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Summary

Methods based on nanotechnologies play a growing role in biomedical research. Quantum
dots (QDs) are a group of engineered fluorescent nanoparticles suited for advanced
imaging applications. The substitution of the particle’s surface with defined molecular
structures could enable the adoption as targeted contrast agents or therapeutic devices for
a variety of clinical approaches. However, important aspects such as the basic surface-
dependent behavior of non-targeted QDs in the organism and arising health effects upon
systemic administration remain incompletely understood. Acute inflammatory effects for
instance are often initiated on the microcirculatory level and are probably relevant for
cardiovascular pathologies observed in epidemiologic and experimental studies of certain
nanoparticles. Most in vitro studies show that the surface structures of QDs and other
nanoparticles seem to be predominantly accountable for different cytotoxic effects and a
variable potential to liberate proinflammatory cytokines. Currently, no systematic in vivo
studies have addressed surface-dependent interactions of QDs on the level of the
microcirculation and assessed the resulting impact on biokinetics as well as on
proinflammatory parameters. Thus, this thesis aimed to i) analyze the incidence of QD-
surface-dependent acute microvascular interactions and their influence on key biokinetic
parameters and ii) investigate acute immunomodulatory effects on the multistep process
of leukocyte recruitment in vivo. For this, three types of commercially available QDs with
different surface modifications: carboxyl-QDs, amine- and polyethylene glycol-QDs
(amine-QDs) and polyethylene glycol-QDs (PEG-QDs) were used. The physicochemical
characterization was done by dynamic light scattering (DLS) analysis and microscale
thermophoresis. In a first set of experiments, circulating half-lives, tissue distribution in
different organs, and hepatic as well as renal clearance were measured. Ex vivo analysis
of QD tissue distribution was performed on selected tissue samples via transmission
electron microscopy (TEM) and two-photon microscopy. By combining reflected-light
oblique transillumination (RLOT) and fluorescence in vivo microscopy of the murine M.
cremaster, interactions of QDs with components of the microcirculation as well as
leukocyte migration parameters were visualized and quantified. The extreme short
circulating half-life of anionic carboxyl-QDs was related to pronounced clearance by the
mononuclear phagocyte system. Beyond this, further investigations showed, for the first
time, that the continuous capillary endothelium of skeletal and heart muscle tissue has the
capacity to directly extract carboxyl-QDs from the circulation by means of caveolae-

mediated endocytosis. Carboxyl-QDs were also taken up by perivascular macrophages in



the surgically exposed but not in the native M. cremaster and led to a significant increase
of adherent and (subsequently) transmigrated leukocytes in this model. Further
experiments provided evidence for a probable involvement of mast cells in the
intercellular adhesion molecule-1 (ICAM-1)- and endothelial (E)-selectinmediated
modulation of leukocyte recruitment. This process is most likely initiated by the
endocytosis of carboxyl-QDs through activated perivascular macrophages. The primary
activation of tissue-resident perivascular macrophages seems to be the consequence of
tissue damage related to the surgical preparation of the cremaster muscle. This is
supposedly a prerequisite for the endocytosis of carboxyl-QDs whereupon endothelial and
mast cells seem to be secondarily activated in a paracrine fashion that then leads to an

increase in leukocyte recruitment.



Zusammenfassung

Auf Nanotechnologien basierende Methoden spielen eine zunehmende Rolle in der
biomedizinischen Forschung. Quantum dots (QDs) sind eine Gruppe Kkinstlich
hergestellter Nanopartikel mit speziellen Fluoreszenzeigenschaften, die im Rahmen
zahlreicher bildgebender Verfahren eingesetzt werden koénnen. Die Substitution der
Partikeloberflachen mit definierten molekularen Strukturen konnte den Einsatz als
zielgerichtete Kontrastsubstanzen oder Therapeutika im Hinblick auf eine Vielzahl
klinischer Anwendungen ermdglichen. Unklar hingegen bleiben derzeit fur den
klinischen Einsatz wichtige Aspekte, wie etwa das prinzipielle oberflichenabhédngige
Verhalten von unspezifisch oberflachenmodifizierten, nicht auf distinkte molekulare
Ziele ausgerichteten QDs im Organismus sowie mogliche gesundheitliche Folgen, die
nach einer systemischen Applikation auftreten kénnen. So liegen mdglicherweise den
durch gewisse Nanopartikel in epidemiologischen und experimentellen Studien
beobachteten kardiovaskuldren Pathologien unter anderem akute inflammatorische
Effekte zugrunde, welche oftmals auf der Ebene der Mikrozirkulation initiiert werden.
Die meisten in vitro Studien zeigen, dass insbesondere die Oberflachenstrukturen von
QDs und anderen Nanopartikeln fur unterschiedlich zytotoxische Effekte sowie ein
variables Potential zur Freisetzung proinflammatorischer Zytokine verantwortlich zu sein
scheint. ~ Systematische in vivo Untersuchungen zu oberflachenabhéngigen
Wechselwirkungen systemisch applizierter QDs und proinflammatorischer Effekten auf
Ebene der Mikrozirkulation und deren Bedeutung fir biokinetische GroRen liegen derzeit
nicht vor. Die Ziele der vorliegenden Arbeit waren daher i) das Auftreten und die
Bedeutung oberflachenabhangiger mikrovaskuldrer Interaktionen von QDs und deren
Beeinflussung biokinetischer GroRen zu analysieren und ii) immunmodulatorische
Effekte auf einzelne Schritte des mehrstufigen Prozesses der Leukozytenrekrutierung in
vivo zu untersuchen. Hierzu wurden drei Typen kommerziell erhéltlicher QDs mit jeweils
unterschiedlichen  Oberflichenmodifikationen  (carboxylQDs, = amine-  und
Polyethylenglykol-QDs  (amine-QDs) und  Polyethylenglykol-QDs  (PEG-QDs)
verwendet. Die physikochemische Charakterisierung der QD-Spezies erfolgte tber die
Analysetechniken der dynamische Lichtstreuung (DLS) sowie der mikroskalaren
Thermopherese. In einer ersten Versuchsreihe wurden die Halbwertszeit im peripheren
Blut, die Gewebeakkumulation in verschiedenen Organen sowie die hepatische und renale
Ausscheidung quantifiziert. Ex vivo wurde die Verteilung der QD-Typen in

verschiedenen Gewebeproben durch transmissionselektronenmikroskopische (TEM)



sowie 2-photonenmikroskopische Aufnahmen untersucht. Durch eine Kombination aus
reflected-light obligue transillumination (RLOT)- und Fluoreszenz-Intravitalmikroskopie
am murinen M. cremaster wurden in unterschiedlichen Versuchsansatzen die
Interaktionen von QDs mit Komponenten der Mikrozirkulation sowie leukozytare
Migrationsparameter visualisiert und quantifiziert. Die extrem kurze Verweildauer von
anionischen carboxyl-QDs in der systemischen Zirkulation stand mit einer ausgepragten
Clearance durch das mononukledre Phagozytensystem in Zusammenhang. Dartber
hinaus konnte in weiteren Untersuchungen erstmalig gezeigt werden, dass das
kontinuierliche Endothel kapillarer Netzwerke in Skelett- und Herzmuskelgewebe die
Kapazitat zur direkten Aufnahme zirkulierender carboxyl-QDs in Form Caveolae-
vermittelter Endozytose besitzt. Am praparierten aber nicht am nativen M. cremaster
fihrte die Applikation von carboxylQDs zu deren Anreicherung in perivaskuldren
Makrophagen und einer signifikanten Zunahme adhéarenter sowie (subsequent)
transmigrierter Leukozyten. Weitere Versuchsreihen legen eine wahrscheinliche
Beteiligung von Mastzellen an der intercellular adhesion molecule-1 (ICAM-1)- und
endothelialen (E)-Selektinvermittelten Modulation der Leukozytenrekrutierung nahe.
Hochstwahrscheinlich wird dieser Prozess durch die Endozytose der carboxyl-QDs durch
perivaskuldre Makrophagen initiiert. Vermutlich ist die primédre Aktivierung
perivaskularer gewebestandiger Makrophagen eine Konsequenz der
praparationsbedingten Gewebeschadigung des M. cremaster. Dies scheint eine
Voraussetzung fur die endozytotische Aufnahme der carboxyl-QDs zu sein, woraufhin
Endothel- und Mastzellen sekundér infolge parakriner Mechanismen aktiviert werden,
was eine gesteigerte Leukozytenrekrutierung zur Folge hat.
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I. INTRODUCTION

1. Background

The physicochemical properties of any given material may undergo quantitative as well
as qualitative changes in a nonlinear fashion when a certain reduction in volume
expansion is reached [1]. Despite advantages nanoparticulate substances can entail,
concerns arose regarding the yet fragmentary understood behavior and potential toxicity
within an environmental, therapeutic/diagnostic or occupational context [2-4]. Amongst
other engineered nanoparticles, the classes of semiconductor quantum dot (QD)
nanocrystals have attracted high scientific interest in multiple areas of basic as well as

clinically oriented biomedical research [5].
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Figure 1 Illustrative overview of the chemistry of core-shell QDs

Coatings for aqueous solubility are as follows: (i) amphiphilic polymer coating with carboxyl(ate) groups; (ii) amphiphilic polymer
coating with PEG oligomers; (iii) dithiol ligand with a distal PEG oligomer; (iv) dithiol ligand with a distal zwitterionic functionality;
and (v) dithiol ligand with a distal carboxyl(ate) group. Common R groups include carboxyl, amine, and methoxy, although many
others can be introduced (e.g., see vi, X, xi). Methods for conjugating biomolecules of interest (BOI) are as follows: (vi) biotin-
streptavidin binding; (vii) polyhistidine self-assembly to the inorganic shell of the QD; (viii) amide coupling using EDC/s-NHS
activation; (ix) heterobifunctional crosslinking using succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC;
structure not shown); (x) aniline-catalyzed hydrazone ligation; and (xi) strain-promoted azide—alkyne cycloaddition. The double
arrows are intended to represent conjugation between the functional groups and, in principle, their interchangeability (not reaction
mechanisms or reversibility). Not drawn to scale. Figure and appending caption directly adapted from Petryayeva et al. [6].

Prototypic QDs consist of a semiconductor nanocrystaline metalloid core structure in the
size range of 1 to 10 nm which is capped by an additional semiconductor shell. The
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wavelengths of emitted photons are a direct function of the nanoparticle size [7]. QDs
display wide absorption and narrow size-tunable emission spectra, considerably high
quantum vyield and fluorescence values, pronounced photostability [8] and are
significantly more resistant to photobleaching and chemical degradation [9] than
conventional fluorescent dyes [10]. Target-oriented biological activation is enabled by
modifying the particle surface. Additionally decorating the particle surface with basic
functional chemical groups can enhance the solubility in aqueous media [11] and is the
precondition for further linkage with selective bioactive molecules [12]. The broad use of
QDs as fluorescent probes for biomedical applications in in vivo imaging derives from
their superior optophysical performance for deep-tissue imaging compared to classic
fluorophores [13, 14]. Abundant biological components strongly interfere with
conventional fluorescence imaging by producing tissue autofluorescence, light absorption
and light scattering, thereby impairing resolution, signal intensity, and the optical depth
of penetration [15]. By the utilization of near-infrared emitting QDs, autofluorescence
phenomena can be minimized and allow high signal-to-background [16]. A growing body
of in vitro data suggests that unspecific low-molecular surface modifications alone can
facilitate the activation of otherwise specific receptor-mediated pathways upon cellular
contact in vivo. It is not always predictable how much of the particle-surface is still
accessible to inadvertently occurring molecular interactions, even if the secondary
targeting substance has been linked to the particle-surface. Under circumstances of
insufficient conjugation or rapid degradation of the secondary targeting substance upon
cellular ingestion and endolysosomal processing, QDs could exert unwanted or even
adverse effects [17]. Nanoparticles immediately adsorb proteins in biological media,
thereby forming a dynamic protein corona: a dynamic function of physicochemical
particle characteristics and the surrounding biological environment [18]. However, when
QDs are used as vascular contrast agents or for labeling of biological structures for in vivo
imaging, they usually need to be directly injected into the blood stream [19-21]. The
systemic administration of QDs for various purposes in a biomedical context inevitably
subjects the vascular compartment with an initially high fraction of the applied dose [22].
Since the large internal surface area of the vascular system is mainly provided by the
endothelial lining of the microcirculation, circulating QDs are particularly likely to
interact with components of microvascular networks. As inflammatory reactions may play
a central role in many nanoparticle-elicited cardiovascular effects observed after
occupational or experimental exposure and given the fact that inflammatory reactions are
often triggered on the level of the microcirculation [23], microvessels themselves are
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eventually a critical anatomical location at which circulating or accumulated nanoparticles

exert (adverse) biological responses [24].

2. Results and discussion

2.1. Physicochemical characterization and protein binding of QDs

Three types of commercially available QDs with a differently functionalized surface
coating (Qdot® ITK™ carboxyl, Qdot® ITK™ amine (PEG), and Qdot® ITK™
nontargeted (PEG) (655 nm fluorescence peak emission) were chosen. The three subtypes
investigated have an identical nuclear composition, a CdSe core ensheathed by an inner
layer of ZnS. The outer layer and hence the particle-surface is provided by the respective
chemical surface modification linked to the ZnS shell. According to the manufacturer, the
QDs used in our studies all share an identical ellipsoid inorganic core with diameters of 6
nm (minor axis) by 12 nm (major axis) [25]. Using DLS and microscale thermophoresis,
hydrodynamic diameters, polydispersity indices, and zeta potentials of each QD species
in different solutions were measured. DLS calculates the hydrodynamic diameter of a
given particle in aqueous solution by correlating detected dynamic changes in light
scattering as a result of Brownian particle motion. So, mean values of hydrodynamic
parameter, hydrodynamic peak distribution values, and the polydispersity index of the
respective particle in solution can be determined [26]. This method is regularly used for
particle characterization of QDs in aqueous media [27-32]. On the other hand, some
investigators have questioned the accuracy of DLS for determination of physicochemical
parameters of QDs, as engineered constructs with different constituents could influence
the data obtained [17, 33]. In addition to that, DLS routinely uses the Stokes-Einstein
equation to determine the diffusion coefficient of a spherical particle in aqueous solution.
As QDs used in this study had a more elliptical configuration, confirmed by high-
resolution transmission electron microscopy, the validity of this approximated formula on
the accuracy of our measurements obtained by DLS was tested by additionally employing
the method of Microscale Thermopheresis [34, 35]. This approach utilizes local mobility
changes of QD concentrations in free solution upon the stimulation with an infra-red laser
[35]. Hydrodynamic diameters measured with both methods are in good accordance with
each other [28, 29]. The physicochemical values obtained here confirm the particle
characterization measurements done by Zhang and Monteiro-Riviere, where QDs were
scaled via size exclusion chromatography on high-performance liquid chromatography
[17]. As a measure of unspecific protein binding affinity, hydrodynamic diameters of QDs

were also assessed in protein-containing media (PBS + mouse serum) which approximate
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the physiological environment QDs will encounter upon systemic administration. A gain
in hydrodynamic diameter in mouse serum is interpreted to mirror the quantitative amount
of protein adsorption on a particles’ surface. PEGylation has been repeatedly shown to
significantly reduce the amount of unspecific protein binding [36]. As expected, PEGQDs
showed the lowest increase in hydrodynamic diameter. Carboxyl-QDs displayed the
highest tendency to bind serum proteins. This also resulted in a reduction of absolute zeta
potential negativity, possibly a consequence of protein shielding. Although the zeta
potential, a “(...) measurable quantity used to control the intensity of the repulsive
electrostatic interaction between the charged colloidal particles (...)” [37] is also related
to the actual surface charge, those terms are not synonymous. This, as well as the fact that
the effective number of terminal located positively charged amino-groups on amine-QDs
might be reduced due to PEG-chain-entanglement, as hypothesized by Kelf et al. [38] can
explain the moderately negative zeta potential values of amine QDs, similar to those of
PEG-QDs. Quantitative and qualitative characteristics of the socalled protein corona built
up around nanoparticles in biological media are thought to be chiefly involved in

mediating particle behavior and biological impact [39].

