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While tough hydrogels are being intensively devetb@as robust scaffolds in biological
research and biomedical engineefnd,the application of these hydrogels is often sdyere
limited by their incapability to encapsulate viabkdls or form functional three-dimensional (3D)
structures. Here, we report a new alginate-polyy{enhe glycol) hydrogel with designed, bimodal
chain-length distributions and hybrid crosslinkitiigit can achieve high stretchability (>500%),
toughness (>1500 JA)- and encapsulation of human mesenchymal sters @(@SCs) with

high viability (>80%). Using biocompatible nanoctatp tune the viscosity of pre-gel solutions,

we further print the tough and stretchable hydragge a wide variety of complex structures that
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can act as a structural scaffold to host cells.in@wo its simple one-step synthesis and facile 3D
printing, we expect the new hydrogel will find bdoand important applications; for example, to
develop cellularized constructs that can withstdmgh in vivo stretch, or to mechanically
stimulate hMSCs at high strains in 3D hydrogel f&dd$ in vitro or in vivo for controlled

differentiation or tissue regeneration.

Living tissues usually have high fracture toughnassrder to withstand substantial
internal and external mechanical lo&}g his challenges researchers to design hydrogpksbte
of achieving similar toughness in order to withstghysiological mechanical loads.Despite
recent success in developing tough hydroets®'® the fabrication of these hydrogels often
involves toxic chemicals and/or harsh reactiomsjting their capability to encapsulate cells. In
addition, it is desirable to fabricate cell-embetideydrogels with macroporous architecture
conducive to generation of complex tissues. Whidep8inting offers rapid prototypirf2° and
can print hydrogels into complex 3D structuresftorctions such as vascular netwdtks®! and
aortic valved?® 22 jt has not been able to print tough hydrogels witmplex geometry other
than simple and flat structures such as dog-bomples due to the difficulty of controlling pre-
gel solutions’ viscosit{?!

Here, we chose the biocompatible materials sodilgmate and poly (ethylene glycol)
(PEG) to constitute an interpenetrating netwdtigre 1). The resultant hydrogel of covalently
crosslinked PEG and ionically crosslinked alginadssesses high fracture toughness and allows
cell encapsulationFigure 2 and 3). (Detailed formulation of the hydrogel is desedbin the
Experimental Section). We hypothesize that the heagg of this biocompatible hydrogel relies
on a combination of two mechanisms: the revers#" crosslinking of alginate dissipates

mechanical energy, while the covalently crossligkof PEG maintains elasticity under large
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deformations (Figure 1). To test this hypothesis,waried the molecular weight of PEG (6,000
Da to 20,000 Da) and the concentrations of' @25 pl of either OM or 1M CaSGolution added
per 1 mL of the pre-gel PEG-alginate mixture) ie tmydrogels, and used pure-shear tests to
measure the fracture energies of the resultantolggds®®! (Details of the pure-shear test are
described irFigure S1). As shown irFigure S2a, the fracture energies of hydrogels withoutCa
are consistently low (below 211 Fnand they display negligible stress-strain hystisrérigure
S2b). Introducing reversible €acrosslinking into the hydrogels significantly ieases their
fracture energies. The increase in fracture eneygyso accompanied by significant increase in
stress-strain hysteresis, which indicates mechhndissipation in the hydrogels under
deformation (Figure S2b). In addition, the fractweergy of calcium-containing hydrogels
increases drastically with the molecular weightP®#G, because the longer polymer chains of
PEG allow for higher stretchability of the hydrog@Elgure S2a and c). These results validate the
hypothesis that the combined mechanisms of mechlaarergy dissipation and high elasticity
are critical to the toughening of the PEG-alginaydrogels. To further test the hypothesis, we
made a set of pure PEG hydrogels with differentetwlar weights and concentrations of PEG
and measured their fracture energies. From Figie &hd S3, it is evident that the fracture
energies of pure PEG hydrogels are significantlyelo than the corresponding PEG-alginate
hydrogels with C#, further validating the proposed toughening metman

