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A nanosensor based on β-cyclodextrin (βCD) macrocycles linked to gold nanoparticles for rhodamine B (RhB)
sensing was developed applying the metal-enhanced fluorescence effect (MEF). Hence, we have developed
many ways to control the distance of supramolecular systems to nanoparticle surface with different
bioconjugation strategies in order to optimize signal detection. Different PEG spacer arm lengths were used to
cover the nanoparticle surface with molecular spacers. This type of molecular shell is biocompatible, enabling
to switch on/off the MEF effect using a dithiane linker by a simple reduction reaction. In the presence of the
nanosensor obtained, an increase was observed in RhB fluorescence emission depending on molecular length,
that is a characteristic effect ofMEF. Themajor increasemeasuredwas 60% comparedwith RhB emission in buffer
at 1 nM level, for a spacer length of 3.58 nm and an 80% increase as compared with that in the presence of βCD.
These differences are ascribed to the fact that, in the presence of macrocycle, we can observe a well-known
quenching effect that is overcome by the presence of the metallic core. Even at shorter spacer distances, with
PEG lengths of 1.2 and 2.17 nm, increases of 25 and 47% respectively allow the analyte detection by the RhB com-
plexation with βCD. The optimal MEF enhancement was measured with the maximal emission signal stabilized
after 50 min due to plasmonic effects based on inter nanoparticle interactions. Moreover, the emission increase,
in the presence of the metallic core, was accompanied with a diminution in the fluorescence lifetime's decay
value averages, characteristic of MEF. This fact shows that the excited state is protected from the non-radiative
emission decays enhancing the analytical signal.
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1. Introduction

For the bionanosensor design, we needed to take into account two
major parameters: the signal detection recorded; and the recognition
system thatwould allowdetecting the target. In the last years, supramo-
lecular chemistry showedmany examples developed from dye recogni-
tion and quantification using receptors [1]. The most well-known
macrocycles in supramolecular chemistry are calixarenes [2] (CA),
cucurbiturils [3] (CB) and cyclodextrins [4] (CD). All these receptors
have a nanocavity with different organic groups that can interact with
the guest included.

In this work we studied the use of cyclodextrins as a recognition
supramolecular system, joined to gold nanoparticles for nanosensor
developments based on metal enhanced fluorescence (MEF).
racamonte),

r B.V. All rights reserved.
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of six
(αCD), seven (ßCD) or eight (γCD) units of α–D-glucose linked by α-
(1,4) bonds. These macrocycles have a nanocavity (internal diameter
of 0.7 nm for βCD) which allows them to act as hosts to form inclusion
complexes with guestmolecules in the solid state or in solution. CDs are
interesting microvessels capable of embedding appropriately sized
molecules, and the resulting supramolecules can serve as excellent
miniature models for enzyme–substrate complexes.

Moreover it iswell known that rhodamine B (RhB) interacts strongly
with βCD [5,6]. For this reason, and looking for a good target model to
evaluate our nano-supramolecular system, we worked with this dye.
RhB is an important xanthene dyewith a large variety of technical appli-
cations, including dye lasers, photosensitizer and quantum counter [7].
The spectroscopic and photophysical properties of RhB have already
been extensively studied in different media. Recently, Jian Zhu et al.
have studied the mechanisms of interaction between bovine serum
albumin nanoparticles with RhB loaded using fluorescence spectrosco-
py in order to design a drug delivery system [8].
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Metal enhanced fluorescence (MEF) is a plasmonic effect that
enhances the emission fluorescence of a substrate placed at a given
distance from a metallic surface [9].

The MEF effect depends of the distance of the fluorophore from the
metallic surface because the electromagnetic field intensity decays
exponentially (1/r3) affecting drastically the fluorophore excitation
[10]. For this reason in order to evaluate this parameter there are
many studies developed using polymeric spacers such as silica [11]. In
these nanoarchitectures, the fluorophore is covalently bonded and the
concentration can be controlled for maximal enhancements. These
studies are in progress over surfaces [12] and colloidal dispersions
[13], depending on the nanoarchitecture design and applications.

In nanosensor developments, there are many studies done with
surfaces chemically modified with molecular spacer appending
different supramolecular receptors at different distances by different in-
strumental techniques. But as far as we know there is no reported
nanosensor with molecular spacers, based on an on/off MEF switch.