2.2 Semiquantitative assessment of organ distribution and blood kinetics

Semiquantitative assessment of organ distribution and blood kinetics was done by
establishing calibration curves with different concentrations of QDs. Solid tissue samples
were solubilized and calibration curves were established for each tissue type as previously
described by Robe et al. [40] with minor adaptions. Both organ distribution and blood
kinetics were analyzed by relating the fluorescence intensity value measured in the
respective sample to the corresponding calibration curve established earlier. PEGQDs had
a considerably long circulating half-life of 513.4 £ 152.1 min upon systemic application.
Many studies have shown that PEG exhibits a stealth effect as it shields the decorated
material from opsonization. So, the typically observed rapid clearance of circulating
nanoparticles via the mononuclear phagocytic system is circumvented and the blood half-
life significantly prolonged [41]. Accordingly, a lower overall tissue deposition profile
was found compared to carboxyl- and amine-QDs. Carboxyl-QDs had a very low resident
time in the circulation, the blood half-life was 5.8 + 0.4 min. In an early imaging study by
Ballou et al., the circulating half-life of carboxyl-modified 655 nm emitting QDs (QD655)
was determined to be 4.6 £ 1.0 min [42]. The QDs were purchased from the same
commercial provider and therefore identical to the carboxylQDs used in our studies.

Amine QDs in our study exhibited a mean residence time in the circulation of 29.0 + 2.8
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min. The semiquantitative measurements of QD bloodkinetics were comparable to the
real-time decay of QDs fluorescence out of the cremasteric vascular system observed by
in vivo fluorescence microscopy. The blood kinetics of QDs were determined by the
analysis of consecutively obtained blood samples applying a fluorescence-based imaging
system. Organ distribution of QDs was analyzed after perfusion with ice-cold ringer
solution by inserting a catheter in the jugular vein to wash out the remaining blood in the
organ vascular system. The remaining blood pool within an extracted organ adulterates
the quantitative value of organ-specific accumulation expressed as percentage of the
injected dose (% ID)/g tissue. This could lead to a substantial overestimation of the actual
tissue-specific deposition [43]. On the other hand, Su and Sun have pointed out that
rheological effects of systemic perfusion could also wash out QDs residing in the
extravascular space or those being only loosely attached to cellular surfaces [44]. It
suggests itself to exploit the QDs inherent fluorescence for quantification of their
biokinetics. However, next to fluorescence-based quantification approaches, the
biodistribution of QDs can be determined by coupling the particle with a radioactive
tracing compound [45] or applying inductively coupled plasma-mass spectrometry (ICP-
MS) for element analysis. Fluorescence-based quantification techniques work on the
assumption that the fluorescence intensity values measured are a direct function of the
QD concentration. It has been argued that the validity may be weakened by the variability
of background fluorescence in biological samples [46], compartment-derived
fluorescence intensity changes, and fluorescence decay in the course of structural
degradation or aggregation [47, 48]. We therefore cannot positively rule out that our
fluorescence-based measurements of QD-concentrations in biological samples might be
affected by e.g. fluorescence quenching due to unspecific surface defects or as a result
from intracellular vesicular compartmentalization [49]. However, for the time being, there
is no overwhelming evidence for substantial chemical in vivo dissolution of the

customized QDs we used reported in the literature [50].

2.3 Association of QDs with the capillary vascular endothelium

Within the time course similar to the calculated half-life, the clearance of circulating
carboxyl-QDs in the cremasteric microcirculation revealed that the endothelial lining of
the capillary network remained continuously and exclusively fluorescent. CarboxylQDs
were also weakly and more irregularly associated with the endothelial layer of
postcapillary venules but practically absent in precapillary vessel segments. The first

order clearance-kinetics of nanoparticles in the circulation are generally attributed to
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either the mononuclear phagocyte system (phago-/endocytosis due to opsonization with
serum proteins [51]) or renal filtration (relevant for nanoparticles with hydrodynamic
diameters > 5.5 nm [52]). Lee and colleagues were probably the first to demonstrate a
possible link between coating-dependent differences in the biodistribution of QDs and the
occurrence of interactions with the vascular system in a more complex ex vivo tissue
model. Neutral QDs decorated with polyethylene glycol (QD-PEG) or negative QDs
decorated with carboxyl-groups (QD-COOH) with a hydrodynamic size of approximately
40 nm were used [53]. Quantitative tissue deposition was assessed after intra-arterial
infusion of QD-PEG or QD-COOH in media for 4 h at different concentrations (1.67, 3.33
and 6.67 nM, respectively) into isolated perfused porcine skin flaps harvested from
Weanling Yorkshire pigs, followed by a 4-h wash-out phase (perfusion with media
solely). QDs were quantified in arterial and venous media via fluorescence intensity as
well as ICP-MS. Frozen skin flap sections were prepared for confocal microscopy and
hematoxylin/eosin staining. The differences in arterial-venous fluorescence values for
QD-COOH were significantly higher than those obtained for QD-PEG, indicating a
stronger tissue deposition of QD-COOH. Confocal microscopy analysis of frozen tissue
sections further showed that QD-COOH accumulated in the capillaries of the skin [54].
The occurrence of capillary endothelial cell-mediated clearance of carboxyl-QDs from
the circulation in our experiments has also been verified in the myocardium and skeletal

muscle tissue of the abdominal wall by ex vivo 2-photon microscopy.

2.4 In vitro uptake of QDs

Confocal microscopy and flow cytometry analysis of cultured human microvascular
endothelial cells exposed to carboxyl-QDs show a high amount of endocytotic uptake and
intracellular accumulation in terms of vesicular storage. The endothelial layer of the
human cardiovascular system is estimated to cover a total luminal surface area of
approximately 350 m? [55]. Although the entirety of endothelial cells builds up a coherent
epithelial monolayer, this cellular population is not homogeneous but shows considerable
adaptive differences by means of morphology and functional features. The anatomical
location within the vascular tree determines dissimilar and eventually changing
rheological parameters, the composition of subintimal tissues, exposure towards signaling
factors, nutrients, and many more micro-environmental differences significantly
influencing the endothelial cellular phenotype [56]. TEM confirmed that carboxyl-QDs
were internalized into capillary endothelial cells by caveolae-mediated endocytosis.

Caveolae are cellular invaginations which belong to the class of glycolipid raft membrane



domains defined by the co-localization with the protein caveolin-1 [57]. Endothelial cells
of non-fenestrated continuous capillaries in lung, skeletal and heart muscle tissues show
by far the highest density of caveolae [58]. Caveolae of continuous capillary endothelial
cells are morphological and functional distinct microdomains implicated in a variety of
endocytotic pathways. Caveolae-mediated receptor-dependent endocytosis of albumin
[59], insulin [60], and a.1-acidic glycoprotein [61] is a specific function of the continuous
capillary network. Scavenger receptors (SRs) have been shown to concentrate within
these specialized lipid-domains [62]. The human plasma proteome is presently reported
to consist of 1929 different proteins [63] under which albumin is the most abundant
protein. Since endothelial caveolae account for the specific receptor-mediated uptake
and/or transcytosis of endogenous plasma proteins but also recognize intrinsic
macromolecules with an altered structure, a possible relation between the pronounced
adsorption of serum proteins to carboxyl-QDs or their intrinsic structural properties and
their selective association with the capillary endothelium of skeletal and heart muscle
tissue could exist. There is a limited amount of in vitro studies available which specifically
provide mechanistic insights into principal modes of surface-related QDs cellular uptake.
A number of limitations should be considered when the results obtained in vitro are
transferred to an in vivo scenario. These include a great heterogeneity regarding QD
synthesis, core structure, surface chemistry, dosage, cell lines, incubation time, and
culture media. Zhang and Monteiro-Riviere specifically addressed the in vitro endocytosis
of carboxyl-QDs (QD655-COOH) from the same commercial source and identical to
those we used in our in experiments. QD655-COOH were rapidly internalized by cultured
human epidermal keratinocytes within 5 min after application. The involvement of
caevolin-1 and competitive binding with cholera toxin B indicated a lipid raft/caveolae-
mediated mechanism of endocytosis. The surfacedependent specificity of binding and
internalization led the authors hypothesize that QD655-COOH nanocrystals initialize a
receptor-mediated endocytotic pathway [17]. The effects exerted by the inhibitors of SRs,
polyinosinic acid and fuicodan, argue for their role in QD655-COOH-mediated
endocytosis. Interestingly, both low-density lipoprotein (LDL) and acetylated low-density
lipoprotein (AcLDL) dose-dependently competed with QD655-COOH-mediated
endocytosis in coincubation experiments. Thus, the authors conclude a combined
mechanism of clathrin-independent receptormediated endocytosis involving a LDL
receptor/SRBI-pathway [17]. In a study by Fujivara et al., the endocytosis of anionic
liposomes by cultured macrophages was investigated. The involvement of SRs was
proofed in cross-experiments in which preincubation with poly(acrylic acid) (PAA)-
7



coated liposomes reduced the uptake of AcLDL, dextran sulfate as well as maleylated-
bovine serum albumin. Also LDL, being no specific ligand of SRs, partially inhibited
PAA-liposome uptake [65]. In an in vitro study by Xiao et al. the uptake mechanisms of
the very same three QD-species used in our studies were assessed in two human epithelial
cell lines. Solely QD655-COOH but neither amine-PEG nor PEG-QDs were internalized
after a 12 h incubation period. As QDs were recovered in lysosomes, the authors
hypothesize a clathrin-dependent mode of internalization [66]. Different results were
reported by the group around Al-Hajaj N. et al. who investigated the endocytosis of
different semiconductor QDs. The cationic QDs showed a generally higher rate of cellular
internalization as assessed by spectrofluorometric analysis. Despite ligand- and cell-
specific differences, lipid-raft mediated endocytosis was identified as the common
mechanism of internalization [67]. In our own experiments, endocytosis of QDs by
murine macrophages was analyzed 15 min after in vitro incubation. Confocal laser-
scanning microscopy showed that carboxylQDs were highly endocytosed and found in
cytoplasmatic vesicles. Mean fluorescence intensity (MFI)-values were approximately 50
times higher for macrophages challenged with carboxyl-QDs compared to those obtained
for amine-QDs and PEG-QDs. Clift et al. also observed a principally more rapid
internalization of carboxyl-modified QDs with a 565 nm (QD565) emission-spectrum in
comparison to amine-modified QD565. However, co-localization of carboxyl-QDs with
the early endosomal marker 1 was not noticed before 30 min of in vitro incubation [68].
This is comparatively slow when compared to our in vitro uptake rates but may be
explained by strain differences and other culture conditions. Some SRs have been
specifically localized to endothelial caveolae of microvascular networks. A high
expression of both caveolin and CD36 in the murine lung, heart, and skeletal muscle-
tissue is reported. The majority of caveolinrich domains containing CD36 is provided by
the capillary endothelial lining due to the large surface area occupied; especially in heart
and muscle tissue, whereas the lung epithelial tissue, mainly consisting of type |
pneumocytes, accounts for probably 50% of the total amount of lung caveolae [62]. Other
(micro)vascular SRs include lectin-type oxidized LDL receptor-1 [69], SR-BI [70],
receptor for advanced glycation endproducts [71], collectin placenta 1 [72], SR expressed
by endothelial cells-1 [73], fasciclin EGF (endothelial growth factor)-like, laminin-type
EGF-like, and link domain-containing SR-1 (FEEL-1) and FEEL-2 [74].



2.5 Clearance of carboxyl-QDs by capillary endothelial cells

In conclusion, our data can describe the capillary endothelial network of skeletal and heart
muscle tissue as an arborescent nonphagocytic functional entity with the yet
underestimated ability to reduce the systemic bioavailability and influence the tissue
deposition of carboxyl-modified QDs in addition to the clearance via the mononuclear
phagocyte system. The entirety of skeletal muscle tissue in mice and man averages
approximately 45 % of the total body weight [75, 76]. In our study, we found that upon
systemic injection of carboxyl-QDs, 2.4 + 0.2 % ID/g tissue were recovered after 1 h in
skeletal muscle tissue. At this point due to complete clearance, no more circulating
carboxyl-QDs are detectable in the blood stream. An almost exclusive staining of the
capillary endothelial network was detected. Ultrastructural analysis reveals a
caveolaemediated endocytosis of carboxyl-QDs within the capillary networks of skeletal
muscle. We therefore conclude that, next to the clearance by the mononuclear phagocytic
system, the capillary endothelial lining of the murine skeletal muscle system has a
significant impact on the biokinetics of carboxyl-QDs by means of active capillary

retention of approximately 26 % of the applied dose.

2.6 Modulation of leukocyte rolling in vivo by PEG- and carboxyl-QDs

The leukocyte recruitment cascade is usually initiated by transient interactions between
leukocyte and endothelial surfaces. Capture and subsequent rolling of leukocytes on the
luminal surface of vascular endothelial cells are mediated by a family of three single
chained carbohydrate-recognizing transmembrane glycoproteins, namely E-, platelet (P)-
, and lymphocyte (L)-selectin [77]. Overlapping as well as distinct functions of these C-
type lectins for leukocyte recruitment in vivo have been scrutinized over the last two
decades. The expression of E-selectin is limited to endothelial cells and upregulated upon
cytokine-induced endothelial activation [78]. P-selectin on the other hand is also
expressed in resting endothelial cells where it is stored in Weibel-Palade bodies and
rapidly translocated to the endothelial surface by fusion of P-selectin-containing storage
vesicles with the cellular membrane after endothelial activation. In the mouse cremaster
model, tissue exteriorization-induced early leukocyte rolling in postcapillary venules via
P-selectin is a direct consequence of this process [79]. L-selectin is constitutively
expressed on many leukocyte subsets, contributes to leukocyte recruitment during
inflammation, and is critically involved in lymphocyte binding to high endothelial venules
[80]. Leukocyte rolling flux fraction after dosing with carboxyl- or amine-QDs did not

differ from vehicle-treated control animals but was significantly increased upon



application of PEG-QDs. In vivo fluorescence microscopy showed a discontinuous
staining of postcapillary venules suggesting local clustering of PEG-QDs. Electron
microscopy analysis revealed that PEG-QDs associate with amorphous, probably lipid
containing structures adjacent to the luminal side of or in between microvascular
endothelial cells. Next to reducing unspecific protein binding, this polymer also acts as a
fusogen of biological membranes [81]. Given the rapid onset of the PEG-QD-elicited
increase in leukocyte rolling flux fraction, it can be speculated that clusters of PEG-QDs
may lead to distortions of the endothelial membrane structure, eventually promoting the
fusion of intracellular vesicles and possibly Weibel-Palade bodies in close proximity to
the luminal surface with the outer membrane, thereby increasing the amount of Pselectin
on the endothelial surface. PEG-QDs do not further influence leukocyte adhesion and
transmigration. It could also be the case that the extracellular PEGQD/lipid-clusters
facilitate leukocyte rolling but impede the formation of firm molecular contacts between
leukocytes and the actual endothelial surface. Although no changes in the number of
rolling leukocytes in postcapillary venules were detected, a significant reduction of
leukocyte rolling velocity was observed at 45 and 60 min after application of carboxyl-
QDs. Hence, intensified bidirectional signaling events can occur, thereby promoting
further steps of leukocyte recruitment [82]. The involvement of E-selectin is mandatory
for cytokine-induced slow leukocyte rolling in postcapillary venules in vivo [83].
2.7 Engagement of E-selectin in modulation of leukocyte recruitment by carboxyl-
QDs in vivo
E-selectin exerts its functions via three glycoprotein-ligands expressed on neutrophils: P-
selectin glycoprotein-ligand 1, E-selectin ligand 1 and CD44 [84]. E-selectinmediated
leukocyte-endothelial interactions functionally activate lymphocyte functionassociated
antigen 1 (LFA-1), a 82-integrin expressed on leukocytes, by converting the molecular
structure towards an intermediate-affinity state facilitating binding to endothelial ICAM-
1. Thus, slow leukocyte rolling also involves LFA-1/ICAM-1 interactions. Interestingly,
leukocyte rolling velocities on P-selectin in autoperfused flow chambers are comparable
to those observed on E-selectin when ICAM-1 is added to P-selectin [85]. Also
macrophage receptor-1 has been described to contribute to slow rolling by interacting
with endothelial ICAM-1 [86]. E-selectin-promoted slow leukocyte rolling is typically
characterized by rolling velocities ~5 pum/s [83] whereas P-selectin-dependent leukocyte
rolling velocities are in the range of ~35 pum/s [87].
However, rolling velocities <5 um/s in the mouse cremaster assay are usually observed
within at least two hours following the intrascrotal injection of proinflammatory cytokines
10



[83] since the expression of E-selectin is regulated on the transcriptional level requiring
de novo synthesis. Therefore, the full amount of E-selectin engagement within the 60 min
observation window in our studies is unlikely to be registered since the peak expression
of E-selectin following endothelial activation has been shown to occur after ~6h [88, 89].
Nevertheless, the observed reduction in leukocyte rolling velocity as early as 45 min after
injection of carboxyl-QDs seems to reflect an increasing availability of E-selectin on the
postcapillary endothelial surface as a consequence of enhanced expression of E-selectin.
This was confirmed by confocal immunofluorescence microscopy of E-selectin in
postcapillary venules 60 min after application of carboxylQDs. The expression of E-
selectin is controlled by proinflammatory cytokines. Wellinvestigated cytokines which
have been shown to exercise control on the endothelial expression of E-Selectin in a direct
and/or intermediate fashion include tumor necrosis factor-alpha (TNF-a), interleukin-1
beta (IL-1R), lipopolysaccharide (LPS) [90], interleukin (IL)-6, interferon gamma [91],
and macrophage inflammatory protein-2 (MIP-2) [92]. As the functional consequence,
i.e. significant reduction in leukocyte rolling velocity upon systemic application of
carboxyl-QDs was paralleled by a considerably fast upregulated expression of E-Selectin
in postcapillary venules, it is likely to assume that a very rapid chemokine-driven mode
of postcapillary endothelial activation precedes this event. Although proinflammatory
cytokines themselves underlie transcriptional regulation, rapid endothelial activation can
be achieved by the release of pre-synthesized cytokines which enables immediate

transcellular communication.

