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ABSTRACT
A common observation in drug delivery studies is that preincubation of nanoparticles (NPs) with high concentrations of human
plasma (HP) markedly reduces in vitro transfection efficiency (TE). This effect is commonly attributed to the formation of a
protein corona (PC), which is assumed to impair cellular uptake or intracellular trafficking of gene delivery systems such as lipid
nanoparticles (LNPs). However, the evidence presented here suggests an alternative mechanism underlying this phenomenon. To
reproduce conditions in which LNPs encounter an excess of circulating proteins, NPs were incubated in HP prior to exposure
to cells in standard calcium-containing culture medium. Under these conditions, plasma undergoes gelation, leading to the
formation of a clot-like network. A combination of complementary approaches, including dynamic light scattering (DLS),
fluorescence-activated cell sorting (FACS), confocal fluorescence microscopy, raster image correlation spectroscopy (RICS), and
functional assays evaluating TE and cell viability, demonstrates that this gel-like matrix restricts LNP diffusion in the extracellular
environment. In contrast, coronated LNPs that reach the intracellular space display comparable trafficking behavior, indicating
that the PC does not compromise intracellular processing. These findings highlight the importance of extracellular factors when
evaluating the impact of the PC and extrapolating in vitro results to in vivo settings.
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Introduction

ipid nanoparticles (LNPs) have emerged as a transformative
latform in gene therapy [1, 2]. Their clinical success, most
otably demonstrated by the regulatory approval of Onpattro
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[3], followed by the rapid development and deployment of
mRNA vaccines during the COVID-19 pandemic [4, 5], has
demonstrated the potential of lipid-based systems for safe and
effective nucleic acid delivery [1, 6]. LNPs are designed to
encapsulate and protect nucleic acid cargo within their lipid
se, which permits use, distribution and reproduction in any medium, provided the
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tructures, facilitating delivery to target cells while minimizing
uclease-mediated degradation and immune detection [7]. Due
o ease ofmanufacture, reduced immune responses, multi-dosing
apabilities, and flexibility of design, LNPs are considered the
eading nonviral delivery systems [2]. Their physicochemical
roperties, including composition, proportion of the components,
article size, surface characteristics, and functionalization, can
e finely tuned and tailored to optimize cellular uptake and
ndosomal escape, which represent critical steps for efficient
ransfection [8, 9].

et, an additional key factor should be considered: when
anoparticles (NPs) are introduced into biological media (e.g.,
lood, serum, or plasma), they rapidly interact with surrounding
iomolecules, resulting in the adsorption of a biomolecular layer
n their surface [10, 11]. This layer is primarily composed of
roteins and is therefore commonly referred to as the protein
orona (PC), as originally termed by Dawson and coworkers [12,
3]. Although the adsorption kinetics andmolecular composition
f the corona depend on numerous interdependent factors,
ncluding the type and physicochemical properties of NPs, the
iological medium, and environmental shaping factors [14, 15],
he formation of a PC is considered an inevitable process for any
ystem exposed to a biological medium [16]. In gene delivery,
anocarriers acquire a PC that alters their surface properties
nd impacts their biological behavior by affecting biodistribution,
mmune recognition, cellular uptake, and exocytosis [17], and
ltimately their therapeutic efficacy [18]. To ensure physiolog-
cally relevant conditions and generate reliable predictions of
unctional NP performance, such effects should be studied under
reincubation settings with excess plasma (typically >50%),
hich better mimic the in vivo protein-rich environment [19].
n this context, it is documented in the current literature that
he PC formed at physiological concentrations typically reduces
he transfection efficiency (TE) of different gene-delivery vectors,
ncluding polymeric carriers [20], graphene hybrids [21], and
NPs [22].

he decrease in TE observed with PC formed at high protein
oncentrations has been primarily attributed to impaired endo-
omal escape and enhanced lysosomal accumulation [20–22]. In
his context, the cell tends to direct the NPs toward recycling
ndosomes, whereas the associated PC is preferentially trafficked
o multivesicular bodies [23].

owever, while the inhibitory effects of the PC on NP perfor-
ance are well documented, additional factors may be impli-
ated. For instance, beyond the direct effects of the PC, changes
n the physicochemical properties of the extracellular environ-
ent, such as increased medium viscosity, may also contribute.
nteractions between plasma proteins and calcium ions present
n widely used cell culture media such as Dulbecco’s Minimal
ssential Medium (DMEM) or Roswell Park Memorial Institute
RPMI) medium have been shown to induce plasma gelation
24]. This process results in gel- or clot-like structures that alter
heological properties of the medium [25, 26]. Calcium ions are
ey regulators of the coagulation cascade, essential for activating
everal factors [27], and can directly stimulate platelet activation
nd clot formation [28]. While citrate-anticoagulated plasma
emains fluid in vitro, adding calcium restores coagulability and
romotes clotting [29].
of 16
It is worth noting that plasma gelation is not inherently detrimen-
tal: in specific applications, it has been intentionally harnessed
to generate biocompatible scaffolds for cell culture. In particular,
freshly prepared autologous plasma clots formed by calcium-
induced coagulation have been used as a carrier matrix for
mesenchymal stromal cells, allowing high intra-clot cell viability
and proliferation when optimized calcium concentrations are
applied [25]. However, under standard in vitro transfection set-
tings, such gelationmay instead act as a physical and biochemical
barrier, impairing NP diffusion and cell access.

Building on this rationale, we systematically investigated how PC
formation together with calcium-induced plasma gelation affects
the TE of fivemulticomponent LNPs encapsulating plasmidDNA
(pDNA), referred to as F1 to F5. To include multiple design
parameters, our formulations differed in lipid composition and
molar ratio, preparation technique, and surface functionalization.
A preliminary characterization revealed the physical-chemical
properties of the systems both in buffer and in human plasma
(HP). Then, we performed in vitro TE experiments in calcium-
containing versus calcium-free media, aiming to disentangle the
effects of the PC from those of possible plasma gelation. Our
findings indicate that the reduced TE of LNPs exposed to high
concentrations ofHP is not solely attributable to PC formation but
is significantly influenced by calcium-induced plasma gelation.
This gel-like barrier hinders NP access to cells, thereby limiting
functional delivery. These results underscore the importance of
accounting for extracellular physical constraints, such asmedium
gelation, when designing in vitro experiments aimed at faithfully
recapitulating in vivo conditions.

2 Results and Discussion

In this study, we prepared, characterized, and tested five mul-
ticomponent LNPs encapsulating pDNA. The selected formula-
tions differed in lipid composition (i.e., lipid species and relative
molar ratios), surface functionalization (i.e., unPEGylated vs.
PEGylated systems), and preparation method (bulk mixing vs.
microfluidic mixing). These choices were designed to represent
a range of commonly used strategies in LNP-mediated gene
delivery, thereby enabling a broader interpretation of the results.
Comprehensive formulation parameters for F1–F5 are listed
in Table 1, and a schematic overview is shown in Figure 1a.
Representative transmission electron microscopy (TEM) images
of all the formulations are reported in Figure 1b. The images
reveal discrete NPs with a predominantly spherical morphology
and a characteristic internal organization, consistent with the
multilayered structure commonly observed in multicomponent
LNPs. Further TEM images for F1–F5 are provided as Supporting
Information (Figure S1).

After preparation, all systems were exposed to commercially
available HP (1:1 v/v) for 1 h at 37◦C. These incubation conditions
follow established protocols designed to reproduce the physio-
logical milieu encountered by NPs in vivo [30–32]. Incubation
of LNPs with HP under these conditions leads to the sponta-
neous formation of LNP-PC complexes (hereafter indicated as
“coronatedLNPs”). A comprehensive physicochemical character-
ization of both bare and coronated LNPs is reported in Figure
S2 and summarized in Figure 1b–d. Globally, bare formulations
Advanced Healthcare Materials, 2026
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TABLE 1 Lipid composition, functionalization, and mixing procedure for formulations F1–F5.

F1 F2 F3 F4 F5

Lipid amount
(molar ratio)

DOTAP 0.132 0.132 0.132 0.250 0.000
DC-cholesterol 0.400 0.400 0.400 0.250 0.000
ALC-0315 0.000 0.000 0.000 0.000 0.500
Cholesterol 0.133 0.133 0.133 0.000 0.400
DOPC 0.000 0.000 0.000 0.250 0.000
DSPC 0.000 0.000 0.000 0.000 0.085
DOPE 0.335 0.320 0.320 0.245 0.000

DOPE-PEG2k 0.000 0.015 0.015 0.005 0.000
DSPE-PEG2k 0.000 0.000 0.000 0.000 0.015

Functionalization Plain PEG PEG PEG PEG
Mixing with pDNA Bulk Bulk Microfluidic Microfluidic Microfluidic

