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Abstract

3D multicellular aggregates, and more advanced organotypic systems, have become central tools 

in recent years to study a wide variety of complex biological processes. Most notably, these model 

systems have become mainstream within oncology (multicellular tumor spheroids) and 

regenerative medicine (embryoid bodies) research. However, the biological behavior of these in 
vitro tissue surrogates is extremely sensitive to their aggregate size and geometry. Indeed, both of 
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these geometrical parameters are key in producing pathophysiological gradients responsible for 

cellular and structural heterogeneity, replicating in vivo observations. Moreover, the fabrication 

techniques most widely used for producing these models lack the ability to accurately control 

cellular spatial location, an essential component for regulating homotypic and heterotypic cell 

signaling. Herein, we report on a 3D bioprinting technique, laser direct-write (LDW), that enables 

precise control of both spatial patterning and size of cell-encapsulating microbeads. The generated 

cell-laden beads are further processed into core-shelled structures, allowing for the growth and 

formation of self-contained, self-aggregating cells (e.g., breast cancer cells, embryonic stem cells). 

Within these structures we demonstrate our ability to produce multicellular tumor spheroids 

(MCTSs) and embryoid bodies (EBs) with well-controlled overall size and shape, that can be 

designed on demand. Furthermore, we investigated the impact of aggregate size on the uptake of a 

commonly employed ligand for receptor-mediated drug delivery, Transferrin, indicating that larger 

tumor spheroids exhibit greater spatial heterogeneity in ligand uptake. Taken together, these 

findings establish LDW as a versatile biomanufacturing platform for bioprinting and patterning 

core-shelled structures to generate size-controlled 3D multicellular aggregates.

Graphical Abstract

Multicellular 3D aggregates are powerful in vitro models used to study a wide variety of complex 

biological processes, particularly within oncology and regenerative medicine. These tissue 

surrogates are fabricated using environments that encourage cellular self-assembly. However, 

specific applications require control of aggregate size and position to recapitulate key in vivo 
parameters (e.g., pathophysiological gradients and homotypic/heterotypic cell signaling). Herein, 

we demonstrate the ability to create and spatially pattern size-controlled embryoid bodies and 

tumor spheroids, using laser-based 3D bioprinting. Furthermore, we investigated the effect of 

tumor spheroid size on internalization of transferrin, a common ligand for targeted therapy, finding 

greater spatial heterogeneity in large aggregates. Overall, this technique offers incredible promise 

and flexibility for fabricating idealized 3D in vitro models.
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1 Introduction

The development of biomimetic 3D in vitro models has been a major research focus over the 

last decade. Such models are expected to play a key role in numerous biomedical fields, 

including in vitro diagnostics, high throughput drug-screening, personalized cell-based 

therapies, and reveal key attributes of various pathogenesis. However, to create models with 
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well-controlled features that mimic in vivo conditions, as closely as possible, it is imperative 

to develop biomanufacturing methodologies that enable fabrication of spatially-defined 3D 

cultures or engineered constructs, using scalable, high-throughput platforms. Currently, 

much of the research in 3D cell cultures is led by the re-emergence of multicellular 

aggregates, and more complex organoids [1]. These models utilize self-aggregating cells in 

conjunction with methods designed to encourage their cell-to-cell interaction, (e.g., seeding 

cells within non-adherent conical wells (liquid overlay technique), hanging droplets, or 

microcapsules [2–5]), to form 3D cellular aggregates with self-derived matrices [6]. These 

models have become an important tool for self-assembling cell lines, such as cancer, liver, 

and stem cells, leading to the generation of matured 3D aggregates termed tumor spheroids, 

hepatocyte spheroids, and embryoid bodies, respectively [7–11]. Though, only recently, 

more attention has been devoted to characterizing the interplay between the morphology of 

these 3D aggregates and biological characteristics.

Undeniably, the 3D geometry and structural characteristics of these models are critical to 

their overall function, and physiological relevance. For both multicellular tumor spheroids 

(MCTSs) and embryoid bodies (EBs), the aggregate size plays a key role in the phenotype of 

the individual cells, and the overall model behavior. This is, at least in part, explained by the 

development of nutrient (e.g., oxygen and glucose) and cellular-signaling gradients within 

the aggregates. Within EBs, this phenomena is reflected in the preferential differentiation to 

specific cell lineages based on the size of the progenitor EB [12–15]. For MCTSs, the size 

has profound influence on the biological function due to its changes in the availability of 

oxygen, nutrients, and biochemical messengers throughout the spheroid. Small MCTSs 

(100–300 m diameter) exhibit no gradient-related challenges in cell survival, and 

demonstrate different 3D cell-to-cell and cell-to-matrix interactions, expression profiles, and 

proliferation rates as compared to 2D cultures [16,17]. This is a large step towards greater 

physiological relevance, while maintaining a size-scale compatible with conventional 

microscopy techniques [18]. At large sizes (500–1000 m diameter) spheroids often develop 

necrotic cores due to lack of sufficient nutrient/waste transport. This model may no longer 

be representative of in vivo conditions, where embedded vasculature prevents this extreme 

cell death from occurring. The size of these models also excludes them from analysis via 

microscopy. Thus, medium sized MCTSs (300–500 m diameter) provide a unique balance 

between relevant physiological features and the potential to be non-invasively assessed by 

contemporary imaging modalities. Indeed, medium sized MCTSs develop biochemical 

gradients with discrete radial cell zones (i.e., periphery cells are an active proliferating layer, 

and most inward are quiescent and/or hypoxic) [19,20]. The high level of hypoxia at their 

core enables in vitro mimicking of the pre-metastatic signaling found in vivo. This finding 

has led to the hypothesis that aggregate heterogeneity is a factor of increasing spheroid size, 

and that medium-sized tumor spheroids provide a more accurate surrogate for avascular 

solid tumors; which are of significant interest for screening due to the shortcomings in 

traditional therapeutics [21–23]. Unfortunately, with this increase in aggregate size over 

small spheroids, these models have still proven difficult, if not impossible, to assess by 

conventional brightfield or wide-field fluorescent microscopy.

