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Abstract

The microstructure of soft matter directly impacts macroscopic rheological properties and can be changed by factors including colloidal
rearrangement during previous phase changes and applied shear. To determine the extent of these changes, we have developed a microfluidic
device that enables repeated phase transitions induced by exchange of the surrounding fluid and microrheological characterization while limiting
shear on the sample. This technique is µ2rheology, the combination of microfluidics and microrheology. The microfluidic device is a two-layer
design with symmetric inlet streams entering a sample chamber that traps the gel sample in place during fluid exchange. Suction can be applied
far away from the sample chamber to pull fluids into the sample chamber. Material rheological properties are characterized using multiple particle
tracking microrheology (MPT). In MPT, fluorescent probe particles are embedded into the material and the Brownian motion of the probes is
recorded using video microscopy. The movement of the particles is tracked and the mean-squared displacement (MSD) is calculated. The MSD
is related to macroscopic rheological properties, using the Generalized Stokes-Einstein Relation. The phase of the material is identified by
comparison to the critical relaxation exponent, determined using time-cure superposition. Measurements of a fibrous colloidal gel illustrate the
utility of the technique. This gel has a delicate structure that can be irreversibly changed when shear is applied. µ2rheology data shows that the
material repeatedly equilibrates to the same rheological properties after each phase transition, indicating that phase transitions do not play a role
in microstructural changes. To determine the role of shear, samples can be sheared prior to injection into our microfluidic device. µ2rheology is a
widely applicable technique for the characterization of soft matter enabling the determination of rheological properties of delicate microstructures
in a single sample during phase transitions in response to repeated changes in the surrounding environmental conditions.

Video Link

The video component of this article can be found at https://www.jove.com/video/57429/

Introduction

Phase transitions in soft matter can change the scaffold structure, which has implications in the processing and final stability of the material1,2,3.
The characterization of soft materials during dynamic phase transitions provides essential information about the relationship between structural
evolution and equilibrium structure and rheological properties. For example, many home care products require a phase change during consumer
use. Also, during manufacturing, processing steps, including dilution and mixing, can impart shear affecting the rheological properties and
final microstructure of the product. Understanding the rheological properties throughout a phase change ensures that the product performs
as designed. Additionally, if forces alter the starting rheology of the material during manufacturing, phase transitions can yield unexpected
and undesired results, changing the intended function and effectiveness.At the critical gelation point, defined as the point where the material
transitions from a solution of associated colloids or polymers to a sample-spanning gel network, material properties change drastically with slight
changes to association. Any modification to the structure at the critical gel point can impact the end product4. During these dynamic transitions,
soft materials have weak mechanical properties and measurements that use classical experimental techniques can be within the measurement
noise limit5,6,7. To account for this, techniques such as microrheology, which is sensitive in the low moduli range (10-3 - 4 Pa), are used to
characterize the weak incipient gel during dynamic evolution. Some materials are susceptible to changes in microstructure due to external
forces, which presents a challenge during characterization, as any transfer of material or fluid can affect the structure and, ultimately, the final
material properties. To avoid altering the material microstructure, we have developed a microfluidic device that can exchange the environmental
fluid around a sample while minimizing shear. By exchanging the fluid environment, changes in rheological properties and microstructure are
measured during phase transitions with minimal contributions from shear. The device is combined with multiple particle tracking microrheology
(MPT) in a technique called µ2rheology. This technique is used to quantify material properties during consecutive phase changes of a gel in
response to an external driving force. The technique will be illustrated using a fibrous colloidal gel, hydrogenated castor oil (HCO)9,10,11.

