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Poly-L-lysine integration in PVA hydrogels enables
stable, bioactive matrices for motor neuron
differentiation and neural network formation

Shuqian Wan, a Dorna Esrafilzadeh, a Laura Poole-Warren, ab

Kristopher Kilian cd and Ulises Aregueta Robles *a

The regeneration of motor neurons remains a major challenge in neural tissue engineering due to the

complex cellular architecture and dynamic microenvironment of neural systems. While three-

dimensional (3D) hydrogels offer a promising biomimetic platform, the stable integration of bioactive

molecules such as laminin is hindered by high cost and impact on structural stability. Poly-L-lysine (PLL),

commonly employed in 2D systems to enhance cell adhesion and laminin retention, faces critical

limitations in 3D applications, including undefined optimal dosing, cytotoxicity at high concentrations,

and detrimental effects on hydrogel properties. In this study, we developed a stable, biocompatible poly

(vinyl alcohol) (PVA)-based hydrogel incorporating PLL via either physical entrapment (blended PVA–PLL)

or covalent methacrylation (covalent PVA–PLL). Systematic optimization identified a minimal effective

PLL concentration (0.002 wt%) that enhanced laminin retention and motor neuron progenitors (MNPs)

adhesion without inducing cytotoxicity or compromising hydrogel stability. Notably, covalent PLL-MA

incorporation provided no significant advantage over physical adsorption at this low concentration,

streamlining hydrogel fabrication. A cluster-based morphometric analysis further confirmed superior

cell adhesion, neurite outgrowth, and early network formation on PLL-integrated hydrogels relative to

2D controls. This work established PLL as a simple, scalable, and effective modulator for improving

cell adhesion and bioactivity in 3D neural scaffolds, offering translational potential for motor neuron

regeneration in spinal cord injury and neurodegenerative disease models.

1. Introduction

Engineering in vitro neural tissue models requires biomaterials
capable of presenting biochemical cues in stable 3D structures.
For this purpose, hydrogels are promising 3D platforms offer-
ing tissue-mimicking substrates through diverse natural
and synthetic materials. Natural hydrogels inherently contain
extracellular matrix (ECM) proteins such as laminin, essential
for promoting neural cell adhesion, neurite extension, and
differentiation.1 However, their variability and limited stability
restrict reproducibility and long-term use. This limitation has
driven interest in biosynthetic systems that integrate complex
ECM proteins within synthetic hydrogel networks, but such

approaches can disrupt hydrogel architecture, limiting biocom-
patibility, and long-term stability. Poly-L-lysine (PLL) has long
been established in 2D cultures as an intermediary molecule
for presenting neurons with laminin (LN) to support cell
adhesion.2,3 Recently, synthetic hydrogels have been functio-
nalized with PLL for neural cell culture purposes.4–7 However,
its effective and safe integration into 3D matrices remains
poorly understood. This study aimed to assess PLL hydrogel
biofunctionalization strategies that support neural cell adhe-
sion, viability, differentiation, and maturation while preserving
structural stability of the hydrogel matrix.

PLL is a well-established binding molecule that improves
laminin retention and presentation in vitro,3 and can directly
support cell adhesion through electrostatic interactions with
cell membranes.2 Its use has expanded to 3D hydrogel systems,
but its effective translation from 2D to 3D environments
remains challenging. Inconsistencies in reported PLL concen-
trations and molecular weights hinder reproducibility. Main-
taining an optimal concentration of PLL is critical, as excessive
levels induce cytotoxicity, disrupt cell morphology, and impair
neural differentiation,8 whereas insufficient concentrations
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may fail to promote cell adhesion or effective ECM adsorption.
Moreover, the high net charge that provides PLL with its
binding properties is also expected to impact on hydrogels
swelling behaviour and compromise structural fidelity. Previous
studies with other highly charged molecules, including heparin9

and taurine,10 have shown that electrostatic interactions can
markedly alter PVA hydrogel formation, increasing equilibrium
swelling by as much as five-fold and decreasing polymerization
yield, reflected by mass losses approaching 50%. These findings
highlight the need for strategies that preserve PLL bioactivity
while maintaining structural control.

The main approaches for incorporating PLL into 3D matrices
include chemical,6,7 and physical4,5 crosslinking, each presenting
distinct advantages and limitations. Chemical crosslinking
enables controlled, covalent integration of the biomolecule into
the hydrogel matrix,11 typically through introduction of reactive
groups like methacrylates.12 Although methacrylation of PLL
variants has been reported,13,14 this strategy may interfere with
the hydrogel crosslinking sites9 and compromise bioactivity. For
example, methacrylation can alter protein conformation and
orientation,15 reducing cell attachment and proliferation.16,17 In
contrast, physical blending of unmodified PLL provides a simpler
alternative that avoids chemical modification while still poten-
tially enhancing ECM retention and neural adhesion.18 However,
physical incorporation often yields less predictable distribution
and weaker network integration.11 Thus, achieving effective PLL
incorporation remains challenging, as chemical modifications
must balance structural stability with bioactivity.

The effectiveness of different PLL integration strategies
should ultimately be evaluated by their ability to support
functional neuronal development. This is commonly assessed
through the expression of neuronal lineage markers and elec-
trophysiological activity.19–21 However, the formation of higher-
order, functionally relevant neuronal structures, such as cell
clusters and neural networks, has received less attention.
Neuronal networks formed by interconnected neurons reproduce
the complexity and dynamic signalling of in vivo circuitry,22

while neuronal clusters, defined as aggregated functional units,
are known to enhance network activity.23 Evaluating the emer-
gence of these multicellular structures provides a more com-
prehensive measure of hydrogel performance for neural tissue
modelling.

