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/Abstract: Radiolabeling allows noninvasive imaging by
single photon emission computed tomography (SPECT) or
positron emission tomography (PET) for assessing the biodis-
tribution of nanostructures. Herein, the synthesis of a new
coating ligand for gold nanoparticles (AuNPs) and quantum
dots (QDs) is reported. This ligand is multifunctional; it com-
bines the metal chelate with conjugating functions to bio-
logical vectors. The concept allows the coupling of any tar-
geting function to the chelator; an example for the prostate
specific membrane antigen is given. Derivatized NPs can di-
rectly be labeled in one step with [*™Tc(OH,);(CO);] . AuNPs

-

in particular are highly stable, a prerequisite for in vivo stud-
ies excluding misinterpretation of the biodistribution data.
AuNPs with differing sizes (7 and 14 nm core diameter) were
administered intravenously into nude NMRI mice bearing
LNCaP xenografts. MicroSPECT images show for both probes
rapid clearance from the blood pool through the hepatobili-
ary pathway. The 7 nm AuNPs revealed a significantly higher
bone uptake than the 14 nm AuNPs. The high affinity to-
wards bone mineral is further confirmed in vitro with
hydroxyapatite.

/

Introduction

The importance of nanoparticles (NPs) for the medical field is
rapidly growing."" NPs such as mesoporous silica, polymeric
NPs, magnetic NPs, gold NPs (AuNPs), and quantum dots (QDs)
are promising candidates for the design of new imaging, drug
delivery, or theranostic agents.? The large surface area to
volume ratio distinguishes the properties of NPs from those of
bulk materials. It enables the addition of a high payload of
functional groups and targeting components on a relatively
small volume of material.”! After their synthesis, NPs are usually
coated with hydrophobic surfactants. To render them water
soluble, the original surfactants are generally substituted with
hydrophilic coating ligands.”? The nature of these ligands is
crucial. In combination with the size of NPs, they determine
the interactions in a biosystem as mirrored by the blood reten-
tion times, rates of clearance, and potential toxicities.”’ Howev-
er, as soon as NP formulations are administered to organisms,
noninvasive analyses of pharmacokinetics and biodistribution
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are difficult, especially when NPs do not have an intrinsic con-
trast property® A very powerful and sensitive method to de-
termine the in vivo behavior of NPs relies on radiolabeling and
subsequent detection with single photon emission computed
tomography (SPECT) or positron emission tomography (PET).”

Radiolabeling of NPs follows essentially two strategies; an
“extrinsic” one in which potent, NP surface-bound chelators
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) or 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA),
are directly labeled with *“Cu or ®Ga.’>® Alternatively, pre-
formed complexes with bifunctional chelators are subsequent-
ly coated to the NP surface.” In the “intrinsic” approach, the
radiolabel is an integral part of the NP and no additional chela-
tors are required, a concept which has recently been reviewed
by Cai and co-workers."” *™Tc is one of the most commonly
used radionuclide for clinical SPECT imaging™" and NPs were
labeled with *™Tc. Following the extrinsic, complex-labeling
approach, Frangioni and co-workers conjugated preformed
#™Tc-MAS; (S-acetylmercaptoacetyl-triserine) to QDs to study
the effect of the hydrodynamic diameter (HDD) on the clear-
ance pathway.”*'? Torres and co-workers attached preformed
#"Tc-DPA-ale (dipicolylamine-alendronate) on the surface of
iron oxide NPs (IONPs) through a bisphosphonate anchor to
obtain bimodal SPECT/magnetic resonance (MR) imaging
agents.”""¥ Cancer receptor-specific AUNPs were labeled with
#mTc-HYNIC-derivatives (hydrazinonicotinamide) in a ligand ex-
change reaction.®® These labeling procedures require prefor-
mation of the ®™Tc complex and, in a second step, conjugation
to NPs through covalent bonds or ligand exchange reactions.
For NP drug finding and development, it would be more con-
venient to label the fully constituted NPs with a complex frag-
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ment that does not require adaption to the chelator or the re-
ceptor binding ligand.

Following this strategy, we present herein a new coating
ligand for CdSe/ZnS core-shell QDs and AuNPs that allows
direct labeling with [*™Tc(OH,);(CO);]" in the last step

(Scheme 1).
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Scheme 1. The two multifunctional compounds in the focus of this study.
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with triphenylmethanethiol to yield 10. Basic ester hydrolysis
of 10 and subsequent deprotection of the Trt- and Boc groups
led to the final, multifunctional compound HS-PEG-DAP 12 as
a racemate.

