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A B S T R A C T

Nanoparticles are frequently designed as carriers to mediate the active transport of their cargo to the site of 
action, thereby serving as effector particles. However, after their in vivo administration, they become quickly 
recognized by immune cells and are cleared from the systemic circulation. This significantly impairs the nano
particles’ targeting efficiency and shifts the target/off-target ratio toward metabolizing organs. As engineering- 
driven strategies, such as the PEGylation of their surface, require major modifications of the nanoparticles’ 
structure and do not appear to achieve the desired level of effectiveness, synergistic approaches are attracting 
increasing attention. They rely on the transient blockade of the immune system through endocytosis inhibitors or 
decoy nanomaterials. In the present study, we introduce a further development of these synergistic approaches 
by loading lipid nanocapsules (LNCs) as decoy nanoparticles with the endocytosis inhibitor chloroquine. Two 
principal advantages can be ascribed to this refined synergistic approach: First, encapsulation of the endocytosis 
inhibitor paves the way for pioneering subcutaneous application as a novel route of administration for the 
effector nanoparticles, as phagocytic cells within the lymphatic system can be selectively targeted. Second, the 
established co-administration regime constitutes a transferable concept across diverse settings without the need 
for structural modifications of the respective effector nanoparticles. Here, we report the successful in vitro 
establishment of this refined coadministration regime. Preincubation with chloroquine-loaded LNCs led to a 
statistically significant uptake inhibition of model effector nanoparticles into macrophages. Moreover, we 
investigated, for the first time, the incorporation of 1,2-Dioleoyl-sn-glycero-3-phosphoserine as a macrophage- 
specific targeting structure into the decoy LNCs’ envelope and its effect on the phagocytosis activity of 
macrophages.

1. Introduction

Over the past decades, the development of biomedical nanoparticles 
has been motivated by the presumption that they could serve as a 
platform technology for innovative drug delivery systems [1–3]. How
ever, although nanoparticles exhibit notable efficiency under in vitro 
conditions, their respective in vivo performance falls short of expecta
tions. A widely cited meta-analysis by Wilhelm et al. [4] has revealed 
that only 0.7 % of tumor-targeted nanoparticles successfully reached 

their target sites in vivo. A key limitation affecting their targeting effi
ciency is that, following systemic administration, 95 % of the effector 
nanoparticles (ENPs) are sequestered by cells of the mononuclear 
phagocyte system (MPS) and subsequently accumulated in off-target 
tissues, especially the liver [5–8]. This is attributed to their quick 
recognition by the immune system as foreign, pathogen-like material 
[9–11] and removal from the systemic circulation by phagocytic cells, e. 
g. macrophages [12,13]. The resulting reduced bioavailability of the 
ENPs dramatically affects their targeting efficiency, even after 
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intravenous administration.
To address the ENPs’ poor targeting efficiency in vivo, several 

engineering-driven approaches have been developed to optimize their 
design and to shield them from detection by the immune system 
[14–16]. A common strategy involves grafting ENPs with polyethylene 
glycol (PEG) [17–19] or zwitterionic polymers [20–22] to reduce the 
nanoparticle-induced complement activation and their opsonization. 
More advanced approaches include coating the surface of ENPs with cell 
membranes [23] and employing living cells as transport vehicles, 
referred to as “cell hitchhiking” [24]. Furthermore, CD47 or 
structurally-related synthetic peptides have been tested as ligands to 
mitigate the ENPs’ phagocytosis [25–28]. CD47 is a “marker-of-self” in 
various species. It impedes phagocytosis by interacting with the signal 
regulator protein α, which is expressed by macrophages and dendritic 
cells [25,29]. Although all aforementioned approaches significantly 
extended the circulation half-life of nanoparticles, they have either not 
achieved a breakthrough success [30] or require a significant modifi
cation of the ENPs’ surface with ligands. Accordingly, recent studies 
have introduced complementary approaches based on a modulation of 
the MPS system to delay or reduce the recognition of ENPs, thereby 
circumventing the need to engineer new ENPs [6,31]. The coadminis
tration of several endocytosis inhibitors with ENPs has been tested to 
specifically suppress their phagocytosis by MPS cells [5,32]. Chloro
quine, a FDA-approved antimalarial medication, is one of the lead 
compounds investigated as MPS modulating drug [30,33]. It reduces the 
expression of phosphatidylinositol binding clathrin assembly protein 
(PICALM) and thus interferes with the function of clathrin-mediated 
endocytosis [33]. Wolfram et al. [33] have shown that the uptake of 
intravenously applied ENPs by macrophages was significantly reduced 
as well as their liver and spleen accumulation, after preconditioning 
with chloroquine. As a drug-free alternative, coadministration regimes 
with large doses of non-toxic decoy agents, e.g. nanomaterials, have 
been tested to temporarily saturate the uptake capacity of the macro
phages for the subsequently applied ENPs [34–36]. However, a syner
gistic approach combining ENP engineering, e.g. via PEGylation, with 
the complementary modulation of the immune system, using endocy
tosis inhibitors, appears most effective to improve the ENPs targeting 
efficiency [33].

A further refinement of this synergistic approach could involve the 
encapsulation of the endocytosis inhibitors into decoy nanomaterials. 
This strategy is anticipated to offer several benefits. Drug-loaded decoy 
nanomaterials are expected to exhibit a distribution pattern across 
reticuloendothelial system organs qualitatively similar to that of ENPs 
following intravenous administration [37]. The surface of the decoy 
nanoparticles could be functionalized with targeting moieties for the 
specific uptake into cells with phagocytic activity. This could amplify 
their specific effect on the MPS. Furthermore, it would allow for the 
implementation of subcutaneous administration routes for ENPs, which 
has so far rarely been pursued. The inherent challenge of applying ENPs 
subcutaneously is determined by the fact that their size (typically > 10  
nm and ≤ 100 nm) prevents their direct uptake from the subcutaneous 
tissue into the systemic circulation via small blood vessels [38–40]. 
Instead, they must enter the blood circulation via the lymphatic system 
(Fig. S1) [41]. In the lymph vessels, the ENPs are quantitatively cleared 
by MPS cells, a process referred to as “lymphatic first-pass transit” [41]. 
Encapsulation of endocytosis inhibitors in decoy nanoparticles, followed 
by their subcutaneous co-administration with ENPs, promotes lymphatic 
uptake of both particle types [42]. Endocytosis inhibitor-loaded decoy 
nanoparticles are thus expected to attenuate ENPs’ lymphatic clearance 
via local suppression of macrophage phagocytic activity within lymph 
vessels.

