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Capillary-Scale Hydrogel Microchannel Networks by Wire

Templating

Shusei Kawara, Brian Cunningham, James Bezer, Neelima KC, Jingwen Zhu,
Meng-Xing Tang, Jun Ishihara, James J. Choi, and Sam H. Au*

Microvascular networks are essential for the efficient transport of nutrients,
waste products, and drugs throughout the body. Wire-templating is an
accessible method for generating laboratory models of these blood vessel
networks, but it has difficulty fabricating microchannels with diameters of ten
microns and narrower, a requirement for modeling human capillaries. This
study describes a suite of surface modification techniques to selectively
control the interactions amongst wires, hydrogels, and world-to-chip
interfaces. This wire templating method enables the fabrication of perfusable
hydrogel-based rounded cross-section capillary-scale networks whose
diameters controllably narrow at bifurcations down to 6.1 + 0.3 microns in
diameter. Due to its low cost, accessibility, and compatibility with a wide
range of common hydrogels of tunable stiffnesses such as collagen, this
technique may increase the fidelity of experimental models of capillary

Whilst post-processing can be used to fab-
ricate rounded lumina,” the final diame-
ters of these microchannels are often incon-
sistent and difficult to control. Second, typ-
ical PDMS devices are far stiffer (>800 kPa
in Young’s moduli) than human organs and
vasculature.[*) Third, standard photolithog-
raphy is limited to 2D planar geometries, re-
quiring multilayer alignment or more elab-
orate techniques to construct 3D models.['!]
Finally, though PDMS is gas permeable, it
does not permit the migration, adhesion
and survival of cells and other important
biological elements, such as extracellular
vesicles, drugs and nanoparticles within its
matrix.l’]

networks for the study of human health and disease.

1. Introduction

The microvasculature is a crucial component of tissues in-
volved in transporting nutrients, wastes, drugs,[!! contrast agents
for medical imaging,**! as well as immune and metastatic
cancer cells.*] Laboratory models of the microvasculature are
therefore valuable tools for studying human health and dis-
ease. Photolithography is commonly used to fabricate devices
comprised of elastomeric polymers such as polydimethylsilox-
ane (PDMS) when dimensions and flow conditions need to be
precisely controlled.’) PDMS-based models, however, have a
number of drawbacks. First, standard photolithography gener-
ates rectangular and not rounded cross-section microchannels.[®!]
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A number of hydrogel-based models
have been developed to overcome these
limitations since hydrogels have superior

biocompatibility and their mechanical stiffness can be tailored to
match that of desired tissues.['?] Several groups have used “wire
templating”, where a hydrogel is cast around an extractable wire,
to generate hydrogel-based microvasculature models. Wires of
metal, 3771 sacrificial sugars/polymers!®!#-2% and other elastic
polymers!*2-2] have been used to form hydrogel microchannels
whose Young’s moduli resemble those of tissues.!'3] This method
is simple, inexpensive, and has been deployed to generate mi-
crochannel lumens of diameters ranging from 10 to 1000 pm.
Wire templating can achieve better resolutions than 3D printed
methods,?°?7] and is far lower in cost and potentially more rapid
than multi-photon polymer ablation techniques.l’]

However, wire-template methods for generating microvascu-
lature models currently suffer from several technical hurdles:
a) Perfusion into capillary-scale microchannels can induce leak-
age at world-to-chip interfaces due to the high hydrodynamic re-
sistances inherent to small-diameter microchannels.?®?°1 This
is a non-trivial problem since the hydrodynamic resistance of
round microchannels scales approximately to the inverse fourth
power.**] Thus, narrowing a 250 um diameter microchannel
to 10 um increases its theoretical hydrodynamic resistance by
>390000 fold, which can compromise model integrity when
perfusion is attempted. While there are some existing meth-
ods to firmly couple syringes to hydrogel microchannels via
needles,['*?Muer-locks,*!l or bulb-shaped connectors,?! these
methods have only been demonstrated for large diameters
(>250 um) or require the use of non-hydrogel materials such as
glass and PDMS in the vicinity of the microvasculature model
which does not exhibit tissue-level mechanical stiffnesses.’!

