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Abstract

Alginate can be used to encapsulate mammalian cells and for the slow release of small molecules.
Packaging alginate as microbead structures allows customizable delivery for tissue engineering,
drug release, or contrast agents for imaging. However, state-of-the-art microbead fabrication has
limited range in achievable bead sizes, and poor control over bead placement, which may be
desired to localize cellular signaling or delivery. Herein, we present a novel, laser-based method
for single-step fabrication and precise planar placement of alginate microbeads. Our results show
that bead size is controllable within 8%, and fabricated microbeads can remain immobilized
within 2% of their target placement. Demonstration of this technique using human breast cancer
cells shows that cells encapsulated within these microbeads survive at a rate of 89.6%, decreasing
to 84.3% after five days in culture. Infusing rhodamine dye into microbeads prior to fluorescent
microscopy shows their 3D spheroidal geometry and the ability to sequester small molecules.
Microbead fabrication and patterning is compatible with conventional cellular transfer and
patterning by laser direct-write, allowing location-based cellular studies. While this method can
also be used to fabricate microbeads en masse for collection, the greatest value to tissue
engineering and drug delivery studies and applications lies in the pattern registry of printed
microbeads.
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1. Introduction

Microbeads are three-dimensional, generally spherical microstructures that are currently
being investigated for applications in tissue engineering and for delivery of drugs, contrast
agents, proteins, and DNA [1,2]. The permeability [3], biocompatibility [4], mechanical
properties [5], and degradation kinetics [6] of microbeads are important design parameters to
optimize their utility. Microbead permeability has implications in diffusion kinetics, and it
has even been tailored to give microbeads selective permeability for specific soluble factors
[7]. The mechanical properties of microbeads influence mechanotransduction, so controlling
parameters such as elastic modulus may impart signals to encapsulated cells [8]. The in situ
degradation kinetics are critically important for sustained drug delivery and for tissue
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engineering applications where the scaffold has a desired lifetime. To control these
properties, hydrogels have become widely used in microbead applications because of their
customizability. Typical hydrogel materials include collagen, hyaluronan, alginate, and
synthetic polymers such as poly-ethylene glycol [9]. In particular, alginate has become a
popular hydrogel for fabricating cell-encapsulating microbeads [8,10], because of its
biocompatibility and mechanical properties that can be tuned within physiologic values.

Microbeads can be used to sequester soluble molecules [11] and encapsulate cells [12-14].
These capabilities are used in tissue engineering and regenerative medicine to selectively
differentiate stem cells [15-17] and create soluble factor concentration gradients to guide
cell migration [18,19]. One of the primary advantages of microbeads over bulk scaffolds for
tissue engineering applications is that the surface area-to-volume ratio is small enough to
allow rapid transport of nutrients and waste of the encapsulated cells [20].

Recent microbead fabrication devices take advantage of alginate’s unique property of
crosslinking in the presence of divalent cations such as calcium. Electrostatic bead
generators have shown success in fabricating microbeads by using an electric field to
extrude droplets of alginate into baths of calcium chloride solution. To increase the size of
fabricated beads, higher electric field strengths are utilized, resulting in larger-diameter
beads [1]. Other technologies have focused on using microfluidic devices [13,21,22] or
micro-vibrators [23] to generate alginate droplets which crosslink when they contact calcium
chloride solution. Microbead size can be adjusted by changing the flow rate [21,22,24] or air
pulse frequency [13] inside the device. Additional methods for microbead fabrication
include using high-pressure nozzles or syringe needles to expel alginate into calcium
chloride solution [25,26].

