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ABSTRACT. Three novel gold nanoparticles containing multiple long, flexible linkers decorated 

with lactose, -cyclodextrin and both simultaneously have been prepared. The interaction of such 

nanoparticles with β-D-galactose-recognizing lectins peanut agglutinin (PNA) and human 

galectin-3 (Gal-3) was demonstrated by UV-Vis studies. Gal-3 is well-known to be 

overexpressed in several human tumors and can act as biorecognizable target. This technique 

also allowed us to estimate their loading capability toward the anticancer drug methotrexate 

(MTX). Both results make these glyconanoparticles potential site-specific delivery systems for 

anticancer drugs. 
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INTRODUCTION 

In the last 15 years gold nanoparticles (AuNPs)1 have found increasing application as 

biomarkers for diagnose and imaging, drug delivery systems and sensors for detection of 

proteins, metal ions, DNA, carbohydrates, viruses and different classes of cells. This is due to 

their ability to act as scaffolds for different biomolecules using thiol surface self-assembly 

monolayers (SAMs) chemistry.2-6 AuNPs present a high flexibility in terms of linker nature 

(rigidity and polarity) and ligand density of distribution on the surface. In addition, they can be 

multifunctionalised with more than one sort of appendages on the same particle very easily. The 

size of the AuNPs between 1 and 100 nm is in the range of those biomacromolecules so they can 

serve as biomimetic and biofunctional materials inside cells. In addition, optical, electronic and 

magnetic properties of AuNPs allow them to highlight supramolecular and recognition processes. 

Probably the best well-known property is the Surface Plasmon Resonance (SPR) phenomenon 

which can be observed in the visible region as a broad absorption band around 520 nm giving 

their water solutions a deep-red colour. This band does not exist for AuNPs smaller than 2 nm 

and quickly shifts to longer wavelengths for AuNPs larger than 20 nm. It is also sensitive to the 

nature of the substituent self-assembled on their surface, the dielectric constant of the 

environment and the inter-particle distance. 

As drug nanocarriers, AuNPs enable the protection of the drug against degradation or 

inactivation in biological conditions and in some cases the design of controlled release methods 

upon the application of external stimuli.7 Drugs can be covalently attached on the AuNP surface, 

but this requires the chemical modification of the drug for the anchoring and, quite often, some 

intracellular processing or external stimuli (heat, light) of the resulting conjugate for the drug 

release. In contrast, unmodified drugs can be non-covalently loaded onto the AuNP by 
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appending on its surface amphiphilic linkers able to create hydrophobic pockets within the 

monolayer,7 or suitable macrocyclic molecular receptors such as cyclodextrins.8-11 

-Cyclodextrin (-CD) is a natural occurring, torus-shaped, cyclic oligosaccharide comprising 

seven D-glucopyranose units linked by α-(1→4) bonds. -CD and its derivatives are well-known 

to form inclusion complexes in aqueous solution with a large variety of organic molecules of 

hydrophobic nature and suitable size and geometry encompassing several anti-cancer drugs.12-16 

In addition, the presence of -CD on the AuNP may also help to overcome certain forms of 

multidrug resistance.17-19 

AuNPs surface can be modified with different biomolecules which specifically interact with 

receptors that are over-expressed in cancer cells in order to selectively cumulate on them. This 

strategy not only allows increasing the delivery of the drug to tumor cells but also enables new 

therapy techniques such as optical microscopy, multi-absorption-induced-luminescence (MAIL), 

photothermal therapy (PTT) and radiotherapy.20,21 In particular, carbohydrate-coated gold 

nanoparticles (glycoAuNPs) have been successfully used for studying carbohydrate-protein 

binding processes.3 Attaching carbohydrates on the AuNPs not only improve their 

biocompatibility and water solubility but also increase their targeting ability. It is well-known 

that several proteins called lectins, which act as carbohydrate specific receptors, are 

overexpressed on the cancer cells surface. A particularly interesting lectin is human galectin-3 

(Gal-3), which recognizes and binds β-D-galactoseide moieties, and plays a role in tumor 

progression and metastasis enhancing survival upon exposure to different apoptotic stimuli. 

