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Simultaneous Fe?*/Fe** imaging shows Fe>* over Fe**
enrichment in Alzheimer’s disease mouse brain

Yuting Wu'-?t, Seyed-Fakhreddin Torabi>t, Ryan J. Lake't, Shanni Hong', Zhengxin Yu',
Peiwen Wu?, Zhenglin Yang??3, Kevin Nelson?, Weijie Guo®*, Gregory T. Pawel’,
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Visualizing redox-active metal ions, such as Fe?* and Fe®* ions, are essential for understanding their roles in
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biological processes and human diseases. Despite the development of imaging probes and techniques,
imaging both Fe** and Fe** simultaneously in living cells with high selectivity and sensitivity has not been re-
ported. Here, we selected and developed DNAzyme-based fluorescent turn-on sensors that are selective for
either Fe®* or Fe**, revealing a decreased Fe**/Fe?" ratio during ferroptosis and an increased Fe**/Fe®* ratio
in Alzheimer’s disease mouse brain. The elevated Fe3*/Fe?* ratio was mainly observed in amyloid plaque
regions, suggesting a correlation between amyloid plaques and the accumulation of Fe3* and/or conversion
of Fe* to Fe®*. Our sensors can provide deep insights into the biological roles of labile iron redox cycling.

INTRODUCTION

Redox-active metal ions play key roles in many biological processes
such as oxygen transport, energy production, and oxidative stress—
related neurodegenerative diseases (1, 2). A primary example is iron
(Fe), which is mostly present in ferrous [Fe(1)/Fe**] or ferric
[Fe(III)/Fe**] states in living organisms (3, 4). Dyshomeostasis of
iron and its abnormal redox cycling can lead to ferroptosis, an
iron-dependent programmed cell death pathway, which is a key
process in many neurodegenerative diseases including Alzheimer'’s
disease (AD) (5-9). In addition, ferroptosis has emerged as a prom-
ising therapeutic approach to cancers (10, 11). However, how redox
equilibrium and dynamic speciation are involved in ferroptosis and
related to AD or cancer remains poorly understood, partly because
of alack of highly selective sensors that allow for simultaneous mon-
itoring of both Fe** and Fe®". Such sensors require detection of
either Fe** or Fe’™ without cross-reactivity with the opposite Fe ox-
idation state. Because of the chemical and physical similarities
between these oxidation states, it has been quite challenging to
develop sensors to detect both Fe*" and Fe’* simultaneously with
high selectivity and sensitivity.

To achieve sensing of different redox states of iron, various
methods have been explored but with limited success either in
living cells or in vivo. For example, laboratory techniques, such as
inductively coupled plasma mass spectrometry (12, 13), electron
paramagnetic resonance (14), x-ray fluorescence (15), and magnetic
resonance imaging (MRI) (16-18) have been developed but cannot
readily provide spatial or temporal information in vivo because of
their restrictive requirements for sample pretreatment or excessive
time needed for data collection. It has been shown that “labile” iron
pools, which comprise only a small portion of total iron, play critical
roles in many cellular processes, including lipid oxidation during
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ferroptosis and generating free radicals in AD (19-21), and all of
the above methods can measure only the total iron without differ-
entiating labile iron pools. To visualize these labile iron pools, his-
tochemical methods based on potassium ferricyanide or potassium
ferrocyanide was developed to distinguish Fe** from Fe’* and
acquire spatial information (22), but this method can only detect
Fe*" or Fe’' separately on fixed tissue slices, not in living cells or
in vivo, because the detection is based on forming insoluble blue
pigments. In addition, ferricyanide can react with many other
metal ions, such as Zn>* and Cu®*, and thus is vulnerable to inter-
ference from these metal ions.

Fluorescence sensors have also been developed to visualize labile
Fe’" and Fe’* simultaneously in vivo and provide spatiotemporal
information in living cells. However, most of these methods
either have low selectivity for Fe** and Fe** over other metal ions,
require organic solvents, or cannot be adapted readily for in vivo
sensing applications. Recently, some Fe®" sensors based on
organic molecules and fluorophores have achieved sufficient selec-
tivity and sensitivity for imaging in cells (23-26) and in mouse
models (27, 28). To image two different oxidation states of the
same metal ions, such as Fe>* and Fe’* simultaneously, we need
two sensors that are not only specific for the respective Fe** or
Fe* but also two fluorophores that do not have much overlapping
excitation and emission spectra to avoid interference in the detec-
tion. Because the target recognition and fluorescent readouts of the
organic molecule sensors are coupled together, it is difficult to
replace the fluorophore with one that has a different fluorescence
emission spectrum to avoid overlap of fluorescent signals. Changing
fluorophore moieties for these sensors normally requires redesign
of the sensors, which can adversely affect their other properties,
such as loss of brightness of fluorescence, reduced selectivity, or
change of subcellular localization of the sensor (29). Therefore, to
the best of our knowledge, the simultaneous monitoring of two ox-
idation states of the same metal ion in living cells or in vivo has not
yet been reported. As a result, the redox equilibrium and dynamic
distribution of Fe** and Fe’" have not been investigated, although
they have been hypothesized to play important roles on many
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biological processes including ferroptosis in neurodegenerative dis-
eases such as AD.

To overcome the technical barrier for simultaneous monitoring
Fe** and Fe’" in vivo and to fill a major knowledge gap of redox
equilibrium, dynamic distribution of Fe**/Fe’*, and their roles in
neurodegenerative diseases, we take advantage of DNAzyme-
based “catalytic beacon” sensors. DNAzymes, also called deoxyribo-
zymes, are DNA molecules that display enzymatic activities, such as
protein enzymes and ribozymes, in the presence of a cofactor such
as metal ions (30-36). DNAzymes are typically isolated from a large
DNA library of up to 10'° different sequences through a combina-
torial process called in vitro selection (37). Among them, RNA-
cleaving DNAzymes are of particular interest for sensing metal
ions because these DNAzymes are often specific for a certain
metal ion cofactor (30, 32). By conjugating a fluorophore at the
end of the enzyme strand, two quenchers at the opposite termini
of the enzyme strand and complementary substrate strand, respec-
tively, we take the advantage of melting temperature differences
before and after DNAzyme-catalyzed cleavage of the substrate
strand and have developed a catalytic beacon approach (38-48)
that produces metal ion—specific fluorescent turn-on sensors
(Fig. 1, A and B). Because the fluorophore is physically separated
from the metal-binding site and fluorescent signal arises from the
release of the fluorophore-labeled substrate upon cleavage, this ap-
proach can be used to sense metal ions using any fluorophore.
Therefore, it is possible to use DNAzyme beacons labeled with dif-
ferent fluorophores that have distinct emission wavelengths for si-
multaneous monitoring of two or more targets. Through efforts
from many laboratories, including our laboratory, DNAzymes
highly selective for different metal ions have been obtained, includ-
ing Cr’* (49), Ca** (50), Cd** (51), Co’* (52), Cu** (53), Mg*" (54),
Pb** (30), UO,>" (40), Zn** (32, 55, 56), Ag* (57), Li* (58), and Na*
(59, 60). Despite decades of success using this approach, no in
cellulo or in vivo DNAzyme sensor that can differentiate different
oxidization states of the same metal ion has been reported.

