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Abstract: Rapid prototyping has produced accessible manufacturing methods that offer faster and
more cost-effective ways to develop microscale systems for cellular testing. Commercial 3D printers
are now increasingly adapted for soft lithography, where elastomers are used in tandem with 3D
printed substrates to produce in vitro cell assays. Newfound abilities to prototype cellular systems
have begun to expand fundamental bioengineering research in the visual system to complement
tissue engineering studies reliant upon complex microtechnology. This project used 3D printing to
develop elastomeric devices that examined the responses of retinal cells to flow. Experiments fabri-
cated molds for elastomers using metal milling, resin stereolithography, and fused deposition mod-
eling via plastic 3D printing. Systems were connected to flow pumps to simulate different flow con-
ditions and examined phenotypic responses of endothelial and neural cells significant to neurovas-
cular barriers of the retina. Results indicated that microdevices produced using 3D printed methods
demonstrated differences in cell survival and morphology in response to external flow that are sig-
nificant to barrier tissue function. 3D printing technology shows great potential for the rapid pro-
duction and testing of retinal cell responses that will contribute to both our understanding of fun-
damental cell response and development of new therapies. Future study will incorporate varied
flow stimuli as well as different extracellular matrix and expanded subsets of retinal cells.
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1. Introduction

Contemporary microtechnology has transformed the nature of quantitative study in
many physical and life science disciplines (reviewed in 1-3). Microdevices offer precise
control of extracellular environments and manipulation of sub-microliter volumes to ex-
amine fundamental biological processes. A merger of microscale systems with tissue en-
gineering has produced sophisticated microfluidics to study critical cellular behaviors,
including adhesion and cohesion 3, 4, cell-cell connectivity and communication 5, 6, and
migratory responses to a variety of externally applied fields (reviewed in 7-9). Fabrication
techniques have similarly evolved in tandem with complex biological application to her-
ald more integrative technologies, such as organ-on-a-chip devices and micro-physiolog-
ical systems that recapitulate key physiological features of tissues (reviewed in 10, 11). In
a complementary direction, a growing community has begun to produce microscale tools
independent of specialized facilities and machinery 12-14. These include paper microflu-
idics 15, 16, traditional machining 17, 18, stereolithography 19, 20, and other rapid proto-
typing 21, 22 to accommodate live cells.

Additive manufacturing has become ubiquitous through commercial and cost-effec-
tive 3D printers that rapidly fabricate microscale devices using a variety of resins, poly-
mers, slurries, and biomaterials 23-25. The accessibility of 3D printers in public and pri-
vate maker spaces has revolutionized rapid prototyping to produce a wide range of
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functional and practical engineering products, as well as personal items, art, toys, and
more 26-28. Moreover, the systems have made scientific inquiry truly accessible to com-
munities with low resources 29-31 as well as expanded microtechnology into a wider
range of applications in biomedical engineering and regenerative medicine 6, 32, 33. 3D
printed microsystems have been adapted for in vitro study using whole organismes, tis-
sues, and cells through soft lithography, i.e., a collection of techniques that enable fabri-
cation of structures using elastomers 34. Recent projects have examined performance of
microfluidic devices manufactured from polymers (most commonly poly-dimethyl silox-
ane, PDMS) using 3D printed molds rather than conventional, mask-enabled silicon wa-
fers 35-38. Recent systems have been applied to examine cell behaviors, as 3D printing
methods enable rapid development of in vitro systems to visualize response. Rapidly pro-
totyped projects have facilitated development of cell-laden hydrogels 39, 40, , synthetic
environments to study cellular movement 41, and cell-scaffold colonization 42, as well as
generated microfluidic componentry to facilitate cell culture and cell visualization 43, 44.

With rising bioengineering interest in regenerative medicine 45, , the visual system
has become increasingly studied using microtechnology 46, 47. However, few laboratories
have adapted rapid prototyping to study cell behaviors of critical tissue, such as the retina
responsible for phototransduction of light into vision. As shown in Table 1, small numbers
of groups have used traditional photolithography to examine the migration of retinal pro-
genitors 48-51 and incorporate nanotechnology to examine communication across reti-
nal cells 52. Newer studies have used 3D printing to examine hydrogel deposition and
fibrous remodeling in retinal-like structures 53, 54 but few have used additive manufac-
turing to aid development of therapies 55.

Table 1. Table 1. Summary of recent microfluidic systems fabricated using varied techniques and
applied to the study of retinal cell behaviors.

Author (Year) Fabrication and Material | Cell Type Application Ref.

Su et al (2015) Photolithography, PDMS | Retinal Neural | Synaptic Guiding | 56
Cells (RNCs)

Mishra et al (2015) | Photolithography, PDMS | RNCs Chemotaxis 57

Chan et al (2015) Laser Engraving, PMMA | Retinal Drop Delivery 58
Ganglion Cells

McCutcheon et al Photolithography, PDMS | RNCs Adhesion, 59

(2017) Migration

Li et al (2017) Photolithography, PDMS | Endothelial Microvascular 60
Cells model of retina

Mishra et al (2017) | Photolithography, PDMS | RNCs Electrotaxis 61

Thakur et al (2018) | Photolithography, PDMS | RNCs Adhesion, 62

clustering

Wu et al (2019) PMMA, Engraving Retinal Dendritic 63
Ganglion Cells | branching

Pena et al (2019) Metal Milling Muller Glia Hypertrophy, 55

migration

Xue et al (2021) Resin stereolithography Retinal micro-millifluidic | 4
Stem Cells bioreactor

Jahagirdar et al PDMS layers, Punching RNCs Cell-Cell 65

(2022) interactions

Sun et al (2023) Resin stereolithography Retinal Stem Differentiation 66
Cells

Rapid prototyping is exceptionally well suited for models of the visual system at the
micro- and mesoscale, i.e. with characteristic lengths between 50 em and 500 em 35, 67,
68. This includes critical barrier tissue such as the inner blood retinal barrier (BRB), a neu-
rovascular tissue that supplies the retina with oxygen and nutrients from circulating blood
to meet its high metabolic demands for vision. The BRB has been examined using a variety
of complex, microfabricated systems and diverse subsets of constituent cells (reviewed in

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

68
69

70

71
72
73
74
75
76
77



Micromachines 2024, 15, x FOR PEER REVIEW 3 of 21

69). However, a fundamental aspect that remains understudied is the effect of physiolog- 78
ical flow rates on the behaviors of different BRB cell types. Hydrodynamics become par- 79
ticularly relevant in disorders fueled by chronic hypertension and hyperglycemia, both 80
associated with rising ocular disorders of glaucoma and diabetic retinopathy 70, 71. 81

The vascular BRB is composed of endothelial cells that line the inner surfaces of reti- 82
nal capillaries and pericytes that cooperatively regulate angiogenic responses 72, as 83
shown in Figure 1. Neuroglia on the retinal side include astrocytes that line the nerve fiber 84
layer and Muller glia that reside within the retina 8, 73. These neuroglia work collabora- 85
tively to maintain BRB integrity by stabilizing tight and gap junctions between cells and 86
regulating metabolism and retinal homeostasis 74. Capillary and interstitial flow rates are 87
well known to vary by an order of magnitude in vivo and can have dramatic effects on 88
constituent cells 75, 76. Rapid prototyping enables development of micro- and mesoscale 89
systems able to connect with flow pumps to vary volume flow rates, pressures, and ex- 90

amine the behaviors of BRB cells in physiological and pathological conditions. 91
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Figure 1. Schematic of key cellular and structural features of the inner blood retinal barrier (BRB). 93
(A) This neurovascular barrier tissue is primarily comprised of endothelial cells and pericytes within =~ 94
retinal capillaries, as well as astrocytes and Muller glia that reside within neural tissue. (B) Side view 95
of circulating blood flow that exerts continuous shear stress upon endothelial cells that line the lu- 96
men (top). Also shown is a side view of cognate neuroglia exposed to shear stress from interstitial 97
flow of neural tissue (bottom). 98

This project developed microfluidic systems to examine effects of flow on BRB cell 99
types using PDMS soft lithography and 3D printed molds made from resin (polylactic 100
acid, PLA) and plastic (polyethylene terephthalate, PETG). Systems were compared to the 101
glial line system, or gLL, previously described by our group and fabricated via metal ma- 102
chining as well as traditional photolithography 55, 77.. Experiments examined the average 103
surface roughness of channel interstitial spaces, with and without laminin coating, the 104
viability of retinal endothelial cells (RECs) and retinal neural cells (RNCs) within each 3D 105
printed device, and morphological changes in response to imposed shear stress. Results 106
demonstrate comparable cell viability across devices as well as measurable changes in cell 107
morphology. Taken together, our results highlight the underexplored impact of 3D 108
printed devices to the bioengineering study of retinal cell responses using imposed flow. 109
Insights gained from these microdevices will increase contributions from diverse bioen- 110

gineering groups to development of much needed therapies for retinal disease 111
2. MATERIALS AND METHODS 112
2.1. Established glia line design (gLL) 113

