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Supplementary Information (SI)

SI1 Reaction scheme:

Figure S1: Schematic of the enzyme kinetics.
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SI2 Adsorption kinetics and Φad:

For reversible partial binding (represented by eqn (3) of the main text), we implemented

the protein adsorption-desorption kinetics [1, 2]. The rate of adsorption is proportional

to the available surface function Φad = 1 − (θ/θmax). This available surface function

is related to the steric hindrance during adsorption [1, 3, 2], where θ and θmax are the

surface coverage fraction and its maximum saturated value, respectively. If the number

of total enzymes is very small compared to the number of available sites, Φad(θ) → 1

in the limit of very low surface coverage. If the limit of low surface coverage does not

hold true, some descriptions related to Φad(θ) are provided in earlier work [4, 5, 3].

In our work, the limit N s ≫ NEE(t = 0) holds true for low concentration of enzyme,

where N s and NEE are total number of sites exposed at the surface and number of

enzymes, respectively. Thus we set Φad = 1.

SI3 Correction factor ϕ in the intrinsic rates of full-length

binding kinetics:

In our model, we treated the forward rates of eqns (4)–(5) of the main text as pseudo

first-order kinetics multiplied with a correction factor ϕ. The functional form of ϕ

increases with the number (na) of available lattice sites per enzyme at partially bound

state. The value of ϕ is zero if there is no site available, ϕ = 1 when only one lattice

site is available (na = 1), and ϕ must saturate around (π (dE)
2)/(dm dTC) which is

equivalent to the number of lattice sites inside the searching radius dE (see Fig. 1b,c

of the main text). We proposed a phenomenological function for ϕ as

ϕ ≈ π (dE)
2

dm dTC

na

c1 + na

, (S1)

where na = N s/(N s
ERE+N s

EV E), N s is the number of available sites on the fibril surface,

N s
ERE and N s

EV E are the number of enzymes partially bound to one regular site and

one vulnerable site, respectively. Here c1 = 25 is a dimensionless constant which is
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obtained by setting ϕ(na = 1) = 1 for dE = 10 nm, dTC = 1.5 nm and dm = 8 nm.

SI4 System of ODEs:

The system of ODEs representing the reaction scheme eqns (3)–(7) of the main text is

the following

dNEE

dt = − k1
+ NEE Φad(θ) + k1

− N s
ERE − k2

+ NEE Φad(θ) + k2
− N s

EV E

+ kc
+ N s

(EV ER)∗ (S2)
dN s

R

dt = − k1
+ NEE Φad(θ) + k1

− N s
ERE − k3

+ N s
ERE ϕ + k3

− N s
ERER

− k4
+ N s

EV E ϕ − ℜ (S3)
dN s

V

dt = − k2
+ NEE Φad(θ) + k2

− N s
EV E − k5

+ N s
ERE (S4)

dN s
ERE

dt = k1
+ NEE Φad(θ) − k1

− N s
ERE − k3

+ N s
ERE ϕ + k3

− N s
ERER

− k5
+ N s

ERE (S5)
dN s

EV E

dt = k2
+ NEE Φad(θ) − k2

− N s
EV E − k4

+ N s
EV E ϕ (S6)

dN s
ERER

dt = k3
+ N s

ERE ϕ − k3
− N s

ERER
(S7)

dN s
EV ER

dt = k4
+ N s

EV E ϕ + k5
+ N s

ERE − kw
+ N s

EV ER
(S8)

dN s
(EV ER)∗

dt = kw
+ N s

EV ER
− kc

+ N s
(EV ER)∗ (S9)

dNP

dt = kc
+ N s

(EV ER)∗ +
1

2
ℜ , (S10)

where NEE, N s
R, N s

V , N s
ERE, N s

EV E, N s
ERER

, N s
EV ER

, N s
(EV ER)∗ , NP are numbers of free

enzymes, regular sites, vulnerable sites, enzymes partially bound to one regular site,

enzymes partially bound to one vulnerable site, enzymes fully bound to two regular

sites, enzymes fully bound to one regular and one vulnerable site, enzymes fully bound

to one regular and one vulnerable site (unwound state), and product sites, respectively.

Here k1
+, k1

−, k2
+, k2

−, k3
+, k3

−, k4
+, k5

+, kw
+, and kc

+ are the reaction rate constants having
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dimension [time]−1; Φad and ϕ are available surface function and correction factor

related to adsorption kinetics and full-length binding/hopping kinetics, respectively.

