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A B S T R A C T   

Core-crosslinked polymeric micelles (CCPM) based on PEG-b-pHPMA-lactate are clinically evaluated for the treatment of cancer. We macroscopically and micro-
scopically investigated the biodistribution and target site accumulation of CCPM. To this end, fluorophore-labeled CCPM were intravenously injected in mice bearing 
4T1 triple-negative breast cancer (TNBC) tumors, and their localization at the whole-body, tissue and cellular level was analyzed using multimodal and multiscale 
optical imaging. At the organism level, we performed non-invasive 3D micro-computed tomography-fluorescence tomography (μCT-FLT) and 2D fluorescence 
reflectance imaging (FRI). At the tissue and cellular level, we performed extensive immunohistochemistry, focusing primarily on cancer, endothelial and phagocytic 
immune cells. The CCPM achieved highly efficient tumor targeting in the 4T1 TNBC mouse model (18.6 %ID/g), with values twice as high as those in liver and spleen 
(9.1 and 8.9 %ID/g, respectively). Microscopic analysis of tissue slices revealed that at 48 h post injection, 67% of intratumoral CCPM were localized extracellularly. 
Phenotypic analyses on the remaining 33% of intracellularly accumulated CCPM showed that predominantly F4/80+ phagocytes had taken up the nanocarrier 
formulation. Similar uptake patterns were observed for liver and spleen. The propensity of CCPM to primarily accumulate in the extracellular space in tumors 
suggests that the anticancer efficacy of the formulation mainly results from sustained release of the chemotherapeutic payload in the tumor microenvironment. In 
addition, their high uptake by phagocytic immune cells encourages potential use for immunomodulatory anticancer therapy. Altogether, the beneficial biodis-
tribution, efficient tumor targeting and prominent engagement of PEG-b-pHPMA-lactate-based CCPM with key cell populations underline the clinical versatility of 
this clinical-stage nanocarrier formulation.  

1. Introduction 

Nanomedicines are extensively used to improve the pharmacoki-
netics and biodistribution of poorly soluble or unstable drug molecules. 
The design of robust nanoformulations can improve their in vivo per-
formance, resulting in improved efficacy and/or reduced side effects 
[1]. Various nanocarriers, such as polymer conjugates, liposomes and 
micelles, have been investigated over the years and several nanome-
dicine formulations have been approved for clinical use [2–4]. The 
mechanism through which nanoformulations accumulate in tumors 

relies on the abnormal organization of the vasculature and the lym-
phatic drainage system in the lesions. Nanomedicine-based drug de-
livery systems extravasate at sites of increased vascular permeability 
and are retained there because of poor lymphatics via a phenomenon 
described as the enhanced permeability and retention (EPR) effect 
[5–7]. 

To reach the pathological site, it is essential for nanoformulations to 
circulate in intact form and for prolonged periods of time. In this re-
gard, many efforts have been made over the years to develop nano-
carriers, which simultaneously provide high stability (i.e. minimal drug 
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release prior to tumor targeting) and long circulation times in the 
bloodstream. An attractive platform technology enabling long-circula-
tion properties and efficient tumor targeting is based on core-cross-
linking polymeric micelles (CCPM). Several studies evaluating the 
performance of these CCPM as a carrier for chemotherapy have de-
monstrated good target site accumulation [8–10]. Long circulation half- 
life and improved tumor localization has for instance been reported for 
docetaxel-entrapped PEG-b-pHPMA-lactate-based CCPM (CPC634), 
which are developed by the company Cristal Therapeutics. The long 
circulation half-life – 16 h in rats – has contributed to the potent effi-
cacy of this formulation against solid tumors in multiple preclinical 
studies. Besides, limited protein binding resulted in prolonged circula-
tion time also in clinical patients, where CCPM reached a half-life of 
39.7 h [11–14]. Clinically, the administration of CPC634 in 24 patients 
with solid tumors achieved 4-fold higher drug accumulation in the tu-
mors as compared to conventional docetaxel [15]. Phase I analysis has 
identified 60 mg/m2 Q3W as the maximum tolerated dose for CPC634 
[14], and the formulation is currently being evaluated in phase II trial 
in patients with platinum-resistant ovarian cancer (NCT03742713). 

Given the increasing interest in immuno-oncology, many recent 
studies are focusing on understanding how different nanoparticles 
(NPs) associate with the immune system. Analysis of the interactions 
between immune cells and a plethora of nanocarriers with different 
composition, size and ligand-decoration has led to the realization that 
different nanoformulations engage with different immune cell popula-
tions and that they do this to a different extent [16–18]. In this study, 
we investigated the biodistribution of CCPM in mice at the organism, 
tissue and cellular level, obtaining insights on the interaction between 
CCPM and “key” (immuno-modulatory) cell populations in the tumor, 
liver and spleen. 

For investigating CCPM fate at the organism level, fluorophore-la-
beled CCPM were injected intravenously (i.v.) in mice bearing ortho-
topic 4T1 triple-negative breast cancer (TNBC) tumors, and their bio-
distribution and tumor accumulation were quantitatively evaluated in 
vivo via 3D μCT-FLT up to 48 h, and ex vivo via 2D FRI at 48 h post- 
injection. The CCPM displayed highly efficient tumor targeting. To in-
vestigate the localization of CCPM at the tissue and cellular level, im-
munofluorescence microscopy analyses were performed. In tumor, we 
assessed the uptake of CCPM in cancer, endothelial and immune cells. 
Similar analyses were performed in liver and spleen, as these organs are 
known to take up high amounts of NPs and have particular im-
munological importance. CCPM were found to accumulate extensively 
in F4/80+ phagocytes (macrophages and Kupffer cells) in all three 
organs. Taken together, our result indicate that PEG-b-pHPMA-lactate- 
based CCPM offer multiple possibilities for targeting chemotherapeutic 
drugs to the tumor microenvironment and to cancer cells, as well as for 
the delivery of immunomodulatory compounds to immune cells. 

