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A B S T R A C T

The advances in nanotechnology and nanomedicine have enabled the development of minimally invasive, high- 
performance drug delivery systems with enhanced targeting and therapeutic abilities. In this context, the high 
biocompatibility, tunable surface chemistry and physicochemical properties of SiO2 nanoparticles (SNPs), have 
placed them as key representatives in this field. However, the clinical success of SNP-based systems highly de
pends on the mechanism involved in their internalization process, which further determines their intracellular 
fate and therapeutic function. Considering the importance of this aspect, this review critically addresses the most 
relevant and recent studies focused on the in vitro cellular uptake mechanisms of SNPs, published in the last 5 
years. After a concise introduction of the SNPs’ properties, as well as the main cell internalization mechanisms, 
representative studies are discussed. For a better overview, the discussion is divided into two main sections. 
While the first part presents the SNP interaction in single-cell culture models, offering insights into the precise 
behaviour of certain cell types (immune cells – RAW 264.7 macrophage-like cells and specialized cells - epithelial 
cells, endothelial cells, osteoblasts, cancer cells and stem cells), the second section compares the uptake dynamics 
across multiple cell lines (epithelial cells and cancer cells, bone cancer cells, glioblastoma and osteoblasts; 
endothelial, fibroblasts, cancer cells and macrophage-like cells, etc.). The current limitations and emerging 
perspectives for translating these concepts into medical practice are finally briefly addressed.

1. Introduction

Nanotechnology has paved the way towards a new generation of 
nanoparticle (NP)-based therapeutic and diagnostic systems, driving 
nanomedicine from exploratory laboratory research to real-world clin
ical applications [1–3]. Among different types of NPs (polymeric, 
metallic, oxide), silica NPs (SNPs) have gathered significant attention 
owing to their outstanding physicochemical properties. In particular, 
their high surface area, superior chemical stability, ease of functionali
zation and biocompatibility enabled their use in different biomedical 
applications, ranging from drug delivery to biosensing [4–6]. Depending 
on the desired application, SNPs with different sizes, shapes, and surface 
chemistries can be synthesized, ensuring a precise control of the inter
action with the biological environment [5,7]. To further enhance their 
performance, mesoporous SNPs (MSNs), having a well-ordered network 
of nanoscale pores (3–7 nm), have been developed [4,8,9]. Due to their 
excellent drug loading capabilities and controlled drug release ability 
over a long period of time, MSNs became one of the most popular 

carriers for advancing drug delivery systems in nanotechnology ap
proaches [9,10]. Most recently, multifunctional MSNs-based systems 
have been designed for the co-delivery of targeted therapeutic agents 
[11–13]. These nanoplatforms have the ability to interact specifically 
with certain subcellular components (mitochondria, Golgi apparatus, 
etc.), thus offering improved efficacy and reduced side effects [11].

Even though SNPs hold significant promise as controlled drug car
riers, their therapeutic efficiency is influenced by their direct interaction 
with cells, especially by their ability to traverse the cell membrane. In 
this context, the internalization mechanisms play a pivotal role in 
dictating both the intracellular trafficking and the fate of these SNPs 
after they have entered the cytoplasm. In general, NPs uptake can be 
divided into passive (adenosine triphosphate (ATP)-independent) or 
active (ATP-dependent) transport [14,15]. Energy independent mecha
nisms include direct membrane penetration, membrane fusion, transient 
pore formation or artificially-induced membrane disruptions [14–18]. 
These mechanisms enable the NPs to move freely in the cytosol and 
interact with intracellular organelles for achieving the targeted 
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therapeutic function [19]. In contrast, active transport, often referred to 
as endocytosis, leads to the entrapment of the NPs inside 
membrane-bound vesicles that evolve from early endosomes to lyso
somes where the NPs are degraded [14,15,20,21]. Typical examples of 
endocytosis mechanisms are macropinocytosis, clathrin-mediated, and 
caveolae-mediated endocytosis [14,21,22]. To overcome the lysosomal 
degradation, different endosomal strategies have been developed, 
including NP surface functionalization with buffering polymers (chito
san, polyethylenimine (PEI), polyamidoamine dendrimers, etc.), coating 
with fusogenic agents (e.g. positively-charged peptides), 
cell-penetrating peptides (CPP) or the design of composite 
pH-responsive NPs [23–26]. For identifying the mechanisms behind the 
NPs internalization, several methods have been employed. One example 
is represented by capturing transmission electron microscopy (TEM) 
images of the cell in cross-section, which enables the precise localization 
of NPs in the intracellular compartments [27]. Alternatively, NPs can be 
labelled with a fluorescent dye, followed by exposing the cells to the NPs 
and quantifying their uptake by flow cytometry (FC) or confocal laser 
scanning microscopy (CLSM) [28]. While both methods led to quanti
tative evaluations of the cell uptake, only CLSM provides details about 
the intracellular distribution of the NPs [28,29]. Additionally, mecha
nistic studies of the precise internalization process often use specific cell 
transport inhibitors to determine the main uptake pathway before 
culturing the cells in the presence of NPs [21].

Even though previous review articles have discussed certain aspects 
of SNPs cellular internalization [30,31], they do not provide a detailed 
examination of this process and did not cover the latest advancements 
made in the field. Therefore, in the present review we cover the most 
representative and relevant works carried out in the last 5 years, with 
the discussed papers being identified on different research databases 
(Web of Science, Scopus, Google Scholar, PubMed), using “silica nano
particles”, “internalization” and/or “cell uptake mechanism” as key
words. The main findings of each research work are briefly summarized 
in Table 1. After this short introduction, the internalization mechanisms 
are discussed in relation to single-cell and multiple cell culture models, 
followed by an outline of the current challenges and future perspectives 
for advancing SNPs as intracellular drug delivery nanoplatforms.

2. Internalization of silica nanoparticles in single cell line 
models

To understand the intracellular behaviour of different NPs in real 
medical applications, in vitro investigations focused on the internali
zation pathway are needed to gain insights into the precise interactions 
of NPs with cells. Thus, the most simple and accessible approach is 
represented by single cell models, in which cells are directly exposed to 
the NPs, and their subsequent intracellular localization is evaluated 
[32]. In this way, a controlled and reproducible system for studying the 
interactions between NPs and cells can be established [32]. Given the 
broad range of cell lines employed for investigating the uptake of SNPs, 
we divided the current section into two main groups based on the main 
cellular functions: immune cells and tissue-specific cells. This classifi
cation provides a detailed analysis of the distinct physiological and 
therapeutic roles that SNPs play in modulating cell behaviour, offering 
an in-depth analysis of their interactions in different biological 
environments.

