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Abstract—An important step towards achieving functional
diversity of biomimetic surfaces is to better understand the
co-assembly of the extracellular matrix components. For this,
we study type-I and type-III collagen, the two major collagen
types in the extracellular matrix. By using atomic force
microscopy, custom image analysis, and kinetic modeling, we
study their homotypic and heterotypic assembly. We find
that the growth rate and thickness of heterotypic fibrils
decrease as the fraction of type-11I collagen increases, but the
fibril nucleation rate is maximal at an intermediate fraction
of type-IIl. This is because the more hydrophobic type-I
collagen nucleates fast and grows in both longitudinal and
lateral directions, whereas more hydrophilic type-III limits
lateral growth of fibrils, driving more monomers to nucleate
additional fibrils. This demonstrates that subtle differences in
physico-chemical properties of similar molecules can be used
to fine-tune their assembly behavior.

Keywords—AFM, Biomimetic surface, Collagen, Extracellu-
lar matrix, Heterogeneous assembly, Macromolecular assem-
bly.

INTRODUCTION

An emerging concept regarding the extracellular
matrix (ECM) in multicellular organisms is that of
biological alloys, where functions are determined not
by individual constituent molecules, but more collec-
tively by their assemblies.*'*3¢ In this way, structural
and functional diversity of different tissue types can be
achieved with a limited number of components that
assemble in different proportions and suprastructures.
Co-assembly of different ECM molecules also has
potential in tissue engineering applications for gener-
ating matrices of tailored properties.'-!!:20:22-3431
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Among the constituents of the ECM, collagen is
predominant, forming about 30% of the total protein
mass in the human body.** Combining collagen with
other molecules such as proteoglycans and minerals,
provides enormous diversity in tissue types and prop-
erties, such as bone, tendon, blood vessels, cornea, and
skin.'> Among 28 known collagen types,** the fibrillar
ones including types-I, I1, III, and V are dominant, and
their assembly into fibrils and fibrillar networks have
been extensively studied."”!*** Collagen is also used
for a wide range of biomedical and biotechnological
applications, including templates for fabricating
nanowires,*® as a coating material for non-biological
surfaces for enhanced bio-compatibility,®!®?° surface
patterning,®>>” and for drug delivery.*

Compared to the assembly of a single collagen type,
co-assembly of multiple types is far less understood. A
basic question in heterotypic collagen assembly is the
dependence of the fibril morphology and growth
kinetics on the ratio of the component collagens, in
particular, between types-I and III that are respectively
the most and the second most abundant collagen types
in tissues.*’ Type-I collagen is found throughout many
tissues including tendon, ligament, skin, bone, and
cornea.'>** Type-III collagen co-assembles with type-I
and is present in soft connective tissues such as blood
vessels, skin, muscle, placenta and various internal
organs.'*182953 A previous study suggested that type-
III collagen accelerates assembly but prevents bundling
of type-I fibrils.*® Also, the fibril diameter decreases
with the content of type-III collagen both in vitro'!
and in vivo.® Synergistic effects in fibril morphology are
also present in the co-assembly of other fibrillar col-
lagens, including types-I/V, II/III, and II/X1.%74%3¢

To better understand the co-assembly, it is necessary
to analyze the early stages of this process, for which
very little is known. Although turbidimetry has been
widely used to quantify fibril nucleation and growth
kinetics,**® it does not provide morphological infor-

1865-5025/17/0200-0041/0 © 2016 Biomedical Engineering Society
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mation at the level of individual fibrils. Besides, early
stages of assembly cannot be detected by turbidimetry
since the concentration of fibrils with sufficient size
may not be high enough to be detected. For studying
initially formed fibrils or protofibrils, atomic force
microscopy (AFM) is an effective approach.®?>-%
AFM has been used for assembly of different collagen
types including type-I,>!317:21:23:3037.52 yne 119 and
type-V,** and also to visualize mature heterotypic fib-
rils including type-I/III' and type-1/V.** However, to
our knowledge, the formation of heterotypic fibrils has
not been analyzed previously at the level of individual
fibrils.

Here, we use AFM to study assembly of homo-
typic and heterotypic fibrils made of types-I and III
collagen. We find that type-III fibrils are more flexible
than type-I, and nucleate and grow more slowly. We
further investigate both early and late stages of the
co-assembly process while varying the ratio between
the two collagens. AFM images of the fibrils were
analyzed by using our Computer-Aided Feature
Extraction (CAFE) program that can identify fibrils
and measure their lengths and orientations.”’ By
applying a kinetic model of nucleation and growth to
the measured data, we estimate fibril nucleation and
growth rates as functions of the fraction of type-III
collagen. While the growth rate decreases nearly
monotonically as the type-III fraction increases, the
nucleation rate has a maximum at an intermediate
value of its fraction. During co-assembly, the higher
propensity for fibril nucleation by type-I collagen and
the inhibition of lateral association of collagen
monomers on existing fibrils by type-III can lead to
synergistic enhancement of nucleation. These results
suggest that slight differences in physical properties of
the collagen types may lead to synergistic effects
where the resulting co-assembly process is not a
simple interpolation between the homotypic assembly
of individual fibrils.

