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Executive Summary

This deliverable (D3.5) describes the in vitro biocompatibility assessment of hydrogels
developed within the STRONG-UR project. The primary objective is to verify cytocompatibility
and compliance with international standards prior to further biological and functional
validation. Three hydrogel material classes, which include dextran-based hydrogels, gelatin-
based hydrogels, and dextran-gelatin hybrid hydrogels, were assessed using a comprehensive
assay panel addressing indirect and direct cytotoxicity, three-dimensional cell viability, and
cellular metabolic activity. All procedures were performed in accordance with ISO 10993-5 and
ISO 10993-12, following the approved internal Standard Operating Procedure (SOP 03.601).
Across all assays and material classes, cytotoxicity values remained consistently below the
30% threshold defined as acceptable by the ISO 10993-5 standards, confirming the
biocompatibility of the tested hydrogels. Dextran-based hydrogels showed minimal toxicity but
demonstrated moderate reduction in metabolic activity over extended culture, suggesting that
although safe, these formulations may slightly restrict cell proliferation. Gelatin-based
hydrogels supported robust cellular viability, with only minor acute reductions likely
attributable to UV-mediated phototoxicity during photo crosslinking, followed by recovery and
sustained growth. The hybrid GelSH-DexNB hybrid hydrogels revealed a
concentration-dependent response. The 5% GelSH-DexNB hybrid exhibited enhanced
cytocompatibility and supported greater metabolic activity, whereas higher concentrations
(7.5% and 10%) were associated with reduced proliferation and, at 10%, progressive cell death.
While all evaluated hydrogels meet fundamental biocompatibility requirements, gelatin-based
formulations and the 5% GelSH-DexNB hybrid emerged as the most promising candidates,
whereas dextran-based and higher-concentration hybrids require further optimisation.
Differences in cellular response were primarily governed by polymer chemistry, formulation
composition, and crosslinking density. The data generated in this deliverable establishes a
solid foundation for advancing promising hydrogel formulations toward bioink development,
3D bioprinting integration, and subsequent functional testing in later stages of the STRONG-UR

workflow.
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1. Introduction

Urethral stricture disease is a persistent and challenging clinical condition, characterized by
fibrotic narrowing of the urethral lumen and associated complications such as urinary
retention, recurrent infections, and compromised renal function [1]. It remains a major burden
due to high recurrence rates and limitations of existing surgical graft options, including
donor-site morbidity and insufficient long-term functional outcomes. Current reconstructive
techniques often rely on autologous tissues, yet these replacements frequently fail to replicate
the structural and mechanical characteristics of healthy urethral tissue, contributing to
postoperative complications and inconsistent success rates [2]. In this context, tissue
engineering strategies and three-dimensional (3D) bioprinting technologies have emerged as
promising alternatives. These approaches enable the fabrication of patient specific,
biomimetic tubular constructs with controlled architecture, mechanical behaviour, and

cellular composition, addressing key limitations of traditional grafting methods [1,2].

The STRONG-UR- project builds upon these advancements, employing advanced 3D
bioprinting platforms to design functional tubular tissues tailored for male urethral
reconstruction. The project integrates novel bioprinting tools with deep anatomical and
functional insights into urethral physiology, aiming to produce clinically relevant, patient-
specific grafts. Central to this strategy is the formulation of biocompatible, mechanically
robust, and printable cell-laden hydrogel bioinks, designed to provide 3D microenvironment
that supports cellular encapsulation, viability, proliferation, and spatial organization
throughout printing and subsequent maturation. Hydrogels derived from biomaterials such as
gelatin and dextran form the foundational components of these bioinks, providing a hydrated
and supportive matrix for cellular encapsulation and spatial organization during fabrication.
Moreover, these hydrogels can be functionalized with bioactive cues, such as
Arginylglycylaspartic acid (RGD) peptide motifs, which facilitate cell adhesion, spreading, and
overall cellular integration to enhance cell-material interactions. Notably, gelatin inherently
contains RGD sequences, providing native cell-adhesive properties without additional
functionalization, whereas dextran-based or hybrid formulations may require incorporation of
such motifs to achieve comparable bioactivity. However, before integration into 3D bioprinting
workflows and subsequent functional testing, candidate hydrogel formulations must undergo

