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Repurposing Tamoxifen for Tumor Microenvironment
Priming and Enhanced Tumor-Targeted Drug Delivery

Ilaria Biancacci, Daniele De Santis, Elena Rama, Karina Benderski, Jeffrey Momoh,
Robert Pohlberger, Diana Moeckel, Leonard Kaps, Cristianne J. F. Rijcken, Jai Prakash,
Marielle Thewissen, Fabian Kiessling, Yang Shi, Quim Peña, Alexandros Marios Sofias,
Lorena Consolino,* and Twan Lammers*

The dense stromal matrix in fibrotic tumors hinders tumor-targeted drug
delivery. Tamoxifen (TMX), an estrogen receptor modulator that is clinically
used for the treatment of breast cancer, is shown to reprogram the tumor
microenvironment (TME) and to alleviate desmoplasia. It is investigated if
TMX, administered in free and nano-formulated form, can be repurposed as a
TME remodeling agent to improve tumor accumulation of nano-formulations
in pancreatic ductal adenocarcinoma and triple-negative breast cancer mouse
models, evaluated using clinical-stage Cy7-labeled core-crosslinked polymeric
micelles (CCPM). Under control conditions, higher levels of Cy7-CCPM are
found in PANC-1 tumors (16.7% ID g−1 at 48 h post i.v. injection) than in 4T1
tumors (11.0% ID g−1). In both models, free and nano-formulated TMX failed
to improve CCPM delivery. These findings are congruent with the results from
histopathological immunofluorescence analysis of tumor tissue, which
indicate that TMX treatment does not significantly change vascularization,
perfusion, macrophage infiltration, collagen density, and collagen fiber
thickness. Altogether, these results demonstrate that in PANC-1 and 4T1
mouse models, TMX treatment does not contribute to beneficial TME priming
and enhanced tumor-targeted drug delivery.
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1. Introduction

The tumor microenvironment (TME) plays
a key role in tumor growth,metastasis, drug
delivery, and resistance to therapy.[1] One
of the major challenges in cancer therapy
is to efficiently target drugs to tumor cells
while sparing healthy tissues. Recent in-
sights indicate that the TME interferes with
drug penetration, thus limiting drug ac-
cess to cancer cells and the efficacy of anti-
cancer drug therapy.[2] The TME is typically
characterized by a dense extracellular ma-
trix (ECM), mainly composed of collagen.[3]

The compactness of the matrix is exacer-
bated in fibrotic tumors and results from
excessive deposition of collagen fibers, pro-
duced by hyper-activated cancer-associated
fibroblasts (CAFs).[4,5] This dense ECM lim-
its the penetration of drugs and drug de-
livery systems out of the blood vessels into
the tumor interstitium.[6,7] Increased ECM
deposition can furthermore result in com-
pression of tumor blood vessels,[8] thereby
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reducing tumor perfusion and hindering efficient drug access
to and distribution in tumors, particularly in desmoplastic tu-
mors such as in pancreatic cancer and certain types of breast
cancer.[9–12] Altogether, the stromal nature of the TME results in
poor drug therapy outcomes for patients.
Several pharmacological and physical strategies aiming at

modulating the TME to alleviate tumor fibrosis have been shown
to improve the delivery and efficacy of drugs and drug nano-
formulations.[13–15] Many TME remodeling strategies have specif-
ically focused on nanomedicine formulations, such as liposomes
andmicelles.[16–19] Nanomedicines can accumulate in tumors rel-
atively effectively and selectively, thereby improving therapeu-
tic performance and minimizing side effects.[20,21] TME-priming
nanomedicines have been loaded with enzymes that break down
ECM structures (e.g., collagenase and hyaluronidase),[22–24] as
well as with compounds that interfere with ECM synthesis and
deposition.[25,26] Nanomedicine formulations have furthermore
been co-loaded with TME-modulating agents and chemothera-
peutic drugs, together typically resulting in enhanced tumor ac-
cumulation and potentiation of therapeutic responses.[23,27,28]

In parallel to the development of novel TME-remodeling drugs
and nanomedicines, various agents clinically approved for other
diseases or medical conditions are currently being explored for
repurposing as antifibrotic agents in cancer therapy.[17,29–33] Ta-
moxifen (TMX) is a pharmacological modulator of the estro-
gen receptor (ER) clinically used for the treatment of ER-positive
breast cancer.[34] TMX is hypothesized to be such a TME remod-
eling agent. This is based on recent studies in which a novel
mechanismof action of TMX—independent of themodulation of
canonical ER signaling—has been identified, that is, the inhibi-
tion of CAF-mediated ECM deposition and tissue stiffening.[35,36]

In pancreatic cancer cell and mouse models, TMX inhibited col-
lagen synthesis and collagen fibrils formation, reduced hypoxia
and normalized the tumor vasculature.[37] The sum of these find-
ings suggests that TMX can potentially be repurposed as a TME-
remodeling agent in pancreatic cancer and other stromal tumor
types, in order to counteract tumor desmoplasia, and to thereby
improve the tumor accumulation and antitumor efficacy of drugs
and drug nano-formulations.
Based on the above notions, we set out to evaluate the ef-

