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Abstract 24 

Hydrogels based on hyaluronic acid and agarose-carbomer, due to their peculiar 3D architecture 25 

and biocompatibility, are promising candidates for pharmaceutical strategies based on the 26 

codelivery of drugs targeting different diseases. The successful development of these applications 27 

requires a precise understanding of drug-drug interactions and their effects on transport and release 28 

mechanisms. In this study, such an investigation is carried out on hydrogels loaded with 29 

ethosuximide and sodium salicylate at different concentrations. Intermolecular interactions and 30 

transport properties are characterized by means of High Resolution Magic Angle Spinning and 31 

solid-state Magic Angle Spinning NMR Spectroscopy. 32 

At variance with our previous findings on single-drug formulations, the two drugs exhibit closely 33 

similar diffusion patterns when co-loaded in the HA-based hydrogels, plausibly due to drug-drug 34 

intermolecular interactions. At the highest drug concentrations, where superdiffusion comes into 35 

play, we find a fraction of molecules with time-varying diffusion coefficients. A trapping-release 36 

mechanism is proposed to explain this observation, which also accounts for the role of drug-37 

hydrogel interactions in drug diffusion motion. The effects of drug-drug interactions on release 38 

profiles is finally assessed by means of in vitro release experiments.  39 

 40 

 41 
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1. Introduction  44 

Controlled drug delivery systems (DDS) are designed to release active pharmaceutical ingredients 45 

gradually over time, at a rate chosen to maximize the therapeutic response (Hoffman, 2008; Bajpai 46 

et al., 2008). In contrast to conventional drug administration routes, which require high dosages 47 

due to uneven drug release and distribution, DDS aim at optimizing drug bioavailability. The 48 

benefits associated with their adoption are several (Adepu, & Ramakrishna, 2021), the most 49 

important probably being the reduction of the side effects associated with overdosage.  50 

Hydrogels based on natural polysaccharides, such as cellulose (Zong et al., 2022), chitosan 51 

(Hamedi et al., 2018), starch (Sethi et al, 2020), sodium alginate (Ji et al., 2021) and hyaluronic 52 

acid (HA) are amongst the most versatile DDS, and have been extensively exploited in many 53 

clinical formulations for the controlled delivery of synergic drugs (Zhang et al., 2023), therapeutic 54 

biomolecules (Rial-Hermida et al., 2021) and tissue engineering (Sahranavard et al., 2020).  55 

The development of HA-based DDS is especially appealing, HA being one of major components 56 

of extracellular matrix and biological fluids (Fraser, Laurent, & Laurent, 1997). Hydrogels made 57 

by HA alone find limited application in drug delivery due to poor mechanical strength and fast 58 

degradation rate (Perez et al., 2021). Different chemical modifications and crosslinking strategies 59 

(Khunmanee, Jeong & Park, 2017; Madau et al., 2022; Lv et al., 2014; Hassan, Dong, Wang, 2013) 60 

have been proposed to obtain HA-based hydrogels with improved mechanical properties and mesh 61 

sizes ranging from tens of nanometers up to a few microns. 62 

One such strategy, based on HA copolymerization has been used by our group to develop and 63 

study DDS obtained by mixing HA with agarose-carbomer polymers (Pizzetti et al., 2021; Vanoli 64 

et al., 2023).  65 
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So far, HA-containing formulations have been successfully exploited in single drug delivery 66 

(Huang & Huang, 2018; Noreen et al., 2022). More recently, the possibility to deliver multiple 67 

drugs to different target sites has been suggested as a potential way to improve the effectiveness 68 

of cancer therapies (Chen, Miller, Dhal, 2014; Gadde, 2015; Meng, Cong, Hu, & Xu, 2020). The 69 

same approach, also known as codelivery, has also been evaluated in the treatment of inflammatory 70 

diseases (Burmester, Pope, 2017), and can be, in principle, extended to the simultaneous treatment 71 

of different, unrelated diseases. The benefits of this approach are clear: a significant improvement 72 

of the condition of all patients taking multiple medications, especially those facing chronic 73 

diseases (Adepu, & Ramakrishna, 2021; Vargason, Anselmo, & Mitragotri, 2021).  74 

Although attractive, putting this idea into practice requires a precise understanding of the effects 75 

of codelivery on drug delivery, adsorption, distribution, and metabolism (Jia et al., 2009; Hu, Sun, 76 

Wang & Gu, 2016, Venoruso et al., 2024). A former issue is represented by the need to understand 77 

how the simultaneous presence of multiple drugs may impact the diffusion and the release of two 78 

or more species, in comparison with the corresponding single drug formulations. Molecular 79 

diffusion through the porous network of the hydrogel mainly occurs within the water-rich regions 80 

of the gels. It is a complex phenomenon, affected by many factors, such as solute concentration, 81 

degrees of gel swelling and cross-linking density, and drug-polymer interactions (Castiglione et 82 

al., 2019; Axpe et al., 2019). Beside those factors, the effects of drug-drug interactions should also 83 

be considered when two or more drugs are present in the same environment. Depending on their 84 

chemical structures, the drugs may negligibly or significantly interact with each other, or with the 85 

polymer matrix. Assessing the magnitude of such interactions is challenging and requires the 86 

integration of different experimental techniques and careful data processing. 87 
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In this work, we attempt to meet this challenge focusing on dual-drugs codelivery in HA-based 88 

carbomer-agarose hydrogels. Following the idea introduced above, that multiple drug loading may 89 

improve multiple disease treatment, we consider etosuximide and sodium salycilate as probe 90 

drugs. Ethosuximide is the drug of choice in the treatment of absence seizures, a form of epilepsy 91 

characterized by brief loss of consciousness. This drug is not bound to serum proteins and is 92 

metabolized hepatically (80%) into inactive metabolites, primarily by CYP3A4 enzymes [Patsalos 93 

et al., 2008]. The interactions of ethosuximide with other drugs has been the subject of some 94 

studies [Giaccone et al., 1996; van Wieringen & Vrijlandt, 1983; Bachmann & Jauregui, 1993]. 95 

Phenytoin, carbamazepine, and phenobarbital are known to accelerate ethosuximide excretion 96 

[Giaccone et al., 1996]. Isoniazid may reduce ethosuximide metabolism [van Wieringen & 97 

Vrijlandt, 1983], whereas rifampicin increases ethosuximide clearance [Bachmann & Jauregui, 98 

