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Abstract 

Tissue engineering and stem cell research greatly benefit from cell encapsulation within 

hydrogels, as it promotes cell expansion and differentiation.  

Affinity-triggered hydrogels, an appealing solution for mild cell encapsulation, rely on 

selective interactions between ligand and target, and also on the multivalent presentation of 

these two components. Although these hydrogels represent a versatile option to generate 

dynamic, tunable and highly functional materials, the design of hydrogel properties based 

on affinity and multivalency remains challenging and unstudied. Here, the avidin-biotin 

affinity pair, with the highest reported affinity constant, is used to address this challenge. It 

is demonstrated that the binding between the affinity hydrogel components is influenced by 

the multivalent display selected. In addition, the natural multivalency of the interaction 

must be obeyed to yield robust multicomponent synthetic protein hydrogels. Hydrogel´s 
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resistance to erosion depends on the right stoichiometric match between the hydrogel 

components. The developed affinity-triggered hydrogels are biocompatible, and support 

encapsulation of induced pluripotent stem cells and their successful differentiation into a 

neural cell line. This principle can be generalized to other affinity pairs using multimeric 

proteins, yielding biomaterials with controlled performance. 

 

 
1. Introduction 

Interfacing chemistry and biology has generated incredible biomedical tools, in particular in 

the field of biomaterials for cell encapsulation and differentiation1–3. Pluripotent stem cells 

are ideal for personalized cell therapies since they can potentially differentiate into any cell 

type of the human body4–6. Stem cells demonstrate good clinical results in alleviating, for 

example, the motor symptoms of neurological disorders as Parkinson’s disease4. However, 

cell replacement therapies are still limited by the large number of high-quality cells needed, 

as in vivo survival of transplanted cells and functional integration are typically very low6. 

As an example, only 1–5% of midbrain dopaminergic neurons used for cell replacement 

therapy treatment survive after striatal transplantation7. To address this issue, cell 

encapsulation has been used to promote cell expansion and differentiation.  

Cell encapsulation is typically achieved with biomaterials mimicking the in vivo conditions 

conferred by the extracellular matrix (ECM). The ECM is composed by different 

multifunctional proteins that provide cells with biochemical and structural cues for their 

growth, multiplication and differentiation8. Several natural materials have been used to 

provide cells with such cues. In particular, Matrigel® is a commercially available cell 

culture substrate9 used as a matrix for in vitro cell and tissue culture despite its non-
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reproducible and poorly defined composition10–12. In addition, it can also lose its biological 

activity during processing13 and be immunogenic8,14. These disadvantages have led many 

scientists to develop innovative strategies to mimic the ECM, which have been extensively 

reviewed elsewhere8,15–17.  

Affinity-triggered hydrogels are a class of protein-based hydrogels that closely resemble 

the dynamic behaviour of the ECM18, as they can be tailored towards biocompatibility, 

hydrophilicity and biodegradability, while also tuning the porosity, mechanical properties 

and rate of degradation14,19,20. The wide range of available binding constants from known 

affinity pairs, the selective molecular recognition of affinity interactions, and the existence 

of diverse multivalent systems to display the ligand and the receptor – from fully biological 

to synthetic - make affinity-triggered hydrogels a versatile tool to generate controllable, 

dynamic, tunable and highly functional materials21. Various ligand/receptor affinity pairs 

have been explored to assemble hydrogels for tissue engineering applications, namely 

TIP1/TIP1-binding peptides22,23, WW/proline-rich peptides24–28, and gyrase/coumermycin29, 

as well as host/guest supramolecular pairs30,31. Multivalency is achieved through (i) the 

presentation of the ligand or receptor as tandem displays (e.g. recombinant expression of 

ligand displayed in tandem with suitable linkers), (ii) the chemical conjugation of the ligand 

and/or receptor to multimeric polymers (e.g. branched polyethyleneglycol (PEG)), or (iii) 

the use of naturally occurring multimeric ligands or receptors. The reported examples of 

affinity-triggered hydrogels are based on trial and error approaches. Firstly, it is assumed 

that higher component multivalency promotes crosslinking and hydrogel´s robustness32. 

Secondly, only the observed binding constant of ligand-receptor in solution is considered, 

and not the binding interactions established in the real hydrogel system where multivalent 

polymers and linkers exist, giving rise to stereo-hindrance and or avidity effects. The 
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importance of establishing design rules to yield multicomponent protein hydrogels with 

predictable properties has been acknowledged in systems using tandem display of 

engineered protein components25,33. However, considering the palette of multimeric 

proteins that Nature has to offer, it is inspirational to take further these examples towards 

biomaterials engineering. 

The natural avidin-biotin affinity pair has the highest reported affinity constant (up to 1015 

M-1)34,35 and is a valuable tool in innumerable applications36. Avidin (67 kDa) is a naturally 

occurring tetrameric protein, whereas biotin is a small molecule (244 Da) that can be 

chemically conjugated to different matrices. The interaction between avidin and biotin is 

unaffected by temperature, pH, organic solvents and denaturing agents, which makes this 

affinity pair an extremely interesting platform to generate stable chemical-biology 

interfaces. The affinity pair avidin-biotin promotes crosslinking in multicomponent 

hydrogels, where biotin-multivalency was given by linear PEG34,37 or hyaluronic acid38. In 

these pioneering examples, the strong interaction between avidin and biotin was 

successfully explored to generate hydrogels, but the affinity and avidity present in the 

multicomponent system was disregarded during materials design.  

