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Block Polyelectrolyte Additives Modulate the Viscoelasticity and Enable 3D 
Printing of Gelatin Inks at Physiological Temperatures 
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SUMMARY 

We demonstrate the utility of block polyelectrolyte (bPE) additives to enhance viscosity and resolve longstanding 
challenges with the three-dimensional printability of extrusion-based biopolymer inks. The addition of oppositely 
charged bPEs into solutions of photocurable gelatin methacryloyl (GelMA) results in complexation-driven self-
assembly of the bPEs, leading to GelMA/bPE inks that are printable at physiological temperatures, representing stark 
improvements over GelMA inks that suffer from low viscosity at 37 °C leading to low printability and poor structural 
stability. The hierarchical microstructure of the self-assemblies (either jammed micelles or three-dimensional 
networks) formed by the oppositely charged bPEs, as confirmed by small angle X-ray scattering, is attributed to the 
enhancements in the shear strength and printability of the GelMA/bPE inks. Varying bPE concentration in the inks 
is shown to enable tunability of the rheological properties to meet the criteria of pre- and post-extrusion flow 
characteristics for 3D bioprinting, including prominent yield stress behavior, strong shear thinning, and rapid 
recovery upon flow cessation. Moreover, the bPE self-assemblies also contribute to the robustness of the 
photocrosslinked hydrogels – photocrosslinked GelMA/bPE hydrogels are shown to exhibit higher shear strength 
than photocrosslinked GelMA hydrogels. We envision this study to serve as a practical guide for the bioprinting of 
bespoke extrusion inks where bPE are used as scaffolds and viscosity enhancers that can be emulated in a range of 
biopolymers and photocurable precursors. 

PROGRESS AND POTENTIAL 

Rapid prototyping using computer-aided 3D printing of cells is expected to revolutionize tissue engineering. 
However, efforts in biomaterials science and engineering to meet the growing needs of ‘bioinks’ for 3D bioprinting 
have remained hindered due to the poor mechanical properties of most bioinks during the deposition process. 
Extracellular matrix-derived materials, most famously gelatin-based materials, are archetypal examples that function 
very well as cell scaffoldings but are difficult to print at physiological temperatures. Here, by combining gelatin-
based materials with block polymers containing charged and neutral segments, a novel hybrid ink is developed. The 
electrostatic self-assembly of the block polymers provides a scaffold augmenting the gelatin-based inks, enabling 
their printing at high resolutions. We anticipate the use of such inks to print complex organ-like constructs in the 
near term, opening avenues for their translation into medically relevant 3D bioprinting. 

KEYWORDS:   Bioprinting, Tissue Engineering, Additive Manufacturing, Biofabrication, Polyelectrolyte Complexes, Self-
Assembly 
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INTRODUCTION 

Layer-by-layer 3D printing technologies, i.e., the precise 
layer-by-layer deposition of materials, such as metals, 
concrete, ceramics, polymers, or bioinks, find 
applications in diverse disciplines, including 
architecture,1,2 aerospace,3,4 automotive,5,6 electronics, 
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consumer products7-9 and life sciences,10-13 setting a 
benchmark for future manufacturing. In biomedical 
engineering, 3D printing technologies have been 
utilized to create bioinspired, extracellular matrix-
mimicking scaffolds that encapsulate living cells and 
feature tissue or organ-like properties.14-21 Among the 
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various 3D printing technologies, extrusion-based 
bioprinting (EBB) has enjoyed considerate attention for 
bioprinting owing to versatility, low costs, fast 
manufacturing time, and the ability to print with inks 
with high cell loadings.22,23 However, the development 
of suitable bioinks within the biofabrication window 
that possess the optimal balance among printability, 
post-printing shape fidelity, and biological response 
remains a significant bottleneck hindering the 
advancement of EBB technologies.19,24-30 

Gelatin methacryloyl (GelMA)-based bioinks are one of 
the most popular and well-studied bioinks that finds a 
satisfactory balance between shape fidelity and bio-
response.31-34 Their broad commercial availability, 
simple chemical synthesis from gelatin, temperature-
tunable viscoelastic properties, outstanding 
biocompatibility, surface adhesion characteristics for 
cells, and biodegradability encourage their widespread 
use as model inks in tissue engineering.35-38 Yet, gelatin 
and other naturally derived polymers, which are 
obtained by extraction from animal tissues, suffer from 
limited translation to biomedical contexts due to 
undesired flow properties of their solutions, including 
liquid-like behavior at 37 °C and weak response to 
stresses prior to secondary crosslinking as well as batch-
to-batch variability in the manufacturing process 
leading to variation in size, charge, and polydispersity 
of the polymer chains.22,39 In comparison, synthetic 
polymers, especially poly(ethylene glycol) (PEG) 
derivatives such as PEG dimethacrylate (PEGDMA), do 
not face such limitations because of their synthetic 
origin but typically lack biological functionality, suffer 
from intrinsic protein repellency, and exhibit low 
viscosities that are below the threshold of practical use 
in EBB leading to undesirable flows and loss of form 
following deposition.14,40,41 

The complementary benefits and shortcomings of 
gelatin and PEG-based (bio)inks have inspired attempts 
to combine them into one formulation. Such approaches 
aimed at utilizing the controlled biological activity of 
GelMA (such as cell adhesion and enzymatic 
degradability) with the controlled non-toxic mechanical 
reinforcements provided by PEG. PEG-GelMA hybrid 
hydrogels have been discussed extensively but have 
been limited to formulations where gelatin and PEG 
building blocks were covalently co-crosslinked to each 
other.42-45 Studies wherein one of the networks is formed 
via physical interactions, providing an independent and 
mechanical platform and supporting the crosslinking of 
the other network, are still lacking. 

To address this biomaterials technology gap, we 
recently introduced versatile, biocompatible ink 
additives based on complex-forming block 
polyelectrolytes (bPEs), which enhance the printability 
of liquid-like EBB-inks.46 Our recently reported strategy 
of using highly charged PEG macromolecules has been 
the first demonstration of harnessing electrostatic and 
spontaneous self-assembly for smart bioink design.46,47 
In our model inks, oppositely charged bPEs were 
employed as building blocks of electrostatic self-
assemblies (micelles or interconnected networks)48-51 
and combined with GelMA, a representative low-
viscosity ink lacking printability at 37 °C. Mixing the ink 
constituents resulted in hybrid GelMA/bPE inks with 
excellent 3D printing performance. The bPE additives 
provided protective scaffoldings preventing dilution in 
water52 and loss of structural integrity after deposition.46 
In addition, the hybrid GelMA/bPE hydrogels obtained 
after photocrosslinking exhibited improved robustness 
owing to the synergic effects of the entanglement of 
covalent and electrostatic networks.46 

In this study, we demonstrate the printability of 
GelMA/bPE inks at temperatures exceeding the typical 
melting point of gelatin and provide a parametric study 
of the mechanical properties of the newly developed 
hybrid inks that are relevant for extrusion-based 
bioprinting.  The self-assembled structures of bPE 
complexes are argued to ameliorate the mechanical 
properties of the GelMA-based inks. Variations in bPE, 
GelMA concentration, and methacrylation levels 
revealed valuable insights into how the ink constituents 
influence overall viscoelastic behavior. The analysis 
presented here provides a detailed understanding of the 
novel GelMA/bPE inks and fosters further applications 
in 3D bioprinting and medical injections. 

