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Abstract
Hydrogel substrates with a stiffness gradient have been used as a surrogate of the extracellular matrix (ECM) to investigate how
cells respond to the stiffness of their surrounding matrix. Various fabrication methods have been proposed to create a stiffness
gradient in the hydrogel substrate, and some of them rely on generating a concentration gradient in a prepolymer solution before
photo-polymerization. One easy way to do so is to coalesce two prepolymer solution drops of different stiffness values in a
narrow confinement formed by two glass surfaces and then to induce polymerization using ultraviolet (UV) light irradiation, as
proposed by Lo et al. [Biophys. J. 2000, 79:144–152]. We have improved their method to enable modulating the obtained
stiffness gradient and characterized fabricated polyacrylamide (PAAM) gels. We controlled the coalescence and mixing duration
of two prepolymer drops using the lab-built Hele-Shaw cell device and glass surfaces with a superhydrophobic barrier. Limited
mixing between the drops created a concentration gradient of the gel ingredient, which was converted to a stiffness gradient by
UV-based photo-polymerization. Atomic force microscopy (AFM) indentation showed that the fabricated gels had the stiffness
gradient zone at the center and that the width of the zone increased with the mixing duration.
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Introduction

The stiffness of the extracellular matrix (ECM) significantly
influences various cellular functions throughmechanobiological
interactions between cells and the ECM [1–4]. For in vitro in-
vestigations of such effects, hydrogel substrates of uniform elas-
ticity or stiffness, which is quantified by Young’s modulus (E),
have been used as a surrogate for the ECM [4–6]. Among var-
ious hydrogels available for this purpose, polyacrylamide
(PAAM) gel has been widely employed because it is transparent
and chemically inert, and more importantly, it is easy to

modulate the stiffness by adjusting the concentration of acryl-
amide (monomer) and bis-acrylamide (cross-linker) [7–10].

Because the extracellular environment is physiologically and
mechanically inhomogeneous, hydrogel substrates of stiffness
variation or gradient can better mimic the ECM of natural or
pathological conditions. Accordingly, several techniques were
developed to generate a stiffness variation or gradient on a single
hydrogel substrate [11]. These techniques canbe roughly catego-
rized into several groups depending on their working principle.

The first group generates a concentration gradient of poly-
mer composition in a pre-polymer solution, which becomes a
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gradient of stiffness after polymerization. The most well-
known method in this group is the microfluidics-based meth-
od which generates a continuous concentration in a
microfluidic channel device [12–17]. Others in the group rely
on diffusion-based limited mixing in a confined space
[18–20], non-microfluidic gradient makers [21, 22], and
convection-alternating flow [23].

The second group controls the degree of polymerization or
cross-linking by modulating irradiation for photo-
polymerization over a hydrogel. Each method in this group
either uses a photo mask to create a gradient of irradiation [21,
24–29], a moving opaque mask to result in a gradient of ex-
posure time [27, 30–35], or a focused beam for micro-
projection to localize irradiation [29, 36–39]. Likewise, a sim-
ilar method was proposed to create stiffness gradient in poly-
dimethylsiloxane (PDMS) substrates by exposing curing
PDMS to temperature gradient [40].

The third group generates discrete stiffness distribution on
hydrogels using micropatterning [41, 42] and microfluidics-
based lithography [43]. Finally, the fourth group controls the
thickness of hydrogel substrates to create variation in apparent
Young’s modulus [44–46]. Additionally, stiffness gradient can
be generated by gradually freezing and thawing hydrogels
[47] or by dipping a hydrogel in its crosslinking solution in
a controlled manner [48].

In the presented study, we propose a quick and cost-
effective method to fabricate PAAM gel substrates using drop
coalescence and limited mixing in the Hele-Shaw cell. Our
method is based on the method of Lo et al. to fabricate
PAAM gel substrates with a stiffness gradient [18]. They
squeezed two drops of the pre-polymer solution of different
ratios of acrylamide and bis-acrylamide [fixed acrylamide
concentration (8%) and two different bis-acrylamide concen-
trations (0.048 and 0.48%)] between two glass surfaces. Then,
the drops were allowed to coalesce and cross-linked using
ultraviolet (UV) light exposure. Although the two drops coa-
lesced, they could not fully mix because of the Hele-Shaw cell
formed by the two glass surfaces. As a result, a concentration
gradient of bis-acrylamide formed at the interface between the
drops, and accordingly a stiffness gradient was generated after
photo-polymerization. We have improved the method of Lo et
al. for better controlled generation of stiffness gradient and
rigorously characterized fabricated PAAM gel substrates.