ficacy of TMX as a TME modulator in two fibrotic mouse
tumor models, that is, pancreatic adenocarcinoma (PDAC)
and triple-negative breast cancer (TNBC). Taking into account
the small size (<1 kDa) and high hydrophobicity (Log P
= 6.35) of TMX, we employed a nano-formulation of TMX
in addition to the free drug, in order to improve TMX
pharmacokinetics, tumor accumulation and TME remodeling.
To this end, we developed TMX-loaded 𝜋 electron-stabilized
polymeric micelles, based on methoxy-poly(ethylene glycol)-
b-(N-(2-benzoyloxypropyl)methacrylamide), that is, mPEG-b-
p(HPMAm-Bz).[38,39] Upon free TMX and nano-TMX treatment
for 2–3 weeks, we assessed the impact of potential TME prim-
ing via in vivo and ex vivo optical imaging of the tumor ac-
cumulation of Cy7-labeled core-crosslinked polymeric micelles
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(CCPM) as clinically relevant nanocarriers. The CCPM em-
ployed in this study were based on CriPec and composed
of chemically core-crosslinked methoxy-poly(ethylene glycol)-
b-poly[N-(2-hydroxypropyl) methacrylamide lactate] (mPEG-b-
pHPMAmLacn) block copolymers.[19,40] Changes in the compo-
sition of the TME in pancreatic and breast cancer mouse models
induced by free and nanoformulated TMX treatment were finally
analyzed via histopathological characterization of the tumors.

2. Results

2.1. Preparation and Characterization of TMX Micelles

TMX-loaded [mPEG-b-p(HPMAm-Bz)]-based micelles were gen-
erated by using the nano-precipitation method (schematic in
Figure 1A).[38] The developed micelles had a diameter of 58 nm
and a polydispersity index (PdI) below 0.1, based on dynamic
light scattering (DLS) measurements. The zeta potential was
−0.1 mV. The encapsulation efficiency (EE) of TMX was 90%,
as determined via high-performance liquid chromatography
(HPLC), corresponding to a drug concentration of≈1.8mgmL−1.
The stability of the TMX-loadedmicelles was evaluated for 7 days,
at room temperature (RT) and at 4 °C. Neither the size nor the
PdI changed over time (Figure 1B,C), and also the degree of drug
loading (EE) remained constant (Figure 1D).
To simulate TMX release under physiological (sink) condi-

tions, micelles were placed in a Float-A-Lyzer G2 dialysis bag,
immersed in phosphate buffered saline (PBS) supplemented
with 45 mg mL−1 bovine serum albumin (BSA) at 37 °C. The
TMX-loaded micelle dispersion was agitated for 4 days, until the
amount of drug released reached a plateau. HPLC and DLSmea-
surements were performed at different time points to determine
drug retention and micelle size. More than 70% of TMX was re-
tained within the micelles in the first 4 h upon agitation under
sink conditions. After 4 days, 80% of the drug was found to be
released (Figure 1E). The size of the micelles remained stable at
around 60 nm during the whole experiment (Figure 1F).
To enable intravenous (i.v.) injection of nano-formulated TMX

at comparable doses as administered intraperitoneally (i.p.), the
micelles had to be concentrated prior to administration. This was
done via centrifugation in a centrifugal concentrator at 4500 rpm
for 20 min, eventually resulting in a 7-fold increase in concentra-
tion (12 mg mL−1; Figure 1A), and enabling administration at a
dose of 50 mg kg−1 drug-equivalent dose via i.v. injection in the
in vivo experiments.

2.2. CCPM Accumulation Upon TMX Priming in Pancreatic
Tumors

The TME modulatory effects of TMX were first described in the
PANC-1 pancreatic cancer tumormodel. Accordingly, as depicted
in the schematic in Figure 2A, we generated pancreatic tumor
xenografts with a fibrotic phenotype by co-injecting PANC-1 cells
together with CAF-precursors, that is, human primary pancre-
atic stellate cells (hPSC). From day 5 post tumor inoculation on-
wards, mice were treated with free and nano-formulated TMX
every second day (Q2D) for 10 days, at a dose of 50 mg kg−1
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Figure 1. TMX micelles preparation and characterization. A) TMX micelles were prepared using the nano-precipitation method. To this end, TMX and
mPEG-b-p(HPMAm-Bz) (1:10 w/w ratio) were dissolved in tetrahydrofuran (THF). The mixture was subsequently added to Milli-Q water under stirring
and THF was left to evaporate for 48 h at RT. The resulting formulation (EE: 90%; size: 58 nm; PdI < 0.1; zeta potential: −0.1 mV) was concentrated
using a centrifuge concentrator filter to reach a final TMX concentration of 12 mg mL−1. B–D) TMX-micelles were kept at RT and at 4 °C for 7 days,
showing that they efficiently maintained their size, PdI, and drug content over time. E,F) Drug release and size of TMX-micelles were evaluated under
sink conditions, in a continuously agitated PBS solution containing 45 mg mL−1 BSA at 37 °C. Micelle size remained constant and the drug was found
to be gradually released over 4 days.

drug-equivalent. The relative body weight of the mice was sta-
ble over the whole duration of the experiment (Figure 2B; ab-
solute weights are provided in Figure S1A–C, Supporting Infor-
mation), indicating decent tolerability. Somewhat unexpectedly,
we found that tumors in mice treated with free or micelle en-
capsulated TMX displayed slightly faster tumor growth as com-
pared to controls (Figure 2C). In agreement with this, as shown
in Figure S2A,B, Supporting Information, in vivo computed to-
mography (CT) imaging and non-invasive tumor volume deter-
mination also found slightly increased tumor sizes upon TMX
treatment. However, the microscopic evaluation of Ki67 cell pro-

liferation marker in the tissues revealed no differences between
the three groups (Figure S3A,B, Supporting Information).
To evaluate if TMX priming improves the delivery of