RESULTS AND DISCUSSION 

GelMA/bPE Inks are Printable at Physiological 
Temperatures 

GelMA solutions, synthesized from porcine skin gelatin 
sources (Figure S1 in the Supplementary information), 
exhibit excellent printability at 22 °C, below their gelling 
temperature.13,53 However, at 37 °C, GelMA solutions 
exhibit a low shear strength54,55 and are often unprintable. 
This transition is evident in Figure 1A, where GelMA 
inks (!!"#$% = 5 wt%) exhibited a well-known thermally 
induced decline in the shear moduli spanning over 3 
orders of magnitude (depicted by black squares). The 
approximate cross-over point between the storage and 
loss moduli (#′ and #′′, respectively) at % = 25 °C 
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indicates a gel-sol transition. This behavior has been 
previously reported and has been attributed to the 
reversible disassembly of hydrogen-bonded triple 
helices of gelatin chains upon heating.54 

Pairs of oppositely charged bPE additives imbued 37 °C 
printability to GelMA solutions by transforming them 
into self-assembled hydrogels. Previous work has 
shown that the complexation of oppositely charged 
bPEs, when restricted at the nanoscale, results in the 
formation of polyelectrolyte complex (PEC) hydrogels 
that feature tunability of viscoelastic properties across a 
broad range and microstructural diversity.48-50 We 
utilize these self-assembled hydrogels to provide the 
initial robustness to the inks, mitigating unwanted 

flows and enhancing shape fidelity upon deposition 
prior to photocrosslinking of GelMA chains. 

The oppositely charged bPEs we employed comprised 
poly(ethylene oxide) (PEO) and poly(allyl glycidyl 
ether) (PAGE) blocks, with the latter functionalized 
post-synthesis with ionizable groups (guanidinium 
chloride and sodium sulfonate) to create oppositely 
charged diblock polyelectrolytes (dbPEs) or triblock 
polyelectrolytes (tbPEs). The synthesis and 
characterization of these bPEs are described in Schemes 
1 and 2 and Figures S2 and S3 in the Supplementary 
Information. Figure 1C shows a schematic of the 
improved GelMA/bPE inks comprising uncrosslinked 
GelMA mixed with either oppositely charged dbPEs or 

Figure 1: bPE reinforced GelMA inks are 3D printable at physiological temperatures. (A) Temperature evolution of the storage, 
!′, and loss moduli, !′′of GelMA and GelMA/bPE inks demonstrate the gel-sol transition of GelMA inks while GelMA/bPE inks 
sustain a high modulus upon heating to physiological temperatures. The moduli were measured with small amplitude oscillatory 
shear measurements at an angular frequency, # = 1 rad·s-1 and strain, % =	1%. (B) A representative example of extrusion printing 
of GelMA/dbPE inks to a 12 x 12 mm grid structure. Scale bar = 1 cm. (C) Schematics representing the microstructure of 
GelMA/bPE inks comprising bPE self-assemblies with interspersed GelMA chains. Mixing oppositely charged diblock 
polyelectrolytes (dbPEs) forms polyelectrolyte complex (PEC) micelles while mixing triblock polyelectrolytes (tbPEs) forms of 
interconnected networks comprising neutral blocks bridging the PEC domains. (D) A series of photographs depicting hydrogel 
compositions obtained after photocrosslinking GelMA and GelMA/bPE inks. Scale bar = 1 cm. 
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tbPEs. PEC domains form swiftly upon mixing of the 
dbPE or the tbPE pairs due to associative phase 
separation of the charged blocks.49,50 At sufficiently high 
polymer concentrations, dbPEs form hydrogels 
comprising jammed micelles composed of PEC 
domains and surrounded by neutral PEO coronae, 
while tbPEs form interconnected networks wherein a 
significant fraction of the neutral blocks bridge the PEC 
domains while a small fraction form loops (Figure 1C). 
In this work, these hydrogels will be referred to as dbPE 
and tbPE inks. In either case, the GelMA chains remain 
dispersed in the bPE inks, resulting in GelMA/bPE inks. 
We note that the dbPE and tbPE pairs were 
functionalized from the same PEO-PAGE and PAGE-
PEO-PAGE block copolymers, respectively, and mixed 
in charge equivalent amounts. Therefore, charge 
mismatch between the oppositely charged bPEs was 
eliminated, resulting in strongly segregated PEC 
domains. 

The moduli of the GelMA/bPE inks remained 
significantly higher than those of the corresponding 
GelMA inks at temperatures approaching 37 °C (Figure 
1A). For % ≤	25 °C, the GelMA/bPE ink moduli were an 
order of magnitude higher than those of GelMA inks. 
Similar to GelMA inks, temperature-induced reductions 
in the moduli were observed for both GelMA/dbPE and 
GelMA/tbPE inks, which can again be attributed to the 
disruption of the hydrogen-bonded GelMA networks. 
However, the bPE self-assemblies provided sufficient 
shear strength to the hybrid inks at 37 °C. Furthermore, 
the GelMA/tbPE inks exhibited higher moduli as 
compared to the GelMA/dbPE inks, which could be 
attributed to the robustness of the PEC network present 
in the former providing larger shear strength in 
comparison to the jammed micelles in the latter 
systems. Overall, it can be surmised that the addition of 
complex-forming bPEs to GelMA can render inks and 
bioinks, which can be tuned for injection across a range 
of biologically relevant temperatures.  

To demonstrate the extrusion-based printability of the 
GelMA/bPE inks, 12 × 12 mm grid structures were 
printed using GelMA/dbPE inks (Figure 1B). The 
structures were printed at 37 °C, which exceeds the 
melting temperature of gelatin solutions. In the absence 
of the bPE additives, printing pure GelMA would have 
led to uncontrolled flows and a complete lack of shape 
fidelity (Figure S4). The grid shape illustrates the 
structural integrity and stability of the ink during the 
deposition of multiple layers at 37 °C, serving as a 
demonstration of overcoming the challenges involved 

in printing gelatin-based inks at physiological 
temperatures. 

We also demonstrate that the addition of bPEs did not 
impede the photocrosslinking (photocuring) of the 
GelMA chains in a series of images in Figure 1D. The 
cured hydrogels remained transparent upon bPE 
addition, allowing for UV penetration and crosslinking 
among GelMA chains. The hydrogels, when cured in a 
cylindrical mold, retained their shape upon extraction 
from the mold and appeared similar to cured GelMA 
hydrogels. Scanning electron micrographs (Figure S5) 
depict the microstructure after photocrosslinking and 
reveal minimal differences between pure GelMA and 
GelMA/bPE hydrogels.  