Our gel fabrication steps are illustrated in Fig. 1. A
dumbbell-shaped hydrophilic region was formed on a cover
glass, outlined by a superhydrophobic barrier. Then, two
PAAM prepolymer drops were placed in the circular wells
of the hydrophilic region, one for a lower stiffness and the
other for a higher stiffness (Table 1). The drops were squeezed
by an amino-silanated glass slide which was lowered by a
motorized stage. Thus, two glass surfaces formed a Hele-
Shaw cell in which the two drops coalesced upon contact.
After a given duration for mixing between the drops, UV light

was shed upon the coalesced drop, creating a PAAM gel from
the solution. Obtained stiffness gradient was measured using
atomic force microscopy (AFM) indentation. Employing this
method, we generated a stiffness gradient zone at the center of
the gel (7.9, 5.6 and 4.1 kPa/mm for 9, 36, and 81-min long
mixing duration, respectively) and two static stiffness zones at
the ends of the gel (soft side: 2.0–2.3 kPa, stiff side: 34.0–
35.3 kPa). The proposed gel fabrication method provides an
easy and cost effective method for making a stiffness gradient
on a PAAM gel, which can be easily adopted in various re-
search settings.

Materials and Methods

Hele-Shaw Cell Device

The proposed method for producing a stiffness-gradient hy-
drogel requires fine control when squeezing the drops. For this
purpose, we built the motorized Hele-Shaw cell device as
shown in Fig. 2(a). It mainly consisted of the motorized stage
which was assembled using Makeblock parts (Makeblock
Co., China), a DC power source, a vacuum pump (modified
Whisper 100 Aquarium Air Pump; Tetra, Blacksburg, VA),
the Hele-Shaw cell composed of two glass surfaces, an acrylic
base plate for holding the bottom glass surface of the Hele-
Shaw cell, and an LED lamp (Adafruit Industries, New York
City, NY) for bottom-up illumination. Energized by the DC
power source, the DCmotor (30 rpm at 6 V) of this motorized
stage rotated the threaded rod, which drove the vertical move-
ment of two forks that housed suction cups. Connected to the
vacuum pump, the suction cups held the top glass surface of
the Hele-Shaw cell using negative pressure. The rotational
speed of the motor could be lowered by decreasing the voltage
from the power source from 6V to 0.8 V. Thus, it was possible
to decrease the lowering speed of the top surface of the Hele-
Shaw cell to 44.5 ± 2.6 μm/s (mean ± standard deviation;N =
6 measurements).

Glass Surface Preparation

As shown in Fig. 2(b), the Hele-Shaw cell of our setup was
formed by two glass surfaces. In order to fix fabricated PAAM
gel on the top glass surface, we prepared amino-silanated slide
glass pieces via the following procedures [50–52]. Slide glass
pieces (75 mm × 25 mm × 1.2 mm) were shaken at 55 rpm in
0.2 M HCl overnight at room temperature and rinsed with
deionized water (diH2O). In the sameway, the coverslips were
treated using 0.1 M NaOH for an hour and rinsed with diH2O.
The same surface treatment procedure for the coverslips was
repeated with 1% (v/v) 3-aminopropyltrimethoxysilane
(Sigma-Aldrich, St. Louis, MO) in diH2O and 0.5%
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glutaraldehyde (Sigma-Aldrich, St. Louis, MO) in phosphate
buffered saline (PBS; Amresco, Solon, OH) subsequently.

