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Herein, we report the crystal structure of 2,7-dichlorofluorescein
methyl ester (DCF-ME) and its fluorescence response to
hydroxyapatite binding. The reported fluorophore is very
selective for staining the bone matrix and provides turn-on
fluorescence upon hydroxyapatite binding. The reported
fluorophore can readily pass the cell membrane of the C2C12 cell
line, and it is non-toxic for the cell line. The reported fluorophore
DCF-ME may find applications in monitoring bone remodeling
and microcalcification as an early diagnosis tool for breast cancer
and age-related macular degeneration.

Calcium is an essential metal ion in biology." Calcium ions
take part in signal transduction as a messenger and are
essential for muscle contraction.”> In addition, calcium,
together with phosphates, comprise hydroxyapatite (HAP) to
form the mineral part of bone structure.” Moreover,
microcalcification is an integral part of pathologies in breast
cancer, pseudoxanthoma elasticum (PXE), age-related
macular degeneration (AMD), and Alzheimer's disease (AD),
among others.* Macrocalcifications can be detected by
computerized tomography, but this cannot resolve small
mineral particles,” although microcalcification could be an
early sign of the development of disease.® Fluorescence
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Microcalcification is an integral part of pathologies in breast cancer,
pseudoxanthoma elasticum (PXE), age-related macular degeneration
(AMD), and Alzheimer's disease (AD), among others. The number of
fluorescent probes described to selectively detect microcalcifications to
elucidate and potentially diagnose above mentioned diseases, and
bone remodeling is very limited in the literature. In this work, we
report the design and synthesis of a new fluorescent probe DCF-ME,
which is highly selective for staining microcalcifications and bone.
Furthermore, the novel structure of DCF-ME generates synergistic
interactions between the bound microcalcifications, calcium ions and
the fluorescent core. Upon hydroxyapatite binding, DCF-ME exhibits a
2.5-fold increase in fluorescence intensity, which is confirmed by
lifetime measurements. DCF-ME was found to be non-toxic for the
C2C12 cell line and it readily passes C2C12 cell membrane. DCF-ME
provides an excellent platform for a new class of turn-on fluorescence
probe for monitoring microcalcifications for early diagnosis, like that
in cancer, macular degeneration or rare diseases like PXE, or
monitoring bone remodeling for osteoporosis treatments.

imaging technologies could help to monitor the development
and growth of these seed calcifications and thus potentially
become a diagnostic tool for diseases in which
microcalcifications play a role. Small molecule fluorescent
probes that exhibit high affinity and selective binding to HAP
can help identify such deposits; these probes are distinct
from the well-known fluorescent probes that recognize free
ionic calcium.”

However, the number of fluorescent probes specific for
hydroxyapatite or calcium-rich minerals is limited in the
literature. Previously, Frangioni has used bisphosphonate-
functionalized cyanine fluorophores to monitor bone
remodeling. These compounds are costly due to the multiple-
step syntheses and have issues with toxicity limiting their
applications in human subjects.® Another HAP-specific
fluorophore, which has a monobisphosphonate attached to
the fluorescein core via an aliphatic side chain, was also
proven to be HAP sensitive.” Such fluorophores only carry the
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fluorescent label to the target HAP site without providing a
change in fluorescence upon binding. Alizarin S and von
Kossa stains are colorimetric methods. Alizarin S binds to Ca
minerals while von Kossa uses silver ions binding to
phosphate.”” We have also previously reported that
phenylphosphonic acid tethered porphyrins could provide a
turn-on response with increased fluorescence upon
hydroxyapatite binding.'" Here we explore the synthesis and
use of 2,7-dichlorofluorescein methyl ester (DCF-ME) for
labeling HAP mineralization. 2,7-Dichlorofluorescein (DCF)

has two chelating sites that have a metal binding
environment similar to those of 2,2"-bipyridine, 1,10-
phenantroline, ortho-idimines or 1,2-benzoquinone. The

chelating site of DCF-ME includes a chlorine atom at
positions 2 and 7, and hydroxyl oxygen atoms at positions 3
and 6 of the fluorescein core. Despite the favorable chelating
orientation of oxygen and chlorine atoms,
2,7-dichlorofluorescein derivatives haven't been used to target
metal ions due to the weak affinity of chlorocarbon compounds
for metal ions. While several main group chlorobenzene
complexes have been described,'” as well as coordination of
cesium and thallium on 1,2-dicholorethane,*®"* and silver
complexes of dichloromethane and ethane,” chlorocarbon
coordination hasn't been studied widely in the literature.
Hypothetically, the relatively higher affinity of an adjacent
oxygen atom could help the coordination of calcium atoms to
the chlorine atoms as well in the case of DCF-ME (see
Fig. 1A and B). To the best of our knowledge, naked
2,7-dichlorofluorescein derivatives have not been studied as
ligands for hydroxyapatite.

