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A B S T R A C T   

The control of the properties and biological activities of chitosan-lysozyme hybrid hydrogels to exploit their 
interesting biomedical applications depends largely on the chitosan acetylation pattern, a difficult parameter to 
control. Herein, we have prepared sulfated chitosan-lysozyme hydrogels as versatile platforms with fine-tuned 
degradability and persistent bactericidal and antioxidant properties. The use of chitosan sulfates instead of 
chitosan has the advantage that the rate and mechanisms of lysozyme release, as well as antibacterial and 
antioxidant activities, depend on the sulfation profile, a structural parameter that is easily controlled by simple 
chemical modifications. Thus, while 6-O-sulfated chitosan hydrogels allow the release of loaded lysozyme in a 
short time (60% in 24 h), due to a high rate of degradation that allows rapid antibiotic and antioxidant activities, 
in 3-O-sulfated systems there is a slow release of lysozyme (80% in 21 days), resulting in long-lasting antibiotic 
and antioxidant activities.   

1. Introduction 

Chitosan hydrogels are three-dimensional (3D) networks formed by 
physical or chemical cross-linking of this sustainable polymer derived 
from abundant renewable resources (Domalik-Pyzik et al., 2019). The 
diverse biological activities of chitosan (analgesic, antitumor, anti- 
inflammatory, antimicrobial, etc.) combined with various bioactive 
properties such as non-toxicity, biodegradability, absorbability and 
others, as well as its excellent ability to form hydrogels, have led to the 
use of this polymer for the preparation of hydrogels for biomedical ap-
plications (Eivazzadeh-Keihan et al., 2022), including drug delivery 
(Peers et al., 2020), tissue engineering (Pita-López et al., 2021), wound 
dressing (Liu et al., 2018a), and so on. Several studies have shown that 
chitosan-based hydrogels further improve their properties when chem-
ically modified by covalent conjugation and/or combined with small 
molecules, other polymers, proteins, nanocomposites, or cells (Nicolle 
et al., 2021; Sanchez-Salvadoret al., 2021; Torkaman et al., 2021). 

Lysozyme, a glycoside hydrolase with high enzymatic specificity for 
the hydrolysis of the glycosidic bonds of chitosan (Tomihata & Ikada, 
1997), is widely used to modulate the properties of chitosan-based 

biomaterials, such as degradation (Lončarević et al., 2017) and to 
improve the profiles of controlled-release drugs (Herdiana et al., 2022). 
In addition, antibacterial films prepared by incorporating lysozyme into 
chitosan were reported not only to retain lysozyme activity but also to 
enhance the antimicrobial ability of lysozyme (Li et al., 2017). This 
enhancement of antibacterial activity was attributed not only to the 
release of lysozyme, but also to a possible synergistic effect between 
chitooligomers and lysozyme obtained after chitosan hydrolysis (Kim 
et al., 2020; Saito et al., 2019). Finally, chitosan and lysozyme represent 
a versatile combination to create porous structures by degrading 
hydrogels. These spaces promote cell proliferation and migration and 
contribute to osteogenic differentiation when mesenchymal stem cells 
are encapsulated in chitosan-lysozyme hydrogels (Kim et al., 2018). 

These results suggest that the strategy of combining lysozyme with 
chitosan may be a promising approach to improve not only the func-
tionalities of chitosan-based hydrogels but also their biomedical appli-
cations. However, despite the above advantages, the combination of 
chitosan and lysozyme in these systems also has important drawbacks. 

On the one hand, the interaction between chitosan and lysozyme 
strongly depends on the degree of acetylation of the chitosan (DA), and 
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low degrees of acetylation have been associated with low affinities be-
tween lysozyme and the polysaccharide (Nordtveit et al., 1996). How-
ever, a high degree of acetylation negatively affects the solubility of 
chitosan, a crucial property not only for handling in the manufacture of 
materials but also for use in biomedical applications (Pillai et al., 2009). 
Moreover, the solubility properties of chitosan depend not only on its 
average degree of acetylation but also on the distribution of acetyl 
groups along the chain, and a block distribution of acetylation residues 
significantly reduces the solubility of the polymer (Kurita et al., 1991). 
Nevertheless, commercial chitosan is mainly prepared by chemical 
deacetylation of chitin under heterogeneous conditions, resulting in 
polymers in which the acetyl groups are distributed in blocks with a 
random acetylation pattern (Weinhold et al., 2009). 

On the other hand, it has been described that the substrate specificity 
of lysozyme with respect to chitosan is related to specific acetylation 
sequences. Lysozyme has a binding site that can accommodate a hex-
asaccharide sequence with three or more acetylated units, whereas it 
does not act on sequences characterized by a lower proportion of acet-
ylated residues (Song et al., 1994). In addition, it is known that chitosan 
with a low degree of deacetylation can act as an inhibitor of lysozyme 
(Vårum et al., 1996). Although better defined, less dispersed chitosan 
with non-random acetylation patterns is already obtained at laboratory 
scale (Cord-Landwehr et al., 2020; Wattjes et al., 2019, 2020), further 
research is needed to develop high-yield- and cost-effective protocols for 
tailoring polymers with specific acetylation sequences. 

Chemical modification of chitosan offers a great opportunity to 
develop solutions for a wide range of biomedical and technological 
applications (Nicolle et al., 2021). In this sense, the modification of 
chitosan with sulfate groups has attracted increasing attention in recent 
decades, as it confers new and attractive physicochemical properties to 
polymers compared to the starting chitosan, as well as interesting 
pharmacological properties and biological activities (Revuelta et al., 
2021). Advances in chemo- and/or regioselective chitosan sulfonation 
and physicochemical characterization (Bedini et al., 2017) have paved 
the way for the development of sulfated chitosan-based entities with a 
wide range of possibilities. Nevertheless, successful process optimization 
and development of these entities is currently only possible by under-
standing how the specific structural properties of chitosan sulfates, 
especially the sulfation profile, determine their functionalities and bio-
logical activities. In this context, one of the most important challenges is 
to identify the role of chemistry, structure, and the understanding and 
use of these roles in biomedical applications. Recent advances in this 
field have focused mainly on deciphering the structural determinants of 
the so-called heparanized chitosans, a very interesting family of poly-
saccharides that have shown the ability to mimic heparan sulfates and 
heparin as ligands of various proteins, thereby exerting their biological 
activity by mimicking the function of these glycosaminoglycans (Don-
cel-Pérez et al., 2018; Revuelta et al., 2020). Morever, some progress has 
been made in the last decade in the binding of lysozyme to chitosan 
sulfates. In particular, regioselectively sulfated chitosans have been 
described to have differential effects not only on their protein binding 
affinity and specificity, but also on lysozyme activity (Wang et al., 2012; 
Yuan et al., 2009). 

Based on the above, we hypothesize that the preparation of hydro-
gels based on chitosan sulfates and lysozyme can be a versatile alter-
native to chitosan-lysozyme backbones. Our hydrogels offer versatile 
platforms with fine-tuned degradability and persistent bactericidal and 
antioxidant properties. The use of chitosan sulfates instead of chitosan 
has the advantage that the rate and mechanisms of lysozyme release, as 
well as antibacterial and antioxidant activities, depend on the profile of 
sulfation along the chains, a structural parameter that, unlike the degree 
of acetylation and the presence of specific acetylation sequences, can be 
easily controlled by simple chemical modifications (Bedini et al., 2017). 
Finally, our study also addresses the question of how the chitosan sulfate 
structures control the behaviour of the hydrogels upon addition of 
lysozyme. 