2.1. Immune cells

No matter the aimed application, SNPs inevitably come in contact 
with immune cells, which are pivotal in identifying and responding to 
foreign materials present in tissues [33]. Macrophages, as the body’s 
primary line of defence, play a central role in the recognition, inter
nalization and clearance of NPs [34–36]. The ability of cells to inter
nalize and degrade SNPs directly influences the local tissue response and 
systemic effects, including inflammation and immunomodulation [33,

36]. Thus, in order to optimize the therapeutic potential of MSNs, while 
minimizing possible side effects, a comprehensive investigation of their 
internalization and fate in macrophages is essential.

In this regard, Li et al. [37] compared the internalization of MSNs 
and MSNs functionalized with polyethylene glycol-folic acid (PEG-FA) 
by RAW 264.7 macrophage-like cells. Both MSNs and MSNs-PEG-FA 
showed a similar mesoporous spherical morphology with a diameter 
of approximately 150 nm. Even though the two types of particles were 
successfully internalized by the cells, important differences were 
recorded in terms of internalization performance. More precisely, 
MSNs-PEG-FA showed a significant higher uptake, which was attributed 
to targeted interaction between the FA groups anchored on MSNs and 
the folate receptors present on the membrane of macrophages. A similar 
approach was reported by Beitzinger et al. [38], who used 180 nm 
dendritic spherical MSNs conjugated with the antimicrobial NapFab 
peptide to promote the uptake and enhance the therapeutic efficacy 
against intracellular Mycobacterium tuberculosis (Mtb). The internaliza
tion studies carried out on non-infected macrophage cells using electron 
microscopy and tomography revealed that the NapFab-loaded MSNs 
were entrapped within vesicles, exhibiting clear signs of intravesicular 
degradation after 3 days. The intracellular localization pattern suggests 
an endocytosis-based uptake mechanism. Similar intravesicular pres
ence of NapFab-MSNs was observed in Mtb-infected macrophages, with 
the MSNs accumulating in early and late endosomes, with the latter 
being prone to the fusion with phagosomes. In some cases, the late 
endosomes were found close to the phagosomes containing Mtb, but 
colocalization between MSNs remained relatively infrequent. Despite 
this, the nanodelivery system demonstrated strong antimicrobial activ
ity, likely coming from the sustained release of NapFab from the 
degrading inorganic support. The authors further suggested a sorting 
mechanism, a process in which the peptide is separated from the SNP 
over time, a known process of macrophages during the internalization of 
materials [38]. Besides antimicrobial NapFab peptide, functionalization 
with other peptides has demonstrated similar enhancements in SNP 
uptake. Garcia-Fernandez et al. [39] developed MSNs loaded with 
dexamethasone and capped TNFR peptide, targeting the TNFR1 receptor 
expressed on the membrane of pro-inflammatory macrophages. The 
successful targeting of the peptide-functionalized MSNs was confirmed 
by TEM, showing MSN entrapment in vesicles, possible lysosomes, 
where they remained until compete degradation. These observations 
suggest a possible endocytosis uptake, which was further confirmed by 
the significant reduction of the MSN uptake after treating the cells with 
endocytosis inhibitors. In comparison, MSNs capped with a random 
peptide exhibited reduced cellular internalization, proving the high 
specificity and efficacy of the TNFR1-functionalized MSNs.

While the previous studies employed the functionalization of the 
particles with targeted ligands or peptides, another strategy that has 
been used for tailoring the interaction between SNPs/MSNs and cells is 
based on changing the morphology of the SNPs/MSNs. For instance, 
Zhang et al. [40] explored how the surface topography of MSNs affects 
their uptake and intracellular localization in RAW 264.7 
macrophage-like cells. MSNs had a diameter of 150 nm, but possessing 
either a smooth or pollen-like morphology (PMSNs) (Fig. 1A1, A2). Both 
types of particles were initially localized near the cell membrane in the 
first 30 min of contact, followed by a progressive membrane attachment 
after 2 h and cytoplasmic internalization after 24 h (Fig. 1B1, B2). 
Despite having a similar uptake pattern, differences in terms of NP 
distribution were observed: smooth MSNs were uniformly dispersed on 
the cell membrane, whereas pollen-like MSNs formed clusters 
(Fig. 1C1-D2). This morphological change was further correlated with 
the enhanced anti-inflammatory response, most probably coming from 
the different receptors involved in mediating the signal transduction 
inside the cells. A related study by Gao et al. [41] reported the successful 
synthesis of smooth spherical and virus-like spiky MSNs (SMNs and 
VMSNs, respectively), both loaded with imiquimod (IMQ) and oocyte 
albumin (OVA) antigen. Even though the particles showed similar size 
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Table 1 
Summary presenting the main findings of the research studies discussed in this paper.

Type of particle SNPs size (nm) Zeta potential 
(mV)

Cell line Uptake mechanism Intracellular localization Ref.

MSNs functionalized with PEG 
and FA

150 ± 10 N.S. RAW 264.7 
macrophage-like cells

Possible endocytosis Vesicles [37]

MSNs conjugated with NapFab 
peptide

179 ± 9 − 59.9 ± 4.5 RAW 264.7 
macrophage-like cells

Possible endocytosis Early and late endosomes [38]

MSNs loaded with 
dexamethasone and capped 
TNFR peptide

222 ± 17 7 ± 1 Pro-inflammatory M1 
macrophages

Endocytosis Lysosomes [39]

Pollen-like MSNs 149 ± 22 ~ − 29 RAW 264.7 
macrophage-like cells

Just internalized N.S. [40]

Virus-like MSNs loaded with 
imiquimod and oocyte 
albumin

~231 − 7.7 RAW 264.7 
macrophage-like cells

Mixed endocytosis, with clathrin- 
mediated endocytosis being the 
main mechanism

Free cytosolic delivery of cargo 
molecules

[41]

50 nm and 100 nm SNPs, MSNs 
and HMSNs

55.7 ± 6, 127 
± 17, 115 ± 32, 
101 ± 10

− 32.8 ± 2.2 RAW 264.7 
macrophage-like cells

Endocytosis Entrapped in vesicles [42]

MSNs functionalized with 
deoxycholic acid and coated 
with sulfobetaine 12

~200 5.9 ± 0.4 Caco-2 human colon 
adenocarcinoma cells 
E12 goblet cells

Endocytosis Initially in lysosomes, but then 
free in cytosol

[45]