FIGURE 1 Physicochemical characterization of bare and coronated LNPs. (a) Lipid compositions and schematic of the lipid-DNA assembly
procedure used to prepare formulations F1–F5. (b) Representative TEM images of F1–F5 (scale bar: 50 nm). (c) Average size (determined by main
peak position), (d) polydispersity index (PdI), and (e) zeta potential for F1–F5. Data are presented as mean ± SD (N = 3 technical replicates). Statistical
analysis was performed by two-way ANOVA followed by Šidák’s post hoc test. Statistical significance is indicated as follows: n.s. = not significant;
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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isplayed unimodal size distributions centered between 160 and
50 nm,whereas uponHP exposure, amain peak accompanied by
wodistinct smaller-sized populationswas clearly distinguishable
Figure S1). These secondary peaks, centered within 10–20 nm
nd 30–80 nm, respectively, are attributed to the excess of
roteins in solution, as documented in previous studies on the
oronated NPs [32, 33]. In contrast, the main peak represents the
verage size of coronated LNPs, which were consistently larger
han the bare counterparts. For the sake of clarity, the general
dvanced Healthcare Materials, 2026
trends of themeasured physical-chemical properties for F1–F5 are
reported in Figure 1b–d, which also offer a closer examination
of formulation-dependent behaviors. For instance, the greatest
size increase upon incubation with HP was observed for the
unPEGylated formulation F1, whereas its PEGylated counterpart
F2 and the other PEGylated systems F3, F4 exhibited only slight
changes (Figure 1b). This pronounced size increase in F1 can be
attributed both to extensive protein adsorption from HP, leading
to the formation of a thick PC, and to particle aggregation [34].
3 of 16
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n fact, unPEGylated systems are more prone to aggregation
ue to reduced colloidal stability and increased tendency for
rotein adsorption [35]. In contrast, PEG chains create a steric
arrier, effectively reducing protein binding and limiting both size
hanges and particle clustering [36]. Incidentally, the formulation
repared by microfluidic mixing underwent the smallest size
ncrease after exposure to HP, and these trends were consistent
ith those observed for the polydispersity index (PdI) (Figure 1c).
pecifically, all the bare formulations initially exhibited low PdI
alues after preparation (i.e., 0.12–0.25) but showed increased PdI
pon exposure to HP, reaching 0.74 for F1, 0.54 for F2, 0.46 for
3, and 0.50 for F4 and F5. Finally, zeta potential measurements
Figure 1d) showed that, regardless of the formulation, the initial
urface charge of the pristine LNPs (cationic for F1–F4, anionic
or F5) reached a common value upon incubation with HP.
his trend is a well-established effect, commonly referred to as
zeta potential normalization,”, and is due to the adsorption of
egatively charged plasma proteins onto the particle, and results
n the convergence of initially diverse surface charges toward a
imilar negative value under physiological conditions [37, 38].

verall, our initial characterization shed light on the physic-
chemical properties of LNPs in both buffer and HP. The
ristine F1–F5 formulations had small size and low PdI, making
hem suitable for nucleic acid delivery. Following exposure to
P, they rapidly acquired a PC, yielding larger and negatively
harged coronated LNPs with increased heterogeneity. These
oronated particles represent the biologically relevant entities
hat operate in vivo and were therefore used as model systems to
valuate delivery performance under physiologically meaningful
onditions.

o this end, we treated HEK-293 cells with F1–F3, F5 and AsPC-1
ith F4. HEK-293 cells are widely used in nanomedicine research
wing to their robust growth and well-characterized behavior,
aking them an ideal model for a nonspecialized human cell line
39]. On the other hand, hard-to-transfect pancreatic cancer cells,
sPC-1, better mimic a pathophysiological target environment
nd offer complementary insights into the transfection behavior
f our systems in disease-relevant contexts. Notably, these cells
epresent a valuable model for evaluating local, intraoperative
elivery strategies in pancreatic ductal adenocarcinoma (PDAC),
here systemic treatment remains challenging due to the poor
ascularization and limited drug accessibility of this tumor. TE
f F1–F5 is reported in Figure 2a, along with the corresponding
ell viability (Figure 2b). TE is expressed as logarithmic fold
hange with respect to control (i.e., not treated) cells. Overall,
n standard cell culture medium, unPEGylated F1 exhibited the
argest TE in buffer, followed by its PEGylated counterparts
2 and F3, whereas F4 exhibited the lowest TE (Figure 2a).
his observation is consistent with existing literature, which
ocuments a decrease in TE for PEGylated systems. This effect
s commonly attributed to the so-called “PEG dilemma” [40],
herein PEGylation enhances colloidal stability and extends
ystemic circulation yet concurrently hampers cellular uptake
nd intracellular release of the therapeutic cargo. Although
urther considerations about formulation-dependent behaviors
an be made and related to features and composition of the
ystems, amore general trend can be easily recognized, that is, the
ignificant reduction of their TE upon exposure to HP. Indeed, in
tandardmedium, coronated cationic LNPs exhibited statistically
of 16
significant lower TE than their bare counterparts (i.e., those
suspended in buffer), except for F5 that is the only formulation
containing ionizable lipids and exhibiting an anionic surface
charge. This characteristic likely mitigates the impact of PC
formation, which is primarily driven by electrostatic interactions
between proteins and nanosystems and is typically enhanced by
a net positive surface charge.

Contextually, cell viability in standard medium following treat-
ment with bare formulations remained high, averaging between
86% and 98%. However, when LNPs were incubated with HP,
cell viability was reduced in a formulation-dependent manner,
ranging from 44% to 86% (Figure 2b). Interestingly, we conducted
parallel experiments using calcium-free medium, and our exper-
imental evidence clearly indicates that under this condition, the
reduction in TE upon exposure to HP was markedly attenuated.
Additionally, in calcium-free medium, cell viability remained
high for both bare and coronated formulations.

Notably, when administered to cells, the formulations form a
visible clot or gel-like aggregate only upon dispersion in standard
culture medium containing calcium. This observation suggests
a macroscopic phase transition, likely triggered by calcium-
induced plasma gelation. Representative images of coronated
LNPs added to standard cell culture medium at different time
points (3, 24, and 48 h) are provided in Figure 2c–e and reveal
the progressive formation of a visible gel-like structure. At 3 h,
the medium remained largely liquid, with early signs of initial
aggregation visible along a filamentous pattern. By 24 h, a gel-like
structure was more evident, and at 48 h, a prominent semi-solid
clot was observed, clearly retained by the pipette tip during aspi-
ration. Beyond visual inspection, scanning electron microscopy
(SEM) and rheological analyses were performed to provide
complementary structural and functional characterization of
the gelation phenomenon. SEM images of the isolated gelled
component (Figure S3) revealed a heterogeneous, interconnected
dried matrix composed of elongated, fibrillar-like features and
irregular interstitial spaces. Although sample dehydration may
alter the native architecture of the soft gel, these observations
support the presence of an organized network within the gelled
material. Rheologicalmeasurementswere thenused to determine
whether this network translated into measurable changes in
the flow properties of the hydrated system. Three conditions
were analyzed: (i) standard cell-culture medium, (ii) calcium-
free medium containing coronated F1, which remained liquid
by visual inspection, and (iii) the F1–HP mixture in standard
calcium-containing medium, in which gelation occurred. As
shown in Figure S3, the gelled sample exhibited markedly
increased viscosity and pronounced shear-thinning behavior,
whereas the control medium and the calcium-free formulation
showed predominantly liquid-like, near-Newtonian responses.
Together, the morphological and rheological findings provide
complementary evidence that calcium promotes the formation
of an interconnected soft-gel network, resulting in a substantial
alteration of the viscosity and flow behavior of the mixture.

Since all five formulations displayed the same qualitative
response to HP exposure under standard and calcium-free
conditions, F1 was selected as a representative model for the
subsequent mechanistic investigations owing to its higher TE
and the more pronounced differences observed between the
Advanced Healthcare Materials, 2026

ive C
om

m
ons L

icense



FIGURE 2 Effect of calcium-dependent gelation of culture medium on LNP transfection and viability. (a) TE of formulations F1–F5 and (b)
corresponding cell viability in both standard culture medium and calcium-free medium. Representative images of the macroscopic appearance of
NP-plasma mixtures in culture medium containing calcium at different time points: (c) 3, (d) 24, and (e) 48. Data are presented as box plots, minimum-
to-maximum whiskers; N ≥ 5 biological replicates. Statistical analysis was performed by two-way ANOVA followed by Šidák’s post hoc test. Statistical
significance is indicated as follows: n.s. = not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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xperimental conditions. In this regard, a further indication
bout the role of calcium as responsible for plasma gelation in
ulture media was obtained by investigating the effect of calcium
hloride (CaCl2) supplementation to calcium-free medium. We
valuated the TE and cytotoxicity of the representative coronated
ormulation F1 after treatment inmedia enriched with calcium at
our concentrations of Ca2+: (i) 0.5, (ii) 1.2, (iii) 1.8, and (iv) 2.6mM
Figure 3a). The lowest concentration is below physiological
evels; the second corresponds to the free calcium concentration
n plasma; the third matches that of standard DMEM; and
he highest simulates the total (free plus chelated) calcium
oncentration in plasma. As shown in Figure 3b, increasing
dvanced Healthcare Materials, 2026
calcium concentration led to a progressive reduction in TE
(orange) and cell viability (green), consistent with the onset of
plasma gelation, which became macroscopically visible at con-
centrations approaching or exceeding those of plasma (≥1.2 mM).
Interestingly, the TE and cell viability measured in calcium-
free medium supplemented with 1.2 and 1.8 mM CaCl2 closely
resembled those observed for coronated F1 in standard medium,
as indicated by the colored dashed lines in the graph. In this
experiment, we applied the same experimental protocol used for
cells treated in calcium-freemedium—specifically, the removal of
medium after 3 h of treatment, which exacerbated the reduction
in cell viability observed. This effect is likely due to gel forma-
5 of 16
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FIGURE 3 Effects of cell culture media enrichment with calcium or sodium citrate. (a) HEK-293 cells were treated with coronated F1 in calcium-
free DMEM supplemented with increasing concentrations of calcium chloride (CaCl2, 0–2.6 mM per well) for 3 h. Afterward, the medium was replaced
with fresh standard DMEM. (b) TE (orange dots, left y-axis) and cell viability (green dots, right y-axis) were measured after 48 h. The long-dashed line
indicates the TE of coronated F1 in standardmedium (used as reference), while the short-dashed line indicates cell viability after the same treatment. (c)
HEK-293 cells were treated with coronated F1 in standard DMEM supplemented with increasing concentrations of sodium citrate (0–12.5 mM per well)
for 3 h. (d) TE (left y-axis) and cell viability (right y-axis) were measured after 48 h. The dashed black line indicates the increasing linear trend of TE as
a function of Na-citrate concentration. Shaded areas indicate the standard deviation across N ≥ 4 independent experiments, reflecting the variability of
transfection efficiency and cell viability measurements.
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ion, which caused detachment and loss of cells upon medium
emoval.

aving established that the reduction in TE is closely associated
ith calcium-dependent gel formation and the resulting changes
n the rheological properties of the medium, we next asked
hether calcium might also directly influence transfection by
ltering the composition of the PC. To this end, we compared the
omposition of the corona preformed on F1 following HP expo-
ure after dispersing the coronated particles in standard DMEM,
alcium-free DMEM, or calcium-free DMEM supplemented with
hysiological CaCl2 (Figure S4). Although a comprehensive
omparison and discussion of these results is provided in the
upporting Information, including Figure S4 and the accom-
anying explanatory text, the key observation relevant here is
hat the overall PC profiles formed in calcium-free medium and
alcium-free medium supplemented with CaCl2 were similar,
ith comparable total protein content and onlyminor differences
of 16
in the intensity of selected bands. These findings suggest that
calcium alone had a limited impact on the global composition of
the corona.

