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A Highly Sensitive and Selective Turn-On Fluorogenic and Chromogenic
Sensor Based on BODIPY-Functionalized Magnetic Nanoparticles for
Detecting Lead in Living Cells
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Metal ions can pose severe risks for human health and the
environment, and thus methods for the facile preparation of
fluorogenic and chromogenic receptors with high selectivity
and sensitivity for heavy metal ions have continued to re-
ceive much interest.!!. Among heavy metal ions, Pb** is one
of the most dangerous, causing adverse health effects from
lead exposure, particularly in children.”! A variety of symp-
toms have been attributed to lead poisoning. Once intro-
duced into the body, Pb’* can cause abdominal pain and
vomiting. The long accumulation of Pb** in the body leads
to many serious human health problems, including muscle
paralysis, mental confusion, memory loss, and anaemia; this
suggests that Pb?* affects multiple targets in vivo.”! Plausi-
ble molecular targets of lead include calcium- and zinc-bind-
ing proteins that control cell signaling and gene expression,
respectively.!! Thus, it is important to develop a safe and ef-
fective procedure to detect and remove lead from the body
following toxic lead contamination.”

Magnetic silica nanoparticles are of great interest for bio-
medical and environmental research applications such as bi-
oseparation, drug targeting, cell isolation, enzyme immobili-
zation, and protein purification, because of their biocompat-
ibility and stability against degradation.! In particular, mag-
netic silica nanoparticles can be easily modified with a wide
range of functional groups. For example, incorporation of
chromophores in silica nanoparticles provides magnetic and
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luminescent core/shell nanoparticles with applications as
contrast agents for molecular imaging.”

It is clear that the receptor-immobilized magnetic nano-
particles have some important advantages as a solid chemo-
sensor and adsorbent in heterogeneous solid-liquid phases.!!
First, such nanoparticles are readily synthesized by sol-gel
condensation, a versatile technique that allows chemical
functionalities. Second, immobilized receptors on an inor-
ganic support can remove the guest molecules (toxic metal
ions and anions) from the pollutant solution. Third, the
magnetic nanoparticles can be easily isolated from pollu-
tants by a small magnet and repeatedly utilized with suitable
treatment. In particular, the magnetic nanoparticles can also
provide efficient binding to the guest molecules because
their high surface-to-volume ratio simply offers more con-
tact area.

In the above context, the design of fluorescent probes for
the detection of lead ion is of especial interest due to the se-
lective, sensitive, nondestructive, and rapid nature of fluo-
rescence emission signals.”) However, most of the probes de-
scribed thus far do not have high selectivity for Pb*Tover
other metal ions and, in general, they cannot be used for
aqueous systems.'") Thus, Chen and co-wokers described a
Pb’* ion sensor where the fluorescence intensity enhance-
ment was about 18-fold in the presence of Cu?* (100 equiv)
in acetonitrile.®¥ Yoon and co-workers reported a selective
sensor for Pb** ion employing a rhodamine B-based fluores-
cent receptor for use in acetonitrile.!'”” We have also report-
ed a Pb** sensor based on a 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene (hereafter abbreviated to BODIPY) receptor
with a fluorescence intensity enhancement of only about 25-
fold.>!

Very recently, the use of nanoparticles as solid supports in
combination with supramolecular concepts has led to the de-
velopment of new hybrid nanomaterials with improved func-
tionalities that offer much promise for use in the develop-
ment of simple and efficient sensors of heavy metal ions in
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biological, toxicological, and environmental applica-
tions.®™> 1131 Although a number of signalling systems for the
detection of heavy metal ions are now known,® 141 there
are no precedents for the use of hybrid nanoparticles to
detect Pb** that employ a dual signal fluoro-chromophore
that operates via a “turn-on” approach. We now describe
the construction of the new off-on fluorescent Pb** sensor 1
that operates via a PET (photoinduced electron transfer)
mechanism. Sensor 1 was shown to be highly sensitive and
selective for Pb*" in pure aqueous solution. The application
of the new sensor for the detection of lead ion in living cells
is also described (see Scheme 1). To minimize the back-
ground fluorescence of the free sensor, a diethylamino
group as an electron-donating group was introduced and a
styryl group was attached to a BODIPY fluorophore to
induce enhancement of the absorption intensity as well as to
induce a large red shift in UV/Vis absorption band of inter-
est.
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Scheme 1. Preparation of BODIPY-functionalized Fe;0,@SiO, core/shell
nanoparticle (1).

