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Biological hydrogels are continuously turned over through secretion and degradation. This non-
equilibrium flux may be important for cellular and molecular transport through mucus and the
extracellular matrix. Gel-digesting enzymes can drastically change the physical and chemical properties
of the hydrogel environment. We report that a spatial gradient in the degradation of two gel/enzyme
systems—gelatin/trypsin and hyaluronan/hyaluronidase—leads to directional motion of particles
embedded in the gel in the direction of higher enzyme concentration. We study the rate at which the
degradation front propagates through the gel and the ensuing velocity of the embedded particles, as
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functions of enzyme and gel concentrations. We propose that asymmetric degradation leads to
asymmetric swelling, which transports particles up the enzyme concentration gradient.

1. Introduction

Polymer-based hydrogels are ubiquitous in life—from mucus
that lines most internal epithelia of the human body,! to the
extracellular matrix (ECM) that fills the space between cells,? to
the extracellular polymeric substance (EPS) secreted by biofilm-
forming bacteria.® In each case, transport through the hydrogel is
critical to the survival of the organism(s). Mucus, in addition to
serving as a lubricant, blocks pathogens while passing nutrients,
oxygen, or sperm, depending on the organ.'** The ECM
provides structural support to tissues and organs,®’ but also
regulates cell-to-cell communication by mechanical and chemical
signals.® Additionally, the ECM serves as a highway for cellular
movement, such as keratinocyte migration during wound heal-
ing'® and tumor cell invasion during metastasis.’"'> EPS anchors
bacteria to a favorable surface,>® but also modulates nutrient
flow within the bacterial biofilm."

Transport of molecules and cells is sensitive to the physical and
chemical properties of the hydrogel environment, which, in turn,
are often sensitive to external parameters such as humidity,
temperature, pH, and ionic strength. Some cells regulate trans-
port by varying these physical parameters. For example,
Helicobacter pylori, a bacterium known for its unique ability to
colonize the stomach lining and create ulcers, secretes the enzyme
urease which raises the pH and thereby lowers the viscosity of
gastric mucus.™ The decrease in viscosity is believed to facilitate
colonization by the bacterium.
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Many cells and viruses secrete or decorate their surface with
gel-degrading enzymes: pathogenic E. coli*™® and Vibrio
cholera®'" secrete proteases; influenza decorates its coat with
neuraminidase, a glycosidase;'®' and metastatic tumors secrete
matrix metalloproteases.''* Enzymatic degradation can lead to
steep spatial gradients in gel properties, as the enzyme irrevers-
ibly cleaves strands of the gel. In turn, spatially heterogeneous
changes of the gel parameters can lead to nonequilibrium motion
of particles embedded in the gel, i.e. the appearance of active
transport. Thus it is important to understand how gradients in
gel degradation affect the motion of small particles through the
gel.

We studied motion of beads embedded in gelatin, in a gradient
of trypsin concentration. Trypsin is a serine protease that readily
degrades gelatin and is found in the digestive tracts of many
vertebrates. We discovered that as the enzyme digested the gel,
the beads moved up the enzyme concentration gradient, in the
direction of greater gel degradation. We sought a physical model
that would explain the existence and direction of this motion, the
time of initial bead motion, and the velocity with which the beads
first moved. To constrain the model, we simultaneously tracked
the motion of the enzyme, the gel, and the beads. We found that
enzymatic degradation caused the gel to swell in the direction of
maximal degradation. The swelling gel carried the beads with it.
This finding suggests that degradation-induced swelling is
a possible transport mechanism in nonequilibrium biogels.

2. Results and discussion

2.1. Directed motion of beads in a gradient of enzymatic
degradation

We developed a split channel flow cell assay to generate
a gradient in trypsin concentration inside a sample of bead-laden
gelatin (Fig. 1A). The gelatin was labeled with a blue
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Fig. 1 Particle motion driven by gel swelling under a gradient of enzyme degradation. (A) Experimental setup with split channel flow cell. Half of the
flow cell was filled with bead-laden gel. At time = 0, the other half was filled with a gel-degrading enzyme. (B) Microscopic depiction of boxed area in (A).
The enzyme (blue) diffused into the gel matrix and degraded the gel. The enzymatic degradation of the gel induced directional motion of both the gel
molecules as well as the embedded beads. Beads closer to the interface moved earlier than beads farther from the interface. (C) Time-colored trajectories
of beads in a gel degradation gradient overlaid on a brightfield image (top), with simultaneous fluorescence imaging of gelatin-488 (middle) and trypsin-
647 (bottom). The black vertical line marks the gel-enzyme interface. The sample is 6 um polystyrene beads embedded in 5% (w/w) gelatin (left of the
interface) with 1 mg mL~" trypsin in 5% digested gelatin (right of the interface). The images were acquired at 12 frames per minute.

fluorophore, Alexa 488 (AF488), and the enzyme was labeled
with a red fluorophore, Alexa 647 (AF647), while the beads were
visible via bright-field microscopy. We used multi-wavelength
time-lapse imaging to follow the motion of all three components.