By further optimizing the concentrations of polym@nd photo initiatord§gure S3and
S4), the resultant hydrogel with 20 wt % PEG and ®15% alginate can reach a maximum
fracture energy of ~1,500 Jn which is higher than the value of articular dagel?*
Furthermore, we used a digital image correlatiahtéué?® to measure the stress field around
the tip of a crack in the hydrogel under pure shesis. (Details of the digital image correlation

technique are described in the Experimental SeamhinFigure S5. As shown in Figure 2a,
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the crack in the hydrogel becomes highly blunted e principal stress/strain at the crack tip
before crack propagation reaches approximatelyttmate tensile strength/strain of the same,
unnotched hydrogel under pure-shear tension (Figbje This indicates that the alginate-PEG
hydrogel is indeed a tough, soft matel&ll.

In addition, since the mechanical energy dissipatiothe PEG-alginate hydrogel relies
on reversible crosslinking, the dissipative propet the hydrogel is partially recoverable after
deformatiort? We illustrated this point by stretching a hydrogample with the optimized
composition to a strain of 400%, followed by rel@o@ of the sample. The relaxed sample was
then kept in a humid chamber at 37 °C, and we tepethe stretch-relax tests after 30 minutes
and 24 hours of storage. Figure 2c shows that afteage at 37 °C for 24 hours, the deformed
hydrogel can achieve 58.9% of the hysteresis infitisé loading-unloading cycle, indicating
partial recovery of the dissipative properties thuesversible crosslinking of €a

The recovery of ionic crosslinking responsible &rergy dissipation contributes to the
maintenance of relatively high fracture energy bé thydrogel after deformatidh.? To
demonstrate this, we stretched a set of hydrogetifferent strains, ranging from 0% to 500%,
under uniaxial tension. The fracture energies efgre-deformed hydrogels were measured either
right after the pre-strain or after storage in anltichamber at 37 °C for 24 h. The measured
fracture energies of hydrogels under different girains are given in Figure 2t.can be seen
that pre-strained hydrogels have drastically redUcacture energies if tested immediately after
deformation, since the dissipative ionic crosslimks not have enough time to reform. On the
other hand, if pre-strained hydrogels are store87atC for 24 hours, they can recover most of
their high fracture energy. For example, a hydragddjected to a large strain of 500% and then

stored at 37 °C for 24 hours recovered 70.5% ofrtheture energy of the undeformed gel. Such
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retention of fracture toughness after deformatisncritical to the design of anti-fatigue
hydrogeld®

Both PEG and alginate are widely known to be biggatible and have been extensively
used in biomedical applicatioff$.28 We hypothesized that the tough PEG-alginate hyarogn
be used to encapsulate cells while maintaining higibility of the encapsulated cells for
biomedical applications. To test this hypothesiambn mesenchymal stem cells (hMSCs)
encapsulated in the hydrogels were monitored fability. Before encapsulation, 2 mL of PEG-
alginate mixture was prepared, and the hMSC suspengas centrifuged at 1000 rpm for 5
minutes. The cell pellet was re-suspended with Z®{ul-2959 (1%, w/vol in HO) and mixed
with PEGDA-alginate solution to seed a final cedindity of 3x18 cells/mL. Then, 50 pL of
CaSQ-2H0 slurry was thoroughly mixed into the hydrogel,isthwas then transferred to a
glass mold and exposed to 365 nm UV light for 1@utes to crosslink the solution into PEG-
alginate hydrogel. The hydrogel was immersed-minimum essential medium with 20% fetal
bovine serum and 1% penicillin/streptomycinve/dead assays were used to determine cell
viability in the hydrogel over the course of 7 daysom Figure 3a, it can be seen that high cell
viability, ranging from 86.0 + 3.8% to 75.5 + 11.6%as maintained over seven days of culture.
The result indicates that the current synthesishef PEG-alginate hydrogel is a benign, cell-
friendly process and the resultant hydrogel alldarsnutrient diffusion and waste transport to
support viable cell culture over extended periodsnee.