This project used an existing design from our laboratory, the glial line or gLL system 114
55, to represent the anatomical scale of microenvironments in which adult retinal cells 115
reside, i.e. approximately 200 pm in characteristic length. Tests used the system designto 116
examine performance of PMDS-cast microsystems produced using molds fabricated from 117
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different methods. In brief, the gLL is comprised of two cylindrical reservoirs of 1 mm in 118
diameter, 0.8 cm in height, and 6.0 uL volume, each. The reservoirs are connected by a1.3- 119
mm-long microchannel that is 180.75+4.7 em in height and 207.3+6.6 em, for an equivalent 120
hydraulic diameter of 193.1 um. The original gLL was fabricated using a milled, alumi- 121
num mold via computer numerical control (CNC) followed by elastomeric molding with 122
polydimethylsiloxane (PDMS), as shown in Figure 2. A 3-axis TRAK DPM SX2P Bed Mill = 123
with the ProtoTRAK SMX CNC was used to mill the gLL design on aluminum, with a 124
tolerance range of +40 um, as described. 125
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Figure 2. Summary of the glial line system, known as the gLL. (A) Schematic of the gLL system used 127
as 3D model for manufacturing. A PDMS elastomer is bonded to a glass microscope slide to produce 128
a closed microchannel in between two volumetric reservoirs, as previously described by our group. 129
(B) The mold used to cure the elastomers needed to produce gLL devices was fabricated using metal 130
milling via computer numerical control (CNC) in the three parts shown. (C) A top view of the final 131
gLL system produced by curing PDMS within the metal molds. 132

3D Printed Plastic Mold. The gLL design mold was printed using polyethylene ter- 133
ephthalate glycol (PETG), a thermoplastic polyester commonly used in commercial print- 134
ers for its significant resistance to heat and solvents, as well as durability and formability = 135
78. Molds were manufactured by fused deposition modeling (FDM) using a Bambu X1 136
Carbon 3D printer with a 0.4 mm hardened steel nozzle and Engineering Plate printing 137
surface with a layer height of 0.16 mm, monotonic linear surface pattern, and grid pattern 138
sparse infill at 15% density. 3D modeling files were converted to gcode with the Bambu 139
Studio slicer with the above settings, then printed, as shown in Figure 3A. 140

3D Printed Resin Mold. The gLL design mold was also printed using stereolithog- 141
raphy (SLA), or vat photopolymerization, where a light source was used to cure liquid 142
resin into hardened plastic. Molds were manufactured using a Formlabs Form 2 Resin 143
Printer for vat photopolymerization of conventional polylactic acid (PLA) resin 79. As 144
shown in Figure 3B, 3D modeling files were converted to gcode with the PreForm slicer 145
at 100 em resolution, printed in clear resin, then washed twice by immersion in isopropyl 146
alcohol. 147
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Figure 3. Summary of key steps in the rapid prototyping of 3D molds used for elastomeric soft 149
lithography. (A) Fused deposition modeling (FDM) was used to manufacture plastic molds of pol- 150
yethylene terephthalate glycol (PETG), wherein the 3D device model was converted to gcode for 151
melted plastic extrusion and printed layer by layer. (B) Stereolithography (SLA) was used to de- 152
velop resin molds of polylactic acid (PLA) via digital upload of the 3D device model, UV curing of = 153
layered resin, and two rounds of post processing in isopropyl alcohol. . 154

148

2.2. Device Reagents 155

Elastomers. Devices were fabricated using elastomeric molding with commercial 156
polydimethylsiloxane (PDMS; Cat. No. 1020992-312, VWR, PA). An elastomer base to cur- 157
ing agent ratio of 1:9 (weight per volume) was mixed and vacuum desiccated for 15 min 158
to remove excess bubbles. After degassing, approximately 5-mL of the mixture was 159
poured into a gLL mold and allowed to polymerize via oven (100 °C) for 15 min. Once 160
polymerized, the elastomer was manually removed from the mold and exposed to corona 161
plasma treatment for 5 s. The elastomer was then firmly pressed upon a microscope glass 162
slide, which had previously been chemically sterilized and corona-treated for 5 s, to gen- 163
erate an ozone-bonded, closed system. 164

Matrix coating. The inner surfaces of PDMS elastomers cast upon the different gLL. 165
molds were coated with laminin (Corning, Cat. No. 354232) at a concentration of 15 ug/mL 166
diluted in phosphate buffered saline (PBS). Laminin was chosen because it is a critical 167
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component of the basement membrane of the blood retinal barrier and plays pivotal roles 168
in the viability, adhesion, and communication of constituent retinal cells 62. A 100-pL vol- 169
ume of this extracellular substrate was loaded into the devices via syringe and allowed to 170
crosslink at 37 °C overnight in a 5% CO2 incubator. Excess laminin solutions within gLL 171
interstitial spaces were then aspirated out and devices cleaned via manual PBS wash using 172
a 1-mL syringe. 173

2.3. Modeling and Validation of Flow within Microdevices 174

Flow was introduced through the source reservoir of the device to initiate flow along 175
the microchannel towards the opposite reservoir. A 60-mL volume of cell media was 176
loaded into the pumping device via syringe, as per Figure 4. 177
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178

Figure 4. Graphical summary of the flow system used to examine behavior of retinal endothelial 179
and retinal neural cells from the inner blood retinal barrier. (A) Schematic of pump-driven flow 180
applied within the microdevice and collection of cell media. (B) Images of experimental flow system 181
and representative microdevice. 182

Flow within a previously sterilized syringe was connected to the gLL via Luer Locks, 183
as shown. Different volume flow rates were used to pump media into the device reservoir 184
and collected in an Eppendorf tube for further biological testing, as desired. Flow was 185
maintained for six hours upon cell monolayers and promptly followed by cell staining 186
and imaging. The induced flow was well-described by the Navier Stokes of Equation (1): 187

o(du/ot+u-Vu)=-VP+uv"2 u+og 1)

Where is density, u is velocity, o is viscosity, P is pressure, and g is gravity. The di- 188
mensions, fluid properties, and time scale of experiments facilitated approximation of 189
one-dimensional, incompressible flow at steady-state. Moreover, application of no-slip 190
axisymmetric boundary conditions reduced the governing equation to the well-estab- 191
lished Poiseuille Flow model 80, where the pressure gradient and shear stress are defined 192

by Equation (2) and Equation (3), respectively: 193
dP/dz=(8pQ/(R™ )) ()

194
=(4uQ/(TR"3 )) 3)

Where P is pressure, o is shear stress, o is viscosity, Q is applied volume flow rate 195
(via pump), R is hydrodynamic radius of the microchannel, and z denotes the axial length. 196
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The flow velocity within the channel cross section was experimentally validated by 197
measuring the velocity of 10-em-diameter beads (Thermo Fisher Scientific, Cat. No. F8842) 198
that were imaged via microscope camera every 60 seconds for the first 3 hours and every = 199
60 min thereafter. Flow was induced using a syringe pump (New Era Pump, NE-1600, 200
NY). Measurement of bulk velocity used a sample size of n = 50 beads at three separate 201
sections of the microchannel, per device and experimental condition. Variance in velocity =~ 202
data was determined by the root mean square error between solutions of Poiseuille Flow 203
at the different channel sections, as done previously by numerous groups including our 204
own (reviewed in 33). 205

2.4. Cell Culture 206

Endothelial Cells. Experiments used cultured, rat capillary endothelial cells (RECs, 207
CellBiologics, RA6065, IL, USA) maintained in Complete Rat Endothelial Cell Medium 208
(CellBiologics, Cat. No. M1266). The media contained 0.5-mL of epidermal growth factor 209
(EGF), 0.5-mL of vascular endothelial growth factor (VEGF), 5.0-mL of Antibiotic-Anti- 210
mycotic Solution, and 10.0-mL of fetal bovine serum (FBS). RECs were incubated at 37 211
°C and 5% CO2 and cultured in T-75 flasks (VWR Cat No. 0062-868, PA, USA). Cells at 212
80%—-90% confluency were dislodged and re-suspended in media. Cell solutions were then 213
inserted into sterile microenvironments of PDMS devices at a density of 5 x 106 cells per 214
mL to form a near confluent monolayer. 215

