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Abstract: The clinical use of anticancer drugs necessitates new technologies for their safe, sensitive,
and selective detection. In this article, lanthanide (Eu®* and Tb%*)-loaded v-cyclodextrin nano-
aggregates (ECA and TCA) are reported, which sensitively detects the anticancer drug irinotecan
by fluorescence intensity changes. Fluorescent lanthanide (Eu3* and Tb*") complexes exhibit high
fluorescence intensity, narrow and distinct emission bands, long fluorescence lifetime, and insen-
sitivity to photobleaching. However, these lanthanide (Eu** and Tb?") complexes are essentially
hydrophobic, toxic, and non-biocompatible. Lanthanide (Eu** and Tb3*) complexes were loaded into
naturally hydrophilic y-cyclodextrin to form fluorescent nano-aggregates. The biological nontoxicity
and cytocompatibility of ECA and TCA fluorescent nanoparticles were demonstrated by cytotoxicity
experiments. The ECA and TCA fluorescence nanosensors can detect irinotecan selectively and
sensitively through the change of fluorescence intensity, with detection limits of 6.80 uM and 2.89 uM,
respectively. ECA can safely detect irinotecan in the cellular environment, while TCA can detect
irinotecan intracellularly and is suitable for cell labeling.

Keywords: lanthanide (Eu®*, Tb3*) complex; y-cyclodextrin; nano-aggregate; sensing; anticancer
drug; irinotecan

1. Introduction

The drugs used in current clinical practice have both beneficial therapeutic effects and
undesirable side effects [1]. This is especially true for many anticancer drugs [2]. Anticancer
drugs generally have a narrow therapeutic index [3], which means that the toxic dose that
produces side effects is very close to the dose that exerts antitumor activity [4,5]. Minimizing
side effects while maximizing therapeutic effects is an important goal [6,7] that can be
best achieved if the drug concentration can be maintained at an optimized value [8-10].
Various analytical techniques have been used to detect and quantify the blood concentration
levels of anticancer drugs. Among these analytical techniques, electrochemical methods,
radioimmunoassays, immunohistochemistry, gas chromatography, and high-performance
liquid chromatography can all detect specific anticancer drugs [11-14]. However, these
methods have limitations, such as high equipment cost and complexity of operation.
Moreover, they may not provide a rapid or direct measure of the drug concentration at
the site of a tumor. Since most anticancer drugs kill cancer cells, they also have toxicity
toward normal tissues and organs, particularly those containing cells that rapidly divide,
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such as bone marrow and the gastrointestinal tract [6,15]. Spatially resolved, real-time, safe,
sensitive, and selective detection of anticancer drugs could enable local monitoring of drug
concentration, improving the personal tuning of drug treatments.

Irinotecan (CPT-11) is a semi-synthetic water-soluble derivative of camptothecin a
topoisomerase i inhibitor, which plays a key role in cancer treatment by interfering with
DNA replication and inducing apoptotic cell death [6,16]. Its chemical structure is shown
in Figure S1 [17]. It also shows obvious dose-limiting toxicity, such as delayed diarrhea and
bone marrow suppression, which greatly limits the treatment window [18,19]. CPT-11 is an
excellent candidate drug for which to develop a drug sensor, because it has a narrow thera-
peutic index and because it exhibits wide inter-individual differences in pharmacokinetic
and pharmacodynamic behavior [20,21]. A variety of methods to detect CPT-11 have been
reported, including electrochemical analysis [17,22], high-performance liquid chromatogra-
phy coupled to tandem mass spectrometry [23,24], and reversed-phase high-performance
coupled to liquid chromatography coupled to UV detection [25]. Although these methods
can analyze and detect CPT-11, they have complex operations, long assay times, and the
measurement requires a centralized and well-equipped laboratory and skilled operators. In
addition, they are not suitable for the control and personalization of drug dosage based on
therapeutic drug detection [26]. A sensitive, easy-to-use, cost-effective detection method is
required to achieve the ideal dosage amount and dosage time, avoiding toxic effects while
maintaining efficacy.

In the development of sensors or probe systems, rare earth hybrid materials are widely
used due to their sensitivity and excellent fluorescent properties [27,28]. In situ sensing in
complex biological environments requires higher stability, better sensitivity, narrow emis-
sion, long fluorescence lifetime, and good biocompatibility [29,30]. Lanthanide ions have
narrow emission bands, large stokes shifts, long fluorescence lifetimes, and high quantum
yields [31,32]. However, due to the prohibition of the 4f-4f transition, the absorption and
emission intensity of the rare earth ion itself is very weak [33]. When lanthanide ions
are coordinated with small molecular organic ligands (such as 2-thienyl trifluoroacetone
(TTA), acetylacetone (acac), and 1,10-phenanthroline (phen)), the fluorescent properties of
lanthanide complexes can be significantly improved through the antenna effect [34-36].
Therefore, if the local environment of the coordination complex changes, such as via ligand
exchange, these changes can be sensitively detected by the resulting change in fluorescence
intensity. However, the coordination with organic ligands makes the resulting lanthanide
element complexes hydrophobic and incompatible with the biological environment [37,38].
If lanthanide complexes are to be widely used in biological applications, they must be
compatibilized with aqueous environments.

