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A B S T R A C T   

Hydrogels are suitable soft tissue mimics and capable of creating pre-vascularized tissues, that are useful for in 
vitro tissue engineering and in vivo regenerative medicine. The polysaccharide gellan gum (GG) offers an 
intriguing matrix material but requires bioactivation in order to support cell attachment and transfer of 
biomechanical cues. Here, four versatile modifications were investigated: Purified NaGG; avidin-modified NaGG 
combined with biotinylated fibronectin (NaGG-avd); oxidized GG (GGox) covalently modified with 
carbohydrazide-modified gelatin (gelaCDH) or adipic hydrazide-modified gelatin (gelaADH). All materials were 
subjected to rheological analysis to assess their viscoelastic properties, using a time sweep for gelation analysis, 
and subsequent amplitude sweep of the formed hydrogels. The sweeps show that NaGG and NaGG-avd are rather 
brittle, while gelatin-based hydrogels are more elastic. The degradation of preformed hydrogels in cell culture 
medium was analyzed with an amplitude sweep and show that gelatin-containing hydrogels degrade more 
dramatically. A co-culture of GFP-tagged HUVEC and hASC was performed to induce vascular network formation 
in 3D for up to 14 days. Immunofluorescence staining of the αSMA+ network showed increased cell response to 
gelatin-GG networks, while the NaGG-based hydrogels did not allow for the elongation of cells. Preformed, 3D 
hydrogels disks were implanted to subcutaneous rat skin pockets to evaluate biological in vivo response. As 
visible from the hematoxylin and eosin-stained tissue slices, all materials are biocompatible, however gelatin-GG 
hydrogels produced a stronger host response. This work indicates, that besides the biochemical cues added to the 
GG hydrogels, also their viscoelasticity greatly influences the biological response.   

1. Introduction 

Hydrogels have extensively been studied for vascular tissue engi-
neering, due to their innate soft material properties, ability to allow 
encapsulation and nutrient diffusion. Moreover, hydrogels are designed 
to guide tissue formation for various applications including artificial 
tissue mimics and in vivo regenerative implants. Vascularization, the 
formation of a perfusable vessel network in artificial tissues, is among 
the top challenges that impede the clinical application of engineered 
transplantable tissues [1]. Likewise, in vitro models and organ-on-chip 
applications require vasculature to adequately model living tissues 
and organs. To create cell support matrix for those, biomaterial design 
has to be balanced between high bioactivity and rapid cell resorption 

[2–4], and adequate mechanical and viscoelastic properties [5]. 
Mechanical and rheological properties are furthermore a concern for 

the stability of the cell-laden hydrogel and manipulation for different 
applications, such as injection and casting [5] and others [6–8]. The 
effect of hydrogel stiffness and elasticity is finding increasing appreci-
ation in tissue engineering literature, and the phenomenon of mecha-
notransduction from the extracellular network to the cell is essential to 
biomaterial design [3,9]. Independent of cell adhesive motifs, it is well 
known that substrate stiffness can direct stem cell differentiation [10]. 
Moreover, vascular network models have been found to require sur-
rounding matrices that are compliant enough to allow remodeling by 
cells, but also strong enough to confer mechanical information to the 
cells [5]. 
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Gellan gum (GG) has been investigated for cell and drug delivery due 
to its gelation properties and cytocompatibility [11–14]. However, only 
few studies investigate GG hydrogels for vascularization models. One 
excellent example is given by Rocha et al. who use RGD-conjugated GG 
(GG-GRGDS) to develop a material for spinal cord injury (SCI) treatment 
[15]. This GG modification with the peptide sequence RGD via furan 
modification was first described by Silva et al. (2012) [16]. The SCI 
trauma site has increased need for oxygenation, which can be addressed 
only with functional vascular network in the transplant. A large array of 
other biomaterials has been investigated in the literature for vasculari-
zation, where the most prominent examples are fibrin and collagen I. In 
combination with collagen [17] and gelatin-based matrices [18], 
Human adipose-derived stem/stromal cells (hASC) have been shown to 
support the formation of formidable tubular networks when in co- 
culture with an endothelial cell type [15,17,19–21]. 

To establish stable vascularization, the stromal cell type is needed to 
support the vascular network formed by endothelial cells (EC). Here, we 
demonstrate the vascularization potential of a co-culture between 
human umbilical vein EC (HUVEC) and hASC. hASC are known to pro-
mote vascular growth, maturation and stabilization by secreting 
angiogenic factors and by differentiating into vessel lining supporting 
cells [19]. Furthermore, high proliferation and differentiation capacity 
of hASC makes them an ideal component for tissue engineering [19], 
and they have shown pericytic function when co-cultured with HUVEC. 
HUVEC are a robust source of EC with relatively easy access and proven 
capability for capillary morphogenesis. Despite their venous and mac-
rovascular origin, they are the most widely used EC type in tissue en-
gineering application with biomaterials [22]. Recently, we reported the 
vasculogenic potency of both bone marrow- and adipose tissue-derived 
mesenchymal stem/stromal in establishing a stable vascular network in 
fibrin hydrogel [23]. 

Herein, four different GG hydrogel formulations and modifications 
are investigated. These materials have been developed and published by 

us previously, and we considered these four most valuable for compar-
ison and further study. Purified (NaGG) (Fig. 1A) and avidin-modified 
purified (NaGG-avd) (Fig. 1B) have previously been investigated by us 
for a modular design [24]. Similarly, the gelatin-gellan gum compound 
hydrogels, achieved via hydrazone crosslinking of oxidized GG and 
carbohydrazide (gelaCDH) (Fig. 1C) or adipic acid hydrazide (gelaADH) 
(Fig. 1D) functionalized gelatin, have been investigated for iPSC-derived 
cardiomyocyte culture by us [25]. While all four materials are based on 
the polysaccharide GG there are inherent mechanical differences as well. 
NaGG and NaGG-avd exhibit almost identical brittle compression 
behavior, but our gelatin-GG hydrogels exhibit an elastic component in 
their stress− strain curve, closely resembling heart tissue. Though 
biocompatible, native GG is highly bioinert [26,27], but bioactive 
functionalization has been shown to improve cell response while 
maintaining mechanical stability [24,25,28]. 

