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10 Abstract

1 Collagenolytic degradation is a process fundamental to tissue remodeling. The
12 microarchitecture of collagen fibril networks changes during development, ag-
13 ing, and disease. Such changes to microarchitecture are often accompanied by
14 changes in matrix degradability. In a matrix, the pore size and fibril charac-
15 teristics like length, diameter, number, orientation, and curvature are the ma-
16 jor variables that define the microarchitecture. In witro, collagen matrices of
17 the same concentration but different microarchitectures also vary in degrada-
18 tion rate. How do different microarchitectures affect matrix degradation? To
19 answer this question, we developed a computational model of collagen degra-
20 dation. We first developed a lattice model that describes collagen degradation
21 at the scale of a single fibril. We then extended this model to investigate the

*To whom correspondence must be addressed: sifraley@ucsd.edu and prangamani@ucsd.edu
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role of microarchitecture using Brownian dynamics simulation of enzymes in a
multi-fibril three dimensional matrix to predict its degradability. Our simula-
tions predict that the distribution of enzymes around the fibrils is non-uniform
and depends on the microarchitecture of the matrix. This non-uniformity in
enzyme distribution can lead to different extents of degradability for matrices of
different microarchitectures. Our simulations predict that for the same enzyme
concentration and collagen concentration, a matrix with thicker fibrils degrades
more than that with thinner fibrils. Our model predictions were tested using
in vitro experiments with synthesized collagen gels of different microarchitec-
tures. Experiments showed that indeed degradation of collagen depends on the
matrix architecture and fibril thickness. In summary, our study shows that
the microarchitecture of the collagen matrix is an important determinant of its

degradability.

1 Introduction

Collagen is the most abundant protein present in tissues. Enzymatic degradation of
collagen is an important process in both physiological and pathological conditions®?2.
For instance, an imbalance between collagen degradation and production can lead to

34 Such fibrotic environments

increased collagen accumulation resulting in fibrosis
have been associated with an impaired degradative environment*. Studies have shown
that the microarchitecture of collagen in the fibrotic extracellular matrix (ECM) is
substantially different from the healthy tissues and they show higher resistance to

26 As another example, cancer-associated fibroblasts in the tumor mi-

degradation
croenvironment secrete collagen and continuously remodel their matrix. This abnormal
remodeling can lead to the cancerous microenvironment possessing a higher density of
collagen and very different microarchitecture than a healthy ECM7. A body of work
argues that alterations in collagen degradation can result in metastasis®?, and suggests

possible connections between the matrix microarchitecture and its degradability 013
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However, the role of matrix microarchitecture in determining the degradability at the
cellular length scale remains an open question. Here, we used multi-scale modeling and
in vitro experiments to investigate possible mechanisms of matrix degradation at this
length scale.

Most models of collagen gel degradation use Michaelis-Menten kinetics to model
the collagenase activity and show good agreement with experiments in predicting the

1417 These models cannot address the connection between

rate of total mass loss
the microarchitecture and degradation because of their continuum structure. Another
class of models have treated collagen fibril as a thin filament of negligible thickness
(diameter ~ 10 — 20 nm) and proposed a degradation mechanism of one filament based
on movements of a few collagenase molecules over the filament surface!'®'?. However,
many experimental findings have reported that the collagen fibrils in a matrix are
significantly thicker (diameter in the range ~ 0.1 — 0.5 um) than the value used in

1120223 Therefore, an open challenge in the field is to determine how

these models
a filament-scale model can be extended to a fibril-scale model, and subsequently, to
a model where multiple fibrils are interacting with many collagenase molecules in a
three-dimensional matrix.

In this work, we investigated how matrix microarchitecture can affect its degrad-
ability. We developed a fibril-scale model using lattice-based approach to predict the
degradation of single fibril. To predict degradation of multiple fibrils by many enzyme
molecules in a matrix, we used Brownian dynamics to capture the enzyme distribution
surrounding the fibrils in a three-dimensional matrix environment. We then combined
the fibril-scale model with the enzyme distribution obtained from the Brownian dynam-
ics simulations to predict the degradation of collagen matrices. Our model predicted
that differences in the microarchitecture between two matrices of same collagen density
can lead to different extents of degradation. Additionally, we predicted that fibril thick-
ness can be an important determinant of degradation. We tested this prediction against

in vitro experiments using collagen gels of different architectures, which showed that

indeed, fibril degradation depends on the matrix microarchitecture. Thus our study
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may provide new insights for understanding matrix alterations associated with disease
and may influence the development of matrix targeted therapeutics, biomaterials and

controlled drug delivery 2425,

2 Methods

In this section, we describe the details of the single fibril model, Brownian dynamics
(BD) simulations, and experimental methods. We elaborate on each step of the model
development and justify the assumptions based on previous experimental observations.

The notation and symbols used in this work are shown in Table 1.

2.1 Model development for the degradation of single fibril

We consider a single collagen fibril of mean diameter d; and mean length ;. This
fibril consists of a staggered arrangement of the triple helix tropocollagen units as
shown in Fig. 1a202%. The enzymatic degradation of the fibril occurs in the presence of
collagenases such as matrix metalloproteinases (MMP). These collagenases cleave the
triple helix at a site that is at a distance ~ 67 nm (approx. 1/4 of the length of the
triple helix) from the C-terminal of the tropocollagen unit (Fig. 1a)3031.

