
INTRODUCTION

PROFESSIONAL PHAGOCYTES such as neutrophils, macro-
phages, and dendritic cells are crucial in immune and in-

flammatory responses against infections by virtue of their
ability to recognize and engulf invading microorganisms (86,
88). Whereas neutrophils and macrophages have an essential
role in innate immunity by killing and degrading the internal-
ized microbes inside phagolysosomes (55, 97), dendritic cells
and also macrophages use phagocytosis to induce a long-term
adaptive immune response and protection by presenting mi-
crobial antigens on their surface to specific T lymphocytes
(86). As this article is concerned mainly with the innate im-
mune response of neutrophils, the involvement of profes-
sional phagocytes in adaptive immunity is not further dis-
cussed here.

Being able to leave the bloodstream and migrate to sites of
infection by chemotaxis, neutrophils form an important line
of defense against invading microbes. After phagocytosis,
they expose pathogens in the phagosome to destructive reac-
tive oxygen species (ROS) and hydrolytic proteins that are
liberated from granules. It has been known for more than 25
years that bactericidal ROS are derived from the superoxide-
producing enzyme NADPH oxidase (reviewed in refs. 6, 21,
76, 98). The membrane-embedded, catalytic subunit gp91phox

of this enzyme transports electrons across the phagosomal or
plasma membrane, resulting in the one-electron reduction of
oxygen to superoxide (O2

�). However, recent work indicates
that NADPH oxidase also mediates the activation of microbi-
cidal proteases in the phagolysosome (72, 78). The release of
electrons into the phagosomal lumen, as a result of NADPH
oxidase activity, leads to a compensating influx of cations
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ABSTRACT

The phagocyte NADPH oxidase is a key component of the innate immune response against invading microor-
ganisms, because the generation of superoxide (O2

�) inside the phagocytic vacuole by this enzyme is responsi-
ble for microbial killing by mechanisms that are directly or indirectly dependent on reactive oxygen species
(ROS) formation. Most of what is known about the membrane-embedded and cytosolic NADPH oxidase sub-
units and their intricate network of interactions on assembly and activation has been derived from biochemi-
cal and biophysical studies involving subcellular fractionation or reconstituted cell-free systems. Such investi-
gations can be complemented by single-cell microscopy on phagocytes, which may reveal spatial and/or
temporal details about NADPH oxidase assembly that cannot be obtained from fractionated-cell assays. In re-
cent years, we have investigated the NADPH oxidase in neutrophils using two complementary optical imaging
techniques: Raman microscopy, a vibrational spectroscopic technique that does not require protein labeling,
and live-cell fluorescence microscopy, which sheds light on the dynamics of NADPH oxidase assembly in indi-
vidual cells. Here, we briefly introduce these techniques, compare their characteristics, and show their poten-
tial for studying NADPH oxidase at the single-cell level. New microscopy data are presented to illustrate the
versatility of Raman and fluorescence microscopy on intact neutrophils. Antioxid. Redox Signal. 8, 1509–1522.
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such as H+ and K+, through a voltage-gated proton channel
(25), believed by some investigators (41) but not by others
(24) to be gp91phox, and a large-conductance Ca2+-activated
potassium channel (1), respectively. The increase in potas-
sium ion concentration in the phagocytic vacuole liberates
and activates proteases from the acidic proteoglycan matrix
of neutrophil granules that have fused with the phagosome.
Thus, efficient bacterial killing, by both ROS generation and
protease activation (71), is critically dependent on NADPH
oxidase activity. This is apparent from studies with neu-
trophils from patients with chronic granulomatous disease
(CGD), in which a dysfunctional NADPH oxidase caused by
a genetic defect in one of its subunits leads to recurrent and
life-threatening infections (44, 75).

For the past two decades, intensive research efforts have
been undertaken to identify the crucial NADPH oxidase sub-
units in phagocytes and to unravel the mechanisms that are
responsible for regulating the onset, intensity, and termina-
tion of NADPH oxidase activity under a variety of conditions.
We here provide the following summarizing statements about
NADPH oxidase structure, assembly/activation, and regula-
tion, and refer the reader to recent in-depth reviews for de-
tailed discussions (6, 21, 26, 70, 76, 98):

1. The catalytic core of NADPH oxidase consists of flavocy-
tochrome b558 (further referred to as cyt b558), a het-
erodimeric membrane protein consisting of gp91phox and
p22phox (phox, phagocyte oxidase). The 91-kDa gp91phox

subunit is a flavohemoprotein that contains binding sites for
NADPH, FAD, and heme prosthetic groups (in a 1:1:2 ratio)
that take part in the electron-transporting catalytic cycle.
The small subunit p22phox is a stabilizing membrane protein
for gp91phox and a docking site for cytosolic subunits that
are indispensable for in vivo NADPH oxidase activation.

2. In resting neutrophils, NADPH oxidase is unassembled and
therefore dormant because of the separation between
membrane-bound (cyt b558) and cytosolic (p47phox, p67phox,
p40phox, and Rac) subunits. Activation of cells by soluble or
particulate stimuli leads to translocation of the het-
erotrimeric p47phox–p67phox–p40phox complex from the cy-
tosol to the cyt b558 in the plasma membrane or phagosomal
membrane. This translocation depends on extensive phos-
phorylation of p47phox by protein kinases (most notably iso-
forms of protein kinase C), leading to a conformational
change that relieves p47phox from its autoinhibited state and
allows it to dock onto membrane-bound p22phox.

3. Whereas p47phox has an organizing function, mainly by
bringing p67phox in close proximity to gp91phox, p67phox is
absolutely indispensable for NADPH oxidase activity be-
cause it contains an activation domain that is critical for
electron transport through and thus superoxide production
by gp91phox.

4. Rac (Rac1 in macrophages, Rac2 in neutrophils) is critical
for NADPH oxidase assembly and possibly activation. Al-
though Rac1/2 translocates separately from the
p47phox/p67phox/p40phox trimer to the plasma and/or phagoso-
mal membrane on cell stimulation, it must bind to p67phox

for NADPH oxidase activity to occur. Whether Rac1/2 has
only an organizing (like p47phox) or also an activating func-
tion in electron transport is currently under debate (10).

