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Abstract
Rapid and selective molecular exchange across a barrier is essential for
emulating the properties of biological membranes. Vertically-aligned carbon
nanofibre (VACNF) forests have shown great promise as membrane mimics,
owing to their mechanical stability, their ease of integration with
microfabrication technologies and the ability to tailor their morphology and
surface properties. However, quantifying transport through synthetic
membranes having micro- and nanoscale features is challenging. Here,
fluorescence recovery after photobleaching (FRAP) is coupled with finite
difference and Monte Carlo simulations to quantify diffusive transport in
microfluidic structures containing VACNF forests. Anomalous subdiffusion
was observed for FITC (hydrodynamic radius of 0.54 nm) diffusion through
both VACNFs and SiO2-coated VACNFS (oxVACNFs). Anomalous
subdiffusion can be attributed to multiple FITC–nanofibre interactions for the
case of diffusion through the VACNF forest. Volume crowding was identified
as the cause of anomalous subdiffusion in the oxVACNF forest. In both cases
the diffusion mode changes to a time-independent, Fickian mode of transport
that can be defined by a crossover length (RCR). By identifying the
space-and time-dependent transport characteristics of the VACNF forest, the
dimensional features of membranes can be tailored to achieve predictable
molecular exchange.
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1. Introduction

A synthetic membrane that emulates biological functions of
its cellular model constitutes one of the major challenges for
developing artificial biological cells. The lipid bilayer that
constitutes biological membranes defines the cell volume and
controls the exchange of materials. Yet, the lipid bilayer can
be fragile and difficult to integrate with synthetic structures
intended for biomedical applications. Synthetic membranes
engineered with nanoscale materials offer a robust alternative.
They approach the scale of biological membranes, but retain
the ease of integration necessary for the broad application of
such technologies.

We have been developing synthetic membranes comprised
of a stochastic array, or forest, of VACNFs [1–4] with the goal
of mimicking aspects of cell membrane function. In particular,
we are interested in containing cellular scale volume reactions,
while allowing the selective transport of reactants across the
mimic barrier. Similar approaches to membrane fabrication
include the use of arrays of carbon nanotubes (CNTs). CNTs
have been used as membrane structures [5–8] having individual
nanotubes that act as synthetic nanopores [9–13], allowing
transport parallel to the CNT axis. In contrast, VACNF
membranes function by controlling transport perpendicular to
the orientation of the nanofibre, relying on interfibre spacing to
determine pore size.

The directed assembly [14–17] and controlled growth
[18–21] of VACNFs has been well established [22]. VACNFs
are compatible with high temperature and chemically
aggressive microfabrication techniques [1, 2, 4, 23, 24] and
their location can be defined using micro and nanofabrication
processes [25, 26]. VACNF membrane structures that are
integrated with microfluidic structures or that contain small,
cellular scale fluid volumes have been described [2, 3]. It has
also been shown that the pore size and chemical properties of
the membrane can be altered by techniques that modify the
exterior of the nanofibre including plasma enhanced chemical
vapour deposition (PECVD) of silicon dioxide.

Characterizing membrane transport characteristics
presents significant challenges. Complications include the
length of time involved in conducting diffusion experiments
and limitations in correlating microscopic membranes with
nanoscale behaviour [27]. In previous work, the nanoscale,
size-selective transport feature of the VACNF membrane was
characterized in a semi-quantitative fashion by allowing multi-
sized, fluorescently labelled latex beads to diffuse through the
membrane. Subsequently, a bead-size threshold for transport
was identified [1–4]. However, the characterization of molec-
ular scale porosity with such nanoscale particle probes is slow
(D ∼ 1×10−9 cm2 s−1) and requires additional steps to ensure
probe suspension. Fluorescence recovery after photobleach-
ing (FRAP) is an ideal technique for meeting the challenge
of characterizing transport at the molecular level. For exam-
ple, FRAP experiments have been conducted to quantify the
transport mode in the cytosolic space [28], the plasma mem-
brane [29], organelles [30, 31], and the nucleus [32] of biolog-
ical cells. Additionally, fluorescent probe diffusion in photo-
synthetic membranes [33], biological polymers [34], and inor-
ganic, high-aspect ratio colloidal rods [35] have all been stud-
ied by FRAP. The FRAP technique is used in this work to de-
termine and quantify the diffusion behaviour for the restricted

transport of a small molecule in the presence of a significant
fraction of static obstacles (a VACNF forest). The analysis in-
cludes the consideration of both excluded volume effects and
molecule–nanofibre surface interactions and was able to pre-
dict anomalous subdiffusion resulting from the high volume
fraction of VACNFs (21–40%) in the stochastic forests.

Anomalous subdiffusion [36–40] transport has been
identified as an alternative mode of diffusive transport relative
to the classical random walk, Fickian mode. Anomalous
subdiffusion most often occurs under the circumstances
of either a significant excluded volume in the transport
domain [41] and/or active binding/release processes [42–44].
In the instance of binding/release processes, diffusion exhibits
alternating periods of arrest and transport, so-called ‘Levy-
flights’ [44].

