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A B S T R A C T   

Agarose hydrogels are three-dimensional hydrophilic polymeric frameworks characterised by high water con
tent, viscoelastic properties, and excellent ability as cell and drug delivery systems. However, their hydrophilicity 
as gel systems makes loading of hydrophobic drugs difficult and often ineffective. The incorporation of 
amphiphilic molecules (e.g. cyclodextrins) into hydrogels as hosts able to form inclusion complexes with hy
drophobic drugs could be a possible solution. However, if not properly confined, the host compounds can get out 
of the network resulting in uncontrolled release. Therefore, in this work, β-cyclodextrins-based host-guest su
pramolecular hydrogel systems were synthesised, with β-cyclodextrins (β-CD) covalently bound to the polymeric 
network, preventing leakage of the host molecules. Hydrogels were prepared at two different β-CD-functionalized 
polyvinyl alcohol (PVA)/agarose ratios, and characterised chemically and physically. Then ibuprofen, a drug 
often used as a gold standard in studies involving β-CD both in its hydrophilic and hydrophobic forms, was 
selected to investigate the release behavior of the synthesised hydrogels and the influence of β-CD on the release. 
The presence of β-CD linked to the polymeric 3D network ensured a higher and prolonged release profile for the 
hydrophobic drug and also seemed to have some influence on the hydrophilic one.   

1. Introduction 

Gels fall into the soft colloids category, composed of a three- 
dimensional cross-linked polymeric network in which a significant 
amount of liquid is dispersed and retained [1,2]. Hydrogels are a 
peculiar subcategory of gels, in which water assumes the role of the 
dispersion medium [3]. The interconnections between the polymer 
chains and the resulting structural rigidity gives the hydrogel the ca
pacity to not dissolve in an aqueous environment for a long period, but 
rather to swell and retain the molecules of water [4,5]. Those systems 
present a high surface area and a soft and rubbery consistency, and they 
are usually characterised by the presence of peculiar functional groups 
of polymeric chains, such as hydroxyl or carboxylic groups [6]. 
Hydrogels can be classified using a vast range of parameters such as the 
typology of cross-linking or bond, the presence of electrical surface 
charge or morphological features [7]. They can be used in very different 

fields. However, the characteristics mentioned and the drug encapsu
lation and release ability, along with the limitations of conventional 
drug administration (i.e., patient compliance, high dosages, repeated 
administrations), ensure their extensive use in the drug delivery field 
[7,8]. The use of this kind of system guarantees the possibility of con
trolling drug release and regulating the drug's availability to cells or 
tissues over time. Exploiting different administration routes [9]. 
Hydrogels are multiscale systems, and each scale determines the prop
erties and applications of the hydrogel in the drug delivery context [10]. 
The macroscopic scale affects the route by which the hydrogel is 
administered to the human body; on the microscopic scale, the presence 
or the absence of micropores influences the deformability and convec
tive transportation of the drug; on the nanometric scale, the network 
formed by the polymeric cross-link is responsible for the formation of 
several open spaces, the size of which, called the “mesh size”, plays an 
essential role in the drug's diffusion inside the network. Finally, at the 
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molecular scale of the hydrogel, chemical interactions between the 
polymer and the drug are possible via the binding sites undoubtedly 
present on the polymer chains [11,12]. 

Of all the hydrogels, agarose-based ones show great promise in many 
different pathologies thanks to their high biocompatibility and the 
possibility of casting them in different shapes (from fibrils, to 3D 
printing), together with their low cost [13–15]. Moreover, their high- 
water content and low interfacial tension with water and biological 
fluids make them perfect candidates for controlled hydrophilic drug 
delivery [16]. However, the presence of hydrophilic groups and the 
characteristics of affinity with water are the reasons they are rarely used 
for delivering hydrophobic drugs [17]. Given that 40 % of the marketed 
drugs and 60 % of the therapeutic compounds being researched have a 
hydrophobic character, and due to the excellent features of hydrogels as 
drug delivery systems, the adaptation of these devices to managing the 
release of hydrophobic drugs is crucial, and it has drawn much attention 
in recent years [18,19]. One of the main strategies for extending the 
compatibility of hydrogels to hydrophobic APIs is the introduction into 
the matrix of molecules able to form inclusion complexes (i.e., cyclo
dextrins) [20,21] or nanoparticles [22,23] that can get out of the device 
with an uncertain fate, if encapsulated by simple steric hindrance. Cy
clodextrins (CDs) are cyclic oligosaccharides obtained by enzymatic 
degradation of starch [24]. They comprise six to eight glucopyranose 
units bound by α-1,4-glycosidic linkages. The monomers are arranged to 
form a truncated cone with a hydrophilic external surface (primary and 
secondary OH groups oriented outward) and an internal hydrophobic 
carbon backbone that forms a cavity (C-O-C and C–H bonds). The most 
commonly used CDs are α-, β- and γ-cyclodextrins, composed of six, 
seven and eight α-(1,4)-linked glycosyl units, respectively. Their struc
ture is responsible for their capability to form inclusion complexes both 
in solution and in the solid state: a guest molecule (i.e., lipophilic drug) is 
bound into the CD cavity, acting as a host. The formation of the inclusion 
complex causes important modifications to the included molecule. The 
most important ones are the increase in water solubility and chemical 
stabilisation [25]. As mentioned before, here we decided to work with 
β-CDs, the ones most often used in the pharmaceutical field, because 
their cavity size is suitable for a wide range of drugs [26–28]. In liter
ature some systems of this kind are already presented, using different 
polymers [29–31]. 

