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Abstract: In the last years, nanoparticles based on cyclodextrins have been widely investigated for 
the delivery of anticancer drugs. In this work, we synthesized nanoparticles with a hyaluronic acid 
backbone functionalized with cyclodextrins under green conditions. We functionalized hyaluronic 
acid with two different molecular weights (about 11 kDa and 45 kDa) to compare their behavior as 
doxorubicin delivery systems. We found that the new hyaluronan-cyclodextrin conjugates 
increased the water solubility of doxorubicin. Moreover, we tested the antiproliferative activity of 
doxorubicin in the presence of the new cyclodextrin polymers in SK-N-SH and SK-N-SH-PMA 
(over-expressing CD44 receptor) cancer cells. We found that hyaluronan-cyclodextrin conjugates 
improved the uptake and antiproliferative activity of doxorubicin in the SK-N-SH-PMA compared 
to the SK-N-SH cell line at the ratio 8/1 doxorubicin/polymer. Notably, the system based on 
hyaluronan (45 kDa) was more effective as a drug carrier and significantly reduced the IC50 value 
of doxorubicin by about 56%. We also found that hyaluronic acid polymers determined an 
improved antiproliferative activity of doxorubicin (IC50 values are on average reduced by about 70% 
of free DOXO) in both cell lines at the ratio 16/1 doxorubicin/polymer. 

Keywords: cyclodextrins; doxorubicin; CD44; hyaluronic acid; hyaluronan-cyclodextrin conjugate; 
nanoparticles; nanomedicine; SK-N-SH 
 

1. Introduction 
In the last years, the development of nanoparticles (NPs) has gained interest due to 

their application in nanomedicine and biotechnological fields [1]. The NPs can improve 
drug solubility and stability and increase drug uptake, bioavailability, and efficacy. 
Nowadays, there are a variety of NPs studied as smart drug delivery systems [2]. NPs can 
penetrate tissues offering advantages including long circulation time, an improved target-
to-non-target concentration ratio, an increased concentration at the target site, and 
increased cellular internalization due to the EPR (enhanced permeability retention) effect 
[3,4]. 

Cyclodextrin chemistry has been exploited in the building of NPs [5–8]. 
Cyclodextrins (CyD) are cyclic D-(1)-glucopyranose oligosaccharides that can encapsulate 
lipophilic drugs and enhance their water solubility, stability, and bioavailability. For this 
reason, CyDs have been used as excipients in many pharmaceutical preparations [9]. 

CyDs can form aggregates in water at a millimolar concentration of about 200–300 
nm in size, but their applicability in pharmaceutical preparations is very limited by their 
low physical stability [10]. 

Various CyD derivatives have been designed for many application fields [11] and for 
building nanomaterials, spanning from hybrid to organic nanosystems [12–18]. Great 
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interest is focused on the CyD-based polymers that can form water-soluble and stable NPs 
[19]. Furthermore, CyD-based NPs have been functionalized with vitamins, sugars, and 
peptides to actively target cancer cells and increase tumor internalization [15,20–25]. 

Among the targeting biomolecules, hyaluronic acid, or hyaluronan (HA), has been 
exploited because it possesses many advantages, such as biocompatibility, non-
immunogenicity, and possible chemical modification [26,27]. 

HA is an endogenous polymer of the disaccharide of D-glucuronic acid and N-acetyl-
D-glucosamine [28,29]. It is the principal component of the extracellular matrix (ECM) and 
is involved in different biological processes, such as cell proliferation, cell migration, and 
regulation of the ECM inflammatory state. The biological activities depend on the 
molecular weight of the polymer [30]. Most commonly, HA is synthesized as a high-
molecular-weight polymer (HMW approximately 1000–8000 kDa). Exogenous HA 
fragments of low molecular weight (LMW <200 kDa) have been shown to affect cell 
behavior through binding to proteins such as CD44 and RHAMM receptors. 

In particular, the CD44 receptor belongs to a family of cell adhesion molecules [31]. 
It is a widely distributed transmembrane glycoprotein that plays a critical role in 
malignant cell activities, including adhesion, migration, invasion, and survival; it is also 
strongly implicated in the cell signaling cascades associated with cancer initiation and 
progression. CD44 is a crucial component in the internalization and metabolism of HA 
and is endogenously expressed at low levels on various cell types in normal tissues. 
Tumor-derived cells, however, express CD44 in a high-affinity state that can promote the 
binding and internalization of HA [31]. 

HA-based NPs can take advantage of the CD44 receptor-mediated endocytosis 
uptake in tumor tissues [32–35]. Among the designed systems, the nanoprodrug HA-
paclitaxel conjugate (ONCOFID™-P) is under Phase II clinical trial for the treatment of 
bladder and ovarian cancers [36]. 

Recently, CyDs have been functionalized with HA, grafting one or more cavities on 
HA backbone [37–39]. In some conjugates, cross-linked polymers have been synthesized 
[38,40]. The CyD conjugates have mainly been studied to entrap drugs or biomolecules. 

Based on the considerable interest in HA derivatives [41], we synthesized new β-CyD 
grafted HA polymers, starting from HA backbone with two different molecular weights 
(about 11 kDa and 45 kDa) (Figure 1) under green conditions to compare the two systems 
in the doxorubicin (DOXO) delivery. DOXO is a powerful anthracycline anticancer drug, 
widely employed in the treatment of a broad spectrum of cancer types, including breast 
cancer, Kaposi’s sarcoma, non-Hodgkin’s and Hodgkin’s lymphoma and acute 
lymphocytic leukemia, neuroblastoma, and bladder cancer despite the severe side effects 
and emerging multidrug resistance [42]. Many strategies, including nanostructure 
encapsulation, have been studied to overcome the DOXO side effects and resistance [43]. 
Among these, Doxil® was the first nanosized (nanoliposome) drug delivery system 
approved for clinical use in 1995, which showed an improved safety profile and superior 
efficacy compared to DOXO [44]. 

