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Abstract

Precise drug delivery to tumors and efficient accumulation within tumor cells remain major challenges in cancer therapy.
Macropinocytosis is a high-capacity endocytic pathway that is frequently upregulated in cancer cells and has therefore emerged
as a promising route for intracellular drug delivery. However, the biological complexity of this pathway and the difficulty of
achieving precise targeting hinder the clinical translation of delivery systems that exploit it. This review systematically summarizes
the biological functions and regulatory mechanisms of macropinocytosis in cancer, along with related drug delivery strategies. It
also critically examines the associated risks and challenges from biological and mechanistic perspectives. Through a comprehensive
assessment of the field, this review aims to provide a theoretical framework and practical research directions for advancing the
clinical translation of macropinocytosis-mediated delivery systems.
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1. Introduction

Achieving precise and efficient drug delivery
remains a major challenge for improving the clinical
efficacy of anticancer therapies [1]. Most anticancer
drugs and some delivery systems exhibit nonspecific
biodistribution, resulting in accumulation in healthy
tissues and off-target toxicity [2]. At the cellular level,
conventional targeting strategies are further
constrained by receptor heterogeneity, inefficient
membrane translocation, and size-related barriers that
limit the entry of macromolecules and nanoparticles
[3]. Furthermore, even when drugs successfully enter
cells, overexpressed efflux pumps, such as P-
glycoprotein (P-gp), can mediate the efflux of these
drugs, thereby reducing intracellular exposure and
retention [4]. Consequently, these barriers at both the
tissue and cellular levels pose major obstacles to
improving therapeutic efficacy against solid tumors.

Macropinocytosis (MP) is a non-selective, fluid-

phase endocytic pathway driven by actin-dependent
membrane ruffling and lamellipodial protrusions,
which is frequently activated in a variety of solid
tumors [5]. Its activity is regulated by key signaling
pathways, such as RAS and phosphoinositide 3-kinase
(PI3K) [6], and is further enhanced under stress
conditions, including nutrient deprivation, hypoxia,
and acidic tumor microenvironments. Unlike classical
receptor-mediated endocytosis, macropinocytosis
generates macropinosomes that typically exceed 0.2
pm in diameter. This feature enables large-volume,
non-selective uptake of extracellular fluid and
associated cargo [7]. By scavenging extracellular
nutrients, macropinocytosis provides metabolic
support for tumor cells, thereby sustaining
proliferation, promoting immune suppression, and
fostering therapeutic resistance [8, 9]. These properties
also make macropinocytosis an attractive pathway for
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intracellular drug delivery. Its receptor-independent
nature may also reduce the limitations imposed by
target  heterogeneity. Entry into cells via
macropinosomes may also reduce early drug loss
through plasma membrane efflux pumps.

Interest in macropinocytosis-based delivery has
grown, but the connections between its biology, carrier
design, and intracellular trafficking remain poorly
understood. This review considers how pathway
regulation can inform delivery design and clinical
translation. We examine the effects of carrier
physicochemical  properties and the tumor
microenvironment on uptake, followed by the
consequences of cellular distribution and intracellular
trafficking for delivery efficiency. Connecting these
mechanisms with current delivery strategies may help
guide carrier optimization, selection of suitable
tumors, and combination approaches for
chemotherapy.

2. Biological foundations and molecular
regulation of macropinocytosis

2.1 Definition and physiological significance

First described by Warren Lewis in macrophages
and tumor cells, macropinocytosis is a non-selective
endocytic pathway with a high uptake capacity [10]. It
does not depend on the specific cargo-receptor
recognition involved in clathrin- or caveolin-mediated
endocytosis  [11]. Actin drives lamellipodial
protrusions and membrane ruffles, which fold back
and fuse to enclose extracellular material in
macropinosomes. This allows cells to internalize
extracellular materials, including soluble nutrients,
cellular debris, bacteria, and viruses [12, 13]. Three-
dimensional structured illumination microscopy (3D-
SIM) and lattice light-sheet microscopy (LLSM) have
revealed the spatial and temporal dynamics of
macropinocytosis [14, 15]. Phosphatidylinositol-3,4,5-
trisphosphate (PIP3) accumulates at the ruffle rim and
activates RAC1 and CDC42, promoting membrane
closure and vesicle formation. Newly formed
macropinosomes  undergo  maturation  and
intracellular sorting before fusing with lysosomes,
where their contents are degraded for cellular use.
However, undegraded material is returned to the cell
surface and subsequently released via recycling
pathways [9, 16].

Macropinocytosis is thought to have evolved
from a conserved mechanism for nutrient acquisition
[17, 18]. Different cells use it for nutrient uptake,
antigen presentation [19, 20], synaptic regulation [21],
plasma protein recycling [22], and cell migration [23].
Various pathogens, including viruses and bacteria,
have also evolved mechanisms to manipulate host
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endocytic signaling and cytoskeletal remodeling,
thereby exploiting macropinocytosis for cellular entry
[24, 25]. In cancer, the significance of macropinocytosis
is particularly evident in oncogene-driven tumors.
KRAS-mutant cells often show increased activity,
taking up extracellular macromolecules for lysosomal
degradation to support proliferation and metabolic
adaptation [9]. Accumulating evidence indicates that
macropinocytosis also contributes to cancer invasion,
therapeutic resistance, and other malignant
phenotypes [26-28].

2.2 Biological characteristics and regulatory
mechanisms

In different cell types, the regulatory mechanism
and physiological function of macropinocytosis are
different. However, its core molecular machinery is
highly conserved [29]. Macropinocytosis can be
described as a dynamic process comprising three
stages: initiation and macropinosome formation,
tubulation and maturation, and recycling and
degradation. This section reviews the molecular
networks involved in this process and discusses their
biological significance in cancer (Figure 1 and Table
S1).

The formation of macropinosomes depends on
actin-driven membrane remodeling [30]. PI3K
promotes PIP3 accumulation in specific membrane
regions and local exclusion of phosphatase and tensin
homolog (PTEN), thus establishing stable lipid-
signaling microdomains [29]. At the same time, RhoG
and CDC42 guide RAC1 localization and activation
through guanine nucleotide exchange factor (GEF)
complexes (including ELMO/DOCK and PAK/PIX)
[31]. Activated RAC1 plays a dual role: it triggers the
SCAR/WAVE-Arp2/3 pathway to drive branched
actin nucleation and works with Ena/VASP to
promote membrane protrusion. SCAR/WAVE
localization is tightly regulated by the spatial offset of
RAS/PIP3 signaling and its preference for saddle-
shaped negative curvature at the cell edge [32].
RAS/RAC signaling also promotes formin-mediated
assembly of linear actin filaments at the cup base,
which helps stabilize the open portion of the cup.
Protein kinases A, G, and C (AGC) family kinases
further fine-tune these cytoskeletal dynamics [33].
During closure, Rho family members are activated
sequentially [11, 31]. RhoC is transiently activated
before closure, and then RhoA is activated to generate
contractile force and cortical tension through the
ROCK-MLC  pathway, sealing the vesicle.
Morphologically, one mode of closure involves
inward retraction of the cup margin to internalize the
entire PIP3 domain. In the other, the cup continues to
deepen and subsequently undergoes fission. Residual
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PIP3 remains at the cell surface and may prime
subsequent cycles. Leep2A/Leep2B, RasGAPs, and
PTEN limit the spatial extent and duration of these
signaling microdomains, helping control when and
where cups form and close [34, 35].

After closure, macropinosomes undergo
membrane tubulation and progressive shrinkage and
rapidly mature. Their volume and surface area
decrease substantially. Their volume decreases
through ion-driven osmotic water loss, whereas
membrane is retrieved through tubulation and
recycling. Na* and CI- flow out through two-pore
channels 1 and 2 (TPC1/2) and acid-sensitive
outwardly rectifying anion channel (ASOR) ion
channels, causing osmotic water loss, which is a key
factor in promoting shrinkage [36]. This shrinkage
facilitates luminal acidification and hydrolase
concentration, while also supporting surface protein
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retrieval. Maturation is accompanied by sequential
changes in phosphoinositides and Rab GTPases: after
closure, PIP3 is converted to PI(3,4)P, and PI(3)P, and
the latter is converted to PI(3,5)P> by enzymes such as
PIKfyve [37]. Rab5 recruits PIK3C3/VPS34 to generate
PIB)P [38], and PI(3)P recruits effector proteins
containing FYVE or PX domains [39]. After that, Rab20
and Rab2l associate with the vesicle membrane to
regulate the transition phase [40, 41]. Eventually, Rab5
is replaced by Rab7, marking the transition to a late
endosomal compartment. At this stage, the maturing
macropinosome acquires the machinery required for
lysosomal fusion [42, 43]. It is this coordinated
network that enables the macropinosomes to complete
the functional transformation and become specialized
compartments for sorting or degradation. This process
may also provide a window for intracellular escape by
drug delivery systems.
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Figure 1. Molecular regulatory mechanisms of macropinocytosis. (A) Macropinosome formation: Receptor tyrosine kinase or oncogenic KRAS signaling activates
RACI, which drives branched actin polymerization. This promotes membrane ruffling and macropinocytic cup formation. (B) Macropinosome maturation: Na* and Cl-
efflux through TPC1/2 and ASOR drives osmotic shrinkage. Sequential conversion of PIP3 to PI(3,4)P2 and then PI(3)P, together with replacement of Rab5 by Rab7, supports
maturation. (C) Macropinosome degradation: PIKfyve converts PI(3)P to PI(3,5)P, and promotes TRPMLI activation, helping maintain lysosomal calcium homeostasis and
acidity to support fusion with macropinosomes. A second wave of WASH activity recycles V-ATPase and prepares the compartment for exocytosis of non-degradable remnants.
(D) Macropinosome recycling: WASH-dependent actin polymerization drives rapid membrane recycling. SNXX-Retromer selectively retrieves cargo, while Rab4 and Rabl1
regulate fast and slow recycling, respectively. Abbreviations: HOPS: homotypic fusion and protein sorting complex; INPP4: inositol polyphosphate 4-phosphatase; ERC:
endocytic recycling compartment; TPC1/2: two-pore channels | and 2; ASOR: acid-sensitive outwardly rectifying anion channel; TMEM206: transmembrane protein 206; V-
ATPase: vacuolar H*-ATPase.
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There are two main fates for mature
macropinosomes: recycling or degradation. During
recycling, the WASH complex sorts membrane
components and returns them to the cell surface [16],
and fast and slow recycling are regulated by Rab4 and
Rabl1, respectively [44]. The SNX-Retromer complex
mediates selective cargo retrieval, which helps
maintain membrane  homeostasis [45]. The
degradative pathway depends on the PIKfyve-
PI(3,5)P2 axis to regulate lysosomal fusion [46]. The
TRPML1 channel maintains lysosomal ion
homeostasis and acidity, supporting efficient
proteolysis [47]. In addition, recent studies have
reported several post-degradative mechanisms. A
second wave of WASH activity drives vacuolar H*-
ATPase (V-ATPase) recycling, which helps neutralize
the compartment and promotes exocytosis of
indigestible remnants [48]. This process is jointly
regulated by Mrohl and the BLOC-2 complex and
supports waste clearance and resource recovery [49,
50]. Through these mechanisms, cells can balance
nutrient acquisition with the removal of harmful
substances and maintain homeostasis.

3. Multiple roles of macropinocytosis in
cancer

3.1 Nutritional support and metabolic
reprogramming

In the nutrient-deprived tumor
microenvironment, cancer cells face substantial
metabolic stress because the proliferation process is
accompanied by high metabolic demand [51]. In order
to survive under these conditions, tumor cells
reprogram their metabolism through oncogenic
signaling pathways such as RAS [52], MYC [53], and
PI3K [54]. At the same time, they also obtain nutrients
through autophagy [55] and macropinocytosis [9].
Autophagy mainly recycles damaged intracellular
organelles and macromolecules to replenish amino
acids, fatty acids, and nucleosides [56]. In contrast,
macropinocytosis complements this process by taking
up large amounts of extracellular material, including
nutrient-rich substrates. This broadens the range of
available metabolic substrates and helps tumor cells
survive and proliferate under nutrient stress [57].

In KRAS-mutant pancreatic cancer,
macropinocytosis mediates the uptake of serum
albumin and a variety of extracellular matrix (ECM)
components [58, 59]. These substrates are degraded by
lysosomes to release free amino acids (especially
glutamine), which provide fuel for the tricarboxylic
acid cycle and anabolic pathways. The above findings
establish the role of macropinocytosis as a key route
for tumor cells to acquire extracellular
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macromolecules, so that they can maintain metabolic
fitness under nutrient limitation.

Severe starvation or treatment can extend the
range of cargo taken up through macropinocytosis. In
ovarian cancer, ataxia-telangiectasia mutated (ATM)
inhibition and mechanistic target of rapamycin
(mTOR) inactivation promote uptake of branched-
chain amino acids and support tumor growth [60].
Non-small cell lung cancer (NSCLC) cells internalize
extracellular ATP (eATP), raising intracellular ATP
levels and resistance to chemotherapy and targeted
therapy [26, 27]. Activated epidermal growth factor
receptor (EGFR) and KRAS can cooperate to promote
uptake of extracellular vesicles (EVs) [61]. Tumor cells
also scavenge necrotic cell debris, which may support
growth during severe nutrient depletion [28]. In
pancreatic  ductal  adenocarcinoma  (PDAC),
macropinocytic acquisition of exogenous fatty acids
helps cells resist alkalosis-induced death [62]. These
findings suggest that macropinocytosis is a highly
adaptive pathway that enables tumor cells to broaden
their nutrient sources under metabolic stress.

3.2 Remodeling of the tumor immune
microenvironment

Macropinocytosis  affects tumor immunity
through nutrient use and signaling between cells.
Depending on the cells involved, it can suppress or
activate immune responses.

Tumor cells degrade macropinocytosed proteins
into amino acids that support glycolysis and one-
carbon metabolism. Increased metabolic activity leads
to lactate accumulation and efflux [63]. Acidity and
nutrient depletion impair cytotoxic T-cell and natural
killer (NK) cell function, suppress inflammatory
responses, and favor immune escape [64]. Tumor-
derived extracellular vesicles provide another route
for communication with immune cells [65]. Dendritic
cells (DCs) and tumor-associated macrophages
(TAMs) can internalize these EVs through
macropinocytosis, while the microRNA and protein
cargo carried by EVs promote the formation of
immunosuppressive phenotypes by upregulating the
expression of programmed death-ligand 1 (PD-L1)
[66].

