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ABSTRACT  

Providing control over the geometric shape of cell-laden hydrogel microspheroids, such as 

diameter and axial ratio, is critical for their use in biomedical applications. Building on our 

previous work establishing a microfluidic platform for production of large cell-laden microspheres, 

here we establish the ability to produce microspheroids with varying axial ratio (microrods) and 

elucidate the mechanisms controlling microspheroidal geometry. Microspheroids with radial 

diameters ranging from 300 to over 1000 µm and axial ratios from 1.3 to 3.6 were produced. 
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Although for microfluidic devices with small channel sizes (typically < 500 μm) the mechanisms 

governing geometric control have been investigated, these relationships were not directly 

translatable to production of larger microspheroids (radial diameter 102 – 103 μm) in microfluidic 

devices with larger channel sizes (up to 1000 μm). In particular as channel size was increased, 

fluid density differences became more influential in geometric control. We found that two 

parameters, narrowing ratio (junction diameter over outlet diameter) and flow fraction (discrete 

phase flow rate over total flow rate), were critical in adjusting the capillary number, modulation 

of which has been previously shown to enable control over microspheroid diameter and axial ratio. 

By changing the device design and the experimental conditions, we exploited the relationship 

between these parameters to predictably modulate microspheroid geometric shape. Finally, we 

demonstrated the applicability to tissue engineering through encapsulation of fibroblasts and 

endothelial colony forming cells (ECFCs) in hydrogel microspheroids with different axial ratios 

and negligible loss of cell viability. This study advances microfluidic production of large cell-

laden microspheroids (microspheres and microrods) with controllable size and geometry, opening 

the door for further investigation of geometric shape-related biomedical applications such as 

engineered tissue formation.  
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Introduction 

Hydrogel microparticles with controlled geometric shapes are widely used for applications in 

material design,1 drug delivery,2 and tissue engineering.3 The geometric shape, such as size and 

anisotropy, plays an important role in microparticle function. For tissue engineering, hydrogels are 

commonly used for cell encapsulation. Providing control over hydrogel geometry can influence a 

range of microparticle properties from their injectability to self-assembly. Therefore, being able to 

produce hydrogels with different function-related shapes are beneficial for various applications 

such as cell delivery,4 bioreactor-based cell production,5 high throughput screening,6 and 

macroscopic tissue assembling.7-8 For example, microspherical hydrogels are widely used for 

injectable cell delivery,4, 9-11 and properly controlled sizes can improve cell retention while 

allowing for a smooth injection process. Towards that end, significant attention has been paid to 

establishing an understanding of systematic modulation of microparticle geometry for production 

processes. 

A number of techniques have been developed to produce hydrogels with different geometric 

shapes; these can be categorized as either batch production or continuous production. Two major 

types of batch process techniques, molding and photolithography, allow for the production of 

hydrogel microparticles with various shapes and a wide range of sizes (from submicron to 

millimeter scale).3 Whereas these two techniques provide a high degree of control over the 

hydrogel geometry, they have low production rates, severely limiting their commercial use. 

Another method widely used for batch production of hydrogel microparticles is emulsification, 

during which aqueous droplets of hydrogel precursors are generated from agitating a multiphase 
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mixture.12 While emulsification provides a straightforward production approach, the hydrogels are 

limited to spherical shape and have a wide size distribution. 

Compared to batch processes, microfluidics provides a continuous production approach, which 

increases the production throughput. Microfluidic devices are usually fabricated either using 

poly(dimethyl siloxane) (PDMS) or through the assembly of capillaries. Particle production within 

the device can be achieved with either single phase or multiple phase fluids. For single phase 

microfluidics, the Doyle group reported a method using microscope projection photolithography 

through which exotic non-spherical shapes can be produced within microfluidic channels.13 When 

employing multiphase fluids, various junction designs have been introduced for geometric control, 

such as T-junction, flow-focusing, and co-flow designs.14 The results have been used for numerous 

applications, including drug delivery,15 functional macro- or super- molecule encapsulation,16 and 

cell encapsulation.17 However, channel size in these devices typically has an upper limit (< 200 