5. Besides the essential interactions between the phox subunits
described, many of which have been characterized struc-
turally (36), it is also known that many membrane-bound,
lipid second messengers play an important role in regulating
NADPH oxidase activity. Among these lipids are arachi-
donic acid (AA), diacylglycerol, and phosphatidic acid,
which are products of phospholipase A2, C, and D activity,
respectively, and several phosphatidylinositol phosphates
(PIPs), which are generated by phosphatidylinositol kinases
(PIKs), the best studied one in immune cells being phos-
phatidylinositol 3-kinase (PI3K) (23). These lipid messen-
gers, many of which are also important in phagocytosis and
subsequent phagosome maturation (85), exert their effect ei-
ther directly on NADPH oxidase subunits [for example, both
p47phox and p40phox contain PX domains that bind directly to
PIPs (65)] or indirectly by stimulating signaling pathways
that occur upstream of NADPH oxidase activation.

6. The architecture of the NADPH oxidase (i.e., the separation
between membrane-bound and cytosolic subunits in the
dormant state) implies that tight spatiotemporal regulation
of its activity is important in vivo. Indeed, accidental or ex-
cessive production of ROS may lead to, for example, in-
flammatory tissue injury, carcinogenesis, atherosclerosis,
and rheumatoid arthritis (7). Moreover, oxidative stress, to
which NADPH oxidase-containing microglia (resident
macrophages in the brain) may contribute significantly, is
increasingly being implicated in neurodegenerative condi-
tions including Alzheimer and Parkinson disease (4, 48).

Almost everything that is known about the membrane-
embedded and cytosolic NADPH oxidase subunits and their
multitude of interactions on phagocyte stimulation has been
derived from biochemical investigations on subcellularly
fractionated and reconstituted cell-free systems. Although
these approaches have been very successful in dissecting the
molecular interactions between NADPH oxidase subunits and
signaling pathways leading to oxidase activation, they cannot
capture the dynamic protein–protein and protein–lipid inter-
actions that are characteristic and essential for protein activa-
tion and regulation processes in living cells. Moreover, weak
and transient interactions between components in whole cells
may escape detection in experiments on fractionated systems.
Thus, analytic tools are needed that reveal spatial and/or tem-
poral details of NADPH oxidase assembly in cellular sys-
tems. Here, we present an overview of the microscopic tech-
niques, applied to phagocytes, that have been providing such
details. After a brief discussion of well-established micro-
scopic methods, such as electron microscopy (EM) and fluo-
rescence microscopy, which, in combination with immunola-
beling or cytochemistry, supply spatial information about
NADPH oxidase subunits and ROS production, we focus our
discussion on two complementary optical techniques that we
have used for NADPH oxidase research at the single-cell
level: Raman microscopy on intact neutrophils and live-cell
fluorescence microscopy on neutrophil-like PLB-985 cells.
As a vibrational spectroscopic tool, Raman spectroscopy pro-
vides specific information on endogenous biomolecules (in-
cluding cyt b558) without the need for protein labeling. We
briefly introduce the application of Raman spectroscopy on
cells, compare the advantages and limitations of this tech-
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nique with those of fluorescence microscopy, and present new
Raman spectroscopy and imaging data (see Figs. 3–5) on live
and fixed neutrophils, respectively. For fluorescence mi-
croscopy on living cells, we have expressed constructs of
p67phox and Rac2 labeled with green fluorescent protein
(GFP) in human myeloid PLB-985 cells that can be induced
to differentiate into bona fide neutrophilic phagocytes. These
GFP-containing cells can be investigated with sophisticated
fluorescence techniques such as fluorescence recovery after
photobleaching (FRAP), fluorescence correlation spec-
troscopy (FCS), and possibly, when two labels are used,
Förster resonance energy transfer (FRET), revealing new in-
formation about dynamics of and interactions between
NADPH oxidase subunits in phagocytosing neutrophils. We
illustrate the unique capabilities of these techniques for live-
cell studies of the phagocyte NADPH oxidase by discussing
new data (see Figs. 6–7) from our groups.

ELECTRON AND FLUORESCENCE
MICROSCOPY ON THE PHAGOCYTE

NADPH OXIDASE

Localization of NADPH oxidase subunits

In early morphologic studies, high-resolution transmission
electron microscopy (TEM) on ultra-thin cell sections was
used to distinguish different granules in neutrophils (8, 13)
and to determine the kinetics and sequence of their degranula-
tion into nascent phagocytic vacuoles (77). The availability of
antibodies against flavocytochrome b558 in the late 1980s
made it possible to study the subcellular localization of
NADPH oxidase with high spatial resolution by immunogold
electron microscopy experiments on resting and phagocytos-
ing neutrophils (35, 49). A major result from these investiga-
tions, in combination with analyses of subcellular fractions
(11, 20), was the finding that about 80% of the cellular cyt b558

content is localized in the membranes of specific granules and
secretory vesicles in resting neutrophils, and that part of the
cyt b558 pool translocates to the plasma or phagosomal mem-
brane as a result of degranulation on cell stimulation.

Immunolabeling in combination with wide-field or confo-
cal fluorescence microscopy has also been used extensively
to investigate both NADPH oxidase assembly in phagocytes
and colocalization of other cellular components with the oxi-
dase. DeLeo et al. (27) monitored association of p47phox and
p67phox with cyt b558 at the phagosomal membrane by record-
ing immunofluorescence images at fixed time points and
demonstrated that termination of oxidase activity correlated
with disappearance of the cytosolic subunits from the phago-
some. Surprisingly, a similar microscopy study from the same
group reported the transient recruitment of p47phox and
p67phox to the phagosome in neutrophils from patients with
cyt b558–deficient (X-linked) CGD (2). Because earlier stud-
ies based on subcellular fractionation and cell-free reconsti-
tution systems had failed to demonstrate translocation of cy-
tosolic subunits in X-CGD neutrophils (see, for example, ref.
43), it is clear that using microscopy on intact cells may re-
veal subtle processes that may be overlooked when using bio-
chemical assays. Allen et al. (2) went on to show that on com-

