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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 SiOy 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,
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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 wuptake 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
VMSNSs, respectively), both loaded with imiquimod (IMQ) and oocyte
albumin (OVA) antigen. Even though the particles showed similar size
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epithelial cells
BEAS-2B lung
bronchial epithelial
cells

in A549 cells than BEAS-2B
cells

Table 1
Summary presenting the main findings of the research studies discussed in this paper.
Type of particle SNPs size (nm) Zeta potential Cell line Uptake mechanism Intracellular localization Ref.
(mV)
MSNs functionalized with PEG 150 + 10 N.S. RAW 264.7 Possible endocytosis Vesicles [37]
and FA macrophage-like cells
MSNs conjugated with NapFab 179+ 9 —59.9 + 4.5 RAW 264.7 Possible endocytosis Early and late endosomes [38]
peptide macrophage-like cells
MSNs loaded with 222 +£17 7+1 Pro-inflammatory M1 Endocytosis Lysosomes [39]
dexamethasone and capped macrophages
TNFR peptide
Pollen-like MSNs 149 + 22 ~ -29 RAW 264.7 Just internalized N.S. [40]
macrophage-like cells
Virus-like MSNs loaded with ~231 -7.7 RAW 264.7 Mixed endocytosis, with clathrin- ~ Free cytosolic delivery of cargo [41]
imiquimod and oocyte macrophage-like cells mediated endocytosis being the molecules
albumin main mechanism
50 nm and 100 nm SNPs, MSNs 55.7 £ 6,127 —32.8+2.2 RAW 264.7 Endocytosis Entrapped in vesicles [42]
and HMSNs +17,115 £ 32, macrophage-like cells
101 £ 10
MSNs functionalized with ~200 59+ 0.4 Caco-2 human colon Endocytosis Initially in lysosomes, but then [45]
deoxycholic acid and coated adenocarcinoma cells free in cytosol
with sulfobetaine 12 E12 goblet cells
Spiky MSNs loaded with pDNA, 221 £18 ~16 HEK-293T epithelial Possible endocytosis Initially in lysosomes, but [46]
functionalized with cells PDNA was released in the
phosphonate groups and cytosol and found in nucleus
conjugated with PEI
SNPs 58+7 —31.0+0.7 BEAS-2B lung N.S. Entrapped in vesicles or free in [47]
bronchial epithelial the cytosol
cells
Hollow SNPs coated with 93+15 —-16.2 + 4.8 HUVECs Possible endocytosis Initially just in endosomes, [48]
PEGMA followed by free cytosolic
localization
SNPs functionalized with PEI 114 + 30 36.9 + 4.7 HUVECs Possible endocytosis Initially in early endosomes [49]
that evolved towards lysosomes
Simple MSNs, functionalized ~150 27.1 MC3T3-E1 pre- Just internalized N.S. [50]
with PA, grafted with PEI and osteoblast cells
loaded with siGLO
SrO loaded MSNs, coated with 223 + 10 —20.56 Human mesenchymal Just internalized Possible exocytosis [51]
CaP or Zn-doped CaP layer stromal cells
MSNs functionalized with PEI 60-100 —22.1 HeLa cancer cells Energy-independent and Direct cytosolic delivery of [53]
and Ni-NTA ligand and clathrin-mediated endocytosis SODd
conjugated with TAT-SODd
MSNs functionalized with 30-50 +9.5, +21.7, mesenchymal stem Endocytosis Entrapped in vesicles; [52]
amino, DETA, hydroxyl, —14.1, -25.6, cells negatively charged MSNs use
phosphate, and sulfonate with and —37.7 lysosomal exocytosis to exit
charges cells; positively charged MSNs
undergo endosomal escape
Mn-doped MSNs, capped with 70-100 ~-0.15 4T1 breast cancer cells Endocytosis N.S. [54]
MOF, cloaked with erythrocite
membrane and decoraded
with HA
HMSNs coated with PEI shell ~202 N.S. 4T1 breast cancer cells Possible endocytosis Lysosomes, followed by [55]
and loaded with chlorine e6 endosomal/lysosomal escape
MSNs functionalized with ~120 —0.49 Caco-2 human colon Caveolae-mediated endocytosis Lysosomes [56]
APTES, glutaric acid and CPP5 adenocarcinoma cells
peptide E12 goblet cells
SNPs ~50 -244+1.0 A549 lung carcinoma Hybrid endocytosis, combining Initially in endosomes, [57]
epithelial cells alveolar ~ caveolae-mediated endocytosis transported through the trans-
epithelial cells and macropinocytosis Golgi network and exocytosis
MSN coated with HeLa or 164 and 142, —13.5 and - HeLa cancer cells Preferential uptake of the MSNs Entrapped in vesicles in the [58]
HGUE-GB-39 glioblastoma respectively 11.7, HGUE-GB-39 by the cells from which the perinuclear zone
cell extracellular vesicles respectively glioblastoma cells extracellular vesicles were
MC3T3-1 pre- produced in both direct and
osteoblast cells transwell setup
MSNs loaded with ovalbumin ~80 N.S. Human microvascular The SNPs-ILM" were internalized Found in the perinuclear zone [59]
and functionalized with a endothelial cells only by macrophages, whereas in endosomes
cationic (ILM™") or anionic Dermal fibroblasts SNPs-ILM* were present in all
(ILM™) immunogenic lipid A549 lung carcinoma cell lines
epithelial cells
RAW 264.7
macrophage-like cells
MSNs coated with HA ~170 -27.19 A549 lung carcinoma N.S. Higher lysosomal accumulation ~ [60]

