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Abstract: Many individual horseradish peroxidase (HRP) molecules were isolated and observed simulta-
neously by fluorescence microscopy in an array of 50 000 femtoliter chambers chemically etched into the
surface of a glass optical fiber bundle. The substrate turnovers of hundreds of individual HRP molecules
were readily analyzed, and the large number of molecules observed provided excellent statistics. In contrast
to other enzymes used for single-molecule studies, the rates of product formation in the femtoliter array
were, on average, 10 times lower than in bulk solution. We attribute this phenomenon to the particular
redox-reaction mechanism of HRP that involves two separate steps of product formation. HRP first oxidizes
fluorogenic substrate molecules like Amplex Red to radical intermediates. Two radical molecules
subsequently undergo an enzyme-independent dismutation reaction, the rate of which is decreased when
confined to a femtoliter chamber resulting in less product. This two-step reaction mechanism of the widely
used Amplex Red, as well as other fluorogenic substrates, is often overlooked. The mechanism not only
affects single-molecule studies with HRP but also bulk reactions at low substrate turnover rates.

Introduction

Single-molecule fluorescence microscopy has led to insights
into the kinetic behavior of enzymes that cannot be obtained
from conventional bulk solution studies. Enclosing a population
of hundreds of single enzyme molecules in a large array of
femtoliter reaction chambers and observing the individual
molecules by fluorescence microscopy is a powerful new
technique for fundamental mechanistic studies.1,2 Using a
femtoliter array of microwells on a glass optical fiber array, we
have recently analyzed the stochastic inhibition of individual
�-galactosidase molecules by D-galactal.3 Previous studies have
shown that single molecules of �-galactosidase,4,5 lactate
dehydrogenase,6 and chymotrypsin7 are distinguished by het-
erogeneous and long-lived catalytic rates. The reaction rates of
alkaline phosphatase, however, were only heterogeneous when
the mammalian enzyme was used8 but homogeneous when the
highly purified bacterial enzyme was used.9 Individual enzyme
molecules such as �-galactosidase,10 cholesterol oxidase,11

lipase,12 or λ-exonuclease13 also undergo dynamic substrate

turnover fluctuations in sequential catalytic cycles. The static
and dynamic heterogeneity of single enzyme molecules, at-
tributed to different conformational states of the enzyme, are
obscured in traditional bulk methods.

Horseradish peroxidase (HRP) is a monomeric enzyme, which
makes it particularly attractive for single-molecule studies as
substrate turnover events originate only from a single catalytic
site. HRPsisolated from the roots of Armoracia rusticanasis
a classic example of an enzyme redox catalytic reaction. HRP
is a glycosylated protein of ∼44 kDa and can be subdivided
into at least seven distinct isoenzymes with similar activities.14

Although many thousands of papers can be found in the
scientific literature,15 mainly about the most abundant isoenzyme
C, only recently have the crystal structure16 and a high-resolution
description of the intermediates in the catalytic cycle of the
enzyme17 been elucidated. HRP catalyzes the oxidation of a
broad range of substrates with its prosthetic heme group.
Hydrogen peroxide (H2O2) initiates the peroxidase catalytic
cycle (Figure 1) by a rapid (9 × 106 M-1 s-1) two-electron
oxidation of the ferric ground-state HRP to Compound I,18
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electron transfers from donor molecules reduce Compound I
first to Compound II and then back to the ground state. Both of
these electron transfer steps yield free radical products that may
undergo subsequent reactions.19 The rate of the peroxidase
catalytic cycle depends on the nature of the electron donor and
the reduction of Compound II to ground-state HRP is rate-
limiting.18 H2O2, however, is not only a substrate of HRP but
at high concentration converts Compound II to an inactive form,
Compound III,20 also called oxyperoxidase.21 H2O2 can also
enhance the reversion of Compound III back to ground-state
HRP,22 which again participates in the peroxidase catalytic
cycle. The intermediate steps in the versatile catalytic cycle of
HRP were analyzed by transition state kinetics. The different
oxidation states of the heme group were first characterized by
observing distinct absorption bands in the visible and near-

ultraviolet (Soret) region.20 Later, HRP was investigated with
many additional spectroscopic techniques.23

