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ABSTRACT

We report the use of polyelectrolyte mul-
tilayers in a stable robust surface chemistry
for specific anchoring of DNA to glass. The
nonspecific binding of fluorescently tagged
nucleotides is suppressed down to the sin-
gle-molecule level, and DNA polymerase is
active on the anchored DNA template. This
surface-chemistry platform can be used for
single-molecule studies of DNA and DNA
polymerase and may be more broadly ap-
plicable for other situations in which it is
important to have specific biomolecular
surface chemistry with extremely low non-
specific binding.

INTRODUCTION

Since most enzymes have evolved
to function in the solution phase, it can
be challenging to design surface
chemistries that allow specific anchor-
ing of enzymes at solid-liquid phase in-
terfaces while retaining the activity of
the enzyme. With the development of
new biophysical techniques that take
advantage of single-molecule fluores-
cent imaging technology, there has
been a renewed interest in developing
methods for specific binding of en-
zymes and other biological molecules
to planar glass surfaces, thus allowing
optical access (1). Much of the existing
literature has focused on developing
techniques to anchor fluorescently la-
beled proteins to the surface and moni-
toring the activity of the enzyme by
conformation-induced changes in fluo-
rescence (2–4). In some cases, it is pos-
sible to find a substrate for the enzyme
of interest that gets catalyzed from a
nonfluorescent to a fluorescent form,
thus allowing the use of an unlabeled
enzyme and relatively high concentra-
tions of the substrate in solution (5).
However, in the most general situation,

one would like to study unmodified en-
zymes whose activity does not change
the fluorescence of the substrate. In
those cases, the surface chemistry be-
comes challenging because one must
simultaneously satisfy several con-
straints—the enzyme must be specifi-
cally anchored and active, and the sur-
face must resist nonspecific binding of
a relatively high concentration of fluo-
rescently labeled substrate molecules.

Most single-molecule enzyme-an-
choring surface chemistries, such as
PEG grafts (2) or nickel-derivatized
surfaces (3), are designed to anchor an
active enzyme but do not address the
issue of nonspecific binding of labeled
substrate molecules. In cases where the
enzyme can be modified and two fluo-
rescent molecules are used, fluores-
cence resonance energy transfer has
been utilized to decrease noise from
background fluorescence (3). Here we
report the use of polyelectrolyte multi-
layers to tune the charge density on the
surface to repel labeled substrate mole-
cules selectively. The advantage of this
method is that it achieves an extremely
low density of nonspecifically bound
substrate molecules, thus enabling the
use of a single fluorescence channel

and avoiding the need for modification
of the enzyme of interest.

Polyelectrolytes are polymers
whose chains contain charged function-
al groups. Some examples are poly-
styrene sulphonate, polylysine, poly-
glutamic acid, polyacrylic acid (PAcr),
polyethyleneimine (PEI), and poly(al-
lylamine) (PAll). Decher et al. (6,7)
have built polyelectrolyte multilayers
by sequential deposition of polyanions
and polycations and have investigated
their structure and growth process.
Polyelectrolyte multilayers are an ex-
cellent platform for surface chemistry
and have been used to study DNA-PAll
composites (8), layers of a charged
virus (9), streptavidin (10), and various
other proteins (11). Chluba et al. (12)
used polyelectrolyte multilayers to
build a biologically active hormone
layer for implant and tissue engineer-
ing. Stroock et al. (13) adsorbed poly-
electrolyte layers in microchannels to
pattern surface charge and electro-os-
motic flow.

We used a polyelectrolyte multilayer
structure to specifically anchor the DNA
template used by DNA polymerase. A
polyelectrolyte multilayer is created,
and the final layer is used as a function-
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alization target for the covalent attach-
ment of biotin. This allows anchoring of
DNA through biotin-streptavidin specif-
ic bonding, instead of nonspecific depo-
sition in a dense layer (8). The polyelec-
trolyte multilayer is constructed with a
negative ionic final layer that repels
negatively charged, fluorophore-tagged
nucleotide triphosphates. We found that
nonspecific binding is suppressed suffi-
ciently to enable fluorescence studies of
enzymatic processes involving single
DNA molecules. Thus, we have devel-
oped a platform that is suited for single-
molecule studies of DNA and DNA
polymerase, enabling applications such
as single-molecule DNA sequencing,
bulk DNA sequencing through synthe-
sis, DNA hybridization microarrays,
and enzymological research at the sin-
gle-molecule level.

