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Abstract

Tissue engineering ia rapidly growing field which requires advanced fabrication technologies
to generate celaden tissue analogs with a wide range of internal and external physical features
including perfusablechannels, cavities, custom shapes, and spatially varying matediar cell
compositions. A versatile embedded printing methodolegyoposed in this worfor creating
custom biomedicahcellular and celladen hydrogel constructdy utilizing a biocompatible

microgel composite matrix bathSacrificial material is @tterned within a biocompatible



hydrogel precursor matrix bath usirgxtrusion printing to createthreedimensional (3D)
features; afteprinting, the matrixbath is crosslinked, and the sacrificial material i$lushed
awayto createperfusablechannels wthin the bulk composite hydrogel matriXhe composite
matrix bath material consgsbf jammed crosdéinked hydrogel microparticles (microgels) to
control rheology during fabrication along with a fluid hydrogel precursor which is-tniesl
after fabri@ation to formthe continuousphaseof the compositdhydrogel For demonstratign
gellan or enzymatically crostinked gelatin microgels are utilized with a continuous gelatin
hydrogelprecursor solution to make the compositatrix bath herein;the composite hydrogel
matrix is formed by crostinking the continuous gelatin phasezymaticallyafter printing. A
variety of features including discrete channels, junctions, networks, and external contours are
fabricated in the proposed composite malrth using embeddgadinting. Cellladen constructs
with printed features are also evaluated; the microgel compogit®gelmatrices support cell
activity, and printed channels enhance proliferation compared to solid consivantsn static
culture The proposed method can be expandeda solid object sculpting methdal sculpt
external contours bprinting a shell of sacrificial ink anturther discardingexcesscomposite
hydrogel matrix after printing and creksking. While aqueous alginate solution is used as a

sacrificial ink, more advanced sacrificial materials camtilized for better printing resolution

1. Introduction

The progress ofidsue engineerindnas been recently promoted Ilyreedimensional (3D)
printing.® For tissue engineerintp be clinically relevant, the capability to fabrie@erfusable
thick tissues is indispensablgerein, thick tissues are referred to cellular tissues with a thickness

higher than the diffusion limit (usually 200 um lesss approximately)-ortunately, 3D printing



can be utilized to fabricate perfusable thick tissuies two complementary ways: freeform
fabrication in which théuild material formsa final construcior printing a sacrificial template to
define perfusablefeatures within a cast construct. Various approaches to Ipiimg cell-laden
tubular structures grerfusablechannelsy freeform fabrication have been developed including
inkjetting>1° laser printingt! and bathsupported extrusiotf'’ However, directly printing a
perfusable thiclconstruct while having fewer steps than approaches using sacrificial materials,
is inefficient because the buikk materialoccupies most of the construct volunhaithermore,

the channel morphologyay not be smooth enougteven if perfgable thick constructs are

achievable

Alternatively, 3D printedtemplates made of a sacrificial mateigve been more extensively
investigated for generating channel networks within biological constfdttdo mimic
vascularizedhick tissuesThere are two basic implementations of this strategy: casting a matrix
material around a prerinted sacrificial template (prinhg-thencastng) or printing asacrificial
template within a matrix precursor in the mold cavitasing-thenprinting, or embedded
printing). In general after thesacrificialtemplate is embedded in a matrix precursor material, the
matrix is cured and the sacrificial mateiigliquefied to create voids in the desiramhfiguration
within the consruct. The printingthencastingprocess is compatible witharioussacrificial and
matrix materials, relatively simple to implemenand requires no specific material
characteristics, save that the sacrificial material be soluble in some condition Reharattix is
stable. Howeverthis approachis limited to simple 3D selSupporting sacrificial templates.
Complicated3D seltsupporting templatesire difficult to print for many applicationsand

sacrificial templates areasily damaged during matrix casting.



In the cashg-thenprinting/embedded printingpproachsacrificial materials patterned within

the matrix precursora concept which has beeuccesklly demonstratedn acellular and
cellular applicationg®*® This allows simultaneous control of the template architecture and
placement within the overall construct while minimizing handling since the consrisrtned

in a single step andan be formed within a fixtur@Vhile attractive, thicastingthenprinting
approach requires that the matrix have special rheological properties in order to retain the desired
arrangemenof sacrificial materiad. In generaloptimal matrix materialsshould beyield stress
materials for embedded printing and crekskable to form bulk solids or gels after the
embedded pattern is compledeld stress materials are structured or complex fluids which
behave as elastic solids at rest but transition to ltjké] often shear thinning, behaviopon an
applied shear stressych asnateriatspecific thresholghearstress is designated the yield stress.
This type of rheological behavior is a result of neicand/or nanescale structural units or
featureswithin the fluid which must be rearranged for flow to take platefortunately,single
hydrogel matrix materials which are intrinsically suited to tlembedded printing processea
rare. To date, only pluronicased hydrogef® and specially designed guésist hydrogef€
have been reported. However, plurorace generally unsuitable for cell cultéffand gueshost

hydrogelsmaylack longterm stability=°

This studyaimsto design a cytocompatibleydrogel precursor composite such that it retains the
yield stress properties of the jammed microgel filler material to enable stable embedded pattern
formation within a continuous curable matrix bath material. Specifidaitbzompatible microgel
particlesare utilizedasfillers in a continuous crosinkable hydrogel precursor phase to prepare

composite matribathmaterials suitable for embedded printifitus,the entire construchatrix



can be stabilizedfter fabrication for subsequent removal o gacrificial ink and maturation of

engineered tissse

In contrast to prioBD bioprintingwork using similar materiafs,the matrix bath material forms

the final construct while the printed ink serves as a temporary sacrificial patterningvapget.

