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The crucial early stages of amyloid growth, in which normally
soluble proteins are converted into fibrillar nanostructures, are
challenging to study using conventional techniques yet are critical
to the protein aggregation phenomena implicated in many com-
mon pathologies. As with all nucleation and growth phenomena,
it is difficult to track individual nuclei in traditional macroscopic
experiments, which probe the overall temporal evolution of the
sample, but do not yield detailed information on the primary
nucleation step as they mix independent stochastic events into
an ensemble measurement. To overcome this limitation, we have
developedmicrodroplet assays enabling us to detect single primary
nucleation events and to monitor their subsequent spatial as well
as temporal evolution, both of which we find to be determined
by secondary nucleation phenomena. By deforming the droplets
to high aspect ratio, we visualize in real-time propagating waves
of protein assembly emanating from discrete primary nucleation
sites. We show that, in contrast to classical gelation phenomena,
the primary nucleation step is characterized by a striking depen-
dence on system size, and the filamentous protein self-assembly
process involves a highly nonuniform spatial distribution of aggre-
gates. These findings deviate markedly from the current picture of
amyloid growth and uncover a general driving force, originating
from confinement, which, together with biological quality control
mechanisms, helps proteins remain soluble and therefore func-
tional in nature.

microfluidics ∣ reaction front ∣ filamentous growth ∣ insulin ∣
protein misfolding

The conversion of proteins from their soluble native states into
filamentous supramolecular amyloid assemblies is a generic

type of behavior observed for a wide variety of protein molecules
with very different primary and secondary structures (1–3). More-
over, this aggregation process is implicated as the key molecular
event leading to pathological deposition of proteins in conditions
such as Alzheimer’s and Parkinson diseases, and type II diabetes
(4–6). The traditional view of filamentous protein growth has
emerged in large part from studies of the cytoskeletal proteins
actin and tubulin and has led to a picture where each filament
grows by elongation from a single independent primary nucleus
(7). Recent evidence suggests, however, that amyloid growth is far
more complex, apparently involving not only primary nucleation
but different forms of secondary nucleation (8–11) that enable
multiple fibrils to be generated from a single primary nucleation
event; this mechanism is analogous to that originally discovered
for sickle hemoglobin aggregation (12, 13).

To elucidate the fundamental mechanisms underlying amyloid
formation, it is essential to understand the elusive early stages
of this phenomenon; i.e., the initial primary nucleation events.
It is not readily possible to isolate a single nucleus in a macro-
scopic sample but a particularly elegant method to overcome this
limitation was pioneered by Turnbull to elucidate the solidifica-
tion of metals, namely to use emulsions to restrict the spread of
individual nucleation events (14). Although droplets have been
used very successfully to investigate aspects of protein crystalliza-

tion (15) and aggregation (16), their unique capabilities in ad-
dressing the challenge of monitoring single amyloid nucleation
events and their spatial propagation have not until now been
exploited.

Here we use microfluidic technology (17, 18) to segregate sin-
gle nucleation sites into microdroplets. By developing methods
and devices that allow a large ensemble of individual droplets to
be stabilized during incubation, and then to be observed indivi-
dually as a function of time in a stable manner, we are able to
track the formation of single primary nuclei and their develop-
ment into traveling waves that rapidly take over the entire droplet
in which they form. We use nonspherical high aspect ratio dro-
plets and observe that the reaction front driving amyloid conver-
sion propagates as a wave along the long axis of the droplet. By
varying the droplet size we show further that when the system size
decreases beyond a critical volume there is a marked increase in
the lag time prior to the observation of protein aggregation. This
increased lag time under these microscopic conditions reflects a
marked decrease in the primary nucleation rate resulting from
increasing confinement and constitutes a fundamental physical
mechanism that contributes to the kinetic stability of proteins.
These experiments overcome a major limitation of bulk measure-
ments, namely that secondary nucleation events obscure the
primary nucleation processes; on the micron scale, however,
we show that this limitation no longer exists and that it is possible
to measure both primary and secondary events independently
(i.e., to follow both the initial nucleation step and its subsequent
propagation).

