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ver the last several years, the devel-

opment and production of nano-

materials have been vastly expand-
ing." Different types of nanosized materials,
including quantum dots (QDs), are tested
for nanomedical applications,? for targeting
of tumors and other tissues for drug delivery,
diagnosis, and treatment>~® QDs exhibit
unique fluorescent properties that make
them ideally suited for novel imaging ap-
proaches.* More recently, various nanoma-
terials were applied for imaging and thera-
peutic purposes in ischemic tissues.” "

In most of these approaches, nanomater-
ials are directly injected into the systemic
circulation. Beyond that, it is well-estab-
lished that various nanosized materials can
penetrate biobarriers (i.e., lungs, skin, gut)
and thus transfer into the bloodstream.'?~"*
The vascular system, in particular, the mi-
crovasculature comprising the capillary
network as well as pre- and postcapillary
vessels, plays a fundamental role in numer-
ous regulatory, metabolic, and immunologic
functions. Therefore, a detailed knowl-
edge of the interactions of nanoparticles
with vessel walls, of their uptake from the
bloodstream, and of their potential to cross
the blood—tissue border is crucial for bio-
medical applications as well as to assess
their potential impact on physiological or
pathophysiological processes—more so
since nanosized ambient particulate matter
has been implicated in cardiovascular dis-
orders including myocardial infarction' and
ischemia-reperfusion injury.'® Ischemia-reper-
fusion (I/R) injury is one of the main causes of
organ dysfunction or failure after myocardial
infarction, hemorrhagic shock, and transplan-
tation. Reperfusion of ischemic tissues is
often related with microvascular dysfunction,
enhanced microvascular permeability, and
extravasation of leukocytes in postcapillary

REHBERG ET AL.

ABSTRACT

The behavior of quantum dots (QDs) in the microvasculature and their impact on inflammatory
reactions under pathophysiological conditions are still largely unknown. Therefore, we
designed this study to investigate the fate and effects of surface-modified QDs in postischemic
skeletal and heart muscle. Under these pathophysiological conditions, amine-modified QDs,
but not carboxyl-QDs, were strongly associated with the vessel wall of postcapillary venules
and amplified ischemia-reperfusion-elicited leukocyte transmigration. Importantly, strong
association of amine-QDs with microvessel walls was also present in the postischemic
myocardium. As shown by electron microscopy and verified by FACS analyses, amine-modified
QDs, but not carboxyl-QDs, were associated with endogenous microparticles. At microvessel
walls, these aggregates were attached to endothelial cells. Taken together, we found that
both the surface chemistry of QDs and the underlying tissue conditions (i.e., ischemia-
reperfusion) strongly determine their uptake by endothelial cells in microvessels, their
association to endogenous microparticles, as well as their potential to modify inflammatory
processes. Thus, this study strongly corroborates the view that the surface chemistry of
nanomaterials and the physiological state of the tissue are crucial for the behavior of

nanomaterials in vivo.

KEYWORDS: quantum dots - nanoparticles - surface modifications -
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venules."” On the one hand, it has been
shown that the extent of postischemic tissue
damage strongly correlates with the number
of leukocytes recruited to the reperfused
tissue.'® 2% On the other hand, extravasated
leukocytes are suggested to play a role in
tissue remodeling and healing.?'
Leukocyte recruitment from the microvas-
culature to the extravascular compartments
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Figure 1. Effect of carboxyl- and amine-QDs on postischemic leukocyte responses. (A) Postcapillary venule in the
postischemic cremaster tissue (I/R) surrounded by extravasated leukocytes. For comparison, a postcapillary venule of a
sham-operated animal is shown (sham). Regions of interest for quantitative analysis of leukocyte recruitment parameters are
indicated (yellow frames). Quantitative analysis of parameters of leukocyte—endothelial cell interactions and leukocyte
emigration after QDs (3 pmol/g of BW) injection at the onset of reperfusion. Leukocyte rolling (B), firm adherence (C), and
transmigration (D) in mice undergoing I/R (mean + SEM; n = 6 per group; *p < 0.05 vs sham, #p < 0.05 vs IR, §p < 0.05 IR
carboxyl-QDS vs sham carboxyl-QDs, $p < 0.05 IR amine-QDs vs sham amine-QDs).

is a tightly regulated multistep process. Endothelial
adhesion molecules facilitate capture and rolling of
leukocytes along the vessel wall. Rolling leukocytes are
then activated by the interaction with chemokines
presented or secreted by endothelial cells leading to
arrest and firm adhesion of leukocytes mediated by
leukocyte integrins and endothelial cell adhesion mol-
ecules. Subsequently, leukocytes emigrate through the
vascular wall into the interstitial tissue.**°

In two recent in vivo studies performed in healthy
mice, we have investigated the fate and effects in the
microvasculature of QDs of the same size but with
different surface modifications.’®*” We reported that
the surface chemistry of QDs strongly affects their
localization in postcapillary venules and their potential
to modify steps of leukocyte recruitment.?” Further-
more, we have demonstrated that the capillary en-
dothelium considerably contributes to blood clearance
and tissue deposition of anionic QDs.?

However, the interactions of QDs with microvessels
and their impact on inflammatory reactions under patho-
physiological conditions are still largely unknown. There-
fore, we designed this study to investigate the impact of
surface modification (i) on the microvascular localization
of QDs and (ii) on the effects of QDs on the steps of
leukocyte recruitment during ischemia-reperfusion (I/R).