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Table 1. Comparison of recent wire templating methods for manufacturing microvasculature models in hydrogels. Mesh networks are comprised of
microchannels that intersect in grid-like patterns while progressively narrowing bifurcations split in more physiological Y-shaped junctions.

Publication Template Hydrogel Microchannel Round Mesh networks Progressively Multiple level
wire material  (Concentration and Young's diameters cross-section [Y/N] narrowing bifurcation  bifurcations
moduli [YM] if known) [Y/N] [Y/N] IY/N]
X.Y. Wang et al., Alginatel® Gelatine (12.5%, w/w) (YM < 20kPal*’]), 20-500 um N Y Y Y
Lab Chip agarose (1.0%, w/w) (YM ~38 kPal“?l) and
2014161 collagen (2.5 mg mL™") (YM > 100 kPal*7])
J. H. Bezer, et al., Metal [13] Polyacrylamide (Acrylamide:Bis- = 4:0.1, 25-100 um Y N N N
Ultrasound 5:0.15, and 5:0.3 (%)) (YM = 2-8.7 kPa)
Med. Biol.,
2020131
). Lee et al., Metal [14] Acrylate hyaluronic acid (3%, 200 kDa, YM 500-600 um Y N N N
Tissue Eng. = 70-200 kPal*84%12))
Regen. Med.
2018 [4]
S.Maetal, Iron [1%] Various synthetic gel >1000 pum Y Y N N
Chem. Mater.
2018 [13]
K. Yan et al., Soft Metall'®] Chitosan (1.0 w/v%, 220 kDa, deacetylation of 400 um Y N N N
Matter 85%, YM <5 MPal*01b))
20200
X.Zhao et al., Metall7] Agar (2.5%, YM ~254 kPal*€1<)) 2000-15 pm Y N N N
Ultrason.
Sonochem.
2023071
J. S. Miller et al., Carbohydrate-  Poly(ethylene glycol) diacrylate (5, 10, or 20%, >150 um Y Y Y Y
Nat. Mater. glass!®] 6 or 35 kDa), acrylate-PEG-RGDS (1 mm,
20728 4 kDa), Fibrin gels (10-40 mg mL™"),
Matrigel, Alginate (2%)
M.Rymaetal, poly(2- GelMA (3.08-34.9 kPal511d)) >220 um Y N Y Y
Adv. Mater. cyclopropyl-
20220191 2-oxazoline)
[19]
L. E. Bertas- Agarosel?] GelMA (10% 3.08— >150 um Y Y Y N
soniet al., Lab 34.9 kPal5'19)) /PEGDA/PEGDMA/SPELA
Chip 2014(21]
N.Zhaoetal,  Polymer Agarose (2%,~50 kPal*21¢)) 10 um Y Y N N
Adv. Funct. fibrel22]
Mater.
20221221
J. Nie et al., Polymer Gelatine/GelMA (10%) 200-800 pm Y Y Y Y
Mater. fibrel23]
Horizons
20200231
T.C. Tseng et al., Sacrificial Fibrin, chitosan ~2500 pm Y N N/A Y
Biomaterials gell2]
2017024
H. Yoshida et al., Silical?*] 7 -PGA-SS hydrogels (2.0 mmol) 150-660 pm Y N N N
Adv. Funct.
Mater.
2013(24]
V. K. Lee et al., Gelatine Collagen (3 mg mL™") >500 pm N/A N N N
Biomaterials
2014(231
Kawara S.etal. ~ Metal (this Polyacrylamide (Acrylamide:Bis- = 4:0.3,3-4  >6.1um Y Y Y Y
study) kPal*01f))GelMA (10%) /gelatine (gelatine

(10%) /collagen-alginate(1.5 mg mL™",
10 mg mL™")

- Estimated values from the concentration of gels.
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Figure 1. Surface modifications to create robust world-to-chip interfaces with various hydrogels. a) Guide glass capillaries treated with TMSPMA or
polydopamine and loaded on alignment rig (see Figures S15-519, Supporting Information). Parylene-c or polyurethane-coated template wire was inserted
all the way from one guide glass capillary to another. b) Hydrogel precursor was polymerized in situ and formed a bond with the guide glass capillary
that creates tightly sealed world-to-chip interfaces. c) The template wire was extracted to form a round cross-section microchannel.

