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METHODS AND SYSTEMS OF THREE DIMENSIONAL PRINTING

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to, and the benefit of, co-pending U.S.
provisional application entitled “SYSTEMS AND METHODS OF THREE
DIMENSIONAL PRINTING” having serial no. 62/396,258, filed September 19, 2016
and co-pending U.S. provisional application entitled “METHODS AND SYSTEMS
OF THREE DIMENSIONAL PRINTING” having serial no. 62/414,881, filed

October 31, 2016, which are hereby incorporated by reference in its entirety.

BACKGROUND

3D printing enables the freeform fabrication of complex structures from
various build materials and provides an effective and efficient way to produce low-
volume, customized products with complicated geometries and advanced material
properties and functions. Material extrusion is the most widely used form of 3D
printing due to its easy implementation, high efficiency, and the wide range of
extrudable materials; fused deposition modeling (FDM) is one of its popular
implementations. However, several complications still limit the wide use of this

traditional approach.

SUMMARY

Embodiments of the present disclosure provide for methods three dimensional
printing, methods of three dimensional printing, and the like.

One aspect of the disclosure, among others, encompasses a three dimensional
printing system, comprising: a support bath including a support material, wherein the
support material has a gel-like state when a stress applied to the support material is
less than a yield stress, wherein the support material has a free-flow state when the
stress applied to the support material is above the yield stress, wherein when the stress
applied to the support material changes from above the yield stress to below the yield
stress, the support material returns to the gel-like state; and a printing device for
delivering a plurality of discrete volumes of a liquid to the support bath, wherein each
discrete volume of liquid can be delivered to a specified voxel, where each specified
voxel corresponding to a discrete volume of liquid can be in a different location,

wherein as each discrete volume of liquid can be delivered in the support bath, the
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support material supports the discrete volume of liquid, wherein the plurality of
discrete volumes of liquid build material form a liquid three dimensional structure,
wherein prior to delivering the plurality of discrete volumes of the liquid build
material to each specified voxel, the support material in each specified voxel can be in
the gel-like state, wherein as the printing devices moves to each specified voxel the
printing produces stress applied to the support material in that specified voxel that is
above the yield stress so that upon printing each discrete volume of the liquid build
material in each specified voxel the support material in each specified voxel converts
into the free-flow state, wherein the support material flows out of each specified voxel
as the discrete volume of the liquid build material can be printed to each specified
voxel, wherein after each discrete volume of the liquid build material can be printed
to each specified voxel, the support material in the free-flow state transforms back to
the gel-like state to support the discrete volume of the liquid build material once the
stress applied to the support material is below the yield stress. In various aspects, the
support material can be a smectite material. In an aspect, the smectite material can be
selected from the group consisting of: montmorillonite (MMT), nontronite, Saponite,
hectorite, and a combination thereof. In an aspect, the support material can be
Laponite EP®, Laponite RD®, Laponite XLG®, Laponite XL21®, Laponite D®, or a
combination thereof.

Another aspect of the disclosure, among others, encompasses a method to
form a three dimensional structure, comprising: a) providing a support bath including
a support material, wherein the support material has a gel-like state when a stress
applied to the support material is less than a yield stress, wherein the support material
has a free-flow state when the stress applied to the support material is above the yield
stress, wherein as the stress applied to the support material changes from above the
yield stress to below the yield stress, the support material returns to the gel-like state;
b) printing a first liquid in a first voxel, wherein prior to printing the first liquid in the
first voxel, the support material in the first voxel is in the gel-like state, wherein the
printing produces stress applied to the support material that is above the yield stress so
that upon printing the first liquid in the first voxel the support material in the first
voxel converts into the free-flow state, wherein the support material flows out of the
first voxel as the first liquid is printed, wherein the support material in the free-flow
state transforms back to the gel-like state to support the first liquid in the first voxel

when the stress applied is below the vield stress; ¢) repeating step b) for a plurality of
2
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voxels, wherein the liquid in the plurality of voxels is part of a liquid three
dimensional structure; and d) causing a phase change in the liquid three dimensional
structure to form the three dimensional structure, which can be removed from the
support material. In various aspects, the support material can be a smectite material.
In an aspect, the smectite material can be selected from the group consisting of:
montmorillonite (MMT), nontronite, Saponite, hectorite, and a combination thereof.
In an aspect, the support material can be Laponite EP®, Laponite RD®, Laponite
XLG®, Laponite XL21®, Laponite D®, or a combination thereof.

Another aspect of the disclosure, among others, encompasses a three
dimensional printing system, comprising: a precursor build material comprising a
hydrogel precursor and a support material, wherein the precursor build material has a
gel-like state when a stress applied to the precursor build material is less than a yield
stress, wherein the precursor build material has a free-flow state when the stress
applied to the precursor build material is above the yield stress, wherein when the
stress applied to the precursor build material changes from above the yield stress to
below the yield stress, the precursor build material returns to the gel-like state; and a
printing device for delivering a plurality of discrete volumes of the precursor build
material, wherein each discrete volume of precursor build material is delivered to a
specified voxel, where each specified voxel corresponding to a discrete volume of
precursor build material in a different location, wherein after each discrete volume of
precursor build material is delivered, the precursor build material is self-supporting,
wherein the plurality of discrete volumes of precursor build material form a precursor
build material three dimensional structure, wherein prior to delivering the plurality of
discrete volumes of the precursor build material to each specified voxel, the precursor
build material is in the gel-like state, wherein as the printing device delivers the
precursor build material to each specified voxel the printing produces stress applied to
the precursor build material that is above the yield stress so that upon printing each
discrete volume the precursor build material converts into the free-flow state, wherein
after each discrete volume of the precursor build material is printed to each specified
voxel, the precursor build material in the free-flow state transforms back to the gel-
like state and is self-supporting, wherein the three dimensional printing system does
not include a support bath. In various aspects, the support material can be a smectite
material. In an aspect, the smectite material can be selected from the group consisting

of: montmorillonite (MMT), nontronite, Saponite, hectorite, and a combination
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thereof. In an aspect, the support material can be Laponite RD®, Laponite XLG®, or a
combination thereof. In various aspects, the hydrogel precursor is selected from the
group consisting of’ alginate, gelation, chitosan, collagen, Matrigel, poly (ethylene
glycol), polyvinyl alcohol, Pluronic, and a combination thereof.

Another aspect of the disclosure, among others, encompasses a method to
form a three dimensional structure, comprising: a) providing a precursor build
material comprising a hydrogel precursor and a support material, wherein the
precursor build material has a gel-like state when a stress applied to the precursor
build material is less than a yield stress, wherein the precursor build material has a
free-flow state when the stress applied to the precursor build material is above the
yield stress, wherein when the stress applied to the precursor build material changes
from above the yield stress to below the yield stress, the precursor build material
returns to the gel-like state; b) printing the first precursor build material in a first
voxel without a support bath, wherein prior to printing the first precursor build
material in the first voxel, the first precursor build material is in the gel-like state,
wherein the printing produces stress applied to the first precursor build material that is
above the yield stress so that upon printing the first precursor build material in the
first voxel the first precursor build material converts into the free-flow state, wherein
the first precursor build material flows into the first voxel as the first precursor build
material is printed, wherein the first precursor build material in the free-flow state
transforms back to the gel-like state when the stress applied is below the yield stress;
¢) repeating step b) for a plurality of voxels, wherein the first precursor build material
in the plurality of voxels is part of a precursor build material three dimensional
structure; and d) causing a phase change in the precursor build material three
dimensional structure to form the three dimensional structure. In various aspects, the
support material can be a smectite material. In an aspect, the smectite material can be
selected from the group consisting of: montmorillonite (MMT), nontronite, Saponite,
hectorite, and a combination thereof. In an aspect, the support material can be
Laponite RD®, Laponite XLG®, or a combination thereof. In various aspects, the
hydrogel precursor is selected from the group consisting of’ alginate, gelation,
chitosan, collagen, Matrigel, poly (ethylene glycol), polyvinyl alcohol, Pluronic, and a
combination thereof.

Another aspect of the disclosure, among others, encompasses a composition

comprising: a precursor build material comprising a hydrogel precursor and a support
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material, wherein the precursor build material has a gel-like state when a stress
applied to the precursor build material is less than a yield stress, wherein the precursor
build material has a free-flow state when the stress applied to the precursor build
material is above the yield stress, wherein when the stress applied to the precursor
build material changes from above the yield stress to below the yield stress, the
precursor build material returns to the gel-like state. In various aspects, the support
material can be a smectite material. In an aspect, the smectite material can be selected
from the group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite,
and a combination thereof. In an aspect, the support material can be Laponite RD®,
Laponite XLG®, or a combination thereof. In various aspects, the hydrogel precursor
can be selected from the group consisting of: alginate, gelation, chitosan, collagen,
Matrigel, poly (ethylene glycol), polyvinyl alcohol, Pluronic, and a combination
thereof.

Other systems, methods, features, and advantages of the present disclosure
will be or become apparent to one with skill in the art upon examination of the
following drawings and detailed description. It is intended that all such additional
systems, methods, features, and advantages be included within this description, be
within the scope of the present disclosure, and be protected by the accompanying
claims. In addition, all optional and preferred features and modifications of the
described embodiments are usable in all aspects of the disclosure taught herein.
Furthermore, the individual features of the dependent claims, as well as all optional
and preferred features and modifications of the described embodiments are

combinable and interchangeable with one another.

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects of the present disclosure will be readily appreciated upon
review of the detailed description of its various embodiments, described below, when
taken in conjunction with the accompanying drawings.

FIG. 1.1A illustrates examples of shear stress as a function of shear rate of
Laponite and alginate (NaAlg) according to various examples described herein.

FIG. 1.1B illustrates an example schematic of the Laponite bath response to
the moving nozzle according to various examples described herein.

FIG. 1.1C illustrates an example of a velocity field due to the relative

movement between the Laponite bath and nozzle (top) and the average flow speed
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along the relative movement direction (bottom) according to various examples
described herein.

FIG. 1.1D illustrates an example of thixotropic length scale as a function of
nozzle outer diameter according to various examples described herein.

FIG. 1.1E illustrates an example of thixotropic length scale as a function of
nozzle path speed according to various examples described herein.

FIG. 1.2 illustrates an example schematic of extrusion printing in a nanoclay
bath of colloidal Laponite according to various examples described herein.

FIG. 1.3A illustrates an example of alginate structure printing with an alginate
structure printed and then ionically crosslinked in a Laponite EP-CaClz bath according
to various examples described herein.

FIG. 1.3B illustrates an example morphology of an alginate filament printed in
a Laponite EP bath and a magnified view (inset) according to various examples
described herein.

FIG. 1.3C illustrates an example of alginate structure printing with layer-by-
layer printing procedure for Y-shaped tubular structures according to various
examples described herein.

FIG. 1.3D illustrates an example of a Y-shaped tubular alginate structure as
printed in the Laponite EP-CaClz bath (left) and crosslinked Y-shaped tubular alginate
structure (right) according to various examples described herein.

FIG. 1.3E illustrates an example of an alginate bone structure (humerus) as
printed (left) in the Laponite EP-CaCl: bath and crosslinked alginate bone structure
(right) according to various examples described herein.

FIG. 1.4A illustrates an example of a gelatin structure printed and then
thermally crosslinked in a Laponite EP bath according to various examples described
herein.

FIG. 1.4B illustrates an example morphology of a gelatin filament printed in
the Laponite EP bath and a magnified view (inset) according to various examples
described herein.

FIG. 1.4C illustrates an example of a brain model as designed (left), thermally
gelled brain structure in the Laponite EP bath (center, left) and top (center, right) and
side (right) views of thermally gelled brain structure after Laponite rinsing according

to various examples described herein.



WO 2018/053404 PCT/US2017/052020

FIG. 1.4D illustrates an example of a printed microvascular network in the
Laponite bath (left) and microvascular network model (inset) and crosslinked
fibroblast-based gelatin-alginate construct (right) according to various examples
described herein.

FIG. 1.4E illustrates an example of post-printing cell viability information
according to various examples described herein.

FIG. 1.4F illustrates an example of cell adhesion and proliferation after three-
day incubation according to various examples described herein.

FIG. 1.4G illustrates an example of metabolic activity of cells during three-
day incubation according to various examples described herein.

FIG. 1.4H illustrates an example of a printing procedure of microvascular
network by proposed “localized layer-by-layer” approach according to various
examples described herein.

FIGS. 1.5A-D illustrate examples of SU-8 printing according to various
examples described herein.

FIG. 2.1 illustrates an example of yield stress as a function of pH for different
Carbopol concentrations according to various examples described herein.

FIGS. 2.2A-C illustrate examples of the effects of printing conditions on the
filament diameter according to various examples described herein.

FIG. 3.1A illustrates an example of a single Laponite platelet and its idealized
structural formula according to various examples described herein.

FIG. 3.1B illustrates an example of a Laponite gel formation: “house-of-cards”
arrangement according to various examples described herein.

FIG. 3.1C illustrates an example of yield stress of nanoclay colloidal
suspensions using steady rate sweep testing according to various examples described
herein.

FIG. 3.1D illustrates an example of a thixotropic response time of nanoclay
colloidal suspensions using transient step shear rate testing according to various
examples described herein.

FIG. 3.1E illustrates examples of schematics of nanoclay-enabled printing
approach according to various examples described herein.

FIGS. 3.2A-G illustrate examples of complex structure fabrication using the
Laponite nanoclay-enabled extrusion printing approach according to various examples

described herein.
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FIGS. 3.3A-D illustrate example schematics of interactions between and pre-
and post-gelation hydrogel composite cups of PEGDA and Laponite, NaAlg and
Laponite, and gelatin and Laponite according to various examples described herein.

FIGS. 3.3E-G illustrate example rheology measurements of three composite
hydrogel precursor colloids: shear moduli as a function of frequency, shear stress as a
function of shear rate, and viscosity as a function of thixotropic response time
according to various examples described herein.

FIG. 3.3H illustrates an example of Laponite-based triple-walled
heterogeneous hydrogel composite structure according to various examples described
herein.

FIG. 3.31 illustrates an example of a printed concentric cannular PEGDA-
Laponite structure according to various examples described herein.

FIGS. 3.4A-C illustrate examples of effects of nanoclay on the mechanical
stiffness and cell adhesion and proliferation according to various examples described
herein.

FIG. 3.5A illustrates examples of cell adhesion and proliferation on the
surface of 3D printed hydrogel composite scaffold according to various examples
described herein.

FIG. 3.5B illustrates examples of cell adhesion and proliferation on the surface
of hydrogel composite sheet with living cells and dead cells according to various
examples described herein.

FIG. 3.5C illustrates an example of metabolic activity of seeded cells
according to various examples described herein.

FIG. 3.5D illustrates an example of a degradation rate of hydrogels and
hydrogel composites after 7-day incubation according to various examples described
herein.

FIG. 4.1 illustrates an example schematic of filament deposition in a nanoclay
bath according to various examples described herein.

FIGS. 4.2A and 4.2B illustrate representative images and schematics of seven
types of filaments according to various examples described herein.

FIG. 4.3A illustrates an example of viscosity of alginate-gelatin blends with
different concentrations as a function of shear rate according to various examples

described herein.
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FIG. 4.3B illustrates an example of shear moduli of alginate-gelatin blends
with different concentrations as a function of frequency according to various
examples described herein.

FIG. 4.4A illustrates an example of filament diameter as a function of alginate
concentration in a 4.0% (w/v) nanoclay bath according to various examples described
herein.

FIG. 4.4B illustrates an example of filament morphology of different alginate
concentrations in a 0.5% (w/v) nanoclay bath according to various examples
described herein.

FIGS. 4. 5A-D illustrate examples of theological property measurement of
nanoclay suspensions with different concentrations according to various examples
described herein.

FIG. 4.6A illustrates an example of filament diameter as a function of
nanoclay concentration when extruding alginate-gelatin blends with different alginate
concentrations according to various examples described herein.

FIG. 4.6B illustrates an example of ffilament morphology of extruded
alginate-gelatin blends with different alginate concentrations in nanoclay baths with
different concentrations according to various examples described herein.

FIG. 4.7 illustates an example schematic of dispensing process in a nanoclay
bath according to various examples described herein.

FIG. 4.8A illustrates example measurements of filament diameter as a function
of nozzle diameter according to various examples described herein.

FIG. 4.8B illustrates example measurements of filament diameter as a function
of dispensing pressure according to various examples described herein.

FIGS. 4 9A-C illustate example effects of path speed on filament formation
and representative images according to various examples described herein.

FIG. 4.10 illustrates an example of an overall phase diagram of filament
formation (left), an example two dimensional phase diagram of filament formation in
a 4.0% (w/v) nanoclay bath (right, top), and an example two dimensional phase
diagram of filament formation phase diagram of printing 0.5% (w/v) alginate-10.0%
(w/v) gelatin in nanoclay baths with different concentrations (right, bottom) according

to various examples described herein.
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FIG. 4.11 illustrates an example phase diagram based on the material-property
dimensionless number and operating-condition dimensionless number according to
various examples described herein.

FIGS. 4.12A-E illustrate cellular vascular construct printing according to
various examples described herein.

FIG. 4.13A illustrates an example of a crosslinked fibroblast-based alginate-
gelatin construct according to various examples described herein.

FIG. 4.13B illustrates an example of post-printing cell viability (with one +/-
standard deviation error bars) according to various examples described herein.

FIG. 4.13C illustrates an example of metabolic activity of cells of printed
vascular constructs during three-day incubation according to various examples

described herein.

DETAILED DESCRIPTION

This disclosure is not limited to particular embodiments described, and as such
may, of course, vary. The terminology used herein serves the purpose of describing
particular embodiments only, and is not intended to be limiting, since the scope of the
present disclosure will be limited only by the appended claims.

Where a range of values is provided, each intervening value, to the tenth of the
unit of the lower limit unless the context clearly dictates otherwise, between the upper
and lower limit of that range and any other stated or intervening value in that stated
range, is encompassed within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller ranges and are also
encompassed within the disclosure, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of the limits, ranges
excluding either or both of those included limits are also included in the disclosure.

As will be apparent to those of skill in the art upon reading this disclosure,
each of the individual embodiments described and illustrated herein has discrete
components and features which may be readily separated from or combined with the
features of any of the other several embodiments without departing from the scope or
spirit of the present disclosure. Any recited method may be carried out in the order of

events recited or in any other order that is logically possible.
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Embodiments of the present disclosure will employ, unless otherwise
indicated, techniques of chemistry, physics, fluid dynamics, and the like, which are
within the skill of the art. Such techniques are explained fully in the literature.

Prior to describing the various embodiments, the following definitions are
provided and should be used unless otherwise indicated.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art of
chemistry, physics, fluid dynamics, and the like. Although methods and materials
similar or equivalent to those described herein can be used in the practice or testing of
the present disclosure, suitable methods and materials are described herein.

As used in the specification and the appended claims, the singular forms “a,”
“an,” and “the” may include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a support™ includes a plurality of
supports. In this specification and in the claims that follow, reference will be made to
anumber of terms that shall be defined to have the following meanings unless a

contrary intention is apparent.

Discussion:

Embodiments of the present disclosure provide for systems and methods for
forming three dimensional structures. In an embodiment, the three dimensional
structure can be a liquid three dimensional structure and in another embodiment, the
three dimensional structure can be a precursor build material three dimensional
structure, both of which can undergo a phase or state change to convert to the three
dimensional structure.

Embodiments of the present disclosure are advantageous in that they
overcome some of the problems associated with current methods of three dimensional
printing where a support material is used. For example, other techniques require the
use of additional components such as fluid fillers, additives to mitigate ionic
sensitivity, and/or components that must be used in a reaction to cure the three
dimensional structure. As a result, the types of build materials that can be used to
form the three dimensional structure are limited since they can undergo a reaction or
other deleterious interaction with the components used with the support material or

solidification conditions can have a detrimental impact on the support material.
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In contrast, an embodiment of the present disclosure can use a support
material that does not negatively interact with a wide variety of build materials, shows
good physical and chemical stability and provides excellent support for the build
material as it is printed so that a phase change (e.g., curing) can occur after all of the
build material is printed. As a result, complex three dimensional structures can be
formed with a wide variety of build materials that otherwise cannot be accomplished
using other techniques.

In another embodiment, a precursor build material including a hydrogel
precursor and a support material can be used to print a precursor build material three
dimensional structure that is self-supporting. As a result, a rapid solidification
process is not needed. In addition, a support bath is not needed during the printing
process of the precursor build material three dimensional structure to support the
printed material.

Embodiments of the present disclosure can print three dimensional structures
having a wide range of shapes and sizes. For example, three dimensional structures
having regions that do not have direct support from the build material below might
otherwise collapse, but the support material prevents the build material from
collapsing. In addition, structures having hollow regions that are not supported by the
build material can be printed and supported by the support material. In regard to the
precursor build material three dimensional structure, as the precursor build material
three dimensional structure is printed, each portion printed is self-supported in that no
other materials or mechanisms are needed to support each portion or the entire
structure.

In an effort to overcome some of the disadvantages associated with current
material extrusion-based three dimensional printing techniques, support materials
have been found to enable a “printing-then-solidification” technique, as disclosed
herein, where the printed liquid three dimensional structure does not undergo any
phase change until the complete three dimensional structure is fabricated. In an
embodiment, it may be desirable to cause a phase change of different portions of the
three dimensional structure at different times, and embodiments of the present method
can be modified to accommodate this approach.

Now having described embodiments of the present disclosure in general,

additional details are provided for embodiments of the present disclosure.
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A) Support Bath:

In general, during fabrication (printing of the build material), the structure, as
it is formed in a layer-by-layer process (or voxel-by-voxel process), is stabilized by a
support material. As each discrete volume of build material is printed to selected
regions, the support material in that region undergoes a gel-to-sol change so that the
support material readily flows as a result of an external force (e.g., printing (e.g.,
movement of the print head, extrusion of the build material, and the like)) higher than
the yield stress of the support material. Once the stress applied to the support material
is less than the yield stress, the fluidized support material returns to its gel-like state as
it fills any regions (e.g., crevasses) that are not filled in by the printed build material.
In other words, the “bulk” support material surrounding the printed build material
successfully holds or secures each printed feature in place when the stress applied
abates or is otherwise removed. The print system can then print additional build
material in a new location, which can be repeated until the liquid three dimensional
structure is completely formed. Since the printed liquid three dimensional structure
can remain fluid until the whole structure is fabricated, the interface between two or
more sequentially or simultaneously printed regions can be eliminated.

In order to use the widest variety of build materials, the support material
should have one or more of the following: ion insensitivity, UV transparency, and
thermal stability. In addition, the support material should be easy to remove in order
to harvest the printed object after solidification. For bio-printing applications, the
support material should also be biocompatible. Additional details regarding the
support material and the build material are provided herein and in the Examples.

In an embodiment, the three dimensional printing system includes a support
bath and a printing device. The printing device can include an extrusion based three
dimensional printing device. In an embodiment, the printing device includes one or
more extrusion tips, apertures, or print heads that can dispense the build material. The
printing device can also include some auxiliary systems such as pneumatic control
system, build material supplying system, heating and temperature control system, and
curing/gelation/solidification system. The printing device can include commercial
products such as 3Dn series and tabletop series from nScrypt, 3D-Bioplotter from
Envision TEC, BioBots from Biobots, and Fabi@Home from Fab@Home. Additional
features or aspects of the printing device will be discussed herein, such as the speed of

the movement of the extrusion tip, the pressure and speed of the build material
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coming out of the extrusion tip, and the like. Generally, the speed range of the print
head can be about 0.5 mm/s to 5.0 mm/s depending on the rheological properties (e.g.,
viscosity) of build material, and the speed range of build material varies at the same
level with the speed range of the print head. In this regard, the speed of the print head
can be selected based on variables of the system.

In an embodiment, the support bath (e.g., reservoir) can be a container in
which a three dimensional structure can be constructed and which can hold a support
material. The support bath can be made of plastic, metal, a composite or other
appropriate material that is compatible with the printing device, support material, and
build material and can range in size depending upon the particular application. In an
embodiment, the support bath includes one or more pumps or mechanisms to
introduce or remove the support material, temperature control to modify the
temperature of the support material and/or the build material, and the like.