We included another term ℜ in the series of ODEs (eqns (S2)-(S10)) in an ad hoc

manner, which is related to force-assisted removal of regular sites. We discussed about

ℜ in the main text and in the next section. The balances for the total number of

enzymes and total number of sites are the following.

Balance for total number of enzymes:

dNEE

dt +
dN s

ERE

dt +
dN s

EV E

dt +
dN s

ERER

dt +
dN s

EV ER

dt +
dN s

(EV ER)∗

dt
=
[
− k1

+ NEE Φad(θ) + k1
− N s

ERE − k2
+ NEE Φad(θ) + k2

− N s
EV E + kc

+ N s
(EV ER)∗

]
+
[
k1
+ NEE Φad(θ) − k1

− N s
ERE − k3

+ N s
ERE ϕ + k3

− N s
ERER

− k5
+ N s

ERE

]
+
[
k2
+ NEE Φad(θ) − k2

− N s
EV E − k4

+ N s
EV E ϕ

]
+
[
k3
+ N s

ERE ϕ − k3
− N s

ERER

]
+
[
k4
+ N s

EV E ϕ + k5
+ N s

ERE − kw
+ N s

EV ER

]
+
[
kw
+ N s

EV ER
− kc

+ N s
(EV ER)∗

]
= 0 (S11)

Balance for total number of lattice sites:

dN s
R

dt +
dN s

V

dt +
dN s

ERE

dt +
dN s

EV E

dt + 2
dN s

ERER

dt + 2
dN s

EV ER

dt + 2
dN s

(EV ER)∗

dt + 2
dNp

dt
=
[
− k1

+ NEE Φad(θ) + k1
− N s

ERE − k3
+ N s

ERE ϕ + k3
− N s

ERER
− k4

+ N s
EV E ϕ − ℜ

]
+
[
− k2

+ NEE Φad(θ) + k2
− N s

EV E − k5
+ N s

ERE

]
+
[
k1
+ NEE Φad(θ) − k1

− N s
ERE − k3

+ N s
ERE ϕ + k3

− N s
ERER

− k5
+ N s

ERE

]
+
[
k2
+ NEE Φad(θ) − k2

− N s
EV E − k4

+ N s
EV E ϕ

]
+ 2

[
k3
+ N s

ERE ϕ − k3
− N s

ERER

]
+ 2

[
k4
+ N s

EV E ϕ + k5
+ N s

ERE − kw
+ N s

EV ER

]
+ 2

[
kw
+ N s

EV ER
− kc

+ N s
(EV ER)∗

]
+ 2

[
kc
+N

s
(EV ER)∗ +

1

2
ℜ
]

= 0 (S12)
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SI5 Force-assisted removal and description related to ℜ:

We assumed that the energy barrier for temporary winding-unwinding of a lattice site

due to thermal fluctuations is symmetric in absence of enzymes. Both the rates to cross

the energy barrier from either side are proportional to exp (−Em/(kBT )) resulting in

zero net rate, where Em is the energy required to cross the barrier, kB is the Boltzmann

constant, and T is the temperature. Due to a force F emerging from enzyme-induced

unwinding [6], the energy barrier for other regular sites can become asymmetric. The

energy required for the transition towards unwinding is reduced to (Em − λmF ), and

for the other side, it is increased to (Em + λmF ). Here λm is the extent of dissociation

in unwound state which is chosen as ∼ 3.6 Å [7]. Thus the net rate of flow over the

energy barrier towards unwinding according to the theory of reaction rates is [8, 9]

kR =
kBT

h

[
exp

(
−(Em − λmF )

kBT

)
− exp

(
−(Em + λmF )

kBT

)]
, (S13)

where h is Planck constant. For F = 0, the form (S13) yields to zero. Here the

value of Em is chosen as Em = nres ∆G/NA, where ∆G = 1.9 kJ/mole per amino acid

residue, NA is Avogadro number, and nres = 28 is the number of amino acid residues

corresponding to one lattice site [7]. Thus the rate of force assisted removal of exposed

regular sites is

ℜ = kR N s
R, (S14)

which is added in an ad hoc manner in the system of ODEs (eqn (S2)-(S10)). We derive

the force F in a heuristic manner.