Basic ester hydrolysis of 10 gave the carboxylic acid 11,
which can be activated to, for example, compound 18
(Scheme 3). Compound 18 is the central building block in the
presented concept. We emphasize the strength of this ap-
proach; due to the multiple functions of DAP-based ligand sys-
tems, compound 18 can be conjugated to essentially any
amine-containing targeting vector. To exemplify this strategy,
we selected a small molecule inhibitor of the prostate specific
membrane antigen (PSMA), a type Il integral membrane pro-
tein that is overexpressed on prostate cancer cells."® This in-
hibitor is part of a *™Tc labeled prostate cancer imaging agent
and targeted polymeric NPs containing the chemotherapeutic
docetaxel, both in clinical trials."” Its basic structure is lysine-

NC.__COOEt COOEt
ing to any biological vector, Y + B0 OOy — - BnO o /\)<NHB°°
. - . NHBoc >0 ~">0 CN

while  underivatized  ligands 3 5 6
maintain  their  coordinating
ties. A thiol group as an b,c,d,e /\jzr?ﬁé f.g Touh.
properties. €, oc 9, >
——>_TrtS o) NHB! HS o NH
anchor for the NP surface, a poly- = N0 oe SN0 0NN 0 2
ethylene glycol (PEG) linker and 10 HS-PEG-DAP (12)

the 2,3-diaminopropionic acid
(DAP) chelator for the
[®™c(CO);]" fragment are part
of this ligand. In addition,
a small molecule inhibitor for
the prostate specific membrane
antigen (PSMA) was conjugated to the coating ligand to intro-
duce a targeting function for prostate cancer. After functionali-
zation and radiolabeling of the NPs, the in vitro stability and
cellular uptake was examined. Moreover, imaging with small
animal microSPECT and ex vivo biodistribution studies in nude
NMRI mice harboring LNCaP xenografts were carried out.

(TES) (20:8:1.5), RT, 2 h.

Results and Discussion
Design and synthesis of the coating ligands

DAP is a small, hydrophilic and very strong chelator for the
[®™c(CO);]" fragment. It efficiently prevents transmetalation
in biological milieu, which may lead to misinterpretation of mi-
croSPECT images and biodistribution data. DAP can be derivat-
ized at its a-carbon position, allowing the introduction of func-
tionalities such as linkers to NP surfaces."™ Conjugation to
a PEG linker requires two precursors: Ethyl 2-N-(tert-butoxycar-
bonyl)-3-nitriloalaninate 3 and 13-bromo-1-phenyl-2,5,8,11-tet-
raoxatridecane 5 (Scheme 2)."”' Deprotonation of the tertiary
carbon in 3 with NaOEt, subsequent alkylation with 5, reduc-
tion of the nitrile (—CN) with NaBH, with in situ protection by
(Boc),0 afforded compound 7 (Supporting Information).'*! De-
protection of the benzyl group and conversion of the resulting
hydroxyl group leads to bromide 9."*% The trityl (Trt)-protected
thiol was introduced through Sy2 displacement of the halide
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Scheme 2. Synthesis of HS-PEG-DAP 12 (only the key steps are shown, the stereochemistry of the DAP-chelating
moiety is omitted for simplicity). a) Na, EtOH, heated at reflux, overnight; b) (Boc),0, NaBH,, NiCl,:6 H,0, MeOH, RT,
overnight; ¢) Pd/C (10%), H, (1 atm), MeOH, RT, overnight; d) CBr,, PPh;, CH,Cl,, 0°C-RT, 4 h; e) HSTrt, NaH (60 %
suspension in oil), THF, heated at reflux, 3 h; f) MeOH/1 m NaOH (1:1), 80°C, overnight; g) CH,Cl,/TFA/triethylsilane

urea—glutamate."® The glutamate moiety is essential for bind-
ing to the pharmacophore pocket of PSMA.' Therefore,
a linker to the g-amino group of lysine is required. To leave the
PSMA binding affinity unaffected, Pomper and co-workers de-
termined 20 A as the minimum distance between the lysine
moiety and a large fragment such as NPs.*” Consequently,
Boc-protected 6-aminohexanoic acid was coupled to the basic
inhibitor structure lysine-urea—glutamate.”” After removal of
the protecting groups, compound 17 was conjugated to the
NHS-activated carboxylic acid 18 (Scheme 3).

We note that linking of the enantiomerically pure inhibitor
to racemic 18 leads to a mixture of diastereomers. The two
diastereomers could not be separated with preparative high
performance liquid chromatography (HPLC). We continued the
study without further separation, assuming that the distant
(racemic) chelating moiety does not impede the interaction of
the enantiomerically pure receptor ligand with the target. The
final compound HS-PEG-DAP-TF 20 with the targeting function
(TF) was obtained after another deprotection step. In 20, the
distance between the e-nitrogen of lysine and the thiol-group
is 21.3 A and meets therefore the aforementioned require-
ments (Supporting Information, Figure S1).

The presented synthetic pathway of compound 12 requires
twelve steps when starting from commercially available ethyl
cyanoacetate and tetraethylene glycol. Compound 20 can be
synthesized in eight steps from the intermediate 11. The indi-
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Scheme 3. Synthesis of HS-PEG-DAP-TF 20 (only key steps are drawn, the stereochemistry of the DAP-chelating
moiety is omitted for simplicity). h) Triethylamine (TEA), DMF/H,O (4:1), RT, 48 h; i) CH,Cl,/TFA/TES (20:8:1.5), RT,

2 h.

vidual steps are fast and of good to very good yields (Support-
ing Information, Experimental Section). Flexibility of the design
of this multifunctional ligand system is only restricted for syn-
thetic and analytical reasons by the length of the PEG linker. It
is well known that PEGs of molecular weights higher than
2 kDa reduce (undesired) fast clearance through the reticuloen-
dothelial system (RES) by endowing the NPs with “stealth”
properties.”” However, commercially available PEGs of high
molecular weights for a reasonable price consist of a distribu-
tion of chain lengths, which is not compatible with a well-de-
fined design. Our synthetic procedure, especially careful char-
acterization, requires PEGs with clearly defined chain lengths;
hence, we used tetraethylene glycol due to its high purity,
which allows silica gel column chromatography separations of
single products.