The support material is in a gel-like state when a stress applied (or is under no
applied stress) to the support material is less than a yield stress of the support
material, whereas the support material is in a free-flow state when the stress applied to
the support material is above the yield stress. Once the stress applied to the support
material changes from above the yield stress to below the yield stress, the support
material immediately returns to the gel-like state.

In context of three dimensional printing, the printing device can deliver a
plurality of discrete volumes of a liquid (a build material) to a specified voxel in the
support bath. Each specified voxel corresponds to a different location, so that a
plurality of voxels (including the build material in the voxel) form the liquid three
dimensional structure. When a discrete volume of liquid is delivered to a particular
voxel, the support material in that particular voxel changes from the gel-like state to
the free-flow state so that the support material flows out of the particular voxel as the
discrete volume of liquid occupies the voxel. Once a particular discrete volume of
liquid is delivered, the support material supports the discrete volume of liquid as it
changes from the free-flow state back to the gel-like state as the support material is no
longer subject to the applied stress, in other words, the stress applied is less than the
yield stress.

In regard to this context, the word “support” or “supports” refers to the ability
or characteristic of the support material to conform around regions (e.g., crevices) that

the discrete volume of liquid is not occupying and holding the liquid in the voxel to
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which it was printed. In addition, support includes buoyant support of each of the
voxels as they are formed and of the liquid three dimensional structure during and
after it is formed.

In regard to this context, the word “voxel” refers to an addressable volume to
which the printing device can deliver the build material. One can consider the volume
of the support bath having a plurality of voxels, each voxel having unique three
dimensional coordinates (e.g., the coordinate can be defined by the x, y, and z-axis).
In an embodiment, a voxel can have a volume of about 0.000785 L to 0.785 uL. In
an embodiment, the voxel can have a length, a width, and a height, each
independently of one another of about 0.1 mm to 1.0 mm. In an embodiment, the
voxel can also have a diameter (if it has a spherical-like structure) of about 0.1 mm to
1.0 mm. In an aspect, the voxel can have a polyhedron or a substantially (e.g., about
70 to 99%) polyhedron three dimensional structure. In an aspect, the voxel can have a
cubic or a substantially (e.g., about 70 to 99%) cubic three dimensional structure. In
an aspect, the voxel can have a cuboid or substantially (e.g., about 70 to 99%) a
cuboid three dimensional structure. In an aspect, the voxel can have a spherical or a
substantially (e.g., about 70 to 99%) spherical three dimensional structure. A
combination of voxels having the build material in each voxel forms the liquid three
dimensional structure.

This process can be repeated for each voxel that is used to form the liquid
three dimensional structure and areas not occupied by the build material are occupied
by the support material. In other words, the support material supports the liquid three
dimensional structure, which can then be undergo a state change (e.g., curing,
gelation, crosslinking, or a combination thereof) to form a three dimensional structure.

In an embodiment, the state change of the liquid three dimensional structure to
the three dimensional structure can be induced by increasing or decreasing the
ambient temperature to the glass-transition temperature of build materials, applying
light radiation, providing ions to the build materials, and/or adjusting the pH values of
build materials.

As stated above, the support material has a yield stress. A material which
hardly flows if the imposed stress is below some critical value but easily flows at high
shear rates at stresses above this value is called a yield stress fluid and the stress value

that marks this transition is called the yield stress. One way to describe yield stress
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behavior is using the Herschel-Bulkley model, which describes the rheological
behavior of the yield stress fluid as: & = o, + k5", where o 1s the shear stress, ¥ is the

shear rate, oo is the yield stress, & is the consistency index and # is the flow index. If

o <0, the yield stress fluid behaves as a solid, otherwise it behaves as a fluid.

As described in the Examples, each support material has a yield stress. The
support material can be selected based on the parameters including the yield stress
and the expected stress applied to the support material by the printing device. The
Examples provide some specific examples that can be considered, but the application
and scope of the claims are not limited by these examples and the scope is intended to
extend to various support materials having characteristics consistent with the present
disclosure.

In regard to the stress applied by the print device, the stress applied can be the
result of the movement of the print head, dispensing pressure applied to build
materials, and/or physical constraints of extrusion tip(s).

In an embodiment, , when the support material is dispersed in water,
electrostatic repulsive force prevents direct contact of particles (e.g., nanoparticles) of
the support material and restricts the motion of the particles such that an ordered array
extends through the entire volume of the suspension of the support material. This
forms a structured fluid and leads to yield-stress behavior, especially when the
concentration of support material (e.g., smectite minerals) is sufficiently high.

In an embodiment, the support material can include smectite minerals, which
may be referred to as nanoclays in some instances. Smectite minerals are the most
commonly used nanoclay minerals in various bio-related applications. The most
important members of the smectite group are montmorillonite (MMT), nontronite,
Saponite, and hectorite, and all of them are good candidates for the proposed printing-
then-solidification/curing/gelation methodology.

Montmorillonite is a 2:1 clay with a chemical formula of
(Na,Cajosst AL Mgi{8ia0ie(OH ) #H20, which has two tetrahedral sheets
of silica sandwiching a central octahedral sheet of alumina. The particles are plate-
shaped with an average diameter of about 0.5 to 2 um or about 1 um and a thickness
of about 8 to 12 nm or about 9.6 nm. In montmorillonite, the 2:1 phyllosilicate
structure leads to more than 50% octahedral charge; its cation exchange capacity is

due to isomorphous substitution of Mg for Al in the central alumina plane. The
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substitution of lower valence cations in such instances leaves the nearby oxygen
atoms with a net negative charge that can attract cations.

Nontronite is an iron rich member of the smectite group of clay minerals.
Nontronites typically have a chemical composition consisting of more than about 30%
Fe20s3 and less than about 12% Al20s. A typical structural formula for nontronite is
Caos(Si7AlosFeo2)(Fes.sAlo4aMgo.1)O20(0H)4. The dioctahedral sheet of nontronite is
composed mainly of trivalent iron (Fe**) cations. The tetrahedral sheet is composed
mainly of silicon (Si**), but can have substantial substitution of either Fe’" or AI**, or
combinations of these two cations. Thus, most layer charge is located in the
tetrahedral sheet and balanced by divalent calcium (Ca®>*) or magnesium (Mg>*).

Saponite, a trioctahedral mineral of the smectite group, is built from two SiO4
tetrahedral layers and one MgQOgs octahedral layer arranged in a TOT sandwich (T
stands for tetrahedral layer and O stands for octahedral layer). Substitution of Si by Al
in the T layer creates a negative charge which can be compensated by cations such as
Na' located in the interlayer space. The chemical formula of Saponite is
Caozs{Mg, Fel ({81, AluO1e 3 OHp n{#H20).

Hectorites are trioctahedral smectites similar to montmorillonite, but with
some Mg?* substituted for Li" in the octahedral sheet and trace amounts of AI** in
place of Si** in the tetrahedral sheets, leading to a general composition of Nao3(Mgs-
xLix)(Si4)O10(OH)2. Because natural clay materials are generally heterogeneous and
contaminated with various impurities, synthetic processes have been developed to
produce pure materials of certain types.

For example, Laponite (Nao.7SisMgs sLi0.3020(0H)4), a commercially-available
synthetic hectorite, is a hydrous sodium lithium magnesium silicate consisting of
monodisperse nanoscale platelets, about 0.5 to 15 nm or about 1 nm thick and about
20 to 30 nm or about 25 nm in diameter. When mixed with water, individual platelets
disperse readily to form colloidal suspensions. Sodium ions dissociate from the
individual platelets, leaving the faces of each disc negatively charged; hydroxide ion
dissociation at the edges results in a slight positive charge. This charge distribution
drives Laponite platelets to adopt a stable “house-of-cards™ arrangement as the
aqueous Laponite suspension equilibrates, resulting in a transparent suspension with a
yield stress.

In an embodiment, the support material can be in the commercially sold
Laponite family of materials (e.g., Laponite EP®, Laponite RD®, Laponite XLG®,
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Laponite XL21® and Laponite D®). These materials offer a versatile yield-stress
support material for the printing of liquid build materials with different solidification,
curing, and/or gelation mechanisms. Laponite is a synthetic nanoclay that is widely
used in personal care products, coatings, and industrial applications. As a result of
carefully controlled synthesis, it consists of crystalline nanoscale platelets with very
low polydispersity. Laponite’s wide range of yield stress at different grades and
concentrations and the good stability in yield stress make it an excellent support
material for different liquid build materials. After disruption by an external stimulus,
the Laponite colloid is able to rapidly return to equilibrium under typical printing
conditions as demonstrated in an imaging study. This unique yield-stress material
property is explored for liquid extrusion printing for the first time. Laponite colloidal
baths permit repeated retracing of dispensing nozzle because reversible liquefaction
occurs locally without changing their overall rheological properties. To evaluate its
thixotropy and recovery capability during and after nozzle movement, the motion of
microbeads embedded in the Laponite colloid is imaged as the colloid reservoir is
translated relative to a fixed nozzle.

As described in more detail in the Examples, it was found that only the
nanoclay Laponite colloid around the dispensing nozzle flows upon the nozzle
movement, and the affected thixotropic region is limited to twice the characteristic
length (nozzle radius). Such a thixotropic behavior ensures that liquid build materials
are supported (e.g., surrounded and trapped in place) immediately after being
deposited in the support material, enabling precisely controlled structural features to
be printed.

In an embodiment, the build material can include materials that can be
dispensed using the printer device as well as materials that do not interact strongly
with the support material, where such interaction may destroy the electrostatic balance
inside the support material and can disrupt the “house-of-cards™ structure. In an
embodiment, the build material can be selected from the following with consideration
of the support material being used: natural polymers including alginate, gelatin,
chitosan, collagen, Matrigel, agarose and fibrin as well as synthetic polymers
including poly (ethylene glycol), polyvinyl alcohol, pluronic, SU-8 and
polydimethylsiloxane.

18



WO 2018/053404 PCT/US2017/052020

B) Self-supporting Three Dimensional Structure

An embodiment of the present disclosure includes a precursor build material
that includes a hydrogel precursor and a support material. It should be noted that
while the support material is separate from the build material in A), the support
material is a component of the precursor build material in B). Inclusion of the support
material in the precursor build material provides the precursor build material with
self-supporting properties similar to that of the support material as described above.
In this regard, the precursor build material has a gel-like state when a stress applied to
the precursor build material is less than a yield stress, while the precursor build
material has a free-flow state when the stress applied to the precursor build material is
above the yield stress. When the stress applied to the precursor build material
changes from above the yield stress to below the yield stress, the precursor build
material returns to the gel-like state from the free-flow state.

As mentioned above in A), when the support material is dispersed in water,
electrostatic repulsive force prevents direct contact of particles (e.g., nanoparticles) of
the support material and restricts the motion of the particles such that an ordered array
extends through the entire volume of the suspension of the support material. This
forms a structured fluid and leads to yield-stress behavior, especially when the
concentration of support material (e.g., smectite minerals) is sufficiently high. In an
embodiment, the support material can include smectite minerals, which may be
referred to as nanoclays in some instances. Smectite minerals are the most commonly
used nanoclay minerals in various bio-related applications. The most important
members of the smectite group are montmorillonite (MMT), nontronite, Saponite, and
hectorite. Additional details about the support material are described in A) above. In
an embodiment, the support material is about six to eight weight percent of the
precursor build material.

In an embodiment, the hydrogel precursor can be selected from: natural
hydrogels including alginate, gelatin, chitosan, collagen, Matrigel, and the like as well
as synthetic hydrogels including poly(ethylene glycol), polyvinyl alcohol, Pluronic
and the like. Once the three dimensional structure of hydrogel precursor is printed,
the hydrogel precursor can be converted into a solid state according to its applicable
gelation mechanism(s). In an embodiment the gelation or solidification mechanisms

can be selected from: thermal gelation, ultraviolet or any light-activated curing, ionic
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crosslinking, a combination thereof, and the like. In an embodiment, the hydrogel
precursor is about 0.5 to 15 weight percent of the precursor build material.

An embodiment of the present disclosure includes a three dimensional printing
system for the self-supporting three dimensional structure. In an embodiment, the
three dimensional printing system includes a printing device and an optional support
bath container, however, support material is not used in the support bath structure,
rather the support bath structure can be used to protect the three dimensional structure
being printed. The printing device can include an extrusion based three dimensional
printing device. In an embodiment, the printing device includes one or more
extrusion tips, apertures, or print heads that can dispense the build material. The
printing device can also include some auxiliary systems such as pneumatic control
system, build material supplying system, heating and temperature control system, and
curing/gelation/solidification system. The printing device can include commercial
products such as 3Dn series and tabletop series from nScrypt, 3D-Bioplotter from
Envision TEC, BioBots from Biobots, and Fabi@Home from Fab@Home. Additional
features or aspects of the printing device will be discussed herein, such as the speed of
the movement of the extrusion tip, the pressure and speed of the build material
coming out of the extrusion tip, and the like. Generally, the speed range of the print
head can be about 0.5 mm/s to 5.0 mm/s depending on the rheological properties (e.g.,
viscosity) of build material, and the speed range of build material varies at the same
level with the speed range of the print head. In this regard, the speed of the print head
can be selected based on variables of the system.

In an embodiment, the printing system includes the printing device for
delivering a plurality of discrete volumes of the precursor build material, each discrete
volume of precursor build material is delivered to a specified voxel. In an
embodiment, each specified voxel corresponding to a discrete volume of precursor
build material in a different location. After each discrete volume of precursor build
material is delivered, the precursor build material is self-supporting. The plurality of
discrete volumes of precursor build material form a precursor build material three
dimensional structure.

Prior to delivering the plurality of discrete volumes of the precursor build
material to each specified voxel, the precursor build material is in the gel-like state.
As the printing device delivers the precursor build material to each specified voxel the

printing produces stress applied to the precursor build material that is above the yield
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stress so that upon printing each discrete volume the precursor build material converts
into the free-flow state. After each discrete volume of the precursor build material is
printed to each specified voxel, the precursor build material in the free-flow state
transforms back to the gel-like state and is self-supporting.

An embodiment of the present disclosure includes a method to form a three
dimensional structure using the precursor build material. A first precursor build
material is printed in a first voxel without a support bath. Prior to printing the first
precursor build material in the first voxel, the first precursor build material is in the
gel-like state. The printing produces stress applied to the first precursor build material
that is above the yield stress so that upon printing the first precursor build material in
the first voxel the first precursor build material converts into the free-flow state. The
first precursor build material flows into the first voxel as the first precursor build
material is printed. After the first precursor build material is printed, the first
precursor build material transforms back to the gel-like state once the stress applied is
below the yield stress. The process can be performed for a plurality of voxels,
wherein the resulting structure formed is a precursor build material three dimensional
structure that is self-supporting.

Subsequently, a phase change or state change can be caused in the precursor
build material three dimensional structure to form the three dimensional structure. In
an embodiment, the phase change can include curing, gelation, crosslinking, or a
combination thereof to form a three dimensional structure. In an embodiment, the
phase change of the precursor build material three dimensional structure to the three
dimensional structure can be performed by increasing or decreasing the ambient
temperature to the glass-transition temperature of build materials, applying light
radiation, providing ions to the build materials, and/or adjusting the pH values of
build materials.

It should be noted that a nanoclay, Laponite, has been used as a physical
crosslinker, which is also sometimes viewed as a theological additive, to make
printable/injectable inks for various fabrications processes. However, the nanoclay
has not been used as a support material or scaffold material as in this embodiment.
These Laponite-based printing studies are a type of “solidification-while-printing”
approach, which is fundamentally different from the proposed “printing-then-

solidification™ approach described herein.
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While embodiments of the present disclosure are described in connection with
the Examples and the corresponding text and figures, there is no intent to limit the
disclosure to the embodiments in these descriptions. On the contrary, the intent is to
cover all alternatives, modifications, and equivalents included within the spirit and

scope of embodiments of the present disclosure.

Example 1

Additive manufacturing (AM), commonly known as 3D printing, enables the
freeform fabrication of complex structures from various build materials and provides
an effective and efficient way to produce low-volume, customized products with
complicated geometries and advanced material properties and functions!->. Of seven
AM techniques® ¢, material extrusion is the most widely used due to its easy
implementation, high efficiency, and the wide range of extrudable materials; fused
deposition modeling (FDM) is one of its popular implementations. When using
directly extruded liquid build materials for extrusion-based fabrication, however,
several complications still limit the wide use of the traditional
“solidification/curing/gelation-while-printing™ approach, in which each layer is
completely solidified/cured/gelled prior to the deposition of the next layer. First, the
extrusion nozzle may clog due to its short standoff distance, especially when printing
ionically crosslinkable materials since surface tension brings the gelation agent to the
nozzle and clogs it. Second, it is difficult to simultaneously print support structures to
hold the part being fabricated while undergoing a liquid-solid phase change. Third,
the interfacial strength between two sequential layers limits the mechanical strength
of printed structures if the deposition speed is not optimized.

To enable material extrusion as a versatile printing technique for liquid build
materials, a Laponite nanoclay yield-stress colloid serves as a functional support bath
material to enable an alternative “printing-then- solidification/curing/gelation™
methodology in which a three-dimensional (3D) structure does not undergo any phase
change until the complete structure is fabricated. For convenience, we refer to this
printing approach as “printing-then-solidification™ herein. During fabrication, the
printed structure is stabilized by a support bath which readily flows when an external
force higher than its yield stress is applied, such as that exerted by a moving extrusion
nozzle. Once the nozzle moves on, the fluidized support material fills any crevasses in

its wake and then returns to its gel-like behavior. This bulk support material
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successfully holds each printed feature in place when surface tension and gravitational
forces are lower than the yield stress of support material. Then, the whole liquid
structure is solidified in situ by applying applicable crosslinking mechanisms. Finally,
the solidified structure is harvested from the support bath for any further processing as
needed. Since the printed structure can remain fluid until the whole structure is
fabricated, the interface between two sequentially printed layers can be eliminated, if
needed. It is noted that some extrusion-based printing approaches have been
innovated to directly print 3D liquid structures in air before crosslinking”-®, but such
approaches mainly rely on the development of new ink materials with the yield-stress
property. As such, there is still aneed to develop a versatile fabrication approach to
extrusion print various liquid build materials other than yield-stress materials.

Development of functional support materials has been of great interest for
liquid material extrusion. Such materials range from hydrophobic fluids which
provide buoyant support’ to photopolymerizable hydrogel matrixes which hold a
feature being printed'? to reversibly crosslinked guest-host hydrogels which heal
around a traveling nozzle as well as printed material!! to packed gel particles

12-14 and gelatin particles'®. While some of the

including granular Carbopol microgels
aforementioned support materials'®-!> can be potentially utilized for the proposed
“printing-then-solidification™ approach, their applications for “printing-then-
solidification,” unfortunately, are limited by the use of additional fluid filler', ionic
sensitivity 13, working temperature range!>, or the possible reaction with the guest-host
hyaluronic acid hydrogel!!. For the two promising yield-stress support materials
(Carbopol microgels'?!* and gelatin particles'®), unfortunately, the ionic sensitivity of
Carbopol microgels prevents their use for ionic crosslinking material printing while
the melting temperature of gelatin particles (37°C) limits the printing of thermo-
sensitive materials with higher working temperature in a gelatin particle bath.

The majority of commonly used liquid build materials solidify in response to
one of three stimuli: multivalent ions, ultraviolet (UV) radiation-induced free radicals,
or temperature. Therefore, an ideal support material is expected to feature ion
insensitivity, UV transparency, and/or thermal stability. Furthermore, it should be
easy to remove in order to harvest the printed object after solidification. For
bioprinting applications, the support material should also be biocompatible.

This study investigates the feasibility of Laponite nanoclay, a member of the

smectite mineral family, as a versatile yield-stress support bath material for the
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printing of liquid build materials, in particular, biomaterials with different
solidification/curing/gelation mechanisms using the “printing-then-solidification™

approach.

Laponite utilized as the support bath material for extrusion printing

Laponite is a synthetic nanoclay which is widely used in personal care
products, coatings, and industrial applications. As a result of carefully controlled
synthesis, it consists of crystalline (Nao.7SisMgs.sLi03020(0H)4) in the form of
nanoscale platelets (nanosilicates), approximately 1 nm thick and 25 nm in diameter,
with very low polydispersity. Although they aggregate in the dry state, individual
platelets disperse readily in aqueous solutions to form colloidal suspensions. Sodium
ions dissociate from the individual platelets, leaving the faces of each disc negatively
charged; hydroxide ion dissociation at the edges results in a slight positive charge.
This charge distribution drives Laponite platelets to adopt a stable “house-of-cards™
arrangement as the aqueous Laponite suspension equilibrates, resulting in a
transparent suspension with a yield stress. This yield stress is a result of the threshold
energy required to disrupt the “house-of-cards™ before the suspension can flow. Since
the charge distribution leads to the formation of the “house-of-cards™ arrangement at
given Laponite concentrations, ionic impurities in the Laponite suspension may affect
its theological properties due to the influence of the ionic strength on electrostatic
interactions'® 7. As reported, the addition of ionic solution such as sodium chloride
(NaCl) may vary the concentration threshold to form the “house-of-cards™
arrangement especially for Laponite RD dispersions at lower volume fractions (~10-?)
17 Herein, to avoid the influence of ionic impurities, deionized water is used as the
solvent to prepare Laponite suspensions. As measured, the theological properties of
Laponite suspensions (FIG. 1.1A) verify Laponite as a typical yield-stress material,
behaving like a Kelvin-Voigt linear solid with damping in frequency sweeps.

Laponite’s wide range of yield stress at different grades and concentrations
and the good stability in yield stress make it an excellent support material for different
liquid build materials. After disruption by an external stimulus, the Laponite colloid is
able to rapidly return to equilibrium under typical printing conditions as demonstrated
in an imaging study. This unique yield-stress material property is explored for liquid
extrusion printing for the first time. Two types of Laponite have been investigated in

this study: Laponite RD for acellular structure printing, and Laponite EP for
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bioprinting. It should be noted that various Laponite materials including RD and XLG
have been commonly used for various tissue engineering applications as scaffold or

build materials!823

, and the reason that we use Laponite EP is its bath has a pH value
close to neutral and can be readily used for bioprinting; in addition, organic
modification reduces its ionic sensitivity, which enables Laponite EP to be mixed
with some ionic solutions while retaining its original rheological properties. Since
Laponite RD is more viscous (FIG. 1.1A) and transparent than Laponite EP, the
imaging study is based on Laponite RD. When the nozzle travels in the Laponite bath
at typical path speeds from 0.25 to 25.00 mm/s, no crevasse is observed in the wake
of the moving nozzle, demonstrating that the Laponite colloid fills the crevasse

immediately.

Particle imaging velocimetry analysis of printing in a Laponite bath

Laponite colloidal baths permit repeated retracing of a dispensing nozzle
because reversible liquefaction occurs locally without changing their overall
rheological properties. Under stressed conditions, the localized “house-of-cards™
arrangement of Laponite suspensions around the nozzle tip is disrupted; it rapidly
recovers to the original structure when the applied stress falls below the yield stress.
Such time-dependent structural change is termed thixotropy and its breakdown and
recovery time scales depend on the physico-chemical conditions (such as volume
fraction, pH, and ionic strength). Specifically, for some Laponite suspensions with
lower volume fractions (such as 0.5%-0.8% (v/v) Laponite XLG) the breakdown time
scales consist of a very short structural orientation time scale (~ 0.1 s) and a long
structural disaggregation time scale (~ 100 s), and the recovery time scales consist of
a very short structural disorientation time scale and a much longer structural
aggregation and arrangement time scale (ranging from a few hours to several days).?*

To evaluate the thixotropy and recovery capability of high concentration
Laponite suspensions used in this study during and after nozzle movement, the motion
of microbeads embedded in the Laponite colloid is imaged as the colloid reservoir is
translated relative to a fixed nozzle. Videos captured using a high speed camera are
analyzed by particle imaging velocimetry (PIV) to extract the velocity field around
the nozzle as shown in FIG. 1.1B. It is found that only the nanoclay Laponite colloid
around the dispensing nozzle flows upon the nozzle movement, and the affected

thixotropic region is limited to twice the characteristic length (nozzle radius). As
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shown in FIGS. 1.1C and 1.1D, the thixotropic length scale increases with the nozzle
diameter as well as the nozzle path speed, and the higher the Laponite concentration,
the less sensitive the bath is to the nozzle movement. The ratio of thixotropic length
scale to path speed (the slope in FIG. 1.1E) does not vary with the path speed,
indicating that the Laponite bath recovers in the same amount of time regardless of
the nozzle speed. Such a thixotropic behavior ensures that liquid build materials are
trapped in place immediately after being deposited in the nanoclay colloid bath,
enabling precisely controlled structural features. Compared with that of granular
Carbopol particles'? under similar test conditions (nozzle outer diameter and path
speed), the thixotropic length scale of nanoclay colloids is shorter due to the
nanoscale structure of Laponite nanoclay particles, indicating that Laponite is a

promising support material for extrusion printing applications.