We use as an experimental system the hormone insulin, one
of the first proteins to have been observed to undergo a fibrillar
conversion in vitro (19), and a system widely used to explore the
phenomenon of amyloid assembly (20–22). The aggregation of
insulin is also of considerable practical significance in the context
of moderating the stability of pharmaceutical preparations used
in the treatment of diabetes (23). Insulin aggregation can also
lead in vivo to injection amyloidosis (24), an example of a wider
class of amyloid disorders (4, 5) that includes pathologies such
as Alzheimer’s disease and the prion conditions (25).

Results
To probe the growth of protein aggregates from single primary
nucleation events, we have designed a microfluidic device, shown
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schematically in Fig. 1A, which integrates a microdroplet maker
(Fig. 1B) with a storage element (Fig. 1C), where droplets are
deformed to generate the required high aspect ratios and
arranged in arrays within the device for parallel measurements
(26) (Movie S1). We encapsulate insulin molecules together with
amyloidophilic fluorophores in aqueous droplets formed within
an inert flurocarbon oil. To ensure the complete inertness of the
droplet interface, we add surfactant molecules to the oil phase;
these water-insoluble species localize at the oil/water interface
and expose a protein-repelling polyethylene glycol layer to the
aqueous phase (Fig. 1A) (16, 27). The droplets are formed at
room temperature and incubated at 60 °C to initiate the aggrega-
tion process. Fluorescence images acquired at regular intervals
enable us to follow the appearance of misfolded and aggregated
species through the increase in thioflavin T fluorescence asso-
ciated with the binding of the dye to amyloid structures (Fig. 1D).
Recently, there has been much interest in developing amyloido-
philic probes with an increased sensitivity and selectivity (28),
and such molecules could be used in the future to provide further
information during the aggregation reaction in microfluidic as-
says of the type that we describe in this paper.

The compartmentalization on the micron scale achieved in
these experiments is crucial. It enables us to establish that the
primary nucleation events we observe are discrete, thereby allow-
ing us to follow both the temporal and spatial evolution of each
individual event. Fluorescence microscopy reveals that primary
nucleation eventually occurs in all droplets, and that for any given
event the fluorescence spreads out from a single point. Initially,
the amyloid configurations span the width of the droplet; there-
upon the growth proceeds along the length of the droplet, even-
tually filling the entire volume with misfolded protein molecules,
as shown by the time sequence for a single droplet in (Fig. 2A and
Movies S2 and S3). The fluorescence intensity is distributed
throughout the droplet, showing that no localization at the inter-
face is occurring.

The linear geometry of our systems reveals a dramatic feature
of amyloid conversion: It proceeds as a traveling wave propagat-
ing linearly in time from the primary nucleation site along the
length of the droplet (Fig. 2 A and B, Insert and Movie S3).
Furthermore, the system geometry allows the propagation velo-
city to be determined accurately (Fig. 2B); remarkably, it is con-
stant in time vw ¼ 70.9� 9 nm s−1, in stark contrast to simple
diffusive spreading that exhibits a square root time dependence.

To verify that the growth processes that we measure are not
affected by preformed aggregates present in the original solution,
we used size exclusion chromatography to purify the protein and
to remove any such aggregates prior to carrying out the experi-
ments; very similar data were obtained with and without size
exclusion chromatography, and the propagation velocity is unaf-
fected within experimental error (Fig. 2B and Fig. S1), indicating

Fig. 1. Schema illustrating the design of the microfluidic device used in this
study (A). A droplet maker (B) is coupled to a storage element (C) where
elongated drops are incubated and can be monitored individually as a func-
tion of time. (D) Schema illustrating the encapsulation of protein molecules
(blue spheres) and thioflavin T fluorophores (green spheres) into aqueous
droplets stabilized by perfluorinated polyether-polyethyleneglycol (PFPE-
PEG) block-copolymer surfactants. Misfolded proteins that assemble into
cross-β structures can be detected through ThT fluorescence from the droplet
after incubation.

A

B

C

Fig. 2. Propagation of amyloid growthwithin microdroplets. Single droplets
are observed as a function of time: bright field microscopy (A, Upper) and
fluorescence microscopy (A, Lower) images acquired at regular intervals
during the incubation of a droplet. The widths of all the droplets analyzed
here are 30 μm, and their heights are 25 μm leading to a constant Laplace
pressure inside all the droplets independent of their length. (B, Inset) The
integrated fluorescence intensity from the droplet as a function of time.
In B is shown the velocity of the reaction front measured in two different
drop geometries; blue lines denote velocity measurements in elongated
droplets, green in corrugated droplets as shown in the insert and red for
measurements in elongated droplets acquired for protein solutions purified
by size exclusion chromatography (Materials and Methods). The gray lines
are the corresponding results from the simulations in Fig. 3. (C) The width
of the reaction front measured in the microdroplets (blue lines) and from
the simulation in Fig. 3 (gray lines).
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that the observations do not originate from the presence of
preformed aggregates.

