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Abstract
How to packmaterials intowell-defined volumes efficiently has been a longstanding question of
interest to physicists,material scientists, andmathematicians as thesematerials have broad
applications ranging from shipping goods in commerce to seeds in agriculture and to spheroids in
tissue engineering. Howmanymarbles or gumball candies can you pack into a jar?Although these
seem to be idle questions they have been studied for centuries and have recently become of greater
interest with their broadening applications in science andmedicine. Here, we study a similar problem
wherewe try to pack cells into a spherical porous buckyball structure. The experimental limitations
are short of the theoreticalmaximumpacking density due to themicroscale of the structures that the
cells are being packed into.We show that we can packmore cells into a confinedmicro-structure
(buckyball cage) by employing acoustofluidic activation and their hydrodynamic effect at the bottom
of a liquid‐carrier chamber compared to randomly dropping cells onto these buckyballs by gravity.
Although, in essence, cells would be expected to achieve a highermaximumvolume fraction than
marbles in a jar, given that they can squeeze and reshape and reorient their structure, the packing
density of cells into the spherical buckyball cages are far from this theoretical limit. This ismainly
dictated by the experimental limitations of cells washing away aswell as being loaded into the
chamber.

1. Introduction

Physics and mathematics define fundamental pro-
blems in biology and bioengineering [1]. For instance,
the particle packing problem can be a simplifiedmodel
for cell aggregation and spheroid formation. How
many cells can be packed into a confined space is
similar to the question of how many gumball candies
can be packed into a jar?The sphere packing model
has been experimentally and theoretically studied for
centuries and has recently evolved with the realization
that particle shapes, materials, and packing tightness
all change the packing volume fraction, f, which is
defined as the percentage of space occupied by the
packed particles [2]. To apply this theory in cell
packing, there are certain challenges such as the

deformability that must be considered since cells are
soft objects. Only a few studies have reported packing
using soft materials such as polyelectrolyte gels to
study the contact force of packing [3]. Theoretically
studying the lattice packing of soft particles has also
been reported as a model for protein packing in
molecular biology [4]. Further, cell aggregation still
remains as an interesting subject in soft material
packing, which is important for cell packing in 3D
biomaterial scaffolds and cell delivery tissue
engineering.

Creating cellular aggregates with the highest den-
sity of packing is achieved by free-form assembly of
cellular spheroids [5] using various methods such as
the hanging drop [6], low-adhesion culture plate [7],
PDMS templates [8], microfluidic [9, 10], magnetic
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[11], and acoustic assembly [12]. How cells pack in a
porous cage scaffold can also be an interesting strategy
as cell aggregate distribution can be predefined by cage
design. When a scaffold is used for cell packing,
another question arises: Howmany cells can enter and
stay in that scaffold? This can be simplified as a ques-
tion about random number distributions as cells will
distribute randomly onto the substrate. There are two
ways to increase cell packing efficiency in scaffolds,
one is to increase the number of cells entering the cav-
ities of a scaffold and the other is to reduce the cells
escaping from the scaffold. The ability of cells to
escape is mainly determined by the ratio between the
cell and pore size, which can be considered as an
intrinsic property. There are several ways to motivate
cells to enter scaffold cavities and increase cell packing,
for instance, capillary force and vacuum can accelerate
cell loading to scaffold cavities. However, these meth-
ods are not functional when the scaffold is already wet
in a liquid phase.

In this paper, we present an acoustic assisted pack-
ing strategy which can locomote cells in liquid by
acoustofluidic activation and their hydrodynamic
effect at the bottom of a liquid-carrier chamber. This
enables loading of wet scaffolds with cells in suspen-
sion. We designed buckyball microcages inspired by
the shape of the buckminsterfullerene (C60)molecule
[13] to use as microscale porous base units for cell
packing. The acoustofluidic-induced hydrodynamic
pressure can increase cell loading into the microscale
buckyball cages (figures 1(A) and (B)). By packing

neurons into an array of buckyballs (figure 1(C)), we
form a network of neurite extensions (figure 1(D)).

