
Macropinocytic Uptake and pH-Responsive Endolysosomal
Processing Drive Sustained Chemotherapeutic Efficacy of
High-Load Core@Shell Nanocarriers in Colorectal Cancer

Dolma Choezom, Silke Notter, Titus Griebel, Nathalia Ferreira, Johann Gruetz,
Ajinkya Kulkarni, Matthias Schröter, Gražvydas Lukinavičius, Wiebke Möbius,
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1. Introduction

Nanoparticle-based drug-delivery systems or
nanocarriers have emerged as promising
tools to enhance the therapeutic efficacy
and safety profile of chemotherapeutic
agents, holding the potential to overcome
limitations of conventional treatments such
as systemic toxicity and poor tumor selectiv-
ity.[1] Among these, drug-loaded nanocar-
riers, which are synthesized primarily from
the drugs themselves, offer distinct advan-
tages, including high drug payloads, minimal
use of inert carrier materials, and improved
pharmacokinetics.[2] In our study, we
designed nanocarriers using a core@shell
architecture as previously described.[3] The
hydrophobic prodrug irinotecan (ITC)
self-assembles into the core, while the hydro-
philic metabolite of 5-fluorouracil (5-FU),
5-fluoro-2 0-desoxyuridine-5 0-monophosphate
(FdUMP), forms the outer shell as
ZrO(FdUMP). Both agents are chemothera-
peutics frequently used together in
combination regimens to treat colorectal
cancer (CRC).[4] This formulation strategy
enables the codelivery of hydrophobic and
hydrophilic chemotherapeutics in a single

nanocarrier while minimizing the use of additional carrier
material.

Poor tumor targeting, strong toxic side effects, and high drug resistance
remain clinical challenges for conventional chemotherapy. Here, it is reported
that drug-cocktail core@shell nanocarriers are developed for the codelivery
of lipophilic irinotecan (ITC) and the hydrophilic 5-fluorouracil (5-FU)
metabolite (FdUMP), a commonly used combination in chemotherapy regi-
mens for colorectal cancer. With a drug loading of 57% by mass, these
nanocarriers achieve one of the highest reported drug payloads for a che-
motherapeutic drug cocktail. Crucially, using a probe-based imaging strategy
with mechanistically responsive fluorescent reporters, we found that after slow
uptake predominantly via macropinocytosis, the nanocarriers rapidly traffic to
endolysosomal compartments, where the acidic environment triggers sus-
tained drug release. In alignment with the slow uptake and trafficking
behavior, these nanocarriers induce a delayed yet prolonged cytotoxic effect in
colorectal cancer cells. These findings provide the first direct evidence linking
slow uptake, intracellular trafficking, and progressive nuclear delivery of
nanocarrier cargo to the delayed yet sustained cytotoxic response. Together,
this work highlights both the therapeutic potential of these nanocarriers and
the broad applicability of the probe-based imaging approach to elucidate the
mechanistic intracellular trafficking and nuclear delivery of different types of
nanoparticles delivering cargoes beyond cancer chemotherapy in various
cellular models.
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Despite significant progress in nanocarrier formulations to
enhance drug delivery for a better treatment outcome, critical gaps
remain in our understanding of how intracellular processing influ-
ences therapeutic efficacy. Specifically, themechanisms governing
cellular uptake, trafficking through endocytic compartments, and
the kinetics of drug release from disintegrating nanocarriers are
still largely unexplored. Yet, these intracellular processes are
essential for maximizing therapeutic efficacy and minimizing
off-target toxicity. Endocytosis represents a major route of nano-
carrier internalization, with different endocytic pathways exerting
distinct effects on the intracellular fate and processing of nanocar-
riers.[5] Furthermore, the membrane vesicle trafficking along the
endosomal pathway culminating in the lysosome has gained
particular attention due to its central role in nanocarrier degrada-
tion and in mediating their cellular responses.[6] The lysosome, a
membrane-bound organelle with an acidic lumen enriched in
hydrolytic enzymes, acts as a crucial compartment for the process-
ing, degradation, and recycling of internalized materials.[7]

To address these questions, we employed a modular core@shell
nanocarrier system coloaded with irinotecan and FdUMP to sys-
tematically investigate how intracellular uptake and trafficking
influence drug release and cytotoxic response. Our adaptable plat-
form allows the integration of functional dyes, enabling real-time
visualization of nanocarrier processing within cells. By correlating
intracellular behavior with therapeutic outcome in colorectal cancer
cells, this study aims to provide mechanistic insights that inform
the rational design of more effective nanomedicine strategies.

2. Results

2.1. Synthesis and Nanocarrier Characterization

For a realistic in vivo application of drug nanocarriers, the drug
load has to be as high as possible in order to limit the total num-
ber of nanocarriers as well as the liquid volume to reach clinically
relevant drug concentrations. Moreover, the number and amount
of additional auxiliary compounds, e.g., to make the nanocarriers
chemically or colloidally stable, should be as low as possible in
order not to decrease the amount of the active drug as well as to
avoid toxic or allergic effects of these additional auxiliary com-
pounds. Such considerations become even more important if
a drug cocktail of two or more drugs is present in a single nano-
carrier. If the total drug load is low anyway, the concentration of
different drugs can become much too low in regard to clinically
relevant concentrations. In this respect, we intend to realize

nanocarriers with drug cocktails and a drug load as high as
possible. Aiming at ITC and FdUMP as chemotherapeutic
agents, we already presented nanocontainers with a drug load
of 22 wt% ITC and 10 wt% FdUMP but with an additional
68 wt% of auxiliary compounds (e.g. surfactants).[3] With this
study, we have developed ITC/TocP@ZrO(FdUMP) core@shell
nanocarriers with a significantly increased drug load of 28 wt%
ITC and 29 wt% FdUMP, which represents the highest load of a
drug cocktail reported for a single nanoparticle. Furthermore, the
ITC:FdUMP ratio was improved to 1.0:1.8, which reflects the
generally lower activity of FdUMP in comparison to ITC.

ITC/TocP@ZrO(FdUMP) core@shell nanocarriers are pre-
pared via an aqueous synthesis. First of all, nanoparticles of
the lipophilic ITC (solubility in water: 0.11mgmL�1) were real-
ized via a so-called solvent-antisolvent approach, which we
described previously (Figure 1a).[3] To stabilize the ITC nanopar-
ticles and to avoid agglomeration, α-tocopherolphosphate (TocP)
was applied as a biocompatible surfactant (Figure 1a).[8] Upon
slow addition of [ZrO]2þ as an inorganic cation as well as of
[FdUMP]2� anions, a ZrO(FdUMP) shell containing the hydro-
philic drug FdUMP (solubility in water:>50mgmL�1) is formed
and encapsulates the ITC core (Figure 1a). As a result, ITC/
TocP@ZrO(FdUMP) core@shell nanocarriers were obtained
with a total drug-cocktail load of 57 wt% (thereof 28 wt% of lipo-
philic ITC and 29 wt% of hydrophilic FdUMP).

The course of the aforementioned synthesis can be followed
by scanning electron microscopy (SEM), dynamic light scattering
(DLS), as well as by zeta-potential analysis. A statistical evaluation
of 100 nanoparticles on SEM images reveals a spherical shape
with a mean diameter of 41.2� 5.6 nm for the initial TocP-
stabilized ITC nanoparticles and a mean diameter of 75.4�
12.6 nm for the final ITC/TocP@ZrO(FdUMP) core@shell
nanocarriers (Figure 1b,c). DLS of aqueous suspensions shows
mean hydrodynamic diameters of 49.0� 11.1 nm of the TocP-
stabilized ITC nanoparticles and of 93.2� 16.3 nm of the
ITC/TocP@ZrO(FdUMP) core@shell nanocarriers (Figure 1c).
Both indicates an increase of the particle diameter after forma-
tion of the ZrO(FdUMP) shell, which exhibits a thickness of
about 17 nm. Besides the increased particle diameter, the course
of the synthesis can be specifically followed by the change of the
surface charge as determined by zeta-potential analysis. Thus,
the initial TocP-stabilized ITC nanoparticles exhibit a surface
charge of –48 to –75mV (at pH 5–9; Figure 1d). After formation
of ZrO(FdUMP) and binding of [ZrO]2þ to the phosphate groups
of TocP and FdUMP, the surface charge is decreased to �35 to
�52mV (at pH 5–9; Figure 1d). In both cases, the negative sur-
face charging is causative for the good colloidal stability without
the need of additional stabilizers or further surface functionali-
zation. After purification by centrifugation and redispersion to
remove excess starting materials and salts, the as-prepared aque-
ous ITC/TocP@ZrO(FdUMP) nanocarrier suspensions are col-
loidally stable for several weeks.

