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Impact statement

Soft and deformable materials exhibit a rich range of
mechanical properties. Understanding the microme-
chanics of microgels is essential to explore strategies
for sophisticated applications at the interface of soft
materials and biology. Here, we developed a facile
and cost-effective microfluidic assay to characterize
the micromechanics of microgels. Taking advantage of
parallelized design, we measured the shear modulus of
protein microgels in a high-throughput and reproducible
manner. The mechanical testing device in this present
study is of great significance fo the field of mechanics
of materials af the microscale, with further potential

applications in the understanding of the mechanical
properties of soft objects such as organoids, artificial
tissues, and other small and discrefe clusters.
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Micromechanics of soft materials
using microflvidics

Yufan Xu, Hongjia Zhu, Yi Shen,* Alexander P. M. Guttenplan,
Kadi L. Saar, Yugian Lu, Daniele Vigolo, Laura S. Itzhaki, and
Tuomas P. J. Knowles*

Micron-scale soft materials are finding a wide range of applications in
bioengineering and molecular medicine, while also increasingly emerging as
useful components for consumer products. The mechanical characterization
of such microscale soft objects is conventionally performed with techniques
such as atomic force microscopy or micropipette aspiration that measure the
local properties of micron scale objects in a serial manner. To permit scalable
characterization of the global mechanical properties of soft microscale objects,
we developed and describe here a microfluidic platform that can be used for
performing parallelized integrated measurements of the shear modulus of individual
microscale particles. We demonstrate the effectiveness of this approach by
characterizing the mechanical properties of multiple protein microgels in parallel,
and show that the obtained values are in good agreement with conventional serial
measurements. This platform allows parallelized in situ measurements of the
mechanical properties of soft deformable micron-scale particles, and builds on
scalable single-layer soft-photolithography fabrication, making the measurement
system readily adaptable for a range of potential applications.

Introduction to determine the mechanical properties of

Micron-scale soft materials are receiving
increasing attention due to their diverse
range of applications in areas such as drug
delivery, regenerative medicine and the
formation of microcapsules for food and
household products.!™ These particles
include both artificial materials, such as
hydrogels and microgels, and even intact
living cells or their micron-scale subcellu-
lar compartments. It is frequently of interest

such micron scale objects®® and a variety of
methods has been described and developed
to serve this purpose.**!" In particular,
atomic force microscopy''™'* and micro-
pipette aspiration'*!> have been widely
used for measuring the local properties of
deformable objects. While these approaches
permit understanding local mechanical
properties and the responses at the surface
of the particle, they do not readily provide
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information on the elastic response of the entire particle. Bulk
rheological characterization approaches, by contrast, can be
used to describe global mechanical properties of materials, but
they require access to larger sample sizes that may be not com-
patible with micron-scale production approaches. Moreover,
neither of these strategies allows direct in sifu characterization
of particles after formation. To open up the possibility of rou-
tinely characterizing the mechanical responses of individual
micron-scale soft objects on a global scale, capillary micro-
mechanics strategies have been proposed and demonstrated.'®
These approaches involve trapping individual particles in
tapered capillaries and observing the changes in their dimen-
sions in response to applied forces. These changes simultane-
ously yield the compressive and shear modulus of the particles
via classical continuum mechanics analysis.'® This is in con-
trast to flow-based approaches, such as deformation cytometry
or interfacial tensiometry that enable a single property to be
probed, and achieve this objective by requiring modeling of
flow fields and the associated shear stresses in microfluidic
channels for quantifying the mechanical parameters'”-'® or
require the calibration of the measurement setup with previ-
ously characterized materials.!*° Capillary-based microme-
chanics based approaches have been demonstrated the ability
to characterize both the properties of artificial microgels and
the disease states of individual cells.'®?!>> The throughput of
such approaches is, however, challenging to improve as to date
typically only a single particle is analyzed at a given time.!®'8