Nevertheless, new formulations of DOXO are still of enormous interest [45]. DOXO 
has also been covalently linked to HA with low efficacy due to the covalent bond [46]. For 
this reason, we used DOXO as a model drug to investigate the new conjugates as drug 
carriers. 

The new hyaluronan-CyD conjugates can encapsulate DOXO exploiting the 
properties of CyD and the carboxylate groups of HA. The HA backbone could increase 
DOXO accumulation in tumor cells by exploiting the CD44-mediated uptake. 

Here we characterized the new conjugates HAHβCyD and HALβCyD (NMR and 
DLS) and tested the affinity for DOXO. We determined the antiproliferative activity of 
DOXO in the presence of HAHβCyD and HALβCyD at two drug/polymer molar ratios in 
cancer neuroblastoma cell lines SK-N-SH and SK-N-SH-PMA (overexpressing CD44 
receptors). 
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Neuroblastoma was chosen as a tumor model because DOXO is one of the 
chemotherapeutics administrated in high-risk neuroblastoma [47]. 

 
Figure 1. HA β-Cyclodextrin conjugates HAHβCyD and HALβCyD. 

2. Materials and Methods 
2.1. Materials 

All reagents commercially available were used without further purification. 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) and 3A-amino-
3 A -deoxy-2 A (S),3A (R)-β cyclodextrin (CyD3NH2) were purchased from TCI EUROPE 
(Zwijndrecht, Belgium). Hyaluronic acids sodium salt (8000–15,000 and 40,000–50,000 
Dal) were purchased from Carbosynth (Thal, Switzerland). 

Dialysis was carried out with a membrane molecular weight cut-off of 3 KDa 
(Spectrum Chemical, VWR distributor, Milan, Italy). 

Thin Layer Chromatography (TLC) was carried out on silica gel plates (Merck 60-
F254). Carbohydrates derivatives were detected on TLC by UV and the anisaldehyde or 
iodine test. 

2.2. Synthesis of HAHβCyD 
DMTMM (37 mg, 0.1 mmol) and CyD3NH2 (126 mg, 0.1 mmol) were added to HA 

(100 mg, 2 μmol) in 10 mL water in three aliquots (every 30 min). The reaction mixture 
was stirred at 25 °C for 24 h. 

The final product was dialyzed against water. 
1H NMR: (500 MHz, in D2O) δ(ppm):1.9 (s, CH3 of N-Acetyl), 3.03–4.00 (m, H-3, -6, -

5, -2, -4 of CyDs and HA), 4.17 (m, H-3-A of CyD), 4.36–4.45 (d, H-1 of glucuronic acid and 
glucosamine), 4.83–5.02 (m, H-1 of CyD). 

Size (DLS, Z-average, d): 424 ± 40 nm. 

2.3. Synthesis of HALβCyD 
The synthesis was carried out as reported for HAHβCyD starting from HA (100 mg, 

9.1 μmol), DMTMM (126 mg, 0.46 mmol) and CyD3NH2 (310 mg, 0.28 mmol). 
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1H NMR: (500 MHz, in D2O) δ(ppm): 1.90 (s, CH3 of N-Acetyl), 3.20–3.90 (m, H-3, -6, 
-5, -2, -4 of CyDs and HA), 4.17 (m, H-3-A of CyD), 4.30–4.50 (d, H-1 of glucuronic acid 
and glucosamine), 4.83–5.02 (m, H-1 of CyD). 

13C NMR: (125 MHz, D2O) δ (ppm): 30.4 (CH3), 101.2 (H-1 CyD), 60.4 (C-6 CyD and 
HA), 70.0–74.0 (C-2, 3, 5, CyD and HA), 80.9 (C-4 CyD); 175.8 (COCH3); 178.0 (COOH); 
172.0 (NHCO). 

Size (DLS, Z-average, d): 176 ± 15 nm. 

2.4. NMR Spectroscopy 
1H and 13C NMR spectra were recorded at 25 °C with a Varian UNITY PLUS-500 

spectrometer at 499.9 and 125.7 MHz respectively. 2D NMR spectra (COSY, TOCSY, 
HSQC) were performed using 1K data points, 256 increments. 

2.5. UV-Vis Spectroscopy 
UV-Vis spectra were recorded with an Agilent Cary 8500 spectrophotometer 

equipped with a Peltier cell holder. 

2.6. Dynamic Light Scattering (DLS) 
Dynamic light scattering (DLS) measurements were performed at 25 °C with 

Zetasizer Nano ZS (Malvern Instruments, London, UK) operating at 633 nm (He–Ne la-
ser). The mean hydrodynamic diameter (d) of the NPs was calculated from the intensity 
measurement after averaging the five measurements. The samples (1 mg/mL) were di-
luted in phosphate buffer (pH = 7.4) in ultrapure filtered water (0.2 μm filter). 

2.7. Experiments of Solubility 
DOXO hydrochloride (50 μL, 0.017 M, water solution) was added to 0.200 mL of eight 

solutions of the CyD polymers in phosphate buffer (100 mM, pH 7.4) at different concen-
trations as reported elsewhere [32]. The suspensions, formed due to the DOXO precipita-
tion at 7.4 pH, were sonicated for 10 min and incubated at 25 °C in the dark. After 18 h, 
suspensions were centrifuged at 10,800 rpm for 10 min at 25 °C. The DOXO concentration 
of the samples was determined in the supernatant with UV/Vis spectroscopy at the wave-
length of maximum absorbance (λmax) 482 nm. A linear calibration plot for free DOXO 
in phosphate buffer at pH 7.4 was previously obtained to obtain the DOXO molar absorp-
tivity ε 10,858 (mol−1 L cm−1). The CE (complexation efficient) was calculated from the 
straight-line slope obtained. CE = Slope/(1 − Slope). The apparent stability constant K11 = 
CE/S0 was calculated for S0 = 3.75 × 10−5 M. 