Retinal Neural Cells (RNCs). Retinal neural cells (RNCs) were represented by cul- 216
tured r28 cells (Kerafast, Cat. No. ENW001), an immortalized cell line derived from a rat 217
model and used extensively by our group and others in retinal study 6, 81. RNCs were 218
maintained in Dulbecco’s Modified Eagle’s medium (DMEM) (Cat. No. 30-2002, ATCC, 219
Manassas, VA, USA) containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium 220
pyruvate, and 1500 mg/L sodium bicarbonate. Cell media was supplemented with 10% 221
FBS (Invitrogen-Gibco, Rockville, MD, USA) and incubated at 37 °C and 5% CO2. RNCs = 222
were cultured in T-75 flasks (VWR Cat No. 0062-868, PA, USA) and passaged at 80%-90% 223
confluency into sterile microenvironments of PDMS devices at a density of 5 x 106 cells 224
per mL to form a near confluent monolayer. 225

2.5. Measurement of Cell Viability and Morphology 226

Viability of RECs and RNCs was assessed using a Live/Dead assay (Thermo Fisher 227
Scientific, Cat. No. L3224). The assay discriminated cells via staining with green-fluores- 228
cent calcein-AM to indicate intracellular esterase activity (live) and red-fluorescent eth- 229
idium homodimer-1 to indicate loss of plasma membrane integrity (dead). Cells were ad- 230
ditionally stained with the nuclear DAPI stain (Thermo Fischer Scientific, Cat. No. 62248) 231
for better visualization. 232

Cell morphology was evaluated using the cell shape index (CSI), a dimensionless 233
parameter widely used by our group and others 82 to quantify the roundness of a cell 234
defined in Equation (4): 235

CSI=((4mA_S)/P2) @)

where AS is the surface area and P is the perimeter of the cell. The value of the CSI 236
ranges from 0 to 1, where values close to 1 represent a perfectly rounded cell and values 237
approaching 0 denote a purely bipolar and elongated cell. 238

2.6. Fluorescence, Imaging, and Analysis 239

An inverted epifluorescence microscope (Leica DMi8) was used to observe cell be- 240
havior over time and to perform optical analyses with a cooled CCD camera (Leica Mi- 241
crosystems, DFC7000 GT, Chicago, IL, USA) via a 20x objective. Images were evaluated 242
using Image] with 12-bit data. 243

2.7. Statistical Analysis 244

Differences among adherent cell groups were evaluated using one-way analysis of 245
variance (ANOVA) and post hoc test (Tukey). A one-way ANOVA test at the 95% 246
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confidence interval assessed statistical significance across devices manufactured upon dif- 247
ferent molds and flow rates. Each data set was gathered from a representative total of n= 248
25 cells per device, using 5-7 independent devices per experimental mold and condition. 249
Values are reported using mean and standard deviation. The post-hoc Tukey tests were 250
used to determine statistical significance between conditions, where p-values < 0.05 were 251

denoted by an asterisk, *, and p <0.01 were marked with a double asterisk, **. 252

253
3. RESULTS 254
3.1. Elastomeric devices produced from 3D printed molds exhibted greater variance devices 255
produced from original metal molds 256

Dimensions of the gLL system were selected to represent the anatomical scale of the 257
extracellular environment in which adult retinal neural cells (RNCs) reside and interact 258
with retinal endothelial cells (RECs) of the BRB barrier tissue. As per Figure 1, the width =~ 259
of the microchannel approaches retinal thickness, through which RNCs span to establish 260
connections with surrounding neuronal cells and interact with cognate RECs. The gLL 261
system with these larger mesoscale features was reproduced via elastomeric molding 262
upon milled aluminum molds, shown in Figure 2. PDMS curing upon the metal molds 263
created microchannels that were rectangular in cross-section, with an average length of 264
1.48 + 0.05 cm, height of 239.1 + 6.75 um, and average width of 180.7 + 4.6 um. This rectan- 265
gular cross section exhibited a height to width ratio of 1.32. These dimensions produced 266
PDMS elastomers with an average hydraulic diameter of 205.7 + 3.07 pum, as listed in Table =~ 267
2. Average dimensions of the volumetric reservoirs connected to either end of the micro- 268
channel were 1.00 + 0.05 pm in diameter and 4.10 + 0.05 um in height. By contrast, elasto- 269
meric channels produced from using gLL molds that were 3D printed using SLA with 270
PLA resin were 1.21 + 0.05 cm in length, 250.9 + 32.8 um in height, and 255.2 + 8.1 umin 271
width. The microchannels exhibited a cross-section that was more square-like with an av- 272
erage height to width ratio of 0.98. This produced an average hydraulic diameter of 255.2 273
+8.1 um, which was ~24% larger than the PDMS elastomer produced by the original metal 274
mold. Average dimensions of the volumetric reservoirs connected to either end of this 275
microchannel were 1.67 + 0.05 um in diameter and 6.73 = 0.05 pm in height, for a ~29% 276
increase in volume. Lastly, elastomers produced using molds that were 3D printed using 277
FDM and PTEG plastic resulted in channels that were 1.19 + 0.05 cm in length, 398.9 £ 10.8 278
um in height, and 207.8 + 4.0 um in width. These microchannels also displayed the largest 279
cross section with an average height to width ratio of 1.92. In addition, the average hy- 280
draulic diameter of 273.3 + 6.0 um was larger than that produced using the SLA mold and 281
33% larger than the PDMS elastomer produced using the original metal mold. The average 282
dimensions of volumetric reservoirs connected to each channel either end were 1.66 +0.05 283
pum in diameter and 6.21 + 0.05 pm in height, for a ~ 21% increase in volume than the 284

original. 285
Table 2. Measurements of critical device parameters from elastomeric devices 286
manufactured using 3D molds of metal, resin (PLA), and plastic (PTEG). Dimensions of 287
microchannel length, height, and width are shown with tolerances alongside the height 288
and diameter of device reservoirs. Changes in the average height to width ratio and 289
hydraulic diameter of each microchannel are also calculated. Data reflects averages 290

from n=25 optical microscopy measurements recorded per parameter within 5-7 291
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microdevices produced from each mold. 292
Length (cm)  Height (um)  Width (um)  Height- Hydraulic Height Diameter
Width Diameter (mm) (mm)
Ratio (um)
Metal ~ 148+0.05 239.1£675 180.7+46 132, 2057+307 4.10%005 1.00+0.05
Rect.
Resin  1.21+0.05 2509+328 2552+81 098,  251.9+147 6.73+005 1.67+0.05
(PLA) Square
Plastic = 1.19+0.05 3989+10.8 207.8+40 1.92, 2733+6.0 621+005 1.66+0.05
(PTEG) Rect.
293
294
3.2. Elastomers produced using 3D printed molds exhibited wide variance in the average 295
roughness of microchannel inner surfaces 296

PDMS devices produced from curing upon the 3D printed molds were next meas- 297
ured for surface roughness of channel inner surfaces. Devices were measured with and 298
without laminin coating to determine their utility for cell adhesion and survival. Figure 299
5A illustrates the distance measured from the surface of the channel center point to its 300
respective mean height. As shown, PDMS devices produced from the metal molds exhib- 301
ited average surface roughness with a deviation of #15 em, while elastomeric channels 302
produced from PLA resin molds and PTEG plastic molds exhibited surface roughness 303
with a deviation of +19 em and +30 em from average channel heights, respectively. Values 304
of the surface roughness of elastomeric channels cured using SLA resin were insignificant 305
from those of channels cured upon metal molds (p>0.05). By contrast, the surface rough- 306
ness from channels produced using PTEG plastic molds was significantly different from 307
those produced using metal molds (p<0.05). Moreover, only elastomers produced using 308
plastic molds exhibited significant differences in surface roughness between non-coated 309
and coated laminin surfaces (p<0.01). As a result, the remainder of this study focused on 310
elastomers produced from resin molds using PLA. 311
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Figure 5. Surface roughness of inner channels of elastomeric microdevices manufactured using 3D 313
molds made of metal, resin, and plastic. (A) Data illustrates measurements from the channel center 314
as determined via optical microscopy for inner channel surfaces coated with (+) and without (-) 315
laminin. Representative images of the microfluidic channel manufactured using molds of (B) metal, 316
(C) resin, and (D) plastic, with (+) and without (-) laminin coating (Scale bar = 200 em). An average 317
of n=25 measurements were gathered per device, using 5-7 devices per mold type and laminin coat- ~ 318
ing condition. Statistical significance is denoted by p<0.05 (*) and p<0.01 (**). 319
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3.3. Bulk flow within elastomeric devices approached analytical flow solution 320

