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Abstract

3D printing has become one of the primary fabrication strategies used in biomedical research. 

Recent efforts have focused on the 3D printing of hydrogels to create structures that better 

replicate the mechanical properties of biological tissues. These pose a unique challenge, as 

soft materials are difficult to pattern in three dimensions with high fidelity. Currently, a small 

number of biologically derived polymers that form hydrogels are frequently reused for 3D printing 

applications. Thus, there exists a need for novel hydrogels with desirable biological properties 

that can be used as 3D printable inks. In this work, we establish the printability of Multidomain 

Peptides (MDPs), a class of self-assembling peptides that form a nanofibrous hydrogel at low 

concentrations. MDPs with different charge functionalities are optimized as distinct inks and are 

used to create complex three-dimensional structures, including multi-MDP prints. Additionally, 

printed MDP constructs are used to demonstrate charge-dependent differences in cellular behavior 

in vitro. This work presents the first time that self-assembling peptides have been used to print 

layered structures with overhangs and internal porosity. Overall, MDPs are a promising new 

class of 3D printable inks that are uniquely peptide-based and rely solely on supramolecular 

mechanisms for assembly.
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In this work, Multidomain Peptides, a class of self-assembling peptides, are used to 3D 

print complex, three dimensional structures. Multiple MDPs are demonstrated as printable and 

oppositely charged MDPs are printed together into layered, porous constructs. MDPs are found 

to support high cell viability regardless of charge, while charge is shown to influence cellular 

behavior and morphology.
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1. Introduction

Three-dimensional (3D) printing of hydrogels allows researchers to replicate the geometrical 

complexity that naturally exists in biological structures using soft, tissue-like materials. 

Advancements in both extrusion[1] and light-based[2] 3D printing have led to the creation 

of structures that mimic the heart and lungs. Although multiple 3D printing methods 

exist, extrusion-based printing has been most widely adopted due to its simplistic 

working principle and ease of use.[3,4] Inks used in extrusion 3D printing mainly consist 

of chemically modified versions of gelatin,[5–12] alginate,[13–16] hyaluronic acid,[17–20] 

collagen,[1,21,22] decellularized extracellular matrix,[23–25] or combinations of these.[26–35] 

The traditional approach for developing 3D printable inks has been to chemically modify 
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naturally-derived hydrogel materials to make them more printable, while attempting to 

maintain their favorable biological properties. Recently, two generalizable strategies have 

been proposed to allow for the printing of a wide range of hydrogel materials, which 

both include a stabilization method to allow for short term print fidelity, followed by a 

crosslinking method to impart long-term stability.[36,37] Despite these advances, naturally 

derived materials suffer from batch to batch variability, frequently require chemical 

modification to have sufficient mechanical properties, and have predefined bioactivity.[38]

A more favorable approach for the creation of new 3D printable inks is to design synthetic 

materials with specified mechanical, biological, and chemical properties. One class of 

materials that offers this design freedom is self-assembling peptides (SAPs).[39–42] SAPs 

are peptides that assemble into nanostructures due to the orchestration of well-designed 

supramolecular forces. These nanostructures then interact in such a way to generate a 

macroscopic hydrogel. SAPs are easy to synthesize, chemically well-defined and purifiable, 

and offer design flexibility to achieve a wide range of material properties. In addition, 

their synthesis is inherently modular, and the properties of SAPs can be simply altered 

by changing their primary sequence or through the incorporation of bioactive peptide 

sequences. Because SAPs consist solely of amino acid building blocks, their chemistry and 

degradation products are biologically friendly, which is a common drawback of hydrogels 

made from other polymers. Thus, SAPs offer the flexibility of synthetic hydrogel materials, 

while also maintaining the biocompatibility of naturally derived ones.

SAPs are an attractive soft material for extrusion 3D printing because they commonly 

have shear thinning and rapidly self-healing properties due to their noncovalent assembly 

mechanism.[4,43] Despite this, there has been limited 3D printing work involving SAPs. 

The Hauser lab was the first to demonstrate the 3D printing of SAPs, using tetrapeptides 

and PBS in a coaxial printing system to create centimeter sized constructs and encapsulate 

cells.[44,45] Although this work presented multiple breakthroughs, limitations included the 

use of noncanonical amino acids and limited print fidelity and complexity. The other major 

work showing the extrusion 3D printing of SAPs, from the Stupp lab, demonstrated the 

shear alignment of nanofibers using a peptide amphiphile ink.[46] The authors invented 

a fabrication method that included extrusion printing followed by spraying a salt gelling 

agent at each layer. Although this novel process was demonstrated to create anisotropic, 

supramolecular hydrogels, further development of the fabrication process is needed to allow 

for the creation of overhanging structures or other complex 3D designs, which were not 

demonstrated. There have been a few other attempts at printing SAP inks, but these works 

either used SAPs as part of a composite ink or lacked thorough 3D printing characterization.
[47–49]