In order to obtain a highly sensitive and selective off-on
sensor for Pb’* in aqueous solution for practical application,
a BODIPY moiety was employed as the fluorophore/chro-
mophore because of its characteristic strong absorption and
fluorescence behavior (including high fluorescence quantum
yields) and its high chemical stability. Fe;0,@SiO, core/shell
nanoparticles were employed as the inorganic support be-
cause of their light yellow color and the ease of their mag-
netic separation.

The encapsulation of Fe;O, nanocrystals within silica
shells was conducted in a microemulsion system in water
droplets using 4 nm-sized Fe;O, nanocrystals in an external
cyclohexane phase. The formation of the silica shell around
the Fe;O, nanocrystals was carried out by the addition of an
NH,OH aqueous solution followed by tetraethyl orthosili-
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cate (TEOS) and the reaction was allowed to proceed or
24 h (Scheme S1).

Compound 3 was synthesized following a similar method
to that described previously (Scheme S2)."71  The
Fe;0,@Si0, core/shell nanoparticles were reacted with 2 in
toluene with vigorous stirring overnight to covalently link
them onto the surface of the Fe;0,@SiO, nanoparticles by a
sol-gel reaction (see Experimental Section and Scheme 1).
Compound 1 was fully characterized by transmission elec-
tron microscopy (TEM), FTIR spectroscopy, time-of-flight
second ion mass spectroscopy (TOF-SIMS), and fluoropho-
tometry.

A TEM image of 1 revealed a spherical structure with a
narrow size distribution (ca. 20 nm) and a 4 nm Fe;O, nano
core, which maintained its nanocrystalline appearance
(Figure 1). The IR and TOF-SIMS results were in accord
with bond formation; the IR spectrum of 1, showed strong
new bands at 7 = 3379, 2919, 2850, 2359, 1640, 1568, 1465,
1441, 1389, 1293, and 1054 cm™' which originated from re-
ceptor 2 in accordance with 2 now residing on the
Fe;0,@Si0O, core/shell nanoparticles (Figure S1). The TOF-
SIMS spectrum of 1 displayed fragments attributable to 2
(m/z 325, 338, 422), thereby providing evidence that 2 was
anchored onto the surface of the Fe;O0,@SiO, core/shell
nanoparticles (Figure S2).

Figure 1. A) TEM image of 2-immobilized Fe;0,@SiO, core/shell nano-
particles (1). B) Fluorescence microscope image of Pb**-bound 1.

Spectroscopic measurements for 1 were performed in
20mm HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid) buffer, pH 7.4. The UV/Vis absorption spectrum
of free 1 showed two absorption bands at 324 and 596 nm
(e=3.20x10* and 4.50x10*m 'em™!, respectively). The ab-
sorption maximum at 596 nm for 1 was redshifted in its UV/
Vis absorbance by almost 70 nm relative to the behavior re-
ported previously by our group,'™® for a BODIPY parent
system without the styryl group. When Pb** was added
gradually to the above spectrophotometric solution the A,
showed a 45 nm blue shift with an isosbestic point occurring
at 570 nm; the color of the solution turned from light blue
to pale red (Figure S3a). As expected, 1 is virtually non-
fluorescent in its apo state (@ <0.0005, 1.,=326 nm), which
is a consequence of the efficient photoinduced electron
transfer (PET)!""” quenching of the fluorophore by the
lone pair electrons of the nitrogen atom in the benzoyl

