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Introduction: The aim of this study is focused on the development of theranostic hybrid nanovectors based on gold-doxorubicin
(DOX)-gemcitabine (GEM) complexes and their active targeting with Galectin-1 (Gal-1) as a promising therapeutic and prognostic
marker in cancer.

Methods: For this purpose, a gold salt (HAuCly) interacts with antitumor drugs (DOX; GEM) by chelation and then stabilizes with
dicarboxylic acid-terminated polyethylene glycol (PEG) as a biocompatible surfactant. The proposed methodology is fast and
reproducible, and leads to the formation of a hybrid nanovector named GEM@DOX IN PEG-AuNPs, in which the chemo-
biological stability was improved. All synthetic chemical products were evaluated using various spectroscopic techniques (Raman
and UV—-Vis spectroscopy) and transmission electron microscopy (TEM).

Results: To conceive a therapeutic application, our hybrid nanovector (GEM@DOX IN PEG-AuNPs) was conjugated with the
Galectin-1 protein (Gal-1) at different concentrations to predict and specifically recognize cancer cells. Gal-1 interacts with
GEM@DOX in PEG-AuNPs, as shown by SPR and Raman measurements. We observed both dynamic variation in the plasmon
position (SPR) and Raman band with Gal-1 concentration.

Discussion: We identified that GEM grafted electrostatically onto DOX IN PEG-AuNPs assumes a better chemical conformation, in
which the amino group (NH;") reacts with the carboxylic (COO™) group of PEG diacide, whereas the ciclopenthanol group at position
C-5’ reacts with NH; " of DOX.

Conclusion: This study opens further way in order to built “smart nanomedical devices” that could have a dual application as
therapeutic and diagnostic in the field of nanomedicine and preclinical studies associated.
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Introduction

Gold nanoparticles (AuNPs) are extensively used in several fields such as nanomedical devices, nano-drug delivery systems,
and nanosensors.” The opto- and physico-chemical properties of AuNPs, such as localized surface plasmon resonance (LSPR),
allow their implementation in therapy and diagnostics® because of their capacity to convert irradiated energy into thermal
energy, resulting in the release of toxic radicals at high temperatures (photodynamic therapy).* Owing to their unique optical
versatility and fast surface modification, many authors have studied original and specific chemical functionalization protocols®
to realize accurate drug carriers for cancer theranostics.® In recent years, Spadavecchia et al developed a library of drug
delivery systems (DDS) based on chemotherapeutic and/or biomolecule-gold-complexes using an experimental approach
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named “Method IN”.”'" They also investigated the chelation process of doxorubicin (DOX) with gold salt”*'® and the
electrostatic approach of gemcitabine (GEM) onto pegylated gold nanoparticles, before reduction, in order to form metallo
nanoflower In this way, GEM was adsorbed onto different gold facets [1.1.0] during nucleation and growth process of AuNPs.

Some authors have conceived hybrid AuNPs based on chitosan and chitosan derivatives'? as sugar stabilizers for the
detection of galectin-1 protein as a cancer biomarker'® in several fields of nanomedicine.'* Galectin-1 (Gal-1) is
expressed in several tissues and is involved in an extensive range of biological processes. '

Recently, various analytical methods have been suggested for the detection of galectin, based on electrochemical and
localized surface plasmon resonance.'® Most of these methods are expensive owing to the need for specific antibodies.'’

1'*. Herein, we

Previously, we have investigated the interactions between CTL polymer-decorated AuNPs and Gal-
demonstrate how the steric arrangement of chemotherapeutics such as DOX and GEM can influence the chemical
interaction of Gal-1. The properties of DOX-GEM complex nanovectors and their ability to specifically target galectin-1
were studied. This interaction was confirmed using Surface Plasmon Resonance (LSPR), transmission electron micro-
scopy (TEM)'® and Raman spectroscopy as physicochemical characterizations.

The results of this study may provide valuable information regarding the use of these nanovectors as diagnostic tools

for early detection of galectin-1 as a biomarker in cancer therapy.