GelMA/bPE Inks Possess Hierarchical Microstructures 

Contemporary hydrogels for tissue engineering 
applications need to possess mechanical properties 
commensurate with human tissues and pursue 
similarities with the tissue microstructures. Human 
tissues feature anisotropic hierarchal microstructures 
such as lamellar structure, which allows for directional 
biological functions aided by alignments of ordered 
bilayers.56 However, the majority of traditional 
hydrogels (e.g., photocrosslinked GelMA) possess 
isotropic micro and macro-structures and have limited 
ability to achieve microstructure complexity unique to 
biological soft tissues.43 Thus, GelMA hydrogels that 
feature tunable microstructures can further make them 
attractive materials to mimic human tissue structural 
complexity. 

Small angle X-ray scattering (SAXS) revealed the 
microstructure of GelMA/bPE inks, as depicted in 
Figure 2 (see also Figure S6 in the Supplementary 
Information). In the absence of bPEs, the spectra for 
GelMA solutions and crosslinked hydrogels resemble 
characteristic spectra for polymer solutions and 
crosslinked polymer networks, respectively (Figure S6 
in the Supplementary Information). In the GelMA/bPE 
inks, the scattering from the PEC domains consisting of 
highly dense charged blocks of bPEs and high atomic 
elements (e.g., sulfur and nitrogen) provide a stronger 
electron contrast than the surrounding environment 
and therefore dominate the scattering spectra. Figures 
2A and 2B show a comparison of the one-dimensional 
intensity )(+) versus wave vector + of the bPE inks 
(dashed lines), GelMA/bPE inks, and photocrosslinked 
GelMA/bPE hydrogels (solid and dotted lines, 
respectively) with increasing concentrations of dbPEs 
(!&'()) and tbPEs (!*'()), respectively. The bPE inks 
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(PEC hydrogels) featured a primary peak between + = 
0.02 Å-1 and 0.03 Å-1, indicating the existence of PEC 
domains. These primary peaks persisted in both 
GelMA/dbPE (Figure 2A) and GelMA/tbPE (Figure 2B) 
inks and the respective photocrosslinked GelMA/bPE 
hydrogels, with the peak positioning remaining largely 
invariant of the presence of GelMA chains in the inks or 
the interpenetrating network they form upon 
photocrosslinking. 

SAXS spectra with a broad primary peak without any 
secondary Bragg reflection peaks indicate a disordered 
arrangement of spherical PEC domains. Such spectra 
were noted for bPE inks with !&'() = 10 and 20 wt% 
(Figure 2A) or !*'() = 5, 7.5, 10, and 12.5 wt% (Figure 
2B). At higher bPE concentrations, morphological 
transitions and ordering of PEC domains were 
observed. For instance, the microstructure of the PEC 
domains evolved from disordered spheres to ordered 
spheres (with body-centered cubic arrangements) to 
hexagonal closely packed (HCP) cylinders in dbPE inks 
upon increasing !&'() from 20 wt% to 30 wt% to 40 wt%, 
respectively (Figure 2C). These transitions were evident 
from the appearance of the sharp Bragg peaks, as can be 
noted for 40 wt% dbPE inks in Figure 2A, with the 
secondary peaks being located at √2+∗ and √3+∗ with 
respect to the location of the primary peak at +∗, 
corresponding to BCC arrangements of PEC domains. 

Figures 2C and 2D summarize the PEC domain 
morphology for dbPE and tbPE inks (grey symbols). 

Transitions in the morphology of the PEC domains were 
also noted in response to the combination of GelMA 
with the bPEs. The presence of 5 wt% GelMA resulted 
in a transition of the PEC domains from disordered 
spheres to gyroid or from BCC spheres to HCP 
cylinders in GelMA/dbPE inks with !&'() = 20 and 30 
wt%, respectively (Figure 2C). Similarly, a 
microstructural transition from disordered spheres to 
BCC spheres was observed in GelMA/tbPE inks with 
!*'() = 10 and 12.5 wt% (Figure 2D). In the range of bPE 
and GelMA concentrations investigated here, 
microstructural transitions were not noted upon the 
photocrosslinking of the GelMA/bPE inks; the 
structures were nearly identical before and after 
photocrosslinking (solid and dotted lines in Figures 2A 
and 2B). 

In contrast, morphological transitions triggered by 
increasing !'() in GelMA/bPE inks and hydrogels were 
attributed to the macromolecular crowding induced by 
GelMA chains, reconfiguring the PEC domains. Similar 
transitions have been noted upon the incorporation of 
other crosslinkable polymers in bPE inks (PEC 
hydrogels).52 We further posit that the macromolecular 
crowding induced by the GelMA chains also results in 
a lower extent of jamming among the PEC micelles 

Figure 2: Diverse nanoscale morphologies of GelMA/bPE inks and hydrogels. (A, B) SAXS intensity '()) versus wave vector ) 
for GelMA/dbPE (A) and GelMA/tbPE (B) inks and hydrogels with varying bPE concentrations. (C, D) Morphology maps of 
GelMA/dbPE (C) and GelMA/tbPE (D) inks and hydrogels with varying bPE concentrations. 
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formed by dbPEs (with decreased interdigitation 
among the micellar coronae) and partial reconfiguration 
of the PEC network formed by tbPEs (with a larger 
fraction of midblock chains forming loops as compared 
to bridging between adjoining PEC domains), 
respectively. These reconfigurations would not be 
captured by the scattering spectra but are expected to 
manifest in the rheological response of the GelMA/bPE 
inks (discussed in the following sections). More 
importantly, these scattering investigations reveal that 
the presence of GelMA chains does not disrupt the self-
assembly of the oppositely charged bPE chains. 
Moreover, as compared to the amorphous structure of 
pure GelMA hydrogels, the incorporation of bPEs in the 
GelMA inks and hydrogels enriched its microstructural 
diversity, broadening the utility of GelMA in tissue 
engineering applications. 

Tunable Linear Viscoelastic Response of GelMA/bPE 
Inks 

Bulk rheological investigations lend themselves as a 
facile tool to assess the printability and the mechanical 
integrity of inks prior to and post-printing.27,57 
Therefore, we investigated the viscoelastic response of 
the bPE and GelMA/bPE inks by imposing small angle 
oscillatory strain on the inks. Representative response 
of bPE inks at 37 °C with and without GelMA to 
oscillatory strain within the linear viscoelastic (LVE) 
regime is presented in Figures S7 and S8 in the 
Supplementary Information. The storage and loss 
moduli (#′ and #′′) of dbPE inks (!&'()  = 20 wt%) were 
similar across the range of 0 investigated here. 
Moreover, an order of magnitude reduction in both #′ 

and #′′ was noted upon the addition of 5 wt% GelMA in 
the dbPE inks. In contrast, tbPE inks (Figure S7 and S8 
in the Supplementary Information) exhibited only a 
minor reduction in the overall magnitude of the LVE 
response when GelMA was added. 

