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Introduction. The directed flow of fluids contained
within small channels constitutes an emerging theme
of modern chemistry and materials science. New ap-
plications are proliferating, for example, in the fields
of microfluidics, chemical analysis, and protein crystal-
lization. Most prior work has concerned channels whose
cross-section dimensions are on the order of micrometers
to hundreds of micrometers.1 It is also attractive to
consider the potential for directed flow of molecules
within molecularly thin layers. In this communication,
we present our initial findings directed to this end.

The scheme we have selected to prepare molecularly
thin layers consists of using adsorbed polymers, which
has the advantage of simplicity. Whereas for this initial
study we have used polymers that coated the solid
surface uniformly, it is easy to envision methods to
generate patterned arrays of adsorbed polymers, for
example by lithography or stamping a solid surface to
render it selectively adsorbing. In this way we envision
forming polymer wires or polymer ribbons, with size
limited by the resolution available using lithography or
stamping. Once such channels have been formed, we
envision directing flow of molecules embedded within
them under the stimulus of electric field2 or temperature
gradients.3

An alternative approach to produce molecularly thin
channels might consist of placing two extended atomi-
cally smooth flat surfaces in close proximity, in a
generalization of the surface forces technique. This is
simple when dealing with curved surfaces4 but becomes
problematical and laborious when it is intended that the
surfaces be parallel over linear dimensions of milli-
meters.5 As another alternative one can envision more
costly methods, such as fabricating nanometer-sized
channels using advanced methods of silicon machining
such as electron beams, which would have the advan-
tage of higher spatial resolution.

With these considerations in mind, for investigation
of the motion of solutes within nanometer-sized chan-
nels we have selected the system of polymers adsorbed
at the solid-aqueous interface, and in this initial
communication we consider adsorbed polyelectrolytes.
Polyelectrolytes are polymers carrying permanent
charges or ionizable groups. They can be made to adsorb
on solid surfaces with opposite charge due to the
electrostatic interaction between the polymer molecules
and the surfaces.6 There have been intensive studies of
their adsorbed structures; this is found to depend on
intrinsic and environmental factors such as charge
density of the polyelectrolytes, ionic strength, and pH.7,8

However, while there has been extensive research
regarding the structure of polyelectrolytes at surfaces,
studies of their dynamics are not yet so far advanced.
Conventionally, nuclear magnetic resonance (NMR)

spectroscopy and electron spin resonance (ESR) spec-
troscopy are applied to study the local mobility of the
segments of adsorbed polymers. However, such experi-
ments are conducted using colloidal suspensions, and
therefore, the information obtained is rather averaged,
lacking microscopic features. Furthermore, the issue of
spatial heterogeneity cannot be addressed.9-11 An al-
ternative approach consists of using few-molecule fluo-
rescence methods. The diffusion of fluorescent molecules
can be measured using fluorescence correlation spec-
troscopy (FCS) and single-molecule trajectory imagings
techniques developed in the biological sciences.12

This study focuses on the dynamics of the complex
system of a polycation, quaternized poly(4-vinylpyridine)
(QPVP), which was allowed to adsorb to freshly cleaved
mica, whose surface in aqueous environment is nega-
tively charged. By changing the ionic strength as a
variable in the adsorption condition, the structure of the
QPVP layer was tuned from flat to swollen, and the
resulting mobility of probe molecules within these layers
was measured accordingly.

Previously, this laboratory studied, using the comple-
mentary methods of surface forces and nanorheology,
this same aqueous QPVP-mica system.15

Experimental Section. a. Materials. The polymer
quaternized poly(4-vinylpyridine) (QPVP) was prepared
in this laboratory by quaternizing poly(4-vinylpyridine)
(PVP) with ethyl bromide using the method described
elsewhere.7 The degree of quaternization, determined
using infrared spectroscopy in D2O, was 98%. The
molecular weight of PVP (before quaternization) was
34 200 g mol-1 with a molecular weight dispersity of
Mw/Mn ) 1.23 (Polymer Source). Inorganic salts, sodium
borate, and sodium chloride were used as received
(General Storage). Deionized water was prepared using
Milli-Q (Millipore) deionizing and filtration columns.

