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Professional phagocytes such as neutrophils and macrophages
can engulf invading microbes into phagosomes and then produce
antimicrobial oxidants and enzymes in the phagosome to destroy
the ingested microbes.' Central to the oxidant-producing capability
of a phagocyte is a transmembrane, multicomponent protein
complex, a reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase.” The necessity to assemble multiple components
into a functioning NADPH oxidase enables regulated production
of reactive-oxygen species (ROS) in phagocytes. When the phago-
cyte is in a resting state, the cytoplasmic subunits of the NADPH
oxidase remain apart from flavocytochrome bssg (cyt bssg), the
membrane-bound catalytic core of the enzyme; once activated, these
components assemble on the membrane in preparation to generate
superoxides. The produced superoxide and downstream ROS can
avidly interact with vital biomolecules causing their irreversible
destruction. Strict spatiotemporal orchestration of these molecular
events is critical for proper operation of the phagocytic defense;
recurrent life-threatening infections can occur for patients with
defective NADPH oxidases,® but excessive production of ROS
might damage cells or the extracellular matrix of the host inducing
inflammatory disorder.*

Although phagocytic ROS has attracted much research, its
intraphagosomal oxidative capacity has never been quantitatively
measured; the question of which ROS plays a major role in the
phagocytic oxidation also remains unanswered. Visualization of the
NADPH oxidase was achieved mainly on stained and fixed cells;’
few enable label-free characterization within a living cell. Here we
demonstrate the use of autofluorescence imaging to track the
spatiotemporal distribution of NADPH oxidases in living macroph-
ages and Raman microspectroscopy to assess quantitatively the
oxidative destruction of intraphagosomal microbes, employing no
staining.

Our autofluorescence images show that there exist distinct bright
spots in the cytoplasm of resting macrophages (Figure 1A) and
that their number increases significantly after the macrophage is
activated with lipopolysaccharides (Figure 1B). Quantitative analysis
of images shows that the intensity increases over 6-fold after
activation (Figure 1C). Significantly, the macrophages that are
engulfing yeasts consistently and clearly exhibit a characteristic
feature: these spots tend to gather in pseudopodia as the phagocyte
is preparing to engulf yeasts (Figure 1D), and they become
contiguous to and surround yeasts that have been completely
internalized by a macrophage (Figure 1E). The latter feature is not
seen for yeasts that remain extracellular and are not ingested.
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Figure 1. (A, B) Representative images of macrophages obtained before
(A) and after (B) treatment with lipopolysaccharides (green: autofluores-
cence; gray: bright field). (C) Increase of fluorescence intensity after
activation (*P < 0.001, n = 17). (D, E) Images showing macrophages
engulfing yeasts (white arrows). (F) Line scans of a phagocytosed (blue)
and an extracellular yeast (red). Scale bar: 5 um.

Comparison of the line scan obtained on a phagocytosed yeast with
that on an extracellular yeast reveals clearly this distinction (Figure
1F).

Flavin adenine dinucleotide (FAD) is an endogenous fluorophore
embedded in the catalytic core of NADPH oxidase (i.e., cyt bssg)
and serves to rely electron transport.> As NADPH oxidases are
overly expressed in activated macrophages, it is conceivable to
attribute to NADPH oxidase bound FAD the autofluorescence
observed in macrophages. As a test of this assumption, we sought
to identify the origin of the autofluorescence with measurements
of the emission spectrum and fluorescence lifetime. Both the
emission spectrum and the fluorescence lifetime recorded of
macrophages agree satisfactorily with those of protein-bound FAD
(Figure S1) and thus support our attribution. Despite there being
other endofluorophores such as NADPH, our choice of excitation
wavelength, 488 nm, and detection range, between 510 and 750
nm, both matching the spectral properties of FAD, facilitates a
preferential detection of FAD over other endofluorophores.® To
exclude mitochondrial FAD as the major source of the autofluo-
rescence in macrophages, we performed similar measurements with
treatment of antimycin A, a mitochondrial inhibitor that terminates
the electron-transport chain in mitochondria, and prevents the
formation of mitochondrial FAD.” The result shows that the
characteristic feature seen in Figure 1E remains unaltered (Figure
S2), thereby eliminating mitochondrial FAD as a major source of
the autofluorescence observed in macrophages. Armed with these
observations, we are content that the observed autofluorescence is
contributed mainly from FAD bound in cyt bssg, and the bright
spots seen in the images of Figure 1 are attributed to NADPH
oxidases.