To address these gaps, this study developed a PVA-MA-based
hydrogel (PVA-MA hydrogel) system incorporating PLL via two
strategies: physical entanglement (blended PVA–PLL) and cova-
lent conjugation (covalent PVA–PLL). PVA was selected for its
structural stability, tuneable mechanics, and compatibility with
methacrylate crosslinking.24,25 PLL concentration was system-
atically optimized to identify the minimal effective dose that
retains laminin, supports motor neuron progenitors (MNPs)
adhesion, and enables differentiation without inducing cyto-
toxicity or compromising hydrogel integrity. Finally, a morpho-
metric analysis was applied to quantitatively assess the
formation of clusters and networks, providing a more compre-
hensive evaluation of hydrogel performance for in vitro neural
tissue modelling. Together, this work provides design criteria

for integrating PLL into hydrogel biomaterials to support motor
neuron culture and 3D network architectures.

2. Materials and methods
2.1. Methacrylation of PLL (PLL-MA) and PVA (PVA-MA)

Poly-L-lysine (PLL, 30–70 kDa; Sigma-Aldrich, P2636) was
methacrylated following a protocol established for PVA
modification10 to enable its covalent integration into metha-
crylated hydrogel networks. Briefly, 500 mg of PLL was dis-
solved in 5 mL of dry DMSO at 60 1C under a nitrogen
atmosphere. Upon complete dissolution, 10.3 mL of 2-isocyana-
toethyl methacrylate (ICEMA; Sigma-Aldrich, 98%) was added,
targeting approximately 2% functionalization. For PVA-MA
synthesis, 1 g of PVA (13–23 kDa, 98% hydrolyzed; Sigma-
Aldrich, #348406) was dissolved in 10 mL of dry DMSO at
60 1C under a nitrogen atmosphere. Then, 66.4 mL of ICEMA
was added to achieve a theoretical substitution of B7 metha-
crylate groups per PVA chain. Following the reaction, both PLL-
MA and PVA-MA were dissolved in deionized water (1 wt%) and
transferred to 10 kDa molecular weight cutoff cellulose mem-
branes (Sigma-Aldrich, D9402) for 5-day dialysis to remove
unreacted reagents. The purified products were subsequently
frozen and lyophilized. Methacrylation and the degree of func-
tionalization were confirmed by 1H NMR spectroscopy.

2.2. Cytocompatibility test of PLL-MA and PLL

Cytocompatibility of PLL-MA and PLL was assessed in accor-
dance with the International Standard ISO 10993-5 via cell
growth inhibition assays. Due to the higher sensitivity of
MNP-D8 cells, L929 murine fibroblasts (Sigma Aldrich, USA)
were used as a pre-screening indicator to identify non-toxic PLL
concentrations suitable for neural applications. In the present
study, a membrane integrity-based exclusion assay (trypan
blue) was selected to directly assess material-associated cyto-
toxicity as a validated approach for assessing cytotoxic effects
according to ISO 10993-5 guidelines. This approach enables
detection of loss of plasma membrane integrity, a hallmark of
acute cytotoxic response, and is widely used for initial screen-
ing of biomaterials. In brief, L929 cells were cultured in
proliferation media consisting of Eagle’s minimum essential
media (Merck) supplemented with 10% FBS and 1% penicillin/
streptomycin (P/S, Gibco) at 37 1C in a 5% CO2 atmosphere and
passaged at 10 � 103 cells per cm2 (passages 12-30).

Cell growth inhibition studies involved seeding 2 mL of L929
cells at 5 � 104 cells per mL in 35 mm dishes and culture for
24 h. Media was discarded and replaced with 1 mL of test
solutions and incubated for an additional 48 h. Test solutions
consisted of PLL and PLL-MA diluted to working concentra-
tions of 0.2, 0.02, and 0.002 wt% in culture media. PVA-MA, as
the main component of the hydrogel matrix, was included as a
test solution which involved dissolving the macromolecular
monomer (macromer) of PVA-MA at 1 wt% in PBS. Final
dilutions maintained a 3 : 1 cell culture media to PBS ratio.
Negative control (Nulls) consisted of cells in proliferation

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 3
:5

7:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02475g


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B

media only. Positive controls of toxicity involved exposing cells
to 100% absolute ethanol diluted at 4%, 5%, and 7.5% v/v. After
incubation, cells were rinsed twice with PBS and dissociated via
5 min incubation with 1 mL of TrypLE, then 500 mL of the cell
suspension from each dish was collected and analysed using a
cell viability analyser (Vi-cell XR, Beckman Coulter). Cell viabi-
lity was calculated as described in eqn (1):

Cell viability% ¼ Viable cell count

Total cell count

� �
� 100% (1)

2.3. Stability testing of physical versus covalent integration of
PLL into PVA-MA hydrogels

To compare the effects of physical versus covalent integration of
PLL into PVA-MA hydrogels, three hydrogel formulations were
prepared, shown in Fig. 1. First, PVA-MA hydrogels without PLL
were used as a control (Fig. 1A). The second variant involved
blending unmodified PLL with PVA-MA prior polymerisation,
where PLL was expected to physically crosslink with the PVA-
MA network (Fig. 1B). Finally, PVA-MA and PLL-MA were
covalently crosslinked via photopolymerisation as described
below (Fig. 1C).

To fabricate hydrogels, PVA-MA macromers were dissolved
at 15 wt% in PBS at 80 1C. After cooling to room temperature,
the photoinitiator 2-Hydroxy-40-(2-hydroxyethoxy)-2-methylpropio-
phenone (Irgacure 2959) was added to reach a final concentration
of 0.05 wt%. These hydrogels are not porous scaffolds, but rather
homogeneous polymer networks formed via covalent crosslink-
ing. For PLL-containing samples, a volume of 10 mL of PLL-MA or

PLL solution was incorporated at a concentration informed by the
cytotoxicity results, while PVA control hydrogels received an
equivalent volume of PBS. Hydrogel precursor solutions were
cast into silicone moulds (8 mm diameter, 0.5 mm thickness),
and crosslinked under UV irradiation (BlueWaves 200, Dymax,
320-395 nm) at 30 mW cm�2 for 3 minutes.

