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1. Introduction

The introduction of magnetic particle 
imaging (MPI)[1,2] in 2001 at Philips 
Research Laboratory marked the beginning 
of the development of a new tomographic 
medical diagnostic device with high spatial 
(≈500 µm) and temporal resolution (up to 
21 ms[3]), outstanding contrast, and high 
sensitivity (≈10−6  m).[4] MPI as ionizing-
radiation-free imaging technology uses 
oscillating magnetic fields (in the range 
of tenth of kHz) for signal excitation and 
a (quasi-) static magnetic gradient field for 
spatial encoding to allow background-free, 
signal attenuation-free tomographic visu-
alization of deep body regions using super-
paramagnetic[5] nanoparticle (NP) tracers 
and has been proven to allow for a vast 
variety of biomedical applications.[4,6,7a,b] 
The commercially available synomag and 
perimag (micromod, Germany) are the 
most commonly used MPI tracers nowa-
days due to their better signal-to-noise 
ratio and availability compared to Resovist 
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(Bayer Healthcare, Germany).[8] The subject of current research 
is the development of suitable MPI tracers.[9] An important fea-
ture of the MPI technique is the direct quantification of the spa-
tial distribution of the signal.[4] The magnetic NP (MNP) signal 
scales with the amount of MNPs per voxel, which makes MPI an 
attractive option for quantitative imaging.[2] It has been shown 
mathematically and experimentally that the detected signal 
intensity is linearly proportional to the sum of non-interacting 
tracer particles in a voxel.[10] However, particles can be altered 
under physiological conditions, for example, by aggregation or 
opsonization.[11,12] The linear relationship of the signal to the 
iron concentration then becomes non-linear, which hinders the 
accurate quantification of the magnetization and iron content at 
a particular tissue site.[12,13] Nevertheless, non-linear effects can 
provide valuable information. For example, these signals have 
already been used to reconstruct temperature and viscosity.[14] 
However, our goal is to enable quantitative measurements using 
the particle architecture presented herein.

The Brownian relaxation (physical rotation of the particle 
core) and the Néel relaxation (rotation of the magnetization 
vector of the particle) are decisive for the signal intensities.[15] 
Most MPI NPs described in the literature so far are character-
ized by strong interactions or bonds of firmly interconnected 
core/shell structures.[16–18] The orientation of the magnetic 
moment is related to both types of relaxation, and these depend 
on each other in core/shell structures due to the strong inter-
action forces between core and shell. In addition to the clas-
sical core/shell NPs,[19,20] other types of NPs with sophisticated 
particle architectures have been reported.[21–23] Recently, novel 
types of NP structures for MPI application have been pre-
sented, however, iron oxide NPs  were  incorporated into soft 
shells such as liposomes, micelles or placed on the surface 
of poly(lactic-co-glycolic acid) microspheres.[24–27] It could be 
shown that micelle-based iron oxide microspheres significantly 
increased the magnetic particle spectroscopy (MPS) signal in 
comparison to commercial Resovist.[24] However, microspheres 
are too large for many therapeutic drug delivery purposes. 
Liposomes are prone to lymph node uptake, interactions with 
native lipoproteins in the bloodstream,[28] or thermal disruption 
and are further known for their poor encapsulation ability.[29]

Hollow nanospheres with a covalently cross-linked polymer 
shell were synthesized to make the magnetic NPs inside the 
cavity of the nanosphere less dependent on its external shell 
(yolk/shell NPs), since the magnetic moment of MPI-suitable 
NPs depends on both Néel and Brownian relaxation, which are 
independent of each other, but the latter is affected by environ-
mental changes such as viscosity and rotational mobility of the 
NPs.[22] To achieve this, hollow nanospheres (shell) filled with 
superparamagnetic NPs (yolk) have been used.[30–33] The hollow 
nanospheres make it possible to gain a basic understanding of 
the properties of the MPI signal generation even under physi-
ological conditions, as the MNPs inside can contribute to the 
MPI signal generation unaffected by the external environment. 
Our hypothesis is that the magnetic characteristics detected 
in MPS will persist during MPI, despite any alterations to the 
outer shell caused by physiological conditions, owing to the 
controlled environment within the hollow sphere. This would 
allow the targeted investigation of the MPI image formation 
and the exploitation of the quantification potential of the MPI 
modality regardless of the nanosphere microenvironment.

Polymer shells, for example, such as phenolic formaldehyde 
resins (PFR) can enclose drugs or NPs.[34,35] The roots of the 
respective polymer chemistry can be traced back to Baekeland’s 
patent of 1909, which describes the reaction of phenol and for-
maldehyde to form insoluble products.[36] Phenol can polym-
erize with an excess of formaldehyde under basic conditions to 
form a resole resin.[37] Since phenol is relatively slow-reacting,[38] 
more reactive monomers such as 2,4-dihydroxybenzoic acid 
(DA) or resorcinol are often used.[39–43] The respective products 
are then referred to as PFR.

