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Abstract

Low density lipoprotein (LDL) plays a critical role in cholesterol transport and is closely linked to
the progression of several diseases. This motivates the development of methods to study LDL
behavior from the microscopic to whole-body level. We have developed an approach to efficiently
load LDL with a range of diagnostically active nanocrystals or hydrophobic agents. We performed
focused experiments on LDL labeled with gold nanocrystals (Au-LDL). The labeling procedure
had minimal effect on LDL size, morphology or composition. Biological function was found to be
maintained from both in vitro and in vivo experiments. Tumor bearing mice were injected
intravenously with LDL, DiR-LDL, Au-LDL or a gold-loaded nanoemulsion. LDL accumulation
in the tumors was detected with whole body imaging methods, such as computed tomography
(CT), spectral CT and fluorescence imaging. Cellular localization was studied with transmission
electron microscopy (TEM) and fluorescence techniques. In conclusion, this LDL labeling
procedure should permit the study of lipoprotein biointeractions in unprecedented detail.
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Low density lipoprotein (LDL) plays an important role in the transport of cholesterol to
peripheral tissues,! which is crucial for the maintenance of cell membranes.2 LDL consists
of a hydrophobic core containing cholesteryl esters, which is covered by a phospholipid
monolayer and is 2025 nm in diameter.l: 3: 4 One apolipoprotein (ApoB100) per LDL
nanoparticle is embedded into the phospholipid monolayer, covering about half of its
surface. ApoB100 is insoluble, non exchangeable and is recognized by the LDL receptor
(LDLr).3 LDL is a key contributor to a variety of pathological processes. The accumulation
of oxidized LDL in the arterial wall and the consequent induction of inflammation is a main
factor in the formation of early atherosclerotic lesions, which can progress into vulnerable
plaques that may rupture and cause detrimental events such as myocardial infarctions or
strokes.>~" In addition to cardiovascular diseases, LDL also has a role in the progression of
certain tumors as a result of the high demand for cholesterol in tumorigenesis.* These
important roles of LDL motivate its study and imaging of its biointeractions, in particular.

To facilitate imaging, the core of LDL can been substituted with hydrophobic small
molecules by Krieger’s method,® which allows the inclusion of fluorophores,® small
molecules,10 and triglycerides.!! Despite their high diagnostic and therapeutic potential,12 to
the best of our knowledge, robust methods to load nanocrystals in the core of LDL have not
been reported. This is due to the difficulty of reconstituting LDL, as ApoB100 is insoluble
and non-exchangeable.’

Gold nanoparticles have been used as therapeutics to enhance radiotherapy,13 for targeted
drug delivery4 and for photothermal ablation.1® Gold nanoparticles have also a major role
in imaging, and are used as contrast agents in sub-cellular TEM,16: 17 fluorescence
imaging,18 photoacoustics,19 surface enhanced Raman spectroscopy (SERS),20: 21 cT22 23
and most recently, spectral CT, a novel multicolor CT technique.24 Hence the ability to load
LDL with gold nanoparticles would allow LDL to be tracked using various imaging
modalities or act as a platform to deliver therapeutically active gold nanocrystals to diseased
tissue.

In this study, we report a novel method to label human LDL with a variety of diagnostically
active nanocrystals as well as amphiphilic or hydrophobic fluorophores (Figure 1). The
method relies on encapsulation of the aforementioned compounds in micelles and their
subsequent translocation into the LDL core using sonication and ultracentrifugation
procedures. We studied gold loaded LDL (Au-LDL) in depth, determining from analytical,
invitro and in vivo experiments that its properties are similar to that of native LDL. We will
show how these gold labeled LDL nanoparticles can be tracked and exploited for the
visualization of lipoprotein biointeractions in vitro and in a tumor mouse model.