The aim of the present study was to contribute to a refinement of the 
synergistic approach by encapsulating an endocytosis-inhibitor into 
decoy particles and thus to enable subcutaneous coadministration re
gimes with ENPs. CY-5-labeled polymer core–shell nanoparticles were 
employed as model ENPs. They were composed of poly(D,L-lactide-co- 

glycolide) (PLGA) covalently coupled to cyanine-5-amine as core ma
terial and poly(ethylene glycol)-b-poly(D,L-lactide) (PLA-PEG) copol
ymer as an adhering shell. The surface of the ENPs is thus protected from 
excessive opsonization due to the grafting with PEG following an 
engineering-driven approach. PEG grafting onto ENPs’ surfaces thus 
protects against excessive opsonization. Yet, the surface remains 
accessible to functionalization with ligands for active targeting appli
cations [43–45]. To refine the synergistic approach of immunomodu
lation, chloroquine, as endocytosis inhibitor, was encapsulated into lipid 
nanocapsules (LNCs) as decoy particles (Fig. 1). The chloroquine-loaded 
LNCs were evaluated for their effect on phagocytosis inhibition in 
coadministration regimes with ENPs via flow cytometry experiments. 
Therefore, THP-1 monocytes were employed as target cell line and 
differentiated into macrophages. The mean fluorescence intensity 
associated with the macrophages was used as indicator for the uptake of 
the CY-5-labeled ENPs. Furthermore, the efficiency of a macrophage- 
specific targeting moiety localized in the envelope of the decoy LNCs 
was investigated. Therefore, 1,2-dioleoyl-sn-glycero-3-phosphoserine 
(DOPS), an “eat-me signal” for macrophages [46–48], was incorporated 
into the structure of the LNCs to promote their targeted uptake into 
macrophages and the effect of the engineered LNCs was critically 
evaluated.

2. Results

2.1. Characterization of the model effector nanoparticles

The nanoparticles chosen as model ENPs in this study were PLGA/ 
PLA-PEG core–shell nanoparticles. They are already well established 
[49,50] successful drug delivery systems [51,52]. The nanoparticles 
were obtained by nanoprecipitation, with the hydrophobic PLGA and 
PLA aggregating in the nanoparticle core [53,54]. This results in hy
drophilic PEG chains extending as a brush-like corona from the core. The 
hydrodynamic diameter of the ENPs was determined to be 78.31 ±
2.39 nm (mean ± SD from three independent batches) and the PDI to be 
0.142 ± 0.028. The rigid, tethered morphology of the nanoparticles and 
considerations on the PEG conformation have already been described in 
previous studies [43,49]. Carboxy-terminated PEG chains were chosen 
for engineering the nanoparticle shell. The negative surface charge, re
flected by their zeta potential of − 29.1 ± 20.0 mV (mean ± SD from 
three independent batches), increases the stability of the nanoparticles 
in aqueous media and prevents their aggregation. PLGA was covalently 
labeled with cyanine-5-amine to make the nanoparticles accessible for 
detection in flow cytometry experiments.

2.2. Evaluation of LNCs as decoy agents and chloroquine as endocytosis 
inhibitor

Unmodified LNCs were evaluated as decoy agents to mitigate the 
uptake of the ENPs into macrophages differentiated from THP-1 
monocytes. The decoy particles were intended to temporarily saturate 
the macrophages’ uptake capacity [6,14].The LNCs were produced via 
phase inversion cycles [55]. Their hydrodynamic diameter was 41.65 ±
0.72 nm with a PDI of 0.036 ± 0.009 (mean ± SD from three inde
pendent batches). Their efficacy to modulate the ENP uptake into 
macrophages was assessed by flow cytometry experiments. Therefore, 
coadministration regimes (Fig. 2A, Fig. S2) of decoy LNCs and ENPs, 
aligned with previously published protocols in the literature [42], were 
tested on macrophages. The measured mean fluorescence intensity 
(APC-A geo. mean) served as an indicator for cell uptake of ENPs. LNC 
concentrations ranging from 3 nM to 0.3 nM were evaluated. The 
measurement of cell-associated fluorescence indicated that the uptake of 
ENPs into macrophages remained unchanged or increased following 
preincubation with LNCs compared to the control experiment using 
macrophages without preincubation (Fig. 2B, Fig. S2). Toxicity studies 
of LNCs were conducted on macrophages, revealing reduced cell 
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viability following incubation with higher LNC concentrations for 24 h. 
The other tested LNC concentrations exhibited toxicity levels below the 
ISO cytotoxicity threshold (Fig. S3 A and B).

The effect of chloroquine diphosphate on the uptake of ENPs into 
macrophages was assessed in the same experimental setting. Its effi
ciency was analyzed within a concentration range (20–400 µM). This 
range was previously documented in the literature to be potent for 
nanoparticle uptake inhibition [33] across incubation intervals of 24 h 
to 1 h (Fig. S4A). The preincubation with chloroquine diphosphate 
resulted in a distinct inhibition of ENP uptake relative to the control, 
with increasing uptake inhibition at higher chloroquine diphosphate 
concentrations (200 µM, 400 µM) and extended preincubation dura
tions (24 h). Lower chloroquine diphosphate concentrations showed 
uptake inhibition only after a preincubation period of 24 h as compared 
to the control. In subsequent experiments, it was assessed whether the 
uptake inhibition effect persisted even when the macrophages were 
incubated with ENPs for more than 0.5 h. It was demonstrated that 
chloroquine diphosphate reliably induced uptake inhibition for at least 
2 h (Fig. S4B). The effect was thoroughly evaluated across a concen
tration range of ENPs from 1 nM to 1 pM by pretreating macrophages 
with chloroquine diphosphate at concentrations of 100 µM and 200 µM. 
Compared to the controls, the preincubated macrophages exhibited a 
significantly reduced uptake efficiency for ENPs across the entire con
centration range over 4 h (Fig. 2C and D). Toxicity studies of the 
administration regime of chloroquine diphosphate and ENPs indicated 
toxicity levels below the ISO cytotoxicity threshold for chloroquine 
diphosphate at a concentration of 100 µM over 4 h, while a concen
tration of 200 µM resulted in decreased cell viability (Fig. S3C).

