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Organ-Restricted Vascular Delivery of Nanoparticles for
Lung Cancer Therapy
Deniz A. Bölükbas, Stefan Datz, Charlotte Meyer-Schwickerath, Carmela Morrone,
Ali Doryab, Dorothee Gößl, Malamati Vreka, Lin Yang, Christian Argyo, Sabine H. van
Rijt, Michael Lindner, Oliver Eickelberg, Tobias Stoeger, Otmar Schmid, Sandra Lindstedt,
Georgios T. Stathopoulos, Thomas Bein, Darcy E. Wagner,* and Silke Meiners*

Nanoparticle-based targeted drug delivery holds promise for treatment of
cancers. However, most approaches fail to be translated into clinical success
due to ineﬀective tumor targeting in vivo. Here, the delivery potential of
mesoporous silica nanoparticles (MSN) functionalized with targeting ligands
for epidermal growth factor receptor and C─C chemokine receptor type 2 is
explored in lung tumors. The addition of active targeting ligands on MSNs
enhances their uptake in vitro but fails to promote speciﬁc delivery to tumors
in vivo, when administered systemically via the blood or locally to the lung
into immunocompetent murine lung cancer models. Ineﬀective tumor
targeting is due to eﬃcient clearance of the MSNs by the phagocytic cells of
the liver, spleen, and lung. These limitations, however, are successfully
overcome using a novel organ-restricted vascular delivery (ORVD) approach.
ORVD in isolated and perfused mouse lungs of Kras-mutant mice enables
eﬀective nanoparticle extravasation from the tumor vasculature into the core
of solid lung tumors. In this study, ORVD promotes tumor cell-speciﬁc uptake
of nanoparticles at cellular resolution independent of their functionalization
with targeting ligands. Organ-restricted vascular delivery thus opens new
avenues for optimized nanoparticles for lung cancer therapy and may have
broad applications for other vascularized tumor types.

1. Introduction

Lung cancer has the highest mortality
among all cancers worldwide.[1] The lung
is also one of the main sites of metastasis from distal regions in the body and
therefore cancers of the lung represent
a major clinical challenge.[2] The current
main therapeutic approach involves surgical resection of operable tumors followed
by systemic chemotherapy and/or radiation therapy.[3] More recently, novel therapies such as tyrosine kinase inhibitors
and immune checkpoint inhibitors have
been introduced,[4] but acquired resistance
to these agents remains a problem. An
alternative and emerging option is the
use of nanoparticles as therapeutic agents
for cancer therapy. Several FDA-approved
nanomedicines have been designed with
the intent of exerting therapeutic eﬀects by
passive targeting of tumors.[5] Most passive targeting strategies aim to take advantage of the concept of enhanced permeability and retention (EPR) of nanoparticles by the tumor vasculature.[6] More
recent work has focused on advanced targeting strategies which
are based on active targeting of nanoparticles to speciﬁc cell types
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such as tumor or tumor-associated cells.[7] This can be achieved
by functionalization of nanoparticle surfaces with ligands that
bind to receptors overexpressed on tumor or tumor-associated
cells or by engineering nanoparticles to respond to stimuli of
the tumor environment to speciﬁcally release drug cargo into
the tumor.[8] However, these smart nanoparticle approaches have
largely failed to translate into clinical success, due to diﬃculties
in achieving cell-speciﬁc nanoparticle targeting in vivo.[9] One of
the major problems for nanoparticle strategies in vivo is the fact
that systemically administered nanoparticles are eﬀectively taken
up and cleared by the mononuclear phagocyte system (MPS).[10]
A potential strategy to minimize oﬀ-target eﬀects in other organs
and to avoid clearance by the MPS is to use local delivery approaches. While local delivery is possible for tumors of peripheral
organs, such as the skin, delivery into tumors of internal organs,
such as the lung, remains challenging.
Airway delivery of nanoparticles and chemotherapeutics via inhalation has shown some degree of eﬃcacy, but it is not eﬀective
for dense and large tumors.[11] Vascular delivery of chemotherapeutics to the lung using surgical techniques such as isolated
lung perfusion has been previously proposed and tested clinically as an alternative approach to systemic delivery, but has not
been widely adopted due to the pronounced pulmonary toxicity
observed in the neighboring healthy lung tissue.[12] Nanoparticlemediated drug delivery strategies which aim for targeted and controlled release of therapies is particularly well suited for overcoming this pulmonary toxicity. In particular, organ restricted vascular application of therapeutic nanoparticles could enhance delivery to the interior of solid tumors by taking advantage of the EPR
eﬀect as well as the recently described transcytosis pathway which
is active in endothelial cells lining the tumor vasculature.[13]
Here, we provide proof-of-concept evidence for eﬀective delivery of both active and passive targeting of mesoporous silica
nanoparticles (MSNs) into solid and dense lung tumors using a
novel organ-restricted vascular delivery (ORVD) strategy. Specifically, we show that ORVD results in cellular uptake and endosomal escape of nanoparticles in lung tumors, demonstrating its
feasibility for nanoparticle-mediated drug delivery. Importantly,
ORVD promoted cellular uptake in tumorous regions using the
same nanoparticles that failed to reach the tumor upon systemic
vascular administration or airway instillation. Our data thus identiﬁes ORVD as a versatile new strategy to help avoid phagocytic
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clearance by introducing nanoparticles via surgically isolated vasculature of the lung. ORVD also has the potential to minimize
toxic oﬀ-target eﬀects if it is used to deliver nanoparticles which
have smart and or controlled release properties (Figure 1).

