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A B S T R A C T

Hydrogels are promising scaffold materials for tissue engineering due to their adjustable mechanical properties 
and excellent biocompatibility. The soft nature and high water content of hydrogels demonstrate their potential 
to mimic the extracellular matrix (ECM), providing an environment similar to that in vivo for cell biology. 
However, conventional hydrogels are typically isotropic, which limits their ability to guide cell growth required 
for neural tissue engineering. In this study, we developed a novel alginate-polypeptide hydrogel with an aligned 
fibrous structure to address this limitation. Alginate is a naturally abundant biocompatible carbohydrate poly
mer, which was selected for its ability to form hydrogels Simultaneously, we synthesized copolypeptides with 
glutamate and lysine moieties, where glutamate stimulates nerve regeneration while lysine enhances cell 
adhesion and adjusts charges for effective crosslinking. The copolypeptides were electrospun to form fibers, 
which were subsequently selectively deprotected to acquire positive charged fibers, enabling electrostatic 
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crosslinking with negatively charged alginate. The resulting hydrogel exhibited an aligned fibrous structure 
achieved through the shearing force of co-extrusion method, as confirmed by polarized optical microscope 
(POM) and transmission X-ray microscopy (TXM). This resulting hydrogel possesses greater mechanical strength 
than the alginate-calcium hydrogel control group even when both has the same charge density. This enhance
ment arises from chain entanglement and hydrogen bonding between alginate and polypeptide. Finally, the cell 
viability tests and cytotoxicity tests confirm that the hydrogel has good biocompatibility for biomedical 
applications.

1. Introduction

Hydrogels are materials formed from polymer networks that create 
three dimensional hydrophilic structures capable of absorbing large 
amounts of water. Their unique properties have attracted significant 
attention in various fields [1–5]. In biomedical applications, hydrogels 
are particularly promising as scaffold materials due to their excellent 
mechanical properties and biocompatibility. Their ability to mimic the 
extracellular matrix (ECM) and support cell growth makes them ideal for 
advanced tissue engineering applications [6–12]. The ECM refers to a 
composite structure of macromolecules that supports cells and tissues. It 
primarily consists of water and extracellular polymeric substances 
(EPS), including polysaccharides, fibrous proteins and DNA [13,14]. The 
ECM not only provides supportive structures but also carries the nutri
tion, hormones, and other signal molecules. The fibrous proteins in the 
ECM form a gel-like matrix that serve as a support structure for cells 
adhesion [15]. This fibrous structure is vital for providing structural 
support and strength in various tissues. For instance, the corneal tissue’s 
ECM primarily consists of fibrous collagens, particularly types I and V, 
which are tightly packed with well-defined inter-fibril spacing [16]. The 
corneal stroma with a thickness of approximately 300–400 μm and 
constituting 80–90 % of the corneal volume, plays an important role in 
determining corneal characteristics [17]. The collagen fibers in the 
corneal stroma are highly organized in lamellae, providing strength and 
resistance to deformation. The precise arrangement of collagen fibers is 
crucial for the cornea’s optical clarity. Another example is artery tissue, 
where the ECM is primarily composed of collagen and elastin fibers. 
These fibers provide the arterial wall with both strength and elasticity 
[18,19]. The fibers are arranged in a criss cross pattern, providing 
structural integrity and preventing the artery from over expansion under 
pressure. They also help maintain vascular tone, regulate blood pres
sure, and ensure proper blood flow to tissues and organs. Additionally, 
the fibrous tissue in the arterial wall anchors the artery in place, offering 
structural support to prevent vessel collapse or distortion [20–23].

To replicate the structure of the ECM in tissue engineering, incor
porating fibrous components into hydrogels has emerged as a promising 
approach [24,25]. Fibrous structure in hydrogel plays an important role 
by provide an organized framework that supports cell adhesion, 
migration, and alignment, which are critical for proper tissue develop
ment and regeneration. Electrospinning enables the fabrication of 
fibrous structures that closely mimic the ECM in terms of size and ar
chitecture. By integrating electrospun scaffolds with hydrogels, three 
dimensional hybrid constructs can be created, providing a platform for 
tissue regeneration. Moreover, these electrospun fibers can also be 
designed to be protease-degradable, enhancing their biofunctionality 
and broadening their applications in tissue engineering [26–28].

While incorporating fibrous components in hydrogels offers signifi
cant benefits, the isotropic fiber arrangement still limits their ability to 
guide directional cell growth effectively. Hydrogels with aligned fiber 
structures are particularly beneficial as they provide directional guid
ance for cell migration and promote organized tissue formation, which is 
essential for regenerating tissues like tendons, nerves, and muscles. 
However, achieving fiber alignment within hydrogels presents signifi
cant challenges due to their viscous nature, the random distribution of 
polymer chains, and their lack of structural rigidity. Several innovative 
fabrication techniques have been developed to address these issues. For 

example, Formica et al. fabricated a composite hydrogel using cryo
electrospinning to create an ultraporous scaffold that mimics the 
structure of cartilage tissue [29]. This composite hydrogel demonstrated 
a sustained release profile of pharmaceutical agents that could rescue 
chondrocytes from an inflammatory environment. Similarly, Deepthi 
et al. designed a layered composite hydrogel enriched with aligned 
electrospun poly-L-lactic acid (PLLA) nanofibers to replicate the 
glycosaminoglycans-rich ECM of tendon sheaths, demonstrating similar 
cytocompatibility to native tissue and promoting oriented cell growth 
along the nanofibers for tendon regeneration [30]. Despite these ad
vances, the complicated preparation process for creating hydrogels with 
aligned fiber structures still hinder their widespread adoption and 
scalability in practical applications. Therefore, we need to develop a 
simple and efficient method to fabricate hydrogel with aligned fiber 
structure, ensuring broader accessibility and utility in tissue engineering 
applications. Recent studies in catalysis and analytical chemistry have 
demonstrated that nanoscale alignment and well controlled interfacial 
interactions are critical for improving molecular recognition and 
enhancing the sensitivity and selectivity of functional materials 
[31–34]. These researches reflect a broader recognition that molecular 
level structural organization is essential in the design of advanced 
materials.