In this study, we report in vitro selection and development of
DNAzyme sensors with high specificity for either Fe** or Fe’",
which allows us to visualize both Fe** and Fe®* simultaneously in
living cells and brain slices of AD mice models. Correlated signal
changes were observed with the regulation of iron levels by addition
of transferrin (Tf), an iron transport protein (61), or deferoxamine
(DFO), an iron chelator (62). We further apply these sensors to
detect iron changes during ferroptosis in living cells and observed
a decrease of Fe’*/Fe** redox ratio over time, which suggests that
iron is a potential source related to the oxidative stress accumulation
in this cell death pathway (7). The sensors provided spatial distribu-
tions of Fe** and Fe’", as well as iron redox ratios, revealing a stat-
istically significant increase in the Fe’*/Fe*" ratio surrounding
amyloid plaque regions but not in other brain regions and suggest-
ing that not only total iron but also iron redox cycling play a key role
in the progression of AD. These finding also suggests a correlation
between amyloid plaques and the accumulation of Fe>* and/or the
conversion from Fe** into Fe’*, which provides potential direction
for further functional study to understand metal redox in AD pro-
gression. These results demonstrate that simultaneous monitoring
of Fe** and Fe’* using iron-specific DNAzyme-based sensors pro-
vides deeper insight into the roles of redox cycling of labile iron in
neurodegenerative diseases.

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

RESULTS

In vitro selection of Fe?* and Fe**-specific DNAzymes

To obtain Fe**-specific DNAzymes, in vitro selection was conduct-
ed in an anaerobic glove box because Fe** is readily oxidized to Fe**
in the presence of oxygen (fig. S1). Parallel selections were carried
out in the presence or absence of 1 mM glutathione, a highly abun-
dant cytosolic metabolite predicted to form a complex with Fe** in-
tracellularly (63). A negative selection against the selection buffer
without Fe** was incorporated before the first round, and counter
selections against Mn**, Co", Zn**, Cd**, and Pb** were intro-
duced starting from the third round of the selections to remove
DNAzymes that catalyzed the cleavage of the substrate in the pres-
ence of other components in the selection buffer or other divalent
metal ions. These additional steps were necessary to improve the
selectivity of the isolated DNAzymes (fig. S2) (59). The selection
was monitored by measuring the percent cleavage activity in the
presence of Fe’* in each round and was continued for nine
rounds (fig. $3). Enrichment of highly Fe**-specific DN Azymes
and effectiveness of counter selection was confirmed by evaluating
cleavage activity of the selected pools in the presence of Fe** or Fe’*
or several other divalent metal ions (figs. S4 and S5). From cloning
and sequencing, a total of 149 sequences were identified from dif-
ferent conditions (figs. S6 to S9 and table S1). Upon testing repre-
sentative individual sequences for their Fe**-dependent activity, the
most active and selective sequence (fig. S10), named Fe(II)-H5, was
chosen for sensor development. First, on the basis of the predicted
secondary structures of the Fe(II)-H5 cis-acting DNAzyme, we gen-
erated six trans-acting DNAzymes consisting of a separate enzyme
(E) and substrate (S) strands by truncating sequences at different
sites and testing their cleavage activity (fig. S11). The truncation
studies resulted in an active trans-cleaving DNAzyme with
minimal catalytic sequence (truncation-2b in fig. S11). Such a
trans-cleaving DNAzyme is suitable for conjugating to fluorophore
and quenchers and compatible with the catalytic beacon sensing
strategy (Fig. 1A).

With the goal of selecting Fe’*-specific DNAzymes, several in
vitro selection conditions and strategies were tested. We found
that the choice of in vitro selection condition including components
to solubilize Fe** while keeping it accessible to the DNA molecules
in the initial library is critical to the successful isolation of Fe**-spe-
cific DNAzymes. As a result of these tests, in vitro selection was con-
ducted in the presence of 5 mM bis-tris in an acetate buffer at pH
5.5, which we found was able to stabilize Fe’* in a soluble form (fig.
S12) because Fe’" is known to readily form insoluble iron hydroxide
complexes at pH > 2.6 if not stabilized with a weakly chelating agent
such as bis-tris (fig. S13). Inclusion of strong chelators such as
citrate ions that can solubilize Fe’* resulted in failure in isolating
Fe’*-specific DNAzymes, perhaps because of the inability of
DNA molecules to compete with such chelators in binding to
Fe’". Negative selections against the same buffer without Fe’*
were incorporated starting from round 1 before each positive selec-
tion to decrease the chance of isolating Fe’*-independent DNA-
zymes. The in vitro selection process was continued until the
ratio of Fe**-specific activity over background cleavage started to
drop after round 9 (fig. S14). The enriched pools did not show sub-
stantial cleavage activity in the presence of several other metal ions
at 50 uM, such as Fe*", Mg**, Ca**, Sr**, Ba**, Mn"", Co’", Ni**,
Cu’*, Zn**, Cd**, Pb**, Eu’’, Sm™, In’", Tb’*, and Yb’* (fig.
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Fig. 1. The sequences of the Fe?*- and Fe**-specific DNAzymes and the design, sensitivity, and selectivity of their fluorescent sensors. (A) Secondary structure of
the trans-cleaving Fe”*-specific DNAzyme [Fe(l)-H5], consisting of an enzyme strand shown in green with an lowa Black FQ quencher (Q1) at the 5' end, and a substrate
strand shown in black with the same quencher (Q2) at the 5" end and an Alexa Fluor 488 fluorophore (F1) at the 3' end. (B) Secondary structure of the trans-cleaving Fe3t-
specific DNAzyme [Fe(lll)-B12], consisting of an enzyme strand shown in purple with an lowa Black RQ quencher (Q3) at the 3' end, and a substrate strand shown in black
with a 5’ Alexa Fluor 647 fluorophore (F2) and a second lowa Black RQ quencher (Q4) at the 3" end. Both DNAzymes contain a ribonucleotide cleavage site (red, arrow). In
addition, a mutation in the enzyme strand shown in blue [A to G in the Fe(ll)-H5 DNAzyme and T to C in the Fe(lll)-B12 DNAzyme] rendered the respective DNAzymes
inactive and thus served as negative controls. (C and D) Selectivity of the trans-cleaving Fe(ll)-H5 (C) and Fe(lll)-B12 (D) DNAzymes. Fraction of the cleaved substrate in the
presence of different metal ions in 20 mM acetate buffer (pH 6.0), 5 mM bis-tris, and 200 mM NaCl analyzed via denaturing polyacrylamide gel electrophoresis (PAGE). (E
and F) Normalized fluorescence intensity of the Fe(ll)-H5 DNAzyme (E) and the Fe(ll)-B12 DNAzyme (F) sensors in response to different concentrations of Fe?* or Fe’*,
respectively. (G and H) The initial fluorescence turn-on rates (kops) Of the sensors at different iron concentrations are shown in (G) for the Fe(ll)-H5 DNAzyme and in (H) for
the Fe(lll)-B12 DNAzyme.
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§15). From cloning and sequencing, a total of 157 DNAzymes were
isolated from different selection conditions (table S2). The resulting
sequences were aligned on the basis of their primary sequence sim-
ilarities (figs. S16 to S19). The activity of several representative
DNAzymes were tested, and one of the most active DNAzymes,
called Fe(III)-B12 (fig. S20), was converted into trans-cleaving
DNAzymes, by truncation studies. The truncation study was
based on predicted secondary structures of the cis-acting Fe(III)-
B12 DNAzyme (fig. S21). The cleavage activities of three trans-
acting DNAzymes generated by truncating B12 sequence at differ-
ent sites were tested. The secondary structure of trans-acting
Fe(III)-B12 DNAzyme with minimal catalytic region (fig. S21)
was used to design the Fe**-dependent DNAzyme-based fluores-
cent sensor (Fig. 1B). To confirm the selectivity of the trans-cleaving
iron DNAzymes, we evaluated the cleavage activity of the Fe(II)-H5
and Fe(III)-B12 DNAzymes in the presence of different metal ions
at 100 uM including Fe**, Fe’*, Co**, Mn**, Zn*", Pb**, Cd**, Ni**,
Cu’", Mg**, Ca**, sr**, Ba*", Eu’", Sm’", In’*, Tb>*, and Yb**. Both
DNAzymes exhibit excellent selectivity for their respective iron ox-
idation state (Fig. 1, C and D).

