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Self-assembly is a powerful strategy for building nanosystems for biomedical applications. We have
recently developed small amphiphilic dendrimers capable of self-assembling into nanomicelles for
tumor imaging. In this context, we studied the impact of increased hydrophobicity of the amphiphilic
dendrimer on hydrophilic/hydrophobic balance and consequently on the self-assembly and subsequent
biodistribution. Remarkably, despite maintaining the exact same surface chemistry, similar zeta potential,
and small size, the altered and enlarged hydrophobic component within the amphiphilic dendrimer led
to enhanced stability of the self-assembled nanomicelles, with prolonged circulation time and massive
accumulation in the liver. This study reveals that even structural alteration within the interior of
nanomicelles can dramatically impact biodistribution profiles. This finding highlights the deeper
complexity of rational design for nanomedicine and the need to consider factors other than surface
charge and chemistry, as well as size, all of which significantly impact the biodistribution of self-
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Introduction

Bioimaging has revolutionized modern medicine both in diag-
nosis, by providing accurate disease detection, grading and
staging, as well as in monitoring response and efficacy of
treatment.'” The increasing number of applications with dif-
ferent imaging modalities has led to high demand for imaging
agents capable of improving imaging sensitivity, specificity,
and spatial resolution. Nanotechnology-based systems are
expected to meet the needs for bioimaging by virtue of their
ability to accommodate different imaging agents in abundance
within nanoscale dimensions, allowing increased local concen-
trations of imaging reporters for multimodal imaging with
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superior sensitivity and specificity.*”” As such, a wide range of
nanosystems, including liposomes, polymers, quantum dots,
iron oxide nanoparticles, gold nanoparticles, and carbon nano-
dots, have been explored and studied as bioimaging probes.>”

Among the different nanomaterials studied, a unique class
of synthetic macromolecules called dendrimers are particularly
attractive for the construction of imaging probes by virtue of
their well-defined dendritic structure, multivalent cooperativity
and nanosize per se.** Recently, we developed small amphi-
philic dendrimers 1-3 (Fig. 1) that self-assemble into supramo-
lecular nanomicelles, allowing effective tumor imaging by
using single-photon emission computed tomography (SPECT)
and positron emission tomography (PET)."**® These amphi-
philic dendrimers 1-3 consist of a long hydrophobic alkyl chain
and a hydrophilic poly(amidoamine) (PAMAM) dendron bearing
four macrocyclic terminals for chelating radionuclides such as
"3 for SPECT imaging and ®*Ga’®* for PET imaging (Fig. 1B).
Importantly, all three dendrimers 1-3 self-assemble into nanosized
micelles (denoted as 1@, 2@ and 3@, respectively) each carrying a
much higher number of radionuclide reporters than in the non-
assembled state. Owing to their nanoscale size, these micelles can
passively target tumors by exploiting the “enhanced permeability
and retention” (EPR) effect (Fig. 1)"*™° that results from the leaky
vasculature and dysfunctional lymphatic drainage in the tumor
microenvironment."” ' The accumulation of the nanosized agents
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Fig. 1 Amphiphilic dendrimers self-assemble into nanomicelles for bioimaging. (A) Schematic illustration of the supramolecular dendrimer nanosystem
based on the self-assembling amphiphilic dendrimer for bioimaging. (B) Chemical structures of the amphiphilic dendrimers 1-4 developed for nuclear
imaging, with 1-2 for single-photon emission computed tomography (SPECT) and 3—-4 for positron emission tomography (PET), respectively.

and their increased local concentrations within the tumor lesions
improve imaging sensitivity and specificity for effective cancer
detection.