Spiky MSNs loaded with pDNA, 
functionalized with 
phosphonate groups and 
conjugated with PEI

221 ± 18 ~16 HEK-293T epithelial 
cells

Possible endocytosis Initially in lysosomes, but 
pDNA was released in the 
cytosol and found in nucleus

[46]

SNPs 58 ± 7 − 31.0 ± 0.7 BEAS-2B lung 
bronchial epithelial 
cells

N.S. Entrapped in vesicles or free in 
the cytosol

[47]

Hollow SNPs coated with 
PEGMA

93 ± 15 − 16.2 ± 4.8 HUVECs Possible endocytosis Initially just in endosomes, 
followed by free cytosolic 
localization

[48]

SNPs functionalized with PEI 114 ± 30 36.9 ± 4.7 HUVECs Possible endocytosis Initially in early endosomes 
that evolved towards lysosomes

[49]

Simple MSNs, functionalized 
with PA, grafted with PEI and 
loaded with siGLO

~150 27.1 MC3T3-E1 pre- 
osteoblast cells

Just internalized N.S. [50]

SrO loaded MSNs, coated with 
CaP or Zn-doped CaP layer

223 ± 10 − 20.56 Human mesenchymal 
stromal cells

Just internalized Possible exocytosis [51]

MSNs functionalized with PEI 
and Ni-NTA ligand and 
conjugated with TAT-SODd

60–100 − 22.1 HeLa cancer cells Energy-independent and 
clathrin-mediated endocytosis

Direct cytosolic delivery of 
SODd

[53]

MSNs functionalized with 
amino, DETA, hydroxyl, 
phosphate, and sulfonate with 
charges

30–50 +9.5, +21.7, 
− 14.1, − 25.6, 
and − 37.7

mesenchymal stem 
cells

Endocytosis Entrapped in vesicles; 
negatively charged MSNs use 
lysosomal exocytosis to exit 
cells; positively charged MSNs 
undergo endosomal escape

[52]

Mn-doped MSNs, capped with 
MOF, cloaked with erythrocite 
membrane and decoraded 
with HA

70–100 ~ - 0.15 4T1 breast cancer cells Endocytosis N.S. [54]

HMSNs coated with PEI shell 
and loaded with chlorine e6

~202 N.S. 4T1 breast cancer cells Possible endocytosis Lysosomes, followed by 
endosomal/lysosomal escape

[55]

MSNs functionalized with 
APTES, glutaric acid and CPP5 
peptide

~120 − 0.49 Caco-2 human colon 
adenocarcinoma cells

Caveolae-mediated endocytosis Lysosomes [56]

E12 goblet cells
SNPs ~50 - 24.4 ± 1.0 A549 lung carcinoma 

epithelial cells alveolar 
epithelial cells

Hybrid endocytosis, combining 
caveolae-mediated endocytosis 
and macropinocytosis

Initially in endosomes, 
transported through the trans- 
Golgi network and exocytosis

[57]

MSN coated with HeLa or 
HGUE-GB-39 glioblastoma 
cell extracellular vesicles

164 and 142, 
respectively

− 13.5 and - 
11.7, 
respectively

HeLa cancer cells Preferential uptake of the MSNs 
by the cells from which the 
extracellular vesicles were 
produced in both direct and 
transwell setup

Entrapped in vesicles in the 
perinuclear zone

[58]
HGUE-GB-39 
glioblastoma cells
MC3T3-1 pre- 
osteoblast cells

MSNs loaded with ovalbumin 
and functionalized with a 
cationic (ILM+) or anionic 
(ILM− ) immunogenic lipid

~80 N.S. Human microvascular 
endothelial cells

The SNPs-ILM- were internalized 
only by macrophages, whereas 
SNPs-ILM+ were present in all 
cell lines

Found in the perinuclear zone 
in endosomes

[59]

Dermal fibroblasts
A549 lung carcinoma 
epithelial cells
RAW 264.7 
macrophage-like cells

MSNs coated with HA ~170 − 27.19 A549 lung carcinoma 
epithelial cells

N.S. Higher lysosomal accumulation 
in A549 cells than BEAS-2B 
cells

[60]

BEAS-2B lung 
bronchial epithelial 
cells

(continued on next page)
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and surface charge, important differences were noticed in terms of 
internalization efficiency. More precisely, VMSNs possessed a two-fold 
increase in uptake compared to SMNs, with in-depth studies revealing 
a mixed endocytosis uptake, having clathrin-mediated endocytosis as 
the dominant internalization pathway. Further intracellular localization 
of OVA and IMQ revealed that VMSNs facilitated their free delivery in 
the cytosol. In contrast, the direct administration of OVA and IMQ led to 
lysosomal entrapment. These findings highlight the potential of VMSNs 
to act as effective intracellular delivery platforms, enabling the cytosolic 
release of therapeutic agents. In another work, Saha et al. [42] compared 
the interaction of RAW 264.7 macrophage-like cells with four types of 
SNPs: compact spherical SNPs with diameters of 50 and 100 nm, MSNs 
and hollow MSNs (HMSNs).TEM images of the cells confirmed the 
internalization of all types of NPs in vesicular compartments, a sign of 
energy-dependent endocytosis mechanisms. Moreover, no visual signs of 
cellular damage were noticed. Although no significant changes of the NP 
intracellular localization were observed across different samples, 
important variations were recorded in terms of intracellular Si4+ con
centrations. This value was considered a direct indication of the intra
cellular concentration of the particles. Specifically, the compact SNPs 
reached the saturation concentration after 6 h, whereas for the MSNs 
and HMSNs the maximum value was recorded after 2 h and 12 h, 
respectively, with no significant differences compared to the 6 h values. 

Taken together, all these studies proved the important role of the 
internalization of SNPs as it dictates the biological performance of SNPs, 
which can be tailored by adjusting the surface functional groups or 
morphology to achieve the desired effect.

2.2. Specialized cells

While macrophages represent the main cells responsible for the 
clearance of NPs, understanding the interaction between NPs and tissue- 
specific cells is crucial. In this way, a targeted therapeutic platform can 
be developed with minimal systemic side effects [43]. These specialized 
cells differ significantly in terms of membrane composition, surface re
ceptors and uptake mechanisms, all of them having an influence on the 
NP intracellular fate and biodistribution [44].