2. Materials and methods 

GG (Gelzan™ CM-Gelrite®, low acyl form, 1000 kg/mol, CAS 71010- 
52-1), crosslinkers spermidine trihydrochloride (SPD, 99 %, CAS 334- 
50-9) and CaCl2 xH2O (CAS 22691-02-7) as well as other chemicals 
we purchased from Sigma (now Merck Sigma). Gelatin was purchased 
from Rousselot (X-Pure®) and Sigma (Gelatin from porcine skin, Type A, 
gel strength 300). Cytocompatibility of the different gelatin sources was 
assessed as shown in Appendix 6. Charge-neutralized chimeric avidin 
(avd) was synthesized and kindly donated by the Protein Dynamics 
group at Tampere University [29]. Cell culture supplies used for 
expansion and culture include αMEM (Gibco™, ref. 22561-021), EGM-2 
(endothelial cell growth medium-2 BulletKit™, CC-3156, Lonza Group 
Ltd., Switzerland), and human serum (HS, Serana Europe GmbH, ref. S- 
HU-EU-011). Reagents for immunohistochemical staining and other 
analysis were purchased from Merck. 

Fig. 1. Chemical structures and exemplary photographs of the investigated materials. [A] Sodium-purified gellan gum (NaGG); [B] purified gellan gum further 
functionalized with charge-neutralized chimeric avidin (NaGG-avd); [C] Oxidized gellan gum coupled to carbohydrazide-modified gelatin (gelaCDH-GGox); [D] 
Oxidized gellan gum coupled to adipic acid hydrazide-modified gelatin (gelaADH-GGox). [E] shows a photograph of cell-free hydrogel samples, depicting their ability 
to self-support and transparency. 
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2.1. Hydrogel modification and preparation 

GG was purified and coupled with avidin according to [24]. Briefly, 
counterions were removed from commercial GG formulations using 
exchange resin (Dowex cation exchange resin, H+ form, 50–100 mesh, 
prerinsed in HCl) and replaced with sodium (Na+) to a solution pH of 
7.5. NaGG was precipitated in isopropanol and lyophilized. GG was 
oxidized using Malaprade oxidation, for which a hot (40 ◦C) GG solution 
is treated with NaIO4 in a ratio of 50 mg GG to 6 mg NaIO4. The reaction 
was quenched after 4 h using ethylene glycol and dialyzed (12–14 kDa 
MWCO) against deionized (DI) water for 3 days before lyophilization 
[24,25,30]. 

The gelatin modification protocol was adapted from Koivisto et al. 
(2019) [25]. Briefly, gelatin was dissolved in ultra-pure water at 2.0 g/L 
and kept in N2 environment at room temperature. An excess of carbo-
hydrazide (CDH) or adipic hydrazide (ADH) and the pH was adjusted to 
4.7 and 5.0 respectively. A mixture of EDC (100 mg) and HOBT (70 mg) 
was dissolved in DMSO and dropwise but swiftly added to the gelatin 
solution. The EDC-HOBT addition was repeated 2 times, to achieve a 
total molar ratio of 3.8 mM EDC to 21.9 mM CDH or 43.4 mM ADH, 
respectively. The reaction is kept overnight, and the product is precip-
itated via salting-out using cold ethanol. The precipitate is collected, 
centrifuged and redissolved into ultra-pure water for dialysis over 2 
days. Before lyophilization, the solution is sterile filtered using 0.2 μm 
syringe filter (Whatman FP30/0.2 CA-S). Hydrogel compositions are 
based on our previous publications [24,25,30]. 

Hydrogels were prepared by combination of component 1 (gellan 
gum) and component 2 (crosslinker) with ratios as listed in Table 1. The 
components were either mixed in a separate vial (Hydrogel 1 and 2) and 
cast to the mold or mixed directly in the mold (Hydrogel 3 and 4) to 
achieve homogenous, bubble-free samples. For cell encapsulation, the 
cell pellet was resuspended in either component 1 (NaGG and NaGG-avd 
for Hydrogel 1 and 2), or component 2 (gelaCDH and gelaADH) based on 
volume and ease of pipetting, and the hydrogels were formed as 
described above. Only for cell culture experiments, biotinylated fibro-
nectin (2.5 mg/mL stock), synthesized and kindly donated by the Pro-
tein Dynamics group at Tampere University, was added to NaGG-avd to 
achieve a final concentration of 31 μg per mL hydrogel. After casting, the 
hydrogels are left to set at 37 ◦C for at least 20 min to 4 h before further 
manipulation. All components were sterile filtered using a 0.2 μm sy-
ringe filter (Whatman FP30/0.2 CA-S). 

2.2. Mechanical analysis and degradation 

For all rheological experiments, Rheometer DHR-2 (TA Instruments) 
and 20 mm stainless steel flat geometry were used. To flow test the 
hydrogel precursors, 370 μL of each solution was pipetted onto the 
bottom plate and tested using a gap of 1000 μm and analyzed from 0.1 to 
500 Hz. Gel formation was observed using a time sweep. The first 
component of the gel, (NaGG, NaGG-avd, gelaCDH, or gelaADH, was 

placed to the plate at 37 ◦C and the geometry was lowered to a gap of 
1500 μm. The second component (CaCl2, SPD, or GGox) was added 
while the geometry was spinning at 7 rad/s for 7 s in order to facilitate 
mixing, after which the temperature is lowered to 30 ◦C. The time sweep 
measurement is started immediately after the spinning step, and run 
with constant amplitude (0.75 % oscillation strain) and frequency (0.75 
Hz) for 3600 s. Consequently, the sample formed during the time sweep 
was left to rest in place for 5 min and then used for an amplitude sweep. 
The amplitude sweep was performed from 0.1 % to up to 500 % oscil-
lation strain at 0.75 Hz. 

