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Magnetic core/shell nanoparticles (CSNPs) are central to emerging imaging and theranostic concepts,
yet translating different magnetic payloads into a common, chemically addressable and functionally
expandable architecture remains challenging. SMART RHESIN nanocapsules encapsulate different
magnetic nanoparticle (NP) systems within a protective phenolic resin shell and permit structural varia-
tion and post-synthetic functionalisation. Here we map the design space of SMART RHESIN phenolic resin
hollow nanocapsules across 52 reactions varying monomer choice, CSNP type, loading, co-encapsulation,
and polymer additives. The platform incorporates magnetic payloads ranging from lab-synthesised
magnetite to commercial iron oxides and cubic NPs, while identifying biogenic magnetosomes as a
boundary case for the present synthesis conditions, with the resulting nanocapsule diameter (about
100 to 400 nm) and shell thickness (about 10 to 80 nm) varying systematically with the choice of CSNP
system and reaction conditions. Magnetic particle spectroscopy (MPS) indicates reduced viscosity-
induced phase shifts for selected representative formulations from this expanded compositional set,
phantom MPI demonstrates multi-colour imaging that resolves aqueous and immobilised SR29 signals
within a single field of view, and surface carboxylates enable post-synthetic modification, illustrated by
18F_radiolabelling for PET/CT. These findings establish SMART RHESINs as a versatile nanocapsule
platform for integrating magnetic NPs with additional optical, radiochemical and future targeting
functionalities.
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Introduction

Magnetic nanoparticles (NPs) play an important role in modern
medical diagnostics' where they are used as tracers or contrast
agents in applications such as magnetic resonance imaging
(MRI)> and magnetic particle imaging (MPI).>* Consistent
magnetic NP properties are particularly relevant to biomedical
applications and the reaction control of the NP synthesis is
therefore of great importance for their final properties, as they
depend on many factors such as particle size, shape, composition,
aggregation, and surface functionalisation.>® Magnetic core/shell
nanoparticles (CSNPs) can be synthesised by a variety of chemical
approaches (i.e. co-precipitation, microemulsions, sol-gel reaction,
hydrothermal and thermal decomposition), with different size
distributions, shape control, degree of crystallinity and yield.””®
In addition, magnetic CSNPs are naturally mineralized by magne-
totactic bacteria. A well-studied example is the model organism
Magnetospirillum gryphiswaldense'®'" that produces approximately
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40 cuboctahedral, membrane-enveloped magnetite CSNPs, so-
called magnetosomes, through a genetically controlled biominer-
alisation process.'**?

Our group previously introduced SMART RHESINSs as hollow
nanocapsules for the encapsulation of a defined CSNP
system." While this initial work established the feasibility of
CSNP incorporation, the comparatively small magnetic cores
provided insufficient magnetisation for MPI applications.
We subsequently advanced the concept using the synomag-D-
loaded SMART RHESIN variant SR33, demonstrating viscosity-
independent MPI reconstruction."” However, the broader syn-
thetic scope, structural tunability and functional modularity of
the SMART RHESIN platform remained unexplored. Here, we
map the design space of SMART RHESINs across 52 reactions
in five experimental series, covering CSNPs with different sizes,
shapes, surface chemistries and origins, including lab-synthe-
sised, commercial, cubic and biogenic magnetic NPs. We further
demonstrate co-encapsulation of magnetic and luminescent
payloads, evaluate PEG and PVP as additives that influence
nanosphere size and shell thickness in a CSNP-dependent
manner, and provide a first in vivo PET/CT feasibility assessment
using an '®F-labelled, surface-functionalised SMART RHESIN
variant. MPI performance remains strongly dependent on tracer
properties, as signal strength and spatial resolution are influenced
by particle size distribution, temperature, and matrix-related
environmental factors such as viscosity which affect Brownian
and Néel relaxation.'® Remmo et al. showed that one citrate-
coated synomag variant (SynC30) exhibited enhanced magnetic
particle spectroscopy (MPS) and MPI signals under immobi-
lised conditions.'” Building on these findings, the present work
extends the SMART RHESIN platform from the single magne-
tite system originally reported to a broad range of MPI-relevant
CSNPs, including high-magnetisation and shape-anisotropic
cores, while preserving the encapsulation-mediated decoupling
from the surrounding matrix. MPI is a non-invasive, radiation-
free imaging modality that detects the non-linear magnetic
response of superparamagnetic NPs, which is governed by
Brownian and Néel relaxation.'®° The signal intensity is
proportional to tracer concentration, enabling intrinsic quanti-
fication at any tissue depth.*" Encapsulation of CSNPs within
SMART RHESIN nanocapsules stabilizes effective relaxation
and renders the MPS signal largely insensitive to viscosity
variations, as previously shown for selected systems.'*"
In the present work, MPS and MPI are therefore used to evaluate
representative formulations from the broader SMART RHESIN
design space. Magnetic NP relaxation involves both Brownian and
Néel mechanisms, with Brownian relaxation being sensitive to
environmental viscosity. While embedding NPs in dense polymer
matrices can suppress Brownian relaxation, this may compromise
applications such as magnetic hyperthermia that depend on
Brownian motion.”**® In SMART RHESINs, the hollow nano-
sphere shell provides a protective yet flexible microenvironment
that decouples magnetic NP cores from the external milieu,
reducing viscosity-induced signal variations without fully inhibit-
ing Brownian relaxation and preserving the complex relaxa-
tion behaviour required for robust MPL'*'> MPI performance
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is further influenced by matrix composition and temperature,
which differ between in vitro and in vivo conditions.'®
By stabilizing intrinsic CSNP relaxation dynamics, SMART
RHESINs may improve the robustness of MPI tracer responses
across analytical, frequency-space and particle model-based
reconstruction frameworks.>*** For instance, particle size and
shape critically influence absorption, distribution, metabolism,
and excretion (ADME), as well as pharmacokinetics and
biodistribution.”®*” However, biological behaviour depends
not only on the size but also on particle composition, surface
properties, and application-specific factors.”® For example,
polymeric CSNPs show slower tumour clearance than silica
NPs,>® particles in the 100-200 nm range are frequently inves-
tigated for enhanced permeability and retention (EPR)-based
tumour targeting,? whereas very small iron oxide CSNPs below
10 nm are rapidly cleared from circulation or renally excreted.>”?
Vascular cut-off sizes can exceed 400 nm for certain tumour types
(e.g., colon carcinoma LS174T, murine fibrosarcoma ST-8, murine
mammary carcinoma MCa IV).***" These considerations empha-
size the need to tailor SMART RHESIN size and chemistry to the
intended application. In this context, hollow nanospheres with
effective diameters of approximately 200 nm were targeted with
the aim to mitigate the rapid blood clearance and accumulation
in liver and spleen commonly observed for systemically adminis-
tered NPs.”® To enable such tailoring, a detailed understanding of
the reaction conditions is essential. Therefore, this study estab-
lishes SMART RHESINs as a versatile nanocapsule platform
(Fig. 1) capable of encapsulating a broad range of state-of-the-art
CSNPs without additional core modification. Building on the
previously reported structural and surface-chemical characteriza-
tion of the base SMART RHESIN architecture, including STEM/
EDXS and shell FTIR analysis,"* we focus here on expanding and
defining the synthetic design space of the platform. This includes
the influence of phenolic monomer, CSNP type and surface
chemistry, CSNP concentration, micelle-forming additives on
capsule formation, morphology, and structural integrity. The
presence of surface carboxylic acid groups further enables post-
synthetic functionalisation, including luminescence labelling,
radiolabelling, or future targeting strategies. Together, these
investigations define the accessible design space of SMART