Despite their ability to create beads of controlled size, microfluidic, electrostatic, and
pressure-based bead generators cannot precisely control microbead placement. These
techniques can fabricate monodispersed beads [1,12,21,22], yet the placement of beads at
controlled distances has not been demonstrated. Accurate bead placement in micropatterns
can enable custom tissue-engineered constructs of loaded microbeads or precise delivery of
small molecules, as well as the spatial precision necessary to modulate paracrine cellular
signaling. Lithography-based patterning techniques are precise, but involve high
temperatures, high pressures, and various chemicals that would not be compatible with
microbeads that encapsulate viable cells [27] or temperature-sensitive molecules like
proteins or nucleic acids. One method for patterning microbeads with viable cells uses an
optically switched dielectrophoretic (ODEP) force to manipulate alginate beads [28].
However, this technique, like many others, cannot be easily used to manipulate single beads.
For especially precise applications in tissue engineering and regenerative medicine, it is
often important to pattern single beads with viable cells.

Laser direct-write (LDW) has been used as a tool for creating patterns of single [29] or
multiple [30] microbeads. To date, these techniques require pre-fabricated beads, are unable
to pattern large beads (over 250 um), and have limited pattern resolution. Moreover, when
utilizing LDW to pattern prefabricated cell-loaded microbeads, cell viability inside of the
microbeads dropped substantially during the printing process [29]. Another laser-based
technique for microbead formation, laser-induced forward transfer (LIFT), does not offer the
necessary control over bead size and placement [31]. An additional consequence of this
technique is the generation of unwanted satellite microbeads, possibly due to a large alginate
travel distance required for foil-based ejection and circular bead formation. Due to their
precision and controllability, laser-based printing techniques have excellent resolution for
cell printing [32,33], even using alginate for 3D microscaffolds [34]. LDW has not been
previously shown to generate microbeads. In this paper, we present a novel microbead
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fabrication technique that utilizes LDW as a single step to both fabricate and place single
alginate microbeads in spatial patterns with micron-level precision.

2. Materials and Methods
2.1. Cell culture

GFP-labeled MDA-MB-231-gfp (M231) human breast cancer cells (ATCC, Manassas, VA)
were grown in standard cell culture conditions (37 C, 5% CO,, 95% RH) in growth medium
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine.
Human foreskin fibroblasts (HFF-1, ATCC) were transduced with mCherry crude lentiviral
particle (GeneCopoeia, Rockville, MD) and cultured in DMEM supplemented with 10% (v/
v) FBS and 100 U/ml penicillin/streptomycin.

2.2. Laser-based microbead fabrication

A LDW system [32] was adapted to fabricate alginate microbeads (Fig. 1). To prepare
alginate for cross-linking into microbeads, alginic acid sodium salt (Sigma Aldrich, St.
Louis, MO) was dissolved slowly into cell culture grade distilled water at 2% w/v along
with sodium chloride at 0.9% wi/v. The alginate solution was stirred overnight and passed
through 0.8 um and 0.2 pum cellulose acetate filters.

To prepare a receiving substrate for microbead cross-linking and immobilization, poly-L-
lysine (MW 70000-150000; Sigma Aldrich, St. Louis, MO)-coated Petri dishes were spin
coated with warm 10% gelatin/2% calcium chloride at 2000 rpm for 20 seconds. After a five
minute refrigeration, the dish was rinsed with cold 2% calcium chloride and placed in a 37°
C-incubator for 25 minutes. To prepare the print ribbon for material deposition, a flat, 50-
mm diameter, UV-transparent quartz disk (“ribbon”; Edmund Optics, Barrington, NJ) was
spin coated with 10% gelatin/2% alginate solution at 2000 rpm for 20 s. The ribbon was then
incubated at 37° C for 3 minutes. To load the print ribbon, M231 cells, suspended in 2%
alginate/0.9% sodium chloride, were pipetted onto the prepared ribbon and incubated for 7
minutes, then moved to a laminar flow hood for 4 minutes. Excess alginate was removed,
and the ribbon was inverted and mounted approximately 750 pm above the receiving
substrate in the LDW system (Teosys LLC, Crofton, MD) [32]. The receiving substrate and
mounted ribbon were secured on independent x-y Computer-Aided Design/Computer-Aided
Manufacturing (CAD/CAM)-controlled motorized stages. A program was used to pulse the
laser (ArF excimer; A=193 nm) once for each corresponding target spot and deposit M231
cells and 2% alginate solution onto the receiving dish, where the deposited droplets
crosslinked in situ, forming microbeads. After each microbead was printed, the receiving
stage and ribbon stage were each independently moved so the next alginate droplet could be
placed on the receiving substrate according to the program. A charged coupled device
(CCD) camera sharing the beam path with the laser [32] allowed real-time focusing and
selection of desired cells to be encapsulated in the printed beads.