Results and Discussion

Labeling of low density lipoprotein

A novel and simple strategy was used to incorporate gold nanocrystals in the lipid core of
LDL. To that end, LDL was isolated from human blood plasma via standard centrifugation
procedures.2> Dodecanethiol coated 2-3 nm gold nanoparticles were synthesized by the
method of Brust,26 subsequently coated with phospholipids and added to the native LDL
solution (Figure 2a and b). Sonication of this solution resulted in labeling of LDL with gold
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cores (Figure 2¢). A density gradient centrifugation method was optimized to purify the
sample and remove unincorporated gold (Figure 1). The final product contained LDL of
which 77% was labeled with gold (with an average of a 1.5 Au/LDL), as shown in Figure
2d. The incorporation of Cy5.5 or Rhodamine labeled phospholipids into LDL can be
achieved by their inclusion in the initial phospholipid coating of the gold nanocrystals.

This new labeling method was compared with the method of Krieger,® which has been used
to substitute the core of LDL with hydrophobic small molecules, such as photosensitizers.?
We found the sonication method for labeling LDL with gold nanocores to be markedly more
efficient than the Krieger method, and better preserved LDL’s morphology (Figure 2e).
Gold containing nanoemulsions (Au-NE) (Figure 2f) were synthesized using a method we
described previously?’ and used as control particles with a similar morphology and diameter
as Au-LDL, but without apolipoprotein ApoB100.

To investigate the broader applicability of this labeling method, we performed test
experiments with iron oxide nanocores (10 nm), quantum dots (7.5 nm, Figure S1) and the
hydrophobic fluorophores BODIPY and DiR, of which the latter two acted as model drugs.
Each of these compounds was encapsulated in phospholipid micelles and sonicated with
LDL to form IO-LDL, QD-LDL, BODIPY-LDL and DiR-LDL, respectively. BODIPY-LDL
and DiR-LDL were re-purified via Havel’s centrifugation method2" to isolate them from any
unincorporated label. TEM of these formulations (Figure 2g—i) indicated that the general
morphology of LDL was maintained. LDL was found to be labeled with both iron oxides
and quantum dots, however in the case of iron oxides, the nanocores were not
homogenously merged into the LDL core. This difference in labeling is likely related to the
differing ligands of the iron oxide (oleic acid) as compared to the gold nanocrystals and
quantum dots (dodecanethiol), although potentially it could be due to the larger size of the
iron oxides.

Characterization of labeled LDL

TEM showed that Au-LDL has the same morphology and size as native human LDL (Figure
2b—d, Figure 3a), indicating little effect of sonication on these parameters. Au-LDL typically
was loaded with 8.3 mg Au/mg ApoB100. LDL can be oxidized, which alters its
selectivity28 due to chemical changes in ApoB100.2° Importantly, an ELISA assay showed
no significant difference in oxidation between LDL and Au-LDL (Figure 3b), indicating that
the sonication procedure did not affect the oxidation level. LDL had 3.55 mg protein/mM
phosphate while Au-LDL had 2.85 mg protein/mM phosphate as determined by analytical
methods. This change is likely due to inclusion of the phospholipids used to coat the gold
cores in Au-LDL. Western blots for ApoB100 on LDL and Au-LDL (Figure 3c) showed the
same molecular weight of ApoB100, again indicating no change from sonication. All
together, these data corroborated that our labeling technique does not affect the
physiochemical integrity of the LDL nanoparticle. From phantoms of Au-LDL imaged with
CT, we found the attenuation to be linear in the 0 to 200 mM concentration range, with an
attenuation rate of 4.3 HU/mM Au at 120 kV (Figure 3d,¢).

QD-LDL and BODIPY-LDL exhibited strong fluorescence under UV irradiation, while Au-
Cy5.5-LDL and DiR-LDL were strongly fluorescent when imaged with a fluorescence
imaging system, confirming successful labeling and that the process does not deactivate the
fluorophores (Figure 3f-h). Due to the hydrophobic nature of the BODIPY and DiR dye
molecules, we expect them to be loaded in the core. We chose to perform in depth in vitro
and in vivo experiments with Au-LDL, due to its potential for detection with high resolution
techniques such as electron microscopy and computed tomography.
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Labeled LDL is taken up in areceptor-dependent fashion in vitro

