
  

 

  

 

 

Cyclodextrin-based magnetic host vesicles as unconventional 
ultra-sensitive nanobiocarriers for electrosensing  
Jose Muñoz,a Núria Crivillers,a Bart Jan Ravoob,* and Marta Mas-Torrenta,* 

A carbohydrate-based nanohybrid of superparamagnetic 
nanoparticles embedded in unilamellar bilayer vesicles of 
amphiphilic β-cyclodextrins (magnetic cyclodextrin vesicles, 
mCDVs) has been engineered as a novel magnetic biorecognition 
probe for electrosensing. As a proof-of-concept, the synergistic 
properties of these mCDVs on a magnetic nanocomposite carbon-
paste electrode (mNC–CPE) have been used for the picomolar 
determination of thyroxine (T4) as a model analyte (taking 
advantage of the host-guest chemistry of β-cyclodextrin and T4), 
resulting in the most sensitive electrochemical T4 system reported 
in the literature. Accordingly, a first demonstration of mCDVs as 
alternative water-soluble magnetic nanobiocarriers has been 
devised foreseeing their successful use as alternative 
electrochemical biosensing platforms for the supramolecular trace 
determination of alternative targets. 

Electrochemical methods have become one of the most avant-
garde tools in analytical chemistry in general, and bio-sensors in 
particular, since they are simple, fast, cheap, sensitive and can 
be easily miniaturized for in situ analysis.1-6 Some pivotal points 
to fabricate an efficient electrochemical bio-sensing system, 
possessing high enough sensitivity and selectivity towards the 
desired target event, are related to: i) engineering molecular or 
supramolecular architectures containing active sites (bio-
recognition probes) with high binding affinity towards the 
target of interest, ii) exploiting materials with large surface area 
to enhance the target accessibility and iii) directly convert the 
analytical signal derived from the host-guest interaction to a 
simply readable electronic signal (sensitive transducer 
platforms).7  

Nanocarriers, beyond their mainstream applications as drug 
delivery vehicles and bioimaging probes,8-12 provide as bio-
recognition agents an attractive platform for sensing different 
target analytes. Examples of different types of nano(bio)carriers 

are: polymeric, metallic, magnetic, carbon or mesoporous silica 
nanoparticles,13-16 exomes,17 nanogels18 and lipid-based 
vesicles.19 Vesicles have demonstrated some promising results 

in the field of electrosensing owing to their straightforward bio-
functionalization for selective interactions (i.e., by 
supramolecular chemistry).19-22 Although this research is still in 
an early stage, vesicles loaded with magnetic nanoparticles 
would serve as unconventional carriers for analyte pre-
concentration on a magneto-electrode surface, increasing the 
surface area and, therefore, amplifying the electroanalytical 
signal to improve sensitivity and decrease detection limits. 
Since a major limitation for the use of common magnetic beads 
is their lack of dispersibility in aqueous media, functionalization 
with cyclodextrins allows for a series of benefits, including 
water solubility, biocompatibility and the possibility to 
immobilize biomolecules on the nanoparticles surface by the 
formation of host-guest inclusion complexes.14,23, 24 Moreover, 
it has been demonstrated that the aqueous self-assembly of 
carbohydrate-based amphiphilic CDs leads to the formation of 
unilamellar bilayer vesicles that can serve as nanocontainers of 
superparamagnetic nanoparticles resulting in magnetic CD 
vesicles (mCDVs).25,26 The fact that the CD cavities at the surface 
of these vesicles remain available ensures a large number of 
binding sites for supramolecular host-guest complexation with 
different hydrophobic target analytes.27 However, the use of 
mCDVs as nanobiocarriers for electrosensing is an unexplored 
opportunity. 

High specific surface area electrodes made from carbon 
nanomaterials are desirable from an electrochemical point of 
view.28,29 In particular, the dispersion of different carbon 
allotropes through an insulating polymeric matrix for the 
development of nanocomposite carbon paste electrodes (NC–
CPEs) has played a leading role in electroanalysis.30 NC–CPEs 
benefit from several intrinsic features, such as robustness, 
renewable surface by a simple polishing step, small background 
currents and tuned bio-functionality.31 Moreover, the 
malleability of the polymeric matrix allows the integration of a 
magnet into the carbon-paste for the fabrication of a magneto 
nanocomposite carbon-paste electrode (mNC–CPE).14,32 Thus, 
such simple electrodes are ideal to collect on their surface 
target-loaded magnetic nanobiocarriers to pre-concentrate and 
suppress the possible matrix effect from complex samples and 
to enhance the electrochemical response. 