RESULTS

Microhemodynamic Parameters and Systemic Leukocyte
Counts. No statistically significant differences in
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microhemodynamic parameters and systemic leuko-
cyte counts were detected among experimental groups
receiving carboxyl-QDs, amine-QDs, or vehicle control
(Supporting Information, Table S1).

Effect of Carboxyl-QDs and Amine-QDs on Postischemic
Leukocyte Recruitment. Using in vivo microscopy on the
mouse cremaster muscle (Figure 1A), steps of leuko-
cyte recruitment were investigated. Figure 1 depicts a
postcapillary venule in the postischemic cremaster
tissue with leukocytes attached to the inner vessel wall
and surrounded by extravasated leukocytes. As is well-
known, surgical preparation of the cremaster muscle
induced leukocyte rolling in postcapillary venules.?®?°
However, no significant differences in numbers of
rolling leukocytes were observed among all experi-
mental groups at baseline conditions prior to induction
of ischemia as well as after 60 and 120 min of reperfu-
sion (Figure 1B).

At baseline conditions, the number of firmly adherent
leukocytes was low and did not differ among experi-
mental groups (Figure 1C). As expected, the number of
firmly adherent leukocytes (13.7 + 1.5/10% um?) was
significantly increased compared to sham-operated
controls (3.2 £ 0.8/10* um?) after 30 min of ischemia
and 60 min of reperfusion. Interestingly, application of
carboxyl- (25.7 + 6.8/10* um?) as well as of amine-QDs
(241 £ 2.1/10* um?) at the onset of reperfusion
resulted in a further increase in the number of adher-
ent leukocytes in postischemic postcapillary venules. In
contrast, numbers of adherent leukocytes were only
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moderately increased in sham-operated animals upon
administration of carboxyl- (9.8 + 2.4/10* um?) as well
as of amine-QDs (7.0 + 1.6/10* um?® compared to
sham-operated animals receiving vehicle. Similar re-
sults for postischemic firm adherence were obtained
after 120 min of reperfusion (Figure 1C).

Prior to ischemia, only few extravasated leuko-
cytes were detected within the perivascular tissue
(Figure 1D). After 30 min of ischemia and 60 min of
reperfusion, however, numbers of transmigrated cells
were significantly increased (29.4 + 3.9/10*um?) com-
pared to sham-operated mice (10.7 £ 1.3/10* um?).
Administration of amine-QDs led to a significant
further increase (49.1 £ 2.1/10* um? in leukocyte
transmigration.

In sham-operated mice, the numbers of extrava-
sated leukocytes obtained after application of carbox-
yl-QDs (22.4 + 4.3/10% um?) and amine-QDs (18.7 +
5.5/10% um?) were significantly lower compared to all
other groups except sham-operated animals receiving
vehicle. Postischemic leukocyte transmigration after
120 min of reperfusion (Figure 1D) was found to be
increased approximately 1.5-fold in all experimental
groups compared to 60 min of reperfusion. Taken
together, these data indicate that both amine- as well
as carboxyl-QDs have an effect on leukocyte recruit-
ment in the postischemic cremaster muscle preparation.

Phenotyping of Transmigrated Leukocytes. To identify the
phenotype of transmigrated leukocytes, immunostain-
ing of cremasteric tissue samples for CD45 (common
leukocyte antigen), Gr-1 (neutrophils/monocytes), and
F4/80 (monocytes/macrophages) was performed. In
response to I/R, in all experimental groups, over 80%
of transmigrated leukocytes were positive for Gr-1 and
10—20% of transmigrated leukocytes were positive for
F4/80 (data not shown).

QD Localization in Postcapillary Venules of the Postischemic
Cremasteric Tissue. According to our previously pub-
lished results,?*?” both amine- and carboxyl-QDs were
detected in the bloodstream within seconds after
application by in vivo fluorescence microscopy.

Within 2 min after injection, amine-QDs exhibited a
stable and strong association with the vessel wall of
postcapillary venules in the postischemic cremaster
muscle (Figure 2AB,| and Supporting Information
movie S1). Amine-QDs were localized around similarly
sized rounded structures at the vessel wall, best visible
in images in which the upper part of the vessel was in
focus (Figure 2l and Supporting Information movie S1).
These structures were reminiscent of the cobblestone-
like morphology of endothelial cells. Among the extra-
vasated leukocytes migrating in the postischemic tis-
sue, some cells contained amine-QDs (movie S1 and
Figure 2J). In sham-operated animals, only a weak
association of amine-QDs with the vessel wall was
detected, localized in some distinct fluorescent spots
(Figure 2C,D).
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Figure 2. QD localization in postcapillary venules in the
postischemic cremaster muscle. In vivo fluorescence micro-
scopy revealed localization of amine-QDs (A—D,l) and car-
boxyl-QDs (E—H) in postcapillary venules. The images
displayed are taken from movies available in the Support-
ing Information and show representative localization pat-
terns at 60 min after intra-arterial QD application (3 pmol/g
of BW) at the onset of reperfusion after an ischemic period
of 30 min (A,B,E,F,I) or sham operation (C,D,G,H). QD fluo-
rescence is depicted in panels A, C, E, and G and merged
with the corresponding bright-field images of the cremas-
teric tissue in panels B, D, F, and H. Fluorescence intensities
between amine- and carboxyl-QD are not directly compar-
able. (J,K) Transmigrated leukocytes in the postischemic
muscle tissue containing amine-QDs and carboxyl-QDs,
respectively. Scale bar, 30 um.