The force corresponding to the local stress generated during enzyme-induced un-

winding at one lattice (vulnerable) site is equivalent to the force necessary to generate

a new surface via slippage of the chain on the surface [10, 11, 12], i.e.

f ∼ γ vs τc, (S15)
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where γ ∼ kBT
dmdTC

is the surface energy per unit area [13, 14], vs ∼ dm kc
+ is the

approximate velocity of slippage, and τc is a characteristic time. This characteristic

time can be equivalent to the characteristic time of reptation of a polymer chain. The

velocity of slippage vs is approximately the multiplication of the length of the lattice

site dm to the frequency a chain experiences slippage events after cleavage i.e. kc
+. Note

that the form for f in eqn (S15) is due to one unwound vulnerable site in presence of one

enzyme. Due to multiple unwound vulnerable sites (in presence of enzymes), the total

average force can be proportional to the rate at which enzymatic unwinding happens,

i.e., 2 kw
+ N s

EV ER
(see eqn (6) of the main text). Thus the average force per remaining

lattice sites can be

F ∼ 1

N s

(
γ dm kc

+ τc
)
(2 kw

+ N s
EV ER

) τe, (S16)

where τe is an average time required to form disentangled chains during detachment

from the surface. When a fibril loses its lattice sites in degradation, dangling and en-

tangled chains of the cleaved tropocollagen units (weakly attached to the fibril surface)

appear continuously. In phenomenological manner and following the work of [15], we

propose τe = τ 0r + τc
(
exp (ν)− 1

)
[10, 12], where ν is the number of lattice sites lost

in form of disentangled chains during degradation. When ν is zero, i.e. in absence of

degradation, τe = τ 0r can be treated as average relaxation time of a fibril. The value of

τ 0r is 7 s [16, 17]. We treated τc as a material parameter and obtained its value as 1.4

s using the experimental data of single fibril degradation under zero loading condition

(Flynn et al. [18]) (see section SI10 and Fig. S2a).

SI6 Reaction rate constants and other parameters:

We provided the values of rate constants and other parameters in table S1. Using the

relation of protein adsorption-desorption rate constants [3], we set k1
+ and k1

− where

k1
− = k1

+ exp (−∆Uad/(kBT )). We assumed that all unbinding events happen with

same probability (backwards reactions of eqns (3) and (4) of the main text), and the

corresponding rate constants are equal, i.e. k1
− = k2

− = k3
− = 5.65 × 10−3 s−1 [19].
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Using the value of k1
− and for a chosen potential barrier difference of ∆Uad ∼ kBT ,

k1
+ = k2

+ = 0.0154 s−1. In experiments, the velocity of the enzyme on the collagen

surface reported was ∼ 4.5× 10−6 m/s [20]. Using this reported value of the velocity,

we set the forward rate constants of eqns (4) and (5) of the main text related to full-

length binding/hopping. The minimum distance an enzyme can traverse to find another

lattice site for full-length binding or jump to change track is dTC = 1.5 nm, which sets

k3
+ = k4

+ = 3 × 103 s−1. However, as the probability of the occurrence represented

by the second part of eqn (5) of the main text is expected to be lower compared to

the other hopping events, we set the value of k5
+ in an approximate manner based on

the minimum distance between two neighboring vulnerable sites which is Dgap = 67

nm, and it sets k5
+ = (k3

+/(Dgap/dTC)) s−1. Using the transition state theory, we set

the rate constant for enzyme-induced irreversible unwinding eqn 6 of the main text as

kw
+ = (kBT/h) exp (−2Em/kBT ), where Em = nres ∆G/NA, and (EVER)

∗ corresponds

to two lattice sites. For ∆G = 1.9 kJ/mole per amino acid residue [7], nres = 28 for

one lattice site, NA = 6.023 × 1023 and a chosen temperature T = 310 K, it yields to

kw
+ = 7.5× 10−6 s−1. The value of kc

+ is different for different types of collagenase and

collagen substrate [21, 22, 23, 24, 25]. To test the present model, we used two values:

kc
+ = 0.472 s−1 (fibroblast collagenase and native collagen type I) [21] and kc

+ = 0.583

s−1 (class I clostridium histolyticum collagenases and rat type I) [23].

