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Abstract10

Collagenolytic degradation is a process fundamental to tissue remodeling. The11

microarchitecture of collagen fibril networks changes during development, ag-12

ing, and disease. Such changes to microarchitecture are often accompanied by13

changes in matrix degradability. In a matrix, the pore size and fibril charac-14

teristics like length, diameter, number, orientation, and curvature are the ma-15

jor variables that define the microarchitecture. In vitro, collagen matrices of16

the same concentration but different microarchitectures also vary in degrada-17

tion rate. How do different microarchitectures affect matrix degradation? To18

answer this question, we developed a computational model of collagen degra-19

dation. We first developed a lattice model that describes collagen degradation20

at the scale of a single fibril. We then extended this model to investigate the21

∗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 a22

multi-fibril three dimensional matrix to predict its degradability. Our simula-23

tions predict that the distribution of enzymes around the fibrils is non-uniform24

and depends on the microarchitecture of the matrix. This non-uniformity in25

enzyme distribution can lead to different extents of degradability for matrices of26

different microarchitectures. Our simulations predict that for the same enzyme27

concentration and collagen concentration, a matrix with thicker fibrils degrades28

more than that with thinner fibrils. Our model predictions were tested using29

in vitro experiments with synthesized collagen gels of different microarchitec-30

tures. Experiments showed that indeed degradation of collagen depends on the31

matrix architecture and fibril thickness. In summary, our study shows that32

the microarchitecture of the collagen matrix is an important determinant of its33

degradability.34

1 Introduction35

Collagen is the most abundant protein present in tissues. Enzymatic degradation of36

collagen is an important process in both physiological and pathological conditions1,2.37

For instance, an imbalance between collagen degradation and production can lead to38

increased collagen accumulation resulting in fibrosis3,4. Such fibrotic environments39

have been associated with an impaired degradative environment4. Studies have shown40

that the microarchitecture of collagen in the fibrotic extracellular matrix (ECM) is41

substantially different from the healthy tissues and they show higher resistance to42

degradation5,6. As another example, cancer-associated fibroblasts in the tumor mi-43

croenvironment secrete collagen and continuously remodel their matrix. This abnormal44

remodeling can lead to the cancerous microenvironment possessing a higher density of45

collagen and very different microarchitecture than a healthy ECM7. A body of work46

argues that alterations in collagen degradation can result in metastasis8,9, and suggests47

possible connections between the matrix microarchitecture and its degradability10–13.48
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However, the role of matrix microarchitecture in determining the degradability at the49

cellular length scale remains an open question. Here, we used multi-scale modeling and50

in vitro experiments to investigate possible mechanisms of matrix degradation at this51

length scale.52

Most models of collagen gel degradation use Michaelis-Menten kinetics to model53

the collagenase activity and show good agreement with experiments in predicting the54

rate of total mass loss14–17. These models cannot address the connection between55

the microarchitecture and degradation because of their continuum structure. Another56

class of models have treated collagen fibril as a thin filament of negligible thickness57

(diameter ∼ 10−20 nm) and proposed a degradation mechanism of one filament based58

on movements of a few collagenase molecules over the filament surface18,19. However,59

many experimental findings have reported that the collagen fibrils in a matrix are60

significantly thicker (diameter in the range ∼ 0.1 − 0.5µm) than the value used in61

these models11,20–23. Therefore, an open challenge in the field is to determine how62

a filament-scale model can be extended to a fibril-scale model, and subsequently, to63

a model where multiple fibrils are interacting with many collagenase molecules in a64

three-dimensional matrix.65

In this work, we investigated how matrix microarchitecture can affect its degrad-66

ability. We developed a fibril-scale model using lattice-based approach to predict the67

degradation of single fibril. To predict degradation of multiple fibrils by many enzyme68

molecules in a matrix, we used Brownian dynamics to capture the enzyme distribution69

surrounding the fibrils in a three-dimensional matrix environment. We then combined70

the fibril-scale model with the enzyme distribution obtained from the Brownian dynam-71

ics simulations to predict the degradation of collagen matrices. Our model predicted72

that differences in the microarchitecture between two matrices of same collagen density73

can lead to different extents of degradation. Additionally, we predicted that fibril thick-74

ness can be an important determinant of degradation. We tested this prediction against75

in vitro experiments using collagen gels of different architectures, which showed that76

indeed, fibril degradation depends on the matrix microarchitecture. Thus our study77
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may provide new insights for understanding matrix alterations associated with disease78

and may influence the development of matrix targeted therapeutics, biomaterials and79

controlled drug delivery2,24,25.80

2 Methods81

In this section, we describe the details of the single fibril model, Brownian dynamics82

(BD) simulations, and experimental methods. We elaborate on each step of the model83

development and justify the assumptions based on previous experimental observations.84

The notation and symbols used in this work are shown in Table 1.85

2.1 Model development for the degradation of single fibril86

We consider a single collagen fibril of mean diameter df and mean length ℓf . This87

fibril consists of a staggered arrangement of the triple helix tropocollagen units as88

shown in Fig. 1a26–29. The enzymatic degradation of the fibril occurs in the presence of89

collagenases such as matrix metalloproteinases (MMP). These collagenases cleave the90

triple helix at a site that is at a distance ∼ 67 nm (approx. 1/4 of the length of the91

triple helix) from the C-terminal of the tropocollagen unit (Fig. 1a)30,31.92

Previous experiments have reported that the collagenolytic degradation is a surface93

erosion process14,32,33. The minimum effective pore size inside a collagen fibril is a94

few multiples of the diameter of the tropocollagen, which is dTC ∼ 1.5 nm26. This95

dimension is smaller than the size of the collagenase molecules which is in the range96