In vitro competition inhibition assays were undertaken in three different cell types known to
express the LDLr, i.e. hepatocytes (HepG2),39 macrophages (J774A.1),3! and melanoma
cells (B16-F10).30 LDLr upregulation was achieved by incubation in DMEM containing 1%
BSA and confirmed by Western blotting (Figure S2). Fluorescence microscopy of these cells
incubated with Rhodamine labeled Au-LDL revealed strong nanoparticle uptake, which was
reduced when incubations were performed with an excess of LDL (Figure 4a—i). The uptake
of Au-LDL could also be measured by CT imaging of pellets of the cells (Figure 4j-I).
Furthermore, TEM showed gold uptake in cells incubated with Au-LDL only and reduced
uptake in cells incubated with Au-LDL in competition with an excess of native LDL (Figure
S3a-i). This reduced uptake of Au-LDL when incubated with native LDL in the competition
inhibition assay indicates that the nanoparticles are taken up in a receptor dependent manner,
revealing that Au-LDL has preserved biological functionality.

Labeled LDL retains its function in vivo

In order to ensure the in vivo biological functionality of Au-LDL, we performed experiments
in wild type mice and LDLr knockout (KO) mice. LDL has been established to have an
extended blood circulation half-life in LDLr KO compared with wild type mice, as a result
of lack of uptake by the LDL receptor.32 We injected Au-LDL into these mice (n=5/group),
performed blood draws over 24 hours and measured the gold content of the blood with ICP-
MS (Figure 5a). We found the half-life of Au-LDL to be 2 hours in wild type mice and 4
hours in LDLr KO mice, closely matching literature figures of 2 and 5 hours in these
animals.32 Next, we examined the biodistribution of Au-LDL in these mice. We found there
to be 50% higher liver uptake in the wild type mice as compared to the LDLr KO mice,
supporting our findings from pharmacokinetics data (Figure 5b). On a cellular level, the
presence of the LDL receptor in wild type mice should lead to substantial uptake in
hepatocytes, the main cell type in the liver, whereas the lack of this receptor in LDLr KO
mice should result in low hepatocyte uptake and more uptake in Kupffer cells, a minority
cell type in the liver. We investigated the liver distribution of Au-LDL using light
microscopy of silver-stained sections (silver staining makes accumulations of gold
nanoparticles visible in light microscopy) and TEM. In light microscopy, we observed
darker, diffuse staining of the liver in wild type mice, whereas we observed punctuate
staining in LDLr KO mice (Figure 5c,d). In TEM micrographs, gold cores were found in
more vesicles and in greater quantities in hepatocytes in the liver tissue of wild type mice
than LDLr KO mice (Figure 5e-h). Thus the cellular distribution of Au-LDL in the liver is
consistent with that expected for native LDL. These experiments demonstrate the
functionality of Au-LDL in vivo.

Labeling allows macroscopic imaging of LDL

Mice bearing tumors that over express the LDL receptor were used for in vivo imaging
studies (Lewis lung carcinoma or B16F10).30: 33 \When the tumors reached an average
volume of 4 mm3, mice bearing Lewis lung carcinoma tumors were injected intravenously
with DiR-LDL (DiR is a high quantum yield, near-infrared fluorophore, suited for in vivo
imaging). 24 h after injection, fluorescence imaging of the mice (Figure 6a) revealed distinct
accumulation in the tumors and, when the mice were dissected, in the liver and spleen as
well (Figure S4).

Mice bearing B16F10 tumors were injected with either Au-LDL or Au-NE and imaged in
vivo with CT and, after sacrifice, with spectral CT (Figures 6b,c, 7 and S5). We observed the
attenuation in the tumors to be higher for Au-LDL than for Au-NE injected mice (p = 0.009,
Figure 6¢). Spectral CT showed clear accumulation of gold at the rim of the tumor (Figure
7a and S5a) and accumulation in the liver (Figure 7b and S5b) — which is as expected
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considering the LDLr expression in these tissues. Significant accumulations of gold in other
tissues were not observed.