2.8 Preparation-induced activation of perivascular macrophages is necessary for the
uptake of carboxyl-QDs and further events leading to a modulation of

leukocyte recruitment in vivo

Given the temporary dynamics observed, the immunomodulatory properties following the
acute challenge of carboxyl-QDs in the microcirculation of the surgically exposed
cremaster muscle most likely reflects a secondary endothelial activation in succession of
the local liberation of pre-synthesized chemokines. The fact that no significant changes
in leukocyte recruitment were noted when carboxyl-QDs were injected 60 min prior to
surgical preparation of the cremaster muscle gives some important hints regarding the
hypothetical pathways carboxyl-QDs might influence the leukocyte recruitment cascade.
To begin with, the presence of carboxyl-QDs in the systemic circulation apparently does
not seem to provoke an acute systemic inflammatory response at the dosage tested. This

assumption is supported by the lack of quantitative alterations in leukocyte recruitment in
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the cremaster muscle when surgical exposure was done at 60 min after systemic
administration. No changes in white blood cell counts and no apparent signs of discomfort
or illness were observed. Interestingly, dose- and chargedependent acute toxicity and
prothrombotic effects of Catskill green, carboxyl- or amine-modified QDs (Type |
EviTags) were observed in a study conducted by Geys et al. A dose-dependent potency
to induce fibrin-rich thrombi in the pulmonary circulation was noted for both QD types,
but more pronounced in the case of carboxyl-QDs [31]. In our experiments no obvious
prothrombotic events were noticed, however, we did not assess this systematically.
Moreover, no carboxyl-QDs were found in perivascular cells of the native cremaster
muscle. Thus, the merely contact of circulating carboxyl-QDs with the postcapillary
endothelium of the cremaster muscle does not seem to directly activate endothelial cells
in the absence of preparation-induced tissue injury. A mild sterile inflammatory response
to microsurgical tissue manipulation and exteriorization of the cremaster muscle is a well-
known model-inherent phenomenon. Sterile alterations of tissue integrity in the absence
of pathogens or toxins etc. still lead to inflammatory reactions as a result from the
endogenous release of different signals from cells experiencing stress, lesions, or necrosis
[93]. Normally hidden endogenous molecules, which are liberated when the structural
integrity of a tissue is destroyed and subsequently activate innate immunological
responses, are termed ‘“damage-associated molecular patterns” (DAMPS). The
recognition of these normally sequestered DAMPs by corresponding receptors on innate
immune cells leads to their activation and initiation of further inflammatory reactions
[94]. In macrophages, the nucleotidebinding oligomerization domain (NOD)-like receptor
family, pyrin domain containing 3

(NLRP3) inflammasome reacts on a broad variety of “pathogen-associated molecular
patterns” (PAMPS) and DAMPs and exerts important functions, also in sterile
inflammation upon tissue injury. The full activation of the NLRP3 inflammasome
obviously requires initial priming via pattern recognition receptor-signaling which seems
to be a necessary step preceding the induction of complete activation [95].
Wellestablished DAMPs include extracellular nucleotides, extracellular heat shock
proteins, extracellular high-mobility group protein B1, uric acid crystals, oxidative stress,
laminin, S100 proteins, and hyaluronan [96]. With regard to immune effects of engineered
nanoparticles, it has been observed that protein adsorption to nanoparticles can lead to
conformational changes and subsequent exposure of cryptic epitopes. The hypothesis that
the activation of pattern recognition receptors by DAMPs on tissueresident cells with
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innate immunity function is required for activating perivascular macrophages to take up
carboxyl-QDs is supported by the following: Intrascrotal application of LPS 2 h prior to
systemic application of carboxyl-QDs caused a strong accumulation of carboxyl-QDs in
perivascular cells independent of the surgical preparation. Vehicle-treated controls did not
show an accumulation of carboxyl-QDs in perivascular cells (Praetner and Rehberg,

unpublished observations).

2.9 Endocytosis of carboxyl-QDs by perivascular macrophages in vivo

In vivo, MFI-values of regions of interest over perivascular macrophages visibly increased
already 180 sec after systemic application of carboxyl-QDs in our study [29]. When
antigen-presenting cells are stimulated in vitro towards an active state, this usually
includes a more efficient endocytosis and might go along with a different morphology.
For instance, Zhang et al. reported an increased uptake of QD655-COOH by dendritic
cells after treatment with LPS. In vitro activated dendritic cells (derived from porcine
monocytes matured in the presence of granulocyte-macrophage colonystimulating factor
and IL-4 preferentially ingested carboxyl-QDs by rapid clathrindependent scavenger-
mediated endocytosis involving F-actin as well as phospholipase C [33]. Interestingly,
Bateman et al. made a similar observation in an in vivo study where a model of
endotoxemia increased the clearance of methoxy-PEGylated 5000MW QDs [97]. Liver
sinusoidal fenestrated endothelium provides Kupffer cells and hepatocytes excellent
opportunities to come into contact with circulating QDs. Also splenic macrophages,
which are situated in an open circuit environment, are in a different activation state
compared to macrophage populations in tissues which are normally shielded from the
external surrounding [98]. In the case of skeletal muscle perivascular macrophages in our
model, preparation-induced activation by DAMPs seems to be a prerequisite for the
induction of a highly active endocytotic phenotype. In vitro activated dendritic cells
preferentially ingest carboxyl-QDs by rapid clathrindependent scavenger-mediated
endocytosis [33]. Vessel-lining macrophages have been reported to extend cytoplasmatic
protrusion through endothelial and epithelial tissues [99]. Recently, perivascular CX3C
chemokine receptor 1*-cells were shown to sample the luminal content of adjunct
microvessels via a dendritic extension in vivo [100]. The basement membrane of the
postcapillary endothelial cell lining is surrounded by a heterogeneous population of
perivascular cells of the myeloid lineage, including cells which mediate innate immunity
responses [101]. Particle uptake in our model probably leads to secretion of cytokines and

parallel activation of mast cells and endothelial cells.
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2.10 Nanoparticle-induced release of proinflammatory cytokines in vitro — insights
from the literature

Ryman-Rasmussen et al. analyzed the cellular uptake of commercially available QD 565
and QD655 semiconductor nanocrystals with the identical three different surface
functionalizations utilized in our studies. All types of QDs investigated were found inside
primary human neonatal epidermal Kkeratinocytes (HEK) 24 h after incubation.
Carboxylic-acid-coated QDs of both sizes showed the highest degree of stained HEKS.
TEM revealed that all QD-types were either found agglomerated within vesicular
structures or free in the cytoplasm. The most pronounced cytotoxicity was found upon
challenge with carboxylic-acid coated QDs. Carboxyl-acid coated QDs of both sizes also
showed a significant release of IL-1B. The IL-6 release was significantly higher for
carboxylic-acid coated QD565 particles. A significant release of IL-8 was detected for
carboxylic-acid coated QD565 particles. PEG-amine QDs of both sizes induced
cytotoxicity 48 h after incubation (20 nM). Also, PEG-amine-QDs induced a significant
increase in the release of I1L-6 after incubation with 20 nM after 48 h. No change in the
release of proinflammatory cytokines was detected in the case of PEG-QDs [25]. Adachi
et al. showed that 20-nm but not 1000-nm particles induced a IL-1B response which
involved the adenosine triphosphate-binding P2X purinoceptor 7 [102]. In a study by
Fischer et al, octadecylamine-modified poly(acrylic acid)-coated QDs caused an increase
in TNFa levels, but not high enough to reach statistical significance [103]. Zhang Y. et
al. observed that exposure to PAA-coated QDs in a macrophage cell line led to high
concentrations of TNFa and IL-18 after 24 h and activation of the nuclear factor kappa-
light-chain-enhancer of activated B cells-pathway [32]. Adherence, as the next step in the
leukocyte recruitment cascade, is characterized by firm adhesion at the postcapillary
endothelium, mediated by the interaction of leukocyte integrins and an endothelial
receptor of the immunoglobulin superfamily [104]. ICAM-1 is a member of the
immunoglobulin superfamily and constitutively expressed on postcapillary endothelial

cells under physiologic conditions [105].

2.11 ICAM-1 plays a functional role for carboxyl-QD-elicited modulation of
leukocyte recruitment in vivo

To further understand the mechanisms of carboxyl-QD elicited modulation of leukocyte
recruitment, we used a specific anti-ICAM-1 monoclonal antibody (YN-1) in additional
experiments. A significant reduction of adherent as well as transmigrated leukocytes in

the YN-1-treated group was noted. These results suggest that ICAM-1 is a central
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adhesion molecule for the carboxyl-QD evoked amplification of leukocyte recruitment in
the cremaster muscle. Interestingly, Foy and Ley demonstrated a central role of ICAM-1
for chemoattractant-induced acute leukocyte adhesion following perivenular
microinjection to the unstimulated postcapillary endothelium [106]. It was shown that
MIP-2-induced neutrophil recruitment is mediated by TNF-a from resident mast cells.
Contrasting to TNF-a, the expression of E-selectin upon challenge with MIP-2 was
increased in wild type mice but not in mast cell-deficient animals [92]. In a study by
Kneilling et al., it was found that local tissue inflammation in a mouse model of T-
cellinduced and TNF-dependent delayed-type hypersensitivity reaction strictly requires a
direct crosstalk between mast cell-derived TNF and TNF-receptor-expressing endothelial
cells, subsequently leading to upregulation of adhesion molecules necessary for leukocyte
recruitment such as E- and P-selectin, ICAM-1, and vascular cell adhesion molecule 1
[107].

2.12 Mast cells contribute to the carboxyl-QD-induced modulation of leukocyte
recruitment in vivo

Mast cells origin from a hematopoietic lineage and are characterized by the large number
of densely packed cytoplasmatic granules containing a variety of preformed inflammatory
mediators which are rapidly released upon activation. Mast cells are found in most tissues,
often in close vicinity to epithelial or vascular structures. Mast cells are being increasingly
recognized as central effectors and regulators of macrophage, dendritic, and endothelial
cell function during inflammatory responses [108]. Apparently, mast cells distinguish
themselves from other innate immunity cells in the way that they appear to be the main
source of preformed TNF-o, which can therefore be immediately released upon
corresponding activation [109]. Also, a rapid release of eicosanoid mediators adds to the
fast acting mode of mast cells [110]. The anatomical distance between mast cells and
venular basement membrane probably averages 10 pm as estimated by in vivo microscopy
of the mouse cremaster muscle [111]. To investigate whether mast cells are involved in
carboxyl-QD-evoked modulation of leukocyte recruitment, the effect of cromolyn-
pretreatment was assessed in an additional set of experiments. Cromolyn is a member of
mast cell-stabilizing agents which are thought to prevent mast cell degranulation.
However, the specificity of cromolyn to act solely on mast cells has recently been
questioned [112]. Species-, tissue-, and model-inherent differences might influence the

specificity of mast cellstabilizers.
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1. The contribution of the capillary endothelium to blood clearance and

tissue deposition of anionic quantum dots in vivo:
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The increasing interest in biomedical applications of semiconductor quantum dots (QDs) is closely linked
to the use of surface modifications to target specific sites of the body. The immense surface area of
vascular endothelium is a possible interaction platform with systemically administered QDs. Therefore,
the aim of this study was to investigate the microvascular distribution of neutral, cationic, and anionic
QDs in vivo. QDs with carboxyl-, amine- and polyethylene glycol surface coatings were injected into the

K"YW;"‘S-' ks blood circulation of mice. fn vivo microscopy of the cremaster muscle, two-photon microscopy of skeletal
S‘;:gp;ﬁic;s and heart muscle, as well as quantitative fluorescence measurements of blood, excreta, and tissue

samples were performed. Transmission electron microscopy was used to detect QDs at the cellular level.
The in vitro association of QDs with cultured endothelial cells was investigated by flow cytometry and
confocal microscopy. Anionic QDs exhibited a very low residence time in the blood stream, preferably
accumulated in organs with a prominent mononuclear phagocytic component, but were also found in
other tissues with low phagocytic properties where they were predominantly associated with capillary
endothelium. This deposition behavior was identified as a new, phagocyte-independent principle
contributing to the rapid clearance of anionic QDs from rhe circulation.

Surface moedifications
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© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last few decades, efforts to directly manipulate matters
at an ultrastructural level culminated in the multidisciplinary fields
of nanotechnologies. Due to numerous unique physicochemical
features [1], a high potential for the clinical utilization of nano-
materials is discussed [2]. Among other nanomaterials, a subset of
engineered nanocrystals known as semiconductor quantum dots
(QDs) seem to be promising candidates for clinical purposes [3].
Nanematerial formulations with quantum dots carry convincing
attributes for new or advanced uses in several medical applications
including photodynamic therapy [4,5], drug delivery [6,7], and
versatile imaging purposes [8—12]. Based on their outstanding
tunable optophysical properties, they have attracted the attention
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E-mail address: krombach@med uni-muenchen.de (F. Kroembach).

0142-9612/6 — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.05.051

of hiomedical researchers and clinicians interested in new tools for
diagnostics and targeting of specific sites in the body.

Lessons learned from earlier studies on the in vivo performance
of liposomes, microbubbles, and various nanoformulations [13—15]
provided the foundation for a deeper understanding of the in vivo
behavior of QDs. Recent studies have confirmed previous obser-
vations that organs with a prominent mononuclear phagocyte
system such as liver and spleen are chiefly responsible for the
clearance of QDs after administration into the blood stream [16,17].
Moreover, the conjugation of polyethylene glycol (PEG) derivates to
the QD-surface has been verified to significantly prolong the
circulation half-life resulting in an expanded imaging window for in
vivo applications [18—20].