50-120 kDa with a mean hydrodynamic diameter of dE ∼ 10− 20 nm34. Based on the97

dimensions and following previous studies14,32,33, we assume that the diffusion of MMPs98

through the pores of the fibril can be ignored, and we model the fibril degradation as99

a surface erosion process.100

We treated the fibril surface as a series of lattice sites to model the surface erosion101

process. The loss of lattice sites effectively is a measure of degradation. However,102
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predicting the size of a degrading fibril from the extent of lattice sites lost during103

degradation is not straightforward. Here we followed a lumped modeling approach to104

link the average size of a fibril to the number of lattice sites.105

To simulate the surface erosion of the fibril, we developed a lattice-based model.106

We divided the tropocollagen unit into lattice sites each of length dm. Based on the107

number of amino acid residues at the cleavage site region33, we set dm = 8 nm. As the108

cleavage site is at a distance 1/4 of the length of the tropocollagen from its C-terminal,109

we assumed that there is one vulnerable site (V) per tropocollagen unit, and we treat110

the rest of the lattice sites as regular sites (R) (see Fig. 1a). With these dimensions, we111

developed a relation between the size of a fibril and the number of lattice sites available112

at its surface. To obtain the total number of lattice sites on the fibril surface, we next113

estimate the number of tropocollagen units on that surface. At any given time t, the114

number of tropocollagen units available for collagenolysis at the fibril surface is115

N s
TC =

π df ℓf
dTC (ℓTC + 0.54D)

, (1)

where ℓTC is the length of the tropocollagen unit and (0.54 D) is the gap between two116

tropocollagen units (D ∼ 67 nm) (see Fig. 1a). Thus, the total number of sites N s at117

time t exposed at the fibril surface is118

N s =
ℓTC

dm
N s

TC =
ℓTC

dm

π df ℓf
dTC (ℓTC + 0.54D)

. (2)

Eqn (2) highlights the relationship between the total number of sites available for119

degradation and the size of the fibril. The number of vulnerable sites N s
V exposed at120

the surface is the same as N s
TC because one tropocollagen unit contains one vulnerable121

site, i.e., N s
V = N s

TC. Therefore the remaining N s
R = (N s−N s

V ) are regular sites. Using122

eqn (2), we can estimate either ℓf or df . As the vulnerable sites are not aligned at the123

same plane inside the fibril (see Fig. 1a) and the collagenolytic degradation is a surface124

erosion process, we treat ℓf as a constant and predict df from eqn (2).125
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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 (dE) 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 (ϕ) as a function of available sites (na). (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 of126

the fibril. It may happen that degradation at all points on a fibril surface do not occur127

at the same rate. This inhomogeneity can lead to spatial variations in the diameter128

and the shape of the fibril cross-section along the length of the fibril. These spatial129

variations cannot be captured using Eqns 1 and 2, as they represent a lumped system.130
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Table 1: Notation and list of symbols.
Notation Description
df mean diameter of a fibril
ℓf mean length of a fibril
dTC diameter of the tropocollagen unit
ℓTC length of the tropocollagen unit
dE mean hydrodynamic diameter of an enzyme
dm length of one lattice site
R regular site
V vulnerable site
EE enzyme with two domains
E∗E∗ class of symbols enzyme partially (E∗E) or, fully bound (E∗E∗)

to regular (∗ = R) or, vulnerable (∗ = V ) sites
k∗
∗ class of symbols different rate constants

N s total sites exposed on the fibril surface
N s

R number of regular sites exposed on the fibril surface
N s

V number of vulnerable sites exposed on the fibril surface
NEE number of free enzymes
N s

E∗E∗ class of symbols number of enzymes partially (or, fully) bound
to regular (or, vulnerable) sites

ϕ correction factor for intrinsic rates of full-length binding kinetics
na number of available lattice sites per enzymes at partially-bound state
Em energy required to cross the symmetric energy barrier
λm extent of dissociation at the unwound state
F average force experienced by the lattice sites
γ surface energy per unit area
τc characteristic time associated with force dependent kinetics
τe time for disentanglement of tropocollagen chains
lp nominal length scale
N0

e number of enzymes surrounding a fibril
(N0

e )total total number of enzymes in the simulation box
De diffusivity of enzymes
ϕf volume fraction of fibrils
nf number of fibrils in the simulation box
A0

f initial surface area of a fibril
(A0

f )total initial total surface area of all fibrils
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Development of a reaction scheme to model the loss of lattice sites on a131

fibril132

Previous experimental findings have shown that the MMP class proteinases (for ex-133

ample, MMP1) hydrolyze the peptide bonds at the vulnerable site of the collagen134

type I30,31. Researchers hypothesized that the enzyme destabilizes the structure of the135

tropocollagen, and induces local unwinding around the vulnerable site before cleav-136

age30,33,35. Using the hypotheses of Chung et al.30 and Perumal et al.33, and mak-137

ing the following assumptions, we propose a reaction scheme for enzyme kinetics (see138

