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We present chitosan hydrogel microfluidic devices with self-assembled complex microcapillary patterns,
conveniently formed by a diffusion-reaction process. These patterns in chitosan hydrogels are formed by
a single-step procedure involving diffusion of a gelation agent into the polymer solution inside a
microfluidic channel. By changing the channel geometry, it is demonstrated how to control capillary
length, trajectory and branching. Diffusion of nanoparticles (NPs) in the capillary network is used as a
model to effectively mimic the transport of nano-objects in vascularized tissues. Gold NPs diffusion is
measured locally in the hydrogel chips, and during their two-step transport through the capillaries to
the gel matrix and eventually to embedded cell clusters in the gel. In addition, the quantitative analyses
reported in this study provide novel opportunities for theoretical investigation of capillary formation and
propagation during diffusive gelation of biopolymers.

Statement of Significance

Hydrogel micropatterning is a challenging task, which is of interest in several biomedical applications.
Creating the patterns through self assembly is highly beneficial, because of the accessible and practical
preparation procedure. In this study, we introduced complex self-assembled capillary patterns in chi-
tosan hydrogels using a microfluidic approach. To demonstrate the potential application of these capil-
lary patterns, a vascularized hydrogel with microwells occupied by cells was produced, and the
diffusion of gold nanoparticles travelling in the capillaries and diffusing in the gel were evaluated. This
model mimics a simplified biological tissue, where nanomedicine has to travel through the vasculature,
extravasate into and diffuse through the extracellular matrix and eventually reach targeted cells.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels are attractive soft materials for regenerative medi-
cine mainly because of their ability to mimic the microstructure
and various physical and biological properties of natural tissues
[1,2]. Ease of hydrogel production and processing enables cell
encapsulation and growth [3,4], as well as drug loading and con-
trolled release [5,6]. Hydrogels, regardless of their preparation
technique (e.g., self-assembly, physical or chemical crosslinking),
typically have isotropic microstructures, possibly heterogeneous
with spatially-variant crosslinking densities [7]. Hydrogel
micropatterning techniques have been used to improve the inte-
gration of the hydrogels in biological systems, to emulate the nat-
ural tissue environment, and to improve drug testing applications
[8]. However, hydrogel spatial patterning is challenging and often
requires a multi-step procedure [9,10].
active-
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Table 1
Chitosan macromolecular characteristics.

Mw (kDa) Mw=Mn DA

604 1:64 4:3%
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Stereolithography (SLA) is the most commonly used technique
for creating patterned hydrogels, which involves photo-
crosslinking of a printed pregel solution layer-by-layer [11], or
using a photomask preferentially under a microfluidic device
[12,13]. Despite the significant progress made in recent years on
SLA and similar micropatterning techniques [9], self-assembled
patterning has remained an important alternative for fabricating
polymeric structures because of its simplicity, lack of toxic
crosslinking compounds, and potentially quick and one-step pro-
duction procedure. Nevertheless, controlling self-assembled pat-
terns to obtain a desired hydrogel microstructure could be
tedious, and only recently a few examples have emerged in the lit-
erature [14–16].

Self-assembled anisotropic capillaries in hydrogels can be
formed during the physical crosslinking (gelation) of biopolymers,
such as alginate [17], collagen [18] and chitosan [19], by diffusion
of a gelation agent. These capillaries are typically a few millimeters
to centimeters long and a few tens of micrometers in diameter. The
mechanism of capillary formation in these biopolymer hydrogels
has been studied extensively. Kohler and coworkers attributed
the capillary formation to a Rayleigh-Benard-like instability [20–
22], whereas several detailed studies suggest that the process
can be well explained by spinodal decomposition during the gela-
tion process [23,18,24]. Regardless of the exact mechanism, capil-
lary formation has always been found to depend on polymer
nature and macromolecular structure, such as the molecular
weight and monomer sequence, and gelation conditions, such as
the polymer concentration, gelation agent (ion) type and concen-
tration, and gelation geometry.

Among these gelable biopolymers, chitosan, a natural polysac-
charide derived from chitin, is perhaps the most intriguing candi-
date in view of its physicochemical and structural properties.
Unlike physically crosslinked calcium-alginate hydrogels that dis-
solve in aqueous solutions, physical hydrogels made of chitosan
are stable in aqueous media at close-to-neutral pH values and in
physiological environments [25–27]. The biodegradability, biodis-
tribution and toxicity of chitosan have been studied extensively,
confirming that chitosan is an excellent candidate for various
biomedical applications [25]. Chitosan is soluble in mildly acidic
solutions due to the protonation of its amine groups. Increasing
pH decreases the polymer charge density, and eventually leads to
gelation (if the molecular weight and degree of acetylation are
within appropriate ranges [28]). The capillary formation during
chitosan gelation is induced by one-dimensional (1D) diffusion of
a strong base (usually NaOH) through an acidic chitosan solution
[19,28,29].