To overcome these limitations and allow a number of
individual micron-scale objects to be analyzed simulta-
neously, we designed and demonstrate here microfluidic
poly(dimethylsiloxane)-based (PDMS-based) devices for par-
allel in situ measurements on the mechanical properties of indi-
vidual micron-scale objects in an aqueous environment. The
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devices were fabricated through a single step soft-lithography
process and comprised a number of parallelized tapered channels
across which the applied pressure differential could be adjusted
to deform individual particles and extract their mechanical prop-
erties (Figure 1). We demonstrated the effectiveness of this strat-
egy by characterizing the shear modulus of protein microgels as
collagen substitute. The modular nature of microfluidics plat-
form allows this strategy to be used for accessing the mechani-
cal properties of micron-scale gels directly on chip in aqueous
solutions, making their use attractive for applications that ben-
efit from in sifu analysis, such as the adjustment of operation
parameters to produce particles with desired properties or the
following of the progression of the polymerization and gelation
process in real-time. The mechanical testing device can also find
applications in the mapping of the mechanical properties of cell-
laden microgels, artificial tissues, organoids, and biomolecular
condensates.?*’

Results

We used PDMS-based devices to probe the mechanical prop-
erties of protein microgel particles suspended in an aqueous
solution. Prior to the measurement, microgels were fabri-
cated from a single-T microdroplet device, and they were
then demulsified from a continuous oil phase to a continu-
ous aqueous phase (Figure 2a-b).2® The resulted microgels
were monodispersed with morphology (Figure 2b). In order
to minimize the friction between the particles and the devices,
all the channels were coated with PEG-silane to obtain a
hydrophilic surface (Figure 2¢, more details can be found
in the “Materials and methods” section). This surface treat-
ment of PDMS-based devices with PEG-silane complements
the surface treatment of capillary-based devices with bovine
serum albumin.'®

Aqueous
solution (inlet T)

Microgels in aqueous
solution (inlet IT)

Mechanical testing device

Deformation of microgels in the device
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Figure 1. Overview of the mechanical testing platform for microgels using a microfluidic device. The microfluidic device has two inlets and
one outlet. Inlet | is loaded with an aqueous solution to generate pressure during the mechanical testing of the microgels. Inlet Il is used to
inject the microgels into the channels of the device. Schematics of a spherical microgel and a deformed microgel in a tapered channel are

shown.
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Figure 2. Preparation of protein microgels. (a) Schematic of the formation of microgels. (b) Microscopy images of the formation of the
microgels. Scale bar=200 pm. (c) Schematic of the hydrophilic treatment of the mechanical testing device with a tipped PEG-silane coating
on the channel.

The microgel solution was introduced initially with a low can be released from the V-shaped channels by a slight
flowrate. After the microgel particles were trapped in the mechanical vibration of microfluidic tubings (Movie S4);
tapered microfluidic channels, the flow of particles was turned such release can allow the reuse of the device. From them,
off, and then the flowrate of the aqueous solution (Tris buffer) we performed image analysis and shear modulus estimation

was set to increase from 0 to 2500 pL h™'. The resulting defor- on three individual protein microgels trapped in three paral-
mation of the microgels in the tapered measurement channels lel measurement channels A—A' to C—C’ (Figure S2c¢). The
in response to the applied pressures was recorded (Figure 3a, analysis of the microgels in their equilibrium position in the
more details in Supplementary Material Figures S2, S3, S4; tapered channel allows us to estimate the shear moduli of

Movies S1, S2). We obtain the pressure drop across the tapered the microgels. Indeed, based on a previous study,'® by plot-
channels by running finite element simulation, which agreed ting the relationship between the parameters %(Pwan — AP)
well with estimates obtained from a dimensionality analysis and (e, — ew), we estimate the shear modulus to be around
(Figure 3b, detailed information can be found in Figure S1). 15 Pa for these microgels (Figure 3f, the detailed calcu-
The particles were seen to become more elongated when they lation can be found in the “Materials and methods” sec-
moved further into the tapered channel with increasing flow tion). Physically cross-linked gelatin at lower concentration
both under 2D and 3D microscope imaging (Figure 3c—d). Fur- can be very soft. This value is in the same magnitude of
thermore, they moved back along the channel and recovered to the gelatin hydrogels at room temperature (RT) as previ-
the original shape when the flowrate was set to decrease from ously reported (Table I).?° In brief, the physically cross-
2500 to 0 pL h™! (Figure 3e; Figures S2, S4; Movies S1, S2). linked gelatin demonstrated a lower shear modulus than

