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Abstract

Background Implant infections caused by biofilm forming bacteria are a major threat in orthopedic surgery. Deliver-
ing antibiotics directly to an implant affected by a bacterial biofilm via superparamagnetic nanoporous silica nano-
particles could present a promising approach. Nevertheless, short blood circulation half-life because of rapid interac-
tions of nanoparticles with the host’s immune system hinder them from being clinically used. The aim of this study
was to determine the temporal in vivo resolution of magnetic nanoporous silica nanoparticle (MNPSNP) distribution
and the effect of PEGylation and clodronate application using PET/CT imaging and gamma counting in an implant
mouse model.

Methods PEGylated and non-PEGylated MNPSNPs were radiolabeled with gallium-68 ®3Ga), implementing the che-
lator tris(hydroxypyridinone). 36 mice were included in the study, 24 mice received a magnetic implant subcutane-
ously on the left and a titanium implant on the right hind leg. MNPSNP pharmacokinetics and implant accumulation
was analyzed in dependence on PEGylation and additional clodronate application. Subsequently gamma counting
was performed for further final analysis.

Results The pharmacokinetics and biodistribution of all radiolabeled nanoparticles could clearly be visualized

and followed by dynamic PET/CT imaging. Both variants of ®®Ga-labeled MNPSNP accumulated mainly in liver

and spleen. PEGylation of the nanoparticles already resulted in lower liver uptakes. Combination with macrophage
depletion led to a highly significant effect whereas macrophage depletion alone could not reveal significant dif-
ferences. Although MNPSNP accumulation around implants was low in comparison to the inner organs in PET/CT
imaging, gamma counting displayed a significantly higher %l.D./g for the tissue surrounding the magnetic implants
compared to the titanium control. Additional PEGylation and/or macrophage depletion revealed no significant differ-
ences regarding nanoparticle accumulation at the implantation site.

Conclusion Tracking of ®®Ga-labeled nanoparticles in a mouse model in the first critical hours post-injection by PET/
CT imaging provided a better understanding of MNPSNP distribution, elimination and accumulation. Although
PEGylation increases circulation time, nanoparticle accumulation at the implantation site was still insufficient for infec-
tion treatment and additional efforts are needed to increase local accumulation.

fAndras Polyak and Heidi Harting contributed equally to this work.

*Correspondence:

Heidi Harting

harting.heidi@mh-hannover.de

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-023-02041-8&domain=pdf

Polyak et al. Journal of Nanobiotechnology ~ (2023) 21:270

Page 2 of 20

Keywords Drug delivery systems, Magnetic targeting, Macrophage depletion, PET imaging, PEGylation, Core—shell

nanoparticles, Implant imaging

Background
Implant infections especially in the form of peripros-
thetic joint infections (PJI) are a major threat in ortho-
pedic surgery [1, 2]. PJI treatment is resource- and
cost-intensive [3] due to long-term antibiotic treatment
and often-required additional surgery [4]. Over the last
years, several studies showed that the incidence of PJI is
increasing [1, 4, 5], especially because the total number of
arthroplasties is growing [6, 7]. Bacteria causing PJI can
reach implants on different ways. Inoculation of microor-
ganisms during surgery is still a major cause and the viru-
lence of the microorganisms determinates at what time
point clinical signs become evident [7]. Apart from that,
there is a life-long risk for colonization of implants with
haematogenous spread bacteria after a primary infec-
tion somewhere else in the body [7]. The major prob-
lem regarding antibiotic treatment of PJI is that bacteria
adhere to the implant surface and tend to form biofilms.
Biofilm makes them a lot more resistant to antibiotic
treatment than their planktonic form [7, 8], leading to the
problem that necessary local antibiotic concentration can
hardly be reached just with systemic application [7]. It
is well known that insufficient antibiotic concentrations
foster the development of antibiotic resistance. Because
of that and in view of the fact that antibiotic-resistant
bacteria is one of the biggest threats to global health,
there is a pressing need for new therapeutic strategies.
Delivery of pharmaceutical agents directly to a
desired location in the body using nanoparticles (NPs)
is an approach, which aroused a lot of interest over
the past decades. The unique and versatile character-
istics of magnetic nanoparticles (MNPs) particularly
iron oxide nanoparticles (IONPs) like small size, high
surface to volume ratio, chemical stability, electro-
magnetic properties, biocompatibility and biodegra-
dability [9-15] make them highly attractive for a lot of
biomedical applications such as magnetic resonance
imaging (MRI) [16], magnetic hyperthermia [17], tar-
geted drug and gene delivery [18, 19], biosensing [20]
and bioseperation [21] as well as many more [9-12].
The general underlying principle of the so-called drug
targeting aims for an accumulation of a drug only in
the desired tissue or interaction exclusively with tar-
geted cells [22-24]. This is a desirable approach espe-
cially in targeted drug delivery for cancer treatment to
avoid unwanted side effects on healthy cells [24] but it
could also present a favorable approach to reach high
local antibiotic concentrations on implants affected by

bacterial biofilms [25]. To achieve an active targeting of
drug carriers either a functionalization with target-cell
specific structures such as antibodies or the guidance
via an external functionality like a magnetic field is nec-
essary. [10, 19, 22].

When foreign objects/materials such as nanopar-
ticles enter the body, they are rapidly recognized by
the host’s immune system. Nanoparticles are almost
instantly victims of opsonization when administered
intravenously leading to recognition of the opsonins
by cells of the mononuclear phagocytic system (MPS)
[26]. Accordingly, most of the nanoparticles are cleared
from the circulation and get stuck in organs belonging
to the reticuloendothelial system (RES) like liver and
spleen before they can even reach their target [27]. Due
to that fact, researchers focused on which character-
istics of nanoparticles can influence this identification
by the immune system and developed various strate-
gies to overcome recognition by cells of the MPS like
conjugation with polyethylene glycol (PEG) [28, 29],
CD47 [30] or cloaking with membranes of blood cells
[31, 32]. A recent in vivo study used PEGylated, mag-
netic silica nanoparticles and proved them as biocom-
patible in mice [33]. The fate of the nanoparticles after
defined time points up to 42 days was tracked using flu-
orescence labeling. Another in vivo study evaluated the
influence of macrophages on the systemic distribution
by injecting clodronate liposomes [34], which are well
known for their depleting effect on macrophages [35,
36]. This influence could be proved, but no information
was gained about the fate of the nanoparticles in the
time-span immediately after injection, since tracking
via fluorescence was only able after time-consuming
sample preparation.

Here, positron emission tomography (PET) fol-
lowed by ex vivo biodistribution investigation using a
gamma counter is an alternative possibility. PET is a
well-established nuclear imaging technique relying on
the detection of a radiotracer/radioisotope [9, 37]. The
combination of nuclear imaging techniques like PET
or SPECT (single photon emission computed tomog-
raphy) with computed tomography (CT) or magnetic
resonance imaging (MRI) allows the fusion of func-
tional and anatomical information, ensuring the pre-
cise localization of radioisotope accumulation [38—44].
For achieving the conjugation or internalization of
these radionuclides onto or into new nanoparticles,
today various bifunctional chelators (BFCs) are readily
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accessible. Consequently, the path of nanovesicles can
be investigated visually, quantitatively, in real-time
after their administration, offering unique advance over
non-tracer-based imaging modalities. Dynamic PET
and SPECT acquisition allows the registration of organ
uptake values, ex vivo biodistribution, and pharma-
cokinetic parameters of labeled nanovesicles, including
blood clearance and excretion times. Thus, although
the method recommends special radiochemical appara-
tus and has obvious limitations (limited tracking time
depending on selected radioisotope), hybrid PET/CT
imaging systems combined with radiolabeled nanopar-
ticles for targeted drug delivery offer a unique way to
evaluate quantitatively the whole body distribution and
the anatomical information regarding the NP-accumu-
lation in targeted tissues [38, 44, 45].