Solid PFR nanospheres are easy to prepare, biocompat-
ible and known for their good intrinsic fluorescence prop-
erties, making them suitable for potential applications in 
bioimaging.[44–46] However, the luminescence intensity of PFR 
is weak compared to bright luminescent dyes specialized for 
bioimaging methods.[44] It can be enhanced by coating the sur-
face with an additional luminophore such as CdTe-Qdots.[45] 
Nonetheless, cadmium-containing luminophores are prone to 
the liberation of free Cd2+, thus being highly cytotoxic.[47]

Hollow PFR nanospheres (PFRH) can enclose MNPs, which 
make them easy to purify and attractive candidates for biomed-
ical applications such as MPI, magnetic resonance imaging 
(MRI), and magnetic fluid hyperthermia (MFH).[34a,b] Due to 
the presence of carboxylic acid and phenolic OH groups, the 
outer side of the polymer shell can be further modified with 
luminophores, molecules for targeted delivery or molecules 
for general chemical reactions. The PFRH particle architec-
ture, with its various potential functionalizations, holds great 
promise for theranostic applications, such as the combination 
of MPI and MFH. NPs for biological and biomedical applica-
tions commonly combine different modalities such as mag-
netism and luminescence,[16,29,48] rendering the particles suit-
able for in vitro fluorescence microscopy or in vivo applications 
such as hyperthermia,[49] theranostics,[50] drug targeting, and 
imaging.[51,52] Although luminescence functionalization is chal-
lenging to achieve chemically, it is also vulnerable to attenua-
tion when used in tissue situated deep within the body.

In addition to chemical stability during synthesis, several 
optical properties are critical to a successful application, such 
as a high quantum yield, high photostability, the absence of 
quenching, and absorption and emission wavelengths that suit 
the respective equipment.[53] There are different types of lumi-
nophores, for example, organic dyes, quantum dots or trivalent 
rare-earth probes.[53,54] In comparison to quantum dots and tri-
valent rare-earth probes, classical organic dyes, such as fluores-
ceins, rhodamines and most cyanines, bleach faster, and display 
shorter emission lifetimes, rather lower extinction coefficients, 
a tendency to pH dependence, and self-quenching at high con-
centrations.[55–57] Quantum dots are very popular because of 
their remarkable optical properties,[58] but are challenging to 
functionalize due to irreversible precipitation and quenching 
phenomena.[59–62] Luminescent lanthanide(III) (LnIII) ion com-
plexes, in particular Eu(III) complexes, provide a promising 
alternative to organic dyes and quantum dots in terms of ther-
modynamic stability and brightness.[54] Eu(III) complexes con-
taining thenoyltrifluoroacetone (TTA) such as Eu(TTA)3 are 
well known for their characteristic red emission upon ultra-
violet (UV) excitation, their long luminescent lifetimes and 
their decent quantum yields depending on their respective 
ligands in solution (e.g., Φ([Eu(TTA)3(H2O)2] in CHCl3) = 0.09, 
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Φ([Eu(TTA)3(DBSO)2] in CHCl3) = 0.27) (DBSO: dibenzylsul-
foxide).[63] The large Stokes shift of Eu(TTA)3 complexes allows 
the distinct separation of excitation and emission bands. Addi-
tionally, their red emission facilitates the easy delineation from 
any autofluorescence signal.[64] The excitation of the lumino-
phore with high energy wavelengths in the UV region can be 
circumvented by using two-photon excitation,[65,66] making the 
complexes suitable candidates for biological cell probes.[67]

As the luminescence of Eu(III) ions is quenched by non-
radiative energy transfer through OH vibrations of water mol-
ecules,[68,69] Eu(III) ion leakage must be prevented by ensuring 
Eu(III) complex stability under physiological conditions to allow 
for bright emission.[54] When used for luminescence function-
alization of NPs for biological applications, Eu(III) complexes 
are mainly combined with core/shell NPs.[70] To date, only a few 
examples of luminescent and magnetic hollow nanospheres 
have been reported, and the synthesis of empty or non-mag-
netic metal-filled PFR hollow nanospheres has mainly been 
established for nanosized hollow carbon spheres (HCS), which 
cannot be functionalized further.[34,35,42,71] However, the instal-
lation of variable functional groups on the outer polymer shell 
offers unprecedented opportunities for further (bio-)chemical 
modification, including luminescence functionalization, and 
organelle and tissue targeting.[72–74] Filled hollow nanospheres, 
also referred to as yolk/shell NPs or nanorattles, open up new 
possibilities for functionalization so far out of reach with clas-
sical core/shell NPs for theranostic and quantitative MPI appli-
cations.[25,75–79] This superparamagnetic magnetite architecture 
made of phenolic resin hollow spheres coated with Eu(III) con-
taining silica nanoparticles, herein named SMART RHESINs, 
was synthesized and studied.