Conversion and characterization of fluorescent

DNAzyme sensors

To convert the Fe**- and Fe**-specific DNAzymes into fluorescent
sensors, we applied the catalytic beacon design (Fig. 1, A and B) by
incorporating a fluorophore (F) on one end of the substrate strand
and an intermolecular quencher (Q1 or Q3) on opposite termini of
the enzyme strand. The enzyme strand can bind to the substrate
strand through DNA-DNA hybridization of the two binding
arms. In addition, the substrate strand, which contains a ribonucle-
otide cleavage site, is labeled with an intramolecular quencher (Q2
or Q4) to suppress background fluorescence without substrate
strand being cleaved (39). The binding arms are designed to be
long enough that the melting temperature of the entire complex is
higher than the desired ambient temperature (e.g., 37°C for cellular
studies). Therefore, the enzyme and uncleaved substrate strands can
stably hybridize to each other under assay conditions. Upon metal-
induced cleavage of the substrate at the internal ribonucleotide site,
the resulting fluorophore-labeled fragment has a much lower
melting temperature (<20°C). This decrease in melting temperature
allows the fluorophore-labeled fragment to dissociate from the
complex, resulting in the release of the fluorophore from both
inter- and intramolecular quenchers, followed by a substantial in-
crease in fluorescent signal. Because this design decouples the fluo-
rophores from metal-dependent DNAzyme-based cleavage of the
substrate, any fluorophore and quencher pairs can be readily
adapted to the sensors to achieve sensing with different excitation
and emission wavelengths. Moreover, both Fe** and Fe’* are known
to quench fluorescence of fluorophores nonspecifically. Separating
the Fe*- and Fe’*-binding site away from the fluorophore helps
minimize this issue, allowing to build Fe*'- and Fe’*-specific
DNAzyme sensors with turn-on signals.

Taking advantage of the above design, we incorporated Alexa
Fluor 488 in the Fe*"-selective DNAzyme [Fe(II)-H5] and Alexa
Fluor 647 in the Fe>"-selective DNAzyme [Fe(III)-B12] for simulta-
neous detection of both oxidation states of iron using two different
fluorescent channels. Furthermore, to eliminate the artifact of fluo-
rescent signals due to anything other than Fe**- and Fe’*-specific
activity of the DNAzymes (e.g., sensor degradation under

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

intracellular conditions), inactive DNAzymes (iErS) that contain
single-nucleotide mutations that abolish DNAzyme cleavage activ-
ity [labeled in blue in Fig. 1 (A and B)] were used. Increase in the
fluorescent signal of the Fe(II)-H5 (Fig. 1E) and the Fe(III)-B12
(Fig. 1F) DNAzyme sensors were measured in the presence of dif-
ferent concentrations of Fe*" or Fe’", respectively. Both sensors
showed linear signal increase in response to increasing concentra-
tions of their respective metal ions in a physiologically relevant
range (Fig. 1, G and H, and fig. $22). In addition, our DNAzyme-
based sensors show excellent selectivity for their cognate metal ion
target over the different oxidation state of the same metal ion, as
well as other biologically relevant metal ions (figs. S23 and S24).

DNAzyme sensors monitor Fe>* and Fe3* simultaneously in
living cells

Having demonstrated high selectivity for either Fe** or Fe’* by our
DNAzyme sensors under physiologically relevant concentrations,
we explored imaging Fe** and Fe’" in the endosomal-lysosomal
system within living cells. This system is the entry point of the
iron transport protein, Tf, which is the major iron import
pathway in mammalian cells by binding to and importing extracel-
lular Fe’". In addition, the endosomal-lysosomal system is known to
contain both Fe** and Fe’* labile pools due to the presence of metal-
loreductase enzymes such as six-transmembrane epithelial antigen
of the prostate 3 (Metalloreductase STEAP3), which reduces Fe** to
Fe?*, thus enabling its further transport into the cytosol (64, 65). To
deliver the DNAzyme sensors into the endosomal-lysosomal
system, we used polyethylenimine (PEI), which has previously
been used to deliver nanosensors into the endosomal-lysosomal
system successfully (66—68). The colocalization of the signal from
DNAzyme sensors and LysoTracker Red, a lysosome marker (69),
confirms efficient delivery of our sensors into lysosomes of the
cells (Fig. 2A and fig. S25). The Pearson'’s correlation coefficient
between the iron pools and LysoTracker was around 50 to 60%
(table S3), suggesting that although most of the iron signal was lo-
calized in lysosome, it was not evenly distributed, as not all the Ly-
soTracker-positive regions showed iron signals. It is also possible
that a small portion of Fe*" or Fe®" may be present in other parts
of the cells. To introduce different iron concentrations in endo-ly-
sosomes, the cells were incubated in an iron-deficient medium with
increasing concentrations of Tf (61) or with DFO as an iron chelator
to decrease the level of labile iron (62). Both the Fe(II)-H5 and
Fe(III)-B12 DNAzyme sensors showed increase in fluorescent
signal within lysosomes in response to increasing concentrations
of Tf (Fig. 2). This observation is expected even for Fe" because
of the reduction of Fe>* to Fe** by endogenous metalloreductases
in the endosomal-lysosomal system (64, 65). However, the increase
in the 5 uM Tf group was only 1.9-fold for Fe** and 1.6-fold for Fe’*,
which may be due to the limited iron source in iron-deficient
medium. To support this explanation, cells were also incubated in
normal cell media, and around 4-fold increase was observed for
both Fe’* and Fe®". In contrast, treating cells with DFO resulted
in a 5.7- to 5.8-fold decrease of iron, as indicated by both
DNAzyme sensors in iron-deficient media but only a 1.4- to 1.8-
fold decrease of iron in normal media (Fig. 2 and figs. S26 to
S28). Together, these results demonstrate that the Fe(II)-H5 and
Fe(II)-B12 DNAzyme sensors can be used to image labile Fe**
and Fe’" in endo-lysosomes simultaneously. To the best of our
knowledge, this is the first time that simultaneous imaging of Fe**
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Fig. 2. Simultaneous imaging of labile Fe?* and Fe®* in HepG2 cells. (A) HepG2 cells transfected with the Fe(ll)-H5 (green) and the Fe(lll)-B12 (red) DNAzyme sensors
using PEI. Lysosomes are stained with LysoTracker Red and are shown in magenta. Cells were without any additional treatment to image endogenous (endo) iron, treated
with 5 or 50 uM Transferrin (Tf) to increase lysosomal iron, or with 100 uM iron chelator DFO to decrease intracellular iron. (B) Statistical analysis of mean fluorescence
intensity in LysoTracker-labeled region in (A) reveals that Fe?" increased 1.9-fold when treated with 5 uM Tf and increased 4.6-fold when treated with 50 uM Tf, while Fe?*
decreased to barely detectable when treated with 100 uM DFO. (C) Statistical analysis of mean fluorescence intensity in (A) reveal that Fe3* increased 1.6-fold when
treated with 5 uM Tf and increased 1.9-fold when treated with 50 uM Tf and decreased around 5.7-fold when treated with 100 uM DFO. Cells were cultured in iron-
deficient medium during the treatments. Error bars represent SEMs of the LysoTracker-labeled region in 20 different cells in each sample. Fluorescence intensity was
normalized with ErS-iErS. Scale bar, 20 um. (D) The Fe>*/Fe?* ratio was calculated based on the mean fluorescence intensity of Fe?* (B) and Fe®* (C) in the Lysotracker
region. When comparing with endogenous Fe**/Fe?* ratio in cells that were in the iron deficient media, no significant change in the Fe**/Fe** ratio was observed in cells

that were treated with different concentrations of Tf, and a 2.4-fold decrease of the Fe3*/Fe" ratio was observed in cells that were treated with 100 UM DFO.

and Fe’* within the same location of a live cell has been
demonstrated.

