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Extrusion-based 3D printing/bioprinting is a promising approach to generate patient-specific tissue engineered
grafts. However, a major challenge in extrusion-based 3D printing/bioprinting is that most currently used ma-
terials lack the versatility to be used in a wide range of applications. In this study, we introduce colloidal so-
lutions of two-dimensional (2D) nanosilicates as a platform technology to print complex structures via three
different approaches. In the first approach, we designed a shear-thinning ink composed of nanosilicates, which
can be further reinforced by adding different types of water-soluble polymers. In the second approach, we
demonstrated the use of nanosilicates as a sacrificial ink to design microfluidic devices for in vitro disease
modelling. In the third approach, we utilized a colloidal nanosilicate gel as a support bath for 3D printing by
nullifying the surface tension and gravitational forces. Due to their exceptional versatility, nanosilicate-based
biomaterials could be widely adopted in the fields of additive manufacturing, tissue engineering, drug de-
livery, and medical devices.

1. Introduction

Additive manufacturing has emerged as a powerful tool in the field of
tissue and organ engineering in the past decade. The ability to construct
structures with a bottom-up approach gives additive manufacturing a
distinct advantage compared to traditional methods [1]. While a variety
of approaches have been developed, extrusion-based 3D printing has
been widely adopted by biomedical researchers worldwide due to its
simplicity of use, low cost, open source nature, high precision in
depositing materials, and compatibility with a wide variety of soft
materials/hydrogels [2]. Extrusion-based 3D printing concurrently de-
mands several properties from hydrogels to be useful for ink or bioink
(cell-laden ink). To qualify as an ideal ink (or bioink), the following

properties of a hydrogel should be optimized: (a) shear-thinning and
self-recovery characteristics to facilitate extrusion and printing of ink
formulation; (b) high mechanical strength to sustain printing of multiple
layers; and (c) appropriate biological properties to support cell adhesion
proliferation and remodeling [3,4]. It is difficult to achieve all these
characteristics using conventional single-component hydrogels. Hence,
the last decade has seen an exponential growth in the number of studies
focused on development of biomaterials-based ink or bioink for
extrusion-based 3D printing [5]. In pursuit of ideal inks, researchers
have employed various techniques such as the use of polymer functio-
nalization/dual crosslinking hydrogel mechanisms [6], supramolecular
hydrogels [7], interpenetrating network hydrogels [8], nanocomposite
hydrogels [9], click chemistry [10], and co-printing or thermoplastic
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reinforcement [4,11]. Despite the advances in various techniques, it is
very difficult for a single technique to be used for a variety of applica-
tions [12].

To overcome these drawbacks, one of the major strategies is to use a
rheological additive/modifier to improve the rheological properties of
polymers for 3D bioprinting. Two dimensional (2D) nanoclays such as
nanosilicates (also known as Laponite®, BKY additives) have been used
as a rheological modifier for designing bioinks [13]. These nanosilicates
have been investigated for a variety of biomedical applications such as
tissue engineering, drug delivery, wound healing [14]. Nanosilicates are
disc-shaped inorganic nanoparticles that are 20-50 nm in diameter and
1-2 nm in thickness. The empirical formula for nanosilicates is
N a+0'7[(SigMgs_sLio_g)Ozo(oH)4] 97 and they are characterized by their
unique charge distribution. When exfoliated in deionized (DI) water,
nanosilicates develop partial negative charges on the faces and partial
positive charges on the edges, which enables the nanosized particles to
form a colorless, clear colloidal viscoelastic gel [15]. Nanosilicates form
a “house-of-cards” structure above a certain concentration in DI water
[16]. This structure imparts appealing rheological properties such as
increased viscosity and yield stress, as well as shear thinning and
thixotropic behavior [17]. The rheological properties can be easily
tuned by varying the concentration of nanosilicate, which makes it very
useful for extrusion-based 3D printing [18]. Moreover, the benign na-
ture of nanosilicates towards biological entities makes them a suitable
candidate for tissue engineering [19-22].

Another challenge with soft material 3D printing is the printing of
vessels or vasculature inside 3D printed construct. The last decade has
seen great growth in organ-on-a-chip based microfluidics to mimic the
physiology of various organs, especially the vasculature [23]. However,
the studies usually use polydimethylsiloxane (PDMS) or polycarbonate
to fabricate the organ-on-a-chip devices. These materials are inherently
bioinert and inhibit diffusion of nutrients and biomolecules though them
due to the high material density [24]. An adequate nutrient supply and
the diffusion of gases (oxygen and carbon dioxide) are important for
maintaining cell viability and the proper function of tissues and organs
[25, 26]. As a result, hydrogel-based microfluidic devices have been
studied to provide 3D cell culture environments incorporating the use of
sacrificial inks. Alginate, agarose, wax, carbohydrate glass, pluronic
F127, petroleum jelly-liquid paraffin [27] and gelatin have been used as
sacrificial inks [28]. Unfortunately, most of these techniques require
complex pre-processing and post-processing and forming complex
microchannels is difficult. Hence, we have investigated the use of
nanosilicates as a sacrificial ink to fabricate hydrogel-based
microfluidics.

Another major challenge in extrusion-based 3D printing is the ability
to print tall and complex structures with overhangs because soft mate-
rials flow under gravity and cannot form self-supporting structures.
Recently, an advancement in 3D printing called sacrificial support bath
printing has been developed to circumvent this challenge [29]. The
sacrificial support bath method uses a responsive rheological support
bath to deposit soft material inside the gel like medium, which is
removed (sacrificed) after the printed soft material is crosslinked. The
support bath helps in printing tall and complex structures as it reduces or
nullifies the external forces of surface tension, gravity and inertia [30].
These forces lead to unsuccessful printing of tall and complex structures
of soft materials for extrusion-based printing with air as medium. This
technique has even been used for multimaterial extrusion printing [31].
Different materials such as gelatin microparticles [32], jammed hydro-
gels [33], and polysaccharides [34] have been used as support bath
materials, but each suffers from some type of limitation. Gelatin mi-
croparticles are sensitive to temperature, and cells may undergo a
thermal shock when they are liquified >37 °C. Jammed microgels or
Carbopol (acrylic polymers) are sensitive to ionic solutions. Poly-
saccharides might interact with printed structures and make it difficult
to print precise structures. In general, support bath materials are shear
thinning and show yield strength and thixotropic behavior. Thus, due to
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their tunable rheological properties, we investigated the use of nano-
silicates as a support bath in this study.

In this study, we demonstrate the versatility of two-dimensional (2D)
nanosilicates/nanoclay as a platform technology for additive
manufacturing via three different approaches. In the first approach, we
will design a shear-thinning ink composed of nanosilicates, which can be
reinforced by adding different types of water-soluble polymers to
nanosilicate solution. In the second approach, we will demonstrate the
use of nanosilicates as a sacrificial ink to design hydrogel based micro-
fluidic devices for in vitro disease modelling. In the third approach, we
will utilize a colloidal nanosilicate gel as a support bath for 3D printing
by nullifying the surface tension and gravitational forces.