Experimental Section

Materials and Methods

Tetrachloroauric acid (HAuCl;*3H,0), sodium borohydride (NaBH,), dicarboxylic Polyethylene Glycol (PEG)-600
(PEG) (PEG-diacide), phosphate buffered saline (PBS, 0.1 M, pH from 4 to 13), DMEM, Doxorubicin (DOX) (98%),
and Gemcitabine (GEM) (98%), were purchased from Sigma Aldrich. Recombinant Human Galectin-1 (Lot# 0707271
1) was purchased from PeproTech (Rocky Hill, NJ).

Synthesis of DOX in-PEG-AuNPs

DOX IN PEG-AuNPs colloids were synthesized using a slight modification of the protocol described previously.’ Briefly,
20 mL of HAuCl, solution (0.08M) was mixed with DOX (5 mL, 0.1M) and stirred for 20 min. Subsequently, 250 pL of
dicarboxylic PEG was added.'® Finally, 800 pL of aqueous 0.03M NaBH, was added immediately until the formation of
a red color. The products of each synthesis step were stored at 27-29 °C and characterized using UV—Vis spectroscopy,
Transmission Electron Microscopy (TEM), 'H-NMR’ and Raman spectroscopy. The “as-prepared” DOX IN PEG-
AuNPs solution was centrifuged at 10.000 rpm for 10 min for three times; then, the supernatant was discarded. This
procedure was repeated twice to remove excess non-conjugated dicarboxylic PEG.

Synthesis of GEM@DOX in PEG-AuNPs

GEM was grafted onto DOX IN PEG-AuNPs through electrostatic bonds between GEM’s amine function of GEM and
the carboxylic group (COO") of PEG diacide. Briefly, ImL of GEM (0.01M) was added to 20mL of DOX in PEG-
AuNPs (0.1M) and magnetically stirring for 18h at room temperature. The formation of GEM@DOX in PEG-AuNPs
was observed as a progressive color change of the solution from bright orange-violet to blue over 18h. The products of
each synthetic step were stored at 27-29 °C and characterized using UV-Vis spectroscopy and Transmission Electron
Microscopy (TEM). The “as-prepared” GEM@DOX IN PEG-AuNPs solution was purified by dialysis.

Preparation of Galectin Protein Solutions (Gal-1)
Galectin powder was diluted in water at different concentrations within the range of 1 uM to 1 pM, and the molar
concentration of Galectin-1 was estimated to be 14,716 Da.

Bioconjugation of GEM@DOX in PEG-AuNPs with Gal-1
The interaction of Gal-1 protein with the GEM@DOX IN PEG-AuNPs surface was obtained by exploiting the
procedures previously discussed.?
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Briefly, 5 mL of GEM@DOX IN PEG-AuNPs (42nM) was added to separate tubes containing 50 uL. Gal-1 (10 uM to
1 pM; PBS pH 7; NaCl 0.15 M). After 18 h of incubation, the GEM@DOX IN PEG-AuNPs/Gal-1 suspension was
centrifuged twice at 5000 rpm for 10 min to eliminate excess Gal-1, and the pellets were redispersed in 1 mL of Milli-Q
water as described previously.'?

Physicochemical Characterization
All measurements were performed in triplicates to validate the reproducibility of the synthetic and analytical procedures.
All the measurements were performed as previously described.’

UV/Vis Measurements
Absorption spectra were recorded using a Kontron UV 941 spectrophotometer in plastic cuvettes with an optical path of
10 mm. The wavelength range was 200-900 nm.

Transmission Electron Microscopy (TEM)
All microscopy analyses were realized as previously described.’

Raman Spectroscopy

Raman spectroscopy was performed using an Xplora spectrometer (Horiba Scientific, France). The Raman spectra were
recorded at an excitation wavelength of 785 nm (diode laser) at room temperature. For the measurements in the solution,
a macro-objective with a focal length of 40 mm (NA = 0.18) was used in the backscattering configuration. The spectral

resolution achieved was approximately 2 cm ™.