Envisioned
Multilevel Functionality

Functional Magnetic
Nanoparticle Encapsulation

Fig.1 SMART RHESIN platform design space. Magnetic nanoparticle-
filled SMART RHESINs are explored as modular nanocapsules whose
functionality can be expanded by co-encapsulation and polymer-shell/
surface functionalisation. The right-hand particle depicts an envisioned
future architecture combining these independently demonstrated design
elements.
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RHESINs and provide a basis for future integrated nanocapsules
that combine magnetic imaging functionality with additional
diagnostic, optical, therapeutic, or targeting modules. Here, the
term ‘modular’ refers to a common phenolic-resin nanocapsule
architecture that permits formulation-specific variation of the
magnetic payload and the introduction of additional functions
through co-encapsulation or post-synthetic surface functionalisa-
tion. The extent to which these elements can be combined
depends on their compatibility with the synthesis.

Results and discussion

SMART RHESINs were synthesised using mixed P123/sodium
oleate (SO) micelles, with or without polymer additives, which
encapsulate CSNPs and act as soft-templates for polymer
shell formation from phenolic monomers (resorcinol or 2,4-
dihydroxybenzoic acid (DHB)) and hexamethylenetetramine
(HMT), yielding hollow phenolic formaldehyde resin (PFR)
nanospheres (Fig. 2). The synthesis followed established
protocols*?** and resulted in SMART RHESIN nanosphere
diameters, dgg, ranging mainly from about 100 to 400 nm, and
shell thicknesses, dsper, of about 10 to 80 nm (determined from
scanning transmission electron microscopy (STEM) images)
(Fig. 2¢)."* Such structures are commonly referred to as yolk/
shell or nanorattle architectures.**® The PFR shell is formed
from DHB and HMT, with reactive phenolic derivatives preferred
over phenol.*>?” DHB promotes hollow nanosphere formation®®°
and introduces surface carboxylic acid groups for further
functionalisation."**° These groups could also enable covalent
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attachment of amine-terminated PEG as a future strategy to
improve colloidal stability; however, this approach has not yet
been evaluated. Previous studies indicate that carboxylic acid-
containing monomers, as seen with DHB and 3-(4-hydroxy-
phenyl) propionic acid, favour hollow morphologies, whereas
purely phenolic monomers such as phenol, resorcinol, and
phloroglucinol, yield fully packed structures,*®*° likely due to
altered reaction mechanisms.*>*! Encapsulation of various
CSNPs using micelle-based soft-templating has been reported,
including PtCo** and iron oxide systems,**** with nanosphere
size and shell thickness governed by synthesis conditions.*®**
However, systematic studies on DHB-based CSNP-filled phenolic
formaldehyde resin hollow nanospheres remain scarce. The for-
mation mechanism is complex and influenced by monomer
choice, surfactants, temperature, concentrations, crosslinker and
core-shell composition. For biomedical translation, nanosphere
size and shell properties are critical parameters.””>>*>*%

Synthesis of SMART RHESINs

In total, 52 distinct SMART RHESIN reactions were analysed
by STEM, revealing a broad distribution of SMART RHESIN
diameters and shell thicknesses (Fig. 2c). Two samples (SR38
and SR22) had diameters below 100 nm, 21 samples ranged
from 100-199 nm, 14 from 200-299 nm, and 12 samples
exceeded 300 nm, while no reliable size could be determined
for three samples (SR20, SR49, SR51). These results demon-
strate that nanosphere size strongly depends on synthesis
conditions and the encapsulated CSNP type. For instance,
encapsulation of SPA20-10 NPs (SI 1, Table S1.3) yielded smaller
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Fig. 2

(a) Illustration of the reaction scheme to synthesise SMART RHESINs. Mixed micelles of P123 and sodium oleate (SO) with or without polymer

additive (PEG or PVP) encapsulating CSNPs are used as soft-template for the polymer shell formation with phenolic monomer (resorcinol or DHB) and
cross-linking reagent (HMT) to generate hollow PFR nanospheres, named SMART RHESINs. (b) Overview of the conducted reaction series on
investigating the impact of reaction parameters on the structural properties of SMART RHESIN hollow nanospheres. Series 1: screening for the optimal
reaction conditions varying the phenolic monomer, CSNP shell, CSNP concentration, and micelle forming solution mixing time. Series 2: encapsulation
of different CSNP types, i.e., with different sizes, shapes (nanoflower, sphere, cube, cuboctahedron) and shells (oleic acid, dextran, hydroxy group,
polymers (PMAO, PEG), and phospholipid bilayer). Series 3: effect of CSNP input concentration on SMART RHESIN morphology and the qualitative CSNP
distribution observed by STEM for three different CSNP types (synomag-D, SPA20-10 and cubic CSNP). Series 4: co-encapsulation of two different CSNP
types (cubic CSNP with nanoflower, nanoflower with upconverting NP (UCNP), sphere with UCNP). Series 5: use of two concentrations of a polymer
additive during micelle formation (PVP and PEG) to adjust size and shell thickness of SMART RHESINs. (c) SMART RHESIN platform—SR-diameter
coverage. Mean dsg over mean dspey from STEM particle counts (n = 100) for all 52 reactions (compromised structures SR20, SR49, and SR51 not shown).

