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ABSTRACT: Endogenous hypochlorous acid (HOCI) secreted by
leukocytes plays a critical role in both the immune defense of mamma- e N

lians and the pathogenesis of various diseases intimately related to Hog sans0f
inflammation. We report the first selective and absolute quantification %

of endogenous HOCI produced by leukocytes in vitro and in vivo with a
novel quantum dot-based sensor. An activated human neutrophil se-
creted 6.5 & 0.9 x 10° HOCI molecules into its phagosome, and kinetic
measurement for the secretions showed that the extracellular generation
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of HOCl was temporally retarded, but the quantity eventually attained a level comparable with its intraphagosomal counterpart with
a delay of about 1.5 h. The quantity of HOCI secreted from the hepatic leukocytes of rats with or without stimulation of
lipopolysaccharide was also determined. These results indicate a possibility to extend our approach to not only clinical settings for
quantitative assessment of the bactericidal capability of isolated leukocytes of patients but also fundamental biomedical research that
requires critical evaluation of the inflammatory response of animals.

he production by living organisms of reactive oxygen species
(ROS) such as superoxide radical (O, ), hydroxyl radical
(OH"), hydrogen peroxide (H,0,), and hypochlorous acid
(HOCI) is an inevitable fate of aerobic lives." Among various
endogenous ROS, the highly reactive HOCI plays a critical role in
both the immune defense of mammalians™ and the pathogen-
esis of various diseases intimately related to inflammation in-
cluding atherosclerosis, atrial fibrillation, and liver cirrhosis.*°
This endogenous HOCI can be produced by leukocytes of various
types including abundant neutrophils that either circulate in
the bloodstream or infiltrate into tissues’ or by tissue-specific
resident macrophages such as the hepatic Kupffer cell.>® In particular,
these phagocytic leukocytes can engulf invading microbes form-
ing phagosomes and secrete HOCI into the phagosome to
destroy the internalized microbe. The production of HOCI
by leukocytes begins with the generation of O, by reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase; O, is subsequently dismutated spontaneously or enzy-
matically by the superoxide dismutase to H,O,. The latter is then
converted to HOCI in the presence of chloride anion (Cl ) by
myeloperoxidase (MPO), a heme enzyme expressed extensively
in activated leukocytes.” A strict spatiotemporal regulation of
HOCIl is crucial; recurrent life-threatening infections can occur
for patients deficient in HOCI because of defective MPO," but
excessive production of the oxidative HOCI by either circulating
or resident leukocytes might cause direct oxidative damage of the
parenchymal tissue and the endothelial cell'" or accelerate tissue
fibrosis indirectly though activation of a key profibrotic effector,
matrix metalloproteinase.6
Because of the pathophysiological importance of HOCI,
development of a means to determine quantitatively and
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selectively the secretion of endogenous HOCI is essential. As
HOCI produced by leukocytes of varied types plays distinct
pathophysiological roles, it is also desirable to find a means of
specific determination of HOCI secreted by circulating and
resident leukocytes. To this end, various sensors derived mainly
from molecules have been developed;'*™"” microorganisms that
express §reen-ﬂuorescence proteins have been explored to sense
HOCL'®"® Although some fluorescent sensors of HOCI possess
satisfactory sensitivity, their selectivity is unsatisfactory as the
sensor might resopond to various ROS that possess sufficiently
large reactivity.”’ A low tolerance to photobleaching of these
sensors remains a hurdle for long-term imaging of cells. Further-
more, as control of the uptake of the sensors by cells is generally
difficult, only a relative change, rather than an absolute quanti-
fication, of the ROS is obtainable. A lack of information about the
intracellular distribution of the sensor further makes interpreta-
tion of the result obtained with these sensors elusive.

