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Abstract

A critical consideration in tissue engineering is to recapitulate the microstructural organization of
native tissues that is essential to their function. Scaffold-based techniques have focused on
achieving this via the contact guidance principle wherein topographical cues offered by scaffold
fibers direct migration and orientation of cells to govern subsequent cell-secreted extracellular
matrix organization. Alternatively, approaches based on acoustophoretic, electrophoretic,
photophoretic, magnetophoretic, and chemotactic principles are being investigated in the
biofabrication domain to direct patterning of cells within bioink constructs. This work describes a
new acoustophoretic three-dimensional (3D) biofabrication approach that utilizes radiation forces
generated by superimposing ultrasonic bulk acoustic waves (BAW) to preferentially organize
cellular arrays within single and multi-layered hydrogel constructs. Using multiphysics modeling
and experimental design, we have characterized the effects of process parameters including
ultrasound frequency (0.71, 1, 1.5, 2 MHz), signal voltage amplitude (100, 200 mVpp), bioink
viscosity (5, 70 cP), and actuation duration (10, 20 min) on the alignment characteristics, viability
and metabolic activity of human adipose-derived stem cells (hASC) suspended in alginate.
Results show that the spacing between adjacent cellular arrays decreased with increasing
frequency (p < 0.001), while the width of the arrays decreased with increasing frequency and
amplitude (p < 0.05), and upon lowering the bioink viscosity (p < 0.01) or increasing actuation
duration (p < 0.01). Corresponding to the computational results wherein estimated acoustic
radiation forces demonstrated a linear relationship with amplitude and a non-linear relationship
with frequency, the interaction of moderate frequencies at high amplitudes resulted in viscous
perturbations, ultimately affecting the hASC viability (p < 0.01). For each combination of frequency
and amplitude at the extremities of the tested range, the hASC metabolic activity did not change
over 4 days, but the activity of the low frequency-high amplitude treatment was lower than that of
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the high frequency-low amplitude treatment at day 4 (p < 0.01). In addition to this process-
structure characterization, we have also demonstrated the 3D bioprinting of a multi-layered medial
knee meniscus construct featuring physiologically-relevant circumferential organization of viable
hASC. This work contributes to the advancement of scalable biomimetic tissue manufacturing
science and technology.

1. Introduction

Musculoskeletal soft tissues such as ligaments, tendons and knee menisci are characterized by
unique organization of their cellular and extracellular constituents, which is central to their primary
functions [1-4]. For example, the cells and collagen fibers of ligaments and tendons, which
primarily experience uniaxial tensile loads, are generally well-aligned along the direction of tensile
loading [5—7]. Likewise, the predominantly circumferential organization of collagen bundles and
cells in the semilunar wedge-shaped menisci allows them to resist hoop stresses experienced in
the knee joint [8,9]. Such structure-function relationships are also evident in other types of soft
tissues including cardiac tissue [10,11], corneal stroma [12,13], liver tissue [14,15], vasculature
[16,17], and intestines [18,19]. Unfortunately, soft tissue injuries are highly prevalent (e.g., over a
million annual incidences of anterior cruciate ligament and meniscus injuries [20—22]), and current
treatments including surgical repair, allo/autografts and metal-polymer implants have limitations
[23-25]. Hence, investigation and development of engineered tissue alternatives has become
important.

Biofabrication processes including bioprinting have gained prominence over the last
decade because of their ability to incorporate living cells within the process of creating engineered
tissue constructs [26—29]. A majority of current biofabrication processes enable us to reproduce
the patient-specific macro-scale three-dimensional (3D) geometry. However, it is equally
important for these processes to be able to recapitulate tissue-specific spatial organization of
cells. Otherwise, the homogenous distribution of cells throughout the bulk constructs would
subsequently lead to an unorganized cell-secreted extracellular matrix (ECM) network as the
constructs mature. Towards this, scaffold-based approaches typically rely on the contact
guidance principle (i.e., topographical cues to direct cells). Alternatively, acoustophoretic [30,31],
electrophoretic [32,33], photophoretic [34,35], magnetophoretic [36,37] and chemotactic [38,39]
principles are being investigated to align cells into controlled spatial patterns within fluid matrices
in the biofabrication domain. Among the aforementioned approaches, acoustophoretic processes
are characterized by their non-contact (i.e., non-reliance on physical cues) and label-free (i.e.,
non-reliance on magnetic or chemical tags) cell manipulation modality. A number of
acoustophoretic studies have utilized surface acoustic waves (SAW) for biomedical applications
including cell sorting and separation [40,41], mixing [42], patterning [30,43] and transportation
[43]. These SAW-based approaches are typically suitable for two-dimensional (2D) patterning
and manipulation of single cells or multi-cell clusters in the microfluidics domain [44—46], but their
acoustic radiation force fields are often inadequate for bulk 3D patterning in thicker viscous
hydrogel matrices relevant for 3D biofabrication. Herein, bulk acoustic waves (BAW)-based
approaches can be more relevant.

This paper describes a new ultrasonic BAW-based biofabrication approach to engineer
3D constructs featuring preferential alignment of cells relevant to native tissues. The fundamental
process principle entails the manipulation of cells into controlled spatial patterns using acoustic



radiation force fields resulting from a longitudinal standing BAW in the bioink contained within an
ultrasound-assisted biofabrication (UAB) chamber. By using appropriate ultrasonic actuation and
bioink deposition and crosslinking parameters to generate acoustic radiation forces large enough
to rapidly align and entrap cells while maintaining their viability, the process offers a synergistic
mechanism for creating single and multi-layered 3D constructs with intrinsic cellular patterns. The
open-top configuration of the UAB chamber, which is necessary to allow integration with 3D
bioprinting to create multi-layered constructs with patient-specific geometry, further distinguishes
our work from previous BAW-based approaches [47—49].

The primary goal of this work was to characterize the fundamental mechanics of the UAB
process, including the critical process-structure relationships, in creating 3D constructs with highly
organized cellular arrays using computational modeling and experimental design. Furthermore,
the ultrasound-assisted bioprinting (UABp) of a multi-layered human knee meniscus construct
featuring physiologically-relevant circumferential cellular patterns was also demonstrated.
Alginate was used as the model hydrogel due to its wide usage in tissue engineering on account
of its biocompatibility and immunoisolation characteristics [50,51]. Human adipose-derived stem
cells (hASC) were used as the model cell line given their ability to differentiate into chondrocytes,
fibroblasts, adipocytes and osteoblasts, which are constitutive of musculoskeletal tissues [52],
and their use in meniscus tissue engineering and regenerative medicine literature [53-58].