To quantify iron redox changes using our sensors, we calculated
the Fe’*/Fe" ratio when treating the cells with Tf or DFO. As shown
in Fig. 2D, we observed no significant change of the Fe’*/ Fe** ratio.
This is probably because the Fe** imported by Tf is readily convert-
ed into Fe®" because of the reducing environment inside the endo-
somal-lysosomal system (65). Moreover, when treating the cells
with DFO, the Fe’*/Fe** ratio decreased 2.4-fold. This observation
is consistent with previous report that DFO is a Fe** chelator (62),
which can bind to Fe’* and decrease its concentration.

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

The above results illustrated that Fe** and Fe>* detection in an
endo-lysosomal system is a result of guided delivery of the sensors
using PEI. When we delivered the sensors using TurboFect, a deliv-
ery agent that has less subcellular localization effect, the sensor dis-
tributed more evenly inside of the cell and showed the presence of
Fe*" and Fe’" in other parts of the cell, such as nucleus and cyto-
plasm (figs. S27 and S28). Thus, the delivery agents used for the
sensors could influence the subcellular localization of the sensors.
To calibrate our sensors with other iron sensors, we costained the
Fe(II)-H5 DNAzyme sensor with FerroOrange, a commercially
available Fe?* sensor, and observed a similar increase in
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fluorescence intensity when adding excess amounts of iron (100 uM
ferric ammonium citrate; fig. S29). However, less change in fluores-
cence intensity was observed in the presence of the iron chelator
DFO. This difference suggests that FerroOrange is probably less
sensitive in the presence of low concentrations of iron. We also
found that the pattern of FerroOrange was similar but not the
same as the signal from our Fe*" sensor (fig. $29). Specifically,
both sensors showed similar fluorescence distribution in cytoplasm
in general, but our sensors showed an increased intensity for some
of the cytoplasm regions. In addition, our sensor detected iron
signal in the nucleus, which was not the case for FerroOrange.
These differences are expected, as each sensor has its own cellular
delivery efficiency, subcellular localization preference, sensitivity,
and selectivity toward Fe**. For example, FerroOrange was known
to favor a localization in the Golgi and endoplasmic reticulum (70).
To find out whether the difference in subcellular localization is re-
sponsible for the observed differences, we delivered the FerroOr-
ange with PEI to help concentrate the sensor in the endosomal-
lysosomal system and observed an enriched FerroOrange signal in
the endosomal-lysosomal system (fig. S30). These results indicate
that our sensor can show a similar trend as FerroOrange, yet it is
more sensitive to iron.

Increase in both Fe** and Fe?" levels but decrease in Fe**/
Fe?* ratio in ferroptotic cells

Next, we investigated whether our DNAzyme-based sensors can
detect changes in iron redox states by using the Fe(II)-H5 and
Fe(III)-B12 sensors to monitor Fe** and Fe** and their conversion
during ferroptosis, which can be triggered by lipid peroxidation
related to excess amounts of iron and its resulting Fenton reaction
(5, 71). To induce ferroptosis in our model system, we incubated
HepG2 cells with RAS-selective lethal 3 (RSL3) (72, 73), which is
a well-known ferroptosis inducer. RSL3 inhibits glutathione perox-
idase 4 (GPX4), which eliminates phospholipid peroxides, and thus
allows lipid peroxides to accumulate because of iron-mediated
Fenton chemistry, triggering ferroptosis-induced cell death
without directly modulating total iron levels (74). The 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay (75) showed RSL3-induced cell death over 8 hours (fig.
S31). By monitoring the cells in this 8-hour window of ferroptosis,
we observed a rapid increase of both Fe*" (Fig. 3, A and B, and figs.
$32 and S33A) and Fe** (Fig. 3, A and C, and figs. S32 and S33B)
levels in the LysoTracker-labeled region within the first 4 hours of
ferroptosis. These results indicate a rapid generation of labile Fe**
and Fe’" within lysosomes during the initiation stage of the ferrop-
tosis. We observed a larger increase of Fe** (2.3-fold increase from 0
to 2 hours and 4.3-fold increase from 2 to 4 hours) than that of Fe>*
(2.8-fold increase of from 0 to 4 hours). As a result, we observed a
continuous decrease of the Fe’*/Fe*" ratio during ferroptosis
(Fig. 3D), which indicates that the reduction of Fe** to Fe** could
serve as a source for labile Fe** in endo-lysosomes. After 4 hours,
both iron levels decreased, indicating that, in the later stage of fer-
roptosis, the labile iron pools are being depleted from the endo-ly-
sosome. These results demonstrate that simultaneous monitoring of
Fe** and Fe®* levels by our DNAzyme-based sensors can provide
insights into unexplored roles of labile Fe*" and Fe’* during
ferroptosis.

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

Elevated iron redox levels accumulate in amyloid § plaque
regions in AD mouse brain

We next investigated the ability of our DNAzyme-based sensors to
monitor labile iron levels in a more complicated biological model.
Increasing evidence has linked ferroptosis to AD because elevated
iron levels were also observed in AD patients’ brains, and thus, ex-
cessive accumulation of iron is considered as a risk factor in the de-
velopment of AD (76). However, limited information on spatial
distribution of Fe** and Fe’" and their redox dynamics in AD path-
ogenesis is available, partly because of the limitations of existing
iron sensors. To address this unmet need, we further applied our
sensors to image labile iron in brain slices of AD mice to gain in-
sights into the relationship between iron redox activity and AD pro-
gression. Fe’* and Fe’* were detected simultaneously in the cortex
region and compared between 11-month-old wild-type (WT) mice
and 5xFAD mice that express mutant humanized amyloid precur-
sor protein and mutant human presenilin 1 (PSEN1) transgenes,
which are commonly used as an AD model (Fig. 4A) (77). A 2.3-
fold increase in the Fe*" level (Fig. 4B) and a 7.9-fold increase in
the Fe®" level (Fig. 4C) was observed in whole-brain slices from
5xFAD mice when compared to the WT controls, indicating that
Fe’* accumulates in the AD mouse brains more than Fe**. To un-
derstand the involvement of iron redox in the AD pathogenesis, we
further investigated the distribution of iron oxidization states in re-
lation to amyloid B (AP) formation, which accumulates in AD brain
and contributes to neurotoxicity (77), by comparing the fluores-
cence intensity of our Fe** and Fe’* DNAzyme-based sensors in
the cortex regions that have either AP plaques or not. Both iron
sensors were costained with HJ3.4 antibody, which labels immuno-
reactive AP plaques (78). Fe** was increased by 2.1-fold in and sur-
rounding the cortex regions that have AP plaque deposition [called
A plaque deposition region (APDR)], while Fe** was elevated by
1.7-fold in the surrounding cortex regions that did not show Ap
plaque deposition (called non-APDR; Fig. 4D). The statistical anal-
ysis showed that the increase in the level of Fe** in both APDR and
non-APDR was significant when compared with the WT controls.
However, there was no significant difference between APDR and
non-APDR Fe" levels, which suggests a similar elevation of Fe**
levels in the cortex regions of AD mouse. In contrast, we observed
a2.6-fold and an 8.7-fold increase in the levels of Fe’" in non-APDR
and APDR, respectively, when compared with their WT controls
(Fig. 4E). These observations suggest that the accumulation of the
oxidized state of iron in AD brain is preferentially enriched in
APDR. Because of the nonhomogenous distribution, such a closer
observation and analysis instead of a brief comparison on whole-
brain slices is necessary to understand how iron redox correlates
with AD models.