2.3. Chloroquine-loaded LNCs as refined decoy agents

To develop a refined strategy to mitigate ENP clearance by the MPS, 
chloroquine was encapsulated in LNCs, which have previously been 
validated as robust drug delivery systems [55,56]. Therefore, chloro
quine diphosphate was converted into its free base via liquid–liquid 
extraction. The purity and identity of the chloroquine free base was 
verified against a commercially obtained reference using HPLC analysis 
(Fig. S5). Both, the extracted chloroquine free base and the reference 
showed a constant retention time of 2.9 min. To determine whether 
encapsulation of the endocytosis inhibitor in LNCs is feasible at thera
peutically relevant concentrations, we calculated the dose required for 
immunomodulation in rats, a commonly used in vivo model. Compli
ance with standard administration volumes [57] and toxicity thresholds 
was ensured [5]. For an anticipated subcutaneous application volume of 
250 µL, the concentration of encapsulated chloroquine had to be 
adjusted to 6 mg mL− 1 per batch. (The reader is referred to the supporting 
information). It was shown that chloroquine could be successfully 
encapsulated at concentrations exceeding therapeutically relevant 
levels. The encapsulation efficiency (EE) was determined to be 73.9 ±
7.5 % (mean ± SD; N = 2; n = 3) using HPLC analysis. The efficiency of 
chloroquine-loaded unmodified LNCs on the uptake inhibition of ENPs 
into macrophages was assessed in flow cytometry experiments. There
fore, the macrophages were preincubated with the LNCs according to 
the already established administration regime (Fig. 3A). The applied 
LNC concentrations were adjusted to obtain chloroquine concentrations 
of 100 µM, 200 µM and 300 µM. The corresponding LNC particle 
concentrations were ≤ 0.7 nM. The ENPs were applied at concentra
tions ranging from 0.1 nM to 0.01 nM and the mean fluorescence in
tensity (APC-A geo. mean) was assessed as an indicator for their uptake 
(Fig. 3B). The efficacy of chloroquine-loaded LNCs on the uptake 

Fig. 1. Schematic depiction of the refined strategy to evade the clearance by the mononuclear phagocyte system (MPS) thereby enabling the imple
mentation of subcutaneous administration regimes for ENPs. The previously described utilization of nanoparticulate decoy materials to block the MPS capacity 
by overload is shown as well as the application of endocytosis inhibitors to suppress the phagocytosis of ENPs. Both strategies result in a transient modulation of the 
immune system. In the present study, both approaches were combined to establish a refined strategy. Therefore, chloroquine was used as well-characterized 
endocytosis inhibitor and encapsulated into LNCs as decoy agents (100 % DOPC). Moreover, the effect of the incorporation of a targeting structure into the enve
lope of the LNCs (100 % DOPS) was evaluated for its efficiency to promote uptake inhibition of ENPs into macrophages.
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Fig. 2. Evaluation of unmodified LNCs as decoy agents and chloroquine diphosphate as endocytosis inhibitor. The mean fluorescence intensity (APC-A geo. 
mean) was assessed as an indicator for the uptake of CY-5-labeled ENPs into macrophages. Results represent mean ± SD (n = 3; n indicating replicates). Macro
phages, which were treated exclusively with ENPs, without prior incubation with chloroquine diphosphate, served as control (indicated in blue). (A) Visualization of 
the administration regime: The macrophages were pretreated with either a dual application of unmodified LNCs for 24 h and 2 h or a single application for 2 h 
before the CY-5-labeled ENPs were added for further 0.5 h. (B) The mean fluorescence intensity (APC-A geo. mean) was quantified using flow cytometry analysis. 
Unmodified LNCs were applied at concentrations of 1 nM or 0.3 nM and the ENPs at concentrations of 0.1 nM and 0.01 nM. The statistical significance between 
means was evaluated with one-way ANOVA with subsequent Bonferroni corrected post hoc t-test, as the Levene test indicated variance homogeneity. Levels of 
statistical significance are indicated as n.s. – not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) Visualization of the administration regime: Macrophages were 
preincubated with chloroquine diphosphate for 0.5 h before the ENPs were added for further 4 h or 2 h. Chloroquine diphosphate was applied at concentrations of 
200 µM or 100 µM. The ENPs were applied in serial dilutions (1 nM to 1 pM). Controls are indicated in blue. (D) Evaluation of concentration-dependent effects on 
the uptake-inhibition of ENPs by chloroquine diphosphate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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inhibition was examined with one-way ANOVA with subsequent Bon
ferroni corrected post hoc t-test, as the Levene test indicated variance 
homogeneity. Preincubation with chloroquine-loaded unmodified LNCs 
resulted in a statistically significant reduction ENP uptake over 4 h 
compared to macrophages that were not preincubated. As an additional 
control experiment, macrophages were preincubated with unloaded 
LNCs, which resulted in either unchanged or increased uptake of ENPs 
compared to the control.