SI7 Initial conditions to solve the ODEs:

We used MATLAB ODE23 solver to solve the ODEs using the following initial condi-

tions. The nine first order ODEs (eqn (S2)-(S10)) require nine following initial condi-

tions: at time t = 0, number of enzymes surrounding a fibril N0
e , N s

R = (N s)0− (N s
V )

0,

N s
V = (N s

V )
0, N s

ERE = 0, N s
EV E = 0, N s

ERER
= 0, N s

EV ER
= 0, N s

(EV ER)∗ = 0, and

NP = 0. For a fibril of initial diameter df (t = 0) = d0f and length ℓf (t = 0) = ℓ0f , we

obtained (N s)0 and (N s
V )

0 using eqns (2) and (1) of the main text, respectively.
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Parameter Value
dTC 1.5 nm [26]
ℓTC 300 nm [26]

D-band gap (Dgap) 67 nm [26]
dE 10 nm [27]
dm 8 nm [7]
nres 28 [7]
c1 25 (discussed in the main text)
∆G 1.9 kJ/mole

per amino acid residue
[7]

λm 3.6 Å[7]
k1
+ = k2

+ 0.0154 s−1 [3]
k1
− = k2

− = k3
− 5.65× 10−3 s−1 [19]

k3
+ = k4

+ 3× 103 s−1 [20]
k5
+ (k3

+/(Dgap/dTC))

kw
+ 7.5× 10−6 s−1 [7]

kc
+ 0.583 s−1 [21]

or, 0.472 s−1 [23]
τ 0r 7 s [16]
τc 1.4 s (obtained using experiment [18])

Table S1: List of parameters and their values.
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SI8 Fibril fraction estimation in simulation box from collagen

concentration:

To set the fibril fraction ϕf (the ratio of the volume of all collagen fibrils to the volume

of the simulation box) in our simulations, we followed a crude analytical way converting

the collagen concentration to ϕf . An example is the following. We consider a colla-

gen concentration ∼ 2.5 mg/mL [28]. Note that we performed in vitro experiments

using the same collagen concentration. For this chosen concentration and using the

molecular weight of tropocollagen ∼ 300 kDa [29], the number of tropocollagen units

in the simulation box volume (which is 125 µm3) is ∼ 0.63 × 106. The volume of one

tropocollagen is π
4
(dTC)

2 ℓTC . Thus the total volume of all tropocollagen molecules in

the simulation box volume is 334× 10−3 µm3.

These tropocollagen molecules arrange and generate fibrils in a solvent medium.

Because of the gaps in between tropocollagen molecules in a fibril in hydrated condition

(which is difficult to estimate in the present work), the total volume of all fibrils must be

higher than the total volume of all tropocollagen molecules. To obtain a nearly correct

estimate of the total volume of all fibrils, we assumed packing factor for cylindrical

tropocollagen in loosely packed condition as 0.4 (note that the value of packing factor

for spheres in loosely packed state is in the range 0.4−0.56). Thus the nearly corrected

volume of all fibrils is (334× 10−3 µm3)/0.4, and this volume yields to a fibril fraction

ϕf ∼ 0.006 for the chosen collagen concentration 2.5 mg/mL .

The collagen percentage in different organs (such as, brain, liver, heart, kidney,

lung and colon, etc.) varies in the range 0.1− 6% [30]. We performed simulations with

different values of ϕf in the range 0.003− 0.03, which is 0.3− 3%.

SI9 Experimental methods:

Chemicals:

High concentration, rat tail acid extracted type I collagen was procured from Corning

(Corning, NY). PEG (8000 Da) was ordered in powder form from Sigma-Aldrich (St
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Louis, MO) and reconstituted in PBS (Life Technologies, Carlsbad, CA) immediately

before usage with a final concentration of 100 mg/mL, and 1× reconstitution buffer

was composed of sodium bicarbonate, HEPES free acid, and nanopure water.

Preparation of collagen gels with different microstructures:

First, PEG of required amounts to make a 2 or 8 mg/mL final concentration (denoted

as P2 or P8) was added to the DMEM. This is followed by addition of the reconstitution

buffer and mixing. Thereafter, the collagen stock was added to the mixture to produce

a final concentration of 2.5 mg/mL. Finally, pH of the final mixture was adjusted using

1 N NaOH, followed by incubation (∼ 45 minutes) at 37oC. Following polymerization,

PEG was washed out of the gels by rinsing with the DMEM (3× for 5 minutes each).

For collagenase treatment, gels were incubated with bacterial collagenase of 2.5 µg/mL

for about 45 minutes. (We added 50 microliters of 10 microgram per mL of collagenase

on top of the gels which yields final concentration of collagen to be 2.5 µg/mL.)