Beyond size governing microenvironmental gradients, the shape of cellular aggregates is 

also an important factor in model development. Size-related heterogeneity is, in part, due to 
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spatiotemporal signaling effects, which are influenced by aggregate shape. Often, it is 

assumed that cellular aggregates take on a spherical morphology, which is approximated by 

maximum intensity projection (MIP) images in the x-y plane taken using brightfield 

microscopy. Mounting evidence has shown that various aggregate models can have vastly 

different sizes and shapes, which can only be appreciated when analyzed in 3D [24]. Thus, 

aggregate shape is a crucial factor that can influence how the models behave, with important 

implications in drug screening applications, and the development of the desired 

pathophysiological gradients [25].

Beyond the effects of size and geometry of the spheroid, some advanced in vitro models 

seek to produce spatially-defined aggregate cultures or engineered constructs to study the 

influence of cell signaling; both homotypic signaling between neighboring aggregates, and 

heterotypic cross-talk between cellular aggregates and ancillary cells. Cell-cell signaling 

contains a significant element of spatial-temporal sensitivity, which requires fabrication tools 

with precise spatial-patterning capabilities. Additive manufacturing technologies, such as 3D 

bioprinting, show great promise to achieve the desired size, geometric, and spatial control of 

cellular aggregates, with the added benefit of being built on CAD/CAM technology that 

lends itself to scaling for high-throughput applications.

3D bioprinting is a powerful tool in tissue engineering, regenerative medicine, biosensing, 

and in vitro diagnostics [26–28]. While creating functional organs and tissue replacements is 

a compelling future goal, much of bioprinting’s current impact can be realized in in vitro 
applications, where its fabrication versatility, control, and throughput can be leveraged to 

produce sophisticated cell-based constructs to model pathologies, simulate injury and 

healing, personalize diagnostics, and create “organ-on-a-chip” models [29–33]. Of the 

various bioprinting techniques, laser-based bioprinting has emerged as a powerful, 

noncontact method to enable high-resolution spatial patterning of a variety of biomaterials 

(e.g., hydrogel solutions, microbeads), cells, proteins, and nucleic acids [34–37].

One such technique, laser-direct write (LDW) bioprinting, is a nozzle-free, forward transfer 

technique that uses a pulsed laser to deposit material from a ‘print ribbon’ to a ‘receiving 

substrate’. LDW falls in a class of bioprinting with other laser-based techniques, such as 

laser-induced forward-transfer (LIFT), AFA-LIFT, and biological laser-printing (BioLP), 

which have the advantage of high-spatial resolution patterning, the ability to dispense 

viscous and/or small volumes, and the precision to prescribe fine geometric features. The 

flexibility and performance of these techniques have been demonstrated in the printing of a 

variety of different architectures, using a multitude of natural and synthetic bioinks [38]. Of 

these bioinks, alginate serves as an exceptional material for bioprinting and cellular 

encapsulation, due to its biocompatibility and inert nature. Previously, we have shown our 

ability to use LDW for single-step fabrication and patterning of alginate microbeads, and 

process these beads into core-shelled microcapsules [39,40]. Herein, we utilize LDW 

bioprinting to pattern size-controlled alginate microbeads that can be processed into core-

shelled structures. Within these structures, aggregating and self-assembling cells, namely 

cancer cells and stem cells, are shown to survive with high viability, and self-assemble to 

form 3D aggregates that grow to match the geometry of their printed construct. Tight size-

regulation is demonstrated, and utilized to show that aggregate size influences the model’s 
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biologic function, with larger tumor spheroids exhibiting greater spatial heterogeneity in 

protein ligand uptake. Overall, LDW’s ability to produce size-controlled 3D aggregates (e.g., 
MCTS, EB) in spatially-defined cultures or engineered constructs, makes it a powerful 

biofabrication method for applications in tissue engineering, in vitro diagnostics, and 

regenerative medicine.

2 Methods

2.1 Materials

For use as a transfer material, alginate was prepared as a solution of 2% (w/v) alginate 

(Sigma Aldrich, St. Louis, MO) and 0.9% (w/v) NaCl within cell culture grade dH2O. 

Solutions were subsequently filtered through 0.8 and 0.2 m filters, to ensure sterility. For use 

as a sacrificial layer, gelatin powder was added to warm filtered alginate to produce a 

solution with 2% alginate-10% gelatin (w/v). Chitosan (Spectrum, New Brunswick, NJ), for 

use in the processing of alginate to core-shelled structures, was dissolved in glacial acetic 

acid, and neutralized to a pH of 6.2 and 0.5% (w/v).

2.2 Cell maintenance

GFP labeled MDA-MB-231 human breast cancer cells (ATCC, Manassas, VA) were grown 

in standard cell culture conditions (37°C, 5% CO2, 95% RH) in growth medium consisting 

of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum, 100 U mL-1 penicillin/streptomycin, and 2mM L-glutamine.