nanomedicine formulations, Cy7-labeled CCPM were adminis-
tered to the mice after five doses of free and micellar TMX,
and their biodistribution and tumor accumulation were moni-
tored in vivo at 0.25, 4, 24, and 48 h post i.v. injection. A rep-
resentative 3D reconstruction of fused CT and fluorescence to-
mography (CT-FLT) data is shown in Figure 2D. The highest
CCPM uptake levels were found for tumor, liver, and spleen
(Figure S4, Supporting Information). When zooming in on
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Figure 2. Effect of TMX priming on CCPM tumor accumulation in pancreatic cancer. A) PANC-1 pancreatic cancer cells and human primary pancreatic
stellate cells (hPSC) were co-inoculated in a 1:1 ratio on day 0 in male BALB/c SCID mice. TMX was administered in micellar and free form at a dose
of 50 mg kg−1 TMX-equivalent when tumors became palpable (day 5). Treatment was applied every two days for a total of five injections. B) Daily body
weight monitoring showed good tolerability of the treatment. Arrow indicates start of therapy. * indicates p < 0.05 from day 15 onwards between TMX
micelles and control group (based on unpaired nonparametric one-way ANOVA analysis with Dunn´smultiple comparison test). C) Caliper-based tumor
volumes determination, showing a slight but significant increase upon TMX treatment. * indicates p < 0.05 from day 11 onward between TMX micelles
and control group (based on unpaired nonparametric one-way ANOVA analysis with Dunn´s multiple comparison test). D,E) Representative CT-FLT
images showing Cy7-CCPM biodistribution and tumor accumulation (indicated by T) at 0.25, 4, 24, and 48 h post i.v. injection. F) Quantification of
Cy7-CCPM tumor concentration, normalized to the injected dose (ID) and expressed as a percentage of the injected dose per gram of tissue (%ID g−1)
showing that free and micellar TMX do not enhance CCPM tumor targeting. * indicates p = 0.012 (based on unpaired nonparametric one-way ANOVA
analysis with Dunn´s multiple comparison test). G,H) Ex vivo FRI analysis of Cy7-CCPM accumulation in lung (Lu), tumor (T), spleen (S), liver, (L),
brain (B), and kidney (K), demonstrating a similar accumulation pattern for all three treatment groups, with CCPM predominantly present in tumor and
liver, and with no obvious differences in tumor accumulation induced by TMX treatment.

tumor uptake (Figure 2E), no benefit of TMX priming treatment
could be observed, with 16.7% ID g−1 found in tumors for the
control group at 48 hours, as compared to 12.4% ID g−1 (p =
0.439) and 9.7% ID g−1 (p= 0.012) for the TMXmicelles and TMX
free groups, respectively (Figure 2F). The trends observed using
semi-quantitative ex vivo fluorescence reflectance imaging (FRI)
analysis of Cy7-CCPM fluorescence signals in tumors were in
line with in vivo CT-FLT findings, showing potent CCPM tumor
accumulation, but no added value of TMX priming treatment
(Figure 2G,H).

2.3. TMX-Induced TME Remodeling in Pancreatic Tumors

We next investigated the impact of treatment with free and mi-
cellar TMX on the composition of the TME. Hereto, we first
characterized tumors via analyzing hematoxylin and eosin (H&E)
stained sections, noting that tumors in all groups exhibited a
vast area of central necrosis (typically between 50% and 65% of
the total area fraction; Figure S5, Supporting Information). Sub-
sequently, we visualized and quantified TME components that
are relevant for the drug delivery process, that is, collagen fibers,
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Figure 3. Effect of TMX treatment on the composition of the TME. A,B) Representative TPLSM images capturing collagen fibers via second harmonic
generation (SHG) imaging and corresponding quantification showing similar collagen fiber thickness in all three groups. Scale bar corresponds to 60 μm.
C,E,G) Representative fluorescence microscopy images of collagen I (C), CD31-positive endothelial cells (E), and F4/80-positive macrophages (G) in
control and TMX-treated pancreatic tumors. Scale bar = 60 μm. D,F,H) Quantification of collagen I (D), CD31 (D), and F4/80 (F) area fraction (AF)
shows very marginal changes in the composition of the TME upon TMX priming. * indicates p = 0.021 (based on unpaired nonparametric one-way
ANOVA analysis with Dunn´s multiple comparison test).

blood vessels andmacrophages. Using immunofluorescence mi-
croscopy and two-photon laser scanning microscopy (TPLSM),
we observed only very marginal differences for collagen fiber
thickness between the three treatment groups, although signif-
icant differences were noticed between the collagen density in
the control and TMX free groups (Figure 4A–D; Figure S6A,B,
Supporting Information). The analysis of lysyl oxidase (LOX)
enzyme, which plays a role in collagen crosslinking and ma-
trix stiffness, showed comparable LOX content across all groups
(Figure S3C,D, Supporting Information). Similar results among
the groups were also observed for 𝛼SMA, a marker associated
with activated cancer-associated fibroblasts (Figure S3E,F, Sup-
porting Information). In addition, we analyzed the tumor vascu-
lature by quantifying the area fraction of CD31 (vascular density)
and lectin (vascular perfusion). Fluorescent microscopy showed
a slight decrease of the CD31 signal upon treatment with free
TMX (Figure 3E,F), although TPLSM displayed no differences
in the perfusion volume between the tumors (Figure S6C, Sup-
porting Information). Last, the amount of macrophages (F4/80-
positive cells) remained unvaried between the three treatment
groups, as evidenced by the fluorescence microscopy analysis
(Figure 3G,H).