In the present study, two differently modified nanopar-
ticles with a magnetic iron oxide core and a nanoporous
silica shell (MNPSNP) radiolabeled with gallium-68 are
under investigation in an in vivo mouse model. Radi-
olabeling was achieved by attaching the bifunctional
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chelator tris(hydroxypyridinone) (THP) for the first time
onto such core—shell magnetic nanoparticles [46]. Addi-
tionally, to the nanoparticles, animals of some groups
received a permanent magnet and a paramagnetic tita-
nium control, which were implanted subcutaneously.
Aim was to evaluate the effect of PEGylation and clo-
dronate application on the early pharmacokinetics of the
MNPSNP, and furthermore, to investigate their accumu-
lation in organs and in the tissue surrounding a magnetic
implant compared to a paramagnetic control (see Fig. 1).

Results

Synthesis of MNPSNP

Synthesized MNPSNP have a size of 108+9 nm as
determined by TEM (transmission electronmicros-
copy). After modification of the MNPSNP with THP
(Tris(hydroxypyridinone)) and THP-1kmPEG (Polyeth-
ylene glycol) the appearance of the particles was pre-
served, i.e. similar diameter and no loss of the spherical
shape (Fig. 2). Furthermore, the TEM investigations
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Fig.2 TEM images of MNPSNP@THP (a) and MNPSNP@THP-1kmPEG (b)
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demonstrated the nanoporous structure within the shell
of both types of nanoparticles.

The Fourier-transform infrared (FT-IR) spectra of
the MNPSNP show the characteristic Fe—O stretching
mode at 576 cm™! as well as an intense Si—-O-Si band at
1080 cm™! [33]. Additionally, in the spectra of the THP-
functionalized particles vibrations bands from 1709 to
1460 cm™ are related to the vibration of carbonyl groups,
amide and amines which are caused by the THP [47-49].
In the spectra of the THP-1kmPEG functionalized parti-
cles additional stretching modes of the methylene groups
of the mPEG chain are present at 2980 to 2860 cm ™! [50].

The nitrogen physisorption (Fig. 3) was used to calcu-
late the BET surface area, pore diameter and pore volume
of the particles. The unmodified MNPSNP shows a high
porosity with a BET surface area of 1021 m? g~', a pore
diameter of 4.4 nm and a pore volume of 1.1 cm® g~%.
After the modification these parameters decreased,
caused by the covalent attachment of THP and mPEG.
Resulting in a BET surface area of 886 m> g', a pore
diameter of 4.2 nm and a pore volume of 0.9 cm® g™ for
the THP functionalized particles. If additionally 1kmPEG
is attached to the surface, a BET surface area of 214
m? g~!, a pore diameter of 3.5 nm and a pore volume of
0.2 cm® g ! is obtained.

The functionalization could furthermore be verified
by TGA (thermogravimetric analysis). Here, the THP-
functionalized MNPSNP show a weight loss of 13%
and the THP-1kmPEG functionalized MNPSNP show
a weight loss of 38% which indicates the presence of a
different amount of organic residues on the MNPSNP.
Since the same amount of THP was used in each syn-
thesis, the remaining organic residues for the MNSNP@
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THP-1kmPEG are attributed to the mPEG functionali-
zation. Compared to this, the weight loss of unmodified
MNPSNP was 7% due to the evaporation of adsorbed
water and the condensation of surface silanol groups.

The hydrodynamic diameter and the zeta-potential of
the MNPSNP were measured using dynamic light scat-
tering (DLS) method (Fig. 4). Unmodified MNPSNP
showed a hydrodynamic diameter of 110 nm+20 nm
and a zeta potential of — 29.0 mV +£0.8 mV. After modi-
fication with THP the hydrodynamic diameter increased
to 139 nm+7 nm, due to the larger hydration layer in
aqueous media. Also, the zeta potential increased to
— 22.3 mV +£1.0 mV. Similar results were obtained with
the THP-1kmPEG modification. Here, the hydrody-
namic diameter increased to 163 nm+16 nm and the
zeta-potential to 17.7 mV £ 0.4 mV. The higher increase in
size and zeta potential is hereby caused by the PEGyla-
tion. Also, a slight aggregation of the MNPSNP@THP-
1kmPEG was observable.

$8Ga-radiolabeling of MNPSNP

TLC and magnetic separation analysis revealed that both
the MNPSNP@THP and MNPSNP@THP-1kmPEG vari-
ants rapidly complexed the ®®Ga under continuous 600
RPM stirring. In each case, labeling efficiency reached
min. 98% in 10 min, then the ®®Ga-conjugation stabil-
ity proved above 99% at 30 min, 1 h, 2 h and 3 h post-
labeling. Importantly, the THP-functionalization allowed
room temperature *®Ga-chelating reaction in slightly
acidic bufferation (pH 4). These mild labeling conditions
could exclude the possible modifications on the sur-
face and in the structure of the MNPSNP. Radiochemi-
cal purity and particle integrity results were visually and
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Fig. 3 FT-IR spectra of unmodified MNPSNP (black), MNPSNP@THP (red) and MNPSNP@THP-1kmPEG (blue) (a); Nitrogen physisorption isotherms
of unmodified MNPSNP, MNPSNP@THP and MNPSNP@THP-1kmPEG (b), filled squares: adsorption and empty squares desorption isotherm
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Fig. 5 PET/CT images of the distribution of 5.3 MBq activity [®*Ga]MNPSNP@THP in an ampoule exposed to neodymium magnet at the start
of the 30 min dynamic acquisition and at 30 min (a) and central cross-section activity gradient in the vial at 30 min (b)

quantitatively reinforced by a simple phantom PET/CT
experiment (Fig. 5). PET/CT scans show that radioac-
tive [**Ga]MNPSNP@THP migrated towards the strong
magnetic field. Visual and ROI (region of interest) analy-
sis proved an asymmetric radioactivity accumulation at
the magnet side of the vial rapidly from the first moment
of exposition, until 98.2% of the total *Ga-activity could
be detected near the magnet surface.

The magnetic and TLC analyses predicted the labeled
compounds’ proper in vitro ®Ga-complexing stability in
blood sera, as the labeling efficiency analysis resulted in
comparable values (above 95% at 30 min, 1 h and 3 h).