CCE Mouse Embryonic Stem Cells (mESCs) (StemCell Technologies, Vancouver, BC, 

Canada) were grown in standard ES maintenance media with 15% fetal bovine serum, 1mM 

sodium pyruvate, 100 U mL-1 penicillin/streptomycin, 2 mM L-Glutamine, 0.1 mM MEM 

non-essential amino acids, 10 ng mL-1 leukemia inhibitory factor (LIF), and 100 M 

monothioglycerol in DMEM high glucose. Cells were passaged every 2–3 days using 0.1% 

trypsin/EDTA onto 0.1% gelatin coated tissue cultured flasks [41].

2.3 Laser direct write (LDW) bioprinting

Single-step fabrication and patterning of alginate microbeads via LDW bioprinting is 

described in detail in our previous work, and demonstrated in Figure 1 [39]. Briefly, the 

LDW system (Teosys LLC, Crofton MD) consists of an ArF excimer laser source, with 

independently CAD/CAM-controlled printing ribbon and receiving substrate stages. To 

prepare a print ‘ribbon’, a UV-transparent quartz disk (Edmond Optics, Barrington, NJ) is 

spincoated with a thin, ‘sacrificial layer’ of alginate-gelatin, and a subsequent layer of 

‘transfer material’ containing the biopayload is added via pipette. For these experiments, a 

fixed-density of cells suspended in alginate served as the transfer material, and a Petri dish, 

or a glass bottom MaTek plate (when needed for confocal microscopy), spincoated with a 

thin film of 10% gelatin-2% CaCl2, was utilized as the receiving substrate.

To fabricate and pattern a microbead (i.e., “print a microbead”), a pulse from the ArF 

excimer laser (193nm) passes through a variable iris and beam-delivery optics, hitting the 

UV-transparent print ribbon where it volatizes the sacrificial layer, forming a vapor pocket 
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that ejects a spot of transfer material (e.g., cell-loaded alginate), from the print ribbon to the 

underlying receiving substrate. As the material leaves the print ribbon, it forms a droplet, 

taking on a spherical shape through cohesion and surface tension, then lands in the gelatin 

film on the receiving substrate, where it rapidly crosslinks in situ due to the free calcium on 

the substrate [39]. This crosslinking event occurs very rapidly, such that the resultng 

microbead retains the spherical shape of the droplet [39]. Immediately after the microbead is 

printed, the receiving substrate is automatically moved to the next programmed position 

within the printed array, the ribbon stage moves to utilize a new loacation on the print 

ribbon, and the laser is again pulsed to creat a new microbead. This process continues until 

the entire pattern is complete, at which point the printed microbead construct is incubated in 

2% CaCl2 solution for 15 minutes to provide additional crosslinking, then switched to cell 

culture medium.

2.4 Control and characterization of microbeads (size and cell density)

In our LDW system, the beam diameter can be adjusted by an intra-cavity variable aperture 

before the laser objective, to change the laser spot size, which we utilize to control the size 

of the printed microbead. We also adjust the cell seeding densities on our print ribbon in an 

effort to change the cell density in the printed microbeads. To determine whether we could 

utilize these to control the size and cell density of the resulting microbeads, respectively, we 

created 5x5 microbead arrays at two discrete beam diameters (small ~100 μm, and larger 

~175 μm), for five different initial ribbon cell seeding densities (1.0, 2.5, 5, 7.5, and 10 M/

ml). Beam size was measured by pulsing the laser on an ink-covered glass slide, and laser 

energy was recorded using an Opher energy meter, and printed microbead arrays were 

analyzed for size and cell number, as described below.

After crosslinking of the alginate, images were acquired using a Zeiss Z1 microscope with 

Axiovision software (Carl Zeiss, Thornwood, NY). Each alginate microbead was 

approximated as spherical, and the diameter of beads was analyzed within Axiovision 

software or ImageJ (US National Institutes of Health Bethesda, MD, USA). Cells were 

counted within collected images using ImageJ (US National Institutes of Health Bethesda, 

MD, USA) with the cell count plugin.

2.5 Processing alginate-based structures to core-shelled constructs

Within this work, the printed constructs were typically 5x5 arrays of individual alginate 

microbeads. To explore larger aggregates, the nodal spacing between patterned alginate 

spots was collapsed, such that microbeads were printed in overlapping fashion to create a 

single, rectangular alginate structure, or mat. As illustrated in Figure 1, to create a larger 

rectangular mat, a 5x5 array was printed with bead diameters twice the size of the between-

bead distance.

Fabricated alginate microbeads and microstructures were given 1 hour in cell culture 

medium prior to processing into core-shelled constructs [40], then washed thrice with 0.9% 

NaCl to remove any excess media from substrates. Next, a 0.5% chitosan solution was 

washed over the alginate structures for 7 minutes; during which the chitosan complexes to 

alginate structure periphery, in a process known as polyelectrolyte complexation. After the 
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chitosan treatment, 0.9% NaCl is washed thrice again used to remove excess solution. The 

chitosan-shelled alginate structures were then washed with 0.1% sodium citrate solution (a 

calcium sequesterate), and incubated for 2 minutes to liqeufy their cores; producing a 

polymer-shelled microenvironment with a liquid core; termed a core-shelled strucutre. 

Excess sodium citrate was then removed, and the samples were washed with NaCl before 

cell culture medium was added to the construct.