Samples for degradation analysis were prepared as described as cell- 
free hydrogel in either a ø 20 mm mold for rheological testing at a 
volume of 500 μL (sample height ~ 2 mm), or in ø 8.8 mm mold for mass 
loss analysis at a volume of 300 μL (sample height ~ 5 mm). After the 
hydrogels were fully set (4 h at 37 ◦C), the samples were chilled over-
night at +4 ◦C to facilitate demolding. Mass loss samples were placed on 
mesh ring holder, while rheology samples were kept in their molds, and 
the samples were then incubated with cell culture on top. Mass loss 
samples were periodically weighed, and new medium was placed on top 
of the same samples. Rheology samples were finally demolded and 
analyzed using an amplitude sweep (0.01–500 %) with a fixed frequency 
of 0.75 Hz and plate temperature of 30 ◦C. Samples were carefully 
placed on the bottom geometry and the upper one was brought into 
contact with the sample so that the axial force was about 0.1 N, ensuring 
good contact between sample and geometry, without loading too high 
stress onto the material. 

2.3. Cell isolation and culture 

Human adipose stem/stromal cells (hASC) were isolated from sub-
cutaneous tissue samples obtained from three independent donors to 
reveal the possible biological variabilities between human donors. Tis-
sue samples were obtained at the Tampere University Hospital Depart-
ment of Plastic Surgery with the donor's written informed consent and 
processed under ethical approval of the Ethics Committee of the Expert 
Responsibility area of Tampere University Hospital (R15161). The cells 
were isolated as described previously [31]. The hASC were cultured in 
α-MEM (Thermo Scientific #22561054) supplemented with 5 % HS (HS, 
Serana Europe GmbH, ref. S-HU-EU-011), 100 U/mL penicillin, and 100 
μg/mL streptomycin, expanded over 4 days and used between passages 
1–3. The mesenchymal origin of hASC was confirmed by surface marker 
expression analysis with flow cytometry and assessment of adipogenic 
and osteogenic differentiation potential according to the International 
Society for Cellular Therapy criteria [32]. 

Human umbilical vein endothelial cells (HUVEC) pooled from 
several human donors were expressing green fluorescent protein (GFP) 
and were commercially obtained from Cellworks. GFP-HUVEC were 
cultured in Endothelial Cell Growth Medium-2 consisting of Endothelial 
Cell Growth Basal Medium (EBM-2, Lonza #CC-3156 and CC-3162) and 
Endothelial Cell Growth Medium-2 Supplements (EGM-2, Lonza CC- 
4176) with 0.1 % GA-1000, 0.1 % R-IGF-1, 0.1 % VEGF, 0.1 % hEGF, 
0.04 % hydrocortisone, 0.4 % hFGF-B, 0.1 % ascorbic acid, 0.1 % hep-
arin). Instead of the fetal bovine serum supplied with the Kit, 2 % HS was 
used. The cells were expanded over 4 days and used between passages 
4–5. 

2.4. Cellular co-cultures for vascular network formation 

The cells were harvested, split to aliquots, combined to yield 0.75 
mio GFP-HUVEC and 0.15 mio hASC per sample (cell ratio 5:1) and 
centrifuged. The cell pellet was resuspended in NaGG, NaGG-avd, 
gelaCDH or gelaADH and placed into the well-plate (ibidi μ-slide 8- 
well, ibidi GmbH). The other component of each hydrogel was added 
and mixed swiftly using the pipette tip. The hydrogels were left to gelate 
at 37 ◦C for 30 min before adding 200 μL of EGM-2 on top. Media were 
changed three times a week. The samples were imaged live during the 

Table 1 
Composition of investigated hydrogels. Abbreviation of materials used 
throughout the text are bolded.   

Component 1 (gellan gum) Component 2 (crosslinker) Mixing 
ratio 

1 NaGG 
5 mg/mL in HEPES/ 
sucrose 

Calcium chloride (CaCl2 xH2O) 
10 mM in HEPES/sucrose 

5:1 

2 NaGG-avd 
5 mg/mL in HEPES/ 
sucrose 

Spermidine trihydrochloride 
(SPD) 
2 mM in HEPES/sucrose 

5:1 

3 GGox(60) 
40 mg/mL in EBM-2 

gelaCDH 
40 mg/mL in EBM-2 

1:1 

4 GGox(60) 
40 mg/mL in sucrose 

gelaADH 
40 mg/mL in sucrose 

1:1  
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culture period using EVOS microscope (EVOS FL Cell imaging system, 
Thermo Fisher Scientific) with brightfield view and GFP filter. 

2.5. Immunofluorescent staining and image analysis 

At day 14, co-culture samples were fixed using 4 % para-
formaldehyde (PFA, Sigma, #158127) and unspecific binding was 
blocked with 10 % normal donkey serum (NDS, Sigma, #S30) in 1 % 
bovine serum albumin (BSA, Sigma, #A7906) solution containing 0.1 % 
TritonX-100 (Sigma, #T8787). All washing steps were performed using 
DPBS. The samples were consecutively treated with primary antibody 
(mouse monoclonal, α-smooth muscle actin, dilution 1:200, Abcam 
#ab7817) for 2 days, secondary antibody (Goat anti-Mouse IgG Alexa 
Fluor 568, dilution 1:400, Invitrogen # A-11004) overnight and finally 
DAPI (1:1000 in DPBS for 2 h). The GFP-HUVEC are visible due to their 
expressed GFP (GFP tagged HUVEC). The samples were imaged using 
confocal microscope Zeiss LSM 780 with 10× magnification objective 
and imaging approximately 200 μm per z-stack and EVOS images were 
clipped to remove the scale bar, and selected images were used for image 
analysis with AngioTool64 (Version 0.6a). The average vessel thickness 
was adjusted to around 10.4 ± 4.0 pixel units (confocal) and 4.2 ± 0.9 
pixel units (EVOS). From the results, “vessels area” was used for further 
evaluation for endothelial cell coverage, which is the ratio of vessel area 
to explant ratio determined by the software. 