In this work, we present the 3D printing of Multidomain Peptides (MDPs). MDPs are 

a class of SAP that are designed to form a nanofibrous hydrogel at physiological pH 

and ionic strength.[50] MDPs have the general structure of alternating hydrophobic and 

hydrophilic amino acids flanked by charged residues (Figure 1a). Shielding of the charged 

amino acids by counterions leads to the creation of a “hydrophobic sandwich,” β-sheet 

fibrilization, and at appropriate concentration, rapid gelation into a nanofibrous hydrogel.
[50–53] MDPs have been shown to promote vascularization, innervation, and high levels of 
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cell infiltration when implanted in vivo,[54] and have been employed for nerve regeneration,
[55,56] cancer treatment,[57–59] and vaccine delivery.[60] MDPs of different charge and 

chemical functionality have been found to provoke varying immune responses in vivo, so 

the MDP used for a given application will vary based on desired use.[53] To expand the 

capabilities of MDPs, we present here the 3D printing assessment, optimization, and in vitro 

characterization of anionic and cationic MDPs (Figure 1b).

2. Results and Discussion

2.1. Multidomain Peptide Characterization

The cationic MDP used in this work, named K2, has the sequence K2(SL)6K2 whereas the 

anionic MDP, named E2, has the sequence E2(SL)6E2 (Figure S1, Supporting Information).
[51–53] Both K2 and E2 are N-terminally acetylated and C-terminally amidated. They were 

synthesized via Solid Phase Peptide Synthesis and confirmed with matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry (Figure S2, Supporting Information). 

The peptides were dissolved in Hank’s Balanced Salt Solution (HBSS) at 1 wt% to 

analyze the secondary structure and macroscopic assembly. HBSS was used as the solvent 

throughout the study to create a hydrogel that contains the necessary osmotic pressure, salt 

content, glucose concentration, and pH to optimize cellular survival in vitro. These peptides 

have previously been characterized at lower concentrations of peptide and ionic strength, 

so re-characterization was performed to ensure that changing these variables, which could 

be necessary for 3D printing, did not alter the secondary structure of the MDPs. Circular 

dichroism (CD) on K2 and E2 showed a characteristic β-sheet secondary structure, with a 

maximum around 198 nm and minimum around 218 nm (Figure 2a). K2 forms a slightly 

stronger β-sheet as indicated by the higher maximum and lower minimum, which can 

be attributed to differences between the amino group on Lysine and the carboxyl group 

on Glutamic Acid. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy on K2 and E2 reveal a peak at around 1620 cm−1 and 1695 cm−1, which 

correspond to an amide I peak and the formation of an antiparallel β-sheet (Figure 2b).

Scanning electron microscopy was used to observe the fibrous network that forms in both 

K2 and E2 hydrogels (Figure 2c – f). At low magnification, an expansive, dense network 

of fibers are seen in both MDPs (Figure 2c, e), whereas at higher magnification, MDP 

nanofibers are visualized creating a web-like structure (Figure 2d, f).

Rheological testing was performed on both K2 and E2 to assess their potential use as 

extrudable inks. 3D printing has been shown using inks with a range of storage moduli, so a 

frequency sweep from 0.1 to 100 rad/s at 1% strain was performed on 1 – 4 wt% K2 and E2 

to understand how increasing peptide concentration affects the resulting gel storage modulus 

(G′) (Figure 3a, e). 4 wt% was chosen as the upper peptide concentration limit because 

dissolving MDPs at higher concentrations was difficult to accomplish. At 1 rad/s, 1 – 4% 

K2 has G′ values of 396, 1400, 3000, and 4580 Pa, respectively. In contrast, 1 – 4% E2 has 

G′ values of 172, 283, 583, and 1040 Pa, respectively. Thus, K2 gels have storage moduli 

that are on average 4.2X greater than E2 gels at equal concentrations, although both MDPs 

demonstrate around a 2X increase in storage modulus for each additional wt% (2.4X for K2 

and 1.8X for E2).
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4 wt% K2 and E2, which had the highest G′ values, were subjected to additional rheological 

testing to ensure they were shear thinning, shear yielding, and rapidly self-healing, which 

are essential properties for a 3D printable ink.[61,62] A shear sweep from 0.01 – 100 s−1 was 

performed on 4 wt% K2 and E2 (Figure 3b, f). At shear rates of 0.1, 1, and 10 s−1, K2 has 

viscosity values of 577, 63, and 7.7 Pa*s. At the same shear rates, E2 has viscosity values 

of 336, 70, and 6.4 Pa*s. Importantly, both 4 wt% MDPs had a negative slope, which means 

that they are both shear thinning.

A strain sweep from 0.1 – 100% strain at 1 rad/s was also performed on both 4 wt% MDPs 

(Figure 3c, g). Throughout the linear viscoelastic region, the ratio between the storage and 

loss modulus for both K2 and E2 were very similar (16 and 14 at 1% strain, respectively). 

In contrast, the storage modulus of K2 (4810 Pa) was 4.5X that of E2 (1080 Pa) at 1% 

strain, which corroborates the results of the frequency sweeps. Both K2 and E2 exhibit 

shear yielding behavior at high strains, although the storage/loss modulus crossover occurs 

at around 40% strain for K2, compared to 20% strain for E2.