In order to observe the individual activity of hundreds of
single HRP molecules simultaneously in a femtoliter chamber
array, we performed a steady-state experiment based on the
HRP-catalyzed oxidation of the nonfluorescent reducing sub-
strate 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) to
fluorescent resorufin. The Amplex Red assay has been widely
employed in recent years as the most stable and sensitive
reporter for H2O2 production of many different substrate
oxidations, although the underlying kinetic mechanism of
Amplex Red oxidation remains poorly understood.24 The initial
presumption was that the oxidation of Amplex Red was a single
two-electron transfer reaction to explain why Amplex Red reacts
with H2O2 in a 1:1 ratio.24,25 Although two-electron transfer
reactions of HRP were reported in a few cases,26 most reducing
substrates transfer only a single electron to HRP by the general
mechanism18,27,28 outlined in Figure 1. This mechanism holds
for phenol29,30 and other phenolic substrates such as Amplex
Red. A one-electron transfer from phenol leads to radical
formation. The phenoxy radicals must further react to yield the
stable oxidation product biphenol. As two phenoxy radicals are
produced per H2O2 molecule in two successive one-electron
transfer steps, the formation of biphenol proceeds in a 1:1 ratio
with H2O2, just as the formation of resorufin from Amplex Red,
although in both cases product formation involves two separate
steps. The only difference lies in the enzyme-independent
reaction of the radicals. While biphenol is formed by the
combination of two phenoxy radicals, two Amplex Red radicals
undergo a dismutation reaction to form one molecule of resorufin
and one molecule of Amplex Red. Furthermore, biphenol is also
a substrate for HRP,31 such that radical formation can initiate a
polymerization process.32 Under certain conditions, resorufin
can be further oxidized and polymerized25 in a manner
analogous to phenol. In this study, we observe the oxidation of
Amplex Red with single-molecule resolution and demonstrate
the broader implications of intermediate radical formation during
HRP turnover. Although single-molecule experiments with HRP
have been reported1,33-35 the enzyme independent step of
product formation has not been considered.

Experimental Section

Materials. HRP (93% isoenzyme C) was purchased from Roche
(Indianapolis, IN) and analyzed by MALDI (Applied Biosystems
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Figure 1. Substrate turnover of single HRP molecules in femtoliter
chambers. An array of 50 000 chambers with a volume of 46 fL was etched
uniformly into the distal surface (d) of a glass optical fiber bundle. The
fiber bundle was mounted on a custom-built upright epifluorescence
microscope, and a droplet of enzyme and substrate solution was placed on
a silicone gasket. The enzyme concentration in the droplet was calculated
according to the Poisson equation such that each chamber would contain
either one or zero enzyme molecules. The chambers were sealed by pressing
the silicone gasket (not shown) vertically against the distal end of the fiber
bundle, and product formation in each chamber was monitored through the
proximal end (p) of the fiber bundle. HRP (purple) catalyzes a one-electron
oxidation (red) of nonfluorescent Amplex Red to the nonfluorescent Amplex
Red radical. The formation of fluorescent resorufin (yellow) from two
Amplex Red radicals is an enzyme independent dismutation reaction. The
overall reaction stoichiometry between Amplex Red and H2O2 (green) is
1:125 only if all Amplex Red radicals are converted to resorufin.
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Voyager DE-PRO) (Supporting Information, Figure 1). Phosphate
buffered saline (PBS) (2.7 mM KCl, 1.5 mM KH2PO4, 136 mM
NaCl, 8.1 mM Na2HPO4, pH 7.3) was used as the buffer system.
HRP was reconstituted to 100 µM in 50:50 PBS/glycerol and stored
at -20 °C. Glycerol (Invitrogen, g99.5% pure) was added to
prevent freezing of the stock solution. For the single molecule
experiments, the glycerol concentrationstogether with HRPswas
diluted in PBS more than 106-fold, so that any effects associated
with glycerol viscosity are prevented. Stock solutions of 100 mM
Amplex Red (Invitrogen, Carlsbad, CA) in dimethylsulfoxide
(DMSO), and of 180 mM resorufin, sodium salt, (Invitrogen) in
DMSO were aliquoted and stored at -20 °C. The hydrogen
peroxide (Sigma-Aldrich) concentration was determined spectro-
photometrically at 240 nm using a molar extinction coefficient of
43.6.36 All experiments were conducted in PBS with 0.05 mg/mL
bovine serum albumin (BSA) (Sigma-Aldrich, Fraction V) and 1
mM ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) at
room temperature. The enzyme stock solution was diluted just prior
to experimentation.