At the start of each experiment, a solution of trypsin in pre-
digested gelatin was introduced along one edge of the gelatin.
The trypsin diffused into the gelatin, and established an enzyme
concentration gradient. This enzyme gradient led to a degrada-
tion gradient in the gelatin. The microscopic beads embedded in
the gelatin spontaneously moved up the enzyme gradient
(Fig. 1B). Digested gelatin also drifted up the enzyme gradient.
Control solutions of buffer with no enzyme, or with heat-inac-
tivated enzyme, did not induce bead motion.

Fig. 1C and Supplementary Movie 1 (ESIt) show typical data
in which beads, gel, and enzyme were tracked simultaneously.
The motion of all three components was predominantly along
the x-coordinate (perpendicular to the gel-enzyme interface), and
independent of y-coordinate (parallel to the gel-enzyme inter-
face). Thus bead motion, enzyme concentration, and gel
concentration were averaged over y and analyzed as functions of
x and ¢ (Fig. 2).

The beads underwent three phases of behavior. Initially, the
beads were at rest in the gel. As the enzyme permeated and
digested the gel, the beads moved toward the interface. Beads
closest to the interface moved earliest and fastest, while beads
further from the interface moved later and slower. At 5% gelatin,
and 1 mg mL" trypsin, early-moving beads had initial velocities
of ~0.2 pm s~! while late-moving beads had initial velocities
asymptotically approaching 0.03 pm s~! at x = —1 mm from the
initial interface (Fig. 2B). Finally, the beads slowed and drifted
up the enzyme gradient at ~0.02 pm s~' and began to show
detectable Brownian motion, indicating a transition of the
gelatin from a gel to a liquid. We call the (x, 7)-coordinate at
initial bead motion the ‘invasion front,” indicated by the grey
dotted line in Fig. 2A.

2.2. Motion of beads in homogeneous enzymatic degradation

The experiments in Sec. 2.1 generated gradients in enzyme
concentration due to enzyme diffusion, gradients in gel structure
due to heterogeneous degradation, and gradients in hydrostatic
pressure due to osmotic swelling of the degraded gel. To deter-
mine which gradients were responsible for bead motion, we
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Fig.2 Transport in an enzymatic degradation gradient. (A) Trajectories
of beads as a function of position from interface and time for 5% gelatin
and 1 mg mL~"' trypsin. Trajectories were acquired from time-lapse
images of beads at 12 frames per minute. Net bead motion was toward the
gel-enzyme interface, located at x = 0. The grey dotted line indicates the
‘invasion front’, the (x,7)-coordinate at which beads started to move. (B)
Initial bead velocities (blue region on A) as a function of starting position
for the same data set (5% gelatin and 1 mg mL~! trypsin). Brownian
motion of the beads became detectable ~10 min after initial bead
movement, coincident with a decrease in bead velocity. (C) Enzyme and
(D) gel profiles as a function of position from the interface (x-axis) and
time (color).
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studied motion of beads in gelatin with spatially homogeneous
enzyme concentration, and hence homogeneous gel degradation.

We designed a microfluidic chamber to deliver enzyme rapidly
throughout the gel at the start of the experiment. The lid of the
split channel flow cell used in Sec. 2.1 was replaced with a slide
containing microfabricated grooves (Fig. 3A). These grooves
enabled rapid introduction of enzyme over the entire top surface
of the gel. Diffusion of enzyme from the grooves into the gel took
~2 min, shorter than any other timescales in the experiment.

Initially, most beads remained stationary. At ¢t = 12 min, beads
throughout the sample moved in the +x-direction at a velocity of
~0.3 um s~!. This motion lasted for ~5 min, and then slowed.
Thereafter, we observed Brownian motion of the beads, indi-
cating a transition from a gel to a liquid.

