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Abstract

Non-specific sequestration of nanoparticles by the reticulo-endothelial system (RES) results in the
degradation of image quality of nanoparticle-based imaging. We demonstrate that Gadolinium
chloride (GdCl3) pretreatment inactivates RES macrophages thereby increasing circulatory time
and amplifying tumor-specific signal of conjugated nanoparticles in vivo. The experimental results
were validated using compartmental modeling and the rate parameters for the observed kinetics
pattern were estimated. This pretreatment strategy could have broad applicability across
biomedical applications utilizing theranostic nanoparticles that are sequestered by the RES.
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The clinical success of targeted therapeutic agents for cancer treatment has fueled an interest
in techniques to noninvasively image tumors before, during, and after targeted therapy to
assess treatment efficacy.! One such opportunity for repetitive real-time noninvasive
quantitative imaging is optical imaging using nanoparticle biosensors?. Semiconductor
quantum dots (QDs), which have unique size-and composition-dependent tunable emission
from visible to near infrared wavelengths, high fluorescence quantum yield, and
photostability, facilitate quantitative optical imaging. 3-8 Numerous studies have reported
the use of unconjugated and conjugated QDs for in vivo imaging of tumor vasculature,®-14
sentinel lymph nodes, 1521 tumor-specific receptors,22-28 and tumor immune responses.2?
Despite the promising results achieved with these QD imaging probes, however, issues
remain that hinder the translation of these probes from the bench to the bedside, including (i)
degradation of the image quality of tumor-specific signals due to significant background
noise arising from QDs sequestered in the liver and spleen, which is a result of the rapid
clearance of QDs from the circulation by the reticuloendothelial system (RES),30 and (ii)
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concerns about the biocompatibility of QDs, particularly the long-term effects of compounds
that are composed of heavy metals and retained for long durations within the body.31: 32

A potential solution to the entrapment of QDs in the liver, a determinant of both long-term
retention (and toxicity) and nonspecific background signal in imaging applications, is to
minimize the detection and capture of nanoparticles by the RES. Reducing nonspecific
sequestration by RES macrophages could potentially improve the circulatory half-life of
nanoparticles, resulting in target-specific accumulation within tumors, which would be
particularly helpful for imaging applications. Earlier attempts to alter the biodistribution of
nanoparticles to enhance target-specific accumulation have focused on (i) surface
modification of nanoparticles to evade RES capture®: 8 30. 33-35 or (ji) inhibiting RES uptake
by saturating RES capacity or blocking RES activity.36-40 Unfortunately, neither strategy
has yielded a reliable and reproducible class solution to the problem of dampened signal-to-
noise ratios in nanoparticle-based imaging.

Here, we propose using gadolinium chloride (GdCl3), a Kupffer cell deactivator,*! to
suppress RES macrophage activity and thereby increase the fraction of QDs within the
circulation. The consequent increase in the circulatory half-life of QDs modified the kinetics
of tumor-specific accumulation of conjugated QDs, resulting in a greater than 50% increase
in tumor-specific uptake after systemic administration of QDs. Compartment model analysis
revealed rate parameters that corroborated the observed shift in Kinetics. In vivo contrast
enhancement was validated by findings on ex vivo imaging, measurement of fluorescence of
tissue extracts, confocal fluorescence microscopy, immunostaining, and transmission
electron microscopy of Kupffer cell populations in the liver.

RESULTS AND DISCUSSION

GdCl3z improves tumor-to-background ratio of tumors imaged with receptor-targeted QDs

Recently, we reported the synthesis and characterization of an epidermal growth factor
(EGF)-conjugated QD nanoprobe (EGF-QD) to image EGF receptor (EGFR) in human
tumor xenografts in mice.22 An amine-functionalized CdSeTe/ZnS (core/shell) QD with an
emission maximum at 800 nm was coupled to reduced EGF with free sulfhydryl groups
through a hetero-bifunctional crosslinker, 4-(maleimidomethyl)-1-cyclohexanecarboxylic
acid N-hydroxysuccinimide ester, to form an EGF-QD nanoprobe. Quantitative in vivo
optical imaging of EGFR overexpression in subcutaneous xenograft tumors was feasible 4 h
after intravenous injection of the EGF-QD nanoprobe. However, the intensity of tumor-
specific fluorescence was partially eclipsed by liver fluorescence due to nonspecific uptake
of QDs by the RES.