Printing mechanism in a Laponite bath

Shown in FIG. 1.2 is a schematic of extrusion printing in a nanoclay bath of
colloidal Laponite. When writing in a Laponite bath, Laponite particles away from
the nozzle retain the “house-of-cards™ structure and maintain a gel status as shown in
FIG. 1.2 (left). As the nozzle travels, Laponite particles at the nozzle tip are physically
disturbed and disordered to fluidize around the nozzle tip (FIG. 1.2, center). Such a
fluidlike transition of gel network structures during shear flow was carefully
examined when silica colloidal gels were at low and high pressures during
microchannel flow? and the stress range of some Laponite suspensions was
determined by standard rheological measurements®®?”. As reported, it is found that at
a low shear stress (such as 5 Pa for 3.0% (w/v) Laponite RD suspensions), the
nanoclay suspension shows a typical gel or glass state, while at a high shear stress
range (from 15 to 80 Pa for 3.0% (w/v) Laponite RD suspensions), it transits from a
gel state to a sol state’’. Once the nozzle travels through, the disturbed Laponite
particles recover to the “house-of-cards™ structure rapidly to trap the deposited liquid
structure in place (FIG. 1.2, right). Finally, the whole printed liquid structure is
solidified in the Laponite bath as the “printing-then-solidification™ approach. After the
printed structure is harvested from the Laponite bath, it can be further solidified
(second-step solidification), if needed. The Laponite-enabled “printing-then-
solidification™ approach is further implemented in printing alginate structures in

biocompatible Laponite EP based on the ionic gelation mechanism, gelatin structures
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in biocompatible Laponite EP based on the thermal gelation mechanism, and SU-8

structures in Laponite RD based on the UV gelation mechanism.

Alginate structure fabrication

First, tubular alginate structures are printed using sodium alginate solutions
and gelled in a Laponite EP-calcium chloride (CaCl2) bath. Sodium alginate consists
of a family of unbranched binary anionic copolymers of 1,4 linked 5-/-mannuronic
acid (M units) and a-Z-guluronic acid (G units). It undergoes gelation when
interacting with divalent ions such as Ca?* or trivalent ions such as AI**. Gelation
occurs as such multivalent cations form interchain ionic bonds between G blocks,
giving rise to a stable alginate network such as the calcium alginate network as shown
in FIG. 1.3A. The selection criterion for Laponite concentration is whether the
resulting Laponite bath is good as a yield-stress fluid for the proposed printing
approach while the selection criterion for alginate concentration is whether the
resulting alginate solution is printable. Thus, we select an 8.0% (w/v) alginate
solution as the liquid build material due to its good extrusion printability as a model
liquid ink and a 4.0% (w/v) Laponite EP suspension as the support bath material due
to its suitable rheological properties. To evaluate the printing quality of alginate
structures fabricated by the proposed approach, an alginate filament is deposited in
the Laponite EP bath and the morphology of the filament is shown in FIG. 1.3B.
Then, Y-shaped tubular structures, the simplified basic unit of vascular constructs™®->!,
are designed and fabricated using an 8% (w/v) alginate solution. To avoid undesirable
gelation of alginate during printing, the CaClz concentration is carefully selected
based on the stoichiometry and kinetics of the reaction®!-? between sodium alginate
and calcium cations. The optimal CaClz concentration for the Laponite bath is selected
as 0.125% (w/v) such that the time for the complete gelation of each deposited
filament is longer than the printing time for a whole structure (approximately 6
minutes versus 5 minutes for this study). As such, each filament in the structure
remains fluidic until the whole structure is printed to maximize the benefit of the
“printing-then-solidification™ approach for this ionically crosslinked material.

Herein 4% (w/v) Laponite EP mixed with 0.125% (w/v) CaClzis used as the
support colloidal bath, and the printing conditions are determined based on the
calculation. The printing trajectories for the base, junction, and bifurcated portions of

Y-shaped tubular structures as well as the printing procedure are illustrated FIG. 1.3C.
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Dashed lines indicate that the nozzle travels between discrete portions of a given layer
without depositing material. A printed Y-shaped tube in the Laponite-CaClz bath can
be seen in FIG. 1.3D (left) and is then kept for 6 hours for complete gelation using the
calcium cations in the bath. Residual Laponite is rinsed away using deionized water to
retrieve the part as shown in FIG. 1.3D (right). The base portion of the Y-shaped
structures has a mean diameter of 4 mm and a height of 4 mm, and the bifurcated
portions have an inclination angle of 45°, a 4-mm mean diameter projected along the
horizontal plane, and a 2-mm height. The total height of the Y-shaped structure is
approximately 8 mm, and the mean wall thickness is approximately 1 mm. A
comparison between the 3D model and 3D printed Y-shaped tube demonstrates the
print fidelity of the alginate structure printed in the Laponite EP bath. In addition, as
shown in FIG. 1.3E (left: as printed and right: crosslinked), a complex bone structure
(humerus) is printed in the Laponite-CaClz bath. While CaCl: is used as the
crosslinking agent for alginate structure fabrication herein, it is also fine to use other
cations such as AI** for ionic crosslinking of applicable liquid build materials.

To demonstrate the excellent interfacial strength of structures fabricated by the
proposed “printing-then-solidification™ approach, tensile tests are performed on
samples made by different fabrication approaches including casting, nanoclay-enabled
printing, and conventional “solidification-while-printing”. In addition, two path
strategies are utilized to make the samples including the printing path parallel
(longitudinal) to the stretching direction and perpendicular (horizontal) to the
stretching direction and the effects of printing path on the mechanical properties are
investigated. Both Young’s modulus and fracture strength of samples made by the
“printing-then-solidification™ approach are only slightly lower than those of cast
samples, but are pronouncedly higher than those of samples made by the conventional
“solidification-while-printing” approach. It also indirectly indicates that there is only
little residual Laponite nanoclay, if any, trapped between the filaments during

printing.

Gelatin-based cellular structure fabrication

The Laponite EP bath is further utilized to print structures made from
thermosensitive materials such as gelatin. For biological applications, the ink is made
from gelatin, which is derived from collagen, a stiff helical protein with the repeating

amino acid sequence glycine-X7-X2 in which X7 and X2 are often proline and

28



WO 2018/053404 PCT/US2017/052020

hydroxyproline. Upon cooling below ~35°C, some segments in gelatin adopt the triple
helical conformation, forming junctions between gelatin molecules, which result in a
bulk thermal hydrogel, as shown in FIG. 1.4A. Herein we extrude gelatin at elevated
temperature (37°C) into a 37°C Laponite EP bath and then gel it at room temperature.
Due to the poor extrudability of gelatin at 37°C, 2.0% (w/v) alginate is added, which
also enhances the structural integrity of living structures during incubation.
Accordingly, a 2.0% (w/v) Laponite EP suspension is used as the support bath
material due to its suitable rheological properties. After gelatin is thermally gelled, we
remove structures from the Laponite EP bath, rinse using an aqueous sodium chloride
(NaCl) solution to remove any residual Laponite, and immerse in a 37°C CaClz bath
to crosslink sodium alginate. Since we do not want to UV cure printed living
constructs, gelatin methacrylate (GelMA) is not used herein and will be tested in a
future study.

Before the fabrication of complex gelatin-alginate structures, a gelatin-alginate
filament is printed in the Laponite EP bath and an image of the filament is captured
immediately after deposition (before crosslinking) to show the printing quality of
printed gelatin-alginate structures in the Laponite EP bath. From FIG. 1.4B and its
inset, the surface of the filament is very smooth, and no fuzzy edge phenomenon is
observed. Then, several complex structures are fabricated using the gelatin-alginate
ink. In addition to simple tubular structures, a brain model with a height of
approximately 10.0 mm, alength of 15.0 mm and a width of 4.5 mm is fabricated
using the gelatin-alginate ink in a 2% (w/v) Laponite EP bath. As shown in FIG. 1.4C,
the brain model as designed (left) and the thermally gelled brain structure in the
Laponite EP bath (center left). The next images in FIG. 1.4C, show top (center right)
and side (right) views of the brain-like structure after being thermally gelled at room
temperature and rinsed using sodium chloride. After ionic crosslinking in a CaCl:z
bath, the surface morphology of the printed brain structure is analyzed and compared
with the 3D model to prove the print fidelity of the proposed fabrication approach.
Since the printed structure is soft and flexible, the printing quality might be affected
during printing as well as the deformation during post-treatment. It is anticipated that
a higher printing quality is possible by further optimizing the printing hardware, using
a smaller-diameter nozzle, and/or fine slicing of 3D models.

The printing approach is further implemented for cellular construct

fabrication, and a fibroblast-laden gelatin-alginate microvascular network as shown in
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FIG. 1.4D is printed using the proposed printing approach. Turning to FIG. 1.4D, the
right image shows the well-defined liquid gelatin-based microvascular network in the
Laponite bath with a wall thickness of ~0.8 mm, compared with the computerized
design model (inset). After cleaning the residual Laponite suspension from the surface
and within the lumen, cell-related investigations are conducted and degradation of the
structure is investigated. The residual Laponite, if present, is considered
biocompatible 3-23 for living cells. FIG. 1.4D (center) illustrates the crosslinked
structure stained with Hoechst 33342 for all fibroblasts (right top) and fluorescein
diacetate (FDA) for living fibroblasts (right bottom). As seen from FIG. 1.4E, the cell
viability immediately after printing is 93.6% and remains above 90.0% (90.2%) with
control effect considered, and the cell viability can be further improved by optimizing
the printing conditions. The cell morphology after three-day incubation and the
metabolic activity during the three-day incubation are shown in FIGS. 1.4F and 1.4G
to further demonstrate the biocompatibility and contaminant-free nature of the
proposed fabrication approach. It is noted that cells may not spread well in a gelatin-
alginate environment while still alive. Since gelatin is selected as a thermosensitive
model hydrogel to validate the proposed biofabrication approach, intensive biological
evaluation of printed cells may be studied using other applicable hydrogels and/or
necessary growth cues. Specifically, to improve the printing efficiency of such large
spanning structures, a “localized layer-by-layer” printing procedure is proposed and
the cell-laden microvascular network is fabricated using this printing strategy (FIG.

1.4H).

SU-8 structure fabrication

Liquid photosensitive materials are also widely used in 3D printing, and
Laponite is further tested to extrusion print SU-8 resin, a difficult-to-print epoxy-
based negative photoresist based on the UV gelation mechanism as shown in FIG.
1.5A. When a printed structure is exposed to UV light, the epoxide monomers of SU-
8, stimulated by curing agents, are transformed from a low-molecular weight melt to a
highly crosslinked network. To retain liquid SU-8 structures in sifu, a 4.0% (w/v)
Laponite RD suspension is selected as the support bath. One SU-8 filament is printed
in the Laponite RD bath and imaged immediately after deposition (before
crosslinking) to show the printing quality of printed SU-8 structures in the Laponite
RD bath. From FIG. 1.5B and its inset, the surface of the filament is very smooth, and
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there is a clear boundary between the Laponite bath and the SU-8 filament. After
investigating the effects of nozzle step displacement on the structure quality, we select

the step displacements along the x and z directions (dx and dz) such that

R<d . d <2 2R, where R is the filament radius. Then various SU-8 structures as

shown in FIGS. 1.5C and 1.5D are printed using the “localized layer-by-layer”
deposition approach. The UF logo is printed in a Laponite RD bath with a designed
height of 20.0 mm, thickness of 2.0 mm, and length of 12.0 mm. The fluidic UF logo
in the Laponite bath can be seen in FIG. 1.5C. After printing, the UF logo in Laponite
is exposed to UV light for crosslinking. After removing residual nanoclay colloid, the
UF logo is baked to complete the curing process. Furthermore, a more complex lattice
structure (FIG. 1.5D) is designed and fabricated, each cell measuring 4.0 mm x 3.0
mm x 3.0 mm. After the whole structure is printed, UV light is used to cure the fluidic
structure to obtain the final structure as seen in FIG. 1.5D. The 3D model and 3D
printed lattice structure are compared to illustrate the print fidelity of the SU-8
structure printed in the Laponite RD bath. For SU-8 printing, each deposited structure
in the Laponite RD bath is exposed to UV light for 30 minutes to guarantee complete
crosslinking. While the Laponite RD bath and other Laponite baths have good UV
transparency, 30-minute cure time is selected to fully cure printed SU-8 structures,
which have a much larger size scale than that during typical microfabrication,
requiring a longer cure time.

The use of commercially available Laponite nanoclays may impact 3D
printing by enabling the extrusion printing of a wide variety of build materials,
including biomaterials due to its ion insensitivity, UV transparency, thermal stability,
and biocompatibility. It is always a concern that aqueous materials may diffuse into
the surrounding aqueous support bath during printing and post-printing processing.
Fortunately, as measured printed filaments made of alginate and gelatin solutions
don’t diffuse significantly into the Laponite bath. The diameters of such filaments are
monitored for 60 minutes when keeping in the Laponite EP bath, and it is found that
the alginate and gelatin filament diameters only increase 5.8% and 13.3% (both less

than 15.0%), respectively. Such filament diameter change caused by the diffusion can

2
be predicted by Fick’s second law: % =D aa—(; , where C = C(x ) is the alginate
» ,

c

concentration at length x from the surface at time ¢, and D- is the effective diffusion
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coefficient. Thus, the unidirectional diffusion can be expressed as:

C(x’t) =C, [1 —erf [LH , where erf(-) is the error function. For the alginate

filament diffusion case, x = 0.5x103 m, Co = 8.0% and C, 4 = 7.5%. Dc is dependent
on many factors such as the temperature and molecular weight. Herein, Dc = 10713
m?/s 33 to approximately calculate the diffusion time as # = 2100 s = 35 min, which is
on the same order of the monitoring time scale. To accurately assess the resolution of
a printed liquid filament in a nanoclay bath, the effects of the effective diffusion
coefficient on the filament diameter as a function of time must be considered when
determining the achievable printing resolution.

It is noted that achievable printing resolution is dependent on not only the
particle size of colloids but also the local viscosity/diffusivity as discussed as well as
surface energy, to name a few. While the nanoscale size of Laponite nanoclays (25
nm in diameter) may be advantageous in holding small features as deposited when
comparing with the particle size of other thixotropic systems such as Carbopol
microgels and gelatin microparticles (~5 and 50 um, respectively), their achievable
printing resolution should be further evaluated in a future study if the resolution is of
interest. While the maximum printing speed as tested is 25.0 mm/s, which is based on
the current printing configuration, the printing speed limit should be further

investigated.

CONCLUSIONS

In summary, we report a Laponite-enabled “printing-then-solidification™
approach which can be applied to fabricate complex 3D structures using various
liquid build materials. For most soft structure fabrication applications, the printing
precision is not of great concern. If the printing accuracy is of interest, possible
structural deformation and swelling during and after printing should be carefully
compensated. Future work may include the determination of achievable shape and
feature size using the proposed Laponite-enabled “printing-then-solidification™
approach. Generally, the pH value of Laponite suspensions is equal or higher than 7.0.
When printing materials, in particular those with a pH value less than 7.0, it might
lead to nozzle clogging, and special chemical treatment may be needed to

accommodate incompatible extrusion chemistries. In addition, the effects of nanoclay
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properties, liquid build material properties and operating conditions on the printed
features should be systematically investigated to further assess the versatility of the
proposed fabrication approach. Future work may also include the investigation and

development of non-aqueous Laponite colloids.

Methods:
Laponite Nanoclay colloid preparation

Laponite RD (pH = 10.0) and EP (pH = 7.0) (BYK Additives Inc., Gonzales,
Texas) were used as the support yield-stress materials for bath response observation
and fabrication. Laponite suspensions were prepared by dispersing the appropriate
amount of dry Laponite (RD or EP) powder in deionized water at room temperature.
After continuous mixing for 90 min using an overhead stirrer (Thermo Fisher
Scientific, Waltham, MA) at 500 rpm, the Laponite suspensions were stored in the
dark in sealed containers to prevent degradation and evaporation and aged for one
day. Before each use, the Laponite suspensions were centrifuged at 3000 rpm for 10
min to completely remove bubbles trapped in the suspensions. Specifically, both 3.0%
and 4.0% (w/v) Laponite RD suspensions were used for Laponite bath response
observation. For printing studies, 4.0% (w/v) Laponite RD suspension was used as the
support vield-stress bath for SU-8 printing; 4.0% (w/v) Laponite EP suspension with
CaClz (0.125% (w/v)) was prepared by diluting stock Laponite EP (8.0% (w/v)) 1:1
(v:v) with aqueous 0.25% (w/v) CaClz at room temperature and mixing thoroughly
per the same protocol for Laponite suspension preparation and was used as the
support material for alginate printing; and 2.0% (w/v) Laponite EP suspension was

used for gelatin printing.

Build material preparation.

For alginate structure printing, 8.0% (w/v) low molecular weight sodium
alginate (NaAlg) (Sigma-Aldrich, St. Louis, MO) was prepared by dispensing the
appropriate amount of dry alginate powder in deionized water at room temperature
with continuous mixing using an overhead stirrer at 500 rpm for 60 min. For gelatin
structure printing, gelatin (Type A, 300 bloom, from porcine skin, MP Biomedicals,
Solon, OH) was used as the major constituent of the ink, and high molecular weight
sodium alginate (Acros Organics, Waltham, MA) was added to improve its

printability. The mixed stock solution (20.0% gelatin and 4.0% NaAlg (w/v)) was
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prepared by dispensing the required amount of each powder in deionized water (or
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO) for
cell printing) at 37°C with continuous stirring (at 500 rpm for 60 min) until
completely dissolved, then combined 1:1 (v:v) with deionized water or suspended
NIH-3T3 mouse fibroblasts (1x107 cells/mL, ATCC, Rockville, MD) in DMEM at
37°C to make the final ink without or with cells (10.0% (w/v) gelatin, 2.0% (w/v)
NaAlg, and 5x10° cells/mL 3T3 fibroblasts for the cellular ink). Fibroblast suspension
was prepared as described in a previous study?*. For SU-8 structure printing,
photosensitive SU-8 2050 (MicroChem, Westborough, MA), having a viscosity of
12,900 cP, was used as received to fabricate SU-8 structures. For the printing quality
evaluation of filaments printed in the Laponite baths, red color food dye was added at

1.0% (v/v) to all the liquid build materials to improve the visibility.

Printing system and printing protocols.

The extrusion system was a micro-dispensing pump machine (nScrypt-3D-
450, nScrypt, Orlando, FL). For gelatin printing, the 37 ‘C printing temperature was
controlled using a heating tape (SRT051-020, Omega, Stamford, CT) with
temperature control accuracy of = 0.1°C, a temperature controller (CSi32J-C24,
Omega, Stamford, CT), and a thermocouple probe (JMQSS-040U-6, Omega,
Stamford, CT). For SU-8 printing, a UV curing system (OmniCure Series 2000,
wavelength: 320-500 nm, Lumen Dynamics, Mississauga, ON Canada) was used to
cure the deposited structure in the Laponite bath.

A 25 gauge (250 um inner diameter) dispensing tip (EFD Nordson, Vilters,
Switzerland) was used to fabricate alginate, gelatin and SU-8 structures in the
Laponite bath with a layer height of 200 um. The printing pressure was 1.38x10° Pa
(20 psi) for alginate and SU-8 printing and 1.03x103 Pa (15 psi) for gelatin printing.
The path speed was 2.0 mm/s for alginate and gelatin printing and 1.0 mm/s for SU-8
printing. Specifically, for alginate printing, after crosslinking in the Laponite-CaClz
bath for 6 hours, the Y-shaped tubes and bone structure (humerus) were taken out of
the bath, and the residual Laponite was removed by gently shaking it in a deionized
water bath. For gelatin printing, the gelatin-alginate structure was thermally gelled in
the Laponite bath at room temperature for 30 min, then moved to a 0.9% (w/v) NaCl
bath to rinse away the residual Laponite, and finally crosslinked in a CaCl: bath at

37C for 15 minutes to crosslink the alginate component. For SU-8 printing, the
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deposited structure in the Laponite bath was exposed to UV light for 30 minutes for
crosslinking; it was then taken out of the Laponite bath, cleaned of the residual
Laponite using 5.0% (w/v) HCI, and baked at 90°C for 30 minutes for the complete
curing of SU-8. For filament printing, all the filaments were printed under the same
printing conditions and kept in the Laponite baths without crosslinking. The images of
the filaments were taken using an optical microscope (EVOS, XL Core, Thermo
Fisher Scientific, Waltham, MA).

Digital 3D models for the various printing applications herein were designed
using SolidWorks (Dassault Systemes SolidWorks Corp., Waltham, MA), and the
code instructions were manually programmed accordingly except the 3D models of
the bone (humerus) and brain structure, which were downloaded from Thingiverse
(http://www.thingiverse.com/) directly as STL files and scaled down to 1:10 and
sliced by Cura (https://ultimaker.com/) to generate the G-codes for 3D printing.

Cellular constructs fabrication and cell viability and metabolic activity
evaluation

Cellular constructs were fabricated using the cellular ink (10.0% (w/v) gelatin,
2.0% (w/v) NaAlg, and 5x10° cells/mL 3T3 fibroblasts) in a Laponite EP bath (2.0%
(w/v) and pH 7.0). Printing conditions and post-treatment were the same as those
during gelatin printing. After three-day incubation, the cell morphology of printed
tubes was examined by staining with fluorescein diacetate (FDA, Sigma, St. Louis,
MO) and imaged using an EVOS FL fluorescence microscope (470 nm excitation and
525 nm emission, Thermo Fisher Scientific, Waltham, MA). The printed and/or
incubated tubes were further liquefied using aqueous 0.055M sodium citrate (VWR,
West Chester, PA) for cell viability testing; 30 uL of the liquefied suspension was
mixed with 1 uL of 300 ug/mL FDA then incubated for 5 minutes at room
temperature. Cell viability was measured by counting live cells (green) and dead
(non-fluorescing) cells in image stacks. For metabolic activity testing, the cellular
constructs were printed using the same printing protocol and incubated for three days
while the same volume cellular bioink was kept as ungelled in a Petri dish as the
control group. The metabolic activity of the cells in the printed constructs and the
control group was evaluated using the alamarBlue assay (Thermo Scientific,

Rockford, IL) on Days 1, 2, and 3 per the manufacturer’s protocol. The resulting
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fluorescent intensity was recorded using a fluorescence microplate reader (Synergy

HT, Biotek, Winooski, VT).

Observation of Laponite bath response and PIV analysis of velocity field

Microbeads (polystyrene microspheres, 15 um diameter, Polysciences,
Warrington, PA) were mixed thoroughly with Laponite RD to make the testing
solutions, which were 3.0% and 4.0% (w/v) Laponite RD baths, each containing
2.7x10° microbeads/mL (w/v). For crevasse filling observation, the nozzle traveled at
typical path speeds from 0.25 to 25.00 mm/s while the colloid bath container was
fixed. For the PIV study, the colloid bath container moved while the nozzle was fixed
to have a relative motion between the nozzle and bath. Images and videos were
captured using a high speed camera (Fastcam SAS, Photron, San Diego, CA) and the
data was analyzed using the PIVlab module (Matlab, MathWorks, Natick, MA). For
low path speed (0.25, 0.50, 1.00, 2.00, 3.00 and 4.00 mm/s) measurements, the frame
rate for imaging was 125 fps (frame per second); for high path speed (25.00 mmy/s), it
was 10,000 fps.