2.6 Cell viability analysis

An analysis of cellular viability was performed after each of the following steps: loading of 

alginate cell suspension to the print ribbon, deposition of a microbead, and after processing 

to a core-shelled microcapsule (for MDA-MB-231 and CCE cells), using Live-Dead 

Stainning Kit (Enzo Life Sciences, Farmingdale, NY), following the maufacturers staining 

procedure. Multichannel fluorescent imaging was performed, in triplicate, on microbeads 

and microcapsule arrays (n=36), using a Zeiss Z1 microscope and Axiovision software (Carl 

Zeiss, Thornwood, NY). The number of red (dead) and green (live) cells were independently 

quantified, and the average viability was calculated as an overall percentage at each time 

point.

2.7 Optical coherence tomography

OCT is a well-established technique that enables 3D imaging of biologial structural features, 

at micrometer resolution. OCT has been recently proposed as a powefull tool to assess 

biomanufactured constructs non-invasively [42,43]. Herein, we employed this imaging 

modality to structurally assess laser-fabricated core-shelled structures. OCT imaging was 

performed using a commercial spectral domain OCT system (TEL220C1; Thorlabs Inc.), 

having a maximum sensitivity of 101 dB and a maximum A-scan line rate of 76 kHz. For all 

imaging, the 5.5 kHz line rate (highest sensitivity) was utilized, with 1024 A-scans per B-

scan. The OCT probe was positioned orthogonally above the sample in the experimental 

design. Cellular aggregates contained within core-shelled structures were visualized and 

quantified using Imaris image analysis software (v9.2, Bitplane USA, Concord, MA) [44].

2.8 Cell staining and confocal microscopy

Core-shelled structures, containning GFP stably transfected MDA-MB-231 cells, were 

grown on 1.5 (25 mm) glass coverslips within 6-well plates, for a 14-day period to 

completely fill the structure. For Transferrin (Tf) uptake, the samples were washed with 

Dulbecco modified-Phosphate buffer saline (DPBS), incubated for one hour at 37°C in 

serum-free imaging medium (DHB) to deplete unlabelled endogenous Tf (DHB: phenol red-

free DMEM, 5 mg/mL bovine serum albumin (Sigma), 4 mM L-glutamine, 20 mM HEPES 

(Sigma) pH 7.4). Then, samples were loaded for 1 h at 37°C with 40 μg/mL iron-loaded Tf-

Alexa Fluor 555 (Life Technologies) in DHB medium. Samples were then washed twice 

with DPBS and fixed with 4% Paraformaldehyde for 15 min, followed by two additional 

PBS washes. Cells were counterstained for 15 minutes with 0.1 μg/mL DAPI (4’,6-

diamidino-2-phenylindole) solution for nuclear visualization, and washed again with DPBS. 

Prepared samples were stored in DPBS until imaging. Imaging was performed using a Zeiss 

LSM510 META-NLO multiphoton confocal laser microscope. Images were acquired with a 
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25x oil immersion lens. To visualize the 3D cellular aggregate within a microcapsule, up to 

120 Z-stacks, 1 μm z-interval, were collected for 3D rendering using Imaris software.

2.9 Imaris: structural and functional quantification

Collected OCT data were imported into Imaris; there, segmentation of the sample region of 

interest was performed via intensity-based thresholding. The ‘Add Surface’ function was 

used to trace the aggregate slice-by-slice. The resulting volume was stitched together using 

the ‘Mask all’ tool to enable 3D visualization and quantification of the aggregates. Metrics 

pertinent to aggregate physiology, such as aggregate sphericity and bulk volume, were 

reported using the ‘Statistics’ tool.

Collected fluorescence data were similarly imported into Imaris, for both large and small 

MCTSs. Samples were analyzed for their uptake of Tf using the 3D rendering “surface” 

Imaris module and a quantitative method for determining regional fluorescence intensity 

levels of Tf and GFP. Using the “line intensity” Imaris module, 8 lines were selected to cross 

the whole 3D aggregate volume, from top center to different points at bottom periphery 

(lines 1–8). Data from each of the channels (GFP & Tf) were removed when GFP 

fluorescence intensity <100 arbitrary units, prior to calculation of Tf/GFP ratio.

2.10 Statistical analysis

All statistical analyses were performed within MATLAB (MathWorks Inc., Natick, MA). 

Exploratory analyses utilized bar graphs and scatter plots to visualize the means, variance, 

and distribution of the data. Data were further assessed for normality using Anderson-

Darling tests. All data sets examined were normally distributed, with groups of comparable 

sizes, and equal variances, justifying the use of parametric statistical analyses. Data were 

analyzed by one-way ANOVA (analysis of variance, using the built-in “anova1” function) to 

identify any significant differences observed between variables, with post-hoc analysis 

(Tukey’s Honestly Significant Difference) to determine which variables had significant 

effects on these values. In all cases, p < 0.05 for statistical significance.

Frequency distribution analysis of the Tf/GFP ratios was performed using GraphPad Prism 

(GraphPad Software, Inc). Results were plotted as Tf/GFP ratio of fluorescence intensity vs. 

distance from top point to bottom periphery points (lines 1–8), to identify regional 

differences in Tf internalization within a single aggregate, and to qualitatively compare 

uptake between small and large MCTSs.