The component amyloid structures within each microscale
droplet are nanoscale and filamentous in nature. However, the
fluorescence intensity fills homogeneously not only droplets of
uniform diameter but also droplets with varying diameters (see
Fig. 2B, Inset and Movie S4). The overall aggregation process
cannot, therefore, result from the synchronized elongation of
an ensemble of filaments; instead it must originate from nuclea-
tion and growth of a large number of individual fibrils. Thus, a
single primary nucleation event must be able to trigger a cascade
of spatially correlated subsequent events. Such a process requires
secondary nucleation events, as many additional nucleation sites
must emanate from the growing fibrils and promote further ag-
gregation away from the initial primary nucleation site. The fibrils
formed in this manner, therefore, themselves partake in subse-
quent conversion reactions, indicating that the overall process
is a chain reaction where the products are also reactants for sub-
sequent steps. Amyloid formation hence emerges as a process
very different from normal gelation phenomena because, unlike
in the latter process, primary nucleation events are rare and
growth instead occurs through a molecular chain reaction.

Simple aggregation models, such as diffusion-limited aggrega-
tion schemes (29), have some analogies with the process that we
observe and can also lead to a linearly growing gel. However,
these models would not account for the fact that the fluorescence
intensity at a given location in the droplets increases even after
the initial wave has passed this location, as observed in our ex-
periment (Fig. 2). Instead, therefore, we analyze the data here
within the framework of reaction-diffusion phenomena (30)
where the reaction continues even downstream of the reaction
front. Within this framework, the time evolution of the local mass
concentration of aggregates Mð ~r;tÞ is given as ∂Mð ~r;tÞ∕∂t ¼
D ~∇2Mð ~r;tÞ þ κMð ~r;tÞ, whereD is the average diffusion coefficient
of the aggregates (31). This description explicitly considers,
through the reaction term proportional to κ, the secondary
nucleation processes that are responsible for the chain reaction
through the generation of new growth nuclei from existing aggre-
gates. At the beginning of the reaction, we approximate κ as a
constant, with a negligible decrease in the concentration of avail-
able soluble precursor proteins. In this approximation, the time
evolution of the aggregate concentration can be evaluated in
closed form: Mð ~r;tÞ ¼ 2eκt− ~r2∕ð4DtÞ∕

ffiffiffiffiffiffiffiffiffiffi
4πDt

p
, where the primary

nucleation process occurs at t ¼ 0. The behavior of the system
is dominated by the exponential terms that dictate that the wave
front propagates outward with a constant velocity u ¼ 2

ffiffiffiffiffiffi
Dκ

p
,

in accord with our experimental observations (Fig. 2). More
generally, depletion of the monomers, which occurs as the aggre-
gation process proceeds, requires the growth rate κ eventually
to decrease to zero. This generalized form leads to the Fisher–
Kolmogorov equation and a finite end value for MðtÞ; however,
the velocity of the wave remains identical (30).

A reaction-diffusion process, as observed in a range of
chemical systems, results in a propagating wave of constant velo-
city. An important additional prediction of this type of behavior is
that the width of the reaction front also remains constant in time
and, crucially, its value is connected to the ratio of the aggregate
diffusion coefficient and the reaction rate: w ¼ ffiffiffiffiffiffiffiffiffi

D∕κ
p

logð2Þ (see
SI Text). This prediction provides an important test to confirm
the validity of the propagation mechanism. Measurements of
the width of the front, as defined by the spatial extent over which
the fluorescence intensity decays by a factor of 2, reveal that it
is indeed constant in time as shown in Fig. 2C. This finding, there-
fore, provides strong support for the reaction-diffusionmechanism.

Using the measurements of the propagation velocity and width
of the reaction front, we gain significant and unique insight into
the microscopic events involved in the reaction-diffusion process.