To assess the self-recovery of K2 and E2, a series of low (1%) and high (500%) strains 

were applied to each gel as the storage and loss moduli were measured (Figure 3d, h). 

Both MDPs exhibited an inversion of the moduli during high strain, indicating liquid-like 

behavior, followed by rapid recovery during low strain. K2 and E2 both exhibited a recovery 

of storage modulus to 86% of the pre-strain value within 1 minute of low shear conditions. 

This rapid recovery of the storage modulus following liquification is necessary, but not 

sufficient, for fiber formation during 3D printing.

2.2. Multidomain Peptide Ink Printing Optimization

MDP inks were created by dissolving peptides in dye supplemented HBSS. Before making 

large batches of ink (>1 mL), preliminary extrusion testing was performed to see what the 

minimum storage modulus required to form a self-supporting filament when extruded from a 

needle. It was empirically concluded that only MDP inks with storage moduli greater than 1 

KPa were able to form robust fibers (Figure S3, Supporting Information). Based on this and 

the previous rheological findings, larger batches of MDP inks were made at 4% K2, 4% E2, 

and 3% K2.

Unlike most materials used as 3D printing inks, MDPs rely solely on supramolecular forces 

for assembly and do not require covalent crosslinking for stabilization. This also means that 

MDP nanofibers exist in a dynamic state. Thus, batch-to-batch differences were screened 

along with the effect of temperature and time on rheological properties. Frequency sweeps 

on 3 replicates of each ink showed reproducible rheological properties that matched closely 

to initial rheological testing (Figure 3i). In addition, the MDP inks showed stable G′ 
values between 4 – 37°C, with the two 4% inks averaging just a ~5% change over the 

temperature sweep (Figure 3j). Thus, MDP inks avoid the need for temperature control 

during 3D printing, which is a necessary complication for many 3D printing inks that 

have temperature-dependent properties. In addition, the introduction of cells in vitro or 

implantation of printed constructs in vivo will undoubtedly necessitate gel stability at 37°C, 

which is demonstrated here for MDP inks. The MDP inks also showed long term stability 

when stored at 4°C (Figure 3k). Frequency sweeps on the different inks after being stored 
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at 4°C for up to 2.5 months revealed a negligible change in their rheological properties. In 

contrast to a time sensitive ink, MDP inks offer much more flexibility and the ability for 

on-demand use, such as what might be necessary in a clinical setting. In total, these tests 

revealed a high level of stability for the supramolecular MDP inks.

Fiber formation tests were performed on 4% K2 and 4% E2 inks paired with 25G, 27G, and 

30G needles to determine the finest needle that could be used to form uniform fibers for 

3D printing (Figure S3, Supporting Information). 4% K2 inks formed uniform fibers when 

extruded through 25G, 27G, and 30G needles. 4% E2 inks only formed uniform fibers when 

extruded through a 25G needle, and fiber “flaring” was evident when extruded from 27G 

and 30G needles. Thus, 25G needles were used for the remainder of the study to have an 

equal comparison between the K2 and E2 inks.

3D printing of MDPs was performed on an Allevi 3 bioprinter. The same print optimization 

process was completed for the 4% K2, 4% E2 and 3% K2 inks. First, the minimum pressure 

needed for ink extrusion through a 25G needle was determined by increasing pressure in 0.5 

PSI increments until filament flow occurred. Using this pressure, a series of calibration lines 

at varying printhead speeds were then printed. These lines were designed in a U shape to 

ensure that initial under or over extrusion did not influence the width of the lines measured 

(Figure S4, Supporting Information). The width of calibration lines was measured as a 

function of printhead speed (Figure 4a). The calibration curves for the three inks followed 

an exponential decay curve with R2 values of 0.96, 0.79, and 0.81 for 4% K2, 4% E2, and 

3% K2, respectively. At 300 mm/min, 4% K2, 4% E2, and 3% K2 had an average line width 

of 543 μm, 426 μm, and 590 μm, respectively. A filament extruded from a 25G needle has 

an ideal height and width of 250 μm, or the inner diameter of the needle. Gravity, though, 

deforms a printed fiber and leads to one with a smaller height than width.[63] Because of 

this, MDP filaments were not observed to have widths = 250 μm; instead, fibers fractured at 

high print speeds. A print speed of 300 mm/min was used for the remainder of the study, as 

this was the first point on each calibration curve where the data started to form an asymptote 

and had heights ~250 μm. Using the same process outlined here, an optimized printing speed 

can be experimentally determined for a range of MDPs using different gauge needles.

An “overhang test” was performed as previously described[64] to demonstrate the printability 

of all three MDP inks. The overhang test structure was designed with overhang lengths 

of 1, 2, 4, 8, and 16 mm and itself was 3D printed on a Form 3 printer (Figure S5, 

Supporting Information). Using optimized pressures and print speeds, all three inks were 

successfully printed over the entire overhang length (Figure 4b and Videos 1 – 3, Supporting 

Information). Minor deflection of the filament was only observed at overhangs of 8 and 16 

mm. These represent the first time SAPs have been printed into an overhanging structure 

with the use of a monoaxial printing strategy. In addition, it shows that noncovalent 

assemblies can be strong enough to self-support, avoiding the need for covalent crosslinking.