2. Experimental section
2.1. Materials and methods

Nanosilicates (Laponite XLG) were sourced from BYK Additives Inc,
USA. Porcine based gelatin (Type A, Bloom No. 300), Irgacure 2959 (2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone), and meth-
acrylic anhydride were purchased from Sigma-Aldrich (USA). Kappa
Carrageenan (kCa) was purchased from TCI Chemicals. Gelatin meth-
acryloyl (GelMA) was synthesized by a previously described method
[35]. In short, GelMA (75-80% methacrylolated) was prepared by dis-
solving 10 g of gelatin in 100 mL of heated (60 °C) phosphate buffered
saline (PBS) solution for an hour. Once gelatin was dissolved, 8 mL
methacrylic anhydride was added to the mixture at a rate of 1 ml/min.
After stirring the solution at for 3 h at 60 °C, 400 mL of 1X PBS was
added. This prepared solution mixture was dialyzed at 50 °C for 7 days,
frozen at —80 °C and lyophilized. The degree of methacryloylation
(Fig. S1) was calculated using a previously described method [36].
Nanosilicate ink solutions were prepared by adding Nanosilicates in
deionized (DI) water (18.2 MQ) and vortexing vigorously for 2 min.
They were exfoliated for 24 h and used for further experiments.

2.2. Rheological characterization

The rheological tests were performed on a TA Instruments Discovery
Hybrid Rheometer (DHR-2) equipped with a 20 mm parallel plate ge-
ometry. The geometry gap was kept as 400 pm and the experiments were
performed at 25 °C. Precursor solutions of exfoliated Nanosilicates at
different concentrations were used. Rotational sweep tests were per-
formed between 107! s7! and 102 57! to determine the yield stress and
power law index constants, n and K via the use of TRIOS software from
TA Instruments. Peak hold tests were performed by keeping the shear
rate at 102 s~ for 60 s, 3000 s !for5sand 10 2s~! for 180 s to mimic
the behavior of the ink inside a nozzle. The time for 80% viscosity re-
covery was calculated manually. Peak hold tests for 4 cycles were per-
formed to evaluate viscosity recovery after multiple cycles. Frequency
sweeps were performed between 1072 to 102 Hz and stress sweeps were
performed. Also, amplitude sweeps were performed with oscillatory
amplitude varying from 0.1 to 2000 Pa. The frequency was varied be-
tween 0.1 Hz and 100 Hz. G’ values at 1 Hz, 1 Pa from stress sweep and
at 1 Pa, 1 Hz were plotted to see the trend in storage modulus. Moreover,
temperature sweeps were performed to quantify the dependence of
different concentrations on temperature. The temperature was varied
from 25°C to 85 °C.

2.3. Imaging

Imaging was done using a Zeiss Stereomicroscope and DSLR camera
Nikon D3500. The morphological characterization of the hydrogel
samples was performed by scanning electron microscopy (SEM) using a
NeoScope JCM-5000 SEM equipment. To prepare the hydrogel samples,
liquid nitrogen was used to flash freeze them. They were cut using a
razor blade, and then lyophilized. The cut samples were sputter-coated
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with gold to a thickness of 20 nm and imaged using SEM.
2.4. 3D printing

A custom modified Anet A8 printer was used to extrude viscoelastic
ink formulations. Commercially available thermoplastic 3D printer Anet
A8 was modified to print hydrogels and soft materials. For this, the
thermoplastic head was removed and a custom extruder head for
printing soft materials or hydrogels was 3D printed and attached to a
screw-based piston extruder. The control system was also replaced by
changing the microcontroller and using the open-source Arduino Uno
microcontroller. All 3D designs were made in Solidworks and saved as.
stl files. These files were exported to 3DSlicer, which is an open-source
program. The 3DSlicer program cuts the design in layers and generates
G-code, which is read by the 3D printer and dictates the movement of
different motors. Another open-source software called Repetier host was
used as the interface for 3DSlicer. When printing on a hard surface in air,
a 22-gauge plastic tapered nozzle was used. The printing speed was kept
at 10 mm/s unless specified otherwise. The flow rate was 0.1 mL/min.

The structures were designed in Solidworks software (Dassault
Systemes) and converted to an stl file. The stl file was then imported to
Repertier Host software. The structures were modified and sliced using
Slicer software to generate G-code for printing path of the printer head.
A 22 gauge nozzle was used for all the prints. The layer thickness was
200 pm. All prints were carried out at room temperature. Some of the stl
files were downloaded from different sources and modified to be prin-
ted: human femur (https://3dprint.nih.gov/discover/3dpx-000168),
human anatomical heart (https://www.thingiverse.com/thi
ng:932606), DNA structure (https://www.thingiverse.com/thin
2:1810631), and trileaflet heart valve (https://3dprint.nih.gov/dis
cover/3dpx-000452).

2.5. Drug release studies

Drug release from nanosilicate was demonstrated for 3D printed grid
structures of 6% nanosilicate loaded with different doxorubicin (Dox.)
concentrations ranging from 100 to 800 pm/ml. These grid structures
were then exposed to MDA-MB-231 cells for 24 h to observe the effect of
doxorubicin on cell growth. In order to demonstrate the synergistic ef-
fect of two drugs [BMS-777607 (tyrosine kinase inhibitor; Cayman
Chemicals, #18517) [37] and LGK794 (Wnt inhibitor; Cayman Chem-
icals, #14072)] [38], MDA-MB231 cells were chosen, as these cells are
characterized by overexpression of the receptor tyrisone kinase (RTK)
[39] and Wnt [40]. Due to the existence of cancer stem cells, triple
negative breast cancer (TNBC) cells develop chemo resistance and
relapse after treatment. Therefore, targeting abnormal signal pathways
to eliminate cancer stem cells (CSCs) might be a promising strategy to
manage TNBC. As the TGF-$, Notch, Wnt/f-catenin signaling pathways
and tyrosine-kinase receptors are deregulated in TNBC cells (such as
MDA-MB-231), targeting one or more signaling pathway can have syn-
ergistic inhibitory effects [41]. The above-mentioned drugs were loaded
in nanosilicate to inhibit TNBC cell growth. Twenty-four hours after the
treatment, the 3D printed structure was washed with PBS and the cells
were fixed with 4% paraformaldehyde. The cells were treated with 0.5%
Triton X-100 for permeabilization and mounted with ProlongTM Dia-
mond Antifade Mountant with DAPI (ThermoFisher, #P36966). The
synergistic inhibitory effect of BMS-777607 (2.5 uM alone or 1.25 pM
combined) and LGK794 (2 nM alone or 1 nM combined) was further
validated using Western blots using P21 (Santa Cruz, #sc6246) and
cyclin D1(Santa Cruz Biotech, #sc8396) protein level, the inhibition of
which is correlated cell cycle arrest [42].

