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A
n acute inflammatory response to an
insult is largely a protective cellular
response. An unopposed acute in-

flammatory process persists, leading to the
characteristic chronic inflammation. Com-
monly, the sequel would be a deterioration
of physiological function. An early interven-
tion is therefore important to reduce or
eliminate this undesirable consequence.
To this end, several biomarkers of inflam-
mation have been measured and tested;
these biomarkers are mainly the products
of enzymatic reactions. Caspase-1 is one of
the most prominent of the enzymes in-
volved in inflammation.1

Inflammation can be induced by numer-
ous exogenous agents, including airborne
particles, biological aggregates, nanocryst-
als (quantum dots (QDs)) and lipopolysac-
charides (LPS).2 These inflammagens are
recognized by macrophages and microglia
and some of them bind to cell surface

receptors such as Toll-like receptors (TLR).
In particular, endotoxins, including LPS,
bind TLR-4 and trigger receptor dimeriza-
tion at the plasma membrane, which, in
turn, activate signal transduction cascades
to induce inflammation.1 TLR-4 activation
initiates both genomic and nongenomic
inflammatory responses (i) by activating
the transcription factor NF-κB, which trans-
locates to the nucleus and induces the
expression of pro-inflammatory cytokines
(e.g., pro-interleukins), and (ii) by internaliz-
ing the bound endotoxin stimuli, fusing
with lysosomes and triggering the for-
mation of inflammasomes (Figure 1A).
Nod-like receptor protein-3 (NLRP-3) in-
flammasome3�6 is one of the most well-
studied inflammasomes and contains the
precursor pro-caspase-1, which is cleaved
following inflammatory stimuli and re-
leases its active form, caspase-1.7 Caspase-1
is a cysteine protease which converts
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ABSTRACT Although caspase-1 is a key participant in inflammation, there

is no sensitive assay to measure its enzymatic activity in real time in cells or

animals. Here we describe a nanosensor for caspase-1 ratiometric measure-

ments, consisting of a rhodamine-labeled, caspase-1 cleavable peptide linked

to quantum dots (QDs). Microglia cells were stimulated by lipopolysaccharide

(LPS) and by hybrid nanoparticles LPS�QDs. These stimuli activated caspase-1

in microglia monolayers and in the mouse brain, while a selected caspase

inhibitor markedly reduced it. LPS�QDs entered into the lysosomal compart-

ment and led to an enlargement of these cellular organelles in the exposed

microglia. Both lysosomal swelling and mitochondrial impairment contributed to caspase-1 activation and to the consequent interleukin-1β release. The

results from these studies highlight how the unique properties of QDs can be used to create versatile biotools in the study of inflammation in real time

in vivo.
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pro-interleukin-1β (Pro-IL-1β) to the active cytokine IL-
1β, which is then released extracellularly to propagate
inflammatory signals.
Lipopolysaccharides (LPS), commonly used as indu-

cers of inflammation, are amphiphilic molecules found
in the membranes of Gram-negative bacteria and are
responsible for the endotoxicity of the bacteria. In
nonsterile locations, LPS are ubiquitous, constituting
widespread contaminants which can easily get into
contact with different nanomaterials.8�10 LPS is com-
posed of three parts, the most conserved of which,
known as lipid A,11 is a lipophilic group composed of
alkyl chains localized inside the bacterial membrane.
LPS is responsible for the endotoxicity of Gram-
negative bacteria (e.g., in septic shock). The central
part of LPS is a core polysaccharide composed of car-
boxylated sugarmoieties, and it exhibits a net negative
charge at physiological pH. In the presence of divalent
cations (Ca2þ and Mg2þ), the electrostatic interactions
between the phosphates in lipid A and the adjacent

keto-deoxyoctulosonate (Kdo) moieties play a role in
the high stability of the LPS molecules in the bacterial
membrane. The third part of LPS is the O-antigen
group, a polysaccharide-rich chain with strain specific
composition. This contributes to the variability of the
overall LPS-induced biological activity, and therefore, it
is of relevance when performing biological experi-
ments to indicate the bacterial strain from which LPS
originates (e.g., Escherichia coli 0111:B4).
Particulate and other environmental inflammagens

including nanocrystals can access the central nervous
system (CNS) in particular by way of the olfactory
mucosa and the associated nerves that bypass the
blood brain barrier.12 Microglia cells, the brain cells
which first sense this danger, are also able to defend
the brain from it.13 Under physiological conditions,
the main function of these neural cells is to provide
protective patrolling of the brain; however, in the
presence of endotoxins such as LPS, they adopt
the characteristics of brain macrophages in which

Figure 1. Caspase-1 activation by inflammagenic nanoparticles. (A) Mechanisms of caspase-1 activation in response to
inflammatory stimuli. Inflammagens, including LPS�QDs, induce the activation of Toll-like receptor-4 (TLR-4) followed by
activation of NLRP3 inflammasome viap38 and JNK signaling. Active caspase-1will be released (cleaved from the pro-caspase
1 in the inflammasomes) andwill cleave pro-IL-1β, leading to the ultimate release of themature formof the pro-inflammatory
cytokine (IL-1β). NF-κB signaling is also triggered by TLR4 receptor activation, resulting in the increased expression of
inflammatory genes including pro-IL-1β. In addition to traditional colorimetric assays tomeasure enzymatic activity enzymes
in cell lysates, we propose a nanosensor to measure caspase-1 activity in live cells and in animals. (B) Size determination by
AF4 (asymmetrical flow field-flow fractionation)/UV/DLS of lipopolysaccharide�quantum dots (LPS�QD) run in a solution of
NaCl (20 mM) on a 10 kDa regenerated cellulose membrane. The fractogram shows the absorbance signal at 280 nm plotted
versus timeof elution and the hydrodynamic radii in red. (C) Elemental analysis by energydispersiveX-ray spectroscopy (EDS).
(Top inset) Transmission electron microscopy (TEM) images of LPS�QD nanoparticles. Images were taken by the Tecnai
120 kV electron microscope using a CCD camera. Scale bars represent 50 nm. (Bottom inset) Histogram shows the size distri-
bution of LPS�QD nanoparticles as deposited and dried on Formvar-coated TEM grids (n = 120). Sizes were measured using
the ImageJ software. EDS spectrogramwas obtained on a Philips CM200 200 kV TEMwith a GatanUltrascan 1000 2k� 2k CCD
Camera System Model 895 and EDAX Genesis EDS.
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caspase-1 activity becomes increased. The present
studies are focused on microglia, as these are biologi-
cal “sensors” that avidly respond to pro-inflammatory
stimuli.
The standard caspase-1 activity assays (Western

blots, colorimetric assays) are not suitable for use in
living cells and their sensitivities are not high enough
to detect subtle changes in the enzyme activity. The
best available assays to date are the fluorometric ones,
but even these are limited in sensitivity because they
use organic fluorophores and are based on fluores-
cence intensity changes rather than fluorescence life-
times or peak ratios. Our approach is based on the
principle of fluorescence energy transfer (FRET) be-
tween QDs (donors) and a fluorophore (acceptor).14�17

We anticipated that this construct has several advan-
tages over the commercially available ones. First, the
use of QDs rather than organic fluorophores ensures a
high quantum yield, a broad excitation spectrum and
spectral tunability. Several laboratories have exploited
the unique properties of nanostructured materials,
including quantum dots (QDs), to develop tools to
measure changes in biomarkers of different pathol-
ogies.18�20 QDs are highly luminescent nanocrystals
with numerous possible surface modifications and
emissions from blue to infrared spectral regions. QDs
are stable, and the new preparations have improved in
terms of cytotoxicity. However, there are still limita-
tions to overcome.21�23 QD luminescence allows for
the study of the biodistribution of labeled entities and
also for the indirect quantification of the uptake of
molecules of interest.24�28

