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a b s t r a c t 

Human pluripotent stem cells (hPSC) derived neurons are emerging as a powerful tool for studying 

neurobiology, disease pathology, and modeling. Due to the lack of platforms available for housing and 

growing hPSC-derived neurons, a pressing need exists to tailor a brain-mimetic 3D scaffold that reca- 

pitulates tissue composition and favourably regulates neuronal network formation. Despite the progress 

in engineering biomimetic scaffolds, an ideal brain-mimetic scaffold is still elusive. We bioengineered a 

physiologically relevant 3D scaffold by integrating brain-like extracellular matrix (ECM) components and 

chemical cues. Culturing hPSCs-neurons in hyaluronic acid (HA) gels and HA-chondroitin sulfate (HA- 

CS) composite gels showed that the CS component prevails as the predominant factor for the growth 

of neuronal cells, albeit to modest efficacy. Covalent grafting of dopamine (DA) moieties to the HA-CS 

gel (HADA-CS) enhanced the scaffold stability and stimulated the gel’s remodeling properties by entrap- 

ping cell-secreted laminin, and binding brain-derived neurotrophic factor (BDNF). Neurons cultured in the 

scaffold expressed Col1, Col11, and ITGB4; important for cell adhesion and cell-ECM signaling. Thus, the 

HA-CS scaffold with integrated chemical cues (DA) supported neuronal growth and network formation. 

This scaffold offers a valuable tool for tissue engineering and disease modeling and helps in bridging the 

gap between animal models and human diseases by providing biomimetic neurophysiology. 

Statement of significance 

Developing a brain mimetic 3D scaffold that supports neuronal growth could potentially be useful to 

study neurobiology, disease pathology, and disease modeling. However, culturing human induced pluripo- 

tent stem cells (hiPSC) and human embryonic stem cells (ESCs) derived neurons in a 3D matrix is ex- 

tremely challenging as neurons are very sensitive cells and require tailored composition, viscoelasticity, 

and chemical cues. This article identified the key chemical cues necessary for designing neuronal matrix 

that trap the cell-produced ECM and neurotrophic factors and remodel the matrix and supports neurite 

outgrowth. The tailored injectable scaffold possesses self-healing/shear-thinning property which is use- 

ful to design injectable gels for regenerative medicine and disease modeling that provides biomimetic 

neurophysiology. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The brain is a complex organ controlling numerous physiolog- 

cal processes and functions regulated by interconnected neuronal 

etworks. These neuronal networks form the key communication 
∗ Corresponding author. 

E-mail address: oommen.oommen@tuni.fi (O.P. Oommen). 

n

t

a

ttps://doi.org/10.1016/j.actbio.2021.12.010 

742-7061/© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia In

 http://creativecommons.org/licenses/by/4.0/ ) 
hannels and are vital for all physiological activities. However, 

raumatic brain injury (TBI) and brain hemorrhage cause dam- 

ges to this neuronal network leading to morbidity and mortality 

n humans [ 1 , 2 ]. Although neurons in the adult human brain are

nown to possess poor regenerative capabilities, the tissue engi- 

eering (TE) strategies that utilize stem cells and extracellular ma- 

rix (ECM) mimetic scaffolds offer promising solutions to regener- 

te damaged neural tissue of the central nervous system (CNS) [3] . 
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owever, there is a need to develop an injectable 3D scaffold that 

rovides an ideal niche for transplantable neuronal cells promot- 

ng neural maturation, neurite outgrowth, and overall support for 

he regeneration of the soft brain tissue [4] . Such scaffolds which 

mulate the native brain tissue also allow us to study the intricate 

ellular networks of the brain and cell-matrix interactions in vitro. 

hus, these brain mimetic 3D scaffolds could be exploited as in 

itro brain models which have an enormous potential for CNS dis- 

ase modeling [ 5 , 6 ], drug discovery [7] , and toxicological studies

8] . 

Several attempts have been made to design TE-based brain 

odels using Matrigel [9] , silk fibroin [ 10 , 11 ], alginate gels [12–

4] , chitosan gels [15] , polyethylene glycol PEG-derived [16] , and 

D-printed rigid [ 17 , 18 ] scaffolds using two-photon polymerization 

or longer culture. However, to design a brain extracellular matrix 

ECM) mimetic 3D scaffold f or clinical applications, it is imperative 

o understand the ECM composition and mechanics of the brain 

issue. Roughly, 10–20% of the total brain ECM is composed of gly- 

osaminoglycans such as chondroitin sulfate (CS), hyaluronic acid 

HA), and lecticans such as aggrecan, phosphacan, versican, and 

eurocan [19] . Since HA and CS are the major components of the 

rain ECM, several research groups have designed scaffolds based 

n HA [20] and CS [21] for culturing neuronal cells of various ori- 

ins. Most of the 3D scaffold studies reported in literature utilize 

odent-derived neuronal cells and organotypic brain slice cultures. 

owever, studies utilizing primary human or pluripotent stem cell 

hPSC) derived neurons [ 18 , 22 , 23 ] are limited due to challenges in

ulturing human pluripotent cells. Though the rodent-based neu- 

onal cultures and organotypic brain slice cultures have advanced 

ur understanding of the brain network and function, the human 

nd rodent neuronal cells act significantly different [24] and rodent 

euronal cells do not recapitulate human neurophysiology [25] . 

hus, developing 3D scaffolds that support the growth of hPSC- 

erived human neuronal cells and provide biomimetic neurophysi- 

logy is useful to develop disease models and study the complexity 

f neuroscience. 