2. Experimentalmethods

2.1. Buckyball cage fabrication
A two-photon laser printing system (2PL; MaiTai,
DeepSee, Newport/Spectra Physics, Santa Clara, USA)
was used to print the buckyball as previously described
[14]. Zr-Hybrid (SZ2080) with 0.1 wt% 4,4′-Bis
(diethylamino)benzophenone (Merck KGaA, Darm-
stadt, Germany) was dissolved in 1-propanol and
allow to dried before 2PP (two-photon polymeriza-
tion) processing using a heating plate set to 40 °C for
2–3 h. The fabrication was done with a laser power of
70 mW, at a fabrication speed of 40 mm s−1. The
hatching spacing was Δh=0.2 μm and the layer
distance was Δz=0.5 μm. Alternating x- and y-
scanning directions for subsequent layers were used to
obtain the 3D structures. The diameter of the bucky-
balls was 100 μm, with a pore size of ≈32 μm for the
pentagon area and≈40 μm for the hexagon area
(figures 1(B) and S1(A) (figure S1A is available
online at stacks.iop.org/BF/12/025033/mmedia)).
To decrease the pore size a central rodwas added to the
hexagon area. A 63×/1.4 oil immersion objective
was chosen for the 2PL printing system due to the
requirement of high resolution [15]. The operating
wavelength of the laser was 800 nm. On a 9×9 mm
cover slide, an array of a 25×25 buckyball connected
to the glass was 3Dbioprinted. The space between each
buckyball is 240 μm in both the x- and y-directions

Figure 1. (A) Schematic of (i) porous buckyball cage; (ii) cells are packed into the buckyball under acoustic vibration (iii) to form a
tightly packed cell aggregate. (B) Scanning electronmicroscopy (SEM) image of the buckyball cage. (C)Buckyball cage array on
substrate with neurons packed inside. (D)Neurites extend from the buckyball cages and form a neuronal network.
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(figure S1(B)). The structure can be safely preserved in
the dark for years before any cell experiments. To
expose the buckyballs, the samples were submerged in
1-propanol and developed for at least 1 h to remove
the unpolymerized materials. After washing in propa-
nol several times, clean buckyball cages were dried in a
sterile environment before use.

To study the effect of geometry on the trapping
efficiency, three buckyball designs were compared:
complete (‘o’-shaped), open top (‘u’-shaped), and
open bottom buckyball (‘n’-shaped) (figure 3). The
size and distribution of the buckyballs were consistent
with the previous experiment as shown infigure 1(B).

2.2. SEMof Buckyball cages
Samples were sputtered with gold for 30 s before SEM
imaging. SEM was operated at U=15 kV under a
pressure<10−5 mbar. Images were recorded using
4× averages and integrating the image acquisition.

2.3. Cell culture
NIH 3T3 murine fibroblasts were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomy-
cin. Human umbilical vein endothelial cells
(HUVECs) were cultured in EGM-2 (Lonza). Primary
cortical neurons were isolated from embryonic day 18
(E18) CD-1 mice were provided by Charles River as
described previously [16, 17]. All experiments were
carried out according to animal care standards set
forth by the National Institutes of Health and were
approved by the Institutional Animal Care and Use
Committee at Stanford University. Freshly micro-
dissected whole mouse cortices were dissociated by
trituration after 30 min of enzymatic digestion using
Neuronal Isolation Enzyme (Thermo Scientific) in
Hanks’ balanced salt solution without Mg2+ and Ca2+

(HBSS(-), Life Technologies). The neurons were then
suspended in a neurobasal medium with B27 supple-
ment (Life Technologies) and 500 μM of glutamine
(Life Technologies). Culture conditions were main-
tained at 37 °C with a 95% relative humidity and 5%
CO2. Substrates with buckyball cages were coated with
poly-D-lysine (PDL; 100 μg ml−1, Sigma) for 1 h and
washed twice with ddH2O before being loaded with
cortical neurons.

2.3.1. Acoustofluidic activation
To generate the acoustic acoustofluidic activation, a
waveform generator (33500B Series, Agilent)was used
to generate sinusoidal waves with a frequency of 54 Hz
and an amplitude of 80mVpp which was then amplify
by a power amplifier (Lepai LP-2020Aþ, Parts Express)
before being transferred to a vibration generator [18].
A square-shaped liquid container (10×10×1 mm)
wasmounted on top of the vertical vibration (U56001,
3B Scientific). After putting the glass slide with bucky-
balls at the bottom of the container, 100 μl of cell

