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ABSTRACT

DEVELOPING FLUORESCENT SENSORS FOR THE BIOIMAGING OF CHELATABLE IRON(III) IONS

FEBRUARY 2015
ZIYA AYDIN, B.A., CUKUROVA UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS DARTMOUTH
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Maolin Guo

Iron is an essential element for the body and plays important roles in many metabolic
processes. A transient labile iron pool (LIP) has been proposed to play key roles in cellular iron
trafficking and metabolism. However, free iron ions (Fe*" and Fe?") in this pool are toxic and
damaging to cells due to their involvement in the production of oxygen radicals. The damages
may lead to aging and various diseases including stroke, cancer, and several neurological
disorders like Parkinson’s disease, Alzheimer’s disease and atherosclerosis. Determination of
free iron ions in cells may contribute to a better understanding of iron’s function and transport
pathways under physiological and pathological conditions. Early methods to identify a labile and
transient iron pool needed to disrupt cells. Over the past two decades, fluorescent sensors have
emerged to visualize metal ions in living cells without any damage. To visualize intercellular iron
ions, specific fluorescent sensors are needed. Even though fluorescent sensors have been
applied into cells for two decades, only a few Fe*-selective sensors are capable of cellular

imaging with limited success.
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Chapter 1 introduces the biological background of iron as well as recently developed

fluorescent sensors for iron detection.

In chapter 2, a new rhodamine-based sensor, RPE, was synthesized and characterized by
'H NMR, *C NMR, and MS. The sensor responds to Fe* via coordination induced fluorescent
activation (CIFA) mechanism and gives a distinct rapid and reversible fluorescence response
upon the alteration of intracellular Fe** levels with little interference from other biologically
relevant metal ions. RPE can readily detect endogenous chelatable Fe** via a confocal
microscope in live human SH-SY5Y cells at subcellular resolution in real time, with two labile Fe*'
pools being successfully located in mitochondria and endosomes/lysosomes in both untreated

and Fe**-loaded human SH-SY5Y cells for the first time. RPE is thus a promising tool for probing

the cell biology of Fe**.

Sensors, such as RPE, which emit lights in visible range, suffer from some significant
drawbacks, including intrinsic signal caused by auto-fluorescence, high light scattering, and poor
light penetration when they are applied to biological tissues. To overcome these limitations,
near infrared sensors can be used because they emit at longer wavelength so they display low
autofluorescence background, deeper penetration to tissues and cause less damage to
biological samples. In chapter 3, a heptacyanine based sensor, IRPE, was synthesized and
characterized by 'H NMR, C NMR, and MS. IRPE showed selective response to Fe and binds it
in a 1:1 stoichiometry with an apparent binding constant 2.0x10° M in ACN/HEPES (1/1 v/v)
solution. The sensor displays a change in color and fluorescence upon the alteration of Fe**
levels in solution with a reversible response and little interference with other biological relevant
metal ions. IRPE is a good Fe**-selective sensor but, cell studies showed that it was not capable

of detecting free iron ions in cells.
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To get cell permeable and Fe**-selective near infrared sensors, it was decided to change
the strategy for near-infrared sensor design. In chapter 4, a Changsha based sensor, NIRh-Ac,
was developed. The sensor gives a distinct rapid and reversible fluorescence response upon the
alteration of intracellular Fe*" levels with little interference from other biologically relevant
metal ions. Confocal experiments showed that NIRh-Ac could readily detect exogenous
chelatable Fe*" in live human SH-SY5Y cells and live fibroblast cell (ws1) at subcellular resolution,
with the chelatable Fe** pools located in mitochondria and endosomes/lysosomes for SH-SY5
cells and in mitochondria for ws1 cells. Kinetic experiments with the sensor provided a visual
imaging of Fe*" transport pathway in human fibroblast cells in real time, i.e., from endosomes to
lysosomes and finally to mitochondria via a direct “Lyso-mito docking” mechanism, bypassing
the cytosol. Studies using zebrafish clearly demonstrated the capability of the NIRh-Ac sensor in

. . 3+ . . .
imaging Fe” in live animals.

In chapter 5, another Changsha-based near infrared sensor, NRPA, was developed to
detect endogenous Fe** ions in cells. It is a highly sensitive, highly selective, and reversible turn-
on near infrared fluorescent sensor for Fe**. The sensor gives a rapid and reversible fluorescence
response upon the alteration of intracellular Fe*" levels with little interference from other
biologically relevant metal ions. Confocal imaging studies demonstrate that NRPA can readily
detect endogenous free Fe** in live human SH-SY5Y cells and live fibroblast cell (ws1) at
subcellular resolution, with the chelatable Fe** pools located in mitochondria and
endosomes/lysosomes in SH-SY5 cells while in mitochondria only in ws1 cells. It was concluded
that different cell lines store/handle iron in different ways. The ability of NRPA to detect
endogenous free Fe* ions in zebrafish was also demonstrated and free Fe** ions were found

located in liver/gall bladder of 6-days-old zebrafish.
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In chapter 6, highly sensitive, highly selective, and reversible turn-on near infrared
Changsha-based fluorescent Fe*"-sensors, NRPK and NRP were described. The initial goal was to
synthesize Fe(ll)-selective fluorescence sensor; however, NRPK turned out to be a sensor for Fe
(11). Both NRP and NRPK coordinate Fe*" with O/N/N binding motif with 2:1 ratio. The NRPK
appears not to use the carbonyl group linked to the pyridine ring for coordination. Cell imaging
experiments with NRPK showed that it could readily detect endogenous free Fe** in live bovine
aortic endothelial cells (BAEC) and human SH-SY5Y cells at subcellular resolution, with free iron
(111) ions located in mitochondria and endosomes/lysosomes for both BAEC and SH-SY5 cells.

Finally, NRPK demonstrated the ability to detect exchangeable free iron(lll) in zebrafish in vivo.

Finally, a novel sensor was developed to quantify the concentration of Fe*" in the LIP
and to confirm that the images observed by the sensors such as RPE, NIRh-Ac, NRPA and NRPK
reflect the true locations of cellular chelatable Fe**, not instead the locations of the sensors
themselves. A ratiometric near infrared sensor, CR-PK, was presented in chapter 7.The CR-PK
sensor shows NIR and visible emission in its spirolactam ring-open and closed forms,
respectively. The reaction of CR-PK with Fe** leads to the ring opening of the spirocyclic moiety
of CR-PK, causing a large red shift ~222 nm of the absorption band. Cell imaging experiments
with CR-PK revealed that CR-PK is evenly distributed in the cells except the nuclei region;
however, chelatable labile Fe** ions are located in certain organelles in live bovine aortic
endothelial cells (BAEC), fibroblast (ws1) cells and human neuroblastoma cell (SH-SY5Y). The
ratiometric sensor CR-PK enables the direct determination of endogenous labile Fe*'
concentration in the cells for the first time, with a value of~0.6 uM determined (0.43 + 0.23 uM

by Method 1 and 0.8 + 0.28 uM by Method 2 ) for ws1 cells, ~1.78 uM determined (2.18 + 0.35



UM by Method 1 and 1.38 £ 0.47 uM by Method 2 ) for BAEC cells, and ~3.05 uM determined

(3.2+0.63 uM by Method 1 and 3.1 + 0.53 uM by Method 2 ) for SH-SY5Y cells.

The various highly selective Fe*" sensors developed in this work offer novel tools for
molecular imaging of Fe*" in live cells and live animals. The sensors, covering wavelength in the
visible and near infrared regions with affinity to Fe*" in micro to nanomolar levels, are ideal to
image Fe*" at subcellular resolution in real time, with the chelatable Fe** pools identified in
various cell lines and live animals for the first time. Moreover, the ratiometric sensor enabled
the determination of Fe** concentration in live cells for the first time. The Fe** sensors will
contribute to a better understanding of the cell biology of iron and its related pathology and

medical applications.
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Ham’s F12 medium (ATCC) for 5, 10, 15, 20, 25, and 30 min. Fluorescence

intensity collected at 547-703 NM ..occcuiiiieeciiee e eecree et ee e e e e eaae e e eebreeeeenareee s

Confocal microscopy images of live human SH-SY5Y neuroblastoma cells treated
with RPE (10 uM, 30 min) and Hoechst 33258 (2 pug/mL, 30 min) in a 1:1 mixture
of Eagles Minimal Essential medium (ATCC) and Ham’s F12 medium (ATCC) for 5,
10, 15, 20, 25, and 30 min. Fluorescence intensity collected at 547-703 nm (for

RPE) and 426-535 nm (for HOeChst 33258) ........uvieieciiiieicieee ettt

Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma
cells treated with (a) 10 uM RPE sensor after 30 min incubation (b) the cells
were thenincubated with Fe**(20 uM Fe(8-HQ)) for 30 min. The brighter and
more widely distributed fluorescence signals in (b) suggest elevated Fe*" levels
in Fe**-loaded human SH-SY5Y cells. Fluorescence intensity was collected at 547-

703 NM (FOr RPE). cueeveeiiiiieie ettt ettt ettt et ee bt e st e e s ebbeeesensbeeeeenbeeeesnnrees

Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma
cells treated with (A) 5 UM RPE sensor after 40 min incubation (B) the cells were
then incubated with 100 uM Fe**-chelator pyridoxalisonicotinoyl hydrazone
(PIH) for 4 hrs (C) after overnight incubation with 100 uM PIH (D) Bar chart of
the mean intensity of (A), (B) and (C). Fluorescence intensity was collected at

547-703 NM (fOr RPE). ..ttt e e arae e e e eata e e e e eatree e e eanes
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Confocal microscopy images (with DIC) of live human SH-SY5Y euroblastoma
cells with prior iron depletion by 200 uM cell permeable Fe**-chelator
salicylaldehyde isonicotinoyl hydrazone (SIH) for overnight and then treated
with RPE (10 uM) in 1:1 mixture of Eagles Minimal Essential medium (ATCC) and
Ham’s F12 medium (ATCC) for 5, 10, 15, 20, 25, and 30 min (time in seconds was
ShOWN iN €aCH PANEI). .eeiiieece e e

Representative confocal images of intracellular colocalization studies of 10 uM
RPE incubated with live human SH-SY5Y cells co-labeled with MitoTracker Green
(100 nM) and LysoTracker Blue DND-22 (50 NM).....ccceeeiiieeiiieciee e eciee e

Representative confocal microscopy images of intracellular colocalization
studies of 10 pM RPE incubated with Fe**-loaded human SH-SY5Y cells (pre-
implemented with 10 pM Fe*') co-labeled with MitoTracker Green FM (100

nM, incubated for 30 min) and LysoTracker Blue DND-22 (50 nM, incubated for
1071018010} ST PS

General structure of carbocyaning dyes..........ceeivciieeieciiee e

General structure of heptamethine cyanine dyes substituted at the meso-
POSItioN bY halOZEN SroUP. ...eviiiiiee e e e

Suggested addition/elimination mechanism of heptamethine amino cyanine

Some heptamethine cyanine based fluorescent sensors which were designed for
Fe®* (see Appendix A for experimental details), only IRPE shows response to Fe**

(a) Absorbance response of 5 uM IRPE to increasing concentration of Fe** (top
to bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3,0.5,0.7,0.8, 0.9, 1.0, 1.2, 1.5, and 2 equiv
in ACN/HEPES buffer (10 mM, pH 7.3, v/v 1:1) (b) UV-vis spectra of 3 uM IRPE to
various metal ions (3 uM for Zn**, Cr**, Ni**, Hg**, Fe*", Mn**, Ag®, Pb™", Fe**, Cu",
Cu” and Co™; 15 uM for Na*, K*, Mg, and Ca** ) in ACN/HEPES buffer (10 mM,
PH 7.0, V/V Lid) ettt ettt ettt ettt te et s tbeeabeeabeebeesbeesasesanesabeenns

Color changes of 3 uM IRPE with various metal ions (3 uM for Zn**, Cr**, Ni**,
Hg”", Fe*, Pb**, Fe®*, Cu®*"; 20 uM for K*) in ACN/HEPES buffer (10 mM, pH 7.0,

(a) Time course plot of fluorescent response of IRPE (5 uM) in ACN/HEPES buffer
(10 mM, pH 7.0, v/v 1:1) (b) Time course plot of ratiometric fluorescent
responses of IRPE (5 uM) and FeCl;.6H,0 (5 uM ) in ACN/HEPES buffer (10 mM,
PH 7.0, V/V Lid) ittt ettt et eeve ettt ste e staeeaveenbeebeesbeesasesanesaneenne

(a) Fluorescence response of 5 uM IRPE to increasing concentration of Fe** (top
to bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.7, 0.8, 0.9, 1.0, 1.5, and 2.0 equiv in
ACN/HEPES buffer (10 mM, pH 7.3, v/v 1:1), (A;, 650 nm) (b) Fluorescence
response of 3 uM IRPE to increasing concentration of O e
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Fluorescence responses Fsgo/F750 0f 3 UM IRPE (Ax=520 nm) to the presence of
various metal ions (gray) and the subsequent addition of Fe** (black bar) in the
ACN/HEPES buffer (10 mM, pH 7.3, V/V 1:1) oot e 65

(a) Job's plot of the complexation between IRPE and Fe*', [IRPE] + [Fe*"] = 5 uM
in /HEPES buffer (10 mM, pH 7.0, v/v 1:1); (b) Titration of 3 uM IRPE with
increasing concentrations of FeCl; (0.5, 1,1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5,
6.0, 7.5,10.0, 12.5, and 15 uM, respectively) in ACN /HEPES buffer (10 mM, pH
7.0, v/v 1:1). The absorption intensities increased at 523 nm and decreased at

ESI-MS spectrum of the solution of IRPE with FeCl; (1 M sensor and excess Fe*'
I ACN/H20). et e et eee e e eee e e eeeeeeeesaee e seeeeseeseeeseeesseseeseneeeseseesseseeseeenes 67

(a) Ratiometric fluorescent responses of IRPE and IRPE+Fe(lll) (3 uM each) at

various pH values in ACN/H,0 (1/1, v/v) solution. pH was adjusted by HCI (0.1

M) and NaOH (0.1 M) (b) Reversibility of IRPE (3 uM) to Fe* ions by EDTA ((a)

free IRPE (3 uM), (d) IRPE + 1equiv of Fe**, (c) IRPE + 1 equiv of Fe*" + 1 equiv of

EDTA, (b) IRPE + 1 equiv of FE** + 2 quiV Of EDTA).....oveeeeeeeeeeeeeeeeeeeee e eeeeeeee e 68

Confocal microscopy images (with DIC) of B16-F melanoma cells treated with

(a,c) 10 uM CR-PK sensor after 30 min incubation; (b,d) the cells were incubated

with Fe** (10 uM) for 8 h then incubate with the sensor for 30 min (Excitation
wavelength was 633 nm for a,b, 514 for c,d; fluorescence emission collected

520-620 nm for blue channels, 660-750 nm for red channels) ........cccccoveeeiciieeeccneenn. 70

Absorption responses of 20 uM NIRh-Ac to various metal ions (20 pM for Zn**,
cr*, Ni**, Hg*, Fe**, Mn*, Ag*, Pb**, Fe**, Cu®, Cu®*, and Co®*; 100 uM for Na*, K,
Mg and Ca®" ) in ACN/Tris-HCl buffer (10 mM, pH 7.3, V/V 1:1). ceoveveeeeeeeeeeeeeeea, 83

Color changes of 20 uM NIRh-Ac with various metal ions........cccccceeveeiriiieniieeniieenienn. 83

Fluorescence response (Ag, 690nm,) of 20 uM NIRh-Ac to various metal ions (20
uM for Ni**, Cu*, Cu®*, zn*, Pb*, Fe®*, Fe*" Cr*', Hg”*, Mn**, Ag", and Co®"; 100
uM for K*, Na*, Ca**, and Mg”*) in the ACN/Tris buffer(10 mM, pH 7.3, v/v 1:1 ............ 84

Fluorescence responses of 20 uM NIRh-Ac to the presence of various metal ions
(gray bar) and the subsequent addition of Fe* (black bar) in the ACN/Tris buffer;
the bars represent the fluorescence intensity at 735 NM .....cccvveeiiiieeecciee e, 85

Fluorescence responses of 20 uM NIRh-Ac to the presence of various metal ions
(gray bar) and the subsequent addition of Fe** (black bar) in the ACN/Tris buffer;
the bars represent the fluorescence intensity at 735 NM. ....cccvveeiiiieeiccciee e, 86

Titration of 20 uM NIRh-Ac with increasing concentrations of FeCl; (2, 4, 6, 10,

12, 14, 16, 18, 20, 28, 36, 44, 52, and 60 uM, respectively) in ACN/Tris-HCl buffer

(10 mM, pH 7.3, v/v 1:1). Inset, a plot of fluorescent emissions at 713 nm versus

the ratio OF [FEZ'T/INIRN-AC]. «veveeeeeeeeeeeee e eeeeee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et eeeeeeeeeen 87
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(a) Job's plot. The total concentrations of NIRh-Ac and Fe** were kept at

constant 20 uM and the absorption intensity was measured at 713 nm in the

ACN/Tris buffer (10 mM, pH 7.3, v/v 1:1) (b) Treatment of 20 uM NIRh-Ac-Fe**
complex with increasing concentration of EDTA (0 to 40 uM, from top to

bottom) in ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 1:1) (c) ESI-MS spectrum of

the solution of NIRh-Ac with FeCl; (1 uM sensor and 1 pM Fe** in ACN/H,0). ............. 87

Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma
cells and Fibroblast cells (WS1) treated with (a) human SH-SY5Y neuroblastoma
cells were incubated 20 uM NIRh-Ac (30 min) (b) human SH-SY5Y
neuroblastoma cells were pre-incubated with 20 pM Fe** for 8 h then 20 pM
NIRh-Ac sensor was added and image were taken after 30 min incubation (c)
Fe**-chelator SIH (100 uM) was then added and incubated for over night (d) Bar
chart of fluorescent intensity of (a), (b) and(c), (e) human fibroblast cells (ws1)
were incubated with 20 uM NIRh-Ac (30 min), (f) Fibroblast cells (ws1) were
pre-incubated with 20 uM Fe** for 8 h then the sensor was added. (g) Fe**-
chelator SIH (100 uM) was then added and incubated for overnight. (g) Bar
chart of fluorescent intensity of (e), (f) and (g). (Fluorescence intensity was
collected at 700-800 NM (for NIRN=-AC)). ...ceeeciiieeeciee et e 89

Representative confocal microscopy images of intracellular colocalization

studies of 10 uM NIRh-Ac incubated with Fe**-loaded human SH-SY5Y cells (pre-
incubated with 10 uM Fe*) co-labeled with MitoTracker Green FM (100 nM,

incubated for 30 min) and LysoTracker Blue DND-22 (50 nM, incubated for 120

010 T PPNt 91

Representative confocal microscopy images of intracellular colocalization

studies of 20 uM NIRh-Ac incubated with Fe**-loaded fibroblast cells (ws1) (pre-
incubated with 20 uM Fe* (FeClsincubated for overnight) co-labeled with

MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker Blue

DND-22 (50 nM, incubated for 120 MiN) ..c..cccoeeiveeeeeiieeceeieee et e e e 92

Subcellular kinetic experiments for NIRh-Ac-Fe*" in live fibroblast cells (ws1) ............ 96

Colored areas changing at different time in Figure 4.12 (Area of the all color dots
were measured and assumed that the total area is 100%, then each color area
was calculated as @ Percentage (A/Ar) v e eeereeeee ettt e eebe et et 97

Hypothetical schematic of one possible cellular distribution process for free iron
(1) ions in live fIbroblast CeIIS.......cocrviiiie e eeeea 98

Confocal microscopy images (with DIC) Fibroblast cells (ws1) treated with (a)

NIRh-Ac (10uM), Mito tracker green (100 nM), and lyso tracker blue (50 nM) for

30 min (b) 1 min (c) 2 min (d) 3 min after Fe** ions added (b, ¢, and d are the

zoomed images of the area ShowNn iN @) .......ccueiieiiiiicciie e 99
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Confocal microscopy images of 6 day old zebrafish larvaes (a) Zebrafish larva

was incubated with 5 WM NIRh-Ac for 30 min (b) Zebrafish larva incubated with

10 uM (c) 50 uM FeCl; then 5 uM NIRh-Ac was added and incubated for 30

2011 TSPt 100

Absorption responses (a) and Fluorescence responses (b) of 20 uM NRPA to

various metal ions (20 uM for Zn**, Cr**, Ni**, Hg**, Fe*", Mn**, Ag®, Pb*", Fe”*,

Cu*, Cu*, and Co™"; 100 puM for Na*, K*, Mg”* and Ca** ) in ACN/Tris-HCI buffer

(10 MM, PH 7.3, V/V 251). ceeeeoeeeoeeeeee e eeee e seseeees s ee s ses s sesseeesssses s seseases s se s eessenees 107

Fluorescence intensity versus increasing concentration of NRPA-Fe*" (1:1) in
ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 2:1). Detection limit of 0.1 uM was
obtained from the PlOt ... s 108

Fluorescence responses of 20 UM NRPA to the presence of various metal ions
(gray bar) and the subsequent addition of Fe* (black bar) in the ACN/Tris buffer
(10 mM, pH 7.3, v/v 2:1).The bars represent the fluorescence intensity at 750

(a) Absorption of NRPA ad NRPA + Fe** (20 puM, the absorption intensity was

measured at 710 nm) at various pH values in ACN/H,0 (2/1, v/v) solution (b)

Variation of fluorescence intensity (750 nm) of NRPA and NRPA+Fe(lll) (20 uM

each) at various pH values in ACN/H,0 (2/1, v/V) solution .........cccceeevreeeceeeeneeecreeennee. 109

Titration of 20 UM NRPA with increasing concentrations of FeCl; (2, 4, 6, 10, 12,
14, 16, 18, 20, 28, 36, 44, 52, 60, and 80 uM, respectively) in ACN/Tris-HCl buffer
(10 mM, pH 7.3, v/v 2:1). The absorption intensities were measured at 710 nm. ...... 110

(a) Job plot. The total concentrations of NRPA and Fe** were kept at constant 25
KM and the absorption intensity was measured at 710 nm in the ACN/Tris buffer
(b) Treatment of 40 uM NRPA-Fe** complex with increasing concentration of
EDTA (0 to 40 uM, from top to bottom) in ACN/Tris-HCl buffer (10 mM, pH 7.3,

Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma

cells treated with (a) 20 uM NRPA sensor after30 min incubation (b) the cells

were then incubated with Fe**(20 pM Fe(8-HQ)) for 30 min. The brighter and

more widely distributed fluorescence signals in (b) suggest elevated Fe*" levels

in Fe**-loaded human SH-SY5Y cells. Fluorescence intensity was collected at 680-

750 nm (for NRPA). (DIC image of cells with 10 um scale bar.)........cccceevvievieeeineeennee. 112
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Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma
cells with prior iron depletion by 100 uM cell permeable Fe**-chelator
salicylaldehyde isonicotinoyl hydrazone (SIH) for overnight and then treated
with NRPA (10 uM) in 1:1 mixture of Eagles Minimal Essential medium (ATCC)
and Ham’s F12 medium (ATCC). (a) DIC image of cells with 10 um scale bar (b)
10 uM NRPA sensor after 30 min incubation (c) 100 uM cell permeable Fe*'-
chelator salicylaldehyde isonicotinoyl hydrazone (SIH) for overnight and then
treated with NRPA. Fluorescence intensity was collected at 680-750 nm (for

INRPA). coveeeeeeeeeeseeeseeeee e seeesesesese s seseeseeesesesesesese s ee et asesesesesesesesesseesasesenesesesesssesenesenes

Representative confocal images of intracellular colocalization studies of 10 uM
NRPA incubated with live human SH-SY5Y cells co-labeled with MitoTracker

Green (100 nM) and LysoTracker Blue DND-22 (50 NM). ...cccuveiieecreeeeeireeeeeeieee e

Representative confocal microscopy images of intracellular colocalization
studies of 10 UM NRPA incubated with Fe**-loaded human SH-SYS5Y cells (pre-
incubated with 10 uM Fe*") co-labeled with MitoTracker Green FM (100 nM,
incubated for 30 min) and LysoTracker Blue DND-22 (50 nM, incubated for 120

Confocal microscopy images (with DIC) of live human skin fibroblast cells (ws1)
(a) DIC image of cells with 10 um scale bar (a) 10 pM NRPA sensor after 30 min
incubation (b) Fibroblast cells (ws1) were then incubated with 20 uM Fe** for 8
h then the sensor was added (c) 100 uM SIH for overnight and then treated with
NRPA (d) Bar chart of fluorescent intensity of A, B, C. (Fluorescence intensity

was collected at 680-750 NM (fOr NRPA)).....cuviiiieiieeeeteee ettt

Representative confocal images of intracellular colocalization studies of 10 uM
NRPA incubated with live human ws1 cells co-labeled with MitoTracker Green

(100 nM) and LysoTracker Blue DND-22 (50 NM ......ccceeeiieeeieeeieeecree et

Representative confocal microscopy images of intracellular colocalization
studies of 20 M NRPA incubated with Fe*"-loaded fibroblast cells (ws1) (pre-
incubated with 20 uM Fe*) co-labeled with MitoTracker Green FM (100 nM,
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Confocal microscopy images of 3 and 6 day old zebrafish larvaes (a,e) Zebrafish
only (b,f) Zebrafish larva was incubated with 10 pM NRPA for 30 min (c,g)
Zebrafish larva incubated with 10 uM and (d,h) incubated with 40 puM FeCl;for

3 days then 10 uM NRPA was added and incubated for 30 min. ........ccccceeevcvieeeenneen.

(a) Absorption responses and (b)Fluorescence response and (c) Color changes
of 25 uM NRP with various metal ions (25 pM for Zn*, Cr**, Ni**, Hg*', Fe**,
Mn**, Ag', Pb*, Fe**, Cu*, Cu®™, and Co®*; 100 uM for Na* and Ca**) in ACN/Tris-

HCl buffer (10 MM, PH 7.2, V/V 3:1) ittt ettt e
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Fluorescence responses of 25 uM NRPK to the presence of various metal ions
(gray bar) and the subsequent addition of Fe** (black bar) in the ACN/Tris buffer
(10 mM,pH=7.3, v/v 3;1).The bars represent the fluorescence intensity at 740

11 N

(a) Variation of absorption (715 nm) of NRPK and NRPK + Fe** (25 uM each) at
various pH values in ACN/H,0 (3/1, v/v) solution (b) Variation of intensity (740
nm) of NRPK and NRPK + Fe*" (25 uM each) at various pH values in ACN/H,0

(3/1, v/v) solution. pH's were adjusted by adding HCl or NaOH ..........cccccceevveerernne..

(a) Absorption responses and (b) Fluorescence response, and (c) Color changes
of 25 uM NRP with various metal ions (25 uM for Zn**, Cr**, Ni**, Hg**, Fe*,
Mn**, Ag', Pb*, Fe**, Cu*, Cu®*, and Co*; 100 uM for Na* and Ca”*) in ACN/Tris

buffer (10 MM, PH 7.3, V/V 351) ettt ettt et

Titration of 25 uM NRPK with increasing concentrations of FeCl; (2.5, 5, 7.5, 10,
12.5, 15, 20, 25, 31.25, 37.5, and 50 uM, respectively) in ACN/Tris-HCl buffer (10
mM, pH 7.2, v/v 3:1).Inset, a plot of fluorescent emissions at 715 nm versus the

FALIO OF [FE¥ ]/ [SENSOIT cvreeeeeeeeeeeeeeeee ettt ettt ettt e e eeeeeeeeeeeeeaeeeseeeeae

(a) Job's plot. The total concentrations of NRPK and Fe*" were kept at constant
50 uM and the absorption intensity was measured at 715 nmin ACN/Tris-HCl
buffer (10 mM, pH 7.2, v/v 3:1) (b) Treatment of 25 pM NRPK-Fe** complex with
increasing concentration of EDTA (0 to 50 uM, from top to bottom) in ACN/Tris-

HCl buffer (10 MM, PH 7.2, V/V 3:1) ettt et et

Titration of 25 uM NRP with increasing concentrations of FeCl; (2.5, 5, 7.5, 10,
12.5, 15, 20, 25, 31.25, 37.5, and 50 uM respectively) in ACN/Tris-HCl buffer (10

MM, PH 7.2, V/V 3:0) s ettt et ettt s v e e tae e eate e ebeeeeanas

(a) Job's plot. The total concentrations of NRP and Fe>* were kept at constant 50
UM and the absorption intensity was measured at 714 nmin ACN/Tris-HCI buffer
(10 mM, pH 7.2, v/v 3:1) (b)Treatment of 25 pM NRP-35 pM Fe** complex with

increasing concentration of EDTA (0 to 50 uM, from top to bottom) in ACN/Tris-

HCl buffer (10 MM, PH 7.2, V/V 3:1) .ottt eveeeve et st ens

Confocal microscopy images (with DIC) of BAEC treated with (a) cell only (b) the
sensor after 30 min incubation (c) the cells were then incubated with 10 pM Fe**
for 30 min then the sensor was added. (d) the cells were then incubated with 10
1M Fe*" for 30 min then the sensor was added the SIH for overnight (e) the cells
were incubated with SIH (Fe**-chelator) (100 uM) overnight then sensor was
added. (f) Bar chart of the mean intensity of (a), (b), (c), (d) and (e).

Fluorescence intensity was collected at 680-750 nm (Excited at 633 nm). ...............

Representative confocal images of intracellular colocalization studies of 10 uM
NRPK incubated with live BAEC cells co-labeled with MitoTracker Green (100

nM) and LysoTracker Blue DND-22 (50 NIM) ....ocoiuiiieeiiiee ettt
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Representative confocal microscopy images of intracellular colocalization

studies of 10 M NRPK incubated with Fe**-loaded BAEC cells (pre-incubated

with 10 pM Fe®*) co-labeled with MitoTracker Green FM (100 nM, incubated for

30 min) and LysoTracker Blue DND-22 (50 nM, incubated for 120 min)...........cc......... 140

Representative confocal microscopy images of intracellular colocalization

studies of 10 M NRPK incubated with Fe**-loaded human SH-SY5Y cells (pre-
incubated with 10 uM Fe*") co-labeled with MitoTracker Green FM (100 nM,

incubated for 30 min) and LysoTracker Blue DND-22 (50 nM, incubated for 120

100710 TSRS U U OO SRR RPN 141

Confocal microscopy images of 3 and 6 day old zebrafish larvaes (a,e) Zebrafish

only (b,f) Zebrafish larva was incubated with 10 uM NRPK for 30 min (c,g)

Zebrafish larva incubated with 10 uM and (d,h) incubated with 40 uM FeCl;for

3 days then 10 uM NRPK was added and incubated for 30 min. .......ccccceeeeeeiiecnnnnnnnn. 143

Structure of the ratiometric CR-based fluorescent sensors (1) cysteine and
homocysteine-selective and (2) Hg**-selective SENSOrS...........covvvveeeeeeeeireeeseeeeeens 147

(a) Absorbance response of 10 uM CR-PK to increasing concentration of Fe**

(top to bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3,0.5,0.7,0.8,0.9, 1.0, 1.2, 1.5, and 2

equiv in EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4) (b) UV-vis spectra of 20 uM

CR-PK to various metal ions (10 uM for Zn*, Cr**, Ni**, Hg™', Fe**, Mn*, Ag’, Pb*,

Fe®*, Cu*, Cu™, and Co®*; 15 uM for Na*, K*, Mg®*, and Ca®* ) in EtOH/HEPES

buffer (10 MM, PH 7.4, V/V A:1). oottt et ettt 154

(a) Fluorescence response of 10 uM CR-PK to increasing concentration of Fe>*

(Aex650 nm) (b) Fluorescence response of 10 uM CR-PK to increasing

concentration of Fe** (A;,450 nm) (top to bottom, 0, 0.125, 0.250, 0.375, 0.50,

0.625, 0.750, 0.875, 1.0, 1.25, eqv. in EtOH/HEPES buffer (10 mM, pH 7.4, v/v

IR TR USSR 155

Fluorescence responses F;o4/F4700f 10 uM CR-PK (Ao = 450 nm) to the presence
of various metal ions (gray bars) and the subsequent addition of Fe** (black bar)
in the EtOH/HEPES buffer (10 MM, pH 7.4, V/V 1:4) ccuooieeieeieeceeceeceecre e 156

(a) Variation of absorption and (b) fluorescent intensity of CR-PK in response to
Lo 11 =TT 01 A o] PRSP 157

(a) Job's plot of the complexation between CR-PK and Fe** [CR-PK] + [Fe*'] = 20

UM in EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4) (b) Titration of 10 uM CR

with increasing concentrations of FeCl; (1.0, 2.0,3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,

10.0, 11.0, 15.0, and 20 uM respectively) in EtOH/HEPES buffer (10 mM, pH 7.4,

v/v 1:4). The absorption intensities increased at 647 nm and decreased at 425

o 0 TNt 158

Reversibility of CR-PK (10 uM) to Fe* ions by EDTA (a) CR-PK + lequiv of Fe** (b)
CR-PK + 1 equiv of Fe*" + 2 equiv of EDTA (c) free CR-PK (10 M) «..cvveveveeeeeeeererereeen. 158
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Confocal microscopy images of live aortic endothelial cells (BAEC) cells treated

with different concentration of Fe®' (ferric citrate) for 30 min, and then

incubated with NRPA (20 uM) in 1:1 mixture of Eagles Minimal Essential

medium (ATCC) and Ham’s F12 medium (ATCC). Fluorescence intensity collected

at 680-750 nm (NRPA was excited at 633 NM). c...uveeeiiiiiiiiiiirieeeecceeereeeee e 161

Confocal microscopy images (with DIC) of BAEC treated with (a,d) 10 uM CR-PK

sensor after 30 min incubation (b,e) the cells were incubated with Fe*" (20 uM)

for 8 h then incubate with the sensor for 30 min (c,f) the cells were incubated
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CHAPTER 1

INTRODUCTION

1.1 Iron in biology

Metal ions, though scarcely present in the human body, play essential roles in many
biological processes.“] Among them, iron is the most abundant transition metal in the body.m It
is an essential component of proteins containing iron-sulphur clusters, heme, mono or diiron-
oxo centers and other iron-containing metal clusters that are involved in many important
cellular processes such as oxygen transport, mitochondrial respiration and DNA synthesis and
repair.*' The biological functions of iron are based on its chemical properties. Because iron is a
transition metal, it can serve as an electron acceptor or donor. In living cells, iron can be found
in ferrous (Fe®*) or ferric (Fe**) forms. Iron has favorable redox potential to switch between Fe(ll)
and Fe(lll) ((Fe (OH,)s)***, +0.772 V (vs. NHE) at pH 7). Iron can also coordinate to various

organic ligands in dynamic and flexible modes."*™

Although iron is an essential element for the body, free iron ions (Fe**and Fe*) are toxic
even at concentration below 10™ M. Iron’s toxicity is generally believed that it promotes the
production of hydroxyl radicals (OH’) from superoxide (O,") (the Haber-Weiss reaction) or
hydrogen peroxide (H,0,) (the Fenton reaction (Fig. 1)).” Hydroxy! radicals are highly reactive
oxygen species (ROS) that damage DNA, proteins, lipids, and cell membranes. The damages may
lead to aging and several diseases such as stroke, cancer, and neurological diseases like

Parkinson’s disease, Alzheimer’s disease and atherosclerosis.'®”!



2 . -
Fe®" +H,0, Fe3* +'OH + OH (Fenton Reaction)

3+ .
Fe + 02 _— F92+ + 02
net reaction

H,O, + O OH +
227 Y2 ——— 0,+OH +OH (Haber-Weiss Reaction)

Figure 1.1 Fenton and Haber-Weiss Reaction[6]

1.2 Cellular Iron Pools

The total amount of iron in an adult body is maintained at an average of 3-5 grams.”®

The majority of total body iron, about 60-70 % is present in hemoglobin in circulating
erythrocytes. Another 10 % of essential body iron is present in the forms of myoglobin,
cytochromes, and iron-containing enzymes amounting to no more than 4-8 mg of iron. Even
though most of the remaining iron in the body, around 20-30 %, is found in hepatocytes and

reticubendothelial macrophages which serve as storage depots,®*”

the presence of “free iron
pools” in certain cells may still be possible (in quiescent conditions represents only a minor

fraction (<5%) of the total cell iron (50 -100 uM). *? Figure 1.3 shows how these labile iron

pools can exist.