The following examples about molecular spacers used to modify
nanoparticle surfaceswith cyclodextrins as part of nanosensors coupled
withmany analyticalmethodologies could bementioned. Campina et al.
reported gold electrodes modifiedwith 11-amino-1-undecanethiol and
di-(N-succinimidyl) carbonate for βCD linking [14]. With this surface
modification it was possible to shift the oxidation peak at higher
potentials compared with those of the free gold surface, showing a
good correlation response of hydroquinone with dopamine. A further
example involves the fluorescent method developed by Zhang N.
et al., based on a novel assembly of gold nanoparticles grafted with
βCD monothiolated for the fluorescent probing of cholesterol, using a
Förster Resonance Energy Transfer (FRET) control strategy [15]. Another
recent case is a quantitative colorimetric method developed using silver
nanoparticles modified with thiolated βCD, for organic isomer discrim-
ination [16]. In most design strategies, the use of monothiolated
cyclodextrins directly grafted over nanoparticle surfaces was reported.
Yet, other studies, including those conducted by Wu et al., were de-
signed with molecular spacers. It was synthesized magnetic nanoparti-
cles graftedwith amine-β-cyclodextrin via a novel synthetic route using
poly(ethylene glycol) PEG activated as linkers. These nanoparticles
were used for dopamine electrochemical detection [17]. The surface
properties of magnetic nanoparticles with PEG spacer arms linked
were also studied by isothermal titration calorimetry and dynamic
light scattering (DLS) methods [18]. Enthalpy–entropy analysis
suggested that poly(ethylene glycol) (PEG) modification on particle
surface could effectively reduce the interaction between magnetic
nanoparticles and plasma proteins, showing that the use of this type
of linkers is a particularly good choice for nanosensors likely to be
applied to biological media.

In all the examples mentioned, the cyclodextrin cavities were
used as efficient dye recognition nanocavities and signal modifiers
for sensor developments. But, also it is important to mention about
the application of CDs in pharmaceutics and nanomedicine. For ex-
ample the first experimental therapeutic application with cyclodex-
trin self-assemblies was developed and applied in humans to provide
targeted delivery of RNA [19]. By similar manner, novel quaternary
ammonium β-cyclodextrin (QAβCD) nanoparticles as drug delivery
carriers for doxorubicin (DOX), a hydrophobic anticancer drug,
across the blood brain barrierwere developed [20]. For this reason,
from the drug delivery point of view, the design and synthesis of
new prototypes of supramolecular nanoparticles applied in
nanomedicine is also of high interest.

The final goal of this work was to join the supramolecular knowl-
edge to metallic nanoparticles for a nanosensor design based on MEF
for nanoimaging and new analytical methodology developments [21].
For this reason, the study of different ways to control the distance of
the supramolecular system to the nanoparticle surface with different
bioconjugation strategies was required to optimize the effect needed
depending on the application. Different PEG spacer arm lengths were
used to cover the nanoparticle surface, thus it is possible to switch on/off
the metal-enhanced fluorescence effect (MEF) using a dithiane linker by
a simple reduction reaction. These PEGmolecular shells are biocompatible
and prevent aggregation in cellular media.

2. Experimental

2.1. Apparatus

UV–vis and spectrofluorimetric determinations were carried out
in a Varian UV-50 Carry 50 Conc. and a Fluorolog HORIBA JOBIN
YVON, respectively. Lifetime measurements were done with a
PicoQuant, Fluotime 2000. The pHwasmeasuredwith a Fisher Scien-
tific Accumet model Excel XL20 at 25.0 ± 0.1 °C. The pH-meter was
first calibrated using standard buffers (pH = 4.00; 7.00; and 9.00).
An ultrasonic bath (Branson 2510) was used for the dispersion of
the reagents. Transmission electron microscopy (TEM) images
were taken using a TEM JEM-1230, JEOL with an operating voltage
of 200 kV. Data analysis was performed with Origin (Scientific
Graph system) version 8.