Cellular and subcellular localization of LDL

FACS analysis of the tumors revealed that the majority of both Au-LDL and Au-NE was
taken up by macrophages, while smaller fractions of the nanoparticles were found in
endothelial cells and cancer cells (Figure 6d). In TEM micrographs of tumor tissue of
control mice, tumor cells with melanosomes, tumor associated macrophages (TAMS),
muscle cells and endothelial cells could be identified. In tumor tissue of mice injected with
Au-LDL or Au-NE highly electron scattering regions were observed inside lysosomal
structures in tumor cells, macrophages and endothelial cells. Such highly electron scattering
regions were absent in control tumor tissue and EDX element analysis confirmed that these
were gold (Figure S6). Visual inspection indicated that more gold nanospheres were
observed in Au-LDL tumor tissue than in Au-NE tumor tissue. 3D reconstructions from
electron tomography of tissue showed that tumor vesicles were extensively loaded with gold
nanoparticles (Figure S7).

We established a new LDL labeling method based on sonication followed by
ultracentrifugation purification. Using this method, we were able to label native human LDL
with a variety of payloads and in this study we reported the first gold labeled LDL (Au-
LDL) for CT, fluorescence techniques and TEM. This sonication based loading method,
compared to the Krieger method,® proved to be far more effective in terms of labeling
efficiency and morphology conservation (Figure 2a—e). We have shown Au-LDL to have
similar characteristics to native LDL in terms of size, morphology, composition, oxidation
state, ApoB100 function and molecular weight. Au-LDL was taken up in a receptor-like,
saturable manner and could be detected by fluorescence based techniques, TEM and CT in a
variety of LDLr expressing cell types. Experiments performed in LDLr KO and wild type
mice confirmed LDL-like behavior in vivo. In comparison to the currently available labeling
methods, our method has the advantage that it can be applied to a variety of nanocrystals,
hydrophobic molecules and, we expect, lipoproteins, which makes it of broad relevance.

In the current study, the in vivo application in B16-F10 tumor bearing mice revealed that the
gold nanoparticles were mostly associated with TAMs. The uptake of Au-LDL in the TAMs
is likely due to both LDLr mediated uptake and non-specific uptake via phagocytosis after
the Au-LDL has accumulated in the tumor via the enhanced permeability and retention
effect. Recent studies have shown TAMSs to be an interesting therapeutic target, as their
number is inversely correlated with patient survival.3* For example, Edris et al. showed that
treatment with antibodies against CD47, a factor signaling between tumor cells and
macrophages, resulted in a decrease in the size and the number of metastases.3° To be able
to detect TAMs by CT imaging may allow monitoring of early responses to anti-TAM
therapy in a quantitative fashion and may also allow predictions of therapeutic outcome.

We have clearly demonstrated that labeling LDL with gold cores enables detection with CT,
TEM and fluorescence based techniques, permitting LDL localization from the whole body
level to the sub-cellular level. Others have previously labeled LDL with radionuclides for
imaging with nuclear based methods.36-38 In addition, LDL has been labeled with
fluorophores for fluorescence imaging and gadolinium chelates for MRI (2, 10, 49,

59).1. 30. 39,40 gch imaging methods are more sensitive than CT, but nuclear imaging has
poor resolution and cellular localization of injected LDL is difficult with the labels used for
either nuclear imaging or MRI. The use of spectral CT, as we showed here, allows detection
of Au-LDL accumulation in a ‘hot-spot’ fashion, without the need for comparison of pre-
and post-injection images as for MRI. This work is notable also, as Au-LDL represents one
of only a few reports of targeted CT contrast agents. Potentially, Au-LDL could be
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‘retargeted’ to other receptors or cell types by attaching additional targeting ligands to the
apoB100 component, as has been reported by Zheng et al.40

LDL has been proposed as a drug delivery vehicle. For example, Firestone et al. loaded
LDL with cytotoxic cholesterol oleate appended nitrogen mustards and observed specific
uptake of the nanoparticles as well as complete cell death in vitro.*! The method used in the
current study, i.e. co-sonication of LDL with gold nanocores coated with phospholipids,
could also be applied to load LDL with hydrophobic drugs, as our experiments with
BODIPY and DiR indicate. As we have shown, iron oxides, quantum dots, hydrophobic
fluorophores or drug could also be included to create a multifunctional or ‘theranostic’
platform.42