References for Example 1;

1. Kruth, J. P.; Leu, M. C.; Nakagawa, T. Progress in Additive Manufacturing and
Rapid Prototyping CIRP Ann. Manuf. Technol. 1998, 47, 525-540.

2. Guo, N; Leu, M. C. Additive Manufacturing: Technology, Applications and
Research Needs Front. Mech. Eng. 2013, 8, 215-243,

3. Ringeisen, B. R.; Pirlo, R. K.; Wu, P. K.; Boland, T.; Huang, Y.; Sun, W.; Hamid,
Q.; Chrisey, D. B. Cell and Organ Printing Turns 15: Diverse Research to
Commercial Transitions MRS Bull. 2013, 38, 834-843.

4. Wohlers Associates, Inc. Wohlers report 2013: Additive Manufacturing and 3D
Printing State of the Industry Fort Collins, Colorado, 2013.

5. Huang, Y.; Leu, M. C.; Mazumder, J.; Donmez, A. Additive Manufacturing:
Current State, Future Potential, Gaps and Needs, and Recommendations ASME J. of
Manuf. Sci. Eng. 2015, 137, 014001-1-10.

6. ASTM International Committee F42 on Additive Manufacturing Technologies,
ASTM F2792-10 Standard Terminology for Additive Manufacturing Technologies,
West Conshohocken, PA, 2009.

36



WO 2018/053404 PCT/US2017/052020

7. Siqueira, G.; Kokkinis, D.; Libanori, R.; Hausmann, M. K.; Gladman, A. S.; Neels,
A.; Tingaut, P.; Zimmermann, T.; Lewis, J. A.; Studart, A. R. Cellulose
Nanocrystal Inks for 3D Printing of Textured Cellular Architectures Adv. Funct.
Mater. 2017, 27.

8. Jin, Y.; Liu, C.; Chai, W.; Compaan, A. M.; Huang, Y. Self-Supporting Nanoclay
as Internal Scaffold Material for Direct Printing of Soft Hydrogel Composite
Structures in Air ACS Appl. Mater. Interfaces. 2017, DOIL:
10.1021/acsami.7b03613.

9. Duarte-Campos, D. F.; Blaeser, A.; Weber, M.; Jakel, J.; Neuss, S.; Jahnen-
Dechent, W.; Fischer, H. Three-Dimensional Printing of Stem cell-Laden
Hydrogels Submerged in a Hydrophobic High-Density Fluid Biofabrication 2012,
5, 015003.

10. Wu, W.; DeConinck, A.; Lewis, J. A. Omnidirectional Printing of 3D
Microvascular Networks Adv. Mater. 2011, 23, 178-183.

11. Highley, C. B.; Rodell, C. B.; Burdick, J. A. Direct 3D Printing of Shear-Thinning
Hydrogels into Self-Healing Hydrogels Adv. Mater. 2015, 27, 5075-5079.

12. Bhattacharjee, T.; Zehnder, S. M.; Rowe, K. G.; Jain, S.; Nixon, R. M.; Sawyer,
W. G.; Angelini, T. E. Writing in the Granular Gel Medium Sci. Adv. 2015, I,
1500655.

13. Jin, Y.; Compaan, A. M.; Bhattacharjee, T.; Huang, Y. Granular Gel Support-
Enabled Extrusion of Three-Dimensional Alginate and Cellular Structures
Biofabrication 2016, 8, 025016.

14. Hinton, T. J.; Hudson, A. R.; Pusch, K ; Lee, A.; Feinberg, A. W. 3D Printing
PDMS Elastomer in a Hydrophilic Support Bath via Freeform Reversible
Embedding ACS Biomater. Sci. Eng. 2016, 2, 1781-1786.

15. Hinton, T. J.; Jallerat, Q.; Palchesko, R. N.; Park, J. H.; Grodzicki, M. S.; Shue, H.
J.; Ramadan, M. H.; Hudson, A. R_; Feinberg, A. W. Three-Dimensional Printing of
Complex Biological Structures by Freeform Reversible Embedding of Suspended
Hydrogels Sci. Adv. 2015, 1, 1500758.

16. Mourchid, A.; Delville, A.; Lambard, J.; Lecolier, E.; Levitz, P. (1995). Phase-
Diagram of Colloidal Dispersions of Anisotropic Charged-Particles-Equilibrium
Properties, Structure, and Rheology of Laponite Suspensions Langmuir 1995, 11,
1942-1950.

37



WO 2018/053404 PCT/US2017/052020

17. Mourchid, A.; Lecolier, E.; Van Damme, H.; Levitz, P. On Viscoelastic,
Birefringent, and Swelling Properties of Laponite Clay Suspensions: Revisited
Phase Diagram Langmuir 1998, 14, 4718-4723.

18. Dawson, J. I.; Kanczler, J. M.; Yang, X. B.; Attard, G. S.; Oreffo, R. O. Clay Gels
for the Delivery of Regenerative Microenvironments Adv. Mater. 2011, 23, 3304-
3308.

19. Gaharwar, A. K.; Schexnailder, P. J.; Kline, B. P.; Schmidt, G. Assessment of
Using Laponite® Cross-linked Poly (Ethylene Oxide) for Controlled Cell Adhesion
and Mineralization Acta Biomater. 2011, 7, 568-577.

20. Gaharwar, A. K.; Mihaila, S. M.; Swami, A.; Patel, A.; Sant, S.; Reis, R. L.;
Marques, A. P.; Gomes, M. E.; Khademhosseini, A. Bioactive Silicate
Nanoplatelets for Osteogenic Differentiation of Human Mesenchymal Stem Cells
Adv. Mater. 2013, 25, 3329-3336.

21. Mihaila, S. M.; Gaharwar, A. K.; Reis, R. L.; Khademhosseini, A.; Marques, A.
P.; Gomes, M. E. The Osteogenic Differentiation of SSEA-4 Sub-Population of
Human Adipose Derived Stem Cells Using Silicate Nanoplatelets Biomaterials
2014, 35, 9087-9099.

22. Kerativitayanan, P.; Gaharwar, A. K. Elastomeric and Mechanically Stiff
Nanocomposites from Poly (Glycerol Sebacate) and Bioactive Nanosilicates Acta
Biomater. 2015, 26, 34-44.

23. Xavier, J. R.; Thakur, T.; Desai, P.; Jaiswal, M. K.; Sears, N.; Cosgriff-
Hermandez, E.; Kaunas, R.; Gaharwar, A. K. Bioactive Nanoengineered Hydrogels
for Bone Tissue Engineering: a Growth-Factor-Free Approach ACS Nano 2018, 9,
3109-3118.

24. Pignon, F.; Magnin, A_; Piau, J.M. Thixotropic Behavior of Clay Dispersions:
Combinations of Scattering and Rheometric Techniques J. Rheol. 1998, 42, 1349-
1373.

25. Conrad, J. C.; Lewis, J. A. Structure of Colloidal Gels during Microchannel Flow
Langmuir 2008, 24, 7628-7634.

26. Willenbacher, N. Unusual Thixotropic Properties of Aqueous Dispersions of
Laponite RD J. Colloid Interface Sci. 1996, 182, 501-510.

27. Gibaud, T.; Barentin, C.; Taberlet, N.; Manneville, S. Shear-Induced
Fragmentation of Laponite Suspensions Soft Matter 2009, 5, 3026-3037.

38



WO 2018/053404 PCT/US2017/052020

28. Xu, C.; Christensen, K.; Zhang, Z.; Huang, Y .; Fu, J.; Markwald, R.R. Predictive
Compensation-Enabled Horizontal Inkjet Printing of Alginate Tubular Constructs
Manuf. Lett. 2013, 1, 28-32.

29. Christensen, K.; Xu, C.; Chai, W.; Zhang, Z.; Fu, J.; Huang, Y. Freeform Inkjet
Printing of Cellular Structures with Bifurcations Biotechnol. Bioeng. 2015, 112,
1047-1035.

30. Xiong, R.; Zhang, Z.; Chai, W.; Huang, Y .; Chrisey, D. B. Freeform Drop-on-
Demand Laser Printing of 3D Alginate and Cellular Constructs Biofabrication
2018, 7, 045011.

31. Morris, E. R.; Rees, D. A.; Thom, D.; Boyd, J. Chiroptical and Stoichiometric
Evidence of a Specific, Primary Dimerisation Process in Alginate Gelation
Carbohydr. Res. 1978, 66, 145-154.

32. Braschler, T.; Valero, A.; Colella, L.; Pataky, K ; Brugger, J.; Renaud, P. Link
between Alginate Reaction Front Propagation and General Reaction Diffusion
Theory Anal. Chem. 2011, 83, 2234-2242,

33. Wedlock, D. J.; Fasihuddin, B. A.; Phillips, G. O. Comparison of Molecular
Weight Determination of Sodium Alginate by Sedimentation-Diffusion and Light
Scattering /nt. J. Biol. Macromolec. 1986, 8, 57-61.

34. Xu, C.; Chai, W.; Huang, Y.; Markwald, R. R. Scaffold-free Inkjet Printing of
Three-Dimensional Zigzag Cellular Tubes Biotechnol. Bioeng. 2012, 109, 3152-
3160.

Example 2
Yield stress

A material which hardly flows if the imposed stress is below some critical
value but easily flows at high shear rates at stresses above this value is called a yield
stress fluid and the stress value that marks this transition is called the yield stress.

Usually, people use the Herschel-Bulkley model to describe the rheological behavior

of the yield stress fluid as: o =, +ky", where o is the shear stress, ¥ is the shear
rate, oo is the yield stress, & is the consistency index and 7 is the flow index. Ifo <o,
the yield stress fluid behaves as a solid, otherwise it behaves as a fluid. !

Yield stress range of some commonly used fluids
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a) Carbopol
As granular microgels with yield stress behavior, various grades of Carbopol
are widely investigated by rheologists; representative yield stress values are listed as
follows:
- 1.0 wt% Carbopol ETD 2050 dispersed in water at pH 7.0 has a yield stress of
26.9 Pa?
- 1.0 wt% Carbopol ETD 2050 at pH 3.83 has a yield stress of 7.4 Pa. Also,
yield stress is a function of pH for Carbopol concentrations ranging from 0.1
wi% to 2.0 wt%, as shown in FIG. 2.1 3
- Carbopol 980 dispersed and neutralized at a 0.3% volume fraction in water has
a measured yield stress of 50 Pa #
- Carbopol 940 at concentrations of 0.07% and 0.08% has a yield stress of 0.5
Pa and 1.4 Pa, respectively 3
- 0.5 wt% Carbopol 901 has a yield stress of ~80 Pa ¢
- For 3D printing purposes, Carbopol ETD 2020 is suspended in ultrapure water
at concentrations of 0.05%, 0.2% and 1.0% and the yield stress values are

measured as 1 Pa, 9 Pa and 81 Pa, respectively ’

b) Laponite
As a thixotropic material with yield stress behavior, various grades of
Laponite are also investigated by rheologists; representative yield stress values are
listed below:
- 3.0 wt.% Laponite RD has a yield stress around 30 Pa measured by a stress
relaxation sweep ®
- The yield stress of Laponite RD suspended in silicone oil with a volume
fraction 35.3% is measured under various magnitudes of applied electric field,
and the measured yield stress varies from around 55 Pa to 400 Pa®
- 3.0 wt.% Laponite RD dispersed in ultrapure water with hollow glass spheres
(0.3 wt.%) was characterized using stress sweep experiments; measured yield
stress values vary from 30 to 100 Pa 1°
- Laponite XLG is used to investigate the relationship between volume fractions
of Laponite and the yield stress values. At low volume fractions (0.35%-
0.48%) the yield stress is around 10 Pa, and at high volume fractions (0.60%-
2.00%), the yield stress increases from 20 Pa to 700 Pa !!
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- For 3D printing purposes, Laponite RD (4.0% (w/v)) and Laponite EP (2.0%

and 4.0% (w/v)) were prepared and the yield stress values are measured as ~90

Pa, ~5 Pa and ~10 Pa, respectively.
¢) Others

Bentonite, a type of MMT, is prepared by mixing with distilled water at a solid
volume fraction of 10.0% and the thixotropy is measured under an increasing and then
decreasing stress ramp. The yield stress is around 5 Pa. !

When writing in a yield-stress fluid bath, the potential crevasses behind the
nozzle translation will spontaneously collapse and be filled by the surrounding yield-
stress fluid when the hydrostatic stress at the bottom of the crevasse exceeds the yield

stress of the bath fluid, which can be described by a dimensionless number: o, / pgh .
where p is the density, g is the gravity, and 4 is the depth. Wheno, / pgh <1, the

yield-stress fluid will collapse. Thus, the yield stress range for printing can be simply

defined as o, < pgh.’

Effects of build material on the yield stress behavior of support-bath materials
Chemically, as long as the build material will not interact strongly with the
support bath material, which may destroy the electrostatic balance inside the bath
material and disrupt the “house-of-cards™ structure, it can be fabricated by our
proposed Laponite-enabled “printing-then-solidification™ approach.
Mechanically, the support bath also provides buoyant support to the build
material printed inside. Thus, the gravitational force on the printed build material can

be expressed as G =mg = p,Jg = 7R’ L p,g and the buoyant force can be expressed as
F = p.gV =zR’Lp,g ., where R 1s the radius of the printed filament, L is the length of
the printed filament, p, is the density of the build material, p, is the density of the

support bath material, and g is the gravitational acceleration. Therefore, when the

forces are balanced, we have: 7R’Lg(p, - p,)=2RLo, . So, for a stable printing

process, the maximum density difference between build material and support bath

material must satisfy the following equation: (p, — p, ) = 20, Otherwise, the

TRg

support bath material beneath the printed structure will collapse due to the

gravitational force and the 3D printed material will sink to the bottom of the bath.
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Effects of printing conditions on the printing performance
The diameter of a printed filament is a function of nozzle diameter, dispensing

pressure, and path speed, as shown in following equation:

D= £ e
2n,Lv,

where F)is the dispensing pressure, v, is the path speed, L is the length of the nozzle,

n,1s the zero-shear-rate viscosity of the build material, and R is the radius of the

nozzle.

Thus, with a decreasing nozzle radius, the diameter of extruded filament also
decreases as shown in FIG. 2.2A. With an increasing dispensing pressure, the
diameter increases as shown in FIG. 2.2B. With an increasing path speed, the filament

diameter decreases as shown in FIG. 2.2C.
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Example 3

Three dimensional (3D) printing technology, a fabrication approach to make
parts without the need for part-specific tooling, has enabled a high degree of freedom
in design for manufacturing and received increasing attention in various fields !. Of
available 3D printing technologies !, material extrusion is widely implemented due to
its easy implementation and high efficiency, in particular, in the field of tissue
engineering >* However, the adoption of material extrusion for bioprinting
applications is still constrained by the need for rapid solidification of build material
inks in order to ensure the shape fidelity of printed structures. Thus, it continues to
require innovation in extrusion-related ink development as well as technology
improvement.

For extrusion bioprinting of hydrogel structures, two methodologies have been
developed: self-supporting in sifu rapid solidification and support-bath enabled
fabrication. For the former methodology, different stimuli are introduced to induce
rapid solidification of deposited hydrogels in situ, such as temperature change for

temperature sensitive hydrogels 37, which is similar to fused deposition modeling
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(FDM) 8, ultraviolet (UV) radiation for UV curable hydrogels *1°, and ionic solutions
for ion reactive hydrogels '!- 12, Since rapid solidification is required to keep the shape
as extruded, materials selection is constrained by available crosslinking mechanisms.
In addition, the achievable geometry is limited due to the lack of supporting
structures, and nozzle clogging may become an issue due to the short standoff
distance during extrusion. For the latter methodology, deposited structures are
supported by a support bath, and the supporting mechanisms can be buoyance-based
by using hydrophobic fluids %, entrapment-based by using various hydrogel matrices
1415 or hydrogel particles !¢, and yield stress fluid-based by using thixotropic yield
stress materials 17 18, As needed, the deposited structures can be gelled either during
deposition 316 or after deposition 17-18 with various crosslinking mechanisms. While
the support-bath enabled fabrication methodology provides a feasible approach for the
printing of some hydrogel materials, the post-printing removal of support bath is
sometimes not practical. Considering the shortcomings of the aforementioned two
methodologies, it would be ideal to extrude a structure without the constraint of rapid
solidification or the requirement of a support bath.

Herein, we report a nanoclay-enabled “printing-then-crosslinking™ approach
for the printing of 3D hydrogel composite structures without any support bath. The
hydrogel ink is prepared by mixing various hydrogel precursor build materials with a
thixotropic shear-thinning nanoclay colloid, which functions as a self-supporting
internal scaffold material. Both nanoclay and nanoclay-based composite hydrogel
colloids are capable of recovering nanoclay’s unique self-supporting “house-of-cards™
structure and gel state right upon deposition. During printing, a hydrogel composite
structure retains its shape in air as deposited since the nanoclay additive provides
necessary mechanical strength to keep its structural integrity. As such, there is no
need for rapid solidification of printed hydrogel in order to retain its shape even when
no additional support structure or bath is available. Once printed, the hydrogel
precursor throughout the whole composite structure is available for further
crosslinking as needed, and the entire process can be described as a “printing-then-

crosslinking™ approach.

Nanoclay colloid preparation and hydrogel composite synthesis
Both Laponite RD and XLG (BYK Additives Inc., Gonzales, Texas) were

used in this study. Laponite RD was used to prepare the nanoclay colloid for
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mechanical stress analysis and complex structure fabrication. Specifically, 6.0% (w/v)
Laponite RD was prepared by dispersing the appropriate amount of dry Laponite RD
powder in deionized (DI) water with continuous mixing, which was continued for a
minimum of 60 minutes to ensure thorough hydration of Laponite powder, stored in
the dark in sealed containers to prevent degradation and evaporation, and aged for one
day before use. For mechanical stress analysis, black dye was added to the prepared
Laponite colloid to enhance the visibility. Due to its high purity and certified low
heavy metal content, Laponite XLG powder was mixed with applicable hydrogel
precursors to prepare hydrogel composites for cell related studies, and Laponite XLG
was prepared per the same protocol for Laponite RD.

For the preparation of PEGDA-Laponite colloid, poly (ethylene glycol)
diacrylate (PEGDA) solutions were prepared by mixing stock PEGDA (Mn 700,
Sigma-Aldrich, St. Louis, MO) with DI water at the three different concentrations
(5.0%, 10.0%, and 15.0% (v/v)) and then dissolving 1.0% (w/v) Irgacure 2959 (I-
2959, Ciba, Basel, Switzerland) as the photoinitiator. Laponite powder (RD or XLG)
was added at 6.0% (w/v) into the PEGDA solutions with continuous stirring to ensure
thorough hydration of the Laponite powder. Specifically, PEGDA-Laponite colloid
consisting of 10.0% (v/v) PEGDA and 6.0% (w/v) Laponite RD was used for the
printing of the cup and the three-layered tubular structures; PEGDA-Laponite colloid
consisting of 10.0% (v/v) PEGDA and 6.0% (w/v) Laponite XLG was used for the
cell-related studies including the printing of the hydrogel composite sheet and
scaffold; and PEGDA-Laponite colloid has 6.0% (w/v) Laponite RD and 5.0% (v/v),
10.0% (v/v) and 15.0% (v/v) PEGDA respectively were used to cast samples for
compression testing.

For the preparation of alginate-Laponite colloid, 0.5% (w/v) sodium alginate
(NaAlg) (Alginic acid sodium salt, Acros Organics, Waltham, MA) solution was
prepared by dispensing the appropriate amount of alginate powder in DI water and
mixing thoroughly. Then the appropriate amount of Laponite RD powder was
dispersed in the NaAlg solution with continuous stirring to ensure thorough hydration
of Laponite powder to generate the NaAlg-Laponite hydrogel precursor colloid. The
colloid consisting of 0.5% (w/v) NaAlg and 6.0% (w/v) Laponite RD was used to cast
compression testing samples. For better visibility, it was also supplemented with

black dye to print the cup and the triple-walled tubular structures. In addition, 12.0%
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(w/v) NaAlg solution was also prepared similarly for the study of its ability to form a
free-standing structure in air.

For the preparation of gelatin-Laponite colloid, 20.0% (w/v) gelatin (Type A,
300 bloom, from porcine skin, MP Biomedicals, Solon, OH) was prepared by
dispensing the appropriate amount of gelatin powder in DI water at 50°C with
continuous stirring for 60 minutes. Gelatin-Laponite hydrogel precursor colloid was
prepared by diluting stock Laponite RD (12.0% (w/v)) at 1:1 (v/v) with aqueous stock
gelatin solution (20.0% (w/v)) and mixing thoroughly at 50°C. The resulting colloid
consisted of 10.0% (w/v) gelatin and 6.0% (w/v) Laponite RD and was used to cast
compression testing samples. For better visibility, it was also supplemented with

yellow dye to print the cup and triple-walled tubular structures.

Printing system and printing protocols

The extrusion system was a micro-dispensing pump machine (nScrypt-3D-
450, nScrypt, Orlando, FL), and all printing was conducted in ambient conditions. For
gelatin-Laponite printing, the ink reservoir temperature of 50 C was maintained using
a heating tape (SRT051-020, Omega, Stamford, CT) with temperature control
accuracy of £ 0.1°C, a temperature controller (CSi32J-C24, Omega, Stamford, CT),
and a thermocouple probe (JMQSS-040U-6, Omega, Stamford, CT). For PEGDA-
Laponite printing, a UV curing system (OmniCure Series 2000, wavelength: 320-500
nm, Lumen Dynamics, Mississauga, ON, Canada) was used to cure the deposited
structures.

A 25 gauge (250 um inner diameter) dispensing tip (EFD Nordson, Vilters,
Switzerland) was used to fabricate the Laponite and Laponite-based composite
structures with a layer height of 200 um. The printing pressure was between 1.52x10°
Pa (22 psi) and 1.72x10° Pa (25 psi), and the path speed was 1.0 mm/s, except 0.75
mm/s for the outer ring printing of the concentric cannular structure. Specifically, for
PEGDA-Laponite printing, the printed structures were exposed to UV light for 10
minutes for crosslinking. For NaAlg-Laponite printing, the printed structures were
submerged in a 2.0% (w/v) CaClz bath for 30 minutes for crosslinking. For gelatin-
Laponite printing, the printed structures were passively cooled down to room

temperature for crosslinking.

Rheological property measurement
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Rheological properties of nanoclay colloids (Laponite RD and XLG) and
composite hydrogel precursor colloids (PEGDA-Laponite, NaAlg-Laponite, and
gelatin-Laponite) were measured using a rheometer (ARES LS1, TA, New Castle,
DE) with a cone-plate measuring geometry (a diameter of 50 mm, a cone-to-plate gap
distance of 46 um, and a cone angle of 2.64°).

To quantitatively determine the yield stress, steady rate sweeps were
conducted by varying the shear rate from 0.01 to 100/s. To evaluate the thixotropic
response time of both the nanoclay and composite hydrogel precursor colloids,
transient step shear rate tests were performed by pre-shearing the samples for 5
seconds and then decreasing the shear rate to 0, and the viscosity variance was
recorded during the following 5 seconds. To explore the degree of fluid-like behavior
in the composite hydrogel precursor colloids, 0.1 ~ 100 rad/s frequency sweeps were

performed at a low strain of 1.0% for the composite hydrogel precursor colloids.

Compression testing.

Mechanical properties of hydrogels (PEGDA, NaAlg, and gelatin) and
hydrogel composites (PEGDA-Laponite, alginate-Laponite, and gelatin-Laponite)
were determined using a mechanical tester (eXpert 4000, Admet, Norwood, MA). A
uniaxial unconfined compression test was performed on the cast cylindrical samples
(9.5 mmx8.5 mm) at a strain rate of 1.0 mm/min. The stress-strain curve was
determined based on the load and displacement data and the geometry of samples, and
the compressive modulus was calculated from the slope of the determined stress-
strain curve. Cyclic compression tests consisting of five cycles of loading and
unloading at a strain rate of 1.0 mm/min were performed, and the energy dissipated
during cyclic loading was calculated from the area under the stress-strain curves over

the range of applied strain values.