Finally, to correlate the effect of gel formation with TE, we
analyzed coronated F1 in standard medium while varying the
amount of sodium citrate, with the aim of preventing or reversing
gel formation at a fixed calcium concentration of media (1.8 mM).
As represented in Figure 3c, we used increasing amounts of
sodium citrate, from a minimum concentration of 0.8 mM to
a maximum of 12.5 mM (approaching citrate concentration in
commercial plasma). Interestingly, increasing the amount of
sodium citrate restored the system’s ability to reach and transfect
cells, as gel formation was impaired or reversed (Figure 3d).
To determine whether the recovery of TE could be attributed
to a direct enhancing effect of sodium citrate, rather than to
its ability to prevent gel formation, bare F1 was tested at the
highest citrate concentration. As shown in Figure S5, sodium
Advanced Healthcare Materials, 2026
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itrate did not increase TE; instead, it caused an overall reduction
n the TE of bare F1 in both standard and calcium-free media,
ossibly due to mild cytotoxicity, maybe due to slight toxicity for
ells. Furthermore, additional characterization studies indicated
hat sodium citrate did not affect the particle size and only
arginally influenced PdI (Figure S6), thus not impacting on the
olloidal stability of the formulation. In addition, further SDS-
AGE analysis (Figure S7) indicated that sodium citrate induced
nly secondary changes in the overall PC composition over the
nvestigated concentration range, suggesting that the recovery of
E was predominantly associated with calcium chelation and
he inhibition of plasma gelation rather than with substantial
itrate-induced alterations of the PC.

o determine whether the TE reduction induced by gelation was
estricted to commercial plasma containing sodium citrate as
n anticoagulant, we also tested plasma obtained from healthy
uman donors anticoagulated with a distinct calcium-chelating
gent, that is, K2EDTA. In addition, to assess whether differences
n the protein composition of the plasma could influence this
ffect, we evaluated TE and cell viability in HEK-293 cells
or each specific donor. Results are shown in Figure S8 and
ndicate that, regardless of the donor, all plasma samples induced
elation in standard medium, thereby impairing the efficiency
f the tested gene delivery systems. Interestingly, no such effects
ere observed when treatments were performed in calcium-free
edium. Although it is well established that the PC is personal-
zed and that individual physiological variability andhealth status
nfluence both PC composition and NP-cell interactions [41–43],
nder our experimental conditions, designed to closely mimic
n vivo NP-plasma interactions (i.e., using an excess of plasma
nd avoiding centrifugation steps to isolate the hard corona),
he observed phenomenon appeared generalized. Specifically, all
lasma samples led to gel formation that reduced TE and cell
iability, effects that could otherwise be misattributed to PC com-
osition. These findings underline the importance of minimizing
rtefacts associated with plasma-induced gel formation to avoid
otential misinterpretations in studies investigating the impact of
ersonalized PCs on NP-cell interactions. Interestingly, we per-
ormed parallel experiments using heparin as an anticoagulant.
owever, heparin itself exerted a non-negligible and deleterious
ffect on TE (Figure S9), making it unsuitable for studying the
elationship between PC formation and gene delivery system
erformance. This is consistent with previous reports showing
hat heparin can inhibit cationic carrier-mediated transfection
ithout affecting cell viability [44]. While our study primar-
ly addresses the phenomenological consequences of plasma
elation on LNP TE, NP-plasma interactions at the molecular
nterface may influence local gel formation. LNPs are pre-
ncubated in plasma prior to Ca2+ reconstitution, leading to
apid PC formation and a shift to a net anionic surface charge,
s confirmed by zeta potential measurements. The inhibitory
ffect of heparin (Figure S9) indicates the involvement of plasma
oagulation components rather than a purely physicochemical
a2+-anticoagulant equilibrium. Our data are therefore consis-
ent with a coagulation-driven gel network incorporating corona-
oated LNPs, although a contributory role of the corona-mediated
olecular interface in shaping local gel organization cannot be
xcluded. Altogether, our results suggest that calcium-induced
lasma gelation compromises NP bioavailability by promoting
heir physical separation from the cell monolayer, thus hindering
dvanced Healthcare Materials, 2026
cellular uptake, leading to reduced TE. In addition, the formation
of a gel-like matrix likely restricts the diffusion of essential
nutrients and oxygen to the adherent cells, leading to a decline in
cell viability. This phenomenon is consistent with observations
in hydrogel systems, where limited diffusion results in reduced
metabolic activity and increased cell death [45]. To investigate this
hypothesis, we employed biophysical methods alongside fluores-
cence labeling and confocal microscopy to track LNP mobility in
both extracellular and intracellular environments under gelation
and non-gelation conditions, aiming to elucidate the relationship
between diffusion limitations, TE, and cell viability.

A direct observation of reduced particle mobility within the gel
was obtained using raster image correlation spectroscopy (RICS),
a consolidated technique formeasuring particle dynamics in solu-
tions and living cells with standard confocalmicroscopes [46–48].
As a representative model, F1 was fluorescently labeled, exposed
to HP, and incubated in either standard medium or calcium-free
medium. Based on our previous observations, in calcium-free
medium NPs should move rapidly in solution, whereas in stan-
dard medium NP mobility is expected to be limited by particle
sequestration within the gel matrix, as schematically illustrated
in Figure 4a.

To verify this interpretation, time series of confocal fluorescence
images (Figure 4b) were acquired and processed by RICS to
compute the corresponding correlation functions (Figure 4c)
and finally quantify the particle diffusion coefficients. Results
are shown in Figure 4d and clearly indicate that LNPs not
exposed to HP (i.e., in buffer) incubated in either standard
medium or calcium-free medium exhibited the same diffusion
coefficients, approximately 0.20 ± 0.04 µm2/s. In contrast,
when LNPs were preincubated with HP, a marked difference
emerged: their diffusion was significantly lower in standard
medium, where calcium triggers plasma gelation, compared to
calcium-free medium, where gelation is prevented. Specifically,
the diffusion coefficient in the gelled medium dropped to about
one-seventh of that in the calcium-free condition. This sharp
reduction inmobility suggests that the gel acts as a dense physical
network that traps or restricts movement of LNPs, creating a
substantial barrier to cell interaction and internalization.

As a next step, we investigated whether the presence of the
extracellular gel influences LNP cellular uptake and intracellular
behavior. To this end, we performed fluorescence-activated cell
sorting (FACS) cytometry experiments on HEK-293 cells follow-
ing a 3-h treatment with fluorescently labeled F1 in buffer or
after exposure toHP, both in standard and calcium-freemedia. As
shown in Figure 5a, F1 in HP was internalized to a lesser extent
than the bare counterpart, particularly in standard medium,
where the decrease in median fluorescence intensity was more
pronounced. Importantly, this trend is consistent with the for-
mation of an extracellular gel matrix that hinders LNP uptake
by the cells. Interestingly, the FACS data (all the distributions
are provided in Figure S10) were corroborated by fluorescence
confocal microscopy experiments (Figure 5b). Specifically, both
the lipids and the DNA components of F1 were fluorescently
labeled, along with the cell nuclei. Two main observations can
be drawn from the corresponding confocal images (Figure 5c): (i)
a reduced number of particles per nucleus was detected when F1
was exposed to HP and administered in standard medium, and
7 of 16
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FIGURE 4 (a) Cartoon depicting the reduction of particle mobility in gel. (b) Maximum intensity projection of representative time-lapse
acquisition. (c) Exemplary RICS correlation function (bottom) together with fit (top). (d) Diffusion coefficients measured by RICS analysis. HEK-293
cells were treated for 3 h with F1 formulations pre-incubated in buffer or exposed to HP, either in standard medium or calcium-free medium. Diffusion
measurements were performed in the extracellularmedium. Data are presented as box plots, minimum-to-maximumwhiskers,N≥ 3. Statistical analysis
was performed by two-way ANOVA followed by Šidák’s post hoc test. Statistical significance is indicated as follows: n.s. = not significant; *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. Panel a was created with BioRender.com.
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ii) a strong correlation between the lipid and DNA signals was
bserved (colocalization coefficients are reported in Figure S11.

n summary, FACS analysis demonstrated that plasma gelation
i.e., in the case of HP-exposed LNPs in standard medium)
ignificantly reduces cellular uptake, and this finding was
ndependently confirmed by single-cell confocal fluorescence
icroscopy. The reduced uptake, reflected in a lower number
f particles per cell, likely represents the primary cause of the
ecreased TE observed under plasma gelation conditions.

e next focused on characterizing F1 dynamics at the cellular
evel to elucidate the underlying internalization mechanism. To
his end, we employed the image-derived mean square displace-
ent (iMSD) approach (details are given in the Experimental
ection), a spatial-temporal correlation technique that extracts
ynamic information from time-lapse confocal image sequences
y quantifying how the fluorescence signal of moving particles
ecorrelates over time and space (Figure 6a–d). This method
llows for a label-free, ensemble measurement of intracellular
obility directly from fluorescence intensity fluctuations within
ive cells, providing a reliable readout of nanoscale dynamics
ithout requiring particle tracking. As shown in Figure 6, iMSD
nalysis performed onHEK-293 cells treatedwith F1 revealed that
oth buffer- and HP-treated LNPs display comparable dynamic
ehavior. Specifically, the analyzed samples exhibited similar
ubdiffusive dynamics, with comparable diffusion coefficients
t both short and long time scales, as well as similar spot
izes (Figure 6e–h). Notably, the measured dynamic parameters
ere compared with those obtained for representative endocytic
esicles associatedwith distinct internalization pathways, namely
lathrin-mediated endocytosis (CME), caveolae-mediated endo-
ytosis (CAV), and macropinocytosis (MCR), as illustrated in
he 3D scatter plot (Figure 6i–l). To quantitatively assess the
of 16
dissimilarity between the sample distributions and the reference
vesicle populations, the Mahalanobis distance was calculated.
The resulting values (Figure 6m) indicate that, under all tested
conditions, F1 is not internalized via CAV (i.e., exhibited a large
distance from the CAV reference distribution), but rather through
CME and MCR to a comparable extent.