Multiple acceptors can be conjugated to one QD
particle, thus decreasing the amount of sensor neces-
sary for measurement. Ratiometric measurements are
concentration independent and more sensitive than
those based on fluorescence intensity changes. In our
construct, CdSe(CdZnS) quantum dots were functiona-
lized by a fluorescently labeled short peptide contain-
ing the preferential substrate for the caspase-1,
YVAD.17,29 Upon excitation, the transfer of QD energy
to the dye (rhodamine-B) takes place, resulting in an
emission observed at the wavelength specific for the
dye. After enzymatic cleavage of the peptide mol-
ecules, the rhodamine-B (acceptor) molecules are lib-
erated and diffuse away from the QDs. FRET cannot
take place any more; hence, direct emission from the
QDs takes place exclusively. Monitoring the ratio of the
intensity of QD emission to that of rhodamine emission
over time provides information on the rate of the
caspase-1 enzyme induced substrate conversion.
Some similar constructs have been described for

several proteases,15,17,30�34 one of them being a cas-
pase-1 sensor developed by Medintz et al.14 based on
the FRET principle which occurs between selected QDs
and organic fluorophores. We have selected rhoda-
mine as the organic fluorophore and have synthesized

the QDs according to the maximum absorbance wave-
lengths of rhodamine. To our knowledge, the present
report is the first to describe their use in themonitoring
of caspase-1 activity in microglial cells and in live
animals.

RESULTS AND DISCUSSION

The results from these studies show the physico�
chemical properties of modified QDs which can be
used for the development of useful biological tools for
multiple purposes including stimulation of neural cells
and measurements of enzymatic activity in activated
microglia.
Different “danger” stimuli, from endogenous or exo-

genous stressors, (e.g., misfolded oligomerized pro-
teins, bacterial toxins or bacteria themselves) can
induce inflammatory processes including formation
and activation of inflammasomes. Inflammasome acti-
vators often cause formation of mitochondria-derived
reactive oxygen species (ROS)35 and lysosomal
destabilization.36,37 Several laboratories, including
ours, have shown that QDs can induce excessive ROS
formation38�41 and activation of microglia,42 and the
release of cytokines including interleukin-1β (IL-
1β).43,44 However, these earlier studies did not provide
experimental evidence for a mechanistic link between
the activation of microglia, lysosomal status, and acti-
vation pattern of caspase-1 together with the subse-
quent release of IL-1β. In the current study, we describe
a ratiometric QD-based nanosensor for caspase-1 ac-
tivity detection.
We opted to generate a sensor for caspase-1 and

then to take it one step further by using it both in vitro

and in vivo. We first investigated the microglia re-
sponses to LPS and established the properties of
lipopolysaccharide (LPS)-modified QDs as inflamma-
some activators. Ourmain purpose of using QDswas to
exploit their unique photophysical properties as inte-
gral parts of a caspase-1 sensor. We also established
the key steps in signal transduction initiated at the
plasma membrane from TLR-4 receptors, functional
changes in the organelles (mitochondria and
lysosomes) and caspase-1 activity. The results from
the in vitro and whole animal studies establish a proof
of principle for the effectiveness of the QD-based
caspase-1 sensor to measure enzymatic activity in the
inflamed periphery and the central nervous system.

Inflammagens and Their Effects on Microglia. To establish
a robust and reproducible model system for caspase-1
activation necessary for testing the nanosensor, we
used microglia as model cells for the experiments in
vitro. These cells are very sensitive to various insults
and they are first to respond to them by changing their
phenotype from surveyors to macrophage-like
cells.45�47 This functional change is accompanied by
morphological transformation from ramified to more
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amoeboid shape and production of biochemical mark-
ers of inflammation such as cytokines.48 Interleukins
(e.g., IL-1 and IL-6) are found in inflamed tissues and
secreted by activated microglia exposed to inflamma-
gens. IL-1β is a direct cleaving product of active
caspase-1. Pro-IL-1β expression is initiated by TLR-4
activation; both genomic and nongenomic pathways
are involved in the inflammatory processes of micro-
glia (Scheme 1).49 Once IL-1β is produced and released
from the cells, it binds to IL-1 receptors to trigger
further inflammatory processes (Figure 1A).49

We first optimized experimental conditions for
microglia activation with LPS, a well-established in-
flammagen in vitro and in vivo. We also employed
hybrid nanoparticles LPS�QD nanoparticles as an
additional control for activation of caspase-1 in micro-
glia. These LPS�QDs containing CdSe/ZnS (2r =
5.3 nm) had comparable pyrogenicity with LPSwithout
nanocrystals (100 ng/mL both, based on LPS concen-
tration); they were photoluminescent (emission at
615 nm) and readily dispersed in aqueous media.
Asymmetrical flow field-flow fractionation (AF4) anal-
ysis of LPS�QD suspension indicated that they con-
tain nanoparticles of broad size distribution ranging
from 50 to about 110 nm in hydrodynamic diameter
(Figure 1A,B). Cryo-TEM (transmission electron micros-
copy) images of LPS�QD featured small dense dots
distributed inside the spherical LPS structures, attrib-
uted to isolated or clustered QDs dispersed within the
hydrophobic LPS core. Measurements of mitochon-
drial metabolic activity (Figure 2A) clearly show that

there is a significant decrease (values were normalized
for cell number) in the microglia exposed to LPS,
LPS�QDs and antimycin A (a drug control for the
reduction of mitochondrial metabolic activity).

Taking advantage of LPS�QD fluorescence and the
ability to image them intracellularly, we set out to see if
the relatively large size of the LPS�QD nanostructures
prevented the internalization of LPS�QDs, a process
which involves the toll-like receptor 4 (TLR-4), known to
be essential for binding and activation of this receptor
by LPS.7 The internalization of the LPS�QD nanopar-
ticles in N9 microglia was monitored by two comple-
mentary methods: confocal microscopy and multiwell
plate reader with fluorescence detection. Confocal
micrographs (Figure 2C) revealed large fluorescent
clusters inside the cells, which could be due to phago-
cytosis of these large structures. Semiquantitative
spectrofluorometry confirmed that LPS�QDs were in-
deed internalized by microglia, but at a relatively slow
rate. Since the internalization of LPS is dependent on
binding with TLR-4 receptors, we speculated that
LPS�QD internalization could also involve TLR-4.
A pharmacological TLR-4 receptor blocker, CLI-095
was used, and pretreatment with the inhibitor signifi-
cantly, but not completely, reduced the uptake of
LPS�QDs (Figure 2E), suggesting additional mechan-
isms of internalization. Nanoparticle uptake into the
cells can be via a combination of mechanisms mainly
depending on the size of the nanoparticles. Some of
these mechanisms include clathrin-dependent endo-
cytosis, macropinocytosis and phagocytosis.50�52 Phar-
macological inhibition of mitogen activated protein
kinase p38 activation reduced the internalization of
LPS�QDs suggesting that this mode of internalization
could have been also involved (unpublished ob-
servation). It has been reported that in biologicalmedia
with high salt content and different proteins, phago-
cytosis is an internalization mode complementary to
other internalization modes in microglia.53�55 LPS and
LPS�QD treatments also led to a significant increase of
nitric oxide (NO), a product of the induction of nitric
oxide synthase (Figure 2B). Inhibition of TLR-4 reduced
the level of NO released to basal levels, suggesting that
LPS�QDs also stimulate the genomic inflammatory
responses in microglia.