culture medium with 2Mml−1 of cells were added.
After vibrating for 100 or 300 s, the glass slides were
carefully removed from the cell suspension, dipped in
freshmedium slowly once and then transferred to a 12
well plate with 1 ml of culture medium. Because of the
small size of the buckyball and surface tension of
liquid, the structures could hold the medium inside to
avoid the cells from being washed away. Buckyball
slides were put inside the chamber without vibration,
where the cells that settled under gravity were set as
controls. The experimental results were collected from
n=3 buckyball substrates. For 3T3 and HUVEC, the
cells were only cultured for 24 h, and the medium was
not changed during the culture; for the cortical
neurons, the cells were cultured for 7 days and 50% of
the medium was changed at days in vitro (DIV) 3 and
DIV 5.

2.4. Cell staining and imaging
NIH 3T3 cells were labeled with cell nuclei dye
Hoechst 33342 (blue) andCytoplasma dyeCellTrace™
Far Red (Cy5) before counting. Bright field and
fluorescence images were taken using a Zeiss AxioOb-
server Z1microscope at 5×and 20×magnifications.

The primary cortical neurons were cultured for 7
days before being fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) in PBS for 30 min at
room temperature. Following being washed 3×with
PBS, 3D tissues were permeabilized in PBS containing
0.25% Triton X-100 (Sigma-Aldrich) for 3 min at
room temperature, and then incubated in 1% (w/v)
bovine serum albumin (Sigma-Aldrich) in PBS for 1 h
at 37 °C. The cells were stained with 1:300 rabbit anti-
β-tubulin (Tuj1, Abcam, ab18207) followed by sec-
ondary antibody Alexa Fluor 568 donkey anti-rabbit
(1:500, red, Jackson ImmunoResearch Laboratory)
staining for 1 h. After being washed with PBS, 4′,6-
Diamidino-2-phenylindole, dihydrochloride (1:1000,
Life Technologies) was added into the staining solu-
tion for nuclear staining. Fluorescence images were
taken using a Zeiss AxioObserver Z1 microscope at
10×magnification.

The cell numbers were counted using the ImageJ
software (NIH) based on the nuclear numbers inside
each cages. An ImageJ screenshot is shown in figure S3
to demonstrate how the cell numbers were counted.
The total neurite length was quantified by an ImageJ
plugin, NeuphologyJ, which could automatically trace
the outgrowing neurites in thewhole image.

3. Results

On all the substrates with o-type buckyball cages, the
cells were mainly located inside the buckyballs since
the free cells were washed away during the rinsing
steps. The cell packing was improved by acoustic
vibrations. In the control group without acoustic
vibrations, 37% of the buckyball cages were empty;
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32% of the cages had only one cell, and 14% of the
cages had two cells inside (figures 2(D), (G)). When we
introduce acoustic vibrations for 100 s, we observed a
significant increase in cell capture inside the cages
(figures 2(B), (E), and (G)). Under the acoustofluidic
activation, the average number of captured cells
increased from 1.2±1.2 to 3.1±2.2 (table 1). And
the cages comprising four cells had the highest
percentage (23%) among all the buckyball cages on the
substrate. However, prolonging the vibration time to
300 s did not increase the cell packing efficiency, with
similar average cell numbers of 3.6±2.4 cells in each
cage, where 21% of the buckyball cages were loaded
with three cells which is the highest percentage among
all of the buckyball cages. For each single buckyball
cage, the number of cells being trapped inside could be

of large variation when the cell density in the bulk
environment was low. The natural process of cell
trapping inside the buckyball cages is a completely
random distribution which follows a Gaussian dis-
tribution. The right shift of the Gaussian distribution
curves (curve center shifted from 0.6 to 3.0+) after
acoustic treatment, indicated cell packing enhance-
ment. The standard deviations (σ) of the fitting curves
with or without acoustic activation are similar,
although they were large, they agreed with the random
distribution. To test whether increasing the cell
number in a liquid environment can enhance cell
packing, a 4 Mml−1 cell suspension was used to pack
HUVECs in the buckyballs (figure 3). An average of
10.9±2.2 cells were located inside the cages after
acoustic vibration. Increasing the cell packing number

Figure 2.NIH3T3fibroblast stainedwithHoechst 33342 (nuclear, blue) andCellTrace CSFE (cytoplasma, green)were packed into a
buckyball cage array under acoustic vibration. (A)–(C)Merged image offluorescence channels and brightfield channels of cell loading
on the buckyball array. (D)–(F) 20×fluorescence image showing the cell packing in buckyball cages. (A), (D)without acoustic
vibration (control), (B), (E) after 100 s acoustic vibration, and (C), (F) after 300 s acoustic vibration. (G)Distribution of cages based on
the cell packing numbers inside the buckyball.