Femtoliter Array Fabrication. Bundles of 50 000 individually
clad 4.5-µm glass fibers were purchased from Schott North America
(Elmsford, NY). The 2 mm diameter bundles were cut to ∼4.5 cm
length and polished on both sides with an automated fiber polisher
(MultiPrep, Rancho Dominguez, CA), using lapping films with grit
sizes of 30, 15, 6, 3, 1, and 0.5 µm (Diamond Lapping Film, Rancho
Dominguez, CA). The cladding and core material of the fiber bundle
are composed of differently doped silica such that the core could
be selectively etched.37 Etching one end of the polished fiber bundle
with 0.025 M HCl for 115 s with stirring created an array of 50 000
2.9-µm-deep chambers with volumes of 46 fL (µm3).

Sealing Single Enzyme Molecules in the Femtoliter Array.
A 1 × 1 cm2 piece of 0.01-in. nonreinforced gloss silicone sheeting
material (Specialty Manufacturing, Saginaw, MI) was cleaned with
soapy water followed by deionized water. The silicone sheet,
adhered to an equally sized cleaned microscope slide, was used as
a gasket. The femtoliter array on the fiber bundle was fixed in a
custom-built stage of an upright epifluorescence microscope. A 20
µL substrate/enzyme solution was placed on the silicone gasket.
The gasket was put on a mechanical platform under the fiber bundle.
The gasket on the mechanical platform was moved up and down
repeatedly to fill the femtoliter chambers with solution. The
chambers were sealed tightly by pressing the gasket vertically
against the fiber bundle. The probability P(x) that exactly x enzyme
molecules are enclosed in a particular chamber is given by the
Poisson distribution Pµ(x) ) e-µµx/x!, where µ is the mean number
of enzyme molecules per chamber. 3.6 pM enzyme in a volume of
46 fL results in a probability of only one HRP molecule in every
10 chambers.2 After each experiment, the femtoliter array was
cleaned with deionized water under ultrasonication for 20 s.

Optical Detection of Single Enzyme Molecules. An upright
Olympus BX61 microscope with a short arc mercury lamp (Ushio,
Tokyo, Japan), a filter set with λex ) 571 nm and λem ) 584 nm
(Chroma Technology, Rockingham, VT), and a CCD camera
(Cooke: Sensicam QE, Romulus, MI) was used to take images every
2 min with low illumination (neutral density filter with 10%
transmission) and an exposure time of 200 ms. Light is totally
internally reflected in the cores of the fiber bundle due to the higher
refractive index of the core material compared to the cladding
material, which results in an NA of 0.7 according to the manufac-
turer. The emission light from the femtoliter chambers is focused
on the proximal face of the fiber bundle. A 20× objective with an
NA of 0.75 was used to collect the emission light efficiently. To
monitor a larger part of the array, a 0.33× demagnification lens
was used in front of the CCD camera. IPLab software (Scanalytics,
Fairfax, VA) was used to analyze the fluorescence signals and
process the images. The fluorescence signal increases over the initial

2 min of the experiment were converted to apparent substrate
turnover rates by calibrating the fluorescence intensities in the
femtoliter chambers with resorufin standard solutions.

