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Engineered albumin interfaces can modify the biological identity and performance of non-albumin nanoparticles
in cancer nanomedicine, but their independent contribution is often obscured by multicomponent designs. This
critical review evaluates studies in which albumin or an albumin-derived construct was deliberately positioned at
the outer interface of a non-albumin nanoparticle or drug nanocrystal before biological exposure. Architectures
included adsorbed layers, covalent or crosslinked coatings, albumin-stabilized nanocrystal interfaces, and hybrid
or modified constructs. Across 35 primary studies, albumin served mainly as a stabilizing, cargo-binding, release-
modulating, ligand-bearing, or biologically active interfacial component. Matched controls supported selected
albumin-associated changes in colloidal stability, cellular interaction, tumor drug delivery, macrophage uptake,
and secondary-corona composition. By contrast, imaging, photothermal and radiation responses, pharmacoki-
netics, biodistribution, and antitumor efficacy often depended on the nanoparticle core, payload, targeting
ligand, other surface components, or applied energy and therefore generally represent formulation-level out-
comes unless albumin was specifically isolated. Secondary-corona studies suggest that engineered albumin in-
terfaces may reshape corona composition rather than suppress protein adsorption, but the biological
consequences remain incompletely resolved. The persistence and conformational accessibility of manufactured
albumin interfaces during circulation are also poorly defined, and proposed receptor-mediated mechanisms
rarely have direct support. Corona-proteomic findings remain hypothesis-generating and have not established
clinically validated cancer detection or diagnostic performance. Future translation requires matched albumin-
free and protein-replacement controls, independent in vivo tracking of nanoparticle cores and albumin in-
terfaces, standardized secondary-corona characterization, pharmacokinetic and safety evaluation, and validation
of promising bovine serum albumin (BSA)-based systems using clinically relevant human serum albumin (HSA)
interfaces.

often linked to the uncontrolled evolution of this biological interface
[3]. In the following sections, we first define the key terminology and

1. Background

The clinical translation of cancer nanomedicines remains con-
strained by a fundamental biological event: the formation of a protein
corona. After exposure to blood or other biological fluids, nanoparticles
rapidly acquire a dynamic layer of adsorbed proteins and biomolecules
that can overwrite their synthetic surface identity and influence their
biological fate [1,2]. This corona affects complement activation,
macrophage recognition, biodistribution, cellular uptake pathways, and
therapeutic performance. Consequently, discrepancies between pre-
dicted nanoparticle behavior in vitro and observed behavior in vivo are

structural boundaries used throughout this review and then outline the
scope, study-selection criteria, and evidence framework applied to the
reviewed literature.

1.1. Terminology, structural boundaries, and in vivo corona formation
Throughout this review, protein corona, preformed albumin corona,

albumin-coated nanoparticle, fixed albumin surface layer, modified al-
bumin interface, and albumin nanoparticle refer to structurally and
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mechanistically distinct systems. A protein corona forms spontaneously
when a nanoparticle encounters blood, plasma, serum, or another bio-
logical fluid. Its composition evolves through adsorption, desorption,
displacement, protein exchange, and protein-protein interactions. More
persistent and rapidly exchanging components are commonly described
as hard and soft coronas, respectively, although these represent opera-
tional points along a continuum of affinities and residence times [4].
Corona composition depends on nanoparticle size, shape, charge, hy-
drophobicity, curvature, and surface chemistry, together with protein
abundance and affinity, exposure time, fluid composition, hydrody-
namic conditions, administration route, disease state, and tissue envi-
ronment. It may therefore change during circulation and passage
through biological compartments. Consequently, coronas generated by
static serum or plasma incubation should not automatically be assumed
to reproduce the composition, exchange behavior, or biological effects
of coronas formed in vivo [5].

An albumin-coated nanoparticle is deliberately manufactured by
positioning albumin at the surface of a pre-existing non-albumin nano-
particle or drug nanocrystal before biological exposure. The term “pre-
formed albumin corona” is reserved here for a predominantly
noncovalent, adsorption-derived albumin-rich layer. Covalently immo-
bilized or crosslinked albumin is classified as a fixed albumin surface
layer, whereas biomineralized, nanocluster-bearing, ligand-functional-
ized, denatured, cationized, polyethylene glycol (PEG)ylated, or other-
wise altered albumin constructs are classified as hybrid or modified
interfaces. These synthetically controlled interfaces differ from sponta-
neously acquired coronas in their architecture, exchange potential, and
intended functions. Following biological exposure, a preformed, fixed,
or modified albumin interface may acquire an additional mixed bio-
molecular layer. The prebound albumin may persist, reorganize, un-
dergo partial displacement, exchange with endogenous proteins, or
become masked by subsequently adsorbed proteins. The terms “acquired
corona” and “secondary corona” refer here to this post-exposure layer.
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The manufactured interface and the subsequently acquired corona
therefore represent sequential and interacting levels of nanoparticle
identity, not interchangeable concepts.

At nanoparticle interfaces, albumin may contribute to colloidal sta-
bilization, reduced opsonin-dominated recognition, drug loading,
release modulation, and tumor-associated transport [6-8]. A preformed
albumin layer has also been associated with reduced nonspecific protein
adsorption and complement activation, prolonged circulation, and
lower nanoparticle-associated toxicity in an experimental model [9].
These effects remain formulation-dependent and cannot be assumed for
every albumin-containing interface. Fig. 1 summarizes these structural
boundaries and their potential evolution after biological exposure.

1.2. Review scope and evidence framework

Although albumin nanoparticles and the broader protein-corona
phenomenon have been extensively reviewed [7,10,11], less attention
has been directed toward systems in which albumin is deliberately
engineered at the surface of a pre-existing nanoparticle and toward the
specific contribution of this interface to colloidal behavior, biological
identity, cellular interactions, targeting, controlled release, imaging,
therapy, and emerging diagnostic concepts. This review therefore fo-
cuses on albumin as an engineered interfacial component positioned on
a discrete non-albumin nanoparticle or drug-nanocrystal core before
biological exposure (Fig. 1). The analysis is restricted to human serum
albumin (HSA) and bovine serum albumin (BSA), the two albumin
sources predominantly represented in the eligible literature and sharing
substantial structural similarity. Other protein sources, including mouse
serum albumin and non-serum albumins, were excluded. Although some
experimental studies report acceptable biocompatibility or limited
immunological responses for BSA-containing formulations under the
specific conditions investigated, these findings should not be interpreted
as evidence of general immunological equivalence between BSA and
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Fig. 1. Structural classification and potential biological evolution of albumin-containing nanoparticle systems. Albumin nanoparticles, in which albumin forms the
primary matrix (A), are outside the scope of this review. The figure distinguishes unmodified nanoparticles that may acquire a spontaneous corona (B) from included
systems with preformed, noncovalently adsorbed albumin coronas (C), fixed covalent or crosslinked albumin layers (D), and hybrid or modified interfaces (E).
Engineered albumin interfaces may undergo exchange, displacement, masking, or secondary-corona formation after biological exposure.
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HSA. BSA remains predominantly a preclinical material in this context,
and no Food and Drug Administration (FDA)-approved BSA-based cancer
nanomedicine was identified at the time of this review. Because BSA is
xenogeneic to humans and differs from HSA in sequence, ligand-binding
behavior, conformational responses, and species-dependent biological
interactions, findings obtained with BSA-engineered interfaces should not
be directly extrapolated to HSA-based clinical formulations.

Candidate studies published from January 2020 through August
2026 were identified through targeted searches of PubMed, Scopus, Web
of Science, and Google Scholar, supplemented by reference tracking.
Artificial intelligence (Al)-assisted scholarly research tools, including
Scite, Consensus, Elicit, and SciSpace, were used as supplementary aids
for semantic literature discovery, citation-context checking, and cross-
checking of potentially relevant records. These tools were not used to
make autonomous eligibility decisions. Search terms covered engi-
neered albumin interfaces in cancer nanomedicine, including surface
functionalization, imaging, theranostics, controlled drug delivery, tar-
geting, biological identity, barrier transport, and corona proteomics.
Thirty-five primary studies met the predefined scope, requiring delib-
erate placement of HSA, BSA, or their modified constructs at the outer
interface of a discrete non-albumin nanoparticle or drug nanocrystal
before biological exposure, together with relevant physicochemical or
biological evidence. All records, citations, and study details identified or
summarized through Al-assisted tools were manually verified against
the original full-text publications, and final study selection and scientific
interpretation were performed by the authors. The included studies were
organized into five thematic areas: diagnostic imaging, integrated
theranostic platforms, biological identity and stealth, cancer-specific
controlled-release strategies, and secondary-corona proteomics with
potential future diagnostic relevance. An overview of study-level evi-
dence coverage across physicochemical characterization, biological
testing, corona proteomics, imaging or biodistribution, pharmacoki-
netics, and in vivo efficacy is provided in Table 1. Effects were attributed
specifically to the deliberately engineered albumin interface only when
supported by appropriate matched comparisons, particularly with
albumin-free formulations. In the absence of such controls, biological,
imaging, or therapeutic outcomes were conservatively attributed to the
complete multicomponent formulation rather than to albumin alone.
This evidence-attribution principle was applied consistently throughout
the review. The included systems were operationally classified accord-
ing to albumin source and form, interface architecture, attachment
method, conformational assessment, expected exchange potential,
intended interfacial role, and the available biological-medium and
interface-stability evidence (Table 2). Experimental context, in vivo
sample size, dose and administration route, comparator structure,
principal reported outcomes, pharmacokinetic assessment, and safety
evaluation are summarized in Table 3.

2. Diagnostic imaging platforms

Pre-engineered albumin-containing interfaces may improve diag-
nostic nanoparticle systems by enhancing colloidal stability while pre-
serving signal-generating functions. Three studies illustrate this
principle through magnetic resonance and magnetic particle imaging
(MRI and MPI), fluorescence-based cancer-cell detection, and long-term
computed tomography (CT) tracking of HSA-fixed iron oxide nano-
particles. Collectively, these examples support formulation-specific
diagnostic roles for engineered albumin interfaces, although their bio-
logical validation remains limited.

2.1. Magnetic resonance and magnetic particle imaging

Baki et al. developed BSA-coated single-core iron oxide nanoparticles
as candidate dual-modality MRI/MPI contrast agents. BSA deposition
increased the hydrodynamic diameter from 26.5 to 42 nm and shifted
the zeta potential from approximately —51 to —25 mV. The coated
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particles remained colloidally stable for one week in saline media,
whereas the uncoated particles aggregated or precipitated at higher NaCl
concentrations, indicating that the clearest contribution of BSA was
improved interfacial stabilization. The formulation exhibited high trans-
verse relaxivity (rz = 600 & 10 L-mol™!-s™! at 1.5 T) and an MPI third-
harmonic amplitude exceeding that of Resovist®. However, these imag-
ing properties were attributed primarily to the optimized single-core ar-
chitecture and particle fractionation. Indeed, BSA coating reduced the
specific third-harmonic amplitude from 33.9 to 26 A-m?-kg™" Fe, probably
because the larger hydrodynamic size restricted magnetic relaxation.
Thus, BSA mainly improved saline stability while preserving much of the
core-dependent MRI and MPI performance. A major limitation of this
study was the absence of biological evaluation. Stability was assessed
exclusively in NaCl solutions rather than serum, plasma, whole blood, or
cell-containing biological media. No cellular uptake, cytotoxicity, phar-
macokinetic, biodistribution, or in vivo imaging experiments were per-
formed. The authors explicitly identified evaluation in plasma, whole
blood, and living cells as future work [12].

2.2. Long-Term CT tracking of HSA-fixed iron oxide nanoparticles

Bychkova et al. [13] evaluated free-radical-fixed HSA-coated iron
oxide nanoparticles (IONPs) for CT imaging in a rat model of PC-1 he-
patocellular carcinoma. Following direct intraarterial administration
into the tumor vascular bed, CT-visible vascular contrast persisted for 14
days. However, this finding indicates prolonged local retention of
CT-detectable material rather than preservation of intact nanoparticles
or their HSA interface, and the regional administration model does not
demonstrate systemic tumor targeting. Because no uncoated IONP
comparator was included in vivo, the observed contrast and local
retention cannot be attributed specifically to HSA and should instead be
assigned to the complete HSA-IONP formulation. The absence of phar-
macokinetic, quantitative biodistribution, and therapeutic evaluation
further precludes classification of the platform as a demonstrated
theranostic system [13].

2.3. Fluorescence-based cancer cell detection

Wu et al. took a fundamentally different approach, constructing a
preformed adsorption-derived BSA-gold nanocluster (AuNC) layer,
described by the authors as a hard protein corona, on sulfate-modified
polystyrene (PS) nanoparticles as a dual-color fluorescence probe for
breast-cancer cell detection in vitro and xenografted tumor-tissue
detection ex vivo. The BSA-containing interface served three func-
tions: BSA acted as the template for synthesizing AuNCs, the adsorbed
BSA-AuNC layer improved the colloidal stability of the PS nanoparticles,
and the albumin component provided reactive sites for conjugating
EpCAM-targeting aptamers through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide and N-hydroxysuccinimide (EDC/NHS coupling). The
resulting construct provided dual-color imaging through green fluores-
cence from the PS core and red fluorescence from the BSA-AuNC layer.
Flow cytometry showed 92.6% positivity in EpCAM-expressing MCF-7
cells treated with PS-BSA-AuNCs-Apt, compared with 23.7% for cells
treated with the non-aptamer construct, while substantially lower pos-
itivity was observed in the investigated non-target cell lines. These
findings demonstrate aptamer-dependent selective cell association
under the investigated in vitro conditions. Ex vivo testing of frozen
xenograft sections also showed stronger green and red fluorescence in
EpCAM-positive MCF-7 tumors than in EpCAM-negative HeLa tumors
(Fig. 2). The BSA-AuNC interface reduced the aggregation observed for
bare PS nanoparticles after 30 min in 10% human serum, supporting
short-term colloidal stabilization under the tested conditions. However,
this experiment does not demonstrate prolonged stability, preservation
of aptamer accessibility, or maintained targeting after secondary-corona
formation. The authors acknowledged that additional protein adsorp-
tion in biological environments might mask the targeting groups and



H. Mohammad et al.

Table 1
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Study-level evidence coverage across physicochemical, biological, proteomic, pharmacokinetic, imaging/biodistribution, and in vivo efficacy domains.

Review Study Physicochemical
theme Study characterization
. size, shell thickness,
1 B?l;)gtl ;‘1' zeta, MRI
relaxivity/MPI
. A. .o Wu T. et al. size, fluorescence,
D‘lagm')stlc (2022) aptamer conjugation
imaging
Bychkova et al. IDILE, MERMEGlemivgd
3 (2022) shell, EMR,
peroxidase activity
size, zeta,
4 Zhang et al. biomineralization,
(2023) MRI, photothermal,
Fe** release
Petrov et al IDILiS} MERYL, IFIMTR,
5 (2025) . zeta, MRI, DOX
loading/release
B.
HIEENHIE . DLS, zeta, SEM, EDS,
and Suwannasing et FTIR. BSA
:'lllummm:f'l al. (2025) immobilization
erapeutic
platforms
TEM, DLS, zeta, MRI
Caputo et al. o
7 (2026 relaxivity, drug
) loading
Bychkova ot al DLS, EMR, coating
8 (2025) " integrity, folate and
MB loading
Carrese et al DLS, zeta, uptake,
9 (2023) ' photothermal and
photoacoustic testing
TEM, DLS, TGA, CD,
10 Gh(";g‘z?) al. CT, SPECT,
radiochemical stability
Nosrati et al. TEM.’ IDILS, 755
11 (2020) loading, release,
magnetization
Amatya of al TEM, DLS, zeta,
12 (2323) : FTIR, UV-vis,
photothermal stability
Dongsheng Li RAENL, THERL D]TS’
13 etal. (2023) zeta, FTIR, loading
’ and release
. SEM, DLS, zeta,
14 A;/lat(ozlhazhzl)et FTIR, loading and
’ folate binding
Traverso et al size, electrophoresis,
15 (2023) " fluorescence, protein
C. activity

Biological
identity /
stealth Bozzer et al.

(2024)

DLS, TEM, ELISA,
Western blotting

Serum or plasma
stability

only 0.05-0.15 M

NacCl, 2 hto 1 week

DLS after 30 min in
10% human serum or

PBS

IgG challenge and
coating-retention
tests; no serum
proteomics

water/PBS and 30
min in 10% FBS;
BSA/TfELISA

only pH 4.0-8.5
buffers and 0.15 M
NaCl

no serum or plasma
challenge

DLS in PBS and
medium with 10%
FBS for 7 days

NR; IgG
challenge/coating-
retention only

NR

PBS and mouse-

serum radiochemical

stability

NR

storage only; no
serum challenge

NR

NR

DLS after 30 min in

PBS + 50% FBS

long-term PBS plus 1

h diluted normal
human serum

Cell-based testing

no cell assay

MCEF-7, MCF-10A,
HEK-293T

NR

4T1 uptake and
therapeutic assays

A549 IC50

U87-MG MTT,
clonogenic, y-
H2AX, apoptosis,
cell cycle

MCF-7, MDA-MB-
231, spheroids,
Caco-2 barrier

model

MCF-7 and MDA-
MB-231 uptake and
PDT

HS578T and
MCF10a spheroids

B16F10 RT, PTT,
and combined
treatment

4T1 uptake,
viability, apoptosis;
HEK-293 and
hemolysis

U87-MG, A431,
B16F10 and
photothermal

testing

AGS gastric-cancer
chemo-
photothermal
assays

Ntera-2 and HFF
viability, apoptosis,
gene expression

A549, 16HBE140-,
SH-SY5Y, ARPE-
19

macrophage
uptake, NALM-6
targeting,
cytotoxicity

Corona
proteomics

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

LC-MS/MS after
pooled normal
human serum
incubation

Animal imaging or
biodistribution

NR

ex vivo tumor tissue
only

CT of tumor vascular
bed at 30 min and 14
days

tumor MRI and organ
distribution

NR

NR

NR

NR

in vitro photoacoustic
spheroid imaging
only

SPECT/CT,
autoradiography,
organ biodistribution

NR

NR

NR

NR

local ocular
distribution at 24 h
after subconjunctival
injection

zebrafish
fluorescence and
bloodstream retention

PK evaluation

NR

NR

NR

MRI-based
clearance, no
plasma PK

NR

NR

NR

NR

NR

time-point
biodistribution
only; no plasma
PK

NR

plasma ICG
signal, half-life
and AUC

NR

NR

restricted time-
point retention,
no full PK

In vivo efficacy

NR

NR

NR

4T1 mouse
efficacy

NR

NR

NR

NR

NR

B16F10 mouse
efficacy

4T1 mouse
efficacy

NR

NR

NR

NR

zebrafish tumor
suppression and
survival

(continued on next page)



H. Mohammad et al. Biomedicine & Pharmacotherapy 203 (2026) 119907

Table 1 (continued)

Kumar et al.
(2024)

Olivieri et al.
(2024)

19 Li et al. (2020)

Tan et al.
20 " 2021)

Yang et al.
(2021)

Wu Z. et al.