This journal is © The Royal Society of Chemistry 2026
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SMART RHESINs with an average diameter dgg of around
171 nm, whereas synomag-D (SI 1, Table S1.4) produced
significantly larger structures with an average dgg of around
295 nm, highlighting that SMART RHESIN morphology is
strongly governed by the encapsulated CSNP system and must
therefore be optimised for each NP class. Thus, the SMART
RHESIN platform should not be regarded as a single fixed NP
formulation, but rather as a tunable design space for adapting
magnetic nanocapsules to different physicochemical and bio-
medical requirements.

To systematically optimize the synthesis of SMART RHESINs
and assess the versatility of the platform, five experimental
series were performed (SI 1 on Series 1-5). The studies
addressed key parameters influencing nanosphere formation,
including the phenolic monomer, CSNP surface polarity, CSNP
type and concentration, co-encapsulation of different NP types,
and the use of polymer additives during micelle formation (SI 2
on Reaction conditions). The resulting SMART RHESINs were
evaluated mainly by dynamic light scattering (DLS) and (S)TEM
(SI 3 on Particle size) with respect to particle diameter, shell
thickness, and structural integrity (SI 4 on STEM). Together,
these experiments established suitable synthesis conditions and
identified critical factors governing successful encapsulation and
structural control.

Series 1 was designed to identify suitable reaction conditions
for SMART RHESIN formation by systematically varying the
phenolic monomer, CSNP surface polarity, magnetite concen-
tration, and micelle-solution mixing time across SR01-SR16
(SI 1 on Series 1-5, Series 1). The resulting nanospheres were
evaluated by DLS and STEM with respect to particle diameter,
shell thickness, and qualitative CSNP distribution and apparent
loading observed in the STEM images. DHB-based reactions
SR01-SRO8 yielded hollow SMART RHESIN nanospheres with
clearly defined polymer shells, whereas resorcinol-based reac-
tions SR09-SR16 produced smaller, compact particles with only
very thin shells. Polar OH-functionalised CSNPs SR01-SR04
and SR09-SR12 showed a more homogeneous CSNP distri-
bution in the STEM images than oleic-acid-coated non-polar
CSNPs SR05-SR08 and SR13-SR16, which tended to aggregate
and led to polydisperse nanospheres with heterogeneous CSNP
distributions. The CSNP concentration affected particle size
and the qualitative CSNP distribution observed by STEM in a
system-dependent manner, while extending the micelle-
solution mixing time from 15 min to 16 h showed no clear
benefit. Therefore, DHB, polar CSNPs, and a 15 min mixing
time, represented by SR03, were selected as the standard
conditions for subsequent syntheses.

Series 2 evaluated the versatility of the optimised SMART
RHESIN synthesis conditions by testing the encapsulation of
different CSNP types, including lab-synthesised magnetite SR03
and SR07, synomag-D SR17, Ocean NanoTech NPs (SPA20-10,
SOR20-10, SMG20-05) SR18-SR20, cubic iron oxide NPs SR21-
SR22, and biogenic magnetosomes SR23-SR24 (Fig. 3 and SI 1
on Series 1-5, Series 2). All reactions were performed using
DHB and a 15 min micelle-solution mixing time. Most CSNPs,
particularly OH-functionalised magnetite SR03, synomag-D SR17,
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Fig. 3 STEM images of SMART RHESINs with various encapsulated CSNPs
(SI'1, Table S1.2). (a) Lab-synthesised polar magnetite encapsulated in (b).
(c) Lab-synthesised non-polar magnetite encapsulated in (d). (€) Synomag-D
encapsulated in (f). (g) SPA20-10 (PMAQO) encapsulated in (h). (i) SOR20-10
(oleic acid) encapsulated in (j). (k) SMG20-05 (PEG) encapsulated in (1.
(m) Cubic iron oxide AKB180PM4 encapsulated in (n). (o) Cubic iron oxide
AKB121PM4 encapsulated in (p). (q) Wild-type magnetosomes with phospho-
lipid bilayer encapsulated in (r). (s) AfeoAB1 magnetosomes (phospholipid
bilayer removed and replaced by OH groups) encapsulated in (t). The STEM
images c, e, m, and o were acquired in bright field mode, while all other STEM
images are shown in dark field mode.

PMAO-coated SPA20-10,*° and PMAO-coated cubic NPs SR21-
SR22, could be successfully encapsulated into hollow SMART
RHESIN nanospheres. In contrast, PEG-coated SMG20-05 CSNPs
compromised the nanosphere structure (SR20), and magneto-
somes SR23-SR24 showed strong aggregation, which prevented
efficient encapsulation. Oleic-acid-coated CSNPs SR07 and SR19
could be incorporated, but the resulting nanospheres showed
increased polydispersity or heterogeneous CSNP distributions in
the STEM images. Overall, Series 2 demonstrates that SMART
RHESINSs can encapsulate a broad range of CSNPs, provided that
aggregation in the aqueous reaction medium is sufficiently
controlled.