Collectively, the data presented in Figures 4–6 support the
conclusion that plasma gelation impairs LNP bioavailability
primarily at the extracellular level, by limiting the fraction of
LNPs that can successfully interact with and enter cells, without
affecting their intracellular behavior and final fate. Evidence
regarding LNP final fate is provided in Figure S10, which reports
colocalization analyses with lysosomal markers and shows no
significant differences of LNP lysosomal degradation under the
explored conditions. It should be noted that the mechanistic
investigations presented here were performed in HEK-293 cells,
a well-established model for nonviral gene delivery studies.
However, the same qualitative response was observed in AsPC-
1 cells treated with F4, supporting the broader relevance of the
identified mechanism. Further validation in additional cell types
will nevertheless be valuable.

Importantly, macroscopic gelation should not be interpreted as
a process independent of PC dynamics. Rather, it likely reflects
a calcium-driven reorganization of the entire system, including
plasma proteins, medium components, and proteins associated
with the LNP surface. In this context, calcium availability may
simultaneously promote gel formation and induce structural or
compositional rearrangements of the PC, which cannot be dis-
entangled under these conditions. To contextualize the observed
effects and critically assess the adopted experimental design, we
next examine the rationale and implications of exposing LNPs to
a protein-rich environment prior to cellular administration. This
Advanced Healthcare Materials, 2026
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FIGURE 5 (a)Median fluorescence intensity by flow cytometry experiments revealing the uptake of F1 byHEK-293 cells, in buffer or upon exposure
to HP, both in standard and calcium-free medium. (b) Number of fluorescent spots per cell corresponding to F1 under the explored conditions, obtained
by fluorescent confocal microscopy. (c) Representative confocal images of the investigated samples. Statistical analysis was performed using two-way
ANOVA, followed by Šidák’s post hoc test (N = 2 for FACS analysis, N ≥ 5 for confocal microscopy).

Advanced Healthcare Materials, 2026 9 of 16
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FIGURE 6 Schematic representation of the image-derived mean square displacement (iMSD) approach. (a) Confocal fluorescence time-lapse
acquisition yields (b) an image time series, from which the (c) spatial-temporal correlation function is computed. (d) The resulting variance σ2(τ) is
fitted versus the temporal lag variable. For all the investigated samples, Diffusion coefficients at (e) short and (f) long time scales were determined
from the iMSD slope; deviations from pure Brownian diffusion were quantified by (g) the alpha value (power law), and (h) the average spot size σ02

was estimated from the y-intercept. The example shown refers to the F1 formulation administered to HEK-293 cells (N = 5). (i–l) 3D scatterplot of the
obtained dynamic parameters, compared to those corresponding to CME, CAV, and MCR (whose data are reported with permission from Refs [49, 50]).
(m) Mahalanobis distances from CME, CAV, and MCR reference distributions. Statistical analysis was performed using two-way ANOVA, followed by
Šidák’s post hoc test. Panel a was created with BioRender.com.
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pre-coating” strategy is a widely adopted in vitro approach to
pproximate the biological identity that NPs acquire in vivo and
nvolves their pre-incubationwith biological fluids to promote the
ormation of a PC prior to cellular exposure [51]. In our exper-
ments, LNPs were pre-incubated in 50% HP and subsequently
dded to cells without any intermediate purification step, thereby
etaining an excess of free proteins in the suspension. Of course,
his protocol introduces the possibility that excess proteins may
ontribute to the formation of macroscopic gel or clot-like
ggregates in the culture medium, and it could be argued that
0 of 16
isolating the pre-coated LNPs fromunbound proteins (e.g., by size
exclusion chromatography [52, 53]) could indeed prevent such
aggregation. However, our study followed a different rationale:
although many investigations aim to explore cellular interactions
of NPs bearing a stable PC, it is important to acknowledge
that studying these interactions in a protein-depleted medium
may fail to capture the complexity of the in vivo environment.
Moreover, if the separation step is introduced specifically to avoid
plasma-induced gelation, it is important to consider that even
corona-coated NPs, once purified, may release loosely bound
Advanced Healthcare Materials, 2026
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roteins when resuspended in a protein-free culture medium.
his release is driven by thermodynamic equilibrium, as proteins
ith low binding affinity tend to dissociate in the absence of
ompeting free proteins, potentially reintroducing conditions
hat favor aggregation or gel-like phase transitions. Indeed, we
bserved gelation phenomena even at lower plasma concentra-
ions, and sub-visible gelation may still occur even in the absence
f macroscopically detectable aggregates. These subtle phase
ransitions can create physical barriers that affect both TE and
ell viability. Therefore, it is essential to employ complementary
nalytical techniques, such as turbidity and viscosity measure-
ents, to detect early-stage gelation events that are not visually
vident but can still compromise the interpretation of functional
ssays. Finally, it should be noted that, although plasma gelation
merged as a major determinant of LNP transport in the present
tudy, it represents only one of several physiological variables
hat contribute to the in vivo performance of nanomedicines.
dditional factors, including the dynamic evolution of the PC
cross different biological compartments [19, 54, 55], blood flow
nd associated shear forces [33, 56], endothelial permeability, and
nteractions with cells of themononuclear phagocyte system [57],
re also expected to influence NP biodistribution, cellular uptake,
nd therapeutic efficacy. Future in vitro platforms integrating
hese physiological cues will therefore be instrumental in further
arrowing the gap between conventional cell culture assays and
n vivo outcomes.

Conclusion

n this work, we assessed the in vitro TE of five LNPs encapsulat-
ng pDNA, both in their pristine and coronated form. Transfection
ssays conducted in standard culture medium revealed a pro-
ounced reduction in TE for all coronated formulations, which
orrelated with visible clot formation. This gel-like aggregation
ed to physical entrapment of the LNPs, limiting their diffusion
nd availability for interaction with cells, and contributed to a
eduction in cell viability. Notably, this phenomenon was absent
hen calcium-free medium was used, under which the TE of the
oronated LNPs was restored to levels comparable to the pristine
ystems.

his observation also identifies a practical strategy to overcome
alcium-dependent gelation during in vitro transfection experi-
ents, whereby the use of calcium-free transfection conditions
nables the evaluation of the intrinsic transfection performance
f coronated LNPs while minimizing aggregation-related arti-
acts.

ur findings, schematically summarized in Figure 7, reveal
lasma-induced gelation as a previously overlooked contributing
actor to reduced gene TE. This phenomenon, likely associated
ith the presence of free calcium ions, should be considered
hen interpreting in vitro transfection outcomes. Notably, this
elation should be regarded as a macroscopic manifestation of
alcium-dependent changes in protein–protein and protein–NP
nteractions, potentially involving concomitant rearrangements
f the PC, rather than as an isolated or purely physical bar-
ier. Neglecting this aspect risks misattributing the relative
ontributions of PC effects and calcium-dependent aggregation
henomena, potentially leading to an overestimation of the
dvanced Healthcare Materials, 2026
intrinsic performance of gene delivery systems. Therefore, it
is important to identify early-stage gelation events that are
not visibly detectable but may nonetheless compromise the
interpretation of functional assay results. By addressing this
variable, researchers can achieve more reliable in vitro-to-in vivo
translation and accelerate the development of delivery platforms
with greater predictive and therapeutic power. In summary, our
study does not merely provide methodological insights; rather, it
might have a significant translational value. Indeed, the plasma
gelation we observed in vitro might reflect the activation of blood
clotting by cationic LNPs in vivo, as recently reported [58].

4 Experimental Section

4.1 Preparation of Lipid-Based NPs

1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), 3ß-[N-
(N’,N’-dimethylaminoethane)-carbamoyl]cholesterol hydrochlor
ide (DC-Cholesterol∙HCL), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-polysarcosine-25 (ammonium
salt) (DOPE), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (DSPE-PEG(2000)),
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (ammonium
salt) (DOPE-PEG 2000) were purchased from Avanti
research (Birmingham, AL, USA). Ionizable lipid
4-hydroxybutyl(azanediyl)bis(hexane-6,1-diyl)bis(2-
hexyldecanoate) (ALC-0315) was purchased from
MedChemExpress (Monmouth Junction, NJ, USA), while
Cholesterol was obtained from Sigma-Aldrich (Merck,
Darmstadt, Germany). Formulations F1 and F2 were obtained
by bulk mixing of liposomes and plasmid DNA (pDNA).
Liposomes were prepared by dissolving proper amounts of lipids
in chloroform (as indicated in Table 1), then subjected to rotary
evaporation for 1 h to form a thin lipid film. The lipid film
was hydrated with Milli-Q water to a final lipid concentration
of 1 mg/mL for 4 h. The resulting liposome suspension was
extruded 20 times through polycarbonate membranes using a
Mini-Extruder (Avanti Polar Lipids), then incubated 10:1 vol/vol
with pDNA (concentration 1 mg/mL) for 20 min at room
temperature. Formulations F3, F4, and F5 were prepared by
weighing lipids individually, dissolving them in ethanol until a
concentration of 12.5 mM, and mixing them at the molar ratios
reported in Table 1. The pDNA was dissolved in acetate buffer
25 mM, (pH 4) until a concentration of 233 µg/mL and combined
with the ethanol-lipid phase by microfluidic mixing at a flow
rate ratio of 1:3 (ethanol:aqueous) using the NanoAssemblr
Ignite system (Precision Nanosystems, Vancouver, Canada),
with a total flow rate of 2 mL/min. To reduce residual ethanol
(final concentration 25% v/v), the resulting LNP suspension was
dialyzed against 1× phosphate-buffered saline (PBS) for 19 h at
4◦C.