227 0024

Palazzolo et al.
(2024)

Leung et al.
270020

Goel et al.
(2026)

Afonso et al.

267 2004

Igbal et al.

27 022

Carrese et al.
(2021)

Mahmoud et al.

29 2004)

Zhang et al.
307 2026

31 Lietal. (2021)

(continued on next page)
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Table 1 (continued)
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Kim et al. TEM, DLS, zeta, UV-

o vis, FTIR, BSA and five-day size stability

B16F10 and

NR NR NR NR

(2021) /A reisiTeEtem in water only HUVEC assays
PC3 and LNCaP
Zareian indirect culture-  viability, migration,
33 Baghdadabad UERE Oiﬁlg_]jil:s’ IDILE: medium observation colonies, apoptosis, NR NR NR NR
et al. (2026) only cell cycle, ROS and
gene expression
Hashemi et al TEM, DLS, zeta, 4T1 viability with healthy-mouse
34 ctak. XRD, FTIR, UV-vis, NR quercetin and 4 Gy NR survival and blood NR NR
(2025) : et an
loading and release irradiation panels only
IV blood persistence
Zhao et al TEM, DLS, zeta, 4T1 viability and and organ limited blood- 4TI tumor-
35 ’ FTIR, UV-vis-NIR, NR photothermal NR biodistribution; concentration  growth study, n
(2021) . - -
photothermal heating treatment efficacy used time course =2 per group
intratumoral dosing
m Reported m Limited m Not reported: NR

No studies included in this review reported validation in cancer-patient cohorts.

alter their activity [14].

2.4. Critical comparison and gaps

Across the three diagnostic platforms, the albumin interface per-
formed non-equivalent functions: colloidal stabilization in the Baki et al.
system, formation of a stabilized protein coating in the Bychkova et al.
[13] formulation, and provision of a fluorescent and bioconjugation
scaffold in the Wu et al. platform. The corresponding evidence ranged
from physicochemical contrast-agent characterization to regionally
administered in vivo CT visualization and ligand-directed in vitro and ex
vivo detection. These different experimental levels preclude direct
comparison and do not establish a general albumin-mediated enhance-
ment of diagnostic performance. Collectively, the studies support
formulation-specific enabling roles for albumin, but not an
albumin-specific improvement in systemic tumor targeting or diagnostic
accuracy. Matched albumin-free comparisons under biologically rele-
vant conditions, systemic pharmacokinetics, secondary-corona analysis,
and prospective diagnostic validation remain unaddressed.

3. Diagnostic and/or therapeutic platforms

Building on the diagnostic imaging systems discussed above, this
section examines albumin surface-engineered platforms developed for
therapeutic or combined theranostic applications. The evidence ranges
from in vivo MRI and single-photon emission computed tomography/
computed tomography (SPECT/CT) imaging combined with therapy to
in vitro photoacoustic, photodynamic, radiosensitizing, drug-delivery,
and barrier-transport systems. Because the degree of functional inte-
gration varies substantially, platforms are described as theranostic only
when both diagnostic and therapeutic functions were experimentally
demonstrated; otherwise, the reported outcomes are classified according
to the functions directly evaluated.

3.1. Ferroptosis and photothermal therapy with dual MRI

Zhang et al. investigated a BSA-templated biomineralized interface
on FesOa nanoparticles and developed an Fes0s@BSA-TA-Fe* nanoprobe.
BSA served as a biomineralization template for coordinating tannic acid
(TA)-Fe** complexes onto the magnetite cores [15]. The BSA interface
acted as the structural scaffold for TA-Fe** complexation, whereas the

resulting biomineral layer, rather than BSA alone, preferentially adsorbed
unsaturated transferrin, including apo-transferrin, from serum. This
enrichment was proposed to facilitate transferrin-receptor (TfR)-me-
diated tumor targeting. Comparison of FesOs with Fes04@BSA supports a
coating-associated improvement in colloidal dispersion. However, trans-
ferrin enrichment was an associative observation, and its causal
involvement in TfR-mediated targeting was not tested through receptor
blocking, knockdown, or transferrin-depletion experiments. The nanop-
robe combined pH-responsive T1-weighted contrast with FesOs-dependent
T>-weighted contrast (Fig. 3). Its longitudinal relaxivity increased by
approximately 96% as the pH decreased from 7.4 to 4.5, whereas trans-
verse relaxivity remained approximately constant. The spatial mismatch
between the T+ and T- signals was interpreted as potentially reflecting
intratumoral pH heterogeneity, but quantitative pH mapping was not
directly validated. Therapeutically, 808 nm irradiation produced photo-
thermal heating, while pH-triggered Fe* release promoted intracellular
Fenton reactions associated with ferroptosis. In the syngeneic 4T1 tumor
model, the complete formulation combined with irradiation produced
tumor disappearance in 5/5 mice, with no observed recurrence during the
20-day follow-up. However, longer-term recurrence and survival were not
evaluated. Moreover, because an albumin-free but otherwise matched
Fes04-TA-Fe* construct was not tested, this outcome should be attributed
to the complete FesOs@BSA-TA-Fe** formulation and irradiation rather
than exclusively to BSA.

3.2. Magnetically targeted chemotherapy with MRI potential

Petrov et al. developed HSA-coated, oleic-acid-functionalized
magnetite nanoparticles (MNP_OA_HSA) for doxorubicin (DOX) delivery
with MRI-related relaxometric potential. HSA coating increased the
measured DOX loading from 650 to 725 pug/mg of nanoparticle. The
authors attributed this increase to additional DOX-binding sites pro-
vided by HSA, superimposed on interactions with the hydrophobic OA-
containing surface. However, this mechanistic interpretation was not
tested through site-blocking or quantitative binding studies [16].

MNP_OA _HSA released approximately 68-70% of DOX at pH 4.5,
compared with approximately 44-45% at pH 7.4 after 120 min. The
Tween 20-containing MNP_OA_ TW20 HSA formulation showed still
greater release under acidic conditions, indicating that release depended
on the complete interfacial composition rather than HSA alone.
Although the release data were fitted to the Korsmeyer-Peppas model
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Table 2
Mechanistic classification of albumin surface and interface systems included in this review.
Study, nanosystem, Albumin Interface class Attachment or Albumin Exchange Intended Biological-
and reported size source and and immobilization conformational evidence and interfacial role medium and
form architecture assessment inferred interface-
potential stability
evidence
Baki et al., 2021 BSA I-A: preformed, 10 mg/mL BSA, pH Not assessed after Not measured; Colloidal Stable in

FesOs MNPs, 42 nm adsorption- approximately 8.5, coating; the effect of ~ moderate to stabilization; MRI/ 0.05-0.15 M NaCl
derived BSA 60°C for 12 h, the 60°C treatment high exchange MPI compatibility for 2 h to 1 week.
layer followed by was not determined inferred from No serum, plasma,

magnetic noncovalent whole-blood, or
purification and attachment direct BSA-
washing; no retention test
coupling reagent

Wu T. et al., 2022 BSA-AuNC I-B: hybrid BSA- BSA-AuNCs Not assessed after Not measured; Colloidal DLS after 30 min

sulfate-PS/BSA- composite AuNC hard physically adsorbed  alkaline AuNC moderate stabilization; dual in PBS or 10%

AuNC/Apt, 140.1 nm adsorption layer to sulfate-PS for synthesis; native exchange fluorescence; human serum. No
bearing aptamer 15 min. EDC/NHS BSA folding cannot inferred despite aptamer display direct tracing of

coupled the be assumed the hard, the original BSA-
aptamer to BSA, not multivalent AuNC layer or
BSA to PS layer long-term biofluid
test
Zhang et al., 2023 BSA I-B: adsorbed BSA adsorbed Not assessed after Not measured; Stabilization; Stability reported

FesOs@BSA-TA-Fe>*, BSA noncovalently to adsorption and moderate biomineralization; in water and PBS.

64.8 nm mineralization carboxylated FesO4;  mineralization exchange transferrin After 30 min in
template with an free BSA was inferred. recruitment; MRI, 10% FBS, BSA and
acquired removed before TA- Mineralization PTT, and ferroptosis transferrin were
transferrin-rich Fe>* mineralization may constrain measured by
corona BSA, while the ELISA, but coating

acquired outer BSA could not be

corona remains distinguished

dynamic from serum BSA
Petrov et al., 2025 HSA I-A: preformed, Overnight FTIR confirmed Not measured; Colloidal DLS in pH 4.0-8.5

OA/OA-Tween20- adsorption- adsorption at 25°C amide bands, but moderate to stabilization; DOX buffers and

Fes04, 176 nm derived HSA onto OA-containing  secondary and high exchange binding and release; 0.15 M NaCl. No
layer MNPs, followed by tertiary structure inferred. Acidic MRI relaxometry serum, plasma, or

magnetic were not resolved rearrangement direct HSA-
separation and or partial retention assay
washing; no desorption was
covalent coupling proposed

Suwannasing et al., BSA 1I: EDC/NHS- EDC/NHS/BSA AmideIandIIbands  Not measured; Dispersion and Single DLS

2025 assisted fixed reacted with CuO confirmed BSA low exchange if biocompatibility; comparison in

BSA@CuO, BSA layer, as for 24 h. Formation  presence, but native covalent radiosensitization PBS. No

approximately assigned by the of a covalent amide  folding was not coupling longitudinal,

300 nm authors; bond on bare CuO established occurred, serum, plasma, or
covalency was not otherwise direct interface-
uncertain independently uncertain retention

demonstrated assessment
Traverso et al., 2023 HSA; outer II: crosslinked, QDs were sonicated Inner HSA was Not measured; Passivation; native- DLS size was

HSA/hTf-CdSe/ZnS HSA or hTf denatured HSA with HSA and denatured and low exchange protein presentation;  unchanged after

QDs, 17-21 nm multilayer with glutaraldehyde and crosslinked. The inferred from drug carriage exposure to 50%
an outer native- heated to 60°C; the outer layer was crosslinking FBS under the
like HSA or hTf activated considered native- tested conditions.
layer multilayer was then  like from DLS did not assess

decorated with HSA  electrophoretic protein exchange,
or hTf behavior but was displacement, or
not quantitatively secondary-corona
resolved composition
Bozzer et al., 2024 HSA 1I: covalently EDC/sulfo-NHS ELISA and Western Not measured; Acquired-corona Particle size was

HSA-PLGA-PVA NPs, fixed HSA layer coupling between blot confirmed HSA low exchange remodeling; reduced =~ monitored for up

348.7 nm beneath an PLGA surface presence; folding, inferred from phagocytosis; to 10 months at
acquired human- carboxyl groups orientation, and covalent targeting and drug 4°C; the acquired
serum corona and HSA amines receptor coupling delivery corona was

accessibility were profiled after 1 h
not assessed in 10% human
serum. Prebound
HSA was not
separately traced
Kumar et al., 2024 BSA, DC-field 1-B: DC-field- A BSA monolayer Minimal Not measured; Interface Immediate DLS

BSA-citrate-AuNPs, treated modified, formed at 15 pM; perturbation at 5V, moderate to modulation; and zeta-potential

32.9-43.5 nm noncovalent BSA  0-30 V DC was increasing above high exchange curcumin binding characterization
interface applied for 3 min 5 V; marked inferred from only. No time-

while free BSA aggregation at 30 V the noncovalent course, serum,

remained, inducing
additional

multilayer

plasma, or direct
BSA-retention test

(continued on next page)
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adsorption; no
coupling reagent
Leung et al., 2021 Cationized, I-B: modified BSA was cationized,  Deliberately Not measured; Deaggregation and DLS in several
RGD-dcBSA-PEG reduced, protein-polymer PEGylated, reduced  reduced and moderate stabilization; PEG media, including
nanodiamonds, denatured interface on and denatured, denatured; native exchange and RGD scaffold; DMEM with 10%
73.3 nm BSA; carboxylated then adsorbed albumin structure inferred from barrier-model FBS; incubation
PEGylated nanodiamonds overnight; no and receptor multivalent, transport; imaging duration was not
and RGD- nanoparticle- functions cannot be noncovalent reported. No
modified protein coupling assumed adsorption dcBSA exchange
reagent or recovered-layer
assay
Li et al., 2020 BSA I-A: preformed, BSA was incubated Not assessed Not measured; Charge reversal; Particle size
BSA/HAP/DOX, adsorption- with amine- moderate to serum stabilization; remained stable in
68.4 nm derived BSA functionalized high exchange hemocompatibility; 20% FBS at 37°C
layer HAP/DOX for 1 h at inferred from DOX delivery for 48 h. BSA
room temperature; noncovalent retention and
no coupling reagent adsorption exchange were
not measured
Tan et al., 2021 BSA I-A: adsorbed BSA was stirred The tryptophan Not measured; Serum shielding; Size and PDI were
BSA-CS-DOX NPs, BSA layer on with CS-DOX microenvironment moderate to targeting; sustained monitored for 1
105.2 nm chondroitin- nanoparticles for was altered; global high exchange DOX release week;
sulfate- 1 h; attachment secondary and inferred from approximately
containing was attributed to tertiary structure noncovalent CS- 90%
nanoparticles CS-protein affinity were not resolved BSA interactions transmittance was
and electrostatic retained in 50%
interactions FBS for 72 h. BSA
retention was not
measured
Yang et al., 2021 BSA-cRGD I-B: ligand- cRGD was Not assessed after Direct short- Serum shielding; DLS after serum
Be-coated TsR/siRNA (Bc) functionalized, covalently linked to ~ BS3 conjugationand  term evidence: cRGD targeting; dilution and
NPs, 228.4 nm preformed Be BSA using BS3; Bc adsorption; SDS- Bc remained siRNA protection; siRNA protection
adsorption layer was then PAGE demonstrated  after 30 min in acid-detachable in 50% FBS for
electrostatically mass change, not 10% FBS but interface 24 h. SDS-PAGE
adsorbed to TsR/ folding detached and BCA
siRNA substantially at supported short-
nanoparticles pH 4.0-4.7; term Bc retention
longer kinetics and acidic
were not detachment
measured
Wu Z. et al.,, 2024 BSA-cRGD I-B: ligand- BcR was Not assessed after Direct short- Serum shielding; DLS and siRNA
BcR-coated CsR/ (BcR); BSA functionalized electrostatically cRGD conjugation term evidence: cRGD targeting; protection in 10%
siRNA NPs, 172.2 nm supplier not BcR layer adsorbed to CsR/ and adsorption FITC-BcR acquired-corona serum for up to
reported beneath an siRNA remained after modulation; siVEGF 4 h; FITC-BcR
acquired tumor- nanoparticles; 1 hin 10% delivery retention at 1 h.
serum corona cRGD was serum or FBS, Proteomics used
covalently linked to indicating ex vivo serum
BSA incomplete incubation, not
displacement; particles
longer kinetics recovered after
were not administration
measured
Palazzolo et al., 2024 HSA III: HSA- HSA was added to Not assessed Not measured; Nanocrystal MAGL23 was
HSA-MAGL23/F127 stabilized drug- F127-stabilized moderate to stabilization; measured after
nanocrystals, nanocrystal nanocrystals for high exchange increased aqueous incubation in 50%
395.4 nm interface 24 h, followed by inferred from drug content; FBS for up to
washing; noncovalent prolonged release 168 h and in
noncovalent surface and delivery microsomes for
adsorption or association 40-60 min.
surfactant Particle integrity
exchange and HSA-layer
retention were not
measured
Goel et al., 2026 BSA I-B: hybrid BSA was adsorbed Not assessed; FTIR Not measured; Stabilization and DLS was
CoFe204@BSA@Ag, adsorption- to CoFe204 for and UV-vis moderate to silver-deposition performed only in
176.2 nm derived BSA/ 24 hin PBS through  supported high exchange scaffold; anticancer water. The final
silver interface reported association but did inferred from functionality composite had
on a non- electrostatic and not establish noncovalent PDI 0.434 and
albumin hydrophobic preservation of BSA adsorption partial
magnetic core interactions, folding aggregation;
followed by serum stability,

washing; AgNO3
was then added

BSA retention,
and exchange

(continued on next page)
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overnight to were not
deposit silver on the measured
BSA-containing
interface
Afonso et al., 2024 BSA- BSA I-A: noncovalent BSA (0.08%) was Not assessed Not measured; Surface modulation; Both formulations
TMZ-WRAP5/p53, BSA layer on a added 25 min after moderate to TMZ-p53 co- protected pDNA
182.3 nm peptide-DNA core formation; no high exchange delivery; for 4 h in medium
core coupling reagent inferred hemocompatibility with FBS. Particle
stability, BSA
retention,
exchange, and
corona
composition were
not measured
Igbal et al., 2022 BSA I-A: preformed PLGA-lapatinib Not assessed Not measured; Colloidal Size monitored for
BSA-coated PLGA- noncovalent BSA emulsion was moderate to stabilization, pH- 96 h in water,
lapatinib, 155 nm by outer coating on transferred into 5% high exchange responsive release, PBS, DMEM,
DLS a PLGA-lapatinib BSA, sonicated, inferred from tumor delivery saline, and
core stirred, centrifuged, noncovalent glucose at 4°C. No
washed, and coating serum, plasma, or
lyophilized direct BSA-
retention assay
Carrese et al., 2021 Recombinant I-B: hybrid HSA- HSA was described Tryptophan Not measured; DOX binding, pH- No serum, plasma,
MelaSil Ag- HSA functionalized as bonded using a quenching exchange responsive release, whole-blood,
HSA@DOX, 407 nm interface on previously reported  suggested retained potential cannot  cell interaction, secondary-
silica-melanin- functionalization DOX-binding-site be determined chemo-photothermal corona, or direct
silver protocol; the accessibility, not from the therapy HSA-retention
nanoparticles detailed linkage global native reported data study
with HSA-bound procedure was not conformation
DOX restated
Mahmoud et al., 2024 BSA I-A: adsorption- 4 mg BSA was Not assessed; shape- Not measured; Colloidal No serum, plasma,
GNR-BSA, 128 nm; derived BSA mixed with 1 mL of  dependent moderate to stabilization and whole-blood,
GNS-BSA, 74.4 nm layer on MPS- 2 nM particles for conformational high exchange modulation of secondary-
gold nanorods or 4 h below pH 5, change was inferred from cancer-cell corona, or direct
citrate-gold followed by discussed but not electrostatic and  interaction BSA-retention
nanospheres centrifugation measured hydrophobic study
association
Zhang et al., 2026 BSA Boundary Pt precursor was Not assessed after Not measured; Pt stabilization and Pt@BSA-RM size
Pt@BSA, 8.6 nm; hybrid: BSA shell reacted in 8 mg/mL  heating or BSA radiosensitizer and zeta were
Pt@BSA-RM, is exposed on BSA at 80°C for membrane cloaking accessibility and construction; the monitored in 10%
112.4 nm Pt@BSA but 24 h and dialyzed; retention outer membrane FBS and other
buried beneath Pt@BSA was then beneath the dominates Pt@BSA- media for 72 h.
the red-blood- extruded with membrane were RM biological DLS does not
cell membrane in  erythrocyte not tested identity establish BSA
Pt@BSA-RM membrane accessibility or
secondary-corona
resistance
Bychkova et al., 2022 HSA II: free-radical- HSA was Not directly Retention CT tracking and Coating stability
HSA-IONPs, fixed HSA layer immobilized during  assessed; EMR and assessed potential magnetic assessed by DLS,
approximately 35 nm on iron oxide free-radical IgG challenge indirectly; or catalytic EMR, magnetic
by DLS generation at the supported coating exchange in functionality separation, and
IONP surface; retention blood was not 1gG challenge. No
excess protein was measured plasma
magnetically proteomics or in
removed vivo HSA tracing
Caputo et al., 2026 BSA; HSA 1-A/I-B: adsorbed 2-5 mg/mL BSA Not assessed Additional MRI contrast, Stable in PBS and
ZnFe204@BSA-cisPt, tested during BSA shell was stirred with serum cisplatin loading, storage; size
183.4 nm by DLS method carrying cisplatin ~ MNPs for 24 h at adsorption was fluorescence increased in 10%
development or fluorophore 4°C, then washed supported by tracking, barrier FBS medium over
on zinc ferrite and size-exclusion DLS and transport 7 days, showing
purified electrophoresis additional protein
adsorption
Bychkova et al., 2025 HSA modified I-B: folate- HSA coating was Not directly Coating Folate targeting, PDT  EMR, IgG
FA-HSA@IONPs with with folate modified HSA formed by the assessed integrity and delivery, magnetic challenge, and
methylene blue coating on iron established free- desorption and catalytic desorption tests;
oxide with radical method; assessed potential no plasma or
noncovalently folate was coupled indirectly; secondary-corona
bound to surface HSA and biological-fluid analysis
photosensitizer MB was adsorbed exchange not

measured

(continued on next page)
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Carrese et al., 2023 Recombinant I-B: HSA- HSA Not assessed Not measured Photoacoustic signal,  No serum, plasma,