Gel scaffolds can undergo changes in association and dissociation due to their sample environment12,13,14,15. The driving force for gelation and
degradation are material specific and must be tailored for each material of interest. µ2rheology can be used to characterize gel systems that
respond to external stimuli, including colloidal and polymeric networks. Altering pH, osmotic pressure or salt concentration are examples of
driving forces that can induce changes in the material microstructure. For example, HCO undergoes controlled phase transitions by creating an
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osmotic pressure gradient. When a concentrated HCO gel sample (4 wt% HCO) is submerged in water, the attractive forces between colloidal
particles weaken, causing degradation. Alternatively, when a dilute solution of HCO (0.125 wt% HCO) is contacted with a hydrophilic material
(referred to as the gelling agent and composed of mostly glycerin and surfactant), the attractive forces return, causing gelation. This gel system
will be used to show the operation of the device as a tool for measuring consecutive phase transitions on a single sample9,10. To characterize
these gel scaffolds during dynamic transitions and the delicate incipient gel structure at the critical phase transition, we use MPT to characterize
these materials with high spatio-temporal resolution.

Microrheology is used to determine gel properties and structure, especially at the critical transition, of an array of soft materials, including
colloidal and polymeric gels5,6,9,16. MPT is a passive microrheological technique that uses video microscopy to record the Brownian motion of
fluorescent probe particles embedded within a sample. The particle positions throughout the videos are precisely determined to within 1/10th

of a pixel using classical tracking algorithms17,18. The ensemble averaged mean-squared displacement (MSD, (Δr2(t))) is calculated from
these particle trajectories. The MSD is related to material properties, such as the creep compliance, using the Generalized Stokes-Einstein
Relation17,19,20,21,22,23. The state of the material is determined by calculating the logarithmic slope of the MSD curve as a function of lag time, α,

where t is the lag time, and comparing it to the critical relaxation exponent, n. n is determined using time-cure superposition, a well-documented
technique that was modified to analyze MPT data by Larsen and Furst6. By comparison of n to α the state of the material is quantitatively
determined. When α > n the material is a sol, and when α < n the material is a gel. Previous work has characterized the HCO system using
microrheology to determine the critical relaxation exponent9. Using this information, we precisely determine when the material transitions from
a gel to a sol during an experiment. Additionally, the non-Gaussian parameter, αNG, can be calculated to determine the extent of structural
heterogeneity of a system,

where Δx(t) is the one-dimensional particle movement in the x direction. Using MPT, we can characterize a single phase transition, but by
characterizing materials with MPT in a microfluidic device, we are able to manipulate the surrounding fluid environment and collect data of
several phase transitions on a single gel sample.

This microfluidic device is designed to investigate the critical transitions of a single gel sample that undergoes phase changes in response to
changes in the surrounding fluid environment. The device exchanges fluid surrounding the sample when it is either in the gel or sol state by
locking the sample in place to induce a phase transition while minimizing shear. A solvent basin is located directly above the sample chamber,
which are connected by six symmetrically spaced inlet channels. This symmetry allows for the exchange of fluid from the solvent basin to the
sample chamber while creating equal pressure around the sample, locking it in place. There have been several studies that use this technique
for single particle and DNA trapping, but this work scales up the volume from single molecules to samples that are approximately 10 µL24,25,26.
This unique design also enables real-time microrheological characterization during phase transitions.

µ2rheology is a robust technique that is applicable to many soft matter systems. The technique described in this paper was designed for colloidal
gels, but it can be easily adapted to other materials such as polymer or micellar solutions. With this technique, we determine not just how phase
transitions affect the equilibrium material properties, but also how different processing steps can have lasting effects on the rheological evolution
of the material and the final scaffold structure and properties.

Protocol

1. Fabrication of the Microfluidic Device

1. Microfluidic stamp fabrication.
 

Note: This step requires the use of volatile materials and should be done in a chemical fume hood.
1. Use a negative printed design with the same dimensions as the glass slide (75×50 mm), the channels colored white, and the

background colored black (See Figure 1). Print this design on a clear acetate sheet (transparency) with a resolution of 1200 dpi.
2. If the dark section of the transparency still allows light through, layer several negatives and adhere using double sided tape.
3. Turn on the high intensity ultraviolet (UV) light source and allow it to warm up to a constant output (approximately 30 min).

