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extensional forces during extrusion, resulting in cell mem-
brane damage and death.[9,10] Third, viscous fluids are typically 
printed and crosslinked in air to avoid bioink dilution and flow, 
resulting in potential dehydration of the encapsulated cells. 
Each of these challenges are worsened by longer print times, 
which are required as the field advances to create more complex 
and larger printed structures.

To address the challenge of cell sedimentation in the print 
cartridge, suspensions of microgels or weak extrudable hydro-
gels have been used as bioinks.[11,12] However, most of these 
materials are still printed in air, which can lead to cell dehy-
dration. Hydrogel bioinks also require higher print pressures, 
and it is unknown how these increased mechanical forces 
might impact cell viability during extrusion. To address these 
challenges, here we report the design and development of a 
new gel-phase bioink with dual-stage crosslinking that main-
tains cell homogeneity, provides mechanical protection during 
printing, and prints within an aqueous medium to prevent 
dehydration (Figure 1A).

The initial crosslinking mechanism is based on a two-
component hydrogel with complementary peptide-binding 
domains designed into each component. This class of hydrogel 
is referred to as a mixing-induced two-component hydrogel, or 
MITCH.[13,14] Upon mixing, the complementary domains heter-
oassemble, forming physical crosslinks between the two com-
ponents to create a weak hydrogel network (Figure 1B). Previ-
ously, our group has demonstrated that weak hydrogels can 
provide significant mechanical protection to encapsulated cells 
during clinically relevant cell transplantation procedures, as 
compared to cell transplantation using a fluid medium.[10,14,15] 
These weak hydrogels are thought to provide mechanical 
shielding during transport through the syringe needle, 
resulting in less cell membrane damage. Therefore, we hypoth-
esized that a weak, physical hydrogel design may also be able 
to provide mechanical shielding during bioink printing. Fur-
thermore, the presence of a gel-phase bioink within the print 
cartridge is expected to prevent cell sedimentation and printer 
clogging.[12] Upon application of low pressure, binding between 
the peptide-peptide domains should be disrupted, resulting in 
hydrogel shear-thinning into an easily extrudable bioink.

The first component of our new bioink is based on the poly-
saccharide Alginate, which is commonly used as a viscous fluid 
bioink.[1,16] To enable Alginate to function as a gel-phase bioink, 
we modified each Alginate chain (MW 75–200 kDa) with an 
average of about ten proline-rich peptide domains (termed P1) 
(Table S1 for amino acid sequence and Figure S1 of the Sup-
porting Information) via NHS (N-hydroxysulfosuccinimide)-
conjugation chemistry. The second component of the bioink 
is a recombinant, engineered protein (termed C7) developed 
by our group that contains seven repeats of a complementary 

Tissue engineering strategies have been historically limited in 
their ability to precisely pattern multiple cell types to match 
the complexity of natural tissues. 3D printing has emerged 
as an ideal solution for this challenge, allowing engineers to 
design and construct multicellular architectures in minutes to 
hours.[1] While 3D printing of thermoplastics both in industry 
and the general public has seen vast growth in the past five 
years, translating this technology into cell-based printing is still 
an emerging field. A key limitation preventing the widespread 
use of cell-based additive patterning is the lack of cell-compat-
ible bioinks that have the required properties for scalable 3D 
printing.[2] To date, most proof of concept bioprinting studies 
have utilized commercially available biomaterials or biomate-
rials that were previously reported in the literature and origi-
nally designed for other applications. As the community moves 
toward printing larger and more complex tissue constructs, 
more stringent requirements are demanded of the bioink. In 
particular, three current challenges of many commonly used 
bioinks prevent their use in scalable bioprinting technology; 
these include maintaining a homogeneous cell suspension 
in the print cartridge,[3] avoiding cell damage during extru-
sion,[4] and ensuring cellular hydration throughout the printing 
process.[5]