b) The extraction of template wires often leads to non-uniformity
and damage to hydrogels.l'] ¢) Wire templating has difficulty
mimicking the geometry of human microvasculature networks
that fractally branch into progressively narrower diameter chan-
nels at bifurcations.31¢l Simple “Y-shaped” bifurcations in
PDMS have been generated using wire templating.*!l But more
physiological branching in hydrogels that controllably narrow at
bifurcations has so far required either expensive multi-photon ab-
lation equipment!”! or sacrificial scaffolds!®!#2%] that require spe-
cialized melt electrowriting capabilities and cannot print at capil-
lary scale. Although single channels and mesh-like networks with
diameters of 10-15 um have been achieved with wire-templating,
multi-order progressively narrowing bifurcations in hydrogels
have yet to be reported at ~5-10 micron human capillary scale
(Table 1).

In this paper, we present a series of accessible techniques
to fabricate capillary-scale models of human microvasculature.
Our models feature fully-perfusable rounded cross-section multi-
branching microchannel networks that reproducibly generate
tightly-sealed inlets/outlets, with uniform, smooth and control-
lable inner diameters that can bifurcate and narrow fractally.
Our techniques involve four key components: chemically-treated
guide glass capillaries as world-to-chip interfaces, physical coat-
ing of wires to generate smooth microchannel lumens, surface
tension-driven wire bundling to generate bifurcating wires, and
3D printed/laser-cut alignment rigs to control network geome-
tries and facilitate perfusion.

2. Results

We encountered numerous obstacles in our early attempts to
generate capillary-scale microchannel hydrogel networks. These
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included: leakage at world-to-chip interfaces, gel tearing during
wire extraction, generation of wire-templated bifurcations, and
perfusion of cells through bifurcating channels. We describe the
experimental approaches we developed to solve each of these hur-
dles in turn. These include novel applications of surface modifi-
cation techniques to seal interfaces (Figure 1) and dip coating to
generate wire bifurcations (Figure 2).

2.1. Surface Chemistry Solves Leakiness of the World-To-Chip
Interface

Commercial borosilicate glass capillaries are excellent sup-
porting “guides” for wire-templating in hydrogels because of
their biocompatibility, autoclavability, uniformity, optical trans-
parency, compatibility with flexible laboratory tubing, and linear-
ity (which assists in the alignment of microchannels after wire
extraction). However, in our initial attempts at microchannel for-
mation, we noticed the poor adhesion of hydrogels to the guide
glass capillaries (Figure 3a). This caused the collapse and defor-
mation of the glass-gel interface and the expulsion of gel once
hydrostatic pressure was applied. Even at pressures as low as
100 mm H, O, FITC-dextran solution leaked through the gap be-
tween the glass capillary and gel (Figure 3a), preventing perfu-
sion through the microchannels.

To overcome leakage in the gel-glass interface, we chem-
ically modified borosilicate guide glass capillaries with ei-
ther 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) or poly-
dopamine prior to gel casting. TMSPMA initiated covalent bond-
ing between silicon in glass and acrylate groups in hydrogels such
as polyacrylamide!** while polydopamine promoted adhesion be-
tween organic and inorganic surfaces,?*! making this method

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Manufacturing of bifurcating microchannel networks. a) Overview of dipper rig. Wire-loaded frame is driven up and down by Arduino-controlled
stepper motor to dip coat wires in polyurethane reservoir. b) Schematic of single bifurcating wire bundles. c) Schematic of single bifurcating wire bundle
loaded on the alignment rig. d) Schematic of double bifurcating wire bundles.e) Photograph of double bifurcating wire bundle loaded on the alignment

rig.

compatible with most hydrogels on the market (Figure 1a).l]
Guide glass capillaries treated in these manners led to inter-
faces that remained intact even under ramping pressures up to
500 mm H,O (greater than physiological capillary pressure in
humans of ~140-300 mm H,0B¢)). These microchannels op-
erated without leakage of FITC-dextran or rupture along their
30 mm lengths (Figure 3a), and importantly permitted con-
sistent and reliable perfusion. To further test for leakage, we
then compared the volumetric flow rate at each hydrostatic
pressure value to theoretically derived values (Figure 3b). Ex-
perimental values showed good agreement with theoretical for
both hydrostatic pressure-driven and syringe pump-driven ex-
periments. There was no statistically significant difference be-
tween experimental and theoretical rates (p > 0.05) except for
small discrepancies at the lowest tested pressures of 100 at
200 mm H,0.