Synthesis, functionalization, and characterization of NPs

Hydrophobic QDs and AuNPs were synthesized following pub-
lished procedures.”™ The preparation of oleylamine-stabilized
AuNPs limits particle sizes from 6 to 14 nm in diameter. AUNPs
with two different core diameters (6.6+0.3 and 13.8+0.4 nm,
referred to as Au”NPs and Au™NPs in this article, respectively)
were synthesized for assessing the size effect throughout bio-
logical evaluations (Figure 1B and C). The characteristic optical
property of AuNPs is the surface plasmon resonance (SPR)
peak, which was found at 520 nm for Au”’NPs and at 522 nm
for Au™NPs, respectively (Figure 1E and F).?¥ CdSe/ZnS core-
shell QDs with a diameter of 6.4+0.1 nm were synthesized to
exploit the applicability of the coating ligands 12 and 20 for
this NP type (Figure 1A). Hydrophobic QDs showed the first
excitonic peak at 642 nm, an emission maximum at 648 nm
and a quantum yield (QY) of 42% (Figure 1D).

For radiolabeling experiments and biological studies, water
solubility of the synthesized NPs is a crucial issue that is ach-
ieved by substituting the hydrophobic encapsulation with hy-
drophilic HS-PEG-DAP (12) and HS-PEG-DAP-TF (20), respective-
ly. Recently, Mattoussi and co-workers reported a UV-promot-
ed, biphasic approach for the phase transfer of CdSe/ZnS
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QDs.®  They applied this
method to lipoic acid derivatives
and showed a reduction of the
disulfide upon UV-excitation, fol-
lowed by replacement of the hy-
drophobic capping ligands. Li-
17 gands 12 and 20 are not based
on lipoic acid but successful
phase transfer was still achieved
along the same strategy. We
note that other commonly ap-
plied methods such as biphasic
o exchange with CHCl; and phos-
phate buffered saline (PBS,
pH 7.4),°¥ a two-step procedure
using histidine as an intermedi-
ate coating,”® or mixing hydro-
phobic NPs and thiol-ligands in
CH,Cl, or tetrahydrofuran, all failed. For functionalization, QDs
or AuNPs were dispersed in hexane and mixed with an excess
of ligands 12 and 20 in methanol for 50 min under UV-irradia-
tion at 365 nm. This photo-mediated ligand exchange led to
precipitation of the as-functionalized NPs. The precipitated NPs
were isolated, washed with methanol, and re-dispersed in PBS.
A 1:1 mixture of 12 and 20 resulted in highly water-soluble NP
conjugates. NPs coated with HS-PEG-DAP (12) only are poorly
soluble in PBS, likely due to the zwitterionic nature of the DAP
ligand, which induces electrostatic attractions during the
phase transfer and aggregation of NPs. HS-PEG-DAP-TF (20)
coated NPs expose negatively charged carboxylate groups;
electrostatic repulsion provides, thus, good water solubility. To
remove any free ligand, the functionalized NPs were finally pu-
rified with a PD-10 size-exclusion column.

Phase transfer of QDs did not affect spectroscopic properties
such as first excitonic peak or emission maxima (Figure 1D).
The QY dropped from 42 to 10% after phase transfer, attribut-
ed to an increased interaction of the QDs with the polar
media.”’ A good indication of surface modification and parti-
cle aggregation of AuNPs is provided by the SPR peak.”” The
functionalized AuNPs exhibited only a weak bathochromic
shift (AA=3 nm) compared with the oleylamine-stabilized
AuNPs (Figure 1E and F). The slight redshifts indicate no signif-
icant particle aggregation, which was further supported by dy-
namic light scattering (DLS) analysis. The NPs are mono-dis-
perse in PBS with an HDD of 13 (QDs), 14 (Au”NPs), and
20 nm (Au™NPs), respectively (Supporting Information, Fig-
ure S2). The increase of approximately 7 nm for all NPs as com-
pared with the diameter determined in TEM is in agreement
with the dimension of the coating ligand HS-PEG-DAP-TF 20
(/2.8 nm, based on the minimum energy structure; Support-
ing Information, Figure S1). All three NPs revealed negative C-
potential values between —21.2 and —22.2 mV in PBS, confirm-
ing the negative coating induced by the carboxylate groups of
ligand 20. Functionalization was evidenced by FTIR spectrosco-
py. The hydrophobic NPs showed typical C—H stretching vibra-
tions of the alkyl chains at 2916 and 2850 cm™' (Supporting In-
formation, Figure S3). Their intensities decreased substantially

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Representative TEM micrographs of: A) trioctylphosphine and trioctylphosphine oxide (TOP/TOPO)-coated 6.4+ 0.1 nm QDs, B) oleylamine-capped
6.6 +0.3 nm AuNPs, and C) 13.84+0.4 nm AuNPs (A was recorded with an Eagle CCD camera; B and C were recorded with a Gatan camera). Normalized fluo-
rescence and UV/Vis absorption spectra before (black line, measured in hexane) and after (red line, measured in PBS pH 7.4) functionalization with HS-PEG-

DAP (12) and HS-PEG-DAP-TF (20): D) QDs, E) Au”NPs, and F) Au"“NPs.

after ligand exchange. The appearance of characteristic urea vi-
brations in the region between 1626 and 1260 cm™ and
a PEG-stretching at 1086 cm™' supported ligand exchange. The
relevant analytical data after surface modification are summar-
ized in Table 1.

