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Introduction

Multi-emissive Nile Red-loaded p-cyclodextrin-
derived C-nanodots for specific detection
of phenylalanine

Giorgia Fangano,° Ester Butera, 2 2 Ludovica Maugeri,1® Regina Maria Chiechio,’
Francesco Ruffino,”® Corinna Lombardo,® Maria Anna Messina,®

Grazia Maria Letizia Consoli,® Giuseppe Forte (22 and Salvatore Petralia () *2¢f
Multifunctional carbon-based nanostructures are attracting considerable attention because of their low
toxicity, excellent optical and chemical properties, and intriguing applications. Currently, the develop-
ment of carbon-based nanostructures for sensing remains a challenging topic in the biosensing field.
Here, we report an unprecedented example of a multi-emissive supramolecular system composed of
carbon-nanodots, derived from B-cyclodextrin units by a one-pot thermal process, and Nile Red (NR)
hosted in the cyclodextrin cavities (Cdots-BCD/NR). The Cdots-B-CD nanostructures were characterized
by spectroscopic techniques, NMR, and atomic force microscopy. The supramolecular Cdots-BCD/NR
system exhibited multi-fluorescence emissions at 410 nm and 650 nm, corresponding to the Csp?-core
of the carbon nanodots and the encapsulated NR, respectively. The as-prepared Cdots-BCD/NR
nanosystem showed high specificity for the detection of phenylalanine (Phe) with a limit of detection
(LoD) of 0.49 uM, a limit of quantification (LoQ) of 1.25 uM over a dynamic range of 2-100 uM for the
red fluorescence emission (650 nm), and a dynamic range of 20-400 uM for the blue fluorescence
emission (410 nm). Good specificity for Phe over tyrosine was demonstrated and supported by molecu-
lar modelling simulations. The proposed sensing strategy exhibited good correlation with the results
obtained from standard mass spectrometry when applied to human blood samples collected from PKU
patients.

approaches are being achieved by combining key enabling
technologies such as nanotechnology, advanced nanomater-

The monitoring of biochemical markers is gaining increasing
attention in the diagnostic field as an approach to enable
personalized healthcare and telemedicine.”® Recent efforts
have focused on the development of sensing strategies for
biomarker detection using optical or electrochemical analyses
integrated into miniaturized wearable devices,® implantable
sensors,* and portable sensing platforms.® Innovative sensing
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ials, molecular biology, microfluidics, and artificial intelli-
gence.® Their application has proven effective in sensor and
diagnostic research and in motivating patients with chronic
metabolic diseases. Hyperphenylalaninemia and phenylketo-
nuria (PKU) are inherited metabolic disorders affecting amino
acid metabolism. In PKU patients, mutations in the PAH gene
result in absent or significantly reduced activity of the enzyme
phenylalanine hydroxylase (PAH), which catalyzes the conver-
sion of phenylalanine (Phe) to tyrosine (Tyr). As a consequence,
Phe cannot be converted to Tyr and accumulates in body fluids,
where it exerts toxic effects. The typical clinical symptoms of
PKU patients include intellectual disability, microcephaly, and
other neurological corollaries such as epilepsy or movement
disorders.” PKU patients must adhere to a strict, lifelong low-
Phe diet in order to prevent or mitigate these clinical manifes-
tations. However, maintaining compliance with a restricted diet
remains a very complex issue for PKU patients. The only
reliable method for tracking their clinical progress with the
diet is the regular monitoring of blood phenylalanine levels.
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Routine monitoring enables clinicians to assess the effective-
ness of dietary management to implement any necessary
adjustments. Currently, the official and most widely accepted
method for Phe monitoring is dried blood spot (DBS) testing.
This technique involves collecting a drop of blood on a special
filter paper, which, once dried, is sent to a clinical metabolic
centre for analysis. Phenylalanine levels and phenylalanine-to-
tyrosine ratios are measured by tandem mass spectrometry.
However, this monitoring method is quite long for data return
(4-5 days), and patients do not receive immediate feedback on
their dietary compliance. In this regard, an integrated sensing
strategy for Phe monitoring would supply quick results and
feedback, assisting the diet management. During the last few
years, several enzymatic and non-enzymatic approaches for Phe
detection have been reported in the literature. Most of them are
based on colorimetric®® or electrical detection,'® and some of
these have been successfully integrated into miniaturized
devices."!

Thanks to their peculiar chemical, optical, and electrical
properties, nanostructured materials such as metal nanoparticles,
nanoclusters, and carbon-nanodots are considered promising
materials for biosensing and biomedical applications including
drug delivery,"” bioimaging,"”® nanochemosensing,"* and photo-
thermal therapy.'>"® Among these materials, the carbon nanodots
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composed of an emissive Csp” inner core and a specialized outer
shell are appealing systems in biosensing applications."” Several
properties, including easy surface functionalization, good photo-
luminescence, and the ability to form host-guest complexes with
fluorophores or electrochemical probes, enable the use of these
materials in non-enzymatic recognition approaches.'®

The use of host-guest complexes with emissive probes such
as palmitin has been reported in the literature for the specific
recognition of Phe."® Similarly, Nile Red (NR: 9-diethylamino-
5H-benzo[o]phenoxazine-5-one) is a fluorescent molecule well-
known for its low water solubility and effective emission
properties in apolar media, making it an effective emissive
probe for hydrophobic environments. The host-guest f-
cyclodextrin/NR complex has been extensively investigated in
the literature. Recently, Ray and co-worker demonstrated the
effective encapsulation of the monomeric form of NR within
the hydrophobic cavity of f-CD, leading to the formation of an
emissive and water-soluble BCD/NR nanosystem.>’

Based on the above consideration, herein, we describe an
innovative multi-emissive and water-dispersible supramole-
cular system composed of p-cyclodextrin-derived carbon-
nanodots (Cdots-BCD) loaded with Nile red (Cdots-BCD/NR)
for the specific detection of Phe in human blood. The Cdots-
BCD nanostructures, prepared via a mild thermal process using
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B-cyclodextrin as the precursor, act as a blue-emissive probe,
while the hosted Nile red serves as an excellent red-emissive
probe.>*?* The Cdots-BCD/NR system exhibits multi-emission
at 410 and 650 nm, corresponding to the C-dots carbon inner
core and the encapsulated NR, respectively. Optical absorption
and emission spectroscopy, dynamic light scattering (DLS), Z-
potential analysis, and Fourier transform infrared (FTIR)
spectroscopy are employed to characterize the supramolecular
nanosystem prepared, as depicted in Scheme 1, and to evaluate
its ability to recognize Phe in both aqueous media and human
blood samples. When phenylalanine (Phe) was added to the
BCD/NR system, the red-PL signal at 650 nm increased signifi-
cantly, whereas the blue-PL signal at 410 nm decreased. In
contrast, the addition of tyrosine to the same inclusion complex
did not induced appreciable fluorescence changes. These
observations demonstrate that the BCD/NR system can be used
for the selective recognition and discrimination of Phe in
aqueous solution.