MelaSil_Ag- HSA functionalized functionalization DOX delivery, secondary-

HSA@DOX silica-melanin- followed the photothermal corona, or direct
silver interface previously reported treatment HSA-retention
with HSA-bound protocol; detailed study
DOX coupling chemistry

was not restated
Ghosh et al., 2025 HSA 1-B: HSA-coated Rhenium precursor CD showed reduced Not measured SPECT/CT, Radiochemical

[188Re]ReOx-HSA, rhenium-oxide was reduced with alpha-helical directly radiotherapy, stability in PBS

4-6 nm core core with NaBH4 in HSA- content after photothermal and mouse serum;
intrinsic containing aqueous coating therapy no direct HSA-
radionuclide medium retention or
labeling secondary-corona

analysis
Nosrati et al., 2020 BSA bearing I-B: adsorbed EDC/NHS coupled Not assessed Not measured Drug delivery, No serum, plasma,

Fe304-Au-BSA-MTX- covalently BSA-drug MTX to BSA; BSA- radiosensitization, secondary-

CUR attached MTX interface on an MTX and curcumin magnetic potential corona, or direct
Fe304-Au were then BSA-retention
heterodimer assembled onto study

Fe304-Au and
washed
Amatya et al., 2023 BSA I-B: BSA- Cu2 + was Not assessed Not measured Colloidal Five-day storage

BSA-CuNPs, 93.5 nm stabilized complexed with stabilization and and photothermal

by DLS multidomain BSA at pH 9 and photothermal stability only; no
copper core reduced with treatment serum or direct

NaBH4, followed coating-retention
by centrifugal test
purification

Dongsheng Li et al., Albumin, 1-B: albumin- EDC/NHS Not assessed Not measured Chemo- No serum, plasma,

2023 species not functionalized treatment preceded photothermal secondary-

A-PFH/C-magnetite reported magnetite 24 h albumin treatment and corona, or direct
carrying cisplatin ~ coupling; cisplatin oxygen-carrier albumin-retention
and and PFH were function study
perfluorohexane subsequently

loaded
Ayatollahi et al., 2022 BSA I-B/II: BSA was adsorbed Not assessed Not measured Drug solubilization No serum, plasma,

ZnO-BSA-DG-FA glutaraldehyde- to ZnO, diosgenin and folate-associated ~ secondary-
stabilized BSA was incorporated, cell targeting corona, or direct
interface on ZnO glutaraldehyde was BSA-retention
bearing added, and folate study
diosgenin and was coupled by
folate EDC/NHS

Li et al., 2021 BLDH/ BSA plus 1-B: adsorbed LDH/5FU was Not assessed Not measured; Colloidal DLS in PBS and
5FU-ABX, 168.3 albumin- composite added to 6 mg/mL exchange cannot  stabilization and culture medium;

+ 2.0 nm bound albumin BSA and stirred for be separated dual-drug delivery no direct albumin-

paclitaxel interface on 5FU- 30 min; Abraxane between BSA retention, serum-
loaded Mg2Al was then and the proteomic, or
LDH incorporated by Abraxane- secondary-corona
adsorption derived albumin analysis
component
Kim et al., 2021 BSA- BSA I-B: BSA-capped Silver nitrate was FTIR supported Not measured Colloidal Size monitored for
silver NPs, 121.2 silver core reduced with protein association; stabilization and five days in water;
+ 43 nm by DLS NaBH4 in BSA conformation not silver-mediated no serum, plasma,
solution; unbound assessed photothermal or coating-
BSA was removed treatment retention study
by centrifugal
filtration
Zareian Baghdadabad BSA 1-B: BSA- 5% BSA and AgNPs  Not assessed Not measured Enhanced cellular No quantitative
et al., 2026 AgNPs- containing were emulsified anticancer activity serum or plasma

Alb, 76.70 £+ 30.9 nm interface around with PBS, stability; absence

by DLS PVP-stabilized dichloromethane, of visible culture-
silver ethanol, sonication, medium
nanoparticles and solvent precipitation was

evaporation reported
indirectly
Hashemi et al., 2025 BSA I-A: 50 mg MnFe204 Not assessed Not measured; Quercetin loading No serum, plasma,

MnFe204@BSA- noncovalently was incubated with noncovalent and pH-dependent secondary-

quercetin, 98.13 adsorbed BSA 250 mg BSA for exchange release corona, or direct

+ 0.78 nm by DLS layer on 12 h and dialyzed remains possible BSA-retention
manganese- for 48 h before study

ferrite cores

quercetin loading

(continued on next page)
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Olivieri et al., 2024 BSA-  Native BSA 1-A/I-B: 3 nM silica NPs Spectroscopic and Direct retention Glycocalyx- Complete-
coated fluorescent and adsorption- were incubated computational was not dependent cellular medium uptake
silica NPs, 61 + 1 nm chemically derived native or with 10 mg/mL analyses assessed measured; uptake and was assessed, but
for native BSA and cationized or charge-modified BSA variant in PBS BSA-variant uptake was paclitaxel delivery no flow, whole-

102 + 14 nm for

anionized BSA

BSA interface on

for 24 h at 4 °C,

cationic BSA by DLS a silica core then centrifuged
and washed
Zhao et al., 2021 BSA I-A/1-B: BSA AuNR@CTAB was

AuNR@BSA, larger
DLS mode 89.24
+ 42.24 nm

layer replacing

or overcoating a
CTAB-rich gold-
nanorod surface

mixed with 10 mg/
mL BSA, sonicated,
centrifuged,
transferred to

5 mg/mL BSA at pH
11-12 for at least
18 h, and washed

interactions;
preservation of
native folding on
particles was not
fully established
Not assessed; FTIR

tested in 10%
FBS, and an FBS-
derived corona
was profiled
contextually
Not measured

Reduced precursor-

blood, in vivo, or
direct coating-
retention study
was reported

No serum, plasma,

supported BSA associated secondary-
association, but cytotoxicity and NIR-  corona, or direct
residual CTAB was II photothermal BSA-retention
not quantified treatment study was
reported

Note: Interfacial architecture was operationally classified as follows: I-A, simple preformed noncovalent albumin adsorption layer; I-B, modified or hybrid adsorption-
derived albumin interface; II, fixed albumin layer formed by reported covalent immobilization or chemical crosslinking; and III, albumin-stabilized drug-nanocrystal
interface. These review-specific categories do not represent standardized nomenclature. Expected dynamic exchange was inferred from the reported interfacial ar-
chitecture unless albumin retention, displacement, or exchange was directly measured.

with high reported goodness of fit, the unusually low release exponents
for MNP_OA HSA (n = 0.09-0.10) and the absence of independent
mechanistic validation limit their interpretation as definitive evidence
of Fickian diffusion.

The rz/r1 ratio of 15.5 at 1.88 T indicated a relaxometric profile
consistent with T>-weighted behavior. However, comparison with the re-
ported Resovist® ratio at 1.5 T cannot establish superior performance
because the measurements were obtained at different magnetic-field
strengths. Moreover, the absolute r> of MNP_OA HSA was 5.58 mM™-s,
compared with the reported value of 61.0 mM-s™! for Resovist®. Because
no MRI experiments were performed, the study demonstrates MRI-related
relaxometric potential rather than effective imaging performance.

The half-maximal inhibitory concentration (ICso) against A549 lung
adenocarcinoma cells was comparable to that of free DOX (0.7 versus
0.8 ug DOX/mL), providing no evidence of enhanced in vitro cytotoxic
potency. No animal imaging, pharmacokinetic, biodistribution, efficacy,
or other in vivo experiments were conducted.

3.3. Albumin-mediated radiosensitization

Suwannasing et al. addressed glioblastoma radiosensitization using
BSA-coated CuO nanoparticles (BSA@CuO-NPs). The particles were
prepared using EDC/NHS-mediated carbodiimide chemistry, although
the authors indicated that both covalent and non-covalent interactions
might contribute to stabilization of the BSA interface. The BSA coating
substantially reduced the extensive aggregation observed for bare CuO
nanoparticles in phosphate-buffered saline (PBS), supporting a coating-
associated improvement in colloidal dispersion [17]. Cu?*/Cu* redox
cycling, oxidative stress, and nanoparticle-mediated enhancement of
radiation interactions were proposed as possible contributors to radio-
sensitization under 6 MV photon irradiation at 2 Gy. However, reactive
oxygen species (ROS) generation, mitochondrial dysfunction, and the
underlying radiation-interaction mechanisms were not directly
measured. Clonogenic analysis demonstrated an enhanced radiation
response, with the surviving fraction decreasing to 0.40 + 0.06 for
BSA@CuO-NPs combined with irradiation, compared with 0.58 + 0.16
for radiation alone. The combination also increased phosphorylated
histone y-H2AX positivity from 46.5% after radiation alone to 81.4%,
accompanied by increased apoptosis and G2/M-phase accumulation.
These findings support increased radiation-associated DNA damage and
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reduced clonogenic survival, although they do not independently
establish the proposed redox or physical mechanisms.

However, these data were obtained exclusively in U87-MG cells in
vitro, with no in vivo validation or assessment of blood-brain barrier
(BBB) transport, brain delivery, pharmacokinetics, or biodistribution.
No non-malignant glial or neural cells were included, preventing eval-
uation of tumor selectivity and neural safety. Furthermore, the biolog-
ical experiments lacked a matched bare-CuO nanoparticle group. The
study therefore demonstrates radiosensitization by the complete
BSA@CuO formulation but does not establish whether BSA indepen-
dently enhanced radiosensitization relative to uncoated CuO
nanoparticles.

3.4. MRI, drug delivery, and barrier-model evaluation

Caputo et al. noncovalently coated initially ethanol-dispersible zinc
ferrite cores with an estimated 5.6 BSA molecules per particle, producing
the aqueous MNP@BSA formulation [18]. Transmission electron micro-
scopy (TEM) visualized a lower-contrast protein shell surrounding the
inorganic cores, with a reported dry-shell thickness of 1.6 + 0.3 nm
(Fig. 4A). The directly demonstrated contributions of BSA were conversion
of the inorganic cores into a water-dispersible platform and provision of an
interfacial shell for cisplatin loading and fluorophore conjugation. Particle
size remained essentially unchanged in PBS for one week, and the dis-
persions remained stable during two months of storage at 4 °C. In 10% fetal
bovine serum (FBS), however, the hydrodynamic size increased progres-
sively over seven days without visible precipitation. This indicates main-
tained dispersion despite continued serum-protein adsorption, rather than
complete resistance to secondary-corona formation. BSA coating reduced
saturation magnetization and therefore did not improve the intrinsic
magnetic properties of the zinc ferrite core. Nevertheless, MNP@BSA
retained measurable MR contrast in agarose at 1 T, with an r2/r+ ratio of
16.2, supporting a relaxometric profile consistent with T>-weighted imag-
ing. Albumin therefore added aqueous dispersibility and carrier and
conjugation functions while preserving the core-derived imaging potential.
MNP@BSA-cisPt entered MCF-7 spheroids and produced greater loss of
viability than free cisplatin or unloaded MNP@BSA. However, this remains
an outcome of the complete formulation because no albumin-free, cispla-
tin-loaded comparator was tested. Rhodamine-labelled MNP@BSA also
showed transport across a Caco-2 monolayer, with an apparent
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Table 3

Experimental context, in vivo sample size, dose and administration route, comparator structure, and principal reported outcomes of the included studies. N/A, not applicable because no in vivo administration was
performed; NR, not reported in the primary publication or accessible supplementary information.

Study and Application and In vivo sample size, dose, Payload or modality ~ Albumin-relevant Principal reported Pharmacokinetic Safety or toxicity
formulation experimental model and administration route comparator or control outcome assessment assessment
Baki et al., 2021 Enabling MRI/MPI Sample size: N/A; dose: N/A; MRI/MPI contrast;no ~ Matched physicochemical BSA-coated MNPs showedr.  Not evaluated Not evaluated

BSA-coated FesOa
MNPs

Wu T. et al., 2022
PS-BSA-AuNC-Apt
probe

Zhang et al., 2023
FesOs@BSA-TA-Fe?’

Petrov et al., 2025
HSA-coated OA/OA-
Tween20 FesO4
MNPs

Suwannasing et al.,
2025
BSA@CuO
nanoparticles

Traverso et al., 2023
HSA/hTf-decorated
CdSe/ZnS QDs

Bozzer et al., 2024
HSA-PLGA-PVA
nanoparticles

Kumar et al., 2024
DC-field-engineered
BSA-AuNPs

Leung et al., 2021
RGD-dcBSA-PEG
nanodiamonds

study; no cancer cells
or animals

Breast cancer: MCF-7
cells and ex vivo
xenograft tumor
sections

4T1 breast cancer cells
and tumor-bearing
BALB/c mice; 20-day
follow-up

Lung adenocarcinoma:
A549 cells; in vitro
only

Glioblastoma: U87-
MG cells with 2-Gy
irradiation; in vitro
only

A549 cancer cells,
non-neoplastic
16HBE14o0- cells, and
local murine retinal
uptake; no tumor
model

B-cell acute
lymphoblastic
leukemia: NALM-6
cells and human-
zebrafish xenografts

Biophysical and
hemolysis study; no
cancer cells or animals

U-87 MG cells, an in
vitro endothelial
barrier model, and U-
87 MG xenograft mice

route: N/A (no in vivo study).

Sample size: NR; dose: N/A;
route: N/A (ex vivo tumor
sections only).

Sample size: n = 5/group (25

mice total); dose: 10 mg Fe®*/
kg; route: intravenous, single

administration.

Sample size: N/A; dose: N/A;
route: N/A (in vitro only).

Sample size: N/A; dose: N/A;
route: N/A (in vitro only;
BSA@CuO at ICzo with a single
2-Gy irradiation exposure).

Sample size: n = 3/group (12
mice total); dose: 10 uL
containing 100 pM each of
HSA-QDs and hTf-QDs; route:
subconjunctival, single
administration.

Sample size: saline n = 26,
free DOX n = 37, and doxo-t-
NP n = 36; dose: 4.6 nL
containing 1 uM free or
encapsulated DOX; route:
injection into the duct of
Cuvier.

Sample size: N/A; dose: N/A;
route: N/A (no in vivo study).