prior work explored the use of gellan microgels as a sacrificial support bath material, this study
utilizes them as part of the final composite matrix bath, essentially inverting the printing process
in order to efficiently fabricate bulky perfusabtrosdinked celtladen hydrogel construct§his

design approach haslditional benefits. Composite materials offer more tunable mechanical and
chemical properties to better mimic tissue properties since both fillecaricthuous phasean

be adjustedOther features may be added to either component as well: encapsdhteld
factorsto direct cell behavid? and chemical functionalities to enable controlled or-oedbiated
degradatiof? are just a couple of the possibilities. Yield stress matesials prevent particle

(cell) sedimentatiofi, enabling consistent cell distribution throughout the construct even if the
gel formation process is slow. Finallgells and continuous matrix material form an
interconnected network around filler particfés®which increases the effectivecal cell density

and promotes cellular interactior&milar microgeireinforced hydrogels have been found to be
superior to either the pure matrix material or a double network comprised of the two polymers
for engineeed tissue application®3° fabricationis more convenient, properties easier to adjust,
and cellsaremore functional in the microgel compositédshe filler is degradable, the maturing
tissue can eventually fill the voids left behifdif it is simply inert and biocompatible, then it
provides extra volume to the tissuwmnstruct without consuming additional nutrients or

producing waste, which may be advantageoustlinical soft tissue repairThe microgel



composite matrix batbhasedembedded printing approathereforesimultaneously addresses
two major concerrf§ in tissue engineering: achieving physiological cell density and perfusing
engineered constructs. The matrix bath material design intrinsically elevates the local dgll densi
by a factorof approximatelyl0, assuming that the microgels occupy 90% of the construct
volume. In additionthe ability to print channels within bulk constructs enables fabrication of

large-scaleperfusabldissue analogues using readily availablearmals and equipment.

2. Crosslinkable Microgel Composite Matrix Bath for Embedded Printing

2.1 Concept of enbedded printing

The printing process for embedded printing is illustrateBigure 1. First, a reservoir is filled
with thesolid-like matrix bathmaterial at rest. For this work, the composite mdiethconsists
of jammed microgelggellan or gelatirbased)as the filler to adjust rheology ard/drogel
precursor gelatinbased)as the continuous matr{frigure 14)). Sacrificial materialis deposited
from a moving extrusion tip ithe uncured matrix bath material to create featwigisin the
printing reservoir(Figure 1(b)) The bulk matrixbath material liquefiesupon the shear stress
from the moving extrusion tipsthe microgels slide pst each otherKigure 1p) inset) to be
liquefiedto allow sacrificial ink tobe depositedThenthe microgelgurn to a jammed solidike
stateto trapthe depositedsacrificial materia{Figure 1€)). After the gelation process is complete
(Figure 1(d)) the sacrificial material is removed to creatédvgpace or channetirrounded by

the crosdinked compositdydrogelmatrix as illustrated in Figure &).
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Figure 1. Printing schematic showing local behavior of the (a) static and (b) disrupted matrix
bath material during printing as well as (c) stabilization of deposited sacrificial fluid byligelid
composite hydrogel matrix after printing. After (d) crdis&ing, it shows (e) final construct

macrostructural and microstructural features.

2.2 Microgel composite matrix bath design

The microgelbased composite matrix bath formulations, which are made of microgel filler
particles in a continuous crebskable hydrogel precursor phase, are designed to have
appropriate rheological properties, biagmatibility, working time, and mechanical properties.
Two microgel materials are explored herein: gellan and gelatin. The microgel particles are
formed as a dispersiofiom fragmenéd hydrogels and hey have a yield stresss jammed
systems. For the contious phase of composite matrix bath material formulations, unmodified
gelatin is utilized in this work; the continuous phase is elioked using transglutaminase (TG)

to form stable constructs after printing is compl&igure 2 illustrates thenatureof the gelatin



continuous phase and microgel particles (Figure 2(a)), and shows essential aspects of the gelatin

gellan matrix bath (Figure 2{§)) and gelatirgelatin matrix bath (Figure 2{k)) formulations.
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Figure 2. Representative microgel composite matrix bath properties. (a) schematic of matrix
showing microgel particles (blue) in continuous gelatin matrix (beige); inset: schematic of
gelatin in solution and after creisking with TG, (b) chemical structure of lggn, (c) gellan
microgel particles, (d) schematic of gellan gelation by aggregation of helide§), rifeology of
gelatingellan composite matrix bath to quantify the yield stress behavior at 37°C, (g) mechanical
behavior of gelatin (without gellan) agelatingellan microgel composite, (h) schematic of
covalently crosdinked gelatin microgel, {j) optical micrographs of 5% and 10% gelatin
microgels, and (k) rheology of gelatirgelatin composite matrix batt 37°C. (Scale bars: 1

mm)