To rapidly perform bead fabrication, the receiving stage was moved at an average velocity
of 600 um/s to the next programmed location at a linear distance of 600 pm, with no pauses
in movement. Cell-containing alginate microbeads on the receiving dish were incubated for
10 minutes after the transfer was completed. Media was then added for cell survival.

2.3. Control and characterization of microbeads and patterns

The size of the fabricated alginate microbeads was controlled by manipulating the beam
diameter of the pulsed laser, i.e., the smaller the beam, the smaller the microbead. This was
possible down to a threshold laser fluence of approximately 0.11 J/cm?2, below which no
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material was deposited. The beam profile was approximately Gaussian, and aided by the
intracavity aperture. The beam diameter was controlled using an iris in the beam path close
to the objective. After crosslinking the alginate to form microbeads, images were acquired
using a Zeiss Z1 microscope with Axiovision software (Carl Zeiss, Thornwood, NY). The
laser beam diameter was approximated by measuring the diameter of ink ablated from a
glass slide by a laser pulse. Diameters of microbeads were measured using Axiovision.

Each alginate microbead was treated as spherical, and the microbead diameter was measured
in Axiovision software. Diameters were averaged for each twelve-bead printed pattern, and
the standard deviation was obtained. Statistical analysis was performed in JMP Statistical
Discovery Software (version 9, SAS, Cary, NC, USA). A 2-tailed Student's t-test was used
to determine the p-value for the effect of the diameter of the laser beam on the diameter of
the printed microbead. To measure microbead circularity and pattern fidelity, image analysis
tools in ImageJ (US National Institutes of Health Bethesda, MD, USA) were utilized.
Images were processed using background subtraction if necessary, edge detection or
thresholding, conversion to binary, and successive dilation and filling of holes until all
microbead areas were full. For beads that were very close together, this method connected
some beads, so the paintbrush tool at single-pixel level and erosion were used for separation
of joined microbeads only. The “analyze particles” tool in ImageJ was used determine
microbead circularity, centroid locations, and average diameter. Diameter was calculated by
averaging the maximum and minimum Feret diameters measured by ImageJ. The distances
between microbead centroids were calculated and compared to the desired distance.
Microbead circularities and distances within each pattern were averaged.

To visualize the overall 3D structure of the alginate beads, stock fluorescent rhodamine dye
in DMSO at 2.5 mg/ml was diluted to a final concentration of 1 ug/ml in 2% alginate/0.9%
sodium chloride solution. The alginate droplets were transferred to the receiving substrate as
previously described, and incubated for 10 minutes to allow calcium chloride crosslinking of
the alginate. Fluorescent microbeads were then visualized using the Zeiss ApoTome and Z-
stack imaging in Axiovision software. Fluorescent M231 cells were also visualized in 3D
using the ApoTome.

2.4. Analysis of cell viability in microbeads

Live-dead solution was prepared from a Live-Dead Staining Kit (Biovision, Inc., Milpitas,
CA), and staining was performed on printed beads at one day, three days, or five days after
printing. Culture media was removed from the beads, and beads were incubated for 15
minutes in staining buffer with final concentrations of Live-Dye™ dye at 1 UM to stain live
cells, and propidium iodide at 2.5 pg/ml to stain dead cells. The live-dead stain was also
performed on cells on the print ribbon immediately after printing. Living cells emitted at 518
nm (green), while dead cells emitted at 615 nm (red).

Live-dead image analysis was performed in ImageJ. The number of cells fluorescing at 518
nm and at 615 nm were counted individually. The percentage of live cells was calculated by
the number cells emitting at 518 nm divided by the total number of cells stained.