Here, it is shown that the natural multivalency of the interaction between avidin and biotin 

can be mimicked in hydrogel assembly. This is achieved by tuning the multivalent 

presentation of the synthetic component (biotin-derivatized PEG) yielding materials with 

controlled performance. Such materials, which self-assemble instantaneously, encapsulate 

pluripotent stem cells and support neural commitment in defined xeno-free conditions, by 

ensuring cell expansion and differentiation. This work provides the design rules for 

affinity-based hydrogels, while also opening opportunities in the field of neural cell 

replacement therapy. 
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2. Materials and Methods 

2.1 Materials 

Linear PEG functionalized with NHS moiety (1120000-2) was purchased from Rapp 

Polymere. The molecules 4-arm PEG functionalized with NHS moiety (SUNBRIGHT® 

PTE-200HS) and 8-arm PEG functionalized with NHS moiety (SUNBRIGHT® HGEO-

200GS) were purchased from NOF Europe. PierceTM Avidin (21128) was purchased from 

ThermoFischer Scientific. Biotin cadaverine (RL-2030) was acquired from Iris Biotech and 

Spectra/Por 7 Dialysis Tubing 10 kDa MWCO (132120) from Spectrum. The iPSC medium 

used was TeSR™2 Basal medium (#05861) from StemCell Technologies, DMEM medium 

(high glucose) (12800-082), fetal bovine serum (FBS) (10270-106), (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT) (M6494) were purchased 

from Life Technologies. Fibroblast cells (NCTC clone 929 [L cell, L-929, derivative of 

Strain L] ATCC® CCL-1™) were purchased from ATCC.  

 

2.2 Methods 

2.2.1 Synthesis and characterization of biotinylated PEG oligomers  

Biotin cadaverin, an amine-terminated biotin, was used to functionalize linear, 4-arm and 8-

arm PEG molecules with terminal NHS groups. The PEG molecules were dissolved in PBS 

(20 mM sodium phosphate, 150 mM NaCl, pH 7.4). PEG solutions were then mixed with a 

10-molar excess of biotin regarding the NHS groups of the PEG molecules. For example, 

0.1 g of PEG-[NHS]4 was dissolved in 1 ml of PBS and 0.066 g of biotin cadaverin was 

dissolved in 1 ml PBS. Both solutions were mixed and incubated for 16 hours at 4 °C with 

rotational agitation (40 rpm), and then dialyzed against water using a dialysis membrane 
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with a molecular weight cut-off of 10 kDa at room temperature. After dialysis, the biotin-

modified PEG molecules were frozen at -80 °C and lyophilized. 

The biotin-modified PEG molecules were characterized by FTIR-ATR and induced couple 

plasma (ICP). FTIR-ATR spectra (16 scans) were recorded in the range 400-4000 cm-1 on a 

PerkinElmer FT-IR Spectrometer Spectrum Two, using the UATR Two module. Samples 

were analysed using a L160-1742 tip, with a force gauge of 80-85. Biotin has one sulfur 

element in its structure and ICP was used to quantify the amount of sulfur in the samples. 

Samples (1 mg/ml in water) were analysed on a Horiba Jobin Yvon ULTIMA sequential 

ICP and Horiba Jobin Yvon ICP Analyst 5.4 software, using monochromator with a Czerny 

Turner spectrometer and Argon. The estimated degree of functionalization of the linear, 4-

arm and 8-arm biotin-functionalized PEG molecules, was (97 ± 3)% for PEG-[biotin]2, 

(109 ± 9)% for PEG-[biotin]4 and (95 ± 2)% for PEG-[biotin]8. 

 

2.2.2 Affinity constant determination 

Avidin was conjugated with fluorescein isothiocyanate (FITC) to allow the determination 

of the affinity constant by microscale thermophoresis (MST). FITC was dissolved in a 

small volume of DMF, to a total of 25-excess molar to the amount of avidin. The previous 

solution was added to the avidin solution (2 mg/ml in 0.1 M sodium carbonate-bicarbonate 

pH 9.1). The reaction occurred for 24 hours at 4 °C, with agitation (40 rpm). To separate 

non-reacted fluorescein from fluorescently probed protein, the mixture was dialyzed against 

PBS using a dialysis membrane with a molecular weight cut-off of 10 kDa. The protein 

concentration and the efficiency of FITC-labelling were determined according to the 

supplier’s instructions. The final protein concentration was calculated as 18.5 µM with a 

modification of 1.4 mol fluorescein/mol avidin. 
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The affinity constants between PEG-biotin molecules and fluorescently labelled avidin 

were determined by MST. The FITC-avidin solution was diluted to 60 nM with PBS. The 

biotinylated PEG molecules were dissolved in PBS, and a series of sixteen 1:2 serial 

dilutions were prepared in the same buffer, with a range of concentrations between 2.5 and 

7.8x10-5 mM, to a total volume of 20 µl. Each ligand dilution was mixed with 20 µl of 

FITC-avidin solution and loaded in appropriate capillaries in independent triplicate 

(Monolith NT.115 Standard Capillaries). The equipment used was a Monolith NT.115 

instrument (NanoTemper Technologies), working at an ambient temperature of 25°C, with 

parameters adjusted to 20 % LED power and 20 % MST power. The affinity constant is 

calculated by the software, by fitting the experimental data to the Hill model, with a 

response evaluation at 10s. 

 

2.2.3 Hydrogel formation and characterization 

Biotinylated PEG oligomers and avidin were both dissolved separately in PBS. Equal 

volumes of both components were mixed in order to have a final concentration of each 

component of 0.1%, 0.5%, 1%, 2.5%, 5% and 10% (w/v). The gelation of the mixed 

components was observed immediately. 

