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ABSTRACT: Understanding molecular transport in polyelectrolyte brushes
(PEBs) is crucial for applications such as separations, drug delivery, anti-fouling,
and biosensors, where structural features of the polymer control intermolecular
interactions. The complex structure and local heterogeneity of PEBs, while
theoretically predicted, are not easily accessed with conventional experimental
methods. In this work, we use 3D single-molecule tracking to understand
transport behavior within a cationic poly(2-(N,N-dimethylamino)ethyl
acrylate) (PDMAEA) brush using an anionic dye, Alexa Fluor 546, as the
probe. The analysis is done by a parallelized, unbiased 3D tracking algorithm.
Our results explicitly demonstrate that spatial heterogeneity within the brush
manifests as heterogeneity of single-molecule displacements. Two distinct
populations of probe motion are identified, with anticorrelated axial and lateral
transport confinement, which we believe to correspond to intra- vs inter-chain
probe motion.

■ INTRODUCTION
Polyelectrolyte brushes (PEBs) are charged polymers that have
one end covalently tethered to a surface with the other end
extending into the medium.1 The unique properties resulting
from the extended polymer conformation and the tunable
behavior of the charged polymer moieties2 underpin
applications of PEBs in drug delivery,3 biosensing,4 anti-
bacterial coatings,5 and biomolecular separations.6 In most
applications, molecules and nanoscale particles interact or
diffuse on or inside the brush layer, which calls for a deeper
molecular-scale understanding of the structure and its relation
to transport mechanisms inside the PEBs.

The complex structure of PEBs adds to the difficulty of
investigating transport mechanisms inside the brush architec-
ture. Weak PEBs switch between collapsed and swollen states
in response to pH changes,7 and polyelectrolytes more
generally are sensitive to environmental ionic strength.2,8

Scaling arguments and Self-Consistent Field Theory (SCFT)
have been used to model the conformation of PEBs.9 The
monomer volume fraction (φ) is predicted to be nonuniform
inside a PEB in a normal direction from the surface, with an
extended parabolic profile. Also, the local degree of ionization
of polyelectrolytes depends on φ, varying with the distance
from the substrate.10,11 Ensemble-averaged experimental
methods have been successfully used to verify the predicted
φ profiles and charge distribution within PEBs.12−14 However,
these methods fail to give a local, molecular-level under-
standing of the heterogeneities inside PEBs.

Fluorescence microscopy can provide insight into transport
mechanisms within polymer brushes. Techniques such as
fluorescence correlation spectroscopy (FCS) are widely used
to study motion in complex structures.15 Studies applying FCS
found that molecule motion in a polymer brush is controlled
by grafting density,16,17 as well as structural change and
solution ionic strength in a charged system.18 Other than
fluorophore motion, orientation can also be monitored with
polarization-resolved FCS,19 whereas the effect of flow velocity
is explored with the Förster resonance energy transfer (FRET)
method.20 However, these methods provide only indirect
access to the brush’s local structural heterogeneity.

Single-molecule tracking offers the ability to monitor
different transport mechanisms inside and near the brush
surface,21−23 and single-molecule localization has been applied
to resolve polymer conformation.24 3D single-molecule
localization is enabled by phase engineering,25 with axial
information of the single fluorophores encoded in the shape of
a double helix point spread function (DH-PSF) accessed in a
2D image. Wöll’s group utilized 3D single-molecule imaging to
resolve the complex structure inside stimuli-responsive

Received: March 31, 2023
Revised: May 23, 2023
Published: June 8, 2023

Articlepubs.acs.org/Langmuir

© 2023 American Chemical Society
8532

https://doi.org/10.1021/acs.langmuir.3c00868
Langmuir 2023, 39, 8532−8539

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
H

O
U

ST
O

N
 M

A
IN

 o
n 

Ju
ne

 2
7,

 2
02

3 
at

 1
7:

33
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongyu+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shahryar+Ramezani+Bajgiran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farshad+Safi+Samghabadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chayan+Dutta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emil+Gillett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+J.+Rossky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+J.+Rossky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacinta+C.+Conrad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amanda+B.+Marciel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christy+F.+Landes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.3c00868&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00868?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00868?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00868?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00868?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00868?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/39/24?ref=pdf
https://pubs.acs.org/toc/langd5/39/24?ref=pdf
https://pubs.acs.org/toc/langd5/39/24?ref=pdf
https://pubs.acs.org/toc/langd5/39/24?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


polymer networks.26 This technique was recently extended and
optimized for high-precision tracking with the unbiased
tracking algorithm Knowing Nothing Outside Tracking
(KNOT).27 KNOT can provide precise tracking at a cost of
low computational efficiency. Because gathering detailed
insight into transport in complex structures requires large
data sets, high-throughput analysis methods that implement
parallel high-performance computing (HPC) algorithms28 are
necessary.