Previous experiments have reported that the collagenolytic degradation is a surface

143233 The minimum effective pore size inside a collagen fibril is a

erosion process
few multiples of the diameter of the tropocollagen, which is drc ~ 1.5 nm?®. This
dimension is smaller than the size of the collagenase molecules which is in the range
50-120 kDa with a mean hydrodynamic diameter of dz ~ 10 — 20 nm3*. Based on the
dimensions and following previous studies 43233, we assume that the diffusion of MMPs
through the pores of the fibril can be ignored, and we model the fibril degradation as
a surface erosion process.

We treated the fibril surface as a series of lattice sites to model the surface erosion

process. The loss of lattice sites effectively is a measure of degradation. However,
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predicting the size of a degrading fibril from the extent of lattice sites lost during
degradation is not straightforward. Here we followed a lumped modeling approach to
link the average size of a fibril to the number of lattice sites.

To simulate the surface erosion of the fibril, we developed a lattice-based model.
We divided the tropocollagen unit into lattice sites each of length d,,. Based on the

3 we set d,,, = 8 nm. As the

number of amino acid residues at the cleavage site region®
cleavage site is at a distance 1/4 of the length of the tropocollagen from its C-terminal,
we assumed that there is one vulnerable site (V) per tropocollagen unit, and we treat
the rest of the lattice sites as regular sites (R) (see Fig. 1a). With these dimensions, we
developed a relation between the size of a fibril and the number of lattice sites available
at its surface. To obtain the total number of lattice sites on the fibril surface, we next
estimate the number of tropocollagen units on that surface. At any given time ¢, the
number of tropocollagen units available for collagenolysis at the fibril surface is

s _ 71-df ef (1)
¢ dpe (bpe +0.54D)’

where (1 is the length of the tropocollagen unit and (0.54 D) is the gap between two
tropocollagen units (D ~ 67 nm) (see Fig. 1a). Thus, the total number of sites N* at

time t exposed at the fibril surface is

N = ZT_mC to = ?j drc (zzcdigé.w D)’ @)
Eqn (2) highlights the relationship between the total number of sites available for
degradation and the size of the fibril. The number of vulnerable sites N}, exposed at
the surface is the same as N because one tropocollagen unit contains one vulnerable
site, i.e., Ny = Ni. Therefore the remaining N}, = (N*— N;,) are regular sites. Using
eqn (2), we can estimate either £ or dy. As the vulnerable sites are not aligned at the
same plane inside the fibril (see Fig. 1a) and the collagenolytic degradation is a surface

erosion process, we treat {; as a constant and predict dy from eqn (2).
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Figure 1: Modeling single fibril degradation. (a) Overview of the hierarchical orga-
nization of a collagen fibril and the degradation mechanism. We divide the tropocollagen
unit into lattice sites (regular and vulnerable sites). The structure of the collagenase en-
zymes has two domains. (b) When one domain of the enzyme is bound to one lattice site,
the other domain has access to only the neighboring unoccupied sites inside the red-dashed
circle, whose radius is equivalent to the hydrodynamic mean diameter (dg) of the enzyme.
(c¢) To incorporate this effect in the intrinsic rates of the full-length binding (when both do-
mains of an enzyme are bound to the lattice sites)/hopping kinetics, we propose a correction
factor (¢) as a function of available sites (ng). (d) We propose that the enzyme-induced
irreversible unwinding of the vulnerable sites induces a force, which affects the unwinding
rate of the neighboring regular sites. The symmetric (e) and asymmetric (f) energy barriers

for the winding-unwinding process of a lattice site.

As mentioned earlier, using Eqns 1 and 2, we will predict the average diameter of
the fibril. It may happen that degradation at all points on a fibril surface do not occur
at the same rate. This inhomogeneity can lead to spatial variations in the diameter
and the shape of the fibril cross-section along the length of the fibril. These spatial

variations cannot be captured using Eqns 1 and 2, as they represent a lumped system.
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Table 1: Notation and list of symbols.

Notation Description

dy mean diameter of a fibril

Uy mean length of a fibril

drc diameter of the tropocollagen unit

lre length of the tropocollagen unit

dg mean hydrodynamic diameter of an enzyme
dpm, length of one lattice site

R regular site

\Y vulnerable site

FE enzyme with two domains

E.FE, class of symbols

k% class of symbols
N®

Np

Ny

Ngg

N3, g, class of symbols

NO
(Ng ) total
D.
o
ny
0
Af
(Ag)f ) total

enzyme partially (F.E) or, fully bound (E.E,)

to regular (x = R) or, vulnerable (x = V) sites

different rate constants

total sites exposed on the fibril surface

number of regular sites exposed on the fibril surface
number of vulnerable sites exposed on the fibril surface
number of free enzymes

number of enzymes partially (or, fully) bound

to regular (or, vulnerable) sites

correction factor for intrinsic rates of full-length binding kinetics
number of available lattice sites per enzymes at partially-bound state
energy required to cross the symmetric energy barrier
extent of dissociation at the unwound state

average force experienced by the lattice sites

surface energy per unit area

characteristic time associated with force dependent kinetics
time for disentanglement of tropocollagen chains

nominal length scale

number of enzymes surrounding a fibril

total number of enzymes in the simulation box

diffusivity of enzymes

volume fraction of fibrils

number of fibrils in the simulation box

initial surface area of a fibril

initial total surface area of all fibrils
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Development of a reaction scheme to model the loss of lattice sites on a

fibril

Previous experimental findings have shown that the MMP class proteinases (for ex-
ample, MMP1) hydrolyze the peptide bonds at the vulnerable site of the collagen

e 130,31

typ . Researchers hypothesized that the enzyme destabilizes the structure of the

tropocollagen, and induces local unwinding around the vulnerable site before cleav-

303335 Using the hypotheses of Chung et al.?® and Perumal et al.??, and mak-

age
ing the following assumptions, we propose a reaction scheme for enzyme kinetics (see

Fig. 1la and the supplementary information (SI) section SI1 (Fig. S1)).

