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A B S T R A C T   

Perfusion of porous scaffolds transports cells to the surface to yield cellular constructs for 3D 
models of disease and for tissue engineering applications. While ceramic scaffolds mimic the 
structure and composition of trabecular bone, their opacity and tortuous pores limit the pene
tration of light into the interior. Scaffolds that are both perfusable and amenable to fluorescence 
microscopy are therefore needed to visualize the spatiotemporal dynamics of cells in the bone 
microenvironment. In this study, a hybrid injection molding approach was designed to enable 
rapid prototyping of collector arrays with variable configurations that are amenable to longitu
dinal imaging of attached human mesenchymal stem cells (hMSCs) using fluorescence micro
scopy. Cylindrical collectors were arranged in an array that is permeable to perfusion in the xy- 
plane and to light in the z-direction for imaging from below. The effects of the collector radius, 
number, and spacing on the collection efficiency of perfused hMSCs was simulated using 
computational fluid dynamics (CFD) and measured experimentally using fluorescence micro
scopy. The effect of collector diameter on simulated and experimental cell collection efficiencies 
followed a trend similar to that predicted by interception theory corrected for intermolecular and 
hydrodynamic forces for the arrays with constant collector spacing. In contrast, arrays designed 
with constant collector number yielded collection efficiencies that poorly fit the trend with col
lector radius predicted by interception theory. CFD simulations of collection efficiency agreed 
with experimental measurements within a factor of two. These findings highlight the utility of 
CFD simulations and hybrid injection molding for rapid prototyping of collector arrays to opti
mize the longitudinal imaging of cells without the need for expensive and time-consuming 
tooling.   

* Corresponding author. Department of Chemical Engineering, Vanderbilt University, Nashville, TN, USA. 
E-mail address: scott.guelcher@vanderbilt.edu (S.A. Guelcher).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e35103 
Received 13 March 2024; Received in revised form 22 July 2024; Accepted 23 July 2024   

mailto:scott.guelcher@vanderbilt.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e35103
https://doi.org/10.1016/j.heliyon.2024.e35103
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2024.e35103&domain=pdf
https://doi.org/10.1016/j.heliyon.2024.e35103
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e35103

2

1. Introduction 

The bone marrow microenvironment is responsible for the maintenance of hematopoietic stem and progenitor cell (HSPC) pop

ulations and incorporates complex cellular, chemical, and structural components necessary to maintain hematopoiesis. The dynamic 
cell populations and spatial heterogeneity in bone complicate the realization of experimental models of hematopoiesis. While mouse 
models of bone marrow that are amenable to intravital imaging have been used to visualize cellular interactions, there is a compelling 
need for 3D in vitro humanized models that bridge the gap between traditional 2D cell culture and animal models and also enable 
visualization of the spatiotemporal dynamics of hematopoiesis. Recently, a 3D perfused bioreactor model of human bone marrow was 
developed that recapitulates specific aspects of the endosteal niche, including a trabecular bone-like ceramic scaffold, human 
mesenchymal stem cells (hMSCs), osteoblast-like cells, and extracellular matrix (ECM) secreted by the stromal cells that support the 
maintenance of HSPCs [1,2]. While the ceramic scaffolds used in these studies mimicked the structure and composition of trabecular 
bone, their opacity and tortuous pores limited the penetration of light into the interior. Thus, 3D scaffolds that are both perfusable and 
amenable to fluorescence microscopy are needed to visualize the spatiotemporal dynamics of cells in the bone marrow 
microenvironment. 

Cellular attachment to scaffolds during perfusion is a complex process governed by multiple external forces [3]. The tendency of 
cells to deviate from the fluid streamlines and intercept the collector is characterized by the Stokes number (Stk), which is defined as 
the ratio between the particle and fluid time scales [4]. Cells suspended in aqueous buffer tend to follow the fluid streamlines (Stk « 1) 
due to the viscous fluid and the small density difference between the cells and water [5], resulting in low collection efficiency [4]. 
Considering the need to maximize the collection efficiency of high-value hMSCs [4], the effects of collector array geometry and the 
operating conditions must be better understood to achieve sufficient cell density that promotes cellular proliferation and matrix 
deposition [6] under the low Stokes flow conditions associated with cell perfusion. 

Computational approaches have been applied to investigate the effects of scaffold properties on cellular attachment during 
perfusion. Computational fluid dynamics (CFD) modeling of scaffolds with triply periodic minimal surface (TPMS) geometries showed 
that collection efficiency increased with the tortuosity of the pores [7]. Studies combining CFD modeling with particle tracking 
velocimetry (PTV) experiments found that collection efficiencies and cell densities were low for perfusion of hMSCs through 
single-fiber poly(ε-caprolactone) meshes fabricated by Fused Filament Fabrication [4,8]. A later study reported that the collection 
efficiency of single-fiber meshes can be increased by assembling multiple fibers to form multilobed composite scaffolds [9]. While 
these previous studies provide insight into the design of structures that optimize cell collection efficiency, they enable neither lon
gitudinal imaging of cellular dynamics nor systematic investigation of the effects of array geometry on collection efficiency. 

Polystyrene (PS) well plates provide a suitable surface for imaging adherent cells. Due to the difficulties of 3D printing PS, 
microfluidic PS devices compatible with single-cell imaging have been fabricated by injection molding [10]. However, the expensive 
and time-consuming process of machining mold tooling limits the utility of this process for rapid prototyping of collector arrays. 
Previous studies have used stereolithography (SLA) to fabricate molds with high deflection temperatures for injection molding 
polypropylene [11] and PS [12], which eliminated the need for machining mold tooling. 

In this study, a hybrid injection molding approach was designed to enable rapid prototyping of collector arrays with variable 
configurations that are amenable to longitudinal imaging of adherent hMSCs using fluorescence microscopy. Stationary, support, and 
ejector pin plates were machined from aluminum using a CNC mill. Prototype collector arrays were created using Computer Aided 
Design (CAD) and 3D printed (3DP) using stereolithography (SLA). The insert cavity in the support plate was fitted with molds of the 

Abbreviations 

3DP 3D printing 
CAD Computer-Aided Design 
CFD Computational Fluid Dynamics 
CNC Computer Numerical Control 
CV Coefficient of Variation 
ECM extracellular matrix 
EDL Electrical Double Layer 
FFF Fused Filament Fabrication 
hMSC human mesenchymal stem cells 
HSPC hematopoietic stem and progenitor cell 
ISCT International Society for Cellular Therapy 
PS polystyrene 
PS Sticking probability 
SD standard deviation 
SLA stereolithography 
Stk Stokes number  
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prototype collector array. Cylindrical collectors were arranged in an array that is permeable to light in the z-direction for imaging from 
below and to fluid flow in the xy-plane to allow perfusion. The effects of the collector radius (ac), number (Nc), and spacing (Sc) on the 
collection efficiency of perfused hMSCs was simulated using the particle tracing module in COMSOL and measured experimentally 
using fluorescence microscopy. 