1993]. No reports are currently available about the interactions between ethosuximide and sodium 99 

salicylate. The latter is well known for its anti-inflammatory activity, although no common 100 

agreement has been reached about its mode of action [Amann & Peskar, 2002]. Given the need for 101 

additional data about the suitability of this combination, the choice of these drugs is here motivated 102 

by the possibility to compare our results with those obtained for analogous single drug 103 

formulations (Vanoli et al., 2023). 104 

We employ well-established techniques, namely solid-state and high-resolution magic angle 105 

spinning (HR-MAS) NMR spectroscopy (Pivato et al., 2021) to characterize drug-drug and drug-106 

polymer intermolecular interactions and their effects on diffusion and release. Two numerical 107 

techniques, recently developed by our group (Di Spirito et al, 203; Vanoli et al., 2023) are used to 108 

analyze NMR diffusion data and eventually assess deviations from ordinary diffusion. Such 109 

deviations are not expected in samples with low drug concentration and large hydrogel meshes 110 
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(Castiglione et al., 2019). However, as we reported recently (Vanoli et al., 2023), they can be 111 

observed in as many as other samples, making it necessary to process the data prior reporting the 112 

diffusion coefficients. Our analysis is finally complemented by and in vitro release experiments, 113 

which are meant to provide information on the impact of codelivery of two drugs on their release 114 

kinetics. 115 

 116 

2. Materials and methods 117 

2.1 Materials   118 

The polymers used are Carbomer 974P (MW = 1 MDa, by Fagron, The Netherlands) and Agarose 119 

(MW = 200 kDa, by Invitrogen Corp.). Two different types of hyaluronic acids, purchased from 120 

Lifecore Biomedical (USA), sodium hyaluronate 10 K (MW = 10 kDa) and sodium hyaluronate 1 121 

M (MW = 1 MDa) were used. The drugs were sodium salicylate (SAL) and ethosuximide (ESM), 122 

purchased from Merk. Deuterium oxide (99.9 % deuterium content) and 3-(trimethylsilyl) 123 

propionic-2,2,3,3-d4 acid sodium salt (TSP) were purchased from Merk. All materials were used 124 

as received without further purification. 125 

 126 

2.2 Hydrogels synthesis, structure, and drug loading 127 

 128 

The primary structure of HA is a linear, negatively charged, glycosaminoglycan composed of D-129 

glucuronic acid and N-acetyl-D-glucosamine units bound by alternating β(1-4) and β(1-3) 130 

glycosidic bonds (Jiang, Liang, & Noble, 2011). Due to the large number of carboxyl and hydroxyl 131 

groups of the sugar moieties, HA adopts expanded random coil structures under diluted 132 
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physiological conditions (Lapčík et al., 1998), but may form three dimensional entangled networks 133 

at high concentrations (Scott, Cummings, Brass, & Chen, 1991; Scott, & Heatley, 1999).  134 

As mentioned in the Introduction, HA alone is not suitable for hydrogel preparations, due to the 135 

fast degradation rate. Therefore, following our previous works (Pizzetti et al, 2021; Castiglione et 136 

al; 2019; Vanoli et al., 2023), we investigated agarose-carbomer-hyaluronic acid hydrogels.  137 

These gels were synthesized starting from three biocompatible polymers: carbomer 974P, agarose 138 

and hyaluronic acid (Pizzetti et al., 2021; Vanoli et al., 2023). The procedure consists of the 139 

following steps: 1) carbomer 974P (8.3 mg for ACL and 16.6 mg for ACH) was dissolved in PBS 140 

solution (5 mL) at 25 ◦C, 2) hyaluronic acid HA (87.6 for ACL and 43.8 for ACH) with two 141 

different molecular weights was added and the mixture was stirred for 45 min, until complete 142 

dissolution. 3) NaOH 1 N was added to adjust pH to 7.4. 4) Finally, agarose powder (25 mg) was 143 

added to both solutions and the resulting systems were subjected to electromagnetic stimulation 144 

(500 W irradiated power) heating up to 80 ◦C to induce condensation reactions.  145 

Ethosuximide and sodium salicylate were added simultaneously to the polymeric formulation as 146 

aqueous solutions before the cross-linking procedure at a temperature of 50°C. The drugs were 147 

loaded at three different concentrations: 5 mg/ml, 40 mg/ml, and 75 mg/ml for NMR samples. For 148 

comparison purposes, two additional samples were prepared by loading each drug individually. 149 

The samples prepared with 5 mg/ml loadings were further lyophilized for solid state NMR 150 

analysis. Table 1 collects all the samples considered in this study, along with the corresponding 151 

abbreviations. 152 

The resulting three-dimensional network is nanostructured and exhibits anionic nature due to the 153 

high presence of carboxylate groups from esterification reaction between carboxyl groups present 154 

in carbomer 974p and hyaluronic acid with hydroxyl groups of agarose and hyaluronic acid. The 155 
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mesh size - cross-linking degree of the two investigated gels were 245 nm - 2.7∙10-9 mol/cm3 156 

(ACL) and 3024 nm - 0.964∙10-9 mol/cm3 (ACH) (Pizzetti et al., 2021). The chemical structures 157 

of the hydrogels and the drugs are displayed in Figure 1. 158 

 159 

 160 

Fig. 1. Chemical structures of the hydrogel’s components (carbomer, agarose, hyaluronic acid) 161 

and the drugs (ethosuximide and sodium salicylate).  162 

 163 

2.3 In vitro release studies 164 

Two samples, ACL-ES05 and ACH-ES05, stored in metal open cylinders (diameter of 0.8 cm and 165 

height of 0.7 cm) were submerged in 2 mL of PBS (0.1 M, pH 7.2) at 37 °C, under a 5 % CO2 166 

atmosphere. 1000 μL of the samples were collected at defined time intervals in the range (5 min-167 

144 h) and the solution was renewed each time adding PBS solution in small amounts. The amount 168 
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of drug released was measured using quantitative high resolution NMR Spectroscopy (qNMR). 169 

Each measurement was repeated in triplicate.  170 

 171 

Table 1. Description of the hyaluronic acid-based hydrogels prepared in this work. The labels E 172 

and S are used here to replace ESM and SAL, respectively. 173 

Abbreviation Drugs amount 

ACL-E05 5 mg/mL (ESM) 

ACH-E05 5 mg/mL (ESM) 

ACL-S05 5 mg/mL (SAL) 

ACH-S05 5 mg/mL (SAL) 