Thus, Gal-3 could be used as a site-specific target for β-D-galactose- or lactose-appended 

glycoAuNPs.22 
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In this context, we envisaged a dually functionalized AuNP bearing simultaneously multiple 

copies of -D-lactose units as targeting ligands for Gal-3, and -CD macrocycles as 

encapsulating moieties for suitable anticancer drugs (Scheme 1). Site-specific drug carriers based 

on cyclodextrins-coated AuNPs have been recently described using anti-epidermal growth factor 

receptor antibody (anti-EGFR)9,10 and biotin11 as vectors. Although concurrent presentation of 

carbohydrates and -CD is well-known on glyconjugates, glycodendrimers, glycopolymers, 

micelles and vesicles for the construction of water soluble site-specific delivery systems,23,24 to 

the best of our knowledge such combination on gold nanoparticles has not been previously 

described. AuNPs allow for a multivalent presentation of the carbohydrates, a well-known 

strategy used to overcome the low binding affinity between saccharides and proteins, enabling 

their use as site-specific delivery vectors. Multivalent presentation of cyclodextrin units would 

make possible the loading of anticancer drugs by both forming stable inclusion complexes and 

entrapping the drug between branches. Conveniently, carbohydrates do not compete with 

cyclodextrin guests for the CD cavity. We decided to include flexible, relatively long spacers 

between both appendages and the surface of the AuNP as a way to overcome steric hindrance 

and maximize the number of active carbohydrates and CD moieties.25-27 We chose an hybrid 

tether consisting of an apolar thioundecylene chain anchored to the AuNP surface followed by a 

hydrophilic tetra(ethylene glycol) skeleton decorated with the appendages at its end. The 

lipophilic part provides stability to the SAM and may create additional entrapping sites for the 

drug, while the tetraglycol increases the biocompatibility and the solubility in water.28 Such sort 

of mixed chains has recently showed enhanced ability of AuNPs for preventing non-specific 

protein adsorption, proteolytic and hydrolytic degradation, and macrophage uptaking.29-31 
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Thus, in this work we report the preparation of a gold nanoparticle 1-3 containing multiple 

copies of lactose, -CD or both simultaneously (Scheme 1). The potential ability of such 

nanoparticles as targeted drug delivery systems was evaluated by studying their affinities for the 

β-D-galactose-recognizing lectins Gal-3 and PNA as biological targets by UV-Vis spectroscopy. 

Protein-induced aggregation of AuNPs is usually proven by a SPR band red-shift upon lectin 

addition in UV-Vis,27,32-42 although other techniques have been used to gain deeper insight into 

this interaction and, in some cases, quantify the binding affinity as compared to simple 

glycosides.43-47 The loading capability of nanoparticles 2 and 3 toward the anticancer drug 

methotrexate (MTX, Chart 1) was also estimated.  

EXPERIMENTAL PROCEDURES 

Materials. Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 

aluminium sheets and developed by UV-Vis light and ethanolic sulfuric acid (5 % v/v). Flash 

column chromatography was performed on Merck silica gel (230-400 mesh, ASTM). Melting 

points were measured on a Büchi B-450 melting point apparatus and are uncorrected. Optical 

rotations were recorded on a Jasco P-1030 polarimeter at room temperature. []D values are 

given in 10-1 deg cm-1 g-1. Infrared spectra were recorded on a Bruker Alpha FTIR equipped with 

a Bruker universal ATR sampling accessory. 1H and 13C NMR spectra were recorded on Bruker 

Avance DPX300 and Bruker Avance 500 Ultrashield spectrometers equipped with a QNP 

1H/13C/19F/31P and inverse TBI 1H/31P/BB probe, respectively. Standard Bruker software was 

used for acquisition and processing routines. Chemical shifts are given in ppm and referenced to 

internal TMS (H, C 0.00). J values are given in Hz. MALDI-TOF mass spectra were recorded 

on a 4800 Plus AB SCIEX spectrometer with 2,5-dihydroxybenzoic acid (DHB) as the matrix. 

ESI-TOF mass spectra were measured on a Waters Xevo Qtof spectrometer. All aqueous 
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procedures used pure water (MilliQ, 18.2M cm) obtained from a Millipore MilliQ Plus system. 