Table 1. Characteristic analytical data of functionalized NPs.

QDs Au”NPs Au"NPs
Amax [NM] 642 (648) 520 522
diameter [nm] 6.4+0.1 6.6+0.3 13.8+04
HDD [nm] (PDI)* 13 (0.4) 14 (0.3) 20 (0.2)
C-pot. [mV] (STD)Y —22.1(1.9) —22.2(2.0) -212(1.9)
te [min]@ 7.01 6.21 6.14
RCY™ [%] 10 78 49
RCP [9] >95 >95 >95

[a] Aer [nm]. [b] Polydispersity index. [c] Standard deviation. [d] Size-exclu-
sion HPLC analysis. [e] Radiochemical yield. [f] Radiochemical purity.

Radiolabeling

The building block for radiolabeling is [**™Tc(OH,);(CO),] ", pre-
pared directly from [*™TcO,]~ (IsoLink).”® The three water li-
gands of [*™Tc(OH,);(CO);]" are labile and readily exchangea-
ble with chelators such as DAP. For radiolabeling, a PBS solu-
tion of [*™Tc(OH,);(CO);]™ was added to NPs dissolved in PBS
(final NP concentration 1.0 mgmL~', Figure 2A). The labeling
progress was monitored by HPLC, equipped with a size-exclu-

Chem. Eur. J. 2015, 21, 1-11 www.chemeurj.org

sion column and three detectors (UV/Vis, fluorescence, and
gamma counter). Efficient and direct labeling of the NPs is
now feasible since DAP is a very strong chelator for the
[®™c(CO);]" fragment. No separate complex preformation of
complexes with NP affine functions and subsequent coating to
the NPs is required anymore. Best labeling yields for AuNPs
were achieved with a temperature gradient from 50 to 70°C
over 1 h and a subsequent incubation for another hour at
70°C. Labeling temperature for QDs should not exceed 60°C
since formation of precipitates was observed at higher
temperatures.

Chelator and *™Tc complex concentrations are highly dilute.
For kinetic reasons, quantitative labeling can thus hardly be
achieved in these bimolecular reactions. Estimating the maxi-
mum theoretical number of HS-PEG-DAP 12 units on AuNPs re-
sults in a ligand concentration between 107 to 107°m for
1 mgmL™" NPs (Supporting Information). This highest concen-
tration is lowered by the actual bound ligand density on the
NP surface and by further dilution with the DAP-derived tar-
geting molecule 20. Therefore, concentrations between 107°
and 1077 m are a more realistic estimation. [*™Tc(OH,);(CO),]*
concentration is between 1078 and 10~°m, bimolecular reac-
tions become therefore very slow especially with inert d® cen-
ters like the present Tc' core. Taking these factors into account,
the obtained radiochemical yields (RCY) after purification are
remarkable and mirror the potency of the DAP chelator (Fig-
ure 2B-D, Table 1). If higher temperatures are compatible with
NPs, the RCY yields could become quantitative. At the same

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Radiolabeling scheme of NPs. Normalized HPLC traces of: B) QDs, C) Au”NPs, and D) Au"“NPs after purification. The analysis includes absorbance
at 365 nm (black line), fluorescence at 650 nm (green line), and y-counts (blue line). Please note that the difference of 0.1 min between the absorbance and
y-counts is due to the detector setup in which the y-detector is located after the UV-detector.

mgmL~" amounts, Au”NPs exhibit a higher RCY since the
larger surface area as compared to Au™NPs leads to a higher
chelator concentration (for equal amounts of NP) for labeling.

Chemical and serum stability

For stability assessment, the labeled NPs were kept under air
at 40°C for 12 h in PBS and at 40°C for 3 h in fetal bovine
serum (FBS), whereas the radiolabeled NP solution (10 uL) was
mixed with FBS (100 pL). HPLC analysis of the AuNP samples
revealed for both stability experiments trace amounts of re-
leased [*™Tc(OH,);(CO);1" and [*™TcO,]”. The radiochemical
purity (RCP) was still >95%, underlining the robustness of the
DAP complex bound to the AuNP conjugates (Supporting In-
formation, Figure S4B and C). We did not detect released 12
coordinated to the [*™Tc(CO);]" moiety. Labeled QDs are more
sensitive and precipitates were observed after 12 h at 40°C.
Centrifugation and HPLC analysis of the supernatant revealed
#™Tc-labeled HS-PEG-DAP, released as an entity from the QD
surface (Supporting Information, Figure S4A). Released coating
ligand was also observed in the experiments with FBS. Loss of
complex and free ligand from the QDs reduced their hydro-
philic character. Exposition of the hydrophobic ZnS shell leads
then to precipitation of the QDs. AuNPs did not show this be-
havior, emphasizing their superior stability over QDs. For long-
term stability assessment, NPs were kept in PBS at 4°C for one
week after labeling. Over this period, radioactivity decreased to
zero and colloidal stabilities of the now “inactive” NP samples
could be studied. DLS and HPLC analyses confirmed that radio-

Chem. Eur. J. 2015, 21, 1-11 www.chemeurj.org
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labeling did not affect the HDD of the AuNPs. The optical
properties of the AuNPs were preserved and no shift or broad-
ening of the SPR peaks was observed. After one week at 4°C
the QY of the QDs decreased from 10 to 7%, corroborating
coating ligand detachment and decreased colloidal stability
(see above, and the Supporting Information, Figure S5).* This
stability problem might be overcome by anchoring the ligands
with multiple thiol groups to the surface of QDs.”” High stabil-
ities are crucial for in vitro and in vivo studies since dissocia-
tion of the radiolabel leads to false assessments of the location
of the NPs. Hence, we focused on Au”NPs and Au"“NPs for
further biological evaluation.