Random walk in a continuous, isotropic media is
described by the Fickian-based expression:

〈r 2〉 = 6Dt (1)

that relates the linear dependence of mean square displacement
〈r 2〉 on time. D is the time-independent diffusion coefficient.
This expression fails to describe diffusive transport in a
disordered media containing a significant fraction of randomly
distributed, or a fractal [45–47] distribution, of obstacles.
The transport characteristic of the anomalous subdiffusion,
obstructed volume model is more appropriately described by
the expression:

〈r 2〉 = 6�ta (2)

where � is a time-independent constant and α is the anomalous
subdiffusion exponent. The values of α may range from 0 to
1. Such transport is characterized by a reduced flux relative to
the case of Fickian self-diffusion in an unobstructed solution.
Anomalous subdiffusion that obeys equation [2] as t → ∞
is purely fractal in nature, i.e., across all length and time
scales. It is important to note that the anomalous subdiffusion
obstructed volume model is but one version of an anomalous
diffusion model. Alternatives such as the CTRW [48, 49] and
fBm [50–53] models exist.

Theory and modelling have played a key role in
quantifying transport in disordered media [36–59]. Several
instances of anomalous subdiffusion behaviour have been
reported in the literature for a wide range of transport-based
phenomenon [60–65]. Moreover, anomalous subdiffusion has
been identified for several cases related to solute transport at
small scales including the interdiffusion of multiple species in
solution [66], the diffusion of a single species in the presence
of a significant fraction of static obstacles [67], concentration-
dependent diffusion D(C(t)) [68, 69], and in complicated
environments of proteins diffusing in a macromolecular
crowded solution [70, 71]. It is important to note that in these
referenced cases the term anomalous does not imply purely
anomalous behaviour; in many instances the transport mode
is a mix of anomalous and Fickian transport in time. Under
this circumstance, it is useful to define a crossover length
RCR [41] at which point the transport behaviour changes from
anomalous to Fickian. For example, a purely fractal obstructed
domain, independent of length scale, would have an RCR = ∞.
However, for a finite range of self-similarity RCR will have
a discrete value and a crossover from anomalous to Fickian
transport will be observed.
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FRAP measurements were performed in this work
using a small molecule, fluorescein isothiocyanate (FITC,
hydrodynamic radius 0.54 nm), to characterize the passive,
translational diffusive transport property of this small molecule
in a VACNF forest. The results were compared to FRAP
measurements on the diffusion of FITC in an unobstructed
space and oxVACNF forests. Thick SiO2 conformal coatings
were applied to the nanofibre surfaces (oxVACNFs) creating a
porous network with a pore diameter <250 nm. Concomitant
with this reduction in pore size, transport rates across the
membrane were observed to diminish. The flux reduction was
attributed to the fact that the oxVACNFs occupy a significant
volume in the membrane region that acts to impede diffusive
transport through this region. Anomalous subdiffusion was
identified as the specific cause for the observed flux reduction
based on an analysis with Monte Carlo and finite difference
numerical approaches to fit the experimental data. Together
these experimental and simulation techniques aid in defining
approaches to tailor the transport of molecular sized species
through VACNF membranes.

2. Experimental details

2.1. FRAP experiments

A Leica TCS SP2 UV scanning, confocal microscope equipped
with a FRAP software package was used to conduct the FRAP
experiments and display and export the FRAP data. The
488 nm Ar+ (50 mW ultraviolet) laser line was used to excite
FITC (C21H11NO5S, 389.4 g mol−1, Sigma Chemical Co.) and
the subsequent emission was detected in the microscope’s xyt
scan mode. A Leica PL FL 63×/0.7 corr air objective was used
to focus and steer the laser illumination for photobleaching
as well as for detecting the sample fluorescence. A tunable
acousto-optical beam splitter (AOBS®, Leica) was used to
separate the excitation laser line from the emitted molecular
fluorescence. A dichroic reflection short pass filter RSP500
was used to split and detect the FITC emission, from the
excitation light, over the total detection range of λ = 498–
600 nm. A 100 μM solution of FITC dissolved in a solution
of H2O–20% glycerol (C3H8O3, 92.09 g mol−1) was used
as the fluorescent species for all experiments. Fluorescence
recovery occurs quickly for small molecules such as FITC;
50% intensity recovery occurs on the order of hundreds of
microseconds. Therefore, glycerol (20%/v) was added to the
fluorescent solution in order to increase the solvent viscosity
and to reduce the diffusion coefficient of FITC. The minimum
frame acquisition time of 1000 Hz was used to collect the
maximum number of data points per unit time; data points were
collected with the minimum spacing of �t = 416 ms.