To assess the erosion profile of the assembled gels, 50 µl hydrogels were formed. The 

weight of the hydrogel was recorded at the beginning of the study. PBS was added to the 

vial containing the hydrogel and completely removed after 10 minutes. The new weight 

was measured, and fresh PBS was added to the vial. This was repeated until a maximum of 

three months every five days, in duplicate. 

To assess the binding competition between free biotin and PEG conjugated biotin in 

hydrogels, hydrogel (50 µl) was formed, and after 16 hours, it was immersed in a solution 
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containing 2 mg biotin/ml in PBS. The erosion profile was assessed by weight 

measurements for 15 days. 

The rheological properties of the hydrogels were studied in a HAAKE MARS III controlled 

stress rheometer using parallel serrated plates with a diameter of 20 mm and a gap of 0.25 

mm at 20 ± 0.5 °C. The hydrogels were formed in a 3D printed mold with 8 mm diameter 

and 1 mm height, with a total volume of 50 µl. A shear stress sweep was carried out at 

constant frequency (1 Hz) to determine the linear viscoelastic region, where no variation of 

G’ (storage modulus) and G’’ (loss modulus) was observed. The viscoelastic properties (G´ 

and G´´) of the hydrogels were determined by frequency sweep experiments (0.01-100 Hz) 

at the constant stress value within the linear viscoelastic region (Figure S4). A constant 

stress of 1 Pa was used in the frequency sweeps of 4-arm 2.5% and 4-arm 5% samples, and 

a constant stress of 0.5 Pa was used for 8-arm 2.5% sample. Before measurements, a thin 

layer of low-viscosity paraffin oil was used to cover the free surface of the rheometer plate 

to prevent evaporation of solvent. The assay was performed in duplicates. 

Evidence of new interactions established between the hydrogel components was assessed 

by FTIR-ATR spectra (16 scans) of the hydrogels, recorded in the range 400-4000 cm-1 on 

a PerkinElmer FT-IR Spectrometer Spectrum Two, using the UATR Two module (L160-

1742 tip, with a force gauge of 0 or close to 0).  

The morphology of the hydrogels was characterized by scanning electron microscopy 

(SEM).  Hydrogels were prepared as described previously with a total volume of 10 µl over 

a glass slide. The sample was frozen at -20 °C and lyophilized. Samples were coated with 

15 nm layer of iridium using a Quorum evaporator, and then analysed in a Carl Zeiss 

AURIGA CrossBeam FIB-SEM workstation. 
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2.2.4 Hydrogel biocompatibility   

The biocompatibility of the hydrogel was assessed by indirect and direct toxicity tests, 

according to the guidelines of the International Organization for Standardization 39,40 and as 

previously described 28. 

For the indirect test, L929 mouse fibroblast cell line was seeded at a density of 80000 

cell/cm2 in a 24-well culture plate, corresponding to 160000 cells/well. The cells were 

covered with 0.5 ml of complete DMEM medium with 10% (v/v) of fetal bovine serum 

(FBS), 2 mM of glutamine and 1% (v/v) of a commercial mixture of antibiotics (Pen/Strep, 

100 units/mL of penicillin, 100 µg/mL of streptomycin, and 0.025 µg/mL of Amphotericin 

B in sterile PBS), and incubated for 24 hours at 37 °C and 5% CO2. The components 

necessary to form the 2.5 % (w/v) hydrogel (5% avidin and 5% PEG-[biotin]4) were 

dissolved in 12.5 µl of PBS and maintained under UV light for 15 minutes. Afterwards, the 

hydrogel was formed in a well in a separated culture plate and incubated with 0.5 ml of 

Pen/Strep for 30 minutes. Simultaneously, a piece of a latex glove was cut and sterilized 

with 0.5 ml Pen/Strep solution. The supernatant was removed, the materials were washed 

twice with 0.5 ml sterile PBS and covered with 0.5 ml cell culture medium. The following 

day, cells were observed under an inverted optical microscope to confirm the formation of a 

monolayer of cells at around 80% of confluency. The medium covering the cells was 

replaced by the medium maintained overnight with the materials. Cells were then incubated 

for an additional 24 hours at 37 °C and 5% CO2. The next day, the morphology of the cells 

was checked under an inverted optical microscope. Then, the MTT solution was prepared 

as followed: (a) a 5 mg 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) / ml 

sterile PBS stock solution was prepared by mixing the solution using a vortex until 

complete dissolution; (b) the solution was diluted to 1 mg/ml in PBS. The cell medium was 



 10 

removed, and the wells were washed with 0.5 ml of PBS. A volume of 0.3 ml of 1 mg/ml 

MTT solution was added to each well and was incubated for 2 hours at 37 °C. Afterwards, 

the MTT solution was removed from the plate and 1 ml of MTT solvent (10% (v/v) of 

isopropanol in 10 M HCl) was added to each well. The plates were agitated for 5 minutes 

and a volume aliquot of 0.2 ml was transferred to a transparent 96-well plate. The 

absorbance was quantified at 570 nm using a plate reader (Tecan). Using the control cells 

maintained in culture medium only for reference, total cell viability was calculated 

according to Equation 1.   