We next investigated the effect of LPS and
LPS�QDs on two other organelles, lipid bodies (LBs)
and lysosomes. The rationale for investigating LBs was
sparked by increasing evidence for this organelle to be
markedly enhanced in size and number under inflam-
matory and stressful conditions.42,56,57 LBs have been
proposed as dynamic organelles which can serve as
“the temporary refugee camp” for proteins to protect
them from hydrolytic cleavage. LPS�QDs did not
associate with these organelles as revealed by the
absence the fluorescent signal (yellow) indicative of
LB (green, BODIPY 495/503) co-localized with LPS�QD

Scheme1. Proposedmechanismof Caspase-1 activation by
autoassembled LPS�QD nanoparticles. LPS�QD nanopar-
ticles lead to the activation of Toll-like receptor-4 (TLR-4).
The uptake of large nanoassemblies leads to lysosomal
rupture followed by release of cathepsin B into the cytosol
and NLRP3 inflammasome activation. Mitochondrial ROS
leads to the transcriptional induction of pro-IL-1β and
NLRP3 mediating inflammasome activation. Active cas-
pase-1 will be released and will cleave pro-IL-1β, leading
to the ultimate release of the mature form of the pro-
inflammatory cytokine (IL-1β). ROS: reactive oxygen spe-
cies. RNS: reactive nitrogen species.
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(red) (Figure 3A). LPS�QD nanoparticles were also
absent from the nucleus labeled with Hoechst 33342.
Lipid bodies were easily detectable in cells treatedwith
LPS or LPS�QD, but there was no association between
the QDs and LBs under any of the tested conditions
(e.g., different LPS concentrations from 10 ng/mL to
10 μg/mL and for different lengths of times of the
exposure from 15 min to 24 h). These findings suggest
that the increased sizes of LBs in activatedmicroglia by
LPS and LPS�QDs most likely resulted from the fusion
of small LBs56 rather than the incorporation of QDs and
consequential size enhancement.

In contrast to the absence of co-localization of
LPS�QDs with LBs, there was a significant co-localiza-
tion with lysosomes (Figure 3B). Three-dimensional
reconstruction from the z-stacks revealed overlapping
fluorescence signals (14.5% ( 2.9%, p < 0.05, yellow)
originating from LPS�QDs (red) and LAMP1-immuno-
positive lysosomes (green). The assessment of lysoso-
mal sizes by 3D reconstruction analysis shows that

the size of lysosomes in LPS�QD nanoparticle-treated
cells is markedly increased (1.5 ( 0.35 fold, p < 0.05,
Figure 3C) and they are possibly leaky because many
QDs were found outside of lysosomes. Indeed the
experiments with acridine orange confirmed the leaky
lysosomes as the control (untreated cells) revealed
both orange and green fluorescence, whereas the
LPS and LPS�QD-treated cells were predominantly
emitting the fluorescence in the green spectral region
(data not shown). This shift from orange to green has
been exploited in biology for studies addressing the
questions of lysosomal stability.58

At physiological pH the phosphate and carboxylate
groups present in the lipid-A part of LPS confer on the
LPS�QD nanoparticles a net negative surface charge
(ζ =�12.0( 1.2 mV). Neutralisation of the carboxylate
groups in acidic pH enhances the hydrophobicity of
the LPS�QDs interface and triggers their agglomera-
tion. This was confirmed by AF4 analysis of LPS�QD
suspensions brought to lysosomal pH (5.0) (Figure 3D).

Figure 2. LPS�QDs induce inflammatory effects and are taken up in microglia. (A) Mitochondrial metabolic activity was
assessed using the MTT reduction assay. Microglia were left untreated (white bar, 0 time), treated with LPS�QD (10 μg/mL,
24 h), LPS (10 μg/mL, 24 h) or CLI-095 (CLI), a pharmacological TLR-4 receptor blocker (250 nM, 30 min), then exposed to
LPS�QD nanoparticles (10 μg/mL, 24 h). Percentages of metabolic activity in treated cells were expressed relative to controls
(untreated cells, set to 100%, n= 9). Antimycin A (A.A, 1 μM, 24 h) was used as a negative control forMTT assay. (B) Nitric oxide
(NO) released from cells was measured after 24 h from treatments as described previously. (C) Confocal images (Z-stack) of
intracellular LPS�QD (red) in microglia. Cells were treated with LPS�QD (10 μg/mL, based on LPS) for 24 h (in serum-free
media). The extent of internalization of the LPS�QDwasdetermined spectrofluorometrically to be 11.61( 1.05%of the initial
dose after 24 h of incubation (n = 3). Nuclei (blue) were labeled with Hoechst 33342 (10 μM, 10 min). Fluorescence (Fluo) and
differential interference contrast (DIC) images were used. Confocal Z-stack images consist of 10 Z-slices acquired at 0.4 μm
intervals. Scale bar: 20 μm. (Inset: right) Zoom-in to a single-cell. Scale bar: 10 μm. The white dots indicate lipid bodies. (D)
Time-dependent uptake of LPS�QD. Microglia were left untreated (white bar, 0 time) or treated with LPS�QD (10 μg/mL) for
3, 6, 9, and24h.Meanfluorescence intensitiesweremeasuredusing image analysis software (ImageJ) and relativefluorescent
intensities (RFI) were expressed as fold change with respect to untreated cells that were set to 1. Statistically significant
differences are indicated by *p< 0.05when compared to the untreated controls at each respective timepoint. (E) Effect of CLI-
095 (CLI), a pharmacological TLR-4 receptor blocker on the cellular uptake of LPS�QD nanoparticles. Cells were pretreated
with CLI-095 (250 nM, 30 min) then exposed to LPS�QD nanoparticles (10 μg/mL, 24 h). Data obtained from fluorescent
images shows the average number of LPS�QD per cell (n = 24), quantified using ImageJ software. The data are expressed as
mean ( SEM obtained from at least three independent experiments performed in triplicates. Statistically significant
differences are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.
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The fractogram featured the major band at elution
times significantly longer than those that are char-
acteristic of LPS�QD suspensions in neutral pH
(Figure 3D), suggesting the formation of large agglom-
erates, reaching diameters of up to 1�2 μm.

The evidence of significant swelling and agglom-
eration of the LPS�QD nanoparticles in low pH pro-
vides an explanation to how the LPS�QD may escape
the lysosomal compartments. The considerable increase

in sizes could cause the bursting of the lysosomal
compartments, a release of their contents and activa-
tion of inflammasomes. Lysosomal instability in micro-
glia exposed to the selected inflammagens in this study
was revealed by leakage of acridine orange and in other
studies by measurements of cathepsins.58,59

In summary, our results from AF4 measurements
indicate that at low pH, comparable to that in lyso-
somes (pH 4.5�5), LPS�QD form agglomerates. Ag-
glomeration of different biological and artificial
materials within lysosomes commonly leads to an
increase in lysosomal size and eventually to their
destabilization,58�60 along with the activation of cas-
pase-1 via the activation of inflammasomes.

