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1. Abstraé#

1

Extrusion chniques are widely used across tissue engineering and related fields for

producing ures from biocompatible thermoplastics, however the achievable structural

€O

sity can be limited by the nozzle-based, layer-by-layer deposition process. Here

we illustrate h is limitation can be overcome through a new technique termed Negative
acrificial Template 3D printing. We demonstrate how the negative pattern within a 3D
printed ob!ct can describe geometries that are not possible to extrusion print directly, and at
definitively esolution. Negative patterns in a water-soluble sacrificial template can be
‘developed ing in a secondary material and dissolving the template, creating exquisitely
complex 3!structures including hyper-branched dendritic structures and open lattices with
stiffnessM over 3 orders or magnitude. The technique is amenable to a plethora of
materials from egradable thermoplastics (such as polycaprolactone) to resins (including acrylic

and epoxy), silicopgs (including the Sylgard 184 polydimethylsiloxane formulation), ceramics
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(including hydroxyapatite composites), hydrogels (including agarose and gelatin methacryloyl), low-

melt temperature metal alloys and others. Using an unmodified, consumer-grade printer, NEST3D

t

rip

printing achieves high resolution, intricate biomaterial structures with potential applications in

biomedica d tissue engineering scaffolds.

2. Intrody€tio

C

Many fields of emporary research, including tissue engineering, organ-on-a-chip and biomedical

S

devices, ar defpinned by technologies used to create three dimensional structures from

biocompatible matrials.” Light or energy-based fabrication techniques are typically favored for

Ci

generating lution, complex structures in largely unconstrained geometries.”™ However

I

these tech erate using highly specified chemistries and so materials typically require

functionaligati d careful tuning to be rendered processible

Ma

require ay have knock-on effects in terms of biomaterial function, and which may

complicategihe process of translation as medical devices.® Nozzle or extrusion-based 3D printing

£

techniques ing direct ink writing, bioplotting and fused-filament fabrication/fused deposition

O

modelling ) are more widely applicable across materials classes, from polymers, ©” to

[10]

hydrogels, & ceramics, ' living cells ™ and beyond.™ However the conventional process of layer-by-

h

layer deposition calm constrain the geometries these techniques can produce, since the deposited

{

[11]

material m Ily be physically supported by the existing structure or sacrificial supports.

U

While seve aordinary examples of free-form printing have been demonstrated,*/32E183]

A
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these have so far only been demonstrated for certain classes of rapidly solidifying inks, and are yet
to be extended more broadly to biomaterials such as hydrogels or degradable polymers of interest in
tissue engieﬁEmbedded printing technologies can also overcome many of the constraints of
nozzle-bas ition by printing into a support bath.!*>*3 However these techniques have also
not yet Eei%nstrated for biocompatible thermoplastics, which are the most widely used

materials foggenerating degradable implants and tissue engineering scaffolds.

C

Another strategy, compatible with thermoplastics as well as many other classes of materials, is to

S

first gener pporting structure before adding the final material. In a family of techniques

broadly termed ‘in@irect printing’, the printer is used to create sacrificial templates which are filled

Ul

with a seco terial, then dissolved or otherwise removed. While the sacrificial mold concept

N

can be tra o the 6000 year old metallurgical technique of ‘lost-wax’ or ‘investment’

[15](#6](1

casting, ern iterations adapt computer aided design methods by 3D printing the

sacrifici CeL8 |ndirect printing is attractive because it allows 3D structures to be created
from castable ials which would be challenging to 3D print directly, such as silicones, ceramics
and low viscosity hydrogels.”> Through careful choice of materials and additives, casted
structures Sn even be generated with higher resolution than the original mould.™ So far, however,

the structuQed by indirect printing have been relatively simple log-pile or gyroid structures—

all of which created by conventional extrusion printing.

Here, Wca new technique, Negative Embodied Sacrificial Template 3D (NEST3D) printing,

which can Be used to create highly intricate 3D geometries from biomaterial thermoplastics and
other materials. ;T3D printing circumvents the constraints of extrusion printing by defining the

pattern of red object in the ‘negative’ space between the printed lines. Because channels of
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negative space can be arbitrarily stacked; the negative pattern within a 3D printed structure can

describe geometries that would be extremely difficult, if not impossible, to extrusion print directly

_t

¥

using biomaterials, even with the use of a support material. The negative pattern can then be
developed casting a secondary material and dissolving the template. In this manner we

demondtrale how an unmodified, consumer-grade FDM printer can create high-resolution 3D

objects with arbitrarily oriented structural elements. This capability allows us to generate

Gl

degradable s for tissue engineering with stiffness tunable over three orders of magnitude

and porosities/@f ug to 97%.

Uus

3. Resultgfand Discussion

i

Our central hypothesis is that that the negative pattern within a 3D printed object can be defined

a

with greatdst ral freedom and resolution than the printed object itself, and that such a pattern
can be complex 3D structures from a broad range of functional materials. To evaluate

this ide focused on developing a system for fabricating negative patterns within a suitable

M

sacrificial template.

[

Sacrificial templates have previously been created using FDM printed Acrylonitrile butadiene styrene
(ABS) or p cohol (PVA), extrusion printed Pluronic hydrogels, and using Selective Laser

Sintering ( printed carbohydrate glass.”***"! We chose the polymer PVA as our sacrificial

§

material begcause itis water-soluble, amenable to the widely accessible FDM technique, and because

t

we expect nted templates to be rigid enough to cast a range of high viscosity materials. In

U

early expe e optimized the printing settings on a consumer grade FDM printer to maximize

A
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resolution of the spacing between the printed lines, as well as the material preparation and storage
protocols needed to achieve consistent and high resolution PVA printing (see Methods). In these
experimHasured the width of extruded PVA fibers to be 350-400 um depending on the
settings bu the spacing between the lines could be as low as ~100 um across. We took

this as a-pr iminary proof of our concept, and a potential target for a castable resolution.