2. Results
2.1. Synthesis and Characterization of Mesoporous Silica
Nanoparticles
We ﬁrst generated functionalized MSNs[14] which can be used for
active or passive targeting of speciﬁc tumor cells. The internal
pore system of the MSNs was functionalized with thiol groups
and the external particle surface with amino groups, creating a
nanoparticle platform, which allows for a wide range of customizable functionalizations (Figure 2A). A pH-cleavable linker system, containing a biotin functionality, was added to the external
surface of the MSN allowing selective release into the tumor microenvironment or upon internalization into the endolysosomal
compartment. The glycoprotein avidin was attached to the outer
surface of the MSNBiotin via noncovalent association with the biotin groups (MSNAVI ), acting as a stable gatekeeper of the pore
system. MSNAVI nanoparticles without further functionalization
were used for the passive targeting of tumors in this study (Figure 2A). Diﬀerent targeting ligands were attached to the outer
surface of the avidin gatekeepers for active targeting of tumors
(Figure 2B and Figure S1A, Supporting Information).
Synthesized core-shell functionalized MSNs (MSN-SHin NH2,out ) were amorphous (Figure S1B, Supporting Information)
and spherical with an approximate size of around 100–150 nm
(Figure 2C). The mesoporous structure was conﬁrmed using
nitrogen sorption measurements (Figure 2D), with pore sizes
of around 4 nm (Figure S1C, Supporting Information). Following internal and external functionalization (internal thiol external amine functionalization for MSN-SHin -NH2,out , external carboxy functionalization for MSNCOOH , external pH-responsive AK
linker functionalization for MSNAK , and external biotin functionalization for MSNBiotin ) (Figure S1D, Supporting Information), pore size and volume changed negligibly (Figure S1E,F,
Supporting Information). As anticipated, successful avidin capping resulted in a loss of surface porosity concomitant with a decrease in measured surface area, as the internal surfaces were
no longer accessible following capping (Figure S1C,G, Supporting Information). We also observed a slight increase in the isoelectric point (Figure S1H, Supporting Information) and stabilization of surface charge across diﬀerent pHs (Figure S1I,
Supporting Information) following avidin capping (Figure S1J,
Supporting Information). MSNAVI nanoparticles had a mean particle size of 170 nm in aqueous media (Figure 2E), demonstrating
colloidal stability. We next sought to conﬁrm the functionality of
our pH-cleavable linker system using a neutral pH of 7 and a
pH of 5, representing the acidic pH of the tumor microenvironment. Propidium iodide (PI) was loaded into MSNAVI (0.365 mg
PI per mg MSNAVI ) and the release of PI was measured over time
after the pH was changed from 7 to 5. While we observed minimal PI release under neutral pH over 48 h, acidic pH-induced
cargo release over time with up to ≈60% release after 48 h (Figure 2F). Release at 48 h at acidic pH was signiﬁcantly increased
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Figure 1. Experimental overview comparing diﬀerent delivery routes for application of mesoporous silica nanoparticles (MSNs) for lung cancer therapy.
Conventional delivery methods (i.e., intravenous and intratracheal) present barriers for eﬀective delivery of nanoparticles for lung cancer. Implementation
of organ-restricted vascular delivery (ORVD) of MSNs as a novel approach to overcome the physicochemical and biological barriers with isolated
nanoparticle recirculation at a controlled and eﬀective ﬂow rate, synergizing the enhanced permeability and retention (EPR) eﬀect with the absence
of the mononuclear phagocyte system (MPS).

as compared to the same time point at neutral pH, indicating the
speciﬁcity and stability of our pH-cleavable linkage system and
avidin capping. Next, we further functionalized our MSNAVI with
targeting ligands for two diﬀerent receptors that are well known
to be speciﬁcally elevated in distinct compartments of human
lung tumors, that is, epidermal growth factor receptor (EGFR)
on lung tumor and tumor-associated cells[15] or C─C chemokine
receptor type 2 (CCR2) on tumor-associated macrophages in the
surrounding stroma but not alveolar macrophages[16] (Figure 2G
and lower magniﬁcation image in Figure S1K, Supporting Information). Here, we functionalized the artiﬁcial peptides GE11[17]
and ECL1i[18] on MSNAVI to generate particles targeting EGFR
(MSNtEGFR ) and CCR2 (MSNtCCR2 ), respectively (Figure 2H). Importantly, colloidal stability was retained in aqueous solutions following the addition of targeting ligands for both MSNtEGFR and
MSNtCCR2 (Figure 2I and Figure S1L, Supporting Information).

2.2. Increased Uptake of Actively Targeted MSNs In Vitro
To assess whether our active targeting strategy enhances
nanoparticle uptake in vitro, we exposed A549 cells, a human
lung cancer cell line with high EGFR expression (Figure S2A,
Supporting Information), to receptor-targeted MSNtEGFR and
untargeted MSNAVI . We observed signiﬁcantly enhanced uptake of MSNtEGFR in A549 cells as quantiﬁed by confocal microscopy (Figure 3A) and ﬂow cytometry (Figure 3B). MSNtEGFR
co-localized with EGFR, indicating EGFR-mediated uptake.
MSNtCCR2 speciﬁcity was tested in an alveolar macrophage line,
MH-S cells, which have high expression of CCR2 (Figure S2B,
Supporting Information). We again observed signiﬁcantly increased uptake of MSNtCCR2 in MH-S cells, as measured by confocal microscopy (Figure S2C, Supporting Information) and ﬂow
cytometry (Figure S2D, Supporting Information).[8b] In order to
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further conﬁrm cellular uptake, we performed transmission electron microscopy (TEM) of A549 cells exposed to MSNtEGFR . Interestingly, we observed both receptor-mediated and unspeciﬁc endocytic uptake as well as endosomal escape and evidence of particle degradation (Figure 3C). Together, these results show that the
enhanced cellular uptake of the actively targeted nanoparticles in
vitro is at least partially mediated via receptor-mediated uptake
and conﬁrms the functionality of our active targeting strategy.

2.3. Intravenously Administered MSNs are Deposited in Liver
and Spleen in Flank Tumor Models
Next, we sought to evaluate the targeted uptake of our MSN particles upon systemic delivery in an in vivo tumor model. In order to
evaluate active targeting eﬃcacy within the same animal, we exploited a double ﬂank tumor model in an immunologically competent mouse strain (C57BL/6) where we subcutaneously inoculated syngeneic clones derived from Lewis lung carcinoma (LLC)
cells (Figure 4A) or murine melanoma (B16F10) cells that had
been genetically engineered to have high or low EGFR expression
(i.e., LLC-EGFRhigh and LLC-EGFRlow or B16F10-EGFRhigh and
B16F10-EGFRlow , respectively).[19] In both settings, cells formed
tumors of similar size within two weeks with similar morphology. Fluorescently labeled (ATTO 633) MSNs (with and without targeting ligands) were then systemically applied via retroorbital intravenous injection and biodistribution of the particles
was compared by in vivo ﬂuorescence imaging at several timepoints up to 48 h post-injection. Representative ﬂuorescence images and ﬂuorescence intensity quantiﬁcations (Figures 4B,C and
Figures S3 and S4A–C, Supporting Information) revealed an unspeciﬁc increase in biodistribution of all types of particles irrespective of functionalization at the time of injection (t = 0) which
then slowly decreased back to near baseline-levels over 48 h. To
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investigate the localization of MSNs on the cellular level, we performed immunoﬂuorescence-based histological analysis of the
ﬂank tumors and several internal organs that were previously
shown to have enhanced uptake of systemically administered
nanoparticles.[10c] Both MSNAVI and MSNtEGFR were mainly localized in the liver and spleen with negligible uptake in the ﬂank
tumors, lungs, and kidneys (Figure 4D, Figures S4D and S5, Supporting Information). Quantiﬁcation of the immunoﬂuorescence
signal per cell nucleus across the diﬀerent organs conﬁrmed that
the localization of the MSNs in the liver was much more pronounced compared to ﬂank tumors and other organs (Figure 4E
and Figure S4E, Supporting Information). Importantly, we did
not observe any diﬀerence in the uptake of the particles with regard to whether the tumors were derived from EGFR high or
low expressing cells. We further conﬁrmed enhanced uptake in
the liver compared to LLC ﬂank tumors regardless of MSN type
(active vs. passive) through quantiﬁcation of nanoparticle-based
ﬂuorescence in tissue homogenates of ﬂank tumors and livers
(Figure 4F). Together, these data indicate that systemic delivery
of actively targeted MSNs does not result in improved uptake
in tumors as compared to passively targeted MSNs. Importantly,
we found that our nanoparticles do not preferentially localize to
the tumors but instead were eﬀectively taken up mostly by the
mononuclear phagocyte system of the liver and spleen.

