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The intricate pore architecture of diatom frustules has been extensively studied mainly as the basis
of diatom classification. There have, however, been very few reports on understanding the effect of
the pore architecture on the movement of molecules through the pores. Information on molecular
transport though diatom membrane pores has the potential to help develop more efficient membrane
filtration systems. In this paper the transport of molecules through individual diatom nanopores is
investigated. Fluorescence correlation spectroscopy (FCS) is used to determine diffusion coeffi-
cients. Thus, for the very first time, we measure the effect of the three dimensional pore structure of
the diatom Coscinodiscus wailesii, on the mean diffusion coefficient through the pores. The results
show almost a 50% decrease in the diffusion coefficient relative to that in the free solution.
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1. INTRODUCTION

Diatoms are microscopic, unicellular algae abundantly
found all around the world, particularly in moist or sub-
merged surfaces and open water.! Both seawater and fresh-
water are suitable habitats to the numerous diatom species.
Diatom colonies in water have been utilized for various
applications such as indicators of hydrologic, climatic,
environmental and water level changes; indicators of sur-
face water acidity, and also in archaeology, oil and gas
exploration, and even in forensic science.? Diatoms offer
a model biological micro/nanoporous membrane as they
dominate aquatic environments that contain a vast array
of harmful particles and molecules that are mixed with
their nutrients. They thus require an energy efficient fil-
tering process that selectively allows useful molecules to
pass through their membrane. As yet, although there are
various theories associated with the reason for the intricate
nanostructure of their membrane, there is little information
on their filtering process. This information is critical for
diatom evolutionary biology, and also for using nature to
help design more efficient membranes.

Diatoms have been particularly interesting to researchers
because of their outer shell structure known as frustules.’
The frustules are composed of amorphous silica, naturally
nano-fabricated, displaying unparalleled diversity in struc-
ture and morphology. The unique frustule morphologies
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have been used by taxonomists to classify the diatoms in
an estimated 10,000 different species.! The nanoporous
structures of the frustules also offer the potential to be used
for specialized filtration procedures.* These frustule struc-
tures with nanometer scale pore diameters can be used for
particle filtration and microfiltration,>® in addition, select
species with intricate porous structure make the frustule
structures suitable as nanofiltration (NF) membranes.*’
Thus, in order to understand the filtration functionality of
the diatoms, it is necessary to understand the basic dif-
fusion behaviour of molecules through the diatom pores.
Ploug et al.%° have conducted diffusivity studies within
and around diatoms, however these have been mainly con-
ducted in diatom aggregates rather than individual diatom
frustules. Hale and Mitchell studied the particle flow along
the surface of diatom frustules but not through the pores.'°
Thus, to the best of our knowledge, there have been no
reports on the diffusion study of particles through indi-
vidual diatom pores. In this study, we look at the random
Brownian motion of molecules whilst in and through the
pore and thus the effect this has on the actual distance trav-
elled by the molecule. The influence of pore walls on the
diffusing species have been illustrated by diffusion stud-
ies performed on gels, crowded environments and porous
membranes. The hindered diffusion of solutes in gels
has been well researched.!" Lawrence et al. for instance
reported reduced diffusion in biofilm proving that in gen-
eral diffusion coefficients for various molecules through
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biofilms and bioflocs are 50% to 80% of their respective
values in water.!?

Among various methods used to measure diffusion coef-
ficient, fluorescence correlation spectroscopy (FCS) is one
of the techniques that has gained considerable popularity
in measuring the diffusivity in smaller volumes than con-
ventional fluorescent techniques. FCS can be used to study
molecular motion and interaction in solutions that allows
for an extremely sensitive determination of molecular dif-
fusion properties, down to the level of single molecules.'?
In FCS, fluorescence fluctuations are detected in a small
volume of around 1 fl or less and then autocorrelated
yielding an autocorrelation function (ACF) of the fluctu-
ating signal. Where the detection volume consists of a
relatively small number of fluorescent molecules, the fluc-
tuations are dominated by the random diffusion of the flu-
orescent molecules out of that volume and the ACF shows
a prominent decay which is characterized by the diffu-
sion coefficient of the molecules. The deduction of diffu-
sion parameters is dependent on the shape of the confocal
detection volume. In the standard case of an assumed pro-
late ellipsoidal Gaussian observation volume, the autocor-
relation function is mathematically given as:!'*