These observations of bead motion in the absence of gradients
in enzyme concentration or gel degradation establish that dif-
fusiophoresis is not necessary for degradation-induced motion.
Furthermore, the absence of detectable Brownian motion during
the directed motion indicates that the beads remained strongly
coupled to the viscoelastic gel network. Thus we infer that the
motion of the beads was due to degradation-induced swelling of
the gel toward the free solution-gel interface. This inference is
corroborated by the gel tracking data in the gradient experiments
(Fig. 2D), which showed expansion of the gel accompanying
motion of the beads.

Under physiological conditions, one rarely has a homoge-
neous distribution of enzyme that is suddenly activated; typi-
cally, enzyme is produced from a source and diffuses into the gel.
Additionally, in the homogeneous degradation experiments, the
asymmetric boundary conditions (free on one side, fixed on the
other) set the direction of motion. In an enzymatic gradient
however, it is the gradient that establishes the asymmetry leading
to directed motion. Thus we next sought to determine how
enzymatic diffusion and reaction kinetics interacted with gel
swelling to produce the motions observed in Sec. 2.1.

We divided the process into three stages: (1) enzyme transport
through the gel; (2) enzymatic cleavage of the gel strands; and (3)
swelling of the gel to a new hydrostatic quasi-equilibrium and
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Fig. 3 Particle motion driven by gel swelling under homogeneous
enzyme degradation. (A) Experimental setup with split channel flow cell.
A micropatterned lid provided vertical confinement while allowing
enzyme to permeate the gel homogeneously from the top. The enzyme
(blue) quickly diffused vertically into the gelatin, leading to spatially
homogeneous degradation. (B) Trajectories of beads as a function of
position and time for 5% gelatin and 0.1 mg mL~" trypsin, acquired at 12
frames per minute. At T. = 12 min, the beads synchronously moved
toward the free interface.

corresponding motion of the beads. To disentangle the roles of
each process on the observed bead motion, we simultaneously
tracked the diffusion of the enzyme and the motion of the gel in
gradient experiments under different conditions, and also con-
ducted additional experiments on the kinetics of the gel-enzyme
reaction in a homogeneous solution.

2.3. Diffusive transport of enzyme through gel

We first analyzed the transport of the enzyme through the gel.
The theory of diffusion in gels has been treated previously.? A
typical profile of enzyme concentration as a function of time is
shown in Fig. 2C. To further reduce the dimensionality of the
data, we converted each time-dependent concentration profile
é(x,f) into a dimensionless mean enzyme position (Xen,(?)),
calculated from:

Xf

J xe(x, r)dx
<)zenz(t)> = 0.\’;77 (1)

Xt‘J e(x, t)dx

0

where x; is the edge of the gel opposite the initial gelatin-trypsin
interface (x = 0). Fig. 4A shows (Xn,(f)) for three gelatin
concentrations, all at a trypsin enzyme concentration of 1 mg
mL~! (points). The data are well fit by a simple Fickian diffusion
model (solid lines, eqn S2, ESIt), with trypsin diffusion coeffi-
cients of Dy, = 42.2, 44.0, and 29.4 pm* s™' in gelatin concen-
trations 2.5%, 5%, and 10%, respectively. The weak dependence
of Dy, on gelatin concentration is consistent with free diffusion
of the enzyme through the interstices of the gel, with the enzyme
spending little of its time bound to the gel.

To confirm our hypothesis that trypsin diffused almost freely,
we compared the diffusion of trypsin in gelatin to the diffusion of
free Alexa 647 dye in undegraded gelatin. The dye had larger
absolute diffusion coefficients than trypsin, as expected from its
smaller molecular size, but showed a similar dependence of Dy
on gel concentration. The dye had Dgy. = 198 pm* s~ in 5% gel
and Dgye = 121 pm* s7" in 10% gel, a 39% decrease, while Dy,
decreased by 33% between 5% and 10% gel.

The insensitivity of enzyme diffusion to gel concentration and
similarity to free dye diffusion allowed us to rule out significant
sticking of the enzyme to the gelatin, significant degradation-
dependent modifications in Dy, and significant changes to
enzyme motion due to convection of the buffer or directional
motion of the gel.