Table 1. Statistical results of the number of cages and cells studied and the average cell packing number in the o-shaped buckyball cages
under different acoustic vibration times: 0, 100, and 300 s.

Statistics Total number of cages Total number of cells Average number of cells Standard deviation

Control 79 93 1.2 1.2

54Hz, 80mV, 100 s 68 214 3.1 2.2

54Hz, 80mV, 300 s 61 221 3.6 2.4
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also reduced the relative value of the deviation in the
cell packingwhen the absolute valuewas still∼±2.

As prolonging the acoustic vibration duration
does not increase packing density, we designed differ-
ent geometries for buckyballs asmodels to evaluate the
number of cells entering and staying in the cages. The
three models are the full sphere (we define as
o-shaped, figure 3(A)), open bottom (n-shaped,
figure 3(B)), and open top (u-shaped, figure 3(C)).
Here, we used primary cortical neurons for the cell
packing experiments. The average cell packing num-
ber was 6.2±2.6 cells in the u-shaped cages, and
1.3±1.0 cells in the n-shaped cages, while 10.5±2.5
cells were found in the o-shaped cages (table 2). For
the cell number distribution, all of the o-shaped cages

were loaded with cells, and 4% of the cages had as
many as 10 cells packed inside. The u-shaped cages
had a nearly equal distribution for packing 0–6 cells.
We observed that 63% of the n-shaped cages had no
cells inside (figure 3(D)). We concluded that cells
could be more easily washed away when there was an
opening on the cage. The bottom opening led to more
cells being washed away as compared to the top open-
ing. We hypothesize that in the n-shaped structures,
cells may fall out from the buckyball cages easier at a
static state. In the u-shaped cages, although there is a
higher possibility of cells escaping during the rinsing,
most of the cells could be preserved thanks to the short
rinsing time and the surface tension of the liquid. We
also used a positive chemical modification by poly-D-
lysine (PDL) to increase the overall neuronal cell affi-
nity of the substrate.We observed a higher cell packing
number in the o-shaped cages with surface modifica-
tion compared to the earlier experiments using 3T3
cells without surface modification. In the neuron loa-
ded cages, neurites extended out from the porous
cages and formed connected networks in the o-shaped
and u-shaped cages. The neurite length was
35 mmmm−2 on the substrate with the o-shaped
buckyball array, 20 mmmm−2 on the u-shaped
buckyball array, and 9 mmmm−2 on the n-shaped

Figure 3.The primary cortical neuronswere packed into buckyball cage arrayswith different openings under acoustic vibration.
(A)–(C) Schematic design of (A) complete (o-shaped), (B) open top (u-shaped), and (C) open bottom (n-shaped) buckyballs. The size
and distribution of the buckyballs were consistentwith figure 1(B). (D)–(F) Fluorescence image showing the neuronal network stained
with antiβ-tubulin (red) at day 7 of culture after acoustic cell packing of the buckyball cage array. (A), (D) o-shaped cages
(B), (E) u-shaped cages, and (C), (F)n-shaped cages. (G)Distribution of cages based on the cell packing numbers inside the buckyball.
(H) Statistical results of the total neurite length on the substrate of the buckyball array atD7.

Table 2. Statistical results of the number of cages and cells studied
and the average cell packing number in the o-shaped, u-shaped, and
n-shaped buckyball cages.

Statistics

Total

number of

cages

Total

number of

cells

Average

number of

cells

Standard

deviation

u 17 56 6.2 2.6

n 19 13 1.3 6.0

o 24 131 10.5 2.5
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cage arrays. In the n-shaped cages, the packing was low
and the number of neurons was too low to support
healthy neuron growth as cell density also plays an
important role in neuronal growth [19], so the neurite
length was significantly shorter on the substrates with
n-shaped cages.

