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ABSTRACT 

Cancer progression is associated with overexpression of various receptors at the cell surface. Among 

these, CD44 is known to recognize and bind specifically hyaluronan (HA) and interact with less 

affinity to other glycosaminoglycans (GAGs), such as chondroitin sulfate (CS). In this study, we 

describe a simple method to obtain micellar nanoparticles with GAGs shell (HA or CS) as potential 

drug delivery systems that target cancer cells overexpressing CD44. Alkane thiol was conjugated at 
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 2 

the reducing end of the respective GAG using highly efficient oxime chemistry. The alkane moiety 

confers amphiphilic behavior to the obtained conjugates and trigger their self-assembly into micellar 

nanoparticles, while the thiol group add redox-responsiveness to the system. The properties of the 

particles depend on the used GAG: HA amphiphiles form more dense, smaller assemblies that are 

redox sensitive. Both systems allow encapsulation of either hydrophobic or hydrophilic cargos with 

high efficiency. We demonstrate that the GAGs exposed on the surface of the nanoparticles are with 

preserved bioactivity and recognized by the cellular receptors: the particles were internalized via CD44 

dependent pathways.  

 

INTRODUCTION 

Conventional cancer therapeutics aim selective cancer cell death and rely on exhaustive screenings 

of bioactive molecules that target different predefined hallmarks.1-3 Despite the undeniable success of 

this approach, numerous molecules that have shown great therapeutic potential in vitro are ineffective 

against tumors in vivo and cause several side effects.4 Usually, such failure is not associated with the 

pharmacodynamics (interaction of the drug with the target), but with the drug pharmacokinetics, 

biodistribution and bioaccumulation.3, 5 Nanotechnology offers an opportunity to improve the efficacy 

of such molecules by enhancing their solubility and stability via encapsulation in biocompatible and 

non-toxic nanoparticles and also by modulation of the release process in terms of targeting, triggering, 

and kinetics using nanoparticles with precisely tailored composition.5-7 In such strategies, the peculiar 

tumor microenvironment can be used as a target because it is abundant of various biomolecules with 

altered expression. It can be also used as a triggering stimulus because of the changed pH and redox 

status as compared to the microenvironment of healthy cells.8-12 

Glycosaminoglycans (GAGs) are used as hallmark of different cancers: they are associated with 

cancer development, metastasis and invasiveness and exercise their role via interactions with specific 
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 3 

membrane receptors that are also overexpressed in cancer cells.13-17 An example is CD44, the main 

hyaluronan (HA) receptor that also binds other GAGs although with less affinity.18-22 In fact, HA-CD44 

interactions are already used as targets in different anti-cancer strategies.8, 23-26 The most common strategy 

involves the use of GAG (HA or chondroitin sulfate, CS) decorated carriers of different composition, 

shape and size that have loaded bioactive molecules. Such carriers improve the therapeutic efficacy of 

the cargo because of their ability to deliver it at the target, i.e. the cancer cells that are identified by the 

carriers via the CD44 overexpression. The incorporation of the GAG can be achieved by different 

approaches. Usually, the functionalization of the GAG is performed in side-on fashion via the –COOH 

groups of the uronic acid units.10, 22, 24, 27, 28 Such approach can compromise the CD44 targeting as it alters 

dramatically the GAG flexibility, i.e. its ability to reorganize, adapt and bind multivalent to CD44; as 

well as its charge and polarity – the main driving forces in recognition processes.29-31 Alternative end-

on functionalization at the GAG reducing end has been proposed recently to overcome this problem.32, 

33 This approach involves modification of the HA by introducing alkyne function at the reducing end 

that can further participate in Huisgen cycloaddition with an azido functionalized counterpart. Block 

copolymers of HA generated by this approach self-assemble into polymersomes whose internalization 

by the cells is dependent on CD44 expression.  