Methods and materials
Chemicals

All chemicals were obtained from Sigma Aldrich at the highest
possible purity and were used as received. Milli-Q-grade
water was used in all preparations. All solvents were of spectro-
photometric grade.

Instrumentation

UV-vis optical absorption spectra were recorded on a Perkin-
Elmer 365 spectrophotometer (Long Island, NY, USA) using
quartz cuvettes with a path length of 10 mm. Fluorescence
emission spectra were acquired on a Horiba spectrofluorometer
using a quartz cuvette with an optical length of 10 mm. All
products were suspended in MilliQ-deionized water and the
spectra were recorded at different excitation wavelengths in the
range 360-520 nm to investigate the emission of Cdots-BCD
(3/3 nm slit width) and at 580 nm to measure the NR fluores-
cence emission (5/5 nm slit width). A two Fourier transform
infrared spectrophotometer with attenuated total reflectance
modules (FTIR-ATR, PerkinElmer, Long Island, NY, USA) was
used to confirm the formation of Cdots-fCD and Cdots-fCD/
NR complex. Dynamic light scattering (DLS) and Z-potential
analyses in water confirmed the formation of nanosized and
slightly negatively charged Cdots-BCD structures. The measure-
ments were performed using a Zetasizer NanoZS90 analyser
(Malvern Instrument, Malvern, UK) equipped with a 633 nm
laser, at a scattering angle of 90° and 25 °C temperature. The
size of the particles was calculated from the diffusion coeftfi-
cient using the Stokes-Einstein equation. Atomic force micro-
scopy (AFM) analyses were performed using a Bruker-Innova
microscope operating in high amplitude mode and ultra-
sharpened Si tips (MSNL-10 from Bruker Instruments, Karls-
ruhe, Germany). Geometry set-up: radius of curvature 2 nm, tip
height 2.5 nm, front angle 15°, back angle 25°, side angle 22.5°,
resonance frequencies of 90-160 kHz, and nominal spring
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constant of 0.07 N m~'. The images were reconstructed by
acquiring 512 x 512 lines and a scan rate of 0.8 Hz. The AFM
images were analyzed by using the SPMLABANALYSES V7.00
software. Samples were prepared by drop casting onto a pre-
cleaned silicon substrate and were allowed to dry under gentle
nitrogen blow-drying to ensure proper adsorption. NMR
(nuclear magnetic resonance) spectra were acquired on a
Bruker 400TM spectrometer (Bruker, Germany) and calibrated
on the solvent residual proton (HOD, 4.72 ppm).

Preparation of Cdots-fCD

B-Cyclodextrin (BCD, 200 mg) was thermally treated at 190 °C in
air for 3 hours. The resulting dark-reddish solid was washed
with 1 mL of Milli-Q water, then suspended in water and
sonicated for 5 minutes. To remove excess precursor and other
byproducts, the water dispersion was centrifuged at 13 000 rpm
for 5 minutes, and the supernatant was filtered through a 0.2 m
pore membrane filter. The resulting red-yellowish colloidal
solution containing Cdots-BCD was purified through dialysis
in Milli-Q water using a dialysis membrane with a 10 kDa
molecular weight cutoff for 24 hours. The product was finally
lyophilized at —50 °C.

Preparation of the Cdots-BCD/NR system

To 3 mL of aqueous dispersion of Cdots-BCD (1 mg mL ™), an
excess of Nile Red (NR) was added (5mg), then the dispersion
was stirred for 48 hours under dark conditions. The suspension
was centrifuged at 13 000 rpm for 10 minutes to eliminate the
excess of free Cdots-BCD. The yellow supernatant containing
the excess of Cdots-BCD was discarded. The pellet was washed
with Milli-Q water. Finally, the reddish pellet was resuspended
in water and centrifuged at 3000 rpm for 5 minutes to remove
the free NR. The pink supernatant containing the Cdots-CD/
RN complex was separated and used.

Sensitivity experiments

To 2.5 mL of the Cdots-BCD/NR (1 mg mL~") sample, different
volumes (1.25, 11.26, 18.84, 31.64, 25.63, 51.77, and 105.62 pL)
of Phe stock solutions (4 mM and 10 mM) were added to obtain
final Phe concentrations of 0.0, 2.0, 20.0, 50.0, 100.0, 200.0,
400.0, and 800.0 pM. Each sample was replicated three times.
Fluorescence signals were recorded for each sample after Phe
addition using excitation wavelengths of 580 nm and 300 nm
(slits 5/5 nm).

Selectivity experiments

To 2.5 mL of the Cdots-BCD/NR sample, different volumes
(1.25, 11.26, 18.84, 31.64, 25.63, 51.77, and 105.62 pL) of Tyr
stock solutions (4 mM and 10 mM) were added to obtain final
Phe concentrations of 0.0, 2.0, 20.0, 50.0, 100.0, 200.0, 400.0,
and 800.0 pM. Each sample was replicated three times. Fluores-
cence signals were recorded for each sample after Tyr addition
using excitation wavelengths 580 nm and 300 nm (slits 5/5).

J. Mater. Chem. B, 2026, 14, 9735-9744 | 9737
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Human subject recruitment

The whole blood sample was obtained from PKU patients. The
enrolled patients were clinically followed up in our Referral
Center for Inherited Metabolic Disorders, located at the Poly-
clinic of Catania, Italy. Informed consent was obtained from all
subjects involved in the study, including minors whose
informed consent was signed by their parents (resolution no.
27819-July 10, 2020, of Ethic Committee-Polyclinic of Catania
and resolution no. 1327-July 20, 2020, of Polyclinic of Catania).
During a follow-up visit, blood was collected from each patient.
Immediately, a few microliters of each whole blood sample
were spotted on a Whatman 903 filter paper (Eastern Business
Forms, Greenville, SC, USA), to obtain a dried blood spot (DBS).
Each DBS was dried away from direct sunlight or heat sources,
and after about 4 h, it was ready for mass spectrometry
measurements. All samples were collected after 3 h of fasting.