Iron is taken up by cells from circulating transferrin via transferrin receptors TfR1 and
TfR2.™% After binding and internalization of the Tf-Fe complex, ferric ions are released from
transferrin in an acidic endomosal compartment. It has been proposed that Fe* can be reduced
to Fe?" by Dcyb and then to cytosol by divalent cation transport (DMTl).[13'15] Iron may also enter
this iron pool via DMT on cell surface."® Iron enters the pool not only from outside of the cell,
but may also from several sources inside the cell."® Iron can be exported from the lysosomes

[16]

and proteosomes after degradation of the iron-storage protein ferritin (Ft)." Moreover, iron



may be exported from degradation of heme-containing proteins in the lysosomes and
proteasomes.[m The exported iron from different organelles can reach several targets again.
Iron in these pools are primarily used by mitochondria for the synthesis of heme and iron-sulfur
clusters.™ There are three mechanisms proposed to explain the delivery of iron to
mitochondria.*® The first mechanism is direct uptake from the cytosolic labile iron pool (LIP).**"
18} The second mechanism involves a complex with chaperone-like moieties to reach the
mitochondria in a chelator-inaccessible form.™ The third mechanism, so-called “kiss and run”,
is the direct transfer of iron from endosomes to mitochondria.”® Even though the transported
iron is used in mitochondria, LIP was observed. **! Although there are not sources and function

of nuclear LIP, LIP was observed in nuclei.’*"

L

Labile iron

Utilization Pools

Figure 1.2 Dynamics of labile iron in cells and a schematic depiction of a mammalian cell
showing the interconnections between the labile iron pools in various organelles



Any excess iron in LIP is stored in ferritin. However, around 3-5% of this iron is “free”
iron that is responsible for oxygen-mediated iron toxicity.[”] This chelatable "free iron" is poorly
characterized. There are several studies on the determination of LIP. Based on the experimental
approach, methods for the determination of LIP can be divided into two main groups: the
methods that require disruption of cell integrity and fractionation of cellular components and

the methods that enable measurements in intact cells.’?>%"

1.3 Iron Detection in Cells

Traditional magnetic resonance imaging (MRI) technology can provide the overall iron
distribution in the body but cannot deliver the cellular/subcellular resolution necessary for an
understanding at the cellular or molecular level.?® Histochemical staining with Perl's method or
the Turnbukk method are the traditional methods to study labile iron (Fe** and Fe**)
qualitatively in tissue samples.'”’” However, their insensitivity, toxicity, and the need to use fixed
samples limit their usage in living cells. Radioactive *°Fe has been used to provide important
information on iron trafficking but it lacks the ability to distinguish the oxidation states of iron in
cells.”*** Moreover, the ionizing radiation form *°Fe is highly deleterious to the subject.
Another method is using chelators such as DFO to detect LIP in living cells. It cannot distinguish

the oxidation states of iron and needs for cell disruption.?”

In contrast, membrane permeable fluorescent sensors have been demonstrated to be
powerful tools for the non-invasive visualization of intracellular distribution of metal cations in
live cells.®Y Dynamic changes of metal concentration in cells can be monitored by confocal
microscopy. Currently, a few fluorescent sensors are available for wide range of biologically
relevant cations such as magnesium, calcium, potassium, and zinc. For example, Mag-fura is a

commercially available magnesium selective sensor.®? Zinquin is also commercially available as



a zinc-selective probe.® Fura-2 has provided information of calcium neurophysiology.?” The

molecular structures of a few such sensors are shown in Figure 1.3.

N(CH,COO0), _
OCH,CO0~ N(CH,COO0),
O¢, _
o H2CH20 N(CH,C00),
— 0,8,
N NH
o)
hg ey
0ocC Hooc” © %
Mag-fura-2 Zinquin Fura-2

Figure 1.3 Molecular structures of a few sensors for Mg(ll), Zn(ll), and Ca(ll)

1.3.1 Visualization of Labile Iron Pools

Currently, there are only two fluorescent sensors commercially available for iron
detection in cells. Calcein (structure shown in Figure 1.4) has been reported by Cabantchik et al.
as a Fe(ll)-selective sensor to trace iron in cells.® Calcein’s structure consists of a fluorescein
fluorophore with an EDTA-like binding moiety. It is a turn-off (quenching) sensor and is more
selective for Fe(ll) over Fe(lll) but also gives response to other metals, including Ni**, Co®*, and
Cu®. Moreover, the calcein-iron complex has been shown to generate radical species that can
degrade the free form of the sensor, resulting in fluorescent decrease.®® Phen Green SK
(structure shown in Figure 1.4) is another sensor that responds to both major oxidation states of
iron, providing a 93% turn-off response to Fe** and a 51% turn-off response to Fe**.® It is also a
fluorescein-based sensor linked to Phenanthroline as the iron-binding moiety. Once again, it

gives response to other metal ions as well B

Because of their limitations, several research groups have been trying to develop better

iron-selective fluorescent sensors over the past two decades.



N

Calceine Phen Green SK

Figure 1.4 Chemical structures of Calcein and Phen Green SK

1.3.1.1 Fluorescent Sensors for Fe*

Over the past few years, there have been only a few Fe**-selective sensors published
(Figure 1.5 and 1.6). Pyrene-TEMPO is a reaction-based fluorescent sensor. When the spin
radical TEMPO links to the fluorophore pyrene, its fluorescence is quenched; however, Fe* can
reduce the TEMPO radical to a non-radical form and pyrene's fluorescence is thus restored.®®
However, it has two limitations preventing its application in cell imaging: the reaction is pH-
dependent (favored at low pHs) and other radicals and other biological relevant reductants can
reduce TEMPO radical. DansSQ_is another Fe**-selective sensor that consists of a danys| group-
linked styrylquinoline. Binding of Fe®* results in blocking ICT (intermolecular charge transfer)
between two fragments and it shows a 15-fold fluorescence increase at 460 nm.?® This sensor

has also drawbacks that limit its biological use. It is only soluble in organic solvents and it is not

entirely selective for Fe®".
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Pyrene-TEMPO DansSQ

Figure 1.5 Structures of fluorescent sensors for Fe**

In the past few years, several new Fe**-selective sensors have been reported for free
Fe®* imaging in live cells (Figure 1.6). AGD is a coumarin-based Fe”" selective turn-off fluorescent
sensor. The coumarin fluorophore linked to two-amino-two-(hydroxylmethyl)propane-1,3-diol
as a Fe”* binding moiety that has a decreased fluorescence response to Fe?* binding. The sensor
localizes to the cell membrane, where it can detect change in Fe? concentration.”” The first
Fe’*-selective turn-on sensor, developed by Hirayama et al. in 2013, was a rhodamine based
fluorescent sensor, RhoNox-1."' RhoNox-1 has an N-oxide group on the tertiary amine of the
sensor. In the presence of Fe**, the N-oxide group is reduced and the sensor shows an increased
fluorescence. It was reported that RhoNox-1 was able to trace endogenous Fe**, which was
concluded to be located in the Golgi apparatus by colocalization experiments. Although the
sensor is capable for cell images, it has two limitations: the mechanism of sensing is not known,
and it is not reversible. Another reaction-based Fe®* selective sensor IP1, which was reported by
Au-Yeung, is a fluorescein based turn-on fluorescent sensor.*? It is selective for Fe* over other
metal ions at their biological concentrations and can detect endogenous levels of labile Fe** in
liver cells. However, like RhoNox-1, it is a reaction-based sensor and it does not show reversible

response to Fe?".



AGD RhoNox-1

Figure 1.6 Structures of Fe’*-selective fluorescent sensors applied in cells for bio imaging

1.3.1.2 Fluorescent Sensors for Fe*'

In contrast to the small number of Fe**-selective sensors reported, there is more Fe¥'-
selective fluorescent sensors reported. Most of them are turn-off sensors; however, some turn-

on and ratiometric sensors have been developed in the past 5 years.

The first turn-off Fe* sensor, Sensor 1 (Figure 1.7), is a calixarene-based sensor. The
calixarene moiety is linked to the 3- alkoxy-2- naphthoic acid moiety that can coordinate with
Fe**or Cu®. This sensor is pH dependent. The binding ratio and coordination number are
changeable at different pH because naphthoic acid and -COOH groups on calixarene are
protonated at low pH's, but at intermediate pH the naphthoic acid is depronated and increases
the affinity to the metal ions.”* Wolf et al. reported a 1,8-diacridylnaphthalene-derived
fluorosensor, Sensor 2.1¥ Fluorescent studies showed highly Fe(lll)-selective quenching in
water/acetonitrile (1:1, v/v) even in the presence of excess other metal ions. However, Sensor 2
also gives response to Cr**. Sensor 3 and Sensor 4 were developed by Costa et al. in 2003"**),
consisting of naphthalene and linked hydroxomic acid. The sensors interact with Fe** at low pH
(pH<4). They are also not entirely Fe**-selective, also giving responses to Cu** and Zn*".Peng et

al. reported a quinoline based sensor for Fe** (Sensor 5).1* The sensor also responded to Cr**,



with a 93% turn-off response to Fe** and a 54% turn-off response to Cr**. The sensor, MD1 was
synthesized from diethoxycarbonal glycoluril cyclic ether and 1, 2-dihydroindazol-3-one.[47] MD1
binds Fe** with the polarized carbonyl groups and the nitrogen atoms. The Fe3+-binding results in
a quenched fluorescence in 425 nm. Sensor 6 shares similar properties as those of Sensor 3 and
4. However, Sensor 6 is more selective towards Fe*" with a two step 1:1 and 1:2 (L:M) quenching
mechanism at pH 3 in methanol/water (1:1) system.*® Yao et al. designed a new coumarin
derivate sensor for Fe** (L in Figure 1.7). The sensor gave a turn-off response to Fe*" in
water/methanol system.[49] Naphthalene-based sensors, Sensor 7 and Sensor 8, were developed
by Singh et al. in 2009. These sensors were designed according to the fluorophore spacer-
receptor format associated with photoinduced electron transfer (PET) mechanism. For Sensor 7,
naphthalene was linked to aminobisulfonate via methylene spacer for a binding group for Fe*".
Sensor 7 and Sensor 8 were both pH dependent sensors. At low pH's, the amine nitrogen of the
sensors is protonated and its oxidation potential raised. The PET process is thus canceled and
the sensors' fluorescence restored.®™ The same group also developed Sensor 9. The design of
Sensor 9 involved the incorporation of Fe(lll) binding sites observed in naturally occurring
siderophores into a synthetic sensing assembly.® Even though the selectivity of the sensor on
Fe* is high, the sensor still shows 30% emission quenching with Cu** and has minimal aqueous
solubility. Another design of Fe** turn-off sensor includes anthracene-L- aspartic acid and
anthracene-L- glutamic acid sensors.”? The fluorophore anthracene was linked to amino acids
aspartic acid and glutamic acid for the detection of Fe** ions. Although both the sensors are
soluble in aqueous solvents, the Fe**-selectivity of the sensors is pH-dependent, and their
affinities to Fe>* are maximum at pH 5. Sensor 10 and Sensor 11 are similar to the sensor
anthracene-L-aspartic acid. Here, naphthalene and danysl chloride were conjugated with

aspartic acid as a receptor for the detection of Fe* ions. The both sensors show emission



quenching fluorescence; however, Sensor 10's excitation wavelength (Aex = 278 nm) is little
shorter than that of Sensor 11 (Aex = 330 nm), and their reversibility results with EDTA are 60%
(Sensor 10) and 90% (Sensor 11).”* Sensor 12 was developed by Callan and his co-worker for
the detection of Fe*" in THF/HEPES (9:1) solution at pH 7.5 The sensor contains two Schiff base
type receptors directly connected to naphthalene fluorophores. Although the sensor shows
selective fluorescence quenching to Fe*" up to 90%, it also shows 50% quenching emission for
Cu(ll). DMADC is a chalcone based Fe**-selective sensor.*® Despite this thoughtful design, the
sensor shows only 40% emission quenching with Fe*". Sensor 13 is very similar to Sensor 12. The
difference is that a naphthalene fluorophore was linked to other two naphthalene fluorophores.
The sensor binds to Fe** in 1:1 ratio and shows a decreased fluorescence. However, the sensor's

detection limit is in the milli-molar range (~0.14 mM).®
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Figure 1.7 Some recently published turn-off Fe** fluorescent sensors (numbers in the
parentheses show the year when they were published)
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There are also several sensors exhibiting fluorescence emission enhancement upon
binding to Fe** ions. Due to the paramagnetic effect of Fe** ions, developing turn-on sensors is
more challenging. Rhodamine derivatives are mostly used to develop turn-on sensors for Fe®"
and summarized in literature.®” *® Here, some rhodamine based and other turn-on sensors were
discussed. Sensor H1, shown in Figure 1.8, is the first turn-on sensor for the detection of Fe
ions.” It uses a new electronic push-pull fluorophore, 4-amino-1, 8-dicyanonapthalene, for
metal ions. It shows a considerable fluorescence enhancement upon Fe**-binding. However, H1
has two limitations for cell imaging applications: it is very pH sensitive and gives response to
other metal ions such as Cr’*. Sensor 14 is another turn-on Fe**-selective sensor containing two
aza-18-crown-6 as iron binding moieties linked to a coumarin.®®® This sensor shows an increased
fluorescence with Fe** under biologically relevant conditions; however, its affinity to Fe** is a
moderate (Kd~6.7 uM), and it also exhibits fluorescence enhancement for Cu**. Sensor 15 is an
anthracene-based fluorescent PET sensor."” The sensor contains a tridentate ionophore of
amide/B-amino alcohol being very good selectivity and sensitivity for Fe*". Even though it has a
considerable affinity for Fe** (Kd~0.03 uM), it is also selective for Hg>". FerriBRIGHT-Q (8-(3,4-
dihydroxyphenyl)-2,6-bis(ethoxycarbonyl)-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene), a BODIPY-based sensor, was rationally designed with the aid of computational
methods. The binding of FerriBRIGHT-Q with Fe* results in an oxidation of the sensor, exhibiting
a stronger fluorescence. This sensor also has limitations: the oxidation occurs with 10 equiv of
Fe** in methanol, also the sensor gives response to some other oxidizing species.® PDI-2 is a
perylene tetracarboxylic diimide-based turn on sensor containing two di-(2-picaoyl)-amine (DPA)
groups as Fe** binding receptors. When DPAs bind the fluorophore, they can act as electron
donor and cause PET on the sensor. The Fe**-binding results in blocking on PET and the sensor

exhibits fluorescence enhancement. However, PDI-2 is a very large molecule and it is only
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soluble in polar organic solvents.® A squaramide hydraxamate based fluorescent sensor which

gave Fe**- selective fluorescence intensity increase was reported by Lim et al. (Sensor 16).1"

FS1, Rh-OH-Rh, Y3, and RD1 are all rhodamine-based turn-on sensors. When Fe** binds
these sensors, the spirolactam of rhodamine opens then the sensors increase in fluorescence
emission.'®>*” FS1 was synthesized from rhodamine 6G ethylenediamine and 2-hydroxy-5-
nitrobenzaldehyde.® This is a reaction based sensor. When the sensor coordinates with Fe*, it
hydrolyzes 2-hydroxy-5-nitrobenzaldehyde part then, the sensor exhibits fluorescence
enhancement. Our group developed Rh-OH-Rh."® It used three oxygen atoms to coordinate
with Fe*". Even though it has perfect selectivity to Fe** over a large range of tested metal ions, it
is not cell permeable. Y3 is another interesting rhodamine-based sensor. Although the carbonyl
group on the rhodamine is not related to the binding, the ring-open process is still observed.®”
The limitation of the sensor is low affinity to Fe** (5 uM). RD1 is another rhodamine-based
sensor published very recently. When it binds Fe**, it shows turn-on fluorescent and colorimetric

responses in aqueous solution.®

Sensor 17 is a fluoranthene-based PET sensor. There is only one -NH, group on the
sensor and it causes PET because it acts as an electron donor.® When Sensor 17 coordinates
with Fe3+(2:1, sensor:Fe3+), PET is blocked and it shows increase in fluorescence emission.
Sensor 18 is a very small Schiff-based sensor. The sensor exhibits a blue shift emission band
upon binding with Fe** " The sensor also shows response to Al** and Cu®* without any shifting

in emission.
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Figure 1.8 Chemical structures of some published iron(lll)-selective turn-on fluorescent sensors
(numbers in the parentheses show the year when they were published)
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There are also several sensors that show a ratiometric change in emission upon the
binding of Fe*" (Figure 1.9). Rurack and his co-workers developed the first ratiometric Fe(lll)
sensor.” Sensor 19 consists of a BODIPY fluorophore and a crowned binding group. Even
though the binding group contains two soft S bases, it still binds hard acid Fe**. Fe** binding
induces an increase in emission at 511 nm and a decrease at 634 nm in aqueous solutions.
Sensor 20 is a benzimidazole-based sensor. The sensor exhibits a shift in emission (an increase at
475 nm and a decrease at 412 nm) upon binding with Fe in CH;CN/H,0 (95: 5, v/v).m] Sensor
21 consists of a phenanthroimidozale dye and a bipyridyl binding receptor for Fe*. Fe** binding
induces a decrease in emission at 500 nm and new intense emission band at 440 nm. The sensor
is useful for the detection of Fe**in the pH range of 5.0-10.0 in 50% aqueous methanol
solution.”* Hao et al. synthesized a triazole-containing 8-hydroxyquinoline (8-HQ) ether, Sensor
22. It shows a strong fluorescence in non-protic solvents and a weak fluorescence in protic
solvents. The sensor is capable of detection not only Fe** but also other metal ions such as Zn**
due to its dramatic water-induced fluorescence change. When Sensor 22 coordinates with Fe¥,
it shows 81 nm blue-shifted emission, but on the other hand, with Zn%, it exhibits 62 nm blue-
shifted fluorescence.”” NT is a naphthalene-based sensor. The binding moiety of the sensor
includes N/S/O atoms. NT itself shows weak fluorescence at 425 nm and 485 nm. However, the
addition of Fe*" resulted in a significant increase of both bands with a 104% increase for the 425
nm band and a 194% increase for the 485 nm band in THF/water solution.”® Sensor 23 was
synthesized from 2,6-diacetyl pyridine and 4-(diethylamino) benzaldehyde. This sensor shows
different properties in UV-vis and fluorescence spectroscopy. In UV-vis spectroscopy, it gives a
peak at 430 nm. Fe**-binding causes a decrease at 430 nm and increases at 724 nm and 960 nm.
However, in fluorescence spectroscopy, its properties are highly dependent on the choice of

solvents. In polar protic solvents the fluorescence of Sensor 23 is almost fully quenched, but in
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non-polar solvents the sensor is highly fluorescent.”® The sensor itself shows fluorescence at
538 nm; the addition of Fe** quenches the fluorescence and shifts by 17 nm to 555 nm, and a
new peak at 460 nm appears. This sensor also gives response to Cu**as well, but the binding

ratio of the metals with the sensor is different (1:1 for Fe*" and 1:2 for Cu®* (metal: sensor)).
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Figure 1.9 Some recently published ratiometric Fe*" fluorescent sensors (numbers in the
parentheses show the year when they were published)
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Although the number of Fe**-selective sensors is vast, there are only a limited numbers
of the sensors that are applied (or were suitable) in cell imaging for visualization of cellular labile
iron pools. Some of them are discussed here (Figure 1.10). FD1 is the first rhodamine-based
turn-on sensor that was used for Fe*" imaging in cells. Pig intestinal endothelial (PIEC) cells were
pre-incubated with 50 uM exogenous Fe*". Then FD1 was added and incubated for another 15
min to observe an increase in the fluorescence emission, but showed no signal before addition
of Fe*" .V Fakih et al. developed a fluorescein-based turn-off sensor, SF 34.8 SF 34 shows 77.4%
fluorescence quenching upon binding Fe**, and is selective for Fe**over other biological metals.
SF 34 was applied in mouse bone marrow macrophage (BMM®) cells and was traced Fe** in
endosomes/lysosomes of the cells.”® RQS6 is a rhodamine-based FRET sensor. The rhodamine
part was conjugated with a quinoline fluorescent group. In the closed form, RQ6 emits
fluorescence at 482 nm. With the addition of Fe**, an emission at 584 appeared and the
emission at 482 nm decreased.”” When Hela cells were incubated with RQ6, no intercellular
fluorescence was observed, but with exogenous added Fe* a considerable fluorescence signal
was observed. Sensor 24 is a simple rhodamine based turn-on sensor. Rhodamine B was reacted
with ethylenediamine to obtain Sensor 24. It is stable at biological pH, but it also gives response
to Fe”" and Cr*. Sensor 34 was used to detect intracellular Fe*', but it is capable of detecting
exogenous Fe>* . DNSCH is a danysl-based turn-off sensor. It is selective for Fe** over other
biological metal ions, but 2.5 uM of DNSCH was significantly quenched with 15 M of Fe’*.
Because the binding constant between Fe*" and DNSCH is low, a high concentration of Fe** (100
1M) is needed to observe fluorescence signals in African green monkey kidney (Vero) cells.!®"!
Sen et al. developed the sensor,HL1 (6-thiophen-2-yl-5,6-dihydrobenzo[4,5]imidazo-[1,2-c]
quinazoline).®? It is possible to distinguish Fe*" and Fe** with the sensor at different pH's. At

lower pH's, it is selective for Fe?", but at biological pH, it is selective for Fe**. The sensor has
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ability to detect Fe* ions in fixed Hela cells. RPE was developed in our laboratory. RPE can
readily detect endogenous chelatable Fe** in live human neuroblastoma (SH-SY5Y) cells at
subcellular resolution in real time, with two labile Fe** pools being successfully located in
mitochondria and endosomes/lysosomes in both untreated and Fe*"-loaded SH-SY5Y cells.®
RPE will be discussed in detail in Chapter 2 of this thesis. Sensor 25 was synthesized by the
condensation of rhodamine B hydrazine and 2-(N-methylpiperazinylimino) acetaldehyde.®" It
is selective for Fe** but Cu®" also shows weak fluorescence enhancement. The sensor is capable
of detection of exogenous Fe*" ions in Hela cells. Sensor 26 is a pyrene-based eximer sensor. The
binding of Fe** to the sensor shows an emission at 507 nm due to the formation of a r-it*
excimer that is induced by Fe**-binding. It is selective for Fe*" over other biological metal ions,
and it can capture exogenous Fe** ions in live Hela cells.® RNP1 is also a rhodamine-based FRET
sensor.®® The sensor was synthesized by linking a conjugated naphthalene fluorophore to
rhodamine dye. The sensor is selective for Fe** and Cr**. RNP1, linked to a lipophilic
triphenylphosphonium (TPP) cation, is a mitochondria targeted sensor.”® It is capable for the
detection of exogenous Fe** ions in the mitochondria of live Hela cells. Sensor 27 is another
rhodamine-based turn-on sensor. The sensor produces fluorescence with the addition of Fe*" in
aqueous methanol, but in acetonitrile it shows no fluorescence with Fe* .®1The sensor was
applied to live murine fibroblast (L-929) and live baby hamster kidney fibroblasts (BHK-21) cells
and was able to detect exogenous Fe** ions in both the cell lines. DAT-1 is a coumarin-based
turn-off sensor that is highly selective and sensitive towards Fe**over other common metal ions.
This sensor is very similar to the Fe**-selective sensor AGD (Figure 1.6) but there is an -OH group
on the coumarin moiety instead of -NH, group. The sensor can be used for exogenous Fe**
imaging in living breast cancer (MCF-7: Michigan Cancer Foundation-7) cells.®® Recently

published L, is a quinoline based turn-on sensor.® The sensor contains a benzimidozale moiety
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which is responsible for Fe**-binding. The sensor exhibits high selectivity towards Fe*'in the
presence of a large excess of other competing metal ions. The sensor was used to detect Fe*'

ions in fetal blood serum, banana pith, and living Hela cells. Cell studies show that it can detect

exogenous Fe** ions in living cells.
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Figure 1.10 Structures of Fe*"-selective fluorescent sensors applied in cell for bioimaging
(numbers in the parentheses show the year when they were published)
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1.4 Fluorescence Quenching by Transition Metal lons

Figure 1.11a, a simplified Jablonski diagram, shows that upon absorption of photons, a
fluorophore (Fl) is excited to singlet excited electronic state (S;) and form an excited fluorophore
(FI*). The fluorescence is generated when FI* relaxes to ground singlet electronic state (So) via
photon emission.®®*” However, FI* could return to S, by various competing pathways such as

non-radiative relaxation and phosphorescence.®*®%

In a fluorophore formed by organic conjugates, fluorescence results from a rt*-nt
transition. When metal ions, specifically d-block metals, bind to the fluorophore, there are three
additional transitions possible ®> ¥ (Figure 1.11b). A d-d transition, when an electron is excited
from a metal d orbital to an unoccupied metal d orbital. These can also involve either an
electron excited from the ligand to the metal, called Ligand to Metal Charge Transfer (LMCT), or

from the metal to the ligand (MLCT).

(a) (b)
_ lLigand ?I*orbitals
s, FI
Vetal - eq orbitals
A F d . 113
orbitals ™~~._ tyg Orbitals
S 2 4
0 Fi

— Ligand T orbitals

Fl, fluorophore
FI*, excited fluorophore MC (Metal Centered)
A, absorption LMCT (Ligand to Metal Charge Transfer)

(1)
()

F, fluorescence (3) MLCT (Metal to Ligand Charge Transfer
(4) L-L (Ligand to Ligand)

Figure 1.11 (a) A simplified Jablonski diagram (b) Possible electron transitions during absorption
for d-block complexes
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To explain the quenching effects of metal ions on the fluorescence of fluorophores, the
metal centered transition will be considered. As seen Figure 1.12, an electron is transferred
from a filled (or half-filled) d level to the half -filled t level of the excited fluorophore, resulting
in the formation of the transition species (FI, M*). Then, a back-electron transfer (eT) occurs
from the 1t* of FI- to the half-filled orbital of M, a process that regenerates the original partners
in their ground state. Thus, in presence of the reducing metal M, the photonic energy assumed
by the fluorophore is no longer restored through the ni* to m radiative transition, but is released
via a non-radiative pathway which involves the metal. As a consequence, the natural

fluorescence of Fl is quenched.®**®!

%- LT_— Back-eT
—1‘—r | - 5Aa

Figure 1.12 Orbital scheme illustrating the quenching of a photo-excited fluorophore (FI*) by a
metal centre (M), via an M-to-FI* electron transfer process (eT). In this case, the metal centre M
displays oxidizing tendencies[94].

Figure 1.13 shows the other possible fluorescence quenching mechanism caused by an
eT process. In this case, M offers an empty orbital of adequate energy to which an electron is
transferred from the nt* level of the proximate photo-excited fluorophore FI*. The photonic
energy is deactivated through a non-radiative pathway, which involves the formation of the
transient state (FI', M) and the subsequent back-electron transfer process. At the end, the

partners are restored to their ground state and fluorescence has been quenched.®*®®
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Figure 1.13 Orbital scheme illustrating the quenching of a photo-excited fluorophore (FI*) by a
metal center (M), via an FI* to M electron transfer process (eT)[94]

Energy transfer (ET) is the other mechanism that may be responsible for the
fluorescence quenching by a transition metal center. This mechanism is for cations having a d'-
d’ electronic configuration. As seen in Figure 1.14, M has some empty or half-filled energy
levels, which are located between ni* and m. In this case, a simultaneous exchange of two
electrons takes place (from the nt* orbital to the empty level of the metal and from the filled
level of the metal to m). The circular double-electron exchange restores Fl in its ground state and
produces the metal-centered excited state M*. Metal-centered (d-d) excited states in most

cases give rise to a non-radiative decay, thus fluorescence is quenched.*%°!

| |

+
TR =N
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Figure 1.14 Orbital scheme illustrating the quenching of a photo-excited fluorophore F1* by a
nearby metal center M via an electronic energy transfer (ET) mechanism[94]

Some metal ions have the emission suppressing effect that results in strong quenching

of fluorescence. Moreover, quenching metal ions such as Hg”', Cu*, Co®*, Ni**, and Fe*' can
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interfere with the fluorescent signal of the sensors in detecting other metals.'’*? Because of
these quenching tendencies , it is difficult to design a sensor that yields a positive (turn-on)
signal. Several strategies have been used to develop turn-on fluorescent sensors for quenching

metals, such as separating the ligand moiety from the chromophore via rigid linker'?®* 2%, the

[109, 110],

T,1105 106 FRET!07. 1981 o excimer formation ; or exploiting the specific reactivity of

use of PE
a given metal ion.™" ™ n this work, separating the ligand moiety from the chromophore which
undergoes a spirolactam close-open process upon iron(lll)-binding will be used to develop turn-

on fluorescent sensors for iron(lll) (see chapter 2 for further information).

1.5 Requirements for Fluorescent Sensors in Bioimaging

Fe*-selective sensors are vast, but there are only a few limited number of the sensors
being applied (or were suitable) in cells for visualization of labile iron pools because a reliable
fluorescent sensor for imaging in living cells should meet several strict requirements. In this

section, these requirements are discussed.

For using in cell studies, sensors should be cell permeable with balanced water/lipid
solubility, binding analyte rapidly and ideally reversibly. Sensors should show an increased
emission signal (turn-on), and their excitation wavelengths are preferred in the visible range (>
400 nm) or near infrared range (650-900 nm). For bioimaging applications, UV excitation can
damage cells and causes also interfering background with fluorophores such as NADH, and
nucleic acids." If a fluorophore exhibits a peak emission of 480 nm or higher, interfering
background autofluorescence can be readily removed. Sensors also must be photochemically
stable and must not be subject to excessive photobleaching under long time exposure. For
animal imaging, both excitation and emission wavelengths should be at the near infrared (NIR)

region (650-900 nm) to avoid auto fluorescence from the background.**!
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In addition, the sensors should be specific for Fe** in cells. Hard-soft acid base theory
(HSAB), Irving-Williams rules, and ligand field geometry are the general inorganic principles for
the design of Fe** sensors."**! Moreover, the binding part should possess a binding constant
matching the concentration of Fe** in cells. If the binding affinity is too strong, it could remove
Fe®* ions from storage proteins or essential iron-containing enzymes. On the other hand, if the
binding is too weak, it may not bind Fe** in the labile iron pool (LIP) because Fe** coordinates
small anions (e.g., PO,*, CO5%, acetate, citrate, nucleotides, and amino acids) in LIP. Sensors also
should be insensitive towards Ca (Il), Na, Mg (Il), and K, all of which are found in micro- to milli

molar concentrations in cells.!**®

1.6 Objective and Organization of the Thesis

None of the sensors reported so far (except our RPE sensor reported in 2012 and
described in chapter 2 of the thesis) fulfills all of the criteria that are required for bioimaging of
iron ions. This is a challenging task. The overall research goal of this thesis is to develop selective
and sensitive "turn-on" and "ratiometric" fluorescent sensors for Fe** imaging in living systems,
including live cells and live animals. To fulfill the goals, four different dyes were used as the
fluorophores and the binding sites on the fluorophores were created to coordinate with Fe*".
Rhodamine B was the first dye used to develop sensors for the detection of Fe®" in single cells
and they were successfully applied to the cells to determine the subcellular localizations of Fe**
in cells, i.e., organelles in cells. Changsha (modified rhodamine) dye was used to synthesize near-
infrared sensors to be applied in zebrafish. Cyanine dyes and a modified dye
(rhodamine/coumarin hybrid) were used to obtain ratiometric sensors that were used to
determine the concentration of Fe*"in cells. The sensors were used for visualization of the

subcellular distribution and localization of labile Fe** pools in a few cell lines (live human SH-
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SY5Y neuroblastoma cells, live human fibroblast cells (ws1), and live bovine aortic endothelial
cells (BAEC)). The NIR sensors were also applied to animal models (zebrafish) to detect free Fe**
and to specify which organs the Fe*" ions are located. With the ratiometric sensors, the
concentrations of free Fe*" ions in the cells were also determined. Moreover, using the sensors,

Fe**transport in fibroblast cells was successfully monitored in real time.
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CHAPTER 2

A RHODAMINE BASED TURN-ON FLUORESCENT SENSOR RPE FOR IMAGING LABILE Fe** IN

CELLS

2.1 Introduction

Fluorescence sensors are one of most powerful tools for detecting metal ions in
biological systems and has already proven useful for imaging metal ions such as Ca**, Zn**, and
Mg ."*! Traditional fluorescence chemosensors utilize photophysical changes produced by the

).’ photo-induced charge transfer

following mechanisms: photo-induced electron transfer (PET
(PCT),"" excimer formation,’® and fluorescence resonance energy transfer (FRET).”) The demand
for selective fluorescent sensors for iron ions in cellular system is high but the available
fluorescent sensors are very limited and suffer from various drawbacks for cellular imaging.
Fluorescent probes that exhibit a turn-on emission increase or a shift in excitation/emission
profiles response to iron ions are preferred over a turn-off emission-quenching response due to
their better spatial resolution under a light microscope. However, it has been difficult to obtain
these probes owing to the paramagnetic quenching nature of iron ions (both Fe?* and Fe**) in
aqueous solution.™” Recently, rhodamine derivatives have been used as turn-on sensors for

. 11-1
metal ions.[**¢

The mechanism of action of the recently reported rhodamine-based “turn-on” metal
sensors has been proposed to be based on producing the ring-opened form of rhodamine.”
A deeper understanding of the fluorescent turn-on mechanism is proposed here (Scheme 2.1):

the ring-closed spirolactam form of rhodamine is non-fluorescent due to the fact that the

carbon atom at the 9-position of the molecule (indicated by * in Scheme 2.1) has sp*
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hybridization, which breaks the conjugation in the xanthene fluorophore moiety; upon metal
coordination (via the carbonyl and “R” group) the spirolatam ring is broken, and the carbon at 9-
position changes to sp” hybridization that restores the conjugation in the xanthene fluorophore
moiety and consequently the molecule becomes fluorescent, i.e. “turn-on”. Because the metal
(e.g., Fe) center is at a distance from the xanthene fluorophore moiety, the paramagnetic
guenching effect is insignificant compared to the fluorescent enhancement induced by restoring
the conjugation in the 3-ring xanthene fluorophore moiety, thus a net fluorescent “turn-on” is
observed. This interesting mechanism may be called as “coordination-induced fluorescent

enhancement (or activation) (CIFE or CIFA)”.l®

Scheme 2.1 Mechanism of fluorescence “turn-on” metal sensors based on “coordination-
induced fluorescent enhancement (or activation) (CIFE or CIFA) process

Here we describe the properties of a highly selective, sensitive, and reversible off-on
fluorescent Fe* sensor RPE* (Scheme 2.2) which can be used to visualize native Fe** in live cells.
The unique reversible turn-on property and high sensitivity of RPE allows observation of the
endogenous exchangeable Fe** pools at subcellular resolution for the first time in live human

neuroblastoma SH-SY5Y cells. This cell line has been generally used as a cellular model to study

'This chapter is based on the published work (ChemBioChem, 2012, 13, 1569-1573)
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Parkinson’s disease (PD) and Alzheimer’s disease (AD) where abnormal iron accumulation in the

brain has been implicated in their pathogenesis.!*"

2.2 Experimental

2.2.1 Materials and Reagents

All the reagents and solvents were of the highest commercial quality and were used
without further purification. Acetonitrile anhydrous (99.8 % Sigma-Aldrich), DMF anhydrous
(99.8 % Sigma-Aldrich), 1,2-dichloro ethane anhydrous (99.8 % Sigma-Aldrich), and double-
distilled water were used as solvents. Rhodamine B base was purchased from Sigma-Aldrich.
Methyl 6-aminopicolinate (98 %) was purchased from Combi-blocks. MitoTracker Green FM,
LysoTracker Blue DND-22, and the nuclear stain Hoechst 33258 were purchased from Life

Technologies and used in accordance with the manufacturer’s protocols.

2.2.2 Instrumentation

'H and *C NMR spectra were recorded on a Bruker DRX-300 spectrometer. Chemical
shifts are reported in delta (8) unit per million (ppm) downfield tetramethylsilane. Splitting
patterns are abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,

broad.