To understand the role of iron redox cycling in AD progression,
we further used our sensors to compare the relative Fe**/Fe®" ratios
based on the fluorescence difference between 5xFAD mice and WT
mouse brains. When performing the comparison with whole-brain
slices, we observed a 2.4-fold increase of Fe’*/Fe®* ratio in AD
mouse cortex when compared with its WT controls (Fig. 4F). We
then analyzed the spatial information of these redox changes in
detail and found a 1.6-fold increase in the relative Fe**/Fe*" ratio
in non-APDR and a 3.1-fold elevation in the relative Fe’*/Fe*" in
APDR of 5xFAD mouse brains when compared with WT mouse
brains (Fig. 4G). This observation reveals that oxidative stress in
AD brains is associated with aggregation of Ap. Although Fe’*
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Fig. 3. Ferroptosis triggers an elevation in the intracellular Fe?* and Fe3* pools with a decreased Fe3*/Fe?* ratio. (A) Fe(ll)-H5 (green) and Fe(lll)-B12 (red) DNAzyme

sensors detecting labile pools of Fe?" and Fe*

simultaneously during RSL3-induced ferroptosis at different time points. LysoTracker Red and Hoechst 33258 were used to

label lysosomes (magenta) and nucleus (blue), respectively. (B and C) Statistical analysis of normalized fluorescence intensity in the LysoTracker-labeled region reveals an

increase of Fe* (B) and Fe>* (C) within the first 4 hours and a decrease of Fe?*

and Fe*

within 4 to 8 hours of RSL3-induced ferroptosis in the endosomal-lysosomal

system. (D) The Fe**/Fe?" ratio decreases during ferroptosis. Scale bar, 20 um. h, hours.

aggregates with AB plaques and could reduce to Fe** to serve as one
of the sources for generating reactive oxygen species (79-81), the
Fe’"/Fe*" level is still high around AP plaque regions, suggesting
the potential existence of a continuous source of Fe’* diffusing
out from surrounding cells and/or proteins, or a different mecha-
nism of AP plaque/ferric ion-related reactive oxygen species
(ROS) generation. From these results, we have validated that both
the Fe(II)-H5 and Fe(III)-B12 DNAzyme sensors can monitor the
dynamic of Fe** and Fe’* interconversion and provide spatiotem-
poral information that will gain deeper insights into iron-related
diseases such as AD.

DISCUSSION
Visualizing different oxidation states of redox-active metals pro-
vides valuable information for understanding the role of metal
redox in regulating biological processes and human health.
Despite this importance, current imaging tools are limited, and si-
multaneous imaging of different oxidation states of the same metal
ion has yet to have been reported. To overcome these limitations, we
have isolated DN Azymes that are highly specific for either Fe** or
* through in vitro selection. Upon further characterization and
conversion into fluorescent sensors using the catalytic beacon

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

strategy, we demonstrate the ability to use these DNAzyme-based
turn-on fluorescent sensors for simultaneous detection of two oxi-
dation states of iron in living cells and in brain slices of transgenic
AD mice.

Recently, it has been demonstrated that ferroptosis increases the
total labile iron pool that contains both Fe*" and Fe’" due to deg-
radation of the Fe’*-storage protein ferritin in lysosomes, causing
labile iron overload (82, 83). We monitored the iron distribution
during ferroptosis and observed a similar increase of total iron.
Our sensors provided the first piece of information for iron redox
changes during ferroptosis (Fig. 3). An increase in the overall labile
iron pool was observed within 4 hours when inducing ferroptosis
with RSL3. After 4 hours of ferroptosis, a decrease of both Fe**
and Fe’" was observed, which suggests a depletion of labile iron
from the endosomal-lysosomal system in the later stage of ferropto-
sis. This reduction could be induced by STEAP3 or other endoge-
nous metalloreductases, while the initial increase of Fe** is possibly
from the release of ferritin-bound Fe** (65). In addition, a decrease
in the Fe’*/Fe*" ratio was observed over time, and such an observa-
tion reveals a potential role of iron redox cycling, which may serve as
a source of oxidative stress, during ferroptosis. This conclusion is
consistent with oxidative stress accumulation during ferroptosis,
an iron-dependent cell death pathway (84).
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Fig. 4. Fe**/Fe®* ratio increases in brain regions containing amyloid plaques. (A) Both Fe>* and Fe** were monitored in 11-month-old mouse brain slices that
immunostained with the HJ3.4 antibody, which labels immunoreactive AB plaques, to trace the colocalization between iron and AP plaques in mouse brains. ErS, the
active version of iron sensors containing the enzyme (E) strand and the substrate strand with the ribonucleotide as the cleavage site (rS); iErS, the inactive DNAzyme
sensor control, which contains a point mutation in the enzyme strand that renders the DNAzyme inactive in the presence of Fe?* or Fe>*. The signal from iErS is considered
as background signal that is caused by auto fluorescence or Fe?*- or Fe**-independent cleavages (B and C) Statistical analysis of fluorescence intensity in (A). Fluorescent
signals were normalized by subtracting the background detected with inactive DNAzyme sensors. Both Fe?* (B) and Fe>* (C) levels were elevated in 5xFAD mice when
compared with wild-type (WT) controls. (D) When monitoring the distribution of Fe>* and Fe>* and comparing with WT mouse brains, Fe** level was elevated 2.1-fold in
the cortex regions with AB plaques (APDR) and was elevated 1.7-fold in the surrounding cortex regions that did not show A plaque deposition signal (non-APDR). (E) Fe**
increased more (8.7-fold) in APDR than the non-APDR (2.6-fold). (F) The Fe**/Fe?* ratio showed increase in whole-brain slices of WT and 5xFAD mice. (G) Most of the
increased Fe®*/Fe?* ratio was in the APDR but not non-APDR in 5xFAD mouse cortex. Scale bar, 50 um. Analyzed with paired Student's t test. *P < 0.05, **P < 0.01, and
***P < 0.001. ns, not significant.
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As a key player in redox biology, iron is also involved in the gen-
eration of reactive oxygen species from AP (79). By using our
DNAzyme-based sensors, we observed elevated iron signals that co-
localized with aggregated AP plaques (Fig. 4, A, D, and E). The ob-
servations on both total iron increase and the distribution patterns
are consistent with earlier reports demonstrating increase in the
level of iron in AD brain slices stained with potassium ferricya-
nide/ferrocyanide or as detected by magnetic resonance imaging
(MRI) (18, 22, 85). Although these previous works reported
similar increases in cerebral iron accumulation around A, here,
we are able to visualize both Fe*" and Fe’* simultaneously in
single brain slices, allowing observation of the spatial relationship
between the two oxidation states. In addition, our iron-specific
DNAzyme-based sensors allow us to obtain spatial information
about iron redox ratios, revealing a significant increase in the
Fe**/Fe’* ratio surrounding amyloid plaque regions but not in
other brain regions (Fig. 4G). Our data suggest that not only total
iron but also iron redox cycling is involved in the progression of AD.
Combining these data with our observation that both Fe** and Fe®*
levels increased around AP plaque regions and suggests a potential
role of AP plaques in accumulating Fe’* over Fe** from surrounding
cells and/or proteins in AD mouse brains. The elevated levels of iron
surrounding AP plaques might be derived from labile iron pools
that contribute to the formation of iron-Ap adducts or transchela-
tion of iron from ferritin by A plaques during AD progression due
to the potential interaction between iron and A plaques, instead of
simply changing the oxidation states between different forms of
iron (86, 87). However, it is unknown whether the dysregulated
iron is involved in amyloid plaque formation, or this is a secondary
effect of amyloid plaque formation in this mouse model. Overall,
our data demonstrate that our DNAzyme-based iron sensors can
provide unique and powerful tools for studying the intracellular dy-
namics of iron redox states and have the potential to open new
avenues to further investigate different biological processes that
involve redox metal ions and understand their roles in several neu-
rodegenerative diseases such as AD.