In antigen-presenting cells, macropinocytosis
supplies antigens for immune activation. Immature

DCs take up soluble antigens through
macropinocytosis and  concentrate them in
compartments associated with major

histocompatibility complex (MHC) class II antigen
presentation. This uptake declines as DCs mature [20].
Exogenous antigens can also be cross-presented on
MHC class I molecules to activate CD8* T cells [67].
Therefore, the therapeutic strategy targeting
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macropinocytosis needs to fully consider its dual
impact on tumor metabolism and immune regulation:
tumor cells and immunosuppressive stromal cells can
support immune escape by internalizing substances
through macropinocytosis, and antigen-presenting
cells can help achieve immune priming through
antigen uptake.

3.3 Therapy resistance in cancer

3.3.1 Chemotherapy resistance

Drug resistance remains a major cause of
treatment failure and recurrence in cancer therapy
[68]. During chemotherapy, cancer cells often enhance
drug efflux by upregulating ATP-binding cassette
(ABC) transporters [69]. This reduces intracellular
drug exposure and weakens cytotoxic effects [70].
Extracellular ~ATP  (eATP) in the tumor
microenvironment acts as both a nutrient source and a
signaling molecule. Tumor cells can internalize eATP
through macropinocytosis. Elevated intracellular ATP
enhances drug efflux and supports glutathione (GSH)
synthesis and epithelial-mesenchymal transition
(EMT), thereby contributing to chemoresistance [27,
71].

In  addition, many commonly  used
chemotherapeutic agents, including gemcitabine, 5-
fluorouracil (5-FU), doxorubicin (DOX), and platinum
compounds, exert antitumor effects by disrupting
nucleotide synthesis or directly damaging DNA [72].
However, tumor cells can internalize necrotic cell
debris through macropinocytosis to support DNA and
RNA synthesis. This reduces reliance on endogenous
nucleotide synthesis pathways and contributes to
chemoresistance [28]. A similar compensatory
adaptation has also been reported in osteosarcoma.
Benzethonium chloride (BZN), a Food and Drug
Administration (FDA) approved preservative,
suppresses tumor cell proliferation, migration, and
invasion in vitro and in vivo. However, osteosarcoma
cells can activate macropinocytosis as a compensatory
survival pathway, thereby reducing the antitumor
effects of BZN [73]. This finding suggests that
combining BZN with a macropinocytosis inhibitor
may enhance its therapeutic potential.

3.3.2 Resistance to targeted therapy

Adaptive drug resistance is the main problem
that limits the efficacy of therapies targeting oncogenic
drivers. Its development often involves a variety of
mechanisms such as bypass signaling activation and
metabolic reprogramming [74]. In many types of
cancer, macropinocytosis can serve as a compensatory
route for nutrient acquisition to support tumor cells
under the pressure of targeted therapy.
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This phenomenon is particularly evident in
PDAC. Autophagy inhibitors, such as chloroquine
(CQ), can enhance therapeutic efficacy in the short
term. CQ treatment also activates the nuclear factor
erythroid 2-related factor 2 (NRF2) pathway and
upregulates key regulators of macropinocytosis,
including RAC1 and p2l-activated kinase 1 (PAK1)
[75]. This process enables tumor cells to obtain
alternative nutrients by internalizing necrotic cell
debris. This compensatory mechanism explains why
autophagy inhibition produces only transient
therapeutic effects. Similarly, resistance to mTOR
inhibitors (such as rapamycin) arises when tumor cells
scavenge albumin via macropinocytosis, thereby
activating ~ the =~ LAMTORI1-SLC38A9-dependent
mTORC1 bypass signaling [76, 77]. Activation of
macropinocytosis can also reduce the efficacy of
JTC801, a small-molecule drug that induces
alkaliptosis. Inhibition of this process or the knockout
of RAC1 can restore cellular sensitivity to treatment
[62]. The efficacy of MRTX1133, a selective KRASG12D
inhibitor, is also limited by advanced glycation end-
product receptor (AGER)-mediated macropinocytosis.
Blocking the AGER-DIAPH1 axis, or combining
MRTX1133 with macropinocytosis inhibitors, can
restore antitumor efficacy. In addition, the
deubiquitinating enzyme ubiquitin-specific peptidase
21 (USP21) maintains amino acid supply and anabolic
metabolism through microtubule affinity-regulating
kinase 3 (MARK3)-mediated macropinocytosis,
thereby supporting KRAS-independent tumor growth
and contributing to resistance to KRAS inhibition [78].

In hepatocellular carcinoma (HCC), sorafenib
induces mitochondrial dysfunction, thereby activating
the PI3K-RACI-PAK1 axis and enhancing
macropinocytosis. The macropinocytosis inhibitor 5-
(N-ethyl-N-isopropyl)amiloride (EIPA) can re-induce
ferroptosis and enhance the antitumor efficacy of
sorafenib [79]. A recent study further revealed that the
hyperglycemic tumor microenvironment remodeled
by transarterial chemoembolization (TACE) elevates
lysophosphatidic acid (LPA) levels. Elevated LPA
activates ADP-ribosylation factor 6 (Arf6), thereby
significantly = enhancing  macropinocytosis  in
hepatocellular carcinoma cells. Tumor cells exploit this
heightened macropinocytic activity to internalize
CD147* EVs. The fucosylated CD147 carried by these
EVs constitutively activates the AKT/mTOR/4EBP1
signaling axis, antagonizing the cytotoxic effects of
sorafenib and promoting drug resistance [80].

Similar adaptive mechanisms have also been
reported in other tumor types. Osimertinib is a third-
generation irreversible epidermal growth factor
receptor tyrosine kinase inhibitor (EGFR-TKI) used in
EGFR-mutant non-small cell lung cancer, but acquired
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resistance is almost inevitable [81, 82]. In NSCLC,
tumor cells can internalize type I collagen and other
extracellular matrix components through
macropinocytosis. This activates mTOR bypass
signaling, thereby promoting adaptive resistance to
EGFR-TKIs [59]. In triple-negative breast cancer
(TNBC), loss of the glutamine transporter alanine-
serine-cysteine transporter 2 (ASCT2) leads to
sustained glutamine supply through increased
macropinocytosis, thereby conferring tolerance to
single-agent glutamine uptake inhibition [83]. In
colorectal cancer (CRC), KRAS inhibition can induce
resistance through Yes-associated protein 1 (YAP1)
activation. YAP1 restores syndecan-1 (SDC1) surface
localization and thereby enhances macropinocytosis
[84].

Taken together, these findings indicate that
macropinocytosis is a recurrent adaptive response to
targeted therapeutic pressure across multiple tumor
types. This adaptive upregulation may contribute to
acquired resistance, but it may also create
opportunities for therapeutic intervention and
delivery strategies that exploit macropinocytosis.

3.4 Methuosis

3.4.1 Mechanisms and characteristics of methuosis

In tumor cells, excessive activation of
macropinocytosis can  cause  macropinosome
formation to exceed lysosomal processing capacity.
This can cause progressive vacuole accumulation and
a distinct form of non-apoptotic cell death known as
methuosis [85, 86]. Overmeyer and colleagues first
described this process in glioblastoma cells driven by
oncogenic RASS12V [87]. Unlike other forms of non-
apoptotic cell death, methuosis has distinct
morphological characteristics. Its main morphological
hallmark is that the cell is filled with numerous
optically clear, single-membrane vacuoles. These
vacuoles are usually positive for late endosomal or
lysosomal markers (such as Rab7 and LAMP1) [88]. As
vacuolization progresses, the cytoplasm is compressed
and the cells continue to swell, which leads to rupture
of the plasma membrane, but this process does not
exhibit apoptotic features such as nuclear
fragmentation or apoptotic body formation.

At present, methuosis has been observed in
various cancer models, and some cancer cells appear
more susceptible to this form of death than normal
cells [89, 90]. Small-molecule compounds have been
developed as methuosis inducers, many of which have
shown significant anticancer activity [91]. There are
many triggers of methuosis, but a proposed common
mechanism involves upstream RAS-RACI signaling
that enhances membrane ruffling and macropinosome
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formation. Meanwhile, impaired Arf6-mediated
trafficking leads to an imbalance between uptake and
recycling, promoting progressive macropinosome
enlargement and ultimately resulting in vacuolization
[92].

3.4.2 Biological complexity of methuosis

Most studies on methuosis use cancer models,
but similar vacuolization phenotypes also occur in
cardiomyocytes and non-mammalian systems [93-95].
Due to the lack of specific molecular markers, it is
difficult to distinguish methuosis from other forms of
cell death [96, 97]. In addition, DNA fragmentation
and elevated autophagy markers can occur
concurrently, further complicating classification [88,
98]. Methuosis can also interact with other death
pathways. For example, SGI-1027  induces
macropinocytic vacuolization and methuosis in renal
cancer cells [99]. When combined with everolimus,
enhanced vacuolization and lysosomal dysfunction
further induce lysosomal membrane permeabilization,
followed by activation of caspase-3-mediated
apoptosis and gasdermin E (GSDME)-dependent
pyroptosis. These findings suggest that lysosomal
membrane permeabilization may link methuosis to
apoptosis and GSDME-dependent pyroptosis. In
contrast, direct mechanistic links between methuosis
and ferroptosis remain insufficiently established. In
KRAS-mutant cells, ionizing radiation can induce
methuosis-like  vacuolization —accompanied by
ferroptosis-like features characterized by lipid
peroxidation [100]. However, this process is not
effectively prevented by Ferrostatin-1 or vitamin E,
suggesting that it differs from classical ferroptosis. In
addition, recent studies suggest that excessive
vacuolization may contribute to cytoskeletal
disruption and late-stage plasma membrane damage,
together with damage-associated molecular patterns
(DAMPs), such as ATP release and calreticulin
exposure. However, this membrane damage does not
depend on GSDMD or p-MLKL, suggesting that
methuosis can be accompanied by immunogenic
damage signals [101]. Recent in vivo studies showed
that immunogenic methuosis in KRAS-mutant tumors
can accompany pro-inflammatory tumor-associated
macrophage (TAM) reprogramming and enhanced
antitumor immunity [102]. This indicates that
methuosis may not only be a vacuolization-associated
cell death process, but may also promote antitumor
immune responses by inducing immunogenic
damage.

3.4.3 Challenges in identifying methuosis

The lack of specific biomarkers makes methuosis
difficult to define. Its identification therefore requires
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multiple lines of evidence beyond vacuole
morphology or individual molecular markers.

First, the origin of accumulated vacuoles should
be confirmed using fluid-phase tracers and live-cell
imaging. This helps distinguish methuosis from other
processes, such as endoplasmic reticulum expansion,
mitochondrial  swelling, or  autophagosome
accumulation.

Second, the subsequent trafficking and
processing of macropinocytosis-derived vacuoles
should be further evaluated. Methuosis-associated
vacuoles may acquire late endosomal or lysosomal
markers such as Rab7 and LAMP1/2, yet fail to
undergo normal recycling or degradation. Therefore,
these markers alone are insufficient to define
methuosis. Pulse-chase experiments with fluid-phase
tracers can be used to monitor macropinosome fate
and evaluate whether these vesicles undergo normal
recycling and degradation [103]. For persistently
enlarged vesicles, LysoTracker, pH-sensitive probes,
and proteolytic substrates can be used to assess
lysosomal acidification and degradative capacity. The
functional analysis of macropinocytosis regulators
such as RAC1 and Arf6 helps to determine whether
vesicle accumulation is related to defects in
macropinosome recycling [92].

Transmission electron microscopy (TEM) can
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help distinguish methuosis from other forms of cell
death by identifying single-membrane vacuoles and
excluding  double-membrane  autophagosomes,
expanded endoplasmic reticulum, or swollen
mitochondria. Apoptosis and autophagy markers
should be assessed alongside functional experiments
to determine whether these pathways cause death or
change secondarily during methuosis.

Excessive macropinocytosis may be a therapeutic
vulnerability, but defining methuosis still requires
better criteria, and the selectivity and safety of
inducing it remain to be established [104].

4. The potential of macropinocytosis as a
drug delivery target in cancer

4.1 Mechanisms regulating macropinocytosis
in cancer

The molecular machinery described in Section 2.2
is relatively conserved, but cancers differ in the
upstream signals and cellular conditions that increase
macropinocytosis (Figure 2). This section examines
those differences. Higher activity in tumors than in
normal tissues may offer an opportunity to improve
anticancer drug delivery, provided that delivery
systems can exploit this difference.

A RAS signaling and RAC1 activation
[o] ic RAS si i on RAC1/CDC42 to drive actin remodeling
and macropinocytosis
RAS
(KRASIHRAS) PDAC KRAS
' 10 n~scLe KRAS
PI3K
| ' cre KRAS
RAC1/CDC42
l BCa HRAS
PAK1
| ~.) GBM HRAS
" Hce AFAP1-AS1
—RAC1/CDC42
C Tumor suppressor loss and stress
adaptation

Tumor suppressor loss and cellular stress enhance
d e Sh context ance

pinocy

wﬁ PDAC
oo Q U PCa

\ & crc

PTEN/NRF2
PTEN-AMPK

Wnt/APC/AXIN/p53

TNBC ASCT2/SLC38A5/mTOR

.
o) " HCe HIF-1/TM4SF5-PTEN

B Receptor signaling and membrane-
associated rsgulation
an

modulate macropinocytosis

PDAC | SDC1/Integrins/PGR/ErbB/AGER

i) NSCLC| Galectin-3-integrin avB3/EGFR

GBM | Integrin a3p1
@ BCca | DKK3EGFHA-GCX
"4 crc | vap1-sDCY
. 6
D Intracellular regulation and

macropinosome dynamics

T i pH, and cy control
i ion and i

PDAC | aPKC/USP21
NSCLC | SNX5

/ } GBM | Gal-3/Rab10/integrin B1

. " HCC | NHE7IATPOA
P

g g

Intrinsic macropinocytosis
[<n tic and i b Jiﬁ

Macropinocytosis plasticity

Adaptive macropinocytosis
(Mi i and peutic stress)

Figure 2. Major mechanisms regulating enhanced macropinocytosis across cancer types. (A) RAS signaling and RACI activation: Oncogenic RAS signaling
and related regulators activate RACI/CDC42 to promote actin remodeling and macropinocytosis. (B) Receptor signaling and membrane-associated regulation: Cell-
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control macropinosome formation and maturation.
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4.1.1 RAS signaling and RACI activation

RAS-driven macropinocytosis has been studied
extensively in PDAC. KRAS mutations occur in
approximately 90-95% of cases and are closely
associated with increased macropinocytosis [105].
KRAS-mutant MIA PaCa-2 cells show greater activity
than KRAS wild-type BxPC-3 cells [8]. In the
KRASC12D-driven KPC mouse model (KrastSL-G12D/+;
Trp53LSLR172H/+; Pdx1-Cre mouse model), advanced
pancreatic intraepithelial neoplasia (PanIN) lesions
also show marked macropinocytosis, a phenotype
absent from wild-type pancreatic tissues [106].