2.5. Hybrid cell-microbead patterning using LDW

To further demonstrate the utility of this process, hybrid patterns of printed cells and
microbeads were created using LDW. Our lab has previously demonstrated the ability to
directly pattern cells using gelatin-based LDW, such that cells are printed onto a substrate
with unrestricted cell growth following transfer [32]. We madified this method to
accommodate the printing of microbeads and cells to the same common substrate. A
receiving substrate was prepared by spin coating 10% gelatin/1% calcium chloride to a PLL-
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coated Petri dish at 4000 rpm. After five minutes in refrigeration, the Petri dish was washed
with 1% calcium chloride/DMEM, and the dish was incubated at 37 °C. To fabricate and
localize the microbeads, an initial ribbon was prepared, loaded with M231 cells suspended
in 2% alginate, and microbeads were created and deposited using the laser as described
above. Prior to bead deposition, a second ribbon was prepared for cellular LDW [32], by
spin-coating with 20% gelatin/DMEM and loading with fibroblasts suspended in media.
After bead deposition, cells from the second ribbon were patterned into programmed spots
within the microbead array. After allowing 15 minutes for cell attachment, media was added
to the hybrid pattern to facilitate survival of cells, both the M231 cells within beads and the
fibroblasts attached to the substrate. The pattern was imaged immediately after printing and
following 24 hours in culture.

3.1. Alginate microbead fabrication and characterization

Alginate microbeads were successfully fabricated and patterned in a single step using our
laser-based fabrication and deposition method. To demonstrate the repeatability of this
technique, we examined the influence of laser beam size on the diameter of laser-fabricated
alginate microbeads. A beam diameter of 100 um produced alginate beads with diameters of
10248 um (Fig. 2a). A larger beam (diameter = 175 um) produced alginate beads with an
average diameter of 349+21 um (Fig. 2b). However, bead fabrication is not limited to these
sizes. Rather, beads can be generated outside of this size range by manipulating the size of
the laser beam (Fig. 2¢). To illustrate the precision and customizability of the technique,
representative arrays with 600-um centroid-to-centroid spacing for both 100-um-diameter
and 350-um-diameter beads were produced (Fig.2 d—e). The effect of beam width on
microbead diameter was statistically significant (p<0.001, n=3; Fig. 3).

Although the appearance of cells in multiple planes within microbeads suggested a 3D
structure, we confirmed 3D structure using microscopy. Fluorescent rhodamine dye was
added to the alginate, and the 3D structure was visualized by acquiring a Z-stack image
using the Zeiss ApoTome. An orthogonal view of a microbead suggests a spheroidal 3D
structure (Fig. 4a). GFP-expressing M231 cells imaged in 3D were also encapsulated in
different planes of the 3D microbead (Fig. 4b).

To demonstrate the precision and micron-level resolution of this printing technique, we
patterned beads so that edges were adjacent. Adjacent beads were successfully printed with
100-pm diameter and with 100-pum centroid-to-centroid spacing (Fig. 5a). The printing
resolution to deposit adjacent beads for a desired bead size was further demonstrated by
printing adjacent beads with 150-um diameter and 175-um centroid-to-centroid spacing (Fig.
5b). In all patterns, for all spacings and bead sizes, the average circularity of microbeads was
greater than 0.85, and approached 0.9 when microbeads were not adjacent. The precision of
centroid-to-centroid microbead spacing was within 2% of the desired spacing, regardless of
bead size or pattern spacing (Table 1). To illustrate the scalability of this technique, large
patterns in 10x10 arrays were produced. Beads were fabricated and placed at a rate of 1 Hz,
a conservative demonstration of the high-throughput capability of the system. The center-to-
center bead spacing of these arrays was 600 um, making each array 5.4 mm x 5.4 mm in size

(Fig. 6).

