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ABSTRACT: We have devised a molecular-to-micellar strategy to incorporate a lanthanide nanoplatform for the delivery of
an anti-cancer drug that simultaneously offers hybrid near-infrared (NIR) and magnetic resonance imaging (MRI) capabili-
ties with defined lanthanide(Ill) ratio control. This cancer-selective lanthanide-based self-assembled nanocomposite
(LnNPs) has been synthesized by conjugating lanthanide-cyclen complexes (cycLn) with a well-known drug - camptothecin
(CPT) - through a redox-sensitive disulfide bond (-ss-). By accurately controlling the ratio of Gd(III)- and Yb(III)-complexes,
we prepared hybrid nanoparticles (Gd/YbNPs) with both NIR and MR imaging properties. The enhanced stability at ultra-
low critical aggregation concentrations (CAC), simultaneous optical and MR imaging, improved delivery/chemotherapeutic
efficiency, and cancer cell selectivity of such nanomicellar theranostic prodrugs in vitro and in vivo has thus been achieved
and validated. The work provides a blueprint combining stimuli-activated NIR luminescence and real-time MR imaging into
a safe and biocompatible nanoplatform for selective cancer treatment. Keywords: Nanocomposite, Prodrug, Lanthanide,
Theranostics, Multimodal Imaging

Introduction signed and synthesized for dual- or multifunctional platforms,
we strongly believe that quantitative control of these nano-

Recently, lanthanide(III) complexes appear in the limelight ) i ) e X
materials greatly hinders their qualitative efficacy. The ad-

for both magnetic resonance (MR) and optical imaging.1-*

Gadolinium (Gd) based chelates are widely used as contrast
agents (CA) to enhance MR image contrast and improve diag-
nostic accuracy. On the other hand, ytterbium (Yb) based
complexes exhibit lanthanide luminescence in the near-
infrared (NIR) region, with minimal autofluorescence for opti-
cal imaging5¢ These two imaging modalities complement
each other in terms of resolution and sensitivity. Furthermore,
self-assembling and self-delivering activatable macromole-
cules have attracted much attention over the past decade for
drug delivery applications, owing to their ability to encapsu-
late small molecules in a high-loading and carrier-free man-
ner. This means of delivery is especially useful when the cargo
of interest has poor water-solubility, which is the case for
most potent anti-cancer drugs. As a result, we set out to devise
a dual-functional self-assembled platform for real-time imag-
ing and drug delivery.

While it is common in the literature, especially over the past
decade, that lanthanide-doped nanomaterials have been de-

vantage of doped nanomaterials can in fact be its greatest
disadvantage as well: by mixing different Ln3+ precursors,
different properties can be imparted to the nanomaterials.
However, precise control of the ratio of the Ln3* content re-
mains challenging with respect to reproducibility at the syn-
thetic stage, and it is not always possible to guarantee that the
ratio of Ln3+ precursors is preserved in the isolated product,
creating another quality control problem. Without having a
well-defined Ln3+ ratio, it is impossible to optimize different
properties in the same system. Moreover, any toxicity brought
about by the leaching of trace amounts of free Ln3* cannot be
traced back.

Therefore, in this work, we propose a “proof-of-concept so-
lution” for the development of lanthanide-based dual-
functional drug delivery platforms, in the form of self-
assembled molecular nanocomposites with defined control of
the metal ion ratio.



There have been reports on designing self-assemblies of
lanthanide complexes in literature.”.8 For simple imaging enti-
ties, Rao et al, Ye et al, and Meade et al, respectively, have
reported smart in vitro enzymatic reaction-based self-
assembling MRI contrast agent,® an in vivo self-aggregating
fluorogenic small-molecule MR/NIR imaging probe,1® and a
self-assembling  AlEgen-Gd/DOTA-peptide-based bimodal
luminescence-MRI contrast agent respectively.!! There have
also been literature reports on using Gd-complexes to develop
theranostic prodrugs: Shen et al. documented a novel MRI
theranostic in vivo prodrug self-assembled from small am-
phiphilic Gd/DTPA-CPT conjugates (i.e. acyclic ligand), but
their cancer cell selectivity is unknown.12 Gao et al. disclosed
an in vivo tumor-targeting MRI theranostic biotin-Gd/DOTA-
CPT (i.e. cyclic ligand) molecular probe with outstanding re-
sults, but the probe cannot self-assemble for better delivery.13