2.4. The effect of engineered LNCs

1,2-Dioleoyl-sn-glycero-3-phosphoserine (DOPS) was incorporated 
as a targeting structure into the decoy LNCs (= engineered LNCs) to 
provide an additional uptake stimulus for macrophages [48]. Therefore, 
1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC) was partially replaces 
by DOPS during the production of LNCs (Fig. 4A). The engineered LNCs, 
with DOPS contents ranging from 25 % to 100 % (m/m), exhibited 
hydrodynamic diameters between 40.08 ± 0.01 nm and 42.94 ± 0.45  
nm along with PDIs ranging from 0.03 ± 0.01 to 0.07 ± 0.02 (mean ±
SD from three independent batches) (Fig. 4B). To assess the uptake- 
enhancing effect of DOPS, the LNCs were stained with DiO and added 
to macrophages for 0.5 h and 1 h. Unmodified LNCs (0 % DOPS) served 
as control. The mean fluorescence intensity (APC-A geo. mean) was 
measured via flow cytometry experiments and assessed as an indicator 

for the uptake of engineered LNCs into macrophages (Fig. 4C). In both 
experimental settings, a statistically significant difference in the uptake 
of LNCs into macrophages was only observed for DOPS contents of at 
least 75 %. Subsequently, further investigations were conducted using 
LNCs, in which the DOPC was substituted quantitatively with DOPS 
(100 %-DOPS-LNCs).

Chloroquine free base was encapsulated into 100 %-DOPS-LNCs. 
Using HPLC analysis, the EE was determined to be 88.0 ± 27.0 % (mean 
± SD; N = 2; n = 3; N indicating samples, n indicating replicates). The 
chloroquine-loaded 100 %-DOPS-LNCs differed statistically significantly 
in their size from unmodified chloroquine-loaded LNCs (two sample t- 
test: p-value = 6.424 × 10-7) (Fig. 5A). To compare their effect on the 
uptake inhibition of ENPs, the previously described experimental set
tings and administration regimes for flow cytometry experiments were 
employed (Fig. 5B). The applied concentrations of both LNC types were 
adjusted to chloroquine concentrations of 200 µM. The corresponding 
LNC particle concentrations were ≤ 0.7 nM. Macrophages, which were 
preincubated with 200 µM chloroquine diphosphate were set as an 
additional control. Preincubation with chloroquine-loaded 100 
%-DOPS-LNCs and chloroquine-loaded unmodified LNCs resulted in a 
statistically significant reduction of ENP uptake over 4 h compared to 
macrophages that were not preincubated with chloroquine-loaded LNCs 
(Fig. 5C). Compared to macrophages that were preincubated with 
chloroquine diphosphate, the difference in ENP uptake over 4 h was 

Fig. 3. Evaluation of chloroquine-loaded unmodified LNCs as decoy agents. (A) Visualization of the administration regime: The macrophages were pre
incubated with chloroquine-loaded unmodified LNCs for 0.5 h before subsequent incubation with CY-5-labeled ENPs for 4 h or 2 h. (B) The mean fluorescence 
intensity (APC-A geo. mean) was assessed as an indicator for the uptake of ENPs into macrophages. Results represent mean ± SD (n = 3; n indicating replicates). 
Macrophages, which were treated exclusively with ENPs, without prior incubation with chloroquine-loaded LNCs, and macrophages, which were pretreated with 
unloaded LNCs before incubation with ENPs served as control. The statistical significance between means was evaluated with one-way ANOVA with subsequent 
Bonferroni corrected post hoc t-test, as the Levene test indicated variance homogeneity. Levels of statistical significance are indicated as n.s. – not significant, *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001.
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statistically weakly significant or not significant. Furthermore, the 
analysis of the flow cytometry experiments revealed that preincubation 
with unloaded, drug-free 100 %-DOPS-LNCs compared to unloaded 
unmodified LNCs, did not reduce the uptake of ENPs into macrophages 
but instead significantly increased it.

3. Discussion and conclusion

In the present study, we developed a synergistic co-administration 
strategy with chloroquine-loaded LNCs to reduce ENP clearance by 
immune cells. Following an engineering-driven approach, the ENPs 
were protected against excessive opsonization by PEGylation of their 
surface [19,50,58]. The coadministration regime with endocytosis 
inhibitor-loaded LNCs was aimed to further reduce the clearance of the 