2. Materials and methods 

2.1. Synthesis and characterization of block copolymers 

A block copolymer containing monomethoxy poly(ethylene glycol) 
(mPEG, Mn = 5000 Da) as hydrophilic block and a random copolymer 
of N-2-hydroxypropyl methacrylamide monolactate (HPMAmLac1) and 
N-2-hydroxypropyl methacrylamide dilactate (HPMAmLac2) as ther-
mosensitive block (approx. Mw 7500 Da) was synthesized by free ra-
dical polymerization using (mPEG5000)2-ABCPA as initiator [9]. The 
HPMAmLac1/Lac2 comonomer feed ratio was 25/75 (mol/mol) and the 
ratio of initiator/monomer was 1/20 (mol/mol). In brief, HPMAmLac1 

(4.65 mmol,1.00 g), HPMAmLac2 (13.95 mmol, 4.00 g) and 
(mPEG5000)2-ABCPA initiator (0.93 mmol, 9.30 g) were dissolved in 
acetonitrile (32 ml) in a round bottom flask. The reaction mixture was 
flushed with nitrogen for at least 15 min, heated to 70 °C and then 
stirred for 24 h. Next, the resulting block copolymer was precipitated by 
dropwise adding the reaction mixture into an excess of diethyl ether 

(260 ml). The precipitate was filtered and dried in a vacuum oven 
overnight to obtain mPEG5000-b-pHPAMmLacn (n = 1 or 2) block co-
polymer as off-white solids. Next, a fraction (10 mol%) of the block 
copolymer lactate side chains was derivatized with 2-(2-(methacry-
loyloxy)-ethylsulfinyl)acetic acid (referred to as “L2”) via a pivalic 
anhydride intermediate [19] to obtain L2-derivatized block copolymer 
following a previously reported protocol [12]. Analytical character-
ization by NMR, GPC and UV–Visible spectroscopy [12] revealed that 
the obtained L2-derivatised mPEG5000-b-pHPAMmLacn (n = 1 or 2) 
block copolymer (purity > 85%) has a Mn of 7.5 kDa, with the same 
comonomer ratio as in feed (i.e. HPMAmLac1/Lac2 = 25/75, mol/mol) 
and a critical micelle temperature of 10 °C. 

Similarly, a block copolymer with azide functionalization on the 
PEG terminus was synthesized following the same protocol [9], except 
that azide-PEG5000-OH (Celares GmbH, Germany) was used as the 
starting material to synthesize corresponding initiator and resulting 
(L2-derivatized) block copolymers instead of mPEG5000-OH. The gen-
erated L2-derivatised azide-PEG5000-b-pHPAMmLacn (n = 1 or 2) block 
copolymer (purity > 85%) also has a Mn of 7.5 kDa, with the same 
comonomer ratio (i.e. HPMAmLac1/Lac2 = 25/75, mol/mol) and cri-
tical micelle temperature (i.e. 10 °C). 

2.2. Preparation of azide-functionalized core-crosslinked polymeric micelles 

Azide-functionalized CCPM were manufactured essentially fol-
lowing the reported protocol [12]. In brief, an ice-cold aqueous solution 
of L2-derivatized mPEG5000-b-pHPAMmLacn block copolymer (78.85 v 
%, 24.1 mg/ml) and L2-derivatized azide-PEG5000-b-pHPAMmLacn 

block copolymer (4.15 v%, 24.1 mg/ml) were mixed with TEMED (2.5 
v%, 120 mg/ml) dissolved in 150 mM ammonium acetate pH 5.0 
buffer. Subsequently, absolute ethanol (10 v%) was added dropwise to 
the mixture, followed by rapid heating to 60 °C while stirring vigor-
ously for 1 min to form polymeric micelles. The micellar dispersion was 
then transferred into an airtight vial containing KPS (4.5 v%, 30 mg/ 
ml) dissolved in 150 mM ammonium acetate pH 5.0 buffer at room 
temperature. The polymeric micelles were covalently stabilized by 
polymerization of the methacrylate moieties on the block polymer in N2 

atmosphere at room temperature for 1 h, generating azide-functiona-
lized CCPM. The obtained micellar dispersion was filtered through a 
0.2 μm cellulose membrane filter to remove potential aggregates. Next, 
azide-functionalized CCPM were purified in isotonic 20 mM phosphate 
pH 7.4 buffer containing NaCl and concentrated to 50 mg/ml polymer 
equiv. by means of Tangential Flow Filtration (TFF) equipped with a 
modified Polyethersulfone (mPES) 100 kDa module (Spectrumlabs). 