We were able to trap 10 microgels at once in the device some chemically cross-linked hydrogels (Table I). For
(Figure 3h). Ten microgels could be readily trapped in the the same particles, we were able to compress and decom-
device within 90 s, indicating high trapping efficiency press for three cycles (Figure S4). Similar results were
(Movie S4). After mechanical testing, the 10 microgels obtained (Figure S3a—b), and the average shear moduli in
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Figure 3. Mechanical testing of microgels in the microfluidic device. (a) Schematic of the microfluidic device trapping 10 microgels and the
geometries to quantify their deformation. (b) Two-dimensional view of the finite element simulation (COMSOL) of the pressure drop in the
microfluidic device (see Figure S1). (c) Three-dimensional confocal microscope imaging of a deformed microgel in the channel. Magenta
lines indicate 3D. Dashed white lines indicate the microfluidic channels. (d, e) Deformation of a microgel at A-A’ channel with increasing (d)
and decreasing (e) flowrates. More is in Figure S2 (Movies S1, S2). (f) An example of data fitting (C—C’, Figure S3). (g) Average shear modulus
of microgels calculated during the 1st, 2nd, and 3rd increase of flowrate (Figure S3). (h) All 10 channels of the same device can trap micro-
gels in one same experiment (Movies S3, S4). Scale bars=100 pm (c) and 200 ym (d, e, h).
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Table I. Comparison of the shear modulus obtained in this study to those in previously reported studies.

Materials Shear Modulus Concentration
(Pa) (wW/v) (%)
Gelatin (this study) ca. 15 5
Gelatin (previous studies) 10-820 5-15
Alginate 203-3010 0.7-3
20-7000 6-8
Agarose 5570-18,660 0.9-2.7
Poly(ethylene glycol) diacrylate 100 10
(PEGDA)
26,000-220,000 10-20
40,000-165,000 10-20
22,000-110,000 10-20
Methacrylated gelatin (MAgel) 20-7000 7-10
Methacrylated chitosan (MAChi) 101 0.8
Methacrylated hyaluronic acid 10-110 0.5
(MAHA)
Glycidyl methacrylate hyaluronic 16,000-73,000 2-10
acid (GMHA)

three cycles of experiments were concluded in Figure 3g.
It was also noticed that, when the flowrates decreased,
the microgels did not change the shape immediately (Fig-
ure 3f; Figures S2, S3, S4). We speculate that there was a
delay between the decompression and the recovery of the
deformation.

Discussion and conclusions

We have developed and described here a method for the
mechanical characterization of soft micron-scale particles
in aqueous solutions. Building on previously described
capillary micromechanics method, the approach we have
developed allowed multiple parallel measurements to be
performed on individual micro- and mesoscale particles
to obtain the shear moduli of each individual microgel.
Being based on a microfluidic platform, the devices used
for this analysis could be produced in a highly reproducible
and scalable manner. Moreover, the measurement module
could be combined with microgel formation processes to
characterize the properties of the formed microgels in situ
and, thus, could be used for performing kinetic analysis
on the processes governing microgel formation, such as
polymerization and aggregation reactions, or alternatively,
for adjusting the parameters that control the formation of
the microgels in real time in order to produce particles with
desired properties. The microfluidic approach in this study
also has the potential for the mechanical characterization of
cells, tissues, and organ analogues at the microscale.