Dialysis was performed in MilliQ water using 3.500 kDa molecular weight cut-off (MWCO) 

membranes (Spectra/Por, regenerated cellulose). Centrifugal filtrations were carried out on a 

Digicen 21R centrifuge using Amicon Millipore 10.000 KDa MWCO and 3.000 KDa MWCO 

centrifugal filters for purification and concentration purposes, respectively. Dynamic Light 

Scattering (DLS) measurements were performed on a Zetasizer Nano ZS (Malvern Instruments 

Ltd, UK) with an Avalanche photodiode (QE > 50% at 633nm) detector, 173º scattering angle, 

class 1 compliant laser, and automatic laser attenuation. 15 nM AuNPs MilliQ water solutions 

were introduced in a 12µL quartz thermostated sample cuvette (low volume quartz ZEN2112) 

and experiments were carried out at 25 ºC by measuring 15 runs. Average hydrodynamic radius 

for each sample was calculated using standard Malvern Instruments software. Transmission 

Electron Microscopy (TEM) analyses were carried out on a Carl Zeiss LIBRA 120 PLUS 

instrument at 120 keV. Briefly, 20 L of gold nanoparticle aqueous solution (ca. 0.1 mg mL-1) 

were placed onto a copper grid coated with a carbon film. The grid was tapped with filter paper 

and dried in vacuum for 1 min. Negative staining was performed by using a droplet of 2% w/v 

uranyl acetate solution. Images were treated using Image Tool 3.0 software and at least 100 

nanoparticles were measured to estimate the average diameter. All the glassware used for AuNPs 

was exhaustively washed with aqua regia, rinsed with MilliQ water and oven dried prior to use. 

All reagents, as well as peanut agglutinin from Arachis hypogaea (PNA, lyophilized powder, 

affinity-purified) and albumin from bovine serum (BSA, low endotoxin, lyophilized powder) 

lectins, were purchased from Sigma Aldrich and used without further purification. Compounds 

4,32 5,48 649 and (EtO)3P·CuI49 were synthesised as previously reported. Solvents were dried 

according to literature procedures.50 
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Synthesis of citrate-stabilized AuNP. Citrate-stabilized AuNP (cAuNP) were prepared 

according to a modification51 of the Turkevich protocol.52 Briefly, a degassed solution of sodium 

citrate (228 mg, 0.775 mmol) in MilliQ water (20 mL) at 55 ºC was added to a refluxing 

degassed solution of HAuCl4·3H2O (79 mg, 0.201 mmol) in MilliQ water (200 mL) under 

vigorous stirring. The mixture was refluxed for 30 min and cooled to room temperature before 

being filtered through a Sartorius Minisart 0.2 m filter to provided cAuNP of 12.1 ± 1.0 nm of 

average diameter in a concentration of ~13 nM, as determined by UV-Vis spectroscopy53 and 

TEM. 

General method for the synthesis of AuNPs 1-3. A solution of 9 (8 mg, 0.005 mmol) in 

MilliQ water (1 mL) for AuNP 1, or a solution of 10 (16 mg, 0.005 mmol) in MilliQ water (1 

mL) for AuNP 2, or a mixture of 9 (8 mg, 0.005 mmol) and 10 (8 mg, 0.005 mmol) in MilliQ 

water (2 mL) for AuNP 3 were added to a ~13 nM solution of cAuNP in MilliQ water (5 mL). 

The resulting mixtures were stirred at room temperature for 16 hours in darkness. AuNPs 1-3 

were purified by repetitive centrifugal filtrations through regenerated cellulose 10 MWCO filters 

at 3500 rpm for 30 min using MilliQ water as washing solution. UV-Vis spectra of each filtrate 

were recorded and filtration was repeated until negligible linker signal at  256 nm was observed 

in the last filtrate (5 times). Average diameter and concentration for each AuNP were determined 

by TEM and UV-Vis spectroscopy,53 respectively. 