Since its invention and development, the semiconductive
quantum dot (QD) has found wide biological applications
because of its superior photostability and unique spectral
tunability.”' >’ Nie and co-workers reported that the emission
of QD decreased significantly on exposure to HOCL*® Huang
and co-workers exploited this feature and showed that the
emission of QD internalized in cells diminished significantly
after the cell was treated with HOCL>' and we note that, instead
of being produced endogenously by the cell, HOCI was added
externally to the cell, and no quantitative information was

Received:  August 8, 2011
Accepted:  September 27, 2011
Published: September 27, 2011

8267 dx.doi.org/10.1021/ac202077x | Anal. Chem. 2011, 83, 8267-8272


http://pubs.acs.org/action/showImage?doi=10.1021/ac202077x&iName=master.img-000.jpg&w=205&h=75

Analytical Chemistry

1 /\ NHCI “OONO M\ H,0,
N
Y, I A
> / | | ,uf I'\‘
2 j £y
2 / ki
2o it i ot | b
. |
5 : N Of [\ OH HOCI
| i v
Zz I,III \\ .l/ "\ |
I g
Y / \
/ \ ' |
- ~ . i | -
0 - - -
560 580 600 620 640 560 580 600 620 640 560 580 600 620 640
A/nm

Figure 1. Emission spectra of quantum dots (QD) measured before
(blue) and after (red) treatment with indicated reactive species.

explicitly reported. Here, we report the selective and absolute
quantification of endogenous HOCI with a novel QD-based
sensor. In contrast with conventional sensors that report ROS
through varying intensity of emission, our sensing of HOCI is
achieved through the unique size-spectrum relation of QD. Our
sensor comprises microbeads conjugated with QD; the microbe-
ad serves as a vehicle that enables an effective control of the
intracellular destination and the quantity of QD delivered to a
cell. Intraphagosomal HOCI secreted by single isolated human
neutrophils in vitro and by hepatic leukocytes of rats in vivo is
quantified; distinct kinetics for the intraphagosomal and the
extracellular secretions of HOCI have been identified. These
results indicate a possibility to extend our approach to not only
clinical settings for quantitative assessment of the bactericidal
capability of isolated leukocytes of patients but also fundamental
biomedical research that requires evaluation of the inflammatory
response of animals in vivo.

B RESULTS

Cadmium-Selenide Quantum Dots Respond Selectively to
HOCI Exhibiting a Blue Shift in Their Emission. We first
verified the selectivity of QD toward reactive species. We
measured the emission spectrum of QD before and after subjec-
tion to treatment of six commonly found endogenous reactive
species including NH,Cl, “"OONO, H,0,, O,, OH’, and HOCI
(the preparation is described in the Supporting Information).
Among the species tested, NH,Cl, “OONO, H,0,, O,, and
OH" yielded no discernible variation of the spectral profile,
whereas HOCI caused a significant modification of the emission
spectrum, of which the wavelength at the maximum shifted from
605 to 595 nm after the treatment (Figure 1).

In seeking mechanistic insight into the spectral shift of QD
induced by the treatment of HOCI, we analyzed the morphology
of QD with a transmission electron (TE) microscope. The
average size of the QD, determined as the length of its long axis,
decreased from 8.4 + 1.2 to 6.0 £ 1.4 nm after the treatment
(Figure 2). This result conforms to the size-spectrum relation of
QD and accounts satisfactorily for the blue-shifted emission of
the QD observed after treatment with HOCL The decreased size
observed from the TE images indicates further that the QD were
etched presumably through oxidization by HOCI, a deduction
that is consistent with the conclusion drawn from measurements
of mass spectra.®® The selective spectral response of QD to
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Figure 2. Morphological analysis of QD. Transmission electron micro-
graphs and the corresponding histograms (the length of the long axis) of
QD for untreated controls (a, b) and those subject to treatment with
HOCI (c, d). Scale bar: 20 nm.

treatment with HOCI indicates a possibility to employ QD to
determine HOCL

HOCI Sensors Developed with Microbeads Conjugated
with Quantum Dots. We designed the sensor of HOCI com-
prising polystyrene microbeads conjugated with QD on the
surface of the microbead. We chose microbeads of diameter
2 um to ensure that the sensor was internalized to the leukocyte
through phagocytosis.”> Conjugation was achieved through
formation of amide bonds between the carboxyl group on the
surface of the microbead and the amino group on that of the QD
(Figure 3a; the preparation is described in the Supporting
Information). The highly magnified scanning electron micro-
graphs showed that the surface of the untreated microbeads was
smooth but became roughened after conjugation, and the length
scale of the roughness was comparable with the size of the QD
(Figure 3b). The confocal fluorescence images showed no
emission from unconjugated microbeads whereas conjugated
microbeads exhibited intense emission (Figure 3c). We con-
firmed also that the spectral profiles of the QD remained virtually
the same after conjugation to the microbeads (Figure 3d). To
examine the variation of the quantity of conjugated QD among
microbeads, we analyzed statistically the fluorescence intensity of
individual microbeads among 35 items. The coefficient of variation
(C.V.) of the fluorescent intensity per microbead was less than 7.7%,
indicating that the quantity of QD carried by each microbead and
delivered to a leukocyte, was comparable from one to another.