plete internalization of zymosan particles by X-CGD neu-
trophils, p47phox and p67phox were quickly shed from the
phagosome together with F-actin and the actin-binding pro-
tein p57, which also is known to bind p40phox (37), reinforcing
earlier data suggesting that association of cytosolic phox pro-
teins with the cytoskeleton is required for phagosomal mem-
brane targeting and occurs before binding to cyt b558. Recent
examples in which immunofluorescence microscopy has been
applied to study NADPH oxidase in phagocytes include the
colocalization of gp91phox with cytosolic phospholipase A2 [a
required enzyme for oxidase activity (22)] in the plasma or
phagosomal membrane of stimulated neutrophil-like PLB-
985 cells (80), the recruitment of cyt b558 and cytosolic phox
proteins to lipid rafts [cholesterol-enriched membrane mi-
crodomains that function as signaling platforms (83)] in neu-
trophils primed with interleukin-8 (38), the impaired translo-
cation of cyt b558 to the phagocytic vacuole in neutrophils and
macrophages infected with the bacterial pathogens
Anaplasma phagocytophilum (17, 47) and Salmonella ty-
phimurium (33, 96), respectively, and the colocalization of
neutrophil flavoprotein autofluorescence and gp91phox within
7 nm by FRET (52), strongly suggesting that a significant
fraction of neutrophil autofluorescence at 420- to 490-nm ex-
citation is due to NADPH oxidase. Interestingly, with time-
resolved spectroscopy, the latter study reported a periodic
transient reduction of 54 ± 2 msec in the NADPH oxidase-
related flavoprotein autofluorescence, consistent with earlier
reports indicating that oscillatory electron transport across
the NADPH oxidase enzyme is promoted by propagating
waves of the gp91phox substrate NADPH (51). Of note, auto-
fluorescence imaging on neutrophils, used extensively by
Petty and co-workers (51), does not require labeling of
NADPH oxidase subunits, a feature that this technique shares
with resonance Raman spectroscopy (vide infra).

Localization of intracellular ROS production

An indirect way to determine the cellular localization of
active NADPH oxidase is to visualize the sites of ROS gener-
ation. Cytochemical methods for the detection of O2

� [e.g.,
nitroblue tetrazolium (NBT) and 3,3�-diaminobenzidine
(DAB)/Mn2+] and H2O2 (e.g., Ce3+), in combination with
electron microscopy (EM), were critical in establishing that
ROS production occurs at the plasmalemma/phagosomal
membrane of stimulated neutrophils (reviewed in ref. 73).
However, with DAB/Mn2+ cytochemistry and EM, Kobayashi
et al. (53) showed that O2

� generation occurs at intracellular
granules in PMA-stimulated neutrophils and not at the
plasma membrane (53). This had already been suggested by
chemiluminescence and fluorescence assays (59) and was
confirmed more recently by fluorescence microscopy with
ROS-dependent fluorogenic dyes (15). When combined with
results from biochemical studies (3, 50, 90), these findings
suggest that on PMA stimulation, NADPH oxidase is acti-
vated within intracellular granules that can subsequently be
targeted to and fused with the plasma membrane.

The use of fluorogenic compounds such as hydroethidine,
dihydrorhodamine-1,2,3, and 2�-7�-dichlorodihydrofluores-
cein (DCDHF), which become fluorescent on oxidation by
ROS, is widespread in phagocyte biology (101). These dyes
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serve as sensitive probes in fluorescence microscopy experi-
ments to provide spatial and temporal information about ROS
production by phagocytes, thereby reflecting NADPH oxi-
dase activity. However, their use in microscopy or other fluo-
rescent assays is not without limitations (87). The intracellu-
lar locations where the fluorescent products accumulate may
not necessarily be the site of their production. For example,
ethidium, generated as a result of hydroethidine oxidation, is
targeted to the nucleus, whereas rhodamine-1,2,3 accumu-
lates in mitochondria. In addition, many probes lack speci-
ficity, serving only as a general ROS probe, and some require
peroxidase activity for their oxidation to fluorescent species.
Nevertheless, through the development of probes with im-
proved ROS specificities, together with better targeting meth-
ods, fluorescence-based ROS detection will likely remain a
popular method for establishing intracellular NADPH oxi-
dase activity with spatiotemporal resolution.

RAMAN SPECTROSCOPY AND
MICROSCOPY ON SINGLE NEUTROPHILS

In recent years, the use of vibrational spectroscopic tech-
niques such as infrared (IR) and Raman spectroscopy has in-
creased remarkably in fields such as biochemistry, structural
and cell biology, and tissue diagnostics (16, 19, 28, 40, 56,
66). Technical developments (e.g., in laser-excitation sources,
optics, detectors, and data-analysis methods), the commercial
availability of vibrational spectroscopic instrumentation, and
the realization that the chemical composition and molecular
structure of investigated samples can be probed in a label-free
manner have all contributed to the current status of vibra-
tional spectroscopy as a unique analytic tool in the life sci-
ences. Before discussing our application of Raman spec-
troscopy and microscopy to NADPH oxidase in neutrophils,
we briefly introduce the Raman technique and compare its
characteristics with those of fluorescence microscopy.

In its most general sense, the Raman effect is caused by in-
elastic scattering of electromagnetic radiation (usually visible
light is used) by matter. In an inelastic scattering process, the
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two colliding particles exchange energy. On collision of a
molecule with an excitation photon (with energy h�exc, Fig.
1), this energy is quantized by the vibrational states � (Fig. 1)
of the molecule.

The energy difference between the incident and the scat-
tered light gives detailed information about the bond types
present in the molecule. Raman spectra of molecules show
narrow bands that can usually be assigned to specific molecu-
lar vibrations. This is a major advantage over fluorescence
spectroscopy, in which the typical broad emission bands re-
veal little about the identity of the molecules under study. An-
other difference between fluorescence and Raman spec-
troscopy is that fluorescence emission occurs from an
electronically excited state (Fig. 1a), whereas in nonresonant
Raman spectroscopy (Fig. 1b), this state (E, Fig. 1) is not in-
volved. In practice, this means that particular fluorescent
dyes can be used only when suitable wavelengths for their ex-
citation are available, whereas nonresonant Raman spectra of
molecules of interest can be obtained at many different wave-
lengths. In contrast, resonant Raman (RR) spectroscopy (Fig.
1c), like fluorescence, is performed at an excitation wave-
length close to the absorption maximum of the molecule
under study. This results in a selective increase, up to four or-
ders of magnitude, in the Raman scattering intensity of the
absorbing species (the chromophore) (16, 84). The large dif-
ference between nonresonant and resonant Raman spec-
troscopy is illustrated by the average Raman spectra from the
cytoplasm of living neutrophils, taken under nonresonant
(647 nm, Fig. 2a) and resonant (413 nm, Fig. 2b) conditions.

At 647-nm excitation, Raman bands from, e.g., aromatic
amino acids, amide groups, CH2 moieties (in lipids and pro-
teins), and heme groups in myeloperoxidase (MPO), an abun-
dant enzyme in neutrophils can be observed (Fig. 2a). In con-
trast, at 413-nm excitation, the Raman spectrum is almost
exclusively due to scattering from cyt b558, with a minor contri-
bution from MPO (Fig. 2b). This is because the heme groups in
these enzymes display a strong Soret absorption at (cyt b558) or
near (MPO) 413 nm, leading to a selective enhancement of
their Raman scattering intensity compared with other cellular
components that do not absorb at this wavelength.

