverse-phase HPLC analysis to quantitate the loading
of DOX in Exos. (B) Relative DOX content in Exos was calculated by normalizing the total DOX quantity to Exo content. Bars represent mean + SD.
Abbreviations: DOX, doxorubicin; Exos, exosomes; M@s, macrophages; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells.

potency for M@-Exo-DOX (Figure 3B and C). Interest-
ingly, we observed that Exos isolated from vehicle-treated
PCCs had some growth promoting effect. While this growth
stimulation was not statistically significant at 24 h time
point when compared with cells treated with vehicle only,

we observed a statistically significant difference in growth at
48 h (8.18%) and 72 h (11.92%) time points. Contradictorily,
Exos from vehicle-treated MO caused a decrease in the
growth of the PCCs, which was statistically significant at
48 h (5.78%) and 72 h (11.45%) time points. At all the time
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Figure 3 Comparison of Exo-DOX formulations on cancer cell proliferation and apoptosis.

Notes: (A) The IC, of free DOX in PCCs was determined after treatment with indicated concentrations for 24, 48, and 72 h. PCCs were treated with Exo-DOX (B) or
Exos (C) obtained from PCCs, PSCs, and M@s for 24, 48, and 72 h, and viability of cells was determined by the WST-| assay. Data expressed as mean * SD (n=3), *P<<0.05.
Abbreviations: DOX, doxorubicin; Exos, exosomes; M@s, macrophages; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells; CTRL, control.

submit your manuscript

International Journal of Nanomedicine 2019:14

535

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kanchanapally et al

Dove

points (24, 48, and 72 h), PSC-Exo-Veh did not have any
significant effect on the growth of PCCs.

M@-derived Exo-DOX preparation
induces greater apoptosis in cancer cells

compared to those derived from PCCs
or PSCs

Since the induction of apoptotic cell death is a prime
mechanism of chemotherapeutic drugs, we were interested
to see how different Exo-DOX preparations fared relative
to free DOX. PCCs were treated with 85.32 nM DOX or
different Exo-DOX preparations containing an equivalent
amount of DOX. After 48 h of treatment, the cells were
analyzed for the percentage of apoptotic cells by the flow
cytometry assessment of Annexin-V-stained cells. We found
that all the tested Exo-DOX formulations outperformed
the efficacy of free DOX in apoptosis induction (Figure 4).
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Figure 4 (Continued)

Furthermore, M@-Ex0-DOX preparation was found to be the
most toxic to PCCs with an apoptotic index of 80.1% fol-
lowed by PSC-Ex0-DOX and PCC-Exo0-DOX with the apop-
totic indices of 73.2% and 65.3%, respectively (Figure 4).

All Exo-DOX formulations are taken up

with equal efficiency by the cancer cells

To determine if the differences in cancer cell toxicity of
various Exo-DOX formulations were due to their differential
uptake by the cancer cells, we treated PCCs with PCC-Exo-
DOX, PSC-Exo0-DOX, and M@-Exo-DOX containing an
equal amount of drug (85.32 nM) for 8 h. Thereafter, cellular
uptake was monitored under fluorescence microscope as red
fluorescent signal of DOX. We observed no apparent differ-
ence in the cellular uptake of different Exo-DOX preparations
by the PCCs (Figure 5A). Furthermore, to get the quantitative
data, we treated PCCs in 96-well opaque bottom plates for 8 h
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Figure 4 DOX-loaded Exos induce apoptosis more efficiently than free DOX.

Treatment PE annexin V
condition positive/7-AAD-
negative cells (%)

Control 1.7

Free DOX 45.8
PCC-Exo-DOX | 65.3
PSC-Exo-DOX | 73.2
M@-Exo-DOX | 80.1

Notes: PCCs were treated with vehicle, free DOX, PCC-Exo-DOX, PSC-Exo-DOX, or M@-Exo-DOX (with free DOX equivalent 85.32 nM). Following 48 h of treatment,
the percentage of apoptotic cells was determined by Annexin V-binding assay, using flow cytometry.
Abbreviations: 7-AAD, 7-amino-actinomycin; DOX, doxorubicin; Exos, exosomes; M@, macrophage; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells.

followed by the replacement of culture media. Fluorescence
intensity in different wells was recorded at 485 nm excitation
and 528 nm emission, which also showed no significant dif-
ference in the cellular uptake of Exos (Figure 5B).

Discussion

Exos are effective carriers of cellular material and being bio-
logical membrane nanoparticles that do not induce undesired
immunologic response.'>'32! These properties of Exos have

enabled their uses as drug delivery systems.!*!*2!25 Since
almost all types of cells shed Exos, various scientific groups
have attempted different cell types for drug encapsulation.?'
In that regard, our study provides useful information on drug
loading and release capabilities of Exos from different cell
types and the efficacy of drug-loaded Exos in tumor cell killing.