µm for PDMS devices and < 500 µm for capillary devices) and therefore results in constrained 

maximum hydrogel sizes (particularly radial diameters) and cell densities. 18-21 For this reason, 

exploration and examination of the mechanisms governing geometric control have been focused 

on small diameter particles (Figure 1A). Particles with larger radial diameters are also needed, 

however, in various commercial biomedical applications, especially in cell encapsulation. For 

instance, production of engineered tumor spheroids with high cell density and large sizes is 

important in creating hypoxia-induced necrosis for cancer drug testing.22 In looking to control the 

production process of these larger particles, findings for geometric control of particles produced 

in small microfluidic channels are not directly translatable. In particular, when channel size 

increases, the effects of buoyancy and gravity, which stem from the density difference between 

phases, become more significant compared with surface tension. Therefore, establishing a greater 
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level of understanding that builds on previous work for geometric control with small microfluidic 

devices is essential for controlling larger dimension (radial diameter 102-103 µm) particle size and 

shape. 

Previously, we reported a microfluidic platform that supports rapid production of hydrogel 

microspheroids with large sizes (radial diameter up to 1100 µm) and high cell density (up to 60 

million cell/mL). However, the capacity of this platform for systematic control over geometry had 

yet to be investigated. In this study, we explore the ability of this platform to control hydrogel 

microparticle geometric shape and elucidate the fundamental principles governing this control for 

the modified T-junction design used in this microfluidic device. The authors hypothesized that the 

geometric shape of the microspheroids could be controlled by adjusting the relative effect of 

viscous force versus surface tension at the interface between the continuous phase and discrete 

phase. Since substantially changing the surface tension could negatively impact cell membrane 

integrity, this parameter needed to be kept relatively constant; therefore, modulation of this 

relationship focused on changing the viscous force, which is proportional to the interfacial flow 

velocity difference. In particular, we examined the relationship between the capillary number and 

device design parameters, such as junction to outlet diameter ratio, along with experimental 

parameters, such as continuous to discrete phase flow rate ratio. Additionally, because of the 

increased size of the microfluidic channels, the effect of buoyancy and gravity was anticipated to 

play an important role in microfluidic device operation, and the ability to exploit this effect on 

device operation was tested by changing the device orientation. Microspheroids were prepared 

with radial diameter ranging from 300 µm to 1000 µm and axial ratio (AR) ranging from 1 to 3.6. 

As a proof-of-concept, anisotropic cell-laden tissues were produced and used for assembly of 
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macroscopic tissues to demonstrate the potential of the microfluidic encapsulation device in 

biomedical applications. 

Experimental Section 

Microspheroid Production Using Microfluidic Platform. A detailed description of materials, 

microfluidic device fabrication, and microfluidic platform setup can be found in the Supporting 

Information (S1-2). Briefly a polydimethylsiloxane (PDMS) microfluidic device was fabricated 

using a molding technique. Poly(ethylene glycol)-fibrinogen (PEG-fibrinogen) hydrogel precursor 

solution was prepared with photoinitiator Eosin Y. As previously reported, a microfluidic platform 

consisting of the microfluidic device, syringe pumps, and a light source was built.23 Aqueous 

hydrogel precursor solution (the discrete phase) and mineral oil (the continuous phase) was 

pumped into the microfluidic device. Microspheroids were formed at the junction, 

photocrosslinked in the outlet channel, and collected at the end of the outlet channel. At the 

ambient temperature of 23°C, the densities for the acellular hydrogel precursor solution and 

mineral oil were 1.0 and 0.85 g/mL, and the dynamic viscosities were approximately 1.4 and 30 

mPa⋅s.10 

Microspheroid Geometry Characterization. The resulting hydrogel microspheroids, 

including microspheres and microrods, were imaged using an inverted Nikon Eclipse Ti 

microscope. Using ImageJ software (NIH), axial diameter and radial diameter of the 

microspheroids were determined. The Axial Ratio (AR) was calculated using the formula:  

𝐴𝑥𝑖𝑎𝑙 𝑅𝑎𝑡𝑖𝑜 =  
𝐴𝑥𝑖𝑎𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑅𝑎𝑑𝑖𝑎𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 （1） 
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A higher AR value corresponds to a longer microrod, and a perfect microsphere has an AR 

value of 1. For clarification purposes, a microspheroid is named microsphere when its AR is 

smaller than 1.05, and axial diameter is reported as diameter in the text when the difference 

between axial and radial diameter is small (< 5%). Uniformity was analyzed by coefficient of 

variance (CV). 