2. Mechanics of aligning cells suspended in the bioink using ultrasound

Figure 1 shows a schematic of the platform central to UAB. In this platform, the pressure wave
generated from a vibrating piezo-transducer in contact with the bioink interferes with the wave’s
reflection from an opposing reflecting surface, resulting in a longitudinal standing BAW in the
bioink, prior to it being crosslinked. The voltage signal parsed to vibrate the transducer is
sinusoidal with frequency in the ultrasonic range. The acoustic pressure along the x-axis (figure
1) of the BAW is given by equation (1) [59].

p(x,t) = P,cos(2nft)cos (anx) (1)

Cc
where, P, is the pressure amplitude in the bioink layer at the interface with the transducer, f is the
transducer vibration frequency, and c is the longitudinal pressure wave speed in the bioink. An
important hard wall boundary condition of zero fluid particle velocity (equation (2)) at the reflective
surface (x = L) constrains the separation between the transducer and reflecting glass surface
(L), necessary to generate a BAW, to an integer multiple of half the wavelength (1) of ultrasound
(equation (3)).
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where p;, is the density of bioink and n is the number of pressure nodes (p = 0) in BAW, which
appear as 2D planes parallel to the ultrasound-generating transducer surface and separated by
half the wavelength. Each cell, assumed to be a near buoyant spherical particle, suspended
between any two adjacent pressure nodes in the bioink experiences acoustic radiation force [60]
(equation (4)), which pushes it towards the nearest pressure node.
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where d is the cell diameter, and k;, and k. are the compressibility of the bioink (hydrogel solution)

and cell, respectively. While the cell traverses to a pressure node, it experiences a fluid resistive
force (Stokes drag [61] at low Reynolds number) from the bioink (equation (5)).

Fresistive = 3mndv ()
where 7 is the dynamic viscosity, and v is the instantaneous velocity of the cell.

(a) J (b) Signal
Piezo ceramic generator RF amplifier

plate transducer

Reflective
glass surface

Connections

Rectangular oo
to amplifi

enclosure

il
- BAW

A/2 " cellular array

Figure 1. (a) Platform for ultrasound-assisted biofabrication (UAB) and bioprinting (UABp). (b) Schematic
of acoustic field distribution with nodal and antinodal regions within longitudinal standing bulk acoustic
wave (BAW). The cells cluster at the nearest nodal plane forming a cellular array.

Equations (1)-(5) can have several practical implications. First, increasing the ultrasound
frequency would result in smaller separation between the pressure nodes and resulting cell
clusters (arrays) at the nodes. Second, Fy,4iation €XCedING Fyogistive WoUld facilitate movement
of cells to the nodes. As such, F,.gistive Will be higher in bioinks with higher viscosities. In this
scenario, the correspondingly higher F,,4i4.:ion €@n be achieved by increasing the pressure
amplitude. Finally, increasing the duration of transducer actuation would provide more time for
the cells to migrate to the nodes [62], thereby creating more closely packed cellular arrays.

3. Materials and Methods

An overview of the computational modeling (Study 1) and experimental characterization (Studies
2-5) is presented in figure 2. First, a multiphysics finite element (FE) model was created to
determine the longitudinal BAW pressure distribution characteristics that govern the alignment of
suspended cells. This formed the basis of Study 2 wherein the effects of ultrasound frequency
(0.71 MHz, 1 MHz, 1.5 MHz, and 2 MHz) and signal source voltage amplitude (100 mV,, and 200
mVyp) on the alignment characteristics (spacing between adjacent arrays of aligned cells and the
degree of cell concentration at pressure nodes) of hASC suspended in alginate solution was
experimentally characterized. In Study 3, the effects of the two extreme frequencies (0.71 MHz
and 2 MHz) and the two amplitudes on the metabolic activity of aligned hASC in crosslinked
alginate constructs over 4 days were investigated. In Study 4, the effects of alginate viscosity (5



cP and 70 cP) and actuation duration (10 min and 20 min) on hASC viability and alignment
characteristics were assessed. Finally, in Study 5, the computational modeling and UABp of multi-
layered alginate constructs with circumferential hASC alignment patterns was demonstrated.
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Figure 2. Overview of the computational and experimental studies. All parameters within each experimental

study are fully crossed.




3.1. UAB platform design and fabrication

The UAB platform is comprised of two primary units — bioink chamber and power-signal source
(figure 1). The bioink chamber design is primarily informed by equation (3), wherein the separation
between the BAW-inducing transducer and reflective surfaces (L) should be an integer multiple
of half the wavelength. For each of the four frequencies (table 1), L = 42 mm satisfies this
requirement. To achieve lowest transducer impedance and maximum compliance (straining due
to applied voltage), different transducers were procured pertaining to different resonant
frequencies. Accounting for the transducer thickness that is a characteristic of its resonant
frequency and reflective cover glass thickness (0.2 mm), the chamber was custom-designed for
each frequency to achieve an effective L of 42 mm and width and thickness of 20.5 mm and 10
mm, respectively. The rectangular enclosures were 3D printed out of acrylonitrile butadiene
styrene (ABS) (uPrint SE Plus, Stratasys, Eden Prairie, MN) and covered with Tegaderm™ film
(3M Technologies, St. Paul, MN) to render the surfaces biocompatible and electrically insulating.
Next, a Corning® cover glass (Sigma-Aldrich, St. Paul, MN) and appropriate piezo ceramic plate
transducer (Steiner and Martins Inc., Dorsal, FL) covered with Tegaderm film were attached to
opposing ends of the ABS enclosure. Finally, the upfitted enclosure was affixed onto a Corning
microscope slide (Sigma-Aldrich) on the bottom to complete the bioink chamber construction.
Each chamber was tested to ensure there was no leakage of liquid or current. At the beginning of
each experiment, the transducer terminals were connected to a function generator (Keysight
Technologies Inc. Santa Rosa, CA) via an intermediate high frequency radio frequency power
amplifier (240L, 10 kHz — 12 MHz bandwidth, Electronics & Innovation Ltd., Rochester, NY).