Photobleaching illumination was carried out using 16
serial laser pulses of 100% relative intensity to bleach a
tetragonal region-of-interest (ROI) geometry with dimensions
of x = 60 μm × y = 60 μm × z = 12 μm. The ROI was
discretized into 256 × 256 pixel elements and an electronic
zoom factor setting of 8 was used during data collection. The
manual, Leica laser power/potentiometer was set to ∼75% of
maximum intensity. The illumination intensity was reduced to
2% relative intensity for detecting the fluorescence recovery
emission to avoid photobleaching during the recovery cycle.

a

b

c nanofibres

Figure 1. (a) A 3D illustration of the geometry bounding the FRAP
region-of-interest (ROI). The Ar+ ion laser pulse passes through the
PDMS lid at normal incidence and bleaches a tetragonal ROI volume
down to the Si wafer substrate. (b) The bleached area is bounded by
both the PDMS lid and Si wafer substrate in the z-direction while
unbleached fluorescein bounds the ROI in the x- and y-directions.
(c) The ROI extends the full 12 μm depth of the microfluidic channel
in the z-direction and has a square 60 μm × 60 μm shape in the
x- and y-directions. A finite difference simulation was created to aid
in data interpretation; the boundary conditions for the FRAP
simulation are listed in figure 1(c) where Neumann and Dirichlet
conditions were used in the z- and x- and y-directions, respectively.

The total ROI intensity was collected as a function of time,
in increments of �t = 416 ms for fluorescence in an
unobstructed environment and �t = 3.334 s for a substantially
crowded, oxVACNF forest. Experiments were terminated
when the fluorescence intensity reached a steady-state value.
Correction was made for photobleaching during the recovery
cycle by collecting data out to the time of interest without
a photobleach pulse cycle. A slight decrease (∼5%) in
fluorescence intensity was observed during the fluorescence
recovery cycle and the final FRAP data was corrected for this
photobleaching.

2.2. VACNF populated microfluidic channel

Figure 1(a) shows a schematic illustration of the sample
and substrate used for the FRAP experiment. The laser
beam enters the microfluidic structure through a transparent
polydimethylsiloxane (PDMS, Sylgard 182 silicone elastomer
base, Dow Corning) lid that is used to seal the structure.
The FITC is contained within the volume between the PDMS
lid and Si substrate. Experiments were conducted for three
different cases; in one case the channel is filled with FITC
alone while in the two other cases VACNFs and oxVACNFs
are present in the channel. The orientation of the nanofibres is
vertical with respect to the Si wafer substrate as is illustrated in
figure 1(b). The microfluidic channel was formed by a reactive
ion etch (RIE) process that anisotropically etched a 2 mm wide,
12 μm deep channel into the Si wafer substrate. Figure 1(b)
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shows a cross-sectional illustration through the channel during
the laser irradiation step of the ROI. The instance of irradiated
fluorescein in the midst of a VACNF forest is illustrated. The
ROI is a small volume 4.32 × 104 μm3 relative to the total
volume of the channel 7.8 × 107 μm3 that ensures a constant
concentration of FITC at the ROI boundaries following the
photobleach step. Figure 1(c) shows the exact dimensions of
the ROI that was shown as an illustration in figure 1(b). A
finite difference approach was used to simulate the recovery
after photobleaching and the boundary conditions that were
used for this simulation are also shown in figure 1(c).

2.3. VACNF growth

The carbon nanofibre forest nucleates and grows from an
initially continuous Ni catalyst thin film, 50 nm thick,
deposited uniformly over the entire microchannel floor by the
electron beam evaporation technique. Ni was deposited only
in the microchannels through the use of a photoresist masking
layer that coated the Si wafer substrate surface. The VACNF
growth process begins by converting the thin, continuous Ni
film into a random array of Ni particles by a direct-current
(DC) plasma etch (100 mA) in 80 cm3 min−1 NH3 atmosphere
at a total pressure of 3 Torr and an elevated temperature of
700 ◦C. The combination of etching and annealing leads to
the formation of a nanocatalyst film morphology. Carbon
nanofibre growth occurs at the discrete nanocatalyst surfaces in
response to the introduction of 55 cm3 min−1 C2H2 to the NH3

atmosphere. The acetylene decomposes at the Ni nanocatalyst
surface, diffuses to the nanocatalyst–Si interface, and deposits
there. The deposition accumulates to form a vertical, carbon
nanofibre morphology with an internal structure consisting of
tapered graphene sheets. The nanofibres grow in a vertical
direction parallel to the electric field lines of the applied field.

The DC–PECVD VACNF growth conditions listed above
produced a VACNF forest with an average nanofibre surface
density of 4.4±0.3 nanofibres μm−2 and an average nanofibre
radius of d = 214 ± 32 nm. The 3D occupied volume
of the nanofibres in the total microfluidic channel volume
was φ = 0.21. These characteristics of the nanofibre
forest were determined by analysing several scanning electron
microscope images acquired from randomly selected regions
throughout the VACNF populated channel. These parameters
were changed following the deposition of the SiO2 conformal
nanofibre coating. The surface density of nanofibres changed
to 1.0 ± 0.1 nanofibres μm−2 and an oxide nanofibre diameter
of 1.164 ± 0.22 μm by the deposition of a conformal oxide
coating that merged adjacent VACNFs thereby reducing the
effective surface density of oxide-coated VACNFs. The
occupied volume increased to φ = 0.40 following the
deposition of the SiO2 on the VACNF surfaces.