RAS also promotes macropinocytosis outside
PDAC. Under glucose deprivation, KRAS-mutant
NSCLC cells increase macropinocytosis and albumin
uptake to obtain nutrients [107]. In CRC, KRAS
mutations promote both macropinocytosis and tumor
growth; blocking uptake increases the antitumor effect
of disrupting asparagine biosynthesis [108].
Oncogenic HRAS enhances the pathway in bladder
cancer [109]. Abnormal RAS signaling can also
stimulate macropinocytosis in glioblastoma (GBM),
despite RAS pathway mutations being less frequent
than EGFR alterations [87]. Excessive activation can
produce  macropinosome  accumulation  and
methuosis, as described in Section 3.4.

RAC1 and CDC42 act as common downstream
effectors in the regulation of macropinocytosis. In
HCC, actin filament associated protein 1 antisense
RNA 1 (AFAP1-AS1) is associated with tumor
recurrence after incomplete radiofrequency ablation.
Sublethal heat stress induces AFAP1-AS1 expression
and enhances macropinocytosis through
RAC1/CDC42 signaling [110]. Thus, RAC1 and
CDC42 represent a shared regulatory node, whereas
the upstream signals that activate this axis vary among
cancer types.

4.1.2 Receptor signaling and membrane-associated
regulation

In addition to RAS signaling, cell surface
receptors, adhesion molecules, and membrane-
associated  regulators can  also = modulate
macropinocytosis in cancer. Syndecan-1, integrins,
progesterone receptor (PGR), and ErbB family
receptors have been reported to enhance
macropinocytosis [111-115]. Upregulation of AGER
also promotes macropinocytosis and extracellular
albumin uptake in PDAC cells [116].

In NSCLC, Galectin-3 promotes
macropinocytosis through interaction with integrin
avP3 and contributes to nutrient uptake and redox
homeostasis [117]. Gefitinib can  reduce
macropinocytosis in EGFR-mutant HCC827 cells,
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which supports the role of EGFR in regulating this
pathway [118]. The researchers also examined EGFR
expression in different breast cancer subtypes and its
association with prognosis [119], although the existing
data have not established an EGFR-dependent
macropinocytic mechanism in triple-negative breast
cancer  (TNBC). Integrin a3l  promotes
macropinocytosis in glioblastoma (GBM)-associated
endothelial cells through Ca?" influx. It can also
promote macropinosome maturation and lysosomal
exocytosis, thus contributing to vessel formation [113].
In bladder cancer, DKK3 overexpression and
epidermal growth factor (EGF) stimulation enhance
macropinocytosis, while disruption of the hyaluronic
acid-associated glycocalyx inhibits this process [120-
122]. In colorectal cancer (CRC), following KRAS
inhibition, YAP1 activation can restore SDC1
localization at the cell surface and enhance
macropinocytosis, thus promoting acquired drug
resistance [84].

4.1.3 Tumor suppressor loss and stress adaptation

The loss of tumor suppressor genes can enhance
macropinocytosis. PTEN loss activates the PI3K
signaling pathway and promotes macropinocytosis in
pancreatic ductal adenocarcinoma (PDAC) [77]. PTEN
loss is also common in metastatic castration-resistant
prostate cancer, in which enhanced PI3K/AKT
signaling and metabolic stress jointly activate AMP-
activated protein kinase (AMPK) and promote RAC1-
dependent macropinocytosis [123, 124]. PTEN-
deficient prostate cancer cells can use this pathway to
internalize necrotic cell debris under nutrient stress
[125]. In  hepatocellular  carcinoma (HCC),
transmembrane 4 L six family member 5 (TMA4SF5)
promotes PIP3 accumulation and macropinocytic
albumin uptake by stabilizing nuclear receptor
coactivator 3 (NCOA3) and suppressing PTEN [126].
In colorectal cancer (CRC), activation of Wnt/p-
catenin signaling and loss of adenomatous polyposis
coli (APC) or Axin enhance macropinocytosis and
extracellular protein uptake and degradation [127,
128]. Loss of p53 also increases macropinocytosis and
extracellular vesicle uptake in CRC [129]. Although
mutations in the TP53 gene are common in HCC,
direct evidence that TP53 loss enhances
macropinocytosis in this cancer remains limited [130].

Nutrient availability and cellular stress also
regulate this pathway. In triple-negative breast cancer
(TNBC), ASCT2 loss limits glutamine transport and
induces compensatory macropinocytosis [83]. Solute
carrier family 38 member 5 (SLC38A5) promotes
macropinocytosis by regulating amino acid transport,
ion homeostasis, and pH near the plasma membrane
[131].  Inhibiting mTORC1/2 can increase
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macropinocytosis and verteporfin uptake at the same
time [132]. Stress responses vary among cancers: in
PDAC, autophagy inhibition acts through NRF2-
related signaling, while in HCC, hypoxia promotes
macropinocytosis through HIF-1la/EHD2 signaling
[75,133].

4.1.4 Intracellular regulation and macropinosome
dynamics

Intracellular  trafficking and cytoskeletal
organization regulate macropinosome formation and
maturation. In pancreatic ductal adenocarcinoma
(PDAC), atypical protein kinase C (aPKC) regulates
microtubule dynamics through the Par3-dynein axis,
thus promoting vesicle formation [134]. The
deubiquitinase USP21 can stabilize MARKS, thereby
enhancing cytoskeletal remodeling and
macropinosome formation [78].

In NSCLGC, sorting nexin 5 (SNX5) participates in
membrane remodeling during macropinocytosis and
promotes extracellular ATP (eATP) uptake through
this pathway [26, 27]. Macropinocytic uptake of eATP
increases intracellular ATP levels and supports tumor
cell proliferation and treatment resistance. In GBM, the
FOXG1-FOXO6-PAK1 axis promotes cell-cycle re-
entry and enhances macropinocytosis in neural stem
cell and malignant transformation models [135]. In
patient-derived GBM stem cells, Galectin-3, Rab10,
and integrin 1 form a complex that coordinates
macropinosome formation and maturation together
with integrin recycling. This complex also contributes
to energy homeostasis and treatment resistance [136].

In HCC, sodium/hydrogen exchanger 7 (NHE?)
regulates intracellular and endosomal pH to support
macropinosome formation and maturation, thereby
enhancing small extracellular vesicle (sEV) uptake
[137]. ATPase phospholipid transporting 9A (ATP9A)
promotes the transport of ATPase H* transporting V1
subunit A (ATP6V1A) to the plasma membrane,
resulting in cholesterol accumulation at the membrane
and enhanced macropinocytosis through RACI1
activation [138].

Different cancers enhance macropinocytosis
through distinct upstream mechanisms that converge
on a relatively conserved downstream program. In
addition to oncogene activation or loss of tumor
suppressor function, which can provide a genetic basis
for sustained macropinocytosis, nutrient limitation,
hypoxia, mTOR inhibition, and treatment pressure can
further modulate macropinocytosis. Thus,
macropinocytosis reflects the combined effects of
genetic background and cellular state rather than
being determined by any single oncogenic alteration.
This also means that KRAS, PTEN, or EGFR alterations
alone may not accurately predict macropinocytic
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activity in a given tumor. Instead, the actual level of
macropinocytic activity and its responsiveness to
microenvironmental or therapeutic stress may better
reflect the potential of this pathway for drug delivery.

4.2 Potential of the tumor microenvironment
in enhancing macropinocytosis-mediated drug
delivery

4.2.1 Nutrient deprivation as a driver of
macropinocytosis

Nutrient  deprivation in  the  tumor
microenvironment (TME) arises mainly from the high
metabolic demands of rapidly proliferating tumor
cells and abnormal vasculature that restricts nutrient
supply [139]. Tumor cells adapt to these conditions
through pathways such as autophagy and
macropinocytosis. Autophagy recycles intracellular
components to supply metabolic substrates [55], while
macropinocytosis enables the direct uptake of
extracellular nutrients and complements intracellular
recycling under microenvironmental stress [9].

In addition to intrinsic drivers such as KRAS
mutations, nutrient deprivation can further enhance
macropinocytic activity, thus helping tumor cells
alleviate metabolic stress [115, 140]. The signaling
pathways involved vary according to the tumor type
and the limiting nutrient. KRAS-mutant pancreatic
cancer cells, for example, increase macropinocytosis to
scavenge extracellular proteins when glucose or amino
acids are scarce [141]. EGFR-PAK signaling can further
amplify macropinocytosis under specific nutrient-
deprivation conditions [115]. In NSCLC, glucose
scarcity activates the PIBK-RAC1-PAK axis to promote
protein uptake through macropinocytosis [107]. TNBC
compensates for the loss of glutamine transport by
increasing macropinocytosis [83]. In colorectal cancer,
Wnt-PAK signaling stimulates macropinocytosis to
cope with amino acid deficiency [128].

Although evidence supports nutrient
deprivation as an important extrinsic inducer of
macropinocytosis, most current models often mimic
tumor nutrient conditions by withdrawing a single
nutrient in vitro. These simplified conditions differ
markedly from the complexity of the TME, and how
this limitation affects our wunderstanding of
macropinocytosis regulation remains unclear [142].
Nevertheless, current evidence suggests that nutrient
stress can enhance macropinocytic activity in
biologically meaningful tumor contexts. This has
important implications for drug delivery, as nutrient-
deprived tumor regions may provide a favorable
therapeutic window for the preferential uptake of
extracellular carriers.
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4.2.2 Acidic microenvironment as a driver of
macropinocytosis

Acidity in the TME arises from the combined
effects of hypoxia and the Warburg effect. Hypoxia
increases glycolytic flux, while the Warburg effect
sustains glycolysis even when oxygen is available.
Both contribute to excess lactate production [143, 144].

Acidic conditions can promote macropinocytosis
by altering cytoskeletal organization and activating
signaling pathways. Acidic stress activates the integrin
1/ cofilin/F-actin axis and downregulates cofilin,
which in turn triggers F-actin redistribution and
accumulation [145, 146]. Acidic conditions can also
directly enhance macropinocytosis by activating
signaling pathways. When mouse dendritic cells are
exposed to pH 6.5, the PI3K/AKT and MAPK
pathways are activated, which in turn stimulates
macropinocytosis and enhances cellular uptake of
exogenous tracers (such as FITC-OVA, FITC-dextran,
and HRP) [147]. Therefore, acidic conditions can
stimulate macropinocytic uptake by activating
signaling pathways in dendritic cells, although the
relevance of these findings to cancer cells requires
further study.

Sodium/hydrogen exchanger 1 (NHE1) is a
regulator of cellular pH homeostasis. NHE1-mediated
H* efflux helps maintain a relatively alkaline
microenvironment beneath the plasma membrane
[148], thus supporting cortical actin assembly and
macropinosome  closure. The widely used
macropinocytosis inhibitor EIPA acts by blocking
NHE1-mediated H* efflux. The resulting cytosolic
acidification disrupts actin remodeling and inhibits
macropinosome formation [149]. Elevated expression
of NHE7, a homolog of NHE1, also increases
intracellular pH and decreases endosomal pH, thereby
promoting macropinosome maturation [137]. The
colocalization of NHE7 with endosomal markers such
as Rab21 further supports its role in maturation.

Other pH-sensitive membrane proteins may
contribute to acid-induced macropinocytosis. Acid-
sensing ion channels (ASICs) respond to extracellular
protons by allowing cation influx, including Na* entry.
In macrophages, acidity substantially increases FITC-
dextran uptake, an effect reduced by ASIC1 or ASIC3
inhibition [150]. ASICs also participate in dendritic-
cell responses to acidification, which enhances
macropinocytosis and antigen uptake [147, 151]. In
pancreatic cancer cells, ASIC1 and ASIC3 translate
acidification into increased intracellular Ca?* and
RhoA activation [152]. These signals regulate
cytoskeletal changes involved in migration and
invasion, suggesting a possible route by which ASICs

497

could regulate macropinocytosis. Proton-sensing
GPCRs such as GPR4, GPR65, and GPR68 respond to
acidification as well [153-155]. Their effects on the
cytoskeleton and membrane dynamics suggest a role
in macropinocytosis, although direct evidence is
lacking. These sensors could offer targets for acidic
tumors. Compared with EIPA-mediated NHE1
inhibition, their dependence on extracellular acidity
and lack of direct disruption of cellular pH
homeostasis may provide greater microenvironmental
selectivity. Targeting individual ASIC or GPCR
subtypes might also limit effects on other pathways.
These proposed advantages require direct comparison
in macropinocytosis models.

4.2.3 Hypoxic microenvironment as a driver of
macropinocytosis

In solid tumors, rapid proliferation and abnormal
vascular structure can also lead to local hypoxia [156].
This hypoxia will reduce the activity of glutamate
oxaloacetate transaminase 2 (GOT2) and limit
aspartate synthesis, thus affecting the growth of cancer
cells [157]. However, cancer cells show elevated
macropinocytic activity in hypoxic regions, thus
compensating for the nutritional limitations caused by
hypoxia. In KRAS-mutant cells, hypoxia can stabilize
HIF-1a and upregulate the expression of its canonical
target gene, carbonic anhydrase 9 (CA9).
Subsequently, CA9 activates the soluble adenylyl
cyclase (sAC)/protein kinase A (PKA) signaling
pathway that is dependent on bicarbonate, thus
promoting macropinocytosis [133, 158]. In addition,
under hypoxic conditions, HIF-1a directly upregulates
EHD2 transcription. And EHD2 enhances the cell's
capacity for macropinocytosis by regulating
cytoskeletal remodeling and promoting membrane
ruffling. This mechanism has been confirmed in a
variety of mouse models and does not depend on
specific oncogenic drivers [133].