Cyclodextrins (CDs) are cyclic oligomers composed of a series of D-glucopyranose
units connected by «-1,4 glycosidic bonds, usually consisting of 6-12 glucose units [39]. The
three most common cyclodextrins are «-, 3-, and 'y-cyclodextrins (x-, 3-, and y-CD), which
are composed of 6, 7, and 8 glucose units, respectively [40,41]. Among them, the y-CD cav-
ity has the largest volume, with a diameter of 0.95 nm and a cavity volume of 427 A3 [41,42].
Its chemical structure is shown in Figure S2 [43]. Cyclodextrin molecules have a hydropho-
bic inner cavity, while the outer side and the port are hydrophilic [44—46]. Cyclodextrin
inclusion complexes are compounds formed by one or more suitable guest molecules that
enter the cavity of cyclodextrin in whole or in part through non-covalent bonds (such as
hydrophobic interactions) [47,48]. The hydrophobic cavity of cyclodextrin has the ability to
include small molecules, oligonucleotides, proteins, and other compounds [49-51].

The lanthanide complexes we have prepared have low polarity and poor water solu-
bility, but they meet the volume requirement for entering the y-CD cavity. Inside the CD
cavity, water forms a high-energy clathrate, which can be displaced by a lanthanide com-
plex. As shown in Figure 1, we used Materials Studio to construct the three-dimensional
structural model of Eu®* /Tb%* complex and y-CD, and described the inclusion of y-CD
molecule to Eu* /Tb** complex molecule. The inclusion of Eu®*/Tb?*" complex by y-CD
further generated secondary agglomeration to form ECA/TCA nano-aggregates.
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Figure 1. Schematic illustration showing y-CD encapsulation of Eu®* /Tb3* complexes and selective
detection of CPT-11.

In this work, we used a self-assembly strategy to obtain lanthanide (Eu** and Tb**)-
loaded y-cyclodextrin nano-aggregates. Including the lanthanide complexes in the y-CD
cavity imparts water solubility and cytocompatibility, resulting in low-cost and high-
fluorescence drug-sensing ECA and TCA nano-aggregates. Moreover, in the presence of
CPT-11, the fluorescent Eu** and Tb3* complex and the drug are co-located so that the
drug can be sensed based on the co-location in the same nanostructure. The ECA and TCA
nano-aggregates exhibit fast sensing performance, low detection limit, high sensitivity,
and selective identification of CPT-11 in an aqueous medium (Figure 1). In addition, cell
interaction experiments show that the ECA and TCA have good cell compatibility and lack
toxicity. Therefore, ECA and TCA can be used for biocompatible and water-soluble drug
sensing with in-situ drug concentration sensing capabilities.

2. Experiments
2.1. Materials

Europium chloride hexahydrate (EuCl;-6H,0O) and terbium chloride hexahydrate
(TbCl3-6H,0) were purchased from Shandong Desheng Rare Earth Co., Ltd (Shandong,
China). 2-Thienyl trifluoroacetone (TTA), acetylacetone (acac), 1,10-phenanthroline (anhy-
drous) (phen), and y-cyclodextrin (y-CD) were purchased from Shanghai Maclin Biochem-
istry Co., Ltd (Shanghai, China). Irinotecan (CPT-11), cyclophosphamide monohydrate
(CYM), gemcitabine (GEM), 5-fluorouracil (5-FU), sulfadiazine (SUD), dodecaxel (DOC),
carvanol (CAR), oxaliplatin (OXA), Vorinotat (VOR), and albendazole (ALB) were pur-
chased from Aladdin Industries Corporation (Shanghai, China). Other chemical reagents
were acquired from Shanghai Chemical Reagents Co., Ltd (Shanghai, China). Deionized
water was used for preparing all aqueous solutions. All of the above products are of
analytical grade and were used without further purification.
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2.2. Preparation of Lanthanide (Eu* and Tb3*)-Loaded y-Cyclodextrin Nano-Aggregates

Eu®* and Tb%* complexes were synthesized according to methods described in pub-
lications previously reported by us [31]. EuCl;3-6H,O, TbCl3-6H,O, TTA, acac, and phen
were dissolved in anhydrous ethanol and y-CD was dissolved in deionized water. The
EuCl;-6H,0 and TTA were mixed according to the concentrations shown in Table 1 and
stirred for 30 min at room temperature. Then the pH of the mixture was adjusted to 7-8,
using 1 mol/L NH3-H;O. After neutralization, phen was added to the solution in the
amounts listed in Table 1, and the solution was constantly stirred for 2 h. The obtained
Eu3* complex was colorless, transparent, and soluble in ethanol. Finally, the y-CD solution
was added to the solution and stirred for 1 h to form the y-CD inclusion compound (ECA).
Similarly, TbCls-6H,O and acac were also mixed according to the concentrations shown in
Table 1, and stirred at room temperature for 30 min. The pH of the mixture was adjusted
to 7-8, using 1 mol/L NHj3-H20O solution. Then phen was added to the solution in the
amounts listed in Table 1, and the solution was constantly stirred for 2 h. The resulting
Tb3* complex is colorless, transparent, and soluble in ethanol. Finally, the y-CD solution
was added and stirred for 1 h to form a y-CD inclusion compound (TCA).