2. Results and Discussion

2.1. Synthesis and Characterization of SMART RHESINs

In the first step, we synthesized oleate-coated magnetite 
NPs. Many approaches are known for the synthesis of nano-
sized magnetite, such as co-precipitation, hydrothermal, sol-
vothermal, thermal decomposition, microemulsions, and 
sol–gel.[29,80,81] Figure 1 schematically depicts the synthesis 
route followed in this study to produce SMART RHESINs. We 
chose the microwave-assisted solvothermal synthesis route,[82] 
starting with iron(III) oleate, because it is a fairly simple method 
for obtaining oleate-coated magnetite NPs (Fe3O4@oleate)  
with narrow size distribution and high crystallinity. In the 
second step, the magnetite surface was modified by a ligand 
exchange process with sodium hydroxide yielding water-dis-
persible superparamagnetic magnetite NPs (Fe3O4(aq)).[83,84] 
In the third step, the magnetite NPs were encapsulated in 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
block co-polymer Pluronic P123 (EO20PO70EO20) and sodium 
oleate, which formed mixed micelles[71] by hydrophobic inter-
actions,[34] using the soft-template process to generate hollow 
nanostructures. Subsequently, the polymer shell was formed 
on the surface of the micelles through weak acid-base inter-
actions by heating after adding 2,4-dihydroxybenzoic acid and 
hexamethylenetetramine (HMT),[35] yielding Fe3O4(aq)@PFRH. 

The question of whether the micelle-forming substances P123 
and sodium oleate (SO) are still present in the hollow sphere 
or whether they can be washed out cannot be answered simply.  
While in the original publications,[34,35] the hollow spheres 
were thermally treated at high temperatures (pyrolysis between 
400 and 650  °C) to form HCS, thus carbonizing any organic 
compounds, this step was not performed in our synthesis 
route to preserve the functional groups. We hypothesize that 
the polymer P123 and sodium oleate cannot be easily washed 
out, so we draw them graphically in our schematic illustration 
of the reaction model of the synthesis route (Figure 1e,h). The 
size of the hollow nanostructures was measured with dynamic 
light scattering (DLS) and transmission electron microscopy 
(TEM) and their diameter ranged from ≈150 to ≈300 nm, and 
their shell thickness from ≈10 to ≈30 nm. The outer surface of 
the polymer shell was covered with a sufficiently large number 
of accessible carboxylic acid groups for further chemical 
reactions.

To prevent leakage and quenching of Eu(III) ions, the Eu(III) 
complex was incorporated into silica NPs using the modified 
Stöber method.[53] In the first attempt, the luminescent silica 
NPs were encapsulated in the nanosphere along with the mag-
netite NPs to keep the outer shell clear for mono-functionali-
zation. However, the luminescence was quenched after several 
minutes during micellization before polymerization could be 
carried out. Instead, we modified the surface of the Eu(III) 
complex containing silica NPs with (3-aminopropyl)triethoxy-
silane (APTES) to obtain amino-functionalized Eu-TTA-Si  
NPs. To yield SMART RHESINs, the amino-functionalized 
luminescent silica NPs were then coupled to the outside of the 
Fe3O4(aq)@PFRH nanosphere via the carboxylic acid groups 
using N,N-diisopropylcarbodiimide (DIC) and hydroxybenzo-
triazole (HOBt) in acetonitrile.[85]

The morphology and lattice structure of hydrophilic mag-
netite NPs, Eu-TTA-Si NPs, Fe3O4(aq)@PFRH nanospheres, 
and SMART RHESINs were examined by TEM and scanning 
(S)TEM (Figure 2). TEM overview images and high-resolution 
(HR)TEM images show highly uniform Fe3O4(aq) NPs in terms 
of both particle size and particle shape (Figure  2a–c). Pres-
ence and purity of the Fe3O4(aq) NPs were further validated by 
X-ray powder diffraction analysis (Figure S1, Supporting Infor-
mation). Moreover, HRTEM images indicate locally ordered 
atom configurations with lattice fringes extending through 
whole Fe3O4(aq) NPs, which supports their monocrystalline 
structure. The whole NP shown in Figure 2c is a single Fe3O4 
(magnetite) monocrystal with a cubic structure as indicated 
by the good agreement between its 2D Fourier transform and 
the calculated diffraction pattern of bulk cubic Fe3O4 (space 
group Fd-3m, space group number 227) with a  = 8.3941 Å in 
the [215]-zone axis (Figure  2d).[86] A high-angle annular dark-
field (HAADF-)STEM overview image of Eu-TTA-Si NPs and 
corresponding element maps obtained by energy-dispersive 
X-ray spectroscopy (EDXS) area scans show particle agglom-
erations as well as the presence of Si and Eu (Figure  2e–h). 
Particle agglomeration likely occurred during the preparation 
(drying) of colloidal stable suspensions for TEM investiga-
tion. HAADF-STEM imaging confirms the yolk/shell struc-
ture of typical Fe3O4(aq)@PFRH nanospheres and of SMART 
RHESINs both containing a large number of small hydrophilic 
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magnetite NPs. HAADF-STEM imaging yields mass-thick-
ness contrast with dominant Z (atomic number) contrast at 
comparable TEM-sample thicknesses. The Fe3O4(aq)@PFRH 
nanosphere shows a shell with low intensity as expected for 
the organic weakly scattering shell material (Figure  2i) and 
confirmed by the carbon map (Figure  2k). The high intensity 
in the nanosphere interior indicates a large number of Fe3O4 
NPs with a size of 5 to 10 nm and is also visualized by the Fe 
distribution (Figure  2j). The Fe3O4(aq)@PFRH nanosphere is 
not completely filled with Fe3O4 NPs but also contains a dark 
region that is associated with a hollow region (Figure 2j,i). The 

structure of the SMART RHESIN is similar. The nanosphere 
interior is partially filled with Fe3O4 nanoparticles (Figure  2m 
and Fe distribution Figure  2n). The HAADF-STEM intensity 
of the SMART RHESIN nanosphere shell is comparably high 
due to the strongly scattering Eu atoms (Figure  2m and Eu 
distribution in Figure  2o). Particle size and size distribution 
of oleate-coated Fe3O4 NPs, micelle solution, Fe3O4(aq)@PFRH 
nanospheres and SMART RHESINs were determined by DLS 
(Figure S2, Supporting Information) and all relevant Fourier 
transform infrared (FT-IR) spectra of the precursors and the 
synthesized particles are in good agreement with the literature  