Although macropinocytosis is enhanced in a
variety of cancers under hypoxic conditions, these
hypoxic regions often also show increased acidity.
Therefore, it is necessary to distinguish between the
effects of hypoxia itself and accompanying
acidification in future studies. For delivery, increased
macropinocytic activity may favor carrier uptake after
the carriers reach hypoxic cells. However, these
regions are often located deep within tumors, are
poorly perfused, and are difficult to access. The future
delivery system needs to overcome these transport
barriers first to realize the cellular uptake advantage
offered by hypoxia-associated macropinocytosis
(Figure 3).
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Figure 3. Molecular mechanisms that promote macropinocytosis in the TME. This figure summarizes how nutrient deprivation, acidosis, and hypoxia in the tumor
microenvironment promote macropinocytosis. (A) Nutrient-deprived microenvironment: Under conditions of amino acid, glutamine, or other nutrient limitation, tumor
cells activate pathways such as Wnt and EGFR, or respond to transporter loss such as ASCT2 deficiency. These signals converge on RACI-PAKI, drive actin remodeling, and
enhance macropinocytosis. (B) Acidic microenvironment: Lactate accumulation acidifies the tumor microenvironment. Acidic stress promotes F-actin reorganization
through integrin-related signaling and also activates PI3K and MAPK pathways. In parallel, NHE1-mediated H* efflux supports submembrane alkalinization and macropinosome
closure, whereas NHE7 contributes to macropinosome maturation. (C) Hypoxic microenvironment: Hypoxia stabilizes HIF-1a, which upregulates CA9 and induces EHD2.
The resulting actin remodeling and membrane ruffling support macropinosome formation and increase macropinocytosis.

4.2.4 Spatial constraints on macropinocytosis-based vascular extravasation and tissue penetration of

drug delivery in the tumor microenvironment nanocarriers, preventing them from reaching tumor
cells with enhanced macropinocytosis [159].

Therefore, the enhanced macropinocytosis induced by
the tumor microenvironment can only be effectively
exploited when delivery systems can access and
distribute within these regions.

Carrier design must take into account
penetration through heterogeneous tumor tissue and

Nutrient limitation, acidity, and hypoxia can
enhance macropinocytosis at the cellular level
However, these conditions often occur in poorly
perfused tumor regions with substantial tissue
barriers. Abnormal vasculature, elevated interstitial
fluid pressure, and dense extracellular matrix can limit
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uptake by tumor cells. Stimuli-responsive carriers can
change their physicochemical properties in response
to the tumor microenvironment to overcome these
barriers [160]. For example, larger carriers can remain
in circulation for longer and accumulate at tumor sites,
then transform into smaller structures in response to
local signals and diffuse through the dense
extracellular matrix [161]. In contrast, charge-
transformable carriers remain electrically neutral or
slightly negatively charged during circulation to
reduce nonspecific interactions and systemic clearance
[162]. In the acidic tumor microenvironment, their
surfaces can become positively charged, thus
strengthening interactions with the cell membrane and
promoting macropinocytic uptake. These changes in
properties may improve local carrier availability and
facilitate subsequent cellular internalization.

Tumor matrix remodeling or degradation is
another potential strategy to improve carrier access to
regions with active macropinocytosis. Cross-linking of
extracellular matrix components such as collagen and
hyaluronic acid can increase stromal density, thereby
limiting carrier penetration into deeper tumor regions.
Controlled degradation of the extracellular matrix
using collagenase or hyaluronidase may improve
intratumoral carrier penetration and spatial
distribution [163]. Beyond directly reducing matrix
barriers, active modulation of the local tumor
microenvironment may also improve conditions for
subsequent carrier delivery. For example, disruption
of local tumor vasculature can increase coagulation
and hypoxia [164]. Since hypoxia can promote
macropinocytosis  in  some  tumors,  such
microenvironmental pretreatment could further
enhance local macropinocytic activity.

Meanwhile, the evaluation of macropinocytosis-
based delivery systems should also be extended from
the cellular level to the tissue level. Many studies still
evaluate carrier uptake using two-dimensional cell
cultures. Two-dimensional cultures lack the nutrient,
oxygen, and pH gradients present in tumors and
cannot adequately reflect the effects of cell-matrix
interactions on carrier behavior and macropinocytosis
regulation. In contrast, three-dimensional tumor
spheroids, matrix-embedded models, patient-derived
organoids, and tumor-on-a-chip models can better
reproduce tumor architecture and
microenvironmental features [165]. In addition,
physical properties of the extracellular matrix can
influence carrier diffusion and membrane interactions,
thereby affecting macropinocytic uptake.

4.3 Advantages of macropinocytosis in
delivery

Drugs enter cells by passive diffusion, carrier-
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mediated transport, or endocytosis. Endocytosis
accommodates cargo ranging from small molecules to
nanoparticles, proteins, and gene-delivery vectors
[166]. Selecting an uptake route therefore requires
considering which pathway can deliver a given cargo
most effectively in the tumor setting.

The four routes compared in Figure 4 are

clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis, phagocytosis, and
macropinocytosis [167]. CME achieves selective

uptake through ligand-receptor recognition at the cell
surface. Adaptor proteins such as AP-2, Epsl5, and
Epsin recruit receptors and cargo to endocytic sites
and promote membrane bending. Dynamin then
constricts and severs the membrane neck, releasing the
vesicle. However, its uptake capacity is limited by
receptor abundance, receptor saturation, and tumor
heterogeneity, making it particularly suitable for
receptor-targeted or ligand-modified delivery systems
[168]. Phagocytosis is mainly carried out by
professional phagocytes (such as macrophages),
which engulf large particles such as pathogens and
cellular debris. Receptor-mediated particle recognition
triggers RACl-dependent F-actin remodeling,
promoting pseudopod extension and phagosome
formation. Because this process is largely restricted to
specialized immune cells, its application in direct drug
delivery to tumor cells is limited [169]. Caveolae-
mediated endocytosis depends on specialized
membrane invaginations called caveolae, whose main
structural components are caveolin-1 and cavin family
members; together with cholesterol- and sphingolipid-
rich membrane domains, they maintain the flask-
shaped morphology of caveolae. EHD2 is mainly
localized at the caveolar neck, where it contributes to
caveolar stability and membrane dynamics. Because
caveolae-derived vesicles are typically only 50-100 nm
in diameter, their small size imposes greater
constraints on cargo dimensions than
macropinocytosis [170]. Macropinocytosis generates
large vesicles, typically 0.2-5 pm in diameter, through
actin-dependent membrane ruffling [5]. PI3K-
RAC1/CDC42-PAK1 signaling coordinates their
formation and actin remodeling.

The size of macropinosomes permits bulk uptake
of extracellular fluid and solutes, including
nanoparticles and gene-delivery systems. Because
capture does not require recognition of a specific
receptor, low or heterogeneous receptor expression
imposes fewer constraints. This may be useful in solid
tumors containing cell populations with different
receptor profiles. Macropinosomes also change
substantially =~ during  maturation:  shrinkage,
membrane tubulation, and active sorting may provide
a transient opportunity for cargo escape. As these
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compartments enter the endolysosomal network,
established escape strategies may be adapted to
promote cytosolic release [171, 172]. Efficient escape
through this route nevertheless remains difficult, as
discussed below.

Overall, the high capacity, receptor-independent
uptake, and distinctive intracellular trafficking
features of macropinocytosis make it a promising
strategy for improving drug delivery into solid
tumors.

5. Macropinocytosis-based delivery
strategies

Macropinocytosis enables cells to internalize
extracellular fluid and diverse cargo, providing a
promising route for drug delivery. Current delivery
strategies utilize macropinocytosis in different ways.
Some platforms exploit intrinsic macropinocytic
activity in target cells, whereas others actively enhance
this process. For some carriers, however,
macropinocytosis represents only one of multiple
uptake routes involved in internalization. The
contribution of macropinocytosis to carrier uptake
depends on carrier properties and cellular context, and
other endocytic pathways may also be involved. Some
earlier preclinical studies inferred uptake mechanisms
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primarily from chemical inhibitor assays; these
interpretations require corroboration through genetic
evidence or cargo colocalization with fluid-phase
tracers, as discussed in Section 6.4. The following
subsections describe representative delivery systems,
their design principles, and their advantages and
limitations.

5.1 Biomimetic delivery strategies

Biomimetic delivery strategies use natural
biomolecules or mimic biological structures to
promote drug transport and cellular entry. Albumin
and lipoproteins can serve as carriers for therapeutic
cargo, while exosomes, liposomes, and viral platforms
provide vesicular or capsid-based structures for cargo
packaging and delivery. The relationship between
these platforms and macropinocytosis varies with
platform type and cellular context. In cells with active
macropinocytosis, this pathway may contribute to
carrier uptake to varying degrees; in addition, surface
engineering can further enhance cell recognition or
promote macropinocytic uptake in specific systems.
Although the contribution of this pathway depends on
the carrier and recipient cell, these features provide a
versatile basis for macropinocytosis-based delivery
strategies.
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Figure 4. Comparison of the major endocytic pathways in cells. This figure summarizes the four major endocytic pathways: clathrin-mediated endocytosis, caveolae-
mediated endocytosis, phagocytosis, and macropinocytosis. Among them, macropinocytosis generates large vesicles, typically 0.2-5 pum in diameter, through actin-dependent
membrane ruffling. These vesicles are substantially larger than those formed by clathrin-mediated or caveolae-mediated endocytosis, which are typically 50—150 nm in diameter.
This size difference supports high-capacity, non-selective fluid uptake. Phagocytosis also forms large vesicles, typically 0.2-10 um in diameter, but is largely restricted to
professional immune cells and primarily functions in the clearance of pathogens and debris. By contrast, macropinocytosis is active in multiple cancer types and may provide a

promising route for tumor-selective drug delivery.
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5.1.1 Albumin-based delivery strategies

Albumin is a natural protein that is widely used
as a drug delivery carrier because of its
biocompatibility and low immunogenicity. Its
chemical versatility also supports a variety of drug-
loading methods [173]. The preferential accumulation
of albumin in tumors is attributed to the enhanced
permeability and retention (EPR) effect and immune
evasion [174]. As mentioned earlier, nutrient
deprivation or KRAS mutations can enhance
macropinocytic activity in cancer cells and promote
extracellular albumin uptake [9]. This provides an
active uptake route for albumin-based carriers. The
abundant functional groups on the surface of albumin
enable it to bind a variety of drugs through covalent or
non-covalent interactions. This binding can improve

drug solubility and stability, as well as
pharmacokinetic behavior in vivo [175].
Nab-paclitaxel (Abraxane®) is a clinically

established albumin-based formulation approved for
metastatic breast cancer, non-small cell lung cancer,
and metastatic pancreatic adenocarcinoma. Preclinical
and clinical studies have demonstrated its therapeutic
value [176]. It was developed for albumin-mediated
delivery, without specifically targeting
macropinocytosis. Early explanations of its delivery
mechanism emphasized gp60-mediated endothelial
transcytosis and a proposed contribution of SPARC-
albumin binding to tumor accumulation [177, 178].
Later studies showed that KRAS-mutant pancreatic
cancer cells take up and degrade albumin through
macropinocytosis  and  that = RAS-associated
macropinocytosis contributes to nab-paclitaxel uptake
[179]. However, the contribution of this pathway to its
clinical efficacy remains unclear. Subsequent studies
further clarified the mechanistic connection between
albumin-based delivery and tumor-associated
macropinocytosis. In KRAS-mutant pancreatic ductal
adenocarcinoma, reduced neonatal Fc receptor (FcRn)-
mediated recycling and increased macropinocytosis
enhance the uptake and retention of albumin-
associated cargo, broadening the therapeutic window
of albumin-based systems [106]. This principle has
been applied to albumin nanoparticles carrying the
NAD(P)H quinone oxidoreductase 1 (NQO1)-targeted
prodrug p-lapachone (nab-pro-p-lap) [180]. In
BRAFV6WE  thyroid cancer, constitutively elevated
macropinocytosis also promotes cellular uptake and
intratumoral accumulation of an albumin-valine-
citrulline-MMAE conjugate (Alb-ve-MMAE) [181].
Recombinant albumin fusion strategies address the
structural heterogeneity caused by stochastic
conjugation to native albumin. DF-HSA and DF,-HSA
retain macropinocytic uptake in KRAS-mutant tumors
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and improve intratumoral deposition, cargo retention,
and antitumor activity [182, 183]. These systems are
designed to use existing macropinocytic activity and
do not necessarily stimulate the pathway. Other
designs  incorporate = motifs that  induce
macropinocytosis, potentially enabling delivery to
cells with lower baseline activity. One non-covalent
approach uses a palmitoylated cyclic D-arginine
peptide [Pal-cyclic-(D-Arg)12], which binds to the
fatty-acid-binding pockets of human serum albumin
(HSA), thereby forming a stable HSA-CPP complex.
The complex enhances transmembrane transport and
engages heparan sulfate proteoglycans (HSPGs) and
C-X-C chemokine receptor type 4 (CXCR4) to activate
PKC-PIBK-JNK-mTOR  signaling. This triggers
macropinocytosis and promotes the intracellular
delivery of diverse cargo [184]. This approach may
therefore extend albumin-based delivery to tumors
with low baseline macropinocytosis.

Albumin carriers can incorporate targeting
modules. Fv-LDP-D3 combines human serum
albumin domain III (D3) with an anti-EGFR single-
chain antibody (Fv), coupling receptor recognition to
high-capacity macropinocytic uptake to increase
tumor drug accumulation [185]. F-HSA-LDP-AE is
composed of folate, HSA, LDP, and the enediyne toxin
AE. Folate-receptor targeting and albumin-associated
macropinocytosis can enhance its accumulation in
cancer cells [186]. Uptake after arrival in a tumor is not
restricted to malignant cells. Activated pancreatic
stellate cells, a major stromal component, also
internalize albumin-conjugated flumethasone through
macropinocytosis. This uptake alters the local immune
environment and improves antitumor efficacy [187].
Albumin carriers can therefore deliver to stromal
targets, but improving cancer-cell selectivity within
the tumor remains a separate design problem.

Albumin-based carriers combine compatibility
with Dbiological systems and flexible chemical
modification with access to tumor nutrient-scavenging
pathways. Their use requires accounting for uptake by
stromal and other non-malignant cells, which can also
actively scavenge albumin.