Carboxyl-QDs showed a stable distribution along
the vessel wall of postcapillary venules within a few
minutes after application. Furthermore, carboxyl-QDs,
but not amine-QDs, exhibited a strong association with
capillaries and were localized in perivascular cells
(Figure 2E,F and Supporting Information movie S2).
These localization patterns did not differ in the cre-
master muscles of mice undergoing ischemia/reperfu-
sion or sham operation (Figure 2G,H). Carboxyl-QDs
were also detected in transmigrated leukocytes in the
postischemic tissue (Figure 2K). Essentially, the locali-
zation pattern of carboxyl-QDs in the postischemic
cremaster muscle is comparable to the situation in
healthy muscle tissue, as was reported previously.5?’

Quantification of QD Fluorescence at the Vessel Wall of
Postcapillary Venules. Fluorescence intensity measure-
ments in regions of interest covering the vessel walls
of cremasteric postcapillary venules confirmed a
strong association of these structures with amine-
QDs (Figure 3). At 15 min after injection, amine-QD
fluorescence intensities were approximately 2.5-fold
higher (420 + 57 au) compared to carboxyl-QDs (161 +
10 au) intensity values, which were close to autofluor-
escence values (109 + 5 au). Amine-QD fluorescence
intensity at the vessel wall was significantly (214 +
17 au) lower in sham-operated animals, while carboxyl-
QD (184 + 15 au) values were comparable to the
postischemic QD fluorescence intensities given above.
At 60 min after QD injection, amine-QD fluorescence at
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Figure 3. QD fluorescence intensities at the vessel wall of
postcapillary venules in the postischemic cremaster muscle.
QD fluorescence intensity values at the vessel wall are
depicted. Images were acquired using a 12-bit grayscale
intensity scale (i.e., from 0 to 4095). Mean intensity values
obtained are given. Although image acquisition times were
carefully adjusted to allow for an optimal dynamic range,
amine-QD saturation was inevitable for some pixels in the
case of I/R. This was due to the presence of very bright
amine-QD clusters. Note that the values are not back-
ground-corrected. Values for sham and I/R represent auto-
fluorescence (mean =+ SEM; n = 12 per group; *p < 0.05 vs all
groups; #p < 0.05 vs all groups except IR, §p < 0.05 vs all
groups except sham).

the vessel wall was further increased (I/R amine-QDs
586 + 69 au; sham amine-QDs 271 £ 27 au), whereas
carboxyl-QD fluorescence intensities remained con-
stant (I/R carboxyl-QDs 148 £ 10 au; sham carboxyl-
QDs 186 + 13 au). Although image acquisition times
were carefully adjusted to allow for an optimal dy-
namic range, amine-QD pixel saturation, caused by
very bright amine-QDs clusters at the postischemic
vessel wall, was inevitable in the case of I/R.

Quantification of QD Fluorescence in Cremasteric Tissue.
Next, QD fluorescence was determined in cremasteric
tissue as a measure of QD extravasation (Figure 4). After
15 min of application, amine- (206 4+ 18 au) and
carboxyl-QD fluorescence (128 + 4 au) in postischemic
tissue as well as amine- and carboxyl-QDs fluorescence
intensities (148 £ 6 and 178 4 17 au) in control tissue
were significantly enhanced compared to tissue auto-
fluorescence (IR 116 £ 6 au; sham 107 £ 7 au). Most
interestingly, 60 min upon injection of amine-QDs
(238 + 26 au), but not of carboxyl-QDs (131 + 9 au),
fluorescence intensities in postischemic tissue were further
increased compared to control autofluorescence values (IR
111 £ 5 au; sham 102 £ 5 au), whereas both amine-QD
(162 £ 10 au) and carboxyl-QD values (178 & 15 au) were
significantly enhanced in sham-treated animals.

Analysis of QD Association with Microvessels in the Postis-
chemic Myocardium. Using two-photon microscopy, we
investigated the association of amine- and carboxyl-
QDs with microvessels in the postischemic heart mus-
cle. Ligation of the left anterior coronary artery for
30 min induced local myocardial ischemia. Fifteen
minutes after systemic application of QDs at the onset
of reperfusion, two-photon imaging was performed.

REHBERG ET AL.
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Figure 4. QD fluorescence intensities in postischemic tissue.
QD fluorescence intensity values are depicted. Images were
acquired using a 12-bit grayscale intensity scale (i.e., from
0 to 4095). Mean intensity values obtained are given. Note
that the values are not background-corrected. Values for
sham and I/R represent autofluorescence (mean + SEM; n =
12 per group; *p < 0.05 vs sham and I/R; #p < 0.05 vs sham
amine-QDs, §p < 0.05 vs sham carboxyl-QDs).