Dynamic Light Scattering (DLS)
Size measurements were performed at room temperature using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
equipped with a He-Ne laser (633 nm, fixed scattering angle of 173°).

Zeta potential measurements: All measurements were carried out as previously described.”'?

DOX /GEM loading efficiency: The amount of drug incorporated into PEG-AuNPs was measured using UV—Vis
absorption spectroscopy, as described previously.’

DOX/GEM release: DOX and GEM release was evaluated at physiological temperature (37 °C). Experimental

conditions are described in a previous work of some of the authors.”"

Results and Discussion
Formation Mechanism of GEM@DOX in PEG-AuNPs

Previously, Moustaoui et al conceived a novel doxorubicin nanotherapeutic agent obtained by methodology IN.” This
methodology has been applied to several drugs and biomolecules to understand the mechanism of hybrid nanoparticles
and the competitive effect between several capping agents and drugs on the growth process of gold nanoparticles.®?2%2!
These authors have applied this methodology on gemcitabine (GEM) in which the original nanoflower shapes are
produced after the growth process.

The aim of this study was to demonstrate the formation of stable complexes of PEGylated Au(III)-DOX AuNPs
before and after grafting of gemcitabine (GEM) to form a hybrid chemotherapeutic nanovector. The synthesis process

involved three steps (Scheme 1).

1. Synthesis of DOX from PEG-AuNPs by complexation protocol (Method IN) and reduction with NaBH,.

2. Electrostatic grafting of gemcitabine onto DOX in PEG-AuNPs via amino groups(NH;") of the GEM and
carboxylic group (COO") of the PEG diacide polymer at higher concentrations.

3. Stabilization of hybrid nanovector (GEM@DOX IN PEG-AuNPs).
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Scheme | Synthesis and electrostatic grafting of gemcitabine (GEM) to DOX IN PEGAuNPs obtained by methodology IN.”

In the first step, DOX molecules were added to the HAuCl, aqueous solution, and the biocompatible polymer was added
to form DOX IN PEG-AuNPs, as previously described.” In the second step, GEM was adsorbed electrostatically onto
DOX IN PEG-AuNPs via amino groups under experimental conditions and chemical stabilization (third step). All
products of our synthetic procedure were assessed using UV—Vis absorption®® spectroscopy, TEM'® and Raman
Spectroscopy.

Comeparative Physico-Chemical Characterization of GEM@DOX in-PEG-AuNPs
TEM images of GEM@DOX IN PEG-AuNPs showed good dispersion of the nanoparticles, with an average size of 33 +
7.2nm (Figure 1A). Spadavecchia et al reported the synthesis of GEM ION PEG-AuNPs, such as snowflake nanopar-
ticles, obtained after the nanoparticle process. Based on previously reported findings, we supposed that when GEM was
added to DOX in PEG-AuNPs solution, the GEM molecules were in J conformation® and the concentration was optimal
to arrange the better conformation in order to interact with the carboxylic group of PEG diacide to obtain spherical
nanoparticles with high stability.

The absorption spectra of GEM@DOX IN PEG-AuNPs were evaluated with a small peak at 300 nm, assigned to PEG
diacide absorption and a surface plasmon band at 555 nm (Figure 1A). The stability of AuNPs was confirmed by DLS
measurements (Data Showed In Supporting Information Section). Zeta potential measurements showed that GEM@DOX

IN PEG-AuNPs were stable at physiological pH (z-potential = —28 +1 mV; Data Showed In Supporting Information).

The steric arrangement of GEM on DOX pegylated AuNPs was confirmed by Raman spectroscopic analysis
(Figure 1C).