MATERIALS AND METHODS

Materials

Type-I collagen, acetic acid extracted from rat tail
tendon, was purchased from BD Biosciences (Bedford,
MA) in solubilized form at 3.54-mg/mL concentration.
Aliquots were prepared by diluting the stock with
0.1% acetic acid to 1.65 mg/mL and stored at 4 °C for
use up to 3 months. For the experiment, an aliquot was
further diluted with a buffer consisting of 30 mM
Na,HPO,4, 10 mM KH,PO, and 200 mM KCI at
pH 7.%°
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Lyophilized type-III collagen, pepsin extracted from
bovine skin (10 mg), was purchased from Millipore
Corporation (Temecula, CA). It was reconstituted as
1.25 mg/mL aliquots in 80-uL volumes, with 0.5 M
acetic acid (pH 2) by using a mini shaker at 4 °C for
2 h at 500 rpm until the solution appeared homoge-
neous. It was then stored at —20 °C and used up to
1 year. For the experiment, an aliquot was thawed on
ice and diluted to 1 mg/mL by adding 0.5 M acetic
acid. It was maintained in a 4 °C refrigeratorup to 1 h
before use. The final solution of type-III collagen for
the experiment was prepared following the same pro-
tocol as for type-I collagen.

Muscovite mica (grade VI) and phlogopite mica
were purchased from Ted Pella (Redding, CA) and
from Axim Mica (New Hyde Park, NY), respectively.

Sample Preparation for AFM

Mica sheets were glued onto AFM metal disks and
cleaved using sticky tape just prior to each experiment.
A 50 uL sample aliquot was deposited on mica and
incubated at room temperature in a moisture chamber
to minimize evaporation. After a given incubation
time, the sample was rinsed with 70 uL. of deionized
water in multiple directions and was left to air-dry for
15 min in a half-covered dish. Immediately after dry-

ing, the sample was imaged using AFM, as done pre-
viously, 10:11:30.33.37.52

AFM Imaging

Two AFM machines were used, based on avail-
ability: a Veeco NanoScope Illa (Figs. 1, 2, 5, and S2)
and Brucker Icon (Fig. 3). Tapping mode (soft non-
contact mode) topography imaging was performed at
room temperature using force modulation cantilevers
(Veeco Probes-FESP7 and NanoWorld Probes; 2.8 N/
m force constant and 75-kHz resonance frequency in
both probes). The scanning speed ranged from 0.2 to
2 Hz, depending on the scan size.

Image Analysis

Using the software included in the AFM machines,
basic image flattening was performed. NIH Imagel
was used for measuring the apparent widths of fibrils
(Figs. 2, 3, and 5; without correcting for the finite
radius of curvature of the AFM tip) and counting the
number of fibrils in Fig. 3. Apparent widths were
measured in the middle portions of individual fibrils,
and are presented as average + standard deviation in
the caption of each figure. For more automated
quantitative analysis of fibrils in Figs. 3 and 5, we used
our CAFE program.?!
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FIGURE 1. Representative AFM images of collagen monomers. (a) Type-l and (b) type-lil. In both cases, 0.3 ug/mL concentration
and 85 s incubation time were used. Scan sizes are 2 x 2 um and the color scale represents the vertical range.

RESULTS AND DISCUSSION

Choice of Mica Substrate

We have previously analyzed the influence of mica
substrate on the assembly of collagen fibrils.** On
muscovite mica, collagen tends to assemble in parallel
due to the asymmetry in the mica lattice.”?3-3"->2
During early stages of assembly, the parallel arrange-
ment helps short collagen fibrils to avoid overlapping
so that their number and length can be measured (cf.,
Fig. 3). With long incubation times or at higher col-
lagen concentration, fibrils on muscovite mica merge
both laterally and longitudinally,”*° making it difficult
to resolve them (cf., Fig. 2). In comparison, phlogopite
mica maintains surface hexagonal symmetry of the
lattice?” so that collagen fibrils form triaxial networks
(cf., Fig. 5). This makes it easier to resolve individual
fibrils at long incubation times.'>*'** Using both
muscovite and phlogopite mica, we can thus study
both early stages of assembly and later formation of
more mature fibrils.