2.8. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) Evaluation of the 
Antiproliferative Activity of Hyaluronic Acid Complexes 

The human cell line SK-N-SH (neuroblastoma) and its derivative, stimulated for 
seven days with 10 nM phorbol myristate acetate (PMA) in order to allow cells to overex-
press CD44 receptor [48], SK-N-SH-PMA were plated in 180 μL into flat-bottomed 96-well 
microliter plates at 2.22 × 104 cells/mL in complete DMEM added with 10% fetal calf serum 
(FCS). After 6–8 h, cells were administered with 20 μL containing five concentrations of 
DOXO alone or in the presence of CyD polymers at 8/1 and 16/1 DOXO/polymer molar 
ratio diluted in PBS. Plates were then processed as described elsewhere [49]. 

The compound concentrations inhibiting 50% cell growth (IC50) were calculated 
based on the analysis of the concentration-response curves. Each experiment was repeated 
5–7 times. 

2.9. Immunofluorescence Study of CD44 Expression 
SK-N-SH and SK-N-SH-PMA cells were harvested and washed twice with PBS plus 

2% FCS. We then pelleted 2.0 × 105 cells that were incubated at 22 °C for 30 min with 50 
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μL (1:1000) of an anti-CD44 monoclonal antibody (ab254530, Abcam, Cambridge, UK). 
Cells were then washed twice with phosphate-buffered saline (PBS) plus 2% FCS and in-
cubated again with 50 μL FITC (Fluorescein) AffiniPure F(ab’)2 fragment goat anti-mouse 
IgG+IgM (H+L) 1:200 dilution (Jackson ImmunoResearch, Ely, UK). After being rewashed 
twice, cells were evaluated by flow cytometry (Cytoflex-S, Beckman Coulter, Milan, Italy) 
and analyzed by FlowJo software v10.8 (BD). 

2.10. Cytofluorimetric Study of Intracellular Accumulation of DOXO and Hyaluronic Acid 
Complexes 

SK-N-SH and SK-N-SH-PMA cells were plated in 96-well plates in 180 μL medium 4 
× 104 cells/well. After incubation at 37 °C for 24 h, once reached 75 – 85% confluence, cells 
were treated with 2 μM DOXO alone or in the presence of CyD polymers at 8/1 and 16/1 
DOXO/polymer molar ratio. After 1 h, cells were washed twice with 200 μL of PBS and 
fixed with 100 μL of 3.7% paraformaldehyde in PBS (containing 2% sucrose) for 15 min 
[50]. Cells were rewashed with PBS and resuspended in 100 μL PBS containing 2% FCS. 
Untreated cells were assayed as well. 

The intracellular mean fluorescence intensity (MFI) of cells was determined directly 
in plates by a Glomax Discover microplate reader (Promega Italia, Milan, Italy), using 475 
nm excitation and 580–640 nm emission wavelengths. Values were normalized as absolute 
MFI calculated as MFI of treated cells—MFI of control cells. 

2.11. Statistical Analysis 
Student’s t test for independent means was used for the analysis of data. 

3. Results 
3.1. Synthesis and Characterization 

The synthesis of the HA conjugates with CyD3NH2 was carried out in a water solu-
tion. DMTMM was used as the activating agent. HA at both molecular weights was ob-
tained in a good yield (50%). The conjugate of HA with the higher molecular weight (45 
kDa) was obtained with a lower degree of substitution (DS) (15% of COOH groups) than 
HA with lower MW (30% of COOH). It has been reported that free HA in water solution 
forms a duplex secondary structure involving H-bonds between COOH and amido group 
[51]. The stability of this structure depends on the molecular weight [51]. For this reason, 
the availability of COOH groups may depend on the HA molecular weight in the conden-
sation reaction in water. 

1H NMR spectra of HAHβCyD and HALβCyD (Figures 2, S1 and S2) show common 
patterns, H-1 of CyD resonates at about 5 ppm, and the broad signals between 3 and 4 
ppm are due to the protons of HA and CyD sugar rings. The peaks observed at 4.3–4.4 
ppm are due to the Hs-1 of the glucuronic acid and glucosamine units of HA. The singlet 
peak at 1.9 ppm corresponds to CH3 of the HA N-acetyl group. 

The number of CyD grafted to HA polymers was calculated from the ratio between 
the integral of the CH3 signal and CyD Hs-1 (Figures S1 and S2). About 15% of carboxylic 
groups of HAHβCyD were functionalized with CyD (about 16 units), while 30% of car-
boxylic groups of HALβCyD were functionalized with CyD units (about 8 units). 
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Figure 2. 1H NMR spectra of HALβCyD (D2O, 500 MHz). 

3.2. Solubility Experiments 
The interaction of DOXO with the polymers was investigated using the phase solu-

bility method [52]. The method has been widely used for determining apparent stability 
constants of drug/CyD complexes in the case of drugs with low water solubility and also 
for polymeric hosts [53–56]. The CyD polymers can be considered multi-cavity systems 
and the cavities can be assumed equivalent and independent binding sites. Solubility ex-
periments were carried out for the HAHβCyD and HALβCyD at pH 7.4 (Figure S3). The 
solubility phase diagrams were obtained by plotting the DOXO concentration versus the 
polymer concentrations, expressed as the concentration of CyD units, for a clear compar-
ison among the polymers. Data are reported in Figure 3. 

 
Figure 3. DOXO solubility (phosphate buffer, pH 7.4) versus the amount of HAHβCyD (▲) or 
HALβCyD (●) (reported as CyD cavity concentration). 
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A linear correlation between DOXO solubility and CyD concentration was obtained, 
with a slope <1 (AL type graph). The diagrams were fitted with the following equation, 
where CyD is the concentration of the cavities: 

SDOXO = SoDOXO + [K11So/(1 + K11So)] × [CyD]  

Complexation efficiency (CE) values, calculated from the slope of the solubility dia-
gram, and the apparent stability constant of the CyD unit in the two polymers are reported 
in Table 1. Data reported in Table 1 showed that CyD in HAHβCyD (DS = 16) is more 
effective than CyD in HALβCyD (DS = 8). This behavior is in keeping with the general 
trend reported for CyD grafted to dextrans [57]. It has been reported that in CyD-based 
polymers that CE is inversely proportional to DS [57]. In fact, for higher DS the cavity 
becomes less accessible due to steric hindrance of the binding site [57]. 