 

Note: UV protective eyewear should be worn when using the high intensity UV light source.
4. Fill three 150 mL Petri dishes with acetone, ethanol and distilled water.
5. Place a blank transparency on a flat surface close to the high output UV source, but not directly under the UV light. This will provide a

base to fabricate the microfluidic stamp.
6. Outline the corners of a 75 × 50 mm glass slide in the center of the blank transparency using a permanent marker and place four glass

spacers (approximately 30 × 30 × 1 mm) in the corners of the outlined rectangle.
7. Pour approximately 5 mL of UV curable thiol:ene resin in the center of the spacers, then carefully place a 75 x 50 x 1 mm glass slide

onto the glass spacers, so that the glue is completely covered by the glass slide with no air bubbles.
8. Place the transparency with printed negative on top of the glass slide and move all the above components (from bottom to top: blank

transparency, glass spacers and UV glue, glass slide, and negative printed transparency) by dragging the blank transparency carefully
under the UV light source.

9. Allow the UV light to shine through the negative onto the resin and cure. The cure time can be adjusted to change the height of the
channel. A 45 s cure time results in a channel height of 1 mm, using our light source.
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10. Move the components away from the UV source and remove the negative printed transparency and glass slide. The glass slide with
the channels fabricated in UV glue will now be referred to as the microfluidic stamp.

11. Discard the transparency and glass spacers.
12. Dip the microfluidic stamp in the acetone bath, followed by the ethanol bath. Repeat this step twice. Acetone will degrade the UV glue,

so do not leave acetone on the stamp for greater than 10 s.
13. While holding the stamp, submerge the stamp in the water and use a cotton swab to remove the rest of the unreacted resin. Do not

directly wipe the cured portions, as it will make the channels rough.
14. Place the stamp on a paper towel and return to the UV source for at least 30 minutes to ensure complete curing.

2. Polydimethylsiloxane (PDMS) molding
1. Pour 70 g of PDMS base into a clear cup and add the cross-linking agent to the base in a weight ratio of 1:10 crosslinker to base.

These are the manufacturer recommended ratios. Do not use a glass container.
2. Mix the cross-linker and base thoroughly with a metal stirrer; the mixture should be turbid due to entrapped air bubbles once properly

mixed.
3. Put the PDMS into a vacuum oven and pull vacuum on the mixed PDMS. Turn off vacuum if the solution begins to overflow from the

cup, then resume vacuum after the overflow subsides. The total pressure in the vacuum oven does not matter, as the vacuum only
speeds up the degassing process. Leave in the chamber until all bubbles have been evacuated from the mixture (approximately 60
min).

4. Place the microfluidic stamp in an empty 150 mm diameter plastic Petri dish, then slowly pour the PDMS into the Petri dish, completely
covering the microfluidic stamp. Pour close to the surface of the Petri dish to minimize bubbles reforming in the PDMS.

5. Cover the Petri dish and place in a 55 °C oven overnight to cure. Once completely cured, cut the patterned PDMS using a knife and
remove from the stamp. Retain excess PDMS for constructing the solvent basin (Protocol step 1.6.3) and PDMS stoppers (Protocol
step 2.2.1.1).

6. Using a 0.5 mm biopsy punch, cut holes into the following locations: one at each corner, one in the suction chamber near the edge
of the channel, six in the sample chamber symmetrically placed 60° apart, and one in the center of the sample chamber. To ensure
symmetrically placed holes print a pattern on a sheet of paper and place under the sample chamber. Since the PDMS is clear, you can
easily see where the holes need to be placed.

