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Abstract

In recent years, it has been recognized that mechanical forces play an important regulative role in living organisms and
possess a direct impact on crucial cell functions, ranging from cell growth to maintenance of tissue homeostasis. Advance-
ments in mechanobiology have revealed the profound impact of mechanical signals on diverse cellular responses that are
cell type specific. Notably, numerous studies have elucidated the pivotal role of different mechanical cues as regulatory
factors influencing various cellular processes, including cell spreading, locomotion, differentiation, and proliferation.
Given these insights, it is unsurprising that the responses of cells regulated by physical forces are intricately linked to
the modulation of nanoparticle uptake kinetics and processing. This complex interplay underscores the significance of
understanding the mechanical microenvironment in shaping cellular behaviors and, consequently, influencing how
cells interact with and process nanoparticles. Nevertheless, our knowledge on how localized physical forces affect the
internalization and processing of nanoparticles by cells remains rather limited. A significant gap exists in the literature
concerning a systematic analysis of how mechanical cues might bias the interactions between nanoparticles and cells.
Hence, our aim in this review is to provide a comprehensive and critical analysis of the existing knowledge regarding
the influence of mechanical cues on the complicated dynamics of cell-nanoparticle interactions. By addressing this gap,
we would like to contribute to a detailed understanding of the role that mechanical forces play in shaping the complex
interplay between cells and nanoparticles.

Keywords Nanomedicine; Nanoparticles - Mechanotransduction - Mechanical cues - Extracellular matrix

1 Introduction

Unique physicochemical features of nanomaterials opened a door for their application in various fields including
biomedicine [1]. It is feasible to improve disease diagnosis and treatment specificity using designed nanoparticles
[1-3]. For instance nanoparticles represent promising formulations that may ameliorate the stability and solubility
of encapsulated drugs, improve transport across membranes and affect circulation times to increase safety and
efficacy of nano-based medicines [4, 5]. Furthermore, novel nanomaterials (e.g. DNA nanostructures) offer promising
foundation of better and safer nanoformulations for various biomedical applications [6-8]. In fact, nanoformula-
tions contributed greatly to vaccine design and efficiency, simultaneously providing a platform that avoids severe
adverse reactions [9]. However, nanomaterials can also possess serious toxic effects resulting into adverse drug
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reactions [10-14]. Additionally, the clinical translation of nanomaterials into nanomedicines available to patients
is recognized to be lower than what is expected [1, 15]. The low rate of nanomedicine’s clinical success is generally
attributed to translational gap between animal and human studies [1, 15]. On one hand, this gap originates from
poor understanding of key differences in physiology and pathology between animal models utilized in preclini-
cal research and humans [1, 16]. On the other hand, lack of clear understanding of fundamental mechanisms of
nanomaterials-cell interactions contributes to the problem of clinical translation of nanomaterials [1, 13]. It is
worth noting that revealing detailed mechanisms of nanomaterials-cell interactions on cellular level has far going
implications in the optimization of biomedical application potential of nanomedicines and minimization of their
adverse effects [1, 13].

In recent years, a substantial body of research has demonstrated that mechanical forces play a pervasive role in
living organisms and exert a direct influence on cell functions [17-20]. While the impact of mechanical forces on
biology is most obvious during activities like breathing, heartbeats, blood circulation, and physical exercise, these
forces also govern processes such as morphogenesis, cell migration, and cell adhesion to the extracellular matrix
[17-22]. Crucially, it has become evident that mechanical forces can regulate a wide array of biological phenomena,
spanning from cell growth and specialization to maintaining tissue equilibrium and orchestrating complex inflam-
matory reactions [18, 21-24]. Recent progress in mechanobiology has demonstrated that mechanical signals influ-
ence various cellular responses, with the extent of modulation varying depending on the cell type. Specifically, it
has been demonstrated by a number of studies that substrate stiffness plays a crucial role as a regulatory factor in
processes such as cell spreading, locomotion, differentiation, and proliferation. Therefore, it is not surprising that
stiffness-regulated cell responses have been linked with modulation of nanoparticle uptake kinetics and process-
ing by cells.

Although much is known separately about cell responses to their local physical environments and the size/shape
dependent cellular uptake of different nanomaterials, the effects of the extracellular matrix (ECM) stiffness on cellular
uptake and processing of nanoparticles generally are still poorly understood [25, 26]. It has been shown that matrix
stiffness affects the cellular uptake of succinate micelles, silica and polystyrene nanoparticles [25-27]. It becomes
evident that cell responses regulated by stiffness may lead to the changes in the nanoparticle uptake kinetics. Such
effects may be used to develop and design novel nanoparticle formulations with improved targeting and delivery
properties [26]. However, the influence of localized physical forces on the internalization of nanoparticles by cells
remains largely unexplored. Importantly, systematic analysis of how mechanical cues may bias interactions of nano-
particles with cells is lacking in the literature. Important implication of such research is that the differences in cell-
nanoparticle interactions between in vitro and in vivo settings can be attributed to the fact that cell-nanoparticle
interactions are not solely determined by the physicochemical properties of the particles [27]. It has been illustrated
that cultivating cells on substrates of varying stiffness results in distinct levels of particle uptake. Stiffer substrates
were found to enhance spreading and internalization of nanoparticles [26]. Given that cells can respond differently
to stiffness signals, it is essential to characterize their influence on uptake for the enhancement of nanoparticle-
based therapeutic approaches. Additionally, studies revealing how substrate stiffness impacts the cellular uptake
of nanoparticles holds significant implications in the other aspects. For instance, in physiological conditions, tumor
tissues exhibit diverse stiffness levels across different stages, and metastatic cancer cells migrate through tissues
with varying stiffness [28-31]. If the mechanical properties of ECM do indeed regulate cellular uptake, such effects
must be considered in optimizing nanoparticle-based targeting of cancer cells to inhibit tumor growth and cancer
cell metastasis.

Recent studies tried to address those challenging questions of how mechanical forces may bias nanoparticle-cell
interactions [25-27]. In fact, some basic results and conclusion were achieved. Therefore, here we will review and
critically analyze evidence of the impact of mechanical cues on cell-nanoparticle interactions. We will describe cur-
rent in vitro experimental platforms utilized to study effects of mechanical forces on cell-nanoparticle interactions.
We will provide systematic analysis of current state of the art in our understanding on how and to which extent
mechanical cues affect cell-nanoparticle interactions. In this review we would like to focus on potential mechanisms
mechanical regulation of nanoparticle uptake and processing by cells. We will also discuss challenges and perspec-
tives in this research direction. Systematic analysis that we would like to provide in this review could be utilized as
a new avenue to optimize nanoparticle designs for more effective in vivo delivery and will provide a foundation for
future therapeutic optimization of nano-based medicines.
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2 Mechanical cues regulate cell fate

Within the microenvironment of tissues, cells experience a diverse array of physical and chemical cues [18, 32]. The
surrounding tissue environment serves as a dynamic area where cells constantly interact with various molecular and
mechanical factors, shaping their responses and contributing to the overall physiological processes. This interplay
of signals within the tissue microenvironment underscores the complex and multifaceted nature of cellular regula-
tion and function [18, 32]. The structure and composition of the cellular microenvironment have been the subject of
extensive investigation due to its role as a key regulator of both cell fate and behavior [19, 24, 33-37]. Equally signifi-
cant in understanding cellular dynamics is the consideration of mechanical forces exerted on cells. These mechanical
forces, such as tension, compression, and shear, contribute substantially to the overall cellular regulatory framework.
Therefore, a comprehensive understanding of cellular function requires a holistic approach that combines both bio-
chemical compositions and the mechanical forces within the microenvironment. Additionally, various physical factors
have been associated with numerous pathophysiological processes [24, 30]. Indeed, pathophysiological processes,
where a variety of mechanical cues plays crucial role, span from embryonic development and tissue repair to wound
healing, neural regeneration, neurodevelopment and maturation of the nervous system, neurodegenerative diseases,
fibrosis, tumorigenesis, cancer progression and even the resistance mechanisms observed in cancer immunotherapy
(Fig. 1) [24, 38-43]. Thus, unraveling the molecular mechanisms of cellular mechanotransduction will bring insights
contributing to advancements in fields such as regenerative medicine, oncology, and immunotherapy. Before we will
analyze impact of mechanical cues on nanoparticle uptake and processing by cells, we need to briefly summarize
what types of physical factors are known and what their role in physiological and pathophysiological processes.