MATERIALS AND METHODS

Materials

DNA sequences

All DNA was ordered from Integrated DNA Technologies (IDT).
Modifications are indicated with IDT's modification codes (see
table S4).

Buffers

Fe** buffer contains 50 mM bis-tris and 400 mM NaCl at pH 7.0
(adjusted with HCI). Fe** buffer contains 40 mM sodium acetate,
5 mM bis-tris, and 200 mM NaCl at pH 5.5 (adjusted with
HNOs;). Universal Fe buffer contains 20 mM sodium acetate, 5
mM bis-tris, and 200 mM NaCl at pH 6.0.

In vitro selection of Fe’*-dependent DNAzymes

The initial pool used for all four different selection conditions was
identical, using a randomized N50 region flanked by two primer-
binding regions, of which one contained the single riboadenosine
to serve as a cleavage site. A P2-iSp primer contained a hexaethylene
glycol spacer (Spacer-C18, from IDT) modification, which stops
Taq polymerization reaction from further extension, was used
during the polymerase chain reaction (PCR) amplification step.

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

The internal C18 spacer is followed by AACAACAACAACAAC,
which results in production of the antisense strand with 15 nucleo-
tides longer than the sense strand (DNA random pool). Therefore,
single-stranded DNA random pools were separated from the anti-
sense strand using denaturing polyacrylamide gel electrophore-
sis (PAGE).

The initial random pool for the first selection round was gener-
ated in two steps using a PCR thermocycler (C1000 Touch Thermal
Cycler from Bio-Rad Laboratories Inc.). PCR1 was carried out in 96
PCR tubes with 0.1 uM IDT DNA template in three steps. In the first
step, 0.1 uM primer P2-iSp was added to the PCR mixture contain-
ing 0.1 uM DNA template to undergo two cycles of extension. The
second step was carried out by the addition of 0.15 uM primer P1
and two more extension cycles. Last, in the third step, 0.9 pM primer
P2-iSp was added, and 10 cycles of extension were carried out.
PCR2 was conducted by the addition of 1 uM primer P3 (for incor-
poration of the RNA base) and 0.1 uM primer P2-iSp, followed by
10 cycles of amplification. Before the PCR2 reaction was performed,
2 ul of [a-*2P]-dATP (PerkinElmer) was added to label the DNA
strands. The PCR products were then precipitated with 10% of a 3
M sodium acetate solution, at pH 5.2, and 2.7x volume of cold
ethanol. The samples were stored at —80°C for at least 1 hour and
then centrifuged, washed, and lyophilized. Note that subsequent
PCR amplifications, which were used to amplify selected DNA at
the end of each selection round, were slightly different. In those re-
actions, PCR1 was carried out in a single step with 1 pM P2-iSp and
P2 primers, followed by PCR2 using 5% of the PCR1 reaction as
DNA template with 0.1 pM primer P2-iSp and 1 uM P3.

Ethanol-precipitated PCR products were dissolved in water, and
an equal amount of stop buffer was added before loading samples
on the gel. The stop buffer contained 8 M urea, 50 mM EDTA, and
1x TBE (tris, boric acid, and EDTA). The reaction products were
purified using a 10% denaturing PAGE gel, with the use of 1x
TBE as the running buffer. The PCR product was run on the
PAGE gel alongside DNA size markers corresponding to the
cleaved (87-mer) and intact (110-mer) pool. The gel was then
covered with a plastic wrap; a radioactive triangle location marker
was placed on top, and the gel was exposed to a phosphorimager
cassette. After imaging the exposed film, bands that corresponded
to the 110-mer marker on the gel was excised, crushed, and extract-
ed with a solution containing 10 mM tris, 0.1 mM EDTA, and 300
mM sodium chloride (extraction buffer). Gel particles were frozen
over 10 min at —80°C and thawed in a room temperature water bath
for at least 5 min to improve the extraction process. The solution
was centrifuged at 10,000¢ for 1 min to obtain a gel-free DNA in
the extraction buffer. DNA samples were ethanol-precipitated
using the aforementioned procedure.

The dried pools acquired from initial pool generation for the first
selection round (and for PCR amplifications of subsequent selec-
tion rounds) were redissolved in 1x selection buffer and incubated
with a desired concentration of Fe** for positive selections or a
mixture of competing divalent metal ions (for counter selections)
for 18 hours. Fe*" concentration and incubation time at each
round of the selection are indicated in tables S5 and S6. An initial
negative selection was carried out before round 1 by incubating the
DNA pool in selection buffer in the absence of divalent metal ions
for 24 hours. Counter selections were carried out by incubating the
DNA pools with 1 mM Mn**, Cd*", Zn**, and Co®" and 0.2 mM
Pb>" in selection buffer over 18 hours. Overall, four different
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selection conditions were carried out and each condition named
with a letter (E to H; see table S1). After negative and counter selec-
tion steps, uncleaved DNA pools were PAGE-purified and used for
the subsequent positive selection. Cleaved DNA produced in each
positive selection was PAGE-purified and used as a PCR template
for a subsequent round of the selection. The stringency of positive
selections was gradually increased by decreasing the reaction time
and decreasing Fe®" concentration as the selection progressed
(tables S5 and S6). All selection reactions were quenched by the ad-
dition of the stop buffer (50% final volume). All PAGE purifications
were carried out using a 10% denaturing gel alongside the DNA size
markers used earlier.

In vitro selection of Fe3>*-dependent DNAzymes

Similar to the selection of Fe>*-DNAzymes, in vitro selection for
Fe’"-dependent DNAzymes was carried out using a denaturing
PAGE-based purification method to separate cleavage products
from uncleaved pools based on their size difference. In vitro selec-
tion was performed at pH 5.5 using rG as the cleavage site. More-
over, two different DNA pools with random region size of 35 or 50
nucleotides were used. The initial selection pools were generated
through single linear PCR amplification. The PCR templates, syn-
thesized by IDT, were designed with the goal of eliminating the need
for multiple PCR amplifications to generate the initial sequence
pools. DNA pools were generated by linear amplification of 360
pmol of the template mixed with 3.6 nmol of P3 primer in 90
PCR tubes (40 pl each), followed by 10 thermal cycles to complete
the pool generation (40 s at 94°C, 1.25 min at 53°C, and then 1.1 min
at 72°C). In the generation of each pool, 4 ul of [a-**P]-dATP was
used to internally label PCR products with **P. Amplification of the
selected pools after each positive selection round was carried out
through two PCR reactions. In addition to the template and
primers, each PCR reaction included Taq DNA polymerase
(0.1 U/ul; NEB), 1.5 mM MgCl,, 50 mM KCI, 10 mM tris-HCl
(pH 8.3 at 25°C), and each deoxynucleoside triphosphate (ANTP)
at 0.2 mM. Note that all parameters of different PCR reactions
were optimized before the initiation of the in vitro selection. This
optimization process was required to minimize production of side
products, obtain clean products, and increase yield of the correct
PCR product. DNA pools were PAGE-purified using the same pro-
tocol described in the “In vitro selection of Fe**-dependent DNA-
zymes" section.