Degradation test

All hydrogels (PEGDA, NaAlg, and gelatin) and hydrogel composites
(PEGDA-Laponite, alginate-Laponite, and gelatin-Laponite) samples (9.5 mmx5.0
mm) were cast and incubated in DMEM on a 37°C shaker. Degradation rate was
determined by monitoring their mass loss over 7 days, and the degradation percentage

was calculated as follows:
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. M,-M,
Degradation percentage =| ——= |x 100
MO
where Mo is the initial mass of samples, and Mr is the final mass after each testing

period.

in vitro cell studies

NIH 3T3 mouse fibroblasts (ATCC, Rockville, MD) were cultured in
Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. Louis, MO)
supplemented with 10.0% Fetal Bovine Serum (FBS) (HyClone, Logan, UT) in a
humidified 5.0% COz incubator at 37°C. The PEGDA-Laponite XL G sheet substrates
(6.0 mm diameter and 0.4 mm thickness) were printed by the proposed direct-write
approach and then autoclaved and soaked in DMEM complete cell culture medium
with 1.0% penicillin and streptomycin (Sigma Aldrich, St. Louis, MO) for 30 minutes
before seeding cells. Fibroblasts were trypisinized and seeded onto the sheets at a
density of 20,000 cells/sheet in DMEM complete cell culture medium with 1.0%
penicillin and streptomycin. Cell culture medium was removed 24, 48, and 72 hours
after cell seeding, and the hydrogels were washed twice with PBS. Then, PBS
containing a final concentration of 10.0 pug/mL fluorescein diacetate (FDA) (Sigma
Aldrich, St. Louis, MO) and 10.0 ug/mL Hoechst 33342 (Sigma Aldrich, St. Louis,
MO) was added to the sheets, and they were incubated in the dark for 5 minutes at
room temperature. The seeded sheets were imaged using the transmitted, green
fluorescent, and blue fluorescent channels of a fluorescence microscope (EVOS FL,
ThermoFisher Scientific, Waltham, MA) at 10x magnification. For metabolic activity
testing, a density of 400 cells/sheet were seeded, and these cells were analyzed using
the alamarBlue assay (ThermoFisher Scientific, Waltham, MA) on Days 1, 2, 3, 7,
and 10 per the manufacturer’s protocol. The fluorescent intensity was recorded using
a fluorescence microplate reader (Synergy HT, Biotek, Winooski, VT) to obtain the

percent reduction in alamarBlue.

Statistical analysis

All quantitative values in the text and figures were reported as means +
standard deviation (SD) with » = 3 samples per group. Statistical analysis was
performed using analysis of variance (ANOVA) and p-values of less than 0.05 were
considered statistically significant.
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RESULTS AND DISCUSSION
Laponite nanoclay as a self-supporting internal scaffold material for 3D printing
Laponite nanoclay or nanosilicate (Nao.7SisMgs.sLi0.3020(0H)4) is a type of
hydrous sodium lithium magnesium silicate, which consists of nanoscale
platelets/discs, approximately 1 nm in thickness and 25 nm in diameter with positive
and negative charges on the nanosilicate edge and faces, respectively as shown in
FIG. 3.1A. The presence of the positive and negative charges results in unique
anisotropic interactions between the nanoparticles and allows nanosilicates to interact
with anionic, cationic and neutral polymers by physical interactions °!; in addition,
as shown in the inset of FIG. 3.1A functional groups such as hydroxyl on the crystal
of nanosilicates result in chemical interactions with polymers by covalent bonds,
hydrogen bonds, or coordinate bonds *>2*. When dispersed in water, sodium ions
dissociate from individual platelets, leaving the faces of each platelet negatively
charged; hydroxide ion dissociation at the edge results in a slightly positive charge.
This charge distribution drives Laponite platelets to adopt a stable “house-of-cards™
arrangement as an aqueous Laponite colloid equilibrates as shown in FIG. 3.1B,
resulting in a transparent colloidal suspension with a yield stress as shown in FIG.
3.1C. This yield stress is a result of the threshold energy required to disrupt the

“house-of-cards™ structure before the suspension flows as described by the Herschel-

Bulkley model: 7z =z, +ky", where 7 1s the shear stress, ¥ is the shear rate, 7, 1s the
yield stress, k& is the consistency index, and # is the flow index. If 7 < 7, the nanoclay

colloidal suspension behaves as a solid, otherwise it behaves as a fluid >*. The
observed shear-thinning behavior also confirms that the Laponite colloid is an
extrudable material.

When the applied stress falls below the yield stress, nanoclay colloidal
suspension recovers to the “house-of-cards™ arrangement. Such time-dependent
structural change is termed as thixotropy which enables Laponite colloids to be a
potential self-supporting material for printing applications. To investigate the
thixotropic behavior of Laponite colloids, transient step shear rate tests are performed
by pre-shearing the Laponite samples for 5 seconds (to ensure the Laponite colloids
are in the sol state) and then decreasing the shear rate to 0 /s (to let the Laponite

colloids transit to the gel state); the viscosity is recorded during the 5 seconds
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immediately following the shear rate reduction. The measured data is shown in FIG.
3.1D. As seen from FIG. 3.1D, it is further found that by pre-shearing the two
common Laponite nanoclay colloids (RD and XLG), their viscosities are relatively
low (~30Pas) at a given 10 /s shear rate due to the shear-thinning effect; after
decreasing the shear rate to 0, their viscosities increase rapidly to ~3x10° Pa's (five
orders higher) within 0.08 second to resume their gel state with the “house-of-cards™
arrangement. We herein define the time for them to transit from the liquid to gel/solid
state as the thixotropic response time, which is close to 0.08 second for both the two
RD and XLG colloids. This indicates that the Laponite nanoclay colloids can revert to
the gel state within a short period of time after the removal of applied shear. In the gel
state, the Laponite colloids can effectively retain their shape as given. This thixotropic

property makes the Laponite colloids printable in air.

Mechanism of Laponite nanoclay-enabled self-supporting printing approach
This interesting liquid to gel/solid transition behavior of the Laponite nanoclay
colloids has been further explored for direct-write applications. We first explore the
feasibility of the Laponite colloids as a self-supporting extrudable scaffold material
during printing. As shown in FIG. 3.1E, ananoclay colloid being deposited (top) can
have three phases (bottom). When the applied pressure is higher than the yield stress
of the Laponite colloid in the nozzle, the colloid experiences three different phases
sequentially. Firstly, its “house-of-cards” structure is disrupted, and the Laponite
nanoclay gel liquefies to readily flow out of the nozzle (bottom left). When the
nanoclays are deposited atop a substrate or a previously printed layer, the disturbed
and disordered nanoclays revert to a gel state as they rapidly recover the “house-of-
cards” structure (bottom center). When the nanoclays return to the “house-of-cards™
arrangement, the extruded colloid solidifies (bottom right). Finally, each deposited
layer connects with adjacent layers and mechanically supports the whole printed
feature, as long as the maximum gravity-induced stress is lower than its yield stress.
It is Laponite’s ability to recover its “house-of-cards™ structure and gel state
right after deformation that results in a unique self-supporting capability upon
deposition, which enables its use for 3D printing. The sol-gel transition time of
Laponite suspensions after extrusion (FIG. 3.1E) can be roughly characterized based
on the thixotropic response time, which is on the order of 0.1 second for both the two

RD and XLG colloids as shown in FIG. 3.1D. Such a short sol-gel transition time is
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sufficiently short for various 3D printing applications. To further appreciate the self-
supporting printing capability of Laponite suspensions, a Laponite suspension (6.0%
(w/v)) and a high-concentration (12.0% (w/v)) sodium alginate (NaAlg) solution are
printed in air, and their ability to form a free-standing structure is compared. It is
noted that the high viscosity itself of a build material ink, which is higher than ~32
Pa-s for the 12.0% (w/v) NaAlg solution herein, cannot guarantee printing-in-air
performance similar to that of Laponite suspensions. Instead, it is the yield-stress
property and thixotropic behavior that enables Laponite suspensions as a versatile

scaffold material for direct printing in air.

Assessment of Laponite nanoclay-enabled self-supporting printing approach

The self-supporting capability of Laponite nanoclay features has been
investigated by studying the deflection degree of spanning Laponite beams. As shown
in FIG. 3.2A, when the span increases, the deflection of the beams increases from
negligible to a few millimeters. Each beam can be analyzed as a simply supported
beam with a uniformly distributed weight-induced load as shown in FIG. 3.2B. Thus,

the maximum shear stresses at the supporting points A and B can be estimated as

_ VO

= where tmax 1s the maximum shear stress, Viar 1s the maximum shear

max

force, Q is the first moment of the cross-sectional area, / is the moment of inertia, b is

usually the beam width and herein equals to 2R, and R is the beam radius. The

M,y

maximum tensile stress occurs at the midspan and can be estimated as &, = ;

>

where omax 1S the maximum tensile stress, Mmax 1S the maximum bending moment, and
v is the distance from the neutral axis to the evaluated surface, which equals to R for a
beam with a circular cross section. In order to justify whether yielding or deformation
will happen, the estimated maximum shear and tensile stresses should be compared
with the shear and tensile yield stress of the Laponite colloids, which are estimated as
337.5 and 715.5 Pa based on the fitting of the Herschel-Bulkley model. For example,
for Beam 1, its maximum shear and tensile stresses are 37.0 and 559.5 Pa,
respectively, both are smaller than the respective yield stresses, indicating that Beam
1 can support itself and remain as a straight beam in air. For some large-span beams
(such as Beams 4 to 6), they deform and deflect noticeably by 0.85, 1.69, and 1.95

mm, respectively, which closely matches the predicted deflections of 0.80, 1.70, and
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2.43 mm, respectively. This deflection predictability can direct design and fabrication
of Laponite-based structures by understanding the permissible design space. In
addition, some mechanical properties such as the Young’s modulus calculated based
on the beam deflection can be used to estimate deformation of printed structures by
either simulation or theoretical calculation; such deformation can be compensated as
needed by optimizing the design of structures and the printing path.

Extruded filaments are the basic building blocks for 3D printing applications,
so the effects of operating conditions including the nozzle size, standoff distance,
dispensing pressure, and path speed on the filament diameter are further investigated.
To evaluate the resolution of Laponite structures fabricated by the proposed approach,
various Laponite filaments are printed on a glass slide with different nozzles. It is
found that all the Laponite filaments with different diameters have a smooth boundary
and no irregular spreading is observed, which is attributed to the very short sol-gel
transition time (thixotropic response time on the order of 0.1 second as seen from
FIG. 3.1D).

To further demonstrate the feasibility of the Laponite nanoclay-enabled
printing approach, we fabricate several complex structures using the Laponite
nanoclay colloid only. FIG. 3.2C shows a pyramid structure with a length of 8.0 mm,
a width of 6.0 mm, and a height of 4.0 mm. All four pyramid edges are well-defined,
showing that the surface tension effects observed in the traditional extrusion-based
liquid material printing approach can be eliminated by the proposed approach. To
illustrate the self-supporting capability of the proposed printing method, FIG. 3.2D
shows a self-supporting spanning bridge structure with a length of 17.6 mm, a width
of 5.0 mm, a height of 8.0 mm, and an inclination angle of 45°, FIG. 3.2E shows an
overhanging Z-shaped tubular structure with a mean diameter of 4.0 mm, a height of
12.0 mm, and an overhang inclination angle of 45°, and FIG. 3.2F shows a cup
structure with a well-defined shape (a total height of 7.0 mm and a rim diameter of 4.8
mm). After filling the FIG. 3.2F cup with deionized water, no leaking is observed,
demonstrating that all deposited layers connect well as a seamless structure. The 3D
models and 3D printed structures are compared to demonstrate the print fidelity of
Laponite structures and further verify that Laponite is an effective self-supporting
material to maintain its shape in air after deposition.

To explore the 3D printing limitations of the proposed approach, inclined

tubular structures with different inclination angles (30°, 45° and 60°) are printed as
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shown in the insets of FIG. 3.2G. Due to the gravity effect, an inclined tube may
deform when the maximum stress of the tube is larger than the yield strength. The
maximum stress is a function of the tube geometries including the height, inclination
angle, and inner and outer radii. Herein, we define the achievable maximum height for
a given inclination angle as the height above which a tubular structure is statically
instable. FIG. 3.2G shows the achievable maximum height as a function of inclination
angle based on our printing experiments. Furthermore, finite element analysis (FEA)
is performed to assess the maximum stress along the tubes with different inclination
angles, and the estimated maximum height values are compared with the experimental
values. As seen from FIG. 3.2@G, there is a good match between the predicted and
experimental value while the experimental values are slightly lower than the
theoretical ones due to possible material inhomogeneity of the printed tubes. After
investigating the rheological properties and self-supporting properties of Laponite
nanoclay only colloids, Laponite nanoclay is mixed with some hydrogel precursors to

expand applications of the proposed fabrication approach.

Mixing of Laponite nanoclays with representative hydrogels

Furthermore, the Laponite nanoclay liquid-gel transition inspired direct-write
approach is extended to print hydrogel precursor-based soft composite hydrogel
structures by adding Laponite nanoclay as a scaffold material into various hydrogel
precursors. Specifically, a hydrogel precursor is first mixed with Laponite nanoclay to
make an ink to be deposited. During printing, the demonstrated self-supporting
capability of Laponite nanoclay enables the deposited structure to retain its shape as
deposited without any additional support. The hydrogel precursor is not crosslinked
until the whole structure is fabricated, which is a “printing-then-crosslinking™
approach as mentioned before.

It is noted that there is a need for and are various applications of Laponite
nanoclay-based hydrogel composites. As an inorganic biomaterial, silicate-based
nanoclay has already been mixed with various polymeric hydrogels, both synthetic 2
30 and natural '*-3!-33. The introduction of nanoclays into various polymeric hydrogels
typically results in soft composites with higher mechanical strength, improved
elasticity and rheological properties, and enhanced biological activities 22 23-28-30.33-37

Relevant applications of such soft composites include medical diagnostic and
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therapeutic devices, controlled drug delivery devices, biomedical imaging, and
regenerative medicine 1% 27-2% 31-33. 3840,

Depending on crosslinking mechanisms, hydrogels can be divided into two
main classes: 1) chemically crosslinked hydrogels, formed by covalent networks, and
2) physically crosslinked hydrogels, formed by dynamic and reversible crosslinking
of synthetic or natural building blocks based on noncovalent interactions. To test the
self-supporting Laponite nanoclay as a type of scaffold material for hydrogel
composite printing, we have selected three hydrogel precursors for fabrication studies
based on three different crosslinking mechanisms. The first one is poly (ethylene
glycol) diacrylate (PEGDA), an ultraviolet (UV) curable hydrogel, as an exemplary
chemically crosslinked hydrogel, the second one is NaAlg, an ionically crosslinked
hydrogel, and the third one is gelatin, a thermosensitive hydrogel; both NaAlg and
gelatin are exemplary physically crosslinked hydrogels. These hydrogel composites
are suitable for a broad array of applications in tissue engineering, such as PEGDA-
Laponite for bone tissue engineering and biomedical applications 28, alginate-Laponite
for cartilage and/or bone tissue regeneration **, and gelatin-Laponite as a hemostatic
agent !°. By mixing with Laponite to prepare the hydrogel composites, soft hydrogel
composite structures can be printed directly in air, and Laponite nanoclay functions as
an internal scaffold material while the hydrogel precursors function as the polymer
phase as shown in FIG. 3.3A.

In addition to different crosslinking mechanisms, the Laponite interaction
mechanisms with PEGDA, NaAlg, and gelatin are different. When mixed with
PEGDA, physical gels are formed due to enhanced interactions between Laponite
nanosilicates and polymer chains; nanosilicates serve as multi-functional crosslinkers
through secondary interactions with ethylene oxide on PEGDA polymer chains 2328 41
as shown in FIG. 3.3B. When mixed with NaAlg, gels are formed by physical
bonding, including hydrogen bonding as well as van der Waals and ionic interactions

k 4244 a5 shown in FIG.

between nanosilicate fillers and the alginate molecular networ
3.3C. When mixed with gelatin, the polyampholytic gelatin, containing positive and
negative regions, can strongly interact with the oppositely charged regions (FIG.
3.1A) of nanosilicates and form gels with the yield-stress behavior +* as shown in FIG.
3.3D. Fortunately, since all these interactions between nanosilicates and
aforementioned representative hydrogel molecular chains are physical in nature and

do not interfere with Laponite’s “house-of-cards™ arrangement, the resulting
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composite hydrogel precursor colloids inherit the yield-stress behavior of Laponite
colloids. This is demonstrated by the rheology tests to quantify the storage and loss
moduli (FIG. 3.3E), vield-stress behavior (FIG. 3.3F), and thixotropic response time
(FIG. 3.3G), indicating that these composite hydrogel precursor colloids have good
printability and shape controllability comparable to Laponite colloids. That is,
Laponite-based hydrogel composite colloids still retain the unique rheological
properties of Laponite and are able to recover to Laponite’s “house-of-cards™
structure and gel state after deformation, enabling the self-supporting printing of

hydrogel composites as demonstrated during filament printing.

Printing of self-supporting hydrogel composite structures

Furthermore, the prepared PEGDA-Laponite, NaAlg-Laponite, and gelatin-
Laponite composite hydrogel precursor colloids are extruded to form a cup with a
curved contour (FIGS. 3.3B-D), respectively, without any additional support
structure. Different dyes are added for better visibility. Only after a whole cup is
deposited, the printed structure is further gelled by applying a suitable crosslinking
stimuli, that is, UV radiation-initiated gelation, CaClz solution-based ionic gelation,
and decreased temperature-induced gelation, respectively, as shown in FIGS. 3.3B-D,
which is again a “printing-then-crosslinking™ approach. The 3D cup model and 3D
printed and crosslinked composite hydrogel cups were compared, demonstrating the
print fidelity of the hydrogel composite structures and that as a scaffold material
Laponite effectively preserves the shape of the hydrogel composites in air as
deposited.

In order to demonstrate that the proposed fabrication approach is suitable for
fabrication of heterogeneous structures, a triple-walled tube consisting of differently
dyed NaAlg-Laponite, gelatin-Laponite, and PEGDA-Laponite is printed from inside
to outside. The tube has a height of 4.0 mm, an inner-layer diameter of 4.0 mm, an
intermediate-layer diameter of 6.0 mm, and an outer-layer diameter of 8.0 mm. Then
the triple-walled tube (FIG. 3.3H) is solidified by using appropriate mechanisms. As
observed, different dyes do not diffuse through the interfaces into any adjacent wall
during printing or after solidification, and the interfaces between any adjacent walls
are clearly distinguishable. In addition, a concentric cannular PEGD A-Laponite
structure is printed and UV cured as shown in FIG. 3.31. As measured, the printed

structure has an inner tube diameter of 5.0 mm, inner tube wall thickness of 0.9 mm,
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outer tube diameter of 11.8 mm, outer tube wall thickness of 1.6 mm, and height of
8.2 mm. Such a cannular structure can be used for various cell culture applications,
and it can hold typical cell culture medium very well.

It is noted that the effects of water loss or excessive water on the geometry
stability of printed structures during printing should be investigated in order to
understand the general applicability of this process. To assess the effects of water loss
during printing, filaments made of Laponite and PEGDA-Laponite are printed on a
petri dish, and the widths of Laponite filaments, and gelled and ungelled PEGDA-
Laponite filaments are monitored in the next 180 minutes; to assess the effects of
excessive water during printing, Laponite and gelled PEGDA-Laponite filaments are
submerged in deionized water for 180 minutes, and their widths are monitored
accordingly. The filament widths only decrease or increase slightly during 180-minute
observation, demonstrating that the proposed fabrication approach can be used for
time-consuming structure fabrication.

It should be pointed out that Laponite has been used as a physical crosslinker,
which is also sometimes viewed as a rheological additive, to make printable/injectable

40-48 instead of being a scaffold material as

inks for various fabrications processes
proposed in this study. Laponite was used to retain the shape of printed filaments *8,
however, it was not further explored for the freeform fabrication of 3D structures. For
3D printing studies *¢-47, various crosslinking approaches were applied to solidify
their structures during printing such as the use of CaSQOs as the pre-crosslinker *¢ and
UV radiation #’. In essence, these Laponite-based printing studies are examples of the
“crosslinking-while-printing” approach, which is fundamentally different from the

proposed “printing-then-crosslinking™ approach herein.

Effects of the nanoclay on hydrogel composite mechanical properties

It is also found that the addition of nanoclays can enhance the mechanical
properties of hydrogel composites due to the interaction between the polymeric matrix
and nanosilicates. The microstructure of Laponite-based hydrogel composites has
been well studied elsewhere 3, so this study does not attempt to duplicate prior work.
Instead, the Young’s modulus of hydrogels and their hydrogel-Laponite composite
counterparts are measured using uniaxial compression testing to quantify the effects
of nanoclay on the composite mechanical stiffness. As shown in FIG. 3.4A, the

addition of 6.0% (w/v) Laponite nanoclay results in a significant increase in the
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Young’s modulus of each hydrogel-Laponite composite: 1.9-fold increase for the
PEGD A-Laponite composite, 7.4-fold increase for the alginate-Laponite composite,
and 3.3-fold increase for the gelatin-Laponite composite. Such an increase is
attributed to the anisotropic, plate-like, and high aspect-ratio morphology of the
nanoclay, which results in high surface interactions between the hydrogel polymer

and the nanosilicate 3% 47

. By comparing PEGDA hydrogel precursors with different
concentrations, it is observed that the lower the hydrogel concentration, the more
sensitive the composite Young’s modulus and fracture strength are to the addition of
nanoclays. Cyclic compression testing is also performed to investigate the effect of
nanoclay on the elastomeric behavior of hydrogel composites. Since the stress-strain
curves are hysteretic under cyclic loadings (in particular hysteresis loops during
hydrogel composite testing), energy dissipated during each loading cycle is calculated
from the area under the stress-strain curves over the range of applied strain values,
and the sum of them is the total energy dissipated. The variation of dissipated energy
due to Laponite nanoclay during cyclic loading can be seen in FIGS. 3.4B-C,
illustrating the capability of energy absorption of each specimen during deformation.
We find that the addition of nanoclay can significantly increase the energy dissipation
of the PEGDA, alginate, and gelatin hydrogel composites. This is because the
crosslinking between hydrogel polymer chains generally leads to the formation of
elastic networks; whereas the addition of nanosilicates introduces physical
interactions among nanoclay particles and hydrogel polymer chains, resulting in the
viscoelastic property of hydrogel composites and increased energy dissipation due to
damping. Specifically, the physical interactions between the nanosilicate and hydrogel
may rebuild themselves time-dependently during deformation, which causes extra

energy dissipation 3347,

Effects of the nanoclay on hydrogel composite biological properties

Such hydrogel composites find wide applications in the biomedical field for
their good capability to support cellular activities. Herein NIH 3T3 mouse fibroblasts
are used to investigate the effect of nanoclay on the cell adhesion and proliferation on
a printed PEGDA-Laponite structure. As seen from FIGS. 3.5A and 3.5B, the cells
adhere and survive well on the surface of 3D printed hydrogel composite scaffold and
hydrogel composite sheet after 3-day incubation. Specifically, living fibroblasts are

stained in green while dead fibroblasts are in blue. The observed good cell adhesion
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can be explained by easy protein (including adhesion proteins such as vitronectin and
fibronectin) adsorption onto the surface of nanosilicates as well as focal points for cell
adhesion provided by nanosilicates *°. The cell morphology indicates that the
hydrogel composite is cytocompatible and does not elicit any cytotoxic effect. In
addition, alamarBlue reduction testing is performed to quantify the metabolic activity
of cultured cells after 1, 2, 3, 7, and 10 days over PEGDA-Laponite sheets and
conventional tissue culture polystyrene (TCPS) dishes. As shown in FIG. 3.5C, the
hydrogel composite supports better cell proliferation compared with the TCPS dishes
over a 7-day incubation period, indicating that the composite hydrogels used for
nanoclay-enabled printing approach are cytocompatible as previously reported 47> 51,
A systematic long-term cell-related investigation should be performed to further
elucidate the mechanism regarding the effects of Laponite nanoclay on the cell growth
and proliferation.