1
C N1/ 1T+ 7/ (0PT))

Gp(7) (1)

T 1s the characteristic diffusion time during which a
molecule resides in the observation volume, w is the ratio
of the height of the observation volume (z,) to the width
(ry) ie., zo/1, and N is the mean number of fluores-
cent molecules in the observation volume. Further, the
more commonly used parameter, diffusivity or the diffu-
sion coefficient (D) is inversely proportional to the diffu-
sion time (7,) as given by Eq. (2):

Td:r§/4D (2)

Equation (1) gives a rather empirical fitting curve which
still, however, allows us to extract a mean diffusion time 7
from the measured curves. As a demonstration of the use
of this equation under similar situations we would like to
point to the research work by Iris von der Hocht and Jorg
Enderlein'® where the authors have shown how Eq. (1)
can be used to extract diffusion times. They have demon-
strated the uncertainty is low using Eq. (1) in pores even
though it is derived for a free solution and a 3d-Gaussian
detection volume (which in any real experiment is never
the case). However all FCS experiments use this equation
whether it is applied to a free solution or not, because
of the fact that it leads to an analytic expression for the
autocorrelation curve. It also fits real data well because
it has two rather elastic fit parameters, namely the val-
ues of the half axes of the quasi Gaussian distribution.
Thus we have used Eq. (1) as a generic fit function for
deducing diffusion time, a widely used term that defines
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molecular mobility. Since, the parameters of the confocal
observation volume in FCS match quite well with the pore
dimensions of the diatom species, particularly the Coscin-
odiscus species studied here, this technique is well suited
for the diffusion studies through diatoms. Since Coscin-
odiscus sp. is one of the widely studied and largest gen-
era of marine planktonic diatoms with diameters up to a
few hundreds of micrometers, which has also been investi-
gated for nano-patterning,'® we chose this species for our
study. As described in the paper below, we notice that
the organic component of the diatom frustules,'” '8 exhibit
autofluorescence and thus require filtering of the final
FCS data. This is achieved by using the recently estab-
lished technique known as Fluorescence Lifetime Corre-
lation Spectroscopy (FLCS). Bohmer et al. introduced the
idea in 2001,'° and since then there have been numerous
publications presenting exciting new applications of this
method.?*?2 FLCS is used for separating different FCS
contributions by using picosecond time-resolved detec-
tion system. The separation principal of FLCS is based
on time-correlated single photon counting (TCSPC) decay
behavior. In FLCS, a separate autocorrelation function is
calculated for each fluorescence lifetime component, emit-
ted, for instance, by various species in the sample rather
than fitting of a multiple-parameter model to a complex
autocorrelation function.?? Thus, FCS and FLCS have been
introduced as tools to understand the molecular mobility
within the diatom pore.

2. EXPERIMENTAL METHODS

The diatoms, Coscinodiscus wailesii (CCMP2513), were
obtained from Provasoli-Guillard National Center for Cul-
ture of Marine Phytoplankton, USA. The organic parts
were cleaned using sulfuric acid (90%) and hydrogen per-
oxide (30%) solutions. 5 mL of the diatom solution was
mixed with the same amount of sulfuric acid and left under
fumehood for about 2 hours at a temperature of around
70 °C. The mixture was then centrifuged at 3000 rpm for
5 mins. The supernatant was removed and the pallet of
diatoms was resuspended in distilled water. The centrifu-
gation and washing was repeated for at least five times
to remove excess acid. After the last wash, the solution
was mixed with equal volume of hydrogen peroxide and
placed in a water bath at approximately 70 °C, for about
an hour. After cooling, the samples were poured into test
tubes and centrifuged at 3000 rpm for 5 minutes. Centrifu-
gation and washing was repeated for at least 5 times with
addition of distilled water. The pellet from the final wash,
which contained clean diatom frustules were suspended in
ethanol.