Cell Culture and Maintenance. BJ-5ta (ATCC® CRL4001™) normal human foreskin 

immortalized fibroblasts were obtained from ATCC (Manassas, VA). The cells were cultured in 

media containing 70.6% (v/v) Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco), 18% (v/v) 

Medium 199 (Gibco), 10% (v/v) fetal bovine serum (FBS; Atlanta Biologicals), 1.4% (v/v) 

glutaGRO (Corning), and 0.02% (v/v) hygromycin B (Millipore). The cells were maintained at 

37ºC with 5% CO2. Cells cultured in tissue-culture flask were detached with TypLE™ Express 

Enzyme (Gibco) and used for 3D encapsulation. 

Equine endothelial colony forming cells (ECFCs) were isolated following a previously 

published method.24 All procedures involving animals were approved by the Auburn University 

Animal Care and Use Committee. The cells were cultured in collagen-coated tissue culture flask 

containing 95% (v/v) EBM™-2 Basal Medium (Lonza), 5% (v/v) horse serum (HyClone), and 

EGM™-2 SingleQuots™ Supplements (Lonza) at 37ºC with 5% CO2. Cells were detached with 

TypLE™ Express Enzyme (Gibco) and used for 3D encapsulation.  

Cell Viability Assay. Cell viability after encapsulation was assessed using Live/Dead™ 

Viability/Cytotoxicity Kit (Invitrogen). Cell-laden microspheroids were incubated with Calcein-

AM and Ethidium Homodimer-1 for 30 minutes. Z-stack images were then taken with fluorescence 

microscope (Nikon Eclipse Ti). Three regions with same size (190×190 µm) were randomly 
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selected on each microspheroids using ImageJ, and live/dead cells were counted through the 

optical slices along the z-axis for approximately 350 µm. 

Phalloidin Staining. Fibroblast-laden microspheroids were rinsed with PBS to remove media 

and fixed with 4% paraformaldehyde for 30 minutes at room temperature. They were subsequently 

rinsed with PBS and stained with Alexa Fluor 568 Phalloidin for 1 hour. After washing with PBS, 

fluorescence images were obtained using confocal microscopy (Nikon AI Confocal Scanning 

Laser Microscope). 

Statistical Analysis. All data are presented as mean ± standard deviation. All statistical 

analysis was performed using Minitab 18 Statistical Software (Minitab Inc.). After checking for 

normality of distribution, one-way analysis of variance (ANOVA) followed by Tukey-Kramer 

honest significant difference (HSD) test was performed to evaluate statistical significance between 

multiple groups. Statistical significance was declared if p<0.05. 

Results and Discussion 

Modified T-Junction Design for Production of Larger Microspheroids. 

For multiphase microfluidic systems, the control over microspheroid geometry, including AR 

and diameter, comes from the precise liquid manipulation provided by design of the devices, 

especially the junction design. There are three commonly used junction designs for microfluidic 

devices: T-junction, flow focusing, and co-flow.14 Each design individually provides different 

advantages for controlling microspheroid size and AR during the production process. Flow ratio, 

the ratio of discrete phase to continuous phase flow, is known to play an important role in 

geometric control. Varying the flow ratio in a T-junction device tends to be more easily used to 



 9 

adjust the microspheroid AR than their diameter.25 In contrast for flow focusing and co-flow 

junction designs, although it is also possible to control the AR,26-27 changing the flow ratio is more 

likely to influence the final microspheroid diameter.28-29 Due to the complex and resource-

intensive nature of traditional microfluidic device fabrication, computational simulation has 

previously been done for a range of junction designs to provide researchers with a better 

understanding of the mechanisms controlling microspheroid geometries.29-31 

These experimentally and computationally identified relationships for small microspheroids 

(produced with traditional PDMS and capillary microfluidic devices) were not able to be replicated, 

however, for microfluidic production of larger microspheroids. Through numerous “trial and error” 

design iterations, we established a microfluidic system that could produce larger microspheroids 

with different diameters for cell encapsulation.23 However, to systemically control the geometric 

shape, we needed to establish an understanding of the key design attributes involved in this success, 

especially for the modified T-junction design. 