The CE and K11 values are in the same range as those obtained for other β-CyD sys-
tems [24,25,58]. 

CyD polymers have many binding sites, which we assumed to be identical and inde-
pendent; the apparent stability constant (K) can be calculated K = nK11 (n is the number of 
CyDs in the polymer) [56]. We found that K is 3840 (M−1) for HALβCyD and 15,536 (M−1) 
for HAHβCyD. Carboxylate groups can also contribute to the affinity for DOXO, which is 
protonated at physiological pH. 

Table 1. CE and apparent stability constant (K) values for the inclusion of DOXO with HAHβCyD 
and HALβCyD (25 °C, Phosphate buffer, pH 7.4). 

Host CE K11 (M−1) Slope Sint 
HALβCyD 0.018 480 (± 50) 0.018 3.50 × 10−5 
HAHβCyD 0.034 971 (± 80) 0.033 3.78 × 10−5 

3.3. Expression of CD44 
We stimulated SK-N-SH cells with PMA at a concentration of 10 nM for 7 days to 

overexpress the CD44 receptors [48]. In these culture conditions, SK-N-SH cells overex-
pressed CD44 receptors (becoming SK-N-SH-PMA cells) with a relative increase in the 
percentage of CD44+ cells from 53.1 ± 0.7% to 81.0 ± 1.0% (+53%). 

The derivative cell line was used to better evaluate the transmembrane passage of 
DOXO complexes with HAHβCyD and HALβCyD through the CD44 receptor. 

3.4. Antiproliferative Activity 
The antiproliferative activity of DOXO alone and in the presence of HALβCyD and 

HAHβCyD was studied in SK-N-SH and its derivative SK-N-SH-PMA (Table 2, Figure 
S4). 

Data in Table 2 showed that all complexes had an antiproliferative activity signifi-
cantly higher than free DOXO in both cell lines, except for DOXO/HAHβCyD and 
DOXO/HALβCyD complexes 8/1 molar ratio in SK-N-SH, which displayed an antiprolif-
erative activity similar to DOXO. Data suggested that antiproliferative activity depended 
on the DOXO/polymer molar ratio and the CD44 receptor expression. 

SK-N-SH-PMA, which overexpresses CD44 receptors, seems to have a higher sensi-
tivity to the treatment with the DOXO/HAHβCyD and DOXO/HALβCyD complexes 8/1. 
We hypothesized the CD44 receptor-mediated endocytosis of the complexes, determining 
a lower IC50 in cells overexpressing the CD44 receptor. The lower IC50 value for 
DOXO/HAHβCyD may be due to the higher affinity of HAHβCyD for DOXO. 

The highest DOXO/polymer ratio determines a considerable reduction in IC50 values 
(on average reduced by about 70% of free DOXO) and no selectivity for cells overexpress-
ing the CD44 receptor. The highest molar ratio can increase the concentration of the DOXO 
inclusion complex and improve its uptake in cancer cells. 
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Table 2. Antiproliferative activity (IC50, nM) of DOXO and CyD polymers in SK-N-SH and PMA 
stimulated SK-N-SH-PMA cells. 

Cell Line DOXO 
DOXO/ 

HALβCyD  
8/1 

DOXO/ 
HAHβCyD 

8/1 

DOXO/ 
HALβCyD  

16/1 

DOXO/ 
HAHβCyD 

16/1 
SK-N-SH 79.3 ± 23.5 83.5 ± 21.4 92.3 ± 13.4 22.1 ± 9.8 a 24.6 ± 8.5 a 

SK-N-SH-PMA 82.7 ± 11.9 58.8 ± 13.4 b 40.7 ± 13.8 a,c 25.3 ± 8.7 a 26.2 ± 3.9 a 

a p < 0.001 vs DOXO, b p < 0.021 vs DOXO, c p < 0.001 vs cells SK-N-SH treated with DOXO/HAHβCyD 
8/1. 

3.5. Intracellular Accumulation of DOXO and Hyaluronic Acid Complexes 
In order to establish whether the difference in antiproliferative activity between SK-

N-SH and SK-N-SH-PMA treated with DOXO/HAHβCyD and DOXO/HALβCyD was 
due to a differential DOXO accumulation in target cells, we evaluated DOXO uptake in 
these cells after administration of DOXO (2 μM) alone or complexed with the CyD poly-
mers. 

Our data confirmed that, in general, the higher antiproliferative activity correlates (n 
= 10, r2 = 0.670, p < 0.004) with a higher DOXO accumulation in the cells (Figure 4). Fur-
thermore, the higher DOXO uptake was also linked to CD44 overexpression in SK-N-SH-
PMA cells but only after treatment with DOXO/HAHβCyD and DOXO/HALβCyD com-
plexes 8/1 (Table 3). This trend may suggest that DOXO complexes at the highest molar 
ratio studied (16/1) are probably per se sufficient to reach the highest possible antiprolif-
erative activity being able to saturate DOXO molecular targets also in the SK-N-SH cells, 
which do not overexpress CD44 (only 53% of CD44 receptors). 

 
Figure 4. Correlation between IC50 of DOXO (y = −0.0323X + 5.5905, r2 0.670, n = 10, p < 0.004) either 
administered as parent drug or as CyD polymer complexes and its uptake into SK-N-SH and SK-N-
SH-PMA cells. 

Table 3. Correlation between IC50 of complexes DOXO/HALβCyD 8/1 and DOXO/HAHβCyD 8/1 
and their DOXO uptake. 