For this study, we utilized similar imaging techniques and probes to perform serial imaging
of animals bearing subcutaneous EGFR-overexpressing tumor xenografts after intravenous
injection of a 10-pmol QD equivalent/mouse of (a) unconjugated QD, (b) EGF-QD, or (c)
GdCl3 (10 mg/kg) 24 h prior to EGF-QD. The concentration of GdCl3 (10mg/Kg
corresponding to ~ 40 umol/Kg) chosen for this study is based on earlier reports where
GdClj is used for the blockade of Kupffer cell activity*2=48 and is below the toxic threshold
limit of ~ 300umol/Kg.#° To separate the autofluorescence from the QD signal, the images
were spectrally unmixed using NIH Image J software. The spectrally unmixed QD
fluorescence images and the autofluorescence images were remixed to form a composite
image. The background images of representative animals from the three groups prior to the
injection of probe and their corresponding images at 3 min, 1 h, and 4 h postinjection are
shown in Figure. 1. Immediately after injection of probe (~3 min), all three groups
demonstrated enhanced fluorescence intensity in the tumor region. This is largely a
reflection of the increased vascular volume and permeability of the tumor xenograft. One
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hour after injection of QD, the fluorescence intensity within the tumor had decreased
significantly and returned to near-baseline levels. Although a similar decrease in the
fluorescence signal was observed 1 h after injection of EGF-QD, the fluorescence intensity
did not reach baseline levels, probably as a result of some receptor-specific binding within
the EGFR-overexpressing tumor. Four hours after injection, both the EGF-QD group and the
GdCl3 pretreatment plus EGF-QD group demonstrated an increase in the fluorescence signal
within the tumor; however, the GdCl3 pretreatment plus EGF-QD group exhibited a higher
intensity within in the tumor than the EGF-QD alone group. The higher fluorescence
intensity observed within the tumor in both groups compared to the QD group could be
attributed to the conjugated probe specifically binding to the tumor EGFR. We hypothesized
that the higher fluorescence intensity observed in the GdCl3 pretreatment plus EGF-QD
group than in the EGF-QD alone group is attributable to the increased circulatory half-life of
the probe resulting from inhibition of Kupffer cell activity.

GdCl3 pretreatment alters the pharmacokinetics of receptor-targeted QDs

A detailed analysis of the kinetic pattern of tumor enhancement was performed using tumor-
to-background ratios (TBRs) calculated from the intensity values within the regions of
interest in the tumor and in the shoulder (background) of the mouse. As reported above,
tumor signals in animals injected with EGF-QD demonstrated an initial rapid influx (~3 min
postinjection) followed by a rapid clearance phase, reaching an apparent dynamic
equilibrium condition approximately 1 h after injection. Beyond the apparent dynamic
equilibrium state, an accumulation phase was observed, during which the fluorescence
intensity in the tumor peaked around 4 to 6 h postinjection followed by a gradual decrease
towards near-baseline levels at 24 h (see the supplementary information; Figure-S1).
Animals injected with QD alone exhibited similar initial rapid influx followed by a
clearance phase. However, no accumulation phase was observed. In contrast to these
observations, while GdClI3 pretreatment resulted in a rapid influx phase similar to that seen
after QD alone and after EGF-QD, the subsequent clearance phase was considerably
dampened (Figure 2a-c). The lack of a pronounced clearance phase could be attributed to the
prolonged circulatory half-life of the probe due to blockade of liver sequestration, resulting
in early initiation of receptor-specific binding within the tumor. One hour postinjection an
apparent dynamic equilibrium was attained, with a significantly higher mean TBR +
standard error with GdCl3 pretreatment (3.4 £ 0.25) than without GdCl3 pretreatment (1.2 +
0.11). Beyond this state of apparent dynamic equilibrium, increasing receptor-specific
binding led to eventual saturation of receptors around 4 to 6 h postinjection followed by a
gradual decrease until 24 h postinjection.

Compartmental modeling of nanoprobe kinetics

Based on the observed kinetic pattern, compartment models were proposed to estimate the
rate parameters before and after the apparent dynamic equilibrium state. The schemes for the
two compartment models are illustrated in Figures 2d and 2e, respectively. Each model
consists of two compartments, the central compartment and the tumor compartment,
representing the circulatory system and the tumor, respectively, with the assumption that the
imaging probe is homogenously distributed in both these compartments. The probe content
in the central compartment immediately after injection is denoted as M. At any given
postinjection time, the probe content in the central compartment is dependent on the
distribution in various organs and the tumor and the uptake by RES. Hence, the amount of
probe that is available in the central compartment at time “t” can be represented as

dM

DT k- M where k is the rate parameter representing the distribution of the probe in the
) A A k= Z k(’[l'lll+k;;:}”0r ) i

organs including tumor and is represented as  organs , in which
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Z ketim= Z Kaist+kexc fumor - i i i
organs organs and &;,¢"" is the influx into the tumor tissues. The parameter