2.3. Synthesis of cyanine 7-labeled core-crosslinked polymeric micelles 

Cyanine 7 (Cy7)-labeled CCPM were synthesized by conjugating 
Cy7-BCN fluorescent dye to the surface of azide-functionalized CCPM 
via copper-free click chemistry (Fig. S1). Cy7-BCN was conjugated to 
azide-functionalized CCPM by mixing 0.463 μmol Cy7-BCN (stock so-
lution in DMSO) with CCPM containing 0.925 μmol azide equiv. The 
reaction mixture was stirred in the dark at room temperature overnight. 
The progress of the conjugation was controlled by monitoring the 
content of remaining Cy7-BCN in the reaction using UPLC-UV (see 
Supplementary Methods), while > 95% content recovery of Cy7-BCN 
control under the reaction condition (i.e. dissolved in DMSO/phosphate 
buffer mixture, but without addition of azide-functionalized CCPM) had 
been confirmed assuring Cy7-BCN stability during reaction. The con-
jugation reaction was stopped after 16 h when 20% of fed Cy7-BCN was 
consumed in the click reaction, generating Cy7-labeled CCPM in which 
0.5 w% of polymer chains was covalently attached by a Cy7 label. The 
obtained Cy7-labeled CCPM was purified by TFF against 15 v% ethanol 
to remove unreacted Cy7-BCN label, followed by buffer swap into iso-
tonic 20 mM phosphate pH 7.4 buffer containing NaCl. The resulting 
Cy7-labeled CCPM test item contains 50 mg/ml polymer equiv. as 
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quantified by UPLC-UV [13] and 33 μM Cy7 equiv. based on conjuga-
tion conversion, and has a hydrodynamic diameter of 50 nm as de-
termined by dynamic light scattering (PDI ≤ 0.2). 

2.4. In vitro and in vivo models 

4T1 breast cancer cells (American Type Culture Collection, 
Manassas, VA, USA) were cultured in RPMI medium (RPMI 1640; 
Gibco, Life Technologies GmbH, Germany), supplemented with 10% 
fetal bovine serum (FBS; Life Technologies GmbH, Germany) and 1% 
penicillin/streptomycin (10,000 U/ml penicillin; 10 mg/ml strepto-
mycin, Life Technologies GmbH, Germany), at 37 °C and 5% CO2 in a 
humid atmosphere. All animal experiments were approved by local and 
institutional ethical committees. Six- to eight-weeks old BALB/cAnNRj 
female mice (Janvier Labs, France) were kept in pathogen-free cages 
with food and water ad-libitum, a light/dark cycle of 12/12 h and se-
parate ventilation. 4T1 breast cancer cells (2.5 × 104) were orthoto-
pically inoculated into the right abdominal mammary gland fat pad of 
the mice and the tumors were allowed to grow for 10 days, until they 
reached a size of approximately 5 mm in diameter. The size of the tu-
mors was monitored daily. Seven days before starting the in vivo ex-
periments, the mouse diet was switched to chlorophyll-free food, to 
reduce background signals during optical imaging. 

2.5. μCT-FLT imaging 

For all in vivo experiments, anesthesia was induced using 4% iso-
flurane (Forene, Abbott, Wiesbaden, Germany) in oxygen-enriched air 
using a dedicated vaporizer. During imaging, the isoflurane con-
centration was reduced to 2.0% and maintained on this level. Eyes were 
protected from desiccation with Bepanthen eye ointment (Bayer Vital 
GmbH, Germany). For intravenous injection, a sterile catheter prepared 
by connecting a 30 G cannula (B.Braun, Melsungen, Germany) to a 
polyethylene tube (inner diameter of 0.28 mm and outer diameter of 
0.61 mm, wall thickness of 0.165 mm (Hartenstein, Würzburg, 
Germany)) was inserted into the lateral tail vein of the mice. Mice were 
randomly divided in two groups and injected either with Cy7 as a free 
dye or with Cy7-labeled CCPM (2 nmol; in 50 μl 0,9% NaCl sterile so-
lution). The in vivo biodistribution of free dye and CCPM was imaged 
using a hybrid micro-computed tomography-fluorescence tomography 
(μCT-FLT) device (U-CT OI, MILabs B.V., Utrecht, the Netherlands). 
Anesthetized mice were placed between two acrylic glass plates in the 
animal holder, positioned between the FLT laser and the cooled CCD 
camera. Approximately 130 scan points were acquired using a laser and 
filter with excitation and emission wavelengths at 730 and 775 nm, 
respectively. After acquiring the FLT scan, the animal holder was au-
tomatically moved to the CT to acquire a total body scan for the ana-
tomic localization of the regions of interest. In a full-rotation in step- 
and-shoot mode, 480 projections (1944 × 1536 pixels) were acquired 
with an x-ray tube voltage of 55 kV, power 0.17 mA and exposure time 
of 75 ms. This procedure was followed for each mouse right before the 
i.v. injection of free dye or CCPM and at 0.25, 4, 24 and 48 h post- 
injection, to longitudinally visualize the fluorescence signal accumula-
tion in different organs. After the last μCT-FLT scan, the animals were 
sacrificed and organs were excised for ex vivo evaluation. The har-
vested organs were imaged using a fluorescence molecular tomography 
device (FMT 400, PerkinElmer, Waltham, MA, USA) in 2D reflectance 
imaging mode at 750 nm excitation wavelength. Tissues were finally 
embedded in TissueTek O.C.T. (Sakura Finetek Europe, the 
Netherlands) and preserved at −80 °C. 

