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Polymer flows through pores, nozzles and other small channels govern engineered and naturally occurring
dynamics in many processes, from 3D printing to oil recovery in the earth’s subsurface to a wide variety of
biological flows. The crosslinking of polymers can change their material properties dramatically, and it is
advantageous to know a priori whether or not crosslinking polymers will lead to clogged channels or
cessation of flow. In this study, we investigate the flow of a common biopolymer, alginate, while it
undergoes crosslinking by the addition of a crosslinker, calcium, driven through a microfluidic channel at
constant flow rate. We map the boundaries defining complete clogging and flow as a function of flow
rate, polymer concentration, and crosslinker concentration. Interestingly, the boundaries of the dynamic
behavior qualitatively match the thermodynamic jamming phase diagram of attractive colloidal particles.
That is, polymer clogging occurs in a region analogous to colloids in a jammed state, while the polymer
flows in regions corresponding to colloids in a liquid phase. However, between the dynamic regimes of
complete clogging and unrestricted flow, we observe a remarkable phenomenon in which the crosslinked
polymer intermittently clogs the channel. This pattern of deposition and removal of a crosslinked gel is
simultaneously highly reproducible, long-lasting, and controllable by system parameters. Higher
concentrations of polymer and cross-linker result in more frequent ablation, while gels formed at lower
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resulting in micro-rods several hundred microns long. Our results suggest both rich dynamics of
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1 Introduction

The flow behavior of crosslinking polymer solutions as they
transition from liquid-like to solid-like material determines
success or failure in several applications. Blood clots clog
arteries and veins to initiate the repair of injured tissue or to
cause injury themselves. Inks for 3D bioprinting need to
balance viscosity, crosslinking degree and cell concentrations
to avoid clogging the nozzle of ink-jet and extrusion equipment.
Clogs in these applications may grow to block the channel,
disrupting further flow. Flow disruption is typically undesir-
able, expect in the case of injury repair, in which further flow of
blood would worsen the injury. However, in flow situations that
involve polymer crosslinking in flow through small channels,
no single a priori theoretical or empirical framework describes
the conditions under which material flows or stops flowing.
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intermittent flows in crosslinking polymers and the ability to control them.

The development of a crosslinked hydrogel is well described
in quiescence and in bulk rheology. However, shear forces are
well known to affect the formation of gels, both in terms of
gelation time scales and final gel properties. Shear forces
change the dominant mechanisms of crosslinking and aggre-
gation: in shear, intramolecular crosslinking is favored over
intermolecular crosslinking, and diffusion-limited clustering
gives way to shear-induced cluster-cluster interactions." Final
cluster size is limited by shear, preventing the complete perco-
lation of crosslinking networks.>* As such, bulk rheology
experiments demonstrate that the growth of polymer gels is
delayed by shear, since the ability of aggregates to form a
percolated network is compromised by disruption of inter-
aggregate bonds.® At sufficiently high shear rates, gelation is
completely inhibited.>® Further, gels formed in shear tend to
be weaker than their counterparts formed in quiescence.’
These effects, while observed in bulk rheology, have not been
studied in pressure-driven flow, nor within a microfluidic
environment with shear gradients. However, understanding
the behavior of gels in these environments is crucial in several
applications, including 3D bioprinting.

3D bioprinting involves the extrusion of bio-inks through
narrow nozzles to enable fabrication of intricate shapes.

This journal is © The Royal Society of Chemistry 2024
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Bio-inks are complex fluids typically composed of a mixture of
cells and crosslinked bio-polymers. Bulk rheology is used to
characterize inks and optimize their design.” For proper flow-
ability and printability, inks should be viscous, shear thinning,
and have a high yield stress.>'! Polymers can be crosslinked
before, during, or after the print to influence these properties
and form the hydrogel structure. Failure to optimize the ink
appropriately may result in print failure. An example of failure
is nozzle clogging, where some obstruction prevents the flow of
ink through the nozzle. Clogging causes interruption in flow
and consequent unevenness in the print, and may require the
replacement of the nozzle during a print.">"?

The parameter space involved in bioprinting is large and
many factors contribute to preventing clogging and achieving a
successful print. Leaving aside biological considerations, such
as the presence and survival of cells, bioinks must have proper
rheological properties to flow through small channels without
clogging while also providing sufficient structural support to
retain an appropriate shape upon leaving the channel. While
high viscosity solutions are preferred for shape retention, they
also require large forces to move through the nozzle, resulting
in high shear stresses. If the viscosity is sufficiently high, 3D
printers may not have sufficient driving pressure to maintain
flow, resulting in a failed print. Highly viscous materials,
particularly those which shear thin, may be too viscous to
pump at low flow rates."*'® Similarly, yield stresses above
certain limits impede successful printing."”” Shear thinning
can overcome these challenges and facilitate the pumping of
viscous materials. Once flow is stopped however, any pump
must overcome the increased viscosity caused by the low shear
rate and the yield stress of the material.

Achieving a functional bioink print requires understanding the
impact of component concentration and the degree of polymer
crosslinking on rheology, and how rheology interacts with the
speed and geometry of flow within the printer needle. However,
most published works focus on a final printed product rather
than fundamental in situ flow dynamics, and seek to avoid
clogging rather than characterize conditions under which it
occurs. A handful of studies synthesize control parameters into
printability or process maps which show regions of parameter
space suitable for printing and those which are not. Two examples
use axes of polymer concentration and nozzle size to describe
optimal printing conditions, albeit without crosslinking.'*"® Alter-
native representations in situations with crosslinking polymers
include parameters such as flow rates,"> or measured character-
istics like storage modulus.'”

In contrast to polymer solutions, flows of malleable metals
and colloidal flows have robust a priori frameworks for describ-
ing flow which include thermodynamics. In the more mature
field of metal extrusion, for instance, thermodynamics and
dynamic materials models determine both microstructure
and macroscopic behavior at different processing conditions,
with hundreds of different alloys well-described.?® In colloidal
science, the jamming phase diagram characterizes thermody-
namic phases, describing under which conditions suspensions
are in a liquid or glassy state.”’ > The basic jamming diagram
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outlines the impact of colloid concentration, interparticle
interaction, and forces applied to the system in determining
the state of the material. Exploiting thermodynamics can con-
trol macroscopic flow behavior: applying and removing shear
causes transitions from liquid to solid in colloidal hydrogels
for use as bioinks or in support baths of 3D bioprinting
applications.>>** However, we have not seen any similar frame-
works describing the transition between flowing and clogging
in the confined flow of crosslinking polymer solutions.

To address this gap in our understanding, we comprehensively
explore flow and clogging in a common biopolymer. We investi-
gate a dilute polymer system with an added crosslinker: cross-
linking drives a transition from a fluid to a gelled state.
Simultaneously, we observe transitions in the dynamic behavior.
The transition from flow to clogging includes a region where the
dynamics are intermittent, due to deposition and ablation of the
gel from the channel walls. While phase diagrams or processing
maps refer to states of matter at thermodynamic equilibrium, we
present our results in the form of a “dynamic” or “flow phase
diagram” acknowledging that the material phase largely deter-
mines flow dynamics. Alginate is a biopolymer commonly used in
food, cosmetics, and medicine, including about 1/4 of the pub-
lished research in 3D bioprinting. We mix alginate and its cross-
linking agent, calcium, in a microfluidic device in which two inlet
streams meet at a Y-shaped junction. Upon examining a broad
range of conditions, we find, for the first time, a surprising
deposition/ablation pattern seen when alginate is crosslinked
with calcium in flow through a microfluidic device. We have not
seen descriptions or reproductions of any similar intermittent
flow. When mixed with calcium, low concentrations of alginate
quickly form a gel which deposits on the channel wall. As the gel
grows and obstructs the flow, maintaining a constant flow rate in
the channel requires an increase in driving pressure. This pres-
sure increase, in turn, increases both the linear velocity of the
fluid and the viscous shear stress felt at the wall. At a certain
driving pressure however, the gel ablates from the wall and is
washed out of the device, returning the driving pressure to base-
line. Despite the simplicity of the chemical composition, the
system exhibits rich dynamics. Remarkably, as long as flow is
maintained, the gel continually grows and ablates at regular
driving pressures and time intervals. Exploration of the flow phase
diagram indicates that composition and flow rate control both the
degree of deposition and the frequency of ablation.

2 Materials and methods
2.1 Materials

Sodium alginate and sodium chloride are obtained from Sigma-
Aldrich. Calcium chloride is obtained from VWR. PDMS to
make devices is purchased as the Sylgard 184 Silicone Elasto-
mer Kit from DOW Silicones Corporation. All chemicals are
used as received.