2.4. SiO2-coated VACNFs

An Orion thermal PECVD growth chamber manufactured by
Trion Technologies was used to apply a thick and uniform,
conformal coating of SiO2 to the VACNF forest in order to
increase the occupied volume in the microfluidic device. A
total pressure of 1 Torr was established in the growth chamber
by flowing a combination of SiH4 gas at 125 cm3 min−1 and
NO2 also at 125 cm3 min−1. The substrate temperature was

set to 400 ◦C for a growth time of t = 800 s under a plasma
power of 25 W. These growth conditions produced a conformal
annulus of SiO2 around the nanofibre surfaces with a thickness
of 470 ± 90 nm.

2.5. Simulation and modelling

A 3D finite difference FRAP computer program was created
to simulate diffusion into the tetragonal photobleach geometry
used in FRAP experiments. In addition, a 3D Monte Carlo-
based, non-self-avoiding random walk simulation, carried
out in the same tetragonal photobleach geometry, was used
to track the individual temporal migration of a collection
of bleached particles in the ROI volume as a function
of time. The advantage of the Monte Carlo approach
for simulating anomalous subdiffusion, relative to the finite
difference approach, is that, in the event of both steric and
binding interactions during transport, the relative contributions
of each may be determined. The finite difference approach
provides only a plot of fluorescence recovery in the event of
anomalous subdiffusion but converges to an accurate solution
more rapidly. The Monte Carlo process was also used
to generate an artificial, stochastic VACNF array to mimic
real, fabricated VACNF forests by sampling random numbers
from the statistical distributions of nanofibre diameter and
tilt. Figure 2(a) shows an SEM image of VACNF forest and
figure 2(b) shows a computer generated forest using the Monte
Carlo approach. Circles superimposed over both the images
indicate the presence of nanofibre clusters. The clusters impart
a fractal character to the VACNF forest as will be discussed
below. The supplementary material section (available from
stacks.iop.org/Nano/17/5659) contains a detailed description
of both computer simulations. Figure 2(c) shows an SEM
image captured at θ = 30◦ of a narrow row of VACNFs.
FRAP experiments were performed on microfluidic channels
completely filled with VACNFs; only a narrow section of
VACNFs is shown in figure 2(c) so that the complete, tip-to-
base morphology can be observed.

3. Results

3.1. FRAP measurements on FITC in an open channel

Fluorescence recovery curves were analysed by computational
data fitting procedures which included both a finite difference,
continuum-based approach as well as a Monte Carlo,
multiple particle tracking simulation. Figure 3 displays the
experimental recovery data for three cases including (1) the
control experiment of dilute 0.1 mM FITC diffusing in an
unobstructed volume, and (2) FITC diffusion in a VACNF
forest and (3) an oxVACNF forest. Superimposed on the
figure are the various fits to the recovery curves. For each
Monte Carlo data fit, quantitative simulation output includes
the calculated apparent diffusion coefficient as a function of
time (figure 4) as well as a histogram of the distribution of
molecular diffusion coefficients (figure 5).

FRAP experiments were first performed using a 0.1 mM
FITC solution contained within a microchannel that was devoid
of VACNFs. Figure 3(a) (black square data points) shows
the cumulative average result of FRAP measurements made
at different locations in the nanofibre-free microchannel. The
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Figure 2. (a) SEM image at normal incidence of a VACNF forest in a Si-microfluidic channel. The VACNF forest has an average nanofibre
surface density of 4.4 ± 0.3 nanofibres μm−2 and an average nanofibre diameter of 214 ± 32 nm. The 3D occupied volume of the nanofibres
is φ = 0.21. The dark space in the image is unoccupied volume and is available for molecular transport. The superimposed circles
overlapping the image indicate clusters of nanofibres. (b) A Monte Carlo simulation was used to generate the VACNF forest displayed in this
image. The VACNF forest was emulated by random number sampling from the normal, statistical distributions of nanofibre diameter and tilt.
These distributions were determined by calculating the statistical distribution (mean and variance) of the relevant nanofibre geometrical
parameters from the real, VACNF forest displayed in (a). Note the clustering of VACNFs in the simulated image and their similarity to the
observed clustering in the SEM image of the VACNF structure shown in (a). (c) A SEM image of a row of VACNFs taken at θ = 30◦ tilt to
show the complete morphology of the nanofibres. FRAP experiments were performed on microfluidic channels completely filled with
VACNFs; only a section of VACNFs is shown here so that the complete, tip-to-base morphology can be observed.

plot was constructed by first calculating the total intensity in
the ROI for each time node I (t) followed by applying the
Axelrod [72] normalization procedure to the data. A 3D finite
difference simulation was used to fit the data set by solving
for the diffusion coefficient D that provides the best fit to the
data. The finite element simulation converged to a diffusion
coefficient of D = 3.1 ± 0.1 × 10−6 cm2 s−1. This value for
the diffusion coefficient of FITC in PBS is within 15% of the
value of 2.6 × 10−6 cm2 s−1 reported in the literature [32, 66].
Moreover, the calculated diffusion coefficient was independent
of time over the extent of the experiment indicating that Fickian
diffusion was the active transport mode for this experiment.