To evaluate the stability of PLL-integrated PVA hydrogels,
mass loss and swelling assays were conducted following estab-
lished protocols26 that involved incubating hydrogels in PBS
solutions at 37 1C for 1, 3 or 7 days. Mass loss was used to
assess the amount of non-polymerized material leaching from
the hydrogel matrix after curing, providing insights into poly-
merization efficiency. The volumetric swelling ratio measured
the water absorption capacity of the hydrogel under swelling
equilibrium conditions, reflecting its structural integrity and
hydrophilicity.

In brief, all hydrogel samples were weighed directly after
polymerization to establish the initial wet mass (minitial,t0

).
Three samples were immediately lyophilized to obtain the
initial dry weight (mdry,t0

), which is used to estimate the initial
dry weights of the rest of the samples at t = 0. This involves
calculating the actual macromer fraction (Act-Mac%) shown in
eqn (2). The Act-Mac% and minitial,t0

were then used to calculate
the initial dry weight of each sample (mi,dry) as shown in eqn (3).

Act-Mac% ¼ mdry;t0

minitial;t0

� 100% (2)

mi,dry = minitial,t0
� Act-Mac% (3)

Fig. 1 Schematic of PLL integration strategies into PVA-MA hydrogels for stability testing. (A) PVA-MA hydrogel (control), formed by covalent
crosslinking of PVA-MA alone. (B) Blended PVA–PLL hydrogel, formed by physically mixing unmodified PLL with PVA-MA, resulting in physical
entanglement of PLL within the network. (C) Covalent PVA–PLL hydrogel, formed by co-polymerising PVA-MA with methacrylated PLL (PLL-MA),
enabling covalent incorporation of PLL into the network.
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For each incubation time point, three hydrogel samples were
removed from the incubator, blotted dry and weighed (mswollen).
The swollen samples were then lyophilized and weighed again
(mdry). The mass loss and volumetric swelling ratio were calcu-
lated as described in eqn (4) and (5), respectively.

Mass loss%
mi;dry �mdry

mi;dry

� �
� 100% (4)

Volumetric swelling ratio ¼ 1þ rPVA=rPBS
mswollen

mdry
� 1

� �
(5)

2.4. Differentiation of human motor neuron progenitors

Motor neurons were differentiated from hESCs-H9 by
adapting established protocols19 described in detail in the
supplementary material. In brief, as illustrated in Fig. 2, the
cell culture protocol involved proliferating human embryonic
stem cells (hESCs-H9, WiCell), while inducing neural lineage
followed by motor neuron specification. This protocol resulted
in MNP spheroids over a period of 8 days on plastic Petri
dishes, referred to as MNP-D8. From Day 8 onward, cultures
were supplemented with neurotrophic factors to promote
neuronal differentiation and maturation. The key change
to the cell culture protocol from Guo et al.,19 involved
systematic evaluation of cell seeding density following spheroid
dissociation.

MNP-D8 spheroids were dissociated using Accutase (Gibco
A1110501), centrifuged at 300g for 3 minutes, and seeded at
7.5 � 104 cells per cm2 on coverslips or hydrogel discs. The
coverslips were pre-coated with PLL (Sigma, P5899, 100 mg mL�1)
and laminin (Gibcot 23017015, 20 mg mL�1). Differentiation
progressed through defined stages. Motor neuron differentia-
tion takes place on days 8–13 by supplementing medium with
0.1 mM retinoic acid (RA, Sigma R2625), 500 nM smoothened
agonist (SAG, Sigma SML1314), 10 ng mL�1 brain derived
neurotrophic factor (BDNF, Sigma B3795), 10 ng mL�1 glial
derived neurotrophic factor (GDNF, Sigma G1777), and 10 mM
of Inhibitor of g-secretase (DAPT, Chem-Supply, GK0567).
On Days 13–15 post-mitotic differentiation was induced with
BDNF, GDNF, and increased DAPT (20 mM). In Days 15–29
culture medium consisted of BDNF, GDNF, and 10 ng mL�1

ciliary neurotrophic factor (CNTF, Sigma C3710) to promote
neuronal maturation. According to the established protocol,
this differentiation timeline yields motor neurons exhibiting
morphological and molecular characteristics of mature motor
neurons within approximately one month of differentiation.
See supplementary materials for expanded details on cell
maintenance, proliferation, and differentiation.

2.5. Presenting laminin to motor neurons via PLL-integrated
PVA-MA hydrogels

The potential of PLL-integrated PVA-MA hydrogels to present
laminin was assessed by growing MNP-D8 on PVA-MA, blended
PVA–PLL, and covalent PVA–PLL hydrogels with or without
laminin coating, as illustrated in Fig. 3. First, PVA-MA, and
both PVA–PLL hydrogels were steam sterilised (121 1C, 15 min)
while submerged in PBS. Hydrogels were transferred into a
24-well plate, and the excess of PBS was removed. A group of
gels received a volume 50 mL of PBS containing 20 mg mL�1 of
laminin, followed by an incubation at 37 1C for 30 minutes.
Coverslips pre-coated with PLL (100 mg mL�1) and laminin
(20 mg mL�1) were used as control. MNPs adhesion, viability,
and differentiation were assessed after 1, 3, and 7 days of
culture on these substrates as described in Sections 2.6 and
2.7. MNP-D8 cells were seeded onto the hydrogels, resulting in
a surface-based culture configuration. Two sets of hydrogel
groups seeded with MNP-D8 were produced, one set was used
for assessing cellular viability, and the second set to assess
neuronal differentiation and morphometric analysis, both at
1, 3, and 7 days, corresponding to day 9, day 11, and day 15 of
the differentiation timeline.