We next d@the basic strategy to 3D print the negative pattern within a standardized

cuboidal temp including inlet holes (for the casted material) and outlet holes (to allow trapped
air to esca hose the degradable polymer polycaprolactone (PCL) as our model material as it
is one of the mostWidely applied polymers in biomedical engineering today, being in clinical use in
sutures, dr ivery, as well as being a prominent choice in tissue engineering scaffolds.?” While

PCL is som ocessed as a solution in chloroform, we opted for a solvent free approach to

avoid any of residual solvent in the final product. Thus, casting PCL required heating it to

above i mperature (60 °C) where it formed a viscous (>1000 Pa-s) liquid. We explored

several methag filling these templates with molten PCL, including drop (i.e. gravity driven)

casting, centrifugation and pressure-casting. Gravity alone was not enough of a driving force to fill
the templi with molten PCL even after overnight in the oven, and centrifugation tended to warp
the PVAm voidably distorting the pattern inside. We found pressure-driven casting to be

most succe Ing method and developed a simple pneumatic system which can be assembled

using comn@only available lab consumables (Figure S1).

This article is protected by copyright. All rights reserved.
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Finally, we developed a software workflow to create the 3D design file and invert it into a castable

template. Our final NEST3D printing workflow is illustrated in Figure 1(A-E). In this process we first

t

P

use CAD s e to design the desired 3D structure (Figure 1A). We then digitally invert this model
to form th e within a solid template called the NEST. We use a consumer-grade FDM

printer $® print the NEST in PVA (Figure 1B). We load the 3D printed template into a custom-built

chamber and, use.pneumatic pressure to force a secondary material into it, completely filling the

CI

negative p gure 1C). We then remove the template from the chamber and place it in water

to dissolvel{Figlire D). Once all of the PVA dissolves, the secondary material is revealed in the

S

desired 3D (Figure 1E). As a sequential X-ray microtomography (micro-CT) analysis shows,

U

the compl etry of the original CAD model (Figure 1F) is recapitulated in the negative space

within the MEST (Figure 1G), and in the final casted structure (Figure 1H).

)

NEST3D priinti ssentially a marriage of additive fabrication and injection moulding, and it

cl

overco mitations inherent in each technique. We discuss throughout this paper how

NEST3D cano orm direct extrusion printing in certain aspects of fabricable complexity, porosity

M

and contiguity. Injection moulding is ubiquitous in mass manufacturing of plastics, and has also

become atfffactive for small batch production due to the emergence of 3D printed molds.*”!

[

Neverthles ion moulding can only be used to make relatively simple structures, without

O

internal co . This is because the molds are created in two parts which must be pulled apart

to remove the casted object. Our methodology differs in that we inject material into a mould which

4

is sacrif iflg us to generate far more complex architectures than are achievable with a two-

{

part mold.

U

A
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Figure 1 Bing concept. (A-E), NEST3D printing process: (A). CAD model is designed. (B) The CAD model is

digitally inverted to create the sacrificial template. The sacrificial template is then FDM printed whereby the original design
(A) is patterns in negative (empty) space. (C) The negative space is filled with the secondary material with the assistance

of air pressure. er the casted material is set (i.e. via gelation, solidification, or crosslinking etc.) the sacrificial

ater. (E) The final structure is composed of the casted material, is fully contiguous and matches

the desired str, 'A). (F-H) NEST3D printing fabrication steps shown with micro-CT reconstruction. (F) CAD model. (G)
micro-CT illed sacrificial template. (H) micro-CT scan of a NEST3D printed PCL structure created after the
template )H and dissolved. (I-L) A comparison of ‘direct-extruded’ 3D printing with the NEST3D printing

strategy. (I-Jmtrusion-based 3D printing, the minimum achievable strut width is approximately equal to that of

the nozzle di L) In NEST3D printing, the resolution is determined by the spacing between deposited lines. (M), The

<
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minimum feature sizes achieved using NEST3D printing (140 um) is less than half that of the nozzle diameter. (N), NEST3D

printing resolution for vertical struts composed of PCL was 270 um, which again is less than the nozzle diameter.

{

NEST3D pr s sub-nozzle resolution
H I
After develgpi r NEST3D printing workflow, we turned to the question of feature resolution.

With unmagified, g@onsumer-grade FFF/FDM extrusion printers, the minimum feature sizes

C

achievable gf t oplastics is typically similar to the nozzle aperture.””®**” While high resolutions

[28,29]

S

can be achieved By employing ultra-fine nozzles , or through electrohydrodynamic jetting

s 130

technique scaling these methods up beyond the millimeter scale remains a major challenge. The

L

potential f printing to break through the nozzle aperture constraint hinges upon the idea

I

that the negative spacing between two 3D printed lines can be arbitrarily narrow (Figure 1K). In fact,

using our syst routinely cast vertical PCL features with widths less than half that of the nozzle

d

(Figure nimum vertical wall thickness is approximately 140 um when a 400 um aperture

nozzle wa - 1he measured thickness of vertical PCL features created using NEST3D printing is

\Y

typically a little higher than that defined by the original CAD design, but this deviation is well fitted

]

by a linear (y =1.09x+82 um, with R* = 0.996) and so can be calibrated for in the design

stage. Usi @ stepping resolution, NEST3D printing can produce horizontal structural

elements with a cross-section of approximately 140 um x 60 um. Even smaller dimensions may be

N

achieva ing finer nozzle apertures.