In this study, we perform 3D single-molecule tracking of the
anionic dye molecule Alexa Fluor 546 in a poly-(2-(N,N-
dimethylamino)ethyl acrylate) (PDMAEA) cationic brush,
which is protonated and swollen as long as the local pH is
lower than the effective brush local pKa. To process the
tracking data with high throughput, we employed parallel
computing with an HPC cluster on a 3D single-molecule
tracking algorithm. Two different transport processes are
observed inside the swollen PDMAEA brush, revealing
significant spatial heterogeneity within the brush. This
approach can be widely applied to study molecule transport
in complex systems.

■ METHODS
Initiator Deposition. Plasma-cleaned microscope coverslips

(cleaning procedure described in the Supporting Information, Section
1) and silicon substrates (Addison Engineering) are placed inside a
vacuum chamber alongside a vial containing 100 μL of 3-
(aminopropyl)triethoxysilane (APTES, 99%, Sigma-Aldrich), and
the vacuum is pulled for 4 min. The chamber is then detached
from the vacuum line and left to react for 1.5 h under a static vacuum.
The APTES-modified substrates are collected from the chamber and
annealed under vacuum at 110 °C for 1 h. The annealed substrates are
then transferred into a glovebox operating under an argon
atmosphere. APTES-modified substrates are placed in a glass Petri
dish containing 12 mL of tetrahydrofuran (THF, anhydrous, Sigma-
Aldrich). Triethylamine (TEA, 99.5%, Sigma-Aldrich) is then added
to the solution (0.55 mL, 0.3 M) followed by the dropwise addition of
α-bromoisobutyryl bromide (BiBB, 98%, Sigma-Aldrich) (0.5 mL, 0.3
M). After 1.5 h, the substrates are removed and washed with copious
amounts of THF, methanol (ACS grade, Sigma-Aldrich), and water
and then dried under a nitrogen stream. (A schematic of this process
is shown in Figure S1) X-ray photoelectron spectroscopy (XPS) is
used to verify APTES-BiBB initiator attachment to surfaces (Figure
S2).
Polymer Brush Synthesis. Surface-initiated copper(0) radical

polymerization (SI-CuCRP) is used to synthesize PEBs, where a
copper(0) plate is used as the catalyst source.29−31 Copper plates are
sonicated in dimethyl sulfoxide (DMSO, ACS grade, Sigma-Aldrich)
and methanol to remove the oxide layer, then dried under nitrogen
flow, and used immediately for the synthesis. Polydimethylsiloxane
(PDMA) spacers (thickness = 0.5 mm) are sandwiched between the
initiator-modified substrates and copper plates. The sandwiched setup
is then placed in a custom-made reaction vessel to minimize the
required volume and prevent the evaporation of the reaction mixture.
The reaction solution is prepared by adding 2-(N,N-dimethylamino)-
ethyl acrylate (DMAEA, 98%, Sigma-Aldrich) (1.25 M) to a water/
methanol solvent mixture (2:1 (v/v)), followed by N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA, 99%, Sigma-Aldrich) (40
mM) as the ligand and stirred until homogeneous. Next, a small
amount (1.5 mL for 22 × 22 mm2 and 4 mL for 25 × 75 mm2) of the
reaction solution is injected into the reaction vessel. The vessels are
capped and left to react at room temperature for 0.5 h. Polymerization
is terminated by removing the copper plate from the setup. Coverslips
and silicon pieces are rinsed with acetone, methanol, and water, and
then sonicated in methanol and water, dried under a gentle nitrogen
stream, and stored in a dry environment. Ellipsometry and atomic

force microscopy (AFM) are used to determine brush thickness and
surface roughness (Figure S3).
Fluorescent Dye Solutions. Probe solutions are prepared by

dissolving Alexa Fluor 546 carboxylic acid (Tris(triethylammonium)
salt, Life Technologies) to 5 pM in molecular biology grade water
(Thermo Scientific) and hydrochloric acid (HCl, Fisher Chemical)
solution with a pH of 3.
Ellipsometry. Brush thickness under wet and dry conditions is

