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A rhodamine-based fluorescent chemosensor was synthesized and characterized, which demonstrated excellent
specificity toward Pd2+. Upon addition of Pd2+, the ring-opening process of rhodamine spirolactam resulted in
remarkably enhanced fluorescent accompanied by distinct color changes. Commonly coexistent metal ions
displayed little interference to the sensor. Obviously, these unique results suggested that the chemosensor
could serve as a potential naked-eye sensor for Pd2+. The detection limit was 0.19 μM. In addition, we prepared
the test strips of sensor for Pd2+ detection,which provided a simple and convenientmethod for determination of
Pd2+ in palladium-containingwater samples. Importantly, the sensor was successfully used for fluorescence im-
aging in HepG2 cells.

© 2014 Elsevier B.V. All rights reserved.
Among the rare transition metals, palladium plays a critical role in
materials and chemistry. It is extensively being used to prepare dental
crowns, catalytic converters, fuel cells, alloys and jewelry [1–3]. At the
same time, Pd-catalyzed reactions are becoming increasingly popular
in pharmacy because of the powerful transformations for the synthesis
of complex molecules [4–7]. However, their large use leads to a high
level of residual palladium. For example, the release of palladium from
catalytic converters of automobiles results in a great quantity of palladi-
um in complex environmental system, from soil to plants, rivers and
oceans, which also influences our health in an adverseway [8–11]. Gov-
ernmental restrictions on the levels of residual heavy metals in end
products are very rigorous and strict. The proposed dietary intake of pal-
ladium is less than 1.5–15 μg/day per person and the threshold in drugs
is 5–10 ppm [12]. Thus, a considerable effort has been devoted to thede-
velopment of the efficient methods to detect and analyze palladium.
Conventional detectionmethods include atomic absorption spectrosco-
py (AAS), atomic emission spectrometry (ICP-AES), X-ray fluorescence
etc., which usually require sophisticated instrumentation and compli-
cated sample-pretreatment procedures [12–15]. Fluorescence analysis
offers significant advantages over othermethods formetal ion detection
due to its simplicity, high sensitivity, low cost and instantaneous re-
sponse [16–21]. Whereas most of the reported Pd2+

fluorescent
chemosensors show “on–off” signal upon the binding of Pd2+ due to
the fact that it usually acts as typical fluorescence quenchers, which is
not as sensitive as a fluorescence enhancement response [22–25]. Im-
portantly, most reported “off–on” fluorescent chemosensors have not
3.com (B. Yang).
been applied to detecting Pd2+ in biological systems [26–30]. Therefore,
it is still an outstanding challenge to create new “off–on” fluorescent
Pd2+ chemosensorswhich demonstrated value of practical applications
in biological systems.

Recently, a number of research groups have proposed various
chemosensors based on rhodamine conjugates [31–42]. Rhodamine
derivatives provide an ideal model for the design of metal ion sens-
ing with light “off–on” switching by virtue of the equilibrium be-
tween spirolactam (nonfluorescence) and ring-opened amide
(fluorescence) forms. For our role, here we presented the design
and synthesis of sensor R1, which can be used for “naked-eye” detec-
tion with the switch-on fluorescence and significant color changes.
The sensor showed highly sensitive spectroscopic response to
Pd2+. Soaked on paper, R1 exhibited an acute color response,
which provided a simple and convenient method for determination
of Pd2+ in palladium-containing water samples. What's more, the
bioimaging capability of the sensor was further tested successfully
in HepG2 cells.

The chemosensor R1 was prepared by using a two-step procedure
(See Scheme 1.) High selectivity for the analyte and suitability of the
sensor are crucial in designing modern chemosensors. In Fig. 1, the
color-on reaction of R1 showed a high selectivity toward Pd2+ only,
rather than other examined ions, such as Fe3+, NH4

+, Sn2+, Ag+, Ba2+,
Al3+, Cd2+, Cr3+, Cu2+, Hg2+, K+, Mg2+, Mn2+, Na+, Ni2+, Pb2+ and
Zn2+. These unique results suggested that R1 could serve as a potential
naked-eye chemosensor for Pd2+. The UV–vis and fluorescence proper-
ties of R1 were investigated toward different cations in methanol/PBS
(1:1, v/v, pH 7.4) solution (Fig. S1). Interestingly, upon addition of
Pd2+ to the solution of chemosensor, a significant absorbance appeared
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Fig. 1. Pictures of R1 as a selective naked-eye chemosensor (top) and the visual fluorescence emissions by using a UV lamp (365 nm) (bottom) for Pd2+. From the left to the right: Pd2+,
Mn2+, Hg2+, Zn2+, Mg2+, Ni2+, Al3+, Fe3+, NH4

+, Cd2+, Cr3+, K+, Ba2+, Cu2+, Sn2+, Ag+, Na+, Li+, blank.
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at around 555 nm. At the same time, a remarkable fluorescence en-
hancement at 578 nm was observed. In contrast, addition of other
metal cations did not display the similar behavior. This demonstrated
the opening of the spirolactam ring of rhodamine B moiety upon Pd2+

binding. The competition experiments were also carried out. As
shown in Fig. S2, the Pd2+-induced fluorescence responsewas unaffect-
ed in by 2 equiv. of other coexistentmetals ions. Obviously, these results
confirmed that our proposed chemosensor R1 had remarkably high se-
lectivity toward Pd2+.

