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D
ispersion affects applications, in-
cluding nanocomposite processing,
drug delivery, natural resource ex-

traction, environmental remediation, and
water treatment, that require nanometer-
sized particles to be transported through
complex and often confining media. In
polymer nanocomposite processing, nano-
particles suspended in polymer resins must
be efficiently dispersed to obtain optimal
mechanical and physical properties and
eliminate stress concentrators.1,2 In cancer
therapeutics, nanoparticles must be effi-
ciently transported through the vascular
and lymphatic systems and the extracellular
matrix to reach targeted tumors in the
body.3!8 Similarly, for enhanced oil recov-
ery nanomaterials used to increase the visc-
osity of sweep fluids9 must be transported
to regions of low permeability in natural
porous media.10 Dispersion reduces the
efficacy of these strategies, as spreading
nanoparticles11 fail to reach targeted sites.
Conversely, nanoparticles transport con-
taminants in saturated soils12 and thereby
exacerbate environmental damage, and

biological nanoparticles such as bacterioph-
age or other viruses contaminate drinking-
water aquifers.13 These scenarios share a
common feature: the characteristic pore
size in the media is comparable to the size
of the nanoparticles, so that the nanoparti-
cles are highly confined. Controlling the
spread of nanoparticles in complex and
confined geometries thus requires under-
standing the mechanisms of nanoparticle
dispersion in this limit.
The transport of small solutes in por-

ous media is typically described by the
convective-diffusion equation, DL(∂

2C/∂z2) þ
(1/r)(∂/∂r)(DTr(∂C/∂r)) = u(∂C/∂z) þ (∂C/∂t),
where C is the average concentration of
solute, u is the mean velocity of the fluid,
and DL and DT are the diffusion coefficients
in the streamwise (longitudinal) and cross-
stream (transverse) directions. The ratio of
DL or DT to the molecular diffusion coeffi-
cient Dm characterizing the extent of solute
dispersion depends upon the molecular
Péclet number Pem = ud/Dm, where d is a
typical length scale, such as the particle
diameter or the spacing between voids.
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ABSTRACT Nanoparticles transported through highly confined porous media

exhibit faster breakthrough than small molecule tracers. Despite important

technological applications in advanced materials, human health, energy, and

environment, the microscale mechanisms leading to early breakthrough have not

been identified. Here, we measure dispersion of nanoparticles at the single-

particle scale in regular arrays of nanoposts and show that for highly confined

flows of dilute suspensions of nanoparticles the longitudinal and transverse

velocities exhibit distinct scaling behaviors. The distributions of transverse particle velocities become narrower and more non-Gaussian when the particles

are strongly confined. As a result, the transverse dispersion of highly confined nanoparticles at low Péclet numbers is significantly less important than

longitudinal dispersion, leading to early breakthrough. This finding suggests a fundamental mechanism by which to control dispersion and thereby improve

efficacy of nanoparticles applied for advanced polymer nanocomposites, drug delivery, hydrocarbon production, and environmental remediation.
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In macroscopic experiments, which typically measure
bulk quantities such as concentration profiles,14 the
ratios DL/Dm and DT/Dm are nearly constant and ap-
proximately equal at small values of Pem, suggesting
that diffusion dominates in this limit. Models of solute
dispersion developed for different pore geometries,
including both ordered15 and disordered media,16,17

have focused on the scaling behavior of macroscale
dispersion at large values of Pem, where both DL/Dm

and DT/Dm increase for Pem > 1 and mechanical
dispersion dominates.
Models developed for small solutes, however, may

not adequately describe the transport properties of
nanoparticles. As one example, noninteracting nano-
particles are excluded by their finite size from the
immediate vicinity of pore surfaces18 and therefore
cannot access the slow streamlines near surfaces re-
quired by no-slip boundary conditions.19 As a result,
particles are restricted to fast streamlines and can
exhibit higher velocities than that of the solvent, which
manifests on the macroscale as early breakthrough.20