1. There are two types of lattice sites on the collagen surface: regular site (R) and
vulnerable site (V). The MMP has two domains: Hemopexin (Hpx) domain and
Catalytic (Cat) domain connected by a linker3¢37. Manka et al.?® had shown
a strict requirement of both domains to be linked together for efficient enzyme-

collagen binding and collagenolysis.

2. Following Manka et al.®®, we assume that the collagenase molecule has two do-
mains, denoted by F'E. Using these domains, the enzyme binds to the lattice
sites via adsorption-desorption mechanism and hops on the sites. For the sake of
simplicity, we assume that these two domains are equivalent and are of the same

size.

3. First, using any one domain, the enzyme binds to a single site, in what is denoted
as ‘reversible partial binding” This type of binding can result in two possible

reactions.

kL k2

EE + R = ERE EE +V = EyE (3)
kL k2

For the reversible partial binding (eqn (3)), we implement the protein adsorption-

39,40 (

desorption kinetics see a short note on adsorption kinetics in section SI2).
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4. When one domain of the enzyme is bound to one site, the other domain can
also bind to another site. When both domains of an enzyme are in bound state,
we term this state as ‘full-length binding’. The enzyme molecule can jump or
change track via hopping'®1°. It hops on the regular sites via reversible binding-
unbinding of one domain to a regular site while its other domain remains bound
to another regular site. .

k+

ErE + R k\:g‘ ErER (4)

5. Once the enzyme reaches a vulnerable site with both domains in the bound state,
hopping stops, and is followed by enzyme-induced unwinding and the formation
of product sites. These product sites are no longer available for binding new

enzyme molecules.

k4 k‘5
EvE + R % EyFEgR ErE +V -5 EyFER (5)
k’w
Unwinding :  EyEp — (EvEg)* (6)
k.c
Product formation : (EyEgR)* — P+ EFE (7)

For the cases of full-length binding/hopping represented by eqn (4)-(5), the forward
reactions cannot be treated as second order kinetics because once one domain of an
enzyme is bound to one site, its other domain does not have accessibility to all available
lattice sites on the surface (see Fig. 1b). The unbound domain of the enzyme can find
another lattice site for binding within a searching circle whose radius is equivalent to
dg (the mean hydrodynamic diameter of the enzyme). To correct the intrinsic rates
of full-length binding kinetics, we multiply the rates with a correction factor ¢. We

propose a phenomenological function for ¢ as (Fig. 1c)

_7m(dg)®  na
T dpdrc ¢ 0,

¢
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where n, is the number of available sites on the fibril surface. See section SI3 for more
details of ¢ and section SI4 for the system of ODEs representing eqn (3)-(7).

The enzyme-induced permanent unwinding followed by cleavage happens only at
the exposed vulnerable sites in collagenolysis. However, it is not clear how the fibril
will lose other exposed regular sites at the surface due to the cleavage events so that the
new surfaces can be easily accessible to the enzymes for further degradation 819:30:334L
Hence, we propose that the enzyme-induced permanent unwinding at the vulnerable
sites generates a force which assists the removal of more regular sites exposed at the

42744 and propose a

surface. We use the nonequilibrium rate-process theory of Eyring
new rate-term R related to the force-dependent kinetics in an ad hoc manner in the
system of ODEs. We briefly describe R below.

As a result of thermal fluctuations, the lattice sites can be in any state between the
triple helical and (temporary) unwound configurations®3. If the rates of transition from
the triple helical state to the unwound state and wvice-versa are equal, there is no net
change in the tropocollagen units in absence of enzymes. We hypothesize that enzyme-
induced permanent unwinding that leads to cleavage generates a local stress (Fig. 1d).
This mechanism is similar to the enzyme pulling chew-digest mechanism proposed by
Eckhard et al.*>. As a consequence, the other regular sites at the surface experience
an external force which affects the kinetics by increasing their net rate of unwinding
(Fig. le,f). This force can cause the slippage of chains, resulting in detachment from
the surface®47,

To incorporate the force-dependent kinetics, we add a new term R = ki N, in an
ad hoc manner to the system of ODEs (see section SI4 for the system of ODEs). Here
kr is the net rate of flow over the energy barrier towards force assisted unwinding

(Fig. le,f). We propose the following expression for kp 4849

(B — A F) — (B + AnF)
exp( = >p( . )

where h is Planck constant, kg is the Boltzmann constant, and 7" is the temperature.

: (9)

10
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Here, E,, is the energy required to cross the symmetric barrier (Fig. le), A, is the
extent of dissociation in unwound state which is chosen as ~ 3.6 A 33, Here F is the
average force experienced by the remaining lattice sites. This force changes the energy
barrier of unwinding to be asymmetric (Fig. 1f). If F = 0, kg = 0. Following a

heuristic approach, the average force (per remaining lattice site) is

1
F ~ R (’ydm kS TC) (2kY Np,g,) Tes (10)
where v ~ % is the surface energy per unit area®!, k¢ and kY are rate constants

of cleavage and enzymatic unwinding, respectively, Np, . is the number of enzymes
at fully-bound state (one regular and one vulnerable sites), 7. and 7, are, respectively,
a characteristic time and time required to form disentangled chains during detachment
from the surface. See sections SI5 for more details of F', 7. and 7., section SI6 for the
reaction rate constants, and section SI7 for the initial conditions to solve the ODEs.