The use of cyclodextrin to form hydrogels or to be linked to hydrogel 
networks has been widely studied, but a common drawback seems to be 
the presence of cross-linkers that limit their use due to toxic effects [32], 
therefore a “green route” from a chemical and biological perspective is 
needed [33,34]. Here we focused our attention on a simple and sus
tainable strategy to functionalize polymeric chains with β-CD and use 
them to form hydrogels without the need of cross-linkers, organic sol
vents or catalysts. The final aim was to build a “green” agarose-based 
hydrogel that could be used in multiple hydrophilic and hydrophobic 
drug releases. The strategy behind adding synthetic polymers to the 
formulation, together with agarose, can solve two main problems of 
agarose-based hydrogels: i) the absence of a reliable protocol for func
tionalizing their chains without using high temperatures or organic 
solvents, ii) creating a physical hydrogel with improved mechanical 
properties compared respect to classical agarose gels [35]. The inclusion 
complex formation was proved using analytical techniques, and the 
polymer relaxation induced by the presence of cyclodextrins induced 
prolonged release; on the contrary, hydrogels without cyclodextrins 
showed rapid drug release [36]. 

2. Materials and methods 

2.1. Materials 

The hydrogel synthesis experiments were performed using the 
following reagents: polyethylene glycol 2000 (PEG2000, MW 2 kDa, 
Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany), agarose (MW 

200 kDa, Invitrogen Corporation, Waltham, Massachusetts), polyvinyl 
alcohol 15,000 (PVA15000, MW 15 kDa, Sigma-Aldrich Chemie GmbH, 
Deisenhofen, Germany), β-cyclodextrins (MW 1135 Da, Sigma-Aldrich 
Chemie GmbH, Deisenhofen, Germany), ammonium persulfate (APS, 
MW 228 Da, Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). All 
other chemicals used were purchased from Sigma-Aldrich Chemie 
GmbH, Deisenhofen, Germany. The materials were used as received, 
without further purifications; solvents were of analytical grade. 

2.2. Synthesis of PVA-based hydrogels 

In this work, two different hydrogel formulations were investigated: 
one based on agarose-PVA hydrogels (AG/PVA HGs) and the same sys
tem modified with the functionalization of PVA by using β-cyclodextrins 
(AG/PVA-CD HGs) [37,38]. A similar procedure was used for both cases. 
The gels were synthesised working with an aqueous solution (2.5 mL) of 
agarose and PVA, and testing different mass ratios between these two 
macromolecules (1:1 and 1:6). Agarose/PVA 1:1 gels were prepared 
using 14 mg of both reagents, whereas in the case of 1:6, 14 mg of 
agarose and 84 mg of PVA were used. The system was irradiated using 
microwaves (500 W) to reach 80 ◦C and to initiate the gelation process. 
Then, during cooling and subsequent gelation, the system was sub
divided into hollow metallic cylinders to obtain cylindrical gels that 
were easier to handle and use. 

2.3. PVA functionalization with β-cyclodextrins 

To synthesize the AG/PVA-CD HGs presented in the previous section, 
it is clear that PVA had to be chemically functionalized [39,40]. 

This reaction was performed by dissolving PVA (1 equivalent) in 
water being stirred at 60 ◦C and, once it was completely dissolved, APS 
(2 equivalents) and β-CD (10 equivalents) were added to the system. The 
whole solution was stirred 60 ◦C for 24 h. The reaction volume was then 
subjected to dialysis (Spectra/Por™ 3 RC 3500 Da MWCO by Thermo 
Fisher Scientific) against deionised water for 3 days, with daily water 
changes to remove the unreacted reagents. The final product was 
recovered by freeze-drying to obtain a white fibrous and soft solid. 