Table 1. Solution concentrations used to obtain ECA and TCA.

Cgu CTb Cr1a Cacac CPhen Cy-CD
Sample
(mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)
A 1.0 x 1074 0 3.0 x 1074 0 1.0x107% 33 x10°*
B 1.0 x 1073 0 3.0x 1073 0 1.0x103 33x10°3
C 0 1.0 x 1073 0 20x107% 1.0x10% 1.0x107*
D 0 1.0 x 102 0 201072 1.0x1072 1.0x 1073

2.3. Fluorescence Properties of Lanthanide (Eu>* and Tb%*)-Loaded ~y-Cyclodextrin
Nano-Aggregates

The fluorescence excitation and emission spectra of the ECA and TCA were measured.
For these experiments, the excitation wavelength of Eu3* was 382 nm and the emission
wavelength was set to 612 nm, the emission slit width was 0.5 nm. For Tb3*, the excitation
was performed at 334 nm, the emission wavelength was 546 nm, and the emission slit width
was 1 nm. The fluorescence lifetime and quantum yield of the samples were also measured.

2.4. ECA and TCA Smart Sensing of Anticancer Drugs
2.4.1. Detection of Irinotecan (CPT-11)

CPT-11 solutions were prepared with concentrations of 1 um to 1 mM. From these
CPT-11 solutions, 1 mL was added to 3 mL of 1 mM ECA and 3 mL of 10 mM TCA solutions
and stirred for 0.5 h at room temperature in the dark. Then, the obtained samples were
subjected to fluorescence spectrophotometry. The excitation wavelength for Eu®* was
382 nm, the emission wavelength was 612 nm, and the emission slit width was 0.5 nm.
The excitation wavelength of Tb3* was 334 nm, the emission wavelength was 546 nm, and
the emission slit width was 1 nm. The limit of detection (LOD) of CPT-11 was calculated
for both ECA and TCA. All the samples were tested in triplicate (n = 3) with identical
parameters at room temperature.

2.4.2. Sensitivity of ECA and TCA to Other Anticancer Drugs

Stock solutions (1 mM) of ten drugs (CPT-11, CYM, GEM, 5-FU, SUD, DOC, CAR,
OXA, VOR, and ALB) were prepared. Then, 1 mL of 1 mM solutions of different anticancer
drugs were added to 3 mL of 1 mM ECA and 3 mL of 10 mM TCA solutions, respectively,
and 800 rpm stirring was continued for 0.5 h at room temperature. Spectrophotometry was
performed as described above.
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2.5. Cytocompatibility Measurement

The cytotoxicity of ECA and TCA was determined using HepG2 cells (human hep-
atoma cells) using a standard MTT assay protocol. HepG2 cells in the logarithmic growth
phase were added to wells of a 96-well plate accordingly at 1 x 10*/well, and the cells were
incubated (5% CO, at 37 °C) until the cells adhered to the wells. Cells were then treated
with either a control (Eu(TTA)zphen or Tb(acac);phen lanthanide complexes or y-CD), or
experimental (ECA at 1, 2, 4, 8, and 16 mM or TCA at 2.5, 5, 10, 20, and 40 mM) treatment.
Cells were then incubated for an additional 24 h. After 24 h, the medium containing the
experimental or control treatments was removed. Cells were washed with cell culture
medium three times, and 100 uL of medium containing 0.5 mg/mL of the MTT reagent was
added to each well. Then the cells were incubated (5% CO,, 37 °C) for 4 h. The supernatant
was removed and replaced with 100 uL of DMSO in each well. After gently shaking for
10 min, the absorbance at 570 nm was measured. Five biological replicates (n = 5) were
used for each condition.

2.6. Cell Imaging

Human hepatoma HepG2 cells were imaged using confocal laser scanning microscopy:.
HepG2 cells were incubated in the cell culture medium for 24 h. A 2 mM ECA solution
and a 20 mM TCA solution were mixed with the medium 1:1 and then added to the
cells for 1 h. After removing the supernatant, the cells were washed with cell culture
medium, and 2 mL of cell culture medium was used for imaging by laser scanning confocal
microscopy. HepG2 cells with ECA and HepG2 cells with TCA were incubated with 100 uL
of 100 uM CPT-11 for 30 min, respectively. After removal of the CPT-11 solution, the
samples were washed, and 2 mL of cell culture medium was added for imaging by laser
scanning confocal microscopy.