To further test the robustness of the guide capillary-hydrogel
interface, we subjected microchannels to ramping FITC-dextran
flows from 0.01 pL s7' to 1 pL s7' (corresponding to pres-
sure drops up to ~400 mm H,0). Microchannels fabricated
with TMPSMA- or polydopamine-treated guide glass capillar-
ies showed microchannel deformations more similar to theoret-
ical values when we assumed no loss of fluid than untreated
guide capillaries (Figure 3c). Leakage in all untreated capil-
laries resulted in inconsistent flow rates among experimental
replicates, as demonstrated by large deviations in data points
(Figure 3c).
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2.2. Physical Modification of Wires Surfaces Prevents Hydrogel
Damage During Wire Extraction

The extraction of template wires can lead to tearing and dam-
age to microchannel walls due to friction forces between wire
surfaces and casted hydrogels as shown in Figure 4. To over-
come this, we coated template wires with either parylene-c by
vapor deposition or polyurethane by dip coating (Figure 1b,c).
These methods improved microchannel uniformity and struc-
ture likely due to the low roughness and hydrophobic nature of
these coatings (Figure 4a).l*”] We also found that the smoothness
and regularity of microchannel lumens were largely influenced
by the straightness of template wires and speed of extraction; with
straight wires and low extraction rates producing higher quality
microchannels (data not shown).

After deploying the chemical and physical surface modifi-
cation strategies described above, single microchannels fab-
ricated in polyacrylamide, gelatine, and gelatine methacry-
late (GelMA) were flushed with 2000 kDa FITC-dextran solu-
tion (Figure 4b—f). TMSPMA-treated guide capillaries were used
for polyacrylamide and GelMA hydrogels while polydopamine-
treated guide capillaries were used for natural hydrogels. The
resulting microchannels had smooth regular surfaces without
rupture across their full 30 mm lengths. Cross-sectional images
of the channel in polyacrylamide confirmed that round cross-
section microchannels were generated with this wire-templating
method using 100, 10, and 5 pum cross-sectional nominal

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Development of robust World-to-Chip Interface. a) Representative images of guide capillary-microchannel interfaces under infused hydrostatic
pressures from 0 to 500 mm H,O of FITC-dextran (2000 kDa molecular weight) either untreated or treated with TMSPMA or polydopamine. Black
Arrows indicate leakage of the FITC-dextran solution. b) Correlation of hydrostatic pressure to flow rate in the channel. ¢) Normalized deformation in
TMSPMA/polydopamine treated or untreated capillaries versus theoretical deformation at flow rates from 0 to 1 uL min~". Error bar represents one SD,

n =29, Scale bar: 500 um.

diameters (Figure 4b—d). The resulting channel diameters,
measured at multiple points along each microchannel, were
113.9+2,10.5+0.2,and 6.1 + 0.3 um, respectively. Manufacturer
tolerances in template wires and the addition of surface coatings
most likely led to the discrepancies between nominal and mea-
sured diameters.

2.3. Polyurethane Dip Coating Generates Progressively
Narrowing Bifurcating Template Wire Bundles
To mimic the fractal bifurcations present in human capillar-

ies geometries, we used surface tension to selectively merge
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template wires into bundles (Figure 2). We first developed an
Arduino-controlled low-cost 3D printed/laser-cut “dipper rig”
(Figure 2a) to automate the dip coating of template wires and
a 3D printed/laser-cut “alignment rig” (Figure 2c) for hydrogel
casting and perfusion. Comprehensive instructions for replicat-
ing both the dipper and alignment rigs are freely available in
the electronic supplementary material. By partially submerging
and extracting hung wires from a bath of polyurethane in the
dipper rig, we could induce wires to irreversibly merge (Movie
S2, Supporting Information). This generated bifurcations along
the lengths of the template wires, the location of which could
be simply controlled by setting the dip height. Two added ad-
vantages of polyurethane dip coating were that the template