In the postischemic myocardium, amine-QDs displayed
a very strong association with microvessel walls
(Figure 5A,C,G). Amine-QD fluorescence intensities at
the microvessel walls in the postischemic myocardium,
determined in regions of interest, were 2512 + 644 au.
In nonischemic areas, however, amine-QDs exhibited a
very weak association with microvessels (85 + 24 au)
(Figure 5B,G), resulting in images with low signal-to-
background ratios. As was previously reported by our
group,?® carboxyl-QDs exhibited a clear colocalization
with microvessel walls in the nonischemic (303 +
31 au) (Figure 5E,G) as well as in postischemic (604 +
104 au) (Figure 5D,F,G) heart tissue.

Electron Microscopy. Electron microscopy was em-
ployed to further investigate the localization of QDs
in the vessel wall of postcapillary venules of postis-
chemic cremasteric tissue (Figure 6). As reported pre-
viously, elliptical-shaped QDs were only unambigu-
ously identified after omitting the standard counter-
stain (uranyl acetate and lead).?” Therefore, the image
contrast is predominantly caused by osmified mem-
brane lipids. As depicted, carboxyl-QDs were detected
in caveolae and in endosomes/multivesicular bodies of
endothelial cells, thus indicating caveolae-mediated
endocytosis (Figure 6B). Carboxyl-QD-containing ca-
veolae were mostly found at the luminal side of the
endothelial cells, often connected with the plasma
membrane. The cytoplasm of these cells was devoid
of carboxyl-QDs. In contrast, amine-QDs were never
found inside endothelial cells (Figure 6C,D). Interest-
ingly, amine-QDs were predominantly clustered with
extracellular membrane vesicles, with a size of approxi-
mately 50 nm. These clusters were localized between
endothelial cells at the vessel walls.

On the basis of their size and vesicular struc-
ture, these membrane fragments were identified as
endogenous microparticles (MPs). Endogenous MPs
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Figure 5. Ex vivo two-photon microscopy of QDs in the postischemic heart muscle. Mice received a bolus injection of amine-
or carboxyl-QDs [3 pmol/g BW] via a venous catheter at the onset of reperfusion after an ischemic period of 30 min. After
15 min of reperfusion, hearts were dissected and thoroughly flushed with saline. Representative maximum intensity
projections covering 150 um (z-distance 5 um) of ischemic heart muscle containing (A) amine-QDs or carboxyl-QDs (D) are
shown. (B,E) Control heart tissue containing amine- or carboxyl-QDs, respectively. Single z-planes demonstrate the
association of amine- (C) as well as carboxyl-QDs (F) with microvessel walls in the postischemic myocardium. Fluorescence
intensities are not directly comparable. (G) Mean QD fluorescence intensities at microvessel walls (n = 12) were determined in
eight individual z-stacks (mean & SEM; scale bar, 50 #m).

Figure 6. Electron microscopy. Transmission electron microscopy was performed on ultrathin cross sections of cremasteric
tissue 60 min upon application of QDs. Contrast of the tissue results from postfixation of lipids with OsO,; only representative
images are shown. (A) Overview on a cross-sectioned postcapillary venule: the endothelial cell layer (end) is bounded by
perivascular cells (pvc) and surrounded by muscle tissue. Dashed inset is shown in (B). This high magnification of an
endothelial cell layer shows single carboxyl-QDs (arrowheads) during uptake in caveolae (cav). Carboxyl-QDs also localize in
multivesicular bodies (mvb). (C,D) Typical distribution of amine-QDs. Amine-QDs mainly associate with endogenous
microparticles (asterisk) which were found clustered between endothelial cells. These aggregates leak out of the vessel via
cellular gaps which are formed as an effect of ischemia (D). Microparticle size was approximately 50 nm. Note that endothelial
cells are devoid of amine-QDs. (A) Scale bar represents 2 um. (B—D) Scale bars represent 200 nm.
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are described as a heterogeneous population of small
plasma membrane structures (0.05—1 um) circulating
in the blood, derived from platelets, erythrocytes,
white blood cells, and endothelial cells.>***" IR induces
dissociation of endothelial cell junctions and cytoske-
leton contraction, leading to the formation of endothe-
lial gaps.'>? Clusters of amine-QDs with MPs were
localized in such vascular gaps and apparently tended
to leak out of the vessel lumen through these structures
(Figure 6D). Considerably more MP aggregates were
found in vascular gaps of postischemic cremasteric tissue
of animals receiving amine-QDs compared to mice re-
ceiving carboxyl-QDs. Moreover, no association of car-
boxyl-QDs with MPs was detected in these samples.

Interestingly, clusters of amine-QDs with MPs were
found only in the immediate vicinity of vascular gaps,
suggesting that structures of the interstitial matrix,
such as collagen fibers, which are visible in the TEM
images, act as a barrier to prevent further distribution
of clusters of amine-QDs with MPs into the tissue.

FACS Analysis. The association of amine-QDs with
MPs at microvessel walls prompted us to ask whether
this interaction occurs only in postischemic tissue or
happens in principle after injection of QDs into the
blood circulation. Therefore, we used FACS analysis on
blood samples of healthy mice obtained 10 min upon
injection of QDs to further investigate QD association
with MPs in the circulating blood (Supporting Informa-
tion Figure 1). MPs were isolated from plasma samples
by differential centrifugation and labeled with annexin
V for identification. As obtained by FACS analysis, 12.1
=+ 2.1% of annexin-V-stained MPs were associated with
amine-QDs, whereas the percentage of carboxyl-QDs
associated with annexin-V-positive MPs (0.4 + 0.2%)
matched the blank values (0.8 & 0.1%).

