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Abstract
Modeling the transport of solutes through fluidic systems that have adsorbing surfaces is
challenging due to the range of length and time scales involved. The components of such systems
typically have dimensions from hundreds of nanometers to microns, whereas adsorption of solutes
is sensitive to the atomic-scale structure of the solutes and surfaces. Here, we describe an atomic-
resolution Brownian dynamics method for modeling the transport of solutes through sticky
nanofluidic channels. Our method can fully recreate the results of all-atom molecular dynamics
simulations at a fraction of the computational cost of the latter, which makes simulations of
micron-size channels at a millisecond time scale possible without losing information about the
atomic-scale features of the system. We demonstrate the capability of our method by simulating
the rise and fall of solute concentration in sub-micron-long sticky nanochannels, showing that the
atomic-scale features of the channels’ surfaces have a dramatic effect on the kinetics of solute
transport in and out of the channel. We expect our method to find applications in design and
optimization of micro and nanofluidic systems for solute-specific transport and to complement
existing approaches to modeling lab-on-a-chip devices by providing atomic scale information at a
low computational cost.

Introduction
Lab-on-a-chip technologies exploit miniaturization to create integrated systems that exceed
their table-top predecessors in functionality by offering extreme parallelism while
performing individual tasks more quickly and decreasing consumption of reagents and
energy. Such integrated miniaturization of technology opens up a whole new range of
applications1,2, including systems for epigenetic analysis3,4, protein crystallography5, low-
cost DNA sequencing6,7, and direct, quantitative study of interfacial phenomena like
adsorption8. By and large, development of lab-on-a-chip systems is enabled by advances in
micro- and nanofluidic technologies. However, as the elements of microfluidic systems are
miniaturized, the surface to volume ratio is increased until surface–solute interactions cannot
be ignored. This offers opportunities for new functionality while also giving rise to new
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bottlenecks and failure mechanisms1. The new functionality can only be exploited with
accurate models that assist in optimizing device design.9

Although the physics of micro and nanofluidic systems is well understood10–12, there is no
one theoretical model that can accurately describe all parts of the system9. The variety of
time and length scales of the pertinent physical phenomena calls for specialized techniques
to model different parts of a lab-on-a-chip device9. For example, continuum appproaches
can accurately describe pressure or electric field-driven fluid flow through micro and
nanofluidic channels11–13, but break down in the regions of fluid near surfaces12 or
macromolecules14, where the atomic-scale properties of the solvent, solutes and surfaces are
important15,16.

One particular problem of interest is adsorption of solutes to the walls of a microfluidic
system. As the surface-to-volume ratio of microfluidic channels increases, adsorption of
analyte or reagent can degrade device performance. Adsorption limits the rates with which
the concentration of solutes in microfluidic compartments can be increased or decreased
without contamination, and, in extreme cases, can cause clogging of the channels and failure
of the entire device1,17. In contrast, adsorption of specific solutes in designated areas of a
device can be intentional and play a functional role in the device. A device possessing
controllable sorptive regions can be used to precipitate particular solutes from a mixture,
impose concentration gradients, catalyze chemical reactions, etc. Modeling such phenomena
requires a method with exquisite sensitivity to atomic-scale details of the surface and the
solute, such as classical all-atom molecular dynamics (MD).

The MD method has the advantage of being capable of explicitly evaluating inter-particle
interactions accounting for contributions from every atom of the system18. This method has
been extensively used to simulate biological macromolecules19–21, and conventional22 and
hybrid materials23–25. Recent advancements in the development of inorganic force fields
compatible with the all-atom MD description of biomolecules26–30 have made it possible to
computationally model the interactions of biomolecules with inorganic substrates with
atomic precision28,30–36. However, the accuracy of MD comes at a high computational cost,
making this method impractical for simulations of up-to-scale models of micro and
nanofluidic systems. Several methods have been proposed to increase the computational
efficiency of particle-based simulations37–40, but improvements in computational efficiency
usually require some loss of atomic-scale precision in the evaluation of inter-particle forces.