Colloidal stability and cellular uptake studies

Having assessed chemical and serum stabilities, colloidal stabil-
ities of NPs under physiological conditions are equally impor-
tant. The SPR band is very sensitive to changes in the AuNP
environment, thus, respective shifts are good indicators for ad-
sorbed serum proteins.”” Au”NPs and AuNPs in PBS were
mixed with FBS and incubated at 37 °C. Insignificant changes
in the spectra and SPR band of Au”NPs indicated little to no
interaction with serum proteins, whereas Au"NPs exhibited
a redshift of approximately 1 nm over the period of 24 h (Sup-
porting Information, Figure S6). Shifts of 1 nm are not fully
conclusive, therefore, HPLC size-exclusion analyses were per-
formed after 24 h incubation for both probes. Retention times
remained unchanged for both AuNPs. In agreement with litera-
ture, reporting reduced binding of negatively charged serum

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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proteins to neutral or negatively charged NP surfaces, substan-
tial blood serum protein binding can therefore be ruled out.”

For in vitro evaluation of the NP bioconjugates, we selected
the LNCaP cancer cell line, which overexpresses PSMA and is
therefore well suited for monitoring uptake by TEM. Literature
studies report cellular uptake dependence on NP size, shape,
and surface coating.®? Since the membranes expose an anion-
ic, hydrophilic outer surface, the charge of the NP coating is
particularly important.*® Cationic NPs show generally a higher
intracellular uptake as anionic or neutral NPs.*¥ Uptake prefer-
ences change when NPs are actively transported into the cell,
for example, the urea-glutamate targeting function may still ef-
ficiently dock to the cell surface-bound PSMA. LNCaP cells
were thus incubated with Au”NPs (179 ugmL™") and Au"“NPs
(189 ugmL™") for 30s. After washing and fixing the cells, the
samples were embedded in Epon resin to cut ultrathin sections
for TEM analysis. The images evidence a localization of AuNPs
as black spots on the cell surface (Figure 3 A, B, and Supporting
Information, Figure S7a). EDX confirmed the identity of the
black spots and control experiments without AuNPs did not
exhibit similar black spots in the TEM images (Supporting In-
formation, Figure S7b). The cells were then incubated for
90 min to localize AuNPs within the cells. Au”NPs were found
entrapped in endomembrane compartments, either as single
particles or as aggregates (Figure 3C and D). Au™NPs were
mainly present as single particles in the cytosol without being
integrated in endosomes (Supporting Information, Figure S7a).
To exclude non-specific uptake of AuNPs, we carried out con-
trol experiments under the same conditions with Cos7, a cell
line not overexpressing PSMA. None of the TEM images evi-
denced any AuNPs inside the cells (Supporting Information,
Figure S7c), suggesting an active uptake of the AuNPs through
the PSMA receptor. Further investigation of the exact uptake
mechanism was not carried out at this stage because the main
focus was on in vivo evaluation.

In vivo microSPECT imaging and ex vivo biodistribution
studies

The in vivo behavior of the radiolabeled Au”’NPs and Au“NPs
was studied in nude NMRI mice bearing LNCaP tumor xeno-
grafts in the region of the left shoulder. After radiolabeling and
purification of 1.0 mg AuNPs, the compounds were adminis-
tered through intravenous injection (i.v.) in concentrations
ranging from 50 to 250 ug AuNPs per 0.2 mL injected volume.
The ex vivo biodistribution data at 60 min post injection (p.i.)
revealed a high uptake in the liver and the spleen for Au”NPs
and Au™NPs, respectively (Figure 4, detailed % numbers in
the Supporting Information, Table S1).

Clearance through the hepatobiliary pathway was expected
for both AuNPs based on the HDD and negative surface
charge.”™ The radiolabeled NPs showed a low non-specific
tissue uptake and tumor uptake was low for both probes.
AU”NPs and Au"NPs are rapidly cleared to the liver and
spleen. Residence time in the circulation is too short for tumor
accumulation. MicroSPECT images at an early stage (0-20 min)
display almost the entire injected dose in the liver and spleen

Chem. Eur. J. 2015, 21, 1-11 www.chemeurj.org
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Figure 3. Representative TEM images of LNCaP cells after: A,B) 30 s, and
C,D) 90 min incubation of Au”NPs. Due to the high contrast of AuNPs, the
sections were used without further contrasting. The location of the AuNPs is
indicated with arrows.