Hydrostatic pressure (HP) is a prevalent force found within tissues and organs containing fluids, including blood
vessels, the heart, eyes, joint cavities, and the urinary bladder. In hollow organs, various mechanical cues contribute
to their dynamic environment, with hydrostatic pressure, sinusoidal stress, and interstitial fluid pressure being major
factors. These forces collectively shape the mechanical landscape of hollow organs, influencing their physiological
responses and contributing to the overall biomechanics of the surrounding tissues [24, 44]. HP in the interstitial cav-
ity is normally negative approximately —400 Pa [45]. Contrary in solid tumors and edematous tissues HP raises up
to the range of 1-5 kPa [24, 30, 45]. HP within the normal physiological range plays a constructive role by fostering
the development and repair of tissues. Research indicates that maintaining HP within this range actively promotes
bone growth and organization in developmental models [46, 47].

It is worth noting that, when HP exceeds the normal range, categorized as pathological HP, it has the potential
to induce decompensated lesions in tissues and organs, e.g. bladder fibrosis [24]. Additionally, HP can alter the
conformation of ion channels and modulate ion transmembrane transportation, thereby influencing various patho-
physiological processes. For instance, HP triggers the opening of transmembrane channels in Hela cells, leading to
an influx of calcium ions [48]. This process involves Piezo1, a mechanosensitive ion channel protein, which, upon
exposure to HP, initiates the activation of mitogen-activated protein kinases (MAPK) and p38 signaling pathways
[49]. Consequently, Piezo1 facilitates the expression of bone morphogenetic protein 2 (BMP2), influencing the phe-
notype of mesenchymal stem cells (MSCs) [49]. Moreover, elevated levels HP, particularly at 5.3 kPa, contribute to
atrial electrophysiological remodeling and trigger an inflammatory response. This occurs through the regulation
of ion flow, ultimately reducing atrial fibrillation [50]. The complex interplay of HP with ion channels and signaling
pathways underscores its significant impact on cellular behavior and physiological responses [24].

HP signals propagate through diverse functional proteins and signaling pathways. In parenchymal cells like hepato-
cytes and hepatic stellate cells (HSCs), subcapsular HP influences biochemical processes [51]. Notably, cytoskeleton-
related signals such as RhoA, ROCK, and a-SMA are activated by a 6.6 kPa HP stimulus on HSCs [52]. This elevation
in interstitial fluid pressure activates HSCs, contributing to the progression of fibrosis [52]. In the context of hollow
organs like the urinary bladder, the uroplakins (la/Ib/1l/11l) on the epithelial cell membrane play a crucial role in cell
differentiation and constitute the primary components of the high resistance barrier in urinary bladder urothelium
[24, 53, 54]. Sustained intravesical HP exceeding 4 kPa is generally recognized as pathological pressure, potentially
leading to fibrosis [55]. Research indicates that HP reaching 19.6 kPa can induce the expression of uroplakin la and
uroplakin Il proteins in urothelial cells [56]. These proteins are key factors in activating the extracellular signal-related
kinase (ERK) 1/2 pathway, emphasizing the intricate relationship between hydrostatic pressure and the molecular
mechanisms governing cell behavior and tissue responses [56].
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Fig. 1 Schematic overview of impact of mechanical cues on different physiological (black arrows) and pathophysiological (red arrows) pro- »
cesses. Mechanical cues play an important role in physiological processes, such as embryonic development, skin and wound repair, angio-
genesis and vascular remodeling, and nervous system regeneration, neurodevelopment and maturation of the nervous system. Emerging
evidence suggests that mechanical cues are crucial regulators of pathophysiological processes associated with various diseases, such as
pulmonary fibrosis, neurodegenerative diseases, cardiac fibrosis, renal fibrosis, liver fibrosis, and cancer progression. This figure was inspired
by open-access article ref. [24]. ECM, extracellular matrix; ECF, extracellular fluid viscosity. Created with BioRender.com

Fluid shear stress (FSS) arises within organs or capsules due to fluid flow. Human vasculature, including vessel bifurca-
tions, stenosis, aortic aneurysms, heart valves, and capillary networks, experiences typical FSS in the form of shear and
extensional flow [57]. Due to the lumen'’s structural characteristics the shear flow can be ranked as laminar or turbulent
flow. Uniaxial extensional (elongational) flow involves flow acceleration parallel to the vascular wall, commonly occurring
in regions with sudden contractions or expansions of fluid flow [24]. Stable or laminar flow contributes to anti-inflamma-
tory, anti-adhesive, and anti-thrombotic effects on the vascular wall [58]. In contrast, persistent turbulent flow within the
vascular wall can enhance endothelial permeability, leading to alterations in junctional proteins, and trigger proinflam-
matory signaling [59, 60]. This includes activation of NF-kB signaling and adhesion molecules, ultimately promoting the
formation of lesions [59, 60]. The complex interplay between fluid shear stress and vascular dynamics underscores its
significant role in regulating inflammation and vascular health [24].

Of note, FSS plays a crucial role in maintaining tissue homeostasis in various organs, including blood vessels, the heart,
the airway, and the urinary bladder [24, 61, 62]. Elevated FSS has been associated with anti-inflammatory effects, such as
the activation of KLF transcription factor 2/4 (KIf2/4) or endothelial nitric oxide synthase (eNOS) [24]. Conversely, turbulent
flow, oscillatory patterns, and low FSS can trigger pro-inflammatory reactions [24]. It is worth noting that, FSS was found
to be approximately 10 dyn/cm? in large blood vessels whereas in arterioles and capillaries FSS is about 40-50 dyn/cm?
[63]. Numerous studies have demonstrated that turbulent flow or low FSS conditions (< 5 dyn/cm?) influence epithelial
cells and play an important role in atherosclerosis, lipid deposition, and vessel wall thickening [64, 65]. Various signaling
pathways in different vascular wall cells are altered by hemodynamic changes induced by blood flow [66-68]. Signaling
pathways associated with FSS include vascular endothelial growth factor (VEGF), Notch, PDGF, KIf2, eNOS, endothelin,
Rho family signaling molecules of the TGFf3/BMP/Smad pathway, MAPK signaling pathway, NF-kB signaling pathway,
and GTPase signaling pathway [69, 70].

Cells respond to FSS mechanical signals through various mechanosensors, such as ion channels (K*, Ca®h), integrins,
primary cilia, the glycocalyx, and G-protein-coupled receptors (for review see [24] and references therein). Additionally,
Piezo channels, crucial sensors for mechanical stimulation, sense shear stress and transmit biomechanical signals to
the nucleus, resulting in nuclear contraction [71]. Mechanosensory complexes, including VE-cadherin, VEGF receptor 2
(VEGFR2), and platelet endothelial cell adhesion molecule (PECAM-1 or CD31), are activated in response to FSS, trans-
mitting biomechanical signals into endothelial cells [72]. It was shown that PECAM-1 interacts with type lll intermediate
filament subsequently activating Src via VE-cadherin support [73]. Further, G-protein-coupled receptors are eliciting an
activation of Ras and Rho GTPase signaling cascades, influencing endothelial cell migration and traction force modulation
[74, 75]. VEGFR2 may also induce activation of PI3K/AKT/mammalian target of rapamycin (mTOR) signaling axis which
leads to integrin activation [76].