2.4. Critical enzyme exposure for bead motion

The onset of bead motion in the homogeneous degradation
experiments (Sec 2.2) was largely independent of x-position. In
contrast, in the gradient experiments (Sec. 2.1), the invasion front
propagated through the gel at nearly constant velocity. We define
the invasion velocity as the inverse slope of the grey dotted line in
Fig. 2A. This velocity increased with enzyme concentration and
decreased with gelatin concentration (dark grey bars, Fig. 4C and
D). However, the initial bead velocities, averaged over x, were
roughly independent of enzyme concentration, and non-mono-
tonic with gelatin concentration, being higher at 5% gel than at
2.5% or 10% (light grey bars, Fig. 4C and 4D).
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Fig. 4 Characterization of transport as a function of initial enzyme and gel concentrations. (A) The mean penetration of enzyme into the gel as
a function of time for three gelatin concentrations. The solid lines are fits to the analytic solution given by eqn S2 (ESIt). Diffusion of the enzyme was
only weakly dependent on gelatin concentration. (B) Cumulative enzyme exposure as a function of position and time. (Inset) Zoom-in at low cumulative
exposure values. Asterisks indicate the (x,7)-coordinate of the invasion front. The enzyme exposure at these position-time points was constant at 1.6 min
mg mL~" (black line). Velocities of invasion front (dark grey bars) and beads (light grey bars) as a function of (C) trypsin concentration at 5% gelatin
concentration; (D) gelatin concentration at 1 mg mL~' trypsin concentration. Invasion front bars represent the average of three data sets, whose
individual values are indicated by the asterisks. Bead velocity bars represent the mean initial velocities across the three data sets. The red line on (C) is
a scaled fit to our model for invasion velocity as a function of enzyme concentration.

We sought a model of the gel degradation process to explain
the sudden onset of bead motion (Fig. 2A and 3B), and the
dependence of the invasion velocity on enzyme and gel concen-
trations (Fig. 4C and 4D). Together, these trends suggested that
the concentration of gelatin crosslinks, C(x,#), had to pass below
a threshold C,;, for bead motion to commence.

The enzyme acts as a monomer and the number of enzyme
binding sites in the gelatin vastly exceeds the number of enzyme
molecules; thus one expects the reaction to be first order in
enzyme:

aC

— x¢ 2

e, @
where C(x,?) is the concentration of gel crosslinks and &(x,?) is the
time-dependent enzyme concentration. This model implies that

C(x,t) depends on &(x,f) only through the cumulative enzyme
!

exposure, E(x, 1) = J e(x,7)dt’, regardless of the order of the
0

reaction in C. Thus for each initial enzyme concentration C, the
critical crosslink concentration for bead motion C.; should
correspond to a critical cumulative enzyme exposure, E;.

The T for bead motion in homogeneous degradation
conditions corresponds to E; = 1.2 (min mg mL~") (Fig. 3B).
Similarly, we calculated E(x, 7) from the measured e(x,f) in
gradient degradation conditions for a 5% gel and 1 mg mL™'
enzyme source (Fig. 4B). Throughout the gel, bead motion
commenced at a characteristic cumulative enzyme exposure
Ecrit = 1.6 (min mg mL ") (inset, Fig. 4B). The similarities in E.;,

between the two experiments, and throughout a heterogeneously
degraded gel, support the model of a critical crosslink concen-
tration for bead motion.

We combined our finding that enzyme transport was diffusive
(Sec. 2.3) with the observation that bead motion commenced at
a critical cumulative enzyme exposure to predict the invasion
front velocity as a function of initial enzyme concentration. Our
simple model captured the dependence of velocity on enzyme
concentration observed in our data (red line, Fig. 4C).

We further hypothesized that the gel-enzyme reaction was first
order in C, i.e.

G_C = —keC.

P )

Then
C(x,t) = Cyexp (—k ‘-r e(x, t')dz') = Coexp(—kE(x,1)). (4)
Jo

We used eqn (4) to predict the motion of the invasion front at
several initial gel concentrations. The rate constant k was varied
to fit our predictions to the data of Fig. 4D, yielding k = 0.47
(min mg mL-")~" at 20 °C.

2.5. Molecular state of gel upon bead motion

We sought to characterize the state of the gel at the onset of bead
motion. We quantified the extent of Brownian motion perpen-
dicular to the drift velocity before, during, and after motion.
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Before and during bead motion, there were no detectable posi-
tion fluctuations. After directed motion had slowed, we observed
Brownian motion with a diffusion coefficient of D = 0.05
um? s~!, consistent with a low viscosity liquid. To estimate the
magnitude of thermal fluctuations, we calculated the effective
spring constant k! for displacement of a 6 pm diameter bead in
an infinite gel with Young’s modulus 40 kPa and Poisson’s ratio
0.4, corresponding to the mechanical properties of a 5% gelatin
gel.??* From the relation (6x%) = kpTl/k, we obtained an
amplitude <1 nm, consistent with the absence of detectable
thermal fluctuations prior to gel liquefaction.