Tandem mass analysis

Measurements were carried out using the Neobase 2 nonder-
ivatized MS/MS kit (Wallac Oy, Turku, Finland), according to
the manufacturer’s instructions. In brief, using an automatic
puncher (PerkinElmer Panthera Puncher), filter paper disks
(3.2 mm in diameter) were punched out from the DBS into the
wells of a microplate, and 125 pL of a working solution was
added into each well. The plate was shaken in the incubator/
shaker (TriNest incubator, Wallac Oy, Turku, Finland) at 30 °C
for 30 min at a speed of 750 rpm, and then 100 puL from the
content of each well was transferred to another microplate to
avoid the presence of the paper disk during the injection inside
the mass spectrometer. The electrospray ionization-tandem
mass spectrometry (ESI-MS/MS) analyses were performed on a
210 MD QSight spectrometer (PerkinElmer, Waltham, MA, USA)
equipped with a triple quadrupole. The analysis was performed
in the flow injection mode using a QSight HC autosampler MD
(PerkinElmer, Waltham, MA, USA) and a QSight binary pump
(PerkinElmer, Waltham, MA, USA); the volume of injection was
10 uL, and the flow rate was 0.02 mL min~". The MS parameters
were set up as follows: capillary voltage, 5 kV; source tempera-
ture, 175 °C, drying gas, 105 L h*; and nebulizer gas, 130 Lh ™.
The analytical measurements were performed in multiple reac-
tion monitoring modes (MRMSs), using stable isotope internal
standards for quantitative analysis.

Computational methods

The formation of host-guest complexes between the f-
cyclodextrin cavity (BCD) and Nile Red (NR), phenylalanine
(Phe), or tyrosine (Tyr) analytes was investigated using density
functional theory (DFT). Initial geometries for the inclusion
complexes were generated by considering both primary- and
secondary-rim orientations. The structures were optimized
using the GFN2-xTB method combined with CREST conforma-
tional sampling.

The geometry optimizations were performed with the
r2SCAN-3c composite functional, including the RIJCOSX
approximation and implicit solvation (CPCM, water). Tight
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SCF convergence criteria were applied throughout. The vibra-
tional frequency calculations were performed at the same level
of theory in order to obtain the Gibbs free energies (G). For each
complex, the most stable configuration (in terms of the lowest
Gibbs free energy among the sampled orientations) was
selected for thermodynamic analysis. All the Gibbs free energy
values were calculated in water.

To assess the competitive displacement of Nile red by
Phe and Tyr, free energies of the exchange reactions were
computed:

BCD-NR + X — BCD-X + NR

where X = Phe or Tyr. The corresponding free energy change
was calculated as:

AGgwap(X) = Gpepx) T Gwr) — Gepnr) — Gx)

Phe recognition in human blood samples

The DBS sample was treated to extract the amino acid fraction.
Briefly, the DBS was incubated with 125 pL of homemade
extraction solution for 30 min at 45 °C. The DBS was then
removed, and the resulting extract was evaporated for 25 min at
90 °C. Finally, 200 pL of the Cdots-BCD/NR dispersion was
added to the extracted fraction and stirred for 10 minutes at
room temperature. The resulting dispersion was then analyzed
by photoluminescence (PL) spectroscopy upon excitation at
580 nm.

Results and discussion
Synthesis and characterization of Cdots-pCD

The preparation of the Cdots-BCD nanostructures was per-
formed using a one-pot mild-thermal procedure recently devel-
oped by our research group starting from different precursors,
including polymers,** chitosan,* glucose,”® agarose,”” BCD,*®
and BCD derivates.”® The proposed approach does not require
any additional chemical reagents or organic solvents. In detail,
an amount of BCD precursor was heated at 190 £ 3 °C in air for
3 hours. After separation and purification processes, the Cdots-
BCD nanostructures were fully characterized in terms of their
optical, dimensional, and structural properties. The operative
temperature was carefully selected to avoid degradation of the
precursor. Indeed, it has been reported in the literature that -
cyclodextrin, as well as its derivatives, undergoes thermal
decomposition at temperatures above 250 °C under both air
and nitrogen atmospheres.?® The successful formation of the
Cdots-BCD nanostructures was verified by optical absorption
spectroscopy. In particular, the absorption spectra exhibited a
typical optical band at around 270 nm corresponding to the n-n *
transition related to the sp2-hybridized carbon domains and a
broad band in the 320-450 nm region corresponding to the
n-r* transition (Fig. 1A). To confirm the semiconductor proper-
ties of this material, the optical band gap was calculated using the
Tauc plot, obtaining a value of about 3.6 eV, in agreement with
those of other carbonaceous nanodots (Fig. S1).*"

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Cdots-BCD nanostructures: (A) UV-vis optical absorption: 0.5 mg mL™* solution; (B) photoluminescence emission spectra: 0.5 mg mL™%, slit
2/2 nm, at various excitation wavelengths; inset: 2D photoluminescence map with emission wavelength as a function of excitation wavelength, with
fluorescence intensity represented by different colours along the z-axis; (C) representative AFM image (1 pm x 1 um scan); inset: size distribution; (D) ATR-FTIR
spectrum of Cdots-BCD (red line) and BCD precursor (black line); and (E) IH-NMR spectra of BCD and Cdots-BCD (400.13 MHz, D20, 297 K).

Fluorescence emission spectra were recorded at different
excitation wavelengths (in the range of 360-520 nm), revealing
an excitation-dependent emission behaviour characteristic of
carbon-based nanodots (Fig. 1B). Using quinine sulphate as the
reference, the photoluminescence quantum yield (®p) of
Cdots-BCD in water was calculated to be 1.7% at an excitation
wavelength of 360 nm. The inset in Fig. 1B shows the 2D
photoluminescence map with emission wavelength as a func-
tion of excitation wavelength confirming again the emission in
the range of 400-520 nm.