2.4. Effect of TMX Priming in a Triple-Negative Breast Cancer
Mouse Model

The lack of effects of TMX treatment on the TME and tumor-
directed delivery in the PANC-1 model was subsequently vali-
dated in a TNBCmodel. To this end, female BALB/cAnNRj mice
were inoculated with 4T1 tumor cells and 3 days later they were
randomized and assigned to the different treatment regimens
(Figure 4A). The treatment with TMXwas performed at the same
dose, but treatment time was extended to 3 weeks (to increase the
chances of observing TMX-associated TME priming effects; nine
applications at 50 mg kg−1 TMX-equivalents). Also at this dos-
ing regimen, no toxicity was observed, as evidenced by the stable
body weights of the mice during the course of the experiment
(Figure 4B and Figure S1D–F, Supporting Information).
Similar to the previously shown PANC-1 pancreatic tumor

model, the 4T1 TNBC tumors also displayed a slight but signifi-
cant increase in size upon treatment with free and micellar TMX
(Figure 4C and Figure S2C,D, Supporting Information), while
comparable levels of Ki67 were observed in the treated versus un-
treated tumors (Figure S7A,B, Supporting Information). Repre-
sentative CT-FLT images and the respective quantification of the
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Figure 4. TMX treatment and CCPM accumulation in triple-negative breast cancer. A) 4T1 breast cancer cells were inoculated in female BALB/cAnNRj
mice. TMX was administered in micellar and free form at a dose of 50 mg kg−1 when tumors were palpable (day 3). Treatment was applied every two days
for a total of nine injections. B)Mouse body weights were recorded over 28 days. The arrow represents the start of the therapy. C: Caliper-based 4T1 tumor
volume determination, showing a significant increase in tumor growth upon TMX treatment. * indicates p < 0.05 from day 11 onwards between TMX
micelles and control groups, and fromday 18 onwards between TMX free and control groups (based on unpaired nonparametric one-way ANOVA analysis
with Dunn´s multiple comparison test). D,E) Representative CT-FLT images showing Cy7-CCPM biodistribution and tumor accumulation (indicated by
T) at 0.25, 4, 24, and 48 h post injection. F) Quantification of Cy7-CCPM tumor concentration, normalized to the injected dose (ID) and expressed as
a percentage of the injected dose per gram of tissue (%ID g−1), showing that free and micellar TMX do not enhance CCPM tumor targeting. G,H) Ex
vivo FRI analysis of Cy7-CCPM accumulation in lung (Lu), tumor (T), spleen (S), liver (L), brain (B), and kidney (K), exemplifying similar accumulation
patterns for all three treatments groups.

fluorescent signals in the tumors are provided in Figure 4D–F. As
compared to PANC-1 pancreatic tumors (Figure 2D–F), CCPM
accumulation in TNBC was found to be somewhat lower, but in
line with previous results in this model.[40] In line with results
obtained in PANC-1, no differences in CCPM accumulation were
observed between the different treatment groups (Figure 4E,F).
Ex vivo analysis of FRI images corroborated these findings, show-
ing no enhancement of tumor accumulation by TMX, as well as
the highest levels of CCPM accumulation in tumors, followed by
liver and spleen (Figure 4G,H).
Histological characterization of 4T1 tumors showed a very

mild remodeling of the TME upon treatment with TMX. The col-
lagen I content analyzed via fluorescence microscopy, as well as

the average thickness of the collagen filaments analyzed via SHG
in TPLSM, displayed a slight but statistically non-significant
reduction upon TMX treatment (Figure 5A–D). Although no
changes were observed in collagen content, the immunoflu-
orescence staining for LOX indicates a reduction of collagen
crosslinking in the TMX-treated groups, with a statistical sig-
nificance for the TMX free group in comparison to the control
group (Figure S7A,B, Supporting Information), while the maxi-
mum thickness of collagen fibers was not affected by the therapy
(Figure S6E, Supporting Information). In addition, TMX-treated
groups exhibited a slight reduction in 𝛼SMA levels, although
these changes were not statistically significant (Figure S7E,F,
Supporting Information). Tumors displayed a moderate increase
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Figure 5. TMX-induced TME remodeling in triple-negative breast cancer. A,B) Analysis of collagen filaments acquired via SHG shows a slight but
insignificant reduction in collagen density fibers upon TMX treatment. Scale bar is 60 μm. C,E,G) Representative fluorescence microscopy images
showing collagen I (C), CD31-positive endothelial cells (E), and F4/80-positive macrophages (G) in control and TMX-treated 4T1 tumors. Scale bar
equals 60 μm. D,F,H) Quantification of collagen I (D), CD31 (D), and F4/80 (F) area fraction shows very moderate changes in the composition of the
TME upon TMX treatment. * indicates p < 0.05.

in vascularization and macrophage content in the TMX-treated
groups as compared to the control group, but these differences
were also not statistically significant (Figure 5E–H). The relative
level of blood vessel perfusion, assessed via lectin injection, was
similar for the three groups (Figure S6F, Supporting Informa-
tion).

