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Channel-Facilitated Diffusion Boosted by Particle Binding at the Channel Entrance
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We investigate single-file diffusion of Brownian particles in arrays of closely confining microchannels
permeated by a variety of attractive optical potentials and connecting two baths with equal particle
concentration. We simultaneously test free diffusion in the channel, diffusion in optical traps coupled in the
center of the channel, and diffusion in traps extending into the baths. We found that both classes of
attractive optical potentials enhance the translocation rate through the channel with respect to free diffusion.
Surprisingly, for the latter class of potentials we measure a 40-fold enhancement in the translocation rate
with respect to free diffusion and find a sublinear power law dependence of the translocation rate on the
average number of particles in the channel. Our results reveal the function of particle binding at the channel
entrances for diffusive transport and open the way to a better understanding of membrane transport and

design of synthetic membranes with enhanced diffusion rate.
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Particle transport through membrane channels and pores
that connect three-dimensional (3D) compartmentalized
environments, represents a crucial step in a variety of
biological, physical, and chemical processes [1-3]. Such
channels often exhibit binding sites specific for the trans-
ported particles and the binding strength can be optimized
in order to maximize the particle transport thus exceeding
the one in a nonbinding channel [4]. This has been
extensively investigated experimentally [5-8], by molecu-
lar dynamics simulations [9], and independently rational-
ized by a continuum diffusion model based on the
Smoluchowski equation [10], a discrete stochastic model
[11], a generalized macroscopic version of Fick’s diffusion
law [12], and a general kinetic model [13].

Binding sites are also found close to the entrances of
membrane channels where these might play a key role in the
so-called entrance effects [ 14]. Examples are found in various
biological systems as follows. (i) The channel maltoporin,
found in gram-negative bacteria, presenting sugar-affine
aromatic residues, both at the entrance vestibule and at the
exit to the periplasmic side [15,16]. (ii) The outer membrane
channel OmpF of Escherichia coli exhibiting two symmetric
binding sites for fluoroquinolone antibiotics located at each
channel entry separated by a large energy barrier in the center
[17]. (iii)) The nuclear pore complexes of eukaryotic cells
presenting docking sites both at the basket structure on the
nuclear face and on fibrils in the cytoplasmic side [18,19].
(iv) On the membrane of leukocytes, epithelial, and endo-
thelial cells where they are exploited by bacterial toxins to
form pores in lipid bilayers [20,21].

Despite being involved in antibiotic resistance [17] and
bacterial and viral invasion [20,22], the function and role
of such docking and binding sites at the channel entrances
or in their proximity often remain elusive [16] since it is
notoriously difficult, on one hand, to arrive at analytical
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expressions to model their influence on the molecular
transport, and, on the other hand, to experimentally control
the position and strength of such sites. Together with
theoretical modeling [23-25], colloidal particles in micro-
fluidics [26-29] equipped with holographic optical tweezers
(HOTs) [30-33] and digital video microscopy [34] allow
us to investigate constrained Brownian motion in quasi
one-dimensional (1D) structures and to build experimental
model systems to mimic transport properties of biological
channels [35-38].