(Figure 5). The short blood half-life of the compounds indicate
quick caption of the NPs by the phagocytic cells of the mono-
nuclear phagocyte system, which consequently decreases the
chance of adequate tumor uptake. This could be improved by
preparing NP formulations with a neutral surface charge (C-po-
tential ~ 45 mV),®'? although this is very challenging with
ligand 20 bearing multiple carboxylate functionalities on the
very outer surface.

Interestingly, in the early and later (40-60 min) stage micro-
SPECT images of Au”\NPs, the spine, the ribs, and the skull are
nicely visualized, features not found for Au”NPs (Figure 5 and
Supporting Information, Figure S8). We first interpreted this
observation as uptake by the RES organs, which include the
bone marrow. For testing this hypothesis, the femur of the left
leg and bone marrow from the spinal column were isolated for
ex vivo biodistribution analyses. The bone marrow uptake of
Au”NPs  (0.134+0.02%IDg") and Au™NPs  (0.12+
0.07%IDg™") are low and almost identical for both AuNPs. The
bone uptake of the Au”NPs (3.814+0.61%IDg"") on the other
hand is significantly higher as compared with the Au™NPs
(0.884+0.34%IDg™"). These data are in agreement with the mi-
croSPECT images and indicate an interaction with the bone
mineral itself rather than an uptake by the bone marrow. More
importantly, these are clear indications that overall bone
uptake depends on the size of AuNPs, a conclusion that is sup-
ported by the biodistribution analyses. Metabolite analysis of
the blood plasma and urine should give further insights into
the molecular background of this uncommon, size-dependent
bone uptake. HPLC analysis of the blood plasma 1h p.i
showed approximately 50% of radiolabeled Au”NPs un-
changed, but only 7% of the injected Au"“NPs appeared
intact (Supporting Information, Figure S9). According to HPLC
analyses of the urine, *™Tc was mostly present as low molecu-
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Figure 4. Ex vivo biodistribution in LNCaP xenograft mice of: A) Au”NPs,
and B) Au"“NPs, expressed as percentage of injected dose (%ID) per gram
organ (mean =+ standard deviation, n=5).

lar weight species. Metabolites resulting from the NP-coating
degradation may be the reason for the uptake in the kidneys
since renal clearance of the radiolabeled AuNPs can be ruled
out.

According to blood plasma analyses, Au™NPs are metabo-
lized to a higher degree than Au”)NPs, providing an adequate
explanation for the differences in bone accumulation. In vivo
degradation of the coating ligands and concomitant loss of
the carboxylates has a crucial impact on the surface charge of
the AuNPs. Glutamic acid residues in proteins such as osteo-
nectin have a high binding affinity for hydroxyapatite (synthet-
ic analogue for bone mineral).® Therefore, the loss of carbox-
ylate groups in the NPs will decrease the affinity for bone min-
erals. Since Roeder and co-workers suggested glutamic acid-
functionalized AuNPs as X-ray contrast agents for damaged
bone tissue in a recent study,®” the affinity of Au”NPs for
bone mineral was assessed with water-insoluble hydroxyapa-
tite. A suspension of hydroxyapatite (2 mg) in a 1.0 mL solution
of Au”NPs (1.0 mgmL~", PBS pH 7.4) was kept at 37°C and
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Au™NPs
20 min p.i.

Au"¥NPs
20 min pii.

Figure 5. In vivo microSPECT images at early scan stage (0-20 min) of
Au”NPs and Au“"“NPs (sagittal planes on the left and coronal planes on the
right). The injected dose for Au”NPs probe was 71 MBq and for the
Au"NPs probe 66 MBq.

UV/Vis spectra taken at different time points. A constant de-
crease of the SPR peak and steady decolorization of the solu-
tion evidenced binding of the negatively charged AuNPs to
the hydroxyapatite  surface  (Supporting Information,
Figure S10).

The microSPECT images together with the quantitative *™Tc
biodistribution data are a good but not unambiguous indica-
tion for intact, radiolabeled Au”’NPs bone binding. These in
vivo data could still result from metabolites or radiolabeled
ligand leach from Au”’NPs. Only quantitative data on gold dis-
tribution, paralleling the one of *™Tc¢, would unambiguously
support intact NP binding. Therefore, the Au amount on the
femur of the imaged mice shown in Figure 5 was quantified
with ICP-MS. The femur of the mice injected with Au”’NPs
(71 MBq ID) exhibited an amount of 0.63 pg of Au on the bone
(57 mg), whereas 0.11 ug of Au was measured on the femur
(51 mg) injected with the Au"*NPs sample (66 MBq ID). These
values are fully consistent with the data obtained from the ex
vivo biodistribution studies with ®™Tc and strongly support the
affinity of the intact, radiolabeled AuNPs for bone mineral.