Small 2023, 2301997

Figure 1. Schematic illustration of the reaction model for the synthesis route of SMART RHESINs. a) Ligand exchange of oleate-coated Fe3O4 NPs, 
b) solution of P123, SO and Fe3O4(aq) NPs, c) micelle formation, d) added polymer precursors to form emulsion droplets, e) hydrothermal process,  
f) Eu(III) complex containing silica NPs, g) NH2-modification of silica surface, h) peptide coupling of luminescent Eu-TTA-Si NPs with COOH-groups 
of outer PFRH shell.
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(Figures S10–S17, Supporting Information).[34,87–89] To determine 
whether or not the Eu-TTA-Si NPs are covalently bound to the  
surface of the PFRH shell, we recorded IR spectra of a mixture 
of Eu-TTA-Si NPs and Fe3O4(aq)@PFRH nanospheres (Eu-TTA-
Si NPs not covalently bound to PFRH, Figure S17, Supporting 
Information) and compared them with the FT-IR spectra of 

SMART RHESINs (Figures S16 and S17, Supporting Informa-
tion). It is inconclusive from the data whether the Eu-TTA-Si 
NPs are covalently bound to the surface or not, even though we 
assume that they are, since the luminescence functionalization 
cannot be removed from the surface even by extensive washing 
with solvent.

Small 2023, 2301997

Figure 2. (S)TEM analysis of SMART RHESINs with a) TEM overview image of Fe3O4(aq) NPs, b) HRTEM image of small crystalline Fe3O4(aq) NPs,  
c) HRTEM image of one single Fe3O4(aq) nanoparticle with cubic lattice structure and extended lattice fringes throughout whole nanoparticle supporting 
its monocrystalline structure, and d) corresponding 2D Fourier transform of (c) with calculated diffraction pattern for cubic Fe3O4(ag) with space group 
Fd-3m, space group number 227 and a = 8.3941 Å in the [215]-zone axis, e) HAADF-STEM overview image of Eu-TTA-Si NPs and the distributions of  
f) Eu, g) Si, and h) Eu and Si obtained by an Energy Dispersive X-Ray Spectroscopy (EDXS) area scan, i) HAADF-STEM image of a single Fe3O4(aq)@PFRH  
nanosphere and distributions of j) Fe, k) C, and l) Fe and C. m) HAADF-STEM image of one SMART RHESIN particle and distributions of n) Fe,  
o) Eu, and p) Fe and Eu.
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2.2. Magnetic Behavior of SMART RHESINs

2.2.1. Superparamagnetism

For potential MPI application, superparamagnetic behavior 
is a prerequisite. Measurements of the direct current (DC) 
magnetic moment (m) as a function of temperature (T) and 
applied field (H) confirm the superparamagnetic behavior of 
the SMART RHESINs. Measurements of m versus T under 
ZFC and field cooled (FC) conditions (Figure 3a) show a 
blocking temperature, TB, of 31 K, as estimated from the 
peak in the ZFC curve. Measurements of m versus H were 
made at T  > TB (200, 250, and 300 K) and show zero coer-
civity within the limits of the apparatus. To further con-
firm superparamagnetic behavior, in Figure  3b we show 
m versus H/T for the three temperatures; the strong 
overlap of the data indicates superparamagnetism.[90a,b] 
The Fe3O4@PFRH NPs show very similar superparamag-
netic behavior, with a blocking temperature of 28 K and 
good overlap of m versus H/T at T > TB (see Figure S3,  
Supporting Information), indicating that the magnetic 
behavior does not appear to be affected by the modification 
of the polymer shell. Further details regarding the measure-
ment and analysis of the magnetic moment can be found in 
Section S4.2.9, Supporting Information.

2.2.2. Magnetic Particle Spectroscopy Analysis

To investigate the alternating current (AC) magnetic properties 
of the Fe3O4(aq) NPs and the SMART RHESINs in more detail, 
we performed MPS measurements (MPS-3, Bruker BioSpin MRI 
GmbH, Germany) in different dispersion media (agar-agar vs 
deionized water). MPS measures the magnetic response of MNPs 