Fig. 1a and the supplementary information (SI) section SI1 (Fig. S1)).139

1. There are two types of lattice sites on the collagen surface: regular site (R) and140

vulnerable site (V). The MMP has two domains: Hemopexin (Hpx) domain and141

Catalytic (Cat) domain connected by a linker36,37. Manka et al.38 had shown142

a strict requirement of both domains to be linked together for efficient enzyme-143

collagen binding and collagenolysis.144

2. Following Manka et al.38, we assume that the collagenase molecule has two do-145

mains, denoted by EE. Using these domains, the enzyme binds to the lattice146

sites via adsorption-desorption mechanism and hops on the sites. For the sake of147

simplicity, we assume that these two domains are equivalent and are of the same148

size.149

3. First, using any one domain, the enzyme binds to a single site, in what is denoted150

as ‘reversible partial binding’. This type of binding can result in two possible151

reactions.152

EE + R
k1+⇌
k1−

ERE EE + V
k2+⇌
k2−

EVE (3)

For the reversible partial binding (eqn (3)), we implement the protein adsorption-153

desorption kinetics39,40 (see a short note on adsorption kinetics in section SI2).154
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4. When one domain of the enzyme is bound to one site, the other domain can155

also bind to another site. When both domains of an enzyme are in bound state,156

we term this state as ‘full-length binding’. The enzyme molecule can jump or157

change track via hopping18,19. It hops on the regular sites via reversible binding-158

unbinding of one domain to a regular site while its other domain remains bound159

to another regular site.160

ERE + R
k3+⇌
k3−

ERER (4)

5. Once the enzyme reaches a vulnerable site with both domains in the bound state,161

hopping stops, and is followed by enzyme-induced unwinding and the formation162

of product sites. These product sites are no longer available for binding new163

enzyme molecules.164

EVE + R
k4+−→ EVER ERE + V

k5+−→ EVER (5)
165

Unwinding : EVER

kw+−→ (EVER)
∗ (6)

166

Product formation : (EVER)
∗ kc+−→ P + EE (7)

For the cases of full-length binding/hopping represented by eqn (4)-(5), the forward167

reactions cannot be treated as second order kinetics because once one domain of an168

enzyme is bound to one site, its other domain does not have accessibility to all available169

lattice sites on the surface (see Fig. 1b). The unbound domain of the enzyme can find170

another lattice site for binding within a searching circle whose radius is equivalent to171

dE (the mean hydrodynamic diameter of the enzyme). To correct the intrinsic rates172

of full-length binding kinetics, we multiply the rates with a correction factor ϕ. We173

propose a phenomenological function for ϕ as (Fig. 1c)174

ϕ ≈ π (dE)
2

dm dTC

na

c1 + na

, (8)
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where na is the number of available sites on the fibril surface. See section SI3 for more175

details of ϕ and section SI4 for the system of ODEs representing eqn (3)-(7).176

The enzyme-induced permanent unwinding followed by cleavage happens only at177

the exposed vulnerable sites in collagenolysis. However, it is not clear how the fibril178

will lose other exposed regular sites at the surface due to the cleavage events so that the179

new surfaces can be easily accessible to the enzymes for further degradation18,19,30,33,41.180

Hence, we propose that the enzyme-induced permanent unwinding at the vulnerable181

sites generates a force which assists the removal of more regular sites exposed at the182

surface. We use the nonequilibrium rate-process theory of Eyring42–44 and propose a183

new rate-term ℜ related to the force-dependent kinetics in an ad hoc manner in the184

system of ODEs. We briefly describe ℜ below.185

As a result of thermal fluctuations, the lattice sites can be in any state between the186

triple helical and (temporary) unwound configurations33. If the rates of transition from187

the triple helical state to the unwound state and vice-versa are equal, there is no net188

change in the tropocollagen units in absence of enzymes. We hypothesize that enzyme-189

induced permanent unwinding that leads to cleavage generates a local stress (Fig. 1d).190

This mechanism is similar to the enzyme pulling chew-digest mechanism proposed by191

Eckhard et al.45. As a consequence, the other regular sites at the surface experience192

an external force which affects the kinetics by increasing their net rate of unwinding193

(Fig. 1e,f). This force can cause the slippage of chains, resulting in detachment from194

the surface46,47.195

To incorporate the force-dependent kinetics, we add a new term ℜ = kR N s
R in an196

ad hoc manner to the system of ODEs (see section SI4 for the system of ODEs). Here197

kR is the net rate of flow over the energy barrier towards force assisted unwinding198

(Fig. 1e,f). We propose the following expression for kR
48,49199

kR =
kBT

h

[
exp

(
−(Em − λmF )

kBT

)
− exp

(
−(Em + λmF )

kBT

)]
, (9)

where h is Planck constant, kB is the Boltzmann constant, and T is the temperature.200
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Here, Em is the energy required to cross the symmetric barrier (Fig. 1e), λm is the201

extent of dissociation in unwound state which is chosen as ∼ 3.6 Å 33. Here F is the202

average force experienced by the remaining lattice sites. This force changes the energy203

barrier of unwinding to be asymmetric (Fig. 1f). If F = 0, kR = 0. Following a204

heuristic approach, the average force (per remaining lattice site) is205

F ∼ 1

N s

(
γ dm kc

+ τc
)
(2 kw

+ N s
EV ER

) τe, (10)

where γ ∼ kBT
dmdTC

is the surface energy per unit area50,51, kc
+ and kw

+ are rate constants206

of cleavage and enzymatic unwinding, respectively, N s
EV ER

is the number of enzymes207

at fully-bound state (one regular and one vulnerable sites), τc and τe are, respectively,208

a characteristic time and time required to form disentangled chains during detachment209

from the surface. See sections SI5 for more details of F , τc and τe, section SI6 for the210

reaction rate constants, and section SI7 for the initial conditions to solve the ODEs.211