In examining the design of the microfluidic device, the fluid density difference between the 

aqueous and oil phases was found to play a critical role. Therefore, design components such as 

vertical device orientation, a flow stabilizer, and a leveled outlet channel were introduced to both 

exploit and minimize the effect of this density difference. In order to produce large microspheroids 

and handle high cell concentrations without being clogged, channels with increased diameters are 

needed. We found that when the large channel microfluidic device is operated horizontally, which 

is typical for microfluidic systems, the lighter, lower density fluid tends to rise to the top and the 

heavier, higher density fluid sinks to the bottom when the two phases meet, making the system 

unstable. The effect of the density difference between the two inlet fluids becomes more substantial 

as channel size increases. Hence, we designed the microfluidic device to operate vertically instead 
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of horizontally, exploiting this density difference to assist in microspheroid formation (Figure 1B). 

The heavier aqueous phase, which is the hydrogel precursor solution, flows into the microfluidic 

device from the top inlet, and the lighter phase, which is the mineral oil, flows in from the bottom 

inlet. The upward force resulting from the density difference can then participate in breaking the 

surface tension of precursor solution, forming droplets at the junction. To prevent the heavier 

precursor from escaping the aqueous phase and forming unwanted droplets that sink to the bottom 

inlet prior entering the junction, a restriction segment functioning as a flow stabilizer is introduced 

(Figure 1C). The authors hypothesize that as the hydrophobic PDMS channel narrows, the 

capillary effect of the aqueous solution becomes more pronounced, providing stronger cohesion 

and preventing unwanted droplet escape. Additionally, the flow stabilizer may also drop the 

pressure of the aqueous solution through a throttling process. The pressure difference at the 

interface of two phases, which is a driving force causing inter-phase leakage, is then reduced, 

making it easier to be equalized by surface tension.32 Under the stabilizer is a conical region, which 

serves to eliminate dead volume of precursor solution. The outlet channel starts with a relatively 

small diameter at the junction and gradually increases to a constant size. Adjusting the size of this 

tapered end of outlet channel enables differing flow speed at the junction, providing control over 

the viscous force in microspheroid formation. Microspheroidal droplets are formed at the junction 

and are photocrosslinked in the outlet channel. The outlet channel is leveled without tilting up or 

down to keep the spacing even between droplets, preventing droplets from aggregating owing to 

gravity. 

Unlike PDMS microfluidic devices made using photolithography, this modified T-junction 

design has larger channels with circular cross-sectional area, which is achieved by the previously 

reported molding technique, instead of the typical rectangular cross-sectional area.23 This circular 
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cross-sectional area is not unique; the Weitz group reported microfluidic devices made with 

capillary components, which have shown great potential and also can be fabricated by researchers 

without special photolithography facilities.18 However, in terms of scalable device fabrication, 

molding is a well-developed manufacturing process (Figure 1A). Together, with all the design 

parameters mentioned above, the modified T-junction design makes it possible to produce larger 

microspheroids with different ARs and sizes. 
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Figure 1. Microfluidic platform with modified T-junction design provides geometric control 

for large microspheroids. (A) Comparison of capabilities and drawbacks of different methods for 

producing hydrogel microparticles with controlled geometric shape. Schematic of the (B) 

microfluidic platform and (C) modified T-junction design. 

Production of Uniform Microspheroids with a Wide Range of Geometric Shapes. 

In initial testing, this platform using the microfluidic device with modified T-junction design 

was able to produce uniform hydrogel microspheroids, including microspheres and microrods, 

with a wide range of geometric shapes. As shown in Figure 2 (A-D), the resulting microspheres 

had diameters of 320 ± 10 µm, 590 ± 20 µm, and 1000 ± 60 µm (CV = 0.03, 0.03, and 0.06), 

respectively. Within the whole diameter range, production of spherical hydrogels is possible with 

ARs that are close to 1 (1.03 ± 0.02, 1.02 ± 0.02, and 1.02 ± 0.02, respectively), indicating a high 

degree of roundness. By changing device design parameters and experimental conditions, 

microspheroids with higher AR, or microrods, were produced. More details are discussed in the 

following sections. Example microrods are shown in Figure 2 (E-H) with ARs of 1.37 ± 0.04, 1.98 

± 0.10, and 3.54 ± 0.37 (CV = 0.03, 0.05, 0.10), respectively. 