This principle underlies applications in separations,
including hydrodynamic chromatography21 and deter-
ministic lateral transport.22,23 These and similar results
confirm that microscale mechanisms of transport for
nanoparticles differ from those of solutes. Despite the
ubiquity of nanoparticle transport in practical applica-
tions, however, the connection between microscale
and bulk transport properties of nanoparticles in con-
fined porous media remains elusive.
In this paper, we show that confinement modifies

the microscale transport properties of nanoparticles in
an ordered array of nanoposts that act to confine the
nanoparticles. We used fluorescence microscopy
and particle tracking algorithms to obtain trajectories
of nanoparticles of diameter 400 nm as they were
transported through square arrays of nanoposts in
which the edge-to-edge spacing of posts was 0.8!
2 μm. As the particles are increasingly confined by
the posts, the characteristic velocities for dispersion
parallel to and perpendicular to the direction of
flow become slower and become increasingly differ-
ent from each other. The longitudinal dispersion velo-
cities are nearly Gaussian-distributed, and the mean

longitudinal dispersion velocity is consistent with a
constant pressure drop across each array of nanoposts.
The transverse velocity distributions, however, be-
come increasingly stretched and exponential as con-
finement is increased. Stretched distributions appear
only when the nanoparticles are strongly confined,
and nanoparticles trapped inside pores preferentially
travel along the fast streamlines running through
the pore centers. Confinement thus enhances the
spread of noninteracting nanoparticles along the
direction of flow and suppresses their dispersion
normal to flow. Because nanoparticles become slower
as confinement is increased, the strongly confined
limit corresponds to the limit of low Péclet number
Pe. Our results are thus in sharp contrast to those
seen for small molecule solutes, in which longitudinal
and transverse dispersion are approximately equal at
low Pe.

RESULTS AND DISCUSSION

To study nanoparticle dispersion in controlled mod-
els of porousmedia, we created square arrays of silicon
nanoposts in microfluidic chips (Figure 1a) and applied
a pressure gradient along one axis of the square array
(set by the fabrication process and verified by SEM) to
drive the flow of nanoparticle suspensions through the
post arrays. The shape of the trajectories of nano-
particles transported through these nanopost arrays
becomes increasingly tortuous as Pex is decreased, as
shown for two extreme cases in Figure 1a, b. The change
in trajectory shape reflects the increasing importance of
diffusion: convection dominates at large Pex, leading to
straight trajectories, whereas at small Pex diffusion
becomes increasingly important, leading to tortuous
trajectories. We note that even at small Pex fewer than
2% of all particles in the focal volume enter or leave the
focal volume from outside the plane of focus (that is,
vertically) during the entire timeoverwhich theparticles
are tracked. To capture this transition, we examine two
metrics that describe the loss of directional persistence
of the particles: the average tortuosity ÆTæ and the
average of the cosine of the angle between velocity
vectors Æcos χæ (Figure 2a, b). As Pex is decreased, the
tortuosity of the trajectories increases and the velocity

Figure 1. (a) Electron micrograph of posts of diameter dp = 500 nm and spacing S = 0.8 μm. For the series of post arrays
described here dp is constant and S varies from 0.8 to 2.0 μm. (b) and (c): Representative trajectories of 400 nm particles
transported through post arrays with ζ = dNP/S = 0.25 at a bulk flow rate Q = 0.15 μL/min, corresponding to Péclet number
Pex = 58.9, and ζ = 0.48 at Q = 0.05 μL/min, corresponding to Pex = 2.2.
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vectors become increasingly uncorrelated, consistent
with the increased importance of diffusion.
To obtain insight into the microscale mechanisms

underlying this transition, we first examine the two-
dimensional probability distribution G(Vx,Vy) of veloci-
ties along (Vx) and normal to (Vy) the direction of flow
(Figure 3a, b). At low Pex, G(Vx,Vy) is roughly symmetric
in both directions, indicating that diffusive transport
dominates on the microscale. As Pex is increased, this
symmetry is broken along the direction of flow (Vx),
reflecting the increased contribution from convective
transport.
We assess the effects of confinement on microscale