To enable fluorescence tracking of the ITC/TocP@ZrO
(FdUMP) core@shell nanocarriers in vitro and in vivo, red-
emitting fluorescent dyes can be added to the lipophilic ITC core
as well as to the hydrophilic ZrO(FdUMP) shell. To this concern,
small amounts of the lipophilic fluorescence red (FR, 1.9�
10�3mol%, λ(exc)max: 575 nm, λ(em)max: 615 nm) or of the hydro-
philic phosphate-functionalized dye DY-647P1-aadUTP (DUT647,
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Figure 1. Synthesis and characterization of ITC/TocP@ZrO(FdUMP) core@shell nanocarriers: a) Schematic synthesis with solvent-antisolvent approach
to obtain the TocP-stabilized ITC nanoparticles followed by the formation of the ZrO(FdUMP) shell around the ITC core. b) SEM images of TocP-stabilized
ITC nanoparticles and of ITC/TocP@ZrO(FdUMP) core@shell nanocarriers. c) Size distribution of TocP-stabilized ITC nanoparticles and ITC/
TocP@ZrO(FdUMP) core@shell nanocarriers according to DLS (in aqueous suspension) and SEM (statistical evaluation of 100 nanoparticles).
d) Photos of suspension and zeta potential analysis.
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0.1� 10�3mol%, λ(exc)max: 647 nm, λ(em)max: 670 nm) were
added in the synthesis together with the ITC or FdUMP solution
(Figure S1, Supporting Information).

Size and structure of the ITC/TocP@ZrO(FdUMP) core@shell
nanocarriers were examined by scanning transmission electron

microscopy (STEM) as well as by energy-dispersive X-ray spectros-
copy (EDXS) (Figure 2). STEM images of the ITC/TocP@ZrO
(FdUMP) core@shell nanocarriers already indicate the presence
of the shell based on the higher density and electron absorption
of ZrO(FdUMP) (Figure 2a,c). EDXS linescans exhibit a

Figure 2. Size and structure of the ITC/TocP@ZrO(FdUMP) core@shell nanocarriers: a) STEM bright-field image; b) EDXS linescan along the orange line
in (a). c) STEM dark-field image; d–h) EDXS element mappings of (d) C, (e) N, (f ) O, (g) P, and (h) Zr.
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characteristic U-type concentration profile for Zr and P, indicating
the presence of these elements only in the particle shell (Figure 2b).
Moreover, the elemental maps show a homogeneous distribution
of C, N, O (Figure 2d–f ), but again a higher concentration of Zr
and P in the particle shell (Figure 2g,h). Similar to SEM and DLS,
the TocP-stabilized ITC core exhibits a diameter of about 35 nm
and the ZrO(FdUMP) shell a diameter of about 15 nm, resulting
in a total diameter of about 65 nm.

Finally, the chemical composition of the ITC/TocP@ZrO
(FdUMP) core@shell nanocarriers was analyzed by X-ray powder
diffraction (XRD), Fourier-transform infrared (FT-IR) spectros-
copy, total organics combustion with thermogravimetry (TG), ele-
mental analysis (EA) and photometry. Due to the high costs of
NaH(FdUMP) (100mg á 4,000 €), the analytical characterization
was performed with ITC/TocP@ZrO(UMP) core@shell nanocar-
riers as Na2(UMP) is much cheaper (100mg á 5 €). ZrO(FdUMP)
and ZrO(UMP) differentiate only in the presence or absence of
fluorine, which is highly relevant for the cytostatic activity but less
relevant for the chemical composition. XRD indicates the nanocar-
riers to be amorphous (Figure S2, Supporting Information). This
is to be expected for such material and synthesis temperature.[9]

Non-crystallinity is also often beneficial due to a faster drug release
compared to crystalline materials[10,11] FT-IR spectra qualitatively
confirm the presence of the constituents with ν(P═O) (1100,
990 cm�1) originating from TocP and UMP, ν(C═O) (1680 cm�1)
originating from UMP, as well as pyridine-related vibrations from
ITC (ν(C═N), ν(C═C): 1620, 1600 cm�1) (Figure S3, Supporting
Information). Total organics combustion with TG shows the
release of water (up to 130 °C: 7 wt%) and the decomposition of
ITC, TocP and UMP (up to 1200 °C: 68 wt% (Figure S4a,
Supporting Information). The solid residue (25 wt%) was identi-
fied by XRD as ZrO2, ZrP2O7, and Zr2P2O9 (Figure S4b,
Supporting Information). EA resulted in 43.7 wt% C, 4.7 wt% H,
and 4.2 wt% N (see Supporting Information). These data are in
good agreement with calculated values (38.5 wt% C, 4.6 wt% H,
4.4 wt% N, 73% total organic content), taking the amount and
ratio of the starting materials into account (i.e., 3.75mmol ITC,
3.61mmol Na2(TocP), 10.8mmol Na2(UMP), see Supporting
Information). These values and the composition of the core@shell
nanocarriers are also in agreement with a photometric analysis,
which resulted in a load of 28 wt% ITC and 29 wt% UMP/FdUMP
and an ITC: UMP/FdUMP ratio of 1:1.8 (Figure S5, Supporting
Information).

In the following, the designation of the nanocarriers is simpli-
fied to ITC-FdUMP-NC in the case of ITC/TocP@ZrO(FdUMP)
core@shell nanocarriers with two drugs. ITC-NC refers to ITC/
TocP@ZrO(UMP) core@shell nanocarriers with ITC only and
FdUMP-NC to TocP@ZrO(FdUMP) nanocarriers with FdUMP
only. Furthermore, REF-NC indicates drug-free ZrO(TocP)/ZrO
(UMP) reference nanocarriers (REF-NC). REF-ITC-5FU indicates
a reference solution with both dissolved drugs. REF-ITC and REF-
5FU indicate solutions either containing only ITC or 5FU.

2.2. Nanocarriers Show Slow Uptake Kinetics When Compared
to Transferrin

As a first step to dissect how these core@shell nanocarriers are
internalized by cells, we evaluated their cellular uptake efficiency

using DUT647-labeled REF-NC, which contained no active drug.
The use of REF-NC allowed for precise quantification of intracel-
lular accumulation, eliminating potential confounding effects of
the drugs.

To this end, we assessed the rate of internalization of REF-NC by
comparison to Alexa647-labeled transferrin, a well-characterized
endocytic ligand that is known to be internalized via the clathrin-
mediated endocytic pathway (Figure 3).[12–14] The uptake kinetics,
generated by measuring intracellular accumulation of the
REF-NC in comparison to Alexa647-labeled transferrin at four
different time points (2, 6, 16, 24 h) (Figure 3a), revealed distinct
internalization rates for REF-NC and transferrin (Figure 3c).
Transferrin exhibited rapid internalization with intracellular
accumulation visible at 2 h, which is consistent with its known
efficient and fast uptake via clathrin-mediated endocytosis[13]

(Figure 3a,c). In contrast, REF-NC demonstrated a time-dependent,
slower uptake. The intracellular accumulation of REF-NC increased
gradually over time, reaching its maximum only after 24 h of expo-
sure (Figure 3a,c).

To further validate the slow uptake kinetics of REF-NC, we con-
ducted high-resolution transmission electron microscopy (TEM)
to analyze both intracellular uptake and subcellular distribution
of REF-NC at distinct time points (2, 6, 24 h). Due to the incorpo-
ration of zirconium, a heavy element with strong electron absor-
bance, provides a reliable TEM signal for visualization of REF-NC
(Figure 3b). Similar to the observations with the confocal imaging
(Figure 3a,c), quantifications of intracellular accumulation of REF-
NC over time on TEM images revealed a linear uptake profile,
reaching its maximum at 24 h post incubation (Figure 3d).

Furthermore, TEM provided high-resolution insights into the
subcellular distribution of REF-NC over time, revealing distinct
trafficking patterns (Figure 3b). At 2 h, nanocarrier signals were
predominantly detected within membrane-bound organelles
near the plasma membrane (PM), indicating early-stage endocy-
tosis with limited intracellular transport. By 6 h, REF-NC-
containing vesicles were observed both near the nuclear region
and at the cell periphery, suggesting active intracellular transport
along the endocytic pathway. By 24 h, the majority of nanocar-
riers were localized within perinuclear compartments, indicating
late endosomal/lysosomal accumulation (Figure 3b).

2.3. Core@Shell Nanocarriers are Predominantly Internalized
Through Macropinocytosis

Nanocarriers primarily enter cells through endocytosis,[5] and a
detailed understanding of the specific internalization pathways
involved in NCs can help optimize this potentially rate-limiting
step, guiding the design of nanocarriers to enhance uptake, par-
ticularly in tumor cells. To investigate the endocytic mechanisms
responsible for core@shell NC uptake, we analyzed the uptake
efficiency by measuring intracellular REF-NC accumulation.
We first analyzed the REF-NC uptake efficiency in HCT116 cells
following treatment with Dyngo and PITSTOP. Dyngo is a dyna-
min inhibitor that disrupts two dynamin-dependent pathways:
clathrin-mediated endocytosis and fast endophilin-mediated
endocytosis (FEME).[15] PITSTOP interferes with binding to the
N-terminal domain of clathrin, thereby specifically inhibiting
clathrin-mediated endocytosis[16] (Figure 4a). Surprisingly, we

