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Abstract   

Implantable biomaterials for local drug release have been investigated to avoid the ned to cross the blood-

brain barrier, which is one of the major limitations of current brain tumors therapies. However, their 

translation is still limited by inadequate tissue compatibility and suboptimal drug/nanoparticles release. In 

this study, soy protein isolate (SPI) hydrogels were engineered using microbial transglutaminase (MTGase) 

as a safe, naturally derived crosslinker, and optimized for brain-relevant constraints. Hydrogels were 

prepared at 10% and 12% (w/v) SPI and crosslinked with 20 or 40 mg MTGase/g SPI. Crosslinking was 

confirmed by SDS-PAGE, while scanning electron microscopy revealed a highly porous, microstructure 

with well-defined cavities. Hydrogels showed high water content (87-89%) and controlled swelling 

behaviour over 72 h that is inversely correlated to MTGase concentration. Rheological analysis 

demonstrated solid-like behaviour (G′>G′′), shear-thinning viscosity suitable for syringe-based injection, 

and mechanical stability under dynamic stress. Among the tested samples, the 10% (w/v) SPI hydrogel 

crosslinked with 20 mg MTGase/g SPI exhibited a storage modulus (~260 Pa) closely matching native brain 

tissue, making it the most suitable candidate for intracranial application. This formulation enabled 

controlled release of 100–200 nm liposomes and sustained delivery of doxorubicin-loaded liposomes, 

resulting in a significant reduction in glioblastoma cell viability in vitro. Importantly, the hydrogel showed 

no cytotoxicity and did not allow cancer cell adhesion and infiltration, confirming its bioinert nature. 

Overall, MTGase-crosslinked SPI hydrogels emerge as versatile, scalable, and brain-compatible 

biomaterials for injectable implants and sustained local nanoparticle release. 
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Introduction 

Glioblastoma multiforme (GBM) remains one of the most aggressive and treatment-resistant brain tumors, 

with high recurrence rates [1]. One of the major limitations of current therapies is the inefficient delivery 

of drugs to residual infiltrative tumor cells, largely due to the blood-brain barrier (BBB) [2]. Despite the 

clinical success of nanomedicine, no nanoparticle-based therapy has yet been approved for brain cancers 

[3–5]. This highlights the urgent need for locally administered therapeutic strategies specifically engineered 

for the unique biological and physical properties of the brain microenvironment. Implantable biomaterials 

have been investigated to avoid reliance on the BBB crossing, but their translation is still limited by 

inadequate tissue compatibility and suboptimal drug/nanoparticles release [2]. In our previous work, we 

reported the design and characterization of soy protein isolate (SPI) hydrogels for the sustained release of 

nanoparticles [2]. Building on these findings, this manuscript focuses on improving the hydrogel design by 

optimizing formulation parameters to align with brain-relevant mechanical, rheological, and bioinert 

requirements. We employed the naturally occurring enzyme, microbial transglutaminase MTGase, to confer 

tunable characteristics to the hydrogels. This work provides a significant step forward in the rational design 

of brain-adapted, sustainable biomaterials for local GBM therapy. 

 

 

Materials and Methods 

Hydrogels were prepared by dissolving 10-12% w/v SPI (MP Biomedicals, LLC) in Milli-Q water 

containing 20 or 40 mg of MTGase (BDF Ingredients)/g SPI. The mixture was then homogenized using an 

Ultra-Turrax T25 at 12,000 rpm for 5 minutes, divided into 24-well plates (0.5 g/well) and incubated for 

1h at 37°C, 5%CO₂ to allow gelation. To verify the activity of MTGase, samples were incubated for 1 or 

24h at 37°C, 5%CO₂, then heated at 100°C, and an aliquot (25 μg total proteins) was analyzed by SDS-

PAGE (4-12% Bis-Tris gel, MOPS buffer). Protein bands were stained with EZ-Blue and visualized with 

Amersham Imager 600. The morphology of hydrogels was analysed by scanning electron microscopy 
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(SEM) imaging. To assess the water absorption capacity of SPI, hydrogels were weighed before and after 

lyophilization. The percentage of absorbed water was calculated as described [2]. 