Tests next examined differences in bulk flow within elastomeric devices fabricated 321
using 3D printed SLA resin molds. Figure 6 illustrates the graphical solution of Poiseuille 322
Flow at both high (QH = 3eL/min) and low (QL = 1eL/min) volume flow rates within the 323
microchannel. As seen, the typical parabolic profile of each flow rate is evident, with max- 324
imum velocity at the center line. Moreover, measurement of velocities for individual mi- 325
crobeads are plotted alongside the analytical data to illustrate less than 7% variance close 326
to channel walls but ~15% at channel centerline, as determined by root mean square error. 327
Similarly, the values of imposed shear stress lie along the linear expression defined by the 328

analytical solution for one-dimensional, incompressible flow. 329
10
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Figure 6. Measurement of particle flow within 3D printed microsystems alongside analytical flow 331
model. (A) Measured velocity of individual microbeads (*) plotted against one-dimensional analyt- 332
ical solutions to Poiseuille Flow with low (QL) and high (QH) volume flow rates. (B) Analytical 333
solution to imposed shear stress and QL and QH in the same system. 334

3.4. Volume flow rates produced different survival rates for retinal endothelial and retinal neural 335
cells 336

Tests next seeded retinal endothelial cells (RECs) and retinal neural cells (RNCs) into 337
the interstitial spaces of elastomeric devices fabricated using SLA resin molds. Survival 338
was determined by the LIVE/DEAD assay and DAPI staining for each condition. As seen 339
in Figure 7, RECs exhibited much higher survival rates than RNCs under sustained flow. 340
RECs displayed upwards of 95% survival in control conditions (no flow) but decreased to 341
40% under low flow conditions of QL= 1eL/min and 25% when exposed to high volume 342
flow rates of QH= 3eL/min. Survival at different volume flow rates showed no significant 343
difference between QH and QL but were both significantly different from control. By con- 344
trast, RNCs showed 85% survival in control, but dropped to 20% under low flow condi- 345
tions of QL. Further, only trace amounts of DAPI stain was observed in high flow condi- 346
tions to reflect nearly zero viable cells within microchannels. 347
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Figure 7. Measurement of cell survival within 3D printed microdevices after induced flow at low 349
(QL =1 oL/min) and high (QH =3 oL/min) volume flow rates. Retinal endothelial cells (RECs) are 350
shown in red and retinal neural cells (RNCs) are shown in blue. An average of n=25 measurements 351
were gathered per device, using 5-7 devices per mold. Statistical significance is denoted by p<0.05 352
(*) and b<0.01 (**). # indicates that only trace numbers of cells were observed. 353

3.5. Induced flow rates produced distinct cell morphology changes 354

The final set experiments applied different volume flow rates of QH and QL upon 355
monolayers of RECs and RNCs seeded within PDMS elastomers produced from SLA resin 356
molds. RNCs were observed to be nearly confluent in control conditions (no flow) but 357
began to display larger surface areas devoid of cells with increasing flow rate. Interest- 358
ingly, Figure 8A,B shows that while the cell survival rate of RECs decreased with in- 359
creased flow rate, cell morphology became more elongated, as reflected by CSI values that 360
approached 0. Further, changes in CSI values were insignificant between low and high 361
flow rate conditions (p>0.05). By contrast, RNCs were more strongly affected by induced 362
flow. As shown in Figure 8D, E, significant numbers of cells did not survive low flow rate 363
and only trace amounts of DAPI were recorded to identify viable cells after exposure to 364
high volume flow rates. Moreover, average CSI values of RNCs significantly increased to 365
approach a value of 1 under QL to indicate fully rounded cells typical of apoptosis or 366
detachment. 367
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Figure 8. Flow-induced morphology changes of retinal endothelial cells (RECs) and retinal neural 369
cells (RNCs) within 3D printed microdevices. Representative images of RECs cultured in (A) low 370
volume flow rate (QL) and (B) high volume flow rate (QH) alongside representative images of RNCs 371
cultured in (C) control and (D) low volume flow rate (Scale bar = 100 em). (E) Changes in cell mor- 372
phology measured via cell shape index (CSI) shown after respective induced flow rates. A total of 373
n=25 cells were used within 3-5 different devices. Statistical significance of * denotes p<0.05. # indi- 374
cates that only trace numbers of cells were observed. 375

4. DISCUSSION 376
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Broad adaptation of microfluidics in life science applications has facilitated the inte-
gration of microscale systems into numerous research platforms. Recent organs-on-chip
82, 84 and micro-physiological systems 85, 86 have elevated microtechnology to critical
platforms for the study of human development and adult physiology. Moreover, they
have generated excitement for applications of complex bioengineering systems in diverse
physiology, including cardiovascular, orthopedics, dental, the nervous system, and more
87-89. Interestingly, rising bio-adaptation of microtechnology has created a growing com-
munity at the micro- and mesoscale using biosystems independent of specialized clean
room environments and costly equipment. Study of physiological and anatomical struc-
tures with characteristic lengths between cells and tissues (approximately 50 em to 500
om), are particularly well suited for devices fabricated using lower cost and accessible
fabrication techniques, such as 3D printing, to enable fundamental microfluidic cell study
across disciplines.

This project is among the first to use physiological flow rates to examine the response of cells in neurovascular barriers
of the retina. Despite many excellent systems, few have incorporated applied flow, as per in vivo. This project examined
the application of rapid prototyped molds to develop elastomeric systems able to validate these understudied cellular
responses. All processing began with a digital model of the desired product, our previously established glial line system
(gLL), and selection of a material for manufacture. Stereolithography (SLA) and fused deposition modeling (FDM) were
chosen for this study (Figure 3) from over a dozen commercial 3D printing techniques available due to low cost and
wide availability for both high and low resource settings, e.g. universities, community colleges, and high schools 90,91.
Molds in this study manufactured via metal milling, SLA, and FDM illustrated similar dimensions for the radius and
height of device reservoirs (Table 2), but larger variation in microchannel cross section and hydraulic diameter. Both
FDM and SLA have been reported to produce micro- and mesoscale channels effectively, and our study quantitatively
measured differences in height to width ratio and variance in our devices to precisely verify variations between fabri-
cation methods

In FDM the material was melted down and nozzle-extruded to form a two-dimen-
sional layer on the print bed. While nozzle sizes have been traditionally susceptible to
blockage, their ability to print smaller features while using less material have made them
adaptable to studies on the mesoscale 35, and hence studied here. FDM molds were pro-
duced used polyethylene terephthalate (PETG), which is a thermoplastic polyester com-
monly selected for its durability and formability. The material costs were low, ranging
between $20-$50 per kg, while the rapid prototyping produced plastic molds in short time
frames (~2 hr). However, the larger height to width ratio measured during testing in-
creased the microchannel volume by a third. This result was likely due to the commercial
3D printer used, as this project utilized a machine typical in undergraduate teaching la-
boratories to examine the capabilities of more cost-effective and widespread printers.
However, a 3D printing system with higher resolution and precision would undoubtedly
increase the cost of devices but produce devices with similar height to width ratio, albeit
with likely less variation. In addition, the surface roughness of these devices was signifi-
cantly higher than that of devices manufactured using metal molds or resin molds (Figure
5). The increased roughness was similar for devices functionalized with laminin coating
as a basement membrane for cell adhesion, illustrating lower applicability for cell study
overall.

By contrast, PDMS devices produced using resin molds printed via SLA exhibited
microchannels with square cross section. While the dimensions increased interstitial vol-
umes of the channels, square cross sections are better represented by hydraulic diameter
than are rectangular channels, suggesting a higher correlation with flow analyses. In ad-
dition, similar surface roughness to the original metal mold used, with and without lam-
inin coating (Figure 5). As shown, the resin structure is readily visible in a light micro-
scope, but the roughness of its inner channel surfaces approached that of the metal molds.
Our study used polylactic acid (PLA), which is a common resin reliable for larger prints,
such as splints, implants, dentures, and mouth adaptors 92-94 but also able to produce
finer features now used for bioscaffolds 95, 96. The cost of PLA was similar to PETG at
$40-$60 per kg, although more specialized resins can cost upwards of $400 per kg. It is
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noted that a strong limitation of SLA additive manufacturing is the increased curing time 431
(>6 hr) required. 432

Our project then continued by using SLA produced molds to enable flow-based 433
study of retinal cells. Flow within the PDMS devices was readily enabled through Luer 434
Locks and conventional tubing connected to a syringe pump (Figure 4). Flow was first 435
measured using microbeads at different volume flow rates to illustrate measured bulk 436
velocities that were within 7% of one-dimensional analytical flow solutions (Figure 6). We 437
note that the larger cross section of elastomers manufactured using 3D printed molds ver- 438
sus metal molds may contribute to increased variance with one-dimensional flow approx- 439
imations, especially with microchannels of shorter lengths. However, the larger size of 440
device reservoirs introduced an added benefit that may reduce hydrostatic pressure in 441
non or low flow systems, as well as improve reagent recycling 6, 97. 442