Monomers and Oligomers

To observe morphologies of collagen molecules
before extensive assembly into fibrils, we used a very
low concentration (0.3 pg/mL), that is well below the
critical concentration for the assembly of type-I col-
lagen fibrils in bulk (4.73 ug/mL*’). We used mus-
covite mica and incubated the sample for about 85 s.
For both types-I and III collagen, randomly adsorbed
molecules without any noticeable orientational pref-
erence are seen (Fig. 1).>* For type-I, molecules are
often connected in a linear fashion or form branches
(Fig. 1a). Under the same experimental condition,
type-III collagen did not associate as extensively

(Fig. 1b). Type-I collagen has more nonpolar and less
polar residues compared to type-1II collagen, while
their net charges are comparable (Table 1). A greater
number of nonpolar residues promotes association
between type-I molecules, while more polar type-I11
molecules experience a higher barrier to association by
hydration force.*

For type-III collagen, globular structures were fre-
quently observed (Fig. 1b), which are likely collapsed
type-III molecules. Type-I collagen also takes on a
globular morphology at low pH.>* When brought to
pH 7 for AFM imaging, type-III collagen in the
globular state may require a longer time to convert to
its elongated state. Consistent with this, globular
structures were not observed at longer incubation
times (see below). Formation of more contacts among
type-I molecules and presence of globular structures in
type-111I collagen thus suggest that the former takes on
extended conformation and assembles more rapidly
than the latter does. However, for individual extended
molecules, no noticeable differences in morphology
were found between types-1 and III. While an earlier
analysis based on the amino acid sequence, proposed
that the type-111 molecule is more flexible than type-
I,* as shown below, the difference becomes more
pronounced at larger length scales, as they assemble
into fibrils.

Homotypic Assembly

Next, we compared the emergence of homotypic
type-I vs. type-IlI fibrils by increasing collagen con-
centration to 2-5 ug/mL, with 2-min incubation
(Fig. 2). At 2 pug/mL, extensively connected networks
form, where nascent straight fibrils can be seen in type-
I but not in type-III collagen (Figs. 2a and 2b). Mo-
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FIGURE 2. Homotypic assemblies of (a, c, e) type-l and (b, d, f) type-lll collagen fibrils. Muscovite mica was used, with 2 min
incubation. Concentrations are: (a, b) 2 pg/mL, (c, d) 4 ug/mL, (e, f) 5 ug/mL. Color scales are (a—d) 2 nm, and (e, f) 5 nm. In (a),
examples of nascent fibrils are marked by arrowheads. Scale bar: 1 um. The apparent widths of fibrils in (c, e) are: (¢) 37 = 9 nm
(N =20) and (e) 71 = 22 nm (N = 20).

lecules appear slightly more parallel for type-I colla- Fig. S1). For type-III collagen, beaded structures are
gen, as evidenced by the presence of sharper peaks in nearly absent compared to the case above (Figs. 1b vs.
the fast Fourier transform of the images (Supporting 2b). In addition to the slightly longer incubation time,
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FIGURE 3. Heterotypic fibril formation on muscovite mica. (a—d, i) AFM images with different fractions of type-Ill collagen in the
type-l/lll mixture (percentage of type-lll is shown on each panel). All experiments were done with 0.5 ug/mL final concentration and
with 30 min incubation. The color scale corresponds to a vertical range of 2 nm. Heights of fibrils (pixel intensity) decrease with
increasing fraction of type-lll in the mixture. Scan sizes are (a—-d) 40 x 40 um and (i) 10 x 10 um. (e-h) Fibrils identified by the
CAFE program. Fibrils are distinguished by randomly assigned colors. (j) Average length and (k) number of fibrils in (e-h). In (k),
numbers of fibrils are also counted by using ImagedJ, for comparison. The apparent widths of fibrils in (a—d) are: (a) 71 = 34 nm
(N = 45), (b) 33 = 16 nm (N = 55), (c) 50 = 16 nm (N = 48), and (d) 23 = 7 nm (N = 27).

contacts with other molecules at higher concentration
may have promoted elongation of type-III collagen
molecules. Since both collagen types are stored at low
pH, where molecules take on globular morphology,
then brought to pH 7 for the experiment, the slower
transition from a globular to an extended, polymer-
ization-competent state in type-III collagen may con-
tribute to its slower assembly compared to type-I.

At 4 ug/mL, straight fibrils form extensively for
type-I collagen, whereas type-I11 forms interconnected
fibrils possessing branches and kinks (Figs. 2¢c and 2d).
At 5 pg/mL, type-I collagen behaves similarly to the
case of 4 ug/mL, except that fibrils are wider (Fig. 2e).
This indicates that type-I fibrils can grow laterally.”°

For type-IIl collagen, straight fibrils are visible
(Fig. 2f), which is analogous to the nucleation of
straight fibrils for type-I collagen at 2 ug/mL (Fig. 2a).
Overall, these results suggest that type-111 collagen has
lower propensity to nucleate straight fibrils than type-I
does. Since prolonged incubation leads to formation of
straight type-III fibrils (cf., Fig. 5c), its lower propen-
sity to form straight fibrils at 2-min incubation sug-
gests that it assembles more slowly compared to type-I
collagen.