3.2. FITC diffusion in the VACNF forest

FITC–nanofibre interactions were found to rate-limit molecu-
lar transport behaviour beyond t > 6.8 s for the case of flu-
orescence recovery in the VACNF forest; anomalous subdif-
fusion resulted. Figure 3(b) displays the fluorescence recovery

curve for FITC diffusion in a VACNF forest (black triangle data
points). This nanofibre population occupies 21% (φ = 0.21)
of the total available volume in the microchannel constituting
a significantly crowded environment; referenced against pub-
lished values of volume occupancy [36–39] this value is large
enough to expect transport characteristic of anomalous subd-
iffusion. Indeed, anomalous subdiffusion was determined to
be the operative mode of FITC transport in the inter-nanofibre
space as (1) the total flux of unbleached FITC back into the
centre of the nanofibre populated ROI was reduced in magni-
tude relative to the flux of FITC into the same tetragonal ROI
volume with (φ = 0) and (2) the governing, Smoluchowski 3D
partial differential equation with a time-independent diffusion
coefficient D �= f (t) proved inadequate to accurately fit the
FRAP data (not shown in figure 3).

A Monte Carlo simulation of the VACNF diffusion
experiment is shown in figure 3(b) (grey line). A first approach
to fit the fluorescence recovery data neglecting the FITC–
nanofibre interaction was unsuccessful. For example, a correct
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Figure 3. FRAP data for the diffusion of FITC in an obstacle-free
ROI ( ), a VACNF forest (�), and in an oxide-coated VACNF
(oxVACNF) forest (•). (a) A finite difference simulation fit to the
data of uncrowded diffusion yields a constant diffusion coefficient of
D(0 < t � ∞) = 3.1 ± 0.1 × 10−6 cm2 s−1 for 0.1 mM FITC in
PBS. Anomalous subdiffusion was observed for the experiments of
FITC diffusion in the (b) VACNF and (c) oxVACNF forest. In order
to estimate the time-dependent, apparent diffusion coefficient
(figure 4) required fitting the experimental FRAP data using a
multiple particle tracking Monte Carlo simulation (grey curves). In
addition, finite difference solutions of anomalous subdiffusion are
superimposed where � = 1.2 ± 0.1 × 10−6 cm2 s−1 and α = 0.90
for the VACNF forest and � = 1.2 ± 0.1 × 10−6 cm2 s−1 and
α = 0.70 for the oxVACNF forest (blue curves). The red curve
represents the data fit generated by inserting the D(t) versus t output
from the Monte Carlo simulation into the finite difference simulation
to act as a control for testing the mutual convergence of the two types
of simulations. Mutual convergence was observed.

Figure 4. The apparent diffusion coefficient as a function of time
extracted from experimental FRAP data by a Monte Carlo data fit for
the experiments of (a) FITC diffusion in an unobstructed domain
(D = 3.1 × 10−6 cm2 s−1), (b) in a VACNF forest
(D(t = 16.4 s) = 7.5 × 10−7 cm2 s−1) and (c) in an oxVANCF
forest (D(t = 17.1 s) = 1.4 × 10−7 cm2 s−1).

data fit during initial fluorescence recovery t < t0.5 (time
at which half the bleached intensity has recovered) led to a

Figure 5. The distribution of molecular diffusion coefficients for
anomalous subdiffusion in the VACNF and oxVACNF forest plotted
on log–log axes and normalized to the maximum �D histogram bin
size. The multiple particle tracking method was used to calculate the
D(t) for each molecule diffusing in the obstructed inter-nanofibre
space. The VACNF forest occupies φ = 0.21 of the transport domain
while the oxVACNF domain occupies φ = 0.40 of the available
space causing the decrease in the apparent diffusion coefficient
distributions to smaller values.

significant over estimation of recovery at long recovery times
t > t0.90. However, the introduction of a binding interaction
into the Monte Carlo simulation, led to a much improved fit
to the recovery data. The Monte Carlo data fit represents the
average of ×5 computer experiments conducted on ×5 Monte
Carlo generated VACNF nanofibre forests. A computer-based
search over kads–kdes space (supplementary material available
from stacks.iop.org/Nano/17/5659) yielded convergent values
of kads = 0.15 s−1 and a kdes = 0.18 s−1 to produce the
best data fit and is displayed in figure 3(b). These values
represent the solution for the case of nanofibre surfaces that
were fully saturated with potential binding sites. The binding
interaction was found to dominate the fluorescence recovery
process over 77% of the total fluorescence recovery time
for the VACNF forest (figure 3(b)) and hence accounted for
the observed restriction in molecular transport (anomalous
subdiffusion) relative to the uncrowded domain (figure 3(a)).
Transport following the final photobleach pulse is driven by a
phase of rapid diffusive recovery up to t = 6.8 s, at which
point the binding interaction becomes significant and from this
time point forward, controls diffusive transport.