2.6. Cell viability and adhesion on hydrogel substrates

The effects of PLL and PLL-MA integration on motor neuron
progenitor (MNP-D8) viability and adhesion were assessed using
live/dead staining and cell area coverage analysis. The experi-
mental setup was illustrated on Fig. 3. Cell viability was evaluated
using a Calcein-AM/propidium iodide (PI) live/dead assay.
Samples were incubated with 1 mM Calcein-AM and 1 mg mL�1

PI for 10 minutes, rinsed with PBS, and imaged using confocal
microscopy. Live and dead cells were identified by green and red
fluorescence, respectively. Using ImageJ software, viability was
quantified as the ratio of the area covered by livings cells to that of

Fig. 2 Illustration of the cell culture timeline for differentiating hESCs-H9 into motor neurons. MNP spheroids derived from hESCs-H9 were cultured in
Petri dishes for 8 days and dissociated on day 8 (MNPs-D8). Single cells MNPs-D8 were then plated on coverslips or hydrogels to induce motor neuron
differentiation and neurite outgrowth. Image adapted from Guo et al.19
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total cells, and cell attachment was measured as the percentage of
cell-covered area relative to total image area by using ImageJ
(National Institutes of Health, USA). For each sample, five fields
were imaged, one at the centre and one in each of the four
quadrants, to ensure unbiased spatial representation.

2.7. Assessment of neuronal differentiation and maturation

Differentiation was evaluated by immunostaining for key line-
age markers supplemented with morphometric assessment of
the formation of neuronal clusters and networks. The experi-
mental setup was illustrated on Fig. 3. Cells were fixed with 4%
formaldehyde for 20 minutes, permeabilized using 0.1% Triton
X-100 for 30 minutes and blocked with 2% bovine serum
albumin (BSA) to minimize non-specific binding. Primary anti-
bodies used included bIII-Tubulin (TUJ1, Abcam, #ab78078,
1 : 1000), oligodendrocyte transcription factor 2 (Olig2, Abcam,
#ab109186, 1 : 200), Homeobox gene HB9 (HB9, Invitrogen, #
PA5-23407, 1 : 1000), and Microtubule-associated protein 2 (MAP2,
Abcam, #ab32454, 1 : 1000). After 1 hour at room temperature,
samples were washed and incubated with Alexa Fluor 488 (Thermo
Fisher, #A11008, 1 : 1000) and Alexa Fluor 594 (Thermo Fisher,
#A11012, 1 : 1000) conjugated secondary antibodies for 1 hour at
room temperature. TUJ1 was used for revealing neurites. HB9 and
Olig2 are nuclei markers used to identify motor neuron lineage
and progenitor status. MAP2 was used a marker of neuronal

maturation. Nuclei were counterstained with 40,6-Diamidino-2-
phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Samples
were imaged by confocal microscopy to assess marker expression
and neuronal morphology.

To assess the potential of PLL-integrated hydrogels in sup-
porting motor neuron clustering and early network formation,
a quantitative analysis was conducted by a blinded, indepen-
dent assessor, who evaluated images of immunostained cells
based on the questionnaire described in Table 1. This ques-
tionnaire, was designed to standardize assessment in cluster
morphology, allowing for comparison of clustering behaviours
and neurite organization across different substrates. The
images consisted of MNP-D8 progressed to Day 15 of the
differentiation process (Fig. 2), here on referred to as day 7 of
motor neuron differentiation on hydrogel. Day 7 was selected as
a representative time point for evaluating early-stage cluster
formation and neurite outgrowth. Samples included motor
neurons cultured on three substrates: laminin-coated blended
PVA–PLL (blended PVA–PLL + LN), laminin-coated covalent
PVA–PLL (covalent PVA–PLL + LN), and coverslips controls
(coverslips + LN), each assessed with HB9/TUJ1 and Olig2/
TUJ1 markers. Experiments were independently repeated three
times (n = 3), each with three replicates (N = 9). Five fields per
sample were acquired randomly, resulting in 90 images in total
(45� HB9/TUJ1, and 45� Olig2/TUJ1). Image identifiers were

Fig. 3 Experimental setup to evaluate laminin presentation on PLL-integrated PVA hydrogels. PVA, blended PVA–PLL, and covalent PVA–PLL were used
to assess surface-mediated laminin binding and compared with a set without laminin coating. Electrostatic interactions in blended and covalent PVA–PLL
hydrogels were expected to enhance laminin retention, while PVA relies on passive adsorption. Coverslips pre-coated with PLL and laminin served as
positive controls. Motor neuron progenitors (MNP-D8) were seeded onto the substrates and cultured for 7 days and assessed for adhesion, viability,
neuronal differentiation, and morphometric analysis.
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removed, randomly numbered (1–90), and evaluated without
knowledge of experimental groups.

Neuron aggregates were regarded a ‘‘cluster’’ if they met the
following criteria: (1) Z10 neuron cell bodies; (2) aggregation
around a common centre; and (3) radial neurite outgrowth. Aggre-
gates meeting two criteria were considered questionable clusters.