Alginate is a naturally derived polysaccharide obtained from brown 
seaweed and is widely used in biomedical applications, particularly for 
hydrogel fabrication in tissue scaffolds. It is highly biocompatible, non- 
toxic and non-immunogenic, making it ideal for cell culture and drug 
delivery in tissue engineering. Alginate can easily form hydrogels by 
crosslinking with divalent cations such as Ca²⁺ to create a stable three 
dimensional structure. This crosslinking process can be conducted 
without the use of organic solvents or high temperatures, which helps to 
protect cells or bioactive agents. Additionally, the mechanical properties 
of alginate can be tailored by adjusting its concentration or crosslinking 
density, enabling customization for specific biomedical applications. Its 
high water absorption capability mimics ECM, promoting cell growth 
and proliferation. Furthermore, alginate can be combined with other 
biomaterials or growth factors to enhance its biocompatibility or cell 
adhesion on scaffold [35]. B. Sarker et al. fabricated covalent cross
linked alginate hydrogels that demonstrated good cell adhesion and 
spreading. These hydrogels were synthesized through Schiff base for
mation between gelatin and alginic acid and showed increased mito
chondrial activity compared to blend hydrogels [36].

Polypeptides are increasingly recognized as versatile building blocks 
for hydrogel formation and multicomponent matrix design in tissue 
engineering [37–39], owing to their excellent biodegradability, 
biocompatibility, and structural similarity to the extracellular matrix 
(ECM). Polypeptides can be synthetically engineered to precisely design 
the desired monomer composition and tailor physical and chemical 
properties to meet the needs of different kinds of tissues. By incorpo
rating specific functional amino acid monomers, such as lysine for 
enhancing cell attachment and glutamate for stimulating nerve cell 
growth, polypeptides can be optimized for specialized tissue engineering 
applications. This versatility enables polypeptides to facilitate the 
development of hydrogels that not only provide structural support but 
also actively promote tissue regeneration. Tseng et al. developed a kind 
of anisotropic structured hydrogel scaffold by co-extrusion of cellulose 
nanofiber (CNF) solution and poly(L-lysine)-r-poly(L-glutamic acid) 
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polypeptide solution. The lysine moieties in the polypeptide provide 
positive charges that crosslink with negatively charged CNF. Mean
while, the glutamic acid moieties stimulate nerve cells. The resulting 
hydrogel thus can promote cellular activity through the multi
functionality of the polypeptide [40]. In this context, aligned CNF plays 
an important role in guiding neurite growth. However, if we can replace 
CNF with aligned polypeptide fibers containing glutamic acid mono
mers, it may further enhance neurite guidance due to the inherent ability 
of glutamic acid to stimulate nerve cells. This approach could be more 
effective for neuronal growth and repair [41].

In this study, we synthesized copolypeptides containing glutamate 
and lysine moieties, where glutamate stimulates nerve regeneration 
while lysine enhances cell adhesion and adjusts charges to enable effi
cient crosslinking. Utilizing the unique properties of these copolypep
tides, we developed a novel fabrication technique to create hydrogels 
with aligned fiber structures by combining alginate and electrospun 
copolypeptide fibers via electrostatic crosslinking. The process involved 
first preparing positively charged polypeptide fibers, followed by co- 
extrusion with negatively charged alginate. Controlled shear forces 
applied during extrusion facilitated the alignment of the polypeptide 
fibers in the direction of extrusion, resulting in hydrogels with an 
anisotropic fibrous architecture. Compared to conventional alignment 
methods such as electrospun fiber embedding [30] or freeze electro
spinning [29], the co-extrusion approach used in this study offers several 
practical advantages. It avoids the need for organic solvents or cryogenic 
processing, reduces fabrication steps, and enables simultaneous fiber 
alignment and hydrogel formation by simple one step co-extrusion using 
aqueous solutions. This simple and scalable strategy is more suitable for 
making functional materials with highly ordered structures that are 
useful in the wide applications of tissue engineering scaffolds, catalysts, 
batteries. Characterization techniques such as polarized optical micro
scopy (POM) and transmission X-ray microscopy (TXM) confirmed the 
fibrous and anisotropic nature of the hydrogel, demonstrating its po
tential for mimicking the ECM. The aligned structure of the hydrogels 
makes them highly suitable for tissue engineering applications, partic
ularly in supporting cell attachment and promoting directional cell 
growth.