2.6. Subcutaneous implantation 

To study the materials in vivo, preformed samples were subcutane-
ously implanted to 40 male rats from the Wistar stock (60–90 days old), 
weighing 250–350 g. The species was selected in accordance the pro-
visions of ISO10993-2. Experiments were carried out at the Unit of 
Comparative Biology at the Pontificia Universidad Javeriana (Bogota, 
Colombia), with the approval from the Institutional Committee for the 
Care and Use of Laboratory Animals (CICUAL-PUJ). The animals came 
from the internal colony of production which was initiated with a 
founding stock originating from Charles River, USA. There were 10 
animals per time point, and each animal had 1 implant of each type (4 in 
total, n = 10). Before surgery, the animals were anesthetized using 
inhalation of 3 % isoflurane in oxygen flow set of 0.5 L/min. Rats under 
anesthesia were treated subcutaneously with meloxicam (1 mg/kg) and 
enrofloxacin (5 mg/kg) 30 min before the surgical incision. Hair was 
removed from the implant area and incisions were performed to create 4 
pockets into the dorsal subcutaneous tissue by blunt dissection, so that 
the base of the pocket is at least 2 mm from the line of incision. Then, 
hydrogel implants (ø 10 mm and 1 mm in thickness) were inserted to the 
pocket. During the procedure, vital signs were monitored, and temper-
ature support was placed. At the end of the procedure, the animals were 
allocated to the oxygenation chamber to recover from anesthesia. When 
the animals woke up showing good recovery, they were taken back to 
their cages. During the first three days after the procedure, the animals 
were medicated with meloxicam and enrifloxacin and the appearance of 
the incisions, signs of inflammation, infection or other events were 
evaluated. The animals were fed a standard diet and kept in groups of 
two in ventilated cages for the duration of the study. After 7, 14, 21 and 
28 days of implantation, the animals were sacrificed using intraperito-
neal sodium pentobarbital (50 mg/kg dose) and CO2 inhalation. Each 
implant was collected separately, taking skin and subcutaneous tissues 
until reaching the fascia of the panniculus carnosa muscle and fixed in 
10 % buffered formalin. The hydrogel degradation profile was followed 
during the retrieval. 

2.7. Macroscopical and histological evaluation 

Retrieved tissue samples were fixed with 10 % formalin, dehydrated 
in a series of alcohols, and embedded in paraffin. The paraffin- 
embedded specimens were sectioned to a thickness of 5 μm, and 

stained with hematoxylin and eosin (H&E). Stained sections were 
imaged with a Nikon Eclipse E 600 microscope and Toup Cam digital 
camera. Tissue lesions such as neutrophils, eosinophils, granulomatous 
reaction, giant cells and neovascularization were analyzed and semi- 
quantitatively scored on a scale from 0 to 3. 

2.8. Statistical methods 

Data from AngioTool evaluation were subjected to one-way ANOVA 
using Microsoft Excel Data Analysis ToolPak to test for significance. The 
results are displayed in Fig. 5. Normality of the data was assessed using 
chi-square test using a random data sample set with n > 10 from 
confocal image AngioTool analysis. With a p-value larger than 0.5 (p =
0.97), we assume the data to be normally distributed, and apply the 
same behavior also for data sets with low number of points that could 
not be tested. 

3. Results 

The scope of our work was to highlight and investigate the role of the 
material in cellular rearrangement and neovascularization. Firstly, we 
assessed the mechanical properties of the cell-free hydrogel materials. 
Though all materials investigated herein are based on GG (see Fig. 1), 
their crosslinking and viscoelastic behavior is drastically different. 
Rheological properties of the forming and formed hydrogels assessed by 
conducting time sweeps of the forming hydrogels and amplitude sweeps 
of fresh and degraded samples Similarly, their biochemical environment 
is different due to the addition of gelatin and fibronectin. Secondly, we 
observed the cell response of co-culture between hASC and HUVEC, 
which are well known to interact and form vascular networks, contin-
uously monitored over 12 days, then fixed and stained on day 14. 
Finally, we investigated the in vivo tissue responses elicited by cell-free, 
preformed hydrogel samples after subcutaneous implantation in rats to 
observe acute tissue response within 4 weeks. 

3.1. Rheological testing and degradation 

In the pursuit to provide a thorough assessment and understanding of 
the viscoelastic properties, the materials were analyzed using rheology. 
A time sweep, with constant amplitude and frequency, gives the ability 
to observe time-dependent change of the hydrogel formation, i.e. the 
gelation. Gelation occurs as expected, as is shown in the previous pub-
lications [24,25,30]. Time point zero in Fig. 2A depicts few seconds after 
mixing of the two components, showing how long the hydrogel com-
ponents take to form a solid network and suspend encapsulated cells. All 
materials form true hydrogels within the observation time of 1 h. While 
the gelation kinetics of NaGG and NaGG-avd, with final modulus of 
552.8 ± 219.0 Pa and 493.2 ± 44.7 Pa respectively, are very similar, 
there is a stark difference between gelaCDH and gelaADH hydrogels. 
Though it could be expected these to be very similar judging from their 
chemical structure, gelaADH rapidly forms hydrogels with high modulus 
of 860.9 ± 6.6 Pa. GelaCDH has a delayed network formation and 
achieves a modulus of only 42.4 ± 7.7 Pa after 1 h. 

In direct succession of the gelation sweep, after the sample was at 
rest for 5 min, an amplitude sweep was performed from 0.01 to 100 % 
oscillation strain as shown in Fig. 2B. The resting period ensures that the 
network is stress-free. Because storage (G′) is larger than loss modulus 
(G′′) before the critical cross-over points, all materials are elastic solids. 
Before this crossover point of G′ and G′′, where the moduli are constant, 
lies the linear viscoelastic region which indicates the elasticity of a 
hydrogel and reversible deformation. While a crossover point is 
observed for NaGG (48 % osc. strain) and NaGG-avd (32 % osc. strain) 
hydrogels, the observed range of oscillation strain is too short to reach 
irreversible deformation point for gelaCDH and gelaADH. The ratio 
between G′′ and G′, i.e. tan δ, is proportional to the network density. A 
tan δ of 0.8 and 0.6 for NaGG and NaGG-avd, respectively, confirms the 
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finding of the time sweep that these two hydrogels are very similar and 
relatively tough. A comparison between the two gelatin-gels shows that 
CDH is softer (tan δ 0.16) and elastic than the very tough gelaADH gels 
presenting a very dense network (tan δ 0.04). 