MATERIALS AND METHODS

Corning microscope slides (3 × 1 in)
and VWR Micro Cover Glasses no. 1
coverslips (25 × 25 or 22 × 22 mm) are
cleaned using a version of the RCA
protocol (14) and stored in HP water
(18 MΩm, 0.2 µm filtered).

PEI from Sigma (St. Louis, MO,
USA) (or PAll from Aldrich Chemical,
Milwaukee, WI, USA) and PAcr from
Aldrich are dissolved at 2 mg/mL in
HP water. The solutions are adjusted to
pH 8.0 using NaOH and HCl. This pH
ensures that both components have
their functional groups charged (disso-
ciated carboxyl and protonated amino
groups, respectively). The polyelec-
trolyte solutions are passed through a
0.22-µm filter to remove dust residue
from the solid phase.

The RCA-cleaned glass is loaded
into microslide mailers from Thomas
Scientific and then immersed in solu-
tions of the positive (PEI or PAll) and
negative (PAcr) polyelectrolytes ac-
cording to the scheme +/wash/-/wash/
+/wash/-/wash. Each polyelectrolyte
step is 10 min of immersion, whereas a
wash step is thorough rinsing with HP
water. Polyelectrolyte multilayer glass
is stored in HP water and retains sur-
face charge for at least several months.
We have observed that PEI and PAll
behave essentially the same for purpos-
es of the presented surface chemistry

but that PEI is generally more efficient
to handle experimentally.

Polyelectrolyte multilayer glass is
biotinylated using the EZ-Link kit
from Pierce Chemical (Rockford, IL,
USA). Fifty millimolar 1-[3-(Dimethyl-
amino)propyl]-3-ethylcarbodiimide hy-
drochloride (EDC; Aldrich Chemical)
is freshly dissolved in 10 mM 2-[N-
Morpholino]ethanesulfonic acid buffer
(MESb), pH 5.5. The EDC solution is
filtered to remove any dust residues
from the solid phase. Biotin-LC-PEO-
Amine from the kit (50 mM) in MESb is
mixed with the EDC solution at 1:1, and
the result is diluted to 5 mM final con-
centration of each in MESb. This solu-
tion is pipetted onto the polyelectrolyte
multilayer surface to biotinylate it. After
incubation for 30 min in a humid cham-
ber, the unreacted excess is washed
away with MESb and then with Trisb
(10 mM Tris, 10 mM NaCl, pH 8.0).

Streptavidin-Plus from Prozyme
(San Leandro, CA, USA) (40 µL, 0.1
mg/mL in Trisb) is pipetted onto the bi-
otinylated polyelectrolyte multilayer
surface. After a 30-min incubation in a
humid chamber, the unreacted excess is
washed off with Trisb. Then, 40 µL
DNA at 0.1 µM for bulk experiments
or 0.1 nM for single-molecule experi-
ments in TrisMg (10 mM Tris, 10 mM
NaCl, 100 mM MgCl2, pH 8.0) is de-
posited on the surface. After 30 min of
DNA deposition in a humid chamber,
the unreacted excess is washed off with
Trisb. This completes the procedure.