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2025, e202500470 e202500470 (5 of 20) © 2025 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202500470, W
iley O

nline L
ibrary on [23/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


Figure 3. REF-NC exhibit slow uptake kinetics when compared to transferrin: a) Representative confocal images of HCT116 cells treated with
60.53 μgmL�1 DUT647-labeled REF-NC (magenta) and transferrin conjugated to Alexa Fluor 647 (magenta) for 2, 6, 16, and 24 h. Nuclei were stained
with Hoechst (blue). b) Representative electron microscopy images of HCT116 cells, untreated (0 h) or treated with 60.53 μg mL�1 REF-NC for 2, 4, 6, or
24 h. c) Line graphs showing total intracellular REF-NC intensity per cell, analyzed by CellProlifer segmentation with CellMask Green (not shown in
images) and Hoechst staining from (A). d) Line graph showing quantification of EM images from (b) representing the area occupied by intracellular
REF-NC over time. Data in (c,d) are from two biological replicates.
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Figure 4. Core@shell nanocarriers are internalized through micropinocytosis. Scheme inspired from [5]: a) Scheme of endocytic pathways with the corre-
sponding gene knockdowns (KDs) analyzed in this study. b) Representative confocal images of HCT116 cells treated with siRNA targeting the indicated genes
for 48 h, followed by incubation with DUT647-labeled REF-NC for 6 h to assess uptake. The upper panel shows DUT647-labeled REF-NC (magenta) and nuclei
stained with Hoechst (blue), while the lower panel includes an additional CellMask Green (CMG) stain to visualize cell membranes. c) Quantification of
intracellular DUT647-labeled REF-NC per cell from (b), analyzed using CellProlifer with CMG and Hoechst staining for cell segmentation. Data are from three
biological replicates; *p< 0.01, **p< 0.001, ****p< 0.00001, (one-way ANOVA with Tukey’s multiple comparisons test). d) Representative confocal images of
HCT116 cells pretreated with 20 μM Cytochalasin D (Cyto D) for 2 h before REF-NC addition, followed by a 24 h incubation. e) Representative electron
microscopy images of HCT116 cells pretreated with DMSO or cytochalasin D (Cyto D) for 2 h, followed by treatment with 60.53 μgmL�1 REF-NC for
24 h. Left panel: Nanocarriers were observed in various intracellular trafficking compartments: near the plasma membrane (PM), undergoing internalization
via macropinocytosis; within early endosomes at the cell periphery; and in late endosomes or lysosomes located close to the nucleus (N). Right panel: Cyto D
treatment led to a marked reduction in nanocarrier uptake, particularly in compartments near the nucleus.
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observed that the NC-uptake efficiency remained unchanged
upon treatment with both inhibitors, as both control and treated
cells exhibited significant intracellular accumulation of REF-NC
comparable to their control treatments after overnight incubation
(Figure S6a, Supporting Information). These results suggest that
dynamin-dependent pathways, including clathrin-mediated endo-
cytosis, are not the primary routes of NC internalization.

To further delineate the pathways involved in nanocarrier
internalization, we performed gene knockdowns of key endocytic
components for a specific pathway using siRNA, as illustrated in
Figure 4a, and subsequently assessed uptake by measuring intra-
cellular REF-NC accumulation after 6 h of exposure (Figure 4b).
Successful knockdown of all target genes was confirmed via
qPCR (Figure S6b, Supporting Information).

Notably, knockdown of caveolin-1 (CAV1), a key regulator of
caveolin-mediated endocytosis,[17] and ANKFY1 (ankyrin repeat
and FYVE domain-containing 1), a mediator of micropinocyto-
sis,[18] significantly reduced REF-NC uptake. In contrast, knock-
down of clathrin heavy chain (CTLC), a major component of
clathrin-mediated endocytosis,[19] led to an increased intracellu-
lar REF-NC accumulation, suggesting an enhanced uptake.
Meanwhile, knockdown of protein Interacting with C-kinase 1
(PICK1), involved in FEME,[20] had no detectable effect on
REF-NC uptake (Figure 4b,c). In alignment with reduced REF-
NC internalization upon ANKFY1 knockdown, we observed par-
tial colocalization of REF-NC with ANKFY1 proteins after 24 h
(Figure S6c, Supporting Information, upper panel), but observed
no colocalization between the CAV1 protein and REF-NC at all
the time points analyzed (Figure S6c, Supporting Information,
lower panel). These observations, therefore, indicate that macro-
pinocytosis is one of the major internalization routes for NCs.

To validate the involvement of macropinocytosis in NC inter-
nalization, we analyzed the effects of cytochalasin D (Cyto D), a
macropinocytosis inhibitor,[21] on REF-NC uptake efficiency
first by confocal microscopy (Figure 4d). As expected, Cyto D
treatment significantly reduced REF-NC uptake after 18 h of
exposure (Figure 4d and S7a, Supporting Information). Next,
we further validated these findings using electron microscopy
(EM), which revealed nanocarriers at various intracellular traf-
ficking compartments under both dimethylsulfoxide (DMSO)-
and cytochalasin D-treated conditions after overnight exposure.
Nanocarriers were observed at the cell surface PM, poised for
internalization via membrane ruffling reminiscent of macropi-
nocytosis, as well as within early endosomes and perinuclear
endolysosomal compartments (Figure 4e, left panel). Notably,
inhibition of macropinocytosis with Cyto D led to a marked
reduction in nanocarrier uptake, particularly in compartments near
the nucleus (Figure 4e, right panel). In agreement, the amount of
REF-NC per cell was significantly reduced upon micropinocytosis
inhibition (Figure S7b,c, Supporting Information). Additionally,
from the EM images (Figure 4e), the nanocarriers were observed
to be engulfed as clusters of many individual nanocarriers by the
invaginatedmacropinocyticmembranes, suggesting that the collec-
tive size of these clusters may trigger micropinocytosis for their
cellular uptake.

Therefore, based on all these findings, we propose that macro-
pinocytosis is one of the major pathways mediating the uptake of
core@shell nanocarriers.

2.4. Core@Shell Nanocarriers Undergo Intracellular Endosomal
Trafficking

Next, we investigated the intracellular trafficking pathways of
core@shell nanocarriers after cellular uptake, examining how
they navigate within the cell. To investigate REF-NC intracellular
trafficking, we performed confocal microscopy after costaining
cells, exposed to REF-NC at 6 h and 24 h, with various endosomal
markers. Specifically, we labeled early endosomes with RAB5,
a small GTPase regulating early endosomal trafficking, and its
effector protein EEA1.[22] Additionally, LAMP1, a lysosomal
membrane protein,[23] was used to assess lysosomal localization
of REF-NC after uptake (Figure 5a–c,e).

At 6 h postincubation, REF-NC exhibited partial colocalization
with early endosomal markers RAB5 (�55%) and EEA1 (�35%),
indicating its presence in early endosomal compartments
(Figure 5a,b,d,e). By 24 h, colocalization with both markers
increased to �70%, likely reflecting gradual but continuous uptake
over time rather than prolonged retention, given the previously
observed slow internalization kinetics (Figure 3). In parallel, a
strong colocalization with the lysosomal marker LAMP1 (�75%)
was already evident at 6 h and further increased to �90% by
24 h (Figure 5c–e), confirming progressive trafficking of REF-NC
toward lysosomes.

Furthermore, we generated a stable HCT116 cell line express-
ing EGFP-tagged RAB7A (EGFP-RAB7A), a small GTPase asso-
ciated with late endosomes, which plays a key role in the
maturation and transport of endosomal vesicles.[24] This allowed
us to visualize and track the localization of REF-NC in late
endosomal compartments over time. Cells were incubated with
REF-NC for various time points and subsequently analyzed by
confocal microscopy (Figure S8a, Supporting Information).

From 16 h postincubation onward, we began to observe clear
localization of REF-NC within RAB7A-positive vesicles, indicat-
ing its progression from early to late endosomes. Interestingly, as
the treatment duration increased, these RAB7A-positive vesicles
were visibly enlarged, suggesting a possible accumulation of
nanocarriers and/or dynamic remodeling of the endosomal
compartments in response to sustained nanocarrier exposure
(Figure S8a, Supporting Information). These observations provide
further evidence for the gradual and compartmentalized intracellu-
lar trafficking of REF-NC through the endolysosomal pathway.

Overall, these findings suggest that REF-NC follow a biphasic
intracellular trafficking route. After gradual internalization, REF-
NC accumulate in early endosomes, as indicated by its increasing
colocalization with RAB5 and EEA1 over time. However, a sub-
stantial fraction is rapidly transported to lysosomes, as evidenced
by the high LAMP1 colocalization at early time points (Figure 5e).

2.5. Core@Shell Nanocarriers Undergo Endolysosomal
Processing in a pH-Dependent Manner for Cargo Release

After confirming that core@shell nanocarriers traffic through
the endosomal pathway and reach the lysosome, we next investi-
gated their degradation and drug release dynamics within endo-
lysosomal compartments. Given that late endosomes and the
lysosomes provide an acidic environment enriched with hydro-
lytic enzymes, we hypothesized that the nanocarriers could
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Figure 5. Core@shell nanocarriers undergo intracellular endosomal trafficking: a–c) Representative confocal microscopy images of HCT116 cells either
untreated (0 h) or treated with 60.53 μgmL�1 DUT647-labeled REF-NC (margenta) for 6 or 24 h. Cells were immunostained for the endosomal markers
EEA1 (a, green, early endosomes), RAB5 (b, green, early endosomes), and LAMP1 (c, green, lysosomes). d) Quantification of DUT647-labeled REF-NC
colocalization with endosomal markers at different time points, expressed as the percentage of REF-NC signal colocalizing with each marker. Data
represent three independent experiments. e) Schematic representation of intracellular endosomal compartments, indicating key markers: early endo-
some (EEA1, RAB5), and lysosome (LAMP1).
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disintegrate within these compartments, thereby triggering drug
release.

To test this, we performed live-cell imaging with HCT116 cells
stably expressing EGFP-RAB7A. The snapshots of live-cell imag-
ing (Figure 6a, Supporting Information Video) at various time
points (14, 28, 42min) revealed that REF-NCs accumulate in
Rab7A-positive vesicles, where their fluorescence signal progres-
sively diminishes over time, suggesting nanocarrier degradation
(Figure 6a, Supporting Information Video).