4.2 Chemical-Physical Characterization

After a 100-fold dilution in ultrapure water, the hydrodynamic
diameter and PdI of each formulationweremeasured by dynamic
light scattering (DLS) using a Zetasizer Ultra Red (Malvern
11 of 16
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FIGURE 7 Schematic representation of the impact of plasma gelation on the cellular transfection of LNPs. Upon incubation with plasma proteins,
LNPs acquire a PC. In calcium-containing culture medium, plasma gelation leads to the formation of a dense extracellular matrix, limiting NP diffusion
and cellular access, resulting in suboptimal transfection. In contrast, in calcium-free medium, no gelation occurs, allowing efficient NP-cell interactions
and effective transfection. Created with BioRender.com.
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analytical, Malvern, UK). Zeta potential was determined by
lectrophoretic light scattering (ELS) using the same instrument.

.3 Transmission ElectronMicroscopy

amples for imaging were diluted to 1mg/mL using ultrapure
ater and deposited onto formvar/carbon-coated copper grids
Ted Pella 01801), glow-discharged for 120 s (Pelco easiGlow).
rids were stained with GR-1000 UA-Zero EM stain (Agar
cientific), washed in ultrapure water, and dried in air. Samples
ere examined using a JEOL JEM-F200 transmission electron
icroscope at 200 kV, with images captured by a GATAN Rio 16
MOS camera.

.4 Scanning ElectronMicroscopy

1+HP sample embedded in standard medium for 3 h was
eposited and left to air-dry. Afterward, to prevent charging, it
as metallized with a 10 nm Cr layer using a Quorum Tech-
ologies Q150T ES sputter coater. The analysis was performed
sing a Zeiss Auriga field-emission scanning electronmicroscope
FE-SEM), operating at 1.5 kV.

.5 SDS-PAGE Experiments

Ps were incubated with an equal volume of HP (50% v/v
inal concentration) for 1 h at 37◦C to allow PC formation.
ubsequently, theNP suspensionswere diluted in the appropriate
edia (standard media, calcium-free media, or media supple-
ented with CaCl2 or sodium citrate) and further incubated for
h under the same conditions used for cell treatments. The
esulting NP suspensions were centrifuged at 14 000 rpm for
5 min at 4◦C. The supernatant was discarded, and the pellet was
2 of 16
resuspended in H2O and centrifuged again. This washing step
was repeated three times. The final pellet was resuspended in
1× Laemmli buffer supplemented with 10% NuPAGE reducing
agent, loaded onto an SDS-PAGE gel (4%–12% gradient), and
electrophoretically separated. After 1 h of electrophoresis, the gel
was collected, and protein bands were visualized using a Chemi-
Doc imaging system (Bio-Rad). Gel analysis was performed using
custom MATLAB scripts, as previously described [7, 59].

4.6 In Vitro Experiments

HEK-293 andAsPC-1 cell lines (purchased fromATCC, American
Type Culture Collection) were cultured in appropriate media,
DMEM for HEK-293 and RPMI for AsPC-1, supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
For transfection experiments and cell viability experiments, cells
were seeded in 96-well plates at a density of 1 × 105 cells/well
and incubated overnight at 37◦C with 5% CO2. Each well was
treated with a fixed amount of encapsulated pDNA (0.25 µg)
using 5 µL/well of formulations at a concentration of 0.05mg/mL.
For the PC study, lipid-based formulations were incubated with
human plasma (HP; Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) at 37◦C for 1 h in a 1:1 v/v ratio (5 µL HP per well).
As reported by the provider company, HP prepared from pooled
human blood contained 4% trisodium citrate as an anticoagulant.
For the preparation of heparinized plasma, commercial HP
was transferred into a BD Vacutainer LH tube (68 U.I.) and
subsequently collected and diluted with non-heparinized plasma
to obtain the desired final heparin concentrations (2–16 U/mL).

For treatmentwith formulations, the culturemediawere replaced
with serum-freeDMEMor calcium-free serum-freeDMEM.After
3 h, an equal volume of fresh DMEM supplemented with 20%
FBS was added to cells treated in standard DMEM. In contrast,
the calcium-freeDMEMcontaining the treatmentwas completely
Advanced Healthcare Materials, 2026
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eplaced with standard DMEM supplemented with 10% FBS.
his difference in procedure was necessary to address the cell
etachment caused by gelation of plasma (observed in standard
MEM) duringmedia removal. In calcium-free DMEM,medium
eplacement was performed to prevent gelation upon addition
f calcium-containing DMEM, while ensuring cell morphology
as maintained. After 48 h, cell viability was assessed using
he CellTiter-Fluor Cell Viability Assay (Promega, Madison, WI,
SA), following the manufacturer’s instructions. Subsequently,
he medium was removed, and the cells were lysed using Passive
ysis Buffer (Promega). Half of the resulting cell lysate was
sed for protein quantification using the Micro BCA Protein
ssay Kit (Thermo Fisher Scientific, Waltham, MA, USA), while
he remaining lysate was used to measure luciferase expression
sing the Luciferase Assay System (Promega). Luminescence
as quantified with the GloMax Discover Microplate Reader
Promega), and relative light units (RLU) were normalized to the
otal protein content.

.7 Preparation of Calcium Chloride and Sodium
itrate-Enriched Media

alcium chloride (CaCl2) and trisodium citrate dihydrate were
urchased from Sigma-Aldrich. A 1 M CaCl2 stock solution was
repared in distilled water, filtered through a 0.22 µmmembrane,
nd subsequently diluted in calcium-free DMEM to obtain final
oncentrations of 0.5, 1.2, 1.8, and 2.6 mMCa2+. Trisodium citrate
ihydrate was dissolved in distilled water at 4% (w/v) to yield
136 mM stock solution, which was sterilized by autoclaving.
he citrate solution was added to standard culture medium to
btain final concentrations of 0.8, 1.56, 3.12, 6.25, and 12.5 mM.
he resulting calcium- and citrate-enriched media were used for
ell treatments with F1 preincubated in plasma (coronated F1).

.8 Rheological Measurements

heological measurements were performed at the Interdepart-
ental Research Center on Nanotechnology Applied to Engi-
eering at La Sapienza University of Rome, using a rotational
heometer (AntonPaarMCR302 system)with a 40mmcone-plate
onfiguration with an 80 µm gap. The tests were conducted at a
ontrolled temperature of 37◦C using a Peltier system.

.9 Flow Cytometry

o investigate cellular uptake in the HEK-293 cell line, the F1
ormulation was prepared by incorporating Texas Red at a molar
atio of 5/1000 (fluorescent lipid/total lipid, mol/mol). HEK-293
ells were seeded in 24-well plates at a density of 5× 104 cells/well
nd incubated overnight at 37◦C with 5% CO2. Each well was
reated with 1 µg of pDNA. For treatment with formulations,
he culture media were replaced with serum-free DMEM or
alcium-free serum-free DMEM. After 3 h, cells were washed
ith cold PBS and then subsequently analyzed using a FACS
anto instrument from BD Biosciences in San Jose, CA. The cells
ere gated based on forward versus side scatter to exclude debris,
nd their specific emission was then assessed. Data analysis was
arried out using the software FlowJo_V10.
dvanced Healthcare Materials, 2026
4.10 Raster Image Correlation Spectroscopy

RICSmeasurements were performed using an Olympus FVMPE-
RS microscope equipped with a two-photon Ti:sapphire laser
(MaiTai HP, SpectraPhysics). Image stacks were acquired as
200-frame sequences with a pixel dwell time of 2 µs. Each
image comprised 256 × 256 pixels, with a pixel size of 50 nm.
Texas Red was excited at 800 nm, and fluorophore emission
was collected in the 575–645 nm range using a 30× planApo
silicon immersion objective (NA = 1.0). RICS analysis was
performed using the simFCS software package (Laboratory for
Fluorescence Dynamics, University of California, Irvine; www.
lfd.uci.edu),which includes amoving average filter to subtract the
contribution of immobile molecules prior to correlation analysis.
The software implements the original algorithms described for
standard raster scan RICS [46–48]. Analysis was conducted under
the assumption of a 3D diffusion model and yielded diffusion
coefficients (D, µm2/s) of the labeled LNPs.

4.11 Fluorescence Confocal Imaging

Static multichannel confocal imaging was performed on HEK-
293 cells treated with F1 in buffer or after exposure to HP,
both in standard and calcium-free media. Cells were seeded on
glass-bottom 8-well imaging chambers (Ibidi µ-Slide 8 Well) and
allowed to adhere prior to treatment. For fluorescence imaging,
F1 lipids were labeled with Texas Red-PE, while the encapsulated
DNA was labeled with fluorescein. Cell nuclei were stained with
Hoechst dye, and lysosomes were labeled using LysoTracker
Deep Red according to the manufacturer’s instructions. After
treatment, cells werewashed to remove excess probes and imaged
under the appropriate spectral settings to avoid channel cross-
talk. Images were acquired using a Zeiss LSM 980 confocal
microscope equipped with a 63× oil-immersion objective (NA
1.4). Sequential acquisition was performed for each fluorophore
to minimize spectral overlap.