Stock solutions of sodium alginate, calcium chloride, and
sodium chloride are prepared in DI water (Milli-Q Advantage
A10) above their target concentrations. Appropriate amounts of
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sodium chloride stock solution are added to the alginate and
calcium solutions to achieve ratios of 25 mM:1 mg mL ™" and
2.5 mM:100 mM, respectively, before dilution to the target
concentrations.

The approximate molecular size of the alginate is estimated
by the intrinsic viscosity measurement as described in
literature.”® The zero-shear viscosity u of alginate solutions is
measured as a function of concentration using a Discovery HR-
3 rheometer from TA Instruments, giving an approximate
molecular weight ~145 kDa. We explore flow behavior over a
range of different chemical compositions and flow rates. We
both independently vary the calcium and alginate concentra-
tions, and also fix the crosslinking ratio to vary the total
concentration of gel. Table 1 describes the experiments shown
in Fig. 3 and which are examined more closely in Section 3.3.
Table 1 lists the total flow rate (Qr), alginate concentration
(Caig); and calcium concentration (Ccqe+) for the experiments
analyzed. In the experiments varying calcium concentration,
Cca2+ ranges from 10 to 200 mM at fixed total flow rate Qr =
1.2 pL min~ ' and Cyje = 0.1 mg mL ™. In the experiments varying
the gel concentration, Cge, Qr is fixed at Qr = 6 pL min~ . In
these, Cajy ranges from 0.02 mg mL™" to 0.2 mg mL™ ", keeping
the calcium crosslinking ratio fixed at Ccg2+ = 1000 mM per Cyjg =
1 mg mL . In varying Qr, the same crosslinking ratio is used,
with Cyjg = 0.1 mg mL ™" and Cger = 100 mM, while Qr ranges
from 1.2 to 12 uL min~'. For all conditions in Table 1, the
concentration of sodium is proportional to the concentration of
alginate or calcium, respectively. We find that sodium chloride is
a necessary component in the gel deposition and ablation
process, as described in ESI,f Fig. S1. Table 1 also indicates
the total number of deposition/ablation events recorded and the
total duration of each flow test. The exploration of the flow phase
diagram, in Fig. 4a, represents many more experiments within
the limits of alginate concentration between Cyjy = 0.02 mg mL™"
and 10 mg mL " and calcium concentration between Cgg+ = 0.5
and 1000 mM, all obtained at Qp = 1.2 pL min™ ",

Table1 Experimental conditions explored in Fig. 3, including the number
of deposition/ablation events recorded and the duration of each flow test

Qr Caig Ccaz+ Number Total
(UL min™") (mg mL ™) (mM) of events duration (s)
Varying Ccue+

1.2 0.1 10 45 20450
1.2 0.1 20 53 9900
1.2 0.1 100 118 7400
1.2 0.1 200 18 900
Varying Cgel

6.0 0.02 20 20 14200
6.0 0.05 50 19 2250
6.0 0.1 100 17 700
6.0 0.2 200 54 1000
Varying Qr

1.2 0.1 100 38 875
2.4 0.1 100 34 1400
6.0 0.1 100 59 1200
12 0.1 100 149 3250
1860 | Soft Matter, 2024, 20, 1858-1868
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2.2 Microfluidic device

The microfluidic device design used in these experiments
consists of two inlets meeting at a Y-shaped intersection
(Fig. 1a). Inlet channels, 40 pm wide and 6 mm long meet at
a 60° angle. The outlet channel is also 40 pm wide, but is
longer, at 11 mm. All channels are 30 um high. Soft lithography
is used to manufacture these devices according to standard
methods®” with one variation. Rather than core an opening in
the PDMS to insert outlet tubing in an outlet well, the final
millimeter of the outlet channel is cut to allow the effluent to
discharge directly from the channel onto the glass slide. This is
done to prevent the build-up of alginate gel in the outlet well.

Experimental conditions are repeated in several different
devices to ensure that the results are reproducible. Flow
dynamics results obtained using different experimental condi-
tions vary much more widely than the device-to-device variation
at constant experimental conditions (ESL,t Fig. S2 and S3).

To test the dependence of alginate deposition on surface
chemistry of the devices, we prepare several devices with
varying surface chemistry. To verify that the same alginate
deposition occurs on PDMS as well as glass, some devices are
prepared with PDMS-coated glass slides. The same 8:1 PDMS:
curing agent mixture is degassed and poured onto clean glass
slides to a depth of 4 mm. These are then used in the same
manner as uncoated glass slides. The difference in experi-
mental results between PDMS coated and uncoated glass slides
is within the variance seen from device-to-device (ESI,t Fig. S4).
In other tests, PDMS devices are prepared, treated with plasma,
and bonded to glass slides in the usual way before surface
modification (ESI,T Fig. S5). Before beginning flow tests, these
devices are flushed with chemical treatments to adjust the
degree of hydrophobicity of the PDMS and glass surfaces. We
use polyvinyl alcohol (PVA) to make the surfaces hydrophilic.”®
Commercial glass treatment Aquapel makes the surfaces
hydrophobic.*

2.3 Characterizing devices

To ensure each device is working properly, and to characterize
its hydraulic diameter before flow tests, we vary the driving
pressure AP from 0 to 2000 mbar through each inlet simulta-
neously, using pure DI water. The measured flow rate increases
linearly with driving pressure, indicating Poiseuille flow. The
hydraulic radius of the devices is calculated accordingly using

AP 8

i )
where L is the device length, u is the viscosity of the fluid, Q is
the flow rate, and R is the hydraulic radius of the channel. The
hydraulic radii of the devices is ~19 pm. The hydraulic radius
measured after experiments is within 1% of that measured
before the experiment. This observation confirms that alginate
gels do not irreversibly deform the channels.

2.4 Flow tests

A pressure controller (Fluigent LU-FEZ) with an attached flow-
rate meter is used control flow rates for the experiments. Each

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Intermittent gel deposition/ablation occurs when calcium crosslinks alginate in flow. (a) Device schematic: two inlet channels, 6 mm in length,
meet in a Y-shaped junction at an angle of 60°. All channels are 40 um wide and ~ 30 pm tall. (b) Measurements of AP(t) at fixed flow rate reveal repeated
increases in pressure. Each individual event starts at AP = AP at time tjo (triangles), and ends at AP = APay, (circles). The data trace is gathered at Cag =
0.1mgmL™Y Ceaze = 100 MM and Qr = 12 ul min~™. (c) The sum of the brightness (/(t)) in the first 500 um of the channel, collected at 1 Hz, reveals peaks
which coincide with the peaks in pressure AP(t) in (b). (d) The deposition/ablation pattern repeats as long as flow continues, as demonstrated by nearly
two hours of flow collected at Cag = 0.1 mg mL™, Cca2+ = 100 mM and Qt = 6.0 pL min~?. (e) Phase contrast microscopy image of a channel with
alginate deposit present immediately before ablation at 168 s. The image captures the first 1 mm in length of the channel immediately downstream of the

Y-shaped junction, which appears on the left. The image corresponds to the data shown in (b) and (c).

inlet tubing is flushed with the desired solution before the
tubing is connected to the microfluidic device. Driving pressure
AP is recorded every 100 ms for the duration of each experi-
ment, which last typically at least 15 minutes but in some cases
as long as nearly 6 hours (Table 1). AP can be measured to a
maximum of 2000 mbar, with a resolution of 1 mbar. The
response time of the pressure controller is 2 seconds.

Flow rate is controlled independently for each of the two
inlet streams. The flow rate ratio of alginate and calcium
channels is held constant at 4: 1. The flow rates Q are typically
0.96 pL min~" and 0.24 pL min~" for alginate and calcium
streams, respectively. However, the variable flow rate studies
are obtained with Q varying from 0.96 pL min~" to 9.6 pL min "
for the alginate stream. We refer to the condition with Q =
0.96 uL min~ " for alginate and 0.24 puL min~" for calcium in
terms of the total flow rate, Oy = 1.2 pL min~ .

Despite the variation in driving pressure due to the build-up
of gel, Qr remains constant. Although AP can increase by up to
a factor of 3.5 over periods of several hundred seconds, Qr
increases only slightly due to hysteresis upon gel ablation (ESL,
Fig. S6). In these instances of ablation, Qr increases by less than
50% for a period of a few seconds before returning to baseline.

2.5 Microscopy

We record gel deposition, clog formation and ablation using an
inverted microscope (Leica DMi8) at 10x magnification in phase
contrast mode. Images collected from several different devices
and over different conditions show that the gelation looks approxi-
mately the same, even despite differences in the smoothness of

This journal is © The Royal Society of Chemistry 2024

the channel wall (ESLt Fig. S7). Two videos of flow through the
first 1.2 mm of the channel beyond the junction with simulta-
neous measurement of AP can be found in the ESL} One video
represents 5 minutes of footage, sped up by a factor of 5. The other
shows the first minute of the same footage in real time, capturing
a single deposition and ablation event, with annotations added to
describe the process. The location of the sidewalls of the channel
remains fixed during the duration of the flow test, despite
deposition and ablation events, suggesting that the presence of
alginate gel does not lead to deformation of the PDMS device.