We solved the system of ODEs using ODE23s in MATLAB (Mathworks, Natick, MA).

2.2 Brownian dynamics (BD) to estimate the enzyme distri-

bution around fibrils in a matrix

We next set up a collagen matrix that consists of stationary non-overlapping cylindrical
fibrils (Fig. 2a,b) for different fibril fractions. We modeled the enzymes as spheres
with a diameter of 10 nm?*, and simulated their Brownian motion using overdamped
Langevin dynamics®?. We used MATLAB to set up the simulations. The fibrils and
enzymes are inserted in the simulation box such that they do not overlap and are
treated as hard particles. The fibrils are randomly inserted®*. Periodic boundary
conditions are applied in all three directions. For the sake of simplicity, all potential
interactions among fibrils and molecules are neglected and the motion of the enzymes
through the fibrous gel is simulated using Cichocki-Hinsen algorithm®57. The free

diffusivity D, of the enzyme is set to 74 x 1072 m?/s%8. The time step for simulations

11
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is chosen At, = 107% s such that it is sufficiently small and the length increment in
one time step is /D, At, ~ O(dg), which is equivalent to the size of the enzyme
dp ~ 10 nm. In simulations and model predictions, all length dimensions are scaled
by [, = 1 nm, and the dimensions of the simulation box are chosen as 51, X 51, X 51,.
The entire codebase used in this work along with a readme file is available at https:
//github.com/RangamaniLabUCSD/Collagen matrix_degradation.git.

For a length scale [, = 1 pm and the diffusivity of the enzyme (collagenase)
De ~ 1071 m*/s%, the time scale is of O(I2/D.) ~ O(107%) s. Hence the limit of
instantaneous diffusion is valid in the long time limit for the chosen simulation box
dimensions'*. Based on this assumption, we proposed a hybrid framework (Fig. 2c).
In this framework, we run the simulation for a period of time and then obtain the
number of enzymes (N?) surrounding the fibrils based on the shortest distances of en-
zymes from the fibrils (Fig. 2d). We use the values of N? to solve the single fibril model
where the fibril-scale model considers the binding-unbinding and other types of inter-
actions among the enzymes and fibrils through a set of reactions. Using this hybrid
modeling framework, we predict the degradation of all individual fibrils, effectively the
degradation of a matrix.

The number of simulation time steps must be such that the enzymes get enough time
to distribute themselves inside the pores of the matrix. As the limit of instantaneous
diffusion is valid, the time span would be 1072 s to 1 s for a dimension of the simulation
box 1 1, to 10 l,. Therefore, we chose the number of simulation time steps to obtain
enzyme distribution around fibrils as 10° to 10°, which is 107! s to 1 s. The enzyme
distribution in this short time and in the long time limit would not differ, as BD
simulations do not consider the attractive interaction potentials among enzymes and
fibrils explicitly.

To perform the BD simulations, we chose an enzyme concentration ~ 2.5 ng/mL.
For the simulation box volume 5, x 51, x 51, = 125 lz, the weight of enzymes is
312.5 x 1078 g. The molecular weight (M¢) of collagenase varies between 70-130 kDa.

We have chosen M¢ ~ 120 kDa*. For this chosen value, the estimate of total number

12
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o
1
Brownian motion
of enzymes
Zy’ =
?
— ®
(c) w
Insert non-overlapping cylindrical fibrils (placed ,| For each enzyme, calculate its distance from

randomly/arranged) inside simulation box the surface of all fibrils (see Fig. b below)

! !

Place enzymes randomly (non-overlapping) | Based on its shortest distance (among all
l distances), the enzyme is assigned to a
particular fibril
Set simulation time step At, = 107 s, apply Cichocki- 7

Hinsen algorithm, and simulate Brownian motion of

- . . Follow the above rule and assign all enzymes to
enzymes using overdamped Langevin dynamics

the fibrils similarly; finally obtain values of N2
for all individual fibrils

v
Run simulations for 105 — 10° time steps and obtain
updated positions of enzyme molecules

<
*‘ A

Use N2, solve single fibril degradation model
independently for all individual fibrils, and
predict thicknesses of the degraded fibrils

v

If mass of a fibril reaches to zero after a period,
case 1 assign enzymes (associ.ated with tl.1i5 fibril) to
( d) next closest fibrils and continue

4 case 2

Figure 2: Brownian dynamics and hybrid simulation. (a) Schematic of the Brownian
motion of enzymes inside the pores. (b) Configuration of the Brownian dynamics simula-
tion where the cylinders represent collagen fibrils and the red spheres represent the enzyme
molecules (not to scale). (c) Flowchart of the hybrid modeling approach. (d) Schematic
representing the distance of an enzyme from the surface of a fibril. Based on the position of
the enzyme with respect to any fibril surface, two cases are possible. For case 1, the distance
chosen is AC' = AB — dy/2. Otherwise, A'C' = \/(B'D')? + (A’B’ — dy/2)? is the chosen
distance for case 2, where B'D' = \/(OA’)2 — (A'B’)%2 — (/2.
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of enzymes in simulation volume is (N2)soar ~ 1500.

