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A B S T R A C T

Liver extracellular matrix-based models that precisely reproduce liver physiology and functions are required as 
3D culture microenvironments for multiple applications in toxicology and metabolism, or for understanding the 
mechanisms implicated in liver disease. We introduced injectable gelatin-chondroitin sulphate (Gel/CS) 
hydrogels for culturing HepG2 cells, and evaluated the mechanical properties and functionality of cells in 
different Gel/CS compositions. The Gel/CS hydrogels exhibited soft mechanical properties and allowed the 
HepG2 culture. The characterisation and comparison of 3D cultures to standard monolayer systems revealed the 
regulation of key hepatic markers (i.e. CYP3A4, GSTA1) when cells were cultured in the Gel/CS hydrogels 
compared to 2D cultures, and also enhanced urea and albumin production, which would indicate increased cells 
functionality. This study underpins 3D in vitro models based on the Gel/CS hydrogels that can be used for 
different hepatology applications by offering increased predictivity and physiological relevance compared to 
current in vitro models.

1. Introduction

The liver is a vital organ whose major functions include metabolic 
regulation, detoxification, immune functions and synthesis of vital 
proteins like albumin [1]. The liver is composed of various cell types. 
Hepatocytes are the main cell type, perform the majority of hepatic 
functions and account for approximately 80 % of the liver cell mass. 
Additionally, there are non-parenchymal cells (Kupffer cells, hepatic 
stellate cells and sinusoidal endothelial cells) that ensure proper liver 
functioning [2].

Liver in vitro models attempt to mimic liver functions to provide 
insights into drug metabolism and toxicity, or for understanding the 
mechanisms implicated in liver diseases, by reducing the need for ani
mal testing. Presently, the “gold standard” in vitro model is the two- 

dimensional (2D) culture of primary human hepatocytes (PHHs) [3,4]. 
However, PHHs cultured in 2D dedifferentiate within hours and lose 
their polarity and key functions, such as albumin production or cyto
chrome P450 (CYP) activity, which leads to limited predictive models 
[4,5]. To improve the performance of classic in vitro models, three- 
dimensional (3D) manufacturing techniques have been introduced to 
mimic the spatial arrangement of cells and interactions with the extra
cellular microenvironment, including the liver extracellular matrix 
(ECM) [6].

Liver cells are functionally organised in the ECM, which is composed 
mainly of collagen type I in combination with proteoglycans and gly
cosaminoglycans, such as hyaluronic acid or chondroitin sulphate (CS) 
[1,2,7]. Of the different proposed 3D systems, hydrogels offer a highly 
hydrated environment like native tissue, fast gelation times and tunable 
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viscoelastic properties, which allow them to be scalable for bioprinting 
techniques if they are injectable, and to ensure homogeneous cell 
encapsulation [8,9].

In an attempt to mimic the liver ECM, gelatin (Gel) has been used as 
an alternative to collagen because it avoids the disadvantages linked 
with complex handling and the high cost of collagen [10]. Moreover, Gel 
promotes cell-adhesion through the Arg-Gly-Asp (RGD) sequence 
[11,12], and the hepatic cells encapsulated in Gel have shown increased 
expression of cytochromes and albumin and urea production compared 
to 2D [13,14]. Previously, our group showed that the Gel and hyaluronic 
acid combination for the culture of liver cells resulted in improved 
functionality of both HepG2 cells and PHHs [15]. CS has been involved 
in several important biological functions, such as proliferation, inflam
mation or tissue repair [16] and has been also described to play a role in 
liver disease [17]. The combination of Gel hydrogels with glycosami
noglycans like CS for liver in vitro studies has not been profoundly 
explored. Hence, we studied the effect of CS on the physico-chemical 
properties of tyramined Gel/CS hydrogels and its biological impact on 
encapsulated liver cells.