measured using an ellipsometer (M-2000S, J.A. Woollam). For dry
measurements, clean samples are measured at three angles (65, 70,
and 75°) and the spectra are analyzed using WVASE32 software. Data
are fit with a Cauchy model, n(λ) = A + B/λ2, for brush thickness and
the first two Cauchy parameters, A and B. Wet measurements are
performed using a liquid cell (J.A. Woollam) with a fixed nominal
angle of incidence of 75° and a volume of 5 mL. To ensure steady-
state conditions inside the cell, a 50 mL exchange volume and 30 min
equilibration time are used. To analyze in situ ellipsometry results, a
graded layer model in combination with an effective medium
approach (EMA) is used. In this model,32 the PEB is divided into
two main layers with each layer sliced into five sublayers. The Cauchy
parameters obtained from dry measurements are set as constants and
data are fit for brush thickness, middle node position, and
polyelectrolyte fraction in EMA layers.
Microscopy. Imaging is performed using a home-built fluores-

cence microscope with a 560 nm light selected from a white light laser
(SuperK FIANIUM) operating at a 78 MHz repetition rate. The
excitation light is collimated onto the sample with a high numerical
aperture oil-immersion objective (100× magnification, NA = 1.46,
Carl-Zeiss, alpha Plan-Apochromat). The emitted light is collected in
epifluorescence mode, passing through the same objective, filtered by
a Chroma z532/633rpc dichroic mirror, and focused at a tube lens
with f = 165 mm. Finally, the signal passes through a 4f system
consisting of two lenses with a Double Helix (DH) phase mask
(Double Helix LLC),25 and the image is recorded by a back-
illuminated sCMOS camera (Photometrics Prime 95B, 600 × 600
pixel area, 68.5 nm pixel size).
Single-Molecule Measurements. Microscope coverslips grafted

with PEBs are covered with a custom flow chamber (Grace Bio-Labs).
Tubing (Scientific Commodities, 0.03″ internal diameter) is
connected to the chamber with inlet and outlet flow controlled by
a syringe pump (Genie Plus, Kent Scientific) (Figure 1a). At a given
pH, 50 μL of buffer solution is flowed into the chamber at a
volumetric rate of 50 μL/min. Next, the dye solution is flowed in at
the same flow rate and is allowed to equilibrate for 15 min. After
equilibration, movies containing 1000 images are recorded at 20
frames per second. The recorded motion of dye molecules is analyzed
with an unbiased tracking algorithm27 (details are discussed in Results
and Discussion).
Trajectory Analysis. The radius of gyration (Rg) of a particle

trajectory is generated from the corresponding set of positions and
quantifies the volume that a particle explores and its mobility.33 The
3D radius of gyration is determined from the eigenvalues of the
tensor, where x, y, and z represent the x, y, and z coordinates of a
particle, respectively.
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The scalar radius of gyration Rg is the root mean square of the three
eigenvalues Ri of T̂, i.e., = + +R R R Rg 1

2
2
2

3
2 .

The dynamic character of the probes is investigated via mean
square displacement (MSD) anlaysis.34

■ RESULTS AND DISCUSSION
3D tracking of charged dye molecules using phase engineering
enables dynamic information about transport in weak PEBs.
The schematics for the microscope and the microfluidic sample
chamber are shown in Figure 1a. We use a microfluidic setup
to control the pH and probe concentrations throughout the
measurement. A 4f beam geometry with a phase mask inserted
in the Fourier plane encodes 3D information of the point
emitters into the DH-PSF.25 The inset cartoon illustrates the
side view of dye molecules interacting with a polymer brush at
various depths of the brush. Molecular structures of the anionic
Alexa Fluor 546 dye and PDMAEA brush are depicted in
Figure 1b,c, respectively. PDMAEA brush chemistry, con-
formation, and thickness can be tuned through solution

conditions. The ionization behavior of weak PEBs is
dependent on the effective brush pKa and the local proton
concentration in the brush.10,35,36 The effective pKa of the
PDMAEA brush shifts from the monomer pKa of 8.337 to
lower pH values due to electrostatic repulsions along the
chains.38 For pH values below the effective pKa, the PDMAEA
brush is fully charged due to protonation of the tertiary amine
groups. A cartoon representation (side view) of this state is
depicted in Figure 1d. At this condition, the brush swells to the
maximum height due to electrostatic repulsion between the
polyelectrolyte chains. As the pH is increased, the amine
groups become deprotonated and the brush starts to collapse,
leading to a change in the brush height determined with in situ
wet ellipsometry (Figure 1e). The effective pKa in this
experiment is shown to be around 5−6 with the hysteresis
effect, making it difficult to determine the exact value.