2.4. NMR spectroscopy 

The 1H NMR analyses were carried out on a Brucker AC (400 MHz) 
spectrometer in deuterated solvents, using TMS as an internal standard. 
Chemical shifts (δ) in the spectra are reported in ppm, while the coupling 
constants J are reported in Hz. PVA functionalization was verified by 
comparison with reference literature and PVA spectrum. Deuterium 
oxide (D2O) was used as a solvent. The 1H HR-MAS spectra of all the 
hydrogel systems were recorded using a Bruker NEO 500 console (11.74 
T), equipped with a dual 1H/13C high-resolution magic angle spinning 
(HR-MAS) probe for semisolid samples. Samples were transferred to a 4 
mm ZrO2 rotor containing a volume of about 12 μL. All the 1H HR-MAS 
spectra were acquired at 298 K with 8 scans, a relaxation delay of 5 s and 
a spinning rate of 4 kHz. 

2.5. Hydrogel characterization: SEM and nano-CT 

The hydrogel samples obtained were lyophilised and characterised 
using scanning electron microscopy (SEM) and nano-computed tomog
raphy (nano-CT). SEM analyses were done using a Zeiss Evo50 with EDS 
Bruker Quantax 200 to reproduce the inner framework of those systems 
in two-dimensions. The nano-CT investigation was done in a nano- 
computed tomography (nano-CT) device (SkyScan 2211 Multiscale X- 
ray Nano_CY System, Bruker micro-CT, Kontich, Belgium) using a 
20–190 kV tungsten X-ray source and a dual detection system: an 11- 
megapixel cooled 4032 × 2670 pixel CCD-camera and a 3-megapixel 
1920 × 1536 pixel CMOS flat panel. 

The samples were scanned at 38 kV, 370 μA and 1400 ms. The scans 
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were taken over 180◦ with a rotation step of 0.14◦ and a voxel size of 
800 nm using the CCD detector. Projections were reconstructed using 
the system-provided software, NRecon (version 1.7.4.6), and analyzed 
using CTAn (Bruker micro-CT, version 1.18.4.0). 

2.6. Rheology analysis: amplitude sweep tests 

The rheological properties of the materials were investigated by 
running amplitude sweep tests to determine the sample's linear visco
elastic region, the storage modulus (G′) and the loss modulus (G″). This 
analysis was carried out using an Anton Paar MCR 502 rheometer with a 
Parallel Plates measuring system (diameter 25 mm, plate-plate distance 
0.5 mm). The shear strain amplitude range was between 0.01 % and 100 
%. Angular frequency was 10 rad/s; tests were carried out at 25 ◦C. 

2.7. Swelling tests 

Swelling tests were carried out at room temperature on lyophilised 
hydrogels to investigate their ability to swell and retain water [41]. 
Duplicate tests were done for each gel formulation, in order to favour 
proof of reliability. Freeze dried hydrogels were first weighed to deter
mine the dry mass of each of them and then incubated in a closed vial 
with a sufficient volume of distilled water to cover the whole gel mass. 
At precise time intervals, gels were extracted from the vials, freed from 
excess water and weighed. For each scheduled time of weighting, the 
swelling ratio was determined using the following Eq. (1): 

Q [%] =
wet mass (t) − dry mass

dry mass
• 100 (1) 

The results are presented as the systems' swelling ratio as a function 
of time. 

2.8. Drug loading and release tests 

To test the release from the hydrogels, the gels were loaded with a 
gold standard drug bearing both a hydrophilic and a hydrophobic na
ture: sodium ibuprofen (IBU-Na) and ibuprofen (IBU). First, both drugs 
were dissolved separately in a PBS solution and left stirring at room 
temperature for 1 week with PVA-CD, in order to promote the inclusion 
inside the host molecules, until equilibrium between their solubility and 
loading was reached. The flasks were covered and the stirring occurred 
in the dark to prevent any photodegradation of the compounds. Then, 
for the same purpose of preventing any degradation, during the HG 
formulation, loading of the PVA-CD-IBU (or PVA-CD-IBU-Na) into the 
HG matrix was carried out after an MW irradiation process on the 
agarose, during cooling at 45 ◦C and prior to gelation, using the PBS 
PVA-CD-IBU (or PVA-CD-IBU-Na) solutions prepared previously. The 
loading solution was added directly to the system during gelation at a 
2:1 ratio between the volume of the gel and the drug solution (the 
quantities of reactants were therefore in proportion to the total volume 
of the solution). The final formulation was subdivided into hollow 
metallic cylinders to obtain cylindrical gels (diameter 1 cm) and after 30 
min of storing at 4 ◦C the loaded gels were formed, and kept to rest at 
4 ◦C overnight to complete gelation. The release tests were then per
formed placing each sample in a 24-well PCR plate, covered by 2 mL of 
PBS solution (0.1 M, pH 7.4). The multi-well was stored statically in a 
stove at 37 ◦C to simulate the human biological temperature; at regular 
intervals of time one millilitre of the solvent enriched by the drug 
released was sampled and substituted by a fresh millilitre of PBS to avoid 
varying the test volume and restore the concentration gradient in order 
to promote drug release. Each sample was then analyzed by means of 
UV–vis spectroscopy; the analyses were performed in triplicate on 
different samples and the absorbance data obtained was then averaged. 
The concentration of IBU (or IBU-Na) in each sample was determined, 
after subtracting the absorbance of PVA-CD, by applying the Lambert- 
Beer equation, that makes it possible to quantify the concentration of 