Evaluation of in vivo pharmacokinetics by PET/CT imaging
Control groups without implantation and groups with
implantation were combined for the PET/CT imag-
ing study, resulting in four groups from the original six

groups (Group 1+ 3: [®*Ga]MNPSNP@THP without clo-
dronate pretreatment, Group 2+4: [**Ga]MNPSNP@
THP-1kmPEG without clodronate pre-treatment, Group
5: [®Ga]MNPSNP@THP with clodronate and Group
6: [*®*Ga]MNPSNP@THP-1kmPEG with clodronate).
Implants are clearly recognizable in the fused PET/CT
images by the CT therefore NP uptake on the implants or
in the surrounding tissue could be measured (see Fig. 6).
The pharmacokinetics and biodistribution of all radi-
olabeled nanoparticles could clearly be visualized and
followed by 60 min dynamic PET/CT imaging in all ani-
mal groups. In general, both variants of ®*Ga-labeled
MNPSNP accumulated mainly in the RES organs (liver
and spleen). Macrophage depletion and PEGylation had
significant effects on the 60 min pharmacokinetic profiles
both separately and in combination. Lung, liver, spleen
and bladder uptakes were different and dependent on the
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Fig. 6 a-d Representative PET images of two mice from each group 60 min post-injection. a Group 1+ 3, b: Group 2 +4, ¢: Group 5, d: Group 6.
Lliver, Sspleen, Bbladder. e representative fused PET/CT image (maximal intensity projection) of one mouse of Group 6 at 120 min p.i. Colored scale:
coronal PET layer showing activity accumulation in the lung, liver, spleen and bladder; monochrome scale: CT layer with identifiable magnetic (left)

and titanium (right) implants near the femora

nanoparticle variant and the clodronate pre-treatment
(see discrete time-activity organ curves on Figs. 7 and 8
and detailed average %ID/ml+SD values in Additional
file 1: Table S1).

The highest lung uptake (avg. 21.60+6.20% ID/ml)
could be measured in the Group 1+ 3 ([®*Ga] MNPSNP@
THP, without clodronate). Faster kinetics/less binding
in Group 2+4 indicate a difference between PEGylated
and non-PEGylated NPs. Liver signal quickly accumu-
lated in all animals, reaching a maximum liver uptake
of avg. 49.66% +19.51% (SD) ID/ml at 9 min p.i. in the
Group 1+ 3. PEGylation resulted in lower maximum liver
uptakes as well as [®*Ga]MNPSNP@THP-PEG admin-
istration combined with the clodronate treatment was
able to further decrease this peak liver accumulation.
Concurrently, a dynamically increasing uptake could
be measured in the spleen reaching the highest values
with an average %ID/ml of 41.68% + 37.37% for Group 6
([®®*Ga]MNPSNP@THP-1kmPEG, with clodronate) at

60 min p.i. and 48.91% +44.62% at 120 min. The urinary
bladder activity had also strongly increased in the [**Ga]
MNPSNP@THP-1kmPEG administered Group 2+4 and
Group 6, concluding that the PEGylated NP variants had
more rapidly migrated through the kidneys and urinary
track. Implant uptakes remained below 1% ID/ml with-
out distinct accumulation over time. The highest activity
accumulation could be seen in Group 2+4 and Group 6
with avg %ID/ml of 0.22% +0.32% and 0.19% +0.07% at
120 min p.i., respectively.

The whole organ uptake estimations also revealed that
the macrophage depletion had a substantial impact on
RES organ uptake when [®*Ga]MNPSNP@THP-1kmPEG
were injected (see Additional file 1: Fig. S3 and Table S1).
Lower whole lung and liver accumulation (62.4% + 8.8%
at 60 min p.i) could be estimated without clodronate
injection as well, after [*®*Ga]MNPSNP@THP-1kmPEG
were applied. Bladder activity was significantly higher
(21.5% £ 9.5% at 60 min p.i, see p-values in Table 1).
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Fig. 7 Lung, Liver, spleen and bladder time-activity curves (%ID/ml) of all groups, calculated from dynamic PET acquisition over 60 min
and from static images at 120 min p.i. of [®*Ga]MNPSNP@THP and [®*Ga]MNPSNP@THP-1kmPEG

Whole organ uptake estimations also revealed that clo-
dronate injection combined with PEGylation resulted in
dramatically decreased liver uptakes to 41.6%ID +19.6%
at 60 min p.i., with slightly higher spleen accumulation
(15.8% +12.4%).

Implant region uptakes remained below 0.5% I.D./ccm
except for Group 6 in which slightly higher accumula-
tion was observable in the nonmagnetic and magnetic
implant regions (avg. 0.46% LD./ccm at 2 and 5 min p.i,
max. 1.00-1.37% LD./ccm at 1-6 min p.i.) compared
to the non-implanted tissue control. After the 60-min
dynamic phase, slightly higher values could be measured
in all groups at 120 min.

Gamma counting

The gamma counting results are expressed in % injected
dose per gram tissue (%ID/g), which describes the
activity concentration of the examined tissue or fluid
as the half-life corrected percentage of the ID at the
beginning of the dynamic scan referred to 1 gram.
Comparing the four different groups, no significant dif-
ferences could be found for organ values of the lungs
(p>0.05) and the spleen (p >0.05). Mice which received
(8 Ga]MNPSNP@THP-1kmPEG showed significantly
higher activity levels in the liver than mice receiving
the same MNPSNP and additional clodronate injection

(group 2+4>group 6, p=0.037) as well as mice which
received [**Ga]MNPSNP@THP (group 2+4>group
1+3, p=0.01). Activity values in kidneys were signifi-
cantly higher for the [**Ga]MNPSNP@THP-1kmPEG
compared to the [*®*Ga]MNPSNP@THP (group
1+ 3<group 2+4, p=0.013). After clodronate pretreat-
ment, the same trend was observed (group 5<group
244, p=0.035). When [**Ga] MNPSNP@THP-1kmPEG
were administered, higher activity values for blood and
urine could be measured with significant differences
between groups with clodronate pretreatment for the
blood (group 6>group 5, p=0.046). Activity values
for urine of animals which received [®*Ga]MNPSNP@
THP-1kmPEG were significantly higher when com-
pared to the values of animals which received [*®Gal]
MNPSNP@THP (group 244 >group 1+3, p=0.017,
group 2 +4>group 5, p=0.038) (see Fig. 9).

Taken as a whole, the %I.D./g of the samples of the
tissue surrounding the implants are quite low com-
pared to the values of the organs and collected body
fluids. Considering group 4 to 6, all six samples could
be used for analysis whereas in group 3 only four sam-
ples were available. Altogether, the activity was signifi-
cantly higher in the samples of the magnetic implant
compared to the para-magnetic titanium implant
(control) for all groups except for group 3 (group 3
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Fig. 8 Implant region time-activity curves (%ID/ml), with contralateral control and non-implanted control, calculated from dynamic PET acquisition
over 60 min and from static images at 120 min p.i. of [®*Ga]MNPSNP@THP and [®®Ga]MNPSNP@THP-1kmPEG

p=0.068, group 4 p=0.028, group 5 p=0.043, group 6
p=0.028, Fig. 10).

In vivo metabolite study

In the in vivo metabolite study, the fraction of free
[*®Ga]Ga3+ detected by radio-TLC for liver, lung,
spleen, blood and urine was 96.9% * 3.1%, with no sig-
nificant difference between the tissues or body fluids,
neither was a difference observed between the [*®Ga]
MNPSNP@THP or [*®Ga]MNPSNP@THP-1kmPEG
group. PET/CT scans of the homogenates in a mag-
netic field revealed no distinct activity accumulation or

gradient towards the magnets (see Additional file 1: Fig.
S4).