AFM and DLS experiments were conducted to confirm the
nanosized and spherical-shaped morphology of the nanostruc-
tures. AFM images indicated the presence of isolated spherical
carbon cores with a height of 1.6 & 0.6 nm (Fig. 1C and Fig. S2).
DLS measurements performed on the aqueous dispersion gave
an average hydrodynamic diameter of 7.12 £+ 3.6 nm with a Z-
potential of —9.80 + 0.984 mV (Fig. S3). For comparison, the
precursor BCD displayed a smaller hydrodynamic diameter of
1.78 £ 0.44 nm with a less negative Z-potential (—1.87 & 1.76 mV).
The presence of BCD residues in the Cdots-BCD nanostructures
was confirmed by ATR. The ATR-FTIR spectrum of Cdots-BCD
(Fig. 1D, red line) exhibited the main diagnostic bands observed
for the BCD precursor (Fig. 1C, black line): broad O-H stretching
and bending vibrations at 3289-1648 cm ™", the C-H stretching of

This journal is © The Royal Society of Chemistry 2026
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the BCD cavity at 2919 cm™ *, a C-O-C vibration near 1148 cm™ -,
and a C-O stretching band at 1018 cm™*. The "H NMR spectrum
of Cdots-BCD (Fig. 1E) displayed the characteristic signals of BCD,
confirming the presence of a fCD shell in the nanostructures. In
particular, the signals in the 3.2-4.0 ppm region and the doublet
at 5.02 ppm correspond to the H2-H6 protons and anomeric H1
proton of BCD, respectively. Minor additional signals in the same
regions suggest a heterogeneous chemical environment, likely
arising from variations in the local interactions between the BCD
units and the carbon nanodot surface.

Preparation and characterization of the Cdots-§CD/NR
nanosystem

The preparation of the Cdots-BCD/NR supramolecular system
was performed according to the procedure reported in the
Experimental section. In detail, an aqueous dispersion of
Cdots-BCD (1 mg mL™") was mixed with an excess of NR
(1.66 mg mL "), after separation and purification, the Cdots-
BCD/NR product was characterized (Scheme S1). The optical
absorption and emission spectra for the Cdots-3CD/NR nano-
system are illustrated in Fig. 2A and B, respectively. The optical
absorption spectra of the Cdots-BCD/NR supramolecular sys-
tem exhibit the diagnostic absorption bands of Cdots-BCD at
around 272 nm (n-n*) and 345 nm (n-7*), and two prominent
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tative AFM image (scan 1 pm 1 um) of Cdots-BCD/NR; inset: the height
distribution; and (F) representative 3D AFM image (scan 1 pm x1 pm) of
Cdots-BCD/NR.

peaks at around 500 nm and 600 nm indicating the successful
entrapment of NR within the nanostructures (Fig. 1B, red line).
For comparison the optical spectrum of the free Cdots-fCD
system is also reported to show the absence of well-defined
absorption bands above 500 nm (Fig. 1B, black line). The
optical band gaps were calculated by the Tauc plot, which
showed the variation of (Ass Av)1/2 vs. (hw) for Cdots-BCD/NR.
The plot exhibits the presence of two optical energy band gaps,
the first at around 3.6 eV (344.4 nm) related to the nanostruc-
ture of CD and the other at about 1.85 eV (670.2 nm) related the
NR chromophore (inset of Fig. 2A). These data well corroborate
with optical investigations, showing band gaps of ~3.62 eV for
Cdots-BCD, ~2.02 eV for NR in ethanol, and ~1.85 €V for the
BCD/NR system (Fig. S1).

The interaction between NR and the Cdots-BCD nanostruc-
tures was further supported by comparing the optical absorp-
tion of NR in polar and non-polar solvents and in the inclusion
complex with B-cyclodextrin (BCD). In particular, the optical
absorption spectrum of NR in a polar medium (H,0) exhibits a

9740 | J Mater. Chem. B, 2026, 14, 9735-9744
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band at around 462 nm (Fig. S1A, azure line), which undergoes
a red shift to about 548 nm in a less polar solvent such as
ethanol (Fig. S1A, blue line). Furthermore, the successful
inclusion of NR within the hydrophobic cavity of BCD was
corroborated by a red shift of the absorption band to approxi-
mately 600 nm. The simultaneous presence of an additional
absorption band at around 462 nm suggests that a fraction of
NR remains exposed to the aqueous environment, while the
red-shifted band confirms the formation of the BCD/NR inclu-
sion complex (Fig. S1A, red line). Similarly, the absorption
spectrum of the Cdots-BCD/NR system displays two bands at
514 and 590 nm. The latter band, related to NR located in a
hydrophobic environment, confirms the effective entrapment
of NR within the hydrophobic cavities of the Cdots-BCD nanos-
tructures (Fig. S1A, magenta line).>°

The photoluminescence spectra of the Cdots-BCD/NR supra-
molecular system show an interesting multi-emission behav-
iour. The first emission band, at around 410 nm, is related to
the Cdots-BCD upon excitation at 300 nm (Fig. 2B, black line).
The second emission band, at around 650 nm, is related to NR
upon excitation at 580 nm (Fig. 2B, blue line). Interestingly, the
inclusion of NR within the B-cyclodextrin cavity induces a
quenching of the emission band at 410 nm, as illustrated in
Fig. S4. The emission properties of the Cdots-BCD/NR nano-
structures were also confirmed by 2D photoluminescence map-
ping investigations. In particular, the comparison of BCD/NR
(Fig. 2C), empty Cdots-BCD (Fig. 1B-inset), and Cdots-BCD/NR
(Fig. 2D) clearly shows the double emissions at 410 nm and
650 nm only for the NR-loaded Cdots-BCD nanostructures.

The AFM investigation of the Cdots-3CD/NR nanostructures
shows the presence of nanostructures with a height of 17.6 +
8.9 nm (Fig. 2E and F). The increase in size compared to empty
Cdots-BCD (1.6 + 0.6 nm) confirms the formation of the
supramolecular aggregate system. Additional AFM images are
reported in Fig. S5. For comparison, AFM investigation was also
performed for the BCD/NR inclusion complex. In this case,
nanostructures with a height of 14.3 + 6 nm have been
observed, consistent with the tendency of the BCD/NR complex
to form aggregates (Fig. S6).