Neuronal and glial cells in the brain tissue interact with the 

CM bi-directionally regulating cell state, fate, maturation, differ- 

ntiation, and survival. Moreover, these cells also remodel the ECM 

y secreting biochemical factors and other proteins [26] . Matrix 

etalloprotease 10 (MMP-10) is one of such enzymes that play a 

ital role for neuronal cells, as these enzymes degrade ECM pro- 

eins such as collagen IV, laminin, and fibronectin [27] and regulate 

euronal network formation. We have earlier shown that MMP- 

0 participates in the regulation of attachment and migration of 

PSC-derived neuronal cells [28] . Other ECM proteins such as col- 

agens and laminins are also expressed by human neuronal cells 

nder promotive culture conditions and play important roles as 

dhesion molecules for neuronal cell adhesion, survival, and out- 

rowth [ 28 , 29 ] that the protein, integrin α6 β4 is a key neuronal

ell-specific integrin for laminins and thus plays an important role 

n neuronal cell-ECM interaction signaling [22] . Thus, the expres- 

ion of these proteins by the hPSC-derived human neuronal cells 

ould be used as a benchmark for the comparison of favorable neu- 

onal maturation as a result of 3D culture. 

In this article, we aim to identify a 3D scaffold that promotes 

euronal network formation and study the bi-directional scaffold- 

euronal cell interactions using human induced pluripotent stem 

ells (hiPSC) and human embryonic stem cells (hESC) derived neu- 

onal cells. 

. Materials and methods 

Hyaluronic acid (MW 130 kDa) was purchased from LifeCore 

iomedical (Chaska, USA). Dopamine (2-(3,4-Dihydroxyphenyl) 

thylamine hydrochloride), 1-ethyl-3-(3-dimethylamino propyl)- 
315 
arbodiimide hydrochloride (EDC), 1-hydroxy benzotriazole hydrate 

HOBt), N-hydroxysuccinimide (NHS), Carbohydrazide (CDH), 3- 

mino 1,2- propanediol, Sodium periodate and Chondroitin sulfate 

 sodium salt from bovine trachea were purchased from Sigma- 

ldrich. The short laminin peptide with 12 AA sequence (CCRRIK- 

AVWLC) was obtained from GenScript, USA. Dialysis membranes 

sed for purification were purchased from Spectra Por-6 (MWCO 

500). All solvents were of analytical quality. All spectrophoto- 

etric analysis was carried out on Shimadzu UV-3600 plus UV–

is–NIR spectrophotometer. The NMR experiments ( δ scale) were 

ecorded with JEOL ECZR 50 0 instruments, operating at 50 0 MHz 

or 1 H. 

.1. Preparation of hydrogels 

The hydrogels were prepared using conventional hydrazone 

ross-linking chemistry. Briefly, hydrazide modified HA (HA-CDH or 

ADA-CDH) were dissolved in 10% sucrose solution, and aldehyde 

odified polymer (HA-Ald, CS-Ald, or CS-Ald(lam)) are separately 

issolved in PBS (pH 7.4) to reach a concentration of 14 mg/mL. 

ynthesis of the components is described in detail in supporting 

nformation (SI 1.1- SI 1.5). The transparent gels were prepared by 

ixing the equal volumes of aldehyde and hydrazide derivatives 

f polymers to obtain the following groups: HA-HA gel, HA-CS gel, 

ADA-HA gel, HADA-CS gel, HA-CS(lam), and HADA-CS(lam) gels. 

.2. Rheological studies of hydrogels 

We estimated the viscoelastic properties of HA-HA, HA-CS, 

ADA-HA, and HADA-CS hydrogels using TA instruments DHR-II 

nstrument by measuring the gel deformation with a frequency 

weep method which enabled the measurement of storage and loss 

odulus as a function of frequency. The linear viscoelastic region 

LVR) of each of the 250 μL gels (diameter = 12 mm, height = 1.5

m) were determined first by an amplitude sweep at a constant 

requency of 1 Hz to find out the strain rate, which was deter- 

ined to be 1% that we used as a constant to run the frequency 

weep between 0.01 to 10 Hz. Average mesh size ( ξ ) and Aver- 

ge molecular weight between crosslinks (M c ) were also deter- 

ined following rubber-elastic theory [30] . All rheological charac- 

erizations of the hydrogels were performed in the absence of cells 

N = 3). 