Z kaist

organs  fepresents the elimination of the nanoprobe through the distribution in organs

kdist
0,.;” and excretion keye The elimination resulting from excretion was not included in this
model, as we did not observe any excretion of probe in the urinary or fecal discards within
24 h after the injection (keye = 0), which is in accordance with earlier reports.22

At t=0, M=My, and thus the amount of probe in the central compartment at a given time “t”
can be represented as M = M. e % t, where M is the amount of probe in the central
compartment at time t. Similarly, the probe content in the tumor compartment is denoted as
Q: at a given postinjection time. Immediately after injection, the amount of probe in the
tumor tissues increases rapidly due to high influx. However, due to the high interstitial
tumor pressure, fast clearance or efflux is observed until the apparent dynamic equilibrium
state is reached. Once the equilibrium state is attained, the efflux, or back flow, from the
tumor is considered to be negligible. Based on this assumption, two separate compartment
models are proposed for the kinetics patterns observed before and after the apparent
dynamic equilibrium state.

Before the apparent dynamic equilibrium is reached, the probe content in the tumor
compartment at a given time point is dependent on the probe distribution to various organs,
influx into tumor, and evasion from tumor. The amount of probe in the tumor, Qy, at a given
time point t (0 < t < 1) can be represented as

dQ; )
—=kins - M — (keg+key) -
dr inf ( eff Thev) O Equation 1

where, Kinf, keff and ke, represents the rate parameters for probe influx due to initial
perfusion, efflux due to high interstitial tumor pressure and evasion through the lymphatics.

After apparent dynamic equilibrium is reached, the efflux from the tumor is negligible, and
the probe accumulation in the tumor was assumed to be predominant. Hence, the amount of
probe in the tumor, Qy, at a given time pointt (1 <t < 24) can be represented as

d
%:k‘mf "M — ke - Qt

d Equation 2

Substituting the value of M and solving Equations 1 and 2 gives Q;, the amount of probe
present in the tumor tissue.

0 = Mo - Kint {eft‘k.mkeum)-r — ke +km»)-r} +C
osr<thr (ke +kev) — (Kint+ke1im) Equation 3
MO . kmf _r —Fon
} = {e kot _ ¢ I“fﬁ"} +C
1<t<24hr (kzﬂ - km') Equation 4
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where Mg and C in Equations 3 and 4 represent the baseline value at the lower limit of the
postinjection time and proportionality constants, respectively. The estimated TBR values
obtained from in vivo imaging of individual animals were fit to the above equations with a
nonlinear fitting module using Microcal Origin (OriginLab, Northampton, MA). The curve
fitting was performed using the Levenberg-Marquardt algorithm, and the goodness of fit was
estimated using nonlinear least squares regression with a confidence band of 0.95. For all
the curve fits, the R2 values were observed to be 1.0 > R2 > 0.85. The rate parameters before
and after apparent dynamic equilibrium are summarized below Figure 2f-g, respectively.

Prior to the apparent dynamic equilibrium, the kinetics of QDs and EGF-QDs follow similar
patterns (Figure 2f). These rapid influx and efflux observed in the first few minutes
postinjection are reflective of the increased permeability of tumor vasculature, a component
of the enhanced permeability and retention (EPR) effect of tumors.>® However, a
comparison of rate parameters averaged across the first hour demonstrates that there was a
faster influx (~2-fold) of QDs than EGF-QDs. Similarly, the rate of efflux of probe into the
central compartment was higher (~1.8-fold) for QDs than for EGF-QDs. The higher influx
and efflux rates observed with QDs are attributable to the smaller size of QDs (~20 nm vs.
~26 nm for EGF-QDs). As noted in the table below Figure 2f, the evasion rates are relatively
low across all groups and are less prominent contributors to the observed kinetics of
particles. Due to differences in kinetic patterns between the groups with and without GdCls
pretreatment, a direct comparison of rate parameters averaged across the first hour is
difficult. However, one parameter that is less influenced by vascular permeability (i.e., the
EPR effect noted in the first few minutes postinjection) of the tumor is the probe elimination
rate from the central compartment. Furthermore, since trafficking of particles into and from
tumors is only a small component of probe concentrations within the central compartment,
this rate of elimination (averaged over the first hour), a variable that can be compared across
groups, is a key determinant of circulatory volume of probe. A comparison of the rate of
elimination of probe from the central compartment demonstrates that EGF-QD injection
following GdCl3 pretreatment is lesser than (nearly half) that of EGF-QD injection without
GdCl3 pretreatment. This suggests that Kupffer cell inactivation by GdCls pretreatment
results in a smaller fraction of the probe extracted from the central compartment during
every circulatory pass through the liver and hence, a greater circulatory time and
concentration that permits gradual accumulation/binding of the probe to the tumor. This
contributes to the TBR of ~3.5 that is achieved with GdClI3 pretreatment within the first hour
postinjection of EGF-QD and maintained thereafter (Figure 2g). These modeling results
corroborate our initial expectation that particle size influences initial influx and efflux rates
and that peripheral extraction efficiency (primarily by Kupffer cells in the liver) influences
circulatory concentrations and thereby, tumor accumulation Kinetics.