The evolution of the shear moduli of GelMA/dbPE inks 
as a function of !&'() is shown in Figure 3A. The moduli 
of GelMA/dbPE inks were generally lower than the 
corresponding dbPE inks (comparing data sets depicted 
by squares and circles). The moduli of dbPE inks 
increased rapidly from !&'() = 10 to 20 wt%, then 
plateaued ~ 103 Pa at !&'() ≥ 20 wt%. In contrast, both 
#′ and #′′ increased almost linearly with increasing 
!&'() in GelMA/dbPE inks. A smaller impact of GelMA 
inclusion on the GelMA/dbPE ink moduli was noted at 
low !&'() and could be ascribed to low interdigitation 
of the micellar coronae. In contrast, at higher !&'() = 40 
wt%, significant interdigitation of micellar coronae can 
accommodate the GelMA chains without the moduli 
decreasing markedly. More importantly, #′ for the 
GelMA/dbPE inks with !&'() ≥ 20 wt% all lay within 
the window of fabrication (corresponding to the #′ of 5 
wt% and 10 wt% GelMA inks, measured at 22 °C). 
Therefore, extrusion-based (bio)printing can be 
accomplished with GelMA/dbPE inks with !&'() ≥ 20 
wt%. 

The effect of GelMA on the moduli of tbPE inks, in 
contrast, was most pronounced at the lowest tbPE 
concentrations, !*'()= 5 wt% wherein #′ and #′′ reduced 
by ~1.5 orders of magnitude (Figure 3B). For !*'() ≥ 7.5 
wt%, while the shear moduli of GelMA/tbPE inks 
tended to be lower than the moduli of the tbPE inks, 

Figure 3: GelMA/bPE ink and hydrogel moduli can be tuned by varying bPE concentrations. (A, B) Storage (!′ ) and loss (!′′) 
moduli of for GelMA/dbPE (A) and GelMA/tbPE (B) inks and hydrogels with varying bPE concentrations +!"#. The moduli were 
measured with small amplitude oscillatory shear measurements at an angular frequency = 1 rad·s-1 and strain = 1% at 37 °C. The 

shaded region in both (A) and (B) depict the moduli window of fabrication, corresponding to the storage moduli of GelMA inks 

with concentrations varying between 5 and 10 wt%, measured at 22 °C. 

A B
10 wt%

GelMA ink 
(22°C)

5 wt% 
GelMA ink 

(22°C)
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they could be considered proximal to each other. With 
increasing !*'(), the extent of segregation of the PEC 
domains is expected to diminish owing to a higher 
fraction of bridging PEO midblocks, even in the 
presence of GelMA chains, resulting in the sustenance 
of the moduli. And, again, #′ for the GelMA/tbPE inks 
with 5 wt% ≤ !*'() ≤ 10 wt% lay within the window of 
fabrication, signifying their utility for extrusion-based 
(bio)printing. 

Photocrosslinking GelMA in the GelMA/bPE inks using 
ultraviolet (UV) irradiation led to a notable 
enhancement in the shear moduli. The formation of 
interlaced water-laden PEC and GelMA networks 
resulted in GelMA/bPE hydrogels with robust shear 
moduli. The moduli values of the hydrogels in their 
crosslinked state were more pronounced at low 
concentrations where two to three orders of magnitude 
increase in #’ in both GelMA/bPE hydrogels (comparing 
circles with stars) were noted (Figures 3A and 3B, see 
also Figure S9 in the Supplementary Information). At 
higher !'(), shear moduli of the hydrogels exhibited 

enhancements of nearly an order of magnitude when 
compared to their moduli in their ink state.  

GelMA/bPE Inks Exhibit Tunable Yielding and Shear 
Thinning Characteristics  

Well-defined yield stress behavior is a common 
requirement for bioinks that allows for suspending cells 
in a syringe, but by applying sufficient stress, a flow 
initiation point can be achieved. This is an important 
consideration because it determines the required 
pressure for extrusion.58 We quantify the yield stress 
behavior (the stress required for the materials to flow or 
yielding transition, 3 ≳ 3,) at 37 °C to further establish 
the suitability of GelMA/bPE formulations as 3D 
printing inks. Figure 4A depicts a comparison of the 
viscosity, 5 = 3/7̇, as a function of shear stress, 3, for 
dbPE inks with !&'() = 20 wt% and GelMA/dbPE inks 
with !&'() 	= 20 and 40 wt% and !!"#$% = 5 wt% (see also 
Figure S10 in the Supplementary Information). In these 
flow curves, the stress corresponding to the crossover 
point of 5 from the solid (3 < 3- with 5~constant) to the 
fluid regime (3 > 3-, where 3 = 3- + 7̇.) was 

Figure 4: Yielding behavior of GelMA/bPE hybrid inks. (A, B) Shear viscosity, ,, as a function of shear stress, -, for (A) dbPE 
(+$!"# = 20 wt%) and GelMA/dbPE inks (+$!"# = 20 and 40 wt%, +%&'() = 5 wt%), and (B) tbPE (+*!"# = 7.5 wt%) and GelMA/tbPE 
inks (+*!"# = 7.5 wt%, +%&'() = 5 wt%). (C, D) Yield stress, -+ , as a function of bPE concentration for (C) dbPE and GelMA/dbPE, 
and (D) tbPE and GelMA/tbPE inks. All measurements conducted at 37 °C. 

A B

C D
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designated as the yield stress 3-.59 20 wt% dbPE inks 
exhibited a yield point at 3, = 100 Pa, while no apparent 
yield point was identifiable for the corresponding 
GelMA/dbPE inks. Increasing !&'() up to 40 wt%, 
however, resulted in GelMA/dbPE inks with a well-
defined yield point (3- = 15.4 Pa). The measurable 3, 
values as a function of !&'() for dbPE inks without or 
with GelMA are summarized in Figure 4C. dbPE inks 
behaved as yield stress fluids and demonstrated distinct 
3, values across all !&'(), where 3, increased with !&'() 
until 30 wt% and then decreased for !&'() = 40 wt%, 
The latter could be attributed to the morphological 
transition of the PEC domains from BCC spheres to 
HCP cylinders. The presence of GelMA obscured the 
yielding behavior in dbPE inks except at relatively high 
!&'() = 40 wt% where a measurable 3, value was noted, 
yet nearly an order of magnitude lower than 3, for the 
corresponding dbPE inks. These observations correlate 
well with the reduction of the shear moduli upon the 
combination of GelMA and dbPEs in GelMA/dbPE inks 
(Figures 3A and 3C), and can again be attributed to the 
disrupting effect of GelMA chains on the interdigitation 

of the micellar coronae and diminished extent of 
jamming, until at sufficiently high !&'() wherein the 
micellar coronae remained adequately interdigitated 
even in the presence of GelMA chains, enabling stress 
buildup until yielding. 