Although capillary formation in biopolymers has been studied
for more than two decades, their practical applications have been
reported by only a few studies [30,29,31]. The main issue that lim-
its their practicality is that their formation is strictly controlled by
the 1D diffusion of the gelation agent. To date, no study has
demonstrated any control over the shape and orientation of self-
assembled capillaries in biopolymer hydrogels. In this study, we
show that by producing the hydrogels in a microfluidic device,
the 1D diffusion of the gelation agent could be indeed manipulated
to generate programmed networks of capillaries.

This study illustrates that, with a fine adjustment of the gelation
agent diffusion in a microchannel, an unprecedented control over
capillaries direction, branching, and repartition can be achieved.
It will also be shown how these capillaries interact with obstacles
in their pathway during formation. As a proof of concept, it will be
then demonstrated how these ‘‘microvascularized” hydrogels can
be used, for example, as a platform for simulating the diffusion
of NPs in a tissue to reach targeted cellular areas, which is a com-
plex process extensively investigated in drug delivery systems
[32]. The unprecedented control over the chitosan hydrogels vas-
Please cite this article as: V. Adibnia, M. Mirbagheri, P. L. Latreille et al., Chitosa
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cularization, in addition to their ease of fabrication, provide a pow-
erful platform for nanoformulation screening and tissue
engineering.

2. Experimental section

2.1. Chitosan preparation and characterization

Deacetylated chitosan from squid pens was purchased from
Mahtani Chitosan Pvt. Ltd. (Batch type 114, India). The acetylation
and purification steps were followed as described previously to
obtain a pure chitosan lyophilizate [19,29]. The degree of acetyla-
tion (DA) was calculated from 1H NMR spectroscopy (Bruker
Avance III 400 US + spectrometer, 400 MHz [33,19,29], and the
molar mass (Mw) and dispersity (Mw=Mn) were analyzed using
multi-angle light scattering coupled with size exclusion chro-
matography (Wyatt Technology). The results are listed in Table 1.

2.2. Chitosan gelation

Chitosan solutions were prepared by dispersing the purified
chitosan powder in distilled water (mainly 1:5 wt%), and adding
stoichiometric amount of glacial acetic acid to ensure the complete
protonation of the amine groups. The solution was mixed for at
least 7 h in a closed reactor for complete dissolution of chitosan.
The resulted solution was then stored in refrigerator for 24 h to
remove air bubbles. The polymer solution was injected to gelation
channels with different thicknesses (including the microfabricated
channels) using a syringe. The NaOH solutions (mainly 1 M) for
hydrogel preparation were prepared by mixing NaOH pellets
(Sigma-Aldrich) in distilled water. The glass channels were incu-
bated in a NaOH solution in a plastic Petri dish, while NaOH was
injected in the base inlet of the microchannels. The gelation took
2–9 h to complete depending on the length of the channel. The
channel was kept still during the gelation, and no change in the
NaOH source was made.

2.3. Microfabrication

The 20 lm microchannels were fabricated using the standard
photo- and soft-lithography protocols [34,35]. Briefly, a 4 inch sil-
icon wafer was rinsed using acetone and dried, followed by clean-
ing in a plasma cleaner (PDC-001, Harrick Plasma Inc.) for 30 s at
high intensity. Photoresist SU-8 2025 (MicroChem) at 4000 rpm
was spin-coated (WS-650–23 spin coater, Laurell Technologies)
on the wafer for 30 s. The wafer was then baked on a hot plate,
and exposed to UV light through a transparency photomask with
desired patterns (25400 DPI, CAD/Art Services Inc.). The unreacted
SU-8 was then dissolved in the SU-8 developer (MicroChem) to
form the patterns on the wafer.

To fabricate the microchannels using the prepared silicon mas-
ter, polydimethylsiloxane (PDMS) resin and curing agent (Sylgard
184, Dow Corning) were mixed at a 10 to 1 ratio, degassed under
vacuum, poured on the silicon master and cured for 2 h at 70�C.
The NaOH source and chitosan inlet were then cut from PDMS
using 5 and 1:5 mm biopsy punches, respectively. The prepared
PDMS piece was then attached to a coverglass slide (VWR micro
slides, 24� 40 mm) after plasma treatment of both the PDMS
and glass surfaces for 2 min at high intensity.
n hydrogel micro-bio-devices with complex capillary patterns via reactive-
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2.4. Gold NP synthesis