Camptothecin CPT, a well-known anti-cancer drug with
poor water-solubility, is a naturally occurring compound that
possesses high cytotoxicity in many cell lines by targeting
DNA topoisomerase | and inducing apoptosis. At equilibrium,
CPT exists in the active closed lactone form and an inactive
open-carboxylate form. However, the major limitations of the
active form, in addition to poor aqueous solubility, includes
ready hydrolysis (instability) and poor selectivity towards
cancer cells, each of which restrict its full clinical transla-
tion.14-17 Various classes of stimuli-responsive, nanoparticle-
based CPT nano-prodrug have been developed as delivery
vehicles by self-assembly.18-20 The CPT encapsulation into
amphiphilic micellar/polymeric systems,21-27 and the for-
mation of amphiphilic polymer-CPT conjugates?2829.38-40,30-37
represent two promising paradigms. Although each paradigm
shows improved chemotherapeutic efficacy of CPT, the for-
mer cage systems suffers from either inevitable leakage or
loading inefficiency issues, while the latter branched polymer-
ic systems give rise to problems of structural heterogeneity in
synthesis combined with the intrinsic unavailability of pre-
cise, real-time monitoring of drug release.41-43

To integrate these theranostic CPT prodrug advantages
whilst addressing the universal shortcoming of an ill-defined
metal content ratio in doped/surface-functionalized nanopar-
ticle systems, we have set out to develop one-component, mul-
tifunctional, self-assembling theranostic nano-agents, which
combine both NIR/MR imaging capacities for real-time moni-
toring and selective cancer imaging diagnosis and CPT chemo-
therapy, thereby offering an excellent “all-round” solu-
tion.39.44-51

In this proof-of-concept study, we decided to use lantha-
nide-CPT nano-conjugates to demonstrate our model design.
We have rationally designed a molecular-to-micellar nano-
composite system, based on the self-assembly of cyclen-based
Gd- and Yb-complexes (cycLn) for MR response and NIR imag-
ing properties, respectively, where the metal content ratio can
be controlled by mixing at the molecular phase and is deter-
mined with its almost uniform micellar size. Cyclen-derived
macrocycles are known to be highly stable chelators for Ln3+
and their pharmacokinetic properties are well studied; we can
control the localization of our nanocomposite without letting
it accumulate non-selectively. We conjugated the hydrophobic
CPT moiety to the hydrophilic cycLn entity through a disulfide
bond linker. Encapsualtion of CPT was automatically achieved
when the amphiphilic complexes (cycLn-ss-CPT) self-
assembled into micellar nanoparticles (LnNPs) to reduce in-
jury to normal cells, with the charged cycLn protruding out-
wards to improve overall water solubility. Under the unique
tumor microenvironment, the high local glutathione (GSH)

concentration can act as an intracellular trigger for the cleav-
age of the redox-responsive disulfide bond through a thiol-
disulfide exchange reaction.13.30.54-59,31,35,36,38-40,5253 Thus, after
cellular internalization of cycLn-ss-CPT nanoparticles, free
CPT can be released in situ to kill cancer cells. Meanwhile, T1-
weighted MR images and enhanced NIR imaging intensity and
CPT luminescence intensity can be observed within the sys-
tem.

Hereby, we introduce a direct real-time MRI/Vis/NIR moni-
toring of cancer-selective controlled releasing systems of the
cytotoxic CPT through a self-assembling multimodal
theranostic micellar lanthanide-CPT prodrug design, with the
lanthanide metal ratio in the nanocomposites LnNPs being
controllable by this molecular approach. In particular, we
have been able to confirm the delivery of cycLn-ss-CPT in vivo
which is highly stable even at ultralow critical aggregation
concentrations (CAC).6061 This work heralds the vision we
have for designing the next generation of drug delivery and
theranostic nanoplatforms, with hybrid dual-imaging capabili-
ties, specific anti-cancer effects, and well-defined molecular
tunability with control of the metal content ratio.
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Figure 1. Schematic view of the chemical structure and hybrid
MRI/NIR imaging of Gd/YbNPs.