2. Theory and simulation 

2.1. Theoretical interception collection efficiency for an array of cylindrical collectors 

The capture of small particles dispersed in an aqueous phase is determined by the fluid flow field and by forces that act between the 
particle and collector, including interception, inertia, diffusion, gravity, electrical double layer (EDL) interactions, attractive London 
dispersion forces, and repulsive hydrodynamic forces [5]. Diffusion is negligible for micron-sized particles, and the effects of gravity 
and electrical double layer (EDL) interactions on collection efficiency are described in the Supplemental Information. 

The Stokes number (Stk) relates the characteristic time of cells (tc) dispersed in a fluid flow to the characteristic time of the fluid 
flow field (tf) [8]. 

Stk=
tc
tf
=

ρpa2U0

9μac
(1)  

where a = cell radius (5 μm), ac = collector radius (250–500 μm), ρp = cell density (1130 kg m− 3), μ = fluid viscosity (0.001 Pa s), and 
U0 = the superficial fluid velocity far from the obstacle. Inertia dominates the motion of particles dispersed in a gas phase (Stk > 1), 
causing them to detach from the fluid streamlines and intercept the collectors. However, for cells dispersed in water, Stk « 1 due to the 
high viscosity of water compared with gases [5] and the small density difference. In the present study, Stk < 0.0002, which indicates 
that the cells follow the streamlines and inertia can be neglected [13]. Suspended cells are assumed to be intercepted by the collector if 
their center passes within one cell radius of its surface as they follow a grazing streamline (Fig. 1A) [3]. The collection efficiency for 

Fig. 1. Design of fluid- and light-permeable cell collector arrays. (A) Schematic depicting the limiting trajectory of an hMSC approaching a 
cylindrical collector of radius ac in the absence of external forces. (B) Schematic depicting the limiting trajectory of an hMSC approaching a cy
lindrical collector of radius ac in the presence of attractive London dispersion and repulsive hydrodynamic forces. (C–E) CAD renderings of scaffold 
design: (C) Oblique projection, (D) xz plane showing light-permeable channels aligned with the z-axis, and (E) xy plane detail showing channels 
permeable to fluid flow. (F) CAD renderings of collector arrays with constant collector number (NC) or separation (SC). 
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interception of cells by an array of cylindrical collectors neglecting external forces is given by: [5] 

ηI =2AF

(
a
ac

)2

(2) 

The structure of the flow is characterized by the parameter AF, which is a function of the void fraction ϕ for a/ac « 1: [13] 

AF =
1
2

[

−
1
2

ln(1 − ϕ) −
3
4
+ (1 − ϕ) −

(1 − ϕ)2

4

]− 1

(3)  

2.2. Dispersion and hydrodynamic forces 

As hMSCs approach the collector, attractive London dispersion forces promote cell adhesion while the forced drainage of the 
viscous liquid from the narrowing gap creates a repulsive hydrodynamic force (Fig. 1B). The adhesion number NAd is calculated as the 
ratio of dispersion forces to hydrodynamic forces between the cell and collector: 

NAd =
Aa2

c
9πμAFUa4 (4)  

where A = Hamaker constant = 1.3 × 10− 20 J for polystyrene plates interacting across water [3]. For 10− 6 < NAd < 10− 1, the 
theoretical collection efficiency ηt of the array of cylindrical collectors is given by: [13] 

ηt =2k1AF

(
a
ac

)2

N0.059
Ad (5)  

where k1 is a constant. 

2.3. Collector array design 

Truncated cone collectors approximating cylinders were designed to facilitate demolding of the PS collector array. In addition to 
providing a suitable geometry for testing the validity of interception theory, cylindrical collectors offer the advantages of relative 
simplicity for theoretical analysis and simulation [5], ease of imaging, and morphological similarity to the rod-like elements in 
trabecular bone [14]. The collectors were arranged in a pattern such that adjacent columns of cylinders were offset by one collector 
diameter to design arrays with a tortuosity of 1.15 (Fig. 1D). Five values of collector diameter (2aC) were tested: 500, 625, 750, 875, 
and 1000 μm (Fig. 1E). The lower end of the range approaches the resolution limits of the injection molding machine [10], while the 
upper end was selected to maintain at least two collectors in each column of the array. The width, length, and depth of the array were 
designed as 5, 15, and 1.25 mm, respectively. Collector size was varied under either constant separation (Sc = 650 μm) or constant 
number (Nc = 23) of collectors. The scaffold was perfused with the hMSC suspension in the xy-plane (Fig. 1D), and cells were imaged 
from below in the z-direction (Fig. 1C). 

2.4. Simulation of hMSC trajectories 

The CAD renderings of the light-permeable microfluidic devices were imported into COMSOL to generate a mesh. Due to the small 
size (a = 5 μm) and low concentration (<0.1 vol%) of the cells, the cellular suspension was modeled as a sparse flow, in which the 
particles have insufficient inertia to significantly perturb the fluid phase [4,8]. This one-way coupling allows for solving the 
Navier-Stokes equation (Eq (6)) for the continuous fluid phase first followed by solving the particle motion equation (Eq (7)) [4,7,8]. 

2.4.1. Governing equations in the continuous phase 
The medium was modeled as a continuous, incompressible fluid phase with μ = 0.001 Pa s and ρ = 1000 kg m− 3. The Navier-Stokes 

equations were solved using the COMSOL Multiphysics Computational Fluid Dynamics (CFD) module assuming a fully developed and 
laminar flow and neglecting external forces (e.g., gravity): 

ρ ∂u
∂t

− μ∇2u+ ρ(u • ∇)u +∇p = 0,∇ • u = 0 (6)  

where u is the fluid velocity and p is pressure [7,8]. The output pressure was selected as zero and a no-slip boundary condition imposed 
on the walls of the PS collectors. 

2.4.2. Governing equations in the dispersed cellular phase 
hMSCs were modeled as uniformly distributed discrete spherical particles with radius a = 5 μm. Their motion is modeled using the 

particle motion equation, which equates the particle inertia with the drag and gravitational forces acting on the particles in a 
Lagrangian framework: [8,15] 
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dup

dt
=

9μ
2ρpa2

c

CdRe
24

(
u − up

)
+

g
(
ρp − ρ

)

ρp
(7)  

where up = cell velocity, g = gravitational constant (9.81 m s− 2), Cd = drag coefficient for spherical particles, and Re=Reynolds 
number (ρuac/μ) [7,8]. 