Series 3 investigated how the CSNP concentration affects
SMART RHESIN filling density (as judged by STEM), particle
size, and structural integrity under the optimised synthesis
conditions using DHB and a 15 min mixing time. Concen-
tration series were performed with SPA20-10 CSNPs SR25-SR29
and SR18 for PMAO-coated particles, SR30 and SR19 for SOR20-10
oleic-acid-coated particles, and SR20 for SMG20-05 PEG-coated
particles (SI 1, Fig. S1.3 and Table S1.3), as well as with synomag-D

This journal is © The Royal Society of Chemistry 2026
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SR31-SR36 and SR17 (SI 1, Fig. S1.4 and Table S1.4), and cubic
iron oxide CSNPs SR37, SR21, SR22, and SR38 (SI 1, Fig. S1.5 and
Table S1.5). SPA20-10 CSNPs retained structural integrity over a
broad Fe input range up to 27.5 mg. Qualitative comparison of the
STEM images indicated that higher CSNP inputs were accompa-
nied by a greater apparent CSNP content within the nanospheres
and smaller SMART RHESIN diameters. In contrast, synomag-D
showed a qualitative encapsulation threshold: well-defined nano-
spheres were obtained up to approximately 2.5 mg Fe, whereas
higher Fe inputs caused excess non-encapsulated CSNPs. Cubic
CSNPs were encapsulated within the nanospheres, but the filling
density and morphology strongly depended on core size. Overall,
Series 3 shows that CSNP input concentration directly affects the
qualitative filling density, but the resulting nanosphere size, shell
thickness and uniformity are governed by CSNP coating, size, and
morphology.

Series 4 investigated whether two different NP types can be
co-encapsulated within SMART RHESINs under the optimised
synthesis conditions using DHB and a 15 min mixing time.
Five NP mixtures were tested: synomag-D with cubic iron oxide
CSNPs SR39 (SI 1, Fig. S1.6f and Table S1.6, entry 6), PVP-coated
luminescent upconverting NPs (UCNPs) with SPA20-10 CSNPs
SR40 (SI 1, Fig. S1.6g and Table S1.6, entry 7), PEG-coated
luminescent UCNPs with SPA20-10 CSNPs SR41 (SI 1, Fig. S1.6h
and Table S1.6, entry 8), PVP-coated UCNPs with synomag-D
SR42, and PEG-coated UCNPs with synomag-D SR43 (SI 1 on
Series 1-5, Series 4 and SI 5 on UCNPs). Co-encapsulation was
neither achieved for synomag-D/cubic CSNPs SR39, where
separately filled SMART RHESIN populations were observed
(SI 1, Fig. S1.6f and Table S1.6, entry 6), most likely due to the
markedly different surface chemistries of the two CSNP types,
namely the dextran shell of synomag-D and the PMAO coating
of the cubic CSNPs, which may promote their partitioning into
distinct micellar environments rather than joint incorporation
into the same nanocapsules, nor for PVP-coated UCNP mixtures
SR40 and SR42 (SI 1, Fig. S1.6g, i and Table S1.6, entries 7 and 9),
where EDXS did not confirm UCNP incorporation into
the magnetic SMART RHESINs (SI 1, Fig. S1.7a-d and i-l).
In contrast, PEG-coated UCNPs could be co-encapsulated with
SPA20-10 CSNPs SR41 and synomag-D SR43 (SI 1, Fig. S1.6h, j and
Table S1.6, entries 8 and 10), as confirmed by Fe and F signals in
EDXS mappings (SI 1, Fig. S1.7e-h and m-p). However, most
nanospheres were still predominantly filled with only one mag-
netic CSNP type, indicating that NP surface chemistry and
concentration balance are critical for efficient co-encapsulation.
Series 4 therefore demonstrates formulation-dependent co-encap-
sulation and defines current compatibility limits rather than
establishing a universal co-encapsulation protocol.

Series 5 investigated whether polymer additives can be used
to tune SMART RHESIN size and shell thickness under the
optimised synthesis conditions. PEG and PVP were added to
the micelle-forming solution at low and high concentrations
using either SPA20-10 CSNPs SR46, SR47, SR50, and SR51 (SI 1,
Fig. S1.8a-e and Table S1.7) or synomag-D SR44, SR45, SR48,
and SR49 (SI 1, Fig. S1.8f-j and Table S1.8), with additive-free
reference systems SR28 and SR34. For SPA20-10 CSNPs, PEG

This journal is © The Royal Society of Chemistry 2026
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and low-concentration PVP had only minor effects on particle
size and shell thickness, while high PVP compromised the
nanosphere structure in SR51. In contrast, synomag-D-based
SMART RHESINs were more sensitive to polymer additives. Low
PEG SR44 and especially low PVP SR48 reduced the nanosphere
diameter and shell thickness compared to additive-free SR34,
whereas high PEG SR45 produced larger particles and high PVP
SR49 disrupted the structure. Overall, low PVP was the most
effective additive for generating smaller synomag-D-loaded
SMART RHESINs with thinner shells, while high PVP concen-
trations were detrimental and PEG was better tolerated.

Taken together, Series 1-5 did not reveal a transferable
relationship between individual CSNP properties and SMART
RHESIN morphology. The observed effects were specific to each
CSNP system and formulation.

MPS studies

The MPI signal originates from the non-linear dynamic mag-
netisation response of the tracer to an oscillating excitation
field and is governed by both Néel and Brownian relaxation
mechanisms. This dynamic response is the physically relevant
observable for MPI applications and is directly accessed by
MPS, whereas static M(H) curves do not contain this dynamic
information. MPS is therefore used here as the primary magnetic
characterization technique for SMART RHESINS. To further assess
the SMART RHESINs, their alternating current (AC) magnetic
properties were analysed using MPS (MPS-3, Bruker BioSpin
GmbH & Co. KG). MPS is an easy and fast method to predict
the suitability of the tracers for MPI. The MPS excitation frequency
was 25.25 kHz and excitation amplitude 20 mT. The spectra show
both the amplitude and the phase orientation as a function of
frequency, where only odd harmonics are plotted (Fig. 4). A large
amplitude and a shallow slope drop in the signal is preferred
for good image reconstruction. In general, the MPS spectra
represents the frequency decomposition of the receive signal
where each frequency component is represented by the signal’s
amplitude and phase.