2.2. Reagents

Water was obtained using a Millipore apparatus. RhB (99% purity,
Sigma-Aldrich), βCD (98% purity, Sigma), hydrogen tetrachloroaurate,
HAuCl4·3H2O (99%, Sigma-Aldrich), citrate sodium tribasic dehydrate
(99%, ACS reagent), polyvinyl pyrrolidone 40,000 g/mol (98%, Sigma-
Aldrich) and mercaptophenylboronic acid (≥95%, Aldrich) were used as
received. The spacer arms 3,3′-dithiobis(sulfosuccinimidyl)propionate
(DTSSP), and bis-succinimide ester activated PEG (polyethylene glycol)
compounds for crosslinking BS(PEG)nwere from Fisher Scientific compa-
ny. The pH = 7.4 (10 mM) buffer was prepared according to literature
procedures (2.3 mMmonosodium dihydrogen phosphate and disodium
hydrogen phosphate 7.7 mM). All buffer constituents were commercial
analytical-grade reagents.

2.3. General procedure

Gold nanoparticles were synthesized by the classical Turkevich
method of citrate reduction of HAuCl4 and were afterward stabilized
with PVP 40. The resulting nanoparticles were then redispersed in
anhydrous ethanol (mother solution, [Au NPs] = 3.88.1010 NPs/mL,
diameter = 55.5 nm). This nanoparticle diameter was chosen in order
to get an optimal nanoparticle plasmon band to interact with the
fluorophore.

After that the surface of the nanoparticles was modified with 3-
(aminopropyl)triethoxysilane (APS) to functionalize it with amine
groups. Over this surface different spacer lengths of bis-succinimide
ester activated PEG (polyethylene glycol) compounds (BS(PEG)) were
covalently bonded by stable amide bonds. The spacer arms used were
with n = 5 (BS (PEG)5, 2.17 nm) and n = 9 (BS (PEG)9, 3.58 nm).
Moreover, we chose a cross-linker with disulfide bonds for cyclodex-
trin–rhodamine B complex delivery, with 1.2 nm spacer length, called
3,3′-dithiobis(sulfosuccinimidyl)propionate (DTSSP). After DTSSP
cyclodextrin linking, we were able to reduce the disulfide covalent
bond with a specific reducing agent, DL-1,4-dithiothreitol (DTT) for
complex delivery. In general, we called the nanoparticles βCD grafted
with different spacers as Au@spacern-βCD.

For 5 mL of gold nanoparticles in ethanol, 50 μL of APS was added
and allowed to react for 2 h at room temperature. Nanoparticles were
centrifugated and washed with ethanol. To confirm the presence of
amine sites over the surface, we assayed with a specific reagent used
in proteins, 2,4,6-trinitrobenzenesulfonic acid solution (TNBS) measur-
ing an absorbance band at 340 nm [22]. The resultswere not significant-
ly conclusive, probably due to the low total amine concentration in the
nanoparticle solution and the sensitivity of the colorimetric method.
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The presence of amine groups over the nanoparticle surface was
confirmed with Zeta-seizer potential measurements (PVP gold NPs sig-
nal approximately −20 and amine gold nanoparticles +17). For the
linking of the different spacers, nanoparticleswere redispersed in buffer
phosphate 100mM, pH 7.40, and 2–3mg (~2–4 μmol) of the spacer arm
was added in 1mLof amine gold nanoparticleswith continuous shaking
during 45 min. In these conditions we had a ratio of (–NH2/spacer)
about 1000 times and no aggregation caused by crosslinking between
two or more nanoparticles was observed. After 45 min, we added an
equimolar (~2–4 μmol) amount of 3-(amine)phenyl boronic acid and
allowed it to react 2–3 h. Afterwards, nanoparticles were centrifugated
and washed with buffer phosphate. At this point the nanoparticle
surface was modified with different spacers linked to phenyl boronic
acid. It is well known that boronic acid reacts specifically with diols
[23]; for this reason it can be covalently linked to cyclodextrins, as
demonstrated in the different nanosensors developed with quantum
Dots [24]. βCD grafting on gold nanoparticles was done by re-
dispersing 1 mL of phenyl boronic modified nanoparticles in 1 mL of
βCD 5 mM in buffer phosphate pH 7.40, and allowed to react for 3 h
with continuous shaking. The centrifuge always washes and conserves
the nanoparticles in buffer phosphate. The covalent bond between cy-
clodextrin diol and boronic acid is affected by pH (it is stable between
pH 7–8). See structure synthesized, Scheme (1).