We solved the system of ODEs using ODE23s in MATLAB (Mathworks, Natick, MA).212

2.2 Brownian dynamics (BD) to estimate the enzyme distri-213

bution around fibrils in a matrix214

We next set up a collagen matrix that consists of stationary non-overlapping cylindrical215

fibrils (Fig. 2a,b) for different fibril fractions. We modeled the enzymes as spheres216

with a diameter of 10 nm34, and simulated their Brownian motion using overdamped217

Langevin dynamics52. We used MATLAB to set up the simulations. The fibrils and218

enzymes are inserted in the simulation box such that they do not overlap and are219

treated as hard particles. The fibrils are randomly inserted53,54. Periodic boundary220

conditions are applied in all three directions. For the sake of simplicity, all potential221

interactions among fibrils and molecules are neglected and the motion of the enzymes222

through the fibrous gel is simulated using Cichocki-Hinsen algorithm55–57. The free223

diffusivity De of the enzyme is set to 74× 10−12 m2/s58. The time step for simulations224
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is chosen ∆ts = 10−6 s such that it is sufficiently small and the length increment in225

one time step is
√
De ∆ts ∼ O(dE), which is equivalent to the size of the enzyme226

dE ∼ 10 nm. In simulations and model predictions, all length dimensions are scaled227

by lp = 1 µm, and the dimensions of the simulation box are chosen as 5 lp × 5 lp × 5 lp.228

The entire codebase used in this work along with a readme file is available at https:229

//github.com/RangamaniLabUCSD/Collagen_matrix_degradation.git.230

For a length scale lp = 1 µm and the diffusivity of the enzyme (collagenase)231

De ∼ 10−10 m2/s58, the time scale is of O(l2p/De) ∼ O(10−2) s. Hence the limit of232

instantaneous diffusion is valid in the long time limit for the chosen simulation box233

dimensions14. Based on this assumption, we proposed a hybrid framework (Fig. 2c).234

In this framework, we run the simulation for a period of time and then obtain the235

number of enzymes (N0
e ) surrounding the fibrils based on the shortest distances of en-236

zymes from the fibrils (Fig. 2d). We use the values of N0
e to solve the single fibril model237

where the fibril-scale model considers the binding-unbinding and other types of inter-238

actions among the enzymes and fibrils through a set of reactions. Using this hybrid239

modeling framework, we predict the degradation of all individual fibrils, effectively the240

degradation of a matrix.241

The number of simulation time steps must be such that the enzymes get enough time242

to distribute themselves inside the pores of the matrix. As the limit of instantaneous243

diffusion is valid, the time span would be 10−2 s to 1 s for a dimension of the simulation244

box 1 lp to 10 lp. Therefore, we chose the number of simulation time steps to obtain245

enzyme distribution around fibrils as 105 to 106, which is 10−1 s to 1 s. The enzyme246

distribution in this short time and in the long time limit would not differ, as BD247

simulations do not consider the attractive interaction potentials among enzymes and248

fibrils explicitly.249

To perform the BD simulations, we chose an enzyme concentration ∼ 2.5 µg/mL.250

For the simulation box volume 5 lp × 5 lp × 5 lp = 125 l3p, the weight of enzymes is251

312.5× 10−18 g. The molecular weight (M e
w) of collagenase varies between 70-130 kDa.252

We have chosen M e
w ∼ 120 kDa45. For this chosen value, the estimate of total number253
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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 − df/2. Otherwise, A′C ′ =

√
(B′D′)2 + (A′B′ − df/2)2 is the chosen

distance for case 2, where B′D′ =
√
(OA′)2 − (A′B′)2 − ℓf/2.
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of enzymes in simulation volume is (N0
e )total ∼ 1500.254

We fixed the enzyme concentration and vary the collagen concentration, or equiv-255

alently, the fibril fraction ϕf . Here ϕf is the ratio of the volume of all fibrils to the256

volume of the simulation box. See section SI8 for more details on estimation of the257

fibril fraction ϕf from a collagen concentration. By varying fibril diameter df , fibril258

length ℓf and number of fibrils nf , we vary ϕf in the range 0.003− 0.03, i.e. 0.3− 3%259

for organs such as brain, liver, kidney, etc.59. These three parameters, df , ℓf and nf ,260

are important factors to address different matrix microarchitectures. The orientation261

and curvature (or, crimping) of the fibrils can be other factors12, however, we did not262

consider their roles in the present work.263

2.3 Experimental methods264

Following the experimental methodologies of Ranamukhaarachchi et al.11, we used rat265

tail type I collagen to synthesize the collagen gels. To vary the microarchitecture of the266

gels, we used polyethylene glycol (PEG) as a macro-molecular crowding agent. After267