In phase contrast mode, gelation and deposition appear as
darker regions in the raw microscopy images, allowing us to use
intensity measurements as a proxy for the occurrence of gela-
tion and deposition. To correlate video footage with AP(¢), we
first subtract the clean channel background from each frame.
The numerical value of each pixel is summed to determine an
overall brightness (I). Due to the background subtraction,
bright regions correspond to gel deposits. We measure I in
the first 500 pL of the channel for each frame of the video found
in the ESIL.¥ AP(¢) and I(t) are shown in Fig. 1b and c.

In a subset of flow test experiments, 200 nm diameter green
fluorescent polystyrene particles (Molecular Probes F8888) are
added to the alginate stream at 0.001% weight fraction. This
assists visualization of the otherwise nearly transparent gels. At
the end of these flow tests, ~10 rods are carefully collected
from the outlet of the device using a pipette, and then placed in
a solution of 100 mM calcium chloride within a 96-well plate for
imaging. Fluorescent images are then captured at 20x magni-
fication and shown in Fig. 2.

Soft Matter, 2024, 20, 1858-1868 | 1861
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Fig. 2 Upon ablation from the wall, the resulting gel maintains the shape in which it was formed, resulting in the elution of micro-rods 30 um in width
and several hundred pm long. Micro-rods in this image are produced from flow tests run at Cag = 0.1 mg mLtand Cca2+ = 100 mM and a 1:1 flow rate
ratio, Qug = Qcaz+ = 2 uL min~t. Fluorescent 200 nm diameter polystyrene nanoparticles added to the alginate inlet stream become embedded in the

rods to facilitate imaging. The 100 pm scale bar refers to all 8 images.

3 Experimental results
3.1 Gel deposits and ablates intermittently

Mixing an alginate stream with a calcium stream at constant Qr
in a microfluidic Y-junction results in one of several phenom-
ena. In the absence of calcium, alginate flows through the
micro-channel without clogging, even at concentrations as high
as Caig = 10 mg mL™". At high concentrations of alginate and
calcium, the system clogs irreversibly. In between these two
extremes of flow and clogging, an interesting intermittent flow
behavior emerges. Fig. 1b shows AP(t) during this intermittent
flow. The system demonstrates periodic behavior where, start-
ing at ¢, and a baseline AP, (triangles), the pressure begins to
increase. AP then reaches a maximum (circles), followed by an
abrupt drop in pressure back to AP,. The cycle then continues,
with increases in AP(¢) reaching a relatively constant maximum
value before falling back to the baseline AP,.

video 1 (ESIt) shows the synchronized microscopy and
pressure trace data of a deposition/ablation event in real time
with descriptive annotations. A phase contrast microscopy video
of the first 1.2 mm of the channel after the junction is shown on
the top. Alginate flows in through the channel at the top of the
image, at Cay = 0.1 mg mL %, while the calcium solution flows in
from the channel at the bottom of the image, at Cga2+ = 100 mM.
Fluid flows from left to right in the frame; Qp = 12.0 uL min %,
and the linear velocity of the fluid is 20 mm s~ . The trace of the
driving pressure is shown below the microscopy video, plotted as
a dashed line and corresponding to the pressure trace seen in
Fig. 1b.

Video 1 begins with a clean channel following an ablation event.
Immediately, gel begins to deposit on the channel wall, starting at
the junction where the streams meet. The gel deposit continues to
grow for 39 s, as evidenced by the darkening of the channel.
Concurrently, the driving pressure increases to maintain a constant
flow rate. Ablation occurs at 0:39, and the driving pressure returns

1862 | Soft Matter, 2024, 20, 1858-1868

to baseline within 5 s. A slight transverse motion of the gel starts
just before 10 s, in which the gel moves ~10 pm in a few seconds.
It is worth noting that this transverse displacement occurs at a rate
much slower than the linear velocity of the fluid. The annotated
video documents approximately the first minute of Fig. 1b in real
time. A second video file, Video 2 (ESIY), is also one minute long: it
shows the microscopy and corresponding pressure trace seen in
Fig. 1b in its entirety, sped up by a factor of 5.

The microscopy reveals that alginate crosslinked by calcium
forms a gel which occludes the channel simultaneously with an
increase in driving pressure. Fig. 1(e) shows a phase contrast
image of the first 1 mm of the channel downstream of the
junction, obtained at ¢ ~ 168 s in Fig. 1b, inverted and with the
background subtracted. In the inverted image, the gelled and
deposited alginate appears as bright regions within the chan-
nel. Increases in the summed intensity of the inverted image,
I(¢), therefore suggest an increase in gel deposition. Fig. 1c
shows I(t) of the first 500 um of the image over the five minute
portion of the flow test.

Analysis of Video 2 shows that the change in brightness in
the 500 pm after the junction, I in Fig. 1c, correlates very well
with AP (Fig. 1b). Thus, the required driving pressure increases
to maintain a constant flow rate as the gel occludes the
channel. Also due to constant flow rate, occlusion causes an
increase in the fluid velocity and, therefore, the viscous shear
stress on the wall. At a certain level of occlusion, shear stress
pulls the clog from the wall and flushes it out of the device,
returning the driving pressure to baseline. For this reason we
refer to peaks in AP as AP,y,;, the magnitude of which reflects
the degree of occlusion. The gel then builds again, and,
remarkably, the process repeats for up to hundreds of gel
deposition/ablation events over several hours (Fig. 1d).

Close investigation of the microscopy imaging and simulta-
neous pressure traces reveals several interesting features of the
deposition/ablation process. Comparison of the pressure

This journal is © The Royal Society of Chemistry 2024
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measurements with microscopy suggests that the deposition
occurs both at and immediately downstream of the junction
between the alginate and calcium streams. During alginate
deposition, the alginate gel deposits and grows on the channel
wall in the first 500-1000 pum after the junction, as seen in
Fig. 1e. While AP accounts for deposition anywhere in the
channel, the close correlation between the microscopy and AP
indicates that any deposition activity more than ~1 mm down-
stream of the junction, beyond the field of view of the micro-
scope image, has little effect on AP. Further microscopic
investigation using z-stack microscopy suggests that the alginate
gel deposits on all surfaces within the channel (ESILi Fig. S8).
Coating the glass slide with PDMS reveals that deposition occurs on
the PDMS (ESL Fig. S4). Further, varying the device orientation
with respect to gravity does not change the clogging pattern (ESL
Fig. S9). This confirms that gel attachment on the wall of the device
occurs independently of gravity and suggests that the build-up of
gel happens by the diffusion of the crosslinked polymer to the
surface of the growing gel layer on all sides.*

Within the deposition and ablation events, an additional phe-
nomenon of partial ablation events sometimes occurs, with signa-
tures in both AP(f) and microscopy video imaging. A partial
ablation event occurs when material downstream from the junction
is removed from the device separately from the main clog. One of
these events occurs at ¢ = 116 s in Fig. 1b, which corresponds to
0:22-0:23 in Video 2. A portion of deposited gel, downstream of the
main deposit, breaks off of the channel wall and is eluted from the
device. This partial removal results in a small dip in AP(¢) for ~1 s
(~5 s in real time). Then, the gel deposit continues to grow and
obstruct the channel, requiring higher driving pressures. The
magnitude of this dip is very small in comparison to the overall
pressure increase, 5 mbar versus 200 mbar in Fig. 1b. Additionally,
partial ablation events frequently occur at the same point within a
particular channel, suggesting that variations in channel geometry
and gel attachment may also play a role. At the same time, channel
wall roughness is not required for gel deposition (ESLT Fig. S7).
This result is similar to deposition seen in other contexts, like
colloidal deposition inside smooth metal pipes.***"

3.2 Ablated gel maintains shape of formation

Upon ablation from the channel walls, the formed alginate gel
maintains its shape as it leaves the device. Fig. 2 shows
microscopic images of gels eluted during flow tests performed
at chemical conditions of Cu, = 0.1 mg mL ' and Cgp2+ =
100 mM and a 1:1 flow rate ratio, Qaig = Qcaz+ = 2 pL min™".
After elution and collection, which includes removal from the
end of the channel by pipette, the gel rods maintain their shape
as formed in the channel. The eight rods in Fig. 2 vary in length
between 400 and 900 pm, with an average length of 650 pm.
Their width is ~30 um, giving them an average aspect ratio of
22:1. The rods are stable in a 100 mM calcium chloride
solution for at least several weeks: they neither aggregate,
disintegrate, nor change shape. They even maintain their shape
upon pipetting to remove them from the channel exit. At this
chemical composition, similar gels form at all other flow rate
ratios investigated (see ESI,f Fig. S10). However, rods are
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formed most reliably during flow tests in which the intermit-
tency behavior is slowest. As ablation frequency increases, the
resulting rods become shorter and more globular.