A concentrated aqueous solution of RhB (3mg/10mL) was stored
in the refrigerator (4 °C) for a maximum of 20 days. The stability of
the stock solutions was periodically checked by spectrophotometry
before preparing the appropriate dilutions for fluorimetric determi-
nations. All the experiments were done with diluted aqueous solu-
tions of RhB in the nM range to ensure that only the monomeric
species was present. All the solutions were covered with aluminum
foil to protect them from light exposure. For emission and excitation
fluorescence spectra, the excitation and emission bandwidths were
set at 5 nm. Fluorescence emission spectra were measured with an
excitation wavelength equal to the wavelength of maximum absorp-
tion. All the measurements were made at (25.0 ± 0.1) °C, with the
temperature of the cell compartment controlled with a Haake K10
circulator with continuous stirring. The lifetime measurements of
RhB were performed for different media (Au@spacern-βCD, only in
buffer solution, free βCD, free Au NPs and a mechanical mix of free
βCD and free Au NPs).

In all cases, low concentrations (approximately 3.88·108 NPs/mL, or
a dilution factor of 100 of the initial goldmother solution) of gold nano-
particles were used to avoid auto-absorption (extinction coefficient
lower than 0.05). The mechanical mix was done with the simple addi-
tion of nanoparticles capped with PVP 40 and βCD without adding any
linker (with similar theoretical concentrations found over the total
nanoparticle surface).
Scheme 1. Schematic represen
3. Results and discussion

3.1. Nanoparticle characterization

The particles synthesized by the classical Turkevich method were
nearly monodisperse spheres and their size was easily controlled by
the ratio of initial reagent concentrations. The monodisperse spherical
gold nanoparticles, 40–50 nm diameter range (Fig. 1), were character-
ized by UV (results shown in Fig. 2).

They were easily characterized in UV due to their plasmon absor-
bance band centered at 540 nm for the 55.5 nm gold nanoparticles.

The surface modifications of Au NPs can be easily observed in UV. As
a representative example, we show in Fig. 2 the case of Au@spacer9-
βCD. Here, the grafting of the different spacers and boronic linker can
be seen with the presence of a band at 240–250 nm. Furthermore, the
grafting of organic molecules on the surface red shift the gold plasmon
band by a few nanometers caused by nanoparticle aggregation into
the dispersion, as it was shown in aggregates of gold nanoparticles
grafted with ADN [25]. This phenomenon was not observed for the
mixing of nanoparticle, spacers and βCD not linked; and the UV of the
mixing was the sum of all the components separately. We also found a
third band at 650–660 nm, consistent with results reported in previous
publications, where modified cyclodextrins (such as pyridylmethyl-
amino-β-cyclodextrin) were grafted on gold nanoparticles [26]. These
spectral characteristics were observed for the three types of linkers
used.

As shown in Fig. 3, the gold nanoparticle plasmon has a good overlap
with RhB, required for the interaction of nanoparticle plasmonwith RhB
excitation wavelength in the near field, and with the RhB emission
wavelength in the far field. These requirements need to be complied
with in order to achieve an optimal fluorophore nanoparticle plasmon
coupling and the resulting MEF phenomena [27].

3.2. Effect of the cyclodextrin on rhodamine emission fluorescence by host–
guest complex formation

It is known that RhB has a high cyclodextrin constant association
value related to strong host–guest interaction; and moreover the RhB
dye is quenched by the cyclodextrin. However, in this work, we want
to explore its strong interaction and recognition as amimetic enzymatic
model linked to a metallic nanoparticle and assay to control the effect
observed on fluorescence by varying the spacer lengths. As seen in
Fig. 4, RhB emission in the presence of βCD (10mM) has the quenching
effect reported previously in the literature [28] (quenching effect
measured is ~25%) and characteristic blue shift (λmax. em. 574.0 nm) as
those observed for this dye in the literature [29]. Analyzing the supra-
molecular complex, from the interaction point of view, this host–guest
tation of Au@spacern-βCD.



Fig. 1. TEM of gold nanoparticles synthesized by the classical Turkevich method of citrate
reduction ofHAuCl4.Monodisperse spherical gold nanoparticles of 55.5 nmdiameterwere
obtained.