In this manuscript, we present an efficient computational method for modeling the transport
of solutes through nanochannels with sticky surfaces. Building on previous work in this
area41–43, we describe a microfluidic system using the Brownian dynamics (BD) method44

parameterized through all-atom MD simulations. Our method allows simulations of realistic
nanofluidic systems to be performed while retaining atomic-scale precision in the
description of solute-solute and solute-surface interactions. Below we demonstrate the
accuracy of our method through comparison with the results of all-atom MD simulations and
apply our method to simulate experimental-scale channels. We expect our method to be of
immediate use for design and optimization of micro and nanofluidic systems for solute-
specific transport and to complement existing methods of modeling lab-on-a-chip devices9

by providing atomic scale information at a low computational cost.

Results and Discussion
In this section, we describe our atomic-resolution BD method for modeling the transport of
small solutes through sticky nanochannels and validate the method through comparison with
the results of conventional all-atom MD simulations. Following that, we demonstrate the
capability of our method by performing a sub-millisecond simulation in which a half-
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micron-long sticky nanochannel is filled with and then drained of solutes transported with
the water flow. In this type of simulations, the channel always remains filled with the
solution while the concentration of dissolved solutes vary. Furthermore, we show that the
atomic-scale features of a nanochannel’s surface can have a dramatic effect on the rate the
concentration of solute rises and falls in the channels. In all simulations, we use dimethyl
methylphosphonate (DMMP) as a model solute.

Formulation of the BD method
Transport of a small solute through a micro or nanofluidic system combines the diffusion of
the solute in the solvent, drift of the solute with the flow of the solvent and adsorption/
desorption of the solute to/from the walls of the system. In our atomic resolution BD
method, we describe these transport modalities with atomic-scale precision by extracting the
essential parameters for the model from all-atom MD simulations. By eliminating the need
to explicitly simulate the solvent and the nanochannel material, our method permits
simulations of transport with atomic-scale resolution at a fraction of computational cost of
all-atom MD, simultaneously expanding the spatial and temporal range of atomic-scale
simulations from tens of nanometers and single-digit microseconds to microns and
milliseconds. In our BD method, trajectories of individual solute particles are found by
applying the following update rule:45

(1)

Here, ri(t) is the position of solute i at time t, Δt is the integration timestep, D is the
diffusion coefficient, vflow(ri) is the local velocity of the solvent, F is the force on molecule i
and R is a vector of independent normal deviates with a mean of zero and a standard
deviation of one. The last term in Eq. 1 produces random displacements of the solute,
mimicking the stochastic force of the solvent.

To capture atomic-scale information in our model, the diffusion coefficient D and force F
are derived from all-atom MD simulations. The diffusion coefficient D can be calculated
directly from MD simulations, as we have done previously for DMMP in water15. Here, we
use the same diffusion coefficient everywhere in the system, but it is also possible to
implement a position-dependent diffusion coefficient46,47 to better describe diffusion in
close proximity to the walls of the channel.

For several simple geometries, the flow velocity in a nanochannel vflow(r) can be obtained
analytically 48. For more complicated geometries, the flow profile can be computed
numerically using a variety of methods9,49. It is also possible to obtain the flow velocity
directly from all-atom MD simulations50 Thus, using the all-atom MD method, we have
previously shown that pressure-driven flow of water through a silica nanochannel is
accurately described by the Poiseuille formula50, excluding the region immediately adjacent
to the silica surface (< 0.5 nm), where a boundary layer of liquid molecules is much less
mobile than predicted by the Poiseuille expression16,51–54. Hence, we use the following
analytic expression for vflow(r):

(2)

where v0 = (−∇p)h2/8η is the peak velocity (in the center of the channel), η is the viscosity,
∇p is the pressure gradient, h is the nanochannel height, and ẑ is the unit vector normal to
the nanochannel’s surfaces. Here, the coordinate system is defined so that r · ẑ = 0 at the
center of the nanochannel. The velocity profile of such flow is schematically shown in
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Figure 2a. In this work, we consider a pressure-driven flow but other flow patterns, such as
plug flow13, can be easily incorporated into our model.