Because the PEG-alginate hydrogel is highly stedileh and tough, the hMSCs
encapsulated in this 3D extracellular matrix carhighly deformed by stretching the hydrogel.
To illustrate this point, the hydrogel with encapsed hMSCs was stretched to various strains
from 0% to 300%, and then fixed on a clean glaske sThe stretched gels were imaged under a

Zeiss LSM 510 inverted confocal laser microscops. shown in Figure 3b, both the actin-
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filament network and nuclei are highly deformedetibgr with the gel. Consequently, the ratio
between two axes of cell bodies and nuclei draticacreased with applied strains, as shown in
Figure 3c.

Next, we demonstrate the capability of printing fAEG-alginate hydrogels into various
complicated 3D structures that can also be celiddr Controlling the viscosity of the pre-gel
solution is critical to the success of printing 3Buctures of hydrogel§” 18 291t is usually
desirable for the pre-gel solution to have reldyidew viscosity at high shear rate but much
higher viscosity at low shear rate, so that thegalesolution can easily flow out of the printertbu
maintain its shape once printéti?? 3Here, we chose to use bio-compatible nanoclaydhi
XLG, BYK Additives, Inc., TX) to control the viscdg of the pre-gel solutiddt! by
incorporating it into the PEG/alginate hydrogeleTimanoclay particles physically crosslink both
with themselves, as well as with the polymer neksasf the PEG and alginate to increase the
viscosity of the pre-gel solutid?? 23/ A cone and plate rheometer (TA Instruments, Newsti€a
DE) was used to confirm the increase in viscoditthe pre-gel solution as a function of nanoclay
content, while maintaining its ability to shearrtland flow under the high shear rates present in
the extrusion needlé(gure S6).

Because nanoclay significantly enhances the vigco$ the pre-gel solution and also
increases its shear-thinning properties, we chiosdEG-alginate-nanoclay system as the ink of
our 3D printer (Fab@Home Model 3, Seraph Robotlos,, NY). The printing process is
described in the Methods section.Aigure 4a and Supplementary Movie 1 we show that the
PEG-alginate-nanoclay hydrogels can be printeddnterse shapes such as a hollow cube, hemi-
sphere, pyramid, twisted bundle and physiologieadlgvant shapes such as human nose and ear
models. Printed objects may also be composed ofipteuimaterials, which is illustrated in the

two-color mesh in Figure 4b. The mesh consistsltefraating layers of PEG-alginate-nanoclay
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that either contains red or green food dye to destnate this concept. The spatial resolution of
the printed objects depends on factors such asspemf the printer, the pre-gel viscosity and
extrusion needle diameter, and is approximately jp®0with the current printer. This resolution
is consistent with previous reports on hydrogaldtires printed with the same type of printer
(i.e., Fab@Home¥' 22l Tough hydrogel structures of higher resolutionyrb@ achieved by
using the PEG-alginate-nanoclay system with a 3btgrof higher precision.

To investigate the biocompatibility of the printédugh hydrogel with incorporated
nanoclay, human embryonic kidney (HEK) cells weneapsulated into a type 1 rat tail collagen
solution (Corning Inc., Corning, NY), which thenligd throughout the interconnected pores of
the printed PEG-alginate-nanoclay mesh to form enpmsite hydrogel Higure S7). The
encapsulated HEK cells were seeded at a concamtrafi3x16 cells/mL of collagen gel, and
maintained high viability (~95%) over the course/afays of culture (Figure 4c and 4d).

The printed hydrogel structures are also highlpeable and tough, demonstrating that
the added nanoclay does not significantly affeetstiperior mechanical qualities of the hydrogel.
As shown in Figure 4e, a printed mesh of the hyerogas uniaxially stretched to 300% of its
undeformed length, held for one minute, and allow@delax to its initial state. The mesh
experienced very little permanent deformation, sitiee long-chain PEG network maintains the
high elasticity of the hydrogel. Figure 4f aBdpplementary Movie 2show a printed pyramid
that undergoes 99% compressive strain and regd@itsd its original height within 5 minutes of
unloading.

