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A novel fluorescence resonance energy transfer (FRET)-based probe,
c-cyclodextrin modified oleic acid–NaYF4:Yb, Ho upconversion nanoparticles functionalized with a rhodamine B derivative (RBD), has
been achieved for Fe3+-sensing in aqueous solution with high
sensitivity and selectivity.

Iron is of indispensable importance in the metabolism of many
living organisms, and either its deficiency or overload can induce
various disorders.1 Anemia and breathing problems can be caused
by the scarcity of Fe3+, while when Fe3+ is at levels exceeding the
capacity of safe consumption in organisms, it can be toxic because
of its ability to promote oxidation of lipids, proteins and other
cellular components. Serum iron at high levels has been associated
with increased incidence of certain cancers and dysfunction of
organs such as the kidneys, liver, heart and pancreas.2 Therefore,
detection of Fe3+ in biological milieus is significant for physiological
and environmental concerns.3
To achieve high sensitivity and selectivity, a lot of fluorescent
chemodosimeters have been constructed by means of complicated
compounds and specific chemical reactions.4 Consequently, most of
the current optical probes have to be used in organic solvents or at
least in a mixture of organic solvents and water, leading to limitation
in their bio-applications.5,6 Furthermore, these traditional fluorescent
probes need photoexcitation in the ultraviolet or visible region, where
the endogenous chromophores or acceptors can also be excited,
resulting in background light interference.7
Recently, there has been increasing interest in the development
of lanthanide-doped upconversion nanophosphors (UCNPs) that can
act as luminophores when codoped with rare-earth ions.8,9 UCNPs
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with near-infrared (NIR) excitation and anti-Stokes emission (in
the visible region) have high photoluminescence intensity, narrow
emission bands, good chemical stability, and excellent lightfastness.10 Under the excitation of low-energy NIR photons (normally
980 nm), the autofluorescence from biological macromolecules and
scattered excitation light is eliminated, which provides enlarged
signal-to-background ratios and high sensitivities. Therefore, UCNPs
are good candidates for sensing and bioimaging.11,12 Several optical
chemosensors using UCNPs as fluorophores have been developed in
the sensing of Hg2+,13 CN ,14 TNT,15 and so on. However, to the best
of our knowledge, no work has been reported to involve Fe3+ selective
fluorescence probes on the basis of upconversion luminescence
(UCL) nanomaterials.
Herein we present a novel protocol using g-cyclodextrin (CD)
modified oleic acid (OA)–NaYF4:Yb, Ho (denoted as CD–UCNPs)
nanophosphors as a carrier of the RBD for the detection of Fe3+ in
aqueous solution (Scheme 1). This Fe3+ sensor takes advantage of
a FRET process using NaYF4:Yb, Ho nanoparticles as the energy
donor, and the RBD with Fe3+ as the energy acceptor.
The modification of the OA–UCNPs occurs by means of the host–
guest complex between the OA molecules and CD. The macromolecule
CD is a cyclic oligosaccharide, which contains a doughnut-shaped
structure with a hydrophilic outer surface and a lipophilic cavity.16
Hence, the pocket can act as a host for poorly water-soluble molecules
to shelter their most hydrophobic parts.17 Inclusion complexes can be
formed by threading OA molecules into the interior of the CD and then
organized via noncovalent interactions.18
Conventional fluorescent probes are normally physically adsorbed
or conjugated to the surface of nanomaterials. Therefore, they are
proved to be probably unfeasible for use in in vivo studies or actual
clinical settings, due to their unstable attachment and cytotoxicity.16
In the present study, the RBD, as a highly selective probe of Fe3+,19
entered into the pocket of CD to form upconversion self-assembled
materials (abbreviated as RBD–UCNPs). Owing to its hydrophobic
interaction and suitable size, the CD as the vital nexus between OA
and RBD can protect the fluorescence probe from the harsh environment, preventing photobleaching and photodegradation.16
The FRET eﬃciency from the UCNPs to the RBD was modulated
through the concentration of Fe3+ (Scheme 1). The UV-Vis absorption
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Scheme 1 Schematic illustration of the synthesis of the RBD–UCNPs, their UCL
response to Fe3+, and further addition of Na2S.