Tensile force (TF) or alternatively stretching force, plays a pivotal role in various physiological processes such as muscle
and joint movement, atherogenesis, cardiovascular remodeling, and important cellular functions such as proliferation,
transformation, and development [24, 77]. For example, the dynamic tension within joints can significantly influence the
ultimate behaviors of muscles [78]. TF generated by blood flow, in the cardiovascular system, affects cellular behavior
of multiple cell lineages like endothelial cells, smooth muscle cells, and cardiac myocytes [24]. Indeed, the flow of blood
within the body creates mechanical pressures, including shear stress and circumferential stretch, which directly impact
the endothelium [79]. The pressure exerted radially generates an internal circumferential stress within the vessel wall,
while the stretching force longitudinally produces an internal longitudinal stress. Furthermore, a secondary tensile force
emerges in the longitudinal direction due to the tethering of the vessel to surrounding tissue at its ends and various
points along its length [79]. TF is known to induce cardiomyocyte hypertrophy by activating nuclear factor-like 2 (Nrf2)
and interferon-regulated transcription factors in myocardial tissue [80]. Furthermore, vascular remodeling and contraction
is supported by TF excreted in the vascular wall [81]. TF also triggers urothelium proliferation through a6-focal adhesion
kinase (FAK) signaling and plays a role in the development of animal neurons via gene transcription regulation [82-84].

Parameters of TF, like magnitude, frequency, and duration, greatly affect the extent and amplitude of physiologi-
cal processes being regulated by TF [24]. In fact, TF was found to significantly affect the alignment, differentiation,
migration, proliferation, survival, apoptosis, and autocrine and paracrine functions of cells (Fig. 2) [24]. Upon receiving
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Fig.2 Schematic representation of molecular mechanisms how different mechanical cues (tensile force, extracellular fluid viscosity, hydro-
static pressure, and shear stress) regulate functions of different cell types. Red arrows indicate stretching/tensile forces, green arrows indi-
cate shear stress, blue arrows indicate impact of extracellular fluid viscosity, and black arrows refer to hydrostatic pressure, yellow arrows
indicate effect of ECM stiffness. ADRB, 3 adrenoceptors; ECM, extracellular matrix; ERK, extracellular signal-related kinase; MCP1, mono-
cyte chemotactic protein 1; MCPIP1, MCP1-induced protein; MMP, matrix metalloprotease; mTOR, mammalian target of rapamycin; NF-kB,
nuclear factor-kB; TGFp, transforming growth factor 3; TNFa, tumor necrosis factor a; VCAM-1, vascular cell adhesion molecule 1; ECF, extra-
cellular fluid viscosity; NHE1, Na*/H* exchanger-1; PECAM-1, platelet and endothelial cell adhesion molecule 1; VEGFR2/3, vascular endothe-
lial growth factor receptor 1; FAK, focal adhesion kinase; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated
kinase; MAPK, mitogen-activated protein kinase; Akt, AKT serine/threonine kinase; PI3K, phosphoinositide 3-kinase; ROCK, Rho-associated
protein kinase; YAP, yes-associated protein; TAZ, tafazzin; phospholipid-lysophospholipid transacylase; CCR2, C-C chemokine receptor type
2; AMPK, AMP-activated protein kinase. Created with BioRender.com
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biomechanical signals, integrins transduce these signals into cells, leading to the activation of p38MAPK signaling,
nitric oxide (NO), and reactive oxygen species (ROS), which, in turn, trigger downstream cascades [85, 86]. Concur-
rently, active JNK and p38MAPK signaling pathways lead to the elevated expression of a-smooth muscle actin (a-SMA)
and promoter activities [87]. Additionally, the ERK signaling pathway is upregulated via activation of Rho by integrins
[88]. Ultimately, these molecular events regulate the phenotype and alignment of cells [24].

The stiffness of ECM. ECM is a non-cellular component found in extracellular capsules. It is attributed to a complex
composition primarily consisting of collagen, fibronectin, elastin, lamin, proteoglycan, glycoprotein, and glycosa-
minoglycan [89]. Fibrillar proteins, notably collagens, exhibit high tensile strength but low elasticity, whereas elastic
fibers, such as elastin, display high elasticity but low tensile strength. Consequently, the constituents of the ECM
significantly influence the mechanical properties of tissues [90]. Primarily, ECM reorganization dramatically affects
and regulates cell growth, differentiation, and apoptosis [24]. The intracellular skeleton and cell surface adhesion
molecules mediate cellular communication through the interaction with both the ECM and neighboring cells [24].
Of note, ECM remodeling is tightly linked with complex physiological conditions, and pathological ECM exerts a
lasting impact on the morphology and functions of cells [91]. It amplifies the ECM deposition process, leading to
severe fibrosis [91].

It is worth noting that excessive ECM deposition can have detrimental consequences. Indeed, myocardial fibrosis
arises from fibrotic scarring due to myocardial infarction, leading to matrix deposition in interstitial and perivascular
areas. This condition impairs heart function and supports the progression of heart failure [92]. Emerging evidence sug-
gests that predominant increase in type | and type lll collagen fibers in hypertensive heart disease and heart failure is
associated with aortic stenosis [93, 94]. Additionally, liver fibrosis is triggered by myofibroblasts resulting from chronic
hepatotoxic injuries, such as hepatitis B or C, alcohol abuse, or cholestatic injury (for example, bile duct obstruction)
[95-98]. Of note, liver fibrosis can be also triggered by venostasis in patients with right ventricular heart failure which
can be caused by hypoxia and/or increased HP [99]. The ECM remodeled by hepatic stellate cells promotes the transfor-
mation from fibroblasts to myofibroblasts, ultimately replacing normal liver tissues with cross-linked type | and type Il
collagen fibers [95-98].

In fact, various biological processes are modulated by the mechanical properties of ECM. The stiffness of the ECM serves
as an indicator of tissue resistance to deformation, influencing an increase in tissue elasticity [17, 33, 89, 98]. ECM stiffness
is requlated not only by qualitative and quantitate composition of the ECM but also by post-translational modifications of
ECM components. For example, the elasticity of the ECM can be increased by nonenzymatic glycation and cross-linking
of collagen [17, 33, 89, 98]. ECM stiffness exhibits variations across different organs. Additionally, ECM stiffness changes
during development of different pathophysiological conditions. To illustrate, normal lung tissues typically have a Young’s
modulus of approximately 1 kPa, essential for respiratory function [100]. However, in patients with idiopathic pulmonary
fibrosis, enhanced ECM deposition and the transformation of contractile myofibroblasts leads to significant increase in
lung elasticity up to 30-50 kPa [101]. Similarly, the stiffness of normal liver tissue ranges from 1.5-4.5 kPa, while in the
early and late stages of liver fibrosis, it is elevated up to 4.1-12.9 kPa and 16.3-48 kPa, respectively [102-107]. These
variations highlight the dynamic nature of tissue mechanics in different physiological and pathological conditions. It is
worth noting that liver stiffness organization in vivo is more complicated than simple state of the tissue and ECM. Clini-
cal hepatology defines liver stiffness as a sum of fluid pressure and mechanical stiffness of the tissue [108, 109]. In fact,
portal hypertension is a major contributor to the overall stiffness of the liver [108, 109].