DISCUSSION

Even though the functional consequences of depri-
vation of blood supply to the tissue are well-known for
many years, the cardiovascular diseases induced by
local or systemic ischemia remain the main cause of
death in Europe and the Unites States.'” Therefore, new
therapeutics and diagnostic tools to improve the outcome
of ischemia-reperfusion (I/R) injury are currently being
developed, including the utilization of different nano-
materials.” "' It is widely recognized that the microvas-
culature, particularly the endothelial cells, is very vulner-
able to the deleterious consequences of I/R. Leukocyte—
endothelial cell interactions, leukocyte extravasation, in-
crease of microvascular permeability, and enhanced oxi-
dant production in postcapillary venules are hallmarks of
the acute inflammatory response induced by I/R."”

Recent research shows that nanoparticles can stim-
ulate and/or suppress immune responses, and that
their compatibility with the immune system is largely
determined by their surface chemistry.3* Therefore, we
investigated the fate and effects of surface-modified

REHBERG ET AL.

QDs in the postischemic microvasculature. To our
knowledge, our in vivo study is the first to demonstrate
that I/R-elicited leukocyte recruitment is amplified in
the presence of nanoparticles. We found that the sur-
face chemistry of nanomaterials strongly affects their
localization in microvessels in the postischemic skele-
tal and heart muscle tissue. We speculate that both the
observed differences in the localization of QDs and
their association with endogenous MPs are causal for
the impact on leukocyte recruitment.

Interestingly, we found only a slight increase in
carboxyl-QD fluorescence intensities in the interstitial
postischemic cremasteric tissue, whereas carboxyl-QD
fluorescence was significantly enhanced under sham
conditions. This coincides with the observation that
carboxyl-QDs were strictly localized in caveolae of
endothelial cells as we have shown in this study for
postischemic and control tissues, thereby confirming
our recently published results concerning the en-
dothelial localization of carboxyl-QDs.?**” Intriguingly,
carboxyl-QD-containing caveolae were mostly found
at the luminal side of endothelial cells, often connected
with the plasma membrane. Pinching off of endocytic
vesicles/caveolae from the plasma membrane and
vesicle transport in the cells are ATP-dependent pro-
cesses involving the action of GTPases and molecular
motors.>* Energy depletion, here as a result of the
ischemic period, might thus inhibit vesicle transport,
as was shown for uptake and transport of nanocom-
plexes by epithelial cells.>®> This might argue for a
mainly active transport of carboxyl-QDs by transcyto-
sis, a mechanism particularly prominent in vascular
endothelial cells, mediating bidirectional exchange of
macromolecules between blood and interstitium,*®
rather than diffusion of carboxyl-QDs through vascular
gaps. On the contrary, interstitial amine-QD fluorescence
intensities were highest in postischemic tissue and hence
in accordance with the extravasation of amine-QDs due to
enhanced microvascular permeability. The specific up-
take of carboxyl-QDs in caveolae of endothelial cells could
be mediated by surface-bound biomolecules recognized
by receptors localized on caveolae or their precursors
(uncoated pits) since it is well-established that proteins
and other biomolecules account for the biological identity
of nanoparticles3”® Taken together, the localization
patterns of carboxyl-QDs were not altered under the
pathophysiologic conditions of I/R and matched their
localization under more physiologic conditions.?”

On the other hand, the localization of amine-QDs in
the postischemic tissue was strikingly different from
control tissue. TEM microscopy revealed that amine-
QDs at microvessel walls were always associated with
MPs and exclusively localized extracellularly. FACS
analysis of annexin-V-labeled MPs demonstrated
that the association of amine-QDs with MPs is not
dependent on I/R but occurs also very rapidly, and
specific, in the circulating blood of healthy animals.
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Endogenous MPs are considered to be membrane
nanofragments (0.05—1 um) with procoagulant and
proinflammatory properties, thus acting as circulating
ubiquitous bioeffectors. MPs are present in the blood-
stream of healthy as well as diseased individuals.
Moreover, they have been described to take part in
vascular function, acting as vectors for intercellular
exchange of biologic information, thus influencing
endothelial modifications, angiogenesis, or differentia-
tion.>%° MPs have been detected in ischemic muscle
tissue where they are thought to promote vasculo-
genesis.*’ Most interestingly, it was demonstrated that
numbers of circulating, procoagulant MPs were more
elevated in patients with acute myocardial infarction
than in patients with stable coronary artery disease.
Moreover, shortly after myocardial infarction, there
was an initial decrease of MP—platelet aggregates
compared to stable patients, possibly because these
aggregates are sequestered in the infarcted vessel, as
discussed by the authors.** %4