transport processes in the longitudinal and transverse
directions by separating the two-dimensional prob-
ability distribution function into the one-dimensional
velocity distributions G(Vx) and G(Vy). When the posts
are widely spaced, G(Vx) is approximately Gaussian and
the location of the maximum corresponds to the
average convective velocity of the particles (Figure 4a).
As the spacing between the posts is decreased,
the maximum in G(Vx) shifts to smaller values of Vx,
consistent with slowing of transport along the direc-
tion of flow induced by the posts. In addition, a second
localmaximum inG(Vx) centered approximately at zero
emerges in highly confined geometries, corresponding
to particles that are trappedwithin the interstitial space

between the posts. To quantify these observations, we
fit G(Vx) with the sum of two Gaussian functions

G(Vx) ¼ C1 exp ! jVxj
v

! "2
" #

þC2 exp ! Vx ! ÆVxæ
δ

! "2
" #

(1)

where C1 and C2 are prefactors and ν and δ are
characteristic velocities for each process (Supporting
Information). The first term of eq 1 captures the
population of particles that are caged by the pores,24

and the second term captures those particles trans-
ported through the post array. This analysis allows us to
systematically obtain the characteristic width of the
velocity distribution δ of the particles that are trans-
ported along the direction of flow, which is related to
longitudinal dispersion. An alternate analysis of the
data using a traditional convection!diffusionmodel,25

which neglects adsorption, cannot account for hetero-
geneous (i.e., bimodal) distribution of particle mobility.
Moreover, in the highly confined systems studied here
the diffusive dynamics of the particles become increas-
ingly non-Gaussian and the traditional convection!
diffusion analysis neglects that factor.
Across a range of confinements and bulk flow rates,

we find that the average velocity ÆVxæ scales with the
confinement parameter as ÆVxæ ∼ ζ!2 (Figure 4b) and
increases approximately linearly with Q (Figure 4c).
Equality of pressure drop across each of the arrays
(Supporting Information) requires the velocity of the
fluid within each array to scale inversely with the area
occupied by the posts and ÆVxæ ∼ S2 ∼ ζ!2, in accord
with our observations. The characteristic longitudinal
velocity δ scales with confinement parameter as
δ ∼ ζ!1 and again decreases approximately linearly
with the flow rate, indicating that along the flow

Figure 2. (a) Average tortuosity ÆTæ and (b) average angle
between velocity vectors Æcos χæ as a function of Péclet
number Pex for 400 nm particles transported through post
arrays. The inset to (a) shows ÆTæ as a function of Pex on
logarithmic axes. In (b) the dashed lines indicate the limits
expected for pure convection (Æcos χæ = 1) and for pure
diffusion (Æcos χæ = 0), respectively. Horizontal error bars
indicate uncertainty in the measured post spacing; vertical
error bars indicate uncertainty associated with the fitting of
the velocity distributions.

Figure 3. 2-D probability distributions of velocity G(Vx, Vy)
for 400 nm particles transported through post arrays for
(a) confinement parameter ζ = 0.21 at a bulk flow rate Q =
0.15 μL/min (Pex = 58.9) and (b) ζ = 0.48 at Q = 0.05 μL/min
(Pex = 2.1).
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direction the dominant process for dispersion is Fickian
diffusion of nanoparticles.
The distribution of velocities in the transverse direction

(G(Vy,)) is symmetric and centered at zero for all S and Q

(Figure 5a), showing that particles exhibit no preferred
direction normal to the flow. We separately note that,
even at the slowest flow rates studied and over the entire
duration of the experiments, only a few particles enter or
exit the focal volume by moving vertically. The shape of
this distribution, however, becomes increasingly non-
Gaussian as the confinement is increased. We note that
similar non-Gaussian behavior has also been observed for
micrometer sized particles flowing in three-dimensional
random porous media.26,27 Here, the distributions of
velocity are best fit by a stretched Gaussian model28