Fig. 4. Engineering LNCs with DOPS as “eat-me” signal to trigger their phagocytosis. (A) Schematic illustration of the chemical composition of unmodified and 
engineered LNCs and the chemical structures of DOPC and DOPS. (B) Size [nm] and PDI of LNCs with varying contents of DOPS [%] (m/m). DLS data represent mean 
± SD (N = 3; n = 3; N indicating samples, n indicating replicates). (C) Investigation of the LNC uptake into macrophages as a function of their DOPS content [%] (m/ 
m). Results represent mean ± SD (n = 3; n indicating replicates). The statistical significance between means was evaluated with one-way ANOVA with subsequent 
Bonferroni corrected post hoc t-test, as the Levene test indicated variance homogeneity. Levels of statistical significance are indicated as n.s. – not significant, *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Fig. 5. Evaluation of engineered chloroquine-loaded LNCs as decoy agents. (A) Size [nm] of chloroquine-loaded unmodified LNCs and chloroquine-loaded 100 
%-DOPS-LNCs. DLS data represent mean ± SD (from three independent batches). Derived means were compared via two sample t-test (p-value = 6.424 × 10-7). 
Levels of statistical significance are indicated as n.s. – not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) Visualization of the administration regime: The 
macrophages were pre-incubated with chloroquine-loaded unmodified LNCs and chloroquine-loaded 100 %-DOPS-LNCs for 0.5 h before subsequent incubation with 
ENPs for 4 h or 2 h. (C) The mean fluorescence intensity (APC-A geo. mean) was assessed as an indicator for the ENPs into macrophages. Macrophages, which were 
treated exclusively with ENPs, without prior incubation with decoy agents, served as control. Results represent mean ± SD (n = 3; n indicating replicates). The 
statistical significance between means was evaluated with one-way ANOVA with subsequent Bonferroni corrected post hoc t-test, as the Levene test indicated 
variance homogeneity. Levels of statistical significance are indicated as n.s. – not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (D) Comparison of the uptake of 
ENPs after preincubation with chloroquine-loaded unmodified LNCs, chloroquine-loaded 100 %-DOPS-LNCs, unmodified LNCs and 100 %-DOPS-LNCs. Results 
represent mean ± SD (n = 3; n indicating replicates). The statistical significance between means was evaluated with one-way ANOVA with subsequent Bonferroni 
corrected post hoc t-test, as the Levene test indicated variance homogeneity. Levels of statistical significance are indicated as n.s. – not significant, *p ≤ 0.05, **p ≤
0.01, ***p ≤ 0.001.
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ENPs by transiently suppressing immune cells’s phagocytic activity. 
Chloroquine, as FDA-approved drug, was chosen as endocytosis inhibi
tor for this approach. The drug interferes with the clathrin-mediated 
endocytosis of nanoparticles, which, in addition to phagocytosis, rep
resents an important uptake mechanism for nanoparticles into macro
phages [33]. In a previous study, we were able to demonstrate that 
clathrin coated pits, and consequently clathrin mediated endocytosis, 
play a pivotal role in the interaction of polymer nanoparticles and cell 
surfaces [59]. LNCs were selected as carrier system to promote the 
chloroquine uptake via the lymph, as they showed excellent encapsu
lation efficiency for lipophilic drugs [55,56]. Their small size and nar
row size distribution confer accelerated uptake from the subcutaneous 
tissue relative to the larger ENPs [60] resulting in an expected tempo
rally advanced immunomodulation. Moreover, as particulate systems, 
they exhibit a high potential for interaction with MPS cells [6,14]. 
Several studies have already demonstrated that the administration of 
high doses of non-toxic, unloaded (drug-free) nanoparticles as decoy 
agents leads to saturation of the uptake capacity of MPS cells, which 
results in a reduced uptake of subsequently administered ENPs [6,14]. 
However, saturation effects could not be proven after preincubation 
with the decoy particles in the present study. This could be attributed to 
the utilized decoy nanoparticle concentrations. Ouyang et al. [61]
demonstrated that the threshold for the uptake capacity of Kupffer cells, 
which are liver specific macrophages, in mice was reached at 1 trillion 
(gold) nanoparticles. Once this threshold was exceeded, the clearance of 
systemically administered nanoparticles significantly decreased. How
ever, this threshold did not represent the total capacity of the cells but a 
kinetic limit. In vitro, the uptake leveled off at 100,000 phagocytosed 
nanoparticles per cell over 24 h (applied nanoparticle concentration: 
approximately 1.0 × 1012particles mL− 1). In the present study, the 
administered decoy nanoparticle concentrations were lower by at least a 
factor of 1000 due to toxicity considerations. The toxicity of high doses 
of unloaded decoy particles has already been critically evaluated as a 
health risk in the literature [62,63]. The encapsulation of chloroquine 
made the decoy LNCs effective even at moderate, in vitro non-toxic 
concentrations. Chloroquine possesses an acceptable toxicity profile 
and has already been utilized as an adjuvant therapy in combination 
with chemotherapy for extended treatment durations [33,64]. The 
endocytosis-inhibitory effect on cells is transient. The cells can fully 
regenerate after the removal of chloroquine. This is highly relevant for 
the prospective administration in vivo, as a persistent impairment of the 
immune system would pose significant health risks [65].

To gain deeper insights into the translational potential of this refined 
synergistic approach, we investigated the incorporation of a 
macrophage-specific targeting signal for its effectiveness. This did not 
require any modification of the ENP structure, as the targeting signal 
was integrated into the envelope of the decoy LNCs. Previously, Tang 
and coworkers published an approach [66], in which a CD47-derived 
peptide ligand was integrated into the decoy particle structure to 
block the surface of macrophages by specific ligand-receptor in
teractions. Consequently, their system was not based on the intracellular 
release of a MPS modulator from the decoy particles. In contrast, we 
investigated the incorporation of DOPS as a targeting signal which was 
intended to promote the specific uptake of the decoy LNCs into macro
phage for a subsequent increased intracellular chloroquine-release. 
DOPS is an “eat-me” signal presented by apoptotic cells [46] and is 
utilized by certain viruses for cell targeting [47,67]. It has already been 
successfully employed as a ligand-like structure in particulate systems to 
target macrophages [48]. However, the results obtained in this study 
indicate that its incorporation in the decoy LNCs did not enhance their 
efficacy of uptake-inhibition for ENPs in vitro. In vivo, however, it may 
exert advantageous effects, as phosphatidylserine not only promotes 
uptake by phagocytic cells but also induces anti-inflammatory responses 
[68]. Therefore, it can be considered advantageous that the use of decoy 
nanomaterials in synergistic approaches allows for the ENP-independent 
incorporation of targeting ligands. However, further development is still 

required at this stage. Another advantage of endocytosis inhibitor- 
loaded decoy-LNCs in co-administration is that it enables subcutane
ous administration of ENPs. This, however, requires effective inhibition 
of phagocytic immune cells in the lymph nodes. Due to its molecular 
weight (< 1 kD), unencapsulated chloroquine would not be quantita
tively absorbed via the lymph vessels after subcutaneous administration. 
Instead, it would enter the systemic circulation through small blood 
capillaries [69]. Accordingly, its encapsulation in decoy particles at 
therapeutically relevant concentrations is essential for targeted release 
into lymph macrophages and subsequent inhibition of their phagocytic 
activity.