Hydrogels are a material of interest for tissue engineering 
applications, due to their ability to mimic cell interactions 
with the extracellular matrix.[6a-c] In many current bioprinting 
setups, the bioink is a viscous polymer solution into which 
cells are added in the print cartridge. Post-printing, the bioink 
is crosslinked to form a hydrogel that encapsulates the cells.[1] 
While use of viscous fluid bioinks facilitates easy loading into 
the print cartridge, it has three major drawbacks. First, cells 
in viscous fluids experience sedimentation,[7] resulting in 
printer clogging as well as inhomogeneous distributions in 
the print cartridge as well as in the final printed construct.[8,9] 
Second, cells in viscous fluids experience substantial shear and 
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peptide that folds into a WW domain and heteroassembles 
with P1 in an exact 1:1 stoichiometry[13,17] (Table S1, Supporting 
Information). When mixed together, these two components 
form a new gel-phase bioink MITCH-Alginate. In the absence 
of divalent cations, MITCH-Alginate crosslinking occurs solely 
through the engineered peptide–peptide interactions, resulting 
in a weak hydrogel (G′ ≈ 20 Pa, Figure 1C). In contrast, when 
exposed to divalent cations (10 × 10−3 m calcium for 10 min), a 
secondary crosslinking step occurs along the Alginate backbone 
through ionic interactions,[18,19] stiffening the original hydrogel 
network over two orders of magnitude (G′ ≈ 4 kPa, 1C).[18]

Once exposed to calcium, the moduli and diffusivity prop-
erties of MITCH-Alginate are similar to unmodified Alginate 
(Figure S2, Supporting Information), but MITCH-Alginate 
provides the advantages of both a primary crosslinking step 
and the presence of cell-adhesive domains within the C7 pro-
tein. This dual-stage crosslinking strategy was hypothesized to 
enable direct printing into a fluid bath, as the MITCH-class of 
hydrogels formed through peptide–peptide interactions exhibit 
rapid self-healing (typically within seconds),[13–15,17] which 
should maintain the printed structure even upon extrusion 
within an aqueous solution. Printing directly into a calcium 
bath thus serves two roles: providing increased mechanical 
support to maintain the printed structure and preventing cell 
dehydration, which is a major cause of bioprinting cell death.[20] 
Scientists estimate that the therapeutic threshold for full organ 
replacement with a printed construct is between 1 and 10 bil-
lion viable cells per organ.[21] As tissue engineers begin to print 
these larger and more complex tissue constructs, the duration 
of printing time is estimated to be tens of hours.[22] Thus, for 
effective scale-up of 3D bioprinting technology, bioinks that 

enable printing within fully hydrated conditions will become 
even more critical. To confirm the rapid and reversible shear-
thinning and self-healing of the primary crosslinking network 
within this new MITCH-Alginate formulation, alternating 
high and low shear rates (10 s−1 and 0.1 s−1) were applied in 
the absence of calcium. When high shear rate was applied (as 
would be experienced in the nozzle during printing), viscosity 
decreased more than tenfold within 3 s. When low shear rate 
was applied (as would be experienced post-printing), viscosity 
rapidly increased for the first ≈3 s, indicative of return to the gel 
phase, followed by a gradual continued thickening for another 
≈15 s until the maximal viscosity was achieved (Figure 1D). 
This shear-thinning and self-healing behavior was fully revers-
ible across multiple cycles.