In conclusion, we have created a tough hydrogeiprsed of PEG and sodium alginate
that can be used for cell encapsulation. The hyarogn endure high stress in both tension and
compression and has a fracture toughness abov® I8, making it tougher than natural

cartilage and yet with water content (~77.5 wt %@t tis tunable and within the physiologically
7
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acceptable range. The reversible crosslinkindnefalginate dissipates mechanical energy under
deformation and the long-chain PEG network maistdiigh elasticity of the hydrogel; these
phenomena combine to result in a robust, tough dgalr Encapsulated cells showed high
viability over 7 days, averaging 75.5 + 11.6% is PEG-alginate hydrogel and 95% in infiltrated
collagen between the pores of a printed PEG-alginahoclay mesh. In addition, we were able
to print the tough hydrogel into complicated 3Dustures by using nanoclay to control the pre-
gel solution’s viscosity. To our knowledge, thiady is the first to demonstrate a hydrogel that is

not only tough and 3D-printable, but suitable famd-term cell culture as well.

Experimental Section

PEG-alginate hydrogel fabrication: PEG powder was purchased from Sigma Aldrich and
modified into poly (ethylene glycol) diacrylate (BBA) according to previously published
protocol$* and dissolved in deionized water (DI, 40 wt %)oBn sodium alginate solution (5
wt %) was mixed with 40% PEGDA solution. After degmg the solution in a vacuum chamber,
Irgacure 2959 (I-2959) and calcium sulfate sluriy( CaSQ-2H0) were added as photo
initiator for PEGDA and ionic crosslinker for algite, respectively. The mixture was then
carefully poured into a glass mold and cured undgaviolet light (365nm wavelength) for
10min. PEGDA chains covalently crosslink via raticgenerated from the photo initiator (I-
2959) when exposed to UV and form a covalent, tuiogtwork capable of large deformation. In
contrast, alginate is ionically crosslinked in thresence of divalent cations (such agCand
imparts stiffness into the network. These ionic d®neversibly form, break, and reform in the
hydrogel’s aqueous environment and enable fastveggaafter deformation. As the network is
stretched, the ionically crosslinked alginate chamlease entrapped divalent cations and

dissipate applied mechanical energy while covajerrtbsslinked PEGDA elastically deforms in
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the direction of the load. When the hydrogel iseasked from stress, alginate recovers its
crosslinking by recombining the calcium cationsfteAcuring, mechanical tests were performed
at room temperature using a dynamic mechanicayaea(RSA lll, TA instruments, DE).

Digital image correlation: As is illustrated by Figure S5, digital image cdat®on is a non-
contact optical technique that allows full-fieldrash measurement on a surface under
deformation*® A random speckle pattern was generated on thacudf a sample via spray
painting. Images of speckle patterns at both thereace state and deformed state were recorded
by a standard video camera during the process eofddformation. Based on the video, the
commercial software VIC-2D (Correlated Solutions.JrColumbia, SC) was applied to measure
strain mapping of the deformed sample. Essentibb{h images were transformed to grayscale
matrices. To track the surface displacements obrdghg materials, a mathematically well-
defined correlated function was applied to matditaiized images before deformation and after
deformation

> AXY)B(X,Y)
O AXY)?* > B(X,y)A)Y?

r(xy)=1-

A(x,y) is the gray level at the location ¢, y)at reference statd(x ',y  répresents the gray

level at the location ofx”,y" 3t deformed state. The relation betwdan, y* anji (x,y) can be

related as:
X =Xx+u +a—qu+a—uAy
ox oy
y = y+v+@Ax+ﬂAy
ox oy

Where u and v respectively represents the displacements in ihecttbn of x andy .The

displacements can be determined by minimizing trestation functiom (x, y) .
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Cdll culture: Bone-marrow-derived hMSCs were provided by Tulaiméversity Health Sciences
Centre and cultured im-minimum essential medium supplemented with 20%l febvine serum
and 1% penicillin/streptomycin at 37 °C and 5%CThe 4- passages of hMSCs were used in
this study. HEK-293 cell line was obtained from ATQManassas, VA) and cultured in
Dulbecco's modified eagle medium (high glucose)hwi0% fetal bovine serum and 1%
penicillin/streptomycin. Cells were trypsinized wi0.25% Trypsin-EDTA (Life Technologies,
Grand Island, NY) before being counted and mixetth wie gel precursor solution.