Bulk Enzyme Experiments. HRP (36 pM, corresponding to the
concentration of, on average, a single enzyme molecule in every
46-fL chamber) was incubated with 250 µM Amplex Red and
various concentrations of H2O2 in a volume of 200 µL in a
nontransparent microtiter plate. In addition, various HRP concentra-
tions were used with 250 µM Amplex Red and 1 mM H2O2.
Measurements were taken (λex ) 558 nm and λem ) 590 nm) every
minute using an Infinite M200 microtiter plate reader (Tecan AG,
Switzerland), and the initial fluorescence signal increase was
converted to apparent substrate turnover rates by comparison to
resorufin standards.

Results and Discussion

Measurement of Single HRP Molecules. Single HRP mol-
ecules were enclosed with the fluorogenic substrate Amplex Red
and H2O2 in an array of 50 000 femtoliter-sized chambers
(Figure 1).2,38-40 A droplet of 3.6 pM HRP, 250 µM Amplex
Red and various concentrations of H2O2 was loaded in the
chambers and sealed tightly between the distal face of an etched
optical fiber bundle and a silicone gasket. This method maintains
the natural state of the enzyme and circumvents any problems
that may arise due to surface attachment of the enzyme.
According to the Poisson distribution, a 3.6 pM enzyme solution
spread into volumes of 46 fL should result in a 1:10-ratio of
HRP molecules to femtoliter chambers. The experimentally
observed ratio, however, was 1:20 ((6), which can be explained
by the presence of some inactive enzyme molecules in the
solution. All the reaction components were sealed in the 46 fL
chambers, thereby preventing evaporation.1,2 By isolating many
individual enzyme molecules, the substrate turnover of a large
population of molecules could be determined accurately by
monitoring the fluorescent signals from resorufin as the reaction
proceeded. Monitoring was accomplished by introducing excita-
tion light into the array’s proximal end, thereby using the
individual fibers in contact with each chamber to excite
resorufin, capture the emitted fluorescence light, and deliver it
to the CCD detector. In this manner, the optical fibers were
used to interrogate each chamber. The concentration of the
substrate Amplex Red used for the femtoliter experiments was
constrained by both the detection limit of the developing product
and by its solubility. As the maximum solubility of Amplex
Red is 300 µM at pH 7.4,25 we used a concentration of 250
µM in all experiments. Amplex Red can be oxidized by
unspecific reactions with metal ions. To minimize these undesir-
able reactions, we added 1 mM EDTA to scavenge any divalent
metal ions that could leach from the microwell surface into the
solution and lead to unspecific oxidation of Amplex Red. We
confirmed in a bulk experiment that the activity of HRP was
not influenced by EDTA (Supporting Information, Figure 2).
Furthermore, strong excitation light led to an enzyme indepen-
dent exponential background increase in the array (Supporting
Information, Figure 3). We attribute this unspecific reaction to
an autocatalytically enhanced photooxidation of Amplex Red
to resorufin. However, when five measurements were taken over
10 min with reduced excitation light we observed only a low
linear background increase that could be easily corrected. A
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further advantage of using low intensity and less frequent
excitation is the negligible amount of resorufin photobleaching.4

When we enclosed 5 µM resorufin in the array under these
excitation conditions, the signal decreased only by 1.4% over
10 min (Supporting Information, Figure 4). For the calculation
of exact turnover rates it is necessary that the substrate
concentration remains constant over time. At a concentration
of 250 µM, each femtoliter chamber contained ∼7 million
Amplex Red molecules and the maximum substrate turnover
observed was 710 s-1. Thus, less than 10% of the substrate
molecules are depleted during a 10-min experiment. Conse-
quently, while a 46-fL chamber is small enough to isolate single
enzyme molecules and accumulate a detectable concentration
of fluorophores, it is also large enough to hold a sufficient
number of substrate molecules to prevent substrate depletion.