polymerization of collagen using PEG at 37oC, PEG was washed out of the gels by268

rinsing them with Dulbecco’s Modified Eagle Medium (DMEM) solution. We then269

treated the gels with a bacterial collagenase. To characterize the microarchitectures of270

the gels pre- and post-degradation, we performed fast green staining and imaging using271

the confocal fluorescence microscopy and scanning electron microscopy. See section SI9272

for more details of the experimental methods.273

3 Results274

3.1 Single fibril degradation275

We first calibrate single fibril model and compare single fibril surface erosion model276

against previously published experiments of Flynn et al.21. In the absence of external277

loading, our model captured the experimental trend (Fig. 3a). See section SI10 for278
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more details. When the fibril is under external loading, perhaps the external tension279

increases the stability of the triple helices by increasing the energy barrier for enzy-280

matic unwinding29,60–64, which is different from the mechanism for an isolated triple281

helix under external tension65,66. Under low loading of ∼ 2 pN per tropocollagen282

monomer21,62, a small increase in the energy barrier Em for enzymatic unwinding by283

δEm = 0.013Em explains the experimental trend satisfactorily (Fig. 3a). See section284

SI10 for the choice of δEm = 0.013Em. Overall, our model captured the experimental285

trends for a degrading fibril under different external loading conditions reasonably well.286

In a surface erosion process, the degradability of a fibril must be proportional to287

the ratio N0
e /A

0
f , where N0

e and A0
f = (π d0f ℓf ) are the number of enzymes surrounding288

a fibril and the initial surface area of the fibril, respectively. For a fibril of fixed289

initial diameter d0f , an increase in N0
e increases the degradability (Fig. 3b). However,290

for a fixed value of N0
e , the degradability decreases with the increase in d0f (Fig. 3c).291

The quantity (d0f − df )/d
0
f represents the relative decrease in the diameter. Its smaller292

value represents less degradation and vice versa. We provided a few results (Fig. S2) on293

degradability and the ratio N0
e /A

0
f in section SI10. In summary, our model predictions294

captured the scaling related to a surface erosion process.295

3.2 Degradation of collagen matrices296

Having established that the single fibril model captures experimentally observed degra-297

dation rates (Fig. 3a), we next focused on degradation of collagen fibrils in matrices.298

Before addressing matrix degradation, we define two important dependent parame-299

ters: the initial volume fraction of fibrils as ϕf =
(
nf

π
4

∑
i((d

0
f )

2 ℓf )i

)
/vol.box, and the300

initial total surface area (scaled) of fibrils as (A0
f )total =

(
nf π

∑
i(d

0
f ℓf )i

)
/l2p.301

Degradation of matrices with uniform fibrils302

We first considered uniform fibrils of same initial diameter d0f and length ℓf , and303

investigated the effect of the number of fibrils nf , d0f , and ℓf on degradation. Using304
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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.21. Relative decrease of fibril diameter (d0f − df )/d

0
f

(or, the extent of degradation) with time for two cases: (b) fixed initial fibril diameter
d0f/lp = 0.12 and varying number of enzymes surrounding a fibril (N0

e ); (c) Varying d0f/lp

and fixed N0
e = 50. Here lp = 1 µm is a nominal length scale. The length of the fibril is

ℓf/lp = 2 in (b) and (c). The solid and dashed curves in (b) and (c) correspond to kc+ =

0.583 s−1 67 and 0.472 s−1 68, respectively.
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the hybrid approach described in Fig. 2b,c, we counted the number of enzymes N0
e305

surrounding every single fibril (Fig. 4a). We used this count of the number of enzymes306

to obtain a probability density function (PDF) of N0
e for a given matrix (Fig. 4b).307

We observed that the enzyme distribution was not uniform across the fibrils in a308

matrix (Fig. 4a,b), suggesting that the organization of the collagen fibrils was a major309

determinant of the enzyme distribution. There are a few factors that can result in this310

non-uniform distribution of enzymes around fibrils. First, the cylindrical geometry of311

fibrils can result in an anisotropy of the diffusive motion of enzymes69,70. Even if the312

cylindrical geometries of the fibrils are taken into account, for enzyme distributions in a313

matrix to be nearly uniform, fibrils should be organized in an equidistant manner with314

parallel alignment. This organization ensures a uniform pore size around cylindrical315

fibrils and can result in nearly uniform enzyme distribution (see SI Fig. S3). How-316

ever, the random placement and random orientation of fibrils induces a non-uniform317

distribution of pore sizes. These factors together can result in a non-uniform enzyme318

distribution in a fibrillar matrix. Our simulations show that this finding of non-uniform319

distribution of enzymes holds for different values of fibril diameter, fibril length, and320

number of fibrils (Fig. 4e).321

The enzyme distributions do not differ much between two matrices if we vary only322

d0f , fixing ℓf/lp = 2 and nf = 25 (Fig. 4b). Using the values of the number of enzymes in323