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Single microchannels in various hydrogels. a) Comparison of parylene-c-coated versus uncoated copper wire as a template in 10 um nominal
diameter microchannel in brightfield (BF) or merged with green fluorescence using FITC-dextran (2000 kDa MW solution) (BF/FITC). b) Photomicro-
graph of 100 um nominal diameter microchannel in polyacrylamide with cross-section image (right). c) Merged image of 10 um nominal diameter —
microchannel with polyacrylamide/TMSPMA with a cross-section (right). d) Merged image of 5 um nominal diameter — microchannel with polyacry-
lamide/TMSPMA. Arrows indicate polyurethane beading generated to improve the handling of narrow diameter template wires (see supporting infor-
mation for details). e) Photomicrograph of 100 pm nominal diameter microchannel with GelMA/TMSPMA. f) Photomicrograph of 100 pm nominal

diameter microchannel with gelatine/polydopamine. Unless otherwise specified, scale bar: 500 um.

wires did not need to be further modified by parylene-c or other
coatings before application, and the dip coating bonded the
wires with enough strength to withstand wire template extrac-
tion (0.41 + 0.06 Nwas required to separate 100 um diameter
template wires after 20 dips) (Figure S12, Supporting Informa-
tion). As a demonstration, we generated “single bifurcation”
microchannels generated by merging two 10 um (Figure 5a,b)
or two 100 um (Figure S1, Supporting Information) nominal
diameter wires into one bundle; and “double bifurcations”
networks generated by merging four 20 um nominal diameter
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wires into two and then one bundle either with fewer (Figure 5c)
or greater (Figure S2, Supporting Information) numbers of
programmed polyurethane dip cycles (see supplementary meth-
ods for details). Bifurcating daughter microchannels generated
in this manner narrowed at bifurcations with cross-sectional
diameters of respective parental and daughter microchannels
of 21.4 + 1 and 10.1 + 0.2/10.3 + 0.4 um for 10 um nominal
diameter single bifurcations (Figure 5b) and 223.7 + 7 and
110.1 + 4/105.6 + 1 pm for 100 pym nominal diameter single
bifurcations (Figure S1, Supporting Information). For double

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Bifurcating microchannels brightfield and after infusion with FITC-dextran. a) Symmetrical single bifurcation made using 10 um nominal
diameter template wires in collagen. Scale bar: 500 pm. b) Asymmetrical bifurcation made using 10 pm nominal diameter template wires in polyacry-
lamide; wire template (left) and resulting channel (right). Scale bar: 10 um. c) Double bifurcating networks were made using 20 um nominal diameter
template wires in polyacrylamide with confocal cross-sectional images (Scale bar:100 um for truncal (left) and first order (middle) microchannels, and
50 um second order microchannels (right). Arrow indicates the direction of flow and arrowheads indicate bifurcations. Scale bar in main image: T mm.
d) Cross-section of channel generated after respective numbers of automated dip cycles of 10 um diameter wires in polyurethane. e) Cross-sectional
circularity (circle dots, left) and cross-sectional area (square dots, right) of microchannels fabricated from 10 um nominal diameter wires after 5, 10, and
15 dips in polyurethane, error bars represent standard deviation, n = 9. Scale bar: 10 um.