We fixed the enzyme concentration and vary the collagen concentration, or equiv-
alently, the fibril fraction ¢;. Here ¢; is the ratio of the volume of all fibrils to the
volume of the simulation box. See section SI8 for more details on estimation of the
fibril fraction ¢; from a collagen concentration. By varying fibril diameter d, fibril
length ¢; and number of fibrils ny, we vary ¢; in the range 0.003 — 0.03, i.e. 0.3 — 3%
for organs such as brain, liver, kidney, etc.?®. These three parameters, dy, ¢; and ny,
are important factors to address different matrix microarchitectures. The orientation
and curvature (or, crimping) of the fibrils can be other factors'?, however, we did not

consider their roles in the present work.

2.3 Experimental methods

Following the experimental methodologies of Ranamukhaarachchi et al.'!, we used rat
tail type I collagen to synthesize the collagen gels. To vary the microarchitecture of the
gels, we used polyethylene glycol (PEG) as a macro-molecular crowding agent. After
polymerization of collagen using PEG at 37°C, PEG was washed out of the gels by
rinsing them with Dulbecco’s Modified Eagle Medium (DMEM) solution. We then
treated the gels with a bacterial collagenase. To characterize the microarchitectures of
the gels pre- and post-degradation, we performed fast green staining and imaging using
the confocal fluorescence microscopy and scanning electron microscopy. See section SI9

for more details of the experimental methods.

3 Results

3.1 Single fibril degradation

We first calibrate single fibril model and compare single fibril surface erosion model

1.21

against previously published experiments of Flynn et al.**. In the absence of external

loading, our model captured the experimental trend (Fig. 3a). See section SI10 for

14
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more details. When the fibril is under external loading, perhaps the external tension
increases the stability of the triple helices by increasing the energy barrier for enzy-

29,60-64

matic unwinding , which is different from the mechanism for an isolated triple

65,66

helix under external tension Under low loading of ~ 2 pN per tropocollagen

monomer 21,62

, a small increase in the energy barrier F,, for enzymatic unwinding by
dE,, = 0.013 E,, explains the experimental trend satisfactorily (Fig. 3a). See section
SI10 for the choice of 0 F,, = 0.013 E,,,. Overall, our model captured the experimental
trends for a degrading fibril under different external loading conditions reasonably well.

In a surface erosion process, the degradability of a fibril must be proportional to
the ratio NJ/A}, where N and A} = (7 d} £y) are the number of enzymes surrounding
a fibril and the initial surface area of the fibril, respectively. For a fibril of fixed
initial diameter d?c, an increase in N? increases the degradability (Fig. 3b). However,
for a fixed value of N, the degradability decreases with the increase in d} (Fig. 3c).
The quantity (d} — dy)/d} represents the relative decrease in the diameter. Its smaller
value represents less degradation and vice versa. We provided a few results (Fig. S2) on

degradability and the ratio N? /Ag)c in section SI10. In summary, our model predictions

captured the scaling related to a surface erosion process.

3.2 Degradation of collagen matrices

Having established that the single fibril model captures experimentally observed degra-
dation rates (Fig. 3a), we next focused on degradation of collagen fibrils in matrices.
Before addressing matrix degradation, we define two important dependent parame-
ters: the initial volume fraction of fibrils as ¢, = (nf 5 3((d})? Ef)z-) /vol.”* and the
initial total surface area (scaled) of fibrils as (A%})wra = <nf Ty (dy e f)l> /L.

Degradation of matrices with uniform fibrils

We first considered uniform fibrils of same initial diameter dg)c and length /¢, and

investigated the effect of the number of fibrils ny, dgl, and £y on degradation. Using
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Figure 3: Degradation of single fibril. (a) Validation of the single fibril model with
the experimental findings of Flynn et al.2!. Relative decrease of fibril diameter (d?r —dyg)/ dg)c
(or, the extent of degradation) with time for two cases: (b) fixed initial fibril diameter
d(}/lp = 0.12 and varying number of enzymes surrounding a fibril (N?); (c) Varying d(}/lp
and fixed N0 = 50. Here l, = 1 pm is a nominal length scale. The length of the fibril is
l¢/l, = 2 in (b) and (c). The solid and dashed curves in (b) and (c) correspond to k§ =
0.583 57167 and 0.472 s7168 respectively.
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the hybrid approach described in Fig. 2b,c, we counted the number of enzymes N?
surrounding every single fibril (Fig. 4a). We used this count of the number of enzymes
to obtain a probability density function (PDF) of N? for a given matrix (Fig. 4b).

We observed that the enzyme distribution was not uniform across the fibrils in a
matrix (Fig. 4a,b), suggesting that the organization of the collagen fibrils was a major
determinant of the enzyme distribution. There are a few factors that can result in this
non-uniform distribution of enzymes around fibrils. First, the cylindrical geometry of
fibrils can result in an anisotropy of the diffusive motion of enzymes®>™. Even if the
cylindrical geometries of the fibrils are taken into account, for enzyme distributions in a
matrix to be nearly uniform, fibrils should be organized in an equidistant manner with
parallel alignment. This organization ensures a uniform pore size around cylindrical
fibrils and can result in nearly uniform enzyme distribution (see SI Fig. S3). How-
ever, the random placement and random orientation of fibrils induces a non-uniform
distribution of pore sizes. These factors together can result in a non-uniform enzyme
distribution in a fibrillar matrix. Our simulations show that this finding of non-uniform
distribution of enzymes holds for different values of fibril diameter, fibril length, and
number of fibrils (Fig. 4e).