The swelling capacity of the hydrogels was assessed by adding 2 mL of Milli-Q water and incubating the 

samples at 37°C, 5%CO₂ for up to 72h. The swelling percentage was calculated as described [2]. 

The hydrolytic degradation was assessed by measuring the protein released from hydrogels/total hydrogel 

protein content with BCA assay (Thermo Fisher Scientific). The mechanical properties of hydrogels 

(amplitude sweep, viscosity, and frequency sweep) were evaluated on a rheometer (Modular Compact 

Rheometer RCM 72) with a flat disc, applying a shear rate between 0.1 and 1000 s-1, at 37°C. Storage 

Modulus (G’) and Loss Modulus (G’’) were compared with the values reported in the literature for brain 

tissue. 

To validate hydrogels as biomaterial for controlled local release of nanoparticles, 

sphingomyelin/cholesterol (1:1 mol/mol) liposomes (conventional or loaded with doxorubicin, Lipo-doxo, 

as drug model) of different diameters were prepared by lipid film hydration in D-PBS, followed by 

extrusion, following the procedure described [6]. After physico-chemical characterization [7], liposomes 

(200μM total lipids) were added to hydrogels before gelation, and their release was measured at 37°C, 

5%CO₂ for up to 72h using Nanoparticle Tracking Analysis NTA (Nanosight, Malvern Panalytical). 

To check if Lipo-doxo release from the hydrogels maintains their therapeutic activity, U87-MG and 

Gli36ΔEGFR-2 GBM-like cell lines were used as in vitro models of glioblastoma. Cells were cultured 

accordingly to the described procedure [2,8] and seeded (30,000 cells/well) in the lower compartment of a 

transwell system (Greiner BioOne). Hydrogels loaded with Lipo-doxo (400μM total lipids) were gelled 

directly on the filter, and the apical compartment was filled with artificial cerebrospinal fluid [2]. Cell 

viability was assessed 72h after incubation at 37°C, 5%CO₂ by MTT assay [9]. 

To evaluate the hydrogel’s resistance to cell adhesion and infiltration, GBM cells (20,000 cells/well) were 

seeded onto pre-gelled, fluorescent-labelled hydrogel (0.1mM Rhodamine B, Sigma-Aldrich) in 96-well 

plates. After 72h of incubation at 37°C, 5%CO₂, cell membranes were stained with wheat germ agglutinin 

(1:300, Invitrogen) for 20 minutes, and nuclei with Hoechst (1:1000, Invitrogen) for 5 minutes. Imaging 

was performed using the Operetta CLS High Content Analysis System. Statistical analyses were performed 

using GraphPad Prism 8, by One-way ANOVA (p < 0.05). 

 

Results 

Hydrogels were prepared at two SPI concentrations (10% and 12% w/v), cross-linked with 20 or 40 mg of 

MTGase/g SPI, and their suitability for brain-relevant constraints [10] was evaluated. The cross-linking 

was confirmed by the significant decrease in the intensity of the major SPI subunit bands, using SDS-PAGE 
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(Fig. SI 1), accordingly to previous reports [11]. The SEM images reveal a highly porous, interconnected 

microstructure spanning multiple length scales. At lower magnification, the hydrogel exhibits a 

heterogeneous, sponge-like architecture, while higher-magnification views show smooth pore walls and 

well-defined cavities (Fig. 1a-b). 
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Figure 1 SEM analysis of hydrogels. The hydrogels were prepared in a Petri dish and then freeze-dried, before undergoing 

scanning electron microscopy (SEM) analysis using a TESCAN Mira 3 XMU microscope (TESCAN ORSAY HOLDING s.a., 

Czech Republic) equipped with a field emission source, operated at 5 kV using its In-Beam SE (secondary electrons) model. Images 

were acquired at multiple magnifications. a) Representative images of the 10% w/v SPI, 20mg MTGase/g SPI hydrogels are shown. 

b) Representative images of the 10% w/v SPI, 40mg MTGase/g SPI hydrogels are shown. Scale bars are embedded in the images. 