2.6. Fabrication of microfluidic devices

A formulation of 5% GelMA, 5% Gelatin and 0.25% Irgacure 2959
were added to DI water at 50 °C. This formulation was then poured into
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an acrylic mold and cooled at 4 °C. 6% Laponite XLG was used to print a
channel on the cast layer of hydrogel. A layer of heated 5% GelMA +5%
Gelatin + Irgacure 2959 formulation was poured on top of the printed
channel kept at 4 °C. The whole cast device was then UV crosslinked by a
UV lamp. The crosslinked hydrogel device was removed from the mold
and Laponite XLG was extracted by flushing PBS through the channel.
Laponite XLG was removed by flowing PBS through the channel that
disrupts the electrostatic interaction among nanosilicates. Gentle push
on the channel of the hydrogel microfluidic device might be required to
move the sacrificial ink. Then, fresh PBS formulation is perfused in the
channel to continue removing the nanosilicates. We repeated this pro-
cess multiple times to remove the sacrificial ink.

2.7. Support bath 3D printing

Support bath printing was done in a bath made of 4% Laponite XLG
formulation. Laponite XLG was exfoliated in DI water for 24 h and used
as a support bath. GelMA and «kCa inks were prepared by adding 10% w/
v GelMA and 0.8% w/v kCa in DI water at 40 °C. The printing was
performed at room temperature using the printer discussed above. 22-
gauge blunt metal nozzles purchased from McMaster Carr were used
for printing inside the support bath. The printed structures were cova-
lently crosslinked by shining UV light on them. After crosslinking, PBS
was used to dilute the support bath and extract the printed structures.
They were ionically crosslinked by keeping them inside 5% w/v Potas-
sium Chloride (KCI) solution. The resolution for the 3D printing process
was about 400 pm, ie the diameter of the extruded strand. The resolution
can be changed by varying the needle size or by changing the extrusion
pressure for under-extrusion or over-extrusion.

2.8. Mechanical testing

Uniaxial unconfined compression testing was done on a ADMET
MTEST Quattro eXpert 7600 mechanical testing machine. Hydrogel
samples were crosslinked and compressed to 50% or 30% their initial
height. Stress versus strain curves were plotted in Graphpad prism 8.0
and compressive modulus was calculated. Cylindrical samples of diam-
eter 6 mm and height 3 mm were used. The unconstrained samples were
compressed and were allowed to return to their starting position at a rate
of 1 mm/min. Raw data generated from the default software was fed into
an Excel macro to find the compressive modulus, maximum stress at
maximum strain and toughness values. The data was then plotted in
Graphpad Prism.

2.9. Computational fluid dynamics (CFD) simulation

Computational Fluid Dynamics (CFD) simulations were performed
using ANSYS 19 software. The n and k values from fitting the power law
model to the shear rate sweeps were used as input variables in the
software. Initial velocity and maximum and minimum viscosity were
also used as input variables, and simulations were performed on a Sol-
idworks model of the nozzle.

2.10. In vitro studies

Printed and crosslinked gel discs of 6 mm in diameter and 2 mm in
height were placed in a 96-well plate and sterilized using 70% ethanol
washes and UV light exposure. Gels were then washed with 1X PBS to
remove ethanol. Human umbilical vein endothelial cells (HUVECS) were
cultured in tissue culture-treated T-75 flasks supplemented with EGM-2
media with 1% Penstrep until reaching 75% confluency. Once confluent,
the cells were detached from the surface using Accutase and seeded on
gel discs at a cell density of 20,000 per disc in replicates of 3. EGM-2
media was added to the wells. Cells seeded on TCPS were used as pos-
itive controls. Discs were incubated at 37 °C under 5% CO- for 24 h.
After 24 h, media was removed and discs were washed with 1X PBS. A
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10% Alamar blue solution was prepared in EGM-2 media and added to
each well containing the gel discs. Solution added to an empty well was
used a negative control (blank). The gels were incubated for 2 h at 37 °C
under 5% CO,. After 2 h, the Alamar blue solution was transferred to a
fresh well plate and the absorbance at 570 nm was measured. Using the
following formula, the viability of cells cultured on gel discs was
measured. All values were normalized to the TCPS control.

Absorbance of sample — Absorbance of blank

x 100
Absorbance of TCPS control — Absorbance of blank

2.11. Statistical analysis

Data are presented as the means + standard deviations of the ex-
periments (n = 3-5). Statistical analysis was performed using ANOVA
with a post-hoc Tukey tests for multiple comparisons. Statistical signif-
icance was defined as *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results and discussion
3.1. Viscosity and rheological characterization of nanosilicate

Nanosilicate has been investigated for biomedical applications as a
synthetic biomaterial due to its consistency in shape, size, charge,
chemical composition [14]. This consistency is due to the use of syn-
thetic manufacturing processes. We chose to use nanosilicates for this
study due to their high biocompatibility. Nanosilicate has a complicated
phase diagram as a viscoelastic fluid due to the electrostatic interactions
between each phyllosilicate disc [16,43,44]. The first experiment was
done to qualitatively characterize the viscous properties of different
concentrations of nanodiscs. We used different nanosilicate concentra-
tions from 1-10% w/v in DI water. Nanosilicate gel formulations were
made by adding the desired amount of nanosilicate powder to DI water,
vortexing for 2-5 min, and letting the nanosilicates exfoliate for 24 h.
Exfoliation is the dispersion of nanosilicates from the tactoid stacked
geometry to individual particles in water. This happens through the
release of Sodium (Na+) ions that are present between the nanosilicates
disks from the manufacturing process. The initial experiment was done
to assess the self-assembly or self-gelation characteristics of nanosilicate.
Different concentrations of nanodisc gels were made in small glass vials
and turned upside down after 24 h. Blue food coloring was used to aid
visualization. The viscosity of nanosilicate solutions of 3% w/v and
above formed a self-supporting gel and did not flow even after gentle
tapping of the vial (Fig. 1A). The 1% nanosilicate solution flowed easily
on flipping the vial, while the 2% nanosilicate solution flowed only after
gently tapping the vial. The concentrations of 3% and above show
solid-like viscoelastic behavior due to the formation of a “house--
of-cards” structure. This happens by the equilibrium of electrostatic
repulsions and van der Waals attractive forces [45]. In terms of energy,
this has been attributed to a jammed state, wherein the energy to remain
in suspension is reduced by restricting the movement of nanodiscs [15,
46].