Viability test: To perform viability testing, the samples weresthved in 1X Dulbecco's phosphate
buffered saline before soaking in 2uM Calcein AMg(Ba-Aldrich, St. Louis, MO) and 5uM
propidium iodide (Sigma-Aldrich, St. Louis, MO) stibn for 30 min. Fluorescent images were
taken using Zeiss LSM 510 inverted confocal micopsc provided by Duke University Light

Microscopy Core Facility.

Collagen gel preparation for cell encapsulation: Type 1 rat tail collagen (Corning Inc., Corning,
NY) was diluted with 0.6% acetic acid (Sigma-AldrjcSt. Louis, MO) to a final collagen
concentration of 2mg/ml. This solution was neupedi with 5M NaOH (Sigma-Aldrich, St.
Louis, MO), and 10Xx-minimum essential media (Sigma-Aldrich, St. Lol)) was added to

a final concentration of 1X. HEK cells were addadd the solution formed a gel over the course

of 30 minutes of incubation at room temperature.

Cdll staining for stretch testing: The samples were fixed with 4% paraformaldehydedtEbn
Microscopy Sciences, Hatfield, PA) for 30 min befataining with Alexa Fluor® 488 Phalloidin
for the actin-filament network (Life TechnologigSrand Island, NY) and DAPI for the nucleus
(Sigma-Aldrich, St. Louis, MO) for 1 hour. The sdegpwere washed with PBS for three times

before being mounted on a glass slide for imaging.
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3D Printing PEG-alginate-nanoclay hydrogel: PEGDA-alginate mixture was prepared as
described above, but Laponite XLG (final concemratS5 wt %) was first dissolved into

deionized water, followed by PEGDA. This gel waswkd to homogenize and settle overnight,
after which it was mixed in a 1:1 ratio with thevB% alginate solution and allowed to equilibrate
for one additional day. After degassing, 1-2959 &aSQ solution were added to the pre-gel
solution. The PEGDA-alginate-nanoclay pre-gel solutwas then loaded into extrusion

cartridges, which were placed on the printing eaei of 3D printer for extrusion through a 15G-
20G flat tip needle. During printing, the pre-gelwtion experienced shear thinning inside the
extrusion needle, and quickly regained its visgogpon exiting. Following extrusion, the flat

printed shapes were encased in glass slides anddpla the UV chamber to complete covalent
crosslinking of the PEGDA polymer chains. Three-eltsional shapes were crosslinked in a
sealed, nitrogenous environment under a 100mWtEN source with emission peaks centered
on 365nm. Since the viscosity of hydrogel was enbdrby adding nanoclay, it was able to be
printed into various shapes free from vertical fation (Figure 4a). Controlling the concentration
of nanoclay in the gel permits the viscosity todpgimized for extrusion-based printing while

still maintaining three dimensional structures withrequiring support material (Figure S4).

Supporting Information
Supporting Information is available from the Wiléyline Library or from the author.
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Figures and Figure Captions