c-e) Rheological characterization of SPI hydrogels. Hydrogel physical and mechanical properties were characterized through 

rheological tests on a rotational rheometer. c) The amplitude sweep test evaluates the hydrogel’s mechanical properties by applying 

progressively increasing deformation. The resulting elastic (Storage) modulus (G′) and viscous (Loss) modulus (G″) curves are 

obtained under controlled shear strain. Brain tissue G′ interval (0.1-1 kPa) is highlighted. d) The steady-state flow test revealed 

pronounced shear-thinning behaviour. e) A frequency sweep test was performed to assess how the hydrogel responds to constant 

deformation at increasing frequencies. Data are presented as the mean ± SD of at least three replicates. 

 

 

10% w/v SPI hydrogels showed a higher water content (89 ± 0.5%) compared to 12% w/v hydrogels (87 ± 

0.2%), despite variations in MTGase concentration (Fig. SI 2a). To predict the behaviour of hydrogels in 

aqueous fluids, the swelling capacity was evaluated over 72 h. 10% w/v SPI hydrogels exhibited a lower 

swelling % compared to 12% w/v (Fig. SI 2b), and the swelling was inversely correlated with MTGase 

concentrations. Considering that the % swelling is affected by the hydrolytic degradation of the hydrogel, 

BCA assay was used to quantify SPI released. All hydrogels exhibited an initial burst release of 35 % within 

24 h, which is likely due to rapid water absorption that corresponds to the higher % of swelling (Fig. SI 2c).  

To determine the mechanical and rheological properties of hydrogels, G′ and G′′ moduli were measured 

through amplitude sweep, frequency sweep, and viscosity tests. Results showed that G′ > G′′ for all samples 

until the crossover point. The 10% w/v SPI, 20mg MTGase/g SPI hydrogel displayed a G′ ≈ 260 Pa, 

whereas all the other samples exceeded 1000 Pa. Additionally, G′ increased proportionally with enzyme 

concentration (Fig. 1c). Viscosity tests showed a decrease of 4 orders of magnitude as the shear rate 

increased (0.1 to 1000 s−1) for all hydrogels (Fig. 1d), as reported for other types of hydrogels [9,10]. 

Furthermore, frequency sweep tests demonstrated that G′ remained constant over the tested range (Fig. 1e). 

Based on these results, 10% w/v SPI, 20mg MTGase/g SPI hydrogel was chosen as the best candidate and 

further characterized for nanoparticles release. In order to determine the optimal size of nanoparticles to 

allow their release from hydrogel, liposomes of different diameters were prepared, characterized (Fig. SI 

3a), loaded in hydrogels, and their release was measured over time by NTA. Results showed that 100 and 

200 nm sized liposome were released in a controlled time manner, with a kinetic release of 1.15×1010 

liposome/h (Fig. 2a, Fig. SI 3b). 

To assess the applicability of hydrogel as reservoir for controlled release of therapeutic nanoparticles, Lipo-

doxo (130 nm diameter, PDI<0.2, doxo encapsulation efficiency 84±11%) were loaded into hydrogel, and 

the efficacy was validated using an in vitro transwell system (Fig. 2b). After 72h, a significant reduction in 
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cancer cell viability was measured (Fig. 2c-d), confirming that released liposomes maintain their 

pharmacological activity. No cytotoxicity was detected after cell incubation with empty hydrogels. Finally, 

to evaluate whether the hydrogel does not allow cell adhesion and infiltration, GBM-like cells stained with 

WGA and Hoechst were seeded on Rhodamine B-labeled hydrogels and examined using confocal 

microscopy. Images showed that the hydrogel do not allow cancer cells adhesion or infiltration (Fig. 2e-f). 