2.8. Statistical analysis

All values are presented as the mean of three independent
experiments (n = 3), each with three technical replicates (N = 9).
Data normality was assessed using Quantile–Quantile (Q–Q)
plots prior to statistical analysis. Parametric tests were applied
when data exhibited approximately normal distribution.
Depending on the number of factors or predictors, either

one-way or two-way ANOVA was performed to determine statis-
tical differences, followed by Tukey-Kramer post hoc tests for
multiple comparisons. Results were reported as mean � stan-
dard deviation (SD). Statistical significance was defined at
p o 0.05, with significance levels indicated as *0.01 o p o
0.05, **p o 0.01, ***p o 0.001, and ****p o 0.0001. All analyses
were performed using GraphPad Prism version 10.2.0.

3. Results
3.1. Characterization and cytocompatibility of PLL and PLL-MA

As shown in Fig. 4A, the 1H NMR spectrum of unmodified PLL
displayed characteristic peaks corresponding to the native PLL

Fig. 4 Characterization of PLL-MA polymer synthesis and cytocompatibility of PLL and PLL-MA polymer. 1H NMR spectra of PLL (A) and PLL-MA (B) in
D2O, showing characteristic proton signals for structural confirmation of unmodified PLL and methacrylated PLL. (C) Representative phase-contrast
images of L929 cells after 2-day culture with PVA-MA, PLL, or PLL-MA polymer treatments, highlighting morphological differences associated with
polymer exposure. (D) Quantitative analysis of cell viability after a 2-day culture period with PVA-MA, PLL, and PLL-MA polymers.

Table 1 Evaluation criteria for each cluster analysis

No. Evaluation criteria Answer options

1 Are there any clusters present? Yes, continue
No

2 How many clusters are present in this image? Numerical count
3 Is there a questionable cluster? Yes

No, continue
4 Shape of the cluster Spherical

Non-spherical
5 Cluster size (S) Small (S r 50 mm) Medium (50 mm o S o 100 mm) Large (S Z 100 mm)
6 Cell number (N) within the cluster Low (N r 15) Medium (15 o N o 40) High (N Z 40)
7 Distance (D) between clusters (measured from cluster centres) Close (D r 50 mm) Medium (50 mm o D o 100 mm) Far (D Z 100 mm)
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backbone. In contrast, the spectrum of PLL-MA (Fig. 4B) exhib-
ited additional vinyl proton signals at 6.1 and 5.7 ppm, along
with new resonances in the 3.1–3.5 ppm region. These spectral
changes confirmed the successful introduction of methacrylate
groups, providing reactive sites for covalent crosslinking in
hydrogel networks.

Cytocompatibility analysis (Fig. 4C and D) revealed that both
PLL and PLL-MA were markedly cytotoxic at 0.02 wt% and
0.2 wt%, reducing cellular viability to below 20% and causing
severe morphological damage characterized by extensive cell
debris. Toxicity at these concentrations exceeded that of the 7.5%
ethanol positive control. At 0.002 wt%, unmodified PLL remained
moderately cytotoxic, yielding B55% viable cells with evident
debris and irregular, star-shaped morphologies, contrasting to
the confluent spindle-shaped fibroblasts observed in the negative
controls (95–100% viability). In comparison, PLL-MA at 0.002 wt%
maintained B87% viability, with only slight inhibition of cell
proliferation and fewer morphological abnormalities. As antici-
pated, PVA-MA exhibited negligible cytotoxicity comparable to the
blank controls, whereas ethanol-treated positive controls con-
firmed assay validity. Based on minimal toxicity and acceptable
compatibility, 0.002 wt% PLL-MA was selected for subsequent
hydrogel integration studies. Because the extent of PLL incorpora-
tion within the hydrogel matrix was uncertain, unmodified PLL at
0.002 wt% was also examined to account for the potential influ-
ence of non-incorporated polymer.

3.2. Stability of PLL-integrated hydrogels

On day 1, the mass loss of covalently crosslinked PVA–PLL
hydrogels was comparable to that of PVA-MA controls (Fig. 5A).
Covalent PVA–PLL exhibited a slightly lower mass loss than
blended PVA–PLL, which showed approximately threefold
greater mass loss relative to PVA-MA gels. Over time, however,
the mass loss of all hydrogel formulations plateaued and
remained below 10%. These findings suggest that the amount
of unreacted or soluble polymer is minimal and largely inde-
pendent of PLL incorporation, although the presence of PLL
may enhance the leaching rate of non-crosslinked polymer
fractions.

Swelling analysis revealed that all hydrogel formulations
reached a peak swelling ratio of approximately six on day 1,

with no statistically significant differences observed among
groups over the 7-day period (Fig. 5B). Thus, the incorporation
of PLL or PLL-MA did not notably alter the equilibrium water
uptake of hydrogels. Altogether, swelling behaviour and mass
loss suggest that effective network crosslinking stabilizes
within the first few days. These findings confirmed that PLL
and PLL-MA incorporation maintains hydrogel stability.

3.3. Presenting Laminin for promoting motor neuron viability
and attachment via PLL-integrated PVA hydrogels

Phase-contrast images (Fig. 6A and Fig. S1) showed morpholo-
gical changes throughout hESC-H9 derived motor neuron dif-
ferentiation process. hESCs-H9 were efficiently directed toward
a motor neuron lineage, as evidenced by robust Olig2 expres-
sion on day 9, indicative of early motor neuron progenitor
specification (Fig. 6B). As differentiation progressed, Olig2
expression markedly declined, coinciding with the emergence
of MAP2-positive neurons, confirming neuronal maturation
(Fig. 6B and Fig. S2). Persistent HB9 expression throughout
differentiation verified motor neuron lineage commitment,
while TUJ1 immunostaining demonstrated extensive neurite out-
growth characteristic of functional neuronal morphology (Fig. 6B).
The results of morphological progression and marker expression
presented the validation of the motor neuron differentiation
protocol on PLL and Laminin coated coverslip (Coverslips + LN)
controls. Overall, adjustment of cell seeding density in the differ-
entiation protocol resulted in human motor neuron cultures
enriched in neuronal clusters and interconnected networks,
thereby improving upon existing differentiation protocols.