To extend the proof-of-concept test prints, a series of 3D structures with increasing 

complexity were printed using MDPs. 4% K2 was found to be the best performing ink 

and therefore was used as the primary ink moving forward. G-code was manually written 

ignoring the thickness of printed filaments, so the X/Y dimensions of printed constructs 
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were expected to be offset from the designed dimensions by the width of the filaments. In 

addition, the layer height of all constructs was set as 250 μm (the inner diameter of a 25G 

needle). First, a 10-layer tall cylinder was designed to have a diameter of 6 mm and height 

of 2.5 mm (Figure S6, Supporting Information). Although a cylinder is a relatively simple 

stacking structure without overhangs, it is one of the most difficult 3D design that has been 

successfully printed with SAPs in previous publications.[45,46] A cylinder was successfully 

printed with 4% K2 with smooth sides and no observable defects (Figure 4c).

To increase complexity, the log pile design was used, which has been used in multiple 3D 

printability studies and is difficult to print due to having overhangs at each layer and internal 

porosity.[37,63] A 10-layer tall log pile was designed to have a length and width of 10 mm, a 

height of 2.5 mm, and to contain 2 × 2 mm pores (Figure S7, Supporting Information). The 

2×2 log pile was successfully printed with 4% K2 and had all 25 pores unobstructed (Figure 

4d). To assess print quality, the designed pore dimensions were compared to those of the 

printed construct. Since the G-code contained 2 × 2 mm pores, the expected pore dimensions 

when accounting for the filament width is 1457 × 1457 μm (2000 μm - 543 μm from the 4% 

K2 calibration curve). The inner 9 pores were measured to have an average length and width 

of 1528 μm, which represents just a 4.9% error between design and print.

Following this success, a 10-layer tall log pile was designed to have a length and width 

of 5 mm, a height of 2.5 mm, and to contain 1 × 1 mm pores (Figure S8, Supporting 

Information). The 1×1 log pile was printed with 4% K2 and had all 9 inner pores 

unobstructed (Figure 4e). The expected pore length and width for this design is 457 × 

457 μm (1000 μm - 543 μm from the 4% K2 calibration curve). The inner 9 pores were 

measured to have an average length and width of 595 μm, which represents a 30.1% error 

between design and print. This high error is attributed to hardware limitations as opposed to 

a limitation of the MDP ink, as the printer had a slight delay in movement during turns that 

caused over extrusion and negatively impacted the accuracy of the 1×1 log pile.

In addition to printing with 4% K2 alone, a multi-MDP structure was successfully 

fabricated. A 1×1 log pile was designed to have 4% K2 and 4% E2 alternating at each 

layer (Figure 4f). The pore dimensions were measured separately, with pore width being 

used to assess K2 print quality and pore length being used to assess E2 print quality. The 

expected pore width is 457 μm (1000 μm – 543 μm from the 4% K2 calibration curve) and 

the expected pore length is 574 μm (1000 μm – 426 μm from the 4% E2 calibration curve). 

The measured pore width and length were an average of 517 and 644 μm, and represented 

errors of 13.1% and 12.2%, respectively. Together, there was a 12.7% error in the K2/E2 

combined 1×1 pore print.

To better visualize that overhangs could be printed within a complex structure, a modified 

2×2 log pile that alternated layer direction every 2 layers was designed (Figure S9, 

Supporting Information). The structure was successfully printed with the 4% K2 ink 

and overhangs throughout this structure were clearly visible (Figure 4g and Figure S10, 

Supporting Information).
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Attempts to print log pile structures with 4% E2 alone were not as successful as those 

created with 4% K2 alone or the combined K2/E2 constructs. Although 4% E2 filaments 

were robust enough to self-support, excessive stacking, such as what is required to print 10-

layer log piles, led to sagging of the bulk structure and failed prints (Figure S11, Supporting 

Information). Because the height of subsequent layers did not match with where previous 

layers had been deposited, we observed various printing errors.

Structure drying was not observed to be a significant issue, as all the constructs printed 

were relatively small and had short print times. Still, multiple overhang test lines were left 

out to dry to observe the potential effects. Within 15 minutes, the hydrogel fibers were 

observed drying into straight, rigid fibers (Figure S12 and Video 4, Supporting Information). 

While interesting, the long-term stability and swelling of MDP constructs in a hydrated 

environment was more relevant for in vitro use. Thus, all complex hydrogel constructs were 

incubated in HBSS directly after printing. The successfully printed 2×2 and 1×1 log piles 

were stored in HBSS for 24 hours and maintained their structure and internal porosity 

(Figure 4h). There were no statistically significant changes in the pore dimensions in either 

the 1×1 or 2×2 log pile structures for up to 10 days (Figure S13, Supporting Information). In 

addition, the constructs could be manipulated with a spatula without causing damage (Video 

5, Supporting Information).