to an oscillating magnetic field. The change of the particle’s mag-
netization is measured as induced voltage in a receive coil, in our 
case at 25.25 kHz and excitation amplitude at 20  mT. Because 
of the NP’s non-linear magnetization behavior, the induced 
particle signal contains despite the fundamental frequency also 
harmonics thereof. The particle MPS spectrum indicates the 
particle’s performance as MPI tracer. Samples were mixed with 
agar-agar (immobilized samples) or deionized water (mobile 
samples) and the measured spectra were normalized to the iron 
concentration of the different samples. The performance of the 
Fe3O4(aq) NPs and the SMART RHESINs is shown in Figure 3c. 
synomag-D (dDLS = 70 nm, micromod, Germany) was used as a 
standard, since it is a commonly used MPI tracer. To evaluate the 
performance of the samples regardless of their iron content, we 
analyzed different concentration ratios and plotted the respec-
tive slopes of the calibration line for all samples based on the 
odd harmonics (see Figure S4, Supporting Information). The 
synomag-D NPs show the best performance, as expected from 
a high-performance tracer for MPI applications. The spectral 
amplitudes for the Fe3O4(aq) NPs and SMART RHESINs continu-
ously decrease, reaching a signal value of 4.6 × 10−7 Am2 mol−1 Fe 
for the Fe3O4(aq) NPs and 3.1 × 10−7 Am2 mol−1 Fe for the SMART 
RHESINs at the 17th harmonic. For all immobilized samples, 
the amplitudes are significantly lower than for the corresponding 
liquid ones, except for the SMART RHESINs, for which the sig-
nals overlap (Figure 3c, yellow lines). This can be explained by 
not inhibiting the Brownian rotation of the SMART RHESINs—
fostering our hypothesis—compared to immobilized Fe3O4(aq) 
and the synomag-D NPs, which limits the dynamic response 
of the NPs to an external oscillating magnetic field.[91] Through 
our findings, we have been able to validate our hypothesis and 
present a novel methodology for quantifying the magnetization 
response of NPs in MPS and potential MPI measurements, 
regardless of the mobility status of the NPs.

Small 2023, 2301997

Figure 3. Magnetic behavior of SMART RHESINs. For a sample of dried SMART RHESINs, a) the magnetic moment (m) as a function of temperature 
(T), measured with an applied field (H) of 100 Oe. Data was measured upon warming, after first cooling in either zero field (ZFC) or in a field of 100 Oe 
(FC). b) m as a function of H/T. Here, both m and H/T are scaled by js = ms(T)/ms(10 K) to account for the temperature-dependence of the sponta-
neous magnetization. c) MPS spectrum of Fe3O4(aq) NPs (magenta) and SMART RHESINs (yellow) in deionized water (solid lines) and in 10 mg mL−1 
agar-agar solution (dashed lines) at 20 mT drive field excitation at 25.25 kHz. For better comparison, the commonly used MPI tracer synomag-D (dark 
blue) was also measured in water and in agar-agar solution and the spectra have been normalized to the iron concentration of the individual samples.

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202301997 by C
ochrane Japan, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

2301997 (7 of 13) © 2023 The Authors. Small published by Wiley-VCH GmbH

2.3. Photoluminescence Properties of SMART RHESINs

To characterize the photoluminescent properties of the bimodal 
hollow nanospheres, photoluminescence emission (PL) and photo-
luminescence excitation (PLE) spectra of the [Eu(TTA)3(H2O)2] 
complex in ethanol (EtOH) (Figure 4a), the Eu-TTA-Si NPs in 
ethanol (Figure 4b) and deionized H2O (Figure 4c), and SMART 
RHESINs in dimethyl sulfoxide (DMSO) (Figure 4d) and deion-
ized H2O (Figure 4e) were recorded at room temperature.

The PLE spectrum of the [Eu(TTA)3(H2O)2] complex dis-
plays an absorption band peaking at 394  nm, covering the 
spectral range from 390 to 475  nm, for which the peaks 
assigned to the 7F0 → 5L6 (394 nm) and 5D2 → 7F0 (465 nm) 
transitions of the trivalent europium ion (Figure  4a) are in 
good agreement with the literature.[53] Both PLE spectra of 
the Eu-TTA-Si NPs (Figure  4b,c) as well as both PLE spectra 
of SMART RHESINs (Figure  4d,e) show a broad absorption 
band in the 300 to 400 nm range, with a PLE onset at around 
400 nm, which is attributed to the S0 → S1 allowed transition 
in the TTA ligands. The PLE profile difference between the 
native [Eu(TTA)3(H2O)2] complex and the Eu-TTA-Si NPs as 
well as SMART RHESINs suggest effective interactions both 
between the [Eu(TTA)3(H2O)2] complex and the silica net-
work and likewise between the Eu-TTA-Si NPs and SMART 
RHESINs. In all individual PL spectra, the absence of a broad 
band between 450 and 600  nm, which would correspond to 
the triplet state excitation of the TTA ligand, indicates an effi-
cient ligand-to-metal energy transfer (Figure 4a–e).

To assess if SMART RHESINs lose their luminescence prop-
erties over time, aliquots of SMART RHESINs were prepared 
in deionized H2O and DMSO and the luminescence inten-
sities were measured right after synthesis, after 1 week and 

after 1 month. The aqueous aliquots showed a luminescence 
intensity decrease of ≈95% over time, while the luminescence 
intensity of the DMSO aliquot stayed nearly constant with an 
intensity decrease of only 10% (Figures S5 and S6, Supporting 
Information). The quantum yields were determined in solu-
tion at room temperature, yielding values of Φ  = 28% for the 
native [Eu(TTA)3(H2O)2] complex, Φ = 32% for Eu-TTA-Si, and 
Φ = 2% for the SMART RHESINs. For better comparison, all 
samples were measured in ethanol absolute. The quantum 
yield of [Eu(TTA)3(H2O)2] is in good agreement with the lit-
erature.[92] A decrease in the value for the SMART RHESINs 
could be explained by the many factors that affect luminescence 
quantum yields.[93] These factors include temperature, solvent 
and the fact that SMART RHESINs were measured as a col-
loidal dispersion, which cannot avoid scattering effects.