Our next goal was to perform rheological characterization of
different concentrations of nanodiscs to obtain quantitative data. Rota-
tional shear rate sweeps were performed on various concentrations to
assess the behavior with increasing shear rate. This was done to simulate
the flow behavior of different nanosilicate concentrations at different
shear rates at room temperature (24 °C). The results indicated that all
formulations starting from 3% w/v nanosilicates showed shear thinning
behavior (decrease in viscosity with increase in shear rate), while 1%
and 2% nanosilicates did not show shear thinning behavior (Fig. 1B).
These concentrations (1% and 2%) exhibited a Newtonian like behavior,
which can be attributed to the lack of interactions between nanodiscs.
Formulations of 3% and above behaved as a solid before reaching a yield
stress and started flowing after the yield stress, showing a non-
Newtonian shear thinning behavior. This shear thinning behavior was
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modelled by applying a power law on the stress strain curves obtained
from shear rate sweeps. The power law model is given by the equation:

n=Ki""!

In this equation, n refers to viscosity, K refers to flow consistency
index, y refers to shear rate and n refers to the flow behavior index. On
applying this model, values for K and n were obtained and are sum-
marized (Fig. 1B, table).

A value of n less than 1 indicates shear thinning behavior, whereas n
greater than 1 indicates dilatant behavior. The addition of nanodiscs
caused the value of n to rapidly decrease from 1% concentration to 10%
concentration. This was due to the unsettling of the “house-of-cards”
structures at higher concentrations and nanodiscs undergoing flow
under the applied shear stress. Under shear, the nanodiscs orient
themselves parallel to the direction of flow at the micro level, helping to
make the colloidal formulation flow easily at the macro level. It has been
hypothesized that there is electrostatic repulsion among the nanosilicate
particles that makes them easily slide over each other under shear,
thereby exhibiting shear thinning behavior [47]. The value of K
increased due to increase in nanosilicate concentration as more nano-
discs were packed per unit volume. This resulted in a higher volume of
nanodics, leading to higher packing density. Similarly, yield stress
values increased with increasing nanosilicate concentration due to
increased interparticle interactions resulting in higher packing density
of internal house-of-cards structures. Higher yield stress helps the
extrudate flow as a viscoelastic solid, which is desirable for
extrusion-based 3d printing of soft materials.

Oscillatory rheological measurements were done on different nano-
silicates concentrations to simulate the flow of ink and validate the re-
sults from rotational sweeps (Fig. 1C-D). The aim of these experiments
was to determine the storage modulus (G") and loss modulus (G”) over
different frequencies, amplitudes and, temperatures, and to verify the
trends of rotational sweeps. We performed these tests on nanosilicate
concentrations from 3% to 10% since it was clear that 1% and 2% were
not suitable for 3D printing. Only 4%, 6% and 8% were plotted for better
visibility and clarity. First, the amplitude sweeps were performed to
verify the trends in yield stress obtained from rotational measurements.
The linear viscoelastic region was determined by performing stress
sweeps at 1 Hz, 1 Pa (Fig. 1C). It was found that the crossover points
(G’<G") occurred at about 113 Pa, 341 Pa and 850 Pa for 4%, 6% and
8% nanosilicate concentrations. The yield stress trends were similar to
that found with rotational tests. Next, the frequency sweep was per-
formed on the various concentrations at 1 Pa, 1 Hz (Fig. 1D). For all
nanosilicate formulations, the behavior of G’ and G” was independent of
frequency, which indicated non-Newtonian behavior. Internal structure
formation with nanosilicates addition seems to have quashed any
dependence of behavior on frequency. Moreover, temperature sweeps
were performed to quantify the dependence of different concentrations
on temperature. The modulus values, G’ and G” remained constant over
the temperature range of 25°C-85 °C (Fig. 1E). This means that other
polymers can be mixed with nanosilicates and can be used at higher
temperatures without compromising the properties of the formulation.

3.2. Simulating the printability of nanosilicate

To simulate the behavior of ink during extrusion-based 3D printing,
we performed peak hold tests on different concentrations of nano-
silicates using a rheometer. Peak hold tests were designed to simulate
the three stages of 3D printing - ink flow: (1) inside the barrel, (2) inside
the nozzle and, (3) post extrusion. A schematic of the ink behavior
during the extrusion process is shown in Fig. 2A. A multiple cycle (4
cycle) peak hold test was performed to see if this behavior was recurrent
with each cycle and we found that the viscosity recovery took place after
each cycle (Fig. S2). Hence, the formation of internal “house of cards”
structure takes place after even being sheared at high shear rates
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Fig. 1. Effect of nanosilicate concentration on rheological characterization. (A) An increase in nanosilicate concentration results in transformation of colloidal
solution from sol to gel state. Qualitative viscosity of different nanosilicate concentrations from 1 to 10% w/v is shown by vial inversion test (scale bar = 5 mm). (B)
Rotatory shear sweep of different nanosilicate concentrations from 1 to 10% w/v (some curves are not shown for graph clarity) is shown. The table shows the power
law indices that were obtained from the shear rate sweeps data. Yield stress value obtained from shear rate sweep for different nanosilicate concentrations are shown
(n = 3-5). (C) Oscillatory stress sweeps from 107! to 10° Pa obtained for various concentrations of nanosilicate to validate yield trends from shear rate sweeps (only
4%,6% and 8% are shown for graph clarity). The bar graph show storage modulus at 1 Pa and crossover points for yield stress were obtained from stress sweeps data.
(D) Frequency sweeps from 102 Hz-10? Hz (only 4%,6% and 8% are shown for graph clarity) shows non-Newtonian fluid behavior. Storage modulus at 1 Pa from
frequency sweeps. (E) Temperature sweeps from 25 °C to 85 °C (only 4%,6% and 8% are shown for graph clarity) demonstrates the temperature independence of
different nanosilicate concentrations.
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Fig. 2. Simulation of nanosilicate flow through the nozzle using rheometer and computational fluid dynamics (CFD) modelling. (A) Schematic showing the
orientation of nanosilicate discs at different locations inside the nozzle during the extrusion process. (B) Peak hold test for different nanosilicate concentrations (not
all concentrations are shown for clarity) and corresponding table showing the recovery time for different nanosilicate concentrations for determining the thixotropic
behavior (C) CFD profiles of velocity and strain rate at the end of the nozzle for nanosilicate concentrations from 3 to 10%. The rate of change of velocity and strain
rate across the nozzle exhibits plug flow behavior. (D) Extrusion of different nanosilicate concentrations at the same printing settings (scale bar = 10 mm). The
extrusion pictures validate the results of the CFD profiles of velocity and strain rate. (E) CFD profiles of pressure in the nozzle for different nanosilicate concen-
trations. The results show that 6% nanosilicate concentration can be used as a rheological modifier for bioprinting without much damage to cells.