Next, analytically determined values of shear stresses imposed by those flows were 443
tabulated to continue with flow-based study of both retinal endothelial (RECs) and neural = 444
cells (RNCs) significant to the BRB. Viability illustrated that RNCs were more strongly 445
affected by shear stress than RECs (Figure 7). While sustained flow decreased survival of 446
both cell types, few RNCs were able to survive at a sustained flow at QH, leading to only 447
trace amounts of viable cells. This result is in line with in vivo conditions, where cells 448
reside within retinal tissue and are thereby exposed to minute, interstitial flows much 449
lower than the capillary flow rates upon RECs 69, 76. Results of RECs survival was also 450
of note, as the data showed no difference between the QH and QL flow rates used. This 451
may indicate that the flow rates applied did not approximate in vivo conditions accu- 452
rately. We note that this is a large limitation of many commercial syringe pumps, which 453
are unable to apply sustained ultra-low flow rates when connected to microchannels via 454
capillary tubing. Interface with specialized (and more costly) flow apparatus will greatly 455
increase applicability of this BRB flow study. 456

Final tests applied external flow rates to show that the cell shape index (CSI) of RECs 457
increased to approach a value of 1, indicative of purely elongated cells (Figure 8). While 458
numerous studies have illustrated the response of endothelial cells to external shear 459
stresses (reviewed in 76, few studies have considered this behavior in flow-based study 460
of the BRB. Cell shape becomes critical for the study of RECs monolayers on the retinal 461
barrier, as changes in morphology have been correlated with differences in resistivity that = 462
may impact BRB integrity and lead to vision loss 73. 3D printed molds can thereby pro- 463
duce cost effective devices to study different types of shear stress induced via extracellular 464
fluids appropriate to retinal disorders, including fluids with high glucose and those with 465
accumulation of blood borne inflammatory factors associated with metabolic disorders, 466

such as diabetes 98. 467
468
5. CONCLUSION 469

3D printed resin molds produced microchannel surfaces able to support flow-based 470
study of RECs and RNCs. These lower cost devices enable fundamental biological study 471
of these underexplored cell groups from researchers without backgrounds in fabrication. 472
Greater adoption of rapid prototyping for the study of physical structures on the micro 473
and mesoscale will greatly accelerate development of biomedical therapies across neuro- 474

vascular barriers. 475
476

477

478

FIGURE AND TABLE CAPTIONS: 479

Table 1. Summary of recent microfluidic systems fabricated using varied techniques 480
and applied to the study of retinal cell behaviors..Figure 1. Schematic of key cellular and 481
structural features of the inner blood retinal barrier (BRB). (A) This neurovascular barrier 482
tissue is comprised primarily of endothelial cells and pericytes located within lining of 483
retinal capillaries, as well as astrocytes and Muller glia that reside within neural tissue. 484
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(B) Side view of circulating blood flow that exerts continuous shear stress upon endothe- 485
lial cells that line the lumen (top). Also shown is side view of cognate neuroglia exposed 486
to shear stress from interstitial flow of neural tissue (bottom). 487
Figure 2. Summary of the glial line system, known as the gLL. (A) Schematic of the 488

gLL system used as 3D model for manufacturing. A PDMS elastomer is bonded to a glass 489
microscope slide to produce a closed microchannel in between two volumetric reservoirs, 490
as previously described by our group. The mold used to cure the elastomers needed to 491
produce gLL devices was fabricated using metal milling via computer numerical control 492
(CNC) in the three parts shown. (C) A top view of the final gLL system produced by cur- 493
ing PDMS within the metal molds. 494
Figure 3. Summary of key steps in the rapid prototyping of 3D molds used for elas- 495
tomeric soft lithography. (A) Fused deposition modeling (FDM) was used to manufacture 496
plastic molds of polyethylene terephthalate glycol (PETG), wherein the 3D device model 497
was converted to gcode for melted plastic extrusion and printed layer by layer. (B) Stere- 498
olithography (SLA) was used to develop resin molds of polylactic acid (PLA) via digital =~ 499
upload of the 3D device model, UV curing of layered resin, and two rounds of post pro- 500
cessing in isopropyl alcohol. 501
Table 2. Measurements of critical device parameters from elastomeric devices man- 502
ufactured using 3D molds of metal, resin (PLA), and plastic (PTEG). Dimensions of mi- 503
crochannel length, height, and width are shown with tolerances alongside the height and 504
diameter of device reservoirs. Changes in the average height to width ratio and hydraulic = 505
diameter of each microchannel are also calculated. Data reflects averages from n=25 op- 506
tical microscopy measurements recorded per parameter within 5-7 microdevices pro- 507
duced from each mold. 508
509

Figure 4. Graphical summary of the flow system used to examine behavior of retinal 510
endothelial and retinal neural cells from the inner blood retinal barrier. (A) Schematic of 511
pump-driven flow applied within the microdevice and collection of cell media. (B) Images 512
of experimental flow system and representative microdevice. 513
Figure 5. Surface roughness of inner channels of elastomeric microdevices manufac- 514
tured using 3D molds made of metal, resin, and plastic. (A) Data illustrates measurements 515
from the channel center as determined via optical microscopy for inner channel surfaces 516
coated with (+) and without (-) laminin. Representative images of the microfluidic channel 517
manufactured using molds of 1 metal, (C) resin, and (D) plastic, with (+) and without (-) 518
laminin coating (Scale bar = 200 em). An average of n=25 measurements were gathered 519
per device, using 5-7 devices per mold type and laminin coating condition. Statistical sig- 520
nificance is denoted by p<0.05 (*) and b<0.01 (**). 521
Figure 6. Measurement of particle flow within 3D printed microsystems alongside 522
analytical flow model. (A) Measured velocity of individual microbeads (*) plotted against 523
one-dimensional analytical solutions to Poiseuille Flow with low (QL) and high (QH) vol- 524
ume flow rates. (C) Analytical solution to imposed shear stress and QL and QH in the 525
same system. 526
Figure 7. Measurement of cell survival within 3D printed microdevices after induced 527
flow at low (QL =1 oL/min) and high (QH =3 eL/min) volume flow rates. Retinal endothe- 528
lial cells (RECs) are shown in red and retinal neural cells (RNCs) are shown in blue. An 529
average of n=25 measurements were gathered per device, using 5-7 devices per mold. Sta- 530
tistical significance is denoted by p<0.05 (*) and b<0.01 (**).# indicates that only trace 531
numbers of cells were observed. . 532
Figure 8. Flow-induced morphology changes of retinal endothelial cells (RECs) and 533
retinal neural cells (RNCs) within 3D printed microdevices. Representative images of 534
RECs cultured in (A) low volume flow rate (QL) and 1 high volume flow rate (QH) along- 535
side representative images of RNCs cultured in (C) control and (D) low volume flow rate 536
(Scale bar = 100 em). (E) Changes in cell morphology measured via cell shape index (CSI) 537
shown after respective induced flow rates. A total of n=25 cells were used within 3-5 538
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different devices. Statistical significance of * denotes p<0.05. # indicates that only trace
numbers of cells were observed.

Acknowledgments: The authors thank Dr. Juan S. Pena for his help with experimental setup and
guidance as well as contributed artwork. This project was supported by funding from the National
Science Foundation (CBET 2243644) and the New Jersey Health Foundation (PC 140-24).

