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Abstract

There is a pressing need for new cell-laden, printable bioinks to mimic stiffer tissues such as 

cartilage, fibrotic tissue and bone. PEGDA monomers are bioinks that crosslink with light to form 

a viscoelastic solid, however, they lack cell adhesion properties. Here, we utilized a hybrid bioink 

by combining self-assembled peptide nanofibers with PEGDA for 3D printing lumens. Adult 

human dermal fibroblast (aHDF) cells were first seeded in peptide-laden in 2D and 3D layers 

and cell behavior were studied. The cell’s morphology remained spheres when they were infused 

in the 3D hydrogel and highly aligned with 2D overlay hydrogels. HDF cells did not adhere 

to unmodified PEGDA lumens, however, they successfully attached and proliferated on PEGDA/

peptide lumens. Moreover, HDF cells seeded on the hybrid PEGDA/peptide lumens displayed a 

distinct spread F-actin morphology. The results showcase the potential of peptide hydrogels in 

facilitating interaction of anchorage dependent cells with PEGDA structures.
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1. Introduction

In the past decade, 3D bioprinting has become a valuable method for creating customized 

patient-specific tissue structures [1]. This process involves layering biologically derived 

materials or cells to build tissue [2,3]. There are different approaches to bioprinting, 

generally divided into two categories: printing without cells (acellular printing) and adding 

them later, or directly printing with cells in a “bioink.” The three main types of bioprinting 

techniques are droplet-based, extrusion-based [4,5] and light-based bioprinting [6–8]. Each 

of the bioprinting technique offers unique benefits, however, the light-based methods stand 

out for their ability to achieve high throughput and high-resolution features [9].

In photocuring-based bioprinting, photosensitive polymers are solidified to create 

constructions under carefully regulated light that may be printed quickly and precisely 

[10,11]. Due to various light scanning technologies, it may also be divided into projection-

based printing (also known as. digital light processing, or DLP) and stereolithography 

(SLA). The advantages of photocuring-based bioprinting include excellent resolution and 

zero nozzles, when compared to all other 3D printing methods. These structures can 

accommodate high resolution feature, and channels such as branching and tapering vessels 

that have significant potential in applications such as lab-on-a-chip devices, microfluidics, 

cell-laden hydrogels, and tissue engineering [12].

Recent advancements in 3D bioprinting (i.e., 3D printing with cells) have sparked significant 

enthusiasm for its potential in producing transplantable tissues. However, to date, proof-of-

concept studies have been largely confined to architecturally simple tissues, such as skin 

and cardiac patches [13]. A key challenge has been the limited availability of bioinks [14] 

that possess both the necessary properties for 3D bioprinting of complex tissues and the 

specific biological signals required to promote tissue maturation both in vitro and in vivo 

[15]. For instance, Polyethylene glycol diacrylate (PEGDA) is a frequently utilized bioink in 

DLP bioprinter [16], wherein the monomers are crosslinked to form the final gel. Although 

PEGDA is advantageous for its photopolymerization capabilities, it lacks inherent cell 

adhesion properties [17]. Consequently, a significant challenge in advancing this technology 

for tissue engineering involves modifying the bioinks to enhance cell adhesion, proliferation, 

and growth [18]. Few strategies have been investigated to enhancing the biological activity 

of engineered materials and bioinks, including the incorporation of specific ligands, 

individual extracellular matrix (ECM) components [19], or surface modifications to improve 

cell adhesion and vascularization. However, these approaches typically target enhancing 

biological activity at a single stage of tissue development, such as promoting cell attachment 

or utilizing growth factors to encourage vascularization. Supporting the various stages 

required to create functional engineered tissue necessitates multiple biological components 

and signals that must be precisely coordinated in both space and time. Here, we introduce 

the development of a novel class of tissue-specific hybrid bioinks, using PEGDA modified 

with self-assembling short di-peptides based on Phenylalanine-Phenylalanine (FF) hydrogels 

[20]. Supramolecular hydrogelators made from short peptides offer several benefits over 

traditional polymeric hydrogels: (i) they have a clear and defined arrangement and structure 

[21]; (ii) they are generally more biocompatible and biodegradable due to the non-covalent 

interactions between molecules [22]; and (iii) they more closely resemble the extracellular 
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matrix (ECM) since the self-assembled nanostructures typically range from 5 to 300 nm 

(iv) they have shown to promote differentiation in various cells including mesenchymal 

stem cells [23]. To leverage the bioactivity of FF peptides, we first seeded adult human 

dermal fibroblast (aHDF) in Fmoc-FF hydrogel and observed how HDF cells responded 

to the peptide’s microenvironment in terms cell adhesion and cell-material interaction. 