showing thixotropy. This means that extruded nanosilicate formulations
can be reused for extrusion-based 3D printing applications, if desired.
For a single cycle peak hold test, the first stage was subjected to low
shear (0.1 s7! for 60 s), the second stage was subjected to high shear
(3000 5! for 5 s), and the third stage was again subjected to low shear
(0.1 s~ ! for 180 s). The recovery of extrudate is an important factor to
consider for direct ink writing. The rebuilding or increase in viscosity
after releasing the applied force is also termed as thixotropy. We
considered 80% viscosity recovery as significant [17], and we calculated
the recovery time by taking the initial viscosity as the maximum vis-
cosity (100% viscosity). Concentrations from 1% to 3% did not show

recovery to 80% of the initial viscosity even after 180 s and, hence, did
not show good thixotropic behavior (Fig. 2B). Concentrations above 4%
showed thixotropy by rebuilding the internal structure. In particular, 4%
showed a time of about 35 s to recover the viscosity, whereas 5% showed
a time of about 15 s to recover (Fig. 2B, table). Concentrations from 6%
and above showed a recovery time of about 7 s, which can be considered
as fast recovery time for extrusion-based 3D printing of soft materials.
Also, it is worth noting that all concentrations from 4% and above
regained 100% of the initial viscosity after adequate time.
Computational fluid dynamics (CFD) simulations were performed on
different concentrations of nanosilicates in ANSYS Fluent. The values
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obtained from the rotational shear rate sweep by applying the power law
were input in the software. The inlet speed and minimum and maximum
viscosity from the shear rate range were input in the software and
simulations were performed. The simulations were performed on the
nozzles’ opening since that is the area that is susceptible to most change
in velocity and strain rate due to the change in cross-sectional area of the
needle. The results of the simulations (Fig. 2C and Fig. S3) show that
with increase in nanosilicate concentration, the gradient in the velocities
and strain rates become lower from the center to the wall across the
nozzle opening. This indicates that a higher concentration of nano-
silicates leads to plug flow behavior and the ink moves as viscoelastic
solid while exiting the extruder tip. This can be good for cell shielding as
long as the extrusion pressure is below the pressure detrimental to cell
survival.

Different concentrations from 3% to 10% were extruded by keeping
the nozzle tip 30 cm from the printer bed to assess the quality of the
extrudate. The extrusion tests using the 3D printer (Fig. 2D) revealed
that 2%, 3% and 4% concentrations were not able to print long
continuous strands. In contrast, concentrations of 5% and above formed
long continuous strands, which makes them favorable for 3D printing.
Also, it can be seen in Fig. 2D that 3% nanosilicate solution extruded like
droplets of water and formed a pool of ink, whereas higher
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concentrations formed filaments. These tests also validated the results
from CFD simulations that concentrations of 4% and above behave like a
viscoelastic solid with a plug flow behavior. We also performed CFD
simulations to find the pressure in the nozzle for various nanosilicate
concentrations (Fig. 2E). The results showed that maximum pressure
was around 0.1 MPa in 10% concentration and the minimum pressure
was around 7 kPa in 4% and lower concentrations. The maximum
pressure for 6% concentration was around 30 kPa. This is very low
pressure to cause cell damage and mammalian cells remain viable at this
pressure [48,49]. This shows that nanosilicate can be used with cells as a
bioink for making tissue engineered grafts.

3.3. Extrusion-based 3D printing of nanosilicate

Simple line structures were printed using nanosilicates concentra-
tions between 3% and 10% w/v to measure the precision of the printed
structures compared to the computer-generated design. To quantify the
precision, the width, area and volume values of the prints were
normalized to that of the computer-generated design. From the extru-
sion of a simple line, the normalized values showed that pooling of ink
occurred in the 3% and 4% formulations, as their normalized values in
all three dimensions were more than 100 (Fig. 3A). Thus, these

Normalized values (%)

o .
6% Nanosilicates Nanosilicates Width Area Volume

(Wh%)  (1D)  (2D) (3D)

3 243 207 133
4 179 174 118
5 91 96 86
6 95 98 93
7 93 94 92
8 92 97 91
9 91 95 89
10 91 94 92

1 2 3 4 5 6

= Not printable W Printable

Fig. 3. 3D extrusion printing of nanosilicate and nanosilicate-based inks. (A) 3D printed line structure for 3% and 6% nanosilicate to calculate the shape fidelity
values (scale bar = 2 mm). The table shows the shape fidelity values normalized to the computer aided design (CAD) for width, area and volume. (B) CAD file and 3D
printed structures of different shapes and sizes using 6% nanosilicate as the ink (scale bar = 5 mm for non-grid structures and 1 mm for grid structures) forming self-
supporting structures (C) 3D printability of nanosilicate-polymer composite is shown for selected polymer. Pink color represents not printable formulation, while blue
represent printable formulation. This shows the versatility of nanosilicate that can be used with a variety of water-soluble polymers for various applications. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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concentrations did not hold their shape after extrusion and spread
widely upon extrusion. Normalized values for concentrations of 5% and
above showed that the strands did not spread more than CAD design and
held water in its place, as the normalized values were lower than 100
(Fig. 3A, table). Hence, concentrations from 5% and above were deemed
suitable for 3D printing. Since 6% had the best normalized values that
were near 100, it was deemed to be the better concentration to 3D print
structures. It is also worth noting that higher concentrations showed
lower normalized values compared to 6%. We believe that this result can
be attributed to the higher interaction and packing density between the
nanodiscs in the formulation. Concentrations higher than 6% would
probably require higher pressure to be extruded to have the same
extrusion width.

With the same printing parameters described earlier and 6% nano-
silicate, complex structures of different shapes and sizes were printed.
The printed structures held their shaped very well, and the 3D prints had
good shape fidelity (Fig. 3B). The prints were very smooth, precise and
they self-supported their own weight. Although the structures were
printed very precisely, the structures lacked rigidity since they were just
gels.

Long-term rigidity and robust mechanical properties can be imparted
to the structures by adding different types of water-based polymers in
the formulation, printing, and crosslinking the structures. To demon-
strate this approach, nanosilicate was mixed with various water-soluble
polymers (agarose, alginate, kappa-carrageenan (kCA), gelatin, gelatin
methacryloyl (GelMA), poly(ethylene glycol) (PEG), and N-iso-
propylacrylamide (NIPAM)) to obtain hydrogel ink. The printable ink
formulation was determined by printing structures with good shape fi-
delity (Fig. 3C). These results demonstrate that nanoengineered inks
obtained by combining nanosilicate and polymers can be used to print
constructs for 3D printing application.