Furthermore, to directly show nanocarrier degradation in the
lysosome, we incorporated MagicRed Dye (MR), a fluorogenic
lysosomal substrate,[25] into the nanocarrier core along with
the drug ITC (MR/ITC-UMP-NC). MR remains non-fluorescent
until cleaved by cathepsin L, a protease that is present predomi-
nantly in the lysosome. And therefore, freely dissolved MR is
used as an established marker to assess lysosomal enzymatic
activity.[26] To prove nanocarrier trafficking and processing in
the lysosome, we exposed cells to both free-MR Dye and MR/
ITC-UMP-NC at 2 and 18 h and observed MR fluorescence by
confocal microscopy (Figure 6b). After 2 h of exposure, free
MR dye produced a diffuse yet concentrated signal around the
perinuclear area, whereas MR/ITC@UMP-NC showed a weak
but distinct fluorescence, exclusively localized in the perinuclear
region. By 18 h, the free dye exhibited a highly diffused signal
alongside perinuclear accumulation. In contrast, MR/ITC-UMP-
NC displayed a strong punctate fluorescence pattern (Figure 6b),
closely resembling REF-NC localization (Figure 3–5). The pro-
gressive increase in punctate fluorescence with MR/ITC-UMP-
NC indicates continual cellular uptake as well as trafficking and
processing of the nanocarriers in the lysosomes, where they dis-
integrate and enable MR fluorescence activation by cathepsin L.

After confirming the degradation of the core@shell nanocar-
riers in lysosomes using MR dye, we next investigated the kinet-
ics of drug release, particularly its translocation to the nucleus.
Since many anticancer agents exert their effects in the nucleus,
we used 5-SiR-Hoechst, a DNA-binding dye,[27] as a model cargo
to assess nuclear delivery over time. To achieve this, 5-SiR-
Hoechst was co-encapsulated with ITC in the nanocarrier core
(SiR/ITC-UMP-NC), and its nuclear staining was compared to
that of free 5-SiR-Hoechst dye at various time points using
live-cell imaging in EGFP-RAB7A-expressing cells (Figure 6c,
Supplementary video). While the free 5-SiR-Hoechst dye accu-
mulated in the nucleus immediately after addition (0 h), reaching
peak intensity within 3 to 6 h before declining at 24 h, the SiR/
ITC-UMP-NC displayed a markedly delayed nuclear staining
pattern. No detectable DNA signal was observed at 0 h and 3 h,
a weak signal appeared in some cells at 6 h, and nuclear staining
peaked only after 24 h. As expected, unlike the free 5-SiR-
Hoechst dye, which showed a clear nuclear signal immediately
after adding, SiR/ITC-UMP-NC showed colocalization with EGF-
RAB7A as early as 6 h, which was further increased by 24 h,
confirming its trafficking through the endosomal pathway.
Interestingly, a significant portion of NC remained accumulated
in the late endosomes even after 24 h, confirming a slow and con-
trolled dye release from the late endosomes.

To investigate whether our nanocarriers disintegrate in the
acidic environment of lysosomes, we used bafilomycin A1
(Bafi), a potent V-ATPase inhibitor resulting in reduced endoly-
sosomal acidification.[28] V-ATPases are proton pumps located on

acidic cellular membranes that actively pump protons into the
lumen to maintain low pH.[29] We hypothesized that the nano-
carrier disintegration depends on this acidic milieu. To test this,
we first allowed SiR/ITC-UMP-NC to be taken up by the cells for
6 h. After thoroughly washing out non-internalized nanocarriers,
we treated the cells with bafilomycin A1 for 18 h and assessed
nuclear 5-SiR-Hoechst staining as a readout of drug release
(Figure 6d). As expected, inhibition of lysosomal acidification
by bafilomycin A1 significantly reduced both the percentage of
nuclei positive for 5-SiR-Hoechst staining and the mean nuclear
intensity of the dye (Figure 6d–f ). Furthermore, upon lysosomal
inhibition with bafilomycin A1, SiR/ITC-UMP-NC are more
accumulated in the Rab7Aþ endosomal compartments when
compared to the control cells (Figure 6d). These results indicate
that the nanocarrier disintegration within lysosomes indeed
requires an acidic environment. Consistent with this, a reduction
in endolysosomal acidification upon bafilomycin A1 treatment was
confirmed by diminished LysoTracker staining (Figure S8b,
Supporting Information).

Overall, we show that core@shell nanocarriers traffic through
the endosomal pathway and accumulate in lysosomes, where their
degradation enables gradual cargo release over time, followed by
nuclear delivery. Compared to free 5-SiR-Hoechst dye, SiR/ITC-
UMP-NC treatment resulted in delayed nuclear staining, consis-
tent with controlled intracellular delivery. Inhibition of lysosomal
acidification by bafilomycin A1 significantly impaired the nuclear
accumulation of released 5-SiR-Hoechst, confirming that nanocar-
rier disintegration requires an acidic environment.

2.6. Comparative Efficacy of Core@Shell Nanocarriers
and Free Drugs in Colorectal Cancer and Normal Retinal
Epithelial Cells

After establishing the internalization, endosomal trafficking, and
lysosomal degradation of the core@shell nanocarriers for drug
release, we next investigated how these properties influence
the therapeutic efficacy of ITC- and FdUMP-loaded core@shell
nanocarriers. The observed slow uptake kinetics and delayed
nuclear delivery suggest a more sustained intracellular drug
retention, potentially leading to a prolonged cytotoxic effect com-
pared to free drugs. To evaluate this, we performed in vitro stud-
ies to compare the cytotoxic effects of nanocarrier-delivered
chemotherapeutics (ITC-FdUMP-NC, ITC-NC, FdUMP-NC) with
their free-drug counterparts.

We assessed the cytotoxic efficacy of these NCs using CellTiter-
Glo assays, whichmeasure ATP-based cell viability. Dose-response
curves were generated at day 5 post-treatment for five human CRC
cell lines: two colon cancer lines (HCT116, HT29) (Figure 7a,b),
two rectal cancer lines (SW1463, SW837) (Figure 7c,d), and one
normal epithelial cell line (RPE-1) (Figure 7e). Treatments
included drug-free DUT647-labeled REF-NC, dual-drug-loaded
NC (ITC-FdUMP-NC), single-drug NC (ITC-NC, FdUMP-NC),
and free-drug references (REF-ITC, REF-5FU). DMSO, used as
a vehicle for ITC, served as a control.

Except for FdUMP-NC in HT29 cells (Figure 7b), all
formulations—whether free-drug or NC-encapsulated
chemotherapeutics—induced a dose-dependent reduction in cell
viability, though with varying efficacy across all cell lines. The free
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Figure 6. Core@shell nanocarriers undergo endosomal trafficking and lysosomal degradation for sustained intracellular drug release. a) Representative
spinning-disk microscopy image of live EGFP-RAB7A-expressing HCT116 cells (green) treated overnight with DUT647-labeled REF-NC. After washing,
imaging was performed for 42min. REF-NCs localize to Rab7A-positive vesicles, with fluorescence gradually decreasing over time, indicating nanocarrier
degradation. b) Confocal microscopy images of HCT116 cells treated with 88 μgmL�1 of MR/ITC-UMP-NC or the equivalent amount of free MagicRed
dye for 2 and 18 h. c) Representative spinning disk microscopy images of live EGFP-RAB7A-expressing HCT116 cells (green) treated before 0 h with either
free 5-SiR-Hoechst dye or with core@shell NC encapsulating 5-SiR-Hoechst dye (SiR/ITC-UMP-NC), followed by imaging up to 24 h. Triangle signs
indicate 5-SiR-Hoechst nuclear staining and arrows indicate endosomal 5-SiR-Hoechst signal. d) Representative spinning disk confocal microscopy
images of EGFP-RAB7A–expressing HCT116 cells (green) exposed to 75 μgmL�1 of SIR/ITC-UMP-NC for 6 h, followed by extensive washing to remove
non-internalized nanocarriers. Cells were then treated with 200 nM bafilomycin A1 (Bafi) for 18 h to inhibit endolysosomal acidification before fixation and
imaging. White triangle signs indicate 5-SiR-Hoechst nuclear staining and white arrows indicate endosomal 5-SiR-Hoechst signals. e) Quantification of
the percentage of nuclei (total nuclei segmented using Hoechst staining) positive for 5-SiR-Hoechst dye per image between DMSO and bafilomycin A1-
treated cells. f ) Mean intensity of 5-SiR-Hoechst dye within nuclei, as segmented in (e), that overlaps with Hoechst staining. Data presented in (e,f )
obtained from two biological replicates; ****p< 0.0001; unpaired two-tailed student’s t-test.
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drug REF-5FU exhibited superior cytotoxicity compared to
FdUMP-NC in all tested cell lines (Figure 7a,c–e). REF-ITC and
ITC-NC showed similar efficacy in all cell lines (Figure 7a,b,d),
except in the rectal cancer cell line SW1463 (Figure 7c) and in
the normal RPE-1 cells (Figure 7e), where REF-ITC increased cell
death than ITC-NC.