ESI-MS analyses were performed on a PerkinElmer APl 150EX mass spectrometer.
UV/Vis spectra were recorded on a Perkin-Elmer Lambda 25 spectrometer at 298 K.
Fluorescence spectra were recorded on a Perkin-Elmer LS55 luminescence spectrometer at 293
K. The excitation wavelengths and filters used were indicated in the figures. The pH
measurements were carried out on a Corning pH meter equipped with a Sigma-Aldrich micro

combination electrode calibrated with standard buffer solution.
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2.2.3 Synthesis

2.2.3.1 Synthesis of RPE: Methyl 6-(3’,6’-bis(diethylamino)-3-oxospiro-[isoindoline-1,9’-
xanthen]-2-yl)picolinate. To a solution of rhodamine B base (1.0 g, 2.3 mmol) in 10 mL of 1,2-
dichloroethane, phosphorus chloride (1.1 g, 6.9 mmol) was added drop wise over a period of 10
min. The solution was stirred and refluxed for 5 h, and then cooled to room temperature. The
solvent was removed by vacuum evaporation, yielding the rhodamine acid chloride, which was
dissolved into 30 mL dry acetonitrile and directly used in the next step. This solution was added
drop wise over one h into a solution of methyl 6-aminopicolinate (0.35 g, 2.3 mmol), and then
stirred overnight to obtain a pink precipitate. The crude product was further purified using silica
gel chromatography (hexane/ethyl acetate, 3:1 v/v), affording the pure RPE as a pale yellow
solid (0.45 g, yield 34%). 'H NMR (CDCls, 300 MHz,): 6=8.72 (d, J=8.1 Hz, 1 H), 8.00 (d, J=6.5 Hz, 1
H), 7.68-7.57 (m, 2 H), 7.52-7.43 (m, 2H), 7.13 (d, J=6.8 Hz, 1 H), 6.44-6.36 (m, 4H), 6.11 (d, J=8.7
Hz, 2 H), 3.91 (s, 3H), 3.29 (m, 8 H), 1.12 ppm (t, J=7.0 Hz, 12H); *C NMR (CDCls, 75 MHz):
6=168.8, 154.3,153.3, 150.1, 148.3, 145.7, 137.7, 133.8, 129.6, 128.1, 127.4, 124.5, 123.2,
119.9, 118.9, 108.1, 107.097.7, 66.5, 51.7, 44.3, 12.7 ppm; ESI-MS (positive mode) m/z 577.3

[M+H]".

2.2.4 Procedures for Metal lon Sensing

Solutions of metal ions of Ni**, Cu*, Zn*", Pb*, Fe**, Fe*" Cr*', Hg”*, Mn®*, Ag", Co™, K,
Na*, Ca**, and Mg (10 mM) were prepared by dissolving their chloride or nitrate salts into
double-distilled water (freshly for Fe(ll) and Fe(Ill) with 100 mM HClI). Solution of Cu® (10 mM)
was prepared freshly by dissolving tetrakis(acetonitrile)copper(l) (Sigma-Aldrich) into double-
distilled water. The sensor is stable in acetonitrile (ACN) solution and a stock solution of RPE

(500 uM) was prepared in acetonitrile and diluted to 20 uM with ACN/Tris-HCI buffer (10 mM,
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pH 7.32, v/v 2:1) before use. In selectivity experiments, the test samples were prepared by

appropriate amount of metal ion stocks into 1 ml solution of sensors.

2.2.5 Cell Culture and Confocal Imaging

Human SH-SY5Y neuroblastoma cells were obtained from ATCC (American Type Culture
Collection). Cells were maintained in a 1:1 mixture of Eagle’s Minimal Essential medium (ATCC)
and Ham’s F12 medium (ATCC) supplemented with 10% fetal bovine serum (FBS, ATCC) without
antibiotics and incubated at 37 °C in a humidified 5% CO, atmosphere. The cells were routinely
subcultured using 0.05% trypsin-EDTA solution (ATCC). The cells were seeded onto 2-chamber
slides for 48 h at 5x10* cells/chamber and grown until each chamber was 20-30% confluent. A
stock solution of RPE (1 mM in acetonitrile) was diluted to a concentration of 10 uM in culture
medium without FBS. Cell culture medium was removed from the chambers and replaced with
fresh medium containing RPE (5-10 uM). The fluorescence responses of the sensor in living cells
were measured under a Zeiss LSM 710 laser scanning confocal microscope. For images with the
RPE sensor, the excitation wavelength of the laser was 543 nm and emission was integrated
over the range 547-703 nm. For images with MitoTracker Green FM, LysoTracker Blue DND-22
and Hoechst 33258, the excitation wavelengths recommended by the manufacturer were used
(483 nm for MitoTracker, 405nm for LysoTracker and 405 nm for Hoechst 33258). Emissions
were integrated at 492-548 nm (MitoTracker), 409-484 nm (LysoTracker) and 426-535 nm
(Hoechst 33258), respectively. The REUSE function controlled by Zeiss software was applied to

guarantee that all spectra were recorded under the same instrumental conditions.
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2.3 Results and Discussion
2.3.1 Design and Synthesis of RPE

The initial goal of the synthesis of RPE was to develop a rhodamine-based sensor for Fe**
by adding a coordination site for Fe** ions. The design of RPE was carefully developed with a
coordination site of a nitrogen atom and two oxygen atoms (O/N/O receptor moiety). RPE was
synthesized via a two-step procedure as outlined in Scheme 2.2 with an overall yield of 34 %. It

was characterized by '*H NMR, **C NMR, and ESI-MS.

Et,N o NEt, EtoN O O NEt, \ Et,N NEt,
Cr0 e "0
POCI, 2
v /
O  CICH:CH,CI, relux o ACN, t, over night NQ
N
o] c=0
—0

Scheme 2.2 Synthesis route for RPE

2.3.2 Spectroscopic and Selectivity Studies

Selectivity is a very important parameter to evaluate the performance of a fluorescence
sensor. In this section, the selectivity and spectroscopic properties of the sensor were
investigated. The colorless compound RPE displays almost no absorption peak in the visible
range (>400 nm). The changes in UV-vis spectra after the addition of various metal ions are
shown in Figure 2.1. Only the addition of Fe** to the solution of RPE showed an obvious pink
color with an absorption peak at 559 nm in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1). The
color change for Fe** is readily detected visually. Compared with that of Fe*, other metal ions
did not induce any changes in UV-vis absorption. Only Fe** showed minor response to RPE. This
may be due to the presence of residue Fe*" in the Fe* solution resulted from partially oxidation
of Fe’*in the aerobic environment.
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The changes in fluorescence spectra of RPE with the addition of different metal ions in
ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1) are shown in Figure 2.2. RPE shows very weak
fluorescence in the 400-600 nm range in the absence of metal ions. When Fe** was added into
the solution of RPE, a large fluorescence enhancement at 585 nm was observed, which
attributed to the spirolactam ring opening, induced by the complexation of Fe**. The emission
intensity enhancement at 585 nm is greater than 10-fold with 1.0 equiv of Fe*', suggesting that
RPE is a great turn-on fluorescent sensor for Fe* . In contrast to Fe*, other metal ions such as
Zn*, Cr¥, Ni**, Hg*, Fe*', Mn®, Ag", Pb**, Cu®, Cu®, Co®*, Na*, K*, Mg*, and Ca** did not induce
any spectral response under identical conditions. Similar as that observed by UV-vis, only Fe**

showed a minor enhancement in fluorescence under these conditions.

0.41
3+
0.3 Fe
A 0.2 Free RPE and
other metal ions
0.14
0.0 r T T ¥ ]
450 500 550 600 650

Wavelength / nm
Figure 2.1 Absorption responses of 20 uM RPE to various metal ions (20 uM for Zn™, cr*t, Ni,

Hg”", Fe*", Mn*", Ag’, Pb*, Fe**, Cu*, Cu*', and Co®*; 100 puM for Na*, K*, Mg**, and Ca** ) in
ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 2:1)
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Figure 2.2 Fluorescence response (Ae/Aem 510/580 nm, filter 515 nm) of 20 uM RPE to various
metal ions (20 uM for Zn**, Cr**, Ni**, Hg**, Fe**, Mn**, Ag’, Pb**, Fe**, Cu®, Cu®*, and Co*; 100 uM
for Na*, K*, Mg*, and Ca®*) in ACN/Tris-HCI buffer (10 mM, pH 7.3, v/v 2:1)

Rhodamine-based sensors also give response to hydrogen ions. A good sensor for
bioimaging should be stable in biological pH range.” The effect of pH on the stability of the
sensors were investigated at different pHs and monitored by absorption and fluorescence
spectra. The pH of the solutions was adjusted by adding HCl into the solutions. The fluorescence
of RPE at different pH values was plotted in Figure 2.3 which shows that the sensor is stable over
the biological pH range down to pH 5.5 while the Fe(lll)-complex is even stable at pH< 4.0. Thus,

RPE may be applied in bioimaging.
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Figure 2.3 Variation of fluorescence intensity (585 nm) of RPE and RPE+Fe(lll) (20 uM each) at
various pH values in ACN/H,0 (2/1, v/v) solution
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The interferences from a few other metal ions were examined for the ability of RPE in
detecting Fe*. Upon the addition of 1 equiv of Fe** into solutions containing one of the other
metal ions tested. The fluorescence (gray bars in Figure 2.4) was activated and the intensity
increased to a level similar to that observed in the presence of Fe** only (the black bars in Figure

2.4). This demonstrated that these metal ions did not interfere with the response of Fe*' to RPE.
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Figure 2.4 Fluorescence responses of 20 uM RPE to the presence of various metal ions (gray bar)

and the subsequent addition of Fe** (black bar) in the ACN/Tris buffer; the bars represent the
fluorescence intensity at 585 nm.

2.3.3 Binding Studies

Besides metal-selectivity, the affinity between the sensor and the metal ion is also an
important factor to be considered in bioimaging. The binding constant, which describes the
strength of binding between the sensor and metal cations, is also important for biological
application of the fluorescent sensors. The sensor should have an appropriate binding constant
with the metal ions in study in biological system.[21'23] Before determining the binding constants,
the stoichiometry between the probes (sensors) and the metal cations should be examined first.
Researchers use several methods to determine the stoichiometry between sensors, metal

cations.?* ! RPE was designed to coordinate with metal ions via two oxygen atoms and one
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nitrogen atom as donors with the formation of one five-membered, and one six-membered

chelate rings. The stoichiometry of binding between RPE and Fe*" was investigated with Job’s

d[24-27]

metho and absorption titration. EDTA titration experiments were carried out to determine

the reversibility of RPE- Fe** binding.

Job’s method was applied to study the binding stoichiometry between RPE and Fe** and
monitored by the absorbance at 559 nm. The Job’s plot (Figure 2.5) using a total concentration
of 20 uM RPE and Fe*" in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1) solution exhibited a
maximum absorbance when the molecular fractions of Fe** and RPE were close to 50 %,

suggesting a 1:1 stoichiometry for the binding of RPE and Fe®".
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Figure 2.5 Job plot. The total concentrations of RPE and Fe** were kept constant at 20 uM and
the absorption intensity was measured at 559 nm in the ACN/Tris buffer.

Typical UV-vis titration spectra for RPE with Fe*" in ACN/Tris-HCl buffer (10 mM, pH 7.32,
v/v 2:1) were shown in Figure 2.6. With the addition of Fe* the solution became red and an
absorption band appeared at 559 nm and increased in intensity. The absorbance titration curve
showed a typical sigmoidal curve; inflecting at 1 equiv of Fe** and saturation of the absorbance

was at >1.0 equiv of Fe**. The titration experiments indicated that a 1:1 complex was formed
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between RPE and Fe**. The binding constant for the formation of this complex was determined

to be 1.9 x 10’ M (log K = 7.3) using a procedure described previously."?
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Figure 2.6 Titration of 20 UM RPE with increasing concentrations of FeCl; (0, 2, 4, 6, 10, 12, 14,
16, 18, 20, 28, 36, 44, 52, 60, and 80 uM, respectively) in ACN/Tris-HCI buffer (10 mM, pH 7.32,
v/v 2:1)

Reversibility experiments were carried out by adding EDTA to the PRE-Fe**complex in
ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1. In the absence of EDTA, the complex was red and
fluorescent. After adding EDTA, the absorption of the complex decreased in intensity and finally,

disappeared (Figure 2.7), suggesting a reversible binding between RPE and Fe*". A possible

mechanism for the reaction and the binding mode are shown in Scheme 2.3.

0.0 e
300 400 500 600 700
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Figure 2.7 Treatment of 40 uM RPE-Fe** complex with increasing concentration of EDTA (0, 4, 8,
12, 16, 20, 24, 28, 32, and 40 uM, from top to bottom) in ACN/Tris-HCl buffer (10 mM, pH 7.32,
v/v 2:1)
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Scheme 2.3 Proposed 1:1 binding mode of RPE with Fe*" in ACN/Tris-HCI buffer (10 mM, pH
7.32,v/v 2:1)

2.3.4 Biological Imaging Studies

In vitro studies showed that the ability of RPE to detect Fe*" with excellent selectivity. To
examine this ability in live cells, human SH-SY5Y neuroblastoma cells were used for Fe
detection in cells (The cell imaging work was performed in collaboration with Dr. Y. Wei and Mr.
Y. Zhang in the lab). The cell permeability of RPE was examined first. 10 uM RPE was added into
the culture medium containing the cells and an immediate time series scanning were
performed. Initially, no intracellular fluorescence was detected, and a fluorescence turn-on
triggered by endogenous Fe** was observed in cells after 10 min incubation and fluorescence

intensity reached to maxima after ~30 min incubation (Figure 2.8).
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Figure 2.8 Confocal microscopy images of live Human SH-SY5Y neuroblastoma cells treated with
10 uM RPE in 1:1 mixture of Eagles Minimal Essential medium (ATCC) and Ham’s F12 medium
(ATCC) for 5, 10, 15, 20, 25, and 30 min. Fluorescence intensity collected at 547-703 nm.

A second experiment was carried out to determine whether the cells were viable
throughout the imaging experiments. DIC images plus co-staining with Hoechst 33258 confirmed
that the cells were viable throughout the imaging experiments with RPE (Figure 2.9). Hoechst

33258 is also used to visualize nuclei in cells.*
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Figure 2.9 Confocal microscopy images of live human SH-SY5Y neuroblastoma cells treated with
RPE (10 uM, 30 min) and Hoechst 33258 (2 pug/mL, 30 min) in a 1:1 mixture of Eagles Minimal
Essential medium (ATCC) and Ham’s F12 medium (ATCC) for 5, 10, 15, 20, 25, and 30 minutes.
Fluorescence intensities were collected at 547-703 nm (for RPE) and 426-535 nm (for Hoechst

33258).

In the first cell imaging experiment, the turn-on fluorescence is likely triggered by
endogenous labile Fe**. Another possibility might be the acidic environment of certain
intracellular organelles (e.g., lysosomes/endosomes), as low pH can also trigger the turn-on
response of rhodamine-based sensors.?**" To look into these possibilities carefully, we used
two approaches: first, loading the cells with Fe** and second, depletion of Fe** by cell-
permeable Fe**-specific chelators. The fluorescence changes under both conditions were
carefully monitored. Figure 2.10 compares the confocal fluorescence images of RPE in human
SH-SY5Y cells before and after being loaded with 20 um Fe". Iron(l11)-8-hydroxylquinoline
complex (Fe(8-HQ)) was used to enhance membrane permeability of the metal ion.?? The Fe**-

loaded human SHSY5Y cells clearly showed brighter and more widely distributed fluorescence
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signals in localized areas within the cytosol (Figure 2.10), suggesting a positive response of RPE

to elevated labile Fe** levels in the Fe*"-loaded cells.

Figure 2.10 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells
treated with (a) 10 uM RPE sensor after 30 min incubation (b) the cells were then incubated
with Fe** (20 uM Fe(8-HQ)) for 30 min. The brighter and more widely distributed fluorescence
signals in (b) suggest elevated Fe*" levels in Fe**-loaded human SH-SY5Y cells. Fluorescence
intensity was collected at 547-703 nm (for RPE).

To deplete labile Fe** from cells, the SH-SY5Y cells that had been dyed with RPE were
treated with a cell-permeable Fe**-chelator pyridoxal isonicotinoyl hydrazone (PIH) which
depletes endogenous labile iron in cells.?* The observed fluorescence was reversed in a time-
dependent manner (Figure 2.11). If the cellular labile Fe*" were pre-depleted (by overnight
incubation with another cell-permeable Fe**-chelator salicylaldehyde isonicotinoyl hydrazone
(SIH) B%), treating the cells with RPE revealed no fluorescence response (Figure 2.12). These
data, together with those from Fe*-loaded cells (Figure 2.10) demonstrate that the fluorescence
response of RPE in cells is triggered by cellular chelatable Fe**, not by acidic pH, thus confirming
that RPE can detect not only endogenous labile Fe*" in the cells but also the dynamic changes of
Fe* in the cells.
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Figure 2.11 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells
treated with (A) 5 uM RPE sensor after 40 min incubation (B) the cells were then incubated with
100 pM Fe**-chelator pyridoxalisonicotinoyl hydrazone (PIH) for 4 h. (C) after overnight
incubation with 100 uM PIH (D) Bar chart of the mean intensity of (A), (B) and (C). Fluorescence
intensity was collected at 547-703 nm (for RPE).

Figure 2.12 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells
with prior iron depletion by 200 pM cell permeable Fe**-chelator salicylaldehyde isonicotinoyl
hydrazone (SIH) for overnight and then treated with RPE (10 uM) in 1:1 mixture of Eagles
Minimal Essential medium (ATCC) and Ham’s F12 medium (ATCC) for 5, 10, 15, 20, 25, and 30
min (time in seconds was shown in each panel). Fluorescence intensity was collected at 547-703
nm (for RPE).
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The discrete confocal fluorescence images revealed by RPE in both the untreated and
the Fe*"-loaded SH-SY5Y cells imply that the labile Fe*" in SH-SY5Y cells may be localized in
certain subcellular compartments (organelles) and that RPE may be capable of imaging Fe®" at
subcellular resolution. To explore this, the distribution of exchangeable Fe* pools in live SH-
SY5Y cells were further investigated using RPE, together with colocalization experiments using
other dyes—MitoTracker Green FM (a green fluorescent dye which localizes to mitochondria in
live cells regardless of mitochondrial membrane potential) and LysoTracker Blue DND-22 (a blue
fluorescent dye that stains acidic compartments such as endosomes and lysosomes® in live
cells). Human SH-SY5Y cells (without Fe** treatment) were treated with RPE, MitoTracker Green
FM, and LysoTracker Blue DND-22. As illustrated in Figure 2.13, partial colocalization between
RPE-Fe** and the MitoTracker (Figure 2.13e) as well as between RPE-Fe** and the LysoTracker
(Figure 2.13f) occurred whereas complete colocalization of RPE-Fe**, MitoTracker, and
LysoTracker (Figure 2.13g) was observed. These data suggest that the exchangeable Fe**pools in
SH-SY5Y cells detectable by RPE are localized in mitochondria and endosomes/lysosomes, not in
the cytosol. Additional experiments with RPE and the organelle probes under Fe*'-
supplemented conditions revealed again elevated levels of cellular chelatable Fe** and that the
labile Fe** pools are localized in mitochondria and endosomes/ lysosomes under these
conditions (Figure 2.14). This finding is consistent with recent observations that cellular Fe**is
directly transported from endosomes to mitochondria by a “kiss and run” pathway, bypassing

the cytosol.[ae]
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Figure 2.13 Representative confocal images of intracellular colocalization studies of 10 uM RPE
incubated with live human SH-SY5Y cells co-labeled with MitoTracker Green (100 nM) and
LysoTracker Blue DND-22 (50 nM). (a) DIC image of cells with 10 pm scale bar. (b) RPE-Fe**

fluorescence collected at 547-703 nm (red). (c) MitoTracker fluorescence collected at 492-548

nm (green). (d) LysoTracker fluorescence collected at 409-484 nm (blue). (e) DIC image of (a)
and fluorescence images of (b) and (c) were merged together. Colocalization regions are in
yellow and non-overlapping regions remain in red. (f) DIC image of (a) and fluorescence images
of (b) and (d) were merged together. Overlapping regions are in purple and non-overlapping
regions remain in red. (g) Images of (a), (b), (c) and (d) were merged together, revealing that the
RPE-Fe*'images are 100% colocalized with the sum of those of MitoTracker and LysoTracker. (h),
Images of (a), (c) and (d) were merged together, showing no overlapping region between
lysosomes and mitochondria.
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Figure 2.14 Representative confocal microscopy images of intracellular colocalization studies of
10 uM RPE incubated with Fe**-loaded human SH-SY5Y cells (pre-incubated with 10 uM Fe**) co-
labeled with MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker Blue DND-
22 (50 nM, incubated for 120 min). (a) DIC image of cells with 10 um scale bar. (b) RPE-Fe**
fluorescence intensity collected at 547-703 nm (red). Stronger fluorescence suggests elevated
Fe®* levels in Fe**-loaded human SH-SYSY cells. (c) MitoTracker fluorescence intensity collected
at 492-548 nm (green). (d) LysoTracker fluorescence intensity collected at 409-484 nm (blue). (e)
DIC image of (a) and fluorescence images of (b) and (c) were merged together. Colocalization
regions are in yellow and non-overlapping regions remain in red, revealing that RPE-Fe*" is
partially colocalized with mitochondria. (f) DIC image of (a) and fluorescence images of (b) and
(d) were merged together. Colocalization regions are in purple and non-overlapping regions
remain in red, revealing that RPE-Fe*" is partially colocalized with lysosomes; (g) Images of (a),
(b), (c) and (d) were merged together. Colocalization regions are in yellow or purple exclusively;
no non-overlapping regions were found, suggesting that chelatable Fe*" is still localized in
mitochondria and lysosomes under the conditions. (h), Images of (a), (c) and (d) were merged
together showing no overlapping region between lysosome and mitochondria.
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2.4 Conclusion

In summary, a highly sensitive, highly selective, and reversible turn-on fluorescent Fe*'-
sensor, RPE, has been developed. The sensor gives a distinct rapid and reversible fluorescence
response upon the alteration of intracellular Fe*" levels with little interference from other
biologically relevant metal ions. Confocal experiments show that RPE can readily detect
endogenous chelatable Fe*" in live human SH-SY5Y cells at subcellular resolution in real time,
with two labile Fe** pools being successfully located in mitochondria and endosomes/lysosomes
in both untreated and Fe**-loaded SH-SY5Y cells for the first time. RPE is thus a promising tool

for probing the cell biology of Fe*".
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CHAPTER 3

HEPTAMETHINE CYANINE BASED FLUORESCENT SENSORS FOR Fe**

3.1 Introduction

As the most abundant transition metal in biological systems, iron plays crucial roles in
many fundamental physiological processes.[”] Iron dyshomeostasis, either deficiency or
overload, is linked to various disease conditions.!* Therefore, the development of iron-
selective fluorescent sensors is of great interest and could prove indispensable for monitoring
the dynamic changes of iron in cells and elucidating the mechanisms of iron trafficking."® Highly
sensitive, selective and reversible turn-on or ratiometric fluorescent sensors capable of
subcellular iron imaging are in high demand, but are still lacking due to the challenge of
overcoming cell permeability, specificity, solubility and paramagnetic quenching issues of iron
ions.”® The currently known fluorescent sensors that are capable of cellular iron imaging are

(719 hroviding useful information but suffering from poor

largely limited to “turn-off” type,
sensitivity, or interference from other metal ions. Recently, a few interesting “turn-on” iron
sensors have been reported;!**** however, they emit light in visible range. When they are
applied to biological samples, they suffer from some significant drawbacks, including intrinsic
signal caused by auto-fluorescence, high light scattering, and poor tissue penetration. To
overcome these limitations, near infrared sensors can be used because they emit at longer
wavelengths, therefore they display low autofluorescence background, deeper penetration to
tissue and cause less damage to biological samples.[le'ls] In human tissue, the major optical

absorbers are hemoglobin and water. The visible light below 650 nm wavelength will be

absorbed by hemoglobin strongly. Above 900 nm, infrared light will be also absorbed by water.
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The near infrared wavelength between 650 nm and 900 nm, so called the optical window, are
relatively “transparent” due to the low optical absorption of the hemoglobin and water. ***

Dyes that emit in this range are of high demand.

For this purpose, tricarbocyanine dyes were selected as chromophore/fluorophore
because they normally absorb light with a large extinction coefficient in the near-infrared region
(650-900 nm).”*** Cyanine dyes are cationic molecules in which two terminal nitrogen
heterocyclic units are linked by a polymethine bridge (shown in Fig. 3.1). Cyanine dyes' common
names depend on the number of methine groups in the polyene chain. For example,n=0,n=1,
n =2, and n = 3 are referred to as mono-, tri-, penta-, and heptamethine cyanines, respectively.
Cyanine dyes have two heterocyclic moieties, acting as both electron donors and acceptors, and
are joined by a single or odd number of methine groups in which (n+1) pi-electrons are
distributed over n atoms®¥, producing a delocalized cation across the methine chain. Synthetic

(2527 3re known to absorb between the visible and infrared regions of the

cyanines
electromagnetic spectrum. In addition, cyanines exhibit narrow absorption bands and high
extinction coefficients. Due to these properties, cyanine dyes have been extensively employed
in various applications including bioimaging. Cyanine dyes have additional advantage in
bioimaging as they absorb and emit in the infrared region. As visible light can be easily absorbed
by biomolecules such as hemoglobin (causing autofluorescence) and is easily scattered and
cannot penetrate deeply into tissue, while light in the near-infrared region (650-900 nm) is

relatively poorly absorbed by biomolecules and can penetrate deeply into tissue.”® Near-

infrared sensors are better than visible sensors for tissue or in vivo imaging.
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Figure 3.1 General structure of carbocyanine dyes

Many different polymethine cyanine derivatives have been synthesized during the last
decade.”¥ cyanine dyes have traditionally been synthesized by a condensation reaction
between a heterocyclic base containing an activated methyl group and an unsaturated
bisaldehyde or its equivalent, usually as Schiff base in the presence of a catalyst.”® Cyanine dyes
can be modified in various ways that lead to alterations in their spectroscopic characteristics.
Modifications include altering the functional groups on the indolenine moieties with charging

[29-30]

group, resulting in dyes with improved water solubility , or substitutions at the meso-

position by alkyl or halogen groups.**¥ For hepatamethine cyanine dyes (shown in Figure 3.2),

the vinyl chlorine on the cyclohexane bridgehead of heptamethine cyanines is reactive and can

be replaced by a binding group with a very strong nucleophile such as alcoholates®, amines®?,

and thiols®?,

{ \ g Y R,R'=alkyl
\\___</\Y Cl z/\>__/ Y, Z= CR,, NH, 0,
=
N A =z Z N
/ _ \
R x R?

Figure 3.2 General structure of heptamethine cyanine dyes substituted at the meso-position by
halogen group

In this chapter, heptamethine cyanines were modified by amines and alcoholates (the Z

group) to design iron sensors. The vinyl chlorine on the cyclohexane bridgehead of
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heptamethine cyanines can react with nucleophiles via a direct addition of the nucleophile to
the cationic  -system followed by elimination of the chlorine ion.** The heptamethine cyanine
reaction with amines can be explained with this mechanistic pathway (Figure 3.3). The binding
of amine functional groups causes a shift in the absorption maximum.” A Fe-chelation
functionality (iron receptor) may be designed in the Z group so that when the iron receptor
binding with iron, it may signal a fluorescent change (e.g., a shift in the spectrum) so that an iron
sensor (e.g., a ratiometric sensor) may be observed. In addition, this mechanism can be used for
the synthesis of heptamethine dyes with alcoholates.®" NaH is used to make the receptor group

(Z group) a negative ion that is then linked with cyanine dyes for alcoholates (-C¢H,;-OH).

Figure 3.3 Suggested addition/elimination mechanism of heptamethine amino cyanine dyes[24]

| synthesized several heptamethine cyanine based fluorescent sensors (structures
shown in Figure 3.4) that were designed to be selective for Fe**; however, only one of them is a
Fe*-selective sensor, IRPE. Here, the properties of this highly selective, sensitive, and reversible

ratiometric fluorescent Fe** sensor were described.
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Figure 3.4 Some heptamethine cyanine based fluorescent sensors that were designed for Fe**

(see Appendix A for experimental details), only IRPE shows response to Fe**

3.2 Experimental Section

3.2.1 Materials and instruments

2,6-Pyridine dicarboxylic acid diethyl ester was purchased from TCl America. The other
chemicals and the solvents used in the experiments were purchased commercially. The solution
of metal ions were prepared from chloride salts of Ni**, Fe**, Cu®*, Mn**, Hg”*, Na*, Ca**, Zn*,
Ag', and nitrate salts of Mg”*, Pb*, K*, Co**. Stock solutions of metal ions (10 mM) were
prepared in deionized water, except for Fe** and Fe?* which were dissolved in 0.1 M HCI.
Solution of Cu® was freshly prepared by dissolving tetrakis(acetonitrile)copper(l) (Sigma-Aldrich)
into double-distilled water. A stock solution of IRPE (500 uM) was prepared in ACN. The solution
of IRPE was diluted to 3 or 5 uM with ACN/HEPES buffer (1:1 v/v). In selectivity experiments, the
test samples were prepared by appropriate amount of metal ion stocks into 1 ml solution of

IRPE (3 or 5 uM).
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'H and *C NMR spectra were recorded on a Bruker DRX-300 NMR spectrometer. ESI-MS
analyses were performed using a Perkin Elmer APl 150EX mass spectrometer. UV/Vis spectra
were recorded on a Perkin ElImer Lambda 25 spectrometer at 293 K. Fluorescence spectra were
recorded on a Perkin-Elmer LS55 luminescence spectrometer at 293 K. The pH measurements
were carried out on a Corning pH meter equipped with a Sigma-Aldrich micro combination

electrode calibrated with standard buffer solutions.

3.2.2 Synthesis and Characterization

IR-780 and 6-(Aminomethyl)pyridine-2-carboxylic acid ethyl ester (PE) were prepared

[35-36]

according to the published processes, and described briefly below.

3.2.2.1 Synthesis of IR-780

Synthesis of 3H-Indolium, 2,3,3-trimetyl-1-propyl, iodide (C1). To a solution of 2,3,3-trimethyl-
3H-indole (2.0 g, 12.5 mmol, 1 equiv) in ACN, 1-iodopropane (10.6 mL, 62 mmol, 5 equiv) was
added, and refluxed with continuous stirring for 15 h. The mixture was dried under high vacuum
and washed with Et,0. The resulting solid was re-crystallized in acetone to obtain 1b as a white
solid (3.9 g, yield 95%). *H NMR (300 MHz, DMSO-dg): 1.04 (t, 3H, J = 7.2 Hz), 1.34 (m, 2H), 1.64
(s, 6H), 2.67 (s, 3H), 4.17 (t, 2H, J = 7.8 Hz), 7.63 (d, 2H, J = 7.4 Hz), 7.82 (m, 2H). ESI m/z

(C14H2oN") calc: 202.4; found: 202.3.

Synthesis of 2-Chloro-1-formyl-3-hydroxymethylenecyclo hexen (C2). To a chilled solution of
DMF (20 mL, 273 mmol, 5.4 equiv) in 20 mL CH,Cl, under N, atmosphere, 20 mL of POCl; (17.5
mL, 115 mmol, 2.3 equiv) in DCM were added drop wise under an ice bath. After 30 min,

cyclohexanone was added (5 g, 50 mmol, 1 equiv), and the resulting mixture was refluxed with

vigorous stirring for 6 h at 80 °C, poured into ice cold water, and kept it overnight to obtain C2
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as a yellow solid (8.0 g, yield 92%). *H NMR (300 MHz, CDCls): 1.57 (m, 2H), 2.35 (t, 4H, J = 6.3

Hz), 2.5 (s, 1H), 10.10 (s, 1H). ESI m/z (CgH1,ClO,): calc: 172.0; found: 173.3 [M+H].

Synthesis of IR-780: Under nitrogen atmosphere, C2 (1.0 g, 6 mmol, 1 equiv) and C1 (4.6 g, 12
mmol, 2 equiv) were dissolved in 50 mL of butanol/benzene (7:3) and refluxed for 16h at 160 °C
in a Dean-Stark condenser. The solvent was then evaporated and the resulting green solid
mixture was washed with Et,0 and purified by normal phase chromatography (elution with

DCM-MeOH, 95:5) to obtain IR-780 iodide as a green solid (3.0 g, yield 80%).

3.2.2.2 Synthesis of 6-(Aminomethyl)pyridine-2-carboxylic acid ethyl ester

Synthesis of 6-chloromethyl pyridine-2-carboxilic acid ethyl ester. The diethyl ester (3 g, 22.4
mmol) was refluxed with NaBH, (0.306 g, 13.4 mmol (0.6 equiv) in 50 mL of ethanol for 2 h.
After being cooled, the solution was concentrated to a volume of 10 mL and, then 10 mL of
water was added. The solution was further concentrated to 10 mL and extracted with several 20
mL portions of CHCl3. The combined CHCI; were dried with Na,SO3; and was removed by rotary
evaporator to yield 6-hydroxymethylpyridine-2-carboxilic acid ethyl ester (1.57 g yield 50 %). 6-
hydroxymethylpyridine-2-carboxilic acid ethyl ester (1.57 g) was dissolved in SOCI, (3 mL) at 0 °C
with stirring. After 1 h, the solution was allowed to reach room temperature and the excess of
SOCI, removed under reduced pressure without heating. Toluene was added to the oily residue,
the solution was extracted (2x10 mL) with a cold NaHCO; (1 M) solution and dried with Na,SOs.
Evaporation of the solvent afforded the oily product (1.19 g). "H NMR (300 MHz, CDCI3): § 8.18 -
7.97 (m, 1H), 7.91 (d, 2H), 7.75 (t, 1H), 4.96 - 4.69 (m, 2H), 4.65 - 4.26 (m, 2H), 1.48 (t, 3H). ESI
m/z (CoH1oCINO,): calc: 199.04; found: 200.1 [M+H]*.

Synthesis of 6-(Aminomethyl)pyridine-2-carboxylic acid ethyl ester (PE). 6-

chloromethylpyridine-2-carboxilic acid ethyl ester (1.19 g, 5.92 mmol) was dissolved in
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anhydrous DMF (10 mL) and it was slowly added to a DMF solution of sodium phthalimide (1.10
g, 6.1 mmol). After stirring for 2h at room temperature, the reaction mixture was centrifuged.
The solvent removed under pressure, and the residue was dissolved in CHCl;. The resulting
solution was washed with 0.2 M NaOH solution (2x100 mL) then with water. The solvent was
dried and evaporated to yield a solid residue that was dissolved in warm ethanol (60 mL).
Hydrazine (NH,NH,.H,0) (1.35 g, 0.315 mL, 10 mmol) was added and the mixture was refluxed
until disappearance of the starting material. The mixture was then filtered and the solvent
evaporated to a small volume. Addition of ethyl ether gave a precipitate that was filtered off,
evaporated, and then dissolved in acetonitrile. It was filtered off, evaporation of the solvent
yielded the product as an oil (0.43 g, yield 40%). *H NMR (300 MHz, CDCl;): &: 8.18 - 7.97 (m,
1H), 7.91 (d, 2H), 7.75 (t, 1H), 4.96 - 4.69 (m, 2H), 4.65 - 4.26 (m, 2H), 3.02(s, 2H), 1.48 (t, 3H). ESI
m/z (CsH1,N,0,): cale: 180.09; found: 181.3 [M+H]".
3.2.2.3 Synthesis of IRPE

PE and IR-780 iodide were prepared according to the literature methods."* IR-780
iodide (200 mg, 0.3 mmol) and PE (110 mg, 0.6 mmol) were dissolved in dry ACN (15 mL), and
N,N-disopropylethylamine (DIEA) (77 uL, 0.6mmol, 2 equiv) was added. The reaction was stirred
at 70 °C for 4 h under nitrogen atmosphere. The resulting blue color crude mixture was
neutralized with 0.1 M HCl, and concentrated under vacuum. The crude product was purified by
column chromatography on alumina gel (DCM/MeOH; 100/0 to 95/5) to yield IRPE (58 mg, yield
24%). "H NMR (300 MHz, CDCl,): &: 8.21 (s, 1H), 7.74 (d, J = 13.1 Hz, 1H), 7.33 (dd, J = 30.6, 18.3
Hz, 5H), 7.09 (t, J = 7.5 Hz, 1H), 6.92 (d, /= 7.9 Hz, 1H), 6.39 (dd, /= 60.2, 22.4 Hz, 2H), 5.74 (d, J =
13.1 Hz, 1H), 4.91 (s, 1H), 4.46 (d, J = 5.7 Hz, 2H), 3.84 (t, / = 7.1 Hz, 3H), 2.50 (t, / = 6.3 Hz, 2H),
1.99 - 1.71 (m, 4H), 1.62 (d, J = 23.3 Hz, 7H), 1.04 (t, J = 7.4 Hz, 6H). >C NMR (75 MHz, CDCl,): 6:

176.2, 166.5, 166.1, 156, 52, 143, 128.7, 128.3, 125.7, 125.3, 124.9, 124.6, 122.6, 122.3, 114.1,
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111.3.111.1,104.5,97.3, 61.1, 52.6, 52.3, 49.2, 45.3, 28.7, 28.3, 28.1, 27, 26.2, 23.4,21.9, 14.2,
12.1, 11.9. ESI m/z (C4sHssO,N, "), calc: 683.4; found: 683.3 (without I').
3.3 Results and Discussion
3.3.1 Design and synthesis

Cyanine dyes can be modified in various ways that lead to alterations in spectroscopic
characteristics. An iron-binding receptor was designed and linked on the heptamethine cyanine
via the vinyl chlorine on the cyclohexane bridgehead. The compound was synthesized as
outlined in scheme 3. Briefly, the indolenine moiety was first modified with propyl iodine and a
heptamethine cyanine with a meso-substituted with chloride was obtained. A Fe*-selective
binding group was designed and synthesized next (PE). Then the binding group and the
heptamethine cyanine (commercially available called IR-780) were linked together to produce

IRPE with an overall yield of 25% (see Scheme 3.1).