Additionally, solid-state phosphorescence decay times 
were determined for [Eu(TTA)3(H2O)2] (τ  = 0.05/0.22  ms), 
Eu-TTA-Si (τ  = 0.11/0.42  ms), and SMART RHESINs  
(τ = 0.03/0.19/0.66 ms), which exhibit double-exponential decay 
times in the range of tenths and hundredths of milliseconds 
due to their complex PL kinetics (Figure S7, Supporting Infor-
mation). The decay times of the Eu(III) complexes that we 
measured are close to the range of 0.5–3  ms for lanthanides 
reported in the literature.[67,94]

2.4. Confocal Imaging of SMART RHESINs

In live cell confocal fluorescence microscopy experiments, HeLa 
cells displayed distinct SMART RHESINs cytoplasmic lumi-
nescence signal increasing with nanosphere incubation time 
and concentration (Figure 5a,b), indicative of active cellular 

Small 2023, 2301997

Figure 4. Photoluminescence emission (PL) and excitation (PLE) spectra of a) native and b,c) silica-functionalized [Eu(TTA)3(H2O)2] complex in (b) 
EtOH and (c) H2O as well as of d,e) SMART RHESINs in (d) DMSO and (e) H2O. The PL emission and the PLE spectra were recorded at the indicated 
wavelengths and normalized. The pictures show the samples under UV lamp illumination (365 nm) (compare Movie S4, Supporting Information: 
magnetic and luminescent properties of SMART RHESINs in H2O excited at 365 nm).
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uptake via non-specific endocytosis.[95] The signal was con-
fined to 200 nm (diffraction-limited) to 1 µm-sized cytoplasmic 
spots and larger aggregates mostly distributed heterogeneously 
around the nucleus, which always remained free of nanosphere 
signal (Figure  5c). To better map the intracellular distribution 
of SMART RHESINs over the entire cellular volume, confocal 
z-stacks of living Hela cells co-stained with SiR-DNA were 
acquired. The data confirm the presence of cytoplasmic nano-
sphere accumulation hotspots in nuclear proximity (Figure 5d).

To analyze the intracellular fate of SMART RHESINs, colo-
calization experiments with commercial organelle stains against 
the Golgi apparatus (Golgi-RFP), lysosomes (SiR-lysosome), 
the endoplasmic reticulum (ER-RFP), and mitochondria (Mito-
Tracker) were conducted. Calculation of the Pearson’s correla-
tion coefficient (PCC, pixel matching analysis)[96] proved the 
absence of significant colocalization of SMART RHESINs with 
all of the co-stained organelles (PCC < 0.31, Figure S20, Sup-
porting Information). However, visual inspection of the images 
revealed the distinct accumulation of SMART RHESINs in 
the region of the Golgi apparatus (Figure  5e,f, Figure S20b,f, 
Supporting Information), whereas any significant spatial cor-
relation with lysosomes, ER and mitochondria was absent 
(Figure S20c–e,g–i, Supporting Information). Inspired by this 
intracellular fate, we speculate that the endocytosis of SMART 
RHESINs might be caveolae-dependent, as much cargo inter-
nalized via caveolae is eventually delivered to the Golgi appa-
ratus.[95] Further, we notice the application potential of our 
phenolic resin hollow sphere design as an organelle-targeted 
nano drug delivery system. Specifically directing drugs to the 
Golgi apparatus is highlighted as a promising strategy with 
high specificity, low-dose administration and reduced risk of 
side effects in therapy and diagnosis of cancer, neurological dis-
eases and fibrosis.[95] It has to be noted though that different cell 
types may employ different endocytotic pathways to internalize 
the same type of NP.[97,98] Importantly, cancer cells internalize 
NPs with a higher efficiency than normal cells,[99,100] which is 
encouraging for the potential application of SMART RHESINs 
as theranostic agents in the treatment of cancer. Although in 
vivo studies related to the biodistribution, biocompatibility, 
pharmacodynamics, pharmacokinetics, and enhanced perme-
ability and retention effect (the EPR effect[101,102]) of our SMART 
RHESINs are crucial factors to consider for its potential use in 
drug delivery for cancer therapy and diagnosis, these studies are 
beyond the scope of this paper and will require further research.

As the effective photostability of any luminescence reporter 
is crucial for the option of repeated and/or long-term readout 
under the experimental conditions of its actual application, we 
measured the photobleaching behavior of SMART RHESINs, 
Fe3O4(aq)@PFRH nanospheres, the silica-embedded complex 

Eu-TTA-Si, and the native [Eu(TTA)3(H2O)2] complex after 
their uptake into living HeLa cells by acquiring confocal image 
series of numerous fields of view and analyzing the integrated 
fluorescence intensity over the frame number. The experiments 
were performed for all samples with either DMSO (Figure 6a) 
or water (Figure 6b) stock solutions with an acquisition time of 
0.64 frames s−1.