rigorous in vitro biocompatibility evaluation.
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This deliverable outlines the standardized evaluation framework applied to hydrogel precursors
under consideration as bioink bases within the STRONG-UR project. These reports were
performed following international guidelines for the assessment of biocompatibility of
materials. Three hydrogel classes, dextran-based, gelatin-based, and dextran-gelatin hybrid
hydrogels, were examined to establish their biocompatibility profiles under uniform testing
conditions. The hydrogels selected for biocompatibility testing were chosen based on prior
mechanical and photorheological characterisation, and the optimal combinations identified
from these datasets were carried forward into the biological evaluation. Biocompatibility was
assessed through cytotoxicity testing using human dermal fibroblasts (HDFs), allowing
determination of material safety and cellular compatibility. The resulting dataset provides a
comparative overview of hydrogel performance and enables the informed selection of suitable

candidates for progression to subsequent stages of the STRONG-UR workflow.

2. Regulatory and Quality Framework

The biocompatibility assessment was performed under the following regulatory and quality

frameworks:

e IS0 10993-5: Biological evaluation of medical devices — Tests for in vitro cytotoxicity.
e ISO 10993-12: Biological evaluation of medical devices — Sample preparation and
reference materials.

e Internal Quality System:

SOP 03.601 - In vitro biocompatibility assessment of hydrogels
SOP 3.201 to 3. 204 - Dextran based hydrogels synthesis

SOP 3.301 to 3.303 - Gelatin based hydrogel synthesis

SOP 3. 205 and 3.303 - Hybrid hydrogel synthesis

All procedures were conducted under sterile conditions in a Class Il biosafety cabinet by
trained personnel. Deviations from the SOP, if any, were documented and approved by the

Principal Investigator.
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3.Types of Hydrogel Materials tested

Three hydrogel groups were evaluated under identical experimental conditions to allow direct

comparison:
Dextran-based hydrogels

Dextran-based hydrogels evaluated were formulated from modified dextran (Dex) polymers
functionalized with B-cyclodextrin (BCD) and guest molecules such as 4-benzoylbenzoic acid
(Bzp), 1-adamantanecarboxylic acid (Ada), or Adamantaneacetic acid (Ada-CH,). Two types of
UV-curable supramolecular hydrogels were prepared using four different modified Dex (Ada-
Dex, Ada-CH,-Dex, Bzp-Dex, CD-Dex). In the first hydrogel system, BCD-Dex was combined
with Ada-Dex and Bzp-Dex, taking advantage of host-guest interactions between BCD and Ada,
along with photocrosslinking via Bzp groups (CD/Ada/Bzp Hydrogel). In the second system, Ada
was replaced by Ada-CH, (CD/Ada-CH,/Bzp Hydrogel). Gelation tests were first performed to
confirm successful hydrogel formation following UV exposure, together with rheological and
photorheological assessments to characterise crosslinking behaviour. Only formulations that
demonstrated stable gelation and acceptable mechanical performance were advanced to
biological evaluation. The critical gelation concentration was found to be 20% (w/v) in both

hydrogel systems.
Gelatin-based hydrogels

Gelatin-based hydrogels evaluated include GelMA and GelSH-GelNB. GelMA contains
methacrylate (-MA) groups that crosslink via UV-initiated chain-growth polymerization, while
GelNB and GelSH undergo thiol-ene click-like reactions between norbornene (-NB) and thiol
(-SH) functionalities, forming hydrogels through step-growth polymerization. The
dual-functional GelMANB precursor incorporates both -MA and —-NB groups, allowing hydrogel
formation either through MA-only chain-growth polymerization or through a combined MA
chain-growth and NB/SH step-growth mechanism when supplemented with a thiol-containing
crosslinker such as GelSH. Initial gelation tests were performed to assess polymerization, and
hydrogels showing optimal gelation were advanced to rheological and mechanical
characterization. The shortlisted gelatin-based hydrogels were tested for biocompatibility at a

concentration of 10% (w/v) to ensure safety at higher polymer content.
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Dextran—-gelatin hybrid hydrogels