In this Letter we investigate single-file diffusion of
Brownian particles in an array of closely confining micro-
channels permeated by a variety of attractive optical poten-
tials realized via HOTs. Specifically, we simultaneously
test transport properties of particles diffusing in laser-free
channels, channels permeated by internal optical potentials,
and channels permeated by potentials that extend into the
baths [Fig. 1(a)]. We use focused ion beam, photolithogra-
phy, replica molding, and oxygen plasma bonding to
fabricate microfluidic chips equipped with arrays of parallel
channels that connect two 3D baths otherwise separated by a
polydimethylsiloxane barrier [Fig. 1(b)] [39]. The channels
have a length / = 4.5 ym and a semielliptical cross section
with both height # and width w around 950 nm. The
maximum variation among the channel widths and heights
is less than 5% and 10%, respectively, as measured by
scanning electron microscopy. The baths, which have a
depth of 16 um, are filled with a suspension of polystyrene
spherical particles with diameter d = (505 4+ 8) nm in a
5 mM KCl solution. The particle concentration is 0.05 gm™>
in both baths. Particles freely diffuse in the 3D baths while
being closely confined and in single file diffusion in the
microfluidic channels. We use a custom made HOTs setup
consisting of an inverted microscope equipped with an
ytterbium fiber laser, a phase only spatial light modulator
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FIG. 1 (color online). Array of microfluidic channels with
different energy landscapes. (a) Scheme of an array of laser traps
generated via holographic optical tweezers and coupled into
microfluidic channels that create independent attractive energy
landscapes for Brownian particles. (b) Bright field image (left)
and corresponding map of the number of particle occurrences
(per bin and per hour, right) of four microfluidic channels with
similar dimensions connecting two 3D baths. The baths have a
depth of 16um. The spherical particles have a diameter
(505 £ 8) nm. Laser line traps are coupled in each channel
occupying, 5/4, 1, 1/2, and 0 of the channel length from top to
bottom, respectively. The total coupled laser power is 900 mW
and we programmed the SLM to generate the 3 lines with a relative
intensity of 1, 0.7, and 0.6 from top to bottom, respectively.

(SLM), a high magnification objective (100x, 1.4 NA), a
CCD camera, and a xyz nanopositioning piezo stage [35].
We couple line traps of a specific length in different channels
and define 1 = L/ as the ratio between the laser line length
L and the channel length /.

In the bright field image in Fig. 1(b) the top three
channels are coupled with 3 laser lines with A ~ 5/4, 1, 1/2
(from top to bottom) while no laser is coupled in the lowest
channel (1 = 0) where particles are in free diffusion. The
corresponding attractive energy profiles per particle u(x)
are reported in Fig. S1(a) of the Supplemental Material
[40]. The average potential depth, U, linearly scales with
P/L [Fig. S1(b)] as expected, confirming that the laser
lines act as attractive potential wells [35,41]. We track the
particle positions at all time both in the channels and in
the baths [42]. Particle counts are typically below 100 h™!
(blue) in the baths and in the lowest channel while they
go up to 1000-2000 h~! (green and red) in the top three
channels. The particle diffusion coefficients in the channel
D and in the bath Dg—measured as previously reported
[43]—do not exhibit any significant dependence on the
laser power (Fig. S7 in the Supplemental Material [40])
suggesting that the particle motion is not affected by laser
induced heating.

We define an attempt as the event for which a particle
enters into the channel from either bath and explores it for
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FIG. 2 (color online). Comparison of transport through chan-
nels with shallow internal and external attractive potentials.
Dependence of J4 (a), and J; (b) on P/L (bottom axis) and
U (top axis) for A~ 5/4 (circles), 1 (squares), 1/2 (upward
triangles), and O (solid line). Each data point and corresponding
error bar are the mean and standard deviation of three indepen-
dent measurements lasting 1 h. Lines are guides for the eye. The
solid lines connect the seven data points for the channel in free
diffusion; error bars are omitted. The three optical line traps are
coupled in a different channel in every video. The total applied
power is randomized to cover 7 discrete steps from 0 to 900 mW.
Insets: illustration of an attempt (a) and a translocation (b) in two
different channels, the top with a coupled laser line, the bottom in
free diffusion.

at least 100 ms [inset Fig. 2(a)] [35]. The same particle may
enter and exit the channel multiple times. Once a particle
has entered the channel, it can either go back to the same
bath, defined as return event, or translocate the channel
and exit to the opposite bath, defined as translocation event
[inset Fig. 2(b)]. We characterize the transport in the
investigated energy landscapes in terms of attempt rate
J4, translocation rate Jy, and translocation probability
pr = Jr/J4. In addition, we quantify the probabilities to
find n particles in the channel p(n) and the average number
of particles in the channel N.