spectra of RBD in the absence and presence of Fe3+ together with the
UCL emission spectrum of OA–UCNPs are shown in Fig. 1. Before
Fe3+ was added to the solution of the RBD, no absorption peak
could be observed. However, a broad characteristic absorption
peak with a maximum at 558 nm emerged after Fe3+ was injected
into the solution, suggesting a strong interaction between RBD
and Fe3+, which can be attributed to the spirocyclic ring opening
mechanism; in other words, the chelation of Fe3+ with the oxygen
atoms of the amide groups from RBD results in the formation of
the open-ring form.19
At the same time, under excitation at 980 nm, two UCL emission
bands of OA–UCNPs centred at 542 nm and 646 nm can be attributed
to the 5S2 - 5I8 and 5F5 - 5I8 transitions of Ho3+, respectively. The
emission band of UCNPs at 542 nm perfectly overlaps with the
absorbance spectra of RBD–Fe3+, which enables a FRET process to
partially quench the green emission of UCNPs.20 Meanwhile, the red
emission at around 646 nm should be unaffected as it is far away
from the absorption band of the RBD–Fe3+. To avoid possible
interference, UCL at 646 nm can be considered as a reference to
the green emission to allow for ratiometric detection.
The as-prepared spherical UCNPs, prepared via a modified
literature procedure,21 with a diameter of about 7 nm, were dispersed
well in cyclohexane solution, as shown in the transmission electron
microscopy (TEM) image (Fig. S1a, ESI†). The X-ray diﬀraction (XRD)
pattern can be directly indexed to a pure cubic phase of NaYF4

Fig. 1 The UV-Vis absorption spectra of RBD (black line) and RBD upon addition
of Fe3+ (red line) in the Tris–HCl buffer solution (pH = 7.15) as well as the UCL
spectrum of OA–UCNPs (green line) in cyclohexane solution.
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(JCPDS no. 06-0342) (Fig. S1e, ESI†). According to the Debye–Scherrer
formula,22 the crystallite size of the UCNPs was calculated to be
6.96 nm, which was in agreement with the TEM results. Energydispersive X-ray (EDX) analysis reveals that the nanoparticles are
mainly composed of Na, Y, F, Yb and a small amount of Ho element
(Fig. S1f, ESI†). After coating the nanoparticles with CD, the nanoparticles kept their size and shape better compared to OA–UCNPs,
and showed good monodispersity in aqueous solution (Fig. S1c, ESI†).
The high resolution TEM (HRTEM) (Fig. S1b and d, ESI†) images
showed the highly crystalline nature of the particles.
On the other hand, the assembling processes were proven by
Fourier transform infrared (FT-IR) spectra (Fig. S2, ESI†). X-ray
photoelectron spectroscopy (XPS) further suggested that the RBD
and UCNPs had been combined together in the final products by
virtue of simultaneous observation of the elements N, Na, Y, F, Yb,
Ho, C and O (Fig. S3, ESI†). The results of elemental analyses showed
that the RBD–UCNPs contained ca. 18.56 wt% CD and ca. 5.15 wt%
RBD (Table S1, ESI†).
To evaluate the UCL property and FRET eﬃciency, the emission
intensities of these modified nanomaterials were compared, as shown
in Fig. S4 (ESI†). Both the coating of the CD and additional loading of
RBD decrease the luminescent intensity, because the organic groups
with their vibration frequencies can quench the emission of rare earth
ions to a great extent.23 In addition, the response of Fe3+-treated RBD–
UCNPs to Na2S was also investigated. Fe3+ can induce the FRET
process to occur, but after an equal amount of Na2S was added to the
mixture of RBD–UCNPs and Fe3+, the green UCL emission was nearly
recovered to the original state of RBD–UCNPs (Scheme 1 and Fig. S4,
ESI†) as a result of a chemical reaction between Fe3+ and S2 to bring
about the reduction of Fe3+.
The sensing ability of RBD–UCNPs toward Fe3+ was studied by
performing UV-Vis absorption spectroscopy. As shown in Fig. 2a, in
the range of 0 to 500 mM, in response to increasing concentration
of Fe3+, the absorbance intensity increased linearly. Therefore,
there is an adjustable FRET efficiency between UCNPs and RBD
based on addition of different amounts of Fe3+. The linear plot of
the absorbance at 558 nm as a function of Fe3+ concentration is
shown in Fig. S5 (ESI†).
To certify the energy transfer eﬃciency of UCNPs emission to
absorption of the RBD–Fe3+, the UCL intensity of RBD–UCNPs was
studied with different concentrations of Fe3+ (Fig. 2b). The intensity
of the green emission decreased significantly while that of the red
emission showed little change upon addition of Fe3+. The green-tored ratio (GRR) upon gradual addition of 0–550 mM Fe3+ is shown in
the inset of Fig. 2b. The relative fluorescent quenching increased
linearly with the concentration of Fe3+ in the range of 5 to 400 mM
(R2 = 0.9923) (Fig. S6, ESI†). The LOD is as low as 1.2 mM, nearly ten
percent of that in single RBD on Fe3+-sensing,19 meeting the
demands of detecting Fe3+ in human serum, where the normal level
of iron is between 10 and 30 mM.
Besides the sensitivity, the selectivity was also tested. No significant absorption was observed in pure RBD–UCNPs whether or not
250 mM metal cations were added, including Cu2+, Fe2+, Zn2+, Cd2+,
Ag+, K+ and a mixture of Pb2+, Ni2+, Cr3+, Co2+, Ba2+, Mg2+, Ca2+ as
well as Na+, except for Fe3+, as shown in Fig. 3a. Accordingly, only
Fe3+ resulted in the obvious change from colourless to pink (Fig. 3b),
because the stability constant (K) of RBD with other metal cations is
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Fig. 2 (a) The UV-Vis absorption spectra of 0.3 mg mL 1 RBD–UCNPs upon
addition of 0–550 mM Fe3+. Inset: the absorbance intensity at 558 nm as a function
of Fe3+ concentration. (b) The UCL spectra of 0.3 mg mL 1 RBD–UCNPs upon
addition of 0–550 mM Fe3+. Inset: the GRR (UCL520–570/UCL628–675, UCLA–B is the
integrated emission intensities from A to B nm) as a function of Fe3+ concentration.