2.4.3. Simulated rate of cell deposition on collectors 
The COMSOL Multiphysics Particle Tracing Module was used to simulate the deposition rate of hMSCs dispersed in the fluid phase 

on the collectors by tracking the particles along the continuous phase streamlines calculated from the Navier-Stokes equation. The 
mesh design is described in Supplemental Fig. S1. While the flow-field could be modeled accurately on a relatively coarse mesh, the 
mesh near the collector surface must be refined to smaller than 0.5a to accurately track the particles near the collectors. The Particle 
Counter feature was used to count the number of particles that intercept the surface of the trabecular collectors. 292 cells were released 
into the 292 μl collector array every 0.5 s for a total of 20 releases. Cells that approached the collectors within 0.5a were assumed to 
have been collected (sticking probability PS = 100 %, Supplemental Fig. S1D). This method for counting collected cells was chosen due 
to the design of the Particle Tracing Module, which tracks each cell using the location of its centroid without considering its size. Thus, 
if a cell centroid is located within 0.5a of a collector, that cell was assumed to have deposited on the collector surface. 

2.5. Calculation of collection efficiencies 

The dimensionless cell removal rate, known as the collection efficiency η, is calculated from the overall particle deposition rate (I) 
normalized by the convective flux of cells toward the projected area of the collector: 

η= cell deposition rate
convective flux of cells toward projected area of collector

=
I

2achdUC0
(8)  

where 2achd = projected area of a cylindrical collector. Eq (8) was modified to account for the fact that in the experiments and 
simulations, the number of cells deposited on an individual collector (ncells,i) at the endpoint were counted. In the experiments, a 
suspension of hMSCs with concentration C0 = 106 cells ml− 1 was perfused through the collector array at superficial velocity U. The 
collection efficiency is given by: 

ηE,i =
# of collected cells

convective flux of cells toward projected area of collector
=

ncells,i
/
tp

2achdUC0
(9)  

where tp = perfusion time (s) and hd = 1.25 mm and wd = 5 mm are the thickness and width of the collector array, respectively. In the 
COMSOL simulations, the total number of cells perfused through the array (n0 = 5840 cells) was specified. Thus, the individual 
collector efficiency is calculated from the number of cells deposited on a specific collector divided by the total number of cells that 
flowed toward the projected area of the collector: 

ηS,i =
# cells on collector i

# cells that flow past collector i
=

ncells,i

ncells,0

(
2achd
wdhd

)=
ncells,i

ncells,0(2ac/wd)
(10) 

The overall collection efficiency is calculated as the total number of cells deposited on all collectors (ncells,t) divided by the total 
number of cells that flowed toward the projected area of an individual collector and the total number of collectors Nc: 

ηE,o =
ncells,i

/
tp

2achdUC0Nc
(11)  

ηS,o =
ncells,t

ncells,0(2ac/wd)Nc
(12) 

The overall collection efficiency was calculated from all the collectors for the simulations and for the 5 collectors that were imaged 
by fluorescence microscopy. Overall experimental and simulated collection efficiencies were fit to Eq (5) to determine k1 from the ηo 
versus 2ac data for the constant Nc and Sc array designs. 

3. Material and methods 

3.1. Materials 

Molds were 3D printed by SLA using the Form 3 printer and Hi Temp Resin supplied by Formlabs (Somerville, MA). PS microfluidic 
devices were injection molded using an APSX-PIM Plastic Injection Machine (APSX). The mold and ejector plate were machined from 
Tight-Tolerance Multipurpose 6061 Aluminum with Certificate, Precision Ground (McMaster-Carr). Pull-out dowel pins (¼” diameter 
by ¾” long, McMaster-Carr) were used as ejector pins. PPR-PS01 general purpose PS (GPPS) pellets with a Melt Flow Index (MFI) of 11 
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at 200 ◦C under a 5-kg load were supplied by Premier Plastic Resins (Lake Orion, MI). PS microfluidic devices were tissue-culture 
treated using a PlasmaFlo PDC-FMG plasma cleaner (Harrick Plasma). The cell culture chamber was creating by attaching the PS 
devices to glass microscope slides (24 × 60 mm, Chemglass Life Sciences) and inlet/outlet ports (Leur Lock Chip Connection Ports w/ 
wide base, Darwin Microfluidics) using a UV-curable adhesive (Ultra Light-Weld 3025, Dymax). Channels were coated with collagen 
from calf skin (Sigma-Aldrich) and fibronectin (Corning). 

3.2. Cells 

Human mesenchymal stem cells from bone marrow (hMSC) were purchased from PromoCell (catalog number C-12974). hMSCs 
were tested by the vendor using a number of assays, including morphology; proliferation potential; adherence; viability; flow cyto
metric analysis of a comprehensive panel of markers recommended by the ISCT [16]; adipogenic, osteogenic, and chrondrogenic 
markers; HIV-1, HIV-2, HBV, HCV, HTLV-1, and HTLV-2 assays; and microbial contaminants (fungi, bacteria, and mycoplasma). Cells 
were labeled with CellTracker CM-Dil Dye (553/570 nm, Invitrogen) and grown in growth medium consisting of Mesenchymal Stem 
Cell Growth Medium 2 (PromoCell) supplemented with SupplementMix (PromoCell) and 1 % Penicillin-Streptomycin (10,000 U/mL, 
Gibco). PBS (1X) without calcium and magnesium and 0.05 % Trypsin,0.53 mM EDTA (1X) were also used for cell culture (Corning). A 
LIVE/DEAD Viability/Cytotoxicity Kit (ThermoFisher Scientific) and CellTiter 96 Aqueous Non-Radioactive Cell Proliferation (MTS) 
(Promega) were used to assess cell viability and proliferation, respectively. 

3.3. Fabrication of PS microfluidic devices 

PS collector arrays were injection molded using an APSX-PIM 5-ton/345-bar injection molding machine (Fig. 2A). The mold in the 
APSX-PIM machine (Fig. 2B) consists of an aluminum stationary plate (Fig. 2C) and an aluminum support plate (Fig. 2D). The mold 
cavity in the support plate includes an inset (Fig. 2E), which is 3D printed using SLA from the array designs shown in Fig. 1F. An ejector 
plate (Supplemental Fig. S2) with pins to demold the PS collector array from the support plate (Fig. 2D) was designed in Fusion 360 and 
machined from aluminum. The injection-molded PS collector array (Fig. 2F) was mounted on an inverted microscope stage for 
fluorescence microscopy (Fig. 2G). Each of the components of the mold is described in detail below. 