As for the case of surface-adsorbed monomers
(Fig. 1), the above observations are consistent with the
difference in amino acid composition between type-I
and type-III collagens (Table 1). The higher number of
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TABLE 1. Amino acid composition of type-l and type-Ill collagen.

(@)

Gene COL1A1 COL1A2 COL3A1
UniProt ID P02454 P02466 P04258
Length (AA) 1014 1023 1026
Telopeptide 16(N)+26(C) - 14(N)+9(C)
Nonpolar 176+(8) 208 133+(9)
Polar 99+(10) 89 108+(2)
Acidic 78+(5) 66 73+(3)
Basic 87+(4) 85 86+(1)
Pro+Hyp 232+(4) 203 248+(0)

(b)

Tot. count Type-I Type-lll
Net charge 37+(—2) 39+(—6)
Nonpolar 560+(16) 399+(27)
Polar 287+(20) 324+(6)
Pro+Hyp 667+(8) 744+(0)

Sequences are for rat (type-l) and bovine (type-lll) collagen. (a) Counts for individual o chains. Type-I collagen consists of two «1 and one o2
chains, Type-lll collagen is a homotrimer of «1 chains. Numbers in parentheses are counts for telopeptides. COL1A2 does not have

telopeptides marked in the UniProt Database. (b) Total counts.

nonpolar residues in type-I collagen is likely respon-
sible for faster assembly via increased hydrophobic
effects. On the other hand, type-III collagen, pos-
sessing more polar residues, is more strongly hy-
drated. Instead of forming a relatively straight bundle
driven by hydrophobic interactions, it will thus ini-
tially form a loosely connected and branched net-
work, and takes longer to form a more ordered,
straight fibril, which is accelerated at higher concen-
trations. Differences in contributions by hydrophobic
and hydration effects between the two collagen types
is also consistent with the general trend that type-I11
collagen fibrils are thinner than type-I fibrils.*#>>1-3
By comparison, previous turbidimetry experiments
reported higher apparent nucleation rate for type-III
than type-I collagen,***** though slower assembly of
type-III collagen has also been reported.! Tur-
bidimetry experiments were performed with collagen
concentrations in the 0.2-1.0 mg/mL range, where
protofibrils of type-I collagen may form almost
immediately after assembly starts. Thus, rather than
nucleation of individual fibrils, those experiments may
have detected bundling of fibrils or network forma-
tion. In the case of type-I collagen, the thickening of
fibrils by lateral addition of monomers or bundling
may continue throughout the course of measurement,
while type-111 collagen ceases to form a bundle after
initial assembly of thinner fibrils. The formation of
larger type-I bundles is consistent with their higher
absorbance than for type-III fibrils after reaching
plateaus in turbidimetry.'*
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Heterotypic Assembly
Heterotypic Assembly on Muscovite Mica

To study early stages of the co-assembly of types-I
and III collagen, we used a final concentration of the
collagen mixture at 0.5 ug/mL, while varying the ratio
between the two types. As explained above, we used
muscovite mica with short fibrils arranged in parallel,
thus reducing the chance of them making contacts with
each other. To minimize the influence of a variation in
the collagen concentration among stock solutions, we
used single stocks of types-I and III and studied the
fraction of type-III at 0% (pure type-I), 25, 50, 75, and
100% (pure type-111) (Figs. 3a-3d, 3i). All samples
except for the 100% case exhibited straight fibrils
(Figs. 3a-3d vs. 3i). We used the CAFE program®' to
measure the number and length of fibrils for the 0—
75% samples (Figs. 3e—3h).

Dependence of the average length and the number
of fibrils on the type-III fraction suggests correspond-
ing differences in the fibril growth and nucleation rates.
We estimated them by analyzing the filament length
distribution P(L) and applying a kinetic model that we
developed previously.”’ We made histograms of fila-
ment lengths with 1-um bins for Figs. 3e-3g, and 0.5-
um bins for Fig. 3h. The resulting histogram (filament
count) was divided by the area of the image
(40 x 40 ym?) multiplied by the bin size, which yielded
P(L) in units of yum 3, so that P(L)AL (AL: bin size) is
the number of filaments per unit area in the length
range (L, L + AL) (Fig. 4).
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FIGURE 4. Analysis of the filament length distribution P(L).
Symbols: results from CAFE (Figs. 4e—4h). The unit of P(L)
reflects filament length density per unit area of the substrate.
Solid lines: fit using Eq. (2). Inset: Filament nucleation and
growth rates estimated from the fit (error bar: standard devi-
ation).