3. Discussion

Fibrotic tumors display a dense stromal matrix, which con-
tributes to poor prognosis and hinders the accumulation of drugs
and drug delivery systems.[41] Recent studies investigated the
modulatory effect of TMX on the TME in fibrotic pancreatic tu-
mors (i.e., changes in gene expression and protein content in tu-
mors) and suggest that TMX holds potential for repurposing as
TME remodeling agent.[37] We here set out to study the capability
of TMX to modulate the TME and improve tumor-targeted drug
delivery. We investigated the ability of TMX, in free and micellar
form, to prime the TME in prototypic pancreatic (PANC-1) and
triple-negative breast cancer (4T1) models. This was done by ex-
tensive microscopy and by visualizing and quantifying the tumor
accumulation of clinically relevant fluorophore-labeled nanocar-
riers (Cy7-CCPM). Our findings show that TMX induces a very
modest and statistically non-significant modulation of the TME
in PANC-1 and 4T1 tumors, and does not improve the tumor ac-
cumulation of Cy7-CCPM in any of the two models.
TMX in free form has a very low aqueous solubility (Log P =

6.35). It is orally administered in patients and typically i.p. in-

jected in preclinical studies. After oral application, about 50%
of TMX is metabolized in the liver, and its most active deriva-
tive (4-hydroxytamoxifen) is subjected to rapid clearance.[42] To
improve the in vivo availability and target site accumulation of
TMX, we developed a nanoformulation of TMX. This formula-
tion is based on 𝜋 electron-stabilized polymeric micelles, which
have been previously shown to display high physicochemical sta-
bility and excellent loading capacity and retention of aromatic
group-containing hydrophobic drugs.[43–45] Using this platform,
wewere able to increase TMX concentration in themicelles to val-
ues above 10mgmL−1. This allowed us to administer 50 mg kg−1

of TMX i.v., which is comparable to the doses typically injected
i.p. tomice,[46,47] and far above (5-fold) the i.v.-administered doses
previously used preclinically.[42,48] Thus, through our nanoformu-
lation, we were able to administer TMX i.v. in a colloidal suspen-
sion in water-based media at a dose that can otherwise only be
applied i.p. in oil-based solvent. Moreover, based on the lack of
body weight loss observed upon i.v. administration of up to nine
doses of TMX-loaded micelles, it can be concluded that our TMX
nanoformulation has a good profile in preclinical mousemodels.
Interestingly, in pancreatic and breast cancer mouse models,

we observed slightly yet significantly faster tumor growth upon
treatment with both free andmicelle-loaded TMX as compared to
saline controls. Thismight limit the future application of TMX as
a stromal remodeling agent. TMX is clinically used for the treat-
ment of ER-positive breast cancer, where it inhibits tumor growth
viamodulating ER-dependent proliferation signaling.[49,50] When
administered for the treatment of ER-negative tumors, TMXdoes
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not usually reduce tumor sizes,[51] and at times even induces
cell proliferation.[52] 4T1 is a TNBC model, where ER is lack-
ing and where TMX-mediated tumor growth inhibition would
thus not be expected. As reported elsewhere, ER is also not de-
tected in PANC-1 cells.[53] Somewhat to our surprise, however,
we observed faster tumor growth upon TMX treatment in both
tumor models. However, this was not supported by the micro-
scopic analysis of Ki67, which showed similar levels of the prolif-
eration marker between the groups for both tumor models. Pre-
vious findings have linked the effect of TMX on tumor growth to
signaling by the non-canonical G protein-coupled estrogen recep-
tor (GPER), and reported that TMX-induced TNBC growth can
be prevented by the knockdown of GPER.[52,54] In a pancreatic
cancer mouse model, TMX-mediated modulation of the tumor
stroma has been attributed to mechanisms involving GPER sig-
naling (and independent of ER𝛼/𝛽).[36] Although the mechanism
behind the observed TMX-induced tumor growth needs further
clarification, we hypothesize that GPER-modulating effects may
play a role in the observed phenomenon. This is consistent with
our preliminary western blot analysis of lysed PANC-1 and 4T1
tumor tissue, which suggests the presence of GPER in both tu-
mor models (Figure S8, Supporting Information). A more de-
tailed analysis of the molecular mechanisms of TMX treatment
on tumor cells and tumor stroma in non-ER-expressing cancers
is warranted, but goes beyond the scope of the present work.
Multiple previous studies have indicated that TMX can act as

a microenvironment-modulating agent. TMX exhibited remod-
eling activity in the stroma of healthy mammary tissues in fe-
male rats,[55] and most prominently, TMX remodeled the TME
in pancreatic tumors in mice.[35,37] These findings led us to ex-
plore TMX-modulation of the stroma in desmoplastic pancreatic
and TNBC tumors. Overall, there was no strong effect of TMX
priming in any of the two assayed models, with only very mi-
nor and statistically non-significant changes in collagen deposi-
tion, in the amount of tumor blood vessels, and in the amount of
tumor-associated macrophages.
Our results are not in line with the study of Cortes et al.,

who noted a strong dose-dependent reduction in collagen con-
tent upon TMX administration, as well as potent downregulation
of the enzyme responsible for collagen crosslinking (i.e., lysyl
oxidase; LOX).[37] However, a different pancreatic tumor model
(transgenic KPC mice) was used, and also the TMX doses were
different. As a matter of fact, mice were treated daily with fairly
high doses of TMX (100–250mg kg−1), for a total of 8–14 days.[37]

In our study, mice only received 50 mg kg−1 of TMX every other
day, which is more in line with what can be realistically achieved
in patients in a clinical setting.[56] While we understand that the
lower dose used compromises a fair comparisonwith the original
preclinical reference study, we ensured to systematically compare
the activity of our micellar TMX formulation with the one of the
free drug. In fact, any attempt to increase the drug concentration
in the micelles beyond the selected dose of 50 mg kg−1 resulted
in drug precipitation and micelle instability.
At this more reasonable dosing level, the low TMX-mediated