Notably, although the imaging probe 1@ was effective for
tumor imaging using SPECT, it showed a distinctly high liver
retention.”® By substituting the larger macrocyclic chelating
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)
ring with the smaller NOTA (1,4,7-triazacyclononane-1,4,7-
triacetic acid) cage, the resulting nanotracer 2@ had consider-
ably reduced liver uptake.'® This difference can be attributed to
the significant, yet different impact that each chelator has on
the complex size, charge, geometry, and lipophilicity when
chelated with radionuclide metal ions.?*** Indeed, while the
zeta potential of 1@ bearing the negatively charged In**/DOTA-
caged terminals was negative, it was positive in 2@ with the
neutral In*/NOTA-complex terminals. This finding of the

5042 | J Mater. Chem. B, 2025, 13, 5041-5050

positive charge of 2@ drastically reducing its uptake in the
liver contrasts with the majority of reports in the literature,
highlighting that positively charged nanoparticles preferen-
tially accumulate in this organ. Thus, our study provides new
perspectives for improving the biodistribution of positively
charged nanosystems for biomedical applications.

It should be mentioned that 3@ exhibited excellent perfor-
mance in tumor imaging using PET."* By exploiting both
dendritic multivalence and passive tumor targeting mediated
by the EPR effect, the nanotracer 3@ demonstrated superior
imaging sensitivity and specificity, with significantly higher
PET signal ratios compared to the clinical gold standard
[**F]FDG (2-fluorodeoxyglucose). Most importantly, 3@ even
allowed the detection of tumors that are otherwise undetectable
using ["*FJFDG. However, 3@ still accumulated in the liver, which
may constitute a limitation for its future clinical translation.

This journal is © The Royal Society of Chemistry 2025
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We were intrigued by the potential for reducing liver accu-
mulation through structural modification of amphiphilic den-
drimers. Differently from the change introduced in 2 involving
the hydrophilic dendron bearing the NOTA-chelating term-
inals, we were curious as to whether modification of the
hydrophobic component of dendrimer 3 could obviate liver
uptake. The hydrophobic section of an amphiphilic molecule
not only affects the balance between hydrophilicity and hydro-
phobicity, but also influences molecular geometry.>***> Thus,
the structural change in the hydrophobic region would be
expected to have an impact on the packing and stability of
the resulting self-assembled nanostructure.>®*° We therefore
wanted to investigate the impact of changing the hydrophobic
component of amphiphilic dendrimer 3 on its self-assembly
stability and, subsequently, its biodistribution and liver accu-
mulation. We hypothesized that increasing the size of the
hydrophobic portion in dendrimer 3 would enhance the overall
hydrophobicity of the amphiphilic dendrimer and shift the
hydrophilic-hydrophobic balance to improve self-assembling
stability and subsequently alter its biodistribution.*°

Accordingly, we designed and synthesized the amphiphilic
dendrimer 4 with two hydrophobic C18 chains (Fig. 1B), result-
ing in a larger hydrophobic entity compared to dendrimer 3,
while retaining the same hydrophilic PAMAM dendron as 3.
In particular, 4 exhibited enhanced self-assembly into nano-
micelles 4@ that were also more stable than those formed by 3.
However, PET/CT imaging revealed that 4@ had significantly
higher liver accumulation compared to 3@, despite their same
surface chemistry, spherical morphology and similar surface
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charge, as well as their small size. Although studies have
reported that stable nanoparticles are preferable for imaging
probes,®'* our results clearly show that nanoparticle stability
is not necessarily conducive to reduced hepatic uptake. This
finding highlights a deeper level of complexity that requires
consideration in the rational design of self-assembling nano-
systems as imaging agents or therapeutics in the field of
nanomedicine.