3. Preparation of sol-gel solution to create glass walls in microfluidic device
1. In a 100 mL jar, add 25 mL of 90% ethanol, 25 mL of pH 4 (0.0001 M) hydrochloric acid solution, 25 mL of 98% tetraethoxysilane, and

25 mL of 98% methyltriethoxysilane. Place the 100 mL solution, now referred to as the preconverted fluid, in the microwave uncovered
for 10 seconds, then place in an 80 °C overnight.

4. Device assembly
1. Place both the patterned PDMS and a 75 × 50 × 0.10 mm glass slide into the plasma cleaner and set the 3-way valve to the off

position.
2. Turn on the vacuum pump and allow one minute to evacuate the chamber.
3. Put the 3-way valve to flow controller position and let the chamber equilibrate for 5 seconds. The flow controller position allows a small

flow rate of air to enter the plasma cleaner, low enough to keep the chamber at low pressures. Turn on the radio frequency (RF) switch
to medium for 40 seconds, then turn off the RF switch and vacuum pump.

4. Place the 3-way valve to the open position to return the chamber to atmospheric conditions. Remove the patterned PDMS and glass
slide.

5. Carefully adhere the patterned PDMS to the glass slide by putting the two surfaces in contact with each other.
6. Apply UV curable resin to the seams around the patterned PDMS and cure for 5 min under low intensity UV light.

5. Fabrication of glass walls in the microfluidic channels.
 

Note: This step must be completed within 30 minutes of plasma treatment, as it relies on PDMS surface changes that occur during plasma
treatment. The thickness of the layer will be approximately 5-10 µm. This step requires the use of volatile materials and should be done in a
chemical fume hood.

1. Set a hotplate to 100 °C and prepare four syringes (three 30 mL and one 3 mL) with 18 gauge needles and approximately 30 cm length
of clear thermoplastic tubing.

2. Fill three 30 mL syringes with ethanol, chloroform and air, respectively. Fill one 3 mL syringe with preconverted fluid (from Protocol step
1.3.1.)

3. Insert clear thermoplastic tubing using stainless steel connectors into each of the holes in the patterned PDMS, with the exception of
one corner hole. This hole will be used as an inlet, while all others will be outlets.

4. Fill the microfluidic device with preconverted fluid from the syringe, then place the microfluidic device on the 100 °C hot plate so the
bottom glass is touching the surface of the hot plate.

5. Flow 3 mL of preconverted fluid through the microfluidic device over 10 seconds. The thickness of the glass walls is adjusted by
changing the flow rate of the preconverted fluid.

6. Remove the microfluidic device from the hotplate. Replace the preconverted solution syringe with the air syringe and push out any
excess preconverted fluid.

7. Replace the air syringe with the chloroform syringe and slowly flow 15 mL of chloroform through the microfluidic device. Replace the
chloroform syringe with the ethanol syringe and slowly flow 30 mL of ethanol through the microfluidic device. These steps should take
approximately 1 min each.

8. Replace the ethanol syringe with the air syringe and flow air through the microfluidic device until dry.

6. Application of glass supports and solvent basin
1. Cut 75 × 10 × 1 mm strips of glass from 75 × 25 × 1 mm glass slides.
2. Apply UV curable resin to the glass strips. Place the microfluidic device onto the strips, with the PDMS side facing up. Move under low

intensity UV light source for 5 minutes.

https://www.jove.com
https://www.jove.com
https://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments April 2018 |  134  | e57429 | Page 4 of 9

3. Cut a 30 × 30 mm square of PDMS. Using a biopsy punch, cut a hole large enough to cover the 10 mm sample chamber.
4. Place the PDMS square and microfluidic device into the plasma cleaner, then put the 3-way valve to the off position and turn on the

vacuum pump.
5. Allow one minute to evacuate chamber. Put the 3-way valve to the flow controller position and let the chamber equilibrate for 5

seconds.
6. Turn on RF switch to medium for 40 seconds, then turn off RF switch and vacuum pump.
7. Place the 3-way valve to the open position to return the chamber to atmospheric conditions.
8. Remove the solvent basin and microfluidic device from the plasma chamber and adhere by contacting the surfaces. Be sure to place

the solvent basin over the sample chamber.