Fig. 3. UV spectra of gold nanoparticles (red line) and rhodamine B (black line).
Experimental conditions: [Au NPs] = 1.29 · 108 and [RhB] = 2.5 μM in buffer
phosphate pH= 7.40.
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is ideal due to the host–guest complementarity and strong association
constant; but in terms of the stabilization of the excited state it has no
advantages for analytical applications. For this reason it is very interest-
ing to study the plasmonic effect on the fluorescence emission of the
host–guest complex. In general, it could be observed that the effect on
the quantum yields due to a plasmonic interaction is higher when the
quantum yields are lower.

3.3. Effect of different spacers on rhodamine–cyclodextrin complex emission
over gold nanoparticles

Specifically with nanoparticles, we studied the effect of cyclodextrin
grafting with different length spacers attached to gold nanoparticles.

In each medium (Au@spacern-βCD), we monitored changes over a
one-hour period in the fluorescence spectra of Au@spacern-βCD in the
presence of 1.0 nM of RhB with continuous stirring. Fig. 5 shows a rep-
resentative result of the spectra obtained with the spacer arms (DTSSP,
1.2 nm, n=5 (BS (PEG)5, 2.17 nm) and n=9 (BS (PEG)9, 3.58 nm) for
(BS (PEG)9. As can be seen, there is a 60% increase in RhBemission signal
(λmax. em. 580.0 nm)with time, accompanied by a 6-nmblue shift in the
Fig. 2. UV spectra in buffer phosphate pH= 7.40: a) gold nanoparticles grafted with βCD
using, as a spacer, bis-succinimide ester activated PEG (polyethylene glycol) BS (PEG)9
(blue line). b) gold nanoparticles, diameter = 55.5 nm (red line). c) Spacer BS(PEG)9
(black line). d) β-cyclodextrin spectra (gray line). e) 3-amine phenyl boronic acid linker
(orange line).
emission peak wavelength over the first 45 min; after that, it was
stabilized.

The enhanced fluorescence can be attributed to an interactionwith a
supramolecular recognition of the guest (RhB), and due to theproximity
of the fluorophore with the metallic nanoparticle an increase of the
absorption at the maximal absorption wavelength of the fluorophore
in the near field is generated. This phenomenon is one of the most
important factors related to MEF.

Yet with the first supramolecular recognition between RhB and βCD
a quenching effect is observed [30] at low concentration (~10−8 M), in
presence of Au@spacern-βCD, the host–guest recognition allows encap-
sulation and approaching of the dye to the metallic surface causing
metal enhanced fluorescence (MEF). It is well known that MEF effect
is related to the distance between metal surface and fluorophore, a de-
pendence shown by different studies into metal–fluorophore interac-
tion [31]. As seen in Fig. 6, a tendency is found in the values obtained
with the maximal signal stabilized after 50 min and the spacer length.

Table 1 displays increases of 25%, 47% and 59% for spacers DTSSP and
BS (PEG)n (n=5and9) respectively, showing the tendency for increase
with the longer spacer arm length. This tendency is explained by the
Fig. 4. Fluorescence spectra of rhodamine B: in buffer phosphate pH = 7.40 (red line)
(λmax. em. = 580.0 nm), and in the presence of βCD (black line) (λmax. em. = 574.0 nm).
Rhodamine B and βCD concentrations were 1.0 nM and 10.0 mM respectively.



Fig. 5. Fluorescence spectra of rhodamine B in buffer phosphate pH = 7.40 (green line)
(λmax. em. = 580.0 nm), and in the presence of Au@spacern-βCD with n = 9 (BS (PEG)9,
3.58 nm in a period of 1 h (blue line corresponds to 1 h). Nanoparticle blank, Au@
spacern-βCD (black line).

Table 1

Spacer Length (Å)a Total length (Å)b %(I/I0)c

DTSSP 12.0 ~30 25
BS (PEG)n (n = 5) 21.7 ~40 47
BS (PEG)n (n = 9) 35.8 ~54 59

Percentage of rhodamine B fluorescence emission increment in the presence of
nanosensor Au@spacern-βCD with a specific spacer arm (%(I/I0)).

a Spacer arm length.
b The total length takes into account cyclodextrin dimension of 1.8 nm.
c I/Io is themaximumsignal intensity ratio between RhB in thepresence of Au@spacern-

βCD and RhB free in buffer.
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dependence of the maximal electromagnetic field intensity generated
with the distance in the near field.