We account for the above results as follows. The dim autofluo-
rescence shown in Figure 1A indicates that the expression of the
NADPH oxidase is halted for resting macrophages, whereas the
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Figure 2. (A) Micrograph showing a macrophage engulfing a yeast
(highlighted with a circle). (B) The corresponding kinetic Raman spectra
measured for a phagocytosed yeast. (C) Time-varying intensities of the C=C
Raman lines of single yeasts (black: control; red: phagocytosed yeasts;

= 3). (D) Effect of various ROS on the C=C Raman lines of yeasts
(black: control; blue: hydrogen peroxide; green: hypochlorous acid; red:
hydroxyl radical). Scale bar: 20 um.

enhanced autofluorescence shown in Figure 1B and 1C indicates
the overexpression of NADPH oxidases in activated macrophages.
Moreover, Figure 1D and 1E reveal clearly that NADPH oxidases
translocate to, and accumulate near, the phagosomes that entrap
yeasts preparing to destroy the ingested microbes. A similar
conclusion has been drawn with results obtained from Raman or
immunofluorescence images of fixed and dead cells.’ In comparison,
our autofluorescence approach demonstrates spatiotemporal tracking
of NADPH oxidases at various stages of phagocytosis in single,
living macrophages, without stains.

As discussed above, the NADPH oxidase can generate intrapha-
gosomal ROS to destroy phagocytosed microbes. In our previous
work we demonstrated a label-free, molecular-level quantification
of lipid peroxidation, a principal component of cellular oxidative
injury, by probing the kinetic variation of the C=C Raman line
associated with unsaturated lipids.® In the present work we extended
this approach to explore the oxidative destruction of ingested
microbes caused by phagocytic ROS and found that the C=C
Raman line (at 1651 cm™!) of the single phagocytosed yeasts
declines progressively (Figure 2A and 2B). Specifically, 2 h after
the onset of the phagocytosis, the intensity decreased by 19% (P
= 0.00022, n = 3), whereas that of the control measurement on
extracellular yeasts remained unaltered during the same period
(Figure 2C). These results clearly show that, in detecting lipid
peroxidation, the oxidative destruction of an intraphagosomal
microbe caused by phagocytic ROS has been dynamically moni-
tored. In contrast to the traditional assessment of phagocytosis that
focuses mainly on the engulfing capability of phagocytes, our result
demonstrates an unprecedented means to assess quantitatively the
destructive capacity of phagocytic ROS at the level of single, living
phagocytes without labeling, thus providing molecular-level insight
into the functionality of phagocytosis.

Various ROS have been implicated in the phagocytic oxidation
of ingested microbes. To elucidate their relative capacity to oxidize
microbes, and to provide insight into which ROS plays a major
role in the oxidant-dependent phagocytic defense, we performed
Raman measurements on yeasts treated with various ROS. The
results (Figure 2D) show that the C=C Raman line declines most
markedly for yeasts treated with hydroxyl radical (55%, P = 2.8
x 107°% n = 11); although milder, the oxidative effect of
hypochlorous acid to the yeasts is also significant (35%, P = 2.2
x 1077, n = 7), whereas, in contrast, hydrogen peroxide alone

causes no significant change of the C=C Raman line with time (P
= 0.25, n = 5). These results indicate that hydroxyl radical and
hypochlorous acids are likely to contribute to the oxidative
destruction of the phagocytosed contents, whereas hydrogen
peroxide, if not converted to hydroxyl radical through the Fenton
reaction, or to hypochlorous acid through myeloperoxidase-mediated
peroxidation, makes little contribution to the oxidative digestion
of ingested microbes.

To demonstrate that combined autofluorescence imaging and
Raman microspectroscopy can reveal mechanistic information that
is otherwise difficult to obtain, we also characterized macrophages
pretreated with apocynin, a catechol derivative that inhibits NADPH
oxidases while not disturbing the phagocytic action of phagocytes.’
We found that the C=C Raman line of yeasts that have been
ingested in the apocynin pretreated macrophages remains intact
(Figure S3), indicating that the oxidative capacity of apocynin
pretreated macrophages is completely halted, whereas the autof-
luorescence images of these macrophages exhibit similar charac-
teristic features seen in Figure 1E (Figure S4). The result not only
provides compelling evidence that apocynin inhibits the NADPH-
oxidase-facilitated oxidation of yeasts but also, for the first time,
reveals that the inhibitory action of apocynin on NADPH oxidase
does not affect the translocation of cyt bssg to the phagosome.

By using autofluorescence imaging and Raman microspectros-
copy, we have demonstrated label-free visualization of NADPH
oxidases in living macrophages that are undergoing phagocytosis
and quantitative assessment of phagocytic-ROS-caused oxidation
occurring in intraphagosomal yeasts with no stains. In light of recent
recognition of pathophysiological roles played by homologues of
NADPH oxidases and ROS in cardiovascular and neurodegerative
diseases, we anticipate that extension of a similar approach to these
systems might provide new mechanistic insight into relevant
diseases such as atherosclerosis.
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