Mu50, the DNA used in the experi-
ments, was a biotinylated 50-mer
(Biotin-5′-CTCCAGCGTGTTTTATC-
TCTGCGAGCATAATGCCTGCGTC-
ATCCGCCAGC-3′) annealed to a 14-
mer primer (5′-GCTGGCGGATGA-
CG- 3′), both from Operon Technolo-
gies (Alameda, CA, USA). Its sequence
was taken from the Lambda phage
genome and was selected for its unlike-
lihood to form hairpins and dimers. The
DNA experiments also made use of
dATP-Lissamine (A-Lis) from NEN
Life Science Products (Boston, MA,
USA); dCTP-Cy3 (C-Cy3) from Amer-
sham Biosciences (Piscataway, NJ,
USA); dATP-Tetramethylrhodamine
(A-TMR), dATP-Texas Red (A-Tex)
from Molecular Probes (Eugene, OR,
USA); and non-tagged nucleotide
triphosphates from Roche Applied Sci-

ence (Mannheim, Germany). Klenow
Fragment (3′-5′ exo-) DNA polymerase
(Klenow exo-) from New England Bio-
labs (Beverly, MA, USA) was used at
50 U/mL reaction volume.

Optical observations were conducted
using an inverted microscope (Olympus
IX50) with a mercury lamp, an Olympus
PlanApo 60× objective (N.A. 1.4), a
cooled CCD camera (model ST-7I;
SBIG, Santa Barbara, CA, USA), and
fluorescence filter sets appropriate for
the particular dyes: Fluorescein (ex
D470/40, 500 DCLP, em D535/50),
TMR and Cy3 (ex D540/25, dichroic
565 DCLP, em D605/55), Lissamine and
Texas Red (ex D560/40, dichroic 595
DCLP, em D630/60) (all from Chroma
Technology, Brattleboro, VT, USA).

RESULTS AND DISCUSSION

The initial RCA cleaning procedures
leaves hydroxyl groups on the glass
surface, which are deprotonated at the
pH used here, and thus impart negative
charge to the surface. While this charge
can provide some electrostatic shield-
ing against nonspecific adsorption of
tagged nucleotides, the surface charge
density is very low. To increase this
density, we build up polyelectrolyte
layers. The positively charged PEI
binds electrostatically to the negatively
charged glass. The negatively charged
PAcr binds to PEI for the same reason.
This process is repeated, and the final
fourth layer of the polyelectrolyte mul-
tilayer is the negatively charged PAcr,
which repels the negatively charged,
fluorescently tagged nucleotides. The
polymeric nature of the polyelectrolyte
multilayer results in increased charge
density for each adsorbed layer, allow-
ing us to tune the charge density and to
cover any inhomogeneities on the sur-
face that might become sites for non-
specific attachment.

To examine the polyelectrolyte mul-
tilayer surface charge experimentally,
we exposed positively and negatively
terminated polyelectrolyte multilayer
surfaces to dATP-TMR, which carries
effectively three negative charges per
molecule at pH 8.0. Thus, we expected
to detect much larger fluorescent signal
from positive surfaces than from nega-
tive ones because of the electrostatic in-
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teractions. Accordingly, we prepared
four polyelectrolyte multilayer cover-
slips following the general procedure
from the Materials and Methods sec-
tion up to the biotinylation step (using
PAll). Then, two of the slips were put
through an extra treatment of PAll/
wash. These slips were called PEM(+)
to indicate that they are positively ter-
minated, while the standard ones, PEM,
are negatively terminated. Then, one
slip from each group was incubated for
15 min with 1 µM A-TMR in Trisb, and
the other with only Trisb, as a control.
All slips were then washed with Trisb
and observed on the microscope. The
Trisb controls established the back-
ground signal from the polyelectrolyte
multilayer and glass, whereas the
dATP-TMR cases gave information
about the charges on the surface.

A series of several pictures was tak-
en at different locations on each cover-
slip, using a dichroic filter set appropri-
ate for TMR. For each picture, the
camera signal was integrated over the
central 50 × 20 µm area of the field of
view to obtain an average value for the
fluorescence signal in counts per pixel.
The mean of these values was calculat-
ed for each series of pictures, and un-
certainty was assigned as half the dif-
ference between the maximum and
minimum values. The results (Table 1)
showed that dATP-TMR bound 22

times more to PEM(+) than PEM, as
expected if the interaction were domi-
nated by electrostatics.