Although molecular mechanisms of how ECM stiffness modulates cellular function are still not fully deciphered,
substantial progress has been made in last years. Indeed, increased ECM stiffness promotes cell-cell communication by
activating integrins [24]. The integrins, predominantly present in fibroblasts, play a pivotal role in receiving signals from
ECM components, transducing both mechanical and biochemical cues into cells. This transduction facilitates various
cellular processes, including proliferation, differentiation, migration, and invasion [110-113]. The integrin activation
results into execution of the RhoA/ROCK pathway, which leads to increased accumulation of collagen and fibronectin
[114]. These events trigger activation of the transcriptional regulator BTBD7, that subsequently initiates epithelial-to-
mesenchymal transition (EMT) through Snail2, inhibiting E-cadherin, and weakening cell adhesion [115]. Furthermore,
intracellular cytoskeletal protein talin interacts with the cytoplasmic tail of 3 integrin. This interaction results into F-actin
assembly and boosts signal transduction [111, 116, 117]. Additionally, the integrins interact with FAK leading to activa-
tion of downstream signaling that transforms fibroblast phenotype [118, 119]. The actin-myosin Il binding transduces
biomechanical signals to the nucleus, translocating Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) into the nucleus [120-123]. This triggers transcription upregulation of downstream genes that
regulate collagen synthesis, cell proliferation, and cell differentiation. This events consequently increase ECM stiffness
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[120-123]. Notably, ECM stiffness-induced transduction of biochemical stimuli, that is dependent on YAP/TAZ activity, is
mediated by multiple signaling pathways, including TGF 3, Wnt/(3-catenin, MAPK/ERK, and NF-kB [124-126].

Extracellular fluid (ECF) viscosity. Recently, novel mechanical factor, namely ECF viscosity, that affects cell behavior and
function, was identified [127]. It was shown that ECF viscosity may interact with ECM stiffness, influencing cell migration
and substrate mechanotransduction [127]. Important fluid parameters, such as density, osmotic pressure, and viscosity
are regulated by the abundance of macromolecules presented in ECF [24]. Logical expectation is that high ECF viscos-
ity might intuitively hinder the motility of various cell types. However, it was found unexpectedly that increased ECF
viscosity actually facilitates cell migration and cancer dissemination [127]. The interplay between ECF and cells initiates
the formation of an actin-related protein 2/3 (ARP2/3)-complex-dependent actin network, leading to the polarization
of the Na*/H* exchanger-1 (NHE1) [127]. NHE1, an isoform of the Na*/H* exchanger, acts as a membrane transporter,
exchanging intracellular protons for extracellular sodium ions [128]. The activation of NHE1 induces cell swelling, elevates
cell tension, and promotes TRPV4-mediated calcium influx. Consequently, cell motility is increased through activation
of RhoA-dependent contractility [127]. High ECF viscosity has been observed to boost cell motility on two-dimensional
substrates. Moreover, it has been confirmed that ECF viscosity promotes dynamic cell spreading acting via integrin/YAP
signaling [129]. The elevated viscosity of ECF promotes integrin-based adhesion, thereby augmenting cell migration.
Importantly, ECF can also synergize with ECM stiffness to enhance cellular mechanotransduction [24]. Despite these
findings, the precise mechanisms underlying the effect of ECF viscosity on cells remain poorly understood.

3 Models of physical stimuli used in nanobio research

From chapters above one can clearly see that mechanical cue of cellular microenvironment dramatically affect cell
fate and even regulate crucial cellular functions. Therefore, it is logical to assume that such rewiring of cellular activity
might be possibly translated towards nanoparticle processing by cells. While there is considerable individual knowledge
regarding how cells respond to their specific physical surroundings and the size/shape-dependent uptake of various
nanomaterials, the impact of physical factors on the overall cellular uptake and processing of nanoparticles remains
fragmented and inadequately understood. This knowledge gap highlights the need for further research and a more
cohesive exploration of the complex interplay between cellular responses, ECM properties, and nanoparticle dynamics.
However, emerging studies shed some light on this complicated problem. For instance, studies indicate that ECM stiff-
ness modulates cell-nanoparticle interactions and uptake of different nanomaterials, such as succinate micelles, silica
and polystyrene nanoparticles [25-27]. Therefore, further we would like to summarize current knowledge on modulation
of cell-nanoparticle interactions by mechanical cues. It is worth noting here that for a comprehensive understanding
of how ECM stiffness specifically influences the uptake and processing of nanoparticles, we need first to summarize the
current experimental platforms employed for evaluating the impact of physical stimuli on interactions between cells
and nanoparticles.

We summarized main current studies and experimental models utilized in the research of physical stimuliimpact on
nanoparticle processing by cells in Table 1. To the best of our knowledge we could not identify any study dealing with
the effects of extracellular fluid viscosity on nanoparticle-cell interactions (Table 1). This is not surprising due the fact that
the ECF viscosity effects on cell behavior and function were described relatively recently [127]. One can clearly see that
the most studied physical factors are ECM stiffness and shear stress (Table 1). It is understandable due to the availability
of custom-made and commercial platforms that enable application of those cues. To replicate ECM stiffness, researchers
commonly employ polydimethylsiloxane (PDMS), or polyacrylamide gel substrates coated with collagen or fibronectin, as
indicated in Table 1. It is worth noting, that currently a wide array of experimental models exists for modulating substrate
stiffness, ranging from synthetic polymers to decellularized ECM sourced from animals, for review see [24, 130-132] and
references therein. Furthermore, the elastic modulus can be adjusted dramatically, spanning orders of magnitude (e.g.,
1-100 kPa) to suit the specific requirements of the study [24, 130-132]. Additionally, tightly controlled three-dimensional
(3D) matrices are available for mimicking the ex vivo tissue microenvironment (refer to [24, 130-132] for detailed infor-
mation). Despite this, studies primarily focusing on the impacts of mechanical cues predominantly use 2D cell culture
systems, as outlined in Table 1. Even though 2D systems offer a relatively inexpensive and straightforward means of
simulating ECM mechanical cues, 3D systems provide a superior microenvironment mimicking in vivo conditions [24, 133].

Current advances in microfluidics, tissue engineering and microfabrication led to the development of sophisticated
platforms, including organ-on-chip (OoC) systems, to study effect of shear stress and hydrostatic pressure on living cells
[130, 132, 134-136]. Indeed, by integrating developments in tissue engineering and microfabrication, OoC platforms have
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emerged as a cutting-edge experimental tool for delving into human pathophysiology and comprehending the impact
of therapeutic interventions within the human body [134-136]. These platforms represent a next-generation approach,
showcasing a convergence of innovative techniques that enable more precise and physiologically relevant investiga-
tions compared to traditional experimental methods. The fusion of tissue engineering and microfabrication techniques
in OoCs has garnered considerable attention, positioning them at the forefront of scientific inquiry for unraveling com-
plicated aspects of human physiology and assessing the efficacy of therapeutic strategies (see examples on Figs. 3 and
4) [134-136]. This combination not only enhances our understanding of pathophysiological processes but also provides
a sophisticated means to evaluate the effects of various treatments, paving the way for more informed and targeted
medical interventions [134-136]. However, when it comes to the study effects of shear stress and hydrostatic pressure
on nanoparticle-cell interactions, relatively simple commercial systems are abundantly used (Table 1).