4.Discussion

Efficient packing is definitely a significant question
both theoretically and experimentally. We came to
realize the fact that at the scale that we were operating
at, the major limitations were more on the inability to
force the cells into a specific location at the microscale
in a high throughput manner. Theoretically, we
hypothesize that cell packing can reach the highest
volume fraction packing of spheres as the cells in
suspension can be considered a sphere shape. Thus,
f=0.74, which means 74% of the volume will be
occupied by cell spheres. The inner volume of the
buckyball cage is ∼5.2×105 μm3, and the volume of
the cells is∼5.2×102μm3 aswe take the cell diameter
to be around 10μm.As a result, 740 cells can be packed
inside the buckyball cage in theory. This does not
consider the deformation of cells which will further
increase the volume fraction. Compared to previous
research using acoustic waves for cell assembly, where
an ∼0.3×109 cell ml−1 density was reached (means
156 cells were packed in the volume of the buckyball
cage) [20], the packing density in the buckyball was
also much lower because the cage boundary hindered
part of cells entering the cage and part of the cells
escaped during thewashing process.

Some solutions for this have been proposed such
as using magnetic fields with microparticles [21], iron
oxide nanoparticles to assemble cells [22], or particle
free magnetic levitation approaches [11, 22–24] and
surface chemistry immobilization [25] and acoustic
assembly within a droplet [26] and acoustic waves to
assemble cells at a larger scale [18, 20, 27]. All these
approaches mainly focus on the assembly of cells to
cells without any predefined configuration, where
here we presented moving cells with a field to pack
them in a spherical buckyball using acoustic vibra-
tions. Optical traps [28] could potentially also be a
method to command over a single cell tomove it into a
buckyball. However, these approaches are slow given
the number of balls that need to be filled and the lim-
itation around having a single laser beam and its asso-
ciated costs for time and equipment.

The fused-ring structure of a buckyball is highly
stable to high pressure [29], while offering a large
opening on the surface for cells to enter. As a result, the
buckyball structure is a great candidate for a micro-
scale cell packing study. We used a buckyball as a
proof-of-concept for acoustic accelerated cell packing,
which can also act as a base to predict cell packing for
other shapes as they can be considered as the

combination of multiple buckyball. The shape and the
open porosity of themicroscale buckyballs allows cell–
cell communication between neighboring cages to
form integrated structures. For example, the ideal cell
packing number of a dumbbell-shaped cage formed as
shown in figure S5 can be calculated by summing the
cell numbers in two individual buckyballs. For cages
with a larger size and different geometries, it is impor-
tant to make sure there are no large openings for cells
to escape from.

While there are limitations in the packing density
of cells trapped within buckyballs, the advantage of a
buckyball array is to control the cell seeding location.
The buckyball array determines the location where the
cells adhered since cells at all the other locations were
washed away.

For cells with proliferation ability, although the
cell packing number cannot reach a dense packing
initially to fully fill the buckyballs, cell division can
lead to the formation of densely packedmicrocages. In
figures S3(B) and (D), 7% of the microcages reached
dense packing in 24 h of culture. The formed 3D cel-
lular structures are highly consistent in size and
morphology, due to the precisely controlled geometry
of the buckyballs. This can help to create predesigned
cellular structures by tuning the manner in which
buckyballs connect (i.e. adding a bridge between two
buckyball cages, figure S5) or distributing the density
to form different 3D cellular networks. The 3D cellular
structures are shielded by the buckyball cage from
mechanical damage during handling. Besides, the
design of a 3D cellular structure can also be across time
and space using 2PP buckyball cages. Before removing
the unpolymerized materials, the printed buckyballs
can be preserved in the dark for months or even years
and shipped between different locations. These can
benefit multi-institute collaborations for 3D organ-
on-a-chip studies and applications when used as a
platform technique.

5. Conclusions

We show that the acoustic field performs better in
packing cells into a confined cage compared to just
random filling of cells. However, given the theoretical
filling densities, we need to address the main limita-
tions in achieving high packing densities of cells into
buckyballs, which arise from the fact that we do not
have the necessary high throughput microscale tools
to fill multiple micro-chambers precisely like filling
jars with multiple marbles at a time. Although the
packing density is significantly lower than ideal tight
packing, a neuronal network was still formed on the
buckyball array through sending extensions to neigh-
boring cages. Although packing density is far from
ideal packing, we believe that an acoustic field can
become a potential solution for increasing packing
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density in a defined micro-structure for tissue
engineering.
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