Dried pools were dissolved in 1x selection buffer and incubated
for 24 hours (negative selection). This step was carried out before all
positive selection steps unless stated. Negative selection steps were
carried out to remove nonspecific cleavage that may occur in an
Fe’*-independent manner. After the negative selection, uncleaved
pools were PAGE-purified, extracted from gel, ethanol-precipitated,
and dried to be used for positive selection. Dried pools were dis-
solved in 1x selection buffer and mixed with desired concentration
of Fe** (for positive selections) for a certain period of time (table
S7). To initiate selection, Fe>* was dissolved in selection buffer to
make 2x Fe’" stock solution. Then, equal volume of DNA
samples were mixed with the 2x Fe’" stock solution. The 2x Fe**
solutions were prepared right before the positive selection. All pos-
itive selections were carried out in the dark by covering tubes with
aluminum foil to prevent unwanted light-induced DNA cleavage by
Fe’". After round 4, each of the in vitro selection experiments
carried out with the rG cleavage site at pH 5.5 were branched into

Wu et al., Sci. Adv. 9, eade7622 (2023) 19 April 2023

two conditions by continuing or not continuing negative selection
steps (see table S7). Cleaved DNA obtained in each positive selec-
tion was PAGE-purified and used as template for PCR amplification
reactions to generate DNA pools for the next round of the selection.
Stringency of positive selections was gradually increased by decreas-
ing both the reaction time and Fe** concentration (table S7). All se-
lection reactions were quenched with an equal volume of stop
buffer. All PAGE purifications were carried out using a 10% gel
alongside the DNA size markers used earlier.

Cloning and sequencing
On the basis of (i) the cleavage activity of the selected pools, (ii)
results obtained in control experiments, and (iii) the activity
assays carried out with different Fe** or Fe’" concentrations, the
most active pools with lowest background activity were chosen for
cloning and sequencing. Cloning was carried out using PCR prod-
ucts with primers with no ribonucleotide cleavage site or Taq
stopper. The same PCR reactions were carried out using selection
primers to control activity of the species used for cloning. Negative
PCR controls, with no template, were performed to assure that the
observed amplifications were not caused by a contamination.
DNA sequences obtained from sequencing aligned on the basis
of their sequence similarity for each individual pool. Sequence iden-
tity of the thermodynamically stable DNA tetraloop, which was en-
gineered in the design of the random pools, remained intact in more
than 96% of the obtained clones for the Fe’*-dependent selection.
Among 149 individual sequences obtained from Fe**-dependent se-
lections, only 38 of them contain the intact tetraloop, with the rest of
the clones having at least one mutation in this region. Few sequenc-
es were identified with mutations in their primer regions. Conser-
vation of the stable tetraloop suggests that formation of this stable
structure did not interfere with catalytic activity of the evolved se-
quences, while relatively high variation in the tetraloop region
might imply that formation of this stable structure was not in
favor of forming catalytically active structures. Because this region
in the Fe®" pool was not part of the PCR primers and considering
the error rate of Tag DNA polymerase, a potential selection pressure
might have caused evolution of species without the stable tetraloop
over several selection rounds. The presence of the tetraloop in the
active sequences can help in the prediction of active secondary
structures. The sequence similarity of obtained sequences was rep-
resented using sequence similarity networks, originally used for or-
ganizing sequence similarity of protein sequences.

In vitro activity assays of Fe(ll)-H5 and Fe(lll)-B12
DNAzymes

In vitro activity assays were performed by incubating a solution of
the DNAzymes with the indicated amount of metal solution (typi-
cally in a 1:1 volume ratio) and measuring the fluorescence change
over time with a fluorometer. Metal stocks were prepared from
ferric nitrate [Fe(NOs);] and ferrous chloride (FeCl,) dissolved in
HNO; or HCI, respectively, which were then diluted into the rele-
vant buffer. Both the metal solutions and the DNAzyme solutions
were prepared in the relevant buffers so that there was no effect from
different buffers mixing during the reaction, and their pH was
checked to make sure that the solutions remained at the desired
pH (especially important for the higher metal concentrations).
For aerobic conditions, a SpectraMax M2 multidetection reader
was used from the Roy J. Carver Biotechnology Center at the
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Metabolomics Center. For anaerobic conditions, a DeNovix QFX
portable fluorometer was used inside of an anaerobic glove box.
In addition, the metal selectivity tests were all performed with the
DeNovix QFX fluorometer for consistency. For the SpectraMax M2,
excitation at 633 nm and emission at 665 to 750 nm were used. For
the DeNovix QFX, excitation at 470 nm and emission at 514 to 567
nm were used for the Fe(II)-H5 DNAzyme, and excitation at 635
nm and emission at 665 to 740 nm were used for the Fe(III)-B12
DNAzyme. Before the assay, the enzyme and substrate strands
were annealed together using a water bath >65°C for 5 min and
then cooled to room temperature for 30 min. The fluorescence in-
tensity in the presence of different metal ions was normalized to the
fluorescent signal without addition of divalent or trivalent metal
ions (i.e., just buffer) at the 30-min time point, for a direct
comparison.

Cell culture, sensor delivery, and colocalization study
Iron-deficient buffer was prepared by S. McMasters of the Univer-
sity of Illinois School of Chemical Sciences Cell Media Facility as a
standard preparation of minimum essential medium (MEM) but
without fetal bovine serum (FBS) or any added iron (from Tf) to
remove any potential contaminating iron species. HepG2 cells
were purchased from the American Type Culture Collection (HB-
8065), and was cultured in Dulbecco’s modified Eagle's medium
(DMEM) with adding 10% FBS, penicillin (100 U/ml), and strepto-
mycin (100 U/ml), and in a 5% CO,, 37°C incubator. A hemocy-
tometer was used to determine cell density.

For delivery of DNAzyme sensors using PEI (66, 67), the corre-
sponding Fe(II)-H5-ErS, Fe(II)-H5-iErS, Fe(III)-B12-ErS, and
Fe(III)-B12-iErS (final concentration of 10 uM) were mixed in the
Fe’* buffer and Fe’* buffer separately. The mixtures were annealed
at 95°C for 5 min and stored at room temperature to allow full hy-
bridization. PEI (25 kDa) was dissolved in water at 1 mg/ml. For the
active enzyme group, 2 pl of PEI was mixed and incubated with 2 pl
of 10 uM Fe(II)-H5-ErS and Fe(III)-B12-ErS for 30 min in iron-de-
ficient medium to allow the formation of PEI-DNA complexes
(PEI-ErS) with the optimal N/P ratio (moles of amine, N, from
the cationic polymer to moles of phosphate, P, from the DNA) as
suggested previously (66). For the inactive enzyme group, 2 ul of
PEI was mixed and incubated with 2 pl of 10 uM Fe(II)-H5-iErS
and Fe(IIT)-B12-iErS in iron-deficient medium for 30 min to
allow the formation of PEI-DNA complexes (PEI-iErS). The
normal cell medium was replaced with iron-deficient medium
before the PEI-ErS or PEI-iErS was added to the cells grown in
the plates.

tAfter incubating HepG2 cells with PEI-ErS or PEI-iErS complex
for 4 hours, cells were washed with phosphate-buffered saline (PBS)
twice to remove excess amounts of complexes in medium. Then, the
cells were stained by Hoechst 33258 for 15 min. Images were ob-
tained using a Zeiss LSM 880 confocal microscope at 63x oil objec-
tive lens with numerical aperture 1.40 and immersion medium
Immersol 518 F (Zeiss) at the UIUC IGB Core Facilities. Flores-
cence emission of Hoechst 33258 was measured over 450 to 500
nm with excitation at 401 nm. Fe(II)-H5 was excited by 488 nm
and measured over 500 to 550 nm, and Fe(III)-B12 was excited at
633 nm and measured over 640 to 700 nm. A laser power of 67% and
pinhole size of 1 atomic unit (AU) were used for the cellular images.
Acquired images were analyzed by Image] using JACoP (88, 89). No
background subtraction, Z-stacks, Gaussian blur filter, or change
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thresholds were performed for visualizing the figures. For cell fluo-
rescence quantification, we quantified the average fluorescence
signals intensity in five cells (for TurboFect transfected cells) or
five LysoTracker-labeled regions in different cells (for PEI transfect-
ed cells), per picture and three pictures per group with Image J (88),
for the statistical comparison between groups.