.3. Hydrogel degradation and stability studies 

To study the stability and swelling behavior of the hydrogels, 

hree parallel samples (N = 3) of hydrogels (HA-HA, HADA-HA, 

A-CS, and HADA-CS) were immersed in a neuronal cell culture 

edium. Briefly, 250 μL gels were prepared in glass vials and 

he initial weight of the hydrogels was obtained. The gels were 

hen submerged in one mL of cell culture medium. To observe the 

welling and subsequent degradation characteristics of the gels, the 

els were weighed, and the medium was replaced daily for the first 

our days. Subsequently, after the first four days, the media was 

eplaced every alternate day for two weeks. The remaining weight 

ercentage was calculated by using the following formula: 

emaining weight % = 

( Measured weight ) 

( Initial Weight ) 
× 100 

We have also checked the stability of these hydrogels sub- 

erged in the medium by measuring the storage modulus using 

 rheometer as mentioned in the earlier section. The medium was 

emoved, the hydrogels were transferred to the bottom plate of the 

heometer, and measurements were performed. We chose three 

ifferent time points, day 1, day 7, and day 14. The storage modu- 

us of the gels at these time points was compared to each hydrogel 
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rior to the addition of any medium and the experiment was con- 

ucted in triplicate (N = 3). 

.4. Cells and cell culture 

Two cell lines were used in this study; Regea08/023 (hESCs) 

nd UTA04511.WTs (hiPSCs). Stem cells were maintained and dif- 

erentiated into cortical neuronal cells with the previously de- 

cribed method [31] . Shortly, stem cells were first plated onto 

aminin (LN521, Biolamina) coated surface in presence of 100 nM 

DN193189 and 10 μM SB431542 (both from Sigma) for neural in- 

uction. Thereafter, in the neural proliferation stage, 20 ng/mL fi- 

roblast growth factor-2 (FGF2, Thermo Fisher Scientific) was used 

s a supplement. Finally, cells were detached with StemPro Accu- 

ase (Thermo Fisher Scientific) and plated inside the gels in this 

euronal maturation stage and the medium was supplemented 

ith 20 ng/mL brain-derived neurotrophic factor (BDNF, R&D Sys- 

ems), 10 ng/mL glial-derived neurotrophic factor (GDNF, R&D Sys- 

ems), 500 μM dibutyryl-cyclicAMP (db-cAMP, Sigma) and 200 μM 

scorbic acid (AA, Sigma). The hPSCs used in this study were ac- 

uired from voluntary subjects who had given written and in- 

ormed consent. The institute has a supportive statement from 

irkanmaa Hospital District to generate IPSCs from donor cells 

R08070) and to use generated cell lines in neuronal research 

R05116). 

.5. Immunostaining 

Immunostaining was performed by following the protocol that 

as been published previously [ 22 , 32 ]. Shortly, cells were fixed 

n 4% paraformaldehyde, followed by a blocking step using 10% 

ormal donkey serum (NDS), 0.1% Triton-X 100, and 1% bovine 

erum albumin (BSA) (all from Sigma-Aldrich) for 1 h at room tem- 

erature. Then, primary antibodies, β-tubulin III (mouse; 1:1500; 

8660, Sigma-Aldrich), microtubule-associated protein 2 (MAP2; 

hicken; 1:40 0 0; NB30 0-213, Novus Biologicals, Littleton, CO, 

SA), synaptophysin (rabbit, 1:10 0 0, ab32127, Abcam), and laminin 

mouse, 1:400, ab115575, Abcam) were incubated 48 h followed 

y intensive washing. Secondary antibodies conjugated with Alexa 

 88, 56 8, or 647 (A21206, A21043, A21449, respectively, Thermo 

isher Scientific) were used at a 1:400 dilution, with 12 h in- 

ubation followed by final washes including the addition of 4’,6- 

iamidino-2-phenylindole (DAPI). 

.6. qPCR study 

The hiPSCs and hESCs derived neuronal cells were cultured in 

ur test hydrogels (N = 5 for each group) and the RNA was ex- 

racted on day 1 and day 14. The fold changes in gene expression 

n day 14 (relative to day 1) were obtained for hiPSCs and hESCs 

eparately and were averaged and presented in Fig. 4 . For the gene 

xpression analysis hydrogels were lysed by mechanical disruption 

nd the encapsulated cells were collected using a cell strainer be- 

ore obtaining total RNA with an RNEasy Plus mini kit (Qiagen). 60 

g of the total RNA was used to prepare cDNA. For cDNA synthesis, 

 commercial high-capacity cDNA reverse transcription kit (Applied 

iosystems) was used according to the manufacturer’s protocol. 

he qPCR was performed using BioRAd CFX10 0 0. The PCR primers 

sed (TaqMan Gene Expression Assay, Thermo Fisher Scientific) 

ere GAPDH (Assay ID: Hs02786624_g1), COL11 (Hs01097629_g1), 

MP10 (Hs00233987_m1), COL1 (Hs00164004_m1), TUBB3 

Hs00801390_s1), and ITGB4 (Hs00236216_m1). 