This work represents the first time a SAP has been used to 3D print structures containing 

overhangs and porosity. Using MDPs, log pile structures were fabricated with pores as 

small as 600 μm. In addition, this work represents the first high quality, multimaterial 

print accomplished using SAPs. The ability to print layered structures without any covalent 

crosslinks, and the stability of these constructs over time in HBSS both serve as a proof 

that MDPs are excellent hydrogel candidates for 3D printing. Frequently used crosslinking 

chemistries can lead to the foreign body response in vivo, so non-covalent self-assembly 

chemistries may lend to better biocompatibility.[65] In addition, the ability to print with 

multiple MDPs allows for chemical complexity to be coupled with the three dimensional 

complexity achieved through printing. Because MDP inks primarily consist of HBSS 

(>95%), they are inherently cell-friendly in terms of osmolarity and pH. In addition, 

incubation in cell friendly solutions (such as HBSS) does not negatively affect the structural 

integrity of 3D printed MDP constructs, showing their viability for long-term in vitro use.

2.3. In Vitro Studies

The charge of a substrate has a large effect on cells both in vitro and in vivo.[66,67] Thus, in 
vitro studies were conducted to assess how the charge of 3D printed MDPs affected C2C12 

cells, a myoblast cell line frequently used in studies of skeletal muscle.[68,69] The ability to 

3D print MDPs allowed for the creation of structurally similar, yet oppositely charged 3D 

constructs with macroscopic porosity. 2-layer tall 1×1 log pile patterns were printed with 

only 4% K2, only 4% E2, and a combination where the first layer was K2 and the second 

was E2. Cells were then seeded onto the constructs, and cell viability and morphology were 

analyzed over time. Live/dead staining at 1 day post seeding revealed that cells adhered 

to all three constructs and that few dead cells were observed across groups (Figure 5a). 

After 1 day of culture, K2, E2, and the combined structure supported 97, 92, and 95% cell 
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viability, respectively (Figure 5c). At days 3, 5, and 10, the viabilities remained high for K2 

(89, 77, 79%), E2 (88, 74, 79%), and K2/E2 (81, 90, 95%), and there were no statistically 

significant changes in viability within inks from days 3 – 10. Although MDP charge did not 

significantly influence viability, more cells adhered to the cationic K2 MDP compared to 

the anionic E2 MDP (Figure 5d). At days 1, 3, and 5, the average number of cells observed 

was 79, 143, and 377 cells/field on K2 and 12, 24, and 27 cells/field on E2. In addition to 

higher seeding, K2 led to faster cell proliferation compared to E2. Using the average number 

of viable cells measured at day 1 and 5, the doubling times on K2 and E2 were calculated 

to be 1.8 and 3.4 days, respectively. Regardless, both MDPs supported a significantly higher 

number of cells by day 5 of culture compared to the number observed on day 1, which 

suggests that the poorly adhesive nature of E2 was not enough to stop proliferation, but 

only slow it down. Combined K2/E2 constructs shared this high cell viability up to 10 days 

in culture, which confirms that combining these oppositely charged MDPs does not cause 

cytotoxicity.

Cells were qualitatively observed to adopt different morphologies on K2 compared to E2, 

which was most clearly seen on day 10 of culture (Figure 5b). Differences in cell spreading 

were also visible on K2/E2 combined constructs, where the inner K2 region had high 

confluency of extended cells, whereas the outer E2 regions showed less confluent and more 

spherical cells (Figure 5a, b). To quantify this phenomenon, the length of the longest axis 

of each cell volume was calculated and compared between constructs, which is a metric that 

has been previously used to quantify cell spreading.[70] Cells adhered to K2 were observed 

to spread significantly more than those adhered to E2 after 10 days in culture, with average 

lengths of 66 and 24 μm, respectively (Figure 5e).

Immunostaining of actin filaments was performed to get a higher quality look at cell 

morphology (Figure 5f). Myoblasts were observed fusing into myotubes on the K2 gels and 

extending in multiple directions. In contrast, cells on the E2 constructs were much smaller 

in size and very few were seen expanding actin filaments at all. Interestingly, cells on the 

K2/E2 constructs seemed to adopt a morphology dictated by which gel they were directly 

on, while also being influenced by the oppositely charged peptide in close proximity. The 

red dashed lines represent regions where K2 was printed, while the white dashed lines 

represent where E2 gel was printed over the K2 (Figure 5F Bottom Right). These images 

are maximum intensity projections through the full thickness of the constructs. The actin 

filaments of cells within the K2 region looked spread out and there seemed to be noticeable 

nuclei clumping. In contrast, cells on the E2 region were primarily spherical, but some actin 

filaments could be observed protruding outward from these cells. This was not observed in 

the E2 only constructs. Overall, the results suggest that K2 and E2 may be strategically used 

together to dictate cellular behavior in vitro.