In our approach, the force on a solute F has two sources: the interaction with other solutes
WPP; and the interaction with the channel’s surfaces WPS. Thus,

(3)

where WPP and WPS are solute-solute and solute-surface potentials of mean force (PMFs).
The PMF between a solute and a surface (or a second solute) represents the change in free
energy upon bringing the solute from a distant point to a particular position with respect to
the surface (or the second solute), and includes all electrostatics, van der Waals, entropic,
and solvation effects.

Figure 2b shows the PMF of the DMMP–DMMP interaction, computed from all-atom MD
simulations using the umbrella-sampling55 and weighted histogram analysis56 methods.
Details of all PMF calculations are given in the ESI†. WPP has a shallow (< 1 kBT), short-
range attractive well and a steep excluded-volume repulsive part at short distances. The
depth of the minima is in agreement with the results of our MD simulations, where no
aggregation of DMMP was observed15.

Figure 2c illustrates the 3D-PMF of DMMP in proximity to a representative patch of a silica
surface. The silica surface is colored by the local minimum value of the PMF for each (x,y)
point, revealing the heterogeneous nature of the solute–surface interaction. The 3D solute–
surface PMF was computed from all-atom MD simulations using a generalization of
umbrella-sampling and weighted histogram analysis methods. The details of the calculations
are described in the ESI† and in Carr et al.15

Note that in our all-atom calculations of both WPP and WPS, the rotational degrees of
freedom of the solute are averaged out as the time scale of the solute rotation (trot < 100 ps
for a full 2π spin of DMMP57) is much smaller than the length of a typical MD simulation
in one of the umbrella-sampling windows (tsampl >3 ns). Solutes that satisfy trot ≪ tsampl
condition are considered here as ”small”. In the form presented here, our atomic-resolution
BD method is applicable only to those chemical compounds for which the above condition
holds.

Validation of the BD method
We validate our BD method through comparison with the results of conventional all-atom
MD simulations. Due to the time and length scale limitations of the latter method, the
validation simulations were performed using relatively small nanochannel systems of 10 ×
10 × 5.5 nm3. This system is small enough to be computationally tractable and large enough
to exhibit bulk fluid velocities50, thus incorporating both near-surface and bulk effects.

Each all-atom system contained an infinite-slit silica nanochannel filled with 0.6 M aqueous
solution of DMMP, shown in the left part of Figure 1. Each surface of the nanochannel was
built by tiling 16 identical slabs of amorphous silica 2.5 × 2.5 nm2 in area into a square.
Figure 3 ad shows the four different silica tiles that we used to build nanochannels A, AB,
C, and D. Each tile has different arrangement of its surface atoms, giving each surface a

†Electronic Supplementary Information (ESI) available: [details of any supplementary information available should be included here].
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different overall affinity to DMMP 15. The nanochannels were created by placing two silica
slabs 5.5-nm (surface to surface) apart and filling the gap with a pre-equilibrated solution of
DMMP. Nanochannels A, C, and D were made using two identical surfaces A, C, or D,
respectively; nanochannel AB was made using surfaces A and B, see Figure 3e. Under
periodic boundary conditions, the nanochannels were effectively infinite in two dimensions.
Flow of the DMMP solution was induced in the channel by imposing a pressure gradient
across the system 50. The velocity of the flow was found to have a negligible effect on
DMMP adsorption to the surface of the channel 15. A complete description of the protocols
used to build and simulate our all-atom models is available in the ESI†.

Figure 3f plots the average density of DMMP molecules adsorbed to the walls of the
nanochannels as a function of time in the MD simulations of nanochannels A, AB, C and D
(symbols). In less than 15 ns, each system reaches a steady state. Note that although all
surfaces are made from the same material (silica), different arrangement of the surface
atoms leads to different amounts of DMMP adsorbed in the steady state 15.