2.6. μCT-FLT and FRI image analysis 

All acquired 3D CT images were reconstructed at an isotropic voxel 
size of 80 μm using a Feldkamp type algorithm (filtered back-projec-
tion). Shape, scattering maps and absorption maps were automatically 

generated and used for 3D fluorescence reconstruction [20]. 3D organ 
segmentations were generated based on the μCT data using interactive 
segmentation operations (Imalytics Preclinical, Gremse-IT GmbH, Aa-
chen, Germany) according to a previously optimized protocol [21,22]. 
Segmentations of heart, lungs, liver, spleen, kidneys, bone and spinal 
marrow, bladder and tumor were generated for all mice at all time- 
points post-injection. The fluorescence signal acquired in the total body 
FLT scans at 0.25 h after injection was used to generate a scale factor for 
calibration and the concentrations (in %ID/g) were computed by as-
suming a density of 1 g/cm3 [23]. Means and standard deviations were 
computed based on multiple mice for each region (e.g. tumor), time 
point and probe. 

2.7. Cellular uptake of CCPM in tumor, liver and spleen 

Fluorescence microscopy (Axio Imager M2 microscopy system, Carl 
Zeiss, Göttingen, Germany) was applied to DAPI stained cryosections 
(n = 5 images per section) from tumor, liver and spleen. Afterwards, 
tissue sections were fixed with methanol 80% and −20 °C acetone, and 
washed three times with PBS (Life Technology, Germany). Via the 
fixation and washing steps, extracellularly localized micelles were re-
moved. Fluorescence images were captured at exactly identical loca-
tions. The signal of the micelles was quantified using AxioVision SE64 
Rel. 4.8 software (Carl Zeiss, Jena, Germany) and compared between 
both pre- and post-washing images. The data obtained as percentage of 
area fraction was plotted as average  ±  standard deviation in GraphPad 
Prism 8 (GraphPad Software, USA). 

2.8. Cellular localization of CCPM in tumor, liver and spleen 

Immunohistochemical stainings were performed on 8 μm-thick 
cryosections. A standard protocol was applied for the staining of tumor, 
liver and spleen. The slices were first fixed with methanol 80% and 
−20 °C acetone, then washed with PBS, and then incubated for one 
hour with two antibodies at the same time for each set of stainings. 
Tumors were incubated with a combination of anti-CD31 antibody 
(1:50) (Acris, Germany) and either anti-F4/80 antibody (1:50) (Bio- 
Rad, Germany) or anti-CD45 antibody (1:200) (Cell Signaling, 
Germany), diluted in 12% BSA/PBS (PAN Biotech, Germany). Livers 
were co-stained with anti-CLEC4F antibody (1:20) (Bio-Techne, 
Germany) and anti-F4/80 antibody (1:50) (Bio-Rad, Germany), or anti- 
CD31 antibody (1:50) (Acris, Germany) and anti-HNF4α antibody 
(1:200) (Abcam, UK), diluted in 12% BSA/PBS. Spleens were co-stained 
with BSA-diluted anti-CD31 antibody (1:50) (Acris, Germany) and ei-
ther anti-F4/80 antibody (1:50) (Bio-Rad, Germany) or anti-CD45 an-
tibody (1:200) (Cell Signaling, Germany); in another set of stainings, 
the anti-CD45 antibody (1:200) was combined with an anti-CD11b 
antibody (1:500) (Thermo Fisher, USA). After three PBS washing steps, 
samples were incubated for 45 min with the corresponding secondary 
antibodies diluted in 12% BSA/PBS: Cy3 anti-Rat (1:500), Alexa Fluor 
488 anti-Rabbit (1:500), Cy3 anti-Rabbit (1:500), Alexa Fluor 488 anti- 
Rat (1:350), Alexa Fluor 488 anti-Goat (1:500), Cy3 anti-Mouse (1:150) 
(Dianova, Germany), as well as with DAPI (1:500) (Merck, Germany). 
The slides were then again washed with PBS, mounted with Mowiol 
4–88 (Carl-Roth, Germany) and glass-covered. A slightly different 
protocol was used for the co-staining of CD45 and CD31 in the liver: 
liver sections were fixed in paraformaldehyde (PFA) 4%, washed with 
PBS/azide solution (in a ratio 0.2/1 g/l) and blocked with 2% BSA 
diluted in PBS/azide for 10 min. The slices were then incubated for 1 h 
with anti-CD45 antibody (1:100) (Bio-Techne, Germany) and anti-CD31 
antibody (1:50) diluted in a PBS/azide solution added with 1% mouse 
serum (Sigma-Aldrich, Germany). After washing with PBS/azide, the 
slices were blocked again with 0.2% BSA diluted in PBS/azide for 
5 min. The corresponding secondary antibodies [Cy3 anti-Rat (1:500) 
and Alexa Fluor 488 anti-Rabbit (1:500)] together with DAPI (1:500) 
were diluted in 1% mouse serum diluted in PBS/azide and applied to 
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Fig. 1. CCPM efficiently target tumors in vivo. (a) By means of 3D μCT-FLT imaging, it is shown that Cy7 administered as a free dye is rapidly cleared through liver 
and kidneys, resulting in very low accumulation in 4T1 tumors in mice. Free Cy7 is almost entirely cleared after 48 h. (b) The long circulation properties of CCPM and 
their relatively low localization in clearance organs enabled strong and specific accumulation in 4T1 tumors over time. (c) Heat-maps comparing the biodistribution 
profiles between free Cy7 and Cy7-CCPM. CCPM show prolonged accumulation and therefore efficacious targeting to tumors (these heat-maps are based on the data 
provided in Fig. S2). P values: * < 0.05, ** < 0.01, *** < 0.001. 
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the sections for 45 min. The samples were washed at first with PBS/ 
azide, subsequently with water, and then mounted with Mowiol 4–88 to 
enable glass-covering. Images of all stained slides were acquired using 
fluorescence microscopy. Eight representative images were acquired 
per section and the area fraction of the signals was quantified using the 
AxioVision SE64 Rel. 4.8 software. Images were further analyzed with 
Inform software (PerkinElmer, USA) to evaluate the co-localization of 
cells with micelles. All cells were first segmented and then phenotyped 
using CD45, CD31, F4/80, HNF4α, CLECF4 and CD11b. Separate setups 
were applied for the analysis of the CCPM association with each marker 
studied. Four categories resulted from the processing of each image: 
single positivity of the cell for the marker, single positivity for CCPM, 
double positivity for marker and CCPM, and double negativity. For each 