 

Figure 2 Validation of hydrogels as reservoir for controlled release of therapeutic nanoparticles. a) Release (%) of liposomes 

of different diameters (80, 100, 200, 400 nm) from 10% w/v SPI, 20 mg MTGase/g SPI hydrogel in 24 h, at 37°C. After gelation, 

hydrogels loaded with liposomes were incubated in Milli-Q water for 24 h, then the Milli-Q water was collected, centrifuged for 

30 minutes to remove SPI and the number of released liposomes were measured by NTA.  b) Schematic representation of the in 

vitro transwell system (24-well format, 0.4 µm polyester membrane). Glioblastoma cells (U87-MG or Gli36ΔEGFR-2) were 

cultured in the lower compartment (30,000 cells/well). In the upper compartment, the hydrogel loaded or not with Lipo-doxo was 

placed on the membrane filter. c) Cell viability of U87-MG cells after 72 h of treatment with empty hydrogel or Lipo-doxo–loaded 

hydrogel, assessed by MTT assay. d) Cell viability of Gli36ΔEGFR-2 cells after 72 h of treatment with empty hydrogel or Lipo-

doxo–loaded hydrogel, assessed by MTT assay. Data are expressed as a mean ± standard deviation. *, p < 0.05; ***, p < 0.001 
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(One-way ANOVA). GBM cells seeded in transwell without hydrogels in the upper compartment were used as control.  e-f) 

Assessment of tumor cell adhesion and infiltration into the hydrogel. Gli36ΔEGFR-2 cells (20,000 cells/well) were seeded onto 

pre-gelled, fluorescent-labelled 10% w/v SPI, 20 mg MTGase/g SPI hydrogel (0.1mM Rhodamine B, red staining) in 96-well 

plates. After 72h of incubation at 37°C, 5%CO₂, cell membranes were stained with wheat germ agglutinin (1:300, green staining) 

for 20 minutes, and nuclei with Hoechst (1:1000, blue staining) for 5 minutes. Imaging was performed using the Operetta CLS 

High Content Analysis System and analyzed using Fiji ImageJ. Gli36ΔEGFR-2 cells seeded in 96-well plates with hydrogels (e); 

no cells were detectable. Gli36ΔEGFR-2 cells seeded in 96-well plates without hydrogels were used as control (f). Scale bars are 

embedded in the figure. 

 

 

Discussion 

Taken together, the results highlight the effective and tunable cross-linking of SPI hydrogels mediated by 

MTGase, leading to the formation of dense yet adaptable polymer networks. In particular, the higher water 

content observed in 10% w/v SPI hydrogels contributes to enhanced flexibility and softness [12], while 

their reduced swelling behaviour represents a critical advantage for intracranial applications, where 

excessive volumetric expansion may result in increased intracranial pressure. From a structural standpoint, 

a lower cross-linking density promotes network expansion and increases the free volume available for water 

uptake, a feature that is expected to favour nanoparticle accommodation and diffusion within the hydrogel 

matrix. Rheological characterization confirmed the solid-like nature of all formulations, with the storage 

modulus (G′) consistently exceeding the loss modulus (G′′) up to the crossover point. Importantly, the 

elastic response of the hydrogels could be finely tuned by modulating the MTGase concentration, as 

evidenced by the proportional increase in G′ with enzyme content. Among the tested formulations, the 10% 

w/v SPI hydrogel cross-linked with 20mg MTGase/g SPI exhibited mechanical properties closely matching 

those of native brain tissue (G′ ≈ 0.1-1 kPa [2]), identifying this formulation as the most suitable candidate 

for intracranial implantation and localized nanoparticle release. All hydrogels displayed a pronounced 

shear-thinning behaviour, with viscosity decreasing by approximately four orders of magnitude as the shear 

rate increased from 0.1 to 1000 s⁻¹, in agreement with previous reports on injectable hydrogel systems 

[9,10]. This property is essential for minimally invasive, syringe-based administration, enabling in situ gel 

placement while preserving the structural integrity of the encapsulated nanoparticles. Moreover, frequency 

sweep tests showed that G′ remained nearly constant over the tested range, indicating high mechanical 

stability under varying dynamic stresses. Finally, confocal imaging analyses revealed that the SPI hydrogels 

did not support cancer cell adhesion or infiltration, confirming their bioinert character. This feature is 

particularly relevant for intracranial applications, as it suggests that the hydrogel matrix can act as a 
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mechanically compliant and biologically inert reservoir for the controlled and localized release of 

nanoparticles within the brain. 