2. Materials and methods 

2.1. Materials 

Chitosan (CS) (degree of deacetylation 85%; molecular weight 
50–150 kDa) was purchased from IDEBIO, S.L. (Spain) and purified 
before use (Nakal-Chidiac et al., 2020). Briefly, CS (5.0 g) was dissolved 
in a 0.5 M solution of acetic acid in water (1 L), and the solution was 
stirred for 24 h, keeping the pH between 4.0 and 4.5 by adding acetic 
acid as needed. The solution was then filtered to remove undissolved 
particles, and CS was precipitated again with an aqueous NaOH solution 
(10% w/v) until the pH = 8. The resulting suspension was centrifuged 
(15 min, 3900 rpm) and the supernatant was removed, with the 
remaining solid washed with an EtOH/H2O mixture (70:30 v/v → 50:50 
v/v → 30:70 v/v → 0:100) (400 mL). The resulting solid was finally 
resuspended in H2O and lyophilized. All reagents were commercially 
available and were used without further purification. For statistical 
analysis, an unpaired t-test was performed. 

2.2. Synthesis of chitosan sulfates 

We synthesized 2-N-sulfated (2S-CS), 3-O-sulfated (3S-CS), 6-O- 
sulfated (6S-CS), and 3,6-O-disulfated (3,6S-CS) chitosan according to 
previously described procedures (Han et al., 2016; Holme & Perlin, 
1997; Kariya et al., 2000; Zhang et al., 2010). Detailed procedures are 
described in the Supplementary Information. 

2.3. Characterization of chitosan sulfate samples 

1H NMR, 13C NMR and 2D (1H–13C HSQC) spectra were registered 
on a Varian Unity Inova 500 MHz spectrometer. 

The degree of acetylation (DA) was calculated from 1H NMR ac-
cording to the method described by Jiang et al. (2017), using Eq. 1: 

DA (%) =
3 × A2

6 × A1
× 100 (1)  

where A1 are the protons integral values of positions C2–C6 on the sugar 
ring and A2 are the protons integral values of the three N-acetyl protons 
of the N-acetyl-D-glucosamine units. 

The total degree of sulfation (DS) was determined from the sulfur (% 
S) and nitrogen (%N) content determined by elemental analysis using a 
Heraus CHN-O analyzer (Doncel-Pérez et al., 2018), and the calculation 
was performed according to Eq. 2: 

DS =
S%/32.06
N%/14.01

(2) 

ζ-Potentials determinations were performed using a Malvern Zeta-
sizer Nanoseries Nano ZS instrument. Chitosan sulfate samples were 
dissolved at 1 mg/mL in 1 mM NaCl. Three replicates of each sample 
were performed. 

2.4. Preparation of hydrogels 

Hydrogels were prepared according to Akakuru and Isiuku (2017) 
procedure with modifications. Briefly, chitosan sulfate samples (≈1.2 
mmol of repeating unit) were dissolved in 10 mL of 0.5% (v/v) aqueous 
acetic acid at room temperature with constant stirring for 24 h to obtain 
pale yellow viscous solutions. The solutions were then filtered using a 
sintered glass crucible and a 4% (v/v) aqueous glutaraldehyde solution 
was added (1 mL for 6S-CS, 3S-CS and 2S-CS or 2.5 mL for 3,6S-CS). The 
obtained solutions were then poured into Petri dishes and dried over-
night at room temperature to form the crosslinked hydrogels. When the 
hydrogels were semi-dried, they were first washed with an aqueous 1.0 
M NaOH solution and then with H2O until the supernatant had a neutral 
pH. The hydrogels were then cut into small disks with a diameter of 20 
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mm and a height of 2 mm and dried in an oven at 35 ◦C for 48 h to 
completely remove the remaining solvent and obtain xerogel films 
(Alemán et al., 2007) with a thickness between 30 and 45 μm, depending 
on the polysaccharide used (see Fig. S1). 

2.5. Swelling behaviour 

The swelling ratio of the hydrogel was determined by a gravimetric 
method (Kim et al., 2020). The stored hydrogel disks were weighed (Wd) 
and then immersed in 10 mL solutions with different pH values (3.5, 7.2 
and 9.0) for 48 h at 25 ◦C, and then weighed again (Ws). Finally, the 
swelling ratio was quantified using Eq. 3: 

Swelling ratio (S) (%) =

(
Ws − Wd

Wd

)

× 100 (3)  

2.6. Lysozyme absorption into hydrogels 

Xerogel disks (ø = 2 cm) were transferred to a vial containing 2.5 mL 
of lysozyme solution (10 mg/mL) in Tris-HCl 200 mM buffer (pH = 3.5) 
and allowed to adsorb protein for 72 h in a shaker (37 ◦C, 50 rpm). The 
protein solution was removed from the vial and analysed using a 
NanoDrop™ One C microvolume UV-VIS spectrophotometer equipped 
with a Protein A280 application for lysozyme determination which as-
sumes that the molar extinction coefficient of the protein at 280 nm is 
36,000 M− 1 cm− 1. Finally charged-disks were vacuum-dried for 4 h. 

2.7. Lysozyme binding activity of polysaccharides 

The lysozyme binding activity of CS and chitosan sulfates (3,6S-CS, 
2S-CS and 6S-CS) was measured based on the lysozyme–polysaccharides 
flocculation formation activity according to a previously described 
procedure (Yuan et al., 2009). A detailed description of the procedure 
can be found in the Supporting Information. 

2.8. Hydrogels degradation 

The degradation of the hydrogels was analysed using a gravimetric 
method, in which the change in dry weight was measured 7 and 14 days 
after incubation in distilled water. The change in dry weight was 
quantified using Eq. 4: 

Hydrogel degradation (%) =
(Wi − Wt)

Wt
× 100 (4)  

where Wi and Wt indicate the dry weight at the beginning and at the 
respective time points. 

2.9. Morphological observation of hydrogels 

The morphological changes of hydrogels after contact with lysozyme 
were observed by scanning electron microscopy using a Hitachi S-8000 
(Tokyo, Japan) operating in transmission mode at 100 kV on dry 
samples. 

2.10. Releasing of lysozyme from chitosan sulfate hydrogels 

Loaded xerogels were washed with Tris-HCl 200 mM buffer (pH =
7.0) for 5 min and then transferred to a vial containing 2.5 mL of this 
same buffer. The vial was kept in a shaker (37 ◦C, 50 rpm) throughout 
the experiment. The experiments were also performed in water with 
different pH values (3.5 and 9.0). To measure the lysozyme concentra-
tion, 5 μL of the supernatant were taken at different times. The amount 
of lysozyme was determined using the Protein A280 application of the 
NanoDrop™ One C microvolume UV-VIS spectrophotometer. 

The values were fitted to the Korsmeyer-Peppas model according to 
Eq. 5: 

F = Ktn (5)  

where F is the drug release fraction at time t (F = Mt / M∞) in which Mt 
is the drug-released percentage at time t and M∞ is the total drug- 
release percentage. Time has been normalized as t/t∞ where t∞ is the 
total experiment time. The exponent “n” is known as “diffusional 
exponent” and is related to the release mechanism, being obtained from 
the plot of ln (F) versus ln (t). 