Herein, we propose an alternative, simple strategy for end-on functionalization of GAGs (HA and 

CS). We demonstrate that GAG amphiphiles can be obtained in one step from aminooxy alkane thiol 

and GAG at mild conditions via oxime ether formation. The generated amphiphiles self-assemble into 

micellar nanoparticles that can be loaded with either hydrophilic or hydrophobic cargos. The thiol 

groups confer redox-responsiveness of the assembled carriers. This feature of the nanoparticles is 

advantageous for cancer treatment because of the significantly higher concentration of glutathione 

(GSH) in the cytosol of tumor cells when compared to healthy ones.9, 10  

 

MATERIALS AND METHODS 
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 4 

Materials. Sodium hyaluronate (HA) from Lifecore (USA) and chondroitin sulfate (CS) from 

Kraeber (Germany) were used in this study. All other reagents (analytical grade) were purchased from 

Sigma-Aldrich and used as received.  

Synthesis of glycosaminoglycan amphiphiles. 11-(Aminooxy)-1-undecanethiol (3 mol excess to 

GAG) was dissolved in 5 mL ethanol (for the synthesis of HA amphiphile) or 5 mL dimethyl sulfoxide 

(in the case of CS amphiphile), followed by the addition of 200 mg of HA or CS dissolved in 5 mL 

acetate buffer (78 mM acetic acid and 62.5 mM sodium acetate, pH 4.5). The reaction mixture was 

magnetically stirred at 45 ºC during 24 h. Unreacted reagents were removed by dialysis against ethanol 

(cut-off 14 kDa). The product was obtained by ethanol evaporation followed by freeze-drying. 

Nuclear Magnetic Resonance spectroscopy (NMR). 1H NMR spectra were recorded on a Bruker 

Avance 400 MHz spectrometer at 25 °C or 60 ºC in appropriated solvent (D2O or DMSO-d6). Chemical 

shifts are reported in ppm (! units) downfield from 3-(trimethylsilyl)-propionic acid-d4.  

Gel Permeation Chromatography (GPC). GPC measurements were performed with a Malvern 

Viscotek TDA 305 with refractometer (RI-Detector 8110, Bischoff), right angle light scattering (LS) 

and viscometer detectors on a set of four columns: pre-column Suprema 5 µm 8x50 S/N 3111265, 

Suprema 30 Å 5 µm 8x300 S/N 3112751, Suprema 1000 Å 5 µm 8x300 S/N 3112851 PL and Aquagel-

OH MIXED 8 µm 7.5x300 S/N 8M-AOHMIX-46-51.34 The system was kept at 30 °C. We used 0.1 M 

NaN3, 0.01 M NaH2PO4 (pH = 6.6) as an eluent at a flow rate of 1 mL/min. The molecular weight of 

the GAGs was determined with a conventional (RI vs elution time) and multidetector calibration 

(RI+LS+Viscosity) using the software Omnisec 4.6.1 (ViskoteK). The conventional calibration was 

performed with commercial polysaccharide set from Varian that contains 10 pullulans with narrow 

polydispersity and molecular mass at the peak maximum (MP) ranging from 180 Da to 708 kDa. The 

multidetector calibration was performed using the pullulan of this set with number-average molecular 

weight (Mn) 48.8 kDa and PDI 1.09. 
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 5 

Determination of critical micelle concentration (CMC). CMC of GAG amphiphiles was 

determined according to previously described method using the hypsochromic shift of emission spectra 

of Nile Red probe in the presence of the amphiphiles at different concentrations.35 Briefly, solutions of 

GAG amphiphiles (ultrapure water) with different concentrations (0.02 – 15 mg/mL) were incubated 

with Nile Red (2 µM in ethanol) at 45 ºC for 45 minutes. Fluorescence spectra of these solutions were 

recorded on fluorescence spectrometer FP-8500 (Jasco) after cooling (25 ºC). Nile Red was excited at 

565 nm and emission spectra were recorded between 590 and 750 nm. The slit width was set at 5 nm 

for both excitation and emission. The peak intensity at 615 nm was recorded as a function of the 

logarithm of GAG amphiphile concentration. CMC was determined at the interception of the two 

logarithmic equations. 

Size and zeta-potential of micellar nanoparticles. GAG amphiphiles were dissolved in ultrapure 

water at concentration above the CMC and vortexed. Hydrodynamic diameter and zeta potential were 

determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) using NANO 

ZS (Malvern Instruments Ltd) equipped with a 4 mW He-Ne laser operating at a wavelength of 633 

nm. The scatter light was detected at a back-scatter angle (173º), which provides the sensitivity 

required for measuring particles at low concentrations. Measurements were carried using a polystyrene 

cell at 25 ºC. The CONTIN algorithm (intensity weighted) was applied to obtain the size distribution. 