Caspase-1 Activation by Inflammagens and Measurements of
the Enzyme Activity in Vitro and in Vivo. It is well documen-
ted that LPS-activation of microglia leads to the for-
mation of NOD like receptor (NLRP) inflammasomes.3

When activated, these protein complexes recruit pro-
caspase-1, which is then converted to its free, “active”
caspase-1 form. The main task of the active enzyme is
the conversion of pro-IL-1β into its mature form, IL-
1β.3,61 In LPS and LPS�QD treated microglia, we found
significantly increased levels of IL-1β as determined
by ELISA assays (Figure 4A).43 The viability of the
cells exposed to LPS and/or LPS�QD (100 ng/mL and
10 μg/mL) in the presence of serum was within 10%
from the control. To determine the activity of caspase-1
which leads to the conversion of pro-IL-1β to IL-1β, we
developed and employed a novel nanosensor. This
caspase-1 nanosensor is composed of QDs and rhoda-
mine-B molecules, connected through a short peptide,
cleavable by caspase-1 (Figure 4B). The principle of the
assay is the ratiometric measurement of QD lumines-
cence and rhodamine fluorescence. The composition,
size, and the emission of QDs used to construct the
caspase-1 sensor were the following: CdSe(CdZnS), d =
2.7 nm, λem = 551 nm.62 These QDs were modified by
the fluorescently labeled short peptide, rhodamine�
GRYVADYDDDDLDPATC (RCP, λex = 561 nm, λem =
582 nm) (Figure S1). The thiol group of the first amino
acid cysteine was used to bind the peptide to the QD
surfaces. The sequence of RCP contained caspase-1
cleavable sequence YVAD.14,17,29 When the QDs are
excited (λex = 355 nm), they transfer their energy to the
dye molecules (rhodamine) and the emission is ob-
served at the wavelength specific for the dye (590 nm)
(Figure 4C). After enzymatic cleavage of the peptide
molecules, the acceptor molecules are detached from
the QDs, they no longer provide an efficient energy
transfer channel to them, and the emission spectra
changes back to that of QDs (551 nm).

Monitoring the ratio between the emission peaks of
QDs and fluorophores (IQD/IQD�RCP) provides informa-
tion on the rate of the substrate cleavage indicative of
enzyme activity (Figure 5A). To assess the effectiveness
of caspase-1 sensor in biological samples, we first

Figure 3. Cellular localization of LPS�QD in microglia. Cells
were treated with LPS�QD (10 μg/mL) for 24 h (in serum-
free media). (A) Confocal Z-stack images showing LPS�QD
(red) and lipid bodies (green). Note that LPS�QDs are found
in close proximity with the plasmamembrane (arrowheads,
right panel). Lipid bodies (LBs) were labeled with HCS
LipidTOX for 30 min and nuclei (blue) were labeled with
Hoechst 33342 (10 μM, 10min). Z-stack images consist of 15
Z-slices acquired at 0.4 μm intervals. Scale bar: 10 μm. (B)
Confocal image (Z-stack) of LPS�QD and LAMP-1 (green).
LAMP-1 was detected by using a primary antibody (rabbit)
to LAMP-1, followed by a secondary antibody (anti-rabbit)
conjugated to Alexa Fluor 488. Yellow spots in the merged
images suggest that LPS�QD co-localize with LAMP-1
(arrowheads in right panel). L = lysosomes, QD = LPS�QD,
N = nucleus. Scale bar: 10 μm. (C) 3D-reconstruction of
LAMP-1 in LPS�QD treated cells. Lysosomes look aggre-
gated (arrowheads) in cells treated with LPS�QD. (D) AF4
fractograms of unpurified LPS�QD solution containing
traces of free-LPS, QD-associated LPS and large LPS ag-
glomerates at different pH. The red line corresponds to
the luminescence signal (λex. 365 nm, λem. 615 nm) of the
LPS�QD in sodium chloride (10 mM) conditions, and the
blue line corresponds to the luminescence signal (λex.
365 nm, λem. 615 nm) obtained during the elution of the
LPS�QD in pH 5.0. The running buffer was 1mMphosphate
salts at pH7.4 using a regenerated cellulosemembranewith
a 10 kDa cutoff.
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treated microglia cells with LPS or with nanocrystals
modifiedwith LPS or with nanocrystals, decoratedwith
dihydrolipoic acid (DHLA, as a negative control for
caspase-1 activation). It was anticipated that only LPS
or LPS-functionalized nanocrystals would activate cas-
pase-1, whereas DHLA-modified nanocrystals would

not. The release of inflammatorymediators, nitric oxide
and IL-1β, was not significantly different from the con-
trol in microglia treated with QD�DHLA (Figure S2),
and our previous study also showed that other QDs
induce a transient inflammatory response in micro-
glia.42 Cell lysates collected after exposure to these
treatments were used for measurements of caspase-1
enzymatic activity using our nanosensor. The basal
caspase-1 activity was determined in the absence of
inflammagen (untreated) microglia. The results of the
peak ratio changes, in lysates obtained from microglia
(N9) treated with LPS, LPS�QDs, QD�DHLA, or from
untreated cells, are shown (Figure 5B). The slopes of
kinetic curves (IQD/IQD�RCP) indicate the rate of sub-
strate cleavage by caspase-1; these rates were different
in the cell samples exposed to these treatments. How-
ever, there was consistently increased cleavage (about
3�4 times) in cells exposed to LPS and LPS�QD than in
untreated control cells (Figure 5B). The fold increase in
the caspase-1 activity by LPS stimulation is comparable
to the results obtained by the commercially available
assay (Figure 5B). It was also found that in samples

Figure 5. Measurements of caspase-1 activity in vitro using
the nanosensor. (A) Representative fluorescence spectra of
the nanosensor in the presence of LPS treated cell lysates at
several time points. The ratio of the two peaks (550 and
582 nm) changes rapidly during the first hour. (B) Change of
ratio of fluorescence intensity at 550 nm (IQD) and 582 nm
(IQDRCP) during the first 60 min in LPS (100 ng/mL), LPS�QD
(100 ng/mL), QD�DHLA (0.31 nM) treated and control
(untreated) cell lysates (5 � 105 cells). (C) Change of ratio
of fluorescence intensity at 550 nm (IQD) and 582 nm
(IQD�RCP) during the first 90 min in untreated cell lysates
(1.25� 105 cells) without the enzyme inhibitor present and
in the presence of 200 and 400 μM caspase-1 specific
inhibitor, Z�WEHD�FMK.

Figure 4. The principle of caspase-1 nanosensor measure-
ment and Interleukin-1β (IL-1β) release. (A) IL-1β cytokines
released from microglia cells exposed to LPS (10 μg/mL,
24 h) or LPS�QD (10 μg/mL, 24 h) were measured using
respective ELISA kit and expressed relative to controls
(untreated cells, set to 1, n = 9). ***p < 0.001. Cytotoxicity
and cell number were assessed by trypan blue assay. There
was no significant difference in the cell number loss be-
tween LPS and LPS�QD treated cells. However, there was a
significant difference between the untreated and treated
cells. (B) Schematic showing the principle of the sensor. The
caspase-1 nanosensor is composed of QDs and rhodamine-
B molecules, connected through a short peptide, cleavable
by caspase-1. When the QDs are excited, they transfer their
energy to the dyemolecules and the emission is observed at
the wavelength specific for the dye (FRET: Fluorescence
Resonance Energy Transfer). After enzymatic cleavage of
the peptide molecules, the acceptor molecules are de-
tached from the QDs, they no longer provide an efficient
energy transfer channel to them, and the emission spectra
changes back to that of QDs. (C) Emission spectra of the
QDs, rhodamine-conjugated peptide (RCP) and the
QD�RCP construct (FRET).
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exhibiting a high caspase-1 activity rate (LPS and
LPS�QD treated cells, or high cell numbers) the cleav-
age process slowed down after some minutes
(depending on the enzyme concentration), most likely
due to substrate depletion. Untreated cells, however,
at low concentration (0.125 � 106 cells) displayed a
steady enzyme activity rate for the entire time of the
measurement (90 min) (Figure 5C and Figure S4).
Interestingly, in the lysates of QD�DHLA-treated cells,
caspase-1 activity was somewhat lower than the values
obtained for the untreated control cells suggesting the
reduction of basal caspase-1 activity by DHLA. As
expected, adding a caspase-1 inhibitor, Z�WEHD�
FMK, to the cell lysates resulted in a significant de-
crease of the slope of IQD/IQD�RCP in the control cell
lysates (Figure 5C). The decrease was proportional to
the concentration of the inhibitor (200 and 400 μM
Z�WEHD�FMK, Figure 5C). Control experiments for
the caspase-1 activity measurements in vitro (in the ab-
sence of cell lysate or in the absence of sensor) showed
no changes in the ratio of IQD/IQD�RCP (Figure S3). On
the basis of the estimated concentration of substrate in
each biological sample (370 pM), we determined the
caspase-1 activity to be 19 pmol/min per 106microglia.