The bead migration data did not indicate the molecular state
of the gelatin at the onset of bead motion. To obtain a more
detailed understanding of the process by which trypsin degrades
gelatin, we investigated the reaction in bulk solution, where
enzyme and gel concentrations were homogeneous in space. We
used sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) to analyze the distribution of gelatin molecular
weights as a function of incubation time with enzyme. The
degradation products were stained with Coomassie blue
(Fig. 5A). At a trypsin concentration of 1 mg mL~'—corre-
sponding to the loading concentration in the bead experiments—
the gelatin was degraded into segments smaller than our lower
bound of detection (~15 kDa) within one minute of mixing (lane
12 of gel, Fig. 5A). At 300-fold lower trypsin concentration
(0.003 mg mL™"), we observed in a span two hours that there was
a gradual disappearance of large molecular weight gelatin and
appearance of smaller molecular weight fragments. The staining
pattern within each lane was converted to a distribution, p(/,?),
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Fig. 5 Degradation of gelatin by trypsin in bulk solution. (A) SDS-
PAGE gel of gelatin at enzyme concentrations 0.003 mg mL~! (lanes 2-9)
and I mg mL~' (lane 12) as a function of incubation time (in minutes). (B)
Molecular weight distribution of the gelatin as a function of time.
Molecular weight components >100 kDa of the gelatin disappeared
within the first minutes of the reaction, and their smaller molecular
weight products accumulated over time. (C) Evolution of the molecular
weight distribution by a random scission binary fragmentation model,
with initial conditions determined by the experimental molecular weight
distribution of undegraded gelatin. The model can be matched to data
shown in B by assuming a time-dependent rate constant.

describing the concentration of molecules with molecular weight
[ at time ¢ (Fig. 5B).

We constructed a microscopic model of gel degradation to
explain the measured molecular weight distributions.
Trypsin cleaves gelatin at arginine and lysine residues, but only
if the residue is not followed by proline.?* From the amino acid
composition of gelatin,?® we estimated the density of cleavage
sites « ~ 1 per kDa of gelatin. As a result of the processing
from collagen, the molecular weights of gelatin are heteroge-
neous, ranging from 100-400 kDa. It was thus reasonable to
assume that the number of cleavage sites n was proportional to
the molecular weight /, so we worked with the distribution
p(n,1).

Each cleavage event converted a strand with n’ cleavage sites
into two strands with n and ' — n — I sites (one site was lost to
cleavage). We assumed that after each cleavage event, the
enzyme dissociated from the polymer and that there was no
correlation between the locations of successive cleavage events.
Finally, we assumed that the enzyme had no molecular weight
preference, i.e. that all cleavage sites were equally good targets,
regardless of the length of the chain in which they were
embedded. Under these admittedly simplifying assumptions, the
evolution of p(n,f) is governed by a simple master equation,
originally developed in the context of thermal degradation of
polymers:*”- 28

dp(n, 1)

. n'=tmax_, ' ,
P —ynp(n, t) + 272 n'Q(n,n)p(n' 1), (5)

n'=n+1

where vy is the rate of scission per cleavage site on the polymer
backbone. The second term on the right hand side describes the
creation of a strand with n sites from one with #’ > n sites. The
assumption of uniformly distributed random scission implies
that

Q(n,n) :}% forn<n. (6)

Using eqn (6), we recast eqn (5) in matrix form:

PO _ 150, ™
where
B0) = pln, 1)

and the matrix T is

2 forn<n
forn=n.
0 otherwise

We fit eqn (7) to the data in Fig. 5B at r = 15, 30, 45, 60, 90, 120
min, using p (¢ = lmin) as the initial condition and floating the
rate constant y (Fig. 5C). The good correspondence between
the predicted molecular weight distributions (Fig. 5C) and the
measured distributions (Fig. 5B) indicates that the simple binary
fragmentation model accurately captures the mechanics of the
trypsin-gelatin degradation reaction.

The SDS-PAGE data enabled us to determine the degree of
gelatin degradation at which beads started to move in the
gradient studies. We extrapolated the data in Fig. 5A and B to

This journal is © The Royal Society of Chemistry 2012
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the critical cumulative enzyme exposure in the gradient experi-
ments. Bead motion commenced when the gelatin had ~0.13
cuts/kDa and only 1% of the remaining gelatin was larger than
45 kDa. This high degree of degradation prior to bead motion is
explained by the fact that the gelatin molecules assemble into
higher-order fibrils.*7° Cleavage of a single gelatin molecule
does not change the crosslink density—only when enzyme has
completely cut through a fibril does the crosslink density
change.

