CHAPTER 1V

RESULTS AND DISCUSSION

In this study, percentage of total cells with respect to the control represented
the antiproliferative effect of PTU or liposomes on U-937 cells. The percentage of

viable cells compared to that of the cq\ P‘Eéhe other hand, indicated toxicity to the

cells. A low percentage of VlahLe cells 90%) was selected as the cutoff

point for cytotoxicity. Cel 1ons‘,for 1th less than 90% viable cells

were routinely dlscarde7 :

Y

ere prepared with PTU at its
, ﬁiase and the aqueous phase.
e different structures, namely

dicetylphosphate (DCP), ph sphﬂﬁdylsen@an phosphatidylglycerol (PG). The
entrapment of PTU was studied in these 111@. both with and without cholesterol

(CH). Therefore, exglr_); formulations (PQ‘M_‘P PC/DCP/CH, PC/PS,
PC/PS/CH, PC/PG, m& PC/PG/CH) were W The results in Figure 6
indicate that addltloﬂJ of cholesterol in liposomes &igmﬁcantly decreased the
entrapment of PTU for allfexmulations (p < 0.05 by Student’s T-test). At the pH of the

aqueous phase @did’[&‘]e%t&ﬂn&s}l%ﬁ wrﬁg}oﬂ,§d association of PTU

to the lipid bila%r was expected. Presence of CH =1.r.1 the bilayer wld replace PTU

molec@ Wl{é]bm ﬂ@rﬂﬂ N%&}@l%mea’\%rhese results

agree well with other work, where both lipophilic and hydrophilic drugs were studied
(Chang and Flanagan, 1994). This would not have been the case if PTU had not been

associated with the bilayer. In fact, CH is known to increase encapsulation efficiency
of hydrophilic drugs and reduce their leakage from liposomes (Allen and Cleland,
1980; Miyajima et al., 1993; Simons and Kramer, 1977).
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The charge effects on the entrapment of PTU are shown in Figure 6. The mean
entrapment of PTU in neutral liposomes composed of PC was significantly different
from that of the negatively charged liposomes (p < 0.05). Negatively charged lipids
produce a negatively charged interface on the liposomal bilayers. These charged
interfaces, in turn, promote the electrostatic repulsion and result in expansion of the
aqueous compartments between bilayers within liposome vesicles (Alpar, Bamford,
and Walters, 1981; Bangham, de Gier, and Greville, 1967). A significant portion of
PTU in these formulations was in the a %npartment according to its solubility

in HEPES buffer pH 7.4 (1.1 mg@hﬁ& /queous compartments would thus

increase the entrapment of PTU i somes.

headgroups of these
Appendix D shows the dition to the charge effect,

the headgroups of PS an teric effect to the liposomal
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Figure 6: Entrapment efficiency of PTU liposomes with different lipid
compositions. The charged lipid and cholesterol were included at 10 and

30 mol%, respectively. Each bar represents mean = S.D. (n = 4).
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2. Effect of PTU on cell growth

The aim of this experiment was to select appropriate concentrations of PTU.
The required concentrations were those without cytotoxicity. In addition, to clearly
distinguish the effects of the carrier systems, antiproliferation should be minimal as a
solution. The antiproliferative effect of PTU solution at various concentrations is

illustrated in Figure 7. The results in percentage of viable cells are presented in Figure

8- ’,
(//& of PTU solution increased as

PTU concentration increased. Cytotoxicit ion was clearly seen at PTU

doses of 220 and 330 ng/ hus / ‘ ,\.' ‘ of 5.5 pg/mL was selected for
2

Both the antlprohfera

further experiments where & were studied.
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Figure 7: Effect of PTU on cell growth. Each bar represents mean + S.D.
(n=4).
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3. Effects of phosphatidyl¢ho ( '
J".l"": i et
There are reports regardiﬁg@gnt,’ h inhibitory effects associated with

blank liposomes in So,ﬁle cell l' S'(Kﬂen' etal.,"1981; Yoshioka et al., 1990). These

effects seem to depe pon-th e-composition-of-the-lipesemes and the cell line studied.
Thus, it was necessary todetermine the li g ot which cytotoxicity to the
cells was devoid. Flgures 9 and 10 display the antlprohfer tive effect and cytotoxicity

of empty PC li ﬁ\ ion was seen at and
above lipid co‘@\ (EIf ﬂthﬂﬁlgmﬁcance between
the two lower doses (p > 0.05 by Tdkey’s test otoxicity wa$ seen in all the
doses sa ﬂpfl aﬁa tm.lg m )as’g ﬁ&laﬂﬁe C ncentratlons