Previously, microfluidic systems have been widely used to produce microspheres and 

microrods,33-34 which have shown great potential for a variety of applications. However, these 

microfluidic systems would fall short when it comes to cell encapsulation. The microspheres and 

microrods normally have radial diameters less than 500 µm and therefore can only encapsulate 

limited numbers of cells, which typically have diameters of 3-50 µm. The microfluidic platform 

used in this study was able to produce highly uniform microspheroids, similarly to other 

microfluidic systems, while varying the diameters and ARs at this larger size scale. Each larger 
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microspheroid individually encapsulates more cells, and the wider range of geometric shapes 

allows more flexibility in tuning the microenvironment for cells, as well as adjusting the bulk 

rheological properties of the microspheroid suspension,35 greatly broadening the scope of their 

functions. 

 

Figure 2. Hydrogel microspheroids with different geometric shapes. (A-C) Imaged by 

fluorescence microscopy, hydrogel microspheres were shown to have high uniformity, high 

roundness, and a wide range of diameters (green auto-fluorescence from the photoinitiator Eosin 

Y used in hydrogel photocrosslinking). (D) Hydrogel microspheres with diameters of 320 ± 10 µm 

(CV = 0.03), 590 ± 20 µm (CV = 0.03), and 1000 ± 60 µm (CV = 0.06), respectively (n>59 

microspheres per condition). (E-G) Hydrogel microrods had high uniformity and a wide range of 

ARs. (H) Hydrogel microrods with ARs of 1.37 ± 0.04 (CV = 0.03), 1.98 ± 0.10 (CV = 0.05), and 

3.54 ± 0.37 (CV = 0.10), respectively (n>20 microrods per condition). Data are presented as mean 

± standard deviation. Scale bar = 1000 µm. 

Control Over Geometric Shape Enabled by Modified T-Junction Design. 
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In modulating the microspheroid geometric shape, the dimensionless capillary number (Ca) 

plays an important role.36 It describes the relative effect of viscous forces to surface tension at 

the interface of two immiscible fluids: 

𝐶𝑎 =
𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛
=

𝜇𝜈

𝛾
 （2） 

where μ is the dynamic viscosity of continuous phase (oil phase), ν is the relative velocity of 

continuous phase (oil phase) to discrete phase (aqueous precursor solution) at the junction, and γ 

is the interfacial tension (precursor solution–oil). The relationship between the microsphere 

diameter and Ca is described by: 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒 ∝
1

𝐶𝑎
 （3） 

As the Ca increases, the microsphere diameter decreases. As the Ca decreases, the microsphere 

diameter increases until it is restricted by the outlet channel diameter. Based on the definition of 

the Ca, as the ν increases, the Ca increases. When ν decreases, Ca has a lower value. The relative 

velocity, ν, it is related to the flow fraction, which is defined as: 

𝐹𝑙𝑜𝑤 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 + 𝑂𝑖𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 （4） 

The flow rate is a parameter that can be experimentally controlled; therefore, by adjusting the 

flow rate, we can control the ν and Ca, eventually controlling the resulting diameter of 

microspheres. As the microsphere diameter increases and becomes larger than outlet channel 

diameter, the droplets elongate and become microrods because of the constraints from the outlet 

channel wall. 
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When using a light source with consistent power output, exposure time plays an important role 

in controlling degree of photocrosslinking, which can be reflected in hydrogel stiffness.37 

Therefore, to ensure consistent photocrosslinking in our platform, the microspheroids must have 

similar exposure time to the visible light source when traveling through the outlet channel, which 

means they need to have a similar flow velocity in the outlet channel. Flow velocity is defined by 

volumetric flow rate, controlled by the syringe pumps, over cross-sectional area of the microfluidic 

device outlet channel, which is proportional to the square of outlet channel diameter.  

Using this relationship, the total volumetric flow rate was adjusted based on the outlet channel 

diameter to maintain a similar velocity in the outlet channel, providing consistent microspheroid 

crosslinking times. As a result, the ν is determined not only by the diameter of the junction, but 

also by the diameter of the outlet channel. For example, for two microfluidic devices with the same 

junction diameter, the one with a larger outlet channel diameter requires a higher volumetric flow 

rate to achieve the same velocity in outlet channel, resulting with a higher velocity at the junction. 