Since thevisualization of the vasculature in vivoisboth important
for clinicians and biomedical researchers, most works involving QDs
focus on their use as angiographic probes [21,22] and do not assess
possible interactions with the endothelial surface itself. With
respect to the fact that most in vivo approaches require a systemic
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application of QDs, surprisingly little is known about the binding
kinetics of surface-modified QDs to the vascular endothelium [23].
Particularly, the microvascular branch of the vascular system offers
an enormous surface area for interactions with nanoparticles. The
capillary networks as well as pre- and postcapillary vessels form an
interrelated complex entity which plays a fundamental role in
numerous regulatory, metabolic, and immunologic functions.

Especially with regard to recent improvements in microvascular
imaging for pathophysiological research and bedside applications
as well as progress towards clinical applications of QDs [24], an
evaluation of possible interactions with the microcirculation is
clearly indicated [25—-27]. Up to now, the binding kinetics of
differently charged QDs to microvascular endothelium in vivo has
not been systematically analyzed. Here, we assessed the impact of
carboxyl-, amine-, and PEG-surface modifications on i} plasma
kinetics, ii} microvascular distribution, iii} tissue deposition, and iv)
excretion of QDs in a whole animal study.

2. Materials and methods
2.1. Particles

Qdot® ITK™ carboxyl, Qdot® ITK™ amine (PEG), and Qdot® ITK™ non-targeted
(PEG)quantum dots (655 nm fluorescence peak emission) were purchased from
Invitregen Cooperation, Karlsruhe, Germany. Carboxyl — (8 ), amine — (8 ) and
PEG-QDs (2 ) are provided in a 50 um borate buffer. These QDs consist of a semi-
conductor CdSe core encapsulated with a ZnS shell and an additional layer of either
polyethylene glycol only (PEG-QDs), polyethylene glycol with an amine coating
(amine-QDs), or carboxyl functiens sclely (carboxyl-QDs). The PEG coating itsell
consists of short oligomers with a molecular weight of 13 kDa. Batches were stored
at4 °C and consumed within 4 weeks.

22. Physical characterization of QDs

Carboxyl-, amine- and PEG-QDs were prepared at a concentration of 16 nw in
distilled water, saline (0.9% NaCl), or saline with 3% mouse serum (Janvier). Size,
pelydispersity, and zeta petential of QDs in different solutions were analyzed with
dynamic light scattering (DLS) with a Zetasizer-Nano 25 instrument {Malvern, Mal-
vern Hills, United Kingdom). Each assigned size and corresponding polydispersity
index (PDI) was the mean of 10 sub-runs, All measurements were carried out in
triplicate with a temperature equilibration time of 1 min at 25 °C, For the dispersant,
a refractive index (R,) of 1330 and a viscosity of 0.8872 cP were chosen. The data
processing mode was set ta high multi-madal resalution. The optical model for the
zeta potential measurements was interpreted by the method of Smoluchowski

23. Animals

Male C57BLJ6 mice (23—25 g: purchased from Charles River; Sulzfeld, Germany)
were held under standard laboratory conditions with free access to animal chow and
water ad fibitum. The experiments were performed according te German legislaticn
for the protection of animals.

24. Blood kinefics

Mice (n = 5 per experimental group) were anesthetized with a ketamine/xyla-
zine mixture (100 mg/kg ketamine and 10 mg/kg xylazine) by ip. injection and
afterwards fixed on a heating plate te ensure constant body temperature. The left
femoral artery was cannulated in a retrograde manner using a polyethylene catheter.
Mice were injected 80 pmel of carboxyl-, amine-, or PEG-QDs in 100 pl of saline
(0.9% NaCl). For the evaluation of plasma kinetics, a polyethylene catheter was
inserted into the left carotid artery for consecutive blood sampling over time. Blocd
samples (50 pl) were collected in heparin-containing Eppendorf tubes prior Lo intra-
arterial administratiocn of QDs (blank value)and at 1,3, 5,15, 30, 45, and 650 min after
QD injection as well as after £ and 24 hin separate experiments. Bloed samples were
stored at 4 °C until further analysis. For measurement of QD bleod concentrations,
a quantitative flucrescence imaging system was used. Blood samples were filled into
rectangular capillary tubes (Vitrotubes, CMS, Charlestown, UK) and flucrescence was
excited for 15 at specific wave lengths (510-560 nm) using a modified flucrescence
microscape fitted with a 10x objective (Axiotech vario, Zeiss, Oberkochen,
Germany). The flucrescence signal (LP 590 nm) was quantitatively detected using
a photemultiplier tube (P30A-11: Electron Tubes, Middx, UK) and averaged by
a digital storage oscilloscope (Tektronix TDS1012; Tektrenix Inc., Berkshire, UK). To
calculate QD blood concentration from flucrescence intensities, different concen-
trations of QD were diluted in mouse blood samples to establish calibration curves.
Plasma half-life (¢1;,) values were cbtained by fitting measurement data points to an
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expanential function curve (f = ae~®) with Sigma Plot 11,0 Software (Systat Software
Inc, Chicago, USA) and calculating the & values from the &z = In 2/b equation.

2.5. Hematologic parameters

Blood samples were collected from animals used for the evaluation of blood
kinetics as described above by cardiac puncture after 1, 4 and 24 h. For the deter-
mination of systemic leukocyte, plateler, and erythrocyte counts, hematocrit,
hemoglodin concentration, mean corpuscular volume, mean corpuscular hemo-
globin, and mean corpuscular hemoglobin concentration of erythrocytes, a Coulter
AcT counter {Coulter Corp., Miami, FL) was used.

2.6. I vive micrescopy of QD disinthution in the aemasteric microvascuiature

Mice (n = 3) were anesthetized and prepared as described above. The cremaster
preparation was carried out as originally described by Baez [28] with minor modi-
fications. The right cremaster muscle was exposed through a ventral incision of the
scrotum. Then, the muscle was opened ventrally in a relatively avascular zone using
careful electrocautery to stop any bleeding and spread over the transparent pedestal
of a custom-made microscopic stage. Epididymis and testicle were detached from
the cremaster muscle and replaced into the abdominal cavity. Throughout the
procedure as well as after surgical preparation during in vivo microscopy, the musde
was superfused with warm (35 °C) buffered saline.

The setup for in vive microscopy was centered around an AxioTech-Vario 100
Microscope (Zeiss Micrelmaging GmbH, Gottingen, Germany ), equipped with a Col-
ibiri LED light source (Zeiss Microlmaging GmbH) for fluorescence epi-illumination
microscopy. For QD excitation and reflected oblique light illumination [29], 470 nm
and 625 nm were used, respectively. Light was directed onte the specimen via filter
set 62 HE (Zeiss Micrelmaging GmbH) fitted with dichroic and emission filters [TFT
495 + 610 (HE); TBP 527 + LP615 (HE}|. Microscopic images were obtained with an
AxicCam Hsm digital camera using a 20x water immersicn lens (0.5 NA, Zeiss
Micelmaging Gmbh). The images were analyzed with AxicVision 4.6 software (Zeiss
Microlmaging GmbH). Further image processing and analysis was done using Image]
software (National Institutes of Health, Bethesda, MD). Off-line fluorescence analysis
of pixel brightness values served as a semiquantitative methed to assess the associ-
ation patterns of QDs with the microvasculature. Arterioles were identified by high
bleod flow velocity and the absence of rolling or adherent leukocytes, capillaries by
their small diameter, and venules by the presence of rolling ar adhering leukocytes,

2.7. Two-photon microscopy of QD distribution in skeletal and heart muscie tissue

Mice(n = 2)were anesthelized and prepared as described above. A polyethylene
catheter was inserted in the left jugular vein and carboxyl-, amine-, or PEG-QDs (80
pmol in 100 pl 0.9% NaCl) were injected through the femoral artery catheter. One
hour after application of QDs, a midline laparotomy was performed, the inferior
caval vein opened, and the animal perfused with ice-cold 0.9% NaCl sclution via the
jugular vein for 20 min with physiclogical pressure. After perfusion, a part of the
abdominal wall (contralateral to the femoral artery catheter) and the left ventricle of
the heart were excided. Tissue samples were placed on a Petri dish, plainly fixed
with canulae and superfused with 0.9% NaCl solution.

Two-pheton microscopy on excised lissue obtained as described above was
performed on a TriMScepe (LaVision Bialec, Bielefeld, Germany) built around an
Olympus BX 51 microscope (Olympus, Hamburg, Germany) and equipped with
a tunable Ultra [I Titan:Sapphire Laser (Coherent, Dieburg, Germany}. An Olympus
XLUMPlanFl 20=/0.95W water immersion objective was used. Excilation wave-
length was 860 nm. QD emission was detected at 635-695 nm using a Himamatsu
H6780-20 photomultiplier tube and a 700 nm short pass filter. Optical sections were
recorded at 10 um distances using the same settings for all samples analyzed. Z-
stacks covering 100 umwere projected and further processed using Image] software
(National Institutes of Health, Bethesda, MD, USA).

2.8. Interaction of QDs with human vascular endothelial cells in vitro

Human microvascular endothelial cells (HMECs) were provided by the Centers
for Disease Control and Prevention (Atlanta, GA, USA) and cultured in EC growth
medium (Promocell, Heidelberg, Germany). HMECs cell culture, incubation with
QDs, and imaging were performed on p-slide 8 well ibiTreat microscopy chambers
(ibidi, Martinsried, Germany). QDs were prepared at 0.8 pw in PBS and added to the
medium to a final concentration of 16 nm, thus preventing aggregation of QDs and
achieving a homogenous distribution. For confocal microscopy, medium was
removed after incubation with QDs for 15 min at 37 °C, cells were briefly washed
with PBS, fixed with buffered 4% paraformaldehyde, and embedded in PermaFluor
(Beckman Coulter, Fullerton, CA). Images were acquired with a Leica SP5 confocal
laser-scanning microscope (Leica Microsystems, Wertzlar, Germany) with a 40x oil
immersion objective (NA 1.25). Cxcitation wavelength was 488 nm and QDs emis-
sion was detected at 630700 nm. Optical sections were recorded at 0.5 pm
distances using the same settings for all samples. Z-stacks covering complete cells
were projected using Image] software (National Institutes of Health, Bethesda, MD).
For FACS analysis, cells were harvested after incubation, transferred inte round
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bottom polypropylene tubes, washed in PBS and resuspended in 200 pl PBS. Cellular
QD fluerescence intensity was measured in a flow cytometer (BD FACSCalibur) using
an excitation wavelength of 488 nm and detected at 661 nm (channel FL-3). The
recorded results were analyzed using CellQuest™ software (Becton Dickinson). At
least 8000 cells were measured for each independent experiment.

2.8, Tisstie deposition and excretion of QDs

Mice (n = 4—5) were anesthetized and prepared as described above. A catheter
was inserted into the jugular vein. At the end of each experiment, a midline lapa-
rotomy was perfermed, the inferier caval vein cpened, and the animal perfused with
ice-cold 0.9% NaCl solution via the jugular vein for 10 min with physiological
pressure, Then, organ and excretion samples of interest were removed, such as
brain, hearl, lung, right liver lobe, spleen, right kidney, thoracic aorta, muscle lissue
from the right M. quadriceps femoris, thymus, lymph nodes (inguinal, axillary, and
superficial cervical), bile, intestinal content, feces from the celon, and urine fromthe
urinary bladder. Casually attached blood clots were carefully washed away. Samples
were immediately stored at —80 °C until further processing. Quantitative determi-
nation of QDs was done according to previcus protocols [30] with minor modifi-
cations. Briefly, samples were weighed and solubilized in Solvable® (Perkin—Elmer,
‘Waltham, USA) at 50 °C for 2 h. QD fluorescence of the samples was analyzed by
a spectrofluorometer (Spectrafluor plus; Tecan, Crailsheim, Germany). For excita-
tion, a BP 390 nm filter was used and QD emission was detected using a BP 635 nm
filter. Calibration curves were generated for each class of tissue and QD type by
measuring dissolved control tissue samples after addition of different concentra-
tions of QDs. QD concentrations were calculated from the measured fluorescence
intensities using the matching calibratien curves.

2.10. Transmission electron microscopy

Mice (n = 2) were anesthetized and prepared as described above. Amine-,
carboxyl- or PEG-QDs (80 pmol) were injected threugh the femoral artery. 24 h after
QD application, anesthetized mice were perfused with glutaraldehyde (3.5%in 0.1 m
cacodylate buffer) and then heart and spleen were removed. Organs were diced into
0.5- to 1-mm® pieces and immersed into glutaraldehyde (3.5% in 0.1 M cacedylate
buffer) until further preparation for electron micrescopy. The organs were rinsed in
0.1 m cacodylate duffer, post-fixed in 1% 0504 containing 1.5% CgFeK4Ng in 0.1 a0
cacodylate buffer for 1 h, dehydrated in a graded series of ethanol and embedded in
Araldite (Serva). Sections were cut with a diamond knife, using a Leica Ultracut UCT
ultramicrotome. Ultrathin (5070 nm) sections were slightly stained with a satu-
rated aquecus uranyl acetate selutien for 10 min. Stained and unstained ultrathin
sections were examined in a Zeiss EM 900 transmission electron microscope.

21L Statistics

Data analysis was performed with a statistical software package (SigmasStat for
Windows, Jandel Scientific Erkrath, Germany). The ANOVA on ranks test followed by
the Student-Newman-Keuls test was used for the estimation of stochastic proba-
bility in intergroup comparisons. When unequal group numbers were compared,
the ANOVA on ranks test was followed by the Dunn’s test. Mean values and SEM are
given. Pvalues <0.05 were considered significant.

3. Results
3.1. Physical characterization of QDs

The size, polydispersity, and zeta potential of QDs in different
vehicles were measured by DLS {Table 1). QDs used had hydrody-
namic diameters in the range of 21--34 nm in PBS which generally
increased in the presence of mouse serum proteins in comparison
to their hydrodynamic diameters in PBS solely. Interestingly,
quantitative differences in the increase in hydrodynamic diameter
were noted, depending on the surface modification present
{carboxyl-QDs +230%, amine-QDs +150%, and PEG-QDs +130% of
initial diameter, respectively). All QDs used had low polydispersity
indices (Pdl) in distilled water, NaCl, and PBS. However, Pdl-values
strongly increased when QDs were dispersed in PBS with mouse
serum. QDs had a negative zeta potential in all vehicles tested.
However, carboxyl-QDs had the lowest zeta potential values.

3.2. Blood kinetics

First, we analyzed the blood kinetics of carboxyl-, amine-, and
PEG-QDs after intra-arterial dosing (Fig. 1). Immediately after bolus

Table 1
Physical characterization of QDs.

Particle Diameter (nm) Pdl Zeta potential (mV)
Carboxyl-QDs

H,0 222408 0113 £ 0.111 -425 =+ 06
NacCl 212409 0.123 £ 0.103 —-288+52
PBS 18.1 £0.2 0.025 =+ 0.029 —225+43
PBS + serum 41.9+03 0.448 =+ 0.039 -148 = 03
Amine-QDs

H0 227403 0.037 £ 0.026 —-202+:42
Nacl 25.8 £ 0.2 0.016 + 0.013 -85 =% 5.0
PBS 25.2+0.6 0.054 = 0.030 -52=x18
PBS -+ serum 365404 0.405 + 0.007 -59=x02
PEG-QDs

H,0 375410 0.053 £ 0.025 -322=54
NacCl 344404 0.094 =+ 0.010 —72=x21
PBS 36.1 +0.7 0.078 =+ 0.042 -1.1=14
PBS -+ serum 46.6 + 0.8 0.578 + 0.008 ~72+08

QDs were prepared in distilled water at a cencentration of 16 nu (H0), 0.9% NaCl,
phosphate—buffered saline (PBS), or PBS and mouse serum (PBS + serum). The
measurements were carried out in triplicate. The mean value and the standard
deviation of the measurements are shown.

injection of PEG-QDs, high fluorescence intensities were measured
in whole blood (31.9 4 3.4% ID/ml blood) which were found to be
not significantly changed at 4 h after dosing (35.0 + 2.4% ID/ml
blood). 24 h after dosing, low concentrations of PEG-QDs (1.0 =+
0,06% ID/ml blood } were still traceable in the blood ( half-life time
513.4 4 152.1 min). In contrast, the fluorescence values of whole
blood samples from amine- or carboxyl-QD-treated animals were
rapidly decreasing after application. Whole blood fluorescence of
carboxyl-QDs {half-life time 5.8 + 0.4 min} decreased more rapidly
than that of amine-QDs (half-life time 29.0 = 2.8 min}. After 1h,
carboxyl-QDs were no longer detectable in the blood stream,
whereas amine-QDs were still present (4.7 + 1.2% ID/ml blood ).