We assume a constant nucleation rate n (number of
filaments nucleating per unit time and unit area of the
substrate) and growth rate g. To wvalidate this
assumption, we estimate the fraction of collagen mo-
lecules in fibrils versus the total number of collagen
molecules in the incubating buffer. A 50-uL aliquot,
used for incubation on mica, contains on the order of
10'° collagen molecules at 0.5 ug/mL.?" In Fig. 3a, the
total length of filaments is 965.34 um (it is 789.32 um
for Fig. 3b, and shorter in Figs. 3c and 3d). With an
apparent width of 70 nm and 2-nm thickness of a fibril,
assuming each collagen molecule to be 1.5 nm in
diameter and 300 nm long, 2.5 x 10° collagen mole-
cules are incorporated in fibrils, which is less than
0.01% of the total number of collagen molecules in the
aliquot. Thus, by the time fibrils in Fig. 3a form, a
majority of collagen molecules are still in the incu-
bating solution or loosely attached to the mica surface
in an un-polymerized state, supporting the assumption
of constant n and g. Similarly, constant rates can be
assumed for Figs. 3b-3d.

The thickness (apparent width) of the fibril is not
constant along its length and it is more difficult to
measure accurately compared to filament length. In
our model, we thus focus on 7 and g and analyze only
P(L) without explicitly considering lateral growth.
Additionally, once a fibril forms on the mica surface, it
remains strongly bound and withstands multiple
rounds of washing.* Since an extended collagen mo-
lecule in a fibril will make hundreds of contacts (Ta-
ble 1), unbinding will be much rarer compared to the
addition of collagen molecules to a growing fibril. We
thus ignore depolymerization in our model.

During the 30-min incubation time, filaments
nucleate and grow mostly without making contact. In
the case of 100% type-I collagen (Fig. 3a), we estimate
the probability that two aligned filaments join to form
longer filaments. The average filament length is
[ =4.18 um (Fig. 3j). Let the width of the filament be
w = 70 nm and the linear size of the mica L,, = 40 um.
Without loss of generality, suppose that a filament lies
horizontally and its center is at the mid-point of mica,
to which we assign the coordinate origin (0,0). For
another horizontal filament to overlap with this one, its
center should lie within a rectangle of horizontal range
(=1, +1) and vertical range (—w, +w). The correspond-
ing overlap probability can be calculated as the
fractional area of this window, Do =
4lw/I? =732 x 1074 For N =231 filaments

m

(Fig. 3K), po(jzv )

tially overlap. Similar calculation yields the number of
overlapping pairs as 8.2 (25% type-III), 1.4 (50%), and
0.12 (75%). At earlier times during which there are
fewer filaments with smaller sizes (smaller / and w), the
number will be even lower. To a first approximation,
we thus ignore formation of filaments by annealing of
two shorter ones, and assume that each filament grows
by addition of monomers. In this case, an expression
for P(L) can be obtained in the following way. We
discretize the length (we take a continuum limit later)
and let L (=1,2,3,...) be the degree of polymeriza-
tion. New monomers (L = 1) nucleate with rate n and
growth occurs by addition of monomers to existing
filaments with rate g. The master equation describing
this process is*'

=194 filament pairs can poten-

P(1)=n—gP(1)

: (1)
P(L) = g[P(L—1) = P(L)],

(L>1).

In Eq. (1), —gP(L) accounts for the loss of L-mers to
become [L + 1]-mers, and similar interpretations apply
to other terms. In the continuum limit, this model has a
solution involving a complementary error function®':

_n L—gt
P(L, t)_2_gerfc<\/fgt)' (2)

In Eq. (1), lengths are discretized in dimensionless
units. The choice of units only alters the numerical
values of n and g without affecting the behavior of the
model. For example, if we choose 1 um as the length
unit (effective size of a ‘monomer,” which is different
from the size of the actual collagen molecule) and
I min as the time unit, n = 1 represents nucleation of a
1-um filament per 1 um? area per minute, and g = 1
corresponds to a growth rate of 1 um/min (in the
dimensional form, the left hand side of Eq. (1) is
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FIGURE 5. Heterotypic assembly of types-l and lll collagens on phlogopite mica. All images are with 5 ug/mL final concentration
and 1-h incubation. (a, ¢, €) AFM images. Ratios of types-I:lll are: (a) 1:0 (c) 0:1, and (e) 1:1. Scan sizes are 20 um. Additional scans
of the samples for (a) and (e) are in Supporting Fig. S2. Color scales correspond to (a, c) 10 nm and (e) 15 nm. (b, d, f) Corre-
sponding networks constructed by CAFE. Number of identified filaments is given on each panel. The apparent widths of filaments
are: (a) 162 = 31 nm, (c) 45 = 10 nm, (e) 88 = 27 nm (N = 35 in each case).