The average hydrodynamic diameter (Dh) and polydispersity index (PDI) were determined by fitting 

the correlation function with the cumulant method. Particles stability was evaluated by monitoring the 

polydispersity index and "-potential over the time. 

Diameter was also measured by Atomic Force Microscopy (AFM). A droplet of sample aqueous 

solution was deposited on an aminated freshly cleaved mica surface.36 The surface was dried under a 

nitrogen flux. Measurements were performed with NanoWizard 3 (JPK, Germany) in quantitative 

imaging mode using silicon cantilevers (ACSTA, AppNano, USA) with a typical resonance frequency 
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 6 

of 150 kHz and a spring constant of about 7.8 N m-1. Size distribution was obtained after analyzing at 

least 150 particles using the software Gwyddion. 

Redox-responsiveness of the micellar nanoparticles. The redox-responsiveness was evaluated by 

fluorescence quenching of Nile Red in the presence of 1,4-dithiothreitol (DTT). Nanoparticles 

containing Nile Red were prepared as described above. Solutions of GAG amphiphiles at a 

concentration above CMC (2.4 mg/mL HA and 6 mg/mL CS) containing 5 µM of Nile Red were 

incubated with DTT of different concentrations (50 – 200 mM) at 37 ºC. The fluorescence was 

measured by fluorescence spectrometer FP-8500 (Jasco) at 25 ºC. The excitation at 565 nm was 

performed and emission spectra were recorded in the range 590 - 750 nm. The slit width was set at 5 

nm for both excitation and emission. Stern Volmer constant was determined (KSV) by fitting the equation 

(1) to the experimental data 

!"## $%!&' (%!)!&*+,           (1) 

where Kapp is the apparent quenching constant, [Q] is DTT concentration, KD and KS are the dynamic 

and static components of the fluorescence quenching. 

Stability of the micellar nanoparticles in the presence of DTT was evaluated by DLS. GAG 

amphiphiles (2.4 mg/mL HA and 6 mg/mL CS) were mixed with DTT of different concentrations (0 

– 200 mM) and analyzed by DLS using NANO ZS (Malvern Instruments Ltd) with fixed position and 

attenuator. 

Encapsulation efficiency. Fluorescein isothiocyanate-dextran (FITC:Glucose 1:250, MW 4 000 

g/mol) and Nile Red were used as model hydrophilic and hydrophobic drug, respectively. 

FITC:Glucose or Nile Red (2 mol%) was added to micellar nanoparticles and the samples were 

incubated at 45 ºC during 45 minutes. The free (non-encapsulated) compounds were separated by 

centrifugation using ultracentrifuge units with cut-off of 30 kDa in a Gyrospin centrifuge scanspeed 

Mini (Labogene) at 6000 G for 20 minutes. The supernatants were quantified using fluorescence 
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 7 

spectrometer FP-8500 (Jasco). Encapsulation efficiency (% EE) was determined according to the 

equation (2) 

-%.. $
*/01023,4%5/67889

*/01023,
%: %;<<          

 (2) 

where Ctotal is the concentration of probe in solution and Cfree the concentration of the non-encapsulated 

probe. 

Internalization assay. We used two human breast cancer cell lines, namely MDA-MB-468 and SK-

BR-3, for these experiments. The cells were seeded on tissue culture polystyrene at 37 ºC in Dulbecco 

Modified Eagle Medium (DMEM) high glucose with phenol red (Sigma-Aldrich, St. Louis, UK) 

supplemented with sodium bicarbonate, 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic. 

Upon confluence, the cells were detached with TrypLE™ and cultured in fresh medium at cell density 

of 205 cell/cm2 overnight. Blocking of CD44 was performed by treatment of the cells with 150 ng/mL 

of anti-CD44 antibody [KM201] in DMEM without phenol red and FBS for 1h at 37 ºC. Non-specific 

blocking was carried out at the same conditions using 150 ng/mL mouse IgG1, kappa monoclonal 

antibody (MOPC-21). 

The respective amphiphile (HA or CS) was dissolved in ultrapure water at concentration 3 mg/mL. 