5.1.2 Lipoprotein-based delivery strategies

Lipoproteins (LPs) transport lipids and regulate
metabolism. Lipoproteins are classified by density into
chylomicrons (CM), very-low-density lipoproteins
(VLDL), intermediate-density lipoproteins (IDL), low-
density lipoproteins (LDL), and high-density
lipoproteins (HDL) [188]. The advantages of these
carrier materials are first of all reflected in their
biodegradability and relatively low immunogenicity,
so they have good biocompatibility. On the other
hand, in order to maintain membrane synthesis, the
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demand for LDL in many tumor cells has increased
significantly [189]. LDL and HDL themselves have
nanoscale dimensions and can be recognized by cells
through apolipoprotein-mediated recognition, which
can promote the accumulation of lipoprotein-like
carriers in tumor cells [190, 191].

Limited availability, variable structure, and
imprecise targeting complicate the use of native
lipoproteins. Reconstituted HDL- and LDL-like
nanoparticles address these constraints [192]. Their
stability, surface chemistry, and cargo release can be
engineered, including modifications intended to
exploit tumor-associated macropinocytosis.

ApoE3-reconstituted HDL enclosing an ATF5
siRNA-loaded calcium phosphate core was designed
to exploit extracellular protein uptake by Ras-
activated cancer cells. The carrier uses Ras-associated
macropinocytosis and may also stimulate the
pathway. It silenced ATF5 and inhibited growth in
preclinical GBM models [193]. Self-disassembling
porphyrin lipoprotein-coated calcium peroxide
nanoparticles (PLCNPs) combine EPR-mediated
accumulation with active targeting [194]. These
nanoparticles are efficiently internalized via
macropinocytosis and exhibit robust anti-GBM and
relapse-prevention effects in murine models. The basic
logic of these strategies is to use the strong
macropinocytic capacity of tumor cells to design a
delivery system that can be efficiently internalized by
tumor cells, especially to let the carrier mimic
extracellular proteins or lipoprotein-like cargo. On this
basis, surface engineering can further introduce
receptor specificity and a macropinocytosis-activating
function into lipoprotein nanocarriers. For example,
after modifying the surface of the particles with an
SDF-1 mimetic peptide (FH38), the carrier can target
CXCR4 and induce macropinocytosis, which
significantly improves the uptake efficiency of
particles by glioma-initiating cells (GICs) [195]. When
loaded with miR-34a, this system downregulates
stemness-associated factors such as SOX2 and Notchl,
and demonstrates significant antitumor efficacy both
in vitro and in wvivo. In PDAC, 4F-modified
reconstituted HDL (pGpC-rHDL) exploits pancreatic
cancer cell macropinocytosis for selective tumor
targeting [196].

Lipoprotein-based delivery strategies may also
extend beyond tumor cells. DCs can also internalize
the lipoprotein nanovaccine R837-aOVA-ApoE3-HNP
through macropinocytosis, and thus promote DC
maturation and antigen presentation [197]. The
nanovaccine shows strong immunostimulatory
activity in both prophylactic and combination
treatment, and the antitumor effect can be further
enhanced when combined with anti-PD-1 therapy.
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However, if the purpose of treatment is to kill cancer
cells, uptake by immune cells may become a source of
interference. After the carrier enters the tumor
microenvironment, immune cells will compete with
cancer cells for uptake opportunities. This
phenomenon of being "intercepted" by non-malignant
cells will cause the cargo to deviate from the intended
target cells, ultimately weakening the selectivity of
delivery.

5.1.3 Exosome-based delivery strategies

An exosome is an extracellular vesicle derived
from the endosomal system. Its size ranges from 30 to
150 nm, and it is a nanoscale lipid-bilayer vesicle [198].
During its formation, some intracellular proteins and
nucleic acids are selectively loaded into the exosome
through ESCRT-dependent pathways, and then
participate in intercellular communication [199]. An
exosome has a natural membrane structure, so it has
good biocompatibility, relatively low
immunogenicity, and can cross certain biological
barriers. In addition, exosomes can also carry
therapeutic small molecules and macromolecular
cargo, including nucleic acids and proteins [200],
supporting their use as drug delivery vehicles.

Exosome uptake involves several endocytic
pathways, including clathrin- and caveolae-mediated
endocytosis, and usually depends on cell-surface
receptor-ligand interactions. The dominant route
varies with the type and state of the recipient cell [201].
Because vesicle size can affect the uptake route,
macropinocytosis has been investigated as a means of
internalizing larger exosomal vesicles in selected
tumor settings [202, 203]. Macropinocytosis-associated
genes can also regulate exosome uptake efficiency in
some cancers [61, 204]. Fluorescent labeling studies
provide evidence of exosome internalization through
macropinocytosis in cancer cells [205]. In addition,
exosomes from normal human fibroblasts have been
loaded with KRAS-targeting siRNA. Surface CD47
reduced monocyte-mediated phagocytic clearance
and prolonged circulation, while cancer-cell
macropinocytosis supported siRNA delivery. These
iExosomes showed antitumor activity in orthotopic
and genetically engineered PDAC models. Uptake by
a-SMA-positive cancer-associated fibroblasts (CAFs)
showed that improved tumor delivery was
accompanied by entry into non-malignant cells [206].
This iExoKRASG!2D has entered Phase I/II clinical
evaluation for pancreatic cancer (NCT03608631), with
Phase I results now published [207].

For tumors with low baseline activity, exosomes
can be modified to induce macropinocytosis. Co-
loading EGF with therapeutic cargo activates EGFR-
driven uptake [61]. Displaying the artificial leucine
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zipper peptide K4 on the surface promotes binding to
E3-tagged  EGFR, receptor clustering, and
macropinocytosis [208, 209]. Cell-penetrating peptides
can also stimulate the pathway and increase tumor-
cell uptake [210-213]. Hybrid vesicles offer another
design: M-LIP-CLT combines celastrol-loaded
PEGylated liposomes with DC2.4 cell membranes. It
mimics exosome-like targeting and accumulates
through macropinocytosis in KRAS-mutant pancreatic
cancer cells [214].

Even in cancer cells with high macropinocytic
activity, the coexistence of multiple uptake pathways
still makes it difficult to control the uptake process
precisely. Future engineering strategies could favor
macropinocytic uptake, with the aim of improving
delivery selectivity and reducing nonspecific
internalization. Whether this shift in uptake route also
improves target-cell selectivity will need to be
assessed directly.

5.1.4 Liposome-based delivery strategies

Liposomes are phospholipid-bilayer vesicles
whose biocompatibility and cargo capacity have
established them as a clinically used nanocarrier
platform [215]. The ordinary liposomal delivery
system mainly relies on passive tumor accumulation
and lacks cell selectivity. Their surface chemistry and
membrane composition can be adjusted to exploit
existing macropinocytic activity, improving cargo
uptake in selected cellular settings.

Surface ligands, such as glycyrrhetinic acid (GA)
or arginine-glycine-aspartate (RGD) peptides, can
improve tumor recognition and liposome association
with cells [216-218]. By increasing liposome
association with cancer cells, these modifications may
make more carriers available for uptake through
existing macropinocytic activity. Increased carrier
uptake, however, does not necessarily indicate
enhanced macropinocytic activity. In addition, surface
modifications can exploit macropinocytic uptake of
extracellular material to facilitate carrier entry into
cancer cells. Liposomes modified with the penetratin-
derived peptide 89WP and loaded with R8/siRNA
complexes were developed for intranasal delivery of c-
Myc siRNA. The 89WP modification improved nasal
mucosal penetration, and the modified lipoplexes
could also associate with necrotic cell debris. As
glioma cells internalized this debris through
macropinocytosis, the associated carriers were taken
up with it. Subsequent cytoplasmic siRNA release
enabled effective c-Myc silencing and prolonged
survival in glioma-bearing mice [219]. In addition to
chemical functionalization, exogenous physical
stimulation may be another strategy to enhance
macropinocytosis-mediated  delivery. Modulated

503

electro-hyperthermia (mEHT) significantly increases
the uptake of liposomal doxorubicin (Lipodox®) by
cancer cells. Although 70 kDa FITC-dextran is
commonly used to monitor macropinocytosis, dextran
uptake by macrophages can also occur through
MRC1/CD206-mediated internalization [220].
Combined evidence from 70 kDa FITC-dextran uptake
assays and wortmannin inhibition suggests that
macropinocytosis is an important route contributing
to this enhancement, although wortmannin is a broad
PI3K inhibitor that can also affect clathrin-mediated
endocytosis and autophagy [221]. This effect is likely
related to membrane perturbation and may also
involve EGFR activation and membrane ruffling.
These findings suggest that physical stimulation may
serve as a complementary strategy to modulate
macropinocytosis and enhance local tumor uptake.
Immune cells also exhibit pronounced
macropinocytosis. A cationic core-shell lipid delivery
platform incorporating mRNA condensed with
poly(B-amino ester) (PBAE) is efficiently taken up by

dendritic cells through macropinocytosis, thus
improving vaccine delivery [222].
Liposome-based systems offer a highly

engineerable platform for macropinocytosis-related
delivery. Their main strengths lie in surface
programmability and formulation flexibility, which
can facilitate macropinocytic uptake in selected
formulations and cellular contexts.

5.1.5 Virus-based delivery strategies

Macropinocytosis has a dual role in host-
pathogen interactions. Host cells use
macropinocytosis to sample extracellular material and
clear pathogens. Viruses and bacteria can also exploit
the same pathway by activating receptor signaling,
actin remodeling, and membrane ruffling [24, 223]. In
cancer cells, elevated macropinocytosis may therefore
support nutrient acquisition while making these cells
more susceptible to pathogen entry, a property that
viral delivery systems could exploit.

Viral carriers designed specifically for
macropinocytic tumor delivery remain at an early
stage. Polymer-complexed oncolytic adenoviruses
with pH-responsive and bioreducible properties have
been developed for activation in acidic tumors [224].
After activation, macropinocytosis contributes to their
internalization. An adenovirus-PEI-bile acid complex
likewise improved transduction in CAR-low tumor
cells through several endocytic routes, including
macropinocytosis [225]. Studies of other viruses help
explain how this entry mechanism might be used.
Measles virus enters certain breast and colon cancer
cell lines through PVRL4-mediated macropinocytosis
[226]. The oncolytic vaccine strain SG33 enters
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pancreatic cancer cells through this pathway;
phosphatidylserine (PS) on its envelope mimics
apoptotic cells and further promotes uptake [227].
Viruses that induce receptor signaling and membrane
remodeling may depend less on pre-existing
macropinocytic activity.

Virus-based carriers still face several limitations
in tumor delivery. First, macrophages and dendritic
cells can clear viral carriers through macropinocytosis
after systemic administration, reducing tumor
exposure [228]. Second, many viruses need specific
cell-surface receptors for recognition or entry
signaling before macropinocytic internalization.
Differences in receptor expression among tumors can
therefore alter delivery. Viral carriers may also trigger
innate immune responses and inflammation in off-
target tissues. Replication-competent oncolytic viruses
require control of infection and replication in normal
tissue. Capsid or fiber modification, receptor
retargeting, and multiligand designs may reduce
dependence on native receptors and improve tumor
selectivity. Tumor-specific promoters or miRNA-
responsive regulation may help restrict replication
and limit damage to normal cells [229].

Virus-based delivery through macropinocytosis
remains under development. The ability of some
viruses to induce this uptake pathway may offer
advantages for nucleic acid delivery and oncolytic
therapy. Translating these properties into effective
delivery will require better tumor selectivity, less
immune clearance and receptor dependence, and
tighter control of off-target toxicity.

5.2 Functionalized delivery strategies

Functionalized carriers incorporate moieties that
alter their interactions with cells to improve uptake,
intracellular delivery, and treatment effects. These
approaches emphasize engineered carrier-cell
interactions more than the biological mimicry
described above. Peptide modification, nutrient
camouflage, and inorganic nanomaterials are
commonly used to promote macropinocytic tumor-cell
uptake and improve selectivity.

5.2.1 Peptide-based delivery strategies

Peptides and peptidomimetics, typically 5-50
amino acids long, provide biocompatible sequences
that can be modified for particular functions [230].
Conjugation to drugs or nanoparticle surfaces allows
these sequences to serve as modular components of
delivery = systems  [231].  Their roles in
macropinocytosis include receptor engagement,
clustering of cell-surface components, and changes in
membrane organization. The approaches discussed
here comprise albumin-binding peptides, receptor-
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triggered macropinocytosis-inducing peptides, cell-
penetrating peptides (CPPs), and peptides that induce
bystander uptake.

First, compared with direct albumin-drug
conjugates, albumin-binding peptide-drug conjugates
(ABP-drug) bind endogenous albumin in vivo [232].
This method helps preserve FcRn-mediated long
circulation = and  tumor  accumulation  via
macropinocytosis, = while  avoiding  stochastic
conjugation sites and heterogeneous drug-to-albumin
ratios. The efficacy of this strategy has been
demonstrated in models of KRAS-mutant pancreatic
ductal adenocarcinoma and PTEN-deficient metastatic
triple-negative breast cancer [233-235]. In addition, co-
delivery of the DNA-dependent protein kinase (DNA-
PK) inhibitor AZD7648 with the ABP-drug can further
potentiate macropinocytic activity through AMPK-
PI3K activation, thereby enhancing tumor uptake and
therapeutic efficacy [236]. In this setting, the peptide
does not directly trigger macropinocytosis, but rather
acts as a molecular hitchhiking module that couples
endogenous albumin trafficking to tumor-associated
macropinocytic dependency.

The second design logic is to use short peptides
to induce macropinocytosis through receptor
engagement directly. For example, K4-modified
exosomes  promote = EGFR  clustering  and
macropinocytic uptake [208]. KGF-ELP enhances
macropinocytosis in cells expressing high levels of the
keratinocyte growth factor receptor (KGFR) [237].
Similarly, CXCR4, a class A GPCR that serves as a
receptor for CXCL12/SDEF-1, is overexpressed in many
cancers [238]. CXCL12/SDF-1 stimulation has been
shown to induce macropinocytosis in macrophages
[239]. The researchers coupled the peptide (SN21)
composed of 21 residues at the N-terminus of SDF-1
with the membrane-lytic peptide LK15, which can
trigger macropinocytosis and promote endosomal
escape at the same time [240]. Another study further
found that the two cysteines in the SN21 peptide play
a key role in the induction of macropinocytosis. On
this basis, the shortened octapeptide P4A
(YRCACRFF) can form an intramolecular disulfide
bond to yield oxP4A in the culture medium containing
cystine, and show stronger macropinocytic activity
[241]. It is worth noting that the response is not
sensitive to CXCR4 inhibition, indicating that the
conformational activation driven by disulfide bonds
may be more important than receptor binding. In
addition, N-terminal acylation can further reduce
serum-mediated attenuation of activity [242].
However, in another study, it was found that FH38, an
SDF-1 mimetic whose native Cys-Pro-Cys sequence
was replaced by Ala-Pro-Ala, could still enhance
macropinocytosis stimulated by CXCR4 and promote
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the uptake of lipoprotein-like nanostructures by
glioma-initiating cells. This shows that cysteine
residues are not the only determinant of
macropinocytosis induction, and the relevant
mechanism still needs to be further explored [195].