Expression and purification of Gal-3. The cDNA clone for the human galectin-3 (Gal-3) was 

obtained from the ATCC collection (Cat. No. MGC-2058). For protein expression the coding 

sequence was amplified by PCR from the pOTB7 plasmid, using a high fidelity DNA 

polymerase (iProof, BioRad) and the oligonucleotides 5´-

ACGCGGATCCATGGCAGACAATTTTTCGCTCCATGATGC-3´ and 5´-
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ACCGGAATTCTTATATCATGGTATATGAAGCACTGGTGAGG-3´ containing appropriate 

restriction sites. The PCR fragment was cloned into the BamHI and EcoRI sites of the pGEX-6P-

1 expression vector (GE Healthcare Life Sciences) to generate a protein fusion with the 

glutathione S-transferase (GST). The recombinant plasmid was checked by sequencing and used 

to transform E. coli BL21 (DE-3) cells. GST-galectin-3 fusion protein was overexpressed in E. 

coli and purified by affinity chromatography on lactosyl-sepharose as previously described.54 

Lactose-derivatised Sepharose 6B was prepared by the divinylsulphone method of Porath and 

Ersson.55 Cells were resuspended in PBS buffer containing a cocktail of proteases inhibitors 

(0.24 IU/mL aprotinin, 1 µg/mL leupeptin, 1 µg/mL benzamidine, 0.1 mg/mL lysozyme, 0.2 mM 

PMSF at 4 ºC. After sonication and centrifugation, the supernatant was loaded onto an 

equilibrated lactosyl-sepharose column in PBS buffer at 0.5 mL/min. The fusion protein was 

eluted with 10% (p/v) lactose in PBS buffer. Fractions with protein were joined, concentrated 

and dialysed twice against in cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 

mM dithiothreitol at pH 7) and 4ºC. After dialysis, the protein sample was incubated overnight in 

the presence of 1% (v/v) Prescission protease (GE Healthcare Life Sciences) at 4 ºC. After 

digestion, the sample was applied again to washed and equilibrated lactosyl-sepharose column in 

cleavage buffer. Purified Gal-3 was obtained by elution with 10% (p/v) lactose in PBS and 1 mM 

DTT. Purification of Gal-3 was confirmed by SDS-PAGE. Protein concentration was determined 

by Bradford assay.56 A molecular mass of 26 kDa was used for the monomeric Gal-3 enzyme. 

UV-Vis spectroscopy measurements. UV-Vis spectra were recorded on a Jasco V-530 

spectrophotometer at room temperature using 1 cm path-length 1 mL disposable plastic cuvettes. 

MilliQ water or 10 mM phosphate buffer at pH 7.2 containing 20 mM NaCl were used as 
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references depending on the case. Characterisation of cAuNP and AuNPs 1-3 was performed in 

MilliQ water solutions as described elsewhere.53 

The interaction of AuNPs 1 and 3 with PNA and Gal-3 was measured on solutions of each 

nanoparticle (2 nM) in the presence of each protein (2 M for the lectin monomer in the case of 

PNA and 50 M for Gal-3) in 10 mM phosphate buffer solutions at pH 7.2 containing 20 mM 

NaCl. The UV-Vis spectra of the mixtures were recorded every 5 minutes after the addition of 

the lectin. After 5 hours, solid lactose was added to a final concentration of 40 mM and the 

solution was gently shaken. The UV-Vis spectra were then measured after 10 minutes. A 

solution of each nanoparticle (2 nM) in the absence of the lectin was also recorded as reference. 

For the determination of the MTX loading  abilities of AuNPs 2 and 3, solutions of each 

nanoparticle (2 nM) and MTX (75 M) were prepared in 10 mM phosphate buffer at pH 7.2 

containing 20 mM NaCl (2 mL) and shaken at room temperature in darkness for 5 days. UV-Vis 

spectrum of each sample was measured and the excess of MTX was then removed by repetitive 

centrifugal filtration through regenerated cellulose 10 MWCO filters at 3500 rpm for 30 min. 

After each filtration, supernatant was diluted to the initial volume with buffer. UV-Vis spectra of 

each filtrate were recorded and filtration was repeated until negligible MTX signal at  371 nm 

was observed in the last filtrate (5 times). A solution of 75 M MTX in the absence of the 

nanoparticles was filtered 5 times in the same way in order to estimate the retention provided by 

the filter itself, if any. 