3.3.1. Machining of aluminum stationary and support plates 
Surface runners and gates were machined into the stationary and support halves of the mold (Fig. 2C) using a PM-833 TV Ultra 

Precision Milling Machine (Precision Matthews, Coraopolis, PA) converted to CNC. Surface runners and gates were sized to decrease 
shear stresses during filling to reduce poor surface cosmetics [17]. The gate depth was selected as 53 % of the wall thickness of the part 
(4.7 mm) based on the MFI of PS and the thin-walled design of the collector array [18]. The gate width was calculated from the 
following equation: 

Fig. 2. Manufacture of PS collector arrays. (A) Injection molding machine. (B) Stationary and moving mold plates. (C) Aluminum stationary mold 
plate with the sprue and runners. (D) Aluminum support mold plate showing the ejector pin holes, mold cavity, and 3D-printed mold cavity insert 
for the PS array. (E) SLA-printed mold of the PS collector array. (F–G) Photos of the (F) injection-molded PS collector array (G) installed on the 
fluorescent microscope stage. (H–I) Fusion 360 injection molding simulations of the (H) mold fill time and (I) time to ejection temperature. 
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W=n ×
( ̅̅̅̅

A
√ )

÷ 30 (13)  

where n is a material constant (n = 0.6 for PS) and A is the surface area of the cavity (in2). The runners were chosen as full round 
runners to provide the least amount of shear. The last runner branch feeding into the gate is 1.5 times the wall thickness and the feed 
runner diameter was calculated as follows: 

Dfeed =Dbranch × N
1
3 (14)  

where N = 2 is the number of runner branches [18]. 
Ejection pin holes were drilled in the support mold plate (Fig. 2D) to facilitate removal of the rigid PS collector array using an 

ejector plate (Supplemental Figure S2). The mold fill time and time to ejection temperature were simulated from the CAD model and 
Fusion 360 injection molding simulations (Fig. 2H and I). The simulations were performed for a representative PS resin (GPPS Styron 
678 D (AmSty), MFI = 10), a melt temperature of 200 ◦C, and mold surface temperature of 25 ◦C. Simulation conditions were adjusted 
to ensure proper filling of the mold and optimize the barrel and mold temperatures and the hold and cooling times on the injection 
molding machine. 

3.3.2. 3D printing of the scaffold mold by stereolithography (SLA) 
Molds were designed in Autodesk Fusion 360 and converted to an STL file. PreForm was used as the slicing software, with adaptive 

layer thickness ranging from 28 to 100 μm, default print settings, and full raft supports. Molds were printed at 35 ◦C using a Formlabs 
Form 3 SLA printer with laser spot size = 85 μm and xy resolution = 25 μm from High Temp Resin, which has a heat deflection 
temperature (HDT) of 238 ◦C at 0.45 MPa. Printed molds were washed with isopropanol for 15 min and cured under UV light for 30 
min. 

3.3.3. Injection molding of PS microfluidic devices 
Collector arrays were injection molded from the SLA-printed inserts using GPPS pellets at the conditions listed in Table 1. To 

prepare devices for cell culture, the devices were milled on a Bantam Tools Desktop CNC Milling Machine using surface facing to 
ensure a smooth, even surface for attaching a glass microscope slide. A 1/8”, 2 flute flat end mill was used with a feed rate of 1000 mm 
min− 1, plunge rate of 127 mm min− 1, and spindle speed of 6000 min− 1 at a facing depth of 0.15 mm. Inlet and outlet holes were drilled 
with a 1.3-mm drill bit (McMaster-Carr), and the devices were sonicated in 70 % ethanol for 30 min. To prepare the PS devices for cell 
culture, the arrays were O2 plasma treated for 3 min, and glass microscope slides (24 × 60 mm) and inlet and outlet ports were attached 
using a UV curable adhesive (Ultra Light-Weld 3025, Dymax) to prepare the devices for perfusion and imaging. To sterilize the devices, 
the channels were soaked in 70 % ethanol for 1 h followed by three 30-min PBS washes. To promote cell attachment, the channels were 
coated with a collagen type 1 solution (6 μg/cm2, calf skin, Sigma-Aldrich) for 3 h at 37 ◦C, followed by three 10-min PBS washes. 
Arrays were then coated with a fibronectin solution (5 μg/mL, Corning) overnight at 4 ◦C followed by two 10-min PBS washes before 
cell seeding. 

3.4. CFD simulations 

COMSOL Multiphysics and the CFD and Particle Tracing Modules were used to simulate streamlines, shear stress distributions, and 
cell deposition on the collector arrays. A stationary study with laminar flow physics was used to simulate the flow of fluid (modeled as 
water) through the collector array at an initial fluid velocity of 9.79 mm s− 1 assuming a no-slip boundary condition at the wall and a 
zero-pressure outlet condition. Velocity field plots with 100 points were generated to show the fluid streamlines through the collector 
arrays, and a shear stress contour plot was created to show the shear stress distributions. 

A time-dependent study with particle tracing was added to the laminar flow physics study to simulate particle flow through the 
collector array. Cells were modeled as 10-μm diameter spherical particles with density = 1130 kg m− 3. The sticking probability (PS) at 
the wall was assumed to be 1. The drag force and gravity force were included in the force balance. 292 particles were released every 
0.5 s for 10 s, and particle counters were used to count the collected particles on the cylindrical collectors. 

3.5. Perfusion of microfluidic devices with hMSCs 

3.5.1. Cell culture and labeling 
hMSCs were plated at 4000 cells cm− 3 in growth medium. Cells were cultured in a humidified 37 ◦C/5 % C O2 incubator, allowed to 

Table 1 
Injection molding parameters for the 5-ton AZPX-PIM V2 plastic injection molding machine with piston diameter 1 cm, maximum injection volume 
30 cm3, and 1250 W heating power.   

Barrel T, 
oC 

Mold T, 
oC 

Injection P, bar Hold P, bar Clamping F, tons Hold t, s Cooling t, s Clamp t, s 

Max. 315 315 345 345 5 N/A N/A N/A 
Exp. 200 20 215 140 3.5 8.5 38 10.6  
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grow to confluence, and labeled with CellTracker CM-Dil Dye (553/570 nm). 

3.5.2. Calibration curve 
A calibration curve was prepared to correlate fluorescence intensity with the number of hMSCs. 25,000, 50,000, 100,000, 300,000, 

500,000, and 1,000,000 cells were seeded in each well of a six-well plate in 2 mL growth medium and allowed to attach for 3 h. 
Fluorescence intensity was measured using a Zeiss LSM 710 META inverted confocal microscope, plotted versus cell number (Sup
plemental Fig. S3), and fit to a linear least-squares model to yield the relationship I = 2726nc, where nc is the number of cells. 