Gold NPs were synthesized following Frens protocol [36].
Briefly, 2 ml of a 0:5 wt% chloroauric acid solution (Sigma-
Aldrich) was diluted in 96 ml water and brought to a boil under
reflux. Next, 2 ml of trisodium citrate solution (Sigma-Aldrich)
was swiftly injected to the solution with vigorous stirring. Upon
addition of the trisodium citrate, the color of the solution changed
to blue and then gradually became red. This color change is attrib-
uted to the increase in size of gold NPs as the citrate ions reduce
gold (III) [36]. This procedure produces highly spherical monodis-
perse gold NPs [37]. After cooling the solution in the room temper-
ature, the NPs were PEGylated by mixing 1 ml of a 1 wt% methoxy-
PEG-thiol (5 kDa, JenKem Technology) with the NP solution for 8 h.
The diameter (d ¼ 41 nm) and polydispersity (PDI = 0.17) of the
PEGylated gold NPs were measured using dynamic light scattering
(Malvern ZetaSizer Nano-ZS). The diameter of the hard core of
these NPs (without PEG) was 23 nm.
2.5. Microscopy techniques

The phase-contrast images (2048� 2048 pixels) were taken
using an upright bright-field microscope (Olympus BX81) using a
20X magnification phase contrast objective. The hydrogel samples
in microchannels were imaged using this microscope without
removing the samples from the microchannel.

The same microscope and objective were used for differential
dynamic microscopy (DDM) measurements. The microscope is
equipped with a high acquisition-speed camera (Hamamatsu
Orca-Flash 4:0 V3). Videos were recorded at 100–300 fps for 20–
40 s. Region of interest (ROI), binning and framerate were adjusted
with respect to the dynamics of the nanoparticles to result the best
signal-to-noise ratio. The DDM technique and analysis are
described in detail in the literature [38–43].

The DDM experiments on gold NPs in the gels were conducted
as follows. After the gelation was completed, the NaOH was
removed from the 5 mm inlet and replaced by fresh water for
24 h, while the water was renewed after 1;2;4 and 18 h to ensure
a neutral pH in the gel. The membrane was cut using a biopsy
punch. Next, the water was replaced by a concentrated gold NPs
solution (1:14 mg ml�1) for 48 h, allowing the NPs diffuse in the
gel by their Brownian motion. To extract the diffusion coefficient
in the gel, capillaries and water, separate videos were taken from
these regions, and analyses were performed using laboratory-
made software. Diffusion of gold NPs in water were measured by
selecting ROI in a well within the gel matrix.

Confocal microscopy images were taken using an upright laser
scanning confocal microscope (TCS SP2 Leica Microsystems) with
a dry 20X objective (NA = 0.5). The samples were excited using a
488 nm laser, and the signal was obtained due to the fluorescence
properties of the chitosan without any dye. Image stacks
(1024� 1024 pixels �1 lm per stack) were captured with a frame
average of 2 using the LCS software (version 2.6.1, Leica
Microsystems).
2.6. Cell culture

The microfabricated channels and chitosan hydrogels for cell
culture were prepared as explained above under aseptic condition.
The PDMS layer was left in ethanol overnight and dried thoroughly
before being attached to the glass. After the gelation was com-
pleted, the NaOH was removed from the 5 mm inlet and replaced
by MiliQ water for 24 h while the water was renewed after 1;2;4
and 18 h to ensure a neutral pH in the gel. Next, growth medium
(DMEM, Sigma Aldrich, supplied with 10% foetal bovine serum
Please cite this article as: V. Adibnia, M. Mirbagheri, P. L. Latreille et al., Chitosa
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(FBS), 2 mM HEPES, Sigma Aldrich, 300 U ml�1 penicillin, 300 lg
ml�1 streptomycin, and 0:75 lg ml�1 amphotericin B, Invitrogen)
was injected in the inlet for 24 h.

Bovine ligament fibroblasts were isolated from the metacarpal-
phalangeal joint (fetlock joint) of 12–18 months old calves. The
ligaments were harvested and rinsed with PBS, minced into
1 cm3 pieces, and digested in DMEM containing 0:25 (w/v%) colla-
genase A (Roche Diagnostics Corporation) at 37 �C in a humidified
atmosphere of 5% CO2 for 36 h. The viable cells were determined
using Trypan Blue dye exclusion assay (Invitrogen) and expanded
in growth medium to passage 3 for the subsequent experiments.

To culture the cells on the hydrogel, the PDMS piece was sepa-
rated from the glass using a sterilized scalpel. The cells were
seeded on the hydrogel at a density of 50� 103 per 20 ll of the
growth medium, and kept in an incubator maintained at 37 �C,
5% CO2 and 95% humidity for 4 h. Finally, the gel surface was
rinsed with growth medium to remove the unattached cells, and
the samples were imaged using a Zeiss OxioObserver microscope
(Carl Zeiss, Germany).