In this context, we could clearly demonstrate that
aggregates of MPs with amine-QDs were localized in
considerable amounts between and in close proximity
to endothelial gaps at microvessel walls. Furthermore,
we detected, albeit to a lesser extent, MPs at the same
localizations in both postischemic control and carbox-
yl-QD-containing cremaster muscle samples. Although
itis well-known that local tissue apoptosis is induced in
ischemic tissues?**> and that MPs are shed from
apoptotic or activated (endothelial) cells,*® our data
favor the hypothesis that the association of amine-QDs
with MPs occurs in the circulating blood and that these
clusters are subsequently sequestered to vascular
gaps. MP size at these localizations was noteworthy
homogeneous and with approximately 50 nm at the
lower end of the described size range for MPs. This size
distribution could be facilitated by sheering of MPs as
they access vascular gaps or due to a size-dependent
enrichment caused by blood rheology. The blood-
borne MPs, which are detectable by annexin V staining
and FACS analysis, are due to restrictions of the
technique employed, most likely bigger than 0.5 um,
as was currently discussed by Furie et al.*® Annexin V
binds with high affinity to the negatively charged
headgroup of phosphatidylserine,*” which is exposed
at the outer membrane surface of MPs.*? The interac-
tion of amine-QDs with the negatively charged mem-
brane could be mediated by electrostatic interac-
tions which have been reported to be responsible for
the initial interaction between cationic macromol-
ecules and the negatively charged cell membrane.*®

MATERIALS AND METHODS

Animals. Male C57BL/6 mice at the age of 10—12 weeks were
purchased from Charles River (Sulzfeld, Germany). Animals were
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However, we were not able to detect any association of
amine-QDs with the membrane of endothelial cells,
which might imply that the association of amine-QDs
with MPs is mediated in a more specific manner. This
issue as well as the cellular origin of the MPs clearly
need to be addressed in further studies.

The cremaster muscle preparation is a well-defined
and widely used model system to investigate mode
and mechanisms of leukocyte recruitment.?#*%*° Model-
inherent properties include P-selectin-dependent
leukocyte rolling, followed by slight leukocyte adhesion
and transmigration due to the surgical preparation. Mast
cells do not contribute to this basal inflammatory
response,*® which is very mild compared to inflammation
obtained after application of inflammatory mediators
such as PAF and MIP-1-alpha or after I/R2**%%9°152 \We
have previously reported that carboxyl-QD-elicited leu-
kocyte recruitment depends on mast cell activation and
the expression of endothelial cell adhesion proteins.”’

The acute inflammatory response, induced by I/R, is
associated with the release of soluble proinflammatory
mediators by tissue macrophages or mast cells that
reside immediately adjacent to postcapillary venules
where they amplify the inflammatory response to I/R
resulting in the activation of the endothelium.>*>* We
found that the I/R-elicited leukocyte adhesion was
amplified after application of both carboxyl- and
amine-QDs. Interestingly enough, only amine-QDs sig-
nificantly increased I/R-elicited leukocyte transmigration
and thus aggravated the inflammatory response. This
effect could well be facilitated by recruited MPs since they
are known to affect inflammation in several ways.3%*? In
vitro, the stimulation of endothelial cells by MPs results in
cytokine release and expression of adhesion molecules.>®
MPs promote interactions between leukocytes and en-
dothelium in vivo by participating in the release of several
endothelial or monocytic cytokines.”®

CONCLUSION

Taken together, these findings demonstrate that
both the surface chemistry of QDs and the underlying
tissue conditions (I/R) strongly affect their fate in vivo,
that is, their cellular and noncellular interactions in
microvessels, their association with endogenous MPs,
and their potential to modify inflammatory processes.
Thus, this study strongly corroborates the view that
both the surface chemistry of nanomaterials and the
physiological state of the tissue are crucial for the
behavior of nanomaterials in vivo. This also warrants
further studies in which other surface chemistries than
the ones used here are investigated.

housed under conventional conditions with free access to food
and water. All experiments were performed according to
German legislation for the protection of animals.
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Quantum Dots. Qdot ITK carboxyl and Qdot ITK amine (PEG)
quantum dots (655 nm fluorescence peak emission) were
purchased from Invitrogen Corporation (Karlsruhe, Germany).
These QDs consist of a semiconductor CdSe core encapsulated
with a ZnS shell and an additional layer of polyethylene glycol
with an amine coating (amine-QDs) or carboxyl functions solely
(carboxyl-QDs). The PEG coating itself consists of short oligo-
mers with a molecular weight of 1—3 kDa. The physical character-
ization of QDs was previously performed in our laboratory and has
been published.?**” Prior to use, QDs were resuspended to a final
volume of 100 uL in sterile 0.9% NaCl at a concentration of 0.8 uM,
thoroughly vortexed, and injected intra-arterially.

Surgical Procedure. The surgical preparation was performed as
described by Baez with minor modifications.*® Briefly, mice were
anesthetized using a ketamine/xylazine mixture (100 mg/kg
ketamine and 10 mg/kg xylazine), administrated by i.p. injec-
tion. The left femoral artery was cannulated in a retrograde
manner for administration of QDs and microspheres. The right
cremaster muscle was exposed through a ventral incision of
the scrotum. The muscle was opened ventrally in a relatively
avascular zone, using careful electrocautery to stop any bleeding,
and spread over the pedestal of a custom-made microscopy stage.
Epididymis and testicle were detached from the cremaster muscle
and placed into the abdominal cavity. Throughout the procedure
as well as after surgical preparation during in vivo microscopy, the
muscle was superfused with warm buffered saline.