Results and discussion

Synthesis of the amphiphiles cycLn-ss-CPT. The am-
phiphiles cycLn-ss-CPT (Ln = Gd for MR imaging, Yb for
NIR imaging, and Eu for luminescence analysis) were syn-
thesized via a ten-step process (Fig. 1, Schemes S1 and S2).
The detailed synthetic procedures are described in the SI.
cycLn-ss-CPT were purified by preparative high-
performance liquid chromatography (HPLC), and charac-
terized by analytical HPLC, HRMS, and FT-IR. UV-Vis also
confirmed that cycLn-ss-CPT had the characteristic ab-
sorption peaks of both cycLn (~ 330 nm) and CPT (~ 360
nm and ~ 380 nm) (Fig. S13, S15 and S18). Emission spec-
tral analysis further verified the successful synthesis, spe-
cifically, emission peaks of both cycLn (characteristic
emission peaks of Yb and Eu) and CPT (~ 430 nm) were
apparent. It was found that the luminescence of CPT was
quenched in cycLn-ss-CPT compared to free CPT, likely
due to the metal quenching effect, although the extent of
quenching varied somewhat in the different Ln(III) com-
plexes (Fig. S14, S16, S17, S19, and S20). Hydration num-
bers of the amphiphiles were calculated by measuring the
lifetimes of cycEu-ss-CPT in H:0 and D20 (Fig. S21 and
S22; Table S2). The results showed that one H20 molecule
was directly coordinated to the Ln(III) core, consistent



with the requirement of cycGd-ss-CPT as an MRI contrast
agent.
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Figure 2. TEM images of (a) GdNPs, (b) YbNPs, (c)
Gd/YbNPs, (d) EuNPs, (e) EuNPs + GSH, and (f)
Gd/YbNPs + GSH. (g) Size distribution, and (f) Zeta-
potential of EuNPs, GANPs, YbNPs, and Gd/YbNPs with
GSH (in green bars) and without GSH (in red bars) deter-
mined by DLS.

Self-assembly of the amphiphiles cycLn-ss-CPT and its
hybrids.

The conjugate cycLn-ss-CPT can spontaneously self-
assemble to form nanoparticles in aqueous solution in
keeping with its amphiphilic nature. CycLn-ss-CPT nano-
particles (LnNPs) were prepared using the simple and
effective dialysis technique (Fig. S7). Briefly, cycLn-ss-CPT
was dissolved in DMSO and the resulting solution was
added dropwise to deionised water in a dialysis tube. The
corresponding Gd/YbNPs (hybrid) was obtained by re-
moving DMSO through dialysis against water. The CAC
value is an important parameter that reflects the self-
assembling ability of cycLn-ss-CPT and the relative stabil-
ity of the assembled nanoparticles. The CAC of cycLn-ss-
CPT was measured to be ~ 0.62 uM using conventional
luminescence methods (a pyrene probe). An ultralow CAC
was also obtained using gold NPs as the probe,® consistent
with the remarkable stability of Gd/YbNPs and its capabil-
ity as a delivery platform for CPT (Fig. S4-S6).

Dynamic light scattering (DLS) measurements showed
well-defined nanoparticles and revealed that the
Gd/YbNPs had a hydrophobic diameter of 128 - 152 nm
with a zeta potential of -30 mV to -7 mV (EuNPs: 152 nm, -
7 mV; GANPs: 128 nm, -13 mV; YbNPs: 130 nm, -31 mV;
Gd/YbNPs: 131 nm, -9 mV) (Figs. 2g and h). Transmission
electron microscopy (TEM) studies suggested that
Gd/YbNPs were spherical, with relatively uniform sizes of
ca. 59 - 87 nm, i.e. 87 nm for EuNPs, 72 nm for GANPs, 59
nm for YbNPs, 75 nm for Gd/YbNPs. It was found that
without the hydrophobic part (CPT), cycLn alone could not
form nanoparticles (Fig. S8). Notably, the size of
Gd/YbNPs measured by DLS was around twice the size
observed in TEM. The differences between DLS- and TEM-
determined sizes relate to the fact that micellar aggrega-

tions greatly shrink when dried in the vacuum state re-
quired for TEM measurements.