We next quantified cell viability after encapsulation in the 
newly developed hydrogel to evaluate cytocompatibility. Both 
fibroblasts (NIH 3T3s) and pluripotent stem cells (human adi-
pose-derived stem cells, hASCs) were used as proof of concept 
cell types for this paper. Fibroblasts were selected for their role 
as a support cell and their influence in epithelial–mesenchymal 
interactions, which may be beneficial in printing multicell-type 
structures.[23] hASCs were selected due to their high potential 
for clinical translation, as they can be obtained using a relatively 
noninvasive isolation process from adult fat tissue lipoaspirate 
and provide excellent, patient-specific, regenerative potential.[24] 
Both fibroblasts and ASCs are components of adipose tissue, 
and combinations of stem cells and fibroblasts have been used 
for adipose tissue engineering.[25] Both 3T3s and hASCs exhib-
ited high viability (97% and 96%, respectively) when encap-
sulated in MITCH-Alginate (0 × 10−3 m calcium) for 1 h and 
assessed using Live/Dead staining (Figure 1E). These data 
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Figure 1. A) Schematic depicting the benefits of MITCH-Alginate bioink for each stage of the printing process. B) Schematic of the two material com-
ponents of MITCH-Alginate and its dual-stage crosslinking. In the first stage, noncovalent binding between two complementary peptides forms a weak 
gel upon mixing of the two polymer components. In the second stage, ionic crosslinking occurs between calcium ions in solution and the alginate 
backbone of component 1. C) Storage moduli (G′, closed symbols) and loss moduli (G″, open symbols) of MITCH-Alginate after the first stage and 
second stage of crosslinking (0 × 10−3 and 10 × 10−3 m calcium, respectively), demonstrating a 100-fold increase in modulus after exposure to calcium. 
D) Rapid shear-thinning and self-healing behavior of MITCH-Alginate after the first stage of crosslinking mimics the material transition from within the 
cartridge (low shear, 0.1 s−1) to passing through the nozzle (high shear, 10 s−1). E) Live/Dead (green/red, respectively) staining of 3T3 fibroblast cells 
and hASCs encapsulated in MITCH-Alginate after the first stage of crosslinking confirms high cell viability (97.0% and 96.2%, respectively).
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support the hypothesis that encapsulation in a weak hydrogel 
formed through peptide–peptide interactions in the absence of 
chemical crosslinkers and initiators can maintain high levels of 
cell survival.

We next evaluated the ability of the MITCH-Alginate 
hydrogel to prevent cell sedimentation, which is a major bio-
printing concern as print times become longer. Prelabeled 
3T3s were homogenously dispersed in MITCH-Alginate or an 
unmodified Alginate solution as a control, both with 0 × 10−3 m 
calcium, and allowed to rest for 1 h. Imaging was performed 
along the z-axis of the cartridge, and the fraction of total cells in 
each quadrant along the z-axis was quantified. The cell fraction 
was similar (≈25%) across each quadrant for cells encapsulated 
in MITCH-Alginate, demonstrating that a homogenous cell 
dispersion was maintained. In contrast, for the Alginate solu-
tion, there were statistically fewer cells in quadrant 1 (i.e., the 
top quadrant) and statistically more cells in quadrant 4 (i.e., the 
bottom quadrant), demonstrating that significant cell sedimen-
tation occurred in these samples (Figure 2A,B). Thus, these 
data confirm our hypothesis that a weak hydrogel is prefer-
able to that of a viscous fluid for maintaining cell homogeneity 
within the print cartridge, even for relatively short print times 
of 1 h.

We next explored the potential cell-protective qualities of 
the new hydrogel during printing. To investigate this con-
cept, cells were encapsulated in MITCH-Alginate and printed 

(cartridge = 10 mL syringe, nozzle = 32 gauge syringe, 
pressure = 10 psi) to determine the effect of extrusion through 
the nozzle on cell membrane integrity. For both cell types 
tested, 3T3s and hASCs, significantly fewer cells had damaged 
cell membranes (4% and 5%, respectively) when printed in 
MITCH-Alginate compared to unmodified Alginate (39% and 
19%, respectively, Figure 2C,D). These data are consistent with 
the hypothesis that weak, gel-phase bioinks can significantly 
improve cell viability during extrusion printing, when com-
pared to a viscous fluid bioink.