Furthermore, coordination of a metal ion to fluorescein
hydroxyl groups can generate direct synergistic interaction
with the conjugated fluorescein core, which has been
exploited for zinc sensors in the case of Zinpyr by Lippard.*
In this study, we wused another derivative of
2,7-dichlorofluorescein namely 2,7-dichlorofluorescein
methyl ester (DCF-ME). We introduced the methyl group to
the carboxyl group of fluorescein so that the stronger metal
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Fig. 1 Crystal structure of DCF-ME in a unit cell (A), potential Ca-HAP
coordination modes (B) and one-dimensional hydrogen bonding
pattern (C).
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carboxylate coordination is eliminated in favor of oxygen and
chlorine atoms. DCF-ME was previously described in a few
reports as an ammonia’® and hydrogen peroxide sensor,’
but hasn't been used to target metal ions before. We also
report here the crystal structure of DCF-ME for the first time
in the literature.

Direct calcium coordination of the DCF-ME ring oxygens
would likely create synergistic interactions between the
calcium and the conjugated fluorescein core and might result
in an increase or decrease in fluorescence upon calcium
coordination to the sp®> conjugated fluorescent core. In
addition to Lippard's work,"> we have recently reported a
similar mechanism where we extended the conjugation of
the fluorescent core via sp>-bound phosphonates to calcium
and other transition metal ions, generating alterations in
fluorescence behaviour.'"'®

In this work, we used a different structural strategy of
altering the fluorescein structure to extend the conjugation of
fluorescein without the help of ligands directing the metal
coordination on the fluorescein hydroxyl group. The crystals
of DCF-ME were obtained from a concentrated solution of
water under normal conditions by slowly evaporating the
solvent. The crystal structure was solved using SHELXT'® and
refined using SHELXL?® in the Olex” software package®' (see
ESIt for crystal structure refinement information).

As shown in Fig. 1C, the crystal structure of DCF-ME is
composed of one-dimensional hydrogen-bonded chains of
DCF-ME. In the crystal structure, methyl ester oxygens are
structurally hindered by the methyl groups and are not
involved in hydrogen bond making. The hydrogen bonds
between the fluorescein groups have distances of 2,57 and
2,67 A, indicative of very strong near covalent hydrogen bond
interactions.

After purification, the absorbance, emission, and
excitation spectral characteristics of DCF-ME were
determined in solutions of either phosphate-buffered saline
(PBS), Tris-buffered saline (TBS), HEPES-saline (HEPES) and
unbuffered saline solution (all made to 12 puM), aqueous
buffers widely used in biological experiments. DCF-ME has a
peak absorbance of 502 nm when diluted in TBS (Fig. 2A). No
variation in maximal peak intensity and position was
observed when comparing the absorbance of DCF-ME in PBS,
TBS, HEPES or saline solution (Fig. S1T). There was minimal
deterioration in the fluorescence intensity of the dye when
stored at room temperature in any solution (with water
replacing saline) over 14 days, indicating that the dye is
relatively stable when diluted in these solvents (data not
shown).

Upon binding of the fluorescent probe to CHTTM ceramic
hydroxyapatite (CerHAP), there is an approximately 2.5-fold
increase in the fluorescence intensities in all diluents
(Fig. 2B), with no noticeable shift in the emission spectrum
(Table S27). This consistent increase in fluorescence intensity
is substantially diminished when the beads were washed
once in their respective buffers. The removal of excess and
unbound dye led to a decrease in fluorescence intensity,

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 2 Fluorescence characteristics of 12 uM DCF-ME in the absence
and presence of various calcium phosphate minerals. A) The
absorbance spectrum of DCF-ME in TBS. B) Normalized fluorescence
intensity of DCF-ME, excited at l.x 460 nm, when diluted in different
buffers, the presence and absence of CerHAP. C) Normalized
fluorescence intensity of the mean peak emission of DCF-ME in TBS
when incubated with various calcium phosphate minerals, excited at
Jex 460 nm. D) Normalized fluorescence intensity of the mean
corrected peak excitation of DCF-ME in TBS when incubated with
various calcium phosphate minerals, using lem 570 nm. Data in A, C
and D represent mean values, whilst C and D are * S.D. (n = 3); for
these experiments emission was measured with excitation at shorter
wavelength (460 nm) than peak absorbance, and excitation with
emission at longer wavelength (570 nm) than peak emission to
minimize the effects of Rayleigh scattering.

leaving approximately 6.4-7.3% of dye remaining bound to
the HAP beads (Table S2t). This is reflected in the spectra
obtained when the dye was excited at 460 nm, giving an
emission spectrum ranging between approximately 500-590
nm, with peak emission at 522-524 nm (Fig. S3f). The
corrected excitation spectrum of 12 uM DCF-ME, remaining
bound to HAP, ranges between 450-525 nm, with a peak
excitation of 502 nm (Fig. S4t). The corrected excitation
spectra for DCF-ME were obtained using a quantum counter
to determine a correction factor calculated by measuring the
absorbance and excitation spectra of Rhodamine 6G (1.25 uM
in ethanol), measured at 600 nm.