Histological evaluation

The inserted placeholders were easily sliceable with the
microtome. Sometimes they detached during the staining
procedure but allowed in most cases an easy identifica-
tion of the implantation site (Fig. 11a). Examination of
the slices showed a thin fibrous capsule (Fig. 11a*) around
the former implantation site in almost all slices investi-
gated. Infiltration with immune cells, predominantly
lymphocytes (Fig. 11b), was detectable in all samples to
a varying degree. However, no group- or side-specific
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Table 1 Significance (p-) values generated by comparison of the lung, liver (Liv), spleen (Spl) and bladder (Bla) %ID/ml activity
concentration levels at 120 min using one-way ANOVA followed by Tukey or Games—Howell test

Non-PEG PEG CL(G5)
(Group 1+3) (G2+4)
PEG+CL Lung 0.083 Lung 0.135 Lung 0.714
(Group 6) Liv 0.267 Liv 0.180 Liv 0.168
Spl 0699 Spl 0.299 Spl 0520
Bla 0011 Bla 0584 Bla 0.003
CcL Lung 0.678 Lung 0.808
(Group 5) Liv 0.740 Liv 0997
Spl 0536 Spl 0264
Bla <0.0071 Bla 0.002
PEG Lung 0991
(Group 2+4) Liv 0.735
Spl <0.001
Bla 0360

trends could be identified. In some samples, small ves-
sels could be seen close to the prior implantation site
(Fig. 11c).

Discussion

To deliver drugs and other cargos to a specific area in
the body via nanoparticles is a promising approach not
only in cancer therapy, but it could also help overcome
the limitations of antibiotic therapy of PJI. Especially,
superparamagnetic nanoparticles consisting of an iron
core encapsulated into a nanoporous silica shell are
promising carriers for such applications. Their super-
paramagnetic properties allow targeting via a magnetic
field either from an implant inside the body or from
an externally applied magnetic field [12]. Although the
general principle of magnetic drug targeting in the con-
text of implant related topics was already proven [33,
34, 51], many details remain unclear and the delivery
rate has to be enhanced.

Tracking of radiolabeled nanoparticles in a mouse
model by PET/CT imaging will provide a better under-
standing of nanoparticle delivery to magnetic implants.
The radionuclide ®®Ga represents a cost-effective and
ideal PET tracking tool for quantitative and non-inva-
sive evaluation via PET/CT imaging. Moreover, it allows
real-time visualization of the most critical first minutes
to hours of such drug delivery systems in vivo. For the
first time, the ®®Ga-labeling of MNPSNP via the bifunc-
tional THP-chelator proved successful. It offers rapid,
simple and stable labeling, which enables 2—3 hours rel-
evant PET tracking time [39]. In the current work, this
method verified that stealth nanoparticles combined
with macrophage depletion can nearly half the unwanted
liver uptake of a drug delivery system. The ex vivo

biodistribution study revealed accumulated activity for
all organs investigated, and confirmed highest %I.D./g
values for liver and spleen. No activity was detected on
the blank implants themselves but in the tissue surround-
ing the implants. The accumulation for the implantation
site of the magnet was significantly higher compared to
the titanium control, proving that the magnetic implant
is able to retain significantly more MNPSNP. However,
in comparison with the inner organs, the overall amount
was very low.

The general principle of targeted drug delivery of mag-
netic nanoparticles to a magnetic implant was already
proven in different studies [34, 52]. In one of them, iron
oxide nanoparticles loaded with fluorouracil (5-Fu)
where used to show that a magnetic scaffold implanted
subcutaneously is able to attract nanoparticles injected
into the muscles surrounding the implantation site [52].
Nevertheless, local application of nanoparticles is only
partly comparable with the study presented here, where
particles were injected intravenously, and with that had
to face many more biological barriers on their way to
the implants. Anyhow, these studies are two of the few
showing that an external magnetic field is not necessar-
ily needed to guide nanoparticles to an implantation site.

The finding that only a very small amount of nanopar-
ticles is able to reach the tissue surrounding the implants
depicts one of the major limitations regarding nano-
medicine: the predominant amount of nanoparticles is
lost in the first pass in organs like liver, spleen or lungs
[23] which is consistent with the gamma counting and
dynamic PET/CT scan results in the present study. Some
authors already attest nanomedicine a severe delivery
problem [53, 54]. The highest uptake of nanoparticles in
liver and spleen in the here presented study fits into the
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Fig. 9 box-and-whisker plots of %I.D./g tissue of liver, kidney, blood, urine, lung, and spleen per group. The boxes represent the 25th to 75th
percentiles, the black solid line indicates the median. Dark-blue: non-PEGylated groups; light-blue: PEGylated groups. Statistical significances are
marked with asterisks *p <0.05, *p < 0.01. Group 1+ 3 [*¥Ga]MNPSNP@THP, Group 2 +4 [*¥Ga]MNPSNP@THP-1kmPEG, group 5 [*¥Ga]MNPSNP@THP

and clodronate pretreatment, group 6 [%8Ga]MNPSNP@THP-1kmPEG and clodronate pretreatment
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Fig. 10 box and whisker plots of the %I.D./g tissue for the tissue
surrounding the implants for the magnet (green) and titanium sides
(blue) per group. The boxes represent the 25th to 75th percentiles,
the black solid line indicates the median. Statistical significances

are marked with asterisks *p < 0.05. group 3 [*4Ga]MNPSNP@THPG,
group 4 [®Ga]MNPSNP@THP-1kmPEG, group 5 [®*Ga]MNPSNP@THP
and clodronate pretreatment, group 6 [**Ga]MNPSNP@THP-1kmPEG
and clodronate pretreatment
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findings of many previous investigations. A study using a
similar approach with ex vivo biodistribution via gamma
counting also showed a distribution throughout the
organs with highest %I.D./g tissue for liver and spleen.
Iron oxide nanoparticles labeled with ®*Ga were used
as well, but a different coating was applied [39]. These
organs as part of the RES system show high amounts of
macrophages responsible for rapid recognition and cap-
turing of nanoparticles.

Therefore, an enormous effort is put in investigating the
processes mediating nanoparticle interaction with body
fluids and cells. Various literature describes that after
intravenous injection nanoparticles rapidly interact with
diverse blood components like immunoglobulins, blood-
clotting factors, and complement proteins, forming a so-
called protein corona [27, 55-61]. The so built corona
can be subdivided in a hard corona formed by proteins
with strong binding affinity to the nanoparticles’ surface
like immunoglobulins and apolipoproteins and the soft
corona, which builds the outer layer of the corona, and is
dominated by weakly bound proteins for example albu-
min [59, 60, 62, 63]. The whole process is also referred to
as opsonization that only then enables recognition by and
interaction with phagocytic cells [26, 27, 55, 64]. Prob-
ably this is exactly what happened to the nanoparticles
used in this study and explains the rapid accumulation in
liver and spleen. However, the significantly higher uptake
of the nanoparticles at the magnetic implant is a clear
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Fig. 11 a-c H.E. staining of the tissue which surrounded the implant
with former implant location (p) showing thin fibrous capsule (a,%)
cell infiltration (b) and small vessels close to the former implantation
site (c, black arrows)