The flow behavior of the hydrogel precursors has been analyzed as 
well, showing again very similar flow behavior between NaGG and 
NaGG-avd precursors, while gelaADH dissolved in sucrose is slightly 
more viscous than gelaCDH dissolved in EBM-2. Surprisingly, the sol-
vent has a great effect on GGox, resulting in higher viscosity and shear 
stress for sucrose solvent over cell culture medium, likely due to the 
effect of sugars on polysaccharides [33,34]. No direct comparison be-
tween precursor solution between the groups can be drawn here, as the 
respective solution concentrations are markedly different, with NaGG 
and NaGG-avd at 5 mg/mL, gelatin solutions at 40 mg/mL and oxidized 
GGox at 40 mg/mL. The data can be found in Appendix A1–1. 

Cell-free samples were prepared similar to in vivo implantation pro-
cedure and incubated in EBM-2 at 37 ◦C for the specified time and their 
weight was observed, showing both swelling and mass loss due to 

degradation. NaGG and NaGG-avd hydrogels prove to be very stable, 
while gelatin-GG hydrogels quickly diminish in weight. This is also 
observed from the rheology analysis, where NaGG and NaGG-avd are 
stable and slightly increase their storage modulus, while the gelatin- 
based hydrogels quickly deteriorate. While measuring preformed sam-
ples with an amplitude sweep yields slightly different results compared 
to the method displayed in Fig. 2 and measuring highly degraded sam-
ples can have caveats. Nonetheless, when plotting the average value of 
the storage modulus at the linear viscoelastic region (LVER), shows 
expected behavior of sample types as seen in Fig. 3A. Both NaGG and 
NaGG-avd hydrogels show almost no degradation effects. Most notice-
able is the increase in modulus, which is due to an increase in cross-
linking by the medium and formation of more rigid network [33]. In 
contrast, the gelatin-GG hydrogels show rapid degradation. The 
modulus of gelaADH hydrogels declines rapidly and the measured 
samples were highly deformed. Unfortunately, it was not possible to 
measure the degradation products of gelaCDH at the other time points, 
and also the 6 h time point sample was delicate to measure. 

Fig. 2. Rheological assessment of cell-free hydrogels. (A) Time sweeps of hydrogels combined at t = 7 s. (B) Amplitude sweeps of samples just after gelation sweep. 
Solid line = storage modulus, dashed line = loss modulus. 

Fig. 3. Degradation of the investigated materials. [A] Mass loss analysis of cell-free materials in DMEM. Small inset image shows gelaCDH in degradation curve from 
0 to 8 h. [B] Evolution of storage modulus at LVER in cell-free samples incubated in EBM-2 over 7 days. 

C. Gering et al.                                                                                                                                                                                                                                  



Biomaterials Advances 143 (2022) 213185

6

Degradation of the hydrogels can also be observed from the EVOS 
images taken during the co-culture experiment. The low magnification 
(2×) captures the entire well and images are shown in Appendix A2–1. 
Upon close inspection a similar trend can be observed, where NaGG and 
NaGG-avd are highly stable, but a hole quickly forms in the center of 
gelaCDH and gelaADH samples. Hydrogel casting issues can lead to a 
premature degradation also for the NaGG and NaGG-avd hydrogels, but 
cell network formation appears to stabilize the hydrogel against 
degradation. 

3.2. In vitro co-culture results 

The encapsulation experiments show that HUVEC-hASC can be 
cultured in all four investigated materials up to 14 days, however with 
greatly varying results. Progression of the cell culture was monitored 
using EVOS microscope with brightfield and GFP filter on day 2, 4, 6, 9, 
and 12, example images of which can be viewed in Appendix A2–2. 
Already in the EVOS images, partial HUVEC elongation and network 
formation can be seen in the gelatin-gellan gum, but only sporadically 
for NaGG and NaGG-avd hydrogels (Appendix A2–2). Remarkably, also 
the progression of hydrogel degradation can be followed from 2×
magnification in EVOS images (Appendix A2–1). Representative images 
of the confocal images at day 14 are shown in Fig. 4. 

In the confocal images of NaGG and NaGG-avd the stained cells 
appear rounded and GFP-HUVEC are scattered and rounded. Modest 
elongation is visible in some of the NaGG-avd samples, but likely cells 
have migrated to the bottom of the well plate. The final molar 

concentrations of fibronectin protein modification in NaGG-avd were 
71.0 nmol/L in the final hydrogel, compared to the avidin concentration 
of 1.6 μmol/L as determined in our previous publication [24]. The 
gelatin-containing samples (gelaCDH and gelaADH) on the other hand 
present a strong hASC network stained with αSMA. This network ap-
pears slightly denser in gelaCDH than gelaADH, but in both cases it is 
very pronounced. However, even in gelaCDH hydrogels the GFP-HUVEC 
do not form long, connected tubular structures, but alignment among 
the αSMA+ network can be observed in several locations. 

AngioTool was used to measure the endothelial cell (EC) coverage 
from the EVOS images (Fig. 5A), as well as the αSMA+ cell coverage of 
the confocal images (Fig. 5B). Because presence of interconnected tubule 
network was not observed, the total coverage of ECs and αSMA cells was 
considered. NaGG shows a fast loss of EC coverage between day 2 and 4, 
and no recovery, while NaGG-avd presents an initial increase in EC 
coverage from day 2 to 4, followed by a steady decline. The gelaCDH 
hydrogels produce a small initial dip in EC coverage, but an increase 
from day 6 onward is visible. Finally, gelaADH shows an initial decline, 
but between day 4 and day 12 there are no significant differences (p <
0.5). 

The cell coverage assessment of the αSMA+ network from the 
confocal images confirms the visual observations. While gelaCDH pre-
sents a dense network (27.6 % coverage), and gelaADH is near similar in 
strength (17.4 % coverage), the total coverage for NaGG and NaGG-avd 
hydrogels is significantly lower (12.0 % and 5.4 %). Due to degradation 
issues, only few samples of NaGG-avd could be assessed, likely leading to 
skewed values towards the lower end. Remarkably, the plots of EVOS 

Fig. 4. Confocal microscope images of in vitro co-culture samples at day 14 after encapsulation. Red = αSMA, green = GFP-HUVEC, blue = DAPI cell nuclei, scale bar 
is 200 μm. All images were taken with 10× objective, top row shows a tile stack (1790 × 1790 μm), center row standard stack (639 × 639 μm), and bottom row small 
stack (310 × 310 μm). 
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day 12 and confocal day 14 seem to resemble each other in distribution 
between the investigated materials. 