GdClz influences QD accumulation in the liver at the organ, tissue, and cellular levels

Ex vivo fluorescence images of organs from all of the groups of animals 4 h postinjection are
shown in Figure 3a-d. The liver and spleen demonstrated higher fluorescence intensity
following EGF-QD injection with or without GdCl3 pretreatment than with QD injection
alone. This is a reflection of the previously seen receptor-specific binding of the EGF-
conjugated probe to abundant mouse EGFR in the mouse liver. Apart from the liver and
spleen, the lymph nodes were prominent sites of increased fluorescence intensity. All other
organs demonstrated relatively low fluorescence intensity. However, following EGF-QD
injection, the tumor tissues demonstrated higher fluorescence intensity when pretreated with
GdCl3 than when GdCl3 was not administered. These results clearly indicate that
suppression of Kupffer cell activity significantly increased the fraction of injected probe that
reaches and binds to its target within tumors, thereby enhancing visualization of the tumor.
The ex vivo fluorescence results were further validated by measuring the fluorescence
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intensity of tissue extracts from the tumor and liver (Figure 3e). The mean radiance per mg
of tissues was calculated based on the weight of the extracted tissue. Pretreatment with
GdCl3 before EGF-QD injection significantly (p < 0.001) increased the fluorescence
intensity of tumors.

Confocal microscopy of frozen tissue sections from the liver, tumor, and lymph nodes
further validated the observed results (Figure 4). A significant decrease in fluorescence was
observed in the liver tissue sections following pretreatment with GdCl3 when compared to
the liver tissues from animals that were not pretreated with GdClz. A similar trend was
observed with fluorescence confocal images of the lymph nodes, suggesting macrophage
inactivation in the lymph nodes as well. In contrast, more pronounced tumor fluorescence
that was uniformly distributed throughout the tumor parenchyma was observed with EGF-
QD injection following GdCl3 pretreatment than with EGF-QD injection alone. As
previously described, a patchy pattern of minimal fluorescence was observed after QD
injection alone.

The effect of GdCl3 on Kupffer cell activity in liver tissues was assessed by
immunofluorescence staining using a primary anti-CD-68 antibody, a marker for activated
macrophages, and a secondary fluorescein isothiocyanate (FITC)-conjugated affinipure
secondary antibody. While there was some overlap between stained activated Kupffer cells
and QD fluorescence in the liver of mice injected with EGF-QD, there were areas of QD
accumulation in the absence of activated Kupffer cells, suggesting that clumps of QDs may
be trapped within hepatic sinusoids or within hepatocytes themselves. Nevertheless, there
were fewer activated Kupffer cells in the livers of mice pretreated with GdCl3 than in those
without GdClj3 pretreatment (Figure 5). Further, fewer areas of QD fluorescence seen in the
livers of mice pretreated with GdCl3 are potentially attributable to the effect of GdCl3 on the
intrahepatic distribution of QDs, corroborating earlier reports on the alteration of
intrahepatic distribution of smaller particles by GdCls.4” Quantification of anti-CD-68
positive cells revealed statistically significantly (p < 0.001) fewer activated Kupffer cells in
the livers of mice pretreated with GdCl3 than those of mice without GdCl3 pretreatment
(Figure 5d).

To visualize the geographical distribution of these activated Kupffer cells within the hepatic
parenchymal architecture, liver sections were also analyzed by immunohistologic staining
with the same primary antibody. Fewer activated Kupffer cells were observed in the GdCl3
pretreatment group than in the EGF-QD-alone group (see the supplementary information;
Figure-S2). Lastly, the ultrastructural architecture and cellular composition of the livers in
these mice were imaged and analyzed using transmission electron microscopy. While the
number of Kupffer cells was not significantly different between the GdCls-pretreated and
non-GdCls-pretreated mice, there were more Kupffer cells lining the sinusoidal spaces and
more Kupffer cells within endocytotic vesicles harboring clumps of QDs in the non—-GdCls-
pretreated livers (Figure 6).