539
540
541

542
543
544

545



Micromachines 2024, 15, x FOR PEER REVIEW 16 of 21

References 546
1. Ayuso, J.M., M. Virumbrales-Munoz, J.M. Lang, and D.J. Beebe, A role for microfluidic systems in 547
precision medicine. Nat Commun, 2022. 13(1): p. 3086. 548
2. Leal-Alves, C., Z. Deng, N. Kermeci, and S.C.C. Shih, Integrating microfluidics and synthetic biology: 549
advancements and diverse applications across organisms. Lab Chip, 2024. 24(11): p. 2834-2860. 550
3. Mukherjee, J., D. Chaturvedi, S. Mishra, R. Jain, and P. Dandekar, Microfluidic technology for cell 551
biology-related applications: a review. ) Biol Phys, 2024. 50(1): p. 1-27. 552
4. Patel, B.B., F. Sharifi, D.P. Stroud, R. Montazami, N.N. Hashemi, and D.S. Sakaguchi, 3D Microfibrous 553
Scaffolds Selectively Promotes Proliferation and Glial Differentiation of Adult Neural Stem Cells: A 554
Platform to Tune Cellular Behavior in Neural Tissue Engineering. Macromol Biosci, 2019. 19(2): p. 555
€1800236. 556
5. Singh, I., C.S. Lacko, Z. Zhao, C.E. Schmidt, and C. Rinaldi, Preparation and evaluation of microfluidic 557
maghnetic alginate microparticles for magnetically templated hydrogels. J Colloid Interface Sci, 2020. 558
561: p. 647-658. 559
6. Vazquez, M., Microfluidic and Microscale Assays to Examine Regenerative Strategies in the Neuro 560
Retina. Micromachines (Basel), 2020. 11(12). 561
7. Babatunde, K.A., J.M. Ayuso, S.C. Kerr, A. Huttenlocher, and D.J. Beebe, Microfluidic Systems to Study 562
Neutrophil Forward and Reverse Migration. Front Immunol, 2021. 12: p. 781535. 563
8. Pena, J.S. and M. Vazquez, Harnessing the Neuroprotective Behaviors of Muller Glia for Retinal Repair. 564
Front Biosci (Landmark Ed), 2022. 27(6): p. 169. 565
9. Ren, J., N. Wang, P. Guo, Y. Fan, F. Lin, and J. Wu, Recent advances in microfluidics-based cell 566
migration research. Lab Chip, 2022. 22(18): p. 3361-3376. 567

10. Aydin, O., A.P. Passaro, R. Raman, S.E. Spellicy, R.P. Weinberg, R.D. Kamm, M. Sample, G.A. Truskey, J. 568
Zartman, R.D. Dar, S. Palacios, J. Wang, J. Tordoff, N. Montserrat, R. Bashir, M.T.A. Saif, and R. Weiss, 569
Principles for the design of multicellular engineered living systems. APL Bioeng, 2022. 6(1): p. 010903. 570

11. Farhang Doost, N. and S.K. Srivastava, A Comprehensive Review of Organ-on-a-Chip Technology and 571
Its Applications. Biosensors (Basel), 2024. 14(5). 572
12. Agarwal, A., A. Salahuddin, and M.J. Ahamed, Demonstration of a Transparent and Adhesive Sealing 573
Top for Microfluidic Lab-Chip Applications. Sensors (Basel), 2024. 24(6). 574
13. Naderi, A., N. Bhattacharjee, and A. Folch, Digital Manufacturing for Microfluidics. Annu Rev Biomed 575
Eng, 2019. 21: p. 325-364. 576
14. Yarali, E., M.J. Mirzaali, A. Ghalayaniesfahani, A. Accardo, P.J. Diaz-Payno, and A.A. Zadpoor, 4D 577
Printing for Biomedical Applications. Adv Mater, 2024: p. e2402301. 578
15. Kumar, S., J.B. Kaushal, and H.P. Lee, Sustainable Sensing with Paper Microfluidics: Applications in 579
Health, Environment, and Food Safety. Biosensors (Basel), 2024. 14(6). 580
16. Noviana, E., T. Ozer, C.S. Carrell, J.S. Link, C. McMahon, I. Jang, and C.S. Henry, Microfluidic Paper- 581
Based Analytical Devices: From Design to Applications. Chem Rev, 2021. 121(19): p. 11835-11885. 582

17. Hoang, T., H. Truong, J. Han, S. Lee, J. Lee, S. Parajuli, J. Lee, and G. Cho, Room temperature roll-to-roll 583
additive manufacturing of polydimethylsiloxane-based centrifugal microfluidic device for on-site 584
isolation of ribonucleic acid from whole blood. Mater Today Bio, 2023. 23: p. 100838. 585



Micromachines 2024, 15, x FOR PEER REVIEW 17 of 21

18. Zhang, N., J. Liu, H. Zhang, N.J. Kent, D. Diamond, and D.G. M, 3D Printing of Metallic Microstructured 586

Mould Using Selective Laser Melting for Injection Moulding of Plastic Microfluidic Devices. 587
Micromachines (Basel), 2019. 10(9). 588
19. Bhattacharjee, N., A. Urrios, S. Kang, and A. Folch, The upcoming 3D-printing revolution in 589
microfluidics. Lab Chip, 2016. 16(10): p. 1720-42. 590
20. Fleck, E., A. Sunshine, E. DeNatale, C. Keck, A. McCann, and J. Potkay, Advancing 3D-Printed 591
Microfluidics: Characterization of a Gas-Permeable, High-Resolution PDMS Resin for 592
Stereolithography. Micromachines (Basel), 2021. 12(10). 593
21. Jamal, M.A,, O.R. Shah, U. Ghafoor, Y. Qureshi, and M.R. Bhutta, Additive Manufacturing of Continuous 59
Fiber-Reinforced Polymer Composites via Fused Deposition Modelling: A Comprehensive Review. 595
Polymers (Basel), 2024. 16(12). 596
22. Parvanda, R., P. Kala, and V. Sharma, Bibliometric Analysis-Based Review of Fused Deposition 597
Modeling 3D Printing Method (1994-2020). 3D Print Addit Manuf, 2024. 11(1): p. 383-405. 598
23. Goncalves, F., A.C. Fonseca, R. Cordeiro, A.P. Piedade, H. Faneca, A. Serra, and J.F.J. Coelho, 599
Fabrication of 3D scaffolds based on fully biobased unsaturated polyester resins by microstereo- 600
lithography. Biomed Mater, 2022. 17(2). 601
24. Grygier, D., A. Kurzawa, M. Stachowicz, K. Krawiec, M. Stepczak, M. Roszak, M. Kazimierczak, D. 602
Aniszewska, and D. Pyka, Investigations into the Material Characteristics of Selected Plastics 603
Manufactured Using SLA-Type Additive Methods. Polymers (Basel), 2024. 16(11). 604
25. Zhang, T., W. Shan, M. Le Dot, and P. Xiao, Structural Functions of 3D-Printed Polymer Scaffolds in 605
Regulating Cell Fates and Behaviors for Repairing Bone and Nerve Injuries. Macromol Rapid Commun, 606
2024: p. e2400293. 607
26. Azad, M.A,, D. Olawuni, G. Kimbell, A.Z.M. Badruddoza, M.S. Hossain, and T. Sultana, Polymers for 608
Extrusion-Based 3D Printing of Pharmaceuticals: A Holistic Materials-Process Perspective. 609
Pharmaceutics, 2020. 12(2). 610
27. Del Rosario, M., H.S. Heil, A. Mendes, V. Saggiomo, and R. Henriques, The Field Guide to 3D Printing in 611
Optical Microscopy for Life Sciences. Adv Biol (Weinh), 2022. 6(4): p. e2100994. 612
28. Saggiomo, V., A 3D Printer in the Lab: Not Only a Toy. Adv Sci (Weinh), 2022. 9(27): p. €2202610. 613
29. Guo, Y.H., C.H. Lee, and Y.T. Yang, A Versatile Kit Based on Digital Microfluidics Droplet Actuation for 614
Science Education. J Vis Exp, 2021(170). 615
30. Lagally, E.T. and J.A. Fox, Jell-O((R)) microfluidics and synthetic biology: combining science outreach 616
with basic research. Bioanalysis, 2010. 2(10): p. 1671-2. 617
31. Sun, M., Z. Li, and Q. Yang, mudroPi: A Hand-Held Microfluidic Droplet Imager and Analyzer Built on 618
Raspberry Pi. ) Chem Educ, 2019. 96(6): p. 1152-1156. 619
32. Lei, X., W. Ye, F. Safdarin, and S. Baghaei, Microfluidics devices for sports: A review on technology for 620
biomedical application used in fields such as biomedicine, drug encapsulation, preparation of 621
nanopatrticles, cell targeting, analysis, diagnosis, and cell culture. Tissue Cell, 2024. 87: p. 102339. 622
33. Sonmez, U.M., N. Frey, P.R. LeDuc, and J.S. Minden, Fly Me to the Micron: Microtechnologies for 623
Drosophila Research. Annu Rev Biomed Eng, 2024. 26(1): p. 441-473. 624
34. Whitesides, G.M., E. Ostuni, S. Takayama, X. Jiang, and D.E. Ingber, Soft lithography in biology and 625

biochemistry. Annu Rev Biomed Eng, 2001. 3: p. 335-73. 626



Micromachines 2024, 15, x FOR PEER REVIEW 18 of 21

35. Ghaznavi, A., J. Xu, and S.A. Hara, A Non-Sacrificial 3D Printing Process for Fabricating Integrated 627
Micro/Mesoscale Molds. Micromachines (Basel), 2023. 14(7). 628
36. Hosic, S., A.J. Bindas, M.L. Puzan, W. Lake, J.R. Soucy, F. Zhou, R.A. Koppes, D.T. Breault, S.K. Murthy, 629
and A.N. Koppes, Rapid Prototyping of Multilayer Microphysiological Systems. ACS Biomater Sci Eng, 630