Fig. 4a, we solved the single fibril model for each of the individual fibrils and calculated324

the diameters of the fibrils (Fig. 4c). As expected, each fibril degrades to a different325

extent because of the difference in the number of enzymes surrounding it. Using these326

single fibril data, we obtained the PDF of the relative decrease in the diameter of the327

fibril (d0f − df )/d
0
f (Fig. 4d). Thus, we find that although the initial fibril diameter328

is uniform, the degraded fibrils have a distribution of diameters because of the non-329

uniform enzyme distribution.330

We next investigated the effect of the number of fibrils nf on the extent of degrada-331

tion. From our simulations, we find that the enzyme distribution is a strong function332

of nf (Fig. 4e). For a fixed value of (N0
e )total, we can expect a decrease in the average333
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Figure 4: Degradation of collagen matrices. (a) The values of the number of enzymes
N0

e surrounding the individual fibrils in a matrix for two different matrices of same fibril
length ℓf and number of fibrils nf , but for two different values of initial fibril diameter
d0f/lp = 0.1 and 0.15. (b) The probability density function (PDF) of N0

e 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 (d0f −df )/d

0
f

for the data shown in (c). Panels (e) and (f) represent PDFs of N0
e and (d0f − df )/d

0
f for

different values of d0f , nf and ℓf . (g) The percentage of the mass lost (left ordinate) and the
ratio (N0

e )total/(A
0
f )total (right ordinate) with the volume fraction of fibrils ϕf . 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
(N0

e )total/(A
0
f )total with respect to ϕf . 18
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value of N0
e per fibril if nf increases. When comparing two matrices of the same d0f and334

ℓf , the matrix with higher number of fibrils degrades to a lesser extent than the matrix335

with fewer fibrils (Fig. 4d,f). We also find that an increase in d0f and ℓf decreases the336

degradability of the matrix for fixed values of nf and (N0
e )total (Fig. 4d,f) because of337

the decrease in the ratio (N0
e )total/(A

0
f )total.338

Effect of matrix architecture on fibril degradation339

Since we model the single fibril degradation as a surface erosion process, the extent340

of degradation for a matrix must be proportional to the ratio of the total number of341

enzymes to the total surface area of the fibrils (N0
e )total/(A

0
f )total. The overall mass342

lost, defined as343

mass lost =

[∑nf

id=1
π
4
(d0f )

2
id ℓf

]
−
[∑nf

id=1
π
4
(df )

2
id ℓf

]
∑nf

id=1
π
4
(d0f )

2
id ℓf

× 100 , (11)

represents a direct estimate of the matrix degradation. In matrices, we considered the344

lost volume of all fibrils even if a thin fibril is fully digested. We used Eqn 11 to obtain345

the total mass lost. This equation includes all fibril volumes whether fully digested or346

not. For all combinations of nf , d0f and ℓf , we find a direct correlation between the347

mass lost and the ratio (N0
e )total/(A

0
f )total (Fig. 4g) when they are plotted against the348

fibril fraction ϕf . However, the variation of the mass lost and (N0
e )total/(A

0
f )total with ϕf349

are not strictly monotonous (blue circles in Fig. 4g), although their trends appear to be350

monotonically decreasing as ϕf increases. The circled data points in Fig. 4g show that351

for the same enzyme concentration, different extent of degradation can occur between352

two matrices of same fibril fraction ϕf (equivalently, the same collagen concentration)353

and vice versa. This finding leads to the following question: does the difference in354

microarchitecture of two matrices of same ϕ impact the extent of degradation? We355

answer this question by conducting the following simulations.356

We fix the value of ϕf and the enzyme concentration, and consider the matrices with357
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uniform fibrils. Without varying ℓf , different matrices of same ϕf can be generated358

by adjusting the values of nf and d0f (Fig. 5a). For example, as ϕf ∝ nf (d
0
f )

2, a359

50% decrease in d0f can increase nf up to 4 times, resulting in twice the increase of the360

surface area ((A0
f )total ∝ nf d

0
f ). For the case of constant ϕf and smaller d0f , nf increases361

and shifts the enzyme distribution towards the left (Fig. 5b). Simulations show that362

a matrix composed of thinner fibrils degrades less than that a matrix composed of363

thicker fibrils (Fig. 5c). This is an unexpected result and counterintuitive to what364

we might expect from a single fibril model. In the single fibril degradation model, a365

thinner fibril degrades more than a thicker fibril if the enzyme concentration is the same366

(Fig. 3c) because of lesser surface area of a thinner fibril available to larger number of367

enzymes. In contrast, in a three-dimensional, randomly oriented and randomly placed368

fibril network, multiple factors affect the enzyme distribution as discussed previously.369

Thus, this finding highlights the importance of incorporating the three-dimensional370

spatial considerations including diffusion of enzymes and matrix microarchitectures into371

the model. The results in Fig. 5d-f show how the number of fibrils changes for different372

sets of (d0f , ℓf ) when ϕf is fixed, which directly influences the ratio (N0
e )total/(A

0
f )total,373

and the overall mass lost. In summary, our simulations predict that for the same374

enzyme concentration, uniform fibril diameter, and the same fibril fraction ϕf , a matrix375

with thicker fibrils can degrade more than that with thinner fibrils (Figs. 5d-f).376

To compare this model prediction on matrix degradability, we performed in vitro377

experiments with synthetic collagen gels and investigated their degradability.378