WWWWWWAWAMWAML-  PEGDA UV

"N~ :Alginate

° : CaZ*ion

Figure 1. Schematic diagrams of the biocompatible and tohgtirogel. PEG and alginate
polymers are covalently and ionically crosslinkadbtigh UV exposure and &arespectively.
As the hydrogel is deformed, the alginate chaiesdatached from the reversible ionic crosslinks
and mechanical energy is dissipated. Once the hgtiie relaxed from deformation, it regains its
original configuration since the covalently croskBd PEG network maintains the elasticity of
the hydrogel. Over time, some of the ionic crosdim the alginate network can reform in the
deformed and relaxed hydrogel.
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Figure 2. . Mechanical properties of the hydrogel. stretch along x-direction in a notched
sample of the hydrogel under pure-shear testomparison of the critical strain and stress at th
crack tip before crack propagation and the failstrain and stress of a sample without notch
under pure-shear tensiort. stress-strain hysteresis of the hydrogel underfiteeand second
cycles of deformation. The sample was stored umid chamber at 37 °C for 5 min or 24 h
between the two cycles of deformatiodh. fracture energies of hydrogels pre-deformed to
different strains. The fracture energies were meakuight after the pre-deformation or after
storing the hydrogel in a humid chamber at 37 Cfbh.
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Figure 3. hMSC encapsulation in the hydrogal. \MSC viability results over 7 days (inset:
Live/dead assay images after 7 days from encapsu)atb, deformation of the hMSC
encapsulated in the hydrogel matrix, which wastctel to different straing, ratio of nucleus
and cell body as a function of the applied strairitee hydrogel matrix.
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Figure 4. 3D printing of tough and biocompatible PEG-Algieatanoclay hydrogels, various
three-dimensional constructs printed with the hgeto(from left to right: hollow cube, hemi-
sphere, pyramid, twisted bundle, the shape of anaga a nose. Non-toxic red food dye was
added post-print on some samples for visibilityph, a meshprinted with the tough and
biocompitable hydrogel. The mesh was used to h&s#( Eklisc, live-dead assay of HEK cells in
a collagen hydrogel infused into the 3D printed imefsthe PEG-Alginate-nanoclay hydrogel,
viability of the HEK cells through 7 days, a printed bilayer mesh (top layer red, bottom taye
green) is uniaxially stretched to three times sfiititial length. Relaxation of the sample after
stretching shows almost complete recovery of itgial shapef, a printed pyramid undergoes a
compressive strain of 99% while returning to itgioal shape after relaxation.
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A 3D printable and highly stretchable tough hydrogé is developed by combining PEG and
sodium alginate, which synergize to form a hydrdgabher than natural cartilage. Encapsulated
cells maintain high viability over 7 days culturerijpd and are highly deformed together with the
hydrogel. By adding biocompatible nanoclay, thegtounydrogel is 3D printed various shape
without requiring support material.

Sungmin Hong Dalton Syck§ Hon Fai Chah Shaoting Lin, Gabriel P. Lopez, Farshid Guilak,

Kam W. Leong, and Xuanhe Zhao

Three-Dimensional Printing of Highly Stretchable ard Tough Hydrogels into Complex,
Cellularized Structures
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Fracture energy of the hydrogel measured with the pre-shear test

A pure-shear test was used to measure the fraengegy of the hydrogel. As illustrated in

Figure S1,we separately stretched two identical samples thighsame thickness, widthW,
and initial gauge length,, wheré\, >>L, >>T,. One sample was notched with a crack with
length of ~0.9\, and the other was un-notched. The notched samgéestvetched to a critical

distance L, (length at which crack propagation began), while tm-notched sample was

stretched to measure the force-displacement cufhe. fracture energy of the gel can be

L
Fdl

Lo

calculated by = :
WOTO

Notched sample

Force, I7

Ly L

Displacement, /

Figure S1. Schematic of the pure-shear test for measuringuracenergy of hydrogelsa,

notched samples are stretched to a critical disthpcat which point crack propagation occuss;

un-notched samples are stretched.tq with the forcef recorded and the fracture energy of the

hydrogel calculated aB = (I:Fdl)/(VVOTO) , whereW,, T, and L,represents width, thickness and

initial gauge length of the sample, respectively.
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Effect of Ca?* and molecular weight of PEG on fracture energy andhysteresis

Mechanical properties were measured for PEG-algihgtirogels with PEG of various molecular
weights with or without CG4. Each molecular weight of PEG (6,000, 10,000, @0@0 Da, all
held at 20 wt%) was mixed with the same concemwinatif alginate (2.5 wt%) and crosslinked

under 365nm UV for 10 min.
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Figure S2.a, Comparison of fracture energies of PEG-alginatdrdgels without and with G
(50ul of 1M CaS@®@ 2HO per 2mL of pre-gel solution) and pure PEG hydi®gs a function of
molecular weight of PEQ, stress-strain hysteresis loop of 20 kDa PEG-algihgtrogel with

and without C#'. ¢, ultimate tensile strain as a function of PEG roolar weight.