2. Experimental section

2.1. Materials

The synthesis of the polypeptide PBG60BocL40 through N-carbox
yanhydrides ring-opening polymerization (NCA-ROP) is described in 
supporting information section S1 and in Figure S1 to Figure S3 ac
cording to previously published reports [40,42]. The chemical structure 
of monomers, polymers, and partially hydrolyzed polypeptide fibers 
were characterized by proton nuclear magnetic resonance spectroscopy 
(1H NMR) (Brucker; Avance III-500MHz). The 1H NMR spectra of 
γ-benzyl-L-glutamate N-carboxyanhydride (BGNCA) and 
N-ε-Boc-L-lysine N-carboxyanhydride (BocLNCA) are shown in 
Figure S4 and Figure S5, respectively, while the 1H NMR spectrum of 
PBG60BocL40 is shown in Figure S6. All reagents were of analytical grade 
and used as without further purification. L-Glutamic acid γ-benzyl ester 
and N-ε-Boc-L-lysine were purchased from AK Scientific while sodium 
was obtained from Sigma-Aldrich. Sodium alginate was purchased from 
Acros Organics (Lot #. A0376863, the M/G ratio is 1.056 and the mo
lecular weight is 183 kDa). Calcium chloride (CaCl2) and dime
thylformamide were provided by Fisher Chemical, and benzene was 
purchased from Showa Chemical. Trifluoroacetic acid was supplied by 
Fluorochem, and a 0.5 % stabilized aqueous solution of ruthenium te
troxide (RuO4) was acquired from Polysciences, Inc. All other chemicals 
for synthesis and hydrogel preparation were purchased from Acros 
Organic. Reagents used for cell studies included RPMI 1640 media 
powder (HyClone, Lot #. MF29518516C), horse serum (HS) (Gibco, Lot 
#. 2534239), fetal bovine serum (FBS) (VWR Life Science Seradigm, Lot 

#. 171K18), penicillin/streptomycin/ amphotericin B (PSA) (HyClone, 
Lot #. J190044), sodium bicarbonate (Sigma-Aldrich) and 37 %, reagent 
grade hydrochloric acid (Scharlau), which were used to prepare cell 
culture medium. Phosphate buffered saline tablets (PBS) were provided 
by Sigma-Aldrich. The AlamarBlue™ cell viability reagent (Invitrogen, 
Lot #. 2214489) and Dulbecco’s modified eagle medium (DMEM) 
(Gibco, Lot #. 2519909) were used to prepare working solution for cell 
viability test. The LIVE/DEAD™ Viability/Cytotoxicity Kit (Invitrogen, 
Lot #. 2161809) was employed for the cytotoxicity test, containing a 
4 mM Calcein-AM (CaAM) solution in dimethyl sulfoxide (DMSO) and a 
2 mM Ethidium Homodimer-I (EthD-I) solution in a DMSO/H2O mixture 
(1:4, v/v).

2.2. Nomenclature

The abbreviations for the two types of polypeptides are poly 
((γ-benzyl-L-glutamate)6 m-random-(N-ε-Boc-L-lysine)4 m) as 
PBG60BocL40 and poly((γ-benzyl-L-glutamate)6 m-random-(L-lysine)4 m) 
as PBG60LL40. The nomenclature of the hydrogels is based on the 
composition of the alginate and the crosslinker CaCl2 or polypeptide 
fiber PBG60LL40, which are abbreviated as AG, Ca, and 64, respectively. 
The effective concentrations of the crosslinker and alginate solution are 
indicated after the corresponding ingredient. The prefixes ani- repre
sents anisotropic hydrogel prepared by the co-extrusion method. For 
instance, ani-64–1-AG-1 refers to an anisotropic hydrogel made with 
1 wt% PBG60LL40 and 1 wt% alginate aqueous solution.

2.3. Polypeptide fiber preparation

2.3.1. Electrospinning
The polypeptide fiber was prepared by the electrospinning method as 

described in our previous study [41]. A 20.0 wt% of PBG60BocL40 
polypeptide solution was prepared with a co-solvent mixture of tetra
hydrofuran (THF)/ dimethyl acetamide (DMAc) (v/v = 6/4). The elec
trospinning was conducted at a voltage of 20.0 kV with a 
needle-to-collector distance of 10.0 cm and the collector rotating at 
1500 rpm. After electrospinning, the nonwoven fibrous mat 
PBG60BocL40 was carefully removed from the parchment paper and 
stored at − 20℃.

2.3.2. Selective deprotection
The electrospun polypeptide fibers were subjected to selective 

deprotection to remove the Boc-protecting groups. The deprotection was 
carried out by reacting the fibers with trifluoroacetic acid (TFA) in 
deionized water (DI water) overnight. The removal of the Boc-protecting 
groups was confirmed by 1H NMR analysis (Figure S7). Following 
deprotection, the fiber was purified by dialysis (MW cutoff = 3000 
Dalton) in DI water until the pH value became neutral. The purified 
polypeptide fiber was then freeze-dried for 3 days and stored at − 20℃ 
for further use in hydrogel preparation.

2.4. Hydrogel preparation

The deprotected polypeptide fiber PBG60LL40 was dispersed in DI 
water using magnetic stirring for at least 2 days to prepare 1.0 wt% and 
2.0 wt% solutions. The hydrogel fabrication method was modified ac
cording to our previous study [40]. Hydrogels were fabricated in 12-well 
plates and 48-well plates for various studies. Take hydrogel fabricated in 
48-well plate for example, 150 μL of PBG60LL40 solution was first 
injected into the well, followed by gently dropping the alginate solution 
onto the surface of the polypeptide fiber solution. The hydrogel was then 
placed at room temperature for at least 24 h to ensure complete gelation. 
The hydrogel was washed twice with DI water to remove excess alginate 
solution and immersed in DI water to prevent drying. CaCl2 was served 
as control group to replace polypeptide fiber PBG60LL40. To meet the 
same charge density for the PBG60LL40 aqueous solution, calcium 
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chloride solution were prepared at concentrations of 10.94 mM and 
21.88 mM, corresponding to the 1.0 wt% and 2.0 wt% PBG60LL40 
aqueous solutions, respectively.