CPPs represent another major class of peptide-
based macropinocytic delivery tools. Beyond direct
membrane translocation via multivalent guanidinium-
anion interactions, CPPs can also promote cellular
uptake by inducing macropinocytosis [243, 244].
Carrier-bound arginine-rich CPPs, including Tat, bind
HSPGs multivalently and cluster receptors, activating
RAC1/PAK1 signaling to promote macropinocytic
entry [184, 219]. In addition, these strategies have been
extended to dimeric (sC18), peptides and stearylated
R8 peptides presented on extracellular vesicles [211,
245].

A further extension of this concept is the
bystander-effect strategy. Instead of covalently
attaching peptides to every cargo, certain peptides can
induce a local macropinocytic state that co-internalizes
nearby unmodified molecules or nanocarriers. For
instance, CendR-motif peptides bind and cluster
neuropilin-1 (NRP1), recruit adaptor proteins such as
GAIP-interacting protein C terminus 1
(GIPC1)/synectin, and trigger a fluid-phase uptake
process that resembles macropinocytosis [246]. This
process results in the internalization of co-delivered
molecules or nanoparticles in a bystander fashion.
Although the pathway has not yet been fully
delineated, subsequent studies have strengthened the
evidence for a central role of macropinocytosis in
bystander uptake. Wei et al. reported that Tat-
functionalized nanoparticles significantly enhance the
uptake of various unmodified nanoparticles (AgNPs,
AuNPs, IONPs, and QDs) via receptor-dependent
macropinocytosis, which is regulated by the
extracellular cysteine/cystine axis [247]. Notably, Tat-
NPs did not enhance the uptake of fluid-phase
markers such as dextran. One possible explanation is
that high-density Tat induces strong multivalent
clustering of HSPGs. This results in locally compact
membrane microdomains and macropinocytic cups
(>200 nm) that preferentially capture nearby
nanoparticles while exerting minimal effect on freely
diffusing solutes. Furthermore, an amphipathic
"transportan" (TP) peptide enhances the bystander
uptake  of  co-administered liposomes  via
macropinocytosis  [248]. This  peptide-assisted
liposomal uptake does not generalize to cationic CPPs,
consistent with the mechanistic framework outlined
above. Free cationic CPPs bind HSPGs with relatively
weaker and looser affinities, predominantly
amplifying bulk fluid-phase uptake. Consequently,
they can facilitate the entry of some inorganic
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nanoparticles but are less effective for larger, softer,
PEGylated liposomes. In contrast, amphipathic CPPs
reside stably at the plasma membrane and cluster
receptors more efficiently, thereby eliciting stronger
macropinocytic responses that enable high-efficiency
co-internalization of larger carriers, including
liposomes. These explanations need experimental
testing before they can guide the design or clinical use
of macropinocytosis-based bystander delivery.
Peptide-based strategies occupy a distinctive
position in macropinocytic delivery. Their versatility
allows peptides to facilitate delivery through albumin
binding, stimulation of macropinocytosis, or enhanced
co-internalization of nearby cargo. In addition,
integrating macropinocytosis-inducing peptides with
other functional modules, such as intracellular or
endosomal escape peptides, may further improve
overall delivery efficiency. Nevertheless, many aspects
of short peptide-based delivery systems, including

their mechanisms of action, structure-function
relationships, and in wvivo behavior, remain
insufficiently understood. This poses a major

challenge for future optimization of peptide design
and delivery performance (Figure 5).

5.2.2 Nutrient-camouflaged delivery strategies

Nutrient-camouflaged delivery strategies exploit
the metabolic dependencies of cancer cells by
disguising carriers as nutrient-mimicking substrates.
Dextran is a neutral, branched polysaccharide that is
biosynthesized by certain lactic acid bacteria from
sucrose. Its backbone consists of a-1,6-linked glucose
residues with diverse side chains [249]. Dextran and its
derivatives exhibit favorable biocompatibility and
tunable molecular weight, making them valuable
carrier materials in nanomedicine. Their value in
tumor-targeted delivery has long been recognized.
Compared with free doxorubicin, a doxorubicin-
oxidized dextran conjugate achieved higher tumor
accumulation with reduced cardiac exposure and
subsequently advanced to phase I clinical evaluation
[250, 251].

Based on the high uptake of 70 kDa dextran
observed in macropinocytic PDAC cells, the dextran-
triptolide conjugate (DEX-TP) was developed [252,
253]. In subcutaneous models, DEX-TP showed
greater tumor accumulation and antitumor activity
than free triptolide in KRAS-mutant MIA PaCa-2
tumors and BxPC-3 tumors expressing KRASS12V,
whereas this advantage was absent in wild-type BxPC-
3 tumors. In an orthotopic MIA PaCa-2 model, DEX-
TP also suppressed tumor progression, prolonged
survival, and showed better tolerability than free
triptolide. Similar benefits were observed in an
immunocompetent orthotopic KPC model, where
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DEX-TP prolonged survival and reduced the loss of T
cells and effector cytokines induced by free triptolide
at the same dose. These results indicate that the
delivery  advantage of  DEX-TP  through
macropinocytosis is not limited to subcutaneous
proof-of-concept models, but is also retained in
orthotopic PDAC models with more complex stromal
and immune microenvironments.

Glutamine has also been used to construct a
related  nutrient-camouflaged  system. Iron
nanoparticles were modified with glutamine to
generate a glutamine-based iron delivery system (GIn-
IDS), thereby exploiting cancer cells' metabolic
dependence on glutamine for initial cellular entry
[254]. The inhibitor V9302 carried by this system
blocks exogenous glutamine uptake, thereby inducing
metabolic reprogramming and significantly activating
macropinocytosis. This feedback mechanism suggests
that co-delivery systems combining therapeutic agents
with  nutrient-deprivation cues may induce
macropinocytosis, thereby promoting carrier reuptake
and subsequent accumulation. However, release
timing and sequence would need careful control.
Coupling delivery to this adaptive metabolic response
may expand the therapeutic window of the
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formulation.

Nutrient-camouflaged systems represent a
distinctive class of macropinocytic delivery strategies
because they link tumor metabolic addiction with
adaptive macropinocytic responses. Their major
strength lies in integrating metabolic recognition and
feedback-driven accumulation within a single design
framework. This strategy offers a promising route to
expand the therapeutic window of nanomedicines.

5.2.3 Inorganic nanomaterial-based strategies

Inorganic nanomaterials have a stable structure
and unique physical properties such as magnetism
and photothermal activity, so they have potential
applications in drug delivery and theranostics. The
macropinocytic uptake of such materials varies
depending on the material properties and cell type
[255]. For example, silica-coated superparamagnetic
iron oxide nanoparticles (SPIONs) show faster
internalization and more pronounced lysosomal
trafficking in M-HeLa cells than in primary motor
neurons [256]. The two cell types involve different
endocytic pathways, but both include
macropinocytosis. In another design, the researchers
loaded hydroxychloroquine (HCQ) and doxorubicin
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Figure 5. Peptide-based macropinocytic delivery strategies. (A) Albumin-binding peptide-drug conjugate strategy: Albumin-binding peptide-drug conjugates
(ABP-drug) reversibly bind to endogenous albumin and are taken up via tumor cell macropinocytosis. (B) Macropinocytosis-inducing peptide strategy: Macropinocytosis-
inducing peptides activate tumor cell macropinocytosis to enhance drug delivery. (C) Cell-penetrating peptide strategy: CPPs multivalently bind to HSPG, drive receptor
clustering, and activate the RACI/PAKI signaling pathway, thereby activating macropinocytosis to enhance uptake. (D) Bystander effect strategy: Peptides without covalent
conjugation to drugs or carriers induce local macropinocytosis, leading to co-internalization of nearby unmodified molecules or nanocarriers.
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(DOX) into mesoporous silica nanorods, combining
particle geometry with the inhibitory effect of HCQ on
clathrin-mediated endocytosis. On the one hand, the
design limits uptake by healthy cells, and on the other
hand, it uses the existing macropinocytic pathway in
cancer cells to deliver DOX [257]. Surface modification
can also further help recognize target cells before
macropinocytic internalization. Folate-polyethylene
glycol-modified carboxylated graphene quantum dots
can achieve targeting through folate receptor
recognition, and uptake experiments suggest that
macropinocytosis is also involved in their
internalization in HeLa cells [258]. In general, the
structure and surface of inorganic nanomaterials are
adjustable, which provides an opportunity for drug
delivery through cellular macropinocytosis. If how
particle size, shape, and surface chemistry affect
macropinocytic uptake in different cell types can be
clarified, it will help guide carrier design, thus
improving delivery efficiency and selectivity.
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Representative systems and the translational
status of the different macropinocytosis-based
delivery platforms discussed above are summarized in
Table S2. Their main advantages, limitations, and
representative cancer types are further compared in
Table S3.

6. Risks and challenges

Macropinocytosis-based drug delivery is being
explored for cancer treatment, and some systems have
entered early clinical evaluation. Although this
pathway enables high-capacity uptake and can
improve intracellular delivery, several barriers still
limit its clinical translation, including off-target effects,
inefficient endosomal/lysosomal escape, difficulties in
monitoring macropinocytosis, and the influence of
carrier physicochemical properties on uptake
efficiency. This section discusses these challenges and
potential strategies to address them (Figure 6).
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Figure 6. Risks and challenges of macropinocytosis-based delivery systems. (A) Off-target risk: Uptake by non-malignant stromal and immune cells can divert
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6.1 Off-target risk

Enhanced macropinocytosis in tumor cells
provides a route for drug delivery, but its lack of
tumor specificity limits its clinical application. Normal
cells, including immune cells and other cell types such
as endothelial cells and neurons, also exhibit
macropinocytic activity [7]. Clinical observations also
raise concerns about potential off-target effects. The
antibody-drug conjugate (ADC) AGS-16C3F was
evaluated in a randomized Phase II trial for metastatic
renal cell carcinoma (ClinicalTrials.gov:
NCT02639182). Although it showed antitumor
activity, ocular toxicity was reported. This toxicity
may be related to the internalization of antibody-drug
conjugate (ADC) by human corneal epithelial cells
(HCECs) through macropinocytosis [259]. The process
is driven by the drug molecule's positive charge or
hydrophobic residues, ultimately leading to inhibition
of cell proliferation. Similarly, trastuzumab emtansine
(T-DM1), an approved human epidermal growth
factor receptor 2 (HER2)-targeted ADC evaluated in
the Phase III EMILIA trial (NCT00829166), may enter
megakaryocytes through macropinocytosis and
contribute to thrombocytopenia [260].

Tumor-targeting modules have been
incorporated into macropinocytosis-based delivery
systems to increase tumor accumulation and reduce
nonspecific distribution in normal tissues. However,
accumulation of a carrier within tumor tissue does not
necessarily translate into selective delivery to cancer
cells. Tumor-associated macrophages and cancer-
associated fibroblasts are abundant in many solid
tumors. Their high accessibility to incoming carriers
and strong endocytic capacity can create a “cellular
sponge effect,” leading to competitive sequestration of
nanocarriers within the tumor [261]. These non-
malignant cells themselves exhibit varying levels of
macropinocytosis. For instance, in pancreatic cancer,
CAFs activate macropinocytosis under conditions of
glutamine depletion via the ARHGEF2 RhoGEF and
the CaMKK2-AMPK axis [262]. Under glutamine
limitation, inhibition of macropinocytosis promotes
the conversion of myofibroblastic cancer-associated
fibroblasts (myCAFs) into inflammatory cancer-
associated fibroblasts (iCAFs) through a MEK/ERK-
dependent intermediate state [263]. Various immune
cells also exhibit significant macropinocytosis. For
example, activated T cells can acquire extracellular
nutrients via macropinocytosis [264]. Meanwhile, DCs
and macrophages can utilize this pathway to
internalize exosomes and other extracellular
substances, whereas immature DCs participate in
antigen  uptake and  presentation through
macropinocytosis [265, 266]. Several orthotopic
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models further demonstrate cell-level off-target
uptake within the tumor microenvironment. For
example, although AF647-labeled iExosomes were
mainly distributed in pancreatic cancer cells, uptake
signals were also detected in alpha-smooth muscle
actin (a-SMA)-positive CAFs, as well as in normal
acinar cells, ductal cells, and endocrine islets [206].
Similarly, in an orthotopic anaplastic thyroid cancer
model, fluorescent albumin accumulation per cell was
higher in TAMs than in cancer cells. Nevertheless,
cancer cells accounted for most tumor-associated
albumin because they were more abundant.
Macrophage coculture also attenuated the increase in
cancer-cell albumin uptake induced by inhibition of
insulin-like growth factor 1 receptor (IGF1R). These
findings suggest that non-malignant cells can
influence both payload distribution and cancer-cell
uptake responses [181]. In an orthotopic PDAC model,
activated pancreatic stellate cells also showed strong
albumin uptake, which was further exploited by
Albumin-Flu for stromal targeting and remodeling
[187].

Macropinocytosis-based delivery therefore faces
two selectivity challenges: off-target uptake in normal
tissues and competitive allocation among cells within
tumors. Future delivery systems could address these
challenges through sequential control of tissue and
cellular  selectivity.  Tumor  acidity,  matrix
metalloproteinases, or other microenvironmental
signals could first trigger surface remodeling or
removal of shielding layers after tumor accumulation
[267]. Cancer-cell recognition modules could then
promote selective binding, followed by exposure or
activation of a macropinocytosis-inducing module to
enhance internalization. This design could combine
tumor-site activation with cancer-cell recognition.
However, its ability to reduce off-target uptake in
normal tissues and sequestration by non-malignant
cells within tumors requires direct validation. Some
stromal and immune cells can take up carriers through
macropinocytosis and act as cellular sponges, making
it necessary to limit their uptake after carriers enter the
tumor. Differences in cell-surface receptor expression
could help direct carriers preferentially toward cancer
cells. For example, avp6 is enriched in PDAC tumor
epithelium but shows comparatively limited
expression in the surrounding stroma [268], making it
a candidate recognition target. Coupling cancer-cell
recognition to the subsequent exposure or activation
of a macropinocytosis-inducing module could
preferentially promote carrier internalization by
cancer cells. This design aims to reduce sequestration
by CAFs and TAMs, leaving more of the cargo
delivered to the tumor available for cancer-cell uptake.
Adjusting carrier dose or circulation half-life alone
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does not ensure preferential uptake by cancer cells
over CAFs or TAMs. Comparing intracellular cargo
amounts across these cell populations would help
determine whether the proposed strategy improves
cancer-cell  delivery while reducing stromal
sequestration.