TME modulation did not increase the tumor accumulation of
Cy7-CCPM. In none of the tested models, and neither in vivo
nor ex vivo, there were indications that TMX priming has a
beneficial effect on nanomedicine tumor targeting. Overall, we
did observe slightly higher CCPM accumulation in PANC-1 tu-

mors as compared to 4T1 tumors as a result of passive target-
ing, that is, not induced by TME modulation by TMX. Given the
comparable levels of blood vessel density and perfusion in both
models, it seems plausible that the threefold higher amount of
tumor-associated macrophages, which have been recognized as
a nanoparticle reservoir in (or hitchhiker to) solid tumors,[57–59]

may explain the higher accumulation of the polymeric drug de-
livery system in PANC-1 tumors.
Altogether, our results illustrate that TMX is not suitable

for pharmacological TME priming in PANC-1 pancreatic and
4T1 triple-negative breast cancer mouse models for enhanced
drug delivery. While TMX might show TME-modulating prop-
erties in other types of fibrotic cancers, further analyses are
needed to identify efficacious anti-fibrotic compounds that can
modulate the stroma in PANC-1 pancreatic and 4T1 TNBC
desmoplatic tumors to improve drug delivery and drug therapy
outcomes.

4. Conclusion

We show that TMX, both in free and micelle-encapsulated form,
does not have a strong impact on the composition of the TME in
PANC-1 pancreatic and 4T1 triple-negative breast cancer mouse
models. This lack of effect on the tumor stroma likely explains the
absence of TMX-mediated improvement in the tumor accumula-
tion of core-crosslinked polymeric micelles, which were used as
a clinically relevant drug delivery system. Altogether, our find-
ings indicate that TMX priming may not be beneficial for tumor-
targeted drug delivery. To which extent it can help to improve the
accumulation and performance of standard (chemo)therapeutics
needs to be explored in separate studies, to eventually enable a
more comprehensive and complete understanding of its repur-
posed TME priming potential.

5. Experimental Section
Tamoxifen Formulation and Characterization: All experiments were per-

formed by using an active metabolite of TMX ((Z)−4-hydroxytamoxifen,
Peprotech, Germany), which displays a 25-100-fold higher affinity for the
ER than the parent drug.[60,61] TMX-loaded polymeric micelles composed
of mPEG-b-p(HPMAm-Bz) copolymer were formulated by using the nano-
precipitation method.[38] To prepare polymeric micelles with 1:10 w/w
drug/polymer ratio, 2 mg of TMX and 20 mg of polymer were dissolved
in THF. The solution was sonicated in an ultrasonic bath (VWR Interna-
tional, Germany) for 5–10 min and added to 1 mL of Milli-Q water un-
der stirring. The mixture was kept at RT for 48 h to allow the evaporation
of THF and the resulting formulation was filtered using hydrophilic ny-
lon membranes (pore size: 0.45 μm). Micelles were characterized via DLS
(Nano-s, Malvern Instruments Ltd., UK) for assessing the size (hydrody-
namic diameter) and PdI. Furthermore, the amount of THF residue in the
micelles was analyzed via headspace gas chromatography (HS-GC). TMX
concentration was determined by HPLC (Waters, MA, USA) and the EE%
was calculated as follows in Equation (1):

EE% =
detected amount of drug
feed amount of drug

× 100 (1)

The stability (size, drug retention) of the micelles was monitored for 7
days at RT or at 4 °C. In addition, in vitro drug release study was performed
at 37 °C using a Float-A-Lyzer G2 dialysis membrane (MWCO of 300 KDa,
Spectrum Labs) in PBS (Life Technology, Germany) with the addition of
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45 mg mL−1 BSA (PAN Biotech, Germany). Samples were collected at 0,
1, 4, 24, 48, 72, and 96 h and the retained drug was quantified via HPLC
measurements.

Micelles were concentrated using a centrifugal concentrator (Vivaspin;
Sartorius, Germany) for 20 min until reaching a minimum concentration
of 10 mg mL−1. The size and drug amount were determined by DLS and
HPLC, respectively. Prior to in vivo administration, 0.9% NaCl was added
to the concentrated solution to maintain blood osmolarity and the formu-
lation was filtered through a 0.2 μm sterile filter.

Cy7-CCPM were generated as described before.[40]

Cell Culture: PANC-1 human pancreatic cancer cells (American
Type Culture Collection, Manassas, VA, USA) were cultured in DMEM
medium (Gibco, Life Technologies GmbH, Germany) containing 10% fe-
tal bovine serum (FBS; Life Technologies GmbH, Germany), 1% peni-
cillin/streptomycin (10 000 U mL−1 penicillin and 10 mg mL−1 strepto-
mycin; Sigma Aldrich, Germany), and 1% L-glutamine (Life Technologies
GmbH, Germany). hPSCs (ScienCell, Carlsbad, USA) were cultured in Stel-
late Cell medium (SteCM; ScienCell, Carlsbad, USA) supplemented with
2%FBS (ScienCell, Carlsbad, USA), 1%penicillin/streptomycin (ScienCell,
Carlsbad, USA), 1% l-glutamine (ScienCell, Carlsbad, USA). 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% FBS (Life Technologies GmbH, Ger-
many), 1% penicillin/streptomycin (Life Technologies GmbH, Germany).
Cells were maintained at 37 °C in a humidified incubator with 5% CO2.

In Vivo Therapy Study: All animal experiments were approved by gov-
ernmental committee for laboratory animal care and use (LANUV [Reck-
linghausen, Germany]) and conducted in accordance with the federal Ger-
man law and European directive 2010/63/EU on the protection of animals
used for scientific procedures. The experiments were also in compliance
with the ARRIVE guidelines and the Guide for the Care and Use of Labo-
ratory Animals. 8-10-week-old mice were housed under specific pathogen-
free conditions, with controlled temperature and 12 h light/dark cycles,
and food and water were given ad-libitum.