The assembled micellar nanoparticles were incubated with Nile Red (1 µM) at 45 ºC with orbital 

shaking for 2h. After cooling down to room temperature, the nanoparticles were filtered (0.22 µm) and 

added to DMEM at a volume ratio 1:10. Treated and untreated cells were supplemented with this 

medium and incubated for 4h at 37 ºC in humidified 5% CO2 atmosphere. After this period, the cells 

were washed with phosphate buffer saline (PBS) and fixed with 10% formalin at 4 ºC. Cell membrane 

was stained with wheat germ agglutinin Alexa Fluor® 488 conjugate in PBS (1 µg/mL) for 15 min at 

room temperature. After washing, cells were permeated with 0.2 % Triton X and nuclei were stained 

with DAPI (1 µg/mL) for 30 min. Coverslips with the fixed cells were mounted with vectashield 
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 8 

mounting medium. Fluorescent images were acquired in Inverted confocal microscope TCS-SP8 

(Leica, Germany). 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of amphiphilic GAGs. The feasibility and versatility of oxime 

coupling for the synthesis of different glycoconjugates has been already demonstrated.31, 37-39 Previous 

studies showed that this coupling preserves GAG bioactivity and specificity towards proteins, such as 

growth factors.30, 39 Herein, we obtained amphiphilic GAG derivatives from 11-(Aminooxy)-1-

undecanethiol (Supplementary Information, SI, Scheme S1) and the respective GAG (HA or CS) 

by oxime coupling at the GAG reducing end (Fig. 1). Of note, the aminooxy alkanethiol was generated 

in situ from its protected derivative (SI, Scheme S1, 3) to avoid side reactions due to the observed 

high reactivity of the aminooxy group. The successful synthesis was confirmed by NMR (Fig. 1B; SI 

Fig. S4) and GPC (Table 1; SI Fig. S5). 

The degree of substitution was determined from 1H NMR by the integral’s ratio of the peaks 

corresponding to the aliphatic protons (!CH2 1.25 ppm) and the ones assigned to the protons of the 

glucuronic acid unit (!H 3.4 ppm). We obtained 99% substitution for HA amphiphile and 85% for CS 

derivative.  

We expected that the modification of GAG will result in very small shift towards higher molecular 

weight (the molecular weight of the amphiphiles differ from the respective GAG with ca. 219 g/mol). 

Indeed, the amphiphilic derivatives have higher weight-average molecular weight (Mw) and Mn than 

the GAGs (Table 1; SI Fig. S5). Significantly different Mn was determined for the CS derivative. This 

difference is caused by the presence of assemblies that results in the appearance of an additional peak 

at lower retention times (SI Fig. S5E, orange). The assemblies’ fraction is very small as it is detectable 

only by the light scattering (RALS) detector but not by the refractive index (RI) one. This secondary 

peak is not present in the GPC elugram of the HA amphiphile either below or above its CMC. Two 
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 9 

possible reasons can explain this result: most assemblies are broken in the GPC columns or they are 

not formed at the conditions used for GPC characterization (different solvents were used for GPC and 

CMC determination). 

 

 

Figure 1. (A) Reaction scheme used for the synthesis of GAG amphiphiles and characterization of 

hyaluronan (black) and its derivative (red) by (B) 1H NMR and (C) GPC chromatogram (refractive 

index signal). Signals marked with (*) correspond to impurities from the solvent. NMR and GPC data 

for chondroitin sulfate and its derivative are provided in SI.  
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Table 1. Number-average molecular weight (Mn) and weight-average molecular weight (Mw) of 

GAGs and their amphiphiles determined by gel permeation chromatography (GPC). 

 Mn [kDa] Mw [kDa] PDI Retention time [min] 

HA 3.30 4.3 1.37 23.7 

HA amphiphile 4.3 5.2 1.20 23.6 

CS 12.3 19.2 1.56 22.2 

CS amphiphile 18.5* 23.1* 1.25 22.2 (+18.8 LS) 

*Increased values for Mn and Mw determined due aggregation (see also Suppl Fig. S5) 

 

Assembly of GAG amphiphiles. Amphiphile molecules have tendency to self-organize in solution 

because of the thermodynamic incompatibility between their building blocks. As a result, different 

nanostructures (e.g. micelles, vesicles, nanofibers, lamellae) can be generated. The size and the 

architecture of the assemblies depend on the molecular weight of the hydrophilic and the aliphatic 

portion, the ratio between them and the environment (e.g. solvent, temperature). The assembly of the 

obtained GAG amphiphiles was studied in water either at room temperature or at 37 °C. Atomic force 

microscopy (AFM) showed that these molecules self-organize in nanostructures with round shape (Fig. 