A time-dependent diffusion coefficient (equation (4))
from anomalous diffusion theory was substituted into
Smoluchowski’s transport equation (equation (3)) in an attempt
to model the anomalous fluorescence recovery using the
continuum approach. In addition to the Monte Carlo
simulation, the finite difference approach also fitted the data
accurately and precisely (figure 3(b), blue curve). The finite
difference simulation converged to a solution with the values of
� = 1.2 ± 0.1 × 10−6 cm2 s−1 and an anomalous subdiffusion
exponent of α = 0.90.
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3.3. Controls to confirm simulation results

Finite difference solutions are extremely sensitive to the spatial
and temporal increments chosen to discretize the simulation
domain. In order to verify the accuracy of convergence
of the finite difference FRAP results, the apparent diffusion
coefficient versus time data, derived from Monte Carlo
simulations (figure 4, below), was used as input into the finite
difference simulation for D(t). This should produce a quality
fit to the data because the Monte Carlo data fit is of high quality
(figure 3(b), grey). Figure 3(b) (red data fit) shows the results
of this finite difference solution and indeed, the spatial and
temporal discretization of the finite difference matrix was of
sufficient resolution to converge to a solution which agrees well
with the experimental data and the Monte Carlo simulation.

3.4. FITC diffusion in the oxide-coated (oxVACNF) forest

FRAP experiments were also conducted on oxVACNFs with
a crowded volume of φ = 0.40. The additional obstructed
volume present in the oxVACNF forest, relative to the
VACNF forest, further reduced the flux of bleached FITC
out of the ROI volume. Figure 3(c) shows the reduction
in fluorescence intensity incurred by measuring transport in
the crowded oxVACNFs. In this case however, the FRAP
data was accurately fitted considering only steric effects for
altering diffusive transport. Moreover, fluorescence recovery
experiments were conducted on a series of oxVACNF forests
of various average nanofibre diameters. The purpose of these
experiments was to quantify the reduction in FITC flux as
the average VACNF diameter was increased, but also acted
as a control to ensure that FITC–VACNF binding interactions
remained absent as the average nanofibre diameter changed.
This series of recovery curves were fitted by changing only the
apparent diffusion coefficient without the need for including a
binding interaction in the simulations.

The negligible binding interaction observed for FITC
transport in the oxVACNF forest was attributed to the change
in surface chemistry of the VACNFs upon coating with SiO2.
Again, the anomalous subdiffusion theory also converged
to an accurate solution with values of � = 1.2 ± 0.1 ×
10−6 cm2 s−1 and α = 0.70. A reduction in the anomalous
subdiffusion exponent of 22% resulted from the increase by
50% of obstructing nanofibres.

3.5. Apparent diffusion coefficients

The quality of the data fits allowed us to extrapolate
quantitative information from the Monte Carlo simulation
results as representative of the experimental FRAP data.
This information included a plot of the apparent diffusion
coefficient as a function of time (figure 4) and a histogram
of the distribution of apparent diffusion coefficients as
calculated from each particle of the Monte Carlo simulation
(figure 5). The time-dependent characteristic of the apparent
diffusion coefficient was calculated from a multiple particle
tracking subfunction that was embedded within the Monte
Carlo, random walk simulation. The ensemble mean square
displacement 〈r 2〉 is calculated per simulation time step �t ,
and through the use of equation [1], the ensemble average
diffusion coefficient, or apparent diffusion coefficient, may be

calculated. Figure 4 shows the apparent diffusion coefficient
versus time for FITC transport in the (b) VACNF and (c)
oxVACNF forests and for reference the time-independent
diffusion coefficient for FITC in an unobstructed domain
(figure 4(a)). The apparent diffusion coefficient saturates
at a value of 7.5 × 10−7 cm2 s−1 after t = 16.4 s for
the VACNF forest. Saturation to steady-state D occurred at
t = 17.1 s (D = 1.4 × 10−7 cm2 s−1) for transport in
the oxVACNF volume. The histograms shown in figure 5
were created by sorting each molecule based on its D value
calculated from (equation (1)) the multiple particle tracking
output. The distribution was collected at t = 16.4 s for
the VACNF forest and at t = 17.1 s for the oxVACNF
forest. The data was binned into 100 increments over the total
time range. Thus, the apparent diffusion coefficient values of
D(t = 16.4 s) = 7.5 × 10−7 cm2 s−1 and D(t = 17.1 s) =
1.4 × 10−7 cm2 s−1 represent averages of the D data displayed
in figure 5. Figure 5 illustrates the importance of the term
apparent diffusion coefficient as it is an average of a range of
individual molecular diffusion coefficients.