substances by measuring their absorption of UV–vis radiation. 

2.9. Mathematical modelling in order to estimate drug diffusivity 

The drug diffusivities (D) of IBU-Na and IBU were evaluated using a 
mathematical model based on mass balances, i.e., fundamental conser
vation laws [42]. Diffusion is described by the second Fick law with a 1- 
dimensional model in a cylindrical geometry, as presented in Eq. (2). 
Here, radius (r) is the characteristic dimension for the transportation 
phenomenon investigated. Therefore, an increase in mean drug con
centration is triggered by the material flux, which takes place at the 
PBS/hydrogel surface. Eqs. (6) and (7) represent the boundary condi
tions for the left and the right border, respectively. The former implies 
profile symmetry at the centre (in relation to the cylindrical axis), while 
the latter represents the equivalence between the material's diffusive 
fluxes at the PBS/hydrogel surface. The entire set of equations for the 
model then reads as follows: 

∂CG

∂t
= D

1
r2

∂
∂r

(

r2∂CG

∂r

)

(2)  

VS
∂CG

∂t
= kCSexc(CG − CS) (3)  

CS(t = 0) = 0 (4)  

CG(t = 0) = CG,0 =
mG,0

VG
(5)  

∂CG

∂r

⃒
⃒
⃒
⃒

r=0
= 0 (6)  

− D
∂CG

∂r

⃒
⃒
⃒
⃒

r=R
= kC(CG − CS) (7) 

The two mass balance equations (Eqs. (2) and (3) with Eqs. (4) and 
(5) as initial conditions) involve the mean drug concentration within the 
hydrogel (CG), the mean drug concentration in the outer solution (CS), 
the volume of the solution (VS), the hydrogel volume (VG), the drug mass 
inside the matrix (mG) and the interfacial exchange surface (Sexc), i.e. the 
boundary surface between gel and surrounding solution (which can be 
considered here to be the side surface only, as a simplification). Finally, 
D represents the diffusion coefficient and kC the mass transfer coeffi
cient. The latter is computed using the Sherwood number (Sh) obtained 
by means of a penetration theory expressed according to Eq. (8): 

Sh =
8
π =

kC • 2r
D

(8) 

The solution of Eqs. (2)–(3) was calculated numerically, assuming 
that the gel dimensions remain constant, the latter being a reasonably 
valid assumption as degradation phenomena occur much slower than 
delivery. 

2.10. Statistical analysis 

Experimental data were analyzed using One-way ANOVA test was 
used and then followed by Bonferroni's post-hoc test. The statistical 
significance was set to a p value <0.05. The results are presented as the 
mean ± standard deviation value. The measurements are reported as 
mean ± standard deviation, calculated on the three different samples 
involved in the experimental analyses. 

3. Results and discussion 

3.1. Hydrogel synthesis and characterization 

The incorporation of β-CD into hydrogel networks started with the 
formation of covalent bonds between PVA chains and β-CD. The reaction 
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took place at 60 ◦C in water, adding only APS as the initiator (Fig. 1a). 
The reaction mechanism is described in the Supporting Information 
section (Fig. S2). The advantages of this reaction are due to the low 
temperature used, the absence of toxic solvents and the use of a 
biocompatible initiator, that makes it ideal in terms of sustainability. 
The efficacy of this route is confirmed by NMR analyses (Fig. S1a–f), in 
which characteristic peaks of PVA (around 4 ppm) and β-CD (5.13 ppm) 
are clearly visible. On the basis of the integrations reported in Fig. S1e, it 
is possible to estimate the grafting degree: by identifying the peak at 
5.13 ppm as that for the hydrogen that belongs to the anomeric C of the 
cyclodextrin, it is possible to compare its integral with that of the -CH- 
peak of PVA at 4.09 ppm. The integration reveals that there is a grafting 
of 1 CD for each 46 -CH- units over a total of 341, which gives an esti
mation of a 13 % degree of grafting on the polymer. This degree of 
functionalization was tuned in order to preserve hydroxyl groups that 
can interact with agarose chains (Fig. 1b). Hydrogel formation occurs by 
means of physical interactions between PVA-CD and agarose chains 
during microwave-assisted gelation. The onset of gelation onset was 
achieved by means of electromagnetic stimulation (500 W irradiated 
power) heating at a rate of 1 min per 10 mL of polymeric solution at 
80 ◦C. Microwave-enhanced chemistry is based on efficient heating of 