ACH-ES05 5 mg/mL (ESM) + 5 mg/mL (SAL) 

ACL-ES05 5 mg/mL (ESM) + 5 mg/mL (SAL) 

ACH-ES40 40 mg/mL (ESM) + 40 mg/mL (SAL) 

ACL-ES40 40 mg/mL (ESM) + 40 mg/mL (SAL) 

ACL-E40 40 mg/mL (ESM) 

ACH-E40 40 mg/mL (ESM) 

ACL-S40 40 mg/mL (SAL) 

ACH-S40 40 mg/mL (SAL) 

ACH-ES75 75 mg/mL (ESM) + 75 mg/mL (SAL) 

ACL-ES75 75 mg/mL (ESM) + 75 mg/mL (SAL) 

 174 

2.4 HR qNMR Spectroscopy 175 

qNMR (Choi et al., 2021) is used to obtain the absolute concentration of a specific compound X 176 

from its 1H spectrum. The concentration Cx of the compound X, in the presence of a calibration 177 

standard, is calculated according to the equation: 178 
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𝐶𝑥 =
𝐼𝑥

𝐼𝑐𝑎𝑙
⋅

𝑁𝑐𝑎𝑙

𝑁𝑥
⋅  𝐶𝑐𝑎𝑙        (1) 179 

where Ix, Ical, are the peaks integral of the analyte and the calibrant, respectively, Nx, Ncal are the 180 

respective number of H nuclei, Cx and Ccal, are the concentrations of the analyte x and the 181 

calibration standard (cal), respectively. In our analysis, 1.2 mM TSP was used as the internal 182 

calibration standard, and the 1H spectra were acquired with 32 K points, SW=10 ppm, 16 scans 183 

and 5 s relaxation delay.  184 

 185 

2.5 HR-MAS NMR Spectroscopy 186 

The 1H high-resolution magic angle spinning (HR-MAS) NMR spectra of the gel samples were 187 

recorded using a Bruker Avance DRX spectrometer operating at 500 MHz proton frequency, 188 

equipped with a dual 1H/13C HR-MAS probe head for semisolid samples. Samples were loaded in 189 

a 4 mm ZrO2 rotor containing a volume of about 12 μL. The temperature was set at 305 K with an 190 

air flow of 535 L·h-1. All the 1H NMR spectra were acquired with 8 scans, a relaxation delay of 6 191 

s and a spinning rate of 4 kHz.  192 

Self-diffusion coefficients were measured using pulse gradient spin echo (PGSE) methods (Wu, 193 

Chen, & Johnson, 1995). A pulsed gradient unit was used to produce magnetic-field pulse 194 

gradients up to 53 G·cm-1. The pulse gradients were increased linearly from 2 to 95% of the 195 

maximum gradient strength. The duration of the magnetic-field pulse gradients (δ) and the 196 

diffusion times (Δ) were optimized for each sample to obtain complete dephasing of the signals 197 

with the maximum gradient strength. For the investigated samples, Δ varied from 0.01 s to 0.2 s, 198 

while the δ values were in the range of 0.9-3 ms. For each experiment, a series of 40 spectra with 199 

32 K points were collected with 8 scans and a relaxation delay of 12 s.  200 

 201 
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2.6 Solid state NMR Spectroscopy 202 

Solid-state 1H-13C CP-MAS NMR experiments were carried out for powder samples using a 203 

Bruker Avance NEO spectrometer equipped with a commercial 4 mm MAS iProbe. The magnetic 204 

field strength was 11.74 T corresponding to a 13C NMR resonance frequency of 125.75 MHz. 205 

Samples were packed into 4 mm ZrO2 rotor and spun at the magic angle with a spinning speed of 206 

12 kHz for all the experiments. 13C CP-MAS spectra were performed with a contact time of 2.5 207 

ms, a repetition time of 5 s and 2000 scans. During acquisition, proton two-phase pulse-modulated 208 

decoupling sequence was used. The temperature was set at 298 K.  209 

Fast 1H NMR experiments were performed on an Agilent DD2 600 MHz spectrometer equipped 210 

with a 1.6 mm narrow-bore triple resonance T3 probe, at a spinning speed of 36 kHz. Pulse delay 211 

was set to 7 s for ACH-ES05 and 4 s for ACL-ES05. Proton NMR spectra were acquired with a 212 

background suppression sequence (Patt, 1982). Single Quantum-Double Quantum NMR 213 

correlation experiments were recorded using the R122
5 symmetry-based pulse sequence (Levitt, 214 

2002), a simple 180 pulse R element with phase alternating as ±75, a nutation frequency of 108 215 

kHz during the recoupling period, and a recoupling time of 333 µs. Two dimensional DQ data 216 

were acquired using 40 time increments of 27.7 µs.  217 

 218 

2.7 PGSE-NMR theory and data modelling 219 

PGSE-NMR spectroscopy enables the study of molecular diffusion through the application of 220 

pulsed magnetic field gradients of varying intensity. Starting at t = 0, the signal intensity of the 221 

probed nuclei, I(q,t) decays exponentially over time as follows: 222 

 223 

I(q,t)=I(0,t) ⋅ 𝑒−
1

2
𝑞2⟨𝑧2(𝑡)⟩,        (2) 224 

 225 
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where q is the reciprocal space coordinate, defined as q = (δγg)/2π, γ is the magnetogyric ratio of 226 

the observed nucleus, g is the field gradient, δ is the gradient pulse, and ⟨𝑧2(𝑡)⟩ represents the 227 

mean squared displacement (MSD). The relationship between MSD and time can be generalized 228 

as follows: 229 

⟨𝑧2(𝑡)⟩∼t𝛼          (3) 230 

where α is the diffusion exponent. Different values of α can be associated to different diffusion 231 

regimes. When α = 1, the diffusion is called Fickian, at variance with Fick’s laws (Fick, 1855).  232 