The bottom glass surface contained a superhydrophobic pat-
tern to control the motion and flow of liquid drops. For this pur-
pose, we made the superhydrophobic barrier pattern on a cover
glass (24mm×50mm× 0.13–0.16mm) as briefly follows (Fig.
2(c)). First, a dumbbell-shaped Bsticker^ was made out of vinyl
film (Grafix Cling Film; Grafix Plastics, OH) using AutoCAD
(Autodesk, San Rafael, CA) and a cutting plotter (Silhouette
CAMEO; Silhouette America, UT). Next, the sticker was at-
tached to a clean cover glass. Then, hydrophobic spray
(WX2100;CytonixCorp.,Beltsville,MD;contactangleofwater:
154° [53]) was applied to the coverslip, masked with the said
sticker, and allowed to dry for two days [54]. Finally, the sticker
was detached from the coverslip, forming the superhydrophobic
barrier surrounding the exposed hydrophilic glass pattern.

Flow Visualization of Drop Coalescence and Mixing

In order to test the developed Hele-Shaw cell device, we vi-
sualized liquid drop coalescence and following mixing using
dyed water drops. A clean slide glass and a cover glass with
the superhydrophobic barrier were used to form the Hele-
Shaw cell, and two water drops of 50 μL in volume were
placed each in the circular well part of the hydrophilic glass
pattern of the cover glass. For visualization, the water drops

were colored in blue and yellow using food dyes (McCormick
& Company, Baltimore, MD), respectively. Then the drops
were squeezed in the Hele-Shaw cell, and their coalescence
and following mixing were recorded with two digital cameras
(Canon EOS Rebel T3; Canon, Tokyo, Japan for top view
imaging, and Pentax K-01; Ricoh, Tokyo, Japan for front view
imaging).

Janus Gel Fabrication

Acrylamide and bis-acrylamide (Bio-Rad, Hercules, CA) of de-
sired concentrations were mixed with PBS to prepare two pre-
polymer solutions for the soft and stiff PAAM gels (Table 1).
For photo-polymerization, 0.5% (w/v) of Irgacure 2959 (Ciba
Specialty Chemicals, Basel, Switzerland) was added to the pre-
polymer solutions, and the solutions were degassed for 15 min
[26, 49]. The containers of the solutions were wrapped with
aluminum foil to prevent possible photo-polymerization by am-
bient light.

We fabricated PAAM gels with a stiffness gradient through
the following steps (Fig. 1). The superhydrophobic patterned
cover glass was adhered to the base plate of the Hele-Shaw cell
device (Fig. 2(b)) using 20 water droplets (about 5 μL each)
positioned along the perimeter of the cover glass. Next, two
drops of the prepared pre-polymer solutions were placed on
the hydrophilic region of the cover glass, i.e., bare glass part;
one drop for soft gel on one circular well, and one drop for stiff
gel the opposite well (Table 1). Then the amino-silanated slide
glass was attached to the suction cups and checked to maintain a
level position. When level, the slide glass was lowered onto the
PAAM gel drops using the motorized stage. This process
squeezed the drops between the two glass surfaces, eventually
causing them to coalesce. Next, the solution was allowed to mix

Fig. 1 Fabrication procedure of a hydrogel substrate with a stiffness gradient using limited mixing in the Hele-Shaw cell

Table 1 Polyacrylamide (PAAM) gel compositions

PAAM gel Acrylamide %
(w/v)

Bis-acrylamide %
(w/v)

Nominal Young’s
modulus (kPa) [49]

Soft side 8 0.048 2.6 ± 0.8

Stiff side 8 0.48 40.4 ± 2.4
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for a given period of time (9, 36 and 81 min) and then exposed
to UV light for 30 min for photo-polymerization using a high
intensity UV lamp (not pictured in Fig. 2(a); B-100AP; UVP,
Upland, CA). Finally, the PAAMgel, which still sat between the
two glass surfaces, was submerged into PBS for two hours for
easier separation from the bottom glass surface. The fabricated
PAAM gel was washed twice in fresh PBS for five minutes.
Figure 3 shows a fabricated PAAM gel.