Chem. Eur. J. 2010, 16, 11549 -11553


www.chemeurj.org

Detection of Lead in Living Cells

moiety. Upon addition of increasing Pb** concentrations, 1
showed a large CHEF (chelation-enhanced fluorescence)
effect in the fluorescence emission spectra, that results from
the blocking of the PET process and an overall emission
change of approximately 100-fold (@ =0.054, Figure 2a) at
the emission maximum (4., =460) was observed.
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Figure 2. A) Fluorescence responses of 1 (10 um) upon addition of in-
creasing Pb%** concentrations (0, 25, 50, 75, 100, 125, 150, 175, 200, 225,
and 250equiv) in 20 mm HEPES in pure aqueous solution at pH 7.4 (4., =
326 nm). B) Fluorescence responses of 1 to various metal ions. Blue bars
represent the addition of selected metal ions (250 equiv) to a 10 um solu-
tion of 1. Red bars represent subsequent addition of Pb?* (250 equiv) to
the solution. For all measurements, the pH value was adjusted by using
20 mm HEPES in pure aqueous solution, pH 7.4. Excitation was provided
at 326 nm, and the emission was monitored at 460 nm.

With few exceptions,” most reported BODIPY-fluores-
cent sensors are based on an intramolecular charge transfer
(ICT) mechanism.'*"l However, in our case, the noticeable
fluorescence intensity enhancement of the receptor 2 at-
tached to Fe;0,@SiO, core/shell nanoparticles may be due
to the inhibition of the PET process during the binding of
Pb**. Preliminary computational simulations indicated that
2 is twisted at the BODIPY moiety, presumably resulting in
a blocking of the ICT. In addition, the amine being directly
conjugated to the styryl group results in a very significant
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red shift, and high fluorescence quantum yields for this
BODIPY-based receptor.l” These previous results are in
complete accord with our present observations.!'*!

We also investigated the binding ability of 1 as an ion-se-
lective fluoro-chromogenic probe for the other metal ions
Ca”, Hg2+, Cd2+, Li+, Ag+, Cu“, Fez+’ Mg2+, Zl’l2+, K+,
Na*, Mn?*, Co’*, Fe**, AP’*, and Ni**. However, no signif-
icant spectral changes were observed upon addition of any
of these metal ions (Figure S 3b), indicating that 1 is a
highly selective chemosensor for the detection of Pb**.

For comparison, we performed spectroscopic measure-
ments using 2 in an acetonitrile solution (this solvent was
employed due to the insolubility of 2 in water); under these
conditions 2 gave two absorption bands at 324 and 596 nm
(e=3.25%10* and 5.0x10*mM 'cm™, respectively). In the ab-
sence of Pb>*, 2 also exhibited no fluorescence emission
when excited at 326 nm. Upon the addition of Pb**, for the
case of chemosensor 1, the absorption band at 596 nm was
blue shifted by 45 nm, but the fluorescence emission intensi-
ty of 2 increased by approximately 80-fold (®=0.042, Fig-
ure S4) with an emission maximum at 456 nm. The fluores-
cence intensity enhancement of 1 compared to 2 is likely
due to its preorganized structure on the surface of the nano-
particles.

The highly selective Pb** recognition of fluorescence che-
mosensor 1 demonstrates that the approach employed in the
present study is capable of cooperatively enhancing and con-
trolling the selectivity towards this metal ion. More impor-
tantly, quantitative measurements of the emission maximum
of Pb?*-bound 1 indicated that the fluorescence change cor-
related linearly with the [Pb**] over the 0-30 ppb range in-
vestigated. We determined that the limit of detection of 1
for Pb?* is 1.5 ppb, more than sufficient to sense the Pb**
concentration in drinking water with respect to the US EPA
limit (15 ppb). An evaluation of the time course for the fluo-
rescence intensity of 1 at 460 nm (Figure S5) indicated that
immediately after the addition of Pb**, the fluorescence in-
tensity of 1 started to increase and that by 60 s the fluores-
cence intensity was almost saturated. Thus, the response
time of this system is within 1 min, making it a rapid and
convenient method for the quantitation of Pb** in aqueous
solution (Figure S6).