2C). The size of the assemblies is very important for drug intracellular delivery: sizes bellow 200 nm 

are associated with low reticuloendothelial uptake, minimal renal excretion, and effective enhanced 

permeation and retention (EPR) effect that favors passive tumor targeting.5 Previous studies with side-

on modified GAGs report different diameter ranging from 37 nm to 500 nm.28, 40-44 DLS analysis of the 

assemblies of GAG amphiphiles obtained by us showed that they have Dh below 200 nm and low PDI 

(Table 2). The size depends on the GAG moiety in the amphiphile: HA amphiphiles form smaller 

assemblies whose size decreases with the temperature increase. The assemblies generated from the CS 

amphiphile are bigger and their size does not depend on the temperature. 
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Table 2. Characterization of the formed assemblies in terms of size (DLS), charge (ELS) and critical 

micelle concertation (CMC, fluorescence spectroscopy of Nile Red). 

 T [°C] DH [nm]* PDI* "-potential 

[mV] 

CMC  

[µg/mL] 

HA amphiphile 25 146 ± 7.4 0.20 ± 0.01 - 31.9 ± 1.7 310.17 ± 38.22 

37 99 ± 57.2 0.20 ± 0.01 - 34.9 ± 3.1 349.50 ± 107.22 

 42    287.67 ± 5.86 

CS amphiphile 25 193 ± 8.10 0.16 ± 0.02 - 25.1 ± 2.8 103.48 ± 17.24 

37 195 ± 10.99 0.14 ± 0.02 - 31.6 ± 0.1 80.50 ± 16.33 

 42    96.47 ± 2.95 

*Data reported as averaged values from at least three different measurements/batches; Used 
abbreviations: T temperature; DH hydrodynamic diameter; PDI polydispersity index 

There are two reasons behind the obtained results: (i) different solvation effect and Coulomb forces 

and (ii) different molecular weights of the used GAGs (Table 1). HA is a weak polyelectrolyte, 

whereas CS has a higher charge density/repulsion caused by the sulfate groups and longer chains.17, 45 

As a consequence, HA derivatives form smaller and more compact assemblies than the CS ones. The 

temperature-dependent size of the HA assemblies can be explained by the ability of this GAG to form 

H-bonding with water molecules; higher temperature results in decreased hydration enabling the 

formation of intermolecular H-bonding that lead to a decrease of the size of HA assemblies. 

Previous reports about end-on functionalized HA describe formation of polymersomes with a 

hydrodynamic diameter around 440 nm.40 The structure of the amphiphiles obtained by us is different 

(large GAG portion and short aliphatic moiety) and the size that we have obtained is much smaller 

than the reported one. These differences are consistent with micellar organization in which the GAG 

part is exposed on the surface conferring colloidal stability and assuring targeted delivery, while the 

hydrophobic portion is hidden in the assembly interior (Fig. 2B). Indeed, the negative "-potential 

confirm the presence of the GAG on the surface of the assemblies (Table 2). The formation of such 
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 13 

incorporation in the lipophilic compartment. CMC was determined at different temperatures: we did 

not find significant differences in CMC for the studied range, which indicates stability of the 

assemblies at physiological conditions, including hyperthermia (42 ºC). 

Previous studies with GAGs side-on modified with thiol reported CMC in the range 30 # 200 µg/mL, 

depending on the degree of modification and the molecular weight of GAG.10, 28, 40, 41, 43 The values that we 

obtained are at the upper limit of this range or higher, most probably because of the ratio between the 

GAG and the aliphatic portion: side-on modification is associated with the introduction of several 

aliphatic moieties per GAG chain, while end-on functionalization results in the introduction of only 

one aliphatic tail per GAG.  