G(Vy ) ¼ C3 exp !
jVy j
γ

 !β
2

4

3

5 (2)

where C3 is a prefactor and γ is a characteristic velocity
(Supporting Information). Both the characteristic velo-
city γ (Figure 5b) and the stretching exponent β
(Figure 5c) decrease as the particles are increasingly
confined, consistent with dynamics that are increas-
ingly slow and heterogeneous. The stretching expo-
nents are smaller than those measured for quiescent
diffusion of the nanoparticles in these confined media,
however, indicating that confinement alone cannot be
responsible for these dynamics.
The longitudinal (δ) and transverse (γ) velocities

characterize the widths of the velocity distributions in
these directions. To relate these microscopic charac-
teristic velocities to dispersion, we estimate longitudi-
nal and transverse dispersion coefficients as DL = δS
and DT = γS, respectively. These measures of the
dispersion coefficients suggest that the squared fluc-
tuations in the position of the particles grow linearly
with the velocity,29 and we choose the post spacing
as a characteristic geometric length scale. We observe

that DL (normalized by the quiescent diffusivity Dq)
scales across the range of accessible Pex as a power law
(Figure 6a) and is independent of flow rate. The collapse
of the data onto amaster curve supports themicroscopic
definitions of DL and Pex employed here. The observed
power law dependence is consistent with that observed
for bulk dispersion in periodic two-dimensional porous
media over similar ranges of Peclet numbers.30

The normalized transverse dispersion coefficient
(DT/Dq) also scales as a power law (∼Pex

0.5) at large
values of Pex. At modest values of Pex, however, DT/Dq

does not collapse on to a master curve (Figure 6b). This
result sharply contrasts with transverse dispersion for
small solutes,31 in which a dominant diffusively coupled
process allows the transverse dispersion coefficients to
be scaled onto amaster curve.We thus hypothesize that
confinement underpins the deviations from scaling
collapse. To explore the role of confinement on trans-
verse dispersion, we examine the ratio of dispersion
coefficientsDL/DT as a function of ζ in Figure 7a. At small
values of ζ, the ratio of longitudinal to transverse disper-
sivities is independent of ζ and scales with flow rate,
indicating that similar mechanisms that also scale with
flow rate dominate both dispersion processes. At large
ζ and extreme confinement, which in our experiments
corresponds to low Pex (Figure 7b), at most one nanopar-
ticle can reside in the interstitial pore defined by a square
of four nanoposts and the ratio of DL/DT increases sig-
nificantly. By contrast, previous studies of small molecule
tracers in simplefluids showed that at small Pex the ratioof
DL/DT should approach unity.32!35 The divergence of the
ratio of DL/DT for strongly confined flows of nanoparticles
corresponding to low Peclet number shown in Figure 7b
and the previously observed master curve for the long-
itudinal dispersion together suggest that the deviation of
the transverse dispersion from the expected scaling arises
from the interplay of flow and confinement.
The strikingly non-Gaussian and stretched distribu-

tions of velocity in the transverse direction to flow that

Figure 4. (a) 1-D probability distributions of velocities G(Vx) for nanoparticles transported through post arrays with ζ = 0.21
(red circles), 0.24 (maroon upright triangles), 0.27 (purple stars), 0.37 (royal blue downward triangles), and 0.48 (blue
diamonds) at bulk flow rate Q = 0.15 μL/min. As the spacing between the posts is decreased, the velocities along the flow
become slower and the distributions shift to the left. (b) Average velocity ÆVxæ and (c) characteristic velocity δ obtained from
fits of G(Vx) to eq 1 as a function of ζ for nanoparticles transported through post arrays atQ = 0.05 (purple stars), 0.10 (orange
triangles), and 0.15 (black squares) μL/min. Dashed lines in (b) and (c) indicate fits to power-law models as indicated in the
panels, and best fits suggest that ÆVxæ ∼ ζ!(2(0.2) and δ ∼ ζ!(1(0.2). Horizontal error bars in (b) and (c) indicate uncertainty
in the measured post spacing; vertical error bars indicate uncertainty associated with the fitting of the velocity distributions
(for flow).
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appear when particles are strongly confined.36!38 We
suggest a simple physical picture for the origins of these
distributions. When the particle diameter is comparable
to typical pore and throat sizes, only one particle can
instantaneously occupyapore. The transport of particles
between pores must therefore be sequential: a particle
entering an occupied pore must wait for the previous
occupant to exit. Longitudinal dispersion is largely

unaffected as the nanoparticles preferentially occupy
the faster streamlines and the imposed flow dominates
over diffusive dynamics for all conditions studied. Trans-
verse dispersion, however, is significantly impacted by
the confinement induced by the posts. This deviation is
most pronouncedwhen diffusive transport is dominant,
i.e., at small Pex as shown in Figure 7b, as also suggested
by the decrease in stretching exponent compared to