Conclusion

A new coating ligand for thiophilic NPs, containing a terminal
thiol group, a PEG linker and the DAP chelator (HS-PEG-DAP)
represents a core molecule acting as a chelator and an anchor
for targeting functions. The principal affinity for NP surfaces re-
mains thereby unchanged. The biovector conjugation was ex-
emplified with a small molecule PSMA inhibitor, based on the
lysine—urea—glutamate sequence (HS-PEG-DAP-TF). AuNPs (7
and 14 nm) and QDs (6 nm) were derivatized with a 1:1 mix-
ture of HS-PEG-DAP/HS-PEG-DAP-TF and directly labeled with
[®™Tc(OH,)5(C0O);]1 ", demonstrating the high potency of the
DAP chelator even at high dilution. Whereas derivatized QDs
revealed partial detachment of coating ligands, the radiola-
beled AuNPs are highly stable. In vitro uptake studies with
LNCaP cells and 7 nm and 14 nm AuNPs showed active uptake
of AuNPs, indicative for an interaction between the targeting
function on the AuNPs and the membrane antigen PSMA. In
vivo evaluation in nude NMRI mice harboring LNCaP xeno-
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grafts exhibited fast clearance from the blood pool through
hepatobiliary excretion and low tumor uptake. Metabolite anal-
ysis uncovered a higher stability of 7 nm AuNPs in the blood
and a 4-5 times higher bone uptake compared with 14 nm
AuNPs. The high affinity for bone mineral was confirmed with
in vitro experiments with hydroxyapatite.

In future, the major challenge consists in the design of
probes with decent blood retention for tumor accumulation.
The conjugation of molecules with tunable surface charges to
the HS-PEG-DAP building block will induce prolonged blood
retention time of DAP-based coating ligands. Efforts in this di-
rection are currently underway in our laboratories.

Experimental Section

Materials, characterization, and synthesis of HS-PEG-DAP
(12) and HS-PEG-DAP-TF (20)

A detailed description can be found in the Supporting Information.

Synthesis of CdSe/ZnS core/shell QDs

CdSe/ZnS core/shell nanocrystals were prepared according to a re-
ported procedure.”*® Briefly, trioctylphosphine oxide (5 g), hexade-
cylamine (2.5 g), and trioctylphosphine (1.25 mL) were kept under
vacuum at 130°C for 1 h. Under atmospheric pressure the temper-
ature was elevated to 350°C. In a separate flask, cadmium acetyla-
cetonate (155 mg), 1,2-hexadecanediol (300 mg), and trioctylphos-
phine (2.5 mL) were heated under vacuum to 100 °C until the solu-
tion became homogeneous. After cooling to 80°C under atmos-
pheric pressure, 2.5 mL of a 1m solution of selenium powder in tri-
octylphosphine (2.5 mL) was added. This mixture with the
cadmium and selenium precursors was immediately injected into
the 350°C hot flask and then cooled to 270°C. At this temperature
the mixture was stirred for 60 min and after cooling to room tem-
perature, butanol (50 mL) was added to precipitate the QDs. After
centrifugation and removal of the supernatant, the QDs were dis-
persed in hexane (5 mL) and the precipitation procedure was re-
peated twice. For the overcoating, trioctylphosphine oxide (30 g)
was kept under vacuum at 120°C for 2 h. The purified CdSe QDs
from step 1 were dispersed in hexane (10 mL) and 1 mL of this so-
lution was added to the trioctylphosphine oxide at atmospheric
pressure. The solvent was removed under vacuum. At atmospheric
pressure, the mixture was heated to 180 °C. In a separate two-neck
round-bottom flask trioctylphosphine (4 mL), diethyl zinc (1m in
hexane; 1.0 mL), and hexamethyldisilathiane (180 mg) were mixed
and loaded into a syringe. This solution was slowly added to the
QD solution and afterwards the temperature was lowered to 80°C.
The mixture was stirred at 80°C for 2 h and the overcoated QDs
were isolated by precipitation with butanol (30 mL) and
centrifugation.

Synthesis of AuNPs

AuNPs were prepared according to a reported procedure. Brief-
ly, a solution of toluene (49 mL) and oleylamine (2.9 mL) were
heated to 115°C. In a separate flask tetrachloroauric acid trihydrate
(60 mg) was dissolved in oleylamine (1.2 mL, 3.7 mmol) and tolu-
ene (1 mL). The gold precursor solution was injected in one por-
tion to the boiling solution and the mixture was heated at reflux
for 9 (6.6 nm AuNPs) or 130 min (13.8 nm AuNPs). The particle
growth was quenched by the addition of methanol (100 mL) and
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the precipitate was isolated by centrifugation. The product as
a black solid was washed three times with methanol and dried in
vacuo.

Functionalization of QDs and AuNPs

The photoinduced phase transfer was adapted from a reported
procedure with modifications.”” Briefly, a mixture of HS-PEG-DAP
(7.4 mg, 25 pmol) and HS-PEG-DAP-TF (17.1 mg, 25 umol) were dis-
solved in methanol (0.8 mL) and transferred in a nitrogen-flushed
glass vial with a magnetic stir bar, sealed with an aluminum crimp
cap with a butyl septa. NPs (ca. 1.0 mg) were dispersed in hexane
(0.8 mL) and overlaid on the methanol phase. The glass vial was
placed in front of a UV lamp (365 nm) and irradiated under vigo-
rous stirring for 50 min. During this procedure, the originally
purple hexane phase became completely transparent, whereas the
as-functionalized NPs precipitated and the free ligands stayed dis-
persed in the solvent. The supernatant with excess ligands was re-
moved by decantation. The precipitated NPs were washed with
methanol and dispersed in PBS pH 7.4 (0.5 mL). A further purifica-
tion step was performed with a PD-10 size exclusion and PBS
pH 7.4 as a mobile phase. The colored fraction was collected and
TEM, UV/Vis, IR, DLS, and C-potential analyses were carried out.