2. Materials and methods

2.1. Materials

Gel from porcine skin (gel strength 300, Type A), chondroitin sul
phate (sodium salt) from shark cartilage, tyramine hydrochloride, so
dium chloride, 2-(N-Morpholino)ethanesulfonic acid (MES), N- 
Hydroxysuccinimide (NHS), horseradish peroxidase (HRP), hydrogen 
peroxide (H2O2, 30 %, w/w in water), bovine serum albumin (BSA), 
ammonium chloride (NH4Cl), saline HEPES and TRI Reagent® were 
acquired from Sigma-Aldrich (St. Louis, USA). Real-time reverse tran
scription polymerase chain reaction (RT-PCR) reagents and the SYBR 
Green I Master PCR Mix were bought from InvitrogenTM (Carlsbad, 
USA). N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) was 
obtained from Iris Biotech GmbH (Marktredwitz, Germany). Dialysis 
membranes were purchased from Thermo Fisher (Massachusetts, USA). 
The materials used in the cell culture were purchased from GIBCO 
(Gibco BRL, Paisley, UK), and Matrigel® came from Corning (NY, USA).

2.2. Synthesis of tyramined Gel/CS hydrogels

Gel and CS tyramined conjugates (Gel-Tyr and CS-Tyr) were pre
pared according to the procedure reported by Sakai S. et al. [18] and 
Zhang, Y. et al. [19], respectively. The degree of tyramine substitution 
for the Gel-Tyr and CS-Tyr conjugates was calculated as in [20]. The 
molecular weight of the pristine and modified Gel and CS were 
measured by gel permeation chromatography [21]. Hydrogels (4 %, w/ 
v) were synthesised by enzymatic crosslinking at different Gel-Tyr to CS- 
Tyr (Gel/CS) volume ratios: 100/0, 75/25, 50/50, 25/75 and 0/100. 
Horseradish peroxide and hydrogen peroxide (H2O2), at a final con
centration in hydrogel of 1.25 U/mL and 2 mM, respectively, were used 
as catalysers of the crosslinking reaction [15]. Lyophilised powders of 
Gel-Tyr and CS-Tyr were dissolved in F12 media. Gel-Tyr solution (4 %, 
w/v) was prepared at 37 ◦C for 1–2 h and CS-Tyr (4 %, w/v) solution was 
made at 3 ◦C for 2–3 h. Hydrogels were prepared with 80 %, v/v, Gel/CS, 
10 %, v/v, HRP and 10 %, v/v, H2O2 solutions. The HRP aliquot was 
mixed with Gel/CS solution and placed on a surface (or inside a mould). 
Then hydrogels were formed by dropping the H2O2 aliquot.

2.3. Physico-chemical characterisation of the gel/CS hydrogels

Mechanical properties were measured on the hydrogels swollen in 
HepG2 culture media for 24 h using a rheometer (DHR, TA Instruments, 
New Castle, USA). The linear viscoelastic region was determined by a 
dynamic strain sweep test at a frequency of 1 Hz. A dynamic frequency 
sweep test was performed in the linear viscoelastic region at 1 % strain 

to obtain the storage modulus (G′) and the loss modulus (G″) of hydro
gels. Gelation time was determined by dynamic time sweep at 1 Hz 
frequency and 1 % strain on the hydrogels crosslinked on the rheometer 
plates [22]. Glass transition temperatures (Tg) were determined with a 
differential scanning calorimeter (Mettler Toledo DSC, Ohio, USA) at a 
scan rate of 10 ◦C/min within the temperature 130–50 ◦C range in a 
nitrogen flow of 60 mL/min. Prior to measurements, hydrogels were 
placed inside a desiccator with 75 % relative humidity for 7 days. With 
equilibrium water content, obtained following the procedure reported 
by Sanmartin-Masia et al. [21], the crosslinking density [15] and the 
modulus of the dry hydrogels were calculated using a simplified version 
of the rubber elasticity theory [15,23]. For the morphological charac
terisation by field emission scanning electron microscopy (FE-SEM) 
(Ultra 55, Zeiss), hydrogels were lyophilised and cut into sections, which 
were platinum-covered before observations. Photo acquisition was 
performed at an acceleration voltage of 2 kV and images were analysed 
using the ImageJ software (National Institutes of Health, US) to obtain 
the mean pore size.