As previously shown by Feye et al., SMART RHESINs can
maintain consistent effective relaxation even when subjected to
changes in viscosity."**® Both Brownian and Néel relaxation
contribute to this effective relaxation. These findings indicate
that if the MPS signal amplitudes and phase orientations
of mobile (dispersed in deionised H,0) and immobilised (dis-
persed in 10 mg mL ™" agar-agar) CSNPs or SMART RHESINs
are nearly identical, the MPI image can be accurately recon-
structed using the same system function or particle model. This
is attributed to the unaltered effective relaxation. All measured
spectra are provided in SI 6. It is important to note that some
of the MPS data have not been normalized to the individual
iron content, as there was insufficient material available for
complete sample characterization. Consequently, the y-axis is
labelled as Az/[A m?], where 4; represents the amplitude of the
measured harmonic signal at harmonic k. Due to the large
number of measured spectra (SI 6), four representative exam-
ples are presented in Fig. 4: NPO1 and the encapsulated SR02
(Fig. 4a-d), NP03 and SR33 (Fig. 4e-h), NP04 and SR18 (Fig. 4i-1),
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Fig. 4 Selected MPS data of mobile (white bars and rectangular symbols) and immobilised (black bars and rectangular symbols) native and encapsulated
CSNPs representing a model system for significant changes in viscosity (water vs. agar—agar immobilisation). (a) Phase orientation and (b) amplitude spectra of
NPO1 (magnetite OH). (c) Phase orientation and (d) amplitude spectra of NPO1 encapsulated in SRO2. (e) Phase orientation and (f) amplitude spectra of NPO3
(synomag-D). (g) Phase orientation and (h) amplitude spectra of NPO3 encapsulated in SR33. (i) Phase orientation and (j) amplitude spectra of NPO4 (SPA20-10).
(k) Phase orientation and (1) amplitude spectra of NPO4 encapsulated in SR18. (m) Phase orientation and (n) amplitude spectra of NPQO7 (cubic iron oxide
AKB180PM4). (o) Phase orientation and (p) amplitude spectra of NPO7 encapsulated in SR21. For better comparison spectra (b), (d), (), (h), (), () and (n) have
been normalised to the iron concentration of the individual samples. Sample (p) was not normalised due to a shortage of sample material.

and NP07 and SR21 (Fig. 4m-p). MPS data for mobile (white bars
and rectangular symbols) and immobilised (black bars and rect-
angular symbols) native and encapsulated CSNPs were acquired
to model significant viscosity changes. Phase orientations and
amplitude spectra were analysed to determine the more reliable
indicator of unchanged effective relaxation between mobile and
immobilised samples (SI 6, Table S6.1). Differences in the log;,
amplitude values (A4;) between mobile and immobilised states
show slight deviations for native CSNPs and their encapsulated
counterparts (Table 1 and Fig. 4b, f, j, n). For NP01, native CSNPs
show a mean + standard deviation (SD) A4 of 0.32 4 0.21 A m® per
(mol Fe), while SR02 exhibits a tighter A4y of 0.10 & 0.10 A m* per
(mol Fe) (Table 1, entry 1). Similar trends are observed for NP03
and SR33 (A4, = 1.14 + 0.18 vs. 0.39 + 0.09 A m” per (mol Fe),
Table 1, entry 2) and NP04 and SR18 (A4; = 0.61 £ 0.01 vs.
0.03 + 0.03 A m”> per (mol Fe), Table 1, entry 3). In contrast,
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Table 1 Differences of the log;o values (4) between the mobile and
immobilised amplitude A, [A m? per (mol Fe)] data. The data are presented
as mean values + standard deviation (SD). Odd harmonics from k = 3 to
k = 35 were considered

AA; of native CSNPs
[A m? per (mol Fe)]

AA; of encapsulated CSNPs
[A m? per (mol Fe)]

CSNP
Entry no. Mean + SD SR no. Mean + SD
1 NP01 0.32 + 0.21 SR02  0.10 £ 0.10
2 NPO3 1.14 4+ 0.18 SR33  0.39 £ 0.09
3 NP04 0.61 & 0.01 SR18 0.03 &£ 0.03
4 NP07 0.19 £ 0.05 SR21“ 0.34 + 0.23

¢ AA; of non-Fe-normalized amplitude data.

NPO07 shows a reverse trend: native A4, = 0.19 + 0.05 A m”> per
(mol Fe) vs. SR21 A4; = 0.34 £+ 0.23 A m” per (mol Fe)
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(Table 1, entry 4). In the case of NP07, these variations may
result from subtle inconsistencies in sample preparation, par-
ticularly when working with small volumes. In comparison,
phase angle differences (A®;) provide a clearer indication of
encapsulation quality. Native CSNPs show notable A®, shifts
upon immobilisation in agar-agar, but encapsulated samples
exhibit minimal phase orientation changes. For instance, NP01
Ad, = 76.42 + 62.84° reduces to 2.62 + 4.56° in SR02, and
similar reductions occur for NP03, NP04, and NP07 encapsu-
lated samples (Table 2, entries 1-4). These observations suggest
that phase orientation may provide a more sensitive qualitative
indicator than amplitude spectra for assessing deviations in
effective relaxation. The data indicate that encapsulating
CSNPs in SMART RHESINs results in nearly identical phase
orientations for mobile and immobilised samples. This sug-
gests that effective relaxation remains largely unchanged and
that the viscosity of the surrounding solution has minimal
influence on the signals. Therefore, SMART RHESINs encapsu-
lating CSNPs are well-suited for artefact-free MPI applications
under varying microenvironmental conditions. Since synomag-
D is one of the NP systems currently regarded as most suitable
for MPI, we selected SR33 for MPI measurements due to its
strong signal amplitude, including high intensities at higher
harmonics. The corresponding results have recently been
published."® Briefly, we demonstrated that SMART RHESINS,
composed of hollow phenolic resin nanospheres encapsulating
synomag-D NPs, preserve the magnetic relaxation behaviour
of the tracer under varying viscosity conditions. In contrast to
unencapsulated synomag-D, where the system matrix acquired
in aqueous solution failed to reconstruct the immobilised
sample due to viscosity-induced relaxation changes, SMART
RHESINs enabled accurate image reconstruction in both mobile
and immobilised states using the same aqueous-based system
matrix. Phase-angle analysis by MPS therefore provides a rapid
qualitative readout for identifying formulations whose effective
relaxation is less affected by immobilisation. This encapsulation
approach supports robust MPI reconstruction under strongly
different microenvironmental conditions and provides a basis
for future multifunctional tracer development. Overall, the
selected representative SMART RHESINs showed substantially
smaller mobile-immobilised phase deviations than their corres-
ponding native CSNPs. These MPS data support the use of phase
orientation as a qualitative screening readout for identifying
formulations with stable effective relaxation. MPI reconstruction