2.11. Lysozyme binding to sulfated chitosans by surface plasmon 
resonance (SPR) 

The surface of a CM5 sensor chip (Biacore Inc., GEHealthcare, Bos-
ton, MA, USA) was activated with a freshly mixture of N-hydrox-
ysuccimide (NHS; 100 mM) and 1-(3-(dimethylamino) propyl)- 
ethylcarbodiimide (EDC; 400 mM) (1/1, v/v) in water. Lysozyme (50 
μg/mL) in aqueous NaOAc (10 mM, pH 5.0) was then passed over the 
surface until a ligand density of 7000 RUs was reached. Quenching of the 
remaining active esters was achieved by passing aqueous ethanolamine 
(1.0 M, pH 8.5) over the surface of the chip. The control flow cell was 
activated with NHS and EDC and then treated with ethanolamine. HBS- 
EP buffer (0.01 M HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% poly-
sorbate 20; pH 7.4) was used as the running buffer for immobilization, 
binding, and affinity analysis. A concentration of 1 mg/mL of each 
compound in HBS-EP buffer at a flow rate of 30 μL/min and a temper-
ature of 25 ◦C was used for the experiments. A 30 s injection of aqueous 
NaCl (2.0 M) at a flow rate of 30 μL/min was used for regeneration to 
reach the initial condition. Analysis was performed using BIAcore X100 
analysis software (Biacore Inc., GE Healthcare, Boston, MA, USA). 

2.12. Measurement of lysozyme activity by determination of reducing 
sugars using the 3,5-dinitrosalicylic acid (DNS) method 

Solutions of chitosan sulfates (4% w/v) in H2O (0.5 mL) were mixed 
with 0.5mL of a lysozyme solution (2% w/v) (both solutions were pre-
heated at 50 ◦C for 5min before mixing). After 2, 4, 6, or 24 h of incu-
bation at 50 ◦C, an aliquot of the mixtures (10 μL) was taken and heated 
at 100 ◦C for 8 min to stop the reaction. The mixture was then centri-
fuged and the supernatant was analysed by DNS-assay (Fig. S2) (Gusa-
kov et al., 2011). Briefly, 30 μL of DNS reagent (1 g of 3,5-dinitrosalicylic 
acid, 3 g of sodium/potassium tartrate in 80 mL of 0.5 M NaOH by 
heating and stirring at 70 ◦C) was added to the test aliquot and the 
mixture was incubated in a boiling water bath for 5 min. After cooling to 
room temperature, the absorbance of the supernatant was measured at 
540nm. The A540 values for the substrate and enzyme blank values were 
subtracted from the A540 value for the analysed sample. The substrate 
and enzyme blanks were prepared in the same manner as the analysed 
sample except that 0.5mL of the acetate buffer was added to the sub-
strate (enzyme) solution instead of the enzyme (substrate) solution. 

2.13. Antimicrobial activity 

Fresh cultures of E. coli were grown by suspending one colony from 
the LB -agar culture in 5 mL of sterile LB medium and incubating for 24 h 
at 37 ◦C with constant shaking (136 rpm). Four falcons (50 mL) were 
then inoculated with 5 mL of sterile LB medium with the amount of 
bacterial culture required for an initial OD600 of 0.05. One falcon served 
as a control and was used to determine the total number of colonies in 
the culture. To each of the other three falcons, a lysozyme solution (33 
μL, 0.3 μg/mL) and disks (ø = 2 cm) of xerogel without or with lysozyme 
were added. After incubation at 37 ◦C with constant shaking (90 rpm), 
the growth of the cultures was monitored until the exponential growth 
phase (OD600 of 0.3–0.4) was reached. The obtained bacterial suspen-
sions were serially diluted and different dilutions (10− 4, 10− 5 and 10− 6 

cfu mL− 1) were seeded on nutrient agar to determine the number of 
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viable bacteria and quantify the number of colony forming units (cfu 
mL− 1). Inhibition of colony formation (%) was determined using Eq. 6: 

Inhibition of colony formation (%) =
cfuexp

cfucont
× 100 (6)  

where cfuexp and cfucont indicate cfu mL− 1 of the experimental and 
control groups, respectively. 

The hydrogels were then removed from the falcon tubes and the 
cultures centrifuged at 4000 rpm for 10 min, discarding the pellet. The 
hydrogels and a new lysozyme solution (33 μL, 0.3 μg/mL) were 
returned to the falcons, and the amount of bacterial cultures required for 
an initial OD600 of 0.05 was added, and the procedure described above 
was repeated to determine the number of colony-forming units (cfu 
mL− 1). The same protocol was repeated for 3 consecutive days. 

2.14. Antioxidant activity: DPPH-radical scavenging ability assay 

Disks (ø = 2 cm) of each xerogel without lysozyme were immersed in 
4 mL of 0.1 mM DPPH (2,2-diphenyl-1-picryl-1-hydrazyl-hydrate) 
methanol solution. A 0.1 mM DPPH methanol solution (4 mL) without 
xerogel was used as control. The solutions were kept in the dark and the 
absorbance of the solution at 517 nm was determined at intervals of 1 h 
to 24 h. 

In addition, disks (ø = 2 cm) of each lysozyme-incorporated xerogel 
were immersed in 5 mL Tris-HCl buffer (200 mM; pH = 7.0) and kept in 
a shaker (37 ◦C, 50 rpm) for 72 h. Aliquots of the supernatant solution 
(0.5 mL) were taken at 24 to 72 h intervals and incubated with water 
(0.5 mL) and DPPH (2 mL) at 25 ◦C for 30 min. The concentration of 
DPPH was 120 μM in the test solution. Then, the absorbance of the 
remaining DPPH radical was measured at 517 nm against a blank. 

The scavenging effect was calculated according to Eq. 7: 

Scavenging effect (%) =

[

1 −
Asample 517 nm − Acontrol 517 nm

Ablanck 517 nm

]

× 100 (7)  

where Asample 517nm represents the absorbance of the sample at 517 nm, 
Ablank 517nm represents the absorbance of the blank at 517 nm and 
Acontrol 517nm represents the absorbance of the control (distilled water 
instead of DPPH) at 517 nm. 

3. Results and discussion 

3.1. Synthesis and characterization of chitosan sulfates 

We prepared 2-N-sulfated (2S-CS) (Holme and Perlin, 1997), 3-O- 
sulfated (3S-CS) (Kariya et al., 2000), 6-O-sulfated (6S-CS) (Han et al., 
2016) and 3,6-O-di-sulfated (3,6S-CS) (Zhang et al., 2010) chitosan 
according to previously published procedures. Elemental analysis 
showed that the degree of sulfation (DS) ranged from 0.7 to 1.7 
(Table 1). 

The regioselectivity of the sulfations was analysed by 13C NMR ex-
periments (Fig. 1a and Table 2). After 6-sulfation, the 59.3 ppm signal of 
C6(OH) in chitosan was shifted down to 66.5 ppm in sulfated chitosan, 
representing the 13C signal of C6(SO3

− ) in 6S-CS. On the other hand, the 
appearance of the 73.9 ppm signal C3(SO3

− ) and the partial disappear-
ance of the 69.9 ppm signal C3(OH) indicate that the hydroxyl group at 
C3 in the 3,6S-CS was sulfated. In addition, the complete disappearance 
of the 67.7 ppm signal and the appearance of the 61.4 ppm signal 
C6(OH) indicated that position 6 of 3,6S-CS in the 3S-CS was completely 
6-O-desulfated. Finally, the data shown in Fig. 1a indicated that position 
2 of chitosan in 2S-CS was regioselectively sulfated. 