2.7. Characterization of ECA and TCA

The morphology and elemental mapping of ECA and TCA were characterized by
transmission electronic microscopy (TEM) with a JEM-2100F (JEOL Ltd., Tokyo, Japan).
Each sample was ultrasonicated for 5-6 min. The sonicated solution was then dropped
onto a copper grid and the solvent was evaporated at room temperature for 1 or 2 s. The
particle size of ECA and TCA was determined by dynamic light scattering (DLS) using a
Malvern laser particle size analyzer (Malvern Zetasizer Nano ZS90, Shanghai, China). Each
sample was ultrasonicated for 5-6 min before testing. The photoluminescence spectra of
the samples were obtained by a photoluminescence spectrometer (FL51000, Edinburgh,
UK) and the fluorescence lifetime and quantum yield of the ECA and TCA were evalu-
ated. Atomic force microscopy (AFM) and photo-induced force microscopy (PiFM) were
performed on a PiFM instrument (Molecular Vista, California, U.S.). X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha instrument. Cell
imaging was performed using a laser scanning confocal microscope (ZEISS, model: LSM880,
Oberkochen, Germany).

3. Results and Discussion
3.1. Lanthanide (Eu®*/Tb>*)-Loaded y-Cyclodextrin Nano-Aggregates

The ability of y-cyclodextrin to serve as a host for hydrophobic guest molecules and
complexes provides the opportunity to prepare self-assembled nano-aggregates into which
lanthanide complexes (Eu(TTA)sphen or Tb(acac),phen) can be loaded. Transmission
electron microscopy images and DLS data were used to determine the size and morphology,
as shown in Figure 2. The sample indices A, B, C, and D refer to the annotations in Table 1.
Figure 2a,b is TEM of nano-aggregates prepared from y-CD loaded with different concen-
trations of Eu®* complexes. Due to the different concentrations of ligand and Eu*, these
samples exhibited spherical nanoparticles of varying sizes. In the low concentration sample
A (Figure 2a), the size of spherical nanoparticles was observed to be below 100 nm, while
sample B (Figure 2b) showed increased spherical nanoparticle size (100 nm to 300 nm)
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due to an increase of the Eu** complex concentration. Similarly, the TCA nanoparticles
had a spherical morphology at both concentrations. In the low concentration sample C
(Figure 2d), the size of spherical nanoparticles was observed to be below 50 nm. Finally, the
size range of sample D (Figure 2e) was 90-160nm. The size distributions obtained via DLS
for ECA Sample B, and TCA sample D are shown in Figures 2c and 2f, respectively. ECA
had a higher tendency to agglomerate than TCA, so the size of the resulting nanoparticles
was larger. Considering the size, stability, and fluorescence intensity of the sample, Eu3*
and Tb*" concentrations in sample B and sample D were chosen for further experiments.
Notably, nanoparticles in this size range meet the requirements of the enhanced perme-
ability and retention (EPR) effect, whereby nanoparticles may avoid hepatic and splenic
filtration, and accumulate in tumor tissues [52]. In addition, spherical nanoparticles have a
faster internalization rate and are more easily absorbed by cells [53].
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Figure 2. TEM images of ECA and TCA samples prepared according to Table 1. (a) Sample A,
(b) sample B, (d) sample C, (e) sample D. (c) Size distribution of sample B by DLS and (f) Size
distribution of sample D by DLS.

To further explore the structures of ECA and TCA, and to evaluate the elemental
distribution of spherical nanoparticles, high-resolution TEM was performed. Figure 3
shows the distribution of Eu, Tb, S, N, O, elements from sample B and sample D, and
Figure S3 shows the relative content of the corresponding elements. Figure 3a,e show the
TEM images of ECA and TCA, respectively. The distributions of Eu (orange), S (blue), and N
(yellow) in the ECA spherical nanoparticles are shown in Figure 3b—d. Elemental mapping
of ECA revealed a uniform distribution of Eu on the spherical nanoparticles (Figure 3b).
The S and N elements, present in the TTA and phen ligands, were distributed throughout
the nanoparticles, as shown in Figures 3c and 3d, respectively. The distributions of Tb (blue),
N (purple), and O (green) in TCA spherical nanoparticles are shown in Figure 3f-h. The
EDS elemental mapping by TCA revealed the distribution of the Tb element in spherical
nanoparticles. The distribution of N element was similar to that of the Tb element, and the
N element only existed in the ligand phen, which proved the complexation between the
ligand and terbium. Therefore, the formation of ECA and TCA nanoparticles can be seen
from the elemental mapping images.
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Figure 3. (a) High-resolution TEM of sample B, (b) elemental mapping of the distribution of Eu,
(c) elemental mapping of the distribution of S, (d) elemental mapping of the distribution of N.
(e) High-resolution TEM of sample D, (f) elemental mapping of the distribution of Tb, (g) elemental
mapping of the distribution of N, (h) elemental mapping of the distribution of O.