bifurcations using 20 pum nominal diameter wires, cross-
sectional diameters of respective parental,daughter and
granddaughter microchannels were measured as 99.1 + 4,
58.9+11/59.0+2and 29.6 +2/32.0+0.8/34.5+4/32.2 + 1.4um
when fabricated using fewer number of dip cycles (Figure S13,
Supporting Information for fabrication details) (Figure 5c).
When wires were dipped with a greater number of dip cycles,
cross-sectional diameters of respective parental and daughter
and granddaughter microchannels were measured as 302.4 + 4,
126.2+14/116.8 + 17 and 38.0 + 3/47.2 + 6/35.6 + 5/38.4 + 5 ym
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(Figure S2, Supporting Information). The non-uniform profile
of the channels was most likely due to Rayleigh-Plateu instability
when excessive amounts of polyurethane were over-deposited
onto wire bundles. To mimic symmetrical and asymmetrical
bifurcation of true blood vessels, we adjusted the positions of
guide glass capillaries and template wires in the alignment rig,
to generate both symmetrical (Figure 5c (top)) and asymmetrical
bifurcations (Figure 5c¢ (bottom)) using our technique. We
also conducted confocal microscopy on FITC-dextran perfused
single bifurcations to measure the circularity of microchannel

© 2023 The Authors. Small published by Wiley-VCH GmbH
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cross-sections (Figure 5d,e). We noticed increasing levels of
lumen circularity as we increased the number of dip cycles with
circularity values of 0.45 + 0.12 after five dips up to 0.88 + 0.04 af-
ter 15 or more dips. We noticed that dip coating >15 times often
led to the formation of beads of polyurethane due to Plateau-
Rayleigh instability*®! that is commonly seen when circularity
approaches one (Figure S14d, Supporting Information).

2.4. Incorporation of Cellular Elements

To study the compatibility of our hydrogel-based wire-templating
systems with living cells, we introduced both tumor cells (to ex-
plore their transit) and endothelial cells (to investigate their ad-
hesion as a component of the vascular endothelium). B16-OVA
melanoma cancer cells were infused into symmetrical single bi-
furcation microchannels with parent and daughter branch diam-
eters of #20.9 and 13.0/12.4 um, respectively (Figure S3, Support-
ing Information). Tumor cells presented with a mean diameter of
9.2 uym with a range of 7.2-11.0 um (Figure S3b, Supporting In-
formation). Cells transited successfully through the bifurcations
(Movie S1, Supporting Information). Interestingly, similar to true
microvasculature, the microchannels changed in diameter in re-
sponse to flow. Parent and daughter branches increased in diam-
eter by ~31% and 12%, respectively, in response to 0.01 pL sec™
volumetric flow rate when compared to static conditions (expan-
sions of up to #50% have been observed in true blood vessels*?)).
This degree of microchannel expansion is not observed in PDMS-
based devices and is likely a result of the fact that our chan-
nels are closer to tissue stiffness (polyacrylamide Young’s Modu-
lus = ~3.24 + 0.58 kPal*")). Primarily endothelial cells were also
successfully attached to the inner lumen of ~200 um diameter
single channels (Figure S4, Supporting Information) and bifur-
cations after 24 h of incubation. Cells remained attached to the
walls of our hydrogel lumen and calcein-AM viability stains indi-
cated that the cells remained alive.

2.5. Super-Resolution Imaging Using Ultrasound Contrast Agents

We explored whether our platform could be used for ultrasound
contrast imaging. To do this we perfused lipid-shell gas-core mi-
crobubbles into “wall-less” 10 and 100 pm nominal diameter mi-
crochannels of 4% acrylamide and 0.3% bis-acrylamide (expected
Young’s modulus is ~3.24 + 0.58 kPal*?)). Ultrasound contrast
agents were infused successfully without any leakage (Movie S4,
Supporting Information), which is significant for imaging pur-
poses as leakage of contrast agents around the vicinity of the ul-
trasound beam leads to misinterpretation of acquired acoustic
data, a common problem in the field. Contrast-agent enhanced
super-resolution images were then successfully acquired from
100 um nominal diameter microchannels (Figure S21, Support-
ing Information), indicating that our microvasculature models
are compatible with ultrasound imaging due to the matching
acoustic properties of our phantom.

3. Discussion

In this paper, we demonstrate how the combination of chem-
ical surface modifications, physical surface modifications, and
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surface-tension-driven wire bundling can be deployed to gener-
ate hydrogel microvasculature models by wire templating. These
models feature up to two sequential and progressively narrowing
bifurcating branches with control over lumen diameters down to
6.1 ym in various hydrogels including collagen. To our knowl-
edge, this is the first report of any wire templating method to
generate true capillary scale microchannel bifurcations and the
first report of a wire templating method that mimics the progres-
sively narrowing fractal nature at the microvasculature scale.