3.3 Experiments reveal that matrix microarchitecture governs379

degradability380

Ranamukhaarachchi et al.11 previously showed that the microarchitecture of a col-381

lagen gel can be modulated using polyethylene glycol (PEG) as a macro-molecular382

crowding (MMC) agent. They also reported that the degradability of the gels varies383

with the matrix microarchitecture. Using this background, to test our model predic-384
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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 ϕf = 0.006. The
color bars in (a) represent the number of enzymes (N0

e ) surrounding the fibrils. For the
configuration in (a), the PDF of enzyme distribution N0

e (b) and the PDF of the extent of
degradation of fibrils (d0f − df )/d

0
f (c). For matrices having different ϕf , the first (d), second

(e) and third (f) panels report the number of fibrils in matrices, (N0
e )total/(A

0
f )total and the

percentage mass lost (overall degradation of matrices), respectively. All results correspond
to the total number of enzymes (N0

e )total = 1500 and time 60 minutes.
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tions, we prepared collagen gels with two different microarchitectures from the same385

collagen concentration. We used 2.5 mg/ml collagen (final concentration) and two386

different MMC concentrations: 2 mg/mL PEG designated as P2 and 8 mg/mL PEG387

denoted as P8 (Fig. 6a). We used a bacterial collagenase concentration of 2.5 µg/mL388

(final concentration) to perform degradation experiments. Using fast green staining389

images and scanning electron microscopy (SEM), we quantified the fibril length and390

thickness distributions respectively before and after degradation. We denote the gels391

post-degradation as P2x and P8x.392

Fig. 6b shows the fast green stained images, and the length distributions for P2/P2x393

(Fig. 6c) and P8/P8x (Fig. 6d). The mean length of the fibrils in P8 (∼ 3 ± 0.2 µm)394

is slightly smaller than that of P2 (∼ 3.3 ± 0.4 µm). From Fig. 6b, it is obvious395

that P2 degrades more than P8 as larger pores are present in P2x. However, there is396

no significant change in the length distributions before and after degradation in both397

P2/P2x and P8/P8x (Fig. 6c,d); the decrease in the mean length post-degradation is398

less than ∼ 8%. Hence the assumption of treating the fibril length ℓf as a constant399

in our model is supported by the experimental findings. The green stained images400

(Fig. 6b) reveal that the number of fibrils is higher in P8 than that in P2 (through401

visualization).402

The SEM images (Fig. 6e) and the histograms of the fibril diameters (Fig. 6f,g)403

show that the fibrils are thicker in P2 than in P8. The mean diameter of the fibrils in404

P8 (∼ 0.09± 0.02 µm) is ∼ 25-30% smaller than that of P2 (∼ 0.13± 0.03 µm). After405

degradation, the decrease in the diameter occurs in both P2x and P8x (Fig. 6f,g). We406

performed statistical comparisons of the distributions by log normal fits (see section407

SI11). We did not find significant differences in length distributions, but there are408

differences in the diameter distributions. Quantification of the diameters of the fibrils409

show that P2 (Fig. 6f) degrades more than P8 (Fig. 6g). The decrease in the mean410

diameter is ∼ 30 − 40% in P2x and ∼ 15% in P8x. Thus, experiments validate our411

model predictions that a matrix with thicker fibrils can degrade more than one with412

thinner fibrils for the same collagen and collagenase concentrations.413
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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 µm). The length distributions of (c) 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 µm). 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 role414

of microarchitecture in degradation415

To further reinforce the role of matrix microarchitecture, we note that the significant416

differences between the microarchitectures of P2 and P8 are primarily due to the num-417

ber of fibrils and fibril diameter. In P2, there are less number of fibrils and the fibrils418

are thicker. However, in P8, there are higher number of fibrils but the fibrils are thin-419

ner, compared to P2 (Fig. 6). Our model predicts higher degradability of a matrix with420

thicker fibrils than that with thinner fibrils (Figs. 5). Thus, we can qualitatively ex-421

plain why the matrix with the P2 architecture degrades more than the P8 architecture.422

However, our simulations in Fig. 5 are for fibrils of uniform initial diameter. Because423

the experimentally synthesized matrices had fibrils with a distribution of diameters, we424

next simulated the degradation of fibrils in matrices of experimentally-inspired fibril425

diameter distributions.426

We generated the fibrils whose diameters matched the experimentally observed427

diameters of P2 and P8 (Fig. S5 and Fig. S6 in section SI11 for more details). In any428

matrix (whether P2 or P8), we set the length of the fibrils the same. As the mean length429

of P8 is approximately 8–10% smaller than that of P2 in experimental findings, we set430

the mean fibril length of P8 10 % smaller than that of P2 in simulations. We used a fibril431

fraction of ϕf = 0.007 in both cases as this value is close to the collagen concentration432

used in the experiments. As a result, in these newly generated matrices, the number of433

fibrils is higher for P8 (nf ∼ 75) than that in P2 (nf ∼ 40) for the same fibril fraction434

ϕf . We compared the outcomes of degradation in these conditions as shown in Fig. 7.435

The microarchitectures are different for P2 and P8 (Fig. 7a,b) in terms of the number436

of fibrils and the diameters. As a result, the enzyme distribution for P8 shifts to the left437

due to larger number of fibrils (Fig. 7c) and implies less number of enzymes per fibril.438