3.3 Calcium, alginate and flow rate control the intermittency

We next investigate our control over the deposition/ablation
phenomena by adjusting the experimental parameters. We vary
the concentration of calcium crosslinker, Cc,2+, at fixed concen-
tration of alginate C,j,. We next vary the total gel concentration,
Cgel, which is equal to Ca; at a fixed ratio of the calcium
crosslinker. Then we vary the flow rates Qr. These variations are
captured in each of the three sections of Table 1.

Increasing the concentration of the crosslinking agent
(Ccaz+) results in decreases to both the degree of clog occlusion
and time of formation, as observed through AP(t). Fig. 3a shows
AP(¢) for calcium concentrations between 10 and 200 mM. The
traces in Fig. 3a are truncated at 350 s to better display a
comparison between the conditions. However, each flow test
runs for between ~ 1000-20 000 s total, with between ~20-120
peaks in each pressure trace, as indicated in Table 1. Increasing
Cca2+ only slightly decreases the size of features in AP. At Cg,2+ =
10 mM, the average difference in driving pressure between
baseline and clog ablation (AP, — AP,p) is 311 £+ 108 mbar,
while at Cg,2+ = 200 mM, the average is 194 + 183 mbar. These
peak sizes represent a factor of ~2-3 increase over the baseline
driving pressure, AP, ~ 100 mbar. Much more dramatic is the
change in ablation frequency, as measured by the inverse of the
peak-to-peak time difference between ablation events. Within
the 350 seconds shown in Fig. 3a, the Cc,2+ = 200 mM condition
exhibits 10 deposition/ablation events while the 10 mM condi-
tion has only 1 event. Consequently, the frequency of ablation
(/) is much lower as C¢,2+ decreases. At Cca2+ =10 mM, f=0.19 +
0.06 min~', while at 200 mM calcium, f= 7.62 + 3.26 min",
with error bars determined by the number of events given in
Table 1. The increase of fwith Cc,2+ is seen in Fig. 3b. As Cgae+
increases by a factor of 20, f increases by a factor of ~40.

By varying the concentration of all components proportion-
ally, we isolate the effect of the total concentration of gel (Cgel)-
Fig. 3c shows AP for each Cgc|, which corresponds to Caje. The
average difference in driving pressure between baseline and
clog ablation varies dramatically over an order of magnitude of
Cael- At Cgep = 0.02 mg mL ™", this difference is AP, — AP,y =
310 £ 70 mbar, while at Cge; = 0.2 mg mL ™", this difference is
10 = 4 mbar. Compared to the baseline, AP, ~ 250 mbar,
increasing Cg reduces the peak size from a 125% increase over
AP, to a 2% increase only. The difference in ablation frequency
is similarly dramatic: within the 500 seconds displayed in
Fig. 3c, the Cge; = 0.2 mg mL ™" condition exhibits 23 deposi-
tion/ablation events compared to 1 at 0.02 mg mL". Fig. 3d
shows f(Cgel), confirming that higher concentrations have a
much higher frequency of ablation. At Cge = 0.02 mg mL ™ *, f=
0.13 4 0.01 min ', while at Cge = 0.2 mg mL™*, the frequency is
6.7 + 1.6 min~'. An order of magnitude increase in Cg,, leads to
a 50-fold increase in f.

Investigating Cge; beyond Caje = 0.2 mg mL ' leads to
difficulties in measurement due to the possibility of clogging.
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Fig. 3 Clog size and frequency of ablation is controllable with system parameters. (a), (c) and (e) Select raw pressure traces from experiments varying
calcium Cca2+, total concentration Cge, and total flow rate Q+ respectively. (b), (d) and (f) Frequency histogram of peak pressures for experiments varying
Cca2+, Cgel and Qr, and respectively. The inset in (f) is the frequency normalized by the baseline shear rate which demonstrates that clogs form less
frequently when accounting for flow rate. The box and whisker plots show the median value of a group as horizontal lines. The boxes encompass the first
to the third quartile. The whiskers extend 1.5 times the interquartile range. The experimental conditions for each plot correspond to those shown in

Table 1.

At high concentrations of gel, Cy, > 0.5 mg mL ' and Ccper >
500 mM, the alginate channel clogs either at or directly
upstream of the junction, preventing deposition of material
in the channel downstream of the junction. As the amount of
alginate is reduced from the clogging limit, starting at Cajg =
0.3 mg mL ™" (with Ccpr = 300 mM), the characteristic clog-
ablation pattern is seen.

The total flow rate of the system also impacts clog formation
and the degree of occlusion before ablation. Fig. 3e shows AP at
each Qr. The baseline driving pressure varies linearly according
to Qr, with 1.2 pL min~ ' requiring about 60 mbar and 12 pL
min~" requiring about 600 mbar to maintain a constant Qr in
the absence of any gel occlusion. Interestingly, the difference
between baseline driving pressure (AP,) and that at ablation

1864 | Soft Matter, 2024, 20, 1858-1868

(APap;) does not correlate with Qr, ranging between ~35-95
mbar only, despite the order of magnitude variation in Q. As
seen in Fig. 3, the number of deposition/ablation events in 400
seconds increases slightly with increased Qr, with 9 complete
events at 1.2 pL min~ " and 19 at 12 puL min . This trend holds
across all data gathered, as seen in Fig. 3f. At higher Qr, clogs
reach the point of ablation slightly faster in real-time, although
there is more variance. At 1.2 pL min~', clogs ablate at a
frequency of 2.0 + 0.4 min~ ', while at 12 uL min~", clogs
ablate at a frequency of 5.0 + 1.9 min .

While the absolute difference in driving pressure between
baseline and clog ablation (AP, — AP,) and the frequency of
ablation f do not vary significantly with Qr, it is worth con-
sidering that Qr controls both the baseline driving pressure and

This journal is © The Royal Society of Chemistry 2024
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the baseline wall shear rate. Thus, the normalized pressure at
ablation AP,y /AP, is lower at 12 pL min " than at 1.2 pL min™":
APpL /APy ~ 162% at low flow rate, decreasing to 109% at high
flow rate. Similarly, when the frequency of ablation is normal-
ized by baseline wall shear rate, before ablation, this normal-
ized frequency decreases with Qr. The baseline wall shear rate
is estimated using 7 = 4Q/nR,’, where R, is the measured
hydraulic diameter for a clean device. The inset in Fig. 3f shows
the decrease in f = f/j. The dotted line indicates a power law
dependence f ~ Qr ", where the exponent n = 0.6.

Other parameters also influence intermittent behavior, some
in surprising ways. For instance, without sodium chloride present
in the alginate stream, no deposition is seen (ESL,T Fig. S1). On the
bulk scale, sodium chloride is not necessary to induce alginate
gelation in the presence of calcium.** However, not only is NaCl
required for in-channel deposition, but its effect on deposition
behavior is non-monotonic. As Cnac; increases relative to Cy, the
observed peaks in AP(f) decrease in magnitude, approaching the
baseline condition which occurs in the absence of sodium.
Deposition also depends on surface chemistry. Observed peaks
in AP(¢) are smaller when alginate and calcium mix in a channel
with a hydrophilic coating than in a hydrophobically coated
channel (ESI,T Fig. S5).

3.4 Boundaries of intermittent clogging

This remarkable behavior has limits that manifest as either
flow or complete clogging. The boundaries of intermittent
clogging depends on the concentrations of components and
on flow rate. Fig. 4 shows the conditions at which flow (shaded
blue), intermittent clogging (shaded yellow), and full channel
clogging (shaded red) occur. The data shown in Fig. 4a indicate
results obtained at Qr = 1.2 pL min ™, representing the flow rate
at which the largest number of flow tests are performed. The 31
data points in Fig. 4a each represent at least one flow test, and

include the conditions in Table 1 where Qp = 1.2 puL min™".
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High concentrations of alginate and calcium lead to complete
clogging of the channel. We consider the channel completely
clogged when the pump reaches its maximum driving pressure
of 2000 mbar and flow subsequently stops due to the obstruc-
tion of deposited gel. Most frequently, a complete clog man-
ifests as the driving pressures of both calcium and alginate
channels reach the maximum driving pressure (ESL Fig. S11).
This behavior occurs in the large majority of all flow tests that
fail at high concentrations, regardless of flow rate. In the
remaining few instances however, the clog occurs in the
alginate channel immediately upstream of the junction such
that the calcium channel remains unobstructed and the cal-
cium solution flow continues.