Sample size: dcBSA-PEG-ND
n = 4, RGD-dcBSA-PEG-ND
n = 4, and PBS n = 3; dose:
8.75 mg/kg; route: tail-vein

therapeutic payload

Dual fluorescence
and EpCAM aptamer

TA-Fe**, MRI, PTT,
and ferroptosis

DOX delivery and
MRI relaxometry

X-ray
radiosensitization; no
drug payload

Digitoxin delivery
and QD fluorescence

DOX delivery and
anti-CD19 targeting

Curcumin-binding
study

Cy7 fluorescence
imaging; no
therapeutic payload

control: uncoated Fes0s MNPs.
Resovist benchmark; no
alternative-protein control

No albumin-specific control.
Aptamer-free comparisons
isolated the aptamer
contribution, not BSA

Partial control: FesOs@BSA and
treatment controls were
included; no albumin-free TA-
Fe3* analog or TfR-blocking
control

Matched control: OA or OA-
Tween20 MNPs with and
without HSA; free DOX
comparison

Bare CuO served as a
physicochemical comparator;
biological radiosensitization
lacked a matched bare-CuO
group

Partial control: outer HSA
versus hTf identified an outer-
protein effect; no albumin-free
QD control

Matched in vitro control: NP
versus NP-HSA. Targeted and
untargeted HSA-NPs were
tested in zebrafish, but no
uncoated in vivo circulation
comparator was included

Matched biophysical controls:
citrate-AuNP versus BSA-AuNP
and a 0-30 V series; no
biological albumin-specific
control

No albumin-specific control.
RGD versus non-RGD dcBSA-
PEG nanodiamonds isolated the
RGD contribution, not dcBSA

=600 L-mol-s7?,
approximately sixfold
Resovist, with improved salt
stability

The complete probe
achieved 92.6% MCEF-7
detection and specific
staining of xenograft tumor
sections

The complete formulation
plus 808-nm irradiation
eliminated tumors in 5/5
mice without recurrence
during 20 days

The final formulations
provided up to 725 ug DOX/
mg NP, pH-dependent
release, and an A549 ICso of
0.7 pg/mL

BSA@CuO plus 2 Gy
produced a surviving
fraction of 0.40 and 81.4%
y-H2AX-positive cells

At 37 °C, hTf-QD uptake
exceeded HSA-QD uptake
by 8.2 particles per A549
cell; digitoxin-loaded QDs
selectively reduced A549
cell number

NP-HSA altered the
secondary corona and
reduced macrophage uptake
from approximately
35-20%; targeted DOX
nanoparticles reduced
tumor burden and improved
zebrafish survival

DC exposure altered BSA-
AuNP size and charge. The
reported 2.5-fold Kapp
increase at 5 V applied to
free BSA-curcumin, not
BSA-AuNP-curcumin

The complete system
showed 53.5 + 2.1%
apparent transport across
the in vitro barrier model
and brain-tumor-associated

Not evaluated

Limited: serial MRI
assessed tumor
accumulation and
qualitative
biodistribution or
clearance; no plasma
concentration-time PK
Not evaluated

Not evaluated

Limited: local retinal
distribution after
subconjunctival
injection; no systemic PK

Limited: fluorescence
biodistribution in
healthy and tumor-
bearing zebrafish at
24 h; no plasma PK

Not evaluated

Limited: fluorescence
biodistribution in
xenograft mice; no
plasma concentration-
time PK

Not evaluated

In vitro cytotoxicity, body
weight, major-organ
histology, hematology, and
blood biochemistry were
assessed at the tested dose

A549 viability was tested for
blank and DOX-loaded
carriers; no normal-cell,
hemocompatibility, or in vivo
safety assessment

U87-MG viability, apoptosis,
and cell-cycle effects were
assessed; no normal-cell,
hemocompatibility, or in vivo
safety study

A549 and 16HBE14o0-
cytotoxicity were assessed;
blank particles showed low
toxicity, but cadmium release
remained a concern; no
systemic safety study

RBC lysis, coagulation,
complement, primary
immune-cell interactions, and
zebrafish survival were
assessed; no mammalian
systemic study

Hemolysis only; no cellular or
animal safety assessment

Viability was tested in three
cell lines up to 1000 ug/mL;
liver, kidney, and spleen
histology showed no
pathology under the tested

(continued on next page)
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Table 3 (continued)

Study and Application and In vivo sample size, dose, Payload or modality =~ Albumin-relevant Principal reported Pharmacokinetic Safety or toxicity
formulation experimental model and administration route comparator or control outcome assessment assessment
injection, single fluorescence in mice; intact conditions; no long-term
administration. in vivo BBB crossing was not safety panel
directly established
Li et al., 2020 Non-small-cell lung Sample size: n = 6/group; DOX delivery Matched control: HAP/DOX The complete formulation Formal: blood- Hemolysis was 1.12% at
BSA/HAP/DOX cancer: A549 cells and  dose: 5 mg DOX/kg every 2 versus BSA/HAP/DOX; free- showed an approximately 6-  persistence analysis and 1 mg/mL; A549 viability and
nanoparticles A549 xenograft mice days for 2 weeks; route: BSA competition and free-DOX  h blood half-life versus ex vivo organ or tumor mouse body weight were
intravenous. controls approximately 15 min for biodistribution at 12 h assessed; no comprehensive
free DOX and a final tumor organ pathology or clinical-
volume of 323 + 52 mm? chemistry panel
Tan et al., 2021 Breast cancer: 4T1 Sample size: efficacy n = 8/ DOX delivery Matched control: BSA-coated 82.8% tumor-volume Limited: organ and 4T1 cytotoxicity, body

BSA-CS-DOX
nanoparticles

Yang et al., 2021
Bc-coated TsR/
siVEGF
nanoparticles

Wu Z. et al., 2024
BcR-coated CsR/
siVEGF
nanoparticles

Palazzolo et al., 2024

HSA-MAGL23/F127

nanocrystals

Goel et al., 2026
CoFe,04@BSA@Ag

Afonso et al., 2024
BSA-coated TMZ-
WRAP5/p53
nanocomplexes

cells and orthotopic
4T1 tumor-bearing
mice

Hepatocellular
carcinoma: Bel-7402
cells and xenograft
mice; 10-day study

Hepatocellular
carcinoma and
angiogenesis models:
cellular assays and
tumor-bearing nude
mice; 10-day study

Ovarian cancer:
OVCARS cells and
ovarian xenograft
mice

Lung adenocarcinoma:

H1299 cells; HEK-293
cells and human
erythrocytes for in
vitro safety

Glioblastoma: U87
cells; HA1800 human
astrocytes and rat
erythrocytes for in
vitro safety

group and biodistribution

n = 4/group; dose: 5 mg
DOX/kg every 4 days for three
doses; route: intravenous tail-
vein injection.

Sample size: n = 5/group;
dose: 0.5 mg siRNA/kg on
days 1, 3, 5, 7, and 9; route:
tail-vein injection.

Sample size: n = 5/group;
dose: NR; route: intravenous,
five administrations over 10
days.

Sample size: efficacy n = 6/
group and pharmacokinetics
n = 3/time point; dose:

20 mg/kg once weekly for
four doses (efficacy) and

100 mg/kg once
(pharmacokinetics); route:
intraperitoneal.

Sample size: N/A; dose: N/A;
route: N/A (no in vivo study).
In vitro experiments were
generally performed in
triplicate; H1299 exposure
was 10-80 pg/mL for 48 h,
with additional assays at
25-55 pg/mL

Sample size: N/A; dose: N/A;
route: N/A (no in vivo study).
Optimization was validated in
triplicate; cell-viability
experiments used six
independent measurements

siVEGF delivery

siVEGF delivery

MAGL23 inhibitor
delivery

Silver-modified
magnetic
nanocomposite; no
drug payload

Temozolomide and
p53 plasmid co-
delivery

BC-DOX versus BSA-free CS-
DOX, with free-DOX and saline
controls

Composite-interface control:
TsR versus TsRBc. BSA and
cRGD contributions could not
be separated because BSA-only
and cRGD-only surfaces were
absent

Composite-interface control:
CsR versus CsR/BcR. BSA and
cRGD contributions could not
be separated because BSA-only
and cRGD-only surfaces were
absent

No albumin-specific control.
MAGL23AF was compared with
unformulated MAGL23 and
vehicle, but no HSA-free F127
nanocrystal was included

Matched formulation controls:
CoFe,04 and CoFe204@BSA,
plus cisplatin. CoFe204 versus
CoFe204@BSA provided an
albumin-associated
comparison; CoFe204@BSA
versus CoFe204@BSA@Ag
isolated silver addition
Matched BSA-free TMZ-
WRAP5/p53 complex;
additional naked-pDNA, TMZ-
only, non-transfected, and
assay controls

reduction at day 18;
separately, 91.4% tumor-
weight inhibition; median
survival 50 days

The complete TsRBc/
siVEGF formulation
achieved 87% VEGF
silencing and the greatest
tumor-growth suppression
among the tested groups
The complete formulation
reduced VEGF mRNA to
approximately 30% of
saline control, inhibited
tumor angiogenesis, and
altered the ex vivo serum-
corona profile

The complete formulation
produced 53% tumor
inhibition, approximately
40% tumor necrosis,
increased AUC, and slightly
greater tumor accumulation

The complete composite
showed an H1299 IC50 of
38.28 pg/mL,
approximately 67.3%
apoptosis, and
concentration-dependent
inhibition of migration and
colony formation

BSA reduced hemolysis
from 5.9% to 3.9% and
increased U87 viability
reduction relative to the
BSA-free complex at 24 and
48 h, but not at 72 h; p53
transcription was shown
qualitatively

tumor DOX distribution
at 1 and 4 h and tumor-
penetration imaging; no

formal plasma PK

No formal PK or in vivo
biodistribution; siRNA
protection in plasma was

assessed outside the
animal for up to 24 h

Not evaluated; the
tumor-bearing mouse-
serum corona

experiment was ex vivo
and did not constitute in

vivo PK

Formal: mouse plasma

concentration-time

analysis from 0 to 24 h

and organ
biodistribution

Not evaluated

Not evaluated

weight, and major-organ
histology were assessed; the
complete formulation
reduced cardiac and systemic
toxicity at the tested dose
Blank-carrier cytotoxicity in
Bel-7402 cells and mouse
body weight were assessed; no
organ histology, hematology,
or long-term toxicity
evaluation

No comprehensive systemic
safety or long-term toxicity
assessment was reported

Mouse body weight,
tolerability, and organ
toxicity were assessed; the
formulation avoided the
spleen damage observed with
unformulated MAGL23

HEK-293 viability remained
above 70% at the tested
higher concentrations;
hemolysis was below 5% up to
100 pg/mL. No animal or
long-term systemic safety
study was performed

HA1800 viability remained
above 90% and did not differ
significantly between coated
and uncoated complexes;
hemolysis was 3.9% with
BSA. No animal or long-term
systemic safety study was
performed

(continued on next page)
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Table 3 (continued)

Study and Application and In vivo sample size, dose, Payload or modality =~ Albumin-relevant Principal reported Pharmacokinetic Safety or toxicity
formulation experimental model and administration route comparator or control outcome assessment assessment
Igbal et al., 2022 4T1 breast cancer PK: n = 5/group, one Lapatinib Matched uncoated PLGA- Coated particles increased Full plasma profile to Hemolysis, body weight,

BSA-coated PLGA-
lapatinib

Carrese et al., 2021
MelaSil_Ag-
HSA@DOX

Mahmoud et al., 2024
GNR-BSA and GNS-
BSA

Zhang et al., 2026
Pt@BSA and
Pt@BSA-RM

Bychkova et al., 2022
HSA-IONPs

Caputo et al., 2026
MNP@BSA-cisPt

Bychkova et al., 2025
MB/FA-HSA@IONPs

Carrese et al., 2023
MelaSil Ag-
HSA@DOX

Ghosh et al., 2025
[188Re]ReOx-HSA

Nosrati et al., 2020
F-Au-BSA-MTX-CUR

Amatya et al., 2023
BSA-CuNPs

Dongsheng Li et al.,
2023
A-PFH/C-MNPs

cells; healthy and
subcutaneous 4T1
BALB/c female mice

HS578T breast cancer
and MCF10a
mammary cells; no
animal model
MDA-MB-231 breast
cancer cells, with
prostate cell lines also
tested; no animal
model

4T1 breast cancer cells
and subcutaneous 4T1
BALB/c mice

PC-1 hepatocellular
carcinoma implanted
in male rats

MCF-7 and MDA-MB-
231 cells, MCF-7
spheroids, Caco-2
monolayer
MDA-MB-231 and
MCF-7 breast-cancer
cells

HS578T and MCF10a
three-dimensional
spheroids

B16F10 melanoma
cells and subcutaneous
tumors in C57BL/6
mice

4T1 cells and
subcutaneous 4T1
BALB/c mice

U87-MG, A431,
B16F10 cells; healthy
C57BL/6 mice

AGS gastric-cancer
cells; no animal model

intravenous 10 mg/kg dose.
Biodistribution: sample size
not reported, one intravenous
10 mg/kg dose. Efficacy:

n = 5/group, three
intravenous 10 mg/kg doses
Sample size: N/A; dose and
route: N/A, no in vivo study

Sample size: N/A; dose and
route: N/A, no in vivo study

Methods: n = 6/group;
figures: n = 3/group.
Intratumoral 2.5 mg/kg every
2 days, four doses; 5 Gy local
X-ray after each dose

n = 6 total; 20, 40, or 60 pg
IONPs per tumor; intraarterial
regional administration

Sample size: N/A; dose and
route: N/A, no in vivo study

Sample size: N/A; dose and
route: N/A, no in vivo study

Sample size: N/A; dose and
route: N/A, no in vivo study

n = 4/group for therapy;
intratumoral 1.85 MBq for
optimal RT/PTT, with 808 nm
irradiation

n = 5/group across 12 groups;
one intravenous 125 pL dose
of 6 mg/mL formulation; 2, 4,
or 6 Gy X-ray

MTD: n = 3/dose,
intravenous. PK: n = 5,
intravenous ICG-loaded
particles, 420 pg ICG/kg and
40 mg BSA/kg

Sample size: N/A; dose and
route: N/A, no in vivo study

Doxorubicin plus
808 nm
photothermal
treatment
Unloaded gold
nanorods or
nanospheres

Platinum
radiosensitizer and X-
ray irradiation

CT contrast;
magnetic and
peroxidase-like
potential

MRI, rhodamine
tracking, cisplatin

Methylene-blue PDT,
fluorescence,
magnetic potential
DOX, 808 nm PTT,
photoacoustic
imaging

SPECT/CT, CT
contrast, 188Re RT,
808 nm PTT

MTX, curcumin, X-
ray radiosensitization

885 nm
photothermal
treatment

Cisplatin, PFH,
photothermal
treatment

lapatinib nanoparticles and free
lapatinib; blank particles for
selected assays

Free DOX and HSA-
functionalized carrier without
DOX; no matched HSA-free
hybrid carrier

Untreated cells and comparison
between coated shapes; no
albumin-free biological control

Pt, Pt@BSA, Pt@BSA-RM,
cisplatin, and irradiation
controls; no albumin-free
nanoparticle matched to
Pt@BSA

Uncoated and adsorption-
coated physicochemical
controls; no uncoated in vivo
comparator

Bare MNP physicochemical
controls, MNP@BSA, free
cisplatin; no matched albumin-
free drug carrier

HSA@IONPs without folate,
free MB, MB-HSA@IONPs, and
component controls

Bare versus HSA-modified
uptake; HSA carrier without
DOX; no HSA-free DOX-loaded
matched carrier

Saline and modality controls;
no albumin-free nanoparticle

Multiple formulation and
radiation controls; no albumin-
free matched F-Au-drug
formulation

CuSO4, BSA-Cu2 + complex,
laser-only controls; no
albumin-free CuNP

Cisplatin and selected
nanoparticle controls; no
matched albumin-free carrier

uptake, plasma persistence,
tumor drug concentration,
and tumor growth
inhibition relative to
uncoated particles and free
drug

Acid-sensitive DOX release
and increased cell killing
with the complete chemo-
photothermal formulation
Coated nanorods, but not
nanospheres, reduced MDA-
MB-231 viability and
transiently retarded
migration

Pt@BSA-RM plus
irradiation produced the
strongest tumor
suppression, a composite
membrane-level outcome
Tumor vascular-bed CT
contrast at 30 min and 14
days

MRI relaxivity, spheroid
entry, cisplatin delivery,
and in vitro epithelial
transport

Folate increased uptake and
phototoxicity selectively in
high-folate-receptor cells
Spheroid penetration,
photoacoustic signal, and
chemo-photothermal
cytotoxicity

Tumor retention and
combined RT/PTT tumor-
growth delay

Complete formulation plus
radiation reduced tumor
growth

In vitro photothermal
killing; preliminary healthy-
mouse PK

In vitro chemo-
photothermal cytotoxicity
and apoptosis-related
findings

24 h: half-life 6.38 h and
AUC 47.22 pg-h/mL for
coated particles

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Time-point organ
biodistribution only; no
plasma PK

Not evaluated

Half-life 1.98 h, AUC
769 pg-h/mL for ICG-
tracked formulation

Not evaluated

organ histology, and serum
liver and kidney markers;
toxicity groupn =3

MCF10a viability only; no
animal or systemic toxicity
evaluation

No normal-cell, animal, or
systemic toxicity assessment

Body weight and organ
histology; no blood chemistry
or hematology reported

Behavior, body weight, local
reaction, and limited
pathology monitoring

2D and 3D viability only

Dark cytotoxicity only; no
systemic safety

MCF10a spheroid viability
only

Body weight, blood
parameters, and major-organ
histology

HEK-293 viability, hemolysis,
LD50, body weight, and organ
histology

24 h mortality-based MTD
only

No normal-cell or systemic
toxicity assessment

(continued on next page)
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Table 3 (continued)

Study and
formulation

Application and
experimental model

In vivo sample size, dose,
and administration route

Payload or modality

Albumin-relevant
comparator or control

Principal reported
outcome

Pharmacokinetic
assessment

Safety or toxicity
assessment

Ayatollahi et al., 2022
ZnO-BSA-DG-FA

Li et al., 2021 BLDH/
S5FU-ABX

Kim et al., 2021 BSA-
silver NPs

Zareian Baghdadabad
et al., 2026 AgNPs-
Alb

Hashemi et al., 2025
MnFe204@BSA-
quercetin

Olivieri et al., 2024
native-, cationic-, or
anionic-BSA-coated
fluorescent silica
NPs

Zhao et al., 2021
AuNR@BSA

Ntera-2 cancer cells
and HFF fibroblasts;
no animal model

HCT-116 cells and
HCT-116 xenografts in
female BALB/c nude
mice

B16F10 melanoma
cells and HUVEC; no
animal model

PC3 and LNCaP
prostate-cancer cells;
no animal model

4T1 mammary-
carcinoma cells;
healthy female BALB/
c mice

CHO-K1, GAG-
deficient pgsA-745,
and Hela cells; no
animal model

4T1 breast-cancer cells
and subcutaneous 4T1
tumors in BALB/c
mice

Sample size: N/A; dose and
route: N/A, no in vivo study

n = 6/group; three
intravenous tail injections on
days 0, 4, and 8; 5FU 3 mg/kg
and Abraxane 20 mg/kg,
equivalent to paclitaxel 2 mg/
kg, per injection

Sample size: N/A; dose and
route: N/A, no in vivo study

Sample size: N/A; dose and
route: N/A, no in vivo study;
cell experiments generally
triplicate

n = 4/dose; 25, 50, 100, or
150 mg/kg intravenous;
survival monitored for three
weeks

Sample size: N/A; dose and
route: N/A, no in vivo study;
paclitaxel cytotoxicity was
based on three independent
measurements

Efficacy: n = 2/group,
intratumoral injection
followed by 1064 nm
irradiation at 0.75 W/cm2 for
10 min; separate PK/
biodistribution: 200 pL
intravenous, sample size not
reported

Diosgenin and folate

5FU and albumin-
bound paclitaxel

Silver-mediated
cytotoxicity and
690 nm
photothermal
treatment

Silver nanoparticle
cytotoxicity

Quercetin and 4 Gy
irradiation in vitro

Fluorescent uptake
probe and paclitaxel

NIR-II photothermal
therapy

Component comparisons were
incomplete; no matched
albumin-free or folate-free final
carrier

BLDH/5FU and BLDH/ABX
single-drug controls; no
matched albumin-free dual-
drug LDH

Silver ions, PBS, and laser-only
controls; no matched uncoated
silver NP

Matched AgNP comparator and
bicalutamide; no normal-cell
control

Free quercetin and carrier
controls; no matched albumin-
free MnFe204-quercetin
formulation

Matched albumin-charge
variants, bare silica NPs, GAG-
deficient cells, enzymatic GAG
cleavage, soluble heparin
competitors, and uptake
inhibition

AuNR@BSA, AuNR@BSA plus
laser, laser-only, and blank
groups; CTAB-coated rods were
compared in vitro, but no
matched albumin-free
photothermal formulation was
tested

In vitro cytotoxicity,
apoptosis, cell-cycle, and
gene-expression findings

Synergistic cellular activity
and strongest tumor-growth
inhibition with the dual
formulation

ROS-associated melanoma-
cell killing, antiangiogenic
cell responses, and
photothermal killing in
vitro

Lower IC50, reduced
migration and colony
formation, and altered
apoptosis-related endpoints
relative to AgNPs
pH-dependent release and
enhanced in vitro
cytotoxicity with
irradiation; no tumor
efficacy study

Heparan sulfate supported
uptake of native- and
especially cationic-BSA
interfaces; paclitaxel IC50
was 51 pM for cationic
versus 192 pM for native
BSA particles

AuNR@BSA plus laser
suppressed 4T1 tumor
growth over 14 days; the
result is formulation-level
and preliminary

Not evaluated

No full plasma PK;
tumor accumulation was
examined

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Approximately 1.5 h
blood half-life;
predominant liver and
spleen accumulation at
24h

HFF viability only; no
systemic toxicity assessment

Body weight and major-organ
histology; no major
treatment-associated signal
reported

HUVEC assays only; no
normal-tissue or systemic
toxicity assessment

No normal-cell, hemolysis, or
systemic toxicity assessment

Hemolysis below 5% to the
highest tested concentration;
survival, body weight, and
blood panels in healthy mice

Carrier controls showed no
significant cytotoxicity; no
animal or systemic safety
assessment

Body weight was monitored;
comprehensive systemic
toxicology was not reported
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DAPI

PS-BSA-AuNCs

Hela tumor

PS-BSA-AuNCs-Apt

MCF-7 tumor
PS-BSA-AuNCs

PS-BSA-AuNCs-Apt

Biomedicine & Pharmacotherapy 203 (2026) 119907

BSA-AuNCs Merge

Fig. 2. Representative fluorescence micrographs of xenografted HeLa cervical-cancer and MCF-7 breast-cancer tissue sections incubated ex vivo with PS-BSA-AuNCs
or EpCAM-aptamer-functionalized PS-BSA-AuNCs-Apt. DAPI (blue) stains nuclei-6,4’, PS-associated fluorescence is shown in green, BSA-AuNC fluorescence is shown
in red, and merged images show signal colocalization. From top to bottom, the four groups are HeLa tumor + PS-BSA-AuNCs, HeLa tumor + PS-BSA-AuNCs-Apt,
MCF-7 tumor + PS-BSA-AuNCs, and MCF-7 tumor + PS-BSA-AuNCs-Apt. Scale bars = 100 um.

permeability coefficient (Papp) of 5.5 + 0.7 x 107 cm/s and 82 + 3%
recovery. This demonstrates in vitro epithelial-monolayer transport, not
oral absorption or in vivo barrier crossing. No animal imaging, pharma-
cokinetic, biodistribution, or efficacy study was performed.