Conclusions

In this study we established a novel sonication method for core labeling native LDL
particles with 2-3 nm gold nanocrystals, which is far more efficient than the well-
established Krieger method. Furthermore, this sonication based labeling method of LDL
could be applied to incorporate iron oxide nanocores, QDs, and hydrophobic drugs, allowing
LDL to be studied with MRI and optical imaging as well as be used as a nanosized drug
delivery system. Native LDL loaded with gold nanocrystals has a comparable composition
and morphology to untreated LDL, and, importantly, has no change in oxidation level. Gold
labeling permitted detection of LDL on the sub-cellular (TEM), cellular (fluorescence), and
anatomical level (CT and spectral CT). Au-LDL was taken up by macrophages, hepatocytes
and a melanoma cell line in vitro in a receptor dependent manner as determined by the
afore-mentioned techniques. Au-LDL has different pharmacokinetics, liver uptake and liver
cellular distribution in wild type compared to LDLr KO mice, indicating that it has LDL-like
functionality in vivo. Furthermore, investigations in tumor bearing mice with Au-LDL
enabled study of LDL uptake by tumors by both conventional and spectral CT, in vivo
fluorescence imaging and ex vivo microscopy methods. Therefore, Au-LDL can likely be
used as a marker to study LDL interactions, cholesterol metabolism, atherosclerotic plaque
formation and tumor growth with the imaging techniques used herein and others such as
photoacoustics, as well as be used to deliver gold nanomaterials for therapeutic purposes.

Materials and methods

Synthesis

For detailed materials and methods, please see the supplementary information.

Au-Cy5.5-MHPC nanoparticle synthesis—MHPC coated gold nanocores were
synthesized in a similar method to that described previously by Cormode et al.*3 Typically,
100 mg MHPC dissolved in 10 mL 20:1 CHCI3:CH30H, 100 mg dodecanethiol coated gold
nanocores (synthesized via the Brust method26) dissolved in 5 mL CHCls, and 1 mg Cy5.5-
DMPE in CHCI3 were mixed and dripped into 10 mL >70 °C diH,0O at 60 pL/min speed.
The resulting solution was concentrated to 7.2 mL and purified by centrifuging 200 pL on 1
ml of 1.25 mg/mL KBr per vial at 14,500 rpm for 1 h using an Eppendorf Minispin Plus.
Afterwards the top 250 pL was taken off and discarded, the remaining solution was
collected, washed once with PBS using a 10,000 MWCO tube, and concentrated to 4.8 mL.
The 1.25 g/mL gradient spin at 14,500 rpm was repeated and again the top 250 pL was taken
off and the remaining solution collected. The solution was washed twice with PBS and
concentrated to 500 pL. The Au concentration was determined using CT imaging and Au-
Cy5.5-MHPC was stored in the dark at 4 °C.
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LDL labeling with Au-Cy5.5-MPHC—1.7 mg of native human LDL (by protein content)
in PBS was mixed with Au-Cy5.5-MHPC in PBS, containing 4.74 mg gold. PBS was added
to make a total volume of 2 mL and the solution was sonicated in a water bath for 5 min.
Unlabeled LDL particles and Au-Cy5.5-MHPC aggregates were removed via centrifugation
on a dual (700 pL 1.06 mg/mL on top of 300 pL 1.35 mg/mL) KBr density gradient. 200 pL
of the sonicated sample was pipetted on top of the KBr gradient and spun for 6 h at 10,000
rpm in an Eppendorf Minispin Plus. Subsequently, the top ~400 pL light pink layer
(containing unlabeled LDL and other lipid residues) was removed and discarded, the next
~700 pL was collected, leaving the pellet (containing Au-Cy5.5-MHPC aggregates)
undisturbed. Au-Cy5.5-LDL (Au-LDL) was washed twice with PBS using 10,000 MWCO
tubes, concentrated to 100 pL, and stored at 4 °C. This procedure was performed repeatedly
and the batches combined.