N N .-

1
1 ( n-BuOH-Benzene
[—"——
(0]

Cl
POCI;, DMF OHC _~~0H
DCM
D N Ne ®
1. NaBH4 — 5l
Et/OTH\/Nj\WO" — Et” WKOVCI ——— O » O NN
ju 5 4.N,H,

2.S0Cl, O PE

a

ACN, DIEA

2h, 60 °C

Scheme 3.1 Synthetic scheme of the IRPE sensor
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3.3.2 Spectroscopic Properties

The absorption spectra of IRPE upon coordination with Fe** in ACN/HEPES at pH 7.0
(1/1, v/v) were monitored first. As shown in Figure 3.5a, the solution of IRPE alone (5.0 uM)
exhibits an absorption maximum at 664 nm, which is responsible for the blue color of the
solution. With increasing Fe*" concentration, the absorbance at 664 nm (g = 1.8 x10° M™ cm™,
only IRPE) decreased, while the absorbance at 523 nm (€ = 6.56 x10* M cm™, IRPE and Fe*" 1: 1
ratio) increased concomitantly. This pronounced hypsochromic shift of the maximum absorption
wavelength could be ascribed to the coordination of Fe*". Meanwhile, an isosbestic point was
clearly observed around 551 nm, indicating the conversion of the free dye into the Fe(lll)-
complex is a clean reaction. In contrast, other metal ions such as Ni**, Cu®*, Mn**, Hg”*, Na*, Ca**,
Zn*, Ag', Mg**, Pb™, K*, Fe**, Co®, and Cr** give little response to IRPE (Figure 3.5b). In addition,
such a large blue shift of 141 nm in the absorption behavior changes the color of the resultant

solution from blue to pink, allowing ““naked eye”” detection (Figure 3.6).
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Figure 3.5 (a) Absorbance response of 5 uM IRPE to increasing concentration of Fe*" (top to
bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.7,0.8, 0.9, 1.0, 1.2, 1.5 and 2 equiv in ACN/HEPES
buffer (10 mM, pH 7.3, v/v 1:1) (b) UV-vis spectra of 3 pM IRPE to various metal ions (3 uM for
Zn*, Cr¥', Ni**, Hg”, Fe*', Mn*, Ag", Pb**, Fe™", Cu*, Cu®, and Co®"; 15 uM for Na*, K*, Mg**, and
Ca") in ACN/HEPES buffer (10 mM, pH 7.0, v/v 1:1).
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Figure 3.6 Color changes of 3 uM IRPE with various metal ions (3 uM for zn**, Cr**, Ni**, Hg*',
Fe®*, Pb™, Fe*, Cu®*; 20 uM for K*) in ACN/HEPES buffer (10 mM, pH 7.0, v/v 1:1)

Before performing fluorescent experiments for IRPE, | investigated the time evolution of
IRPE (Figure 3.7a) and the response of the IRPE to 1 equiv of Fe** (Figure 3.7b) in ACN/HEPES at
pH 7.0 (1/1, v/v). | found that the interaction of IRPE with Fe* was completed in less than 5
min, and it was stable for 15 h. IRPE itself was stable in aqueous solution for 8h (emission at 760

nm). The results showed that the coordination of Fe** to IRPE also increased the stability of the

sensor.
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Figure 3.7 (a) Time course plot of fluorescent response of IRPE (5 uM) in ACN/HEPES buffer (10
mM, pH 7.0, v/v 1:1) (b) Time course plot of ratiometric fluorescent responses of IRPE (5 uM)
and FeCl;.6H,0 (5 uM ) in ACN/HEPES buffer (10 mM, pH 7.0, v/v 1:1).
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To examine the fluorescent response to Fe*, a solution of IRPE in ACN/HEPES buffer (10
mM, pH 7.0, v/v 1:1) was titrated with various concentrations of Fe', and then they were
excited at both 520 and 650 nm, individually. When excited at 650 nm, IRPE displayed two
strong emission peaks at ~700 nm and 760 nm. When Fe** was added to the IRPE solution, a
decrease in the 760 nm was observed (Figure 3.8a). When it was excited at 520 nm, IRPE
solution displayed three strong emission peaks, one at 760 nm and two peaks at ~700 nm and
580 nm. When Fe*" was added to IRPE solution, a decrease in intensity of the 760 nm emission
and an increase in intensity of the fluorescence at 580 nm were observed. The ~700 nm peak

was less affected in the titration process.
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Figure 3.8 (a) Fluorescence response of 5 uM IRPE to increasing concentration of Fe** (top to
bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.7, 0.8, 0.9, 1.0, 1.5, and 2.0 equiv in ACN/HEPES buffer
(10 mM, pH 7.3, v/v 1:1) (Ag, 650 nm) (b)Fluorescence response of 3 uM IRPE to increasing
concentration of Fe* (top to bottom of the 760 nm peak, 0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 0.9, and
1.0 equiv in ACN/HEPES buffer (10 mM, pH 7.3, v/v 1:1)(Ag 520 nm).

Then, the ratiometric fluorescence response (Fsgo/F760) Of IRPE was analyzed to
determine its selectivity to different metal ions. As shown in Figure 3.9 (gray bars), the
fluorescent intensity of IRPE solution exhibits a very small ratiometric value (Fsgo/F60), but upon

the addition of 1 equiv of Fe**, there is a strong enhancement of this ratiometric value. The
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addition of the other metal ions resulted in very little increases in this value. We also examined
the interferences from the other metal ions with IRPE in its response to Fe*'. Each of the metal
ions was pre-incubated with IRPE before 1 equiv Fe*" was added, the fluorescence response was
then measured. As shown in Figure 3.9 (black bars), the fluorescence intensity ratiometric value
of IRPE with Fe** was not affected significantly in the presence of any of the other metal ions

tested, demonstrating little interferences from other metal ions.
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Figure 3.9 Fluorescence responses Fsgo/F760 0f 3 UM IRPE (Ag=520 nm) to the presence of various
metal ions (gray bars) and the subsequent addition of Fe** (black bar) in the ACN/HEPES buffer
(10 mM, pH 7.3, v/v 1:1).

3.3.3 Binding Studies

In absorbance spectra of IRPE, we observed a huge blue shift with Fe(lll) addition.
Recently Hong Zheng et al. reported cyanine based fluorescent sensors for Ag(l) and Hg(ll) ions.
These sensors showed a huge blue shift when they coordinated with the metal ions. They
explained this hypsochromic shift of the maximum absorption with H-aggregation state of the
cyanine dye.[25'37] Most recently Zhigian Guo et al. reported a cyanine based sensor which
showed a blue shift when coordinating with Zn(lIl). They observed a reversible binding and

explained the blue shift with N-H deprotonation resulting in shortening of the conjugated -
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electron system in cyanine dye.[38] To understand this huge blue shift and the mechanism of the

binding between IRPE and Fe**, several control experiments were carried out .

First, the stoichiometry of IRPE and Fe*" was determined. The binding stoichiometry of
IRPE and Fe** was determined by Job's method and UV-titration. Job's plot (Figure 3.10a) using
continuous variation with a total concentration of 3 uM of IRPE and Fe** exhibited two
maximum absorbances (at 523 and 664 nm). The results showed that the ratiometric values of
the absorbance (Asy/Ases) Of the system (IRPE + Fe**) reached a maximum value when the
molecular fraction of Fe** was close to 0.5, indicating a 1:1 stoichiometry. The titration curves (a
plot of absorption versus the ratio of IRPE/Fe’*) increased at 523 nm and decreased at 664 nm
(Figure 3.1 and Figure 3.10b) linearly and plateaued at 1:1 ratio of the sensor and Fe*,
suggesting the formation of a 1:1 of IRPE-Fe** complex also. The binding constant of this
complex was calculated following the method explained in chapter 2, using absorption values at
523 nm, and was determined to be 2.0 x10° M. The species formed between IRPE and Fe** was
more accurately determined by ESI-MS. Upon the mixing of Fe*" and the sensor (1 uM sensor
and excess of Fe*" in ACN/H,0), one major species were detected by ESI-MS (Figure 3.11),
corresponding to IRPE+ Fe** with three chloride ions and one water molecule (m/z=863.8,
assignable to a 1:1 complex). This implies that Fe*" is in 7-coordination with the sensor with

three chloride ions and one H,0 molecule under the ESI-MS conditions.
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Figure 3.10 (a) Job's plot of the complexation between IRPE and Fe*" [IRPE] + [Fe*'] =5 uM in
ACN/HEPES buffer (10 mM, pH 7.0, v/v 1:1) (b) Titration of 3 uM IRPE with increasing
concentrations of FeCl; (0.5, 1,1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.5, 10.0, 12.5, and 15
UM, respectively) in ACN/HEPES buffer (10 mM, pH 7.0, v/v 1:1). The absorption intensities
increased at 523 nm and decreased at 664 nm.
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Figure 3.11 ESI-MS spectrum of the solution of IRPE with FeCl; (1 M sensor and excess Fe** in
ACN/H,0)

To gain a better understanding of the binding between IRPE and Fe**, the effect of pH
on IRPE and IRPE-Fe** complex at pH range over 1 to 10 (pH was adjusted by adding HCI, NaOH
and acetate buffer and measured by a pH meter) was also investigated and the response was
monitored by absorption spectra. As seen in Figure 3.12a the ratiometric fluorescence response
of IRPE has no response to hydrogen ions at pH between 3-8 but it does have a ratiometric

fluorescence response after pH 8 (6-fold fluorescent enhancement). On the other hand, the
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ratiometric fluorescence response of IRPE+Fe® solutions was stable in pH from 3 to 10. It can be
explained by deprotonation of the NH group[38] in IRPE. When IRPE coordinates with Fe**, N-H
already deprotonated and pH does not affect the complex. In contrast to the complex, IRPE
itself has an N-H group and at high pH (pKa of this N-H is around 9"*¥!), the N-H is deprotonated
and gives ratiometric fluorescence response (increase in fluorescence at 580 and decrease at
760 nm). To sum up, these remarkable hypsochromic shifts are attributed to disruption of the
pull-push m-conjugation system of the tricarbocyanine that is induced by deprotonation of the

NH group™ in IRPE.

In addition, reversibility experiments were carried out by adding EDTA to the IRPE-Fe**
complex in the ACN/HEPES buffer (10 mM, pH 7.3, v/v 1:1). In the absence of EDTA, the complex
was reddish-color and non-fluorescent at 760 nm. After adding EDTA, fluorescent intensity

increased (Figure 3.12 b), suggesting a reversible binding between IRPE and Fe*".
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Figure 3.12 (a) Ratiometric fluorescent responses of IRPE and IRPE+Fe(lll) (3 UM each) at various

pH values in ACN/H,0 (1/1, v/v) solution. pH was adjusted by HCI (0.1 M) and NaOH (0.1 M) (b)

Reversibility of IRPE (3 uM) to Fe** ions by EDTA ((a) free IRPE (3 uM), (d) IRPE + lequiv of Fe*",
(c) IRPE + 1 equiv of Fe** + 1 equiv of EDTA, (b) IRPE + 1 equiv of Fe*" + 2 equiv of EDTA)
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These control experiments showed that this hyposchromic shift (141 nm) of the
maximum absorption wavelength could be ascribed to shortening of the conjugated m-electron
system in cyanine dye. A possible mechanism for the reaction and the binding mode is shown in

Scheme 3.2.
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Scheme 3.2 Proposed reversible 1:1 binding mode between IRPE and Fe**

3.3.4 Cell Studies

To test the ability of IRPE to capture Fe** ions in cells, B16F-10 melanoma cells were
incubated with IRPE (2 uM) for 30 min. IRPE was cell permeable, and it exhibited fluorescence in
red channel, but almost no fluorescence in blue channel. The cells were pre-incubated with
FeCl; (10 uM) for overnight and incubated with IRPE (2 uM) for 30 min. As seen in Figure 3.13, it
was not observed any significant fluorescence change. This is probably due to the weak binding

between IRPE and Fe*".
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Figure 3.13 Confocal microscopy images (with DIC) of B16-F melanoma cells treated with (a, c)
10 uM CR-PK sensor after 30 min incubation (b, d) the cells were incubated with Fe** (10 uM) for
8 h then incubate with the sensor for 30 min (Excitation wavelength was 633 nm for a, b, 514
nm for c, d; fluorescence emission collected 520-620 nm for blue channels, 660-750 nm for red
channels)

3.4 Conclusion

In summary, several heptamethine based near infrared fluorescent dyes were
synthesized. Only IRPE showed response to Fe*". It binds to Fe** in a 1:1 stoichiometry with an
apparent binding constant 2.0x10°> M " in ACN/HEPES (1/1 v/v) solution. The sensor displays a
change in color and fluorescence upon the alteration of Fe*" levels in solution with a reversible
response and little interference with other biological relevant metal ions. IRPE is a good Fe*'-

selective sensor but, cell studies showed that it is not capable of detecting free iron ions in cells.
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CHAPTER 4

A NEAR INFRARED TURN-ON FLUORESCENT SENSOR NIRh-Ac FOR DETECTION OF EXOGENOUS

Fe*" IN LIVE CELLS AND ZEBRAFISH

4.1 Introduction

Because the cyanine-based sensors were not successful in in vivo application (chapter
3), we decided to change the design of the near-infrared sensor. Rhodamine based sensors have
been successfully used in detecting Fe** ions in cells."® The spirocyclic form of rhodamine is
colorless and nonfluorescent due to separating the m-conjugation of the original fluorophore,
whereas the ring-opened form shows strong spectroscopic signals in the absorption and
fluorescence spectra by retrieving the large m-conjugated system (Scheme 4.1a). Therefore,
precise modulation of the equilibrium between the spirocyclic form and the ring-opened form of
rhodamines provides an ideal strategy for constructing fluorescent probes for various analytes.™
®IRecently, this spirocyclization-based fluorescence mechanism has been extended to some
near-infrared dyes.”® Most recently, Yuang et al. developed Changsha (CS) near infrared
fluorophores.” CS-NIR dyes bear the samerobust fluorescence ON-OFF switching mechanism as
the traditional rhodamine dyes (Scheme 4.1 b for CS2). It was then decided to harness these CS
near infrared dyes and the Fe**-binding group of RPE to design NIR sensors for Fe** ions

detection in living systems.
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Scheme 4.1 Equilibrium between the open form and spirocyclic form of rhodamine (a) and one
of Changsha (CS) near infrared fluorophores

In this chapter, the properties of a highly selective and highly sensitive reversible off-on
near infrared fluorescent Fe* sensor NIRh-Ac (Scheme 4.2) is described. The unique reversible
“turn-on” property and high sensitivity of NIRh-Ac allow it to locate the exogenous
exchangeable Fe* pools at subcellular resolution in live human neuroblastoma SH-SY5Y cells.
Moreover, the NIRh-Ac sensor has also been demonstrated to visualize chelatable Fe* ions in
zebrafish.

4.2 Experimental Section
4.2.1 Materials and Reagents

All the reagents and solvents were of the highest commercial quality and were used

without further purification. Acetonitrile anhydrous (99.8 % Sigma-Aldrich), H,SO, (98 % Fisher),

Ethanol, dichloromethane (99.8% TCl America) and double-distilled water were used as solvents.
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2-(1,3,3-Trimetylindolin-2-ylidene) acetaldehyde was purchased from OChem Incorporation.2-
(4-Diethylamino-2-hydroxybenzoyl) benzoic acid and benzotriazol-1-yloxytris(dimethylamino)-
phosphoniumhexafluorophosphate (BOP) were purchased from TCI America. Thin-layer
chromatography was performed on silica gel 60F-254 glass plates. Reaction products were
purified by flash chromatography using silica gel or alumina gel.

4.2.2 Instrumentation

'H and *C NMR spectra were recorded on a Bruker DRX-300 spectrometer or a Bruker
AVANCE Il HD w400 at ambient temperature (298K). Chemical shifts are reported in delta (6)
parts per million (ppm) downfield tetramethylsilane. Splitting patterns are abbreviated as
follows: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad. LC-MS analyses were
performed on a Perkin Elmer API 150EX mass spectrometer. UV/Vis spectra were recorded on a
Perkin Elmer Lambda 25 spectrometer at 298 K. Fluorescence spectra were recorded on a Perkin
Elmer LS55 luminescence spectrometer at 298 K. Excitation and emission slits were 10 nm and
emission spectra were collected 710 nm-850 nm after excited at 690 nm. The pH measurements
were carried out on a Corning pH meter equipped with a Sigma-Aldrich micro combination

electrode calibrated with standard buffer solution.

4.2.3 Synthesis and Characterization

6-(N,N Diethylamino)-9-(2-Carboxypheyl)-1,2,3,4-tetra-Hydroxantylium Perchlorate (1) :
Freshly distilled cyclohexanone (3.3 mL, 31.9 mmol) was added drop wise to concentrated H,SO,
(35 mL) and cooled down to 0 °C. Then, 2-(4-Diethylamino-2-hydroxybenzoyl)benzoic acid (5 g,
16 mmol) was added in portions with vigorous stirring. The reaction mixture was heated at 90 °C

for 1.5 h, then cooled down, and poured onto ice (150 g). Perchloric acid (70%, 4 mL) was then
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added, and the resulting precipitate was filtered off and washed with cold water (100 mL) to

obtain a red solid. 1 was used for the next step without further purification.

3H-Indolium,2-[2-[9-(2-carboxyphenyl)-6-(diethylamino)-2,3-dihydro-1H-xanthen-4-
yllethenyl]-1,3,3-trimethyl-, perchlorate (2): 1 (1 g, 2.1 mmol) and 2-(1,3,3-Trimetylindolin-2-
ylidene) acetaldehyde (0.44 g, 2.2 mmol) were dissolved in acetic anhydride (12 mL), and the
reaction mixture was heated to 50 °C and further stirred at 50 °C for 75 min. Then, water (12
mL) was added to the reaction mixture to quench the reaction. The solvent was removed under
reduced pressure to give the crude product, which was purified by alumina gel flash
chromatography using CH,Cl, to CH,Cl,/methanol (200:1 to 20:1) as eluent to afford the
compound 2 (0.45 g, yield 33%). *H NMR (CDCls, 300 MHz &(ppm)): 8.68 (d, 1H), 8.15 (d, 1H),
7.80-7.11 (m, 8H), 6.92 - 6.60 (m, 3H), 5.50 (s, 1H), 3.62 (d, 3H), 2.71 (t, 2H), 2.46 - 2.30 (m, 4H),

1.82 (s, 8H), 1.28 (t, 6H). ESI-MS: found: m/z = 559.6 [M]", calcd for C3;H39N,03" = 559.3.

Spiro[1H-isoindole-1,9'-[9H]xanthen]-3(2H)-one,2-amino-6'-(diethylamino)-4'-[2-(1,3-dihydro-
1,3,3-trimethyl-2H-indol-2-ylidene)ethylidene]-1',2',3',4'-tetrahydro (NIRh) : To a solution of 2
(0.76 mmol, 500.1 mg) in dry CH,Cl, was successively added NH,NH,-H,0 (7.6 mmol, 380.2 mg)
and BOP (0.80 mmol, 360.9 mg). The mixture was stirred at room temperature for 2 h, and the
solvent was evaporated under reduced pressure. The residue was purified by an alumina gel
column using CH,Cl,/ methanol (V/V, 20:0 to 20: 1) to afford compound NIRh as a yellow solid

(212 mg, 38 %).

NIRh-Ac: NIRh (0.21 g, 0.36 mmol) and acetylacetone (0.7 ml) were dissolved in ethanol (25 ml).

The reaction mixture was then stirred and refluxed for overnight to obtain a pale green
precipitate. The precipitate was collected by filtration, washed with ethanol, and dried in

vacuum to give the 85 mg of NIRh-Ac (yield; 35 %). *H NMR (CDCl;, 300 MHz &(ppm)): 7.91 (d,
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1H), 7.58 - 7.36 (m, 4H), 7.18 (d, 4H), 6.83 (t, 1H), 6.61 (d, 1H), 6.42 (s, 2H), 6.32 (s, 3H), 5.36 (d,
1H), 5.03 (s, 1H), 3.35 (d, , 4H), 3.14 (s, 4H), 2.69 (d, 2H), 2.40 (s, 1H), 1.99 (s, 4H), 1.69 (s, 6H),
1.17 (t, 6H). 3C NMR (CDCls, 75 MHz &(ppm)): 196.44, 167.19, 164.21, 157.85, 153.61, 149.99,
149.73,149.17, 145.64, 139.13, 133.41, 130.06, 129.08, 128.72, 127.92, 124.31, 123.74, 121.75,
120.62, 120.10, 119.44, 108.38, 105.91, 104.51, 101.42, 98.26, 97.37, 92.52, 77.70, 77.28, 76.86,
69.13, 58.73, 45.65, 44.61, 29.38, 29.24, 28.72, 28.48, 25.60, 23.82, 22.40, 18.71, 18.44, 12.79:

ESI-MS: found: m/z = 655.6 [M+H]", calcd for C4;H4sN,05 = 654.4.

4.2.4 Procedures for Metal lon Sensing

The solution of metal ions were prepared from chloride salts of Ni**, Fe**, Cu®*, Mn*,
Hg”*, Na®, Ca®*, Zn*, Ag", and nitrate salts of Mg**, Pb**, K*, Co®* and amoniumsulphate salt of
Fe®*. Stock solutions of metal ions (10 mM) were prepared in deionized water, except for Fe*'
and Fe* in 0.1 M HCI. Solution of Cu* was freshly prepared by dissolving tetrakis(acetonitrile)

copper(l) (Sigma-Aldrich) into double-distilled water.

A stock solution of NIRh-Ac (1 mM) was prepared in ACN. The solution of NIRh-Ac was
diluted to 20 uM with ACN/Tris buffer (10 mM, pH 7.3, v/v, 1:1). Before spectroscopic
measurements, solutions were freshly prepared by diluting the corresponding high-
concentration stock solution. For each spectrum, 1 mL of a probe solution was added to a 1-cm
quartz cell, to which different stock solutions of cations were gradually added. All spectroscopic
measurements were done under simulated physiological pH, and measurements were

performed at least triplicate and resulting averages are reported.
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4.2.5 Binding Studies

Fe**-binding titration and Job's plots were obtained for NIRh-Ac to determine the
stoichiometry between Fe*" and NIRh-Ac. For Job's plot, the total molar concentrations of the
NIRh-Ac and iron(lll) were held constant, but their mole fractions were varied. Then, absorption
spectra or fluorescent emissions of these fractions were collected. In addition, absorption values
at maximum were plotted against the mole fractions of NIRh-Ac and iron(lll). Typical UV-vis
titration experiments for NIRh-Ac were performed by the following process. A solution of NIRh-
Ac (1 mM, prepared in ACN) was first diluted to 20 uM with ACN/Tris-HCI buffer (10 mM, pH 7.3,
v/v 1:1) and the absorption spectrum were recorded in a quartz cell. Then Fe* solution (10 mM,
prepared in acetonitrile) was introduced in portions 2, 4, 6, 10, 12, 14, 16, 18, 20, 28, 36, 44, 52,
and 60 uM, respectively (20 plL corresponds to 1 equiv) to each of the NIRh-Ac solutions (20 uM,
1 ml). The spectra were recorded 5 minutes after each addition. The binding constants were
estimated by using the absorption titration results. The equation below was used to calculate

the binding constants. '

S+ Fe SFe

Where S = Sensor, Fe = Fe** and SFe = Sensor-Fe>* complex the equilibrium constant (apparent

binding constant) is given by:

_ [SFe].
 [S]e [Fele

The subscript e designates equilibrium concentrations. The ratios of the equilibrium SFe
complex concentration, [SFe]., and the initial S concentration, [S],, can be derived from the
absorbance of the solutions at a chosen wavelength both at equilibrium and far from

equilibrium. The result of the derivation is as follows:
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Au—Am _ [SFe],
Au—Ac — [S],

Fc =

Where Fc is the fraction of S that formed a complex, the subscripts e and o stand for equilibrium
and initial concentrations, respectively. Au, Am, and Ac are the absorbance (at a chosen

wavelength) of solutions of S only (before Fe** was added); S and SFe mixture (somewhere in the
middle of titration); and SFe only (at the end of titration) respectively. The concentration of free

Fe*" at equilibrium [Fe]. is derived from:

[Felo = [Felo —[SFele = [Felo — Fc[S],

The apparent binding constant K can then be calculated from the equations above:

4.2.6 Quantum Yield

Stock solutions of 40 pM NIRh-Ac, 40 uM Rhodamine B (standard), and 40 uM NIRh-Ac
+Fe(lll) were prepared. Dilutions of NIRh-Ac, Rhodamine B, NIRh-Ac + Fe(lll) were prepared in
EtOH at concentrations such that their absorbance at 713 nm equaled 0.1, 0.2, 0.3, 0.4, and 0.5
MM. Excitation was performed at 690 nm and collected emissions were normalized to the EtOH
blank and then integrated from 720-850 nm. A plot of the integrated fluorescence intensity vs.
the absorbance at 713 nm for each concentration was prepared and the positive slope of the
linear fit was calculated. The data were compared to the rhodamine standard using the
following equation, where @y is the quantum yield of the standard (0.97), Grad is the slope of

the absorbance vs. emission line found for each compound, Gradyis the slope found for the
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Rhodamine standard, n is the refractive index of the sample solutions (1.33) and ny is the

refractive index of the rhodamine solution (1.33):

® = Oy (Grad/Gradg) (n*/ng’)

cDNIRh-Ac= 00194

Onirn-ac + Fe(ny = 0.236

4.2 .7 Cell culture

Two different cell lines, human SHSY5Y and fibroblast cells (ws1) both obtained from
ATCC (American Type Culture Collection), were used in the study. SHSY5Y cells were maintained
in a 1:1 mixture of Eagle’s Minimal Essential medium (ATCC) and Ham’s F12 medium (ATCC)
supplemented with 10% fetal bovine serum (FBS, ATCC) without antibiotics and incubated at 37
°C in a humidified 5% CO, atmosphere. The cells were routinely subcultured using 0.05% trypsin-
EDTA solution (ATCC). The cells were seeded onto 2-chamber slides for 48 h at 5x10*
cells/chamber and grown until each chamber was 20-30% confluent. Fibroblast cells (WS1,
primary cultured fibroblast cells) were passaged in the Eagle's Minimum Essential Medium
containing 10% fetal bovine serum (complete growth medium). The cells were routinely
subcultured using 0.25% trypsin-EDTA solution, neutralized by adding the complete growth
medium and seeded on the 25-cm? flask without centrifuge. Medium change every two or three

days until a 70% confluency before transferring into patri dish for further experiments.

A stock solution of NIRh-Ac (10 mM in DMSO) was diluted to a concentration of 20 uM
in culture medium without FBS. Cell culture medium was removed from the chambers and
replaced with fresh medium containing NIRh-Ac (10-20 uM). These cells were then subjected to

fluorescence imaging using a LSM 710 confocal microscope. Similar imaging experiments were
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performed after the cells had been incubated with Fe® (FeCl;.6H,0) for 8h first, then cells were

incubated with NIRh-Ac for 30 min.

MitoTracker Green FM (M-7514) (Invitrogen, CA) and LysoTracker blue DND 22
(invitrogen, CA) were employed for colocalization studies. In a typical experiment, SH-SY5Y
neuroblastoma cells were incubated with iron(lll) for overnight, then NIRh-Ac was added into
cells then incubated for 30 min, followed by adding the trackers and incubating for additional 30

min.

4.2.8 Zebrafish Studies

Zebrafish was maintained under standard conditions'" in collaborator Prof. T.Ferreira's
lab (UMD, Bioengineering). Embryos were collected from natural spawning and raised up in
embryo medium. Zebrafish strain nacre was utilized because it lacks pigment, allowing better
visualization. Three-day-old nacre zebrafish were maintained in E3 embryo media (15mM Nacl,
0.5mM KCI, 1 mM MgS0,4, 1 mM CaCl,, 15 mM KH,PO,, 0.05 mM Na,HPO,, 0.7 mM NaHCO;, 10°
% Methylene blue; pH 7.5). Then the zebrafish were incubated with various concentrations of
Fe**ions (0, 5, 10, 50 uM) for 3 days in E3 media at 28 °C. Then zebrafish were washed with PBS
and put in fresh E3 media and then incubated with 5 uM of NIRh-Ac for 30 min at 28°C. The
remaining probe was removed by washing with PBS and the fish were imaged by confocal

microscopy.

4.2.9 Confocal Fluorescence Microscopy

The fluorescence responses of the sensor in living cells were measured under a Zeiss
LSM 710 laser scanning confocal microscope. For images with the NIRh-Ac sensor, the excitation

wavelength of the laser was 633 nm and emission was integrated over the range 680-750 nm.
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For images with MitoTracker Green FM, LysoTracker Blue DND-22 and Hoechst 33258, the
excitation wavelengths recommended by the manufacturer were used (490 nm for MitoTracker,
405 nm for LysoTracker and 405 nm for Hoechst 33258). Emissions were integrated at 492-548
m (MitoTracker), 409-484 nm (Lyso-Tracker) and 426-535 nm (Hoechst 33258), respectively.
The REUSE function controlled by Zeiss software was applied to guarantee that all spectra were

recorded under the same instrumental conditions.
4.3 Results and Discussion
4.3.1 Design and Synthesis of NIRh-Ac

The sensor NIRh-Ac, combining a modified NIR rhodamine reporter (fluorophore) and a
Fe* receptor moiety formed by a mixed O/N/O motif similar to that of the RPE sensor, was
designed for a near IR sensor for Fe*". It is expected that the coordination site would consist of
20 (one from the lactone, one from the acetylacetate) and 1N (from the hydrazine). The sensor

NIRh-Ac was synthesized in a 4-step procedure (Scheme 4.2) with overall yield of ~35%.

COOH
o COOH
HZSO4 Acetic anhydride
OH +
HCIO, N/\ \ :

(:104

reflux, overnigth /\
in Ethanol )

NIRh-Ac

Scheme 4.2 Synthesis route for NIRh-Ac
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4.3.2 Spectroscopic Studies

The spectroscopic properties of NIRh-Ac and its interactions with various metal ions
were evaluated in acetonitrile (ACN)/Tris-HCl buffer (10 mM, pH 7.3, v/v, 1:1). The yellowish
compound NIRh-Ac displays almost no absorption peak in the red and near IR region (>550 nm).
The changes in UV-vis spectra after the addition of various ions are shown in Figure 4.1. Only the
addition of Fe*" to the solution of NIRh-Ac showed an obvious green color with an absorption
peak at 713 nm (g = 1.16 x10° M cm™) in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 1:1) (Figure
4.2). Compared with that of Fe*', other metal ions did not induce any significant changes in the

absorption at wavelength greater than 500 nm. Only Cu*" showed minor response to NIRh-Ac

(Figure 4.1).
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Figure 4.1 Absorption responses of 20 uM NIRh-Ac to various metal ions (20 pM for Zn**, Cr**,
Ni**, Hg**, Fe*, Mn*, Ag", Pb**, Fe**, Cu®, Cu®*, and Co®; 100 uM for Na*, K*, Mg, and Ca**) in
ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 1:1)

Sensor Fe¥* Hg** Fe?' Cu?” pp?t Ca®* Zn?* Ni*" Mn?* Ag" Mg?* Na© K° Cu' CrF* Co?*

Figure 4.2 Colour changes of 20 pM NIRh-Ac with various metal ions (50 uM for Zn*, Cr**, Ni**,
Hg™, Fe**, Mn*", Ag’, Pb*, Fe**, Cu*, Cu**, and Co®*; 100 puM for Na*, K*, Mg**, and Ca*") in
ACN/Tris Buffer (10 mM, pH 7.3, v/v 1:1)
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Then the changes in fluorescence spectra of NIRh with the addition of different metal
ions in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1) were investigated. NIRh-Ac shows very
weak fluorescence in the 650-750 nm range in the absence of metal ions (Figure 4.3). When Fe®*
was added into the solution of NIRh-Ac, a large fluorescence enhancement at 735 nm was
observed, which attributed to the ring opening product (Scheme 4.3), induced by the
complexation of Fe*". The emission intensity enhancement at 735 nm (®=0.236) is greater than
13-fold with 1.0 equiv of Fe**, suggesting that NIRh-Ac is an excellent turn-on fluorescent sensor
for Fe*'. In contrast to Fe**, other metal ions such as Zn*, Cr**, Ni**, Hg*', Fe**, Mn*", Ag’, Pb*,
Cu*, Co™, Na*, K*, Mg**, and Ca** did not induce any significant spectral response under identical
conditions (Figure 4.3). Similar as that observed by UV-vis, only Cu** showed a minor

enhancement in fluorescence under these conditions.
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Figure 4.3 Fluorescence response (AEx 690nm) of 20 uM NIRh-Ac to various metal ions (20 uM
Zn*, Cr¥', Ni**, Hg”, Fe**, Mn*, Ag’, Pb**, Fe", Cu®, Cu*, and Co®"; 100 puM for Na*, K*, Mg*", and
Ca’") in the ACN/Tris buffer(10 mM, pH 7.3, v/v 1:1

Moreover, upon the addition of 1 equiv of Fe*" into the solutions containing one of the
other metal ions tested, the fluorescence was activated and the intensity increased to a level
similar to that of in the presence of Fe*" only demonstrating that these metal ions do not

interfere with the Fe** response (Figure 4.4).
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Figure 4.4 Fluorescence responses of 20 uM NIRh-Ac to the presence of various metal ions (gray
bar) and the subsequent addition of Fe** (black bar) in the ACN/Tris buffer; the bars represent
the fluorescence intensity at 735 nm
The effect of pH on the stability of the sensor was investigated at different pHs and
monitored by both absorption and fluorescent spectra. The pH of the solutions was adjusted by
adding HCl or NaOH into the solutions. The fluorescence and absorption of NIRh-Ac at different

pH values were plotted in Figure 4.5, demonstrating that the sensor is stable at biological pH

range (pH 5-8).