It is important to note that, while colorimetric assays
detected a similar fold increase of caspase-1 activity
in LPS stimulated cells, they require 2 � 106 cells for
the test; with our sensor, we were able to measure
the change in enzyme activity from 0.125 � 106 cells
(Figure 5CandFigure S4). Fluorometric tests (Caspalux 1)
are more sensitive than colorimetric assays, but the
recommended cell number (0.5�1 � 106 cells) is still
about 4 times higher than what our sensor require.
Another asset of our assay is the extremely small
amount of sensor needed for a single measurement.
The commercial assays required 10�50 μM substrate
concentrations as compared to the nanomolar con-
centrations used in our assay.

To evaluate the function of the nanosensor in vivo,
we injected the nanosensors directly into the brain
parenchyma or by intraperitoneal (ip) injections in
hairless nonimmunosuppressed mice SKH-1. Intraper-
itoneal injection of LPS had been frequently used to
induce systemic inflammation in vivo. The dosage of
LPS administered ranges from 10 μg to 80 mg/kg,
and the inflammatory response elicited differs greatly
depending on the dosage and the duration of the
treatment. Bolus doses of LPS (>50 mg/kg) could be
administered ip to induce inflammatory responses in
the central nervous system,63 but the effects in the
brain are insignificant when compared to the wide-
spread systemic inflammation in the peripheral
organs.64 Accumulation of systemic inflammation
can induce septic shock, which in turn is lethal to the
organism. In contrast, intraparenchymal or intracereb-
roventricular injections, though more invasive meth-
ods, are more direct routes of LPS delivery to the brain.

Intraparenchymal administration of LPS induces an
immediate increase in the overall expression of its
cognate receptor CD14, and a delayed but robust
activation of microglia and astroglia in the brain.65,66

The expression of TLR-4 in murine brain microglia is
surprisingly low in comparison to CD14, but little is
known regarding the signal transduction pathways
triggered by the binding of CD14 with LPS. Recent
evidence suggests the involvement of NF-κB signaling
downstream of CD14 activation, which is in analogous
with TLR-4 signals in the macrophages.65 The need for
a reliable sensor is, therefore, great for the detection of
inflammatory mechanisms in live animals.

Caspase-1 activitywasmeasured in nave (nontreated),
LPS or LPS�QD primed animals (Figure 6). The fluores-
cence intensity from cleaved nanosensors was plotted
against the intensity measured from uncleaved nano-
sensors. Using this ratio, the extent of caspase-1 activa-
tion was compared between the various groups
(Figure 6B). The instrument's limitations required that
we used a 480 nm laser excitation and emission filters
of 530 and 600 nm (both with 50 nm bandpass) for
cleaved and uncleaved nanosensors, respectively. The
fluorescence intensity measured at 530 nm increased
significantly 1 h after LPS injection and peaked at 2 h
(2.35 ( 0.27, p<0.05 when compared to animals trea-
ted with the nanosensor alone (Figure 6B). This tran-
sient increase in the peak ratios diminished at 3 h
and returned to baseline values after 4 h. Induction of
caspase-1 activity by LPS�QD resulted in similar
changes, but it occurred with a 2-h delay, as compared
to LPS alone. This delay is due to the different intracel-
lular signals following the LPS and LPS�QD internali-
zations. LPS binds to TLR-4 receptors to initiate
intracellular signals resulting in an increased expres-
sion of inflammatory genes such as IL-1β. The LPS-
bound TLR-4 receptors are then internalized and the
endotoxin is degraded and cleared from circulation.67

LPS�QDs trigger inflammatory gene expression in a
similar way by activating TLR-4 receptors on the cell
surface. The difference is, however, in the steps follow-
ing internalization of the nanostructure. LPS�QDs,
along with other types of QDs and nanoparticles, are
internalized and reach the lysosomes but are not
degraded as rapidly as LPS alone due to their composi-
tion and larger size. This state of “frustrated phagocy-
tosis” leads to the disruption of lysosomes and sub-
sequently initiates the activation of NLRP-3 receptors
to form inflammasomes.2 The delayed but robust
increase in caspase-1 activity by LPS�QDs is thus likely
due to the activation of inflammasome resulting from
the frustrated phagocytosis.

After the peak fluorescence of the sensor, the signal
was significantly reduced. This decrease in peak ratios
was likely due to the quenching or disappearance
of QD luminescence as the nanoparticles are cleared.
These in vivo observations are in line with the
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measurements of caspase-1 activity in cell lysates. The
nanosensor seems to be stable for at least several
hours, since the signal for active caspase-1 was de-
tected after 4 h in LPS�QD-treatedmice. In addition to
evaluating fluorescence intensities of the sensor, data
collection could also include measurements of the
fluorescence lifetime of the QD signal in vivo. The
advantage of using fluorescence lifetime in real-time
imaging is two-fold: (i) Gating at longer lifetimes can
prevent autofluorescence from interfering with the
desired fluorescence signal.68 (ii) Changes in lifetime
with time can be an additional indicator of the pro-
gression of inflammation in the target region.18

These findings suggest that our caspase-1 nano-
sensor is suitable for the in vivo detection and mea-
surements of the enzymatic activity.

The overall data support our proposal that in the
present studies the activation of the microglia by LPS
or LPS�QD led to the formation of the inflammasome
and to the activation of the caspase-1, which then

converted pro-IL-1β to its mature form IL-1β.3,43,61

These mechanisms are illustrated in Scheme 1. Briefly,
inflammasome formation occurred because of several
stimuli: (i) Receptor-initiated signal transduction upon
LPS binding to TLR-4. This was initiated both by LPS
alone and LPS-modified QDs. (ii) LPS and LPS�QDs are
internalized by the microglia and reach the lysosomal
compartments. (iii) Reactive oxygen species generated
during the microglia activation by LPS and LPS�QDs
due to themitochondrial impairments.69 (iv) Release of
phago-lysosomal content subsequent to the swelling
and eventual bursting of the lysosomes, which would
trigger the formation of inflammasomes and activation
of caspase-1. An interesting observation was that
caspase-1 activation by LPS in vivo was significantly
faster (reaching a maximum at 2 h) than caspase-1
activation by LPS�QDs (maximum at 4 h). The delay in
caspase-1 activation by LPS�QDs could be explained
by the delayed release of LPS�QDs from the phago-
lysosomes. These findings suggest that LPS�QD could