In contrast, the presence of GelMA did not eliminate the 
yielding behavior in tbPE inks (Figure 4B). However, 
the 3, reduced upon the combination of GelMA with 
the tbPEs (for instance, from 3, = 70 to 7 Pa for !*'() = 
7.5 wt% and !!"#$% = 5 wt%), indicating that the solid 
regime of the material sustained only until smaller 
imposed stresses. Figure 4D depicts the measurable 
yield stresses 3, as a function of !*'() for tbPE inks and 
GelMA/tbPE inks. tbPE inks exhibited a yielding 
transition across a wide range of !*'() regardless of 
GelMA inclusion (except at the lowest !*'() = 5 wt%). 
The yield stress values, 3,, however, were consistently 
lower for GelMA/tbPE inks as compared to the 
corresponding tbPE inks across all !*'() values, 
attributable to a lower fraction of bridging midblocks 
between the PEC domains in the presence of GelMA 
and consistent with the observations of lower moduli of 

Figure 5: Shear-thinning behavior of GelMA/bPE inks. (A, B) Complex shear viscosity, ,*, as a function of angular frequency, 
#, for (A) GelMA (+%&'() = 5 wt%), dbPE (+$!"# = 20 wt%), and GelMA/dbPE (+%&'() = 5 wt%, +$!"# = 20 wt%) inks, and (B) 
GelMA (+%&'() = 5 wt%), tbPE (+*!"# = 7.5 wt%), and GelMA/tbPE (+%&'() = 5 wt%, +*!"# = 7.5 wt%) inks. (C, D) Shear thinning 
coefficients, n, as a function of bPE concentration for (C) dbPE and GelMA/dbPE, and (D) tbPE and GelMA/tbPE inks. All 
measurements conducted at 37 °C. 

A B

C D
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GelMA/tbPE inks as compared to tbPE inks (Figures 3B 
and 3D). At the same time, a monotonic increase of 3, 
as a function of !*'() in both formulations is attributed 
to the increase in PEC network density. These 
observations are relevant in cases when the injectability 
and extrudability of (bio)inks need to be precisely 
controlled for certain injection parameters (e.g., needle 
radius and length) and process parameters (injection 
pressure and flow rate).58 

A prominent shear-thinning response was also noted 
for the GelMA/bPE inks (Figure 5, see also Figure S11 
in the Supplementary Information). Quantifying the 
shear-thinning behavior is of importance in 
determining the velocity of (bio)ink extrusion through a 
small needle and the associated timescales for material 
collection during deposition. Here, shear-thinning was 
observed as a decrease in the complex shear viscosity, 
5∗, as a function of angular frequency, 0, from small 
amplitude oscillatory shear experiments. For 20 wt% 
dbPE inks, we observed a Newtonian response 
(constant 5∗ for 0 < 0.2	rad×s-1) followed by a shear-
thinning response for 0 > 0.2 rad×s-1 (black squares in 
Figure 5A). Similar behavior was also observed for 7.5 
wt% tbPE inks (Figure 5B). The shear-thinning response 
was quantified using the Carreau-Yasuda model, which 
suggests the 0-dependence of 5∗ as: 

5∗(0) = 5/∗[1 + (B0)0]
.12
0  

with 5/∗  being the zero shear complex viscosity, B being 
the relaxation time, D being the shear-thinning exponent 
(power law index), and E describing the width of the 
transition from a Newtonian shear-independent fluid to 
a power law fluid.60 

GelMA/bPE inks also exhibited shear thinning 
behaviors (Figures 5A and 5B), albeit with lower 5∗ and, 
in some cases, an inaccessible Newtonian flow regime 
(Figure 5A). The shear-thinning behaviors in such cases 
were described as a power law with a consistency index 
F as: 

5∗(0) = F0.12 

The shear-thinning exponent D for the dbPE and 
GelMA/dbPE inks are summarized in Figure 5C. A 
decrease in D, corresponding to stronger shear thinning, 
was noted with increasing !&'() for the dbPE inks. In 
contrast, D remained nearly constant until !&'() ≤ 30 
wt% and then sharply decreased at !&'() = 40 wt% for 
GelMA/dbPE inks. This is consistent with the yielding 
behavior of the GelMA/dbPE inks, wherein up to 
concentrations !&'() ≤ 30 wt%, no yielding was 

observed owing to diminished jamming among the 
micelles and, correspondingly, weak shear thinning 
was observed as micelles rearrange readily in response 
to the applied stress while at !&'() = 40 wt%, the 
micellar coronae are sufficiently jammed leading to a 
yielding behavior and strong shear thinning once 
yielding has occurred. 

GelMA/tbPE inks also exhibited shear thinning 
behavior consistent with their yielding behavior. 
Specifically, a lower fraction of bridging midblocks 
between the PEC domains in the presence of GelMA 
resulted in stronger shear thinning behaviors as 
compared to tbPE inks (Figures 5B and 5D). Previously 
reported models to assess the extrusion velocity use the 
shear thinning exponent as a key parameter. Control 
over the shear-thinning behavior, as exemplified here 
for the GelMA/bPE inks, provides opportunities for 
tuning and expanding the injectability window of these 
inks in which printability can be accessed over a range 
of velocities and collection speeds.58,61 

Rapid Viscoelastic Recovery of GelMA/bPE Inks 

After extrusion through a small nozzle, the recovery of 
inks (transition from liquid-like to solid-like flow 
behavior) dictates the resolution of printing, shape 
fidelity, and the construction of precise multi-layered 
structures.57 Figure 6 contrasts the shear viscosity 
recovery of GelMA/bPE inks at 37 °C with the recovery 
of GelMA inks at 22 °C. The time-dependent viscosity 5 
was measured during the sequential application of a 
high shear rate (7̇ = 100 s-1) for 250 seconds, followed by 
a low shear rate (7̇ = 0.01 s-1) for 500 seconds. GelMA 
inks (22 °C) required long times (≥ 8 minutes) for 
viscosity recovery, attributable to the slow recovery of 
the hydrogen-bonded triple helix structure of gelatin 
chains. In contrast, GelMA/bPE inks (37 °C) exhibited 
very fast viscosity recovery. 

Inks containing dbPEs exhibited near complete 
recovery with !&'()-independent recovery timescales, 
as evident in Figure 6A. A minor decay of the low-7̇ 
viscosity was noted for inks with !&'() ≥ 30 wt%, 
indicating slow structural rearrangements of the 
jammed PEC micelles. At the same time, inks containing 
lower concentrations of dbPEs (!&'() = 20 wt%) 
exhibited a low 5 but complete recovery associated with 
the fast structural rearrangements of the partially 
jammed PEC micelles. 