We expressed the calibration curve of the sensor as the
magnitude of the spectral shift, measured at varied concentra-
tions of HOCI vs the quantity of HOCI molecules captured per
microbead (Figure 3e). The latter was derived on dividing the
number of HOCI molecules in the solution by the quantity of
microbeads, assuming that the QD were in excess and that all
HOCI had participated in the reaction (construction of the
calibration curve is described in the Supporting Information).
Thereafter, we derived the quantity of HOCI molecules from the
magnitude of the spectral shift.

Quantification of the Intraphagosomal HOCI Secreted
from Single Isolated Human Neutrophils. We first demon-
strated quantification of the intraphagosomal HOCI secreted
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Figure 3. Preparation and characterization of QD-conjugated microbeads. (a) Cartoon illustration of a reaction scheme employed to conjugate QD to
microbeads. (b) Highly magnified scanning-electron micrographs of the surface of microbeads obtained before (left) and after (right) conjugation. Scale
bar: 100 nm. (c) Overlaid optical images of microbeads obtained before (left) and after (right) conjugation (green: fluorescence; gray: bright-field). Scale
bar: S um. (d) Emission spectra of free QD (black) and QD-conjugated microbeads (red). (e) Calibration curve (solid circles: data; red line: fitting).
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Figure 4. Determination of intraphagosomal HOCL. (a) Bright-field
image showing an isolated human neutrophil and an internalized QD-
decorated microbead (white arrow). Scale bar: 10 um. (b) Cross-
sectional view of dual-color fluorescence image. The green and red
colors represent emission between 510 and 630 nm and between 647
and 710 nm, respectively. Scale bar: S um. (c) Emission spectrum
measured from a microbead in a cell-free medium (blue) and that inside
a neutrophil (red). (d) Wavelengths of maximum emission measured
from microbeads in neutrophils subject to indicated pretreatments
(PMA only, n = 9; PMA and apocynin, n = 4; PMA and ABAH, 1 = 30).

from single human neutrophils under conditions that resemble
leukocytes of healthy patients and that of patients with geneti-
cally defective ROS-production enzymes. We activated the
isolated neutrophil with phorbol 12-myristate 13-acetate (PMA)>*
and then treated the activated neutrophil with microbeads that
had been opsonized with human serum. The bright-field image
obtained with a confocal microscope showed that a QD-deco-
rated microbead was internalized by an activated neutrophil
(Figure 4a). To verify that the microbead was indeed in the

intracellular space, we fixed the cell, labeled the cell to highlight
the plasma membrane of the cell, and recorded a dual-color
fluorescence image. The cross-sectional view of the cell showed
unambiguously that the QD-decorated microbead was indeed
engulfed by the neutrophil (Figure 4b).

We then characterized the emission spectrum of various
individual internalized microbeads with a microspectrometer
that had been integrated into the microscope. The emission
spectrum measured from a phagocytosed microbead exhibited a
blue shift relative to the control measured in a cell-free medium
(595.3 nm vs 605.3 nm at wavelengths of maxima; Figure 4c). We
characterized nine microbeads that had been phagocytosed with
activated neutrophils. On the basis of our calibration curve, we
determined that a stimulated human neutrophil secreted 6.5 &
0.9 x 10® HOCI molecules into its phagosome. In comparison,
this value is about 6-fold higher than the quantity (LDgg)
required to kill S. aureus and E. coli.”*®** Although leukocytes
employ also antimicrobial enzymes such as elastase in addition to
oxidant to combat intruding pathogens, our result indicates that
the intraphagosomal generation of HOCI alone might be suffi-
ciently effective to kill the internalized microbes.