2.4. Cell culture

HepG2 cells (ECACC No. 85011430) were cultured in Ham's F12/ 
Leibovitz L15 (1:1, v/v) supplemented with 5 % foetal bovine serum, L- 
glutamine (3.5 mM), BSA (2 mg/mL), glucose (5 mM), bicarbonate (12 
mM) and 1 % penicillin/streptomycin. For subculturing purposes, cells 
were treated with 0.25 % trypsin/0.02 % EDTA at 37 ◦C to detach them 
and were seeded at a density of 1 × 105 cells/cm2. Cells were cultured at 
37 ◦C and 5 % CO2 in an incubator.

HepG2 cells were encapsulated in the hydrogels of Gel/CS compo
sitions 100/0, 75/25 and 50/50 to test the cell response on the proposed 
platform. Hydrogels were synthesised following the procedure written 
in Section 2.2. Cells were resuspended in precursor polymer solutions, 
previously sterilised by filtering, and encapsulated in 100 μL hydrogels 
in a 48-well plate at a final concentration of 2 × 106 cells/mL (in 
hydrogel). After 20 min this allowed to enable complete gelation, and 
fresh medium was added and well plates were incubated. As controls, 
the cells seeded at the same density in the monolayer (the 2D control) 
and also the cells encapsulated in the 3D commercial matrix Matrigel® 
(3D control) were used. The medium was refreshed every day. Viability, 
functional and gene expression analyses were performed after 1, 3 and 5 
days.

2.5. Cell viability assessment

Biocompatibility was tested by incubating cell cultures with propi
dium iodide (PI, 1.5 μL/mL) and Hoechst 33342 (Hoe, 1.5 μL/mL) for 30 
min at 37 ◦C. After incubation, cells were imaged under a Leica HMR 
microscope (Leica Microsystems, Wetzlar, Germany). Viability was 
calculated after quantifying live and dead cells with ImageJ (National 
Institutes of Health, USA).

2.6. Immunofluorescence

Samples were prepared for confocal microscopy as previously 
described in detail by Rodriguez-Fernandez et al. [15]. In this study, 
sections were incubated with the corresponding primary and secondary 
antibodies (Supplementary Table S1). Controls were performed with no 
primary antibody to check non-specific reactions, and no fluorescence 
was detected. Immunofluorescence images were acquired with a Leica 
DMI8 confocal microscope and the LASX software (Leica, USA) was used 
for image processing.

2.7. Determination of urea and albumin production

Urea was quantified with the QuantinChrom™ Urea Assay kit (Bio
Assays, Hayward, CA, USA) and albumin with the Human Albumin 
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ELISA kit (Bethyl Laboratories, Montgomery, TX, USA). All the results 
were calculated by following the manufacturer's instructions and nor
malised by RNA values.

2.8. Transcriptomic characterisation of the key hepatic markers

Samples were mechanically disaggregated with a homogeniser 
(Ultraturrax). Trizol lysis reagent and chloroform were added at the 5:1 
ratio, and total RNA was extracted by the RNeasy Plus Micro kit (Qiagen, 
Madrid, Spain) following the manufacturer's instructions. RNA was 
reverse-transcribed and real-time-quantified using the appropriate 
primers (Supplementary Table S2) as previously described by Moya 
et al. [24]. The relative mRNA expression was calculated by the method 
described by Vandesompele et al. [25,26]. The relative mRNA expres
sion was expressed as fold change compared to the monolayer cultures 
and normalised using human housekeeping GAPDH and RPLP0 genes. A 
reference calibrator cDNA was included.

2.9. Statistical analysis

The results are provided as the mean ± standard deviation (SD). 
Experiments were performed by triplicates, except for albumin quanti
fication, which was done by duplicates. The Student's t-test was run to 
make a comparison between two groups. For multiple comparisons, the 
statistical significance of the mean differences was evaluated by One- 
way ANOVA and Tukey's multiple comparisons post-test. P < 0.05 was 
assumed statistically significant and calculated using GraphPad Prism 
v9 (San Diego, CA, USA).