2.7. Statistical analysis

The presented data and the error bars are means and standard
deviations of the measurements. One-way analysis of variance
(ANOVA) was performed to elucidate if the diffusion coefficients
in the gel, capillary and water were significantly different, followed
by a post hoc test (Tukey-Kramer). A p < 0:05 was considered sta-
tistically significant.

3. Results and Discussion

Capillaries were produced by NaOH diffusion through rectangu-
lar channels filled with a mildly acidic chitosan acetate solution
(molecular weight � 600 kDa, DA � 4%), as shown in Fig. 1. The
capillary formation was monitored in channels with heights of
1 mm (thick) and 20 lm (thin) using fluorescent-confocal and
phase-contrast imaging, respectively. Different zones and regions
were determined based on the gelation kinetics and capillary prop-
erties, as will be discussed later in this study. Regardless of the
channel thickness, the capillaries did not form immediately at
the entrance of the channel, where the base solution source was
located. The region of the hydrogel without the capillaries in close
contact with the NaOH source (known as the membrane) was
formed rapidly by a dense network of chitosan fibers. This region
is known to be mechanically stiffer than the rest of the gel [44].
A similar membrane was reported in alginate and collagen hydro-
gels when the capillaries were formed in these hydrogels [30,18].

As gelation proceeds, the 1D diffusion of NaOH in the channel (x
direction in Fig. 1) caused the aggregation and transport of chi-
tosan fibers in the direction opposite to the NaOH diffusion. There-
fore, when NaOH diffused through the pregel solution from both
open ends of the channel, a gel-free zone appeared exactly in the
middle of the channel as shown in Fig. S1B. This suggests that
the gel front does not propagate in the y direction, which is impor-
tant for uniform distribution of capillaries. Nevertheless, capillary
propagation was affected on the z direction, as the capillaries curve
in the thick channel (see the z-stack images of the capillaries in
Fig. S1D), and most of them hit the gel boundaries and disappeared
before reaching deeper zones in the gel. This can be attributed to
the mechanical stress during gelation, caused by deswelling, as
the hydrogel bulk deforms [45]. Also, flow turbulence at the NaOH
entrance, caused by the NaOH injection, may affect the initial ori-
entation of the capillaries. This issue was less pronounced in thin-
ner channels perhaps because a potential flow turbulence close to
the entrance transits to laminar flowmuch faster in microchannels.
n hydrogel micro-bio-devices with complex capillary patterns via reactive-
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Fig. 1. (A) Schematic representation of the rectangular channel. Chitosan layer is indicted in blue. (B) Fluorescent confocal images illustrating capillary distribution along the
1 mm thick hydrogel. (C) Phase-contrast images of the membrane, nucleation zone and capillary propagation in a 20 lm microfabricated hydrogel chip. In these images, the
NaOH concentration is 1 M, and chitosan concentration is 1:5 wt%. Scale bars show 100 lm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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As shown in Fig. S2, decreasing the channel thickness from 1 mm
to 400 lm, and further down to 20 lm, promoted straight propa-
gation of the capillaries. In a 20 lm microfabricated channel, a sin-
gle layer of straight capillaries in the hydrogel was spontaneously
obtained. Capillaries in this case propagated into the hydrogel chip
three times farther than in the thicker channels (shown in Fig. 1).
The single layer of capillaries in microchannels was conveniently
imaged using a conventional phase-contrast microscope with a
high resolution, whereas the capillaries in thick channels had to
be imaged using fluorescent confocal microscopes. The orientation
of the capillaries from different angles of view in 1000 and 20 lm
channels is shown in Fig. S3 by z-stack confocal images.

The membrane in chitosan hydrogels was found to result from
rapid aggregation of polymer chains [19]. As will be shown later,
in agreement with previous studies of the neutralization kinetics
[46], the rate of gelation in the superficial membrane is at least
� 3 times faster than the regions where the capillaries form.
Increasing the NaOH and chitosan concentrations enhanced the
fast aggregation close to the base solution source, causing the
thickness of the membrane to increase, as shown in Fig. 2A. Never-
theless, at our optimum gelation conditions, which will be
explained to be 1 M NaOH concentration and 1.5 wt% chitosan
concentration, the membrane thickness, which was found to be
independent of the channel thickness, was � 3–10% of the length
of the region with the capillaries, and could be easily cut from
the gel if needed. This constitutes a built-in mechanism to produce
closed capillaries that can be opened by removing the membrane
depending on the application.