One of the main benefits of 3D printing is the ability to cul-
ture multiple cell types in geometrically patterned orientations. 
To evaluate the use of MITCH-Alginate in preparing patterned 
cell cocultures, we first evaluated the viability of each cell type 
individually for up to 7 d post-printing. At all time-points, both 
3T3s and hASCs were greater than 90% viable, as quantified 
using Live/Dead imaging (Figure 3A). To demonstrate cocul-
ture patterning, 3T3s and hASCs were prelabeled with green 
and red fluorescent cell trackers, respectively. The first geo-
metric pattern printed was a series of parallel lines alternating 
between 3T3s and hASCs (Figure 3B). After 7 d of culture post-
printing, the geometric pattern was still evident with minimal 
cell migration across the stripe boundaries, demonstrating 
maintenance of the printed cell/bioink construct over time. 
As a second demonstration, 3T3s and hASCs were patterned 
into overlapping perpendicular lines (Figure 3C,D). After 7 d 
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Figure 2. A) Representative images of prelabeled 3T3 cells after 1 h of encapsulation in unmodified Alginate or MITCH-Alginate; images were seg-
mented into four vertical quadrants (each with a height of 875 μm) for quantification of cell density. B) Statistical analysis of cell density within each 
quadrant demonstrates significant cell sedimentation within Alginate, while MITCH-Alginate maintains a homogeneous cell suspension. C) Live/Dead 
(green/red, respectively) staining of cells immediately after printing with unmodified Alginate or MITCH-Alginate. D) Quantification of the percentage 
cells with membrane damage immediately after printing with Alginate (Alg) or MITCH-Alginate (M-Alg), demonstrating that MITCH-Alginate provides 
significant protection from mechanical damage during printing for both 3T3 cells and hASCs.
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of culture post-printing, fluorescent imaging at the cross-over 
sites revealed that the pattern maintained two distinct vertical 
cell layers, again with minimal cell migration between the two 
stripes (Figure 3E).

In conclusion, we present a novel, two-component bioink 
to address three critical needs in cell-based bioprinting: main-
taining a homogeneous cell suspension in the print cartridge, 
avoiding cell membrane damage during extrusion, and ensuring 
cellular hydration throughout the printing process. These chal-
lenges were met by designing a shear-thinning hydrogel with 
two distinct crosslinking steps. In step one, molecular recog-
nition between two complementary peptide domains results 

in a weak hydrogel that prevents cell sedimentation and pro-
vides significant mechanical protection from membrane 
damage during printing, and rapidly self-heals after extrusion 
into an aqueous bath. In step two, ionic crosslinking increases 
the storage modulus of the gel more than 100-fold, providing 
mechanical support post-printing and maintaining long-term 
print fidelity. This novel bioink enabled the patterning of highly 
viable cocultures that maintained their spatial organization over 
one week of culture. By addressing the limitations of many cur-
rent bioinks, this two-stage bioink design strategy enables the 
scale-up of bioprinting technology to fabricate larger structures 
with more complex multicell patterns without compromising 
cell homogeneity or cell viability.

Experimental Section
Material Synthesis: P1 peptide (EYPPYPPPPYPSGC, 1536 g mol−1) was 

purchased from Genscript Corp (Piscataway, NJ, USA) and Alginate was 
purchased from Novamatrix (Sandvika, Norway) in the LVG formulation 
(MW 75–200 kDa). Alginate (0.02 g mL−1) was mixed with an equal 
volume of 0.2 m MES (2-(4-morpholino)ethanesulfonic acid sodium salt) 
buffer with 0.6 m NaCl, followed by addition of 5.2 × 10−3 m EDC (1-ethy/-
3-[2-dimethylaminopropyl]carbodiimide hydrochloride) and 2.6 × 10−3 m  
sulfo-NHS, reaction scheme provided in Figure S3 of the Supporting 
Information. Within 5 min of the EDC and sulfo-NHS addition, 
2 mg of P1 peptide per 10 mg of Alginate was mixed to the reaction 
solution. The solution was shaken for 20–24 h at room temperature 
and then dialyzed (7–10 kDa MWCO) against 4 L water for 2–3 d with  
3–4 changes of the dialysis bath. The dialyzed solution was 
lyophilized, weighed, and reconstituted in water at a concentration of 
0.01–0.02 g mL−1 immediately before use. To quantify the amount of P1 
conjugated on Alginate chains, a BCA (bicinchoninic acid) assay was 
performed according to the manufacturer’s protocol to measure the 
protein content of Alginate-P1 solutions compared to a BSA (bovine 
serum albumin) standard (Figure S1, Supporting Information).The C7 
protein was synthesized recombinantly as previously reported.[13]

Hydrogel Preparation: The hydrogel was prepared using a 10% by 
weight solution of the C7 polymer mixed with a 2% by weight solution 
of Alginate-P1. The two components were mixed in a 1:1 ratio using 
a pipette. For cell encapsulation, cells were first mixed with the C7 
component before being mixed with Alginate-P1 for encapsulation.