FIG. 1. Schematic energy level diagrams corre-
sponding to fluorescence emission (a), nonreso-
nant Raman scattering (b), and resonant Raman
scattering (c). The term virtual level is used to
describe scattering as an excitation to a state that is
lower in energy than a real electronic transition,
with a nearly coincident de-excitation and a con-
comitant change in vibrational energy. Exc, excita-
tion; fl, fluorescence; nR, nonresonant Raman; rR,
resonant Raman; G, ground electronic state; E, ex-
cited electronic state; �i, vibrational states; ic, inter-
nal conversion.
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Cell and tissue optical-imaging techniques based on
Raman spectroscopy have become versatile alternatives to
fluorescence microscopy, because vibrational spectra ob-
tained from small intracellular volumes or tissues display a
wealth of molecular, specific information, as demonstrated
by the Raman spectra from the cytoplasm of neutrophils
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shown in Fig. 2. In fluorescence microscopy, one must rely on
labeling the molecules of interest with fluorophores to obtain
the same kind of chemical information. Tedious labeling pro-
cedures, and artifacts arising from them, can be avoided in vi-
brational spectroscopy. Table 1 compares characteristic prop-
erties of laser-excited fluorescence and Raman spectroscopy
and microscopy.

The high laser powers, long imaging times, and high detec-
tion limits reported in Table 1 for Raman spectroscopy are
caused by the very low Raman scattering cross-sections of
biomolecules compared with the high-absorption cross-
sections of molecules used as fluorescent labels in biology.
This restricts the use of nonresonant and resonant Raman mi-
croscopy to either static situations (i.e., fixed cells) or rela-
tively slow intracellular processes.

Resonant Raman spectroscopy and imaging: 
label-free visualization of cyt b558

In general, cytochromes and other hemoproteins such as
hemoglobin, MPO, and eosinophil peroxidase (EPO) display
several strong absorption bands in the visible region of the
electromagnetic spectrum. Consequently, many of the struc-
tural features of the heme prosthetic groups in these proteins
have been unveiled by resonant Raman spectroscopy (84),
which reports on, for example, the heme iron redox state, spin
state, and axial ligands. Early RR measurements at low tem-
peratures (90 K) on flavocytochrome b558 in highly concen-
trated neutrophil suspensions and solubilized neutrophil
plasma membranes were consistent with low-spin, six-
coordinate hemes in both ferric (Fe3+) and ferrous (Fe2+) oxi-
dation states (46). By comparison with synthetic models of
known constitution, bis-histidine axial ligation of the heme
iron centers was suggested. This was confirmed by later RR
and electron paramagnetic resonance (EPR) measurements on
purified cyt b558 at cryogenic temperatures (25 K) (32) and,
more recently, by introducing point substitutions in histidine
residues that lie within transmembrane domains of gp91phox

(9). It is now known that the four histidines involved in axial
ligation to the two hemes in gp91phox are strictly conserved
among all NADPH oxidase (Nox) family members (54).

In our group, we developed confocal Raman microspec-
troscopy instrumentation that was, for the first time, sensitive
enough to obtain high-quality Raman spectra from individual

FIG. 2. Nonresonant (a) and resonant (b) Raman spectra
of the cytoplasm of living neutrophils. Average spectra
from measurements on 10 different cells are plotted. Vibra-
tional bands in the resonant Raman spectrum (b) are exclu-
sively from cyt b558 and MPO (81). Measurement conditions:
(a) 15-mW, 647-nm excitation, 30-sec signal accumulation per
spectrum; (b) 1-mW, 413-nm excitation, 5-sec signal accumu-
lation per spectrum.

TABLE 1. CHARACTERISTIC PROPERTIES OF FLUORESCENCE VERSUS RAMAN SPECTROSCOPY AND

MICROSCOPY

Fluorescence Raman

Excited state lifetime Long (ns) Short (ps/fs)
Emission bandwidth Broad (~40 nm) Narrow (~0.5 nm)
Typical laser power used for cell imaging* 1–50 µW 0.1–100 mW
Typical cell imaging time* 1–10 sec 15–30 min
Typical image pixel numbers 512 � 512 32 � 32, 64 � 64
Detection limit (molecules)* 1 ~105 (NR)

~103 (RR)
Chemical imaging After labeling No labeling required

*Using microscopes available in our laboratories.
NR, nonresonant Raman; RR, resonant Raman.
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living cells in a reasonably short recording time (68). Initial
experiments at 660-nm excitation revealed that Raman spectra
from the cytoplasm of eosinophils and neutrophils were domi-
nated by contributions from proteins and EPO in eosinophils
and proteins and MPO in neutrophils (69). Subsequent reso-
nant Raman spectroscopy in the cytoplasm of living normal,
MPO-deficient, and cyt b558–deficient (X910 CGD) neu-
trophils showed that, at 413-nm excitation, the Raman signal
of neutrophilic granulocytes originates predominantly from
cyt b558, with a minor contribution from MPO (81). Because
the strong Soret absorption bands of oxidized cyt b558 and oxi-
dized MPO are located at 413 nm and 428 nm, respectively,
the Raman scattering intensity of these enzymes is enhanced
by resonance at 413-nm excitation. Similar measurements
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after the addition of sodium dithionite, which completely re-
duces heme groups in cyt b558 and MPO to their ferrous (Fe2+)
state, led to clear spectral changes in the resonance Raman
spectra (81). From these results, we speculated that activation
of NADPH oxidase, which is known to involve (transient) re-
duction of the gp91phox heme groups (discussed in ref. 21),
could be followed inside living neutrophils by RR spec-
troscopy without requiring external labels for ROS detection
(vide supra). We subsequently demonstrated that stimulation
of neutrophils with PMA and Escherichia coli bacteria led to
changes in the RR spectra that could be assigned to a partial
reduction of both cyt b558 and MPO (64, 82). Control measure-
ments with cyt b558–deficient (X910 CGD) neutrophils failed
to show a reduction of intracellular MPO, strongly suggesting
that the observed changes in the RR spectra from normal cells
on stimulation are due to NADPH oxidase activation. Conclu-
sive evidence, presented here, that this is the case has been ob-
tained using p67phox-deficient (A670 CGD) neutrophils. A670

CGD cells display normal expression levels of cyt b558 and
MPO, and RR spectra from unstimulated as well as dithionite-
reduced A670 CGD cells are identical to spectra from quies-
cent and dithionite-reduced WT neutrophils (not shown).