The recovery of GelMA/tbPE inks, especially at !*'() ≤ 
10 wt%, comprised a prominent, near-instant first step 
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followed by a subtle, slow second step (Figure 6B). The 
slow second step also showed a weak !*'()-
dependence, becoming faster with increasing !*'(). We 
attribute this behavior to larger disruption and 
reconfiguration of the weaker PEC network at low !*'() 
owing to low network density. This disruption can also 
explain the incomplete recovery at low !*'() 
transitioning to near complete recovery at high !*'() 
(Figure 6B). At the same time, the increasing robustness 
and connectivity of the PEC network led to its larger 
disruption in the high-7̇ regime, resulting in an 
appreciable thixotropic decrease in 5 during the first 
shearing cycle of the high !*'() inks (Figure 6B). We 
note that thixotropy is a time-dependent decline in 
viscosity in response to shear stress at a fixed shear rate 
and is distinguishable from shear-thinning behavior 
wherein viscosity depends on 7̇ but is independent of 
time.62  

Moduli of GelMA/bPE Inks and Hydrogels can be 
Modulated by Tuning the Photocrosslinking Density 

GelMA-based inks (including the GelMA/bPE inks) are 
photocurable, demonstrating appropriate stiffness for 
tissue engineering applications.43,44,55 We further 
investigated the effects of GelMA photocrosslinking 
density, modulated by either its concentration or its 
methacrylation levels (also referred to as the degree of 
functionalization, DoF), on the viscoelastic properties of 
GelMA/bPE inks before and after photocrosslinking. 

Increasing !!"#$% corresponds to a larger number 
density of GelMA chains and the photocrosslinkable 
methacrylate groups, whereas increasing DoF 
corresponds to inks with the same concentration of 
GelMA chains but with a higher number density of 
methacrylate groups per GelMA chain. 

Generally, the shear moduli were reduced upon 
increasing !!"#$% in GelMA/bPE inks (Figures 7A and 
7B, see also Figure S12 and S13 in the Supplementary 
Information). The moduli of GelMA/dbPE inks 
decreased by nearly two orders of magnitude upon 
increasing !!"#$% from 0 to 5 wt%, beyond which they 
remained nearly constant (Figure 7A). In contrast, the 
moduli of GelMA/tbPE inks weakened monotonically 
with increasing !!"#$%. Consistent with earlier 
observations, these decay in shear moduli upon 
increasing GelMA content can be attributed to an 
increasing reduction of the coronal interdigitations and 
disruption of the PEC network in the dbPE and tbPE 
inks by the GelMA chains. 

Photocrosslinking GelMA chains in the GelMA/bPE 
inks led to an opposite trend in moduli evolution. A 
monotonic increase in the shear moduli, spanning more 
than an order of magnitude, was noted in both 
GelMA/dbPE and GelMA/tbPE hydrogels with 
increasing !!"#$% (Figure 7A and 7B, star symbols). 
Elastic moduli were appreciably higher than loss 
moduli, especially at higher !!"#$% values. These 
moduli enhancements were expected to emerge from 

Figure 6: Rapid viscoelastic recovery of GelMA/bPE inks. Swift viscosity recovery after deformation at high shear rates is 
observed for (A) GelMA/dbPE and (B) GelMA/tbPE inks at 37 °C. In contrast, GelMA inks recover significantly slowly after 
shearing at 22 °C. Recovery tests were conducted by applying two sequential steps applying a fixed shear rate, %̇ = 100 s-1 for 250 
seconds followed by applying a lower shear rate, %̇ = 0.01 s-1 for 500 seconds. All measurements conducted at 37 °C. 
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the higher crosslinking density in the GelMA network 
and can serve as a guide for tuning the strength of 
GelMA hydrogels for various tissue engineering 
purposes.37  

The level of methacrylate groups, or DoF, along the 
GelMA chain can be conveniently tuned by controlling 
the amine substitution with varying amounts of 
methacrylic anhydride.54 Previously, higher DoF has 
been shown to hinder the formation of triple helices 
between gelatin chains at low temperatures, leading to 
weaker gels prior to crosslinking.54 This weakening has 
been attributed to the hindering of the triple helices 
formation by the vinyl side groups. The trends of 
GelMA/bPE ink moduli with increasing GelMA DoF are 
shown in Figures 7C and 7D and are noted to mirror the 
trends produced upon increasing !!"#$%. Increasing the 
density of vinyl side groups in GelMA led to an 
observable decrease in #′ and #′′ owing to increasing 
hydrophobicity of the GelMA chains resulting in a 
larger steric hindrance of PEC network.47 At the same 
time, photocrosslinking the three GelMA/bPE inks with 
increasing DoF resulted in progressively increasing 

stiffness, owing to denser covalent networks and larger 
interpenetration among the covalent and electrostatic 
micelles/networks (Figures 7C and 7D, see also Figure 
S14 and S15 in the Supplementary Information). 
Moreover, the increased crosslinking density of the 
GelMA network can possibly increase jamming among 
the dbPE micelles by restricting their translational 
relaxation, and creating additional entanglements with 
the tbPE networks, resulting in higher hydrogel moduli. 

Printability of GelMA/bPE Inks 

For extrusion printing, inks are typically inserted into 
disposable syringes and dispensed either pneumatically 
or mechanically.23 In both cases, the printability can be 
quantified using property-function relationships in 
which the pressure required to print and the extrusion 
velocity are the primary control parameters. The 
changes in viscoelastic properties of inks are expected 
to result in variation in printability at comparable 
pressures and extrusion velocities. To test this, we 
utilized the rheological parameters to assess the 
printability of GelMA/bPE inks by varying the bPE 

Figure 7: Tunability of ink and hydrogel shear moduli with varying photocrosslinking density. (A, B) Storage (!′) and loss 
(!′′) moduli of (A) GelMA/dbPE inks and hydrogels, and (B) GelMA/tbPE inks and hydrogels as a function of GelMA 
concentration. (C, D) The dependence of !′ and !′′ of (C) GelMA/dbPE inks and hydrogels, and (D) GelMA/tbPE inks and 
hydrogels on the degree of methacrylate group functionalization or degree of functionalization (DoF) of the GelMA chains. The 
moduli were measured with small amplitude oscillatory shear measurements at an angular frequency = 1 rad·s-1 and strain = 1% 
at 37 °C. 
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concentrations while maintaining a fixed GelMA 
concentration. A 3D bioprinter (BioSpot BP, Biofluidix 
GmbH) that extrudes inks using mechanical piston was 
used to print 12 × 12 mm grid structures at various 
extrusion speeds, G ranging from 0.015 to 0.022 mm/s. 
Following previous approaches, we estimate the 
pressure required for extrusion through a needle 
(radius, H and length, I) by utilizing parameters 
obtained from the shear rate-dependent viscosity as:58,63 

J = K
3D + 1
D L

.
	F K

M
NL

.
	
2I

H3.42 

The parameters are listed in Table S1 in the 
Supplementary Information. We note that (i) the 
flowrate M = NH5G is varied by changing the extrusion 
velocity in the present study, and (ii) the shear-thinning 
index D and consistency index F used here were 
obtained from fitting the shear-thinning regions of the 
shear rate-dependent viscosity profiles with a power 
law. 