3 Results

3.1 Ribbon density and printed bead characteristics

Laser energy characterized for the small and large beam sizes was measured during printing 

(frequency of 1Hz) for all patterns, revealing mean energies of 3.05 0.66 and 5.01 1.21 μJ 

for the small and large beams, respectively (Fig. 2a), with Gaussian distribution profiles 

(Fig. 2b). This resulted in alginate beads with diameters of 200 μm for small beam sizes 

(202 30 μm), and 400 μm for large beam sizes (410 60.0 μm) (Fig. 2c,d), illustrating the 

ability to control microbead size via beam diameter.
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However, for a given beam diameter, the microbead sizes appeared to vary slightly with 

changes in ribbon seeding density, although no clear trend in microbead diameter with ribon 

seeding density was observed (Fig. 3a,b). The number of cells per bead was positively 

correlated with ribbon seeding density (Fig. 3), with roughly 3–21 cells in small beads (Fig. 

3a), and 15–157 cells in large beads (Fig. 3b). When this count was normalized to bead 

volume, we found printed microbead cell densities ranging from 0.69 (0.48) to 5.69 (1.84) 

M/mL in small beads, and 0.20 (0.07) to 3.24 (0.64) M/mL in large beads (Fig. 3e). Thus, 

small bioprinted microbeads displayed cell densities closely resembling that of the print 

ribbon, whereas cell densities in the larger printed beads were roughly half that of the ribbon 

seeding density (Fig. 3e).

3.2 Viability of cells printed with LDW

Short-term cell viability was assessed within printed alginate microbeads and subsequently 

processed microcapsules, containing either GFP-expressing MDA-MB-231 breast cancer 

cells, or CCE stem cells. Cell viability was reported on the print ribbon (control), within 

alginate microbeads 1 h after printing, and within LDW-printed microcapsules 1 h after 

processing (Fig. 4). Cancer cells were 97.6 2.1% viable on the print ribbon, which reduced 

to 83.9 8.1% after printing as a microbead, and 75.5 7.2% within a processed microcapsule. 

For stem cells, this viability was 93.0 2.0%, 76.3 7.3%, and 70.2 6.6%, for ribbon, 

microbead, and microcapsule, respectively. Both cell types exhibited a significant drop in 

viability from print ribbon to microbead, and from microbead to microcapsule, yet 

maintained high viability throughout processing. In addition, viability appears to be lower in 

stem cells than tumor cells at every stage (i.e., ribbon, microbead, and microcapsule).

3.3 Customizable core-shelled structures

Core-shelled microcapsule arrays (5 x 5 arrays with 600-μm centroid-to-centroid spacing) 

were produced containning mESCs, at both small and large microbead sizes. The time 

course of stem cell growth and aggregation within these capsules can be visualized in Figure 

5. Small aggregates begin to form within the capsule after 1 day in culture, then merge into a 

larger single aggregate by day 7, which continues to grow until it fills the entire capsule 

volume by day 14. This was repeated in similar 5 x 5 arrays of cancer cells, printed with 

reduced array spacing (200-μm centroid-to-centroid) to demonstrate the spatial control of 

microcapsules created by LDW bioprinting (Fig. 5). Similar growth and aggregation was 

observed for the cancer cells over the 14-day time course; aggregating, merging, and 

forming a single large aggregate filling the 3D volume of each microcapsule.

In the larger-volume custom geometries, created by printing the beads in overlapping 

fashion to form a rectangular micromat (Fig. 1b,c), the structure and geometry was 

maintained throughout the core-shelling process. Over a 14-day time course, the 

encapsulated MDA-MB-231 cancer cells proliferated and self-assembled to form a large, 

single aggregate that filled the entirety of the shelled-volume in which they were 

encapsulated (Fig. 5).
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3.4 Structural evaluation of cell constructs

OCT provided a label-free, non-invasive method to image the aggregates grown within the 

core-shelled environments. When processed within Imaris, OCT images granted 

visualization and quantification of the 3D geometries (Fig. 6). Core-shelled structures of 

different sizes (i.e., small microcapsule, large microcapsule, and rectangular mat) produced 

aggregates of significantly different sizes, such that larger core-shelled microenvironments 

yielded larger 3D aggregates, for both stem cells and tumor cells. Embryoid bodies grown in 

small microcapsules (volume = 3.68 0.51), were signifincantly smaller than those grown in 

larger microcapsules (volume = 56.5 8.9 x106 μm3) (Fig. 7c). The same was true for cancer 

cells, where aggregate volumes increased significantly when grown in larger core-shelled 

strucutres; small microcapsules, large microcapsules, and a rectangular mat, produced tumor 

aggregate volumes of 3.38 0.74 x106 μm3, 56.4 10.2 x106 μm3, and 173 62 x106 μm3, 

respectively (Fig. 7c). Thus, the size of the aggregate, for both multicellular tumor spheroids 

(MCTS) and embryoid bodies (EBs), could be controlled by the size of the core-shelled 

structure. An additional important note, when grown in similarly-sized microcapsules, 

cancer cells and stem cells produced 3D aggregates of similar volume.

In addition to volume, Imaris also enabled measurements of aggregate sphericity. Stem cell 

aggregates formed in small and large microcapsules were highly spherical, with sphericities 

of 0.986 0.006 and 0.917 0.017, respectively. Tumor aggregates also displayed a high 

sphericity when grown in small microcapsules (sphericity = 0.976 0.059), which was 

significantly lower in large microcapsules (0.822 0.049), and further reduced when grown in 

the core-shelled micromat (Fig. 7b). Aggregates contained within the micromats displayed a 

significantly lower sphericity than all other samples. While all of the microcapsule structures 

had overall high sphericity (> 0.8), smaller microcapsules produced aggregates with 

significantly greater sphericity than those grown in the larger microcapsules. This is likely 

due to differences in the amount of flatening the alginate microbead experinces during 

crosslinking, with increased flattening occuring at larger bead sizes, which would be 

reflected in the resultant processed microcapsule. Interestingly, stem cells and tumor cells 

produced aggregates with similarly high spherecity when grown in small microcapsules, 

however, when grown in larger microcapsules, stem cell aggregates (i.e., EBs) had notably 

higher sphericity than analogous cancer cell aggregates (i.e., MCTS).