The ratio of sulfated to non-sulfated residues was determined by 
integrating each array/body of signals with respect to the CH-2 density 
of DEPT-HSQC spectra to estimate the degree of sulfation. 

In doing so, we assumed that the compared signals had similar values 
of the 1JCH coupling constant and that differences of about 5–8 Hz from 

the experimental value did not cause a significant deviation in the in-
tegrated peak volumes (Guerrini et al., 2005). For example, in 3,6-CS, 
the ratio between 6S/6H was determined by integrating the O-6 meth-
ylene signals (δH,C = 4.23/66.6 and 3.86/60.2), sulfated and non-
sulfated glucosamine residues, whereas the ratio between 3S/3H 
(75:25) was calculated by integrating the signals corresponding to the 3- 
sulfated and nonsulfated CH at position 3 (δH,C = 4.28/80.82 and 3.78/ 
72.8) (Fig. 1b). 

4. Preparation and characterization of lysozyme-chitosan 
sulfate hydrogels 

Hydrogels were prepared by the Schiff base method using glutaral-
dehyde as a cross-linking agent (Fig. 2a), and then freeze-dried xerogels 
were loaded with lysozyme samples. To optimize the preparation pro-
cedure, the effects of different parameters (concentrations of chitosan 
sulfate and GA solutions, pH, and temperature) were analysed. The best 
experimental conditions (see Section 2.3) were determined based on the 
swelling ratio, the stability of the hydrogel and the amount of protein 
absorbed. The appearance of the films of chitosan sulfate hydrogels is 
shown in Fig. 2b. 

The swelling capacity of the hydrogels was evaluated by the degree 
of swelling (S). Fig. 2c shows the water absorption behaviour of the 
xerogels at different pH values (3.5, 7.2 and 9.0). The chitosan sulfate- 
based hydrogels described in this manuscript are polyampholitic sys-
tems, due to the presence of amino and sulfate groups, and therefore 
form networks with oppositely charged structures that can change the 
charge state of the ionic groups as a function of pH. Since the swelling 
properties of polyampholite hydrogels are always closely related to the 
overall charge density and its distribution, we selected two pH values to 
observe the response of the hydrogels when the amino groups are in the 
ionized form (NH3

+) (pH = 3.5) or when the amino groups are depro-
tonated (pH = 9.0). 

For the CS hydrogel, the highest degree of swelling was obtained at 
an acidic pH. The easy uptake of the solution in this hydrogel was 
attributed to the protonated chitosan amine under these conditions. 
Thus, when the pH is lower than the pKa of chitosan (pKa ≈ 6.20) (Strand 
et al., 2001), the amino groups in the chitosan structure are in the 
ionized form (NH3

+), which leads to the dissociation of secondary in-
teractions such as intramolecular hydrogen bonds, allowing more water 
to enter the gel network. This effect is not observed when pH is 
increased, as amino groups are deprotonated and repulsion in the 
polymer chains decreases, allowing shrinkage. An opposite effect is 
observed when chitosan sulfate xerogels are swollen. In this case, the 
amino groups, when in ionized form, interact strongly with the sulfonic 
groups (–SO3

− ), whose pKa is nearly 2.60 (Larsson et al., 1981), keeping 

Table 1 
Sulfation of chitosans. 

Polysaccharides R2 R3 R6 Yield DA[a] DS[b]

6S-CS H or Ac H SO3- 80% 8.0 0.8
3,6S-CS H or Ac SO3- SO3- 88% 7.2 1.7
3S-CS H or Ac SO3- H 57% 9.0 0.7
2S-CS H or Ac or SO3- H H 79% 10.5 0.7

Polysaccharides R2 R3 R6 Yield DA[a] DS[b] 

6S-CS H or Ac H SO3
− 80% 8.0 0.8 

3,6S-CS H or Ac SO3
− SO3

− 88% 7.2 1.7 
3S-CS H or Ac SO3

− H 57% 9.0 0.7 
2S-CS H or Ac or SO3

− H H 79% 10.5 0.7  

a Degree of acetylation. Calculated according with reference (Jiang et al., 
2017). 

b Total DSS was determined using elemental analysis. 
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the polymer network shrunk and reducing water uptake. When the pH of 
the medium is increased, the electronic repulsion between the charged 
sulfonic groups causes macromolecular expansion and consequently the 
hydrogels tend to swell more (Durmaz & Okay, 2000; Singh et al., 2011). 

Lysozyme was taken up by static absorption at 10 mg/mL in 1.0 mM 
Tris-HCl buffer (pH = 3.5) until absorption equilibrium was reached 
(≈72 h), and the concentrations of free lysozyme in the supernatant 
were measured (Fig. 3a). Although the amount of sulfate groups appears 
to contribute to the absorption process, the results obtained suggest that 
other parameters may influence the differences in absorption. Previous 
results have shown that the lysozyme/chitosan sulfate binding ratios are 
significantly different depending on the sulfation profile of the poly-
saccharides (Yuan et al., 2009). To address this question, the binding 
behaviour of lysozyme with chitosan and its sulfated derivatives in so-
lution was measured in solution. As shown in Fig. 3b, the 3,6S-CS 
polysaccharide shows the highest binding activity with lysozyme, while 
almost half of the lysozyme binds with 6S-CS. In the case of 2S-CS, it was 
observed that mixing the solutions of polysaccharide and lysozyme does 
not lead to significant flocculation. Although some turbidity is observed, 
the low values of lysozyme binding with 2S-CS could be due to the 
presence of soluble complexes of the polysaccharide with lysozyme, 
which were not identified in the experiment. A low binding value was 
observed with 3S-CS and CS. The latter was attributed to the low acet-
ylation degree of the chitosan used, a crucial parameter for the binding 
of lysozyme to chitosan (Nordtveit et al., 1996). Finally, although the 
polysaccharide with the highest degree of sulfation (3,6S-CS; DS = 1.7) 
showed the highest binding capacity with lysozyme, the different 
binding capacities observed for the different monosulfated derivatives 

(with similar degrees of sulfation) suggest that DS is not the key factor 
involved in the binding of polysaccharides with lysozyme such as the 
sulfation profile along the chain. 

The mass loss (%) of the hydrogels over time was determined as a 
measure of degradation (Fig. 3c). Measurable differences in mass were 
observed depending on the sulfation profile of the polysaccharides used 
to prepare the hydrogels. For example, the presence of sulfate groups at 
positions 6 or 2 significantly accelerated the rate of degradation, and 
after 7 days, approximately 60% and 40% of the mass was lost for the 
6S-CS and 2S-CS hydrogels, respectively, and at the end of the study (14 
days), 80% and 60% of the gel mass was lost for both hydrogels. In 
contrast, the hydrogels CS, 3,6S-CS and 3S-CS retained 85%, 75%, and 
60%, of their weight respectively, by day 14. The degradation of the 
hydrogels was examined using cryo-SEM. As shown in Fig. 3d, different 
pores form in the hydrogel scaffold during lysozyme-mediated degra-
dation. On day 0, both hydrogels (3S-CS and 2S-CS) had comparable 
pore sizes and size distributions. However, on day 7, although the 
average pore sizes and size distributions increased for both hydrogels, 
the 2S-CS hydrogel showed a greater increase in pore size than the 3S-CS 
hydrogel, which was attributed to the greater degradation of the first 
hydrogel due to the increase in the amount of lysozyme in the hydrogel. 