Young’s Modulus Measurement

In order to measure the Young’s modulus (E) distribution of the
fabricated PAAM gels, the AFM indentation method was con-
ducted using MFP-3D-BIO AFM (Asylum Research, Santa
Barbara, CA) and V-shaped colloidal probes (Novascan

Technologies, Ames, IA; nominal diameter of the borosilicate
glass tip = 12 μm, nominal spring constant = 0.06 N/m). The
detailed AFM indentation method is shown in our previous
study [52], and a brief overview is given here. A 9×3 rectangular
grid with a grid size of 1 mm was attached to the bottom of the
slide glass of the PAAM gel, to easily identify indentation points
in the center region of the gel (Fig. 3). Then, the gel on the slide
glass was placed on the AFM stage, and 400 μL of PBS was
dropped on the gel. After placing the AFM probe in PBS on the
gel, we waited for one hour before performing the AFM inden-
tation test to minimize thermal drift. The optical level sensitivity
and spring constant of the AFM probe were calibrated on the
hard surface of the slide glass in PBS. The surface of the gel was
indented with respect to the attached grip points, and 10 force-
distance curves were obtained per grid point.

Fig. 2 Hele-Shaw cell device used for fabrication of PAAM gels with stiffness gradient. (A) Whole view of the device consisting of the motorized stage,
the Hele-Shaw cell, the vacuum pump, and the DC power source. (B) Magnified view of the Hele-Shaw cell consisting of the top and bottom glass
surfaces, the bottom plate to hold the bottom glass surface, two suction cups to hold the top glass surface, and the LED lamp for illumination. (C) Steps to
create a hydrophobic barrier pattern on a hydrophilic cover glass. (i) A dumbbell-shaped plastic film mask was placed on a cover glass. (ii)
Superhydrophobic spray was applied to the masked cover glass. (iii) Removal of the mask created a hydrophilic glass area surrounded by
superhydrophobic coating

Fig. 3 Example of the fabricated
PAAM gel with a stiffness
gradient, fixed on a slide glass.
The grid ruler was attached
beneath the cover glass, for AFM
indentation mapping
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In order to determine E values from the force-distance
curves, their approach portion was fitted against the Sneddon
model of spherical indenters by using AtomicJ open source
software [55]. The Sneddon model of spherical indenters is

F ¼ E
2 1−v2ð Þ a2 þ r2

� �
ln

r þ a
r−a

� �
−2ar

h i
; ð1Þ

δ ¼ 1

2
aln

r þ a
r−a

� �
; ð2Þ

where F is the indentation force, r is the nominal radius of the
AFM probe tip, a is the contact radius between the AFM
probe tip and the gel, ν is the Poisson’s ratio of the PAAM
gel (= 0.5), and δ is the indentation depth.

A rheometer (AR 1500ex; TA Instruments, New Castle,
DE) was employed to measure the E of the stiff gel [51, 52].
The gel was cast between a 25 mm-diameter stainless steel
disk and the rheometer base plate, and its shear modulus (G)
was measured by strain amplitude sweep (1 rad/s, 0.1–10%
strain) at room temperature. Then, G was converted to E by
E = 2G(1+ν).

Results

Flow Visualization of Drop Coalescence and Mixing

The proposed fabrication method for hydrogel substrates with
stiffness variation relies on limited mixing between two pre-
polymer drops in a nearly two-dimensional confinement with a
small gap, i.e., theHele-Shawcell. Inorder toconfirm the limited
mixing in our Hele-Shaw cell, we visualized the coalescence of
two water drops and subsequent mixing using color dyes. As
shown in Fig. 4(a), one blue drop was placed in one circular
hydrophilic well of the bottom plate while one yellow drop was
placed in the other well. The front-view image of the two drops
showsthat theglasssurfacewashydrophilic.Thecontactangleof
deionizedwater on the cover glasswasmeasured to be 43±3° (6
μL of diH2O on a cover glass; N = 10 measurements) using a
goniometer (Model 250; Ramé-hart instrument, NJ). As the top
surfacewas lowered, the dropsmade a contact with the top glass
in adisc shape (Fig. 4(b)).Then, thedrops spreadoutwhilebeing
squeezed by the lowering top surface.