Material Form More Information References
Gelatin Microfluidic device (25°C) NA
Gelatin Rheometer (20°C) 29
Alginate Rheometer (25°C); M,, 418 kDa 30
Alginate + MAgel (varying Rheometer (25°C) 31
cross-linking)

Agarose Ultrasound shear wave elas- 32

tography

PEGDA Rheometer (37°C) 33

PEGDA with or without Dynamic mechanical analyzer; 34
agarose M,, 2.0 kDa

PEGDA with or without Dynamic mechanical analyzer; 34
agarose M,, 3.4 kDa

PEGDA with or without Dynamic mechanical analyzer; 34
agarose M,, 6.0 kDa

Alginate + MAgel (varying Rheometer (25°C) 31,33
cross-linking)

MAChi Rheometer (37°C) 33

MAHA (varying degree of Rheometer (37°C) 33
methacrylation)

GMHA (varying degree of Texture analyzer 35
methacrylation)

Materials and methods

Materials preparation

A homogeneous solution gelatin solution (w/v, 5%) was
made by mixing gelatin powder (Fisher Scientific UK Ltd.,
Loughborough, UK) and Milli-Q water with a magnetic stir-
rer at 50°C. This gelatin solution was stored at 4°C and used
within 2 weeks. An oil continuous solution was made by
mixing fluorosurfactant (2%, w/w; RAN Biotechnologies,
MA, US) with Fluorinert (FC-40; TM; Reg; Fluorochem,
Hadfield, UK).

Microfluidic device fabrication

A single-T microfluidic device (i.e., droplet maker)?® and
a mechanical testing microfluidic device®® with parallel
tapered channels were fabricated by soft lithography tech-
niques as previously reported.>’*® The single-T microflu-
idic device was treated hydrophobic.?®3**! The mechanical
testing microfluidic device was first treated hydrophilic for
500 s*? at power 8.0 in a plasma oven (Femto, Diener elec-
tronic GmbH+ Co. KG, Germany) and then the channels
were rinsed with the mixture (v/v, 1/1) of acetone (Merck
Life Science UK Limited, Dorset, UK) and tipped PEG
silane (2-[methoxy(polyethyleneoxy)9-12propyl]trimeth-
oxysilane, tech-90) (Gelest, Inc., Morrisville, USA) for
1 h; this acetone-based liquid was blown away by nitrogen
before water was injected to clean and rinse the microflu-
idic channels. Acetone and tipped PEG silane were kept in
a fumehood.

MRS BULLETIN © VOLUME 47 o FEBRUARY 2022 o mrs.org/bulletin M 123



Q\
“\JJ MICROMECHANICS OF SOFT MATERIALS USING MICROFLUIDICS

Table Il. Geometrical data and the analysis of a microgel trapped in A-A’ channel (e.g., increasing flowrate in the 1st cycle).

Flowrate (uL h™) 100 200 300 500
Winax (Hm) 111 110 109 98
Wiin (um) 80 81 81 70
Lpand (M) 115 115 17 133
L (um) 163 164 165 170
AP (Pa) 1.34901  2.69802 4.04703 6.74505
€L —ew NA 0006135 00175055  0.1633636
1 (Pyai — AP)(Pa) 265065 524139 7.60477 9.31951

Microgel preparation

The gelatin solution and the oil continuous solution were
injected into the single-T device, respectively,?® and micro-
droplets were generated at 37°C, and then collected in an
Eppendorf tube at RT for 10 min. To get microgels aqueous
solution, the gelatin microdroplets were demulsified with 10%
1H,1H,2H,2 H-perfluoro-1-octanol (Sigma-Aldrich Co. Ltd.,
MO, US) at RT or lower temperature.** 1H,1H,2H,2H-per-
fluoro-1-octanol was kept in a fumehood.

Probing the mechanics of microgels

To apply liquid pressure during the mechanical testing of
microgels at RT, a 10 mL syringe (Hamilton) was used to
inject an aqueous solution into the inlet I of the microfluidic
device. A 1 mL syringe (Norm-Ject) was used to load micro-
gels into the inlet II of the same device. A digital neMESYS
pump system (CETONI GmbH, Korbussen, Germany) was
used to control the liquid pressure. After the well trapping of
the microgels into the tapered channels of the microfluidic
device, the syringe connecting inlet II was halted, while the
syringe connecting inlet I continued working. The flowrate of
the liquid in inlet I was increasingly set to be 100, 200, 300,
500, 800, 1000, 1500, 2000, and 2500 pL h™!, and then was
decreasingly set to be 2000, 1500, 1000, 800, 500, 300, 200,
and 100 uL h™!. Three replicates of this style of increasing and
decreasing flowrates was done. Once each flowrate became
stable, brightfield images of the deformation of microgels in
the microfluidic device were taken by a CCD camera (CoolS-
NAP MYO, Photometrics, AZ, US) on a microscope (Oberver.
Al, Axio, Zeiss, Oberkochen, Germany).