The hybrid dextran—gelatin hydrogel (GelSH-DexNB) is a photocrosslinkable biomaterial formed
by combining a norbornene-functionalized dextran precursor (DexNB) with a thiolated gelatin
(GelSH). Under UV irradiation, the —NB groups on DexNB undergo a highly selective thiol-ene
click-like reaction with the thiol groups on GelSH, resulting in a step-growth crosslinked
network. All hybrid hydrogel formulations were evaluated at polymer concentrations of 5%,
7.5%, and 10% (w/v) to determine their cytocompatibility. These concentrations were selected
based on prior assessments of gelation behaviour, photorheological performance, and

mechanical characterisation.

4.Methodology and Materials

In vitro biocompatibility of all selected hydrogels was assessed using standardized extract
(elution), direct-contact, metabolic, and viability assays (Table 1). Each hydrogel type was tested
with HDFs (passages 6-12) at its selected optimum concentration (Dextran: 20%; Gelatin: 10%;
Hybrid: 5%, 7.5%, 10%). HDFs were cultured in tissue culture coated polystyrene plates with
appropriate controls for all the assays. All hydrogel formulations were prepared using sterile
techniques and processed according to material-specific fabrication and crosslinking

protocols prior to biological evaluation.

Hydrogel extracts were prepared in complete culture medium (DMEM supplemented with 10%
FCS and 1% penicillin-streptomycin) for 24 hours at 37 °C using a surface-area-to-volume ratio
of 6 =1 cm?/mL, following ISO cytotoxicity guidelines (ISO 10993-5 and ISO 10993-12). The
resulting extracts were applied to HDFs cultures for 24 hours at 37 °C and 5% CO,, after which
cytotoxicity was quantified using the lactate dehydrogenase (LDH) assay. For direct-contact
testing, HDFs were cultured in immediate contact with the hydrogel samples, and cytotoxicity
was assessed by LDH at day 1 (acute exposure) and day 3 (extended exposure) to determine
potential material-induced cell damage. Cell viability was evaluated using Calcein-AM and
Propidium lodide live/dead fluorescence staining atdays 1, 3, and 7. Based on previous findings
indicating that dextran-based hydrogels are not suitable for 3D cell encapsulation, only
indirect-contact viability testing was performed for these materials [3]. For hydrogels
compatible with 3D encapsulation (GelMA, GelSH-GelNB, and GelSH-DexNB), constructs

containing 1 x 10° cells/mL were prepared at polymer concentrations of 5%, 7.5%, and 10% [4].
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Fornon-encapsulable dextran-based hydrogels, indirect-contact live/dead assays were carried
out by culturing cells adjacent to the hydrogel samples and monitoring viability over the same
time points. Metabolic activity and cell proliferation were quantified using the PrestoBlue®

assay in direct-contact conditions at days 1, 3, and 7.

Table 1. Overview of cytotoxicity and biocompatibility assays performed on the three hydrogel types.

Dextran X X X
Gelatin X X X X
Hybrid X X X X

5. Results

Dextran-based gels

In the extract-based (eluate) cytotoxicity assay) (Fig.1A), both CD-Ada-Bzp dextran and
CD-AdaCH,-Bzp dextran showed minimal cytotoxicity (<5%), below the acceptable cytotoxicity
threshold of 30%. No statistically significant differences were detected between the tested
hydrogel groups (P=0.93), indicating that leachables released from the hydrogels are
non-cytotoxic. Consistent with these findings, the direct-contact cytotoxicity assay (Fig.1B)
also demonstrated low levels of cytotoxicity for both hydrogels at day 1 and day 3, with values
remaining below 30%. A slight increase in cytotoxicity was observed on day 3 for both
dextran-based hydrogels. CD-Ada-Bzp increased from a mean of 1.14% at day 1 to 5.32% at
day 3 (+4.18%), while CD-AdaCH,-Bzp increased from 7.15% to 9.75% (+2.60%). However,
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these differences were not statistically significant (ns), confirming that the materials maintain