materials by “microwave dielectric heating" effects that can occur 
without catalysts. As gelation proceeds, the system viscosity increases 
continuously, decreasing the probability of interaction between poly
meric chains. This physico-chemical condition results in a “welding” 
between microgel surfaces, giving rise to the final three-dimensional 
macrostructure. During the hydrogel cooling phase, slightly above 
37 ◦C, the agarose solution can be mixed with PVA-CD-drug solutions: 
this procedure guarantees that good mixing still occurs during the sol 
state, i.e. before sol/gel transition, without any possible API 
degradation. 

The three-dimensional network obtained is a physical hydrogel with 
H bonds between hydroxyl groups of PVA and agarose, responsible for 
the formation of the 3D structure. The FTIR spectrum of AG/PVA 
hydrogel (Fig. 1c) shows the characteristic bands of agarose such as the 
C–O–C and glycosidic linkage at 1065 cm− 1. The absorption bands at 
931 and 893 cm− 1 are associated with 3,6-anhydrogalactose and the 
C–H bending vibrations of anomeric carbon in ß-galactose residues, 
respectively. Slight changes in the intensity and peak position are 
observed respect to agarose alone (Fig. S3). For instance, the two peaks 
of AG at 1062 and 1044 cm− 1 shift to higher frequencies at 1065 and 
1047 cm− 1; these changes underline the formation of inter-molecular 

Fig. 1. a) Reaction scheme for PVA-CD; b) schematic representation of microwave-assisted gelation of agarose and PVA-CD loaded with IBU; c) FTIR spectrum of AG/ 
PVA-CD hydrogel; d) DSC thermogram of AG/PVA-CD hydrogel. 
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hydrogen bonds between AG and PVA as observed in other studies 
[43,44]. The gel obtained showed a glass transition temperature of 
45 ◦C, a value that is between that of agarose and PVA gels [45,46]. 

Of the various hydrogel formulations tested, we selected the ones 
with an agarose/PVA mass ratio of 1:1 (from now on called “AG/ 
PVA1:1”) and of 1:6 (from now on called “AG/PVA1:6”) to compare the 
behavior of gels with a significantly different amount of polymer and 
β-cyclodextrins within their structures (AG/PVA-CD1:1 and AG/PVA- 
CD1:6). HR-MAS NMR spectroscopy was then used to characterise the 
gels obtained and verify the presence of the β-CD within the system's 
final structure. The strongest peaks in the 1H HR MAS spectrum (Fig. 2a) 
are only due to free monomers or free short polymeric chains that are not 
linked to the gel's network. In the HGs spectrum, the characteristic 
signals of -CH2- and -CH- are visible at 3.97 ppm and 1.64 ppm, 
respectively, which characterise the system [47]. At the same time, in 
the HGs spectrum, the peaks that belong to the β-CD moiety are visible in 
the region 3.5–4 ppm and anomeric resonance is observed at 5.0 ppm 
[48]. Small upfield chemical shift variations are observed for protons 
H6, H5, H3 and H1 of β-CD when comparing the 1H spectrum of β-CD 
dissolved in an aqueous solution and the HGs system (see SI Fig. S9). 
Based on this, the low-intensity peaks give evidence of the binding of the 
PVA and the cyclodextrins in the hydrogels' matrices. These peculiar 
peaks are not present in the spectrum of the formulation without the 

β-CD moiety, and for this reason their presence in the hydrogel with the 
functionalized PVA is unambiguous. In Fig. 2a we show the 1H HR-MAS 
spectrum for AG/PVA-CD1:1 that is equal to that for AG/PVA-CD1:6. 
Additional spectra and comparisons between the different gels with 
pure PVA and the functionalized one, for AG/PVA1:1 are given in the 
Supporting Information section. The materials were then characterised 
using SEM analysis to achieve detailed information about the samples' 
surface and internal morphology. The SEM images of the samples are 
shown in Fig. 2b for AG/PVA-CD1:1 and AG/PVA-CD1:6 hydrogels. 
Both the formulations present high porosity and, consequently high 
surface area with a homogenous aspect. It is worth observing, although, 
that in the case of the AG/PVA-CD1:6 formulation, the smaller mesh size 
for AG/PVA-CD1:1 (in the range of 30 μm) produces a denser network; 
furthermore, the edges of each pore are better defined. 