3.3. Hematologic parameters

Intra-arterial application of the different QD species did not
cause any significant differences in platelet, leukocyte, or
erythrocyte counts, hematocrit, hemoglobin concentration, mean
corpuscular volume, mean corpuscular hemoglobin, and mean
corpuscular hemoglobin concentration of erythrocytes among
groups treated with QDs (data not shown).
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Fig. 1. Blood kinetics of QDs upon intra-arterial injection. Mice received a bolus
injection of either carboxyl-, amine-, or PEG-QDs [3 pmol/g body weight] via a lemoral
artery catheter. Blood was sampled through a carotid artery catheter before and 1, 3, 5,
15, 30, 45 and 60 min after injection as well as after 4 and 24 h. QD content in whole
blood probes was calculated by fitting fluorescence intensity values obtained for each
time point with calibration curves for each QD-surface modification. QD content is
expressed as percent of injected dose per ml hlood (% ID/ml blood). Data points
represent the mean values of 5 experiments + SEM.
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Fig. 2. Invivo association of QDs with capillaries in skeletal muscle. A) Mice received a bolus injection of carboxyl-, amine-, or PEG-QDs [3 pmol/g body weight] via a femoral artery
cathefer. Representative in vive microscopic fluorescence images (original nhjective magnification 20x) of cremasteric capillaries obtained at 1 h after dosing are shown. Exper-
iments were carried out in triplicate, Scale bars indicate 100 pm. B) Graphs depict representative tracings of fluorescence intensity values along a 15 um line across capillaries as

indicated in the microscopic images.

3.4. In vivo microscopy of QD distribution in the cremasteric
microvasculature

A rapid intralominal fluorescence signal peak was observed in
the microcirculation in the first few seconds after application of QDs
by means of in vivo fluorescence microscopy. Thereafter, homoge-
neous fluorescence signals were detected in the vessel lumina of
carboxyl- or amine-QD-treated mice, whereas small, sub-microm-
eter-sized agglomerates were detected floating in the blood stream
in PEG-QD-treated mice. PEG-QD flucrescence was visible in the
blood stream for the whole experimental duration of 1 h, whereas
carboxyl- and amine-QD fluorescence decreased continuously and
eventually disappeared. For carboxyl-QDs, it was a constant obser-
vation that their fluorescence was co-localized with the capillary
endothelial lining (Fig. 2 and Supplementary data, movie file 1) and
abruptly diminished at the point where capillaries passed into
postcapillary venules. Pixel brightness graphs for capillaries asso-
ciated with carboxyl-QDs depict two positions of fluorescence
intensity maxima which co-localize with vessel wall borders.

Fluorescence intensity values for capillaries after dosing with
amine-QDs however were below background values. Pixel bright-
ness graphs of capillaries after application of PEG-QDs were para-
bolic with single maxima between the vessel walls (Fig. 2).

In contrast, heterogeneous interactions with the endothelium of
some postcapillary venules were observed for carboxyl-QDs and to
a lesser extent for amine- and PEG-QDs, whereas no binding to
arterioles was confirmed for any QDs investigated (data not shown}.
Occasionally, we observed scme few leukocytes rolling in post-
capillary venules being heavily filled with QDs. Although a rare
event, this was only the case in animals treated with amine-QDs.

3.5. Two-photon microscopy of QD distribution in skeletal and
heart muscle tissue

One hour after application, the association of carboxyl-, amine-,
or PEG-QDs with capillary endothelium in heart and skeletal
muscle (abdominal wall} was visualized by two-photon microscopy
{Fig. 3). At 1h after systemic application, two-photon imaging of
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amine-QDs
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Fig. 3. Exvive two-photon microscopy of QDs in the heart and skeletal muscle. Mice received a bolus injection of carboxyl-, amine-, or PEG-QDs [3 pmol/g body weight] via a femoral
artery catheter. 1 h after application, animals were perfused with NaCl for complele exsanguination. Representative ex vive two-photon-microscopic fluorescence images (original
objective magnification 20 ) of heart and skeletal muscle tissue obtained 1 h after dosing are shown. Experiments were carried out in triplicate. Scale bars indicate 100 pm.

carboxyl-QDs in skeletal and heart muscle tissue showed a high
signal to background ratio and clear co-localization with the
capillary network in those tissues. In contrast, the fluorescence of
both amine- and PEG-QDs in the skeletal and heart muscle
microvasculature could not clearly be associated with the capillary
network. Instead, low signal to background ratios and only diffuse
fluorescence patterns were visible.

3.6, Interaction of QDs with microvascular endothelial cells in vitro

HMECs were chosen as in vifro approach to investigate the
cellular uptake of QDs. First, FACS analysis of liberated HMECs after
incubation with QDs was done (Fig. 4). Carboxyl-QDs had the
highest rate of association to HMECs (954 + 1.6% gated cells}
whereas considerably lower associations were observed using
amine- (4.5 = 2.1% gated cells) or PEG-QDs (1.2 = 0.4% gated cells).
Confocal microscopy, performed to visualize the association of QDs
with HMECs, showed preferential uptake and localization of
carboxyl-QDs in vesicular structures (Fig. 4). According to the FACS
analysis, amine and PEG-QDs exhibited a week association with
HMECs.

3.7, Tissue deposition and excretion of QDs

Quantitative fluorescence analysis revealed a deposition hier-
archy of QDs depending on the surface modification present (Fig. 5;
Table 2 in Supplementary data). In heart, lung, liver, spleen, skeletal
muscle, thoracic aorta, and brain, carboxyl-QDs were detected in
significantly higher amounts than amine- or PEG-QDs. Amine-QDs
on the other hand were deposited in increasing amounts in lymph
nodes and, like carboxyl-QDs, in significantly higher amounts in the
thymus gland than PEG-QDs. Solely in the kidney, carboxyl-, amine-
, and PEG-QDs accumulated in similar quantities. Interestingly, in
skeletal muscle and brain tissue, just carboxyl-QDs were deposited
whereas amine- or PEG-QDs were not detectable in these tissues at
any time point.

We further addressed the issues of hepatic and renal excretion
from the body (Fig. 6, Table 2 in Supplementary data). All QDs were
detected in gallbladder content. PEG-QDs were found in bile in
a very constant manner over 1, 4, and 24 h whereas carboxyl-QD-
excretion into bile decreased at 24 h. In contrast, amine-QDs were
detected in bile at 24 h in significantly higher amounts than
carboxyl-QDs. Moreover, all QDs were present in the small intes-
tinal content. However, their concentration did not significantly
differ between QD subtypes. In feces, carboxyl- and PEG-QDs were
found in significantly higher amounts at 1 and 24 h compared to
amine-QDs. In urine samples, amine-QDs were detected at 24 h
after dosing but not after 1 and 4 h. On the other hand, carboxyl-
and PEG-QDs were detectable at 4 h and 24 h after dosing.

3.8. Electron microscopy

In the spleen, all QD species were found to be localized
predominantly in phagocytic cells residing in the red pulp. In
contrast to amine- and PEG-QDs, carboxyl-QDs were also found to
be stored in endocytotic vesicles of splenic capillary endothelium
and within cytoplasmatic vesicles in endothelial cells of heart
muscle capillaries (Fig. 7). Carboxyl-QDs but neither amine- nor
PEG-QDs were also occasionally detected in the endocardium. In
heart muscle cells, no carboxyl-QDs but minor amounts of amine-
and no PEG-QDs were found {data not shown}.

4. Discussion

This study aimed to investigate the microvascular distribution of
neutral, cationic, and anionic QDs in vivo and to assess the effects of
surface modifications {charge} on their biokinetics and distribution
in a whole animal study.

Recent basic research studies invesrigating the pharmacoki-
netics and toxic effects of QDs for biomedical applications mainly
utilized simple surface modifications of QDs including PEG, dihy-
drolipoic acid (DHLA), cysteamine as well as amine- or carboxyl-
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Fig. 4. QD uptake by endothelial cells in vitro. Confocal images (original objective magnification 40+ ) of HMECs in cell culture 15 min after incubation with either carboxyl-, amine-,
or PEG-QDs [16 nmol]. Scale bar indicates 100 pm. After 15 min of incubation, FACS analysis of HEMECs was performed. The association between cell counts and fluorescence signals
was measured and is expressed as % gated cells. Data points represent the mean values of 3 independent measurements + SEM (*p < 0.05).

functions [19,20,31-33]. Cationic amine-, anionic carboxyl-, and
neutral PEG-QDs used in our study had similar average hydrody-
namic diameters of 2134 nm in Nadl (0.9%) and considerably low
Pdl-values of 0.016—0.123 therefore excluding the possibility of
preexisting agglomerates which may influence the data obtained.
The results of our size measurements are in very good accordance
with those obtained elsewhere [34]. Carboxyl-QDs always had
a more negative zeta potential in all media tested than amine- or
PEC-QDs. The hydrodynamic parameters measured after incuba-
tion with mouse serum (Table 1) indicate that all QDs tested, once
they come in contact with blood plasma, are covered with serum
proteins, with the largest increase in hydrodynamic diameter seen
for carboxyl-QDs.

To determine critical time points of organ accumulation, we
analyzed the impact of amine-, carboxyl- and PEG-surface modifi-
cations on blood kinetics. The longest plasma half-life times were
observed for PEG-QDs. It is well known that PEGylation of lipo-
somes and solid nanoparticles (including QDs} heavily increases
their circulating lifetime by reducing protein binding [35,36]. In
contrast, amine- and carboxyl-QDs used in our study are signifi-
cantly faster cleared from plasma, most likely due to opsonization
and accelerated uptake by phagocytic cells [37]. An intriguing

observation, however, is that carboxyl-QDs were still significantly
faster cleared from the circulation than amine-QDs. Comparing the
half-life data obtained by quantitative fluorescence measurements
with the in vivo microscopic observations, it is noticeable that the
capillary network of skeletal muscle became rapidly {at least within
few minutes) associated with carboxyl-QDs. This finding is
suggestive to contribute to the short half-life time of 5.8 + 0.4 min
of carboxyl-QDs in the blood stream.

Data on the interaction of QDs with the vascular system in vivo
are generally scarce. However, arterial extraction of anionic QDs
after infusion into isolated-perfused skin was reported previously
[38]. In this ex vive study, the model of the isolated-perfused
porcine skin flap (IPPSF) was used to investigate the pharmacoki-
netics of QDs with either carboxyl- or PEG-surface coating and it
was observed, that carboxylated QDs had greater tissue deposition
than PEGylated QDs. Although the mechanisms responsible for this
observation remain to be elucidated, the authors suggest that the
observed differences in tissue deposition may be due to interac-
tions of carboxylated QDs with the vascular endothelium.

Our own it vivo data suggest a stable interaction of anionic
carboxyl-QDs with capillary endothelial cells of skeletal muscle
tissue for at least 1 h. Electron microscopy of the myocardium and
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Fig. 5. Tissue distribution of QDs [3 pmaolfg body weight] 24 h after intra-arterial injection determined by quantitative spectrofluorometry. Bars represent the mean values of 4-5
experiments £ SEM ("p < 0.05 [carboxyl-QDs vs PEG-QDs]. *p < 0.05 [carboxyl-QDs vs amine-QDs]. ’p < 0.05 [amine-QDs vs PEG-QDs]). Data is given as percent of injected dose per
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the spleen revealed that carboxyl-QDs were occasionally localized
in endocytotic vesicles of capillary endothelial cells even 24 h after
dosing.

{n vivo microscopy as well as ex vivo two-photon microscopy
confirmed a distinct staining of the capillary network both in
skeletal and heart muscle tissue. Therefore it is presumable that the
selective interaction of anionic carboxyl-QDs with capillary endo-
thelial cells is chiefly responsible for the deposition of carboxyl-QDs
in skeletal and heart muscle tissue in vivo. This observation is
further supported by quantitative fluorescence analysis of skeletal
and heart muscle tissue. Carboxyl-QDs are found in traceable
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Fig. 6. Excretion of QDs [3 pmollg body weight] 24 h after intra-arterial injection
determined by quantitative spectrofluorometry. Bars represent the mean values of 4—5
experiments + SEM (*p < €.05). Data is given as percent of injected dose per g sample
weight (% IDjg sample).

amounts in both tissues after 1, 4 and 24 h, amine-QDs are only
detectable in the heart muscle after 1 h and PEG-QDs were not
detectable in both tissues at any time point investigated. We
ascertained the detection limit of quantitative fluorescence analysis
to be 0.5% ID/g tissue. Due to the high sensitivity of two-photon
microscopy, even lower quantities can be visualized although the
quantitative deposition may be far less than 0.5% IDjg tissue.

Amine-QDs were also cleared from the circulation with a rela-
tively low half-life time of 29.0 + 2.8 min and, like carboxyl-QDs,
sequestered in phagocytic cells in spleen and liver. But unlike
carboxyl-QDs, they do not bind to capillary endothelium and,
therefore, it is likely that the blood kinetics of amine-QDs reflects
the clearance kinetics of a nanoscale agent undergoing predomi-
nantly phagocytic clearance. In any case, carboxyl-QDs were found
in organs with a prominent phagocytic system in significantly
higher amounts than amine- or PEG-QDs. It is anticipated in the
literature that anionic carboxyl-QDs may also undergo
pronounced phagocytic uptake. But these effects may also be
augmented by rapid capillary binding. It is possible that binding of
anionic QDs to capillary endothelium is not a muscle tissue-
specific phenomenon but a general event in the body including
different tissue types.

There are few studies dealing with the effect of surface charge of
injectable particulate drug formulations on the healthy microvas-
cular system. However, a former study investigated the influence of
the surface charge of microbubbles, micrometer-sized liposomal
agents used for advanced applications in ultrasound imaging, on
capillary transit and myocardial contrast enhancement. In this
study, size-independent capillary retention of microbubbles,
occurring for a few seconds to 10 min, was frequently observed
with anionic, but rarely with neutral microbubbles [39]. However,
the hydrodynamic diameter of QDs (30 nm) is two orders of
magnitude lower than that of most microbubbles (2—4 pm). This
means that mechanisms responsible for the behavior of large,
micrometer-sized particles can not necessarily be assigned to small,
nano-sized particles even if they carry a comparable surface charge.

n vitro studies [40,41] revealed that anionic nanoparticles are
preferably taken up by cultured cells. In this study, we also asked if
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Fig. 7. Transmission electron micrographs showing uptake of carboxyl-QDs into capillary endothelial cells [3 pmol/g body weight| 24h after intra-arterial injection and perfusion-

assisted exsanguination. A) Spleen. 4000« magnification. B) Heart. 4500x magnification.

a similar charge-dependent uptake of QDs occurs in cultured
HMECs. HMECs were chosen since this cell line is known to retain
endothelial phenotypic and functional characteristics [42]. Both
FACS analysis and confocal microscopy of HMECs confirmed
a preferable uptake of anionic carboxyl-QDs. Still, whether this
observation depicts the in vivo situation is questionable because
also non-endothelial cells such as human epidermal keratinocytes
show a high and selective uptake of QDs with a carboxylic acid
surface coating [34).

Nanoparticles in biological environments immediately become
covered by an evolving corona of biomolecules which gives a bio-
logical identity to the nanoparticle [43]. It is anticipated in the
literature that the protein corona is essentially responsible for the
uptake of nanoparticles by tissue cells in vivo. Since we followed an
in vivo approach to investigate the fate of QDs within the micro-
circulation, we determined the hydrodynamic diameter of QDs
dispersed in mouse serum using dynamic light scattering. As dis-
cussed above, carboxyl-QDs showed the highest increase in
hydrodynamic diameter in mouse serum as a correlate to binding of
serum proteins to the particle surface. In a recent work, the endo-
cytotic uptake of anionic carboxylic acid-coated QDs was found to
be primarily regulated by the G-protein-coupled receptor-associ-
ated pathway and low density lipoprotein receptor/scavenger
receptor [34). This in turn raises the question if the same mecha-
nisms occur in vivo and if yes, what is the explanation for the
selective interactions of carboxyl-QDs with capillary endothelium.