FIG. 3. Resonant Raman spectra from live p67phox-deficient
CGD (a) and normal (b) neutrophils showing the absence
of cyt b558 reduction in p67phox-deficient CGD cells on
phagocytosis of serum-opsonized polystyrene (PS) beads.
In normal neutrophils (b), the oxidation-state marker band at
1,375 cm–1 shifts to 1,361 cm–1 on stimulation (see the differ-
ence spectrum plotted in black), which is due to a reduction of
heme Fe3+ to Fe2+. In p67phox-deficient CGD neutrophils (a),
the partial reduction of cyt b558 is absent in phagocytosing
cells. Because NADPH oxidase cannot be activated in these
cells, the observed changes in the RR spectra from normal
cells (b) on stimulation must be due to NADPH oxidase activa-
tion. Bands marked with an asterisk in (a) and (b) are from
phagocytosed polystyrene beads. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com/ars.)

FIG. 4. Resonant Raman microscopy shows the accumula-
tion of cyt b558 in the vicinity of a phagocytosed latex bead
in a p67phox-deficient CGD neutrophil. (a) RR cluster
image (10.4 � 10.4 µm2) showing the intracellular distribution
of cyt b558 partitioned into six clusters. (b) Corresponding RR
image in the 1,001 cm–1 vibrational band of polystyrene. (c)
Average RR spectra extracted from the cluster image displayed
in (a). The dark-blue cluster, which surrounds the internalized
particle, is highest in cyt b558 intensity and accounts for 35% of
the total cyt b558 pool in the cell. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com/ars.)
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However, A670 CGD cells that have phagocytosed serum-
opsonized latex beads do not show any changes in their RR
spectra (Fig. 3a), recorded from a region around the phago-
some, whereas in corresponding RR spectra from phagocytos-
ing WT cells, these characteristic changes, indicating a partial
reduction of cyt b558 and MPO, are clearly observed (Fig. 3b).
Moreover, RR spectra of A670 CGD cells treated with 50 nM
PMA, a very potent NADPH oxidase agonist, were identical to
RR spectra of unstimulated A670 CGD cells (not shown),
which is in strong contrast to our previously reported results
on WT neutrophils (82).

These findings, proving that electron transfer to the heme
groups in cyt b558 on NADPH oxidase activation is impaired
in p67phox-deficient CGD neutrophils, are consistent with pre-
vious biochemical, cell-free experiments, suggesting that the
activation domain in p67phox regulates electron transfer from
NADPH to FAD (62). A possible way to test this latter sug-
gestion, using living WT and A670 CGD neutrophils, might
be to perform time-resolved autofluorescence spectroscopy.
Kindzelskii and Petty (52) recently used this technique on
WT neutrophils to measure the transient reduction in flavo-
protein autofluorescence due to electron transport across
NADPH oxidase. They found that flavoprotein autofluores-
cence in activated neutrophils was not reduced on treatment
of cells with diphenylene iodonium (DPI), a well-known
flavin antagonist, which demonstrates the capability of auto-
fluorescence spectroscopy to monitor electron transport to
FAD in NADPH oxidase.

We recently extended our confocal RR spectroscopy studies
on neutrophils to the imaging domain by step-wise scanning
over single cells while recording full RR spectra at every
image pixel (93, 94). From the acquired spectral data sets,
confocal Raman images can be constructed by plotting the in-
tensity of a cyt b558 Raman band as a function of position.
With this method, we visualized the intracellular distribution
of cyt b558 in both resting and phagocytosing WT neutrophils
(93). As expected, part of the cyt b558 pool was found to be
translocated to latex bead–containing phagosomes, consistent
with the well-known degranulation behavior of cyt b558–con-
taining secondary granules and secretory vesicles on phagocy-
tosis (49, 77). We subsequently performed RR imaging exper-
iments on neutrophils treated with PMA (94) and found that
most of the cyt b558 was located near the cell periphery, which
is in line with extensive specific-granule exocytosis that is
known to occur on PMA stimulation (30). Examination of the
reduced/oxidized cyt b558 ratio across PMA-stimulated cells
revealed a rather homogeneous distribution of partly reduced
cyt b558, reflecting the unpolarized intracellular activation of
NADPH oxidase on PMA treatment that has been demon-
strated before with cytochemical methods and fluorogenic
ROS-sensitive dyes in combination with electron and fluores-
cence microscopy (see the Localization of intracellular ROS
production section). In contrast to these latter procedures, RR
microscopy is a label-free vibrational spectroscopic technique
that can be applied to unpermeabilized cells.

As a final example, we report here that cyt b558 also
translocates to the phagosome in p67phox-deficient (A670

CGD) neutrophils stimulated with serum-opsonized latex
beads. The RR cluster image of a phagocytosing A670 CGD
cell, displayed in Fig. 4a, shows a dark blue cluster of highest
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average cyt b558 intensity (Fig. 4c), which localizes around
the phagocytosed latex bead, the RR image of which is dis-
played in Fig. 4b. The light blue, green, orange, and magenta
clusters are of lower intensities (Fig. 4b), demonstrating the
accumulation of cyt b558 close to the internalized particle.

With cyt b558 translocation to the phagosome being normal
in these cells, it is likely that the absence of superoxide pro-
duction in these cells, and thus the impaired bacterial killing,
is solely due to a defective electron-transport mechanism
through gp91phox, as shown earlier with RR spectroscopy.

We conclude this section by the two following summariz-
ing statements:

1. Confocal resonant Raman spectroscopy offers quantitative
and structural information about cyt b558 (and MPO) inside
unlabeled, living WT and CGD neutrophils. Its application
to other cyt b558–containing phagocytes such as macro-
phages and differentiated PLB-985 cells, as well as to non-
phagocyte Nox family members, will further help to eluci-
date NADPH oxidase activation mechanisms in a variety of
cell types.

2. The extension of RR spectroscopy to microscopy allows us
to visualize the intracellular distribution of cyt b558, and
concomitantly its redox state, in both resting and stimulated
WT and autosomal recessive CGD neutrophils. Used in
combination with powerful data-analysis methods that have
been developed for large spectroscopic data sets (including
singular-value decomposition, principal-component analy-
sis, and hierarchical cluster analysis), we believe that RR
microscopy is at present a very useful technique in phago-
cyte biology and CGD research. It also has the potential to
become a versatile tool in the characterization of nonphago-
cyte Nox enzymes.