The experiments were performed at pH ) 9.2. The
QPVP was dissolved in 1.0 mM sodium borate solution
at the concentration of 0.1 mg/mL. To change the ionic
strength, QPVP was dissolved in 1.0 mM sodium borate
solution with 1.0 M sodium chloride solution. The
fluorescent dye, Alexa 488 (Molecular Probes), was
selected as the probe molecule because of its exception-
ally high brightness and photostability as well as the
fact that its negative charge would discourage adsorp-
tion to the negatively charged mica surfaces. It was
dissolved in deionized water at a concentration of ∼1.0
nM.

b. Sample Cell and Adsorption of QPVP. Adsorp-
tion of QPVP to mica was conducted in a sample cell
made of Teflon (Figure 1). A plate of muscovite mica
with one side freshly cleaved served as the adsorbing
substrate as well as the optical window for FCS mea-
surement. Its thickness was selected to be 100-200 µm
in order to match the working distance of the objective
lens for the fluorescence measurements. The QPVP
solution was injected into the sample cell, and the
adsorption time was controlled to be 1.0 h. Afterward,
the sample cell was rinsed with more than 100 mL
(more than 50 times larger than the volume of the cell)
of sodium borate buffer solution. Then 400.0 µL dye
solution was added into the sample cell. The negatively
charged Alexa 488 dye segregated into the positively
charged QPVP layer. After 5.0 min of adsorption, the
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sample cell was rinsed with >100 mL of buffer solution.
Then the sample cell was mounted onto the microscope
for measurements. It was verified that the dye remained
within the polyelectrolyte layer and did not leak out into
the surrounding dye-free solution.

c. Fluorescence Correlation Spectroscopy (FCS).
The FCS measurements were performed using two-
photon excitation of fluorescence using a home-built
apparatus. A Zeiss Axiovert 135 TV microscope with an
APOCHROMAT oil-immersion objective lens (63×, NA
) 1.4)13 formed the experimental platform. The output
of a femtosecond laser (Tsunami, Spectra-Physics) was
introduced and focused through the microscope. The
wavelength of the laser was tuned at 800 nm, and its
pulse width was ∼50 fs at a repetition rate of 82 MHz.
Through two-photon excitation, a tiny excitation volume
(∼10-15 L) was created. The dimensions of the Gaussian
profile of this excitation, calibrated from the fluores-
cence induced in bulk solutions of known concentration
of fluorescent dye, were found to be ∼0.35 µm (beam
diameter at the focus) and ∼4 µm (depth of focus), but
the latter was immaterial since in these experiments
the fluorescence was localized to within the adsorbed
polyelectrolyte layer. Note that this method of two-
photon excitation of a small volume of fluid differs from
single-photon confocal methods, which require using a
pinhole.

The excited fluorescence was collected by the same
objective lens, passed through a dichroic mirror and
color glass filters, and was finally detected by a single-
photon counting module (Hamamatsu). The fluctuation

of the fluorescence photon counts was recorded by a
commercially obtained FCS acquisition board (ISS,
Champaign, IL), and data analysis was conducted using
its software.

The principles and experimental technique of FCS
have been reviewed extensively elsewhere.12 As imple-
mented here, the main point is that as the diffusion of
dye molecules occurred in a plane on the surface; in the
case of a single Fickian diffusion process one expects
the autocorrelation function to be described by a two-
dimensional diffusion model:

where D is the diffusion coefficient, w0 is the laser spot
diameter at the focal point, 〈N〉 is the average number
of molecules in the excitation area, and τ is time lag in
computing the autocorrelation function. Only one pa-
rameter (D) determines the location of eq 1 on the time
scale. In acquiring the data shown below, and in fitting
it to this expectation, typically the data were acquired
at 5 kHz and were averaged for 30 min.

d. Single-Molecule Video Microscopy. These ex-
periments were conducted in a separate apparatus using
a Zeiss Axiovert 200 microscope equipped with C-
APOCHROMAT water-immersed objective lens (63×,
NA ) 1.2). An intensified CCD camera (I-PentaMax,
Roper Scientific) was installed as detector in order to
obtain single-molecule fluorescence images. The fluo-

Figure 1. Experimental setup. (a) Sketch of the sample cell for QPVP adsorption and FCS measurement. A freshly cleaved mica
plate of 100-200 µm thickness serves as the substrate for QPVP adsorption and as the optical window. (b) Schematic representation
of QPVP (cationic) adsorbed onto mica, which in aqueous environment is negatively charged owing to dissolution from the mica
lattice of K+ groups.