multiplied by AL). However, direct use of Eq. (1) for racy of P(L). We instead use Eq. (2) to fit P(L) (with
analysis is difficult due to the lack of data taken at t = 30 min, the incubation time), and estimate n and g
multiple time points and also due to the limited accu- (Fig. 4; fit was done using the SciPy package of Py-
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thon). This indeed shows that 7 is the highest when the
type-1II fraction is 25%, and that the growth rate g
decreases from 0.18 ym/min (0%) to 0.06 um/min
(75%). Linearly extrapolating n» and g to 100% type-
IIT collagen suggests that they both decline close to
zero, which is consistent with the absence of fibrils in
this experiment (Fig. 3i). By comparison, we previ-
ously used a stochastic simulation that is different from
the model described by Eq. (1), to estimate g for tri-
axial networks of type-I fibrils on phlogopite.?' This
yielded g =0.038-0.113 ym/min, on the same order of
magnitude as the values obtained above. Given that
experimental conditions differ between these two
studies, in general, the growth rate of collagen fibrils
on mica would be on the order of 100 nm/min.

Since homotypic fibrils form more slowly for type-
II1 than for type-I collagen (Fig. 2), for a given total
collagen concentration, one may expect heterotypic
fibrils to nucleate and grow more slowly as the fraction
of type-III increases. In this regard, the enhanced
nucleation rate at 25% is puzzling. In addition, g is
slightly higher at 50% than at 25% (inset in Fig. 4).
These behaviors can be seen qualitatively from the
AFM images. In Fig. 3b, there are short fibrils that are
greater in number than in Fig. 3a (higher » and lower g
at 25% than at 0%). Also, fibrils in Fig. 3c are lower in
number but their lengths are comparable to those in
Fig. 3b. Though their average lengths are similar
(Fig. 3j), the greater presence of shorter fibrils at 25%
may have caused g to be slightly lower.

Qualitative agreement between visible features in
the images and estimated values of n and g indicate
that, rather than from errors in identifying fibrils by
CAFE or the simplifying model assumptions, a greater
source of uncertainty in n and g likely arises from
variability in experimental conditions. Although anal-
ysis using Eq. (2) was performed only at a single time
point (30-min incubation), it is effective in describing
different assembly behaviors of systems with varying
ratios of type-I and type-III collagens. Further devel-
opment of the model that relaxes some of the
assumptions of the present model, is subject of a future
study.

In case when both n and g decrease monotonically
with the type-III fraction, if g decreases more rapidly
than n does, more fibrils may be observed at an
intermediate range of the type-III fraction, since sup-
pressing fibril growth by type-III collagen would mean
more type-I monomers are available to nucleate new
fibrils. But when the fraction of type-III collagen is too
high (50% or above), the corresponding reduction in
type-I collagen will make it difficult to nucleate fibrils.
At 50%, the concentration of type-I collagen is only
0.25 pug/mL, which is lower than that used in Fig. 1.

Heterotypic Assembly on Phlogopite Mica

We used phlogopite mica to study longer-time het-
erotypic assembly of collagen. Keeping the 5 pg/mL
total concentration, we set the fraction of type-III
collagen to 0, 50 and 100%. After incubation of each
solution on phlogopite mica for 1 h we imaged the
sample by using AFM (Figs. 5a, 5c, 5e). For the 0%
case (100% type-I), a sparse triaxial network of thick
and long fibrils was observed (Supporting Fig. S2a
shows a larger area scan of the sample for Fig. 5a),
which is consistent with our previous observations.>'-*°
With the introduction of type-III collagen, the number
of fibrils increased, with more fibrils in the 50% case
than in the 100% case. This result is similar to the
early-stage assembly on muscovite mica (Fig. 3). The
type-111 fraction that yields the largest number of fib-
rils may depend on factors such as the total collagen
concentration, type of mica used, and the incubation
time, that are different between the two experiments of
Figs. 3 and 5. In contrast to the non-monotonic
behavior of the number of fibrils, the thickness of
fibrils decreases as the type-III collagen fraction
increases (Figs. 5a, Sc, and 5e), which agrees with the
results on muscovite mica (Fig. 3) and also with pre-
vious in vitro and in vivo results.'34%5!