To resemble neutrophils with a genetic defect, we challenged
the cell with inhibitors of two enzymes, NADPH oxidase and
MPO, which are responsible in the generation of phagocytic
HOCI as stated in the introduction. In addition to mimicking
defective neutrophils, the inhibitory assays served also as negative
controls to verify that the spectral shift observed from the
phagocytosed microbead was caused by the endogenous HOCI
secreted from the neutrophil. We preloaded the neutrophil
with 4’-hydroxy-3’-methoxyacetophenone (apocynin) to in-
hibit NADPH oxidase;>* inhibition of MPO was achieved with
4-aminobenzoic acid hydrazide (ABAH).*® Both experiments
resulted in only a minor spectral shift (wavelengths at the maxima
shifted from 605.3 &£ 0.8 to 603.8 = 0.6 nm and to 604.5 +
0.7 nm for the apocynin and the ABAH assays, respectively) in
comparison with that obtained from neutrophils without treat-
ment with inhibitors (Figure 4d). The significantly decreased
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Figure S. Kinetics of intraphagosomal (red, n = 9) and extracellular
production (blue, n = 8) of HOCI from single human neutrophils. Inset:
a cross-sectional image showing an unengulfed microbead that remained
adhered to the membrane of a neutrophil. The color scheme is described
in the legend of Figure 4b. Scale bar: S ym.

spectral shift observed in these experiments conforms to the
inhibitory effect of apocynin and ABAH and indicates the
possibility of employing our HOCI sensor to examine neutro-
phils isolated from patients with impaired generation of HOCL
This result provides also compelling evidence to support that the
spectral shift of the phagocytosed microbeads was caused by the
intraphagosomal HOCI generated enzymatically by the
neutrophils.

Secretion Kinetics of the Extracellular HOCI Is Distinct
from Those of Its Intraphagosomal Counterpart. We at-
tempted also to characterize the secretion kinetics by monitoring
the spectral variation of single internalized microbeads. The first
datum of the kinetic curve was obtained 20 min after loading the
microbeads onto the cells; this duration was required to identify a
completely internalized microbead and to complete a measure-
ment. Despite the constraint, our result showed unambiguously
that the initial generation of the intraphagosomal HOCI was
rapid, occurring within 20 min after loading the microbead
(Figure S). Although probing the initial generation of HOCI
with improved temporal precision is not yet achievable, the result
is qualitatively consistent with the kinetics of the reported
oxidative burst of neutrophils."

To probe the extracellular HOCI, we employed microbeads
without opsonization; these microbeads did not enter the
cytoplasm of the cell and adhered only to the membrane (cf.
inset of Figure S). Our measurements show that extracellular
generation of HOCI was temporally retarded, but the quantity of
the extracellular HOCI eventually attained a level comparable
with that of its intraphagosomal counterpart with a delay about
1.5 h (Figure S).

Quantification of HOCI Produced from the Hepatic Leu-
kocytes of Rats Elicited with Lipopolysaccharide. Lipopoly-
saccharide (LPS) is an endotoxin from Gram-negative bacteria
and can induce strong immune responses in animals.>’ We
demonstrated an in vivo application of our HOCI sensor by
determining the HOCI produced from hepatic leukocytes of a rat
that was elicited with LPS. We injected microbeads 2.5 h after
LPS stimulation. Some injected microbeads were captured and
engulfed by the hepatic leukocyte (Figure 6a). We then char-
acterized the spectral shift and deduced the quantity of HOCl as
described above. The results showed that the hepatic leukocyte
of the LPS-elicited rats produced 5.9 £ 08 x 10° HOCI
molecules (Figure 6b), indicating that a strong immune response
and enhanced inflammation in the rat liver had been induced by
the injection of LPS. In comparison, the control, which was
conducted in the same manner except that the LPS solution was
replaced with normal saline, resulted in only moderate genera-
tion of HOCI molecules (2.4 4 0.7 x 10°%, Figure 6b); the lesser
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Figure 6. Determination of in vivo generation of HOCL (a) Overlaid
image showing microbeads (arrow) captured by a hepatic leukocyte of
rats (red: autofluorescence of rat liver; green: fluorescence of QD). Scale
bar: 20 um. (b) Quantification of HOCI secreted from hepatic leuko-
cytes of rats with (red, n = 14, from three rats) or without (blue, n = 46,
from three rats) stimulation of lipopolysaccharide (LPS).

but still significant generation of HOCI is rationalized with the
immune response induced by the injected microbead itself.