The identities of the serum proteins attached to the surface of
anionic carboxyl-QDs remain to be elucidated but we hypaothesize
that the adsorbed protein corona of carboxyl-QDs can facilitate
a pronounced binding to capillaries of the microcirculation which
might significantly contribute to the bicaccumulation of carboxyl-
QDs in the body.

5. Conclusions

In this in vivo study, we investigated the microvascular distri-
bution of three differently charged QD species by in vive micros-
copy of the cremasteric microvasculature and by deep tissue
imaging using two-photon microscopy of heart and skeletal
muscle. Anionic carboxyl-QDs were not only found in higher
amounts in various tissues, but were also assodated with the
capillary network. This unique pattern of interaction with capillary
endothelial cells visualized by in vivo microscopy is probably linked
to an accelerated clearance of carboxyl-QDs from the circulation.

This phenomenon may also contribute to the pronounced deposi-
tion of carboxyl-QDs in the body as determined by quantitative
fluorescence measurements, especially important for the deposi-
tion in tissue types with a poor mononuclear phagocyte system
such as skeletal and heart muscle tissue.
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Supplementary data assaciated with this article can be found in
the on-line version, at doi:10.1016{].biomaterials.2010.05.051.

Appendix

Figures with essential color discrimination. Figs. 2—4 in this
article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.05.051.
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Table 2

Tissue deposition and excretion of QDs

Time carboxyl-QDs amine-QDs PEG-QDs

Organ
Heart 1h 1.7x01 09+0.5 0
4h 15+02%* 0 0
24h  09+0.1%* 0 0
Lung 1h 6.7+ 0.4 %* 19+£01 48=zx05
4h 62+09 * 23+01% 39%03
24h  36+09 * 16+01% 28+02
Liver 1h 19.0+10.6 51+14 55+15
4h 48+23 84+17 24+05
24h  164+41%* 74+08 4322
Spleen 1h 180+13%* 18+04% 0.8%0.2
4h 162+1.0%* 36+19 25%06
24h  174+37%* 29+18 0701
Kidney 1h 85+15 49+02 106x21
4h 77+24 56+04 10515
24 h 41+04 48+02 59=%0.7
Thoracic aorta 1h 103+26** 06+08 16%01
4h 82+05%* 0.5+0.8 23%12
24h 83+13#* 08 1.2+0.2
Skeletal muscle 1h 24+04 0 0
4h 24+£0.2%% 0 0
24h  19+02%* 0 0
Thymus gland 1h 22+15 28+11 0
4h 20+03* 1.7+01°8 0
24 h 14+05* 14+01°8 0
Lymph nodes 1h 31+09 27+09 0701
4h 3.6+09* 54+1.0% 1.2+0.2
24h  26+06%* 83+x15%5 08%02
Brain 1h 1.0£01%* 0 0
4h 07+02%* 0 0
24h  0.7+£03%* 0 0
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Excreta

Bile 1h
4h
24 h

Duodenal Content 1 h
4h
24h

Faeces 1h
4h
24 h

Urine 1h
4h
24h

15.7+£9.0
18.5+10.4
14+03%*
2.3+0.6
5.0+£20
1.3+0.7
11.2+24%*
76+4.1
16.1+43*
0
1.0+0.2
26+04

19078
13.0x2.7
13.1+8.2
3.2+18
27+1.0
3205
25+009°
38+14
33+23%
0
0
23+21

6.1+26
6.2+11
6.4+3.1
7.9+35
3.1+09
21+£05
13.7+3.1
104 +2.7
159+1.3
0
10+£1.2
19+03

QDs were given intra-arterially (3 pmol/g body weight) into anesthetized male C57BL/6 mice (n = 5 per group;
control mice received vehicle). To assess blood and tissue Kinetics, fluorescence was quantitatively measured in
blood and tissue samples at subsequent time points. Mean values of 4-5 experiments + SEM are given (#, p<0.05
[carboxyl-QDs vs PEG-QDs], *, p<0.05 [carboxyl-QDs vs amine-QDs], §, p<0.05 [amine-QDs vs PEG-QDs]). Zero
(0) denotes values below detection limit (< 0.5 % ID/g tissue).

Supplementary movie file:

http://www.sciencedirect.com/science/article/pii/S0142961210006885
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2. Quantum dots modify leukocyte recruitment depending on their surface
modification:
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Quantum Dots Modulate Leukocyte Adhesion
and Transmigration Depending on Their

Surface Modification
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ABSTRACT Although different nanosized materials, including quantum dots (O Ds), are intended to be used for biomedical applications,
their interactions with microvessels and their inflammatory potential are largely unknown. In this in vivo study we report that leukocyte
recruitment is modulated in the presence of quantum dots. We found that the surface chemistry of ODs strongly affects their localization
in postcapillary venules, their uptake by perivascular macrophages, and their potential to modify steps of leukocyte recruitment.

KEYWORDS Quantum dots, nanoparticles, surface modifications, inflammation, in vivo microscopy, microcirculation

anotechnology is a fast developing new area of
research and industry. Various nanomaterials in-
cluding quantum dots (QDs) are developed for
biomedical applications,’ e.g., as drug carriers and new tools
for molecular diagnosis and treatment.*” QDs exhibit unique
fluorescent properties such as high emission intensity, pho-
tostability, and narrow emission spectra which makes them
ideally suited for novel imaging approaches.* QDs emitting
in the far-red region are especially promising for biomedical
imaging in living tissues, for example, in tumor imaging and
therapy.®
The expansion in production and use of nanomaterials
raises the need to study potential impacts of the interactions
between nanomaterials and biological systems.®” Itis well-
established that nanosized particles can penetrate the biobar-
rier in the lungs and transfer into the bloodstream.®®
Nanosized ambient particles can trigger cardiovascular dis-
orders including myocardial infarction.'® Furthermore, they
have the capability to augment ischemia—reperfusion in-
jury,'! to alter vascular reactivity,'? and to induce inflam-
mation at the systemic microvascular level.'*'# Beyond that,
intentionally administered nanomaterials, e.g., for diagnos-
tic or therapeutic purposes, may also translocate into the
circulation or directly reach the bloodstream via injection
and thus induce systemic microvascular dysfunction.'®~'”
In vitro studies showed that nanoparticles can induce ex-
pression of endothelial cell adhesion molecules'® as well as
production of inflammatory mediators in monocytes'® and
macrophages.*®

*To whom correspondence should be addressed, markus.rehberg@
Irz.uni-muenchen.de.
Received for review: 06/15/2010

Published on Web: 08/09/2010
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Recently, it was demonstrated that the surface properties
of nanomaterials determine the interaction with biological
fluids and this in turn facilitates the biological activity of
nanomaterials.'** Interestingly, different surface chemistry
of nanosized polystyrene particles led to altered affinity
toward or uptake by cultured endothelial cells.*® Moreover,
the endocytic uptake of QDs by human epidermal kerati-
nocytes was determined by their surface properties.** Up-
take of nanoparticles by phagocytic cells can result in
inflammatory cytokine production, as it happens after inges-
tion of microbial pathogens.?"2*

In vivo, leukocyte recruitment from the microvasculature
into inflamed tissue is a key event in both innate and
adaptive immune response. The acute inflammatory re-
sponse is associated with the release of soluble proinflam-
matory mediators, e.g., by tissue macrophages or mast cells,
resulting in the activation of the endothelium. This includes
the expression of endothelial adhesion molecules (selectins)
that facilitate capture and rolling of leukocytes along the
vessel wall. Rolling leukocytes are subsequently activated by
the interaction with chemokines presented or secreted by
endothelial cells. This leads to slow rolling and arrest fol-
lowed by firm adhesion of leukocytes mediated by the action
of integrins and intercellular adhesion molecules such as
ICAM-1. Subsequently, leukocytes emigrate through the
vascular wall into the interstitial tissue.*®

The potential of nanoparticles to affect this process is still
unknown. Therefore, we designed this study to investigate
the impact of nanoparticles on leukocyte recruitment in an
in vivo setting. We used QDs of the same size but with
different surface modifications (carboxyl-, amine-, and PEG-
QDs) to assess their effects on leukocyte recruitment in the
mouse cremaster muscle preparation.

DOI: 10.1021/n 02100m | Nano Leff. 2010, 10, 3656-3664
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FIGURE 1. Quantitative analysis of parameters of leukocyte-endot-
helial cell interactions and leukocyte emigration after QD applica-
tion. Leukocyte rolling (A), leukocyte rolling velocity (B), firm
adherence (C), and transmigration (D) were quantified in postcap-
illary venules in the cremaster muscle using in vivo transillumina-
tion microscopy at baseline conditions and upon intra-arterial
injection (arrow) of either carboxyl-QDs, amine-QDs, PEG-QDs, or
vehicle at 3 pmolig BW. Mean £ standard error of the mean forn =
6 per group: # P < 0.001 and * P < 0.05, vs all groups; § P < 0.05,
carboxyl-QDs vs vehicle-control and PEG-QDs).

Nao statistically significant differences in microhemody-
namic parameters and systemic leukocyte counts were
detecred among experimental groups receiving carboxyl-
QDs, amine-QDs, PEG-QDs, or vehicle control, via intra-
arterial injection, respectively (Table S1 in Supporting Infor-
mation).

Effect of Carboxyl-QDs, Amine-QDs, and PEG-QDs on
Leukocyte Recruitment. Using in vivo microscopy on the
mouse cremaster muscle, steps of leukocyte recruirment
were investigated. Due to the mechanical trauma of the
surgical preparation, a certain degree of an inflammatory
response was present in the cremasteric tissue under base-
line conditions. This effect is well-defined®”*® and tespon-
sible for leukocyte rolling (Figure 1A) and adhesion (Figure
1C) at the endothelium of postcapillary venules observed in
the control group. Under control conditions, the number of
rolling leukocytes decreased from 15.5 = 3.1 min ' at
baseline to 7.8 & 2.0 min™" at 60 min, while the numbers
of adherent and extravasated cells slightly increased (Figure
1A,C,D). Administration of PEG-QDs caused a 2-fold increase
in leukocyte rolling (30.9 + 4.3 min~') as compared to
contral (15.7 + 2.3 min™') at 15 min after application which

v © 2010 American Chemical Society

persisted over time (Figure 1A). In contrast, rolling leukocyte
numbers did not differ from control after application of
carboxyl- or amine-QDs (Figure 1A).

Mean leukocyte rolling velocities along the vessel wall of
postcapillary venules (Figure 1B) after PEG- and amine-QDs
injection matched those of control conditions (35.9 + 7.1
wm/s at 60 min). The rolling velocity in control mice was in
accordance (o previously reported values.””*? In contrast,
a significant decrease in leukocyte rclling velocity was
observed at 45 min (22.2 £ 1.8 ym/s} and 60 min (17.2 &

1.5 wm/s) after application of carboxyl-QODs (Figure 1B).

As shown in Figure | C, administration of amine- or PEG-
QDs did not affect leukocyte recruitment, wherezs a signifi-
cant increase (about 3-fold) in numbers of firmly adherent
leukocytes (3.5 & 0.4/10° um?) was found already at 15 min
after application of carboxyl-QDs as compared to control
(1.4 0.4/10" um”). Consistent with the results obtained for
leukocyte firm adherence, the number of transmigrated
leukocytes detected within the perivascular tissue was el-
evated about 3-fold (5.8 + 0.8/10% um?) as compared (o
control (2.2 + 0.2/10* um? at 45 min after application of
carboxyl-ODs, but not after treatment with amine- and PEG-
QDs (Figure 1D). Taken together, these data indicate that
carboxyl-QODs but neither amine-QDs not PEG-QDs increase
leukocyte recruitment in the cremaster muscle preparation.

To investigate whether the basal inflammatory response
caused by the surgical preparation was a prerequisite for the
carboxyl-QD-evoked leukocyte recruitment, we performed
cremaster preparation and subsequent in vivo microscopy
60 min after intra-arterial injection of carboxyl-QDs. Under
these experimental conditions, leukocyte adhesion (3.9 &

1.1/10* gm?} and transmigration (1.8 £ 0.1/10* zm?) were
not elevated in animals treated with carboxyl-QDs as com-
pared to animals receiving vehicle control (2.8 £ 0.9/10%
um? and 1.6 + 0.1/10% um?, respectively).

To identify the phenotype of transmigrated leukocytes,
immunostaining for CD45 (common leukocyte antigen}, Gr-1
(neutrophils/monocytes), and F4/80 (monocytes/macroph-
ages) of cremasteric tissue samples was performed: 75.0 +
13.1% of the transmigrated leukocytes were positive for Gr-1
and 22.2 £ 6.8% of transmigrated leukocytes were positive
for F4/80, respectively.

Carboxyl-QOD-Evoked Leukocyte Recruitment Is ICAM-1
Dependent. To investigate whether carboxyl-QD-evoked
adhesion and transmigration are mediated by endothelial
adhesion molecules, we blocked ICAM-1 by intra-arterial
injection of an anti-ICAM-1 mAb (YN-1) (Figure 2). Leukocyte
adherence (3.4 +0.9/10% gm?) as well as transmigration (1.5
+ 0.3/10* um?) were significantly diminished in YN-1 pre-
treated animals 30 min after administration of carboxyl-QDs
as compared to control mice pretreated with an isotype-
matched control mAb (7.2 & 0.5/10% gm?; 7.1 £ 1.4/10%
wm?). Furthermore, E-selectin expression was investigated
in cremasteric postcapillary venules by means of confocal
immuncfluorescence microscopy. Prominent E-selectin ex-

3657 DO 10.1021/n102100m | Nano Left. 2010, 10 3656--3664
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FIGURE 2. Carboxyl-QD-evoked leukocyte firm adhesion and trans-
migration is mediated by ICAM-1. Quantification of leukocyte firm
adherence (A) and leukocyte transmigration (B) in postcapillary
venules of mice pretreated with either a blocking anti ICAM-1 mAb
or an isotype control mAb upon i.a. injection of carboxyl-QDs
(arrow). (mean =+ standard error of the mean for n = 6 per group; #
P <0.001 and * P < 0.05, vs all groups.)

pression was detected in postcapillary venules 60 min upon
application of carboxyl-ODs (Figure 3A and 3B) in contrast
to weak E-selectin staining observed under control condi-
tions (parts C and D of Figure 3)

Carboxyl-OD-Evoked Leukocyte Recruitment Is Mast
Cell Mediated. Mast cells are known to account for leukocyte
recruitment by the release of inflammatory mediators,
resulting in an upregulation or activation of endothelial cell
adhesion molecules.’®>' Mast cells are present in the cre-
masteric tissue (Figure 4A), predominantly located in close
proximity to vessels as we have reported previously.“
Therefore, the effect of an inhibitor of mast cell degranula-
tion, cromolyn, on carboxyl-QDs elicited leukocyte re-
sponses was evaluated.