We compared the cleavage rate v inferred from bulk degra-
dation with the cleavage rate constant k inferred from the
velocity of the invasion front (Sec. 2.4). These rates are related by

Yo

"~ Jtrypsin]’ ®
where [trypsin] = 0.003 mg mL ' is the concentration in the bulk
degradation experiments and « ~ 1 cleavage site/kDa gelatin.
Using v ~ 0.002 cuts/(cleavage site x min) at time scales of the
bead experiments, eqn (8) yields a rate constant k& ~ 0.66 (min mg
mL-")"" at 20 °C. We found in Sec. 2.4 that k = 0.47 (min mg
mL~")"!. The agreement is good, considering the very different
types of measurement.

2.6. Mechanism for bead motion

Next we sought to explain how enzymatic degradation led to gel
swelling. We propose that enzymatic degradation shifted the
equilibrium between osmotic swelling and gel self-attraction. The
degree of swelling of a gel is characterized by the volume

. v .
fraction, ¢ = 71), where V, is the volume of the dry polymer, and
g

Vy is the volume of the swollen gel. The theory of gel dynamics
predicts that in a dilute gel, equilibrium is attained when

¢eq = XNgslsa )

where x is a material parameter and N. is the mean number of
monomeric segments between crosslinks of the polymer gel.!
Enzymatic scission of crosslinks caused N. to increase. Eqn (9)
implies that the degradation led to a smaller ¢.q, and hence to
swelling of the gel. Eqn (9) also predicts continuous expansion of
the gel as a function of enzyme exposure. We hypothesize that the
existence of a critical enzyme exposure prior to expansion was
a consequence of the fibrillar nature of the crosslinks: many

A. B. C.
$=9eq ¢= ¢eq ¢>¢eq ¢>¢eq ¢= ¢eq

-Gt

Fig. 6 Mechanism for bead motion. (A) Gelatin starts in equilibrium.
Enzyme, represented by scissors, diffuses in the local environment of
a bead, but cleavage by enzyme does not change N, at early times. (B)
After a critical threshold of cleavage, N, changes and shifts the equilib-
rium volume fraction. (C) As degradation proceeds, the gelatin swells,
and pushes the bead forward into the liquefied gel solution.

enzymatic cleavage events were needed before any crosslinks
were cut (Fig. 6).

Was the rate of gel swelling determined by the rate of the
enzyme diffusion-reaction, or by hydrodynamic flow into the
swelling gel? The approach to hydrostatic equilibrium in a dilute
gel is described by Darcy’s law

Vs —Vp = — } Vp,
where v, is the velocity of the solvent, v, is the velocity of the
polymer, f{¢) is the frictional drag per unit gel volume between
the polymer and solute, and p(x, ) is the pressure in the gel.
Applying incompressibility and mass conservation of the solvent
and polymer, Darcy’s law leads to a diffusion equation for the
pressure:

(10)

ap(x,1) & p(x,1)
a9

where Dy is the ratio of osmotic modulus M to frictional drag
f31733 Previous measurements of Dy for gelatin by gel swelling
studies via in situ interferometry®* and quasi-elastic light scat-
tering studies®>3¢ show that Dy ~ 20-40 um? s~'. This estimate,
which is on the same order as Dy, ~ 40 um> s=' (Sec. 2.3),
implies that pressure diffused into the gel on the same time scale
as trypsin.

However, we note that our estimate of D; is only relevant for
a solid, undegraded gel. In the gradient experiments, D
decreased with time due to a degradation-induced decrease in the
modulus M. At the end-point of the reaction, the gel was liquid
and M — 0, implying that Dy — 0. We propose that due to the
high degree of degradation at the onset of gel swelling, Dg was
less than Dy, throughout the time of bead motion. Thus the
bead velocity was determined by hydrodynamic swelling, inde-
pendent of bulk enzyme concentration, in agreement with our
observations (light grey bars, Fig. 4C).

(11)