3.2. Cell Viability in Alginate Beads

To ensure that laser-based bead fabrication was not detrimental to encapsulated cells, we
measured cell viability before and after bead fabrication using a live-dead staining kit. Cells
encapsulated inside of beads were distinguished by cell-permeable fluorescent dye, green for
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living, and red for dead. 98% of cells were alive on the print ribbon compared to 89.6% of
cells encapsulated in beads one day after printing. Longer-term cell viability was maintained
in culture, with a slight decrease over time to 86.7% at 3 days and 84.3% at 5 days (Fig. 7).
Encapsulated cells appeared to remain localized within the 2% alginate microbeads,
showing no evidence of proliferation or migration over a 7-day period (Fig. 8). However,
cells in the alginate microbeads grew up to 40% in diameter over 7 days.

3.3 Compatibility with cellular laser direct-write

We have shown that this technique also enables the hybrid patterning of cells and
microbeads together on a common substrate to create hybrid cell-microbead arrays. The
fibroblasts and cell-loaded microbeads (M231) were successfully patterned onto a single
common substrate in an alternating checkerboard pattern of microbeads and cells,
demonstrating the ability to fabricate precise hybrid cell-microbead arrays (Fig. 9). After
one day in culture, cells printed by LDW had attached and began to migrate, while cells in
microbeads remained encapsulated and immobilized. Moreover, the patterned microbeads
maintained their printed locations through the duration in culture. These findings
demonstrate that that hybrid constructs can be fabricated in which cells in the same construct
can have either unrestricted growth (via gelatin-based LDW of cells) or complete
encapsulation and localization (via LDW-microbeads).

4. Discussion

We have demonstrated a novel, single-step method for alginate/calcium chloride microbead
fabrication and precise placement using LDW. Fabricated bead diameter is controllable
within 8% by adjusting the diameter and fluence of the laser beam, and beads can be placed
within 2% of the desired location via CAD/CAM. Precise, single microbead placement has
not previously been achieved, and placement is an important step to create spatially-precise
constructs to probe basic biology questions involving paracrine signaling or cell-to-cell
interactions. The versatility of this technique allows tuning the mechanical properties of the
bead by adjusting the alginate and/or calcium chloride concentration. Many current
microbead fabrication techniques are limited in their ability to fabricate small beads, and
cannot reliably fabricate beads in the 100-300 um range. Herein, we show that LDW-based
bead fabrication can produce and deposit beads over a large range of sizes based on the laser
beam energy and iris size. Size control of microbeads will enable the engineering of more
precise tissue constructs, and will also allow defined amounts of small molecules to be
sequestered and delivered based on their concentration in the alginate and the tunable
material properties of the alginate.

Our method represents a fundamental shift from traditional direct-write technologies and
printing, where a material is deposited from one planar surface to another. With other direct-
write methods, including previous direct-write of microbeads [29], the transfer event
deposits material from ribbon to the substrate while preserving the transferred material
geometry. With direct-write of a viscous material, the absorption of laser energy causes
desorption of the material, which may form a jet or plume as it is deposited [35], though the
material will revert to its original planar geometry after it is transferred to the substrate. By
contrast, in situ crosslinking in our technique alters the geometry of the material from planar
while on the ribbon, to 3D after transfer to the substrate, because the geometry of the ejected
spheroid droplet is retained during the in situ crosslinking event (Fig. 10). Attaining the 3D
geometry in a single step results in minimized processing of microbeads and concomitant
high cell viability, along with superior localization of microbeads.

Further applications of microbead fabrication and patterning extend to biological studies. In
our technique, the high-velocity ejection of alginate into the gelatin substrate, along with in
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situ crosslinking, allows immobilization of beads in the substrate coating, thus maintaining
pattern registry. In contrast, conventional bead fabrication techniques deposit alginate into
aqueous calcium chloride solution, and beads are allowed to disperse without any control on
placement. In addition to tissue engineering applications, precise placement of beads in
patterns lends itself to creating spatially-precise bead arrays/cultures to study cellular
signaling. Alginate is commonly used to sequester small molecules and drugs [36], and
precise placement of beads with respect to cells offers the potential to study cellular
response to a precise, chemotactic signal. By controlling both the concentration of a factor in
the bead and the distance from a cell population — either sequestered in a separate bead or
adherent to the substrate — the chemical and directional response of cells can be studied.