Cell Line 
MTT DOXO/ 

HALβCyD 
8/1 (IC50, nM) 

MFI DOXO/ 
HALβCyD 

8/1 a 

MTT DOXO/ 
HAHβCyD/ 

8/1 (IC50, nM) 

MFI DOXO/ 
HAHβCyD 

8/1 a 

SK-N-SH 83.5 ± 21.4 2.8 ± 1.6 92.3 ± 13.4 3.7 ± 0.7 
SK-N-SH-PMA 58.8 ± 13.4 b 4.2 ± 1.0 40.7 ± 13.8 c 4.8 ± 2.0 
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a Values were normalized as absolute MFI calculated as MFI of treated cells—MFI of control cells. b 
p = 0.0536 vs SK-N-SH cells, as evaluated by the Student’s t-test for independent means.c p = 0.0008 
vs SK-N-SH cells, as evaluated by the Student’s t-test for independent means. 

4. Conclusions 
We functionalized hyaluronic acid (HA) with two different molecular weights (11 

kDa and 45 kDa) with β-cyclodextrin (CyD) to study and compare new conjugates as dox-
orubicin (DOXO) delivery systems. The conjugates were synthesized in water, unlike 
other cyclodextrin conjugates synthesized in an organic solvent, with a good conjugation 
degree. 

We found that the CyD grafted to HA with the highest molecular weight showed a 
better affinity for DOXO due to the higher number of binding sites (16) and a lower degree 
of substitution (15%). 

We tested doxorubicin as a model drug in the presence of two cyclodextrin polymers 
in neuroblastoma cell lines, SK-N-SH and SK-N-SH-PMA (overexpressing the CD44 re-
ceptor). Notably, systems based on hyaluronic acid at the drug/polymer 8/1 ratio im-
proved the antiproliferative activity of doxorubicin selectively in SK-N-SH-PMA with an 
IC50 reduction of up to 56% in the case of CyD grafted to HA at the higher molecular 
weight. We found that the IC50 values correspond to a higher uptake of DOXO in SK-N-
SH-PMA (overexpressing CD44), confirming the importance of HA as a target molecule 
and strongly suggesting the receptor-mediated endocytosis of the complexes. When the 
drug/polymer 16/1 molar ratio was administrated, the IC50 values of DOXO were, on av-
erage, reduced by about 70% of free DOXO, although there was no selectivity for SK-N-
SH-PMA. 

Even if other in vitro and in vivo experiments are needed to explore the capability of 
the new polymers, the results suggest that they are promising nanoplatforms for doxoru-
bicin delivery. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/pharmaceutics15020374/s1, Figure S1: 1H NMR spectrum of 
HALβCyD; Figure S2: 1H NMR spectrum of HAHβCyD; Figure S3: UV-Vis spectra of saturated so-
lution of DOXO in the presence of an increasing concentration of the polymer; Figure S4. Dose-
response curves of SK-N-SH (top) and SK-N-SH-PMA (bottom) cells treated with DOXO, 
DOXO/HALβCyD, or DOXO/HAHβCyD. 

Author Contributions: Conceptualization, G.V. and N.B.; methodology, M.V., G.V.; formal analy-
sis, N.B., M.V.; investigation, N.B., S.S., M.V., R.G., L.L.P., M.T.C., C.L.; resources, G.V., M.V.; data 
curation, N.B., M.V., G.V.; writing—original draft preparation, N.B., M.V., G.V.; writing—review 
and editing, N.B., M.V., G.V. All authors have read and agreed to the published version of the man-
uscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable  

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data will be made available on request. 

Acknowledgments: The authors thank Università degli Studi di Catania (Piano di incentivi per la 
ricerca di Ateneo 2020/2022 Pia.ce.ri.) and Italian Ministry of Health (Ricerca Corrente, 2022-
2772566, recipient Maurizio Viale) for the financial support and the Laboratory of Experimental 
Therapies in Oncology, Istituto Giannina Gaslini, Genova for providing SK-N-SH tumor cell line. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1.  Stater, E.P.; Sonay, A.Y.; Hart, C.; Grimm, J. The Ancillary Effects of Nanoparticles and Their Implications for Nanomedicine. 

Nat. Nanotechnol. 2021, 16, 1180–1194. 



Pharmaceutics 2023, 15, 374 10 of 13 
 

 

2.  Seleci, M.; Ag Seleci, D.; Joncyzk, R.; Stahl, F.; Blume, C.; Scheper, T. Smart Multifunctional Nanoparticles in Nanomedicine. 

BioNanoMaterials 2016, 17, 33–41, doi:10.1515/bnm-2015-0030. 

3.  Anand, U.; Dey, A.; Chandel, A.K.S.; Sanyal, R.; Mishra, A.; Pandey, D.K.; De Falco, V.; Upadhyay, A.; Kandimalla, R.; 

Chaudhary, A.; et al. Cancer Chemotherapy and beyond: Current Status, Drug Candidates, Associated Risks and Progress 

in Targeted Therapeutics. Genes Dis. 2022, In Press. https://doi.org/10.1016/j.gendis.2022.02.007. 

4.  Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany, A.M.; Farokhzad, 

O.C.; Mahmoudi, M. Cellular Uptake of Nanoparticles: Journey inside the Cell. Chem. Soc. Rev. 2017, 46, 4218–4244. 

5.  Bai, H.; Wang, J.; Phan, C.U.; Chen, Q.; Hu, X.; Shao, G.; Zhou, J.; Lai, L.; Tang, G. Cyclodextrin-Based Host-Guest Complexes 

Loaded with Regorafenib for Colorectal Cancer Treatment. Nat. Commun. 2021, 12, 759, doi:10.1038/s41467-021-21071-0. 

6.  Păduraru, D.N.; Niculescu, A.G.; Bolocan, A.; Andronic, O.; Grumezescu, A.M.; Bîrlă, R. An Updated Overview of 

Cyclodextrin-Based Drug Delivery Systems for Cancer Therapy. Pharmaceutics 2022, 14, 1748. 

7.  Gadade, D.D.; Pekamwar, S.S. Cyclodextrin Based Nanoparticles for Drug Delivery and Theranostics. Adv. Pharm. Bull. 2020, 

10, 166–183, doi:10.34172/apb.2020.022. 