acceptable cytocompatibility under direct exposure conditions.
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Figure 1. In vitro biocompatability of dextran-based hydrogelsin vitro biocompatibility of dextran-based hydrogels.
(A) Indirect cytotoxicity of hydrogel eluate assessed by LDH assay. (B) Direct-contact cytotoxicity evaluated at day 1 and day 3
using LDH assay. (C) Cell proliferation measured by PrestoBlue assay over 7 days. Data are presented as mean + SD (n = 3).

Statistical analysis was performed using an unpaired t-test with Welch’s correction for (A), and two-way ANOVA with post-hoc
comparisons for (B) and (C). ns: not significant. The red line in the graph indicates the cytotoxicity threshold.

In contrast, the cell proliferation assay (Fig. 1C) revealed that cells cultured with both tested
dextran hydrogels exhibited reduced metabolic activity relative to the control group. By Day 7,
proliferation in CD-Ada-Bzp Dextran (6.91+0.72%) and CD-AdaCH,-Bzp Dextran (10.28+0.78%)
remained lower than the control (95.85+10.39%). These findings suggest that while the
hydrogels are non-cytotoxic, they may modestly attenuate metabolic activity or proliferation
during prolonged culture. Live—dead staining using Calcein-AM and Propidium lodide (Fig. 2)
further supported these observations. Cells growing in the vicinity of the hydrogels (indirect
contact) were viable but showed slower proliferation compared to the control at all time points.
This was consistent with the PrestoBlue assay results, confirming a mild reduction in
proliferation. The collected data demonstrate that the dextran-based hydrogels are
biocompatible and non-cytotoxic, though they may substantially influence cell proliferation

dynamics during extended culture.

Funded by
the European Union




STRONG

Cell control CD-Ada-BZP CD-AdaCH2-Bzp

Day 1

Day 3

Day 7

Figure 2. Live/Dead staining of cells cultured with dextran-based hydrogels

Representative images showing cell viability at days 1, 3, and 7 following exposures to hydrogels. Live cells are stained green,
and dead cells are stained red. Images were captured at 20x magnification. Scale bar =50 um.

Gelatin-based gels

In the eluate-based cytotoxicity assay (Fig. 3A), both GelMA and GelSH-GelNB hydrogels
exhibited low cytotoxicity, with values below the accepted cytotoxicity threshold (30%). No
significant differences were observed between the two materials (ns), indicating that soluble
components released from either hydrogel are non-cytotoxic. Similarly, the direct-contact
cytotoxicity assay (Fig. 3B) demonstrated minimal cytotoxicity at both day 1 and day 3 for GelMA
and GelSH-GelNB. Compared to GelMA, GelSH-GelNB exhibited a slightly higher increase in
cytotoxicity from day 1 to day 3, rising by approximately 3.4%, compared to 3.2% for GelMA.

Although slight variations were detected between time points, all measured values remained
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substantially lower than 30%, and no significant differences were detected between the two
hydrogel groups (ns). These results indicate that both gelatin-based hydrogels maintain good

cytocompatibility under direct exposure.
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Figure 3. In vitro biocompatability of gelatin-based hydrogels
(A) Indirect cytotoxicity of hydrogel eluates assessed by LDH assay. (B) Direct-contact cytotoxicity evaluated at day 1 and day
3 using LDH assay. (C) Cell proliferation measured by PrestoBlue assay over 7 days. Data are presented as mean = SD (n = 3).

Statistical analysis was performed using an unpaired t-test with Welch’s correction for (A), and two-way ANOVA with post-hoc
comparisons for (B) and (C). ns: not significant. The red line in the graph indicates the cytotoxicity threshold.