3. Results

3.1. Enzymatically crosslinked gel/CS hydrogels

Gel and CS were chemically modified by tyramine grafting to enzy
matically crosslink them with HRP and H2O2, and to form hydrogels, as 
previously described in Poveda-Reyes et al. [27] and Nguyten et al. [28] 
(Fig. 1A). Gel and CS had a tyramine substitution degree of 1.95 × 10− 7 

molTyr/mg and 2.57 × 10− 7 molTyr/mg, respectively, (Supplementary 
Fig. S1).

The tyramine conjugates presented a lower molecular weight (Mw) 
than the unmodified ones. Pristine Gel and Gel-Tyr exhibited an Mw 
value of 57 ± 6 kDa and 15 ± 4 kDa, respectively. Pristine CS had an Mw 
of 106 ± 11 kDa and a CS-Tyr of 98 ± 7 kDa. All the hydrogel mixtures 
were successfully synthesised in F12 medium (Fig. 1B). No signs of 
macroscopic phase separation were visible in mixtures, which could 
indicate the homogeneity of hydrogel components. The gelation times of 
the different hydrogels, obtained from the crosslinking kinetics 
(Fig. 1C), are listed in Table 1.

Gelation time varied between 2 min and 5 min, and was longer for 
the CS-enriched mixtures as previously described [19,29]. All the 
hydrogels presented an interconnected honeycomb-like porous structure 
(Fig. 2), as typically described by different authors for the Gel [21] and 
CS [19,28] hydrogels. However, differences between compositions were 
observed (Fig. 2) because pore size considerably increased in the com
positions with CS (Table 1). Despite the difference in crosslinking time, 
no phase separation between Gel and CS in the hydrogel mixtures was 
observed when samples were observed by FE-SEM (Fig. 2), which may 
be explained by the same crosslinking mechanism. Fig. 2F shows the 
heating curves (2nd scan) obtained on all the equilibrated hydrogels at 

Fig. 1. Gel/CS hydrogel synthesis. (A) Scheme of the enzymatic crosslinking reaction by HRP in the presence of H2O2 of Gel-Tyr and CS-Tyr, which leads to C–C and 
C–O bonds among different polymeric chains. (B) Macroscopic images of the different Gel/CS (4 %, w/v) mixtures in the F12 medium with a final concentration of 
1.25 U/mL HRP and 2 mM H2O2. Scale bar = 0.5 cm. (C) Gelation kinetics through a time sweep of the storage modulus at a strain of 1 % and a frequency of 1 Hz for 
calculating gelation times.
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75 % relative humidity for 7 days. All the hydrogels showed a single 
glass transition temperature (Tg), which supports the non-phase sepa
ration between components. The different Tg values for all the hydrogels 
appear in Table 1, along with the water retention capacity in this specific 
assay. There were no significant differences among hydrogels, with the 
Tg of mixtures falling within the range of the pure ones.

3.2. Influence of CS content of hydrogels on mechanical properties and 
water retention

The mechanical properties of all the hydrogel mixtures were deter
mined under two different conditions: in what has been described as the 
relaxed state (after gelation with aqueous solution) [23] and swollen 
(after immersion for 24 h in culture media). The G′ values of the two 
different states presented opposite tendencies depending on CS content 
(Fig. 3A). For the relaxed state, G′ rose as CS content increased. The 
swollen Gel had a G′ of 137 Pa, similarly to the relaxed one. However as 
CS content increased, the mechanical properties decreased to a G′ value 
of 57 Pa for the swollen CS. G″ had values within the 2–7 Pa range for all 
the mixtures (Fig. 3B). The comparison of both values (G′ and G″) 
revealed the elastic behaviour of hydrogels given that G′ ≫ G″. The 
mechanical properties of the dry hydrogels (Table 1) determined having 
to use the rubber elasticity theory [23], which gave higher values than 
the hydrated hydrogels, but displayed the same trend. After gelation, 

Table 1 
Physico-chemical properties of the Gel/CS hydrogels.