3.3. Macroscopic and histologic evaluation of the hydrogel implants 

The animals tolerated the implantation procedure well and did not 
show adverse reaction (Appendix A4). All the animals behaved normally 
throughout the observation period after the implant surgery and scab-
bing was absent or lightweight. None of the animals developed severe 
oedema, and signs of oedema were entirely absent towards final time 
points. The hydrogel implants decrease in size between 70 and 50 % 
during the 28 days evaluation period. Some of the implants moved in the 
subcutaneous area during the evaluation period. The microscopical 
evaluation indicated that the implants did not affect the epidermis, 
dermis or adipic panniculus. The subcutaneous tissue showed diffuse 
lesions not related with the implant but with the surgical procedure, like 
oedema, infiltration of mononuclear cells and mast cells. Macroscopic 
assessment of the retrieved samples and their presence is tabulated in 
Appendix A3. 

The findings from the tissue scoring associated with the implant are 
summarized in Table 2, where cell presence was rated on a scale from 
0 to 3. Tissue slices for day 28 and examples of evaluated features are 
shown in Fig. 6. A more complete selection of histology images can be 
found in Appendix A5. In general, foreign body reaction was found to be 
more pronounced in the bioactivated formulations (NaGG-avd, 
gelaCDH, gelaADH), and even more so in the gelatin-containing for-
mulations (gelaCDH, gelaADH). 

Most prominently, neovascularization around the implant is much 
more pronounced in both gelatin-composite hydrogels. While gelaCDH 

shows steady signs of neovascular vessels throughout day 7 to 28, 
gelaADH has a muted response until day 28, where it achieves the 
highest score observed within these samples. Neovascularization is 
slightly more effective in NaGG-avd over pure NaGG, owing to the added 
fibronectin. There is no direct ingrowth of blood vessels observed into 
any of the implants. NaGG is the only material without lymphocytic 
infiltrate, while the other, bioactivated materials induce stronger re-
actions. Granulomatous reaction and giant cell presence are also greatly 
increased in the bioactivated hydrogels, especially for the gelatin- 
containing formulations. A mild capsule formation, indicated also by 
the presence of multinucleated giant cells, is observed for all implants. 

Only the NaGG hydrogels at time points over 14 days showed no 
granulomatous reaction, all the other samples and time points had evi-
dence of mild to moderate reaction. The gelaADH hydrogel samples 
showed severe granulomatous reaction at later time points. The pres-
ence of giant cells follows similar observations as granuloma, where all 
samples have mild to moderate giant cell presence. Only NaGG hydro-
gels show no evidence of giant cells at final time points, while gelaADH 
hydrogels induce a severe reaction at day 14. No lymphoplasmacytic 
(LP) infiltrate was observed for NaGG hydrogels on any evaluated time 
points, while the bioactivated hydrogels showed mild LP infiltrate at 
earlier time points, and moderate infiltrate towards 28 days. 

4. Discussion 

Cellular responses in vitro and in vivo are controlled by a complex 
combination of surrounding microenvironmental factors including 
biochemical cues and mechanical support. Native GG is known to be 
cyto- and biocompatible, albeit not bioactive and cells do not attach to 

Fig. 5. Percentage of images covered with (A) endothelial and (B) αSMA positive cells, representing network formation. (A) GFP-HUVEC channel/signal from 4×
magnification images on day 2, 4, 6, 9 and 12. (B) αSMA signal from confocal microscope images (pooled) at day 14. Images were analyzed using AngioTool. 

Table 2 
Scoring results of subcutaneous implants. Biopsy slices were fixed in paraffin, stained with hematoxylin and eosin and scored with a scale from 0 to 3 and visualized 
with + and − .   

NaGG NaGG-avd gelaCDH gelaADH 

Day 7 14 21 28 7 14 21 28 7 14 21 28 7 14 21 28 

Neovascularization + − − − + + − + ++ + ++ ++ + + + +++

Diffuse mast cells + + − − + + − − + + ++ ++ + + + ++

Granulomatous reaction + + − − + ++ + + ++ +++ ++ ++ ++ +++ + +++

Giant cell presence + + − − + ++ + + ++ ++ ++ ++ ++ +++ + ++

Neutrophils − − − − − − − − − − + − − − − −

Eosinophils − − − − + − − − + − − + + − − +

Lymphocytic infiltrate − − − − + ++ + + + ++ ++ ++ + ++ + ++

# of retrieved samples 6 7 4 7 9 9 7 7 10 8 4 4 7 10 3 2  
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its polymer structure. To make use of its excellent mechanical properties 
and availability, many bioactivation strategies have been proposed 
[15,35–37]. Here, we aimed to investigate bioactivation strategies 
previously described by our lab in more detail, while directly comparing 
the three aspects of mechanical properties, in vitro cell response and in 
vivo tissue activity, in order to highlight the relation of these features. 
The hydrogel polymers are formulated in cell culture media, HEPES 
buffer or sucrose (10 %), which ensures an appropriate osmotic con-
centration for cell survival. After gelation, cell culture medium was 
added on top of the hydrogels, which readily diffuses through the 
hydrogels [38]. During the cell culture experiment, ionic strength and 
pH are both regulated by addition of cell culture medium on top, and 
thus they are similar for all investigated materials. 