To observe the semi-crystalline fibers formed in the hydrogels, 
anisotropic hydrogels were prepared using a co-extrusion method 
(Fig. 4). These hydrogels were fabricated by applying shear force 
through a syringe to align the polypeptide solution. A co-extrusion 
system equipped with 5.7 cm parallel needles and a capillary tube 
connected to the end of needles was employed for this process. 
PBG60LL40 aqueous solutions (1.0 wt% or 2.0 wt%) and alginate aqueous 
solutions (1.0 wt% or 2.0 wt%) were used to fabricate the hydrogel. 
Each solution (100 μL) was loaded into a 1 mL syringe, and the syringes 
were connected to the co-extrusion setup. A steady, controlled shear 
force was applied through the needle and capillary tube extension 
during extrusion. Gelation began when the two solutions met in the 
capillary tube. To prevent polymer relaxation of the polymer chains 
during gelation, the hydrogel was kept in the capillary tube for at least 
one hour. The resulting anisotropic hydrogels were then stored in petri 
dishes containing DI water.

2.5. Hydrogel characterization

2.5.1. Scanning electron microscope (SEM)
Hitachi S-3400N SEM was utilized to obtain SEM images. Hydrogel 

samples were freeze-dried prior to imaging. The dried hydrogel samples 
were cut with a scalpel blade to obtain the cross-sections, and then the 
samples were stuck on the holder with carbon tape. The holder with the 
dried hydrogel samples was coated with platinum by sputtering for 20 s.

2.5.2. Polarized optical microscope (POM)
POM images were obtained using Leica Microsystems DM 2500 M. 

Anisotropic hydrogel samples prepared via the co-extrusion method 
were carefully sliced into thin sections with a thickness of approximately 
10–20 μm using a microtome to allow sufficient light transmission 
during observation. The sections were then mounted on glass slides and 
covered with cover slips to prevent dehydration. Samples were placed 
between two polarizers to acquire POM images and observed under both 
parallel mode and cross-polar mode. A 550 nm quartz compensator was 
used under cross-polar mode to enhance birefringence contrast.

2.5.3. Transmission X-ray microscope (TXM)
The three dimensional tomography TXM images of hydrogels were 

taken at TLS01B1 work station at the National Synchrotron Radiation 
Research Center (NSRRC), Taiwan. The hydrogel sample was stained 
with RuO4 solution to enhance contrast under TXM by oxidizing carbon 
and nitrogen atoms. After 24 h of staining, the RuO4 solution was 
removed, and the hydrogel was rinsed with DI water three times. The 
hydrogel was then soaked in DI water to prevent drying. The stained 
hydrogel sample was peeled and stuck on the special iron sheet with 
Kapton tape (3 M Co.). A solution of gold nanoparticles (with diameters 
ranging from 400 to 500 nanometers) was applied to the stained 
hydrogel sample as anchor points for the tomography images, and then 
the sample was sealed with another piece of Kapton tape. Thin samples 
were necessary for the proper focusing of TXM in order to achieve high 
resolution images.

2.5.4. Water content
Hydrogels were fabricated inside the 5 mL vial bottles, which were 

weighed before use. After complete gelation, the hydrogels were rinsed 
with DI water twice to remove the excess solution. Both wet and freeze- 
dried hydrogels were weighed along with their vial bottles. The water 
content of the hydrogel was calculated using the following formula: 

water content (%) =
Wwet − Wdry

Wwet 

where Wwet and Wdry are the weights of the vial containing the wet and 
freeze-dried hydrogels, respectively.

2.5.5. Characterization of mechanical properties
The mechanical properties of hydrogels were determined using TA 

instruments rheometer AR2000Dex. Hydrogel samples were placed on 
the rheometer plate, and a 20 mm parallel plate geometry was lowered 
to 800 μm. The samples were squeezed by the parallel plate, and the 
excess hydrogel was removed. The test was conducted at 25℃ with a 
strain set to 0.1 %. The angular frequency sweeping was performed from 
0.1 rad/s to 10.0 rad/s.

2.5.6. Dynamic light scattering
The zeta potential and particle size of PBG60LL40 fiber suspensions 

were measured using a Brookhaven BI-90 Plus Particle Size Analyzer 
(Brookhaven Instruments, USA). The fibers were dispersed in deionized 
water to prepare a 0.01 wt% homogeneous solution. Measurements 
were performed using dynamic light scattering technique at room 
temperature. Each sample was measured five times, and the mean values 
along with standard deviations were reported.

2.6. In vitro cell culture

2.6.1. Cell culture
Pheochromocytoma 12 (PC12) cell lines were utilized for the cell 

experiments. The cells were provided by Prof. Jia-Shing Yu, Department 
of Chemical Engineering, National Taiwan University. Different wells of 
tissue culture polystyrene (TCPS) cell culture plates (Corning Falcon, 
product #. 353078) were used for cell culture experiments. The RPMI- 
1640 medium was prepared by dissolving 5.2 g of RPMI-1640 powder 
in 420.0 mL double-distilled water, followed by the addition of 1.0 g of 
sodium bicarbonate. The pH value was adjusted to 7.4 using 1 M HCl(aq), 
Afterward, 50.0 mL of HS, 25.0 Ml of FBS, and 5.0 mL PSA were added 
sequentially. The cells were cultured in this RPMI-1640 medium at 37℃ 
under 5 % CO2. In addition, a PBS solution was prepared by dissolving a 
PBS tablet in 200.0 mL of double-distilled water and sterilized by 
autoclaving at 121℃ for 30 min. T75 flasks were used for cell culture, 
and the culture medium was replaced every 72 h after washing the flasks 
with 5.0 mL of 37◦C PBS solution. Fresh 10.0 mL of RPMI-1640 medium 
was then added to maintain optimal cell growth and ensure consistent 
experimental conditions.