The fluorescence characteristics of DCF-ME were further
probed for its binding to different minerals (Fig. 2C). These
included: synthetic HAP and whitlockite (WHT) (courtesy of
Professor KT Nam),>* dibasic calcium phosphate (CaHPO,)
and magnesium phosphate dibasic trihydrate (MgHPO,),
which were used as controls. At its peak emission, DCF-ME
shows a 3.10-fold increase when bound to ceramic HAP,
which is similar in each of the various diluents (Fig. 2B).
When normalized to the values in the presence of ceramic
HAP, both HAP and CaHPO, nanocrystals show similar
fluorescence intensities, whilst binding to WHT led to lower
fluorescence and binding to MgHPO, has a 2.26-fold decrease
in fluorescence (Fig. 2C). This is also reflected in the

This journal is © The Royal Society of Chemistry and IChemE 2022
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corrected maximal excitation intensity of DCF-ME when
bound to the various minerals, where there is a 3.05-fold
increase in the intensity when bound to ceramic HAP
(Fig. 2D). Again, when comparing the additional minerals to
ceramic HAP, both mineral HAP and CaHPO, have similar
excitation intensities (1.11-fold and 1.02-fold changes,
respectively), whilst WHT shows a 1.33-fold change and
MgHPO, shows a 2.25-fold change. The respective emission
and excitation spectra for the DCF-ME (Fig. S5 and S6,f
respectively) intensity remaining bound to the minerals show
that there is no shift in the spectral properties of the dye and
that the dye remains bound to the calcium-phosphate
minerals more than WHT or MgHPO,.

Since accurate measurement of fluorescence intensity
changes in translucent mineral phases can be challenging,
we also chose to confirm quantum yield increases by
measuring changes in the fluorescence lifetime of DCF-ME
upon binding to HAP in less polar solvents. We found (ESL
Fig. S9) that there was a significant increase in amplitude-
weighted average lifetime from two component fits in these
frequency domain data sets from 4.21 ns in solution to 5.72
ns for the HAP-bound form in DMSO, clearly confirming the
increases in quantum yield described above. Moreover, we
observed small shifts in the DCF-ME excitation and emission
spectra upon binding to HAP from DMSO (ESIT Fig. S10) that
were unexpected since, among fluorophores, fluorescein
derivatives are notably solvent-insensitive. Instead, these
shifts provide supporting evidence for direct interaction for
the fluorescein moiety with the HAP mineral, perhaps like
that diagrammed in Fig. 1.

To assess the binding of DCF-ME to HAP in tissue,
formalin-fixed, paraffin-embedded mouse rib sections were
used. To determine the ability of the dye to label rib
calcifications, we incubated sections with 1.2 mM, 120 uM
and 12 pM DCF-ME in TBS and found no appreciable
fluorescent signal at 12 uM with imaging settings established
above this concentration (Fig. 3A-C, respectively). In further
experiments, we used 120 uM DCF-ME to determine the time
of incubation required to produce a fluorescence signal.
Images were obtained after 120, 60, 30, 20, or 10 minute
incubation times (Fig. 4A-E, respectively). A reliable
fluorescence signal was achieved after a 30 minute
incubation (Fig. 4). Tissue autofluorescence observed in the
negative control (Fig. 4F) was lower than the DCF-ME-stained
rib, making it distinguishable from DCF-ME fluorescence. To

Fig. 3 Cancellous mouse ribs incubated with 1.2 mM (A), 120 uM (B)
and 12 pM (C) DCF-ME (lex/em 480/527 nm; exposure time - 135 ms),
diluted in TBS and counterstained with DAPI (ley/em 360/470 nm;
exposure time - 50 ms). Scale bar = 100 pm.

Mol. Syst. Des. Eng., 2022, 7, 1415-1421 | 1417
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Fig. 4 Cancellous mouse ribs were incubated with 120 uM DCF-ME
(Aex/em 480/527 nm; exposure time - 135 ms), diluted in TBS, and
counterstained with DAPI (1ex/em 360/470 nm; exposure time - 50 ms).
Incubation times of DCF-ME varied between 120, 60, 30, 20 and 10
min (A-E, respectively). Negative control of mouse ribs incubated with
TBS alone is also included (F). Scale bar = 100 um.

determine the binding of DCF-ME to rib in different buffers
used in biological experiments, 120 uM DCF-ME was
prepared in TBS, PBS, HEPES and saline (ESIf Fig. Sé6a-d,
respectively). No difference in fluorescent signal was
observed, and these signals remained essentially unchanged
when intensities were imaged 4, 7 or 14 days after labeling
showing that the binding to HAP is stable within this period
(Fig. S77).