2. µ2rheology Procedure

1. Preparation of soft matter samples
1. Washing probe particles

1. Pipette water and 0.5 µm probes into a microcentrifuge tube at a ratio of water to probes of 10:1. Mix thoroughly using pipette
mixing, then place the microcentrifuge tube into the microcentrifuge and spin at 4600 x g for 10 minutes.
 

NOTE: The probe solution used in this work is received suspended in water with an initial concentration of 2.6% solids/volume,
and the final concentration of probes used in the sample is 0.1% solids/volume.

2. Remove the microcentrifuge tube and pipette out the supernatant. Replace the supernatant with DI water. Repeat centrifugation
for a total of three times.

3. Place microcentrifuge tube in the sonicator and sonicate on low for 15 minutes to remove any aggregates.

2. Combining probes and soft matter.
 

NOTE: For this procedure, a colloidal gel was used as the soft matter sample.
1. On a 75 × 50 mm glass slide, measure 1 mL of sample material. Pipette 40 µL of probe solution into the center of the sample.
2. Gently fold the sample with a metal spatula until completely combined. Scoop the sample into a microcentrifuge tube and

centrifuge at 2340 x g for 15 s to remove entrapped air.
3. Fill a 1 mL syringe fitted with an 18 gauge needle and clear thermoplastic tubing with the probe/HCO mixture.

2. Consecutive phase transitions induced by fluid exchange
1. Filling the microfluidic device

1. To create PDMS stoppers, using excess PDMS from Protocol step 1.2.5, cut a 5 mm square section of PDMS. Using a 0.5 mm
diameter biopsy punch, cut a hole halfway into the PDMS stopper. Insert a stainless steel connector into the 0.5 mm diameter
hole.

2. Connect thermoplastic tubing to three of the corner inlet channels and the suction chamber outlet channel. Completely fill the
device with water using a syringe connected to the device. Ensure there are no bubbles in the sample chamber or in the
microfluidic channels. Block the remaining corner hole with PDMS stoppers.

3. The solvent basin should be partially filled from step 2.2.1.2; if it is not filled, fill the solvent basin with water.
4. Using the syringe from Protocol step 2.1.2.3, inject 10 µL of sample/probe mixture through the center channel into the sample

chamber at approximately 2 µL/s, then use a PDMS stopper to block the center channel in the sample chamber.

2. Collecting microrheological data
1. Turn the camera settings to those optimized to minimize static and dynamic particle tracking errors, then switch to the 63× water

immersion objective and pipette a drop of water onto the lens.
2. Place the microfluidic device on the microscope stage and raise the objective until it is focused on the sample.
3. Take videos of the Brownian motion of the probes over time intervals appropriate for the total length of a phase change. For

gelation, continue taking videos until probe movement has been completely stopped.
 

NOTE: We collect data every 10 min. If we start with a degradation experiment, data are collected until the probes are completely
diffusing.

3. Exchanging fluids in the sample chamber (gravity flow, exchange of lower density fluids with higher density fluids)
1. Remove the microfluidic device from the microscope stage.
2. Suction the water out of the solvent basin using a transfer pipette, then pipette 4 mL of higher density fluid into the solvent basin.
3. Return the microfluidic device to the microscope stage and repeat to Step 2.2.2.3

4. Exchanging fluids in the sample chamber (suction flow, exchange of higher density fluids with lower density fluids)
1. Remove the microfluidic device from the microscope stage and remove the PDMS stopper from the suction chamber.
2. Insert a syringe equipped with an 18 gauge needle and clear thermoplastic tubing to the suction chamber channel, and hook the

syringe up to a syringe pump. Set the syringe pump to pull at 1 mL/min.
3. Remove excess gelling agent in the solvent basin and rinse three times with water by filling the solvent basin and then suctioning

out the rinse fluid.
4. Begin suction with the syringe pump while adding water to the solvent basin for one minute. Do not let the solvent basin empty

completely, as this will pull air into the sample chamber.
5. Remove the syringe from the microfluidic device and replace the PDMS stopper on the suction chamber.
6. Return the microfluidic device to the microscope stage and continue taking samples
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3. Continue taking samples at regular intervals during degradation/gelation cycles until the desired number of cycles is completed or
there are insufficient probes for measurement.