FCS measurements were conducted with a Micro-
Time200 inverse time-resolved fluorescence microscope
(MT200, PicoQuant, Berlin, Germany). Clean diatoms
were placed on a 0.17 mm (#1.5) coverslip. The
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diatom frustules were suspended in Oregon Green® 488
(2/,7'difluorofluorescein, Invitrogen, Cat # D6145) dye
solution at 250 pico molar concentration which was
excited at 470 nm wavelength by pulsed laser diode
((LDH-P-470, PicoQuant, Berlin, Germany)) with repeti-
tion rate of 40 MHz. The molecular weight of Oregon
Green dye is 368.29, similar to the popular dyes such as
Fluorescein or Rhodamine, however, one of the impor-
tant properties of this dye is that it is extremely photo-
stable and thus resists photobleaching, which is important
for FCS measurements, particularly at very low concen-
tration. The laser diode was operated at low laser power
of 10 uwW. The objective used was 60x water immer-
sion objective from Olympus (UPLAPO 60x W, 1.2 N.A.,
Olympus Europa, Hamburg, Germany). One of the cru-
cial experimental parameters when working with water
immersion objectives is correct adjustment of the objec-
tive’s correction collar to the actual thickness of the used
coverslide. Even small deviations between adjusted and
actual thickness can have profound effects on the result-
ing molecule detection function (MDF).2* The MDF is
important as it determines the shape of the ACF along
with the diffusion coefficient of the molecules. The method
proposed by Schwertner et al. was used for setting the
objective’s adjustment collar correctly.?> Fluorescence was
collected by the same objective, passed through filters
blocking any laser backscatter, and subsequently focused
onto a confocal aperture of 200 wm diameter. The fluo-
rescence signals were detected by single-photon avalanche
diodes (SPAD, PDM series, detector diameter 50 wm,
Micro Photon Devices, Bolzano, Italy). A dedicated sin-
gle photon counting electronics (PicoHarp 300, PicoQuant,
Berlin, Germany) was used for recording photon detection
events in time tagged time-resolved (TTTR) mode with a
temporal resolution of 4 ps.!” The TTTR mode allows for
subsequent calculation of fluorescence decay curves (as
in time-correlated single-photon counting or TCSPC) and
fluorescence correlation curves. FCS measurements were
first taken with the clean frustules suspended in a drop of
deionized water (100 L) on the coverslip. 100 uL of the
fluorescent dye was then added, allowed to mix with the
water solution for about two minutes and then further FCS
measurements were taken. The points of interest for FCS
measurements were chosen on the transmission image of
the diatom frustule. In order to determine the data vari-
ability, the measurements for each curve were taken at
six different points and in each pore at least three differ-
ent data points were chosen. The FCS data at each point
was collected for a time period of 5 mins and the calcu-
lated correlation functions were fitted using the standard
Gaussian model.

3. RESULTS

A brief overview of the pore architecture and the three
dimensional structure of the diatom frustule is given here.
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After harsh cleaning with acid and peroxide, most of the
diatoms have both the inner and the outer layer intact,
whereas in some the outer layer is sometimes washed away
leaving only the inner layer with bigger pores. Figure 1
shows the pore architecture of the diatom under study. In
Figure 1(a) the outer layer with smaller pores can be seen
whereas Figure 1(b) reveals the inner layer with bigger
sized holes of diameter 1.2 +0.2 um. By image anal-
ysis or alternately by measuring the size of holes in a
particular area, the porosity of the inner layer i.e., the
ratio of the hole-area to the total-area, can be calculated,
which for this layer was 29.0 &=2%. The layer with the
smaller pores has an average pores size of approximately
270 nm and porosity of 14%. The space between these two
porous layers forms chambers known as areolae as shown
in Figure 1(c). Figure 1(c) is a close up of the frustules
sitting at an angle and thus revealing the depth percep-
tion and the three dimensional architecture. A schematic
is drawn in Figure 1(d) that shows a cross-section view
at the dotted line in Figure 1(c). The three dimensional
structure of the Coscinodiscus species has been thoroughly
described in our previous publication,” which shows that
the thickness of the integrated layer is 1-1.2 pum. Our
research interest is quantifying the movement of molecules
whilst in the areolae surrounded by the two porous layers.