In this study, we fix the experimental pH value at 3, where
the brush is unambiguously at the maximum height (see Figure
1e) to understand brush heterogeneity at this extreme of
charge and extension. Raw movies of Alexa motion inside
PDMAEA brushes at pH 3 and other conditions are included
in the Supporting Information. The single-molecule motions
with phase-engineered PSFs are recorded as movies and
analyzed by an unbiased tracking algorithm KNOT.27 Control
tracking data show that the probe transport behavior at other
pH conditions becomes even more complex than that
discussed in the current study (details are shown in the
Supporting Information, Section 3). We restrict the current
analysis and discussion to the fully ionized brush condition to
demonstrate that even in this simplest case, local brush
heterogeneity can lead to strongly different local solute
dynamics.

Parallel computing on the HPC cluster accelerates KNOT
computation time and makes it possible to track thousands of
dye trajectories. The KNOT algorithm takes four steps to form
particle trajectories, among which the point cloud representa-
tion is the most time-consuming (Figure 2a). In this step, the
Alternating Direction Method of Multiplier (ADMM) is used
to recover the particle positions, represented by a point
cloud.27 For every frame, ADMM independently generates a
set of point clouds that converge on possible particle positions
with hundreds of iterations. While performing well on complex
phase-engineered single-molecule PSFs, the low computational
efficiency becomes a choke point in data analysis.

Applying parallel computing on the point cloud representa-
tion step shortens the computational time. Using one
processor, this program performs ADMM39 sequentially on
every frame (Figure 2b). By parallelizing this process, it is
possible to distribute the different frames to multiple
processors with the multiprocessing package (Figure 2c). An
HPC cluster provides numerous high-performance CPUs for
this parallel computing process and the computational time
decreases by increasing CPU numbers (Figure 2d). The single-
core efficiency also decreases slightly with the CPU number
(Figure 2d, inset), which we believe is due to the uneven
distribution of tasks onto different cores. Depending on the
available resources in the cluster, multiple datasets may be
processed simultaneously to achieve high-throughput data
processing. The particle trajectories are then formed using
single-frame displacement analysis with our unbiased tracking
algorithm.27

Two distinct types of dye motion in the brush are observed
at pH 3. Using the parallelized algorithm, we tracked over 8000

Figure 1. Phase engineering enables 3D tracking of charged dyes in a
tunable weak poly-cationic brush. (a) Schematic of the microscope
and flow system. The inset cartoon illustrates the side view of dye
molecules interacting with polymer brushes. (b, c) Molecule structure
of (b) Alexa Fluor 546, negatively charged (blue box), and (c)
PDMAEA, positively charged (red box). (d) Cartoon representation
(side view) of the conformation of PDMAEA brushes at a fully
changed state. (e) Wet ellipsometry measurement of PDMAEA brush
height as a function of pH.
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probe trajectories within the same region (34 × 34 μm) of a
swollen PDMAEA brush at pH 3, with 200 randomly selected
trajectories shown in Figure 3a as a 2D projection. Here, it is

possible to recognize spatially heterogeneous dynamics; both
confined probes (red circle) and probes that are exploring their
local brush regions by unconfined motion are evident (black
circle). Two illustrative trajectories with full 3D information
further reveal that a confined probe exhibits restricted motion
in all three dimensions (Figure 3b), whereas an unconfined
probe with larger mobility in-plane appears to have limited
motion in the z-direction in the observable time scale (Figure

3c) (details discussed in Figure S4, Supporting Information).
In addition to these types of motion, previous studies have also
reported the adsorption/desorption of positively charged
Rhodamine 6G in an oppositely charged strong polyanionic
brush (sodium poly(styrene sulfonate)) within ∼250 nm
detection range at millisecond time scales.40 Given the
localization precision of ∼20 nm in−plane and ∼30 nm in
axial in our experiments,27 and the relatively large length
dimensions observed for confined motion (200 nm), we see no
evidence of adsorptive behavior in our experiments.