Among different types of cells, epithelial cells act as physical and 
functional barriers that mediate the entry of the NPs into the body. For 
instance, in the oral delivery of drugs, one major challenge lies in 
overcoming the dual barrier of the mucus layer and the underlying in
testinal epithelium [45]. To address this problem, Gao et al. [45] 
developed zwitterionic MSNs (MSN@DC@SB12) by first functionalizing 
the surface of MSNs with deoxycholic acid (DC) and coating it with 
sulfobetaine 12 (SB12). The spherical nanoparticles with diameters of 
approximately 200 nm demonstrated enhanced mucus penetration, as 

Table 1 (continued )

Type of particle SNPs size (nm) Zeta potential 
(mV) 

Cell line Uptake mechanism Intracellular localization Ref.

MSNs coated with PEG or HA 170 and 223, 
respectively

N.S. MDA-MB-231 human 
breast cancer cells

Preferential SNPs internalization 
by cancer cells; m 
ixed endocytosis uptake, with the 
main mechanisms being 
caveolae- and clathrin-mediated 
endocytosis

N.S. [61]

MCF10A epithelial cells

MSNs grafted with PEG 100–150 N.S. U937 tumoral cells Just internalized Membrane bound vesicles, 
mitochondria, lysosome and 
exocytosis

[62]
Peripheral blood 
mononuclear cells 
(PBMSCs)

MSNs functionalized with PEG, 
grafter with HAVAB

– − 24 HeLa cells Preferential internalization in 
HeLa and OVCAR8 cells 
following a receptor-mediated 
endocytosis

Initially in endosome and then 
free in the cytosol

[63]
MC3T3-E1 pre- 
osteoblast cells
A549 lung carcinoma 
epithelial cells
OVCAR8 human 
ovarian carcinoma cells

Supraparamagentic iron NPs 
coated with MSN, conjugated 
with PEG and methotrexate

~70 0.3 MCF-7 cancer cells Just internalized N.S. [64]
A549 lung carcinoma 
epithelial cells

Au-core/MSN shell coated with 
PEI-HA

88 ± 5 in length 
63 ± 5 in width

− 10 to − 6 HeLa cancer cells Just internalized N.S. [65]
FibH

DOX-loaded MSNs coated with 
PDA, PMEN polymer and 
tumour cell targeting dual 
ligands ss-FA-cRGD

131.1 ± 4.3 − 23.5 ± 0.2 HeLa cancer cells Just internalized N.S. [66]
L929 fibroblasts

Aptamer modified HMSNs 
loaded with DOX

292 ± 14 ~22 MCF-7 cancer cells Just internalized Initially in lysosomes, followed 
by lysosomal escape with 
intranuclear localization

[67]
Sv-Huc-1 normal cells

PEI-coated SNPs with sEV 
adsorbed onto their surface

~2000 − 26 ± 1 and 
− 25 ± 1

MCF-7 cancer cells Just internalized N.S. [68]
Chinese hamster ovary 
(CHO) epithelial cells

SNPs ~100 − 25.7 MCF-7 cancer cells 
multi-drug resistant 
MCF-7 KCR cancer cells

Similar degree of internalization 
across both cell lines

For MCF-7 cancer cells, the 
SNPs were found mainly in 
cytosol and partially in 
lysosomes; f 
or the MCF-7 KCR cells, a 
higher co-localization in 
lysosomes was measured.

[69]

APTES – (3-aminoproplyl)triethoxysilane, CaP – calcium phosphate, DETA – diethylenetriamine, DOX – doxorubicin, FA – folic acid, HA – hyaluronic acid, FibH - 
primary normal human dermal fibroblast, HAVAB – multifunctional peptide that contained biotin for tumor targeting and histidine for endosomal escape, HMSNs – 
hollow mesoporous silica nanoparticles, HUVECs – human umbilical vein endothelial cells, MOF – metal-organic-framework, MSN – mesoporous silica nanoparticles, 
N.S. - not specified, PA – phosphonate-based targeting agent, PDA – polydopamine, PEI – polyethylenimine, PEG – polyethylene glycol, PEGMA – poly(ethylene glycol) 
methyl ether methacrylate, PMEN – surface anchorable phosphocholine polymer, siGLO – siRNA analogue, sEV – small extracellular vesicles, SNP – silica nano
particles, TAT-SODd – TAT peptide-denaturated superoxide dismutase.
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well as superior cell internalization by Caco-2 human colon adenocar
cinoma cells and E12 goblet cells. Moreover, compared to MSNs, 
MSN@DC@SB12 had the ability to escape the endosome, as evidenced 
by CLSM images in which the particles were not co-localized with the 
lysosomes. The authors attributed this effect to the ability of DC to alter 
the microdomains of the membrane, with the proposed uptake mecha
nism involving apical sodium dependent bile acid transporter mediated 
endocytosis. In another study, Cheng et al. [46] developed spiky 220 nm 
MSNs, serving as nanoplatforms for targeted gene delivery. After con
firming the successful synthesis and characterization of the MSNs, the 
particles were loaded with plasmid DNA (pDNA), functionalized with 
phosphonate groups and chemically conjugated with PEI. In the 
following step, the HEK-293T epithelial cells were incubated for 4 h in 
the presence of 40 μL/mL MSNs-PEI. The MSNs-PEI uptake was 
measured by inductively coupled plasma optical emission spectroscopy, 
showing that the phosphonated MSNs exhibited a similar uptake effi
ciency as the non-phosphonated NPs. However, an enhanced intracel
lular nuclear delivery was noticed for the MSNs-PEI, most probably as a 
consequence of the PEI coating which could have supported the endo
somal escape, thereby promoting efficient intracellular therapeutic de
livery. Extending the analysis to the respiratory epithelium, Zhao et al. 
[47] investigated the influence of compact and negatively-charged 
SNPs, having a diameter of around 60 nm, on BEAS-2B lung bronchial 
epithelial cells. TEM images revealed that the internalized SNPs were 
found in the cytosol either free or entrapped in vesicles. These obser
vations were further correlated with the changes observed in the mito
chondrial ultrastructure, characterized by cristae disruption and 
swelling. This effect led to impaired oxidative phosphorylation that 
altered the cell energy balance.

Beyond epithelial cells, SNPs have emerged as promising intracel
lular delivery systems for endothelial cells. For instance, Parodi et al. 