Notably, inHT29 cells, the dual-drug nanocarriers (ITC-FdUMP-
NC) displayed significantly enhanced cytotoxic effects compared to
the free-drug combination (REF-ITC-5FU) (Figure 7b), suggesting

that nanocarrier-mediated codelivery may improve drug synergy
in this cell line. In the other cell lines, ITC-FdUMP-NC and
REF-ITC-5FU demonstrated comparable efficacy. Among the NC
formulations, ITC-FdUMP-NC consistently exhibited the highest
cytotoxic potency, closely matching the effects of the free-drug
combination (Figure 7a,c,d).

These findings suggest that core@shell nanocarriers provide
a viable platform for effective chemotherapeutic delivery, with
ITC-FdUMP-NC demonstrating strong cytotoxic potential. The

Figure 7. Comparative efficacy of core@shell nanocarriers and free drugs in human colon (HCT116, HT29) and rectal cancer (SW1463, SW837) as well as
normal retinal epithelial (RPE-1) cell lines: a–e) Dose-response curves for FdUMP/5-FU (10, 30, 60, 100, and 200 μM) and corresponding ITC concen-
trations (5, 8, 17, 34, 58, 87, and 116 μM) following treatment with core@shell nanocarriers (ITC-FdUMP-NC, ITC-NC, FdUMP-NC) or free drugs (REF-
ITC/5FU, REF-ITC, REF-5FU). Cell viability was measured at day 5 post-treatment. DMSO served as a control for free ITC, and drug-free REF-NC was used
as a control for core@shell nanocarriers. Data are presented as mean� SD from three biological replicates with two technical replicates.
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improved efficacy in HT29 cells highlights the possibility that
controlled intracellular trafficking and release dynamics contrib-
ute to an enhanced drug action. Overall, these results support the
potential of nanocarrier-based dual-drug delivery to improve
CRC treatment efficacy.

2.7. Drug Loaded Core@Shell Nanocarriers Show a Delayed
Cytotoxic Effect Compared to Free Drugs

To gain deeper insights into the therapeutic time window of
core@shell nanocarriers in comparison to free-drug formulations

Figure 8. Core@shell nanocarriers show delayed and sustained cytotoxic effects: a) Representative Incucyte images of human HCT116 colon cancer cells
treated with ITC-FdUMP-NC or free-drug controls (REF-ITC-5FU, REF-5FU) for 72 h. b) Proliferation kinetics of HCT116 cells treated with ITC-FdUMP-NC or
REF-ITC-5FU, measured by live-cell counting at 2 h intervals until 72 h using an Incucyte Live-Cell Analysis System. c) Representative Incucyte images of
HCT116 cells treated with ITC-NC or REF-ITC for 72 h. d) Proliferation kinetics of HCT116 cells treated with ITC-NC or REF-ITC, analyzed by live-cell counting
at 2 h intervals using a Incucyte Live-Cell Analysis System. e) Representative Incucyte images of HCT116 cells treated with FdUMP-NC or REF-5FU for 72 h.
f ) Proliferation kinetics of HCT116 cells treated with FdUMP-NC or REF-5FU, measured by live-cell counting at 2 h intervals until 72 h using an Incucyte Live-
Cell Analysis System. Scale bar in black color= 400 μm in all the Incucyte images. (b,d,f ) Proliferation curves were generated by normalizing the cell count at
each time point to the time 0 value. Data are presented as mean� SD from three biological replicates with two technical replicates.
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in CRC, we analyzed the cellular proliferation over time, examin-
ing how these treatments influence cancer cell growth dynamics
beyond their immediate cytotoxic effects. Given our findings that
nanocarriers traffic through the endosomal-lysosomal pathway
before drug release, we hypothesized that this intracellular proc-
essing would influence the timing of the therapeutic response.

Using an IncucyteLive-Cell Analysis system, we monitored
cell proliferation and quantified cell counts up to 120 h to gener-
ate proliferation curves comparing the effects of NCs and free-
drug treatments in HCT116 cells (Figure 8a–d).

Proliferation curves comparing ITC-FdUMP-NC and free ITC/
5-FU treatments revealed markedly different cytotoxicity profiles.
Cells exposed to free drugs showed an immediate decline in cell
number, with complete cell killing observed within �30 h, consis-
tent with rapid cellular uptake and nuclear localization of the drugs.
In contrast, cells treated with ITC-FdUMP-loaded nanocarriers

initially continued to proliferate before a delayed onset of cytotox-
icity emerged between 15 and 24 h after treatment. Complete cell
death occurred only after�80 h, indicating a substantially extended
therapeutic window relative to free drugs (Figure 8a,b). A similar
pattern was observed for ITC-NC compared to free ITC, with ITC-
NC-treated cells displaying a slower but more sustained cytotoxic
response (Figure 8c,d). Notably, this delayed but prolonged cyto-
toxic effect correlates with the slow cellular uptake and lysosome-
mediated disassembly of thenanocarriers, supporting amechanism
of sustained intracellular drug release (Figure 4,6).

In contrast, for FdUMP-NC and 5-FU free drug treatments, the
cellular proliferation kinetics follow a different trajectory. Rather
than inducing immediate cell death, both treatments resulted in
cell-cycle arrest, consistent with the cytostatic mechanism of
FdUMP.[30] Similar to the ITC-NC condition, the cytostatic effect
of FdUMP-NC is delayed compared to the free drug, further

Figure 9. Core@shell nanocarriers exhibit equal cytotoxicity effects as free drugs in PDOs from tissue of a rectum cancer patient: a) Representative 2D
spinning disk images of a PDO treated with NC for 24 h and then imaged. Nuclei are stained with 5-SiR-Hoechst dye (magenta), delivered via
88.05 μgmL�1 of SiR.0ITC-UMP-NC, and Hoechst (blue). The cell borders of the PDO are stained with CellMask Green (CMG). b) Representative
2D spinning disk confocal images in XY, YZ, and YZ planes of PDOs treated with 60.53 μg mL�1 DUT647-labeled REF-NC (magenta) for 24 h. Cell
membranes of PDOs were stained with CMG (green) and nuclei with Hoechst (blue). c) CellTiter-Glo viability assays of PDOs treated with controls,
NCs, and free drugs (single and combination) after 5 days of treatment. Relative viability was normalized to untreated conditions. Data in b represents
mean� SD from three biological replicates; ***p< 0.001; ****p< 0.0001, ns= nonsignificant; one-way ANOVA with Tukey’s multiple comparisons test.
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emphasizing the impact of core@shell nanocarrier uptake kinetics
on drug action. While free FdUMP exerts its arresting effect more
immediately upon treatment, FdUMP-NC requires additional
time to be internalized and processed within the cells before exert-
ing its full cytostatic effect (Figure 8e,f ).

Taken together, core@shell nanocarriers induce a delayed but
sustained cytotoxic and cytostatic effect in CRC cells compared to
free-drug formulations. Nanocarrier-treated cells showed a grad-
ual decrease in cell count starting around 24 h, while free drugs
caused an immediate reduction. The delayed effects of the nano-
carriers are due to their slow internalization by macropinocytosis
and endolysosomal processing, influencing the timing of drug
release.

2.8. Core@Shell Nanocarriers Facilitate Efficient Drug Delivery
and Cytotoxicity in Rectal Cancer Patient-Derived Organoids

To further assess the therapeutic potential of core@shell nanocar-
riers, we evaluated their efficacy in a more advanced in vitro model
using patient-derived organoids (PDOs) established from rectal
cancer tissue. This 3D model better recapitulates the genetic char-
acteristics of the patient’s tumor and provides a physiologically rel-
evant platform for predicting therapy responses.[31]

To assess nanocarier internalization and drug release in tumor
cells within the 3D PDO structure, we performed confocal
microscopy using DUT647-labeled REF-NC and SiR/ITC-UMP-
NC. Figure 9a shows nuclear 5-SiR-Hoechst dye localization in a
subset of cells treated with SiR/ITC-UMP-NC, indicating suc-
cessful nanocarrier uptake and subsequent release of the dye,
which reaches the nucleus. In contrast, Figure 9b confirms
the efficient internalization of DUT647-labeled REF-NC, as indi-
cated by the fluorescence signal within the tumor cells. These
findings demonstrate that tumor cells in PDOs can take up
core@shell nanocarriers and facilitate the intracellular release
of their cargo to finally reach the nucleus, supporting their poten-
tial for targeted drug delivery.

After showing efficient internalization and efficient drug
release, we next analyzed the therapeutic efficacy of the nanocar-
riers by comparing their effects on rectal cancer PDO cell viabil-
ity to REF-NC, DMSO, and free drug treatments. All tested
core@shell nanocarriers significantly reduced the PDO viability
compared to REF-NC after 5 days of treatment, indicating their
enhanced cytotoxic effects. Furthermore, the three core@shell
nanocarriers, ITC-NC, FdUMP-NC, and ITC-FdUMP-NC, dem-
onstrated a comparable reduction in cell viability to their respec-
tive free drug counterparts (Figure 9c). This suggests that the
encapsulated drugs retained their cytotoxic potential and the
nanocarriers are as effective as free drugs in inducing cell death
in 3D PDO cultures.

Taken together, our data highlight the potential of core@shell
nanocarriers as an effective drug-delivery platform of drug cock-
tails in 3D-tumor models, offering a promising strategy for
improving chemotherapeutic outcomes.