 

Conclusion  

In conclusion, this work demonstrates that MTGase, a safe and naturally derived enzyme, is an effective 

cross-linker to engineer SPI-based hydrogels with tunable structural, swelling, mechanical, and rheological 

properties. By modulating SPI and enzyme concentrations, hydrogels can be tailored to match the stringent 

physicochemical characteristics of brain tissue, including low stiffness, limited swelling, injectability, 

mechanical stability and biocompatibility. The selected formulation closely matched brain-like 

viscoelasticity, prevented cell infiltration, and enabled controlled nanoparticle release while preserving 

drug-embedded activity. Altogether, these results highlight MTGase-crosslinked SPI hydrogels as 

promising, versatile, and scalable candidates for brain implant and local drug delivery applications. 

However, alternative crosslinkers, longer-term degradation and release studies, and in vivo validation will 

be further investigated to strengthen the translational potential of this approach. 
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Figure SI 1 Electrophoretic profile of 12% w/v SPI in Milli-Q water following incubation at 37 °C, 5% CO₂ with 20 or 40 

mg MTGase/g SPI for 1 or 24 h.  Samples were resolved on a pre-cast 4-12% Bis-Tris gel and stained with EZ-Blue. The 

progressive disappearance of native SPI subunits and the appearance of high-molecular-weight bands illustrate MTGase-induced 

polymerization, leading to the formation of new biopolymers suitable for producing hydrogels with controlled pore size. Lanes: M, 

marker of MW; 1, only SPI; 2, SPI treated with 20 mg of MTGase/g SPI for 1 hour; 3, SPI treated with 40 mg of MTGase/g SPI 

for 1 hour; 4, SPI treated with 20 mg of MTGase/g SPI for 24 hours; 5, SPI treated with 40 mg of MTGase/g SPI for 24 hours. 
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Figure SI 2 

 

 

 

Figure SI 2 Physicochemical characterization of hydrogels. a) % of water absorption from hydrogels prepared with 10% and 

12% w/v SPI and crosslinked with 20 or 40 mg MTGase/g SPI. After gelation, the hydrogels were weighed, frozen, and lyophilized 

to obtain their dry weight. The weight difference between the initial and dry weights enabled the calculation of water uptake. 

Results showed 89% for the 10% SPI hydrogels and 87% for 12% SPI hydrogels. b) Swelling behaviour of SPI–MTGase hydrogels 

over time (1, 3, 6, 24, 48, and 72 hours).The 10% w/v SPI hydrogels exhibited a lower swelling degree compared to the 12% w/v 

SPI hydrogels at all time points. Moreover, for both SPI concentrations, hydrogels crosslinked with lower MTGase levels showed 

a higher swelling percentage at each evaluated time point. c) The release of SPI due to hydrolytic degradation was quantified using 

a BCA assay over time (1, 3, 6, 24, 48, and 72 hours). The left panel shows the release of SPI from 10% w/v SPI, 20 or 40 mg of 

MTGase/g SPI. The right panel shows the release of SPI from 12% w/v SPI, 20 or 40 mg of MTGase/g SPI. Both 10% and 12% 

w/v SPI hydrogels showed ~35% degradation within 24 hours, after which the concentration stabilized at around 2000 μg/mL in 

water. Data are presented as the mean ± SD of at least three replicates. 
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Figure SI 3 

 

 

 

Figure SI 3 Characterization of liposomes and their release from hydrogels. a) Physicochemical parameters of liposomes 

measured by DLS and Z-Pals devices. Data are expressed as a mean ± standard deviation. HDs, hydrodynamic diameter; PDI, 

polidispersity index. b) Release kinetics of liposomes from 10% w/v SPI, 20mg of MTGase/g SPI hydrogels at different times, at 

37 °C. These results were obtained by measuring the number of liposomes released by NanoSight technology NTA. Data are 

expressed as a mean ± standard deviation. 
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