FCS was used to observe the fluorescence fluctuation of
dye molecules passing through the diatom nanopores. The
intensities of the fluorescence fluctuation were then cor-
related in order to deduce the diffusion terms. FCS data
were collected for the dye in six different pores of two
different diatoms. For comparison, the FCS data were also
collected for the dye in free solution. In order to ensure
direct comparison of data under exact similar conditions,
the free dye solution chosen was in the same sample with
the diatoms suspended. For the fluorescence signal in the
free dye solution, it was noted that there was no photo-
bleaching of the dye under 10 uW of laser power for the
duration of the data acquisition. The cleaned diatom frus-
tules showed some autofluorescence, as shown in Figure 2,
which could be contributed to organic compounds, mainly
(glyco) proteins, which constitute about 3% of the diatom
cell wall.!”-!8 The other 97% of the diatom cell wall con-
sists of inorganic compounds, in particular almost pure
hydrated silica doped with trace amounts of aluminum and
iron.

The autofluorescence of the diatom bio-silica spreads
over a wide emission range, displaying high intensity from
510 nm to 720 nm for 470 nm excitation. In the fluo-
rescence image, we notice that the fluorescence is higher
in the solid silica part compared to that in the pore.
Direct comparison of the fluorescence image with the SEM
images (Fig. 1) illustrates that the hole region seen here
(inside the hexagonal structure) actually is the outer layer
containing structures of silica forming smaller pores of
around 300 nm diameter. Thus, the fluorescence contribu-
tion is due to silica and the pores, averaged out here to
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Fig. 1.

SEM images showing the pore architecture of Coscinodiscus wailesii. (a) The intact outer layer, (b) inner layer only as outer layer is washed

away, (c) view from inside showing the inner and outer layer, the dotted line shows the cross sectional region for ‘d’ and (d) schematic of cross

sectional view showing the two-layer pore architecture.

show lower intensity holes as resolving these nanopores is
beyond the sensitivity of fluorescence microscopy. In addi-
tion, the water solution in the nanopores would contain
the fluorescent organic compounds of the diatom frustule
that have been dissolved in the water suspension. In live
diatoms, the siliceous parts of the diatom are covered by
a protective layer, a coating of organic matter (proteins
and carbohydrates) that avoids dissolution in the aqueous
environment.”” However, during acid washing this layer
has been removed to expose the bio-silica and the com-
ponents of the washed diatoms dissolve into the solution,
albeit a very slow rate.

For FCS experiments, the autofluorescence of diatom
frustules acts as unwanted background noise. Thus, before
taking the FCS data, the diatom samples were photo-
bleached for few minutes until the autofluorescence sig-
nal was minimal and stabilized. The autofluorescence of
the diatom frustules affects the FCS data in two ways.
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Fig. 2. (a) Autofluorescence spectra of diatom frustule excited with
470 nm light at the silica (solid line) and the pore (dotted line). (b) Confo-
cal fluorescence microscopy image showing the autofluorescence exhib-
ited by the diatom frustules.
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Firstly, the autofluorescence adds to the overall photon
counts at the sample considerably reducing the signal to
noise ratio, and thus making the autocorrelation curve
difficult to analyse for diffusion deductions. Secondly,
the organic compounds that get dissolved in the solution
would exhibit their own fluorescence and thus affect the
final autocorrelation curves. Hence, during the experiment,
the autofluorescence was suppressed as much as possible
by the photobleaching and in addition the autofluorescence
signals, without the addition of dye, were recorded to cre-
ate a filter for correcting the final data. FCS fits for the
diffusion of dye in the diatom pores were thus obtained
by curve fitting of the filtered fluorescence data.
Normalized TCSPC histograms at the diatom pore for
the autofluorescence and with the addition of the dye
are shown in Figure 3. Here Y-axis represents the pho-
ton counts and X-axis represents the delay time or chan-
nel number. The channel number is a representation of
the delay time measured relative to the excitation pulses
and contains information about the fluorescence decay on
a nanosecond timescale.” In TCSPC, this time scale is

Counts

0 500 1000 1500
Channel
Fig. 3. Normalized TCSPC histograms measured at the pore before

adding the dye i.e., autofluorescence (solid line) and after adding the dye
(dashed line).
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binned into N channels, typically on the order of 100—1000.
The solid line represents the decay pattern for the autofluo-
rescence and the dashed line is superposition of the contri-
bution from the dye and the autofluorescence signal. FLCS
is then used to extract the contribution of the dye alone
at the diatom pore by filtering out the autofluorescence
signal.