Importantly, we designed our method to be both accessible and
inexpensive. All necessary computer-assisted design files and
component lists (Table S1, Supporting Information) are avail-
able to download from the electronic supporting information.
The Components were chosen to be widely available and as cost-
effective as possible. At the time of writing, we estimate that
equipment costs, including Arduino-controlled automated dip-
per rigs, and alignment rigs to be 140 USD (Tables S1-S3,
Supporting Information), and the cost of consumables (template
wires, guide glass capillaries, and polyacrylamide hydrogel) equal
to ~10 USD per device (Table S4, Supporting Information). This
is significantly lower in cost than the only other available tech-
nique for generating controlled capillary-scale networks in hy-
drogels, multiphoton laser ablation, whose commercial costs are
often in excess of 500 000 USD.

Our wire templating technique does have some limitations.
First, handling capillary-scale template wires can often be dif-
ficult because of their size and fragility. We found that magni-
fying lenses assisted in the handling of 5 and 10 um diameter
wires and selective dip coating of inlet portions of 5 pm diam-
eter wires (see supplementary methods) helpful. Second, while
we achieved good control over the diameters of single straight
microchannels (Figures 3-4) (e.g., by choosing template wires
and amount of parylene c to deposit), we did not have full con-
trol over the dimensions of bifurcating microchannels. There ap-
pears to be a non-linear relationship between the number of dip
cycles and final dimensions for the double bifurcations networks
(Figure 5¢; Figure S2, Supporting Information). We noticed that
polyurethane thickness, as influenced by the number of tem-
plate wire dip cycles, could alter the ratios of parent and daughter
branches. More work needs to be done to explore if this strat-
egy, amongst others, may provide users with precise control over
bifurcation geometries, for instance to better approximate Mur-
ray’s Law. It should be noted however, that accurate models of
capillary scale bifurcations may not obey Murray’s Law!*! due to
the influence of formed elements that may result in turbulent!*?!
and non-Newtonian[*344 blood flows. Furthermore, because of
the vertical nature of our dipping rig, we have not been able to
fabricate wire templates that both progressively branch and con-
verge to mimic both the arterial and venous components of mi-
crovasculature in a single device. We have however connected two
separate bifurcating devices with external tubing in a “mirrored”
configuration (Figure S5, Supporting Information) that may be
expanded in future studies to build a complete microvasculature
model.

We foresee many potential applications for this technique such
as studies on the metastasis and invasion of circulating tumor
cells, drug delivery and cardiovascular disease. Furthermore, be-
cause hydrogels have acoustic properties more closely aligned
to water, our microvascular model is compatible with in vitro

© 2023 The Authors. Small published by Wiley-VCH GmbH
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studies of acoustic cavitations of ultrasound contrast agents for
imaging and therapy.

4, Conclusion

This study presents a suite of techniques to fabricate perfusable
capillary-sized, round cross-section microchannels in hydrogel
by wire templating. Both straight channel and bifurcating geome-
tries, as well as endothelial cell coating were demonstrated in this
study. This technique is accessible, low cost and suitable for a va-
riety of optically transparent acrylate-based hydrogels (e.g., poly-
acrylamide, gelatine methacrylate) as well as mammalian hydro-
gels (e.g., collagen, alginate, gelatine, and matrigel). These tech-
niques may be valuable for studies in the many areas of human
health and disease where microvasculature models are desired.

5. Experimental Section

Microfabrication Methodology: ~ Microchannels were fabricated by wire-
templating involving three phases (Figure S6, Supporting Information):
1) surface-treatment of guide glass capillaries (Figure S7, Supporting In-
formation), 2) template wire coating (Figures S8-S14, Supporting Infor-
mation), and 3) assembly and channel formation (Figures S15-S20, Sup-
porting Information). Wire-templated single microchannels were fabri-
cated with TMSPMA/polydopamine-treated guide glass capillaries, cus-
tom alignment rigs and parylene-c- or polyurethane-coated wires. Fabrica-
tion of bifurcating channels required additional steps to generate bifurcat-
ing wire bundles by dip coating of polyurethane with a custom dipper rig.
Rig components were laser-cut (Fusion Pro 36, Epilog Laser, UK) and 3D
printed (Markforged Onyx Pro, Markforged, UK), as necessary. Detailed
methods can be found in the supporting information alongside step-by-
step visual instructions (Figures S7-S20, Supporting Information) and
component lists (Tables S1-S4, Supporting Information).