Table 1. Transducer resonant frequencies and corresponding theoretical spacing between adjacent BAW
pressure nodes and expected number of such nodes (assuming ¢ = 1500 m/s).

f 0.71 MHz 1 MHz 1.5 MHz 2 MHz
/2 1.05 mm 0.75 mm 0.5 mm 0.375 mm
n 40 56 84 112

3.2. Computational modeling of BAW pressure distribution

Under ideal theoretical conditions (section 2), BAW nodes appear along planes parallel to the
actuated transducer and reflective surfaces. Herein, the effects of potential wave reflection from
the chamber sidewalls is neglected, and strain across the surface of the transducer in response
to the sinusoidal voltage signal is assumed to be uniform. However, these assumptions do not
hold in practice. Therefore, built upon the foundational analysis by Scholz et al [63], we have
developed a 2D linear acoustic FE model in COMSOL Multiphysics® (Comsol Inc., Burlington,
MA) accounting for transducer compliance and loss parameters and attenuation within the fluid
domain to more accurately map the BAW pressure distribution in the bioink chamber of the UAB
platform. To set up the model (figure 2, top panel), first, the 2D acoustic-piezoelectric interaction
(frequency domain) model consisting of the pressure acoustics, structural mechanics and
electrostatics physics interfaces was selected. Then, given that the primary component of alginate
solutions is water (98%), water with frequency dependent attenuation per unit length as per
existing empirical data [64] was assigned to the acoustics interface as the liquid domain between



the piezo-transducer and glass reflective surface. A modified PZT-4 (density 7900 kg/m?3) was the
piezoelectric domain assigned to the structural mechanics and electrostatics interface. The
enclosure (ABS) was assigned to the structural mechanics interface. Within the structural
mechanics interface, stress-charge form of equations and manufacturer’s specifications [65] were
used to define the transducer compliance — elastic matrix coefficients (cg(11)= 86 GPa and cga3) =
73 GPa), piezoelectric constants (e31) = -12.4 C/m? and e'(33) = 23.36 C/m?), and structural and
dielectric loss factors (1/1800 and 0.4, respectively). A fixed constraint was then assigned to all
edges of the chamber enclosure other than the transducer edge that interfaces with the liquid. To
this edge, in the electrostatics interface, accounting for the 50 dB amplification of input voltage in
the experimental studies, a harmonic actuation with amplitude of 16 V or 32 V corresponding to
100 mVpp or 200 mVpp input voltage, respectively, was applied. Following these steps, an
acoustic structure boundary was automatically defined at all edges where liquid is in contact with
solid, and piezoelectric effect was defined at the transducer. A free triangular mesh was defined
for all domains with maximum element size of 30 um to fulfil the convergence criterion of mesh
size less than 1/10 for each frequency [63]. At each frequency, the transducer thickness was
modeled as per manufacturer’s specification. The model was computed (top view) at the four
frequencies and two voltage amplitudes corresponding to the experimental design to estimate the
BAW pressure distribution and peak acoustic pressures generated within the bioink chamber.

3.3. Experimental Assessment of Transducer Pressure Fields

In order to experimentally validate the relationship between input voltage amplitude and resulting
peak acoustic pressure, pressure fields across the wave-generating surfaces of transducers were
assessed using a hydrophone (HGL0200, Onda Corp., Sunnyvale, CA). Transducers of all four
frequencies were tested at both input voltage amplitudes. Briefly, a custom-designed setup was
3D printed (ABS) in order to position the sensing surface of the hydrophone parallel to and 30
mm apart from the transducer’'s wave-generating surface (figure S1). The 30 mm separation
represented the distance between transducer and center of the constructs inside the bioink
chamber during the biofabrication experiments. To measure the pressure field, the transducer
was actuated as the hydrophone traversed the y-z plane in steps of 0.025 mm and scan time of
100 ms at each step using a custom linear stage control interface in LabView (National
Instruments, Austin, TX). Using a calibrated custom MATLAB (MathWorks, Natick, MA) program,
the maximum voltage at the output of the hydrophone at each step was transformed into acoustic
pressure amplitude. Thus, the entire y-z plane scan resulted in a map of the pressure field across
the wave-generating surface of the transducer.

3.4. Alginate-hASC bioink preparation

Passage 1 hASC (StemPro™ R7788115, Thermo Fisher Scientific, Waltham, MA) were used in
all studies. Cryopreserved cells were thawed and cultured (37°C, 5% CO,) in T-75 flasks (Nunc™
Easy Flask™, Thermo Fisher Scientific) with MesenPRO RS™ basal medium with growth
supplement (Thermo Fisher Scientific) and 1% L-Glutamine (Thermo Fisher Scientific) at a
seeding density of 250,000 cells per flask. Media changes were performed every 48 h until 80%
confluency was reached.

A higher viscosity sodium alginate (Manugel® GMB, DuPont, Wilmington, DE) was used
as the bioink matrix in all four experimental studies. Additionally, a lower viscosity sodium alginate



(Protanal® LFR 5/60, DuPont) was used in Study 4. For each study, for one or both types of
alginates as necessitated by the experimental design, 30 ml of 2% w/v hydrogel solution was
prepared by mixing the appropriate proportions of alginate powder in sterile phosphate buffered
saline (PBS) (Sigma-Aldrich) in a 50 ml tube and vortexing for 1 min followed by sonication at 60
Hz for 1 h. The solution was then incubated (37°C) for 72 h to make it more homogenous. Finally,
the solution was autoclaved at 121°C and 16 psi for 30 min (BioClave 16, Benchmark Scientific
Inc, Sayreville, NJ) for terminal sterilization. Relevant to Study 4, the average dynamic viscosity
of the higher and lower viscosity autoclaved solutions were determined to be 70 cP and 5 cP,
respectively, using a rheometer (Brookfield, Middleborough, MA).

To concoct the bioink, the hASC were harvested from 80% confluent flasks by washing
with 4 ml of Hank’s balanced salt solution (Sigma-Aldrich) followed by addition of 2 ml of 0.25%
Trypsin-EDTA (Sigma-Aldrich). The trypsinized cell suspension was neutralized with 4 mL of
media after 5 min and centrifuged at 120 g for 5 min to obtain the cell pellet. The pellet was gently
mixed with the appropriate volume of sterilized 2% alginate solution to obtain the bioink with a
concentration of 1x108 cells/ml.