.7. Data analysis and statistics 

All image information obtained at least two repetitive exper- 

ments. Detailed information about imagining and image prepro- 
316 
essing is found from Supplementary material (Supplementary 

aterial 1.9) 3D rendering and numerical measurements from 

D reconstructions performed using Imaris (Bitplane AG, Zürich, 

witzerland) volumetric rendering followed by neuronal tracking 

sing the same parameters for each image to ensure comparability. 

tatistical significance was evaluated using the Kruskall-Wallis t- 

est followed by Dunn’s Multiple Comparison test (GraphPad Prism, 

raphPad Software, San Diego, CA, USA) for the immunostained 

mages to analyze neurite number (N = 5 per group), neurite 

ength (N = 5 per group), and laminin expression (N = 7 per 

roup). Differences were considered to be significant with P-value 

 0.05. qPCR data were normalized and analyzed using a compara- 

ive quantitation method and data are presented as ��Ct method 

nd normalized against cells cultured in respective hydrogel con- 

itions at day one. The reference housekeeping gene GAPDH was 

elected as an internal control for the normalization of qPCR data. 

he efficiency of endogenous control amplification was approxi- 

ately equal to the amplification of target genes. Statistical sig- 

ificances were evaluated using the Mann-Whitney test (GraphPad 

rism, GraphPad Software, San Diego, CA, USA). 

. Results and discussion 

To design an ideal ECM mimetic matrix that could efficiently 

timulate the hiPSC and hESC-derived human neuronal cells to 

row and form networks, we decided to use HA and CS as build- 

ng blocks as they constitute the major ECM component of the na- 

ive brain tissue. Although HA is commonly used for designing 3D 

atrices, the CS polymer is not often added. CS and its’ proteo- 

lycan (CSPG) derivatives, such as aggrecan are frequently found in 

he brain tissue and play a crucial role in the brain development, 

nchoring, and expansion of the perineural net in the cortex [33] . 

S is also known to tether neurotropic agents and possess bind- 

ng sites to integrins [34] . These properties of CS are suggested 

o support neuronal growth and maturation [33] . Thus, CS-based 

atrices are used to encapsulate FGF-2 which led to the promo- 

ion of neuroprotection and rat primary neural stem cell mainte- 

ance in post-TBI [35] . Here, we designed HA gels and HA-CS com- 

osite gels using a hydrazone-based dynamic covalent crosslinking 

trategy exploiting carbodihydrazide (CDH) and aldehyde-modified 

omponents. We have earlier demonstrated that the hydrazone 

rosslinks formed between the CDH and aldehyde functionalized 

A display exceptionally stable covalent linkages [36] and thus can 

e used for 3D matrix forming and tissue engineering applications 

37] . The degree of crosslinking was tuned to be 10–12% to ob- 

ain gels with comparable viscoelastic properties. We also cova- 

ently grafted dopamine (DA) to our 3D scaffolds as we have earlier 

hown that DA-containing scaffold provides tissue adhesive proper- 

ies and improves the stability of the hydrogel in the medium [38] . 

e anticipated that incorporation of DA for designing a 3D matrix 

or hPSC derived neuronal culture would offer several advantages, 

uch as (a) it could enhance the stability of the matrix in cell cul- 

ure medium, (b) DA possessing a tissue adhesive property could 

ind and trap cell-secreted ECM proteins and remodel the matrix, 

nd (c) DA being a neurotransmitter that plays a key role in axon 

rowth and synapse formation during embryogenesis, it could be 

dvantageous for maturation of neurons [39] . 

Thereafter, we systematically characterized the viscoelastic be- 

avior of HA-HA gel and HA-CS and the DA functionalized gels 

namely, HADA-HA and HADA-CS) ( Fig. 1 ) following the frequency 

weep ( Fig. 2 A). We obtained impressive storage modulus for all 

he gels at 1 Hz frequency (853 ±51, 748 ±63, 789 ±22, and 960 ±55

a for HA-CS, HADA-CS, HA-HA, and HADA-HA respectively). All 

he gels showed consistently higher storage modulus than loss 

odulus within the frequency range of 0 to 10 Hz demonstrating 

he viscoelastic nature of the gels. On the other hand, the ratio be- 



S. Samanta, L. Ylä-Outinen, V.K. Rangasami et al. Acta Biomaterialia 140 (2022) 314–323 

Fig. 1. Schematic representation of hydrogel preparation and neuronal network formation. 
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ween loss and storage modulus, represented by tan δ, displayed 

 significantly lower value than 1 (ranging between 0.0043 to 

.0078) for all the four gels, implying a highly elastic nature of the 

our gels. We also determined the pore size ( ξ ) of the gels using 

he rubber elastic theory from the storage modulus values. While 

he conjugation of DA in the HA-HA gels (HADA-HA gel) resulted 

n a stiffer matrix yielding a smaller pore size of the scaffolds 

16.24 nm) compared to the HA-HA scaffold (17.34 nm), the same 

henomenon was not observed in the case of HA-CS gels (16.90 

m) compared to HADA-CS gels (17.65 nm). However, calculations 

f average molecular weight between the crosslinks (M c ) suggest 

he similar matrix nature of HA-HA (34.07 kg/mol) and HA-CS gels 

33.97 kg/mol). The smaller Mc in the case of HADA-HA gels (27.94 

g/mol) compared to the HADA-CS gels (39.21 kg/mol) indicated 

he more compact matrix nature in the case of the former. In gen- 

ral, incorporation of covalently grafted DA in either HA-HA and 

A-CS gels significantly altered the storage modulus, average pore 

ize, and average molecular weight between the crosslinks (Table 

1). 