For some biomedical applications, the degradation rate of hydrogel composites
is also of interest. The degradation rates of the hydrogels (PEGDA, alginate, and
gelatin) and the corresponding hydrogel composites are evaluated by monitoring mass
loss over a 7-day period. As shown in FIG. 3.5D, while there is no noticeable
degradation rate difference between the PEGDA and PEGDA-Laponite structures, the
alginate and gelatin hydrogel composites show improved stability during incubation,
which can be explained by the stable physical interactions between the nanosilicate
and hydrogel polymeric chains. The enhanced stability of printed alginate and gelatin
constructs is usually desirable in order to give enough time for cell proliferation and
tissue fusion since pure alginate or gelatin constructs degrade or dissolve too fast
during incubation as seen from FIG. 3.5D. Specifically, mixing gelatin with Laponite
can effectively increase the gel-sol transition temperature from 32°C for gelatin alone
to a much higher temperature for the gelatin-Laponite composite, (e.g. above 45°C for
gelatin-Laponite composites with Laponite solid concentrations of 6.0% (w/v) or
greater '), enabling gelatin-Laponite constructs to be usable under in vivo conditions

19 without requiring chemical crosslinking.

CONCLUSIONS
In summary, we report a Laponite nanoclay-enabled “printing-then-
crosslinking™ direct-write approach, which can be applied to fabricate various

hydrogel composite structures without the need for a support bath. Since Laponite
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effectively helps provide structural support and retain the shape of structures as
deposited during printing, crosslinking of the whole structure can be delayed until
printing is complete. This direct-write approach greatly broadens the range of
materials suitable for extrusion-based 3D printing by blending Laponite nanoclays
into applicable polymer precursors, which are hydrophilic and have no detrimental
chemical interaction with Laponite. The addition of nanoclays can not only facilitate
the printing of various hydrogel precursors, but also improve the mechanical
properties of printed structures. The cytocompatibility and degradation resistance of
Laponite-based hydrogel composites enables them to be widely used in vivo and in
vitro. The proposed approach can certainly be extended to the fabrication of non-
biological structures, such as electronic devices, soft robots, microfluidic devices, etc.
Since Laponite nanoclay colloids are hydrophilic materials, it should be tuned to
facilitate the printing of hydrophobic liquid build materials, which currently are not
printable using the proposed approach. In addition, a real-time microscopy study will
be needed in order to characterize the dynamic arrangement of Laponite platelets
along the interface and elucidate the nature of interfacial contact between deposited

Laponite layers.
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The disparity between increasing demand for transplantable human organs and
significant shortage thereof motivates tissue engineering and regenerative medicine.
Fortunately, layer-by-layer additive manufacturing-based organ printing! provides a
promising solution to achieve the on-demand fabrication of three-dimensional (3D)
human organ constructs to address this issue®°. Of three commonly used bioprinting

approaches*1°

, material extrusion, a continuous filament-based fabrication approach,
is widely utilized due to its easy implementation, high efficiency in terms of greater
deposition and printing speed, and wide range of extrudable materials!!. During
conventional extrusion bioprinting, each deposited layer is rapidly solidified in situ
prior to the deposition of the next layer, which is a gelation-while-printing approach.
While conventional extrusion bioprinting works for various applications 101213 it is
limited by possible nozzle clogging due to the short standoff distance!’- 1 and weak
interfacial strength between two sequentially deposited layers due to the phase change
in the gelation process'*. To address these challenges, a printing-then-gelation
approach'* has been proposed: the printed structure remains liquid during fabrication,
and the structure is solidified only after the whole structure is completely printed.

The printing-then-gelation approach is mainly enabled by utilizing some
complex fluids with a yield-stress property as the support bath material. Various
support bath materials have been used for extrusion printing, such as hydrophobic
fluids'3, various hydrogel matrices!® 7 and hydrogel particles'®, and thixotropic yield-
stress materials'* 1°-2° based on different supporting mechanisms from buoyancy-
based'®, to entrapment-based!®!8, to yield-stress fluid-based'* 1*-2°. Thus far, only the
yield-stress material has been explored for the printing-then-gelation concept!* for
complex 3D structure printing.

Since the extruded filament during extrusion printing is the basic building
block to form complex 3D structures, the better understanding of filament formation
process during extrusion is of great significance. During conventional extrusion, the
filament formation process is mainly influenced by the surface tension and gravity in
nature, and the effects of build material properties and operating conditions on the
filament diameter have been well investigated'®- 2> However, during the yield stress
material-enabled printing-then-gelation process'*, the effects of surface tension and
gravity on filament formation are negligible. A filament being deposited during yield
stress-enabled extrusion printing is adequately supported by the yield-stress bath and

since the liquid filament and the yield-stress bath are both aqueous in most cases, their
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interfacial tension is negligible. Instead, the yield stress and elastic behavior of the
yield-stress bath material may play a more important role during the formation of
filaments in addition to build material properties and operating conditions.

For filament formation in a support bath in general, Kolesky ef al ° reported
that by only varying the printing pressure, filament diameter could be adjusted in a
wide range using only one nozzle with a given diameter; microchannel arrays with
diameters increasing from 45 pm to 500 um were fabricated using the same nozzle.
Highley et al 17 changed operating conditions including the nozzle diameter, flow rate,
and nozzle translation rate in an extrusion process and found that increasing the
nozzle diameter and flow rate caused an increase in filament diameter while
increasing the translation rate led to a decrease in filament diameter. As expected,
these general conclusions reached are similar to those observed during conventional
extrusion. Furthermore, the filament printing performance in a Carbopol yield-stress
bath was reported during PDMS filament printing?. Depending on different Carbopol
products used, printed filaments were smooth and cylindrical or had a rough surface.
Unfortunately, there is still no systematic investigation dedicated to study the filament
formation in yield stress bath-enabled extrusion.

The objective of this study is to study the printability of hydrogel precursor
solutions in a nanoclay yield-stress bath during extrusion-based printing-then-gelation
where the printed hydrogel precursor solutions remain liquid until a whole structure is
fabricated. The printability herein is mainly evaluated based on the morphology and
dimensions of printed liquid filaments. In particular, Laponite nanoclay, a member of
the smectite mineral family, was selected for the preparation of yield-stress baths for
its unique properties such as the ionic insensitivity, thermal stability and ultraviolet
transparency. These properties enable the Laponite nanoclay as a versatile yield-stress
support bath material for the fabrication of complex 3D human tissue constructs from
various hydrogels. Alginate-gelatin blends were selected herein as the viscoelastic
bioink/build material to be printed in the Laponite nanoclay bath. Alginate, a natural
polysaccharide isolated from brown algae, consists of a family of unbranched binary
copolymers of 1,4 linked f-D-mannuronic acid (M units) and a-L-guluronic acid (G
units). Gelatin is derived from collagen, a stiff helical protein with the repeating
amino acid sequence glycine-X7-X2 in which X7 and Xz are often proline and
hydroxyproline. These two hydrogels are biocompatible and widely used in

bioprinting, and alginate-gelatin blends have been applied as bioinks for cellular
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artificial tissue fabrication?® and utilized to make sponges for tissue matrices®’, drug

28.29 wound dressing fibers®°, and enzy me immobilization beads>'.

delivery carriers
By varying the concentration of alginate solution and nanoclay suspension,
respectively, the effects of their rheological properties on the morphology of extruded
filaments are investigated in this study. In addition, the effects of operating conditions
including the dispensing pressure, nozzle size, and nozzle path speed on the filament
diameter and morphology are studied and discussed systematically. Furthermore, a
complex 3D fibroblast-based vascular structure is printed and then gelled in the bath,
and the cell viability and metabolic activity are measured to show the biocompatibility

of the proposed printing-then-gelation biofabrication approach.

Materials and experimental setup
Nanoclay yield-stress bath preparation

Laponite, a synthetic nanoclay, is widely used in personal care products,
coatings, and industrial applications. Laponite nanoclay (Nao.7SisMgs.sLi0.3020(0H)4)
is usually in the form of nanoscale platelets, approximately 1 nm thick and 25 nm in
diameter, with very low polydispersity. When dispersed in aqueous solutions, sodium
ions dissociate from individual platelets, leaving the faces of each disc negatively
charged; hydroxide ion dissociation at platelet edges results in a slight positive
charge. This charge distribution drives Laponite nanoclay platelets to adopt a stable
“house-of-cards™ arrangement as aqueous nanoclay suspension equilibrates to form a
colloidal suspension with a yield stress. At rest or when a stress applied on the
nanoclay suspension is lower than the yield stress, it behaves as a solid, otherwise it
behaves as a liquid.

Laponite EP nanoclay (BYK Additives Inc., Gonzales, Texas) was used herein
to function as the yield-stress support bath for filament formation investigation and
cellular structure fabrication due to its neutral pH value. When a nozzle translates in a
Laponite EP nanoclay bath, nanosilicates around the nozzle experience shear stress
higher than its yield stress, resulting in a transition from a gel state to a sol state. Thus
the liquefied Laponite nanoclay suspension can easily fill the crevasse behind the
nozzle and entrap the deposited filaments in place. After the nozzle travels away from
a given location, the local shear stress recovers below the yield stress, which leads to
arapid reverse transition from the sol state to the gel state to hold deposited filaments
in situ.
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Laponite EP nanoclay suspensions (pH #7.0) at different concentrations were
used as the support yield-stress bath materials for this filament printability study.
Nanoclay suspensions were prepared by dispersing the appropriate amount of dry
Laponite EP nanoclay powder in deionized (DI) water with continuous mixing for a
minimum of 60 min to ensure thorough hydration of the nanoclay solids, and were
stored in the dark in sealed containers to prevent degradation and evaporation and
aged for one day before use. Specifically, 0.5%, 1.0%, 2.0%, 4.0%, and 8.0% (w/v)
Laponite EP nanoclay suspensions were prepared to investigate the effects of support-
bath material properties on filament formation; and 2.0% (w/v) Laponite EP nanoclay

suspensions were used for 3D cellular construct fabrication.

Alginate-gelatin bioink preparation

The bioink blends were prepared by dispersing the appropriate amount of dry
sodium alginate (NaAlg) (low molecular weight (20-40 kDa), Acros Organics,
Waltham, MA) powder and gelatin (Type A, 300 bloom, from porcine skin, MP
Biomedicals, Solon, OH) powder in hot DI water (~50°C) with continuous stirring
until completely dissolved. Then the blend precursor solutions were cooled down to
37 °C for use. Specifically, bioink blends consisting of 0.5%, 1.0%, 2.0% (w/v)
NaAlg and 10.0% (w/v) gelatin were prepared and printed respectively to investigate

the effects of bioink properties on filament formation.

Cellular bioink preparation

For cellular construct fabrication, bioink made of the alginate and gelatin
precursors and mouse fibroblasts was prepared for extrusion printing. The mixed
stock solution (4.0% (w/v) alginate and 20.0% (w/v) gelatin) was prepared by
dispensing the required amount of each powder in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich, St. Louis, MO) at 37°C with continuous stirring
until completely dissolved, then combined with suspended NIH-3T3 mouse
fibroblasts (1x107 cells/mL, ATCC, Rockville, MD) in DMEM at 1:1 (v:v) to make
the final bioink with cells (2.0% (w/v) NaAlg, 10.0% (w/v) gelatin, and 5x10°
cells/mL 3T3 fibroblasts). Specifically, the fibroblasts were cultured in DMEM
supplemented with 10.0% Fetal Bovine Serum (FBS; HyClone, Logan, UT) in a

humidified 5.0% COz incubator at 37°C. The culture medium was replaced every 3
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days as required. Then the freshly confluent flasks of 3T3 fibroblasts were washed
twice with Dulbecco’s phosphate buffered saline (PBS; Cellgro, Manassas, VA), and
incubated with 0.25% Trypsin/EDTA (Sigma-Aldrich) for 5 min at 37°C to detach the
cells from the culture flasks. After that, the cell suspension was centrifuged at 1000
rpm for 5 min at room temperature and the resulting pellet was resuspended in
DMEM complete cell culture medium. Finally, the resuspended cells were adjusted to
the cell concentration of 1x107 cells/mL and mixed with alginate-gelatin blends to

make the cellular bioink.

Printing system and printing conditions

The extrusion system was a micro-dispensing pump machine (nScrypt-3D-
450, nScrypt, Orlando, FL), in which the bioinks were dispensed through a nozzle tip
(EFD Nordson, Vilters, Switzerland) pneumatically to form continuous filaments. As
the nozzle tip moved in a nanoclay bath, filaments were deposited along the printing
path. Due to the yield-stress property of the nanoclay suspension, the deposited fluid
filaments were held stably iz situ as shown in FIG. 4.1 before any necessary
crosslinking.

The diameter of extruded filaments was measured using an optical microscope
(EVOS XL Core, Thermo Fisher Scientific, Waltham, MA). To increase the visibility,
ared food dye (Mccormick, Hunt Valley, MD) was added to the alginate-gelatin
blends. It is noted the filament diameter may increase due to the diffusion of both the
food dye and the ungelled bioink blends. As observed, the filament diameter increases
approximately 13.3% after one hour. To avoid any measurement error, the filament
measurement was taken less than two minutes after filament deposition to minimize
the effect of diffusion on the variation of filament diameters. For alginate-gelatin
precursor solution printing, the 37 °C printing temperature was controlled using a
heating tape (SRT051-020, Omega, Stamford, CT) with temperature control accuracy
of £ 0.1 °C, a temperature controller (CSi32J-C24, Omega, Stamford, CT), and a
thermocouple probe (JMQSS-040U-6, Omega, Stamford, CT). It should be noted that
the bath was not heated to prevent gelation during printing since alginate-gelatin
solution didn’t gel during the period of this filament diameter and morphology
investigation.

To comprehensively investigate the effects of operating conditions on the

filament formation process of different alginate-gelatin blends in different nanoclay
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baths, some key printing parameters including the dispensing pressure, nozzle size,
and nozzle translation speed (path speed) as well as different concentrations of
alginate-gelatin solutions and nanoclay suspensions were selected to print filaments as

detailed in Table 4.1.

Table 4.1 Printing Conditions

Parameter Values
Dispensing pressure (psi) 5,10, 15, 20, 25, 30
Nozzle diameter (um) 100, 150, 200, 250, 330, 400
Path speed (mm/s) 0.5-15
Alginate concentration (% (w/v)) 0.5,1.0,2.0
Laponite concentration (% (w/v)) 0.5.1.0.2.0.4.0.8.0

Rheological property measurements

Rheological properties of Laponite EP nanoclay suspensions (room
temperature) at different concentrations (0.5%, 1.0%, 2.0%, 4.0%, and 8.0% (w/v))
and alginate-gelatin blend solutions (37 'C) at different alginate concentrations (0.5%,
1.0%, and 2.0% (w/v) alginate mixed with 10.0% (w/v) gelatin) were measured using
artheometer (ARES LS1, TA, New Castle, DE) with a cone-plate measuring
geometry, which had a diameter of 50 mm, a cone-to-plate gap distance of 46 um, and
a cone angle of 2.64°. To investigate the fluid-like behavior of Laponite nanoclay
suspensions and alginate-gelatin blends, frequency sweep (frequency range of 0.1 ~
100 rad/s) tests were performed in the linear viscoelastic region (LVR) at a low strain
of 1.0%. To determine the vield stress of Laponite EP nanoclay suspensions
quantitatively, steady rate sweeps were conducted by varying the shear rate from
0.001 s to 1000 s1, and the stresses were measured at different shear rates. It is noted
that the rheological properties of the 2.0% (w/v) Laponite nanoclay EP suspension
were also measured at 37 °C since it was used for cellular vascular construct printing
at 37 °C. To measure the viscosity of alginate-gelatin blends (37 °C), the same steady
rate sweeps were performed on alginate-gelatin blends with different alginate

concentrations, and the viscosities were recorded at different shear rates.

Cell viability and metabolic activity evaluation
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After three-day incubation in a humidified 5% CO: incubator at 37 °C, the
morphology of cells of the printed vascular constructs was examined by staining with
10.0 pg/mL fluorescein diacetate (FDA, Sigma, St. Louis, MO) and 10.0 pg/mL
Hoechst 33342 (Sigma Aldrich, St. Louis, MO) and imaged using an EVOS FL
fluorescence microscope (470 nm excitation and 525 nm emission, Thermo Fisher
Scientific, Waltham, MA). For cell viability testing, the printed and/or incubated
tubes were liquefied using aqueous 0.055M sodium citrate (VWR, West Chester, PA),
and cells were collected by centrifuging at 1000 rpm for 5 minutes. The cell pellets
were then resuspended by mixing with 20 uL. DMEM. The control samples were
unprinted 3T3 cellular bioink cultured in 35 mm petri dishes in the humidified 5%
COz incubator. 20 uL of the liquefied suspension was mixed with fluorescein
diacetate to a concentration of 10.0 ug/mL and incubated at room temperature for 5
minutes. Stained green live cells were counted under the fluorescence microscope;
total cells were counted using the transmitted light channel of the microscope.

For metabolic activity testing, the cellular constructs were incubated for three
days while the same volume cellular bioink was incubated as ungelled fluid in a Petri
dish as control. The metabolic activity of the cells in the printed constructs as well as
the control sample was evaluated using the alamarBlue assay (Thermo Scientific,
Rockford, IL) on Days 1, 2, and 3 per the manufacturer’s protocol. The resulting
fluorescence intensity was recorded using a fluorescence microplate reader (Synergy

HT, Biotek, Winooski, VT).

Statistical analysis

All quantitative values of filament measurements in the text and figures were
reported as means =+ standard deviation (SD) with n =3 samples per group. Statistical
analysis was performed using analysis of variance (ANOV A) and p-values of less

than 0.05 were considered statistically significant.

Experimental results

In nanoclay bath-enabled fabrication, the filament printability is influenced by
bioink material properties, nanoclay bath material properties and operating conditions.
Under different conditions, several types of filaments are observed during alginate-
gelatin extrusion in the nanoclay bath. Since the printed filaments are consistent for

each filament pattern, the images are segmented in the middle of the corresponding
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types of filaments and illustrated in FIGS. 4.2A and 4.2B: three types of well-defined
liquid filaments (swelling filament, equivalent diameter filament, and stretched
filament, (FIG. 4.2A)) and four types of irregular liquid filaments (rough surface
filament, over-deposited filament, compressed filament, and discontinuous filament
(FIG. 4.2B)). Particularly, of the three types of well-defined filaments, the swelling
filament has a diameter larger than the nozzle diameter but with a smooth surface, the
equivalent diameter filament has a diameter approximating the nozzle diameter, and
the stretched filament has a diameter smaller than the nozzle diameter due to the
stretching effect when the path speed is higher than the velocity of bioink at the
nozzle exit (dispensing velocity). Of the four types of irregular filaments, the rough
surface filament has a diameter much larger than the nozzle diameter with an irregular
surface, the over-deposited filament is a group of filaments twisted together and its
surface morphology is uncontrollable, the compressed filament has a rectangle-like
cross section (FIG. 4.2B, center right) instead of a circular cross section due to the
hydrostatic compression from the nanoclay bath, and the discontinuous filament is a
filament broken into droplets or segments due to high path speeds. Well-defined
filaments are favored for 3D printing due to their well-defined geometries, and
irregular filaments should be avoided due to the uncontrollability of the morphology

and/or diameter of such filaments.

Effects of bioink material properties on filament formation

The measured rheological properties of alginate-gelatin blends are shown in
FIGS. 4.3A and 4.3B. FIG. 4.3A depicts the relationship between the viscosity and
shear rate; for all the alginate-gelatin blends the viscosity decreases with the shear
rate, meaning that the alginate-gelatin blends are a typical shear-thinning material.
With the increasing alginate concentration, the viscosity also increases. FIG. 4.3B
illustrates the relationship between the shear moduli and frequency varying from 10!
to 10 Hz. As seen from the figure, with the increase of frequency the shear moduli
(storage (G") and loss (G") moduli) increase, and for all alginate-gelatin blends with
different alginate concentrations, the loss modulus is higher than the storage modulus.

Filaments made of different alginate-gelatin blends are extruded in the 4.0%
(w/v) nanoclay bath under the same printing conditions, that is, the same dispensing
pressure, nozzle size, and path speed. FIG. 4.4A shows the typical filament

morphologies and the relationship between filament diameter and alginate component
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concentration. All the filaments formed are swelling filaments, and with the increase
of alginate concentration, the filament diameter decreases. The flow rate is a function
of nozzle geometries, dispensing pressure, and viscosity of build materials, and can be
approximated as inversely proportional to the build material viscosity!?. Under the
same printing conditions, the high alginate concentration blend has a smaller flow rate
due to its higher viscosity, which results in the decreased filament diameter.

In addition, significant spreading is observed for the lower alginate
concentration (0.5% (w/v)) filaments in the nanoclay bath, resulting in a much larger
filament diameter than the nozzle diameter; the higher alginate concentration (1.0%
and 2.0% (w/v)) filaments exhibit less swelling, so their diameters are similar to the
nozzle diameter as shown in the insets of FIG. 4. 4A. This phenomenon may be
explained by the combined result due to both the initial filament formation and
subsequent filament spreading in the nanoclay bath. The lower viscosity of low
alginate concentration blends leads to a higher flow rate during printing. Thus, the
initial filament diameter of low alginate concentration blends is larger than those of
high alginate concentration blends. Besides, both storage and loss moduli of low
alginate concentration blends are lower than those at high alginate concentrations as
shown in FIG. 4.3B, and the resulting alginate-gelatin filaments behave more like a
liquid at a lower concentration (the loss modulus is much larger than the storage
modulus), which can easily spread and/or fuse together after deposition. As such, the
low alginate concentration filament has a larger diameter than the nozzle diameter
while the high alginate concentration filament has less swelling.

This phenomenon is more obvious when extruding different alginate
concentration blends in a less concentrated nanoclay bath. Using the same printing
conditions, alginate-gelatin filaments are extruded in the 0.5% (w/v) nanoclay bath,
and the printing results are shown in FIG. 4.4B. At a lower alginate concentration
(0.5% (w/v)), the high flow rate and more liquid-like behavior (low viscosity) make
the deposited filaments fuse well with each other to form filaments with rough
surfaces. When the alginate concentration increases to 1.0% (w/v), the deposited
filaments have a higher viscosity and behave more like rigid wires. In addition, due to
the low yield stress of the 0.5% (w/v) nanoclay suspension the printed alginate-gelatin
blends cannot be trapped in sifu as deposited. Especially, at a low path speed, the
filaments tend to spatially overlap the deposited pattern, resulting in over-deposited

filaments with a transition from the rough surface filament to a bundle of twisted

72



WO 2018/053404 PCT/US2017/052020

filaments. At an even higher alginate concentration (2.0% (w/v)), the deposited
filaments twist and overlap more with each other without rapid fusion due to its

higher viscosity.

Effects of support bath material properties on filament formation

The measured relationship between shear stress and shear rate is shown in
FIG. 4.5A. As the nanoclay concentration increases, the yield stress increases
accordingly. With the increase of shear rate, the shear stress increases accordingly,
indicating that the nanoclay suspension is a shear-thinning material. When the shear
rate 1s approximately 0, there is still a shear stress value as extrapolated, which shows
that the nanoclay suspension is a yield-stress material and such stress value is the

yield stress of nanoclay suspensions at a corresponding concentration. By fitting the
measurement data using the Herschel-Bulkley model ¢ = &, + k¥" | where o is the
shear stress, » 1s the shear rate, oo is the yield stress, £ 1s the consistency index, and »

is the flow index, it is found that the yield stress increases from 0.0015 to 0.16 to 4.20
to 8.80 to 15.78 Pa, respectively for each nanoclay suspension. The yield stress
represents the threshold for transition between the liquid and solid states. If o < g0, the
nanoclay suspension behaves as a solid to support deposited liquid features in place.
Otherwise, it behaves as a fluid to fill any crevasse behind the nozzle and entrap
deposited liquid features.