The dynamics of probes in the PDMAEA brush can be
affected by the local brush properties, including polymer
density and the electrostatic potential, which both vary as a
function of distance normal to the surface. The grafting density
of our PDMAEA brush is 0.25 chains/nm2, leading to an
average distance of 2 nm between chains near the substrate
(measurement details are provided in the Supporting
Information, Section 5). The hydrodynamic radius of Alexa
Fluor 546 is about 0.66 nm, calculated from its reported free
diffusion coefficient in water.41 Thus, we believe that the
confined population represents probes that are interacting with
regions of higher local polymer chain density and, correspond-
ingly, more negative local electrostatic potential, as would
occur if the probe interacted with more than one nearby
(oppositely) charged polymer simultaneously. Such a deep-
ening of the potential well via multiple stabilizing interactions
extends the residence time in a confined state by raising the
free energy barrier for release from the well to a more mobile
state.42

There are large local differences in probe dynamics, which
suggests that microscale brush heterogeneity persists even at
pH = 3, when the brush should be maximally swollen. The
transport of probes, characterized by Rg, which accounts for the
displacement of every point in a trajectory from the initial
particle position, is location-dependent. Figure 4 shows a

heatmap of the weighted average value of Rg on a log scale in a
representative region, measured at pH 3 with the maximum
field of view. Heat maps with decreasing grid sizes were plotted
and a grid length of 1 μm was chosen as the smallest grid size
that mapped the local Rg with sufficient data density (Figure
S5). The dark grids represent regions where the probes are
confined, whereas the brighter grids indicate regions where the
probes are more mobile. The blank grid areas show regions in
which no probe is detected.

The probe Rg depends on the location in the brush on the
micron scale. This result supports a model in which regions
with smaller Rg have higher polymer density with stronger

Figure 2. Parallel computing accelerates KNOT computation time.
(a) Schematic of the KNOT work flow and an illustration of the
execution time proportion for each step. (b, c) Workflow of single
string (b) and parallelized (c) deconvolution process. (d) Execution
time and single core efficiency (inserted) decreases as a function of
the number of CPUs used.

Figure 3. Confined and unconfined probe motions are observed in
the brush at pH 3. (a) 2D projection of 200 randomly selected
trajectories of an Alexa 546 dye probe measured in the same region in
a PDMAEA brush. Colors indicate different trajectories. (b, c) 3D
view of two illustrative trajectories circled in (a), representing
confined (red) and unconfined motion (black), respectively.

Figure 4. PDMAEA brush exhibits spatial heterogeneity. Trajectories
(8102) are collected at the same region of the brush. The heatmap
represents the weighted average value of the trajectory’s radius of
gyration in that region. One grid corresponds to a length of 1 μm.
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electrostatic attraction to the probes due to excess electrostatic
potential inside the brush that localizes probes.43 The blank
grids are surrounded by grids with relatively small Rg values
(Figure S6), consistent with the idea that these regions are less
accessible to probes. While AFM measurements on the dry
PDMAEA brush show a smooth surface with a roughness of
0.3 nm (Figure S3), the local surface morphology of the brush
changes upon swelling. Previous studies44,45 for solvated PEBs
using in situ AFM measurements also found domains of the
rough surface whose characteristic length scale is at the micron
level, similar to the apparent scale in our system. These prior
studies, however, were not able to use AFM to quantify the
spatial heterogeneity within the brush. Thus, 3D single-
molecule tracking data provide a route to quantify the effects of
spatial heterogeneity using probe motion inside the polymer
brush.

Confined probes move faster axially than laterally, whereas
the opposite trend is observed for the unconfined probe
population. A scatter plot showing the Rg calculated in the x−y
plane vs the z-axis compares the correlation of motion in the
lateral (x−y) and axial (z) directions, with the colormap
showing the data density (Figure 5a). Two distinct and slightly
overlapping populations of probes are clearly evident,
separated by the dark line between the two regions. By
examining the trajectories from each population (Figures S8
and S9), we found them to represent confined (left, shaded in
red) and unconfined (right, shaded in gray) populations,
respectively.