Next, we estimated the swelling and degradation of all these 

our gels under physiological conditions without cells (PBS, pH 7.4 

nd neuronal cell culture medium) for two weeks ( Fig. 2 C). We 

hose the two conditions as the viscoelasticity and stability of the 

ydrogel can be modulated by the soluble proteins present in the 

ell culture matrix (in cell free hydrogels) or by the metallopro- 

eases and other ECM proteins secreted by the encapsulated cells 

in cell laden hydrogels). Fascinatingly, none of the gels exhibited 

 high degree of swelling within this period, however, the storage 

odulus changed significantly for the gels, when they were im- 

ersed in culture medium on day 14 ( Fig. 2 D). Compared to the

els without medium, we observed substantial loss of mechanical 

ntegrity of the matrix in case of HA-HA and HA-CS gels, as the 

torage modulus sharply dropped from 789 Pa to 191.5 Pa and 853 

a to 485 Pa, respectively, after day 1. Fascinatingly, the presence 

f DA in the scaffold significantly enhanced the matrix stability in 

he medium, as evidenced from the 960 Pa to 895 Pa in the case of

ADA-HA and 748 Pa to 714 Pa in the case of HADA-CS gels. Except 

or HA-HA gels, the matrix modulus did not change drastically for 

ll the other three gels until day 7, albeit after day 14, the modu- 
317 
us dropped substantially. It is interesting to note that although we 

id not observe a significant change in the hydrogel swelling on 

ay 14 for any of the gels, the modulus values decreased for all of 

hem. Although the physical weight of the gels did not change con- 

iderably, the cross-linking density was reduced significantly re- 

ulting in softer yet robust gels. We believe entanglement-driven 

ross-linking besides chemical crosslinking plays a key role in sta- 

ilizing the bulk hydrogel structure [40] . The softer gels presum- 

bly will play a key role in advancing neuronal network formation. 

o determine the injectability of these cross-linked hydrogels, we 

rst measured the flow behavior (viscosity) at room temperature 

 Fig. 2 B) by continuously increasing the shear rate. All these hy- 

rogels displayed a rapid decline in the viscosity upon application 

f increasing shear rate (0.01 to 2 s −1 ) suggesting that all these 

our hydrogels are injectable. We further determined the shear- 

hinning/self-healing characteristics of these gels by estimating the 

iscosity recovery (i.e., the ability of the gels to undergo gel-to-sol 

ransition under high strain conditions which recover back to orig- 

nal gel state without loss in viscosity under low strain conditions) 

y performing a dynamic shear-thinning experiment. This was per- 

ormed by applying a periodic low (0.01 s −1 ) and high shear rate 

10 s −1 ) to the test hydrogel samples (seven cycles; Fig. 2 E and

igure S4 in SI). All the hydrogels recovered their initial viscosity 

hen the shear rate was periodically lowered. We also tested the 

ynamic strain recovery properties of these hydrogels. ( Fig. 2 F and 

ig. S5 in SI). At low strain (1%), all the hydrogels show higher stor- 

ge modulus, and with increasing strain (50%) the storage modulus 

educes while loss modulus increases. Except with HADA-CS hy- 

rogel, storage modulus is always higher than loss modulus. Upon 

ithdrawal of the high strain, all the hydrogels recover their initial 

torage modulus suggesting the dynamic nature of the crosslink- 

ng chemistry. Such viscoelastic characteristics of the ECM mimetic 

els are particularly advantageous for designing injectable scaffolds 

or tissue regenerative applications, especially for stem cell deliv- 

ry. 

After analyzing the rheological properties of the hydrogels, we 

onducted in vitro studies to analyze if our hydrogels support the 

rowth of hPSC-derived neuronal cells. As laminin-mimetic pep- 

ide IKVAV is known to promote neuronal cell adhesion to matri- 
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Fig. 2. Viscoelastic properties and degradation behaviors in gel compositions. (A) Rheological analyses of HA-HA, HA-CS, HADA-HA, and HADA-CS hydrogels (‘S’ and ‘L’ in the 

parenthesis at the legend denotes storage and loss modulus respectively) (N = 3). (B) Flow property of these gels within a continuous increasing shear rate of 0.01 S −1 to 2 