In Vivo Microscopy. For in vivo microscopy, an AxioTech-Vario
100 microscope (Zeiss Microlmaging GmbH, Gottingen,
Germany) equipped with a LED light source (Zeiss Colibri) for
fluorescence epi-illumination was used. For QD excitation and
transillumination, the 470 nm LED module (exposure time 150
ms) and the 625 nm LED module (exposure time 10 ms) were
used in a fast switching mode, respectively. Light was directed
onto the specimen via filter set 62 HE (Zeiss Microlmaging
GmbH) fitted with dichroic and emission filters [TFT 495 + 610
(HE); TBP 527 + LP615 (HE)]. Microscopic images were obtained
with a water dipping objective (20, NA 0.5) and acquired with
an AxioCam Hsm camera and Axiovision 4.8 software. Oblique
illumination was obtained by positioning a mirroring surface
(reflector) directly below the specimen and tilting its angle
relative to the horizontal plane. The reflector consisted of a
round cover glass (thickness, 0.19—0.22 mm; diameter, 11.8 mm),
which was coated with aluminum vapor (NiWe Decor GmbH,
Kaufbeuren, Germany) and brought into direct contact with the
overlying specimen as described previously.?® For measure-
ment of centerline blood flow velocity, green fluorescent micro-
spheres (2 um diameter, Invitrogen) were injected via the
femoral artery catheter, and their passage through the vessels
of interest was recorded (filter set 62 HE, LED 470 nm).

Experimental Groups. Animals were assigned randomly to the
following groups: sham-operated mice without ischemia as well
as mice undergoing I/R (30/120 min) (n = 6 per group) receiving
vehicle, carboxyl-QDs, or and amine-QDs.

Experimental Protocols. For the analysis of postischemic leu-
kocyte responses, five postcapillary vessel segments in a central
area of the spread-out cremaster muscle were randomly chosen
among those that were at least 150 um away from neighboring
postcapillary venules and did not branch over a distance of at
least 150 um. After having obtained baseline recordings of
leukocyte rolling, firm adhesion, and transmigration in all five
vessel segments, ischemia was induced by clamping all supply-
ing vessels at the basis of the cremaster muscle using a vascular
clamp (Martin, Tuttlingen, Germany). Stagnancy of blood flow
was then verified by in vivo microscopy. In sham-operated
animals, the vascular clamp was closed, instantly unclosed,
and removed. After 30 min of ischemia, the vascular clamp
was removed and reperfusion was restored for 120 min. At the
onset of reperfusion, mice (n = 6 each group) received vehicle,
carboxyl-QDs, or amine-QDs (3 pmol/g BW) as a bolus by intra-
arterial injection. Measurements, which took about 5 min,
were repeated at 60 and 120 min after onset of reperfusion.
After having obtained recordings of leukocyte recruitment
parameters, blood flow velocity was determined as described
previously.>” After in vivo microscopy, tissue samples of the
cremaster muscle were prepared for immunohistochemistry
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and electron microscopy. Blood samples were collected by
cardiac puncture for the determination of systemic leukocyte
counts using a Coulter ACT counter (Coulter Corp., Miami, FL).
Anesthetized animals were then euthanized by an intra-arterial
pentobarbital overdose (Narcoren; Merial, Hallbergmoos, Germany).

Quantification of Leukocyte Kinetics, Microhemodynamic Parameters,
and QD Fluorescence. For off-line analysis of parameters describing
the sequential steps of leukocyte extravasation, Axiovision 4.8
software was used. Rolling leukocytes were defined as those
moving slower than the associated blood flow and quantified
during 30 s. Firmly adherent cells were determined as those
resting in the associated blood flow for more than 30 s and
related to the luminal surface per 100 um vessel length.
Transmigrated cells were counted in regions of interest (ROI),
covering 75 um on both sides of a vessel over 100 um vessel
length and are presented per 10* mm? tissue area. From con-
secutive movie frames of single fluorescent microspheres, center-
line blood flow velocity was determined. From measured vessel
diameters and centerline blood flow velocity, apparent wall shear
stress was calculated, assuming a parabolic flow velocity profile
over the vessel cross section as described previously.”

For determination of QD fluorescence at the vessel walls of
postcapillary venules, regions of interest (ROI) covering 100 um
length of both visible vessel walls were analyzed in single movie
frames in which the transverse section of the analyzed vessel
was in the focal plane. Vessel walls were identified in the
corresponding transillumination image. QD fluorescence inten-
sity values in these ROIs were measured, and mean intensity
values are given. Images were acquired using a 12-bit grayscale
intensity scale (i.e., from 0 to 4095). Accordingly, interstitial QD
fluorescence was determined in six randomly selected ROls
(50 x 50 um?), localized 50 um distant from the postcapillary
venule under investigation. Twelve microvessels were analyzed
per experimental group. Analysis was done using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD).

Immunohistochemistry. To determine the phenotype of trans-
migrated leukocytes, immunostaining of paraffin-embedded
serial tissue sections of the cremaster muscle was performed.
Sections were incubated with primary rat anti-mouse Gr-1, anti-
CD45 (BD Biosciences, San Jose, CA), or anti-F4/80 (Serotec,
Oxford, UK) IgG antibodies. The paraffin sections were stained
with commercially available immunohistochemistry kits
(Gr-1, CD45, Super Sensitive Link-Label IHC detection system,
BioGenex, San Ramon, CA; F4/80, Vectastain ABC kit, Vector
Laboratories, Burlingame, CA), obtaining an easily detectable
reddish or brownish end product, respectively. Counterstaining
was performed with Mayer's hemalaun. The number of extra-
vascularly localized Gr-1-, CD45-, or F4/80-positive cells was
quantified by light microscopy (objective magnification 40x)
on two sections (10 observation fields per section) from six
animals in a blinded manner. The number of transmigrated
Gr-1-positive cells (neutrophils/monocytes) and F4/80-positive
cells (monocytes/macrophages) is expressed as the percentage
of total CD45-positive leukocytes.