It is worth noting that OoC technology is steadily progressing toward widespread acceptance as a dedicated experi-
mental platform tailored for human-centric preclinical research and therapeutic testing [134-136]. Current studies are
progressively demonstrating a higher degree of predictiveness, closely aligning with clinical data, and reflecting the
integrated complexities of human physiology [134-136]. Therefore, there are plenty commercially available sophisticated
platforms for drug testing in the pharmaceutical industry including large pharmaceutical companies like GSK, Roche and
Pfizer [137-139]. So far, studies on effects of mechanical cues on nanoparticle-cell interactions utilizing those sophisti-
cated systems are underrepresented (Table 1).

oral dose

ﬁ IV dose

1\

Fig.3 Schematic overview of Physiome-on-a-chip approach. The Physiome-on-a-Chip comprises bioengineered devices that nurture many
interconnected 3D MPSs representing specified functional behaviors of each organ of interest, designed to capture essential features of
in vivo physiology based on quantitative systems models tailored for individual applications such as drug fate or disease modeling. By inter-
connecting MPSs, dynamic multi-organ signaling can be recreated naturally through cytokine and hormone circulation, cell trafficking, and
metabolic byproducts. Multi-MPS systems bridge the complexity gap between traditional in-vitro cell culture, animal models, and human
patient samples, potentially providing better prediction of human responses at lower financial and ethical costs as compared to current
methods of drug development. Illustration by Victor O. Leshyk. Reprinted from open-access article ref. [211] under the terms of the Creative
Commons CC BY license
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Fig.4 OrganoPlate LiverTox culture set up. A Plating media were used to differentiate iHeps in 6 well microtiter plates in 2D culture for
5 days prior to Day Oharvest and seeding by liquid handler as 3D aggregates in the OrganoPlate 2-lane. The OrganoPlate LiverTox model
was cultured in iHep maintenance media and assayed for up to 15 days post seeding. B Image of the OrganoPlate 2-lane 96 chips and sche-
matics of the perfusion and organ channels separated by a Phaseguide (PhG). C Phase contrast image of the fully assembled 3-cell type
liver-on-a-chip showing iHep clusters in the organ channel and HMEC-1 endothelial and differentiated THP-1 Kupffer cells in the perfusion
channel. D Fluorescent maximum intensity projection demonstrating nuclei/F-actin/CD68 in blue/red/yellow. E 3D reconstruction of perfu-
sion channel demonstrating the presence of a 3D tubule structure. Reprinted from open-access article ref. [212] under the terms of the Crea-
tive Commons CC BY license

It's essential to emphasize that the physical properties of nanoparticles are significant factors in regulating their inter-
action with cells [140, 141]. Specifically, parameters such as nanoparticle shape and stiffness are crucial for governing
uptake, particularly in the context of external mechanical influences. Therefore, in the upcoming chapters, we will provide
a brief overview of how nanoparticle shape and stiffness impact their interaction with living cells.

4 Influence of nanoparticle shape on interaction with cells

Advancements in nanotechnology have facilitated the design and fabrication of nanoparticles in a myriad of shapes
tailored to specific requirements, including spheres, ellipsoids, rods, and cones [140-143]. It is well documented that the
shape of the nanoparticle plays a pivotal role in the uptake pathway as well as trafficking within cells [140-143]. Nanopar-
ticle shapes are typically classified into various dimensions: zero-dimensional (OD) for nanoparticles, one-dimensional (1D)
for structures like nanorods, nanofibers, nanopillars, and nanowires, two-dimensional (2D) for nanosheets, nanoplates,
and nanopores, and three-dimensional (3D) for nanocomposites and intricate hierarchical structures [144].

The relationship between nanoparticle shape and cell internalization mechanisms is a multifaceted phenomenon.
Several shape- and size-dependent parameters have been identified as critical determinants in nanoparticle internaliza-
tion [140-143]. These parameters include: (a) the surface-to-cell membrane contact area, which influences particle-cell
adhesion, (b) the strain energy required for membrane deformation, and (c) sedimentation or local particle concentra-
tion at the cell membrane-particle interface [145]. These factors collectively influence the likelihood of nanoparticle
internalization, which is constrained by factors such as shear stress and optimal nanoparticle size.

Research has demonstrated that nanoparticles with extremely low or high aspect ratios are not typically engulfed by
endocytosis [146]. Instead, the aspect ratio should fall within a range favorable to complete wrapping of particles by the
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cell membrane [146]. Furthermore, it has been shown that oblate shapes adhere more effectively to biological substrates
than classical spherical particles of equivalent volume, potentially enhancing therapeutic efficacy [147].

Molecular dynamic simulations revealed that spherocylindrical nanoparticles are more efficiently endocytosed than
spherical nanoparticles, with cells unable to effectively uptake cylindrical particles due to their sharp ends. This discrep-
ancy in nanoparticle shape-dependent endocytosis was attributed to variations in surface adhesion energy among dif-
ferent shapes [148]. These findings were corroborated by the research, demonstrating that disc-like negatively charged
nanoparticles with high aspect ratios exhibit greater cellular uptake compared to nanorods and lower aspect-ratio
nanodiscs in mammalian epithelial and immune cells [145]. It was proposed that less strain energy is required for bend-
ing of cell membranes around nanodiscs than around nanorods, resulting in higher cellular uptake [145]. Subsequently,
it was found that the cellular uptake of nanoparticles varies depending on their shape, with spheres demonstrating the
highest uptake, followed by cubes, rods, and discs [149]. This hierarchy in uptake is attributed to the ease of bending of
the cell membrane around the particles. Interestingly, star-shaped nanoparticles were found to be rapidly enveloped by
the cell membrane, similarly to their spherical counterparts, leading to increased uptake [149]. These insights collectively
underscore the complex interplay between nanoparticle shape and cellular internalization mechanisms, highlighting
the importance of shape optimization in nanomedicine applications.

Advancements in computational methods have facilitated the conduct of high-quality theoretical and simulation
studies, enabling the exploration of the effects of nanoparticle shape on interactions with cells [150]. For instance, dis-
sipative particle dynamics (DPD) simulations were applied to explore the processes of physical transfer of nanoparticles
with various shapes, such as spheres, ellipsoids, rods, discs, and pushpin-like particles, across lipid bilayers [151]. The
factors such as the contact area between the particle and the lipid bilayer and the local curvature of the particle at the
contact point play crucial role in regulating nanoparticle penetration through lipid bilayer [150]. Notably, the efficacy
of nanoparticle penetration across this multicomponent lipid layer was observed to follow a hierarchy: rods exhibited
greater penetration than discs, which in turn surpassed spheres [152]. This suggests that nanoparticle shape influences
their interaction with lipid bilayers, with elongated structures such as rods demonstrating enhanced penetration com-
pared to their spherical counterparts [150].

Furthermore, studies have been conducted to examine the receptor-mediated endocytosis controlling uptake of
nanoparticles with varied shapes. The coarse-grained molecular dynamics (CGMD) models were applied to systemati-
cally explore the receptor-mediated membrane wrapping of nanoparticles with diverse shapes [153]. It was found that
the efficiency of nanoparticle membrane wrapping during endocytosis depends on the interplay between receptor
diffusion kinetics and thermodynamic driving forces [153]. Receptor diffusion kinetics refers to the kinetics of receptor
recruitment, influenced by the contact edge length between the nanoparticle and membrane. On the other hand, the
thermodynamic driving force denotes the amount of free energy necessary to propel nanoparticle into cells [153]. For
instance, oblate nanoparticles encounter a higher energy barrier compared to prolate nanoparticles. However, oblate
nanoparticles boast a significantly larger contact edge length, facilitating faster wrapping than prolate nanoparticles
[150, 153].

Additionally, endocytosis kinetics was assessed utilizing ligand-coated nanoparticles with different shapes, such as
spherical, rod-shaped, and disc-shaped nanoparticles [154]. One can discriminate invagination and wrapping stages
in the nanoparticle internalization processes that depends on the shape anisotropy of nanoparticles [154]. During the
membrane invagination stage, facilitated by strong ligand-receptor binding energy, nanoparticles rotated to maximize
their contact area with the membrane. Subsequently, the kinetics of the wrapping stage were primarily governed by
membrane tension and nanoparticle area with the largest local mean curvature, where the membrane underwent the
most pronounced bending [154]. Consequently, nanoparticles of varying shapes exhibited distinct favorable orientations
for the two stages, potentially requiring one or more orientation rearrangements during the endocytosis process [154].