Further, a honeycomb lattice lumen was printed by combing PEGDA bioinks with peptides 

during printing or coating them with peptides after printing. We investigated the capability 

of modified scaffolds to support cell adhesion, proliferation and expanding using dermal 

fibroblast cells. The results showcase the potential of peptide hydrogels in facilitating 

interaction of anchorage dependent cells with PEGDA lumen structures.

2. Materials and methods

2.1. Materials

Adult Human Dermal Fibroblast cell line (aHDF; catalog no – C0135C) was acquired from 

Thermo Fisher Scientific, USA, as a cryopreserved vial and eventually stored in a liquid 

nitrogen tank before use. The cells were maintained in growth medium Dulbecco’s Modified 

Eagle Medium (DMEM catalog no – 11,995,065) which was supplemented with certified 

Fetal Bovine Serum (FBS; catalog no 16,000,069) and antibiotics, all were purchased 

from Thermo Fisher Scientific. Trypsin-EDTA, l-Phenylalanyl-l-phenylalanine (Phe-Phe 

catalog no J60043.03), Fmoc-Phe-Phe were also obtained from Thermo Fisher Scientific. 

Hexafluoroisopropanol (HFP/1,1,1,3,3,3-Hexafluoro-2-propano catalog no 105,228) was 

obtained from Millipore Sigma. Matrigel® Matrix was obtained from Fisher Scientific 

(catalog no – CB-40,234, Corning USA). The PEGDA Photoink and LumenX+ DLP 

Bioprinter were purchased from CELLINK A BICO Company, Gothenburg, Sweden.

2.2. Adult human dermal fibroblast (aHDF) cell culture

The aHDF was obtained from Thermo Fisher Scientific, USA. The cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1 % antibiotics (penicillin 

and streptomycin) and 10 % Fetal Bovine Serum (FBS). The cells were maintained at 37°C 

in a humidified chamber i.e. an incubator containing 5 % CO2. The cell culture medium was 

replaced every 2 days. Cells upon reaching 85 %– 90 % confluency, they were trypsinized 

using Trypsin-EDTA and cells were subjected to cell passaging.

2.3. Phe-Phe peptide hydrogels synthesis

Fmoc-Phe-phe and Phe-Phe from Thermo Fisher Scientific, USA was used to prepare 

the peptide nanofibers and hydrogels. HFP (Hexafluoroisopropanol) was used to dissolve 

peptides. The stock solution was prepared at a concentration of 100 mg/ml. This stock 

solution was subjected to vortexing and ultrasonication until all the aggregates get 

dissolved and form a clear solution. Subsequently, the stock solution was diluted to a 

final concentration of 20 mM (20 μl) in 1 ml of sterile distilled water [21]. Fmoc-Phe-Phe 

resulted in gel formation and Phe-Phe results in nanofibers.
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2.4. Rheological measurements of peptide hydrogels and PEGD/peptide lumens

To evaluate the physical properties of the peptide hydrogels, amplitude sweeps, and viscosity 

tests were conducted using a parallel plate rheometer (Anton Paar MCR92). Peptide 

hydrogels 2 % in DMSO and HFP were tested with a 25 mm parallel plate (PP-25). 

Amplitude sweeps, comprising 21 data points, were performed at shear strains ranging from 

0.01 % to 100 %, with a constant angular frequency of 10 rad/s and a force-controlled 

profile set to 0.1 N. This force-controlled approach ensured consistency between samples 

despite minor height variations, rather than relying on a fixed gap setting.

2.5. Cell-laden of aHDF cell with FF-based peptides

HDF were first seeded in Fmoc-FF hydrogels with various approaches. In surface-coated 

hydrogel, peptide hydrogel is coated on the petri dish, and cells are seeded on top (2D cell 

culture).