 

!"#$"%"&' = !"#$%"&'()	(#&,-.))
!"#$%"&'()	(($'0%$.)%               Equation 1 

 

For the direct biocompatibility test, the components necessary to form the hydrogel (5% 

avidin and 5% PEG-[biotin]4) were dissolved in 12.5 µl of PBS and put under UV light for 

15 minutes. The same sterilization procedure was done on a piece of latex glove. L929 

fibroblasts cell line was seeded at a density of 80000 cell/cm2 in a 24-well culture plate, 

corresponding to 160000 cells/well. The cells were covered with 0.5 ml of DMEM medium 

with 10% fetal bovine serum and incubated for 24 hours at 37 °C and 5% CO2. The 

following day, the cells were observed under an inverted optical microscope to confirm the 

formation of a monolayer (around or more than 80% confluence). The media covering the 

cells was removed and discarded. Afterwards the latex glove was put on top of the cells. In 

case of the hydrogel, both solutions were simultaneously pipetted on top of the monolayer. 

The cells and materials were covered with 0.5 ml cell media and were incubated for 24 
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hours at 37 °C and 5%. The next day, the morphology and distribution of the cells near the 

materials were checked under the microscope.  

 

2.2.5 Stem cell encapsulation and differentiation 

Gibco™ human induced pluripotent stem cell (hiPSC) line (from Thermo Fisher Scientific) 

was used for the experimental procedures. This is a viral-integration-free hiPSC line 

generated using human cord blood-derived CD34+ progenitors with seven episomally 

expressed factors (Oct4, Sox2, Klf4, Myc, Nanog, Lin28, and SV40T). The hiPSCs were 

routinely cultured on Matrigel-coated plates in TeSR™2 medium in a humidified 5%CO2 

incubator at 37ºC. The medium was daily refreshed and when cells reached 80% 

confluence, the EDTA method was used to passaged cells at a split ratio of 1:4  41. 

Prior to cell aggregation, cells were incubated with culture medium supplemented with 10 

µM of Rho kinase inhibitor (ROCKi, Y-27632) (STEMCELL Technologies™) at 37ºC for 

1 h. After culture medium removal, cells were washed with PBS and then incubated with 

Accutase® solution (Sigma-Aldrich®/ Merck) at 37ºC for 7 min for single-cell formation. 

Cells were flushed with Accutase® solution and collected to a centrifuge tube with culture 

medium, for inactivation of enzymatic digestion, and centrifuged at 200g for 3 min. Cell 

pellet was resuspended in culture medium supplemented with ROCKi (10 µM) followed by 

seeding onto AggreWell™400 plate (STEMCELL Technologies™) with a cell density of 

1.5x106 cells/well (1.3x103 cells/microwell) for a final volume of 1.5 mL/well. Before 

seeding, the AggreWell™400 plate was centrifuged at 2700g for 5 min and after seeding at 

300g for 3 min. Cells settle by gravitation and self-aggregate to form 3D aggregates. Cells 

were kept in a CO2 incubator at 37°C, 5% CO2 and 20% O2, and after the first 24h culture 

medium was changed daily without ROCKi. On day 2, cells were encapsulated in the 
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avidin/PEG-[biotin]4 hydrogel. Before the encapsulation process, avidin is diluted in 21.75 

µL of TeSR™2 medium with a final concentration of 10% (v/v). The same procedure is 

performed for the PEG-[biotin]4. Afterwards, the 3D aggregates are retrieved from the 

aggrewell and added to a falcon tube. The aggregates settled to the bottom and the 

supernatant was discarded. Fresh media was added (43.5 µL) to resuspend the aggregates. 

This volume was then divided in equal parts by the components A and B, which were 

diluted to 5% (v/v). In a 24-well plate, 12.5 µL of A and B were added to a well to allow 

the physical gelation of the hydrogel by self-assembly. This procedure was done using at 

least three replicates.  

LIVE/DEAD® viability/cytotoxicity Kit (Thermo Fisher Scientific) was used to assess the 

viability of expanded hiPSCs. Before the encapsulation process, the aggregates were 

incubated for 20 minutes with Calcein AM solution according to the manufacturer’s 

instructions. The aggregates were then encapsulated, and cell viability was assessed 

through fluorescence microscopy. On day 5 of expansion, the encapsulated aggregates were 

recovered, and the same Calcein AM staining procedure was repeated to assess whether 

cells would maintain their viability. Non-encapsulated aggregates were used as controls. At 

least three replicates were used to measure the fluorescence intensities from the images 

using Fiji ImageJ. Two-way ANOVA tests were used to assess statistical significance 

between conditions. 

After 3 days of encapsulation cells were harvested and replated on Matrigel-coated plates. 

In parallel assays, aggregates encapsulated for 2 days were induced to differentiate. To 

promote neural differentiation, TeSR™2 culture medium was replaced daily by Essential 

6™ medium supplemented with 1:200 (v/v) of PenStrep for a period of 14 days. 

Afterwards, part of the encapsulated aggregates was harvested, and part was replated onto 
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laminin-coated plates for immunocytochemistry assays. In both cases, cells were fixed with 

4% (w/v) of paraformaldehyde (PFA). Non-encapsulated aggregates were replated in the 

same manner and used as controls. For immunocytochemistry assays, the protocol is 

described elsewhere42. Primary antibodies used for the immunocytochemistry assay 

comprised the pluripotency markers OCT4 (1:200; Millipore), SOX2 (1:200; R&D 

Systems) and the differentiation markers PAX6 (1:400, Covance), NESTIN (1:500, R&D 

Systems) and ZO-1 (1:200, Novex). The secondary antibodies included goat anti-mouse 

IgG Alexa Fluor– 488 or 546 (1:500), and goat anti-rabbit IgG Alexa Fluor 546 (1:500) 

from Invitrogen. Nuclei was counterstained using DAPI. In the case of OCT4 and SOX2 

staining, at least three replicates were used to measure the fluorescence intensities from the 

images using Fiji ImageJ. The percentage of cells expressing SOX2 and OCT4 could be 

calculated based on the quantification of the mean fluorescence intensity in the red channel, 

that corresponds to the cells expressing the pluripotency markers OCT4 and SOX2, and of 

the blue channel (all cell nuclei counterstained with DAPI). 