A critical minimum calcium concentration, Cca2+ ~ 1 mM, is
required to drive gelation and deposition, and consequently
determines the region in which clogging and ablation occurs
intermittently. At very low Cca+ (<1 mM), we do not see
significant deposition regardless of C,y, and the flow is unper-
turbed. For instance, the driving pressure remains unchanged
for the duration of an experiment lasting more than 600 s at
conditions Cgp+ = 0.5 mM and Cpy = 1 mg mL™' (ESLT
Fig. S11). As Cca2+ increases, intermittent dynamics appear.
The location of the upper limit on Cc,2+, i.e. where clogging
occurs, depends on the alginate concentration. At high Cyjg, a
narrow range of Cc,a+ gives rise to intermittent behavior. As Cye
decreases, the range of Cg,2+ which gives rise to intermittent
behavior increases in size. For example, at Cug = 1 mg mL™ ",
the channel completely clogs at Cca2+ = 50 mM, while at Cy, =
0.02 mg mL™}, even Cga2- = 5000 mM does not clog the channel
but instead results in intermittent behavior.

Interestingly, higher Qr than that shown in Fig. 4a may
extend the range of intermittency. We observe intermittent
behavior at Cag = 10 mg mL™ ', Ccae+ = 20 mM when Qy is
increased to Qr = 6 uL min " (ESI,t Fig. $12). This same
composition, Cajg = 10 mg mL ™" and Cgger = 20 mM, lies well

1/Ceye

1/ C‘l/g 0'\

(a) The different dynamic regimes mapped on a Cag/Cca2+ phase space. The background color corresponds to either the clogging regime (red),

the flow regime with no deposition (blue), or intermittent deposition/ablation regime (yellow). The frequency of ablation at each point within the
intermittent clogging regime is color coded on a log scale as per the legend. (b) By inverting the phase diagram from (a) the axes describe an analogy to
the colloidal jamming phase diagram. The solid line shows the boundary between clogging and intermittency described in (a), in which data was obtained
at constant flow rate Q. This boundary between clogging and intermittent flow qualitatively matches the boundary between the fluid and jammed
phases of attractive colloids.?® The dark gray shaded surface separates the clogging phase, located close to the axes and origin, from the intermittent flow

phase. The dotted and dashed lines complete the analogy.

This journal is © The Royal Society of Chemistry 2024

Soft Matter, 2024, 20, 1858-1868 | 1865


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01389h

Open Access Article. Published on 31 January 2024. Downloaded on 5/1/2024 7:09:49 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

within the red, clogging regime in Fig. 4a, obtained at Qr = 1.2
puL min .

Exploration of the flow phase diagram more fully reveals the
dependence of deposition/ablation frequency on system para-
meters. The color bar in Fig. 4a references the frequency of clog
ablation at different conditions, with the color map shown on a
log scale. As Cc,2+ increases at a constant Cajg, moving vertically
upward in the diagram, the frequency of ablation increases
proportionally. Fig. 4a shows this increase at three different
constant values of Cyj,, while Fig. 3(b) provides the details for
Caig = 0.1 mg mL™". Furthermore, increasing calcium at a fixed
Caig essentially increases the crosslink density. Thus we sum-
marize this effect as f ~ n, where n is crosslink density. Holding
Ccq2+ constant, however, and increasing Cyjg, has little to no
effect on f: Fig. 4a shows that color does not change signifi-
cantly along horizontal lines until approaching the clogging
boundary. Experimental conditions in Fig. 4a obtained along a
line of slope 1, where Cca2r ~ Cajg, correspond to constant
crosslink density n. Increasing both Ccaer and Caje simulta-
neously increases Cge, leading to an increase in f. Fig. 3d shows
that this increase can be described by f ~ Cge>. While all data
shown in Fig. 4a occur at the same Qr = 1.2 uL min~', Fig. 3f
and its inset indicate the behavior of f as a function of Q.
While f does not depend strongly on Qr, f normalized by the
baseline shear rate, f/y, decreases with Qr. This decrease is
described by f/7 ~ Q~%°. Combining all of these observation
results in an empirical relationship between f and system
control parameters. We speculate that:

(2)

where the constant k, in a manner somewhat analogous to a
reaction rate constant, has the appropriate dimensions to non-
dimensionalize the right hand side.

The production of eluted microgels is also controlled by the
same system parameters that control the intermittent dynamics.
Micro-rod formation happens throughout the region of inter-
mittency. Rod shaped particles, such as the micro-rods found in
Fig. 2, are most reliably formed in regions of the phase diagram
where ablation frequency is slowest. As ablation frequency
increases, the resulting rods become shorter and more globular.

3.5 Analogy to colloidal jamming

Intriguingly, the clogging behavior of this crosslinked polymer
system may have analogies with colloidal jamming. In attractive
colloidal systems, the transition between a liquid and jammed or
glassy state is controlled by particle volume fraction ¢, interparticle
interaction strength U compared to thermal energy kg7, and the
amount of stress applied to the system ¢.>'>* The phase diagram
describing the jamming transition is most often plotted in these
three dimensions, on dimensionless axes kg7/U, 1/¢ and ¢/a,,, where
0y is related to the yield stress of the material. Systems near the
origin of this plot are “jammed” and behave as solids, while systems
far from the origin are liquid. The details of the location and shape
of the transitions between jammed, solid-like systems and un-
jammed, liquid systems vary based on the materials involved.
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We observe that the dynamics of our crosslinking polymer
system behave analogously to the thermodynamic phases of
liquid and jammed colloids. That is, flow and intermittent flow
represent dynamics of a fluid phase, while clogging is analogous
to jamming. To demonstrate this, we invert the axes of Fig. 4a in
Fig. 4b. Where the jamming phase diagram uses colloid concen-
tration (1/¢), this system uses alginate concentration (1/Cajg).
Where the jamming phase diagram uses energy of interparticle
interaction (kg7/U), the corresponding variable in this system is
the concentration of calcium (1/Cc,2+), the means by which
alginate molecules are attracted, or crosslinked, to one another.
With the flow phase diagram in Fig. 4a inverted in this way, both
flow and intermittent flow appear far from the origin. We note
that the region in the plot where 1/Ccq2r — 00 and 1/Cyg — 0
falls beyond the limits of Fig. 4a and represents highly concen-
trated, uncrosslinked polymer solutions, which may clog for
reasons beyond gelation, including pump failure. The boundary
between intermittency and clogging is represented by the solid
line. Notably, the solid line matches qualitatively the boundary
between jammed colloids, near the origin, and the fluid phase.*?

The third axis in Fig. 4b, Qr, is analogous to g/g,, but does not
appear in Fig. 4a. However, measurements at different flow rates
show that concentrations which lead to clogging at Qr =
1.2 uL min~", as shown in Fig. 4a, do not clog when the flow rate
is increased. One example of this is shown in ESL Fig. S12, for
Caig =10 mg mL ™" and Cg,e+ = 20 mM flowing at Qp = 6.0 pL min ™.
Thus, higher flow rates expand the range of concentrations which
do not clog. As such, data points within the red region at low Qr
move to the yellow region as Qr increases. We indicate this by the
dashed lines on the two planes defined by Qr. Again, the shape of
the boundary between flow and clogging qualitatively matches the
thermodynamics defining colloidal liquids and jammed solids.

The jamming phase diagram provides a useful framework and
set of parameters to map clogging, intermittency, and flow in
crosslinking alginate. However, the analogy between flow
dynamics and thermodynamics is not complete. In particular,
the region of intermittent flow has no analog in the colloidal
phases. Still, borrowing this conceptual framework may provide
useful insights when examining other crosslinking polymers in
flow. Alternate axes could incorporate channel geometry, to
inform bioprinting applications, in which nozzles are usually
symmetric and co-axial.**** Further nuance and complexity could
be incorporated by investigating crosslinking reaction rates. Reac-
tion rates become very important in biomedical contexts, as in the
growth and ablation of blood clots in thromboembolism.**** Clot
formation represents an enzyme catalyzed reaction in which
thrombin both catalyzes fibrinogen polymerization and crosslinks
the resulting fibrin polymers into a fibrin mat.>® Interestingly, a
range of physiologically relevant wall shear rates and stresses
overlap with the range observed in our experiments.***!

4 Discussion and outlook

Our results demonstrate that simple polymeric solutions of
alginate crosslinked by calcium give rise to various and rich

This journal is © The Royal Society of Chemistry 2024
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dynamics when crosslinking occurs in microchannel flow: no
clogging, complete clogging, and controllable persistently
intermittent deposition/ablation. Our investigation suggests
that both flow behavior and ablation frequency depend on
chemical compositions and flow rates, and exhibit several
interesting features that are worthy of additional discussion.