The confined population consists of 23.4% of the total
observed trajectories, with a correlation between axial and
lateral dimension, Rg_z and Rg_xy, of r = 0.85. The correlation in
the spatial dimensions suggests that the available space for a
confined probe to explore is relatively isotropic. However, a
closer examination shows a biased relationship. Figure 5b
compares the apparent speed in each trajectory step in both
directions, calculated by the total distance traveled in each
frame divided by the total frame time interval, for axial (z) vs
lateral (x−y) displacements; the dashed line represents a 1:1
relationship, which would be expected in an isotropic system.
The data in Figure 5b suggest that the confined probes explore
space somewhat faster axially than laterally. This asymmetry is
consistent with the anisotropic structure of PEBs in the axial
dimension. Because the polymer density decreases away from
the substrate, probes become less confined toward the brush
periphery and are able to move faster there. Interestingly, the
electrostatic potential in PEBs also varies along the axial
direction but is invariant parallel to the surface,43 which may
also influence the charged probe motion.

In the unconfined population, representing 76.6% of
trajectories, there is no correlation (r = 0.06) between axial
and lateral motion. MSD analysis suggests that the lateral
motion is Brownian with a diffusion coefficient (D) of
0.476±0.006 μm2/s whereas the reported D value41 for
Alexa Fluor 546 in water is 3 orders of magnitude larger.
The dynamics of the unconfined probes are slowed down by
the charge attraction from polymer chains. However, the
speeds in the lateral direction are greater than those in the axial
direction (Figure 5c). The axial diffusion of unconfined probes
is restricted as MSD fitting shows that α = 0.49 < 1 (Table S1).
For this population, the observation of motion along the z-axis
is restricted by the height of the PEB. As a probe moves above
the brush layer, its diffusion speed increases beyond the range
of our observation window. We believe, therefore, that the

unconfined population observed in our experiments is
composed of dyes diffusing between chains, biased toward
those with limited motion axially (detailed calculation is
presented in the Supporting Information, Section 6).

Although probes in the unconfined population exhibit larger
Rg than those in the confined population, Figure 5a suggests
that there are striking differences in the space available for
lateral and axial diffusion for the two populations. Probes in the
observed unconfined population explore a larger lateral space
but a smaller axial (z) space than probes in the confined
population. Furthermore, the distribution of Rg_z, which could
be taken as half of the characteristic probe penetration depth, is
larger for the confined particles than unconfined ones, as
shown in Figure 5a. For most confined particles, 2Rg_z is
comparable to the extended height of the PDMAEA brush at
pH 3 (∼450 nm) while 2Rg_z for the unconfined population is
around 60−250 nm. We suggest that this is due to differences
in the vertical location of probes in the two populations, such
that they experience different average local polymer densities.
For weak PEBs, the monomer density profile decays from the

Figure 5. The confined population diffuses faster axially than laterally
with the mobility correlated, opposite to the unconfined population.
(a) Scatter plot showing the correlation between the Rg in the x−y
plane and the z-axis. The two shaded regions separate the confined
(red) and unconfined (black) populations, containing 23.4 and 76.6%
of the trajectories, respectively. 13,548 trajectories are used in this
plot. (b, c) Scatter plots of the speeds in the x−y plane and the z-axis
for the confined (b) and unconfined (c) populations. A line of

=y x log( 2 ) is plotted, showing the theoretical 1:1 correlation
with dimensional correction. (d) Cartoon illustration of the proposed
probe transport mechanism. The blue spheres represent the
fluorescence probe.
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substrate to the top layer following a parabolic density profile,8

with increasing dispersity leading to an extended density
profile near the brush surface.46 Our data are consistent with
the view that probes in the unconfined population primarily
access the upper layer of the brush where the distance between
chains is larger. The proposed mechanism for the two types of
motion and their locations are illustrated in Figure 5d.

■ CONCLUSIONS
We establish 3D single molecule tracking inside a PEB and
provide microscopic insight into the complex transport
mechanisms, with an upgraded high-throughput tracking
algorithm. Our results show that the PDMAEA brush is
spatially heterogeneous on the micron length scale, which leads
to distinct distributions of confined and unconfined motions of
probes within the brush. Confined probes favor motion in the
axial direction, whereas observed unconfined probes preferen-
tially move in the lateral direction, suggesting that these mobile
probes access regions of lower polymer density within the
brush, and those regions are predominantly near the brush
periphery. The experimental platform and analysis methods
developed in this work can be widely applied to resolve
microscopic molecule transport mechanisms and structural
information in complex anisotropic systems. We suggest that
the analytical tools and insight presented here will motivate
further study of solute transport in a wide range of
polyelectrolyte brushes. In the future, we will further look
into the transport in PEBs under tunable conformation
changes.
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