[48] compared the internalization of SNPs with a smooth surface and 
hollow SNPs (HSNPs), having a rough-surface and poly(ethylene glycol) 
methyl ether methacrylate (PEGMA) coating, by human umbilical vein 
endothelial cells (HUVECs). Importantly, the coating did not change 
significantly the size of the particles, but it induced changes in the 
interaction with the cell membrane. The SNPs showed a superior 
interaction with the cell membrane, possibly explaining the strong 
membrane perturbations and increased uptake with endosomal locali
zation. In contrast, HSNPs exhibited lower affinity towards the mem
brane, which was further reflected in a reduced NP internalization. 
Unexpectedly, only HSNPs were able to escape the endo-lysosomal 
pathway after 6–12 h, as they were found dispersed in the cytoplasm. 
These observations prove that the surface topography can determine the 
intracellular trafficking of the SNPs. The same cell line was selected by 
Zhang et al. [49], who studied the internalization of PEI-functionalized 
SNPs. The compact spherical SNPs with a diameter of 114 ± 30 nm were 
rapidly internalized by HUVECs after 3 h of incubation. Furthermore, 
the SNPs-PEI were found inside early endosomes, a consequence of 
ATP-dependent uptake process. Increasing the incubation time led to 
SNP accumulation in multivesicular bodies (intermediate/late endo
somes) which merged together to form vacuoles. Compared to the un
treated cell control, autophagosomes with double-membrane structure 
were observed, but SNPs were not identified in these organelles. On the 
other hand, the SNPs-PEI induced changes in the ultrastructure of the 
cytoskeleton, as evidenced by a less dense and disordered vinculin 
filament network. Based on these observations, the authors hypothe
sized that the SNPs-PEI are first endocytosed by the cells, entrapped in 
endosomes/multivesicular bodies and then lysosomes. Inside the lyso
somes, the particles did not modify the hydrolytic function, but they 
hindered the fusion of the lysosomes with the autophagosomes by 
altering the cytoskeleton.

Fig. 1. Scanning electron microscopy (SEM) and TEM images for (A1) MSNs and (A2) VMSN; CLSM images of RAW 264.7 macrophage-like cells in after 0.5, 2 and 
24 h of contact with (B1) MSNs and (B2) VMSNs (nanoparticle stained with green and nucleus with blue); SEM and TEM images of the cells in contact with (C1, D1) 
MSNs and (C2, D2) VMSNs (the regions highlighted with red are the magnified images presented on the right side). For the images in panels B1 and B2 where the 
scale bars are not labelled, the scale corresponds to 10 μm. Adapted and reproduced from Zhang et al. [40] (Open Access) under a Creative Common Attribution 
license. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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In the context of bone tissue engineering, osteoblasts represent one of 
the key cell types as they orchestrate the bone matrix synthesis and 
mineralization. Therefore, the interaction of osteoblasts with MSNs can 
trigger important changes in the context of hard tissue (bone) regener
ation. For example, Mora-Raimundo et al. [50] evaluated the internal
ization of MSNs with different surface modifications by MC3T3-E1 
pre-osteoblast cells. Five types of MSNs, all with a spherical and meso
porous morphology, were assessed. More precisely, these groups were 
simple MSNs, MSNs functionalized with a phosphonate-based targeting 
agent (MSN-PA), PEI-grafted MSN-PA (MSN-PA@PEI) and 
MSN-PA@PEI loaded with a siRNA analogue, siGLO (MSN-PA@PEI_si
GLO). Although all particles were internalized, PEI-coated samples 
showed a significant increase in the intracellular uptake, highlighting 
the importance of the PEI coating in modulating the interaction of the 
NPs with the cell membrane.

Despite their relevance in regenerative medicine, the uptake of MSNs 
by stem cells still remains largely underexplored. Due to their multi
potency and ability to respond to the external physical and chemical 
stimuli, studying the effects of MSNs on stem cells is of critical impor
tance. Sutthavas et al. [51] functionalized spherical MSNs with amino 
and carboxyl groups, followed by loading SrO NPs (MSN(Sr)). In the 
next step, MSN(Sr) were coated with either calcium phosphate (CaP) 
(MSN(Sr)–CaP) or Zn-doped CaP layer (MSN(Sr)–CaZnP). While the 
particle diameter was not changed after coating, an increase in the zeta 
potential from approximately − 5 mV to − 20 mV was recorded. All three 
types of particles were internalized by the cells, being identified in the 
cytoplasm. Despite showing a similar uptake pattern, a significant in
crease in the internalization efficiency was recorded for the coated 
MSNs. Long term experiments up to 21 days, revealed a gradual 
reduction of the intracellular signals, possibly due to the particle 
dissolution or exocytosis. In contrast, administering the same dose every 
3 days maintained a constant level of internalized particles, demon
strating their potential for sustained intracellular delivery. In a com
plementary study, SNPs functionalized with hydroxyl, phosphate, 
sulfonate, amino and diethylenetriamine (DETA) groups were internal
ized by mesenchymal stem cells (MSCs) via different endocytosis path
ways [52]. Moreover, the uptake efficiency and the retention time were 
the highest for amino-functionalized MSNs, followed by phosphate-, 
sulfonate-, and DETA-modified MSNs. Together, these studies show that 
fine tuning the surface chemistry of MSNs can have a direct impact on 
cell internalization processes which could further trigger their 
differentiation.

Another group of cells that has been intensively investigated for 
intracellular therapeutic delivery are cancer cells, owing to their high 
metabolic activity and different endocytic behaviour. MSNs stand out 
due to their ability to deliver chemotherapeutic agents directly in the 
cytosol, enhancing the therapeutic efficacy, while minimizing the sys
tem toxicity. For example, Dembélé et al. [53] modified the surface of 
MSNs with PEI, followed by Ni-NTA chelated ligands. The previous 
functionalization process enabled the conjugation of native 
(RMSN-Ni-TAT-SODn) and denaturated TAT-conjugated superoxide 
dismutase (RMSN-Ni-TAT-SODd) protein. After 4 h of incubation, an 
uptake level of almost 100 % was achieved for both types of SNPs. 
Increasing the SNP concentration from 50 to 500 μg/mL led to an in
crease of the mean fluorescence intensity (MFI), indicating that a higher 
amount of SNPs was internalized. Moreover, RMSN-Ni-TAT-SODd 
showed a higher internalization efficiency compared to the native pro
tein. This difference was attributed to the reduced steric hindrance, 
which could change the composition and structure of the protein corona, 
thus changing the cell uptake. Detailed mechanistic studies of the 
internalization pathway revealed that both energy-independent and 
dependent (mainly clathrin-mediated endocytosis) were involved. The 
direct cytosolic delivery was attributed to TAT peptide that could pro
vide a non-endocytosis pathway. In the end, the researchers showed that 
the synergistic integration of TAT CPP peptide and the SODd protein 
enhanced the uptake and cytosolic localization, outlining the potential 