2.2.1 Gellanmicrogels

As a linear anionic microbial polysaccharjagellan has been widely usedtissue engineering,
drug delivery, and food sciente?? Its repeat unit is a tetrasaccharide sequdfagure 2(a),
and the widely usetbw acyl version ofgellanis utilized herein Once heatedgellan molecules
have arandom coilconfiguration in aqueous solution; upon cooling, some regioose to be
helical and aggregate to form a bulk hydroggbhysicalcrosslinking (Figure Zb)). Hydrogels
formed by bw acy gellan are clear, brittleand can be further made ascrogels.*® Gellan
hydrogels formed in the presence of monovalent salts are thermorevemdib&edivalent salts
significantly increase thermal stability and make the gels essentially irreversible. For this work,
gellan was prepared at 0.5% w/v in phosphate buffered saline @®B8)ding to preliminary
resultst’ Stainless steel meshas usedo fragment bulk gellan gelsesulting in a dispersioof
irregular particlesind particle aggregatéasverage diameté&0 + 34 um based on light scattering

datg andaverage aspect ratio Ibédsed ommicroscopidmage analysigFigure Zc)). The gellan
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concentration was fixed at 0.5% since this composition provides suytieldestress and shear
thinning rheologyto the matrix bath formulation®r the printing processas shown in Figure
2(el) and (e2) In addition, oscillatory strain sweep data (Fey@(f)) confirms that the gelatin
gellan matrix bath material transitions from sdlle behavior, as indicated laylargerstorage
modulus, to fluidlike behavior, indicated by a larger loss modulus, at around 50%. SErasm
sheafinduced liquefactions localized to the volume immediately around the traveling tip since

the matrix bath liquefies at considerably less than 100% strain.

2.2.2 Gelatin microgels

To demonstrate the versatility of this approach, gelatin micregelsso utilized.Derivedfrom
collagen, glatin is widely used for biomedical applicationsmiay transform from ghysical
hydrogelto be liquefied aapproximately 35°CEFor physiological stability, gelatin can be cross
linked chemicallyusinga variety of crosdinking agents; recent work has identified the enzyme
TG as an optimal crodiking agent for biomedical applications fam vitro and in vivo
applicationd* TG is an enzyme which covalently links gelatin molecules to one another,
forming a crossinked network. Of different enzymes ransglutaminasefl'Gs) help crosslink
protein moleculexovalentlyand have beentilized to gel proteinbased hydrogelscluding
gelatin and collageft®4¢ and result irphysiologically stable constructds such,TG is utilized

in this work. Many other strategies for forming physiologically stable gelatin hydregelsas
gelatin methacrylate (GelMAhave been developed, but they generally require chemical
modification of native gelatin to introduce the functibrgaoups necessary for controlled
physical @ chemical hydrogel formatiorAlso, the stimulisuch as ultraviolet irradiatiomeeded

to crosslink the modified gelatin mght injure living cells.*”*° For these reasons, native gelatin
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is used in this worka bypass the complicated process for preparing modgeddtin materials
andavoid possible damage during gelatidwdditionally, the gelatin gelation timedepends on
the enzyme concentratiphutthe final gel propertiedo not changsince the enzyme continues
to create croshbnks until no more active sites are availablzymatic crosdinking can be
terminated by heat inactivation of the enzyaisove 70°C>° at some defined time point to
produce crosslinked gels with intermediatgroperties. Covalently crosmked gelatin, like

gellan, can be processed to fgammed micrgel dispersios which are yield stress fluids.

In this work, two gelatin concentrations, 5% and 10% m\PBS were utilized to prepare
microgels from bulkgels crosdinked using 0.5% and 1% TGespectively, for 4 hr at 37°C

Both concentrations were chosen in order to have desirable mechanical stiffness of printed
constructs for good structural integrity as well as good cell proliferaBomilar particlesize
distributions(260+ 200 um particle dimensions for 10% gelatin ah2b+ 100 um particles for

5% gelatinbased on light scattering datand morphologiesare observed for both gelatin
concentrations. Compared to gellan, the gelatin particles appdae rougher with generally
lower aspect ratiofaverageaspect ratid..4 for both gelatin concentratiomgile 1.6 for gellan
based on image analykisThis is attributed to the tearing and agitation during the blending
process to produce gelatin micrtgy@as well as the higher elasticity of the gelatin bulk gels
which causes them to tear rather than shatter during fragmen@ditingelatinconcentratios
provide suitable yield stress and shear thinning rheology to the matrix bath formulations for the
printing process, as shown in Figur&k® and (k2) In addition, oscillatory strain sweep data
(Figure 2()) confirms that the gelatigelain matrix bath materialtransition from solieike

behavior, as indicated by the fact that the storage modulugaseg than the loss modulus, to
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fluid-like behavior, indicated by a lger loss modulus, at less than 588@in (around 45% for
the 5% gelatin microgel formulation, 13% for the 10% gelatin microgel formulafitnmg shear
induced liquefaction i¢ocalized to the volume immediately around the traveling tip since the

matrix bath liquefies at considerably less than 100% strain.