{

U

NEST3D pr nables the construction of high-resolution vertical struts

A
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Conventional nozzle-based 3D printing techniques are suited to depositing stacked horizontal lines,
but not free-standing vertical features. Attempts to directly print such structures using our FDM
printer resulted. in irregular structures replete with blobbing and stringing defects, even when a

dual-nozzl soluble support was used (Figure S2). Direct extrusion of vertical struts

Pt

(Figure 5) _quwes a delicate balance of process parameters such as flow rate, movement velocity

§

|[14],[32][81-83]

and thermalcontgo and has not yet been achieved for thermoplastic biomaterials such as

C

PCL. On th , vertical cylindrical cavities can be easily created by stacking ring-shaped

extrusion profiles (Bigure 1L). Thus, NEST3D printing enables the facile fabrication of vertical (or

S

arbitrarily lindrical struts. Using polycaprolactone as a model material, we have created

U

vertical str diameters as fine as 270 um, again utilizing a 400 um aperture FDM nozzle

(Figure 1IN)&These struts are fully contiguous structures, with no internal defects due to interlayer

q

bonding as t in conventional 3D printing technique.®*>* In the mechanical testing section

d

below, we s w lattice geometries created using this approach can achieve a broad range of

stiffnesses aximizing porosity.

\

I

The templ ing time can be modelled analytically

O

In prelimin iments, we pressure-casted the material for 1 hour, but noticed that this was

not alwaysf@dequate to completely fill the higher resolution templates. This prompted us to examine

n

the pressuge-casting process. We hypothesized that the filling process in our pressure driven casting

{

system foll entional expressions for the flow in a pipe:

U

_ mr*Ap

Q 8nL

A
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where Q is flow rate, n is the viscosity of the secondary material, L is the length, P is the pressure

differential between the inlet and outlet points and r is the radius of the cylinder. %*” Integrating

ript

yields an expression for the volume filled as a function of time (t) in seconds:

V() = /% mr3 (2)

We tested s el by measuring the time to fill individual cylindrical cavities. We fabricated

C

NESTs incorp ng long cylindrical cavities with diameters ranging from 800 um to 1200 um, and

S

pressure-c into them using a range of filling times (from 60 seconds to 50 minutes). The

experiments weréfepeated using two grades of PCL with different viscosities (110 and 1100 Pa:s).

Ul

Our empirical enerated from dozens of individual experimental runs shows excellent

1

agreemen model predictions (Figure 2A). A similar discussion for filling of thin walls (rather

than cylindérs luded in the supplementary information (Figure S3). In essence, this model

a

allows for estimating the filling time required for templates with different feature sizes and/or for

materials of di t viscosities. Whilst we have only validated these models with PCL materials, the

\1

treatm directly applicable to other newtonian liquids. Non-newtonian liquids however

would require more complicated expressions which incorporate shear-thinning or shear-thickening

[

behaviour.

O

Template dissolution can be accelerated using ultrasonication compared to gentle shaking

th

Following the castipg step, the sacrificial template is dissolved in water. To quantify the PVA

Ul

dissolution over time, we monitored the dissolution process via Fourier-transform infrared (FTIR)

A
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spectroscopy performed on aliquots of the water solution at sequential time-points. A 1 cm?
sacrificial template can be entirely dissolved (i.e. where no detectable traces of PVA remain in the
soakingMan ultrasonic bath within 5 hours (Figure 2B). Fragile materials (such as
hydrogels) be damaged by sonication, can instead be developed by dissolving the PVA on

an incugts—sﬁaker at 37 °C for 3 days (Figure S4).

NEST3D priftti duces cytocompatible 3D biomaterial structures

SC

With our t lications primarily being in the tissue engineering field, we next assessed

u

whether 3D structures prepared using NEST3D printing would leach residual PVA that might be

potentially @ytotoxic towards human stem cells. While PVA is widely used as a biomaterial, we

q

cannot ex possibility that our commercially bought PVA filament contains other additives

a

which may negatively impact cell viability. Thus we designed an experiment to detect any potential

cytotoxic effe sidual/trace PVA released/leached out in our NEST3D scaffolds once maintained

V]

in stan ure media in a cell incubator environment.”*®

In these e iments, we chose to probe the viability of human mesenchymal stem cells (hMSCs)

1

owingtot applicability in tissue engineering and clinical translation studies.® We prepared

&

PCL NEST str es which were dissolved and cleaned following the ultrasonication dissolution

h

protocol. e prepared and cleaned, samples were soaked in cell culture media for one week to

L

generat ioned media. The cell population did not show any decrease in metabolic activity

over 24 hours of clliture with respect to a control group in fresh cell medium or compared to

Gl

conditioned m rom PCL log-piles made via FDM printing (GeSim BioScaffolder 3.2, GeSiM,

A
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Radeberg, Germany) (Figure 2C). The fact that cell viability was not significantly attests to the benign

nature of the NEST3D printing process in terms of removal of potential toxic components from the

,t

PVA sacrifiClal material.

NEST3D pr be used to generate highly complex 3D biomaterial structures

C

Fabrication ues based on layer-by-layer deposition of material are generally constrained in

terms of t ieMable complexity of the printed microarchitecture.**® By building a pattern in

S

negative s ) technique circumvents these conventional limitations, allowing us to generate

U

structures with any combination of vertical, horizontal or angled structural elements (Figure 2D-K).

1

The examples shown illustrate our ability to create highly porous structures with <5% volume

fraction of J). Highly porous scaffolds are particularly important in tissue engineering for

d

allowing cell'infiftfation, matrix deposition and vascularization.””! Even more exotic structures can be

created usin T3D printing, such as the hyper-branched tree-like model in Figure 2L. Dendritic

\

structu

iously challenging to fabricate with 3D printing as they are contain many

unsupported overhangs and underhangs as well as load-bearing branches oriented obliquely to the

I f

X, y and z ax he NEST3D tree model measures over 80 mm tall, and yet is composed of

individual, orting branches which are as fine as 800 um. This is an example of complex

fabricatio ierarchal scales rivalling that which is achievable with biomaterials using light-based

f

{

fabricationg™ Figure 2M shows a 3D Voronoi lattice of an ear model in PCL with individual struts of

800-900 u ructure is highly porous (>90% empty space) and is a highly curved model

U

A
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tracking the contours of a human ear, and would be extremely difficult to extrusion print directly,

especially in PCL.