In the “Overlay Hydrogel” approach, peptide hydrogel is coated on top of the seeded cells 

(2D cell culture). In the “Infused Hydrogel”, cells are infused within the peptide hydrogel 

(3D cell culture). Peptide were diluted in growth medium instead of water to develop the 

gels, and the infused hydrogel/cell was kept in cell inserts. The medium for all condition 

were changed every 2 days. Cells were cultured for 5 days and were subjected to MTT, and 

LIVE-DEAD (viability assay), F-actin (Cytoplasm) and DAPI (nucleus) staining.

2.6. Modifying PEGDA bioink with FF peptides

L-Phenylalanyl-l-phenylalanine (Phe-Phe), was incorporated into PEGDA bioink. The 

peptide synthesis and modification followed an established protocol. Hexafluoroisopropanol 

(HFP) was used to dissolve the dipeptides, creating a stock solution with a concentration of 

100 mg/ml (0.01 g in 100 μl of HFP). The solution was vortexed and ultrasonicated until all 

aggregates were fully dissolved, forming a clear solution. This stock was then diluted to a 

final concentration of 20 mM (20 μl) in 1 ml of PEGDA bioink. To protect the light-sensitive 

bioink, the solution was wrapped in aluminum foil and maintained at 20 °C in a sterilized 

environment.

2.7. Bioprinting of Lumen lattice constructs with Lumen X

The Lumen X + 3D Bioprinter (CELLINK, A Bico Company, Gothenburg, Sweden) 

was used to fabricate high-resolution structures utilizing digital light processing (DLP) 

technology. The printing process involves light projected through bioinks onto a PDMS-

coated petri dish, solidifying the material in an inverted manner. The platform elevates 

by 100 μm after each layer is printed, with each subsequent layer adhering through light 

exposure. Polyethylene glycol diacrylate (PEGDA) bioinks were used in this multilayer 

printing process (Fig. 1).

Three different types of lumen lattice constructs were fabricated: (1) Matrigel-coated, 

(2) peptide-coated, and (3) peptide-infused lumen lattices. The bioprinter specifications 

included a 405 nm light wavelength, 50 μm pixel resolution, 5 μm z-axis precision, a 

projected image size of 1280 × 800 pixels, and an adjustable print bed heating range of 35 

°C to 75 °C (Fig. 1). Printing parameters were as follow: Layer thickness 100, burn in factor 
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(4x), exposure time (18s), and light projection power (48 %). The entire printing process 

was conducted within a biosafety cabinet to ensure sterility. After printing, the constructs 

were carefully removed from the build platform and rinsed twice with sterile water. The 

lumen lattices were then soaked in water for 15–20 min to eliminate any unlinked bioink 

residues, followed by a single PBS wash. The scaffolds were subsequently transferred to 

12-well plates for post-printing modifications and cell culture preparation.

2.8. Post-Printing modification of lumen structures with Phe-Phe and matrigel

Lumen constructs were coated with dipeptide hydrogel to investigate cell behavior, 

adhesion, migration, and proliferation. The surface was treated with 300–100 μl of diluted 

peptide solution and allowed to air dry overnight in a sterile biosafety cabinet. After drying, 

constructs were rinsed with PBS, followed by the addition of 1.5 ml growth medium and a 

24-hour incubation for conditioning prior to cell culturing. The same procedure was used to 

coat Matrigel on the Lumens.

2.9. LIVE/DEAD cell viability assays

Live-Dead” assay was conducted using the LIVE/DEAD Viability/Cytotoxicity Kit to assess 

cell viability. Cells were treated with Calcein-AM (staining live cells green) and Ethidium 

homodimer-1 (staining dead cells red) for 30 min at room temperature. Fluorescence 

microscopy was used for imaging. All experiments were performed in triplicate to ensure 

accuracy and reliability.