We demonstrate that GdClI3 pretreatment enhances the signal-to-noise ratio in optical
imaging applications using conjugated nanoparticles. Inactivation of RES macrophage
activity with GdCls results in alteration of the pharmacokinetics of the probe that can be
compartmentally modeled. We anticipate that this simple technique will have broad clinical
applicability in biomedical imaging applications utilizing most classes of metallic
nanoparticles that are sequestered in the liver.

A variety of techniques have been employed to reduce nonspecific uptake of QDs by the
liver to enhance the signal-to-noise ratio of conjugated nanoparticle-based imaging.6: & 30
The most commonly used strategy is to modify the surface chemistry of the nanoparticle to
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evade detection and engulfment by the numerous macrophages within the RES. For
instance, the surface of the nanoparticle may be coated with biocompatible hydrophilic
surfactants, such as polyethylene glycol (PEG) or block copolymer, which reduce
opsonization and detection by the RES.30: 51-54 However, high-molecular-weight
PEGylation increases the effective hydrodynamic diameter of nanoparticles, resulting in
altered biodistribution in the target. Nevertheless, most QDs are PEGylated to improve
circulation time. This does not, however, obviate the need for further reduction in liver
uptake. The composition of terminal groups on the PEG coating allow conjugation and
decoration of particles with biomolecules (e.g., proteins and nucleic acids) that assist with
homing the nanoparticle to a target organ. °> However, these terminal groups also dictate the
fate of the nanoparticle within the liver in that aloumin or carboxyl groups increase
clearance by the RES compared to amine groups.®® Alternatively, saturating the RES
capacity for nanoparticle clearance by pretreating the RES with large doses of unconjugated
nanoparticles or latex beads has resulted in transient increases in circulatory levels of
multilamellar/unilamellar vesicles and reverse-phase evaporation vesicles.>’ However, these
approaches involve significantly loading the liver and the RES with large doses of molecules
that are retained indefinitely within the body.

Other pretreatment strategies using the same principles include the use of dextran sulfate or
methyl palmitate, which are toxic to hepatic macrophages.3¢ 57 Though these approaches
are capable of minimally reducing RES uptake, they do not significantly reduce
biodistribution in the target tissues. Another potentially useful strategy to eliminate the
uptake by the RES is to reduce the size of the nanoparticle to 5-6 nm (i.e., below the renal
filtration threshold) for rapid and efficient renal clearance of the probe. 58 However, since
larger QD sizes are needed to obtain fluorescence emissions at higher (i.e., red and near
infrared) wavelengths, which in turn overcomes tissue autofluorescence and improves
imaging depth, decreasing the size of the QDs could potentially limit their imaging
capabilities.>® Furthermore, QDs with diameters of approximately 9 nm (i.e., greater than
the renal filtration threshold) directly extravasate out of normal blood vessels into interstitial
fluid, resulting in a nonspecific distribution of the imaging probe.>8

Although the aforementioned strategies have enhanced the circulatory half-life of imaging
probes, there are no reports of significant contrast enhancement in target tissues.
Furthermore, these strategies are time-consuming, difficult to standardize, and not applicable
across most classes of nanoparticles; also, these strategies might alter the binding affinity
and specificity of conjugated nanoparticles. The strategy proposed in this study has some
distinct advantages. First, our approach does not depend on altering the nanoparticle itself,
eliminating the need for adopting a uniform surface modification protocol for broad
applicability across all nanoparticle-based imaging probes. Instead, inhibiting RES
macrophage activity is likely to serve as a class solution to the challenge of nonspecific
nanoparticle accumulation in the liver. However, extensive investigations are needed to
address the challenges related to the interference of GdCl3 with magnetic resonance imaging
of paramagnetic nanoparticles since GdCl3 does alter proton T1 and T2 relaxation, albeit to
a different extent than gadolinium chelated to agents like DTPA. Second, this approach has
been undertaken extensively in preclinical animal models of liver transplantation, where
engraftment of transplanted cells is improved in the presence of GdCl3 that inhibits Kupffer
cell mediated hepatocyte transplantation-induced liver inflammation and ischemia-
reperfusion injury 80-62, GACl3 has been generally regarded as safe in these preclinical
models. Third, reducing the retention of QDs within the liver reduces the probability of
deterministic late side effects, an area of concern for QD biocompatibility in clinical use.