2.6.2. Cell viability
The Alamar Blue assay was conducted to assess the cell viability test 

of hydrogels on Day 2, Day 4, and Day 6. The AlamarBlue™ cell viability 
reagent (Invitrogen, Lot #. 2214489) was diluted with DMEM to prepare 
a 10 % (v/v) working solution. After replacing the medium with the 
working solution, the samples were incubated at 37◦C for 3 h. Following 
incubation, the working solution was transferred to a 96-well plate and 
separated into 100 μL per well. Each sample was collected in triplicate 
(3 ×100 μL) for the fluorescent test (n = 9 for each hydrogel). Absor
bance at 570 nm and 600 nm were measured respectively by a micro
plate reader (BioTek 800 TS). The calculation details are provided in the 
supporting information section S2.

2.6.3. Cytotoxicity
The Live/Dead assay was used to determine the cytotoxicity of 

hydrogels. The assay was performed after culturing PC12 cells on 
hydrogels, with coverslips serving as the control. The LIVE/DEAD™ 
Viability/Cytotoxicity Kit (Invitrogen, Lot #. 2161809) was used in this 
study. The working solution for the Live/Dead assay was prepared by 
mixing 6 μL of Calcein-AM (CaAM) solution, 24 μL of Ethidium 
Homodimer-I (EthD-I) solution, and 12.0 mL of 37℃ PBS in a centrifuge 
tube, which was then wrapped with aluminum foil to protect it from 
light. 400 μL of the staining solution was added to each well, and the 
well plate was also wrapped with aluminum foil to protect it from light. 

D.-H. Tan et al.                                                                                                                                                                                                                                 Colloids and Surfaces A: Physicochemical and Engineering Aspects 727 (2025) 138120 

4 



The well plate was gently shaken by a digital shaker for 30 min, and then 
the staining solution was carefully removed. Samples were washed with 
37℃ PBS twice, and 50 μL of PBS was added to prevent hydrogel from 
desiccation. Samples were observed using a fluorescent microscope 
(Leica Microsystems DMI3000 B). Due to the rough surface of hydrogels, 
it was challenging to capture high-quality fluorescent images of live and 
dead cells. Therefore, the ratio of live to dead cells was determined by 
counting the number of each type. Three sections were captured for each 
hydrogel and cells from a total of nine images were counted per sample. 
For each sample, at least 300 cells were counted to determine the Live/ 
Dead results.

3. Results and discussion

Hydrogels are ideal for tissue engineering applications due to their 
softness, high water content, and excellent biocompatibility. Electro
spinning is a widely used method for creating fibrous structures that 
mimic the native ECM, providing scaffolds suitable for biomedical use. 
Hydrogels with fibrous structure can not only modulate mechanical 
properties but also promote cell attachment, making them promising 
materials for tissue engineering. Recent advances in supramolecular 
hydrogel design further emphasize the importance of hydrogen bonding 
and electrostatic interactions in constructing functional and biologically 
relevant fibrous matrices for tissue engineering applications [43]. In this 
study, we aimed to develop a novel hydrogel with an aligned fibrous 
structure by utilizing partially hydrolyzed of polypeptide fibers 
PBG60BocL40 and crosslinking them with alginate via electrostatic 
charges. The polypeptide copolymer PBG60BocL40 is synthesized in our 
lab using ring opening copolymerization of anhydride monomers of PBG 
and Boc-polylysine [44]. After selectively deprotecting the 
Boc-protecting groups of polylysine, the polypeptide fibers PBG60LL40 
acquired a positive charge, enabling electrostatic crosslinking with 
negatively charged alginate to form hydrogels with fibrous structure. 
The fabrication scheme is shown in Fig. 1.

The ion-free fiber PBG60BocL40 was prepared by electrospinning, and 
the SEM images of the PBG60BocL40 fiber are shown in Fig. 2(a) and (b). 
The diameters range from approximately 400 to 600 nm. Then the 
polyelectrolyte fiber PBG60LL40 was obtained by selectively deprotect
ing PBG60BocL40 fiber with TFA to remove the Boc-protecting group. 
The completion of this deprotection process was confirmed by 1H NMR, 
as shown in Figure S7. Fig. 3 illustrates the chemical structure of the 
polypeptide before and after deprotection, along with a photo of the 
final freeze-dried PBG60LL40, demonstrating that the deprotected 
PBG60LL40 still retains its fibrous structure. Following deprotection, the 
PBG60LL40 fibers were redispersed in DI water. The amine groups of the 
lysine repeat units impart positive charges to the fiber, as indicated by 
dynamic light scattering. The polyelectrolyte fiber PBG60LL40 has a zeta 
potential of 47.09 ± 2.10 mV and particle size of 339.0 ± 10.8 nm, 
making it a stable suspension in water, which is also shown in Fig. 3. The 
positive charge of the polypeptide fiber allows it to be crosslinked with 

negatively charged alginate via electrostatic force, forming the hydro
philic polymeric network.