Sensing of phenylalanine

To assess the effectiveness of the Cdots-BCD/NR nanosystem in
recognizing Phe, PL emission and optical absorption spectra
were recorded upon the addition of increasing amounts of the
amino acid (0-800 pM concentration range), as described in the
Experimental section.

The characteristic absorption of Phe in solution is consistent
with the increase in absorbance in the 240-280 nm region of the
UV-vis spectra (Fig. S7). A clear enhancement of the emission at
650 nm, associated with the NR species, was observed with
increasing Phe concentration (Fig. 3A), while the PL signal at
410 nm, related to Cdots-BCD, was progressively quenched as the
Phe concentration increased (Fig. 3B). Fig. 3C shows the variation
of the emission signals upon Phe addition: the red-PL emission at
650 nm (Aexc = 580 nm, black line) and the blue-PL emission at
410 nM (Aexe = 300 nm, red line). A marked enhancement of the
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Fig. 3 Photoluminescence-based recognition of Phe by the Cdots-BCD/
NR system: (A) emission spectra of Cdots-BCD/NR upon addition of
different Phe amounts (Aexc = 580 Nnm, Aem = 650 nm); (B) emission spectra
of Cdots-BCD/NR upon addition of different Phe amounts (1exc = 300 nm,
Jem = 410 nm); (C) scatter plot of PL650 nm variation (black line) and
PL410 nm variation (red line) upon addition of Phe; (D) scatter plot of
PL650 nm variation for Cdots-BCD/NR (red line), Cdots-BCD (black line),
and NR (blue line) upon addition of Phe.

red-PL signal (650 nm) accompanied by a simultaneous quench-
ing of the blue-PL signal (410 nm) is evident, indicating an
effective interaction between Phe and the Cdots-BCD/NR system.
Nile red encapsulated within the BCD cavity acts as a polarity-
sensitive probe. Upon interaction with the exposed non-polar
aromatic rings of Phe, the dye binds to the analyte, resulting in
a pronounced enhancement of the red-PL signal at 650 nm. This
behavior is consistent with the emissive sensing mechanism
previously reported in the literature for Phe detection using a
cucurbit[8Juril/dye complex.” Simultaneously, the interaction of
Phe with the nanostructures induces a quenching of the blue-PL
signal at 410 nm through changes in the local environment and
the introduction of non-radiative pathways upon interaction with
Phe. As controls, the PL emission at 650 nm (Aexc = 580 nm) was
recorded for free Cdots-pCD, the Cdots-BCD/NR adduct, and free
NR in water. The variation of the red-PL signal upon Phe addition
was negligible for the empty Cdots-BCD (Fig. 3D, black line),
whereas only a slight quenching was detected for free NR (Fig. 3D,
blue line). In contrast, a strong PL enhancement was observed for
the Cdots-BCD/NR nanosystem (Fig. 3D, red line), confirming the
effective interaction between Phe and the Cdots-BCD/NR nano-
structures. Similarly, quenching of the blue-signal at 410 nm was
observed for the free Cdots-BCD system upon the addition of
different amounts of Phe, indicating that Phe can also interact
directly with the carbon-dot-based nanostructures and affect their
emissive properties.

Assessment of analytical parameters

To evaluate the analytical performance of the multi-emissive
Cdots-BCD/NR system, the linear response range, sensitivity,
limit of detection (LoD), and selectivity performances were

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Cdots-BCD/NR system analytical performance: (A) sensitivity test
at dexc/lem 580/650 nm (Y = 18475.2X + 1490.0; R? = 0.99487); (B)
selectivity tests at Jexc/Aem 580/650 nm; (C) sensitivity test at Aexc/Zem
300/410 nm (Y = —468.7X — 46161.1; R? = 0.92022); and (D) selectivity
tests at dexc/Aem 300/410 nm.

investigated. Fig. 4A illustrates the linear relationship between
the red-PL response (Aexc/Aem = 580/650 nm) of the Cdots-BCD/
NR system with increasing Phe amount. A dynamic linear range
from 2 to 100 pM (Y = 18475.2X + 1490.0; R* = 0.99487) was
observed with a sensitivity of about 18.47 a.u. mM . A limit of
detection (LoD) value of about 0.46 uM was obtained using the
formula LoD = 3.30/slope (where ¢ is the background standard
deviation value: 2571.35). Similarly, a limit of quantification
(LoQ) value of 1.25 uM was calculated using the formula
LoQ = 9a/slope.

The ability of the Cdots-BCD/NR system to selectively dis-
criminate Phe versus tyrosine (Tyr) was investigated by measur-
ing the red-PL response at different concentrations of Phe and
Tyr (0, 2, 20, 50, 100, 200, 400, and 800 pM). The data obtained
confirm the high specificity (~97%) of the proposed assay for
Phe, as illustrated in Fig. 4B (red line), whereas only a very
slight signal change was observed upon the addition of Tyr
(Fig. 4B, black line).

Similarly, Fig. 4C illustrates the linear relationship (Y =
—468.7X — 46161.1; R*> = 0.92022) between blue-PL signal
(Aexc/em = 300/410 nm) of the Cdots-BCD/NR system and increas-
ing Phe concentration. A dynamic linear range of 20-400 pM
was observed, with a sensitivity of about 46.1 a.u. mM~'. An
LoD value of about 145 uM was calculated using ¢, which is the
background standard deviation: 20610.6. Again, a good
specificity for Phe recognition, in the concentration range of
0-800 pM, was observed as shown in Fig. 4D (red line),
compared to the blue-PL signal recorded upon addition of Tyr
(Fig. 4D, black line).

Additional specificity experiments were conducted by add-
ing Phe and Tyr at concentrations of 0, 400, and 800 puM to a
water dispersion of the CDs-BCD/NR nanosystem. An increase
in the red-PL signal of the CDs-BCD/NR system at 650 nm was
observed upon the addition of 400 and 800 uM Phe, whereas
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the PL signal remained unchanged upon the addition of the
same concentrations of Tyr (Fig. S8).