The regeneration of 1 after exposure to Pb?* was exam-
ined. The Pb**-bound 1 was treated with an aqueous EDTA
solution (10 um). As expected, upon the addition of the solu-
tion, the fluorescence intensity of Pb’*-bound 1 was
quenched. However, when the washed, stripped nanoparti-
cles 1 were re-exposed to Pb?*, the fluorescence emission
was again present, with no decrease in response (Figure S7).
The fluorescence change was reproducible over several
cycles of detection/stripping. The Job plot using the fluores-
cence changes indicated 1:1 binding for 1 with Pb** (Fig-
ure S8). Using the fluorescence titration data, the associa-
tion constant (K) for Pb** coordination to 1 was calculated
to be 6.3 x10*m .-

The spectral changes upon addition of the previously
mentioned biologically and environmentally relevant metal
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ions were also screened by fluorophotometry and UVVis
spectroscopy. The emission and UV/Vis profiles of apo or
Pb**-bound 1 are unchanged in the presence of 10 um Ca’",
Hg**, Cd**, Li*, Ag*t, Cu**, Fe**, Mg?t, Zn**, K*, Na*,
Mn**, Co’*, Fe**, AP*, or Ni?* (Figure 2b, S9, and S10),
indicating that 1 shows great promise as a useful selective
chemosensor for detection of Pb?*in vivo.

We have also investigated the effect of pH on the spectro-
photometric behavior of 1 in both the absence and the pres-
ence of Pb’" because ideally for biological applications sens-
ing should be practical over a range of pH values. Over the
pH range from 3 to 11, 1 showed no fluorescence emission
in the absence of Pb’*, whereas upon the addition of Pb*™*,
1 displayed strong fluorescence emissions of almost equal
fluorescence intensities at all pH values investigated within
this range. These results clearly confirm the suitability of 1
for use in physiological environments spanning the range
pH 3-11 (Figure S11).

To further demonstrate the practical application of the
nanoparticle-based probe 1, we also established its ability to
track Pb** levels in living cells using a model for respiratory
lead exposure. Live-cell confocal microscopy imaging ex-
periments were carried out that utilized 1 to enhance mem-
brane permeability (Figure 3A-C). HeLa cells (human
cancer cells) were incubated with 1 (5.0 um) for 30 min at
37°C, and the cells were then washed with phosphate buf-
fered saline (PBS) to remove excess 1, which would other-
wise contribute to weak intracellular fluorescence (Fig-
ure 3B). On treating the HeLa cells with 5.0 um Pb(ClO,),
for 30 min at 37°C and then staining with 1 under the same
loading conditions resulted in them exhibiting an increase in
observed intracellular fluorescence intensity (Figure 3C).
This procedure enabled selective lead ion imaging in living
cells to be successfully performed, despite the presence of
many potential interfering substances such as proteins and

50um i, ©
— 0 10" 107 10°
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Figure 3. A)-C) Confocal fluorescence images of Pb** in HeLa cells. The
excitation at 635 nm, and the emission is acquired at over 650 nm range.
A) Bright-field transmission image of HeLa cells. B) Fluorescence image
of HeLa cells incubated with 5 pm 1 for 30 min at 37°C. C) Fluorescence
image of 1-loaded HeLa cells incubated with Pb(ClO,), (5.0 um) after
30 min at 37°C. D) Fluorescence changes of 1 (5.0 um) after incubation
for 20 min in the a) absence and b) the presence of Pb(ClO,), (5.0 um) in
living cells obtained by flow cytometry analysis; Fluorescence was detect-
ed on FL2 channel (excitation: 635 nm, emission: 650 nm). Also, count of
20000 cells was analyzed.
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amino acids. As a consequence, nanoparticles of type 1 are
therefore potentially useful for studying the toxicity and/or
bioactivity of Pb** in living cells. We further evaluated the
internalization of 1 in HeLa cells by TEM. As shown in Fig-
ure S12, intact nanoparticles 1 are primarily seen as con-
firmed by measurement of their diameters. Conversely, few
intact nanoparticles 1 are aggregated. The result provides
visual evidence for cellular uptake of fluorescence receptor
immobilized Fe;0,@Si0O, core/shell nanoparticles 1.

In addition, we evaluated the reversibility of the above
Pb’* detection procedure in living cells. The fluorescence
emission of Pb**-bound 1 was observed to decrease to the
initial level value upon addition of EDTA (10 um) to the
HeLa cells. The fluorescence change was reproducible over
several cycles of detection/stripping. This result thus strongly
indicates that Pb®* ion is dissociated from Pb?*-bound 1 by
EDTA. Clearly, chemosensor 1 is not only very useful for
detection and removal of toxic Pb** ion in living cells, but is
also able to be readily regenerated using the above proce-
dure. This is the first example of the reversible sensing of a
target molecule or ion in living cells.