To use the results of the above simulations as a test of our BD method, a BD model of each
all-atom nanochannel system was built by replacing each DMMP molecule by a BD particle
and each nanochannel surface by the corresponding 3D-PMF potential. To make an
unambiguous comparison possible, each BD system had exactly the same dimensions as the
corresponding MD system and the same initial coordinates of the DMMP particles were
used. The right part of Figure 1 shows one of the systems used for these BD simulations.

The average density of adsorbed DMMP particles observed in 25 BD simulations (using
different seeds for the random number generator) of each of the four nanochannels is plotted
versus time in Figure 3f. The plot indicates excellent quantitative agreement between BD
and MD methods in predicting the steady-state surface density of adsorbed DMMP solute
and good quantitative agreement in predicting the kinetics of the adsorption process. Figure
3e shows that the BD method can also quantitatively reproduce partitioning of DMMP in
nanochannel AB that combined two surfaces of different affinities (A and B).

To determine if the BD model is capable of reproducing the atomic scale features of
different silica surfaces, we computed the 2D density maps of adsorbed solutes for all four
surfaces considered. Figure 4a and b shows the steady-state adsorption density maps for
surface C; the plots for all four surfaces are available in the ESI†. Close inspection of the
two maps reveals excellent quantitative agreement between the BD and MD methods. As the
spatial resolution of the maps is 0.42 × 0.42 Å2, we can say with confidence that our BD
method has truly achieved atomic resolution.

Figure 4c shows a 2D map of the local PMF minima near surface C, computed for each
point on the surface along the line normal to the surface plane. As expected, the pattern of
adsorption density, Figures 4a and b, closely matched the pattern of PMF minima, Figure 4c.

Figure 5 plots the dependence of the steady-state DMMP surface density on the initial
concentration of DMMP particles in nanochannel A predicted using both the all-atom MD
and atomic-resolution BD methods. Again, we find the predictions of both methods to be in
quantitative agreement with each other. In general, the simulated adsorption isotherm of
DMMP on silica was found to be in agreement with the Langmuir model of adsorption15.
We note, however, that in the absence of the solute-solute interaction potential WPS, the BD
model predicts a linear dependence between the average surface density of adsorbed solute
and the bulk concentration of DMMP, which overestimates the amount of adsorbed DMMP
at high concentrations.
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Finally, we compare our BD method with the following two alternative approaches:
numerical solution of the Smoluchowski equation58 and implicit solvent simulations37. The
test of the Smoluchowski approach was performed using a one-dimensional projection of the
3D-PMF obtained by averaging out the latter (see the ESI†). The dependence of the steady-
state adsorption density on the bulk concentration of DMMP is shown in Figure 5. The
results of the Smoluchowski model quantitatively match the results of the BD and MD
simulations at low solute concentrations, but deviate at higher concentrations as the
Smoluchowski model neglects solute-solute interactions. We have also simulated adsorption
of DMMP on silica using all-atom implicit-solvent MD. If compared to explicit-solvent MD,
the use of implicit solvent did not cause a dramatic improvement in the computational
efficiency of the simulations. Furthermore, the implicit solvent model of DMMP transport
through nanochannel systems failed to reproduce the results of the all-atom MD simulations.
A complete discussion of the implementation and results of the Smoluchowski and implicit-
solvent MD models is provided in the ESI†.

Modeling transport at experimental spatial and temporal scales
To demonstrate the ability of our method to bridge the angstrom and micron scales, we have
constructed computational models of silica nanochannels 100- and 500-nm in length and
simulated the process of filling the nanochannels with DMMP solutes and their subsequent
removal by the flow of the solvent.

Figure 6a illustrates a typical setup of these simulations. The particular channel shown is
500 nm in length, 10 nm in width and is effectively infinite in the plane normal to the figure
due to the use of periodic boundary conditions. In our BD simulations of the experimental-
size channels, the total number of particles in the system can change as the simulation
progresses. Two buffer regions away from the channel’s inlets (labeled source and drain)
maintain the prescribed concentrations by an algorithm that can add or remove particles to
the buffers if the number of particles in the buffer differs from the target. The latter is
randomly selected from the Poisson distribution with the mean set at the prescribed number.
Doing so not only maintains the desired average concentration of solutes in the buffer region
but also introduces fluctuations in the buffer concentration consistent with the statistical
mechanics of noninteracting particles in a uniform region. Systems that included constant
concentration buffers were not periodic in the direction of the flow.