(Figure 5) and MSNtCCR2 (Figure S6, Supporting Information).
Consistent with our own data in human lung cancer (Figure 2G)
and that of other reports, we observed increased EGFR expression in lung tumor cells and increased CCR2 expression in tumor stroma, but not in the neighboring healthy regions containing alveolar macrophages known to be CCR2− .[16b] MSNAVI,
MSNtEGFR , or MSNtCCR2 were intratracheally instilled directly into
the lungs of tumor-bearing KrasLA2 mutant mice and the biodistribution of the MSNs was evaluated 3 days after administration.
All MSN types were retained in the lungs of the KrasLA2 mutant
mice with no translocation of MSNs to secondary organs (Figure
S7, Supporting Information). However, particles localized mainly
to smaller hyperplastic lesions of tumorous lungs and in the periphery of solid tumors, but no uptake was observed in solid
tumors (Figure 5C and Figure S6B, Supporting Information).
Importantly, high magniﬁcation microscopic evaluation did not
reveal any obvious diﬀerences in cellular uptake of MSNAVI ,
MSNtEGFR , and MSNtCCR2 on the cellular level (Figure 5D and Figure S6C, Supporting Information). The majority of particles were
engulfed by alveolar macrophages in both normal and tumorous
regions of the lungs irrespective of nanoparticle functionalization (Figure 5E and Figure S6D, Supporting Information). These
data indicate ineﬀective targeting of both actively and passively
targeting MSNs to lung tumors when administered locally to the
lungs via inhalation due to alveolar macrophage engulfment and
clearance of these particles from the respiratory epithelium.[10b]

2.4. Alveolar Macrophages Engulf Intratracheally Administered
MSNs in a Mouse Model of Lung Cancer
One strategy to increase the eﬃciency of nanoparticle delivery to tumors is through local delivery mechanisms.[20]
The lung is considered to be a particularly well-suited organ
for local drug delivery as nanoparticles can be delivered via
the trachea to the respiratory epithelium of the lung where
they are eﬃciently taken up due to its large surface area,
thin epithelium layer, and rich blood supply.[21] Therefore, we
next evaluated the intratracheal delivery of passively and actively targeted MSNs into the lungs using the previously reported KrasLA2 mutant mouse model for lung cancer.[22] This
model displays clinically relevant cancer development compared to tumor cell injection models as tumors develop spontaneously and are heterogeneously distributed (Figure 5A).[23]
We ﬁrst evaluated and conﬁrmed EGFR (Figure 5B) and CCR2
(Figure S6A, Supporting Information) overexpression in KrasLA2
mutant lung tumors to validate that this model is suitable for
investigating EGFR- and CCR2-speciﬁc targeting via MSNtEGFR

2.5. Organ-Restricted Vascular Delivery of MSNs Enables
Speciﬁc Deposition of Nanoparticles in Tumors
In order to circumvent clearance by alveolar macrophages, we
sought to use isolated lung perfusion[12a] as an alternative vascular delivery mode of our functionalized MSNs. We hypothesized
that this technique would increase cellular uptake in lung tumors
by allowing increased circulatory time of the nanoparticles within
the tumor vasculature while minimizing the competing eﬀects of
alveolar macrophage clearance.
Owing to the diﬃculties in performing such a surgery in a
murine model of lung cancer, we tested the feasibility of this approach in an ex vivo model to simulate the surgical conditions
of isolated lung perfusion. We explanted tumorous lungs from
healthy or KrasLA2 mutant mice and introduced actively or passively targeting MSNs for 3 h at controlled ﬂow rates using an ex
vivo system containing ventilation and perfusion which we have
previously described (Figure 6A).[24] Using this ORVD approach,

Figure 2. Synthesis and characterization of mesoporous silica nanoparticles for passive and active targeting. a) Delayed co-condensation process leads
to diﬀerent core (green, thiol groups) and shell (red, amino groups) functionalization of MSN-SHin -NH2,out . i) MSNBiotin nanoparticles were generated by
ﬁrst transforming amino groups into carboxy groups, followed by EDC amidation with the pH-cleavable AK linker, and subsequent addition of covalently
bound biotin. ii) MSNAVI nanoparticles were generated by the addition of avidin to eﬃciently seal the mesopores after cargo loading and covalent
attachment of the dyes at the thiol groups in the inner pore system. b) Functionalized nanoparticles (MSNx ) with active targeting were generated by
covalent attachment of speciﬁc ligands to the outer surface of MSNAVI for lung cancer. c) Transmission electron micrograph (TEM) of MSN-SHin -NH2,out .
Scale bar = 50 nm. d) Nitrogen sorption isotherms of MSN-SHin -NH2,out (black), MSNBiotin (green) and MSNAVI (red) showing eﬃcient sealing of the
pores. e) Dynamic light scattering (DLS) of MSNAVI (red) in water showing size uniformity. f) Time-dependent pH-responsive release at pH 7 and pH
5. **p = 0.0026, two-way ANOVA, Sidak’s multiple comparisons test comparing cargo release between pH 5 and pH 7 over time. Values given are an
average of three independent experiments ± standard error of the mean g) Immunohistochemical staining representing complementary distribution
of EGFR and CCR2 in a human non-small cell lung cancer (NCSLC) specimen. Scale bar = 50 µm. h) Peptide sequences for EGFR and CCR2 targeting
ligands, that is, GE11 and ECL1i, respectively. i) Dynamic light scattering (DLS) of MSNtEGFR (green) and MSNtCCR2 (black) in water showing size stability
following functionalization.
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Figure 3. Increased uptake of EGFR targeted MSNs in human lung cancer cells in vitro. a) Untargeted versus EGFR-targeted uptake of ATTO 633-labeled
MSNAVI and MSNtEGFR (red in the upper panel, gray in the lower panel) by human lung cancer cells (A549) in 1 h, co-stained for EGFR (green) and
cell nuclei (blue) by immunoﬂuorescence, measured by confocal microscopy. Scale bars = 50 µm. b) Increased MSNtEGFR uptake after 1 h in A549
cells normalized to MSNAVI as measured by ﬂow cytometry analysis. **p = 0.0079; Values given are an average of four independent experiments ±
standard error of the mean. Mann–Whitney test. c) Diﬀerent modes of nanoparticle uptake (i.e., receptor-mediated, blue arrow at (1) and unspeciﬁc
endocytosis, red arrow at (2)) and endosomal escape, orange arrow at (3) observed in TEM micrographs of A549 cells exposed to MSNtEGFR for 3 h. The
cell membrane is shown with the black arrow. Scale bars = 2 µm (upper left), 500 nm for insets 1–3.