Herein, with the motivation to expand the family of 
nanobiocarriers for electroanalysis, a novel electrochemical 
biosensing approach has been devised via exploiting the 
synergism between i) the supramolecular chemistry derived 
from the mCDVs as unconventional magnetic probes for target 
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pre-concentration, with ii) the highly sensitive capability of the 
mNC–CPE transducers. As a proof-of-concept, the 
electrosensing feasibility of the mCDVs has been interrogated 
towards the voltammetric determination of thyroxine (T4) as a 
model analyte. T4 is the main hormone secreted into the 
bloodstream by the thyroid gland and plays a key clinical role 
for the diagnosis of hyperthyroidism and hypothyroidism. The 
present approach (Scheme 1), which is simple, rapid, generic, 
renewable by a simple polishing step and based on the well-
known supramolecular CD–T4 interactions,33,34 achieved a 
picomolar detection limit (0.10 ± 0.02 pM) with an extensive 
linear response from 0.1 to 100 pM for T4.  

mCDVs were synthesized by self-assembling amphiphilic β-
CDs with a cargo of superparamagnetic iron oxide nanoparticles 
coated with oleic acid into the hydrophobic bilayer domain, as 
described in the literature.25 Briefly, a thin film was formed by 
slowly evaporating a CHCl3 solution (100 µL) containing 6.5 mg 
of the amphiphilic CD35 and 0.1 mg of oleic acid-modified iron 
oxide nanoparticles in an argon stream. Then, the film was 
hydrated by adding 2 mL of phosphate buffer (pH 7.2), and the 
suspension was stirred overnight at room temperature. In this 
step, the hydrophobic CD chains embedding the coated 
magnetic beads are directed inwards, whereas the hydrophilic 
CD head groups face the aqueous medium and are available to 
form host-guest inclusion complexes on the surface of the 
vesicle (Scheme 1a). The resulting mCDVs were extruded 
through a 100 nm pore size polycarbonate membrane and 
 
stored in the fridge after use, which remained stable for a week. 
mCDVs were characterized by transmission electron microscopy 
(TEM) and dynamic light scattering (DLS), demonstrating that 
the hydrophobic magnetic nanoparticles are accommodated 
into the hydrophobic bilayer domain during vesicle preparation 
(see Figure 1). Finally, mNC–CPE transducers were fabricated as 
described in literature.36 A polyvinyl chloride (PVC) tube 
containing an electrical contact was filled with a carbon-paste 
made by mixing graphite powder within an insulating epoxy 
resin, where a small neodymium magnet was also incorporated 
(Scheme 1b, see also Experimental Procedures in Supp. Info.). 

The feasibility of the mCDVs to be magnetically collected by 
the mNC–CPE for the electrochemical determination of T4 was 
evaluated by electrochemical impedance spectroscopy (EIS), 
using a three-electrode configuration cell filled with a 0.1 M KCl 
solution containing 10 mM [Fe(CN)6]3-/4- as the benchmark 
redox marker. EIS allows the monitoring of the charge transfer 
resistance (RCT) values of the electrode surfaces at each 
modification step by fitting the Nyquist plots (imaginary 
impedance vs. real impedance) with a typical Randles 
equivalent circuit.4,37  After the immersion of the naked mNC–
CPE in 25 µL of suspended mCDVs, the Nyquist plots (Figure 2A) 
clearly show a significant RCT increase from 107.5 Ω (a) to 208.9 
Ω (b) owing to the steric hindrance of the mCDVs on the 
electrode surface. Further, the impedimetric capability of the 
electrode also increased to 270.6 Ω (c) when the mCDVs were 
first incubated with a 5.0 µM T4 solution before being collected 
on the electrode. This fact can be explained due to the 
formation of an insulating supramolecular CD–T4 complex on 
the electrode surface that hinders the interfacial electron 
transfer kinetics between the redox probe and the transducer. 

The selectivity of the mCDVs for supramolecularly 
recognizing T4 was investigated by EIS. For this goal, the mCDVs 
were incubated with a 5.0 µM T4 solution doped with four 
potentially electroactive biomolecules,38 such as tyrosine (Tyr), 
ascorbic acid (AA), uric acid (UA) and dopamine (DA), in a 1:1 
ratio. Importantly, an almost no significant change on the RCT 
response was obtained (%RCT change below 3%, see Table S1).39  
  

Scheme 1. Schematic representation of a) mCDVs and b) their implementation as novel nanobiocarrier for the electrochemical sensing 
of T4 at a mNC–CPE. c) Illustration of the reported supramolecular CD–T4 complex formation39 for the subsequently T4 oxidation. 



Figure 1. Physical characterization of the developed mCDVs. A) 
TEM images of CD-based vesicles, demonstrating the 
successfully incorporation of the coated MNPs within the 
bilayer. Insets: a) oleic acid-modified MNPs and b) Image 
amplification of mCDVs. B) DLS measurements of oleic acid-
modified MNPs (in EtOH) and the synthesized mCDVs (in H2O), 
with an average diameter of 37 nm and 100 nm, respectively. 