When MNP-D8 cells were cultured on hydrogel substrates,
overall viability was comparable to Coverslips + LN controls,
suggesting that neither physical nor chemical integration of
PLL adversely affected cell viability. Cell growth and adhesion
varied depending on the PLL incorporation strategy, and the
presence of laminin coatings (Fig. 7). As expected, unmodified
PVA-MA hydrogels exhibited negligible cell adhesion, confirm-
ing their lack of inherent bioactivity (Fig. 7A–C). In contrast,
both blended and covalently linked PVA–PLL hydrogels sup-
ported robust cell attachment even in the absence of laminin
(Fig. 7A–C). Laminin coating further promoted neurite exten-
sion and cell spreading, with minimal detachment observed on

Fig. 5 Stability assessment of PLL-integrated hydrogels. Mass loss (A) and swelling ratio (B) analysis of 15 wt% PVA-MA, blended PVA–PLL, and covalent
PVA–PLL hydrogels over a 7-day period.
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blended PVA–PLL + LN and covalent PVA–PLL + LN compared
to PVA alone (Fig. 7A–C). Notably, the performance of covalent
PVA–PLL + LN was comparable to standard PLL-Laminin coated
coverslips (Fig. 7A–C).

Quantification confirmed these observations. Cell viability
remained consistently high (65–85%) across all PLL and PLL-
MA integrated hydrogels, irrespective of laminin coating
(Fig. 7D–F). On Day 1, cell area coverage was low on all hydrogel
variants (5–10%), below that of coverslip controls (B15%)
(Fig. 7G). By Day 3, adhesion on blended PVA–PLL remained
limited (B10%), similar to PVA + LN, but increased to B20%
with laminin coating (Fig. 7H). At this time point, covalent
PVA–PLL, with or without laminin, supported significantly

greater adhesion, comparable to coverslip controls (B25%).
By Day 7, clear trends emerged. Laminin coating enhanced cell
area coverage more than threefold in blended PVA–PLL + LN
hydrogels (36.3%) relative to uncoated counterparts, compar-
able to the increase observed in PVA-MA + LN gels (Fig. 7I).
In covalent PVA–PLL variants, laminin similarly promoted
coverage (42.2%), representing a 1.6-fold increase over
uncoated PVA–PLL, with no significant difference compared
to laminin-coated coverslip controls (49.1%) (Fig. 7I). The large
variability in the PVA-MA + LN gels was attributed to hetero-
geneous laminin retention. Many gels failed to retain laminin
and supported no cell adhesions, whereas, in others laminin
may have been retained via weak adsorption to PVA-MA chains.

Fig. 6 Morphological progression and marker expression during hESC-H9-derived motor neuron differentiation. (A) Phase-contrast images showing
morphological changes throughout the differentiation process from Petri dish (D0 and D8) and PLL-Laminin coated coverslips (D9 and D29). Scale bars =
500 mm. (B) Representative immunostaining images at D9and D29 on coverslips highlighting sequential expression of motor neuron markers. TUJ1
(green) labels neuronal axons, Olig2 (red) marks motor neuron progenitors, HB9 (red) identifies post-mitotic motor neurons, MAP2 (red) indicates mature
dendritic structures, and DAPI (blue) stains nuclei. Scale bars = 50 mm.
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Collectively, these data demonstrated that PLL-MA integration
markedly enhanced hydrogel biofunctionality by improving lami-
nin retention and sustaining motor neuron progenitor viability,
adhesion, and differentiation at levels comparable to conven-
tional gold standard techniques.

3.4. Promoting motor neuron differentiation via PLL-
integrated PVA hydrogel presenting laminin

On day 1, all groups exhibited initial adhesion (Fig. 8A), char-
acterized by limited neurite outgrowth and co-expression of
early neuronal markers TUJ1 and HB9 together with Olig2,

indicating the presence of undifferentiated progenitors. By day 3,
neurite extension became more pronounced, Olig2 expression
slightly decreased in intensity, and HB9/TUJ1 signals intensified,
reflecting early neuronal differentiation and initiation of network
formation (Fig. 8B).

By day 7, both blended and covalent PVA–PLL + LN hydro-
gels promoted pronounced neuronal clustering, and more
extensive neurite networks relative to coverslips (Fig. 8C). Both
hydrogels supported stronger HB9 and TUJ1 expression with
diminished Olig2 levels, indicative of a shift toward more mature
motor phenotypes (Fig. 8A–C). Notably, covalent PVA–PLL + LN

Fig. 7 Viability and adhesion of motor neuron progenitors (MNP-D8) on PLL-integrated PVA hydrogels. Representative live/dead staining images of
MNP-D8 on day 1 (A), day 3 (B), and day 7 (C) across different substrates. Live cells are stained with Calcein-AM (green) and dead cells with propidium
iodide (PI, red); scale bar = 200 mm. (D)–(F) Quantification of cell viability (%) at days 1, 3, and 7, respectively. (G)–(I) Quantification of cell area coverage
(%) at days 1, 3, and 7, respectively.
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hydrogels yielded the most complex and interconnected networks,
followed by the blended formulation, while coverslips exhibited
limited clustering and sparse neurite projections.