(continued on next page)
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Type of particle SNPs size (nm) Zeta potential Cell line Uptake mechanism Intracellular localization Ref.
(mV)
MSNs coated with PEG or HA 170 and 223, N.S. MDA-MB-231 human Preferential SNPs internalization N.S. [61]
respectively breast cancer cells by cancer cells; m
MCF10A epithelial cells  ixed endocytosis uptake, with the
main mechanisms being
caveolae- and clathrin-mediated
endocytosis
MSNs grafted with PEG 100-150 N.S. U937 tumoral cells Just internalized Membrane bound vesicles, [62]
Peripheral blood mitochondria, lysosome and
mononuclear cells exocytosis
(PBMSCs)
MSNs functionalized with PEG, — —24 Hela cells Preferential internalization in Initially in endosome and then [63]
grafter with HAVAB MC3T3-E1 pre- HeLa and OVCARS cells free in the cytosol
osteoblast cells following a receptor-mediated
A549 lung carcinoma endocytosis
epithelial cells
OVCARS8 human
ovarian carcinoma cells
Supraparamagentic iron NPs ~70 0.3 MCF-7 cancer cells Just internalized N.S. [64]
coated with MSN, conjugated A549 lung carcinoma
with PEG and methotrexate epithelial cells
Au-core/MSN shell coated with 88 + 5in length —10to —6 HelLa cancer cells Just internalized N.S. [65]
PEI-HA 63 + 5 in width FibH
DOX-loaded MSNs coated with 131.1 +4.3 —23.5+0.2 HeLa cancer cells Just internalized N.S. [66]
PDA, PMEN polymer and 1929 fibroblasts
tumour cell targeting dual
ligands ss-FA-cRGD
Aptamer modified HMSNs 292 + 14 ~22 MCF-7 cancer cells Just internalized Initially in lysosomes, followed [67]
loaded with DOX Sv-Huc-1 normal cells by lysosomal escape with
intranuclear localization
PEI-coated SNPs with sEV ~2000 —26 + 1 and MCF-7 cancer cells Just internalized N.S. [68]
adsorbed onto their surface -25+1 Chinese hamster ovary
(CHO) epithelial cells
SNPs ~100 —25.7 MCF-7 cancer cells Similar degree of internalization For MCF-7 cancer cells, the [69]

multi-drug resistant
MCF-7 KCR cancer cells

across both cell lines

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.

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.

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 Si** 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



A.-I. Damian-Buda and A.R. Boccaccini

Biochemical and Biophysical Research Communications 781 (2025) 152509

24 h

24 h

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 pm. 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.)

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 PEL In the
following step, the HEK-293T epithelial cells were incubated for 4 h in
the presence of 40 pL/mL MSNs-PEL. 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.
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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), PEl-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 pg/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
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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
HMSNSs, being subsequently followed by coating with a layer of PEIL
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-NH>@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

A1. HelLa HGUE-GB-39 MC3T3-E1
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Control

MSNs
MSNs

Biochemical and Biophysical Research Communications 781 (2025) 152509

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
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Fig. 2. (A1) CLSM images (stained with green-MSPs, red-F-actin filaments and blue-nuclei; scale bars: 20 ym) together with the mean fluorescence intensity of the
different concentrations (0, 1, 2.5, 5, 10, 25 and 50 pg/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 pm) 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 pg/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-Garzaran et al. [63] developed
redox-responsive MSNs functionalized with a self-immolative linked,
PEGylated (MSN-SP) and grafted with a multifunctional peptide
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(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 OVCARS 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-p-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 (Si*t, ca?t, cu®t, 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
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the design of more effective SNP-based treatment systems.

CRediT authorship contribution statement

Andrada-loana Damian-Buda: Writing — original draft, Visualiza-
tion, Investigation, Data curation, Conceptualization. Aldo R. Boccac-
cini: Writing — review & editing, Supervision, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] T. Sahu, Y.K. Ratre, S. Chauhan, L.V.K.S. Bhaskar, M.P. Nair, H.K. Verma,
Nanotechnology based drug delivery system: current strategies and emerging
therapeutic potential for medical science, J. Drug Deliv. Sci. Technol. 63 (2021)
102487, https://doi.org/10.1016/J.JDDST.2021.102487.

[2] L. Yan, Y. Yang, W. Zhang, X. Chen, L. Yan, Y. Yang, W.J. Zhang, X. Chen,
Advanced materials and nanotechnology for drug delivery, Adv. Mater. 26 (2014)
5533-5540, https://doi.org/10.1002/ADMA.201305683.

[3] D. Sharma, N. Sharma, M. Pathak, P.K. Agrawala, M. Basu, H. Ojha,
Nanotechnology-based drug delivery systems: challenges and opportunities, Drug
Target. Stimuli Sens. Drug Deliv. Syst. (2018) 39-79, https://doi.org/10.1016/
B978-0-12-813689-8.00002-1.