The capillaries dimensions were studied with respect to differ-
ent gelation parameters. For example, the NaOH concentration was
found to greatly impact the capillary formation by changing the
Please cite this article as: V. Adibnia, M. Mirbagheri, P. L. Latreille et al., Chitosa
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concentration gradient. This was reported in Fig. 2B and 2C, at a
wide range of base concentration from 0:1 to 10 M. For all base
concentrations, the capillaries diameter was between 10 and
30 lm with a slight increase towards the middle of the gel, and
the capillaries occupied less than 20% of the gel volume. They dis-
appeared far from the NaOH source (1–4 mm away, depending on
the NaOH source concentration) because of the decreasing gradient
of NaOH concentration from the tip to the middle of the gel. It
should be noted that the diffusion of NaOH in chitosan is also lim-
ited by the viscosity of the NaOH solution, which depends on the
base concentration itself. Therefore, by increasing the NaOH con-
centration from 0:1 M to 5 M, the capillary length and volume frac-
tion increased, whereas by further increasing the concentration to
10 M, the NaOH viscosity significantly hindered the diffusion and
capillary formation and propagation (viscosity increases from
2:78 cp for 5 M NaOH to 12:6 cp for 10 M NaOH).

Another important parameter to control the capillary formation
is the chitosan concentration. It was found that the capillaries do
not form above 2 wt% chitosan concentration, whereas capillary
number density was increased at lower chitosan concentrations
(see Figs. S4 and S5). However, below 1:5 wt%, the gel was too soft
to handle for the subsequent cell culture and NP screening applica-
tion. Therefore, for practical applications, 1:5 wt% chitosan concen-
tration appeared to be the optimal condition. At this concentration,
the autofluorescence signal from the chitosan was strong enough
to eliminate the need for conjugating the polymers with any dye,
which facilitated the confocal imaging. Other parameters influenc-
ing the multiscale polymer entanglement regimes in chitosan solu-
tions, such as the chitosan molecular weight and degree of
acetylation (DA), have been reported to significantly affect the
existence of the capillary morphology in the gels [19]. Neverthe-
n hydrogel micro-bio-devices with complex capillary patterns via reactive-
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Fig. 2. (A) The thickness of the membrane increases with chitosan and NaOH concentrations. (B) Percentage of the hydrogel occupied by the capillaries at different base
concentrations. (C) Variation of the capillary diameter along the hydrogel for different NaOH concentrations. The analyses here were performed using confocal fluorescent
images of several 1 mm-thick hydrogel samples. In panel A, CNaOH ¼ 1 M (blue) and Cchitosan ¼ 1:5 wt% (red). In panels B and C, Cchitosan ¼ 1:5 wt%. Lines are to guide the eyes.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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less, in the following sections, by using a constant molecular
weight (Mw � 600 kDa, D ¼ Mw=Mn ¼ 1:6), DA = 4%, chitosan
concentration (1:5 wt%) and base concentration (¼ 1 M), we
focused on engineering hydrogel microdevices with controlled
complex capillary patterns by modulating structural parameters.

To this end, the microfabricated channel used for gel prepara-
tion was schematically shown in Fig. 3A; a tunable parallelepiped
gelation microchamber of section W � T was used and the effect
of the microchannel width, W, on the capillaries propagation and
morphology was investigated. The channel height, T, was fixed at
20 lm to ensure the presence of a single layer of capillaries in
the channel. It was found that the width of the channel, W, did
not affect the capillary formation as the number of the capillaries
per unit width, N=W , and their dimensions were independent of
Fig. 3. (A) Schematic representation of the hydrogel chip fabrication setup. (B) Gelatio
gelation front propagation in zone B. The solid line shows the best fit v ¼ 5:72x�0:842. (C) V
the scaled number of capillaries with the channel width forms a master curve. (D) Varia
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W, as shown in Fig. 3C and 3D. Nevertheless, the channel height
was influential, as the capillary length in the microchannel was
approximately three times that in the 1 mm-thick channel as
shown in Fig. 2B and 3C (� 8 vs. � 2:5 mm). Therefore, a better
control over the 1D diffusion in the channel significantly improves
the capillary propagation. The diameter of the capillaries in the
microchannel, on the other hand, remained unchanged, ranging
from 10 to 30 lm, similarly to the thick channels.