3.5. UAB of alginate constructs with aligned hASC

This section describes the fundamental protocol used to create alginate constructs with aligned
cellular arrays using the UAB platform (figure 3). The process parameters (frequency, amplitude,
alginate viscosity, actuation duration) utilized in each experiment using this protocol were
governed by the study design (figure 2).
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Figure 3. Biofabrication of alginate constructs with ultrasonically aligned cells. (a) Alginate bioink with
homogeneously suspended cells (1x108 cells/ml) is deposited into the bioink chamber containing PBS
buffer. (b) Transducer is actuated in thickness mode. (c) Bioink is chemically crosslinked as the cells align
along nodal planes parallel to transducer surface. (d) A representative construct (2 MHz bioink chamber)
with aligned hASC as seen from the top (x-y plane) and at a cross-section depicting alignment along the
thickness of the construct (x-z plane). Scale bar = 250 ym.




Prior to each experiment, the bioink chamber was disinfected by repeated swabbing with
70% ethanol followed by 30 min exposure to UV radiation inside a biosafety cabinet. The
transducer was then connected to the voltage source via the power amplifier. To begin fabrication
of the construct, 4 ml of PBS was added to the chamber, and the appropriate actuation signal was
applied in 1 s bursts with a 1.5 s pause. Next, 1 ml of the bioink with a concentration of 1x10°
cells/ml was deposited into the actuated chamber. Actuating the transducers in burst mode as
opposed to continuous mode allowed to reduce Stokes drag on cells and prevent overheating
and loss in compliance properties of the transducer. After 1 min, 4 ml of 0.5% wi/v sterile CaCl;
was introduced at the rate of 2 ml/min to initiate alginate crosslinking. The actuation signal was
turned off after the intended duration as per the study (figure 2). The construct was further
crosslinked in 1% and then 2% sterile CaCl; solution for 20 min each. This serial gelation protocol
was established in our lab prior to commencing the experimental design in order to obtain
reproducible high-fidelity constructs that are minimally affected by the ion exchange that occurs
during crosslinking. Finally, the gelled construct (thickness = 3.5 + 0.5 mm) was aseptically
transferred from the chamber to a six-well plate pre-filled with 3 ml of media, and incubated for 3
h at 37°C and 5% CO., before being utilized for further analyses.

3.6. UABp of alginate knee meniscus construct with circumferentially-aligned hASC

Based on the fundamental principles of UAB (section 2), an octagonal bioink chamber comprising
of four pairs of 1.5 MHz transducers and opposing reflecting surfaces, with L = 75 mm, was
designed and fabricated following previously described procedures (section 3.1). Size of the
chamber was governed by the size of the biomodeled medial knee meniscus [55]. To
computationally estimate the peak acoustic pressure within the bioink and expected BAW
pressure distribution pattern prior to experimentation, a COMSOL model of the octagonal
chamber (top view) was created using the previously described procedure (section 3.2). The
transducers were actuated one at a time to mimic the experimental procedure described below to
achieve requisite circumferential alignment. For Study 5 experiments, the octagonal chamber was
integrated with a commercial extrusion-based 3D bioprinter (BioAssemblyBot™, Advanced
Solutions Life Sciences, Louisville, KY). Alginate (Manugel® GMB) disinfected by 1 h exposure
to UV radiation was used as the bioink matrix for this study. The viscosity of this UV-disinfected
solution (200 cP) makes it more suitable for multi-layered 3D bioprinting than the autoclaved
solution (70 cP). Neutral red-stained (N 2889, Sigma-Aldrich) hASC suspended within this
alginate (1x108 cells/ml) constituted the bioink. The STL file of the medial knee meniscus, sliced
with a layer height of 1.2 mm, was setup in the TSIM® software (Advanced Solutions Life
Sciences) to ensure that the subsequent bioprinting occurred within the octagonal chamber. A
total of 7 ml of bioink was bioprinted with an extrusion pressure of 15x10-3 N/mm? at 37 °C through
a 25G nozzle at a speed of 12 mm/s in a total of 4 layers to create the 3D meniscus construct.
Throughout the bioprinting cycle, circumferential alignment was imparted to cells within each layer
through serial actuation of the 1.5 MHz transducers at 200 mVpp via high-frequency relays (G6K
2P RF, Omron Electronics LLC, IL). One-at-a-time actuation (1 s actuation before switching to
adjacent transducer) alleviated the need for burst mode signal and prevented interference of the
pressure waves that would otherwise simultaneously emanate from the other transducers to
disrupt the cell alignment. A gelation protocol similar to the one described in section 3.5, with the



crosslinker (CaCl,) added between layers, was used to entrap the cells within the constructs as
they were being aligned.

3.7. Assessment of constructs fabricated via UAB and UABp

Cell viability, spacing between centroids of adjacent arrays of viable cells (henceforth referred to
as inter-array spacing), and the degree of concentration of viable cells at the nodes (henceforth
referred to as nodal concentration) were the three outcome metrics of interest for Studies 2 and
4. Cell metabolic activity was the primary metric for Study 3.

The LIVE/DEAD® assay (Life Technologies, Carlsbad, CA) was used to assess hASC
viability in the crosslinked constructs. The sample size was n = 3 constructs for each of the
treatment (UAB) and control (bioink not subject to UAB) groups. After 3 h of incubation post-
fabrication, 1 ml of PBS containing 0.5 pl calcein AM and 2 pl EthD-I was added to the constructs
followed by 15 min of further incubation. Subsequently, each construct was imaged at three
random locations using a fluorescence microscope (DM5500B, Leica Microsystems, Wetzlar,
Germany). The live/dead images were analyzed using a custom MATLAB script to determine %
cell viability (N = 9 images per experimental and control group). Briefly, a maximal gradient
method for edge detection was applied to sharpened grayscale translations of red and green
fluorescent images, followed by Hough transformation to detect circles within a range of diameters
relevant for hASC, and % cell viability computed from these estimates of live and dead cells.

To measure the inter-array spacing and the nodal concentration, the live/dead images of
all experimental groups were analyzed using another custom MATLAB script (N = 18 images per
group). Briefly, an edge detection protocol was applied to detect “live” pixels corresponding to
viable cells within a user-specified bounding box (n = 2 per image) enclosing two adjacent aligned
cellular arrays. The separation between the centroids of adjacent arrays of aligned cells signified
the inter-array spacing. The standard deviation of positions of “live” pixels derived from their
distribution about their array’s centroid along the x-axis was a measure of the nodal concentration
(signifying width of cell arrays), with lower standard deviations indicating higher nodal
concentrations. All image analysis scripts are provided as supplemental information.