In cromolyn-pretreated animals, carboxyl-OD-evoked
leukocyte adherence was found to be significantly reduced

FIGURE 3. E-selectin expression is enhanced in postcapillary venules upon carboxyl-QD application. Representative images of E-selectin
expression (green) in cremasteric postcapillary venules, obtained by confocal immunofluorescence microscopy 60 min upon application of
carboxyl-QDs (A, B) or vehicle (C, D). Projections of z-planes covering whole vessels (projection of 30 z-planes; z-spacing 1 gm) are shown in
(A) and (C) merged with the corresponding transmitted light images (single z-plane) of the cremasteric tissue in (B) and (D). The outline of the

vessel wall is indicated by white dots. Scale bar: 30 gm.
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FIGURE 4. Mast cell inhibition reduces carboxyl-QD-evoked leukocyte adherence and transmigration. (A) Toluidine blue-stained mast cells
(arrowheads) in the cremasteric tissue. Leukocyte firm adherence (B) and transmigration (C) was quantified in postcapillary venules of mice
receiving cromolyn, an inhibitor of mast cell degranulation, or saline prior to injection of carboxyl-ODs or vehicle-control. Scale bar: 50 ym
(mean + standard error of the mean for n = 6 per group; * p < 0.001 vs all groups: # p < 0.001 vs carboxyl-QDs; § p < 0.05 vs carboxyl-QDs

 cromolyn).
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FIGURE 5. OD localization in postcapillary venules. In vivo fluorescence microscopy revealed localization of amine-QDs (panels A and B and
movie S1 in the Supporting Information), PEG-QDs (panels C and D and movie S2 in the Supporting Information), and carboxyl-QDs (panels
E and F and movie S3 in the Supporting Information) in postcapillary venules. Images displayed are taken from movies available in the
Supporting Information section and show representative localization patterns 30 min after QD application (5 pmol/g of BW). QD fluorescence
is depicted in (A), (€), and (E) and merged with the corresponding bright field images of the cremasteric tissue in (B), (D), and (F). Due to the
low fluorescence, in the case of amine-QDs image contrast was enhanced; therefore fluorescence intensities are not directly comparable.

Scale bar represents 30 gm.

at 30 min (3.1 £ 0.8/10% um?) as compared to animals
receiving vehicle instead of cromolyn (6.3 + 0.8/10% um?)
(Figure 4B). Cromolyn treatment in animals receiving vehicle
(1.1 + 0.1/10* gm? did not alter the number of frmly
adherent leukocytes as compared to animals receiving
vehicle only at 30 min (1.9 4+ 0.5/10" um?) (Figure 4B).

Cromolyn pretreatment also caused a significant decrease
in carboxyl-QD-elicited leukocyte transmigration (4.1 + 0.5/
107 vs um?) as compared to animals receiving carboxyl-QDs
only at 60 min (7.7 + 0.4/10" um?) (Figure 3C). LeuKocyre
numbers detected in the perivascular tissue of cromolyn-
and carboxyl-QD-treated animals were still significantly
higher than those found in animals receiving vehicle only
(2.9 £ 0.2/10% um?).

Carboxyl-QDs Are Preferentially Taken up by Perivascu-
lar Macrophages. Next we analyzed OD localization in post
capillary venules. All types of ODs were detectable in the
bloodstream within seconds after application by in vivo fluo
rescence microscopy in posteapillary venules and found to be
associated with the vessel wall within minutes after injection.
Amine-QDs exhibited a weak association (panels A and B of
Figure 5 and movie S1 in the Supporting Informationy with the
vessel wall, whereas PEG-QDs (panels C and D of Figure 4 and

W ® 2010 American Chemical Sociely
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movie S2 in the Supporting Information) as well as carboxyl
QDs showed a stable but discontinuous distribution along the
vessel wall (panels E and F in Figure 5 and movie S3 in the
Supporting Information). Moreover, carboxyl-QDs but not
amine- and PEG-QDs, appeared to be localized in vesicles of
perivascular cells (panels E and F in Figure 5 and movie S3 in
the Supporting Information).

Real-time observation of carboxyl-QD dynamics in post
capillary venules revealed a rapid uptake of carboxyl-QDs
by perivascular cells (Figure 6 and movie 54 in the Support
ing Information). Already at 3 min after injection, QDs first
appeared in these cells (Figure 6A and movie S4 in the
Supperting Information). Fluorescence intensity measure
ments in individual cells showed an accumulation of car-
boxyl-QDs over time (Figure 6B). A stretch of carboxyl-QD
fluorescence at the vessel wall was visible already 60 s after
application and stable [or the whole observation time of 30
min. Carboxyl-QD fluorescence in the vessel lumen was
swiftly declining over time, indicating QD clearance from the
bloodstream.

Interestingly, carboxyl-QDs were not detectable in perivas-
cular cells of cremasteric tissue, when the intra-arterial QD
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FIGURE 6. In vivo fluorescence microscopy of carboxyl-QD dynamics in postcapillary venules (panel A and movie S4 in the Supporting
Information). Live observation of carboxyl-QD dynamics in postcapillary venules revealed rapid uptake of carboxyl-QDs by perivascular cells
(arrows). In this example, OD fluorescence is visible 180 s after intra-arterial injection of carboxyl-QDs (6 pmol/g of BW). Images shown are
selected from a movie acquired using 2 x 2 binning, a time delay of 5 s between frames, and an exposure of 300 ms/frame; scale bar: 100 gm.
(B) QD fluorescence intensity was determined in individual cells over time. Analyzed cells are indicated by arrows. (mean + standard error

of the mean for n = 11; scale bar, 50 gm).

application was performed 60 min prior to the surgical
preparation.

We further asked whether carboxyl-QDs were present in
mast cells. Therefore, we analyzed toluidine blue-stained
cremasteric tissue. Carboxyl-QD fluorescence was not de-
tected in toluidine blue-stained mast cells.

Preferential uptake and vesicular localization (Figure S1
in the Supporting Information) of carboxyl-QDs was also
observed in vitro using the RAW264.7 murine macrophage
cell line. Macrophage cellular QD-fluorescence was analyzed
after 15 min of incubation with QDs by confocal microscopy
Carboxyl-QD cellular fluorescence intensities were 40- to 60-
fold higher as compared to amine- and PEG-QDs (carboxyl-
QDs 100 4+ 13.4; amine-QDs 2.7 + 0.6; PEG-QODs 1.8 + 0.1
relative fluorescence intensities).

Electron microscopy was employed to further investigate
the localization of QDs in the cremasteric tissue. Elliptical-
shaped QDs were only unambiguously identified after omit-
ting the standard counterstain (uranyl acetate and lead). The
image contrast is caused predominantly by membrane
lipids. As depicted, carboxyl-QODs were detected in perivas-
cular cells in close vicinity to blood vessels in the perivascular
tissue (Figure S2A and S2B in the Supporting Information).
On the basis of their morphology and their ability to ingest
carboxyl-QDs, these cells were identified as perivascular
macrophages. Carboxyl-QDs were found in the cytoplasm
and enriched in the endosomal-lysosomal compartment
{(Figure 7B) of perivascular macrophages, thus confirming
localization patterns obtained by in vivo fluorescence mi-
croscopy (Figures 5 and 6). On the ultrastructural level, the
secretory pathway (ER and Golgi) was found to be negative
for carboxyl-QDs, as was the nucleus and mitochondria
Endothelial cells also contained carboxyl-QDs—here most of
the QDs were found in caveolae (Figure 7A) indicating
caveolae-mediated endocytosis.

v © 2010 American Chemical Society

Amine-QDs were rarely seen in the endothelial cell layer
(Figure 7C) of postcapillary venules, and only some perivas-
cular cells exhibited cytoplasmic staining (Figure 7D) and
little labeling of vesicles with characteristics of early endo-
somes. [n contrast to carboxyl- and amine-QDs, PEG-QDs
were mainly found outside endothelial cells (Figure 7E),
attached to amorphous lipid containing material which was
deposited at the vessel wall. Only few perivascular cells
showed a cytoplasmic label for PEG-QDs (Figure 7F).

Carboxyl-QD Associate with Serum Protein. Since nano-
particles present in the circulation encounter serum proteins
and it is generally accepted that protein—surface interactions
determine the biological activity of nanomaterials or mediate
their uptake by macrophages,®'-** we analyzed the diameter
of QD particles as a measure of QD—protein interaction at
15 min after incubation with serum. PEG-QDs incubated in
serum exhibited no increase in size compared to PBS (serum
32.2 & 0.6 nm vs PBS 32.2 £+ 0.4 nm), in accordance with
the well-documented fact that PEGylation extensively pre-
vents protein binding.’*** In contrast, amine-QDs showed
a moderate increase in diameter (serum 29.7 £ 1.1 nmvs
PBS23.6 + 1.6 nm), whereas the diameter of carboxyl-QDs
was highly enhanced (serum 38.9 + 3.7 nmvs PBS 19.8 +
2.2 nm), indicating a strong QD—protein interaction.

QDs and other nanosized structures are expected to have
a greater inflammatory potential compared to larger par-
ticles owing to a large surface area to volume ratio.” Recent
research shows that nanoparticles can stimulate and/or
suppress immune responses and that their compatibility
with the immune system is largely determined by their
surface chemistry.”” Experiments by Nurkiewicz et al. have
indicated that exposure to particulate matter leads to en-
hanced leukocyte rolling and adhesion in venules of the
spinotrapezius muscle.'™'* Moreover, our group recently
reported that the capillary endothelium contributes to blood
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FIGURE 7. Electron microscopic examination of QD localization in postcapillary venules. 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
0OsO,4 only, representative images are shown. (A) High magnification of an endothelial cell layer shows single carboxyl-QDs (arrowhead) during
uptake in caveolae (cav). (B) Carboxyl-QDs in perivascular macrophages localize predominantly to the endosomal-lysosomal compartment
(asterisk). In the cytoplasm, carboxyl-QDs are more randomly distributed; note their absence in mitochondria (m). (C) Amine-QDs were found
in endothelial cells (arrowhead) and also in the cytoplasm of perivascular macrophages (D), there to some extent also in early endosomes
(asterisk). These organelles, as they mature to late endosomes and lysosomes, also contain dark stained membrane sheets that can be seen
as fuzzy material to which some regular shaped QDs are associated. (E) PEG-QDs were found clustered in between endothelial cells (arrowheads),
where they seem to be associated with amorphous lipid-containing material. (F) Some PEG-QDs reached also perivascular macrophages.
Abbreviations: cav, caveolae; end, endothelial cell; ER, endoplasmic reticulum; N, nucleus; m, mitochondria; RBC, red blood cell. Scale bar
represents 200 nm.

clearance and tissue deposition of anionic quantum dots in
vivo.* Although nanomaterials, including QDs, are intended
to be used for biomedical applications and therefore injected
into the blood circulation, the interaction of different surface
modified QDs with postcapillary venules and their potential
to influence leukocyte recruitment had not yet been ex-
plored in vivo.

To our knowledge, our in vivo study is the first to
demonstrate that leukocyte recruitment is modulated in

‘ © 2010 American Chemical Soclety

the presence of nanoparticles. We found that the surface
chemistry of nanomaterials strongly affects their localiza-
tion in postcapillary venules, their uptake by perivascular
macrophages, and their potential to modify steps of
leukocyte recruitment. We speculate that the observed
differences in localization are causal for the impact on
leukocyte recruitment.

We have chosen to apply commercially available QDs
which are intended to be used for in vivo imaging ap-
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plications including vascular imaging. In addition, these
CDs have been already extensively utilized to investigate
surface-ceating-dependent cytotoxicity and cellular up-
take mechanisms.”**¢**

The cremaster muscle preparation is a well-defined and
widely used model system which allows for high-quality in
vivo microscopy te investigate mode and mechanisms of
leukocyte recruitment.**##* Model-inherent properties in-
clude P-selectin-dependent leukocyte rolling, followed by
slight leukocyte adhesion and transmigration due to the
surgical preparation. This basal inflammatory response is
very mild compared to inflammation obtained after applica-
tion of inflammatory mediators such as PAF and MIP-1 -alpha
or after ischemia-reperfusion.®®*2*® Mast cells do not con-
ribute to preparation-induced leukocyte recruitment indi-
cating that the surgical preparation of the cremaster muscle
does not evoke mast cell activation.*' The extent of leuko-
cyte recruitment upon carboxyl-QD injection was consider-
able, althcugh only approximately half the cell numbers
were recruited (o the perivascular tissue compared [0 ex-
travasation after ischemia—reperfusion or upcn superfusion
with PAF.#4

Coating of nanoparticles, once in contact with biclogi-
cal fluids, with proteins and other biomelecules®** medi-
ates nanoparticle biological identity and activity, thus
determining nanoparticle interactions, clearance, and
biodistribution.**##45 Various opsonizing proteins mark
nanoparticles for uptake by the mononuclear phagocytic
system. However, PEGylation of nanoparticles largely
prevents protein binding and thus renders them invisible
for macrophages.** Accordingly, we found in our size-
measurements that PEG-QD exhibited no increased hydro-
dynamic diameter in serum whereas the carboxyl-QD size
in serum indicated strong protein interaction. The QD size
distributions measured in PBS were in accordance with
previously reported values obtained by dynamic light
scattering”**® as well as by the method used here, Micros-
cale Thermophoresis, a novel sensitive method to analyze
biomelecule and nanoparticle—protein interactions.*” %

Interestingly, PEGylation of QDs did not prevent interac-
tions with the vessel wall. On the contrary, we observed PEG-
QD clustered with lipidous structures at the vessel wall.
Recently, a pronounced interaction of PEG-QDs with intra-
cellular lipid droplets has been reported after in vitro expo-
sure of human epidermal keratinocytes.”” Since PEG is able
to induce fusion of pure lipids as well as [usion between
liposomes,*® PEG-coated QDs might induce local lipid clus-
tering in the microvasculature. The localization of carboxyl-
CD in caveolae of endothelial cells and in the endosomal-
lysosomal system of perivascular macrophages together
with the rapid onset of QD accumulation argues for an active
and specific uptake via the endocytic pathway.>® Endocytic
uptake of nanoparticles has been described frequently in the
literature and, in the case of carboxyl-QD, is discussed to
be mediated by G-protein-coupled receptor-associated path-

v @ 2010 American Chemical Society

ways and low density lipeprotein receptor/scavenger recep-
tors in vitro.?##

Vessellining macrophages associated with endothelia can
be found throughout the body.”’ The existence of macroph-
ages spreading longitudinally along microvessel walls in the
cremaster muscle and probably probing the blood vessels
was reported previously % Most interestingly, the uptake of
carboxyl-QD in our in vive situation was strictly dependent
on tissue preparation, suggesting that tissue trauma leads
to activation of endothelial cells and perivascular macroph-
ages. This observation is in accordance with previous find-
ings that tissue resident macrophages are biased toward
phagocytosis upon tissue injury and in sterile wounds.®’
Thus, resident phagocytic cells in muscle tissue might
contribute to nanoparticle clearance under pathophysiologi-
cal conditions. Further studies defining more precisely the
mode and mechanisms of carboxyl-QD uptake by perivas-
cular macrophages in vive are on their way.

It has been previously shown that the uptake of nano-
particles by macrophages stimulares the generation of in-
flammatory mediaters.? "= Moreover phagocytosis of nano-
particles seems to be crucial for triggering cytokine production
and release.”® Therefore, it is intriguing to speculate that
carboxyl-QD-containing macrophages might stimulate mast
cells which are likewise located in close vicinity to the
vascular endothelium.