cell subpopulation, we calculated the ratio of CCPM+ cells over the 
total cells. Based on these numbers, the distribution pattern of CCPM at 
the cell level was calculated. All values obtained were plotted as 
averages in pie charts using the GraphPad Prism 8 software. 

2.9. Statistical analysis 

The data from the μCT-FLT analyses, FRI scans and cellular uptake 
studies were analyzed via the unpaired two-tailed t-test (GraphPad 
Prism 8 software). Significant differences were considered for p va-
lues < 0.05 (*), p  <  0.01 (**) and p  <  0.001 (***). 

Fig. 2. Ex vivo organ analysis confirms the efficient tumor accumulation of CCPM. (a) 2D fluorescence reflectance imaging (FRI) of resected organs at 48 h post i.v. 
administration shows high levels of free Cy7 in the kidneys. M = muscle, L = liver, B = brain, Sk = skin, S = spleen, H = heart, I = intestine, K = kidneys, 
Lu = lung, T = tumor, B = bone marrow. (b) The strongest FRI signals for Cy7-labeled CCPM were observed for tumor. (c) Quantification of the ex vivo organ 
fluorescence for free Cy7 and Cy7-labeled CCPM. P values: * < 0.05, ** < 0.01, *** < 0.001. 
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Fig. 3. CCPM mainly accumulates extracellularly in tumor, liver and spleen. (a) Fluorescence microscopy images showing CD31+ vasculature in tumor, liver and 
spleen. Vessels appear homogeneous in liver and spleen, but are heterogeneously distributed in tumor. CCPM localization is in accordance with the vessel dis-
tribution. Magnifications show CCPM accumulation before and after washing with PBS. This “washing” step exemplifies that most CCPM locate extracellularly. Scale 
bar = 1000 μm. (b) Quantification of CCPM in tumor, liver and spleen before and after washing, showing that approximately 2/3 of the CCPM remains extra-
cellularly while only a third is taken up by cells. P values: * < 0.05, ** < 0.01. 
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3. Results 

3.1. CCPM distribution at the whole-body level 

The biodistribution of Cy7-labeled CCPM after i.v. administration 
into mice bearing 4T1 tumors was assessed in vivo via 3D μCT-FLT (free 
Cy7 dye was injected as a low-molecular-weight control). As antici-
pated, at early time points post-injection (i.e. at 0.25 and 4 h), the free 
dye accumulated in the clearance organs (liver, kidneys) and conse-
quently very low levels of the dye reached tumors (Fig. 1a). In contrast, 
the Cy7-CCPM displayed a totally different biodistribution profile with 
low retention by liver and high tumor targeting to be observable at 24 
and 48 h post-injection (Fig. 1b). Quantitative full-biodistribution 
analysis at the organ level at various time points revealed that the free 

dye was eliminated very rapidly from the body. Kidneys and liver 
contained the highest amount of free dye, indicative of the hepatic and 
renal clearance that small molecules typically undergo, while only in-
significant tumor targeting was achieved (0.7 %ID/g) (Fig. 1c and Fig. 
S2). Conversely, the CCPM achieved a very high tumor localization. In 
line with EPR-mediated tumor accumulation, the concentration of 
CCPM in tumors progressively increased over time: 2.1 %ID/g at 0.25 h, 
7.9 %ID/g at 4 h, 17.4 %ID/g at 24 h, and 18.6 %ID/g at 48 h (Fig. 1c 
and Fig. S2). At the latest time-point, CCPM uptake by liver and spleen 
was 50% lower than in tumors, i.e. 9.1 and 8.9 %ID/g respectively 
(Fig. 1c and Fig. S2). Besides tumor, liver and spleen, the CCPM also 
accumulated in lungs and in (spinal) bone marrow (Fig. 1c and Fig. S2). 
At the whole-body level, the amount of free Cy7 still present in the mice 
at 48 h post-injection was found to be 19.7 %ID/g, as compared to 65.9 

Fig. 4. CCPM uptake by tumor-associated cell populations. (a) Fluorescence microscopy images of leukocytes and endothelial cells in tumors. The enlarged images 
reveal strong uptake of CCPM in leukocytes and low uptake in endothelial cells. Scale bar = 100 μm. (b) F4/80 and CD31 stainings show strong uptake of CCPM by 
F4/80+ tumor-associated macrophages. Scale bar = 100 μm. (c) Pie chart representing cellular composition in tumor. Cancer cells make 71% of the total mass, 
leukocytes 24% (15% of which are macrophages), and endothelial cells 5%. As shown in bold text next to each cell type, 1/71 cancer cells, 1/5 endothelial cells, 2/15 
macrophages, and 2/9 other immune cells were found to be CCPM positive. (d) Pie chart shows the distribution of the intracellular CCPM within different cell types. 
Most CCPM (66%) in tumors are phagocytosed by immune cells; especially macrophages (33%). The rest of the CCPM found to distribute equally between cancer cells 
and endothelial cells (17% for each). 
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%ID/g for Cy7-CCPM (Fig. S3), which exemplifies that nanocarriers 
delay the clearance of small molecules from the body. 