[4] V. Mamaeva, C. Sahlgren, M. Lindén, Mesoporous silica nanoparticles in
medicine—Recent advances, Adv. Drug Deliv. Rev. 65 (2013) 689-702, https://
doi.org/10.1016/j.addr.2012.07.018.

[5] L.P. Singh, S.K. Bhattacharyya, R. Kumar, G. Mishra, U. Sharma, G. Singh,

S. Ahalawat, Sol-gel processing of silica nanoparticles and their applications, Adv.
Colloid Interface Sci. 214 (2014) 17-37, https://doi.org/10.1016/j.
€is.2014.10.007.

[6] S. Jafari, H. Derakhshankhah, L. Alaei, A. Fattahi, B.S. Varnamkhasti, A.

A. Saboury, Mesoporous silica nanoparticles for therapeutic/diagnostic
applications, Biomed. Pharmacother. 109 (2019) 1100-1111, https://doi.org/
10.1016/j.biopha.2018.10.167.

[7] Y. Huang, P. Li, R. Zhao, L. Zhao, J. Liu, S. Peng, X. Fu, X. Wang, R. Luo, R. Wang,
Z. Zhang, Silica nanoparticles: biomedical applications and toxicity, Biomed.
Pharmacother. 151 (2022) 113053, https://doi.org/10.1016/j.
biopha.2022.113053.

[8] S.-H. Wu, C.-Y. Mou, H.-P. Lin, Synthesis of mesoporous silica nanoparticles, Chem.
Soc. Rev. 42 (2013) 3862, https://doi.org/10.1039/c3cs35405a.

[9] M. Manzano, M. Vallet-Regi, Mesoporous silica nanoparticles for drug delivery,
Adv. Funct. Mater. 30 (2020), https://doi.org/10.1002/adfm.201902634.

[10] M. Vallet-Regi, F. Schiith, D. Lozano, M. Colilla, M. Manzano, Engineering
mesoporous silica nanoparticles for drug delivery: where are we after two decades?
Chem. Soc. Rev. 51 (2022) 5365-5451, https://doi.org/10.1039/d1cs00659b.

[11] G.-F. Luo, W.-H. Chen, Y. Liu, Q. Lei, R.-X. Zhuo, X.-Z. Zhang, Multifunctional
enveloped mesoporous silica nanoparticles for subcellular Co-delivery of drug and
therapeutic peptide, Sci. Rep. 4 (2014) 6064, https://doi.org/10.1038/srep06064.

[12] R.K. Kankala, Y. Han, J. Na, C. Lee, Z. Sun, S. Wang, T. Kimura, Y.S. Ok,

Y. Yamauchi, A. Chen, K.C.-W. Wu, Nanoarchitectured structure and surface
biofunctionality of mesoporous silica nanoparticles, Adv. Mater. 32 (2020),
https://doi.org/10.1002/adma.201907035.

[13] T. Li, S. Shi, S. Goel, X. Shen, X. Xie, Z. Chen, H. Zhang, S. Li, X. Qin, H. Yang,
C. Wu, Y. Liu, Recent advancements in mesoporous silica nanoparticles towards
therapeutic applications for cancer, Acta Biomater. 89 (2019) 1-13, https://doi.
org/10.1016/j.actbio.2019.02.031.

[14] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden,
D. Brown, A.M. Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of
nanoparticles: journey inside the cell, Chem. Soc. Rev. 46 (2017) 4218-4244,
https://doi.org/10.1039/C6CS00636A.

[15] F. Toscano, M. Torres-Arias, Nanoparticles cellular uptake, trafficking, activation,
toxicity and in vitro evaluation, Curr. Res. Immunol. 4 (2023) 100073, https://doi.
0rg/10.1016/j.crimmu.2023.100073.

[16] R. Augustine, A. Hasan, R. Primavera, R.J. Wilson, A.S. Thakor, B.D. Kevadiya,
Cellular uptake and retention of nanoparticles: insights on particle properties and
interaction with cellular components, Mater. Today Commun. 25 (2020) 101692,
https://doi.org/10.1016/J.MTCOMM.2020.101692.

[17] Y. Ji, Y. Wang, X. Wang, C. Lv, Q. Zhou, G. Jiang, B. Yan, L. Chen, Beyond the
promise: exploring the complex interactions of nanoparticles within biological
systems, J. Hazard Mater. 468 (2024) 133800, https://doi.org/10.1016/J.
JHAZMAT.2024.133800.

[18] S. Khan, S. Mansoor, Z. Rafi, B. Kumari, A. Shoaib, M. Saeed, S. Alshehri, M.