Nonresonant Raman imaging: visualization 
of lipid bodies in phagocytosing neutrophils

By comparing the average nonresonant (Fig. 2a) and reso-
nant (Fig. 2b) Raman spectrum from the cytoplasm of living
neutrophils, it is seen that nonresonant Raman spectroscopy
at 647-nm excitation lacks the specificity for cyt b558 that res-
onant Raman spectroscopy provides. In general, Raman spec-
tra recorded from cells under nonresonant conditions display
a multitude of vibrational bands from constituents of endoge-
nous biopolymer classes that are present at high concentra-
tions, such as proteins, nucleic acids, carbohydrates, and
lipids. Consequently, vibrational spectroscopy has been ap-
plied successfully in cases in which large overall biochemical
changes occur in cells and tissues [for example, in apoptosis
(89), stem cell differentiation (63), and atherosclerosis (92)].
The recent application of Raman spectroscopy and infrared
microscopy to breast cancer diagnosis (39) and histopatho-
logic characterization of prostatic tissue (31), respectively,
highlights the increasing importance of vibrational spec-
troscopy in clinical diagnosis (19).

In nonresonant Raman microscopy studies aimed at visual-
izing the redistribution of cellular constituents on phagocyto-
sis, we discovered that phagocytic vacuoles were frequently
in close proximity to lipid-rich organelles of ~1 µm diameter
(95). It is known that an increased number of lipid bodies
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(LBs), cytoplasmic inclusions composed mainly of triglyc-
erides, phospholipids, and sterol esters, is usually found in
leukocytes engaged in inflammation (reviewed in ref. 12).
The presence of LBs in close apposition to phagolysosomes
was already noted in electron microscopy studies of macro-
phages stimulated with zymosan particles (29) or infected
with the intracellular protozoan Trypanosoma cruzi (60). To
study in more detail the association between LBs and phago-
somes in neutrophils, we induced the formation of LBs by ex-
posing cells to arachidonic acid (AA). Subsequent Raman
microscopy revealed the presence of many LBs rich in unsat-
urated lipids. Conclusive evidence for the accumulation of
exogenously added AA in esterified form in LBs was ob-
tained using octadeuterated AA (AA-d8). After formation of
LBs in neutrophils by AA or AA-d8 and subsequent phagocy-
tosis of serum-opsonized latex beads, Raman microscopy
again showed the accumulation of LBs near internalized par-
ticles (95), and we report here that LBs are also present in
close proximity to ingested zymosan particles, as exemplified
by the nonresonant Raman cluster image shown in Fig. 5.

Interestingly, we further found that the accumulation of
LBs near phagosomes is mediated, at least in part, by the
NADPH oxidase subunit gp91phox, as markedly different dis-
tributions of LB-phagosome distances were measured in dif-
ferentiated WT and gp91phox-deficient PLB-985 cells. We
hypothesize that the association of LBs with phagosomes is
mediated by cytosolic phospholipase A2 (cPLA2) and that
release of AA by cPLA2 near the phagocytic vacuole may be
used to activate NADPH oxidase locally and/or to facilitate
phagosome maturation. Work by Anes et al. (5), showing that
selected lipids (including AA) activate actin assembly and
phagosome maturation in macrophages infected with My-
cobacterium tuberculosis and M. avium, lends some support
for this hypothesis. Further studies, including experiments
on cPLA2-deficient PLB-985 cells, will be necessary to de-
cipher the role of LBs in the innate immune response of
phagocytes.
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LIVE-CELL FLUORESCENCE
MICROSCOPY ON PHAGOCYTES

The advent of genetically encoded protein-labeling proce-
dures using autofluorescent proteins (“GFP technology”) in
the last decade has revolutionized cell biology by enabling
dynamic optical microscopy on selectively labeled proteins in
living cells (57). Techniques such as FRAP, fluorescence pho-

FIG. 6. Time-lapse fluorescence microscopy shows the
translocation of p67phox-EGFP to the nascent phagosome in
PLB-985 cells stimulated with serum-opsonized zymosan
particles. A series of fluorescence images (spanning 30 sec in
total) is shown with the p67phox-EGFP signal displayed in green
and the weak autofluorescence of zymosan cores in red. The
scale bar in image 1 represents 5 µm. (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com/ars.)

FIG. 5. Nonresonant Raman
microscopy shows the associa-
tion of an arachidonate-rich
lipid body (arrow) with an in-
ternalized zymosan particle in
a neutrophil. (a) Raman cluster
image (9.4 � 9.4 µm2) showing
clusters corresponding to lipid
bodies (green), zymosan particles
(blue, marked with asterisks), the
cytoplasm (magenta), and the
nucleus (yellow), as identified
by average Raman cluster spectra
(not shown). (b) Corresponding
white-light transmission image.
The area enclosed by the black
square was used for Raman imag-
ing. The scale bar represents 5 µm.
(For interpretation of the refer-
ences to color in this figure leg-
end, the reader is referred to the
web version of this article at
www.liebertonline.com/ars.)
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toactivation, and FCS reveal the intracellular location and
movement of proteins, whereas close-range protein–protein
interactions in living cells can be monitored with FRET mi-
croscopy and fluorescence lifetime imaging microscopy
(FLIM) (99). However, the field of the phagocyte NADPH
oxidase has been lagging behind in the application of GFP
technology and advanced microscopy. This is because neu-
trophils are terminally differentiated cells and refractory to
genetic manipulation. Therefore, nonphagocyte cell lines
such as monkey kidney COS-7 and Chinese hamster ovary
(CHO) cells have been used to express WT and mutant com-
ponents of the phagocyte NADPH oxidase system and study
their behavior using nonmicroscopic techniques (67) and,
with GFP-technology, fluorescence microscopy (61). GFP la-
beling of subunits of other Nox family members in cell lines
is also finding increased application. Finally, localized Rac
activation dynamics can be visualized in living cells using
FRET biosensors based on the binding of activated, GFP-
labeled Rac to a p21-binding domain labeled with a suitable
FRET acceptor. This elegant system, which has been applied
to migrating neutrophils (34) and phagocytosing macro-
phages (45), might be used to study the relation between Rac
activation and NADPH oxidase assembly and activation in
living neutrophils.

A few cell types (available as cell lines) such as HL-60 and
PLB-985 cells can be differentiated into neutrophil-like cells
by induction with appropriate agents. Recently, we succeeded
in stably expressing p67phox-GFP and GFP-Rac2 in PLB-985
cells (91). Dynamic fluorescence microscopy on these cells
allows us to study NADPH oxidase assembly in bona fide
neutrophilic phagocytes, as discussed in the next section.