The alamarBlue® (aB) assay (Thermo Fisher Scientific) was used to assess the hASC
metabolic activity over 4 days. The sample size was n = 3 constructs for each of the treatment
and untreated control groups. An additional acellular control was included in each experiment to
normalize the aB readings. Each crosslinked construct was cultured in 4 ml of media in a six-well
plate (37°C, 5% CO,), with media changes performed every 24 h. At days 2 and 4, the supernatant
media was replaced with 4 ml of fresh media containing 10% v/v of the aB reagent. After 4 h,
three 1 ml media samples from each construct were analyzed for absorbance on a micro-plate
reader (Tecan, Mannedorf, Switzerland) at 570 nm and 600 nm excitation and emission
wavelengths, respectively. The absorbance data normalized to the acellular control is reported as
% aB reduction. In addition, to verify persistence of the ultrasound-induced cellular alignment over
4 days in culture, separate constructs of the 2 MHz — 100 mVpp and 2 MHz — 200 mVpp groups
were analyzed via live/dead assay and MATLAB image analysis.

In Study 5, top-down images of the meniscus construct were captured at different zones
along its semilunar contour and at a vertical cross-section using a dissection microscope (EZ4 D,
Leica Microsystems) and a fluorescence microscope (Leica DM5500B) to ascertain the
circumferential alignment of viable cells.



3.8. Statistical analyses

For Studies 2-4, two-way ANOVA and Tukey post-hoc tests were used to assess the effects of
the corresponding two independent factors and their interactions on the appropriate metrics of
interest. Additionally, for Studies 2 and 3, t-tests were performed to compare % cell viability and
% aB reduction, respectively, between experimental and control groups. The normality and
homoscedasticity of all data was assessed using Shapiro-Wilk W test and Brown-Forsythe test,
respectively. All tests were performed in JMP® (SAS, Cary, NC) and statistical significance
assessed at a = 0.05.

4. Results
4.1. Study 1: FE model of longitudinal BAW pressure distribution

A top view of the COMSOL output demonstrating the absolute acoustic pressure distributions in
the bioink chamber at different frequencies is shown in figure 4a. Analogous to theory, the BAW
pattern consisted of nodal planes parallel to the transducer surface. The scalloped profiles of the
nodal planes can be attributed to the COMSOL model accounting for the manufacturer-specified
transducer compliance and loss parameters and wave reflections from side walls of the chamber.
The number of FE-estimated nodal planes matched the theoretical estimates (table 1), and an
increase in frequency resulted in a decrease in the width of the nodal planes as well as a decrease
in the spacing between adjacent nodal planes.
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Figure 4. (a) Top view of the absolute acoustic pressure distribution across the UAB bioink chamber (and
magnified insets; scale bar = 2 mm) at 200 mVpp voltage amplitude across different frequencies. Thickness
of transducers (indicated by cross-hatched pattern on the right in each figure) is dependent on the resonant
frequency. (b) Estimates of F,.,4iqtion €Xperienced by cells at different frequencies and amplitudes.



The peak acoustic pressure had a direct relationship with the input voltage amplitude.
Doubling the voltage amplitude doubled the computationally-estimated peak pressure, and this
relationship was corroborated by the hydrophone data (figure 5a). This, in turn, would have
resulted in quadrupling of the radiation force acting on the cells (equation (4)). Furthermore, the
relationship between transducer frequency and peak pressure was determined to be non-linear,
both computationally and experimentally, with maximum peak pressure achieved at 1.5 MHz and
minimum at 0.71 MHz. The theoretical estimates of F,,4i4tion €Xperienced by cells at different
frequency and voltage amplitude combinations, computed from the FE-estimated peak pressures
for hASC (d =21 um, k. = 40x10-"" Pa") in water (k, = 45.8 x 10-"" Pa"), are presented in figure
4b. Higher voltage amplitude resulted in higher F,.,4:4ti0n @cross all frequencies, and the highest
Fradiation Was noted at 1.5 MHz for each voltage amplitude, following the similar non-linear
relationship with frequency as acoustic pressure.
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Figure 5. Experimental mapping of transducer pressure amplitude characteristics. (a) Peak pressure
amplitudes at different combinations of frequency and input voltage amplitude. Similar to the computational
model outcomes, doubling the voltage amplitude doubled the peak pressure at each frequency.
Furthermore, the relationship between pressure and frequency was also found to be non-linear, with the
highest pressure reported at 1.5 MHz, followed by 2, 1 and 0.71 MHz. (b) Representative image (2 MHz —
100 mVpp) of the non-uniform pressure field across the wave-generating surface of the transducer.

4.2. Study 2: Effects of frequency and voltage amplitude on hASC viability and alignment
characteristics

Representative live/dead images at different frequency-amplitude combinations and summary of
the % cell viability data from the experimental design are presented in figure 6. All Study 2 data
satisfied normality and homoscedasticity assumptions. Results of the two-way ANOVA indicate
that the interaction of frequency and amplitude had a significant effect on the viability of hASC (p
= 0.002). The hASC viability of 1 MHz-200 mVpp group (56 + 12.7%) and the 1.5 MHz-200 mVpp
group (58.4 + 4.3%) was significantly lower in comparison to every other treatment group as well
as their corresponding untreated controls (p = 0.03 and 0.003, respectively). Of the other
treatment groups, the hASC viability in only the 0.71 MHz-200 mVpp group (82 + 3.9%) was
significantly lower than its corresponding untreated control (91.7 £ 2.6%) (p = 0.035).
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Figure 6. (a) Representative live/dead images of hASC-alginate constructs for all treatment and control
groups with approximate % cell viability listed. Live/dead assay was performed 3 h post-fabrication. Scale
bar = 250 pm. (b) Summary of % cell viability data. Groups denoted by A and B were significantly different
from each other (p < 0.05). ANOVA indicates a significant interaction effect of frequency and amplitude. *
indicates significant reduction in cell viability between corresponding treatment and control groups (p <
0.05).