{

NEST3D pri o allows the creation of smooth structures without the characteristic ribbed
surface of | 3D printed parts. While our NESTs are nominally imprinted with such a
H I

ribbed surf@ce after emerging from the FDM printer (Figure 2N) this ribbing can be smoothed by

simply flusfithg th@itemplate with water prior to filling it with the secondary material. Structures

G

subsequently c d from water-flushed NESTs have a smooth outer surface (Figure 20), as well as

S

being inter tiguous. For struts made with a sacrificial template of 0.06 mm layer height

(Figure 2N), the edge roughness of an untreated strut is 59.58 + 30.39 um, however after being

Ul

treated wit Figure 20) the roughness reduces to 22.17 £ 7.65 um. Further details can be

1

found in Fi

Author Ma
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gure abrication characteristics and design complexity of NEST3D printing. (A) Predicted (solid line) and
emIrlca"y measured (data points) flow rates for the filling of individual cylindrical struts within the sacrificial

template. TSalidate the model described by equation (2), volume flow rate should be linear with respect to

r3/(tr|) . Tt‘ plot includes data for three strut diameters (800, 1000 and 1200 um) filled using PCL with a

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

viscosity of 1100 Pa-s. and 1,000 um diameter struts filled with PCL with a viscosity of 110 Pa-s (LV=low
viscosity). The shaded region shows the standard deviation of the predicted model. (B), FTIR measurements of

to dissolve the sacrificial PVA template as a function of ultrasonication time. A measurement of

[

10 ittance with respect to the blank reference solution was achieved after 5 hours of sonication,

H

ind plete removal of PVA below the detectable limit. (C) A cell viability assay showed no

Eet table cytotoxicity, to hMSCs of leachate from PCL NEST generated lattices after 7 days of leaching. This is

{1

wh ‘ed to both regular culture media and leached media from FDM generated PCL lattices. (D-J) A

shoWcase of @chievable design complexity, all produced in PCL; All images are photographs, excluding E and |

C

whichar micrographs. (G) SEM micrograph of a PCL vertical strut fabricated by NEST3D printing using an
FD r h@ight of 0.06 mm. (O) SEM micrograph of a PCL vertical strut generated after the 0.06 mm

te (G)) was flushed with water to smoothen the surface. (L) Large scale tree model created in a

U

cle esin. Tree measures approximately 85 mm tall with varied sized branches from approximately 10

mmniiat the trunk to under 1 mm at the outermost branches. (M) Human scale ear lattice (polycaprolactone)

N

measuring approximately 6 mm long and 4.5 mm wide with struts between 0.8-0.9 mm diameter. (N)

Ste ope image showing detail of the fully contiguous Voronoi lattice used to define the outer surface

d

of the ear scaffold. (O) Side on view (photograph) of the ear scaffold shown in M, illustrating its height and the

requ for several overhangs which would make this structure a challenge to produce using PCL by direct

M

NEST3D printing can produce PCL geometries which cover a wide and clinically relevant range of

[

porosity and ness

O

In tissue eng ing and implant design, stiffness mismatch between the implant and natural tissue

can lead toWmplant failure.**™*" Due to the aforementioned constraints of layer-by-layer fabrication,

h

L

extrusio printing techniques of thermoplastic materials using unmodified, consumer

grade printers, typieally produce structures composed of stacked horizontal struts, such as the

Gl

classic ‘log-pile’ ern, where sequential layers of deposited lines alternate by a 90° rotation.

A
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Embedded extrusion processes circumvent this limitation but so far are not amendable which
thermoplastic materials. The mechanical properties of log-piles are tunable by controlling the

volume-fraCti orosity) of the structure, and can be modulated to a lesser extent by the filling

i

pattern an >4 However, far greater mechanical tunability is theoretically achievable with
cellular Tatfce stractures which maximise properties such as stiffness to weight ratio.”" Owing to

the challengg of fabricating such designs in relevant biomaterials, these intricate geometries remain

Cl

largely une In tissue engineering and related fields.

Using PCL ple material, we have produced lattice structures which attain stiffnesses

LS

across thre€ orders of magnitude, from below 10 kPa to over 10,000 kPa (Figure 3). This stiffness

n

range is driven th the increased design complexity achievable by NEST3D printing and our

a

ability to t rut diameters (Figure 3A). This range of stiffness encompasses a range of tissues

which a ets of tissue engineering approaches, from breast tissue to articular and auricular

cartilag re 3B). The range of stiffnesses and porosities reported here is unprecedented for one

M

single biomaterial, covering a broader range than has been reported in the same material by other

1

technique img melt electrowriting (MEW), FDM and SLS (Figure 3C).

3D printed s typically display anisotropic mechanical properties due to structural

O

weaknesseffinherent in layer-by-layer manufacturing.®>=* By contrast, NEST3D printing produces

N

final parts which age internally contiguous and the mechanical behavior of these structures can be

{

accurately using only intrinsic, bulk material properties (i.e. Young’s modulus) without

U

considerat er thickness, raster angle, interlayer bonding etc. Finite element analysis (FEA)

A
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simulations of our NEST structures under compression predict stiffnesses in excellent agreement
with our empirical measurements, especially for stiffnesses above 500 kPa (Figure 3D). Although the
agreemwwhat poorer for softer structures which include angled hinge points, likely due to
a sensitivit viations in strut thickness at the point of bending. The remarkable agreement
betweeHsi*gualon and experimental results attests to the broad applicability of the NEST3D

printing technique to be used in computationally aided design approaches such as generative design

or topolog igfiZation for rational design and manufacturing of patient specific implants./*>*?
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can be controlled across more than three orders of magnitude by modulating lattice design and

Fig:\ degree of mechanical tunability afforded by NEST3D printing. (A) The compressive stiffness of

strut di er. (B) The achievable window of mechanical properties encompasses a range of body tissues
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which are active targets of research in tissue engineering, including breast tissue, articular cartilage, nasal
cartilage and auricular cartilage. (C) NEST3D printing can achieve an unprecedented range of stiffnesses and

g PCL when compared to literature data from Fused Deposition Modelling (FDM), melt

t

ele g writing (MEW) and selective laser sintering (SLS).ISH“] (D) FEA simulations of NEST structures
un n show excellent agreement with empirical values, especially for stiffnesses above 500 kPa.
I I

NEST3D printi be applied to a wide range of material classes

Over 50 3 inting technologies were recognized by the International Organization for

C

StandardizatiofifinR2015, however most of these individual techniques are compatible with just one

S

class of ma ch as thermopolymers for FDM and photocrosslinkable materials for SLA, digital

U

. [62] (

light proce Figure S6). Vast resources are expended in developing materials libraries

amenable 0 each technique, which encompass a range of target properties such as elasticity,

)

hardness a ss required for different applications. These formulations are typically not cross

a

compatible 3D printing techniques.