Table 2 Differences of the values of the mobile and immobilised phase @
[°] data. The data are presented as mean values + standard deviation (SD).
Odd harmonics from k = 3 to k = 35 were considered

Ad, of native A®,. of encapsulated

CSNPs [°] CSNPs [°]
CSNP _—
Entry No. Mean £ SD SR No. Mean £ SD
1 NPO1 76.42 + 62.84 SR02 2.62 * 4.56
2 NPO3 86.00 + 48.03 SR33 4.10 £ 3.26
3 NP04 25.79 £ 12.11 SR18 4.26 £ 10.23
4 NPO7 103.33 + 23.83 SR21 3.81£7.24
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was then used to test this behaviour in spatially resolved
phantom experiments.

MPI studies

While MPS provides valuable insights into the fundamental
magnetic behaviour of NPs, MPI enables their spatially resolved
visualisation. Central to this imaging modality is the system
matrix (SM), which is acquired experimentally using a defined
physical calibration sample. The SM quantitatively describes
the spatial encoding process by mapping the NP response at
each calibration position to the corresponding detector signal.
Image reconstruction critically relies on the validity of this
mapping. If the physicochemical environment of the NPs
changes, for example when they are dispersed in water com-
pared to being immobilised in agar-agar, their relaxation
dynamics may be altered and the calibration may no longer
accurately reflect the measured signal."® Such a mismatch can
introduce systematic errors or artefacts into the reconstructed
images when only a single calibration is used. However, if
environment-dependent signal changes are characterised using
separate system matrices, they can also provide additional
contrast and be detected by multi-colour MPI. Roeper et al.
illustrated this application-specific use with a SPION-
containing liquid embolic agent, whose magnetic response
changed during solidification and could therefore be exploited
to monitor the curing process by multi-contrast MPL.>°

To investigate reconstruction robustness under varying
microenvironmental conditions, we considered two reconstruc-
tion strategies. In the single system matrix approach, recon-
structions rely on a calibration acquired with NPs in water.
While straightforward, this method is prone to inaccuracies
when particle dynamics differ in immobilised states. The multi-
colour approach, in contrast, incorporates SMs obtained under
distinct conditions, in this case SR29 dispersed in both water
and agar-agar, and concatenates them prior to reconstruction.
This enables the separation of contributions from different
microenvironments into distinct image channels, although
minor signal leakage between channels may occur due to corre-
lations within the combined calibration data. In the present
study, emulated two-compartment phantoms containing one
virtual sample in water and one in agar-agar were employed
to provide a controlled framework for comparing both recon-
struction strategies. SR29 was selected for MPI phantom experi-
ments to determine whether the reconstruction robustness
previously demonstrated for SR33, which contains dextran-
coated, nanoflower-like synomag-D particles,”® extends to a
formulation based on single-core, PMAO-coated CSNPs. The
SPA20-10 particles used for SR29 were particularly suitable for
this purpose because their PMAO coating showed high com-
patibility with the SMART RHESIN encapsulation chemistry,
yielding structurally intact and sufficiently loaded nanocap-
sules. Thus, the NP04/SR29 pair provided an appropriate second
particle system to investigate, using the multi-colour MPI
approach, whether the encapsulation-mediated stabilisation of
MPI-relevant relaxation behaviour also applies beyond the syno-
mag-D system. For this comparison, emulated two-compartment

J. Mater. Chem. C
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Fig. 5 MPI images (a)—-(d) reconstructed using the multi-colour approach with concatenated system matrices from SR29 in water and agar—agar.
(a) Reconstruction in the water channel (top row) and (c) reconstruction in the agar—agar channel (bottom row), along with the corresponding line
profiles (b) and (d), respectively. This method enables distinct visualisation of the concentration of SR29 in different microenvironments, with only minor
ghosting artefacts. MPl images (e)—(h) reconstructed using a single system matrix acquired with NPs in water: (€) NPO4 and (g) SR29. (f) and (h) show line
profiles along the y = 0 axis for (e) and (g), respectively, including reference concentrations from the multi-colour approach (grey dashed lines). The
image with NP04 in (e) reveals significant artefacts due to the system matrix-sample mismatch, as highlighted in (f). The images and corresponding line

profiles have a spatial resolution of 2 mm.

phantoms containing one virtual sample in water and one in
agar-agar were used to evaluate single- and multi-matrix recon-
struction strategies. The results of these reconstruction strategies
are illustrated in Fig. 5. Panels a-d show MPI images recon-
structed using the multi-colour approach, where the system
matrices acquired with SMART RHESINs in both water and
agar—agar were concatenated prior to reconstruction. This method
enables simultaneous reconstruction of multiple images, each
representing the concentrations of the NPs in distinct microenvir-
onments. Fig. 5a and c correspond to SR29 in water and agar—
agar, respectively. Minor ghosting artefacts (signal leakage from
one reconstruction channel into another), appearing as spurious
replicas of structures in the opposite channel (image) due to
correlations between the concatenated system matrices, were
present but did not compromise the interpretability of the
reconstructed images. Fig. 5e-h presents MPI images recon-
structed using the single system matrix approach, where NP04
and SR29 were each reconstructed with their respective system
matrix acquired in aqueous dispersion. Reconstructions were
performed for both SMART RHESINs (encapsulated NP04s) and
native NP04s. In each experiment, the emulated phantom con-
tained two samples: one in water at (x,y) = (—8,0) mm and one in
agar agar at (x,y) = (8,0) mm. As shown in Fig. 5e, the image
corresponding to NP04 exhibits pronounced artefacts, particularly
at the location of NPs in agar-agar. This is further illustrated in
the line profile in Fig. 5f, which reveals signal distortion and
amplitude inconsistencies with respect to the reference concen-
tration estimated using the multi-colour images (dashed grey line)
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from Fig. 5a-d. These artefacts are attributed to the mismatch
between the system matrix acquired with NPs dispersed in water
and the signal characteristics of NPs embedded in agar-agar.