8.  Yuan, Y.; Nie, T.; Fang, Y.; You, X.; Huang, H.; Wu, J. Stimuli-Responsive Cyclodextrin-Based Supramolecular Assemblies as 

Drug Carriers. J. Mater. Chem. B 2022, 10, 2077–2096, doi:10.1039/D1TB02683F. 

9.  Jansook, P.; Ogawa, N.; Loftsson, T. Cyclodextrins: Structure, Physicochemical Properties and Pharmaceutical Applications. 

Int. J. Pharm. 2018, 535, 272–284, doi:10.1016/j.ijpharm.2017.11.018. 

10.  Bonnet, V.; Gervaise, C.; Djedaïni-Pilard, F.; Furlan, A.; Sarazin, C. Cyclodextrin Nanoassemblies: A Promising Tool for Drug 

Delivery. Drug Discov. Today 2015, 20, 1120–1126, doi:10.1016/j.drudis.2015.05.008. 

11.  Řezanka, M. Synthesis of Cyclodextrin Derivatives. In Cyclodextrin Fundamentals, Reactivity and Analysis; Springer: Cham, 

Switzerland, 2018; pp. 57–103. https://doi.org/10.1007/978-3-319-76159-6_2.. 

12.  Sherje, A.P.; Dravyakar, B.R.; Kadam, D.; Jadhav, M. Cyclodextrin-Based Nanosponges: A Critical Review. Carbohydr. Polym. 

2017, 173, 37–49, doi:10.1016/J.CARBPOL.2017.05.086. 

13.  Puglisi, A.; Yagci, Y. Cyclodextrin-Based Macromolecular Systems as Cholesterol-Mopping Therapeutic Agents in Niemann–

Pick Disease Type C. Macromol. Rapid Commun. 2019, 40, 1800557. 

14.  Osmani, R.A.; Kulkarni, P.; Manjunatha, S.; Vaghela, R.; Bhosale, R. Cyclodextrin Nanosponge-Based Systems in Drug 

Delivery and Nanotherapeutics: Current Progress and Future Prospects. In Organic Materials as Smart Nanocarriers for Drug 

Delivery; William Andrew: Norwich, NY, USA, 2018, 659–717, doi:10.1016/B978-0-12-813663-8.00016-6. 

15.  Gritli, I.; Garmey, E.; Eliasof, S.; Tellez, A.; Davis, M.E.; Yun, Y. Polymeric nanoparticles and cancer: Lessons learnt from 

CRLX101. In Nanomedicines: Design, Delivery and Detection; RSC Drug Discovery Series; Royal Society of Chemistry: 

Cambridge, UK; 2016; pp. 199–232. 

16.  Oliveri, V.; Bellia, F.; Vecchio, G. Cyclodextrin Nanoparticles Bearing 8-Hydroxyquinoline Ligands as Multifunctional 

Biomaterials. Chem. - A Eur. J. 2017, 23, 4442–4449, doi:10.1002/chem.201700031. 

17.  Zhao, F.; Repo, E.; Yin, D.; Chen, L.; Kalliola, S.; Tang, J.; Iakovleva, E.; Tam, K.C.; Sillanpää, M. One-Pot Synthesis of 

Trifunctional Chitosan-EDTA-β-Cyclodextrin Polymer for Simultaneous Removal of Metals and Organic Micropollutants. 

Sci. Rep. 2017, 7, 15811, doi:10.1038/s41598-017-16222-7. 

18.  Liu, Z.; Wang, Y.; Purro, M.; Xiong, M.P. Oxidation-Induced Degradable Nanogels for Iron Chelation. Sci. Rep. 2016, 6, 20923, 

doi:10.1038/srep20923. 

19.  Przybyla, M.A.; Yilmaz, G.; Remzi Becer, C. Natural Cyclodextrins and Their Derivatives for Polymer Synthesis. Polym. Chem. 

2020, 11, 7582–7602, doi:10.1039/D0PY01464H. 

20.  Real, D.A.; Bolaños, K.; Priotti, J.; Yutronic, N.; Kogan, M.J.; Sierpe, R.; Donoso-González, O. Cyclodextrin-Modified 

Nanomaterials for Drug Delivery: Classification and Advances in Controlled Release and Bioavailability. Pharm. 2021, Vol. 



Pharmaceutics 2023, 15, 374 11 of 13 
 

 

13, Page 2131 2021, 13, 2131, doi:10.3390/PHARMACEUTICS13122131. 

21.  Giglio, V.; Viale, M.; Monticone, M.; Aura, A.M.; Spoto, G.; Natile, G.; Intini, F.P.; Vecchio, G. Cyclodextrin Polymers as 

Carriers for the Platinum-Based Anticancer Agent LA-12. RSC Adv. 2016, 6, 12461–12466, doi:10.1039/c5ra22398a. 

22.  Lee, S.; Lee, C.; Kim, B.; Thao, L.Q.; Lee, E.S.; Kim, J.O.; Oh, K.T.; Choi, H.-G.; Youn, Y.S. A Novel Prototype of Albumin 

Nanoparticles Fabricated by Supramolecular Cyclodextrin-Adamantane Association. Colloids Surfaces B Biointerfaces 2016, 

147, 281–290, doi:10.1016/J.COLSURFB.2016.08.009. 

23.  Viale, M.; Tosto, R.; Giglio, V.; Pappalardo, G.; Oliveri, V.; Maric, I.; Mariggiò, M.A.; Vecchio, G. Cyclodextrin Polymers 

Decorated with RGD Peptide as Delivery Systems for Targeted Anti-Cancer Chemotherapy. Invest. New Drugs 2019, 37, 771–

778, doi:10.1007/s10637-018-0711-9. 

24.  Giachino, C.; Viale, M.; Vecchio, G. Exploring the Functionalization of Polymeric Nanoparticles Based on Cyclodextrins for 

Tumor Cell Targeting. ChemistrySelect 2019, 4, 13025–13028, doi:10.1002/slct.201903774. 