In developing a material, compromises are often made to satisfy the conditions of processing at

A

the exp arget functionality. Rendering a material processible via light based fabrication

techniquesgsequires photoactive functional groups, and such functionalization unavoidably changes

§

the properti e original material, triggering the requirement for extra characterization,

O

validation gulatory approval steps.’® 3D extrusion printing techniques are less constrained

in terms offthemistry, but still generally favor materials which can undergo rapid phase change and

g

are much less a able to slow-setting materials such as epoxy and silicone resins. Tight processing

{

windows developing any new materials for 3D printing is highly time-consuming, typically

U

involving | s printing optimization processes.™ Studies optimizing the extrusion printing of

A
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PCL alone have examined the effects of temperature and viscosity, extrusion pressure, layer height,

nozzle diameter, nozzle movement speed, turning angle, heat flow and shear stress among many

t

others.”

By contrast, printing technique is versatile across a wide range of material classes
|

including bi@material polymers and polymer-ceramic composites, hydrogels, low melt-temperature

metal allo as slow-setting silicone elastomers and various resins (Figure 4A-J). The epoxy

resin (Figure 4 an off-the-shelf craft products and is just one of many thousands of castable

SC

materials potentially be NEST3D printed without modification. Any material with the
potential to soI|d| in a water-insoluble form is potentially NEST3D printable, such as a simple

mixture of ur and glue (Figure 4B). The Sylgard 184 formulation of polydimethylsiloxane

B
Qo
<
>

ed in Figure 4H is one of the most widely used materials in biomedical

engineering't ith applications across microfluidics, cell culture substrates, flexible electronics,

8

and megi , and yet has been highly challenging to fabricate using 3D printing owing to its

long setting ti outine 3D fabrication of PDMS structures could open up many applications in
non-planar microfluidics and 3D cell culture systems, as does the ability to form complex structures
from casta!e hydrogels such as agarose (Figure 4) and Figure S7) and GelMa (Figure 4l). Field’s alloy

is a low me chat has been used to make electrodes for interfacing with living cells (Figure 4C).

Polycaprola igure 2E) can be mixed with nanoparticles of hydroxyapatite (HA), a mineral

found in bse, to form composites with more than 20% ceramic content (Figure 4F), with huge

potentiMsue engineering owing to HA’s osteoinductive properties.[66] Materials already

developed Eent 3D printing techniques can be readily adapted to our system, including

commercial resif:eveloped for stereolithography (Figure 4G) and inks developed for polyjet 3D
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printing (Figure 4D). Generating this array of structures requires neither additional optimization of

printing parameters nor the filling technique. The choice of material also had little or no impact upon

t

the achievable resolution or design complexity as previously described.

Some cons d material castability are imposed by the PVA sacrificial template material.
|

The Vicat s@ftening temperature of PVA is approximately 60 °c.le High viscosity materials casted

above this pefature have the potential to cause some deformation of the sacrificial template

G

(Figure S8). Low_ \iscosity materials can be casted at the temperatures up to approximately 110 °C (at

S

which the s to oxidize). Another requirement is material stability in a slightly acidic

environment (as IoWw as pH 5) generated during the PVA dissolution step.[ssl Using a pH buffer in the

Gl

PVA dissol can ameliorate this. In our experience, most materials which are castable at

n

moderate ures and insoluble in water once set (i.e. solidified, crosslinked or gelled) are

amenable 0 t ST3D printing process (Table 1).

r Ma

Table1. M nd their parameters used with NEST3D printing.

! Casting
I ' Setting Temperature | Setting | Viscosity
Material Class mechanism (°C) time (Pa-s) Solvent
Polyca%e Thermal 70 minutes Water
E Thermoplastic 40-

This article is protected by copyright. All rights reserved.

21



WILEY-VCH

polymer 50,000
Thermoplastic
Polycaprg e/ | polymer/ ceramic 50-
Hydro composite Thermal 70 minutes 85,000 Water
| I .
s Silicone Covalent
PDfS : Elastomer crosslinking 23 1 hour <110 Water
Covalent
Epm Acrylic resin crosslinking 23 1 hour <06 Water
Acrylic resin Free radical
Stereol v* Acrylic resin polymerization 23 1 hour <5 Water
MEDEC Free radical
rm Acrylic resin polymerization 23 1 hour Water
E Low melt-
temperature 0.01-0.18
FieIS' alloy metal Thermal 70 minutes 72 Water
Phosphate
Thermal buffer
Hydrogel gelation 70-90 1 hour 0-6" solution

tion of 0.1-1% Azobisisobutyronitrile

Autho
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<

PCL = HA SLA RESIN SILICOME GELMA

Figure'4 aterials versatility compatible with NEST3D printing. (A-J) Octet truss structures created using

classes of materials including elastomers, metals, polymers and hydrogels. Scale bar in A applicable to

g

Proliferation of osteoblastic cells NEST3D structures

[

In our prelin cytotoxicity assay described in Figure 2, we found that there were no cytotoxic
leachates o s in NEST3D printed PCL structures. To further assess the utility of NEST3D

printed strfictures in tissue engineering, we designed a longer (2 week) experiment where a human

g

osteoblw (MG-63) was cultured in direct contact with PCL scaffolds."””