4.12 Image-Derived Mean Square Displacement

iMSD measurements were performed using a Zeiss LSM 800
confocal microscope equipped with a 63×, 1.4N.A. oil immersion
objective. HEK-293 cells were seeded on glass-bottom dishes
(Willco wells # HBST-3522) 24 h before the experiment. On the
day of confocal acquisitions, cells were incubated with the lipid
formulations for 3 h at 37◦C.Confocal time-lapse acquisitions (256
× 256 pixels, 50 nm pixel size, 410 ms scan time) were taken
with Texas Red excited at 561 nm (HeNe laser), and emissions
were collected between 570 and 630 nm. iMSD analysis was
performed with custom scripts, publicly available along with all
the necessary codes, a manual, and data for a representative
example [7]. The spatiotemporal correlation function of the
detected intensity was computed, and its Gaussian variance σ2
was plotted to obtain the iMSD curve as a function of the lag time,
as detailed in previousworks [49, 50, 60, 61]. Then, σ2(τ) was fitted
for further analysis. In detail, σ2(τ) was first fitted to the following
power-law function:

𝜎2 (𝜏) = 𝜎2
0
+ 𝜅𝜏𝛼
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o determine the α value, which is associated with subdiffusive
i.e., α < 1), superdiffusive (i.e., α > 1) motion, or Brownian
iffusion (i.e., α = 1). σ02 represents the curve’s intercept and is
elated to the average size of the fluorescent-labeled particles and
he waist of the point spread function. Finally, to quantify the
ntracellular dynamics of the particles, the iMSD curve was fitted
o [62]

𝜎2 (𝜏) = 𝜎2
0
+ 4𝐷𝑀𝜏 +

𝐿3

3

(
1 − 𝑒

− 𝜏

𝜏𝑐

)

here L is the linear size of the confinement area, τc quantifies
ow fast confinement occurs, and DM is the particle diffusivity
n a large time scale. The short-term diffusivity Dm is measured
y the slope of σ2 for τ→ 0 and reads Dm = DM + L2/(12τc).

.13 Statistical Analysis

tatistical analysis was performed using GraphPad Prism Version
.0.0 for each of the conditions explored, the sample size was n =
technical replicates for the physicochemical characterization, n
4 biological replicates for in vitro experiments (i.e., transfection
xperiments and cell viability assays), n= 3 technical replicates of
= 5 biological replicates for HP samples obtained from human
onors, n ≥ 3 technical replicates for RICS analysis, and n = 5
iological replicates for iMSD analysis. ANOVA tests followed by
ppropriate multiple comparison tests were performed, and the
orresponding details are reported in the figure captions along
ith the statistical significance, which is indicated as follows: n.s.
not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
.0001.

uthor Contributions

.R.: investigation, validation, visualization, and writing – draft and
diting. L.D.: data curation, formal analysis, investigation, software,
alidation, visualization, and writing – draft and editing. F.G.: investi-
ation and validation. D.P.: conceptualization, project administration,
nd resources. J.W.: investigation. A.A.: conceptualization, supervision,
nd writing – review and editing. C.M.: conceptualization, methodology,
upervision, and writing – review and editing. C.C.: investigation. A.Z.:
onceptualization and supervision. F.M.: investigation. L.B.: investiga-
ion and methodology. F.Mu.: investigation and methodology. V.D.L.:
nvestigation and validation.F.C.: conceptualization, funding acquisition,
ethodology, supervision, and writing – review and editing. G.C.: con-
eptualization, funding acquisition, methodology, project administration,
esources, supervision, and writing – review and editing.

cknowledgements

ioRender was used to create the Table of Contents and Figures 1, 3, 4, 6,
nd 7, and copyright permission was obtained.

pen access publishing facilitated by Universita degli Studi di Roma La
apienza, as part of the Wiley - CRUI-CARE agreement.

unding

he authors acknowledge funding from the European Union – NextGen-
rationEU through the Italian Ministry of University and Research under
NRR – M4C2-I1.3 Project PE_00000019 “HEAL ITALIA” to Giulio
aracciolo, CUP: B53C22004000006 and project ECS00000017 “Ecosis-
ema dell” Innovazione’ Tuscany Health Ecosystem (THE, PNRR, Spoke
4 of 16
4: Nanotechnologies for diagnosis and therapy) to Francesco Cardarelli.
The research leading to these results has also received funding from the
AIRC Foundation for Cancer Research in Italy (ID. 32500 to G.C.). The
AIRC Foundation is also acknowledged for supporting S.R. through an
AIRC Fellowship for Italy Post-Doc grant (Project ID 32938-2025).

Ethics Statement

Informed and written consent in accordance with the Declaration of
Helsinki was obtained from all healthy blood donors, and approval was
obtained from the Ethics Committee of the Sapienza University of Rome
(Protocol number 639/16 RIF /CF4179).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available
in Zenodo at https://doi.org/10.5281/zenodo.18763832, reference number
18763832.

Use of Generative AI and AI-Assisted Technologies in theWriting
Process

During the preparation of this manuscript, the authors used ChatGPT
(OpenAI) exclusively to improve the grammar, clarity, and readability
of the manuscript text. The tool was not used for the generation or
interpretation of scientific content, data analysis, figure preparation, or
drawing scientific conclusions. All AI-assisted text was carefully reviewed
and edited by the authors, who take full responsibility for the content of
the manuscript.

References

1. Y. Zhu, R. Shen, I. Vuong, et al., “Multi-Step Screening of DNA/Lipid
Nanoparticles andCo-DeliveryWith siRNA toEnhance andProlongGene
Expression,” Nature Communications 13, no. 1 (2022): 4282, https://doi.
org/10.1038/s41467-022-31993-y.

2. P. R. Cullis and M. J. Hope, “Lipid Nanoparticle Systems for Enabling
Gene Therapies,” Molecular Therapy 25, no. 7 (2017): 1467–1475, https://
doi.org/10.1016/j.ymthe.2017.03.013.

3. A. Akinc, M. A. Maier, M. Manoharan, et al., “The Onpattro Story
and the Clinical Translation of Nanomedicines Containing Nucleic Acid-
BasedDrugs,”NatureNanotechnology 14, no. 12 (2019): 1084–1087, https://
doi.org/10.1038/s41565-019-0591-y.

4. B. Wilson and K. M. Geetha, “Lipid Nanoparticles in the Development
of mRNA Vaccines for COVID-19,” Journal of Drug Delivery Science and
Technology 74 (2022): 103553, https://doi.org/10.1016/j.jddst.2022.103553.

5. L. Schoenmaker, D. Witzigmann, J. A. Kulkarni, et al., “mRNA-Lipid
Nanoparticle COVID-19 Vaccines: Structure and Stability,” International
Journal of Pharmaceutics 601 (2021): 120586, https://doi.org/10.1016/j.
ijpharm.2021.120586.

6. D. Pozzi and G. Caracciolo, “Looking Back, Moving Forward: Lipid
Nanoparticles as a Promising Frontier in Gene Delivery,” ACS Pharma-
cology & Translational Science 6, no. 11 (2023): 1561–1573, https://doi.org/
10.1021/acsptsci.3c00185.

7. S. Renzi, L. Digiacomo, D. Pozzi, et al., “Structuring Lipid Nanopar-
ticles, DNA, and Protein Corona Into Stealth Bionanoarchitectures for
In Vivo Gene Delivery,” Nature Communications 15, no. 1 (2024): 9119,
https://doi.org/10.1038/s41467-024-53569-8.

8. Y. Zhang, X. Zhang, Y.Gao, and S. Liu, “Principles of LipidNanoparticle
Design for mRNA Delivery,” BMEMat 3, no. 1 (2025): 12116, https://doi.
org/10.1002/bmm2.12116.

9. E. Haghighi, S. S. Abolmaali, A. Dehshahri, S. A. Mousavi Shaegh, N.
Azarpira, andA.M. Tamaddon, “Navigating the Intricate In-Vivo Journey
Advanced Healthcare Materials, 2026

ive C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.18763832
https://doi.org/10.1038/s41467-022-31993-y
https://doi.org/10.1016/j.ymthe.2017.03.013
https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1016/j.jddst.2022.103553
https://doi.org/10.1016/j.ijpharm.2021.120586
https://doi.org/10.1021/acsptsci.3c00185
https://doi.org/10.1038/s41467-024-53569-8
https://doi.org/10.1002/bmm2.12116


o
a
2

1
F
B
n

1
C
E
9

1
I
J
1

1
N
a
A
p

1
T
S
j

1
“
B
d

1
T
R

1
“
B
D

1
C
F
(

1
A
I
n

2
t
D
n

2
o
C
d

2
E
G
1
1

2
R
t
1

2
Y
C
h

A

 21922659, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.71646 by Scuola N
orm

ale Superiore D
i Pisa, W

iley O
nline L

ibrary on [04/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reat
f Lipid Nanoparticles Tailored for the Targeted Delivery of RNA Ther-
peutics: A Quality-by-Design Approach,” Journal of Nanobiotechnology
2, no. 1 (2024): 710, https://doi.org/10.1186/s12951-024-02972-w.

0. A. Salvati, A. S. Pitek, M. P. Monopoli, et al., “Transferrin-
unctionalized Nanoparticles Lose Their Targeting Capabilities When a
iomolecule Corona Adsorbs on the Surface,” Nature Nanotechnology 8,
o. 2 (2013): 137–143, https://doi.org/10.1038/nnano.2012.237.

1. M. P.Monopoli, C. Aberg, A. Salvati, andK. A. Dawson, “Biomolecular
oronas Provide the Biological Identity of Nanosized Materials,” Nano-
nabled Medical Applications (2020): 205–229, https://doi.org/10.1201/
780429399039-7.

2. T. Kopac, “Protein Corona, Understanding the Nanoparticle–Protein
nteractions and Future Perspectives: A Critical Review,” International
ournal of Biological Macromolecules 169 (2021): 290–301, https://doi.org/
0.1016/j.ijbiomac.2020.12.108.

3. T. Cedervall, I. Lynch, S. Lindman, et al., “Understanding the
anoparticle–ProteinCoronaUsingMethods toQuantify ExchangeRates
nd Affinities of Proteins for Nanoparticles,” Proceedings of the National
cademy of Sciences 104, no. 7 (2007): 2050–2055, https://doi.org/10.1073/
nas.0608582104.

4. F. Barbero, L. Russo, and M. Vitali, “Formation of the Protein Corona:
he Interface Between Nanoparticles and the Immune system,” in
eminars in Immunology (Elsevier, 2017), 52–60, https://doi.org/10.1016/
.smim.2017.10.001.