we observed enhanced delivery of all nanoparticle types (i.e.,
MSNAVI , MSNtEGFR , and MSNtCCR2 ) into the cores of solid lung
tumors, independent of their surface functionalization for active
targeting (Figure 6B). Nanoparticles were eﬀectively taken up by
cancer cells located in solid tumor cores as demonstrated by TEM
analysis (Figure 6C). In lungs exposed to MSNtEGFR via ORVD,
nanoparticles localized to tumor cells with lamellar bodies, validating their distal epithelial identity (Figure 6C).[25] Neither the
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nanoparticles nor surgical ORVD technique induced obvious cell
death over 3 h of exposure time, as demonstrated by the absence
of cleaved caspase-3 staining, a hallmark for early apoptotic cell
death. Additionally, we did not observe uptake of nanoparticles
by lung-resident macrophages (Figure S8B, Supporting Information). Nanoparticles were consistently distributed within the
vasculature of healthy mouse lungs as evident by their close proximity to endothelial cells (CD31 positive) and location in the inner
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Figure 4. Intravenously administered MSNs are deposited to the liver and spleen in a syngeneic lung cancer ﬂank tumor model in vivo. a) Schematic
representation of the syngeneic double ﬂank tumor-bearing mouse model. LLC clones with diﬀerent EGFR expression (LLC-EGFRhigh with high basal
EGFR expression and LLC-EGFRlow following shEGFR modiﬁcation; conﬁrmed by Western blot) were injected subcutaneously and developed over two
weeks. b) Representative ﬂuorescence images of mice receiving 1 mg of MSNAVI or MSNtEGFR before, immediately after, and 48 h after retro-orbital
administration. c) Quantiﬁcation of the ﬂuorescence intensity obtained from the individual ﬂank tumors of the mice treated with the MSNs over time.
Values given are an average of signal obtained from ﬁve independent mice at each time point ± standard error of the mean. d) Histological analysis of
the biodistribution of intravenously administered MSNAVI and MSNtEGFR in LLC-EGFRhigh and LLC-EGFRlow tumors, livers, spleens, lungs, and kidneys
of the mice by confocal microscopy. Nuclear staining (DAPI) is shown in blue, cellular morphology via actin staining (phalloidin) in green and ATTO
633-labeled MSNs in red in the merged image, and in gray in the single channel. Images shown are representative for three diﬀerent regions from each
mice (n = 5 mice treated). Scale bar = 100 µm. e) Quantiﬁcation of the MSNAVI and MSNtEGFR uptake per nuclei observed in histological analyses in
LLC-EGFRhigh and LLC-EGFRlow tumors, kidneys, lungs, spleens, and livers, respectively. ****p < 0.0001, two-way ANOVA, Tukey’s multiple comparisons
test, n = 5. f) Quantitative analysis of MSNAVI and MSNtEGFR biodistribution in tissue homogenates of treated animals shows increased uptake in the
liver versus either LLC-EGFRhigh or LLC-EGFRlow tumors. Values given are an average of ﬁve diﬀerent samples per MSN type ± SEM. **p = 0.0022,
***p = 0.0006, ****p < 0.0001, Two-way ANOVA, Sidak’s multiple comparisons test.

lumen (Figure S8A, Supporting Information). Taken together,
these results demonstrate that our organ-restricted approach
results in cellular uptake of actively and passively targeting
nanoparticles in solid lung tumors. ORVD may thus represent a
useful strategy to overcome some of the existing in vivo hurdles
limiting nanoparticle delivery eﬃcacy to solid tumors of the lung.

3. Conclusion
Lung cancer remains one of the most challenging cancers to treat
and its prevalence is increasing globally.[26] In addition to the fact
that it is often diagnosed at advanced stages when tumors are
beyond surgical treatment due to their larger size or their location, the lung is also a major site of metastasis of other tumor
types.[2] Surgical therapy of lung cancer is restricted to only 20%
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of lung cancer patients.[27] Chemotherapy is thus the main treatment strategy for lung cancer patients but is severely hampered
by its serious adverse eﬀects such as anemia, and oﬀ-target toxicity in the kidney, nervous system, and heart.[28] New therapeutic
concepts are thus urgently needed.
Nanomedicines have received increased interest as therapeutic delivery vehicles for cancer due to their ability to be designed
to deliver drugs locally and at concentrations higher than can be
used upon systemic administration of cytotoxic chemotherapies.
In this study, we designed and used functionalized mesoporous
silica nanoparticles (MSN) for treatment of lung cancer. Mesoporous silica nanoparticles have been investigated with increased
interest due to several advantages they possess for cancer and
other therapies: 1) they are inert and can be loaded with virtually
any cargo smaller than their pore size (i.e., 4 nm), making them
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Figure 5. Alveolar macrophages preferentially engulf intratracheally administered MSNs in a KrasLA2 mutant mouse model of lung cancer in vivo.
a) Representative photographs of a tumorous lung from a KrasLA2 mutant mice in supine and prone positions. b) Immunohistochemistry staining
conﬁrming EGFR (pink) overexpression in tumorous regions of KrasLA2 lungs. c) Histological analysis of intratracheally instilled ATTO 633-labeled
MSNAVI and MSNtEGFR showing uptake in solid tumor cores versus tumor edges, and in hyperplastic or in tumor-free regions of tumorous mouse
lungs after 3 days. Nuclear staining (DAPI) is shown in blue, actin staining (phalloidin) in green, and ATTO 633-labeled MSNs in red in the merged
images, and in gray in the single channels. Images shown are representative for three diﬀerent regions from each group of mice (n = 5 per MSN type).
Immunoﬂuorescence co-staining for EGFR in d) tumorous versus e) tumor-free regions in the mutant lungs treated with ATTO 633-labeled MSNAVI
versus MSNtEGFR . Nuclear staining (DAPI) is shown in blue, cell morphology via actin staining (phalloidin) in red, EGFR staining in green, and ATTO
633-labeled MSNs in gray. Images shown are representative for three diﬀerent regions from each group of mice (n = 5 per MSN type).

compatible with a range of existing and emerging chemotherapeutics and other compounds, 2) can be functionalized to contain
responsive elements to deliver their content under speciﬁc stimuli 3) can readily be functionalized for active targeting, and 4) are
cytocompatible.[14a,29] In the current study, we synthesized active
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and passive MSNs with a pH cleavable linker to restrict delivery
of cargo to cells within the acidic tumor microenvironment or after cellular uptake in the endo-lysosome. We explored the use of
two diﬀerent active targeting ligands directed towards EGFR and
CCR2 because they are both surface receptors previously shown
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Figure 6. Organ-restricted vascular delivery of MSNs results in enhanced cellular uptake of the particles in solid lung tumors ex vivo. a) Schematic
representation of the organ-restricted vascular delivery (ORVD) setup with ex vivo lung perfusion and ventilation. Murine heart and lung blocs were
mounted in a custom-designed bioreactor with temperature control (37 °C) and connected to an external chamber containing MSNs loaded perfusate
which was instilled at hypoperfusion rates (0.5 mL min−1 ). Lungs were ventilated at 100 strokes min−1 with a 100 µL stroke volume. b) Representative
histological analysis showing uptake of MSNs into solid tumors from the KrasLA2 lungs following ORVD; MSNAVI , MSNtEGFR , and MSNtCCR2 (gray in
each panel), nuclei stained with DAPI (blue), epithelial cells labeled with E-Cadherin (green) and endothelial cells labeled with CD31 (red) shown in
merged and corresponding single channel images. Scale bar in the top row = 100 µm. c) Intracellular MSNtEGFR (highlighted in white dashed circles) in
KrasLA2 mutant solid lung tumor cores after 3 h of ORVD, visualized with TEM. Lamellar bodies (white arrows) indicate uptake in cells of alveolar type
II origin; scale bars are 2 µm for image panels 1 and 3, 1 µm for image panels 2 and 4.