(3.5 and 7qmg/mL). In a previous study, Allen et al. (1981) demonstrated that it might

be necessary to keep empty liposome concentrations to levels below 60 uM in order to
prevent certain cultured cell lines from liposome cytotoxicity. In most other studies on
liposome-cell interaction, however, lipid was generally used at 100 uM (Lee, Hong,
and Papahadjopoulos, 1992; Miller et al., 1998). Thus, the lipid concentration of 0.075

mg/mL, which was equivalent to 100 uM, was selected for further experiments. It is
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worth noting that if incubation time was longer than 24 hours, significant cytotoxicity

was seen at high concentrations (0.3 mg/mL and up, data not shown).
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Figure 9: Antiproliferati ; hatidylcho ine (PC) liposomes on
mf;i £ %
U-937 macrophages. Each bar epresents mean = $ D. (n =4).
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Figure 10: Percentage of viable cells of U-937 macrophages treated with various

PC liposome concentrations. Each bar represents mean = S.D. (n = 4).
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4. Formulation effects on proliferation of U-937
4.1 Effects seen at lipid concentration of 0.075 mg/mL

4.1.1 Antiproliferative effect of neutral liposomes without

cholesterol

Figure 11 depicts antiprofiferation of neutral liposomes without
cholesterol (PC liposomes) in the U-937 ce‘(}ék as clearly seen that PC had some
antiproliferative action on_U-937 cells ar O:ﬂfng/mL. At comparable lipid
concentrations, PTU lipo@gavg si "lilar results_to blank liposomes. This might

reflect the low entrapmen oy, of the formulation. Thus, most of the effect seen

was from PC. This arg orted by the observation that additional PTU

solution significantly increas 'én'xipl:%ﬁferation of PTU liposomes (p < 0.05).

These results suggest gntr‘app—s'd Jin liposomes might not be promptly
v

available to the cells. old bein agreement with the scenario of liposomes

PRIy ¥ -
entering the cells via endogytosis or P}_tagocjﬁ)sfs. Drugs entrapped in liposomes need
: L

aid . Y

to be released from endoso es‘a’o]'gfp_hagosggps'd! ':I‘intol the cytoplasm before they can
exert any biological action. The Hﬁdency%?each the cytoplasm depends on the
i L

e el L
physicochemical properties of the molecule as well as the carrier system. It is possible

Y -
that some drug mole¢iiles will be carried through the cell Without being released into

the cytoplasm (Straubin_gier et al., 1983). However, the highest antiproliferative effect
was seen with blank l;;osomes with additional PTU S(;T:Jtion. The effect seen was
statistically different from thé effectof blank-liposomes'(p ¥ 0.05). PTU solution only
did not show any, ant‘iproliferation. Thus, the effect of blank liposomes seemed to be
synergistic geythe antiproliferatives effect ofyPEU~ They mechanism mnderlying this
observaﬁon is not“clearly understood: ‘However, “similar~observations with blank
liposomes have been previously reported with other drugs (Katragadda et al., 2000).
Theoretically, liposome-cell interaction could lead to either increased permeability of
the cell membrane to the drug or increased susceptibility of the cell to drug effects.
This is based on the fact that PC, which is invariably the main structural lipid used in

most studies, is a surfactant.
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4.1.2 Antiproliferative effect of neutral liposomes with cholesterol

The results of neutral liposomes with cholesterol composed of PC and
CH (PC/CH liposomes) are shown in Figure 12. The effects on U-937 proliferation

showed a comparable profile to that seen with PC liposomes.

Allen et al. (1991) found that inclusion of cholesterol in PC liposomes

resulted in a decrease in the uptake b
Such trend was not well evid I there was no difference in the
antiproliferative effect bet formu A especially in blank liposomes (p

> 0.05). The only exceptio @ith additional PTU solution.
In this case, the antiprolif C ¢ / 'was not a direct. indi

)ltured mouse bone marrow macrophages.

into the cells due to the cou
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Figure 11: Antiproliferative effect of PC liposomes at lipid concentration of 0.075
mg/mL. Each bar represents mean £ S.D. (n = 4). Bars with the same alphabet

belong to the same group by ANOVA and Tukey’s test.