PANC-1 pancreatic cancer cells (2 × 106) and hPSC (2 × 106) were sub-
cutaneously co-injected into the left flank of male BALB/c SCID mice (n =
15), as described elsewhere.[62] 4T1 breast cancer cells (2.5 × 104) were
orthotopically inoculated into the right abdominal mammary gland fat pad
of female BALB/cAnNRj mice (n = 15). The start (day 5 and day 3 post-cell
injection for the pancreatic and the breast cancer model, respectively) and
the duration of the treatment regimen were set according to the character-
istics of the model, tumor growth rate, and health conditions of the mice.
Mice were randomly divided in three groups (n = 5 mice per group) and
administered every 48 h with either i) 50 mg kg−1 of free TMX dissolved
in corn oil (i.p., TMX free group), ii) 50 mg kg−1 of TMX loaded in poly-
meric micelles (i.v.; TMX micelle group), or iii) 0.9% NaCl sterile solution
(i.v., control group), continuing until mice reached humane endpoints. All
i.v. injections were performed on anesthetized mice using a catheter con-
sisting of a 30 G cannula (B. Braun, Melsungen, Germany) and a polythy-
lene tube (Hartenstein, Würzburg, Germany). Inhalation anesthesia was
induced in an anesthetic chamber (Drägerwerk AG, Lübeck, Germany) us-
ing 5 Vol% isoflurane (Forene, Abbott, Wiesbaden, Germany) in oxygen-
enriched air using a dedicated vaporizer, and maintained at 2–2.5 Vol%
during the injections. i.p. injections were performed using a sterile syringe
with a 27 G cannula (B. Braun, Melsungen, Germany). Mice weight and
behavior were monitored daily throughout the whole study. The variation
of mice weight was calculated as percentage of the body mass of each
mouse on day 0. The tumor size was evaluated daily via caliper measure-
ments (width, w and length, l), and weekly via in vivo CT assessments.
According to the xenograft tumor model protocol,[63] the tumor volume
was calculated as follows (Equation (2)):

V = w2 × l
2

(2)

Biodistribution Study: After five and nine doses of therapy for PANC-
1 and 4T1 models, respectively, mice were administered with Cy7-labeled
CCPM (2 nmol; in 50 μL 0.9% NaCl sterile solution). All imaging proce-

dures were performed on anesthetized mice and Bepanthen eye ointment
(Bayer Vital GmbH, Germany) was applied to prevent eye dehydration. The
biodistribution of fluorescent CCPM was longitudinally imaged in vivo us-
ing a hybrid μCT-FLT device (U-CT OI, MILabs B.V., Utrecht, the Nether-
lands). ≈130 scan points were acquired using an FLT laser and filter with
excitation and emission wavelengths at 730 and 775 nm, respectively. Af-
terward, 480 projections were acquired with an x-ray tube voltage of 55 kV,
power 0.17 mA, and exposure time of 75 ms. Scans were acquired before
injecting Cy7-CCPM and at 0.25, 4, 24, and 48 h post-injection. On the last
day of the experiment, FITC lectin was injected i.v. to the mice prior to sac-
rifice, to identify functional and perfused vessels. Organs were resected for
further ex vivo analyses and 2D FRI of the resected organs (brain, lungs,
kidneys, liver, spleen, tumors) were acquired using a 750 nm excitation
wavelength in the fluorescencemolecular tomography (FMT) device (FMT
400, PerkinElmer, Waltham, MA, USA).

CT-FLT and FRI Image Analysis: All 3D CT images were reconstructed
with a Feldkamp type algorithm (filtered back-projection). 3D fluorescence
reconstructions were produced from the automatic generation of shape,
scattering maps and absorption maps.[64] Heart, lungs, liver, spleen, kid-
neys, and tumors were segmented for all mice at all time-points post-
injection from the CT data using Imalytics Preclinical 3.0 (Gremse-IT
GmbH, Germany). The concentration (%ID g−1) of Cy7-CCPM in the or-
gans was calculated as a fraction of the total fluorescence signal measured
in the FLT scans at 0.25 h post-injection, and considering a density of 1 g
cm−3. 2D FRI images were segmented using Imalytics Preclinical 3.0 and
the mean fluorescence values in each organ were plotted for all mice. To
visually compare the fluorescent signal between all tumors and organs the
fluorescent scale was adjusted in a range of 0–0.5 for the 3D CT-FLT im-
ages, and 0-0.3 for 2D FRI.