to be overexpressed in lung cancer and associated with poor prognosis of the disease.[15a,16a,30] EGFR is also a major drug target for
a number of therapies currently under investigation for lung and
other cancers.[31]
Similar to other studies and other nanoparticles, MSNs
containing active targeting ligands were taken up by cells at a

Adv. Therap. 2020, 3, 2000017

2000017 (9 of 14)

signiﬁcantly higher rate than passively targeted nanoparticles in
vitro.[5,14b] However, we did not observe any preferential uptake
of passive or active targeting nanoparticles in immunocompetent mice upon systemic intravenous delivery, even though
the models were derived from cells overexpressing the targeted
receptor (e.g., EGFR). Instead, in all these ﬂank tumor models,
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the majority of nanoparticles were taken up by the liver and
spleen, independent of the presence or absence of a targeting
ligand. Similarly, the majority of MSNs were taken up nonspeciﬁcally by alveolar macrophages upon local intratracheal
delivery to the lungs of KrasLA2 mutant mice.[22] Again, there was
no obvious diﬀerence in uptake between active and passively
targeting nanoparticles. Importantly, we also tested the feasibility
of targeting two distinct cellular compartments of the tumor
microenvironment (i.e., EGFR on lung cancer cells and CCR2 on
TAMs) in order to exclude the possibility that our target cell type
was the main problem with local delivery via the airways in vivo.
Our results in vivo are in line with some studies,[10a] but
also contrast to other studies that observed enhanced tumor
delivery using active versus passively targeted nanoparticles.[32]
These diﬀerences might be due to the targeting ligands chosen,
nanoparticle shape and composition, the animal model used, target organ/tumor architecture, and how tumor uptake and drug
delivery eﬃcacy was assessed.[10c] However, the observed lack
of eﬀective nanoparticle-mediated tumor targeting but preferential uptake by the liver and spleen in our study are partly supported by previous reports on immune-associated biological barriers to nanoparticle-mediated drug delivery.[10c,33] Additionally,
recent evidence suggests that previous reports may have overestimated the contribution of the EPR to directing nanoparticles
to tumors and that additional active cellular processes, such as
transcytosis, can also promote extravasation of nanoparticles into
tumors if nanoparticles can evade the MPS.[13]
Therefore, and in order to circumvent systemic eﬀects associated with low eﬃcacy of nanoparticle delivery, we have here developed a novel organ-restricted delivery strategy to directly administer nanoparticles into the target organ vasculature. We show that
the ORVD technique promotes nanoparticle extravasation from
the deranged tumor vasculature into the core of solid tumors.
Importantly, we observed speciﬁc cellular uptake of nanoparticles within the core of solid lung tumors while nanoparticles
were retained within the capillaries in regions with healthy tissue. This observation is fully in line with the recent work showing
preferential activation of transcytotic transport of particles across
the tumor vasculature.[13] We did not observe any noticeable differences in cellular uptake between active or passively targeting
nanoparticles using the ORVD technique. Importantly, ORVD
permitted lung tumor delivery of the same MSNs which were ineﬃciently targeted using systemic or airway administration. This
suggests that the delivery method is the primary hurdle to obtain
eﬀective delivery to the tumor site.
We performed our initial ORVD experiments in an ex vivo
model due to the diﬃculties in performing isolated lung perfusion in murine animals in vivo. While these data provide proofof-principle evidence that ORVD is applicable for nanoparticlebased targeting of solid lung tumors, it will be important in future studies to validate this approach in larger animals using
chemotherapeutic-loaded nanoparticles in vivo ultimately aiming
at the clinical application of this concept in cancer patients.
Isolated lung perfusion is a clinical technique using extracorporeal circulation techniques to isolate the pulmonary vasculature from the systemic circulation. This technique is a
major candidate for the clinical implementation of ORVD. Interestingly, this surgical technique has already been used for delivering lung cancer chemotherapeutics to patients with the intent
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of increasing local delivery concentrations and reducing systemic
toxicity.[12a] However, despite the fact that the surgical approach
is safe, one of the major limiting factors for more widespread
use of this surgical technique has been the toxicity associated
with the surrounding healthy tissue which is also exposed to
chemotherapeutics.[12a] Smart, stimuli-responsive nanoparticles,
such as those used in this study, oﬀer the unique advantage of
controlled and selective release of drugs into the tumor microenvironment. Furthermore, application of nanoparticles under controlled ﬂow parameters during ORVD may allow for further ﬁnetuning of delivery to optimize nanoparticle uptake under EPR
or transcytosis conditions. In addition, it will be of interest to
further explore other nanoparticle formulations, including those
which showed safety but no eﬃcacy in clinical trials when administered systemically. In summary, we have shown that the
extended recirculation of actively and passively targeted mesoporous silica nanoparticles in an organ-restricted fashion via isolated pulmonary perfusion results in enhanced localization and
cellular uptake of the nanoparticles in solid lung tumors. These
results bring optimism that ORVD could be a new treatment option for patients with inoperable lung tumors and those who are
unable to cope with chemotherapy due to negative side eﬀects.
Our ﬁndings represent a clinically relevant and promising strategy to direct the nanoparticles to solid tumors in highly vascularized tissues for enhanced therapeutic eﬃcacy.