3.5.3. Perfusion of hMSCs 
After labeling, hMSCs were collected by trypsinization then seeded directly in the perfusion bioreactor in growth medium at 106 

cells/mL at a superficial velocity of 10, 33, or 56 mm s− 1 for 6 h. The perfusion bioreactor consisted of the microfluidic device hooked 
up to a peristaltic pump (Masterflex Ismatec Reglo Digital Multichannel Pump) to perfuse cells and media through the channel. Media 
was recirculated through the flow loop and the flow direction reversed every 5 min for the first h of seeding then every hour for the next 
5 h. For proliferation experiments, the cells were cultured for a week and culture medium was changed every 2–3 days. 

3.5.4. Fluorescent imaging 
Confocal microscopy was performed on a Zeiss LSM 710 META Inverted microscope equipped with long UV (405 nm), blue/green 

(458, 488, 514 nm), green/red (561 nm), and red/far-red (633 nm) lasers. All scans were acquired at 37 ◦C and 5 % CO2 in the 
bidirectional mode with z-spacing of 7.94 μm. Images were acquired with a 10x/0.50 Fluar objective and 0.6x optical zoom at 1024 ×
1024 resolution. CM-Dil imaging was done using the 514 nm laser/AlexaFluor 555 channel. Live/dead imaging was done using the 
488 nm laser/FITC channel for live cell staining and the 514 nm laser/AlexaFluor 532 channel for dead cell staining. 

3.5.5. Assessment of cell viability 
To assess cell viability, a LIVE/DEAD Viability/Cytotoxicity Kit was used. Cells were cultured in the Sc-875 device as described 

above for 6 h. 5 μL calcein AM and 20 μL ethidium homodimer-1 were added to 10 mL PBS. The staining solution was added to the 
channel of the device and incubated for 30 min at 25 ◦C. After imaging, cells were collected by trypsinization for 5 min at 37 ◦C. Cells 

Fig. 3. CFD simulations for the Sc-875 collector array. (A) Fluid streamlines and (B) shear stress distributions at superficial velocities U0 = 10, 
33, and 56 mm s− 1. (C–D) Shear stress distributions near the (C) C2R2 and (D) C5R2 collectors at superficial velocities U0 = 10, 33, and 56 mm s− 1. 
Arrows indicate the direction of flow. 
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were centrifuged and resuspended in 500 μL of growth medium. 10 μL cells and 10 μL trypan blue were added to a cell counting slide 
(Bio-Rad) and cell counts and viability were assessed using a Bio-Rad TC10 Automated Cell Counter. 

3.5.6. Assessment of cell proliferation 
To assess cell proliferation, hMSCs were labeled with CellTracker CM-Dil dye and seeded in the perfusion bioreactor as described 

above. Cells were cultured for a week and devices were imaged by confocal microscopy on days 1, 4, and 7. Culture medium was 
changed every 2–3 days. CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (MTS) was also used to assess proliferation. On 
days 1, 4, and 7, 20 μL of the MTS solution and 100 μL of culture medium were injected into the channel of the device and incubated for 
1 h at 37 ◦C/5 % CO2. Absorbance was read at 490 nm using a plate reader. 

4. Results 

4.1. Design and fabrication of PS microfluidic devices amenable to fluorescence microscopy 

Injection-molded PS collector arrays (Fig. 2E) were manufactured for the constant Nc and constant Sc designs (Fig. 1F) using a 
hybrid injection molding approach, which enabled rapid prototyping of nine distinct collector array designs (the Sc-875 array, which is 
the base case design, is identical to the Nc-875 array). Mold cavity inserts for the arrays were 3D printed using SLA, thereby limiting the 
machined tooling to the aluminum stationary, support, and ejector plates. The effects of collector radius ac for the constant Nc and 
constant Sc array designs on hMSC collection efficiency were investigated using fluorescence microscopy. 

4.2. CFD simulations of fluid streamlines and shear stress distributions 

The fluid streamlines for the Sc-875 array at superficial velocities U0 = 10, 33, and 56 mm s− 1 are shown in Fig. 3A. The streamlines 
and shear stress distributions for all arrays (U0 = 10 mm s− 1) are shown in Supplemental Figs. S4 and S5, respectively. The upper end of 
the range of superficial velocities was previously reported for seeding hMSCs in porous scaffolds in a perfusion bioreactor [1]. The fluid 
flows around the collectors, creating shear stresses near the surface (Fig. 3B). The maximum values of τw are 0.2, 0.75, and 1.3 Pa for 
U0 = 10, 33, and 56 mm s− 1. Higher magnification images of the shear stress distributions near the C2R2 and C5R2 collectors are 
shown in Fig. 3C and D. The shear stress was highest at an angle from the horizontal of about 45◦ as the fluid approached the cylindrical 
surface and decreased as the fluid flowed past the trailing surface. 

Fig. 4. Simulation of cell collection using the Particle Tracing Module in COMSOL. (A) Image of cells attached to the collectors or domain 
boundaries at the end of the simulation for the Sc-875 array. (B) Histogram of collected cell counts for the 875-μm array (average of 3 runs). (C) 
Frequency distribution of cells attached to all collectors in each array. (D) Q-Q plot showing the normality of the distribution of cells attached to all 
collectors in each array. 
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4.3. CFD simulations of hMSC collection 

hMSC trajectories and attachment to the collectors were simulated using the Particle Tracing module including gravitational and 
hydrodynamic forces in COMSOL. Cells within 0.5aC from the collector were assumed to attach with a sticking probability PS = 1 
(Supplemental Fig. S1D). A representative simulation of attached cells after flow through the Sc-875 array shows cells attached to the 
collectors (Fig. 4A). Cells that settled on the lower surface of the array due to gravity were also observed. A representative histogram of 
cells attached to each collector in the Sc-875 array is shown in Fig. 4B (average of 3 runs). Images of collected cells and histograms for 
the other arrays are shown in Supplemental Fig. S6. The frequency distribution of collected cells on each array is shown in Fig. 4C. The 
mean, standard deviation (SD), and coefficient of variation (CV) are listed in Table 2. The CV ranges from 50 to 90 %, which indicates a 
relatively high degree of variability in cell counts on each array. While the log-normal distribution more accurately models the 
collision efficiency data for cell suspensions flowing through porous media [19,20], some of the cylinders collected zero cells, which 
cannot be fit to a log-normal distribution. The D’Agostino & Pearson test was applied to the cell counts simulated for all the collectors 
in each array over the three independent replicates to determine if they were normally distributed (Table 2) [21]. Cell count distri
butions that pass the test are not inconsistent with a Gaussian distribution, while those that fail the test (p < 0.05) are not sampled from 
a Gaussian distribution. Q-Q plots reveal the deviation from normality for several of the distributions (Fig. 4D). Frequency distributions 
for all collector arrays are skewed toward higher values, as evidenced by the positive skewness (γ1, Table 2). The majority of distri
butions exhibit positive kurtosis (γ2, Table 2), which indicates that there are more values in the tails compared with the Gaussian 
distribution. 