M. Ghoneim, M. Rahamathulla, U. Hani, F. Shakeel, A review on nanotechnology:
properties, applications, and mechanistic insights of cellular uptake mechanisms,
J. Mol. Liq. 348 (2022) 118008, https://doi.org/10.1016/j.molliq.2021.118008.


https://doi.org/10.1016/J.JDDST.2021.102487
https://doi.org/10.1002/ADMA.201305683
https://doi.org/10.1016/B978-0-12-813689-8.00002-1
https://doi.org/10.1016/B978-0-12-813689-8.00002-1
https://doi.org/10.1016/j.addr.2012.07.018
https://doi.org/10.1016/j.addr.2012.07.018
https://doi.org/10.1016/j.cis.2014.10.007
https://doi.org/10.1016/j.cis.2014.10.007
https://doi.org/10.1016/j.biopha.2018.10.167
https://doi.org/10.1016/j.biopha.2018.10.167
https://doi.org/10.1016/j.biopha.2022.113053
https://doi.org/10.1016/j.biopha.2022.113053
https://doi.org/10.1039/c3cs35405a
https://doi.org/10.1002/adfm.201902634
https://doi.org/10.1039/d1cs00659b
https://doi.org/10.1038/srep06064
https://doi.org/10.1002/adma.201907035
https://doi.org/10.1016/j.actbio.2019.02.031
https://doi.org/10.1016/j.actbio.2019.02.031
https://doi.org/10.1039/C6CS00636A
https://doi.org/10.1016/j.crimmu.2023.100073
https://doi.org/10.1016/j.crimmu.2023.100073
https://doi.org/10.1016/J.MTCOMM.2020.101692
https://doi.org/10.1016/J.JHAZMAT.2024.133800
https://doi.org/10.1016/J.JHAZMAT.2024.133800
https://doi.org/10.1016/j.molliq.2021.118008

A.-I. Damian-Buda and A.R. Boccaccini

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

A. Verma, F. Stellacci, Effect of surface properties on nanoparticle—cell
interactions, Small 6 (2010) 12-21, https://doi.org/10.1002/smll.200901158.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Transport into the
cell from the plasma membrane: endocytosis, in: B. Alberts, A. Johnson, J. Lewis,
M. Raff, K. Roberts, P. Walter P (Eds.), Molecular Biology of the Cell. 4th ed.,
Garland Sci., New York, 2002, pp. 731-791.

J.J. Rennick, A.P.R. Johnston, R.G. Parton, Key principles and methods for
studying the endocytosis of biological and nanoparticle therapeutics, Nat.
Nanotechnol. 16 (3 16) (2021) 266-276, https://doi.org/10.1038/s41565-021-
00858-8, 2021.

L. Kou, J. Sun, Y. Zhai, Z. He, The endocytosis and intracellular fate of
nanomedicines: implication for rational design, Asian J. Pharm. Sci. 8 (2013) 1-10,
https://doi.org/10.1016/j.ajps.2013.07.001.

A. Ahmad, J.M. Khan, B.A. Paray, K. Rashid, A. Parvez, Endolysosomal trapping of
therapeutics and endosomal escape strategies, Drug Discov. Today 29 (2024)
104070, https://doi.org/10.1016/j.drudis.2024.104070.

A. Ahmad, J.M. Khan, S. Haque, Strategies in the design of endosomolytic agents
for facilitating endosomal escape in nanoparticles, Biochimie 160 (2019) 61-75,
https://doi.org/10.1016/j.biochi.2019.02.012.

T.F. Martens, K. Remaut, J. Demeester, S.C. De Smedt, K. Braeckmans, Intracellular
delivery of nanomaterials: how to catch endosomal escape in the act, Nano Today 9
(2014) 344-364, https://doi.org/10.1016/j.nantod.2014.04.011.

L.I Selby, C.M. Cortez-Jugo, G.K. Such, A.P.R. Johnston, Nanoescapology: progress
toward understanding the endosomal escape of polymeric nanoparticles, Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 9 (2017), https://doi.org/10.1002/
wnan.1452.

S. Akhtar, F. Zuhair, Advancing nanomedicine through electron microscopy:
insights into nanoparticle cellular interactions and biomedical applications, Int. J.
Nanomed. 20 (2025) 2847-2878, https://doi.org/10.2147/1JN.S500978.

A. Ivask, A.J. Mitchell, A. Malysheva, N.H. Voelcker, E. Lombi, Methodologies and
approaches for the analysis of cell-nanoparticle interactions, WIREs Nanomed.
Nanobiotechnol. 10 (2018), https://doi.org/10.1002/wnan.1486.

M. Matczuk, L. Ruzik, S.S. Aleksenko, B.K. Keppler, M. Jarosz, A.R. Timerbaev,
Analytical methodology for studying cellular uptake, processing and localization of
gold nanoparticles, Anal. Chim. Acta 1052 (2019) 1-9, https://doi.org/10.1016/j.
aca.2018.10.027.

J.L. Vivero-Escoto, LI. Slowing, B.G. Trewyn, V.S.-Y. Lin, Mesoporous silica
nanoparticles for intracellular controlled drug delivery, Small 6 (2010)
1952-1967, https://doi.org/10.1002/smll.200901789.

S.H. Wu, Y. Hung, C.Y. Mou, Mesoporous silica nanoparticles as nanocarriers,
Chem. Commun. 47 (2011) 9972-9985, https://doi.org/10.1039/c1cc11760b.

1. Stayton, J. Winiarz, K. Shannon, Y. Ma, Study of uptake and loss of silica
nanoparticles in living human lung epithelial cells at single cell level, Anal.
Bioanal. Chem. 394 (2009) 1595-1608, https://doi.org/10.1007/s00216-009-
2839-0.