 

3. Results and Discussion 

3.1  Selection of multivalent PEG-biotin for hydrogel formation 

In multicomponent protein hydrogels, as affinity-triggered hydrogels, gel assembly is 

promoted by the crosslinking between the multivalent components. This bottom-up 

approach takes advantage of the selective molecular recognition between known affinity 

pairs ligand-receptor, in combination with multivalent display approaches to guide their 

autonomous self-assembly into robust nano-, micro- and macrostructures. The simplest 

approach to generate multivalency includes the employment of natural multimeric proteins 

and their cognate ligands. In particular, avidin is a natural tetrameric protein with four 
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biotin-binding sites. Biotin is a water-soluble vitamin acting as a cofactor in multiple 

metabolic pathways (Figure 1 A, B). Avidin can be biotechnologically produced at high 

yields43, and biotin is also widely available. This affinity pair is extremely interesting due to 

the high binding constants reported, and due to the wide variety of avidin variants and 

avidin-binding peptides which further enlarge the tunability of the system44,45. 

In this work, avidin was employed as the multimeric protein, and biotin cadaverin was 

conjugated in high yields (higher than 95%) to multi-arm 20 kDa PEG molecules (linear, 4-

arm and 8-arm) to generate multivalency. Branched PEG polymers are particularly suited to 

hydrogel formation – PEG polymers are hydrophilic, chemically well defined, and 

available at a wide range of molecular weights and chemistries. The success of PEG 

functionalization was confirmed by ICP and further observed by FTIR-ATR analysis of the 

PEG oligomers (Figure S1).  

The assembly of affinity-triggered hydrogels implies the existence of molecular recognition 

and binding between each hydrogel component. The binding constant between free avidin 

and free biotin is well reported34, but it is known that after immobilizing the ligand or the 

receptor into soluble or insoluble polymers in matrices, the binding constants are altered, as 

the matrix itself plays a role in the molecular recognition event by generating a local 

microenvironment28,46–48. Furthermore, the availability of the affinity pair elements to bind 

is modified, and several partitioning and stereo hindrance effects may occur. 

In this work, biotin was conjugated to PEG oligomers (20 kDa) with distinct 

multimerization (Figure 1A). Microscale Thermophoresis (MST) (Figure S2) was used to 

determine the binding constants between avidin and each biotin-PEG oligomer. It was 

observed that the PEG-[biotin]4 presented the highest affinity constant (1.6x108 M-1). When 

decreasing (PEG-[biotin]2) or increasing (PEG-[biotin]8) the biotin multivalency, the 
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affinity constant decreased one order of magnitude presenting Ka values of 6.3x107 M-1 and 

7.1x107 M-1, respectively (Figure 2A). These results show the influence of PEG chains 

flexibility and steric hindrance in promoting the interaction between biotin and avidin. It 

also elucidates that the 4-arm PEG displays the most appropriate multivalency and 

geometry to display free biotin molecules and promote the interaction with tetrameric 

avidin.  

In fact, when mixing avidin and PEG-[biotin]4 (equal mass amounts) a hydrogel was 

instantaneously formed. Each 4-arm PEG molecule functionalized with biotin can bind to 

more than one molecule of the tetrameric avidin, which allows the crosslinking of 

biotinylated PEG oligomers via avidin-biotin interactions and, consequently, the formation 

of a network. Different concentrations were tested to assess the critical gelation 

concentration for the avidin/PEG-[biotin]4 system: 0.1%, 0.5%, 1%, 2.5%, 5% and 10% 

(w/v) (Figure 1C). An increase of concentration resulted in an increase of viscosity of the 

mixture. Above 2.5%, a physically crosslinked network was instantaneously formed, and a 

self-supporting hydrogel was observed by the vial inversion test. Below 2.5%, the solution 

remained viscous. When PEG-[biotin]8 was mixed with avidin at the same concentration 

(2.5%), a self-supporting hydrogel was also formed. When linear biotinylated PEG was 

mixed with avidin at 2.5%, no hydrogel was formed. Liu and colleagues 37 used 1.5 kDa 

linear biotin-conjugated PEG and were able to observe the formation of a hydrogel; 

however hydrogels were obtained at a much higher concentration (13.3%). As such, in our 

work, the avidin/PEG-[biotin]2 system was no longer studied.  

Free biotin lacks the physical hindrance of biotin conjugated to a large PEG polymer, being 

able to occupy the binding pockets of avidin more easily, which leads to hydrogel surface 

erosion. When adding free biotin (2 mg/ml) to 2.5% avidin/PEG-[biotin]4 hydrogels, an 
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increase of erosion is observed, until the hydrogel completely dissolves into solution after 

16 days (Figure 1D and 1E). The control avidin/PEG-[biotin]4 hydrogel in the presence of 

PBS alone presents a 15% erosion after 20 days. Previous authors also observed faster 

hydrogel dissolution in the presence of non-conjugated biotin34,38. The avidin/PEG-[biotin]4 

hydrogel was also characterized by ATR-FTIR and it is possible to observe interactions 

between avidin and biotin that contribute for hydrogel formation (Figure S3). 