Figure 8 depicts the printability windows of 
GelMA/bPE inks. Low printing resolution was 
observed at low !'() 	 in both GelMA/dbPE (Figure 8A) 
and GelMA/tbPE (Figure 8B) inks, attributable to the 
mechanically weak self-assembled structures formed by 
the bPEs. The resolution improved at higher 
concentrations !'(); the highest resolution was 
obtained with inks containing !&'() = 40 wt% and 
!*'() =15 wt% in Figures 8A and 8B, respectively. 
However, with higher bPE concentrations, the 

predicted pressure required for extrusion also increased 
as the inks became more robust mechanically and 
possessed a higher yield stress. We note, however, that 
the predicted pressures for printability of the 
GelMA/bPE inks lie within the extrusion pressure range 
accessible in typical 3D bioprinters.64 For both the ink 
systems, optimal printing velocity was observed at G =
0.02	mm/s. At these printing parameters, the 
GelMA/bPE inks exhibit velocity profile and viscosity 
recovery that result deposition of inks with minimal 
merging, breakdown, or spreading of layered 
structures. 

CONCLUSIONS 

In this contribution, we have demonstrated block 
polyelectrolyte (bPE) additives that enable 3D printing 
of gelatin-based inks at physiologically relevant 
temperatures. The oppositely charged diblock or 
triblock polyelectrolytes self-assemble to form PEC 
micelles or three-dimensional networks, respectively. 
When combined with methacrylated gelatin (GelMA), 
the bPEs preserved their self-assembly characteristics 
and hierarchical microstructures. These assemblies 
served as a scaffolding for the GelMA chains, providing 
sufficient viscoelastic strength, yielding, and shear 
thinning characteristics to the GelMA/bPE inks to 
enable their high fidelity printing at physiological 
temperatures. In contrast, GelMA solutions, which 
exhibit a gel-sol transition at temperatures < 30 °C, are 
unprintable at 37 °C. Moreover, the GelMA/bPE inks 

Figure 8: Printability maps of GelMA/bPE inks. Printability of (A) GelMA/dbPE and (B) GelMA/tbPE inks as a function of with 
extrusion pressure and velocity. In these inks, +$!"# was varied between 10 and 40 wt% while +*!"# was varied between 5 and 15 
wt%; +%&'() was kept fixed at 5 wt%. Shape fidelity of the printed structures, printed at 37 °C, improved with increasing bPE 
concentrations, at the expense of higher pressure required for extrusion. Printing demonstrations were made over a range of 
extrusion velocities ranging from 0.015 to 0.022 mm/s using a needle with radius / = 0.125 mm and length 0 =32 mm. Scale bars 
= 1 cm.  
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recover significantly faster after shearing (at 37 °C) as 
compared GelMA inks (at 22 °C), further contributing 
to the fidelity of the printed structures upon extrusion 
and deposition. UV irradiation of GelMA/bPE inks 
resulted in hydrogels composed of interpenetrating 
electrostatically crosslinked and covalently crosslinked 
networks.  

The microstructure and the viscoelastic properties of the 
GelMA/bPE inks and hydrogels were facilely tunable by 
varying the bPE architecture (di- vs. triblock) and 
concentrations. Moreover, varying the GelMA 
concentration or degree of functionalization of the 
methacrylate groups enabled further tunability of the 
viscoelastic properties of the GelMA/bPE inks both 
before and after photocrosslinking. By relying on the 
viscoelastic properties of the inks, we demonstrate an 
optimal printing window at 37 °C for the GelMA/bPE 
inks within which the extrusion pressure and velocity 
are tuned to obtain excellent printing performance and 
fidelity of the printed structures. We envision that our 
findings will serve as a practical guide for the 
bioprinting community to formulate highly 
customizable extrusion-based inks and encourage the 
adoption of our additive-based approach to other low-
viscosity biomaterials to meet the growing demands of 
suitable bioinks in EBB and tissue engineering. 

MATERIALS AND METHODS 

Materials 

Potassium (99.5% trace metals basis), naphthalene, 
poly(ethylene glycol) (Mn = 20,000 g mol-1), 
poly(ethylene glycol) monomethyl ether (Mn = 5,000 g 
mol-1), allyl glycidyl ether (AGE), calcium hydride, 
sodium 3-mercapto-1-propanesulfonate (technical 
grade, 90%), 1H-pyrazole-1-carboxamidine 
hydrochloride (99%), cysteamine hydrochloride (≥ 
98%), gelatin (type A, gel strength ~300 g bloom, from 
porcine skin), methacrylic anhydride, 2,2-dimethoxy-2-
phenylacetophenone (DMPA) and Irgacure 2959 were 
purchased from Sigma-Aldrich. Tetrahydrofuran (THF) 
and dimethylformamide (DMF) were obtained from 
Fisher Scientific. Dialysis tubes were received from 
VWR International and Fisher Scientific. DPBS−/− was 
purchased from Thermo Fisher Scientific. 

Synthesis of Gelatin Methacryloyl 

Synthesis and purification of gelatin methacryloyl 
(GelMA) were performed as previously described.37,65 
10 g gelatin (type A, gel strength ~300 g bloom, from 
porcine skin, 0.266 mmol NH2 groups, 1 eq.) was 

dissolved in 100 mL DPBS. The solution was heated to 
50 °C until complete dissolution of gelatin. Then, 
3.17 mL methacrylic anhydride (2.13 mmol, 8 eq. per 
NH2 group in gelatin) was added dropwise, and the 
mixture was stirred at 50 °C for 2 h. After dilution with 
100 mL DPBS, the solution was transferred into dialysis 
tubes (molecular weight cutoff; MWCO = 12-14 kDa) 
and dialyzed against deionized water at 40 °C for 12 
cycles of 8 h each. After lyophilization, the product was 
obtained as a white solid and stored at −20 °C. GelMA 
with different degrees of functionalization (low, 
medium, or high) was obtained by varying the amount 
of methacrylic anhydride (1 eq., 8 eq., or 20 eq. per NH2 
group in gelatin). 

1H NMR (400 MHz, D2O, 315 K): δ/ppm = 7.60-7.40 
(Haromtic, gelatin), 5.88 (1H, Ha, vinyl), 5.64 (1H, Hb, vinyl), 
5.24-0.99 (gelatin), 3.20 (bs, 2H, NH2), 2.11 (s, 3H, CH3, Hc) 
(Figure S2, Supplementary Information). 