3.4. Nanosilicate for drug delivery applications

Drug release from nanosilicate was demonstrated by 3D printing grid
structures with 6% nanosilicate loaded with different doxorubicin (Dox)
concentrations. These grid structures were then exposed to MDA-MB-
231 cells (triple negative breast cancer cells or TNBCs) for 24 h to
observe the effect of doxorubicin on the cancer cells. It was observed

A Control 200 pg/ml B

100 pg/mli

LGK974

Control(No drug)
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that Dox loading in the nanosilicate caused an inhibition of cell growth
near the grid structures, and increasing the Dox concentration increased
the zone of inhibition (Figs. 4A and S4). Similarly, we demonstrated a
synergistic effect of BMS-777607 (tyrosine kinase inhibitor) and
LGK794 (Wnt inhibitor) loaded in nanosilicate to inhibit TNBC cell
growth (Fig. 4B). These synergistic inhibitory effects were further vali-
dated using Western blots to quantify the relative expression of p21 and
cyclinD1 proteins, both of which play a key role in cellular division and
growth in breast cancer cells [50,51](Fig. S5). These results show that
3D printed nanosilicate can be used as a drug delivery platform for
developing medical devices with controlled drug release profile.

3.5. Nanosilicate as a sacrificial ink for fabrication of hydrogel-based
microfluidic devices

After assessing the printing characteristics of different concentra-
tions of Nanosilicates and identifying 6% and above as good concen-
trations for extrusion-based 3D printing, we wanted to further
investigate the use of nanosilicate as a sacrificial ink for making
hydrogel-based microfluidic devices. Organ-on-a-chip devices have
been explored widely to mimic various physiologies of different tissues
and organs [52]. The main advantage of these organ-on-a-chip (micro-
fluidic) devices is the capability to perform 3D cell culture with dynamic
flow behavior inside the channels that is not possible with traditional
static systems [53]. These can be used for various applications to
emulate and study vascular physiology and fluid mechanics, disease
models, tissue organization and function, therapeutic tissue engineer-
ing, as 3D cell culture models, and to screen drugs [25,54]. Tradition-
ally, polydimethylsiloxane (PDMS) and thermoplastics such as
polycarbonate have been used for making these organ-on-a-chip de-
vices, which lack good cytocompatibility and diffusional permeability.
As a result, many studies have used hydrogel-based microfluidic devices
that have been fabricated using different techniques and methods [55].
However, most of these fabrication techniques require complicated
steps, which are difficult to control and are sensitive to employ. The
need for more facile strategies led us to investigate the use of nano-
silicate as a sacrificial ink for the fabrication of hydrogel-based orga-
n-on-a-chip devices.

For fabricating the hydrogel microfluidic device, we used a

BMS777607

Fig. 4. 3D printed nanosilicate as a drug delivery
platform. (A) Fluorescent images of doxorubicin-
loaded 3D printed nanosilicate (6% w/v in DI water)
exposed to triple negative breast cancer cells at
various concentrations. The number of live cells and
distance from the scaffold were quantified at the
bottom (scale bar = 0.1 mm) showing concentration
dependent controlled release of drugs from nano-
silicates (B) Synergistic inhibition effect of
BMS777607 (tyrosine kinase inhibitor) and LGK974
(Wnt inhibitor) co-delivery on triple negative breast
cancer cells (scale bar = 0.1 mm). The inhibition ef-
fects of co-delivery are significantly different
compared to control and single inhibitor delivery.
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combination of 5% w/v Gelatin Methacryloyl (GelMA), 5% w/v Gelatin,
and 0.25% w/v Irgacure 2959 as the photoinitiator (hydrogel formula-
tion). This combination has been used to make hydrogel microfluidic
devices previously and has shown good bonding strength, optical
transparency and cytocompatibility [56]. Both gelatin and Gelatin
methacryloyl (GelMA) contain arginine-glycine-aspartic acid (RGD) se-
quences that aid in cell attachment along with target sequences of matrix
metalloproteinase (MMP) that are appropriate for cell remodeling. In
addition, this combination of GelMA and gelatin can be used for
two-phase crosslinking. Gelatin and GelMA show reversible physical
thermal crosslinking (sol gel transition) due to coiling and uncoiling of
polymer chains, whereas GelMA can also be chemically crosslinked by
using UV light along with a photoinitiator (Irgacure 2959 in this case).
Both gelatin and GelMA are cytocompatible as shown by previous
studies and can demonstrate physiological stability over extended
period of more than 20 days [56,57].

A mixture of 5% w/v GelMA, 5% w/v of Gelatin and 0.25% w/v
Irgacure 2959 was added to DI water, stirred for an hour at 50 °C, and
used as a hydrogel medium for making the microfluidic channels. For
making the devices, this formulation was poured and cast into an acrylic
box by keeping it at 4 °C. After that, the formulation solidified due to
thermal gelation of both gelatin and GelMA. On top of this solidified
layer, 6% w/v Nanosilicates was extruded using the 3D printer in the
form of channels. After the nanosilicates were printed, a heated hydrogel
formulation was poured on top of the printed layer and kept at 4 °C. This
formed a bilayer device that was photocrosslinked using the UV light.
Once the top layer was cured, the cured device was taken out of the cast
box using a spatula. Then, the device was inverted, and the bottom layer
was cured with the UV light. Once both the layers were UV cured, PBS
was flushed through the channels to remove the nanosilicates from the
channels. We were able to precisely print nanosilicate on top of a natural
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polymer as both the nanosilicate formulation and hydrogel had high
water content and were hydrophilic. We had hypothesized that there
would be layer adhesion between nanosilicates and polymer gels due to
their hydrophilicity. A schematic of the fabrication process is shown in
Fig. 5A.

By using 6% w/v nanosilicate and the process described above, we
printed different shapes and sizes of channels. We were able to fabricate
channels in the hydrogels using Nanosilicates as a sacrificial ink. We
fabricated both straight channels and complex channels inside the cast
hydrogel formulation. For complex structures, we were able to make
bifurcated channels, multibranched channels, and serpentine channels
(Fig. 5B). To show the patency of these channels, we perfused them with
fluorescein isothiocyanate (FITC) -labeled microbeads. We were also
able to print different sizes of straight channels on the same device. The
average sizes of the channels were about 220 pm, 600 pm, 1000 pm and
1200 pm from thinnest to thickest (Fig. S6). These results show that a
variety of sizes of channels can be printed and this sacrificial method can
be used to print very thin channels by extrusion of nanosilicate.