Gel 75/25 50/50 25/75 CS

Gelation time (min) 1.8 ±
0.5

1.6 ±
0.4

1.7 ±
0.3

3.4 ±
0.7*#$

4.7 ±
0.5*#$^

Pore size (μm) 8 ± 2 12 ±
3*

14 ±
3*#

25 ± 6*# 

$
59 ±
19*#$^

Tg (◦C) − 65 − 68 − 63 − 59 − 70
EWC RH 75 % (%) 53.6 ±

5.6
51.4 ±
3.3

51.6 ±
4.1

41.4 ±
3.4*#$

41.5 ±
6.9*#$

EWC relax state (%) 31.7 ±
2.2

30.8 ±
1.9

32.6 ±
4.2

27.3 ±
1.9

26.4 ±
4.5

EWC swollen state (%) 20.1 ±
1.5

25.8 ±
1.0

41.1 ±
2.0*#

56.0 ±
0.5*#$

77.9 ±
9.4*#$^

Crosslinking density 
(mol/m3)

46.3 ±
7.4

50.5 ±
5.9

32.7 ±
2.9*#

22.9 ±
2.0*#$

16.3 ±
2.7*#$

Theoretical G′ (kPa) 
dry hydrogels

5.5 ±
0.5

5.3 ±
1.0

4.5 ±
0.7

2.2 ±
0.3*#$

1.6 ±
0.4*#$

*At least p < 0.005 (compared to Gel); #at least p < 0.005 (compared to 75/25); 
$at least p < 0.005 (compared to 50/50); ^at least p < 0.005 (compared to 25/ 
75); (n = 3; ANOVA test followed by Tukey's multiple comparison test). EWC: 
equilibrium water content.

Fig. 2. Morphology and thermal behaviour of the Gel/CS hydrogels. Field emission scanning electron microscope (FE-SEM) images of the lyophilised Gel/CS 
hydrogels of different compositions (A) Gel (B) 75/25 (C) 50/50 (D) 25/75 and (E) CS. Scale bar (20 μm) applies to all the images. (F) Differential calorimetry scans 
(2nd heating) at 75 % relative humidity of the Gel/CS hydrogels.
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hydrogels presented similar water retention capacity. Nonetheless once 
swollen, the quantity of water increased with CS content, probably due 
to the lower crosslinking density of CS (Table 1) and the higher affinity 
of CS for water than Gel (lower Flory-Huggins parameter value than Gel) 
[15,30].

3.3. Cells encapsulated in the Gel/CS hydrogels survived and expressed 
key hepatic markers

In order to test the suitability of the developed hydrogels for hepatic 
cell culture, viability was assessed. No significant differences were found 
after 1 and 3 days, whereas viability in the 75/25 and 50/50 composi
tions significantly decreased after 5 culture days (Fig. 4). Despite this 
reduction, viability always remained above 85 %. Representative images 
of the live/dead results are presented in Supplementary Fig. S2. To 
further explore the proliferative activity of the cells cultured in hydro
gels, the expression of proliferative marker Ki-67 was analysed by 
immunofluorescence. It revealed that cells remained proliferative under 
any condition, even after 5 culture days (Supp. Fig. S3).

The expression of the typical hepatic markers was also assessed by 
immunofluorescence. The HepG2 cells cultured in the different Gel/CS 
compositions still showed the expression of A1AT and HNF4 after 5 
culture days, grew in clusters and maintained cell-cell contact (Fig. 4B).