proof-of-concept, and with a much longer circulation
time one can assume a further increasing accumulation.
By implementing a range of methods like size-exclu-
sion chromatography gel filtration, isothermal titration
calorimetry and surface plasmon resonance studies,
Cedervall et al. gained a deeper understanding of the
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nanoparticle protein interaction [65]. They found that
protein adsorption is strongly dependent on the particle
surface characteristics and size but on protein identity
as well. Especially, surface hydrophobicity plays a major
role [65]. A more recent study investigated the protein
adsorption on different types of mesoporous silica nan-
oparticles (MSNs) using 10% and 100% fetal calf serum
(FCS) focusing on the hard corona [66]. The most impor-
tant finding of this study was that surface functionality,
particle type, pore size, surface roughness and incuba-
tion time had a lesser influence on the extent of protein
adsorption to the particles than the serum concentration.
However, they could show that carboxyl-functionaliza-
tion can decrease protein adsorption when compared to
the all-silica MSNs. This indicates that surface function-
alization can influence nanoparticle protein interactions.
In the here presented study, PEGylation was used as an
approach to prolong circulation time and it was hypoth-
esized that lower amounts of nanoparticles would be cap-
tured in RES organs resulting in increased amounts of
nanoparticles at the implantation site. Grafting so-called
stealth polymers to nanoparticle surfaces has become a
favored approach to prolong the blood circulation time.
Amongst various polymers, PEG has developed into kind
of a gold standard in nanoparticle functionalization [55,
67-70]. Back in 1995, it was already shown that PEG is
able to increase the circulation time of colloidal nanocar-
riers up to hours compared to only minutes for the non-
functionalized counterparts [71]. A recent study showed
that by using PEGylated liposomes the circulation time
of the anticancer drug camptothecin can be drastically
increased when compared to the free drug and a con-
ventional liposomal formulation. The longest circulation
time was achieved with a PEG molecular weight (MW)
of 5000 Daltons (Da). Considering the organ uptake, a
significant decrease in liver uptake could be shown for
the two formulations with PEGylation compared to the
conventional liposomal formulation of the drug [29]. In
the here presented study, evaluation of the PET scans
revealed a decrease in nanoparticle uptake in the RES
organs for the [®*Ga]MNPSNP@THP-1kmPEG nano-
particles, especially in combination with clodronate pre-
treatment. Regarding the accumulation of nanoparticles
in the tissue surrounding the implants, no significant dif-
ferences between the [®*Ga]MNPSNP@THP-1kmPEG
and [®®Ga]MNPSNP@THP nanoparticles were present.
Different studies already investigated the influence
of PEG molecular weight on the protein adsorption
and circulation time of nanoparticles coming to vary-
ing results. Gref et al. demonstrated that an increase of
the MW of PEG from 2000 to 5000 Da led to a severe
decrease in protein adsorption but they could also show
that a further increase was not beneficial [68]. In contrast
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to that, a study investigating the influence of PEG chain
length and density on biodistribution in mice using PEG-
grafted nanocapsules found that 20,000 Da PEG pro-
vided the longest circulation time and the lowest liver
uptake [72]. The chain length of 1000 Da PEG in the pre-
sented study was used to minimize the enlargement of
the particle diameter. However, the results indicate that
PEGylation had a definite stealth effect compared to the
non-PEGylated NP variant but it might not be sufficient
to strongly prolong the circulation time and enhance the
accumulation at the implants.

Although surface functionalization with polymers
often yielded promising results [55, 67, 69, 70, 73], con-
cerns about the safety of polymers were rising. Due to the
fact that an accelerated blood clearance phenomenon can
be seen after repeated injections of PEGylated nanocarri-
ers, non- immunogenicity of PEG is questioned [74]. It is
also discussed whether PEGylation may negatively influ-
ence nanoparticles’ performance as drug carriers because
it hinders nanoparticle-cell interactions [67]. To further
improve the half-life of nanoparticles in the bloodstream
whilst avoiding PEGylation shortcomings some more
biologically inspired strategies have been evolved, like
coating with cell membranes [31, 32, 75, 76] or function-
alization with CD47 [30, 55, 77, 78].

Although PEGylation and concurrent depletion of mac-
rophages by clodronate injection decreased the amount
of retained nanoparticles in the liver to nearly the half,
this effect was recognizable neither in the spleen nor at
the implants. A study investigating the effect of active
targeting and macrophage depletion with clodronate
liposomes on the tumor uptake of zirconium-89 labeled
gold nanoparticles also found that in macrophage-
depleted mice the liver uptake was significantly reduced
but the spleen uptake was significantly higher [79]. They
tried to explain this phenomenon with a faster recov-
ery of splenic macrophages compared to the recovery
of Kupffer cells in the liver, but also stated that further
research is needed [79]. In another study slices of liver
and spleen stained with rat antimouse F4/80 mAb were
investigated on different time points after the injection of
clodronate liposomes. Kupffer cells were counted and a
complete depletion was shown on day two and three after
the injection, reappearance started at day five. In contrast
to that no apparent changes were found in the splenic
macrophages. These findings lead them to the conclu-
sion that macrophage depletion induced by clodronate
liposomes seems to be restricted mainly to the liver [80].
The findings of these two studies match with the results
of the PET evaluations presented here.

A rather unexpected finding of this study was the rapid
accumulation of activity within the urine, which indicates
a possible filtration of nanoparticles or smaller fractions
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of them in the kidneys, generally indicating a partly
degradation or loss of the radiolabeled coating. The glo-
merular filtration barrier (GFB) of the kidney consists
of three layers [81, 82], beginning with the endothe-
lial cells that form the capillaries of the glomerulus, the
glomerular basement membrane (GBM) and the podo-
cytes. The GBM is a layer of extracellular matrix, which
covers the sides of the glomeruli not facing the mesan-
gium. The so called podocytes are specialized cells that
engulf the glomerulus [82]. The combination of the dif-
ferent layers of the GFB prevents leakage of molecules
larger than 6—8 nm into the urine [82]. With dimensions
of 108+9 nm the NPs used in this study should not be
able to cross this barrier. Moreover, PEGylation of the
nanoparticles and additional clodronate treatment seem
to enhance the amount of activity found in the urine.
Other studies also found that nanoparticles larger than
6—8 nm were able to cross over into the urine, which is
summarized in a review by Adhipandito et al. [82] The
main factors which contribute to renal filtration are size,
charge, composition (organic vs. inorganic) and surface
functionalization. However, they stated that the role of
PEGylation on promoting renal clearance of large NPs
is not clear yet [82]. In the set up used in this study it
is also conceivable that the *®Ga-labeled PEG may have
partly detached from the NPs resulting in gamma signals
in the urine from fragmented particles rather than intact
®8Ga-labeled MNPSNP. Evaluation of the labeling stabil-
ity in vitro gave no reason to expect such separation after
this period of time, but this is only partly comparable to
the real in vivo situation. The in vivo metabolite study
showed no loss of the single label (°*Ga), but the applied
analytics could only detect free [**Ga]Ga®", but not dis-
criminate between intact “*Ga-labeled MNPSNP and
smaller ®*Ga-labeled fragments of the particles. The miss-
ing activity gradients towards the magnets in the PET/
CT scans of the homogenates in this in vivo metabolite
study support the assumption of partly detached **Ga-
labeled fragments, and might be an explanation for the
high activity accumulation found in urine.

In contrast to previous studies, that investigated bio-
compatibility and nanoparticle accumulation at later time
points semi-quantitatively using fluorescence microscopy
[33, 34], the focus of this study was to gain quantitative
results regarding nanoparticle accumulation with special
interest on the implantation site. Functionalization of
these specific nanoparticles and labeling with a radioiso-
tope for monitoring the biodistribution via PET/CT and
gamma counting was a new approach. Considering this, a
short investigation time interval was chosen to proof the
feasibility of the method as well as the in vitro stability
of the radiolabeling for this kind of nanoparticles. Fur-
thermore, visualizing particle distribution instantly after
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i.v. injection was a major focus of the presented study.
The here used radionuclide ®*Ga can be obtained from a
generator-based system which makes its easily available
and provides a high proportion of positron decay (89%)
of 1.9 MeV maximum energy [39]. Successful labeling of
IONPs in various sizes and shapes with ®Ga is already
described in the literature [39, 83, 84]. But it was the first
time the bifunctional chelator THP was used for radiola-
beling of such core-shell magnetic nanoparticles.