Taken together, our results illustrate the utility of GdCl3 pretreatment for enhancing the
signal-to-noise ratio in optical imaging applications using nanoparticles. We demonstrated
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that inactivation of RES macrophage activity with a simple pretreatment strategy altered the
kinetics and dynamics of tumor imaging with a conjugated nanoprobe. We also
demonstrated that the consequent alteration in the pharmacokinetics of the nanoparticles can
be compartmentally modeled. Lastly, we established the mechanism of action of GdCl; at
the cellular level within hepatic tissues. This method of enhancing the signal-to-noise ratio is
likely to be effective across most classes of metallic nanoparticles that are sequestered in the
liver, making it broadly applicable for biomedical imaging applications.

MATERIALS AND METHODS

Materials

DMEM/Ham’s F-12 50/50 mix with L-glutamine, were purchased from Mediatech, Inc.
(Herndon, VA, USA). Fetal bovine serum and penicillin—streptomycin were purchased from
Hyclone (Logan, UT, USA) and Invitrogen Corporation (Carlsbad, CA, USA), respectively.
Phosphate-buffered saline (PBS) powder and Gadolinium (111) Chloride hexahydrate
(GdCl3.6H,0) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 800-nm QD
(QD) and the antibody conjugation kit were purchased from Molecular Probes (Invitrogen).
Human recombinant EGF was purchased from BD Biosciences (Bedford, MA, USA). Rat
monoclonal [FA-11] anti-CD68 antibody was purchased from Abcam Inc (Cambridge, MA,
USA), and fluorescein isothiocyanate (FITC)—conjugated Affinipure goat anti-rat
immunoglobulin G (1gG) was purchased from Jackson Immunoresearch Laboratories Inc.
(West Grove, PA, USA). Nonstick microcentrifuge tubes for preparing the QD conjugates
were purchased from VWR International (West Chester, PA, USA). Alfalfa-free diet for the
animals was purchased from Dyets, Inc. (Bethlehem, PA, USA).

Epidermal growth factor (EGF) conjugation with QD

The details of the conjugation process and the characterization of the conjugated EGF-QD
nanoprobe are reported elsewhere?2, In brief, the amine-functionalized CdSeTe/ZnS (core/
shell) QD (~ 2.0 uM; 125 pl) with fluorescence emission maximum at 800 nm, was
activated using 10 mM of noncleavable and membrane-permeable hetero-bifunctional
crosslinker, 4-(maleimidomethyl)-1-cyclohexanecarboxylic acid N-hydroxysuccinimide
ester (SMCC) at room temperature (RT; 21 °C) for 1 hr. The activated QD was eluted with
PBS (pH 7.4) through a gel-filtration PD-10 desalting column containing Sephadex G-25
(Amersham Biosciences, Piscataway, NJ). Parallely, human recombinant EGF (1 mg/ml;
300 pl) was reacted with 20 mM DTT for 30 min at RT to obtain reduced EGF with free
sulfhydryl groups. The reduced EGF was purified by elution with PBS (pH 7.4) through a
gel-filtration PD-10 column containing Sephadex G-25. Upon completion of these two
reactions, the activated QD (the end product of step 1) and reduced EGF (the end product of
step 2) were reacted for 1 hr at RT to form the conjugate. The conjugation reaction was
quenched by 10 mM B-mercaptoethanol, concentrated by ultracentrifugation for 15 min at
7,000 rpm and purified by eluting with PBS through a gel-filtration PD-10 column
containing Superdex-200. The concentrations of QD and EGF in the final purified EGF-QD
nanoparobe was estimated as 0.75 and 2.9 uM, using the known molar extinction
coefficients (es50 = 17 x 10° M~1em™1 and g577 = 4.12 x 10* M~1cm™1) of QD and EGF at
550 and 277 nm, respectively.

Cell lines and Tumor xenografts

Colorectal cancer cell lines HCT116 was obtained from the American Type Culture
Collection (Manassas, VA, USA), maintained at 37 °C in a humidified atmosphere
containing 5% CO, in the appropriate growth medium supplemented with 1% penicillin—
streptomycin. Six- to eight-week-old immunocompromised male nude mice (Swiss nu/nu; n
= 23) weighing 20-25 g each were purchased from the specific pathogen—free breeding
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colony in the Department of Experimental Radiation Oncology, The University of Texas M.
D. Anderson Cancer Center. The animals were kept in well-ventilated polypropylene cages
with a 12-hr light—dark cycle and fed sterilized standard laboratory diet and water ad
libitum. Approval from the Institutional Animal Care and Use Committee was obtained for
all experimental procedures. Near-confluent HCT116 cells grown in culture flasks were
harvested using 0.05% trypsin-EDTA, centrifuged and resuspended in sterile PBS to obtain
a final cell concentration of ~ 2 x 10 cells per 50 pl, which was injected subcutaneously
into the right flank of the mice. After the injection, animals were fed with a special alfalfa-
free diet (to minimize the fluorescence interference from the standard laboratory diet), and
tumor growth was monitored daily. Once the tumors reached 0.8-1.0 diameter in vivo
imaging experiments were initiated by randomizing the animals in to three groups.