Figure 5. (a) 1-D probability distributions of velocities G(Vy) for 400 nm nanoparticles transported through post arrays with
confinement parameter ζ = 0.21 (red circles), 0.24 (maroon upright triangles), 0.27 (purple stars), 0.37 (royal downward
triangles), and 0.48 (blue diamonds) at Q = 0.15 μL/min. Velocities normal to the flow direction become more narrowly
distributed and non-Gaussian as the confinement is increased. (b) Characteristic velocity γ and (c) stretching exponent β,
obtained from fits of G(Vy) to eq 2, as a function of ζ for nanoparticles transported through post arrays at Q = 0.05 (purple
stars), 0.10 (orange triangles), and 0.15 (black squares) μL/min and in quiescent state (blue circles). Horizontal error bars in (b)
and (c) indicate uncertainty in themeasuredpost spacing; vertical error bars indicate uncertainty associatedwith the fitting of
the velocity distributions (for flow) or displacement distributions (for quiescent state).

Figure 6. (a) Ratio of longitudinal diffusivity to quiescent diffusivity DL/Dq as a function of Péclet number Pex for 400 nm
particles transported through post arrays. Red line indicates fit to a power-law model. (b) Ratio of transverse diffusivity to
quiescent diffusivityDT/Dq as a function of Pex for 400 nmparticles transported through post arrays. Red line indicates fit to a
power-law model. Horizontal error bars indicate uncertainty in the measured post spacing; vertical error bars indicate
uncertainty associated with the fitting of the velocity distributions.

Figure 7. (a) Ratio of longitudinal and transverse diffusivities DL/DT as a function of confinement parameter ζ for 400 nm
particles transported through post arrays. (b) Ratio of longitudinal and transverse diffusivities DL/DT as a function of Péclet
number Pex for 400 nm particles transported through post arrays. Symbols indicate bulk flow rates of Q = 0.05 (purple stars),
0.10 (orange triangles), and 0.15 (black squares) μL/min. DL/DT is nearly constant at small ζ (large Pex) and increases
significantly at higher values of ζ (small Pex).
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that expected for quiescent nanoparticles in nanopost
arrays (Figure 5c).Weanticipate that these effectswould
be significantly magnified at higher concentrations of
nanoparticles than those used in the current study.

CONCLUSIONS

Our results suggest new features of microscale dis-
persion of nanoparticles in porous media where the
confinement imposed by the medium is strongly
coupled to the externally imposed flow. The character-
istic longitudinal and transverse velocities for disper-
sion exhibit distinct scaling behaviors as the particles
are increasingly confined, with the transverse velocity
distributions becoming increasingly stretched and ex-
ponential. These features appear only in highly con-
fined media, in which a single particle trapped inside
a pore prefers to ride along the fast streamlines,
and results in longitudinal dispersion dominating

over transverse dispersion. Confinement thus en-
hances dispersion of noninteracting nanoparticles in
the direction of flow and suppresses transverse disper-
sion through nanoporous media. This effect, along
with other well-studied phenomena such as the size
exclusion of larger particles from small pores, leads
to early breakthrough of nanoparticles compared to
tracers in realistic porous media in which the pore or
pore-throat sizes are comparable to the size of the
nanoparticles. Selecting particles to obtain enhanced
longitudinal dispersion could lead to improved efficacy
of nanoparticles as applied for development of ad-
vanced composite materials that effectively eliminate
stress concentrators,1,2 for drug delivery to the deep
lung,4 mucus environments6 and the brain,7 for in situ

catalysis39 in environmental remediation applications,12

and for controlled rheological fluids for improved ex-
ploration and production of hydrocarbons.9