NEST PCL log-pile ;uctures of dimension 10 x 10 x 2 mm, and with measured strut diameters of 124

pm +/- 16 n prepared and cleaned in the same way as in the cytotoxicity study. Osteoblastic
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cells were encapsulated in 10% GelMa situated in the core of the log-pile structure (Figure 5 A). The

gel was used in this way to localise the cell population so that its migration throughout the scaffold

t

could be subsequently tracked. As a control group, we prepared cultures using same volume of cell-

laden gel CL NEST structure.

|
On day 0, b@th experimental groups contained the same number of initial cells. However, the

NEST3D grdtip shoWed increased metabolic activity over time compared to the gel only control, with

G

a significant increase apparent by day 14 (Figure 5 D). This indicates that, at the least, the PCL

S

structures etrimental effect on cell viability and that the scaffolds may even aid viability. As

shown in Figure 5 B, the PCL scaffolds have highly interconnected pores with well-defined struts and

Ul

alternating material and open space, through which the cells would be free to migrate,

N

giving the rative advantage. Micro-CT images taken at three time points (day 0, 10 and 14)

illustrate h@w Il population has begun to infiltrate the PCL structure by day 14. This

d

prolifer urther validates the suitability of the NEST3D printing process in the tissue

engineering fi

Author M
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Cell-laden NEST3D NEST3D PCL
GelMA  PCLscaffold  + Gel + Cells
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Fig iferation and infiltration of osteoblastic cells in NEST3D structures. (A) A schematic illustrating
this tal setup, where cells are encapsulated in a GelMA cylinder in the centre (core) of a PCL scaffold.
Th Id has strut width of 120 um and strut spacing of 1200 um. (B) The NEST3D printed PCL scaffold

sho

facmmigration through the structure by day 14. (C) Micro-CT rendered NEST PCL log-pile structure only
g

spaces between each layer of struts thereby allowing cells to migrate through the structure.(D) A

lity assay showed a significant increase in the viability of a PCL NEST log-pile with osteoblastic cell-laden

days when compared to the cell-laden gel alone.

Limitations EST3D printing technique

We have dis series of advantages afforded by NEST3D printing, especially in terms of the
structug ity and resolution of the final object, as well as the versatility of the technique
across m sses. Achieving these outcomes involves several steps, and so the overall

processing time mist be considered: (i) Printing the template. Printing a NEST template of

dimension{ cm requires approximately 2 hours at maximum resolution (0.06 mm step size).
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This printing time scales with volume, so larger structures require long print times. (ii) Casting step.
As we described above the filling time depends on the viscosity of the filling solution, the applied

shownin F ired 30 minutes. Since the flow rate scales with the radius of the struts to the

pressure at ::«: dimensions of the desired structure. Casting PCL to create octet truss scaffolds

fourth r%w?srquation 1) the filling time increases rapidly when casting finer structures.

Nevertheles:it ijtraightforward to improve average processing times in this step by casting many

parts in pa g multiple pressure chambers. (iii) Dissolution time. 1 cm® PVA templates can be

dissolved m.ws of sonication in water. We expect this dissolution time to also scale with

volume, al is has not yet been quantified. Again, the average processing time of this step
can be eas

ved by dissolving many NESTs at once.

Taken togc time to fabricate a lattice structure with outer dimensions of approximately 1 x
1x1lcmis day. Larger structures such as the tree model shown in Figure 2L required a
total of process. While these are relatively long timeframes to produce a single part
compared to abrication techniques, they are comparable to the fabrication times currently
required for high-value applications such as personalised biomedical implants.”” Personalised

implants ci currently spend several weeks in the design and surgical planning phases, so this extra

fabricationOot expected to significantly impact on the overall lead time of a project.”®

Anotherﬁrf the NEST3D printing technique is the necessity (like for injection moulding) for
inlet ch ili the material. These inlet channels also fill with material and can append onto
the final sttcture (e.g. see Figure 1H). In our latest iterations of the technique we resolve this issue

in the same wa; ;;ommonly done for injection moulding—by designing inlet channels which have

<C
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slight constrictions near the contact point with the part itself. When filled out, these constrictions

result in weak points which can then be easily broken away after the casting and dissolution steps.

{

4. Conclu
[ |

3D printin s become increasingly important for creating tissue engineering architectures since its

introductiofff to th@biomaterials field at the turn of the millennium.””! While the last two decades

G

[78]

have seen r ble advances in applications of 3D printed biomaterials ***, current fabrication

S

methods a illWmited by the constraints of layer-by-layer deposition, materials versatility, or both.

U

Here, we p novel fabrication method, Negative Embodied Sacrificial Template 3D printing,

which over@omes these limitations by marrying 3D printing with injection moulding. The core

f

advantages 3D printing originate from one key observation: that our control over the

a

‘negative s hin a 3D printed object exceeds our control over the printed material itself.

Taking t ly used degradable polymer polycaprolactone as a model material, we have

demon ow NEST3D printing readily enables “super” (sub-nozzle resolution) where a 400 um

M

nozzle achieves feature sizes of 140 um thickness (vertical wall) and of 270 um (vertical struts). We

1

have creat ice structures from PCL with a wide range of porosity (from 65% to 97%),

composed uous structural elements and exhibiting compressive stiffnesses that range three

orders of , and in excellent agreement with FEA. Cell culture assays returned no

detecta

N

ity of NEST3D scaffolds for hMSCs. Meanwhile, a two week culture of human

£

osteoblastiC cells within a NEST3D printed PCL scaffold confirmed the ability of these cells to

U

proliferate rate throughout the scaffold, further validating the use of such structures in

tissue en

A
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Our technique is generalizable across a plethora of materials, including biodegradable polymers,
hydrogels, acrylic or epoxy resins, low-melt metal alloys, silicones and ceramics. These materials can
typicallym the shelf, without further modification. Rigorous material optimization is not
required f ials and composites to be adopted to NEST3D printing. Importantly the
NEST3D.priH!|ngechnique requires only a consumer grade 3D printer and commonly available lab
consumables, a factor that may contribute to research democratization in the additive
manufactuU

tissue engineering fields. In conclusion, NEST3D printing combines an ability to

produce 3[wes with complexity that rivals that achievable by light-based fabrication

technique:so being amenable to an extraordinary range of castable materials.