Furthermore, the feasibility of this sensor for clinical applications was investigated using real serum samples from anaemic, healthy and leukemic adults, respectively (Table 1). These
as-received samples had been pretreated to achieve free Fe3+
before they were determined. In comparison with the atomic
absorption spectrophotometry (AAS) method, the relative standard deviations (RSDs) showed acceptable practicability for the
detection of serum iron, proving the potentiality of this strategy
for practical applications.
In summary, CD modified OA–NaYF4:Yb, Ho nanoparticles
loaded with RBD have been designed as a FRET-based Fe3+
sensor with high sensitivity and selectivity. In the case of
practical applications, UCNPs as excellent emitters with their
low autofluorescence and high penetration depth to biosamples
endow this system with further potential for use in biological and
analytical fields. Since a variety of hydrophobic probes instead of
RBD can also be bagged into the lipophilic pocket of CD, the selfassembly nanocarriers can not only serve as a versatile platform
for the detection of other analytes, such as Cu2+, Hg2+, CN , etc.,
but also drive the hydrophobic probes to work in aqueous
solution. Therefore, the general method can be extended to other
fluorescent sensing systems.
The authors gratefully appreciate the support from the
National Basic Research Program (2011CB933502) of China,
and the National Natural Science Foundation (21020102038,
21121091).

Notes and references
Fig. 3 The UV-Vis absorption spectra (a), colour changes (b), the UCL spectra (c)
and the GRR (gray bars represent the RBD–UCNPs to the cations of interest, blue
bars represent the subsequent addition of 250 mM Fe3+ to the above solution) (d),
of 0.3 mg mL 1 RBD–UCNPs before or after addition of 250 mM Fe3+ and the
same concentration of other metal cations, respectively.

Table 1 Comparison of assay results of clinical serum samples for AAS and the
proposed method

Serum samples (adults) AAS (mM) Proposed method (mM) RSDs (%)
Anaemic
Healthy
Healthy
Leukemic
Leukemic
Leukemic

7.3
13.2
26.7
88.1
108.0
154.4

7.1
12.9
27.0
86.4
108.5
151.2

2.7
2.3
1.1
1.9
0.5
2.1

too low to be detected while the value of K toward Fe3+ is as high as
103.5 in Tris–HCl buffer solution (pH = 7.15).19
Moreover, as shown in UCL spectra, only the addition of
250 mM Fe3+ led to a prominent change, whereas other metal
cations caused only slight variations (Fig. 3c). Additionally,
competition experiments were performed by adding Fe3+ to
the solutions of RBD–UCNPs in the presence of other cations.
As shown in Fig. 3d, whether or not with other cations, similar
GRRs were observed upon further addition of Fe3+, which proves
that the determination of Fe3+ is hardly affected by these commonly
existing cations. Therefore, RBD–UCNPs can serve as a ratiometric
probe for Fe3+ with high selectivity.
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