Fluorescence recovery after photobleaching on
fluorescent cytosolic NADPH oxidase components:
novel insights in translocation dynamics

To gain more insight into the process of translocation of
the cytosolic NADPH oxidase components, EGFP-labeled
versions of p67phox and Rac2 were generated. These proteins
were first tested for their capacity to support NADPH oxidase
activity by transient expression in erythroleukemic K562
cells that contained all NADPH oxidase components (except
p67phox when p67phox-EGFP was tested). Thereafter, these
EGFP-labeled proteins were expressed in the myeloid cell
line PLB-985. Time-lapse fluorescence microscopy revealed
the translocation of p67phox-EGFP and EGFP-Rac2 to the
nascent phagosome in differentiated PLB-985 cells undergo-
ing phagocytosis of zymosan particles, as reported here for
p67phox-EGFP in Fig. 6. Furthermore, expression of these
constructs in gp91phox-deficient PLB-985 cells and subse-
quent analysis of the translocation behavior of the fluorescent
fusion proteins revealed that cyt b558 is essential for stable in-
teraction of p67phox and Rac2 with the phagosome, because
these proteins were shed from the phagosome of gp91phox-
deficient PLB-985 cells after several minutes (91).

The retention time of these fusion proteins on zymosan-
containing phagosomes was then studied by FRAP analysis,
which is a well-established technique for studying diffusional
processes of GFP fusion proteins inside living cells (58). The
retention time of the p67phox-EGFP as well as that of the
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EGFP-Rac2 fusion protein proved to be very short (~0.7 sec,
ref. 91), which is firm proof for a high rate of exchange of
these proteins at the phagosomal membrane. This was an un-
expected result, because cyt b558 and the cytosolic compo-
nents were believed to form a stable complex. However, our
data indicate that the complex between cyt b558 and the cy-
tosolic components associates and dissociates constantly, a
cycle that might be driven by the switch of Rac2 between the
GDP and the GTP-bound state. Future studies will reveal the
molecular mechanisms that drive this cycle of association and
dissociation. In addition, by combining Raman spectroscopy
with fluorescence microscopy, it might be revealed whether
the interaction between the cytosolic oxidase components is
merely to activate cyt b558, with activity being maintained
when the complex dissociates, or, alternatively, that cyt b558 is
active only when it physically interacts with the cytosolic
components.

Fluorescence correlation spectroscopy: 
probing intracellular diffusion of cytosolic
NADPH oxidase components

Fluorescence correlation spectroscopy (FCS) is a very
sensitive technique to measure diffusion constants, binding
interactions, and concentrations of fluorophores, including
GFP fusion proteins, that are present at nanomolar to micro-
molar concentration inside living cells (42). It is based on the
analysis of temporal fluctuations in fluorescence intensity as
the fluorescent molecules of interest diffuse through a sub-
femtoliter confocal measurement volume. We have begun to
characterize the diffusional behavior of GFP-labeled cytoso-
lic NADPH oxidase subunits, expressed in PLB-985 cells
(see previous section), using FCS on a home-built confocal
fluorescence microscope with single-molecule sensitivity
(79). Results from EGFP-Rac2 are presented here. As low
fluorophore concentrations are required for FCS, unstimu-
lated differentiated PLB-985 cells with low expression levels
of EGFP-Rac2 were chosen for FCS measurements. Analysis
of several 10-s fluorescence intensity time traces taken from
the cytoplasm of PLB-985 cells revealed an average diffusion
constant of 1.3 � 10�7 cm2/sec for EGFP-Rac2 in resting
cells, as calculated from the FCS autocorrelation plot dis-
played in Fig. 7. For comparison, plots for the fast-diffusing
rhodamine 6G in water (2.8 � 10�6 cm2/sec) and the slowly
diffusing membrane dye DiO in the plasma membrane of
neutrophils (0.7 � 10�8 cm2/s) are also shown.

The diffusion constant for EGFP-Rac2 is slightly lower
than previously reported values (ranging from 1.7 � 10�7 to
2.5 � 10�7 cm2/sec) for free GFP diffusion in the cytoplasm
of other cells (14, 18). This may be due to the coupling of
GFP to Rac2, resulting in a bulkier fluorophore than GFP
alone and consequently in a slower diffusion.

The initial results described here demonstrate the suitabil-
ity of FCS for investigating NADPH oxidase in living cells.
Current FCS experiments, directed toward the diffusion be-
havior of p67phox and Rac2 in stimulated cells, will shed more
light on the dynamics of NADPH oxidase assembly. More-
over, the use of fusion proteins of different color [e.g., GFP
and monomeric red fluorescent protein (mRFP)] in the same
cell will enable dual-color fluorescence cross-correlation
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spectroscopy (FCCS) on NADPH oxidase subunits. This
technique complements FRET by measuring protein-protein
interactions at very low concentrations inside cells.

OUTLOOK

Dynamic fluorescence microscopy and (resonant) Raman
microscopy are powerful optical imaging tools to dissect mol-
ecular mechanisms of NADPH oxidase assembly and activa-
tion in phagocytes, as we have shown here. With the current
technical status of live-cell fluorescence microscopy, several
unresolved matters can be investigated. First, the dynamics of
the interactions between p67phox and Rac2 in activated phago-
cytes can be monitored by the use of FRET or FCCS analysis,
because both proteins can be labeled with different geneti-
cally encoded fluorescent tags without any deleterious effects
on their function. The PLB-985 cell line offers an outstanding
model system in which the interactions between these two
molecules can be monitored, under conditions in which cyt
b558 is present, as well as under conditions in which cyt b558 is
absent (in cyt b558 knockout cells). Second, studies with this
system will reveal the behavior of mutants of Rac2, p67phox,
and gp91phox in NADPH oxidase activation and will provide
detailed information, relevant for CGD, on the molecular in-
teractions that are affected by any of these mutations.

In addition to its ability to visualize the intracellular redox
state of cyt b558 and the behavior of lipid bodies in phago-
cytes, Raman spectroscopy has the potential greatly to ex-
pand our knowledge of the widely expressed NADPH oxi-
dases that are related to the phagocyte NADPH oxidase.
Because specific antibodies against Noxes are not available,
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the label-free Raman technique can be instrumental to reveal
the localization of a specific Nox in a particular cell type.
Moreover, Raman imaging may allow the detection of the
redox state of a given Nox, a feature that can be used to deter-
mine where and when the Nox of interest is active. These data
can be used to address important questions about the function
of the different Noxes, which, in some cases, is still obscure.
In summary, single-cell optical-imaging techniques are be-
coming indispensable tools in increasing our understanding
of the molecular mechanisms that take place in the phagocyte
NADPH oxidase as well as in other Nox enzymes.