So far, various synergistic coadministration regimes with endocy
tosis inhibitors or decoy nanomaterials have been published. However, 
these approaches have quantitatively been developed for systemic 
(intravenous) administration regimes to modulate the target/off-target 
distribution of ENPs [62,70,71]. To the best of our knowledge there is 
only one study in which a coadministration regime with endocytosis 
inhibitor-loaded decoy particles was utilized to render ENPs systemi
cally available after subcutaneous administration [42]. Stack et al. [42]
successfully employed lantrunculin A-loaded micelles as decoy particles 
for subsequent subcutaneous ENP administration. For their system, they 
demonstrated reversible, non-toxic MPS inhibition, achieving serum 
ENP levels after subcutaneous coadministration comparable to those 
following intravenous administration. Lantrunculin A, a micro
pinocytosis inhibitor, has so far only been utilized in research and has 
not been approved as a drug substance. Both, the employed decoy par
ticles and the ENPs were composed of the same polymer, poly(ethylene 
glycol)-block-poly(propylene sulfide) (PEG-b-PPS). In present study, we 
differentiate our approach by utilizing nanoparticles, which differ from 
micelles by higher stability and, consequently, enhanced suitability as 
carrier systems [72]. Moreover, we employed two distinct particle types, 
lipid-based decoy particles and polymeric ENPs. With this, our study 
provides an initial indication of the general transferability of this 
concept between different nanoparticle types. It is therefore conceivable 
that an established decoy nanoparticle system could be combinable with 
various ENPs, which are optimized for their targets.

Furthermore, nanoparticles have so far only been administered 
subcutaneously as depots for the sustained release of their cargo 
[69,73–75]. For this purpose, the sizes of the nanoparticles (> 100 nm) 
were chosen to prevent their entry into the lymphatic system, ensuring 
the release of the loaded drugs into the subcutaneous tissue [69]. 
Following subcutaneous administration, drug substances first pass the 
interstitium to reach the lymphatic vessels and blood capillaries [69]. 
Their encapsulation within nanoparticles further amplifies this naturally 
occurring retardation effect by the influence of the release kinetics from 
the nanoparticle depot. However, if the entire nanoparticle successfully 
reaches the systemic circulation after subcutaneous administration, a 
retardation effect could be expected compared to its intravenous 
administration. This may prove advantageous for the targeting effi
ciency of the nanoparticles as drug delivery systems [76]. Furthermore, 
it improves their toxicity profiles as it prevents an overload of the liver, 
which typically occurs after systemic administration [63]. Hence, 
refined coadministration regimes with encapsulated endocytosis in
hibitors in decoy particles may provide the foundation for establishing a 
novel application route for nanoparticles, enabling their sustained 
release into systemic circulation. The subcutaneous application of 
nanoparticles would therefore no longer be limited to its use as drug- 
releasing depots. Since the coadministration regime incorporates the 
application of an endocytosis-inhibitor loaded decoy nanoparticle 
alongside the PEGylation of the ENPs, this approach can be furthermore 
applied to various ENPs.

K. Schorr et al.                                                                                                                                                                                                                                  European Journal of Pharmaceutics and Biopharmaceutics 221 (2026) 114989 

8 



4. Material and methods

4.1. Materials

All materials and reagents were purchased from Sigma Aldrich 
(Taufkirchen, Germany or St. Louis, USA) unless otherwise stated. 
Dulbecco’s phosphate-buffered saline (DPBS) was acquired from Gib
coTM (Life Technologies, Paisly, UK). The ultrapure water used for the 
experiments was produced with a Milli-Q EQ 7000 system (Merck, 
Darmstadt, Germany) equipped with Milli-Q Biopak filter (Merck, 
Darmstadt, Germany) and freshly taken every day. It is referred to as 
Milli-Q water in the following.

4.2. Cell culture

Human acute monocytic leukemia cells (THP-1 monocytes) were 
cultured in RPMI 1640 cell culture medium (gibco, RPMI Medium 1640 
(1X), [-]-L-Glutamine, Thermofisher, Paisley, UK) containing 10 % fetal 
bovine serum (FBS) (South America Origin, Pan-Biotech, Aidenbach, 
Germany, Lot-No.: P201004) and supplemented with MEM non- 
essential amino acids, MEM vitamins, sodium pyruvate and glutamine 
(gibco, Life Technologies Corporation, Grand Island, USA). For the dif
ferentiation into macrophages, 100 nM phorbol-12-myristate-13- 
acetate (PMA) (ThermoScientific Fisher, Schwerte, Germany) was 
added to the cell culture medium 48 h before the experiment. The cells 
were cultured in a water saturated, carbon dioxide enriched (5 % CO2) 
atmosphere at 37 ◦C.

4.3. Nanoparticle Preparation

Core-shell nanoparticles were obtained by nanoprecipitation as 
previously described [43,77]. For this purpose, the synthesized PLA10K- 
PEG5K-COOH block-copolymer was dissolved together with CY-5 
labeled PLGA (CY-5-PLGA) in acetonitrile (ACN) to a concentration of 
10 mg mL− 1. The ratio of the CY-5-PLGA core to block-copolymer shell 
was 3:7 (m/m). The organic phase was added dropwise into the 10-fold 
excess of stirring (930 rpm) aqueous phase (10 % DPBS (v/v) in Milli-Q 
water) and stirred for 3 h to remove the ACN. Subsequently, the volume 
was concentrated by centrifugation at 3000 g for 15 min using Micro
seps Advance 30 K centrifugal filters (molecular weight cut-off 30 kDa, 
Pall Corporation, New York, USA).

4.4. Lipid nanocapsules (LNC) preparation

LNCs were manufactured as previously published [78]. For unmod
ified LNCs, 295.8 mg Kolliphor® HS15 solution 40 % (m/m) in Milli-Q 
water, 18.3 mg (13.3–23.3 mg) 1,2-dioleoyl-sn-glycero-3-phos
phocholine (DOPC, LIPOID PC 18:1/18:1, kindly provided by LIPOID 
GmbH, Ludwigshafen, Germany), 138.3 mg Miglyol® (Miglyol® 812, 
Ph.Eur.8.0, Caesar & Loretz GmbH, Hilden, Germany) and 222.6 mg 
aqueous NaCl solution (50 mg mL− 1) were mixed and subjected to three 
heating (to 90 ◦C)-cooling (to 60 ◦C) cycles. In the last cooling cycle 850  
µL aqueous NaCl solution were added at the phase inversion tempera
ture (approx. 76 ◦C) to form stable LNCs. The LNC emulsion was stirred 
for further 5 min and then sterile filtered through a RC-filter (0.22 µm) 
to remove excess lipid. The LNC emulsion was stored at 2–8 ◦C protected 
from light. For engineered LNCs, DOPC was replaced proportionately by 
1,2-dioleoyl-sn-glycero-3-phosphoserine, sodium salt (DOPS-Na, LIPOID 
PS 18:1/18:1, kindly provided by LIPOID GmbH, Ludwigshafen, Ger
many) and the manufacturing process was completed as described 
above. For selected flow cytometry experiments, the LNCs were labeled 
with DiO (DiOC18(3), Invitrogen, Thermo Fisher Scientific, OR, USA). In 
this case, 0.5 mg DiO were added to the mixture before it underwent the 

heating–cooling cycles.
Amount of 
DOPC [%]