Figure 6. Detection of caspase-1 activity in vivo using the nanosensor. (A) Real-time live fluorescence images of animals after
intraperitoneal injection of the nanosensors in the presence of LPS (1.5 μg) or LPS�QD (1.5 μg) at 2 h. Fluorescence intensity is
indicated as the number of counts (NC). (B) Fluorescence intensities of the nanosensorsmeasured in live animals injectedwith
LPS (1.5 μg) or LPS�QD (1.5 μg or 10 μg) in the presence or absence of the nanosensor. (C) Real-time fluorescence images of
livemice following cortical devascularization and subsequent intraparenchymal injections of thenanosensors in the presence
of LPS (1.5 μg) or LPS�QD (1.5 μg). Fluorescence images of the dissected brains are also captured. ns = nanosensor, QD�RCP;
LPS = lipopolysaccharide. (D) Fluorescence intensities of the nanosensors measured in the live animals and in the dissected
brains 2 h after the injections. IQD and IQD�RCP indicate fluorescence intensities measured at 480 nm/530 nm (ex/em) and
480 nm/600 nm, respectively. The ratio between IQD and IQD�RCP is expressed as fold increase comparedwith time zero (set as
1.0, dotted line). Values represent means( SEM from duplicate measurements. Single asterisk (*) indicates significance (p <
0.01), and double asterisk (**) indicates p < 0.05. n = 3 animals for each treatment group. Values representmeans( SEM from
duplicate measurements. Single asterisk (*) indicates significance (p < 0.01), and double asterisk (**) indicates p < 0.05, when
compared with time zero. n = 5 animals for each treatment group.
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be usefully employed in the investigation of locally
controlled inflammatory responses. Finally, the nano-
sensor described would seem to be useful for the
detection and measurement of the onset and the rate
of caspase-1 activation in vitro, and, in real time, in vivo.

CONCLUSIONS

The findings reported here could be of wide clinical
relevance; for instance, inflammation is common in
many diseases and a more effective therapeutic inter-
vention would be generally achieved if the pathologi-
cal changes (e.g., activity of caspase-1) were detected
early in the pathological process. Well-characterized
nanocrystals allow the construction of different nano-
sensors relevant to inflammation. Our nanosensor can
be used for the in vivo detection of caspase-1 activity,
in real time, not easily achievable with currently com-
mercially available assays. This nanosensor can also be
used for the assessment of the effectiveness of novel
caspase-1 inhibitors and for the screening of various

anti-inflammatory therapeutics in vitro and in vivo.
However, there are still some limitations to be over-
come (e.g., emission in nonoptimal spectral regions);
these limitations can, however, be avoided by using
nanocrystals emitting in the near-infrared spectrum
and by lifetime determinations. Indeed, our prelimin-
ary lifetime measurements of QD are promising but
require further optimization. The adequate instrumen-
tation for lifetime measurements in whole animals is
not commonly used in biological laboratories and their
applications are only now emerging. Furthermore,
sensor modifications will be required to measure the
enzymatic activity for long-term measurements in the
central nervous system where multiple injections are
undesirable. We are currently exploring the possibility
of improving the properties of the nanosensor by
employing near-infrared QDs, and eventually nonme-
tallic nanoparticles. Alternatively, gold nanoparticles
could be used instead of QDs to take advantage of
plasmon resonance energy transfer (PRET).70,71

MATERIALS AND METHODS

Materials. Water was deionized using a Millipore system. All
chemicals were purchased from Sigma-Aldrich, unless specified
otherwise. Dihydrolipoic acid (DHLA) was prepared by reduc-
tion of thioctic acid following a known procedure.72 Tetrade-
cylphosphonic acid (TDPA) was purchased from PCI Synthesis.
All chemicals were used directly without any further purification
unless otherwise stated. Dulbecco's modified Eagle's medium
(DMEM, high glucose, pyruvate; 11995) was purchased from
Invitrogen. TOP/TOPO (trioctylphosphine oxide)-coated CdSe-
(CdZnS) core�shell QDs were synthesized and purified by
a protocol based on a method developed by Pons et al.,73

described in detail elsewhere.62 They were stored as a suspen-
sion in chloroform prior use.

Lipopolysaccharide (LPS) isolated from E. coli 0111:B4 (L2630)
was purchased from Sigma-Aldrich (Burlington, Canada) and
a 1 mg/mL stock solution was prepared in sterilized water.
The dosage used in cells and in animals was calculated based
on the concentration of LPS (i.e., 10 μg/mL of LPS�QD is equiv-
alent to 10 μg/mL of LPS, which is approximately 55 endotoxin
units/mL).74

The caspase-1 specific inhibitor Z�WEHD�FMK was pur-
chased from R&D Systems.

The rhodamine-peptide was synthesized by the McGill
Sheldon Biotechnology Centre using the Fmoc chemistry so-
lid-phase synthesis method. All the amino acids were reacted
one by one followed by rhodamine-B, using the same proce-
dure, on a rink amide resin via the Symphony Multiplex auto-
mated peptide synthesizer (startingwith 0.25mmol of the resin,
in dimethylformamide, DMF). Fmoc protecting group removal
was achieved using a 20% piperidine solution in DMF and cou-
pling reactions were done using N-[(1H-benzotriazol-1-yl)-
(dimethylamino)methylene]-N-methylmethanaminium hexa-
fluorophosphate N-oxide (HBTU) and 4-methylmorpholine
(5 equiv). Cleavage and deprotection of the peptide from the
resin were carried out using a trifluoroacetic acid:water:phenol
(95:2.5:2.5%) mixture. The peptide was precipitated with cold
diethyl ether, washed three times with cold diethyl ether, and
dried under vacuum overnight. The final product was purified by
reversedphaseHighPerformance LiquidChromatography (HPLC)
and its identity was confirmed by high resolution and high
accuracy mass spectrometry (Exactive Orbitrap instrument, Ther-
moFisher Scientific, Department of Chemistry, McGill University).
ESI-MS m/z (�): 1162.48 [M � 2Hþ]2�, 2325.96 [M � Hþ]�.

Murine microglia (N9) cells, obtained from ATCC, were
seeded in Iscove's Modified Dulbecco's Medium (IMDM)
(12440, Gibco) containing 5% of fetal bovine serum (26140,
Gibco) and 1% penicillin�streptomycin (15140, Gibco). Cells
were maintained at 37 �C, 5% CO2 in a humidified atmosphere
and were grown in serum containing media for 24 h before cell
treatments to attain confluency. Cells were used between 10
and 30 passages.

Adult male SKH-1 hairless mice were purchased from
Charles River Laboratories (Montreal, Canada). All animal pro-
tocols used in this study were approved by theMcGill University
Animal Care Committee and followed the guidelines of the
Canadian Council on Animal Care. Animals were maintained on
a 12-h light/dark cycle and allowed access to food and water ad
libitum. In total, 8 adult male SKH-1 mice, weighing between
25�30 g, were used for this study.

QD Surface Modification. Dihydrolipoic acid (DHLA) or mercap-
topropionic acid (MPA) (400 μL) was added to the suspension of
CdSe(CdZnS) (615 or 550 nm, respectively) in chloroform (5 mL,
1 mM). The resulting mixture was heated at 60 �C for 1 h. It was
brought to room temperature and treated with ethanol (5 mL)
to induce precipitation of the QDs. The mixture was subjected
to centrifugation for 5 min at 8000 rpm. A sodium hydroxide
solution (0.01 M) was used to resuspend the QD pellet. The pre-
cipitation step with ethanol was repeated on the QDs sus-
pended in water. The QDs were resuspended in double deio-
nized water (DI) and stored at 4 �C.