Rheological Characterization: Rheological properties were measured 
using a 25 mm diameter cone plate on a stress-controlled rheometer 
(AR-G2, TA Instrument, New Castle, DE). Components were mixed 
immediately before loading onto the rheometer, and a solvent trap was 
used to prevent dehydration of the gels. Strain sweep measurements 
were taken spanning 0.001%–5% strain. For shear-thinning and self-
healing analysis, alternating 1 min periods of constant, linear shear was 
applied at rates of 0.1 and 10 s−1.

Diffusivity Measurements: Diffusivity measurements were made using 
Fluroescence Recovery After Photobleaching (FRAP), where gels were 
saturated with fluorescently labeled dextrans of different sizes. Using a 
Leica TCS SP5 confocal microscope, an image was taken of the saturated 
gel at low light intensity, followed by a brief exposure to intense laser 
excitation, causing a 100 μm × 100 μm region of the gel to photobleach. 
A series of images were taken every 1.3 s for 1 min to track the recovery 
of dextran fluorescence. Diffusivity values were estimated using the 
method described by Jönsson et al.[26]

Cell Culture: Both NIH 3T3 cells and hASCs were cultured using 
media composed of high-glucose DMEM with l-glutamine, modified 
with 10% FBS (fetal bovine serum), and 1% penicillin/streptomycin. 
NIH 3T3 cells were purchased from Sigma-Aldrich. hASCs were isolated 
from deidentified human lipoaspirate from the flank and thigh regions 
by suction assisted liposuction. All tissue donors responded to an 
Informed Consent approved by the Stanford Institutional Review Board.
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Figure 3. A) Quantified viability of 3T3 fibroblast cells and hASCs printed 
with MITCH-Alginate over 7 d post-printing. B) Spatial arrangement 
of prelabeled hASCs (red) and 3T3 cells (green) printed with MITCH-
Alginate into a pattern of parallel lines at days 0 and 7, demonstrating 
long-term pattern maintenance. C) Macroscopic photograph and D) con-
focal microscopy image of prelabeled hASCs (red) and 3T3 cells (green) 
printed with MITCH-Alginate into a pattern of perpendicular lines (top-
down view). E) Confocal microscopy z-stack of perpendicularly patterned 
3T3 cells and hASCs at day 7, demonstrating cell layers retain their spatial 
fidelity over time.
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Printing: Printing was performed using a BioBots (Philadelphia, PA, 
USA) 3D bioprinter. Encapsulated cells were loaded into the cartridge 
of a 10 mL syringe fitted with a 32 gauge blunt-tipped nozzle (Jensen 
Global, Santa Barbara, CA, USA). The cartridge was then loaded into 
the BioBots printer, and the bioink/cell suspension was extruded at a 
constant pressure of 10 psi and a print speed of 4 mm s−1. The material 
was printed onto polyethylenimine-coated microscope slides immersed 
in a 10 × 10−3 m CaCl2 bath and allowed to cure for 10 min before moving 
the printed structure into cell culture medium.

Cell Settling Assay: Cells were prelabeled with Cell Vybrant DiO 
tracker (Thermo Fisher Scientific, Waltham, MA, USA) according to 
manufacturer’s protocol prior to encapsulation at a concentration of 
10 000 cells μL−1 with a total volume of 100 μL. The encapsulated cells were 
then placed into a plastic cuvette (Chamber volume: 70–550 μL; window 
dimensions: height = 3.5 mm, width = 2 mm, depth = 10 mm). The 
cuvette was partially sealed using styrofoam and placed in an incubator 
at 37 °C, 100% relative humidity, and 5% CO2 for 1 h. Immediately after 
removing from the incubator, the sample was gently rotated 90° to enable 
confocal microscopy imaging along the entire height of the chamber.

Statistical Analysis: All data are presented as mean ± standard deviation. 
Statistical comparisons were performed using Student’s t-test. Values 
were considered to be significantly different when the p value was <0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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