It is noticeable, as a consequence, that there is an increased number 
of crosslinking points due to the higher polymer concentration. Thick
ening of the network when passing from AG/PVA-CD1:1 to AG/PVA- 
CD1:6 may be responsible for the different Q values found in the 
swelling tests, as presented in the next section. Indeed, in general, the 
higher the cross-linking density, the lower the swelling abilities. Similar 
conclusions can be obtained by observing the AG/PVA HGs present in 
the Supporting Information section. 

Fig. 2. a) 1H HR-MAS spectrum of the AG/PVA-CD HGs (* indicate the β-CD resonances); b) SEM images of the AG/PVA-CD1:1 hydrogels and AG/PVA-CD1:6 
hydrogels. Scale bars = 100 μm and 10 μm. 

F. Pinelli et al.                                                                                                                                                                                                                                   



International Journal of Biological Macromolecules 252 (2023) 126284

6

3.2. Nano-CT analysis 

As already mentioned, for the formulations both with and without 
the β-CD, the samples' morphology consists of large polymeric sheets 
and the structure appears to be homogeneous. We continued investi
gation of the inner structure of the gel networks using a nano-CT, high- 
resolution cross-sectional imaging technique that uses X-rays to create 
cross-sections of the sample, building a virtual system model, with the 
advantage of not destroying the original one. We applied this technique 
to compare the inner structures for both HGs that were functionalized 
and those without β-CD to observe the effect of the presence of different 
quantities of the polymers and the influence of β-CD. In Figs. 3 and 4, the 
nano-CT analyses of the AG/PVA1:1 formulation without and with β-CD 
and AG/PVA1:6 without and with β-CD are shown. 

From the analysis, in AG/PVA1:1 HGs the dimensions of the pores 
were estimated to be in the range of 100 μm, with a total porosity 
(almost full open porosity) of 98.4 % and a connectivity density of 7 ×
10− 6 μm − 3. In the case of AG/PVA-CD1:6 HGs the dimensions of the 
pores were smaller, in the range of 40 μm, the total porosity (still full 
open porosity) of 97 % and a connectivity density of 3 × 10− 5 μm − 3. 

From the results obtained, we can observe that the formulation with 
a higher amount of PVA presents higher connectivity and smaller pore 
dimensions confirming an influence in this formulation study. These 
differences can be observed in both the 3D rendering presented in the 
figure and in the 2D map drawn using nano-computed tomography. As 
to the role of β-CD, as seen in the SEM analysis, its presence does not 
change the macro properties of the hydrogels for both the 1:1 and 1:6 
formulations. 

3.3. Swelling tests 

The swelling tests, conducted on the lyophilized hydrogels as dis
cussed in the previous section, showed a swift swelling process in all the 
cases analyzed, which corresponds to quick expansion of the hydrogels' 
network englobing the aqueous incubation solution. This process stands 
until the osmotic pressure reaches the same value in the hydrogel's bulk 
and in the external environment (swelling equilibrium). This equilib
rium point is identified in the swelling plots by achieving a plateau, as 
can be seen in Fig. 5a and b. 

As can be seen from the plots, similar trends are reported in the 
formulation with and without β-cyclodextrins in both cases. This con
firms that the greatest influence on the HGs' ability to swell is related to 
the polymeric composition of the matrix and not to the presence of β-CD 
functionalization. This result is in accordance with literature studies 
where agarose increases the swelling ability of the hydrogels respect to 

neat PVA [49,50]. Comparing the two formulations AG/PVA1:1 and 
AG/PVA1:6 great differences are visible in the maximum swelling of the 
framework and following Nano-CT images. The explanation of this 
critical difference must be sought in the increasing quantity of PVA in 
the AG/PVA1:6 formulation. This is responsible for increased cross- 
linking density in the gel framework, making its swelling mechanism 
more difficult. 

3.4. Rheological characterization 

Fig. 6 shows dynamic strain sweep tests (DSS) performed at 37 ◦C for 
AG/PVA-CD1:1 and AG/PVA-CD1:6 gel samples. For both formulations 
the storage modulus (G′) was found to be approximately one order of 
magnitude higher than the loss modulus (G″), indicating a solid-like 
rather than liquid-like material. 