5. E. Quagliarini, L. Digiacomo, S. Renzi, D. Pozzi, and G. Caracciolo,
A Decade of the Liposome-Protein Corona: Lessons Learned and Future
reakthroughs in Theranostics,” Nano Today 47 (2022): 101657, https://
oi.org/10.1016/j.nantod.2022.101657.

6. F. Fu, D. Crespy, K. Landfester, and S. Jiang, “In Situ Characterization
echniques of Protein Corona Around Nanomaterials,” Chemical Society
eviews 53 (2024): 10827–10851, https://doi.org/10.1039/D4CS00507D.

7. L. Dietz, J. Simon, K. R. Speth, K. Landfester, and V. Mailänder,
Plasma Protein Corona on Silica Nanoparticles Enhances Exocytosis,”
iomaterials Science 13, no. 13 (2025): 3532–3543, https://doi.org/10.1039/
4BM01189A.

8. M. H. Akhter, H. Khalilullah, M. Gupta, et al., “Impact of Protein
orona on the Biological Identity of Nanomedicine: Understanding the
ate of Nanomaterials in the Biological Milieu,” Biomedicines 9, no. 10
2021): 1496, https://doi.org/10.3390/biomedicines9101496.

9. M. P. Monopoli, D. Walczyk, A. Campbell, et al., “Physical− Chemical
spects of Protein Corona: Relevance to In Vitro and In Vivo Biological
mpacts of Nanoparticles,” Journal of the American Chemical Society 133,
o. 8 (2011): 2525–2534, https://doi.org/10.1021/ja107583h.

0. D. Zhu, H. Yan, Z. Zhou, et al., “Detailed Investigation on How
he Protein Corona Modulates the Physicochemical Properties and Gene
elivery of Polyethylenimine (PEI) Polyplexes,” Biomaterials Science 6,
o. 7 (2018): 1800–1817, https://doi.org/10.1039/C8BM00128F.

1. E. Quagliarini, R. Di Santo, S. Palchetti, et al., “Effect of ProteinCorona
n the Transfection Efficiency of Lipid-Coated Graphene Oxide-Based
ell Transfection Reagents,” Pharmaceutics 12, no. 2 (2020): 113, https://
oi.org/10.3390/pharmaceutics12020113.

2. S. Palchetti, L. Digiacomo, F. Giulimondi, et al., “A Mechanistic
xplanation of the Inhibitory Role of the Protein Corona on Liposomal
ene Expression,” Biochimica et Biophysica Acta (BBA)—Biomembranes
862, no. 3 (2020): 183159, https://doi.org/10.1016/j.bbamem.2019.
83159.

3. S. Han, R. da Costa Marques, J. Simon, et al., “Endosomal Sorting
esults in a Selective Separation of the Protein Corona From Nanopar-
icles,” Nature Communications 14, no. 1 (2023): 295, https://doi.org/10.
038/s41467-023-35902-9.

4. N. Shida, R. Kurasawa, Y. Maki, Y. Toyama, T. Dobashi, and T.
amamoto, “Study of Plasma Coagulation Induced by Contact With
alcium Chloride Solution,” Soft Matter 12, no. 47 (2016): 9471–9476,
ttps://doi.org/10.1039/C6SM01926A.
dvanced Healthcare Materials, 2026
25. J. Gessmann, D. Seybold, E. Peter, T. A. Schildhauer, and M. Köller,
“Plasma Clots Gelled by Different Amounts of Calcium for Stem Cell
Delivery,” Langenbeck’s Archives of Surgery 398 (2013): 161–167.

26. Y.-C. Chang, L. S. Hwang, and H.-M. Chang, “Effect of Calcium and
Thrombin on the Turbidity Changes and the Gelation Properties of Swine
Plasma,” Food Research International 32, no. 8 (1999): 553–558, https://doi.
org/10.1016/S0963-9969(99)00130-1.

27. S. Singh, J. Dodt, P. Volkers, et al., “Structure Functional Insights Into
Calcium Binding During the Activation of Coagulation Factor XIII A,”
Scientific Reports 9, no. 1 (2019): 11324, https://doi.org/10.1038/s41598-019-
47815-z.

28. T. Toyoda, K. Isobe, T. Tsujino, et al., “Direct Activation of Platelets by
Addition of CaCl2 Leads Coagulation of Platelet-Rich Plasma,” Interna-
tional Journal of Implant Dentistry 4 (2018): 1–11, https://doi.org/10.1186/
s40729-018-0134-6.

29. K. G. Mann, M. F. Whelihan, S. Butenas, and T. Orfeo, “Citrate
Anticoagulation and the Dynamics of Thrombin Generation,” Journal of
Thrombosis and Haemostasis 5, no. 10 (2007): 2055–2061, https://doi.org/
10.1111/j.1538-7836.2007.02710.x.

30. M. G. Soliman, A. Martinez-Serra, M. Dobricic, et al., “Protocols
for Isolation and Characterization of Nanoparticle Biomolecular Corona
Complexes,” Frontiers in Toxicology 6 (2024): 1393330, https://doi.org/10.
3389/ftox.2024.1393330.

31. D. Pozzi, V. Colapicchioni, G. Caracciolo, et al., “Effect of
Polyethyleneglycol (PEG) Chain Length on the Bio–Nano-Interactions
Between PEGylated Lipid Nanoparticles and Biological Fluids: From
Nanostructure to Uptake in Cancer Cells,” Nanoscale 6, no. 5 (2014):
2782–2792, https://doi.org/10.1039/c3nr05559k.

32. D. Pozzi, G. Caracciolo, L. Digiacomo, et al., “The Biomolecular
Corona of Nanoparticles in Circulating Biological Media,” Nanoscale 7,
no. 33 (2015): 13958–13966, https://doi.org/10.1039/C5NR03701H.

33. S. Palchetti, V. Colapicchioni, L. Digiacomo, et al., “The Protein
Corona of Circulating PEGylated Liposomes,” Biochimica et Biophysica
Acta (BBA)—Biomembranes 1858, no. 2 (2016): 189–196, https://doi.org/10.
1016/j.bbamem.2015.11.012.

34. L. Digiacomo, F. Giulimondi, M. Mahmoudi, and G. Caracciolo,
“Effect of Molecular Crowding on the Biological Identity of Liposomes:
An Overlooked Factor at the Bio-Nano Interface,” Nanoscale Advances 1,
no. 7 (2019): 2518–2522, https://doi.org/10.1039/C9NA00195F.

35. P. L. Turecek, M. J. Bossard, F. Schoetens, and I. A. Ivens, “PEGylation
of Biopharmaceuticals: A Review of Chemistry and Nonclinical Safety
Information of Approved Drugs,” Journal of Pharmaceutical Sciences 105,
no. 2 (2016): 460–475, https://doi.org/10.1016/j.xphs.2015.11.015.

36. T. L. Moore, L. Rodriguez-Lorenzo, V. Hirsch, et al., “Nanoparticle
Colloidal Stability in Cell Culture Media and Impact on Cellular Interac-
tions,” Chemical Society Reviews 44, no. 17 (2015): 6287–6305, https://doi.
org/10.1039/C4CS00487F.

37. F. Giulimondi, L. Digiacomo, D. Pozzi, et al., “Interplay of Protein
Corona and Immune Cells Controls Blood Residency of Liposomes,”
Nature Communications 10, no. 1 (2019): 3686, https://doi.org/10.1038/
s41467-019-11642-7.

38. C. D. Walkey and W. C. Chan, “Understanding and Controlling the
Interaction of Nanomaterials With Proteins in a Physiological Environ-
ment,” Chemical Society Reviews 41, no. 7 (2012): 2780–2799, https://doi.
org/10.1039/C1CS15233E.

39. E. Tan, C. S. H. Chin, Z. F. S. Lim, and S. K. Ng, “HEK293 Cell Line as a
Platform to Produce Recombinant Proteins and Viral Vectors,” Frontiers
in Bioengineering and Biotechnology 9 (2021): 796991, https://doi.org/10.
3389/fbioe.2021.796991.

40. H.Hatakeyama,H.Akita, andH.Harashima, “ThePolyethyleneglycol
Dilemma: Advantage and Disadvantage of PEGylation of Liposomes for
Systemic Genes and Nucleic Acids Delivery to Tumors,” Biological and
Pharmaceutical Bulletin 36, no. 6 (2013): 892–899, https://doi.org/10.1248/
bpb.b13-00059.
15 of 16

ive C
om

m
ons L

icense

https://doi.org/10.1186/s12951-024-02972-w
https://doi.org/10.1038/nnano.2012.237
https://doi.org/10.1201/9780429399039-7
https://doi.org/10.1016/j.ijbiomac.2020.12.108
https://doi.org/10.1073/pnas.0608582104
https://doi.org/10.1016/j.smim.2017.10.001
https://doi.org/10.1016/j.nantod.2022.101657
https://doi.org/10.1039/D4CS00507D
https://doi.org/10.1039/D4BM01189A
https://doi.org/10.3390/biomedicines9101496
https://doi.org/10.1021/ja107583h
https://doi.org/10.1039/C8BM00128F
https://doi.org/10.3390/pharmaceutics12020113
https://doi.org/10.1016/j.bbamem.2019.183159
https://doi.org/10.1038/s41467-023-35902-9
https://doi.org/10.1039/C6SM01926A
https://doi.org/10.1016/S0963-9969(99)00130-1
https://doi.org/10.1038/s41598-019-47815-z
https://doi.org/10.1186/s40729-018-0134-6
https://doi.org/10.1111/j.1538-7836.2007.02710.x
https://doi.org/10.3389/ftox.2024.1393330
https://doi.org/10.1039/c3nr05559k
https://doi.org/10.1039/C5NR03701H
https://doi.org/10.1016/j.bbamem.2015.11.012
https://doi.org/10.1039/C9NA00195F
https://doi.org/10.1016/j.xphs.2015.11.015
https://doi.org/10.1039/C4CS00487F
https://doi.org/10.1038/s41467-019-11642-7
https://doi.org/10.1039/C1CS15233E
https://doi.org/10.3389/fbioe.2021.796991
https://doi.org/10.1248/bpb.b13-00059


4
“
B
C

4
B
(

4
C
H
1

4
T
G
0

4
“
D
L
1

4
E
F
S
7

4
C
n

4
H
a
B
b

4
F
b
(

5
C
a
n

5
B
C
d

5
“
I
n

5
N
C
5

5
C
M
0

5
P
N
2

5
F

1

 21922659, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.71646 by Scuola N
orm

ale Superiore D
i Pisa, W

iley O
nline L

ibrary on [04/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable 
1. M. J. Hajipour, S. Laurent, A. Aghaie, F. Rezaee, and M. Mahmoudi,
Personalized Protein Coronas: A “Key” Factor at the Nanobiointerface,”
iomaterials Science 2, no. 9 (2014): 1210–1221, https://doi.org/10.1039/
4BM00131A.