3. Discussion

In this study, we demonstrate for the first time that high-load
drug-cocktail core@shell nanocarriers (NCs) are internalized

predominantly via macropinocytosis, exhibiting notably slow
uptake kinetics but strong intracellular accumulation after
24 h of exposure. Despite the overall slow internalization, the
internalized NCs traffic rapidly to lysosomes, with �75% of
the NCs colocalizing with the lysosomal membrane protein
LAMP1 within just 6 h. This observation reveals an uncoupling
between endocytic uptake and lysosomal delivery. Using our
adaptable nanocarrier-synthesis platform, we incorporated func-
tional probes such as MR, which confirms lysosomal trafficking
and degradation. Notably, consistent with the rapid lysosomal
delivery suggested by LAMP1 colocalization, a MR signal was
detectable as early as 2 h after exposure. In a separate approach,
encapsulating the chromatin-binding dye 5-SiR-Hoechst[27]

enabled us to directly visualize, for the first time, the nuclear
delivery of the nanocarrier cargo. Strikingly, we identified that
this nuclear translocation is strongly pH-dependent, with effi-
cient delivery occurring only under acidic conditions, underscor-
ing the importance of endolysosomal maturation in enabling
endosomal escape and nuclear delivery. Importantly, this pH-
dependent nuclear delivery is highly relevant for the action of
our encapsulated chemotherapeutics, which require both endo-
lysosomal escape and translocation to the nucleus to exert cyto-
toxicity. Additionally, aiming for a higher drug payload with
lipophilic and hydrophilic drugs, we achieved 57%, representing
not only a significant improvement over our previous version,[3]

but also one of the highest payloads reported in multidrug nano-
carriers. Most compellingly, we demonstrate that these ITC-
FdUMP-based nanocarriers, in contrast to free drugs, induce
a delayed but substantially prolonged cytotoxic response.
Importantly, the delayed onset of cytotoxic effects at 24 h corre-
lates with the peak in nanocarrier uptake, while the extended
window of cytotoxicity aligns with the subsequent nuclear deliv-
ery of the released cargo. Thus, our findings uniquely link the
mechanistic details of nanocarrier uptake and intracellular traf-
ficking to their therapeutic outcome, providing important new
insights.

By performing both confocal microscopy and EM, we observed
that the core@shell nanocarriers exhibit notably slow uptake
kinetics with peak uptake at 24 h. This was particularly evident
when compared to transferrin, a well-characterized ligand inter-
nalized rapidly via clathrin-mediated endocytosis—a receptor-
dependent pathway that typically occurs within seconds.[14] In
contrast, our findings suggest that uptake of the nanocarriers
occurs predominantly through macropinocytosis, a relatively
slow, nonspecific endocytic process involving the formation of
large membrane ruffles that engulf extracellular fluid into
vesicles ranging from 0.2 to 5 μm.[32] Given that our nanocarriers
are �70 nm in diameter, their size aligns well with the capacity
of macropinocytic vesicles. This interpretation is supported by
previous studies showing that nanoparticles of various types—
including �20 nm-sized quantum dots and 70 nm-sized
polymeric or lipid-based NPs—can be internalized via micropi-
nocytosis.[6,33,34] Notably, nab-paclitaxel (a nanoparticle albumin-
bound formulation of paclitaxel with an average diameter of
130 nm) has also been shown to enter through this route.[35]

Although macropinocytosis is inherently slower than clathrin-
mediated uptake, it is often upregulated in tumor cells.[36]

Overall, nanoparticles of diverse matrix compositions and size
ranges from 50 to 300 nm—carrying cargoes such as nucleic
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acids, proteins, or chemotherapeutics drugs—have been shown
to enter cells through micropinocytosis.[36–41] It is highly possible
that the dominant uptake pathway for nanocarriers varies across
different cell types, with tumor cells predominantly using micro-
pinocytosis due to their metabolic demands and altered membrane
dynamics.[42] Although caveolin-1 knockdown also significantly
reduced intracellular nanocarrier accumulation, we observed no
colocalization of nanocarrier with caveolin-1 protein. Furthermore,
the lack of a specific inhibitor for inhibiting caveolae-dependent
endocytosis limits further validation studies.

Our colocalization analyses provide important mechanistic
insights into the intracellular fate of the nanocarriers. The tran-
sient presence in early endosomes, together with the rapid
appearance of strong LAMP1 colocalization within just 6 h, sug-
gests a trafficking route that bypasses prolonged early endosomal
retention—potentially minimizing premature cargo leakage. The
sustained accumulation in lysosomes further supports efficient
lysosomal targeting. Interestingly, we also observed an enlarge-
ment of RAB7A-positive vesicles in treated cells, indicating that
the core@shell nanocarriers not only traffic through late endo-
somes but may actively induce endosomal remodeling. This
structural alteration of the endosomal compartments may reflect
a stress response to the internalized materials or could facilitate
more efficient processing and maturation toward lysosomal
fusion. This remodeling might also indicate that prolonged expo-
sure to nanocarriers could increase endosomal vesicle traffick-
ing, which in turn may reflect more efficient lysosomal delivery
of the nanocarriers. This could explain our observation that lyso-
somal trafficking is far more efficient than the initial uptake of
the nanocarriers, suggesting that the endosomal remodeling
enhances the subsequent transport and processing within
lysosomes. The appearance of the MR signal after just 2 h of
nanocarrier exposure—further intensified following overnight
incubation—confirms rapid lysosomal delivery and processing,
in line with our design strategy for stimuli-responsive release.
Notably, the results of the chromatin-binding 5-SiR-Hoechst
dye demonstrate successful endosomal escape and effective
nuclear delivery of the nanocarrier cargo, as evidenced by the
delayed yet robust nuclear accumulation compared to the rapid
localization observed with the free 5-SiR-Hoechst.

Endosomal escape remains one of the most significant bottle-
necks in intracellular drug delivery.[5] Our findings suggest that
the core@shell nanocarriers partially overcome this barrier,
achieving a balance between sufficient lysosomal processing
and successful nuclear delivery of the nanocarrier cargo. The
observed delay could primarily result from slow uptake kinetics,
as lysosomal trafficking occurred rapidly after internalization.
Importantly, the inhibition of lysosomal acidification reduced
nuclear delivery, confirming the necessity of an acidic lysosomal
milieu for effective therapeutic release. The acidic disintegration
of the core@shell nanocarriers within endolysosomal compart-
ments facilitates the release of ITC and FdUMP, which subse-
quently diffuse across the cytoplasmic and nuclear membranes
in their free drug forms. Furthermore, the increased accumula-
tion of 5-SiR-Hoechst dye in the Rab7a-positive late endosomal
compartments suggests that nanocarrier entrapment in these
compartments upon deacidificationmight hinder late endosomal
fusion with lysosomes, thereby interfering with the subsequent
lysosomal processing of nanocarriers required for cargo release.

The dependence on lysosomal acidification suggests that the
nanocarrier disassembly or cargo-release mechanism is tightly
coupled to pH-sensitive structural transitions, highlighting the
importance of endosomal microenvironment sensing for con-
trolled intracellular release. This may involve the hydrolysis of
the phosphorus-acid ester bonding in FdUMP, the dissolution
of the ions ([ZrO]2þ, [HPO4]

2� in the particle shell, as well as
of the tocopherol molecules stabilizing the interlayer between
particle core and particle shell of the core@shell nanocarriers.
The pH-sensitive disassembly mechanism allows for controlled
drug-cargo release in acidic environments, such as the lysosome,
where the pH is typically low (�4.5–5.5).[43] These insights into
intracellular trafficking and release mechanisms are crucial for
optimizing nanocarrier platforms aimed at targeted, efficient
therapeutic delivery, particularly for cargoes requiring nuclear
access, such as gene-editing tools or DNA-binding drugs.

Compared to our earlier 32 wt%-loaded formulation,[3] the cur-
rent 57 wt%-loaded nanocarriers—codelivering both irinotecan
and FdUMP—significantly extend intracellular drug availability
and enhance cytotoxicity, validating our rationale for increasing
the overall chemotherapeutic payload. This addresses a major lim-
itation of nanoparticle-based drug delivery, where drug payloads
often fall below 10%; for example, the clinically approved formula-
tion nab-paclitaxel contains only �10% wt paclitaxel.[44] In our cell
assays, such as HT29 colon cancer cells, the ITC-FdUMP-loaded
nanocarriers induce prolonged cytotoxic responses, notably outper-
forming free drugs. In 3D rectal tumor patient-derived organoids
(PDOs), the nanocarriers exhibit effective tumor-cell penetration,
nuclear delivery, and therapeutic impact—further supporting their
potential translational relevance.

Most importantly, proliferation kinetics revealed that the slow
uptake and lysosome-dependent disassembly of the nanocarriers
translate into distinct therapeutic time windows. Unlike free
drugs, which triggered immediate cytotoxic or cytostatic effects,
CRC cells treated with ITC-FdUMP-loaded core@shell nanocar-
riers initially continue to proliferate, followed by a delayed but
pronounced reduction in cell number only after 15 h—closely
matching the slow linear uptake kinetics that peak at 24 h.
Importantly, the high loading capacity of two drugs of our core@-
shell nanocarriers enables a substantial increase of delivered
drug concentration without increasing the volume of nanopar-
ticles applied. This results in nearly complete cytotoxicity in vitro
(�80 h post-treatment), which was not possible with previous
lower-payload core@shell formulations.[3] Such a property is cru-
cial for in vivo applications, where limitations on total nanopar-
ticle volume can compromise therapeutic efficacy. Therefore, this
is the first time a direct link has been demonstrated between intra-
cellular trafficking behavior and therapeutic timing. The slow and
sustained release—intimately coupled with cellular uptake and
processing—may also provide a clinical benefit by avoiding the
high peak-plasma concentrations associated with free-drug toxic-
ity. By enabling gradual, sustained drug exposure, in combination
with selective tumor targeting, core@shell nanocarriers have the
potential to reduce systemic side effects while maintaining thera-
peutic efficacy.