S −1 . (C) Swelling behavior of these gels in the neuronal medium until two weeks (N = 3), and (D) Change in storage modulus ( G ′ , Pa) of these gels in presence of medium 

and PBS at different time points, day 1, day 7, and day 14 (statistics: Two-way ANOVA Turkey HSD for multiple comparisons) (N = 3), (E) Shear-thinning/self-healing property 

of HADA-CS hydrogel immersed in PBS at day 1 undergoing cyclic deformation of low shear rate (0.01 s −1 ) and high shear rate (10 s −1 ), and (F) Dynamic strain recovery of 

a HADA-CS hydrogel undergoing cyclic deformation of 1% (low) and 50% (high) strain at 1 Hz with G ′ (blue line) and G ′′ (orange line). (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 
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es lacking integrin-binding sites (such as HA gels) [41] , we conju- 

ated the cysteine terminated IKVAV peptide by thiazolidine link- 

ge following the condensation reaction between the N-terminal 

ysteine and aldehyde moiety [42] . We encapsulated the hiPSC 

nd hESC-derived neuronal cells in our hydrogels namely, HA- 

A, HA-CS, HADA-HA, and HADA-CS gels as well as gels conju- 

ated with laminin mimetic peptide conjugated matrices namely, 

A-HA(lam) and HA-CS(lam). After 14 days of culture in the 3D 

atrix, we performed immunocytochemical staining to quantify 

he expression of key neuronal markers, β-tubulin III and MAP-2 

o ascertain the maturation of neuronal cells and formation of 

euronal networks. Staining failed to illuminate any neurite out- 

rowth of hiPSC-derived neuronal cells in HA-HA gels ( Fig. 3 A). 
318 
his suggests that HA gels do not support the maturation of hiPSC- 

erived neuronal cells. Next, we evaluated the HA-CS compos- 

te gels. Fascinatingly, the HA-CS gels displayed neurite outgrowth 

s evidenced by the increase in the MAP-2 and β-tubulin III ex- 

ression ( Fig. 3 B). This suggests that the cells perceive the sul- 

ated matrix composition stimulating neuronal cell maturation. To 

ur surprise, incorporation of IKVAV peptide to the HA-CS matrix 

HA-CS(lam)) blocked this beneficial effect and disturbed the neu- 

ite outgrowth as demonstrated by the absence of the neuronal 

arkers in these scaffolds ( Fig. 3 C). We hypothesize that the in- 

orporation of cationic IKVAV peptide masked the anionic sulfate 

roups of the CS backbone and abolished the beneficial effect of 

S. 



S. Samanta, L. Ylä-Outinen, V.K. Rangasami et al. Acta Biomaterialia 140 (2022) 314–323 

Fig. 3. Neurite outgrowth, network formation, and laminin expression in different gel compositions. hiPSC derived neuronal cells encapsulated within (A) HA-HA (non-viable 

culture), (B) HA-CS (healthy culture with weak neurite outgrowth), (C) HA-CS(lam) (neurites absent), (D) HADA-HA (strong aggregation), (E) HADA-CS (healthy culture with 

abundant dendritic presence), (F) HA-CS free DA (neurites absent) hydrogels for 14 days and immunostained against MAP-2 (green, common neuronal marker, staining den- 

drites) and β-tubulinIII ( β-tub, red, a common neuronal marker, staining axons). DAPI (staining cell nuclei) is shown as blue. All images are maximum intensity projections 

of confocal stacks. (Scalebar = 50 μm) (G) Total neurite length of each neuronal network measured from the 3D render of the confocal stack (N = 5 for each group). (H) The 

number of neurites (N = 5) of each neuronal network measured from the 3D render of the confocal stack. Five blocks, 150 μm × 150 μm × 150 μm, are analyzed from each 

gel composition. (I) hESC-derived neuronal cells grown in HA-HA, HADA-HA, HA-CS(lam), HADA-CS, and HA-CS gel were analyzed for laminin protein secretion by correlating 

laminin fluorescence to DAPI expression in each region of interest (ROI, N = 7 ROIs/sample). Data are expressed as relative laminin staining fluorescence intensity normalized 

against DAPI intensity. Statistical significance: ∗= p < 0.05, ∗∗= p < 0.01 ∗∗∗= p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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As coating of cell culture plate with polymer functionalized 

ith DA [43] or DA functionalized into a bioink are reported to 

nhance neuronal regeneration [44] , we investigated the DA func- 

ionalized hydrogels. The DA conjugated HA-HA hydrogels (HADA- 

A) did not show any neuronal maturation of hiPSC-derived neu- 

onal cells and instead promoted the aggregation of the cells as 

een in Fig. 3 D. On the contrary, the HA-CS gels functionalized with 

A (HADA-CS) displayed astonishing neurite outgrowths ( Fig. 3 E). 

uch exceptional neuronal network formation is not reported with 
319 
iPSC-derived neuronal cells in any glycosaminoglycan-derived hy- 

rogels. In order to decipher the role of DA in stimulating this 

ffect, we doped the HA-CS gels with 150 nmoles of free DA 

olecules and cultured the hiPSC-derived neuronal cells. Under 

hese conditions, we found that the maturation of hiPSC-derived 

euronal cells was completely abolished as no neurite outgrowth 

as observed ( Fig. 3 F). This equivocally demonstrates that the DA 

olecules do not directly stimulate the hiPSC-derived neuronal 

ells to undergo maturation, instead, the covalent conjugation of 
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Fig. 4. Average of the gene expression of hiPSCs and hESCs derived neuronal cells cultured inside the hydrogels at day 14 compared to day 1. (A) TUBB3, (B) Col1, (C) Col11, 