3.0 )
{E' —=— MIRh-Ac 1000 4 —a— NIRh-AC
E I+
25 \\ —+—MNIRh-Ac+ Fe _E /\ —s— NIRH-Ac +Fa’
800 4 t—-__..d_nh__
_.2.0- S
~ 15 fe 600
< £
1.0 @ 4004
S
0.5 E 200
0.0 0 i -Ili- é é_—-'_:'.n 0 T T T T g T -‘-"-_I-_' y
0 2 4 6 & 10
pH pH

Figure 4.5 (a) Variation of absorption (713 nm) of NIRh-Ac and NIRh-Ac + Fe** (20 uM each) at
various pH values in ACN/H,0 (1/1, v/v) solution (b) Variation of fluorescent intensity (735 nm)
of NIRh-Ac and NIRh-Ac + Fe** (10 uM each) at various pH values in ACN/H,0 (1/1, v/v) solution
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4.3.3 Binding Studies

Job’s method and UV-vis titration spectra were applied to study the binding
stoichiometry between NIRh-Ac and Fe** and monitored by the absorbance at 713 nm. The
titration curve (a plot of NIRh-Ac versus Fe** concentration) increased linearly and plateaued at
1:1 ratio of the sensor and Fe** (Figure 4.6), suggesting the formation of a 1:1 Fe**-NIRh-Ac
complex. The binding constant of this complex was calculated following a method reported
previously[“], using absorption values at 713 nm by the equations described in the experimental

section, and was determined to be 5.02x10° M ™.
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Figure 4.6 Titration of 20 uM NIRh-Ac with increasing concentrations of FeCl; (2, 4, 6, 10, 12, 14,

16, 18, 20, 28, 36, 44, 52, and 60 uM, respectively) in ACN/Tris-HCI buffer (10 mM, pH 7.3, v/v
1:1). Inset, a plot of fluorescent emissions at 713 nm versus the ratio of [Fe*"]/ [NIRh-Ac]

The Job’s plot (Figure 4.7a) using a total concentration of 20 uM NIRh-Ac and Fe*' in
ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 1:1) solution exhibited a maximum absorbance when
the molecular fractions of Fe** and NIRh-Ac were close to 50 % , suggesting a 1:1 stoichiometry
for the binding of NIRh-Ac and Fe**. The species formed between NIRh-Ac and Fe** was more
accurately determined by ESI-MS. Upon the mixing of Fe** and the sensor (1 uM each in

ACN/H,0 1:1), two major species were detected by ESI-MS (Figure 4.7b): one corresponding to
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the free sensor NIRh-Ac with H,0 (m/z=671.4, [NIRh-Ac-H,0)]"), and the other, detected at
m/z=780.1, assignable to a 1:1 complex with chloride as co-ligands with a charge of 1+ ([NIRh-
Ac-Fe(Ill)-Cl,]"). This implies that Fe** is in 5-coordination with the sensor and two chloride ions

under the ESI-MS conditions (Scheme 4.3).

Reversibility experiments were carried out by adding EDTA to the sensor-Fe(lll) complex
in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 1:1. In the absence of EDTA, the complex was green
and fluorescent. After adding EDTA, the absorption of the complex decreased in intensity and
finally, disappeared (Figure 4.7c), suggesting a reversible binding between NIRh-Ac and Fe**. A

possible mechanism for the reaction and the binding mode are shown in Scheme 4.3.
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Figure 4.7 (a) Job's plot: the total concentrations of NIRh-Ac and Fe** were kept at constant 20
UM and the absorption intensity was measured at 713 nm in the ACN/Tris buffer(10 mM, pH 7.3,
v/v 1:1) (b) ESI-MS spectrum of the solution of NIRh-Ac with FeCl; (1 uM sensor and 1 uM Fe**
in ACN/H,0) (c) Treatment of 20 uM NIRh-Ac-Fe*" complex with increasing concentration of
EDTA (0 to 40 uM, from top to bottom) in ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 1:1)
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Scheme 4.3 Proposed 1:1 binding mode of NIRh-Ac with Fe** in ACN/Tris-HCI buffer (10 mM, pH
7.3,v/v1:1)

4.3.4 Biological Imaging Studies

In vitro studies showed that the ability of NIRh-Ac to detect Fe** with excellent
selectivity. To examine whether it can detect Fe**in living systems, human SH-SY5Y
neuroblastoma cells and fibroblast cells (ws1) were used to detect exogenous Fe** ions in live
cells. The cells treated with 20 uM NIRh-Ac exhibited very weak fluorescence (Figure 4.8a and
4.8e). However, after the cells were preloaded with 20 pM Fe*" for 8 h, the NIRh-Ac sensor was
able to detect strong fluorescent signals in the cells (intensity increased by 14 folds for SH-SY5Y,
Figure 4.8b; and 4.3 fold for ws1 cells, Figure 4.8f). These turn-on responses in fluorescence are
likely being triggered by the increased cellular Fe? levels due to uptaking of the exogenous Fe®".
When the cells were further treated with a cell permeable Fe*"-chelator SIH (salicyl
aldehydeisonicotinoyl hydrazone) that can decrease the intracellular level of Fe*, significantly
decreased fluorescent signals were observed in both cell lines (Figure 4.8c & 4.8g). These
experiments demonstrate that NIRh-Ac can detect Fe** in cells as well as the dynamic change of

Fe* in both the cell lines.
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Figure 4.8 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells
and Fibroblast cells (ws1) treated with (a) human SH-SY5Y neuroblastoma cells were incubated
20 uM NIRh-Ac (30 min). (b) human SH-SY5Y neuroblastoma cells were pre-incubated with 20
UM Fe** for 8 h then 20 uM NIRh-Ac sensor was added and image were taken after 30 min
incubation. (c) Fe**-chelator SIH (100 uM) was then added and incubated for overnight. (d) Bar
chart of fluorescent intensities of (a), (b) and (c). (e) Human fibroblast cells (ws1) were
incubated with 20 uM NIRh-Ac (30 min). (f) Fibroblast cells (ws1) were pre-incubated with 20
UM Fe** for 8 h then the sensor was added (g) Fe**-chelator SIH (100 uM) was then added and
incubated for overnight (g) Bar chart of fluorescent intensity of (e), (f) and (g) (Fluorescence
intensity was collected at 680-750 nm (for NIRh-Ac)).

The subcellular distribution of exchangeable Fe* pools in live cells after incubation with
exogenous Fe** was then investigated using NIRh-Ac along with a few cellular trackers.
Colocalization experiments were conducted by cell staining with the sensor NIRh-Ac,
MitoTracker Green FM, and LysoTracker blue DND-22 concomitantly. MitoTracker Green FM (M-
7514) stains mitochondria with a bright green fluorescence.!* The LysoTracker probes are
fluorescent acid tropic probes for labeling and tracking acidic organelles in live cells thus, it can

be used to visualize the endosomes/lysosomes in cells.™® Again SH-SY5Y neuroblastoma and
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fibroblast cells (ws1) were used for the colocalization experiments. Figure 4.9 shows the
colocalization experiments for SH-SY5Y neuroblastoma cells after staining with NIRh-Ac,
MitoTracker Green FM, and LysoTracker blue DND-22. The NIRh-Ac-Fe(lll) complex gives red
fluorescent images (Fig. 4.9b); the MitoTracker channel is shown in green color (Fig. 4.9¢); and
the image given by LysoTracker blue DND 22 is shown in Fig. 4.9d as blue-colored. As shown in
Figure 4.9 e&f, there are partial colocalization between NIRh-Ac-Fe(lll) and MitoTracker (red +
green = yellow) (Fig. 4.9¢e) as well as between NIRh-Ac-Fe(lll) and LysoTracker (red + blue =
purple) (Fig. 4.9f); however, a complete colocalization was observed among NIRh-Ac-Fe(lll),
MitoTracker and LysoTracker (Fig. 4.9g). It is notable that all the MitoTracker signals overlap
with the NIRh-Ac-Fe(lll) signals (giving rise to yellow signals) but only part of the LysoTracker
signals overlap with the NIRh-Fe(lll) signals (giving rise to purple signals). Part of the LysoTracker
signals do not overlap with the NIRh-Ac-Fe(lll) signals and kept blue (Fig. 4.9g). These findings
suggest that the locations of exchangeable Fe** pools detectable via sensor NIRh-Ac separately
exist in all mitochondria and part of the endosomes/lysosomes in human SH-SY5Y
neuroblastoma cells, not in the cytosol. The partial lysosomal colocalization is a bit surprising to

us and will be investigated further.

90



Figure 4.9 Representative confocal microscopy images of intracellular colocalization studies of
10 uM NIRh-Ac incubated with Fe**-loaded human SH-SY5Y cells (pre-incubated with 10 uM
Fe®') co-labeled with MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker
Blue DND-22 (50 nM, incubated for 120 min) (a) DIC image of cells with 20 um scale bar (b)

NIRh-Ac-Fe** fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected

at 492-548 nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue) (e) DIC
image of (a) and fluorescence images of (b) and (c) were merged together. Colocalization
regions are in yellow and non-overlapping regions remain in red. (f) DIC image of (a) and
fluorescence images of (b) and (d) were merged together. Overlapping regions are in purple and
non-overlapping regions remain in red; (g) Images of (a), (b), (c) and (d) were merged together,
revealing that the NIRh-Ac-Fe*" images are 100% colocalized with the sum of those of

MitoTracker and LysoTracker (h) Images of (a), (c) and (d) were merged together, showing no

overlapping region between lysosomes and mitochondria.

Figures 4.10 shows the subcellular distribution of exchangeable Fe** pools in live
fibroblast cells (ws1) after incubation with exogenous Fe*". Again, the NIRh-Ac-Fe(lIl) complex
gives red fluorescent images (Fig. 4.10a), the MitoTracker dyed mitochondria give green images
(Fig. 4.10b), and LysoTracker dyed lysosomes give blue signals (Figure 4.10c) in live fibroblast

cells (ws1). As shown in Figure 4.10 (e and g) there is a complete colocalization between NIRh-
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Fe(lll) and MitoTracker (red + green = yellowish-green). However, there is no co-localization
observed between NIRh-Fe(lll) complex (red) and the lysosomes (blue) (Figure 4.10 f&g). These
data indicate that Fe* detectable by NIRh-Ac in human fibroblast ws1 cells is localized in
mitochondria but not in lysosomes. The mitochondria distribution is the same as that in SH-SY5Y
neuroblastoma cells; however, the lysosomes distribution is different in the two cell types,

which is a surprise to us.

(a) (b) (c) )
20_;1m

Figure 4.10 Representative confocal microscopy images of intracellular colocalization studies of
20 uM NIRh-Ac incubated with Fe**-loaded fibroblast cells (ws1) (pre-incubated with 20 pM Fe**
(FeCl; incubated for overnight) co-labeled with MitoTracker Green FM (100 nM, incubated for
30 min) and LysoTracker Blue DND-22 (50 nM, incubated for 120 min) DIC image of cells with 20
um scale bar (b) NIRh-Ac-Fe** fluorescence collected at 680-750 nm (red) (c) MitoTracker
fluorescence collected at 492-548 nm (green).(d) LysoTracker fluorescence collected at 409-484
nm (blue) (e) DIC image of (a)(b) and fluorescence images of (c) were merged together.
Overlapping regions are in yellowish-green and non-overlapping regions remain in red. (f) DIC
image of (a), (b) and fluorescence images of (d) were merged together (g) DIC image of (a), (b)
(c) and fluorescence images of (d) were merged together. NIRh-Ac-Fe*" images are 100%
colocalized with MitoTracker and no overlapping of the signals were found for LysoTracker (h)
Images of (a), (c) and (d) were merged together, showing no overlapping region between
lysosomes and mitochondria.
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Results from the cell imaging studies (Fig. 4.8 (d and h), Figs.4.9-10) show that the Fe*'
uptake is different in the two cell lines studied as well as the subcellular distributions. After
incubation exogenous Fe®, SH-SY5Y neuroblastoma cells appeared to have higher Fe*" levels
and Fe** detected in both mitochondria and lysosomes while fibroblast cells (ws1) showed lower
Fe®* levels and Fe*" detected only in mitochondria. SH-SY5Y neuroblastoma cells are cancerous
neuronal cells while the fibroblast ws1 cells are primary healthy cells. It is known that neuronal
cells need more iron for their unique metabolic activities and cancer cells need more iron than
normal cells to keep their abnormal rapid growth "***! so it is reasonable that SH-SY5Y cells
uptake more iron and keep it in two organelles. However it is still surprise that only partial of
the lysosomes in SH-SY5Y cells contains detectable Fe** by the NIR-Ac sensor while lysosomes in
ws1 cells contains no detectable Fe* in lysosomes. One explanation is that the exogenous Fe*'
was uptaken into the cells into endosomes first by endocytosis, and then the endosomes fused
with lysosomes. Only these lysosomes will contain elevated levels of Fe* that can be detected
by the NIR-Ac sensor (purple color in Fig 4.9 f&g). The other cellular lysosomes that were not
fused with the Fe**-containing endosomes will not contain extra Fe* thus is not detectable by
the NIR-Ac sensor (blue color in Fig 4.9 f&g). If this explanation is correct, the NIR-Ac sensor

should be able to trace the Fe** transport process in real time in cells.

To explore this possibility, the iron transport process in ws1 cells was further
investigated by doing some kinetic experiments. FeCl; was used as the iron source for these
experiments. Ws1 cells were incubated with FeCl; (20 uM) at different incubation time (2 h, 4 h,
6 h and 8 h) and NIRh-Ac (10 uM), MitoTracker Green FM (100 nM) and LysoTracker Blue DND-
22 (50 nM,) were used to detect the subcellular locations of Fe**. Briefly, in a typical experiment
(for example, for 2 h); ws1 cells were incubated with 20 uM FeCl; for 1.5 h and then FeCl; was

removed by changing to fresh cell medium containing no FeCls, and cells were further incubated
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with NIRh-Ac, MitoTracker, and LysoTracker for another 30 min. After that, extracellular dyes
were removed by changing cell medium to fresh ones. Cell images were collected by a confocal

microscopy immediately.

Figure 4.11 shows the results from these imaging experiments. The multichannel
confocal capability allowed us to monitor several colors simultaneously in cells and the color
changing at different time was shown in Figure 4.12. Red colored dots are the regions where
free Fe* ions are located. Green colors belong to MitoTracker and yellow (red+green) indicates
that free Fe** ions are in mitochondria. Images given by LysoTracker are shown in blue and
purple indicates that free Fe* ions are in lysosomes. There are 5 columns in Figure 4.11: signals
from the Fe** sensor (1st), sensor and LysoTracker (2nd), sensor and MitoTracker (3rd), sensor
and both trackers (4th), Mito- and Lyso-trackers (5th). At 2 hours incubation with Fe**, when
images from all channels were merged (the 4th column), it can be seen that the majority but not
all Fe** were in lysosomes (purple) or mitochondria (yellow) because there are still isolated red-
colored dots observed. These red-colored dots are likely being Fe**-containing early endosomes
that have not yet been merged with lysosomes or their pH has not reached low enough to be
dyed by the LysoTracker. Furthermore, at 2 h, Fe* did not reach all the mitochondria in cells, as
significant amount of green colored mitochondria were still observable. In addition, both Fe**-
loaded lysosomes (purple) and the non-Fe** -loaded ones (blue) were observed. Iron is taken
into cells by the transferrin-mediated endocytosis process.**® The red colored dots in Figure
4.11 are likely to be the freshly formed early endosomes after the internalization of Fe*" in the
fibroblast cells. With the ATP-dependent proton pumps on endosomes membrane lowering the

lumen pH of the endosomes, [19-22)

endosomes gradually, maturation into lysosomes and the
LysoTracker dye stains them blue. If free iron(lll) ions are in lysosomes, purple color should be

observed.
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At 4 h, the number of red-colored dots (Fe**-containing early endosomes) decreased (4™
column in Fig 4.11 and the red line in Fig 4.12), and purple-colored regions significantly
increased (2nd column in Fig 4.11 and the purple line in Fig 4.12) as well as yellow-colored
regions (3™ column in Fig 4.11 and the yellow line in Fig 4.12), indicating Fe*" transfer into
lysosomes and mitochondria. However, there were still green mitochondria and blue lysosomes
observed. But, at 6 h, there were very little red-colored dots (Fes"-containing early endosomes,
the red line in Fig 4.12) and green colored mitochondria observed (3 and 4th columns in Fig
4.11 and the green line in Fig 4.12); purple-colored lysosomes (Fe**-loaded) (2™ column in Fig
4.11 and the purple line in Fig 4.12), also decreased in intensity while yellow colored
mitochondria dominate the images (3rd and 4th columns in Fig 4.11 and the yellow line in Fig
4.12), indicating Fe*" transfer into mitochondria. At 8 h post FeCl; incubation, purple-colored
lysosomes (Fe**-loaded) (2" column) had disappeared and yellow mitochondria and blue
lysosomes dominate the images (4th column), indicating that all the uptaken free iron(lll) ions
reached mitochondria of fibroblast cells (ws1) in 8 h. This experiment explains why the prior
colocalization experiments observed free iron(lll) ions only in mitochondria in ws1 cells (Fig.
4.10). The kinetics data suggest a Fe** transport pathway in human fibroblast cells, i.e., from

endosomes to lysosomes and finally to mitochondria, as shown in a cartoon in Figure 4.13.
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Figure 4.11 Subcellular kinetic experiments for NIRh-Ac-Fe*" in live fibroblast cells (ws1)
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Figure 4.12 Colored areas changing at different time in Figure 4.11. (Area of the all color dots

were measured and assumed that the total area is 100%, then each color area was calculated as
a percentage (AJ/A)

It was believed that in the acidic media in lysosomes of cells, Fe* is released from the
carriers and get into the cytoplasm of cells as a loosely bound “labile iron pool”.”*** However,
the above kinetic and colocalization experiments did not detect such a “labile iron pool” in
cytosol, instead, showing that Fe** in lysosomes appears to pass through mitochondria directly,
bypassing the cytosol. It is interesting to note at the 5th column in Figure 4.11 that during the
active Fe*" transfer process, turquoise colored (green+blue) regions were observed at 4 h and at
a less extent, at 6 h, and these regions colocalize with Fe* sensor signals (4th column),
suggesting that the Fe*"-loaded lysosomes are in close contact with mitochondria during the
active Fe*" transfer process. When the Fe*" transfer, process is complete at 8 h; lysosomes (blue)
are well separated from the Fe**-loaded mitochondria (4th & 5th columns at 8 h). Unfortunately,
the images in Fig 4.11 cannot distinguish precisely the relative locations of the lysosomes and
mitochondria during the active Fe** transfer process, giving a mixed turquoise color in the
regions. This could be interpreted as fusion of the two organelles or a docking between the

two.?
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Mitochondria

Endosome

Figure 4.13 Hypothetical schematic of one possible cellular distribution process free iron(lll) ions
in live fibroblast cells

To look into this issue more precisely, a more precise kinetics was followed by confocal
in fibroblast cells (ws1) and with iron(lll) citrate as the exogenous Fe** source as it denotes Fe**
to transferrin much faster and more efficiently than that ferric chloride does. Briefly, human
fibroblast cells (ws1) were pre-incubated with NIRh-Ac (10 uM), MitoTracker green (100 nM), and
LysoTracker blue (50 nM) for 30 min. The dyes were removed by changing to fresh media without
the dyes. Fe* ions (40 uM, iron(lll) citrate) were then added to the media and confocal images
were collected for every 1 minute. As shown Figure 4.14, before Fe*" ions were added (0 min.),
green mitochondria, and blue lysosomes were observed but no red color was observed. After Fe**
ions were added, red, purple, and yellow colors were observed in addition to the green and blue
colors, suggesting Fe*" are getting into endosomes, lysosomes, and mitochondria. At one of the
particular regions shown with an arrow, in 1 min, an elongated purple dot was observed in direct
contact with a green branch-shaped green mitochondrion, with their contact region in turquoise
color. At this moment, Fe*" ions were located in the lysosomes as seen from the purple color. At 2
min, this green mitochondrion had changed to orangish-yellow color while the lysosomes had left

the region, suggesting iron(lll) ions had been transferred from the lysosomes in the
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mitochondrion. At 3 min, the orangish-yellow color stayed in the mitochondrion. Similar
processes can also be seen in other regions. These results confirm that Fe** ions directly pass to
mitochondria from lysosomes via a direct docking mechanism. This finding is consistent with
recent observations that cellular Fe** is directly transported from endosomes/lysosomes to

mitochondria by a ‘kiss and run’ pathway, bypassing the cytosol. !

0 min. 1 min. 2 min. 3 min.

Figure 4.14 Confocal microscopy images (with DIC) Fibroblast cells (ws1) treated with (a) NIRh-
Ac (10uM), MitoTracker green (100 nM), and LysoTracker blue (50 nM) for 30 min (b) 1 min (c) 2
min (d) 3 min after Fe*" ions added (b, c) and (d) are the zoomed images of the area shown in

(a)

4.3.5 Imaging Fe®* in Zebrafish

As NIRh-Ac is a near IR sensor, it is interesting to test its ability in detection of Fe* in live
organisms like animal models. Zebrafish are a good vertebrate model for monitoring metal ions
by fluorescence microscopy owing to the permeability of ions and sensors in fish. Recently,
zebrafish have been used to detect various ions and biomolecules.?**So zebrafish were used
to test whether NIRh-Ac can detect Fe*" in vivo. Initial in vivo Fe*" imaging experiments were
performed with intact 3-day old zebrafish larva (without iron supplement) with NIRh-Ac staining
and monitored using a confocal microscopy. However, the zebrafish larva did not show any

evidence of fluorescence (Figure 4.15a). Then zebrafish larva were pre-incubated with FeCl; (5,
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10, 50 uM) for 3 days, and then stained with NIRh-Ac for 30 min. Red-colored spots in zebrafish
were immediately seen under a confocal microscope (Figure 4.15). Only one red spot located in
the liver region of zebrafish®” was observed (Figure 4.15b) when iron concentrations were at 5
and 10 pM. In the presence of high iron concentration (50 pM) of Fe**, two red spots were
exhibited (Figure 4.15c), one located in the liver region, and the other in the head, likely to be
located in preopticneuromast of zebrafish.?*? Detailed investigations of the locations of Fe**in
zebrafish is beyond the scope of this work but the zebrafish clearly demonstrated the capability

of the NIR-Ac sensor in imaging Fe*" in live animals.

5 uM NIRb-Ac +10 pM Fe (III) +50 M Fe(III)

Figure 4.15 Confocal microscopy images of 6 day old zebrafish larvaes (a) Zebrafish larva was
incubated with 5 uM NIRh-Ac for 30 min (b) Zebrafish larva incubated with 10 uM (c) 50 uM
FeCl; then 5 uM NIRh-Ac was added and incubated for 30 min.

4.4 Conclusion

In summary, | have developed a highly sensitive, highly selective, and reversible turn-on
near infrared fluorescent Fe**-sensor, NIRh-Ac. The sensor gives a distinct rapid and reversible
fluorescence response upon the alteration of intracellular Fe** levels with little interference

from other biologically relevant metal ions. Confocal experiments show that NIRh-Ac can readily
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detect exogenous chelatable Fe*" in live human SH-SY5Y cells and live fibroblast cell (ws1) at
subcellular resolution, with the chelatable Fe** pools located in mitochondria and
endosomes/lysosomes for SH-SY5 cells and in mitochondria for ws1 cells. The kinetic
experiments provided a visual imaging of Fe*" transport pathway in human fibroblast cells in real
time, i.e., from endosomes to lysosomes and finally to mitochondria via a direct “Lyso-mito
docking” mechanism, bypassing the cytosol. Zebrafish studies clearly demonstrated the
capability of the NIR-Ac sensor in imaging Fe** in live animals.
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Chapter 5

TURN-ON NEAR-INFRARED FLUORESCENT SENSOR NRPA FOR IMAGING ENDOGENOUS Fe* IN

LIVE ORGANISMS

5.1 Introduction

The in vitro and in vivo studies of the modified rhodamine based sensor, NIRh-Ac in
chapter 4, have provided detailed information about the subcellular location of exogenous
iron(lll) pools and the iron(lll) transport pathway in cells. Moreover, the sensor was able to
locate the iron(lll) ions in zebrafish after incubation with exogenous iron(lll). However, in cells,
iron enters labile iron pools not only from outside the cells, but also as a results of endogenous
heme breakdown and the mobilization of ferritin iron ions.”™ These cellular free iron pools
represent only (< 5%) of the total cell iron (50-100 uM).[S] In this chapter, a sensor was
developed to detect the endogenous intracellular labile iron(l1l) pools. The properties of highly
selective and highly sensitive reversible off-on near infrared fluorescent Fe** sensor NRPA
(Scheme 5.1) were described. This sensor can selectively detect endogenous Fe** in live cells and
organisms. The unique reversible “turn-on” property and high sensitivity of NRPA allow it to
locate the endogenous exchangeable Fe** pools at subcellular resolution in live human
neuroblastoma SH-SY5Y cell and human skin fibroblast (ws1). It has been also demonstrated

that NRPA can be used to visualize endogenous free Fe**ions in zebrafish.
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5.2 Experimental Section

Most of the procedures are similar as those explained in Chapter 4. In this section, only
the procedures that were not provided in Chapter 4 are given.

5.2.1 Materials and Reagents

2,6-bis(hydroxymethyl)pyridine was purchased from Aldrich. 2-(1,3,3-Trimetylindolin-2-
ylidene) acetaldehyde was purchased from OChem Incorporation. 2-(4-Diethylamino-2-
ydroxybenzoyl) benzoic acid and benzotriazol-1-yloxytris (dimethylamino)-phosphonium
hexafluorophosphate (BOP) were purchased from TCl America. 2,6-dihydroxypyridine was
purchased from Aldrich. The other chemicals and the solvents used in the experiments were
purchased commercially. The solution of metal ions were prepared from chloride salts of Ni**,
Fe®*, cu®™, Mn*, Hg”, Na®, Ca®*, Zn**, Ag’, and nitrate salts of Mg”*, Pb*", K", Co". Stock solutions
of metal ions (10 mM) were prepared in deionized water, except for Fe** and Fe" that were
dissolved in 0.1 M HCl solution. Solution of Cu® was freshly prepared by dissolving tetrakis

(acetonitrile) copper(l) (Sigma-Aldrich) into double-distilled water.

5.2.2 Synthesis

NIRh was synthesized as described in Chapter 4.

Synthesis of 6-(hydroxymethyl) pyridine-2-carbaldehyde: MnO, (1.594 g, 18.3 mmol) was
added slowly to a stirring solution of 2,6-bis(hydroxymethyl)pyridine (1.12 g, 7.27 mmol) in
CHCI; (20 mL). The mixture was stirred and refluxed for 3 h, at which point more Mn0O, (1.71 g,
14.6 mmol) was added, and the reflux resumed for a further 3 h. After cooling, the mixture was
filtered through Celite, and the black inorganic salts were washed with CH;OH. The combined

filtrate and washings were concentrated by rotary evaporation and the resulting oily residue
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subjected to column chromatography with an ethyl acetate/petroleum ether gradient (30 to
70%), giving the product as a white solid (0.5 g, 50%) (Second fraction from the column). 'H

NMR (CDCl;, 300 MHz &(ppm)): 9.58 (s, 1H), 8.31 (t, 1H), 8.16 (m, 1H), 8.01 (t, 1H), 4.98 (s, 2H).

Synthesis of NRPA: NIRh (0.150 g, 0.26 mmol) and 6-ydroxymethyl)pyridine-2-carbaldehyde
(0.05 g, 0.36mmol) were dissolved in Ethanol (20 mL). The reaction mixture was then stirred and
refluxed for overnight to obtain a pale green precipitate. The precipitate was collected by
filtration, washed with cold ethanol, and dried in vacuum to give the 30 mg of NRPA (yield; 17
%). *H NMR (CDCls, 300 MHz &(ppm)): 6 8.93 (s, 1H), 7.96 (s, 1H), 7.56(t, , 3H), 7.26 - 7.11 (m,
3H), 7.24 (d, 2H), 6.96 (s, 1H), 6.77 (s, 1H), 6.64 (s, 1H), 6.34 (d, , 2H), 6.13 (s, 1H), 5.11 (s, 1H),
5.02-4.97 (m, 2H), 3.56 - 3.44 (m, 3H), 3.44 - 3.34 (m, 2H), 3.21-3.16 (m, 3H), 2.29 - 2.24 (m,
2H), 2.08 - 2.03 (m, 2H), 1.60 - 1.53 (m, 8H), 1.13 - 0.96 (m, 6H). >C NMR (CDCI3, 75 MHz
&(ppm): 165.4, 157.8, 154.2, 150.4, 148.4, 147.68, 145.5, 130.6, 133.4, 129.6, 128.4, 127.7,
127.6,123.5,121.6,120.7,119.4, 119.2, 106.2, 105.9, 104.4, 98.1, 66.2, 58.9, 45.5, 44.3, 29.2,
28.4,25.3,22.9,22.3,16.5, 12.7, 12.5; ESI-MS: found: m/z = 692.2 [M+H]" and m/z = 714.5

[M+Na]+ y calcd for C44H45N503: 691.1.

5.2.3 Zebrafish Experiments

Zebrafish was maintained under standard conditions in collaborator Prof. T. Ferreira's
lab (UMD, Biology). Embryos were collected from natural spawning and raised up in embryo
medium.'® Zebrafish strain nacre was utilized because it lacks pigment, allowing better
visualization."” Zebrafish embryos at 2, 3, and 6 dpf were incubated with 10 pM NRPA in E3
media containing 0.1 vol % DMSO for 1 h at 28 °C. In addition, iron-loaded zebrafish (10 uM and
40 uM FeCl; for 1-day incubation) were incubated with 10 uM NRPA in E3 media for 1 h at 28 °C.

Alternatively, zebrafish were exposed to 100 uM SIH in E3 media containing 0.1 vol % DMSO for

105



1 h at 28°C. After washing with E3 media to remove the remaining SIH, the zebrafish were
further incubated with 10 M NRPA in E3 media for 1 h at 28 °C. The treated zebrafish were
imaged by a confocal microscope.

5.3 Results and discussion

5.3.1 Design and synthesis

The initial goal of the synthesis of NRPA was to coordinate to Fe*" ions with high binding
constant and was designed based on the principles of coordination chemistry. The design of
NRPA sensor was carefully developed with a coordination site of two nitrogen and two oxygen
atoms to afford three five-membered rings. The sensor, NRPA, was synthesized in a four step
procedure (synthesis of NIRh was explained in chapter 4) with overall yield of 17% (Scheme 5.1).

The structure of NRPA was confirmed by *H NMR and *C NMR and mass spectrometry.

— OH

reflux, overnigth
in Ethanol

\,

NIRh-PA

Scheme 5.1 Synthesis route for NRPA

5.3.2 Spectroscopic and Selectivity Studies

Absorption spectra of NRPA were evaluated in ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v
2:1). A very weak absorption peak at 710 nm (€ = 1.15 x10> M™* cm™) was observed in NRPA
solution that was pale yellow color. The changes in UV-vis spectra in the presence of 1 equiv of

metal ions, Zn**, Cr**, Ni**, Hg*, Fe**, Mn*", Ag’, Pb**, Fe**, Cu’, Cu®, and Co*", are shown in
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Figure 5.1a. Only the addition of Fe*" to the solution of NRPA increased the absorption peak at
710 nm (€ = 4.0 x10°> M cm™), and the color of the solution changed to green (result not
shown). This can be explained with the ring-open form of spirolactam[sl in NRPA. Compared with
that of Fe**, other metal ions did not induce any changes in UV-vis absorption. Only Fe** showed
minor response to NRPA.

The fluorescence responses of NRPA to different metal ions are shown in Figure. 5.1b.
NRPA solution showed very weak fluorescence at 738 nm. However, addition of 1 equiv of Fe**
triggered an over 25-fold fluorescence enhancement with a detection limit of 0.1 pM for Fe*'
(Figure 5.2), and with an emission peak at 750 nm (®=0.198) was observed with a blue shift
about 7 nm compared with that of NRPA. However, little enhancement in fluorescence was
observed for the other metal ions tested (only Fe** produced very weak enhancement). These

data demonstrate that NRPA is a highly specific turn-on fluorescent sensor for Fe*".
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Figure 5.1 Absorption responses (a) and Fluorescence responses (b) of 20 uM NRPA to various
metal ions (20 pM Zn*, Cr**, Ni**, Hg”', Fe**, Mn*", Ag’, Pb*, Fe?*, Cu", Cu**, and Co**; 100 puM for
Na*, K*, Mg”*, and Ca”*) in ACN/Tris-HCl buffer (10 mM, pH 7.3, v/v 2:1)
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Figure 5.2 Fluorescence intensity versus increasing concentration of NRPA-Fe** (1:1) in ACN/Tris-
HCl buffer (10 mM, pH 7.3, v/v 2:1). Detection limit of 0.1 uM was obtained from the plot.

The interferences from the other metal ions were also examined with NRPA in its
response to Fe*. Even though the 15 metal ions tested do not turn-on the fluorescence of
NRPA, they could quench the fluorescence of the complex (NRPA-Fe*'). Each of the 15 metal
ions was pre-incubated with NRPA before 1 equiv of Fe** was added, the fluorescence responses
before and after the addition of Fe** were measured. As shown in Figure 5.3, the fluorescent
intensity of NRPA with Fe*" is not affected significantly in the presence of any of the other metal

ions tested, demonstrating little interferences from the other metal ions.
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Figure 5.3 Fluorescence responses of 20 UM NRPA to the presence of various metal ions (gray
bar) and the subsequent addition of Fe* (black bar) in the ACN/Tris buffer (10 mM, pH 7.3, v/v
2:1). The bars represent the fluorescence intensity at 750 nm.
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One of the disadvantages of spirolactam-based sensors is that they also give response to
hydrogen ions.”” ' The pH response of NRPA in ACN/water solution (2/1) was also evaluated as
shown in Figure 5.3. The pH-dependent UV-vis and fluorescent experiments revealed that NRPA
did not show any obvious and characteristic absorption and fluorescent (excited at 690 nm) in
the pH range 5 to 9, suggesting that it can be studied in biological pH with a very low

background fluorescence.
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Figure 5.4 (a) Absorption of NRPA ad NRPA+Fe* (20 uM, the absorption intensity was measured
at 710 nm) at various pH values in ACN/H,0 (2/1, v/v) solution (b) Variation of fluorescence
intensity (750 nm) of NRPA and NRPA+Fe(lll) (20 uM each) at various pH values in ACN/H,0 (2/1,
v/v) solution.

5.3.3 Binding Studies

Job’s method and UV-vis titration spectra were applied to study the binding
stoichiometry between NRPA and Fe*" and monitored by the absorbance at 710 nm. The
titration curve (a plot of NRPA versus Fe> concentration) increased linearly and plateaued at
1:1 ratio of the sensor and Fe** (Figure 5.5), suggesting the formation of a 1:1 Fe*-NRPA
complex. The binding constant of this complex was calculated using absorption values at 710

nm by the equations described in chapter 4, and was determined to be 6.76 x 10 M™.
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Figure 5.5 Titration of 20 uM NRPA with increasing concentrations of FeCl; (2, 4, 6, 10, 12, 14,
16, 18, 20, 28, 36, 44, 52, 60, and 80 uM, respectively) in ACN/Tris-HCI| buffer (10 mM, pH 7.3,
v/v 2:1). The absorption intensities were measured at 710 nm.