Drug release and stability of Gd/YbNPs.

We next evaluated the CPT release by Gd/YbNPs via DLS,
TEM and luminescence analyses. As shown in Fig. 2g, a
significant size increase was observed for every LnNP in
the presence of GSH, including the Gd/YbNPs, where the
diameter increased from 131 nm to 499 nm. The zeta po-
tential of Gd/YbNPs also increased with GSH (Fig. 2h).
Furthermore, TEM images showed the collapse of the na-
noparticle structures upon GSH treatment, resulting in the
rearrangement of the hydrophobic fragments to a large
aggregating form (Figs. 2e and f).

The cleavage of the disulfide bond and release of CPT was
further investigated by luminescence analysis. As clearly
shown in Fig. 3a, GSH treatment of LnNPs caused an obvi-
ous increase in the CPT luminescence intensity at 430 nm,
when the CPT moiety was directly excited (Aex: 370 nm).
Impressively, the addition of GSH also caused a lumines-
cence intensity increase of the Eu(IIl) and Yb(III) emission,
when the ligand was excited (Aex: 330 nm) (Fig. 3b and
$10), given that the molar extinction coefficient (¢) and the
luminescence quantum yield (¢) of YbNPs in water was
found to be 14864 M-lcm'! and 0.0087, respectively. Such
behaviour is likely due to intramolecular energy transfer
from the ligand in cycLn-ss-CPT to both the CPT moiety
and the Ln(III) ion. As reflected in Fig. S19 when the ligand
is excited at 330 nm, both CPT and Eu(IIl) emission are
presented in the spectra of cycEu-ss-CPT; when CPT was
released, upon excitation at 330 nm, excited energy from
the ligand is no longer transferred to CPT but instead is
entirely transferred to the Ln(III) ion, demonstrating the
responsiveness of lanthanide emission to the GSH treat-
ment.

It is well-known that the active lactone form of CPT hydro-
lyzes quickly in phosphate-buffered saline (PBS) with a
reported half-life of ~ 25 min, and only 17% of the lactone
form exists at equilibrium. Accordingly, we examined the
stability of Gd/YbNPs in solution (PBS) and ex vivo (mice
blood serum). By monitoring the luminescence intensity at
430 nm, no obvious intensity increase from GdNPs in ei-
ther PBS or mice blood serum over 4 days was observed
(Fig. 3c). Also, DLS analysis showed that the GANPs main-
tained their hydrodynamic size under these conditions,
consistent with colloidal stability (Fig. 3d). Furthermore, it
was found that the hydrodynamic size of GANPs can be
maintained at ultra-diluted concentrations, i.e. 0.1 nM, for
17 days (Fig. 3e). The polydispersity index (PDI) was also
recorded over this period. As seen in Fig. 3f, almost all val-
ues were lower than 0.3, indicating monodispersity and
the stability of Gd/YbNPs. The high stability with respect
to dissociation in the
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Figure 3. Time-dependent luminescence changes of (a)
LnNPs at 430 nm (Aex: 370 nm; Ln: Yb, Eu, Gd), and (b)
Yb(III) emission of Gd/YbNPs (Aex: 330 nm), in the pres-
ence of 2 mM GSH. Inset in (b), time-dependent emission
intensity enhancement of Gd/YbNPs at 980 nm with 2 mM
GSH. [Gd/YbNPs] = 10 M. Measurements were per-
formed in PBS against time. Time dependence of (c) lumi-
nescence at 430 nm, and (d) diameter, of GANPs in both
PBS (pH =7.4,0.1 ¢ M) and mice blood serum (0.2 ¢ M) at
37 °C over 4 days. (e) Diameter, and (f) PDI analysis of
GdNPs at various concentrations in aqueous solution.
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Figure 4. (a) In vitro NIR imaging of 5 uM YbNPs in HeLa
cells (incubation time: 24 hrs; Aex: 370 nm for CPT emis-
sion, detection wavelength range: 400-450 nm; Aex: 380 nm
for Yb(III) emission, detection wavelength range: 900-
1700 nm ; scale bar: 50 um). Time-dependent in vitro
emission changes of (b) live imaging signal of the CPT moi-
ety from free CPT only and from Gd/YbNPs in HeLa and
MRCS5 cells (Aex: 370 nm, detection wavelength range: 400-
450 nm; scale bar: 50 um), and (c) Yb(III) (Aex: 380 nm) of
5 uM Gd/YbNPs by the NIR camera (Aex: 380 nm, detection
wavelength range: 900-1700 nm ; scale bar: 50 um).