The increases observed are lower than other MEF effects from other
nanostructures reported in the literature with core–shell nanoparticles;
however, these cases show a higher inter shell concentration of
fluorophores in the range of μM–mM, compared with the nM βCD
concentration grafted over total nanoparticle concentration.

3.4. Effect of the pH on the fluorescence emission of the fluorescent complex

The fluorescence intensity of the RhB in the presence of the
nanosensor was diminished to the RhB free value in solution at the
1 nM level in the pH range, 8.5 b pH b 5.5, caused by the non formation
of the boronic acid linkages with diols in these conditions. At neutral pH
due to that the boronic acid is a weak Lewis acid the trigonal form of the
acid exists and this is the specie responsible of the bond formation with
Fig. 6. Fluorescence spectra of rhodamine B in buffer phosphate pH = 7.40 (green line)
(λmax. em. = 580.0 nm), and in the presence of Au@spacern-βCD with different spacers:
DTSSP, 1.2 nm (blue line), n = 5 (BS (PEG)5, 2.17 nm (red line) and n = 9 (BS (PEG)9,
3.58 nm (black line).
diols [32]. Moreover the association constant of the complex RhB–βCD
is high (7.103 M−1) at neutral pHs due to their aromatic moiety com-
plexation that occurs by hydrophobic effect enhanced by hydrogen
bonds from the deprotonated carboxylic acid and the CD hydroxyls
groups [33].

3.5. Switch on/off enhanced fluorescence control and βCD–RhB complex
delivery

In the presence of the cyclodextrin DTSSP linking, we were also able
to reduce the disulfide covalent bondwith a specific reducing agent, DL-
1,4-dihiothretol (DTT), for complex delivery. Hence, we can control the
enhanced fluorescence effect of this nanosupramolecular system using
reducing and oxidant agents, giving the time needed for each reaction
(Scheme 2).

In Fig. 7, we can see the increase in fluorescence with time (blue line
to red line). After signal stabilization, DTT reducing agent was added.
Following a few minutes, the signal was reduced to the initial RhB
fluorescence (red line to green line). Thus, complex delivery was
carried out, and the freeβCD complex not attached to themetallic nano-
particle (at nanomolar levels) showed no increase in fluorescence.

This reaction is particularly useful for us not only to simulate an en-
zymatic activity with complex delivery over a nanoparticle surface, but
also as a tool to confirm different events. First, all the reaction steps and
βCD grafting can be controlled; second, we can control the enhanced
fluorescence effect; and third we can confirm the importance of the
supramolecular host–guest interaction and recognition at nanolevels
only over a metallic nanoparticle surface. These observations have
synthetic and analytical applications in future works for biosensor
designs with fluorescent methods.

3.6. Fluorescence lifetime measurements

In order to understand the photo-physics of RhB and to obtain more
information on the micro environmental changes around the
fluorophore interacting with the different media, we measured
fluorescence-lifetime decays in the conditions described before. As
you can see in Fig. (8), decay curves show that there is a shortening of
lifetime in RhB dye in the presence of the nanosensor as compared
with the free RhB in buffer phosphate and also in the presence of free
gold nanoparticles (withoutβCD grafting). Table (2) showall the results
obtained. This fluorescence-lifetime decay shortening is explained in
MEF by a higher occupation of the upper excited levels based on higher
excitation intensity.

The lifetime value obtained for RhB in buffer was 1.6 ns, in agree-
ment with the results reported previously (1.6 ns) [34] and (1.7 ns)
[35]. To evaluate distance effect on lifetime value averages, we chose
DTSSP (1.20 nm) and BS (PEG)9 (3.58 nm) spacers. The values obtained
for both spacers were similar to and smaller than 50% compared with
RhB free in buffer, as seen in Table 2. Although lifetime value averages
in the presence of both spacers are lower than those obtained with
RhB free in buffer, they showed no decrease between the two spacers.
Moreover, in the presence of the nanosensor modified with the DTSSP



Scheme 2. Reduction reaction of disulfide covalent bond with DL-1,4-dihiothretol (DTT) for βCD complex delivery.
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spacer arm, the RhB emission measured showed a lifetime shortening
that it was recovered after addition of DDT reductant agent as it can
see in Fig. 8 and Table 2.