In addition, the complexation of Eu®* and Tb®* complexes and the formation of
ECA/TCA were investigated by X-ray photoelectron spectroscopy. Figure S4a,e show the
XPS survey spectra of Eu** complex and Tb*" complex, respectively. Figure S4b shows
the XPS spectrum of Eu3d. The binding energy peaks of Eu3d3 and Eu3d5 appeared at
1163.78 eV and 1134.38 eV, respectively, and increased by 8.78 eV and 8.38 eV, respectively,
compared with the standard binding energy peaks 1155 eV and 1126 eV of Eu3d3 and
Eu3d5, confirming the existence of Eu®* in the sample and its complexation with the
ligand. Figure S4c shows the N1s peak of Eu** complex at 399.04 eV compared with
the standard N1s peak of 398.4 eV, indicating that N in ligand phen was successfully
coordinated. Figure S4d shows that the XPS spectrum of Ols has two peaks corresponding
to C-O (531.38 eV) and C=0 (530.68 eV), respectively. Compared with the standard binding
energies of 533.0 eV and 532.0 eV of C-O and C=0, the binding energies of C-O and C=0
in the complex decreased by 1.62 eV and 1.32 eV, respectively, which indicated that O
in the ligand TTA was coordinated with Eu®* to form a complex. Similarly, Figure S3f
shows the XPS spectrum of Tb3d corresponding to two peaks of Tb3d3 (1276.48 eV) and
Tb3d5 (1242.38 eV), respectively. Figure S3g shows the peak of N1s in the ligand Phen
(398.99 eV). Figure S3h shows the XPS spectra of Ols corresponding to C-O (531.78 eV)
and C=0 (531.18 eV), respectively. Among these peaks, the position of the peak changed
relative to the standard binding energy, confirming the formation of the complexes.

3.2. Photophysical Properties of Lanthanide (Eu>* and Tb>*)-Loaded ~y-Cyclodextrin Nano-Aggregates

The photophysical properties of ECA and TCA were measured by fluorescence spec-
trophotometry. Figure 4a,b shows the fluorescence excitation and emission spectra of Eu®*
complexes and ECA formed using different concentrations of y-CD. The Eu®* complex
had a wider absorption band at 360—420 nm, with the maximum excitation wavelength at
382 nm. In Figure 4b, after adding y-CD, the emission intensity of Eu®* at the strongest
emission wavelength of 612 nm increased significantly. Keeping the Eu®* ion concentra-
tion unchanged and changing the y-CD concentration, the fluorescence emission intensity
was the largest when the Eu®* complex and y-CD concentration ratio was 1:3. There are
five characteristic absorption peaks in the emission spectra of all complexes in Figure 4b,
corresponding to °Dy-"Fy (580 nm), °Dy-"F; (590 nm), °Dy-"F, (612 nm), °Dy-"F3 (652 nm),
>Dy-"F4 (704 nm) transitions of Eu®*. Figure 4d,e shows the fluorescence excitation and
emission spectra of Tb®>* complexes and TCA formed under different concentrations of
v-CD. It can be seen from Figure 4d that the Tb3* complex had a broad absorption band be-
tween 325 and 400 nm. This broad band is caused by the —7t* electronic transition between
acac and phen in the complex. The Tb** complex had a maximum excitation wavelength
of 334 nm. In Figure 4e, after adding y-CD, the emission intensity of Tb>* at the strongest
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emission wavelength of 546 nm increases significantly. Keeping the Tb>* ion concentration
unchanged and changing the y-CD concentration, the fluorescence emission intensity was
the largest when the concentration ratio of Tb3* complex to y-CD was 1:1. The emission
spectra of all complexes in Figure 4e show four characteristic peaks corresponding to the
5Dy-"Fg (490 nm), °Dy-"Fs5 (546 nm), °Dy-"F, (580 nm), and °D4-"F5 (620 nm) transitions
of Tb3*. Compared with Eu(TTA)3phen and Tb(acac),phen complexes, the fluorescence
intensity of the strongest emission bands of ECA and TCA were significantly enhanced
at 612 nm (Eu®*) or 546 nm (Tb%*). This enhancement arises because the hydrophobic
cavity of y-CD helps to prevent quenching of the Eu®* and Tb%* complex in solution, and
v-CD changes the surrounding environment of the complex and shields the influence of
the surrounding environment on the complex makes its structure more stable and reduces
the energy loss in the process of electronic transition.
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Figure 4. Excitation spectra of (a) Eu3* and (d) Tb3* complexes with and without y-cyclodextrin
encapsulation. Emission spectra of (b) Eu®* and (e) Tb3* complexes with and without cyclodextrin
encapsulation. The fluorescence lifetime of (c) Eu’* and (f) Tb3* complexes with and without
cyclodextrin encapsulation.