In addition to charge, the physical properties of a substrate have a large effect on 

cells both in vitro and in vivo.[67] Different cell types have been found to respond 

differently to hydrogel mechanical properties, and there have been numerous studies 

characterizing differences among stem cells,[71–73] neural cells,[74,75] and myoblasts.[76,77] 

Using mechanical actuation has even been proposed to aid in muscle generation by 

modifying the internal cellular environment of muscle cells.[78] The work presented here 
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can hopefully expand this avenue of research to gain an understanding of the interplay 

between mechanical properties, charge, and their combined effects on cells.

Multiple other aspects of MDPs make them a good candidate for further development for in 
vitro testing. Because they are synthesized one amino acid at a time, MDPs are tunable and 

can easily be modified with bioactive peptide sequences to influence cell fate and behavior. 

Future work will include the printing of more complex geometries as well as exploring the 

behavior of other cell types when cultured onto MDPs. Although preliminary printing of 

cell laden MDPs was demonstrated (Figure S15, Supporting Information), further work is 

needed to fully characterize their use as a bioink.

3. Conclusion

In this study, we establish MDPs as a new class of 3D printable hydrogels. Following 

characterization of their supramolecular assembly, MDPs are shown to possess the necessary 

rheological properties to be used for extrusion 3D printing. Printing optimization is then 

undertaken and utilized to create complex, overhanging structures and multi-material prints. 

This work represents one of very few 3D printing papers involving self-assembling peptides 

and surpasses the level of printing complexity that has been previously accomplished. In 

addition, in vitro characterization of cationic and anionic MDP constructs revealed charge-

dependent differences in cell morphology and charge-independent high cell viability. Further 

research should be undertaken to expand the number of MDPs printed, increase printing 

resolution, and explore the strategic use of MDP charge to modulate cell behavior.

4. Experimental Section

Materials:

Low loading Rink Amide MBHA Resin and FMOC protected amino acids were 

purchased from EMD Millipore (Burlington, MA). O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate (HATU) was purchased from P3 BioSystems 

(Louisville, KY). Dichloromethane (DCM), N,N-Dimethylformamide (DMF), Acetic 

Anhydride, and Diethyl Ether were purchased from Thermo Fisher Scientific (Waltham, 

MA). Dimethyl sulfoxide (DMSO), Piperidine, N,N-Diisopropylethylamine (DiEA), 

Trifluoroacetic acid (TFA), Triisopropylsilane (TIPS), and Anisole were purchased from 

Sigma Aldrich (St. Louis, MO).

Peptide Synthesis:

All peptides were synthesized via Solid Phase Peptide Synthesis. For each FMOC 

deprotection, 25% Piperidine in 50% DMF/ 50% DMSO was added to the reaction vessel 

for 10 minutes. For each coupling, 4 equivalents of amino acid, 4 equivalents of HATU, 

and 6 equivalents of DiEA were dissolved in 50% DMF/ 50% DMSO and mixed in the 

reaction vessel for 20 minutes. Acetylation of the N-terminus was completed with an excess 

of DiEA and Acetic Anhydride in DCM. Peptides were cleaved from the resin with TFA 

for 3 hours in the presence of Milli-Q water, TIPS and Anisole, which acted as scavengers. 

TFA was then evaporated with Nitrogen, and the crude peptide was triturated in cold Diethyl 
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Ether. Centrifugation and resuspension of the crude peptide was repeated 3 times to dissolve 

cleavage scavengers, before the crude peptide was left to dry overnight.

Peptide Purification:

Crude peptides were dissolved at 10 mg/mL and dialyzed for 4 days against Milli-Q water 

in 100 – 500 Dalton Spectra/Por® Biotech Cellulose Ester Dialysis Membranes (Spectrum 

Laboratories Inc. Rancho Dominguez, CA). Peptides were then passed through 0.2 μm 

Cellulose Acetate Sterile Syringe Filters (VWR International, Radnor, PA) under sterile 

conditions, frozen, lyophilized, and stored at −20°C. Peptide mass was confirmed to be 

correct using a Bruker AutoFlex Speed MALDI ToF (Bruker Instruments, Billerica, MA).

Circular Dichroism (CD):

10 μL of peptide in Hank’s Balanced Salt Solution (HBSS, Corning Inc., Corning, NY) 

at 10 mg/mL was pipetted into a 0.01 mm cuvette and loaded into a Jasco J-810 

spectropolarimeter (JASCO Corporation, Tokyo, Japan). A wavelength scan from 180 to 

250 nm was performed for 5 accumulations with a pitch of 0.1 nm and a scanning speed of 

50 nm/minute.

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy:

10 μL of peptide in HBSS at 10 mg/mL was pipetted onto a Golden Gate diamond window 

within a Nicolet iS20 FT/IR spectrometer (Thermo Scientific, Waltham, MA) and dried with 

nitrogen. An infrared scan was performed for 30 accumulations at a resolution of 4 cm−1 and 

background subtraction was performed on the spectra.