The enzyme distributions do not differ much between two matrices if we vary only
d?c, fixing ¢; /1, = 2 and ny = 25 (Fig. 4b). Using the values of the number of enzymes in
Fig. 4a, we solved the single fibril model for each of the individual fibrils and calculated
the diameters of the fibrils (Fig. 4c). As expected, each fibril degrades to a different
extent because of the difference in the number of enzymes surrounding it. Using these
single fibril data, we obtained the PDF of the relative decrease in the diameter of the
fibril (d} — dy)/d} (Fig. 4d). Thus, we find that although the initial fibril diameter
is uniform, the degraded fibrils have a distribution of diameters because of the non-
uniform enzyme distribution.

We next investigated the effect of the number of fibrils n; on the extent of degrada-
tion. From our simulations, we find that the enzyme distribution is a strong function

of ny (Fig. 4e). For a fixed value of (N?)ista1, we can expect a decrease in the average
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Figure 4: Degradation of collagen matrices. (a) The values of the number of enzymes
N? surrounding the individual fibrils in a matrix for two different matrices of same fibril
length £y and number of fibrils ny, but for two different values of initial fibril diameter
d?c /l, = 0.1 and 0.15. (b) The probability density function (PDF) of N generated using the
data in (a). (c) The predicted diameters of the fibrils after 1 hour of degradation by enzymes
for the cases in (a). (d) The PDFs representing the relative decrease in diameter (d?c —dy)/ d?c
for the data shown in (c). Panels (e) and (f) represent PDFs of NY and (d?r - df)/dg for
different values of d%, ny and ¢;. (g) The percentage of the mass lost (left ordinate) and the
ratio (N?)sotal/ (A(})total (right ordinate) with the volume fraction of fibrils ¢;. The black
curve in (g) represents a fit to the data points corresponding to the left ordinate. The data
points inside the blue circles show non-monotonous trends of the mass lost and the ratio
(Ng)toml/(Ag)c)toml with respect to ¢y. 18
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value of N? per fibril if n; increases. When comparing two matrices of the same d?c and
(s, the matrix with higher number of fibrils degrades to a lesser extent than the matrix
with fewer fibrils (Fig. 4d,f). We also find that an increase in d} and £; decreases the
degradability of the matrix for fixed values of ny and (N?),pa (Fig. 4d,f) because of
the decrease in the ratio (N?)ta1/ (A(})total.

Effect of matrix architecture on fibril degradation

Since we model the single fibril degradation as a surface erosion process, the extent
of degradation for a matrix must be proportional to the ratio of the total number of
enzymes to the total surface area of the fibrils (N?);oza1/ (A(})total- The overall mass

lost, defined as

S 3% 4] = [ S 3 0k )
Z?fﬂ % (d(})?d gf

mass lost =

x 100, (11)

represents a direct estimate of the matrix degradation. In matrices, we considered the
lost volume of all fibrils even if a thin fibril is fully digested. We used Eqn 11 to obtain
the total mass lost. This equation includes all fibril volumes whether fully digested or
not. For all combinations of ny, d‘} and /¢, we find a direct correlation between the
mass lost and the ratio (N2)sota1/ (A(J]f)total (Fig. 4g) when they are plotted against the
fibril fraction ¢;. However, the variation of the mass lost and (N?)sotar/(A})totar With ¢
are not strictly monotonous (blue circles in Fig. 4g), although their trends appear to be
monotonically decreasing as ¢y increases. The circled data points in Fig. 4g show that
for the same enzyme concentration, different extent of degradation can occur between
two matrices of same fibril fraction ¢ (equivalently, the same collagen concentration)
and wice versa. This finding leads to the following question: does the difference in
microarchitecture of two matrices of same ¢ impact the extent of degradation? We
answer this question by conducting the following simulations.

We fix the value of ¢ and the enzyme concentration, and consider the matrices with
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uniform fibrils. Without varying /¢, different matrices of same ¢; can be generated
by adjusting the values of ny and d} (Fig. 5a). For example, as ¢y o< ny(d})?, a
50% decrease in d(} can increase ny up to 4 times, resulting in twice the increase of the
surface area ((A})wrar o< nyp dy). For the case of constant ¢ and smaller df, ny increases
and shifts the enzyme distribution towards the left (Fig. 5b). Simulations show that
a matrix composed of thinner fibrils degrades less than that a matrix composed of
thicker fibrils (Fig. 5c¢). This is an unexpected result and counterintuitive to what
we might expect from a single fibril model. In the single fibril degradation model, a
thinner fibril degrades more than a thicker fibril if the enzyme concentration is the same
(Fig. 3c) because of lesser surface area of a thinner fibril available to larger number of
enzymes. In contrast, in a three-dimensional, randomly oriented and randomly placed
fibril network, multiple factors affect the enzyme distribution as discussed previously.
Thus, this finding highlights the importance of incorporating the three-dimensional
spatial considerations including diffusion of enzymes and matrix microarchitectures into
the model. The results in Fig. 5d-f show how the number of fibrils changes for different
sets of (d%, £;) when ¢, is fixed, which directly influences the ratio (N?) a1/ (A(})total,
and the overall mass lost. In summary, our simulations predict that for the same
enzyme concentration, uniform fibril diameter, and the same fibril fraction ¢, a matrix
with thicker fibrils can degrade more than that with thinner fibrils (Figs. 5d-f).

To compare this model prediction on matrix degradability, we performed in wvitro

experiments with synthetic collagen gels and investigated their degradability.