LDL labeling using core reconstitution—LDL was also labeled using the well known
Krieger method8 as a comparison. To this end, 500 TL native human LDL in diH,0 and 25
mg starch (Sigma-Aldrich), for LDL stability, were frozen with a combination of ethanol
and dry ice and subsequently lyophilized. The core of LDL was not extracted; instead 6 mg
Au-MHPC in 200 pL heptane was added to enter the core. The mixture was placed in the
freezer for 10 min and dried with N, gas. Dried samples were kept on ice and resuspended
in 1 mL 10 mM tricine (pH 4) and left for 20 h at 4 °C to release the LDL from the starch.
Samples were then centrifuged at 2000 rpm for 10 min in a 5810R Eppendorf Centrifuge
followed by 10000 rpm. Success of labeling was measured using negative stain TEM (see
‘Characterization’ section).

LDL labeling with QD-MHPC—The preparation of the quantum dots (QDs) used has
been previously reported.*4 Their optical properties are displayed in Figure S1. Their
capping ligands were exchanged by incubation with an excess of dodecanethiol in CHCI3 for
72 h and subsequent isolation by precipitation with CH3CH,OH, centrifugation and repeated
washing. 2.5 nmol of these QDs were dissolved in 5 mL of a 9:1 CHCI3:CH30H solvent
mixture that contained 12 mg of MHPC. This solution was dripped into >70 °C diH,0 to
form QD-MHPC and purified as per the methods used for Au-MHPC. The volume of the
solution was adjusted to 900 L and 225 pL was mixed with 0.8 mg of LDL (by protein
content). The volume was increased to 1 mL with PBS and the solution was sonicated for 5
minutes.

LDL labeling with BODIPY or DiR—The hydrophobic fluorophores BODIPY (4,4-
Difluoro-1,3,5,7-Tetramethyl-4-Bora-3a,4a-Diaza-s-Indacene (BODIPY® 505/515)) and
DiR (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine lodide) were purchased
from Invitrogen. In the case of BODIPY, 5 mg was dissolved in 10 mL of a 9:1
CHCI3:CH30H solvent mixture that contained 100 mg of MHPC. This solution was dripped
into >70 °C diH,0 to form BODIPY-MHPC. Unincorporated BODIPY fluorophore was
removed by centrifugation at 4000 rpm for 5 min using a 5810R Eppendorf Centrifuge. 160
pL of BODIPY-MHPC was mixed with 17 mg of LDL (by protein content) and the volume
was increased to 20 mL with PBS. This solution was sonicated for ten minutes and was then
purified by repeating the LDL isolation process (see above), to exclude any BODIPY
unincorporated into LDL. In the case of DiR, the same procedure was used except 25 mg of
MHPC was used and 338 L of the resulting solution was sonicated with LDL.

Nanoemulsion synthesis—Control nanoemulsions (Au-NE) with a similar size and
composition to the LDL nanoparticles, but lacking the ApoB100 lipoprotein were prepared
by first incubating 18 mg of dodecanethiol coated gold cores in CHCI3 with cis-9-
octadene-1-thiol for 10 min for ligand exchange. Next, 12 mg DSPE-PEG, 5.6 mg DSPC,
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1.16 mg cholesterol, 20 mg soybean oil, and 0.176 mg Cy5.5 in CHCI3 were mixed and the
Au was added to this solution. A lipid film was made and subsequently hydrated with 5 mL
65 °C PBS. The solution was tip sonicated for 15 min and concentrated to 500 pL using
10,000 MWCO tubes.

Characterization

Nanoparticle size and morphology were determined by negative stain TEM,* the ApoB100
concentration by a modified Lowry assay,*® the gold concentration was determined by CT,
and the phosphorous content with Rouser’s phosphorus assay.*’ Oxidation of LDL was
tested with ELISA and Western blotting was performed for ApoB100.