2.10. Cytoplasm phalloidin and nucleus DAPI staining

To assess cellular behavior on scaffolds, F-actin and DAPI staining were performed on day 4 

of cell culture. The lumen lattice was fixed with 4 % paraformaldehyde for 15 min, followed 

by permeabilization with 0.1 % Triton X-100 for 10 min. After washing with PBS, cells 

were blocked with 1 % BSA for one hour. DAPI and phalloidin were used to stain nuclei 

and F-actin, respectively. Following 24-hour incubation, the cells were washed with PBS and 

imaged using a fluorescence microscope. All experiments were conducted in triplicate to 

ensure accuracy and reliability.

2.11. MTT cell proliferation assay

The MTT assay was used to assess cell viability by quantifying the metabolic activity 

of cells. Cells were seeded onto scaffolds and incubated for a specified period. After 

incubation, MTT reagent (3-(4,5-dimethylthiazol-2-yl)–2,5-diphenyltetrazolium bromide) 

was added to the wells and allowed to react with active mitochondrial enzymes in viable 

cells, reducing the yellow MTT to purple formazan crystals. The formazan was then 

solubilized using a detergent solution, and the absorbance was measured at 570 nm using 

a spectrophotometer. Higher absorbance values indicate greater cell viability and metabolic 

activity [24].

2.12. Scanning electron microscopy

FF nanofibers deposited on silicone substrates were imaged using scanning electron 

microscopy (SEM) to analyze surface morphology and structural features. They were 
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then sputter-coated with a thin layer of gold to enhance conductivity. SEM imaging was 

performed at an accelerating voltage of 5–10 kV, allowing for high-resolution visualization 

of the Fmoc-FF hydrogel structures and their interaction with the silicone surface.

2.13. Statistical analysis

was performed in GraphPad Prism and Excel XL toolbox NG using one-way ANOVA 

and t-test. P value <0.05 is considered significant. Each experiment was repeated with 3 

technical replicates per experiment.

3. Results and discussion

3.1. Rheological properties of Fmoc-FF in DMSO and HFP

Peptide hydrogels were formed using a 2 % Fmoc-FF in DMSO and HFIP. The 

gelation process was rapid, with gels forming immediately after mixing, followed by 

stirring for an hour and allowing the gels to solidify for 24 h. After this period, the 

gels maintained their 3D structure for several days, demonstrating structural integrity. 

Rheological characterization was conducted using parallel plate rheology to compare the 

storage modulus (G’) of the hybrid hydrogels within the linear viscoelastic region (LVR). 

For these tests, we employed an oscillatory measurement with an amplitude sweep. The 

storage and loss moduli of the Fmoc-FF hydrogels were measured, revealing that the 

samples exhibited viscoelastic properties with both solid and liquid characteristics. The 

storage modulus of the Fmoc-FF gels dissolved in DMSO was approximately 80 Pa (Fig. 

2a), while the Fmoc-FF dissolved in HFIP exhibited a slightly higher storage modulus 

of around 100 Pa (Fig. 2b). The higher stiffness observed in the Fmoc-FF gels dissolved 

in HFIP suggests that this solvent promotes a more robust assembled state, leading to 

enhanced mechanical properties. These findings align with previous studies, indicating that 

the choice of organic solvent used to dissolve Fmoc-FF peptides significantly impacts the 

resulting gel assemblies [21,25]. While ability to produce hydrogels with varying stiffness 

is of particular importance in regenerative medicine and 3D cell culture applications, the 

hydrogel should remain printable. The stiffness should be adjusted in a way that the 

hydrogel remain their integrity with printing forces, however do not prevent printing [26]. 

In addition, optimal scaffold stiffness, typically measured as Young’s modulus, must mimic 

the native tissue’s mechanical properties to provide appropriate cues for cell attachment, 

proliferation, and differentiation. This is crucial for ensuring the successful integration of 

the scaffold into the tissue regeneration process [27]. The mechanical properties of the 

cellular microenvironment, particularly scaffold stiffness, play a pivotal role in cell behavior 

regulation via mechanotransduction pathways [28]. Cells are highly responsive to the 

stiffness of their surroundings, which critically influences differentiation [29] outcome [30]. 

For example, softer substrates (0.1–1 kPa) tend to favor neuronal differentiation [31], while 

medium stiffness substrates (10–100 kPa) promote the differentiation of mesenchymal stem 

cells (MSCs) into myoblasts [32,33]. In contrast, stiffer substrates (>100 kPa) encourage 

osteogenic differentiation [34]. Beyond differentiation, scaffold stiffness also impacts cell 

adhesion and proliferation, with stiffer environments generally enhancing these processes. 