The Stern-Volmer plot has been used to study the quench-
ing interaction between the emissive Cdots-3CD/NR and Cdots-
BCD systems and the Phe as a quencher. In detail, the steady-
state fluorescence emission of the carbon-dot core at 410 nm,
recorded upon excitation at 300 nm, was monitored in the
presence of increasing Phe concentrations ranging from 2 to
800 puM. For both the free Cdots-BCD and the Cdots-BCD/NR
complex, a progressive decrease in fluorescence intensity was
observed without any significant shift in the emission max-
imum (approximately 420 nm). Fluorescence quenching follows
the well-known Stern-Volmer equation. The result showed a
linear relationship in the Stern-Volmer plot for the Cdots-BCD/
NR system, with a Kgy value of about 2.2 x 10~* uM™'. In
contrast, Cdots-BCD showed a linear relationship in the Lehrer-
modified Stern-Volmer plot, yielding a higher Kgy value of 5.2 x
10~* uM ", indicative of a higher quenching process (Fig. S9).

The stability assessment investigation evidenced that the
aqueous dispersion of the Cdots-BCD/NR nanostructures
retains the multi-emissive properties for at least 6 weeks
(Fig. S10), confirming the good colloidal and photophysical
stability of the system over time.

Molecular modelling

Molecular modelling calculations were conducted to investigate
the interaction of Phe, Tyr, and NR guests with the BCD cavity.
In detail, the BCD/NR/Phe(Tyr) complex formation was evalu-
ated by comparing the Gibbs free energies of the optimized
ternary adducts with those of the isolated components. Both
BCD/NR/Phe and BCD/NR/Tyr were found to be thermodyna-
mically stable, with calculated formation free energies of —26.4
and —34.5 k] mol ', respectively (Fig. 5). Geometrical analysis
provides a more detailed explanation for the different fluores-
cence responses. In both complexes, NR remains included
within the f-cyclodextrin cavity, while the amino acid
approaches from the opposite rim. However, the interaction
pattern differs markedly. In the BCD/NR/Phe system, Phe shows
a more extended hydrophobic/aromatic contact surface with
NR. Although the aromatic rings of the amino acid and NR are

Fig. 5 Molecular modelling: optimized geometries for the supramolecu-
lar (A) BCD/NR/Phe and (B) BCD/NR/Tyr complexes.
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not arranged in an ideal parallel n-rn stacking geometry, quan-
titative descriptors indicate a more effective aromatic contact in
the BCD/NR/Phe complex. The centroid-centroid distance
between the amino acid aromatic ring and the selected aro-
matic region of NR is comparable in the two systems, being
6.73 A for Phe and 6.58 A for Tyr. The minimum atom-atom
distance is also very similar, 3.36 A for Phe and 3.33 A for Tyr.
Therefore, the key difference is not a single shorter contact, but
rather the extent of the contact surface. Indeed, in the BCD/NR/
Phe system, Phe shows a larger number of close contacts with
NR, with 9 aromatic contacts below 4.0 A and 24 contacts below
5.0 A, compared to 7 and 19, respectively, for Tyr. Moreover, the
angle between the aromatic planes is also smaller for Phe
(30.4°) than for Tyr (40.1°), indicating a more favorable mutual
orientation of the phenyl ring with respect to the NR aromatic
scaffold. These results suggest that thermodynamic stability
and fluorescence enhancement are governed by different struc-
tural factors. Tyr shows a slight stable ternary complex due to
the interaction with B-cyclodextrin through hydrogen bonding,
particularly via the phenolic OH group. However, this stronger
anchoring to the pB-cyclodextrin wall reduces the direct aromatic
interaction between Tyr and NR. Conversely, Phe establishes a
broader hydrophobic/aromatic interface with the dye. This
arrangement may rigidify NR and further shield it from the
aqueous environment, providing a plausible molecular expla-
nation for the experimentally observed fluorescence enhance-
ment. Overall, the calculations support a cooperative ternary-
complex mechanism rather than a displacement process. NR
remains included within the B-cyclodextrin cavity, while Phe
interacts with the exposed aromatic region of the fluorophore
from the opposite rim. The larger aromatic contact surface in
the BCD/NR/Phe complex rationalizes why Phe produces a
stronger fluorescence enhancement than Tyr, despite the latter
being thermodynamically more stabilized through fCD-amino
acid hydrogen bonding.

Phe recognition in PKU patients

The Cdots-BCD/NR nanosystem was tested on human blood
samples collected from PKU patients. The human participant
recruitment criteria used are detailed in the Experimental
section. The blood samples were investigated by the tandem-
MS technique to quantify the Phe concentration, as described
in the Experimental section (Fig. S11). Herein, we report the
data from a PKU sample. The mass spectrometry analysis
revealed a Phe concentration of about 216 pM. The DBS sample,
investigated as described in the Experimental section using our
sensing approach based on the Cdots-BCD/NR system, exhib-
ited a red-PL enhancement (dexcrem = 580/650 nm) of about
3.88 x 104 a.u. The interpolation of this value with the
calibration line (Fig. S12), considering a sample volume of
3.2 pL composed of 1.6 pL of plasma, provided a Phe concen-
tration of about 252 uM. These data clearly indicate a correla-
tion of the proposed Cdots-BCD/NR sensing strategy compared
with the standard mass-spectrometry investigation.

Table 1 includes a list of comparable Phe sensing strategies
including enzymatic and non-enzymatic approaches as well as

This journal is © The Royal Society of Chemistry 2026



Journal of Materials Chemistry B Paper

Table 1 A comparison of different Phe sensing approaches

Sensing strategy Transduction method LoD Linear range Ref.

Enzymatic (LAAO) Colorimetric detection of Au nanoparticles 10 pM 17-500 uM 32

Enzymatic (PDH/NAD") Colorimetric detection of Au nanoparticles/ 34.5 uM 48-2000 pM 33
MMT complex

Non-enzymatic Electrochemical; (DPV) DNA aptamer immobi- 0.23 pM 0.72-6000 pM 34
lized onto gold nanostructures

Non-enzymatic Electrochemical; specific sonogel-carbon 31.92 M — 35
electrodes

Non-enzymatic Electrochemical; mesoporous silica with Fe,O3 0.085 M 0.14-0.27 pM 36
nanoparticles

Non-enzymatic Electrochemical (CV); graphene quantum dots — 0.5-650 UM 37
decorated with Fe;O4 nanoparticles

Enzymatic (PHD/NAD") Colorimetric detection of neo-formed 0.33 uM 0-7 uM 9
tris(bipyridine) ruthenium(i) mediator

Enzymatic (PHD/NAD") Colorimetric detection of in situ formed Au/ 43 M 50-2000 uM 11
CTAB nanoparticles