2021.7(7): p. 2949-2963. 631
37. Morbioli, G.G., N.C. Speller, and A.M. Stockton, A practical guide to rapid-prototyping of PDMS-based 632
microfluidic devices: A tutorial. Anal Chim Acta, 2020. 1135: p. 150-174. 633
38. Rein, C., M. Toner, and D. Sevenler, Rapid prototyping for high-pressure microfluidics. Sci Rep, 2023. 634
13(1): p. 1232. 635
39. Zhu, W., X. Ma, M. Gou, D. Mei, K. Zhang, and S. Chen, 3D printing of functional biomaterials for tissue 636
engineering. Curr Opin Biotechnol, 2016. 40: p. 103-112. 637
40. Herreros-Pomares, A., X. Zhou, S. Calabuig-Farinas, S.J. Lee, S. Torres, T. Esworthy, S.Y. Hann, E. 638
Jantus-Lewintre, C. Camps, and L.G. Zhang, 3D printing novel in vitro cancer cell culture model 639
systems for lung cancer stem cell study. Mater Sci Eng C Mater Biol Appl, 2021. 122: p. 111914. 640
41. Ouyang, X., K. Zhang, J. Wu, D.S. Wong, Q. Feng, L. Bian, and A.P. Zhang, Optical micro-Printing of 641
Cellular-Scale Microscaffold Arrays for 3D Cell Culture. Sci Rep, 2017. 7(1): p. 8880. 642
42. Xue, D., Y. Wang, J. Zhang, D. Mei, Y. Wang, and S. Chen, Projection-Based 3D Printing of Cell 643
Patterning Scaffolds with Multiscale Channels. ACS Appl Mater Interfaces, 2018. 10(23): p. 19428- 644
19435. 645
43. Winkler, S., J. Menke, K.V. Meyer, C. Kortmann, and J. Bahnemann, Automation of cell culture assays 646
using a 3D-printed servomotor-controlled microfluidic valve system. Lab Chip, 2022. 22(23): p. 4656- 647
4665. 648
44, Satzer, P. and L. Achleitner, 3D printing: Economical and supply chain independent single-use 649
plasticware for cell culture. N Biotechnol, 2022. 69: p. 55-61. 650
45, Miller, M.1., A.O. Brightman, F.H. Epstein, K.J. Grande-Allen, J.J. Green, E. Haase, C.T. Laurencin, E. 651
Logsdon, F. Mac Gabhann, B. Ogle, C. Wang, G.R. Wodicka, and R. Winslow, BME 2.0: Engineering the 652
Future of Medicine. BME Front, 2023. 4: p. 0001. 653
46. Dhamodaran, K., M. Subramani, M. Ponnalagu, R. Shetty, and D. Das, Ocular stem cells: a status 654
update! Stem Cell Res Ther, 2014. 5(2): p. 56. 655
47. Niu, Y., J. Ji, K. Yao, and Q. Fu, Regenerative treatment of ophthalmic diseases with stem cells: 656
Principles, progress, and challenges. Adv Ophthalmol Pract Res, 2024. 4(2): p. 52-64. 657
48. Dodson, K.H., F.D. Echevarria, D. Li, R.M. Sappington, and J.F. Edd, Retina-on-a-chip: a microfluidic 658
platform for point access signaling studies. Biomed Microdevices, 2015. 17(6): p. 114. 659
49, Mut, S.R., S. Mishra, and M. Vazquez, A Microfluidic Eye Facsimile System to Examine the Migration of 660
Stem-like Cells. Micromachines (Basel), 2022. 13(3). 661
50. Pena, C.D., S. Zhang, R. Majeska, T. Venkatesh, and M. Vazquez, Invertebrate Retinal Progenitors as 662
Regenerative Models in a Microfluidic System. Cells, 2019. 8(10). 663
51. Unachukwu, U.J., A. Warren, Z. Li, S. Mishra, J. Zhou, M. Sauane, H. Lim, M. Vazquez, and S. Redenti, 664
Predicted molecular signaling guiding photoreceptor cell migration following transplantation into 665
damaged retina. Sci Rep, 2016. 6: p. 22392. 666

52. Ottonelli, I., R. Caraffi, G. Tosi, M.A. Vandelli, J.T. Duskey, and B. Ruozi, Tunneling Nanotubes: A New 667
Target for Nanomedicine? IntJ Mol Sci, 2022. 23(4). 668



Micromachines 2024, 15, x FOR PEER REVIEW 19 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hui, J., X. Nie, P. Wei, J. Deng, Y. Kang, K. Tang, G. Han, L. Wang, W. Liu, and Q. Han, 3D printed
fibroblast-loaded hydrogel for scleral remodeling to prevent the progression of myopia. ) Mater Chem B,
2024.12(10): p. 2559-2570.

Shechter, Y., R. Cohen, M. Namestnikov, A. Shapira, A. Barak, A. Barzelay, and T. Dvir, Sequential
Fabrication of a Three-Layer Retina-like Structure. Gels, 2024. 10(5).

Pena, J.S., D. Robles, S. Zhang, and M. Vazquez, A Milled Microdevice to Advance Glia-Mediated
Therapies in the Adult Nervous System. Micromachines (Basel), 2019. 10(8).

Su, P.J., Z. Liu, K. Zhang, X. Han, Y. Saito, X. Xia, K. Yokoi, H. Shen, and L. Qin, Retinal synaptic
regeneration via microfluidic guiding channels. Sci Rep, 2015. 5: p. 13591.

Mishra, S., A. Thakur, S. Redenti, and M. Vazquez, A model microfluidics-based system for the human
and mouse retina. Biomed Microdevices, 2015. 17(6): p. 107.

Chan, Y.K., K.H. Sy, C.Y. Wong, P.K. Man, D. Wong, and H.C. Shum, In Vitro Modeling of Emulsification
of Silicone Oil as Intraocular Tamponade Using Microengineered Eye-on-a-Chip. Invest Ophthalmol Vis
Sci, 2015. 56(5): p. 3314-9.

McCutcheon, S., U. Unachukwu, A. Thakur, R. Majeska, S. Redenti, and M. Vazquez, In vitro formation
of neuroclusters in microfluidic devices and cell migration as a function of stromal-derived growth
factor 1 gradients. Cell Adh Migr, 2017.11(1): p. 1-12.

Li, Y., Y. Lu, Q. Chen, Y. Kang, and L. Yu, Probing of peripheral blood mononuclear cells anchoring on
TNF-alpha challenged-vascular endothelia in an in vitro model of the retinal microvascular. Biomed
Microdevices, 2017. 19(3): p. 54.

Mishra, S. and M. Vazquez, A Gal-MmicroS Device to Evaluate Cell Migratory Response to Combined
Galvano-Chemotactic Fields. Biosensors (Basel), 2017. 7(4).

Thakur, A., S. Mishra, J. Pena, J. Zhou, S. Redenti, R. Majeska, and M. Vazquez, Collective adhesion and
displacement of retinal progenitor cells upon extracellular matrix substrates of transplantable
biomaterials. ) Tissue Eng, 2018. 9: p. 2041731417751286.

Wu, J., H.K. Mak, Y.K. Chan, C. Lin, C. Kong, C.K.S. Leung, and H.C. Shum, An in vitro pressure model
towards studying the response of primary retinal ganglion cells to elevated hydrostatic pressures. Sci
Rep, 2019. 9(1): p. 9057.

Xue, Y., M.J. Seiler, W.C. Tang, J.Y. Wang, J. Delgado, B.T. McLelland, G. Nistor, H.S. Keirstead, and
A.W. Browne, Retinal organoids on-a-chip: a micro-millifluidic bioreactor for long-term organoid
maintenance. Lab Chip, 2021. 21(17): p. 3361-3377.

Jahagirdar, D., S. Yadav, M. Gore, V. Korpale, C.S. Mathpati, S. Chidambaram, A. Majumder, R. Jain,
and P. Dandekar, Compartmentalized microfluidic device for in vitro co-culture of retinal cells.
Biotechnol J, 2022. 17(9): p. €2100530.

Sun, X., Z. Cui, Y. Liang, C. Duan, H.F. Chan, S. Mao, J. Gu, C. Ding, X. Yang, Q. Wang, S. Tang, and J.
Chen, One-stop assembly of adherent 3D retinal organoids from hiPSCs based on 3D-printed derived
PDMS microwell platform. Biofabrication, 2023. 15(3).