In summary, our results show that multi-colour reconstruc-
tion can disentangle particle signals originating from different
microenvironments, but requires prior knowledge of the
respective particle environments. By contrast, SR29 allowed
reliable image reconstruction with a single water-acquired
system matrix in both mobile and immobilised phantom states.
This eliminates the need to anticipate all possible microenvir-
onments in advance and makes SMART RHESINs a more robust
and versatile tracer platform for quantitative MPI, particularly
in complex biological systems where NP interactions can be
difficult to predict.

Preliminary biocompatibility assessment of the empty SR52

As shown in the previous reactions, the CSNP shell occasionally
has an influence on the structure of the resulting hollow
nanospheres. Therefore, a control reaction was carried out
without encapsulating CSNPs to assess the native morphology
of the hollow nanospheres in the absence of additional CSNP-
related effects. The reaction proceeded under optimied condi-
tions (DHB and 15 min mixing time) as expected and resulted
in hollow nanospheres with a clearly visible void space with an
HDD of (189.6 + 20.8) nm and a PDI of 0.042 £+ 0.027. The
STEM measurements resulted in a dgsg of (187.7 £ 21.6) nm for
the hollow nanospheres and dgpey of (36.5 £+ 5.4) nm (Fig. 6b).
From this control reaction, it can be concluded, that the

This journal is © The Royal Society of Chemistry 2026
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(a) STEM image of empty hollow nanospheres synthesised under optimised reaction conditions (phenolic monomer DHB, 15 min mixing time).

(b) Size distributions obtained by DLS (log-normal number-weighted distribution, HDD and PDI in yellow) and STEM measurements (dsg and dspeu;
histogram, n = 100). (c) MTT assay results after incubating Hela cells with 0.1% and 1.0% dilutions of SR52 corresponding to 1:1000 and 1:100 dilutions,
respectively, in DMEM for 72 hours, followed by MTT treatment, indicating that the empty SR52 hollow nanospheres did not measurably reduce
metabolic activity under the tested conditions in comparison with the negative control (without the addition of compound) and the positive control
(without metabolic activity). The mean values of n = 8 independent experiments + standard deviations are shown.

encapsulation, and potentially also the CSNP coating, can
influence the micelle forming system and the subsequent
formation of hollow nanospheres. This empty SMART RHESIN
sample SR52 was therefore used for a preliminary biocompat-
ibility assessment to isolate the contribution of the PFR shell
and nanosphere structure from effects caused by encapsulated
CSNPs. Accordingly, SR52 (Fig. 6a) was evaluated in wild type
HeLa cells as an exploratory material-compatibility screen
using the MTT assay (Fig. 6c), which measures metabolic
activity based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT), a yellow tetrazo-
lium salt, by metabolically active cells, to its insoluble formazan
with a purple colour. After dissolving the formed formazan,
the absorbance of the coloured solution can be measured
photometrically at 2 = 570 nm using a plate reader. In this
experiment, HeLa cells were incubated with 0.1% and 1.0%
dilutions of SR52, corresponding to 1:1000 and 1:100 dilu-
tions, respectively, (with a stock solution mass concentration of
3.6 & 0.3 mg mL ") for 72 hours, after which metabolic activity
was measured. Generally, substances are considered biocom-
patible if they reach at least 80% cell viability.”">*> SR52 showed
97.59 + 7.30% metabolic activity at 0.1% (dilution of 1:1000)
and 94.55 + 8.64% at 1.0% (dilution of 1:100), indicating
no measurable reduction in HeLa cell metabolic activity under
the tested conditions. This observation is limited to the single
MTT endpoint and the empty SR52 formulation. It does not
establish biocompatibility or haemocompatibility and cannot
be extrapolated to CSNP-loaded or surface-modified SMART
RHESINs. However, this assay should be interpreted as a
preliminary biocompatibility assessment rather than a compre-
hensive toxicological characterization. For NP-based materials,
MTT assays can be affected by optical interference at 570 nm or
by adsorption of assay components to the particle surface.
Because SR52 consists of empty hollow nanospheres, iron-
related redox interference is not expected for this material
control, but may become relevant for CSNP-loaded SMART
RHESIN formulations.

This journal is © The Royal Society of Chemistry 2026

The present assessment was performed only on SR52 as a
representative PFR-shell control. CSNP-loaded formulations,
including the SR03-derived material used for PET-CT experi-
ments, were not separately evaluated in this exploratory study.
Long-term effects, cell-type-dependent responses, uptake-related
effects and inflammatory or oxidative-stress pathways therefore
remain to be investigated in future studies. Nevertheless, the
preserved metabolic activity observed for SR52 supports the
suitability of the PFR shell as a preliminary material platform
for further biomedical evaluation.