4.4. Optimal cell seeding conditions and kinetics of hMSC collection 

Due to the low Stokes number, hMSCs tend to follow the fluid streamlines, and thus only cells in grazing streamlines have the 
potential to attach to the collector (Fig. 1A). Therefore, multiple passes are needed to achieve sufficient cell density for hMSC 
expansion and osteogenic differentiation, but cell death increases with shear stress and the number of passes. To identify the perfusion 
conditions that optimize collection of viable hMSCs, the Sc-875 array was perfused for 6 h at 10 ≤ U0 ≤ 56 mm s− 1. Representative 
images of live (green)/dead (red) staining show more live cells at the lowest velocity (Fig. 5A). The overall fluorescence intensity for all 
5 collectors showed the highest number and percentage of live cells at U0 = 10 mm s− 1, and the number of live cells decreased with 
increasing U0 (Fig. 5B). Similar results were observed from the cell count data, which showed the highest hMSC viability (88 %) at U0 
= 10 mm s− 1 (Fig. 5C). Thus, hMSC seeding was performed at superficial velocity U0 = 10 mm s− 1 in all future experiments. The 
kinetics of cell collection was measured longitudinally using fluorescence microscopy at 1.5, 3, 4.5, and 6 h. Representative z-stack 
images of collectors C2R2 and C5R2 show increasing fluorescence with seeding time (Fig. 5D). The average cell counts calculated from 
the fluorescence calibration curve (Supplemental Fig. S3) show that the number of collected cells increased with seeding time (Fig. 5E). 
The overall fluorescence intensity (averaged over the 5 collectors that were imaged) as a function of collector diameter and array type 
at 6 h (Fig. 5F) was used to calculate the cell counts (Fig. 5G). With the exception of the 1000-μm collector, the cell counts were higher 
for the constant Sc arrays than the constant Nc arrays. 

4.5. Individual collection efficiencies 

The individual collection efficiencies calculated from the experimental and simulated cell counts for collectors C2R1, C2R2, C5R2, 
C7R2, and C8R2 using Eq (5) are shown in Supplemental Figure 7 for the constant Sc and Nc arrays. The average experimental and 
simulated individual collection efficiencies ranged from 0.0001 to 0.006 and were within the same order of magnitude. 

4.6. Overall collection efficiencies 

The frequency distribution of cells on each of the 5 collectors is shown for each array in Fig. 6A. The mean, standard deviation (SD), 
and coefficient of variation (CV) are listed in Table 3. The CV ranges from 50 to 146 %, which is greater than that observed for the 
simulations (Table 3) and is larger for the constant Nc (105 %–157 %) compared with the constant Sc (69.9 %–83.5 %) arrays. The 
D’Agostino & Pearson test was applied to the cell counts simulated for all the collectors in each array over the three independent 

Table 2 
Descriptive statistics for the simulated frequency distributions for each collector array. CV = coefficient of variation, SD = standard deviation, γ1 =

skewness, and γ2 = excess kurtosis. The p value from the D’Agostino & Pearson test determines whether the data pass or fail the normality test.   

Constant Nc Constant Sc 

2ac,μm 500 625 750 875 1000 500 625 750 875 1000 
Mean 1.70 2.29 2.96 3.64 5.41 2.11 2.28 2.86 3.64 3.44 
SD 1.52 1.58 2.12 2.85 4.56 1.56 1.98 1.48 2.85 2.72 
COV 89.5 % 69.1 % 71.8 % 78.3 % 84.2 % 73.8 % 86.5 % 51.8 % 78.3 % 79.1 % 
γ1 0.823 0.674 0.694 1.31 0.865 0.299 0.898 0.173 1.31 0.918 
γ2 0.008 − 0.201 − 0.386 2.12 − 0.304 − 0.482 0.464 0.083 2.12 − 0.135 
p 0.0258 0.0743 0.0541 <0.0001 0.0175 0.313 0.0049 0.775 <0.0001 0.0402 
Pass? No Yes Yes No No Yes No Yes No No  
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replicates to determine if they fit a normal or log-normal distribution (Table 3) [21]. The inverse likelihood ratio ( 1
LR =

Plog− normal
Pnormal

, where 
P = probability) exceeded unity for all arrays, indicating that the data are more likely represented by a log-normal distribution. All but 
two of the distributions passed the test, which indicates that they are not inconsistent with a log-normal distribution (p < 0.05). Q-Q 
plots show good agreement between actual cell counts and those predicted from the log-normal distribution (Fig. 6B). The overall 
collection efficiencies were calculated from the simulated and experimental cell counts for collectors C2R1, C2R2, C5R2, C7R2, and 
C8R2 using Eq (11) for the constant Nc (Fig. 6C) and constant Sc (Fig. 6D) arrays. The simulated overall collection efficiencies exceed 
the experimental values for all arrays, but the agreement is within a factor of two for the constant Sc arrays (Fig. 6D). Experimental and 
simulated overall collection efficiencies were fit to the dispersion and hydrodynamic forces model (Eq (5)) using k1 as a fitting 
parameter (Fig. 6E and F). The interception model, which neglects the effects of external forces, over-predicts collection efficiency, 
suggesting that repulsive hydrodynamic forces exceed the attractive dispersion forces. For the constant Nc arrays, the simulated and 
experimental collection efficiencies followed a trend opposite that predicted by the hydrodynamic model (Eq (5), Fig. 6E), indicating a 
poor fit (R2 < 0). However, for the constant Sc arrays, the hydrodynamic model follows the trend of collector diameter with collection 
efficiency for both the simulated and experimental trajectories (Fig. 6F). Values of k1 calculated from the nonlinear regression of 
simulated and experimental trajectories are listed in Table 4. These findings suggest that the correlation for the shape factor AF (Eq (3)) 
may be a poor predictor of spatial effects for the constant Nc arrays [3]. 