45

120
(B)
© © ©
100 1
S
S 80 -
= 60
<
= _ . '
S 40 , . .~ ] —
g v
20 | . - . o
0
PTU solution
|
\
Figure 12: Antiprolif oncentration of 0.075
mg/mL. Each bar repr th the same alphabet

The res@ of PC/DC] ! gﬂw and 14) are compared
with those of PC llposgmes in Figure 11 The results indicate no significant

differences betﬁrugcfﬂcw m gj é? tl]o?lesterol. This was in
mouse iver an

contrast with preyious works done in lines (Katragadda et
al., 200 (ﬂ é( sion of DCP
in DPPamﬁﬁﬁdimmtju )Yrﬁ)w owever, the
effect reported was modest. The small discrepancy may be the results from the
difference in the structural lipid (PC versus DPPC) as well as the different
measurement tools used (antiproliferation versus uptake of the radiolabeled drug) in
this present study. Thus, inclusion of DCP seemed to have minimal impact on
liposome uptake by the U-937 cell line.

Although the entrapment efficiency was much higher with PC/DCP

liposomes, there seemed to have no significant effect on antiproliferation. Again, most
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of the effect seen was probably from the lipid (Figures 13 and 14). It was also clear

that there was no effect seen from inclusion of CH.
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Figure 13: Antiprolif

ipos \-\ at lipid concentration of
0.075S mg/mL. Each barre Bars with the same

alphabet belong to the sa "ukey’s test.
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Figure 14: Antiproliferative effect of PC/DCP/CH liposomes at lipid
concentration of 0.075 mg/mL. Each bar represents mean £ S.D. (n = 4). Bars

with the same alphabet belong to the same group by ANOVA and Tukey’s test.
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4.1.4 Antiproliferative effect of negatively charged liposomes

containing PC and PS without cholesterol

Figure 15 shows the antiproliferative effect of PC/PS liposomes under
various treatment conditions. The effect of blank PC/PS liposomes was significantly
different from that of blank PC liposomes (p < 0.05). This indicates that inclusion of
PS might facilitate uptake of liposomes into the cells. Specific receptors for PS are
known to present on the cell surface, of macrophages (Allen et al., 1988;
Balasubramanian and Schroit, 1998; .'%ﬁdhuizen et al, 1998). Thus,
endocytosis/phagocytosis via specific receptd@ be the underlying mechanism.
Many authors reported 51-":-_@; regults “wheie PS eﬁhanced liposome uptake into
macrophages with dlfW ! lines | (Allen- et-al., 1991 Bakker-Woudenberg,
Lokerse, and Roerdin
Papahadjopoulos, 1992). T
al., 2000). In this stud
liposomes. In fact, the effect of PTU 2C
of blank PC/PS liposomes (p. 605) It sﬁou1d be possible that presence of PTU

molecules in the bilayer of li osom:ﬁ vesw};siyvould affect molecular distribution of

/ Isu) and Juliano, 1982; Lee, Hong, and
lude one study in the U-937 cell line (Katragadda et
T 1?Cms;l§‘0f PS did not increase the effect of PTU

hposomes was significanly less than that

-.-_-_.

PS in the bilayer. This could lead:té dlffem‘c in charge density or spacing of the
negative charges. Thuf bmdmg befween P§ on the hpo‘?omal bilayer with the PS

receptor on the mac p a =] }hlS was the case, then

manipulation of PS amq>unt on liposomes should show-some supporting evidence.
-

T

Thus, this point should be further explored.

Due to the high entrapment efficiency of these formulations, only a
small amount,of . PTU could be.added to keep the-total concentration,of 5.5 mg/mL.
Thus, the etfect 'of ladded PTU s (ot ‘seen | bétween -PTU liposomes and PTU
liposomes with additional PTU solution (p > 0.05). Similarly, the synergistic
antiproliferative effect between blank liposomes and PTU solution was not seen (p >
0.05). The effect from blank PS liposomes could obscure the effect from PTU solution

since the former was already abundant.
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contammg,PlZ;apd with cholesterol

Cat ey o -

cholesterol (PC/PS/Cl—Jare shown i 6. Wh@ CH was included in the
liposomes, the dramatio’ effect of blankaliposomes was absent. In fact, the

antlprollferatlolﬂrauﬂlgalm Kifgl/ Addition of PTU Solution did not restore the

synergistic effectq%een in previous fo?nulatlons Unexpectedly, shght antiproliferation
was seéi, Mﬂi’f Pﬁg&ﬁiﬂeﬂtﬁ% Wﬁl} (ﬁ 0.05). In this
present study, CH was included at 30 mole%. Presence of this relatively large amount
of CH in the bilayer would definitely affect the spacing of PS molecules on the
bilayer. Apparently, this spacing was not suitable for binding of PS on the liposomal
membrane with PS receptors on the cells. In addition, the improper spaced PS might
cause charge repulsion between liposomal surface and the negatively charged cell
surface. CH is also known to modify bilayer fluidity, which may affect liposome-cell

interaction (Allen et al., 1991). Many studies have also shown that inclusion of CH
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Lipid assay