4. Discussion

4.1. Experimental observation of binding

The Monte Carlo simulation required a binding event, with
kads = 0.15 s−1 and a kdes = 0.18 s−1, to provide a smooth fit to
the FRAP data for the case of the VACNF forest. Without the
binding interaction, the Monte Carlo simulation significantly
underestimated the time required for complete fluorescence
recovery (by 50%) in the VACNF forest. Moreover, the
Monte Carlo simulation fitted the oxVACNF recovery curve
considering the steric effect alone which also agreed with
experiment; no binding interaction was required. The FITC–
VACNF binding may be due to a hydrophobic interaction
resulting from π bonding of the aromatic portion of FITC with
the predominantly hydrophobic VACNF forest. In solution,
FITC (pKa6.4) [73, 74] carries a negative charge in the pH
7.4 PBS buffer. However, an electrostatic FITC–nanofibre
interaction is expected to be negligible due to the high salt
concentration in the solution (150 mM NaCl). Moreover, the
hydrophobic interaction is more likely considering also the
lack of interaction observed between the hydrophobic FITC
and the hydrophilic oxVACNFs (a negative charge on FITC
may explain why there is no adsorption to oxide-coated fibres).

An additional and relatively stronger binding interaction
was also identified for the FITC–VACNF interaction pair.
The presence of VACNFs in the FRAP volume was found
to permanently immobilize a fraction of bleached FITC
molecules. Permanent FITC immobilization prevented the
full recovery of the post-bleach FRAP intensity to the pre-
bleach value. These tethered, non-fluorescent molecules
reduced the total volume available for fresh, fluorescent
FITC to occupy upon recovery. It was calculated that the
fluorescence intensity recovery was reduced by 3.6% in a
VACNF populated volume (φ = 0.21) relative to an empty
volume. This value corresponds to 7.7 × 107 C21H11NO5S
molecules bleached and bound for the 0.10 mM solution
used. On the other hand, immobilized, bleached FITC was
not detected in recovery curves for FRAP experiments on
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oxVACNFs. Full fluorescence recovery was observed for this
case. Hence, the chemical nature of the uncoated VACNF
surface also favoured, in addition to the weaker hydrophobic
interaction, a relatively stronger binding interaction with the
FITC molecule.

4.2. Anomalous and Fickian transport in the VACNF forest

The molecular diffusion of irradiated, bleached FITC ensues
immediately following the photobleach pulse according to
the time-independent diffusion coefficient of FITC (3.1 ×
10−6 cm2 s−1). This Fickian mode of transport is independent
of time until individual molecules encounter the nearest
nanofibre to their initial location. The first nanofibre
interaction takes place, on average, at t = 0.1 ms; the
time required for a molecule to travel a distance equal to the
average nanofibre spacing by Brownian motion. Anomalous
subdiffusion ensues either by FITC binding to the nanofibre
surface (VACNFs) or by steric obstruction (oxVACNFs).
The diffusion coefficient then transitions to a time-dependent
variable. As individual molecules interact with an increasing
number of nanofibres, the apparent diffusion coefficient
decreases (figures 4(b) and (c)) but also at a decreasing rate, as
the collective nanofibre medium begins to appear more like an
isotropic distribution of obstacles to the collection of diffusing
particles. A simple analogy follows to explain this concept
more clearly. The reader could imagine holding the SEM
image in figure 2(a) very close to the eye such that only an
individual nanofibre is in view. Certainly the portion of the
image in the field of view is not a very homogeneous medium.
This field of view represents the area of space explored by
a molecule executing Brownian motion over a short time
period, equivalent in distance to the inter-nanofibre distance.
If the reader now moves the image away from the eye such
that a greater field of view reveals more of the SEM image,
the collection of randomly distributed VACNFs now appears
more isotropic than before, i.e., the medium of obstacles is
approaching a more uniform distribution. Moving the page
away from the eye is analogous to advancing time; more time
is required for a molecule to walk this space. Eventually,
the image will reach a sufficient distance from the eye such
that the level of visual homogeneity saturates. The result of
this exercise is an asymptotic approach of the apparent, time-
dependent diffusion coefficient to a steady-state, Fickian value.

4.3. The extent of the anomalous diffusion regime

Anomalous subdiffusion theory attributes the nonlinear
transport in a disordered media to the random or fractal nature
of the crowding medium [36–41]. It was found that the Monte
Carlo approach of randomly placing nanofibres to generate
the VACNF forest was mimicked well by a self-similar
fractal pattern generated by randomizing a square obstruction,
Sierpenski carpet fractal [47, 75] of similar total occupied
surface area as the VACNF forest. The fractal-based, residual
area-resolved trema Richardson analysis technique [47] was
used to quantify in more detail the exact cluster size range over
which the fractal character is observed for the VACNF forest.
Remarkably, the VACNF forest shown in figures 2(a) and (b)
yielded a Sierpenski fractal dimension of δs = 1.885; a value
within 1% of that calculated for a Sierpenski carpet formed

from randomized, square obstructions of similar total occupied
surface area (φ = 0.21) [47]. From this fractal dimension
was estimated the effective radius of obstacles 189 nm � r �
423 nm, i.e., length scale, over which the fractal character
was observed. The clusters observed in the SEM image in
figure 2(a) fall within this size range. This fractal character
arises from (1) the variable diameter of the nanofibres and
(2) the clustering of nanofibres. These clusters of nanofibres
act collectively as larger, static obstacles of the same circular
geometry as the nanofibres that compose them, i.e., a self-
similar fractal pattern exists in the VACNF forest, but only over
a very limited length scale.