5 Effects of nanoparticle stiffness on interaction with cells

The inherent stiffness of nanoparticles plays a critical role in determining their uptake by cells [142, 143, 150]. This stiffness
refers to the nanoparticles’ability to resist deformation when subjected to external forces. Terms such as stiffness, hard-
ness, elasticity and rigidity are interchangeably used to describe this property [142, 143, 150]. Young's modulus, measured
in Pascals (Pa), serves as a key indicator of nanoparticle elasticity. Nanoparticles with higher Young’s modulus values,
termed hard nanoparticles, include gold nanoparticles, quantum dots, and magnetic NPs. In contrast, soft nanoparticles,
characterized by lower Young’s modulus values, encompass materials like hydrogels, liposomes, and biodegradable
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polymers [142, 143, 150]. Understanding the elasticity of nanoparticles is crucial for predicting their interactions with
biological systems.

Current evidence suggests that nanoparticle stiffness significantly impacts on cellular uptake, revealing a consistent
trend wherein cells exhibit a preference for internalizing stiffer nanoparticles over softer counterparts [155, 156]. This
preference is attributed to the reduced energy expenditure of cell membranes when engulfing stiffer nanoparticles,
despite variations in the deformational energy required during the internalization process [142, 143, 150]. Moreover,
computational modeling utilizing CGMD simulations supports these experimental findings, indicating shifts in defor-
mational energy during the internalization of stiff and soft nanoparticles [157]. However, alternative hypothesis exists,
with some studies suggesting that softer nanoparticles are internalized more efficiently [158, 159], while others propose
intermediate stiffness as optimal for cellular uptake [160]. In fact, tuning nanoparticle stiffness could be utilized as drug
delivery strategy, as it was shown by enhanced accumulation of nanolipogels within tumor cells through the manipula-
tion of nanoparticle stiffness [161].

Modeling the influence of nanoparticle stiffness on cellular uptake presents distinct challenges compared to size
and shape simulations [142, 143, 150]. Consequently, specialized techniques are requisite for accurate simulation. For
instance, one study conducted comparative analysis between poly(lactic-co-glycolic acid) (PLGA)-lipid (P-L) nanoparti-
cles and PLGA-water-lipid (P-W-L) nanoparticles, including liposomes, to elucidate the mechanisms underlying rigidity-
mediated nanoparticle cellular uptake [162]. The obtained findings revealed distinct behaviors: rigid P-L nanoparticles
were wrapped by the cell membrane and internalized smoothly, whereas less rigid P-W-L nanoparticles experienced
substantial deformation during internalization, eventually becoming entrapped within the cell membrane [162]. This
observation underscores the complexity of the cellular uptake process, particularly regarding the interplay between
nanoparticle stiffness and membrane interactions.

Furthermore, soft spherical nanoparticles were found to exhibit markedly elevated energy barriers attributed to their
deformability [153, 157]. Due to the elevated energetic barrier, the recruitment of a greater number of receptors was
needed to facilitate membrane wrapping, providing the necessary force for membrane wrapping for cellular uptake of
soft spherical nanoparticles [153, 157]. Consequently, soft spherical nanoparticles were observed to undergo incomplete
wrapping in comparison to their rigid counterparts [153, 1571.

6 Effects of mechanical stimuli on nanoparticle uptake by cells

Emerging evidence suggest that cellular uptake of nanoparticles and their subsequent subcellular localization are biased
when subjected to specific physical stimuli [25-27]. Although current body of knowledge regarding the processes by
which cells internalize nanoparticles and how the application of various mechanical cues influences this crucial aspect is
fragmented, it is important to summarize recent findings to provide insights into the fundamental processes at play and
highlight potential avenues for further investigation, thereby advancing fundamental understanding of the interplay
between mechanical cues and cellular responses to nanoparticles.

We summarized the main current findings on effects of mechanical cues on nanoparticle-cell interactions in Table 2.
The first conclusion what can be derived from this summary is that vast majority of studies use cell lines in their research
with only small fraction of primary cells (Table 2). Not surprisingly, cell lines are easy to handle, they are often immortal-
ized allowing virtually unlimited expansion of cells, cell lines are cost-effective in laboratory routine use [163]. Cell lines
offer a homogeneous cell population, providing a valuable advantage by ensuring a consistent sample and reproduc-
ible outcomes [163, 164]. The utilization of cell lines has significantly transformed scientific research and advanced our
knowledge in various fields from drug testing to tumor biology [163-165]. However, usage of cell lines bears certain
disadvantages. Cross-contamination, misidentified cell lines, and the use of cultures at high-passage levels lead to gen-
eration of erroneous and misleading results [166—170]. For instance, analysis of various MCF-7 cell line strains revealed
significant genetic heterogeneity among them [171]. When subjected to 321 anti-cancer compounds, these strains
exhibited substantial variability in their responses. Notably, 75% of compounds causing marked toxicity in some strains
showed complete ineffectiveness in others [171]. Another comprehensive investigation showed considerable genetic
and phenotypic variability among different strains of Hela cells [172]. These studies raise a critical question about the
reproducibility of research conducted using MCF-7 and Hela cells. It is crucial to emphasize that authenticating cell lines
is essential for ensuring reproducible and reliable research [173]. Neglecting this authentication process can easily lead to
erroneous outcomes, resulting in wasted time, financial resources, and compromised publication data [173]. Additionally,
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cell lines frequently exhibit genetic and phenotypic variations compared to their tissue of origin, whereas primary cells
retain numerous crucial markers and functions observed in the in vivo environment [174, 175].

Further analysis of the literature reveals that different studies show sometimes opposite effects of same mechani-
cal cues on nanoparticle-cell interactions (Table 2). This could be explained to some extend due to the variability of
nanoparticle models and cell models utilized in the research. However, we can identify some tendencies. A number of
studies have shown that the increase in particles uptake positively correlated with stiffness increase [25, 26, 176-178].
Other research has suggested that the stiffness of the substrate influences both cell adhesion and particle internaliza-
tion. Softer substrates appear to enhance the levels of particle uptake [27, 179]. One can definitely say that cell type
predisposes response of cells to external stiffness (Table 2). For example, MCF-7 cells were found to be sensitive to ECM
stiffness in regards of uptake of nanoparticles [25]. The research has pinpointed that the efficiency of cell uptake per cell
was at its minimum on soft substrates (1 kPa), and there were no noteworthy differences in nanoparticle uptake observed
across substrates with stiffness ranging from 7 to 25 kPa (Fig. 5) [25]. It seems that there is a critical threshold in matrix
stiffness, beyond which cellular uptake behavior ceases to respond to changes in stiffness [25]. Contrary, MDA-MB-231
cells showed no significant differences in nanoparticle uptake when cells were cultured on substrates with different
stiffnesses (Fig. 5) [25]. Overall, there seems to be a consensus that smaller particles are being internalized by cells more
efficiently than the bigger ones (Table 2).

Furthermore, it was found that the expression levels of YAP protein were found to correlate with the degree of particle
endocytosis [27]. YAP seems to play a role in regulation of cytoskeletal dynamics, operating downstream of alterations
in integrin and focal adhesion assembly, as well as in cadherin and Wnt signaling [180, 181]. Recent studies have high-
lighted YAP’s ability to exert transcriptional control over caveolin [182]. The evidence suggests that there is a potential
connection between mechanosensing of mechanical cues (e.g. stiffness and topography through integrin/adhesion
machinery) and mechanical forces-driven control of endocytosis [182]. Thus, the correlation between the expression of
YAP and endocytic patterns suggests that YAP’s mechanosensitivity likely plays a role in regulating endocytosis and the
uptake of particles through mechanical stimuli [27]. Interestingly, in the other study it was found that that cytoskeletal
tension was not relevant for stiffness-related cellular uptake of particles [176]. Indeed, higher stiffness enhanced clath-
rin and caveolin-1 mediated endocytosis via upregulation of protein expression levels of clathrin and caveolin-1[176].