RESULTS AND DISCUSSION 

Synthesis of AuNPs 1-3. The synthesis of AuNPs 1-3 (Scheme 1) was achieved by the well-

known ligand exchange strategy on cAuNPs.57 To this aim, bisalkyltetra(ethylene glycol) 

disulfides 9 and 10 appended with -D-lactose and -CD moieties, respectively, were 
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synthesized in two steps starting from azide 4 (see Supporting Information).32 Firstly, 

regiospecific copper(I)-catalysed azide/alkyne cycloaddition (CuAAC) of 4 with propargyl -D-

lactoside 5 and monopropargyl--CD 6 afforded, in this order, the thioacetates 7 (83 %) and 8 

(77 %) where new 1,2,3-triazole rings were created. The formation of these rings was easily 

observed in 1H NMR by the appearance of a singlet at around  8.05 ppm. Similarly, two 

characteristic peaks at around  144 and 125 ppm were noticed on the 13C NMR spectra for both 

products. In addition, IR showed the disappearance of the band at 2101 cm-1 initially observed in 

the spectrum of compound 4 due to the consumption of the free azide group during the CuAAC. 

Thioacetates 7 and 8 where then deacetylated with an aqueous solution of KOH, which 

subsequently provoked the oxidation of the resulting thiols into disulfides 9 and 10 in 54 and 69 

%, respectively. As expected, disulfides 9 and 10 turned out to be freely soluble in water. 

Deacetylation of 7 and 8 was easily confirmed in 13C NMR by the disappearance of the peaks 

corresponding to the carbonyl groups at around  196.0 ppm, as well as those assigned to the 

CH3 groups at 30.6 ppm. In addition, disulfide formation led to a diamagnetic shift of ca. 0.15 

ppm for the triplet assigned in 1H NMR to the protons of the methylene directly bound to the 

sulfur atom. In contrast, the 13C signal for the corresponding carbon showed a shift of ca. 8 ppm 

to lower field. 

With disulfides 9 and 10 in hand, we performed ligand exchange reactions on previously 

prepared citrate-capped nanoparticles (cAuNP). The average diameter of the gold core for 

cAuNP was determined by transmission electron microscopy (TEM) as 12.1 ± 1.0 nm. However, 

dynamic light scattering (DLS) showed a hydrodynamic diameter slightly larger (15.2 ± 4.2 nm), 

which is consistent with the presence of citrate molecules anchored on the surface.9,31 A mixture 

of cAuNP and excesses of ligands 9 or 10 in MilliQ water yielded, after 16 hours, AuNPs 1 and 
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2 appended with -D-lactose and -CD moieties, respectively. Similarly, cAuNP was treated in 

the same conditions with a 1:1 mixture of 9 and 10 to obtain AuNP 3 bearing simultaneously 

disaccharide and macrocycle moieties. Resulting glycoAuNPs were purified by repetitive 

centrifugal filtration, washing with pure water in order to remove the excess of ligands. 

The exchange process was confirmed firstly by UV-Vis spectroscopy, where a bathochromic 

shift of 6 nm in the surface plasmon resonance (SPR) band was observed in all cases probably 

due to the change in the dielectric environment of the metal surface upon the self-assembled 

monolayer (SAM) formation (Figure 1).57 In addition, hydrodynamic diameters for AuNPs 1, 2 

and 3 measured by DLS increased from 15.2 ± 4.2 nm for cAuNP to 19.6 ± 4.5 nm, 21.3 ± 4.0 

nm and 20.6 ± 3.7 nm, respectively, due to the presence of larger molecules than citrate on the 

nanoparticle surface after the exchange reaction. In contrast, TEM images showed that the 

diameter of the gold core remained unchanged, indicating that the functionalization of the 

cAuNPs with the ligands did not affect to the metallic structure of nanoparticle (Figure 1). The 

nature of the ligands deposited on the nanoparticles surface was confirmed by 1H NMR 

spectroscopy. As expected, spectra of the glyconanoparticles matched those previously measured 

for free 9 and 10 (Supporting Information). In the case of the hybrid AuNP 3, integral values 

suggested that linkers containing lactose would be three-times more concentrated on the 

nanoparticle than those appended with CD moieties. However, this must be considered as 

estimation since packing density and dissimilar sizes may affect to the spin-spin relaxation time 