 
These results indicate a higher supramolecular binding affinity 
of the developed mCDVs for the T4 target than such common 
electroactive biomolecules, ensuring a negligible interference 
effect for the subsequent voltammetric sensing of T4. 

Having demonstrated the capability of the mCDV-based 
nanobiocarriers for selectively interacting and pre-
concentrating the model target (T4) on the mNC–CPE surface, 
the next step was focused on interrogating the biosensing 
performance of the developed electrochemical system via 
linear sweep voltammetry (LSV), taking advantage of the 
electroactive properties of the T4 analyte. Following the Scheme 
1b, the electroanalytical method was focused on i) incubating 
the mCDVs with a specific target concentration for the host-
guest supramolecular binding formation (similar to an 
immunoassay test) and ii) trapping the loaded-probes on the 
top of a mNC–CPE for electrosensing in a three-electrode 
configuration cell. Importantly, both the amount of mCDV and 
the incubation time for the supramolecular host-guest complex 
formation were focus of study in order to optimise the 
electroanalytical performance towards the target 
determination (see Figure S1).  

Figure 2B depicts the electrochemical responses at the 
mNC–CPE to oxidation of 5.0 µM T4 in a PBS buffer solution (pH 
7.2) before (curve a) and after adding 25 µL of mCDVs (curve c). 
Only the mNC–CPE loaded with the mCDVs exhibited a well-
defined no reversible anodic peak (Ipa) at a redox potential (Eox) 
of +0.36 V vs. Ag/AgCl for T4, which corresponds to the phenolic 
hydroxyl functional group oxidation of the T4 molecule. The 
gradual Ipa decrease during the successive LSV cycles (curves c’-
c’’) indicates that the oxidized product blocked the electrode 
surface and also promoted decomplexation, verifying that the 
T4 oxidation is irreversible in nature. This irreversible electron 
transfer process was also evidenced by the Eox shift with 
increasing the scan rate (see Figure S2). Since the 
electroanalytical method relies on loading magnetic beads on 
the mNC–CPE surface via magnetic field, a control experiment 
was carried out using magnetic nanoparticles not embedded in 
CD vesicles as the probe. Importantly, this control experiment 
did not present signal changes (curve b), verifying that the 
electrochemical determination of T4 is solely recognized by the 
host-guest interaction between the biorecognition agent 

(mCDVs) and the T4 target and not through a physisorption 
process. Figure 2C shows the role of pH on the T4 determination, 
using the PBS electrolyte at different pH values from 3 to 9. As 
evidenced in the plot shown in Figure 2D, a progressive leftward 
Eox displacement with increasing the pH (slope: 75 mV·pH-1) is 
observed. The highest electrochemical performance by Ipa 
means was achieved at neutral pH, demonstrating the 
suitability of the mCDV-based nanobiocarrier for physiological 
applications. 
Figure 3A shows the biosensing performance of the developed 
voltammetric system towards the determination of [T4] at pM 
levels. The calibration curve obtained was Ipa (µA) = 1.214 + 
0.046 [T4] (pM), with r2 = 0.996 (n=9). Figure 3B demonstrates 
the excellent electroanalytical response achieved with a wide 
linear range of 3 decades of concentration (0.10 – 100 pM) 
together with a detection limit (LOD) as low as 0.10 ± 0.02 pM. 
Additionally, a blank experiment using the naked NC–CPE was 
carried out in order to explore the ability of the carbon-based 
transducer for T4 quantification (see Figure S3), obtaining a 
linear response in the µM range (rather than the pM range 
obtained when the mCDVs were employed as the 
nanobiocarrier). These results indicate again the key role of 
mCDVs as biorecognition agent to pre-concentrate the analyte 
on the top of the electrode using supramolecular recognition. 

Table 1 summarizes the recent T4 sensing platforms 
previously applied with electrochemical readout, including EIS, 
CV, DPV (differential pulse voltammetry) and amperometric 
methods. Promising analytical results by means of high 
sensitivity have been demonstrated, in which nM LODs were 
achieved. Importantly, a NC-CPE functionalized with CD as the 
biorecognition element has already demonstrated its potential 
for pre-concentrating T4, yielding the lowest LOD to date (1.0 
nM).33 Herein, the LOD was importantly improved several 
orders of magnitude (from nM to pM levels) with regarding 
those previously electrodes reported in literature. This fact can 
be mainly attributed to the synergism derived from the 
combination of using mCDV as nanobiocarriers with high 
specific surface area to enhance target interactions with the use  

 

Table 1. Electroanalytical performance comparison of various 
electrochemical bio-sensing platforms for T4 determination. 