Scanning Electron Microscopy (SEM):

Samples were immersed in a series of ethanol dilutions (30%, 50%, 60%, 70%, 80%, 90%, 2 

× 100%) for 10 minutes each to dehydrate the gels and then dried using a Leica EM CPD300 

Critical Point Dryer (Leica Biosystems, Deer Park, IL. Samples were then transferred to 

a Denton Desk V Sputter System (Denton Vacuum, Moorestown, NJ) and coated with 

10 nm of gold. Samples were then imaged on a Helios NanoLab 660 Scanning Electron 

Microscope (FEI Company, Hillsboro, OR) at 1 kV and 25 pA.

Rheology:

Rheology tests were performed on an AR-G2 rheometer (TA Instruments, New Castle, DE) 

with a 12 mm parallel plate. 100 μL of peptide was extruded onto the stage and the parallel 

plate was lowered to a gap of 550 μm. Any excess gel was scraped away, before the gap 

was lowered to 500 μm and oil was applied to prevent evaporation during testing. Before 

each test, an hour-long equilibration period was performed at 1 rad/s and 1% strain. The 

parameters for each test were as follows: Frequency sweep: 0.1 – 100 rad/s at 1% strain. 

Shear sweep: 0.01 to 100 s−1. Strain sweep: 0.1 to 100% strain at 1 rad/s. Shear recovery: A 

minute each at high (500%), low (1%), high (500%), low (1%) strain at 1 rad/s. Temperature 

sweep: 4 – 39°C at 5°C increments, with 5 minutes at 1 rad/s and 1% strain at each 

temperature.
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Ink Preparation:

Pure peptides were dissolved in HBSS at either 30 or 40 mg/mL. Sonication was used to 

dissolve all the peptide, while centrifugation was used to remove any bubbles. For the 3 

wt% K2, 4 wt% K2, and 4 wt% E2 peptide bioinks, Tartrazine, Allura red, and Brilliant 

green (Sigma Aldrich, St. Louis, MO) were dissolved in HBSS at 0.1, 0.1 and 0.01 mg/mL, 

respectively, prior to the addition of peptide. After being fully dissolved, the peptide bioinks 

were drawn into a 3mL syringe, centrifuged to remove any bubbles, and then loaded into 

an Allevi plastic syringe (Allevi by 3D Systems, Philadelphia, PA) via a female-to-female 

syringe coupler. All procedures were done under sterile conditions.

3D Printing:

3D printing was performed on an Allevi 3 (Allevi by 3D Systems, Philadelphia, PA). 

Repetier-Host (Hot-World GmbH & Co. KG.) was used to manually write G-Code, which 

was then uploaded to Bioprint Essential (Allevi by 3D Systems, Philadelphia, PA) to be read 

by the 3D printer. The calibration line print was designed to have three U-shaped patterns, 

each with a length of 8 mm and width of 4 mm (Figure S4, Supporting Information). Only 

the final line of the U was used for measurements to account for any differences in preflow. 

Each print contained 3 U shapes, each being 50 mm/min greater than the previous one. The 

filament collapse test platform STL file was downloaded from a previous publication and 

contained overhangs of 1, 2, 4, 8, and 16 mm (Figure S5, Supporting Information).[64] The 

platform was printed using a Form 3+ (Formlabs, Boston, MA) and glued to a standard glass 

slide. Constructs were imaged using an OMAX 18 MP USB 3.0 Digital Camera (OMAX 

Microscope) and analyzed with ToupView (ToupTek Photonics, Hangzhou, China).

Cell Seeding:

C2C12 myoblasts (ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s 

medium (Thermo Fisher Scientific, Waltham, MA) supplemented with high glucose 

(4500mg/L), L-glutamine (4mM), pyruvate (1mM), penicillin-streptomycin (1%), and Fetal 

Bovine Serum (10%). Nunc Non-Treated 6-well plates (Thermo Fisher Scientific, Waltham, 

MA) were loaded on the Allevi 3 stage and printed onto directly. Printed gels were briefly 

submerged in HBSS to prevent evaporation, which was subsequently aspirated off prior 

to cell seeding. Cells were trypsinized, resuspended in medium, and 100,000 cells were 

pipetted onto each printed gel. 2mL of medium was added to each well and changed daily 

for the duration of the experiment. Live/Dead staining was performed using Calcein AM and 

Ethidium homodimer (Thermo Fisher Scientific, Waltham, MA) according to manufacturer 

protocols. For immunostaining, gels were washed with PBS, fixed in 4% Paraformaldehyde 

(Thermo Fisher Scientific, Waltham, MA) for 30 minutes, washed with PBS, quenched 

with 100mM glycine (Thermo Fisher Scientific, Waltham, MA), permeabilized with 0.2% 

Triton X-100 (Thermo Fisher Scientific, Waltham, MA) in PBS for 30 minutes, blocked 

with 1% BSA (Genetex, Irvine, CA) in 0.2% Triton X in PBS for 1 hour, incubated with 

Alexa Fluor 488 Phalloidin (1:20) (Thermo Fisher Scientific, Waltham, MA) for 1–2 hours, 

washed with PBS, counterstained with Dapi (1:500) (Invitrogen, Carlsbad, CA) for 10 

minutes, washed with PBS and cleared in 88% Glycerol for at least 30 minutes prior to 

imaging. All imaging was performed on a Nikon A1 Confocal Laser Microscope (Nikon 
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Corporation, Tokyo, Japan) and all images were 300 μm z-stacks and shown visually as 

maximum intensity projections. Quantification for live/dead staining and cell spreading were 

performed in image J using the “3D objects counter” plugin. Doubling time was calculated 

using the following formula: Doubling Time = Time Elapsed * ln 2
ln Final cell number

Initial cell number
.