Excluding the membrane, three different regions were observed
in the gels. In the first region, zone A, capillaries were unstable, i:e:,
they propagated at a high rate of v > 2 lm s�1 (see Fig. 3B), but
disappeared deeper inside the gel. The number of these capillaries
decreased exponentially with propagation distance, x, and their
interior was uniformly hollow according to the phase-contrast
n propagation speed at different gelation zones. The inset shows an image of the
ariation of the number of capillaries N along the hydrogel chip. The inset shows that
tion of the capillary diameter along the hydrogel microlayer.

n hydrogel micro-bio-devices with complex capillary patterns via reactive-
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images (see Fig. 1C). Despite their lower number density, capillar-
ies that reached zone B (xJ3:5 mm) were significantly more
stable. Their number density and diameter were almost constant,
and they were easily reproducible, unlike the capillaries in zone
A that deformed under geometrical imperfections in the channel,
as will be discussed below. The gelation propagation speed in zone
B was between 1 to 2 lm s�1. The internal structure of capillaries
in zone B seemed to be nonuniform, suggesting that there might
be polymer residues remaining in the capillaries, as shown in the
phase-contrast images (see Fig. 1C). However, by monitoring the
diffusion of NPs in the capillaries, it will be demonstrated below
that the capillaries were completely hollow. The nonuniform struc-
ture of capillaries in zone B was attributed to their surface rough-
ness. Zone C (xJ9 mm) was the region without any capillaries. It
contained gel with larger pores as can be seen in the phase-
contrast images (also reported by [19]). The gelation propagation
speed was slow in this region (v < 1 lm s�1). It was mentioned
that the membrane at the interface of NaOH and chitosan was
formed at significantly higher rate compared to the rest of the
gel (v > 15 lm s�1). Therefore, for the capillaries to form, the gela-
tion propagation speed must be between a certain limit
(1 < v < 15 lm s�1). This is consistent with the proposed mecha-
nism for capillary formation based on the friction between the con-
tracting polymer chains and surrounding liquid [20–22], since the
friction force depends on the coagulation speed.

So far, the experiments were performed in straight microchan-
nels, which allowed producing straight capillaries with known
number densities. Spatial distribution and shape of these capillar-
ies can be controlled by tuning the channel geometry. For example,
introducing micropillars in the channel creates wavy microcapil-
laries, more predominantly in zone B, while in zone A they tend
to be unstable (see Fig. 4). Instability appeared as fingering pat-
terns in the post-obstacle regions and depended on the capillary
number density. The minimum distance from the obstacle for the
capillaries to avoid fingering because of the post-obstacle instabil-
ities dmin ¼ 38:6� 1:3 lm (independent of the obstacles size or
shape). If the inter-capillary distance d > dmin, the capillaries were
able to bypass the obstacle without fingering, adopting a wavy
shape. This was the case in zone B, where the capillary density
was low (typically N=W < 10 mm�1). However, the high capillary
density in zone A (typically N=W > 20 mm�1) led to d < dmin, push-
ing the capillaries towards the post-obstacle region with flow
instabilities. Noteworthy is that these instabilities in zone A were
resolved along the gel and capillary propagation was continued
to zone B and eventually stopped at zone C. Different micropillar
densities and geometries were shown in Fig. S6, having similar
effect on the propagation of the capillaries in zones A and B. The
complex flow-pattern strategy may be used to create other com-
Fig. 4. Post obstacle fingering in different capillary formation zones. Capillary fingering i
contrast images show capillary’s post-obstacle behavior in zone A, where d < dmin, and
different obstacles.
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plex capillary patterns. For example, by changing NaOH source
geometry, complex flow patterns can be generated at the entrance
of the channel, affecting the orientation of the capillaries or induc-
ing branching (see Fig. S7).

As introduction of obstacles in the channel can distort the cap-
illaries, manipulating the NaOH diffusion flux in non-straight chan-
nels can promote a similar effect. Controlled capillary branching
can be induced in zone B by changing the diffusion pathway locally
as shown in Fig. 5. For example, channels expansion with different
expansion angles h, creates a complex, yet highly defined, pattern
of branched capillaries (Fig. 5A). Fig. 5B shows that with increasing
the expansion angle h, more capillary branching occurs, with a
minimum threshold of h � 14�, below which the deformation rate
was insufficient to create such an impact. However, some of the
small capillary branches disappeared after travelling over a few
millimeters.

Capillary branching could also occur by an abrupt change of
channel direction (channel elbow). In this geometry, branching
was systematically obtained in the region passed and near the
channel elbow, and was tuned by changing the elbow angle, as
shown in Fig. 5C. It was found that the branching distance from
the elbow tip Lf , was inversely proportional to the elbow angle h
(Fig. 5D). The capillary branching can be attributed to diffusive
flow displacement instability upon the sudden transition from
one-dimensional to two-dimensional diffusion. This occurs at the
onset of channel expansion and bending, as well as in the region
immediately after obstacles. A detailed theoretical approach, cou-
pling the hydrodynamic and diffusion-reaction models in this con-
dition is proposed as a future study to elucidate the specific regime
at which the instabilities emerge. Finally, as shown in Fig. 5E, the
capillaries were also formed in curved channels with different cur-
vature radii, R, similarly to the straight channels. The length of the
capillaries did not appear to depend on R (when R > 2 mm), and no
branching was observed (Fig. 5F).The reproducibility of various
capillary patterns formed in different channel geometries can be
advantageous in generating biomimetic ‘‘microvascularized” soft
matrices for recapitulating tissue microenvironments, or hydrogel
patches capable of trapping and releasing nanomaterials with
applications in nanomedicine or NP-assisted imaging.