Similarly to the effects of ECM stiffness, shear stress showed to be either promoting factor that stimulates nanoparticles
uptake [183-186] or strongly inhibited endocytosis of nanoparticles (Table 2) [187-189]. Once again, cellular response
is dependent on cell type utilized in the study (Table 2). For instance, it was found that shear stress enhances cellular
uptake of nanoparticles in Hela cells, contrary it reduced their internalization in MCF-7 cells [188]. Further, it was found
that shear stress effect on particle uptake is dependent on shape and size of the particles [185]. Negatively charged rod-
shaped PEG nanoparticles with varying aspect ratios were utilized to assess their uptake by HUVECs in flow conditions
at different incubation durations (1, 12, and 24 h) [185]. Consistently, the uptake of larger particles surpassed that of
smaller ones under flow, as opposed to static culture. Conversely, smaller particles exhibited higher internalization in
static conditions compared to flow conditions [185]. Form the other hand, it was shown that cell viability is significantly
higher when assessing gold nanoparticle under flow conditions as opposed to static culture [190]. This effect was found
to be not dependent on nanoparticle size or concentration [190]. Interestingly, the other study revealed that the cell
viability is promoted under flow conditions, compared to static culture [191]. Moreover, particles with low density exhib-
ited reduced uptake under flow conditions in comparison to particles with high density [191].

Another important parameter that affects nanoparticle-cell interactions under flow conditions is surface charge. For
example, it was shown that positively charged liposomes lead to increased cellular interaction in the presence of shear
stress, as opposed to lipids with negative charges or those that are zwitterionic [186]. Additionally, the study explored the
therapeutic impact on cell viability following treatment with positively charged liposomes containing a small cytotoxic
molecule under both static and dynamic conditions [186]. The results indicated elevated therapeutic response mani-
fested by increased cell mortality, particularly in dynamic conditions [186]. This underscores the connection between the
enhanced cellular association of positively charged carriers and a more effective therapeutic outcome in the presence
of shear stress [186].

The analysis of effects of tensile forces on nanoparticle-cell interactions reveals that tensile forces (similarly with ECM
stiffness of shear stress) may either promote or inhibit the uptake of nanoparticles by cells (Table 2). For example, the
application of cyclic strain resulted in a significant reduction of nanoparticle uptake in vascular smooth muscle cells
(VSMCs) [192]. This reduction was associated with the attenuation of microvilli and a decrease in vesicle size per cell,
although not in the number of vesicles per cell [192]. Interestingly, both cyclic strain and fibronectin coating of the cul-
ture plate led to a decrease in internalized nanoparticles, which were co-localized with vinculin [192]. Additionally, it was
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Fig.5 Cellular uptake of F127 MM/C6 in MCF-7 cells and MDA-MB-231 cells on PAA gel substrates. Confocal laser scanning microscopy »
(CLSM) images of MCF-7 cells (A) and MDA-MB-231 cells (E) on PAA substrates of varying stiffnesses. The scale bar represents 20 um. Nor-
malized fluorescence intensity to cell number (B, F). Fluorescence intensity was determined by a semiquantitative analysis using Image)J
software. Cell uptake efficiency over time was determined using flow cytometry (C, G). Normalized fluorescence intensity per unit area of
individual cells by flow cytometry (D, H). *, Statistically different at p <0.05 vs 60 min; #, statistically different at p <0.05 vs 30 min; $, statisti-
cally different at p<0.05 vs 1 kPa. ns, p>0.05. Reprinted with permission from Wang Y, Gong T, Zhang ZR, Fu Y. Matrix stiffness differentially
regulates cellular uptake behavior of nanoparticles in two breast cancer cell lines. ACS Applied Materials & Interfaces 2017;9:25,915-28 [25].
Copyright 2017 American Chemical Society

found that nanoparticle uptake was dependent on actin polymerization but not on myosin Il [192]. Contrary, the other
study showed that cyclic tensile strain enhances interactions between human epidermal keratinocytes and quantum
dot nanoparticles resulting into elevated uptake due to increased cell membrane permeability [193].

It is worth noting that it is difficult to analyze the effect of hydrostatic pressure on nanoparticle-cell interactions due
to the limited number of studies (Table 2). Lack of studies can be explained by the complexity of the experimental model
that often requires in vivo conditions (Table 2). Indeed, increased interstitial fluid pressure was shown to block penetra-
tion of nanoparticle into tumor tissues and concomitantly decreased cellular uptake [194].

It becomes evident that the cellular mechanical microenvironment and physical factors play a crucial role in regulating
cell homeostasis and function [17-20]. Despite the various barriers that nanomedicine must navigate to reach its target
site, the therapeutic effectiveness is seemed to be predominantly determined by the nanoparticles’ efficiency in enter-
ing cells [195]. This process encompasses both the uptake of nanoparticles by cells and their distribution within blood
vessels at the target site [195]. Therefore, understanding how given mechanical factor bias nanoparticle-cell interactions
could be beneficial for the development of better controlled and more effective nanomedicine-based therapeutic treat-
ment strategies.

7 Mechanical cues alter the endocytosis pathways of nanoparticles

It is worth noting here, that the effects of mechanical stimuli on nanoparticle uptake should be reflected by regulating
the mechanical properties or stress state of the cell or by altering the endocytosis pathways (Fig. 6). Thus, we analyzed
further what potential molecular cellular mechanisms could be responsible for the impact of mechanical stimuli on the
total uptake level of nanoparticles (Table 2). It becomes evident that mechanical stimuli (e.g. ECM stiffness and archi-
tecture) may greatly affect the intracellular mechanical state of cells (e.g. changing mechanical properties of cells and/
or influencing the stress distribution within the cell) [19, 196, 197]. These changes in cell state may ultimately translate
into the regulation of nanoparticle uptake. However, studies analyzing how mechanical stimuli driven changes in the
intracellular mechanical state affects nanoparticle uptake are currently very limited (Table 2). The intracellular mechanical
state is tightly connected with cytoskeletal remodeling [19]. Non-surprisingly, it was found that ECM stiffness regulates
cellular uptake of nanoparticles via actin cytoskeleton remodeling [26]. In soft ECM, round cells lacked stress fibers,
only discrete bright spots were observed. Conversely, cells on stiff ECM displayed significantly more aligned stress fib-
ers compared to those on intermediate ECM [26]. In fact, it was found that the cell spreading positively correlates with
F-actin fiber remodeling [26].

However, emerging evidence suggests that mechanical stimuli may regulate nanoparticle uptake via altering the
endocytosis pathways (Fig. 6 and Table 2). For example, it was found that stiffness may regulate nanoparticle uptake
via modulation of clathrin expression and thereby affecting endocytosis rate [25]. The study demonstrated that the
stiffness of the matrix affects both actin polymerization and clathrin levels. The findings indicate that variations in
actin polymerization and clathrin expression across different substrate stiffnesses collectively play a role in govern-
ing uptake behavior [25]. In general, recent findings indicate that the regulation of particle uptake is mainly driven
by alterations in clathrin and caveolae-mediated endocytosis [176]. From the other hand, YAP expression is being
recognized as main mechanistic regulator of the interplay between mechanoregulatory networks and endocytosis
[198]. YAP seems to govern cytoskeletal dynamics, operating downstream of alterations in integrin and focal adhesion
assembly, as well as in cadherin and Wnt signaling pathways [181]. In fact, it was found that the expression levels of
YAP protein correlate with the degree of particle endocytosis [27]. YAP serves as a key signaling component within the
Hippo pathway and is known to be sensitive to alterations in the physical microenvironment [181]. Cellular structures
like focal adhesions, caveolae, and clathrin-coated pits play crucial roles in transmitting mechanical cues to the cell,
responding to both cellular and membrane stresses [181]. Changes in substrate stiffness and topography lead to
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observable shifts in focal adhesion size and morphology, influencing mechanobiological signaling pathways [199,
200]. The fluctuations in cytoskeletal stress associated with focal adhesion maturation can be effectively sensed by
YAP. Further, YAP may modulate cytoskeletal elements assembly and turnover through feedback mechanisms [201].
When YAP levels are diminished, cells exhibit reduced migratory persistence and heightened cellular stress, accom-
panied by the maturation and stabilization of larger focal adhesions [201]. Conversely, overexpression of YAP in cells
cultured on soft substrates may account for the observed decrease in focal adhesions and a concurrent reduction in
cellular stress, potentially promoting endocytosis [177].