Microbeads are not limited to sequestering small molecules. They can also encapsulate cells
that continue to produce factors at a steady state, unlike the exponential decay release profile
typical of sequestered molecules. In this study, we observed viable encapsulated cells out to
5 days, and other studies have shown continued release of growth factors after weeks in
alginate-encapsulated cells [14]. Cell viability within beads of 89.6% is comparable to cell
printing using LDW [32,33], as well as viability demonstrated by other techniques [8],
although many studies do not report a value for viability. This high cell viability is also
achieved in single-step fabrication and patterning, while the viability is much lower when
fabrication and patterning is performed in two steps [29]. This high viability enables this
laser-based bead fabrication technique to be used for tissue engineering purposes.
Additionally, the cells encapsulated in microbeads were able to grow in size throughout their
time in culture, yet remained immobilized within the non-functionalized alginate matrix,
showing no evidence of migration or proliferation (Fig. 8). This could possibly be due to the
dense 2% alginate hydrogel [37], or the lack of sites for cell attachment. If cell proliferation
within the beads is desired, a modified alginate can be used (e.g., RGD-functionalized
alginate) that provides sites for cell attachment. Microbeads can also be further processed to
allow cell attachment or to dissociate the alginate on the inside of beads, enabling cell
attachment to the hollow shell [38]. Some bead materials, such as alginate-fibrin, allow
encapsulation and quick release of cells compared to alginate alone [39].

The high-throughput capabilities and versatility of LDW make it a valuable tool for rapidly
fabricating microbeads. In this study, microbeads were precisely fabricated and patterned at
1 Hz, though the laser has a 300 Hz repetition rate. Deposition speed can be increased by
both increasing the laser repetition rate and increasing the stage velocity and/or decreasing
the distance between printed beads. For scaling production of microbeads, alginate can be
deposited into a calcium chloride bath, where alginate beads can rapidly be generated and
recovered. Recovered beads can then be stored in cell culture media in an incubator for use
at a later desired time.

Consistent microbead placement, within 2% of desired location, was demonstrated by
patterning beads in rectangular grids, and edge-to-edge placement of 100-um diameter beads
(Fig. 5a) illustrates the repeatability of the technique. There was little loss of microbead
fidelity with edge-to-edge placement, as average circularity remained above 0.85 (Table 1).
However, some changes in microbead appearance and deformation were observed with
edge-to-edge placement, and we suspect these resulted from physical interactions with
adjacent beads. Nevertheless, precise edge-to-edge placement also suggests that bead
placement can be adapted to custom-printed constructs where the microbeads serve as
volume pixels, or “voxels.” Extrapolation of this technique could be used for the fabrication
of 3-D structures where each bead location could be tailored to hold a specific cell type or
soluble factor in the structure. The use of multiple cell types would enable complex,
customizable, bottom-up tissue engineering. Moreover, the high surface area-to-volume
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ratio of the beads may allow for nutrient exchange through the 3D structure with better
efficiency than bulk hydrogel scaffolds provide.

We have additionally shown that traditional gelatin-based laser direct-write for cell
patterning [32] is compatible with the alginate bead fabrication. The ability to deposit cells
along with beads in a predetermined array offers exciting experimental potential for
researching cell migration in correspondence to spatial cues, soluble factor gradients, and
drug delivery. With the combination of these tools, we have the capability to selectively put
cells in either 2D or 3D environments, thereby affecting the cellular microenvironment and
influencing cell behaviour [40,41].

Further processing of alginate microbeads with poly-L-lysine (PLL) or chitosan can be used
to form a shell around the microbeads, altering their material properties [42—44]. With the
addition of sodium citrate, the alginate can be liquefied with the shell intact, forming a
microcapsule. Interaction with the shell in an aqueous environment allows cellular migration
and proliferation that alginate encapsulation inhibits, while still maintaining a physical
constraint on migration so that cells can be localized to a desired area. Localization of
microcapsules has not been previously demonstrated. Alginate has shown great utility for
both microbead and microcapsule formation [42,45].