To quantify the intracellular signalling of 1 within HeLa
cells, we examined such cells using analytical flow cytometry
(Figure 3D). Flow cytometry revealed that the HeLa cell
population treated with 1 in the presence of Pb*" is fluores-
cent with 10 times more intense fluorescence than the con-
trol population in the absence of Pb’" ion. These flow cy-
tometry experiments are in excellent agreement with the
confocal imaging results and together confirm the uniform
cellular interaction and intracellular signalling of the chemo-
sensor 1.

In summary, we have readily prepared BODIPY-function-
alized Fe;0,@Si0O, core/shell nanoparticles 1 by a straight
forward procedure. These act as a new type of synthetic
fluoro-chromogenic chemosensor for imaging Pb** ion in
living cells. Chemosensor 1 exhibits a high affinity and high
selectivity for Pb** over other competing metal ions tested,
and successfully detected Pb** in cultured cells. These find-
ings show considerable promise for the development of a
new category of tailor-made biocompatible sensing systems
built by immobilization of appropriate fluoro-chromogenic
receptors on the surface of other novel nanomaterials for
fluorescence microscopic imaging. They also show consider-
able promise for the detailed study of the biological action
of heavy metal toxins in living systems.

Experimental Section

Preparation of Fe;0,@Si0, core/shell nanoparticles: Fe;O, nanocrystals
having 4 nm of average core size were prepared through the previously
reported procedure.® Fe;O, nanocrystals (80 mg) were dispersed in cy-
clohexane. Then, tetraethyl orthosilicate (15 mL, TEOS) was added to
Fe;O, nanocrystals dispersed solution, and stirred for 12 h in basic condi-
tion with NH,OH (30%, 13 mL). The resulting silica nanospheres,
Fe;0,@Si0, nanocrystals were collected by magnetic decantation. The
collected nanospheres of Fe;0,@SiO, were redispersed in EtOH and re-
covered by using a magnet. The dispersion of Fe;0,@SiO, into EtOH
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suspension and magnetic separation was repeated three times for the pu-
rification.

Preparation of 2-immobilized Fe;0,@Si0, (1): Compound 2 (50 mg,
0.054 mmol) was dissolved in anhydrous toluene (5mL) to which
Fe;0,@Si0O, core/shell particles (100 mg) was added, and it was stirred
under reflux in N, for 24 h. The collected solid was washed several times
with dichloromethane and acetone to rinse away any excess 2 and then
dried under vacuum.

Cell incubation: HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, GibcoBRL, USA) supplied with 10% fetal
bovine serum (FBS), 50 ygmL™" penicillin, and 50 pgmL™" streptomycin.
The cells were grown on a microscopic culture dish (diameter, 35 mm)
with poly-L-lysine coating. To determine the cell permeability of 1, the
cells were incubated with 5.0 um 1 for 30 min at 37°C, and washed with
phosphate buffered saline (PBS) to remove the remaining 1. To observe
fluorescence changes of the medium, 5.0 um Pb(ClO,), was added into
the 1-loaded cells and then further incubated for 30 min at 37°C. The re-
duction of fluorescence was observed by confocal microscope and flow
cytometry analysis.

Fluorescence imaging experiments: Confocal fluorescence imaging was
performed with a Zeiss LSM510 Meta laser scanning microscope and a
40 x oil-immersion objective lens, using image Pro Plus 5.1 software. Exci-
tation of 1-loaded cells at 635 nm was carried with HeNe laser, and emis-
sion was acquired at over 650 nm range. For all imaging on a microscope,
the microscopic incubation chamber (Chamlide TC, LCI, Korea) was
used at 37°C in 5% CO, humidified air. In addition, fluorescence intensi-
ties were detected on FL2 channel (excitation: 650 nm,e: 564—-606 nm) to
observe flow cytometry analysis. Count of 20,000 cells was analyzed.
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