As a support bath material, the dynamic rheological properties under stressed
conditions must be evaluated, and the measured relationships between shear moduli
and frequency are shown in FIG. 4.5B. As seen from FIG. 4.5B, both the storage and
loss moduli increase when the nanoclay concentration and the frequency increase.
Over the sweep range (from 107'-10! Hz) the storage modulus is higher than the loss
modulus at each nanoclay concentration, confirming that the nanoclay support bath
demonstrates a gel-like behavior. By comparing the storage modulus of nanoclay
suspensions (FIG. 4.5B) with that of alginate-gelatin blends (FIG. 4.3B), it is found
that at the same frequency (e.g. 1 Hz) the storage moduli of nanoclay suspensions
vary significantly (four orders) as ~0.1 Pa (0.5% (w/v) nanoclay suspension) to ~1 Pa
(1.0% (w/v)), ~10 Pa (2.0% (w/v)), ~100 Pa (4.0% (w/v)), and ~1000 Pa (8.0%
(w/v)). In contrast, the storage moduli of alginate-gelatin blends don’t change too

much when the alginate concentration increases: ~ 0.1 Pa for 0.5% (w/v) alginate-
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gelatin blends, ~1.0 Pa for 1.0% (w/v) alginate-gelatin blends, and ~ 10 Pa for 2.0%
(w/v) alginate-gelatin blends.

Since 2.0% (w/v) nanoclay suspension is used for cellular construct printing at
37 °C, the rheological measurements (steady rate sweeps and frequency sweeps) of
2.0% (w/v) Laponite EP are performed at both room temperature and 37 °C as shown
in FIGS. 4.5C and 4.5D. From FIGS. 4.5C and 4.5D, it is found that the shear stress
and moduli of nanoclay suspension at 37 °C are slightly lower than those at room
temperature.

Different alginate-gelatin filaments are printed, and their filament diameter is
measured and shown in FIG. 4.6A. Under a given set of printing conditions, the
increase of nanoclay concentration leads to a decrease in the filament diameter. This
phenomenon is attributed to the increase of yield stress when the nanoclay
concentration increases. At low concentrations, the yield stress of nanoclay
suspension is relatively low (~107 Pa for 0.5% (w/v) nanoclay suspension), and the
nanoclay bath behaves like a very weak liquid-like gel. Thus, when extruding
alginate-gelatin blends in the bath, the deposited filaments can easily flow and spread
in the liquid-like support bath, resulting in the formation of filaments with larger
diameters even at high path speeds (such as 4.0 mm/s). However, with the increase of
nanoclay concentration, the yield stress increases, which leads to a stronger gel-like
state of the nanoclay bath. As a result, the deposited filament cannot easily spread in
the bath and can retain its original dimensions stably as deposited.

It is noted that more types of filaments can be produced by adjusting the
nanoclay bath concentration when depositing alginate-gelatin blends with a higher
alginate concentration. As seen from FIG. 4.6A, low alginate concentration filaments
(such as 0.5% and 1.0% (w/v) alginate) always have a larger diameter than the nozzle
inner diameter (ID: 250 um) regardless of the concentration of nanoclay suspension,
and they can be categorized as swelling filaments. In contrast, high alginate
concentration filaments (such as 2.0% (w/v) alginate) can achieve a much wider range
of filament diameter, smaller or larger than the nozzle diameter by adjusting the
nanoclay concentration, providing an alternative way to control the filament diameter
when printing viscous inks.

At low path speeds (e.g. 0.5 mm/s), the effects of nanoclay concentration on
the filament formation are more pronounced as seen from FIG. 4.6B. In a less

concentrated nanoclay bath, some irregular filaments such as rough surface and over-
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deposited filaments are formed due to the low yield stress of the support bath and its
liquid-like behavior. As the nanoclay concentration increases, low concentration
alginate-gelatin filaments (0.5% (w/v)) may vary from the rough surface filament to
the swelling filament and to the compressed filament, while high concentration
alginate-gelatin filaments (2.0% (w/v)) may result in the morphological transition
from the over-deposited filament to swelling filament.

When extruding the low alginate concentration blends in nanoclay baths, the
filaments can be easily compressed in a high concentration nanoclay bath (e.g. 8%
(w/v)) due to the big difference in storage moduli (three-order difference) as
aforementioned,; this results in the formation of compressed filaments. When
extruding the high alginate concentration blends with a higher storage modulus, the
compression effect on deposited filaments is not so pronounced as during printing of
the low concentration alginate-gelatin blends, resulting in a more controllable
morphology of deposited filaments. As such, when using nanoclay as the support bath
material for 3D printing, the nanoclay concentration must be selected carefully with
respect to the bioink rheological properties in order to allow a wider range of

achievable filament diameters with well-defined morphology.

Effects of operating conditions on filament formation Mathematical model
Different operating conditions such as the nozzle diameter and dispensing
pressure determine the dispensing velocity (vour), and the formation of filament
depends on the ratio between the path speed (Vpan) and vour 1%-21-2% Thus, it is of great
significance to establish a mathematical model to predict vour during the proposed
extrusion process. By assuming the flow of alginate-gelatin solution through a nozzle
into the nanoclay bath as a Poiseuille flow with an exit pressure p as shown in FIG.

4.7, the following mass and momentum conservation equations can be listed as

follows:
o(rv
lMJrl%JraL:o 4.1
r or rod oz
p2) [y R (Al 2] () (12 10n 0n
aavt aavr :25 . aavz 18513 12& ” 1269 aaz ' 0y (42)
=2 \4ply —9+v9[——9+v—’]+vz—9 == —— |- 5=(r'5.) = o0 Ol 4 T "0 |y
ot or rofd r Oz r@@ r°or 06 Oz r
o, o o, P 1o, )+1argz+aru 8
- rar”g{ MiC oz rars 00 T

75



WO 2018/053404 PCT/US2017/052020

where 7 is the radius, vr, ve and v: are the cylindrical velocity components, p is
the density, ¢ is the time, P is the pressure, T, Tor, Tor, To9, Te: and 72z are the cylindrical
stress components of stress tensor z, and g is the gravitational acceleration.

Since v»=v9=0 in this study, the above equations are simplified along the z

direction only as follows:
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The alginate-gelatin solution is a type of quasi-linear viscoelastic fluid, so

Jeffrey’s constitutive equation is used to describe its rheological properties as follows:

r(t):—jt @[l—ﬁ]e_(t:) 7(r')dr'—ﬂy(t) (4.5)
= AL A4 A = '

where 5o is the zero-shear-rate viscosity, A is the relaxation time, A2 is the

retardation time, 7 1is the shear rate tensor, and ¢'is the pseudo time.

Then the stress components can be derived by substituting the velocity
gradient and shear rate tensor into Eq. (4.5) as follows:

ov
Trz = _770 8}"2 > Trr = Tré’ = Té’é’ = Té’z = Tzz =0 (46)

Herein the aforementioned Herschel-Bulkley model (o = o, + k7" ) is used

to describe the stress as a function of shear rate for yield-stress fluids at low shear
rates.

For simplification the exit pressure p equals to o and after substituting Eq.
(4.6) and Herschel-Bulkley model into Eq. (4.4), the velocity distribution at the nozzle

exit can be derived as:

v o (p,—0)+pgl (Rz _rz) @.7)
4n,L

where, po is the inlet pressure, L is the nozzle length, and R is the nozzle

radius. Thus, the flow rate can be calculated based on Eq. (4.7):
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(p,—0o)+pgL
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7R* (4.8)

where O is the bioink flow rate. The hydrogel dispensing velocity is then

estimated by dividing the flow rate by the nozzle exit area as follows:

—o)+ pgl.
vou,z—(p L ~0)+ P8 R? (4.9)
&n,L

where vour is the average dispensing velocity at the nozzle exit. As such, the
dispensing velocity of alginate-gelatin blends is a function of dispensing pressure and
nozzle dimensions, and it increases as the dispensing pressure or nozzle diameter
increases. Since the dispensing pressure (10° Pa) is usually much higher that the
pressure drop in the nozzle (10? Pa) as well as the stress in a nanoclay bath (~10-~102
Pa), Eq. (4.9) can be further simplified as follows:

Vo = 857%132 (4.10)
Filament diameter under different operating conditions

In order to investigate the effects of nozzle dimensions and dispensing
pressure on the filament diameter, the 2.0% (w/v) alginate-10.0% gelatin blend is
printed in a 4.0% (w/v) nanoclay bath under different operating conditions. FIGS.
4.8 A and 4.8B show the relationships between filament diameter and nozzle diameter
as well as dispensing pressure. As seen from FIG. 4.8 A, the decrease of nozzle
diameter leads to the reduction of filament diameter since the less bioink is extruded
at a given pressure (20 psi). In FIG. 4.8B, it can be found that the increase of
dispensing pressure results in the increase of extruded bioink volume as shown in Eq.
(4.8), contributing to the increase of filament diameter at a given path speed (1.0
mmnys).

FIGS. 4.9A-C illustrate the filament formation of different alginate-gelatin
solutions when the path speed increases, and the corresponding dispensing velocity is
estimated based on Eq. (4.10) and marked in each figure accordingly. If the nozzle
path speed vpar 1s lower than vour, excess bioink is deposited which leads to the
formation of swelling or even irregular filaments. When vy 1s equal to Vour, the
volume of extruded bioink forms a filament with a diameter equal to the nozzle

diameter. When vpan increases further, stretching is observed and the deposited
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material forms a continuous filament with a smaller diameter than the nozzle
diameter. When vpamn further increases to a critical value, discontinuous filaments may

form, and the extruded filament breaks up into droplets.

Phase diagrams for filament quality evaluation and discussion

To better evaluate the printability of alginate-gelatin precursor solutions in
terms of the morphology and dimensions of printed liquid filaments in the nanoclay
bath, a 3D printability phase diagram is constructed based on rheological properties of
alginate-gelatin blend solutions and nanoclay suspensions as well as operating
conditions, which is represented by a dimensionless ratio between the path speed and
the bioink dispensing velocity (v = Vpa / Vour). As seen from FIG. 4.10 (left), the
formation of different types of filaments is the synergistic result of various factors
such as material properties and operating conditions.

Furthermore, two representative sub-phase diagrams are summarized in FIG.
4.10 (right). In FIG. 4.10 (right, top) where the nanoclay concentration is fixed at
4.0% (w/v), it can be seen that when vpan Vour=1, the equivalent diameter filament can
be printed. However, at lower alginate concentrations, vou is relatively high due to
their very low viscosity, and it is difficult to match this velocity by increasing the path
speed. Thus, when extruding alginate-gelatin blends with a low alginate
concentration, swelling filaments are typical under most printing conditions. In
contrast, by increasing the alginate concentration, other types of filaments such as
equivalent diameter filaments and stretched filaments and even discontinuous
filaments can be formed.

FIG. 4.10 (right, bottom) illustrates the filaments formed by 0.5% (w/v)
alginate-10.0% (w/v) gelatin blends printed in different nanoclay baths. As seen from
FIG. 4.10 (right, bottom), although it is difficult to achieve the filament with the
diameter equal or smaller than the nozzle diameter, it is still possible to have well-
defined swelling filaments by controlling operating conditions and selecting suitable
nanoclay concentrations.

As observed, the elastic properties of both nanoclay suspensions and alginate-
gelatin blends result in the formation of different types of filaments when depositing
alginate-gelatin blends in a nanoclay bath. As shown in FIG. 4.11, a two-dimensional
phase diagram is further constructed by including a material property-based

dimensionless number, which is defined as the storage modulus ratio between the
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nanoclay bath and the bioink: G ‘»us/G “ink, in addition to the operating conditions-
dependent number v. FIG. 4.11 can be used to guide the selection of alginate-gelatin
concentration, nanoclay concentration, and operating conditions to facilitate the
fabrication of 3D structures with smooth and well-defined filaments with a

controllable diameter.

Comparison between conventional extrusion and nanoclay bath-enabled printing
The filament formation process in conventional extrusion approaches is

different from that during the nanoclay support bath-enabled fabrication approach. In

conventional extrusion approaches which follow the gelation-while-printing

procedure, filaments are usually deposited directly in air and solidified in situ >3

or
deposited in a crosslinking solution to be rapidly solidified!®. For the former scenario,
the filament formation before crosslinking is in a liquid-in-air environment, and
liquid-air interfacial surface tension and the gravitational force significantly affect the
morphology of deposited filaments. In some situations, the pinchoff phenomenon is
observed due to the gravity and surface tension effects at high standoff distances or
the large pulling force at high path speeds. The resulting filament may break up into
several droplets before landing on the receiving substrate or the previously deposited
layer. For the latter scenario, the filament formation in a crosslinking solution is in a
solid-in-liquid environment, in which deposited fluid filament is rapidly crosslinked.
Although the (aqueous) crosslinking solution has negligible effect on the morphology
of printed and solidified filaments, undesirable nozzle clogging may be difficult to be
mitigated.

In contrast, filament formation during the nanoclay bath-enabled fabrication is
in a liquid-in-liquid environment in which deposited filament retains its liquid state
before the whole structure is printed. Thus, the material properties of support bath
may affect the filament formation process in the bath. Firstly, due to the yield-stress
property of nanoclay bath, the entrapped filament can hold its shape once extruded
instead of spreading. Secondly, the filament breakup phenomenon caused by the
interfacial tension is absent since the interfacial surface tension between the nanoclay
bath and inks is usually negligible. Instead, the filament breakup in a nanoclay bath is

possible due to the mismatch of bioink dispensing velocity and path speed. Finally,
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the deposited filament diameter and morphology is influenced by the rheological

properties of nanoclay support bath materials.

Application for alginate-gelatin vascular structure fabrication

Vascular networks are critical for the delivery of nutrients and oxygen as well
as removal of metabolic byproducts for organ systems. Successful fabrication of
vascular networks is usually viewed as the first step toward on-demand manufacturing
human tissues*?. Based on the knowledge learned from the aforementioned filament
formation study, a complex 3D cellular vascular construct is designed and printed in
the nanoclay bath. Considering the effects of nanoclay concentration on the filament
formation and the ease of post-processing such as residual nanoclay removal from
printed and crosslinked constructs, 2.0% (w/v) Laponite EP nanoclay was used as the
support bath and 2.0% (w/v) alginate-10.0% (w/v) gelatin mixed with 5x10° cells/mL
3T3 fibroblasts was used as the bioink. Printing conditions wise, a 25 gauge (250 um
inner diameter) dispensing tip (EFD Nordson, Vilters, Switzerland) was used; the
dispensing pressure was 15 psi (1 psi = 6.9x10° Pa) and the path speed was 2.0 mm/s.
The cellular alginate-gelatin construct was thermally gelled in the 2.0% (w/v)
nanoclay bath at room temperature for 30 min, then moved to a 0.9% (w/v) sodium
chloride (NaCl) bath to rinse away the residual nanoclay, and finally crosslinked in a
2.0% (w/v) calcium chloride (CaCl2) bath at 37 °C for 15 minutes to crosslink the
alginate component for thermal stability in incubation.

The designed vascular construct is shown in FIG. 4.12A, and its detailed
dimensions are illustrated in FIG. 4.12B. Overall, the vascular construct consists of
three Y-shaped vascular units and has an average tubular diameter of 4.0 mm and a
wall thickness of 1.0 mm as shown in the inset of FIG. 4.12B. The total height of the
vascular construct is 22.0 mm and the inclination angle of each branch is 45°. For the
printing of such a large spanning structure with many branches, the nanoclay bath
provides an additional benefit in improving the efficiency by using a “localized layer-
by-layer” printing procedure in which the nozzle keeps turning on and depositing a
filament continuously while moving up vertically to form a designed structure; then
the nozzle moves to other sides for printing other portions only after completing a
branched structure as shown in FIG. 4.12C. By using this printing procedure, the
dispensing nozzle does not need to be frequently turned on and off per the design of

structures at a given elevation under the conventional layer-by-layer approach, which
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requires non-depositing travel between various deposition locations in the bath. As
such, the printing efficiency can be effectively improved by maximizing the
continuous deposition of build materials and minimizing unnecessary discontinuities
in material deposition and the total printing time can be reduced from 75 minutes
(conventional layer-by-layer printing) to 45 minutes (proposed “localized layer-by-
layer” printing).

Using the proposed “localized layer-by-layer” extrusion planning, the cellular
vascular construct is printed as shown in FIG. 4.12D. During the printing process, the
ambient temperature was kept at 37 °C to ensure that the bioink remains fluid and to
facilitate the printing-then-gelation fabrication procedure. It is noted that the 2.0%
(w/v) Laponite EP nanoclay at 37 °C has the similar rheological properties as those at
room temperature as seen from Figure 5(c), so the resulting knowledge from the
filament diameter and morphology study still applies here. As seen from FIG. 4.12D,
the average tubular diameter is 4.12 mm and all the other dimensions are similar to
the designed geometries, proving the effectiveness of the proposed nanoclay bath-
enabled biofabrication approach. Once fabricated, the residual nanoclay in the
channels is removed by pipetting NaCl solution through the channels. To test whether
the nanoclay suspension in the channels of the construct is removed, the DMEM
medium with a red food dye solution (to improve the visibility) is pumped through the
channels; all branches show red fluid flow as seen in FIG. 4.12E, indicating the
effective removal of residual nanoclay.

The nanoclay-free cellular vascular construct is further incubated in a
humidified 5% COz incubator at 37 °C for follow-up biological evaluations. FIG.
4.13A illustrates the crosslinked construct stained with Hoechst 33342 for all
fibroblasts (right top) and fluorescein diacetate (FDA) for living fibroblasts (right
bottom). Cell viability is measured by counting live cells (stained with FDA) and dead
(non-fluorescing) cells in image stacks. As shown in FIG. 4.13B, the cell viability
immediately after printing is 93.6% and remains above 90.0% (90.2%) with the
control effect considered, which is the cell viability of the unprinted bioinks. In
addition, the metabolic activity during the three-day incubation is investigated by
alamarBlue reduction testing, and the same volume cellular bioink deposited in a Petri
dish is used as the control. After the three day incubation at 37 °C, the resulting

fluorescent intensity is recorded as shown in FIG. 4.13C. It is found that cells in the
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vascular construct live and proliferate during the three-day incubation, proving the

biocompatibility of the proposed biofabrication approach.

Conclusions

The formation of alginate-gelatin filaments in a nanoclay bath is investigated.
By varying the alginate concentration, nanoclay concentration, and operating
conditions including the dispensing pressure, nozzle geometry and nozzle path speed,
different filament types have been observed. Based on the knowledge gained from
filament formation investigation, cellular vascular constructs have been successfully
fabricated with well-defined features in a nanoclay bath. Some main conclusions are
summarized as follows:

1. Seven filament types are observed during extrusion in the nanoclay
bath: three types of well-defined filaments (swelling filament, equivalent diameter
filament, and stretched filament) and four types of irregular filaments (rough
surface filament, over-deposited filament, compressed filament, and discontinuous
filament).

2. When the alginate concentration increases, the diameter of filaments
made of alginate-gelatin blends decreases;

3. The nanoclay concentration significantly affects the morphology of
deposited filaments: low concentration Laponite bath (such as 0.5% (w/v)) may
lead to the formation of irregular filaments such as rough surface and over-
deposited filaments while high concentration bath (such as 8.0% (w/v)) may result
in the formation of compressed filaments. Such filaments are undesirable for 3D
printing;

4. Operating conditions affect the filament diameter and morphology.
The increase of dispensing pressure and nozzle diameter results in the increase of
filament diameter; the increase of path speed leads to the decrease of filament
diameter and results in the filament formation from swelling to equivalent
diameter to stretched to discontinuous;

5. The filament diameter and morphology of alginate-gelatin blends with
a higher alginate concentration is more adjustable than those with a lower alginate

concentration by adjusting the nanoclay bath concentration. The effects of
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nanoclay concentration on the filament formation are more obvious when
extruding alginate-gelatin blends at low path speeds (such as 0.5 mm/s);

6. The filament printability can be evaluated using a phase diagram
constructed based on the storage modulus ratio between the nanoclay bath and the
bioink and the speed ratio between the nozzle path speed and the ink dispensing
speed at the nozzle exit; and

7. Cellular vascular construct can be successfully fabricated based on
good fabrication conditions as identified, and the cell viability and metabolic
activity of the printed vascular constructs demonstrates the feasibility of the

proposed fabrication approach.
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to significant figures of the numerical value. In addition, the phrase “about ‘x’ to ‘y
includes “about ‘x” to about ‘y’”

Many variations and modifications may be made to the above-described
embodiments. All such modifications and variations are intended to be included herein

within the scope of this disclosure and protected by the following claims.
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CLAIMS
We claim:
L. A three dimensional printing system, comprising:

a support bath including a support material, wherein the support material has a
gel-like state when a stress applied to the support material is less than a yield stress,
wherein the support material has a free-flow state when the stress applied to the
support material is above the yield stress, wherein when the stress applied to the
support material changes from above the yield stress to below the vield stress, the
support material returns to the gel-like state; and

a printing device for delivering a plurality of discrete volumes of a liquid to
the support bath, wherein each discrete volume of liquid is delivered to a specified
voxel, where each specified voxel corresponding to a discrete volume of liquid is in a
different location, wherein as each discrete volume of liquid is delivered in the
support bath, the support material supports the discrete volume of liquid, wherein the
plurality of discrete volumes of liquid build material form a liquid three dimensional
structure,

wherein prior to delivering the plurality of discrete volumes of the liquid build
material to each specified voxel, the support material in each specified voxel is in the
gel-like state, wherein as the printing devices moves to each specified voxel the
printing produces stress applied to the support material in that specified voxel that is
above the yield stress so that upon printing each discrete volume of the liquid build
material in each specified voxel the support material in each specified voxel converts
into the free-flow state, wherein the support material flows out of each specified voxel
as the discrete volume of the liquid build material is printed to each specified voxel,
wherein after each discrete volume of the liquid build material is printed to each
specified voxel, the support material in the free-flow state transforms back to the gel-
like state to support the discrete volume of the liquid build material once the stress

applied to the support material is below the yield stress.

2. The system of claim 1, wherein the support material is a smectite material.

3. The system of claim 2, wherein the smectite material is selected from the
group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite, and a

combination thereof.
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4, The system of claim 1, wherein the support material is Laponite EP®, Laponite

RD®, Laponite XLG®, Laponite XL21®, Laponite D®, or a combination thereof.

5. A method to form a three dimensional structure, comprising:

a) providing a support bath including a support material, wherein the support
material has a gel-like state when a stress applied to the support material is less than a
yield stress, wherein the support material has a free-flow state when the stress applied
to the support material is above the yield stress, wherein as the stress applied to the
support material changes from above the yield stress to below the vield stress, the
support material returns to the gel-like state;

b) printing a first liquid in a first voxel, wherein prior to printing the first
liquid in the first voxel, the support material in the first voxel is in the gel-like state,
wherein the printing produces stress applied to the support material that is above the
yield stress so that upon printing the first liquid in the first voxel the support material
in the first voxel converts into the free-flow state, wherein the support material flows
out of the first voxel as the first liquid is printed, wherein the support material in the
free-flow state transforms back to the gel-like state to support the first liquid in the
first voxel when the stress applied is below the yield stress;

¢) repeating step b) for a plurality of voxels, wherein the liquid in the plurality
of voxels is part of a liquid three dimensional structure; and

d) causing a phase change in the liquid three dimensional structure to form the

three dimensional structure, which can be removed from the support material.

6. The method of claim 5, wherein the support material is a smectite material.
7. The method of claim 6, wherein the smectite material is selected from the
group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite, and a
combination thereof.