Taken together, our data further confirms that the driving force for hydrogel formation is 

the affinity between avidin and biotin. In addition, it establishes that both affinity of the 

avidin-PEG system and multivalency are critical parameters to provide enough physical 

interactions between the two components to yield a macroscopic self-supportive gel. 
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Figure 1 – (A) Structure of tetrameric avidin, detailing the interaction between one unit of avidin with the ligand biotin (2AVI.pdb) 
(B) Schematic representation of an affinity-triggered hydrogel self-assembly based on the affinity pair avidin and biotin and their 
corresponding affinity constant, as determined by microscale thermophoresis. (C) Images of the mixture between biotinylated 4-arm 
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PEG and free avidin at different concentrations: 0.1%, 0.5%, 1%, 2.5%, 5% and 10% (w/v). (D) Erosion profile of avidin/PEG-
[biotin]4 hydrogels in the presence of PBS (15% after 20 days) or PBS containing 2 mg biotin/ml (100% after 16 days) (E) Erosion 
profile at beginning before adding 2mg/ml biotin (stdev correspond to 3 replicates .



  

19 
 

3.2 Properties of avidin/PEG-Biotin hydrogels 

Considering that only avidin/PEG-[biotin]4 and avidin/PEG-[biotin]8 systems yielded self-

supported gels, these materials were further characterized. The mechanical properties and 

erosion profile of the gels were considered as a function of the measured affinity constant 

(Figure 2 A).  

When maintaining the concentration of the hydrogel components constant (2.5% (w/v)), the 

multivalency effect was studied. The affinity between avidin/PEG-[biotin]8 was determined as 

7.1x107 M-1, an order of magnitude lower than that for the avidin/PEG-[biotin]4 system. The 

avidin/PEG-[biotin]8 hydrogel was visibly weaker than the avidin/PEG-[biotin]4 hydrogel, 

presenting a lower mechanical stability (G’ = 0.9 Pa). This also translated into a complete gel 

erosion after 5 hours (igure 2A, igure 2B). Physical hydrogels usually degrade by a surface-

erosion model, as the crosslinks are maintained by labile dynamic affinity interactions34. As 

avidin has four biotin binding pockets per molecule, the PEG-[biotin]4 allowed the formation 

of a more precise, effective and stable network than PEG-[biotin]8. On the other hand, 

gelation time can influence the observed properties. Other authors described an increased 

gelation time for PEG hydrogel with 8-arm versus 4-arm (6 hours and 2 hours, respectively)49. 

In our case this effect was not relevant as gelation occurred instantly.  

The effect of concentration (2.5% and 5% (w/v)) was further studied for the avidin/PEG-

[biotin]4 hydrogels. Both avidin/PEG-[biotin]4 hydrogels were robust, and only 15% erosion 

was observed after three months (igure 2A-2B). In fact, the high affinity between avidin and 

biotin led to the formation of a non-degradable hydrogel over three months. The system 

described was far more stable over time than other avidin/linear PEG-biotin hydrogels 

described in the literature, which were completely degraded after 5 days, even at 

concentrations as high as 14% (w/v)34. In terms of mechanical properties, the 2.5% 

avidin/PEG-[biotin]4 hydrogels were weaker (average G’ = 1.3 Pa in the plateau) than the 5% 

hydrogels (average G’ = 8.9 Pa in the plateau), due to the lower mass content which results in 
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less crosslinks between the components (igure 2A). The storage modulus value is comparable 

to some reported multimeric protein/PEG-conjugated affinity-triggered hydrogels (e.g. TIP1 

(trimeric)/PEG-TIP1 binding peptides hydrogels22,23). However, it was not possible to 

compare to other avidin/biotin affinity hydrogels, as the mechanical properties were not 

reported. The reported avidin/PEG-[biotin]4 hydrogels are weak hydrogels, which assembly 

occurs spontaneously and under mild conditions, which makes them advantageous to be 

explored for in vitro expansion of stem cells and cell therapy.  

Due to a higher affinity constant, stability over time and better mechanical performance, the 

avidin/PEG-[biotin]4 was chosen to proceed with this work. The morphology and 

microstructure of 2.5% avidin/PEG-[biotin]4 hydrogels were analysed by SEM (Figure S5) 

and presented a very porous inner structure displaying large pores with 11.2 ± 0.2 µm in 

diameter. 
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Figure 2 – Properties of avidin-biotin hydrogels. (A) Comparison of the affinity constant 
(Ka), erosion percentage (at 5 hours) and storage modulus (G’) for the avidin/PEG-[biotin] 
hydrogels. Erosion profiles (B) of avidin/biotin hydrogels in terms of concentration (2.5% 
versus 5%) and multivalency (4-arm versus 8-arm PEG at 2.5%). (stdev correspond to 2 
replicates)  
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3.3 Stem cell encapsulation, expansion and neural commitment 

Encapsulation is a very common application for affinity-triggered hydrogels, which have been 

explored for the encapsulation of chondrocytes23, mesenchymal stem cells22,50, PC-12 cells, 

murine adult neural stem cells25, human umbilical vein embryonic cells25,29 and  adipose-

derived stem cells24,27, with high cell viability after different time lengths. However only one 

other avidin/biotin hydrogel has been used for cell encapsulation, specifically human 

mesenchymal stromal cells34. In this context, to the best of our knowledge, we advance for the 

first time an affinity-triggered hydrogel capable to support the encapsulation, expansion and 

differentiation of human pluripotent stem cells. In fact, the encapsulation of pluripotent stem 

cell derivatives is a promising approach for cell replacement therapies.  