25.  Bognanni, N.; Viale, M.; Distefano, A.; Tosto, R.; Bertola, N.; Loiacono, F.; Ponassi, M.; Spinelli, D.; Pappalardo, G.; Vecchio, 

G. Cyclodextrin Polymers as Delivery Systems for Targeted Anti-Cancer Chemotherapy. Molecules 2021, 26, 6046. 

https://doi.org/10.3390/molecules26196046.. 

26.  Arpicco, S.; Milla, P.; Stella, B.; Dosio, F. Hyaluronic Acid Conjugates as Vectors for the Active Targeting of Drugs, Genes 

and Nanocomposites in Cancer Treatment. Molecules 2014, 19, 3193–3230. 

27.  Mattheolabakis, G.; Milane, L.; Singh, A.; Amiji, M.M. Hyaluronic Acid Targeting of CD44 for Cancer Therapy: From 

Receptor Biology to Nanomedicine. J. Drug Target. 2015, 23, 605–618, doi:10.3109/1061186X.2015.1052072. 

28.  Kotla, N.G.; Bonam, S.R.; Rasala, S.; Wankar, J.; Bohara, R.A.; Bayry, J.; Rochev, Y.; Pandit, A. Recent Advances and Prospects 

of Hyaluronan as a Multifunctional Therapeutic System. J. Control. Release 2021, 336, 598–620. 

29.  Buckley, C.; Murphy, E.J.; Montgomery, T.R.; Major, I. Hyaluronic Acid: A Review of the Drug Delivery Capabilities of This 

Naturally Occurring Polysaccharide. Polym. 2022, Vol. 14, Page 3442 2022, 14, 3442, doi:10.3390/POLYM14173442. 

30.  Cowman, M.K.; Lee, H.G.; Schwertfeger, K.L.; McCarthy, J.B.; Turley, E.A. The Content and Size of Hyaluronan in Biological 

Fluids and Tissues. Front. Immunol. 2015, 6, 261. 

31.  Senbanjo, L.T.; Chellaiah, M.A. CD44: A Multifunctional Cell Surface Adhesion Receptor Is a Regulator of Progression and 

Metastasis of Cancer Cells. Front. Cell Dev. Biol. 2017, 5, 18. 

32.  Li, W.; Zheng, C.; Pan, Z.; Chen, C.; Hu, D.; Gao, G.; Kang, S.; Cui, H.; Gong, P.; Cai, L. Smart Hyaluronidase-Actived 

Theranostic Micelles for Dual-Modal Imaging Guided Photodynamic Therapy. Biomaterials 2016, 101, 10–19, 

doi:10.1016/J.BIOMATERIALS.2016.05.019. 

33.  Yang, X.; Dogan, I.; Pannala, V.R.; Kootala, S.; Hilborn, J.; Ossipov, D. A Hyaluronic Acid-Camptothecin Nanoprodrug with 

Cytosolic Mode of Activation for Targeting Cancer. Polym. Chem. 2013, 4, 4621–4630, doi:10.1039/c3py00402c. 

34.  Huang, G.; Huang, H. Application of Hyaluronic Acid as Carriers in Drug Delivery. Drug Deliv. 2018, 25, 766–772, 

doi:10.1080/10717544.2018.1450910. 

35.  Yin, T.; Wang, Y.; Chu, X.; Fu, Y.; Wang, L.; Zhou, J.; Tang, X.; Liu, J.; Huo, M. Free Adriamycin-Loaded PH/Reduction Dual-

Responsive Hyaluronic Acid-Adriamycin Prodrug Micelles for Efficient Cancer Therapy. ACS Appl. Mater. Interfaces 2018, 10, 

35693–35704, doi:10.1021/acsami.8b09342. 

36.  Campisi, M.; Renier, D. ONCOFIDTM-P a Hyaluronic Acid Paclitaxel Conjugate for the Treatment of Refractory Bladder 

Cancer and Peritoneal Carcinosis. Curr. Bioact. Compd. 2011, 7, 27–32, doi:10.2174/157340711795163848. 

37.  Piperno, A.; Zagami, R.; Annalaura Cordaro, ·; Pennisi, R.; Musarra-Pizzo, M.; Scala, A.; Sciortino, M.T.; Mazzaglia, A. 

Exploring the Entrapment of Antiviral Agents in Hyaluronic Acid-Cyclodextrin Conjugates. J. Incl. Phenom. Macrocycl. Chem. 

2019, 93, 33–40, doi:10.1007/s10847-018-0829-6. 

38.  Fiorica, C.; Palumbo, F.S.; Pitarresi, G.; Puleio, R.; Condorelli, L.; Collura, G.; Giammona, G. A Hyaluronic Acid/Cyclodextrin 



Pharmaceutics 2023, 15, 374 12 of 13 
 

 

Based Injectable Hydrogel for Local Doxorubicin Delivery to Solid Tumors. Int. J. Pharm. 2020, 589, 

doi:10.1016/j.ijpharm.2020.119879. 

39.  Zawko, S.A.; Truong, Q.; Schmidt, C.E. Drug-Binding Hydrogels of Hyaluronic Acid Functionalized with β-Cyclodextrin. J. 

Biomed. Mater. Res. - Part A 2008, 87, 1044–1052, doi:10.1002/jbm.a.31845. 

40.  Singh, P.; Chen, Y.; Tyagi, D.; Wu, L.; Ren, X.; Feng, J.; Carrier, A.; Luan, T.; Tang, Y.; Zhang, J.; et al. β-Cyclodextrin-Grafted 

Hyaluronic Acid as a Supramolecular Polysaccharide Carrier for Cell-Targeted Drug Delivery. Int. J. Pharm. 2021, 602, 120602, 

doi:10.1016/J.IJPHARM.2021.120602. 

41.  Ashrafizadeh, M.; Mirzaei, S.; Gholami, M.H.; Hashemi, F.; Zabolian, A.; Raei, M.; Hushmandi, K.; Zarrabi, A.; Voelcker, 

N.H.; Aref, A.R.; et al. Hyaluronic Acid-Based Nanoplatforms for Doxorubicin: A Review of Stimuli-Responsive Carriers, 

Co-Delivery and Resistance Suppression. Carbohydr. Polym. 2021, 272, 118491. 