However, excessively stiff scaffolds may induce cellular stress, impairing normal cell 

function. Therefore, optimal scaffold stiffness must closely match that of the target tissue 
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to enhance tissue regeneration outcomes [35,36]. Soft tissues like skin and muscle, with 

stiffness values between 0.5–50 kPa, demand elastic scaffolds that can accommodate the 

dynamic mechanical properties of these tissues. The reported stiffness in this study is 

recognized appropriate for HDF cells as they require a softer scaffold.

In addition, the stiffness of Fmoc-FF hydrogels were tunable [37] by changing various 

parameters such as solvent choice, peptide concentration, peptide sequence, and the 

inclusion of hybrid peptides [38–40]. In our study, an increase in peptide concentration to 10 

% led to a significant enhancement in stiffness (10 Kpa), demonstrating that concentration 

is a key factor in tuning the mechanical properties of Fmoc-FF hydrogels. These results 

suggest that the adjustable stiffness of Fmoc-FF hydrogels can be tailored to meet the 

specific requirements of different tissue types, making them a versatile scaffold material for 

a range of tissue engineering applications [25].

3.2. Architecture of the hydrogels based on their solvents

To further investigate the self-assembly behavior of FF peptide fibers over time and 

in various solvents, we utilized scanning electron microscopy (SEM) to observe FF self-

assembly formed in HFIP and DMSO at 1 hour and 24 h post-formation (Fig. 3). The 

SEM images show that in HFIP, FF nanofibers rapidly develop into a dense, interconnected 

network within the first hour, which becomes even more compact by 24 h. Conversely, the 

DMSO-based structure, does not show fiber networks at the 1-hour mark; instead, it forms 

crystal-like rods. Unlike the entangled fiber structure seen in HFIP, the DMSO self-assembly 

lacks a similar fiber network, suggesting that the solvent significantly impacts the assembly 

rate, fiber density, and network architecture. Additionally, the SEM images validate the 

rheological findings, as DMSO gels are less compact compared to those in HFIP. Fmoc-FF 

dissolves best in HFIP, which promotes a quicker and denser fiber self-assembly process.

3.3. Fmoc-FF support the growth and viability of 3D encapsulated aHDF

First HDF were seeded in Fmoc-FF peptide hydrogels using 2D and 3D techniques and their 

viability and morphology was studied. This step was done to understand how the hydrogel 

stiffness and porosity effects HDF. In surface-coated hydrogel, peptide hydrogel is coated 

on the petri dish, and cells are seeded on top (2D cell culture). In the “Overlay Hydrogel” 

approach, peptide hydrogel is coated on top of the seeded cells (2D cell culture). In the 

“Infused Hydrogel”, cells are infused within the peptide hydrogel (3D cell culture). The 

infused hydrogel was kept in cell inserts and the surrounding medium was exchanged.

The surface-coated hydrogel showed similar cell viability comparable to the control, while 

the overlay and infused hydrogels demonstrated the highest viability among the samples 

(Fig. 4). Staining the live/dead cells confirmed these results, with the HDF cells forming 

a dense, spread layer in the overlay hydrogels (Fig. 4). The results indicate that the surface-

coated hydrogel supported cell viability comparable to the control, however, the cells 

exhibited a different morphology, due to varying surface properties influencing cell behavior. 

Additionally, the number of dead cells in the cell-laden hydrogels was lower compared 

to the control. The overlay hydrogels, which had the highest viability, suggest that this 

configuration provided a more favorable environment for cell attachment, proliferation, and 
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survival. The dense and spread layer of HDF cells observed in the overlay hydrogels points 

to enhanced cell-matrix interactions, which may have promoted better cell distribution and 

function. While in the overlay approach, HDF are in 2D layer and Fmoc-FF is seeded on 

top of the cells. We suggest that the hydrogel has provided sufficient mechanical cues or 

adhesive ligands necessary for the cells to fully spread and align their typical fibroblast 

morphology.