The cell biocompatibility of 2.5% avidin/PEG-[biotin]4 hydrogels was first assessed (Figure 

S6). Fibroblasts were chosen as the target cells, due to their robustness51. Two types of 

toxicity were studied: indirect and direct. The indirect toxicity studied if the material leaks 

any toxic by-products into the medium. The supernatant containing the released by-products 

was used to culture a fibroblasts monolayer and their viability was assessed by the MTT assay 

(Figure S6A). Fibroblasts showed 100% viability compared to the positive control. This was 

expected, as all hydrogel components are biocompatible (avidin, biotin and PEG 10) and low 

erosion was observed for longer times than the one tested in this assay. Other avidin/PEG-

[biotin] hydrogels also allowed for high cell viability after the encapsulation of human 

mesenchymal stromal cells34.  

In comparison, the negative control (supernatant containing by-products of latex) showed low 

cell viability (11.8%). This toxic effect has been reported before52, with higher toxicity after 

extraction with serum-free media and culture media with serum compared to distilled water 

and saline solution.  Natural rubber latex contains Hevb1 and Hevb352 and other chemicals 

that are added during the manufacturing process53, and are the principal components 

responsible for latex hyper sensibility. In this assay, they are responsible for cell toxicity.   
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Direct toxicity studied if the material had toxic effects on an already formed monolayer of 

cells. Fibroblasts cultured in contact with the hydrogel grew in a compact monolayer, with no 

morphology alterations (typical elongated shape) (Figure S6B). Furthermore, as the hydrogel 

is translucent, it is possible to observe well-shaped cells growing underneath the hydrogel, 

suggesting that the hydrogel does not prevent oxygen and nutrients to reach the cells. In 

comparison, cells cultured in contact with latex, died in the proximity of the material and 

adopted a round shape (Figure S6C).  

 

After showing that the hydrogel was biocompatible, we next aimed to encapsulate hiPSC 

aggregates using the avidin/PEG-[biotin]4 hydrogel and assess its impact on the maintenance 

of a pluripotent phenotype (Figure 3 A). Pluripotent stem cell encapsulation has been used to 

promote cell expansion and differentiation into specific phenotypes, and is an ideal solution 

for cell replacement therapies4–6. Stem cell encapsulation is used to increase local cell 

densities, decrease cell loses and increase cell survival.  

We started by first comparing encapsulation of single cells vs 3D aggregates for 5 days of 

expansion in xeno-free conditions. Our preliminary experiments demonstrated that even with 

the addition of ROCK inhibitor, single cells rapidly lost viability when compared to the 

encapsulated aggregates (data not shown). Since the hydrogel does not contain any ECM 

components, we hypothesised that there is a lack of structural support, which is surpassed by 

using the 3D approach in our system. As a result, a density of 1.3x103cells/microwell was 

used to produce aggregates with a controlled size diameter. In Figure 3B, it is possible to 

observe the formation of the aggregates from day 0 to day 2 of culture using the xeno-free 

culture medium (TeSR™2). Before the encapsulation process, cells were incubated with a 

solution of calcein AM diluted in TeSR2 culture medium. This step was performed to assess 

the viability through fluorescence microscopy. In Figure 3C, it is possible to observe the 

result before and after the encapsulation (day 2), which demonstrates the viability of cells 
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throughout the process. Also, encapsulated aggregates were comparable to non-encapsulated 

controls (Figure S7 A). On day 5, the same procedure was repeated to demonstrate that cells 

would maintain their viability throughout 3 days of encapsulation. The viability is 

demonstrated by the conversion of the non-fluorescent calcein AM into a green fluorescent 

probe as the result of acetoxylmethyl ester hydrolysis by intracellular esterases (Figure 3C). 

Therefore, it is possible to conclude that aggregates did not experience problems regarding 

nutrient and gas diffusion inside the hydrogel throughout the expansion period. More 

importantly, cells were able to grow inside the hydrogel, as it is possible to observe and 

quantify from the fluorescent microscopy images (Figure 3C and S7 B). Importantly, the 

encapsulation and expansion of hiPSC aggregates in our system was performed in entirely 

defined, xeno-free conditions. One of the important design criteria to develop functional and 

clinically relevant cell culture platforms is the absence of serum or serum placements, which 

may contain xenogeneic factors4,54. This decreases the potential of immunogenic risk in the 

translation to a clinical setting. 

After 3 days of expansion, the aggregates were mechanically harvested from the hydrogel and 

replated onto Matrigel-coated plates to perform immunocytochemistry assays. In Figure 3D 

and Figure 3E, it is possible to observe that the replated cells were able to grow as colonies 

with typical morphology of undifferentiated pluripotent stem cells. Moreover, cells were 

positively stained for two intracellular pluripotency markers, OCT4 and SOX2, which are 

essential transcription factors used for somatic cell reprogramming towards an embryonic-like 

state55. This was comparable to the non-encapsulated controls (Figure S8A). Together with 

NANOG, SOX2 and OCT4 are part of a complex regulatory network that control gene 

expression for potency maintenance as well as embryonic development56. For instance, OCT4 

was shown to be essential for the formation of the inner cell mass of the blastocyst57. 

Downregulation of OCT4 can induce pluripotent stem cells to differentiated into the 

trophoblast, and to a greater extend towards primitive endoderm and mesoderm lineages58. In 
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the case of SOX2, the expression of this marker is initiated in the morula stages and it is 

essential for neural lineage commitment, where it promotes the neuroectodermal fate by 

suppressing mesodermal regulator genes59, Moreover, depletion or over expression of SOX2 

can induce human pluripotent stem cells to differentiate towards the trophectoderm60. 

Therefore, by the quantification of the expression of these two transcription factors (Figure 

S8B), it is possible to conclude that hiPSCs maintained their undifferentiated state while 

being cultured under xeno-free conditions.  