G(τ) ) 1
2〈N〉(1 + 8Dτ

w0
2 )-1

(1)
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rescence of the sample was excited by the frequency-
doubled output of a diode-pumped Nd:YAG laser
(CrystaLaser) in an ATR (attenuated total reflection)
geometry.14 In this experiment, the surface of fused
silica slide was first soaked in 1.0 mM sodium borate
buffer solution for 0.5 h, and QPVP solution was added
to the surface. After 1.0 h of adsorption, the solution
was rinsed by the buffer, and ∼1.0 nM sulforhodamine
G (another negatively charged dye from Molecular
Probes) solution was introduced. After 5.0 min, the
solution was exchanged with buffer solution, and the
sample was mounted onto the microscope and measure-
ments were conducted. Fluorescence images were col-
lected at different rates, but typically they were collected
at the speed of 10 frames/s.

Results. The main idea was that adsorbed polyelec-
trolyte could comprise a narrow channel within which
aqueous solutes might be forced to flow. To test this
idea, this initial study studied the rate of Brownian
diffusion. In the results and discussion below, we
quantify diffusion using FCS (fluorescence correlation
spectroscopy) and validate, using single-molecule imag-
ing, that translational diffusion was indeed the mech-
anism of fluorescence fluctuation. On the basis of
comparing polyelectrolyte layers prepared in different
ways, limitations of this nanofluidic approach are also
discussed. The comparison to a complementary charac-
terization of this same system using methods of surface
forces measurement15 is presented in the discussion
section.

In the studies presented below, the final ionic strength
during the measurements of dye mobility was always
the same, 1.0 mM. However, to investigate the limits
of these ideas, the polyelectrolyte layers were allowed
to adsorb under either of two extremes of ionic strength,
“low salt” (1 mM) and “high salt” (1 M), to produce the
limits of relatively thin and swollen layers. Specifically,
QPVP was dissolved either in 1.0 mM sodium borate
buffer solution or in 1.0 mM sodium borate buffer
containing 1.0 M NaCl. After adsorption was completed,
the sample cell was rinsed thoroughly with 1.0 mM
buffer solution. Figure 1 shows a schematic representa-
tion of the flow cell and of the adsorbed polyelectrolyte
containing embedded dye.

Figure 2 shows the normalized autocorrelation func-
tions of the negatively charged fluorescent dye (Alexa
488 dye) diffusing within the positively charged QPVP
polyelectrolyte layers prepared with these two alterna-
tive histories. The normalization method is specified in
the figure caption.

Curve 1 corresponds to the case of polylectrolyte
adsorbed in “high salt” conditions, which produced a
swollen layer. The solid line is the prediction using eq
1 using the single parameter, the translational diffusion
coefficient (D). It is clear that the experimental data
follow the prediction well using the diffusion coefficient
of D ∼ 0.2 µm2/s. By contrast, curve 2 in Figure 2 is the
autocorrelation function of this same dye in QPVP
layers formed in “low salt” conditions, which produced
a relatively thin layer. This has a peculiar shapes
empirically, a straight line on the linear-log scales. It
cannot be fitted usefully by a single or dual species of
Brownian motion model and qualitatively demonstrates
less mobility than for the case of high ionic strength.

How to interpret these differences? For added infor-
mation, dye mobility was also investigated using single-
molecule imaging methods described in the Experimen-

tal Section. For these experiments, the polyelectrolyte
was allowed to adsorb onto fused silica, which is
negatively charged at the experimental pH of 9.2.7
Under the microscope, the Brownian motion of the
embedded sulforhodamine molecules was clearly ob-
served. For layers formed from 1.0 M ionic strength, dye
diffusion was relatively rapid and homogeneous; it
appeared that every molecule that we imaged changed
position with time elapsed. The situation was strikingly
different for layers formed from 1.0 mM ionic strength.
In this case it was evident to the eye that the dye
molecules that we imaged possessed different mobilities
and that some did not move at all. The typical trajec-
tories of two molecules imaged under conditions corre-
sponding to curve 1 and curve 2 in Figure 2 are
illustrated in Figure 3.

While the single-molecule images in Figure 3 have
the advantage that they demonstrate translational
mobility, in practice we find it difficult at present to
accumulate reliable statistics based on single-molecule
trajectories and for this reason rely, for quantitative
analysis, on the FCS autocorrelation curves.