5. Experi:ction/Methods

Model des@eparation: All models, unless otherwise stated, were designed in SOLIDWORKS®

(Dassa -
format into Ulti

settings. Custom settings of main importance are layer height: 0.06-0.2 mm (depending on

SolidWorks Corporation, Massachusetts, USA). Models were imported in STL

er Cura (Ultimaker, Utrecht, Netherlands) and sliced into G-code using custom

appIicatior! line width: 0.4 mm; wall line count: 4; infill pattern: lines; print speed: 35mm/s; build

plate adheOt; mold setting: ticked; minimal mold width: 1.2mm; support: touching build

plate.

Sacrific£printing: Models were printing using the Ultimaker 3 (Ultimaker, Utrecht,

Netherlan!). Sacrificial templates were printed with PVA (FormFutura, Nijmegen, Netherlands)

using Ponlm (PLA) (Ultimaker, Utrecht, Netherlands) as support material where required. BB

and AA qt cores were used for printing sacrificial templates, but the AA print cores result
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in superior definition of NEST patterns as the design mitigates PVA oozing. NEST’s were typically

designed with an inbuilt space that served as a reservoir for the casted material during the filling

{

step.

Pressure C . pressure chamber was fabricated by casting silicone elastomer (SLYGARD™

184 Silicon@iElastomer, Dow, Michigan, USA), prepared per the manufacturer’s instructions, around

a 3D print V. ert placed inside a 30cc syringe. After curing of the PDMS, the PVA insert was

USC

removed (eithermanually or by via a dissolution step) to leave a cavity which matches the external

dimension hefNEST. A schematic representation can be seen in Figure S2.

Such press bers based upon a 30cc syringe barrel were adequate for pressure-casting small

objects witla cross-section on the order of 10 x 10 mm. For objects larger than this (such as the tree

N

model shown in Figure 2M) we developed a 3D printed luer lock adapter to directly inject the casting

d

material intg,t plate from a pneumatic syringe.

Sacrificial te illing: The NEST was placed in the dedicated pressure chamber cavity before

\

adding ry (i.e. casting) material into the template’s material reservoir. The 30cc syringe

is placed inga cartridge holder featuring a bayonet lock (A051-205, GESIM mbH, Radeberg, Germany)

I

and connect a compressor (DK50-10 S/M Mobile, Ekom, Piestany, Slovakia) used to regulate

the applie ure from 0-3 bar. If heat is required, the pressure chamber was placed in an

O

oven for t uration of the filling time.

£

Water t 0 achieve models with a smooth surface finish, NEST’s were loaded into the

L

pressure chamberfas described above. The sacrificial template was then flushed through with

b

approximately of water, and subsequently flushed with air (at 3 bar) for 10 minutes. The

A
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sacrificial template was then placed in a dehydrator (Food Lab™ Electronic Dehydrator, Sunbeam,

Florida, USA) for 10 hours at 50°C to remove excess moisture (which can cause the PVA to soften).

t

The remainder of the filling process was continued as previously stated.

PVA dissol : he secondary material has stabilized (solidified, crosslinked, gelled, etc.), the
||

sacrificial t@mplate is placed in water to dissolve either at 37 °C under gentle shaking (MaxQ™ 4450

Benchtop ital'Shaker, Thermo Fisher Scientific, Massachusetts, USA) or at 4-23 °C via
ultrasonication (2800 Ultrasonic Cleaner, Branson Ultrasonics Corporation, Connecticut, USA). In
either case} as replaced periodically until complete dissolution was achieved (5 hours for

ultrasonication an@3-4 days under shaking).

Ul

Modelling §acrificial template filling: Measurements for filling rate were performed by preparing

N

template designs incorporating individual cylindrical channels or walls which were then partially

a

filled by apRbyi filling pressure for a set time. Either PCL 45,000 Mn (viscosity 1,100 Pa-s) or a

low vis end (viscosity 110 Pa-s) were casted at 70 °C and at a pressure of 3 bar. Following

templa ution, the mass of the resulting PCL structure was measured. Each sample mass was

M

converted to PCL volume using the density of PCL (1.145 g/cm? for 45,000 Mn PCL and the PCL

[

blend). For t group a technical quadruplicate (n = 4) was used.

Rheology: sity of the PCL and low viscosity PCL blend (a 1:3 blend of 45,000 Mn and 14,000

O

Mn PCL) u in modelling were measured using a Physica MCR 302 Rheometer (Anton Paar, Graz,

¢

Austria) in @ cone-pJate geometry (15 mm diameter with a cone angle of 1°, and a truncation of 31

{

um) at 70 hear rate of 1 s™. Shear ramp measurements showed that the viscosity of molten

U

A
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PCL at 70 °C was independent of shear rate in the relevant range of 0.1 to 100 s™’. For each test

group a technical quadruplicate (n = 4) was used.

Mechanica : Compression tests were performed at room temperature using a TA Electroforce
5500 mech g device (TA Instruments, Delaware, USA) fitted with a 50 Ib or 250 g load
H I

cell. (Two different load cells were required owing to the large range of stiffnesses represented in

[

the datasetl)” The'hysical dimensions of each sample (length, width, height, mass, etc.) were taken

G

prior to testing. Samples were compressed between two stainless steel plates in an unconfined

S

setting. Th t@f plate was in a fixed position and the top plate moved following a ramp function

at a rate of 0.01 mfn s until a total displacement of =50% of the sample height or until maximum

Ul

machine ca ifi@s (200 N or 200 g). Load and displacement measurements were recorded and

1

converted i s (o) and strain (g) data using the measured cross-sectional area of the lattice
unit cell and it w ht. The stiffness was then computed using the slope of the stress-strain curve

.01 and 0.03 strain. This range was chosen since it is below the yield point for

betwee

PCL and repre a consistently linear region of the stress-strain curve. The elastic modulus of

Vi

bulk PCL was measured in a similar manner using casted discs of dimensions 7 mm diameter, 2 mm

height. For{€ach test group a technical quadruplicate (n = 4) was used.