M.A. Dobrovolskaia, M. Shurin, A.A. Shvedova, Current understanding of
interactions between nanoparticles and the immune system, Toxicol. Appl.
Pharmacol. 299 (2016) 78-89, https://doi.org/10.1016/j.taap.2015.12.022.

A.C. Anselmo, S. Mitragotri, Cell-mediated delivery of nanoparticles: taking
advantage of circulatory cells to target nanoparticles, J. Contr. Release 190 (2014)
531-541, https://doi.org/10.1016/j.jconrel.2014.03.050.

B. Fadeel, Hide and seek: nanomaterial interactions with the immune system,
Front. Immunol. 10 (2019), https://doi.org/10.3389/fimmu.2019.00133.

J. Bourquin, A. Milosevic, D. Hauser, R. Lehner, F. Blank, A. Petri-Fink, B. Rothen-
Rutishauser, Biodistribution, clearance, and long-term fate of clinically relevant
nanomaterials, Adv. Mater. 30 (2018), https://doi.org/10.1002/adma.201704307.
X. Li, S. Zhang, X. Zhang, Y. Hou, X. Meng, G. Li, F. Xu, L. Teng, Y. Qi, F. Sun, Y. Li,
Folate receptor-targeting semiconducting polymer dots hybrid mesoporous silica
nanoparticles against rheumatoid arthritis through synergistic photothermal
therapy, photodynamic therapy, and chemotherapy, Int. J. Pharm. 607 (2021)
120947, https://doi.org/10.1016/j.ijpharm.2021.120947.

B. Beitzinger, F. Gerbl, T. Vomhof, R. Schmid, R. Noschka, A. Rodriguez, S. Wiese,
G. Weidinger, L. Standker, P. Walther, J. Michaelis, M. Lindén, S. Stenger, Delivery
by dendritic mesoporous silica nanoparticles enhances the antimicrobial activity of
a napsin-derived peptide against intracellular Mycobacterium tuberculosis, Adv.
Healthcare Mater. 10 (2021), https://doi.org/10.1002/adhm.202100453.

A. Garcia-Fernandez, M. Sancho, V. Bisbal, P. Amords, M.D. Marcos, M. Orzaez,
F. Sancendn, R. Martinez-Manez, Targeted-lung delivery of dexamethasone using
gated mesoporous silica nanoparticles. A new therapeutic approach for acute lung
injury treatment, J. Contr. Release 337 (2021) 14-26, https://doi.org/10.1016/].
jeonrel.2021.07.010.

Q. Zhang, J.L. Pathak, H. Wu, Y. Yan, B. Lin, Z. Xie, M.N. Helder, R.T. Jaspers,
Y. Xiao, Pollen-like mesoporous silica nanoparticles facilitate macrophage-
mediated anti-inflammatory response via physical contact cues in the osteoimmune
microenvironment, Acta Biomater. (2025), https://doi.org/10.1016/j.
actbio.2025.03.014.

Y. Gao, Y. Zhang, H. Xia, Y. Ren, H. Zhang, S. Huang, M. Li, Y. Wang, H. Li, H. Liu,
Biomimetic virus-like mesoporous silica nanoparticles improved cellular
internalization for co-delivery of antigen and agonist to enhance tumor
immunotherapy, Drug Deliv. 30 (2023), https://doi.org/10.1080/
10717544.2023.2183814.

S.K. Saha, C.U. Tunc, N. Khurana, J.W. Grunberger, H. Ghandehari, Effects of silica
nanoparticles with varied physicochemical properties on the survival and
functionality of saturated macrophages, J. Contr. Release 381 (2025) 113640,
https://doi.org/10.1016/j.jconrel.2025.113640.

10

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Biochemical and Biophysical Research Communications 781 (2025) 152509

J.M. Rosenholm, C. Sahlgren, M. Lindén, Towards multifunctional, targeted drug
delivery systems using mesoporous silica nanoparticles — opportunities &
challenges, Nanoscale 2 (2010) 1870, https://doi.org/10.1039/cOnr00156b.

J. Blechinger, A.T. Bauer, A.A. Torrano, C. Gorzelanny, C. Brauchle, S.

W. Schneider, Uptake kinetics and nanotoxicity of silica nanoparticles are cell type
dependent, Small 9 (2013) 3970-3980, https://doi.org/10.1002/smll.201301004.
Y. Gao, Y. He, H. Zhang, Y. Zhang, T. Gao, J.H. Wang, S. Wang, Zwitterion-
functionalized mesoporous silica nanoparticles for enhancing oral delivery of
protein drugs by overcoming multiple gastrointestinal barriers, J. Colloid Interface
Sci. 582 (2021) 364-375, https://doi.org/10.1016/j.jcis.2020.08.010.

D. Cheng, S. Theivendran, J. Tang, L. Cai, J. Zhang, H. Song, C. Yu, Surface
chemistry of spiky silica nanoparticles tailors polyethyleneimine binding and
intracellular DNA delivery, J. Colloid Interface Sci. 628 (2022) 297-305, https://
doi.org/10.1016/j.jcis.2022.08.038.