Furthermore, unlike electrostatic bead generation techniques, which rely on the charge of the
polymer for mass transfer, LDW is not limited by the charge of the material. In theory,
microbead fabrication based on LDW can be applied to transfer any UV-absorptive material
onto a substrate with its corresponding cross-linker. This versatility may enable the use of a
wide range of biomaterials including chitosan [46], thrombin [39,47], and hyaluronan [9,48].
UV-photocrosslinkable materials [39,49] could potentially be used as well, because this
technique utilizes a UV laser. A wide range of potential materials, coupled with the
combination of size and placement control of microbeads, makes this technique very
powerful for tissue engineering applications.

5. Conclusions

Laser direct-write is a powerful tool for precise alginate microbead fabrication, reproducibly
making beads from 100 to 500 pm, and potentially outside this range by adjusting the laser
beam diameter. Microbeads were fabricated and placed in a single-step process, using the
standard LDW setup, to rapidly generate spatially-precise arrays. This technique has
demonstrated the ability to load beads with soluble factors or encapsulate cells. Further, the
cells encapsulated in the fabricated microbeads maintained a high viability after the process
was completed. Laser-based microbead deposition is compatible with LDW for cell
deposition, making it now possible to create customizable arrays of cells and microbeads.
Applications of this method include studies involving cell-cell interactions, controlled drug
delivery over a specified distance, soluble factor gradients to direct migration, bottom-up
tissue engineering, and countless other studies or approaches.
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Figure 1.
Schematic of single-step laser-based bead fabrication and deposition process. (a) System
overview, (b) alginate droplet ejection, and (c) in situ crosslinking of microbead.
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Figure 2.

Laser-fabricated microbeads; (a) Single 100-pum diameter microbead with encapsulated
M231 cells. (b) Single 350-pm-diameter microbead with encapsulated M231 cells. (c) Single
500-um-diameter microbead with encapsulated M231 cells. Representative pattern of (d)
100-pum-diameter microbeads with encapsulated cells and (e) 350-um-diameter microbeads
with encapsulated cells. Scale bars are 200 um.
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Figure 3.
Influence of laser beam size on fabricated bead diameter. Error bars are one standard
deviation.
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Figure 4.
3-D ApoTome z-stack images of laser-fabricated microbeads (a) with rhodamine dye

dissolved in alginate and (b) with GFP-fluorescent M231 cells.
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Figure 5.

Grid patterns of adjacent microbeads with (a) 100-pum-diameter microbeads in a grid with
100-pm spacing between microbead centroids and (b) 150-um-diameter microbeads in a grid
with 175-um spacing between microbead centroids. Scale bars are 200 pm.
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Figure 6.
10x10 array of microbeads. Scale bar is 500 pm.
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Figure 7.
Live-dead stain of M231 cells showing viability on the print ribbon (day 0), and in

representative printed microbeads after 1, 3, and 5 days in culture (green live, red dead).
Scale bars are 200 pm.
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Figure 8.

Time-lapse images of a single microbead over 7 days, illustrating that cells encapsulated
inside of microbeads grow in size, while maintaining their relative position. Over time in
culture, the cells are able to survive and grow, yet are immobilized within the alginate bead,
showing no evidence of either migration or proliferation. Scale bars are 100 pm.
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Figure 9.

Schematics and images of hybrid cell/microbead array on glass cover slip shown
immediately after printing (a, c, ) and after one day (b, d, f). Schematics (a, b) show the
desired alternating checkerboard pattern of M231 cells (green) encapsulated in microbeads
and fibroblasts (red) printed directly on the common substrate. Phase contrast images (c, d)
and fluorescent images (e, f) show the printed hybrid cell/microbead construct immediately
after printing (c, ), and that after 1 day in culture (d, f) the M231 cells remain encapsulated
and localized within the microbeads, while growth of fibroblasts is unrestricted. Scale bar is
500 pm.
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Figure 10.
Proposed mechanism of laser-based bead fabrication by droplet ejection and in situ
crosslinking.
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