(T2) of each linker in a different extension.2 Prepared glycoAuNPs showed to be stable in 

solution since neither aggregation nor SPR band change were observed over a period of several 

months when stored at 4 ºC in the dark. 
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Interaction of AuNPs 1 and 3 with lectins PNA and Gal-3. The binding ability of AuNPs 1 

and 3 toward β-D-galactose-specific lectins peanut agglutinin (PNA) and human galectin-3 (Gal-

3) was tested by following their UV-Vis spectra variation upon the addition of these proteins. 

This technique has previously been used to demonstrate protein-induced aggregation of 

AuNPs27,32-42 due to the well-known dependence of the SPR band on the inter-particle distance.3 

When AuNPs are joined together into an aggregate and distances between them are small 

enough, their surface plasmons couple changing the local refractive index around the 

nanoparticles and the SPR band undergoes a red shift and usually a significant broadening which 

in occasions results in absorbance decay. These phenomena depend on the specific spatial 

arrangement of the particles after the aggregation and the size of the aggregate. Thus, factors 

such as AuNP and protein sizes, linker lengths and ligand densities affect to the UV-Vis response 

of each AuNP-protein pair. 

Therefore, 2 nM lactose-containing AuNPs 1 and 3 solutions were firstly treated with 2 M 

PNA (Figure 2). This protein is a well-known tetrameric lectin which possesses four β-D-

galactose binding sites and thus it is expected to interact with 1 and 3 in a multivalent fashion. 

Experiments were carried out in 10 mM phosphate buffer at pH 7.2 containing 20 mM NaCl in 

order to keep a high ionic strength to ensure the stability of the protein and avoid its aggregation. 

Initially, a progressive increase of the SPR band absorbance (ASPR) with time was observed in 

both cases. After 60 minutes, however, ASPR started to decay and a dark-red precipitate appeared 

at the bottom of the cuvette. This decrease was more remarkable in the case of AuNP 3, the ASPR 

of which after 3 hours was even less than that observed in the absence of PNA. These results can 

be reasoned in terms of the formation of cross-linked complexes that increased in size with time. 

At initial stages of the aggregation the growth of the complexes would increase light scattering in 
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the sample, causing the observed rise in the absorbance. Nevertheless, after a certain period of 

time aggregates would reach a critical size which would make them no longer water soluble, 

leading to their precipitation and the concomitant absorbance decrease. Somewhat surprisingly, 

AuNP 3 exhibited much more intense precipitation than AuNP 1. This result would indicate that 

larger cross-linked complexes are achieved by AuNP 3 although it presents less lactose moieties 

on its surface than AuNP 1. It has been shown that high ligand densities on AuNPs are not 

always optimal as it depends on the target protein dimensions and other structural aspects as the 

linker length.27 Furthermore, CD moieties on AuNP 3 might contribute to this behavior, as it is 

known that the presence of carbohydrates other than those interacting with the lectin can result in 

a binding enhance.58 In contrast, the inflexion time for the absorbance variation is around 2 hours 

for both AuNPs 1 and 3, suggesting that binding kinetics of these two nanoparticles to PNA 

seem to be similar despite of the different lactose content. 

Addition of PNA to solutions of AuNPs 1 and 3 also had an effect on the SPR band wave-

length (SPR). In the case of hybrid AuNP 3, SPR underwent a red-shift from 524 nm to 526 nm 

after 30 minutes. This can be ascribed to the nanoparticles closer spatial arrangement achieved in 

the cross-linked binding aggregate. However, AuNP 1 showed a more complex behavior since 

SPR depicted an initial shift to shorter wave-lengths from 524 nm to 520 nm in 30 minutes 

before moving back to 523 nm after 2 hours. This result suggests that AuNP 1 may present some 

degree of aggregation in the absence of PNA. In our case, observed SPR shifts are rather small as 

compared to those reported for lectins other than PNA in literature.27,32-42 To the best of our 

knowledge, studies involving the interaction of gold glyconanoparticles toward PNA lectin in 

solution are very limited. Wang et al. described SPR shifts of ~ 45-55 nm when using AuNPs 

functionalized with D-galactose and -1,3-galactobiose.42 However, those AuNPs were larger (~ 
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20 nm) while linkers were shorter than ours, and therefore inter-particle distances shorter than 

the core diameter were easier to achieve.  