LPS�QD nanoparticles were prepared based on a method
described by Betanzos et al.75 The procedure involved incor-
poration of hydrophobic into the hydrophobic core of LPS
nanoparticles. These values are of the same order of magnitude
as those of the particles described by Betanzos et al.75 Briefly,
the QD solution in chloroform (100 μL, 5 μMof QDs) was diluted
to 500 μL with chloroform and added to an aqueous solution of
the lipoglycan E. coli 0111:B4 (100 μL, of 10 mg/mL). Methanol
was added dropwise to the mixture) with occasional vortexing
until formation of a single liquid phase. The volume of added
methanol was approximately 400 μL. This homogeneous mix-
ture was evaporated to dryness under a flow of nitrogen. The
solid residue was resuspended in 100 μL of H2O. A saturated
solution of tetramethylammonium hydroxide pentahydrate
(Me4N

þOH�, 5H2O) was added to the suspension to adjust
the pH to 11 (ca. 5 μL). The mixture was sonicated for 30 min
and desalted by elution through 2 consecutive Zeba columns
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(2 mL, Pierce). The LPS�QD were then filtered on a 30 000 Da
cutoff Microcon filter to remove the excess of free LPS and
characterized using dynamic light scattering (DLS), asymmetri-
cal flow field-flow fractionation (AF4), zeta potential, transmis-
sion electron microscope (TEM), and cryogenic-transmission
electron microscopy (cryo-TEM). Observations confirmed that
the LPS�QD size distribution was broad, with an average
diameter of 59 ( 24 nm. Cryo-TEM images LPS�QD featured
small dense dots distributed inside the spherical LPS structures,
attributed to isolated or clustered QDs dispersed within the
hydrophobic LPS core.

Construction of the Sensor: Attachment of the Rhodamine-Conjugated
Peptide to the QDs. The dispersion of MPA modified QDs (λem =
550 nm) was ligand exchanged by incubating it with the
Rhodamine-B conjugated peptide (RCP) 1:37 ratio for 2 days,
with periodic sonication, at 4 �C, in the dark. The construct
was redispersed in DI water and stored in the dark, at 4 �C for
6 weeks.

Intraperitoneal Injections of Nanosensors, Lipopolysaccharide, and
LPS�QD. For intraperitoneal (ip) injections, animals were manu-
ally restrained and held with the head inclined at a 45� angle.
With a 26G needle, animals were injected in the lower left
abdomen with 50 μL of nanosensor (15 μM), 50 μL of LPS
(working dose 50 μg/kg), or 50 μL of LPS�QD (working dose
50 μg/kg of LPS) alone and in combination. These doses are
below the well-used dose range of LPS (10�80 mg/kg) to
induce lethal septic shock.76

In Vivo Fluorescence Imaging. Real-time fluorescence imaging
was carried out using the Optix MX3 imager by ART (Advanced
Research Technologies, Montreal, Canada). System details are
described elsewhere.77 Briefly, after ip injections, animals were
first anesthetized in an isoflurane-filled chamber, and then
placed in the supine position on the 5-mouse scanning bed.
Anesthesia (isoflurane) was maintained for the duration of the
imaging process. A multiphoton laser was selected for the
excitation of the nanosensor. For cleaved nanosensors, the
excitation was selected at 480 nm, and the 530 nm band-pass
50 nm filter was used for photon collection. For uncleaved
nanosensors, the excitation was at 480 nm, and the 600 nm
band-pass 50 nm filter was used. Animals were imaged im-
mediately after ip injections, and then imaged again every hour
(1�5 h) and at 24 h after injection.

QD Characterization. AF4/UV�VIS/Fluo/MALSþQELS system.
The principle of asymmetrical flow field-flow fractionation
(AF4) has been described elsewhere.78 An AF4 system (AF
2000 MT, Postnova Analytics, Salt Lake City, UT) with a channel
thickness of 350 μmwas connected inline to a UV�VIS variable
wavelength spectrophotometric detector (SPD-20A, Postnova
Analytics), a fluorescence detector (RF-10AXL, Postnova Ana-
lytics), a multiangle light scattering detector (MALS, Dawn
Heleos 8þ, Wyatt Technology, Santa Barbara, CA), and a qua-
si-elastic light scattering (QELS) detector (WyattQELS, Wyatt
Technology) which is an add-on unit connected to the 90�
angle of the MALS Dawn Heleos 8þ detector. The MALS was
equipped with a K5 cell and a GaAs laser operating at 658 nm
taking measurements at 1 s intervals. Data collection and
analysis were done using ASTRA version 5.3.4.20 (Wyatt
Technology). The channel was fitted with a regenerated cellu-
lose membrane (10 kDa cutoff, RC, Z-MEM-AQU-627, Postnova
Analytics) which was suitable for analysis of proteins and nano-
particles. All the flow rates were controlled by the AF2000
Control software (Postnova Analytics, Salt Lake City, UT). The
cross-flow was generated by Khloen syringe pumps (Postnova
Analytics) while the axial and focusing flows were delivered by
isocratic pumps (PN1130, Postnova Analytics).

AF4 Separation Conditions for QDs Alone. The carrier mediumwas
prefiltered (0.1 μm) deionized water. After flow equilibration,
the samplewas injectedwith a flow rate of 0.2mL/min (injection
loop volume: 21.5 μL), followed by a 6 min-focusing step with
a cross-flow rate of 1.2 mL/min and a detector flow rate of
0.3 mL/min. Following a 1 min transition, a two-step cross-flow
rate gradient was initiated for the elution mode. The start-
ing cross-flow rate (1.2 mL/min) was decreased linearly to
0.0 mL/min within 20 min. The cross-flow rate was then kept
constant at 0.0 mL/min for 15 min to allow elution of any large

agglomerates. The detector flow rate was kept at 0.3 mL/min
throughout. The detection of the eluted fractionated QDs/
agglomerates was performed sequentially by UV absorbance
at 280 nm, fluorescence with λex 365 nm and λem 615 nm, MALS
and QELS. Each fractogram presented is representative of a
triplicate sample.

AF4 Separation Conditions for the LPS�QD. The carrier medium
was a solution of NaCl (20 mM). After flow equilibration, the
sample was injected with a flow rate of 0.2 mL/min (injection
loop volume: 21.5 μL), followed by a 6min-focusingwith a cross-
flow rate of 2.0 mL/min and a detector flow rate of 0.5 mL/min.
Following a 1 min transition, a three-step cross-flow rate gra-
dient was initiated for the elution mode. The cross-flow was
kept constant for a period of 10 min, before being decreased
linearly from 2.0 to 0 mL/min within 10 min. The cross-flow rate
was then kept constant at 0.0 mL/min for another 10 min to
allow elution of any large particles. The detector flow rate was
kept at 0.5 mL/min throughout. The detection of the eluted
fractionated QDs/agglomerates was performed sequentially by
UV absorbance at 280 nm, fluorescencewith λex 365 nmand λem
615 nm, MALS and DLS. Each fractogram presented is repre-
sentative of a triplicate sample.

Physicochemical Characterization of QDs. UV�vis absorbance
spectra were recorded 200�800 nm with an Agilent Diode
Array Spectrophotometer model 8452 A. The diameter of the
nanoparticles and their concentration in solution were deter-
mined bymeasuring the wavelength and the absorbance at the
first excitonic peak which were used as parameters in the
empirical formulas derived by Yu et al.79 Fluorescence spectra
were recorded with an Eclipse instrument from Varian Cary.
The fluorescence spectra were taken on samples diluted to
an absorbance at the excitation wavelength inferior to 0.1
(monochromator excitation and emission slits were set at
5 nm; photomultiplier voltage was set at 600 V). Zeta potentials
of LPS�QDs surfaces were determinedwith a Zetasizer Nano ZS
from Malvern Instruments. QDs were suspended in either
double deionized water or phosphate buffer (10 mM, pH 5.0,
6.0, 7.8, 8.5, 10.0) before measurement.