Figure 4(a) shows the unfiltered autocorrelation curve at
the diatom pore. The autocorrelation curve of Figure 4(b)
represents the data in the pore when there was no dye
added. Thus, this represents the signal due to the auto-
fluorescence of the organic compounds of the diatom bio-
silica. This signal is used as a filter component. The
filtration procedure was based upon the FLCS technique,
which was performed using custom made add-ons to the
data analysis software OriginPro7 from OriginLab.

The final filtered data for the diffusion of dye in the
diatom pore is shown in Figure 5. The graph shows the
autocorrelation curves and the numerical fits obtained for
the free dye diffusion and the dye diffusing in the diatom
pore. Here, we notice that the filtering yielded good quality
fit as judged from the fit residuals in Panel (A) of Figure 5.
The diffusion times can be deduced from the correlation

(a) 1.6

0.01 0.1 1 10 100 1000
Delay time t [ms]

(b)

0.01 0.1 1 10 100 1000
Delay time t [ms]
Fig. 4. (a) Autocorrelation curve for the fluorescence of the dye at the

diatom pore. (b) Autocorrelation curve obtained from autofluorescence
of the diatom bio-silica (no dye added).
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Fig. 5. Panel (B)—FCS autocorrelation curves and fits for the diffusion
of dye in free solution (bottom curve, (B)) and in the diatom pore (top
curve, (B)). The dotted lines show the diffusion times, i.e., the delay time
at half maximum. Panel (A)—residuals of the fits showing good fit of
experimental data to the Gaussian model.

curves by taking the delay time at half maximum. Thus,
the diffusion time for the dye in free solution was observed
to be 0.1540.02 ms. Miiller et al.?® have reported an abso-
lute diffusion coefficient of 4.11 x 107! m?/s for Oregon
Green dye whose molecular size is 5.95 A. This corre-
sponds to a diffusion time of 0.17 ms for the dye in the
free solution which is similar to the value that we have
obtained. As part of control measure we used a region of
interest in the solution just outside of the diatom frustule.
The FCS results for those measurements corresponded
well with the diffusion value of the free dye with diffu-
sion time of 0.15 ms. It should be noted that the diffusion
results obtained by Miiller et al. are presented here merely
as reference and to show that our experiments results are
comparable. The diffusion values would vary depending
on the optical setup and experimental conditions used. It
is hard to obtain absolute diffusion coefficients by FCS
technique as there are various limiting factors associated
with its sensitivity as discussed thoroughly by Enderlein
et al. where the authors introduce two-focus FCS setup
in order to determine the absolute diffusion values.”” We
are more interested in the difference between diffusion
properties in the free solution and in the pore rather than
the absolute values. All our data are however taken under
same experimental setups thus there should be no effect in
direct comparison between results. The diffusion time for
the dye in the pore is 0.28 =0.01 ms which is higher as
compared to the diffusion time in the free solution. Since
diffusion time is inversely proportional to the diffusion
coefficient (Eq. (2)), it is observed that the diffusivity in
the diatom pore is lower than in the free solution. The dif-
fusion parameters are dependent on the shape and size of
the observation volume; however, here we have compared
the data in the diatom pore to the diffusion data in free
solution taken under similar experimental setup.
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4. DISCUSSION