Results and discussion

To synthesize 4 we first used a click reaction to couple the
hydrophilic PAMAM dendron AD-1 with the hydrophobic entity
AD-2 (Fig. 2). We then proceeded with amidation, followed by
conjugation of the macrocyclic cages at the dendrimer term-
inals, with subsequent deprotection and finally chelation with
gallium ions (Fig. 2). Specifically, we prepared the hydrophilic
PAMAM dendron AD-1 and the hydrophobic component AD-2
according to well-established protocols.**° The click reaction
between AD-1 and AD-2 was successful and yielded AD-3
effectively (Fig. 2). However, similar migration of AD-3 and
AD-2 on silica gel made purification of AD-3 via column
separation tedious and laborious. Furthermore, AD-3 showed
strong adsorption on silica gel with eluent systems even con-
taining ammonia, resulting in a moderate isolation yield of
55%. Gratifyingly, the amidation of AD-3 with ethylenediamine
advanced efficiently, producing AD-4 with an excellent yield of
95% (Fig. 2). It should be mentioned that AD-4 exhibited low
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Fig. 2 Synthesis of the amphiphilic dendrimer 4. Synthesis scheme: (a) Cul, DBU, DMF, 65 °C, 3 h; (b) EDA, MeOH, 30 °C, 3 days; (c) NODA-GA(tBu)s,
PyBOP, NMM, DCM/DMF, 30 °C, 3 days; (d) TFA, DCM, 30 °C, 16 h; (e) [%°GalGaCls, 1.0 mM HCL, 25 °C, 15 min.
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solubility in water, although its purification by dialysis proved
to be effective. Additionally, AD-4 showed poor solubility in
various organic solvents such as DMF, DMSO, CH,Cl,, THF,
MeOH, acetonitrile, acetone, and ethyl acetate. This impeded
the coupling reaction between AD-4 and the NOTA reagent
of NODA-GA(tBu); in DMF under the conditions previously
validated for the synthesis of 3."* Consequently, we opted for
mixed solvents of DMF and dichloromethane, which enabled
the successful conjugation of NODA-GA(¢Bu); to all the four
dendrimer terminals. Subsequent deprotection of the ¢Bu
group using trifluoroacetic acid (TFA), followed by dialysis,
yielded the desired NOTA-conjugated dendrimer AD-NOTA
(Fig. 2).

Further chelation of the dendrimer AD-NOTA with the stable
isotope of gallium (*°Ga) using GaCl; gave 4 in 90% yield, even
after purification using dialysis. Remarkably, the chelating
reaction proceeded rapidly and efficiently, even at room tem-
perature and within 15 minutes. This can be ascribed to the
perfect match of size, geometry and denticity between the
NOTA ring and the small Ga** ion, allowing the formation of
the chelating complex with excellent thermodynamic stability
and kinetic inertness.”*?”*® Four Ga®" ions successfully che-
lated within 4, as confirmed by high-resolution mass spectro-
scopy. The observed isotopic pattern was characteristic of the
quadruple charged species [4 + 4H]*" of the expected molecular
structure (Fig. S2, ESIT). The experimental mass obtained
matched the theoretical molecular weight within an error of
less than 0.3 ppm.

With dendrimer 4 synthesized and in hand, we first studied
its self-assembly in aqueous solution using dynamic light
scattering (DLS).>® The DLS analysis revealed the presence
of two populations of nanoparticles: one measuring 16 nm

View Article Online
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characteristic of nanomicelles and a larger one measuring
173 nm (Fig. 3A). The intensity ratio of the signals from the
smaller and larger NPs was 4.9, indicating an over 1 million
folds greater number of smaller NPs than larger NPs, high-
lighting a hugely predominant formation of small NPs for 4@
and a negligible population of larger nanoassemblies. The
larger NPs, fortunately negligible in number, are possibly the
result of small nanomicelle aggregation. DLS analysis of 3@
revealed similar small nanoparticles of 13 nm and larger
aggregates of 309 nm (Fig. 3F), with the number of smaller to
larger NPs also far exceeding one million. Both 4@ and 3@
therefore self-assembled in aqueous solution with a predomi-
nance of small nanomicelles and negligible population of large
aggregates.

Further examination of size and morphology of 4@ using
transmission electron microscopy (TEM) confirmed the DLS
result, revealing an abundance of small and spherical nano-
particles measuring 18 + 4 nm yet no visible larger aggregates
at all (Fig. 3B). Similarly, TEM also confirmed the formation of
small and spherical nanomicelles of 15 &+ 4 nm for 3@ with no
notable formation of large aggregates (Fig. 3G). Collectively,
these results support the favorable chemical structure and
geometry of the amphiphilic dendrimer 4 for assembly into
nanomicelles. The difference in size of 4@ (16-18 nm) com-
pared to 3@ (13-15 nm) can be reasonably ascribed to the
difference in the chemical structures of the two dendrimers
and the potential steric hindrance created by the enlarged
hydrophobic entity in 4 during the self-assembly and packing
process.