Deviations of α from one are often classified as subdiffusive (0 < α < 1) or superdiffusive (α > 1) 233 

regimes. In the case, the diffusion is Fickian (α = 1) and Gaussian, the previous equation turns into 234 

the well-known one (in one dimension): 235 

⟨𝑧2(𝑡)⟩ = 2D ⋅ 𝑡          (4) 236 

where D is the diffusion coefficient expressed in m2/s. Numerical estimates of α and D play an 237 

important role in the diffusive behaviour of the probed species. The diffusion time, t, can be related 238 

to the NMR data by means of the Stejskal-Tanner equation (Stejskal and Tanner, 1965), for which 239 

t = Δ - δ/3. We note that, owing to the large difference between Δ and δ, we considered t = Δ, in 240 

line with our previous studies (Di Spirito et al., 2023). 241 

In this study, two different approaches were adopted to characterize these parameters, namely q-242 

scaling and Gaussian deconvolution (GD). For better clarity, hereafter we briefly resume the main 243 

features of both approaches. 244 

The q-scaling approach, recently developed by our group (Casalegno et al. 2017), was used for the 245 

calculation of α and the other parameters related to the diffusion mechanism. The q-scaling 246 

approach exploits the scaling property of the signal intensity to extract the value of α from a set of 247 
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PGSE-NMR measures performed at different diffusion times (t1, t2, t3,….tN). The scaling property, 248 

in this case, can be stated as follows: 249 

 250 

𝐼(𝑞 ⋅ 𝑡1
𝛼 2⁄

,t1) = I(𝑞 ⋅ 𝑡2
𝛼 2⁄

,t2)= I(𝑞 ⋅ 𝑡3
𝛼 2⁄

,t3) = ...= I(𝑞 ⋅ 𝑡𝑁
𝛼 2⁄

,t𝑁)   (5) 251 

where, as implied by the equation, the value of α to be determined is that for which all intensities 252 

profiles collapse onto a single curve. Given the value of α, the signal intensity can be modelled as:  253 

𝐼(q,t) = I(0,t) ⋅ 𝑒−Kt𝛽𝑞𝜇
         (6) 254 

where K is a generalized diffusion coefficient with units [𝑚𝜇𝑠−𝛽]. According to the continuous 255 

time random walk theory (Metzler, & Klafter, 2000), the exponents β and μ are associated with 256 

the waiting time and the diffusion length of the probed species. Their relationship with α is as 257 

follows: 258 

α = 
2𝛽

𝜇
            (7) 259 

We shall return on the meaning of the latter equation below.  260 

The second numerical technique we propose, the gaussian deconvolution (GD), is used here to 261 

calculate the diffusion coefficient, and further quantify the effects of drug-drug and drug-matrix 262 

interactions on diffusion. The application of this method, originally based on the Richardson-Lucy 263 

algorithm (Lucy, 1974; Richardson, 1972) to NMR diffusion data has been detailed in a recent 264 

study. (Di Spirito et al., 2023) 265 

Hereafter, we only resume some fundamental concepts behind this approach, which serve to 266 

correctly frame our results. The GD approach assumes that anomalous diffusion may result from 267 

a superposition of independent gaussian diffusion processes, characterized by different diffusion 268 

coefficients. This assumption is based on the fact the diffusing species may experience different 269 

local environments, either due to the interactions between them or with the hydrogel, and turns out 270 
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to be realistic in heterogeneous systems, like those here investigated. Mathematically, the 271 

distribution of the diffusion coefficients accessed by the diffusant molecules over time can be 272 

described by a probability distribution function, P(D). According to this interpretation, the 273 

diffusion observed on a macroscopic scale is a statistical average of all individual molecular 274 

contributions. Therefore, the signal intensity can be written as: 275 

𝐼(𝑞, 𝑡) = ∫ 𝑃(𝐷) 𝑒−
1

2
𝑞2𝐷⋅𝑡𝑑𝐷     (8) 276 

Similarly, the diffusion coefficient can be obtained as: 277 

𝐷𝑃 = ∫ 𝑃(𝐷)𝐷𝑑𝐷     (9) 278 

Although the functional form of P(D) is not known, a numerical approximation can be obtained 279 

by fitting the experimental signal intensity. In the present work, 300 gaussian functions were used 280 

to fit the signal intensities (see Eq.(7)), with diffusion coefficients logarithmically spaced between 281 

a minimum (10-11 m2/s) and a maximum (10-7 m2/s) value. Details about the numerical 282 

implementation of this approach can be found in Ref. (Di Spirito et al., 2023).  283 

 284 

3. Results and discussion  285 

3.1 HR-MAS NMR 286 

Figure 2 reports the 1H HR-MAS spectra of the individual drugs (panel A and panel C) and both 287 

drugs (panel B) loaded in ACL gels. The spectra show well resolved lines for all the small 288 

molecules enclosed in the polymeric scaffolds. As expected, the spectral contribution of the 289 

polymer is filtered off by the HR-MAS acquisition, leaving a clear and well resolved spectrum of 290 

the drugs only. This is the ideal situation for a thorough NMR monitoring of the structural and 291 

dynamic properties of the drugs in the actual drug-delivery formulation, free from spectral overlap 292 

with the signals of the scaffold. Figure 2 displays a clear upfield chemical shift variation (0.05-0.1 293 



 

15 

 

ppm) for all the ESM signals on passing from single drug in gel to the formulation containing both 294 

drugs at the same concentration (40 mg/mL). A more pronounced shift (0.14-0.2 ppm) is observed 295 

at higher drug concentration (75 mg/mL) loaded in gel (Fig. SI1). Conversely, no chemical shift 296 

changes are induced on SAL resonances by the presence of ESM in gel. As suggested by our solid-297 

state measurements (see below), the chemical shift variations on ESM protons are likely due to 298 

ring current magnetic effects associated to the aromatic-aliphatic interactions between SAL and 299 

ESM. Similar results were obtained for ACH formulations. 300 

 301 

 302 

Fig. 2. 1H HR-MAS NMR spectra of A) ACL-E40, B) ACL-ES40 and C) ACL-S40.  303 

 304 

3.2 Solid state NMR 305 

To further investigate drug-drug and drug-polymer intermolecular interactions, solid state 13C 306 

cross polarization-magic angle spinning (CP-MAS), as well as 1H fast MAS NMR direct 307 

acquisition and 2D homonuclear double-quantum NMR techniques were used.  308 
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The 13C CP-MAS spectra of HA, carbomer and ACL formulation are shown in Fig. 3 while the 309 

13C CP-MAS spectra of ESM, ACL-E05, SAL, ACL-S05 and ACL-ES05 are shown in Fig. 4. The 310 

assignment of 13C chemical shifts of HA/agarose, carbomer and both drugs in the CP-MAS spectra 311 

was based on previous works (Rampratap et al. 2023; Vachon & Nairn, 1998) and is also shown 312 

in the figures. In Fig. 3a, all 13C signals, corresponding to the chemical shifts of glucose units from 313 