Considering the nanoarchitecture and distance effect on the emis-
sion with the different spacer's lengths, we have to take into account
that linkers are flexible polar hydro-carbonated chains with a cyclodex-
trin linked to the end of the molecular spacer, as micelles surrounding
nanoparticle surface. Yet, this nanoarchitecture will allow not only
host–guest recognition; depending on the guest polarity may be the
dye could also interact by noncovalent interaction with carboxylic
groups or mercaptophenylboronic acid not substituted between two
cyclodextrins linked. However, as we can see in Table 2, when the
mechanical mix of gold nanoparticles (without amine groups) was
measured with DTSSP, βCD and RhB, the average lifetime value
measured was that obtained for RhB free in buffer. This result shows
that the βCD–RhB complex linked to the nanoparticle surface is re-
quired to obtain a decrease in lifetime as found in the presence of Au@
spacern-βCD with both spacer arms. Viger et al. (supporting
Fig. 7. Fluorescence spectra of rhodamine B in the presence of Au@spacern-βCD (spacers:
DTSSP, 1.2 nm) a) at time= 0 (blue line) b) 1 h period (red line) c) after 10min of adding
DTT (green line).
information) [36] also worked with fluorescent core–shell nanoparti-
cles. They measured differences of lifetime value averages of around
0.25 ns between spacer thickness of 7 (0.159 ns) and 13 nm
(0.388ns). For this reason, in the nanosensor synthesized, the difference
between the distances of the spacer arms is not significant enough to
obtain different lifetime decay values. Yet, in both cases we obtained a
decrease in RhB lifetime values only in the presence of the nanosensor
[37,38].
4. Conclusion

A PEG-βCD gold nanoparticle capped was developed using different
PEG chain lengths. In this way, it was found that the optimal PEG length
to attain the best rhodamine B fluorescence emission enhancementwas
around 4–5 nm with a 60% increase. At shorter PEG lengths, 1.2 and
Fig. 8. Rhodamine lifetime decays: rhodamine B free in buffer (red line), and in the
presence of Au@spacern-βCD with different spacers: n = 9 (BS (PEG)9, 3.58 nm (blue
line); DTSSP, 1.2 nm (green line) and DTSSP spacer arm with the addition of DTT
reducing agent (turquoise line).



Table 2

Samplea τ1 (ns)b A1%b τ2(ns)b A2%b C2c τav (ns)d

RhB 1.589 100 – – 1.016 1.589
(0.009) –

NPs with BS (PEG)9 spacer + RhB 0.892 89 2.331 11 1.69 1.050
(0.012) (0.051)

NPs withDTSSPspacer + RhB 0.872 90.5 2.504 9.5 1.855 1.026
(0.012) (0.057)

NPs withDTSSP spacer + DTT + RhB 1.092 62 1.928 38 1.686 1.510
(0.021) (0.024)

Mech. Mix. Au NPs + DTSSP + CD + RhB 1.595 100 – – 1.989 1.595
(0.013) –

–

Rhodamine B lifetime values in different media.
a RhB 2.9 nM in the presence of the different media.
b τ, A1, A2 are lifetime and amplitude values for the first and second fitting components respectively.
c C2 is the quality of fit parameter.
d τav is the lifetime value average.
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2.17 nm, it was observed smaller increases of 25 and 47% respectively.
Even at these shorter spacer distances it was possible to overcome the
quenching effect of the RhB by the βCD host–guest complex. Fluores-
cence lifetime decays showed a 50% decrease in the presence of the
nanosensor, characteristic of MEF effect, compared with RhB free in
solution. In addition, it was possible to control the enhanced
fluorescence emission by the reduction of a di-thiane linker and
delivery of rhodamine βCD complex. After cleavage of di-thiane linkers,
the enhanced fluorescence emission was quenched and the lifetime
value mean of RhB was increased, recovering the standard value of
RhB free in solution. By this manner it was demonstrated the sensitivity
of the gold core on the emission signal, and the supramolecular interac-
tion in order to form a host–guest complex at a given distance from the
metallic surface of the nanoparticle.

Thus, the design proposed demonstrates the concept for supramo-
lecular nanostructures, allowing the detection of fluorescent organic
molecules and a controlled delivery of a complexed drug at the right
place and time. Moreover, even if molecules are not fluorescent, other
methodological detection strategies could be applied to the same
nanosensor architecture.
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