Cluster analysis at day 7 revealed clear differences in motor
neuron organization across blended PVA–PLL + LN, covalent

PVA–PLL + LN hydrogels, and coverslips (Fig. 8D–H). Both
blended and covalent PVA–PLL + LN hydrogels exhibited high
cluster presence rates (96.7% and 93.3%, respectively), whereas
coverslips displayed significantly fewer clusters (50%), con-
firming enhanced cluster formation on hydrogel substrates

Fig. 8 Motor neuron cluster formation and spatial organization across different laminin-presenting substrates. Representative immunofluorescence
images of MNP-D8 on day 1 (A), day 3 (B) and day 7 (C) of differentiation, stained for TUJ1 (green), HB9 or Olig2 (red), and DAPI (blue), on blended PVA–
PLL + LN, covalent PVA–PLL + LN, and coverslips + LN; scale bar = 50 mm. Quantitative analysis of cluster morphology at day 7, including: cluster
presence rate (D), spherical cluster rate (E), cluster size distribution (F), cluster cell number (G), and inter-cluster distance (H).

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 3
:5

7:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02475g


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B

(Fig. 8D). Moreover, hydrogel-based cultures promoted more
stable and uniform cluster morphology, with a higher propor-
tion of spherical clusters (68.5% for blended PVA–PLL + LN and
74% for covalent PVA–PLL + LN), in contrast to coverslips which
showed 46.4% spherical clusters (Fig. 8E).

Although all hydrogel formulations supported clusters ranging
from tens to over one hundred micrometres in diameter (Fig. 8F),
distinct differences in cluster density and inter-cluster spacing
were observed (Fig. 8G and H). Covalent PVA–PLL + LN hydrogels
favoured the formation of large, high-density clusters (440 cells
per cluster, 43.3%), whereas blended PVA–PLL + LN primarily
yielded low-density clusters (o15 cells, 54%) with moderate
formation of intermediate (15–40 cells, 28%) and high-density
clusters (B15%) (Fig. 8G). Coverslip cultures predominantly
exhibited small, low-density clusters (77.4%) (Fig. 8G). Spatial
distribution analysis revealed further substrate-dependent orga-
nization (Fig. 8H). Covalent PVA–PLL + LN hydrogels promoted
closer cluster proximity (66.7% within 50 mm), while blended
hydrogels exhibited a more balanced distance profile, and cover-
slips showed predominantly dispersed clusters (75% 4100 mm)
(Fig. 8H).

Overall, PLL-integrated PVA hydrogels, particularly
covalently crosslinked formulations, fostered the formation of
denser, spatially coordinated, and highly interconnected neural
clusters compared to traditional 2D substrates.

4. Discussion

This study elucidated how incorporation strategies of PLL
modulates the physicochemical stability of PVA-MA hydrogels
and influences neural differentiation outcomes and network
architectures. The concentration-dependent cytotoxicity of PLL
stresses the need of its precise titration in 3D matrices. Among
the tested formulations, only the lowest concentration
(0.002 wt%) proved minimally toxic. At this concentration, PLL
either blended or covalently crosslinked, preserved hydrogel net-
work integrity while enhancing laminin retention and supporting
MNPs differentiation comparable to conventional PLL-laminin
coated coverslip substrates. These findings addressed a critical
gap in the literature by defining the minimal effective PLL concen-
tration required to sustain neuronal differentiation in hydrogel
systems. Moreover, this work introduced an expanded analytical
framework for evaluating neural differentiation by integrating
classical molecular markers with quantitative assessments of clus-
ter morphology and network connectivity. Overall, this study
offered a more holistic understanding of neural maturation within
engineered microenvironments.

PLL is widely recognized for improving cell adhesion by
providing a positively charged surface that facilitates protein
adsorption, particularly for ECM components such as laminin.27

The strong electrostatic interactions between PLL and laminin
creates a bioactive surface, which promotes neural progenitor
attachment and differentiation.3 While previous studies have
examined the role of PLL in 2D and to an extent within hydrogel
substrates,28 the effective incorporation into 3D hydrogel

environments has remained insufficiently characterized.
Earlier investigations used much higher PLL concentrations
(40.01 wt%) to coat culture surfaces or hydrogels,5,6,8 concen-
trations shown in the present study as cytotoxic. For example,
Karimi-Soflou et al. cultured P19 embryonic stem cells on
PLL/alginate/polypyrrole hydrogels containing 1 wt% PLL and
reported heterogeneous cell viability. However, the presence of
additional copolymer components and low crosslink density
may have masked direct PLL toxicity. In contrast, these findings
demonstrated that a significantly lower PLL concentration
(0.002 wt%) was sufficient to improve cell adhesion and differ-
entiation without compromising bioactivity.

Given the cationic nature of PLL, its inclusion can increase
hydrogel swelling through charge-driven osmotic effects,
potentially influencing mechanical stability and cell-matrix
interaction.8 While the influence of PLL on PVA hydrogels
has not been studied, analogous charged biomolecule incor-
porations are known to increase in mass loss above 25% and
induced large volumetric swelling ratios in the range of tens to
hundreds.29 Analogue systems have reported volumetric swel-
ling ratios in the 10–15 range when covalently crosslinking
10 wt% diacrylate poly(ethylene glycol) (PEG, 1.5–10 kDa) with
PLL (70–150 kDa).6,8 In these studies, the PLL concentration
used was at least two orders of magnitude greater than the one
used here. Of remark, the 0.002 wt% PLL maintained mass loss
below 10% and swelling ratios around 6, values consistent with
reported benchmarks for stable PVA-based systems.9,10 Of note,
changes in hydrogel swelling behavior are directly related to
variations in network crosslink density, which in turn governs
mechanical propertiess.30 As PLL incorporation did not signifi-
cantly affect swelling, the crosslinked network structure of PVA-
MA hydrogels is expected to remain unchanged. Consequently,
the mechanical properties of PVA/PLL hydrogels are anticipated
to be comparable to those of the base PVA-MA formulation.
However, although PLL was incorporated at low concentration,
covalent tethering increased compressive modulus by B31%
(see supplementary Section 3), suggesting localized network
alterations. This effect was reversed by steam sterilization, while
bioactivity remained intact, indicating preservation of PLL.