HA/agarose and the methyl group (8) at 24 ppm, have been identified.  Similarly, in Fig. 3b, the 314 

chemical shifts of 183 ppm and 50–25 ppm are assigned to the carboxyl and CH-CH2 of carbomer. 315 

In all spectra, broad lines are observed for hyaluronic acid/agarose and carbomer due to the 316 

amorphous character of these materials.  317 

 318 

 319 

Fig. 3. 13C CP-MAS NMR spectra of A) hyaluronic acid, B) carbomer and C) ACL. 320 

 321 



 

17 

 

Furthermore, in Fig. 4 the characteristic peaks of ACL and both ESM-SAL could be clearly 322 

observed in the single-drug (ACL-E05, ACL-S05) and dual-drugs (ACL-ES05) formulations. A 323 

comparison of ACL and ESM spectra with those of the ACL-E05 and ACL-ES05 formulations 324 

(Fig. 4 panel A) shows no changes in the chemical shifts and patterns of HA/agarose lines, whereas 325 

all peaks of ESM are broadened and the carbonyls C-5, C-4 show chemical shift changes. A 326 

chemical shift variation of 3 ppm is also observed for the carboxyl C-1 of carbomer in the ACL-327 

E05 formulation. Similar considerations can be made by comparing the spectra of pristine SAL, 328 

ACL with those of ACL-S05 and ACL-ES05 (Fig. 4 panel B). Small variations in chemical shift 329 

are observed for C-1, C-2, C-6 of SAL and again a variation of about 3 ppm for the carboxyl C-1 330 

of carbomer in the ACL-S05 formulation. Similar results are obtained for the ACH formulation 331 

(see Figs. SI2 and SI3). This change can be ascribed to drug-polymer interactions that occur when 332 

a singled drug is loaded. Interestingly, in ACL-S05 spectrum signal 3 of SAL is a broad singlet 333 

due to the intramolecular hydrogen bond between OH and carboxylate group, which provides a 334 

single conformation of the OH group. Conversely, in the dual drug formulation (ACL-ES05) signal 335 

3 is a doublet arising from two different orientations of the OH-phenyl in the polymer matrix, 336 

reasonably due to the competition between the intramolecular hydrogen bond and the 337 

intermolecular SAL-ESM ones. Despite these findings, probing the intermolecular drug-drug 338 

interactions remain rather difficult due to broad lines in the 13C CP-MAS spectra. Hence, more 339 

detailed information can be obtained from 1H MQ MAS data. 340 
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 341 

Fig. 4. 13C CP-MAS NMR spectra of (panel A) ACL, ACL-E05, ACL-ES05, ESM; (panel B) 342 

ACL, ACL-S05, ACL-ES05, SAL. Spinning sideband are marked with a *. 343 

 344 
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The 1H single quantum (SQ) spectra for both the ACL-ES05 and ACH-ES05 samples are shown 345 

in Fig. 5A. The lineshape remains broad despite the moderately fast spinning frequency of 36 kHz, 346 

due to a combination of strong H-H interactions as well as a broad distribution of chemical shifts 347 

in the lyophilised samples. The only well resolved signal can be attributed to the weak resonance 348 

from above 12 ppm due to carboxylic protons involved in hydrogen bonds (Traer, Britten & 349 

Goward, 2007). 350 

In an effort to further understand the proton network in this complex system we performed 2D 351 

homonuclear double-quantum measurements. Data for both samples are shown in Fig. 5B-C. For 352 

the interpretation of the 2D SQ-DQ NMR spectra, we note that while the signals in the SQ 353 

dimension appear at the usual chemical shift of the individual sites, the signals in the DQ 354 

dimension will appear at the sum of the chemical shifts between interacting species, if and only if 355 

the sites are close enough for a through-space dipolar interaction to be discernible in the timescale 356 

of the experiment. Hence, the SQ-DQ is very informative when it comes to establish proximities, 357 

determined via 1H-1H interactions in this case. For both samples, the aliphatic/aromatic regions are 358 

broadly similar in terms of DQ patterns. Given the size of the spin system and the fact that exact 359 

geometry and dipolar interactions between the different species are unknown, it was attempted to 360 

approximately reproduce the lineshapes via 2D Gauss-Lorentz functions. The fitted spectra, using 361 

an ensemble of 10 sites, is shown in Fig. 5D-F for both samples. Further details about the fits are 362 

provided in the ESI (Table S1 and S2). For both samples, while it is hard to over-assign peaks in 363 

these broad spectra, it is nevertheless possible to identify signal regions of interest for the purpose 364 

of the evaluation of the aliphatic-aromatic interactions. As shown in Fig. 2, ACL-E40 and ACL-365 

S40 have only aliphatic and aromatic protons, respectively. Hence the presence of a DQ signal at 366 

the sum of the chemical shift for aliphatic and aromatic protons is a clear indication that these 367 
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species are very close at a molecular level.  Using the peak numbering as reported in figure 5D 368 

and provided in the ESI, there are well resolved signals correlating the acidic protons to their local 369 

environment through hydrogen bonding (peaks near 12-14 ppm in SQ dimension, i.e, peaks 9, 10 370 

of the fits). Peaks 1, 3, 4 are compatible with interactions within the aliphatic framework. More 371 

interestingly, peaks 2 and 8 are compatible with a correlation between the aliphatic and aromatic 372 

environments. The signal at 5 is likely an inter-aromatic signal. Moreover, peak 6 contains a 373 

combination of aliphatic-acidic and aliphatic-aromatic correlations, as shown by the larger 374 

confidence limits for the DQ dimension for the peak position and linewidth. Noting that we are 375 

over-simplifying the peak assignment and discussion here, as the lack of resolution makes the fit 376 

unstable if too many free-parameters are included in the fit, but the general trends are the presence 377 

of signals compatible with an aliphatic-aromatic interaction is nevertheless rather clear. This 378 

finding is in line with the selective chemical shift variation reported above for HR-MAS NMR 379 

section detected on ESM protons, which have been associated to the interactions between aliphatic 380 

and aromatic moieties in ESM and SAL, respectively. 381 

 382 
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 383 

 384 

Fig. 5. 1H SQ spectra of ACH-ES05 and ACL-ES05 (A). 1H 2D SQ-DQ spectra of ACH-ES05 (B) 385 

and ACL ES05 (C) 𝜔𝑟/2𝜋 = 36  kHz and 8 scans. 1H SQ fit for ACH-ES05 and ACL-ES05 using 386 
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10 peaks and peaks assignment (D). 1H 2D SQ-DQ fit using 10 peaks for ACL-ES05 (E) and ACH-387 