5. In vitro lysozyme release 

Fig. 4a shows the cumulative total release of lysozyme as a function 
of time under neutral conditions (pH = 7.4) for chitosan and chitosan 
sulfate hydrogels. As can be observed, lysozyme release varies depend-
ing on the hydrogel used. There are many mechanisms by which drug 

Fig. 1. Characterization of chitosan sulfates. (a) Key regions of the 13C NMR spectra of the polysaccharides 6S-CS, 3,6S-CS, 3S-CS, and 2S-CS (b) Essential region of 
the DEPT-HSQC spectra of 3,6S-CS. The densities in the colour boxes were integrated to estimate the degree of sulfation: 6-position (dashed red line) and 3-position 
(solid green line). 

Table 2 
Key signals of 13C NMR spectra of chitosan and chitosan sulfates.  

Polysaccharides Positions 

C2(NH2) C2(NHSO3
− ) C3(OH) C3(SO3

− ) C6(OH) C6(SO3
− ) 

CS  55.2 – 69.8 – 59.3 – 
6S-CS  55.9 – 69.9 – 60.2 66.5 
3,6S-CS  57.2 – – 73.9 – 67.7 
3S-CS  57.0 – – 71.3 61.4 – 
2S-CS  56.7 63.5 74.5 – 61.8 –  
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release can be controlled in a system: Dissolution, diffusion, osmosis, 
partitioning, swelling, degradation, and binding affinity (Bruschi, 
2015). 

Since our hydrogels were designed with specific ligands for lysozyme 
recognition, their binding affinities, which depend on the molecular 
structure of the polysaccharide, could determine the release rate of 
lysozyme (Yuan et al., 2009). In addition, the incorporated lysozyme 
could trigger the hydrolysis of the chitosan sulfate, leading to the 
degradation of the hydrogel and consequent release of the protein 
(Wang et al., 2012). Finally, it is important to consider that the release of 
the entrapped lysozyme largely depends on the degree of swelling of the 
hydrogel. These mechanisms are illustrated in Fig. 4b. 

Incubation of the hydrogel 6S-CS resulted in a biphasic release of 
lysozyme. Thus, a relatively slow release was observed during the first 
hours, while a sharp increase in the released lysozyme was observed 

after this period. This result could be attributed to an increase in the 
hydrolytic activity of lysozyme after this period. To clarify this behav-
iour, lysozyme release was analysed at different pH values. When the 
hydrogel was incubated at a pH of 3.5, only about 15% release was 
observed after 6 h, whereas at a pH of 9.2, about 82% release was 
observed after 4 h (Fig. 4c). Considering that chicken egg white lyso-
zyme, the enzyme used in the manuscript, is active in a pH range of 
6.0–10.0 and that maximum activity is observed at pH 9.2, it seems clear 
that the release of lysozyme in 6S-CS hydrogels could be regulated by 
the degradation of the hydrogel chains and, consequently, a 
degradation-controlled release would be the main mechanism for lyso-
zyme release from these hydrogels. 

A biphasic release was also observed for the hydrogel 2S-CS. This 
hydrogel showed a burst release of about 10% after 6 h, followed by a 
slow release of about 31% on day 6. After this period, an increase in the 

Fig. 2. (a) Molecular structure of cross-linked chitosan sulfate molecules (left) and schematic representation of chitosan sulfate hydrogel networks formed by 
chemical cross-linking (right). (b) Overall view of chitosan sulfate hydrogels. (c) Swelling ratio of hydrogels calculated by the ratio of wet and dry weights of 
hydrogels for 48 h at different pH values (3.5, 7.2, and 9.0). Swelling ratios are the average of three replicates and standard deviation are shown. (d) Macroscopic 
observation of hydrogel swelling over 48 h. 
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amount of lysozyme released is observed. This behaviour could be 
related to the intrinsic structural properties of the 2S-CS poly-
saccharides. While the other polysaccharides have a N substitution de-
gree of about 15%, this degree reaches values of 85% for 2S-CS. As a 
result, the available free amino groups are much lower, leading to a 
lower crosslink density in the formed network. Considering that 
hydrogels with a higher degree of crosslinking degrade more slowly than 
hydrogels with a lower degree of crosslinking (Jeon et al., 2007), 
possible erosion/degradation of the hydrogel over time could be the 
reason for the observed behaviour. 

In contrast, in 3,6S-CS hydrogels, less than 2% of the encapsulated 
lysozyme was released within 10 days, indicating that the lysozyme is 
almost completely entrapped in the hydrogel matrix. This suggests that 
the release of lysozyme in this case is mainly due to a reaction-diffusion 
mechanism in which the concentrations of free and bound lysozyme are 
determined by the equilibrium binding affinity between lysozyme and 
3,6S-CS. Finally, for the hydrogels 3S-CS and CS, after a burst release of 
about 10% and 7%, respectively, at 3 h, a slow release of 41% and 15% 
of the total charge was observed after 11 days. 

After this period, lysozyme continued to be released (data not 
shown). After 21 days of incubation, more than 80% of the loaded 
lysozyme was released in the 2S-CS and 3S-CS hydrogels, whereas in the 
CS and 3,6S-CS hydrogels the cumulative drug release was approxi-
mately 20% and 5%, respectively. 

To further elucidate the mechanisms hypothesised for each hydrogel, 
additional experiments were performed. First, the binding affinity be-
tween the polysaccharides and lysozyme was analysed by surface plas-
mon resonance (SPR) (Fig. 5a), and second, the hydrolytic activity of the 
enzyme towards different polysaccharides was measured (Fig. 5b). The 
highest binding affinity was observed for 3,6S-CS, which was about 1.2 
and 1.5 times greater than that for 6S-CS and 2S-CS, respectively, while 
the binding affinity for 3S-CS and CS was only about 16% and 4%, 
respectively, of that of 6S-CS. In addition, all lysozyme samples bound to 

chitosan and its sulfated derivatives appeared to show lytic activity after 
incubation, although the results varied greatly depending on the poly-
saccharide used. Thus, the lytic activities of the lysozyme bound to 6S- 
CS and 3S-CS were much higher than those bound to the poly-
saccharides 3,6S-CS and 2S-CS, based on the increase in reducing ends 
observed after 24 h of incubation (1000% and 750% increase for 6S-CS 
and for 3S-CS versus 180% and 350% for 3,6S-CS and 2S-CS). The 
analysis of reducing sugars by DNS-assay was used as an indirect method 
for the determination of lysozyme activity, because these reducing 
sugars are formed by the enzymatic cleavage of the glycosidic bond 
between two glucosamine-chitosan units (McKee, 2017). In this method, 
the aldehyde functional group of the reducing end of the polysaccharide 
is oxidized to a carboxyl group, and in the process the yellow 3,5-dintro-
salicylic acid compound is reduced to 3-amino, 5-nitrosalicylic acid, 
which has a reddish-brown colour and can be detected by measuring 
UV-absorbance of the solution. 