Single HRP molecules showed the highest initial resorufin
increase in the femtoliter chambers at H2O2 concentrations
between 0.5 and 2 mM (Figure 2), while in control experiments
without HRP, no substrate turnover was observable under these
conditions. It is important to recognize that the signal increase
reflects the substrate turnover of single HRP molecules only
indirectly, as two nonfluorescent Amplex Red radicals form one
fluorescent resorufin molecule in an enzyme independent
process. Hence, we refer in Figure 2c to “apparent substrate
turnover rates”. Due to the mild excitation conditions and the
limited number of images taken in each experiment, it was only
possible to obtain low-intensity noisy fluorescence signals that
could not be smoothed with a digital filter. Consequently, instead
of calculating the substrate turnover along the fluorescence
trajectory for each individual enzyme molecule, the average
apparent substrate turnover from an ensemble of ∼1000 single
enzyme molecules was determined. Figure 2c shows that the
average substrate turnover rates were not constant over time.
The substrate turnover changes may be explained by the
accumulation of HRP reaction byproduct that can subsequently
react with the Amplex Red or the Amplex Red radicals in the

femtoliter chamber. Interestingly, the substrate turnover changes
are dependent on the H2O2 concentration. At a concentration
of 1 mM H2O2 or lower, the signal decreases over time while
at a concentration of 2 mM or higher the signal increases with
time. The strongest apparent substrate turnover increase over
10 min was observed with 10 mM H2O2. These results indicate
that H2O2 is not only a substrate of HRP but is also involved in
other enzyme independent reactions.

To minimize these complicating reactions in further analyses,
we did not observe the entire 10-min trajectories but only the
initial rates during the first 2 min, which are shown as single
enzyme molecule activity distribution histograms in Figure 3a.
The activity follows a Gaussian distribution with the highest
mean activity at 1 mM H2O2. While fluctuations in the low
fluorescence signal time traces lead to overall high coefficients
of variation, Figure 3b shows that the low signal intensity is
probably not the only reason for the broad activity distribution
because the lowest variation is found at the lowest H2O2

concentration, which does not yield the highest fluorescence
signals. Furthermore, there is a direct linear relationship between
the H2O2 concentration and the coefficient of variation. We
conclude therefore that H2O2 somehow contributes to the broad
activity distribution in the femtoliter chambers.

HRP in Bulk Solution. For a direct comparison between the
single-molecule and bulk rates, we performed microtiter plate
experiments to analyze the bulk turnover of 250 µM Amplex
Red at concentrations from 1 µM to 100 mM H2O2 using 36
pM HRP (Figure 4a). Thirty six picomolar corresponds to the
effective concentration of a single HRP molecule in a volume
of 46 fL. The substrate turnovers (black bars) plotted versus
the H2O2 concentrations do not yield a typical Michaelis-Menten
saturation plot, as high concentrations of H2O2 inhibit HRP.
These results are consistent with an earlier report that provided
only relative enzyme activities.24 In our experiments, the highest
bulk activity is obtained with 1 mM H2O2 which coincides with
the single-molecule experiments (red bars). At lower and higher