[

Scanning @ icroscope (SEM) Imaging: Samples for SEM imaging were sputter coated using

the EM AC ica Microsystems, Wetzlar, Germany) to deposit 5 nm iridium. Samples were

n

imaged | Quanta 200 SEM (Thermo Fisher Scientific, Massachusetts, USA) under high

{

vacuum made, 5 spot size and 30 kV accelerating voltage.

AU
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Fourier-Transform Infrared Spectroscopy: FTIR analysis was used to detect PVA in solution aliquots
during the dissolution process. Samples undergoing the accelerated dissolution process were
dissolveM)f water while samples dissolved using the passive process were placed in 50 mL
phosphate ion. 100% of the solution was collected and replaced at each time point. A
drop ofH’meresuant solution was added to the detection plate of the Frontier FT- IR / FIR

SpectrometE wij -GladiATR Accessory fitted (Perkin EImer, Massachusetts, USA and PIKE

Technologi nsin, USA). The entire spectra from 400 cm™ to 4000 cm™ was recorded with an

accumulatWans per sample. Percentage transmission was read at 1270 cm™. For each test

group a te:Aadruplicate (n =4) was used.

Micro-CT: S ere imaged using the SkyScan1275 micro-CT (Bruker, Massachusetts, USA) with

a source v 0 kV, source current of 100 uA, image pixel size of 15 um and 0.5° rotation step

with no filmmple pre-processing was required. Reconstructed images were obtained by using

the NR e (version 1.7.3.1, Bruker, Massachusetts, USA) with settings of: post alighment

0.50, ring arte rrection 5 and beam hardening correction 20%. Reconstructed images were
then converted into a 3D structure using Materialise Mimics (Materialise, Leuven, Belgium) software
and segmeSed to leave only the section of interest. The overlay of two 3D reconstructions was

performed tfabb software (Autodesk, California, USA). Alternatively, reconstructed images

from the pr lon study were rendered using Maya (Autodesk, California, USA).

Finite Ecsis (FEA) simulations: Models for simulation were prepared using SOLIDWORKS®

(Dassault S.stemes SolidWorks Corporation, Massachusetts, USA) with feature sizes (struts, walls,

etc.) matchin; th;ﬁ the physical sample. FEA analysis was performed on these models in

Fusion3%k, California, USA) by simulating their compression between two steel plates.
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The elastic modulus input for PCL was 69.19 MPa as empirically measured (n = 4). Displacement and
load on the top plate was recorded and converted into stress (o) and strain (€) data using the cross-
sectional ata d height. The stiffness was then computed using the slope of the stress-strain curve

between a 1 and 0.03 strain, as per the empirical measurements.

H I
Cytocompcsgility Assay: NEST structures (8 x 8 x 8 mm ‘log-piles’ with 240 um strut diameters and

1050 um sgacing)Were prepared using PCL 45 kDa and used to test cell viability with human stem

cells (hMSCs). control comparison was fresh complete cell culture medium and conditioned

5C

media fro L 45 kDa structures (GeSim BioScaffolder 3.2, GeSiM, Radeberg, Germany).

hMSCs were used h conjunction with PCL log-piles prepared using the 5-hour sonication cleaning

U

protocol, w nt changed every hour. Primary hMSCs were isolated and cultured as previously

1

described.! leaned the 3D models were soaked in hMSC complete proliferation cell culture

media for @h a pnal seven days total with the conditioned media collected at 3 time points (Day

d

1,3, an ditioned media was used to test cell viability on either hMSCs. Briefly, hMSCs

were plated a 0 cells per well in a 24 well plate and cultured in complete cell culture media for
24 h betore replacing with the conditioned media for an additional 24 h. CellTiter Blue (Promega,
Wisconsin,!SA) metabolic assay was applied following the manufacturer’s instructions and

incubatingOc 37 °C. The surnatent was retrieved and 100 pl aliquots were places in a 96 well

plate. The e ell plate was read at 550-15/600-20 emission/excitation fluorescence

wavelengt‘ using a CLARIOstar plate reader (BMG Labtech, Ortenberg, Germany). For each test

group awadruplicate (n=4) was used.

Proliferation StudSNEST PCL log-pile structures of 120 um® individual struts and overall dimension

of 10x 10 ere prepared and cleaned in the same way as in the cytotoxicity study. Once
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cleaned a 4 mm diameter biopsy punch was used to remove a cylindrical core form the centre of the
log-pile. The osteoblastic cells were embedded in 10% GelMa with 0.05% LAP and the cell-laden gel
was delive!d the core of the log-pile structure before crosslinking at 20 mW/cm? for 30

[80

seconds. e point the CellTiter Blue viability assay was performed in the same way as

describe-d |H! e cytotoxicity study. For each test group a biological triplicate (n = 3) was used.

Statistical AnalysiSaFor each experiment and test group, four technical replicates (n = 4) were used

C

with data sum ized as the mean with error bars representing standard deviation. All statistical

S

analysis w rf@@med using Prism 8 (GraphPad, California, USA) with a statistical significance level

< 0.05. Significanc@for the cytocompatibility assay was determined between groups using an

Ul

unpaired t error associated with equations 2 and 4 is calculated by propagation of error.

[

Design files: Th e model in Figure 2L is modified from ‘tree4’ by TundraYeti on Thingiverse. The

lattice ear 2M is modified from ‘Human Ear’ by addamay123 on Thingiverse. The ear

scaffol rocessed as a lattice using nTopology, New York, USA.

M
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