The expanding speed of the water drop is related with the
lowering speed of the top surface as follows. With radius R, the
volume of the drop is V = πR2h, where h is the gap distance of
the Hele-Shaw cell. Since the drop volume is conserved (dV/
dt = 0), it is obtained that 2h(dR/dt) = −R(dh/dt). Here, −dh/dt is
the moving speed of the top surface (= 44.5 μm/s). Then, the
Reynolds number of the spreading water disc is Re = ρh(dR/dt)/
μ = −ρR(dh/dt)/2μ, where ρ and μ are the density and dynamic
viscosity of water, respectively (μ/ρ = 1.01 × 10−6 m2/s). Since
the radius of the circular well was 5 mm, the maximum Re of

the expanding water drop in the Hele-Shaw cell was 0.11.
Therefore, the motion of the expanding water discs was viscos-
ity dominated, and it was slow enough to assume negligible
inertia effect prior to coalescence.

When thewater drops filled in the circularwells, theyexpand-
ed and flowed through the straight channel of the hydrophilic
region (6 mm wide and 8 mm long; Fig. 2(c)), limited by the
superhydrophobic barrier. Eventually, the water drops met near
the center of the channel (Fig. 4(c)). On contact, surface-tension-
drivencoalescenceoccurredbetween thewaterdrops,whichwas
set to be t = 0 min (Fig. 4(d)). As the coalescence advanced, the
merged water drops filled the hydrophilic channel while main-
taining the straight interfacewith distinct color difference. Then,
mixing between the two colors took place at the interface, which
increased thewidth of themixed color zoneover time (Fig. 4(e)).
This color gradient zone corresponded to the stiffness gradient
zone in a fabricated PAAMgel while the blue and yellow colors
meant the soft and stiff gels, respectively.

Mixing in the Hele-Shaw Cell

As shown in Fig. 4(e), the color change occurred at the interface
between two drops mostly in the x-direction. In contrast, color
mixing in the y-direction was insignificant except near the
boundary where evaporation- and surface-tension-driven flow
could occur. Here, the x- and y-directions are the major and
minor axes of the PAAM gel, respectively (Fig. 3). In order to
quantify the mixing at the interface, the color value changes at
the center were evaluated. The RGB images of Fig. 4(e) were
converted to the CMYKmode, and the C (cyan) andY (yellow)
values near the center were averaged in the y direction. Then,
the averaged color value of each color was normalized by the
average value of the color found in the circular wells. For in-
stance, the average C value was found for the blue drop side
well and the yellow drop side well, which are Ihigh and Ilow,
respectively. Then, these two values were used to normalize
the y-direction averaged C value near the center; I*(x, t) = [I(x,
t) – Ilow]/[Ihigh – Ilow]. As shown in Fig. 4(f), I* for cyan de-
creased from 1 to 0 in the x direction at the interface while I* for
yellow increased from 0 to 1. Therefore, the color change oc-
curred only at the interface between the two drops, and thus
mixing between the two drops was limited.

Figure 4(f) also shows that the mixing zone of each color
increased over time, whichwas expected to be due to diffusion
between the two colors. The width of the mixing zone was
evaluated by fitting the following one-dimensional (1D) dif-
fusion equation against the measured I* values [56]:

I* x; tð Þ ¼ I x; tð Þ−I low
Ihigh−I low

¼ 1

2
erfc

x−xc
2
ffiffiffiffiffi
Dt

p
� �

; ð3Þ

where xc is the center of the mixing zone, andD is the diffusion
coefficient of one color in the other color. As Fig. 4(f) shows,

Exp Mech



equation (3) describes the measured color value changes well.
The width of the color mixing zone of 90% I* change was
estimated to beW ¼ xI*¼0:95−xI*¼0:05j j. Figure 4(g) shows that
the width of the color mixing zone was close between cyan and
yellow, and it increased with time. Curve fitting using a power
function suggests that the temporal increase of the mixing zone
width followedW ~ t0.25, which is also supported by the log-log
plot included in Fig. 4(g). If the color mixing were mainly
governed by Fickian diffusion, the width would show W ~
t0.5. Therefore, subdiffusion appeared to occur for the mixing
in the Hele-Shaw cell.