3.3 Experiments reveal that matrix microarchitecture governs
degradability

Ranamukhaarachchi et al.!' previously showed that the microarchitecture of a col-
lagen gel can be modulated using polyethylene glycol (PEG) as a macro-molecular
crowding (MMC) agent. They also reported that the degradability of the gels varies

with the matrix microarchitecture. Using this background, to test our model predic-
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Figure 5: Matrix with thicker fibrils degrades more than that with thinner fibrils.
(a) The initial configurations of two matrices having the same fibril fraction ¢ = 0.006. The
color bars in (a) represent the number of enzymes (N?) surrounding the fibrils. For the
configuration in (a), the PDF of enzyme distribution NY (b) and the PDF of the extent of
degradation of fibrils (d[} —dy)/ dg)c (c). For matrices having different ¢, the first (d), second
(e) and third (f) panels report the number of fibrils in matrices, (N9);ota1/ (A(})toml and the

percentage mass lost (overall degradation of matrices), respectively. All results correspond

to the total number of enzymes (N2);otqr = 1500 and time 60 minutes.
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tions, we prepared collagen gels with two different microarchitectures from the same
collagen concentration. We used 2.5 mg/ml collagen (final concentration) and two
different MMC concentrations: 2 mg/mL PEG designated as P2 and 8 mg/mL PEG
denoted as P8 (Fig. 6a). We used a bacterial collagenase concentration of 2.5 ng/mL
(final concentration) to perform degradation experiments. Using fast green staining
images and scanning electron microscopy (SEM), we quantified the fibril length and
thickness distributions respectively before and after degradation. We denote the gels
post-degradation as P2x and P8x.

Fig. 6b shows the fast green stained images, and the length distributions for P2/P2x
(Fig. 6¢) and P8/P8x (Fig. 6d). The mean length of the fibrils in P8 (~ 3 £ 0.2 pm)
is slightly smaller than that of P2 (~ 3.3 + 0.4 pm). From Fig. 6b, it is obvious
that P2 degrades more than P8 as larger pores are present in P2x. However, there is
no significant change in the length distributions before and after degradation in both
P2/P2x and P8/P8x (Fig. 6¢,d); the decrease in the mean length post-degradation is
less than ~ 8%. Hence the assumption of treating the fibril length ¢ as a constant
in our model is supported by the experimental findings. The green stained images
(Fig. 6b) reveal that the number of fibrils is higher in P8 than that in P2 (through
visualization).

The SEM images (Fig. 6e) and the histograms of the fibril diameters (Fig. 6f,g)
show that the fibrils are thicker in P2 than in P8. The mean diameter of the fibrils in
P8 (~ 0.09 £0.02 pm) is ~ 25-30% smaller than that of P2 (~ 0.13 +0.03 pm). After
degradation, the decrease in the diameter occurs in both P2x and P8x (Fig. 6f,g). We
performed statistical comparisons of the distributions by log normal fits (see section
SI11). We did not find significant differences in length distributions, but there are
differences in the diameter distributions. Quantification of the diameters of the fibrils
show that P2 (Fig. 6f) degrades more than P8 (Fig. 6g). The decrease in the mean
diameter is ~ 30 — 40% in P2x and ~ 15% in P8x. Thus, experiments validate our
model predictions that a matrix with thicker fibrils can degrade more than one with

thinner fibrils for the same collagen and collagenase concentrations.
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Figure 6: Experimental findings. (a) Preparation of collagen gels. (b) The fast green
stained images of the gels (scale bar 20 pm). The length distributions of (¢) P2/P2x and (d)
P8/P8x before and after treatment with collagenase from the green stained images. (e) The
SEM images of P2/P2x and P8/P8x (scale bar 2 um). The histograms of fibril diameters for
(f) P2/P2x and (g) P8/P8x.
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Model predictions for matrices with non-uniform fibrils highlight the role

of microarchitecture in degradation

To further reinforce the role of matrix microarchitecture, we note that the significant
differences between the microarchitectures of P2 and P8 are primarily due to the num-
ber of fibrils and fibril diameter. In P2, there are less number of fibrils and the fibrils
are thicker. However, in P8, there are higher number of fibrils but the fibrils are thin-
ner, compared to P2 (Fig. 6). Our model predicts higher degradability of a matrix with
thicker fibrils than that with thinner fibrils (Figs. 5). Thus, we can qualitatively ex-
plain why the matrix with the P2 architecture degrades more than the P8 architecture.
However, our simulations in Fig. 5 are for fibrils of uniform initial diameter. Because
the experimentally synthesized matrices had fibrils with a distribution of diameters, we
next simulated the degradation of fibrils in matrices of experimentally-inspired fibril
diameter distributions.

We generated the fibrils whose diameters matched the experimentally observed
diameters of P2 and P8 (Fig. S5 and Fig. S6 in section SI11 for more details). In any
matrix (whether P2 or P8), we set the length of the fibrils the same. As the mean length
of P8 is approximately 8-10% smaller than that of P2 in experimental findings, we set
the mean fibril length of P8 10 % smaller than that of P2 in simulations. We used a fibril
fraction of ¢, = 0.007 in both cases as this value is close to the collagen concentration
used in the experiments. As a result, in these newly generated matrices, the number of
fibrils is higher for P8 (n; ~ 75) than that in P2 (n; ~ 40) for the same fibril fraction
¢¢. We compared the outcomes of degradation in these conditions as shown in Fig. 7.
The microarchitectures are different for P2 and P8 (Fig. 7a,b) in terms of the number
of fibrils and the diameters. As a result, the enzyme distribution for P8 shifts to the left
due to larger number of fibrils (Fig. 7c) and implies less number of enzymes per fibril.
The diameter distributions (in the range 0.03-0.2 ym) of P2 and P8 before and after
degradation (Fig. 7d,e) and the overall mass lost (Fig. 7f) indicate that P2 degrades