Precipitates obtained from AuNPs 1 and 3 after 5 hours in the presence of PNA were easily re-

dissolved in 1 minute upon addition of solid D-lactose to the cuvettes until a final concentration 

of 40 mM, which also made the SPR band move back to the original SPR at 524 nm (Figure 2). 

These observations showed not only that the PNA-AuNP interaction is reversible but also that 

such interaction occurs by means of biospecific molecular recognition of the lactose moieties 

present on AuNP 1 and 3. 

Next, we studied the interaction of AuNP 1 and 3 with Gal-3. To the best of our knowledge, 

this is the first study on the interaction of gold glyconanoparticles with Gal-3 lectin in solution. 

Unlike PNA, Gal-3 is a monomeric lectin under the experiment conditions22 and hence, it is not 

expected to form a cross-linked complex upon binding interaction with AuNP 1 and 3. 

Therefore, changes on their UV-Vis spectra upon interaction with this protein would only derive 

from the variation of the dielectric constant around the gold core, and in consequence are 

expected to be much more subtle than those caused by PNA. In fact, the effect of the addition of 

2 M Gal-3 to 2 nM AuNP 1 was negligible (see Supporting Information). In order to obtain a 

clear UV-Vis response, a concentration of 50 M for Gal-3 was used. As can be seen from 

Figure 3, addition of such amount to AuNP 1 and 3 initially caused the absorbance of the SPR 

band to rise, faster in the case of the latter. After 10 min, ASPR for AuNP 3 began to decrease, 

reaching the lower limit in 1.5 h. However, this did not happen in the case of the AuNP 1. SPR 

bands underwent very little blue shifts (< 2 nm) in both cases. In order to ensure these changes 

were not due to non-specific interactions, we performed additional control experiments with 

bovine serum albumin (BSA) under the same conditions which showed negligible effects on 
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AuNPs SPR bands after 5 hours indicating that non-specific contributions were insignificant (see 

Supporting Information). These data suggest that increase of SPR upon addition of Gal-3 would 

obey to the binding of the lectin to the lactose moieties attached on the nanoparticles. The 

participation of the carbohydrate in the binding was tested through the addition of solid lactose to 

the incubating samples after a period of incubation of 5 h. In the case of AuNP 1, this action 

resulted in a clear decrease in ASPR as well as a red-shift of 1 nm in SPR after 5 min. Behavior of 

AuNP 3 was, however, more complex as ASPR initially increased due to the formation of a 

suspension of a non-identified solid in the cuvette. This solid settled with time, leading to lower 

ASPR. Since it is known that Gal-3 can aggregate when bound to surface ligands,59 this result 

might suggest that a fraction of the protein aggregated during its binding to AuNP 3. The 

addition of lactose would then cause not only the depletion of the lectin from the nanoparticle but 

also its incorporation to cross-linked complexes. 

Loading of methotrexate (MTX) by AuNPs 2 and 3. In order to evaluate the loading 

abilities of cyclodextrin-containing AuNPs 2 and 3 toward anti-cancer drugs, we chose MTX 

(Chart 1) as model since this folic acid analogue is a well-known guest for -CD and its 

derivatives.12-14 Therefore, AuNP 2 and 3 (2 nM) were shaken at room temperature in the 

presence of an excess of MTX (75 M). After 5 days in the darkness, repetitive centrifugal 

filtrations were performed to remove the unbound drug (see Experimental for further details). 