Shelf stability of the micellar nanoparticles is another important property that was monitored by 

DLS, which is sensitive to small changes in the nanoparticles surface composition ("-potential) and 

size (PDI). The obtained micellar nanoparticles have strong negative charge associated with long shelf 

stability, low non-specific binding to plasma proteins, and long circulation half-time. Indeed, our 

results demonstrated no significant changes either for "-potential or for the PDI for one month at 4 ºC, 

i.e. shelf conditions (SI Fig. S7). 

Drug encapsulation. Because the micellar nanoparticles have hydrophilic and hydrophobic 

compartments, we hypothesized that they can be used as carriers of either hydrophilic or lipophilic 

drugs. We therefore studied the encapsulation efficiency using the fluorescence probes Dextran-FITC 

(hydrophilic) and Nile Red (lipophilic) as model drugs. Our results demonstrated that Nile Red was 

encapsulated with 100 % efficiency in the nanoparticles assembled of either HA or CS amphiphile. 

Dextran-FITC was encapsulated with high efficiency (74.2%) in HA micellar nanoparticles but with 

much lower yield (25.2%) in CS ones. These results are consistent with the characterization of the 

assemblies described above. The hydrophobic portion of both amphiphiles is the same and the cores 

of HA or CS nanoparticles are akin. Thus, we expected similar encapsulation efficiency for the 

lipophilic molecule. The bigger size of the CS nanoparticles is associated with loose packing of the 
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CS chains and formation of highly diffusive shell. As a result, the uncharged dextran cannot be 

encapsulated with high efficiency in this shell. On the other hand, the HA amphiphile assemble in 

smaller nanoparticles in which the dextran can be efficiently encapsulated due to the establishment of 

H-bonding with the HA chains. 

Redox responsiveness of the micellar nanoparticles. Functionalization of the amphiphile with a 

thiol group aimed to confer redox responsiveness to the assemblies generated from these amphiphiles. 

We expected that upon assembly the thiol groups will form disulfide bridges. In the tumor 

environment, these bridges will break upon the reductive action of the overexpressed GSH triggering 

the disassembly of the micellar nanoparticles and release of the encapsulated drug. We therefore 

evaluated the release of Nile Red from the amphiphiles assemblies in the presence of DTT with 

different concentrations (0 – 200 mM). We observed different effect for the HA and CS assemblies: 

increasing concentrations of DTT resulted in a decrease of fluorescence intensity of Nile Red for the 

HA assemblies, which demonstrates the release of the Nile Red and disassembly of the nanoparticles 

(SI Fig. S8A, inset).35 Kapp of each point was determined and the linear fit of the experimental data as a 

function of DTT concentration (SI Fig. S8A) allowed the determination of the Stern-Volmer (KSV) 

constant (Table 3). The KSV is temperature dependent: temperature increase (from 25 to 37ºC) resulted 

in higher values of KSV, indicating that the HA assemblies are more sensitive to reductive environment 

at physiologically relevant temperatures. 

Table 3. Stern-Volmer constants for HA micellar nanoparticles obtained by Nile Red fluorescence 

quenching in presence of increasing concentrations of DTT at different temperatures. 

Temperature [ºC] KSV [M-1] 

25 1.02 ± 0.40 

37 11.80 ± 0.33 

42 14.86 ± 0.17 
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Altogether these data demonstrate that the GAG exposed on the surface of the assemblies is bioactive 

and interact specifically with the CD44 cell receptors, thus ensuring targeting delivery of the 

encapsulated cargo. 

 

CONCLUSIONS 

We demonstrated that amphiphilic GAGs can be obtained by a simple end-on functionalization of 

different GAGs with aliphatic moiety. The obtained amphiphiles self-assemble in micellar 

nanoparticles that are stable either at storage or physiological conditions. The size and properties of 

the assemblies depend on the used GAG: greater encapsulation efficiency and physiological relevant 

redox responsiveness of the HA nanoparticles make them more suitable as tumor targeting delivery 

systems. We further showed that the assemblies of HA amphiphiles are recognized by cell expressing 

CD44 and internalized via specific CD44 pathways. All these features make the HA assemblies very 

promising as specific nanotheranostic tool targeting CD44 overexpressing cancer cells. 
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