2. S. Li, C. Cortez-Jugo, Y. Ju, andF.Caruso, “ApproachingTwoDecades:
iomolecular Coronas and Bio–Nano Interactions,” ACS Nano 18, no. 49
2024): 33257–33263, https://doi.org/10.1021/acsnano.4c13214.

3. Y. Ju, H. G. Kelly, L. F. Dagley, et al., “Person-Specific Biomolecular
oronas Modulate Nanoparticle Interactions With Immune Cells in
uman Blood,” ACS Nano 14, no. 11 (2020): 15723–15737, https://doi.org/
0.1021/acsnano.0c06679.

4. L.Mota,M. Zhu, J. N. Tomeo, et al., “The Impact ofHeparin andDirect
hrombin Inhibitors on Cell-Penetrating Polymer siRNA Transfection,”
ene Therapy 31, no. 9 (2024): 467–476, https://doi.org/10.1038/s41434-
24-00460-2.

5. S. Ishida-Ishihara, R. Takada, K. Furusawa, S. Ishihara, and H. Haga,
Improvement of the Cell Viability of Hepatocytes Cultured in Three-
imensional Collagen Gels Using Pump-Free Perfusion Driven by Water
evel Difference,” Scientific Reports 12, no. 1 (2022): 20269, https://doi.org/
0.1038/s41598-022-24423-y.

6. C. M. Brown, R. B. Dalal, B. Hebert, M. A. Digman, A. R. Horwitz, and
. Gratton, “Raster Image Correlation Spectroscopy (RICS) forMeasuring
ast Protein Dynamics and Concentrations With a Commercial Laser
canning Confocal Microscope,” Journal of Microscopy 229, no. 1 (2008):
8–91, https://doi.org/10.1111/j.1365-2818.2007.01871.x.

7. M. A. Digman and E. Gratton, “Analysis of Diffusion and Binding in
ells Using the RICS Approach,”Microscopy Research and Technique 72,
o. 4 (2009): 323–332, https://doi.org/10.1002/jemt.20655.

8. M. A. Digman, P. Sengupta, P. W. Wiseman, C. M. Brown, A. R.
orwitz, and E. Gratton, “Fluctuation Correlation Spectroscopy With
Laser-Scanning Microscope: Exploiting the Hidden Time Structure,”
iophysical Journal 88, no. 5 (2005): L33–L36, https://doi.org/10.1529/
iophysj.105.061788.

9. L. Digiacomo, F. D’Autilia, W. Durso, P. M. Tentori, G. Caracciolo, and
. Cardarelli, “Dynamic Fingerprinting of Sub-Cellular Nanostructures
y Image Mean Square Displacement Analysis,” Scientific Reports 7, no. 1
2017): 14836, https://doi.org/10.1038/s41598-017-13865-4.

0. G. Ferri, L. Digiacomo, F. D’Autilia, W. Durso, G. Caracciolo, and F.
ardarelli, “Time-Lapse Confocal Imaging Datasets to Assess Structural
ndDynamic Properties of Subcellular Nanostructures,” Scientific Data 5,
o. 1 (2018): 1–8, https://doi.org/10.1038/sdata.2018.191.

1. J. Simon, L. K. Müller, M. Kokkinopoulou, et al., “Exploiting the
iomolecular Corona: Pre-Coating of Nanoparticles Enables Controlled
ellular Interactions,” Nanoscale 10, no. 22 (2018): 10731–10739, https://
oi.org/10.1039/C8NR03331E.

2. F. Pederzoli, G. Tosi, M. A. Vandelli, D. Belletti, F. Forni, and B. Ruozi,
Protein Corona and Nanoparticles: How canWe Investigate On?,”Wiley
nterdisciplinary Reviews:WIREs Nanomedicine andNanobiotechnology 9,
o. 6 (2017): 1467, https://doi.org/10.1002/wnan.1467.

3. A. A. Ashkarran, “Early Stage Soft Protein Corona Identification on
anoparticles via Extended Size Exclusion Chromatography,” Analytical
hemistry 97 (2025): 16449–16455, https://doi.org/10.1021/acs.analchem.
c02364.

4. M. Mahmoudi, M. P. Landry, A. Moore, and R. Coreas, “The Protein
orona From Nanomedicine to Environmental Science,” Nature Reviews
aterials 8, no. 7 (2023): 422–438, https://doi.org/10.1038/s41578-023-
0552-2.

5. S. Tenzer, D. Docter, J. Kuharev, et al., “Rapid Formation of Plasma
rotein Corona Critically Affects Nanoparticle Pathophysiology,” Nature
anotechnology 8, no. 10 (2013): 772–781, https://doi.org/10.1038/nnano.
013.181.

6. S. Palchetti, D. Pozzi, A. L. Capriotti, et al., “Influence of Dynamic
low Environment on Nanoparticle-Protein Corona: From Protein Pat-
6 of 16
terns to Uptake in Cancer Cells,” Colloids and Surfaces B: Biointerfaces
153 (2017): 263–271, https://doi.org/10.1016/j.colsurfb.2017.02.037.

57. E. Blanco, H. Shen, and M. Ferrari, “Principles of Nanoparticle
Design for Overcoming Biological Barriers to Drug Delivery,” Nature
Biotechnology 33, no. 9 (2015): 941–951, https://doi.org/10.1038/nbt.3330.

58. S. Omo-Lamai, M. E. Zamora, M. N. Patel, et al., “Physicochemical
Targeting of Lipid Nanoparticles to the Lungs Induces Clotting: Mech-
anisms and Solutions,” Advanced Materials 36, no. 26 (2024): 2312026,
https://doi.org/10.1002/adma.202312026.

59. L. Digiacomo, S. Palchetti, F. Giulimondi, et al., “The Biomolecular
Corona ofGoldNanoparticles in aControlledMicrofluidic Environment,”
Lab on a Chip 19, no. 15 (2019): 2557–2567, https://doi.org/10.1039/
C9LC00341J.

60. L. Digiacomo,M.A.Digman, E. Gratton, andG. Caracciolo, “Develop-
ment of an Image Mean Square Displacement (iMSD)-Based Method as a
Novel Approach to Study the Intracellular Trafficking of Nanoparticles,”
Acta Biomaterialia 42 (2016): 189–198, https://doi.org/10.1016/j.actbio.
2016.07.031.

61. L. Digiacomo, S. Renzi, A. Pirrottina, et al., “PEGylation-Dependent
Cell Uptake of Lipid Nanoparticles Revealed by Spatiotemporal Correla-
tion Spectroscopy,” ACS Pharmacology & Translational Science 7, no. 10
(2024): 3004–3010, https://doi.org/10.1021/acsptsci.4c00419.

62. C. Di Rienzo, et al., “Fast Spatiotemporal Correlation Spectroscopy
to Determine Protein Lateral Diffusion Laws in Live Cell Membranes,”
Proceedings of the National Academy of Sciences 110, no. 30 (2013):
12307–12312.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.
SupportingFile: adhm71646-sup-0001-SuppMat.docx.
Advanced Healthcare Materials, 2026

C
reative C

om
m

ons L
icense

https://doi.org/10.1039/C4BM00131A
https://doi.org/10.1021/acsnano.4c13214
https://doi.org/10.1021/acsnano.0c06679
https://doi.org/10.1038/s41434-024-00460-2
https://doi.org/10.1038/s41598-022-24423-y
https://doi.org/10.1111/j.1365-2818.2007.01871.x
https://doi.org/10.1002/jemt.20655
https://doi.org/10.1529/biophysj.105.061788
https://doi.org/10.1038/s41598-017-13865-4
https://doi.org/10.1038/sdata.2018.191
https://doi.org/10.1039/C8NR03331E
https://doi.org/10.1002/wnan.1467
https://doi.org/10.1021/acs.analchem.5c02364
https://doi.org/10.1038/s41578-023-00552-2
https://doi.org/10.1038/nnano.2013.181
https://doi.org/10.1016/j.colsurfb.2017.02.037
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1002/adma.202312026
https://doi.org/10.1039/C9LC00341J
https://doi.org/10.1016/j.actbio.2016.07.031
https://doi.org/10.1021/acsptsci.4c00419

	Plasma Gelation as an Overlooked Determinant of Transfection Efficiency in Protein Corona-Coated Lipid Nanoparticles: Implications for In Vitro-In Vivo Translation
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusion
	4 | Experimental Section
	4.1 | Preparation of Lipid-Based NPs
	4.2 | Chemical-Physical Characterization
	4.3 | Transmission Electron Microscopy
	4.4 | Scanning Electron Microscopy
	4.5 | SDS-PAGE Experiments
	4.6 | In Vitro Experiments
	4.7 | Preparation of Calcium Chloride and Sodium Citrate-Enriched Media
	4.8 | Rheological Measurements
	4.9 | Flow Cytometry
	4.10 | Raster Image Correlation Spectroscopy
	4.11 | Fluorescence Confocal Imaging
	4.12 | Image-Derived Mean Square Displacement
	4.13 | Statistical Analysis

	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	Use of Generative AI and AI-Assisted Technologies in the Writing Process
	References
	Supporting Information