Amount of 
DOPS [%]

Unmodified LNCs 100 0
Engineered LNCs 75 25

50 50
25 75
0 100

4.5. Nanoparticle and LNC characterization

4.5.1. Nanoparticle characterization
Dynamic light scattering (DLS)-based measurements (particle size 

distribution, polydispersity index) were carried out with a Malvern 
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany) 
equipped with a λ 633 nm He-Ne laser operating at an angle of 173◦

[43,77]. The software used for data collecting and processing was 
Zetasizer software version 7.12 (Malvern Instruments, UK). To deter
mine the size distribution, the concentrated samples were diluted 1:20 
with 10 % DPBS in Milli-Q water (10 % DPBS (v/v)). 90 µL sample 
volume were measured in micro-UV-cuvettes (Carl Roth, Karlsruhe, 
Germany) at a controlled temperature of 25 ◦C (120 sec equilibration 
time). Three repetitions with 11 runs of 10 sec duration were performed 
for each sample. The data was analyzed with the software-integrated 
analysis model for “general purposes (normal resolution)”.

Furthermore, average size (hydrodynamic diameter) and concen
tration [particles mL− 1] of the nanoparticles were determined using 
nanoparticle tracking analysis (NanoSight NS300, Malvern, Worcester
shire, UK). The device was equipped with an O-Ring top-plate and the 
data was analyzed with NanoSight NTA 3.4 software (NTA Malvern 
Panalytical software). Before measurement, all samples were diluted 
with Milli-Q water to achieve a good particle per frame value (20–100 
particles/frame). The samples were applied by manual injection with 
sterile syringes. Each sample was measured in three cycles of 60 sec 
duration (screen gain: 1.0; camera level: 16) at RT. The detection 
threshold was set at 3.

4.5.2. LNC characterization
Particle size distribution and polydispersity index measurements 

were carried out with a Malvern Zetasizer Nano ZS as for the polymeric 
nanoparticles. Therefore, the LNC samples were diluted 1:20 with 10 % 
DPBS in Milli-Q water. 90 µL sample volume were measured in micro- 
UV-cuvettes (Carl Roth, Karlsruhe, Germany) at a controlled tempera
ture of 25 ◦C (120 sec equilibration time). Three repetitions with 11 runs 
of 10 sec duration were performed for each sample. The data was 
analyzed with the software-integrated analysis model for “general pur
poses (normal resolution)”. Furthermore, average size (hydrodynamic 
diameter) and concentration [particles mL− 1] were determined using 
nanoparticle tracking analysis as described above. Before measurement, 
the samples were diluted with Milli-Q water. The samples were applied 
by manual injection with sterile syringes. Each sample was measured in 
three cycles of 60 sec duration (screen gain: 1.0; camera level: 16) at RT. 
The detection threshold was set at 2.

4.6. Chloroquine free base synthesis and characterization

About 1 g of the chloroquine diphosphate salt was placed in the 
separating funnel, and the free base of the drug was extracted by liq
uid–liquid extraction with ethyl acetate (50 mL) and sodium hydroxide 
solution (2 M, 75 mL). The organic layer was separated and shaken 
again against sodium hydroxide solution (1 M, 75 mL). The solvent was 
then removed under vacuum for 12 h. Identity and purity of the chlo
roquine free base were verified by high performance liquid chroma
tography (HPLC) analysis. HPLC analyses were performed on an Agilent 
Technologies 1260 Infinity ll (Santa Clara, USA). For this, a C18 column 
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(CORTEX T3 2.7 µm, 3 x 100 mm column) was used, that was heated to 
40 ◦C. Acetonitrile (HPLC grade) [A] and 0.1 % triethylamine in Milli-Q 
water (pH 3.0 adjusted with phosphoric acid) [B] were employed as the 
mobile phases for the gradient elution at a flow rate of 1.0 mL min− 1 as 
previously published by Miranda et al. [79]. The following gradient was 
applied: [A] at 5 % − 0–2 min/ [A] 5 to 40 % − 2–4 min/ [A] at 40 % −
4–5.3 min/ [A] 40 to 5 % − 5.3–7 min/ [A] at 5 % − 7–9 min. Fluo
rescence detection was performed at excitation λ 325 nm and emission 
λ 375 nm. Emission spectra were recorded in the peaks (scan range: 
λ 335 nm to 400 nm, step: 10 nm). 2 µL sample volume (dissolved in 
methanol and aqueous phase [B], ratio 1:1) were applied in each run. 
The extracted chloroquine free base showed a constant retention time of 
2.9 min and was compared to chloroquine free base (reference) pur
chased from MedChemExpress (Hölzel Diagnostika Handels GmbH, 
Köln, Germany).