Discussion and Conclusions. The structure of
these polyelectrolyte layers adsorbed onto mica and onto
silica at pH ) 9.2 is expected to be similar, as in both
instances the negative surface charge density is large.
Quantitative evidence in support of this comes from
integrated measurements obtained previously in this
laboratory using using infrared spectroscopy in attenu-
ated total reflection and surface forces measurements,15

though it is true that the surface roughness of silica
should be larger than for mica single crystals. In
particular, from prior infrared7 and surface forces15

experiments in this laboratory on similar systems
involving the same polyelectrolyte of similar molecular

Figure 2. Normalized autocorrelation curves of intensity-
intensity fluorescence fluctuation of Alexa 488 diffusing in
adsorbed QPVP, plotted against logarithmic time elapsed.
Curve 1: probe in QPVP layer adsorbed at 1.0 M ionic
strength. Curve 2: probe in QPVP layer adsorbed at 1.0 mM
ionic strength. These curves are normalized to unity at small
times to account for different abundance of adsorbed dye in
the two cases; before normalization, G(0) ≈ 0.7 and 0.2 for
curves 1 and 2, respectively. These two curves are typical data
taken from more than 20 repeated measurements for each
case. The solid line through curve 1 is a fit to eq 1, the
prediction for a Fickian diffusion process and a single diffusion
coefficient. The linear-log pattern traced by curve 2 is
incapable of being fit so simply. Therefore, for potential
nanofluidics applications, it would be preferable to employ as
the channel a thick, swollen polymer layer.
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weight at the same pH, it was found that the adsorbed
amount was 3 times larger for the case of adsorption
from 1.0 M than from 1.0 mM ionic strength. In
addition, the thickness measured within a surface forces
apparatus (SFA) were found to be larger for polyelec-
trolytes adsorbed in a “high salt” situation than in “low”.
For the current system, the thickness of QPVP layer
was more than 7-8 nm for “high salt adsorption” and
1.6 nm for “low salt adsorption”.15

From these observations, it is clear that the polyelec-
trolyte layers adsorbed from high ionic strength condi-
tions possessed a relatively fluffy structure, with rela-
tively many loops of the flexible chain dangling into the
solution. In the case of adsorption from low ionic
strength, the chains are stiffer and adopt a flatter
conformation. There is much theoretical support for
this.16

The dye studied in these experiments possessed
opposite charge as the adsorbed polymer. Although
explanation is speculative, it is reasonable to suppose
that the dye segregated irreversibly within the adsorbed
polyelectrolyte layers not only because of having op-
posite charge but also because of hydrophobic attraction
to the backbone of the polyelectrolyte. It is not surpris-
ing to conclude that the dye underwent simple Brownian
motion in the fluffy QPVP layer because in this case
the environment was a thick layer of flexible segments
of QPVP. In the alternative case of the flatter mono-
layer, the QPVP segments resided closer to the mica
surface, and they should be much more immobilized.

The slower diffusion of the dye within those polyelec-
trolyte layers adsorbed at the low ionic strength (which
was confirmed by the single-molecule imaging) likely
arises from heterogeneous hopping of dye molecules
from site-to-site near the surface, although explanation
is still speculative. The main point is the contrast to
behavior obtained in the other case. Polyelectrolyte
layers formed from solutions containing high salt con-
centration could potentially be used for nanofluidic flow.
The opposite situation could not.

Looking to the future, we present this study as a proof
of concept, showing that it is practical to follow the
mobility of molecules embedded within single layers of
adsorbed polyelectrolyte. Furthermore, it is also practi-
cal to tune this mobility. The path is now clear to explore
more details of the physics of these processes, such as
the dependence on the size, polarity, and hydrophobicity
of the embedded dye, as well as finer details of the ionic
strength of the surrounding aqueous solution. The path
is also clear to attach fluorescent dye to larger molecules
(oligomers, polymers, and proteins) and similarly to
follow their diffusion based on this strategy. Further-
more, we anticipate that in the future it will become
possible to direct this nanofluidic motion using gradients
of electric field and temperature.2,3
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Figure 3. Typical trajectories in the x-y plane obtained by
single-molecule imaging for dyes diffusing under the same
conditions as for the two situations analyzed using FCS in
Figure 2. Panels a and b correspond to curve 1 in Figure 2;
panels c and d correspond to curve 2 in Figure 2. The number
of the steps of tracking is specified in each panel, and the time
interval for each step was 0.1 s. The more rigorous quantifica-
tion using FCS shows that trajectories described by curve 1
are described well as following a single diffusion coefficient,
whereas for trajectories described by curve 2 the response is
very heterogeneous.
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