The lower viability in the 1.5 MHz-200 mVpp group can be attributed to the elevated
acoustic radiation force experienced by the cells. The estimated F,,4i4ti0n fOr this group (1106
pN) was at least an order of magnitude higher than other groups (figure 4b). Among all treatment
groups, the 1 MHz-200 mVpp and 0.71 MHz-200 mVpp groups exhibited the highest magnitude
of perturbations during the experiments, resulting from turbulent streams induced due to non-
uniform pressure field across the wave-generating transducer surface in practice (figures 5b and
S2). But, the estimated F,,4iqtion in the 1 MHz-200 mVpp group (13 pN) was more than a
magnitude higher than that in the 0.71 MHz-200 mVpp group (0.9 pN). The combination of the
perturbations and high acoustic radiation force can be postulated to have affected the hASC
viability of that group.

The inter-array spacing for all treatment groups in the experimental design is summarized
in figure 7. The theoretical values of the spacing (1/2; table 1) are also included in the plot. Of the
eight treatment groups, 0.71 MHz-100 mVpp was the only group in which no alignment was
observed. This can be attributed to low acoustic radiation force at this factor combination; the
estimated F,,4i4:i0n fOr this group (0.24 pN) was the lowest in the experimental design, up to three
orders of magnitude smaller than that in the 1.5 MHz-200 mVpp group (1106 pN). The largest
spacing was observed in the 0.71 MHz-100 mVpp group (1137.1 £ 65.4 ym) and smallest in the
2 MHz-200 mVpp groups (459.1 £ 37 um). ANOVA results show that frequency had a significant
effect on the inter-array spacing (p < 0.001), but the amplitude or their interaction did not. As such,
the mean inter-array spacing for each treatment group was very close to its corresponding
theoretical estimate. These findings corroborate the theory.
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Figure 7. (a) Representative images highlighting the measurement of inter-array spacing and nodal
concentration using MATLAB analyses. Scale bar = 250 um. (b) and (¢) Summary of inter-array spacing
and nodal concentration data, respectively. Groups denoted by A, B, C, and D were significantly different
from each other (p < 0.05). Frequency had a significant effect on the inter-array spacing while the interaction
of frequency and amplitude had a significant effect on the nodal concentration.

The nodal concentration data in terms of the variability in “live” pixels is summarized in
figure 7c. The lowest variability in “live” pixels, corresponding to the highest nodal concentration,
was observed in the 2 MHz-200 mVpp group (26.3 = 2.1) and the highest variability in the 0.71
MHz-200 mVpp group (116.6 £ 12.6). ANOVA results show that the interaction effect of frequency



and amplitude was significant (p = 0.019). This indicates that at higher amplitudes and
frequencies, the cells were more closely clustered along the nodal plane. Post-hoc tests indicate
that the nodal concentrations for the 1.5 MHz-200 mVpp and 2 MHz-200 mVpp groups (variability
in “live” pixels = 25.3 £ 2.6 and 26.4 + 2.1, respectively) were significantly higher than those of
other groups (p < 0.05). Furthermore, the cells retained their alignment in cross-linked constructs
over 4 days in culture for the two 2 MHz groups (figure S3). Despite these two groups being more
susceptible to potential alignment disruption on account of possessing the smallest inter-array
spacing post-fabrication, the constant nutrient exchange or potential turbulence during media
replenishment did not affect the alignment.

4.3. Study 3: Effects of frequency and amplitude on metabolic activity of aligned hASC

The % aB reduction data from the experimental design is summarized in figure 8. All Study 3 data
satisfied normality and homoscedasticity assumptions. The 0.71 MHz-100 mVpp group was
excluded from the analysis due to the lack of cell alignment as reported earlier. For the two-way
ANOVA, the frequency-amplitude combination was included as one factor and time point as the
other. Results show that the interaction effect of frequency-amplitude and time point on hASC
metabolic activity was significant (p = 0.003).
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Figure 8. Results of hASC metabolic activity in constructs fabricated at different frequency-amplitude
combinations over 4 days in comparison to untreated control groups. The groups denoted by A and B were
significantly different from each other (p < 0.05). The groups denoted by AB were not different from either
A or B groups. The interaction effect of frequency-amplitude combination and time point was significant.
0.71 MHz-100 mVpp combination was not included in the analysis since no alignment was observed.

Whereas the hASC viability in the 0.71 MHz-200 mVpp group was lower than its untreated
control immediately after fabrication (figure 6b), the difference between their cell metabolic
activities at day 2 was not significant. As such, at day 2, there was no statistically significant
difference in the hASC metabolic activity between any of the four groups. Moreover, for each
group, the change in metabolic activity from day 2 to 4 was also not significant. The only significant



difference observed in this experimental design was between the 0.71 MHz-200 mVpp group and
the 2 MHz-100 mVpp and control groups at day 4 (p = 0.004 and 0.003, respectively).

4.4. Study 4: Effects of bioink viscosity and actuation duration on hASC viability and
alignment characteristics

Previously, during Study 2, the bioink viscosity and actuation duration were held constant while
assessing the effects of frequency and amplitude. For this study, all constructs were fabricated at
2 MHz and 200 mVpp while the bioink viscosity and actuation time were varied as per the
experimental design. Figure 9 depicts representative live/dead images of constructs of different
treatment groups and a plot summarizing the nodal concentration data. The viability was 100%
across all groups, indicating that actuating 2 MHz transducers with 200 mVpp for up to 20 min did
not adversely affect the viability of aligned hASC in crosslinked bioinks of viscosities up to 70 cP.
The nodal concentration data satisfied normality and homoscedasticity assumptions, and ANOVA
results show that the main effects of viscosity and actuation duration on the nodal concentration
were significant (p = 0.003 for both). Among the four treatment groups, the cells were most tightly
clustered along the nodal planes in the low viscosity bioink after 20 min of actuation (variability in
“live” pixels = 34.6 + 2.1). At the other extreme, the width of the hASC arrays was the largest in
the high viscosity bioink with shorter actuation duration (variability in “live” pixels = 76.2 £ 3).
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Figure 9. (a) Representative live/dead images and intensity plots (insets) depicting the number of “live”
pixels along 1 mm of the x-axis within the bounding box (red dotted rectangle). Scale bar = 250 pm. (b)
Summary of variability in “live” pixels (inversely proportional to nodal concentration) from the experimental
design. Groups denoted by A, B, and C were significantly different from each other (p < 0.05). Both bioink
viscosity and duration of ultrasonic actuation had significant effects on alignment of hASC in alginate