More quantitative analysis of the fibril network was
performed by using CAFE. After identifying individ-
ual filaments (Figs. 5b, 5d, and 5f), we measured dis-
tributions of filament orientations and lengths (Fig. 6).
Compared to the 0% case, significantly more filaments
were found for 50 and 100% type-III collagen
(Figs. 5b vs. 5d, 5f), which suggests that the presence
of type-III collagen increases the filament nucleation
rate and/or reduces the growth rate, which in turn
leads to nucleation of more fibrils. Compared to
muscovite mica, collagen interacts less strongly with
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FIGURE 6. Analysis of the networks in Fig. 1 by CAFE.
Fraction of type-Ill collagen is 0% (circle), 50% (square), and
100% (triangle). (a) Filament angle distribution (not normal-
ized). Angle is measured relative to the horizontal direction.
(b) Length distribution in log-log scale. Filament length L is in
units of um and distribution P(L) is in um~2 (cf., Fig. 5). Thick
straight lines are local fits for the intermediate range of L, with

slopes as indicated.
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FIGURE 7. Mechanism for the enhanced nucleation in the co-assembly of types-l and -lll collagens. In heterotypic fibrils (rep-
resented by alternating red and blue stripes), type-lll collagen (blue) impedes lateral association of monomers. This makes more
collagen molecules to participate in nucleation of new fibrils, which is enhanced by the presence of type-l collagen (red).

phlogopite mica, so that surface diffusion of mono-
mers and small oligomers is enhanced.’® The sparsity
of the network of type-I fibrils (Fig. 5a) indicates that
monomers diffuse and incorporate into nearby fibrils,
which suppresses the nucleation of new fibrils. For
100% type-11I collagen, comparable or higher levels of
surface diffusion are expected as more polar residues
are present than in type-I collagen, leading to weaker
adsorption on phlogopite mica (Table 1). The greater
hydrophilicity of type-III collagen also limits the fibril
diameter to a smaller value than in the case of type-I
collagen due to a larger dehydration penalty in
encasing type-III molecules within a fibril of a larger
diameter. Suppression of lateral growth of type-III
fibrils will make more monomers available to nucleate
additional filaments. This effect is further enhanced on
phlogopite mica since longitudinal growth of a fibril
stops once it encounters other fibrils within the triaxial
network. Furthermore, slower assembly of type-III
collagen indicates that its initial lag time for nucleation
into straight fibrils is longer. These factors are consis-
tent with the greater number of fibrils observed in
Fig. 5 compared to Fig. 3, since the former has higher
overall collagen concentration, longer incubation time,
and was growing on phlogopite mica, which all pro-
mote nucleation of more fibrils.

A synergistic effect likely occurs when both collagen
types are present. The stronger interaction and weaker
surface diffusion associated with type-I molecules may
provide stability to the initial oligomers, making it easy
to nucleate a filament. Type-III collagen, being more
hydrophilic, locates on the outer side of the fibril and
prevents lateral growth. Localization of type-III col-
lagen on surfaces of thin type-I-rich fibrils has also
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been observed in vivo,”° although it is unclear whether
type-III collagen is completely excluded from the inner
side. Prevention of monomers from adding to existing
fibrils would in turn promote nucleation of more fib-
rils, which occurs faster in the presence of type-I col-
lagen compared to the case of pure type-III collagen,
as seen in the assembly of homotypic fibrils (Fig. 2).
With a higher overall collagen concentration, more
type-I molecules are present even when the fraction of
type-11I collagen is high, which may be the reason why
more fibrils were observed at 50% in Fig. Se while the
maximal nucleation was observed at 25% in Fig. 3b,
where the former had 10-fold higher total collagen
concentration.

In addition to the overall number of fibrils, we
measured the distribution of fibril orientation and
length (Fig. 6). Orientational distributions mainly have
three peaks separated by about 60°, reflecting the tri-
axial network. The type-I collagen network (0% type-
III) has two major peaks at 36° and 84° and one minor
peak at —30° (the distribution has a bin size of 6°),
which can be more easily gleaned from a larger area
scan (Supporting Fig. S2a). The case of 100% type-III
collagen also has two major peaks. The presence of
two major peaks is consistent with our earlier study
using type-I collagen.”’ On the other hand, the 50%
case has a single major peak. Different levels of
alignment are due to the slightly broken surface
hexagonal symmetry of the phlogopite mica lattice,*"*’
the buffer condition,*® and the variation in the state of
the cleaved lattice domains. As for the location
dependence, another scan of the 50% sample shows
more symmetrically oriented fibrils, but the lower
image quality made it difficult to measure the orien-
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tational distribution (Supporting Fig. S2b). Even in
this case, there are more fibrils compared to the 0 and
100% cases. Thus, while various factors including the
mica surface may influence the number and direction
of fibrils formed, the nucleation enhancement in the
mixture is more likely due to interaction among col-
lagen molecules themselves, as also observed on mus-
covite mica.