The fabrication of the hydrogel was optimized to create a flat surface 
and steady gelation during the crosslinking process. The slow and steady 
gelation was controlled by gently dropping the alginate solution onto 
the PBG60LL40 polypeptide fiber solution. The hydrogel was fabricated 
on a coverslip for demonstration, as shown in Fig. 4(a). In addition, to 
observe the semi-crystalline fibers formed in the hydrogels, we also 
prepare the anisotropic hydrogels. Fig. 4(b) illustrates the preparation of 
hydrogel with an aligned structure using the co-extrusion [40] of algi
nate solution and PBG60LL40 polypeptide fiber solution.

To confirm the fibrous structure within the hydrogel, the cross- 
sectional SEM images were taken. After freeze drying the 64–2-AG-2 
hydrogel sample and sputtering it with platinum, the fibrous structure 
was observed under SEM, as shown in Fig. 5(a) and (b). The fibrous 
structure originated from the PBG60LL40 fibers, while the sheet-like 
structure resulted from the crosslinked alginate. The presence of the 
aligned fibrous structure mimics the morphology of the native extra
cellular matrix, which supports cell adhesion and influences cellular 
behavior, suggesting that this hydrogel has strong potential to promote 
cell attachment in tissue engineering applications [45]. The formation of 
the fibrous hydrogel is primarily governed by a combination of elec
trostatic interactions and hydrogen bonding between the alginate and 
polypeptide chains. The positively charged ε-amino groups of lysine 
residues along the polypeptide backbone interact ionically with the 
negatively charged carboxyl groups of alginate, resulting in stable 
electrostatic crosslinking. In addition, hydrogen bonds are expected to 
form between the amide groups of the polypeptide and both hydroxyl 
and carboxyl functional groups on the alginate chains. These 
non-covalent interactions collectively contribute to the structural 
integrity and stability of the hydrogel network. The combination of 
electrostatic interactions and hydrogen bonding is particularly impor
tant for maintaining the alignment and mechanical robustness of the 
fibrous structure during gelation and subsequent processing.

To characterize the true structure of wet hydrogels, POM was utilized 
to observe the optical properties of fibrous hydrogels, as shown in Fig. 6
(a) to (d). POM allowed for detailed observation of the fibrous structure 
within the hydrogels, revealing that the semi-crystalline structure of the 
orderly aligned fibers imparts specific optical properties. The cross-polar 
setup of the POM enables the observation of birefringence in samples. 
With an additional compensator placed between the sample and the 
analyzer, non-birefringent domains appear pink or purple, while bire
fringent regions display colors such as red or blue, depending on the 
orientation of the crystalline structure. The fibrous structure originates 
from the electrospun fibers dispersed in water; hence, the modifications 
in the hydrogel fabrication process can arrange these fibers into specific 
patterns. In this study, co-extrusion anisotropic hydrogels demonstrated 
the ability to rearrange the fiber alignment into a defined structure. The 
stress applied during extrusion caused the fibers to align in the direction 
of extrusion, resulting in the anisotropic samples exhibit strong 

Fig. 1. Scheme for the preparation and chemical structure of hydrogel with fibrous structure.
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birefringent behavior compared to isotropic sample under POM. A 
uniform structure was observed in the co-extrusion anisotropic hydro
gels (Fig. 6 (c) and (d)) whereas the isotropic hydrogel displayed only a 
local crystalline structure within the hydrogel samples (Fig. 6 (a) and 
(b)).

Although POM reveals the presence of crystalline structures at the 
micro-scale, it was insufficient to demonstrate the ordered fibrous ar
chitecture at nano or sub-micron range of the hydrogel. To achieve more 
precise observation of the fibrous structure, TXM was employed for the 
sub-micron scale analysis. TXM can visualize the structure of wet 
hydrogels from multiple angles with a resolution down to hundreds of 
nanometers. RuO4 staining was applied to enhance the contrast between 
organic materials and water. The images collected from different angles 
were then used to simulate a three dimensional model of the hydrogel. 
The fibrous structure of the 64–1-AG-1 hydrogel was observed from 
various TXM image angles, as shown in Fig. 7(a) and (b). The sub- 

micron fibers in the hydrogel exhibited diameters ranging from 400 to 
600 nm, closely matching those of the original electrospun fibers. This 
well-organized fibrous architecture demonstrated its potential to serve 
as a biomedical scaffold for tissue engineering applications, particularly 
where aligned structures of ECM are required, such as in neural and 
muscle tissue engineering.

For hydrogel used as scaffolds in tissue engineering, water content is 
an important parameter that reflects hydrophilicity, which directly in
fluences the cell culture environment. In general, scaffolds with higher 
hydrophilicity exhibit greater biocompatibility for tissue engineering 
applications [46–48]. Three replicates were prepared for each group, 
and the standard deviation was calculated. The water content results are 
shown in Fig. 8(a) and (b). For the composite hydrogel made from 
alginate and polypeptide PBG60LL40, the water content decreased as the 
concentration of the precursor solution increased. In contrast, for the 
composite hydrogel composed of alginate and calcium ions, Ca-2-AG-1 

Fig. 2. SEM images of electrospun fiber PBG60BocL40 under (a) 3,000x, and (b) 20,000x magnification.

Fig. 3. Deprotection of PBG60BocL40 fiber to PBG60LL40 fiber and the subsequent preparation of PBG60LL40 suspension in DI water.
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Fig. 4. Preparation of hydrogel (a) on 12-mm coverslip in a 10-cm Petri dish, and (b) with an aligned fiber structure using co-extrusion method. (c) Inverted tube test 
for the hydrogels.