Interestingly, examination of the surface charge of both 4@
and 3@ exhibited similar zeta potentials of +10 mV (ESL¥
Fig. S3). The positive zeta potentials can be attributed to the
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Fig. 3 Self-assembly of the amphiphilic dendrimers 4 (top row) and 3 (bottom row) into small and uniform nanomicelles in water. (A) and (F) Dynamic
light scattering analysis of 4@ and 3@, (B) and (G) transmission electron microscopy of 4@ and 3@, (C) and (H) critical micelle concentration measured
using the Nile Red method for 4@ and 3@, respectively. (D) and () Representative integrated experimental isothermal titration calorimetry (ITC) profiles
(circles) and data fitting with a sigmoidal function (red line) for 4@ and 3@, respectively. The inset shows the corresponding ITC raw data. (E) and
(J) Thermodynamic parameters (i.e., Gibbs free energy of micellization (AGmic), micellization enthalpy (AHqic) and micellization entropy (TASic) as
determined using ITC for the self-assembling process of 4 and 3, respectively.
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protonation of tertiary amine groups present in the dendrimer
branches, with the dendrimer terminals remaining neutral in
charge owing to the Ga/NOTA complexation. Atomistic mole-
cular dynamics (MD) simulations of the nanomicelles 3@ and
4@ support this hypothesis, revealing the confinement of
hydrophobic tails within the micellar cores of both nanoassem-
blies, with only the Ga/NOTA terminals distributed on the
micellar surfaces (ESI,¥ Fig. S4A and B). The corresponding
radial distribution functions (RDFs) indicate that no amphi-
phile tails reach the surface in either micelle, highlighting a
clear space segregation between the hydrophobic cores and the
surface-located Ga/NOTA terminals (ESI,¥ Fig. S4C and D).
Moreover, the absence of hydrophobic tails on both micellar
surfaces suggests they do not contribute toward the surface
potential, which is therefore likely determined solely by inner
protonated tertiary amines.

We further evaluated the critical micelle concentration
(CMC) of 4 using a fluorescent spectroscopic assay with Nile
red. 4 exhibited a significantly lower CMC (approximately
19 uM) compared to 3 (64 uM) (Fig. 3C and H), indicating the
ability of 4 to readily self-assemble to form nanomicelles at very
low concentrations, lower than required for 3. To better under-
stand the self-assembly process of 3 and 4 into nanomicelles,
we studied their demicellization process using isothermal
titration calorimetry (ITC) by following a well-established
protocol.**** Notably, the ITC experiments (Fig. 3D and 1)
provided CMC values of 23 uM for 4 and 57 uM for 3, which
closely matched the CMC values obtained using fluorescence
spectroscopy.

From a thermodynamic perspective, when a concentrated
solution of 4@ or 3@ was injected into water, predominantly
endothermic signals were observed during the demicellization
process (Fig. 3D and I). Consequently, for the reverse process of
dendrimer micellization, negative (exothermic) enthalpy values
of AHp;c = —1.29 + 0.11 kcal mol " for 4 and AH,;. = —2.06 &+
0.09 kcal mol " for 3 were determined using integrated data
fitting, representing the difference between final and initial
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heat in the titration curve (Fig. 3D and I). The negative
enthalpic component can be attributed to favorable hydrogen
bonding and polar interactions among the dendron branches;
consequently, in a smaller and more compact structure like
3@, these stabilizing forces are higher. The adopted ITC pro-
tocol also allowed measurement of the Gibbs free energy of
micellization (AGn;) and its entropic component (TASmic)-
As indicated by the negative sign of AGy,;., both self-assembly
processes were thermodynamically spontaneous in water.
However, as expected due to the lower CMC value obtained for
dendrimer 4, 4@ had a more favorable AG ;. (—6.33 kecal mol )
compared to 3@ (—5.79 keal mol™") (Fig. 3E and J). Interestingly,
the derived entropic contribution led to defining the self-assembly
processes for both as driven by entropy, with TAS,,;. values of
+5.04 keal mol " for 4@ and +3.73 keal mol " for 3@ being higher
in magnitude than the corresponding AH,,;. components (Fig. 3E
and ]). The entropic contribution is largely provided by a strong
network of hydrophobic interactions among the hydrocarbon tails
and is related to the release of water molecules in the hydration
shells around the hydrophobic parts of the dendrimer monomeric
units. Consequently, the double-alkyl portion of 4 has a more
stabilizing effect than the mono-alkyl tail of 3 in forming the
nanomicellar structure. Finally, the aggregation number (N,g,) for
both amphiphilic systems estimated using ITC was 20 + 1 for
4@ and 15 + 1 for 3@, consistent with the dimensions obtained
using TEM and DLS. The higher number of monomers in
4@ could also explain the larger average size.