of this nanoplatform for intracellular gene delivery in cancer therapy. 
Similarly, Mn- and cisplatin-loaded MSNs capped with MOFs and sub
sequently coated with erythrocyte membrane (eM) and hyaluronic acid 
(HA) (PMMR@MH) have been developed to achieve prolonged blood 
circulation and enhanced anti-cancer effects [54]. As expected, HA 
enabled enhanced cellular uptake by 4T1 breast cancer cells by selec
tively binding to the CD44 receptors, enabling tumor-specific accumu
lation. Besides administering chemotherapy, another method for 
treating cancer relies on photodynamic therapy. In this regard, Li et al. 
[55] incorporated photosensitizer chlorine e6 (Ce6) inside the pores of 
HMSNs, being subsequently followed by coating with a layer of PEI. 
Interestingly, while MSNs Ce6 loading enhanced the intracellular 
internalization of Ce6 by 4T1 breast cancer cells, PEI coating triggered 
the endosomal/lysosomal escape.

All the studies presented in this section demonstrate the importance 
of understating the interactions between cells and SNPs in single-cell 
models, where precise uptake kinetics and mechanistic details can be 
obtained. However, to better mimic the actual physiological environ
ment, more complex cell culture models should be employed, as dis
cussed in the next section.

3. Internalization of silica nanoparticles in multiple cell lines

While single cell culture systems offer relevant insight of the direct 
effect of SNPs on the desired cell line, they often fail to capture the 
complexity of native tissues, where different types of cells interact 
dynamically. Taking into account that tissues are composed of multiple 
cell types, each fulfilling specific biological functions, it is critical to 
investigate the response of different cell types to the same NP type [44]. 
Thus, carrying out parallel internalization studies could enable not only 
the prediction of the in vivo behaviour, but also support the design of 
specific SNPs systems that could interact specifically with a desired cell 
line for target applications in medicine.

To simulate the complexity of the cellular interplay in the intestinal 
epithelium, Zhang et al. [56] selected Caco-2 human colon adenocar
cinoma cells, representing the absorptive enterocytes, and E12 goblet 
cells, a model of the mucus-secreting goblet cells. While all SNPs 
possessed a mesoporous honeycomb internal structure with no alter
ations in size despite different functionalization, they had different 
surface charges. If the reference group consisted of (3-aminopropyl) 
triethoxysilane (APTES)-grafted MSNs with positive zeta potential, the 
MSNs-APTES modified with glutaric anhydride showed distinct pat
terns. Depending on the degree of grafting, neutral or negatively 
charged particles were obtained, with the neutral particles being loaded 
with CPP5. Among these particles, the highest cell uptake was observed 
for MSN-NH2@COOH/CPP5, which was explained by the enhanced 
mucus penetration and epithelial internalization. Despite showing a 
good internalization efficiency, the positively charged MSNs-APTES 
were entrapped in the mucin layer, demonstrating the dual function of 
CPP5 in overcoming both the extracellular and intracellular barriers. 
Detailed investigations revealed that caveolae-mediated endocytosis 
was the main uptake mechanism for the CPP5 conjugated MSNs.

The penetration ability of SNPs through epithelial barriers was 
further investigated by Detampel et al. [57], however, with a focus on 
the alveolar barrier. Before investigating the precise uptake mechanism, 
50 nm compact spherical SNPs were exposed to both A549 lung carci
noma epithelial cells and alveolar epithelial cells (AEC) to measure the 
adhesion force to the apical membrane. Single-cell force spectroscopy 
analysis revealed for both cell lines a two-step profile, with an initial 
increase in the adhesion force that stabilized after 30–60 s, followed by a 
second phase, reaching the maximum value after 120 s. When specific 
transport inhibitors were applied prior to the measurements, no changes 
in the first phase were recorded, whereas the firm adhesion in the second 
step was significantly reduced. As the used inhibitors were aimed at 
blocking the lipid rafts and caveolae formation, the authors assumed 
that an energy-dependent process independent of clathrin-mediated 
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endocytosis was involved. Electron tomography analysis of the early 
internalization events showed the formation of caveolar structures 
localized in the proximity of the trans-Golgi network This unusual up
take pattern denotes an alternative uptake pathway to the 
well-established transport mechanisms, most probably a hybrid 
ATP-dependent process combining caveolar-endocytosis and macro
pinocytosis. The initial caveolar-mediated interaction with the cell 
membrane expanded into broader membrane contact regions, culmi
nating with the formation of canonical vesicles that transition to mac
ropinocytosis. The internalized SNPs entrapped in endosomes were 
transported towards the trans-Golgi network, as evidenced by the 
staining of the actin and myosin-dependent fibers. Further quantifica
tion of specific markers of exocytosis confirmed the basolateral trans
location of the SNPs.

In another application, researchers aimed at developing a targeted 

drug delivery system for bone cancer, using HeLa cancer cells, HGUE- 
GB-39 glioblastoma and MC3T3-E1 pre-osteoblast cells as models 
[58]. More precisely, amino-functionalized MSNs were coated with 
extracellular vesicles secreted by two tumoral cell lines, HeLa cancer 
cells (MSN-EVsHeLa) and HGUE-GB-39 glioblastoma cells 
(MSNs-EVsGB). FC and CLSM analyses revealed a selective internaliza
tion of the coated SNPs: EV-coated MSNs were preferentially internal
ized by the cells from where the vesicles were derived, whereas 
uncoated MSNs showed a similar uptake efficiency across all cell lines 
(Fig. 2A1-4). Moreover, the CLSM images revealed no alterations in the 
cytoskeleton structure, with all types of particles being found in the 
perinuclear zone. The punctate pattern of the internalized MSNs sug
gested their entrapment in vesicles, an indicative of endocytosis. This 
selective uptake was further confirmed by a transwell setup which 
simulates a physiological barrier, where the coated MSNs were able to 