Mast cells are known to account for leukocyte recruitment
by the release of inflammatory mediators, resulting in an
upregulation or activation of endothelial cell adhesion
molecules ***! Activated mast cells degranulate and thus
distribute potent inflammatory mediators such as histamine,
platelet acrivating factor, or TNF-alpha leading to subsequent
endothelial activation.” Indeed, mast cells express several
receptors which make them capable of responding to mac-
rophage-released chemokines.”' Furthermore, several stud-
ies pointed out that mast-cell-regulated neutrophil recruit-
ment is essential for mounting efficient innate immunity >’
In this contexr, we demonstrate that blocking mast cell
degranulation almost completely prevents carboxyl-QD-
evoked leukocyte recruitment. Involvement of mast cells
could also explain the rapid increase in leukocyre adherence
already at 15 min alter carboxyl-QD application, since it has
been shown that mast cell activation rapidly (within 10 min)
increases leukecyte adhesion.™ In addition to an intermedi-
ate role of mast cells after stimulation through macrophage-
derived inflammatory mediators, we cannot rule out direct
acrivation of mast cells by carboxyl-QDs. €.g.. due (o cross-
linking of IgE receptors or via activated complement pro-
teins.*®

Endothelial activation by inflammatery mediators such
as TNF-alpha results in strong upregulation of the constitu-
tively expressed immunoglobulin superfamily member
ICAM-1 as well as expression of E-selectin on endothelial
cells. subsequently, ICAM-1 actively mediates leukocyte firm
adhesion as well as transendothelial migration in a complex
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interplay with several other melecules “® Interestingly. it has
been shown that ICAM-1 is essential for fast leukocyte adhesion
after local application of the chemoattractants EMLP and MIP-2
close (o postcapillary venules in the cremaster muscle.”” The
ICAM-1 dependency of carboxyl-QD-enhanced leukocyte re-
cruitment might, as discussed above, reflect a chemokine-
induced inflammatory response and indicates activation of the
endothelial cell layer. The retarded lzukocyte rolling velocity
after application of carboxyl-QD additionally further strength-
ens this point, since slow rolling mediated via endothelial
expressed E-selectinis a hallmark of the leukocyte recruitment
cascade.”** Furthermore, we could clearly demonstrate that
E-selectin was highly expressed in cremasteric postcapillary
venules 60 min upon application of carboxyl-QDs. Endothelial
activation might, ar least to a little extent, be a direct conse-
quence of carboxyl-QD uptake by endothelial cells. The fact that
PEG-QDs amplify leukocyte rolling cannot be easily explained.
This effect might be [acilitated by PEG-induced unspedific lipid
interactions between leukocyte and endothelium or due o
enhanced receptor availability or modulated receptorfligand
affinity. Interactions of PEG-QDs with receptor molecules. e.g..
P-selectin, could result in receptor clustering or promote the
formation and strengthening of catch bonds.”® Further work
addressing this effect is clearly necessary. However, the en-
hanced rolling did not initiate leukocyte recruitment to the
surrounding tissue.

Taken together, these findings demonstrate that the
surface chemistry of quantum dots strongly affects their fate
in vive, i.e., their cellular and noncellular interactions in
murine microvessels as well as their potential to modify
inflammatory processes in a mouse maodel. Thus, this study
strongly corroborates the view that the surface chemistry of
nanomarerials is a crucial parameter to be considered with
regard to biomedical applications.
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SI Materials and Methods

Quantum dots

Qdot® ITK™ carboxyl, Qdot® ITK™ amine (PEG), and Qdot® ITK™ non-targeted (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 either polyethylene glycol only
(PEG-QDs), polyethylene glvcol with an amine coating (amine-QDs), or carboxyl functions
solely (carboxyl-QDs). The PEG coating itself consists of short oligomers with a molecular
weight of 1-3 kDa. Prior to use, QDs were resuspended to a final volume of 100 pl in sterile

0.9% NaCl at a concentration of 0.8 nM, thoroughly vortexed, and injected intra-arterially.

Animals

Male C57BL/6 mice at the age of 10 — 12 weeks were purchased from Charles River
(Sulzfeld, Germany). Animals were housed under conventional conditions with free access to
food and water. All experiments were performed according to German legislation for the

protection of animals.

Surgical procedure

The surgical preparation was performed as described by Baez with minor modifications (39).
Brietly, mice were anesthetized using a ketamine/xylazine mixture (100 mg/kg ketamine and
10 mg/kg xylazine), administrated by i.p. injection. The left femoral artery was cannulated in
a retrograde manner for administration of QDs. microspheres, and drugs. 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
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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

The setup for in vivo microscopy was centered around an AxioTech-Vario 100 Microscope
(Zeiss Microlmaging GmbH, Géttingen, Germany), equipped with LED excitation light
(Zeiss Colibri) for fluorescence epi-illumination. For QD excitation and transillumination, the
LED module 470 nm (exposure time 150 ms) and the LED module 625 nm (exposure time 10
ms) were used 1n 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 (20x. NA 0.5) and acquired with an AxioCam Hsm camera and
Axiovision 4.6 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 (Freichel. Kaufbeuren, Germany) and brought
mto direct contact with the overlving specimen as described previously (27). For
measurement of centerline blood flow velocity, green fluorescent microspheres (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).

Quantification of leukocyte kinetics and microhemodynamic parameters
For off-line analysis of parameters describing the sequential steps of leukocyte extravasation,
we used Axiovision 4.6 software. Rolling leukocytes were defined as those moving slower

than the associated blood flow and quantified during 30 s. Leukocyte rolling flux fraction was
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determined from time-lapse recordings by counting all visible cells passing through a plane
perpendicular to the vessel axis and dividing this number by the total leukocyte flux through
the vessel, which was calculated as the product of the systemic leukocyte count, mean blood
flow velocity. and vessel cross-sectional area. Leukocyte rolling velocity was determmed by
measuring their distance in consecutive movie frames for five individual leukocytes per
analyzed vessel. 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 pum on both sides
of a vessel over 100 um vessel length and are presented per 10* mm” tissue area. From
consecutive movie frames of single fluorescent beads, centerline 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 (58).

Experimental groups

In a first set of experiments, mice (n = 6 each group) received vehicle. carboxyl-QDs, amine-
QDs. or PEG-QDs (3 pmol’'g BW) as a bolus by intra-arterial mnjection 15 min after the
preparation of the cremaster muscle. Additional experiments were performed in mice (n=6
each group) receiving cromolyn (0.2 mg kg™'). an inhibitor of mast cell degranulation. as a
bolus via intra-arterial injection 30 minutes before cremaster preparation and subsequent
application of vehicle or carboxyl-QDs. In separate groups (n = 6 each). QD-treated ammals
received an anti-CD354/ICAM-1 antibody (clone YN-1/1.7.4. BD Biosciences Pharmingen.
San Diego. CA. United States) or an i1sotype-matched control mAb (BD Biosciences
Pharmungen) at 3 mg'’kg BW as a bolus intra-arterial injection prior to the preparation of the

cremaster muscle. In further experiments. the QD application protocol was altered. Mice (n =
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5 each) received vehicle or carboxyl-QDs, 60 min prior to cremaster muscle preparation and

subsequent 77 vivo microscopy.

Experimental protocols

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 1n all five vessel segments,
QDs or vehicle were mnjected.

Image acquisition, which took about 5 min, was repeated at 15, 30, 45. and 60 min after
mjection as well as at 30 and 60 min for the cromolyn and anti-ICAMI experiments. After
having obtained recordings of leukocyte recruitment parameters. blood flow velocity was
determined as described previously (57). After in vivo microscopy. tissue samples of the
cremaster muscle were prepared for immunohistochemistry 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, USA). Anaesthetized
anmimals were then euthanized by an intra-arterial pentobarbital overdose (Narcoren: Mernal.

Hallbergmoos. Germany).

Immunohistochemistry/ toluidine blue staining

To determine the phenotype of transmigrated leukocytes, immunostaining of paraffin-
embedded serial tissue sections of the cremaster muscle was performed. Sections were
mcubated with primary rat anti-mouse Gr-1, anti-CD45 (BD Biosciences. San Jose, CA,
USA), or ant1-F4/80 (Serotec, Oxford. UK) IgG antibodies. The paraffin sections were stained

with commercially available immunohistochemustry kits (Gr-1, CD45, Super Sensitive Link-
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Label THC detection system. BioGenex. San Ramon. CA. USA: F4/80. Vectastain ABC kit
Vector Laboratories, Burhngame, CA, USA), obtaining an easily detectable reddish or
brownish end product, respectively. Counterstaiming was performed with Mayer’s hemalaun.
The number of extravascularly 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, respectively. 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.

Toluidine blue whole mount staining was performed on excised cremasteric tissue that was
fixed for 10 min with buffered 4% paraformaldehyde (Microcos, Garching, Germany). Then
the tissue was briefly stained with 0.1% toluidine blue O (Merck, Darmstadt, Germany)
aqueous solution and rinsed thoroughly in H,O. Tissue was mounted in PermaFluor
(Beckman Coulter, Fullerton, CA) on glass slides and inspected using an oil-immersion
objective (Leica Microsystems, Wetzlar, Germany: 63x NA [.40). Toluidine blue staining
was viewed using transmitted light. QDs were illuminated using a mercury light source and a
longpass enussion FITC-filter (Leica Microsystems).

For the analysis of E-selection expression in postcapillary venules. excised cremaster muscles
were fixed in 2% paraformaldehyde. Tissues were then blocked and permeabilized in PBS,
supplemented with 10% goat serum (Sigma) and 0.3% Triton X-100 (Sigma). After
mcubation at 4°C for 12 hours with a rat anti-mouse CDG62E antibody (Abcam, Cambridge,
UK). tissues were incubated for 3 hours at room temperature with an Alexa Fluor 488-linked
goat anti-rabbit antibody (Invitrogen). Immunostained tissues were mounted m PermaFluor
(Beckman Coulter, Fullerton, CA) on glass slides and observed using a Leica SPS confocal
laser-scanning microscope (Leica Microsystems. Wetzlar, Germany) with an oil-immersion

lens (Leica: 63x; NA 1.40). Further image processing was done using ImageJ (National
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Institutes of Health, Bethesda. MD) and Adobe Photoshop 7.0.1(Adobe Systems. San Jose,

CA) software.

Electron Microscopy

The cremaster muscle was initially fixed n-situ in 1 % PFA, 0.1 M cacodylate bufter, 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 hours at room temperature. The specimen were post-fixed in 1% OsO,,
containing 1.5 % potassium cyanoferrate and embedded after dehydration in Epon. 70-nm.
Ultrathin sections of the sample were cut in serial sections (Leica- UC6 ultramicrotome,
Vienna, Austria). Several sections were counterstained with uranyl acetate and lead. some of
the sections were not counterstained. The samples were analyzed at 80 kV on a FEI-Tecnai 12
electron microscope (FEI. Eindhoven. Netherlands). The QDs could only be seen
unambiguously in the unstained sections. The consecutive stained section was only viewed to
identify the cellular organelle. Images were aquired using a CCD-camera (Megaview,

Olympus-SIS, Muenster) or imaging plates (Ditabis, Pforzheim, Germany).

Quantification of QD uptake in RAW264.7 macrophages

Murine RAW?264.7 macrophage cell culture, QD incubation, and imaging were performed on
1p-shde 8 well ibiTreat microscopy chambers (1bidi, Martinsried, Germany). RAW264.7 cell
culture was done according to standard lab protocols in DMEM (Invitrogen) contaming 10%
FCS (Invitrogen). QDs were prepared at 0.8 uM in PBS and added to the medium to a final
concentration of 8 nM, thus preventing aggregation of QDs and achieving a homogenous
distribution. After incubation for 15 min at 37°C, medium was removed and cells were fixed
with buffered 4% paraformaldehvde (Microcos) and embedded in PermaFluor (Beckman
Coulter, Fullerton, CA). Images were acquired with a Leica SP5 confocal laser-scanning

microscope (Leica Microsystems) with a 40x o1l immersion objective (NA 1.25). Excitation
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wavelength was 488 nm and QDs emission was detected at 630-700 nm. Optical sections
were recorded at 0.5 um distances using the same settings for all samples. Z-stacks covering
complete cells were projected and QDs fluorescence was determined as mean fluorescence
per cell area using Imagel software (National Institutes of Health, Bethesda, MD). Three

mndependent experiments were performed and 120 cells were analyzed per group.

Quantum Dot size measirement

MicroscaleThermophoresis (MST) can be used to analyze biomolecule affinities and the
hydrodynamic radius of molecules. The analysis is based on the free solution mobility of
molecules in infra-red laser (IR-laser) generated temperature gradients. IR radiation is
absorbed by water and a temperature increase of 5K is achieved instantaneously on a
lengthscale of approx. 50 um. The QDs show a directed motion to lower temperature. Thus,
the observed concentration (i.e. QD fluorescence) in the heated region decreases. The
amplitude of the concentration change allows analyzing changes in the molecules size, charge
and hydration shell (46). In this work we analyzed the protein adsorption to the surface of the
nanoparticle by measuring the back diffusion (i.e. Diffusion coefficient) of QDs after the
heating laser was turned off (47). Therefore we diluted the QDs to 500 nM 1n PBS or goat
serum and filled the sample in a microfluidic chamber with a height 100 um. The
fluorescence was excited at 400-500nm. The QD fluorescence was recorded with a CCD-
Camera (Sensicam, PCO) at >560nm. The IR-laser heating was used for up to 20 seconds to
obtain strong molecule depletion within the heated region. Following the heating step, the IR
laser was turned off and the relaxation of the concentration profile was measured for up to 30
seconds. These data were used to determine the diffusion coefficient of the QDs. Three
independent experiments were performed. The diffusion coefficient is related to the
hydrodynamic radius by the following equation: D= KT/(6*pi*eta*r). where k 1s Boltzmann

constant, T 1s the ambient temperature, eta 1s the viscosity of the solution and r 1s the

45



hydrodynamic radius. To obtain the hydrodynamic radius. the diffusion coefficients measured
in serum are corrected by the viscosity, which 1s typically higher by factor of 1.5 in serum

C ompared to water.

Statistics

Data analysis was performed with a statistical software package (SigmaStat for Windows,
SPSS Inc. Chicago, USA).

The ANOVA on ranks test, which includes tests for normality and equal varance of the data,
was performed. When p values < 0.05 were detected by ANOVA, then the appropriate post-
hoc test (Student-Newman-Keuls) for all pairwise multiple comparisons was used to estimate
the stochastic probability in intergroup comparisons. P values < 0.05 were considered

significant.
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Table S1. Systemic leukocyte counts and microhemodynamic parameters

Experimental Inner Blood flow velocity ~ Wall shear rate  Systemic leukocyte
group vessel diameter counts
[nm)] [mm/s] [s-1] [x10° u1'

Vehicle 254+04 1.5+0.1 1613.9 +221.2 46+0.7
Carboxyl-QDs 245106 15+02 1696.2 £218.9 54107
Amine-QDs 262+09 1.6 +0.1 1630.7 +172.3 41+04
PEG-QDs 244£05 1.3:+0.1 1493.1 £128.5 42105
Cromolyn + 26.1+1.0 1.3+0.1 1375.3 +140.1 45+06
vehicle
Cromolyn + 26.2+0.9 1.4+02 1475.0 £217.6 43+07

carboxyl-QDs
Anti-ICAM-1 + 23.7:+1.1 1.6+0.1 1688.0 = 185.4 58+1.2
carboxyl-QDs

Isotype mAb + 26.1+0.6 14+0.2 1
carboxyl-QDs
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Systemic leukocyte counts as well as microhemodynamic parameters, including inner vessel diameter. blood
flow velocity. and wall shear rate, were obtained as detailed in Marterials and Methods (mean + SEM for n = 6
per group).
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Figure S1. QD localization in RAW264.7 murine macrophage cells

Confocal fluorescence microscopy revealed localization of carboxyl-QDs (A, B), amineQDs
(C, D), and PEG-QDs (E, F) in RAW264.7 macrophages 15 min after incubation with

8 nM QDs. Z-stacks covering complete cells were projected. QD fluorescence is depicted in
(A), (C), and (E) and merged with the corresponding bright field images in (B), (D) and (F).
Fluorescence intensities are not directly comparable since PMT gain was reduced during
image acquisition to avoid pixel oversaturation in case of carboxyl-QD. Scale bar: 30 um
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Figure S2. Electron microscopic examination of QD localization in postcapillary venules
Transmission electron microscopy was performed on ultrathin cross sections of cremasteric
tissue 60 minutes upon application of QDs. Contrast of the tissue results from post-fixation
of lipids with OsOa only, representative images are shown. (A) Carboxyl-QDs were detected
in perivascular macrophages (outlined in B, marked by arrow) in close vicinity to a blood
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vessel embedded between muscle fibres. QDs are not visible at this magnification. Scale bar:
A =5um, B=1um Supplemental movie files:

http://pubs.acs.org/doi/suppl/10.1021/n1102100m/suppl file/nl102100m si 005.avi

http://pubs.acs.org/doi/suppl/10.1021/n1102100m/suppl file/nl102100m si 006.avi

http://pubs.acs.org/doi/suppl/10.1021/n1102100m/suppl file/nl102100m si 007.avi

http://pubs.acs.org/doi/suppl/10.1021/n1102100m/suppl file/nl102100m si 008.avi
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