X. Zhao, A. Abulikemu, S. Lv, Y. Qi, J. Duan, J. Zhang, R. Chen, C. Guo, Y. Li,

Z. Sun, Oxidative stress- and mitochondrial dysfunction-mediated cytotoxicity by
silica nanoparticle in lung epithelial cells from metabolomic perspective,
Chemosphere 275 (2021), https://doi.org/10.1016/j.chemosphere.2021.129969.
A. Parodi, M. Evangelopoulos, N. Arrighetti, A. Cevenini, M. Livingston, S.

Z. Khaled, B.S. Brown, LK. Yazdi, F. Paradiso, J.N. Campa-Carranza, A. De Vita,
F. Taraballi, E. Tasciotti, Endosomal escape of polymer-coated silica nanoparticles
in endothelial cells, Small 16 (2020) 1-11, https://doi.org/10.1002/
smll.201907693.

L. Zhang, G. Feng, S. Yang, B. Liu, Y. Niu, P. Fan, Z. Liu, J. Chen, L. Cui, G. Zhou,
H. Jing, J. Liu, Y. Shen, Polyethylenimine-modified mesoporous silica
nanoparticles induce a survival mechanism in vascular endothelial cells via
microvesicle-mediated autophagosome release, ACS Nano 15 (2021)
10640-10658, https://doi.org/10.1021/acsnano.1c03456.

P. Mora-Raimundo, D. Lozano, M. Benito, F. Mulero, M. Manzano, M. Vallet-Regi,
Osteoporosis remission and new bone formation with mesoporous silica
nanoparticles, Adv. Sci. 8 (2021) 1-14, https://doi.org/10.1002/advs.202101107.
P. Sutthavas, Z. Tahmasebi Birgani, P. Habibovic, S. van Rijt, Calcium phosphate-
coated and strontium-incorporated mesoporous silica nanoparticles can effectively
induce osteogenic stem cell differentiation, Adv. Healthcare Mater. 11 (2022),
https://doi.org/10.1002/adhm.202101588.

Z. Huang, Z. Zhou, Q. Ye, X. Li, T. Wang, J. Li, W. Dong, R. Guo, Y. Ding, H. Xue,
H. Ding, C.-H. Lau, Effects of different surface functionalizations of silica
nanoparticles on mesenchymal stem cells, ACS Appl. Bio Mater. 7 (2024)
3295-3305, https://doi.org/10.1021/acsabm.4c00241.

J. Dembélé, J.-H. Liao, T.-P. Liu, Y.-P. Chen, Overcoming cytosolic delivery barriers
of proteins using denatured protein-conjugated mesoporous silica nanoparticles,
ACS Appl. Mater. Interfaces 15 (2023) 432-451, https://doi.org/10.1021/
acsami.2c17544.

H. Li, C. Zhang, Y. Chen, Y. Xu, W. Yao, W. Fan, Biodegradable long-circulating
nanoagonists optimize tumor-tropism chemo-metalloimmunotherapy for boosted
antitumor immunity by Cascade cGAS-STING pathway activation, ACS Nano 18
(2024) 23711-23726, https://doi.org/10.1021/acsnano.4c08463.

Q. Li, Q. Liu, H. Li, L. Dong, Y. Zhou, J. Zhu, L. Yang, J. Tao, Modified hollow
mesoporous silica nanoparticles as immune adjuvant-nanocarriers for
photodynamically enhanced cancer immunotherapy, Front. Bioeng. Biotechnol. 10
(2022) 1-15, https://doi.org/10.3389/fbioe.2022.1039154.

Y. Zhang, M. Xiong, X. Ni, J. Wang, H. Rong, Y. Su, S. Yu, I.S. Mohammad, S.S.
Y. Leung, H. Hu, Virus-mimicking mesoporous silica nanoparticles with an
electrically neutral and hydrophilic surface to improve the oral absorption of
insulin by breaking through dual barriers of the mucus layer and the intestinal
epithelium, ACS Appl. Mater. Interfaces 13 (2021) 18077-18088, https://doi.org/
10.1021/acsami.1c00580.

P. Detampel, S. Tehranian, P. Mukherjee, M. Foret, T. Fuerstenhaupt, A. Darbandi,
N. Bogari, M. Hlasny, A. Jeje, M.A. Olszewski, A. Ganguly, M. Amrein, Caveolin-
initiated macropinocytosis is required for efficient silica nanoparticles’ transcytosis
across the alveolar epithelial barrier, Sci. Rep. 12 (2022) 9474, https://doi.org/
10.1038/541598-022-13388-7.

B. Dumontel, C. Jiménez-Jiménez, M. Vallet-Regi, M. Manzano, Bioinspired
extracellular vesicle-coated silica nanoparticles as selective delivery systems,
Mater. Today Bio 23 (2023) 100850, https://doi.org/10.1016/j.
mtbio.2023.100850.

A. Noureddine, B. Marwedel, L. Tang, L.Y. Medina, R.E. Serda, Specific tumor
localization of immunogenic lipid-coated mesoporous silica nanoparticles
following intraperitoneal administration in a mouse model of serous epithelial
ovarian cancer, Cancers (Basel) 15 (2023) 4626, https://doi.org/10.3390/
cancers15184626.