By using the velocity and the width measurements, we can deter-
mine both the average diffusion coefficient of the aggregate
species responsible for the propagation of amyloid growth and
the corresponding rate constant; the values obtained are
D ¼ ð6.1� 2.7Þ · 10−13 m2 s−1 and κ ¼ ð2.0� 0.9Þ · 10−3 s−1.
The diffusion coefficient is approximately two orders of magni-
tude smaller than that of the monomeric protein (approximately
10−10 m2 s−1) and indicates that the species responsible for the
propagation of the amyloid conversion reaction across space
are relatively large diffusible aggregates, for which we can provide
structural constraints through an estimate of the effective average
hydrodynamic radius of 860� 380 nm. As the width of a typical
amyloid fibril is approximately 10 nm the observed diffusion coef-
ficient corresponds to an average fibril of length of ca. 10 μm, a
value in excellent agreement with the lengths reported in a range
of previous studies (32). These results indicate, therefore, that the
propagation of amyloid growth is likely to take place through the
diffusion of aggregated species.

Our data provide a striking visualization of the importance of
secondary nucleation events in amyloid conversion and we have
been able to show in this study that these events act to create
traveling wave fronts that propagate the reaction not just in time
but also in space. One compelling molecular model for the origin
of secondary nucleation events (32), proposed on the basis of
macroscopic measurements of amyloid growth, assumes that in-
dividual filaments grow through monomer addition and multiply
in number through fragmentation (9, 10, 32), as shown in Fig. 3A.
We can now extend this picture to include the spatial evolution
of the growing amyloid filaments. To accomplish this objective,
we perform Monte Carlo simulations of the spatial dynamics of
a filament population evolving through filament elongation and
fragmentation. The results reveal that the spatial patterns ob-
tained in the simulations (Fig. 3) are remarkably similar to those
measured in our experiments (Fig. 2) and confirm that a well-
defined reaction front emerges even for the growth of a hetero-

50 6030

100 µm
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B

40
Time (min)

Fig. 3. Simulations of the spatial propagation of amyloid growth. The time
evolution is computed starting from a single filament at t ¼ 0 and followed
by tracking the position and length of individual filaments as they grow (A)
with an elongation rate kþ ¼ 8.9 · 104 M−1 s−1 (see main text) in a monomer
concentration of mtot ¼ 5.2 mM and multiply by fragmentation with a rate
constant k− ¼ 2.0 · 10−8 s−1. The amyloid conversion is observed to proceed
as a chemical wave (B) in a markedly similar patter to that measured in the
experiments (Fig. 2).
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geneous population of aggregates. The only free parameters in
the simulation are the microscopic rate constants for fragmenta-
tion k− and elongation kþ; fixing the propagation velocity and the
width of the reaction front to the experimentally measured values
uniquely defines the microscopic rate constants to be k− ¼ ð2.0�
0.5Þ · 10−8 and kþ ¼ ð8.9� 0.5Þ · 104 M−1 s−1. These values are
of the same order of magnitude as those obtained from previous
bulk kinetic assays [k− ¼ ð1.7� 1.3Þ · 10−8 s−1 (33), k− ¼ 2.1 ·
10−9 s−1 (10), kþ ¼ ð1.8� 0.2Þ · 105 M−1 s−1 (33), and kþ ¼ 2.9 ·
104 M−1 s−1 (10)]. This result not only provides striking corro-
boration of the model (9, 32) but also reveals a unique role
for fragmentation in defining the spatial evolution of growing
amyloid filament systems.