Data analysis

As shown in Figures 1 and 3, the device has a main channel
(width 200 pm, height 100 um), and 10 parallel tapered chan-
nels (i.e., A—A’, B-B', C-C', D-D', E-E’, E1-E1’, D1-D1’,
C1-C1’, B1-B1’, and A1-A1"). A pressure drop across tapered
bridges was generated by flowing an aqueous solution with
various flowrates mentioned above through the main channel.
The pressure drop AP was calculated by the fluidic analogue
of Ohm’s Law,*+*

AP = RO, (1)
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800 1000 1500 2000 2500
87 85 76 72 65
56 49 40 29 25
142 142 156 164 175
179 178 187 192 193
10.79208 13.4901 20.23515 26.9802 33.72526
0.3494684 0.3904539 0.5399094 0.6491183  0.7128449
11.48922 13.87632 15.05729 16.75852 15.12649

where R is the hydraulic resistance of the main channel that
connects the two ends of a tapered channel, and Q is half of
the flowrate of liquid from inlet I. For example, when a micro-
gel was trapped in A—A' channel, AP is the applied pressure
drop across the A—A’ tapered bridges, and R is the hydraulic
resistance in the main channel from position A to position A'.

For a rectangular cross section (7 < w; &, channel height;
w, channel width), the hydraulic resistance R was calculated

based on the approximation,*®*’
_ 12nLy,
T (1 — 063w @

where L,,, h, and w are respectively the length, height, and
width of the main channel in this study, and n is fluidic viscos-
ity of the liquid in the main channel.

As shown in Figure 3a, under each flowrate of liquid from
inlet I, Wyax, Winins Lpand, and L of the deformed microgels
were extracted from the images on Imagel. P,y is the pres-
sure generated from PDMS walls (sidewall) of the tapered
channels when the microgel was compressed, which can be
derived as:'®

Winax AP

Pyail = -—7,
e 285inoLpand

3)
where a is half of the tapered angle. P,y and AP are in the
horizontal plane (X7), as illustrated in Figure S5. The top and
bottom walls of the tapered channels are parallel to each other,
and thus the constrain in Z axis is constant throughout the
channel; in the force equilibrium, the forces are canceled out.

The shear modulus of the microgel was then calculated
based on a previous study,'®

_ Pwall — AP
2(e;, —ew)’

“4)

where €7, and €y are the strain of a microgel in the directions
parallel and perpendicular to the channel length. Linear fit-
ting was conducted on a scatter plot of % (Pyan — AP) versus
(¢, — €y), and the slope is the value of shear modulus G.'®
For example, Table II shows the data analysis of the
deformation of a microgel trapped in A—A’ channel (increas-
ing flowrate of the 1st cycle), and shear modulus G of the



microgel can then be calculated (Figure 3a, f). €7 is defined
as LLO, where the Lo is 163 pm at the initial flowrate of 100
uL h™!, and corresponding L under each flowrate is dem-
onstrated in Table II. ¢y is defined as %, where the W is
Wnasot Wi — 111680 ) at the initial flowrate of 100 pL
h™!, and corresponding ¥ = M under each flowrate
is calculated (Table II).

COMSOL simulation

COMSOL Multiphysics 5.2a was used to perform three
dimensional simulations of the distribution of pressure in the
aqueous single-phase within the mechanical testing device.
A 3D laminar flow physics was used to determine the sta-
tionary pressure distribution within the microfluidic device.
The required laminar inflow was imposed at the inlet while at
the outlet the pressure, P, was fixed at P=0 Pa. The pressure
drop at different tapered channels (A-A’, B-B’, C-C', D-D',
and E-E') was then extracted from the distribution of pressure
extracted from the middle plane (z=50 pm) and calculated as
the difference between the wide-end and the narrow-end pres-
sure of each tapered channel.
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