3.5. Photodynamic and photoacoustic theranostics

Bychkova et al. extended the HSA-coated iron-oxide nanoparticle
(IONP) platform by conjugating folic acid (FA) to the HSA interface and
noncovalently loading methylene blue (MB) [19]. The HSA layer
increased the particle diameter from approximately 33 + 2-54 + 6 nm,
with 107 + 32 pg of protein per milligram of iron oxide retained after
the multistep folate-modification procedure. Less than 6% of fluo-
rescently labelled HSA desorbed during challenge with additional HSA
or immunoglobulin G (IgG), while electron magnetic resonance mea-
surements indicated that the coating limited direct contact between IgG
and the iron-oxide surface. These experiments directly support the for-
mation of a comparatively persistent HSA interface under the tested
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buffer conditions, although they do not establish coating retention in
serum or in vivo.

HSA also provided a binding environment for MB, yielding 5.8
=+ 0.6 ug of photosensitizer per milligram of iron oxide, as well as a
surface for folate presentation. The folate component was primarily
responsible for receptor-sensitive delivery. Specifically, FA-modified
particles produced approximately twofold greater uptake after 3 h in
folate-receptor-rich MDA-MB-231 cells than matched non-FA HSA-
coated particles (Fig. 4B). Excess free folate reduced this advantage.
Upon irradiation, MB/FA-HSA@IONPs produced greater killing of MDA-
MB-231 cells than free MB or MB-HSA@IONPs, whereas no comparable
advantage was observed in low-receptor MCF-7 cells. Thus, albumin
functioned as the stabilizing, photosensitizer-binding, and ligand-
bearing interface, while the enhanced cellular uptake and photody-
namic response were attributable primarily to folate within the com-
posite interface. The study remained entirely in vitro, and neither
magnetic resonance (MR) imaging nor another diagnostic modality was
experimentally evaluated.
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Fig. 3. In vivo T1/T> magnetic resonance imaging performance of the Fes0«@BSA-TA-Fe® * platform. (A) Serial T+-weighted images and (B) corresponding relative T+
signal-intensity changes in 4T1 tumor-bearing mice after administration of FesO«@BSA-TA-Fe®* (Probe) or Fes0.@BSA. (C) Serial T.-weighted images and (D)
corresponding relative T2 signal-intensity changes. The comparison demonstrates formulation-level dual-contrast MRI behavior and does not independently isolate an

albumin-specific imaging or targeting effect.

Carrese et al. provided more direct in vitro photoacoustic-theranostic
evidence by evaluating the same DOX-loaded, HSA-modified silica-
melanin-silver platform for imaging and combined chemo-
photothermal treatment in HS578T breast-cancer spheroids [20]. Rela-
tive to a matched bare-particle control, HSA coating increased mean
spheroid-associated fluorescence from 6.716 to 26.320 arbitrary units
after 18 h, whereas HSA-coated particles produced only 2.991 arbitrary
units in non-malignant MCF10A spheroids (Fig. 4C). This approximately
3.9-fold increase relative to the bare-particle control directly supports a
coating-associated increase in tumor-spheroid association and penetra-
tion. However, the proposed secreted protein acidic and rich in cysteine
(SPARC)-mediated mechanism was inferred from the cellular pheno-
types and prior evidence rather than tested through receptor blocking or
knockdown.

DOX-loaded particles progressively entered HS578T spheroids, with
prominent nuclear drug localization after 24 h. Following irradiation at
808 nm and 3 W/cm? for 5 min, the combined formulation reduced
spheroid viability by approximately 80%, 86%, and 90% at DOX con-
centrations of 1.3, 2.6, and 5.2 uM, respectively, 24 h after irradiation.
However, unloaded HSA-coated particles also produced substantial
photothermal cytotoxicity, confirming that heating arose primarily from
the melanin-silver core rather than albumin. Photoacoustic imaging of
the treated spheroids yielded concentration-dependent signals consis-
tent with melanin absorption, with reported contrast-to-noise ratios
(CNRs) of 12-35 and signal-to-noise ratios (SNRs) of 13-36. HSA
therefore contributed the exposed biological interface, enhanced
spheroid penetration, and DOX carriage, whereas the melanin-silver
core generated the photoacoustic and photothermal functions. The
polydispersity index (PDI) of 0.45 indicated a heterogeneous particle
distribution. This heterogeneity, together with the lack of animal im-
aging, pharmacokinetic, biodistribution, serum-corona, or in vivo effi-
cacy studies, limits the translation of this otherwise integrated in vitro
theranostic demonstration.

The two studies support different levels of theranostic integration.
Bychkova et al. [19] demonstrated a comparatively persistent HSA inter-
face under buffer conditions that bound MB and displayed folate, enabling
folate-dependent uptake and photodynamic killing in breast-cancer cells.
Because diagnostic imaging was not experimentally evaluated, this system
is more accurately described as a photodynamic delivery platform with
proposed magnetic theranostic potential. Carrese et al. [20] directly
combined photoacoustic imaging and chemo-photothermal treatment
using the same formulation in a three-dimensional tumor model. Across
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the two platforms, albumin acted mainly as a stabilizing, cargo-binding,
and ligand-bearing biological interface, while folate drove receptor-
sensitive targeting in the Bychkova system and the melanin-silver core
generated imaging contrast and heat in the Carrese platform. Neither study
demonstrated systemic delivery, secondary-corona behavior, pharmaco-
kinetics, or combined imaging and therapeutic efficacy in vivo.

3.6. Radio-photothermal and chemoradiation platforms

Ghosh et al. synthesized ReOx cores directly in an HSA-containing
aqueous medium, producing HSA-coated particles with a hydrodynamic
diameter of 15.6 & 0.8 nm and an HSA content of approximately 50% by
weight. HSA formed the outer stabilizing interface, enabling a small
water-dispersible formulation whose hydrodynamic size remained
essentially unchanged for 7 days. Following intrinsic radiolabeling,
[188Re]ReOx-HSA retained 91.4 + 0.3% radiochemical stability in
mouse serum at 48 h (n = 3) [21]. However, this radiochemical endpoint
does not directly establish retention of the HSA interface, preservation of
particle integrity in vivo, or resistance to secondary-corona formation.
Circular dichroism also indicated loss of HSA alpha-helical content after
coating. Because no uncoated ReOx comparator was tested, the observed
formulation stability cannot be assigned specifically to albumin.

The diagnostic and therapeutic functions arose principally from the
rhenium components: high-atomic-number Re supplied CT attenuation,
188Re generated the SPECT signal and f-radiotherapy, and ReOx con-
verted 808 nm light into heat. In B16F10 cells, photothermal therapy
and radiotherapy alone killed 30 + 3% and 37 £ 3% of cells, respec-
tively, whereas the combined treatment killed 87 + 2% (n = 3), sup-
porting a synergistic formulation-level response.

Following intratumoral administration in B16F10 melanoma-
bearing mice, CT and SPECT/CT visualized the tumor, SPECT signal
remained detectable through 48 h, and autoradiography showed broad
intratumoral distribution. Tumor-associated activity reached 459.4
+ 23.4% of the injected dose per gram of tumor (%ID/g) at 1 h and
remained detectable at 72 h. However, this high value reflects direct
intratumoral administration and normalization to tumor mass, rather
than systemic or albumin-mediated targeting. The optimized combined
regimen arrested tumor growth during the observation period without
significant body-weight changes or major abnormalities in the measured
blood parameters and examined organ histology. Thus, the study dem-
onstrates a locally administered, SPECT/CT-guided radio-photothermal
platform, but the efficacy belongs to the complete ReOx-188Re-laser
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Fig. 4. Representative structural and cellular evidence from albumin-engineered diagnostic and/or therapeutic platforms. (A) TEM image of BSA-coated zinc-ferrite
nanoparticles (MNP@BSA); red dashed circles mark the inorganic cores, green dashed circles the protein shell, and red arrows indicate lattice fringes. Scale bar
= 20 nm. (B) Time-dependent uptake of (HSA-Cy5)@IONPs and FA-(HSA-Cy5)@IONPs in MDA-MB-231 and MCF-7 cells. At 3 h, folate-functionalized particles
produced an approximately twofold higher fluorescence signal in MDA-MB-231 cells, whereas no corresponding advantage was observed in MCF-7 cells. (C)
Fluorescence microscopy of HS578T spheroids treated for 18 h with bare or HSA-functionalized silica-melanin-silver nanoparticles and MCF10A spheroids treated
with HSA-functionalized particles. Nuclei are shown in blue and fluorescent nanoparticles in red; scale bars = 250 pm.

system. Albumin-specific targeting, retention, or therapeutic benefit
remains unproven because no matched HSA-free formulation, systemic
administration, plasma pharmacokinetic analysis, or long-term survival
assessment was included.

Nosrati et al. developed a chemoradiation platform based on a BSA-
coated Fe304-Au heterodimer, designated F-Au, with methotrexate
(MTX) covalently coupled to BSA by EDC/NHS chemistry and curcumin
(CUR) retained through hydrophobic interactions and hydrogen
bonding [22]. The clearest directly demonstrated albumin contribution
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was interfacial stabilization: uncoated Fe304-Au rapidly precipitated in
PBS, whereas BSA enabled dispersion under the tested buffer conditions
and supplied functional groups for drug attachment. Dynamic light
scattering (DLS) measurements and zeta potential remained essentially
unchanged for 14 days, demonstrating storage stability of the manu-
factured formulation in buffer, but not stability in blood or resistance to
secondary-corona formation.

The reported MTX and CUR loadings were 3.0% and 6.12%,
respectively. CUR release was faster at pH 5 than at pH 7.4, while only
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16% of covalently linked MTX was released within 72 h without pro-
teinase K, compared with 69% in its presence. These results support
protease-sensitive release from the composite BSA-drug interface rather
than an independent therapeutic effect of albumin. In 4T1 cells, X-ray
cytotoxicity increased with the F-Au radiosensitizer dose, and MTX-
bearing particles showed greater uptake than F-Au-BSA, indicating
that the targeting advantage arose mainly from MTX rather than BSA. In
4T1-bearing mice, the complete F-Au-BSA-MTX-CUR formulation com-
bined with 2 Gy irradiation produced the earliest and strongest reported
tumor regression, whereas F-Au-BSA and F-Au-BSA-MTX without irra-
diation did not significantly suppress tumor growth. Four of five mice
receiving F-Au-BSA-MTX plus 2 Gy died, whereas no mortality was re-
ported in the corresponding CUR-containing irradiation groups. This
finding is consistent with a formulation-associated radioprotective
contribution from CUR, but the small groups preclude a definitive
conclusion. No major organ damage was identified histologically in the
selected treatment groups. The study therefore demonstrates systemic
chemoradiation efficacy of the complete drug-loaded nano-
radiosensitizer, but not albumin-specific tumor targeting, prolonged
circulation, radiosensitization, or imaging. No matched BSA-free nano-
hybrid, pharmacokinetic or biodistribution analysis, or diagnostic im-
aging experiment was included.

Ghosh et al. therefore represent a locally administered radio-
photothermal theranostic platform, because the same platform sup-
ported CT and SPECT/CT localization and combined radiotherapy-
photothermal treatment. Nosrati et al. instead represent a systemically
administered chemoradiation platform without demonstrated diag-
nostic imaging. HSA stabilized the small radiolabeled ReOx formulation
in the former study, whereas BSA stabilized the otherwise PBS-unstable
F-Au heterodimer and provided a scaffold for MTX conjugation and CUR
loading in the latter. Nevertheless, the imaging and energy-conversion
functions in Ghosh arose from Re and 188Re, while the radiosensitiz-
ing and cytotoxic effects in Nosrati depended on F-Au, MTX, CUR, and X-
ray irradiation. Neither study included a matched albumin-free in vivo
control, leaving the incremental therapeutic benefit of albumin
unresolved.

3.7. Theranostic integration: evidence strength and translational gaps

The platforms reviewed in this section represent distinct levels of
theranostic evidence. Zhang et al. provided the most complete integra-
tion, combining systemic administration, in vivo T1- and T2-weighted
MRI, and ferroptosis-associated photothermal therapy in the same
tumor-bearing mouse model. Ghosh et al. also demonstrated in vivo
integration by combining CT and SPECT/CT visualization with radio-
photothermal treatment. However, the intratumoral administration
used in that study establishes local image-guided treatment rather than
systemic theranostic delivery. Carrese et al. directly combined photo-
acoustic imaging with chemo-photothermal therapy in three-
dimensional tumor spheroids, providing formulation-level theranostic
integration without in vivo validation.

The remaining studies demonstrated only partial theranostic compo-
nents. Caputo et al. combined MRI relaxometry with cisplatin delivery
and barrier-model transport, but did not perform in vivo imaging or
therapeutic evaluation. Bychkova et al. [19] demonstrated
folate-dependent photodynamic activity without evaluating a diagnostic
imaging modality. Petrov et al. reported an MRI-compatible relaxometric
profile rather than experimental image acquisition, while Suwannasing
et al. demonstrated in vitro radiosensitization without a diagnostic
component. Nosrati et al. demonstrated systemically administered che-
moradiation in tumor-bearing animals, but no imaging modality was
evaluated. This hierarchy distinguishes contrast-generating potential
from experimentally demonstrated imaging and distinguishes therapeutic
activity from integration of imaging and therapy within the same
formulation and experimental model.

Across these platforms, albumin primarily enabled colloidal
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stabilization, cargo binding, biomineralization, or ligand presentation,
whereas imaging signals and therapeutic activity were generated mainly
by the inorganic cores, radionuclides, loaded drugs, or externally
applied energy. Even the most integrated studies therefore demonstrate
theranostic performance of the complete formulation rather than an
independent albumin-specific theranostic advantage. None evaluated a
matched albumin-free final platform across both the imaging and ther-
apeutic components of the system. Future theranostic studies should
compare the complete platform with matched albumin-free controls
and, where applicable, controls separating albumin from additional
targeting ligands or hybrid-interface components. These comparisons
should be integrated with systemic administration, serial imaging and
therapeutic evaluation in the same model, quantitative pharmacokinetic
and biodistribution analyses, and direct assessment of engineered-
albumin retention and secondary-corona formation. Longer-term
recurrence, survival, and systemic-safety endpoints will also be
required to determine whether albumin provides a reproducible trans-
lational advantage within multifunctional theranostic platforms.

4. Biological identity, secondary corona, and stealth

Beyond their diagnostic and therapeutic functions, engineered al-
bumin interfaces may modify nanoparticle biological identity at the
nano-bio interface. Four studies examined complementary aspects of
this process, including detectable secondary-corona formation, corona-
associated macrophage interactions, electric-field-induced reorganiza-
tion of preformed albumin layers, and charge-dependent interactions
with the cellular glycocalyx. Collectively, these findings suggest that
stealth-related behavior may depend on the architecture and composi-
tion of albumin-containing interfaces, as well as on the amount and
identity of subsequently adsorbed proteins. However, they do not
establish a universal mechanism applicable across different albumin
configurations and nanoparticle cores.

4.1. Apparent resistance to detectable secondary-corona formation

Traverso et al. developed CdSe/ZnS quantum dots (QDs) passivated with
a crosslinked, partly denatured HSA multilayer and externally decorated
with HSA or human transferrin (hTf) [23]. The resulting particles remained
water-dispersible and fluorescent. Electrophoretic analysis supported
external protein decoration, while alkaline-phosphatase activity and
cellular-uptake experiments indicated that representative surface-displayed
proteins retained biological functionality. Secondary-corona formation was
evaluated only for hTf-QDs after 30 min of exposure to 50% FBS. Their
mean hydrodynamic diameter was 21.46 &+ 1.88 nm in PBS and 19.71
+ 1.73 nm in serum-containing medium. The absence of an increase in
mean hydrodynamic diameter indicates no detectable DLS enlargement
under the tested conditions, but does not demonstrate complete resistance
to additional protein adsorption. DLS may fail to detect thin or incomplete
protein layers, compositionally selective adsorption, protein exchange
without a substantial size change, or low-abundance particle sub-
populations. Confirmation would require orthogonal quantitative adsorp-
tion and surface-composition measurements, such as labeled-protein
adsorption assays, electrophoretic or liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis, isothermal titration calorimetry, quartz
crystal microbalance, or surface plasmon resonance.