Since the native [Eu(TTA)3(H2O)2] complex is insoluble in 
water, the complex’s photobleaching measurements shown 
in Figure  6a,b were both performed with DMSO stock solu-
tions. As shown in Figure  6, the fluorescence intensities of 
the native complex [Eu(TTA)3(H2O)2] and the silica-embedded 
complex Eu-TTA-Si decreased over time, as expected. In con-
trast, the SMART RHESINs showed an unexpected increase in 
fluorescence intensity for both the DMSO (Figure 6a) and water 
(Figure 6b) stock solutions, reaching a maximum after 20 and 
30 frames, respectively, followed by an intensity decrease. In 
case of the DMSO stock solution, the fluorescence intensity of 
SMART RHESINs increased by about 20%, whereas, in the case 
of the water stock solution, it doubled compared to its initial 
value. To the end of the measurement, the normalized fluores-
cence intensities of all samples converge at around 20% of their 
initial values. However, the extent of fluorescence enhance-
ment of SMART RHESINs upon repeated excitation depends 
on the solvent of the stock solution, which could indicate a sol-
vent effect. Prior to the experiment, the DMSO or water stock 
solutions were diluted 1 to 100 in cell culture medium, that is, 

Figure 5. Live cell confocal imaging of SMART RHESINs. a,b) Integrated SMART RHESINs fluorescence intensity after incubating living HeLa cells 
with a) 1.0% SMART RHESINs for 6, 12, and 24 h. b) 0.1% and 1.0% SMART RHESINs for 6 h (n = 10 cells), box plots indicate the interquartile range 
(box), the outer-most data points falling within 1.5× interquartile range (whiskers), the median (center line), and the mean (triangle). Bottom: exem-
plary confocal images with nuclear co-staining (SMART RHESINs orange; SiR-DNA gray). Scale bars, 10 µm. c) Confocal image of living HeLa cells 
after incubation with 1.0% SMART RHESINs (orange) for 24 h co-stained with SiR-tubulin (gray). Scale bar, 10 µm. d) Texture-based volume renderings 
of SMART RHESINs (1.0%, 24 h, orange) accumulation hotspots in proximity of the nucleus (co-stained with SiR-DNA, gray). e) Exemplary confocal 
image of the spatial correlation between SMART RHESINs (1.0%, 24 h, orange) and the Golgi apparatus (co-stained with CellLight Golgi-RFP BacMam 
2.0) in a living HeLa cell. The outline of the nucleus is indicated with a dotted cyan line. Scale bar, 5 µm. f) Corresponding fluorogram (pixel matching 
analysis) of (e). Statistical significance (two-sided Student’s t-test): ns—no significant difference, *p < 0.05, **p < 0.005, ***p < 0.0005.

Figure 6. Photobleaching behavior studied by repeated confocal 
imaging of living HeLa cells incubated with 1% solutions of the native 
[Eu(TTA)3(H2O)2] complex (magenta circles), the silica-embedded com-
plex Eu-TTA-Si (purple triangles), non-functionalized Fe3O4(aq)@PFRH 
nanospheres (dark blue squares), and SMART RHESINs (orange dia-
monds) for 18  h with all samples dispersed in a) DMSO and b) H2O 
except for the native [Eu(TTA)3(H2O)2] complex because of its insol-
uble behavior in water. The integrated fluorescence intensity of n  = 20 
confocal fluorescence microscopy image series was normalized to the 
second frame. The means are plotted over the number of frames and the 
standard deviations are visualized as shadows.
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potential solvent effects could have already been manifested 
over time in the stock solution. During the actual measure-
ment, the majority of the solvent is cell culture medium. The 
more pronounced fluorescence enhancement observed with the 
water stock solution samples could hint toward a gradual popu-
lation of a solvent-induced long-lived dark state of the Eu-TTA-Si  
complex of the SMART RHESINs, which could be recovered by 
repeated excitation with 405 nm.

To investigate the special optical properties of the PFR 
polymer in more detail, ultraviolet-visible (UV–vis), PL, and 
PLE spectra of the Fe3O4@PFRH nanospheres without lumi-
nescence functionalization were measured at different excita-
tion wavelengths (Figures S8 and S9, Supporting Information). 
At an excitation wavelength of 392 nm, the fluorescence emis-
sion of Fe3O4(aq)@PFRH shows two emission maxima, peaking 
at 455 and at 520 nm. PFR NPs are known to luminesce faintly 
green, which is interesting for microscopic applications and 
has previously been described in literature. For instance, PFR 
NPs emit at 511  nm when excited at 371  nm.[103] PFR colloids 
have also been shown to emit luminescence between 490 and 
520 nm, depending on their particle size.[104] Fe3O4@PFR core/
shell particles are reported to emit around 535  nm.[105] The 
results shown in Figure  6 indicate that the population of the 
presumed dark state only occurs when the Eu-TTA-Si complex 

and the PFRH polymer are present together in the form of the 
SMART RHESINs. The presumed dark state recovery is not 
observed with the individual components. As expected, their 
luminescence decreased with increasing illumination time.