4. Experimental Section
Synthesis of Core-Shell Functionalized Mesoporous Silica Nanoparticles
(MSN-SHin -NH2,out ): A mixture of tetraethyl orthosilicate (TEOS, 1.63 g,
7.82 mmol), mercaptopropyltriethoxysilane (MPTES, 112 mg, 0.48 mmol)
and triethanolamine (TEA, 14.3 g, 95.6 mmol) was heated under static
conditions at 90 °C for 20 min in a polypropylene reactor. Then, a solution of cetyltrimethylammonium chloride (CTAC, 2.41 mL, 1.83 mmol, 25
wt% in H2 O) and ammonium ﬂuoride (NH4 F, 100 mg, 2.70 mmol) in H2 O
(21.7 g, 1.21 mmol) was preheated to 60 °C, and rapidly added to the TEOS
solution. The reaction mixture was stirred vigorously (700 rpm) for 20 min
while cooling down to room temperature. Subsequently, TEOS (138.2 mg,
0.922 mmol) was added in four equal increments every 3 min. After another 30 min of stirring at room temperature, TEOS (19.3 mg, 92.5 µmol)
and aminopropyltriethoxysilane (APTES, 20.5 mg, 92.5 µmol) were added
to the reaction. The resulting mixture was then allowed to stir at room
temperature overnight. After the addition of ethanol (100 mL), the MSNs
were collected by centrifugation (7000 rcf, for 20 min) and re-dispersed in
absolute ethanol. The template extraction was performed by heating the
MSN suspension under reﬂux (90 °C, oil bath temperature) for 45 min in
an ethanol solution (100 mL) containing ammonium nitrate (NH4 NO3 ,
2 g), followed by 45 min heating under reﬂux in a mixture of concentrated
hydrochloric acid (HCl, 10 mL) and absolute ethanol (90 mL). The mesoporous silica nanoparticles were collected by centrifugation and washed
with absolute ethanol after each extraction step.
Synthesis of MSNCOOH : A large excess of oxalic acid (10 mg, 110 µmol)
was dissolved in 2 mL water and activated with EDC (18 µL, 102 µmol) and
a catalytic amount of sulfoNHS (1 mg) for 10 min at room temperature.
The premixed solution was added dropwise to 100 mg MSN-SHin -NH2,out
particles dissolved in 15 mL ethanol under vigorous stirring. The mixture
was stirred at room temperature overnight. Afterward the solution was
centrifuged at 7000 rcf for 10 min, washed two times with ethanol and
redispersed in 10 mL ethanol.
Synthesis of MSNAK : 25 mg of MSNCOOH were diluted in
15 mL ethanol. Subsequently, 10 µL N-(3-dimethylaminopropyl)N’-ethylcarbodiimide hydrochloride (EDC, 57 µmol) and 3.1 mg of
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N-hydroxysulfosuccinimide (sulfo-NHS, 14.3 µmol) were added and the
mixture was stirred for 15 min at room temperature. A premixed solution
containing 3.5 mg 3,9-bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro-[5,5‘]undecane AK-Linker (13 µmol) in 3 mL of a 1/1 mixture ethanol/DMSO
were added dropwise over a period of 10 min and the resulting solution
was stirred overnight at room temperature. The functionalized MSNAK
particles were separated by centrifugation (7000 rcf, 20 min), washed two
times with ethanol and redispersed in 15 mL ethanol.
Synthesis of MSNBiotin : A premixed solution of 1 mg biotin (4.1 µmol),
1 µL N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC, 5.7 µmol) and 1.2 mg N-hydroxysulfosuccinimide (sulfo-NHS,
5.7 µmol) were added to 10 mg of MSNAK particles in 5 mL ethanol and
stirred overnight at room temperature. After centrifugation (7000 rcf,
20 min) and washing two times with ethanol, MSNBiotin particles were
separated by centrifugation and redispersed in 5 mL ethanol.
Dye-Labeling of MSNBiotin : 1 mg MSNBiotin were diluted in 1 mL
ethanol, and 1 µL ATTO 633- or ATTO 488- maleimide (0.5 mg mL−1 in
DMF) was added. The mixture was reacted for 12 h overnight in the dark.
Afterwards the particles were centrifuged (7000 rcf, 5 min), washed twice
with ethanol and resuspended in HBSS buﬀer to give a 1 mg mL−1 particle
concentration.
Synthesis of MSNAVI : After centrifugation (14 000 rpm, 4 min) the
loaded or non-loaded residue (MSNBiotin ) was redispersed in a solution
containing 1 mg avidin from egg white in 1 mL HBSS buﬀer solution and
stored for 1 h at room temperature in the dark without stirring. The resulting suspension was then centrifuged (5000 rcf, 4 min, cooled) and washed
several times with buﬀer solution. Subsequently, the particles were ﬁnally
redispersed in 1 mL of the corresponding buﬀer solution and used for the
following experiments.
Addition of the Targeting Ligands to Synthesize MSNtEGFR and MSNtCCR2 :
1 mg of cargo-loaded and/or dye-labeled MSNAVI particles were centrifuged (5000 rcf, 4 min, cooled) and redispersed in 500 µL HBSS buﬀer
solution. In the meantime, 50 µL of the corresponding targeting ligand
(GE11 or ECL1i) dissolved in bi-distilled water (100 µg mL−1 ) were added
to 200 µL HBSS and 0.2 mg 2-iminothiolan hydrochloride (1.5 µmol).
The mixture was reacted for 1 h at room temperature without stirring.
Subsequently, 0.3 mg of the hetero-bifunctional PEG-linker mal-PEG3000NHS was added and the mixture was allowed to react for 1 h at room
temperature. The activated PEG-targeting ligand was then added to the
MSNAVI particle solution, activated for 1 h at room temperature without
stirring. Subsequently, 0.3 mg of the hetero-bifunctional PEG-linker malPEG3000-NHS was added and the mixture was allowed to react for 1 h
at room temperature. The activated PEG-targeting ligand was then added
to the MSNAVI particle solution, reacted for 1 h, centrifuged (5000 rcf,
4 min, cooled) and washed three times with HBSS. 1 mg of MSNtEGFR
and MSNtCCR2 were redispersed in 1 mL HBSS, respectively.
Characterization Methods: Dynamic light scattering (DLS) and zeta
potential measurements were performed on a Malvern Zetasizer-Nano instrument equipped with a 4 mW He–Ne laser (633 nm) and an avalanche
photodiode detector. DLS measurements were directly recorded in diluted
colloidal aqueous suspensions of the MSNs at a constant concentration of
0.5 mg mL−1 for all sample solutions. Zeta potential measurements were
performed using the add-on Zetasizer titration system (MPT-2), based on
diluted NaOH and HCl as titrants. For this purpose, 0.5 mg of the MSN
sample was diluted in 10 mL bi-distilled water. Transmission electron microscopy (TEM) was performed at 300 kV on an FEI Titan 80–300 equipped
with a ﬁeld emission gun. For sample preparation, the colloidal solution
of MSNs was diluted in absolute ethanol, and one drop of the suspension
was then deposited on a copper grid sample holder. The solvent was allowed to evaporate. Thermogravimetric analyses (TGA) of the extracted
bulk samples (approximately 10 mg) were recorded on a Netzsch STA 440
C TG/DSC. The measurements proceeded at a heating rate of 10 °C min−1
up to 900 °C, in a stream of synthetic air of about 25 mL min−1 . Nitrogen
sorption measurements were performed on a Quantachrome Instrument
NOVA 4000e at −196 °C. Sample outgassing was performed for 12 h at a
vacuum of 10 mTorr at 120 °C or room temperature. Pore size and pore
volume were calculated with an NLDFT equilibrium model of N2 on silica, based on the desorption branch of the isotherms. In order to remove