Stiffness Distribution of PAAM Gels

PAAM gels were successfully fabricated using the proposed
method in the Hele-Shaw cell. The fabricated hydrogels had
the same dumbbell shape as the superhydrophobic barrier
(Fig. 2(c)), which shows that the superhydrophobic barrier

could successfully control and confine the pre-polymer solu-
tions. Regarding the photo-crosslinking of the PAAMgel with
UV light, finding the proper intensity of UV light was impor-
tant because too strong UV light generated cracks on the sur-
face of fabricated PAAM gels.

The stiffness distribution of the fabricated PAAM gels was
measured by AFM indentation [52]. The indentation mapping
grid was attached to the gel sample’s bottom (Fig. 3), and the
spherical tip of the colloidal AFM probe indented the gel’s top
surface according to the grid. The local Young’s modulus (E)
was determined by applying the Sneddon model [equations
(1–2)] to the approach portion of the obtained force-distance
curves. As Fig. 5(a) shows, the Sneddon model agreed well
with the measured force-indentation depth curves. The mea-
sured Young’s moduli using the Sneddon model were 2.0–
2.3 kPa and 34.0–35.3 kPa for the soft and stiff side of one
of the fabricated gels, respectively. These values are close to
the nominal E values shown in Table 1: 2.6 kPa and 40.4 kPa.

Fig. 4 Water drop coalescence and limitedmixing in the Hele-Shaw cell. (A) Colored water drop placed in the circular well areas of the hydrophilic glass
region. (B)Water drops touching the top glass surface. (C) Squeezed water drops flowed toward the center, limited by the superhydrophobic barrier, and
they were about to coalesce. (D) Water drops coalescing at the center (t = 0 min). (E) Progression of mixing between the two colors at the interface. (F)
Change of colors (cyan and yellow) in the mixing zone. (G)Width increase of the mixing zone over time. Inset: Log-log scale plot. For (A-D), top image:
front view, and bottom image: top view
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The indentation grid (Fig. 3) enabled indenting the same
spots on different gel samples and thus comparing the measure
E distribution among the gel samples. As shown in Fig. 5(b),
the Young’s modulus of the gel samples increased from the
soft end to the stiff end, and the gel samples had similar E
values for the ends. Thus, the fabricated gel samples distinctly
showed the stiffness gradient zone at the center, and this zone
increased in its width as the mixing duration increased.
Compared to the drastic change of E in the x-direction, the E
value variation in the y-direction was negligible. However,
this variation became more conspicuous on the stiff side.
The E variation in the y-direction could be due to the flow
caused by evaporation and following surface tension change
along the boundary, similar to color change in the y-direction
observed in Fig. 4(e).

In order to determine the stiffness gradient, the measured E
values were averaged along the y-direction as shown in Fig. 5(c).
Clearly, the local E of the fabricated PAAM gels increased along
the x-axis of the gel from the soft side to the stiff side, and the
deviation in E in the y-direction increased as the stiffness in-
creased. The gel sample with 9 min-long mixing duration
showed evident distinction between the static stiffness zones
(two ends of the gel) and the gradient zone (middle of the gel),
as expected based on the flow visualization result. As the mixing

duration increased, the gradient zone increased in the width.
Concurrently, the two static stiffness zones decreased as shown
by the gel samples with longer mixing duration.

Similar to the flow visualization analysis, the following
1D-diffusion-like fitting equation was used to represent the
measured E distribution:

E* xð Þ ¼ E xð Þ−Elow

Ehigh−Elow
¼ 1

2
erfc

x−xc
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dmixingtmixing

p
 !

; ð4Þ

where Ehigh and Elow are the Young’s modulus of the stiff and
soft regions, respectively, and tmixing is the mixing duration
allowed between the coalescence moment and the UV expo-
sure initiation. Dmixing can be regarded as the effective diffu-
sion coefficient between the two pre-polymer solution drops.
This equation was fitted against the averaged E distribution,
and it was found that equation (4) could successfully represent
the E distribution as shown in Fig. 5(c).