3.5 Molecular imaging of core-shelled structures

Confocal microscopy was performed on aggregates grown within small and large 

microcapsules (Fig. 8) to visualize the cellularity of the aggregate, as well as its overall 3D 

morphology. We observed high cellularity on the aggregate edges, demonstrated by the 

relative intensity of GFP and DAPI signal. However, significant attenuation of GFP and 

DAPI was observed towards the center of the aggregates (both small and large) within the 

cross-sectional images (Fig. 8a,b). Two main issues may be at the basis of this fluorescence 

intensity decrease towards the center of the aggregates. Firstly, confocal microscopy has 

been shown to have difficulty in imaging the core of tumor spheroid due to reduced light 

penetration [45]. Secondly, DAPI visualization is negatively affected by dye delivery issues 

across the cellular aggregates. Utilizing a mean intensity projection (MIP), we were able to 

visualize the aggregate clearly within the x-y and x-z plane (Fig. 8c,d). Although the MIP 
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provided evidence of general aggregate sphericity, the aggregate size (z-direction) appeared 

to exceed the depth capabilities of the confocal microscope to produce an overall 3D image, 

as seen within the saggital view.

In addition to 3D morphology within the tumor spheroid aggregates, we sought to validate 

the functional status of the cellular aggregates within the microcapsules by evaluating their 

ability to take in iron-loaded Transferrin (Tf) conjugated with Alexa Fluor 555. In both small 

and large MCTSs, Tf-containing structures can be detected across x, y, and z-directions, as 

shown by their typical endosomal punctate staining (Figure 1 supplementary). To identify 

differences in Tf uptake heterogeneity, between the large and small aggregates, we analyzed 

the confocal z-stacks using 3D rendering Imaris software. In both small and large 

aggregates, Tf signal appears to be stronger on the periphery of the spheroids, which reflects 

the decreased diffusion rate towards the core of the aggregates, as well the limitations of 

confocal imaging in reaching the core of the aggregates (Fig. 9). However, in the small 

aggregate, Tf signal is more evenly distributed than in the large aggregate, which shows 

areas of reduced Tf uptake at its core (Fig. 9A). Eight lines were established across the 

radius of the aggregates, and subsequently analyzed using the intensity module of Imaris to 

extract their respective Tf and GFP fluorescence intensity levels, as described in Methods 

(Figure 9A). In Figure 9B, the Tf/GFP ratio was used to determine the heterogeneity of Tf 

uptake in cells expressing GFP in the small and large aggregates. Since areas of very low Tf 

and GFP fluorescence intensity may reflect technical limitations of confocal microscopy in 

reaching across the 3D z-axis of the cell aggregates, we have removed data that displays 

very reduced Tf and GFP levels (GFP <100 A.U.), prior to the Tf/GFP ratio calculation. To 

evaluate heterogeneity of Tf uptake across small vs. large aggregates, lower Tf/GFP ratios (< 

0.5) indicate reduced level of Tf uptake in cells expressing detectable levels of GFP, 

whereas, higher Tf/GFP ratios (> 0.5) indicate higher Tf levels in cells expressing GFP. The 

smaller aggregate displays higher Tf/GFP ratios across its z-axis, whereas the larger 

aggregate shows a reduced frequency of elevated Tf/GFP ratios and an increased frequency 

of low Tf/GFP ratios, suggesting that aggregate size may play an important role in 

determining Tf uptake levels.

4 Discussion

There is a compelling need for more advanced, physiologically-representative 3D in vitro 
models to overcome limitations presented by simplified culture platforms and complicated in 
vivo testing and translation. Cellular aggregates provide a promising framework to bridge 

simple 2D models, that fail to recapitulate the 3D microenvironment and key biological 

phenomena, to xenograft models, which are costly (i.e., time and resources), as well as 

difficult to reproduce. Additive manufacturing technologies, such as LDW bioprinting, offer 

the potential for enhancing the cellular aggregate model to a more scalable, sophisticated 

tissue-engineered model. We have previously shown that LDW can be used to fabricate and 

spatially pattern cell-loaded microbeads [39], which can be utilized to create customizable, 

cell-loaded, core-shelled structures [40]. Core-shelled microcapsules provide an effective 

method for generating 3D cellular aggregates [46,47]. When compared to other cell 

encapsulation and core-shelled techniques (i.e., electrostatic bead generators and 

microfluidic channels), LDW bioprinting has the added benefit of being built on scalable, 
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CAD/CAM patterning technology, making it possible to produce size-controlled spatially-

defined constructs, ultimately in high-throughput fashion. These two, seemingly disparate 

techniques (LDW and cellular aggregates), together have the potential for advancing our 

current control and capabilities for in vitro models. Herein, we applied LDW to fabricate and 

pattern core-shelleds structures, containing either cancer or stem cells, demonstrating our 

ability to control aggregate size, spatial placement, and overall geometry.