Fluorescence lifetime and quantum yield are important parameters to characterize
fluorescent nanoparticles (see Supporting Information for calculation equations). The
very long fluorescence lifetimes of lanthanide complexes, compared to the fluorescence
lifetimes of organic fluorophores may also be used to distinguish signals and to enhance
the signal relative to background autofluorescence in biological samples. The fluorescence
lifetime of Eu(TTA)s;phen complex and ECA with the highest fluorescence intensity in
Figure 4b are shown in Figure 4c. The fluorescence lifetimes were 533.36 us (complex)
and 712.35 ps (ECA). The quantum yields were 53.8% (complex) and 62.9% (ECA). The
fluorescence lifetime of the Tb(acac),phen complex and TCA with the highest fluorescence
intensity in Figure 4e are shown in Figure 4f. The fluorescence lifetimes were 135.70 us
(complex) and 233.35 ps (TCA). The quantum yields were 43.8% (complex) and 56.9%
(TCA). From Figure 4c/f, it can be seen that the Eu** and Tb** complexes had increased
fluorescence lifetime and quantum yield after being combined with y-CD. The resulting
ECA and TCA had the advantages of high fluorescence intensity, wide emission band, and
long fluorescence lifetime.

3.3. Smart Sensing Property of Lanthanide (Eu3* and Tb>*)-Loaded -Cyclodextrin
Nano-Aggregates for Anticancer Drug of Irinotecan (CPT-11)

The Eu3* and Tb**-loaded y-cyclodextrin nano-aggregates have outstanding advan-
tages, such as water solubility, nontoxicity, sharp emission, and long fluorescence lifetimes.
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Thus, the feasibility of these lanthanide-loaded y-cyclodextrin nano-aggregates in develop-
ing highly-sensitive sensors for anticancer drugs was evaluated. First, TEM was used to
evaluate the structures of ECA and TCA in the presence of drugs. Figures 5a and 5d, respec-
tively, show the TEM images of ECA and TCA combined with CPT-11 at a concentration of
100 uM. The sizes of the two nanoparticles became larger after the addition of the drug, and
the size of ECA combined with CPT-11 was still larger than that of TCA. This demonstrates
that the drug is interacting with the nanoparticles to form larger agglomerates. In addition,
ECA and TCA samples combined to CPT-11 were imaged using photo-induced force mi-
croscopy (PiFM). PiFM excites the infrared absorption of a polarizable dipole in the sample,
and detects this excitation locally by the force induced on the metal-coated atomic force
microscope tip. Both excitation and detection of the sample occur in the near field, enabling
high-resolution mapping of the absorption in the sample. This provides nanometer resolu-
tion of material morphology (via atomic force microscope) and composition distribution
(via wavelength-dependent excitations). Figure 5b,c shows the atomic force microscope
and PiFM images of ECA combined with CPT-11. The atomic force micrograph in Figure 5b
shows the morphology of the aggregates after combining ECA with CPT-11. The morphol-
ogy was slightly different from that seen in the TEM image in Figure 5a. The spin coating
used to prepare the samples for AFM produces a centrifugal force on the sample, which
changed the sample morphology. Consistent with this interpretation, it can be seen from
Figure 5b that the morphology changes were oriented in a particular direction. Figure 5c is
a PiFM image of the C-N single bond at 1083 cm ™!, showing the distribution of CPT-11 in
ECA aggregates. Figure 5e,f shows the atomic force microscope and PiFM images of TCA
combined with CPT-11. The changes in morphology and the distribution of CPT-11 in TCA
aggregates were consistent with the results of ECA combined with CPT-11. Comparing
Figure 5b,e, the size of ECA combined with CPT-11 under the atomic force microscope was
still larger than that of TCA, which is consistent with the comparison of the shape and size
under the TEM (Figure 5a,d).

418 mV

0.22 mV
877 pV

67 pV

Figure 5. (a) TEM image of ECA-CPT-11. (b) Atomic force micrograph of ECA-CPT-11. (c) Photo-
induced force micrograph of ECA-CPT-11. (d) TEM image of TCA-CPT-11. (e) Atomic force micro-
graph of TCA-CPT-11. (f) Photo-induced force micrograph of TCA-CPT-11.