Some surprising results occur when nearing the boundaries
between the flow regimes. Most strikingly, within the intermit-
tent clogging regime, the clogs grow to the largest extent near
the boundary with unimpeded flow, as suggested by the largest
values of AP — AP,, when the component concentrations are
lowest. These conditions are farthest removed from the com-
plete clogging regime. In contrast, the smallest intermittent
clogs occur at higher component concentrations, closer to the
boundaries of complete clogging. This seeming contradiction
may be explained by the faster ablation frequency occurring at
these higher concentrations.

The intermittent dynamics may also reveal material proper-
ties of the gel and its interaction with the channel walls. The
frequency of ablation is presumably determined by a balance of
adhesion forces and viscous shear forces, y}. Increases in AP at
constant Qr suggest increasing local velocity and thus increasing
shear forces. While alginate solution viscosity ¢ depends on
alginate concentration, intermittent deposition/ablation beha-
vior occurs at lower alginate concentrations in which the viscos-
ity is similar to water. Therefore, the shear forces in the
intermittent regime vary due to the shear rate rather than
changes in viscosity, and accordingly with the velocity gradient
within the cross-section of the channel. Using the measured
peaks in AP, eqn (1) can be used to estimate the degree of radial
occlusion of the channel and thus the increase in local shear rate
7. In this way we estimate that the shear stresses at peak
pressure, or the ablation stresses, are on the order of 1-10 Pa.
Based on the relative increases in driving pressure, as seen in
Fig. 3a and c, gels formed in lower concentration conditions
experience more shear stress before ablation than those formed
in the higher concentration conditions.*°

From the above, it stands to reason that gels formed in lower
concentration solutions may adhere more strongly to the
channel walls. Furthermore, bulk rheology suggests that gels
at low polymer concentration or low crosslinking concentration
are weaker than more concentrated gels.***> This may explain
the larger increases in AP found at low Cyj; and low Ccg2+: the
viscous shear forces of the fluid passing by the deposited gel
can deform the gel easily without pulling it from the wall. This
understanding may be further developed by measuring the
rheological properties of the gels in situ. In situ rheological
characterization of the gel would also reveal its mechanical
response in flow, as bulk rheology methods are not sufficient to
distinguish the dilute gel from water.

The shape of the pressure traces in Fig. 3 suggest that
alginate deposition occurs faster with high concentration solu-
tions than at low concentrations. That is, the slope of AP(¢)
during deposition is steeper for higher concentration condi-
tions. Further, fitting AP(t) to a diffusively driven deposition
model allows estimation of deposition efficiency as a function

This journal is © The Royal Society of Chemistry 2024
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of system parameters.”® A larger percentage of the flowing
alginate gel deposits at higher concentrations of components.
However, deposition is less efficient at low concentrations.
Because high component concentrations are associated with
stiffer gels, it follows that stiffer gels deposit more efficiently.

Another intriguing feature of the intermittent flow regime is
the production of micro-rods. Nearly all published methods of
manufacturing or fabricating hydrogel micro-particles via micro-
fluidics use two phases, typically a water-in-oil emulsion.*® In
these, the oil phase serves as a suspending fluid to create
monodisperse droplets or to control the location and rate of
crosslinking. Premature crosslinking often causes clogging and
device failure, and thus is avoided in these contexts.** By
contrast, we have identified a scheme where clogging is con-
trollable without an oil phase, so that the resulting micro-rods
are produced using only the aqueous phase. This single-phase
procedure greatly simplifies the washing and separation of
particles after production. The rods are stable in solution and
sufficiently robust to maintain their shape upon pipetting. The
diversity of chemical and physical conditions, represented in the
intermittent region of the flow phase diagram, may allow for
tuning both the size and stiffness of the gel rods, which are
important features in many applications.*> The rods maintain
their shape after ablation, with widths equal to the channel
width. This suggests channel geometry dictates their width.
Additionally, there is potential to tune the stiffness of the
micro-rods by preparing them at different reaction conditions.
Further characterization of gels in all areas of the flow phase
diagram could describe this tunability.

5 Conclusion

We find an interesting pattern of deposition and ablation
occurring when flowing alginate and calcium solutions at
constant flow rates through microfluidic channels meeting in
a Y-shaped junction. The alignment between pressure measure-
ments and microscopy demonstrates that the gel deposit grows
to occlude the channel and thus necessitates an increase in
driving pressure to maintain the constant flow rate. This
growth continues until shear stress pulls the gel off the wall,
resulting in the ablation of the gel. The ablated gel maintains
its shape to form stable rod structures several hundred microns
long and 30 microns wide, the same width as the channel. Gel
deposition and ablation happen with a regular frequency. We
further find that we can control both the extent of the deposi-
tion and the frequency of ablation events by varying flow rate,
the degree of crosslinking, and the concentration of gel.
Interestingly, the conditions which give rise to faster abla-
tion frequencies occur closer to the clogging regime, while slow
frequency conditions occur closer to the flow regime. The
novelty of the phenomenon we have discovered with such a
simple system reveals that the behavior of crosslinking polymer
solutions flowing through small channels exhibits rich and
complicated dynamics. The boundaries between the dynamic
regions of flow, clogging and intermittency find a useful and
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powerful analogy in the phase diagram describing colloidal
jamming. Further exploration of these dynamics, along with
investigations of the material properties of the deposited and
eluted gel, can be used to exploit similarities to a variety of real-
world situations in which polymeric clogging plays a vital role.
Ultimately, these results open up numerous directions for
future studies. Quantifying the limits on polymeric clogging
behavior represents the first step toward designing tools to
predict, diagnose, and even reverse such clogging.
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1 Intermittent dynamics require alginate, calcium and sodium
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Figure 1: Both sodium and calcium are required to crosslink alginate in flow. (a) The four traces represent pressure traces
with combinations of sodium and calcium ions, with C'yac; = Coe2+ = 0 mM in blue, Cnoc; = 2.5mM and Cpu2+ = 0mM
in orange, Cnqcr = 0 mM and Cg,2+ = 100 mM in green, and Cyec; = 2.5mM and Cgu2+ = 100 mM in red. Only
the red trace, in which the system contains both ions, exhibits regular peaks in AP(t). These flow tests are conducted at
Q1 = 2.4puL/min.(b) While sodium chloride is necessary for clogging to occur, the magnitude of the pressure peaks decreases
with increases in sodium chloride. The y-axis is on a log scale to emphasize the difference between 0 and 50mM sodium
chloride. Data is collected at C4;4= 0.1mg/mL, Ccy2+ = 100 mM, Q7 = 1.2uL/min.

Even though alginate forms a gel in quiescence simply with the addition of calcium, we find that the intermittent gelation,
deposition and ablation in flow also requires sodium chloride, as seen in Fig. 1. Fig. 1a shows the AP(t) behavior that results
from mixing the alginate stream with an aqueous stream using different combinations of salts. The aqueous stream contains
either no salt, sodium chloride only, CaCls only, or both sodium chloride and CaCl,. Each of these 4 conditions is shown in
Fig. 2a. When calcium is absent, alginate does not gel. AP(t) remains constant when alginate mixes with water either with
or without added sodium chloride, as seen in the blue (Cyqacr = 0 mM) and orange (Cnqaor = 2.5 mM) data traces. Adding
calcium in the absence of sodium chloride results in small, high frequency pressure peaks, as shown in green (Cgu2+ = 100 mM
and Cyqc; = 0 mM). These peaks correspond to small depositions that rapidly clear. While observable under the microscope,
these small deposits do not significantly impede flow. Rather, they cause fluctuations in driving pressure of <5mbar which
occur around every 5s, a time scale which approaches the 2s response time of the pump. Significant deposition and intermittent
clogging emerges only when sodium chloride is added, even in small quantities, as seen in the red trace, with Cg,2+ = 100
mM and Cygcor = 2.5 mM.

Interestingly, the effect of additional sodium ions is non-monotonic, as seen in Fig. 1. All four traces represent flow tests
with Cge2+ = 100 mM and varying concentrations of sodium chloride. Little deposition is seen without sodium chloride,
shown in the blue trace, which corresponds to the green trace in Fig. 2a. Small amounts of sodium chloride, Cnqc1 = 1
mM, lead to significant deposition and occlusion of the channel, seen in red, but without much regularity to the ablation
behavior. An increased uniformity of the deposition/ablation behavior emerges at slightly higher concentrations of sodium



chloride, and at somewhat lower levels of occlusion, as inferred from the smaller increase in pressure drop required before
the clog ablates. Further increasing the sodium chloride concentration results in even smaller features in A P, more similar
in scale to the features present in the absence of sodium chloride.