ES05 (F). 388 

 389 

3.3 Numerical analysis of HR-MAS NMR diffusion data 390 

In the following we shall present the analysis of our NMR diffusion data by means of the two 391 

approaches detailed in Methods section. Prior to present our results, we note that all NMR data in 392 

the present study were acquired separately for each species diffusing within the same medium. 393 

This differs from our previous approach (Vanoli et al., 2023), where both drugs were loaded 394 

individually, as stand-alone species, in water and hydrogel. The comparison with these results is 395 

of key importance to understand the effects of codelivery on drug diffusion in AC hydrogels. 396 

 397 

3.3.1 ESM and SAL diffusion in water  398 

To begin with, we consider the analysis of both drugs in water by means of the techniques 399 

described in the previous section, namely q-scaling and GD approaches. Table 2 collects the 400 

numerical values of the fitting parameters obtained by means of the q-scaling approach. These 401 

include the parameters α, μ, and β which are associated with the diffusion mechanism. The last 402 

three columns collect the values of the diffusion coefficients, as determined from q-scaling (K), 403 

from gaussian deconvolution (DP), and from the standard regression approach (DR). The value of 404 

DP was obtained averaging over the estimates obtained at each diffusion time. Instead, DR 405 

corresponds to the value obtained by fitting the MSD at each diffusion time, assuming Gaussian 406 

diffusion.  407 

All the values obtained from q-scaling approach suggest both species to diffuse in water according 408 

to a Gaussian model, characterized by α close to 1 and μ = 2. As previously noted, (Vanoli et al., 409 
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2023), the values of K should not generally be compared with the diffusion coefficients obtained 410 

within Gaussian models, due to the different units. In the limit of Gaussian diffusion, K should 411 

approach that obtained with standard regression, aside from the differences related to the fitting 412 

procedure. The values of K of listed in Table 2 qualitatively resemble those of DR within each 413 

sample. The differences are due to the functional form of Eq. (6), which makes K sensitive to the 414 

value of the other parameters.  415 

 416 

Table 2. Numerical values of α, μ, β, and K, DP and DR obtained by fitting the HR-MAS NMR 417 

data of ethosuximide and salicylate in water, at 40 mg/L and 75 mg/L. DP refers to the average 418 

diffusion coefficient, obtained averaging the estimates at each time. DR is the Gaussian diffusion 419 

coefficient, obtained by means of standard regression.  420 

Sample probed 

drug 

α μ β K [mμ/sβ] DP [m2/s] DR [m2/s] 

WAT-

ES40 

ESM 1.084(26) 1.972(2)  1.069(26)  9.74(20) · 10-10 5.72(18) · 10-10     5.906(33) · 10-10 

WAT-

ES40 

SAL 1.081(25) 2.005(8) 1.083(25) 6.99(61) · 10-10  5.93(19) · 10-10    6.086(38) · 10-10   

WAT-

ES75 

ESM 1.093(33) 1.970(2) 1.076(33)  8.93(19) · 10-10  4.99(19) · 10-10     5.163(54) · 10-10     

WAT-

ES75 

SAL 1.096(36) 2.002(2) 1.097(36)  6.67(15) · 10-10  5.21(20) · 10-10     5.404(84) · 10-10    

 421 

The diffusion coefficients obtained by the GD approach those of standard regression. Within the 422 

GD approach, the signal intensities collected at each diffusion time are fitted independently by 423 

means of a finite set of gaussian functions with different diffusion coefficients. In principle, for an 424 
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ideal diffusive Gaussian process, the P(D) in Eq. (8) should be infinitely narrow and centred at DP 425 

(DiSpirito et al., 2023). This outcome is not observed in practice, either due to the use of a finite 426 

number of Gaussians and intrinsic signal noise. Nonetheless, upon approaching Gaussian 427 

diffusion, we may correctly expect P(D) to be a mono-modal distribution centred at DP. This 428 

outcome is that observed in both the samples considered, as shown in Figs. SI4 and SI5. Given the 429 

above considerations, the differences between DP and DR are essentially related to the fitting 430 

procedure. As we shall show below, the main strength of the GD approach is to admit the 431 

possibility of different diffusion coefficients for the same species, which is beyond the descriptive 432 

capability of standard regression techniques. 433 

The fitting parameters listed in Table 2 for q-scaling (namely, α, μ, and β) are quite similar with 434 

those obtained for the same species in water, without codelivery (see Vanoli et al., 2023 for a 435 

comparison). A careful comparison between these data sets should account for the effects of drug 436 

concentration on the diffusion coefficients. Even so, the diffusion coefficients of co-delivered 437 

species are smaller than those previously reported. This outcome might be related with the 438 

intermolecular interactions between the two species, as evidenced by the NMR data reported in 439 

the previous section (Figs. 2 and 5).  440 

 441 

3.3.2 ESM and SAL diffusion in hydrogels   442 

The results obtained by fitting the PGSE NMR data with the procedure described above for ESM 443 

and SAL at 5 mg/ml loading, are reported in Table 3. Within the ACH formulation, at such low 444 

drug concentrations, both species exhibited Fickian diffusion. In ACL-loaded samples, conversely, 445 

the values of α, slightly exceeding unity, suggesting a mild superdiffusive behavior. The 446 

deconvolution of the signal intensities confirmed the above analysis. The PDFs of the two species 447 
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in ACH and ACL are reported in Figs. SI6 and SI7. For each species, at all diffusion times, we 448 

found single-peaked PDFs, with few exceptions for SAL. The PDFs associated with SAL were 449 

generally broader than those for ESM. At present, no simple interpretation justifies this outcome. 450 

The lack of systematic trends suggests these anomalies to be related to the increase of data noise 451 

on going from water to hydrogel, as reported elsewhere (Vanoli et al., 2023).  452 

 453 

Table 3. Numerical values of α, μ, β, and K obtained by fitting the HR-MAS NMR data of 454 

ethosuximide (ESM) and salicylate (SAL) corresponding to a concentration of 5 mg/ml in all 455 

samples. For comparison purposes, the diffusion coefficients DP and DR, obtained by means of 456 

gaussian deconvolution and standard regression (α = 1 and μ = 2) are also reported. 457 

Sample probed 

drug 

α μ β K [mμ/sβ] DP [m2/s] DR [m2/s] 

ACH-ES05 

 