FerroOrange was used at the final concentration of 1 uM, follow-
ing the standard protocol from Sigma-Aldrich. When delivering
FerroOrange with PEI, the same final concentration of FerroOrange
was mixed with 2 ul of PEI and incubated at room temperature for
30 min before transfecting the cells. When delivering the DNA-
zymes with TurboFect, 100 pmol of DNAzyme S strand was an-
nealed with 110 pmol of E strand in cells with 5 mM bis-tris, 40
mM sodium acetate, and 200 mM sodium chloride (pH 5.5) and
then diluted with 98 pl of Opti-MEM and 1 pl of TurboFect trans-
fection reagent. The mixture was incubated at room temperature for
20 min and incubated with cells for 4 hours. Afterward, the cells
were washed with 1x Hanks' balanced salt solution (HBSS) and
stained with Hoechst 33342 before imaging.

Simultaneous imaging of labile Fe* and Fe3* in living cells
HepG2 or HeLa cells were cultured in glass-bottom dishes until
about 70% confluence. The cells were pretreated with iron-deficient
MEM containing either 100 uM DFO, 100 puM ferric ammonium
citrate, 5 uM holo-Tf, or 50 uM Tf for 4 hours, and then, the
medium was replaced with an iron-deficient MEM containing
PEI-ErS or PEI-iErS complexes or Opti-MEM containing 1 ul of
TurboFect transfection reagent as described in the “Cell culture,
sensor delivery, and colocalization study” section for 4 hours.
Before imaging, the cells were stained by LysoTracker Red and
Hoechst 33258 for 15 min. After washing with PBS, the cells were
incubated in iron-deficient MEM or regular DMEM, respectively,
during the imaging.

Ferroptosis-induced fluctuations of labile Fe** and
Fe3* pools
HepG2 cells were treated with 1 pM RSL3 in normal MEM at dif-
ferent time points (0, 2, 4, 6, 8, and10 hours). Then, the cell medium
was replaced by iron-deficient MEM containing PEI-ErS or PEI-
iErS and incubated in a 37°C, 5% CO, incubator for another
4 hours. Before imaging, the cells were stained by LysoTracker
Red and Hoechst 33258 for 15 min. After washing with PBS, the
cells were incubated in iron-deficient MEM during the imaging.
To measure the cytotoxicity of RSL3 to HepG2 cells, a standard
MTT assay was used. HepG2 cells were seeded at a density of 15,000
cells per well in 96-well plates. When the cells grew to 80% conflu-
ence, the medium was replaced by the normal MEM containing 1
uM RSL3 at different time points (0, 2, 4, 6, 8, and 10 hours). After-
ward, the cell medium was replaced by the iron-deficient MEM con-
taining PEI-ErS or PEI-iErS, incubated in a 37°C, 5% CO, incubator
for another 4 hours. The absorbance at 570 nm was measured with a
SpectraMax M2 microplate reader to obtain the MTT assay read-
ings. The untreated cells were set as a blank control for
normalization.

Fe?* and Fe3* detection in mouse brain slices

All animal studies were performed with the approval of the Institu-
tional Animal Care and Use Committee (IACUC) of the University
of Illinois at Urbana-Champaign (protocol number 22094) and the
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IACUC of the University of Texas at Austin (protocol number AUP-
2021-00295).  Eleven-month-old 5xFAD mice (RRID:
MMRRC_034840-JAX) and WT mice (B6SJLF1/]) of the same
sex were used and compared. To obtain the brain slices, after
deep anesthesia, the mice were perfused with saline, followed by
paraformaldehyde fixation. The mouse brain was isolated and
fixed in 4% paraformaldehyde for 24 hours at 4°C and then embed-
ded in 30% sucrose in PBS for another 3 days. Coronal brain sec-
tions (section thickness, 50 um) were obtained by microtome
section and stored in cryoprotectant at —20°C before staining.
Ten brain slices from three individuals were stained with technical
repeats for each group. The brain sections were rinsed with PBS
three times for 5 min each and then blocked with 2% bovine
serum albumin (BSA) in PBS for 10 min. To visualize AB(1-13),
brain slices were incubated with CF350-conjugated HJ3.4 antibody
(78), which was prelabeled with the Mix-n-Stain Antibody Labeling
Kit (Sigma-Aldrich), with 1:500 dilution in blocking solution for 1
hour and then washed with 2% BSA in PBS for 4 min, followed by
another wash in PBS for 5 min to remove extra antibody and non-
specific signaling. To image Fe*" and Fe’* simultaneously, 2 uM
DNAzyme enzyme strand and 2.2 uM DNAzyme substrate strand
for both iron oxidization states were annealed separately in 5 mM
bis-tris (pH 5.5), 40 mM sodium acetate, and 200 mM NaCl buffer
(bis-tris-acetate buffer) by incubation at 95°C for 5 min and then
slowly decreased to room temperature. After annealing, the
Fe(II)-H5 and Fe(III)-B12 sensors were mixed in a 1:1 ratio to gen-
erate the sensor mix. The mouse brain sections prestained with
HJ3.4 antibody were rinsed with the bis-tris-acetate buffer twice
for 5 min each and then incubated in the sensor mix for 30 min.
After incubation, the brain slices were rinsed once in the bis-tris-
acetate buffer and mounted with Fluoromount-G mounting
medium (SouthernBiotech, Birmingham, AL, USA). Images were
taken with a Nikon spinning disk confocal or Zeiss LSM 710 con-
focal microscope with a 20x objective with 405-, 488-, and 640-nm
channels. Afterward, images were processed and quantified with
Image] as follows: To enable a direct comparison between groups
without interference from a potential difference in background sig-
naling between treatments, as indicated by the point-mutated inac-
tive sensor (iErS), we normalized the fluorescent intensity of our
sensor with iErS groups by subtracting the average fluorescence in-
tensity in the imaging area or the regions of interest (APDR or non-
APDR regions) in the pictures of correlated iErS group from the ErS
group with the same treatment. Colocalization study and quantifi-
cation of fluorescence intensity for APDR and non-APDR regions
were performed by marking the region of interests on the basis of
HJ3.4 staining. Five spots including four corners and the center of
each image were analyzed. Three images were taken for each group.

Data processing and statistical analysis

To have a direct comparison of the iron amount between groups, we
normalized the background signals by subtracting the fluorescence
signals in iErS groups from the ErS groups (F — F,). No Z-stacks or
change thresholds were used for statistical analysis. Graphs were
plotted with GraphPad (GraphPad Software Inc.) or Origin (Origin-
Labs Corporation) and correspond to a single experiment. Bars rep-
resent means + SEM. Two-tailed distribution and two-sample equal
variance ¢ test were used for analyzing significance. Dixon's Q tests
were performed to identify and exclude outliners. *P < 0.05,
**P < 0.01, and ***P < 0.001. All experiments have three or more
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biological replicates, which showed the same conclusion. The pre-
sented data described the quantification from single representative
replicates from those biological replicates.
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