Fig. 2. (A1) CLSM images (stained with green-MSPs, red-F-actin filaments and blue-nuclei; scale bars: 20 μm) together with the mean fluorescence intensity of the 
different concentrations (0, 1, 2.5, 5, 10, 25 and 50 μg/mL) (A2) MSNs, (A3) MSNs-EVsGB and (A3) MSNs-EVsHeLa; In vitro transwell assay results showing the (B1) 
fluorescence microscopy (FM) images (stained with blue-nuclei and green-SNPs; scale bars: 100 μm) of the MSNs that have passed through the membrane and were 
internalized by the corresponding cell line; Percentage of MSNs-based systems localized (B2) above, (B3) inside or (B4) below the transwell membrane. MFI – mean 
fluorescence intensity. Adapted and reproduced with permission from Dumontel et al. [58]. Copyright 2023, Elsevier. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)
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translocate and diffuse through the barrier, being internalized at higher 
levels by the corresponding cell type (Fig. 2B1-4). In contrast, the uptake 
by the MC3T3-E1 pre-osteoblast cells was significantly lower, proving 
that the EV coating could ensure a precise cell targeting. When the same 
EV-coated particles were loaded with doxorubicin, the same selective 
uptake pattern was maintained, which demonstrates their potential as 
target drug delivery systems having the ability to distinguish between 
malignant and healthy cells.

Further studies have proven the importance of tailoring MSNs for 
selective uptake in different cellular environments. Noureddine et al. 
[59] used dendritic spherical MSNs as a support for loading ovalbumin 
and functionalization with either a cationic (ILM+) or anionic (ILM− ) 
immunogenic lipid. After exposing the particles to endothelial cells, fi
broblasts, cancer cells and macrophage-like cells, only the macrophages 
internalized the ILM− MSNs, while the ILM+ composition exhibited a 
broader, non-specific uptake. CLSM confirmed the endosomal localiza
tion of the anionic SNPs in the perinuclear zone, suggesting an intra
cellular endo-lysosomal movement. Similarly, Ji et al. [60] exposed 
A549 lung carcinoma epithelial cells and BEAS-2B lung bronchial 
epithelial cells to spherical MSNs with a dendritic framework, func
tionalized with APTES and coated with HA. Increasing the incubation 
time resulted in a stronger membrane fluorescence signal, suggesting 
that a higher number of particles was interacting with the cell mem
brane. However, a weaker signal was recorded for non-tumorigenic 
BEAS-2B lung bronchial epithelial cells compared to A549 lung carci
noma epithelial cells, which demonstrated a higher affinity of the par
ticles towards the cancer cell line. This difference likely comes from the 
higher selectivity of HA towards the CD 44 receptors which are over
expressed by the A549 lung carcinoma epithelial cells. The high MSN 
uptake was further correlated with the increased particle accumulation 
in lysosomes over time, indicating progressive endocytosis and intra
cellular trafficking of MSNs.

Garrido-Cano et al. [61] also reported the successful development of 
SNP-based platforms for target cancer treatment. In their work, the re
searchers grafted on the surface of amino-functionalized MSNs 
(MSNs-rh) PEG (PEG-MSN-rh) or HA (HA-MSN-rh). The internalization 
efficiency of these MSNs was compared between two cell lines, namely 
MDA-MB-231 231 human breast cancer cells and non-cancer MCF10A 
epithelial cells. Following a 2 h incubation in the presence of 25 μg/mL 
MSNs, the uptake efficiency was measured by FC and CLSM. Both 
techniques confirmed the successful internalization of all types of MSNs, 
with the highest uptake being recorded for MSN-rh. Moreover, 
PEG-MSN-rh and HA-MSN-rh were preferentially internalized by cancer 
cells, with the main underlying mechanism being caveolae- and 
clathrin-mediated endocytosis. The same synthetic polymer, PEG, was 
employed by Sola et al. [62] in combination with two types of tri
alkoxysilane for targeted anticancer application. The internalization 
behaviour of PEG-grafted compact spherical SNPs with diameters of 100 
and 150 nm was investigated in parallel in U937 tumoral cells and pe
ripheral blood mononuclear cells (PBMCs). Initial uptake studies 
revealed a fast, concentration- and time-dependent internalization in 
both cell types. However, a higher SNP concentration was needed for 
U937 cells to achieve the same uptake efficiency observed in PBMCs. 
Further experiments using the transport inhibitor nocodazole reduced 
the SNP internalization, suggesting the possible inhibition of the cyto
skeletons’ microtubules, key structural components of endocytosis and 
intracellular trafficking. The SNPs were entrapped in membrane-bound 
vesicles, while also being found in lysosomes and mitochondria, with a 
lower mitochondrial co-localization for PBMSCs. Moreover, SNPs were 
released by both cell lines, with the PBMSC exocytosis involving a mixed 
unconventional pathway, including autophagic and lysosomal fusion.

Another approach for targeting cells is to functionalize the surface of 
the NPs with specific membrane receptors that are overexpressed in a 
certain disease. For instance, Gisbert-Garzarán et al. [63] developed 
redox-responsive MSNs functionalized with a self-immolative linked, 
PEGylated (MSN-SP) and grafted with a multifunctional peptide 