2.2.3 Gelatinbased continuous phase

Soluble gelatin which can be crelssked using TGis employedas the continuous phaséthe
composite matrix bath materidd is compatible with both gellan and gelatin microgels, provided
that the TG within the gelatin microgels is deactivated prior to mixing. If gelatin microgels
containing residual active TG are utilized, the mixtoegins to gel immediatelyt is usable but

less convenient. As noted abovbeg tgelation time can be altered by changing the enzyme
concentratiorwithout strongly affecting the final gel properties since the enzyme continues to
create crostinks until no more active sites are available. With a long gelation time, printing can
be completed after mixing the matrix with the enzyme, allowing formatiamhomogeneously
crosslinked constructHowever, culture media components may deactivate*¥Go for celt

laden onstructs the crodmking process may terminate when they are immersed in or perfused
with media. As a result, the mechanical and chahpcoperties of celladen constructs may be
more sensitive tdhe specific fabrication process and matrix bath formulation than acellular
structures in which enzymatic crelisking consumes all possible active siteser time
Combinations of gellan andjelatin have been reported for various biomedic¢aland
commercial® applications. Both of these biopolymers participate in hydrogen bonding and
dipole-dipole interactions; positively charged amino acids in gelatin may also interact ionically

with the negatively charged carboxylate functional groups in gellan. This results in a strong
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interphase between matrix and filler and a structurally sound composite after g&atamnthe
gellan is in the form of prgelled microgels, the microstructure is fikand does not evolve over
time, as it might if both gellan and gelatin were in solution simultaneods$lg. reported
tendency offluid gelatingellan mixtures to phase separate under physiological conditions
implies that the dissolved gelatiemainslocalized in the space between gellan microgels rather
than infiltratig them since gellagellan and gelathgelatin interactions are favored over

gelatingellaninteractions.

This is the first report using pqaocessed gelatin microgel particles ah@logy modifier for
producing bulk gelatin constructs. The yield stress behavior imparted by gelatin microgels is
similar to that imparted by gellan microgels, but the final composite material has some
differences. Because the gelatin particle ctmdsng process is terminated by heat inactivation
rather than by allowingll active sites to be consumed, the gelatin microgels may participate in
covalent croséinks with the surrounding matrix as well as develop additional internal-cross
links. Thus, thanterphase is exceptionally strosgce it consists of both covalent bonds and
nortcovalent intermolecular interactian8ecause bothgelatingelatin continuous phasand

filler are comprised of gelatin, which is chemically similar to native ECM and ptilsleeto the
proteases and other factors which cells secrete to remodel their surroundings, the entire

composite volume supports cell adhesion-oediated local eigradation, and cell migration.

The combination of gelatiwith microgelsenables mechanically stable constrweith very low
total polymer concentrations (3.5%3% w/v), which is beneficial since the polymehains

inhibit diffusion through the hydrogel overall; a high polymer concentration makes it more
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difficult to supplynutrients and remove waste from cells throughout the bulk construct. Gellan
forms robust hydrogels at extremely low concentrations compared to other biopolymers and is
therefore uniquely suitable as the microgel component of the composite matrix nfiateviak

tissue engineering applicationSelatin microgels are better suited for applications requiring a

matrix completely susceptible to ceflediated degradation.

2.3 Crosslinking of composite matrix bath

Crosslinking of the composite matrix bath neaial is initiated by the addition offG
immediately before the printing process. After gently mixing to ensure homogeneous gelation,
sacrificial material is patterned in the matrix bath material using a 3D extrusion printing system.
To maximize working time and explore fabrication of soft materials, the minimum gelatin
concentration which would form a stable gel with TG was utilized; based on preliminary work,
this nominal concentration was 3%w/v (though the effective concentratiikelis higher since
pre-gelled microgels exclude gelatin from some fraction of the total volume of the composite).
The TG concentratiors utilized to control gelation time, primarily, although it also affects the
final mechanical properti€sof the compsitesince addition of seruroontaining culture media
inactivates TG 0.5% TGis found to produce stable, soffelatingellan compositegelsin a
reasonable amount of time (~75 min) at 37°C while allowing a reasonable printingwisday

a 37°C heated tage (~35min). Lowering TG concentration (0.25%) extendhe printing
window to over 1 hr, but requs an additional 2 hr to form a stable gel; this extended processing
time is not ideal for cell laden structures. On the other hand, 1% TG shdmempinting
window significantly, making it difficult to complete the printing process before gel formation

causs the performance to deterioratéor gelatin5% gelatin microgel composites, 0.5% TG
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resulsin much faster crosknking anda short printingwindow (~10 min); 0.25% only extead

the printing window to ~20 min. This faster gelation is attributed to the availability of-cross
linking sites in both the microgel filler and the continuous matrix, resulting in faster development
of a covalent networkhrough the whole volume. 0.1% TG results in an adequate printing
window with suitable gelation speed using 5% gelatin microgels. For 10% gelatin microgels, the
printing window for a given overall TG concentration is slightly longer, which may be due to th
higher TG concentration in the microgel formation process which may leave fewelickoss

sites available within the microgel&s an alternative to the process described herein,-&&e5
matrix with TGsupplemented ink was attempted; this strais@ppealing since it limits matrix
curing to the patterned region and should conceptually extend the printing window (though
perhaps at the expense of consistent gel formation through the entire reservoir). However, this

did not produce acceptable resplittle or no gel formation was observed.