A feature that is a marked characteristic of our data is the ex-
istence of a delay prior to the detection of amyloid formation by
means of thioflavin T fluorescence in Fig. 2A and Fig. 4. The pre-
sence of such a lag phase is consistent with previous studies of
amyloid growth kinetics in bulk solution and is typically attributed
to the need for a primary nucleation process. The spatial propa-
gation of amyloid growth revealed by our data suggests, however,
that the average lag time hτi should depend on the system size.
In our experiments, the process of amyloid fibril proliferation is
defined by two distinct contributions to the lag time, one origi-
nating from the time required for a primary nucleus to form and
the other from the time required for growth to generate detect-
able quantities of amyloid species as a result of the chain reaction
associated with secondary nucleation. Crucially, the relative im-
portance of these times is dependent on the volume in which the
reaction is occurring. The primary nucleation time, hτni ¼ cnV−1,
is governed by rare events characterized by a low primary nuclea-
tion rate, cn, and therefore intrinsically depends on the system
size, V . These events are likely to include a structural reorganiza-
tion process that results in nuclei capable of further growth (34).
By contrast, the growth time, τg, depends only on the efficiency of
the chain reaction and is independent of system volume. Thus, for
small system volumes τg ≪ cnV−1, and in this regime the lag time
hτi ≈ cnV−1 is dominated by the primary nucleation time. By
contrast, for large system volumes, τg ≫ cnV−1, and thus, in this
second regime, the occurrence of primary nucleation events in
the system becomes frequent; the lag time hτi ≈ τg is then primar-
ily determined by the propagation time of the chain reaction. In
general, therefore, the observed lag time is the sum of the two
times, hτi ¼ hτni þ τg, and the cross-over between these two re-
gimes occurs when τg ¼ hτni, yielding the corresponding volume
Vc ¼ cnτg . From this analysis, we can directly predict the sample
size dependence of the lag time: hτiV ¼ cnV−1 þ τg .

Our use of microfluidic devices to confine the reaction volume
in a microdroplet allows us to monitor this size dependent beha-
vior directly, as we can measure independently both the primary
nucleation and subsequent propagation steps while controlling
the system size. The measured average lag time increases as the
droplet size decreases as shown by the squares in Fig. 4A, in ex-
cellent agreement with the scaling behavior derived in the theory
for hτiV , shown by the solid line in Fig. 4A. With increasing system
size, however, this lag time does not tend to zero but rather
approaches asymptotically a finite value. This value reflects
the time required for the chain reaction to generate a sufficient
quantity of fibrillar material for the Thioflavin T (ThT) fluores-
cence to be observable, τg ¼ 93� 8 min. The nucleation-propa-
gation mechanism implies, therefore, that a bulk system should
exhibit this same lag time, and, in agreement with this prediction,
a system 106 times larger than our largest drop size exhibits a lag
time of 104� 19 min, close to this limit (Fig. 4).

Discussion
An important conclusion from the present analysis is that the
measured lag time in bulk solution reflects growth through a
chain reaction and is not, therefore, a measure of the time re-
quired for primary nucleation to occur. We can, however, use the
fit in Fig. 4A to provide a direct measure of the primary nuclea-
tion rate per unit volume, c−1n ¼ 5.6� 0.7 · 106 s−1 L−1, under the
conditions used in our study. A direct estimate of the time-scale
associated with primary nucleation in a given droplet is therefore
provided by subtracting the deterministic bulk lag time τg from
the lag time measured in a given microdroplet. We also determine
from the fit the characteristic volume where the behavior of the
system changes from being limited by primary nucleation to being
propagation limited, Vc ¼ Cnτg ¼ 31.8 pL. For volumes that
greatly exceed Vc, multiple nucleation sites should therefore
be present. We can directly test this prediction by generating
and studying droplets in the microfluidic system that are large
enough to satisfy this condition (Fig. 4); strikingly, we visualize
directly that amyloid growth in such systems is indeed propagated
from multiple discrete nucleation sites (Fig. 4).

The limiting volume Vc represents a substantially smaller
volume than those routinely accessible in bulk assays in vitro
(mL–μL), but a volume larger than that of a typical living cell
(fL–pL). This conclusion suggests that compartmentalization into
and within cells, which is ubiquitous in biology and particularly in
long lived organisms, offers a high degree of intrinsic protection,
supported by extrinsic mechanisms such as molecular chaper-
ones, against the uncontrolled aggregation of cellular proteins
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Fig. 4. Scaling of lag time with system size. In A, the lag times prior to the observation of fluorescence are reported for an array of 52 droplets of varying size
measured simultaneously. A fit to the equation τ ¼ cnV−1 þ τg is shown in blue with cn ¼ 1.7� 0.25 · 10−7 L−1 s and τg ¼ 94� 8 min. The first data point (gray)
shows the lag time in a macroscopic sample volume of 200 μL but otherwise identical conditions to the microfluidic data. The size independence in the limit of
large systems originates from the presence of multiple nucleation sites for large volumes, as described in the text and schematically illustrated at the bottom of
panel A. Multiple sites can be observed directly in droplets of sufficient size: panel B shows the time evolution of aggregation in such a droplet (Upper, bright
field; Lower, fluorescence microscopy).
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that can otherwise lead to pathogenic consequences. Such com-
partmentalization significantly enhances the kinetic stability of
the soluble state of proteins in any given cell by decreasing very
substantially the probability of primary nucleation relative to that
in bulk solution, as illustrated by our data, and by limiting the
diffusion of aggregates that are responsible for further prolifera-
tion as a consequence of secondary nucleation.