3.4. Cell morphology in encapsulated remains as spheres

HDF exhibited distinct morphologies when seeded on various samples providing valuable 

information on how cells interact with peptide in 2D and 3D layers (Fig. 5). In control, cells 

displayed a spread attachment, and proliferation which is a typical morphology of HDF. In 

surface coated hydrogel, which cells were seeded in 2D layers on peptide coated surfaces, 

cells showed a round sphere morphology. In the overlay hydrogel, where Fmoc-FF hydrogel 

is seeded on top of cells, exhibited dense layers of aligned and stretched HDF. HDF (human 

dermal fibroblast) cells encapsulated within Fmoc-FF gels predominantly exhibited a thin 

spherical morphology. Previous studies have demonstrated that cell spreading is dependent 

on the balance between matrix stiffness and the availability of cell-adhesive ligands, 

with soft, non-adhesive matrices generally promoting a rounded, non-spread morphology 

[1]. Both spread-out and spherical cell morphologies offer distinct advantages in tissue 

engineering, depending on the tissue type. Spread-out morphology is ideal for scaffolds 

designed to mimic tissues like skin, bone, or muscle, where cell adhesion, ECM production, 

and migration are crucial for tissue repair and integration. The findings from this work 

indicate that the 2D peptide overlay directs cells to stretch and align, significantly compared 

to control cells, potentially enhancing their differentiation capabilities. In contrast, spherical 

morphology is beneficial for scaffolds that rely on cell-cell interactions, such as those used 

in cartilage or organoid formation, where spherical cell aggregates promote enhanced tissue 

formation and differentiation. The spherical morphology observed in the Fmoc-FF gels 

suggests that the hydrogel provides a microenvironment conducive to maintaining cellular 

integrity without promoting excessive adhesion.

This is particularly useful in applications, where maintaining a more quiescent, rounded 

state can prevent excessive cell spreading, which might otherwise lead to premature 

differentiation or cellular exhaustion. Additionally, spherical cell aggregates, such as 

spheroids, are known to enhance cell-cell communication [41], promote the deposition 

of extracellular matrix, and support a more in vivo-like phenotype [42], all of which are 

essential for tissue formation. The spherical shape of HDF cells could also facilitate the 

creation of multicellular spheroids or organoid-like structures, which have been shown to 

improve the efficiency of tissue regeneration by more closely mimicking the 3D architecture 

and behavior of cells in vivo. These cell aggregates often exhibit enhanced functionality, 

with better retention of stemness, improved differentiation potential, and increased secretion 

of extracellular matrix proteins, which are critical for the development of new tissue. 

Adjustments, such as incorporating cell-adhesive peptides (e.g., RGD) or modulating the 

stiffness and porosity of the gel, could encourage a more favorable interaction between the 

cells and the hydrogel matrix, promoting cell spreading and function.
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3.5. Cell attachment and proliferation is enhanced with modified hybrid PEGDA

We printed 3D lumen with unmodified PEGDA and hybrid PEGDA/peptide bioinks (Fig. 

6A, B). The process begins with a CAD file, which the onboard software converts into 

a series of 2D images. These images are then projected using visible light onto a vat of 

Photoink™ hydrogel [12], specifically optimized by volumetric for DLP bioprinting. The 

exposed regions of the hydrogel undergo crosslinking and solidification to form a single 

layer. The build platform then moves upward, allowing the light to cure successive image 

slices until the complete 3D structure is formed.

Peptide were either infused in the ink or were coated on the PEGDA after printing. HDF 

cells did not attach to unmodified PEGDA, which confirms that PEGDA alone is not a 

suitable ink to support cell adhesion and growth. Using the hybrid PEGDA/peptide bioink, 

cells predominantly adhered to the lumens, highlighting the critical role of peptides in 

initiating cell growth. The cells were mainly attached to the porous parts of the lattice 

suggesting the role of porosity in supporting (Fig 6B) cell growth [43]. After 24 h of 

seeding, HDF cells exhibited a spreading morphology (Fig. 6D). The live and dead cells 

seeded on the different PEGDA lumens are presented in Fig. 7. Matrigel-coated lumens 

were used as a control. While HDF cells proliferated and spread on the Matrigel-coated 

PEGDA, the rapid degradation, challenging handling conditions, and structural loss of 

Matrigel present significant limitations for long-term applications.