The Job’s plot (Figure 5.6a) using a total concentration of 20 uM NRPA and Fe*" in
ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1) solution exhibited a maximum absorbance when
the molecular fractions of Fe** and NRPA were close to 50 % , suggesting a 1:1 stoichiometry for
the binding of NRPA and Fe*. Reversibility experiments were carried out by adding EDTA to the
complex in ACN/Tris-HCl buffer (10 mM, pH 7.32, v/v 2:1). In the absence of EDTA, the complex
was green and fluorescent. After adding EDTA, the absorption of the complex decreased in
intensity and finally, disappeared (Figure 4.8b), suggesting a reversible binding between NRPA

and Fe*'. A possible mechanism for the reaction and the binding mode are shown in Scheme 5.2.
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Figure 5.6 (a) Job plot. The total concentrations of NRPA and Fe* were kept at constant 25 pM
and the absorption intensity was measured at 710 nm in the ACN/Tris buffer (b) Treatment of 40
UM NRPA-Fe** complex with increasing concentration of EDTA (0 to 40 uM, from top to bottom)

in ACN/Tris-HCI buffer (10 mM, pH 7.3, v/v 2:1).
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Scheme 5.2 Proposed 1:1 binding mode of NRPA with Fe** in ACN/Tris-HCI buffer (10 mM, pH
7.3,v/v 2:1)

5.3.4 Cell Studies

Encouraged by the above promising results, we next tested the ability of NRPA to track
Fe®* in live human neuroblastoma SH-SYS5Y cells via a laser scanning confocal microscope (Zeiss
LSM 710). The cells were incubated with 10 uM NRPA for 30 min."% We observed turn on
fluorescence (Figure 5.7a) that is likely being triggered by endogenous labile Fe*". Another

possibility might be the acidic environment of certain intracellular organelles (e.g., lysosomes/
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endosomes), as low pH can also trigger the turn-on response of spirolactam based sensors. !0

To look into these possibilities carefully, two approaches were used: first loading the cells with
Fe®* and second, depletion of Fe** by cell permeable Fe**-specific chelators. The fluorescence
changes under both conditions were carefully monitored. Figure 5.7 compares the confocal
fluorescence images of NRPA in human SH-SY5Y cells before and after being loaded with 20 uM
Fe®*. The Fe*"-loaded human SH-SYSY cells clearly showed brighter and more widely distributed
fluorescence signals in localized areas within the cytosol (Figure 5.7b), suggesting a positive

response of NRPA to elevated labile Fe** levels in the Fe**-loaded cells.

Figure 5.7 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells

treated with (a) 20 uM NRPA sensor after 30 min incubation (b) the cells were then incubated

with Fe** (20 uM Fe(8-HQ)) for 30 min. The brighter and more widely distributed fluorescence
signals in (b) suggest elevated Fe*" levels in Fe**-loaded human SH-SY5Y cells. Fluorescence
intensity was collected at 680-750 nm (for NRPA) (DIC image of cells with 10-um scale bar).

To deplete the celular labile Fe** from cells, the cells were pre-incubated with SIH
(salicylaldehyde isonicotinoyl hydrazone, a cell permeable Fe**-chelator). The cells were then
treated with NRPA and a decreased fluorescence response was observed (Figure 5.8c). These
data, together with those from Fe**-loaded cells (Figure 5.7 and 5.8 ) demonstrate that the

fluorescence response of NRPA in cells is triggered by cellular chelatable Fe**, not by acidic pH,
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thus confirming that NRPA can detect not only endogenous labile Fe** in the cells but also the

dynamic changes of Fe** in the cells.
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Figure 5.8 Confocal microscopy images (with DIC) of live human SH-SY5Y neuroblastoma cells
with prior iron depletion by 100 pM cell permeable Fe**-chelator salicylaldehyde isonicotinoyl
hydrazone (SIH) for overnight and then treated with NRPA (10 uM) in 1:1 mixture of Eagles
Minimal Essential medium (ATCC) and Ham’s F12 medium (ATCC). (a) DIC image of cells with 10
pm scale bar (b) 10 M NRPA sensor after 30 min incubation (c) 100 uM cell permeable Fe**-
chelator salicylaldehyde isonicotinoyl hydrazone (SIH) for overnight and then treated with NRPA,
Fluorescence intensity was collected at 680-750 nm (for NRPA).

In Chapter 4, the NIRh-Ac sensor revealed that exogenous Fe* ions were located in
mitochondria and lysosome of SH-SY5Y cells. Here, the capability of NRPA was tested to image
endogenous Fe**ions at subcellular resolution. The subcellular distribution of exchangeable Fe*'
pools in live SH-SY5Y cells was investigated using NRPA and colocalization experiments with
other dyes, MitoTracker Green FM (a green-fluorescent dye which localizes to mitochondria in
live cells regardless of mitochondrial membrane potential) and LysoTracker blue DND-22 (a blue
fluorescent dye that stains acidic compartments such as endosomes and lysosomes™ in live

cells). Human SH-SY5Y cells (without Fe** treatment) were treated with NRPA, MitoTracker
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Green FM, and LysoTracker blue DND-22. As illustrated in Figure 5.9, there are partial
colocalization between NRPA-Fe** and the MitoTracker (Figure 5.9¢) as well as that between
NRPA-Fe*" and the LysoTracker (Figure 5.9f); however, a complete colocalization was observed
among NRPA-Fe**, MitoTracker and LysoTracker (Figure 5.9g). These data suggest that the
exchangeable Fe* pools in SH-SY5Y cells detectable by NRPA are localized in mitochondria and
endosomes/lysosomes, not in cytosol. Additional experiments with NRPA and the trackers under
Fe** supplement conditions revealed again elevated levels of cellular chelatable Fe** and that
the labile Fe** pools are still localized in mitochondria and endosomes/lysosomes (Figure 5.10).

This finding is consistent with recent observations that cellular Fe** directly transports from

I [12,13]

endosomes to mitochondria by a ‘kiss and run’ pathway, bypassing the cytoco

| [C)

Figure 5.9 Representative confocal images of intracellular colocalization studies of 10 uM NRPA
incubated with live human SH-SY5Y cells co-labeled with MitoTracker Green (100 nM) and
LysoTracker Blue DND-22 (50 nM) (a) DIC image of cells with 20 um scale bar (b) NRPA-Fe*'

fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at 492-548
nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue). (e) DIC image of (a) and
fluorescence images of (b) and (c) were merged together. Colocalization regions are in yellow
and non-overlapping regions remain in red (f) DIC image of (a) and fluorescence images of (b)
and (d) were merged together. Overlapping regions are in purple and non-overlapping regions
remain in red (g) Images of (a), (b), (c) and (d) were merged together, revealing that the NRPA-
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Fe®* images are 100% colocalized with the sum of those of MitoTracker and LysoTracker (h),
Images of (a), (c) and (d) were merged together, showing no overlapping region between
lysosomes and mitochondria.

Figure 5.10 Representative confocal microscopy images of intracellular colocalization studies of
10 uM NRPA incubated with Fe**-loaded human SH-SY5Y cells (pre-incubated with 10 uM Fe**)
co-labeled with MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker Blue
DND-22 (50 nM, incubated for 120 min) (a) DIC image of cells with 10 um scale bar (b) NRPA-
Fe* fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at 492-
548 nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue). (e) DIC image of (a)
and fluorescence images of (b) and (c) were merged together. Colocalizations regions are in
yellow and non-overlapping regions remain in red (f) DIC image of (a) and fluorescence images
of (b) and (d) were merged together. Overlapping regions are in purple and non-overlapping
regions remain in red (g) Images of (a), (b), (c) and (d) were merged together, revealing that the
NRPA-Fe* images are 100% colocalized with the sum of those of MitoTracker and
LysoTracker.(h) Images of (a), (c) and (d) were merged together, showing no overlapping region
between lysosomes and mitochondria.

Similar experiments were performed to investigate the ability of NRPA to detect Fe** in
live human fibroblast ws1 cells by using confocal microscopy. First, it was tested if NRPA can
detect endogenous Fe* and elevated levels of labile Fe*" in live ws1 cells. To this end, ws1 cells
were incubated with 20 uM FeCl; for 8 h and then stained with 20 uM NRPA for an additional 30

min. As shown in Figure 5.11b, clear fluorescence was observed in ws1 cells without Fe*
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treatment (control) and a significant increase in intracellular fluorescence was observed in iron-
loaded cells compared to control cells was observed (Figure 5.11a). To verify that the
fluorescence increase was due to iron-dependent events, iron-loaded ws1 cells were treated
with 100 uM of iron chelator salicylaldehyde isonicotinoyl hydrazone (SIH) for overnight to
reduce intracellular levels of labile iron. As expected, SIH reduced the cellular fluorescence
(Figure 5.11b and 11.c), thus confirming that NRPA can detect not only endogenous labile Fe*" in

the cells but also the dynamic changes of Fe** in the cells.

s
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Figure 5.11 Confocal microscopy images (with DIC) of live human skin fibroblast cells (ws1) (a)
DIC image of cells with 20 um scale bar (a) 10 pM NRPA sensor after 30 min incubation (b)
Fibroblast cells (WS1) were then incubated with 20 uM Fe* for 8 h then the sensor was added
(c) 100 uM SIH for overnight and then treated with NRPA (d) Bar chart of fluorescent intensity of
A, B, C (Fluorescence intensity was collected at 680-750 nm (for NRPA)).

Figure 5.12 shows the distribution of exchangeable Fe* pools in live fibroblast cells
(ws1). The sensor NRPA-Fe(lll) complex gives red fluorescent images and is shown in Figure

5.12b. Figure 5.12c shows the MitoTracker signals and Figure 5.12d LysoTracker signals in live
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fibroblast cells (ws1). As shown in Figure 5.12e there is a complete colocalization between NIRh-
Fe(lll) and MitoTracker (red + green = yellowish-green). There was no co-localization observed
between ws1-Fe** and the lysosome (Figure 5.12f and g). However, when we repeated the
experiments for the iron loaded ws1 cells, we observed that the NRPA-Fe** images are 100%
colocalized with the sum of those of MitoTracker and LysoTracker (Figure 5.12). These results

also show that free Fe* ions enter cells as described in chapter 4.

Figure 5.12 Representative confocal images of intracellular colocalization studies of 10 uM NRPA
incubated with live human ws1 cells co-labeled with MitoTracker Green (100 nM) and
LysoTracker Blue DND-22 (50 nM) (a) DIC image of cells with 20 um scale bar (b) NRPA-Fe*'
fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at 492-548
nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue) (e) DIC image of (a) and
fluorescence images of (b) and (c) were merged together. Colocalization regions are in orange
and no red colored region remaind (f) DIC image of (a) and fluorescence images of (b) and (d)
were merged together no Overlapping (g) Images of (a), (b), (c) and (d) were merged together,
revealing that the NRPA-Fe** images are 100% colocalized with MitoTracker but not with
LysoTracker. (h) Images of (a), (c) and (d) were merged together, showing no overlapping region
between lysosomes and mitochondria.
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Figure 5.13 Representative confocal microscopy images of intracellular colocalization studies of
20 uM NRPA incubated with Fe**-loaded fibroblast cells (ws1) (pre-incubated with 20 uM Fe*')
co-labeled with MitoTracker Green FM (100 nM, incubated for 30 min) (a) DIC image of cells
with 20 um scale bar (b) NRPA fluorescence collected at 680-750 nm (red) (c) MitoTracker
fluorescence collected at 492-548 nm (green) (d) LysoTracker fluorescence collected at 409-484
nm (blue) (e) DIC image of (a) and fluorescence images of (b) and (c) were merged together.
Colocalizations regions are in yellow and non-overlapping regions remain in red (f) DIC image of
(a) and fluorescence images of (b) and (d) were merged together. Overlapping regions are in
purple and non-overlapping regions remain in red (g). Images of (a), (b), (c) and (d) were merged
together, revealing that the NRPA-Fe** images are 100% colocalized with the sum of those of
MitoTracker and LysoTracker. (h) Images of (a), (c) and (d) were merged together, showing no
overlapping region between lysosomes and mitochondria.

The results show that the endogenous iron levels and subcellular distribution in
different cell lines are different. SH-SY5Y neuroblastoma cells are cancer cells and ws1 cells are
primary healthy cells. Cancer cells need more iron than normal cells to keep their abnormal

rapid growth“‘”, so SH-SY5Y has a higher iron stock and in two pools.

5.3.5 Zebrafish Studies

We explored further whether NRPA could be used to monitor endogenous free Fe*" ions

in zebrafish in collaboration with Dr. Ferreira's Lab (Bioengineering Department). The
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preliminary in vivo Fe** imaging of intact two-day-old zebrafish larva with NRPA staining was
performed using confocal microscopy. We observed turn on fluorescence response of NRPA
which is likely being triggered by endogenous labile Fe**. To confirm this and to test whether
NRPA can image the dynamic changes of labile Fe** levels in zebrafish; we did two control
experiments. First, loading zebrafish with exogenous Fe** and second, depletion of Fe** by cell
permeable Fe3+—specific chelator. However, the chelator SIH was toxic to zebrafish, and killed
them even when it was incubated for 1 h. We decided to use different concentration of Fe** to

show that when iron concentration increases, turn-on fluorescence increases.

Figure 5.14 show some confocal images for 3- and 6-days-old zebrafish. The images in
the first row belong to 3-days-old zebrafish. 3-days-old zebrafish itself did not show any
fluorescence when it was excited at 633 nm under the confocal microscopy. When it was
incubated with NRPA, a red colored region was observed. 2-days-old zebrafish were pre-
incubated with FeCl; (10 and 40 uM) for 24 hours, washed, and then incubated with 10 uM
NRPA for another 0.5 hour. The Fe**-loaded zebrafish clearly showed brighter fluorescence (3
fold for 10 uM and 10 fold for 40 uM Fe®*), suggesting a positive response of NRPA to elevated
labile Fe*" levels in the Fe**-loaded zebrafish. However, organs in zebrafish have not been fully

developed in this stage[15'16] (3-days-old). The red colored region seems to be the intestine area.

We repeated the same experiments with 6-days-old zebrafish and observed similar Fe**-
concentration dependent response as those with 3-days-old zebrafish. However, the red-
colored region now was observed as a well-localized red round spot, being the liver/gall bladder
region of the 6-days-old zebrafish.M These interesting data demonstrate that the NRPA
sensor is able to image dynamic changes of labile Fe** levels in zebrafish, as well its locations in

different developmental stages.
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Figure 5.14 Confocal microscopy images of 3 and 6 day old zebrafish larvaes (a,e) Zebrafish only

(b,f) Zebrafish larva was incubated with 10 uM NRPA for 30 min (c,g) Zebrafish larva incubated

with 10 uM and (d,h) incubated with 40 uM FeCl;for 3 days then 10 uM NRPA was added and
incubated for 30 min

5. 4 Conclusion

In summary, we have developed a highly sensitive, highly selective, and reversible turn-
on near infrared fluorescent Fe**-sensor, NRPA. The sensor gives a distinct rapid and reversible
fluorescence response upon the alteration of intracellular Fe** levels with little interference
from other biologically relevant metal ions. Confocal experiments show that NRPA can readily
detect endogenous free Fe*" in live human SH-SY5Y cells and live fibroblast cell (ws1) at
subcellular resolution. However, results showed that chelatable Fe** pools were located in
mitochondria and endosomes/lysosomes for SH-SY5 cells while in mitochondria only for ws1
cells. It was concluded that different cell lines store/handle iron in different ways. The ability of
NRPA to detect endogenous free Fe*" ions in zebrafish was also demonstrated and free Fe** ions

were found located in liver/gall bladder of 6-days-old zebrafish.

120



5.5 References

1. Crichton R., Inorganic Biochemistry of Iron Metabolism, 2nd ed.), Wiley, Chichester, 2001, pp.
167 -175

2. Linder M.C., Nutrients, 2013, 5, 4022-4050
3. Truty J., Malpe R., Linder M.C,, J. Biol. Chem., 2001, 276, 48775-48780
4. Kidane T.Z., Sauble E., Linder M.C. Am. J. Physiol. Cell Physiol., 2006, 291, C445-C455

5. Epsztejn S., Glickstein H., Picard V., Slotki I. N., Breuer W., Beaumont C., Cabantchik Z. I,,
Blood, 1999, 94, 1-12

6. Santra M., Ryu D., Chatterjee A., Ko S. K., Shin I., Ahn K. H., Chem. Commun., 2009, 2115-2117

7. Lister J.A., Robertson C.P., Lepage T., Johnson S.L., Raible D.W., Development, 1999, 126,
3757-3767

8. Yuan L, Lin W,, Yang Y., Chen H., J. Am. Chem. Soc., 2012, 134, 1200-1211

9. Kim H.N., Lee M.H., Kim H.J., Kim J.S., Chem. Soc. Rev., 2008, 37, 1465-1472
10. Wei Y., Zhang Y., Liu Z. and Guo M., Chem. Comm., 2010, 46, 4722-4726

11. Chartres J. D., Busby M., Riley M. L., Davis J. J., Bernhardt P. V., Inorg. Chem., 2011, 50, 9178
-9183

12. Sheftel A. D., Zhang A. S., Brown C., Shirihai O. S., Ponka P., Blood, 2007, 110, 125 - 132

13. Beckera E. M., Huanga M. L.-H., Whitnalla M., Rahmantoa Y. S., Sheftel A. D., Ponkac P., Proc.
Natl. Acad. Sci. USA, 2010, 107, 10775 - 10782

14. Kiessling M. K., Klemke C. D., Kaminski M. M., Galani I. E., Krammer P. H., Gulow K., Cancer
Res., 2009, 69, 2365-2374

15. Ko S.K., Chen X., Yoon J., Shin I., Chem. Soc. Rev., 2011, 40, 2120-2130

16. Wallace K. N., Pack M., Dev. Biol., 2003, 255, 12-29

121



CHAPTER 6

TURN-ON NEAR-INFRARED FLUORESCENT SENSORS NRP AND NRPK FOR IMAGING

ENDOGENOUS Fe** IN LIVE ORGANISMS

6.1 Introduction

Iron is the most abundant nutritionally essential transition metal found in the human
body.™? It is nutritionally essential because it is the key part in the prosthetic group in heme
containing proteins as well as non-heme iron containing proteins and thereby plays important
roles in various biological processes such as oxygen delivery, electron transport, enzymatic
reactions and DNA synthesis and repair.® However, excess iron is highly toxic to cells as it
promotes the abnormal production of reactive oxygen species (ROS).[4'5] Even though Fe* is a

more stable form under aerobic conditions'®

, due to the reducing environment of the cell and
greater aqueous solubility of Fe?*, Fe*" ions are also found in cellular labile iron pools.”* Thus it
was attempted to design a Fe(ll)-selective fluorescent sensor by introducing an “NNO” iron-

binding motif; however, another Fe(lll)-selective fluorescent sensor was obtained after in vitro

experiments were performed.

In this chapter, | present the design, synthesis, characterization, and biological
applications of another Fe(lll) sensor NRPK, a modified rhodamine based (Changsha (CS) near
infrared fluorophore) turn-on fluorescent sensor for monitoring exchangeable Fe** pools in
aqueous solution and living cells. | also synthesized the sensor NRP to aid the understanding of
the binding between Fe** and NRPK. The utility of NRPK in biological settings was demonstrated
by showing that this probe could detect changes in exchangeable iron(lll) stores in living cells
upon iron supplementation or depletion. Moreover, NRPK can be used to visualize chelatable

Fe* ions in zebrafish.
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6.2 Experimental Part

Unless otherwise stated, similar procedures described in the previous chapters were

used.

6.2.1 Materials and Reagents

2-(1,3,3-Trimetylindolin-2-ylidene) acetaldehyde was purchased from OChem
Incorporation. 2-(4-Diethylamino-2-ydroxybenzoyl) benzoic acid, 2,6-diacetylpyridine, and
benzotriazol-1-yloxytris(dimethylamino)-phosphonium hexafluorophosphate (BOP) were
purchased from TCl America. 2-acetylpyridine was purchased from Aldrich. The other chemicals
and the solvents used in the experiments were purchased commercially. The solution of metal
ions were prepared from chloride salts of Ni**, Fe*, Cu®*, Mn**, Hg**, Na*, Ca**, Zzn*, Ag*, and
nitrate salts of Mg, Pb**, K, Co®*. Stock solutions of metal ions (10 mM) were prepared in
deionized water, except for Fe*>* and Fe”" that were dissolved in 0.1 M HCl solution. Solution of
Cu® was freshly prepared by dissolving tetrakis(acetonitrile) copper(l) (Sigma-Aldrich) into

double-distilled water.

Stock solutions of NRP and NRPK (1 mM) were prepared in ACN. The solutions of the
sensors were diluted to 25 pM with ACN/Tris-HCl buffer (10 mM, pH 7.2, v/v 3:1). In selectivity
experiments, the test samples were prepared by appropriate amount of metal ion stocks into 1
mL solution of sensors (25 uM). *H and *>C NMR spectra were recorded on a Bruker Ascend-400
NMR spectrometer. ESI-MS analyses were performed using a Perkin Elmer API 150 EX mass
spectrometer. UV/Vis spectra were recorded on a Perkin Elmer Lambda 25 spectrometer at 293
K. Fluorescence spectra were recorded on a Perkin Elmer LS55 luminescence spectrometer at
293 K. The pH measurements were carried out on a Corning pH meter equipped with a Sigma-

Aldrich micro combination electrode calibrated with standard buffer solutions.
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6.2.2 Synthesis

Synthesis of NRPK: NIRh (0.20 g, 0.35 mmol, 1 equiv) and 2,6-diacetylpyridine (0.115 g, 0.7
mmol, 2 equiv) were dissolved in ethanol (25 ml). The reaction mixture was then stirred and
refluxed for 3 days. The mixture was evaporated to amount of 5 mL then hexane (20 mL) was
added. A pale green compound was precipitated. The product was purified by a column
chromatography (silica gel) using Hexane/EtOAc (1:2) to give NRPK (58 mg, yield 28 %). *H NMR
(CDCls, 400 MHz &(ppm): 8.43 - 8.29 (m, 2H), 8.25 (s, 1H), 7.85 (s, 1H), 7.54 (s, 1H), 7.46 (d, J =
5.9 Hz, 2H), 7.20 (d, J = 15.4 Hz, 2H), 6.94 (s, 1H), 6.76 (s, 1H), 6.62 (s, 2H), 6.39 - 6.26 (m, 3H),
5.48 (s, 1H), 3.77 - 3.56 (m, 2H), 3.49 - 3.28 (m, 2H), 2.97 - 2.90 (m, 3H), 2.68 - 2.61 (m, 3H), 2.39
-2.33 (m, 3H), 1.78 -1.70 (m, 2H), 1.68 - 1.61 (m, 2H), 1.56 - 1.50 (m, 6H), 1.40 - 1.32 (m, 2H),
1.25 - 1.18 (m, 6H).”*C NMR (CDCl3, 100 MHz &(ppm): 12.55, 14.2, 15.43, 21.06, 22.28, 25.3,
25.7,28.2,28.36, 29.1, 35.80, 44.30, 45.44, 91.99, 97.93, 102.6, 102.8, 105.6, 108.3, 119.3,
119.6,120.1, 121.59, 123.01, 123.45, 124.76, 125.7, 128.25, 137.97, 138.04, 145.96, 148.5,
148.8,149.1, 152.69, 157.7, 166.38, 171.77, 199.40; ESI-MS: found: m/z = 718.1 [M+H]’, calcd

for C45H47 N503 =717.3.

Synthesis of NRP: NIRh (0.100 g, 0.175 mmol, 1 equiv) and 2-acetylpyridine (0.025 g, 0.21 mmol,
and 1.2 equiv) were dissolved in ethanol (10 ml). The reaction mixture was then stirred and
refluxed for overnight. The mixture was cooled to room temperature and the solvent was
evaporated under reduced pressure. The crude product was purified by a column
chromatography (silica gel) using Hexane/EtOAc (1;2) to obtain NRP (48 mg, yield 40 %). 'H NMR
(CDCl3, 400 MHz &(ppm): 8.43 (s, 1H), 7.94 (s, 1H), 7.86 (d, 2H), 7.58 (s, 1H), 7.53 (s, 1H), 7.45 (d,
2H), 7.21 (d, 2H), 6.95 (s, 1H), 6.74 (s, 1H), 6.63 (s, 1H), 6.36 (d, 2H), 6.21 (s, 1H), 5.05 (s, 1H),

3.73-3.57 (m, 2H), 3.36 - 3.29 (m, 2H), 3.18 - 3.13 (m, 3H), 2.41 - 2.36 (m, 3H), 2.04 - 1.96 (m,
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4H), 1.55 - 1.48 (m, 8H), 1.24 - 1.19 (m, 6H); *C NMR (CDCl5, 100 MHz &(ppm)): 13, 17.8,24.4,
25.3,27.6, 28.1, 33, 45, 48, 99, 101.2, 109.3. 114.1, 115.2, 118, 122, 123.6, 125.2, 126, 128.1,
130.9, 133.2, 134, 134.8, 135, 136.1, 143, 144, 148, 149, 150.6, 158, 158.9, 169.2; ESI-MS: found:

m/z =676.2 [M+H]+, calcd for C44H45 N502 =675.36.
6.2.3 Binding Studies

UV-vis titration and Job's plot were obtained for NRPK and NRP to determine the
stoichiometries between Fe** and the sensors. Similar processes described in Chapter 4 and 5
were used for Job's plot and UV-vis titration. We estimated the binding constant by using the
absorption titration results. The equation below was used to calculate the binding constants for

2:1 complexes.
S+2L =~ S, (1)

The apparent binding constant and the fraction of the ligand that participates in the complex are
shown in equations (2) and (3)

[FeS;]e 2)
[Fel. [S]3

The subscript e means concentrations at equilibrium. The ratio of the equilibrium between the
complex, [SFe]., and the initial concentration of the ligand, [S],, can be derived from the
absorbance of the ligand at a chosen wavelength when the system is at equilibrium. The result

of the derivation is shown in eq. (4).

Au—-Am
Fc = 2Au-2Ac (3)
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Finally, the integrated apparent binding constant equation is shown in equation (4) (for a

complete derivation see ref 10).

Fc
K= 2 [S]o[Fe]e (1—Fc)? 4

6.2.4 Cell and Zebrafish Studies

Bovine aortic endothelial cells (BAEC) were obtained from Dr. Keaney’s research group
(UMass Medical School). Primary cultured endothelial cells from bovine aorta were passaged in
Endothelial Basal Medium (Lonza) containing 5% fetal bovine serum. Before the experiment, the
cells were cultured to about 8" generation. For experiment preparation, the cells were routinely
subcultured using 0.05% trypsin-EDTA solution. The cells were seeded on the 25 cm? flask and
medium change every two days until 70% confluency before transferring into dishes. The cells
were seeded on the 1 cm? dish and a medium change the next day. After incubation for 4 hrs,

different test materials were added to the medium.

Zebrafish were maintained under standard conditions in collaborator Prof. T. Ferreira's
lab (UMD, Bioengineering). Embryos were collected from natural spawning and raised up in
embryo medium.™ Zebrafish strain nacre was utilized because it lacks pigment, allowing better
visualization. Zebrafish embryos at 2, 3, and 6 dpf were incubated with 10 uM NRPK in E3 media
containing 0.1 vol % DMSO for 1 h at 28 °C. In addition, iron-loaded zebrafish (10 uM and 40 uM
FeCl;for 1-day incubation) were incubated with 10 uM NRPK in E3 media for 1 h at 28 °C.
Alternatively, zebrafish were exposed to 100-uM iron chelator SIH in E3 media containing 0.1 vol
% DMSO for 1 h at 28°C. After washing with E3 media to remove the remaining SIH, the
zebrafish were further incubated with 10 uM NRPK in E3 media for 1 h at 28 °C. The treated

zebrafish were imaged by a confocal microscope Zeiss LSM 710.
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6.3 Results and Discussion

6.3.1 Design and Synthesis

In chapter 5, the sensor NRPA showed a little turn-on fluorescence response to Fe**
ions. This encouraged us to synthesize a fluorescent sensor for Fe?* by incorporating a softer
binding moiety. The carbonyl group in 2,6 diacetyl pyridine is softer than the -OH group in

[12]

hydroxymetyhlpyridene moiety ™= in NRPA. Also 2,6 diacetylpyridine was linked to rhodamine B
to obtain a Fe (11)-selective fluorescent sensor.™ This reported article also encouraged us to use
2,6 diacetylpyridine as a binding moiety. It was expected that the sensor NRPK would bind to
Fe* with O/N/N/O binding moiety. However, as seen in the results and discussion section, NRPK
shows fluorescence response to Fe*" ions, not Fe”* ions. The sensor NRP was synthesized for
better understanding of the binding between Fe* and NRPK. The sensors, NRPK and NRP, were
synthesized in a four step procedure (synthesis of NIRh took 3 steps, see chapter 4) with overall

yields of 28% for NRPK and 40% for NRP (Scheme 6.1). The structures of NRP and NRPK were

confirmed by 'H NMR and *C NMR and mass spectrometry.
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reflux, 3 days
in Ethanol

Scheme 6.1 Synthesis of the sensors, NRPK ad NRP

6.3.2 Spectroscopic and Selectivity Studies

In this section, the selectivity and spectroscopic properties of the sensors NRP and NRPK

were investigated individually.

Spectroscopic and Selectivity Studies for NRPK

UV-vis spectra of NRPK with various metal ions were collected in ACN/Tris-HCl buffer (10
mM, pH 7.2, v/v 3:1). NRPK is a colorless compound showing very weak absorption in the 450-
800 nm regions. When Fe* was added into the colorless solution of NRPK in ACN/Tris-HCl buffer
(10 mM, pH 7.2, v/v 3:1), a strong absorption appeared with a maximum absorption wavelength
at 715 nm (coefficient € = 2.32 x 10* cm™ M™") with a color changed to green (Figure 6.1c). In
contrast, other metal ions such as Ni**, Cu®*, Mn*, Hg”*, Na*, Ca®*, Zn**, Ag*, Mg**, Pb*", K, Fe*'
(prepared in 0.01 M HCI), Co*, and Cr** give little response to NRPK (Figure 6.1a). Only Pb**and

Cd** showed minor response to NRPK.
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The changes in fluorescence spectra of NRPK with the addition of different metal ions in
ACN/Tris-HCl buffer (10 mM, pH 7.2, v/v 3:1) are shown in Figure 6.1b. NRPK shows very weak
fluorescence in the 600-850 nm range in the absence of metal ions. When Fe*" was added into
the solution of NRPK, a large fluorescence enhancement at 750 nm was observed (®yrp + re(i) =
0.189), which attributed to the spirolactam ring opening, induced by the complexation of Fe**.
The emission intensity enhancement at 750 nm is greater than 13-fold with 1.0 equiv of Fe**,
which was red-shifted about 7 nm compared with that of NRPK, suggesting that NRPK is a great
turn-on fluorescent sensor for Fe*'. In contrast to Fe*', other metal ions such as Zn*, Cr**, Ni*",
Hg®*, Fe®*, Mn®", Ag*, Pb*, Cu®, Cu*, Co™, Na*, K*, Mg”", and Ca** did not induce any spectral
response under identical conditions. Similar as that observed by UV-vis, only Pb** and Cd**

showed a minor enhancement in fluorescence under these conditions.
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Figure 6.1 (a) Absorption responses and (b) Fluorescence response and (c) Color changes of 25
1M NRPK with various metal ions (25 uM for Zn*, Cr**, Ni**, Hg**, Fe**, Mn*", Ag", Pb*, Fe**, Cu",
Cu*", and Co®*; 100 puM for Na* and Ca”") in ACN/Tris-HCl buffer (10 mM, pH 7.2, v/v 3:1)
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In cells, there is a number of other metal cations that may potentially interfere with the
sensor’s response.[l‘” Also, these cations may affect the fluorescent intensity of the sensors’
response to Fe*. For example, Cu(ll) is a paramagnetic element that may cause an intensity
decreasing (quenching). We examined the interferences from a few other metal ions with NRPK
in their responses to Fe*". Figure 6.2 shows the result of interference studies on NRPK. The
intensity of NRPK with Fe*" was not changed by the addition of other metal ions in the solution.
The presence of Cu®* appears to quench the fluorescence slightly, presumably owing to the

paramagnetic effect.
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Figure 6.2 Fluorescence responses of 25 UM NRPK to the presence of various metal ions (gray

bar) and the subsequent addition of Fe** (black bar) in the ACN/Tris buffer (10 mM, pH 7.3, v/v
3;1). The bars represent the fluorescence intensity at 740 nm.

The preliminary investigations indicated that the spirolactam ring of near infrared
rhodamine based sensors is pH-dependent. Optical absorption and fluorescence emission for
NRPK and NRPK-Fe** complex are shown Figure 6.3 at pH 5-11. NRPK did not show any obvious
and characteristic absorption and fluorescent (excited 690 nm) in the pH range (Figure 6.4a and

4b), suggesting that it can be studied in biological pH with a very low background fluorescence.
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Figure 6.3 (a) Variation of absorption (715 nm) of NRPK and NRPK + Fe** (25 uM each) at various
pH values in ACN/H,0 (3/1, v/v) solution (b) Variation of intensity (740 nm) of NRPK and NRPK +
Fe* (25 uM each) at various pH values in ACN/H,0 (3/1, v/v) solution. pH's were adjusted by
adding HCl or NaOH.

Spectroscopic and Selectivity Studies for NRP

Similar in vitro selective experiments were performed for the sensor, NRP. Figure 6.4a
shows the absorption spectra of NRP and those in the presence of different metal ions such as
Ni**, Fe*, cu®, Mn*, Hg**, Na*, Ca**, Zzn**, Ag', Mg™, Pb*, K*, Co®*, Cu* in ACN/Tris buffer (10
mM, pH=7.3, v/v 3:1). The free ligand scarcely shows absorption at 500-900 nm. After adding
Fe** into the solution of NRP, a strong absorption appeared at 714 nm with a color change
(Figure 6.4c). The ligand also gave responses to Cr*". However, the absorption intensity is little

weaker for Cr** (e = 5.6 x 10° cm™ M™) compared to that for Fe** (€ = 8.0 x 10° cm™M™).

The changes in fluorescence responses of NRP with the addition of different metal ions
(1 equiv) in ACN/Tris buffer (10 mM, pH=7.3, v/v 3: 1) are shown in Figure 6.4b. In the absence
of metal ions, the ligand is almost non-fluorescent. However, addition of Fe* cd*, and Cr**
leads to an appearance of fluorescence at 745 nm. The fluorescence enhancements of Fe* cd”,
and Cr¥ are 10-fold, 7-fold, 13-fold, respectively, with a 10 nm red-shift for NRP-Fe*" and a 15

nm red-shift for NRP-Cr**compared with that of NRP. Even though NRP give response to Cr** and

131



Cd”, it can be used as an Fe*' selective sensor for cell application because the concentration of

cr¥and Cd* in cells are usually very low.™
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Figure 6.4 (a) Absorption responses and (b) Fluorescence response and (c) Color changes of 25
1M NRP with various metal ions (25 uM for Zn**, Cr**, Ni**, Hg*', Fe**, Mn*", Ag", Pb*, Fe**, Cu",
Cu**, and Co®*; 100 pM for Na* and Ca**) in ACN/Tris buffer (10 mM, pH 7.3, v/v 3;1)

6.3.3 Binding Studies

In this section, the binding properties of the complexes NRP-Fe** and NRPK-Fe>* were
investigated together for a better understanding of the complexation between NRPK and Fe®".
To investigate the binding mode of NRPK and Fe**, Job's plot and absorption titration were
carried out. Typical UV-vis titration spectra for NRPK with Fe*" in ACN/Tris-HC buffer (10 mM,
pH 7.32, v/v 2:1) were shown in Figure 6.5. With the addition of Fe**, the solution became green
and an absorption band appeared at 715 nm and increased in intensity. The absorbance titration

curve showed a typical sigmoidal curve; inflecting at 0.5 equiv of Fe** and saturation of the
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absorbance was at ~0.5 equiv of Fe*'. The titration experiments indicated that a 2:1 complex
was formed between NRPK and Fe*. The binding constant of this complex was calculated using
absorption values at 715 nm by the equations described in the experimental section, and was

determined to be 5.11 x 10** M2,
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Figure 6.5 Titration of 25 uM NRPK with increasing concentrations of FeCl; (2.5, 5, 7.5, 10, 12.5,
15, 20, 25, 31.25, 37.5, and 50 uM respectively) in ACN/Tris-HCI buffer (10 mM, pH 7.2, v/v 3:1).
Inset is a plot of absorbance at 715 nm versus the ratio of [Fe**]/ [sensor].

Job’s method was also applied to study the binding stoichiometry of NRPK and Fe**. The
Job’s plot (Figure 6.6a) using a total concentration of 50 uM NRPK and Fe*" in ACN/Tris-HCl
buffer (10 mM, pH 7.2, v/v 3:1) solution exhibited a maximum absorbance (at 715 nm) when the
molecular fraction of Fe®>* and NRPK was close to 2:1, suggesting a 2:1 stoichiometry for the

binding of NRPK and Fe*".