In the case of the VACNF forest, D(t = 16.4 s) =
7.5 × 10−7 cm2 s−1 is the steady-state, saturated value of
the apparent diffusion coefficient D∞. The average, linear
distance ra→b travelled by the collection of virtual particles
at the time of diffusion coefficient saturation to the steady-
state, anomalous diffusion coefficient D∞ is 4.5 μm; ra→b =
3.4 μm for the oxVACNF domain and these values represent
the transition from anomalous to Fickian diffusion, i.e., ra→b =
RCR the crossover length described in the introduction section.
The value of RCR was less in magnitude in the oxVACNF forest
because of the increased number of collisions owing to the
larger oxVACNF occupied volume. These values are important
quantitative parameters when considering the VACNFs as
potential membrane barriers and/or crowding features.

The observed transition from anomalous to Fickian
transport has ramifications for using the VACNFs as membrane
barriers. The flux across the membrane according to Fick’s first
law

J (x, y) = −D(t) • ∇ · C(x, y) (3)

is linearly proportional to the diffusion coefficient. The
results presented here reveal an approach to tailor the apparent
diffusion coefficient D(t) of molecular sized species in a
VACNF forest matrix by changing the interVANCF pore size
by conformally coating the fibres with oxide. Moreover,
by changing the width of the membrane the nature of the
diffusive transport within the membrane may be tailored as
well. For example, if the membrane width is less than RCR

the permeability P ,

P = D

λ
(4)

where D(t) is the apparent diffusion coefficient and λ is the
membrane width, will scale nonlinearly with width as λ(D)

(figure 4). However, if the membrane is wider than RCR the
permeability will again be linear with λ as D is independent of
time. The anomalous subdiffusion phenomenon thus provides
a means to tailor the membrane flux by engineering membrane
width, nanofibre density, and nanofibre surface chemistry.

5. Conclusions

The diffusion of a small, fluorescent molecule (FITC,
hydrodynamic radius 0.54 nm) through a VACNF forest was
characterized by the FRAP technique. A three-dimensional
finite difference simulation for solving Smolukoski’s equation
was written to fit the FRAP data for the purpose of
extracting the apparent diffusion coefficient from the data.
Anomalous subdiffusion of FITC in the VACNF forest was
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observed, which required that the equation for time-dependent
diffusion be added to the finite difference simulation to
fit the FRAP data. This approach fitted the data well.
However, determination of the exact cause of the anomalous
subdiffusion, e.g., molecule–nanofibre interactions or steric
effects, required the creation of a multiple-particle-tracking,
Monte Carlo simulation where the dual contributions of
these interactions could be decoupled in the simulation.
Anomalous subdiffusion was attributed to a FITC–nanofibre
interaction for the case of diffusion through the VACNF forest.
Volume crowding was identified as the cause of anomalous
subdiffusion in the oxVACNF forest. The stochastic nature
of the VACNF forest also required a Monte Carlo simulation
to generate a computer mimic from SEM images of VACNF
forests for virtual particles to walk on. In addition to accurately
fitting the data, use of the Monte Carlo approach made it
possible to determine the nature of the anomalous transport.
The apparent diffusion coefficient as a function of time as
well as the distribution of molecular diffusion coefficients were
extracted data from the simulation.

Both anomalous and Fickian modes of transport were
observed for the case of FITC diffusing in the inter-nanofibre
space of a VACNF forest. Anomalous, time-dependent
diffusion was observed up to a crossover length (RCR) of
RCR = 4.5 μm for VACNFs and RCR = 3.4 μm for SiO2-
coated VACNFs (oxVACNFs). The conformal SiO2 coating
proved a successful approach to reduce inter-nanofibre pore
size, increase the occupied volume in the crowded VACNF
forest, and change the chemical nature of the VACNF surface.
The steric crowding effect in the oxVACNF forest successfully
reduced the molecular flux. Beyond the RCR, diffusion
saturated to a time-independent, Fickian value for diffusion
D∞ in both VACNF and oxVACNF forests. However, the
apparent diffusion coefficient of D∞ (t = 16.1 s) = 7.5 ×
10−7 cm2 s−1 for the VACNF forest was significantly higher
than the value of D∞(t = 17.1 s) = 1.4 × 10−7 cm2 s−1

for the oxVACNF forest. The flux through the oxVACNF was
significantly reduced. This demonstration of porosity control
is a crucial step for designing a membrane tailored for tasks
such as controlled release or size-selective transport.
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