aqueous and ex vivo environments, together with the hy-
brid MR/NIR imaging through combining different Ln ions,
makes Gd/YbNPs highly attractive as a safe and controlla-
ble CPT-delivering platform for cancer therapy.

In vitro drug release of Gd/YbNPs.

Confocal imaging and co-staining experiments were per-
formed to investigate cellular uptake, localization profiles
and the in vitro CPT release of Gd/YbNPs. As seen in Fig.
43, both the visible CPT emission and NIR Yb(III) emission
were observed for YbNPs after a 24-hour incubation in
HeLa cells, consistent with effective cellular uptake and
CPT release. To further evaluate the CPT release, time-
dependent confocal imaging studies of Gd/YbNPs were
performed. As shown in Fig. 4b, Gd/YbNPs exhibited a
more intense blue CPT emission in HeLa cells than MRC-5
cells at every single time point. Furthermore, the lumines-
cence intensity in HeLa cells gradually enhanced with pro-
longed incubation times. In contrast, very weak CPT lumi-
nescence signals were observed for Gd/YbNPs in MRC-5
cells, even after a 24-hour incubation. Time-dependent NIR
Yb(III) emission measurements were also performed. As
demonstrated in Fig. 4c, GSH treatment also resulted in an
obvious increase of the NIR emission in HeLa cells. These
results revealed a more efficient release of CPT of
Gd/YbNPs in cancer cells. Such behavior may be due to the
relatively high concentrations of GSH in cancer cell lines,
that could induce reductive degradation of the linking di-
sulfide bond. Notably, there was almost no selectivity
when it comes to just treating free CPT to HeLa and MRC-5
cells, as it is well known that cellular uptake of CPT is gen-
erally good in both normal and cancer cell lines. Taken
together these results suggest that the CPT release mecha-
nism in Gd/YbNPs has a better selectivity in cancer cells,
compared to free CPT.

Encouraged by the in cellulo drug release behavior, co-
staining experiments were performed to study further the
cellular localization of the released CPT of Gd/YbNPs (Fig.
S11). The merged purple emission in HeLa cells indicated
the released CPT was located in the mitochondria, whereas
in MRC-5 cells, only red emission from MitoTracker Red
was observed and neither blue CPT emission nor merged
purple emission were observed, further validating the ef-
fective and selective CPT release in cancer cell lines.

In vivo MR imaging, bio-distribution and tumor inhibi-
tion of Gd/YbNPs.