ESM 1.047(9) 1.985(13)       1.040 (11) 1.43(19) · 10-9 1.17(5) · 10-9 1.11(2) · 10-9 

SAL  1.050(8)       1.772(15)        0.931(11)   1.27(21) · 10-8   1.28(12) · 10-9  1.08(2) · 10-9
 

ACL-ES05 ESM  1.181(11)        1.840(7)       1.086(11)        1.13(8) · 10-8 1.73(18) · 10-9  1.64(5) · 10-9  

SAL  1.192(6)  1.681(7) 1.002(7) 5.27(36) · 10-8
 1.55(13) · 10-9  1.49(4) · 10-9

 

 458 

As shown in Table 4, increasing drugs concentration to 40 mg/ml had different effects on drug 459 

diffusion, depending on the hydrogel formulation. In ACH, the hydrogel with the largest mesh 460 

size, the diffusion of both species showed moderate deviations from ordinary diffusion (i.e., α = 1 461 

and μ = 2). In ACL, such deviations were markedly larger, suggesting a superdiffusive behaviour 462 

for both drugs, characterized by α > 1 and μ < 2. 463 
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Fig. 6. Probability distribution functions obtained for ESM (left) and SAL (right) in ACL-ES40.   464 

 465 

Consistent with the above findings, Gaussian deconvolution led to similar PDFs for the two drugs 466 

in both hydrogels. This is depicted in Fig. 6 for ACL-ES40 and in Fig. SI8 for ACH-ES40. These 467 

profiles are broader than those reported at 5 mg/mL (see Figs. SI6 and SI7). This effect was not 468 

related to co-loading two drugs, but rather to the increase in drug concentration, as evidenced by 469 

a parallel analysis carried out on the data published in our previous study (Vanoli et al., 2023). 470 

In contrast to ACH-ES40 (see Fig. SI8), where all PDFs were monomodal, those of ACL-ES40 471 

exhibited groups of diffusion coefficients associated with different peaks above 50 ms. The 472 

inspection of the PDF profiles for other samples revealed that such features were generally absent 473 

in all cases for α slightly exceeding unity (e.g. α ≈ 1.1), yet increasingly present for α > 1.2. This 474 

outcome suggests a potential connection between PDF shape and superdiffusion. However, at 475 

present, it is difficult to establish a quantitative relationship, mainly due to the effect of hydrogel 476 

heterogeneity on the intensity of the NMR signal. 477 



 

27 

 

Despite the results obtained for ACL-ES40, the diffusion coefficients obtained from standard 478 

regression, DR, turned out to approach DP estimates quite closely. As shown below this outcome 479 

should be considered purely incidental, since linear regression failed accurately fitting the MSD 480 

distribution.  481 

According to the results presented so far, one visible effect of co-loading two drugs was to 482 

“equalize” the diffusive behaviour of the two species. This contrasts with the results we obtained 483 

on single-drug formulations (Vanoli et al., 2023), where the deviations of α from unity were 484 

moderate for ESM, but significant for SAL, regardless of formulation and drug concentration. The 485 

intermolecular interactions between ESM and SAL identified by NMR may be responsible for this 486 

outcome. These include aliphatic-aromatic interactions (see Figs. 2 and 5 above) and hydrogen 487 

bonding between the two species. We note that the latter is possibly hidden by the signals 488 

associated with hydrogel’s acidic moieties. Nonetheless, it looks reasonable based on the chemical 489 

structures of the two drugs. 490 

 491 

Table 4.  Numerical values of α, μ, β, and K obtained by fitting the HR-MAS NMR data of 492 

ethosuximide (ESM) and salicylate (SAL) loaded with a concentration of 40 mg/ml in all samples. 493 

For comparison purposes, the diffusion coefficients DP and DR, obtained by means of gaussian 494 

deconvolution and standard regression (α = 1 and μ = 2) are also reported. 495 

Sample probed 

drug 

α μ β K [mμ/sβ] DP [m2/s] DR [m2/s] 

ACH-ES40 

 

ESM 1.132(20) 1.819(3) 1.030(18) 1.00(35) · 10-8 1.23(9) ·10-9 1.27(4) · 10-9  

SAL 1.152(23) 1.819(9) 1.048(21) 1.09(9) · 10-8 1.31(10) · 10-9 1.30(3) · 10-9 

ACL-ES40 ESM 1.328(23) 1.547(6) 1.027(18) 3.79(22) · 10-7 2.53(27) · 10-9      2.65(13) · 10-9 
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SAL 1.256(23) 1.557(3) 0.978(18) 2.83(9) · 10-7 2.36(19) · 10-9      2.41(11) · 10-9 

 496 

 497 

Table 5 summarizes our results for the samples with 75 mg/ml drug loading. The two drugs shared 498 

closely similar diffusion parameters within the same hydrogel. In both hydrogels both drugs 499 

exhibited superdiffusive dynamics. Nonetheless, similar estimates were obtained for DP and DR. 500 

The inspection of MSD values reported in Fig.SI10 for both drugs demonstrates that linear 501 

regression failed to capture the nonlinear relationship between MSD and time. 502 

The PDFs for ACH-ES75 are reported in Fig. 7. Upon increasing the diffusion time, a small 503 

envelope of diffusion coefficients gradually departed from the starting one, moving toward higher 504 

values. Such PDF “splitting”, already recognized in some of the previous samples, was here more 505 

regular. The position of the secondary group of coefficients changed over time, thus making DP 506 

no longer constant. An entirely similar result was observed for ACL-ES75 (see Fig. SI9). 507 

The diffusion parameters obtained for ACH-ES75 (see Table 5) deserve a final comment. In all 508 

other samples we found α > 1, μ < 2, and β = 1, corresponding to commonly observed 509 

superdiffusion (Yang, Reutens, & Vegh, 2022). Conversely, in the case of ACH-ES75 we found 510 

β >1 for both drugs. This suggests that the transport dynamics may involve trapping-release events, 511 

at least for the fraction molecules for which time-varying diffusion coefficients were observed. 512 

Below, we provide a possible interpretation for this phenomenon. 513 

 514 

 515 

Table 5.  Numerical values of α, μ, β, and K obtained by fitting the HR-MAS NMR data of 516 

ethosuximide (ESM) and salicylate (SAL) loaded with a concentration of 75 mg/ml in all samples. 517 
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For comparison purposes, the diffusion coefficients DP and DR, obtained by means of gaussian 518 

deconvolution and standard regression (α = 1 and μ = 2) are also reported. 519 

Sample probed 

drug 

α μ β K [mμ/sβ] DP [m2/s] DR [m2/s] 