These results suggest that although lysozyme recognizes all sulfated 
polysaccharides, only 6- and 3-sulfation allows a productive binding 
mode, whereas nonproductive binding occurs when 3,6S-CS and 2S-CS 
are combined with lysozyme. Previous studies have suggested that 
although the net electrical charge density of the surface (estimated by 
measuring the ζ-potential) drives the initial interaction between chito-
san sulfates and proteins (Doncel-Pérez et al., 2018; Yuan et al., 2009), 
the unique properties of each protein-chitosan sulfate complex are 
determined by other polysaccharide features, such as the conforma-
tional fit of the polysaccharide to the protein active site (Revuelta et al., 
2020). Thus, the ability of 3,6S-CS and 2S-CS to bind lysozyme could be 
explained by the fact that both have the highest net charge on the sur-
face, as shown by their ζ-potential values (Fig. 5c). However, the 
observed low lysozyme activity suggests that these polysaccharides 
(3,6S-CS and 2S-CS), unlike 6S-CS and 3S-CS, would not allow the 
molecular conformational adjustment required after the initial ionic 
interaction. Finally, it is important to note that the sulfate group at 

Fig. 3. (a) Quantification of lysozyme loaded in the hydrogels. (b) Binding curves of chitosan sulfates (3,6S-CS, 2S-CS, 6S-CS, and 3S-CS) and CS with lysozyme. (c) 
Degradation kinetics of hydrogels for 7 and 14 days by measuring dry weight. (d) Morphological observations of 2S-CS (left) and 3S-CS (right) hydrogels by cryo-SEM 
at days 0 (top) and 7 (bottom). In Fig. 3a, b and c the shown values are the average of three replicates and standard deviations are shown. 
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position 3 of chitosan (3S-CS) significantly decreases the binding affinity 
(Fig. 5a) but has little effect on the activity of the bound lysozyme 
(Fig. 5b). Thus, it appears that lysozyme bound to any of the poly-
saccharides exhibits high hydrolytic activity regardless of how strong or 
weak the interaction of lysozyme with 6S-CS and 3S-CS polysaccharides 
is. Finally, the results show no correlation between the activity of 
lysozyme and the degree of sulfation, since no differences in activity are 
observed between the most sulfated derivative (3,6S-CS) and the 
unsulfated CS. Moreover, the monosulfated derivatives exhibit different 
activities despite their similar degree of sulfation. These results are 
consistent with observations previously made by other authors (Wang 
et al., 2012). 

These results correlated well with the release behaviour of lysozyme 
observed with different hydrogels (see Fig. 4a). Consistent with the high 
hydrolytic activity observed for lysozyme after binding to 6S-CS, it is 
plausible to assume that the network structure retains the shape of the 
native polysaccharide and allows lysozyme to efficiently hydrolyze the 
hydrogel chains after productive binding, consistent with the previously 
proposed degradation-controlled release mechanism. A similar mecha-
nism could be attributed to protein release in hydrogel based on 3S-CS. 
In contrast, for hydrogels based on 3,6S-CS and in agreement with the 

low hydrolytic activity observed for the di-sulfated chitosan-lysozyme 
complex, it is reasonable to assume that the release mechanism of 
lysozyme could be controlled by the equilibrium binding affinity be-
tween lysozyme and 3,6S-CS. Since the concentration gradient of the 
protein is directly determined by its free state, the strong binding re-
action between the polysaccharide and lysozyme means that the amount 
of protein released is very small because it is almost completely 
entrapped in the hydrogel matrix. A similar release mechanism was 
proposed for the hydrogel 2S-CS. However, in this hydrogel, protein 
release could be more efficient due to the lower affinity for lysozyme-2S- 
CS binding and the high amount of free protein in binding equilibrium. 
In both cases, the addition of a high concentration of NaCl promoted the 
release of lysozyme by disrupting the ionic interactions. As shown in 
Fig. 5d, complete removal of lysozyme from 3,6S-CS was observed only 
when a 1.0 M NaCl solution was used, whereas in the 2S-CS hydrogel, 
removal was observed when a 0.5 M NaCl solution was used, which 
could be due to differences in the strength of ionic interactions in each 
case. 

The results described above suggest that the process of release of 
lysozyme from the developed hydrogels is the result of a combination of 
different mechanisms due to the presence of various physicochemical 

Fig. 4. (a) Lysozyme release profile for chitosan and chitosan sulfate hydrogels; (b) proposed lysozyme release mechanisms for the hydrogels prepared here; (c) 
lysozyme release profile for 6S-CS hydrogels at different pH values; (d) macroscopic observation of hydrogels degradation with lysozyme modification for 7 days. 
Scale bar is 5 mm. Release data are the average of three replicates and standard deviation are shown. 
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phenomena (diffusion, swelling, and/or erosion/degradation of the 
matrix). Although it is difficult to find a mathematical model that de-
scribes all the processes that occur, the Korsmeyer-Peppas model has 
been widely used for systems in which different release mechanisms 
interact (Korsmeyer et al., 1983; Ilgin et al., 2019). Table 3 shows the 
estimated parameters after fitting the Korsmeyer-Peppas model to the 
experimental data. This model uses the value of the release exponent (n), 
which is the slope of a plot of ln cumulative release versus ln time. When 
n is 0.5 or less, the release mechanism is theoretically assumed to follow 
Fick's diffusion for thin films such as the hydrogels prepared here, where 
drug release occurs by the usual molecular diffusion of a concentration 
gradient. Higher values of n between 0.5 and 0.1 indicate non-Fickian or 
anomalous transport, where release is controlled by a combination of 
diffusion and erosion/degradation of the hydrogel. When n reaches a 
value of 1.0 or more, the mechanism of release is mainly due to erosion/ 
degradation of the hydrogel (Lao et al., 2011). 

As shown in Table 3, application of the lysozyme release data to the 
Korsmeyer-Peppas model and regression analysis resulted in good fit 
with coefficients of determination (r2) greater than 0.94 in all cases. The 
values for the release exponent (n) were 0.105, 0.258, and 0.392 for CS, 
3S-CS, and 3,6S-CS hydrogels, respectively. This indicates that the 
release of lysozyme from each hydrogel after the initial burst (estimated 

in 6 h) was controlled by Fick's diffusion through the hydrated matrix. 
However, for the hydrogel 2S-CS, the value of n was 0.66, indicating that 
hydrogel degradation cannot be disregarded, although Fick's diffusion is 
still important. Finally, in the case of the hydrogel 6S-CS, the value of n 
was 2.50, indicating that the release is completely controlled by the 
degradation of the network. These results, on the one hand, confirm the 
existence of different release mechanisms depending on the sulfation 
profile of the chitosan and, on the other hand, are consistent with the 
proposed mechanism for each hydrogel based on the experimental data. 

6. Antimicrobial activity 

The antimicrobial activities of the hydrogels against E. coli strain K12 
were evaluated by quantifying the number of colony-forming units (cfu 
mL− 1) of a culture after treatment with the different hydrogels (Fig. S3). 
As shown in Fig. 6a, all hydrogels without lysozyme showed activity 
against E. coli. After 24 h of incubation, the inhibition of bacterial 
growth for the hydrogels based on CS was 32%. This inhibition value 
increased to 47% and 35% when 3,6- and 6-sulfated chitosan hydrogels 
were analysed, whereas lower inhibition values (25% and 5%, respec-
tively) were obtained for hydrogels based on 3S-CS and 2S-CS). 