To validate the μCT-FLT data, tumors and healthy tissues were 
collected after sacrificing the animals at 48 h post-injection, and the 
Cy7-derived fluorescence signals were assessed for each tissue via 2D 
FRI. In good agreement with in vivo data, ex vivo analysis showed the 
free dye to be predominantly present in the kidneys, while insignificant 
amounts of fluorescence were detectable in other tissues (Fig. 2a). The 
ex vivo imaging of organs from mice that were injected with CCPM 
were also in good agreement with the in vivo data, with the tumors 
showing the strongest fluorescence signals (Fig. 2b). The ex vivo ana-
lysis revealed a comparable biodistribution pattern as the in vivo ana-
lysis, with apart from tumor most nanoparticle signals coming from 
liver, spleen and kidney (Fig. 2c). Overall, as evident from in vivo and 
ex vivo analysis (Figs. 1, 2 and Fig. S2), CCPM exhibit a beneficial 
biodistribution profile with high tumor accumulation, with a certain 
level of retention in organs of the mononuclear phagocytic system (i.e. 
liver and spleen), and with low concentrations in the majority of other 
organs. 

3.2. CCPM distribution at the tissue level 

Since the assessment of CCPM biodistribution at the organism level 
revealed that the nanocarrier predominantly accumulates in tumor, 
liver and spleen, the CCPM tissue distribution was analyzed specifically 
in these three organs. As expected, liver and spleen were highly vas-
cularized and the vessels were homogenously distributed all over the 
tissue. In contrast, tumors, known to be highly chaotic with regard to 
blood vessel distribution and microenvironment composition, displayed 
a heterogeneous vessel distribution. In line with the vasculature dis-
tribution, we observed that CCPM were homogeneously distributed in 
the liver and spleen, whereas localization in tumors was highly het-
erogeneous, as evidenced by clustered fluorescence (Fig. 3a). Despite 
the fact that tumor accumulation was heterogeneous, larger area frac-
tions were positive for CCPM in tumors than in liver and spleen. More 
specifically, 5.8% of the total tumor area was CCPM-positive, as com-
pared to 1.2% and 2.3% for liver and spleen, respectively (Fig. 3b). Via 
adding a washing step in the protocol, the extracellularly localized 
CCPM were removed, enabling the assessment (relative quantification) 
of the intracellularly localized CCPM. After this step, CCPM were still 
present in tumor, liver, and spleen, covering a 2%, 0.4%, and 0.6% of 
the area fraction for each organ respectively (Fig. 3b). Comparing the 
Cy7 signal in the extracellular versus the intracellular compartment, it 
appeared that approximately 2/3 of the material was localized extra-
cellularly at 48 h post injection, for all three tissues analyzed (65.7% for 
tumor, 64.1% for liver and 72.4% for spleen; Fig. 3a,b). This non-in-
ternalized fraction of CCPM may contribute to the anticancer activity 
upon the prolonged release of the drug to the surrounding tumor mi-
croenvironment. These findings extend the efficient tumor accumula-
tion of CCPM observed at the organism level, towards a more detailed 
insight into the tissue distribution and cellular internalization levels. 

3.3. CCPM distribution at the cellular level 

Because a considerable amount (33%) of CCPM was localized in-
tracellularly in tumor, liver and spleen, we subsequently set out to 

study which cells are responsible for engaging with the CCPM. Since 
F4/80-positive phagocytes are involved in taking up nanomaterials in 
several tissues (e.g. F4/80+Ly6C− M2-like macrophages in tumor, F4/ 
80+CLEC4F+ Kupffer cells in liver, and F4/80+ macrophages in spleen 
[24–26]), we paid particular attention to analyzing CCPM co-localiza-
tion with these cells. Additionally, since emerging evidence indicates 
that NP enter tumors via endothelial transcytosis, we also studied the 
internalization of CCPM by CD31-positive endothelial cells [27]. Mul-
tiple different stainings were performed on 4T1 tumor slices, showing 
high levels of CCPM in the tumor microenvironment and co-localization 
with CD45+ leukocytes, with CD45+F4/80+ macrophages and with 
CD31+ endothelial cells (Fig. 4a,b). Cellular profiling of tumor com-
position showed that 71% of the cancerous mass can be attributed to 
cancer cells (CD45−CD31−), 24% to leukocytes (CD45+) and 5% to 
endothelial cells (CD31+). Among all CD45+ leukocytes, macrophages 
accounted for 62%, complying with the notion that the majority of 
immune cells in the tumor microenvironment are macrophages 
(Fig. 4c). We next analyzed the CCPM uptake within the different cell 
populations. Of all intracellularly localized CCPM, 66% was found to be 
inside CD45+ leukocytes. A smaller fraction was internalized by 
CD45−CD31− cancer cells and by CD31+ endothelial cells (Fig. 4d). Of 
note, even though immune cells made only 24% of all cells present 
within the tumor, they were responsible for endocytosing 66% of the 
total intracellular CCPM, exemplifying the high propensity of these cells 
to take up nanoparticles. 