It is clearly visible that hydrogel's behavior is dominated at low strain 
values by the elastic component of the modulus. With the increase in 
strain values, the structure of the network breaks down and the elastic 
modulus decreases steeply. The crossover strain can be readily identified 
as the value after which the contribution of G″ becomes predominant 
compared to G′, and is higher for AG/PVA1:1 than for AG/PVA1:6. This 
is in accordance with the fact that the G′ and G″ curves for AG/PVA1:6 
are shifted on slightly minor values compared to AG/PVA1:1. This can 
be associated with the higher amount of PVA in the formulation. 
Moreover, we observed for both the AG/PVA1:1 formulation and for the 
AG/PVA1:6 one that the presence of the β-CD does not affect the rheo
logical properties of the hydrogels and the same crossover strain was 
found in the same formulation of AG/PVA HGs and AG/PVA-CD HGs 
(details in Supporting Information). Moreover the addition of PVA 
increased the rheological properties of agarose gels compared to a study 
in literature, in that the G′ and G″ are around 1000 and 100 Pa, compared 
to the study in literature in which G′ and G″ are around 200 and 10 Pa, 
respectively [35,51]. 

3.5. Drug release assays 

The drug release ability of AG/PVA HGs was tested considering the 
behavior of these systems with ibuprofen, a commonly commercialised 
and gold standard drug with well-known affinity for the β-CD cavity 
[52–54]. We conducted drug release tests with both ibuprofen sodium 
salt (IBU-Na), with a hydrophilic nature and not able to enter the β-CD, 
and classical ibuprofen (IBU), which is a hydrophobic molecule in its 
acidic form, that can interact with β-CD as a guest as observed in pre
vious study [55]. In the figure below (Fig. 7) the release trends of the 
IBU-Na are reported for the two different formulations with and without 

Fig. 3. Nano-CT images of the formulation AG/PVA1:1 a) without β-CD and with; b) with β-CD. Scale bars: 100 μm.  
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β-CD. Considering the 1:1 formulations, AG/PVA-CD1:1 HGs presented 
higher release in the initial hours and a larger total release is reported 
compared to other samples. On the other hand, in the case of the 1:6 
formulation, no difference can be detected in the initial hours of release, 
whereas at longer times a slightly higher release can be observed for AG/ 
PVA-CD1:6 HGs. These differences demonstrated that the presence of 
β-CD can also modulate the release of IBU-Na, promoting a quicker 
release in presence of functionalization. This can be explained by 
considering a direct influence of the cyclodextrins on the sodium 

ibuprofen: even if it cannot be encapsulated inside the cavity of β-CD, its 
solubility and subsequent release can be influenced by the presence of 
cyclodextrin reducing its coordination with water [56]. This is evident if 
we compare its release with the release of rhodamine B, a hydrophilic 
drug mimetic that does not interact with β-CD and it is similar to IBU-Na 
in terms of hydrodynamic diameter [57,58]. From Fig. S8 it is evident 
how rhodamine B delivery kinetics are only influenced by the ratios of 
the polymers within the formulation and not by the presence/absence of 
cyclodextrin. For IBU-Na it is also possible to observe that the 1:6 

Fig. 4. Nano-CT images of the AG/PVA1:16 formulation a) without β-CD and with b) with β-CD. Scale bars: 100 μm.  

Fig. 5. Swelling trend of AG/PVA1:1 (blue rhombuses), AG/PVA-CD1:1 (red rhombuses), AG/PVA1:6 (blue squares), AG/PVA-CD1:6 (red squares). a) zoom in the 
initial hours; b) general swelling trend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Comparison between the amplitude sweep test conducted on: a) AG/PVA1:1 hydrogels (blue rhombuses, G' ◆ and G" ⋄) and AG/PVA1:6 hydrogels (blue 
squares, G′ ■, G″ □); b) AG/PVA-CD1:1 hydrogels (red rhombuses, G' ◆ and G" ⋄) and AG/PVA-CD1:6 hydrogels (red squares, G′ ■, G″ □). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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formulation (Fig. 7b) presented a longer linear trend, representative of 
Fickian diffusion, and a more sustained release driven by stronger in
teractions within the 1:6 network. Burst release, that describes the un
controlled instantaneous loss of a loaded drug, is around 15 % for both 
IBU-Na and rhodamine B and does not depend on either cross-linking 
density and or the presence of β-CD. These values underline the good 
release performance of AG/PVA HGs, which are very low considering 
the high hydrophilicity of IBU-Na and rhodamine B [59]. 

At the same time, we also tested the release of ibuprofen in its acidic 
form (IBU) from the hydrogel matrix, in order to verify if the HGs' 
release ability for this hydrophobic drug could be improved by applying 
the β-cyclodextrins (Fig. 8). Its release profile can be explained by 
considering the presence of a host-guest interaction with the β-cyclo
dextrins. Indeed, their presence promotes the solubility of ibuprofen in 
the system and the subsequent availability for the release, despite its 
hydrophobic nature [23]. IBU release occurs without any burst release, 
as reported in Fig. 8. For comparison, the value of IBU burst release in 
the case of AG/PVA HGs without β-CD is around 20 %. As to the role of 
different polymer ratios in the formulations we can observe that here, 
unlike the previous case, this is a factor that does not influence the 
release rates for AG/PVA HGs. 