(D) MMP10, and (E) ITGB4 expressions at day 14 normalized to day 1 expressions of each gel composition. Statistical significance: ∗= p < 0.01 (nd: not detected) (N = 5). 
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A on the scaffold indirectly supports the cell growth. We sub- 

tantiated the matrix property on neuronal cell maturation using 

oth hiPSCs and hESCs-derived neurons (Figure S7 in SI) 

To further quantify the ability of the hydrogels to support the 

rowth of the hiPSC-derived neuronal cells, we measured the num- 

er of neurites formed and their length numerically from images 

btained after the immunostaining using Imaris software (Bitplane 

G, Switzerland). Numerical data suggests that HADA-CS hydro- 

els promote an extensive neuronal network formation compared 

o HA-CS and HADA-HA gels. The total neurite length supported 

y the HADA-CS, HA-CS, and HADA-HA was 41.6 × 10 3 μm vs. 

.1 × 10 3 μm and 1.1 × 10 3 μm, respectively ( Fig. 3 G). Accord- 

ngly, the number of detected neurites was clearly the highest 

n the HADA-CS group ( Fig. 3 H) when compared to all the other

roups thereby suggesting that functionalizing the DA to HA-CS hy- 

rogel stimulated the hiPSC-derived neuronal cells and promoted 

nhanced neuronal outgrowth and network formation. Thus, our 

tudy clearly shows that both CS and DA are key components in 

esigning 3D matrices for good neuronal outgrowth. Moreover, the 

A molecule needs to be covalently linked to the gel backbone 

ince free DA addition did not support neuronal cell growth in HA- 

S gels. 

We hypothesize that the substrate-bound DA molecules and 

ulfated GAGs provide the haptotactic cues by entrapping the cell- 

roduced ECM molecules to remodel the 3D matrix and regulate 

he cellular-matrix interactions. In order to verify the growth fac- 

or binding capability to assist matrix remodeling by HADA-HA 

nd HADA-CS hydrogels, we performed a release experiment of 

ncapsulated brain-derived neurotropic factor (BDNF) from these 
320 
els and quantified the release of active protein by ELISA. Inter- 

stingly, we observed only ∼24% BDNF release from the HADA-CS 

els, whereas ∼74% of BDNF was released from HADA-HA gels after 

 days (Fig. S6 in SI). To further validate our results, we cultured 

ESC-derived neuronal cells and performed an immunostaining ex- 

eriment to quantify the cell-secreted laminin (trapped within the 

els) which plays a key role in neuronal cell maturation and net- 

ork formation. Aligning with our hypothesis, the laminin secre- 

ion was significantly higher in HADA-CS gels compared to HA- 

A and HADA-HA hydrogel compositions after 14 days of culture 

 Fig. 3 I). 

To further validate our findings on the bi-directional effect of 

atrix composition on hiPSC and hESC-derived neuronal cell re- 

ponse, we performed qRT-PCR analysis to estimate the expres- 

ion of neuronal-specific genes. We cultured hiPSCs and hESCs de- 

ived neuronal cells in our hydrogels and performed a qRT-PCR 

xperiment to quantify relative neuronal cell-specific gene expres- 

ion in each group. The β-tubulin III encoded by the TUBB3 gene 

s a microtubule that is found in neuronal cells and acts as a key 

arker for neuronal cell maturation. We investigated the expres- 

ion of TUBB3 in different hydrogel matrices on day 14 and com- 

ared that to the expression on day 1. Corroborating with the im- 

unostaining data, the TUBB3 expression was significantly higher 

n HADA-CS gels and other CS-containing matrices when compared 

o the HADA-HA ( Fig. 4 A), demonstrating the significance of CS 

s part of brain mimetic hydrogel design that supports neuronal 

ulture. We have earlier shown that the expression of the fibrous 

ollagen gene serves as a promising marker for neuronal cell ad- 

esion and spreading in the hydrogel matrix [28] . Thus, we esti- 
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Fig. 5. Synaptophysin expression in the hiPSC derived neuronal cells grown in different gel compositions after 14 days of culturing inside the hydrogel. Cells grown in A-E) 

HA-CS, F-J) HADA-CS, and K-O) HADA-CS(lam) gel compositions were stained against MAP-2 (A,F,K), Synaptophysin (B,G,L), and b-tubulin (D,I,N) as well as with DAPI (C,H,M). 