Goodsell, D.S., A.J. Olson, and S. Forli, Art and Science of the Cellular Mesoscale. Trends Biochem Sci,
2020. 45(6): p. 472-483.

Tolstik, E., S.E. Lehnart, C. Soeller, K. Lorenz, and L. Sacconi, Cardiac multiscale bioimaging: from
nano- through micro- to mesoscales. Trends Biotechnol, 2024. 42(2): p. 212-227.

669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709



Micromachines 2024, 15, x FOR PEER REVIEW 20 of 21

69. Hajal, C., G.S. Offeddu, Y. Shin, S. Zhang, O. Morozova, D. Hickman, C.G. Knutson, and R.D. Kamm, 710
Engineered human blood-brain barrier microfluidic model for vascular permeability analyses. Nat 711
Protoc, 2022. 17(1): p. 95-128. 712
70. Diemler, C.A., M. MacLean, S.E. Heuer, A.A. Hewes, O.J. Marola, R.T. Libby, and G.R. Howell, Microglia 713
depletion leads to increased susceptibility to ocular hypertension-dependent glaucoma. Front Aging 714
Neurosci, 2024. 16: p. 1396443. 715
71. Reddy, S.K., V. Devi, A.T.M. Seetharaman, S. Shailaja, K.M.R. Bhat, R. Gangaraju, and D. Upadhya, Cell 716
and molecular targeted therapies for diabetic retinopathy. Front Endocrinol (Lausanne), 2024. 15: p. 717
1416668. 718
72. Shi, L.J., H. Ge, F. Ye, X. Li, and Q. Jiang, The role of pericyte in ocular vascular diseases. J Biomed Res, 719
2024: p. 1-10. 720
73. Albargothy, M.J., N.N. Azizah, S.L. Stewart, E.P. Troendle, D.H.W. Steel, T.M. Curtis, and M.J. Taggart, 721
Investigation of heterocellular features of the mouse retinal neurovascular unit by 3D electron 722
microscopy. J Anat, 2023. 243(2): p. 245-257. 723
74. Yoo, H.S., U. Shanmugalingam, and P.D. Smith, Harnessing Astrocytes and Muller Glial Cells in the 724
Retina for Survival and Regeneration of Retinal Ganglion Cells. Cells, 2021. 10(6). 725
75. Shetty, A.K. and G. Zanirati, The Interstitial System of the Brain in Health and Disease. Aging Dis, 2020. 726
11(1): p. 200-211. 727
76. Zhou, H.L., X.Z. Jiang, and Y. Ventikos, Role of blood flow in endothelial functionality: a review. Front 728
Cell Dev Biol, 2023. 11: p. 1259280. 729
77. Beck, C., T. Singh, A. Farooqi, T. Venkatesh, and M. Vazquez, Controlled microfluidics to examine 730
growth-factor induced migration of neural progenitors in the Drosophila visual system. J Neurosci 731
Methods, 2016. 262: p. 32-40. 732
78. Martin, K.A., G.A. Riveros, T.L. Thornell, Z.B. McClelland, E.L. Freeman, and J.T. Stinson, 733
Thermomechanical Material Characterization of Polyethylene Terephthalate Glycol with 30% Carbon 734
Fiber for Large-Format Additive Manufacturing of Polymer Structures. Polymers (Basel), 2024. 16(13). 735
79. Rivera-Lopez, F., M.M.L. Pavon, E.C. Correa, and M.H. Molina, Effects of Nozzle Temperature on 736
Mechanical Properties of Polylactic Acid Specimens Fabricated by Fused Deposition Modeling. 737
Polymers (Basel), 2024. 16(13). 738
80. Kong, Q., R.A. Able, Jr., V. Dudu, and M. Vazquez, A microfluidic device to establish concentration 739
gradients using reagent density differences. J Biomech Eng, 2010. 132(12): p. 121012. 740
81. Seigel, G.M., Review: R28 retinal precursor cells: the first 20 years. Mol Vis, 2014. 20: p. 301-6. 741
82. Etayo-Escanilla, M., N. Campillo, P. Avila-Fernandez, J.M. Baena, J. Chato-Astrain, F. Campos, D. 742
Sanchez-Porras, O.D. Garcia-Garcia, and V. Carriel, Comparison of Printable Biomaterials for Use in 743
Neural Tissue Engineering: An In Vitro Characterization and In Vivo Biocompatibility Assessment. 744
Polymers (Basel), 2024. 16(10). 745
83. Huang, Y., T. Liu, Q. Huang, and Y. Wang, From Organ-on-a-Chip to Human-on-a-Chip: A Review of 746
Research Progress and Latest Applications. ACS Sens, 2024. 747
84. Milton, L.A., M.S. Viglione, L.J.Y. Ong, G.P. Nordin, and Y.C. Toh, Vat photopolymerization 3D printed 748

microfluidic devices for organ-on-a-chip applications. Lab Chip, 2023. 23(16): p. 3537-3560. 749



Micromachines 2024, 15, x FOR PEER REVIEW 21 of 21

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Boylin, K., G.V. Aquino, M. Purdon, K. Abedi, M. Kasendra, and R. Barrile, Basic models to advanced
systems: harnessing the power of organoids-based microphysiological models of the human brain.
Biofabrication, 2024. 16(3).

Urciuolo, F., G. Imparato, and P.A. Netti, Engineering Cell Instructive Microenvironments for In Vitro
Replication of Functional Barrier Organs. Adv Healthc Mater, 2024: p. e2400357.

Cheng, L., K.S. Suresh, H. He, R.S. Rajput, Q. Feng, S. Ramesh, Y. Wang, S. Krishnan, S. Ostrovidov, G.
Camci-Unal, and M. Ramalingam, 3D Printing of Micro- and Nanoscale Bone Substitutes: A Review on
Technical and Translational Perspectives. Int J Nanomedicine, 2021. 16: p. 4289-4319.

Costa, P.F., H.J. Albers, J.E.A. Linssen, H.H.T. Middelkamp, L. van der Hout, R. Passier, A. van den Berg,
J. Malda, and A.D. van der Meer, Mimicking arterial thrombosis in a 3D-printed microfluidic in vitro
vascular model based on computed tomography angiography data. Lab Chip, 2017. 17(16): p. 2785-
2792.

Esparza, A., N. Jimenez, B. Joddar, and S. Natividad-Diaz, Development of in vitro cardiovascular tissue
models within capillary circuit microfluidic devices fabricated with 3D Stereolithography printing. Res
Sq, 2023.

Desai, T.O., E.; Stevens, K.R.; Vazquez, M.; Imoukhuede P, 'Perspectives on Disparities in Scientific
Visibility. Nat. Rev. Mater., 2021. 6(7): p. 556-559.

Vazquez, M., Teaching Tips To Enrich Remote Student Engagement in Transport Phenomena Using a
Hybrid Teaching and Assessment Model. . Biomed Eng Education 2021. 1(1): p. 19-24.

Deng, K., H. Chen, W. Wei, X. Wang, and Y. Sun, Accuracy of tooth positioning in 3D-printing aided
manufactured complete dentures: An in vitro study. J Dent, 2023. 131: p. 104459.

Pham, Y.L., J. Beauchamp, A. Clement, F. Wiegandt, and O. Holz, 3D-printed mouthpiece adapter for
sampling exhaled breath in medical applications. 3D Print Med, 2022. 8(1): p. 27.

Simeon, P., A. Unkovskiy, B. Saadat Sarmadi, R. Nicic, P.J. Koch, F. Beuer, and F. Schmidt, Wear
resistance and flexural properties of low force SLA- and DLP-printed splint materials in different printing
orientations: An in vitro study. ) Mech Behav Biomed Mater, 2024. 152: p. 106458.

Kumar, H. and K. Kim, Stereolithography 3D Bioprinting. Methods Mol Biol, 2020. 2140: p. 93-108.
Viray, C.M., B. van Magill, H. Zreigat, and Y. Ramaswamy, Stereolithographic Visible-Light Printing of
Poly(l-glutamic acid) Hydrogel Scaffolds. ACS Biomater Sci Eng, 2022. 8(3): p. 1115-1131.

Pena, J., N. Dulger, T. Singh, J. Zhou, R. Majeska, S. Redenti, and M. Vazquez, Controlled
microenvironments to evaluate chemotactic properties of cultured Muller glia. Exp Eye Res, 2018. 173:
p. 129-137.

Pena, J.S., R.K. Ramanujam, R.A. Risman, V. Tutwiler, F. Berthiaume, and M. Vazquez, Neurovascular
Relationships in AGEs-Based Models of Proliferative Diabetic Retinopathy. Bioengineering (Basel),
2024.11(1).

750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

784
785