A key aspect of embryoid bodies’ and tumor spheroids’ performance is their size. For 

embryoid bodies, their differentiation potential has been shown to be strongly influenced by 

the resultant size of the aggregate [14,48,49]. We have previously shown that embryoid body 

size can be manipulated with 2D gelatin-based LDW, via changes in printed cellular density 

[50]. Aggregate size also has important implications for tumor spheroids; small spheroids 

remain healthy, missing a hypoxic core, which is a hallmark of avascular solid tumors [51–

53], whereas large spheroids develop overly necrotic cores that precludes their use for 

modeling in vivo conditions. On the other hand, medium-sized MCTSs capture the 

characteristic hypoxic core, allowing investigations into cancer cell signaling. Thus, 

aggregate size control is critical, and highly desired in any biofabrication or 

biomanufacturing method. We were able to control final aggregate size using LDW 

bioprinting, by adjusting the beam diameter of the laser to create size-controlled microbeads 

(e.g., small and large scale), which were further processed into microcapsules that would 

constrain the final aggregate geometry. While the total laser energy was significantly greater 

for the large beam diameter (on average 40% higher than the small diameter), there was 

overlap in the tails of the energy distributions. Interestingly, the beads produced at the large 

beam diameter were twice the size of the small beam diameter, with no observable overlap. 

This implies that beam diameter in LDW bioprinting plays a more significant role in 

determining the size of deposited alginate droplets, than the total laser energy.

With LDW, we controlled the initial number of cells deposited within each bead (and its 

associated microcapsule), as well as the initial cellular density of LDW-printed structures 

(e.g., micromat), through manipulating the seeding density of cells suspended on the print 

ribbon. This allowed for great flexibilty, enabling controlled fabrication of cellular 

aggregates over a broad range of initial growth conditions. Within the printed microbeads, 

high cellular viability was observed for both cell types, however, there was a significant drop 

in viability at each step of the process (i.e., suspending cells to the ribbon, printing 

microbeads, and processing to core-shelled structures). This reduction in viability was 

greater in stem cells than the cancer cells. Despite drops in viability during the process, the 

overall cell viability within the final bioprinted structure was still high (>80%), and similar 

to previous printing work with embryonic stem cell [54,55].

Within core-shelled structures, tumor spheroids and embryoid bodies were observed to form 

and grow over a 14-day time course. The core-shelled structures were able to constrain the 

growing aggregates within, allowing for control over the final size, and shape, of the 3D 

cellular aggregate. Aggregates within core-shelled microcapsules exhibited high sphericity, 

which reduced slightly with increasing aggregate size, possibly due to flattening occurring 

with larger droplet sizes (either at initial microbead fabrication, during processing into 

microcapsules, or over the time of aggregate formation). Because our volume calculations 
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assume a spherical geometry, these differences in microbead sphericity (between small and 

large beads) may have had a minor effect on bead density values, which would lead to slight 

overestimation of bead volume, and underestimation of cell density in the larger microbeads. 

Small and large tumor spheroids were examined with confocal microscopy, revealing the 

high cellularity of aggregates grown within microcapsules. Heterogeniety within the 

aggregates was probed through the use of fluorescently-labeled Tf, whose receptor is often 

overexpressed in cancer cells [56–58]. Tf has been widely used in anti-cancer drug/siRNA 

delivery systems [59–66], and in molecular imaging of tumors [67,68]. The aggregates of 

both sizes appeared to have greater internalization of Tf closer to the edges compared to the 

core. Most likely, this Tf distribution pattern is a result of protein diffusion rate, since Tf 

receptor is upregulated by hypoxia, and its density would be expected to be higher in the 

center cells [69]. When comparing these regional differences of Tf internalization between 

aggregates, each size appeared to have a unique intensity-position plot profile, with the 

larger aggregate having greater distribution variability. Whereas the Tf signal is detected at 

similar levels from the edge to the center of the smaller aggregate, the larger aggregate 

shows clear visible areas of reduced Tf uptake at its core. These results suggest that larger 

aggregates present an improved model for studies of drug distribution and delivery.

Beyond functional quantification, confocal microscopy was similarly used to gauge the 

overall 3D structure of spheroids. However, there appeared to be significant amounts of GFP 

signal attenuation toward the center of the aggregate when viewed in cross-section (Fig. 8), 

likely due to their high cellular density. Furthermore, it appeared that there were limitations 

in DAPI diffusion into the aggregate core, because DAPI could only be visualized at depths 

within ~100 microns of the aggregate surface. The MIP 3D renderings of these large 

aggregates hinted that they were spherically-shaped, however the size and signal attenuation 

in the 3D aggregates prevented confocal microscopy from accurately estimating their size 

and sphericity. Typically, such measurements are made from 2D projections in brightfield 

microscopy, under the assumption that the aggregates are spherical, which is often not the 

case. We utilized OCT imaging and Imaris image analysis to accurately quantify aggregate 

size and geometry, showing LDW’s strong volumetric control of aggregates, in numerous 

individual microcapsules, for both stem cell and cancer cell lines. Additionally, aggregates 

formed within these structures displayed high sphericity, indicating a truly 3D geometry. 

Sphericity appeared to decrease within larger microcapsules, especially for tumor cell 

aggregates, which may imply that stem cells posess stronger cues for self-assembly to 

generate a spherical aggregate.