Histological analyses of liver sections showed that CCPM co-loca-
lized with cells positive for CD45, F4/80, CLEC4F and HNF4a markers, 
indicating nanoparticle uptake by leukocytes, macrophages, Kupffer 
cells and hepatocytes, respectively (Fig. 5a,b,c). Surprisingly, in con-
trast with observations in tumors, no co-localization between en-
dothelial cells (CD31+) and CCPM was observed (Fig. 5a,c). Liver cell 
profiling showed 61% of total liver-residual cells to be HNF4a+ hepa-
tocytes, 26% to be leukocytes (among which 10% were Kupffer cells), 
and 3% endothelial cells (Fig. 5d). Analysis of nanocarrier uptake 
showed that 50% of intracellularly localized CCPM in the liver was 
endocytosed by Kupffer cells (Fig. 5e). The other half CCPM amount 
was distributed in hepatocytes (30%) and other CD45+ immune cells 
(20%). Comparable to the pattern observed in tumor, the relatively 
small immune cell fraction (26% of all cells in the liver) was responsible 
for taking up the vast majority of CCPM (70%), underlining the strong 
association between the nanoparticles and immune cells. 

In line with tumor and liver, also in spleen CCPM predominantly co- 
localized with cells positive in leukocyte markers (CD45, CD11b, and 
F4/80) and insignificantly with endothelial cells (Fig. 6a,b,c). In line 
with the knowledge that the spleen is an important compartment for the 
immune system, the vast majority of the cell population in spleen ap-
peared indeed to be immune cells, which accounted for 67% of the total 
cells. Only 1% of the total cells was represented by endothelial cells 
(CD31+), and the rest 32% by other CD45− splenocytes 
(CD45−CD31−). Comparing the immune cell major sub-populations, 
we identified higher amount of myeloid than lymphoid cells (39% vs 
28%) (Fig. 6d). Half of the total endocytosed CCPM in the spleen were 
detected in macrophages. The remaining CCPM ended up in lymphoid 
cells (27%) or in other cells (23%) (Fig. 6e). 

Fig. 5. CCPM uptake by different cell populations in liver. (a) Fluorescence microscopy images and endothelial cells in the liver. The enlarged images show strong 
association of CCPM with leukocytes and low association with endothelial cells. Scale bar = 100 μm. (b) Fluorescence microscopy images of macrophages and 
Kupffer cells, exemplifying that 90% of liver macrophages are Kupffer cells and showing strong uptake of CCPM by Kupffer cells. Scale bar = 100 μm. (c) 
Fluorescence microscopy images of hepatocytes and endothelial cells in the liver, showing low association of CCPM with both hepatocytes and endothelial cells. Scale 
bar = 100 μm. (d) Pie chart displaying the cellular composition of the liver: 61% of the cells are hepatocytes, 26% immune cells (of which 10% are Kupffer cells, 1% 
macrophages, and 15% other immune cells), 3% endothelial cells and the remaining 10% other cells. As shown in bold text next to each cell type, 3/61 hepatocytes, 
5/10 Kupffer cells and 2/15 other immune cells were found to be CCPM positive. (e) Pie chart displaying the distribution of intracellular CCPM within different cell 
types in the liver, showing that 50% is taken up by Kupffer cells, 20% by other immune cells and 30% by hepatocytes. 
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Fig. 6. CCPM uptake by different cell populations in spleen (a) Fluorescence microscopy images and endothelial cells in the spleen. The enlarged images show high 
association of CCPM with leukocytes and minor association with endothelial cells. Scale bar = 100 μm. (b) Representative image of leukocytes and myeloid cells, 
exemplifying that more than half of all splenic immune cells are myeloid cells and that CCPM strongly associate with these cells. Scale bar = 100 μm. (c) 
Fluorescence microscopy images of macrophages and endothelial cells in the spleen, showing strong CCPM uptake by macrophages. Scale bar = 100 μm. (d) Pie chart 
displaying the cellular composition of the spleen: 67% of the splenic mass is composed of leukocytes (33% are macrophages, 28% lymphocytes and 6% other myeloid 
cells), 1% of endothelial cells and 32% of CD45− splenocytes. As shown in bold next to each cell type, 11/33 macrophages, 6/28 lymphocytes and 5/32 CD45− 

splenocytes are CCPM positive. (e) Pie chart displaying the distribution of intracellular CCPM within different cell types in the spleen, showing that 50% is taken up 
by macrophages, 27% by lymphocytes and 23% by other cells. 
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4. Discussion 

In this study, we investigated the localization of clinical-stage CCPM 
at the whole-body, tissue and cellular level. This multi-scale analysis 
revealed high tumor accumulation for fluorophore-labeled CCPM, as 
well as extensive engagement with phagocytic immune cells in tumor, 
liver and spleen. The mapping of CCPM biodistribution after i.v. ad-
ministration contributes to better understanding of its potent in vivo 
anticancer performance, and it provides important new insights with 
regard to exploring the potential of CCPM for immunomodulatory an-
ticancer therapy. 