In addition, macropinocytosis in non-malignant
cells can also be therapeutically exploited. Targeting
stromal or immune cells to remodel the tumor
microenvironment provides an alternative therapeutic
strategy [269]. However, because cancer cells and
other nontarget cells also exhibit macropinocytic
activity, relying only on this uptake pathway cannot
ensure that carriers enter the intended stromal or
immune cells. Therefore, when targeting these cells,
their specific surface molecules can first be used to
promote carrier accumulation, after which
macropinocytosis can further enhance carrier
internalization. For example, nanoparticles modified
with FAP-a antibodies can preferentially deliver
CXCL12 siRNA to cancer-associated fibroblasts [270].
Nanoparticles targeting CLEC9A and DEC205 can also
enhance binding to and uptake by cDC1 cells, enabling
the targeted delivery of STING agonists [271].
Although these studies have not yet directly
demonstrated that the carriers are internalized via
macropinocytosis, they indicate that the use of
different cell surface molecules can enhance the cell-
type specificity of the carriers. In the future,
macropinocytosis-enhancing modules could be
further incorporated based on these findings to
promote carrier internalization while maintaining cell

specificity, thereby improving overall delivery
efficiency.
Therefore, although macropinocytosis can

enhance carrier internalization, its limited cell-type
selectivity creates two major risks: off-target uptake in
normal tissues and competitive sequestration or
redistribution among different cell populations within
tumors. Future delivery systems could first use tumor
microenvironment-responsive mechanisms for tumor-
site activation, followed by cell-surface recognition to
improve target-cell selectivity. Macropinocytosis
could then be exploited or further induced to enhance
carrier internalization. This framework can be applied
to both cancer cells and stromal or immune cells
selected as therapeutic targets. Evaluation should
extend beyond overall tumor accumulation to cellular
distribution, internalization, and cargo release in
models that preserve relevant stromal and immune
components.

6.2 Non-selectivity paradox

Macropinocytosis has long been regarded as a
non-selective endocytic pathway. In theory, any
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extracellular material or carrier near the plasma
membrane can be randomly internalized, and the
uptake efficiency should not depend on its
physicochemical properties. However, increasing
evidence suggests that the physicochemical properties
of delivery systems or cargo can substantially
influence macropinocytic entry and the kinetics of
uptake.

Particle geometry appears to be an important
determinant of macropinocytic uptake. The
amphiphilic peptide 12Q4 self-assembles into rod-like
micelles via hydrogen bonding. The paclitaxel-loaded
rod-like PTX@I2Q4 nanostructure exhibits stronger
macropinocytosis-mediated uptake than spherical
PTX-albumin nanoparticles [272]. The study of the
aspect ratio (AR) of mesoporous silica nanoparticles
(MSNPs) and its effect on macropinocytic uptake
further supports this conclusion. Rod-shaped MSNPs
with an aspect ratio of 2.1-2.5 show the highest level
of macropinocytic uptake [273]. The authors propose
that nanoparticles with an aspect ratio of 2.1-2.5 are
more readily internalized through macropinocytosis
because their geometry better matches the
biomechanical requirements of membrane wrapping.
Upon initial contact with the plasma membrane, these
particles generate a more favorable local curvature
(typically at an incident angle less than 45°), thereby
facilitating membrane engulfment and the formation
of a cup-like structure. At the same time, their
increased contact line length provides more nucleation
sites for actin. This amplifies RAC1/CDC42 activation,
accelerates membrane invagination and pseudopod
closure, and ultimately facilitates macropinocytosis.
Compared with spheres or excessively elongated rods,
particles with ARs of 2.1-2.5 overcome the dual
challenges of initiation difficulty and closure failure,
thereby enabling higher-throughput macropinocytic
endocytosis. Based on this phenomenon, Cong et al.
co-loaded hydroxychloroquine and doxorubicin into
mesoporous silica nanorods measuring approximately
180 nm x 68 nm. Owing to their specific morphology
and size window, these nanorods minimized uptake
by healthy cells while enabling selective
internalization by cancer cells via macropinocytosis
[257].

In addition, physical curvature to drive
macropinocytosis has also been reported in another
study. Instead of exploring the curvature changes of
nanoparticles to promote uptake, the authors seeded
cells onto a nanotopographical surface with 400 nm
blind pores [274]. They found that high-curvature
membrane deformation mimicked the ruffling
associated with macropinocytosis initiation, thereby
triggering actin cytoskeleton rearrangement, inducing
macropinocytosis, and enhancing the nonspecific
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uptake of various exogenous substances. This study
further confirms, from a different perspective, the key
role of membrane curvature in the initiation of
macropinocytosis.

Particle shape alone, however, does not explain
all differences in uptake. For example, the endocytic
uptake of 70 kDa dextran was significantly higher than
that of 4 kDa and 150 kDa dextran [253, 275]. The 4, 70,
and 150 kDa dextrans adopted random-coil
conformations, with hydrodynamic diameters of
approximately 2.8 nm, 12 nm, and 17 nm, respectively,
and no discernible difference in AR. This suggests that
geometric anisotropy is not the sole determining
factor. One possible explanation is that the process
from macropinocytic cup formation to closure is
extremely rapid, with a typical duration of only tens of
seconds [30, 276, 277]. Whether cargo can be
successfully internalized may depend on whether it
can be effectively trapped in the cup during the brief
existence of the macropinocytic cup. Taking dextran as
an example, the molecular weight of 70 kDa dextran is
higher than that of 4 kDa dextran, and its diffusion
coefficient is lower, so it is less likely to diffuse out
before the macropinocytic cup closes, and it is more
likely to be retained in the cup. In contrast, the
diffusion rate of 150 kDa dextran may be too slow for
it to fully enter the cup before the macropinocytic cup
closes, thus limiting its encapsulation. However, this
diffusion-based explanation is still just a hypothesis
and needs to be verified experimentally.

The influence of carrier surface topology on
macropinocytosis mainly occurs through changes in
carrier-membrane contact and retention at the
membrane. Take virus-like spiky particles as an
example. Compared with silica particles with smooth
surfaces, they can form multiple contact points with
the plasma membrane, thus enhancing adhesion and
improving cellular uptake [278]. This uptake process
involves both macropinocytosis and clathrin-
mediated endocytosis.  Similarly, asymmetric
nanorobots have a sea urchin-like spiky head and a
hollow tail, and their cellular uptake is also enhanced.
At the same time, it was found that the greater the
number of spikes and the longer their length, the more
pronounced the increase in uptake [279]. After adding
cytochalasin D, uptake decreased, suggesting that the
process depends on actin. However, it should be noted
that cytochalasin D is not a specific inhibitor of
macropinocytosis, and the study did not use fluid-
phase tracers or directly observe macropinocytic cup
formation, so the contribution of macropinocytosis
cannot be directly established. Another study on
kaolinite provides new evidence from the perspective
of membrane retention. Kinetic analysis found that
multiple sites on the kaolinite surface continually
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form, break, and re-form hydrogen bonds with the
membrane interface. On the one hand, this dynamic
interaction maintains contact between the particles
and the membrane, and on the other hand, it also
allows interfacial rearrangement. Because the particles
are less likely to detach and remain near membrane
ruffles for longer, the chance of being captured during
macropinocytic cup formation and closure also
increases accordingly [280].

Carrier stiffness may also influence the route of
cellular entry. Banquy et al. found that soft hydrogel

nanoparticles with a Young’s modulus of
approximately 18 kPa  entered RAW264.7
macrophages mainly through macropinocytosis.

Increasing stiffness to approximately 211 kPa shifted
the predominant uptake route toward clathrin-
mediated endocytosis [281]. One possible explanation
involves the mechanics of membrane wrapping: rigid
particles require greater membrane deformation,
while softer particles can deform as they are engulfed,
altering particle-membrane contact. However, few
studies have directly examined how stiffness affects
macropinocytic cup expansion and closure, so the
mechanistic evidence remains limited.

Particle surface charge is another key factor in
regulating the efficiency of macropinocytosis. The
positive surface charge of the carrier can significantly
enhance macropinocytic uptake. In HeLa cells,
arginine-rich cationic cell-penetrating peptides such as
R8/Tat show uptake that is highly sensitive to EIPA
and actin inhibitors, indicating that they mainly enter
cells through macropinocytosis  [282,  283].
Extracellular vesicles modified with arginine-rich
cationic cell-penetrating peptides also show a similar
uptake process [213]. In HeLa cells, positively charged
nanoparticles are internalized through
macropinocytosis more efficiently than negatively
charged particles, accompanied by typical pseudopod
formation and F-actin rearrangement. The process is
generally mediated by RAC1/CDC42, is sensitive to
EIPA, and partly depends on microtubules and COX
activity [284]. In addition, when neutral or negatively
charged nanoparticles are coated with the cationic
polymer polyethyleneimine (PEI), their primary
internalization route shifts toward macropinocytosis
[285]. One possible mechanism is the electrostatic
interaction between positively charged particles and
negatively charged tumor cell surfaces and stromal
components in the acidic tumor microenvironment.
These interactions can increase the adsorption and
retention of positively charged particles, allowing
greater cell contact and possibly promoting
macropinocytosis. Cationic functional groups (such as
guanidino groups) can form multivalent interactions
with HSPGs on the cell surface [286]. The finding that
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tau aggregates are internalized through HSPG-
dependent macropinocytosis further shows the
broader relevance of this mechanism [287]. Secondary
condensation of Tat/pDNA complexes with Ca?* or
cetyltrimethylammonium bromide (C16TAB) can
further enhance macropinocytic uptake [288, 289].
Although the treated particles become smaller and
more compact, this alone is not enough to explain why
uptake increases. After Ca?* or C16TAB treatment, the
zeta potential of the particles shifts markedly toward
more positive values; compared with the original
Tat/pDNA complexes, this shows that these
treatments not only promote secondary condensation
but may also reorganize the complexes into smaller,
more highly cationic nanoparticles by strengthening
electrostatic and hydrophobic interactions. Similarly,
high cationic density has shown similar effects in other
studies. Liposomes with low R8 density are mainly
internalized through clathrin-mediated endocytosis,
while high R8 density is more conducive to
macropinocytosis [290]. This shows that local cationic
density helps determine the uptake route. Densely
displayed cationic ligands are more likely to form
stable multivalent interactions with anionic cell-
surface components (especially HSPGs), thus
prolonging membrane residence time and promoting
RAC1/CDC42-dependent actin remodeling and
membrane ruffling. Therefore, the improvement in
uptake through secondary condensation may be
related to both changes in particle compactness and
stronger interactions between the carrier and the cell
surface.

When  designing carriers to  improve
macropinocytic uptake, in addition to considering the
optimization of the above-mentioned physicochemical
properties, attention should also be paid to the effects
of these properties in vivo. Positive surface charge can
promote uptake, but at the same time increase
nonspecific tissue adsorption and systemic toxicity
[291]. After cationic nanocarriers enter the blood, they
will quickly adsorb plasma proteins and form protein
coronas, thus changing their apparent surface
properties. At the same time, the -electrostatic
interaction between them and red blood cells may also
pose a risk of hemolysis. Protein adsorption will also
enhance the recognition and clearance of carriers by
the mononuclear phagocyte system (MPS), shortening
their circulation time and reducing tumor exposure
[292]. Therefore, the design of cationic carriers must
achieve a balance between cellular uptake and stability
during circulation. The charge conversion strategy
discussed in Section 4.2.4 may help solve this problem.
When optimizing particle size and shape, additive
manufacturing methods such as nano-3D printing can
be considered. Carriers prepared by this method can
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have their size and shape controlled more accurately,
and this method is also conducive to systematically
studying the effects of these properties on
macropinocytosis-based delivery [293].

The mechanobiological basis by which carrier
properties regulate macropinocytosis = remains
incompletely understood. Therefore, parameters such
as stiffness, surface topology, and surface chemistry
should not be examined in isolation, but should be
systematically evaluated. If we can clarify how these
properties affect membrane retention, macropinocytic
cup formation, and cargo capture, we can provide a
more rational basis for the design of macropinocytosis-
based delivery systems.

6.3 Drug escape challenges

After internalization through macropinocytosis,
therapeutic cargo may initially avoid direct exposure
to plasma membrane efflux pumps such as P-gp.
However, the resulting macropinosomes typically
mature along the early-to-late endosomal pathway
and ultimately enter lysosomal compartments with a
pH of approximately 4.5-5.5. Although this process
promotes lysosomal enrichment of lysosome-targeting
drugs, the acidic, hydrolase-rich lysosomal
environment readily leads to ion trapping or cargo
degradation. Furthermore, macropinosomal recycling
and cargo re-export further reduce the drug's effective
cytoplasmic exposure. Consequently, intracellular
escape remains a central bottleneck that limits
therapeutic efficacy and represents a major challenge
in the design of macropinocytosis-based delivery
systems.

Among current strategies for endosomal or
lysosomal escape, lysosomal membrane
permeabilization (LMP) triggered by inorganic ions is
mainly exploited at the lysosomal level. For instance,
nanocarriers  containing inorganic ions are
internalized into lysosomes via cancer-associated
macropinocytosis [294]. Upon lysosomal entry, these
ions are released, inducing LMP to facilitate the escape
of cargo from lysosomes into the cytoplasm.
Experimentally studied approaches to endosomal
escape include protonatable carriers and membrane-
active peptides or lipids. One relies on the "proton
sponge effect" to induce osmotic swelling and
membrane rupture. For instance, after Janus base
nanoparticles are internalized via macropinocytosis,
the NPs escape from endosomes through a process
analogous to the "proton sponge" effect of cationic
polymers [295]. The alternative mechanism involves
fusion peptides or cationic lipids, which are triggered
by the low pH in endosomes, leading to their insertion
into the membrane. By lowering the energy barrier to
curvature, transient nanopores form, enabling the
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leakage of contents across the membrane into the
cytoplasm [240, 296].