Transmission Electron Microscopy. To observe the size and size
distribution of the LPS�QD nanoparticles, one drop of a dilute
sample of the quantum dot-LPS solution in water was placed
onto a Formvar-coated copper grid and allowed to settle for
15 min. The excess of solvent was wicked away using an absor-
bent pad. The samples were imaged on a FEI Tecnai 12, 120 kV
with a Gatan 792 Bioscan 1k � 1k Wide Angle Multiscan CCD
Camera at the Facility for Electron Microscopy Research of the
Anatomy and Cell Biology department at McGill University.

The structures of the prepared LPS�QD in solution were
observed by cryo-transmission electron microscopy (FEI Titan
Krios operated at 300 kV Cryo-STEM). The images were acquired
using aGatan Ultrascan 4000 4k� 4k CCDCamera System at the
Facility for Electron Microscopy Research of the Anatomy and
Cell Biology department at McGill University.

Cell Treatments. Media was aspirated and cells were pre-
treated in serum-free media with TLR-4 signaling inhibitor
(CLI-095, InvivoGen) (250 nM, 30 min) and/or treated with
lipopolysaccharide�QD nanoparticle (LPS�QD) (10 μg/mL, 24 h).
Cells were treated with lipopolysaccharide (LPS) (10 μg/mL, 24 h)
(L-2630, Sigma) or Antimycin A (Sigma, A8674) (1 μM, 24 h) as
negative controls for nitric oxide (NO) release and MTT assay.
For caspase-1 activity measurements with the nanosensor,
the N9 cells were treated with LPS�QD (100 ng/mL), QD�DHLA
(0.31 nM), and LPS (100 ng/mL) for 24 h; then the cells were
counted and lysed by freezing. A total of (0.125�0.5)� 106 cells
were used for the caspase-1 activity measurements with the
QD�RCP nanosensor. The fluorescence spectra were recorded
using an Eclipse instrument from Varian Cary.

Cell Viability. Mitochondrial metabolic activity of cells was
measured using MTT assay. Cells were seeded in 24-well plates
(3526, Costar) at a density of 2� 105 cells/well. Following treat-
ment, media was removed and replaced with fresh serum-free
media (500 μL/well). MTT solution (0.5 mg/mL) (M2128, Sigma)
was added to each well and incubated for 30 min at 37 �C.
Formazan crystals were formed then dissolved by adding
dimethyl sulfoxide (DMSO, 154938, Sigma) and quantified by
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measuring the absorbance of the solution at 595 nm using
Benchmark microplate reader (Bio-Rad, Canada). The extent of
formazan conversion is expressed in percentages relative to the
untreated control and normalized to the cell numbers. Results
are expressed as mean ( SEM obtained from at least three
independent experiments performed in triplicate.

Nitric Oxide Release. Nitric oxide released from treated cells
wasmeasured using Griess reagent (G4410, Sigma). Briefly, cells
were seeded in 24-well plates (3526, Costar) at a density of 2 �
105 cells/well. Following treatment, 50 μL of cell supernatant
from each well was collected and transferred to a new plate. A
total of 50 μL of Griess reagent was added to each well and
incubated at room temperature for 15 min. Absorbance of the
produced nitrite wasmeasured using the spectrophotometer at
540 nm. Results are expressed as mean( SEM obtained from at
least three independent experiments performed in triplicate.

Enzyme-Linked Immunosorbent Assays. Cells were seeded in 24-
well plates (3526, Costar) at a density of 1 � 105 cells/well. Pro-
duction of IL-1β was assessed using a commercial ELISA kit
(SMLB00C, R&D Systems). Briefly, following treatment the super-
natants were collected and the amount of cytokine released
into the media was quantified according to the supplier's pro-
tocol. Results are expressed as mean ( SEM obtained from at
least three independent experiments performed in triplicate.

LPS�QD Uptake by Fluorescent Microscopy. Cells were seeded at a
density of 5� 104 cells/well in 24-well plates (3526, Costar). Fol-
lowing treatment, media was aspirated and cells were washed
once with 1� PBS, fixed by adding paraformaldehyde (PFA) 4%
(29447, BDH), and incubated for 15 min at room temperature.
Cells were then washed three times with 1� PBS and nuclei
were stained with Hoechst 33342 (H1399, Invitrogen) (10 μM,
10 min). Fluorescence micrographs were acquired with a Leica
DFC350FX monochrome digital camera connected to a Leica
DMI4000B inverted fluorescence microscope using a DAPI-
1160A (Nuclei) and CYS3 (LPS�QD) filters. Images were ac-
quired in gray scale using Leica Application Suite (LAS). The
average number of LPS�QD per cell was counted and analyzed
using ImageJ software. Results are expressed as mean ( SEM
obtained from at least three independent experiments per-
formed in triplicate.

Lipid Droplet Staining. For lipid droplet staining, cells were
seeded on confocal chamber slides (Lab-Tek, Nalge Nunc
International, Rochester, NY) at a density of 1.5 � 104 cells/well
(area of well = 0.8 cm2). After treatments, cells were fixed with
PFA (4%) and LDs were stained with HCS LipidTOX (Invitrogen,
H34477), a deep red neutral lipid stain. HCS LipidTOX (diluted
200-fold in PBS) was added for 30 min at room temperature. At
this point, cells were protected from light. Cells were washed
with PBS prior to imaging.

Confocal Microscopy. All confocal images were acquired with a
Zeiss LSM 510 NLO inverted confocal microscope using a Plan
Achromat 63X/1.4 Oil DIC objective. Images of HCS LipidTOX-
labeled LDswere acquired using aHeNe 633nm laser and a long
pass (LP) 650 filter. Alexa Fluor 488 conjugated secondary
antibody was imaged using Argon 488 nm excitation laser
and a 500�550 band-pass (BP) filter. LPS�QD nanoparticles
were detected using a HeNe 543 nm excitation laser and a BP
565�615 IR filter. All images were acquired at a resolution of
1024 � 1024 pixels.

Immunocytochemistry of LAMP-1. Cells were seeded on cover-
slips (area = 1.1 cm2) (Fisher) at a density of 2 � 104 cells/
coverslip. Prior to seeding, coverslip surfaces were coated with
rat tail collagen (Sigma, C7661). Paraformaldehyde-fixed cells
were permeabilized with Triton X-100 (0.1%) (Amersham Bios-
ciences, # 17-1315-01) for 5 min and then blocked with goat
serum (10%) (Sigma, G9023) for 1 h at room temperature. Cells
were incubated overnight (4 �C)with a primary antibody against
LAMP-1 (rabbit polyclonal, dilution 1:500) (Abcam, ab24170),
followed by an incubation (1 h, room temperature) with anti-
rabbit (goat) secondary antibody (conjugated to Alexa Fluor
488) (Invitrogen, A-11008). Coverslips were mounted on glass
microscope slides (Fisher Scientific, 12-550-14) using Aqua-
Poly/Mount (Polysciences, Inc., # 18-606).

Statistical Analysis. All experiments were performed at least
twice and all samples were analyzed in triplicates. Data are

expressed as means ( SEM and analyzed by ANOVA using
Tukey's and Dunnett's post hoc test for multiple comparisons.
Significant differences are indicated by asterisks, *p < 0.05, **p<
0.01.
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