To further demonstrate the usefulness of our encapsulation system, we tested if cells could 

differentiate inside the hydrogel, and to that end we induced neural differentiation after the 

encapsulation stage (Figure 3F). On day 14 of neural commitment, part of the aggregates was 

harvested from the hydrogel for immunocytochemistry analysis. Similarly, the rest of the 

aggregates were collected and replated in laminin-coated plates to assess the presence of 

hiPSC-derived neural progenitor cells (hiPSC-NP). From Figure 3G-H and Figure 3I-J, it is 

possible to observe that both aggregates and replated cells positively co-stained for PAX6 and 

Nestin, which comprise a transcription factor for neuroectoderm specification and an 

intermediate filament protein expressed in undifferentiated cells from the central nervous 

system, respectively61,62. Moreover, immunocytochemistry analysis demonstrated the 

presence of SOX2 and apical ZO1 markers, further revealing polarized structures within the 

aggregate, which are consistent with the formation of neuro-epithelial rosettes that 

recapitulate the neural tube formation in vivo63,64. These structures were also observed in the 

replated cells, which confirms the substantial maturation of hiPSC-NP65. Furthermore, we 

could not discern differences in rosette formation after replating encapsulated aggregates or 

non-encapsulated (control) aggregates following neural commitment (Figure S9). Only one 

example of an affinity-triggered hydrogel has reported to allow the self-renew and 

differentiation of neuronal-like PC-12 cells and dissociated murine adult neural stem cells, as 

cells adopted typical neural morphologies after differentiation25. By comparison, the results 



  

26 
 

obtained in this work show that the avidin/PEG[biotin]4 hydrogel can be used as a support 

material for encapsulation, expansion and neural commitment of hiPSCs and, most 

importantly,  we demonstrate for the first time that an affinity-triggered hydrogel can be 

successfully used to generate phenotypically mature neural progenitors under xeno-free 

conditions. This constitutes an important first step towards the development of cell 

replacement therapies, where such hydrogels could support and guide the effective integration 

of cells at the site of injury.   
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Figure 3 - hiPSC encapsulated in avidin/PEG-[biotin]4 hydrogels. (A-E) Pluripotency and 
viability assessment of encapsulated cells using xeno-free TeSR2 expansion medium. (A) 
Graphical representation of the culture period of hiPSC aggregates encapsulated in the 
hydrogel. (B-C) Aggregates were formed with an initial cell density of 1.250x103 

cells/aggregate. After 2 days of expansion in microwells, aggregates were removed and 
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encapsulated in the Avidin-Biotin Affinity Hydrogel. (C) Brightfield microscopy image with 
the green fluorescence channel open to depict the 3D aggregates encapsulated in the hydrogel. 
Calcein AM viability assay was performed at day 2 and day 5 of encapsulation. The 
fluorescence channel is used to detect green fluorescence from the metabolized calcein AM, 
and corresponds to live cells. (D-E) After 5 days of encapsulation cells were harvested and 
replated on Matrigel-coated plates to assess pluripotency maintenance. Immunocytochemistry 
was performed on pluripotency intracellular markers, namely (D) OCT4 and (E) SOX2. 
Nuclei were counterstained with DAPI. (F-J) Neural differentiation of encapsulated cells 
using xeno-free Essential 6 medium. (F) Graphical representation of the neural differentiation 
protocol. hiPSC aggregates were formed as in the previous case. After 2 days, aggregates 
were encapsulated in the hydrogel and cultured with E6 medium to induce neural 
differentiation. After 14 days, aggregates were harvested from the hydrogel and replated on 
laminin-coated plates. (G-H) Immunocytochemistry of hiPSC harvested aggregates for neural 
differentiation markers: SOX2 (green) co-marked with ZO-1 (red) and PAX6 (red) co-marked 
with NESTIN (green). DAPI (blue) was used to counterstain nuclei. (I-J) 
Immunocytochemistry of replated aggregates for neural differentiation markers: SOX2 
(green) co-marked with ZO-1 (red) and PAX6 (red) co-marked with NESTIN (green). DAPI 
(blue) was used to counterstain nuclei. 
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4. Conclusions 

Affinity-triggered hydrogels have shown several applications in tissue engineering and drug 

delivery. Affinity interactions can be rationally explored to develop tailored-made hydrogels, 

exposing predictable design rules which correlate natural and strategic multivalency. In this 

work, PEG molecules with different multivalency were conjugated to biotin, and further 

mixed with avidin to yield hydrogels with different characteristics. The hydrogel avidin/PEG-

[biotin]4 was proven to be cell-compatible and was successfully used to encapsulate 

pluripotent stem cells and to induce neural lineage in a xeno-free medium. The results showed 

that the developed hydrogel has the potential to increase local cell densities, maintain cell 

viability, and support human iPSC expansion and differentiation. The affinity-triggered 

hydrogel was able to encapsulate and sustain for the first time the commitment of pluripotent 

stem cells into phenotypically mature neural progenitors under xeno-free conditions.  This 

technology could be further translated into a broader application in neural cell replacement 

therapies, like in Parkinson’s disease for example. Such an approach has allowed the design 

of multicomponent hydrogels inspired in Nature and Biology, that have proven to be 

important tools for the non-invasive and mild cell encapsulation, a requisite for tissue and cell 

therapies. 
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One of the highest affinity pairs found in Nature, avidin-biotin, is used to create affinity-
triggered hydrogels, where natural multivalency must be obeyed to guide the self-assembly of 
robust materials. Such an approach provides the basis for the design of multicomponent 
hydrogels, which are important tools for mild stem cell encapsulation and differentiation, a 
requisite for tissue and cell therapies.  
 
 
 
 
 
 
 
 
 
 