The Raman spectra of free DOX, GEM, and GEM@DOX IN PEG-AuNPs in water exhibited several bands in the
region 500-3000 cm™' (Figure 1C). The Raman spectra of free DOX (Figure 1C, red line) and DOX IN PEG-AuNPs
(Figure 1C, blue line) in water show many peaks as fingerprints of the hybrid nanosystem as previously described.”'
Focusing our attention on the spectral range 200-500 cm ' and 2000-3100 cm ', several spectral changes were detected,
which confirmed the chemical and steric modification of each drug (GEM; DOX) after complexation with gold ions and

PEG-diacide molecules. The presence of PEG-diacide at the surface of the AuNPs was confirmed by the Raman bands at
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Figure | (A) UV-Vis absorption of GEM@DOX IN PEG-AuNPs (B)TEM images of GEM@DOX IN PEG-AuNPs and (C) Raman spectra of the GEM@DOX IN PEG-AuNPs
products compared to free GEM (green line), free DOX (red line) and DOX IN PEG-AuNPs (blue line) as controls. (A and B) Scale bars: 20nm.

1137 cm™ %, 1270 cm ™, and 1455 cm ™! due to the vibrations of C-O-H, C-O-C, and C-O chemical groups, respectively.
The Raman spectra of free GEM (Figure 1C; green line) and GEM@DOX IN-PEG-AuNPs (Figure 1C, black line) in
water also exhibited several bands in the region of 500-2000 cm . In particular, the peak at 821 cm ™' characteristic of the

" "and 1400 cm 'were due to v C-O-C stretching, and

aromatic proton and C-F groups, the vibrations at 1250 cm ™
the vibration at 1655 cm ™ 'was due to the protonated amino group. We observed a decrease in the peak at 335 cm™ ' due to
the C-N vibrations of the pyperazynil group. In contrast, with the Raman spectra of the GEM ION PEG AuNPs
conceived previously, we noted the presence of bands located between 469 and 514 cm ' due to the C-C-O vibration.
The prominent peak at 339 cm ™' due to the vibrations §(OH...0) and v(OH...0) of PEG disappeared. Based on these and
previous spectrochemical results, we identified that GEM grafted electrostatically onto DOX IN PEG-AuNPs assumes

a better chemical conformation, in which the amino group (NH;") reacts with the carboxylic (COO") group of PEG
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diacide, whereas the ciclopenthanol group at position C-5’ reacts with NH;" of DOX. We also observed more peaks in
the region between 1000 cm 'and 1200 cm 'and an exaltation of the band at 2888 c¢m ™ 'due to CH stretching and the
chemical and steric arrangement of GEM on DOX IN PEG-AuNPs.

Galectin Active Interaction: Spectroscopic Evaluation
Galectins are glycan-binding proteins with a high affinity for p-galactosides owing to the presence of characteristic
carbohydrate recognition domains (CRDs)** responsible for specific biological responses.>’

Previously, we used chitlac pegylated gold nanoparticles (CTL-PEG-AuNPs) as building blocks to observe biomo-
lecular interaction with Galectin-1 (Gal-1) and the relationship between chemical structure and biological activity.'*
Herein, we tested the capacity of interaction between Gal-1 and GEM@DOX in PEG-AuNPs to understand the
relationship between the drug nanovector and biomarker. Gal-1 proteins were incubated with different concentrations
of AuNP solutions (Scheme 2). Gal-1 interacts with GEM@DOX in PEG-AuNPs, as shown by SPR and Raman
measurements (Figure 1). When Gal-1 was added to GEM@DOX IN PEG-AuNPs, we observed a dynamic variation
in the plasmon position with Gal-1 concentration (from 10 °M to 10 'M) (Figure 2). As discussed previously, the
interaction of Gal-1 with the gold surface of GEM@DOX in PEG-AuNPs leads to the agglomeration of the colloidal
solution. The weak red shift and strong decrease in the plasmon band can be explained by lower nanoparticle aggregation
and dissociation of agglomerates.'* From 10°°M (1 uM) to 10" "M (1 pM), Gal-1 interacted with the GEM@DOX IN
PEG-AuNPs, inducing a decrease in the plasmon band with a consequent modification of the dielectric constant around
the AuNPs after interaction with Gal-1 proteins. At concentrations higher than 1 nM, more Gal-1 molecules interacted
with GEM@DOX IN PEG-AuNPs, forming a Gal-1 monolayer on the AuNP surface. At a concentration of 1 nM, the
amount of Gal-1 was large enough to prevent any interactions between the proteins in the GEM@DOX IN PEG-AuNPs,
thus inducing dissociation of the nanoparticle agglomerates. With the saturation of the surface of the AuNPs, we can
suppose that it could induce a better orientation of Gal-1 or a change in its conformation owing to chemical hindrance
and protein conformational changes with the chemical group of GEM.