The structural analysis of the investigated materials has been re-
ported extensively in previous publications. Ion concentration of the 
purified NaGG and functionalized NaGG-avd were determined using 
ICP-OES, with Ca2+< 0.1 wt% and Na+ ≥ 2.5 wt% [24]. The presence of 
ADH and CDH functional groups in modified gelatin have been 
confirmed by 1H NMR results [25]. The oxidation degree of GGox has 
been determined via aldehyde UV titration, which showed that over 25 
% of available rhamnose rests in the GG repeat unit have been oxidized 
[30]. Using fluorescence titration, the avidin modification degree of 
NaGG-avd has been determined to reach up to 0.375 μmol per mg NaGG- 
avd [24]. All hydrogel formulations have previously been subjected to 
uniaxial, unconfined compression at a rate of 10 mm/min. The recorded 
fracture strength of the gelatin-gellan gum formulations is much higher 
with 20.4 ± 1.8 kPa and 61.6 ± 14.1 kPa for gelaADH and gelaCDH (1:1 
formulations with GGox) [25] as compared to the very brittle NaGG-Ca 
and NaGG-avd-SPD with 5.1 ± 0.8 kPa and 6.4 ± 1.2 kPa respectively. 
Similarly, the fracture strain is shifted to higher values for gelaCDH 
(69.9 ± 2.9 %) and gelaADH (61.7 ± 5.0 %) when compared to NaGG 
(45.5 ± 1.0 %) and NaGG-avd (36.5 ± 5.6 %), underlining the more 
elastic nature of the gelatin-gellan gum hydrogels. 

The hydrogel formulations were analyzed using rheological ampli-
tude and time sweep, taking advantage of the ability to investigate the 

viscoelastic properties of the as-prepared hydrogels. The rheological 
time sweep shows that NaGG and NaGG-avd hydrogels are very stiff, but 
they form gels reliably and fast. The gelaCDH hydrogels are softer and 
form slowly, while gelaADH presents a high modulus and forms 
hydrogels very quickly. The extent of the LVER in the amplitude sweep 
shows that gelatin-GG hydrogel formulations are much more elastic than 
NaGG-based hydrogels. Viscoelastic properties have been acknowledged 
to greatly affect cell response and a cell's ability to interact with the 
material via mechanotransduction [1,10,39]. However, material design 
is an interplay of density, stiffness, viscoelasticity, and degradation, as 
well presentation and concentration of bioactive and cell attachments 
motifs [5]. While it was reported that HUVEC have increased expression 
of VEGF in substrates with lower stiffness [39], angiogenic sprouting has 
been shown to favor stiffer matrices [40]. As confirmed in our amplitude 
sweep, pure NaGG hydrogels are rather brittle materials, which is often 
observed for ionically crosslinked hydrogels [33]. All formulations 
investigated here form hydrogels fast enough to effectively encapsulate 
cells for true 3D cell culture, but with sufficient delay to permit casting 
them to the well plate or into a mold. In regard to the previously assessed 
compressive behavior, Koivisto et al. (2019) showed that gelaCDH and 
gelaADH-based hydrogels have a very similar fracture strain and 
strength, very elastic and brittle [25], although gelaCDH is more elastic. 
Also NaGG and NaGG-avd have been compared using compression 
testing and have very similar fracture and strain behavior [24]. When 
comparing the mechanical properties of our presented hydrogels, their 
composition and total polymer concentration must be taken into ac-
count. NaGG and NaGG-avd are formulated at 8-fold lower concentra-
tion than the gelatin-containing samples yet prove to be similar in 
modulus with lower elasticity. Bioactivity appears to be governed 
through the addition of gelatin, as well as elasticity and compliance. 

Preformed samples could also be analyzed for degradation testing, 
although measuring highly degraded samples is rather challenging. The 
performed test does not directly imitate neither in vitro nor in vivo ex-
periments due to omission of cells, however, a general trend of bioma-
terial degradation development can be gauged. NaGG and NaGG-avd 

Fig. 6. Exemplary histology slices showing relevant features on day 28. Asterisk (*) indicates the implanted hydrogel. Markers show the following features: Neo-
vascular vessel (A, E, I, M), Giant cell infiltration (B none|F mild|J, N moderate), Lymphocytic infiltrate (C none|G, O mild|K moderate), and Granulomatous reaction 
(D none|H mild|L moderate|P severe); Hydrogels types are A–D NaGG, E–H NaGG-avd, I–L gelaCDH, M–P gelaADH. Image R shows an example of the implantation 
sites immediately after surgery. 
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have been found to be very stable, but this strongly depends on the 
success of mixing with the crosslinker, as well as the casting step. Issues 
were observed in the cell culture experiment with stability of NaGG and 
NaGG-avd formulations, but that may have been due to inadequate 
mixing. On the other hand, gelaCDH degrades rapidly in vitro without 
cells, even without serum in the supernatant. In turn, this hydrogel 
formulation was surprisingly stable in the cell culture experiments, 
likely due to ECM production of cells stabilizing the construct. Finally, 
gelaADH hydrogels are more stable, but during the rheology experi-
ments the samples changed appearance and mechanical properties more 
strongly than NaGG and NaGG-avd hydrogel. Conversely, Koivisto et al. 
(2019) investigated the degradation of gelaCDH and gelaADH formu-
lations using collagenase and found that ADH degrades more swiftly 
compared to CDH, which was concluded to be due to higher crosslinking 
density [25]. 

The co-culture of HUVEC and hASC or similar mesenchymal stem 
cells (hMSC) has been shown to promote vasculogenesis and self- 
assemble to form vascular network with and without additional 
biomaterial support [17,19,41]. Andree et al. (2019) showed that in 
serum-free conditions hASC and HUVEC are forming functional vessels 
in different collagen matrices, however their study provides no assess-
ment of mechanical properties for the used materials. Interestingly, the 
authors conclude that this co-culture system could be used for sup-
porting rearrangement of target cell types in e.g. the formation of smooth 
muscle cell network, which is strongly reflected by our findings [17]. 
Similarly, Kim et al. (2022) developed bioprinted collagen-β-TCP scaf-
folds and showed the co-culture of hASC and HUVEC specifically for 
osteogenesis and vasculogenesis [41]. 