Adv. Therap. 2020, 3, 2000017

2000017 (11 of 14)

the contribution of the interparticle textural porosity, pore volumes were
calculated only up to a pore size of 8 nm. A BET model was applied in
the range of 0.05–0.20 p/p0 to evaluate the speciﬁc surface area. Infrared
spectra were recorded on a ThermoScientiﬁc Nicolet iN10 IR-microscope
in reﬂection-absorption mode with a liquid-N2 cooled MCT-A detector.
For time-based release experiments of propidium iodide, the loaded and
avidin-capped particles were redispersed in the corresponding buﬀer solutions (pH = 7 and pH = 5) and stored at 37 °C on a thermo shaker. After
certain time-points (4, 24, 48 h) the particles were centrifuged (5000 rcf,
4 min, cooled) and the supernatant was measured on a UV/VIS Thermo
Scientiﬁc NanoDrop 2000c system. For scanning electron microscopy,
5 µL of 1 mg mL−1 MSNtEGFR in 100% ethanol solution were pipetted
onto a 12.5 mm aluminum stub and left to air dry. Samples were subsequently sputter coated with 2 nm Pt/Pd (80/20) in a Quorum Q150T ES
turbo pumped sputter coater and examined with the secondary electron
detector at 1.5 kV in a Jeol JSM-7800F FEG-SEM.
Human Tissue: The staining with human tissue was approved by
the Ethics Committee of the Ludwig-Maximilians-University Munich, Germany (LMU, project no. 455-12). All samples were provided by the Asklepios Biobank for Lung Diseases, Gauting, Germany (project no. 333-10).
Written informed consent was obtained from all subjects.
Cell Culture: The human non-small-cell lung cancer cell lines, A549
and H520, and the mouse alveolar macrophage cell line, MH-S, were obtained from the ATCC (American Type Culture Collection). A549 and H520
cells were maintained in DMEM medium supplemented with 10% FBS
and 1% Pen/Strep. MH-S cells were maintained in RPMI 1640 medium
supplemented with 10% FBS and 1% Pen/Strep. MH-S cells were further
supplemented with 1 mm sodium pyruvate, 10 mm HEPES, and 50 µm 𝛽mercaptoethanol (all AppliChem). All cells were grown at 37 °C in a sterile
humidiﬁed atmosphere containing 5% CO2 .
Immunocytoﬂuorescence: A549 and MH-S cells which were grown on
coverslips were exposed to ATTO 633-labeled MSNs for 1 h. Afterward,
the cells were washed three times with PBS, then once with NaCl (0.15 m,
pH 3.0), and then three times with PBS again. Cells were ﬁxed with 70%
ethanol and permeabilized with 0.1% Triton-X. After another PBS wash,
cells were incubated with Roti-Block for 1 h at room temperature. Then,
A549 cells were stained with EGFR antibody (Abcam, ab52894) whereas
MH-S cells were stained with CCR2 antibody (Novus Biologicals, NB11055674) overnight at 4 °C. The following day, the cells were incubated with
the Alexa Fluor secondary antibodies for 1 h at room temperature, washed
with PBS, incubated with DAPI for 10 min for nuclear staining, and then
mounted with ﬂuorescent mounting medium (Dako).
Western Blotting: A549, H520, and MH-S cells were lysed in RIPA
buﬀer (50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with cOmplete protease inhibitor
cocktail. Protein content was determined using the Pierce BCA protein
assay kit (Thermo Scientiﬁc). For Western blot analysis, equal amounts
of protein were subjected to electrophoresis on 10% SDS-PAGE gels and
blotted onto PVDF membranes (Bio-Rad). Membranes were treated with
antibodies using standard Western blot techniques. The ECL Plus detection reagent (GE Healthcare) was used for chemiluminescent detection
and the membranes were analyzed with the ChemiDoc XRS+ (Bio-Rad).
Flow Cytometry: 5 × 105 A549 or MH-S cells were plated on 6 well
plates and incubated overnight. The next day, the cells were exposed to
ATTO 488- or ATTO 633- labeled MSNs for 1 h. Afterward, the cells were
washed three times with PBS, once with NaCl (0.15 m, pH 3.0), and then
three times with PBS again to create a ﬁnal cell suspension. Samples were
then analyzed by ﬂow cytometry (BD LSRII). MSN uptake in diﬀerent cell
types was quantiﬁed by the median ﬂuorescence signal collected in the
Alexa Fluor 488 or 647 channels.
Transmission Electron Microscopy: Samples were ﬁxed in 2%
paraformaldehyde and 2% glutaraldehyde in 0.1 m Sorensen phosphate buﬀer. After ﬁxation, the specimens were rinsed in buﬀer, post-ﬁxed
in 1% osmium tetroxide, dehydrated using graded acetone solutions and,
embedded in Polybed 812 epoxy resin. Ultrathin sections were cut using
Leica EM UC7, mounted on Maxtaform H5 copper grid. The sections
were stained with 2% uranyl acetate and 1% lead citrate. The sections
were then analyzed in FEI Tecnai BioTwin 120 kV microscope.
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Animal models:
Syngeneic Flank Tumor Models: C57BL/6 mouse Lewis lung carcinoma
(LLC) and B16F10 skin melanoma cells were obtained from the NCI Tumor Repository (Frederick). For RNA interference, the following proprietary lentiviral shRNA pools were obtained from Santa Cruz Biotechnology (Palo Alto): random control shRNA (shC, sc-108080), GFP control (sc108084), anti-EGFR-shRNA (sc-29302-V), and stable transfections of the
LLC and B16F10 cells were generated as described previously.[22] C57BL/6
mice were obtained from Jackson Laboratories (Bar Harbor) and were bred
at the Center for Animal Models of Disease of the University of Patras,
Greece. Experiments were approved a priori by the Veterinary Administration of the Prefecture of Western Greece, and were conducted according to Directive 2010/63/EU. Experimental mice were sex-, weight-, and
age-matched. For induction of solid tumors, mice were anesthetized using isoﬂurane inhalation and received subcutaneous injections of 100 µL
PBS containing 0.5 × 106 LLC or B16F10 clones.
Transgenic Lung Cancer Model: 129S/Sv-Krastm3Tyj /J (KrasLA2 ) mutant
mice were obtained from the Jackson Laboratory, USA, and cross-bred with
FVB-NCrl WT females obtained from Charles River Laboratories, Germany,
for over seven generations. Animals were kept in rooms maintained at
constant temperature and humidity with a 12/12 h light/dark cycle and
were allowed food and water ad libitum. Animal experiments were carried
out according to the German law of protection of animal life and were
approved by an external review committee for laboratory animal care.
In Vivo Biodistribution Studies:
Intravenous Application: Two weeks after subcutaneous inoculation of
EGFR-high and EGFR-low LLC and B16F10 tumor clones, 1 mg ATTO 633labeled MSNAVI or MSNtEGFR was applied to each mouse retro-orbitally.
The mice were sacriﬁced with an overdose of isoﬂurane three days after the administration. In vivo live animal imaging experiments were carried out to analyze the pharmacokinetics and ex vivo organ distribution of
ATTO 633-labeled MSNs. Fluorescence imaging of living mice was done
using an IVIS Lumina II imager (Perkin Elmer, Santa Clara, CA). Mice
were anesthetized using isoﬂurane and serially imaged at various timepoints: before, immediately at, 3, 6, 24, and 48 h post-injection of MSNs.
Retro-orbital venous sinus injection, comparable to tail-vein injection, was
used, in order to avoid potential animal distress and/or retention of signiﬁcant amounts of dose in the tail. The images were acquired and analyzed using Living Image v4.2 software (Perkin Elmer, Santa Clara, CA).
Flank tumors were selected as speciﬁc regions of interest and photon ﬂux
within these regions was measured. Intratracheal application: 12 week-old
KrasLA2 mutant mice were intratracheally instilled with ATTO 633-labeled