Representative Results

A two-layered microfluidic device is constructed with PDMS (Figure 1a,b), which is patterned on a microfluidic stamp. The design of the stamp
is shown in Figure 1c. Improper experimental setup can result both in errors in passive microrheology and microfluidic flows during surrounding
fluid exchange (Figure 2). Examples of improper experimental setup are detailed in the Discussion section. During device operation, the
surrounding fluid around a gel sample is exchanged. This fluid exchange occurs when the material is in both the gel and the sol phase. This
microfluidic device design has the ability to exchange fluid without substantial loss of gelling material and embedded probe particles. Two types
of fluid exchanges are used, gravity flow (when going from lower to higher density fluid) or suction flow (when going from higher to lower density
fluid). In our HCO gel system, suction flow is used to induce degradation while gravity flow is used to induce gelation. Both flows impart minimal
shear on the sample, with shear on the order of 0.01 Pa and 1 Pa for suction and gravity flow, respectively. These shears are under the yield
stress of the gel, which is on the order of 10 Pa9,10.

The state, structure and rheological properties of the gel sample are quantitatively characterized using multiple particle tracking microrheology
(MPT). In MPT, probe particles are tracked using classic tracking algorithms27,28. The ensemble averaged mean-squared displacement (MSD) is
calculated from particle trajectories (Figure 3) during successive phase transitions. Microrheology data (Figure 3) show that successive phase
transitions are achieved in the HCO gel system. The MSD curves alternate between α → 0 (gel) and α → 1 (sol). The magnitude of the MSD
curves is above the lower measurable MSD limit of this experimental setup (0.001 µm2). This limit is determined experimentally by adhering
probes to glass in a sample chamber, which is done by allowing particles to settle under gravity overnight. The ensemble averaged MSD of the
arrested probe particles is measured to obtain the lower limit of the MSD, which is dependent on the specific experimental apparatus.

The logarithmic slope of the MSD curve (α) and the non-Gaussian parameter (αNG) are calculated and the state of the material is quantitatively
determined by comparison to the critical relaxation exponent (n) (Figure 4). For this experiment, using HCO as a model gel, a total of nine
transitions are measured. The material starts as a gel (α → 0) and five degradations (α → 1) and four gelations (α → 0) are measured over 1,500
minutes. The timing of each phase transition is material dependent. Phase changes are induced by the exchange of fluid. When there is no fluid
exchange, as shown by the extended period in the sol phase between 800 - 1400 min, probe particles remain within the sample and there are no
changes to the rheological properties. Once a fluid exchange takes place, the material again gels.