(HAVAB) that contained biotin for tumor targeting and histidine for 
endosomal escape (MSN-SP-PEPT). As proved by FC and CLSM, 
MSN-SP-PEPT showed the highest internalization by biotin-receptor 
containing cells (HeLa cancer cells), a process which occurred via 
receptor-mediated endocytosis. As intended, this system showed lower 
internalization in MC3T3-E1 pre-osteoblast cells or A549 lung carci
noma epithelial cells, while the endocytosis studies proved that 
MSN-SP-PEPT were able to escape the endosome, indicating successful 
cytosolic release. These observations were correlated with the higher 
accumulation of the same particles inside A549 lung carcinoma 
epithelial cells and OVCAR8 cancer cell-derived spheroids, a process 
which was linked to the efficient escape from the endosomal compart
ment to the cytosol. Applying a similar strategy, Hashemzadeh et al. 
[64] engineered magnetic MSNs loaded with 1-methyl-D-tryptophan 
(1-MDT) and conjugated with methotrexate (MTX) to enable 
folate-mediated cell targeting. As expected, these functionalized MSNs 
showed superior internalization by the folate-rich MCF-7 cancer cells 
compared to folate-deficient A549 lung carcinoma epithelial cells. 
Likewise, Rodrigues et al. [65] investigated the potential of 
Au-core/MSN-shell nanostructures coated with PEI and HA for targeted 
cancer therapy. Importantly, the nanostructures were internalized by 
HeLa cancer cells to a higher degree than the primary human dermal 
fibroblasts, proving the role of ligand-mediated recognition in 
improving cellular uptake. In another approach, doxorubicin (DOX)-
loaded MSNs coated with polydopamine were coupled with a polymer 
and further functionalized with dual ligands to target tumoral cells [66]. 
The developed MSNs showed preferential uptake in HeLa cancer cells 
compared to L929 fibroblasts, observation which was further correlated 
with superior DOX accumulation inside the nucleus. The same anti
cancer drug, DOX, was loaded into HMSNs with a pollen-like 
morphology and functionalized with aptamers [67]. The resulting par
ticles were internalized to a higher extent by the MCF-7 cancer cells 
compared to normal cells. The authors attributed this enhanced uptake 
to the synergistic effect of morphology, whose spike-like features might 
have promoted cell-particle interactions and acted as entry claws, 
together with the aptamer-mediated targeting. Interestingly, despite 
being entrapped initially inside the lysosome, the particles were able to 
escape the acidic environment of the vesicle, being identified free in the 
cytosol or even in the nucleus. Beyond chemical and morphological 
modifications, biomimetic approaches have been explored. For example, 
Chernyshev et al. [68] coated PEI-functionalized MSNs with small 
extracellular vesicles (sEVs) derived from MCF-7 cancer cells or Chinese 
hamster ovary (CHO) epithelial cells. In both cases, sEV-MSNs displayed 
greater internalization than non-modified particles, with a superior 
uptake by the parent cell line. Thus, it can be concluded that surface 
modification can improve the SNPs/MSNs selectivity, directly influ
encing the intracellular trafficking and the therapeutic precision.

Finally, Igaz et al. [69] presented the challenge related to SNP de
livery in drug-resistant cancer cell models. In this regard, drug-sensitive 
MCF cancer cells and multidrug-resistant MCF-7 KCR cells were exposed 
to Rhodamine 123-labelled compact spherical SNPs. Despite having a 
similar degree of NP internalization across both cell lines, significant 
differences were noticed regarding the intracellular localization of these 
particles. While for the sensitive cells SNPs were identified in the cytosol 
and partially in lysosomes, for the multidrug-resistant cells, the NPs 
were mainly entrapped in lysosomes. Moreover, SNP accumulation 
decreased over time in the resistant cells, indicating either NP degra
dation or exocytosis, representing a critical consideration for NP-based 
chemotherapy in multidrug-resistant tumors.

4. Conclusions and future perspectives

Nanomedicine holds significant promise in advancing targeted drug 
delivery systems, with SNPs emerging as highly versatile platforms as 
alternative to polymer carrier particles, owing to their outstanding 
physicochemical properties. In this short review, we present a brief 
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overview of studies published in the past 5 years that investigated the 
internalization of SNPs, with an emphasis on their subsequent intra
cellular trafficking and localization. Thus, in the introduction we out
lined the properties of SNPs that make them suitable for intracellular 
delivery, followed by a short overview of the two main types of mem
brane transport, namely passive and active. While ATP-independent 
uptake enables the direct cytosolic delivery of the NPs, being available 
for the cell organelles, the energy-dependent processes are characterized 
by the NP entrapment in early endosomes. These vesicles gradually 
evolve towards lysosomes, where the NPs are degraded, potentially 
losing their therapeutic ability. After clarifying these concepts, the main 
section is dedicated to a detailed discussion organized in two sub
sections: single-cell culture models and multi-cell system models. 
Despite differences in SNP internalization mechanisms and intracellular 
trafficking, a common pattern was observed: SNPs are predominantly 
internalized via endocytosis and localized in lysosomes, where they are 
typically degraded. Interestingly, even though previous studies high
light the degradation of SNPs inside endolysosomal vesicles, there are no 
further investigations of the possible intracellular Si release or dissolu
tion products due to the degradation of the silica network. This might 
lead to the release of ionic species, a property characteristic of bioactive 
glasses (BGs), where the intracellular dissolution and ion-mediated 
signalling are central to their therapeutic action [70,71]. In the case of 
BGs, the intracellular dissolution after endocytosis has been shown to 
lead to the local release of therapeutic ions (Si4+, Ca2+, Cu2+, etc.), 
which can activate different signalling pathways, and modulate gene 
expression and differentiation [72–74]. In this way, the released ions act 
as degradation products that influence key cell functions, contributing to 
the regenerative and therapeutic properties of BGs. However, surface 
functionalization with specific ligands or polymers has been shown to 
enable SNP endo/lysosomal escape, increasing their intracellular 
bioavailability. Importantly, in multi-cell systems, a series of targeted 
surface coatings has been reported to improve the selective uptake of 
SNPs by specific cell lines, thus enhancing their intracellular localization 
and delivery efficiency. These observations further support the potential 
of SNPs not only as highly performant drug delivery nanosystems, but 
also as promising candidates for applications where a precise intracel
lular targeting is needed. Beyond surface chemistry, physicochemical 
properties such as particle size, shape and porosity have been shown to 
play a critical role in modulating cellular uptake, intracellular traf
ficking and drug release kinetics.

Further studies should focus on elucidating the complete intracel
lular journey of the SNPs, from the first interaction with the cell mem
brane to the final localization or clearance. In this context, the dual 
effect of Si ions and the drug, released simultaneously inside the cell, has 
not been yet investigated. Important aspects to follow are the exocytosis 
mechanisms, SNP recycling, long-term retention and interactions with 
cell organelles such as mitochondria or the endoplasmic reticulum. On 
the other hand, while preclinical studies have shown promising out
comes, translating them to human treatments requires more in
vestigations about the SNPs pharmacokinetics, biodistribution, safety 
profiles and immune response. Thus, a deeper understanding of the 
intracellular fate of SNPs would help improve the design of high- 
performance SNP-based drug delivery systems, while making a 
smoother transition between lab research and clinical use.

Even though in vitro investigations focused on the internalization of 
SNPs have significantly advanced our understanding of the nanoparticle 
intracellular fate, the lack of integration with in vivo studies remains a 
major limitation that hinders the translational relevance of these find
ings. The high complexity of the in vivo environment, characterized by 
dynamic and overlapping processes, including protein corona forma
tion, immune responses, dynamic biodistribution or specific tissue in
teractions, can substantially influence the SNP behaviour. In this 
context, internalization pathways identified in vitro might differ under 
physiological conditions. Therefore, future studies should aim to 
establish robust correlations between in vitro and vivo results to guide 

the design of more effective SNP-based treatment systems.
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