Enzymatic (LAAO) Colorimetric detection of TMB 0.19 uM 1-90 uM 38

Enzymatic (PHD/NAD") Photothermal-contrast of in situ Au- 3.6 uM 10-1000 uM 39
nanoparticle formation on paper membrane

Non-enzymatic Fluorescence; measurement of NBD-F derived 0.119 uM 0.4-4 uM 40
Phe through chromatographic separation on
pillar-array microchip

Enzymatic (PHD/NAD") Colorimetric detection of in situ formed Au/ 1 uM 60-2000 pM 41
CTAB nanoparticles

Non enzymatic Electrochemical; on ERGO on a gold electrode 3.5 yM 120-600 pM 42

Enzymatic (PAL) Colorimetric detection of pH indicator dye 20 pM 20-3000 pM 8

Non-enzymatic Photoluminescence of MOF@Eu 0.04 uM 20-166 UM 43

Non-enzymatic Photoluminescence of graphene quantum dots 0.05 pM 0.1-5 pM 44
(420 nm)

Non-enzymatic Photoluminescence (650 nm and 410 nm) of the LoD = 0.46 uM (Red-PL) 2-100 pM This work
Cdots-BCD/NR nanosystem LoQ = 1.25 yM (Blu-PL) 20-400 uM

Note: LAAO: flavoenzyme l-amino acid oxidase, MMT: thiazolyl blue tetrazolium bromide, NAD": nicotinamide adenine dinucleotide, PHD: phenyl-
alanine dehydrogenase, PAL: phenylalanine ammonia lyase, NBD-F: 4-fluoro-7-nitro-2,1,3-benzoxadiazole, TMB: 3,3’,5,5'-tetramethylbenzidine
dihydrochloride hydrate, CHA: catalytic hairpin assembly, ERGO: electrochemically reduced graphene oxide modified electrode.

different transduction strategies, such as electric and optical.
Our approach is mainly novel in terms of multi-emission read-
out, specific supramolecular architecture, green synthesis
approach and application to real blood samples from PKU
patients.

Conclusions

A water-dispersible, nanosized, multi-emissive supramolecular
system based on B-cyclodextrin-carbon nanodots loaded with
Nile red (Cdots-BCD/NR) was prepared via a two-step process
starting from a [-cyclodextrin precursor. The Cdots-BCD/NR
supramolecular nanosystem was characterized for its physico-
chemical and optical properties, as well as biosensing capacity.
Cdots-BCD/NR exhibited multi-fluorescence emission in the
blue region (410 nm) with a dynamic range of 20-400 uM and
in the red region (650 nm) with a dynamic range of 2-100 pM.
The supramolecular system exhibits a limit of detection (LoD)
of about 0.46 uM and limit of quantification (LoQ) of about
1.25 pM for the detection of Phe. Moreover, good selectivity for
Phe over tyrosine was confirmed and further supported by
molecular modelling simulations. The proposed sensing strat-
egy was successfully tested on human blood samples collected
from PKU patients, and a good correlation with standard mass-
spectrometry measurements was obtained. The simple and
green preparation method, free of organic solvents and addi-
tives, and excellent optical performance and effective sensitivity

This journal is © The Royal Society of Chemistry 2026

make Cdots-BCD/NR appealing in the research of novel biosen-
sing systems for Phe detection.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d6tb01046f.

Acknowledgements

This work was funded by the project Sens.Al: BioSENSori per la
rilevazione di Aminoacidi su piattaforma IoT”, Code: F/360079/
003/X75, CUP: B69J24000190005. The work was also supported
by the PNRR MUR project PE0000023-NQSTI, the PNRR NQSTI
“National Quantum Science and Technology Institute” 1
Spoke 7.

References

1 D. Kim, ]J. Lee, M. K. Park and S. H. Ko, Commun. Mater.,
2024, 5, 41.

J. Mater. Chem. B, 2026, 14, 9735-9744 | 9743


https://doi.org/10.1039/d6tb01046f

Paper

10

11

12

13

14

15

16

17

18

19

20

21

22

23

H. Ye, Y. Lai, Z. Wu, G. Li, Q. Hua and W. Zhu, Anal.
Methods, 2025, 17, 6264-6281.

M. Garg, A. Parihar and M. S. Rahman, Mater. Adv., 2024, 5,
432-452.

V. K. Khanna, Implantable Medical Electronics, Springer,
Cham, 2026.

F. Haghayegh, A. Norouziazad, E. Haghani, A. A. Feygin,
R. H. Rahimi, H. Akbari Ghavamabadi, D. Sadighbayan,
F. Madhoun, M. Papagelis, T. Felfeli and R. Salahandish,
Adv. Sci., 2024, 11, 2400595.

S. Chen, S. Fan, Z. Qiao, Z. Wu, B. Lin, Z. Li, M. A. Riegler,
M. Y. H. Wong, A. Opheim, O. Korostynska, K. M. Nielsen,
T. Glott, A. C. T. Martinsen, V. H. Telle-Hansen and
C. T. Lim, Adv. Mater., 2025, 37, 2500412.

V. L. Brumm and M. L. Grant, Mol. Genet. Metab., 2010, 99,
18-21.

M. A. Messina, C. S. Melj, S. Conoci and S. Petralia, Analyst,
2017, 142, 4629.

M. A. Messina, L. Maugeri, G. Forte, M. Ruggieri and
S. Petralia, Front. Chem., 2023, 11, 1164014.

S. Petralia, S. Castorina, L. Maugeri, M. A. Messina,
M. Ruggieri, G. Neri, A. Ferlazzo, E. Sardini, M. Serpelloni,
P. Bellitti and B. Ando, IEEE Sens. J., 2024, 24, 31741-31753.
M. A. Messina, L. Maugeri, G. Spoto, R. Puccio, M. Ruggieri
and S. Petralia, ACS Sens., 2023, 8, 4152-4160.

G. Paramasivam, V. V. Palem, S. Meenakshy, L. K. Suresh,
M. Gangopadhyay, S. Antherjanam and A. K. Sundramoorthy,
Colloids Surf,, B, 2024, 241, 114032.