It is worth noting that the sodium chloride must be present in the alginate stream to obtain the behaviors seen in the
red trace in Fig. 1, and the orange, green and red traces in Fig. 1b. Adding sodium to the calcium stream alone does
not produce significant deposition. However, the calcium stream does not require sodium chloride for there to be significant
deposition. To reduce differences between the two inlet streams while exploring dependence of intermittency on Cy4;4 and
Ccq2+, & proportional concentration of sodium chloride is included in both solutions for all experimental conditions listed in
Table 1, namely a ratio of Cnqecr = 2.5mM to Ca;q = 0.1mg/mL.

The necessary requirement of sodium to enable intermittent alginate gel deposition suggests that sodium counterion
interaction with alginate polymers plays an important role in the formation of the gel. Positively charged sodium ions act
as counterions for the negatively charged alginate polymer. In bulk alginate gels, sodium counterion binding to alginate
polymers reduces the electrostatic repulsion between negatively charged alginate polymers, allowing for greater flexibility in
the polymer chain and faster gelation kinetics [1, 2]. The non-monotonic effect of sodium seen in Fig. 1b shows that excess
sodium reduces both the extent of deposition and frequency of ablation in flowing alginate. A small degree of counterion
binding to alginate may enable gelation in flow and thus, facilitate deposition. At the same time, sodium chloride also
weakens alginate gels, which may correlate with the decreasing size of the pressure peaks as sodium concentration increases
2, 3].

2 Reproducibility across different devices

Replicate channels with the same design exhibit slightly different deposition/ablation behavior in flow tests done at constant
conditions. SI Fig. 2 compares the dynamics of C4;4 = 0.1mg/mL mixed with Cg,2+ = 100 mM flowed at Q7 = 1.2uL/min
through six different devices. The plot shows the size of the pressure peak at ablation AP — AP, as a function of the
peak-to-peak time interval At. Each data point represents a single ablation event. The build up of alginate as measured by
the change in driving pressure vs. the time to ablation is fairly consistent in each device. There is significant overlap in the
data obtained from Device 4 (red) and 5 (purple) and in the data obtained from Device 3 (green) and 6 (brown). Despite the
apparent differences in the data obtained from Device 1 (blue) and 2 (orange), this degree of variation does not approach the
differences observed at different flow conditions. When considering all six devices, the absolute difference in driving pressure
ranges from ~10-350 mbar, and the time to ablation varies from ~35-120s.

Importantly, there is a much greater degree of variation between flow tests using different reaction conditions than that
observed between flow tests at the same conditions obtained from different devices. SI Fig. 3 shows the same scatter plot
of AP — AP, vs. At for four different calcium concentrations when C4;4 = 0.1mg/mL. The data from all six devices shown
in SI Fig. 2 are all shown in green in SI Fig 3. The comparison with different calcium concentrations clearly shows that
different reaction conditions result in separate populations of ablation events.
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Figure 2: Device-to-device variation: The difference between the driving pressure at the point of greatest occlusion baseline
pressure is plotted as a function of the time interval between ablation events. Each data point represents a single ablation
event. Each color represents a separate device of the same design. Comparison of results from six different devices shows that
replicate devices result in slightly different deposition/ablation patterns. Data is taken at C4;y = 0.1mg/mL, Cg,2+ = 100
mM, Qr = 1.2uL/min.
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Figure 3: Variation between reaction conditions: The difference between the driving pressure at the point of greatest occlusion
baseline pressure is plotted as a function of the time interval between ablation events. Four different calcium concentrations
are shown, with fixed C4;y = 0.1mg/mL and Q7 = 1.2uL/min. All data from SI Fig. 2 are plotted in green. The difference
between conditions is larger than the difference between devices.

3 Surface chemistry of the microfluidic channels

As part of the effort to understand how and where alginate deposits on the walls of the channel, PDMS-based Y-shaped
microfluidic devices are prepared on glass slides and on slides coated with a thin layer of PDMS. A comparison of the
two reveals very similar behaviors. Fig. 4 shows the behavior AP(¢) for flow through a PDMS device adhered to glass as
compared to flow through a PDMS device adhered to PDMS-coated glass. The flow conditions are the same in both cases:
Caig = 0.1lmg/mL and Cguz+ = 100 mM flowing at Qp = 12.0puL/min. The difference between the two traces of AP(t)
is comparable to the differences in flow between any two devices adhered to glass slides, which is shown in Fig. 2. This
demonstrates that alginate deposition does not require a glass substrate, nor does alginate deposit on glass significantly

differently than it deposits on PDMS.

Glass PDMS
1000 1000
= 900 - 900
3 3
£ 800 £ 800
Q Q
< 700 < 700

6000 50 100 150 200 250 300 6000 50 100 150 200 250 300
t(s) t(s)

Figure 4: Traces of AP(t) for flow through Y-shaped junctions made of PDMS adhered to glass slides with and without a
PDMS coating exhibit similar intermittent flow behavior. This demonstrates that alginate gel clogging is not specific to glass
or PDMS. Data is taken at C4;4 = 0.1 mg/mL, Cgy2+ = 100 mM, Q7 = 12.0pL/min.

In additional experiments, channel chemistry is modified to increase either hydrophilicity or hydrophobicity. Treatment
with poly-vinyl alcohol (PVA) is frequently used to increase the hydrophilicity of PDMS devices [4]. The effect of a PVA
coating on alginate deposition/ablation can be seen in Fig. 5, where C4;y = 0.1mg/mL and Cgg2+ = 100 mM are flowing at
Q1 = 2.4uL/min in either a PVA-coated hydrophilic channel (in blue), or a ”normal”, uncoated, semi-hydrophobic channel (in
orange). The frequency of ablation is larger in the hydrophilic channel as compared to the normal channel. Correspondingly,
the driving pressure at ablation is much lower in hydrophilic channels.

Aquapel® is a commercial glass treatment commonly used to increase the hydrophobicity of glass and PDMS surfaces
[5]. The effect of an Aquapel coating on alginate deposition/ablation can be seen in SI Fig. 5b, where C4;y = 0.1mg/mL
and Cgg2+ = 100 mM are flowing at Q7=6.0uL/min. Alginate deposition in this device continued beyond the A P4y, of the
normal device. In fact, no ablation event is observed in the hydrophobic channel. Instead, the PDMS loses adhesion with



the glass at AP ~ 750mbar. The partial delamination is due to the interference of Aquapel with the bonding of the PDMS
to the glass.
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Figure 5: Traces of AP(t) for flow through (a) a hydrophilic PVA-coated channel or (b) a hydrophobically coated channel show
changes in feature size versus a channel with no coating. Alginate adheres more stongly to hydrophobic channels, although
alginate deposition is seen in all cases. Data is taken at Cajy = 0.1 mg/mL, Cgg2+ = 100 mM. For (a) Qp = 2.4pL/min.
while for (b) Q7=6.0uL/min. Note: Aquapel coating interferes with the adhesion between the PDMS and glass. As a result,
the channel delaminated at 80 seconds. Data after delamination is plotted as a dotted line.

These surface chemistry experiments demonstrate that alginate gel deposits on the channel wall within a wide range
of hydrophobicities. Driving pressure at ablation does vary significantly with channel hydrophobicity. Gels stick more to
hydrophobic surfaces: the shear stress required for ablation, as indicated by the driving pressure at ablation, is lower in
hydrophilic channels.

4 Flow rate is constant

Gel deposition and ablation events at constant flow rate cause changes in pressure, but flow rate remains constant. During
driving pressure spikes, AP can increase by a factor of 2 above the baseline for the duration of the deposition event. At the
moment of ablation, pressure returns to its baseline value over the course of an average of 10 seconds, though sometimes as
many as 30 seconds, as the gel leaves the device entirely. At ablation, the flow rate also experiences a spike while the pressure
controller responds to the change of resistance in the channel while working to maintain constant flow rate. However, the
spike in flow rate is much smaller in relative magnitude and of shorter duration than the spike in pressure. @Qr spikes by
a maximum factor of ~ 40 % while AP spikes by more than a factor of 2. Further, flow rate returns to within 10% of the
desired flow rate within an average of 5 seconds after ablation. Thus, we consider the flow rate to be constant over the time
scale of the deposition/ablation pattern. SI Fig. 6 shows simultaneous traces of Qr (blue) and AP (orange) over the course
of six ablation events for conditions C4;, = 0.1 mg/mL, Cgu2+ = 100 mM and Qr = 1.2puL/min. The variations in Qr
within the horizontal plateaus while deposition occurs are less than ~ 0.1uL/min.
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Figure 6: Flow rate varies slightly during clog ablation events. Several seconds are required for the pump to adjust to the
decreased flow resistance as a gel clot is removed from the wall and exits the device. However, the magnitude and duration
of the flow rate change are small compared to the magnitude in the pressure drop associated with alginate deposition. Q(t)
is plotted in blue and AP(t) in orange for data taken at C'a;y = 0.1 mg/mL, Cg,2+ = 100 mM and Qr = 1.2p L/min.