In order to get more insight on the binding behavior of R1 toward
Pd2+, absorption and fluorescence spectrum titrations were performed
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Fig. 2. Changes in UV–vis absorption spectra (a) and fluorescence spectra (b) of
R1 (10 μM) with various amounts of Pd2+ in methanol/PBS (1:1, v/v, pH 7.4) solution.
λex = 535 nm. Inset: the linear relationships of R1 toward Pd2+.
(Fig. 2). Upon the addition of increasing concentrations of Pd2+,
the absorbance and fluorescence increased significantly. A reasonable
linear relationship for Pd2+ detection was obtained. Based on
the definition of detection limit [43], the limit of detection for Pd2+

was up to 0.19 μM (Fig. S3). Compared with other reported sensors
[27–29], the limit of detection was relatively low. In fact, the range
of residual Pd2+ during organic synthesis is 5–100 ppm, which
means that the sensor could be used for residual Pd2+ detection in
reactor. What's more, the sensor showed the potential application for
Pd-contaminated water and soil sample analysis. The association con-
stant K [44] of R1 with Pd2+ was estimated to be 2.40 × 104 M−1

(Fig. S4).
For practical application, the fluorescence spectrum response of

R1 in the absence and presence of Pd2+ in different pH values was eval-
uated. Upon the addition of Pd2+ ions, there was an obvious fluores-
cence emission of R1 under pH range 6.0–8.0. When pH was lower
than 4.0, the fluorescence intensity of R1 increased with decreasing
pH values, which might be caused by the H+-induced ring opening
of rhodamine spirolactam (Fig. S5). The emission spectrum of R1
had no obvious change in the pH range 12.0–4.0. These data showed
that the fluorescence of the sensor is pH independent at pH N 4,
demonstrating that they can work in a wide physiological pH range,
which gave R1 more advantage over some previous work [19,28,30].
As a result, R1 could work in real environmental and biological
samples with very low background fluorescence. Therefore, the
methanol/PBS (1:1, v/v, pH 7.4) solution was used as the ideal experi-
mental medium.

The Job's plot (Fig. S6) revealed that the binding mode was 2:1 stoi-
chiometry. The species formed between R1 and Pd2+ was more accu-
rately determined by ESI-MS (Fig. 4). The peak at m/z 561.2504 that
corresponds to [2R1+Pd2+]2+ (Fig. 3) was clearly observed to support
the 2:1 stoichiometry. In order to further confirm why the significant
absorbance and fluorescence of R1 changed, the IR spectrum experi-
ments were carried out [45]. IR spectra of R1 and R1-Pd2+ were
taken in KBr disks, respectively. As demonstrated in Fig. S7, the
carbonyl absorption of R1 at 1689 cm−1 shifted to a lower frequency
at 1652 cm−1 upon the addition of Pd2+. This supported that carbonyl
oxygen was actually involved in the coordination with Pd2+. According
to these results, a possible coordinationmode for R1with Pd2+waspro-
posed (Scheme 2).

To investigate the practical application of chemosensor R1, the test
strips were prepared by immersing filter papers (3 × 1 cm2) in a meth-
anol solution of R1 (5.0 mM). The stock solution of Pd2+ was diluted to
different concentrationswith deionizedwater. After dried in air, the test
strips were directly utilized in the detection of Pd2+. The obvious color
changes were observedwhen the test strips coatedwith R1whichwere
soaked with solutions of Pd2+ of different concentrations, similar to the
measurement of pH test strips (Fig. 4). Thus, such a way is more conve-
nient than spectroscopic instrumental methods.

In order to further evaluate the potential of the sensor for imaging
Pd2+ in living cells, cultured HepG2 cells were incubated with the sen-
sor for 1 h at 37 °C. The cells incubated with only sensor (100 μM) ex-
hibited almost no fluorescence (Fig. 5a). By contrast, the cells stained



Scheme 1. Synthesis of R1.

Fig. 3.Mass spectrum of R1 in the presence of Pd2+.
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with both the sensor and further incubated with PdCl2 (200 μM)
displayed bright red fluorescence (Fig. 5b). Bright-field transmission
images of cells treated with PdCl2 and sensor revealed that the cells
were viable throughout the imaging experiments (Fig. 5c). Taken to-
gether, these results demonstrate that sensor R1 was cell membrane-
permeable and effective intracellular imaging agent for Pd2+ ions.

In summary, we synthesized a rhodamine based derivatives and in-
vestigated the properties for the detection of Pd2+. The sensor exhibited
high selectivity to Pd2+ over other metal cations. The detection limit
was 0.19 μM. With addition of Pd2+, the obvious color change could
be easily observed by naked-eyes. For practical application, the paper-
made test strips of R1 could be employed as portable sensing tools for
Pd2+ detection. The results from confocal laser scanning microscopy
Scheme 2. Proposed mechanism for the fluoresce
experiments further showed that sensor could be used to detect Pd2+

in living cells.
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Fig. 4. Photographs of the test stripsmade fromR1 for the detection of Pd2+with different
concentrations: left to right: 0, 30 μM, 50 μM, 100 μM.

313M. Yang et al. / Inorganic Chemistry Communications 46 (2014) 310–314
and InChiKey of the most important compounds described in this
article.
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