One benefit of using equation (4) is that it is possible to
identify the center of the stiffness gradient zone (xc) and to
estimate the size of the stiffness gradient zone. As shown in
Fig. 5(c), it was found that the gradient zone center of the
fabricated gel samples agreed well each other, which indicates
that the proposed method maintains quality control and

Fig. 5 Stiffness distribution of fabricated PAAM gels. (A) Representative force-indentation depth curves for AFM indentation. (B) Young’s modulus
distribution of PAAM gels fabricated with different durations of mixing. (C) Average Young’s modulus distribution of the PAAM gel samples. Error bar:
standard deviation between different y locations on one sample. (D) Resultant width of the stiffness gradient zone and the gradient of stiffness
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repeatability in regard to the location of the gradient zone.
Similar to the color mixing zone, the size of the stiffness
gradient zone is defined to be the x-direction distance for
90% change in E*: W ¼ xE*¼0:95−xE*¼0:05j j. Figure 5(d)
shows that W increased with tmixing from 3.8 mm with
9 min-long mixing to 7.1 mm with 81 min-long mixing.
Accordingly, the stiffness gradient value (= [Ehigh − Elow]/W)
decreased from 7.9 kPa/mm with 9 min-long mixing to
4.1 kPa/mm with 81 min-long mixing. The obtained stiffness
gradient values belong to the typical stiffness gradient range
for durotaxis (1–100 kPa/mm) [13, 16, 26, 32, 49]. The y-
direction variation of E resulted in the stiffness gradient in
the y-direction (0.04–7.72 kPa/mm), and significant E gradi-
ent in the y-direction was found mostly in the stiff gel region
while the y-direction gradient in the soft gel region and the
gradient zone was lower than or close to 1 kPa/mm. The ob-
served range of the y-direction E gradient corresponds to per-
cent changes of 0.3–23.0% over 1 mm distance with respect to
local average E values at each x locations. Considering that the
straight part of the fabricated gels was about 8 mm long (Fig.
2(c) and 3), the proposed method enabled generating a stiff-
ness gradient across the straight part while keeping the both
static stiffness ends of the gel separated.

Discussion

For in vitro mechanobiology experiments to mimic the me-
chanically inhomogeneous in vivo environment of the ECM,
hydrogels substrates with a spatial variation of stiffness or
Young’s modulus have been used [11], and various fabrication
methods were proposed as briefly summarized in the
Introduction. One common principle of the methods is to cre-
ate a concentration gradient of a hydrogel pre-polymer solu-
tion and then to convert the chemical gradient into stiffness
gradient via photo-polymerization-based gelation. In this cat-
egory, the methods using microfluidic concentration gradient
generators are most well known [12–17].

The presented study employed limited mixing between two
pre-polymer solution drops in the Hele-Shaw cell, i.e., nearly
two-dimensional confinement of which the gap height is much
smaller than the diameter of the drops, for fabrication of
PAAM hydrogels with a stiffness gradient. To the best of
our knowledge, Lo et al. first used limited mixing in a narrow
confinement formed by two cover glass pieces for this purpose
[18]. They placed two PAAM pre-polymer drops of different
compositions on a cover glass and placed another cover glass
on top of the drops to sandwich and coalesce them. This sim-
ple method appears very economical because it could fabricate
PAAM gels that had a stiffness gradient between soft and stiff
gels and it required neither special equipment nor complicated
fabrication steps.

In order to enable modulation of the magnitude of stiffness
gradient, we have improved the method of Lo et al. as follows.
First, the superhydrophobic barrier was introduced to the bot-
tom glass surface of the Hele-Shaw cell (Fig. 2(c)), to control
the location of pre-polymer drops and to guide their motion
while being squeezed (Fig. 4(a-e)). The superhydrophobic
barrier worked successfully because the drops met near the
center of the hydrophilic glass region and the fabricated
PAAM gels had the same dumbbell shape as the hydrophilic
region (Fig. 3). Second, the squeeze of the drops was con-
trolled by the motorized stage of the Hele-Shaw cell device
(Fig. 2(a)). The DC motor and threaded rod of the device
enabled lowering the leveled top surface of the Hele-Shaw
cell at an average speed of 45 μm/s and slow expansion and
flow of the drops in the cell. Therefore, drop coalescence was
mainly driven by surface tension without any flow inertia
effects, which is important for controlling drop coalescence
in the Hele-Shaw cell. Third, the degree of mixing between
the two pre-polymer drops was modulated by controlling
mixing duration between the drop coalescence and photo-po-
lymerization. Therefore, it was possible to modulate the resul-
tant stiffness gradient of fabricated PAAM gels (Fig. 5(b-d)).
Last, the proposed method can be easily adopted because the-
oretically it requires only a way to control the gap distance
between two parallel planes. The Hele-Shaw cell device was
built using affordable parts that are commercially available
and easily found. For instance, Makeblock parts are available
in various sizes and designs, and they are easy to assemble,
and an aquarium vacuum pump was used instead of a typical
research-purpose vacuum pump.