4.5. Study 5: Multilayered meniscus construct with circumferential hASC alignment
fabricated via UABp

Figure 10 demonstrates the computational model outcomes and UABp of the meniscus-shaped
construct with circumferentially-aligned hASC. The series of top views of the octagonal chamber
from the COMSOL model represent the expected BAW nodal pattern in different regions of the
construct when each transducer is actuated. The pressure nodes are most pronounced in front of
each actuated transducer, but weaker patterns resulting from the effects of non-uniform
transducer compliance and reflections manifest in surrounding regions of the chamber. Serial
actuation of the transducers while bioprinting following the biomodeled toolpath would be
expected to result in circumferential alignment along the semilunar construct. The peak acoustic
pressure at the primary BAW nodes in this actuated chamber (1.5 MHz-200 mVpp) was 300 kPa,
which was similar in magnitude to the peak pressure observed in the 2 MHz-200 mVpp group
(250 kPa) in Study 2 wherein 100% cell viability was noted. In contrast, the peak pressure in the
1.5 MHz-200 mVpp group in Study 2 was 1600 kPa. This difference in peak pressures, given the
same ultrasound actuation parameters, is a result of the difference in the transducer-reflector
separation distance between the two chambers — L = 75 mm and 21 mm for the octagonal and
rectangular chambers, respectively.
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Figure 10. Computational modeling and UABp of a biomodeled knee meniscus construct featuring
circumferentially aligned cells. (a) COMSOL models depicting the BAW nodal pattern in the octagonal
chamber resulting from the actuation of each transducer (red), one at a time. The serial actuation of the
four transducers would lead to a circumferential BAW pattern in the outlined semilunar construct. (b)



Alginate-hASC bioink being bioprinted following the biomodelled tool path into the octagonal chamber with
the four transducers actuated serially (switching time of 1 s) to align cells prior to crosslinking. (c) The
bioprinted construct, and (d) a dissection microscope image depicting the transition of alignment orientation
of neutral red-stained viable hASC along adjacent faces of the octagonal chamber. (e) Cross-sectional
image depicting hASC alignment across multiple layers along the construct thickness. (f-i) Representative
fluorescence images highlighting four regions with differing cell alignment directions. All images were
captured with the same x-y reference axes. Scale bar = 250 ym.

The circumferential alignment was corroborated by the experimental results. Figure 10c
shows the meniscus construct fabricated via UABp, and the fluorescence images of the top view
(figure 10f-i) depict neutral red-stained viable hASC clustering along nodal planes parallel to the
individual transducers. Of note, the dissection microscope image (figure 10d) shows the region of
alignment transition resulting from adjacent transducers along the octagonal chamber. The cross-
section image (figure 10e) highlights the slanting of cellular arrays along the construct thickness
induced by viscous streaming resulting from the equivalent of burst mode actuation wherein the
fluid is abruptly thrusted away from the transducer every time it is actuated for 1 s before the
actuation is transferred to the adjacent transducer. An increasing slanting of arrays with increasing
z-height is indicative of the non-uniform pressure field across the transducer surface (figures 5b)
with greater compliance near the center of the transducer compared to its bottom periphery (figure
S2).

5. Discussion

Tissues are primarily composed of cells and ECM, and their organization is vital to the tissue
function. Cells secrete the ECM proteins and constantly remodel and organize them to achieve
tissue-specific function while the ECM guides the cell morphology and their behavior [1,5,7]. In
engineering tissues for therapeutic applications, biomimicry of this microstructural organization is
imperative. Given this symbiotic relationship between cells and ECM, multiple tissue engineering
strategies are being investigated to achieve this. Contact guidance strategies wherein
topographical features or scaffold fibers instruct the cellular migration, orientation, and
subsequent ECM formation along the topographical boundaries or inter-fiber channels have been
well-demonstrated in micro/nano-patterned substrates as well as in electrospun and 3D printed
scaffolds [66-71]. Alternative strategies have involved the use of acoustophoretic,
electrophoretic, photophoretic, magnetophoretic and chemotactic principles for patterning of
suspended cells within bioinks without topographical stimuli [30-39].

The UAB process that is the focus of this work utilizes ultrasonic BAW for manipulation of
cells into physiologically relevant patterns in 3D hydrogel constructs in contrast to many prior
acoustophoretic approaches that have utilized SAW generated via a vibrating bottom substrate,
primarily in the microfluidics domain [30,40,43]. Attenuation of the SAW amplitude as we move
away from the vibrating substrate constrains the ability to effectively manipulate cells in 3D in
viscous materials, thereby limiting the scalability of SAW-based approaches for creating
constructs of physiologically relevant thicknesses. In comparison, BAW can be propagated
laterally into bulk viscous bioinks, thereby enabling cell maneuverability across the thickness of
3D constructs (figure S4a). Furthermore, UAB utilizes an open-top chamber design, which allows
its integration into bioprinting, thereby enabling the creation of single and multi-layered constructs
with patient and tissue-specific geometries (figure S4b). This represents an advantage over most



other SAW and BAW-based patterning approaches that require closed chamber designs. This
work maps out the UAB process, characterizing the relationships between the acoustical and
bioink parameters and the resulting structural patterns and viability and metabolic activity of the
cells.

It is of utmost importance that the viability of cells not be adversely affected by the
biofabrication process. The UAB characterization results show that only a sub-set of acoustical
parameter combinations are not optimal in this regard. The viability of hAASC was 100% at the
extreme groups in the mapped process space (0.71 MHz-100 mVpp and 2 MHz-200 mVpp), and
their metabolic activities remained unchanged over 4 days. However, moderate frequencies (1
MHz and 1.5 MHz) at high amplitude (200 mVpp) exhibited the largest acoustic radiation forces
(figure 4) and the lowest viability (figure 6). Of note, the two 2 MHz groups that had 100% viability
3 h post-fabrication retained their alignment and viability over 4 days in culture (figure S3), which
points to the robustness of the process, provided optimal parameters are used. In future,
assessment of the interplay between moderate frequencies at higher amplitudes and the resulting
streaming on cell viability and metabolic activity over prolonged intervals in adherent bioink
matrices is warranted to determine if the cells can recover from the immediate stresses
encountered during UAB manipulation.