5 Microscopy images and video

The two supplemental videos are described in the manuscript: both refer to the pressure trace data shown in Fig. 1b,
with an appended microscopy video showing the simultaneous deposition and ablation behavior. One supplemental video
shows a single deposition/ablation event in real time; the other shows the entire trace sped up by a factor of 5. Both are
approximately one minute long.

SI Fig. 7 shows several examples of phase-contrast microscopy images of alginate deposition in microfluidic channels
obtained seconds before ablation events. In all images, darker regions within the channel correspond to deposited gel. Images
(a)-(d) show that deposition looks similar at different flow rates, from Qr = 1.2uL/min in (a) to @7 = 12.0uL/min in (d).
While there are small differences in the deposition patterns at different flow rates, in all cases the deposit begins at the
junction and extends several hundred microns past the junction, and additionally, smaller pieces of gel can be seen further
downstream of the main deposit. While the channel walls in (a)-(d) show some micron-scale features in the sidewall, devices
with much smoother walls show a similar deposition/ablation pattern, for instance as seen in (e), at @7 = 1.2uL/min.
Although the image in (e) is obtained under slightly brighter illumination, the deposit extends several hundred microns past
the junction, with additional smaller pieces downstream. Thus we conclude that surface roughness on the micron scale is not
responsible for, nor required by, the deposition of alginate. For all images, C4;y = 0.1 mg/mL and Cg,2+ = 100 mM.

Figure 7: Microscopy images of different deposition events obtained from different devices and conditions. Images (a), (b),
(c), and (d) show clogs formed at flow rates Qr = 1.2, 2.4, 6.0, and 12.0 uL/min, respectively. Microscopy shows little
difference at these different flow rates. (e) Smoother channel walls result in similar features in the gel deposit, regardless of
the micron scale roughness.



5.1 Additional notes on included video

There is a slight time delay between the moment when the ablated alginate gel leaves the field of view and the pressure drops.
There are at least two reasons for this. The view in the video represents only the first tenth of the channel: at least 0.5s is
needed for flow to reach the end of the channel and the piece of gelled alginate to completely exit the device. Secondly, the
response time of the control system of the pump is ~2s: whenever an ablation event causes an increase in flow rate above
the fixed set point, the pump then counteracts this by lowering the driving pressure. This response takes ~2s.

A partial ablation event is seen at 0:22-0:23. A portion of deposited gel, downstream of the main deposit, breaks off of
the channel wall and is eluted from the device. As a result, the driving pressure plateaus for ~1s (~5s in real time). Then,
the gel deposit continues to grow and obstruct the channel, requiring higher driving pressures. A similar partial ablation
event is seen at the end of the video (0:57).

To provide a comparison of the time scales involved in the flow, we note that there is a wave of growing gel that moves
perpendicular to the flow direction. This occurs within the first 5s of the video, at a location approximately 100 pm
downstream of the junction. This wave moves ~ 10 pm in the transverse direction over ~ 10s. This motion is much slower
than the linear velocity of the fluid flowing past at 20 mm/s.

6 Confocal z-stack microscopy

To help visualize the location of the alginate gel deposit in the z-direction, clay is suspended in the alginate solution in a flow
test where Cq;q = 0.1 mg/mL, Cgy2+ = 100 mM and Qr = 2.4uL/min. Because the linear velocity through the device is so
fast (40mm/s), only stationary clay pieces can be imaged clearly. Confocal z-stack microscopy reveals pieces of clay which
are in-focus at different heights within the channel. SI Fig. 8 shows two images of deposited gel in a channel at different
heights within the device, each 5um away from glass slide ‘floor’ and the PDMS ‘ceiling’, respectively. The images show
that clay pieces are caught in alginate gel throughout the channel volume, from top to bottom in the z-direction; alginate
deposition is not limited to the bottom wall of the channel only.

Figure 8: Confocal z-Stack microscopy shows that clay pieces are caught in the gel both near the top and bottom walls of
the channel. In the top image, the plane of focus is 5um above the channel ‘floor’; while in the bottom image, the plane
of focus is bum below the channel ‘ceiling.” Clay pieces embedded in the gel deposit can be seen in focus in both images,
demonstrating that alginate gel deposits throughout the device.

7 Effect of gravity

While the results seen in SI Fig. 8 suggest that gravity does not play an important role in the alginate deposition, we confirm
this by standing a device upright in the z-direction, with flow driven either with or against the force of gravity. A device is
fixed in different orientations with respect to gravity while flowing alginate and calcium at Ca;y = 0.1 mg/mL, Cgy2+ = 100
mM and Qp = 1.2uL/min. SI Fig. 9 shows two traces of AP(t) obtained at the two different orientations of the device. In
the trace labeled ‘Outlet Up,’ the pump drives flow against gravity, while in the trace labeled ‘Outlet Down,’ the pump drives
flow with gravity. If gravity were a significant force, we would expect the intermittent flow behavior to vary based on whether
the outlet is above or below the rest of the device. We see no difference between the behavior of AP(t) obtained from the
two different device orientations, revealing that gravity is not a significant cause of gel deposition and clog formation.
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Figure 9: The plots show the behavior of intermittent flow when a device is oriented in the upright direction, with flow driven
either against (‘Outlet Up’) or with (‘Outlet Down’) gravity. The flow behavior is the same in both cases, demonstrating
that gravity is not a significant force for gel deposition. Data is taken at Cx;y = 0.1 mg/mL, Cga2+ = 100 mM and

Qr = 1.2uL/min.

8 Microrod production and intermittent behavior occurs at different flow
rate ratios

We find that the production of rods does not depend strong on the flow rate ratio between alginate and calcium. Rods
produced at a flow rate ratio of 4:1 alginate:calcium (as seen in sI Fig. 10) do not differ greatly in appearance with those
produced at a 1:1 flow rate ratio (as shown in Figure 2 of the main manuscript). At both conditions, rods form that are
30pum wide and several hundred micron in length.

Also present in the effluent are pieces of alginate gel with no discernible shape, as seen in the background of image (b).
Notably, these pieces do not visibly leave the device, but develop over time in the eluted solution. We suspect therefore that
these pieces represent alginate which did not react within the device but only after elution.

(a) (b) (d)

A

Figure 10: Additional microscopic images of eluted rods. Image (a) was taken using phase contrast microscopy, while images
(b-¢) use fluorescent microscopy to image embedded fluorescent particles. Images (a) and (b) were taken at 5x magnification
and each show several rods that have not been separated from the eluted solution. Images (c) and (d) each show a single rod
taken at 20x magnifaction.

Rods were produced at Cy;y = 0.1 mg/mL, Cou2+ = 100 mM and Qr = 1.2uL/min at a 4:1 Alginate:Calcium flow rate

ratio.

9 Clogging at high alginate concentration can be overcome by flowrate

Conditions C'a;4 = 10 mg/mL and Q7 = 1.2uL/min result in complete clogging at high concentrations of calcium, conditions
which fall within the red shaded region of Fig. 4 in the manuscript. For instance, SI Fig. 11 shows AP(t) when Cgg2+ = 1000
mM, in blue. As a comparison, AP(t) is also plotted for a low calcium concentration, Cog2+ = 0.5 mM, in orange. The
difference between the two traces is clear: low calcium results in pure, undisturbed flow, while a great excess of calcium



causes the pump to reach the maximum value of AP = 2000 mbar and the flow test to fail. In this case, no fluid passes
through the device despite the pump reaching the maximum driving pressure.

We observe that intermittent behavior reappears upon increasing the flow rate. SI Fig. 12 shows AP(t) obtained at
Caig = 10 mg/mL and Cgg2+ = 20mM. In Fig. 4 in the manuscript, this composition falls well within the red shaded region
obtained when Qr = 1.2uL/min. However, at a higher flow rate Q7 = 6.0uL/min, as in SI Fig. 12, a permanent clog does
not form and instead the condition exhibits the intermittent deposition/ablation pattern.
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Figure 11: At high concentrations of calcium, complete clogging of the channel occurs at Qp = 1.2uL/min and Cyuyy = 1
mg/mL, as shown in blue, when Cg,2+ = 1000 mM. No deposition is seen, however, when the calcium concentration is low,

Ccq2+ = 0.5 mM, as seen in orange.
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Figure 12: Intermittent deposition behavior is seen in alginate flows crosslinked by high concentrations of calcium, provided
the flow rate is sufficiently high. The plot of AP(t) represents data taken at Ca;y = 10 mg/mL, Cge2+ = 20 mM and
Qr = 6.0uL/min.
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