The data we obtain from this device provides information on the rheological properties and structure of the material in several ways. We do not
measure changes in equilibrium rheological properties from repeated phase changes. This is apparent by α in each phase returning to the same
value. When the material is in the sol phase, it reaches α, = 0.90, and when in the gel phase, α = 0.20. The value of α in the sol phase indicates
that the material retains some structure even after degradation. A colloidal system that has completely degraded into a solution of colloidal
particles will have α = 1.0, while the equilibrium value in the sol phase for HCO is α = 0.90, indicating some structure is retained. Additionally,
colloidal rearrangement can occur immediately after fluid exchange, which is indicated by an increase in α. Finally, the non-Gaussian parameter,
αNG, which quantifies heterogeneity of the material, shows that the gel undergoes an increase in structural heterogeneity during degradation (gel
to sol) transition. This is apparent by the peak in αNG.
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Figure 1: Microfluidic device. (a) Image of the two-layer microfluidic device that traps a sample in place while the surrounding fluid is
exchanged. The first layer has two chambers, one for the sample and another for suction. Holes are located in each of the corners, as well as
one in the suction chamber and seven in the sample chamber. Above the sample chamber a second layer of PDMS is adhered to the device
to act as a solvent basin. (b) The sample is injected into the sample chamber through the middle channel. The sample is locked in place during
fluid transfer by symmetric inlet streams into the sample chamber creating equal pressure around the sample. (c) The design used to create
the microfluidic stamp for the 1st layer of the device. The chambers each have a diameter of 10 mm, while the channels have a width of 1 mm.
The resulting height for both the channels and chambers is 1 mm after 45 s of UV exposure. Reproduced from Wehrman et al. 201710 with
permission from The Royal Society of Chemistry. Please click here to view a larger version of this figure.

 

Figure 2: Image of an improperly filled microfluidic device. Air bubbles injected into the device can have negative effects on both
microrheological data (due to directed motion of particles at the gas-liquid interface) and microfluidic flows during solution exchange. Please click
here to view a larger version of this figure.
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Figure 3: Mean-squared displacement curves of a hydrogenated castor oil gel during degradation (a,c) and gelation (b,d). The 2nd (a,b)
and 3rd (c,d) phase transitions are shown out of 9 total transitions. The critical transition point (gel - sol or sol - gel) is denoted by a dashed line
at n = α = 0.77 and represents each phase change with MSD curves above the line are a sol and below a gel. Reproduced from Wehrman et al.
201710 with permission from The Royal Society of Chemistry. Please click here to view a larger version of this figure.

 

Figure 4: Logarithmic slope (, closed) and non-Gaussian parameter (αNG, open) for a single sample of 4 wt% hydrogenated castor
oil gel during repeated phase transitions. The critical transition is denoted by a horizontal dashed line (n = 0.77) and was determined from
previous microrheological experiments9,10. Vertical lines indicate solvent exchange, with white backgrounds indicating that there is water in the
solvent basin and shaded grey areas that there is gelling agent in the solvent basin. A change in the color between white and grey indicates a
reverse of the osmotic gradient. If the color does not change at a vertical line, this indicates that the sample chamber is being re-flushed with the
same solvent. This occurs when there is insufficient fluid removed, and often happens when the higher density fluid is in the sample chamber
due to its large viscosity. Reproduced from Wehrman et al. 201710 with permission from The Royal Society of Chemistry. Please click here to
view a larger version of this figure.

Discussion

The two-layer microfluidic device (Figure 1) can be easily made by following well-documented microfluidic fabrication techniques29. Glass
supports are added to the bottom of the device to decrease vibrational effects on probe movement. The glass slide is very thin (0.10 mm) in
order to accommodate the working distance of the microscope objective. This makes the device susceptible to small vibrations in the building
and sample environment that are then measured with the high-speed camera. The glass supports successfully negate these external stimuli. The
short working distance objective is chosen to collect precise MPT data which requires: (1) at least 4 pixels per particle and (2) a limited working
distance to avoid imaging particles that are not in the 2D plane.