To better account for the impact of ν on microspheroid geometry in our system, we introduce 

a dimensionless parameter, Narrowing Ratio (NR), to describe the relative size of junction 

diameter and outlet channel diameter. The NR determines the ν while also accounting for the 

velocity in the outlet channel as shown in Supporting Information (S3). Therefore, controlling NR 

provides control over Ca, which regulates the tendency of a microfluidic device to produce 

microspheres or microrods: 

𝑁𝑎𝑟𝑟𝑜𝑤𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜(𝑁𝑅) =
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑂𝑢𝑡𝑙𝑒𝑡
 （5） 
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For devices with the same outlet channel diameter, the total volumetric flow rate needs to be 

held constant to ensure similar flow velocity in the outlet channel, which is important for 

controlling degree of photocrosslinking as discussed previously. Therefore, as the NR is decreased, 

the junction diameter also decreases, leading to a smaller cross-sectional area at the junction. As a 

result, the ν goes up, which means Ca is also higher. Similarly, as the NR is increased, the ν goes 

down, decreasing the Ca (Figure 3). 

Using these relationships, we found that the NR in combination with flow fraction could be 

used to control microspheroid geometry in our microfluidic platform. Through experimental 

observations, we determined that when the NR value was smaller than 0.5, the shape of the 

resulting droplets was typically spherical, and the size depended on flow fraction. As the flow 

fraction was increased, the diameter of the microspheres also increased until reaching the diameter 

of the outlet channel. Further increase in the flow fraction then resulted in higher numbers of 

microspheroids per time being generated at the junction. In contrast, when the NR value was larger 

than 0.5, microspheroid radial diameter was not dependent on flow fraction; instead, the shape of 

the resulting droplets could be changed from microsphere to microrod depending on the flow 

fraction, and the radial diameter depended on outlet channel diameter. When the flow fraction was 

increased, the microspheroids AR increased. The use of these identified relationships to control 

microspheroid size and geometry is summarized in Figure 3.  

Although Reynolds number potentially provides another metric for comparison between this 

system and other microfluidic platforms, it was not a particularly useful parameter in predicting 

geometric shapes in our microfluidic system (detailed justification provided in Supporting 

Information S4). Collectively, here we found that by adjusting design parameters including 

junction diameter and outlet channel diameter, and experimental parameters such as the inlet flow 
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rates of the precursor solution and mineral oil, the geometric shape of microspheroids can be 

adjusted. Future work will further investigate these identified relationships, as well as consider the 

potential influence of transition length at the tapered end of the outlet channel. 

 

 

Figure 3. A summary of governing fundamental physical principles for the modified 

T-junction. By adjusting design parameters such as junction diameter and outlet diameter and 

experimental parameters such as inlet flow rates of precursor and oil, we can control the capillary 

number at the junction. As a result, the size and shape of microspheroids can be adjusted. Images 

of microfluidic device were modified for better visualization, and original images were shown in 

Figure S1 (Supporting Information S5). 

Control of Geometric Shape by Varying Narrowing Ratio and Flow Fraction. 
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To demonstrate the relationships summarized in the previous section, microfluidic devices 

with two different NRs (0.4 and 0.7) were fabricated and operated with different flow fractions. 

The microfluidic device with NR = 0.4 produced spherical hydrogels (Figure 4A-C). When 

increasing the flow fraction from 0.05 to 0.07, the microsphere diameter increased significantly 

from 680 ± 10 µm to 930 ± 20 µm (Figure 4D). The resulting diameter stopped increasing with 

subsequent increases to flow fraction once the microspheres reached the size of the outlet channel. 

For the microfluidic device with NR = 0.7, the microspheroid radial diameter was limited to the 

outlet channel diameter, approximately 800 µm. With an increase of flow fraction from 0.1 to 0.7, 

the axial diameter increased significantly from 820 ± 20 µm to 3010 ± 170 µm, leading to a 

significant increase of AR from 1.02 ± 0.01 to 3.61 ± 0.20 (Figure 4E-I). Detailed information on 

device design parameters and experimental conditions is listed in Table 1. These results 

demonstrate that this microfluidic device provides tight control over microspheroid geometric 

shape by varying the NR and flow fraction. 