Mass release data obtained experimentally was used to estimate 
diffusion coefficients of drug molecules released from AG/PVA and AG/ 
PVA-CD hydrogels. As explained above, the release mechanism could be 
considered as a pure Fickian diffusion, allowing us to neglect any 
contribution of both swelling and degradation phenomena. Table 1 
shows the dependence of diffusivity on hydrogel formulation and the 
presence or not of β-CD within the network. In accordance with release 
studies in literature, the diffusion coefficients obtained have a 

magnitude of the order of 10− 9 m2/s [60]. The diffusivity values for 
sodium ibuprofen are similar to previous studies conducted on agarose 
gels [61], with the influence given by the presence of cyclodextrins. 
Indeed, as said, the presence of β-CD can change the water coordination 
of IBU-Na molecules making the motion through the polymer 3D 
network quicker. In addition, a strong influence is also given by the 
formulation used that influences the 3D network in terms of mean mesh 
size and intermolecular forces. 

4. Conclusions 

Designing hydrogels able to release not only hydrophilic but also 
hydrophobic drugs is a pivotal point for their medical application. In this 
study, we used a simple and sustainable strategy to functionalize poly
meric chains with β-cyclodextrins and then form agarose-based hydro
gels to address this issue. The key advantages of the approach are the 

Fig. 7. a) Cumulative release trend of IBU-Na from AG/PVA1:1 HGs (blue rhombuses), AG/PVA-CD1:1 HGs (red rhombuses), AG/PVA1:6 HGs (blue squares), AG/ 
PVA-CD1:6 HGs (red squares); b) comparison between the slopes of IBU-Na release from HGs against the square root time. This is representative of the Fickian 
diffusion coefficient of IBU-Na in gels (p < 0.0001 between all of the groups). The values are calculated as a percentage of the total mass loaded (mean value ±
standard deviation is plotted). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. a) Cumulative release trend of IBU 
from AG/PVA1:1 HGs (blue rhombuses), 
AG/PVA-CD1:1 HGs (red rhombuses), AG/ 
PVA1:6 HGs (blue squares), AG/PVA-CD1:6 
HGs (red squares); b) comparison between 
the slopes of IBU release from HGs against 
the square root time. This is representative 
of the Fickian diffusion coefficient of IBU in 
gels (p < 0.0001 between all of the groups). 
The values are calculated as a percentage of 
the total mass loaded (mean value ± stan
dard deviation is plotted). (For interpreta
tion of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   

Table 1 
Diffusion coefficients of drugs within AG/PVA 1:1, AG/PVA-CD1:1, AG/PVA1:6 
and AG/PVA-CD1:6 hydrogels. * p < 0.5 against AG/PVA 1:1 IBU-Na, ** p <
0.01 against AG/PVA 1:1 IBU-Na, # p < 0.5 against AG/PVA 1:1 IBU, ## p < 0.01 
against AG/PVA 1:1 IBU.   

Diffusivitya [m2/ s] 

drug AG/PVA1:1 AG/PVA-CD1:1 AG/PVA1:6 AG/PVA-CD1:6 

IBU-Na 1.22 ± 0.10 1.42 ± 0.12# 0.84 ± 0.03*,# 1.02 ± 0.07*,# 

IBU 1.13 ± 0.08 0.08 ± 0.13**,## 0.92 ± 0.09* 0.07 ± 0.01**,##  

a All values have to be multiplied by 10− 9. 
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absence of cross-linkers, organic solvents or catalysts. The formulations 
synthesised showed a storage modulus approximately one order of 
magnitude higher than the loss modulus, indicating an elastic rather 
than viscous material with higher properties than the classical physical 
agarose-based hydrogel formulations. The “green” agarose-based 
hydrogel synthesised was then tested as an efficient multiple-drug 
release system of hydrophilic and hydrophobic drugs. Sodium 
ibuprofen was used as a hydrophilic drug; despite it not being able to 
create a proper inclusion complex with β-CD, its release is partially 
influenced by the presence of β-CD in the networks and mostly by the 
formulation used (ratio between AG and PVA). On the other hand, 
ibuprofen is a highly hydrophobic drug, and its release is greatly influ
enced by the formation of host-guest complexes with β-CD, more than 
the formulation used. All these findings represent a first step that can be 
useful for developing and tuning specific agarose-based hydrogels as 
tools for multiple drug delivery. 
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