4.7. Chloroquine encapsulation and quantification via HPLC analysis

To prepare chloroquine-loaded LNCs, 24 mg chloroquine were dis
solved in dichloromethane and added to the mixture of Kolliphor® 
HS15, Miglyol® and DOPC/DOPS. The dichloromethane was evapo
rated at 75 ◦C for 30 min. The aqueous NaCl solution was then added, 
and the heating–cooling-cycles were initiated as described above. Free 
non-encapsulated chloroquine was separated by centrifuging the LNC 
batches twice (2x addition of 1.0 ml Milli-Q water for washing, 
centrifugation at 4500 g for 30 min) using Microseps Advance 30 K 
centrifugal filters (molecular weight cut-off 30 KDa, Pall Corporation, 
New York, USA). The resulting filtrate was adjusted to a final volume of 
2.0 mL with Milli-Q water. 200 µL of the LNC emulsion were diluted 10- 
fold with methanol and ultrasonicated for 30 min to disrupt the LNC 
structure and to release the drug, which was quantified by HPLC anal
ysis. Therefore, 100 µL of the sample were diluted with 100 µL mobile 
phase [B] (0.1 % triethylamine in Milli-Q water (pH 3.0 adjusted with 
phosphoric acid)). The HPLC analysis was performed as described above 
for the free chloroquine base. However, the gradient was extended to 
reliably elute the lipids from the HPLC column, which had no effect on 
the retention time of the chloroquine base. The following gradient was 
applied: [A] at 5 % − 0–2 min/ [A] 5 to 40 % − 2–4 min/ [A] at 40 % −
4–5.3 min/ [A] 40 to 90 % − 5.3–9 min/ [A] 90 to 5 % − 9–10 min/ 
[A] at 5 % − 10–15 min. The samples were analyzed in triplicate and 
the mean drug content [mg mL− 1] (mean ± SD; n = 3) was calculated 
using a previously recorded calibration curve (chloroquine conc.: 
0.1 – 0.8 mg mL− 1) with the regression coefficient of R2 = 0.9989. The 
encapsulation efficiency (EE) was calculated as depicted in Eq. (1), with 
me referring to the mass of encapsulated drug and ma referring to the 
mass of initially added drug: 

EE[%] =
me

ma
• 100 (1) 

4.8. Flow cytometry

THP-1 monocytes were seeded into 48-well plates at a density of 
120,000 cells/well. The monocytes were differentiated into macro
phages by addition of 100 nM PMA to the cell culture medium and 
incubated for 48 to 72 h (37 ◦C, 5 % CO2) before proceeding the flow 
cytometry experiment. At the day of the experiment, the cells were 
washed with pre-warmed DPBS before preincubation with the decoy 
agents (unmodified and unstained LNCs, conc.: 3 nM, 1 nM, 0.3 nM/ 
engineered LNCs, conc.: 1 nM) or the endocytosis inhibitor (aqueous 
chloroquine dilution (chloroquine diphosphate) conc.: 20 µM, 100 µM, 
200 µM, 400 µM) [33] or the endocytosis inhibitor containing LNCs 
(chloroquine containing unmodified or engineered LNCs, adjusted to 
chloroquine conc. of 100 µM, 200 µM, 300 µM chloroquine) under 
moderate shaking (50 rpm) at 37 ◦C for 0.5–24 h. After pre-incubation, 
CY-5-labeled ENPs were added to the wells without discarding the 

previously applied material and incubated under moderate shaking (50 
rpm) at 37 ◦C for 0.5–4 h. To determine concentration-dependent ef
fects, serial dilutions (1 nM to 1 pM, final nanoparticle concentration in 
the cell culture well) of ENPs were prepared in RPMI 1640 medium 
containing FBS. For the remaining experiments, the ENP concentrations 
were adjusted to 0.1 nM, 0.03 nM and 0.01 nM (final nanoparticle 
concentration in the cell culture well). To determine the effect of LNC 
engineering with different amounts of DOPS, the cells were incubated 
with the DiO-stained LNCs for 30 min or 1 h. Owing to the uniformity of 
the manufacturing process, the concentrations of all batches were 
considered equivalent. The LNC batches were diluted in the same ratio 
(1:66.7) with RPMI 1640 medium containing FBS.

After the incubation period, the medium was discarded, and for 
harvesting, 300 µL of trypsin (0.25 %) (PAN-Biotech, Aidenbach, Ger
many) were added and the cells were incubated for 2 min (37 ◦C, 5 % 
CO2). After cell detachment, 500 µL of ice-cold RPMI 1640 were added 
to quench trypsinization. The samples were transferred to 2.0 ml 
Eppendorf-Tubes and centrifuged (0.3 g, 7 min, 4 ◦C). The supernatant 
was discarded, and the cells were washed twice with ice-cold DPBS 
under centrifugation. The cell pellets obtained after the last washing 
step were resuspended in 200 µL ice-cold DPBs and kept on ice until 
measurement. Flow cytometry analyses were performed on a FACS 
Canto ll (Becton Dickinson, Franklin Lakes, USA). The fluorescence of 
the CY5-labelled NPs was excited at λ 633 nm and the emission was 
recorded using a λ 661/16 nm bandpass filter. The fluorescence of the 
DiO-stained LNCs was excited at λ 488 nm and the emission was 
recorded using a λ 530/30 nm bandpass filter. The data was analyzed 
and plotted using Flowing software (v2.5.1, Cell Imaging and Cytometry 
Core, Turku Bioscience Centre, Turku, Finland, with the support of 
Biocenter Finland). Further evaluations were carried out based on the 
determined geometric mean of the fluorescence intensity.

4.9. Statistics

The statistical significance between means was evaluated with two 
sample t-test or one-way ANOVA with subsequent Bonferroni corrected 
post hoc t-test using R software. The data was tested for variance ho
mogeneity using Levene test, before.

4.10. Software

The software used for the different experiments is listed below.
TopSpin 4.1.4 software (Bruker Corporation/Billercia/MA/USA, 

URL: https://www.bruker.com/en/products-and-solutions/mr/nmr-so 
ftware/topspin.html) was used for NMR processing and analysis.

Origin 2022b software (OriginLab Corporation/Northampton/Ma/ 
USA. URL: https://www.originlab.com/2022b) was used for data plot
ting and analyzing.

Flowing software (v2.5.1, Cell Imaging and Cytometry Core, Turku 
Bioscience Centre, Turku, Finland, with the support of Biocenter 
Finland. URL https://flowingsoftware.com/download/) was used for 
FACS data analyses and plotting.

R software (R Core Team (2022). R: A language and environment for 
statistical computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL https://www.R-project.org/) was used for data plotting 
and statistical analysis.
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