3.4. Cells encapsulated in the Gel/CS hydrogels showed increased hepatic 
functionality

The presence of the mRNA encoding for the key proteins produced by 
hepatocytes (i.e. albumin, CYP3A4) was then evaluated and the levels of 

the expression in the different culture systems were comparatively 
analysed during the culture period (1, 3 and 5 days) (Fig. 5A). Quanti
tative PCR revealed that the HepG2 cells cultured in the Gel/CS 
hydrogels expressed the genes that were associated with hepatic func
tions, such as ALB. After 3 and 5 culture days, ALB expression was higher 
in the proposed hydrogels than in the monolayer cultures, which may 
indicate an advantage of the Gel/CS hydrogels for hepatic cell culture. 
Moreover, given that liver metabolism encompasses a wide range of key 
processes that maintain homeostasis, the genes encoding for phase I and 
II enzymes, as well as the MRP2 transporter, were comparatively stud
ied. Although CYP3A4 expression only increased slightly after 5 culture 
days, phase II enzymes, such as UGT1A1, BAAT or GSTA1, increased in 
the Gel/CS hydrogels after 3 culture days. MRP2 expression increased in 
our 3D systems after 3 culture days, but this increase only remained after 
5 days in the Gel hydrogels. The analysis also showed overexpression of 
ITGB1 or CTNNB1 (cell-matrix and cell-cell interaction markers, 
respectively) in the cells encapsulated in the Gel/CS hydrogels.

Functional assays were also performed to further characterise our 3D 
cultures. Regarding urea production, after 1 day the cells in the CS 
compositions (75/25 and 50/50) significantly increased compared to 
the cells cultured in Gel, and the 50/50 composition obtained the best 
results. At day 3, the cells in 50/50 exhibited significantly decreased 
production compared to those embedded in Matrigel®. Nevertheless, 
the cells in 50/50 increased urea production by day 5, which was 
significantly higher than in the 75/25 composition (Fig. 5B).

HepG2 cells secreted high albumin levels in culture media, with 
higher levels detected in the cells cultured in the Gel/CS hydrogels after 
5 days compared to the monolayer cultures or the cells encapsulated in 
Matrigel®, which is consistent with the transcriptomic data (Fig. 5C).

Fig. 3. Rheological characterisation of the Gel/CS hydrogels at a strain of 1 % and a frequency of 1 Hz. (A) Experimental storage modulus and loss modulus in the 
relaxed state (B) and in the swollen state after 24 h in culture medium. *At least p < 0.005 (compared to Gel); #at least p < 0.005 (compared to 75/25); $at least p <
0.005 (compared to 50/50); (n = 3; parametric Student's t-test).
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Fig. 4. Characterisation of the HepG2 cells encapsulated in the Gel/CS hydrogels. (A) Cell viability quantification after 1, 3 and 5 culture days (n = 3). ^At least p <
0.05 (compared to 2D); ¢p < 0.05 (compared to Matrigel®); *p < 0.05 (compared to Gel); #p < 0.05 (compared to 75/25); (n = 3; ANOVA followed by Tukey's 
multiple comparison test). (B) Representative confocal immunofluorescence images of the A1AT expression (Green) and НNF4α (Red) after 3 and (C) 5 days. Nuclei 
were identified by Hoechst 33342 staining (Blue). Scale bar (40 μm) applies to all the images.
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4. Discussion

3D-dimensional hydrogel-based liver in vitro platforms can be used 
for drug screening or disease modelling applications if they demonstrate 
being more physiologically relevant or improve the metabolic perfor
mance of cells. For this reason, considering that the proper characteri
sation of the developed 3D systems from the mechanical and biological 
points of view is key for the accurate translation and use of these new 
systems, we fully characterised our Gel/CS hydrogel in vitro system to 
show its suitability for hepatology studies. In this article, we charac
terised a new hydrogel-based system for hepatic cells culture by proving 
their suitability for improving the metabolic performance of cells.