Our study demonstrates that these core@shell nanocarriers
achieve high therapeutic efficacy not only in CRC cell lines,
but also in PDOs. Given that tumor heterogeneity is a major lim-
iting factor in chemotherapy efficacy in solid tumors, the use of
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PDO models is particularly important. In PDOs, tumor hetero-
geneity is maintained, as they closely recapitulate the histologi-
cal, genetic, and transcriptional features of the original tumor.[45]

Previous in vivo studies from our group have already shown high
tumor accumulation of comparable high-load nanocarriers in
both primary tumors and metastases in two orthotopic PDAC
mouse models.[46] This accumulation is likely facilitated by the
enhanced permeability and retention (EPR) effect resulting from
the leaky vasculature of solid tumors.[47,48] However, many solid
tumors, such as CRC, are characterized by a dense stromal matrix
that restricts deep intratumoral nanoparticle transport, leading to
preferential peripheral accumulation.[49] It is also important to
note that the dense stromal architecture is not fully recapitulated
in mouse cancer models. Orthotopic tumor-cell implantation typi-
cally results in tumors with substantially reduced stromal content
compared to human cancers.[50] Furthermore, although opsoniza-
tion and mononuclear phagocyte system-mediated clearance can
result in substantial off-target liver and spleen accumulation, this
was not observed in the referenced PDAC mouse study when
nanocarriers were administered intraperitoneally.[46] Nonetheless,
for the clinical translation of our core@shell nanocarriers as a
potential CRC treatment strategy, it is essential to extensively vali-
date our in vitro findings in the future. This includes confirming
their anticancer efficacy, biodistribution, and potential side effects
in established human CRC xenograft mouse models.[51]

In conclusion, by unraveling the distinct mechanisms of nano-
particle uptake, lysosomal processing, and pH-dependent nuclear
delivery, we have demonstrated a highly efficient and sustained
therapeutic response for NC-based chemotherapeutic drug deliv-
ery. The enhanced drug payload achieved in this study, coupled
with the ability to precisely target the nucleus, not only prolongs
intracellular drug exposure via slow trafficking and controlled
release but also permits higher dosing flexibility, expanding the
therapeutic window of combination regimens like ITC and
FdUMP. This offers significant potential for improving the
effectiveness of nanoparticle-based therapies. This advancement
addresses a major limitation of conventional nanoparticle
systems—low drug loading—which typically requires high particle
doses to reach therapeutic thresholds. The elevated payload allows
for treatment with markedly higher drug concentrations at sub-
stantially reduced nanoparticle volumes, a critical advantage for
in vivo applications where dosing is restricted due to potential
off-target toxicity and immune-related side effects. Beyond our
specific system, the mechanistic insights gained here provide a
valuable framework for the broader nanoparticle research commu-
nity, where cellular uptake, intracellular trafficking, and payload
release remain incompletely understood. These findings will also
inform the design and interpretation of future in vivo studies,
guiding the development of next-generation nanocarriers with
improved bioavailability and therapeutic efficacy.

4. Experimental Section

Cell Culture: All cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). HCT116 (CVCL-0291) and HT29
(CVCL_0320) human colon cancer cells were cultured in McCoy’s medium
(Gibco) supplemented with 10% fetal bovine serum (FBS) and 10 μgmL�1

penicillin-streptomycin (Sigma Aldrich, P4333). RPE-1 (CVCL_4388) human
immortalized retinal pigment epithelial cells were maintained in DMEM/

F12 (Gibco) with 10% FBS and 0.01mgmL�1 hygromycin B. SW1463
(CVCL_1724) and SW837 (CVCL_1720) human rectal tumor cells were
grown in Leibovitz’s medium (Gibco) supplemented with L-glutamine,
10% FBS, and 10 μgmL�1 penicillin-streptomycin. All cells were cultured
at 37 °C in a humidified incubator with 5% CO2 and routinely checked to
ensure that they were contamination-free.

Rectal Cancer Patient-Derived Organoid (PDO) Culture: Fresh tissue
samples were obtained from the University Medical Center Göttingen
(UMG), Germany, with ethical approval from the UMG Ethics Committee
(approval no. 25/3/17). Rectal cancer PDOs were generated and cultured
following protocols described by.[51,52] Briefly, tumor organoids were
maintained in Advanced DMEM/F12 (Gibco) supplemented with 1�
GlutaMAX, 10mM HEPES, 1� penicillin/streptomycin (10 μgmL�1,
Gibco), 10mM nicotinamide (Sigma), 1� B27 (Gibco), 500 nM A83-01
(Tocris), 10 μM SB202190 (MedChemExpress), 1.25 mM N-acetylcysteine
(Sigma), 20% R-spondin conditioned medium (produced in-house), 10%
Noggin conditioned medium (in-house), 1� N2 supplement (Gibco),
100 μgmL�1 Primocin (InvivoGen), and 50 ngmL�1 recombinant human
EGF (Gibco). Y-27632 (10 μM; Adooq Biosciences) was added immedi-
ately following organoid isolation. For experiments, PDOs were dissoci-
ated into single cells, and 10 000 cells were embedded in 10% Matrigel
(Corning) diluted in PDO tumor medium v/v and seeded into 96-well
plates. After three days of incubation to allow organoid formation and size
uniformity, free drugs or core@shell nanocarriers (diluted in tumor
medium) were added. PDOs were treated with NC or free drugs and
the cell viability was analyzed after five days of treatment using the
CellTiter-Glo assay.

Cellular REF-NC Uptake Assay: HCT116 cells were seeded at a density of
30 000 cells per well in 24-well plates containing poly-L-lysine-coated cover-
slips. After 48 h to allow for attachment and proliferation, cells were
treated with DUT647-labeled REF-NC for either 4 or 24 h. For endocytosis
inhibition, cells were pretreated for 2 h with either PITSTOP (20 μM,
HY-115604, MedChemExpress) or Dyngo 4a (20 μM, ab1206689, Abcam),
followed by nanocarrier exposure for 4 or 24 h. For knockdown experi-
ments, cells were transfected using Lipofectamine RNAiMAX transfection
reagent (13778075, Thermo Fisher Scientific) with the following siRNAs:
CAV1 (catalog no. 4390824, siRNA ID: s2446), CLTC (catalog no. 4390824,
siRNA ID: s475), PICK1 (catalog no. 4392420, siRNA ID: s18129), and
ANKFY1 (catalog no. 4392420, siRNA ID: s28200). A nontargeting
siRNA (Negative Control No. 1, catalog no. 4390843) was included as
a control. Transfected cells were incubated for 48 h prior to a 6 h treatment
with DUT647-labeled REF-NC. Following treatment, cells were washed three
times with phosphate-buffered saline (PBS) to remove non-internalized
nanoparticles, fixed in 4% paraformaldehyde (PFA), and stained with
Hoechst 33342 (62249, Thermo Fisher Scientific) and CellMask Green
PM Stain (800 nM, C37608, Thermo Fisher Scientific). Imaging was per-
formed using a Leica SP8 confocal microscope equipped with a Plan
Neofluor 63� oil-immersion objective (NA 1.4) and 1 Airy Unit pinhole.
Staining and imaging settings were kept constant across conditions to
ensure comparability. Quantification of core@shell nanocarrier uptake
was performed using a customized CellProfiler pipeline (Broad Institute).
Briefly, cells were segmented using Cell Mask Green signal as the primary
object, and DUT647 fluorescence (λex= 651 nm, λem= 673 nm) as the
secondary object. Nanoparticle uptake was assessed as the number of
DUT647-positive puncta overlapping with each cell, normalized per cell.

Immunofluorescence Staining: A total of 30 000 cells were seeded into
24-well plates containing poly-L-lysine-coated coverslips. After two days
of incubation to allow for proper attachment and cell growth, cells were
treated with REF-NC for either 4 or 24 h. For immunofluorescence stain-
ing, cells were fixed with 4% PFA and permeabilized using 0.2% Triton
X-100. Blocking was performed in 3% bovine serum albumin (BSA) in
PBS, followed by a 90-minute incubation with primary antibodies. The fol-
lowing primary antibodies were used: polyclonal rabbit anti-Rab5 (1:100,
PA5-29022, Invitrogen), Coralite Plus 488-conjugated EEA1 monoclonal
antibody (1:100, CL488-68065, Proteintech), mouse anti-LAMP1 monoclo-
nal antibody (H4A3, Alexa Fluor 488-conjugated, 1:100, MA5-18121,
Invitrogen), and rabbit anti-ANKFY1 (1:100, HPA065849, Sigma-Aldrich).
After three PBS washes, cells were incubated with Alexa Fluor 488- or
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546-conjugated secondary antibodies (Molecular Probes) and stained with
Hoechst 33342 for nuclei visualization. Imaging conditions, including
staining and microscope settings, were kept constant across all samples.
Confocal microscopy was performed using a Leica SP8 system equipped
with a Plan Neofluor 63� oil-immersion objective (NA 1.4) and a 1 Airy
Unit pinhole.