MATERIALS AND METHODS

Neutrophil isolation, cell culture, and opsonization
of latex beads and zymosan particles

Peripheral blood from healthy adults and from a p67phox-
deficient (A670) CGD patient (a 22-year-old man) was ob-
tained by venipuncture. Neutrophils were purified according
to published procedures (74) and suspended in PBS/0.5%
(wt/vol) BSA/0.38% trisodium citrate at ~5 � 106 cells/ml.

PLB-985 cells stably expressing p67phox-EGFP and EGFP-
Rac2 (91) were cultured in RPMI-1640 medium supple-
mented with 10% (vol/vol) fetal calf serum, 2 mM glutamine,
penicillin (200 µg/ml), and streptomycin (200 µg/ml) in a
CO2 incubator at 37°C and passaged twice a week. PLB-985
cells were induced to differentiate into neutrophilic granulo-
cytes by the addition of 0.5% (vol/vol) N,N-dimethylfor-
mamide (DMF) to dilute cell suspensions (~2 � 105 cells/ml)
in culture medium and incubation for 6 days.

Latex beads (diameter 1.0 µm; Polysciences, Warrington,
PA) and zymosan particles (Sigma-Aldrich, Zwijndrecht, The
Netherlands) were opsonized with fresh human serum for 1 h
at 37°C, washed 2� with PBS, and resuspended in PBS.

Resonant Raman spectroscopy 
and microscopy on neutrophils

Resonant Raman experiments on neutrophils were per-
formed on a home-built laser-scanning confocal Raman mi-
crospectrometer using 413.1-nm excitation provided by a Kr+

laser (Innova 90-K; Coherent, Santa Clara, CA), as described
elsewhere (94). For live-cell Raman spectroscopy on quies-
cent WT and A670 neutrophils, cells were adhered for 15 min
to poly-L-lysine-coated CaF2 disks, incubated in phagocytosis
buffer [PBS/1 mM CaCl2/0.5 mM MgCl2/5 mM glucose/0.2%
(wt/vol) BSA], and directly subjected to Raman spectroscopy.
Live-cell Raman spectroscopy on phagocytosing WT and
A670 neutrophils was performed by adhering cells to poly-L-
lysine–coated CaF2, incubating them with opsonized latex
beads for 30 min at 37°C to allow phagocytosis, and subject-
ing them to Raman spectroscopy. Raman spectra from indi-
vidual live cells were recorded by scanning the laser beam,
focused to a diffraction-limited spot of 0.32 µm in diameter
by a 63�/1.2 NA water-immersion objective (Plan Neofluar;
Carl Zeiss, Jena, Germany), over a cellular area of 8 � 8 µm2

and accumulating the Raman signal for 5 sec at 1-mW excita-
tion power. Mean spectra from every type of neutrophil (WT

FIG. 7. Autocorrelation plots, calculated from FCS experi-
ments, showing the diffusional behavior of rhodamine 6G in
water (red), EGFP-Rac2 in the cytoplasm of unstimulated
PLB-985 cells (blue), and DiO in the plasma membrane of
neutrophils (green). It is clear that the diffusion time through
the confocal measurement volume, determined as the lag time
at which the autocorrelation coefficient has decreased to half
its maximum value, is very different for these three cases. This
is reflected by very different diffusion constants (see text). (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www.liebertonline.com/ars.)
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and A670 CGD cells, both quiescent and phagocytosing) were
determined by averaging spectra from 25 different cells. To
allow comparison between different cell types, the Raman
spectra shown in Fig. 3 were subtracted and scaled on their
676 cm–1 band.

To visualize the cyt b558 distribution in phagocytosing A670

CGD neutrophils, we performed resonant Raman imaging ex-
periments on cells that had adhered to poly-L-lysine–coated
CaF2 disks, incubated with opsonized latex beads for 30 min
at 37°C, washed with PBS, and fixed for 1 h in 2% para-
formaldehyde at room temperature. For imaging experiments
on quiescent A670 CGD neutrophils, the phagocytosis step
was omitted. Raman imaging experiments, data processing,
and hierarchical cluster analysis of Raman data sets were per-
formed as described (93–95).

Nonresonant Raman microscopy 
on phagocytosing neutrophils

Nonresonant Raman imaging experiments on neutrophils
were performed on the same confocal Raman microspectrom-
eter as described earlier using 647.1-nm excitation (provided
by a Kr+ laser; Innova 90-K, Coherent) instead of 413.1 nm.
To investigate the association of intracellular AA-containing
lipid bodies (LBs) with phagocytosed zymosan particles, a
procedure similar to that previously reported for the study of
LB association with phagocytosed latex beads (95) was fol-
lowed. In brief, adhered neutrophils were incubated for 1 h
with octadeuterated arachidonic acid (AA-d8), washed with
phagocytosis buffer, incubated for 30 min at 37°C with op-
sonized zymosan particles, and fixed with 2% paraformalde-
hyde for 30 min at room temperature. Nonresonant Raman
imaging experiments on this sample (1-sec accumulation
time per image pixel at 100-mW excitation power), data pro-
cessing, and analysis were performed as described (95).

Fluorescence microscopy on 
EGFP-Rac2 PLB-985 cells

Differentiated PLB-985 cells expressing p67phox-EGFP
were allowed to adhere to glass coverslips in RPMI medium
at 37°C in a heated stage on an LSM510 confocal laser scan-
ning microscope (Carl Zeiss, Göttingen, Germany) for 5 min
before serum-opsonized zymosan particles were added.
Translocation of p67phox-EGFP to nascent phagosomes was
visualized by recording time-lapse confocal fluorescence im-
ages (see Fig. 6) with 488-nm excitation from an Ar+ laser.

Fluorescence correlation spectroscopy experiments on PLB-
985 cells expressing EGFP-Rac2 were performed on a home-
built confocal fluorescence microscope with single-molecule
sensitivity, which was described in detail (79). Fluorescence-
intensity time traces were obtained from unstimulated PLB-
985 cells with a low expression level of EGFP-Rac2 by posi-
tioning the 488-nm laser beam in various cytoplasmic locations
and recording 10-sec streams of emitted photons. Time traces
with a 100-µsec time resolution were processed offline by auto-
correlation analysis, and the resulting autocorrelation plots
were fitted with a model for 3D translational diffusion to de-
rive EGFP-Rac2 diffusion constants (for a general introduction
to FCS procedures; see ref. 100).
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(enhanced) green fluorescent protein; MPO, myeloperoxidase;
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