Synthesis Triblock Polyelectrolytes 

Synthesis, functionalization, and purification of triblock 
polyelectrolytes were carried out following previously 
published protocols (Scheme 2 in the Supplementary 
Information).48 Poly(ethylene glycol) 
(PEO, 20,000 g·mol-1) was dried in a vacuum oven at 25 
°C for one day before use. Allyl glycidyl ether (AGE) 
was mixed with calcium hydride, stirred overnight to 
remove trace amounts of water, and degassed by three 
cycles of freeze-pump-thaw, followed by distillation. 
For copolymer synthesis, all anhydrous reagents were 
transferred into a glove box under an argon 
atmosphere. 30 g of PEO was dissolved in 70 mL 
anhydrous THF at 45 °C and titrated with potassium 
naphthalenide (0.4 M in anhydrous THF) until the 
solution turned light green. Then, an appropriate 
amount (~ 17 mL) of AGE was added, and the reaction 
mixture was stirred at 45 °C for 48 h. The anionic 
polymerization was terminated by adding 10 mL 
degassed methanol. After precipitation in hexane, the 
product was filtered, and then dried under vacuum 
prior to further functionalization. The degree of 
polymerization (DP) of the PAGE blocks was calculated 
from the relative peak intensities in the NMR spectra, 
yielding PAGE30-PEO455-PAGE30. 

For subsequent thiol-ene click functionalization, 
PAGE30-PEO455-PAGE30, photoinitiator 2,2-dimethoxy-
2-phenylacetophenone (DMPA) and a functional thiol 
reagent (cysteamine hydrochloride or sodium 3-
mercapto-1-propanesulfonate, 5 eq. per alkene group) 
were dissolved in a DMF/water (volumetric ratio of 1:1) 
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mixture. After degassing with nitrogen for 30 mins, the 
solutions were irradiated with UV light (365 nm, 8 W) 
overnight. Then, the product solutions of functionalized 
copolymers with either ammonium or sulfonate 
moieties were dialyzed (MWCO = 3.5 kDa) against 
deionized water for 14 cycles of 8 h each, followed by 
lyophilization. 

Guanidinilated PAGE30-PEO455-PAGE30 was 
synthesized from the ammonium functionalized 
copolymer. An appropriate amount of the ammonium-
functionalized tbPE and 1H-pyrazole-1-carboxamidine 
(4 eq. per ammonium group) was dissolved in 200 mL 
phosphate-buffered saline (PBS) solution and pH was 
adjusted to 10 with NaOH. The mixture solution was 
maintained at pH=10 and stirred for 3 days at room 
temperature. Then, the product solution was dialyzed 
(MWCO: 3.5 kDa) against deionized water for 14 cycles 
of 8 h each, followed by lyophilization. 1H NMR spectra 
of triblock copolymers prior and after functionalization 
are provided in Figure S3 in the Supplementary 
Information. 

Synthesis of Diblock Polyelectrolytes 

Synthesis, functionalization, and purification of diblock 
polyelectrolytes were performed following the same 
protocol used for the triblock polyelectrolytes, except 
for replacing the initiator PEO by poly(ethylene glycol) 
monomethyl ether (mPEG; 5,000 g·mol-1). The DP of the 
PAGE block was calculated from the relative peak 
intensities in the NMR spectra, yielding mPEO113-
PAGE45. 1H NMR spectra of diblock copolymers prior to 
and after functionalization are provided in Scheme 1 
and Figure S2 in the Supplementary Information. 

Preparation of GelMA/bPE Inks and Hydrogels 

Stock solutions of the block polyanion (sulfonate 
functionalized dbPE or tbPE), block polycation 
(guanidinium functionalized dbPE or tbPE), GelMA 
precursor, and photoinitiator Irgacure 2959 were 
prepared in DBPS. GelMA/dbPE and GelMA/tbPE inks 
were obtained by mixing the block polyanion with an 
aqueous solution of GelMA precursor and 
photoinitiator, followed by the addition of the block 
polycation. The molar charge ratio of cationic and 
anionic moieties of ink was set to 1:1. Each addition step 
was followed by thorough mixing to ensure 
homogeneity of the samples. Hydrogels were prepared 
by exposing the inks to UV light (302 nm, 8 W) for 
photocrosslinking for 5 minutes. 

Small Angle X-Ray Scattering Measurements 

Small-angle X-ray scattering (SAXS) measurements 
were performed at beamline 12-ID-B at the Advanced 
Photon Source, Argonne National Laboratory. The 
sample-to-detector distance was set to 4 m, 
corresponding to a wave vector (+) range of 0.0002 to 0.5 
Å−1. bPE and GelMA/bPE inks were loaded into holes 
(diameter: 3 mm) in 4 mm thick aluminum strips using 
a positive displacement pipette and sealed on both sides 
with Kapton tape to avoid water evaporation. 
Photocrosslinked GelMA/bPE hydrogels were prepared 
by loading the corresponding inks in the aluminum 
strips, followed by 5 minutes of UV exposure, and 
sealing by Kapton tape. All the samples were prepared 
and loaded onto the sample holders at least 24 h before 
the SAXS measurements. The samples were exposed to 
13 keV X-rays for 0.1 s. All experiments were performed 
at room temperature. The two- dimensional scattering 
data were converted into one-dimensional data ()6078#") 
by using the matSAXS package. Sample scattering 
intensity was acquired by subtracting the appropriately 
scaled background (solvent) scattering intensity 
()69#:".*) from the measured scattering intensity, )(+) 	=
	)6078#" 	− 	Q)69#:".*, with Q being the scaling parameter. 

Rheology 

Shear rheology measurements were performed on an 
Anton Paar MCR 302 rheometer. A cone and plate 
(diameter: 10 mm with a cone angle of 2°) was used for 
the inks, and a plate-plate geometry (diameter: 8 mm 
and gap size: 0.6 mm) was used to measure the 
hydrogels after photocrosslinking. Appropriate 
amounts of GelMA/bPE inks were loaded on the lower 
plate and excess volume was trimmed once the cone 
and plate reach the measuring gap. GelMA/bPE 
hydrogels were prepared by pipetting 75 µL of ink into 
a cylindrical polydimethylsiloxane (PDMS) mold 
(diameter: 8 mm, height: 1.5 mm) and the ink was 
irradiated with UV radiation for 5 minutes (302 nm, 8 
W). The crosslinked GelMA/bPE hydrogels were then 
transferred into the parallel plate geometry for 
measuring. Rheological data was acquired at 37 °C for 
bPE and GelMA-bPE formulations and hydrogels. A 
solvent trap and a Peltier temperature control system 
were used to minimize water evaporation and perform 
temperature ramp experiments. Prior to studying 
rheological properties, samples were pre-sheared and 
equilibrated by applying an oscillatory shear 7 = 100% 
for 30 s, followed 7 = 1% for 5 mins. 

3D Printing Demonstrations 
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For extrusion-based 3D printing of GelMA/dbPE or 
GelMA/tbPE inks, the formulations were prepared and 
filled into a 2 ml syringe (Inkjet Luer Lock Solo, VWR) 
which was fitted with a conical needle (diameter: 0.25 
mm, Vieweg GmbH). The ink-loaded syringe was 
inserted into a temperature-controlled and piston-
driven 3D printer (BioSpot BP, Biofluidix GmbH). The 
temperature was fixed at 37 °C for 30 min before 
extrusion. Grid structures were printed (12 × 12 mm) 
using custom-written G-codes, and photocured under 
ultraviolet (UV) light for 60 s. The printing speed was 
set at 5 mm/s during the printing procedure. 
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