Encouraged by all the evidence favoring efficient self-
assembly and stability of 4@, we then wanted to study its bio-
distribution in a mouse model, using micro-PET/CT imaging.
To this end, we first synthesized the radioactive dendrimer
[*®Ga]Ga-4 using [**Ga]Ga’®* in ammonium acetate buffer (Fig. 4A),
successfully reaching an excellent level of radiochemical purity
(RCP) of 95 + 2%, as confirmed by radio-thin-layer chromatogra-
phy. Additionally, [**Ga]Ga-4 demonstrated remarkable stability,
maintaining its RCP for at least 4 hours at 37 °C, both in 0.9%
NaCl solution and in human serum (Fig. 4B). These data validated

Il NaCl 0.9%
80 Serum

60

40

RCP (%)

20

5 60 120 180 240
Time after radiosynthesis (min)

Fig. 4 Radiolabeling and stability of dendrimer 4. (A) Fast and reliable radiolabeling of dendrimer 4 with gallium-68. (B) Radiochemical purity and stability
of [%8GalGa-4 in NaCl 0.9% and human serum at 37 °C from 5 to 240 minutes after radiosynthesis, as assessed by instant radio-thin-layer

chromatography.
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the high radiochemical purity and stability essential for PET
imaging.

With the radiolabeled dendrimers in hand, we then carried
out an in vivo biodistribution study on [**Ga]Ga-4@ in healthy
CD1/Swiss mice (n = 4) using PET/CT imaging. Surprisingly,
[*®*Ga]Ga-4@ exhibited an extremely high and time-dependent
accumulation in the liver, in sharp contrast to [**Ga]Ga-3@
(Fig. 5). [*®Ga]Ga-4@ also showed a less systemic PET
background signal at 2 hours post-injection, as reflected by
the quantified activities in a representative muscle (Fig. 5).
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[*®*Ga]Ga-3@ was predominantly eliminated in the bladder
(Fig. 5B) through the renal system as its primary excretion
route, and showed higher retention in the bladder and kidney
than [*®*Ga]Ga-4® (Fig. 5B and Table S1, ESIt). Although both
nanoparticles are small, the larger size of 4@ may in part
explain the above discrepancy, as size is an important factor
for the biodistribution of nanoparticles. For example, quantum
dots coated with short PEG chains measuring less than 5.5 nm
were rapidly taken up by the liver, while larger quantum
dots (>6.5 nm) distributed to organs such as lymph nodes
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Fig. 5 Dynamic PET/CT biodistribution of [8GalGa-4@ and [®8Ga]Ga-3@ up to 2 h after intravenous injection in healthy mice (n = 4): (A) representative
images and (B) PET quantifications of uptake in the liver, bladder, kidney and muscle over time, analyzed using a 2-way ANOVA followed by Sidak's post-

hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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post-hoc test. ****P < 0.0001.