One of the primary contributions of this work includes the corroboration of the underlying
theory governing the alignment of cells suspended in the bioink using ultrasound. Results show
that the alignment characteristics of the hASC arrays can be controlled via the acoustical
parameters. The spacing between adjacent arrays of clustered cells (figure 7) (analogous to
“inter-fiber spacing” in scaffolds) tallies with the theoretical spacing between adjacent pressure
nodes (table 1), and it is inversely proportional to the applied frequency. Furthermore, at a given
frequency, the concentration of cells clustering along the pressure nodal planes (analogous to
“fiber width” in scaffolds) is directly proportional to the frequency and voltage amplitude actuating
the transducer (figure 7) and the actuation duration (figure 9) and inversely proportional to the
bioink viscosity (figure 9). For example, at the 2 MHz frequency, the average width of the cellular
arrays formed in the low viscosity bioink with 200 mVpp actuation for 20 min was 50 pym, in
contrast to the average width of 65 um and 108 um noted in the high viscosity ink with 200 mVpp
for 10 min and 100 mVpp for 20 min, respectively.

The results of Studies 1-4 taken together signify that while using UAB, optimization of at
least four critical parameters — bioink viscosity, frequency, amplitude, and actuation duration — is
necessary in order to create tissue-specific patterns of interest while maintaining the viability and
metabolic activity of cells. By using the appropriate combinations of these parameters and bioink
chamber designs with one or more transducer-reflector pairs, UAB provides the flexibility to
produce controlled patterns of viable cells, which is a foremost step in creating engineered tissues
with biomimetic ECM organization. In moving towards tissue-specific applications, additional
relevant parameters that will need to be characterized include the frequency of the burst mode of
actuation and the type of cells and their concentration in the bioink. We determined during pilot
studies that burst mode actuation is critical to UAB because continuous actuation can adversely
affect the transducer compliance characteristics over time. Continuous actuation also results in
heat generation which can be detrimental to cells within the bioink. As such, the frequency of burst
mode actuation can impact the UAB processing time, cell viability and fidelity of the alignment
patterns within constructs. With regards to the cell type, the size, density, and compressibility of



cells will govern the radiation and drag forces that they experience, which in turn will dictate their
alignment characteristics and functional responses to ultrasound. In addition to the
characterization of a more comprehensive set of cellular, bioink and acoustical parameters and
bioink chamber design to achieve high fidelity, high viability, tissue-specific patterns of interest,
the UAB process (and its adaptations) can be further enhanced by optimizing the transducer
design and constitution. From the hydrophone experiments, it was evident that the commercial
transducers used in this study underwent a non-uniform surface deformation that resulted in a
non-uniform pressure field across its surface (figure 5b). This resulted in perturbations induced
by turbulent streams (figure S2b) that were observably higher at low to moderate frequencies. By
exploring appropriate piezo material properties, impedance matching and in-process cooling
strategies, uniform transducer compliance along its surface resulting in more uniform BAW
generation (figure S2a) can be achieved. This would help reduce the perturbations, thereby
improving the cell viability. This would also help linearize the currently scalloped profile of cell
arrays along the nodal planes and improve the pattern fidelity.

Another important contribution of this work is the demonstration of the UABp process that
allows biomimicry at multiple length scales. Although 3D meniscal scaffolds have been
investigated before, Study 5 illustrates the ability to bioprint a multi-layered medial knee meniscus
construct with patient-specific macro-geometry and tissue-specific micro-architectural patterns of
viable cells. This construct was bioprinted with the 200 cP alginate formulation. We would like to
note that although alginate bioinks of 5 cP, 70 cP and 200 cP used across the five studies in this
paper are all bioprintable through synergistic extrusion and chemical crosslinking, the 200 cP
formulation leads to constructs with better fidelity of patient-specific macro-geometry while still
allowing the ultrasound-assisted patterning of cells. Following up on this work, future studies can
investigate the maturation of such aligned meniscus constructs under appropriate culturing
conditions to achieve tissue-specific cellular differentiation, ECM formation, and functionally-
critical biomechanical properties. Furthermore, in addition to extrusion bioprinting, the UAB
patterning principle can be extended to other forms of bioprinting including inkjet, laser-assisted,
DLP and SLA-based techniques. Through astute bioink and process design and optimization, an
extensive gambit of cellular patterns, for example, crisscross configuration in connective tissues
or radial arrangement of hepatocytes in hepatic lobules, coupled with integration of multiple cell
types in each layer is conceivable with UABp.

By successfully demonstrating 3D cell patterning in viscous hydrogels and mapping the
process-structure relationships to achieve controllable micro-architecture and high cell viability,
this study has established the foundation for creating biomimetic 3D tissues using UAB. Future
studies will focus on UAB-based patterning of application-specific cell lines while investigating the
bioink properties, inter-array spacing, and nodal concentrations to guide cellular morphology [72],
differentiation [73] and intercellular signaling [74] to produce ECM that matches the hierarchical
fibrous structure of mammalian tissues. With UAB, a non-reliance on chemotactic or physical cues
for creating ECM alignment and a possibility of scalability and flexibility takes us a step closer to
creating functional therapeutic engineered tissue substitutes.

6. Conclusion

In this work, we have investigated the process of patterning cells in hydrogel matrices using
longitudinal BAW via a new UAB platform design using computational modeling and experimental



designs. The multiphysics model highlighted the effects of frequency and source signal amplitude
on the acoustic pressure distribution, which were corroborated by hydrophone pressure field
measurements and the alignment characteristics of hASC arrays observed in the experimental
studies. The experimental studies show that the bioink viscosity, frequency, amplitude, and
actuation duration, and especially their interactions, impact the cell viability and alignment
characteristics. Of note: 1) the combinations of moderate frequency and high amplitude adversely
affect cell viability, 2) the inter-array spacing is inversely proportional to the frequency, and 3) the
nodal concentration is directly proportional to the amplitude and actuation duration and inversely
proportional to the bioink viscosity. The 3D bioprinting of a knee meniscus construct using an
adaptation of UAB with circumferential cell alignment across multiple layers was also
demonstrated in this work. Through the five studies, we have mapped out the process-structure
relationships in UAB and discussed how the process design and fidelity of resulting patterned
constructs can be enhanced moving forward. Future studies will focus on investigating the effects
of the UAB process parameters and cellular patterns on the organization and mechanical
anisotropy of ECM secreted by patterned cells.
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