In addition to size-control, our LDW method provides spatial control of the aggregates 

within cultures, bioprinted arrays, or 3D tissue-engineered constructs. Leveraging this 

combination of size control and bead/capsule localization, we were able to print cell-loaded 

beads, in overlapping fashion, to create large custom geometries, such as micromats. These 

cell-loaded micromats could then be processed into core-shelled structures in which the cells 

could proliferate and aggregate to fill the entire continuous geometry. With this method, 

production of an aggregate beyond the size of a single microcapsule was possible 

(macrocapsule). This could not have been done without the size control and placement 

precision that is uniquely afforded by the direct-writing technique. By using cell-loaded 

microbeads as building blocks, large 3D aggregates with custom geometries can be 
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fabricated to a desired shape by planar (2D) patterning, while maintaining a highly favorable 

surface area to volume ratio. Extensions of this work have great potential for the addition of 

patterning in 3D, (layer-by-layer) to produce larger more sophisticated, core-shelled 

geometries and resulting aggregates. Using such models, we can explore whether cellular 

aggregates of the same volume, but different 3D geometries, exhibit metabolic differences, 

due to differences in nutrient/waste diffusion rates. Moreover, future work can utilize various 

core-shelled geometries to probe whether tumor spheroids behave in characteristic fashion 

for their volume, when the aggregate is no longer spherically shaped. This could elucidate 

important volume- and surface-based properties of tumor spheroids, and the influence of 

size and shape on their cellular behaviors and response to drugs.

5. Conclusion

Herein, we demonstrate the ability to produce and spatially pattern, size-controlled 3D 

cellular aggregates, by creating core-shelled microenvironments of aggregating cell types, 

using LDW bioprinting. Within these structures, both cancer cells and stem cells remain 

highly viable, and self-assemble to form 3D aggregates (tumor spheroids and embyroid 

bodies, respectively), that have sizes corresponding to the dimensions of the fabricated 

capsule. Finally, we can leverage LDW’s unique size- and spatial-control to print cell-loaded 

microbeads, in overlapping fashion, to build larger, continous alginate structures, of custom 

geometries, which can be processed into core-shelled structures to create large, size-

controlled, and shape-controlled, 3D aggregates. This ability to create size-controlled 3D 

aggregates, in spatially-defined cultures or engineered constructs, opens exciting 

possibilities for next generation in vitro models in oncology, regenerative medicine, and 

diagnostics.
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Figure 1: 
Schematic of LDW (a), representative diagrams of desired geometry (blue), programmed 

print arrays (red), and depiction of how the printed array would appear (b), 3D view of 

patterned beads (c), their processing into core-shelled structures (d), and aggregate 

formation (e).
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Figure 2: 
The average recorded energy and distribution of 100 μm (small) and 175 μm(large) beam 

size (n = 100 pulses) (a,b), and representative fabricated microbeads at the small (c) and 

large (d) beam diameters. Scale bars are 200 μm.
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Figure 3: 
The influence of ribbon density on the resultant bead diameter (a-b), the number of cells per 

microbead (c-d), and the overall cell density per bead volume (e) (n = 48 microbeads).
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Figure 4: 
Viability assessment throughout fabrication process. Stem cells’ and tumor cells’ viability 

was assessed upon loading on the ribbon (control), immediately after printing and 

fabrication into a microbead, and upon processing into a microcapsule. Stem cells appear to 

be more sensitive to this processing, but overall both cell types maintain high viability.
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Figure 5: 
Representative images of various print configurations of microbeads (5x5 array and 

rectangular mat) at day 0, at 1, 7 and 14 days after their processing into a core-shelled 

structures. Over the 14-day period, both stem cells (upper rows) and tumor cells (lower 

rows) formed single aggregates which grew to fill the volume of each core-shelled structure. 

Scale bars are 500 μm (rows 1and 4) and 200 μm (row 2 and 3).

Kingsley et al. Page 23

Acta Biomater. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Volumetric scan of a 14-day EB grown in large (400 μm) capsule, collected via OCT and 

processed using Imaris analysis software.

Kingsley et al. Page 24

Acta Biomater. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
OCT images processed in Imaris of a small microcapsule (ai), a large microcapsule (aii), and 

a rectangular mat (aiii). The overall volume of the structures (b) and sphericity (c) of the 

aggregates grown within small and large microcapsule. Scale bars are 200 μm.
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Figure 8: 
Confocal microscopy images of representative MDA-MB-231 3D aggregates within small 

(a,c) and large (b,d) microcapsules at day 14. Aggregates were GFP-transfected (green) and 

nuclear stained with DAPI (blue). Cross-sections (a,b), and mean intensity projections (MIP) 

(c,d) demonstrate the shape of the aggregates, as well as the limitations of confocal imaging 

for capturing the full 3D geometry of the larger aggregates.
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Figure 9: 
3D rendering of Tf-containing endocytic structures using Imaris “surface” module in cells 

expressing GFP. Panel A: Tf-containing 3D rendered structures display mean intensity 

values (a, c, I, k) and z-position (b, d, j, l) in aggregates with GPF-cytosolic staining (e, g, m, 

o) to indicate the presence of cells expressing GFP, and Tf fluorescence intensity to indicate 

Tf uptake (f, h, n, p). The 8 lines (gray lines) across Tf-containing endocytic structures are 

shown for the smaller and larger aggregates. Scale bar: 50 m. Panel B: In panels a and c, 

heat maps of frequency % of Tf/GFP ratios are shown for large and small capsules, 

respectively. In panels b and d, Tf/GFP intensity ratio vs. distance ( m) charts are shown 

using the Imaris “line intensity” module.
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