The hTf-QDs also showed temperature-dependent uptake in A549
cells. At 37 °C, the mean uptake difference between hTf-QDs and HSA-
QDs was 8.2 particles per cell, compared with 0.46 particles per cell at
4 °C. This result supports active uptake driven primarily by the exposed
hTf rather than an independent HSA-targeting effect. Digitoxin-loaded
hTf-QDs also selectively reduced A549 cell numbers, supporting func-
tional cargo delivery by the complete construct. HSA therefore acted
mainly as the water-solubilizing, stabilizing, and protein-bearing scaf-
fold, whereas hTf supplied the demonstrated targeting function.

Following subconjunctival administration, fluorescence was
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detected across several murine retinal layers in non-perfused sections,
but after PBS perfusion, confirmed intracellular uptake was limited to
retinal pigment epithelial cells. The findings therefore indicate retinal
distribution rather than cellular internalization throughout the outer
nuclear layer. They also do not establish that the engineered HSA
interface remained unchanged in vivo. Major limitations include the
short serum-incubation period, absence of quantitative protein-
adsorption or proteomic analysis, local rather than systemic adminis-
tration, a single 24 h observation point, three mice per group, and
absence of tumor-bearing animals, formal pharmacokinetics, systemic
biodistribution, toxicity assessment, or in vivo corona recovery. Poten-
tial cadmium release from the CdSe/ZnS core was also not compre-
hensively evaluated.

4.2. Proteomic dissection of corona-mediated stealth

Bozzer et al. provided detailed LC-MS/MS characterization of the
secondary protein corona formed on poly(lactic-co-glycolic acid)-poly
(vinyl alcohol) (PLGA-PVA) nanoparticles containing a covalently
immobilized HSA surface layer [24]. Following incubation in normal
human serum for 1 h and three washing steps, 105 protein species were
identified on NP-HSA, compared with 79 on uncoated nanoparticles.
These values describe the number of identified protein species rather
than the total mass of adsorbed protein. The principal observed effect
was therefore a change in corona diversity and relative composition,
rather than a demonstrated reduction in total protein adsorption. The
NP-HSA corona showed greater relative representation of albumin,
apolipoproteins A-I, A-II, and C-III, and clusterin, while terminal com-
plement components C5-C9 were not detected.

The absence of C5-C9 is potentially relevant because these proteins
participate in terminal complement activation and membrane-attack-
complex formation. However, their absence cannot be described as
complete complement blockade or as the critical molecular event
responsible for stealth. C3 and C4, immunoglobulins, fibrinogen,
coagulation-associated proteins, other opsonins, and multiple phago-
cytic pathways may also influence nanoparticle recognition and
clearance.

Macrophage internalization decreased from approximately 35% for
uncoated nanoparticles to approximately 20% for NP-HSA, with
p < 0.01 (Fig. 5A). This matched comparison supports an HSA-interface-
associated reduction in macrophage interaction after serum exposure.
However, HSA coating did not significantly alter lymphocyte interac-
tion, coagulation behavior, or the measured residual activity of the
classical complement pathway relative to uncoated nanoparticles. Its
immune-modulating effect was therefore selective rather than a general
suppression of blood and immune interactions. The study demonstrated
an association between altered corona composition and reduced
macrophage uptake, but did not establish a direct causal role for any
individual enriched or depleted protein. Protein-depletion, complement-
reconstitution, receptor-blocking, and genetic-perturbation experiments
were not performed.

In zebrafish xenografts, t-NP-HSA produced approximately threefold
greater colocalization with NALM-6 cells than untargeted NP-HSA,
approximately 15% versus 5% (Fig. 5B). At 24 h, more than 60% of
both NP-HSA and t-NP-HSA remained non-internalized in the blood-
stream compartment, and fewer than 25% were associated with mac-
rophages, without significant differences between the targeted and
untargeted formulations. The 24-h result therefore represents a single-
time-point distribution measurement rather than a formal pharmaco-
kinetic demonstration of prolonged circulation. After doxorubicin
loading, doxo-t-NP reduced NALM-6 fluorescence and increased survival
relative to saline during the three-day observation period, although
survival was similar to that with free doxorubicin. The matched com-
parisons associate HSA with reduced macrophage internalization, anti-
CD19 with enhanced interaction with CD19-positive tumor cells, and
doxorubicin with therapeutic activity. HSA and anti-CD19 were both
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covalently attached to the nanoparticle surface, rather than anti-CD19
being conjugated through HSA. The targeting, distribution, and thera-
peutic findings therefore belong to the complete formulation and cannot
be attributed exclusively to HSA or to the non-detection of C5 to C9.
Translation is limited by the zebrafish-embryo xenograft model, three-
day follow-up, and absence of mammalian pharmacokinetic, organ-
level biodistribution, long-term efficacy, and systemic-safety evaluation.

4.3. Electric-field modulation of a preformed BSA interface

Kumar et al. used direct-current electric fields to modulate a pre-
formed BSA interface on approximately 24 nm gold nanoparticles (GNPs)
[25]. Electric-field treatment was applied for 3 min to preformed
BSA-GNP conjugates in the presence of unbound BSA. At 15 uM total BSA,
the apparent hydrodynamic size increased from 32.9nm at OV to
148.2 nm at 30 V, with intermediate increases at 5 and 15 V. The authors
interpreted this as additional BSA adsorption and multilayer-corona for-
mation. However, surface-bound BSA and the multilayer architecture
were not independently measured, and DLS cannot distinguish additional
adsorption from particle or protein aggregation. The smaller
field-dependent size increases of BSA-GNP conjugates than free BSA
support reduced, rather than absent, aggregation or conformational
reorganization. The apparent association constant for curcumin binding
to BSA-GNP was 1.403 x 10° M without field treatment, compared with
0.942 and 1.137 x 10° M at 5 and 15 V and 0.6818 x 10° M at 30 V.
Thus, the field-treated values did not exceed the untreated value, sup-
porting retained spectroscopic binding rather than increased affinity. The
formulations showed low hemolytic activity, but the assay used eryth-
rocytes from a single healthy donor and does not establish broader
biocompatibility. No serum-corona, cancer-cell, or in vivo studies were
performed. The study therefore supports electric-field-dependent changes
in apparent size and spectroscopic curcumin binding, but not a defined
multilayer architecture, stealth, increased drug loading, controlled
release, targeted delivery, or therapeutic efficacy.

4.4. Glycocalyx-dependent uptake of modified albumin interfaces

Olivieri et al. coated 50 nm fluorescent silica nanoparticles with
native, cationic, or anionic BSA [26]. Native and cationic BSA, but not
anionic BSA, bound heparin, while glycosaminoglycan (GAG)-deficient
cells, enzymatic cleavage, competition, and inhibition implicated hep-
aran sulfate in uptake. The HeLa-cell perturbation experiments further
showed that enzymatic glycocalyx modification and excess heparin
altered uptake of the native- and cationic-BSA-coated nanoparticles
(Fig. 5C). GAG deficiency reduced CHO-cell uptake 1.7-fold for
native-BSA-coated particles and 30-fold for cationic-BSA-coated parti-
cles; cationic-BSA particles also showed approximately tenfold greater
HeLa-cell uptake than native-BSA particles. Paclitaxel-loaded cationic-
and native-BSA particles yielded particle-based IC50 values of 51 and
192 pM, respectively, although drug content was estimated rather than
directly quantified for each formulation. These matched experiments
support charge- and GAG-dependent uptake under static in vitro con-
ditions, but partial denaturation of anionic BSA complicates attribution
of its behavior solely to charge. The mechanism was not tested under
blood flow or in vivo; serum reduced native-BSA, but not cationic-BSA,
uptake.

4.5. Stealth reconsidered: mechanistic hypotheses for charge-function
decoupling

The available studies challenge a simple model in which nano-
particle stealth depends only on minimizing total protein adsorption.
Traverso et al. found no detectable DLS enlargement after short expo-
sure of HSA-passivated quantum dots to 50% FBS, whereas Bozzer et al.
identified more protein species on HSA-coated than uncoated nano-
particles alongside lower macrophage internalization. Kumar et al. and
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Fig. 5. Representative cellular-interaction outcomes of engineered albumin-containing nanoparticle interfaces. (A) Phagocytic binding/internalization of uncoated
nanoparticles (NP) and HSA-coated nanoparticles (NP-HSA) after incubation in the presence of normal human serum, showing reduced phagocytic interaction with
NP-HSA. (B) Tumor-B-cell interaction of untargeted NP-HSA and anti-CD19-targeted t-NP-HSA in the zebrafish xenograft model, illustrating the additional targeting
effect associated with anti-CD19 functionalization. (C) Uptake of native-BSA-coated (NP_BSA) and cationic-BSA-coated (NP_BSA+) silica nanoparticles by HeLa cells
following glycocalyx-modifying enzyme treatment or competition with excess heparin, illustrating heparan-sulfate-associated modulation of cellular uptake.

Olivieri et al. [26] further showed that interface organization, albumin
charge, and glycocalyx interactions can affect ligand binding or cellular
uptake. Collectively, these findings support an architecture- and
composition-dependent view of albumin-containing interfaces but do
not establish a universal stealth mechanism.

Within this context, the proposed “Zeta Potential Paradox™ should
denote a hypothesis of charge-function decoupling, not evidence that
positively charged albumin-containing interfaces evade immune recog-
nition. Wu et al. composite cRGD-BSA precoating had a measured zeta
potential of +23.43 mV while reducing total serum-protein adsorption
and reshaping the ex vivo acquired corona, including depletion of com-
plement factor D and lower representation of proteins associated with
immunoglobulins, complement activation, coagulation, and acute-phase
responses. This profile suggests a potentially less opsonizing biological
identity, but complement activity, macrophage recognition, systemic
clearance, and prolonged circulation were not measured. Leung et al.
multicomponent RGD-streptavidin-dcBSA-PEG nanodiamonds likewise
had a positive zeta potential (+12.10 mV), remained colloidally stable in
protein-containing medium, and showed enhanced barrier-model trans-
port and brain-tumor-associated fluorescence. However, the positive
charge appeared after streptavidin-RGD assembly, whereas dcBSA-PEG
nanodiamonds were negatively charged, and neither an acquired
corona nor immune clearance was assessed. This study therefore shows
that positive measured charge can coexist with delivery-related func-
tionality, not stealth [27,28]. Several mechanisms could explain this
apparent decoupling. Zeta potential is measured at the hydrodynamic
shear plane and does not represent local charge domains, surface het-
erogeneity, or ligand accessibility. Albumin or PEG may screen underly-
ing charge while leaving localized cationic domains or ligands accessible,
whereas corona composition and macrophage recognition also depend on
surface chemistry and protein presentation [29,30]. Albumin charge and
interactions with cell-surface glycosaminoglycans, particularly heparan
sulfate, can further regulate uptake [26], consistent with related
charge-dependent nanoparticle studies [31]. Their relative contributions
remain unresolved. Albumin cannot be assumed to confer stealth because
its effects depend on conformation and presentation. Adsorption or
denaturation can expose cryptic epitopes recognized by
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mononuclear-phagocyte scavenger receptors [32], a possibility relevant
but untested for Leung et al.’s deliberately denatured and cationized BSA.
Testing charge-function decoupling will require matched formulations
varying albumin conformation, charge, PEG coverage, and ligand pre-
sentation, combined with corona proteomics, complement and macro-
phage assays, and mammalian pharmacokinetic and biodistribution
studies. Whether the engineered interface remains relevant after
secondary-corona formation and vascular-glycocalyx contact remains
unresolved.

5. Cancer-specific controlled release strategies

The therapeutic relevance of an albumin surface or interface engi-
neering strategy depends on its ability to deliver payloads with appro-
priate spatial and temporal control. This section evaluates 21 studies of
albumin-engineered delivery across non-small-cell lung cancer, breast
cancer, hepatocellular carcinoma, ovarian cancer, glioblastoma, colon
cancer, skin cancer, and prostate cancer, together with healthy-animal
safety studies, to compare tumor- and formulation-specific design
principles.

5.1. Lung cancer

Li et al. coated amine-functionalized hydroxyapatite nanoparticles
containing doxorubicin (HAP/DOX) with BSA for A549 non-small-cell
lung cancer [33]. BSA coating increased the hydrodynamic diameter
from 55.6 4 2.3 to 68.4 & 3.6 nm, decreased the PDI from 0.127 to
0.095, and reversed the zeta potential from +27.2 + 3.3 to —25.1
+ 2.8 mV. The complete formulation showed an encapsulation effi-
ciency of 90.31 + 4.35% and a loading efficiency of 15.26 + 1.87%, but
corresponding HAP/DOX values were not reported, preventing isolation
of the BSA contribution. At 120 h, cumulative DOX release was
approximately 87% at pH 5.0 versus 28% at pH 7.4, supporting
acid-responsive release (Fig. 6A). DOX loading into HAP was attributed
to Ca**-DOX complexation, although acid-induced destabilization of this
complex was not directly demonstrated. BSA/HAP/DOX produced
1.78-fold greater intracellular DOX accumulation in A549 cells than
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HAP/DOX after 2 h, while excess free BSA selectively reduced this signal
for BSA/HAP/DOX. These matched experiments support an incremental
BSA-dependent cellular interaction. In vivo, BSA/HAP/indocyanine
green (ICG) yielded 5.96-fold greater ex vivo tumor fluorescence than
HAP/ICG and 0.66-fold liver fluorescence at 12 h. These relative fluo-
rescence signals suggest altered distribution but do not quantify nano-
particle or drug concentrations. The blood half-life of BSA/HAP/DOX
was approximately 6 h versus 15 min for free DOX. However, the
absence of an HAP/DOX pharmacokinetic comparator prevents attri-
bution of this prolongation specifically to BSA. Final tumor volumes
were reduced to 323 +52mm? compared with approximately
1400 mm? for saline controls, with HAP/DOX producing an intermedi-
ate response. Blank BSA/HAP maintained greater than 95% A549-cell
viability at 150 pg/mL after 48 h, supporting low short-term carrier
cytotoxicity only. Thus, the matched uptake, competition, and HAP/ICG
comparisons support an incremental BSA contribution, whereas phar-
macokinetic and absolute efficacy outcomes reflect the complete
formulation. BSA surface coverage, retention or exchange during cir-
culation, and secondary-corona formation in vivo were not assessed.
Goel et al. formed a drug-free CoFe;O4@BSA@Ag hybrid by
adsorbing BSA onto polyvinylpyrrolidone (PVP)-stabilized CoFe0O4 and
depositing silver. Relative to bare CoFeO4, the final composite had a
larger hydrodynamic diameter (176.2 versus 89 nm), a slightly lower
but still high PDI (0.434 versus 0.470), and a more negative zeta po-
tential (—16.8 versus —6.2 mV). Because the BSA-coated intermediate
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was not evaluated by DLS, these comparisons cannot separate BSA from
silver effects; high polydispersity and partial aggregation also limit
colloidal-stability claims. Serum stability and BSA retention were not
assessed. In H1299 cells, the 48-h IC50 decreased from 58.8 pg/mL for
CoFe204@BSA to 38.28 pg/mL for CoFe204@BSA@Ag, supporting an
incremental silver-associated effect. The final composite reduced viable
cells to 25.8%, produced approximately 67.3% apoptosis, and inhibited
migration and colony formation. HEK-293 viability remained above
70% at higher tested concentrations, and hemolysis remained below 5%
up to 100 pg/mL. Except for the comparative H1299 MTT assay, these
outcomes were assessed only for the complete composite. All biological
experiments were in vitro (n = 3), without animal pharmacokinetic,
biodistribution, efficacy, or systemic toxicity studies [34].

The two studies differ in interface architecture, therapeutic mode,
and evidence maturity. Li et al. used an adsorbed BSA layer to modify
delivery of a defined DOX payload. Matched HAP/DOX and HAP/ICG
controls plus free-BSA competition support an incremental BSA-
associated effect on cellular interaction and relative fluorescence dis-
tribution; serum-stability, blood-persistence, and A549 xenograft
studies added broader formulation-level evidence. Goel et al. instead
used BSA as a coating and silver-deposition scaffold in a drug-free
CoFey04 composite. Its stepwise MTT controls distinguish coating-
associated and silver-associated changes, but the other anticancer and
preliminary safety endpoints were measured only for the final com-
posite, and all evidence remains in vitro. Li G. therefore provides
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Fig. 6. Representative experimental outcomes across albumin-engineered lung- and breast-cancer nanoplatforms. (A) Cumulative doxorubicin release from BSA/
HAP/DOX nanoparticles under acidic and physiological pH conditions, illustrating pH-dependent release of the complete formulation. (B) In vitro doxorubicin
release from BSA-coated BC-DOX-NPs, matched BSA-free CS-DOX-NPs, and free DOX. (C) Tumor-growth curves in 4T1 tumor-bearing mice treated with PBS, free
lapatinib, uncoated lapatinib-loaded PLGA nanoparticles (UPL NPs), or BSA-coated lapatinib-loaded nanoparticles (APL NPs). (D) Viability of 4T1 cells exposed to
CTAB-rich or BSA-coated gold nanorods, illustrating the improved cellular compatibility associated with interface replacement. (E) Hemolysis measured for the
MnFez04@BSA-quercetin formulation and relevant controls, providing preliminary hemocompatibility evidence.
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stronger evidence for an albumin-associated delivery contribution,
although its half-life advantage lacks an albumin-free nanoparticle
comparator; Goel demonstrates physicochemical feasibility and
formulation-level cytotoxicity without in vivo validation. Neither study
assessed persistence, exchange, or secondary-corona masking of the pre-
engineered BSA interface in biological media or circulation.

5.2. Breast cancer: targeted drug delivery and multimodal therapy

Tan et al. formed chondroitin sulfate (CS)-DOX nanoparticles (CS-
DOX-NPs) by electrostatic self-assembly and then adsorbed BSA to
produce albumin-corona nanoparticles (BC-DOX-NPs) [35]. The authors
proposed complementary targeting through the albumin-associated
60-kDa glycoprotein (gp60) and SPARC pathways, together with clus-
ter of differentiation 44 (CD44) recognition by CS. Compared with
matched BSA-free CS-DOX-NPs, BSA adsorption increased the diameter
from 99.71 to 105.16 nm, reduced the PDI from 0.188 to 0.173, shifted
the zeta potential from —7.89 to —3.52 mV, and increased encapsulation
efficiency from 80.7% to 85.1%. Drug-loading efficiency decreased from
9.34% to 5.42%, but the proposed mass-dilution explanation was not
tested. BSA also improved stability in 50% FBS and reduced early DOX
release from approximately 46% to 38% at 6 h; both formulations
released approximately 90% by 72 h (Fig. 6B). In vivo, BC-DOX-NPs
produced 2.7-fold greater tumor DOX accumulation at 4 h and lower
liver drug concentration than CS-DOX-NPs. At day 18, tumor-volume
reduction was 82.8% versus 62.0%, and median survival was 50
versus 43 days. The separately reported 91.4% inhibition value was
derived from tumor weight and is not directly comparable with the
volume-based reductions. These matched results support an incremental
contribution from the BSA-containing interface, whereas the absolute
outcomes remain those of the complete multicomponent formulation.