REF-NC Colocalization Analysis with Endosomal Markers: For the coloc-
alization analysis, the different fluorescent channels were first binarized.
The threshold for the REF-NC channel was set to the maximum gray value
occurring in the t= 0 h image of the series, based on the assumption
that this represents the maximum background intensity. The threshold
for the endosomal and lysosomal markers was determined using Otsu’s
algorithm,[53] which was applied to the image under consideration.
Colocalization was considered when a pixel exceeded the threshold in
both the REF-NC channel and the respective endosomal or lysosomal
channel. This analysis was performed using Python in a Jupyter notebook
environment.

SiRNA Transfection: HCT116 cells were transfected with Silencer Select
siRNAs targeting CAV1 (s2446), CLTC (s475), PICK1 (s18129), and ANKFY1
(s28200), or with Negative Control No. 1 siRNA (cat. no. 4390843; all from
Thermo Fisher Scientific) using Lipofectamine RNAiMAX (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Briefly, cells were
seeded in antibiotic-free complete growth medium to reach 40%–60% con-
fluency at the time of transfection. siRNA-lipid complexes were prepared in
Opti-MEM reduced serummedium and added directly to the cells to achieve
a final siRNA concentration of 10 nM. Transfected cells were incubated
under standard culture conditions (37 °C, 5% CO2) for 48 h.

RNA Isolation and Real-Time qPCR: Total cellular RNA was extracted
using the RNeasy reagent (Qiagen) in accordance with the manufacturer’s
protocol. Reverse transcription was performed using SuperScript (Invitrogen)
with 1 μg of total RNA, following the supplier’s instructions. The resulting
cDNA was used as a template for quantitative real-time PCR, conducted
in triplicate on a CFX Connect Real-Time PCR Detection System (Bio-Rad)
in a 25 μl reaction volume. Gene expression levels were quantified using
SYBR Green I (Invitrogen), and relative transcript levels were calculated using
the 2-ΔΔCt method after normalization to the housekeeping gene RPLP0.

Primers were synthesized by Metabion and used at a final concentra-
tion of 10 μM. For amplification of PICK1, the forward primer 5 0-GTGGC
GAAGATGATTCAGGAGG-3 0 and reverse primer 5 0-CCTGAACTCATGTT
CTCCACCAG-3 0 were used. Caveolin 1 was amplified using forward primer
5 0-CCAAGGAGATCGACCTGGTCAA-3 0 and reverse primer 5 0-GCCGTCA
AAACTGTGTGTCCCT-3 0. For CLTC1, the forward primer was 5 0-
GTCTTTCTCGCTACCTGGTACG-3 0 and the reverse primer was 5 0-
GGTCCTGAGTCTCAGACAAAGC-3 0. Amplification of ANKFY1 utilized
the forward primer 5 0-CAGTGTCTTCTGGAGTTTGGTGC-3 0 and reverse
primer 5 0-TGATGACACCGTGTTGGCTGCT-3 0. The housekeeping gene
RPL0 served as the internal control, with the forward primer 5 0-GATTGGC
TACCCAACTGTTG-3 0 and reverse primer 5 0-CAGGGGCAGCAGCCAC
AAA-3 0.

Generation of a HCT116 Cells Stably Expressing EGFP-RAB7A: The
plasmid pLVX-EF1a-EGFP-RAB7A-IRES-Puromycin (Addgene #133027),
a lentiviral vector that allows stable integration into the host cell genome,
was obtained as an agar stab from NEB bacterial stocks. The plasmid was
streaked onto agar plates, cultured in liquid media, and then plasmid DNA
was isolated using a standard plasmid extraction protocol. HCT116
cells were transfected with the plasmid using the lipofectamine transfec-
tion method, after 48 h, cells were selected with puromycin (1mgmL�1)
for 7–10 days to isolate stably transfected clones. Puromycin-resistant
colonies were then expanded and verified for EGFP-RAB7A expression
via fluorescence microscopy.

EGFP-RAB7A Live-Cell-Imaging to Study Core@Shell Nanocarrier
Degradation: 5 000 cells were seeded in an 8-well slide IBIDI chamber, after
allowing proper attachment and growth for 2 days, cells were pretreated
with 57.5 μgmL�1 of REF-NC overnight. Non-internalized core@shell
nanocarriers were removed by washing the cells three times with PBS.
Consequently, the intracellular REF-NC degradation over time was imaged
by using a Nikon spinning disk confocal microscope with a 40 � air objec-
tive for 48 h. The number of puncta per image and mean fluorescence

intensity of REF-NC over time were calculated by analyzing the time-lapse
movies of cells (brightfield) with REF-NC fluorescent signal in three dimen-
sions (3D) using IMARIS. To identify REF-NC puncta and their mean fluo-
rescence intensity, the fluorescent signal from DUT647 (λex= 651 nm,
λem= 673 nm) was segmented using the “spots” function of Imaris, fol-
lowed by exporting the data into excel.

Measuring 5-SiR-Hoechst Dye Release from Core@Shell Nanocarriers:
HCT116 cells stably expressing EGFP-RAB7A were seeded in an 8-well
Ibidi chamber. To assess the release of the 5-SiR-Hoechst dye from endo-
cytosed core@shell nanocarriers, cells were treated with 73.35 μgmL�1 of
SiR/ITC-UMP-NC (equivalent to 25 μM of ITC) or with an equal amount of
free 5-SiR-Hoechst dye, and then imaged for 24 h with 3 h intervals. To
study the pH-dependent release of the 5-SiR-Hoechst dye from endocy-
tosed core@shell nanocarriers, cells were treated with 73.35 μg mL�1

of SiR/ITC-UMP-NC (equivalent to 25 μM of ITC) for 6 h to allow for
uptake. After the incubation period, cells were thoroughly washed with
fresh media to remove uninternalized nanocarriers. To monitor the effect
of endolysosomal inhibition on the efficiency of dye release, cells were
treated with either DMSO (control) or bafilomycin A1 (200 nM, HY-
100558, MedChemExpress) for 18 h. Following the treatments, cells were
stained with Lysotracker Red DND-99 (200 nM, Invitrogen) to label acidic
compartments or with Hoechst for nuclear staining. After staining, cells
were fixed with 4% PFA and prepared for imaging.

Images were acquired using a Nikon spinning disc confocal microscope
with a 40x objective. The nuclear staining intensity of the 5-SiR-Hoechst dye,
as well as the number of nuclei positive for 5-SiR-Hoechst, was measured
per image. Total nuclei were segmented based on Hoechst staining. Image
analysis was performed using CellProfiler, and the pipeline is available upon
request.

CellTiter-Glo Viability Assay: Cell viability was measured by performing a
CellTiter-Glo assay (Promega, G8461). Cells were seeded in a 96-well plate.
After drug treatment for the indicated duration, 80 μL of the cell titer glow
reagent (Promega) diluted to 1:5 with PBS were added to each well. The
plate was incubated on a shaker for 2 min at room temperature (RT) to
allow cell lysis and then incubated without shaking for 10min at RT to
allow luminescence signal stabilization. The signal was measured using
a multimode plate reader CLARIOstar (BMG LABTECH, Germany).

Incucyte Imaging and Cell Proliferation Kinetics Analysis: The real-time
proliferation of the HCT116 cells was detected by the Incucyte SX5
Live-Cell Analysis System (Sartorius) by imaging each well at 2 h intervals
for 72 h with a 10� objective. The images were then exported and the pro-
liferation kinetics were obtained by calculating live-cell count at each time
point, normalized to the control untreated condition. We trained a custom
Cellpose model[54] for cell segmentation. The dataset was generated by
annotating images acquired from the Incucyte system and was split into
training (80%) and testing (20%) sets. To optimize the model’s perfor-
mance, the images were divided into overlapping 800� 800-pixel patches.
The model was trained for 1000 epochs using transfer learning from the
pretrained “live-cell” model (batch size= 4, learning rate= 0.2). Model
checkpoints were saved every 100 epochs, with the final model selection
based on performance on the test set. Using the optimized algorithm, we
obtained the cell count at each time point. To generate proliferation
curves, we normalized the cell count at each time point to the initial time
point (t= 0).

Electron Microscopy to Assess Nanocarrier Uptake in Cells: HCT116 cells
(400 000 per dish) were seeded in 35mm culture dishes. After 48 h, cells
were treated with 230 μg mL�1 of REF-NC for either 4 or 24 h. Following
treatment, cells were fixed directly in the culture dishes using 4% formal-
dehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4), fol-
lowed by postfixation with 1% osmium tetroxide (OsO4; Science Services,
Germany) in the same buffer at 4 °C. Samples were then dehydrated
through an ethanol gradient, stained en bloc with 1.5% uranyl acetate
and 1.5% tungstophosphoric acid (both from Merck, Germany) in 70%
ethanol, and embedded in Epon resin (Serva, Germany). Ultrathin sec-
tions were cut parallel to the substrate using a Leica UC7 ultramicrotome
and counterstained with UranylLess (Science Services, Germany). Imaging
was performed using a LEO EM912 Omega transmission electron
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microscope (Zeiss, Germany), and digital micrographs were captured with
a 2048� 2048 on-axis CCD camera (TRS).

Statistics: Data were analyzed using GraphPad Prism 10 built-in tests.
All data are presented as means� SDs. Details about the significance test,
the number of replicates, and the P values are reported in the respective
Figure legends. Such as one-way ANOVA with Tukey’s multiple compar-
isons test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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