Labeling of functionalized QDs with [**™Tc(OH,);(CO);]*

An aqueous solution of [*™Tc(OH,);(CO);]™ (0.5 mL, pH 7-8) was
added to QDs in PBS pH 7.4 (0.5 mL). The mixture was stirred using
a temperature gradient (50-60°C) over 60 min and additional stir-
ring at 60 °C for 60 min. Radiolabeled QDs were purified with a PD-
10 column, whereas only the reddish-colored fraction was collect-
ed and analyzed with size-exclusion HPLC.

Labeling of functionalized AuNPs with [**™Tc(OH,);(CO),1*

An aqueous solution of [®™Tc(OH,),(C0O);]" (0.5 mL, pH 7-8) was
added to purified AuNPs in PBS pH 7.4 (0.5 mL). The mixture was
stirred using a temperature gradient (50-70°C) over 60 min and
additional stirring at 70°C for 60 min. The radiolabeled AuNPs
were purified with a PD-10 column, whereas only the purple-col-
ored fraction was collected and analyzed with size-exclusion HPLC.

Cellular uptake studies

LNCaP (ATCC CRL-1740) and Cos-7 (ATCC CRL-1651) cell lines were
purchased from ATCC (France). Both cell lines were cultured ac-
cording to the ATCC guidelines and seeded on glass coverslips,
which were placed in 24-well plates. The cells were incubated with
400 pL AuNP solution (PBS pH 7.4/medium 1:4) for 30 s and 90 min
at 37°C under 5% CO, atmosphere. The concentration of 7 nm
AuNPs was 179 ugmL™" and of 14 nm AuNPs it was 189 pgmL™'
(determined by ICP-MS). Control experiments for both incubation
times were carried out under the same conditions, but without
using AuNP solution. After incubation, the AuNP solutions were re-
moved, the glass coverslips were washed with PBS and transferred
into well plates containing 2.5% glutaraldehyde in 0.1m PB solu-
tion. After fixation at 4°C for 1 h the samples were washed with
PBS and incubated in 1% osmium tetroxide in 0.1m PB at room
temperature for 30 min. After washing with water, the cells were
dehydrated in an increasing concentration of ethanol (70, 96, and
100%). The cells were infiltrated in a mixture of Epon 812 resin
and ethanol (2:1) and finally embedded in pure resin at 60°C for
60 h. Ultrathin sections (65 nm) were cut with a Reichert Ultracut
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and collected on electron microscopy grids. TEM was performed
on a Philips CM100.

In vivo studies and ex vivo biodistribution analysis

All animal experiments were conducted according to the Dutch
code of practice for the care and use of animals, after approval
from the local animal ethics committee. Animals were male nude
NMR mice, both purchased from Harlan (Netherlands) and 12
weeks old at the start of the experiment. For the tumor inoculation
LNCaP cells (ATCC CRL-1740) were cultured according to the ATCC
guidelines and 1 million cells in 200 uL volume were subcutane-
ously injected in the left shoulder. Tumors were allowed to grow
for 4 weeks, and reached a volume of 0.2-1.0 cm®. The xenograft-
bearing mice were anesthetized using isoflurane gas in oxygen (in-
duction 2.5%, maintenance 1.5%) flowing at 2 Lmin~' prior and
during the injection of the compounds. The mice were injected
through the tail vein with 10-70 MBq radiolabeled AuNPs in
200 pL of PBS pH 7.4. After each study, the mice were sacrificed by
intraperitoneal injection of pentobarbital. Blood was collected im-
mediately after sacrifice by cardiac puncture and the other organs/
tissues were harvested, weighted, and counted in an automated
gamma counter (PerkinElmer Wallac Wizard 1480 automatic
gamma). The data are expressed as mean percentage injected
dose per gram (%1Dg~") & standard error of the mean.

MicroSPECT imaging

Single photon emission computed tomography (SPECT) images
were obtained on a U-SPECT-Il scanner (MliLabs) equipped with
three vy-detectors. MicroSPECT studies were performed right after
i.v. of the radiolabeled AuNPs and the mice were kept anesthetized
with 1% isoflurane gas in oxygen flowing at 0.25Lmin~". The
length of the scan was set to 20 min to obtain three sets of data,
corresponding to 0-20, 20-40, and 40-60 min p.i. of the tracer. The
SPECT data were acquired and reconstructed with the software
that is provided with the U-SPECT-Il scanner (MiLabs). Image analy-
sis was performed with PMOD software (version 2.9, PMOD Inc.).

Metabolite analysis

Blood samples were withdrawn and immediately transferred into
heparinized centrifugation tubes. After centrifugation for 5 min at
2000 g, the separated plasma was directly injected into size-exclu-
sion HPLC. Urine samples were injected directly after isolation
without any additional preparation.
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Radiolabeling in a direct way: A new
bifunctional coating ligand for nanopar-
ticles (NPs) allows fast and efficient radi-
olabeling with [**™Tc(OH,);(C0);]1" (see
figure; DAP = 2,3-diaminopropionic
acid). A particular focus lies on stability
experiments of the radiolabeled probes,
both in vitro and in vivo. Metabolite
analysis revealed a superior stability of
functionalized 7 nm AuNPs as compared
with 14 nm AuNPs, which might cause
different bone uptake behavior as
shown in this study.
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