To demonstrate the potential application of these microvascu-
larized hydrogels, we first used the microcapillaries as loading ves-
sels for gold NPs. The presence of capillaries in the chitosan
hydrogels produces a microstructure that provides embedded
NPs with multiple diffusion patterns in the membrane, capillaries
and the gel matrix.

As mentioned earlier, the dense membrane can be used as a
built-in mechanism to close or open the capillaries. To test this
property, we produced a hydrogel disc with a diameter of 9 mm,
s represented by 1, and lack of post-obstacle fingering is translated to 0. The phase-
zone B, where d > dmin. Scale bars show 100 lm. See Fig. S6 for more images with
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Fig. 5. (A) Phase-contrast images of the capillary branching during channel expansion with expansion angle h. (B) Variation of the number of capillaries along zone B, where
capillaries were stable. Data points on each curve were obtained from multiple samples. (C) Phase-contrast images of capillary branching because of a channel elbow. (D) The
position of the first branching point from the elbow, Lf , versus the bending angle h. The solid line correspond to Lf � 3:8� 104h�1:0. (E) Phase-contrast images of capillaries in a
curve channel of curvature radius R. (F) The dependence of the capillary length, Lc , to the channel curvature. The dashed line shows the length of the capillaries in a straight
channel of equal dimensions. Scale bars in zoomed-out images correspond to 1 mm and in zoomed-in images show 100 lm.
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whose capillaries were converging radially towards the center of
the disc (see Fig. S8A). In this configuration, the membrane covered
the sides of the disc and closed the capillaries (the faces of the discs
were covered during NaOH diffusion). Upon completion of the
gelation, the NaOH in the disc was removed by soaking the gel in
DI water. When only the side of the disc was exposed to PEGylated
colloidal gold NPs of � 41 nm diameter, the radial diffusion of NPs
was hindered by the membrane within 48 h. This suggests that the
membrane has a homogeneous dense structure with pores smaller
than the NP size (see Fig. S8B and C). However, after removing the
membrane using a biopsy punch and re-exposing the sides of the
disc to the same NPs, they spread in the gel in less than 24 h by dif-
fusion through the capillaries (see Fig. S8D and E). These capillaries
could potentially be closed again by depositing a thin layer of
pregel solution around the sides of the disc and exposing the solu-
tion to NaOH.

We also used these structured matrices to mimic microvascu-
larized tissues and characterize the transport of NPs in such com-
plex environment. Microfluidic platforms that enable studying
nanomedicines navigation in microvessels and their escape from
the blood stream to reach their targeted tissue and cells are criti-
cally missing. The present hydrogel fabrication approach provides
the means to build a such microdevice platform and to adapt its
configuration to many types of microvascularized tissues. More-
Please cite this article as: V. Adibnia, M. Mirbagheri, P. L. Latreille et al., Chitosa
diffusive self-assembly, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.201
over, chitosan hydrogels in form of macroscopic, small diameter
vascular substitutes were previously internally covered by
endothelial progenitor cells, suggesting that chitosan hydrogels
possess the surface and biomaterial properties suitable for such
bio-functionalization [47].

We built a vascularized hydrogel matrix with microwells occu-
pied with fibroblasts cells. The microwells were introduced in the
hydrogel chip by embedding pillars in the channel during the fab-
rication of the microchannel using photolithography. Then, the
microchannel was filled with chitosan solution, and capillaries
were generated by self assembly during the gelation process (see
Fig. 6A and B). The hydrogel was then rinsed in DI water and
soaked in culture medium. Finally, the gelation chamber was
opened and the cells were seeded in the wells (see Fig. S9). We
used this tunable complex hydrogel microenvironment to charac-
terize the different diffusion behaviors that gold NPs adopt when
traveling in complex environments. The present model mimics a
biological tissue, where nanomedicine has to travel through the
vasculature, extravasate into and diffuse through the extracellular
matrix and eventually reach targeted cells.