Fig. 5. SEM images of composite hydrogel 64–2-AG-2 under (a) 2,000x, and (b) 5,000x magnification.
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had the lowest water content. This is likely because an excess of calcium 
ions caused full crosslinking of the alginate, leading to a denser hydrogel 
network. In the case of Ca-2-AG-2 and other hydrogels, the alginate was 
present in excess, and the available calcium ions were insufficient to 

fully crosslink the alginate, resulting in higher water content.
Hydrogels are hydrophilic polymers that form a three dimensional 

network and can absorb significant amounts of water. Due to their semi- 
fluid nature, their mechanical properties are often characterized by 

Fig. 6. POM images of wet hydrogel isotropic samples of (a) 64–1AG-1, (b) 64–2-AG-2, and anisotropic samples of (c) ani-64–1-AG-1 and (d) ani-64–2-AG-2 under 
cross-polar with compensator setup.

Fig. 7. TXM images of the wet hydrogel 64–1-AG-1 containing aligned fibers at (a) 45 ◦ and (b) 100◦.

Fig. 8. Relation between water content and mechanical properties (complex modulus) of (a) alginate-calcium and (b) alginate-polypeptide hydrogels.
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rheological measurements. In dynamic mechanical analysis, the mate
rial’s mechanical behavior under shear stress is commonly described by 
the complex modulus, denoted as G. This modulus consists of the storage 
modulus (G′) and the loss modulus (G″), expressed by the equation G 
= G′ + iG″. The storage modulus represents the elastic component of the 
viscoelastic hydrogel, indicating its ability to store energy, while the loss 
modulus reflects the viscous properties, representing energy dissipation. 
The ratio between storage and loss modulus is defined as the loss tangent 
(tanδ), which provides a measurement of the damping in the viscoelastic 
material as tanδ = G″/ G′. A tan δ value close to zero indicates a pre
dominantly elastic or solid-like behavior, whereas a value approaching 1 
suggests a more viscous or liquid-like response.

The mechanical properties of alginate-calcium and alginate- 
polypeptide hydrogels are illustrated in Fig. 8(a) and (b) and summa
rized in Table 1. The strain sweep results of both types of hydrogels are 
presented in Figure S8. The measurements were taken at an angular 
frequency of 1.0 rad/s with 0.1 % strain, which falls within the linear 
viscoelastic region (LVR) for all samples. The complex modulus of 
alginate–calcium hydrogels ranged from 276.77 Pa (Ca-1-AG-1) to 
2003.68 Pa (Ca-2-AG-1), reflecting a significant increase in stiffness 
with higher calcium ion concentrations. Among these, Ca-2-AG-1 
exhibited the highest complex modulus and a relatively high tan δ 
value of 0.17, suggesting a more pronounced viscous contribution 
despite its high crosslinking density. In contrast, alginate–polypeptide 
hydrogels displayed a broader range of mechanical properties, with 
complex moduli spanning from 181.43 Pa (64–1-AG-1) to 3037.05 Pa 
(64–2-AG-1). The sample 64–2-AG-1, which had the same charge con
centration as Ca-2-AG-1, demonstrated the highest mechanical strength 
among the polypeptide-containing hydrogels. This enhancement is 
likely due to increased chain entanglement and intermolecular in
teractions between alginate and polypeptide chains at higher concen
trations. Notably, the tan δ values for alginate–polypeptide hydrogels 
ranged from 0.09 to 0.17, indicating comparable viscoelastic behavior to 
the calcium-crosslinked systems. At lower concentrations, algina
te–polypeptide hydrogels exhibited weaker mechanical performance 
than their calcium-crosslinked counterparts. However, at higher con
centrations, particularly in 64–2-AG-1, the mechanical strength of 
alginate–polypeptide hydrogels slightly surpassed that of alginate–cal
cium hydrogels. This shift suggests that while ionic crosslinking governs 
the initial mechanical integrity, polymer–polymer interactions and en
tanglements play a dominant role in reinforcing the network at higher 
component loadings. Across both systems, the tan δ values remained 
below 0.2, indicating predominantly elastic behavior, although higher 
tan δ in some samples points to increased energy dissipation under 
deformation.

Regarding the relationship between water content and the complex 

modulus, alginate-calcium hydrogels showed an increased complex 
modulus as water content decreased, as illustrated in Fig. 8(a). This 
indicates that higher crosslinking density in alginate-calcium hydrogels 
reduces water content and enhances mechanical properties. For the 
alginate-polypeptide hydrogel samples, 64–1-AG-1 and 64–1-AG-2 
demonstrated that lower crosslinking densities resulted in higher water 
content and lower mechanical properties. Interestingly, 64–2-AG-1, 
despite having higher water content than 64–2-AG-2, it still exhibited 
superior mechanical properties. This is likely due to its high hydrogel 
density, which results from chain entanglement and hydrogen bonding 
between alginate and polypeptide. Therefore, even with higher water 
content, 64–2-AG-1 demonstrated better mechanical properties than 
64–2-AG-2.