Galectin Active Interaction : Raman Spectroscopy Assessment
A fruitful interaction of Gal-1 with the GEM@DOX IN PEG-AuNPs surface was also achieved by Raman spectroscopy
(Figure 3).

Raman spectroscopy is a vibrational spectroscopy technique that can be applied to study the molecular structure of
several proteins before and after interaction with AuNPs under specific conditions.”® The influence of hydrophobic

Gal-1

GEM@DOX IN PEG-AuNPs

Scheme 2 Representation of interaction mechanism of Galectin-1 onto GEM@DOX IN PEG-AuNPs and subsequent conformational change of galectin molecules under
specific concentrations of protein.
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Figure 2 UV-Vis absorption spectra in the range 200-900 nm of GEM@DOX IN PEG-AuNPs before (yellow line) and after interaction of Galectin-1 (from 1uM to IpM)
under straight condition (NaCl 0.9%).
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Figure 3 Raman spectra of GEM@DOX IN PEG-AuNPs before (black line) and after interaction of Gal-1 (Galectin-1 concentration range |uM - 1pM). Experimental
conditions: Aexc = 785 nm; laser power 20 mW; accumulation time 180 s.

interactions between proteins is also discussed.”’ Indeed, the intensity and frequency of the vibrational groups of the
amino acid side chains and polypeptide backbone are susceptible to chemical modifications of the microenvironment.*®

After the Gal-1 binding, amide II (1587-1620 cm™ ") and amide IIT (1200-1300 cm™ '), as well as modifications in
the protein local environment, confirmed the protein interaction (Figure 3). When the protein concentration was
decreased from 500 nM to 1pM, the fingerprint of the amide band was masked by the water peak at 1600 cm ™' due to
the ionic environment.

As mentioned previously," the chemical and steric conformations of Gal-1 depend on the molecular concentration
that influences the high packing density and self-assembly of Gal-1 on the chitlac gold nanoparticles (CTL-PEG-AuNPs).
Herein, we realized a novel system in which the chemical combination of DOX and GEM, as GEM@DOX IN PEG-
AuNPs, influences and simulates the presence of CTL polymer-like bioreceptors of Gal-1 with optimal results. In fact,
the self-assembly of Gal-1 onto GEM@DOX IN PEG-AuNPs from 1uM to 1nM shows characteristic amide bands, and
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we observed a change in the chemical fingerprint of the amide bands as a function of concentration. This spectroscopic
behavior was probably due to the steric and chemical arrangement between the chemical groups of DOX, GEM (C-O,
C-F, and-OH), and Gal-1 at low concentrations.

A notable finding was the increase in the number of peaks in the Raman spectra following the addition of Gal-1. The
large fluctuation in the band around 1600 cm ' displayed a tendency as the Gal-1 concentration increased, which is
particularly interesting. An analogous pattern was observed for the band located at 1400 cm™'. Upon the addition of Gal-
1, the spectra also showed a clear shift in the direction of the higher frequencies. These spectroscopic variations highlight
Gal-1’s tremendous impact on molecular organization in the Raman spectra. Additionally, the presence of Gal-1 might
affect the Raman frequencies by changing the local electrical environment near GEM@DOX in PEG-AuNPs molecules.
This shifting phenomenon may be influenced by changes in the electron charge distribution or electrostatic interactions.
In conclusion, the finding of a shift towards higher frequencies in the Raman spectra after the addition of Gal-1 indicates
changes in the electrical environment and molecular interactions. This provided insightful information about the changes
in Gal-1 caused by the GEM@DOX IN PEG-AuNPs system.”’