These general relationships to guide device design, including investigation of flow fraction, 

narrowing ratio, and capillary number dimensionless parameters, have been used to successfully 

design numerous additional large channel microfluidic devices, examples of which are provided 

in Supporting Information (Table S1, current list of tested designs available upon request). These 

parameters provide a basis for extension of geometric control to other large dimension microfluidic 

platforms. 
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Figure 4. The microfluidic device provides tight control over the microspheroid geometric 

shape by varying the NR and flow fraction. (A-C) A microfluidic device with a small NR (NR = 

0.4) produced microspheres. The diameter of microspheres changed with flow fraction. (D) When 

the NR = 0.4, quantitative analysis showed microsphere diameter increased with flow fraction and 

then stopped upon reaching the size of the outlet channel (*Significant difference between flow 

fractions for diameter, p<0.05, n>70 microspheroids per condition). (E-H) A microfluidic device 

with a large NR (NR = 0.7) produced both microspheres and microrods. By increasing the flow 

fraction, the radial diameter remained relatively constant while the axial diameter increased, 

causing an increase in AR. (I) When NR = 0.7, quantitative analysis showed microrod AR 

increased along with flow fraction (*#&Significant difference between flow fractions for AR, axial 

diameter, and radial diameter, respectively, p<0.05, n>20 microspheroids per condition). Data are 

presented as mean ± standard deviation. Scale bar = 1000 µm. 
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Table 1. Microfluidic device design parameters and experimental conditions for production of 

microspheroids shown in Figure 4. 

Device NR=0.4 NR=0.7 

Junction Size (µm) 370 530 

Outlet Size (µm) 920 770 

Flow Fraction 0.05 0.07 0.1 0.1 0.2 0.4 0.7 

Oil Flow Rate 

(mL/hr) 
10 10 9 9 8 6 3 

Precursor Flow Rate 

(mL/hr) 
0.5 0.8 1 1 2 4 7 

Axial Diameter (µm) 680 ± 10 930 ± 20 920 ± 10 820 ± 20 1040 ± 30 1470 ± 20 3010 ± 170 

Radial Diameter (µm) 660 ± 10 910 ± 20 890 ± 10 800 ± 20 840 ± 10 840 ± 10 850 ± 20 

Axial Ratio (AR) 1.01 ± 0.01 1.01 ± 0.01 1.01 ± 0.01 1.02 ± 0.01 1.22 ± 0.03 1.72 ± 0.03 3.61 ± 0.20 

Note: For microspheres (AR < 1.05), the diameter reported in the text is always the axial diameter. 

Cell-Laden Microspheroids for Biomedical Applications 

Different types of cells were successfully encapsulated in anisotropic hydrogel microspheroids, 

including human BJ-5ta fibroblasts and equine ECFCs. BJ-5ta fibroblasts were encapsulated in 

microspheroids (13 million cells/mL) with different ARs. Geometric shape of microspheroids and 

viability of encapsulated cells were observed one day after encapsulation for both qualitative and 

quantitative assessment. As shown in Figure 5A, the fibroblast-laden microspheroids from both 

groups were highly uniform with even cell distribution. The AR for each group was 1.37 ± 0.04 

and 1.98 ± 0.10, respectively (Figure 5B). Encapsulated cells maintained high viability (>93% for 

both groups) after encapsulation (Figure 5A, C). The cells formed an actin filament network as 

shown in Figure 5A. These results show that the microfluidic platform can provide control over 

ARs during the cell-laden microspheroid production process. The encapsulated fibroblasts 

maintained high viability and normal cellular activities. 
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ECFC-laden hydrogel microrods were produced (Figure 5D) with axial diameter of 3490 ± 

170 µm (CV = 0.05) and radial diameter of 770 ± 20 µm (CV = 0.02) (Figure 5E), leading to an 

AR of 4.79 ± 0.27 (CV = 0.06). Encapsulated cells maintained high viability and elongated to form 

web-like cell-cell interactions within the hydrogel microspheroids by day 7 of culture (Figure 5F). 

Since the hydrogels were formed using PEG-fibrinogen, which contains enzymatic cleavage 

sites,38 the microspheroids can be degraded and remodeled by the encapsulated cells. As reported 

in our previous work, the ECFCs were expected to remodel their surrounding environment, altering 

the mechanical properties of the hydrogels.4, 23 Based on direct visual observation, the number of 

cells within the hydrogels was found to increase along with time, indicating the proliferation of 

the ECFCs. In addition, initial cell-cell interactions were observed in between hydrogels (Figure 

5G, yellow arrows). These inter-hydrogel interactions increased as the ECFCs actively proliferated 

and migrated, pulling multiple hydrogels together to form even larger tissues with more complex 

structures as seen at day 12 (Figure 5H). In comparison, inter-hydrogel interactions were not seen 

between acellular microspheroids. 