For possible following studies, changing the radioiso-
tope to one with a longer half-life would allow tracing
the nanoparticle’s fate over a longer period and might
reveal possible accumulation at the implantation site at a
later time point. In a study using the same location of the
implants and the same type of nanoparticles an accumu-
lation of nanoparticles at the implant after 24 h could be
seen [34]. Zirconium-89 (¥Zr) which is commonly used
in clinical nuclear imaging, and due to its longer half-life
of 78.4 h it allows longer tracking periods of up to sev-
eral days [85]. This would allow repeated scanning of the
animals at later time points without additional injections,
which might reveal any later changes in particle distribu-
tion. Additionally, it can also be attached via a chelator
molecule which might make it easy to transmit to the
here presented nanoparticles [86]. Labeling nanoparticu-
lar systems with 8Zr is already described in the literature
[85, 87]. However, as long as the blood circulation time
of the nanoparticles is not increased it is questionable
whether a longer study time would reveal any changes in
nanoparticle distribution because a redistribution of par-
ticles caught in the RES organs is not likely to happen.

Using PET/CT and gamma counting to evaluate the
accumulation of superparamagnetic nanoparticles in the
region of a magnetic implant is a promising approach.
Both methods revealed an accumulation of nanoparticles
in the area of the implants, although only to a very small
extent.

Conclusions

Implant directed magnetic drug targeting using func-
tionalized superparamagnetic core—shell silica nanopar-
ticles is a promising approach to treat implant infections
in the future. Nevertheless, nanomedicine in general suf-
fers from short blood circulation times and as a direct
consequence low delivery rates at the desired area. The
here presented study is no exception, as evidenced by the
PET scan and gamma counting results, which showed
high end values for liver and spleen. Especially because
the PEGylation and clodronate injection used here did
not provide satisfying results, further modifications of
the nanoparticles e.g., with CD47 are necessary to pro-
long their overall blood circulation time and increase the
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at the moment very low amount of nanoparticles reach-
ing the implantation site.

However, successful usage of nuclear imaging and anal-
ysis methods for implant-related questions enables future
studies with differently modified nanoparticles, other
implant materials or radioisotopes with a longer half-life
to investigate other timeframes.

If it is possible to overcome this major limitation, nano-
particles carrying antibiotics could one day be success-
fully used for the treatment of implant infections.

Materials and methods

Materials

For the syntheses, all chemicals were used without fur-
ther purification. Iron(II) chloride tetrahydrate (>99%),
iron(Ill) chloride tetrahydrate (99%), oleic acid (90%),
chloroform (>99%), cetyltrimethylammonium bromide
(CTAB,>98%), ammonium hydroxide solution (>25%
NH, in water), tetraethyl orthosilicate (TEOS,>99%)
ethyl acetate (99.8%), (3-aminopropyl)triethoxysilane
(APTES, 99%), acetonitrile (ACN,>99.9%) were pur-
chased from Sigma-Aldrich Corporation (Miinchen,
Germany). Poly(ethylene glycol) monomethylether
(IkmPEG, M,: 1000 g/mol) was purchased from TCI
Europe N.V. (Zwijindrecht, Belgium), tosylchloride (98%),
dichlorodimethylsilane (98%) was purchased from abcr
GmbH (Karlsruhe, Germany). Tetrahydrofuran (99.8%)
was purchased from Acros Organics (Geel, Belgium),

phase transfer
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dichloromethane (DCM,>99.9%) was purchased from
Honeywell GmbH (Seelze, Germany), MgSO, (99%) was
purchased from ThermoFisher (Kandel) GmbH (Kandel,
Germany), tris(hydroxypyridinone)maleimide (THP-
Mal) was purchased from CheMatech (Dijon, France).
Silica gel impregnated glass fiber (ITLC-SG) chroma-
tography plates were obtained from Merck (Darmstadt,
Germany). The permanent block neodymium magnet
that was used in the experiments was purchased from
K&J Magnetics, Inc., USA (type: BX066, material: NdFeB,
Grade N42, B, ..: 13,200 Gauss, By,,...: 42 MGOQOe).

rmax’

Synthesis of MNPSNP

The hydrophobic magnetite nanoparticles MNPSNP
were prepared by a previously reported method with a
slight modification.[33, 51] Briefly, the magnetite NPs
are transferred into the aqueous phase using the sur-
factant CTAB. Next, water was added and the dispersion
was stirred for 30 min at 60 °C. Afterwards ammonium
hydroxide, TEOS and ethyl acetate are added to the reac-
tion mixture and the reaction mixture was allowed to
react for 3 h at 60 °C. After cooling, the light brown prod-
uct was obtained after centrifugation, washed with etha-
nol and dryed under vacuum. The surfactant was then
removed by calcination at 550 °C for 5 h with a heating
rate of 1 °C/min (see Fig. 12).

TEOS
CTAB NH,OH calcination
) E—) ®
ethylacetate
Fe;04-NPs Fe;04-NPs in core-shell nanoparticle magnetic nanoporous
capped with oleic acid aqueous phase before calcination silica nanoparticles
o (MNPSNP)
—— oleic acid
~—— CTAB
J &
addition of ° MNPSNP@THP
MNPSNP
9 (o

W (EtO)sSi )
Q APTES \H Q .

@/ [ HN\&N(

O o

—~—— polyethylene glycol (PEG)
C tris(hydroxypyridinone) (THP)
Fig. 12 Synthesis and Functionalization of the MNPSNPs

N ///}7

—
O TPk
-TKm
N

K0




Polyak et al. Journal of Nanobiotechnology ~ (2023) 21:270

Synthesis of 1TkmPEG-silane

The synthesis of 1kmPEG-silane was carried out using
a two-step synthesis following a published procedure
with some minor changes [69]. First, the tosylation of the
1kmPEG was achieved using tosylchloride in aqueous
NaOH/THF mixture. The product was extracted three
times with 50 ml DCM and the organic phase was dried
using MgSO,. The solvent was removed by rotary evapo-
ration and finally dried under high vacuum. The crude
product (6.78 g) was used in the next step without further
purification. It was refluxed with 1.37 ml APTES in 25 ml
of chloroform for 17 h. After solvent removal and drying
under vacuum, the product was stored as a 50 wt% solu-
tion in ethanol at 4 °C.

Conjugation of THP and mPEG

For the conjugation of THP and 1kmPEG to the
MNPSNP surface, the reaction flask was silylated using
a mixture of 20 vol% dichlorodimethylsilane and 80 vol%
chloroform. After cleaning the reaction flask 19.5 mg
THP-Mal were dissolved in 45 ml ACN then 5.1 pl ml
APTES were added and the mixture was refluxed for
2 h at 85 °C under N,. Afterwards the reaction mix-
ture was allowed to cool down to 50 °C and 150 mg of
the MNPSNP were added and the reaction mixture was
further stirred for 24 h. For the additional functionali-
zation with 1kmPEG-silane, 0.632 ml of the 1kmPEG-
silane solution were also added with the MNPSNP. After
cooling, the MNPSNP were obtained by centrifugation
and washed three times with ethanol. The final product
was dried under vacuum. These particles are denoted
as MNPSNP@THP and MNPSNP@THP-1kmPEG (see
Fig. 12).