X-ray photoelectron spectroscopy was also used to confirm the encapsulation of
Eu" and Tb3* complexes by y-CD and the binding ability of ECA and TCA to CPT-11.
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Figures 6a, 6¢, 6e and 6g, respectively, show the XPS survey spectra of ECA, ECA loaded
with CPT-11, TCA, and TCA loaded with CPT-11. The high-resolution Ols spectra of
ECA and TCA are shown in Figures 6b and 6f, respectively. Figure 6d,h show the high-
resolution Ols spectra of ECA and TCA loaded with CPT-11, respectively. As shown in
Figure 6b, the Ols spectrum of ECA has two peaks, corresponding to C=O (531.01 eV)
of ECA ligand TTA and C-O (532.43 eV) of y-CD in ECA. The binding energies of C-O
and C=0 in ECA after adding y-CD were increased by 1.05 eV and 0.33 eV, respectively,
compared with Figure S4d and Figure 6b, indicating that O in y-CD complexed with Eu®*
and changed the surrounding environment of Eu®* complex, leading to an increase in the
binding energy. Therefore, it was confirmed that y-CD interacted with Eu®* and complex
to form ECA. Figure 6d shows that the high-resolution Ols spectrum of ECA loaded with
CPT-11 had two peaks at 532.12 eV and 533.54 eV. Compared with Figure 6b, the carbon-
oxygen binding energy in Figure 6d was increased. The increase of O1s binding energy
may be due to the interaction between CPT-11 and ECA, which changed the local electronic
structure and increased the binding energy. This indicates that CPT-11 entered the ECA
nano aggregates. Similarly for TCA, as shown in Figure 6f, the Ols spectrum of TCA has
two peaks, corresponding to C=0 (531.24 eV) of TCA ligand acac and C-O (532.8 eV) of
v-CD in TCA. Compared with Figure S4h and Figure 6f, the binding energies of C-O and
C=0 were also increased in TCA. It was confirmed that y-CD interacted with Tb3* complex
to form TCA. The high-resolution O1s spectrum after loading CPT-11 (Figure 6h) showed
two peaks at 531.33 eV and 532.84 eV. Compared with Figure 6f, the binding energy of
O1ls in Figure 6h changes, indicating that CPT-11 interacts with TCA. This indicates that
irinotecan entered the TCA nano aggregates.

_Eu3d
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Figure 6. (a) XPS survey spectrum of ECA. (b) High-resolution Ols spectrum of ECA. (c) XPS
survey spectrum of ECA-CPT-11. (d) High-resolution Ols spectrum of ECA-CPT-11. (e) XPS survey
spectrum of TCA. (f) High-resolution Ols spectrum of TCA. (g) XPS survey spectrum of TCA-CPT-11.
(h) High-resolution O1s spectrum of TCA-CPT-11.

Fluorescence spectroscopy was used to evaluate the fluorescence signal response of
ECA and TCA to CPT-11. The sensitivity of ECA and TCA to different concentrations of
CPT-11 was determined. Figure 7 shows the fluorescence emission spectra of ECA and TCA
in the presence of different concentrations of CPT-11. The fluorescence emission spectra
were obtained at the excitation wavelength of Eu®* at Aex = 382 nm, and the excitation
wavelength of Tb3* at Aex = 334 nm, the maximum emission peak of Eu* at Aem = 612 nm,
and the maximum emission peak of Tb3* at Aem = 546 nm. As shown in Figure 7a,c, with the
increase of CPT-11 concentration, the fluorescence signal intensity of ECA and TCA shows a
gradual decrease. When the concentration of CPT-11 was 100 uM, the fluorescence intensity
decreased by more than 50%. To further study the quenching efficiency of ECA and TCA



Int. . Mol. Sci. 2022, 23, 6597

11 0f 16

100 pM

400 450 500 550 600 650 700 750 0
Wavelength (nm)

(@

400 450 500
Wavelength (nm)

fluorescence sensors, linear Stern—Volmer Equation (1) was used in the concentration ranges

of 0-100 uM.
F

T 1+ Ks[Q] 1)

where Fy and F are, respectively, the fluorescence intensity of ECA and TCA at 612 nm
and 546 nm in the absence and presence of CPT-11, K, is the Stern—Volmer quenching
constant, and [Q] is the drug concentration. As shown in Figure 7b,d, there was a good
correlation coefficient between the quenching efficiency (Fy/F) and the concentration of
CPT-11 for ECA and TCA within 1-100 uM (R? = 0.9839, 0.9950). The obtained linear
Equations (2) and (3) were, respectively:

F

fo = 0.9814 + 0.0078[Q] )
% = 1.0459 + 0.0067[Q)] ®)

OIII

. ——
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Figure 7. (a) Fluorescence emission spectra of ECA aggregates in the presence of different concentra-
tions of CPT-11. (b) Fitting of Eu3* quenching in the presence of CPT-11. (c) The degree of quenching
of ECA by different drugs at 1 mM. (d) Fluorescence emission spectra of TCA aggregates in the
presence of different concentrations of CPT-11. (e) Fitting of Tb>* quenching in the presence of CPT-11.
(f) The degree of quenching of TCA by different drugs at 1 mM. Error bars in e and f represent the
standard deviation of n = 3 replicates for each condition.

Within the concentration range of 0-100 uM, the limit of detection (LOD) of ECA and
TCA for CPT-11 was calculated for 3?‘7 (signal-to-noise ratio of 3) at 6.80 uM and 2.89 uM,
respectively, where o represents 20 blank measurements. The standard deviation of the
value, S is the slope of the fitted curve.