Fabrication of macroscopic tissues using microscopic cell-laden hydrogels as the building 

blocks has attracted much attention.7-8, 39-40 Anisotropic microspheroids can be used for culturing 

cells that are sensitive to spatial heterogeneity such as aligning cardiomyocytes and neurons to 

promote functional development of engineered cardiac or neural tissues.41-42 With larger sizes, the 

hydrogels can encapsulate more cells and be more efficient in building macroscopic tissues. Future 

work will investigate this approach to direct the assembly of anisotropic microspheroids, 

controlling the structure and complexity of the macrotissues, such as has been established 

previously for smaller microspheroids.8  
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Figure 5. Cell-laden microspheroids with different ARs supported normal cellular activities 

post-encapsulation. (A) Fibroblast-laden microspheroids had uniform geometric shape and even 

cell distribution visualized using phase contrast images. Encapsulated cells maintained high 

viability after encapsulation and formed an actin filament network shown by fluorescence images. 

(B) Fibroblast-laden microspheroids had ARs of 1.37 ± 0.04 (CV = 0.03) and 1.98 ± 0.10 (CV = 

0.05), respectively, for each group one day after encapsulation (n > 37 microspheroids per group). 

(C) Encapsulated fibroblasts maintained high viability of 96 ± 1 and 93 ± 1 percent, respectively, 

for each group one day after encapsulation (n = 3 microspheroids per group). (D) ECFC-laden 

microspheroids had uniform geometric shape and even cell distribution as visualized using phase 

contrast microscopy. (E) ECFC-laden microspheroids had an axial diameter of 3490 ± 170 µm 

(CV = 0.05) and a radial diameter of 770 ± 20 µm (CV = 0.02). (F) Encapsulated ECFCs 

maintained high viability and elongated to form web-like cell-cell interactions within the hydrogel 

microspheroids by day 7 of culture. (G) Initial cell-cell interactions were observed between 

hydrogels as indicated by yellow arrows at day 7. (H) Macroscopic tissue formed by ECFC-laden 

microspheroids at day 12. Cell-cell connections between microspheroids can be seen in the 

enlarged picture. 

Geometric shape of microspheroids directly impacts their performance. Control over the 

diameters and ARs of microspheroids opens many exciting possibilities for various applications. 

Currently a number of approaches have been developed to vary geometric shape from the 

microscale down to nanoscale, such as molding,43 emulsion,12 electrospray,44 and microfluidic 

techniques.34 Compared to other methods, microfluidics can provide higher uniformity and 

production throughput.3 However, most research using microfluidics to achieve geometric shape 

control is done utilizing small channel sizes.20 Whereas the resulting small microspheroids are 
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necessary for purposes such as drug delivery, the low upper size constraint limits their use in many 

other applications. Here we described a microfluidic platform with a modified T-junction design 

that can control the diameters and ARs of microspheroids with larger sizes (on the dimensions of 

hundreds to thousands of microns). We also identified and examined the mechanisms by which 

this junction design provides geometric control, including the role of narrowing ratio, capillary 

number and flow fraction. Findings from this work provide an approach for rapid production of 

cell-laden hydrogels with controlled geometric shapes, clearing the path for further investigation 

of geometric shape-related biomedical applications. 

Conclusion 

In conclusion, here we demonstrated the ability to produce hydrogel microspheroids, including 

microspheres and microrods, using our microfluidic platform. The PDMS microfluidic device used 

in this platform employed a modified T-junction fabricated with a molding technique.23 This 

special junction design enabled production of uniform microspheroids with larger sizes than 

typically achieved with microfluidic systems and a wide range of ARs. We explored the 

mechanisms by which the junction design facilitates large microspheroid formation and provides 

control over the geometric shape. We show that by varying the design (narrowing ratio) and 

experimental (flow fraction) parameters, we can control whether the microfluidic device produces 

microspheres or microrods and adjust their diameters and ARs. To demonstrate the potential of 

the microspheroids for use in biomedical applications, we encapsulated fibroblasts within the 

hydrogel microspheroids with controlled ARs and have shown continued normal cellular behavior 

as well as high viability during culture. In addition, ECFC-laden microspheroids were produced 

and demonstrated the potential to self-assemble into macroscopic tissues. With the increased 
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understanding of the governing principles determined here from both literature and experiment, 

this microfluidic platform provides opportunities for scalable production of large cell-laden 

microspheroids with desired geometric shape for various applications, such as bioreactor-based 

cell production, injectable cell delivery, disease modeling for drug discovery, and 3D bioprinting.  
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