Surface functionalisation of SMART RHESINs and PET-CT
in vivo studies

SR03, previously identified for its favourable synthetic charac-
teristics (Series 1), was chosen for further surface modification
with 'F for PET-CT imaging. The carboxylic acid group-
containing surface of SR03 was covalently functionalised with
Eu(m) complex-containing luminescent, amino-functionalised
silica NPs, as previously described by Feye et al.'* The aim of
the next step was to investigate the biodistribution of the
native, non-targeted SMART RHESINs in vivo. For this purpose,
the amino-functionalised, luminescent SMART RHESINs were
further functionalised on the surface with 2,3,4,6-tetrafluoro-
phenyl 6-[*®F]fluoronicotinate ([**F]F-Py-TFP) as described in
the SI 7 on Methods, section 1.5.>* This multistep surface
modification substantially changes the outer particle interface
compared with non-surface-modified SMART RHESINs. The
colloidal behaviour observed for the resulting radiolabelled
formulation therefore cannot be directly transferred to the
non-surface-modified nanocapsules. Fluorine 18 (*°F) is a pop-
ular and widely used radioisotope due to its optimal physical
properties and a half-life of 109.8 minutes.>»>> All experiments
were conducted in accordance with the relevant animal welfare
regulations and as approved by the authorities (Regierungspra-
sidium Tiibingen, R 6/19 A, for detailed information, please
refer to SI 7, Section 1.5). Male C57BL/6 mice (n = 3) were
injected with 10.22 + 0.46 MBq of the '®F-labelled SMART
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Fig. 7 (a) PET and CT images of a healthy mouse treated with ‘8F-labelled
SMART RHESINs, 50-60 minutes after injection (frame of 10 minutes).
(b) Ex vivo distribution of '®F-labelled SMART RHESINs 60 min after
intravenous administration in mice. The mean values of n = 3 mice +
standard deviations are shown.

RHESINs via the tail vein. In order to gain insight into the
distribution of the radiotracer within the first hour, one mouse
from the group was examined in more detail using a PET scan.
The PET/CT images showed a high uptake of '®F-labelled
SMART RHESINs in the lungs, possibly due to uptake in the
small lung capillaries, and bladder (Fig. 7a). Following the PET
and CT scans, the mice were euthanised and all relevant organs
were removed for analysis of biodistribution by gamma counter
measurement. The data were then presented as injected dose
per gram of tissue (ID per g) (Fig. 7b). Consistent with the PET
data, the '®F-labelled SMART RHESINs show similar levels of
accumulation in the lungs (38.3 £ 29.8% ID per g) and spleen
(29.4 £+ 8.8% ID per g) and moderate accumulation in the liver
(8.4 £+ 2.0% ID per g) and kidneys (4.1 &+ 3.4% ID per g). The
ex vivo data provide a first snapshot of organ distribution
60 min after injection. It was also observed during preparation
that the '®F-labelled SMART RHESINs tended to aggregate in
combination with the injection solution. Although the sample
was vortexed again before injection, the particles quickly settled.
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This makes it particularly difficult to inject equal amounts of
activity. This likely contributed to the high variability observed for
lung accumulation (38.3 + 29.8% ID per g). For subsequent
experiments, the stability of the '®F-labelled SMART RHESINs in
different buffer solutions must therefore first be investigated.

Experimental

Detailed experimental procedures, reagent sources, equipment,
NP syntheses, SMART RHESIN syntheses, and analytical methods
are provided in the SI. Briefly, SMART RHESINs were synthesised
by soft-templated polycondensation using mixed P123/sodium
oleate micelles as the structure-directing system.'® Magnetic
CSNPs were introduced into the micellar dispersion and encap-
sulated during phenolic formaldehyde resin shell formation from
phenolic monomers and hexamethylenetetramine. The design
space was explored by varying the phenolic monomer, CSNP shell
chemistry, CSNP concentration and micelle-forming additive.
Particle size and morphology were analysed by DLS and STEM,
including hydrodynamic diameter, polydispersity index, SMART
RHESIN diameter and shell thickness. Magnetic properties were
evaluated by MPS under mobile and immobilised conditions.
Selected formulations were further assessed by MPI, radiolabel-
ling and PET-CT, and the control sample SR52 was evaluated in a
preliminary MTT-based biocompatibility assay.

Conclusions

This work establishes SMART RHESINSs as a versatile nanocap-
sule platform that translates a broad range of magnetic NP
into a common, chemically addressable architecture. Across 52
reactions, ten distinct magnetic CSNP types were tested, including
lab-synthesised magnetite (polar and oleic-acid-coated variants),
synomag-D, Ocean NanoTech particles (SPA20-10, SOR20-10,
SMG20-05), cubic iron oxide NPs (AKB180PM4 and AKB121PM4),
and biogenic magnetosomes (wild-type and AfeoAB1, with aggre-
gation in the reaction medium limiting encapsulation efficiency).
The co-encapsulation of luminescent UCNPs with two different
magnetic CSNP systems expanded the platform, while the unsuc-
cessful combinations identified formulation-specific compati-
bility limits. Together, these results define the formulation scope
and compatibility limits of the current synthesis. Polar and
polymer-stabilised CSNPs were generally more compatible, but
particle size, surface coating, concentration, and micelle com-
position did not have consistent effects across the investigated
CSNP systems. The screening therefore does not establish a
predictive relationship between CSNP properties and the mor-
phology or magnetic response of the resulting nanocapsules.
Functionally, MPS indicates reduced viscosity-induced relaxa-
tion changes for selected representative SMART RHESIN for-
mulations, and phantom MPI demonstrates multi-colour
reconstruction that simultaneously resolves the aqueous and
immobilised states of SR29 within a single field of view, a
capability that was not achieved with native NP04 under the
same reconstruction conditions and is consistent with the
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stabilising role of the SMART RHESIN architecture. Additional
functionality was introduced through co-encapsulation of PEG-
coated UCNPs and through '®F-radiolabelling of the PFR shell,
demonstrated by exploratory PET/CT imaging. Empty SR52
nanospheres preserved HeLa metabolic activity above 94% after
72 h, supporting the suitability of the PFR shell for further
biomedical evaluation. Future work will focus on integrating
magnetic, optical, therapeutic, and targeting functionalities
within single SMART RHESIN architectures, and on systematic
toxicological evaluation of CSNP-loaded formulations. Together,
these results position SMART RHESINs as a modular platform for
building multifunctional magnetic nanocapsules whose architec-
ture can be expanded beyond magnetism by optical, radiochemical
and future targeting functionalities.
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