Fig. 5. Optimal cell seeding conditions and kinetics of hMSC collection. (A) Representative z-stack images of live/dead staining of cells at 
10–56 mm s− 1 and 6 h. (B–C) Viability of hMSCs calculated from (B) live/dead staining and (C) cell counts as a function of superficial velocity U0. 
(D) Representative z-stack images of the Sc-875 C2R2 and C2R5 collectors at 1.5, 3, 4.5, and 6 h at U0 = 16 mm s− 1. (E) Counts of hMSCs versus time 
at U0 = 10 mm s− 1. (F–G) Average (F) fluorescence intensity and (G) cell counts as a function of collector diameter for the constant Nc and Sc arrays 
at U0 = 16 mm s− 1 and 6 h n = 3, *p < 0.05., **p < 0.01, ***p < 0.005. 
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Fig. 6. Overall collection efficiencies. (A) Overall frequency distribution of collected cells on the 5 imaged collectors for each array. (B) Q-Q plot 
comparing actual collected cell counts with those predicted by the Gaussian distribution. (C–D) Comparison of overall collection efficiencies 
calculated from the COMSOL simulations and fluorescence imaging experiments for the (C) constant Nc and (D) constant Sc arrays. (E–F) Com
parison of collection efficiencies calculated from interception theory and fits to the vdW-H theory. Dashed lines represent 95 % CI. 

Table 3 
Descriptive statistics for the experimental frequency distributions for each collector array COV denotes coefficient of variance, SD denotes standard 
deviation.   

Constant Nc Constant Sc 

2ac,μm 500 625 750 875 1000 500 625 750 875 1000 
Mean 738.9 614.7 1296 572.0 2808 1422 1458 1905 1066 1248 
SD 1076 534.9 1742 598.7 3210 995 740 1355 643 1042 
CV 146 % 87.0 % 134 % 105 % 114 % 69.9 % 50.8 % 71.1 % 60.3 % 83.5 % 
Skew 1.38 0.714 1.30 1.38 1.32 0.761 1.13 0.634 1.23 2.57 
Kurt 0.445 − 0.056 0.112 0.830 0.845 0.669 1.82 − 0.368 1.072 8.26 
LR− 1 3.4 × 106 4.6 6.6 × 105 1.4 × 103 3.8 × 103 2.2 4.8 3.7 15.7 145 
p 0.068 0.443 0.088 0.048 0.057 0.297 0.050 0.630 0.066 <0.0001 
Pass? Yes Yes Yes No Yes Yes Yes Yes Yes No  
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4.7. Proliferation of collected hMSCs 

To determine whether attached hMSCs expand to form a confluent monolayer on the collector surface, hMSCs were cultured in 
growth medium on the Sc-875 array for 7 days. Collectors C2R1, C2R2, C5R2, C7R2, and C8R2 were imaged by fluorescence mi
croscopy longitudinally on days 1, 4, and 7. Representative images for C2R2 and C5R2 show increasing fluorescence with time, which 
is not uniformly distributed near the surface of the collector (Fig. 7A). While there was significant variation between collectors, the cell 
counts on each individual collector as well as the average for the five collectors imaged increased monotonically with time (Fig. 7B). 
The overall cell proliferation for all collectors assessed by MTS assay shows an increase in absorbance from day 1–7 (Fig. 7C). The 
fluorescence and MTS data indicate that cells proliferated on the collectors for up to 7 days. 

5. Discussion 

In this study, the effects of cylinder diameter and array geometry on the collection efficiency of hMSCs was assessed by fluorescence 
microscopy and CFD simulations. Collector arrays that were amenable to perfusion and imaging of attached hMSCs were fabricated by 
hybrid injection molding, which enabled rapid prototyping of cylindrical collector arrays with variable geometric configurations. 
Shear stresses <0.2 Pa resulted in collection of cells with high viability that proliferated over 7 days to form a dense layer of cells on the 
surface. Experimental collection efficiencies agreed within a factor of 2 with simulated values and followed a trend with cylinder 
diameter similar to that predicted by collision theory for arrays with constant separation between collectors. The separation between 
collectors was 650 μm for the constant Sc arrays and ranged from 513 to 1013 μm for the constant Nc arrays, which is within the range 
for trabecular bone (700–1000 μm [22,23]). Correlations for the geometry factor AF are generally poor [3] but more accurately 
predicted the effects of cylinder size on collection efficiency for the constant Sc arrays compared with the constant Nc arrays. 

Trabecular bone has been modeled as a mixture of cylindrical rods and plates, with the relative ratios of each component a function 
of anatomic site, disease state, and age [24]. Bone-templated scaffolds that recapitulate the site-specific morphology of trabecular bone 
[23,25], ceramic scaffolds [1,2], and 3D-printed PCL scaffolds [4,8] support perfusion of hMSCs, but these scaffolds with tortuous 
pores are not amenable to imaging in the interior. Thus, the idealized geometry of cylindrical rods was selected in this study to enable 
fluorescence imaging of hMSC collection and comparison with theoretical models of collection efficiency [3,5,13]. While SLA has 
sufficient resolution for printing cylinders with trabecular thickness (Tb.Th.) comparable to human bone (190–198 μm) [22], the 
presence of residual cytotoxic monomers and photoinitiators renders the final parts unsuitable for cell culture [26]. Considering recent 
reports of injection-molded PS devices for single-cell imaging [10] and the use of SLA to fabricate molds with high deflection tem
peratures for injection molding PS [12], we used hybrid injection molding approach based on aluminum and SLA-printed molds to test 
multiple collector sizes and two array geometries. In thin-wall injection molding, the high melt viscosity of PS and small cross-sectional 
area of the feature create a significant pressure gradient along the length of the feature that limits its complete replication due to filling 
defects [27,28]. Wall thicknesses of 400 μm have been successfully molded for PS [28], while a 350-μm cavity exhibited differential 
shrinkage and warpage [29]. Thus, the smallest collector diameter was selected as 500 μm, since smaller sizes require more expensive 
and complex techniques such as micro-injection molding, rapid heat cycle molding (RHCM), and high-speed injection molding [28]. 

Table 4 
Values of k1 determined from the nonlinear regression of collection efficiencies for constant 
Sc arrays. CI = Confidence Interval.  