After confirming the in vitro NIR emission of Gd/YbNPs,
we investigated the potential of Gd/YbNPs as MRI contrast
agents. The contrast-enhanced performance of Gd/Yb NPs
was first evaluated in water, with the longitudinal relaxiv-
ity (r1) measured as 3.7 mM-1s'! (Fig. 5b). The correspond-
ing value of the clinical contrast agent Gd-DOTA was 4.1
mM-1s-1, measured under the same conditions (1.4 T, 20°C)
(Fig. 5b).62. Next, the in vivo MR imaging of mice bearing
HeLa xenograft was performed. Gd/YbNPs (100 umol of
Gd/kg body weight) were injected via the tail vein; the
same amount of Gd-DOTA was injected in a control exper-
iment. The in vivo T1-weighted MR images were acquired
24 hours post injection. As seen in Fig. 5a, the HeLa tumor
indicated by the red arrow was brightened after injections
of Gd/YbNPs and by Gd-DOTA. Analysis of the signal en-
hancement against time showed that GdANPs efficiently
enhanced the T1 signal in mice bearing HeLa tumor (Fig.
$12). To check whether Gd/YbNPs can be delivered to the
tumor, we further investigated its in vivo biodistribution
via ICP-MS. As demonstrated in Fig. 5c, after the intrave-
nous injection, the Gd was detected in most organs, (nota-
bly the liver and kidney) and a significant amount was
found in the tumor site, but not in the brain, suggesting
that Gd/YbNPs cannot cross the blood-brain barrier.

Encouraged by the capability of simultaneous NIR imaging
and MR imaging, these nanoparticles were further investi-
gated for tumor-inhibition therapy in a HelLa tumor-
bearing xenograft model and was compared to CPT.
Gd/YbNPs, under the same dosage as the in vivo MRI,
showed a comparable antitumor effect to CPT and signifi-
cantly inhibited tumor growth (Fig. 5d). The results
demonstrated that the tu-
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Figure 5. (a) In vivo T1-weighted MR images of mice bear-
ing HeLa xenograft from 0-24 hours post injection of
Gd/YbNPs and Gd-DOTA (control). (b) Plots of 1/T1 vs
[Gd] for the determination of rl of Gd-DOTA and
Gd/YbNPs hybrid nanoparticles respectively. (c) In vivo
biodistribution of Gd/YbNPs in mice bearing HeLa xeno-
graft via ICP-MS. (d) In vivo antitumor activity of
Gd/YbNPs, 3 mice per group, data are expressed as
mean+SEM. (e) Representative photo of tumors treated by
Gd/YbNPs, CPT and PBS control, scale bar = 10 mm.

mor-inhibition efficacy of CPT was maintained by the
Gd/YbNPs after release in vivo.

Conclusion

In summary, we have demonstrated that the NIR and MR
imaging capability of a molecular lanthanide-based nano-
composite can be controlled by incorporating both cycYb-
ss-CPT and cycGd-ss-CPT to form hybrid nanoparticles,
with precise control of the Yb and Gd complex ratio in the
self-assembly. Conjugated to the complexes by a redox-
responsive disulfide bond and encapsulated upon the self-
assembly of the amphiphiles, CPT can be released from
cycLn-ss-CPT via the reductive cleavage of the disulfide
bond, presumably by the higher concentrations of GSH
present in the tumor microenvironment. Such processes
were fully and clearly demonstrated by independent DLS,
TEM and luminescence analyses. Significant increases of
lanthanide emission upon GSH activation were observed in
particular, suggesting the in vitro/vivo CPT drug release



process can be monitored by the high-resolution, Yb(III)
NIR imaging.

The formation of nanoparticle structures provided the
cycLn-ss-CPT amphiphile with high water dispersity and
offered CPT protection from degradation. Indeed, the self-
assembled Gd/YbNPs showed remarkable stability in so-
lution and ex vivo. Moreover, Gd/YbNPs were found to
have superb stability at ultra-diluted concentrations in
aqueous solution, i.e. 0.1 nM, for as long as 17 days. The
contrast-enhanced performance of Gd/YbNPs was con-
firmed in solution and in vivo. The T1 contrast-enhanced
performance, together with the responsive NIR imaging in
cancer cells, offers the enticing prospect of real-time moni-
toring of the uptake of Gd/YbNPs and practical diagnosis
of tumors.

[t is our objective in this work to provide a strategy to de-
sign and construct molecular hybrid nanoparticles from
the self-assembly of known ratios of amphiphilic molecular
lanthanide macrocycles for imaging capability and drug
delivery applications, with the potential to be developed as
a functional nanomedicine. Future work exploring behav-
ior with different Ln(III) pairs i.e. Er(III) and Yb(III) to im-
part up-conversion properties, is ongoing.
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