Merged images with composed color representation for each gel: HA-CS, HADA-CS, and HADA-CS(lam) are shown in E, J, and O, respectively. Synaptophysin is localized to 

soma according to co-localization with DAPI. (Scalebar = 50 μm). 
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ated the expression of collagen-1 (Col1) and collagen-11 (Col11) 

ene expression in different gel compositions and found that the 

S-containing gels displayed higher levels of these genes compared 

o non-CS-containing ones, with the highest expression in HADA- 

S gels ( Fig. 4 B and 4 C). This illustrates that CS plays an impor-

ant part in the matrix composition for designing brain mimetic 

caffold. Conjugation of DA further augments this effect. In order 

o stimulate neuronal network formation for establishing a neural 

ircuit, the neuronal cells secrete metalloproteases (MMPs) which 

s a key regulator that induces structural plasticity [27] . MMP-10 

s one such metalloprotease that is upregulated by the neurons in 

he human brain after ischemic injury [45] . Interestingly, we ob- 

erved increased expression of MMP-10 after 14 days in matrices 

ontaining CS ( Fig. 4 D) that indicates the significance of CS in pro-

oting matrix remodeling a key factor for stimulating neuronal 

etwork formation. Next, we quantified the expression of integrin- 

4 (ITGB4) which is an important marker for laminin-neuronal 

ell interactions [22] . ITGB4 expression can also be considered as 

 marker for hPSC-derived neuronal cell spreading and attachment 

28] . Unlike other neuronal markers which displayed exclusive CS 

ensitivity, the ITGB4 was predominantly higher in DA-containing 

atrices suggesting that the tissue adhesive DA moiety and CS to 

ome extent increase the integrin expression and promote neu- 

onal spreading ( Fig. 4 E). Thus, in conjunction with the immunos- 

aining data, the gene expression studies unequivocally demon- 

trate the significance of matrix composition and the neuronal cell- 

ediated matrix remodeling as the crucial factors for neuronal cell 

ulture and network formation. 

Finally, we showed the expression of synaptophysin in the 

euronal cell culture to ascertain the maturation of the neurons. 

ynaptophysin is an essential protein that plays a part in synapto- 
321 
enesis [31] , and its expression in the cell soma shows that expres- 

ion of synaptic components has been initiated in the neurons in 

D, yet not completed in synapse formation in axons [ 46 , 47 ]. Ac-

ording to staining, synaptophysin seems to be expressed more in 

ADA-CS encapsulated cells ( Fig. 5 G) compared to HA-CS ( Fig. 5 B)

r HADA-CS(lam) ( Fig. 5 L) hydrogels at a 14-day time point. This 

esult indicates that neuronal cells cultured in the HADA-CS matrix 

xperiences a favorable 3D microenvironment, and support neu- 

onal maturation and neurite outgrowth. 

. Conclusion 

In conclusion, we have engineered brain-mimetic injectable hy- 

rogel scaffolds with self-healing/shear-thinning properties. Our 

tudy demonstrates that composite gels comprising HA and CS 

ave dynamic strain recovery properties and support neuronal cell 

ulture. The CS in the hydrogel matrix mimics the role of chon- 

roitin sulfate proteoglycan (CSPG) in the brain tissue and binds to 

eurotrophic factors produced by the neuronal cells and supports 

euronal growth, self-renewal, and network formation. Incorpora- 

ion of laminin mimetic peptide (IKVAV) to the brain mimetic ma- 

rix compromise this effect. Although HA-CS based composite ma- 

rix supports the hiPSC-derived neuronal cells, the chemical cues 

rovided by the CS are not potent enough to support network for- 

ation. Covalent grafting of 4 mol% DA molecules (relative to the 

isaccharide units of HA) to the HA-CS gels supported matrix sta- 

ility in neural medium and matrix remodeling as evidenced by 

igh expression of laminin protein as observed in the immunos- 

aining of the gels and increased gene expression of MMP-10 and 

ntegrin α6 β4 (ITGB4), which is a key laminin receptor expressed 

n neurons. Thus, the synergistic combination of chemical cues ex- 
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ressed by the CS and DA components in the HADA-CS matrix- 

upported cell-mediated ECM remodeling and stimulated the net- 

ork formation of the hiPSC-derived neuronal cells. In the absence 

f sulfated GAGs, the HADA-HA gels did not show any advantage 

n neuronal differentiation despite the integrin α6 β4 expression 

nd ECM proteins trapped in the gels, suggesting the combination 

f chemical cues and ECM remodeling is necessary for success- 

ul maturation of hiPSC-derived neurons. The dopamine grafted on 

he matrix enhances the haptotactic cues (e.g. collagen, and other 

issue adhesive ECM molecules) and the CS component binds to 

hemotactic cues (e.g. neurotrophic factors) and this combination 

s vital for designing brain-mimetic scaffolds for neuronal regener- 

tion. The role of dopamine was to promote ECM deposition and 

oes not induce cell signaling that promotes neuronal differentia- 

ion. This is evident from the fact that the doping of free dopamine 

olecules within the HA-CS gels was found to be deleterious and 

uppressed the differentiation of neuronal differentiation of stem 

ells. Thus, the HADA-CS matrix is a promising tool for tailoring 

rain mimetic scaffolds and neuronal tissue engineering applica- 

ions. 
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