Figure 6b illustrates our approach to modeling large nanochannels using atomic resolution
3D-PMF maps. For this particular simulation, a 2.5 × 2.5 nm2 patch of the 3D-PMF grid of
surface A was used to tile the entire surface of the 500-nm-long nanochannel, including the
surfaces that face the buffer regions (1664 tiles in total). It might also be possible to generate
non-periodic statistical models of the channel’s surface using a 3D-PMF map of its
representative patch.

In the initial state of the process considered, the channel is already filled with the solvent but
no DMMP solute is present. To simulate the process of filling the channel with DMMP
solute, at the beginning of the simulation the concentration in the source reservoir was set to
10 mM. The particles entered the nanochannel through a mix of diffusion and drift; the
solvent flow was modeled implicitly as a Poiseuille flow, Eq. 2, with a peak velocity of v0 =
0.005 nm/ns in the center of the channel. Outside the channel, the solvent had a uniform
velocity of 2v0/9, consistent with a constant mass current of solvent through the system. As
DMMP molecules exited the nanochannel on the opposite side, they were absorbed by a
second reservoir that maintained a zero concentration.

Figure 6c plots the total number of molecules in the channel along with the number of
molecules adsorbed to its surface during the course of the simulation. The plot indicates
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gradual accumulation of the solutes in the nanochannel with roughly half of the molecules
being adsorbed at its surface. At about 0.12 ms, the simulation reaches a steady state, where
the rate of adsorption equals to the rate of desorption. After 0.176 ms from the beginning of
the simulation, the concentration of DMMP in the source compartment was set to zero so
that process of DMMP removal from the channel could be observed. At the end of the
simulation, which spanned over 0.3 ms, the channel is almost devoid of solutes. Solutes
attached to the front and back sides of the channel (the sides facing the buffer
compartments) were not included in the above analysis.

To demonstrate the effect of the atomic-scale features on the transport of solutes through
sticky sub-micrometer channels, we built four BD models of a 100-nm-long channel, each
tiled using one of the four 3D-PMF maps of the surfaces shown in Figure 3a–d. Following
the same protocol as in the above simulation of the 500-nm channel, we simulated the rise
and fall of DMMP concentration in the four channels, assuming the peak velocity of the
Poiseuille flow in the channel v0 = 1 nm/ns.

Figure 7 presents the results of these simulations. Figure 7a and b show the number of solute
molecules adsorbed to each channel’s surface as a function of time in the simulations of the
filling the channels with DMMP solutes (a) and removal of the DMMP solutes from the
channel (b). Each simulation shown in Figure 7a started with having no solutes in the
channel and the concentration of DMMP in the source buffer set to 10 mM. At the beginning
of the draining simulations, Figure 7a, the target concentration of the source compartment
was set to zero. Prior to the beginning of the draining simulations, each system was
simulated in a steady state for a period that varied between 2 to 10 μ s, in addition to first 10
μ s shown in Figure 7a.

Figure 7a and b clearly show that the atomic-scale features of the channels’ surfaces
determine not only the amount of DMMP adsorbed, but also the time it takes to both rise the
concentration of DMMP to the steady-state levels and to remove DMMP from the channels.
Thus, the amount of DMMP adsorbed in the steady state of the simulation differs by more
than two orders of magnitude. Filling channel D with DMMP takes about 10 times longer
than filling channel B. The time scale of the removal of DMMP from these channels differ
by more than two orders of magnitude.