Inhibition of bacterial growth in CS based hydrogels can be explained 
by their cationic nature. The interaction of cationic polysaccharides such 
as chitosan with the negatively charged cell wall of bacteria has been 
described, resulting in increased cell permeability, decreased cell wall 
integrity, and subsequent leakage of intracellular proteases and other 
components (Matica et al., 2019). For chitosan sulfates, it seems clear 
that anionic polysaccharides are unlikely to bind to the negatively 
charged surface of microorganisms through electrostatic interactions. In 
recent decades, it has been proposed that bacteria utilize heparan sulfate 
proteoglycans present on the extracellular matrix to facilitate cell 
adherence, attachment, and invasion and to evade defense mechanisms 
(Rostand & Esko, 1997). In particular, heparan sulfates appear to bind 
bacteria via adhesins, macromolecular components of the bacterial cell 

Fig. 5. (a) Binding affinity between polysaccharides and lysozyme analysed by SPR; (b) lytic activity of lysozyme against chitosan and chitosan sulfates determined 
by measuring the reducing ends; (c) ζ-potential values. Values for the degree of sulfation are shown below. (d) Release of lysozyme from hydrogels in NaCl solutions. 
In Fig. 5b, c and d the shown values are the average of three replicates and standard deviations are shown. 

Table 3 
Values for lysozyme-release profile according to Korsmeyer-Peppas kinetic 
model.   

Hydrogel 

2S-CS 3,6S-CS 3S-CS CS 6-CS 

na 0.66 0.39 0.25 0.10 2.50 
r2 0.948 0.956 0.962 0.943 0.97 
Kp(h− 1)b 1.66 ×

10− 2 
1.69 ×
10− 2 

1.62 ×
10− 2 

1.72 ×
10− 2 

7.8 ×
10− 2  

a Release exponent describing the transport mechanism. 
b Constant describing the drug-sample interaction. 
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surface that interact with specific target receptors on the host cell 
(García et al., 2014). On this basis, sulfated polysaccharides in general 
and chitosan sulfates in particular could target bacterial surface proteins 
and inhibit the infection process (Liu et al., 2020; Tziveleka et al., 2018). 
Although further studies are needed, this mechanism could explain the 
different behaviour observed depending on the sulfation profile of the 
polysaccharide used to prepare the hydrogel, considering that the sul-
fation profile could be particularly relevant for the ionic binding be-
tween the chitosan sulfates and the bacterial surface proteins, as is the 
case when these polysaccharides are used as heparanized chitosans 
mimicking the natural heparan sulfates (Doncel-Pérez et al., 2018; 
Revuelta et al., 2020, 2021). 

All lysozyme-incorporated hydrogels were significantly more effec-
tive than hydrogels without lysozyme (Fig. 6b). This increase in anti-
biotic activity can be attributed to several causes, such as the release of 
lysozyme, the degradation of the hydrogel by the incorporation of 
lysozyme, or the change in antibacterial properties of lysozyme when 
conjugated to the polysaccharides. 

Lysozyme (2.0 mg) used as a control inhibited bacterial growth by 
approximately 12%. The synergistic effect of lysozyme on chitosan- 
based hydrogels on antimicrobial activity has been described previ-
ously and is attributed to a strong surfactant activity of the lysozyme- 
chitosan conjugate, causing outer membrane disruption and subse-
quent lysis of the peptidoglycan layer of Gram-negative bacteria (Song 
et al., 2002; Tan et al., 2014). Thus, one explanation for the observed 
effect of the lysozyme-incorporated CS hydrogel could be that the strong 
surfactant activity of the lysozyme-chitosan conjugate on the hydrogel 
surface causes destruction of the outer membrane and subsequent lysis 
of the peptidoglycan. 

Although the exact mechanism of the observed antibacterial effect of 
chitosan sulfate-based hydrogels is not fully understood, two alternative 

mechanisms for the antibacterial effect of hydrogels have been proposed 
based on the results obtained (Fig. 6c). 

Previous studies have reported that binding of chitosan sulfates to 
lysozyme can significantly alter the specific hydrolytic activity of the 
enzyme with bacterial cell wall components (Wang et al., 2012). The 
increase in activity observed for 3,6-disulfated chitosan-lysozyme 
complexes may be the origin of the behaviour observed for 3,6S-CS 
lysozyme-incorporated hydrogel. Although the estimated release of 
lysozyme in 24 h was 10 fold lower than that of the control (0.2 mg 
versus 2.0 mg), a higher inhibitory effect was observed (15% for the 
hydrogel versus 12% for the control). In this context, lysozyme could 
specifically bind to 3,6S-CS on the hydrogel surface, leading to the 
formation of a polysaccharide-lysozyme complex with higher specific 
hydrolytic activity with bacterial cell wall components than free lyso-
zyme (Tan et al., 2014). 

The stronger effect of lysozyme was shown in 6S-CS, 2S-CS and 3S- 
CS hydrogels. In these, lysozyme cleaves the polysaccharide chains, 
leading not only to degradation of the gel network (see Fig. 3c), but also 
to the release of significant amounts of lysozyme (see Fig. 4a), which 
could be the cause of inhibition of bacterial growth. However, the 
observed antibacterial activities for these hydrogels did not correspond 
in every case to the superposition effect stimulated by the hydrogels 
without enzyme and the released lysozyme, with the exception of the 2S- 
CS hydrogel. For example, for the 3S-CS hydrogel the inhibitory effect 
was more than twice that of the lysozyme control (26% and 12%, 
respectively), although the estimated amount of lysozyme released into 
the hydrogel within 24 h was the same that used as the control (2 mg). In 
contrast, for the hydrogel 6S-CS, the increase in observed activity was 
relatively small despite the large amount of lysozyme released. One 
possible explanation could be that lysozyme-mediated hydrogel degra-
dation leads to the formation of lysozyme-chitosan-sulfate complexes, 

Fig. 6. (a) Percent cfu inhibition of hydrogels without lysozyme; (b) comparison of percent cfu inhibition of hydrogels without lysozyme (shown in light) and 
lysozyme-incorporated hydrogels (shown in dark). The increase in inhibition after lysozyme incorporation is shown to the left of each bar. Kanamycin A (50 μg/mL) 
was used as positive control; (c) proposed mechanisms of antibiotic action of hydrogels; (d) percentage cfu inhibition between 48 h and 72 h. *P < 0.001 (n = 3); **P 
< 0.05 (n = 3). 
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which have different antibacterial properties depending on the effects of 
the different sulfated chitosans on lysozyme activity (Aminlari et al., 
2014; Saito et al., 2019; Wang et al., 2012). 

For the 6S-CS, 2S-CS, and 3S-CS hydrogels, antibiotic activity could 
be attributed to the enzymatic activity of lysozyme bound to the prod-
ucts of lysozyme-mediated degradation of the hydrogel. For 2S-CS, this 
activity remains almost similar to the native protein after lysozyme 
binding to 2-O-sulfated chains, whereas for 6S-CS, it decreases signifi-
cantly after binding to 6-O-sulfated chains. In contrast, a synergistic 
antibacterial effect is observed with 3S-CS. Binding of 3S-CS chains to 
lysozyme not only maintains but even enhances the catalytic activity of 
lysozyme, allowing efficient digestion of bacterial cell walls. 

Finally, the antibacterial efficacy of hydrogels was investigated over 
a longer period of time. For this purpose, the hydrogels were incubated 
for 48 h. After this incubation, the hydrogels were incubated again for 
24 h in a new bacterial culture. As can be seen in Fig. 6d, all hydrogels 
retained their efficacy after three days, with different behaviors 
depending on the hydrogel analysed. The best sustained antibacterial 
activities were observed for the hydrogels 2S-CS, 3S-CS and 6S-CS 
(45%, 29%, and 26%, respectively) and could be due to the progressive 
lysozyme-mediated hydrogel degradation and subsequent release of 
lysozyme-chitosan sulfate complexes. 