Covalent crosslinking of PLL-MA was hypothesized to
further stabilize the network by restricting polymer mobility.
However, mass-loss profiles were comparable between cova-
lently crosslinked and physically blended systems, suggesting
that at such low PLL content, the structural contribution is
negligible. While Zhou et al.18 and Karimi-Soflou et al.5

reported markedly different swelling ratios for PLL-modified
hydrogels based on hyaluronic acid and alginate/polypyrrole
matrices, respectively, these variations largely reflect differ-
ences in polymer composition and formulation. Importantly,
neither study systematically isolated the effect of PLL on
hydrogel stability, limiting direct comparison with the present
findings.

Laminin-coated PVA–PLL hydrogels effectively supported
differentiation of MNP-D8 progenitors into mature motor
neurons, achieving performance comparable to conventional
PLL/laminin-coated coverslips.19 This study shows for the first
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time the culture and differentiation of motor neurons on laminin
coated PVA–PLL hydrogels. Analogue PEG-based hydrogels incor-
porating PLL have also been studied to support development of
neural progenitor cells,6,8 however these systems with cells expres-
sing lineage markers, typically exhibit minimal clustering and
network formation. Differences in backbone chemistry, macro-
mer content, and PLL dosage complicate direct comparison
between PEG and PVA matrices. Nevertheless, the current find-
ings indicate that PLL contributes primarily to local bioactivity by
enhancing laminin retention and cell adhesion, without altering
the bulk physicochemical properties of the hydrogel.

Collectively, these observations establish that finely tuned
PLL incorporation preserves hydrogel structural integrity while
enabling laminin-mediated signalling essential for neuronal
differentiation. To assess whether these molecular optimiza-
tions translate into higher-order neural organization, this study
next examined the spatial distribution and connectivity of diff-
erentiating cells within the hydrogels. Cluster analyses revealed
enhanced neural organization in PLL-integrated hydrogels,
characterized by increased cluster prevalence, and more mature
network morphology relative to coverslip controls. Conven-
tional motor neuron differentiation studies have primarily
relied on single-cell morphology assessments, marker expres-
sion analysis, and neurite length measurements,20,21 which fail
to capture the spatial complexity inherent to neural tissues.
By incorporating blinded evaluations of cluster formation and
network connectivity, this study provides a more unbiased and
physiologically relevant representation of neuronal organiza-
tion. In this context, neural clusters reflect early assemblies of
differentiating neurons establishing functional contacts, while
interconnected networks denote advanced maturation. Although
the biological relevance of these structures in motor neuron
systems remains to be fully elucidated, these insights collectively
emphasize the importance of microenvironmental design in
directing neural network formation and functional integration.

Despite these advances, the present study is limited to early
differentiation stages and does not assess long-term neuronal
functionality, such as synaptic transmission or electrophysio-
logical maturation. Future work should therefore examine
whether neurons cultured on PLL-functionalized PVA-MA hydro-
gels establish functional synapses and exhibit mature firing
dynamics. Additionally, further optimization of hydrogel archi-
tecture, through modulation of stiffness, crosslinking density,
or incorporation of complementary ECM components, may
enable extended axonal outgrowth and more complex network
topologies.

The ultimate application of this platform lies in the devel-
opment of structurally defined in vitro neural tissue models.
Hydrogels are widely recognized as biomaterials with tissue-
mimetic mechanical and physicochemical properties, making
them attractive substrates for engineered constructs. A key
consideration in hydrogel selection is the trade-off between
biologically derived materials, which inherently support cell–
matrix interactions, and synthetic systems, which offer greater
control over mechanical properties and spatial presentation of
bioactive cues. Synthetic hydrogels are therefore particularly

advantageous for precisely tuning scaffold architecture and
biomolecular functionalization.

For example, laminins play critical roles in synaptic matura-
tion, axonal outgrowth, and neuronal stability,31 while col-
lagens provide structural support and contribute to axonal
guidance and neurotransmission.32 The controlled and spa-
tially defined presentation of such biomolecules is essential for
generating in vitro neural models that more closely recapitulate
native tissue organization.

Here, we demonstrate that PLL can be incorporated into
PVA-MA hydrogels without compromising structural integrity.
Importantly, PVA hydrogels can be fabricated into macroscale
and tubular geometries33 relevant to peripheral nerve guidance
applications. Together, these properties position the PVA/PLL
system as a scalable and adaptable platform for engineering
organized neural tissue models, with potential applications in
motor neuron biology, regenerative medicine, and in vitro dis-
ease modelling.

In summary, this work established that minimally dosed
PLL integration into PVA-MA hydrogels yields a stable, bio-
compatible platform capable of supporting robust motor neu-
ron differentiation and early network formation. The approach
offers a scalable, physiologically relevant model system with
potential applications in neural tissue engineering, disease
modelling, and regenerative neurobiology.

5. Conclusions

This study demonstrated that tailoring PLL content and attach-
ment within PVA-MA hydrogels enables the creation of stable
and bioactive matrices that support motor neuron differentia-
tion and early network formation. A minimal PLL concen-
tration (0.002 wt%) was identified as optimal, preserving
hydrogel integrity while enhancing laminin retention, cellular
adhesion, and neural maturation. The integration of quantita-
tive network and cluster analyses provided deeper insight into
the spatial organization of differentiating neurons within 3D
environments, with evidence for physical and chemical con-
jugation approaches differentially guiding network architec-
ture. Collectively, these findings establish a framework for the
rational design of neural biomaterials in which minimal bio-
functionalization achieves biological efficacy, advancing the
development of physiologically relevant models for neural
tissue engineering and regenerative neurobiology.
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