Microchannel Perfusion: To test the robustness of the channel,
2.5 mg mL~" of fluorescein isothiocyanate (FITC) — dextran (2000 kDa)
(Sigma-Aldrich, UK) in DI water was infused into microchannels through
silicone tubing (STHT-C-030-0, 1.676 mm OD, 0.762 mm ID, Cole-Palmer,
UK) connected to the guide glass capillary inlet. Microchannels were ei-
ther perfused by pressure control via hydrostatic head or flow rate control
via syringe pump as described below. All the images including single and
stitched images (30% overlap, manual focus points with linear interpola-
tion) were taken with bright field and fluorescent microscopy (Nikon Ti-2
E, Nikon, UK) and a confocal microscope (Leica SP8, Leica, Germany).

For pressure control, the infusion pressure was controlled and ramped
up by hydrostatic pressure from 0 mm H,O to 500 mm H20O by increas-
ing the head height of the solution. Flow rates were calculated by collecting
five parts of solution passed through the channel over one minute. Theo-
retical flow rates (m* s — 1) were generated as a function of pressure drop
according to:

AP = 2 128uq (I/n)

4
k=1 wdy

M

k
where d, = d, > %W) /E+ 1), AP s the overall pressure
m=1 m

drop in the channel, p is the dynamic viscosity of fluid (1.0 x 103 Pas),
q is volumetric flow rate (m> s1), | is the length of the channel (0.03 m),
n is a finite number of slices in the longitudinal distance of the channel
(>10000), d, is an initial diameter of the channel (100 um), d, is a diam-
eter of a deformed channel at point k (1 < k < n) in the channel, d,,, is a
diameter of a deformed channel at point m (1 < m < k)) in the channel,
and E is Young’s modulus of polyacrylamide gel (~3.24 + 0.58 kPal40]),
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For flow rate control, the flow of 2.5 mg mL~1 2000 kDa-FITC-dextran
dissolved in DI water was increased linearly from 0.01to 1 pL s™' using
a 1 mL syringe (Fisher Scientific, UK) controlled by a syringe pump (PHD
Ultra, Harvard Apparatus, Holliston, MA, USA) over 30 min. Five mea-
surements of deformation were taken. The theoretical curve for channel
deformation at the inlet was generated by calculating the pressure drop
in the channel based on the deformation of the channel wall using Equa-
tion (1). Images of the channel were taken with fluorescence microscopy.

Characterizing Circularity and Cross-Sectional of Bifurcating Microchannel:
Single bifurcating wire bundles were made with 10 um nominal diameter
wires and microchannels were formed as described above. Three num-
bers of dip were selected; 5, 10, and 15 and the experiment was conducted
in triplicate. 2.5 mg mL~" of fluorescein isothiocyanate (FITC) — dextran
(2000 kDa) (Sigma-Aldrich, UK) in DI water solution was infused into a
single microchannel through silicone tubing connected to the guide glass
capillary inlet. Cross-sectional images were then taken for three selected
points for each channel by confocal microscopy (n =3 x 3). Circularity (c)
was then examined through FlJI software based on ¢ = 4z (A/P2), where ¢
is non-dimensional circularity (0 < ¢ < 1), Ais area (m?) and P is perime-
ter (m). Cross-sectional area for each number of dips was also measured
using the cross-sectional images through FlJI software.

Statistical Analysis: Pre-processing of data, data presentation and
sample sizes are stated in each experimental subsection. Student’s t-tests
were used to calculate the difference between means, with p-values <0.05
considered significant. Data are presented as means and errors are pre-
sented as one standard deviation (SD) unless stated otherwise. All sta-
tistical analysis was carried out with MATLAB software (ver. 2021b, Math-
Works, US).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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