In this way, our systems provide not only versatile platforms with 
tunable properties, such as the rate and mechanism of lysozyme release, 
but also a potential strategy to enhance the antibiotic activity of lyso-
zyme against Gram-negative bacteria, such as E. coli, bacteria in which 
lysozyme is less active due to the different structure of their cell wall 
compared to Gram-positive bacteria (Liu et al., 2018b). 

7. Antioxidant activity 

The antioxidant activity of the hydrogels was analysed using a DPPH 
radical scavenging assay (Chen et al., 2021). Sulfated CS hydrogels 
showed greater antioxidant activity than CS hydrogel (Fig. 7a). Previous 
studies have shown that the degree of sulfation is an important param-
eter for the antioxidant activity of polysaccharides (Chen & Huang, 
2019; Zhong et al., 2019). Moreover, in regioselective sulfated de-
rivatives, the best antioxidant effects were observed when 3,6-disulfated 
chitosan was used (Seedevi et al., 2017; Xing et al., 2005). 

Based on the generally accepted notion that the DPPH free radical 
scavenging by antioxidants is due to their ability as hydrogen donating 
(Chen & Ho, 1995) and although the mechanism of sulfated chitosans on 
DPPH should be further investigated, a possible explanation for the 
differences observed here could be the strong ability of hydrogel 3,6S- 

CS to donate hydrogen compared with the other hydrogels. As can be 
seen in Fig. 7a, the activity of the hydrogels in scavenging DPPH radicals 
increased with time. The longest time could lead to more active groups 
hiding inside the hydrogel being exposed to DPPH, which facilitates 
DPPH radical scavenging (Zhang et al., 2020). 

When hydrogels with lysozyme were analysed, the antioxidant ac-
tivity of CS and 3,6S-CS was similar to that of hydrogels without lyso-
zyme. However, a different behaviour was observed when the 
antioxidant activities of 3S-CS, 2S-CS, and 6S-CS were measured. In all 
cases, a significant decrease was observed as time progressed, possibly 
due to lysozyme-mediated degradation of the hydrogel (results not 
shown). 

To gain insight into this behaviour, the antioxidant activity of the 
supernatants released from the gel was analysed. As can be seen in 
Fig. 7b, a small scavenging effect for DPPH was observed for CS and 
3,6S-CS, while for 6S-CS, 2S-CS, and 3S-CS the supernatants released 
from the hydrogels showed greater antioxidant activity compared to the 
hydrogels. Previous studies have shown that the DPPH radical scav-
enging activity of chitosan and its derivatives increases with decreasing 
molecular weight (Avelelas et al., 2019; Kim & Thomas, 2007; Yen et al., 
2008). Among the chitosan sulfate derivatives, those with low molecular 
weight are generally described as more potent antioxidants, which may 
be due to the ability of these polysaccharides to adopt more ordered and 
extended structures, as we have previously described (Revuelta et al., 
2020). 

Based on these previous results, it is reasonable to assume that 
lysozyme-mediated degradation of the hydrogel resulted in the leaching 
of smaller polysaccharide fragments, whose antioxidant activity is more 
pronounced because of the greater accessibility of the reactive groups 
compared with the less accessible reactive groups inside the hydrogel. 
The presence of these fragments in the leachate was confirmed by the 
DMMB assay (Fig. S4). Finally, the sulfation site seems to be of great 
importance for the antioxidant activity of chitosan sulfate (Xing et al., 
2005). On the one hand, and considering that the antioxidant activity of 
chitooligomers and their derivatives is related to the amount and ac-
tivity of the hydroxyl group at C-6 and even more to the amino group at 
C2 of the chitosan molecule (Xie et al., 2001), the substitution of these 
functional groups in 6S-CS and 2S-CS by sulfate groups may decrease 
the amount of active amino and hydroxyl groups in the polymer chains. 
In contrast, sulfation of the hydroxyl group at C-3 can partially destroy 
the inter- and intramolecular interactions of chitosan, resulting in a 
more ordered and extended structure that could exert the observed high 
activity. A similar correlation between antioxidant activities and sulfa-
tion site has already been observed by other authors (Seedevi et al., 

Fig. 7. (a) Scavenging activity of hydrogels without lysozyme after 1, 8 and 24 h; (b) scavenging activity of supernatants after release of lysozyme after 24 and 72 h. 
Galleic acid (100 mg/mL) and MeOH (50% v/v) have been employed as positive and negative controls respectively. *P < 0.001 (n = 3); **P < 0.05 (n = 3). 
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2017; Xing et al., 2005). 

8. Conclusions 

In summary, hydrogels have been prepared based on 2-O-sulfated, 3- 
O-sulfated, 6-O-sulfated, and 3,6-O-disulfated chitosans (CS) and lyso-
zyme. Our study has shown that in these hydrogels, sulfate position 
along the chitosan chain is the key factor that modulates the behaviour 
of the hydrogels and provides a versatile platform with fine-tuned de-
gradability and sustained antibiotic and antioxidant activities. Thus, the 
release of lysozyme in 6S-CS hydrogels could be regulated by the 
degradation of the hydrogel chains, but in this case of 3,6S-CS hydrogels 
— which have the highest affinity for lysozyme — the release of lyso-
zyme is mainly controlled by a reaction-diffusion mechanism. On the 
other hand, the lytic activity of the lysozyme bound on 6S-CS and 3S-CS 
were much higher than that on the polysaccharides 3,6S-CS and 2S-CS. 
As for the antioxidant activity, CS and 3,6S-CS hydrogels with lysozyme 
showed similar activity to that of hydrogels without lysozyme and 
significantly higher than the antioxidant activity of 3S-CS, 2S-CS and 6S- 
CS hydrogels with lysozyme. 

Therefore, in the hydrogels we developed, both the rate and mech-
anism of lysozyme release and the antibacterial and antioxidant activ-
ities depend only on the positioning of sulfate groups along the chitosan 
chains, a structural parameter that, unlike the degree and pattern of 
acetylation, is easily controlled by rapid, inexpensive, simple, and pre-
cise chemical modifications. The presented results indicate that the 
strategy of combining lysozyme with chitosan sulfates is a promising 
approach that greatly improves the versatility of current chitosan- 
lysozyme scaffolds. 

Finally, and given the structural and functional similarities of chi-
tosan sulfate with heparan sulfates that allow them to affect and 
modulate both cell morphology and function, thus controlling their 
proliferation and/or differentiation (Doncel-Pérez et al., 2018; Revuelta 
et al., 2021), the scaffolds prepared in this manuscript are promising for 
a range of tissue engineering applications (Zeng et al., 2019; Dinoro 
et al., 2019). However, studies still need to be conducted to determine 
the safety of the new hydrogels and evaluate their mechanical proper-
ties, among other things. Nevertheless, it is worth noting that previous 
studies have shown that chitosan-lysozyme hybrid hydrogels crosslinked 
with glutaraldehyde are not cytotoxic materials (Kim et al., 2018). 
Together with the non-cytotoxic effects observed for chitosan sulfates 
(Revuelta et al., 2020), this suggests good safety of our systems. More-
over, the chitosan sulfate-based hydrogels prepared in this manuscript 
exhibited elastic modulus values that are in the range of other hydrogels 
that have demonstrated their applicability in the development of scaf-
folds for tissue engineering (Chen et al., 2013; Markert et al., 2013). 

CRediT authorship contribution statement 

Antonio Aguanell: Investigation, Methodology, Formal analysis. 
María Luisa del Pozo: Investigation, Methodology, Formal analysis. 
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