2 4 Sacrificial ink design

The only requirement for the sacrificial ik this workis that ithassuitable rheology for well
contrdled printing by extrusiorand is easy to remove after printilggueous 2%alginatein a
physiological buffer (PBSyvas selected for this work since it ismtoxic and readily available.

It is noted that long term exposure to sodium citrate, which is required to liquefylinkess
alginate templates, might injure encapsulates®®>’. For this reason, uncrefisked alginate is
preferred to make sacrificial templates for biomedical applicatidvisile agueousuncross
linked alginate solution is used as a sacrificial ink for this study, more advanced sacrificial

materials shold be utilized for better printing resolution in future studies.
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3 Material Characterization

2.3.1 Rheologcal properties

The yield stressbehavior of uncrosslinked matrix bath formulatiors is quantified at 37°C,
including gelatingellan formulationsvith and withoutthe addition of CaGland gelatingelatin
formulations as shown in Figure 2je (e2), (kl)and (K). Steady shear strain rate sweep data
are presented usirige HerscheBulkley model,, Ol , wherell is the total stress) is

the yield stress, is the shear rate, ariklandn are fitting parameterditting parameters for all
formulations are listed in Table Eor gelatingellan, he addition of CaGlresuls in a notable
increase in the yield stress, from 0.265 Pa without calcium to 1.78 Pa with added calcium.
Similarly, the 5% gelatin microgel formulatidras a yield stress of OPa while the 10% gelatin
microgel formulation has a yield stress of 3.0 Ple yield stress of thenatrix formulatiors
reported hereimarewithin the range reported in literature f8D printing applicationg0.16 Pao

8.8 Pa?%. The low yield stress results in very rapid and complete recovery of the matrix behind
the traveling ® so that printed sacrificial material can be trapped effectivéigdition of
calcium stiffens th@ellangel particles and therefore causes an increase in the yield%sinss
additional force is required to deform or comprtss microgels tonitiate flow. For the same
reason, the yield stress of the geld&i¥ gelatin matrix bath material is notably lower than
gelatin10% gelatin matrix bath material since the 10% gelatin microgels are stiffer than 5%
gelatin microgels. All of the formulatienshow strong shear thinning behavior a@rd-liquid
transitioning under shear, slsown inthe insets of Figurg(el), (e2), (k1) and (k&nd indicated

by the fact that alh values in the Herschd&ulkley model fits are much smaller than 1
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Table 1. HerschelBulkley fitting parameters

Matrix bath formulation Yield stressflo, Pa K n
Gelatingellan 0.26 £ 0.07 6.9+£03 0.29x0.01
Gelatingellan with calcium 1.7+£0.7 6.1£04 0.30x£0.04
Gelatin5% gelatin 05+0.3 73 0.25+0.04
Gelatin10% gelatin 3.0£04 105+£0.5 0.52+0.01

2.3.2 Mechanical properties

To illustrate the effect ofmicrogelson the mechanical properties tfe matrix materiabfter
curing tensile mechanical testwere carried outon gelatingellan composite hydrogel
specimensAlthough the primary purpose of tineicrogelcomponents to adjust the rheology of
the precursor, it also has a marked effect on the properties of the cured hydepgetentative
load/displacement curvder the twomaterials are shown in Figure 2(Tjhe effective stiffness
of the filled and unfilled enzymatically crofisked gelatinis significantly different. Although
the stresstrain behavior in both casés nonlinear, reasonable agreement betwespiicate
samples of each type was observear. illustration, he effective stiffness of thgelatin (3%)-
gellan (0.5%), gelatin (3%) gelatin (5%) andyelatin (3%)- gelatin(10%) composits is 14.9
14.4, and 36.8P3g respectivelypased on a linear approximation of the daitected aftea 0.4

g preoad is applied making them handable The unfilled materiais extraordinarily soft:
extending specimens to approximately 300% strain (6 mm gage, 20 mm extension) exerted a
barely neasurable load on the test equipment so the apparent stiftnésss than 1 kPa.
However, though soft, the unfilled matrig quite elastic/resilient and mechanical behavior