In vitro experiments

HepG2 hepatocytes, J774A.1 macrophages, and B16-F10 melanoma cells were cultured as
per the supplier’s instructions. Prior to Au-LDL uptake experiments, the cells were passaged
into 6 wells plates and washed with 1% BSA DMEM medium (no FBS) and incubated with
this pre-incubation medium for 20 h to upregulate LDLr,° as confirmed by Western blotting.
Cells were incubated with LDL (control), Au-LDL (test) or Au-LDL and a five fold excess
of LDL (competition inhibition). The concentrations used for in vitro experiments depended
on the sensitivity of the imaging equipment used. For TEM, LDL with a concentration of
100 pg ApoB100/mL was used, for fluorescence 20 pg ApoB100/mL and for CT 500 g
ApoB100/mL. Cells were washed and harvested as pellets for either TEM or CT analysis.
For fluorescence microscopy the same was performed with cells grown on glass cover slips
and mounted on slides with DAPI-containing mounting medium.

Animal experiments

All experiments were approved by the Institutional Animal Care and Use Committee. To
investigate Au-LDL functionality in vivo we used wild type C57BL/6 mice and LDLr KO
mice from the same background (Jackson Laboratories). For pharmacokinetics, Au-LDL
was injected into the mice via the tail vein (n=5/group, 12 mg Au/kg) and blood drawn via
retro-orbital bleeds at 5 min, 30 min, 1 h, 2 h, 4 h and 24 h. For biodistribution, Au-LDL
was injected into the mice via the tail vein (n=5/group, 12 mg Au/kg). The mice were
sacrificed, perfused with PBS and dissected. Small pieces of the livers were retained for
microscopy analysis. The gold content of the blood samples and organs was determined via
ICP-MS performed by the Pennsylvania Animal Diagnostic Laboratory System, Kennett
Square, PA. 1 mm cubes of liver were fixed in 2.5 % glutaraldehyde and prepared for TEM
analysis by the normal methods.#® 3 mm cubes of liver were embedded in paraffin,
sectioned and stained using a Silver Enhancer Kit (Sigma Aldrich) according to the
manufacturers instructions.

For fluorescence imaging, four 7 week old female NCR/NU mice were injected in the right
flank with 100 pL DMEM containing 2 million Lewis Lung Cancer cells. On day seven
mice were injected with DiR-LDL (n=3) or PBS (n=1). Fluorescence in the mice was
measured using a Xenogen IVIS Spectrum (Alameda, CA) at 24 h post-injection. Tissue was
excited at 745 nm and the emission spectra recorded from 820 nm. The mice were
subsequently sacrificed, perfused and their excised organs imaged under the same
conditions.

For CT imaging experiments, eleven 7 week old female NCR/NU mice were injected in the
right flank with 100 pL DMEM containing 1 million B16-F10 cells. On day seven, tumors
reached the size of 4 mm3, and the mice were divided into four groups by tumor size, and
subsequently randomly divided into control (n=4), Au-LDL (n=4), and Au-NE (n=3) groups.
The nanoparticles were injected in the tail vein at 250 mg Au/kg doses 24 h before imaging
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and sacrifice. Mice were scanned by CT (120 kV, 256-slice clinical scanner), imaging the
distribution of the nanoparticles in the mice. Of each group, two mice were anesthetized
with isoflurane and sacrificed using heart perfusion and tumors were removed. The
remaining mice were sacrificed using CO,, snap-frozen with liquid N, and were
subsequently scanned with spectral CT (a custom built device, Philips Research Europe,
Hamburg.# This scanner uses photon-counting detectors that analyze the energy of the
incident X-rays to identify the materials in the field of view. In this case, it was used to
identify the gold distribution in the mice.