Y. Ji, R. Lv, H. Wang, S. Gao, N. Hao, Y. Yan, X. Gao, Q. Zhang, X. Han, M. Cao,
Functional surface modifications impact on the in vitro/in vivo toxicity and
intracellular internalization behavior of mesoporous silica nanoparticles, Colloids
Surf. A Physicochem. Eng. Asp. 689 (2024) 133675, https://doi.org/10.1016/j.
colsurfa.2024.133675.

1. Garrido-Cano, V. Candela-Noguera, G. Herrera, J.M. Cejalvo, A. Lluch, M.

D. Marcos, F. Sancenon, P. Eroles, R. Martinez-Manez, Biocompatibility and
internalization assessment of bare and functionalised mesoporous silica
nanoparticles, Microporous Mesoporous Mater. 310 (2021) 110593, https://doi.
org/10.1016/j.micromeso.2020.110593.

F. Sola, C. Barbara, M. Mariele, V. Angela, B. Chiara, P. Chiara, C. Erica,

G. Michele, B. Michela, O. Claudio, V. Alfredo, S, Papa, Uptake and intracellular
trafficking studies of multiple dye-doped core-shell silica nanoparticles in
lymphoid and myeloid cells, Nanotechnol. Sci. Appl. 14 (2021) 29-48, https://doi.
org/10.2147/NSA.S5290867.


https://doi.org/10.1002/smll.200901158
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1016/j.ajps.2013.07.001
https://doi.org/10.1016/j.drudis.2024.104070
https://doi.org/10.1016/j.biochi.2019.02.012
https://doi.org/10.1016/j.nantod.2014.04.011
https://doi.org/10.1002/wnan.1452
https://doi.org/10.1002/wnan.1452
https://doi.org/10.2147/IJN.S500978
https://doi.org/10.1002/wnan.1486
https://doi.org/10.1016/j.aca.2018.10.027
https://doi.org/10.1016/j.aca.2018.10.027
https://doi.org/10.1002/smll.200901789
https://doi.org/10.1039/c1cc11760b
https://doi.org/10.1007/s00216-009-2839-0
https://doi.org/10.1007/s00216-009-2839-0
https://doi.org/10.1016/j.taap.2015.12.022
https://doi.org/10.1016/j.jconrel.2014.03.050
https://doi.org/10.3389/fimmu.2019.00133
https://doi.org/10.1002/adma.201704307
https://doi.org/10.1016/j.ijpharm.2021.120947
https://doi.org/10.1002/adhm.202100453
https://doi.org/10.1016/j.jconrel.2021.07.010
https://doi.org/10.1016/j.jconrel.2021.07.010
https://doi.org/10.1016/j.actbio.2025.03.014
https://doi.org/10.1016/j.actbio.2025.03.014
https://doi.org/10.1080/10717544.2023.2183814
https://doi.org/10.1080/10717544.2023.2183814
https://doi.org/10.1016/j.jconrel.2025.113640
https://doi.org/10.1039/c0nr00156b
https://doi.org/10.1002/smll.201301004
https://doi.org/10.1016/j.jcis.2020.08.010
https://doi.org/10.1016/j.jcis.2022.08.038
https://doi.org/10.1016/j.jcis.2022.08.038
https://doi.org/10.1016/j.chemosphere.2021.129969
https://doi.org/10.1002/smll.201907693
https://doi.org/10.1002/smll.201907693
https://doi.org/10.1021/acsnano.1c03456
https://doi.org/10.1002/advs.202101107
https://doi.org/10.1002/adhm.202101588
https://doi.org/10.1021/acsabm.4c00241
https://doi.org/10.1021/acsami.2c17544
https://doi.org/10.1021/acsami.2c17544
https://doi.org/10.1021/acsnano.4c08463
https://doi.org/10.3389/fbioe.2022.1039154
https://doi.org/10.1021/acsami.1c00580
https://doi.org/10.1021/acsami.1c00580
https://doi.org/10.1038/s41598-022-13388-7
https://doi.org/10.1038/s41598-022-13388-7
https://doi.org/10.1016/j.mtbio.2023.100850
https://doi.org/10.1016/j.mtbio.2023.100850
https://doi.org/10.3390/cancers15184626
https://doi.org/10.3390/cancers15184626
https://doi.org/10.1016/j.colsurfa.2024.133675
https://doi.org/10.1016/j.colsurfa.2024.133675
https://doi.org/10.1016/j.micromeso.2020.110593
https://doi.org/10.1016/j.micromeso.2020.110593
https://doi.org/10.2147/NSA.S290867
https://doi.org/10.2147/NSA.S290867

A.-I. Damian-Buda and A.R. Boccaccini

[63]

[64]

[65]

[66]

671

[68]

M. Gisbert-Garzaran, D. Lozano, K. Matsumoto, A. Komatsu, M. Manzano,

F. Tamanoi, M. Vallet-Regi, Designing mesoporous silica nanoparticles to overcome
biological barriers by incorporating targeting and endosomal escape, ACS Appl.
Mater. Interfaces 13 (2021) 9656-9666, https://doi.org/10.1021/
acsami.0c21507.