Preparation of reagents

Ammonium molybdate-sulfonic acid reagent:

The solution was prepared by mixing of 5 ml of 5 M sulfuric acid with
approximately 50 ml of double-distilled water and then adding of 0.44 g. of

ammonium molybdate to the acid solution. The solution was mixed until ammonium

molybdate dissolved completely, anc ‘the voltime of this solution was adjusted to 200
I with double-distilled N A
ml with double-distilled water. ‘
E i d
_ . s . | %".k o ™ %
1-Amino 2-nap \\\

1ing of 0.8 g of Fiske-Subbarrow reducer

The solution
and then dissolving it i

prepared on the day of us

U
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and sphingomyelin (SM) decreasesd the uptake of liposomes by macrophages both in
vitro and in vivo (Allen et al., 1991; Foong and Green, 1988; Moghimi and Patel,
1992). On the contrary, PTU liposomes displayed some antiproliferative effect.
Association of PTU with the bilayer might, in one way or another, modify surface

property of liposomes. The modification then resulted in some uptake of liposomes.
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liposomes at lipid concentration

of 0.075 mg/mL. Each bar repim_'ff Hpe’ an .D. (n = 4). Bars with the same

4616 Anti nﬁieratlve effect ﬁatw% ﬁ (::si:)e(::)lmes
) 5% R FHRYH1 i bl e

containing PC and PG with and without cholesterol are depicted in Figures 17 and 18.
The effects of PC/PG liposomes were not different from those of PC/PS liposomes.

However, CH gave no further effects in the antiproliferation of these negatively

charged liposomes.

Similar to what was seen with PS, blank PC/PG liposomes displayed

stronger antiproliferation than that seen with blank PC liposomes. The same result was
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seen when CH was also included. Many studies reported that the negative surface
charge can be recognized by receptors found on a variety of cells, including
macrophages (Allen et al., 1991; Allen et al., 1990; Allen et al., 1988; Lee, Hong, and
Papahadjopoulos, 1992). In addition, Fidler (1988) found that inclusion of negatively
charged phospholipids such as PS and PG in multilamellar vesicles (MLV) consisting
of PC greatly enhanced their binding to and phagocytosis by macrophages. The
antiproliferation seen here was an indirect evidence of enhanced uptake of these

liposomes by the macrophages. Thus e scenario to that of PS was seen here.
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Figure 17: Amﬂ uﬁl %&qtﬂlﬂlﬁ ‘W E’]aﬂp‘ﬁ concentration of

0.075 mg/mL. Each bar represents ?ean + S.D. (n 4). Bars w1th the same
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ince the eliccls ol the SN e

experiments due to itﬁh low entrapment e following experiments were

carried out. In these‘exXperiments, the li on was increased in order to
increase PTU entrapped:an the 1iposo pid conc%ration of 0.15 mg/mL was

used in these experiments'because it had loy toxicity and low antiprolifertive effect

<seeFigures9ﬁ‘NEJ ANEUNINEINT
qq m la '\Tﬂ? m ﬂwﬁﬁwﬁfﬁn and with

olestero

From Figures 19 and 20, the trend of antiproliferation of neutral
liposomes, both with and without cholesterol, was similar to the results of neutral
liposomes with and without cholesterol at the lipid concentration of 0.075 mg/mL (see
Figures 11 and 12). The antiproliferative effects were not significantly different (p >
0.05), except for those of blank PC/CH liposomes and blank PC/CH liposomes with
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additional PTU solution. The difference seen with blank liposomes was minimal,
which might not have any physical consequences. Higher lipid concentrations seemed
to enhance the synergism seen between blank liposomes and PTU solution (p < 0.05).
This result was still in agreement with the argument made earlier that blank liposomes
might modify either drug uptake or drug susceptibility of the cells. Apparently, this

modification was dose dependent.

120

100

Sy,

) \\\\\\h
B _P\\\ |

% Total cell: control

20

N
N

1pos0 mes P on PTU solution
: 7 T‘ J*\ \

W
Ji*‘f;.
L -
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Figure 20: Antiproliferative effect of PC/CH liposomes at lipid concentration of
0.15 mg/mL. Each bar represents mean + S.D. (n = 4).
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4.2.2 Antiproliferative effect of negatively charged liposomes
containing PC and DCP without and with cholesterol

The results in Figures 21 and 22 show antiproliferative effects of
PC/DCP liposomes with and without CH. These results were basically the same as
those seen with PC liposomes in Section 4.2.1.