The random Brownian motion of molecules in and through
the intricate three dimensional structure of the diatom is
the diffusion phenomenon that is of interest. Here, we dis-
cuss the change in diffusion time or diffusivity of the flu-
orescent dyes passing through diatom nanopores by using
FCS. As shown by the SEM images, the diatoms have
intricate three dimensional structures with two layers of
pore architecture. One would expect an influence of this
unique pore structure on the random motion of molecule
through these pores. In order to study and quantify this
effect, we looked closely into a single pore by the tech-
nique of FCS. As the FCS confocal volume has a waist
of around 300 nm and height of around 1 wm, this serves
well for studying the diatom nanopore which has diameter
(for the smaller pores) of around 300 nm and thickness of
around 1 um.” The FCS results showed that the diffusivity
in the pore was lower than diffusivity in free solution by
a factor of 1.8 i.e., (0.28/0.15). These results imply that
the random motion of the dye molecules is decreased by
nearly half due to the pore geometry. Here, it is important
to mention that the observation is certainly not a simple
geometric restriction effect since pure geometrical con-
finement will mostly lead to an apparent increase of the
diffusion coefficient (due to restriction and thus decrease
of the effective detection volume), as can be seen in
Figures 3(A-C) in the paper by Hocht and Enderlein."
However, in our research within diatom nanopores, we
notice a significant decrease of the diffusivity (i.e.,
increase of diffusion time). Possible explanation to the
increased diffusion time could be that the pore geome-
try is such that at the entrance/exit of the pore, a dye
molecule faces the edge of the pore and possibly some
entropic force fields. Dinsmore et al. indicate that pas-
sive structures etched into the walls of a container cre-
ate localized entropic force fields which can trap, repel
or induce the controlled drift of particles.*® The authors
have further shown that a pronounced free energy bar-
rier exists when particles are at the edge of a structure,
thus pushing the particle back away from the edge (obser-
vations made perpendicular to the edge). The motion of
particles along the direction parallel to the edge exhibited
free diffusion. One of the reasons that the dye molecule
remains in the observation volume for a longer time could
be contributed to the free energy barrier that essentially
reflects the molecule back into the pore volume. Thus, the
pore geometry enforces a freely moving dye molecule to
remain in the pore longer than it would in a free solu-
tion (even though the molecule to pore size ratio is very
low i.e., <0.01) hence decreasing the diffusion coefficient.
The rapid changing pore size with depth that exists in the
diatom frustule could be an ideal design for maximising
entropic trapping. In an independent experiment conducted
using epi-fluorescence microscopy (data not shown) we
observed a reduction in the diffusivity of dye molecules
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and deduced a similar value of approximately 1.8 for ‘tor-
tuosity.” Tortuosity, in essence, defines the tortuous path
a diffusing molecule has to take. Higher values of tortu-
osity will thus decrease the average diffusion coefficient
through the pores.*! Thus, molecules traverse in random
tortuous path whilst travelling through the double layer
nanostructure of the diatom frustule and hence take longer
time to exit the diatom pore. Hence, we conclude that the
mobility of molecules inside a diatom pore is affected by
the pore geometry of the diatom structure, thus slowing
the random walk of a molecule by a factor of nearly two.
In order to check for any spatial variability in the sam-
ple we checked diffusion values at various random loca-
tions within the nanostructure. As they are all identical
within the experimental error, we have inferred that there
is little or no spatial variability. Also, spatial variability
would be rather difficult to analyze as the standard objec-
tive used during FCS measurements is 60x which does
not give enough magnification and resolution to localize
points within nanostructure with good repeatability.

5. CONCLUSIONS

We have studied the basic diffusion properties of
molecules through a diatom frustule. The diffusion times
have been measured, and it has been found that diffu-
sion rates are greatly influenced by interactions between
diffusing species and pore walls. It is well known that
the diffusing species experience hindrance whilst passing
through gels and porous membranes ultimately reducing
the diffusion coefficient by up to 80% of their respective
values in free solution. The centric diatom species under
investigation Coscinodiscus wailesii, which has two lay-
ers of porous silica shows a diffusion time of 0.28 ms, a
longer time compared to the diffusion in free solution that
is 0.15 ms. This increase in diffusions time or decrease
in diffusion coefficient by factor of nearly two as com-
pared to the bulk diffusivity can be contributed to the
unique architecture of the diatom frustule which is around
one micron thick with two layers of nanoporous structures
and imposes different boundary conditions to the flow
of the particles. Thus the observed increase in diffusion
time is the result of confinement effects inside the pore.
Our measurements give quantitative estimates of how long
molecules are retained in the pore due to the geometric
confinement and the peculiarities of pore geometry, which
is precisely the prupose of this study. These basic diffusion
studies through the diatom frustules have shed some light
on the particle flow through the unique cell structure of the
frustules. The lower rate of particle diffusion may have an
effect on the nature of nutrient intake by these organisms.
On the one hand this knowledge helps in understanding
of molecular mobility in diatom frustules and on the other
this information could be used in utilizing the diatom frus-
tules pore architecture to design membranes.
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