CS competition examined CD44 involvement, whereas gp60 and
SPARC were not tested by receptor blocking or knockdown. Uptake
remaining above that of BSA-free particles after CS competition suggests
an additional BSA-associated pathway but does not identify its receptor.
Stability was assessed for one week during storage and for 72 h in 50%
FBS, without whole-blood testing or confirmation that the BSA interface
persisted in vivo. Supplementary histology showed myocardial-fiber
changes in the BSA-free, but not the BSA-coated, group; however,
missing clinical chemistry, hematology, cardiac biomarkers, and long-
term toxicity testing preclude firm systemic-safety conclusions.

Igbal et al. provided a clearer coating-specific test by comparing
BSA-coated lapatinib-loaded PLGA nanoparticles with a matched un-
coated carrier [36]. The coated formulation showed pH-dependent
release, with 62.54% of lapatinib released at pH 5.0 versus 30.26% at
pH 7.4 over 48 h. Preincubation with free albumin reduced 4T1-cell
uptake by 76.32%, indicating an albumin-sensitive uptake process
without identifying a receptor. After a single intravenous 10 mg/kg
lapatinib-equivalent dose in healthy mice, the coated particles had a
6.38 h plasma half-life, compared with 2.23 h for uncoated particles and
0.29 h for free drug (n = 5 per group). In 4T1 tumor-bearing mice, three
intravenous 10 mg/kg doses increased tumor drug concentration rela-
tive to both controls and produced greater tumor-growth inhibition
(Fig. 6C). These comparisons support a coating-associated delivery
benefit, although gp60 and SPARC involvement and persistence of the
manufactured BSA interface were not tested.

Carrese et al. [37] used recombinant HSA as the exposed
drug-binding interface of a silica-melanin-silver hybrid. Doxorubicin
loading produced MelaSil Ag-HSA@DOX particles of 407 + 29 nm, and
fluorescence quenching indicated that HSA binding sites remained
accessible after immobilization [37]. At 24 h, approximately 80% of
DOX was released at pH 5.2 versus about 20% at pH 7.4, while 808 nm
irradiation enhanced HS578T-cell killing. HSA therefore supplied the
drug-binding and pH-responsive release compartment, whereas photo-
thermal conversion arose from the melanin-containing core and irradi-
ation. Because no matched HSA-free, DOX-loaded carrier was tested
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biologically, the chemo-photothermal outcome remains attributable to
the complete formulation.

Carrese et al., discussed in Section 3.5, extended the same platform to
three-dimensional HS578T breast-cancer and non-neoplastic MCF-10A
spheroids [20]. HSA-functionalized particles showed greater uptake and
deeper penetration than bare particles in HS578T spheroids, together
with substantially lower interaction with MCF-10A spheroids. DOX
delivered by the HSA-containing formulation showed time-dependent
redistribution and prominent nuclear localization after 24 h. These
findings associate HSA functionalization with enhanced interaction in
the tumor-spheroid model, but SPARC involvement was not directly
tested and no matched HSA-free, DOX-loaded formulation was evalu-
ated. In vivo delivery, pharmacokinetics, biodistribution, and
secondary-corona formation were not assessed.

Mahmoud et al. compared BSA adsorbed onto 3-mercapto-1-pro-
panesulfonate (MPS)-modified gold nanorods (GNR-BSA) and citrate-
stabilized gold nanospheres (GNS-BSA) at approximately pH 4 in
MDA-MB-231 cells [38]. BSA increased the rod diameter from 98.1
+ 3.9 to 127.95 + 2.2 nm after MPS replacement of the hexadecyl-
trimethylammonium bromide (CTAB)-rich precursor and shifted the
zeta potential from —12.4 + 4.9 to +11.1 + 5.5 mV. For spheres, BSA
increased the diameter from 64.1 + 8.9 to 74.4 + 3.8 nm and shifted the
zeta potential from —22.3 £+ 3.3 to +12.0 £ 3.5 mV. These changes
support albumin-containing interfaces but do not exclude aggregation or
protein conformational change. GNR-BSA had a reported IC50 of
approximately 3.0 pg/mL and about 5% cellular internalization,
whereas GNS-BSA showed less than 0.4% uptake and minimal cytotox-
icity. GNR-BSA also delayed scratch closure at 24 h, while neither ge-
ometry substantially altered adhesion. Because the formulations differed
in shape, size, chemistry, charge, and BSA coverage and lacked
albumin-free controls, they demonstrate geometry-dependent formula-
tion behavior rather than an isolated BSA effect. No serum-interface or
animal study was performed.

Zhang et al. prepared predominantly zero-valent platinum nanocores
within a BSA shell (Pt@BSA) [39]. Coextrusion with murine red-blood-cell
membranes formed membrane-coated Pt@BSA (Pt@BSA-RM), increasing
the hydrodynamic diameter from 8.6 + 2.1 to 112.4 + 3.4 nm. Thus, BSA
was the synthesis-associated shell of the inner platinum core, whereas the
membrane became the biologically exposed outer interface. The final as-
sembly remained stable for 72 h in PBS, 10% FBS, and simulated body
fluid and released platinum under 1 mM hydrogen peroxide, but no
BSA-free platinum control was included. In 4T1 cells, Pt@BSA-RM plus
X-ray irradiation generated more ROS and DNA damage than Pt@BSA plus
irradiation. In subcutaneous 4T1 tumors, intratumoral Pt@BSA-RM at
2.5 mg/kg every 2 days plus four 5 Gy irradiations produced the greatest
tumor suppression and less organ histopathology than Pt@BSA plus irra-
diation. These comparisons isolate an incremental benefit of the outer
membrane, not albumin, and the intratumoral design does not establish
systemic albumin-mediated targeting or prolonged circulation.

Zhao et al. reduced CTAB around gold nanorods and then incubated
the rods with BSA under alkaline conditions to generate BSA-coated gold
nanorods (AuUNR@BSA) for second near-infrared-window (NIR-II) pho-
tothermal therapy [40]. Relative to the CTAB-rich precursor (AuNR@C-
TAB), BSA substitution reversed the zeta potential and retained
absorption near 1064 nm. AuNR@BSA was substantially less cytotoxic to
4T1 cells than the CTAB-rich precursor (Fig. 6D), directly associating
interface replacement with improved cellular compatibility, although
residual CTAB was not quantified. Irradiation at 1064 nm and
0.75 W/cm? for 10 min reduced 4T1 survival to approximately 20%, but
heat generation arose from the gold-nanorod-laser interaction. After
intravenous administration, AUNR@BSA had an approximately 1.5h
blood half-life and predominant liver and spleen accumulation at 24 h,
but no albumin-free in vivo comparator. Intratumoral treatment involved
only two mice per group and therefore establishes local formulation-level
photothermal efficacy, not systemic albumin-mediated tumor targeting.

Hashemi et al. adsorbed BSA onto preformed MnFe204
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nanoparticles for 12 h, removed unbound protein by dialysis, and then
loaded quercetin. The approximately 7 nm inorganic cores produced
BSA-coated particles of 85.27 + 0.26 nm with a PDI of 0.25. Quercetin
loading increased the diameter to 98.13 + 0.78 nm, with 27.5% loading
efficiency. Molecular docking predicted quercetin binding to BSA, but
loading was not compared with a matched albumin-free carrier. Quer-
cetin release reached 62% at pH 5.7 and 41% at pH 7.4 after 120 h,
demonstrating pH-dependent dialysis release, not tumor-selective
release in vivo. In 4T1 cells, the complete formulation reduced
viability relative to free quercetin, and 4 Gy irradiation further
increased cytotoxicity; missing albumin-free and unloaded-core controls
prevent separation of BSA, quercetin, manganese ferrite, and radiation
effects. Hemolysis remained below 5% at the highest reported concen-
tration (Fig. 6E), and intravenous doses of 25-150 mg/kg caused no
deaths in four healthy BALB/c mice per dose. These findings provide
preliminary formulation-level compatibility evidence, without tumor-
delivery, pharmacokinetic, or in vivo efficacy validation [41].

Across eight studies evaluating seven breast-cancer platforms, evi-
dence for benefits obtained by adding albumin was uneven. Tan et al.
and Igbal et al. provided the clearest matched-carrier comparisons,
linking BSA coating to delivery, circulation, or therapeutic performance,
although receptor mechanisms remained untested. Zhao et al. isolated
improved cellular compatibility after replacing a CTAB-rich interface,
but not systemic BSA effects. The Carrese studies showed accessible HSA
drug-binding sites and greater tumor-spheroid interaction, but lacked an
HSA-free therapeutic control. Mahmoud et al. and Hashemi et al. lacked
albumin-free biological controls. In Zhang et al., BSA formed an inner
shell, while the red-blood-cell membrane was the outer and directly
compared interface. Thus, albumin served stabilizing, drug-binding,
compatibility-modifying, or uptake-associated functions, but no study
isolated it as the sole driver of complete targeting or multimodal
response. Interface persistence after secondary-corona formation
remained unresolved.

5.3. Hepatocellular carcinoma: corona-protected small interfering RNA

Yang et al. precoated redox-responsive chitosan-based nanoparticles
(TsR) with cyclic RGDyK peptide-modified BSA for delivery of small
interfering RNA (siRNA) targeting vascular endothelial growth factor
(siVEGF) in Bel-7402 hepatocellular carcinoma models [42]. The
chitosan-based core complexed siRNA and supported lysosomal escape
and redox-responsive release, whereas the composite BSA-cRGD layer
was intended to limit secondary protein adsorption and promote
tumor-cell interaction. Relative to uncoated TsR nanoparticles, pre-
coating improved dilution stability, reduced serum-protein adsorption
from 1.720 to 0.901 mg/mg carrier, and protected siRNA in 50% FBS
without abolishing redox-responsive release. It also increased cellular
uptake and lysosomal escape, produced an additional 13% reduction in
VEGF messenger RNA (mRNA) relative to the uncoated siVEGF-loaded
carrier, and significantly reduced tumor volume and weight in the
matched in vivo comparison. These matched comparisons support a
delivery benefit from the composite BSA-cRGD interface. However, the
absence of BSA-only and cRGD-only coating controls prevents separa-
tion of their individual contributions.

Building on the earlier BSA-cRGD strategy, Wu et al. subsequently
used cRGD-modified BSA precoating (BcR) on siVEGF-loaded chitosan-
based nanoparticles (CsR/siVEGF) to examine delivery and the subse-
quently acquired serum corona [28]. CsR/siRNA/BcR particles
measured 172.22 + 0.75nm and +23.43 +2.57 mV and adsorbed
approximately 67% less total serum protein than uncoated CsR particles
despite retaining a positive surface charge. Relative to uncoated
CsR/siVEGF, BcR precoating improved serum stability and siRNA pro-
tection and enhanced inhibition of tumor growth and angiogenesis.

In Bel-7402 xenografts (n = 5), five intravenous doses over 10 days
reduced VEGF mRNA and protein to approximately 30% and 25% of
saline-control levels, respectively. Coculture assays also showed reduced
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endothelial-cell proliferation, migration, invasion, and tube formation
(p < 0.01 for all endpoints). These outcomes reflect the activity of the
complete chitosan-siVEGF-cRGD-BSA formulation, not of albumin
alone. LC-MS/MS identified 693 proteins on CsR and 695 on CsR/BcR
particles, with 528 shared; the BcR-associated corona showed 6.80-fold
serotransferrin enrichment, 1.59-fold albumin enrichment, and
approximately 17.9-fold lower complement factor D. Thus, BcR reduced
total adsorption but did not prevent secondary-corona formation,
instead quantitatively reshaping its composition. Because particles were
incubated ex vivo with serum from tumor-bearing mice rather than
recovered after circulation, the proteomic results do not represent an in
vivo corona. The proposed functional roles of the altered proteins also
remain untested by blocking, depletion, receptor-inhibition, or
complement-activity experiments.

5.4. Ovarian cancer: albumin-stabilized drug nanocrystals

Palazzolo et al. evaluated HSA-stabilized nanocrystals of MAGL23, a
reversible monoacylglycerol lipase (MAGL) inhibitor (K; = 39 nM),
without a conventional polymeric or inorganic carrier core. The system
was carrier-free in the drug-nanocrystal sense, but not excipient-free:
Pluronic F-127 was used during nanocrystallization before HSA addi-
tion, washing, centrifugation, lyophilization, and resuspension. The
process increased aqueous drug content approximately 1000-fold rela-
tive to intrinsic solubility. The albumin-formulated MAGL23 nano-
crystals (MAGL23AF) contained 22 + 4% HSA by weight, had a
hydrodynamic diameter of 395.4 nm and a PDI of 0.1, and released 42
+ 6% of the drug over 72h [43]. Compared with unformulated
MAGL23, MAGL23AF showed greater stability in human liver micro-
somes at 40 and 60 min (p < 0.05). In 50% FBS/PBS, stability showed a
favorable trend at 168 h, but the difference was not statistically signif-
icant. In subcutaneous OVCARS5 xenografts (n = 6), four weekly intra-
peritoneal doses of 20 mg/kg produced a tumor-inhibition rate of 53%
at day 25, versus 21% for unformulated MAGL23 (p < 0.05) (Fig. 7A).
Intratumoral necrosis was approximately 40% with MAGL23AF, 20%
with unformulated drug, and less than 10% in untreated controls. Stable
body weight supports short-term tolerability only. A separate pharma-
cokinetic study in FVB/N mice used 100 mg/kg intraperitoneally and
found a significantly greater plasma area under the concentration-time
curve (AUC) for MAGL23AF. Because strain, dose, and cohort differed
from the efficacy experiment, increased exposure cannot be directly
linked to the xenograft response.

The demonstrated benefits apply to the complete Pluronic F-127/
HSA formulation. Without matched nanocrystals lacking HSA, the
albumin-specific contribution cannot be quantified. Proposed gp60- or
SPARC-mediated targeting was not tested by receptor blocking or ge-
netic intervention. Other limitations include one subcutaneous xeno-
graft, small cohorts, short follow-up, and no measurement of HSA
retention, exchange, or secondary-corona formation after systemic
exposure.

5.5. Glioblastoma: drug-gene co-delivery and brain-tumor targeting

Afonso et al. optimized a noncovalently BSA-coated WRAP5 peptide
nanocomplex for co-delivery of temozolomide (TMZ) and p53 plasmid DNA
(pDNA) [44]. In the selected formulation, 0.08% BSA was added 25 min
after formation of the peptide-pDNA core at a nitrogen-to-phosphate (N/P)
ratio of 1.03. Relative to the matched BSA-free complex, coating increased
the hydrodynamic diameter from 140.7 to 182.3 nm, shifted the zeta po-
tential from +13.4 to +9.8 mV, increased the PDI from 0.220 to 0.248, and
reduced pDNA complexation from 99.8% to 96.5%. The coating did not
uniformly improve physicochemical properties. Both formulations pro-
tected pDNA for 4 h in culture medium containing 10% FBS, so protection
was not albumin-specific. Rat-erythrocyte hemolysis decreased from 5.9%
to 3.9%, while HA1800 astrocyte viability did not differ significantly. In
U8Y7 cells, coating produced greater viability loss at 24 and 48 h, but not at



H. Mohammad et al.

72h (Fig. 7B), and conventional reverse-transcription polymerase chain
reaction (RT-PCR) qualitatively detected p53 transcription. Because uptake
and the proposed SPARC and gp60 pathways were not tested, these out-
comes remain attributable to the complete TMZ-WRAP5-p53-BSA formu-
lation. No barrier or animal study, pharmacokinetics, biodistribution,
BSA-retention, or secondary-corona evaluation was performed.

Leung et al. [27] coated nanodiamonds with a multicomponent
dcBSA-PEG-streptavidin-RGD interface for glioblastoma imaging. dcBSA
served as the coating and scaffold for 2-4 biotinylated PEG chains; RGD
was introduced through streptavidin-biotin assembly [27]. The final
particles measured 73.28 + 0.31 nm and +12.10 + 2.60 mV in water.
Because dcBSA-PEG nanodiamonds were negatively charged before
completion of the streptavidin-RGD assembly, the final positive charge
cannot be attributed to BSA cationization alone. In an endothelial model
with a transendothelial electrical resistance (TEER) of only 27.23 + 2.46
Q-cm?, relative permeability at 480 min increased from 32.1 + 5.4% for
dcBSA-PEG nanodiamonds to 53.5 + 2.1% for the RGD-containing
construct. These values were normalized to cell-free inserts, not an ab-
solute administered-dose fraction crossing an intact blood-brain barrier.
RGD also increased U-87 MG uptake approximately 4-fold at 1h
(500 ug/mL), without significant short-term cytotoxicity up to
1000 pg/mlL; proposed uptake pathways were not tested. After one
intravenous dose of 8.75 mg/kg in mice bearing intracranial U-87 MG
xenografts (n=4 per nanoparticle group), the RGD-containing
construct produced greater tumor-associated cyanine 7 (Cy7) fluores-
cence at 24 h than the non-RGD formulation. This supports greater
accumulation of the complete construct, but does not distinguish intact
barrier transcytosis from blood-tumor barrier disruption or vascular
leakage. Cy7 labeled the protein interface rather than the nanodiamond
core. The result therefore reflects the combined effects of dcBSA modi-
fication, PEGylation, streptavidin, RGD, charge, and tumor vascular
properties, not albumin alone. Small groups, one imaging time point, no
formal pharmacokinetics, and no independent assessment of core and
interface persistence further limit interpretation.

Afonso et al. and Leung et al. represent complementary but non-
equivalent applications under “Glioblastoma: Drug-Gene Co-delivery
and Brain-Tumor Targeting.” Afonso et al. used a relatively simple
noncovalent BSA coating and a matched BSA-free formulation,
providing stronger evidence that albumin addition reduced hemolysis
and transiently influenced the U87 cellular response; however, the study
remained entirely in vitro and did not evaluate barrier transport or
animal delivery. Leung et al. examined a more complex dcBSA-PEG-
streptavidin-RGD interface and extended the evaluation to an endothe-
lial model and intracranial xenograft imaging, but the enhanced
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transport, uptake, and tumor-associated fluorescence cannot be attrib-
uted independently to albumin or interpreted as demonstrated transport
across an intact BBB. Thus, Afonso provides the stronger albumin-
specific control design, whereas Leung provides broader biological
and imaging evidence. Neither study established persistence of the
engineered albumin interface, formal pharmacokinetics, intact in vivo
BBB transcytosis, or therapeutic efficacy in glioblastoma.