The design of this device, Figure 1a-c, is based on previous investigations that combine microrheology with microfluidics. Schultz and
Furst developed µ2rheology, using the same microfluidic fabrication technique used for our work. Their device was designed to create
50 - 100 samples of hydrogel materials, separated by a continuous phase, with gradients in both the polymer backbone and cross-linker
concentration16,29. Additionally, techniques using converging microfluidic streams have been shown to be useful for the trapping of single
particles or macromolecules25,26. We have combined the fabrication technique by Schultz and Furst and their idea of taking microrheological
measurements in a microfluidic device in our new device and have scaled-up microfluidic trapping designs. In our design, we create 1 mm
square channels that are rounded when a layer of glass is made on the inside of the channels using sol-gel chemistry30. The channel dimensions
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are chosen to avoid interactions between the probe particles and the walls of the microfluidic device31. For our probe size (0.5 µm) and channel
height (1 mm) the hydrodynamic force from the glass on the probe is on the order of F ≈ 10-18 N, indicating this force from the glass wall will
not have a noticeable effect on the movement of the probe particles31. Additionally, probe particles would have to be within 10 µm of the wall to
impact the motion of the particles due to particle interactions with the wall. All data is collected more than 10 µm from the wall. Glass is fabricated
in the microfluidic channels to prevent solvent uptake by PDMS during our experimental time scale, which is on the order of hours. By using a
fabrication technique that allows for 10 µL sample sizes (corresponding to a channel height of 1 mm) and converging microfluidic streams, we
can scale up the trapping method from single molecules to 10 µL.

The 2-layer design is incorporated to prevent flow instabilities that occur in a single layer device. During early iterations of this work the entire
device was one layer. Two input streams (each with the same fluid, either water or gelling agent) started from two corners of the device and
flowed only through the long channels running the length of the device, tangential to the sample chamber. However, any flow instability between
the channels resulted in flow through the sample chamber and a loss of sample, ending the experiment. The second layer, along with the
addition of the large suction chamber, removes these instabilities by only using one suction source and creating equal pressure around the
sample, trapping the sample during experiments. The second layer has a very simple design and is meant to hold the new surrounding fluid
above the sample chamber.

µ2rheology data are successfully collected using the above protocol. The first stage of the setup, filling the device, is critical to a successful
experiment. Improper filling can result in bubbles in the channels or in the sample chamber, which will negatively impact both the microrheology
and the function of the microfluidic device (Figure 2). The easiest way to avoid bubbles in the microfluidic device is by completely filling the
syringe (making sure that there are no bubbles) prior to filling the device. Alternatively, bubbles can be removed by either introducing a large flow
rate of solvent (by pressing the plunger of the syringe harder) or by tapping the device gently until the bubbles move to an exit channel. Bubbles
within the sample chamber can cause directed motion of probes at the air-liquid interface. MPT measurements require probes to undergo purely
Brownian motion to measure material properties. Bubbles in the microfluidic channels also affect flow during fluid exchange, which can then
cause changes in pressure and move the gel sample out of the chamber. Both of these issues can be avoided by ensuring that the device and
solvent chamber are completely filled with fluid prior to sample injection. The sample input step will impart some shear on the sample, however
it does not negatively impact the rheological properties and structure of the material. This was verified by bulk rheological measurements of
samples loaded without shear and samples loaded onto the rheometer using the same input techniques as the microfluidic device. After the
device is properly filled, the procedure outline above ensures proper function during experiments.

There is minimal material loss during fluid exchange. This is evident during experiments by: (1) the ability of the colloidal material to have enough
fibers to continue to form a gel network and (2) the concentration of probe particles remaining high enough to collect statistically significant MPT
measurements. Additionally, a single sample is capable of up to nine phase transitions, further indicating minimal loss during fluid exchange.
The total number of observable transitions depends on the amount of probes lost due to diffusion out of the sample when it is in the sol phase.
Probes are diffusive when the material is a sol, and a small amount of them will diffuse out of the sample after each gel-sol transition. The
amount of probes will limit the amount of transitions possible for the device.

We have demonstrated that this device can be used to measure material properties and determine microstructure of soft matter during repeated
phase transitions. The symmetry of the inlet ports entering the sample chamber traps a sample in place, allowing repeated phase transitions
on a single sample without loss of the sample. The device design can be easily adapted to different systems, including polymeric hydrogels
that change structure due to changes in pH or biological and surfactant materials that are responsive to changes in salt concentration, allowing
reproducible results to determine the rheological properties and structure of a gel system during consecutive phase changes.
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