The fluorescence-based detection of CPT-11 might be confounded by the presence of
other drugs. Therefore, to detect the ability of ECA and TCA to selectively detect CPT-11,
the fluorescence intensity of ECA and TCA was evaluated in the presence of nine other
drugs: cyclophosphamide monohydrate (CYM), gemcitabine (GEM), 5-fluorouracil (5-Fu),
sulfadiazine (SUD), Docetaxel (DOC), carvacrol (CAR), oxaliplatin (OXA), vorinostat (VOR)
and albendazole (ALB), each at a concentration of 1 mM. Under the same test conditions
and environment, the quenching effect of each anticancer drug on ECA and TCA is shown
in Figure 7cf. The relative fluorescence intensity, F/Fy, value of CPT-11 was much lower



Int. . Mol. Sci. 2022, 23, 6597

12 of 16

(@) 100

Cell Viability (%)

than other anticancer drugs, demonstrating the high selectivity that ECA and TCA have
for CPT-11.

3.4. Cytocompatibility of ECA and TCA

The MTT method can be used to quantify cell viability [54]. Figure 8 shows the MTT
cytotoxicity assays for Eu(TTA)sphen, Tb(acac),phen, y-CD, and five concentrations of ECA
and TCA. Toxicity is defined here as a 20% reduction in the metabolic activity of cells mea-
sured by the MTT method. Eu(TTA)zphen (2 Mm) and Tb(acac),phen (20 mM) complexes
reduced the metabolic activity of HepG2 cells by about 40%, which meets our cytotoxicity
threshold. As expected, y-CD was not cytotoxic (>90% cell viability). Figure 8a,b shows
that ECA and TCA at the five concentrations tested were not cytotoxic (>80% cell viability).
In both cases, the presence of y-CD reduced the cytotoxicity of the lanthanide complexes. A
concentration of ECA eight times the tested cytotoxic concentration of Eu(TTA)s;phen was
non-cytotoxic, and a concentration of TCA two times higher than a cytotoxic concentration
of Tb(acac);phen was non-cytotoxic. These results confirmed our initial hypothesis that
the inclusion of Eu(TTA);phen and Tb(acac),phen complexes by y-CD would reduce the
cytotoxicity of ECA and TCA, resulting in an excellent cytocompatibility.

(b) 100

80 -

60 -
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— b
. TIre
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0' T

4 8 16 Eu(tta)phen y-CD
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Figure 8. (a) Cell metabolic activity after incubation with Eu(TTA)sphen, y-CD, and different con-
centrations of ECA for 24 h. (b) Cell metabolic activity after incubation with Tb(acac),phen, y-CD,
and different concentrations of TCA for 24 h. Error bars represent standard deviation from n =5
biological replicates for each condition.

3.5. Detection of CPT-11 in Cells

The low toxicity of ECA and TCA and the rapid response and high selectivity of
CPT-11 towards ECA and TCA prompted us to further evaluate the sensing ability of
this fluorescent sensor in living cells. Therefore, imaging of ECA and TCA in HepG2
cells was investigated. Figure 9 shows laser scanning confocal fluorescence images of
HepG2 cells. After co-incubating ECA with HepG2 cells for 1 h, red fluorescence did
not appear in the cells (Figure 9a), but red fluorescence continued to be observed outside
the cells. The extracellular red fluorescence disappeared after the addition of CPT-11
solution (Figure 9b), indicating that CPT-11 could still quench the fluorescence of ECA
in the cell culture medium. After co-incubating TCA with HepG2 cells for 1 h, obvious
green fluorescence appeared in the cells (Figure 9c), which also indicated that TCA could
effectively enter the cells. CPT-11 solution was added under the same conditions, and the
fluorescence was quenched after TCA-containing cells were incubated with CPT-11 for
30 min (Figure 9d). This suggests that TCA could detect CPT-11 in cells. In summary, laser
scanning confocal fluorescence images indicated that ECA and TCA could detect CPT-11
extracellularly and intracellularly, respectively.
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Figure 9. (a) Laser scanning confocal fluorescence image of HepG2 cells incubated with ECA nanopar-
ticles and (b) ECA-containing cells after adding CPT-11. (c) Laser scanning confocal images of HepG2
cells incubated with TCA nanoparticles and, (d) TCA-containing cells after addition of CPT-11.

4. Conclusions

In this article, we synthesized lanthanide (Eu** and Tb%*)-loaded y-CD nano-aggregates,
and the nano-aggregates enabled selective and sensitive detection of the anticancer drug
CPT-11. The photophysical properties of these nano-aggregates included high fluores-
cence intensity, long fluorescence lifetime, and high quantum yield. These fluorescent
nanoparticles could detect the concentration of CPT-11 in situ with cells and had sensitive
selectivity for CPT-11. These fluorescent nano-aggregates were demonstrated to be nontoxic
and cytocompatible by a cytotoxicity assay (MTT). Furthermore, we demonstrated that
TCA nano-aggregates could label cells and detect intracellular CPT-11. In contrast, ECA
nano-aggregates could detect CPT-11 in the extracellular environment without causing
cell death. Therefore, ECA and TCA have the potential to serve as drug sensors with high
fluorescence intensity, water stability, high sensitivity, and selectivity for in vivo sensing of
the anticancer drug CPT-11.
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