2.5. Cytotoxicity of SMART RHESINs

To rigorously exclude potential acute cytotoxicity of SMART 
RHESINs, the frequency and duration of HeLa cell division 
(Figure 7a) were assessed by following cell proliferation via 
holographic time-lapse cytometry during constant nanosphere 
exposure for 48 h. Digital holographic microscopy allows for the 
non-invasive and label-free visualization of live cell populations 
by recording the light-wave-front information originating from 
the cells as a digital hologram and computationally processing 
it to produce a quantitative phase shift image (Figure S18a,  
Supporting Information). Additionally, the metabolic activity 
after nanosphere exposure was quantified by a cell viability assay 
based on the ability of viable cells to reduce the non-fluorescent 
redox dye resazurin to its fluorescent counterpart resorufin 
(Figure S18b, Supporting Information). As non-viable cells rap-
idly lose this metabolic capacity, the fluorescent signal is directly 
proportional to the number of living cells. We observed the 

Figure 7. HeLa cell proliferation was followed for a total period of 48 h in the absence of (control, purple, experiments n = 21, tracked cells n = 1182, 
divisions n = 311, Movie S1, Supporting Information) and in the constant presence of 0.1% SMART RHESINs (orange, experiments n = 11, tracked 
cells n = 1278, divisions n = 361, Movie S2, Supporting Information) via holographic time-lapse cytometry. a) Holographic image sequence of several 
cell divisions in the presence of 0.1% SMART RHESINs (top: overview as shown in Movie S2, Supporting Information; bottom: zoom-in as marked in 
overview; t = 0 min equals t = 28:45 min in Movie S2, Supporting Information). Dividing cells round up and can be distinguished from non-dividing cells 
by height (color coded). Scale bar overview, 100 µm; scale bar zoom-in, 20 µm. Corresponding time-lapse movie (Movie S2, Supporting Information) is 
supplied. b) Normalized cell count, c) normalized confluency, d) frequency of cell division of untreated (control), 0.1% DMSO treated (vehicle control), 
and 0.1% SMART RHESINs treated HeLa cells, and e) cell cycle length. f) CellTiter-Blue cell viability assay showing no influence of SMART RHESINs 
on metabolic activity of HeLa cells in comparison with control and vehicle control. For (b) and (c) the normalized means are plotted over the time and 
the standard deviations are visualized as shadows. For (d–f) box plots indicate the interquartile range (box), the outer-most data points falling within 
1.5 × interquartile range (whiskers), the median (center line), the mean (triangle), and the sample population (dots). Statistical significance (two-sided 
Student’s t-test): ns—no significant difference to control, *p < 0.05, **p < 0.005, ***p < 0.0005.
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absence of acute cytotoxicity at SMART RHESINs working dilu-
tions up to 1% as the cell morphology (Figure  7a, Figure S19a, 
Movies S1–S3, Supporting Information), cell proliferation rates 
(Figure 7b–e, Figure S19b–e, Supporting Information) and meta-
bolic activity (Figure 7e, Figure S19f, Supporting Information) of 
living HeLa cells were not significantly affected over the time of 
the experiments. Indeed, the toxic concentrations were compa-
rable to that of DMSO (vehicle). Note that potential long-term 
cytotoxic effects could not be assessed with the performed assays.

3. Conclusion

We have successfully synthesized europium(III)-coated hollow 
nanospheres filled with superparamagnetic magnetite NPs 
(Fe3O4(aq)@PFRH@Eu-TTA-Si, SMART RHESINs). Our 
research revealed that the hollow nanosphere structure of 
these SMART RHESINs maintains the effective relaxation 
(Brownian plus Néel) even when immobilized. This unique 
behavior makes SMART RHESINs suitable for use in MPI and 
potentially allowing for the full exploitation of the quantita-
tive nature of this technique in biological environments with 
significant change of the NP’s mobility. These bimodal hollow 
nanospheres have a unique yolk/shell structure and the spe-
cial optical properties of the combination of [Eu(TTA)3(H2O)2] 
and the PFR shell offer novel bioimaging opportunities. Our 
in vitro experiments highlight the extensive cellular tolerance 
and the favorable cellular fate, that is, the accumulation in the 
region of the Golgi apparatus, of SMART RHESINs, qualifying 
them as candidates for potential biomedical applications.

The chemical stability, superparamagnetism, exceptional 
luminescence, and absence of acute cytotoxicity of SMART 
RHESINs bode well for their application as multimodal imaging 
probes. Beyond in vitro applications for cell biology, combining 
the modalities of luminescence and magnetism within a NP 
provides pioneering opportunities for in vivo imaging. The 
design concept of SMART RHESINs matches the development 
of novel in vivo optical tomographic imaging techniques (e.g., 
MPI) that offer the prospect of a second imaging modality with 
higher spatial resolution and specificity. Our SMART RHESIN 
architecture is not restricted to the MNPs we synthesized and 
presented here, as the nanospheres can enclose various other 
types of MNPs. Therefore, it offers a versatile approach for 
utilizing established MPI-tracers or combining different types 
of MNPs, which is a key aspect of our ongoing research. We 
expect that these results will strongly motivate further develop-
ment of multi-functionalized hollow nanospheres which could 
lead to significant advances in quantitative MPI techniques.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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