METHODS
Nanoparticle Disperions. Fluo-max dyed red aqueous fluores-

cent polystyrene particles with diameter (dNP) of 400 nm,
purchased from Thermo Fisher, were diluted with deuterium
oxide (Sigma-Aldrich) to a volume fraction of j = 1 $ 10!4,
corresponding to a number density of 2.8$ 109 mL!1. Because
of the geometry of the system, a significantly lower particle
concentration is observed in the post arrays. At these concen-
trations we expect that hydrodynamic interactions between
particles to beminimal. A detailed description of thesematerials
and the protocol for sample preparation can be found in ref 40.

Fabrication and Characterization of Cylindrical Nanopost Arrays. We
fabricated individual arrays of cylindrical nanoposts,41 of area of
250 μm $ 250 μm and uniformly arranged along a silicon
microchannel of length 2 mm and width 800 μm, in which the
posts (diameter 500 nm and height 10 μm) were separated by
constant spacing (S) ranging from 0.8 to 2 μm. A detailed descrip-
tion of the fabrication protocol for these arrays is given in ref 28.

Imaging of Dispersions in Nanopost Arrays. We imaged the nano-
particles in these model media, in which the dimensionless
confinement parameter ζ = dNP/S ranged from 0.2 to 0.48, both
in quiescent conditions and in flow. For both quiescent
(diffusion) and flow (dispersion) experiments, microchannels
were incorporated into PDMS-based microfluidic devices. The
height of the channels was 10 μm, and because of the adhesion
between the PDMS device and the silicon based posts the
particles in the nanopost array could not escape vertically out of
the cylindrical post array. The focal plane for the imaging was
set at approximately the midpoint of the post height (i.e., at a
height of∼5μmabove the bottom surface of themicrochannel)
to minimize any surface induced phenomena. Flow was driven
in dispersion experiments by a syringe pump (Harvard Apparatus,
Pump 11 Pico Plus Elite) at three different bulk flow rates (Q). The
flow was driven along one of the principle axes of the square
arrays.Wenote that fewparticles enter or leave the focal volume in
the vertical direction, even at the lowest flow rates measured.
Nanoparticles were imaged on an Olympus BX51 upright micro-
scope equipped with a 50$ objective (Olympus LMPlanFl N,
numerical aperture of 0.5) using a Qiclick digital CCD camera
(QIClick-F-M-12, Canada) controlled by StreamPix 5 software
(Norpix,Canada),whichyieldedapixel sizeof0.258(0.002μm/pixel.
For each diffusion experiment, we collected 1000 images of area
179.6 μm $ 134.2 μm (corresponding to 696 pixels$520 pixels)
at a frame rate of 10 frames per second (fps).

Particle Tracking and Trajectory Shape Metrics. We used a single
particle-tracking (SPT) algorithm to track the nanoparticles over

time.42 From the trajectories of individual nanoparticles, we
calculated the distribution of velocities G(Vx,Vy) and thereby
extracted the average velocity along the direction of flow ÆVxæ.
Velocity distributions were calculated using time steps of 0.1,
0.2, 0.3, and 0.4 s and shown to be independent of time step for
short time steps (Supporting Information, Figure S1). We there-
fore used Δt = 0.1 s as the time step over which to calculate
velocities.We alsomeasured the quiescent state diffusivityDq of
nanoparticles in the post arrays as a function of post spacing
(Supporting Information) and therefore obtained a Péclet num-
ber Pex = ÆVxæS/Dq. We characterized the shape of the trajec-
tories via the long-time limits of the correlation angle cos χ =
(Vi 3 Vj)/|Vi||Vj| and the tortuosity T(nδt) = Σi = 1

n Li/ΔLn. Here, Vi
andVj are the velocities at twowidely spacedpoints (xi,yi) and (xj,yj)
in a single trajectory, Li is the distance between two points on a
trajectory separatedby a single time stepδt, andΔLn is the end-to-
end distance between two points separated by n timesteps.
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