The gelation times for the Gel/CS mixtures fell within the range of 
the rapid gelation process by preventing cell migration or deposition 
outside the hydrogel. The prolonged gelation time trend according to CS 
content can be explained by unfavourable interactions with the active 
site of HRP caused by the bigger number of acidic groups in CS chains (e. 
g., –OSO3

− and –COO− ) due to either steric hindrance or charge in
teractions [29]. Despite the different gelation times among hydrogels, 
the homogenous mixtures without separated domains rich in one of the 
two polymers were achieved. This means that the cultured cells in 

mixtures would interact with both molecules Gel and CS.
Understanding the mechanical properties of human liver tissue is a 

key factor for the development of reliable liver in vitro platforms [13]. 
Although different techniques have been used for determining liver 
mechanical properties [31,32], the measurement by transient elastog
raphy in vivo using a healthy human liver has shown a shear modulus 
ranging from 0.8 to 2.3 kPa at 50 Hz [33,34]. We measured all the 
compositions to determine, for the first time, the range of mechanical 
values that Gel/CS can deliver. We selected that which exhibited liver- 
like behaviour. The rheological properties in the relaxed state of the 
CS-enriched hydrogels fell within the range of human liver storage 
modulus values and were comparable to the Gel-based hydrogels 
[15,27]. Finally, the Gel-enriched compositions were selected for the 
cell culture because they obtained the highest G′ values in the swollen 
state.

The CS-enriched hydrogels presented higher water absorption 
capability, possibly for two main reasons: (i) the hydrophilic charac
teristic of CS (the presence of sulphate and carboxylic groups in its 
backbone, which allow more hydrogen bonds with water molecules) and 
(ii) lower crosslinking density. Although CS presented higher Tyr 
grafting than Gel, which should give rise to higher crosslinking density, 

Fig. 5. Transcriptomic and functional characterisation of the HepG2 cells encapsulated in Matrigel® and the Gel/CS hydrogels (Gel, 75/25 and 50/50) after 1, 3 and 
5 culture days. (A) The relative gene expression results are represented as the mean of fold change and were normalised by housekeeping genes (n = 4). Non-detected 
samples are represented in white. (B) Urea production is expressed as ng/ug RNA/min (n = 4). (C) Albumin production is expressed as ng/ug RNA/h (n = 2) ^At least 
p < 0.05 (compared to 2D); ¢p < 0.05 (compared to Matrigel®); *p < 0.01 (compared to Gel); #p < 0.05 (compared to 75/25); (ANOVA followed by Tukey's multiple 
comparison test).
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our data demonstrate the opposite and the CS-enriched hydrogels pre
sented lower crosslinking density than Gel. This finding might be 
attributed to steric hindrance during the crosslinking reaction provided 
by the glycosaminoglycan molecules of CS compared to the amino acids 
of Gel. Despite CS not providing any hydrogels reinforcement in the 
swollen state (due to good water retention ability), its incorporation was 
expected to promote some effect on cell behaviour for being a compo
nent of the hepatic ECM. Thus while the CS-enriched hydrogels 
exhibited good water retention, mechanical properties drastically 
decreased, and moved away from the values obtained for native tissue. 
This limitation can be solved by modifying polymeric structures and 
generating a second crosslinking [35].

To determine the functionality and biocompatibility of the 3D Gel-CS 
hydrogels, the viability and proliferation of the HepG2 cells were 
monitored for a period lasting up to 5 days. Several authors have 
demonstrated the non-cytotoxicity of the enzymatic crosslinking used in 
this study for different materials: Gel, hyaluronic acid and CS [28,29]. 
Cells remained viable and proliferative for up to 5 days under all the 
studied conditions, which would allow them to be used for different 
applications. These results agree with other reports showing positive 
effects of CS on hepatocyte viability employing an in vivo model [36].