The cell proliferation assay (Fig. 3C) revealed distinct metabolic activity trends across the 7-day
culture period. The control group demonstrated a steady increase in fluorescence, consistent
with normal proliferation. In comparison, cells exposed to GelMA and GelSH-GelNB showed
attenuated metabolic activity up to day 3. By Day 7, metabolic activity in both hydrogel-treated
groups improved, although still lower than the untreated control. This suggests sustained cell
growth during extended culture. Qualitative live/dead analysis further corroborated the
cytocompatibility results. Encapsulated GelMA and GelSH-GelNB (Fig. 4 and 5, respectively)
constructs displayed very low levels of cell death, with only a small number of compromised
cells detectable on day 1, particularly at the higher concentration (10%). This initial, minor
reduction in viability may be attributable to transient phototoxicity from UV-initiated
photocrosslinking. At subsequent time points, cell viability increased, and a clear expansion of
viable cells was observed, consistent with the metabolic improvements detected in the
PrestoBlue assay. These findings indicate that although an early photoinitiation-related effect
may be present, both GelMA and GelSH-GelNB provide a supportive and cytocompatible

microenvironment for sustained cell survival and growth.
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Figure 4. Live/Dead staining of cells encapsulated in 5%, 7.5%, and 10% GelMA hydrogels.

Representative images showing cell viability at days 1, 3, and 7. Live cells appear green and dead cells appear red. Images
were acquired at 20x maghnification. Scale bar =50 ym
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5% GelSH-GelNB 7.5% GelSH-GelNB 100 GelSH-GelNB
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Figure 5. Live/Dead staining of cells encapsulated in 5%, 7.5%, and 10% GelSH-GelNB hydrogels.

Representative images showing cell viability at days 1, 3, and 7. Live cells appear green, and dead cells appear red. Images
were acquired at 20x magnification. Scale bar =50 um.

Hybrid Dextran-Gelatin gels

In the eluate-based cytotoxicity assay (Fig. 6A), none of the hybrid GelSH-DexNB hydrogels
exhibited cytotoxicity at any of the tested concentrations, with all values remaining below the
30% toxicity threshold. No significant differences were observed between the materials (ns),
indicating that soluble components released from either hydrogel are non-cytotoxic under

extract conditions. Similarly, in the direct-contact cytotoxicity assay (Fig. 6B), all hydrogels
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demonstrated minimal cytotoxicity below 30%, with no significant differences detected
between the tested groups. In the direct-contact LDH assay, the cytotoxicity of GelSH-DexNB
hybrid hydrogels showed a concentration-dependent increase compared to GelSH-GelNB at
both time points. When compared to GelSH-GelNB at day 1, the 5% GelSH-DexNB hybrid
exhibited approximately 46% lower cytotoxicity, whereas the 7.5% and 10% GelSH-DexNB
hybrids showed approximately 68% and 78% higher cytotoxicity, respectively. By day 3, the 5%
hybrid still maintained ~38% lower cytotoxicity compared to GelSH-NB, while the 7.5% and
10% hybrids demonstrated ~7.5% and ~21% higher cytotoxicity, respectively. This indicates
that lower hybrid concentration (5%) improved cytocompatibility relative to GelSH-GelNB,

whereas higher concentrations (7.5% and 10%) resulted in increased cytotoxicity, particularly

atday 1.
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Figure 6. In vitro biocompatability of dextran-gelatin hybrid hyrdogels.
(A) Indirect cytotoxicity of hydrogel eluates assessed by LDH assay. (B) Direct-contact cytotoxicity evaluated at day 1 and day
3 using LDH assay. (C) Cell proliferation measured by PrestoBlue assay over 7 days. Data are presented as mean = SD (n = 3).

Statistical analysis was performed using an unpaired t-test with Welch’s correction for (A), and two-way ANOVA with post-hoc
comparisons for (B) and (C). ns: not significant. The red line in the graph indicates the cytotoxicity threshold.