Statistical Analysis:

Data were not preprocessed in any way. All results were graphed as the mean +/− standard 

deviation aside from Figure 5e, which contains box and whiskers representing min and max 

values. Sample sizes were noted in figure captions along with the statistical tests applied. 

GraphPad Prism 9 was used to carry out analyses. Significance was represented as: * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MDP assembly and 3D printing schematic. a) Structure of MDPs with one hydrophilic 

face (blue), one hydrophobic face (pink), and charged domains at either side (purple). 

Under physiological conditions MDPs self-assemble and undergo β-sheet fibrilization. This 

results in the formation of MDP nanofibers and gelation. b) The process undertaken in 

this study, which includes the assessment of MDPs as a 3D printable ink candidate, 3D 

printing optimization with multiple MDP inks, and the printing of constructs with increasing 

difficulty (including multimaterial printing). Finally, MDP inks with opposite charge were 

used to create 3D structures and observe differing in vitro characteristics.
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Figure 2. 
Characterization of MDP secondary Structure and nanofiber network. a) Circular Dichroism 

of K2 and E2 from 180 – 250 nm. b) Attenuated Total Reflectance Fourier Transform 

Infrared Spectroscopy of K2 and E2 from 1500 – 1750 cm−1. c-f) Scanning Electron 

Microscopy of K2 (c,d) and E2 (e,f) nanofilaments that formed a hydrogel. (Scale bars = 5 

μm in c, e and 1 μm in d, f).
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Figure 3. 
Rheology of MDP gels and MDP inks. Frequency sweeps from 0.1 – 100 rad/s on 1 – 4 wt% 

a) K2 and e) E2. Shear sweeps from 0.01 – 100 s−1 on 4 wt% b) K2 and f) E2. Strain sweeps 

from 0.1 – 100% on 4 wt% c) K2 and g) E2. Oscillatory high and low strains on 4 wt% d) 

K2 and h) E2. White regions represent 1% strains and grey regions represent 500% strain. i) 

Frequency sweeps from 0.1 – 100 rad/s on MDP inks (n=3). j) Temperature sweeps from 4 – 

37°C on MDP inks. k) Frequency sweeps from 0.1 – 100 rad/s on MDP inks after storage at 

4°C for >1 month.
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Figure 4. 
MDP 3D printing optimization and printed structures. a) Printhead speed calibration curves 

for 4% K2, 4% E2, and 3% K2 MDP inks (n=3 – 9). b) Overhang tests for MDP inks, where 

orange, blue, and yellow correspond to 4% K2, 4% E2, and 3% K2 MDP inks (Scale bars = 

8 mm). c) Cylinder, d) 2×2 log pile, e) 1×1 log pile, and f) multimaterial 1×1 log pile. (Top 

to bottom) 3D printed structures imaged next to a dime for scale, top views, and side views 

for each of the constructs. The first three structures were printed with 4% K2 alone and the 

fourth had alternating 4% K2 and 4% E2 at each layer (Scale bars = 2 mm). g) Modified 2×2 

log pile with visible overhanging layers (Scale bars = 2 mm). h) Top view images of 2×2 log 

pile and 1×1 log pile after being incubated in HBSS for 1 day.
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Figure 5. 
In vitro characterization of 3D printed MDP log pile hydrogels with differing charge. Live/

dead staining of C2C12 cells seeded onto 3D printed K2, E2, and K2/E2 hydrogels after a) 

1 day and b) 10 days of culture (Scale bars = 300 μm). All images are maximum intensity 

projections of 300 μm z-stacks. c) Cell viability of cells seeded onto 3D printed MDPs over 

10 days (n = 3). The statistical analyses used were multiple one-way ANOVAs with Tukey’s 

multiple comparisons test between time points of the same group. d) Number of cells 

that adhered to and grew on 3D printed MDPs over 5 days (n=3). The statistical analyses 

used were multiple two-way ANOVAs with Tukey’s and Sidak’s multiple comparisons tests 

within gels at each timepoint and across gels for each timepoint, respectively. e) Length of 

longest axis of all live cells on each 3D printed MDP after 10 days in culture (n=3). The 

statistical analysis used was an unpaired t test and the whiskers represent min to max values. 

f) Immunostaining of cells on 3D printed MDPs after 10 days of culture (Scales bar = 300 
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μm). The red dashed lines represent regions where K2 was printed, while the white dashed 

lines represent where E2 gel was printed over the K2. Significance is represented as: * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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