Finally, it is interesting to speculate that the exponential time
dependence associated with chain reactions leads to very great
sensitivity to the initial conditions and to potentially serious dif-
ficulties for controlling such processes should they occur in living
systems. This factor may explain why evolutionary pressures ap-
pear to have overwhelmingly selected functional structures that
assemble through a simple mechanism of primary nucleation (35)
as the basis of multimolecular complexes, such as those involved
in the cytoskeleton. Furthermore, in the small number of cases
where amyloid growth has been found to be exploited by living
systems for functional purposes, mechanisms have been observed
to be in place to prevent the chain reaction associated with amy-
loid assembly from spreading, for example through the use of
specific initiator elements to direct the polymerization reaction
(36). The transmission of amyloid fibrils in space from one cell
to another is increasingly appearing as a general characteristic
feature of many situations where protein aggregation is impli-
cated in vivo in the development of clinical disorders (37); our
results provide a compelling mechanism for such spatial propa-
gation through the action of diffusible aggregates.

In conclusion, by reducing the system size below a critical value
using microfluidics, both primary and secondary nucleation
events in amyloid formation can be observed and quantified in-
dependently. Moreover, this approach allows access to the spatial
distribution of amyloid growth in solution, and reveals that the
early stages of such growth display striking spatial inhomogene-
ities, a crucial characteristic absent in simpler gelation phenom-
ena but essential to a fundamental understanding of amyloid
growth and its potential consequences in vitro and in vivo.

Materials and Methods
Microfabrication. Microfluidic channels were fabricated into polydimethylsi-
loxane (PDMS; Dow Corning) using SU8 on silicon masters and standard soft
lithography techniques (38, 39), and then plasma bonded to glass slides to
create sealed devices. To minimize drying during the incubation period, glass

coverslips were placed above the channels before curing the PDMS; this
approach significantly reduces the volume of permeable PDMS in contact
with the channels. Microdroplets were formed in an oil phase of Fluorinert
FC-40 (Sigma–Aldrich) and 1.0% (w∕w) PFPE-PEG block-copolymer surfactant
(RainDance Technologies, Inc.). Syringe pumps (Harvard Apparatus) were
used to control fluid flow.

Protein Solutions. The aqueous phase in each case contained 30 mg∕mL
bovine insulin in 50 mM HCl and 20 μM thioflavin T (all from Sigma–Aldrich).
To check for the effects of preformed seed aggregates in the data showin in
Fig. 2B, the protein solutions were purified by size exclusion chromatography.
After centrifugation of a solution prepared in a volatile buffer (100 mM
ammonium carbonate), the supernatant was injected and run on a superdex
75 26/60 column (GE Healthcare) using an Äkta prime FPLC system (GE
Healthcare). The column was preequilibrated with 100 mM ammonium car-
bonate buffer before injection, and the peak fractions corresponding to the
smallest molecular weight were collected, discarding the first and last frac-
tion of the peak. The collected fractions were subsequently pooled and the
concentration of the solution was measured by means of absorbance at
280 nm. The gel filtered solution was compared to the unfiltered solution
by means of high resolution size exclusion chromatography (SI Text); the pro-
tein was dissolved in 10 mM HCl and 100 μL were run on a high resolution
superdex 75 10/30 analytical size exclusion column (GE Healthcare) that had
been equilibrated with 100 mM ammonium carbonate buffer. The chroma-
tograms (Fig. S2) show an absence of aggregates in both solutions.

Reaction Front. The propagation velocity of the reaction front resulting from
filament proliferation through growth and fragmentation was computed by
considering the rate of production of filaments of a given length and their
diffusion in space according to the Stokes–Einstein relation. The calculations
were carried out using a custom C code (available on request). To facilitate
comparison with the experiments, we use the geometric parameters for
insulin filaments from (33) (filament diameter 6 nm, and filament length
increment from monomer addition computed from the assumption of four
monomers per cross-section of 4.8 Å).
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