Fast green staining and imaging of collagen gels:

The prepared collagen gels were fixed with 4% paraformaldehyde for 30 mins. After

that, the gels were washed thoroughly at least 3 times by subjecting them to shaking

and replacing with PBS for 10 min. The gels were then incubated with 100 µg/mL of

fast green dye in PBS (Fast green FCF, Thermo Fischer, USA) and were subjected to

shaking overnight. The gels were washed with PBS at least 3 times in an orbital shaker

for a duration of 30 minutes each time. The stained gels were then imaged using a

confocal fluorescence microscope (Leica, SP8) with 40x water immersion objective. Fast

green was excited at a wavelength of 627 nm, and 630-730 nm was used for detection.

Scanning electron microscopy (SEM):

SEM was performed on the gels using FEI SEM Apreo equipped with ETD detector.

Both the collagenase treated gels and the non-treated gels were first fixed with 4%

paraformaldehyde for 1 hour. This is followed by 3x rinsing in PBS for 10 minutes in

each step of shaking. The gels were then rinsed twice with Milli-Q water for 15 minutes
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each. The fixed gels were then subjected to a series of dehydration steps in ethanol

and hexamethyldisilazane (HMDS) using the existing protocol [31]. Briefly, the gels

were dehydrated first in ethanol dilution series: 30%, 50%, 70%, 90% and 100% for 15

minutes of each step. The gels were then incubated in ethanol/HMDS dilution series:

33%, 50%, 66% and 100% for 15 minutes each. After the final incubation, the gels were

allowed to dry on an aluminum foil for at least 1 day in the fume hood. The dried gel

samples were then sputter coated with a Pelco SC-7 sputter coater with gold as the

target. The gels were then imaged at 5 kV and 0.6 nA with magnifications of 15000x

and 30000x.

Lengths and diameters of fibrils:

The fibril lengths were measured using the fluorescence based on fast green staining.

Images were obtained using confocal Leica SP8 imaging system. Fibril lengths were

then analyzed using CT-FIRE v2.0 [32]. The parameters used are: Minimum fibril

length, dangler length threshold (thresh dang L), short fibril length threshold (thresh

short L), distance for linking sameoriented fibrils (thresh linkd), and minimum length

of a free fibril (thresh flen), were all set to eight pixels. Default settings were used for

all other fibril extraction parameters and output figure controls. We used MATLAB-

based automated tool called SIMPoly (see [33] for details) which yields the collagen

fibril diameters.

SI10 Single fibril model calibration and comparison:

We used the experimental data of Flynn et al. [18] on single fibril degradation to

calibrate our single fibril model. Flynn et al. [18] reported the diameter of degrading

single collagen fibril under different external loading condition in a 5 µM Clostridium

histolyticum bacterial collagenase type A solution. To solve our single fibril model

for the parameter sets reported in Flynn et al. [18], we need to obtain the number

of enzymes N0
e for a fibril. Using their enzyme concentration, we estimated N0

e for a

fibril in an approximate manner based on a volume element equivalent to the initial
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volume of the fibril. For fibrils of initial diameter d0f = 415 nm and d0f = 250 nm, the

values of N0
e are 2100 and 750, respectively, for a chosen length ℓ0f = 4000 nm. The

value of τc = 1.4 s is obtained by calibrating our model prediction to the single fibril

data corresponding to d0f = 415 nm under zero load condition (see Fig. 3a of the main

text). The value of kc
+ used to calibrate our model is 0.583 s−1 (class I clostridium

histolyticum collagenases and rat type I) [23]. In a nutshell, our single fibril model

have satisfactorily captured the experimental findings of [18] (see Fig. 3a of the main

text).

The choice of δEm = 0.013Em: The degradation rate reduces when the fibril is

under external tension [34, 35, 18] (see Fig. 3a of the main text). Perhaps the external

tension increases the stability of the triple helices in the fibril by increasing the energy

barrier for enzymatic unwinding [36, 37, 38, 39, 40]. However, the cleavage mechanism

can be different for the isolated tropocollagen (triple helix) molecules under external

tension [41, 42]. For a fibril, the increase in the internal energy due to external loading

can increase the energy barrier for enzymatic unwinding where the rate is proportional

to kw
+ ∝ exp (−2Em/kBT ). The increase in the energy barrier results in the decrease

in the rate of unwinding, implying a decrease in the rate of degradation.