Parameter Simulated Experimental 

Best fit 94.95 69.87 
Lower 95 % CI 86.24 50.25 
Upper 95 % CI 103.7 89.48 
R2 0.2869 0.2026  

Fig. 7. Proliferation of hMSCs on the Sc-875 array. (A) Fluorescent images of z-stacks of CM-Dil+ hMSCs on days 1, 4, and 7 on collectors C2R2 
and C2R5. (B) Cell counts on all 5 collectors calculated from the z-stacks and calibration curve. (C) MTS assay on days 1, 4, and 7. 
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Since only cells that follow grazing streamlines intercept the collectors in the low Stokes number flow field, multiple passes of the 
hMSC suspension through the array are required to collect a sufficient number of cells that can be expanded to confluence (Fig. 5D and 
E). Considering previous studies reporting 24 h perfusion times for hMSCs [1,2,4,8], cells were initially perfused through the array for 
24 h at 56 mm s− 1, which generates a maximum shear stress of 1.4 Pa (Fig. 3). While shear stresses up to 2 Pa have been reported as 
optimal for cell attachment [30], these operating conditions resulted in extensive cell death, even at a reduced perfusion time of 6 h 
(Fig. 5A–C). Reduction of the superficial velocity to 33 mm s− 1 (τmax = 1.4 Pa) increased cell viability to 60–70 %, and further 
reduction of the velocity to 10 mm s− 1 (τmax = 0.2 Pa) increased the viability to 85–90 % (Fig. 5A–C). Perfusion of hMSCs through the 
array at 10 mm s− 1 for 6 h resulted in a monotonic increase in collected cells over time (Fig. 5D and E), which were subsequently 
expanded for 7 days (Fig. 7). These findings are consistent with a previous study, which reported that a shear stress of 0.3 Pa applied for 
more than 6 h induced apoptosis of hMSCs [31]. Another study has reported that perfusion of hMSCs at 0.006 Pa for 24 h enhanced 
proliferation and osteogenesis [32]. However, the effects of shear stress on cell fate are time-dependent, with other studies finding that 
shear stresses up to 2.2 Pa stimulate chondrogenic and osteogenic differentiation for short periods of time [33,34]. Taken together, this 
study and others suggest that perfusion of hMSCs for 6 h at superficial velocities generating τmax ≤ 0.2 Pa results in collection of cells at 
high viability. 

Collection efficiencies calculated from interception theory, which neglects all external forces and assumes that cells following 
grazing streamlines intercept the collectors, were about two-fold higher than those calculated from the COMSOL simulations, which 
included gravitational and hydrodynamic forces (Fig. 6E and F). A previous study has reported that when the collector surface is 
perpendicular to the direction of flow, the effect of gravity on the cell deposition rate increases with decreasing flow rate [8]. In the 
present study, the calculated settling velocity of hMSCs is O(102) smaller than the superficial velocity (Supplemental Information) 
[5], and the collectors are parallel to the direction of flow. Considering that gravitational forces are minimal, the discrepancy between 
collection efficiencies calculated from interception theory and COMSOL simulations can be attributed in part to the repulsive hy
drodynamic forces. 

Experimental collection efficiencies measured by fluorescence microscopy were approximately 20 % lower than the simulated 
values, which suggests that electrostatic repulsion may also hinder cell collection. The hMSCs and PS collectors used in this study are 
negatively charged, resulting in a repulsive electrostatic force (Supplemental Information). As the hMSCs approach the collectors, 
they are pushed over the secondary energy barrier by attractive dispersion forces, resulting in capture by primary minimum [5]. 
Similar to hMSCs, bacteria are negatively charged colloidal particles that encounter electrostatic repulsion forces as they approach the 
negatively charged collectors [15]. For a suspension of bacteria transported through a packed bed of glass bead collectors, the collision 
efficiency was reduced by electrostatic repulsion in medium with ionic strength I = 1 M [35]. The present study was performed in 
lower ionic strength medium (0.147 M), resulting in a thicker electrical double layer. Thus, electrostatic repulsion likely reduced the 
collection efficiency of hMSCs compared with that predicted by Eq (5). 

The experimental collected cell counts were more likely to follow a log-normal versus a normal distribution (Tables 2 and 3), which 
is consistent with previous studies reporting that a log-normal distribution accurately fit the experimental collision efficiency data for 
bacterial suspensions flowing through porous media [19,20]. The log-normal distribution is skewed for 0 < ncells ≤ ∞, which rep
resents a more realistic constraint on ncells than the normal distribution (-∞ ≤ ncells ≤ ∞) [19]. The simulated collected cell counts 
could not be fit to a log-normal distribution due to the fact that some cylinders collected zero cells. Simulating 106 cells in silico was 
cost-prohibitive with the computational power available. Thus, the relatively small sample size (5840 cells seeded) may have 
contributed to the variability in individual collector cell counts (52 < COV <90 %, Table 2). The variability in the experimental in
dividual collector cell counts was higher for the constant Nc (105 % < COV <157 %) compared with the constant Sc (70 % < COV <84 
%) arrays, which suggests that arrays with a constant distance between collectors yield more narrow collection efficiency distributions. 
Cells and collectors typically exhibit a distribution in physicochemical properties, including cell size, cell surface charge, and collector 
surface charge, which can result in a distribution of cell collection rates and efficiencies [15]. In a study investigating capture of 
bacteria in a porous medium, heterogeneity in the ζ-potential of bacteria resulted in a distribution of collection efficiencies when the 
suspension was filtered through a packed bed of glass beads [35]. Thus, heterogeneity in the surface charge of hMSCs could have 
contributed to the log-normal distribution of collected cell counts. However, the variability in cell counts can be reduced through 
longitudinal imaging of individual collectors. 

After 7 days, the cell counts on the 5 imaged collectors ranged from 1750 to 8000 cells (Fig. 7B), corresponding to cell densities of 
5.1 × 104 to 23.3 × 104 cells cm− 2 for the 875-μm collectors. A recent study has reported that 80–100 % confluence is needed for 
osteogenic differentiation and that rat bone marrow MSCs are 100 % confluent at a cell density of 4.802 × 104 cells cm− 2 [36]. These 
observations suggest that the hMSCs proliferated to near confluence on the collectors and may have formed multi-layers in some 
regions on C2R2 (Fig. 7A and B). When cultured in osteogenic medium, confluent hMSCs differentiate to osteoblasts, which deposit the 
osteoid extracellular matrix required for HSPC engraftment [1]. In ongoing studies, this rapid prototyping approach comprising CFD 
simulations and hybrid injection molding is being applied to optimize models of the endosteal niche that are amenable to longitudinal 
3D imaging of the spatiotemporal dynamics of hematopoiesis. 

6. Conclusions 

A hybrid injection molding process was designed to fabricate perfusable PS collector arrays that mimic the 3D architecture of 
trabecular bone and are amenable to fluorescence microscopy. The rapid prototyping approach utilizing SLA-printed molds and in
jection molding allowed for high-throughput fabrication of collector arrays with variable geometries without the need for expensive 
and time-consuming tooling. Collectors were imaged over time to investigate the effects of array geometry on the collection efficiency 

T.E. Scott et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e35103

15

and proliferation of hMSCs. Experimental collection efficiencies agreed within a factor of 2 with those predicted by CFD simulations. 
For the constant collector spacing array design, the effect of collector diameter on collection efficiency followed a similar trend as that 
predicted by interception theory corrected for intermolecular attraction and hydrodynamic interactions. These findings highlight the 
utility of hybrid injection molding for rapid prototyping of collector arrays that model physiologically relevant bone marrow mi
croenvironments and disease states without the need for tooling. 
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