We recorded the UV-Vis spectra of the subsequent filtrates in order to estimate the presence of 

MTX by following the variation of the band at  371 nm. After 5 filtrations, the amount of MTX 

found in the corresponding filtrate was negligible. The UV-Vis spectrum of the resulting 

supernatant was then compared with that for the original mixture after 5 days of incubation. As 

can be seen from Figure 4, MTX band decreased in all cases but did not disappear, suggesting 
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that a fraction of the drug added was retained in the supernatant. Furthermore, a 2 nm red-shift 

was observed in the SPR band of AuNPs 2 and 3, both of them depicting CD moieties on their 

structures. In order to discard a holding effect due to the filter, the same experiment was repeated 

in the absence of any AuNP. In that case, no MTX was found in the supernatant after 5 washes 

(see Supporting Information). This result indicates that the filter is not able to retain MTX by 

itself, and thus the drug retention in the supernatant is likely due to its complexation with the 

AuNPs. Decrease percentages were estimated taking the absorbance at  371 nm of each AuNP 

in the absence of MTX as reference. MTX absorbance decrease was around 70 % when AuNP 1 

containing only lactose residues was tested. In sharp contrast, AuNP 2 and 3 led to A371 drops of 

36 and 32 %, respectively. Taking into account the quenching effect that might operate on the 

drug upon complexation,60 these data should be considered as apparent. The higher the decrease 

percentage is, the lesser the amount of retained MTX is. Thus, these results suggest that MTX 

retention is clearly higher in the case of AuNP that contain linkers decorated with -CD 

moieties, which would indicate that in the case of this drug complexation is mainly due to the 

drug encapsulation in the cavities of these macrocycles rather than within the linkers themselves. 

Conclusions. In summary, we have described the preparation of three gold nanoparticles 

containing multiple copies of lactose, -CD and both simultaneously. The potential ability of 

such nanoparticles as targeted drug delivery systems for anticancer drugs was evaluated by 

studying their affinities for the β-D-galactose-recognizing lectins PNA and Gal-3 as biological 

targets. Both proteins demonstrated to interact with the lactose-containing nanoparticles as they 

induced evident changes in the optical properties of the latter. In contrast, BSA protein did not 

modify the UV-Vis spectra of these compounds under the same conditions. We also estimated 

the loading capability of these glyconanoparticles toward the folic acid analogue methotrexate 
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(MTX). UV-Vis experiments indicated that the presence of CD moieties on the nanoparticles 

clearly enhanced their abilities to load this anticancer drug. Both features make our hybrid AuNP 

a potential site-specific delivery system for anticancer drugs. 
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SCHEMES AND CHARTS 

Chart 1. Anticancer drug methotrexate (MTX) 

 

 

Scheme 1. Synthesis of AuNPs 1-3 
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Figure 1. (a) UV-Vis spectra for cAuNP and AuNPs 1-3. (b) DLS size distribution of cAuNP 
and AuNPs 1-3 at a scattering angle of 173º. (c-f) TEM images of cAuNP and AuNPs 1-3. 
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Figure 2. UV-Vis spectra for (a) AuNP 1 (2 
nM) and (b) AuNP 3 (2 nM) in 10 mM 
phosphate buffer, pH 7.2, 20 mM NaCl in the 
absence and in the presence of 2 M PNA 
after incubation at room temperature in the 
dark. Variation of (c) ASPR and (d) SPR with 
time for 2 nM AuNP 1 and AuNP 3 in the 
presence of 2 M PNA in 10 mM phosphate 
buffer, pH 7.2, 20 mM NaCl. 
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Figure 3. UV-Vis spectra for (a) AuNP 1 (2 nM) and (b) AuNP 3 (2 nM) in 10 mM phosphate 
buffer, pH 7.2, 20 mM NaCl in the absence and in the presence of 50 M Gal-3 after incubation 
at room temperature in the dark. (c) Variation of ASPR with time for 2 nM AuNP 1 and AuNP 3 in 
the presence of 50 M Gal-3 in 10 mM phosphate buffer, pH 7.2, 20 mM NaCl. 
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Figure 4. (a-c) UV-Vis spectra for AuNPs 1-3 (2 nM) in 10 mM phosphate buffer, pH 7.2, 20 
mM NaCl before and after their incubation in the presence of 75 M MTX at room temperature 
in the dark for 5 days. The figure also shows the UV-Vis spectra of the supernatant resulting 
after 5 washes with buffer in order to remove the excess of unbound drug. 
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