more than P8 for the same collagen and enzyme concentrations, in agreement with
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Figure 7: Simulations of matrices with non-uniform fibrils predict that P2 de-
grades higher than P8. The initial configurations of two matrices, P2 (a) and P8 (b),
with the same fibril fraction ¢y = 0.007. The color bars in (a) and (b) represent the number
of enzymes (N?) surrounding the fibrils. For the configuration in (a) and (b), the PDF of
the enzyme distributions N? (c), the PDF of the diameters of the fibrils for P2/P2x (d) and
P8/P8x (e), and the overall mass lost (f). The results correspond to the total number of

enzymes (N?);o1qr = 1500 and time 60 minutes.
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experiments (Fig. 6e,f). Our simulation results using non-uniform fibril diameter only
reinforce our model predictions that the matrices of the same collagen concentration
can have very different microarchitectures and the matrices can degrade differently
under the same collagenase concentration. In summary, our study reveals that matrix

microarchitecture plays an important role in degradation of collagen matrices.

4 Discussion

In this study, using a combination of modeling and experiments, we investigated the
collagenolytic degradation of collagen matrices. Unraveling the connection between
the matrix microarchitecture and degradation is important to design biomaterials and
understand ECM remodeling at cellular length scale. Previous models are either con-
tinuum or discrete, and thus, they predict either overall rate of degradation or degra-
dation at the nanoscale!4!%1%19  The model and framework we developed in this work
to investigate the collagen matrix microarchitecture and matrix degradation is novel
in the sense that it addresses the connection between the nanoscale degradation and
the microscale microarchitecture.

The single fibril component of our model shows the capability to capture experimen-
tal trends under different loading conditions. Furthermore, the integration of multiscale
model components shows that matrix microarchitecture is a strong determinant of ma-
trix degradability. This relationship emerges because the fibrillar network causes the
enzyme distribution in a matrix to be non-uniform, and this enzyme distribution leads
to fibrils of distributed diameters even if the fibrils are initially uniform in size. This
explains how matrices of the same collagen concentration but different microarchitec-
tures can degrade differently under the same collagenase concentration. These findings
are backed by in vitro experiments with collagen gels of different microarchitectures.

However, our model has also some drawbacks. The lattice-based single fibril model
has a limitation to predict the spatial variations in the size and shape of a degrading

fibril. In our simulations, the fibrils are non-stretchable, and we did not explicitly con-
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sider explicitly the potential energy based attractive interactions among the fibrils and
enzymes. At present, it is difficult to state a priori whether the potential interactions
can affect the temporal evolution of the enzyme distribution which merits further at-
tention. One of the limitations of our current simulation strategy is that we modelled
collagen fibrils as rigid rods, therefore it is not possible to simulate single fibril degra-
dation under tension using the current simulation framework. One possible way to
simulate soft fibrils under tension can be using molecular dynamics simulations. Many
researchers performed molecular dynamics at the tropocollagen scale (for example, see
Chang et al.%). While molecular dynamics simulations are outside the scope of the
present work, we anticipate future advances in this area.

Another important opportunity would be predicting matrix degradation under dif-

172 reported

ferent external stretching conditions. Some experimental observations
that the degradation rate of a matrix decreases and then increases with an increase
in strain, leading to a V-shape profile for degradation rates as a function of loading.
Our model is currently able to predict matrix degradation under no external stretching
conditions. The presence of fibril connectivity and crosslinks may change the force
distribution among the degrading fibrils under tension. Future enhancements to our
simulation framework include simulations of soft fibrils with fibril connectivity and
crosslinks. Furthermore, the current hybrid model does not consider fibril orientation,
the effect of crosslinking and crimping of fibrils. We speculate that the crimping in-
duced curvature and orientation may influence enzyme distribution and degradability.
These topics merit more attention and form a part of future work.

In summary, our single fibril model and hybrid modeling framework effectively cap-
ture multi-scale effects to predict the degradation of three-dimensional matrices with
different microarchitectures. Although relatively simple, this framework sheds light
on how collagen matrix degradability is tuned by matrix microarchitecture. Further
model developments can also include additional vulnerable sites for making it specific
to the bacterial collagenase?”. Such modifications will reflect in the changes of the rate

constants and initial number of vulnerable sites. However, the mechanism of enzyme
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induced permanent unwinding will likely remain the same.

This work has important implications for a number of fields, including matrix biol-
ogy, cell migration, and biomaterials. A recent work'® showed that matrix degradabil-
ity can translate into differences in stress relaxation that can be sensed by cells through
effects on cell-matrix adhesions. Perhaps related to this phenomenon, another work ™
showed that cell invasiveness is upregulated for breast cancer cells inside collagen net-
works comprised of thick fibrils, whereas the invasiveness decreased substantially for
thin fibrils of similar pore diameter and elastic modulus. These observed differences in
invasiveness may be linked to the differences in the degradability and resulting mechan-
ical changes of thick and thin fibrillar architectures. An important future direction is
to scale modeling efforts to decellularized ECM and tissues. In the field of biomaterial
design, synthetic matrices developed so far focus on recapitulate the biochemical and
mechanical features of the ECM. Controlling the degradability by mimicking native

11,12,74

collagen architectures could offer valuable insights into cellular function.
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