Overall, it seems that regulation of nanoparticle uptake by substrate stiffness via modulating the endocytosis through
cytoskeletal and motor proteins is a general mechanism found in different cell lines and with various nanoparticles (Fig. 6
and Table 2). Hence, the activation of clathrin-mediated endocytosis has been observed to mitigate the influence of sub-
strate stiffness on particle uptake [179]. Additionally, Myosin Il plays a crucial role in regulating the impact of substrate
stiffness on particle uptake. This suggests that both clathrin-mediated endocytosis and Myosin Il activity are key factors
in modulating how substrate stiffness influences the uptake of particles [179].

Current studies on the effect of shear stress on nanoparticle uptake suggest that uptake may be influenced by shear
stress through alterations in cell morphology, the cytoskeleton, permeability, membrane fluidity and the expression of
important markers and surface proteins [195]. Similarly to studies on the effect of substrate stiffness, shear stress regulates
nanoparticle uptake via cytoskeletal remodeling (Fig. 6 and Table 2). It's important to highlight that shear stress might
indirectly influence the uptake of cell-derived particles, such as red blood cell extracellular vesicles, by altering the levels
of intracellular reactive oxygen species (ROS) [195]. It was found that oxidative stress induced by shear stress serves as a
regulator for the uptake of red blood cell extracellular vesicles (RBCEVs) by endothelial cells (ECs) [202]. Shear stress was
found to elevate the levels of superoxide dismutase (SOD) protein while reducing the levels of malondialdehyde (MDA)
protein, indicating a rapid induction of oxidative stress. It has been established that shear stress induces oxidative stress
in ECs, consequently enhancing the uptake of RBCEVs [202].

Further, shear stress may regulate nanoparticle uptake via glycocalyx modulation [203]. The endothelial glycocalyx
plays a crucial role in EC response to shear stress. Recent study revealed that application of 12 dyne/cm? shear stress may
mechanistically damage the endothelial glycocalyx. Consequently, the uptake of gold nanoparticles by ECs increased
alongside endothelial glycocalyx damage [203]. Additionally, when subjected to shear stress, the lipid order of endothelial
cell membranes undergoes a transition from a state of liquid order to one of liquid disorder, accompanied by an increase
in membrane fluidity [204]. This alteration in membrane properties has significant implications for nanoparticle uptake
by cells, as the degree of membrane fluidity correlates with an increase in nanoparticle uptake [205].
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Similarly to substrate stiffness shear stress may regulate nanoparticle uptake via modulating clathrin expression (Fig. 6
and Table 2). Shear stress was found to increase progressively the uptake of polystyrene by endothelial cells [206]. Analysis
of clathrin expression levels under different shear stress conditions suggested that the augmented uptake was attributed
to a shear-dependent elevation in clathrin levels [206]. Subsequently, it was shown that shear stress upregulated clathrin
expression in HK-2 cells, leading to increased nanoparticles uptake [207].

It's important to highlight that research examining the impact of tensile forces and interstitial fluid pressure on nano-
particle uptake is relatively limited (Table 2). The limited availability of experimental data hinders the ability to draw
sound conclusions regarding the mechanisms through which tensile forces and interstitial fluid pressure may influence
nanoparticle uptake. However, insights gleaned from existing literature suggest that alterations in actin cytoskeleton
assembly could potentially serve as a primary mechanism underlying the effects of tensile forces on nanoparticle uptake
[192, 208]. Further investigation in this area is needed to elucidate the precise relationship between tensile forces or
interstitial fluid pressure and nanoparticle uptake.

8 Outlook and perspectives

Typically, nanomaterials undergo preliminary testing for biomedical applications using standard 2D cell culture tech-
niques [6, 11, 13, 209]. While cell culture is a convenient method for assessing the toxicity and efficacy of nanomaterials,
its utility is constrained by certain limitations. One significant challenge is the potential for particle aggregation and
sedimentation, which may not accurately reflect the behavior of nanomaterials in more complex biological environments
[6, 11,13, 209]. Furthermore, cell culture conditions may not entirely mimic the native conditions found in animal models
or the human body, raising concerns about the translation of findings from cell-based assays to in vivo conditions [6, 11,
13, 209]. Therefore, while standard cell cultures serve as a valuable initial testing basis, subsequent studies using more
representative model systems are crucial for a comprehensive understanding of nanomaterial behavior in biological
contexts. Importantly, one can see from our analysis presented here that physical factors (e.g. hydrostatic pressure, tensile
forces, stiffness of ECM, extracellular fluid viscosity) play an important role in the regulation of nanoparticle-cell interac-
tions. In this review, we have compiled insights into the interplay between those mechanical cues and nanoparticle-cell
interactions (Table 2). The uptake of nanomaterials under the influence of physical factors is affected by a myriad of fac-
tors, some related to the nanomaterials themselves, while others are cell specific. Critical nanomaterial characteristics
such as size, shape, surface charge, surface ligands, and particle elasticity play pivotal roles in cellular uptake under the
influence of physical factors [209]. However, it is essential to acknowledge that these factors exert diverse effects on the
interaction between nanomaterials and cells, and their impact can vary depending on the specific cell type. The type of
cell, as well as the tissue origin, introduces additional complexities. Consequently, there is no overarching rule govern-
ing how nanomaterials will universally interact with cells. The detailed interplay between nanomaterial properties and
cellular responses underscores the need for a context-specific understanding, emphasizing the importance of tailored
investigations for both cancer and normal cell scenarios in order to unravel the intricacies of nanomaterial-cell interac-
tions under the influence of physical factors.

Further, we highlighted in this review that the majority of studies addressing the influence of physical factors on
nanomaterial-cell interactions are performed utilizing standard cell lines as cellular models. Only a limited number of
studies utilize primary cell cultures to explore how mechanical cues bias nanoparticle-cell interactions (Table 2). Moreo-
ver, a significant proportion of research still relies on potentially problematic cell lines, such as HeLa and MCF-7 (refer to
Table 2), posing a potential impact on the reproducibility of their findings.

Another challenge that we can spot is relatively limited use of 3D cell culture models to decipher effects of physical
factors on nanoparticle-cell uptake and processing by cells. It is understandable that 2D systems provide more control-
lable and easier to handle environments for cell analysis. However, 3D culture systems may provide a platform to study
effects of several physical factors simultaneously [24, 130-132, 210].

In conclusion, it is important to underscore that current research directions realize the substantial impact of physi-
cal factors on nanoparticle-cell interactions. Studies take into account the complexity of in vivo conditions and try to
mimic them in various experimental systems. Anticipating a broader spectrum of applications for nanoparticles that can
transition into clinical utility is a reasonable expectation. However, it is equally crucial to comprehend the obstacles and
challenges associated with therapeutic nanotechnology to ensure its clinical success. Therefore, we hope that current
review might serve as a catalyst for novel ideas and innovative approaches in the design of safe and effective nanomedi-
cines tailored for specific applications. Comprehensive understanding of how mechanical cues bias nanoparticle-cell
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interactions will bring valuable fundamental knowledge, that in future will enable formulation of a strategic roadmap
for advancing the nanobio-field toward novel successful clinical implementation.
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