It is difficult to provide a direct estimation of the increase in the energy barrier

of enzymatic unwinding because of external loading. We have followed a simple an-

alytical approach to obtain the increment in the energy following the work of Tonge

et al. [38] and using a general expression for strain energy (purely elastic). Under

external loading, we can write the increment in energy ∆U for a tropocollagen under

low external load fext = 2 pN is

∆U ∼ 1

2

(π
4
d2TC (ℓTC + δℓ)

) fext
(π/4) d2TC

fext
(π/4) d2TC ETC

, (S17)

where δℓ is the extension and ETC is the elastic modulus of a tropocollagen. The value

of ETC is in the range 0.01 − 1 GPa [43, 44, 17]. For a chosen value ETC ∼ 0.5 GPa

and δℓ in the range 50−250 nm [44], (S17) yields to ∆U ∼ 0.009Em−0.015Em, where
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Em = nres ∆G/NA. Our model captured the experimental trend of Flynn et al. [18]

well for δEm = 0.013Em.

The scaling related to single fibril degrdation: Figs. 3b,c of the main text imply

that the degradability must be directly proportional to the number of enzymes per

unit surface area of the fibril. According to the model assumptions, if the enzymes

are not losing their activity and potency as enzymatic degradation progresses, then

the surface area of the fibril is the only parameter which decreases with time. Thus a

thicker fibril and a thinner fibril of same length can degrade up to a same extent if the

ratio N0
e /A

0
f , where A0

f = (πd0fℓf ) is the area of the fibril, is fixed. This is reflected in

Fig. S2a-c, where the same extent of degradation is observed if N0
e /d

0
f is a constant.

The model predicts thicker fibrils with significantly larger number of enzymes to be

highly degradable than thinner fibrils with very less number of enzymes subject to

the ratio N0
e /d

0
f , and vice-versa. The predictions are sensitive to the choice of kc

+

which varies with different MMPs and types of collagen. As expected, the extent of

degradation decreases with the decrease in kc
+.

Figure S2: Degradation of single collagen fibril. (a)-(c) are color maps representing
the extent of degradation after 1 hour for ranges of N0

e (number of enzymes surrounding a
fibril) and d0f/lp (initial fibril diameter) where lp = 1µm is a nominal length scale. (a) fibril
length ℓf/lp = 2, kc+ = 0.583 s−1 [23]; (b) fibril length ℓf/lp = 3, kc+ = 0.583 s−1; (c) fibril
length ℓf/lp = 2, kc+ = 0.472 s−1 [21].
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Figure S3: The enzyme distributions in two different configurations.

SI11 Model microstructure generation for P2 and P8 gels us-

ing the histograms of fibril diameters from the experi-

ments:

We performed statistical comparisons by fitting log-normal distributions to individ-

ual images for both SEM and fast green stained images. We compared their mean and

standard deviation values before and after degradation. We did not find significant dif-

ferences in length distributions, but there are differences in the diameter distributions.

Figure S4 shows the comparisons for the diameters.

The lognormal distribution curves fit our histrograms better than other distribu-

tions such as normal and gamma distributions (see Fig. S5).

We used the lognormal fitted curves of the diameter histograms (P2 and P8) from

the experiments to generate the fibril distributions. The parameters related to the

lognormal fits from P2 and P8 are µP2 = −2.247 and σP2 = 0.45, and µP8 = −2.288 and

σP8 = 0.4, respectively. Using these values and lognormal function, random numbers
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Figure S4: Comparisons of fibrils diameters from experiments. SEM images collected across
three repeats were used for the analysis, N>33. Statistical significance was determined using
one-way ANOVA, ****p <0.0001.

Figure S5: Different fits and goodness of fits for P2 (a) and P8 (b).
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are generated in between 0.04-0.2 µm for P2, 0.03-0.16 µm for P8, and we ignore the

tail regions where PDF is less than 2 (see Fig. S6a). In both P2 and P8, all fibrils are of

same length. For P2, ℓf/lp = 2, and ℓf/lp = 1.8 for P8 which is 10% smaller than that

of P2. We note in passing that in experiments, the mean length of P8 is found to be

slightly (approx. 10 %) smaller than that of P2. For both P2 and P8, the distributions

are generated such that the volume fraction of fibrils ϕf = 0.007 turns out to be the

same. The outcomes of number of fibrils nf in P2 and P8 for simulation are 40 and

75, respectively. The chosen value of ϕf is close to the collagen concentration used

in the experiments 2.5 mg/mL. For each P2 and P8, we performed three independent

simulations, and we generated all three sets using the histograms of diameters from

experiments (Fig. S6a). We showed the thickness distributions of the generated fibrils

in Fig. S6b. The distributions generated for the simulations are qualitatively similar

to those from the experiments.

Figure S6: Histograms of diameters for P2 and P8 matrices. (a) From experiments. (b)
Histograms are generated for hybrid simulation using (a).
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