D. Roy, R. Ray, ]J. Dolai and N. R. Jana, ACS Appl. Nano
Mater., 2025, 8, 9733-9746.

G. Forte, G. Ventimiglia, M. Pesaturo and S. Petralia, Bio-
technol. J., 2022, 17, 2100587.

G. M. L. Consoli, L. Maugeri, G. Forte, G. Buscarino,
A. Gulino, L. Lanzano, P. Bonacci, N. Musso and
S. Petralia, J. Mater. Chem. B, 2024, 12, 952-961.

G. M. L. Consoli, M. L. Giuffrida, S. Zimbone, L. Ferreri,
L. Maugeri, M. Palmieri, C. Satriano, G. Forte and
S. Petralia, ACS Appl. Mater. Interfaces, 2023, 15, 5732-5743.
P. Pashootan, ]J. Gonzalez-Valdivieso, M. A. Moosavi,
J. Fernandez-Lucas, M. Cordani, A. Zarepour, A. Khosravi,
G. Fangano, S. Petralia, S. Iravani and A. Zarrabi, Inorg.
Chem. Commun., 2025, 182, 115637.

H. Ye, Y. Lai, Z. Wu, G. Li, Q. Hua and W. Zhu, Anal.
Methods, 2025, 17, 6264-6281.

P.-H. Shan, J. Zhao, X.-Y. Deng, R.-L. Lin, B. Bian, Z. Tao,
X. Xiao and J.-X. Liu, Anal. Chim. Acta, 2020, 1104, 164-171.
A. Ray, S. Das and N. Chattopadhyay, ACS Omega, 2019, 4,
15-24.

W. Teo, A. V. Caprariello, M. L. Morgan, A. Luchicchi,
G. J. Schenk, J. T. Joseph, J. J. G. Geurts and P. K. Stys, Proc.
Natl. Acad. Sci. U. S. A., 2021, 118, e2016897118.

V. Martinez and M. Henary, Chem. - Eur. J., 2016, 22,
13764-13782.

V. C. Shruti, F. Pérez-Guevara, P. D. Roy and G. Kutralam-
Muniasamy, J. Hazard. Mater., 2022, 423, 127171.

9744 | J Mater. Chem. B, 2026, 14, 9735-9744

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Journal of Materials Chemistry B

G. M. L. Consoli, M. L. Giuffrida, C. Satriano, T. Musumeci,
G. Forte and S. Petralia, Chem. Commun., 2022, 58,
3126-3129.

L. Maugeri, G. M. L. Consoli, G. Forte, G. Fangano, L.
Ferreri, G. Granata, P. G. Bonacci, N. Musso, L. Lanzano,
E. Longo, M. Marelli, A. Ferlazzo, A. Gulino and S. Petralia,
Mater. Adv., 2026, 6, 6210-6224.

N. Musso, P. G. Bonacci, G. M. L. Consoli, L. Maugeri,
M. Terrana, L. lanzano, E. Longo, G. Buscarino, A. Consoli
and S. Petralia, J. Colloid Interface Sci., 2025, 696, 137873.
S. Petralia, G. M. L. Consoli, L. Maugeri, N. Musso,
C. Lombardo, G. Consiglio, M. Scuderi, S. Scalese and
G. Forte, J. Mater. Chem. B, 2025, 13, 15606-15619.

L. Maugeri, G. Fangano, E. Butera, G. Forte, P. G. Bonacci,
N. Musso, F. Ruffino, L. Ferreri, G. M. L. Consoli and
S. Petralia, Pharmaceutics, 2025, 17, 543.

G. M. L. Consoli, L. Maugeri, G. Forte, D. Buongiorno,
E. Nicitra, D. Aleo, F. Spitaleri, L. Ferreri, G. Buscarino,
T. Campagna, N. Musso and S. Petralia, ACS Appl. Nano
Mater., 2025, 8, 1078-1090.

F. Trotta, M. Zanetti and G. Camino, Polym. Degrad. Stab.,
2000, 373-379.

M. Jumardin, M. Santoso and K. Isnaeni, Jambura Phys. J.,
2021, 3, 73-86.

A. Martin-Barreiro, S. de Marcos and J. Galban, Anal
Bioanal. Chem., 2022, 414, 2641-2649.

P. Jafari, S. M. Beigi, F. Yousefi, S. Aghabalazadeh,
M. Mousavizadegan, M. Hosseini, S. Hosseinkhani and
M. Ganjali, Microchem. J., 2021, 163, 105909.

M. Hasanzadeh, A. Zargami, H. N. Baghban, A. Mokhta-
rzadeh, N. Shadjou and S. Mahboob, Int. J. Biol. Macromol.,
2018, 116, 735-743.

A. Sierra-Padilla, A. Monari, J. M. Palacios-Santander,
J. J. Garcia-Guzman, L. Pigani and L. Cubillana-Aguilera,
Microchem. J., 2025, 212, 113208.

M. Hasanzadeh, N. Shadjou and E. Omidinia, Colloids Surf.,
B, 2013, 108, 52-59.

M. Hasanzadeh, A. Karimzadeh, N. Shadjou, A. Mokhtar-
zadeh, L. Bageri, S. Sadeghi and S. Mahboob, Mater. Sci.
Eng., C, 2016, 68, 814-830.

J. Xiang, J. Zhang, S. Li, R. Yuan and Y. Xiang, Anal. Chim.
Acta, 2022, 1230, 340393.

L. Maugeri, M. A. Messina, M. Ruggieri and S. Petralia, ACS
Appl. Nano Mater., 2023, 6, 12673-12678.

Y. Song, K. Takatsuki, T. Sekiguchi, T. Funatsu, S. Shoji and
M. Tsunoda, Amino Acids, 2016, 48, 1731-1735.

A. Loiseau, Z. Yang, L. Zhang, A. Vallée, M. Salmain and
S. Boujday, ACS Appl. Nano Mater., 2025, 8, 24369-24378.
I. Akyilmaz, N. Y. Demir, D. Bas and M. Duman, RSC Adv.,
2024, 14, 29874-29882.

J. Z. Huo, X. S. Li, J. D. An, L. X. Zhang, Y. Li, G. X. Du,
X. X. Wu, Y. Y. Liu and B. Ding, J. Mol. Struct., 2020, 1201,
0022-2860.

Y. Zhao, Y. Zhang, H. Liu and B. Sun, Anal. Bioanal. Chem.,
2022, 414(17), 4885-4896.

This journal is © The Royal Society of Chemistry 2026