Recent studies analyzing CCPM pharmacokinetics in rats found a 
prolonged circulation half-life time of 16 h, as well as a negligible 
formation of a protein corona [11]. The protein corona determines the 
in vivo fate of nanomedicine formulations; strong NP surface coverage 
with opsonizing proteins typically results in rapid and strong recogni-
tion by circulating phagocytes, as well as by liver and spleen, reducing 
the formulations' half-life times in blood [28,29]. In the case of CCPM, 
it seems that negligible protein corona formation plays a key role in 
bypassing uptake by circulating phagocytes, contributing to prolonged 
circulation times and highly efficient tumor accumulation. Using free 
Cy7 as a low-molecular-weight model drug control, our nanocarrier 
platform is shown to be able to massively improve the delivery of small 
molecules to the pathological site. As compared to liver and spleen, 
tumor accumulation was a 2–3 fold higher. Interestingly, in addition to 
prominent targeting of CCPM to tumor, liver and spleen, we observed 
accumulation in lung and in bone marrow. While the cellular uptake of 
CCPM in these tissues needs to be analyzed in future studies, the latter 
finding indicates that the micelles may also be useful for targeting 
myeloid and lymphoid progenitor cells, opening up interesting oppor-
tunities for immunomodulatory therapy, as well as for the treatment of 
non-oncological disorders. 

Besides commonly perceived functions attributed to the liver, such 
as metabolic and storage activity, protein synthesis and detoxification, 
increasing importance is being given to the hepatic immune system. In 
this regard, the liver has recently been recognized as an active im-
munological organ in several different situations [30–33]. Along the 
same line of thinking, the spleen as a secondary lymphoid organ con-
tains a large number of lymphoid cells in the white pulp as well as many 
myeloid mononuclear phagocytic cells between the red pulp and the 
marginal zone [34]. Thus, the spleen crucially contributes to both in-
nate and adaptive immune responses [35]. Having observed that the 
majority of i.v. administered CCPM accumulated - besides in tumor - in 
liver and spleen, we therefore systematically studied tissue distribution 
and cellular uptake in these organs. At the tissue level, CCPM were 
found to mostly reside extracellularly; only approximately one third 
was found inside cells in the three tissues analyzed. This led us to in-
vestigate by which cells the NPs are taken up. 

When looking at the major cell population in 4T1 tumors, i.e. cancer 
cells, it was found that 1.5% were positive for CCPM uptake. This 
finding is in line with a previous study showing that the vast majority of 
i.v. injected nanomedicines remain extracellular in tumors, with only a 
small fraction of cancer cells (2%) being positive for NP [36]. Keeping 
this notion in mind, with regard to mechanism of action, sustained drug 
release from extracellular CCPM within the tumor interstitium and 
subsequent trafficking of the released cargo to cancer cells explains the 
potent anticancer activity and tumor-growth inhibition properties of 
our platform [13]. Conversely, more than 15% of immune cells in the 
tumor microenvironment were found to be positive for CCPM, and 
overall, 66% of intracellular CCPM were present in CD45+ leukocytes. 
These patterns were similar in liver and spleen, in which we identified 
the majority of intracellular CCPM to be in leukocytes (mostly F4/80+ 

phagocytes), and not in hepatocytes or splenocytes. This propensity of 
the CCPM to be internalized by F4/80+ phagocytic immune cells points 
towards opportunities for the utilization of this nanocarrier platform for 
applications that go beyond delivery of chemotherapeutic drugs. In this 

regard, more insights into the spatio-temporal exposure of individual 
cells to the native drug are still to be generated. 

Currently, CCPM are mainly used for the delivery of small-molecule 
chemotherapeutics, such as docetaxel. Over the years, the anticancer 
activity of drug-loaded CCPM has been extensively investigated and the 
PEG-b-pHPMA-lactate platform has been shown to be efficacious in 
multiple different solid tumor models [37,38]. Beyond their use for 
delivering chemotherapeutics, the insights presented here suggest that 
CCPM may also be useful for pharmacologically modulating the tumor 
immune microenvironment. For example, targeting drugs to M2-like 
pro-tumor macrophages in order to promote polarization to M1-like 
anti-tumor macrophages has recently emerged as a promising im-
munomodulatory strategy, particularly for improving the efficacy of 
immune checkpoint blockade therapy [39]. Finally, considering that 
alternative routes of administration showed CCPM to attain a high 
systemic availability [40], and that the targeting of distant tissues such 
as the lymph nodes typically requires subcutaneous administration 
[41], immunomodulation beyond the borders of the primary tumor may 
be benefited by the utilization of CCPM. 

Taking everything together, we here used optical imaging to study 
the whole-body, tissue and cellular distribution of CCPM. Our finding 
that high tumor accumulation is accompanied by high uptake in pha-
gocytic immune cells suggests potential usefulness of this delivery 
platform for immunomodulatory treatments as well as for combina-
tional cancer nano-immunotherapy. 

5. Conclusion 

Multimodal and multiscale optical imaging was employed to in-
vestigate the biodistribution of PEG-b-pHPMA-lactate-based CCPM. 
This was done at the whole organism, tissue and cellular level, in mice 
bearing 4T1 triple-negative breast cancer tumors. CCPM achieved 
strong tumor accumulation, with 33% of the micelles localizing in-
tracellularly and 67% extracellularly. The prominent extracellular lo-
calization points towards the importance of controlled and sustained 
drug release in the tumor microenvironment, followed by drug traf-
ficking to cancer cells. The intracellular fraction of CCPM was primarily 
associated with F4/80+ phagocytic immune cells, which can in the 
future be exploited for immunomodulatory and immunotherapy pur-
poses. 
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