In vivo optical imaging

The animals were randomized in to Groups | (n=7), 1l (n=8) 11l (n=8) with each group of
animals designated for intravenous injection of 10-pmol QD equivalent/mouse of (a)
unconjugated QD, (b) EGF-QD, (c) GdClI3 (10 mg/kg) 24 h prior to EGF-QD respectively.
In vivo optical imaging was performed using the IVIS imaging system 200 series (Xenogen
Corporation, Hopkinton, MA, USA) equipped with a 150 W quartz halogen excitation lamp,
a cryogenically cooled (—105 °C), back-thinned, back-illuminated grade-1 CCD camera (26
x 26 mm) capable of imaging 2,048 x 2,048 pixels, heated stage, gas anesthesia ports. For
the invivo optical imaging of the fluorescence from QD nanoparticles and EGF-QD
nanoprobes, the excitation and emission filters were set at 640 + 25 nm and 840 + 30 nm,
respectively. The signal from the CCD is coupled to high-performance data acquisition
software (Xenogen’s Living Image®). The collected fluorescence emission signal was stored
in radiance units that refer to photons per second per centimeter squared per steridian (ph/s/
cm?/sr). The acquired fluorescence images were pseudo-colored.

During the image acquisition process, the animals were kept anesthetized with 2%
isoflurane, and the heated stage was maintained at 37 °C. After the background
measurements were made, with the animals still anesthetized, 10-pmol QD equivalent/
mouse of unconjugated QD (Group-1), EGF-QD (Group-I1) and GdCl3 (10 mg/kg) 24 h
prior to EGF-QD (Group-I11) was injected through the tail vein, and the animals) were again
imaged at 3, 15 and 30 min and 1, 1.5, 2, 3, 4, 6, 18 and 24 hrs post-injection. No signs of
discomfort were observed during the injection or the entire experiment.

To extract QD fluorescence from the overlapping autofluorescence and background, the
images were processed using Image J image-processing software from the U.S. National
Institutes of Health (http://rsb.info.nih.gov/ij/) with the spectral unmixing algorithm plug-in.
Two identically sized circular region of interests (ROIs) were selected: one overlying the
tumor served as the target signal, and the other, in the corresponding shoulder, served as the
background signal. The tumor-to-background ratio was calculated for each image at each
time for all the groups.

Euthanasia and tissue collection

Animals (n=4) in each group were euthanized at 4 hrs post-injection by overdosing them
with CO,. Immediately after euthanasia, the organs were harvested, rinsed with PBS and
imaged using the IVIS imaging system. After image acquisition, the tissues were cut into
two pieces. One piece of tissue was transferred to a vial containing 1 ml PBS and frozen
until tissue homogenization. The other piece was embedded in a plastic cassette containing
optimal cutting temperature medium and slowly cooled over dry ice and methanol. These
embedded tissues were stored at —80 °C until they were sectioned into 5—7-um thick slices
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on microscope slides for observation under the confocal microscope and for
immunohistochemical analysis.

Tissue homogenate

The frozen liver and tumor tissues from each group were thawed and the PBS was discarded
before measuring the wet weight. The weighed tissues were homogenized with 1 ml of
freshly prepared 10 N NaOH to completely digest the cellular components. Of the resulting
tissue homogenate, 300 ul was transferred to a flat-bottomed 96-well plate and imaged with
the IVIS imaging system. The average radiance over the selected ROI was then measured
using Living Image® software. The QD signal in each organ was estimated on the basis of
the weight of each organ.

Immunofluorescence

Immunofluorescence staining was performed to identify the effect of GdCl3 on CD68, a
marker for activated macrophages in the liver tissues. Frozen tissue slices were fixed in ice-
cold acetone and blocked with protein blocking solution (100400 pl) for 30 min at RT.
Slides were incubated (1:500 dilution) with Rat monoclonal [FA-11] anti-CD68 antibody
(Abcam Inc., Cambridge, MA) and washed with PBS (5 min x 3) and incubated with (1: 200
dilution) fluorescein isothiocyanate (FITC)-conjugated affinipure Goat anti-Rat
immunoglobulin G (1gG) (Jackson ImmunoResearch, West Grove, PA) for 30 min at RT.
After labeling with secondary antibody, the sections were washed with PBS (5min x 3),
dried and covered with a cover slip using an anti-fade fluorescence mounting medium for
confocal microscopy.