2.7. Asymmetric degradation of hyaluronan leads to directional
motion of embedded beads

To test the generality of degradation-induced motion in gels, we
studied the motion of beads in hyaluronan subject to asym-
metric degradation by hyaluronidase. Hyaluronan is a large
polymer of disaccharides, ranging from 5 kDa to 2 x 10* kDa.*”
As with collagen, hyaluronan is a major component of the ECM
and serves as a lubricant and structural barrier.’” This biogel
interacts with cell surface receptors, and is thought to play an
important role in the proliferation and migration of cancer
cells.?®3 We prepared split channel flow cells as we had for
gelatin: an aqueous gel of hyaluronan, doped with beads, was
placed in one half of the channel, and a solution of hyaluroni-
dase was flowed in the other half. As the enzyme degraded the
gel, the beads moved toward the degradation front. Initial
motion of the beads followed an invasion front, similar to the
behavior in gelatin/trypsin (Fig. 7). The degraded hyaluronan
had sufficiently low viscosity that the beads settled and
stopped moving ~30 min after the initial motion. These
observations establish that motion induced by asymmetric gel
degradation occurs in both protein and carbohydrate-based
biogels.
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Fig.7 Degradation-induced motion of beads in a hyaluronan gel (1% w/
w) with hyaluronidase (1 mg mL™"). Trajectories were acquired from
time-lapse images of beads at 12 frames per minute. Similar motion to
that of gelatin/trypsin was observed for this carbohydrate-based gel.

3. Conclusions

We have shown that asymmetric enzymatic degradation induces
motion in a biogel via asymmetric swelling of the gel. Under-
standing the conditions under which this motion occurs can lead
to new insights on how pathogenic bacteria invade host organ-
isms, how cancer cells move through the extracellular matrix,
and how biofilm-forming bacteria move and communicate with
each other.

This mechanism of motion is distinct from the well-known
diffusiophoretic effects in which concentration gradients in the
liquid state lead to osmotic forces directly on a particle.***3
Experimental demonstrations of diffusiophoretic “swimmers”
have been restricted to simple liquids.** The particle velocities we
observe are orders of magnitude larger than would be predicted
from diffusiophoresis alone and arise through large-scale
reconfigurations of a viscoelastic gel.

Chemically powered phoretic motion in complex fluids offers
qualitatively new modes of transport, and is likely to be relevant
to biological motility. For instance, the bacterium Listeria
monocytogenes propels itself within a host eukaryotic cell by an
actin-based Brownian ratchet: asymmetric polymerization of the
host actin by the bacterium produces a comet tail of stiff actin
filaments leading to directed propulsion.**¢ We speculate that
microorganisms may use asymmetric degradation of host biogels
to induce directed propulsion as well. By investigating possible
mechanisms for selective passage of particles through viscoelastic
barriers, one may be able to engineer systems to infiltrate these
protective systems for targeted drug delivery.

4. Experimental methods
4.1. Gel-enzyme flow cell experiments

Trypsin from porcine pancreas (Sigma Aldrich T7409) was fluo-
rescently labeled by reaction with Alexa 647 SE (Invitrogen
A-20106)in a1 : 1 molar ratio in 0.1 M pH 8.3 sodium bicarbonate,
following manufacturer instructions. Excess dye was removed by
spin centrifugation (GE PD SpinTrap G-25 28-9180-04).

Gelatin from bovine skin (Sigma-Aldrich G9391) was fluo-
rescently labeled by reaction with Alexa 488 TFP (Invitrogen
A-30005) in a 1 dye: 1 lysine ratio in 0.1 M pH 9.0 sodium

bicarbonate, following manufacturer instructions. Excess dye
was removed by gravity flow column fractionation (GE PD-10
17-0851-01).

All experiments were performed in phosphate-buffer
saline, pH 7.4 (PBS). Carboxylated polystyrene beads (6 um
diameter; Phosphorex 117) were washed by centrifugation (3 x 5
min at 15,000 g) to remove residual surfactant, and then re-sus-
pended in PBS. Lyophilized gelatin was hydrated in the
washed bead suspension at 2.5%, 5%, or 10% (w/v) and heated at
60 °C until all pellets of gelatin were visibly dissolved. Gelatin-
488 was doped into the unmodified bead-gelatin mixture in
a 1 : 60 ratio.

To eliminate possible osmotic imbalances due to gelatin
degradation products, the enzyme was pre-mixed with gelatin
before the experiment. Trypsin-647 was doped into unmodified
trypsin solution in a 1 : 90 ratio. The trypsin solution was mixed
with unlabeled gelatin for a final trypsin concentration of 0.5, 1,
2, or 4 mg mL~" and final gelatin concentration to match that of
the bead-gelatin mixture. The trypsin-gelatin solution was incu-
bated at 4 °C for 3 h, ensuring complete degradation of the
gelatin. The mixture remained liquid, as the trypsin digested the
gelatin and prevented gelation.