Compared with classical endocytic vesicles,
macropinosomes are micrometer-scale  single-
membrane compartments. During maturation,
macropinosomes undergo rapid osmotic shrinkage
through Na*/Cl" efflux mediated by ion channels such
as TPCl/2 and transmembrane protein 206
(TMEMZ206) [36]. These giant vacuoles undergo
substantial changes in membrane tension and
curvature during intracellular transport. These
features may make macropinosomes more amenable
to mechanically assisted leakage or rupture than
smaller coated endosomes [297]. Consequently, this
characteristic offers a potential escape window for
drugs.

Based on this mechanism, two possible design
directions may be considered. First, the hypertonic
and high-curvature window created by osmotic
shrinkage could be exploited by modifying carrier
surfaces with pH-responsive membrane fusion or
pore-forming peptides, such as HA2, INF7, or
amphipathic helical peptides with
masking/unmasking functions. These peptides are
activated in acidic environments and insert into the
membrane, thereby temporarily increasing membrane
permeability or promoting membrane fusion during a
critical window. This process ultimately results in the
release of the payload into the cytoplasm [298, 299].
Furthermore, liposome composition can be optimized
by increasing conical lipids, such as DOPE, and
reducing cholesterol, and by introducing reversible
lysine/alkylation groups, thereby reducing the
membrane bending modulus and enhancing insertion
under low-pH conditions [300]. Another, as yet
unvalidated, approach is to interfere with ion channels
involved in osmotic shrinkage during macropinosome
maturation to facilitate cargo escape. During this

process, TPC1/2 mediate Na* efflux, whereas
ASOR/TMEM206 mediates Cl~ efflux, together
driving osmotic water loss, macropinosome

shrinkage, and subsequent membrane tubulation [36,
301]. Interfering with these ion transport pathways
could reduce ion and water efflux and prolong the
large-volume state of macropinosomes. When
combined with protonatable materials, ion-channel
inhibition may further increase luminal osmotic stress
through the proposed proton sponge effect,
potentially enhancing membrane destabilization.
Mechanistically, ion channel inhibition differs
from the proton sponge effect and pH-responsive
membrane disruption. Ion channel inhibition mainly
delays macropinosome shrinkage by reducing ion and
water efflux. By contrast, the proton sponge effect
increases the luminal osmotic load, whereas fusion
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peptides or pore-forming materials directly disrupt
the membrane. Therefore, ion channel inhibition alone
may not be sufficient to cause membrane rupture and
may be more suitable as an auxiliary escape
mechanism. Ion-channel inhibition could therefore be
combined with protonatable materials or pH-
responsive fusogenic and pore-forming systems to
further facilitate membrane destabilization and cargo
release. However, this strategy is currently based
mainly on the known mechanisms of macropinosome
maturation, and direct evidence that ion channel
inhibition can consistently improve cytosolic escape is
still lacking. In addition, the roles of these channels are
not limited to macropinocytosis. Therefore, sustained
or systemic inhibition may disrupt endolysosomal
trafficking and substrate clearance in normal cells,
increasing the risk of storage-related dysfunction. For
example, TPC2 deficiency impairs LDL-cholesterol
trafficking and increases susceptibility to hepatic
cholesterol overload and liver injury in mice fed a
cholesterol-rich  diet [302]. ASOR/TMEM206
deficiency causes endosomal hyperacidification and
alters transferrin receptor-mediated endocytosis [303].
Although these genetic studies cannot directly predict
the toxicity of pharmacological inhibition, they
suggest that prolonged disruption of these channels
could lead to substrate accumulation and cellular
stress, compromising normal cell function and
survival in healthy tissues. When combined with
membrane-disruptive materials, excessive membrane
permeabilization may also cause nonspecific cellular
injury, which should be distinguished from effective
cargo escape. Future studies should therefore
prioritize local, transient, and reversible interventions,
assessing endolysosomal pH, membrane integrity,
and viability in normal cells alongside cytosolic cargo
release to establish a safety window.

6.4 ldentifying challenges

At present, pharmacological inhibitors are
commonly used to distinguish endocytic pathways,
with the entry route inferred from their effects on
carrier uptake. In the study of macropinocytosis, EIPA
is one of the most widely used tools. It mainly inhibits
the Na*/H* exchanger NHE1l, and inhibits
macropinosome formation by blocking proton efflux
to disrupt pH homeostasis in the submembrane
region, and then interferes with actin remodeling
mediated by RAC1/CDC42. However, EIPA does not
seem to only affect macropinocytosis. In epithelial cells
originating from renal proximal tubules, EIPA will
inhibit NHE3-dependent receptor-mediated albumin
internalization [304]. At the same time, Na*/H*
exchange itself is also involved in the regulation of
intracellular pH. In the spheroid model of triple-

https://www.thno.org



Theranostics 2027, Vol. 17, Issue 1

negative breast cancer, long-term EIPA treatment will
lead to drug accumulation and organelle damage
[305]. These broader cellular effects will interfere with
the assessment of carrier uptake and treatment effects.
Similar disputes over specificity also exist in the
verification of other endocytic pathways. For example,
methyl-B-cyclodextrin is a cholesterol scavenger
commonly used to test clathrin-dependent and lipid-
raft-dependent endocytosis, but cholesterol can also
activate RAC1 by accumulating at the plasma
membrane, thus activating macropinocytosis [306,
307]. The small-molecule inhibitor Dynasore, which is
often used to inhibit clathrin-dependent endocytosis,
has also been found to interfere with F-actin dynamics,
thus affecting a variety of endocytic pathways that
depend on cytoskeletal reorganization [41, 308]. These
cross-interferences show that bias can arise from
relying only on pharmacological inhibitors to clarify
the uptake mechanism. At the same time, the effect of
macropinocytosis inhibitors is also closely related to
the cellular context. In A431 cells, rottlerin, a non-
selective kinase inhibitor with mitochondrial
uncoupling activity, inhibits the uptake of 70 kDa
dextran even more strongly than EIPA [309].
However, in other cellular contexts, this stronger
inhibitory effect is not consistently observed. Rottlerin
can also reduce mitochondrial membrane potential
and affect ATP availability in some cells [310]. These
effects may also impair cytoskeletal remodeling and
energy-dependent  uptake.  Therefore, = when
interpreting pharmacological evidence, the effects on
overall cell physiology and other endocytic pathways
must also be considered. The reduction in uptake after
treatment with a single inhibitor alone is not enough
to prove that uptake depends on macropinocytosis,
and the percentage inhibition cannot be directly
equated with the proportion of macropinocytosis in
total uptake.

Therefore, highly selective macropinocytosis
inhibitors should not be developed solely by targeting
broad upstream regulators. Future studies can focus
more on targets involved in membrane ruffling, cup
closure, and macropinosome maturation. For example,
CARMIL1 is an actin cytoskeletal scaffold protein that
is recruited to the cell front through its membrane-
binding region. It further regulates capping protein
(CP) activity via its CP-interacting domains, thereby
maintaining the dynamic balance of barbed ends at the
cell edge [311]. A CP-binding-defective mutant,
CARMIL1-AA, has been shown to selectively block
macropinocytosis-dependent tumor growth.
Compared with EIPA, it exhibits greater selectivity in
suppressing macropinocytosis, while having limited
effects on RAC activation, autophagy, and other basic
cellular processes [312]. However, the inhibitory effect

513

of CARMIL1-AA currently requires genetic
expression. Pharmacological approaches that mimic
its effect may therefore provide a more selective
alternative to EIPA. In addition, key regulators of
membrane remodeling may represent another class of
candidate  targets. SNX5 is  recruited to
phosphoinositide-enriched plasma membrane regions
following receptor activation and promotes Arp2/3-
dependent dorsal ruffle formation, thereby facilitating
macropinosome biogenesis. In bone-marrow-derived
macrophages, SNX5 deficiency reduced
macropinocytic uptake of dextran or ovalbumin by
approximately 60-70%, while phagocytosis was
unaffected [313]. However, this effect is dependent on
cell type and macropinocytosis subtype, as SNX5
deficiency does not impair macropinocytosis in DCs,
and SNXS5 also participates in other endosomal sorting
processes. Its translational potential will therefore
depend on identifying the macropinocytosis-relevant
functional interface of SNX5 and developing
pharmacological tools that interfere with this activity
without broadly disrupting endosomal trafficking.
Together, these findings suggest that targeting
macropinocytosis-specific membrane and cytoskeletal
machinery may provide greater selectivity than
conventional inhibitors, although further translation
will require pharmacologically tractable targets,
broader validation across cell types, and rigorous
assessment of their effects on other endocytic
pathways. In addition to developing inhibitors against
known targets, direct phenotype-based screening may
represent a more effective strategy for identifying
highly selective macropinocytosis inhibitors. For
example, 70 kDa dextran uptake can serve as a readout
in high-content screening for bioactive small
molecules, enabling the identification of candidate
compounds with stronger inhibitory effects than EIPA
[314]. In parallel, some studies have developed
screening models for virus entry via macropinocytosis
and identified novel inhibitory candidates using this
approach. These findings suggest that screening
strategies based on pathogen entry phenotypes may
also provide a promising avenue for the discovery of
macropinocytosis inhibitors [315]. Such phenotype-
based approaches should be followed by mechanistic
and pathway-selectivity validation to distinguish
genuine macropinocytosis inhibitors from compounds
that broadly suppress endocytosis or cell viability.

In addition to the use of inhibitors, colocalization
analysis of delivery systems with 70 kDa dextran
remains the mainstream approach for qualitative and
quantitative  assessment of macropinocytosis.
However, recent studies have revealed that this tracer
can undergo MRC1 receptor-mediated endocytosis in
specific cell types, such as macrophages [220]. This
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may blur the distinction between macropinocytosis
and receptor-mediated endocytosis. In addition, other
commonly used macropinocytosis indicators, such as
DQ-BSA and Lucifer Yellow, exhibit varying degrees
of nonspecificity across different cellular or tissue
contexts [316, 317]. Therefore, future macropinocytosis
markers should be developed through rational design
based on the physicochemical preferences of
macropinocytic uptake. Based on the principles
discussed above, probes may be rationally engineered
by optimizing parameters such as size, shape, surface
charge, and molecular weight. Such designed
macropinocytosis markers can be further combined
with fluorescent conjugation to generate functional
tracers that are more readily taken up through
macropinocytosis. This may create new opportunities
to improve the specificity and accuracy of
macropinocytosis detection.

In addition, as shown in Table S2, current studies
lack standardized criteria for marker and inhibitor
selection, treatment conditions, and quantitative
readouts, which limits direct comparison across
studies. Some studies have proposed more consistent
methods for quantifying macropinocytosis. For
example, Commisso et al. developed the
macropinocytic index, which quantifies
macropinocytic activity by calculating the area of 70
kDa fluorescent dextran-positive vesicles and
normalizing it to total cell area [318]. This image-based
framework has also been adapted for automated
analysis and tissue-based quantification of
macropinocytosis [319].

The identification of macropinocytosis is still
limited by the lack of highly specific inhibitors and
tracers. To solve this problem, multidisciplinary
efforts are needed. Meanwhile, with the existing tools,
the reliability and comparability of the results can be
improved  through standardized  multimodal
workflows. First, fluid-phase uptake can be assessed
using 1 mg/mL fluorescent 70 kDa dextran for 30 min
at 37 °C [318]. These conditions provide a starting
point and should be optimized for the cell model and
carrier.  Subsequently, the colocalization of
fluorescently labeled carriers and dextran-positive
vesicles is detected, and carrier uptake per cell and the
proportion of intracellular carrier signal within
dextran-positive vesicles are quantified. Consistent
image thresholds and vesicle segmentation criteria
should be used for comparison. Pharmacological
inhibition can be used as supporting evidence. For
example, a published protocol used 50 pM EIPA
pretreatment for 30 min before uptake measurement
[253]. Genetic perturbations can also assist in
verification, including RACI or PAKI knockdown,
CARMIL1-AA expression [312, 320, 321], and SNX5
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deletion selected according to the cell model [313].
Carrier uptake, dextran wuptake, and vesicular
colocalization should be compared with appropriate
controls, and consistent changes can support the
involvement of macropinocytosis. If genetic
perturbations simultaneously reduce 70 kDa dextran
uptake and carrier colocalization with dextran, this
will further support macropinocytic internalization of
the carrier. In addition, high-resolution live-cell
imaging can also provide dynamic morphological
evidence. 3D-SIM and LLSM can be used to directly
observe membrane ruffling and macropinocytic cup
formation and closure in living cells [14]. At the in vivo
level, near-infrared-labeled albumin has been used for
imaging and semiquantitative assessment of tumor
macropinocytic  activity, extending quantitative
evaluation from cultured cells to in vivo models [322].
Therefore, integrating standardized quantitative
uptake analysis with dynamic morphological and in
vivo imaging may improve the accuracy and
comparability of macropinocytosis evaluation across
delivery systems and studies.

7. Conclusion

This review examines the biological functions
and regulatory mechanisms of macropinocytosis in
cancer and its applications in drug delivery.
Macropinocytic activity in tumor cells is enhanced,
which provides a route for macromolecular drugs and
nanocarriers to enter cells that differs from classical
endocytic pathways. However, whether the delivery
system can really make good use of this route depends
not only on the physicochemical properties of the
carrier itself, but also on the tumor microenvironment.
In addition, carrier uptake by cells does not mean
successful delivery. The carrier must also be able to
selectively reach cancer cells and undergo effective
intracellular trafficking, and finally achieve cargo
release.

Macropinocytosis provides new possibilities for
tumor drug delivery, but there are still many obstacles
to clinical translation. First of all, its activity will
change with the cellular context, so high overall tumor
uptake does not mean that the drug can be effectively
delivered to cancer cells. The distribution of carriers
within the tumor, differences in uptake by different
cell populations, and their fate after entering cells will
affect the final therapeutic outcome. Secondly, at
present, there is still a lack of unified design principles
and evaluation standards across different delivery
systems, and most strategies specifically designed to
exploit macropinocytosis are still at the preclinical
stage. Future research should focus on the whole
delivery process, especially target-cell selectivity and
intracellular cargo release. Only by establishing a
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reproducible method that allows different systems to
be compared in clinically relevant models can we truly
confirm whether this pathway has translational value.
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