J, stays constant around 100 h~! both for 1 = 0 and
1/2 [solid line and upward triangles in Fig. 2(a), respec-
tively], and increases up to 200 h™!' for A~ 1 (squares).
Importantly, J, monotonically increases with P/L up to
1000 h=! for 50 mW/um and 1~ 5/4 (circles). In free
diffusion there is at most one particle in the channel and py
can be predicted as [44]
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where the effective radius of the channel is

a=(h—d)/2=0.22 um. By using the experimental
parameters obtained from our measurements we predict
pr = 0.013. We test free diffusion in 30 different repeats,
12 times in 4 different channels when the laser is off and
18 times in a reference channel when the laser is on, with
an average pr = (0.022 + 0.003). The constant monitoring
of free diffusion is crucial for the continuous assessment of
Brownian motion [42]. The measured probability is larger
than predicted which presumably stems from our definition
of an attempt (see above) and thus we do not count very
short events. In the channels permeated by the optical traps
p(n > 1) is nonnegligible (Fig. S4 in the Supplemental
Material [40]) and thus the current set of data cannot be
described by theoretical models based on a single particle
picture. For internal traps the dependence of J; on P/L is
nonmonotonic with a peak that is 4 [~ 1/2, triangles in
Fig.2(b)] and 10 times (4 = 1, squares) larger with respect to
the free diffusion case (solid line). On the contrary, external
line traps (A ~ 5/4) produce a monotonic increase in J; up to
75 h~! for the highest applied power which produces an
attractive potential of average depth U ~ 2.5kpT.

We perform additional experiments with 1~ 5/4 and
P/L above 50 mW /um while keeping a reference channel
in free diffusion. The particle concentration ¢ is lowered
to 0.015 um™ in order to avoid the jamming of the
channel, which is populated by up to seven particles—in
single file diffusion—at high laser powers (Fig. S5 in the
Supplemental Material [40]). We measure a mean J, for
free diffusion of (38 4-2) h~! (obtained as the mean and
standard error of the mean of 36 measurements). J, can be
predicted according to the expression for the rate constant
for an elliptical aperture k, [45],

1 5/32AP
JA = 2k0C ES 2DB§ \ —C, (2)
T

where A and P are the area and perimeter of the ellipse,
respectively, 2 accounts for both apertures of the channel
and 1/2 for the semielliptical shape. By using the exper-
imental parameters determined from our measurements we
find J, = 52 h™!. This value is higher with respect to the
measured one that presumably stems from our definition of
an attempt (see above) and thus we do not count very short
events. Consistent with the data reported in Fig. 2, for
A~ 5/4 J, monotonically increases up to 5500 h=! for
P/L ~ 105 mW /um [circles in Fig. 3(a)] but decreases for
higher laser powers as discussed in the Supplemental
Material [40]. A~ 5/4 produces an enhancement in J,
of more than 2 orders of magnitude with respect to free
diffusion. A simple way to rationalize this effect is by
considering that the laser generates a 3D particle absorber
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FIG. 3 (color online). Transport enhancement through channels
with deeper external attractive potentials. (a) J, and (b) J; as a
function of P/L (bottom axis) and U (top axis) for A~ 5/4
(circles). The transport through the channel with the attractive
potential is compared with the one through a channel in free
diffusion (1 = 0, squares). Each data point and corresponding
error bar are the mean and standard deviation of three indepen-
dent measurements.

in the bath. In first approximation we can model this
absorber as a sphere with diameter R equal to the extension
in the bath of the attractive potential [Fig. S2(a) in the
Supplemental Material [40] ]. Similarly to U, also R linearly
increases with the applied laser power up to 1 ym for the
highest power [Fig. S2(b)]. According to the expression of
the rate constant for a spherical absorber k| [46], the attempt
rate is predicted as

R
JA—2k]C—2<47[DB§>C, (3)

where 2 accounts for the two baths. By using the exper-
imental parameters determined from our measurements for
the highest laser power, we find a predicted J, > 500 h™!,
thus 1 order of magnitude higher with respect to the one
predicted for free diffusion. The measured J 4 is higher since
we do not measure the number of particles captured in the
sphere but rather their multiple attempts to enter the channel.