Figure 2. Apparent substrate turnover rates of individual HRP molecules in the femtoliter array. (a) HRP (3.6 pM) was enclosed with 250 µM Amplex Red
and 1 mM H2O2 in 46-fL chambers, and sequential fluorescence images were taken every 2 min with low excitation illumination and an exposure time of
200 ms (Supporting Information, Movie 1). Three images are shownsdirectly after closing the chambers, after 6 min, and after 10 min. (b) Background
corrected fluorescence trajectories in the indicated chambers diverge. The noncorrected trajectories and the background trajectories are shown in Supporting
Information, Figure 5. (c) Apparent substrate turnover from an ensemble of ∼1000 single HRP molecules calculated as the average of (Rt - Rt-120s)/120 s
(black line). The ensemble substrate turnovers at other H2O2 concentrations are shown in different colors.
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H2O2 concentrations, the rates decrease in bulk and in the
femtoliter chambers. In the femtoliter chambers, however, the
apparent substrate turnover rates are about 10 times lower than
in bulk (38 vs 440 s-1 at 1 mM H2O2). This result is in contrast
to our previous experiments with �-galactosidase where the bulk
rates were in good agreement with the single-molecule rates.4

The experiments with �-galactosidase suggest that enzyme
inactivation in the femtoliter chambers is not the reason for the
lower rates. After an experiment with HRP, there was no enzyme
activity left when the array was incubated with the substrates
only, which indicates that HRP did not bind to the surface of
the femtoliter chambers. Additionally, the hydrolytic reaction
of �-galactosidase yielded the same fluorescent product, re-

sorufin, showing that the resorufin product is stable (also see
Supporting Information, Figure 4) and can be detected quanti-
tatively in the femtoliter array.

Another possible explanation for the dramatically lower rates
of product formation in the femtoliter array is the enzyme
independent formation of resorufin from two Amplex Red
radicals. It has previously been reported that metabolites interfere
with Amplex-Red-coupled fluorescence assays such that an
Amplex Red radical formation was inferred.41 One possibility
is that Amplex Red radicals react unspecifically on surfaces.
The surface to volume ratio in a femtoliter chamber is 2000
times larger than in a microtiter plate well. Thus, Amplex Red
radicals confined in a femtoliter chamber have a much higher
probability of encountering the chamber surface before forming
a resorufin molecule. BSA is added to the reaction buffer for
surface passivation to prevent the enzymes from adsorbing to
the surface but the glass surface may still facilitate the reaction
of highly reactive radical species. Therefore, the surface
reactions of the Amplex Red radicals likely lead to the formation
of nonfluorescent side products. The formation of resorufin from
two Amplex Red radicals, however, should be a concentration-
dependent processsin the femtoliter chambers and in bulk
solution. Low HRP concentrations would produce only low
concentrations of Amplex Red radicals that should be unable
to form resorufin quickly enough before they react via a different
route. Therefore, we investigated the formation of resorufin at
low (pM) HRP concentrations with 250 µM Amplex Red and
1 mM H2O2 in a microtiter plate (Figure 4b). A concentration

(41) Leon, D.; Marin-Garcia, P.; Sanchez-Nogueiro, J.; de la O, F. O.;
Garcia-Carmona, F.; Miras-Portugal, M. T Anal. Biochem. 2007, 367,
140–142.

Figure 3. Initial activities of single HRP molecules at various H2O2

concentrations. (a) Activity distribution histograms of several hundred single
enzyme molecules at 0.5, 1, 2, 5, and 10 mM H2O2. Activity in the femtoliter
chambers was identified from time traces of 10 min but to minimize
unspecific reactions, only the initial activity over the first 2 min is plotted.
Due to fluctuations in the time traces, some enzymes have an apparent
activity lower than zero as indicated by a dashed line. The red curve is a
Gaussian fit to the histograms. (b) Summary of the mean substrate turnovers
(black bars) and the coefficients of variation (red curve) of the Gaussian
distributions.