Additionally, confocal microscopy images highlighted the non- 
flattened cell morphology and how cells grew in 3D clusters when in 
contact with one another and when wholly embedded in hydrogel. This 
situation came closer to in vivo conditions and allowed cells to establish a 
3D interconnected network with cell-cell and cell-matrix communica
tions. These results fall in line with the expression analysis of ITGB1 and 
CTNNB1. ITGB1 is a basal membrane marker that allows the cell-ECM 
interaction, while CTNNB1 is known to localise mainly at lateral junc
tions and promotes cell-cell interactions. The cells encapsulated in the 
Gel/CS hydrogels showed an overexpression of both genes on day 3, and 
was maintained in the 50/50 composition. The simultaneous expression 
of both markers indicates basal-lateral polarisation in the encapsulated 
HepG2 spheroids [14,37,38]. Establishing an accurate microstructure is 
essential for liver function [39]. In fact, cell polarisation has been shown 
to enhance liver-specific functions, such as urea and albumin produc
tion, as well as the expression of metabolic enzymes [38]. This implies 
that integrins play a key role in hepatocyte-ECM interactions and impact 
both liver function and regeneration [40].

One of the major functions of hepatocytes is the metabolism of 
different substances, including drugs, endogenous compounds and xe
nobiotics, through two different phases: phase I and phase II [1,4]. Phase 
I is primarily mediated by CYP enzymes, whereas phase II metabolism is 
mediated by various enzymes, including UGT, SULT and GST. The 
transcriptomic analysis of the HepG2 cultured in different Gel/CS 
hydrogels revealed the regulation of the genes encoding for phase I 
(CYP3A4) and phase II (GSTA1, BAAT, UGT1A1) enzymes after 3 culture 
days. Despite the limitations of HepG2 in terms of the very low 
expression levels of phase I and phase II enzymes, or even being non- 
detectable, our research showed the overexpression of the genes 
encoding for relevant enzymes implicated in drug metabolism. Based on 
the results, our 3D systems come closer to in vivo than the 2D culture, 
and can be considered a potential in vitro system for drug screening.

Besides metabolic activity, urea and albumin production are 
considered key hepatic markers to be assessed in the development of 
liver in vitro models as cell performance indicators [3,41,42]. In our 
hydrogels, the 3D encapsulated cells exhibited greater albumin and urea 
production than the 2D cultures. In our systems this indicates that cells' 
functionality improves. In particular, the cells encapsulated in the 50/50 
composition had the highest albumin and secretion levels, even 
compared to Matrigel®, which implies the positive effect of CS. These 
results are supported by ALB expression up-regulation at 3 culture days 
in hydrogels, which was maintained for up to 5 days in the 50/50 
composition.

To our knowledge, this is one of the first studies to explore the effect 
of CS on the behaviour of liver cells. Despite being a material present in 

the hepatic matrix, it has not been extensively explored in other 3D 
models. Although our results illustrate a positive effect on HepG2 cells' 
performance, further testing of the potential application to assess drug- 
induced toxicity is necessary for its use as a cell-based drug screening 
model.

5. Conclusions

In this study, we characterise a novel liver in vitro platform based on 
enzymatically crosslinked Gel/CS hydrogels. These hydrogels exhibit 
rapid gelation, homogeneous polymer distribution and shear storage 
moduli within the range of human liver tissue, with CS content posi
tively correlating with mechanical strength. Incorporating CS enhances 
the water absorption of hydrogels, which results in a reduction of the 
storage modulus after swelling. Gel-enriched compositions were 
selected for studying biological response and behaviour because they 
exhibit liver-like properties after swelling. Our platform shows increased 
functionality of HepG2 cells (i.e. increased ureogenic capacity and al
bumin secretion) compared to monolayer cultures, which could result in 
more predictive platforms. Extensive characterisation, which includes 
not only viability, but also key hepatic functionalities, as well as tran
scriptomic characterisation, provide increased knowledge of the 3D 
culture of HepG2 cells, which can support the future translation of these 
new cell models to preclinical settings. The increased expression of the 
phase I and phase II enzymes in the cells cultured in the Gel/CS 
hydrogels suggests that this system could be useful for hepatotoxicity 
detection by offering more predictive tools than traditional monolayer 
cultures, especially for detecting compounds that require metabo
lisation. So the next steps will include the evaluation of the developed 
platforms as screening tools in the drug development process, although 
other applications, such as disease modelling, could also be tested.
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