For the gradient studies (Sec. 2.1), microfluidic channels were
made with glass slides as the bottom and top surfaces, and sealed
with melted parafilm (Fig. 1A). Half the width of the channel was
temporarily filled with plastic shim of thickness 150 pm. The pre-
heated microfluidic channels were filled with the molten bead-
laden gelatin, and the gelatin was allowed to solidify at 4 °C for 3
h at 100% relative humidity. The sample was brought up to room
temperature and mounted on the microscope. The plastic spacer
was removed, and the empty half of the chamber was filled with
the solution of trypsin and degraded gelatin.

For experiments on bead motion in uniformly degrading
gelatin (Sec. 2.2), a microfluidic system was used to deliver
enzyme homogeneously throughout the gel. Gel was cast in
a flow cell similar to that used in Sec. 2.1. The top surface was
removed, and replaced with a glass slide patterned with micro-
channels for trypsin delivery.

The microchannels were made by photolithography using SU-
8 3025 (MicroChem). Channels were 1 cm (L) x 135 pum (W) x
25 um (D), spaced by 165 pum, and covered a 1 cm x 1 cm
window. The rest of the glass was coated in a 25 um layer of SU-
8. The slide was baked for 2 h at 150 °C to promote adhesion of
the SU-8. The slide was then plasma cleaned for 5 min to render
the SU-8 hydrophilic. The dimensions of the channels were
chosen based on Dy, = 44.0 pm* s~' in 5% gelatin (Sec. 2.3) to
allow trypsin to diffuse homogeneously throughout the sample
within ~2 min.

As the enzyme digested the gel at room temperature (20 °C),
time-lapse images were acquired on one of two setups: (1)
a custom-built inverted microscope with 4x magnification
equipped with a QSI 504 camera and wide-field illumination by
light emitting diodes (Luxeon V Star LXHL-LB5C) with corre-
sponding filter cube (Olympus U-MWB2) or (2) an inverted
Nikon TE-2000e microscope with 4x magnification equipped
with a Hamamatsu 1394 ORCA-ERA camera and wide-field
illumination by an X-Cite mercury lamp. Enzyme and gel motion
were followed by fluorescence, and bead motion by white light
trans-illumination.

This journal is © The Royal Society of Chemistry 2012
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Preparation of sample chambers with hyaluronan (Sigma-
Aldrich 53747) and hyaluronidase (Sigma-Aldrich H3884) fol-
lowed the same procedure as for the gelatin/trypsin experiments.

4.2. Bulk kinetics and SDS-PAGE studies

Solubilized trypsin and molten gelatin were prepared as
described in Sec. 4.1, but without beads and fluorescent doping.
Gelatin-trypsin samples were incubated at 20 °C on a tube
rotator for the prescribed time and then boiled at 100 °Cin 0.1 M
Tris, 0.1 M HEPES, 3 mM SDS, 75 mM DTT, pH 8 for 5 min.
Reaction products were fractionated via SDS-PAGE (Thermo
Scientific Precise Protein Gels, 4-20%, 25244) at 135 V for 50
min. The gels were visualized with Coomassie Blue R-250 by
staining overnight in a solution of 1% Coomassie R-250, 10%
acetic acid, and 40% methanol, followed by destaining in 10%
acetic acid, 40% methanol for 4-6 h. The SDS-PAGE gel was
evenly trans-illuminated with a light emitting capacitor (CeeLite)
for digital photography. Images were processed in Matlab.

4.3. Data analysis

Movies of bead motion were analyzed as follows. Each image
was bandpass filtered with a lower bound of 2 pixels and an
upper bound of 10 pixels to remove point defects and to correct
for uneven illumination. Features were identified in each movie
frame by brightness: only pixels less than three standard devia-
tions of the mean pixel intensity were retained. Remaining
features were then further culled by area: only features within
two standard deviations of the mean area were kept. The Matlab
adaptation*” of the IDL Particle Tracking Code of Crocker and
Grier*® was used find the centroids of the features, with a peak
width of 9 pixels, and then to stitch the lists of centroids together
into trajectories. The particles were expected to move at most 9
pixels between tracked frames and were allowed to disappear for
at most four frames. Only trajectories that started in the first
frame and lasted for more than 25% of the movie were kept.
Trajectories of stuck particles were removed by hand.

Fluorescent images of gel-488 and trypsin-647 were corrected
for dark counts and uneven illumination by a flat-field reference.
Images were median-filtered to remove specks of dirt, and then
averaged over the y-dimension to obtain intensity profiles as
a function of (x, 7).

SDS-PAGE images were analyzed using the reference ladder
to map the spatial distribution of Coomassie blue stain of each
lane to a number density profile as a function of molecular
weight. The lane profiles were background-corrected by sub-
tracting off the intensity profile of the enzyme-only control lane.
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