essentially similar over three stretching cycles.
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The enhanced mechanical penfies of the composite are consistent with literattife stiff
particles in a soft matrix form a stiffer composite. In addition, because of the preparation process,
preformedmicrogels likely excluded gelatin. This would confine the gelatin to the dobeent
volume betweemicrogels and result in a much higher effective gelatin concentration between
microgelparticles, also increasing the mechanical stiffness. These two factors combine to result
in a mechanically resilient, though still quite softdhygel composite which can be intricately
structured for functional objectt. should be noted that while the fabricated gelabmposite
structuresare quite soft, theyare not particularly fragile sacanbe handled and manipulated
easily. Many tissues are also quite soft: liver, brain, adipose, and other tissues have effective
moduli in the same rang€d.1 kPa to 1 MPa)as measured for the printed constructs.
Encapsulated cells respond to the stiffness of their surroundings so it is anamhpo

characteristic for directing tissue developmargngineered constructs

4. Embedded Printing Results and Discussion

4.1 Printing procedure

As shownin Figurel, the microgel particles are jammatrestand cause the entire mathath
material to behave as a solid. As the nozzle travels througmadtréx bath it locally liquefies

the bath materiaby unjammingthe surrounding gelatin solutioithus, the liquefied@omposite
matrix bath flows around the noze and the deposited inklowing the nozzle to move freely
within the reservoir volume and permitting the sacrificial fluid ink to displace fluidized matrix
bathmaterial As the nozzle mees away from a region, the jammed microggtticlesrevert to
solid-like behavior trappingthe deposited ink in the designednfiguration After the printing

processs complete the continuous gelatin solution present between microgels is converted to a
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chemically crosdinked hydrogel by the action ofG, as describegreviously Finally, the
sacrificial ink is liquefied andflushed if crosslinked during printing or directly flushed if
uncrosslinked from the crosdinked composite hydrogematrix, leaving voids in the bulk
hydrogel construct suitable for perfusidrhe proposed ethod can also be expanded to sculpt
external contours by discarding excess composite hydrogel matrix after printing and cross
linking. For suchbulk objectsdefined by solid object sculptingnanual removal of excess cross
linked matrix to release the erhal sculpted object is required instead of fluid flushing as the

final step in the fabrication process.

4.2 Perfusableinternal feature printing

Printed structwes including twisted, branchingand interconnected channels formed by
depositingsacrificial materialn the gelatingellan and gelatigelatin matrix baths, respectively,
were fabricateqFigure 3. Gelatingellan material is used for most examples, but representative
patterns in gelatiti0% gelatin composite hydrogel matrices are also shown to illustrate

comparable printing performanceather matrix batliormulations

Twisted channels (Figure 3(adye designed to demonstrate the potential for truly 3D fluidic
channels spanning multiple planes, which are difficult to achieve with other fabrication
techniques and which enable more compact and efficient fluid handling as well as expanding the
applicationsof microfluidic devices® Each channel was printed intermittently as segments in
order to be twisted. Due to die swelling and alginate diffusion, the printed channel diameter
varies from 0.75 mm to 1.00 mm with a dispensing nozzle inner diamete84fmi. This

design also shows other capabilities of the embedded printing process: planar segments can be
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formed in a designed configuration, nonplanar segments can form continuous lumens with planar
segments, segments printed at different stages in thedabnirocess can be connected, and
the feature size can be adjusted during prinfifige elasticity of the matrikathmaterial méaes

results particularly sensitive to the print path desicorners and junctions temal be distorted

when printed at higbpeeds or when print paths cross in exactly the same Blariag printing,

a small volume of support material surrounding the trageiozzle is liquefied, so sharp corners
arerounded if the nozzle travetoo fast for the first segment to be trappeafore the travel
direction changeto deposit the second segment. Similarly, fopl@ne path crossings, the
liquefied region around the traveling tip ungthe matrixbath materiabround the previously
deposited filament and distoitsas it trave$ across. This problens mitigated by offsetting path
crossings slightly in the direction such that the bottom filameastlargely intact but still fuse

with the top filament. Intersectiom®tween channels printed during different steysether the
seggments form a fluidic junction or simply a continuous charmeist be designed with care; the
moving nozzle disrupts a small volume of support material ahead of it so may prevent fusion of
channels where the designed deposition paths only intersectrafiea mint. Instead, the print

path should be designed such that the printing tip travels through the first filament as it deposits
the second. Inhe twisted channel example, segments printed at different times in the fabrication
process extend nominallg.5 mm beyond the intersection point which resiit excellent
connectivity betweesegments and free flow of solutions and suspensions through the connected
channelsLarger diameter wells for infusing solutions into the chanaredformed bydepositing

small circular layers of sacrificial material rather than a simple post; this is an effective approach
to create larger void volumes of specific shapes and dizesnoted that complicated afod

twisted channels can be achieved using altermatechnologiessuch as castiff§ and
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stereolithograph$! however, it is difficult for casting to generate more complicated and twisted
channels sincea casting bioink may flush away slendesacrificial structures and for

stereolithography toarve outthannels out oh cellladen matrix.