Histological Characterization of the Tumor Microenvironment: After ex
vivo imaging, tumors were embedded in optimal cutting temperature ma-
trix compound (Tissue-Tek OCT) for cryosection staining, and preserved
at −80 °C. Eight μm-thick cryosections were fluorescently stained follow-
ing a standard experimental procedure. The slices were washed with PBS,
fixed with 80% methanol at RT and with −20 °C acetone, and addition-
ally washed with PBS. Rat anti-CD31 (1:100; BD-Biosciences, USA), rat
anti-F4/80 (1:50; Bio-Rad, Germany), rabbit anti-collagen I (1:100; Novus
Biologicals, USA), rabbit anti-collagen (1:100, Origene, USA), rabbit anti-
Ki67 (1:500, Abcam, UK), mouse anti-𝛼SMA biotinylated (1:100, Progen)
primary antibodies diluted in 12% BSA were applied to the slices for 1 h at
RT. The excess amount of primary antibody was removed via PBS washing
and the slides were incubated with the respective secondary antibodies
(Cy3 anti-rat; 1:500, Cy3 anti-rabbit; 1:500; Dianova, Germany, Cy3 strep-
tavidin anti-biotin; 1:500; Abcam, UK) together with DAPI (nuclei staining;
1:500; Merck, Germany) diluted in 12% BSA for 45 min at RT. Tumor sec-
tions were washed with PBS, mounted with Mowiol 4–88 (anti-fade agent;
Carl-Roth, Germany) and glass-covered. A slightly different protocol was
used for F4/80 staining on pancreatic tumors: after slices fixation, block-
ing step was performed with 10% rabbit serum containing 0.1% Triton X-
100 (Sigma-Aldrich, Germany) for 1 h. Slides were subsequently washed
with PBS and incubated with the rat anti-F4/80 (1:50; Bio-Rad, Germany)
primary antibody diluted in PBS overnight at 4 °C. The excess amount of
antibody was washed out with PBS, and horseradish peroxidase (HRP)
anti-rat secondary antibody (1:500; Abcam, UK) diluted in PBS was ap-
plied for 1 h at RT. A Cy7 tyramide signal amplification (TSA)-conjugated
dye (1:50; PerkinElmer, USA) diluted in the appropriate amplification dilu-
ent buffer (PerkinElmer, USA) was applied for 10 min, and slides were
incubated with PBS diluted DAPI (1:500; Merck, Germany) for 10 min. An-
other protocol was used for LOX staining: after fixation, a blocking step
was performed by adding a ready-to-use antibody diluent and blocking
buffer formulation optimized specifically for TSA immunohistochemistry
protocols (PerkinElmer, USA) at RT for 1 h. Slides were subsequently in-
cubated with the rabbit anti-LOX (1:500; Novus Biologicals, Germany) pri-
mary antibody diluted in PBS at RT for 2 h. The slides were washed with
PBS, and HRP anti-rabbit secondary antibody (1:2000; Abcam, UK) diluted
in PBS was applied for 45 min at RT. A Cy5 TSA-conjugated dye (1:100;
PerkinElmer, USA) diluted in the appropriate amplification diluent buffer
(PerkinElmer, USA) was applied for 10 min. Slides were washed with PBS
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and finally mounted with mowiol mixed with DAPI (1:500; Merck, Ger-
many). Hematoxylin and eosin (H&E) were consecutively applied on tu-
mor sections previously fixed in 4% paraformaldehyde (PFA) according
to standard procedures. The excess of hematoxylin dye was removed us-
ing 0.1% HCl and tap water. The sections were dehydrated with different
gradients of ethanol (from 70% to 96% and 100%) and xylene, mounted
with Vitro-clud (R. Langenbrinck GmbH,Germany) and covered with cover
slips.

Microscopy and Image Analysis: Images of the fluorescently stained
slides were acquired using an AxioImager M2 microscopy system with
an AxioCamMRm Rev.3 camera (Carl Zeiss AG, Jena, Germany). Eight
representative images per tumor were taken using similar exposure time
settings for each channel in different stainings. Images with a magnifi-
cation of 200× were acquired in the “periphery” and “core” areas of the
tumors, and the necrotic part was neglected. The area fraction (%) of the
respective signal was quantified with the AxioVision SE64 Rel. 4.8 soft-
ware. Overviews in 40× of whole sections were acquired in the bright-field
channel for the H&E stained tumors using the Vectra 3.0.5 microscope
(PerkinElmer, USA). The necrotic part was identified and segmented with
Imalytics Preclinical 3.0 based on different voxel intensity of the intact part
versus the disintegrated cytoplasmic components. One hundred μm-thick,
unstained and water-immersed sections were scanned via TPLSM using
the FV1000MPE multiphoton microscope (Olympus, Germany). Four im-
age stacks of 50 images with a step size of 1 μmwere acquired per each tu-
mor and processed using the Imaris software (Bitplane AG, Switzerland)
for the quantification of collagen content (generated via SHG imaging)
and lectin volume (fluorescence signal was obtained through the photo-
multiplier filters adjusted to 490–540 nm spectra). Same threshold and
exposure time settings for collagen and lectin were selected for all sam-
ples. The thickness of the collagen fibers was quantified using the BoneJ
plugin in the image processing package Fiji.

Statistical Analysis: All polymeric micelles characterization experi-
ments were performed in triplicate. 3D CT-FLT and 2D FRI images were
obtained from all mice/tumors/organs of each study group (n = 5 mice
per group). All immunofluorescence histological analyses were performed
on two sections per tumor sample and 4 representative images were ac-
quired per each fluorescently stained section. Four images per tumor were
obtained via TPLSM imaging. All bars in the graphs represent averages
per group (data points represent individual mouse values) and are plotted
with their respective standard deviation using GraphPadPrism 9 (Graph-
Pad Software, USA). 0.05 was used as alpha threshold for determining
statistical significances which were considered for p values < 0.05 (*), p <
0.01 (**) and p < 0.001 (***).

Unpaired nonparametric one-way ANOVA analysis with Dunn´s mul-
tiple comparison test was performed for comparing the size, PdI and EE
of TMX micelles, as well as for comparing the tumor volumes. The same
statistical analysis was performed for in vivo and ex vivo fluorescence sig-
nal analysis, and for the area fractions of CD31, F4/80, and collagen in
the fluorescence stainings, as well as in the fiber thickness, collagen, and
perfusion volume analyses.
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