Figure 4. Bulk experiments. (a) Histogram of the apparent Amplex Red
turnover rates at concentrations from 0.001 to 100 mM H2O2 in a microtiter
plate (black bars) compared to the ensemble rates of single HRP molecules
enclosed in the femtoliter chambers (red bars, taken from Figure 3 b). For
both experiments, the same reaction conditions were chosens36 pM HRP,
which is equivalent to a single molecule in a 46 fL-chamber, 250 µM and
1 mM H2O2. (b) The velocity of resorufin formation plotted against HRP
concentration shows a fractional reaction order of 1.7 up to a concentration
of 20 pM HRP. (c) Apparent substrate turnover of Amplex Red derived
from (b). From 1 to 50 pM HRP, the apparent substrate turnover increases
8-fold. High HRP concentrations yield a plateau of 710 s-1. The red asterisk
indicates the bulk HRP concentration corresponding to the single-molecule
experiments and Figure 4a.
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range from 1 to 20 pM HRP did not yield a linear or first-order
relationship for the rate of resorufin formation, as would be
expected if resorufin were formed directly from Amplex Red,
but it exhibited a nonlinear relationship with a fractional order
of 1.7. This fractional order is more consistent with second order
kinetics, indicating the likely reaction between two Amplex Red
radical molecules. At HRP concentrations higher than 20 pM,
however, a linear relationship of the HRP concentration against
the velocity of resorufin formation was observed. Figure 4c
shows the substrate turnover derived from the velocities. The
apparent substrate turnover increases 8-fold as the HRP
concentration increases from 1 to 50 pM. A plateau at more
than 50 pM HRP indicates that all Amplex Red radicals
contribute to the formation of resorufin with substrate turnover
rates of 710 s-1. Thus, only these higher turnover rates reflect
the “real” rather than “apparent” turnover of Amplex Red. These
results suggest that there is a minimum concentration of Amplex
Red radicals required to form resorufin efficiently. A single HRP
molecule in a 46-fL chamber corresponds to a concentration of
36 pM, indicated with a red asterisk in Figure 4c, which even
in bulk is not at the plateau. Thus, there are Amplex Red radicals
that react via a different route before they react with a second
Amplex Red radical.

General Implications for the Detection of Single HRP
Molecules. The nonenzymatic step in the reaction mechanism
of the widely used Amplex Red, as well as other fluorogenic
substrates such as dihydrorhodamine, has general implications
for bulk reactions at low substrate turnover rates and especially
for single-molecule studies. First, caution is required before
postulating a fluorescent enzyme-product complex of HRP and
resorufin. Second, the high local Amplex Red radical concentra-
tion necessary for resorufin formation requires confinement of
the Amplex Red radicals in the chambers etched in the fiber
bundle or molded in PDMS.1 Another elegant way to enclose
single HRP molecules and constrain the diffusion of fluorogenic
radicals is to use virus capsids.35 If single HRP molecules are
attached to a surface to observe the substrate turnover of these
sparsely distributed HRP molecules,33 however, the fluorogenic
radicals would diffuse into the bulk solution before they combine
to form the fluorescent product. This difficulty with immobilized

single redox enzymes and freely diffusible product molecules
has been circumvented by using flavoenzymes like cholesterol
oxidase.11 This redox enzyme has a tightly bound FAD as a
cofactor, which is fluorescent in its oxidized form but nonfluo-
rescent in its reduced form. Since FAD is involved in the redox
catalysis, it toggles between on- and off-states with each catalytic
cycle.

Conclusion

We investigated hundreds of individual HRP molecules
concurrently in an array of 50 000 femtoliter chambers on the
surface of a glass optical fiber bundle. The rates of product
formation of single HRP molecules confined in femtoliter
chambers were proportional to the reaction rates of HRP in bulk
solution but, in general, were 10 times lower. The lower apparent
substrate turnover rates can be explained by the redox reaction
mechanism of HRP that involves two separate steps of product
formation. HRP first catalyzes a one-electron oxidation of the
fluorogenic substrate Amplex Red to a radical intermediate. The
second step is an enzyme-independent dismutation reaction of
two Amplex Red radicals to fluorescent resorufin, which can
be disrupted by side reactions. We conclude that the large
surface to volume ratio in the femtoliter chambers results in
side reactions on the chamber surfaces and thereby reduces the
formation of resorufin by a factor of 10. The results reported
here have general implications for the design of single molecule
experiments with HRP.
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