Confocal microscopy

Laser-scanning confocal microscopy was performed using a Fluoview FVV1000 confocal
microscope (Olympus America Inc., Melville, NY, USA) with a 60x/1.4 NA oil immersion
objective (confocal aperture, 75 um; aspect ratio, 1:1; image acquisition size, 512 x 512
pixels; image acquisition speed, 10 us/pixel). Laser lines from a diode laser (FVV5-LD405;
Olympus America) at 405 nm and from an argon laser (FV10-COMB; Olympus America) at
wavelengths of 458, 488 and 515 nm were used for excitation. The excitation laser beams
were passed through a dichroic mirror (DM405/488/543), and the fluorescence emission was
collected using a photomultiplier tube (PMT-R7862; Hamamatsu, Shizuoka, Japan) through
a 650-nm barrier filter. Differential interference contrast images were acquired using a
second photomultiplier tube (PMT- R7400; Hamamatsu, Shizuoka, Japan) with the same
excitation laser beams. Both photomultiplier tubes were operated at a minimum gain level of
1 (to minimize the electronic noise), with operating voltage levels set at 610 V and 115 V,
respectively. The laser unit, confocal microscope and detection units were connected to the
computer and controlled using Fluoview software version 1.4 (FV10-ASW1.4, Olympus
America), which was also used to perform the post-acquisition data processing.

Statistical analysis

Statistical analysis was performed using paired and unpaired t-tests for comparisons between
and within groups, respectively. Statistical significance was established at P < 0.05. Data are
presented as the means + SE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GdCl, + EGF-QD

3 min Background

1hr

4 hrs

Figure 1.
In vivo fluorescence images of animals at 0 h (“Background™), 3 min, 1 h, and 4 h after
intravenous injection of QD, EGF-QD, or GdCl3 pretreatment followed by EGF-QD.
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Figure 2.

Estimated mean tumor-to-background ratios (mean + SE) from animals injected with (a)
QD, (b) EGF-QD, or (c) GdCl; followed by EGF-QD. The three phases of influx, efflux,
and accumulation are represented as I, I, and 111, respectively. Based on the observed
kinetic pattern, a two-compartment model was proposed to estimate the kinetic rate
parameters (d) before and (e) after apparent dynamic equilibrium. The two-compartment
model fit (blue dotted lines) to the tumor-to-background ratios before and after dynamic
equilibrium is illustrated in (f) and (g), respectively, with the corresponding rate parameters
represented in tables below the figures.
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Figure 3.

Ex vivo fluorescence images of organs harvested 4 h after (a) QD injection, (b) EGF-QD
injection, and (c) GdCl3 pretreatment followed by EGF-QD injection. (d) A cartoon
representing the arrangement of organs where B, Lu, H, Li, S, K, N, and T represent the
brain, lungs, heart, liver, spleen, kidney, lymph node, and tumor, respectively. The
corresponding fluorescence levels (mean + SE) from the extracts of tumor and liver tissues
are represented in (e), where * represents the statistical significance (p < 0.001) based on an
unpaired Student’s t test.
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dCl, + EGF-QD

Figure 4.

Fluorescence confocal images of frozen liver, tumor, and lymph node extracted 4 h after QD
injection, EGF-QD injection, and GdCls3 pretreatment followed by EGF-QD injection. Green
represents autofluorescence, and red represents QD fluorescence. (Scale bar = 50 um).
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Figure 5.
Activated Kupffer cell-specific anti-CD68 immunofluorescence staining of liver tissues

extracted 4 h after (a) QD injection, (b) EGF-QD injection, and (c) GdCl3 pretreatment
followed by EGF-QD injection. Green represents CD68 staining, and red represents QD
fluorescence. (Scale bar = 50 um). (d) Quantified CD-68 stained activated Kupffer cells in
the liver tissues from each group averaged over different field of views (n=7) shows
statistically significant (p < 0.001) difference with and without GdCl3 pretreatment.
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Figure 6.

Transmission electron microscopy image of liver tissue extracted 4 h after (a) EGF-QD
injection and (b) GdCl3 pretreatment followed by EGF-QD injection. The arrows in (a)
represent the accumulation of QDs in the endocytotic vesicles within the Kupffer cells, and
the insert represents the enlarged version of the vesicles containing the QDs. The labels V,
KC, and RBC represent the vesicles, Kupffer cells, and red blood cells, respectively. (Scale
bar =5 um).
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