8. The method of claim 5, wherein the support material is Laponite EP®,

Laponite RD®, Laponite XLG®, Laponite XL21®, Laponite D®, or a combination
thereof.
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9. A three dimensional printing system, comprising:

a precursor build material comprising a hydrogel precursor and a support
material, wherein the precursor build material has a gel-like state when a stress
applied to the precursor build material is less than a yield stress, wherein the precursor
build material has a free-flow state when the stress applied to the precursor build
material is above the yield stress, wherein when the stress applied to the precursor
build material changes from above the yield stress to below the yield stress, the
precursor build material returns to the gel-like state; and

a printing device for delivering a plurality of discrete volumes of the precursor
build material, wherein each discrete volume of precursor build material is delivered
to a specified voxel, where each specified voxel corresponding to a discrete volume of
precursor build material is in a different location, wherein after each discrete volume
of precursor build material is delivered, the precursor build material is self-
supporting, wherein the plurality of discrete volumes of precursor build material form
a precursor build material three dimensional structure,

wherein prior to delivering the plurality of discrete volumes of the precursor
build material to each specified voxel, the precursor build material is in the gel-like
state, wherein as the printing device delivers the precursor build material to each
specified voxel the printing produces stress applied to the precursor build material that
is above the yield stress so that upon printing each discrete volume the precursor build
material converts into the free-flow state, wherein after each discrete volume of the
precursor build material is printed to each specified voxel, the precursor build
material in the free-flow state transforms back to the gel-like state and is self-
supporting,

wherein the three dimensional printing system does not need to include a

support bath.

10. The system of claim 9, wherein the support material is a smectite material.

11.  The system of claim 10, wherein the smectite material is selected from the

group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite, and a

combination thereof.
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12.  The system of claim 9, wherein the support material is Laponite RD®,

Laponite XLG®, or a combination thereof.

13. The system of claim 9, wherein the hydrogel precursor is selected from the
group consisting of’ alginate, gelation, chitosan, collagen, Matrigel, poly (ethylene

glycol), polyvinyl alcohol, Pluronic, and a combination thereof.

14. A method to form a three dimensional structure, comprising:

a) providing a precursor build material comprising a hydrogel precursor and a
support material, wherein the precursor build material has a gel-like state when a
stress applied to the precursor build material is less than a yield stress, wherein the
precursor build material has a free-flow state when the stress applied to the precursor
build material is above the yield stress, wherein when the stress applied to the
precursor build material changes from above the yield stress to below the yield stress,
the precursor build material returns to the gel-like state;

b) printing the first precursor build material in a first voxel without a support
bath, wherein prior to printing the first precursor build material in the first voxel, the
first precursor build material is in the gel-like state, wherein the printing produces
stress applied to the first precursor build material that is above the yield stress so that
upon printing the first precursor build material in the first voxel the first precursor
build material converts into the free-flow state, wherein the first precursor build
material flows into the first voxel as the first precursor build material is printed,
wherein the first precursor build material in the free-flow state transforms back to the
gel-like state when the stress applied is below the yield stress;

¢) repeating step b) for a plurality of voxels, wherein the first precursor build
material in the plurality of voxels is part of a precursor build material three
dimensional structure; and

d) causing a phase change in the precursor build material three dimensional

structure to form the three dimensional structure.

15. The method of claim 14, wherein the support material is a smectite material.
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16. The method of claim 15, wherein the smectite material is selected from the
group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite, and a

combination thereof.

17. The method of claim 14, wherein the support material is Laponite RD®,

Laponite XLG®, or a combination thereof.

18. The method of claim 14, wherein the hydrogel precursor is selected from the
group consisting of’ alginate, gelation, chitosan, collagen, Matrigel, poly (ethylene

glycol), polyvinyl alcohol, Pluronic, and a combination thereof.

19. A composition comprising:

a precursor build material comprising a hydrogel precursor and a support
material, wherein the precursor build material has a gel-like state when a stress
applied to the precursor build material is less than a yield stress, wherein the precursor
build material has a free-flow state when the stress applied to the precursor build
material is above the yield stress, wherein when the stress applied to the precursor
build material changes from above the yield stress to below the yield stress, the

precursor build material returns to the gel-like state.

20. The composition of claim 19, wherein the support material is a smectite
material.
21.  The composition of claim 20, wherein the smectite material is selected from

the group consisting of: montmorillonite (MMT), nontronite, Saponite, hectorite, and

a combination thereof.

22, The composition of claim 19, wherein the support material is Laponite RD®,

Laponite XLG®, or a combination thereof.
23. The composition of claim 19, wherein the hydrogel precursor is selected from

the group consisting of: alginate, gelation, chitosan, collagen, Matrigel, poly (ethylene

glycol), polyvinyl alcohol, Pluronic, and a combination thereof.

91



Shear stress g (Pa)

WO 2018/053404

§
A\\;\S"*‘\‘
\\\g.‘\
\\\§
o

Y She
) i S

JLHLE W SR
G -
k o 3
%'\\\&\ \\\\\\\\\\\\\\\“\\\\\\\\\\\‘

R W

&
. \\A\'
§ E &

1 (B : ‘%\\\\\\\\\\\\\\\\\\\\\§\ \

" 3% Lapomte EP
» L ‘*’t§§€?§l§te EP
49 ’l§3ﬁilﬁ€i‘ BD
gi) # E"‘; @.\“’%i

X

110 100

Shear ratey (s™)

FIG. 1.1A

«{§ & ~£} % 3.3 s'@ {
§ @%ﬁ ¢ R
i e
| BN
Poo®
| N T
} A S
SR

3 $
§ N § OB
i \ H !
b L R
B 8 % 3 E 5 @
%\\ xm.‘ AT AT AT W A BRSSO \\‘§. AR SRR A\*\ i‘\\

.\ﬁ.

PCT/US2017/052020

Relative movement
between bath and nozzle

2,
\\\\\\\},:f"

Dispensing

nozzie

Laponite
bath

Microbeads

1.a{om

\} o

P

Affected
Laponite region

s

;
;
;
;
i

8

\

B

(S Juit) paads pozIRULION

LB R B R@R@ﬁ@{}@}

FIG. 1.1C

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
2/33

00

R

SO

y
%
%
4_(”%”,4”*””””4

500+

e

GO0~

3

00

~#- 3% Laponite RD
200 . - 4% Laponite RD

Thixotropic length scale (um)

¥

3 3 ¥ ) ¥ E} ' ¥
S 400 L L} EEE
Nozzle outer diameter (pm)

FIG. 1.1D

NI ~#-3% Laponite RD

4
4;\5
RS
.
oy
g
)
—
a3
ol
(@)
=
T
2z 2

i

FThixetropic length scale (um)

3- {}{} 1 ¥ ' B El N ¥ N % ? § ¥ b kS
4.0 0% L4 L3 o 18 A% 33 48 438
Path speed (mm/s)

FIG. 1.1E

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
3/33

ot
214

FHN

XN

§
Disoid volinidat pasticle
{dtsrsstes I s5m yeed

B
TRIDRWERT, 18

TR G W

sorie

SSRGS

N .
" region after privtis
wrdigwibed SR

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
4/33

Sodium alginate

chains before
St 3 3 (43 ° °

Structure being crosslinking
- -’F“__“\\ﬁﬁf\)\\\f\f\k\\‘“‘b\ i

E
i P $ - o,
; § -
ionically R
& ST R
3 & 3 oy, 8

Laponite bath
(4% Laponite EP
+ 0.125% Cally)

crosslinked

D i
SR N
» ----- RSO

S . fonically

crosslinked

X Alginate chains

SUBSTITUTE SHEET (RULE 26)



\\\\\\\\\\

FIG. 1.3E

SUBSTITUTE SHEET (RULE 26)

~~~~~~~~~




WO 2018/053404
6/33

Construct being
thermally gelled

FIG. 1.4B

SUBSTITUTE SHEET (RULE 26)

PCT/US2017/052020

“n,

Gelatin chains
before gelation

L S
s

RN
£Y - .
V1 37°C Reom
N
X X
yitemp
33
i

Triple-helix
structure after
gelation

~400 um



WO 2018/053404 PCT/US2017/052020
7/33

[LE Control effect considered

%
e T ——
n P ——
Q\“\;m\;..“m‘w\-w—.,.\»i.,\
-
> ey

-‘ S ——
801 Control effect not considered ¥

-

Cell viability (%)

F4

{4 i 2
Time (day)

FIG. 1.4E

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

AlamarBlue reduction (%)

FIG. 1.4F

{0 R
- e hanplel

S Controd

\%.

FIG. 1.4H

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

Structure being P
UV crosslinked

4% Lajmnite
RD bath

PCT/US2017/052020
9/33

Monomers bofore crosslinking

*H ~CHAE 11“')»({ }»f <§ }}~ e U G

CH,

N, (‘—[{ x i3
3

3 . Ad
“EI - Hﬁr‘i)»@*ﬁ?-*@ﬂ‘j*C?H,}w(.“H~(Ii'iz
A N : ) 2

Meonxcnans affer crosslinking

FiG. 1.5A

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
10/33

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

11/33

PCT/US2017/052020

=

e

b

s

a3

B
S e

iii‘ijiamem zi‘iaziswiszr Dy ;,fm)

(‘ii}{*&

&O0

400 -

208

b

e
v
ik
i

“iﬁ{}%‘&iis:?éii value

asured value

£

3

5

Guuge  muge Geuge @ ‘mu&

33 23 5

FIG. 2.2A

SUBSTITUTE SHEET (RULE 26)

Neadiet

Gagtge faaugs

30 33



WO 2018/053404 PCT/US2017/052020
12/33

3

HOU

i

04

U

ter 13 {ym}

%
o

Filament diame

3

200

3

o

S

8

0 38 30

%A
e A
L L
o Lo
Ay
k¥

P
o
L X
W
Yok
%
oo
T
b o0
o
=
%
?j:_{
be s
=
%
ey
Y,
3
&
“h
4]
=
ey

HEBE

.
H

OG-

%

HO0

400 -

flament dinmeter 22 (um)

b3

200

.t
o

i

HAIQIS202 3303540435083 60 0

Fath speed v, mavs)

FIG. 2.2C

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
13/33

e
~1 nm " ® OH
Nt & Lior Mg
TR S D
am e N
\
\’\

FIG. 3.1A

el fonnation
House-of-cards

shimchie

FIG. 3.1B

SUBSTITUTE SHEET (RULE 26)




WO 2018/053404 PCT/US2017/052020
14/33

» 0% Laponite RD

Shear stress 1 (Pa)

~~~~~~ - & % Lapomte XLG

p)

1010t 100 100 1o
Shear rate y (s)

FIG. 3.1C

&\\'\\r\\“\‘&\

Viscosity n (Pa.s)

o ~# G (%% Laponite RD
104 s (%% Laponite XLG

1072 [ 108
Response time 7 (5)

FIG. 3.1D

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
15/33

- Nozzle
N anoclay colloid
\ being deposited

1. Sheared status 2. Transition process 3. Static “house-of-
cards” arrangement

Scale bars: 3.0 mm

FIG. 3.2A

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020

16/33

Global view  Top view Froutview |

FIG. 3.2C

Global visew Front view

E:

FIG. 3.2D

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
17/33

:p *
§
b
i
§
.
i
ES

z§

T@p View F’iﬁnd i i’h
L Rk itgi

SUBSTITUTE SHEET (RULE 26)



Maxamum height H,,,, (mm)

At

WO 2018/053404 PCT/US2017/052020
18/33

- F— Laponite-based hydrogel
"""" - Theoretical value - composite ink

““““ N Foepepunental valoe

Nozzle
exif

Sol-state
-+ Laponite
nanoclay

. Polymer

Gel-state Laponite
nanoclay
{(as internal scaffold material)
TN

N

: - Soft hydrogel composite filament
Inclined angle « (degree) yeroe b ’

printed inay

FIG. 3.2G FIG. 3.3A

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
19/33

UV light cmssiinking Ionic Cmssg,’ﬂkmg Tcmpcramrc dcpcndem shase change

\“‘* With hvdmgg}

SN
3 With hydrogel  Gelatin-Laponite W hhfdmgﬂl precursor
PE GD A-Laponite precussor .‘

predursor

\\ UV light

Post-gelation

FIG. 3.3B FIG. 3.3C FIG. 3.3D

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
20/33

o,
5
foe
“waoo”
S Fr
7"' 1:-,:-
=W
2 Pesgzesen. < FIG. 3.3E
= ' S S R S {w\fa s ode
ug ‘&M\g.&m %- SR I \\\\\\\\\
= R £
% T3 oo
:ﬁ E& tﬁ}'.\{tiig [ D
75 L.r r.i.»im Lapummbe o o
Hig e g e
Freguency (Hz)
PR T — SRREER
o
FIG. 3.3F ¢
R [
G & . NN
N RN
" T
7
Sooi
oo
w .
B :
=
& i ¥
E% sl BEODSLL Laposd s
oo ?\E«ﬁﬁ-&&sﬁem\e
e Gelvin-Laponite
5}
H {i¥3 b N s
1
Shear ratev {57}
HP
151 ‘~
B § &
Nowwr’ N ; {3
s ol 7 G.3.3G
x e d g§§ FE ] 353
% E§j‘> g \{?
% 3 .\?
> §§$3 . “:;\\\‘ K - SEN F&n ¥ K\% E eﬁ?@} Ev
) § 'k»im mt@
i
i E
FH g o

Response time 7 {5}

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
21/33

Gelatin-
BLaponite

Phase change

\

FIG. 3.3H

Curing

:

H

H

H

Z :

H g

H g
Gpeet 7

FIG. 3.3

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/052020

y

N

APty
s

R

Bt

Composite

R

i

e

re

i

5

i

22/33

FIG. 3.4A

-

sovolonse

7

WO 2018/053404

7
hast

et

A,

Ced ) vogogons s Bunng

.‘”\\\\\\.W\NM\\\

V\\\\\\\\\\\,om\\\\\\\\\\\\s,

i

3

Retaneattan Tt tetieeettero)

N

*

“\\\x\\\~\‘§\~>,«,“«"R;§!mi\\\§{

S

N

T

e
e
N
e

RS-

JRN

iy

Rt

proesteny
pos ]
el )

o
&y
dU

—r

it e
digsip

{ ;i) pag

5>
e s

%

Sy

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

AlamarBlue reduction (%)

23/33

PCT/US2017/052020

Hydrogel composits |

o Caryel {TOPR)

v e 3
Time {(days)

FIG. 3.5C

SUBSTITUTE SHEET (RULE 26)

S -

40

2
{

Hybogel

Hydroge composite
PEGDA N

"1 }.)

H I e
Gelatin ~o%e ey

&
F
i X 3 4 2 & 7

Time (days)

FIG. 3.5D



WO 2018/053404 PCT/US2017/052020
24/33

Dispensing
pressure

Deposited
alginate-gelatin
liquid filament

Nanoclay suspension bath

FIG. 4.1

Well-defined filament

Well-definad Hanent

.................................................... S ——

{  Equivalent 1 Stretched
:diameter filament! | filament

i

Swelling

%’ S

Nowzle V| Nozale !
Ldemeter P dwoster |

e

AR Trrelrodiobostostoriootoiaststaniad

S T
giaspetes

FIG. 4.2A

frregular Dlament

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

T . * - t‘"'""‘"'m"""m'%‘mm mmmmm Ty T e e A e * haslenthaniaathantaattantie |
Romgh surface | Over-deposited d filament Discontinuous
frlament ‘ {ilament filament

\

SUBSTITUTE SHEET (RULE 26)



360 1
® MRy gelatin W
b 0% {xeiv} ‘-"J sl e
agpy A i
B ailz- 1 ot Y gelRER e |
‘} H
\
4
gl 415 3
o \

Filament diameter D (um)

F

WO 2018/053404

PCT/US2017/052020

25/33

’ s"*‘*’:’&;&.

o 4 PERRIISNN &%&s&w&a&%&&&&ma&a

R

FIG. 4.3B

Senr rade ¥ {5

T
k4
%

et
“

Shear modull G’ & G” (Pa}

P
iy

1406 -
{2040
[RUES
ROG -

Gl -

S0}

4.5 RS

FIG. 4.4B

Filament morphology

RN IhY RS

107

FIG. 4.3A

AN
SN
A

QS
s
e \\\"‘\
AR
N

P
AN As‘a&\““
JEREENS

S 16 0% {wi%) gelatin-
N o . .
S g AR NaAlg

[t
e

L Lot g Hadlg
4 3 (s {svd ¥ Naalg
ro e o 14

Frequency (Hz)

FIG. 4.4A

Naal gc oncentration { %)

SUBSTITUTE SHEET (RULE 26)




WO 2018/053404 PCT/US2017/052020
26/33

W
o
SR

s

RN
A e
e

et ®

3 - -,
NN LU B i i \\v\\“:
3 o
B
o
o 103 FIG. 4.5A
257
gf FELER:
oy
s
51y Chay, Puling Mepsued Yield sress
_jg E ¥ g :e.l:séfs ﬂ;is H;\Pm
WO ! <
R 3 N
: N s
‘304 3 w
¢ ey : ey

F et HG 1o
Shear rate ¥ i

103 - <
3 N
\\&\\\\\\\\ 3

GRNIR PEHETINRNS

e e R

SRt

o et
e R
ol e

' & G (Pa)

.

o s

S SR
FORDVQEEFIWRT Rese
) R R N
e RS .
= 5 AT
Fai A
10
L] o

Shear moduli

16 16 W £
3 Frequency (Hz)

%

%
%
%
]

AL
@
-
o
O

Shear stress @ (Pa)
%

1t TR ‘
HRrE
2 o~
o
e
T b0
perd ig? jEes 0 3 :

Shear vate ¥

fo)
an'
2

FIG. 4.5D

Shear moduli G

W
e
%

1 B 1o
Frequency (Hz)

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
27/33

‘\i}} - AR RSN
R R y 3 . . - 3

TON Sed ) Ne Alp 10 e i Wl
™ 1A% R AR D ON e plath e
\ SR R A LAY e Bty sl

o § {E{i} "

A -

LR

Filament diameter 10 (um

B3 10 20 48 &0

Nanoclay concentration (%)

FIG. 4.6A

Over- o
. deposited Swelling filament

filament

%
i
ek

AR A A A A AR A A

0 AP B R A, AP A A

‘Compressed

‘filament

S
Y
A A

Al e LA S -l

K
e AR A A S S i it ks A A A S

\
\5 § 3§\ 3

Rgugh ; ..........
surface
flament

i %
3

NaAlg concentration (%)

ig a4 44 24
Nanoclay concentration (%)

FIG. 4.6B

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
28/33

\\\\\\\\\\

glet {1
e

S 600 - AN EIG. 4.8A
400 - N

00 A

Filarrerd ding
//

&

440 330 25¢ 208 130 1w
Mozzle dmmeter 28 ()
S60-

FIG. 4.8B

Filament diameter {pun)
s
4
i
8%

Dispensing prosawwe Py (psi)

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

o 1400+

o -
2004
N 1000 \

ment damet

KK -

PCT/US2017/052020
29/33

FIG. 4.9A

Fwelling filament

GO L
e Voo .83 Moy
E 400 - . 4?”“*-\&--%.\_@_\_ ‘
= 3 250 8
T A
3 2 4 & 8 012 14

1)

e
{
Y
s

Filament diameter 17

FIG. 4.9B

N

e
B N

;‘-—
oz,
g

P

J{H

7
.
B

Path speed v, (nun's)

1208~
, 1060 4

8O

Equivalent dimmetsr

QL hianmm

300 -

204 -

'Fiiamem d.ia metcr I3 p,m}

\ fl\ {3 i'is. ‘L
filament

i}

Swelhng fii;;meut

ey
e’

Y

}
: ; :
{ 2 4 # @

Path apeed v, (s

Vo= 2. 23ty

4

. ¢
306 N b
001 B | 230 um FIG. 4.9C
mmmmmmm ..1. - }... o s P roone
204 - "f 21?&;\'0;}:1{ fngas
j : , § filoment
" Swelling -
} ‘) ™ 1.\ N = { £t . N t \
1 filament i Stretched \ } \§
| filssent : \ N
{} I4 E ] x
£ 2 &

4
Path speed v, (oun :»}

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404 PCT/US2017/052020
30/33

Vl:-a\m“m“&us
Hivawnt

P
Somiting
RO

1Y Nough auefen e
A Qo dposied 3'53&33&*
: @I‘fk"e.‘b‘:ﬁ Slarnent

Bysgpds
fhanment

s
/
/
v

S

e

e & \\& "‘t\33§“‘§- *x‘f:&‘\" 5

PRCOES
,
w B 7
% ’

N ? el
§ \ii)t:m.\l

35 N
& 2 as,;.&
X bl B N
N : N 3
iy S
H Y s
3 : N
! : 3
Ty s NA a S % 3 8y
} LD S S I S S

L@Wﬁz iw\&\ﬂ r \

o A 0 0 AR S B A 00 0 0 0 v 00

S R P A S B RS A

A A A S S SRR SR R A N T T A R T R S A S R

N X N X (‘m\&\‘w&
. X R Fiane %

i
b

v

1 ]
Vo %
w4
w ,,//4

srdrioni%)
A

Soralfing
Hilvraxad
Wik B

Gt
w4
v
7

]
797
74

Z

; s
¢
VA

3
= N gwm u\‘
: N o
HES : NE RN
s : \‘% ¥
Bz\ \Zs R R

i mm
i wvant

FIG. 4.10

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404

1 5

Btorane tondules rato

Y
B

N S

o

ey e e T S
.

31/33

’(/%

PCT/US2017/052020

p

™ Rouwgh swwdos Blament

- Owse-depositad Slament
&my&ewea flama

" 5 §‘5@\§. L.

W/&///

m-*»imsg i:;
 Egpuvden i:imw*e«r Rt

% Strstched Slament

b3
S

tr i

+ 3
o 3t
LS >

. 4.11

SUBSTITUTE SHEET (RULE 26)




WO 2018/053404 PCT/US2017/052020
32/33

FIG. 4.12A FIG. 4.12B

FIG. 4.12E

SUBSTITUTE SHEET (RULE 26)



WO 2018/053404
33/33

R N e
g
&

Covgrod effset considarsd

el vidhility 24}
e ,
S

{ 1 2
Tane {day}

PCT/US2017/052020

|
|
|
|
|
s

FIG. 4.13B

g Sample
L

[ BN

FiG. 4.13C

AlamaBlue reduction M)

“

10 g

SUBSTITUTE SHEET (RULE 26)

Tiune {dav}



INTERNATIONAL SEARCH REPORT

PCT/US2017/052020 24.11.2017

International application No.
PCT/US 17/52020

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61L 27/52 (2017.01)
CPC

- AB1L 27/52; B29C 64/112; B29C 64/40; B33Y 10/00; B33Y 70/00

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

2016 (18.08.2016), abstract

X WO 2015/017421 A2 (CARNEGIE MELLON UNIVERSITY) 05 February 2015 (05.02.2015), Fig | 19, 23
2, abstract, para [0007], [0008], [0010}, [0041], [0058), [0060] | eeeeeeeeeeeeeees
Y 1-18, 20-22
Y US 8,470,231 B1 (DIKOVSKY et al.) 25 June 2013 (25.06.2013), abstract, col 1, In 13-25, col 5, | 1-18
In 34-40, col 9, In 18-54
Y WO 2015/111366 A1 (RICOH COMPANY, LTD.) 30 July 2015 (30.07.2015), abstract, pg 5, In 2-4, 6-8, 10-12, 15-17,
16-pg 6 In 13, pg 22, In 2-5 20-22
Y US 2015/0010461 A1 (THE UNIVERSITY COURT OF THE UNIVERSITY OF GLASGOW) 08 9-18
January 2015 (08.01.2015), abstract, para [0213)
A WO 2016/090286 A1 (UNIVERSITY OF FLORIDA REASEARCH FOUNDATION, INC.) 09 June | 1-23
2016 (09.06.2016), abstract
A WO 2016/130953 A1(UNIVERSITY OF FLORIDA RESEARCH FOUNDATION, INC.) 18 August | 1-23

I:I Further documents are listed in the continuation of Box C.

I:l See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination

being obvious to a person skilled in the art
“&” document member of the same patent family

Date of the actual completion of the international search

07 November 2017

Date of mailing of the international search report

24NOV 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: §71-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - claims
	Page 89 - claims
	Page 90 - claims
	Page 91 - claims
	Page 92 - claims
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - wo-search-report