The cell proliferation assay (Fig. 6C) showed distinct trends in metabolic activity over the 7-day
culture period. Cells exposed to 5% hybrid GelSH-DexNB exhibited a steady increase in
proliferation from day 1 to day 7. A similar, though slightly lower, proliferation profile was
observed for the 7.5% hybrid. In contrast, the 10% hybrid hydrogel showed no detectable
proliferation under direct-contact conditions throughout the 7-day period. Encapsulated
GelSH-DexNB hybrids exhibited low levels of cell death observed on day 1, particularly in the
7.5% and 10% hybrids (Figs. 7). This initial reduction in viability is likely attributable to transient
phototoxicity from UV-initiated photocrosslinking. Notably, cell proliferation in the 7.5% and
10% hybrid was lower than in the 5% GelSH-DexNB hybrid. When compared to GelSH-GelNB,
all hybrid GelSH-DexNB hydrogels supported only modest levels of cell expansion. However, in
the 10% hybrid hydrogel, a noticeable increase in cell death was observed over time, evidenced

by a higher number of red-stained cells.
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Figure 7. Live/Dead straining of cells encapsulated in 5%, 7.5%, and 10% GelSH-DexNB hybrid hydrogels.

Representative images showing cell viability at days 1, 3, and 7. Live cells appear green, and dead cells appear red. Images
were acquired at 20x maghnification. Scale bar =50 pm.

6. Conclusion

The results presented in deliverable D3.5 provide a comprehensive and robust evaluation of the
in vitro biocompatibility of the hydrogel systems developed within the STRONG-UR project.
Across all three hydrogel classes, cytotoxicity levels consistently remained below the accepted
30% threshold, confirming their fundamental safety and suitability for further development.
The systematic application of indirect and direct cytotoxicity assays, metabolic activity
analyses, and 3D live/dead imaging allowed for a nuanced understanding of material-cell
interactions under controlled conditions. Dextran-based hydrogels showed very low toxicity
but induced reproducible reductions in long-term metabolic activity, confirming that while

these materials are cytocompatible, they appear not suitable as standalone bioinks for 3D cell
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encapsulation in their current form. Gelatin-based hydrogels exhibited excellent compatibility,
with minor transient reduction in viability that might be attributable to UV-initiated
photocrosslinking, followed by sustained cell recovery and growth. The hybrid GelSH-DexNB
hydrogels revealed a distinct concentration-dependent pattern: the 5% hybrid supported the
highest metabolic activity and the best cytocompatibility profile, whereas higher
concentrations (7.5% and 10%) reduced proliferation, with the 10% formulation leading to
progressive cell death. These findings demonstrate that the biological performance of the
hydrogels is strongly influenced by polymer chemistry, crosslinking density, and hydrogel
formulation, providing critical guidance for selecting materials with optimal cell-supportive

behaviour.

The next stage in the STRONG-UR development pipeline will focus on evaluating the interaction
of human and rabbit adipose-derived stem cells (ADSCs) with the selected hydrogel
formulations to generate cell-laden bioinks. These studies will assess the capacity of the
hydrogels to support ADSC encapsulation, viability, proliferation, and structural organisation
following extrusion-based 3D bioprinting. Once incorporated into the bioink formulations,
ADSC-laden constructs will undergo a biocompatibility and potency assessment, including
evaluation of inflammatory responses, angiogenic potential, and functional performance
relevant to urethral tissue regeneration. Given that dextran-based hydrogels cannot be used
independently as printable bioinks due to their inability for cell encapsulation and higher
polymer concentrations, strategies to enhance their biofunctionality, such as the incorporation
of RGD peptide motifs or further optimisation of their crosslinking chemistry, will be explored

to improve cell adhesion.

The validated cytocompatibility of these hydrogels provides a solid foundation for their
advancement as key components of bioink in the STRONG-UR. The results identify promising
candidate formulations with high translational potential, especially the gelatin-based
hydrogels and the 5% hybrid GelSH-DexNB, which demonstrate both safety and strong cellular
support. These materials can be strategically leveraged in developing patient-specific,
anatomically relevant urethral grafts, contributing to the long-term vision of delivering
next-generation regenerative therapies for male urethral reconstruction. Moreover, insights
from this deliverable will inform the development of standardised bioink development
workflows, strengthen the scientific basis for regulatory alignment, and support future clinical

translation and commercial exploitation of STRONG-UR technologies.
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