Electrodes 
Electrochemical 

tool 
Eox 
(V) pH LOD 

(M) 
References 

Carbon nanotube 
film on a GCEa) 

DPV 0.80 1 6.5·10-9 40 

Edge-Plane PGEb) CV 0.82 1 3.0·10-9 41 

Unmodified 
SPCEc) 

DPV 0.30 7.2 3.0·10-9 38 

SAM-based 
Immunosensord) 

EIS – 7.4 1.9·10-9 42 

β–CD-based NC–
CPE 

Amperometry 0.85 1 1.0·10-9 33 

mCDV trapped on 
a mNC–CPE 

LSV 0.37 7.2 0.5·10-12 This work 

a)GCE: Glassy Carbon, b)PGE: Pyrolytic Graphite and c)SPCE: Screen–
Printed Carbon Electrodes; d)SAM: Self-Assembled Monolayer 



Figure 2. A) EIS characterization of the (a) naked NC–CPE (b) NC–CPE incubated with mCDVs and (c) NC–CPE incubated with mCDVs and 5.0 
µM T4 (incubation time: 5 min). B) LSV characterization at the (a) naked NC–CPE (blank), (b) NC–CPE loaded with oleic acid-modified magnetic 
nanoparticles (no mCDVs, control experiment) and (c) NC–CPE loaded with mCDVs with a 5.0 µM T4 in the first, (c’) second and (c’’) third 
cycle. C) Role and D) dependence on the T4 determination at the bio-recognition system by Eox and Ipa means using PBS as the electrolyte at 
different pH values (from 3 to 9). EIS experiments: freq. range: 100 kHz–100 mHz; bias potential: +150 mV and AC amplitude: 5 mV; LSV 
measurements: an rate: 25 mV·s-1.  
 
of mNC–CPE as highly sensitive transducers. Taking all these 
considerations into account, these results clearly indicate that 
the present electroanalytical assay derives in the best 
electrochemical biosensor for T4 quantification. In concordance 
with literature, relevant electroactive biomolecules, such as uric 
acid, ascorbic acid, dopamine, cholesterol and tyrosine,  do not 
represent significant interferences on the current response of 
T4 in carbon-based voltammetric sensors.40 Further, since 
mCDVs are used as a preconcentrated agent on the electrode 
surface for T4 oxidation, other non-electroactive biomarkers 
which could interact with β–CD would not interfere in the 
voltammetric response. Accordingly, the present 
electroanalytical assay could be promisingly applied for real 
samples owing to its excellent performance at physiological pH, 
experiments that will be realised in future work. Finally, it is also 
important to point out that, contrary to most studies in which 
the bio-recognition unit is attached on the electrode surface, in 
the presented work the electrochemical system was simply 
reset by polishing the NC–CPE surface, benefiting from the 
magnetic properties of both nanobiocarrier and transducer 
materials. As it is depicted in Figure S4, the initial LSV 
performance was recovered after each analysis, verifying that 
the mNC–CPE can be reusable again for sensing. This fact 
guarantees that a reproducible electrode surface is obtained, 
and the properties of the bio- recognition agent are maintained 
(note the low error bars from Figure 3B). 

 

Figure 3. LSV determination of increasing [T4] from 0.1 pM to 100 
pM at the bio-recognition sensing platform. Inset: calibration plot 
representing Ipa vs. [T4] with their corresponding error bars (n=9). 
Measurements were recorded after 5 min incubation of the mCDVs 
with the T4 solution in a PBS solution at pH 7.2 (scan rate: 25 mV·s-1). 

 



 

 

Conclusions 
In summary, carbohydrate-based magnetic cyclodextrin 
vesicles (mCDVs) have been successfully trapped on a magneto 
nanocomposite carbon paste electrode (mNC–CPE) and used as 
an innovative magnetic biorecognition probe for 
electrochemical bio-sensing approaches. As a first 
demonstration of applicability, mCDVs have been exploited 
towards the voltammetric determination of T4 at physiological 
pH, taking advantage of the excellent supramolecular CD–T4 

interactions. Superb electroanalytical results were achieved 
with a wide linear range (3 decades of concentration) together 
with a pM detection limit, highly improving the previous 
reported nM levels summarized in Table 1. 

To the best of our knowledge, no reports on application of 
cyclodextrin vesicles as nanocontainers of magnetic 
nanoparticles for electrosensing have been previously reported. 
mCDVs present a series of benefits over common magnetic 
beads, such as excellent solubility in water, biocompatibility, 
great homogeneity as well as a large number of supramolecular 
active points for effectively pre-concentrating target analytes 
via host-guest interactions, ensuring an excellent sensitivity. 

Accordingly, this proof-of-concept advocates that the 
present electroanalytical assay, which is generic, 
straightforward, reproducible and based on the competitive 
host-guest interactions, might provide a versatile platform for 
the detection of biomedical, pharmacological and 
environmental targets at ultra-low concentrations through 
synergistic exploitation of magnetic pre-concentration and 
supramolecular chemistry. 
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