On phlogopite mica, the length of a growing fibril is
limited as it encounters another one at an angle, a
process that we named Orientational Linear Epitaxy
(OLE).*! In OLE, long filaments that started to grow
early during the assembly process, randomly encounter
other filaments that are sparsely distributed and do not
yet form an extensive network. In contrast, shorter
filaments that nucleate later encounter others that al-
ready have formed a network. These later-formed fil-
aments thus fill progressively smaller polygonal areas
in a self-similar manner. The two different regimes of
behaviors in OLE lead to crossover of the filament
length distribution P(L) from being exponential for
long filaments to a power law for shorter ones.”! Al-
though the number of fibrils was not large enough to
see this clearly, for the 50 and 100% samples in Fig. 5,
a power law can indeed be seen: P(L) ~ L~" with b in
the 2.5-3.0 range (a universal scaling exponent in
OLE.?' Fig. 6b). Therefore, while the basic architec-
ture of the network formed by the co-assembly of
types-I and III collagen on phlogopite mica obeys the
physical constraint imposed by the OLE, the kinetics
of nucleation and growth, and thickness of fibrils are
controlled by the ratio between the two collagen types.

CONCLUSIONS

Present results suggest that type-I and type-III col-
lagen have complementary properties which synergis-
tically control their co-assembly behavior. The
mechanism for the enhancement of nucleation in co-
assembly is summarized in Fig. 7. Type-I collagen,
with its greater number of nonpolar residues, nucleates
and assembles fast, and the fibril can increase its
diameter by lateral addition of monomers. Type-III
collagen, on the other hand, is more hydrophilic so
that it assembles slower and lateral growth of fibrils is
limited. When the two collagens co-assemble, hetero-
typic fibrils become thinner as the fraction of type-III
collagen increases. Since monomers can incorporate
into growing fibrils mostly at the ends, a majority of
monomers that are away from fibril ends increase the
likelihood of nucleation of new fibrils. Thus, the
nucleation rate increases with the fraction of type-II11
collagen and it eventually decreases as the amount of

type-1 collagen becomes too low. Among different
ways in which the synergistic effect of the heterotypic
assembly of type-I and type-III collagens manifests,
e.g., in nucleation, growth, or in fibril morphology, the
present study demonstrates that the fibril nucleation
rate exhibits a non-monotonic dependence on the ratio
between the two collagen types.

As demonstrated by our experiments performed
under different conditions, various factors affect
quantitative aspects of the assembly. The fraction of
type-III collagen at which the nucleation rate is max-
imized depends on the overall concentration of colla-
gen, the buffer condition, and the substrate over which
assembly occurs, which affects surface adsorption and
diffusion (cf., Figs. 3 vs. 5). Due to the difference in the
lag time for nucleation between the two collagens, it is
also possible that the relative abundance of fibrils
among different collagen fractions varies with the
incubation time.

Of another note, since the type-I collagen that we
used was acid extracted, it tends to have intact
telopeptides that mediate association,”' In contrast, as
type-111 collagen was extracted via a protocol that
involves mild pepsin treatment, the telopeptides may
have been partially cleaved,'”*’ which might con-
tribute to the lower tendency of type-III collagen mo-
lecules to associate.”®>! However, this effect is present
only after very extensive pepsin treatment, otherwise it
only minimally affects the assembly or structure of
fibrils.”® Besides, as in Table 1, telopeptides take less
than 2.6% of the collagen sequence. Thus, although
they might affect the initial association between col-
lagen molecules, the more extensive interaction along
the entire length of the molecule will play a dominant
role in later growth of fibrils under the mechanism
illustrated in Fig. 7.

As the above mechanism does not require a solid
substrate (it mainly influences diffusion of adsorbed
molecules and direction of fibril growth), the syner-
gistic effect is likely applicable to the case of bulk
solution, although quantitative details may differ.
Similar or related synergistic effect may also have a
functional role in vivo. For example, expression of
type-111 collagen increases during the wound healing
process,*'** where enhanced nucleation of small fibrils
is potentially more desirable than generating fewer and
thicker fibrils that would be more difficult for cells to
manipulate in tissue remodeling. Similarly, a potential
role of spatiotemporally graded expression of various
collagen types during development***' would be to
control the amount and morphology of collagen fibrils
and fibril networks. Interactions involved in the co-
assembly of other collagen types or ECM molecules
and their effects, are yet to be found.
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Figure S1: Alignment of homotypic type-I versus type-III protofibrils. Fast Fourier transform (FFT) of
the images in Fig. 2a (type-I) and 2b (type-IIT). Sharper peak in (a) suggests higher alignment of type-I fibrils.
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(a) (b)

Figure S2: Additional AFM scans of triaxial collagen networks on phlogopite mica. (a) 80-um scan of
the same sample in Fig. 5a. (b) 20-um scan of the 50% type-III collagen sample (cf., Fig. 5e). Vertical color scale
is 20 nm in both cases.
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