Figure 7c details the simulation of the channel lined with surface D, the surface that has the
highest affinity to DMMP among the four considered here. The five plots characterize the
state of the system at different instances of this simulation. As the channel begins to fill in
with DMMP (t = 1 μs), the solute binds to the surface at the inlet of the channel. Halfway to
reaching a steady state (t = 3.5 μs), the concentrations of DMMP in the bulk of the channel
and at its surface exhibits a linear drop in the direction of the flow. In the steady state (t = 12
μs, not shown in Figures 7e or f), both bulk and surface concentrations of DMMP are
uniform. Halfway in the process of DMMP removal (t = 15 μs), the concentration of DMMP
linearly increases in the direction of the flow. Near the end of the simulation (t = 25 μs), no
DMMP is left in the bulk of the channel, although some amount of DMMP appears to still
be bound to the channel’s surface.

The computational efficiency of the BD simulations depends on the number of particles
explicitly considered in the simulation. Thus, in our BD simulations of 100-nm channels B
and D, which contained 420 and 5100 particles, respectively, we obtained 12,400 and 610 ns
per day using 6 cores of a multicore workstation (AMD 2.1GHz ). This compares very
favorably with the simulation speed of all-atom MD, which was 14 ns per day on 288
processors for a system 100 times smaller in volume than the 100-nm channels.
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Conclusions
In this manuscript, we have presented a computational method for accurate description of
small solute transport through nanofluidic channels that have surfaces of non-negligible
affinity to the solutes. While no one theoretical model is capable of describing every aspect
of transport in micro-and nanofluidic systems9, our model complements the existing
techniques by bridging continuum hydrodynamics with atomic-scale structures of surfaces
and solutes. If compared to conventional all-atom MD, our method offers orders of
magnitude improvement in computational efficiency by eliminating the need to simulate
atoms comprising the solvent and the walls of the nanochanel. Compared to conventional
BD methods, our method preserves atomic scale resolution in evaluation of solute-solute and
solute-surface interactions.

We believe that the accuracy and efficiency of the method presented here will open new
possibilities for design and optimization of lab-on-a-chip systems. For example, one can
envision fabrication of patterned surfaces that have differential affinity to specific solutes
and using such surfaces in fluidic systems for high-throughput screening, drug design,
combinatorial chemistry, catalysis, and purification. Furthermore, embedding electrodes in
proximity to the channels’ surfaces can offer the means to electrically tune affinities of
specific solutes to specific surfaces59,60 and thereby control the adsorption and desorption
processes. Using the method described in this manuscript, such novel lab-on-a-chip systems
can be designed and tested on a computer.

Methods
MD simulations

All MD simulations were performed using the program NAMD61, a 1 fs integration time
step, particle mesh Ewald (PME) electrostatics62, and periodic boundary conditions.
Simulations in the NPT ensemble (constant number of particles N, pressure P and
temperature T) were performed using a Langevin thermostat63 and Nosé-Hoover Langevin
piston pressure control64 set at 295 K and 1 atm, respectively. The damping coefficient of
the Langevin thermostat was 1 ps−1 and was applied only to the atoms of the silica surfaces.
A smooth (1.0–1.2 nm) cutoff was used to compute the Lennard-Jones forces. All
simulations were performed using the TIP3P water model modified for the CHARMM65

force field and a CHARMM-compatible model for silica26. A complete description of the
simulation setup and analysis was reported previously in Carr et al.15, and is available in the
ESI†.