MSNAVI , MSNtEGFR , and MSNtCCR2 , as previously described[34] . Three days
post-instillation, the mice were sacriﬁced with an overdose of ketamine
(188.3 mg kg−1 ) and xylazine hydrochloride (4.1 mg kg−1 ) (bela-pharm).
Lung lobes from each group (n = 5 mice per group) were excised and prepared for cryoslicing.
Organ-Restricted Vascular Delivery: Heart-lung blocks from WT and
KrasLA2 mutant mice were extracted and placed into the ex vivo perfusion/ventilation system as described by Bölükbas et al.[26] and schematically depicted in Figure 5A. The system was protected from light for all of
the experiments containing the ﬂuorescent MSNs. The ex vivo heart-lung
blocks were submerged in cell culture media supplemented with 10% FCS
and 1% Pen/Strep in the internal incubation chamber kept at 37 °C and
were mechanically ventilated with a respiratory frequency of 100 strokes
per minute and 100 µL stroke volume throughout the 3 h nanoparticle
exposure. The blocks were perfused with PBS for 10–15 min before intraarterial administration of the particles via the pulmonary trunk. 400 µL
of 1 mg mL−1 concentrated ATTO 633-labeled MSN suspension was dispersed in 20 mL cell culture media in the external chamber protected from
light. The MSN solution from the external chamber was fed into the heartlung block for 10 min at a 0.5 mL min−1 ﬂow rate using a peristaltic pump
for the initial loading of the system with 100 µg MSNs. Then, the feeding
was stopped and the particle suspension was re-circulated through the inner loop of the system for an additional 160 min. After the exposure, the
lungs were ﬁlled with OCT for cryosectioning and histological observation.
Immunohistochemistry: Lung tumor specimens from human and
KrasLA2 mutant mice were placed in 4% (w/v) paraformaldehyde (PFA)
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overnight at 4 °C and processed for paraﬃn embedding. 3 µm thick parafﬁn sections were sliced with the microtome (Zeiss Hyrax M 55) and placed
on superfrost plus adhesion slides. Deparaﬃnized sections were subjected to quenching of endogenous peroxidase activity using a mixture of
methanol/H2 O2 for 20 min, followed by antigen retrieval in a de-cloaking
chamber. From this step on, the slides were washed with tris-buﬀered
saline with Tween-20 (TBST, 20 mm Tris, 0.8% NaCl, 0.02% Tween-20, pH
7.6 adjusted with HCl) after each incubation with the reagents throughout the procedure. The sections were incubated ﬁrst with Rodent Block M
(Zytomed Systems) for 30 min and then with the primary antibody, that
is, EGFR (Cell Signaling, D38B1 for human, Abcam, ab52894 for mouse),
CCR2 (Novus Biologicals, NB110-55674), or IgG control for 1 h. The cuts
were then incubated with Rabbit on Rodent AP-Polymer for 30 min, which
was followed by Vulcan Fast Red AP substrate solution (both Biocare
Medical) incubation for 10–15 min. Sections were counterstained with
hematoxylin (Carl Roth) and dehydrated respectively in consecutively grading ethanol and xylene (both Appli-Chem) incubations. Dried slides were
mounted in Entellan and visualized with a slide scanner.
Histological Preparations and Immunoﬂuorescence Imaging: For the intravenous systemic delivery experiment, internal organs as well as ﬂank
tumors were dissected and placed in 4% PFA overnight after which the
suspension medium was exchanged to PBS. Representative parts of the organs were frozen in OCT and kept at −80 °C. For the lungs obtained from
the intratracheal delivery as well as the ORVD experiments, the airways
were immediately ﬁlled with OCT by intratracheal administration. Later,
the lobes were separated, transferred into cryomolds, and covered with
additional OCT. Samples were left to freeze on dry ice and then stored at
−80 °C. For both experiments, 5 µm thick cryo-sections were sliced with a
cryostat (Zeiss Hyrax C 50) and placed on superfrost plus adhesion slides.
Immediately before staining, all cryo-sections were ﬁxed with 4% PFA for
10 min, then washed with PBS, and permeabilized with 0.5% Triton-X. The
sections were incubated with Roti-Block for 1 h at room temperature, and
then with the primary antibody at 4 °C overnight; that is, EGFR (Abcam,
ab52894) and CCR2 (Novus Biologicals, NBP1-48338). Afterward, the sections were washed with PBS, incubated with Alexa Fluor 488 secondary antibody for 1 h at room temperature. After another PBS wash, the sections
were ﬁnally stained with DAPI. In case phalloidin staining was used, the
sections were ﬁrst incubated with phalloidin for 45 min and then with DAPI
for 10 min at room temperature directly after the ﬁxation and washing
step. The sections were mounted using ﬂuorescence mounting medium
(DAKO) and analyzed using confocal microscopy (LSM710, Carl Zeiss).
Quantiﬁcation of the cellular uptake of the MSNs in the tissues was conducted using the IMARISx64 software (version 7.6.4, Bitplane).
Fluorescence Dosimetry of MSNs in Organ Homogenates: The dose of
ATTO 633-labeled MSNs in the ﬂank tumors and livers was determined
with quantitative ﬂuorescence analysis similar to the validated method described by Rijt et al.[34] Brieﬂy, aliquots of the tissue were dried at a low
power setting in a microwave oven (SEVERIN, MW7803; 30% power; 270
Watt) until no change of tissue mass was observed anymore. Aliquots of
the dried tumor and liver tissue (ca. 10 mg) were diluted by 1:90 (w/v) and
1:60 with PBS, respectively (i.e., 1 mg of dried tissue was diluted by 89 and
59 µL PBS, respectively). The diluted samples were mechanically homogenized with a high-performance disperser (T10 basic ULTRA-TURRAX) on
ice until no tissue pieces were visible anymore (ca. 3–5 min with short
breaks to avoid undue heating of the samples). Residual tissue was rinsed
oﬀ the disperser using 200 µL of PBS. Samples were vortexed immediately
prior to pipetting four 75 µL aliquots (quadruple determination) from each
of the samples into a black 96-well plate for quantitative ﬂuorescence analysis with a standard multiwell plate reader (Tecan, Saﬁre 2; excitation and
emission wavelengths: 630 and 660 nm). The ﬂuorescence signals were
related to the corresponding MSN mass using standard curves, which
were prepared from blank liver and ﬂank tumor tissues of non-exposed
mice spiked with a known amount of MSN and processed according to
the same protocol described above (cage control). The prerequisite for reliable dosimetry is that the homogenization and drying process does not
destroy the ﬂuorescence signal of the MSNs. This was proven by comparison of ﬂuorescence signals of homogenates from dried and non-dried
samples as well as by adding MSN prior and after homogenization. For
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analysis of potential enrichment of MSNtEGFR over MSNAVI in the tumor,
the MSN concentration (MSN mass per mass of tissue) was calculated
for both tumor and liver samples.
Statistical Analysis: All values are expressed as means ± standard error
of the mean, and statistical analyses were made with GraphPad Prism 8
software (San Diego, USA). Non-parametric Mann-Whitney test was used
for ﬂow cytometry quantiﬁcations. For multiple comparisons, the parametric test two-way analysis of variance (ANOVA) was used (see legends to
Figures for corresponding comparison tests used). *p < 0.05, **p < 0.01,
and ***p < 0.001, ****p < 0.0001 were considered statistically signiﬁcant.
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