In our general protocol, the biotiny-
lated DNA is anchored specifically to
the polyelectrolyte multilayer surface
using biotin and streptavidin. A kit is
used to link biotin to the carboxyl
groups present at the PAcr surface,
which is then treated with streptavidin.
During the DNA anchoring step, a high
concentration of Mg2+ is used to screen
the electrostatic repulsion between the
negatively charged DNA and the nega-
tively charged polyelectrolyte multilay-
er surface. In subsequent steps, the salt
concentration is reduced to reactivate
the repulsive shielding.

To examine the specificity of the bi-
otinylation step, we withheld either Bi-
otin-LC-PEO-Amine (the kit linker) or
EDC (the kit activation agent) and then
tested for the presence of anchored bi-
otin by attachment of streptavidin-
TRITC and fluorescence detection. We
observed 40 times stronger signal
(Table 1) when all the biotinylation
components were present than when
any were withheld. Similar tests were
conducted for streptavidin deposition
by withholding streptavidin and then
trying to bind biotin-fluorescein or bi-
otinylated fluorescein-tagged DNA. If
the surface was treated with strepta-
vidin, then 215 and 15 times stronger

Preparation Signal Uncertainty

PEM + Trisb 542 11

PEM + dATP-TMR 4121 475

PEM(+) + Trisb 489 10

PEM(+) + dATP-TMR 77 238 2814

PEM + (BLCPA + EDC) + SA-TRITC 39 256 455

PEM + (BLCPA) + SA-TRITC 1127 62

PEM + (EDC) + SA-TRITC 714 68

PEM-Biotin + SA + Biotin-DNA-Fluorescein 9159 185

PEM-Biotin + Biotin-DNA-Fluorescein 629 118

PEM-Biotin + SA + Biotin-Fluorescein 133 550 5282

PEM-Biotin + Biotin-Fluorescein 622 12

Polyelectrolyte multilayer (PEM) shielding prevents nonspecific attachment of
tagged nucleotides, while 97% of streptavidin attaches specifically to biotinylated
polyelectrolyte multilayer surfaces. The presence of streptavidin greatly increases
the attachment of biotinylated DNA and fluorescein. The numbers are in counts
per pixel. Each pixel is 0.45 × 0.45 µm. Abbreviations can be found in the text.

Table 1. Electrostatic Effects



signal was observed (Table 1).
The experimental confirmation of

specific anchoring of the DNA allowed
us to proceed to testing for incorpora-
tion at the surface. The electrostatic
shielding at the surface probably repels
the unanchored end of the DNA away
from the surface, which would reduce
surface-promoted protein denaturation
or steric hindrances that might inhibit
DNA polymerase activity. We contrast-
ed different combinations of nucleotides
and fluorescent tags and compared them
to controls containing no DNA poly-
merase. In the absence of DNA poly-
merase, no incorporation should hap-
pen, so any signal in that case would be
a measure of nonspecific binding. The
net signal increase in the DNA poly-
merase cases would be interpreted as the
contribution from incorporation.

For this purpose, we prepared 16
coverslips with the complete chemistry
(using PAll) including the anchoring of
0.1 µM Mu50 in TrisMg. The cover-
slips were organized in eight pairs so
that the degree of consistency could be
measured by the difference between the
results in each pair. Next, the eight
pairs were organized in four groups of
two pairs. EcoPol buffer (20 µL) con-
taining A-TMR, dCTP, dGTP, and
dTTP, each at 1 µM, and 50 U/mL
Klenow exo- were pipetted onto Group
1 Pair 1. Group 1 Pair 2 was treated
identically, except for withholding the
DNA polymerase. The same procedure
was applied to the other groups, except
the mixture of nucleotides was differ-
ent: Group 2 (A-Texas Red, C, T, G),

Group 3 (A-Lis, C, T, G), and Group 4
(C-Cy3, A, T, G). After 40 min simulta-
neous incubation in a humid chamber,
all slips were washed with Trisb. Fluo-
rescence measurements were conduct-
ed using dichroic filter sets appropriate
for the particular dyes. The data acqui-
sition and analysis were conducted
similarly to the previously described
experiments. The results (Table 2)
show up to 58 times higher signals
whenever the DNA polymerase was
present, which confirms incorporation
inside the anchored DNA.