Figure 3(b) specifically illustrates the feasibility of branching channels with good connectivity
formed by diverging print pathsin addition, panar structures suitable for microscopic
examination are of interest fam situ observation oftcells within printed constructs as well as
fluid dynamics.The structure in Figure 8 adds a layer of complexity by combining multiple
branchesand two disoete perfusablechannel systems within the same reservoir. The lattice
network in Figure 3(d) is a simplified version ofabhching channelsvhich are an essential
feature of the vasculature; suonthogonal branching networks or lattices are often used to
approximate vasculature in engineered constflatisice they are easier ttesign andnodel
More biomimetic hierarchical channel networlise also feasible, as shown in Figure 3(B).
general, printing performance is similar for gelaj@latin and gelathgellan matrix bath
formulations; representative gelatjelatin compositeonstructsvith printed features are shown

in Figure 3(f)and (g)
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Gelatin-gelatin
matrix

(a) Twisted channels (b) Junction (c) Stacked branching (f) Twisted channels
channels

Gelatin-gellanmatrix

(g) Stacked
branching channels

Figure 3. Printed internal featusan gelatingellan (ae) and gelatirgelatin (fg) composite

matrices showing different channel geometries and designs. (Scale bars: 5 mm)

It is noted thamatrix bath formulations mayeed toinclude calciumcationsto partially cross

link sacrificial dginate ink in order trevent excessive diffusion of the ink nraé from its
printed location. Fortunately, i unnecessartp include calcium cations for gelation for simple
printed patternsand similar printing performance is achieved for matrix formulations with and

without calciumcationsas shown irfFigure 4.
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Gelatin-gelatin

Gelatin-gellan matrix .
matrix
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Using liquid alginate

Using cross
linked alginate

Using liquid alginate

Figure 4. Printing performance witfusing crosdinked alginate)and without(using liquid
alginate)calcium in matrix bathdrmulations with printed sacrificial alginate patterns; images
captured after rinsing away sacrificial ink and infusing channels with pigment. (Scale bars: 5

mm)

4.3 Solid object sculpting

As a special application,méedded printing also enables the production of solid obpsts
illustrated inFigure 5, by simply tracing the outer contoas a shelWithin a largematrix bath
reservoir(Figure 5(a-b)), then curing the matribath material (Figure 5(c)) and separating the
region defined by the sacrificial ink from the excess matdRajure 5(d)). This sculpting
process is a convenient method to generate freeform soft kptbgel structures from
structural models and medical imageripumbbeltshaped structures are fabricated to
demonstrate that overhanging features and well defined edges and corners are feasible. They
formed by depositing a base layer to define the bottom surface, then depositing the walls and top

surfacelayer by layer The intenal sculpted object cures concurrently with the external hydrogel
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composite matrix, but is entirely isolated from it by the deposited sacrificial material. After
curing, the excess material is simply cut or fractured to free the internal sculpted ohjebt, w
can be rinsed to remove the fluid sacrificial material from the surface. To facilitate recovery of
these embedded objects, a slit may be formed by adding a line of sacrificial material in each
layer to create a wall extending into the excess bulkixna&th region from the printed contour,

as shown in Figurg(a)-(c). After curing, this wall forms a slit in the composite hydrogel matrix

which facilitates removal of excess material from the printed object (Fegd)e

Although some matrix material is wasted in this solid object sculpting fabrication process, it
enables rapid translation of arbitrary 3D shapes from computer models to solid hydrogel objects
independent of orientation and without requiring the generafisnpport material or infillFor
example, a 3D brain model was converted todde and printed within an hour, then cured and
separated from the excess material to obtain an intact meplalatingthe intricate surface of

the 3D model as shown in Figusée). This makes it more accessible for rexpert users of 3D
printing technology, especially since typical hydrogel printing processes require shpfiort
materialsor concurrent printing of mechanical reinforcemetitss noted that some hydrogels

swch as alginate can be printed into a simple gelation solution such as a calcium chloride solution
for alginate and gels into a 3D structufe!: ®2but this approach only works for some hydrogels

and certain thirwalled shapes, which can be easily sapgd and gelled during printing.
Furthermore, the fabricated solid objects are truly homogeneous solids: there are no entrapped air
bubbles between filaments, no layer interfacesl no differences between perimeter and infill
regions. Because the objects are isotropic, swelling or shrinkage due tepnoesissing

conditions is also isotropic and does not cause structural failure or delamination.
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It should be pointed out thablid object sculptings a special application @mbeddedgrinting

where embedded featurean be combined to form biomedical constructs with both internal and

external featuresBlock constructs with both external and internal featuesdesigned and

printed as shown in Figuif). The blocks are formed by $ir printing the base, then depositing

the walls and internal lattice concurrently, followed by vertical posts to connect features in

differentxy planes, and finally printing the top surface. The designed blocks have smooth outer

walls along with periodi@rthogonal channels forming an internal network. -Galen printed

blocks are also feasible and the prinpetfusableinternal features have a notable influence on

their bidogical activity as discussed later.