N. Hashemzadeh, M. Dolatkhah, A. Aghanejad, M. Barzegar-Jalali, Y. Omidi,

K. Adibkia, J. Barar, Folate receptor-mediated delivery of 1-MDT-Loaded
mesoporous silica magnetic nanoparticles to target breast cancer cells,
Nanomedicine 16 (2021) 2137-2154, https://doi.org/10.2217/nnm-2021-0176.
C. F Rodrigues, N. Fernandes, D. de Melo-Diogo, P. Ferreira, I.J. Correia, A. F
Moreira, HA/PEI-Coated acridine orange-loaded gold-core silica shell nanorods for
cancer-targeted photothermal and chemotherapy, Nanomedicine 16 (2021)
2569-2586, https://doi.org/10.2217/nnm-2021-0270.

J.H. Dong, Y. Ma, R. Li, W.T. Zhang, M.Q. Zhang, F.N. Meng, K. Ding, H.T. Jiang, Y.
K. Gong, Smart MSN-Drug-Delivery system for tumor cell targeting and tumor
microenvironment release, ACS Appl. Mater. Interfaces 13 (2021) 42522-42532,
https://doi.org/10.1021/acsami.1c14189.

R. Jin, J. Wang, M. Gao, X. Zhang, Pollen-like silica nanoparticles as a nanocarrier
for tumor targeted and pH-responsive drug delivery, Talanta 231 (2021) 122402,
https://doi.org/10.1016/j.talanta.2021.122402.

V.S. Chernyshev, D. Nozdriukhin, R. Chuprov-Netochin, E. Tsydenzhapova,

M. Novoselova, D. Gorin, A. Yashchenok, Engineered multicompartment
vesicosomes for selective uptake by living cells, Colloids Surf. B Biointerfaces 220
(2022) 112953, https://doi.org/10.1016/j.colsurfb.2022.112953.

11

[69]

[70]

[71]

[72]

[73]

[74]

Biochemical and Biophysical Research Communications 781 (2025) 152509

N. Igaz, B. Péter, K. David, P. Csaba, R. Andrea, S. Didna, G. Attila, K. Zoltan, M,
Kiricsi, Functionalized mesoporous silica nanoparticles for drug-delivery to
multidrug-resistant cancer cells, Int. J. Nanomed. 17 (2022) 3079-3096, https://
doi.org/10.2147/1JN.S363952.

A. Hoppe, N.S. Giildal, A.R. Boccaccini, A review of the biological response to ionic
dissolution products from bioactive glasses and glass-ceramics, Biomaterials 32
(2011) 2757-2774, https://doi.org/10.1016/J.BIOMATERIALS.2011.01.004.

U. Pantulap, M. Arango-Ospina, A.R. Boccaccini, Bioactive glasses incorporating
less-common ions to improve biological and physical properties, J. Mater. Sci.
Mater. Med. 33 (2022) 3, https://doi.org/10.1007/510856-021-06626-3.

P. Naruphontjirakul, S. Li, A. Pinna, F. Barrak, S. Chen, A.N. Redpath, S.M. Rankin,
A.E. Porter, J.R. Jones, Interaction of monodispersed strontium containing
bioactive glass nanoparticles with macrophages, Biomater. Adv. 133 (2022)
112610, https://doi.org/10.1016/j.msec.2021.112610.

P. Naruphontjirakul, O. Tsigkou, S. Li, A.E. Porter, J.R. Jones, Human
mesenchymal stem cells differentiate into an osteogenic lineage in presence of
strontium containing bioactive glass nanoparticles, Acta Biomater. 90 (2019)
373-392, https://doi.org/10.1016/j.actbio.2019.03.038.

Z. Ling, X. Ge, C. Jin, Z. Song, H. Zhang, Y. Fu, K. Zheng, R. Xu, H. Jiang, Copper
doped bioactive glass promotes matrix vesicles-mediated biomineralization via
osteoblast mitophagy and mitochondrial dynamics during bone regeneration,
Bioact. Mater. 46 (2025) 195-212, https://doi.org/10.1016/j.
bioactmat.2024.12.010.


https://doi.org/10.1021/acsami.0c21507
https://doi.org/10.1021/acsami.0c21507
https://doi.org/10.2217/nnm-2021-0176
https://doi.org/10.2217/nnm-2021-0270
https://doi.org/10.1021/acsami.1c14189
https://doi.org/10.1016/j.talanta.2021.122402
https://doi.org/10.1016/j.colsurfb.2022.112953
https://doi.org/10.2147/IJN.S363952
https://doi.org/10.2147/IJN.S363952
https://doi.org/10.1016/J.BIOMATERIALS.2011.01.004
https://doi.org/10.1007/s10856-021-06626-3
https://doi.org/10.1016/j.msec.2021.112610
https://doi.org/10.1016/j.actbio.2019.03.038
https://doi.org/10.1016/j.bioactmat.2024.12.010
https://doi.org/10.1016/j.bioactmat.2024.12.010

	Exploring the internalization pathways of silica nanoparticles for targeted intracellular delivery: a discussion of recent  ...
	1 Introduction
	2 Internalization of silica nanoparticles in single cell line models
	2.1 Immune cells
	2.2 Specialized cells

	3 Internalization of silica nanoparticles in multiple cell lines
	4 Conclusions and future perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	References