Single-fluorophore studies were
conducted in parallel with the bulk in-
corporation measurements discussed
above. We have previously shown that
the cleaning protocols and microscope
system used here allow single-molecule
detection and quantification (14,15).
Using the quantized fluorescent signal
obtained from single-molecule experi-
ments, we are able to make absolute
measurements of the surface density of
proteins (15). In this case, the bulk ex-
periments with both DNA and fluores-
cently labeled streptavidin showed that
the surface density of streptavidin was
extremely high; we estimated greater
than 100 streptavidin molecules per
square micron. By titrating the biotiny-
lated DNA, it is possible to bind such a
small number of molecules to the sur-
face that they are separated by more
than the diffraction limit and thus able
to be visualized individually.

Accordingly, we prepared three cov-
erslips with the complete chemistry
(using PEI). The DNA used was Mu50
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Preparation Signal Uncertainty

DNA + (C,T,G, A-TMR, Polymerase) 26410 3728
DNA + (C,T,G, A-TMR) 6291 225
DNA + (C,T,G, A-Lis, Polymerase) 83 761 14 846
DNA + (C,T,G, A-Lis) 1456 29
DNA + (C,T,G, A-Tex, Polymerase) 13 077 1167
DNA + (C,T,G, A-Tex) 2028 94
DNA + (A,T,G, C-Cy3, Polymerase) 24 873 4798
DNA + (A,T,G, C-Cy3) 495 15

In control cases, DNA polymerase was withheld; hence, the net increase in DNA
polymerase cases is due to incorporation. The numbers are in counts per pixel.
Each pixel is 0.45 × 0.45 µm. Abbreviations can be found in the text.

Table 2. Bulk Incorporation of Fluorescently Tagged Nucleotides Inside DNA Anchored at the
Surface



at 1 nM in TrisMg. Then coverslip no.
1 was treated with a mixture of dATP-
Lis, dCTP, dGTP, and dTTP each at 0.1
µM in EcoPol buffer also containing
Klenow exo-. The coverslip no. 2 was
prepared the same as no. 1 but without
DNA polymerase. The no. 3 was pre-
pared the same as no. 2, except for us-
ing untagged dATP instead of A-Lis.
After 30 min incubation in a humid
chamber, all slips were washed with
Trisb. Observations were made with a
dichroic filter set appropriate for lis-
samine. Samples of the resulting pic-
tures are shown in Figures 1a (no. 1),
1b (no. 2), and 1c (no. 3). Comparison
of the incorporation in Figure 1a and
the control in Figure 1b shows the on-
surface incorporation at the single-
DNA level. Comparison of the three
images shows that the total contribu-

tion of background from nonspecific
binding of lissamine-labeled nu-
cleotides and other fluorescent impuri-
ties is less than 5% of the total number
of objects. Hence, over 95% of the ob-
served objects in Figure 1a are single
molecules of DNA. Thus, it is possible
to observe incorporation of fluorescent-
ly labeled nucleotides into single-DNA
template molecules.

In conclusion, we have developed a
polyelectrolyte multilayer-based opti-
mized robust surface chemistry for an-
choring DNA to glass surfaces. This
technique utilizes electrostatic repul-
sion to achieve a very low background
for fluorescence studies and to promote
DNA polymerase activity on the sur-
face. Thus, this surface-chemistry plat-
form may be useful for single-molecule
fluorescence studies of the various en-
zymes that interact with DNA and in-
deed for any case in which substrate
molecules have a net charge.
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Figure 1. On-surface incorporation in anchored
DNA can be visualized at the single-DNA level.
(a) Positive incorporation (A-Lis,C,G,T, poly-
merase). (b) DNA polymerase withheld (A-
Lis,C,G,T). (c) Fluorescent nucleotide and DNA
polymerase withheld (A,C,G,T).