To be a good fluorescent sensor, the binding reversibility is an important requirement.
The reversibility of the binding between NRPK and Fe** were tested in ACN/Tris buffer (10 mM,
pH=7.3, v/v 3:1) in the presence of Fe*" and EDTA (2.0 equiv.). The addition of EDTA (2.0 equiv.)

to the solution of NRPK containing Fe** caused the disappearance of the absorption (Figure 6.6b)
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at 715 nm as well as the fluorescence signals (data not shown) of NRPK-Fe**, suggesting that the

chelation process is reversible.
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Figure 6.6 (a) Job's plot: the total concentrations of NRPK and Fe** were kept at constant 50 pM
and the absorption intensity was measured at 715 nm in ACN/Tris-HCI buffer (10 mM, pH 7.2,
v/v 3:1). (b) Treatment of 25 uM NRPK-Fe** complex with increasing concentration of EDTA (0 to
50 uM, from top to bottom) in ACN/Tris-HCI buffer (10 mM, pH 7.2, v/v 3:1).

NRPK was originally designed to coordinate Fe** in 1:1 binding ratio with its “ONNO”
tetradentate-binding motif; however, the above results suggest that NRPK binds to Fe** in 2:1
ratio. For a better understanding for the binding between NRPK and Fe*, it was decided to
investigate the binding properties of Fe** and NRP which contains an “ONN” tridentate binding
motif. Job’s method and UV-vis titration were applied to study the binding stoichiometry
between NRP and Fe**in ACN/Tris-HCI buffer (10 mM, pH 7.2, v/v 3:1). With the addition of Fe*',
the solution became green and an absorption band appeared at 714 nm and increased in
intensity. Figure 6.7a displays a plot of NRP versus Fe>* concentration. The titration curve
increased linearly and plateaued at 2:1 ratio of the sensor and Fe*" (Figure 6.7b), suggesting the
formation of a 2:1 Fe**-NRP complex. The binding constant of this complex was calculated using
absorption values at 714 nm by the equations described in the experimental section, and was

determined to be 2.16x 102 M.
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Figure 6.7 (a) Titration of 25 uM NRP with increasing concentrations of FeCl; (2.5, 5, 7.5, 10, 12.5,
15, 20, 25, 31.25, 37.5, and 50 uM respectively) in ACN/Tris-HCl buffer (10 mM, pH 7.2, v/v 3:1)
(b) a plot of absorbance at 714 nm versus the ratio of [Fe**]/[sensor]

Job’s method was also applied to study the binding stoichiometry of NRP and Fe**. The
Job’s plot (Figure 6.8a) using a total concentration of 50 uM NRP and Fe*" in ACN/Tris-HCl buffer
(10 mM, pH 7.2, v/v 3:1) solution exhibited a maximum absorbance (at 714 nm) when the
molecular fraction of Fe*" and NRP was close to 2:1, suggesting a 2:1 stoichiometry for the
binding of NRP and Fe**. The reversibility of the recognition of NRP was performed by adding
EDTA to the complex, NRP-Fe**. Due to the strong affinity of EDTA for Fe** ions, a Fe**-EDTA
complex was formed, resulting in a disassociation of the NRP- Fe**and consequently absorption

decrease at 714 nm (Figure 6.8b). Thus, the complexation between NRP and Fe*' is reversible.

135



1.0 3.0

(a) (b)

A714
Absorbance
4]

0.4+ L

=y
o

0.2+

o
@
)

0.0 T T T 0.0 T T - T T = T
0.0 0.2 a 0.4 a 0.6 0.8 1.0 400 500 600 700 800 900
[Fe J [Fe ]+[NRP] Wavelengt (nm)

Figure 6.8 (a) Job's plot: the total concentrations of NRP and Fe** were kept at constant 50 uM
and the absorption intensity was measured at 714 nm in ACN/Tris-HCI buffer (10 mM, pH 7.2,
v/v 3:1) (b) Treatment of 25 pM NRP-35 uM Fe** complex with increasing concentration of EDTA
(0 to 50 uM from top to bottom) in ACN/Tris-HCI buffer (10 mM, pH 7.2, v/v 3:1).

From the above results, both NRP and NRPK show similar binding properties with Fe**,
with the formation of NRP,-Fe*" and NRPK,-Fe** complexes in a 2:1 binding mode. The
spectroscopic changes and binding constants for the two complexes are also very similar. As it
can be concluded that NRP coordinates Fe** with O/N/N, so NRPK probably used 0/N/N, not
0/N/N/O, to bind to Fe**. The carbonyl group linked to pyridine ring is not involved in Fe**
binding. The proposed 2:1 reversible binding modes of NRP-Fe** and NRPK-Fe** are shown in

Scheme 6.2 and Scheme 6.3, respectively.
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Scheme 6.2 Proposed 2:1 binding mode of NRP with Fe*" in ACN/Tris-HCI buffer (10 mM, pH 7.3,
v/v 3:1)
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Scheme 6.3 Proposed 2:1 binding mode of NRPK with Fe** in ACN/Tris-HC| buffer (10 mM, pH
7.3,v/v 3:1).

6.3.4 Cell Studies

The in vitro data above strongly encourage us to test the usefulness of the sensor NRPK
in detecting Fe(lll) ions in living cells. The ability of NRPK to detect Fe*" in live bovine aortic
endothelial cells (BAEC) was investigated by using confocal microscopy. BAEC cells were
incubated with 10 uM of ferric chloride (FeCls) at 37° C for overnight followed by washing with
EMEM medium to remove excess Fe**. Then 10 uM of NRPK was added to BAEC cells and was
incubated at 37° C for 30 min. The Fe**-treated BAEC cells showed significant increase in
fluorescent signal (Figure 6.9¢c) compared to that without Fe** supplementation (Figure 6.9b),
suggesting a positive response of NRPK to increased labile Fe** in Fe*'-treated cells. To test the
response to iron depleting, chelation experiment was performed. Salicylaldehyde isonicotinoyl
hydrazone (SIH) which is known to be an Fe*'-chelator was used to depleting Fe** from the
cells."® BAEC cells treated with 100 UM of SIH showed small decrease in fluorescence signal
which is lower than that of signals of NRPA-treated cells (Figure 6.9e), suggesting NRPK can
detect the decrease in Fe** levels as well as basal level of labile Fe* in BAEC cells. The BAEC cells

treated with 20 uM of Fe*" overnight first followed by washing with EMEM medium and then
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treated with 100 uM of SIH and subsequent addition of 10 uM of NRPK showed large decrease
in fluorescence signal (Figure 6.9d) compare to that of cells with Fe(lll) supplement and is
almost same level as that of the signal of cells without Fe*" and SIH, clearly indicates that NRPK

has the ability to detect endogenous level of labile Fe*" as well as the dynamic changes in Fe**in

BAEC cells.
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Figure 6.9 Confocal microscopy images (with DIC) of BAEC treated with (a) cell only (b) the
sensor after 30 min incubation (c) the cells were then incubated with 10 pM Fe** for 30 min then
the sensor was added. (d) the cells were then incubated with 10 uM Fe** for 30 min then the
sensor was added the SIH for overnight (e) the cells were incubated with SIH (Fe**-chelator )
(100 uM) overnight then sensor was added. (f) Bar chart of the mean intensity of (a), (b), (c), (d)
and (e) Fluorescence intensity was collected at 680-750 nm (Excited at 633 nm).

The discrete fluorescent signals detected by NRPK in BAEC cells suggest that labile Fe**
ions are located in certain subcellular compartments in the cells. BAEC cells (without Fe**
treatment) were treated with NRPK, MitoTracker Green FM, and LysoTracker blue DND-22. As
illustrated in Figure 6.10, there are partial colocalization between NRPK-Fe** and the

MitoTracker (Figure 6.10e) as well as that between NRPK-Fe** and the LysoTracker (Figure

138



6.10f); however, a complete colocalization was observed among NRPK-Fe**, MitoTracker and
LysoTracker (Figure 6.10g). These data suggest that the exchangeable Fe* pools in BAEC cells
detectable by NRPK are localized in mitochondria and endosomes/lysosomes, not in cytosol.
Additional experiments with NRPK and the trackers under Fe*" supplement conditions revealed
again elevated levels of cellular chelatable Fe** and that the labile Fe** pools are still localized in

mitochondria and endosomes/lysosomes (Figure 6.11).

Figure 6.10 Representative confocal images of intracellular colocalization studies of 10 uM NRPK
incubated with live BAEC cells co-labeled with MitoTracker Green (100 nM) and LysoTracker
Blue DND-22 (50 nM) (a) DIC image of cells with 10 pm scale bar (b) NRPK-Fe* fluorescence

collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at 492-548 nm (green) (d)
LysoTracker fluorescence collected at 409-484 nm (blue) (e) DIC image of (a) and fluorescence
images of (b) and (c) were merged together. Colocalization regions are in yellow and non-
overlapping regions remain in red (f) DIC image of (a) and fluorescence images of (b) and (d)
were merged together. Overlapping regions are in purple and non-overlapping regions remain in
red (g) Images of (a), (b), (c) and (d) were merged together, revealing that the NRPK-Fe**images

are 100% colocalized with the sum of those of MitoTracker and LysoTracker (h) Images of (a), (c)

and (d) were merged together, showing no overlapping region between lysosomes and
mitochondria.
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Figure 6.11 Representative confocal microscopy images of intracellular colocalization studies of
10 uM NRPK incubated with Fe**-loaded BAEC cells (pre-implemented with 10 uM Fe*') co-
labeled with MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker Blue DND-
22 (50 nM, incubated for 120 min)(a) DIC image of cells with 20 pm scale bar (b) NRPK-Fe>*
fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at 492-548
nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue) (e) DIC image of (a) and
fluorescence images of (b) and (c) were merged together. Colocalization regions are in yellow
and non-overlapping regions remain in red (f) DIC image of (a) and fluorescence images of (b)
and (d) were merged together. Overlapping regions are in purple and non-overlapping regions
remain in red. (g) Images of (a), (b), (c) and (d) were merged together, revealing that the NRPK-
Fe®*images are 100% colocalized with the sum of those of MitoTracker and LysoTracker. (h)
Images of (a), (c) and (d) were merged together, showing no overlapping region between
lysosomes and mitochondria.

In the previous chapters, we tested the ability of the sensors RPE, NIRh-Ac, and NRPA to
detect Fe** in Human SH-SY5Y neuroblastoma cells. The results showed that chelatable iron
pools in Human SH-SY5Y neuroblastoma cells are in mitochondria and lysosome. We decided to
apply the sensor NRPK into SH-SY5Y cells and compare to the results with BAEC cells. SH-SY5Y
cells (with Fe** treatment) were treated with NRPK, MitoTracker Green FM, and LysoTracker

blue DND-22. As illustrated in Figure 6.12, there are partial colocalization between NRPK-Fe**
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and the MitoTracker (Figure 6.12¢) as well as that between NRPK-Fe*" and the LysoTracker
(Figure 6.12f); however, a complete colocalization was observed among NRPK-Fe**, MitoTracker
and LysoTracker (Figure 6.12g). These data suggest that the exchangeable Fe** pools in SH-SY5Y
cells detectable by NRPK are localized in mitochondria and endosomes/lysosomes, not in

cytosol.

Figure 6.12 Representative confocal microscopy images of intracellular colocalization studies of
10 uM NRPK incubated with Fe**-loaded human SH-SY5Y cells (pre-implemented with 10 pM
Fe®') co-labeled with MitoTracker Green FM (100 nM, incubated for 30 min) and LysoTracker

Blue DND-22 (50 nM, incubated for 120 min)(a) DIC image of cells with 10 um scale bar (b)

NRPK-Fe** fluorescence collected at 680-750 nm (red) (c) MitoTracker fluorescence collected at

492-548 nm (green) (d) LysoTracker fluorescence collected at 409-484 nm (blue) (e) DIC image

of (a) and fluorescence images of (b) and (c) were merged together. Colocalization regions are in

yellow and non-overlapping regions remain in red. (f) DIC image of (a) and fluorescence images
of (b) and (d) were merged together. Overlapping regions are in purple and non-overlapping
regions remain in red. (g) Images of (a), (b), (c) and (d) were merged together, revealing that

NRPK-Fe**images are 100% colocalized with the sum of those of MitoTracker and LysoTracker.
(h) Images of (a), (c) and (d) were merged together, showing no overlapping region between

lysosomes and mitochondria.
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6.3.5 Zebrafish Studies

We explored further whether NRPK could be used to monitor exchangeable free Fe**
ions in zebrafish. The preliminary in vivo Fe*" imaging of intact 2-days-old zebrafish larva with
NRPK staining was performed using confocal microscopy. We observed turn on fluorescence
which is likely being triggered by endogenous labile Fe** for 2-days-old zebrafish. To confirm this,
two control experiments were performed to verify that this turn-on fluorescence is caused by
the coordination of Fe** with NRPK. First, loading zebrafish with Fe*" and second, depletion of
Fe*" by cell permeable Fe**-chelator SIH. However, the chelator SIH was toxic to zebrafish, and
killed them even when it was incubated for 1 h. We then decided to use different
concentrations of Fe** to show that when iron concentration increases, turn-on fluorescence

increases.

Figure 6.13 show some confocal images for 3- and 6-days-old zebrafish. The images in
the first row belong to 3-day-old zebrafish. 3-days-old zebrafish itself did not show any
fluorescence when it was excited at 633 nm under confocal microscopy. When it was incubated
with NRPK, a red colored region was observed. When 2-days-old zebrafish were pre-incubated
with FeCl; (10 and 40 uM) for 24 hours then incubated with 10 uM NRPK for another 0.5 hour,
the Fe*"-loaded zebrafish clearly showed brighter (3 fold for 10 uM and 10 fold for 40 uM Fe*")
fluorescent images, suggesting a positive response of NRPK to elevated labile Fe** levels in the
Fe®*-loaded zebrafish. However, organs in zebrafish do not develop at this stage[lg'lgl (3-days-

old). The red colored region is likely to be the intestine area.

We repeated the same experiments for 6-days-old zebrafish and observed similar

concentration-dependent response as those for 3-days-old zebrafish but the red-colored region
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observed in 3-day zebrafish became a smaller and a well-colocalized red dot that lies in the

liver/gall bladder region™™® was observed in 6-days-old zebrafish.
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Figure 6.13 Confocal microscopy images of 3 and 6 day old zebrafish larvaes (a,e) Zebrafish only

(b,f) Zebrafish larva was incubated with 10 uM NRPK for 30 min (c,g) Zebrafish larva incubated

with 10 uM and (d,h) incubated with 40 uM FeCl;for 3 days then 10 uM NRPK was added and
incubated for 30 min.

6.4 Conclusions

In summary, highly sensitive, highly selective, and reversible turn-on near infrared
fluorescent Fe**-sensors, NRPK and NRP have been developed. The initial goal was to synthesize
Fe(ll)-selective fluorescence sensor; however, NRPK turned out to be a sensor for Fe(lll). Both
NRP and NRPK coordinate with Fe** with O/N/N binding motif with 2:1 ratio. The NRPK appears
not using the carbonyl group linked to the pyridine ring for coordination. Cell imaging
experiments with NRPK showed that it could readily detect endogenous free Fe** in live bovine

aortic endothelial cells (BAEC) and human SH-SY5Y cells at subcellular resolution, with free
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iron(lll) ions located in mitochondria and endosomes/lysosomes for both BAEC and SH-SY5 cells.

Finally, NRPK demonstrated the ability to detect exchangeable free iron(lll) in zebrafish in vivo.
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CHAPTER 7

DEVELOPING RATIOMETRIC SENSORS FOR DETERMINATION OF IRON(I1I) CONCENTRATION IN
LIVING SYSTEMS

7.1 Introduction

Intracellular iron homeostasis is strictly regulated in cells. Cellular iron homeostasis is a
well-coordinated process consisting of iron uptake, intracellular transport, utilisation, and
storage. " A transit exchangeable “labile iron pool (LIP)” has been proposed to play a central
role in this process.™™ This loosely bound iron in cells can potentially participate in redox-cycling
and damage lipids and other biomolecules.®” Determination of this labile iron in living systems
may contribute to the understanding of the cell biology of iron under physiological and
pathological conditions. There are mainly two questions concerning the LIP, (1) where is it
located in cells? (2) What is the concentration of iron in the LIP?® In previous chapters, we
focused on answering the question #1. Our results show that free Fe*" ions are located in
mitochondria and endosomes/lysosomes of live bovine aortic endothelial cells (BAEC) and live
human SH-SY5Y neuroblastoma cells, but in only mitochondria of human fibroblast ws1 cells.
Even though we showed where free Fe**ions are located in the cells, still one question is
remaining. "Are we sure that the images observed reflect the true locations of labile Fe**, not
instead the locations of our sensors such as RPE, NIRh-Ac, NRPA, NRPK as the sensors
themselves may preferentially localized in certain organelles of the cells. In this chapter, | will
focus on addressing the second question, the determination of the concentration of Fe** in LIP
by developing a novel ratio metric Fe** sensor. Moreover, the two bands
absorption/fluorescence nature of the ratio metric sensor enables the tracing of the cellular
distribution of the sensor itself, in addition to detecting Fe*, allowing the unambiguous

determination of the subcellular distributions of the sensor and the labile Fe* pools.
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Ratiometric sensors were first used by Tsien and coworkers in 1985 in context of
calcium sensing.m Recently, ratiometric sensors have been used for determination of
concentrations of a few other metal ions in cells."®*? If the fluorescence spectra shift upon
binding metal ions, the ratio R of the fluorescence intensities at the two different emission
or excitation wavelengths A1 and A2 is directly related to the free metal ion concentration,

according to the following equation shown below.***?

R= (Rmin Ka, + Rmax [M™]) / (Kg+ [M™]) (1)

Where M™ refers to metal ions, K is the dissociation constant for M™, R, is the maximum

fluorescence ratio at saturating M™, and R..i, is the fluorescence ratio in the absence of M™.

In chapter 3, the sensor IRPE was a ratiometric fluorescent sensor for Fe** ions;
however, it was not able to detect Fe>* ions in cells. Here, a spirolactam-based sensor is
developed as a ratiometric sensor for Fe** (Scheme 7.1). The compound 2-(7-diethylamino-2-
oxo0-2H-1-benzopyran-3-yl)-4-(2-carboxyphenyl)-7-diethylamino-1-benzopyrylium (called "CR" in
this chapter) was synthesized in 1995 by Czerney et al. and it showed a near-infrared
fluorescence.™ Liu et al. showed that CR exhibits a near-infrared absorbance and fluorescence
in neutral conditions but shows coumarin dye properties in basic solutions.™™ This was found to
be due to the cyclization of C-4 atom at its benzoprylium, decreasing the m-conjugation of the CR
(Scheme 7.1). This is the similar to the "on-off" fluorescence mechanism of rhodamine dyes.
However, it is yellow and fluorescence in the spirocylic form. It means that CR shows NIR

emission in its spirocylic ring-opened form while visible emission in the ring- closed form.

Recently, this mechanism has been used to develop Hg*" and cysteine /homocysteine
selective ratiometric fluorescent sensors.™***! As shown in Figure 7.1, the sensor 1 exhibits near

infrared fluorescence. However, after binding to cysteine/homocysteine, the spirolactam of the
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sensor is closed and exhibits visible fluorescence. For the sensor 2, it is opposite. It is in
spirocylic-closed form. When it coordinates with Hg*", it exhibits a near infrared fluorescence.

Both of them are ratiometric fluorescent sensors.

Dad
OH

R

o)
2 909
Et,N o) NEt,

Spirocyclic form
Open form Non-fluorescent
Fluorescent

Open form ) Spi'rocyclic‘ fo_rm
NIR emission Visible emission

Scheme 7.1 Equilibrium between the open form and spirocyclic form of rhodamine (a) and dye
CR (b)

CF3

Figure 7.1 Structure of the ratiometric CR-based fluorescent sensors (1) cysteine and
homocysteine-selective and (2) Hg*'-selective sensors

In this chapter, a highly selective and highly sensitive reversible ratiometric fluorescent

Fe®*sensor CR-PK (Scheme 7.2) is developed and its physicohemical properties described. With
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this sensor, the concentration of free Fe** ions (endogenous) in live bovine aortic endothelial

cells (BAEC) cells, human neuronal cells (SH-SY5H) and fibroblast cells (ws1) was determined.

7.2 Experimental

Unless otherwise stated, similar procedures described in the previous chapters were

used.

7.2.1 Materials and Instruments

4-diethylamino-salicylaldehyde, ethyl acetoacetate, hydrazine monohydrate, and
benzotriazol-1-yloxytris (dimethylamino)-phosphonium hexafluorophosphate (BOP) were
purchased from TCl America. Piperidine was purchased from Aldrich. MitoTracker Green FM,
LysoTracker Blue DND-99, and the nuclear stain Hoechst 33258 were purchased from Life
Technologies and used in accordance with the manufacturer’s protocols. The other chemicals

and the solvents used in the experiments were purchased commercially.

'H and *C NMR spectra were recorded on a Bruker AVANCE Il HD 400 at ambient
temperature (298K). Chemical shifts are reported in delta (8) unit per million (ppm) downfield
tetramethylsilane. Splitting patterns are abbreviated as follows: s, singlet; d, doublet; t, triplet;
g, quartet; m, multiplet; br, broad. ESI-MS analyses were performed on a Perkin ElImer API 150
EX mass spectrometer. UV/Vis spectra were recorded on a Perkin Elmer Lambda 25
spectrometer at 298 K. Fluorescence spectra were recorded on a Perkin Elmer LS55
luminescence spectrometer at 293 K. The excitation wavelengths and filters used were indicated
in the figures. The pH measurements were carried out on a Corning pH meter equipped with a

Sigma-Aldrich micro combination electrode calibrated with standard buffer solution.
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7.2.2 Synthesis of CR-PK

[13]

CR was synthesized according to the published methods,”™ and described briefly below.

Synthesis of 3-acetyl-7-(diethylamino)-2H-chromen-2-one. A solution of 4-diethylamino-
salicylaldehyde (1.93 g, 10 mmol) and ethyl acetoacetate (1.95 g, 15 mmol) in EtOH (15 mL) was
treated with piperidine (0.2 mL) and glacial acetic acid (2 drops) and refluxed for 6 h. The
mixture was cooled to room temperature and the yellow crystalline solid was filtered. The
product was pure enough to be used in the next procedure (yield, 75%). ‘H NMR (CDCl;, 400
MHz &(ppm)): 8.46 (s, 1H), 7.45 (d, 1H), 6.68 (d, 1H), 6.50 (s, 1H), 3.52 (g, 4H), 2.67 (s, 3H), 1.26

(t, 6H); ESI-MS: found: m/z = 259.1 [M+H]", calcd for C;sH1; NO; = 259.3.

Synthesis of 2-(7-diethylamino-2-oxo-2H-1-benzopyran-3-yl)-4-(2-carboxyphenyl)-7-
diethylamino-1-benzopyrylium (CR). 1 (0.939 g, 3 mmol) and 2 (0.777 g, 3 mmol) were dissolved
in conc. H,S0, (15 mL) and stirred at 90 °C for 6 h. After cooling to room temperature, the
solution was added into ice (30 g) then 70% perchloric acid (1.5 mL) was added, filtered, and
washed with water to afford crude product. The crude product was purified by silica gel flash
chromatography using CH,Cl,/ CH;OH (50 : 1 to 20 : 1) as eluent to afford pure CR as a blue solid
(yield 65%). *H NMR (CDCls, 400 MHz &(ppm)): 9.06 (s, 1H), 8.2 (d, 1H), 7.60-7.71 (m, 3H), 7.4 (d,
1H), 7.28 (d, 1H), 7.21 (d, 1H), 7.1 (d, 1H) 6.81 (d,1H) 6.61 (s, 1H), 3.61 (g, 4H), 1.42 (t, 6H), 1.29

(t, 6H) ;ESI-MS: found: m/z = 537.1 [M]*, calcd for C33Hs3 N,Os = 537.24 (without CIO,)

Synthesis of CR-NH2.CR (0.50 g, 0.07 mmol, 1 equiv) and BOP (1.2 equiv) were dissolved in DCM
and stirred at room temperature for 10 min. Then hydrazine monohydrate (0.195 g, 0.35 mmol,
5 equiv) was added. The mixture was stirred at room temperature for 5 h. The solvent was
evaporated under reduced vacuum and the crude product was purified by alumina gel column

using CH,Cl, to CH,Cl,/MeOH as eluent to obtain a yellow product (second yellow fraction from
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the column) (0.130 g, yield 30%). *H NMR (CDCls, 400 MHz &(ppm): 8.43 (s 1H), 7,72 (s, 1H),7.5-
7.27 (m, 6H), 6.41-6.22 (m, 3H), 3.47 - 3.38 (q, 4H), 3.36 - 3.32 (q, 4H), 1.24-1.20 (t, 6H), 1.19 -
1.17 (t, 6H); *C NMR (CDCl;, 100 MHz &(ppm): 165.89, 156.43, 156.15, 153.5, 151.3, 150.6,
148.8,147.4,139.6, 132.3, 129.9, 129.86, 128.4, 127.7, 124.03, 123.93, 111.7, 109.3, 108.2,
104.1, 1007.7, 99.8, 96.1, 64.53, 44.9, 44.33, 12.62, 12.46; ESI-MS: found: m/z = 551.1 [M+H]",

calcd for C33H3, N,O, = 550.2.

Synthesis of CR-PK. CR-NH2 (0.130 g, 0.2 mmol) and 2,6-diacetylpyridine (0.078 g, 0.4 mmol, 2
equiv) were dissolved in ethanol (15 ml). The reaction mixture was then stirred and refluxed for
overnight. The solvent was evaporated under reduced vacuum and the crude product was
purified by alumina gel column using CH,Cl, to CH,Cl,/MeOH as eluent to afford CR-PK as yellow
solid. (0.065 g, yield 46%). 'H NMR (CDCls, 400 MHz &(ppm)): 8.43 (s 1H), 7,72 (s, 1H),7.5-7.27
(m, 6H), 6.41-6.22 (m, 3H), 3.47 - 3.38 (q, 4H), 3.36 - 3.32 (q, 4H), 1.24-1.20 (t, 6H), 1.19 - 1.17 (t,
6H); *C NMR (CDCl;, 100 MHz &(ppm)): 196.4, 165.89, 156.43, 156.15, 153.5, 151.3, 150.6,
148.8,147.4,139.6, 132.3,129.9, 129.86, 128.4, 127.7, 124.03, 123.93, 111.7, 109.3, 108.2,
104.1, 1007.7,99.8, 96.1, 64.53, 44.9, 44.33, 34.3, 23.4 12.62, 12.46; ESI-MS: found: m/z = 696.1

[M+H]+, Calcd for C42H41 N505 =695.3.

7.2.3 Procedures for Metal lon Sensing

The solution of metal ions were prepared from chloride salts of Ni**, Fe**, Cu®*, Mn*,
Hg”*, Na*, Ca®*, Zn*, Ag", and nitrate salts of Mg**, Pb**, K*, Co*" and ammonium sulfate salt of
Fe®*. Stock solutions of metal ions (10 mM) were prepared in deionized water, except for Fe*'
and Fe* in 0.1 M HCI. Solution of Cu* was freshly prepared by dissolving tetrakis(acetonitrile)

copper(l) (Sigma-Aldrich) into double-distilled water.
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A stock solution of CR-PK (1 mM) was prepared in ethanol. The solution of CR-PK was
diluted to 10 uM with ethanol/HEPES buffer (10 mM, pH 7.4, v/v 1:4). Before spectroscopic
measurements, solutions were freshly prepared by diluting the corresponding high-
concentration stock solution. For each spectrum, 1 mL of a probe solution was added to a 1-cm
quartz cell, to which different stock solutions of cations were gradually added by using a
micropipette. All spectroscopic measurements were done under simulated physiological pH, and

measurements were performed at least triplicate and resulting averages are reported.

7.2.4 Quantum Yield

Stock solutions of 40 uM CR-PK, 40 pM rhodamine B (standard), and 40 pM CR-PK+ Fe**
were prepared. Dilutions of CR-PK, rhodamine B, CR-PK+Fe** were prepared in EtOH at
concentrations such that their absorbance at 425 nm for CR-PK, 650 nm for CR-PK+ Fe*" and 540
nm for rhodamine b, equaled 0.1, 0.2, 0.3, 0.4, and 0.5 uM. Excitation was performed at 420,
510, and 633 nm, respectively, and collected emission was normalized to the EtOH blank and
then integrated from 480-650, 560-750 and 680-850 nm for CR-PK, rhodamine b, and CR-PK+
Fe®* respectively. A plot of the integrated fluorescence intensity vs. the absorbance for each
concentration was prepared and the positive slope of the linear fit was calculated. The data
were compared to the rhodamine b standard using the following equation, where @y is the
guantum yield of the standard (0.97), Grad is the slope of the absorbance vs. emission line
found for each compound, GradR is the slope found for the rhodamine standard, n is the
refractive index of the sample solutions (1.33) and njy is the refractive index of the rhodamine

solution (1.33):

© = O (Grad/Gradg) x (n*/ng’)

q)cR.pK =0.582
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Dcrepi+ Fe(lll) = 0.164

7.2 .5 Cell culture

Bovine aortic endothelial cells (BAEC) were obtained from Dr. Keaney’s research group
(UMass Medical School). Primary cultured endothelial cells from bovine aorta were passaged in
Endothelial Basal Medium (Lonza) containing 5% fetal bovine serum. Before the experiment, the
cells were cultured to about 8™ generation. For experiment preparation, the cells were routinely
subcultured using 0.05% trypsin-EDTA solution. The cells were seeded on the 25 cm? flask and
medium change every two days until a 70% confluency before transferring into dishes. The cells
were seeded on the 1 cm? dish and a medium change the next day. After incubation for 4 hrs,
different test materials were added to the medium. Fluorescence imaging was performed with a
Zeiss LSM 710 laser scanning confocal microscope. Typically, three experiments were carried
out: (1) the cells were incubated with CR-PK for 30 min; (2) cells were first incubated with a cell
permeable iron source (Fe-citrate) then incubated with CR-PK and (3) cells were pre-incubated
with an iron chelator (SIH) then incubated with CR-PK. Cell imaging was then carried out after
changing cells media. Emission was collected at 460-540 nm for blue channel (excited at 458

nm) and 650-750 nm for red channel (excited at 633 nm).

7.3 Results and Discussion

7.3.1 Design and synthesis

One of the initial goals creating a ratiometric sensor was to trace the cellular distribution
of my sensors and the true locations of free iron(lll) ions in cells. Encouraged by the report by
Lui et al.™, | modified CR for the purpose. First, CR was reacted with hydrazine monohydrate to

obtain CR-NH2. This step requires BOP to be used to make an amide bond between carboxylic
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acid of CR and hydrazine. CR-NH2 can then react with ketones or aldehydes to make the desired
product. Second, | choose binding groups that were used in previous chapters to react with CR-
NH2. Acetylacetate (used in chapter 4) was initially linked to CR-NH2, but a Cu**-selective
ratiometric sensor was obtained (data not shown). Then, it was decided to use 2,6
diacetylpyridine to create a Fe** binding moiety. The sensor, CR-PK, was synthesized in a five-
step procedure with overall yields of 46% (Scheme 7.2). The structure of CR-PK was confirmed

by '*H NMR and **C NMR and mass spectrometry.

o O

o0 piperidine
ACG? - Ao .
N OH

EtOH N

) \

NH, NHy H,0

1) H,SO,, 90 C
— BOP, DCM

2) 70% HCIO,

o} o}
EtOH, Overnight
75°C

Scheme 7.2 Synthesis route for CR-PK

7.3.2 Spectroscopic and Selectivity Studies

The absorption spectra of CR-PK upon coordination with Fe** in EtOH/HEPES at pH 7.4

(1/4, v/v) were monitored first. As shown in Figure 7.2a, the solution of CR-PK alone (10.0 pM)
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exhibits an absorption maximum at 425 nm, which is responsible for the yellow color of the
solution. With increasing Fe** concentration, the absorbance at 425 nm (g = 3.9 x10* M cm™,
CR-PK only) decreased, while the absorbance at 647 nm (g = 8.3 x10°M™ cm™, CR-PK and Fe*'at
1:1 ratio) increased concomitantly. This pronounced red shift of the maximum absorption
wavelength can be ascribed to the coordination of Fe*". Meanwhile, an isosbestic point was
clearly observed around 454 nm, indicating the conversion of the free dye into the Fe(lll)-
complex is a clean reaction. In contrast, other metal ions such as Ni**, Cu®*, Mn**, Hg”*, Na*, Ca**,
Zn*, Ag', Mg**, Pb™, K*, Fe*, Co®, and Cr** give little response to CR-PK (Figure 7.2b). In
addition, such a large red-shift of 222 nm in the absorption behavior changes the color of the

resultant solution from yellow to greenish blue, allowing “naked-eye” detection (Figure 7.2c).*!
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Figure 7.2 (a) Absorbance responses of 10 pM CR-PK to increasing concentration of Fe*" (top to
bottom, 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5, and 2 equiv in EtOH/HEPES
buffer (10 mM, pH 7.4, v/v 1:4) (b) UV-vis spectra of 20 uM CR-PK to various metal ions (10 uM
for zn**, Cr**, Ni**, Hg*, Fe**, Mn*, Ag", Pb**, Fe**, Cu*, Cu®*, and Co™"; 15 uM for Na*, K*, Mg**
and Ca®") in EtOH/HEPES buffer (10 mM, pH 7.4, v/v 4:1) (c) Color changes of 20 uM CR-PK with
various metal ions.

154



To examine the fluorescent response to Fe*, a solution of CR-PK in EtOH/HEPES buffer
(10 mM, pH 7.4, v/v 4:1) was titrated with various concentrations of Fe** and monitored with a
fluorometer by excitation at 450 and 633 nm, individually. When excited at 633 nm, CRPK is
yellowish and non-fluorescent. When Fe** was added to the CR-PK solution, the spirolactam ring
opened and it displayed an emission peak with the maximum at 704 nm (Figure 7.3a). When it
was excited at 450 nm, CR-PK solution displayed three emission peaks, one at 470 nm and two
peaks at ~520 nm and 704 nm (Figure 7.3b). When Fe*" was added to CR-PK solution, a decrease
in intensity of the 470 nm and 520 nm emissions and an increase in intensity of the fluorescence
at 704 nm were observed. Compared to the other peaks, the ~520 nm peak was less affected in

the titration process.
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Figure 7.3 (a) Fluorescence response of 10 pM CR-PK to increasing concentration of Fe®" (Ag, =
650 nm) (b) Fluorescence response of 10 uM CR-PK to increasing concentration of Fe** (Ag, = 450
nm)(top to bottom, 0, 0.125, 0.250, 0.375, 0.50, 0.625, 0.750, 0.875, 1.0, 1.25, equiv in
EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4).

Then, the ratiometric fluorescence response of CR-PK was analyzed to determine its
selectivity. As shown in Figure 7.4 (gray bars), the solution of CR-PK exhibits a very low
fluorescent ratiometric value (Fq4/Fa70), but upon the addition of 1 equiv of Fe*, thereisa

strong enhancement of this value. The addition of the other metal ions resulted in very little
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increases in this value. | also examined the interferences from the other metal ions with CR-PK
in its response to Fe*'. Each of the metal ions was pre-incubated with CR-PK before 1 equiv Fe®
was added, the fluorescence response was then measured. As shown in Figure 7.4 (black bars),
the fluorescent ratiometric value of CR-PK with Fe** was not affected significantly in the
presence of any of the other metal ions tested, demonstrating little interferences from other

metal ions.
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Figure 7.4 Fluorescence responses Fys/Fa700f 10 uM CR-PK (A.,=450 nm) to the presence of
various metal ions (gray bars) and the subsequent addition of Fe** (black bar) in the EtOH/HEPES
buffer (10 mM, pH 7.4, v/v 1:4).

One of the disadvantages of spirolactam- based sensors is that they also give response
to hydrogen ions.""®*”! The ratio between the emission/absorption intensities provide built-in
correction for environmental effects, so ratiometric sensors can eliminate the pH issues of
sensors. The pH response of CR-PK in EtOH/water solution (1/4) was evaluated as shown in
Figure 7.5. The pH-dependent UV-vis and fluorescent experiments revealed that CR-PK did not
show any obvious and characteristic absorption and fluorescent (excited at 450 or 633 nm) in
the pH range 4 to 11, suggesting that it can be studied in biological pH with a very low

background fluorescence.
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Figure 7.5 (a) Variation of absorption and (b) fluorescent intensity of CR-PK in response to
different pH.