Because of the small gap height of the Hele-Shaw cell, the
mixing in the cell was expected to be governed by diffusion.
However, our analyses of the color mixing betweenwater drops
show that the width of the color mixing zone grew followingW
~ t1/4, notW ~ t1/2. Also, the diffusion coefficient (D) values of
the colors decreased with time while the values were similar
between the two colors. The observed subdiffusive spreading of
colors could be due to concentration-dependent diffusion in
whichD decreases with the concentration of the diffusing quan-
tify [57, 58]. In our case, color concentration was represented
by color intensity, which decreased with time in the mixing
zone. Concentration-dependent diffusion can happen in
microchannels, similar to the Hele-Shaw cells, because concen-
tration gradients can be higher than those in macroscale due to
the small channel size [59, 60]. The observed non-Fickian dif-
fusion indicates that equation (3) needs to be used with caution
although the 1D Fickian diffusion model has been used to de-
scribe concentration distribution formed in Hele-Shaw cells
[61–64]. In this sense, furthermore, it needs to be pointed out
that a conversion of equation (3) to equation (4) was an ad hoc
approach to determine the width of the stiffness gradient zone.
As Fig. 5(d) shows, the stiffness gradient zone of the PAAM
gels increased almost linearly with mixing time, not following a
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power law. This is presumably due to continued diffusion dur-
ing long photo-polymerization.

It was noted that the measured E values of the stiff gel
(34.0–35.3 kPa) were a little lower than the known nom-
inal E value (40.4 kPa). This difference could be due to
the fact that the resultant E of PAAM gel is affected by
gel fabrication steps and environmental factors such as
humidity and temperature [65, 66]. Accordingly, we mea-
sured the E of the stiff gel using the rheometer [51, 52],
and the measured E value was 36.8 ± 0.3 kPa (N = 5
measurements), close to our AFM measurement.

It also needs to be noted that measured E values depend on
the value of gel Poisson’s ratio (ν). We used ν = 0.5 because
this value has been frequently used for PAAMgels [32, 33, 65,
67–70], but other values were also used, such as ν = 0.3 in [18,
71] and ν = 0.46 in [72]. It is known that the ν of PAAM gel
can differ depending on the time- and length- scale of mea-
surements because of solvent escape from gel [73, 74], and the
short-time gel Poisson’s ratio is known to be 0.5 [75]. The
contact time between the AFM probe tip and the gel was
estimated by dividing the sum of the indention depth and the
probe deflection with the probe speed, and it was about 0.9 s
for the soft gel and about 0.2 s for the stiff gel. Considering
that the relaxation of PAAM gel takes a few seconds in mi-
croscale indentation [74], the AFM probe tip made short-time
contacts with the gel during indentation, and thus ν = 0.5
appears to be an appropriate choice for Poisson’s ratio.

Conclusion

There are various methods to fabricate hydrogel substrates
with stiffness variation or gradients for cell mechanobiology
studies. In this study, we have improved the mixing-based
method of Lo et al. [18] in which two pre-polymer drops of
different stiffness values were squeezed between two glass
surfaces, by better controlling liquid drop squeeze, coales-
cence and diffusion-basedmixing using the superhydrophobic
barrier and the lab-built Hele-Shaw cell device. Flow visuali-
zation using colored water drops shows limited mixing be-
tween the drops after coalescence and suggests the mixing is
driven by diffusion. The Young’s modulus distribution of fab-
ricated PAAM gel samples was measured using AFM inden-
tation, and it shows that the two ends of the gel samples retain
low and high E values while their center part has a clear zone
of increasing stiffness.
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