The spectral region between 2700 and 3000 cm™'corresponds to the stretching vibrations of the hydrogen and C-H bonds.
Interestingly, between 2700 and 3000 cm ', a broad band was observed in the Raman spectrum of GEM@DOX in PEG-
AuNPs (Figure 4 black line). After the interaction of Gal-1 at 10~ M (Figure 4 yellow line), a strong variation in the Raman
spectral bands appeared. In particular, we noted the appearance of the peak at 2717cm™" due to the C-H stretching vibration of
amino acids related to hydrophobic groups and a strong improvement in the bands at 2836 cm ', 2886 cm™ ' and 2916 cm ™'
characteristic of CH,-CH; symmetrical stretching, and CH,-CH; asymmetrical stretching. At 10”'M we observed a decrease
in these bands, which confirmed the steric arrangement of Ga-1 on the nanoparticles. At 107 '*M (1pM), we can see an
improvement and vibrational shift of the bands at 2710 cm !, 2836 cm !, 2875 cm ! and 2916 cm 'due to aromatic and
aliphatic amino acids.*® Nevertheless, it has been previously discussed that a number of charged amino acids, such as lysine,
glutamic aspartic acids, proline, threonine, and histidine, also involves signals in the C-H stretching region due to the presence
of CH groups and otherCH;z or CH, group symmetrical stretching. Furthermore, aromatic and aliphatic amino acids had
prominent C-H stretching bands, particularly in the main band near 29352955 cm™'.*°

The low-frequency Raman bands (100400 cm™ ') (Figure 5) reflect the collective vibrations of some proteins in
aqueous solutions and relatively liquid amides. After Gal-1 interaction with GEM@DOX IN PEG-AuNPs, we observed
a strong improvement in the bands around 100 cm™' due to hydrogen bonds,*' reflecting the key influence of protein

—— GEM@DOX IN PEG-AuNPs
—— 10""?M Gal-1
— 10"°M Gal-1
—— 10"*M Gal-1
107M Gal-1
10°M Gal-1

Intensity (a.u)

el N

2700 2750 2800 2850 2900 2950 3000
Raman shift cm'1

Figure 4 Magnification of Raman spectra in the 2700-3000 cm ' spectral range of GEM@DOX IN PEG-AuNPs before (black line) and after interaction of Gal-1 (Galectin-1
concentration range |uM - IpM). Experimental conditions: Aexc = 785 nm; laser power 20 mW; accumulation time 180 s.
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Figure 5 Magnification of Raman spectra in the 100—400 cm ' spectral range of GEM@DOX IN PEG-AuNPs before (black line) and after interaction of Gal-1 (Galectin-1
concentration range |uM - 1pM). Experimental conditions: Aexc = 785 nm; laser power 20 mW; accumulation time 180 s.

concentration on our gold nanoparticle system and their interaction. The bands with maxima at approximately
290 cm ™' and 250 cm 'might be sensitive to the water structure in aqueous protein solutions.

Conclusions

In this study, we conceived and realized, for the first time, an original nano-drug delivery system for the bio-interaction
between Galectin-1 and PEGylated gold nanoparticles decorated with doxorubicin (DOX) and gemcitabine (GEM)
(GEM@DOX IN PEG-AuNPs). The chemical design of nano-drug delivery system was assessed and monitored by UV-
visible and Raman spectra, confirming the “good” binding affinity between Gal-1 and GEM@DOX IN PEG-AuNPs.
This preliminary study opens further way in order to built “smart nanomedical devices” that could have a dual
application as therapeutic and diagnostic in the field of nanomedicine and preclinical studies associated. Further studies
are still envisaged, in order to assure the in vitro and/or in vivo assessment toxicity, pharmacokinetics and dynamics on
relevant pancreatic-cancer model (PDAC).
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