Vasculogenesis is indicated by the elongation and network formation 
of EC, and development of an interconnected network from these. From 
the confocal images, we detected a formation of endothelial cell clusters 
and aggregates and short tubule structures but no interconnected 
vascular network in any hydrogel formation. However, gelatin- 
containing formulations included significantly more extensive endo-
thelial cell coverage compared to NaGG-based hydrogel formulations. A 
more pronounced cell network was visible in NaGG-avd on day 12 
(Appendix A2–2), but these samples did not endure the staining pro-
cedure and were not possible to image using confocal microscopy 
Overall, NaGG and NaGG-avd seemingly prevent cell network forma-
tion, but nonetheless are cytocompatible materials supporting their 
viability. The effective addition of biotinylated compounds to NaGG-avd 
at 1.5 μM per 1 mL hydrogel has been shown previously [24], but also in 
our originally study we concluded this concentration to be too low to 
achieve noticeable cell response. Surprisingly, despite the incapability to 
support vascular network formation, gelatin-based formulations rapidly 
produced an extensive αSMA-positive cellular network. The co- 
localization of HUVEC and αSMA-positive cells suggests close interac-
tion of the two cell types as detected in our earlier vessel formation 
studies [23]. 

While gelaCDH and gelaADH hydrogel formulations are similar in 
chemical structure and in availability of gelatin, which provides cell 
interaction, the cell response does show significant differences in 
endothelial cell coverage. This is likely due to considerable difference in 
viscoelastic response as observed from the rheological amplitude 
sweeps. GelaCDH hydrogels are more elastic, while gelaADH hydrogels 
are quite rigid and have a higher modulus. While it has been reported 
that angiogenic sprouting is more pronounced in stiffer substrates 
[40,42], this is not observed when comparing gelaCDH and gelaADH 
here. However, it is also known that cells prefer a permissive matrix, 
which improves ability to remodel and deposit own ECM [43], seem-
ingly favoring our gelaCDH formulation. 

The results from the animal study are overall in line with the cell 
culture results: Hydrogels from NaGG are rather inert, NaGG-avd and its 
fibronectin modification shows a slight upward trend in tissue response, 
while a strong response is observed from both gelatin-GG formulations, 
as indicated by the inflammatory markers and neovascular vessel 

growth around the implants. There was no vascular ingrowth into any of 
the studied hydrogels, however the implants were cell-free and such 
auto-vascularization would not be expected. Interestingly, Desai et al. 
(2015) observed cell infiltration to cell-free hydrogel when observing 
their injectable, RGD-modified alginate norbornene-click hydrogels 
[44]. This effect was likely due to physical fragmentation of their ioni-
cally crosslinked formulations, which also have been described to be less 
stable than the covalent photo-crosslinked formulation. Similarly, 
compared to our crosslinked hydrogel formulations most injectable 
hydrogels in the literature are much softer, which more easily allow for 
cell infiltration and remodeling [45,46]. 

The presence of macrophages in the early time points indicates a 
positive, acute immune response, while their absence in later time points 
suggests no chronic inflammation. Similar to our study, Silva-Correia 
et al. (2013) reported the subcutaneous implantation of cell-free meth-
acrylated GG (GG-MA) photo-crosslinked disks into rats [26]. In line 
with the expectation that GG-MA is as bioinert as native GG, they 
observed a moderate infiltration of granulocytes and macrophages into 
their hydrogels, and complete clearance of immune response markers 3 
weeks of implantation. 

The chosen implantation time of 28 days is too short to fully assess a 
mature tissue response and incorporation, but the initial implantation 
response and acute inflammation can be surveyed. All implanted 
hydrogels showed foreign body reaction to different degrees and a mild 
fibrosis. Absence of neutrophils indicates a successful and clean im-
plantation procedure and no adverse inflammation reaction. Similarly, 
the low count of eosinophils indicates that the materials did not cause 
any allergic reaction. It is understood that the source of gelatin plays a 
significant role in immune response [47,48]. We have compared stan-
dard cell culture grade gelatin and ultra-low endotoxin gelatin in a 
preliminary cell culture experiment. The gelatins showed no difference 
in cell proliferation and morphology (Appendix 6). However, this test 
might not be directly translatable to in vivo tissue reaction. Relevant 
foreign body reaction was observed during tissue implantation for 
gelatin-containing hydrogels. 

In summary, our observations show that in order to steer cell 
response via mechanotransduction, biomaterial design requires 
adequate mechanical properties, as defined by viscoelasticity and stiff-
ness, as well as cell attachment, in order to convey the mechanical 
properties to the cell. Hence, the bioactivation strategy of GG covalently 
coupling functionalized gelatin (gelaCDH and gelaADH) succeeds in 
supporting an extensive cellular network and elicits neovascular 
response in vivo than the bioinert NaGG. The addition of fibronectin via 
avidin-biotin coupling in NaGG-avd shows a similar, albeit muted, ten-
dency, likely due to low modification rate [24]. While this work did not 
aim for a decoupling of viscoelasticity and presentation of bioactive 
factors within the range of tested biomaterials, we present a comparative 
insight to vascular network formation in vitro and tissue response 
including neovascularization in vivo. 

5. Conclusions 

We have investigated the chemical modification of the bacterial 
polysaccharide GG, in an effort to render it more bioactive towards 
vascularization in vitro and in vivo. All hydrogels were tested for their 
rheological properties and gelation time frame, showing that NaGG and 
NaGG-avd are less elastic than either of the gelatin formulations, and 
that gelaADH is magnitudes more rigid than gelaCDH. A co-culture of 
HUVEC and hASC was encapsulated in each hydrogel formulation, as 
this combination of cell types self-assembles to vascular network. None 
of our investigated hydrogels formed strong endothelial networks, 
despite cell attachment sites being provided via gelatin. Instead, the 
gelatin-containing hydrogel strongly supported hASC proliferation and 
formation of αSMA+ cellular network. Biocompatibility of the hydrogels 
was surveyed by subcutaneous implantation into a rat model for up to 4 
weeks. The muted immune response of NaGG and NaGG-avd-b- 
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fibronectin can be advantageous for inert implantation applications, 
while the stronger immune response of the gelatin-gellan gum hydrogels 
proves their general bioactivity. All materials were found to be 
biocompatible, and no adverse inflammation or host response was 
observed, but early signs of neovascularization were observed. In sum-
mary, we have presented versatile bioactivation strategies for gellan 
gum, as well as a thorough in vitro and in vivo testing. Our findings 
indicate a strong relation between biomechanical properties of a 
hydrogel and biological responses. 
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