In vitro cell viability studies are essential for assessing the biocom
patibility of tissue engineering scaffolds before conducting in vivo ex
periments. Notably, PC12 cells have been widely used as a neuronal cell 
model to study nerve regeneration. Thus, the evaluation of hydrogel 
performance using PC12 cells directly reflects the scaffold’s potential in 
neural tissue engineering. The aligned fibrous hydrogel structure mimics 
the architecture of neural ECM and provides directional guidance for 
neurite extension. In this study, cell viability was evaluated using the 
Alamar Blue assay. In this assay, the blue-colored resazurin in the Ala
mar Blue solution is reduced into red-colored resorufin by the mito
chondria of healthy live cells. A higher percentage of resazurin reduction 
indicates the greater biocompatibility of the hydrogel scaffolds. 
Hydrogels were fabricated in a 48-well polystyrene (PS) plate for the cell 
viability test, with a 48-well TCPS plate without coating serving as the 
positive control. Each hydrogel sample was tested in triplicate for 
calculation the standard error. On Days 2, 4, and 6 after seeding of PC12 
cells, the reduced solutions from each sample were collected and 
analyzed its absorbance at 570 nm and 600 nm. The results of the cell 
viability test are shown in Fig. 9. To evaluate the cell viability of 
hydrogels, the percentage reduction in the control group TCPS plate on 
Day 2 was used as a reference point. Hydrogels with a percentage 
reduction greater than this reference point are considered to have good 
biocompatibility.

Alginate-calcium hydrogels exhibited poor biocompatibility due to 
the small size of crosslinker calcium ion. During cell culture, the surface 
of these hydrogels has been gradually washed off when replacing the 
medium, leading to poor cell attachment and generally low cell viability. 
In contrast, alginate-polypeptide hydrogels maintained their structure 
better during cell culture because they have higher chain entanglement 
and hydrogen bonding between alginate and polypeptides. Polypeptide 
hydrogels demonstrated significantly better cell viability compared to 
alginate-calcium hydrogels and TCPS plates. The lysine units on the 
surface of the polypeptide crosslinker can support cell adhesion, and the 
soft hydrogel surface may also enhance cell proliferation. Among the 
alginate-polypeptide hydrogels, 64–1-AG-1 showed relatively low cell 
viability, which may be due to its lower mechanical properties 
compared to other samples. While other alginate-polypeptide hydrogels 
did not show significant differences in cell viability, 64–2-AG-1 had 
slightly lower cell viability. The strong mechanical property of 64–2-AG- 
1 probably reduces the cell adhesion. Despite 64–2-AG-1 had lower cell 
viability on Day 4, it supported cell proliferation and showed increased 
cell viability by Day 6.

Cytotoxicity is also an important indicator to determine whether the 
hydrogel scaffold is suitable for biomedical applications. It is assessed by 
counting the ratio of live cells to dead cells. A hydrogel scaffold is 
considered to have low cytotoxicity if this ratio exceeds 50 %. The 
cytotoxicity test was performed using the Live/Dead assay on Day 6 after 
cell seeding on hydrogels and TCPS. The LIVE/DEAD™ Viability/ 
Cytotoxicity Kit was utilized for this analysis, and the results are shown 
in Fig. 10. The cytotoxicity of the control TCPS plate was close to 50 %, 
indicating that TCPS plates can support cell growth but with some level 
of cytotoxicity. The cytotoxicity of alginate-calcium hydrogels was 
slightly lower than that of TCPS control, while the alginate-polypeptide 

Table 1 
Storage modulus, loss modulus, complex modulus and tanδ of hydrogels.

Sample Storage modulus 
G′ (Pa)

Loss modulus 
G″ (Pa)

Complex 
modulus G (Pa)

tanδ

Ca− 1- 
AG− 1

275.59 25.51 276.77 0.09

Ca− 1- 
AG− 2

345.17 22.84 345.92 0.07

Ca− 2- 
AG− 1

1975.95 332.08 2003.68 0.17

Ca− 2- 
AG− 2

777.72 48.08 779.20 0.06

64–1- 
AG− 1

179.69 25.04 181.43 0.14

64–1- 
AG− 2

225.17 37.46 228.26 0.17

64–2- 
AG− 1

3008.40 416.20 3037.05 0.14

64–2- 
AG− 2

1753.99 160.01 1761.27 0.09
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hydrogels exhibited significantly lower cytotoxicity compared to TCPS. 
The results of the cytotoxicity test can relate to the cell viability test. 
Although alginate-calcium hydrogels had low cytotoxicity, they did not 
support cell growth effectively. In contrast, most alginate-polypeptide 
hydrogels except 64–1-AG-1 showed extremely low cytotoxicity and 
outstanding cell viability results. Overall, we conclude that the alginate- 
polypeptide hydrogels, particularly 64–2-AG-2, are suitable for 
biomedical applications as long as the crosslinking density and the 
concentration of the precursor solution are sufficiently high enough.

4. Conclusion

We successfully developed an innovative hydrogel with aligned 
fibrous structure by combining alginate and electrospun polypeptide 
fibers through electrostatic crosslinking. The aligned fibrous structure 
was achieved by applying controlled shear forces during the co- 
extrusion of positively charged polypeptide fibers and negatively 
charged alginate. This alignment of fiber structure within the hydrogel 
mimics the ECM architecture, which is critical for better supporting cell 
growth and guiding cell orientation in tissue regeneration applications. 
Characterization via SEM, POM, and TXM confirmed the highly orga
nized fibrous structure within the hydrogels. Alginate-polypeptide 
hydrogels exhibit superior mechanical properties through chain entan
glement and hydrogen bonding even with high water content. The 

alginate-polypeptide hydrogels also show remarkable biocompatibility, 
as evidenced by their significantly low cytotoxicity and high cell 
viability. The combination of the aligned fibrous structure, excellent 
mechanical properties, and outstanding biocompatibility suggests the 
potential of these hydrogels as promising scaffold materials for tissue 
engineering.
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