The local diffusion coefficients of gold NPs in capillaries and the
gel were measured by DDM [38,48,49], which is a correlation-
based microscopy technique capable of measuring the diffusion
coefficient in complex viscoelastic media with high precision
n hydrogel micro-bio-devices with complex capillary patterns via reactive-
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Fig. 6. (A) Fibroblast cells cultured in 200 lm-wide cylindrical wells distributed in chitosan hydrogel with capillaries. The dashed lines are guides to the eyes and delineate
the edges of a single capillary and well. Also indicated, the different regions of interest (ROIs) used in DDM to measure locally the diffusion coefficient of gold NPs. The
diffusion coefficient in water was measured by choosing the ROI in the microwells without the cells. (B) A widen view of the cultured cells under blue filter. The overall NP
diffusion directions in the capillary, Dc , and gel, Dg , are also shown by arrows upon introduction to the channel. (C) Representations of the measured intermediate scattering
function f ðq; sÞ ¼ exp�ðs=sRÞ versus the delay time for gold NPs in gel, capillaries and water. The inset confirms that the measured relaxation times scale with the
wavenumber q as sR � q�2, as expected for a diffusive motion. (D) The extracted diffusion coefficients, D, of� 41 nm gold NPs from the ISF. The values of Dwere averaged over
5 freshly prepared samples and a wide range of scattering wavevector values (q ¼ 0:3–2:4). Scale bars show 100 lm.
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without the necessity to perform any particle tracking. DDM yields
the qth Fourier component of the temporal autocorrelation function
of the particle density, f ðq; sÞ, also called the Intermediate Scatter-
ing Function (ISF), with s the delay time. By performing DDM at
different positions in the hydrogel, it was found that the ISF can
be approximately described by an exponential function (see
Fig. 6C), as expected for non-interacting Brownian particles, with
the relaxation time sR ¼ 1=ðq2DÞ (see Fig. 6C inset), and D the dif-
fusion coefficient. The values of the diffusion coefficient obtained
in capillaries and the hydrogel bulk were compared to the diffusion
coefficient of gold NPs in water (in microwells without cells,
Fig. 6D) using statistical analysis. The results suggested that there
were a statistically significant difference between the diffusion
coefficient in these three media (ANOVA, p ¼ 0:0012). The pair-
wise comparison between the diffusion coefficients in these media
showed that the gold NPs diffuse in capillaries almost as fast as in
water (Tukey-Kramer, p ¼ 0:20), while in smaller pores of the gel
their diffusion was slowed by the gel matrix significantly (Tukey-
Kramer, p ¼ 0:0062 for gel versus capillary, and p ¼ 0:0011 for
gel versus water) similarly to the diffusion of NPs in natural tissues
[50–52]. The pore size of the 1:5 wt% chitosan hydrogel was esti-
mated around 40–80 nm according to the measured diffusivity of
probe particles with different sizes [53].

The elastic modulus of the chitosan hydrogel used in this study
(considering the concentration, DA and molecular weight of the
chitosan) is estimated to be � 1 kPa according to rheological stud-
ies [28]. This elastic modulus is comparable to the elastic moduli of
soft tissues, such as healthy breast tissues (0:4–2 kPa) [54], spleen
(1–10 kPa) [55,56], liver (0:4–1:0 kPa) [57] and muscle (1:2–3:2
kPa) [57]. The diameter of the self-assembled capillaries (10–
30 lm) is also comparable to the typical diameter of arterioles
(5–100 lm), metarterioles (10–20 lm) and the upper limit of
blood capillaries (5–10 lm) [58]. The multiple diffusive patterns
in vascularized hydrogel, combined with the level of control on
Please cite this article as: V. Adibnia, M. Mirbagheri, P. L. Latreille et al., Chitosa
diffusive self-assembly, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.201
the capillary patterning in the chitosan hydrogel chips, suggest
that a network of branched and deformed self-assembled capillar-
ies can effectively mimic microcirculation network of various tis-
sues, and the diffusion of nanomaterials to the cells that are
embedded in tissue microenvironment.
4. Conclusion

Self assembled capillaries in chitosan hydrogels were used to
produce patterned hydrogels in a microfluidic setup. A simple
single-step procedure for the preparation of capillaries and lack
of any toxic residues distinguish this technique from other hydro-
gel microengineering techniques. Quantitative analyses showed
that the capillaries in the microchannels can be deformed and
branched readily under the influence of the gelation agent diffu-
sion by changing the channel geometry, diffusion rate or diffusion
pathway. The microvascularized gel was successfully tested as a
media with multiple diffusion patterns that can be potentially used
to mimic a vascularized tissue for drug delivery to cells embedded
within the tissue. In addition, the detailed analyses of the capillary
propagation and deformation in the microfluidic channel pre-
sented in this study provide novel opportunities for theoretical
studies to further investigate the effective parameters that can
facilitate hydrogel patterning using these self-assembled
structures.
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