and pancreas.*® Also, iron oxide magnetic nanoparticles mea-
suring 10 nm showed high uptake by the liver, whereas the
larger nanoparticles of 20 nm, 30 nm and 40 nm showed greater
uptake by the spleen.*® Earlier studies using covalently-
constructed dendrimer-based magnetic resonance contrast
agents have already demonstrated the accumulation in the
liver of dendrimers with hydrophobic chemical entities in
their interior, and highlighted the dramatic impact of small
size variations of 1 or 2 nm on their biodistribution in liver,
kidney and lymph nodes.*>*® Our results using self-assembled
dendrimer nanoparticles reflect trends for biodistribution
similar to those of conventional dendrimer agents. It is
important to note that, in this study, the rapid renal elimina-
tion favors the use of [**Ga]Ga-3@ as a radiotracer for bio-
imaging, while the excessive uptake of [**Ga]Ga-4@ in the liver
and the increased accumulation in this organ over time
(Fig. 5) exclude its further use in biomedical applications.
The imaging results on liver uptake of [**Ga]Ga-4@ were
further confirmed using ex vivo gamma counting, which showed
a significantly high retention in the liver but a much lower
retention in all other organs (Fig. 6A and Table S2, ESIY).
It should be noted that discrepancies were found between PET
imaging quantifications and ex vivo gamma-counting quantifica-
tions of [**Ga]Ga-4@ biodistribution in the heart, kidneys, and
lungs (Fig. 5B and 6A and Tables S1 and S2, ESI{). This could be
ascribed to the elevated plasmatic contribution to the quantified
activity, as these organs are highly vascularized. In fact, the
calculated plasmatic half-life of [**Ga]Ga-4@ (577.8 min) showed
a more than 2-fold increase in circulation time compared to that
of [**Ga]Ga-3@ (247.0 min) with a significantly different kinetic
profile (Fig. 6B and Table S3, ESIf). The longer half-life of
[*®*Ga]Ga-4@ may also be partially responsible for its higher
liver uptake, as prolonged circulation time in the bloodstream
promotes accumulation in the liver. Consequently, although
[®Ga]Ga-4@ and [*®Ga]Ga-3@ have exactly the same hydrophilic
dendron entity, the hydrophobic part of these amphiphilic
dendrimers plays a crucial role in their self-assembling stability,
circulation time, and biodistribution profile in vivo. Our findings
underscore the importance of fine-tuning the amphiphilic den-
drimer structure to achieve the desired safe biodistribution

This journal is © The Royal Society of Chemistry 2025

profile with minimal retention in the liver and/or other vital
organs.

Although a detailed and insightful understanding of the
significant difference in biodistribution between [**Ga]Ga-4@
and [*®Ga]Ga-3@ requires further study, it is highly likely that
the disparity in their chemical structures and the consequential
differences in stability and size could also influence their
interactions with proteins in biofluids and tissues. This in turn
could affect their fate during systemic circulation, resulting in
distinct differences in biodistribution and liver accumulation.
Increasing evidence shows that, upon entry into biological
tissues or fluids, nanoparticles often spontaneously adsorb
proteins and biomolecules, hence forming protein coronas on
their surface. The type, amount, and conformation of these
biomolecules in the biocoronas critically dictate the fate and
biodistribution of the nanoparticles, as well as their biocom-
patibility and safety.*”*° Therefore, we hypothesized that
[*®*Ga]Ga-4@ might form a biocorona different from that
formed by [**Ga]Ga-3@, resulting in their disparate biodistri-
butions. This warrants further investigation and detailed ana-
lysis falling outside the scope of the present study.

Conclusion

In summary, we studied the impact of increased hydrophobi-
city and the resulting altered hydrophilic/hydrophobic balance
on the self-assembling of amphiphilic dendrimer 4 and its
subsequent biodistribution. We observed that this structural
modification not only led to an enhanced stability of the self-
assembled nanomicelles, an enlarged size, and a prolonged
circulation time, but also resulted in massive accumulation in
the liver. This study emphasizes the importance of finding the
right balance between hydrophobicity and hydrophilicity in
amphiphilic dendrimers in order to ensure optimal self-
assembling stability and achieve desirable biodistribution pat-
terns. It highlights that nanoparticles even with the same
chemical entities on the surface, similar surface charge, and
small size can exhibit dramatically different biodistribution
profiles as a result of different hydrophobic components buried
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within their interior core for different compactivity. Further
research is needed to refine these parameters and develop
nanoparticles with improved biodistribution profiles for safer
and more effective biomedical applications.
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