BD simulations
All BD simulations were performed using a custom multithreaded code developed in-house.
The integration timestep Δt was 10−4 ns. A smooth (0.8–0.9 nm) cutoff was used for
evaluation of solute–solute and solute–surface forces, as both forces are indistiguishable
from zero at distances greater than the cutoff (see Figure 2). The concentration of particles
in the constant-concentration reservoirs was checked every 0.05 ns, and particles were added
or deleted to give the desired mean concentration and mean fluctuation of the concentration.
The diffusion constant D of DMMP was 9.1 nm/ns2 15.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Atom-resolution models of small solute transport through a nanochannel. The left hand side
of the image illustrates a conventional all-atom MD model: the silica walls of the
nanochannel are shown as grey molecular surfaces, the solutes (DMMP) are shown in space-
filling representation (C teal, O red, P tan and H white); water is not shown. The right hand
side of the image illustrates our atomic-resolution BD model that describes the walls of the
nanochannel by means of a three-dimensional potential of mean force (3D PMF) computed
at atomic resolution. The walls of the nanochannel are shown as molecular surfaces colored
according to the local values of the 3D-PMF (see also Figure 2). The solutes are shown as
blue spheres.
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Fig. 2.
Elements of our BD approach to modeling solute transport through sticky nanochannels. a
Representative profile of a pressure-driven flow through a nanochannel. b 1D-PMF between
two DMMP solutes in water. c 3D-PMF of a DMMP solute in proximity to a silica surface.
The silica slab is shown as a molecular surface colored by the local minimum value of the
PMF in the direction normal to the slab. Both 1D and 3D PMFs were derived from all-atom
MD simulations.
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Fig. 3.
Surface adsorption of DMMP solute simulated using our BD and all-atom MD models of the
same nanochannels. a–d All-atom models of four silica surfaces (A–D) used in our
simulations of DMMP adsorption. Oxygen and silicon atoms are shown as red and yellow
vdW spheres, respectively. e Steady-state concentration profile of DMMP across the AB
nanochannel. f Surface density of DMMP adsorbed at the walls of four nanochannels versus
simulations time. The BD data (solid lines) were averaged over 25 unique trajectories that
began having the same coordinates of DMMP as the corresponding MD simulation
(symbols).
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Fig. 4.
Atomic-scale features of DMMP adsorption. a, b Surface density maps of adsorbed DMMP
in our MD (panel a) and BD (panel b) simulations of nanochannel C. The maps were
computed by averaging over the steady-state parts of the corresponding trajectories and over
the identical patches of the corresponding surfaces. The BD simulations quantitatively
reproduce the results of the all-atom MD simulation. Note the use of logarithmic scale in
coloring the surface density patterns. c Local minima of the solute-particle PMF near the
surface of the nanochannel. The pattern of DMMP adsorption in both MD and BD models
closely follows the pattern of the PMF minima. Similar plots for nanochannels A, B and D
are available in the ESI†, Figure S1.
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Fig. 5.
Surface density of adsorbed DMMP versus its initial concentration in nanochannel A
predicted using different simulation methods. Including the solute-solute interaction (Figure
2b) is essential for proper description of the adsorption isotherm using the BD model at high
concentrations. Each BD data point represents the average of 25 independent trajectories;
the error bars for the BD data are smaller than the symbols. The 1-D Smoluchowski model
was based on the atomically precise 3D-PMF. Detailed description of the Smoluchowski
model is provided in the ESI†.
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Fig. 6.
Atomic-resolution BD simulation of the rise and fall of DMMP concentration in a sticky 0.5
μm-long silica channel. a Diagram illustrating the setup of a BD simulation. The walls of
the channel are shown in gray, the solute particles are shown in red. Green and red regions
indicate the source and sink reservoirs where the concentration of solute is maintained
constant. The channel is not drawn to scale. b 3D-PMF representation of the surface of the
nanochannel, obtained by combining atomically precise 3D-PMF maps of a representative
patch of the surface (such as the one shown in Figure 2c). c Sub-millisecond simulation of
the rise and fall of solute concentration (see text for details). The total number of DMMP
solutes in the nanochannel (black) and number of DMMP adsorbed to the nanochannel’s
walls (blue) are plotted versus time.
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Fig. 7.
The effect of the atomic-scale features on the transport of small solutes through
experimental-scale nanochannels. a,b Atomic-resolution BD simulations of the filling (a)
four 100-nm-long silica nanochannels with DMMP and subsequent removal (b) of DMMP
from these channels. The four channels have different atomic-scale features of their surfaces
(shown in Figure 3a–d). Note the logarithmic scale of the plots. c The rise and fall of
DMMP concentration in nanochannel D. Each of the five snapshots characterizes the state of
the system at a different instance of the BD simulation. The nanochannel is shown as a
transparent box with adsorbed molecules in blue. The black line shows the profile of DMMP
concentration through the system, from the particle source (shown in green) to the sink in
red, not including solute bound to the nanochannel surface.
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