(a)

(&>

o

Vertical
slit to
facilitate Microgel

part composite
recovery matrix

Sacrificial material
printing to define contour
and/or internal features
of object (dumbbell)

(b)

&

Complete surface
of desired shape

defined by printed
sacrificial material

(€)

3

Matrix
material
crosslinking

Excess matrix
material removal
to obtain solid
hydrogel structure
and residual
sacrificial material
rinsing

Figure 5. Embedded surface printing for solid object sculpting: (a) schematic of sacrificial

material printing including slit to facilitate part harvesting, (b) complete exterior contour of

dumbbell construct defined aprinted sacrificial materiadhell, (c) cued hydrogel composite

block with embedded object contour, (d) removal of external composite hydrogel matrix material



to recover solid sculpted hydrogel object, and schematics and photos of other structures
fabricated by solid object sculpting: (e) scutpteain model based on medical imaging data and

(f) sculpted lattice block with internal channels. (Scale bars: 5 mm).

4.4 Microgel composite matrix for cellular applications

The proposed composite matrix bath formulations are further evaluated for patduoitity.

Living cells embedded in theomposite hydrogehatrix formulatiors areobserved to spread and
proliferate over timeTo compare the biocompatibility and bioactivity of the variocamposite
hydrogel matrix formulations, cast celdden discs were cultured and cell morphology was
observed oay 1, Day 3, andDay 7 usinga fluorescein diacetatgreenstainfor live cells as

shown inFigure 6(a). Unexpectedly, although the cells in the gelatlan @mposite lagged in
terms of cell gtension and appeared round oayl, the cell population in the gellan composite
appeared much more active and extended than the cell population in the-ggdkim
composite atDays 3 and 7. As observed elsewheggllan microgel composites provide a
hospitable environment for 3D cell cultufé! The lower cell activity in the gelatih0% gelatin

matrix is attributed to the overall high polymer concentration &.0% (versus 3.5%n the
gelatingellan composite)which reduces diffusion and therefore restricts cell nutrition and
exposes them to elevated levels of metabolic waste products. The lower overall polymer
concentration in the gelatigellan composite (3.5%) allows more effective diffusion and
supports mar extensive cell activityrurthermorepatterning of heterogeneous cell populations
can be achieved in a hydrogel composite construct using the proposed embedded printing
approach as seen from Figuép-d). First, a gelatirgellan or gelatingelatin compsite matrix

bath is prepared akescribed earlieiSeconddifferentcell populations are patterned in the yield
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stress composite matrix bally depositing nossacrificial cellladen inks containing different
cell types in specific locations within the tria bath resulting in a heterogeneous cellular
pattern The purplerings in Figure 6areto distinguish different cellular rings froeach other,

and the blue coldirom Hoechst 3334&presents cell nudle

Cast

/ hydrogel
composite

formed by

curing
matrix bath

(a) Gelatin-10% gelatin composite Gelatin-gellan composite

Day 1

Printed heterogeneity within
hydrogel composite formed by
depositing curable ink
formulation(s) in defined patterns

Day 3

(d)

Day 7

Figure 6. (a) Living cells within matri¥ormulations at various time points. Patterning of
heterogeneous cell populationi) §chematic of a heterogeneous constragpigmentladen
ink pattern within a gelatigelatin hydrogel composite disc, arm) part of a fluorescently
stained celladen circle within an acellular gelatigelatin hydrogel composite disc. (Scale bars:

400 pm for (a), 5 mm for (c), and 500 um for (d))
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To demonstrate the feasibility in perfusable thick tissue fabrication using the proposed composite
matrix bath formulatios cellular block constructswith embedded latticehannels as shown
schematically in Figur&(f) and inthe photographs irFigure 7(a), were printed and cultured
statically for 4 days Their metabolic activity and cell morphologgre further comparedith

those ofsolid block construcs of the same composition (but lacking a printed lattiGée
AlamarBlue assay resulia Figure 7(b) show that the metabolic activity in printed constructs
increased more rapidly than in solid blocks, indicating that the printed features improve cell
activity. While the AlamarBlue assay results are affected by the surface area of the constructs as
well asdiffusion speed, it is a useful early metric for evaluating cell survival and activity within
engineered tissue constructs. Cells which are unable to interact with the AlamarBlue assay
reagents during the treatment period are also unlikely to surviverfgrsince they are not able

to access fresh med@mponentsin future, more irdepth studies which examine markers of
specific cell activities for tissugpecific functions need to be evaluated spatiotemporally to
assess engineered tissue constrgtgss sectionsrom the interior of the bloclare stained to
observe green fluorescence from living cedisd evaluate whether printed channel features
improve cell survival within bulk cellular constructalthough live cellsare present in both
printed andcast hydrogel constructs, they appear more abundant in printed structures, with
extensive spreading as well as developing clusters of cells due to proliferation. Representative
images ofcentral cross sections (showing regions away from the edges dbths)@are shown

in Figure7(c) and (d) In particular, a perfusioohannel is visible in Figurég(c).
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Figure 7. Cellular gelatirgellan constructs (a) images of overall printed constructs and cell
populations within printed and unprinted construgi$ cell activity in printed and unprinted
constructs, and (c) and (d) living cell images on Day 4. (Scale bars: 5 mm unless otherwise

marked)

4.5 Printing quality and design constraints
There are two major factors which affect the outcome of a prirgnogess: thecomposite

material selection and the piimg parameters
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