Characterization of the nanoparticles

Transmission electron microscopy (TEM) was per-
formed with a FEI Tencai G2 F20 TMP instrument
(Cs=2 mm, C-=2 mm) with a 200 kV field emission gun
in bright-field mode. For preparation, 400-mesh carbon
coated copper grids (Plano GmbH) were used. The sam-
ples were dispersed in ethanol, dropped onto the grid
and dried. The particle size was determined using NIH
Image]. Fourier-transform infrared spectroscopy (FT-
IR) was measured after a KBr pellet was prepared using
a Bruker Tensor 27 instrument in transmission. N, phys-
isorption was measured on a Quantachrome Autosorb-3
after outgassing the sample for 24 h at 110 °C. Surface
areas, pore sizes and pore volumes were calculated with
the ASiQwin software (version 2.0) from Quantachrome.
Thermogravimetric analysis (TGA) was measured with
a Netzsch STA 449 F5 Jupiter. The samples were heated
to 1000 °C in an Al,O; crucible with a rate of 5 °C/
min in an atmosphere of N, and O, (80% N,, 20% O,).
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Hydrodynamic size and zeta potential were measured by
dynamic light scattering (DLS) with the Zetasizer Nano
ZSP (Malvern Panalytical), wherefore the sample was dis-
persed in ethanol.

Radiolabeling of MNPSNP@THP and MNPSNP@
THP-1kmPEG with gallium-68 (53Ga)

Prior to the labeling, the [®*Ga]GaCl, eluate (1.1 ml, 0.1 M
HC]I, activity: 60.0 MBq—300.0 MBq) was obtained from
a 68Ge/68Ga—generator (GalliAd®, Ire Elit, Fleurus, Bel-
gium). The pH of the [**Ga]GaCl, was adjusted by 0.1 M
NaOH and 0.5 M phosphate buffer to pH 4. 50 mg of dry
MNPSNP@THP and MNPSNP@THP-1kmPEG samples
were resuspended in water by 10 min ultrasonication and
the nanoparticle suspensions were added to the buffered
[*Ga]GaCl, solution. Labeling was performed by stirring
the reaction mixture for 10 min at room temperature.
In vitro radiolabeling stability was measured in the origi-
nal labeling solution and in blood serum using thin layer
chromatography (TLC) and magnetic separation of the
NPs at different times post-labeling (10 min, 30 min, 1 h,
2 h and 3 h in solution and 30 min, 1 h and 2 h in serum
at RT). For magnetic NP sedimentation a permanent
neodymium magnet was used. Labeling efficiency was
determined by measuring the removed solvent (super-
natant) and sediment activities. As thin layer, silica gel
impregnated instant thin layer chromatography (ITLC-
SQ) strips (Merck, Darmstadt, Germany) were devel-
oped by 0.1 M (pH=4) citrate buffer. Yield values were
calculated using the activities of origin point (Rf=0) and
solvent front (Rf=1). Particle size distributions and zeta
potential values were also checked 24 h post-labeling by
DLS, the labeled NP samples were stored at+4 °C until
this analysis.

Evaluation of particle integrity and labeling stability

by PET/CT

Magnetic properties and traceability (labeling stability)
of the labeled nanoparticles were tested in a small animal
PET/CT system (Inveon; Siemens Healthineers, Erlan-
gen, Germany). 5.0+0.5 MBq activity [®*Ga] MNPSNP@
THP suspensions containing 5,5 mg NPs were diluted
with PBS to 4 ml in 14X 45 mm size test vials. The vials
were placed onto a PET/CT animal bed in a magnetic
field of neodymium magnets (Additional file 1: Fig. S1).
This experimental phantom setup was dynamically
scanned by PET for twenty minutes and a subsequent
CT scan for structural information was performed. Fused
PET/CT reconstruction of the phantom setup and activ-
ity accumulations were calculated by positioning rectan-
gular region of interest (ROI) selections to the central
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cross-section of the vial in the direction of the magnet
using Inveon Research Workplace (IRW 2.0) software.

Animal model and in vivo setup

In vivo experiments were authorized according to the
German Animal Welfare Act (registration number:
21/3722) and performed in 36 female BALB/cJHanZtm
mice with an average body weight (BW) of 22.9+1.28 g.
Mouse husbandry was organized in nonmagnetic cages
with a 14 h/10 h-day/night cycle and free access to food
and tap water.

Twenty-four of the mice received a magnetic implant
subcutaneously in the lateral femoral region on the left
and a titanium implant on the right hind leg. Twelve
animals did not undergo surgery and served as healthy
control animals. For the magnetic implants commer-
cially available neodymium magnets (5X5X2 mm,
Webcraft AG, Germany) were purchased and coated
with a~300 nm layer of titanium (Institute for Micro
Production Technology, Leibniz University Hannover)
to provide biocompatibility. Implants out of Ti90Al6V4
(GoodFellow, England) with the same dimensions served
as controls.

The mice were subdivided in six groups (n=6 each
group, see Table 2) to evaluate the accumulation of

Table 2 group assignment of mice
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the two different nanoparticle configurations [**Ga]
MNPSNP@THP and [**Ga]MNPSNP@THP-1kmPEG on
the implants and in the implant surroundings as well as
organ accumulation and excretion as important aspects
in nanoparticle availability in the blood stream. Addition-
ally, the influence of a macrophage depletion (+C) was
examined.

Surgical procedure

Surgery was performed under isoflurane anesthesia.
Anesthesia was initiated in an inhalation chamber using
5% isoflurane in oxygen mixture. After unconsciousness
occurred, an inhalation mask was applied and isoflurane
concentration was reduced to 1-3% in oxygen mixture.
Peri-operative analgesia was ensured by subcutaneous
administration of carprofen. (Rimadyl® 50 mg/ml, Zoe-
tis, Germany) To avoid eye desiccation Bepanthen® eye
ointment was applied. The mice were put in prone posi-
tion. After shaving, disinfection and local anesthesia
with Prilocainhydrochlorid (Xylonest® 0,5%, AstraZen-
eca GmbH, Germany), skin was incised approximately
7 mm central of the pelvis. In the meantime implants
were prepared using a washing step with 70% ethanol
(Emplura®, Merck KGaA, Germany) for at least 5 min
and subsequent washing with sterile phosphate buffered
saline (Dulbecco’s phosphate buffered saline, Biowest

Group Day 0: Implantation Day 1: Clodronate application Day 2: application of
radiolabeled nanoparticles and
PET/CT-scan

1:NP - NP

2: PEG-NP - PEG-NP

3:-NP I NP

4:1-PEG-NP I PEG-NP

5:-C-NP | NP

6: I-C-PEG-NP I PEG-NP

Application of CT scan Static PET scan
radiotracer Euthanasia
Clodronate labeled
Implantation application nanoparticles,
Dynamic PET
10 min
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| I = .
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| | i

Day 0
Fig. 13 Timeline of the animal study
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USA). Implants were inserted subcutaneously and moved
slightly left (magnet) or right (titanium) in distal direc-
tion positioning them lateral to the femora whilst avoid-
ing influences of the surgical sutures on the top of the
implants and ensuring an adequate distance between the
different implant materials. Each implant was fixed in
place with a single suture Monocryl 6-0 (Ethicon, Ger-
many) to avoid shifting. The skin incision was closed with
two to three single button sutures with Monocryl 6-0.
After surgery, mice received warmed isotone sodium
chloride solution subcutaneously (0.0075 mg/g BW) and
were placed under a heating lamp until recovery from
anesthesia. During the postoperative follow-up, clinical
examination was performed every day and carprofen was
injected subcutaneously (0,005 mg/g BW) every twelve
hours for pain relief. In the groups with macrophage
depletion, mice received an intraperitoneal injection of
0.15 ml Clophosome® (clodronate liposomes, approx.
1 mg/animal, FormuMax, USA) 24 h after implant place-
ment (see Fig. 13).