The peptide-coated lumens successfully supported cell growth, with the majority of cells 

remaining viable and only a few dead cells observed (Fig. 7). Studying the cell morphology 

revealed that the cytoplasmic actins of HDF cells seeded on PEGDA/peptide lumens 

were significantly spread, a sign of active cytoskeletal rearrangement (Fig. 8) [44]. This 

spreading morphology is indicative of the initiation of differentiation, as cell spreading is 

often associated with increased cell-ECM interactions and mechanical signals that trigger 

differentiation pathways [44].

Previous studies have also demonstrated that Fmoc-FF enhances the differentiation of 

mesenchymal stem cells (MSCs) [23]. Similarly, in our study, we observed that the 

PEGDA/peptide bioinks promoted the spreading of F-actin filaments and robust cell-ECM 

interactions. The ability of these bioinks to encourage differentiation is crucial for tissue 

engineering applications, where scaffold design must support not only cell viability but also 

appropriate mechanical and biochemical cues to guide cell fate. The spread morphology 

seen in our results aligns with the mechanical stimuli needed to enhance cell adhesion, 

signaling pathways, and ultimately, differentiation, making the PEGDA/peptide bioinks a 

promising tool for creating functional tissue scaffolds.

4. Conclusion

The development of hybrid PEGDA/peptide bioinks has shown significant promise in 

overcoming the limitations of traditional PEGDA bioinks, particularly in supporting cell 

adhesion and proliferation providing cells with mechanical cues. The incorporation of Fmoc-

FF peptides into PEGDA lumens enhances the bioactivity of the scaffold, enabling human 

dermal fibroblast (HDF) cells to attach, proliferate, and exhibit a spread morphology. The 
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tunable stiffness of the hybrid scaffolds, ranging from 100 Pa to 10 kPa, is crucial for 

addressing the mechanical requirements of various tissue types, including skin, cartilage, 

and bone. These findings demonstrate that peptide-modified bioinks offer a versatile 

platform for fabricating biocompatible, cell-laden scaffolds.
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Fig. 1. 
Schematic overview of 3D printing Lumens with PEGDA/peptide bioinks.
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Fig. 2. 
Storage Modulus (G’) and Loss modulus (G”) of a) 2 % Fmoc-FF in HFP; b) 2 % Fmoc-FF 

in DMSO.
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Fig. 3. 
SEM image of FF in HFP and DMSO after 1 hr and 24 hr.
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Fig. 4. 
Live (green) and dead (red) staining of different cell-laden of human dermal fibroblast with 

Fmoc-FF hydrogels. Surface-Coated Hydrogel: Peptide hydrogel is coated on the petri dish, 

and cells are seeded on top (2D cell culture). Overlay hydrogel: Peptide hydrogel is coated 

on top of the seeded cells (2D cell culture). Infused hydrogel: Cells are infused within the 

peptide hydrogel (3D cell culture) scale bar=100μm. MTT viability of HDF in different 

cell-laden hydrogels. Graph of live and dead cell count processed with ImageJ.

Irukuvarjula et al. Page 16

OpenNano. Author manuscript; available in PMC 2025 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
F-actin cytoplasm (green) and DAPI nucleus (blue) staining of different cell-laden of human 

dermal fibroblast with Fmoc-FF hydrogels. Surface-Coated Hydrogel: Peptide hydrogel is 

coated on the petri dish, and cells are seeded on top (2D cell culture). Overlay hydrogel: 

Peptide hydrogel is coated on top of the seeded cells (2D cell culture). Infused hydrogel: 

Cells are infused within the peptide hydrogel (3D cell culture) (scale bar, 100 μm).
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Fig. 6. 
3D printed lumens, B) Bright field of lumens without cells, C) HDF cells seeded in lumens 

after 1 hr, D) after 24 hr.
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Fig. 7. 
Live (green) and dead (red) cells of HDF seeded on Matrigel coated, peptide coated and 

peptide infused lumens (scale bar, 100 μm).
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Fig. 8. 
F-actin cytoplasm (green) and nucleus (blue) of peptide coated and peptide infused lumens 

(scale bar, 100 μm).
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