Electron Microscopy. The cremaster muscle was initially fixed
in situ in 1% PFA, 0.1 M cacodylate buffer, pH 7.4 and, after
dissection, finally fixed in 2% PFA, 2% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4 for 2—3 h at room temperature. The
specimens were postfixed in 1% OsO,, containing 1.5% potas-
sium cyanoferrate and embedded after dehydration in Epon.
Ultrathin (70 nm) sections of the sample were cut in serial
sections (Leica-UC6 ultramicrotome, Vienna, Austria). Several
sections were counterstained with uranyl acetate and lead, and
some of the sections were not counterstained. The samples
were analyzed at 80 kV on a FEI-Tecnai 12 electron microscope
(FEI, Eindhoven, The Netherlands). QDs were localized in the
unstained sections. The consecutive stained section was used to
identify the cellular organelle. Images were acquired using a
CCD camera (Megaview, Olympus-SIS, Muenster).

Mouse Model of Myocardial Ischemia/Reperfusion. Mice were an-
esthetized with ketamine (75 mg/kg) and xylazine (15 mg/kg)
and ventilated via a Hugo Sachs Harvard Apparatus respirator
(Hugstetten, Germany). The body temperature was maintained
at 37 °C with a heated blanket. After ligation of the left anterior
descending coronary artery for 30 min, thereby inducing local
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myocardial ischemia, QDs (3 pmol/g BW) were infused into the
external jugular vein at the onset of reperfusion. After 15 min of
reperfusion, isolated hearts (n = 2 per group) were thoroughly
flushed with isothermic saline solution, dissected, and placed
on a silica matrix, plainly fixed with cannulae and superfused
with 0.9% NaCl solution.

Two-Photon Microscopy of QD Distribution in Heart Musde Tissue.
Two-photon microscopy on ischemic as well as control areas of
the obtained heart muscle tissues was performed on a TriM-
Scope (LaVision Biotec, Bielefeld, Germany) built around an
Olympus BX 51 microscope (Olympus, Hamburg, Germany) and
equipped with a tunable Ultra Il Ti:sapphire laser (Coherent,
Dieburg, Germany) and an optical parametric oscillator (Chameleon
OPO; APE, Berlin, Germany) which is pumped by the Ti:sapphire
laser. An Olympus XLUMPIlanFl 20/0.95W water immersion
objective was used. Excitation wavelength was 1150 nm. QD
emission was detected at 635—695 nm using a Hamamatsu
H6780-20 photomultiplier tube and a 700 nm short pass filter.
Four optical sections at high resolution (500 x 500 um with
1225 x 1225 pixels) were recorded per ischemic or control area
at 5 um distances using the same settings for all samples analyzed.
The z-stacks covering 250 um were projected and further pro-
cessed using Image) software (National Institutes of Health,
Bethesda, MD). Mean fluorescence intensities were determined
in regions of interest covering 100 «m length of microvessel walls.
Twelve microvessels were analyzed per optical section.

Flow Cytometric Analysis of QD Association with Microparticles. For
purification and flow cytometric analysis of microparticles, a
published protocol was adapted.®® Blood samples obtained by
cardial puncture 10 min after intra-arterial injection of QDs
(3 pmol/g BW) were centrifuged at 1550g at room temperature.
Then, 250 uL of the obtained plasma was further centrifuged at
17500g (RT) to get microparticle pellets. These pellets were
resuspended in Apo buffer (10 mmol/L Hepes, 5 mmol/L KCl,
1 mmol/L MgCl,, and 136 mmol/L NaCl; pH 7.4) and recentri-
fuged. The pellets were resuspended in 20 uL of Apo buffer;
subsequently 140 uL of Apo buffer containing 2.5 mmol/L CaCl,
and 20 uL of microparticle-free normal mouse serum were
added and incubated for 15 min at room temperature. In order
to identify the microparticles, 5 uL of Alexa488-labeled annexin
V (Invitrogen) was added to 130 uL of the sample and incubated
for 15 min in the dark. Stained microparticles were analyzed on
a flow cytometer (FACSort, Becton Dickinson, Franklin Lakes,
NJ). Microparticles were identified on forward scatter, sideward
scatter, and binding of annexin V. Alexa488-labeled annexin V
and QDs were excited at 488 nm and detected at 515—545 nm
(channel FL-1) and 650 nm (channel FL-3), respectively. Approxi-
mately 10 000 gated events were collected in each analysis.

Statistics. Data analysis was performed with a statistical
software package (SigmaStat for Windows, SPSS Inc., Chicago,
IL). The ANOVA on ranks test, which includes tests for normality
and equal variance of the data, was performed. When p values
<0.05 were detected by ANOVA, then the appropriate posthoc
test (Student—Newman—Keuls) for all pairwise multiple com-
parisons was used to estimate the stochastic probability in
intergroup comparisons. Mean values and SEM are given. The
p values <0.05 were considered significant.
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