To test the diffusion permeability of the hydrogels, fluorescein iso-
thiocyanate (FITC) tagged 40 kDa dextran was perfused through a 1200
pm straight channel. Dextran diffusion served as a model for protein
diffusion through the hydrogel matrix and mass transfer through the
channel. The results showed the diffusion of dextran over time through
the hydrogel material (Fig. 5C). Images were processed in ImageJ, and a
Look up table (LUT) was applied for enhanced contrast and better visi-
bility of diffusion through the lumen. Diffusion was measured by
quantifying the fluorescence intensity inside the channel over 60 min
with 10 min time point gaps, and the sinusoidal profile was mapped on a
graph (Fig. 5C), which showed a decrease in intensity of dextran through
the channel over time. The inset shows the increase in fluorescent in-
tensity outside the channel over 60 min. We also showed perfusion of
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Fig. 5. Nanosilicate as sacrificial ink for fabricating hydrogel-based microfluidics. (A) Schematic showing the process of fabricating the hydrogel based
microfluidic devices. (B) Three different designs (bifurcated channel, multibranched channel, and serpentine channel) with their CAD files, 3D printed nanosilicate
layer trapped between two hydrogel layers, and perfusion with FITC labeled microbeads (Scale bar = 0.5 mm). This shows that complex channels can be fabricated
with this process (C) Time-course study of FITC labeled dextran diffusion through the walls of the channel with fluorescent images (scale bar = 0.5 mm) on the right,
graph showing the quantification of diffusion of dextran through the walls of the channel on the left. Inset shows the increase of fluorescent signal outside the channel
longitudinally, indicating the mass transfer of model protein (FITC) through the hydrogels.
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different dyes through two adjacent straight channels in the same device
(Fig. S6). This establishes that these materials and the fabrication pro-
cess can be used for making a hydrogel-based microfluidic channels in
applications that need diffusional permeability through the microfluidic
device material. We expect these devices to have good cytocompatibility
based on the biocompatible materials used for fabricating these devices.

3.6. Nanosilicate as a sacrificial support bath

There has been a growing increase in the number of research studies
on 3D printing of soft materials inside a support bath over the past few
years [29]. One of the main advantages of this type of printing process is
that gravitational and surface tension properties that negatively affect
3D printing in air are nullified by printing inside the support bath. This
has led researchers to investigate various biomaterials for both the
sacrificial support bath (also termed as embedded 3D printing/sus-
pension bath printing) and ink for 3D printing and bioprinting [58]. In
this 3D printing method, a gel-like medium supports another fluidic
material (or ink) which is extruded inside the gel-like medium. The
extruded material is crosslinked using a suitable methodology after the
printing process has been completed. The support material/gel-like
medium is usually sacrificed or removed to extract the crosslinked so-
lidified printed structure. This 3D printing process requires the support
material to remain a gel when no shear force is applied. However, it
should behave as a liquid/fluid when a shear force is applied and then
again become a gel when the shear force is removed. The shearing of the
fluid in this case is caused by the translation of the nozzle inside the
support bath that dispenses the ink. Hence, the support bath material
should be a viscoelastic fluid that has good shear thinning and thixo-
tropic properties. Various natural and synthetic materials have been
explored as support bath materials in different studies [58,59]. Inter-
facial forces limit the use of this 3D printing technique to inks and
support baths that have same the dispersion medium, ie, hydrophilic ink
should be used in a hydrophilic support bath and hydrophobic inks
should be used in hydrophobic support bath [60]. Some of the most
common materials that have been used as support bath materials include
blends of polyacrylic acid, gelatin microparticles and colloidal platelets.
All these materials have their distinct advantages and disadvantages
over one another, depending on the application of the printing.

Apart from appropriate rheological properties required for a support
bath, the combination of both inks and support bath should have suit-
able rheological properties at the same time [61]. Generally, the shear
elastic modulus and yield stress of the support bath, G’support and 7y,
support, should be one order of magnitude lower than the corresponding
values for the ink, G’ j;x and Ty jnk, respectively. If G’support is too high
compared to G’ i, the ink would be discontinuous and form beads in-
side the support bath. In contrast, if G’support is too low compared to G’
ink, the ink would be extruded improperly and would drag inside the
support bath. In addition, the yield stress of the support bath, 1y, support
should not be too low or too high compared to the shear forces applied
by the translation of the nozzle inside the support bath. If Ty, support is
too low, the forces created by the translating nozzle would affect and
displace the printed features. Conversely, if Ty, support is too high, the
translating nozzle would create crevasses in its wake that would not be
conducive to printing inside a support bath. These forces are also
affected by other factors such as the translating speed of the nozzle and
flow rate of the ink.

As nanosilicates exhibit the rheological properties suitable for a
support bath material such as shear thinning, yield stress and thixotropic
behavior, we investigated their use as a sacrificial support bath for 3D
printing. In support bath printing, initially, the “house-of-cards” struc-
ture is present across the nanosilicate formulation. As the nozzle trans-
lates inside the nanosilicate support bath during printing, the “house-of-
cards” structure is broken down in the area close to nozzle translation
and the nanosilicate in the needle’s path is displaced. Once the nozzle
passes a particular place in its path, the displaced nanosilicate
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restructures due to its thixotropic behavior and traps the ink material
extruded by the needle. We used a combination of gelatin methacryloyl
(GelMA) and Kappa-carageenan (xCa) with Irgacure 2959 as the pho-
tointiator, for printing inside the nanosilicate support bath. We selected
GelMA for its good biocompatibility. kCa was used to enhance the flow
properties of GelMA at room temperature. kCa is a linear sulfated
polysaccharide with alternating p-p-galactose-4-sulphate and 3,6-anhy-
dro-p-galactose sourced from red algae.

We investigated different concentrations of Nanosilicates and ink
proportions to get an optimal working system for the 3D printing pro-
cess. The concentration of GelMA was set at 10% w/v while we tried
three concentrations of kCa, 1.0%, 0.9%, and 0.8% w/v. The higher xkCa
concentrations of 1% and 0.9% proved difficult to be extruded for the
printing conditions, but 0.8% showed good extrudability and, hence, it
was chosen for the ink formulation. We assessed concentrations of 3%
(w/v) and higher of Nanosilicates for the support bath as only they
showed a formation of house of cards and had a yield stress, as shown
before. When 3% nanosilicate was used, the area near the translating
nozzle would fluidize but did not restructure fast enough to support the
printed structure. This led to dragging of the ink inside the support bath.
This was likely due to the G’j,x being high compared to G’support and
due to the slow thixotropic response of the support bath. Concentrations
of 5% and above formed a crevasse in the wake of nozzle translation,
which was an impediment to printing inside the support bath. This can
be attributed to the high yield stress of these concentrations.

Based on these results, we chose 4% w/v Nanosilicates as the support
bath for 3D printing the selected ink formulation. A schematic of the
support bath printing process is shown in Fig. 6A. The ink was mixed
with FITC/rhodamine to provide better visibility to the otherwise
translucent ink. The same extrusion-based printer as described before
was used for printing in the support bath. The XY speed of the printer
head was kept at 2 mm/s. Different designs such as a square, Y shaped
bifurcated vessels, a curved bifurcated vessel, a small-scale human
femur, pancreas, and meniscus were printed inside the support bath
(Fig. 6B, S7, and S8). We were also able to print other complex struc-
tures, such as the structure of DNA, a small-scale human heart and tri-
leaflet valve inside the support bath. After the structures were printed,
they were exposed to UV light at an intensity of about 30 mW/cm? for
photo-crosslinking inside the bath. The printed structures were extrac-
ted out of the support bath by diluting the support bath with DI water/
PBS. Then, they were kept in a 5% w/v Potassium Chloride (KCl) solu-
tion for 30 min for physical crosslinking of xCa. The extracted printed
structures were comparable in dimensions to the software designs
(Fig. 6C).