7.3.3 Binding Studies

The binding stoichiometry of CR-PK and Fe*" was determined by Job's method and UV-
titration. Job's plot (Figure 7.6a) using continuous variation with a total concentration of 20 uM
of CR-PK and Fe*" exhibited two maximum absorbances (at 425 and 647 nm). The results
showed that the ratiometric values of the absorbance (Ags7/A4,5) of the system (CR-PK + Fe3+)
reached a maximum value when the molecular fraction of Fe** was close to 0.5, indicating a 1:1
stoichiometry. The titration curves (a plot of absorption versus the ratio of CR-PK/Fe’*)
increased at 647 nm and decreased at 425 nm (Figure 7.3b and Figure 7.6b) linearly and
plateaued at 1:1 ratio of the sensor and Fe*, also suggesting the formation of a 1:1 of CRPK-Fe**
complex also (inset graphs in Figure 7.3 a and b also provided that the binding mode is 1:1). The

binding constant of this complex was calculated following the method explained in chapter 2

and chapter 4, using absorption values at 647 nm, and was determined to be 2.94 x10’ M.
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Figure 7.6 (a) Job's plot of the complexation between CR-PK and Fe*" [CR-PK] + [Fe*'] = 20 uM in
EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4) (b) Titration of 10 pM CR with increasing
concentrations of FeCl; (1.0, 2.0,3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 15.0, and 20 uM,
respectively) in EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4). The absorption intensities
increased at 647 nm and decreased at 425 nm.

In addition, reversibility experiments were carried out by adding EDTA to the CR-PK-Fe**
complex in the EtOH/HEPES buffer (10 mM, pH 7.4, v/v 1:4). In the absence of EDTA, the
complex was greenish-blue and fluorescent at 704 nm. After adding 2 equiv of EDTA, fluorescent
intensity decreased to that similar to CR-PK alone (Figure 7.7), suggesting a reversible binding

between CR-PK and Fe** and that the spirolactam ring is closed in the presence of EDTA.
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Figure 7.7 Reversibility of CR-PK (10 uM) to Fe** ions by EDTA: (a) CR-PK + 1equiv of Fe**, (b) CR-
PK + 1 equiv of Fe*" + 2 equiv of EDTA ,(c) free CR-PK (10 puM).
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A possible mechanism for the reaction and the binding mode between CR-PK and Fe**is

shown in Scheme 7.3.

Spirocyclic form K Open form
Visible emission Near Infrared emission
Ex =450 nm, Em =470 nm Ex =450 nm, Em =704 nm

Scheme 7.3 Proposed reversible 1:1 binding mode between CR-PK and Fe*'

7.3.4 Cell Studies

The in vitro studies have shown that CR-PK can detect Fe*" with excellent selectivity. To
examine whether it can detect Fe** in living systems, live bovine aortic endothelial cells (BAEC)
were used to test its ability in detecting endogenous Fe** ions in live cells. The cells were treated
with 20 uM of CR-PK for 30 min at 37 °C. Since CR-PK is cell permeable, the cells exhibited a
strong fluorescence in the blue channel (Figure 7.9a) but very weak fluorescence in the red
channel (Figure 7.9d). As seen in Figure 7.8a, CR-PK (blue color) was located almost everywhere
in the cytosol of the cells but not the nucleus. However, in Figure 7.9d, similar to those observed
with the other Fe(lll) sensors RPE, NIRh-Ac, NRPA, and NRPK, red color images are located in

certain organelles of the cells.

The equation (1) was then used to determine the concentration of Fe** ions in cells.
Here, Rmax is the maximum fluorescence ratio at saturating Fe* in cells. To measure the

saturation of Fe*" in cells for the sensor CR-PK (20 uM), a Fe** titration experiment was
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performed with live bovine aortic endothelial cells (BAEC). The cells were pre-incubated with
different concentrations of Fe*-citrate (0,2,5, 10, 15, 20, and 40 pM) for 30 min at 37 °C, then
dyed with the Fe** sensor NRPA (20 uM) for another 30 min. Cell images were then collected by
a confocal microscope immediately. NRPA was chosen for these experiments because it is a
turn-on fluorescent sensor that makes it easier to measure the changes in image intensity than
that with a ratiometric sensor. As seen in Figure 7.8, the cellular fluorescence intensity increased
linearly and the sensor was saturated with Fe** at 20 uM. It was then decided to use 40 pM of

ferric citrate loading the cells to saturate the cells with Fe®".

When the cells were pre-incubated with ferric citrate (40 uM for 30 min at 37 °C), the
blue imaging of the sensor decreased in intensity (Figure 7.9b, ~30 % turn-off), but, on the other
hand, red imaging of the sensor increased in intensity (Figure 7.9¢, ~6 fold). Again, as observed
with the RPE sensor, the red colored regions are located in certain discrete areas in the cells,
suggesting that Fe*" is located in certain organelles, not in cytosol. When Fe** depletion was
introduced via incubation the cells with a Fe** chelator SIH (salicylaldehyde isonicotinoyl
hydrazon, 200 uM, for 30 min.), a marked decrease in fluorescent intensity in the red channel
with a strong increase in fluorescent intensity in the blue channel were observed (Figure 7.9c).
These experiments showed that the sensor CR-PK could detect endogenous Fe** as well as the

dynamic changes in Fe** concentration in live BAEC cells.

These results also suggest that CR-PK can be used for ratiometric fluorescence imaging
of Fe** in living cells. Figures 7.9 g-h are the ratiometric images of CR-PK and the subsequent
treatment with Fe* or SIH. By using the equation (1)[9], the images obtained were then used to
determine the concentration of Fe*" in the cells. The ratios between the red channels and the

blue channels, R, Ry, and R, were presented in Table 7.1. An accurate determination of K
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value in intracellular environment is critical for an accurate determination of Fe**concentration
in cells. The K4 value found in this study is determined in EtOH/HEPES buffer (10 mM, pH 7.4,
v/v 1:4) which is not the same as those in the intracellular environment as milimolar levels of
Fe**-chelators such as ATP, phosphate are present in cells. Using a buffer, more closely mimic
the cellular buffer condition to determine a more accurate apparent Ky value can improve the
accuracy of this method (Method 1). The Kq value under this buffer condition™ was determined
to be 6.30 uM. With this K4 value, the Fe* concentration in BAEC cells was determined to be

2.18+0.35 uM.

~

Fluorescence Intensity (x1000)

'R
Concentration (uM)

Figure 7.8 Confocal microscopy images of live aortic endothelial cells (BAEC) cells treated with
different concentration of Fe** (ferric citrate) for 30 min, and then incubated with NRPA (20 uM)
in 1:1 mixture of Eagles Minimal Essential medium (ATCC) and Ham’s F12 medium (ATCC).
Fluorescence intensity collected at 680-750 nm (NRPA was excited at 633 nm).
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Figure 7.9 Confocal microscopy images (with DIC) of BAEC treated with (a,d) 10 uM CR-PK
sensor after 30 min incubation (b,e) the cells were incubated with Fe* (20 uM) for 8 h then
incubate with the sensor for 30 min (c,f) the cells were incubated with SIH (100 uM) for 8 h then
incubated with the sensor for 30 min. (Excitation wavelength was 458 nm for a,b,c and 633 nm
for (d,e,f), (g,h,i) ratio images of a,d; b,e; c,f. The ratio images were obtained for the regions
where Fe*" ions are located. Confocal fluorescence ratiometric images are the average ratio in
regions of interest.
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Table 7.1 Confocal fluorescence ratiometric images averages (a) BAEC cells incubated with CR-
PK (10 uM) for 30 min. (b) BAEC cells were first pre-incubated with ferric citrate(10 uM) for 30
min, then incubated with CR-PK (10 uM) for another 30 min. (c) BAEC cells were first pre-
incubated with SIH (200 uM) for 30 min, then incubated with CR-PK (10 uM) for another 30 min.
Confocal fluorescence ratiometric images are the average ratio in regions of interest.

. Standard
Ratio 1 2 3 4 5 Average L.
Deviation
R (CR-PK only (10 pum))
0.5 0.63 0.78 0.78 0.51 0.64 0.15
Rmax (Fe(11) (40 pM)
incubation first + CR- 1.71 1.48 138 1.84 1.54 1.59 0.18
PK (10 puMm))
Rin (SIH (200 pM) + CR-
0.17 0.16 0.21  0.09 0.22 0.17 0.06

PK (10 pM))

R= (Rmin Kd,+ Rmax[Mm]) / (Kd+ [Mn+])

[Fe*1=2.18 £ 0.35 uM
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Beside the method using Ky and equation 1 to calculate the concentration, a second
method by fitting a calibration curve to calculate cellular concentration has also been described
in the literature.™" Using this method, an in vitro calibration curve was obtained by titration of
the sensor, CR-PK (10 uM), with different concentrations of Fe* and a calibration curve was
obtained by plotting [Fe*] versus fluorescent ratio (F-a/Fa70) (Figure 7.10). Fitting the ratio
determined by the cell imaging data to this calibration curve give a Fe**concentration in BAEC
cells 1.38 + 0.35 pM. The labile Fe**concentration in untreated BAEC cells determined by
methods 1 and 2 are quite close, with an average of 1.76 uM that is within the error ranges of
data in both the methods. As far as | know, this is the first determination of labile Fe**

concentration in cells.

0.25

0.20] ]

1] 5 .1l:II I15 I2I:; I25| I3l:l .35 .40 .45
[Fe”] (uM)

Figure 7.10 In vitro calibration of CR-PK with [Fe*']

The same experiments were used to determine the concentration of free Fe* ions in
human neuroblastoma cells (SH-SY5H) and fibroblast cells (ws1). The cell images and the ratio
between the channels were shown Figures 7.11 and 7.12, and the results were summarized in

Table 7.2.
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Cell Bright imazes Ex =458 nm Ex=632nm ratio (Fee/Fye)

Sensoranly

Fe**loaded

5IH loaded

Figure 7.11 Confocal microscopy images (with DIC) of ws1 treated with (b,c) 10 uM CR-PK sensor
after 30 min incubation (f,g) the cells were incubated with Fe* (20 uM) for 1 h then incubated
with the sensor for 30 min (j,k) the cells were incubated with SIH (100 uM) for 8 h then incubate
with the sensor for 30 min (Excitation wavelength was 458 nm for (b,f,j) and 633 nm for (c,g,k),
(d,h,1) ratio images of b,c; f,g; j,k. Confocal fluorescence ratiometric images are the average ratio
in regions of interest.
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Figure 7.12 Confocal microscopy images (with DIC) of SH-SY5H treated with (b,c) 10 uM CR-PK
sensor after 30 min incubation (f,g) the cells were incubated with Fe** (20 uM) for 1 h then
incubate with the sensor for 30 min (j,k) the cells were incubated with SIH (100 uM) for 8 h then
incubate with the sensor for 30 min. Excitation wavelength was 458 nm for (b,f,j) and 633 nm
for (c,g,k), (d,h,l) ratio images of b,c; f,g; j,k. Confocal fluorescence ratiometric images are the
average ratio in regions of interest.

W e el g
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Table 7.2 Free Fe** concentration in the cells

Cell Type Method 1 (uM) Method 2 (uM)
Wws1 0.8+0.28 0.43+0.23
BAEC 2.18+£0.35 1.38 +0.47

SH-SY5H 3.2+0.63 3.1+0.52

The images from the red channels showed scattered patterns, implying that the labile
Fe**in the cells (BAEC, Ws1, and SH-SY5Y) may be localized in certain subcellular compartments
(organelles) and that CR-PK may be capable of imaging Fe** at subcellular resolution. To explore
this, the distribution of exchangeable Fe** pools in the cells was further investigated using CR-PK,
together with colocalization experiments using other dyes—MitoTracker Green FM (a green
fluorescent dye which localizes to mitochondria in live cells regardless of mitochondrial

membrane potential) and LysoTracker Blue DND-99 (a blue fluorescent dye that stains acidic

[19,20] 34

compartments such as endosomes and lysosomes in live cells). The cells (without Fe
treatment) were treated with CR-PK, MitoTracker Green FM, and LysoTracker Blue DND-99. For
BAEC cells, as illustrated in Figure 7.13 partial colocalization between CR-PK-Fe*'and the
MitoTracker (Figure 7.13e) as well as between CR-PK-Fe*"and the LysoTracker (Figure 7.13f)
occurred whereas complete colocalization of CR-PK-Fe**, MitoTracker and LysoTracker (Figure
7.13g) was observed. These data suggest that the exchangeable Fe**pools in BAEC cells
detectable by CR-PK are localized in mitochondria and endosomes/lysosomes. These results also
showed that the iron levels in mitochondria and lysosome are different (red signal in

mitochondria is brighter than those in lysosomes). As seen in Figure 7.9g, there are two different

colors: greenish (ratio ~“1.2) and blue (ratio ~0.5). Using these colors, Fe**-levels in mitochondria
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and lysosomes were calculated and determined to be 2.69 + 0.43 uM and 1.67 + 0.17 pM
respectively by Method 1.

The same co-localization experiments were carried out for SH-SY5H and ws1 cells. It is
clear from Figure 7.14 d-f that Fe* pools in wsl cells detectable by CR-PK are localized in
mitochondria only. For SH-SY5H cells, Fe** pools in the cells detectable by CR-PK are localized in
mitochondria and endosomes/lysosomes (Figure 7.15). Fe** levels in these organelles were

calculated and shown in Table 7.3.

Figure 7.13 Representative confocal microscopy images of intracellular colocalization studies of
10 uM CR-PK incubated with live BAEC cells co-labeled with MitoTracker Green FM (100 nM,
incubated for 30 min) and LysoTracker Blue DND-99 (50 nM, incubated for 30 min). (a) DIC
image of cells with 20-um scale bar. (b) CR-PK-Fe* fluorescence collected at 680-750 nm (red).
(c) MitoTracker fluorescence collected at 492-540 nm (green). (d) LysoTracker fluorescence
collected at 547-630 nm (blue). (e) DIC image of (a) and fluorescence images of (b) and (c) were
merged together. Colocalization regions are in yellow and non-overlapping regions remain in
red. (f) DIC image of (a) and fluorescence images of (b) and (d) were merged together.
Overlapping regions are in purple and non-overlapping regions remain in red; (g) Images of (a),
(b), (c) and (d) were merged together, revealing that the CR-PK-Fe**images are 100% colocalized
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with MitoTracker and LysoTracker. (h), Images of (a), (c) and (d) were merged together, showing
no overlapping region between lysosomes and mitochondria

) (b) (c) (d)
20um

Figure 7.14 Representative confocal microscopy images of intracellular colocalization studies of
10 uM CR-PK incubated with live ws1 cells co-labeled with MitoTracker Green FM (100 nM,
incubated for 30 min) and LysoTracker Blue DND-99 (50 nM, incubated for 30 min). (a) DIC
image of cells with 20-um scale bar (b) CR-PK-Fe** fluorescence collected at 680-750 nm (red).
(c) MitoTracker fluorescence collected at 492-540 nm (green). (d) LysoTracker fluorescence

collected at 547-630 nm (blue). (e) DIC image of (a) and fluorescence images of (b) and (c) were
merged together. Colocalization regions are in yellowish green and no red colored region remain
(f) DIC image of (a) and fluorescence images of (b) and (d) were merged together no overlapping
(g) Images of (a), (b), (c) and (d) were merged together, revealing that the CR-PK-Fe** images are
100% colocalized with MitoTracker but not with LysoTracker. (h) Images of (a), (c) and (d) were
merged together, showing no overlapping region between lysosomes and mitochondria.
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Figure 7.15 Representative confocal microscopy images of intracellular colocalization studies of
10 uM CR-PK incubated with live SH-SY5H cells co-labeled with MitoTracker Green FM (100 nM,
incubated for 30 min) and LysoTracker Blue DND-99 (50 nM, incubated for 30 min). (a) DIC
image of cells with 20 pm scale bar. (b) CR-PK-Fe* fluorescence collected at 680-750 nm (red).
(c) MitoTracker fluorescence collected at 492-540 nm (green). (d) LysoTracker fluorescence
collected at 547-630 nm (blue). (e) DIC image of (a) and fluorescence images of (b) and (c) were
merged together. Colocalization regions are in yellow and non-overlapping regions remain in
red. (f) DIC image of (a) and fluorescence images of (b) and (d) were merged together.
Overlapping regions are in purple and non-overlapping regions remain in red. (g) Images of (a),
(b), (c) and (d) were merged together, revealing that the CR-PK-Fe** images are 100% colocalized
with MitoTracker and LysoTracker. (h), Images of (a), (c) and (d) were merged together, showing
no overlapping region between lysosomes and mitochondria.

Table 7.3 Free Fe*' concentration in the organelles of the cells*

Cell Type Mitochondria (uM) Lysosomes (uM)
Wws1 0.8+0.28 N.D**
BAEC 2.69+0.43 1.67 £0.17

SH-SY5H 3.8+0.72 2.01+£0.36

* Only Method 1 was used for the calculations; ** Not Detected
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7.4 Conclusions

In summary, a highly sensitive, highly selective, and reversible ratiometric fluorescent
Fe**-sensor CR-PK has been developed. The CR-PK sensor shows NIR and visible emission in its
spirocylic ring-open and closed forms, respectively. The reaction of CR-PK with Fe** leads to the
ring-opening of the spirocyclic moiety of CR-PK, causing a huge red shift ~222 nm. Cell imaging
experiments with CR-PK revealed that CR-PK is evenly distributed in the cells except the nuclei
region; however, chelatable labile Fe* ions are located in certain organelles in live bovine aortic
endothelial cells (BAEC), human neuroblastoma cell (SH-SY5Y), and fibroblast (ws1) cells. The
ratiometric sensor CR-PK enables the direct determination of endogenous labile Fe**
concentration in cells for the first time, with a value of ~0.6 uM determined (0.43 + 0.23 uM by
Method 1 and 0.8 £ 0.28 uM by Method 2) for ws1 cells, ~1.78 uM determined (2.18 +0.35 uM
by Method 1 and 1.38 + 0.47 uM by Method 2) for BAEC cells, and ~3.15 uM determined (3.2 +
0.63 UM by Method 1 and 3.1 £ 0.53 uM by Method 2) for SH-SY5Y cells. Confocal experiments
also show that CR-PK can readily detect endogenous chelatable Fe* in live BAEC, ws1, and SH-
SY5Y cells at subcellular resolution in real time, with two labile Fe** pools being successfully
located in mitochondria and endosomes/lysosomes of BAEC and SH-SY5Y cells and only in

mitochondria of ws1 cells.
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APPENDIX A

OTHER SYNTHETIC ATTEMPTS TO MAKE IRON SENSORS

Al.1 Introduction

In this section, some other fluorescent sensors were prepared and characterized. These
compounds were designed for either Fe** or Fe**. However, they are selective for other metal
ions. This Appendix details synthesis and characterization of the other (5 heptamethine cyanine-
based, 2 rhodamine based) sensors mentioned in the dissertation. Here, selectivity of the

sensors will not be presented.

A1.2 Synthesis and Characterization

A1.2.1 Heptamethine Cyanine-Based Sensors

A1.2.1.1 Synthesis of IR-Sal

We designed the sensor IR-Sal (see Scheme A1.1) for Fe**; however, it gives response to
Cu” ions. N,N,N‘-Tris(2-hydroxybenzyl)-1,2-diaminoethane binding moiety was synthesized

according to the published method.™

Synthesis of IR-Sal: IR-780 (200 mg, 0.3 mmol) and N,N,N’-tris(2-hydroxybenzyl)-1,2-
diaminoethane (120 mg, 0.4 mmol) were dissolved in anhydrous N,N-dimethylformamide (DMF)
(20 mL). The mixture was stirred at 85 °C for overnight under an argon atmosphere. The solvent
was removed under reduced vacuum. Mass spectrum of the crude product was obtained. The
targeted-compound was in the crude product. DCM/MeOH (40/1) was used for the eluent for
the column chromatography. However, the pure IR-Sal could not be obtained (70% pure of IR-

Sal). ESI m/z (positive mode) (CsgHgoO3N,4"), calc: 881.5; found: 881.3 (without I).
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Scheme A1l.1 Synthesis route for IR-Sal

A1.2.1.2 Synthesis of IRPhen

Even though IRPhen was the one of the sensors designed for Fe**, it showed a decreased
emission fluorescence response to Cu”". The binding receptor was synthesized according to the

published method.”

Synthesis of IRPhen: Under nitrogen atmosphere, slurry of NaH (60% in mineral oil, 15.2 mg
0.38 mmol) and DMF (1 mL) was added to a stirring solution of Phen (0.120 g, 0.4 mmol) in
anhydrous DMF (2 mL) at 0 °C. After 30 min., the reaction was allowed to warm up to ambient
temperature. This was added to a solution of IR-780 (200 mg, 0.3 mmol) in DMF (3 mL). The
reaction was stirred for overnight, and then quenched with water. The solution was evaporated
by vacuum not over 40 °C to get dark green solid crude product. The crude product was purified
by column chromatography on silica gel (DCM/MeOH; 100/0 to 90/10) to yield IRPhen (40 mg,
yield 15%). "H NMR (300 MHz, CDCl;) §(ppm): 9.18-9.05 (d, 1H), 8.84 (d, 1H), 8.51 (d, 1H), 8.22

(d, 2H), 8.13 - 7.85 (m, 2H), 7.79 (d, 1H), 7.71 - 7.54 (m, 2H), 7.51 - 6.99 (m, 9H), 6.96 (s, 1H),
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6.11 (d, 1H), 4.18 - 3.62 (m, 4H), 3.48 (s, 2H), 3.17 (t, 2H), 1.96 (t, 2H), 1.96 (t, 4H),1.49 (s, 6h),
1.37 (m, 2H), 0.95 (t, 6H): *C NMR (75 MHz, CDCls) §(ppm): 170.3, 167.84,164.33 ,154.54,
149.43, 147, 146, 141.6, 140.9, 139. 138.3, 137, 136.3, 135, 133.6, 132, 131.93, 130.4, 128..4,
125.3,124.4,123.3,122.2,121.8, 121.2, 120.6, 117.4, 114.5, 112, 111, 97.1, 52.4, 50.1, 49.2,
45.3,28.1,28,26.9,26.2, 23.2, 21.5, 20.4, 12.1, 11.4; ES| m/z (positive mode) (CssHssONs"), calc:

802.4; found: 802.3 (without I).

yo  Ho
N | \©vo N IR-780

JE—
_ _— ) NaH, DMF
Ethanol RT, overnight
NH,

HO " ppen PheniR

Scheme A1.2 Synthesis route for IRPhen

A1.2.1.3 Synthesis of IR-PEA

IR-PEA is a turn-off Cu**-selective sensor. The binding moiety (Z)-4-(3-

aminopropylamino)pent-3-en-2-one was synthesized according to the published method."!

Synthesis Of IR-PEA: IR-780 (200 mg, 0.3 mmol) and N,N,N’-tris(2-hydroxybenzyl)-1,2-
diaminoethane (120 mg, 0.4mmol) were dissolved in anhydrous N,N-dimethylformamide (DMF)
(20 mL). The mixture was stirred at room temperature for 4 h under an argon atmosphere. The
solvent was removed under reduced vacuum to deep blue-colored solid crude product. The
crude product was purified by column chromatography on silica gel (DCM/MeOH; 100/0 to
95/5) to yield IR-PEA (68 mg, yield 29%). "H NMR (300 MHz, CDCl;) 8(ppm): 7.6-6.8 (Ar-H, 8H),

6.54 (d, 1H), 5,46 (d, 1H), 5.3 (d, 1H), 3.1 (s, 6H ), 3.02 (m, 2H), 1.56 (m, 2H), 1.49 (s, 6H), 1.4 (m,
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2H), 1.3 (m, 4H), 0.96 (t, 6H): **C NMR (75 MHz, CDCl5) §(ppm): 199.8, 176.9, 175.9, 151.2,
146.8,144.7,143.1, 142.1, 131.2, 129.2, 128.9, 126.6, 124.3, 121.2, 119.9, 109, 106.4, 104.8,
104, 55, 54.9, 47.3, 44.3, 40.9, 31.6, 28.8, 27.4, 26.3, 25.4,22.4,21.9, 12.8, 11.4: ES| m/z

(positive mode) (C4sHs9ON,") calc: 659.5; found: 659.3 (without ).

NH,

AN _
O O HNN NH, NH O IR-780

S —

CHCl3, 3h, rt M DMF, 40°C, 3h

Scheme A1l.3 Synthesis route for IR-PEA

A1.2.1.4 Synthesis of IR-EtG

The sensor, IR-EtG was designed to bind Fe** with 3 oxygen and a nitrogen atoms.
However, it showed a decreased fluorescence with Cu®". 2-(2-(2-ethoxyethoxy)ethoxy)

ethanamine was synthesized according to the published method.™

Synthesis Of IR-EtG: IR-780 iodide (200 mg, 0.3 mmol) and 2-(2-(2-ethoxyethoxy)ethoxy)
ethanamine (106 mg, 0.6 mmol) were dissolved in ACN (15 mL), and N,N-disopropylethylamine
(DIEA) (77 pL, 0.6mmol, 2 equiv.) was added. The reaction was stirred at 70 °C for 4 h under
nitrogen atmosphere. The resulting blue color crude mixture was neutralized with 0.1 M HClI,
and concentrated under vacuum. The crude product was purified by column chromatography on
alumina gel (DCM/MeOH; 100/0 to 95/5) to yield IR-EtG (56 mg, yield 23%). "H NMR (300 MHz,
CDCl;) 6(ppm): 7.48-7.04 (m, 4H), 6.98 (s, 1H), 6.63 (d, 2H), 6.33 (s, 1H), 6.32 (s, 1H), 5.42 (s, 1H),

5.03 (s, 1H), 4.52(d, 2H), 3.43 (s, 1H), 3.37-3.11 (m, 10H), 3.07 (d, 4H), 2.98 (s, 1H), 2.87 (d, 2H),
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2.19 - 2.04 (m, 2H), 2.00-1.95 (m, 2H), 1.84-1.79 (m, 1H), 1.63 - 1.56 (m, 4H), 1.55 -1.50 (m, 6H),
1.27-1.22 (m, 6H), 1.22-1.17 (m, 3H), 1.06- 1.01 (m, 6H); **C NMR (75 MHz, CDCl5) §(ppm): 172.1,
163.6, 141.3, 140.9, 140.2, 139.9, 139.3, 138.7, 123.7, 123.3, 122.9, 122.6, 122.1, 111.9, 111.3,
109.6, 102.1, 95.6, 70.9, 68.6, 68.1, 67.9, 65.8, 50.6, 49.8, 48.8, 43.1, 42.9, 26.9, 26.3, 25.8, 24.9,
24.6,24.1,22.3,19.6, 18.1, 14.9, 12.1, 11.9: ESI m/z (positive mode) (CasHe,05N5), calc: 680.4;

found: 680.2 (without I').

1. Tos-Cl
0]

2. CQNK

N0 O O O o0 N
3. NH,NH,, H,0

IR-780

ACN, DIEN, 4h, 60 °C

Scheme A1.4 Synthesis route for IR-EtG

A1.2.1.4 Synthesis of IR-AMA

IR-AMA is a ratiometric sensor for NO, and shows a decreased emission for Cu®*.

Synthesis of IR-AMA: A mixture of IR-780 (100 mg, 0.15 mmol), 2-amino-Benzenemethanamine
(70 mg, 0.57 mmol) and and N,N-disopropylethylamine (DIEA) (77 uL, 0.6mmol, 4 equiv) were
dissolved in ACN (15 mL) and heated at 80 °C for 40 min. The resulting blue colored crude
mixture was neutralized with 0.1 M HCI, and concentrated under vacuum. The crude product
was purified by normal phase chromatography on alumina gel (DCM/MeOH; 98/2) to yield IR-
AMA (39 mg, yield 35%). "H NMR (300 MHz, CDCl;) & (ppm): 7.66 (d, 2H), 6.58-7.27 (m, 12H),
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5.64 (d, 2H), 5.06 (s, 2H), 4.01 (s, 1H), 3.78 (s, 4H), 2.45 (m, 4H), 1.80 (d, 6H), 1.54 (d, 12H), 1.29
(m, 4H), 1.02 (t, 6H); *C NMR (75 MHz, CDCl3) & (ppm): 170.2, 168.4, 168.1, 145.2, 143. 2, 141.5,
140.6, 140.4, 139.2, 129.4, 128,5, 128.1, 127.7, 126.4, 124.1, 123.1, 122.9, 121.6, 120.4, 118.9,
117.4,116.7, 109.7, 106.6, 97.4, 94.8, 52.5, 48.5, 48, 45, 44.9, 28.9, 28.5, 27.5, 24.8, 21.7, 20.6,

20.2, 11.9: ESI m/z (positive mode) (C43Hs3N,"), calc: 625.4; found: 625.2 (without I).

NH, IR-780
©/\/NH2 ACN, DIEN, 40 min., 80 °C

Scheme A1.5 Synthesis route for IR-AMA

A1.2.2 Rhodamine-Based Sensors

Here, two rhodamine based fluorescent sensors, Rh-2S and Rh-3S were designed for
Fe®* ions, but Rh-2S was a Cu**-selective and Rh-3S was an Hg”*-selective turn-on sensors.

Rhodamine b hydrazine was synthesized according to the published method."

A1.2.2.1 Synthesis of Rh-2S

Rhodamine b hydrazine (0.5 mmol, 0.278 g) and 5-Bromo-2,2'-bithiophene-5'-
carboxaldehyde (0.5 mmol, 0.137 g) were mixed in boiling ethanol then the mixture was
refluxed for 6 h. After that, the solution was cooled and allowed to stand at room temperature
overnight. The precipitate that appeared next day was filtered and washed 3 times with 10 mL
cold ethanol. After drying under reduced pressure, it was recrystallized in MeOH to afforded
0.21 g Rh-2S (60%) as pale yellow solid. "H NMR (300 MHz, CDCl;) 6(ppm): 8.78 (1 H, s,CH=N),
7.98 (1 H, t, rh-H, J=6.2 Hz), 7.49 (2H, d, tiol-H, J=2.7 Hz), 7.25 (2H, t, rh-H, J=4.0 Hz), 7.13 (1H, br,
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rh-H) 6.92(2 H, d, rh-H, J = 8.8 Hz), 6.57(2 H, d, rh-H, ] = 8.8 Hz), 6.52(2H, s, rh-H), 6.23 (2H, br,
tiol-H), 3.39 (8 H, q, N-CH2 , J = 9.6 Hz) 1.23 (12 H, t, -CH3, J=6.6 Hz). *C NMR (75 MHz, CDCl;)
8(ppm):164, 153, 151, 148, 141, 140, 138.8,138.2, 133, 130.7, 130.2, 129, 128, 127, 124, 123.8,

123.3, 111, 107, 105, 97, 66, 44, 12. MS: m/z 710.3 for [Rh-2S+H]* 711.4.

A1.2.2.1 Synthesis of Rh-3S

Rh-25 (0.08 g, 0.11 mmol) and Lawesson's reagent (0.045 g, 0.15 mmol) were dissolved
in dry benzene, and the reaction mixture was stirred at 80 °C for 1 h under N, atmosphere. After
removing the solvent under reduced pressure, the residue was purified by column
chromatography using EtOAc/Hexane (2;1) as eluent to afford 36 mg Rh-3S as a yellow solid
(37%). "H NMR (300 MHz,CDCl5) & (ppm): 8.78 (1 H, s, CH=N), 7.98 (1 H, t, rh-H, J=6.2 Hz), 7.49
(2H, d, tiol-H, J=2.7 Hz), 7.25 (2H, t, rh-H, J=4.0 Hz), 7.13 (1H, br, rh-H) 6.92(2 H, d, rh-H, ] = 8.8
Hz), 6.57 (2 H, d, rh-H, J = 8.8 Hz), 6.52 (2H, s, rh-H), 6.23 (2H, br, tiol-H), 3.39 (8 H, g, N-CH2 , J =
9.6 Hz) 1.23 (12 H, t, -CH3, J=6.6 Hz). *C NMR (75 MHz, CDCl3) §( ppm): 152.2, 152.1, 148.4,
148.1, 134,132.5, 132.4, 132.1, 131, 130.5, 130.3, 127.8, 124, 124.7,124.1, 122, 110, 108, 97.1,

97, 66, 44, 12. MS: m/z 726.3 for [Rh-35+H]" 727.4.
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Scheme A1.6 Synthesis route for Rh-2S and Rh-3S
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APPENDIX B

TABLE SUMMARIZING THE MAJOR PROPERTIES OF THE IRON SENSORS

Figure B.1 Molecular structures of the Fe*"-selective fluorescent sensors presented in this thesis
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Table B.1 The major properties of the sensors
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APPENDIX C

DISTINGUISHING THE OXIDATION STATE OF IRON IN CELLS WITH THE SENSOR CR-PK

The sensors, CR-PK and NRPK were used to detect labile Fe* ions in BAEC cells. We
decided to use CR-PK to show that CR-PK is selective for only Fe*" not Fe®" in BAEC cells. To do
this, BAEC cells were incubated with Fe”* (20 pM, ferrous ammonium) and Fe*" (20 pM, ferric
chloride) separately and, then the results were compared to ones gotten from the control (the
cells were incubated with CR-PK (20 uM)). The Fe*" -treated BAEC cells showed significant
increase in fluorescent signal (Figure C.1c, ~5 fold) compared to that without Fe**
supplementation. On the other hand, the Fe* -treated BAEC cells did not exhibit any significant
increased fluorescent intensity (Figure Cl1.b, “1.5 fold). These results show that CR-PK is only

capable of detecting Fe*" ions in cells.

We repeated the same experiments for live human fibroblast (ws1) cells. Ws1 cells were
incubated with 20 uM of ferric chloride (FeCls) and 20 uM of ferrous ammonium sulfate
separately at 37° C for overnight followed by washing with EMEM medium to remove excess
Fe®* and Fe®*. Then 20 uM of CR-PK was added to ws1 cells and was incubated at 37° C for 30
min. The Fe* -treated ws1 cells showed significant increase in fluorescent signal (Figure C.2¢, ~4
fold) compared to that without Fe** supplementation (Figure C.2a), suggesting a positive
response of CR-PK to increased labile Fe* in Fe*' -treated cells. However, the Fe** -treated ws1
cells did not give any positive response with CR-PK. These results show that CR-PK is only

capable of detecting Fe*" ions in cells.
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These control experiments prove that CR-PK can capture only iron(lll) in the cells, not

iron(ll) ions.

o

(D)

= wn
A A

o
A

Mean intensity
o

Figure C.1 Confocal microscopy images (with DIC) of live bovine aortic endothelial cells (BAEC)
treated with (a) incubated 20 uM CR-PK (30 min) (b) were pre-incubated with 20 uM Fe**
(ferrous ammonium sulfate) for overnight then 20 uM CR-PK sensor was added and the images
were taken after 30 min incubation (c) were pre-incubated with 20 pM Fe** for overnight then
20 uM CR-PK sensor was added and the images were taken after 30 min incubation (d) Bar chart
of fluorescent intensities of (a), (b) and(c). (CR-PK was excited at 633 nm, and the fluorescent
intensities were collected from 650 nm to 750 nm) (DIC image of cells with 20-um scale bar)
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Figure C.2 Confocal microscopy images (with DIC) of live human fibroblast cells (ws1) treated
with (a) incubated 20 pM CR-PK (30 min) (b pre-incubated with 20 uM Fe”* for overnight then 20
UM CR-PK sensor was added and the images were taken after 30 min incubation (c) pre-
incubated with 20 uM Fe*" for overnight then 20 uM CR-PK sensor was added and the images
were taken after 30 min incubation (d) Bar chart of fluorescent intensities of (a), (b) and (c). (CR-
PK was excited at 633 nm, and the fluorescent intensities were collected from 650 nm to 750
nm) (DIC image of cells with 20-um scale bar)
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APPENDIX D

SPECTROSCOPIC DATA

Shown below are ESI-MS, 'H NMR, and *C NMR spectra of the sensors and some
important intermediate compounds presented throughout this dissertation. *"H NMR and *C
NMR spectra were recorded on a Bruker DRX-300 spectrometer or a Bruker Ascend-400 at
ambient probe temperature, 298 K, and ESI-MS analyses were performed on a Perkin Elmer API

150 EX mass spectrometer.
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