B DISCUSSION

This work demonstrates the first selective and absolute
quantification of HOCI secreted in the phagosome at the level
of single living leukocytes. As HOCl is considered to be a highly
effective bactericidal reagent employed by the immune cell to
defend against invading microbial pathogens, the ability to
quantify HOCI produced from leukocytes indicates an unprece-
dented means of assessment that transcends inspection of only
the phagocytic ability of leukocytes in a direct evaluation of their
bactericidal functionality. This discovery opens an important
application to examine patients with genetically defective MPO
in their phagocytes, of whom the phagocytic activity of their
phagocytes might remain normal while the ability to produce
bactericidal species can be largely impaired. Our approach is
expected to be extensible to clinical settings as the measurements
can be readily conducted with optical microscopes or flow
cytometers that are equipped with a capability of spectral mea-
surements.

Our HOCI sensor has been tailored to determine unambigu-
ously the quantity of the intraphagosomal HOCI secreted from
single leukocytes. We deliberately chose microbeads of diameter
2 um as a vehicle to deliver the sensing species (i.e., our QD) to
ensure that QD are internalized through phagocytosis rather
than other nonspecific processes such as endo- or pinocytosis.
This design enables the control of not only the intracellular
destination but also the quantity of the sensing species delivered
to the destination, two factors that are crucial for specific and
absolute quantification of the intraphagosomal HOCI. In con-
trast, most HOCI sensors comprise mainly small molecules and
might distribute in both subcellular organelles and the cytosol,
making interpretation of the result determined elusive.

In addition to the intraphagosomal HOCI secreted by phago-
cytic leukocytes, extracellular HOCI has been suggested to be an
alternative bactericidal weapon employed by neutrophils to
defend against intruding microbes.'® Despite its importance in
immune defense, excessive production of extracellular HOCI is
implicated in critical diseases intimately related to inflammatory
disorder such as sepsis, aterial fibrillation, and atherosclerosis.>>*%
Our HOCI sensor also enables determination of extracellular
HOCL In particular, we identified distinct secretion kinetics
between the intraphagosomal and extracellular HOCI. As extra-
cellular HOCI might arise from intracellular HOCI that diffused
across the membrane or be produced directly by the extracellular
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MPO that was secreted from the leukocyte, it is plausible that the
rate of generation of extracellular HOCI is less than for its
intraphagosomal counterpart. This is the first report to describe
the kinetics of the generation of extracellular HOCI by leukocyte.
This finding might provide clues to reveal undiscovered roles of
the extracellular HOCI, improving our understanding of the
innate immune defense and the complications due to misman-
aged extracellular HOCL

Injection of LPS, an endotoxin from Gram-negative bacteria,
into animals such as rats is a common animal model employed in
studies of inflammatory disorder caused by mismanaged genera-
tion of ROS after bacterial infection.””*' In addition to the
determination of HOCI produced by leukocytes isolated from
whole blood, we have demonstrated quantification of HOCI
secreted in vivo from the hepatic leukocyte of rats elicited with
LPS. This demonstration indicates a possibility to measure
endogenously produced HOCI in living animals, so opening a
route to study diseases related to oxidative damage caused
by HOCL.

Il CONCLUSION

In sum, we have developed a novel means to quantify
selectively endogenous HOCI and demonstrated applications
of this sensor both in vitro and in vivo. We envisage that our
approach is useful for fundamental studies aiming to unravel the
detailed roles played by intraphagosomal and extracellular
HOCI], especially in the pathogenesis of critical diseases that
intimately relate to the unregulated production of phagocytic
HOCI and inflammatory disorder, such as sepsis and athero-
sclerosis. On the practical side, our approach can serve as a means
to assess the bactericidal capability of leukocytes or to examine
the strength of the immune response.
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