To determine the cytocompatibility of DCF-ME, we
transformed mouse C2C12 cells*® into osteoblasts by
exposing them to 500 ng mL™" BMP-2 (recombinant human
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Fig. 5 Cell culture cytotoxicity in differentiated osteoblast cells, which
were differentiated with BMP-2. A) ALP activity of C2C12 cells, with
and without the addition of BMP-2 for 6 days. B) Cell viability following
24 h DCF-ME treatment was measured by a tetrazolium-based
metabolic activity assay. Triton X-100 (0.5%) was used as a positive
control, causing around 95.5% cytotoxicity (not shown). C)
Fluorescence spectra of DCF-ME-exposed C2C12 cells in comparison
to 10 uM DCF-ME dissolved in incubation buffer, using iex 492 nm. D)
Dose-dependency of cellular DCF-ME labeling (lex/em 492/530 nm).
Data represent mean values + S.D. from n = 3 independent
experiments.
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assessed by measuring alkaline phosphatase (ALP) activity
after six days of incubation (Fig. 5A).>° At this time point,
osteoblasts do not produce microcalcifications yet.*® To
assess whether DCF-ME leads to cytotoxicity, the osteoblasts
were exposed to different concentrations of DCF-ME, and cell
viability was assessed via a MTT metabolic activity assay.>’

Increasing concentrations of DCF-ME had no statistically
significant effect on cell viability to up to 1000 uM DCF-ME
when compared to untreated controls (Fig. 5B). When
differentiated C2C12 cells were incubated with DCF-ME and
imaged under a fluorescence microscope, using an excitation
of 488 nm and emission of 530 nm, we found a cell-
associated increase in fluorescence intensity (Fig. 5C and
S81). This cell-associated fluorescent signal showed an
increase in intensity with increasing concentrations of DCF-
ME, up to 100 pM, with a larger increase in fluorescence
intensity at 250 pM and 1000 uM DCF-ME (Fig. 5D).

Conclusions

In summary, we report the design and one-step synthesis of a
new fluorescent probe for monitoring calcification termed
DCF-ME. Unlike its 2,7-dichlorofluorescein core, the
additional methyl group at the carboxylic acid tails of DCF
made the fluorescein oxygen and chlorine atoms more
available for calcium binding. We hypothesize that direct
extension of fluorescein conjugation to the calcium atoms
generated synergistic interactions. DCF-ME selectively stained
the mineral portion of the bone which may be osteoblast-
associated to some extent. Binding to HAP produces a strong
increase in fluorescence intensity, confirmed by lifetime
measurements, making DCF-ME a promising turn-on
fluorescence probe for monitoring microcalcifications in
some circumstances.

Should DCF-ME be considered for in vivo tomographic
imaging, knowledge of cellular toxicity is a prerequisite.
Within this study, osteogenic C2C12 cells were used to
evaluate DCF-ME toxicity.”* BMP-2 differentiated C2C12 cells,
elevated in the osteoblast marker enzyme alkaline
phosphatase (Fig. 5A), were unaffected in cellular metabolic
activity upon treatment with DCF-ME up to concentrations
far above those that would be used experimentally (1000 uM)
(Fig. 5B). The fluorescence spectroscopic and microscopic
data suggest that DCF-ME might be accessible to osteoblasts
(Fig. 5C, D and S8ft), similar to what has been previously
observed for fluorescein-labelled risedronates in bone cells
and tissues.”® While the growth-inhibiting effect of some
(bis)phosphonates is quite desirable for pharmacological
treatment of a variety of bone tissue disorders,*® covalent
phosphonate attachment to rather moderately cytotoxic
fluorescein seems to be a promising strategy to create cell-
tolerable imaging agents for applications in bone biology and
biomedicine.’® Further in vivo toxicology is required to
examine skeletal cellular specificity and the kinetics of
distribution within bones and soft tissue organs to decide
the possibility of future use in diagnostic assessments for

This journal is © The Royal Society of Chemistry and IChemE 2022
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mineralization in humans. Moreover, DCF-ME may provide a
fluorescence  probe for  monitoring
microcalcifications for early diagnoses, like cancer, macular
degeneration, or rare diseases like PXE, or monitoring bone
remodeling for osteoporosis treatments.

new turn-on
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