In conclusion, increase in lipid concentration had the same effects for

PC and PC/DCP liposomes with and without CH. These formulations were those with

blank liposomes inserting relativ -937 proliferation.
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4.2.3 Antiproli | ' offec of neg ' y charged liposomes
t and with cholesterol

ere comp osed of PS, increase in
lipid concentration '» J4 )37 in all cases (p > 0.05).
This is also in agreememwith the argument that P rend@d liposomes uptake via PS
receptors on the cell surfacg. If saturation teok place at 0.075 mg/mL of total lipid,
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Figure 24: Antiproliferative effect of PC/PS/CH liposomes at lipid concentration
of 0.15 mg/mL. Each bar represents mean + S.D. (n = 4).
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4.2.4 Antiproliferative effect of negatively charged liposomes

containing PC and PG without cholesterol

Antiproliferative effects were increased when lipid concentration was
increased to 0.15 mg/mL in all cases for PC/PG lipsomes without CH (Figure 25, p <
0.05). These results suggest that the uptake saturation had not been reached with 0.075

mg/mL lipids. This scenario was possible since PG-containing liposomes can also be

N2

effect ively charged liposomes

v'@ol

s were the same at 0.075 and

actively taken by receptors on the cell s

4.2.5 Antnpr@

0.15 mg/mL total lipid (Fi ‘ 20,0 nclusi W per se did not exert any
effects on antiprolifera n 3| ) all 1 atments at 0.075 mg/mL lipid
(see Section 4.1.4). Th : _' arable results to those of PC/PG
would have been seen u 51 56 e t that the stoichiometry of
binding/uptake between PC SO PG/CH liposomes might not be the
same. Thus, saturation of receptors,ﬁa,#p the same lipid concentration

conclusions could be drg\m cga ; consauences of entrapping PTU

within liposomal vesicles. d.Further study shou e carried out to clarify this point.

ﬂ‘lJEJ’WIEJWﬁWEJ']ﬂ‘i
’QW’]@\?ﬂ‘ifMNW]')ﬂEﬂaﬁl



57

120
_ 100 1L
£
§ 80
§ 60
=
Z 40 .
X

20 -

0 N .
Blank liposomes B}ank+PTU solution PTU solution
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Figure 26: Antiproliferative effect of PC/PG/CH liposomes at lipid concentration
of 0.15 mg/mL. Each bar represents mean + S.D. (n = 4).
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5. Uptake of calcein-loaded PC liposomes by the monocyte/macrophage U-937
and the fibroblast BALB/c 3T3 cell lines.

The difference in the experimental results between the U-937 and the BALB/c
3T3 cell lines was not seen at early time points (5 and 12 hours). Figures 27 and 28
show the photographs taken under a fluorescent microscope after the cells were
incubated with calcein-loaded liposomes for 24 hours. The results seen with the
BALB/c 3T3 cell line was in good a nt with fusion of liposomes with the cells
(Papahadjopoulos et al., 1973). Fluc e‘ //
(Figure 27). Treatment with, in solutio how any fluorescence (Figure
28). Thus, binding of calcein » 1 .
fluorescence was seen '
Ml

evidence that calcein-loa

‘seen confined within the fibroblasts

¢ ruled out. On the contrary, no
7 reliminary results show no
ion with U-937 cells. Since
calcein is highly hydrophili C r, a ﬁd/or phagocytosis was still
compatible with these pig ophilie content of liposomes will

not be released from endesonies o1 1agos © 1 oplasm during the process

by liposomes. Besides, only one type of i mes was studied. Thus, a series of
.r-:";..r:_-?;'ﬁ_r:l:l _"-‘t.ql 4"

more-refined experimts would be necess y to elucidate~the mechanism of PTU

liposomes uptake by 6 U-
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Figure 27: Photographs from light (1) and fluorescence (2).microscopes of
BALB/@3T3 fibroblasts (X400), The cells were incubated with calcein-loaded
liposomes for 24 hours: (A) control, (B) cells incubated with liposomes and (C)

cells incubated with calcein solution.
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©

Figure 28: Photographs from light-(1) and fluorescence' (2) fnicroscopes of U-937
macrophages (X200). The cells were incubated with calcein-loaded liposomes for
24 hours: (A) control,(B) cells incubated with liposomes and (C) cells incubated

with calcein solution.
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