ACH-ES75 ESM 1.362(17) 1.773(8) 1.207(16) 3.25(25) · 10-8 1.41(13) · 10-9 1.62(6) · 10-9 

SAL 1.383(20) 1.763(7) 1.219(19) 3.88(27) · 10-8 1.45(15) · 10-9 1.78(10) · 10-9 

ACL-ES75 ESM 1.328(27) 1.505(3) 0.999(20) 4.53(15) · 10-7 1.87(17) · 10-9 1.78(6) · 10-9  

SAL 1.342(22) 1.601(7) 1.074(18) 1.82(13) · 10-7 1.71(16) · 10-9 1.83(7) · 10-9 

 520 

 521 

 522 

Fig.7. Probability distribution functions obtained for ESM (left) and SAL (right) in ACH-ES75.  523 

  524 

3.4 Drug release kinetics 525 
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To investigate the effect of intermolecular drug-drug interactions on the release kinetics in dual 526 

therapeutic loads, samples of ACL-ES05 and ACH-ES05 were analysed. The cumulative release 527 

profiles of both drugs are displayed in Fig. 8.  528 

A significant amount of both drugs was released from ACL (~34% for ESM and ~53% for SAL) 529 

and ACH (~51% for ESM and ~54% for SAL) already after 30 minutes. Within 5 hours, the 530 

amount of drugs released reached 63% for ESM and 96% for SAL in ACL hydrogels. Similar 531 

percentages were observed in ACH gels: 67% for ESM and 96% for SAL, respectively. 532 

These release profiles were comparable to those obtained for the single-drug formulations in our 533 

previous work (Vanoli et al., 2023), except for ESM, showing asymptotically a partial rather than 534 

a complete release. This result indicates that a significant fraction of the drug (more than 30%) 535 

remains inside the hydrogel network. This outcome has also been observed in other systems [Hu 536 

et al., 2020; Han et al., 2010; Pan et al., 2016]. At present, it has no simple explanation and will 537 

be the subject of future works. 538 

To identify potential analogies between the release kinetics and the diffusion mechanisms outline 539 

above, we attempted at fitting our release data considering the cylindrical shape of the samples 540 

and assuming both drugs homogeneously distributed within the hydrogel. A former attempt, made 541 

with a model adopted in our previous work (Castiglione et al., 2019) failed due to the fast release 542 

kinetics of both drugs. A second attempt was then carried out using a mono-dimensional model 543 

based on Fick’s laws (Rossi et al., 2015). The results, reported in Fig. SI11, were satisfactory for 544 

both drugs, although the model was not able to fully capture ESM release profile. The diffusion 545 

coefficients obtained from the fitting were 3.45∙10-9 m2/s and 4.03∙10-9 m2/s for ESM in ACL and 546 

ACH, respectively, whereas 1.22∙10-8 m2/s and 1.01∙10-8 m2/s for SAL. These values are higher 547 
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than those obtained from fitting NMR data, possibly suggesting different mechanisms for diffusion 548 

and release. 549 

 550 

 551 
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Fig. 8. Cumulative mass release for the codelivery of ESM (A) and SAL (B) from hydrogels ACL 552 

(left) and ACH (right) at 37° C. Close comparison of release profiles from ACL (left) and ACH 553 

(right) for both drugs (C). 554 

3. Conclusions 555 

In this study, we investigated the effects of co-loading two drugs, ethosuximide and salicylic acid 556 

on their diffusion motion and release from hyaluronic acid-based hydrogels. The two drugs 557 

considered are “orthogonal” in terms of pharmacological use and chemical structure. 558 

Ethosuximide is an aliphatic compound used to treat epilepsy. Salicylic acid, conversely, is an 559 

aromatic compound with well-recognized anti-inflammatory capabilities. The choice of these 560 

drugs, mostly based on the availability of data collected by our group on analogous single-drug 561 

formulations (Vanoli et al., 2023), aimed at proposing a simultaneous therapy for different 562 

diseases. At variance with our previous results on single-drug formulations, we found for both 563 

drugs similar diffusion dynamics within the hydrogel network, at all drug loadings. Our NMR data 564 

suggest this outcome to be associated with the intermolecular interactions between the aliphatic 565 

and aromatic moieties of ESM and SAL, respectively. Although, at present, we cannot provide 566 

further evidence in support of this conclusion, we note that such “CH-π” interactions may 567 

eventually be stronger than aromatic-aromatic ones (Kim, Karthikeyan, & Singh, 2011), and their 568 

impact on drug diffusion should not be overlooked. Based on the chemical structures of the two 569 

compounds, hydrogen bonding between the two species is not unlikely, although difficult to assess 570 

experimentally due to the signals associated with hydrogel’s acidic moieties. 571 

Equally interesting is the splitting of the diffusion coefficient distributions clearly observed in the 572 

samples with highest drug loading (75 mg/mL). This outcome may be related to the existence of 573 

two main groups of molecules diffusing differently, owing to different local environments. A 574 
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tentative interpretation is as follows. At low drug loadings, molecular diffusion is slow and 575 

essentially dominated by drug-hydrogel interactions, consistently with 13C CP-MAS NMR 576 

measurements. As evidenced by 1H SQ and SQ-DQ experiments, these interactions can be 577 

associated with hydrogen bonding between the drugs and the polymer. 578 

Increasing drug loading saturates an increasingly larger fraction of hydrogel interaction sites. The 579 

remaining fraction of molecules is free to diffuse in the water phase. Due to dilution, the diffusion 580 

coefficient of such molecules is higher than that of their “bound” analogues. The shift of these 581 

diffusion coefficients over time implies a time-dependent diffusion mechanism, which may be 582 

related to the interactions mentioned above, but was never observed before and remains to be 583 

clarified. Further efforts will also be dedicated to better understand the connection between 584 

diffusion and release mechanisms. These might be different, as indicated by release data fitting. 585 

We believe that further developments of existing release models will be necessary to test this 586 

hypothesis.  587 

Compared to single drug formulations, codelivery profiles show a decrease of the maximum 588 

amount of ethosuximide released from the hydrogel. Once explained, this outcome will possibly 589 

improve our current understanding, adding more options to the development of dual-drug delivery 590 

systems. 591 

 592 

Appendix A. Supplementary data 593 

Supplementary data to this article can be found online. 594 
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