Tumor cells are known to shed greater yield of Exos
compared to the normal cells.'*?’2¥ In line with this, we
observed that PCCs were the most efficient in shedding

Figure 5 (Continued)
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Figure 5 Comparison of cellular uptake of different Exo-DOX formulations.
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Notes: PCCs were treated with vehicle, PCC-Exo-DOX, PSC-Exo-DOX, or M@-Exo-DOX (with free DOX equivalent 85.32 nM). (A) A representative image from EVOS
fluorescence microscopy, depicting the uptake of Exo-DOX formulations. (B) Mean fluorescence intensity count at 528 nm quantified by fluorescence reader.
Abbreviations: DOX, doxorubicin; M@, macrophage; PCCs, pancreatic cancer cells; PSC, pancreatic stellate cell.

Exos followed by M@s and PSCs. Furthermore, studies from
our own laboratory have suggested that tumor cells secrete
Exos at a greater frequency when exposed to environmental
stress.?*? Similarly, we observed that drug treatment induced
Exo shedding not only in PCCs but also in PSCs and M@s.
Though it is known that stress enhances the release of
Ex0s,***! the mechanism is not clearly understood. It might
be an alternative mechanism to dispose off “waste” from
the cell, as degradative pathways are obstructed and/or the
lysosomal pathways are overloaded due to stress.*

Itis known that DOX accumulates inside the endosomes®*
and may eventually be exocytosed via Exos. Our findings
confirm this nonmechanical way of DOX loading into Exo
and demonstrate cell type-specific differences. We chose
DOX as our drug of choice due to the ease of analysis by the
virtue of its absorption and bright fluorescence properties,
and our data support its good antitumor activity in line with
other published studies.>**” We observed that all the tested
cell types were capable of shedding of DOX-loaded Exos;
however, the highest efficacy was observed for PCCs. This
superior efficiency of PCCs can be attributed to the efficiency
of cancer cells to pumpout drugs in a more effective way
than other cell types.3$#

It is well established that treatment of cancer cells with
DOX induces apoptosis.’”#'* We observed that all the tested
Exo0-DOX formulations outperformed free DOX in cytotoxic-
ity toward PCCs. This could be due to the fact that drug efflux
pumps actively pumpout DOX from the cancer cells.**
Moreover, DOX, which has basic pH may likely accumulate
in acidic cell organelles such as lysosomes and endosomes

and eventually thrown out via exocytosis.**** However,
when DOX is associated with nanoparticles, it escapes from
accumulation in cell organelles and efflux pumps leading
to an improved efficacy of DOX.***” Though all the tested
Ex0-DOX formulations have shown improved anticancer
efficacy, M@-Exo-DOX is most toxic toward PCCs, whereas
PCC-Ex0-DOX is least toxic. From our experimental data, it
is evident that there is no significant difference in the uptake
efficiency by PCCs of the Exo-DOX formulations from dif-
ferent donor cell types. The reason for the dissimilarity in the
efficacy of these Exo-DOX formulations could be that Exos
derived from PCCs or PSCs may contain biomolecules that
is either tumor supporting or antagonize tumor cell killing
by the drug.?#%53 An alternate explanation could be that
immune cell naturally carries antitumor agents, which might
have passed on to their corresponding Exos.>*

Conclusion

Our data demonstrate differences in yield, drug-loading
capability, and anticancer efficacy of Exos derived from dif-
ferent donor cell types. These observations should guide us
while considering the use of Exos as effective drug delivery
system for cancer therapy.
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Supplementary materials

PSC-Exo M@-Exo

PCC-Exo

Figure S| Immunoblot analyses of exosomes shed by PCCs, PSCs, and M@s demonstrate the purity of Exos.

Notes: Equivalent amount of Exos shed by PCCs, PSCs, and M@s was lysed and resolved by SDS-PAGE. Immunoblotting revealed the presence of exosomal marker (CD9)
but the absence of microvesicle marker (Arf6).

Abbreviations: Exos, exosomes; M@s, macrophages; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells.
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Figure S2 UV-Vis absorption spectra of Exo-DOX show the absorption corresponding to DOX.
Notes: PCCs, PSCs, and M@s treated with | tM DOX for 48 h and Exos were extracted by ultra-centrifugation. Obtained Exo pellets were resuspended in PBS and scanned

on UV-Vis spectrophotometer to check the absorption.
Abbreviations: DOX, doxorubicin; Exos, exosomes; M@s, macrophages; PCCs, pancreatic cancer cells; PSCs, pancreatic stellate cells; UV, ultraviolet; Vis, visible.
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