The diameter distributions (in the range 0.03-0.2 µm) of P2 and P8 before and after439

degradation (Fig. 7d,e) and the overall mass lost (Fig. 7f) indicate that P2 degrades440

more than P8 for the same collagen and enzyme concentrations, in agreement with441
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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 ϕf = 0.007. The color bars in (a) and (b) represent the number
of enzymes (N0

e ) surrounding the fibrils. For the configuration in (a) and (b), the PDF of
the enzyme distributions N0

e (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 (N0

e )total = 1500 and time 60 minutes.
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experiments (Fig. 6e,f). Our simulation results using non-uniform fibril diameter only442

reinforce our model predictions that the matrices of the same collagen concentration443

can have very different microarchitectures and the matrices can degrade differently444

under the same collagenase concentration. In summary, our study reveals that matrix445

microarchitecture plays an important role in degradation of collagen matrices.446

4 Discussion447

In this study, using a combination of modeling and experiments, we investigated the448

collagenolytic degradation of collagen matrices. Unraveling the connection between449

the matrix microarchitecture and degradation is important to design biomaterials and450

understand ECM remodeling at cellular length scale. Previous models are either con-451

tinuum or discrete, and thus, they predict either overall rate of degradation or degra-452

dation at the nanoscale14,15,17,19. The model and framework we developed in this work453

to investigate the collagen matrix microarchitecture and matrix degradation is novel454

in the sense that it addresses the connection between the nanoscale degradation and455

the microscale microarchitecture.456

The single fibril component of our model shows the capability to capture experimen-457

tal trends under different loading conditions. Furthermore, the integration of multiscale458

model components shows that matrix microarchitecture is a strong determinant of ma-459

trix degradability. This relationship emerges because the fibrillar network causes the460

enzyme distribution in a matrix to be non-uniform, and this enzyme distribution leads461

to fibrils of distributed diameters even if the fibrils are initially uniform in size. This462

explains how matrices of the same collagen concentration but different microarchitec-463

tures can degrade differently under the same collagenase concentration. These findings464

are backed by in vitro experiments with collagen gels of different microarchitectures.465

However, our model has also some drawbacks. The lattice-based single fibril model466

has a limitation to predict the spatial variations in the size and shape of a degrading467

fibril. In our simulations, the fibrils are non-stretchable, and we did not explicitly con-468
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sider explicitly the potential energy based attractive interactions among the fibrils and469

enzymes. At present, it is difficult to state a priori whether the potential interactions470

can affect the temporal evolution of the enzyme distribution which merits further at-471

tention. One of the limitations of our current simulation strategy is that we modelled472

collagen fibrils as rigid rods, therefore it is not possible to simulate single fibril degra-473

dation under tension using the current simulation framework. One possible way to474

simulate soft fibrils under tension can be using molecular dynamics simulations. Many475

researchers performed molecular dynamics at the tropocollagen scale (for example, see476

Chang et al.60). While molecular dynamics simulations are outside the scope of the477

present work, we anticipate future advances in this area.478

Another important opportunity would be predicting matrix degradation under dif-479

ferent external stretching conditions. Some experimental observations71,72 reported480

that the degradation rate of a matrix decreases and then increases with an increase481

in strain, leading to a V-shape profile for degradation rates as a function of loading.482

Our model is currently able to predict matrix degradation under no external stretching483

conditions. The presence of fibril connectivity and crosslinks may change the force484

distribution among the degrading fibrils under tension. Future enhancements to our485

simulation framework include simulations of soft fibrils with fibril connectivity and486

crosslinks. Furthermore, the current hybrid model does not consider fibril orientation,487

the effect of crosslinking and crimping of fibrils. We speculate that the crimping in-488

duced curvature and orientation may influence enzyme distribution and degradability.489

These topics merit more attention and form a part of future work.490

In summary, our single fibril model and hybrid modeling framework effectively cap-491

ture multi-scale effects to predict the degradation of three-dimensional matrices with492

different microarchitectures. Although relatively simple, this framework sheds light493

on how collagen matrix degradability is tuned by matrix microarchitecture. Further494

model developments can also include additional vulnerable sites for making it specific495

to the bacterial collagenase29. Such modifications will reflect in the changes of the rate496

constants and initial number of vulnerable sites. However, the mechanism of enzyme497
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induced permanent unwinding will likely remain the same.498

This work has important implications for a number of fields, including matrix biol-499

ogy, cell migration, and biomaterials. A recent work13 showed that matrix degradabil-500

ity can translate into differences in stress relaxation that can be sensed by cells through501

effects on cell-matrix adhesions. Perhaps related to this phenomenon, another work73502

showed that cell invasiveness is upregulated for breast cancer cells inside collagen net-503

works comprised of thick fibrils, whereas the invasiveness decreased substantially for504

thin fibrils of similar pore diameter and elastic modulus. These observed differences in505

invasiveness may be linked to the differences in the degradability and resulting mechan-506

ical changes of thick and thin fibrillar architectures. An important future direction is507

to scale modeling efforts to decellularized ECM and tissues. In the field of biomaterial508

design, synthetic matrices developed so far focus on recapitulate the biochemical and509

mechanical features of the ECM. Controlling the degradability by mimicking native510

collagen architectures11,12,74 could offer valuable insights into cellular function.511
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Data Availability Statement 

Raw	data	supporting	the	findings	of	this	study	will	be	made	available	upon	reasonable	
request.	The	entire	codebase	used	in	this	work	along	with	a	readme	file	is	available	at	
https://github.com/RangamaniLabUCSD/Collagen_matrix_degradation.git	. 
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