21



WILEY-VCH

Fracture energy of the hydrogel as a function of PG concentration

The effect of PEG concentration on fracture enesfjyhe hydrogel was investigated. Various
concentrations of PEG-diacrylate (molecular wei@i®,000Da) were mixed with a fixed
concentration of alginate (2.5 wt%) in the pre-gelutions. As shown ifrigure S3 higher
concentrations of PEG increase the fracture enefdlge hydrogel. We chose 20 wt% PEG for
the pre-gel solutions of PEG-alginate hydrogelghe current study, since the corresponding
hydrogel readily exhibits fracture energy valuegpassing 1,000 Jfa As a control study, we
also measured the fracture energy of hydrogels niiasie PEG-diacrylate (molecular weight

20,000Da) without alginate.
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Figure S3. Fracture energy as a function of PEGDA conceiotnah the pre-gel solution.
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Effect of photo initiator density on the fracture energy of PEG-alginate hydrogel

Various concentrations of photo initiator (I-2958gre mixed in the PEGDA-alginate pre-gel

solutions. The concentration of 20 kDa PEGDA amgihaite was fixed to be 20 wt% and 2.5 wt%,
respectively. The fracture energy of the result®iEG-alginate hydrogel varies with the

concentration of 1-2959 as shownHigure S4
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Figure S4. The effect of I-2959 concentration on fracturergy of the hydrogel
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Digital image correlation to measure the strain fild of the deformed hydrogel

- Reference state Deformed state

s
g

Figure S5. Schematic illustrating the digital imagecorrelation technique. A random speckle
pattern was spray painted onto the surface of @kanmages of the speckle patterns at both the
reference state and deformed state were recordedsbgndard video camera throughout sample
extension. The surface strain was measured by mgtthe digitalized images before and after

deformation via VIC-2D software.
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Viscosity of pre-gel solutions with various concemnations of nanoclay

The viscosity of pre-gel solutions with various centrations of nanoclay was tested in an AR

G2, Z cone and plate viscometer (TA Instruments, NewIEaBIE). Each sample was tested in a

shear ramp test running from 0.G1tHrough 1008 shear rate over the course of two minutes. At

low shear rates, increasing the concentrationayf ak well as adding 50u! of 1M €ger mL of

pre-gel solution raises the viscosity; this allothe printed pre-gels to maintain their shapes

before the PEGDA is

crosslinked. The hydrogel bedinshear thin at a critical shear rate; this

results in an inverse relationship between visgasid shear rate.
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Figure S6.Viscosity of

of shear rate.

shear rate (1/s)

the pre-gel solution with various centrations of nanoclay as a function
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Printed mesh of PEG-alginate-nanoclay hydrogel imnmmsed in collagen

A printed mesh consisting of the previously desmlillPEG-alginate-nanoclay hydrogel was
immersed in a cell-laden (HEK cells) collagenousitson. The collagen infiltrates into the mesh

of the PEG-alginate-nanoclay hydrogel. At 22 °@ tollagen solution gelled over the course of
20 minutes to form a composite hydrogel composecbidgen gel between the channels of the
printed PEG-alginate-nanoclay mesh, as shown beldvgure S7. Cell viability in the collagen

remained approximately 95% throughout a 7 day stasghown in Figure 4c.

Figure S7.An illustration of a 3D printed PEG-alginate-nalagchydrogel mesh (shown above

in tan) with collagen gel (gold) formed throughthe interconnected pore network.
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Supplementary Movie 1.This movie shows a direct fabrication of a 3D log#l cube without

the need for support material or post-processindifications.
Supplementary Movie 2.This movie demonstrates recovery of a printed mpydaof the PEG-

alginate hydrogel from compression test. It couithstand 99% compressive strain and nearly

recover its original shape when the strain wasassd.
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