We performed mechanical tests on printed cylindrical constructs and
compared them with cast constructs made of same hydrogel formulation
to test for differences resulting from the printing process. Unconfined
uniaxial compression was performed on the cylindrical constructs to
30% compression, and the stress-strain profiles were plotted. The stress-
strain curves of both printed and cast structures were similar (Fig. 7A).
Compressive modulus, toughness and maximum stress were derived
from the strain-strain curves. For printed constructs, the values for
compression modulus were 44.32 £ 3.03 kPa, toughness were 2.42 +
0.27 kJ/m> and, maximum stress at maximum strain were 22.47 4+ 1.67
kPa. For cast constructs, the values for compression modulus were 50.13
+ 7.14 kPa, toughness were 2.74 + 0.40 kJ/m® and, maximum stress at
maximum strain were 28.69 + 4.85 kPa. There was no significant dif-
ference between the different values between cast and printed
constructs.

Scanning electron microscopy (SEM) micrographs of the cross sec-
tions of both printed and cast samples were also compared to visualize
the interconnected porosity. Similar porosity was observed for both the
samples (Fig. 7B). Additionally, we performed Energy Dispersive X-Ray
Spectroscopy (EDX or EDS) on samples to verify the presence of nano-
silicate in the printed samples. The presence of Magnesium (Mg) and
Silicon (Si) indicated that nanosilicate was present inside the constructs,
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Fig. 6. Nanosilicate as sacrificial support bath for support bath 3D printing. (A) Schematic of nanosilicate support bath 3D printing process -. (B) Computer
aided design (CAD) file, optical image and fluorescent image of various 3D printed structures (square, small scaled anatomical human femur, meniscus, vertical Y
shaped bifurcated vessel, DNA structure, small scaled human anatomical heart and trileaflet valve) extracted from the nanosilicate support bath (Scale bar = 2 mm).
(C) CAD files, optical images and shape fidelity values of structures printed in the support bath - straight bifurcated vessel and curved bifurcated vessel (Scale bar = 2
mm). This demonstrates that tall, complex structures with good shape fidelity can be 3D printed inside the nanoclay support bath.

likely due to diffusion or entrapment of nanosilicate particles between
the layers of ink during the printing process. However, the presence of
nanosilicate could be advantageous for bone, cartilage or vascular tissue
engineering applications, as previous studies have shown that nano-
silicate promotes bone [62,63] and cartilage [64] regeneration, and
angiogenesis [65].

To investigate the cytocompatibility of our constructs and printing
process, we performed two-dimensional (2D) cell seeding of human
umbilical vein endothelial cells (HUVECs) on the printed and cast cy-
lindrical constructs. GelMA is already a widely used cytocompatible
material, and the GelMA/xCa combination has already been shown to be
cytocompatible for various cell types [22,57,66]. We chose to use
HUVEGCs since they are one of the most widely studied human cell lines
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and endothelial cells are present throughout our body. We conducted
the study for 7 days and found that HUVECs were viable and spread well
on the surface of the printed construct. Actin and nuclei staining showed
the presence of cells on the surface for all 7 days (Fig. 7C). We also
performed the Alamar Blue assay on printed and cast constructs to
quantify cell viability. Although the overall cell viability decreased for
both constructs, there was no significant difference between the two
groups for 7 days (Fig. 7D). Additionally, the cell viability remained
above 75% for the printed construct for the entire 7 days. We believe the
reason for low proliferation of HUVECs over 7 days is the high modulus
of our hydrogel matrix since the cell viability was lower for both cast and
3D printed formulations. This can be overcome by lowering the stiffness
of the crosslinked hydrogels by reducing the intensity of the UV light or
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Fig. 7. Mechanical, structural and cell viability comparison of cast hydrogels and support bath 3D printed hydrogels. (A) Stress-strain profiles; comparison
of compressive modulus, toughness, and maximum stress at maximum strain of cast and support bath 3D printed cylindrical structures. There is no significant
difference in mechanical properties of cast and 3D printed constructs. (B) Scanning electron microscopy (SEM) images (Scale bar = 50 4 m) and Energy-dispersive X-
ray spectroscopy (EDS) spectra of support bath 3D printed and cast structures. The morphological structures of cast and 3D printed constructs are similar with the 3D
printed constructs embedded with nanosilicates. (C) Actin (Phallodin) and nuclei (DAPI) stained images for HUVEC cells seeded on 3D support bath printed hydrogel
constructs (10% w/v GelMA + 0.8% «Ca) for 1, 4 and 7 days (Scale bar = 200 pm). (D) Cell viability of HUVECs calculated on 3D support bath printed constructs
(using Alamar Blue assay) for 1, 4 and 7 days exhibiting cytocompatibility of 3D printed hydrogels.

by reducing the UV exposure time for crosslinking the hydrogels.
Although, we used a GelMA and kCa based ink for printing inside the
nanosilicate support bath, other hydrogels/soft materials can be used as
ink for printing inside the nanosilicate support bath [67].

4. Conclusion

In this study, we established the use of nanosilicate as a platform
technology for soft matter additive manufacturing applications. First,
we characterized different concentrations of nanosilicate using both
qualitative and quantitative (rheological) characterization techniques.
Then, we 3D printed different structures of various shapes and sizes
using 6% w/v nanosilicate. We also reinforced different polymeric
hydrogels with nanosilicates and render them printable, demonstrating
the ability of nanosilicate as rheological additive to fabricate

biomaterials-based inks for 3D printing or bioprinting. Next, we used
nanosilicate as a sacrificial ink to make hydrogel-based microfluidic
devices. We showed that different shape and size channels could be
easily printed for making microfluidic devices. We also showed perfu-
sion through these channels. These devices can be used for modelling
physiological conditions and diseases and are superior to conventional
organ-on-a-chip devices (PDMS/Polycarbonate/Acrylic based) because
they allow easy diffusion through the channels, which can better mimic
actual physiological conditions. In addition, we showed that nano-
silicate can also be used as a sacrificial support bath for printing complex
structures. This was done by printing different structures such as
bifurcated vessels, femur, meniscus, DNA double helix, heart, and tri-
leaflet valve inside the support bath. Future studies will further inves-
tigate the biocompatibility of the systems and methods developed in this
study. Hence, through this study we established the versatility of
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nanosilicates as an additive for water-based formulations for extrusion-
based additive manufacturing, sacrificial ink for fabrication of hydrogel
based microfluidic devices, and as support bath additive manufacturing.
The versatility of nanosilicate-based biomaterials can be applied to the
fields of soft matter additive manufacturing, tissue engineering, and
medical devices.
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