42.  Roychoudhury, S.; Kumar, A.; Bhatkar, D.; Sharma, N.K. Molecular Avenues in Targeted Doxorubicin Cancer Therapy. Futur. 

Oncol. 2020, 16, 687–700, https://doi.org/10.2217/fon-2019-0458.. 

43.  D’Angelo, N.A.; Noronha, M.A.; Câmara, M.C.C.; Kurnik, I.S.; Feng, C.; Araujo, V.H.S.; Santos, J.H.P.M.; Feitosa, V.; Molino, 

J. V.D.; Rangel-Yagui, C.O.; et al. Doxorubicin Nanoformulations on Therapy against Cancer: An Overview from the Last 10 

Years. Biomater. Adv. 2022, 133, 112623, doi:10.1016/j.msec.2021.112623. 

44.  Barenholz, Y. Doxil® — The First FDA-Approved Nano-Drug: Lessons Learned. J. Control. Release 2012, 160, 117–134, 

doi:10.1016/J.JCONREL.2012.03.020. 

45.  Sritharan, S.; Sivalingam, N. A Comprehensive Review on Time-Tested Anticancer Drug Doxorubicin. Life Sci. 2021, 278, 

119527. 

46.  Oommen, O.P.; Garousi, J.; Sloff, M.; Varghese, O.P. Tailored Doxorubicin-Hyaluronan Conjugate as a Potent Anticancer 

Glyco-Drug: An Alternative to Prodrug Approach. Macromol. Biosci. 2014, 14, 327–333, doi:10.1002/MABI.201300383. 

47.  London, W.B.; Bagatell, R.; Weigel, B.J.; Fox, E.; Guo, D.; Van Ryn, C.; Naranjo, A.; Park, J.R. Historical Time to Disease 

Progression and Progression-Free Survival in Patients with Recurrent/Refractory Neuroblastoma Treated in the Modern Era 

on Children’s Oncology Group Early-Phase Trials. Cancer 2017, 123, 4914–4923, doi:10.1002/CNCR.30934. 

48.  Gross, N.; Balmas, K.; Brognara, C.B. Absence of Functional CD44 Hyaluronan Receptor on Human NMYC-Amplified 

Neuroblastoma Cells. Cancer Res. 1997, 57, 1387–1393. 

49.  Oliveri, V.; Puglisi, A.; Viale, M.; Aiello, C.; Sgarlata, C.; Vecchio, G.; Clarke, J.; Milton, J.; Spencer, J. New Cyclodextrin-

Bearing 8-Hydroxyquinoline Ligands as Multifunctional Molecules. Chem. - A Eur. J. 2013, 19, 13946–13955, 

doi:10.1002/chem.201300237. 

50.  Viale, M.; Giglio, V.; Monticone, M.; Maric, I.; Lentini, G.; Rocco, M.; Vecchio, G. New Doxorubicin Nanocarriers Based on 

Cyclodextrins. Invest. New Drugs 2017, 35, 539–544, doi:10.1007/s10637-017-0461-0. 

51.  Scott, J.E.; Cummings, C.; Brass, A.; Chen, Y. Secondary and Tertiary Structures of Hyaluronan in Aqueous Solution, 

Investigated by Rotary Shadowing-Electron Microscopy and Computer Simulation. Hyaluronan Is a Very Efficient Network-

Forming Polymer. Biochem. J. 1991, 274, 699–705, doi:10.1042/bj2740699. 

52.  Connors, K.A. The Stability of Cyclodextrin Complexes in Solution. Chem. Rev. 2002, 97, 1325–1358, doi:10.1021/cr960371r. 

53.  Layre, A.M.; Gosselet, M.; Renard, E.; Sebille, B.; Amiel, C. Comparison of the Complexation of Cosmetical and 

Pharmaceutical Compounds with γ-Cyclodextrin, 2-Hydroxypropyl-β-Cyclodextrin and Water-Soluble β-Cyclodextrin-Co-

Epichlorhydrin Polymers. J. Incl. Phenom. Macrocycl. Chem. 2002, 43, 311–317. 

54.  Martin, R.; Sánchez, I.; Cao, R.; Rieumont, J. Solubility and Kinetic Release Studies of Naproxen and Ibuprofen in Soluble 

Epichlorohydrin-β-Cyclodextrin Polymer. Supramol. Chem. 2006, 18, 627–631, doi:10.1080/10610270601088073. 

55.  Giglio, V.; Viale, M.; Bertone, V.; Maric, I.; Vaccarone, R.; Vecchio, G. Cyclodextrin Polymers as Nanocarriers for Sorafenib. 

Invest. New Drugs 2018, 36, 370–379, doi:10.1007/s10637-017-0538-9. 



Pharmaceutics 2023, 15, 374 13 of 13 
 

 

56.  Fülöp, Z.; Kurkov, S. V.; Nielsen, T.T.; Larsen, K.L.; Loftsson, T. Self-Assembly of Cyclodextrins: Formation of Cyclodextrin 

Polymer Based Nanoparticles. J. Drug Deliv. Sci. Technol. 2012, 22, 215–221. 

57.  Fülöp, Z.; Nielsen, T.T.; Larsen, K.L.; Loftsson, T. Dextran-Based Cyclodextrin Polymers: Their Solubilizing Effect and Self-

Association. Carbohydr. Polym. 2013, 97, 635–642, doi:10.1016/j.carbpol.2013.05.053. 

58.  Anand, R.; Malanga, M.; Manet, I.; Manoli, F.; Tuza, K.; Aykaç, A.; Ladavière, C.; Fenyvesi, E.; Vargas-Berenguel, A.; Gref, 

R.; et al. Citric Acid-γ-Cyclodextrin Crosslinked Oligomers as Carriers for Doxorubicin Delivery. Photochem. Photobiol. Sci. 

2013, 12, 1841–1854, doi:10.1039/c3pp50169h. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