Consistent with the data reported in Fig. 2, the increase
in J,4 produces, in turn, an enhancement in J; [Fig. 3(b)].
While J; = 1 h™! in free diffusion, for A ~ 5/4 J7 yx =
40 h~! for P/L =120 mW /um and U ~5.5kzT. Moreover,
a threefold increase in J; is observed for P/L between
55 and 65 mW/um, consistent with the data reported in
Fig. 2(b). This further reflects the enhancement in the
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FIG. 4 (color online). Correlation between translocation rate
and particle number. (a) Dependence of N on P/L (bottom axis)
and U (top axis) for A=~ 5/4 (circles) and comparison with a
control channel in free diffusion (4 = 0, squares). Each data point
and corresponding error bar are the mean and standard deviation
of three independent measurements. (b) Correlation between J
and N. Error bars are reported in (a) and Fig. 3(b). The dotted line
is a linear fit of the first 4 points in the graph with the intercept
forced to zero. The dashed line is a sublinear power law fit of the
whole data set with the intercept forced to zero.

measured occupation probability in Fig. S5: p(n =0)
drastically decreases from 0.73 to 0.38 for P/L between
55 and 65 mW /um while p(n=1), p(n=2), and p(n=23)
become 2, 8, and 30 times larger, respectively. Importantly,
the remarkable enhancement in J; is due to a different
mechanism with respect to the one reported for internal
optical traps: for internal potentials p; increases up
to 0.12 [Fig. S6(a) in the Supplemental Material [40] ],
for the external ones p; decreases down to a minimum of
0.006 [Fig. S6(b) in the Supplemental Material [40] ].
Nevertheless, the enhancement in J,, boosts Jr up to a
value 40 times higher with respect to free diffusion.
Moreover, it is noteworthy that also N increases with
P/L [Fig. 4(a)]. Figure 4(b) shows that J; linearly incre-
ases with N for small occupancies (N << 1). Indeed, in
the limit of single particle occupancy J is proportional to
N [47] [provided that the variation of the translocation
probability is negligible, which is the case here, see data
for 15 < P/L < 40 mW /um in Fig. S6(b)]. A linear fit of
the first four points forcing the intercept to 0 gives a slope
of 50 h~! [dotted line in Fig. 4(b)]. However, we measure

Jr =25h7! for N = 1. Therefore, a linear dependence
fails in describing multiparticle diffusion, similarly to
recent studies on alkali and alkali earth ion transport in
molecular pores [47]. On the contrary, the entire set of
data can be described by a sublinear power law [dashed line
in Fig. 4(b)],

Jr = aN®, (4)

which gives a = (21 £ 1) and b = (0.62 £ 0.02) as fitting
parameters. The sublinear power law can be understood
with the following consideration: multiple particles enter-
ing the channel from two opposite baths compete for
success and not all of them can translocate.

These experimental observations allow us to draw some
conclusions. (i) In the presented 3D-1D-3D environments,
that are ubiquitous in nature, the closely confining channels
represent the rate limiting step in particle exchange being
empty for more than 98% of the time and leading to
Jr =1h7!. (ii) Attractive potentials localized inside the
channel increase both N and p; and enhance J; up to 10
times compared to free diffusion. (iii) A similar enhance-
ment is observed for shallow optical potentials (U = 2kgT)
that extend into the baths for less than one particle diameter.
(iv) Deeper external potentials, extending in the baths for
more than one particle diameter, allow for up to 40 times
enhancement in J; with respect to free diffusion. (v) In the
general case of equal concentration of particles in the 3D
baths and in the presence of potentials that extend into the
baths, the competition for channel translocation between
particles entering from opposite baths leads to a sublinear
power law correlation between J; and N.

These findings demonstrate that not only the strength but
also the extension and position of the interaction between
the transported particle and the transporter channel are
crucial in facilitating diffusion. Our findings could guide
the design of more efficient synthetic membranes relevant
for catalysis, osmosis, and particle separation and help in
modeling transport phenomena, chemical kinetics, protein
folding, and enzymatic reactions [48-51].
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