PET/CT

The second postoperative day, nanoparticle application
and PET/CT scans under isoflurane anesthesia were per-
formed (see Fig. 13). Animals received a PBS buffered
nanoparticle solution with a concentration of 5 ug/pl of
either [®*Ga]MNPSNP@THP or [*®Ga]MNPSNP@THP-
1kmPEG according to their experimental group. Applied
activity in the animals varied between 5.0 MBq and
25.0 MBq in 100 pl saline, as the starting activity of the
labeling procedure varied from 60.0 MBq to 300.0 MBq
while the selected NP concentration remained 5 pg/pL.
Mice were then subjected to serial PET imaging using a
small animal PET/CT system (Inveon DPET and CT120;
Siemens Healthineers, Erlangen, Germany). Dynamic
PET images were acquired over a 60 min period from T,
after the i.v. administration. After that, 10-min low-dose
CT scans were obtained to allow anatomic registration
followed by static PET acquisition at 120 min p.i. over
10 min.

Fused PET/CT images were generated using Siemens
Inveon Research Workplace (IRW 2.0) software. %ID/
cm?® (%ID/ccm, %ID/ml) values (i.e. % injected activ-
ity percentage per unit volume organ) were determined
from equal 3 mm diameter sphere shape 14 mm? volume
of interest (VOI) selections of the lungs, liver, spleen, uri-
nary bladder and the implants on real time recorded PET
images, guided by the CT layers. The dynamic pharma-
cokinetic curves were generated from these results. Lung,
liver, spleen whole organ uptakes and whole urinary blad-
der activities were estimated by manual whole organ VOI
selections.
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After the second PET scan, mice were euthanized by
cervical dislocation and intracardial blood sampling was
performed. Spontaneously lost urine was collected when-
ever possible. In other cases, urine samples were taken by
puncturing of the bladder. Implants were explanted and
a placeholder was inserted instead to ensure an easier
identification in later histological evaluation. The place-
holders were fabricated out of polylactic acid (RAISE3D
Premium PLA Filament, 1.7 mm, 3Dmensionals/Pontia-
lis GmbH&Co. KG, Germany) with a geometry similar
to the actual implants, using a 3D-printer (Raise3D Pro2
Plus 3D-printer with dual extruder, 3Dmensionals/Pon-
tialis GmbH&Co. KG, Germany). Implants, surrounding
tissue and organ samples (liver, spleen, kidney, and lung)
were collected and weighed prior to fixation in 4% buff-
ered formaldehyde solution.

In vivo metabolite study

In vivo metabolite experiments were authorized accord-
ing to the German Animal Welfare Act (registration
number: 20/3393) and performed in eight male BALB/c]
mice with an average body weight (BW) of 22.6 + 0.7 g.
Mouse husbandry was organized with a 14h/10h-day/
night cycle and free access to food and tap water. Animals
received a PBS buffered nanoparticle solution with a con-
centration of 5 pg/ul of either [®*Ga]MNPSNP@THP or
[8Ga] MNPSNP@THP-1kmPEG. Applied activity was in
a range of 2.5 to 5.0 MBq in 100 pl saline in each animal.
After an uptake phase of 30 min, mice were euthanized
by cervical dislocation and intracardial blood sampling
was performed. Samples of lung, liver, spleen, blood and
urine were collected and diluted with PBS buffered saline
to 1 ml. All samples were homogenized by ultrasound
(Bandelin Sonoplus UW2070, booster horn SH70G,
sonotrode MS73) for 1 min at 10% power (no pulse).
Liver and spleen tissue required 2 min of ultrasound for
complete homogenization. Small samples (1-5 pl) of the
homogenates were analyzed by thin layer chromatogra-
phy (ITLC-SQ) strips using citrate buffer (0.1 M, pH = 4).
Each set of vials (1.5 ml Eppendorf tubes) of the homoge-
nates was placed in a holder together with permanent
neodymium magnets (Additional file 1: Fig. S4). After 30
min, the holder was scanned by PET (10 min static scan)
and CT. Fused PET/CT reconstruction of the homoge-
nate vials were generated using the Inveon Research
Workplace (IRW 2.0) software.

Gamma counting

Organ/fluid activities were counted in a 2470 WIZARD2
gamma counter from PerkinElmer (Waltham, MA, USA).
%ID/g tissue results were calculated in MS Excel.
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Histological evaluation of tissue slices

The fixed samples of the tissue surrounding the implant
with the placeholder included were dehydrated and par-
affin-embedded. 5 um thin slices were cut using a rotary
microtome (Leica RM 2155, Leica Biosystems, Germany).
Afterwards the slices were stained with hematoxylin—
eosin and analyzed systematically using a light micro-
scope (Axioskop 40 with AxioCam MRc digital camera
and Zeiss AxioVision software, Carl Zeiss AG, Germany)
beginning using the 25fold magnification to get a first
overview and to identify the former implantation side.
Afterwards, the 200 fold magnification was used to sys-
tematically investigate the tissue close to the implant for
signs of inflammation or other structural changes. The
different samples were compared with one another to
detect any differences between the groups or between the
sides with the different implants. Identification of nano-
particles themselves was not possible because no addi-
tional fluorescence functionalization of the MNPSNP
was performed.

Statistics

The data of 34 animals was used for final evaluation and
statistical analysis. Two animals dropped out for evalua-
tion, one due to terminal circulatory collapse during the
CT scan and one due to sudden death the night after the
clodronate injection. Statistical analysis was performed
using SPSS 28 (IBM, USA). Tests were performed for the
%1.D/g activity values of the organs (lung, liver, spleen,
and kidney), blood, urine and for the tissue surround-
ing the implants (magnet, titanium) acquired by gamma
counting (Kruskal-Wallis-Test). As well as for the activity
levels generated from the static PET scan at 120 min of
lung, liver, spleen and bladder acquired from the dynamic
PET scan (one way ANOVA followed by Tukey or Games
Howell test). If not stated otherwise, data are expressed
as mean + SD. Differences between the groups were con-
sidered statistically significant for p <0.05.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-023-02041-8.

Additional file 1: Figure S1. Experimental phantom setup for testing the
radiolabeled NPs in magnetic field by microPET/CT. Figure S2. Estimated
whole organ uptake (%ID) levels of lung, liver, spleen and whole blad-

der (excreted) (A) and representative PET images (B) of two mice from
each group, 60 min post-injection of %Ga-labeled MNPSNP; L = liver, S

= spleen, B = bladder. Figure S3. Estimated whole organ uptake (%ID)
levels of lung, liver, spleen and whole bladder (excreted) during the 60
min dynamic PET acquisition. Figure S4. Experimental setup and PET/

CT images of organ samples and body fluids for detection of in vivo
metabolites in magnetic field by microPET/CT. Picture (A) and sketch (B) of
the sample setup in the animal bed of the microPET/CT, and an exemplary
microPET/CT image of samples of [*¥Ga]MNPSNP@THP-1kmPEG in healthy
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mice (C). Table S1. Estimated average whole organ uptakes (%ID) of lung,
liver, spleen and whole bladder (excreted) during the 60 min dynamic PET
acquisition. Table S2. Estimated whole organ uptake (%ID) levels of lung,

liver, spleen and whole bladder (excreted) at 60 min and 120 min p.i.
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