Ex vivo experiments

Excised tumor tissue was used for FACS and TEM. FACS analysis was performed against
tumor cells (SSC anti CD31), endothelial cells (CD31+CD11b- Gr-1-), and macrophages
(CD11b+ Gr-1+). TEM was used to localize the gold in the cells and study the distribution,
EDX to confirm the nature of the gold nanoparticles and ET to confirm that the gold
particles were inside vesicles in the cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Labeling schematic of low density lipoprotein

Dodecanethiol coated gold nanocrystals were mixed with phospholipids and Cy5.5 lipids in
CHCL3. a, This solution was dripped into >70 °C H,0, forming micelles enclosing a gold
nanocrystal. b, The phospholipid coated gold nanocrystals were mixed with native LDL in
PBS and sonicated yielding three different particles: free phospholipid-coated gold
nanocrystals, native LDL, and native LDL with gold nanocrystals in the hydrophobic core.
¢, This solution was purified on a dual density gradient, resulting in a solution of gold
labeled LDL nanoparticles (Au-LDL).
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Figure 2. LDL labeled with different payloads

Negative stain TEM micrographs of: a, phospholipid-coated gold nanocrystals; b, native
human LDL; c, unpurified Au-LDL; d, purified Au-LDL; e, TEM of LDL labeled with 3 nm
Au nanocrystals using Krieger’s reconstitution method.8 Most LDL nanoparticles stay
unlabeled and their morphology has changed. f, TEM of Au-NE nanoemulsions, the control
particle used in the animal experiments. g, TEM of 10 nm 10-LDL. Most LDL stays
unlabeled, some cores seem to attach to the side of the LDL, but not enter the core
(arrowhead). h, TEM of QD-LDL. QDs are visible in the core of the LDL (arrowheads). i,
TEM of BODIPY-LDL. Scale bar is the same for all TEM micrographs. NE = nano
emulsion, 10 = iron oxide, QD = quantum dot.
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Figure 3. Characterization of labeled LDL

a, Diameters of LDL and Au-LDL derived from TEM. b, ELISA on oxidation of LDL and
Au-LDL. ¢, Western blot of ApoB100 of Au-LDL and LDL. d, Gold concentration —
attenuation curve of Au-LDL phantom. e, Phantom of increasing Au-LDL concentrations. f,
Photograph of CTRL, QD-LDL, and BODIPY-LDL in ambient light and under UV
irradiation. g, Phantom of Au-Cy5.5-LDL compared with control PBS. h, Fluorescence
images of DiR-LDL.
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Figure 4. In vitro competition inhibition assay

Fluorescence microscopy of LDL (control) (a—c), Au-LDL (test) (d—f) and LDL + Au-LDL
(inhibition competition) (g—h) in HepG2, J774A.1 and B16-F10 cells. CT of control and Au-
LDL in HepG2 (j), J774A.1 (k) and B16-F10 (1) cells. Red fluorescence is Au-LDL, blue
fluorescence is DAPI.
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Figure5. In vivo functionality of Au-LDL in wild typeand LDLr KO mice

a, Pharmacokinetics of Au-LDL in mice. b, Biodistribution of Au-LDL in mice at 2 hr post-
injection. ¢,d, Light microscopy of sliver stained sections of mouse livers. Black arrowheads
indicate intense areas of silver staining. e-h, TEM of hepatocytes in mouse livers. White
arrowheads indicate accumulations of gold nanoparticles. f and h are higher magnification
images of the boxed areas in e and g, respectively.
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Figure 6. In vivo and ex vivo imaging

a, IVIS of mice, arrowheads indicate the B16-F10 tumor. b, CT of mice, the tumors are
circled. ¢, Tumor attenuation relative to control. Attenuation in the tumors of the Au-LDL
mice were higher than in the Au-NE mice (p=0.009). d, FACS of tumor tissue. MACSs:
macrophages, TCs; tumor cells, ECs: endothelial cells. e, TEM of control tumor tissue, inset
shows no gold. f, TEM of Au-LDL tumor tissue, inset shows gold particles in a vesicle. g,
TEM of Au-NE tumor tissue, inset shows gold particles in a vesicle.
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Figure 7. Spectral CT of Au-LDL injected B16-F10 tumor bearing mice

Gold accumulation is displayed in yellow and overlaid on conventional CT images. a, 3D
reconstruction of the rear of a mouse injected with Au-LDL. Gold accumulation can be
observed in the tumor. b, 3D reconstruction of the front of a mouse with gold accumulation
found in the liver.
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