5.6. Colorectal cancer: albumin-stabilized combination chemotherapy

Li et al. intercalated 5-fluorouracil (5FU) into Mg2Al layered double
hydroxide (LDH) nanoparticles, then adsorbed albumin-bound pacli-
taxel (Abraxane, ABX) together with additional BSA [45]. The resulting
albumin-stabilized LDH (BLDH/5FU-ABX) had a hybrid ABX/BSA
interface rather than a simple BSA coating. Relative to LDH/5FU, adding
ABX and BSA increased the diameter from 95.0 +5.5 to 168.3
+ 2.0 nm, increased the PDI from 0.112 to 0.181, and shifted the zeta
potential from +42.6 to —14.0 mV; 5FU and ABX loading efficiencies
were 56.4 + 7.4% and 93.2 + 5.2%, respectively. Because ABX and BSA
were added together, these changes cannot be assigned to BSA inde-
pendently. The clearest interface-level benefit was colloidal stabiliza-
tion: LDH/5FU aggregated in PBS and reached 339.4 + 7.4 nm in
serum-containing Dulbecco's modified Eagle's medium (DMEM),
whereas BLDH/5FU-ABX remained approximately 165 nm in both
media. At pH 5.5, coated and uncoated carriers each released approxi-
mately 90% of 5FU within 120 min, indicating that acid-responsive
release mainly reflected LDH dissolution. DLS stability and a BSA-FITC
exchange surrogate did not establish resistance to secondary-corona
formation or ABX retention during circulation.

In HCT-116 cells, BLDH-mediated delivery increased BSA-FITC up-
take approximately 6-fold over free BSA-FITC, demonstrating a carrier-
mediated uptake advantage rather than albumin-specific targeting. At
1.25 ug/mL 5FU and 2.0 ug/mL ABX, the dual formulation reduced
viability to approximately 15%, versus approximately 58% and 55% for
the single-drug formulations, with a reported combination index of 0.48.
In HCT-116 xenografts (n = 6), three intravenous injections on days 0,
4, and 8 delivered 3 mg/kg 5FU and 20 mg/kg ABX, equivalent to 2 mg/
kg paclitaxel, and produced greater tumor-growth inhibition and ne-
crosis than either single-drug formulation. Stable body weight and un-
remarkable major-organ histology support short-term tolerability only.
These outcomes support synergistic chemotherapy by the complete
LDH-5FU-ABX-BSA system. Without an albumin-free dual-drug carrier,
a free 5FU-ABX combination, formal pharmacokinetics, direct bio-
distribution in the efficacy experiment, or comprehensive safety testing,
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Fig. 7. Representative therapeutic outcomes illustrating different levels of albumin-interface attribution. (A) Tumor-inhibition rate in OVCARS5 xenografts following
treatment with unformulated MAGL23 or HSA-formulated MAGL23 nanocrystals (MAGL23AF). The comparison demonstrates improved performance of the complete
MAGL23AF formulation but does not isolate the contribution of HSA because a matched HSA-free nanocrystal formulation was not evaluated. (B) Viability of U87
glioblastoma cells after 24, 48, and 72 h exposure to TMZ/p53 delivery formulations, including matched BSA-free and BSA-coated TMZ-WRAP5/pDNA nano-
complexes. The matched comparison supports coating-associated differences at 24 and 48 h, whereas the effect was not maintained at 72 h.
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efficacy and tolerability cannot be attributed specifically to albumin.
5.7. Skin cancer: silver-mediated and photothermal therapy

Kim et al. prepared BSA-coated silver nanoparticles by NaBH4
reduction of silver nitrate in the presence of BSA, then removed unbound
protein by centrifugal filtration [46]. The formulation remained
size-stable for 5 days and had an approximately 100 nm core, a hydro-
dynamic diameter of 121.2 + 43 nm, a PDI of 0.095, and a zeta potential
of —31.3 £ 5.3 mV. Without a matched uncoated silver nanoparticle,
the magnitude of BSA-mediated stabilization cannot be quantified. In
B16F10 melanoma cells, the particles generated dose-dependent ROS
and an IC50 of 65.8 &+ 9.2 uM as silver, versus 120 + 14.4 uM for silver
ions. TEM supported internalization, and human umbilical vein endo-
thelial cell experiments showed reduced proliferation, migration, and
tube formation. After 690 nm irradiation for 10 min, viability fell to
8.2% and 4.2% at maximum temperatures of 45 and 50 °C, respectively.
These outcomes characterize the complete BSA-silver formulation. This
in vitro study did not evaluate serum-interface evolution, pharmacoki-
netics, tumor delivery, efficacy, or systemic toxicity.

Amatya et al. complexed Cu?* with BSA before NaBH,4 reduction, so
BSA participated in copper nanoparticle formation and provided the
aqueous interface [47]. The particles measured 93.5 4+ 9 nm, with a PDI
of 0.13 and a zeta potential of —10.9 + 5.5 mV, and retained size and
photothermal performance for 5 days at 4 °C. A matched BSA-free
copper nanoparticle was not tested, so albumin-specific effects on bio-
logical performance cannot be determined. At 120 pg Cu/mL in B16F10
cells, viability was 67.8% without irradiation and 23.8%, 8.4%, and
7.9% after 885 nm irradiation for 10 min at 1.0, 1.2, and 1.3 W,
respectively; laser alone caused little cytotoxicity. In healthy mice
(n = 3 per dose), no deaths occurred at or below 16 mg Cu/kg, whereas
doses above 32 mg Cu/kg caused deaths within 24 h. A separate intra-
venous study of an indocyanine green (ICG)-loaded variant in healthy
mice (n =5), at 420 ug ICG/kg and 40 mg BSA/kg, yielded a 1.98 h
plasma half-life, an AUC of 769 ug h/mL, and a 2.7 h mean residence
time. Because plasma fluorescence tracked ICG in a labeled variant
rather than copper directly, these values do not establish copper-core
pharmacokinetics or tumor imaging.

Comparison of the two studies shows similar interfacial roles but
different evidence depth. Kim et al. provided broader in vitro evidence,
including ROS-associated melanoma cytotoxicity, cellular localization,
antiangiogenic activity, and silver-mediated photothermal killing, but
no animal data. Amatya et al. demonstrated copper-mediated photo-
thermal killing and added preliminary acute-tolerability and plasma-
disposition measurements in healthy mice, but did not test tumor de-
livery or in vivo efficacy. In both systems, BSA supported metal-particle
formation, aqueous dispersion, and short-term storage stability, whereas
ROS generation and photothermal conversion arose primarily from the
metal cores. Because neither study included matched BSA-free nano-
particles, neither establishes albumin-specific tumor targeting, cellular
uptake, antiangiogenesis, circulation extension, or therapeutic efficacy.

5.8. Gastric cancer: cisplatin delivery and photothermal treatment

Li et al. used carbodiimide chemistry to immobilize albumin on hy-
drothermally prepared magnetite nanoparticles containing cisplatin and
perfluorohexane (PFH), producing A-PFH/C-MNPs [48]. Electron micro-
scopy showed an approximately 131.2 nm diameter and an approximately
8.3 nm albumin-containing layer; cisplatin-loading efficiency exceeded
60%. At 1800 min, cisplatin release was 37.7%, 59.1%, and 73.5% at pH
7.5, 5.0, and 2.5, respectively. Gravimetric PFH loss at 60 min increased
from less than 12% at 37 °C to approximately 59% at 45 °C. Albumin
served as an interfacial scaffold, but no albumin-free release control iso-
lated the proposed albumin gate. The cisplatin profile therefore cannot be
assigned specifically to albumin, while the temperature-dependent mea-
surement primarily reflects PFH volatilization.

26

Biomedicine & Pharmacotherapy 203 (2026) 119907

In AGS gastric-cancer cells, A-PFH/C-MNPs combined with 808 nm
photothermal treatment (PTT) produced 49.5% early and 30.8% late
apoptosis, versus 34.8% and 28.7% for albumin-cisplatin-magnetite
nanoparticles and 25.9% and 19.2% for free cisplatin, respectively.
The irradiated PFH-containing formulation also produced the highest
ROS signal and SubG1 population, each reported as 3.06-fold above the
untreated control, and increased TNF-alpha, Bax, and caspase-3
expression. These results support the complete combination formula-
tion. However, the key comparison lacked both the PFH-containing
formulation without irradiation and the PFH-free formulation with
irradiation, so PFH and PTT effects cannot be separated. This cell-culture
study did not report sample size or evaluate pharmacokinetics, tumor
delivery, in vivo efficacy, or systemic safety.

5.9. Testicular embryonal carcinoma: folate-modified diosgenin delivery

Ayatollahi et al. adsorbed BSA onto green-synthesized ZnO nano-
particles, incorporated diosgenin (DG), crosslinked the protein-
containing assembly with glutaraldehyde, and coupled FA through
carbodiimide chemistry [49]. The resulting ZnO-BSA-DG-FA particles
measured 243.13 nm by dynamic light scattering and approximately
100 nm by scanning electron microscopy, with a PDI of 0.33, a zeta
potential of —20.76 mV, DG encapsulation of 81.38%, and FA coupling
of 52.09%. BSA thus formed a crosslinked hybrid interface that
accommodated DG and supplied groups for FA conjugation. A single
zeta-potential measurement does not establish storage or serum stabil-
ity, and the absence of matched ZnO, ZnO-BSA, BSA-DG, and BSA-free
controls prevents isolation of BSA effects on dispersion, loading,
ligand presentation, or delivery.

After 48 h, the complete formulation produced an IC50 of 13.47 pg/
mL in NTERA-2 cells, versus 20.46 ug/mL in human umbilical vein
endothelial cells and greater than 25 ug/mL in human foreskin fibro-
blasts. It increased the SubG1 population and caspase-3 and caspase-9
transcript levels without a significant caspase-8 change. These findings
are consistent with intrinsic apoptotic signaling but do not demonstrate
protein activation or identify the responsible component. The modest
normal-cell comparison reflects formulation-level differential cytotox-
icity; folate-receptor dependence, cellular uptake, serum-interface evo-
lution, and in vivo efficacy were not tested.

5.10. Prostate cancer: albumin-coated metallic nanoparticles

Zareian Baghdadabad et al. compared PVP-stabilized silver nano-
particles (AgNPs) with a BSA-containing formulation in PC3 and LNCaP
prostate-cancer cells [50]. Coating increased the mean hydrodynamic
diameter from 26.5 + 8.88 to 76.70 + 30.9 nm and reduced the 24 h
IC50 from 48 + 0.32 to 32 4+ 0.08 uM in PC3 cells and from 110 + 1.74
to 95 + 1.32 uM in LNCaP cells. AgNPs-Alb more strongly inhibited PC3
migration and colony formation in both cell lines. Early apoptosis
increased from 20.9% to 44.4% in PC3 cells, whereas the corresponding
LNCaP values decreased from 70.7% to 66.7%. The coating was also
associated with a higher LNCaP SubG1 fraction, lower VEGF-A expres-
sion, and higher Bax/Bcl2 ratios, but not with uniform improvement
across all endpoints. Although the paired formulations support
coating-associated effects, most downstream assays used one-half of
each formulation's own IC50, creating unequal silver-formulation con-
centrations. Cellular uptake, albumin-receptor involvement, normal-cell
toxicity, physiological stability, secondary-corona formation, and ani-
mal outcomes were not evaluated.

Mahmoud et al., whose BSA-gold architectures are described in
Section 5.2, also evaluated GNR-BSA and GNS-BSA in DU-145 and PC-3
cells [38]. GNR-BSA produced greater cytotoxicity and uptake,
approximately 10% in DU-145 and 14% in PC-3 cells, versus less than
0.4% for GNS-BSA, and more strongly delayed scratch closure; adhesion
effects were modest. Because BSA-coated rods were compared with
BSA-coated spheres rather than with albumin-free counterparts of each
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geometry, these are formulation-level effects of shape, size, precursor
chemistry, and BSA presentation.

Zareian Baghdadabad et al. provide the stronger coating-addition
control, whereas Mahmoud et al. demonstrate geometry-dependent
behavior between two BSA-coated gold architectures. Neither study
establishes albumin-receptor targeting, durable serum-interface stabil-
ity, reduced immune recognition, or in vivo prostate-tumor delivery.
Across the ten cancer-specific settings, engineered albumin interfaces
served different functions, including charge modulation, ligand and
payload presentation, nucleic-acid protection, nanocrystal or colloidal
stabilization, and compatibility of metallic or photothermal platforms.
Substantial differences in cores, albumin architectures, co-components,
payloads, routes, models, and comparator quality demonstrate platform
adaptability but preclude quantitative ranking as equivalent albumin-
specific effects.

6. Corona proteomics: current evidence and future diagnostic
validation

Engineered albumin-containing interfaces may eventually support
proteomics-assisted cancer research by acting as standardized nano-
concentrators that enrich selected proteins from complex biological
samples. In the present evidence base, however, only two included
studies characterized secondary-corona composition by LC-MS/MS, and
neither evaluated cancer-patient cohorts, disease discrimination, diag-
nostic sensitivity or specificity, receiver operating characteristic curves,
predictive values, or independent validation. Corona proteomics should
therefore be presented as a hypothesis-generating research framework
rather than an established diagnostic or liquid-biopsy method.

6.1. Direct corona-proteomic evidence and attribution limits

Bozzer et al. compared otherwise similar PLGA-PVA nanoparticles
with and without covalently immobilized HSA after 1 h in normal
human serum. LC-MS/MS identified 105 protein species on NP-HSA and
79 on uncoated nanoparticles, with 31 shared proteins [24]. NP-HSA
showed greater relative representation of albumin, ApoAl, ApoA2,
ApoC3, and clusterin, while no proteins from the terminal complement
pathway were documented (Fig. 8A). The larger number of identified
species does not establish greater total protein mass; rather, the matched
comparison directly shows that HSA immobilization altered corona di-
versity and composition instead of preventing secondary adsorption.
Reduced macrophage uptake was associated with this altered profile,
but the causal contribution of individual proteins was not tested, and the
targeting and therapeutic outcomes remain attributable to the complete
HSA-anti-CD19-doxorubicin formulation.

Wu et al. compared chitosan-based CsR nanoparticles with a composite
cRGD-modified BSA precoating using serum collected from tumor-bearing
mice [28]. LC-MS/MS identified 693 proteins on CsR and 695 on CsR/BcR,
with 528 shared; serotransferrin and albumin were enriched 6.80-fold and
1.59-fold, respectively, while complement factor D was reduced to
approximately 1/17.9 of the level on CsR (Fig. 8B). These findings
demonstrate corona reshaping by the composite cRGD-BSA interface, not
by albumin alone, because BSA-only, cRGD-only, and protein-replacement
controls were absent. The nanoparticles were incubated ex vivo with
tumor-bearing mouse serum rather than injected and recovered after cir-
culation. Serotransferrin-mediated targeting and complement-associated
immune effects therefore remain untested interpretations, while the
antiangiogenic outcomes belong to the complete siVEGF-loaded formula-
tion. Together, these studies support surface-design-dependent secondar-
y-corona composition. Bozzer et al. provide the stronger albumin-specific
comparison, whereas Wu et al. establish an effect of a composite
cRGD-BSA interface. Neither study validated an individual corona protein
as a targeting, stealth, or diagnostic mechanism.
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6.2. Diagnostic potential and current evidence boundaries

Standardized nanoparticle panels could potentially enrich selected
protein subsets and generate candidate corona fingerprints for cancer
research. This remains hypothetical because neither included proteomic
study tested human cancer samples, distinguished patients from con-
trols, or evaluated diagnostic performance. Any comparison with
established liquid-biopsy approaches should therefore be framed as a
future validation objective, not a demonstrated advantage.

Clinical translation requires standardized sample collection, corona
formation, nanoparticle recovery, washing, protein desorption, LC-MS/
MS acquisition, database searching, quality control, and reporting.
Across multicenter studies, standardized processing improved repro-
ducibility, including an increase in interfacility overlap in identified
corona proteins from approximately 11-40% in one study, although
substantial variability remained [51,52]. Tumor type and stage, medi-
cation, age, inflammation, and other physiological variables may further
confound disease-associated signatures. Prospective, appropriately
matched human cohorts, locked analytical workflows, predefined per-
formance criteria, and independent validation are therefore required
before diagnostic claims are justified.

6.3. Emerging methodological directions for corona characterization

Recent analytical developments could extend corona characteriza-
tion beyond bulk end-point proteomics. Single-particle inductively
coupled plasma mass spectrometry (ICP-MS) or tandem ICP-MS/MS can
measure particle-number concentration and, for suitable elemental
cores, infer size distributions. Applied before and after recovery, these
measurements could quantify particle loss and support normalization of
proteomic abundance to particle number. Cryo-electron microscopy
(cryo-EM) and cryo-electron tomography can visualize corona
morphology, spatial heterogeneity, and particle-to-particle variation,
although they do not identify the observed biomolecules as albumin
without an independent molecular assay. Single-particle ICP-MS like-
wise does not identify surface proteins, and cryogenic imaging may
underrepresent rapidly exchanging soft-corona components. These
methods should therefore complement, rather than replace, quantitative
proteomics [53,54]. Proteoform-resolved top-down mass spectrometry
may distinguish intact albumin, complement, apolipoprotein, and
coagulation-protein variants that conventional peptide-based analysis
can combine under the same protein identity [55]. High-throughput
magnetic-nanoparticle enrichment and rapid on-bead digestion work-
flows could support larger clinical cohorts and nanoparticle-panel
screening [56]. Nanoflow cytometry can quantify protein adsorption
and particle-to-particle heterogeneity in situ at the single-particle level
while monitoring nanoparticle aggregation in serum. Its molecular
specificity depends on fluorescence labeling, so it does not provide
untargeted protein identification and should complement mass spec-
trometry [57].

These advances require rigorous artifact control and workflow
harmonization. Digestion protocol selection can substantially alter
protein recovery, representation, and the apparent corona profile [58,
59]. Future studies should combine particle-number normalization,
structural imaging, mass spectrometry, appropriate biological-fluid
controls, and functional validation. For albumin-containing interfaces,
the nanoparticle core and albumin layer should be traced independently
before biological exposure, after controlled serum incubation, and
following recovery from circulation. This integrated approach could
determine albumin retention, displacement, secondary-corona forma-
tion, and their relationships with biological outcomes, but it does not
itself establish diagnostic validity.

6.4. Conceptual diagnostic validation pathways

Studies in this field should distinguish among three evidence levels:
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Fig. 8. Secondary-corona proteomic remodeling by engineered albumin-containing nanoparticle interfaces. (A) Relative representation of selected opsonin- and
dysopsonin-associated proteins identified after serum exposure of uncoated PLGA-PVA nanoparticles (NP) and nanoparticles bearing covalently immobilized HSA
(NP-HSA), illustrating HSA-interface-associated changes in secondary-corona composition. (B) Heat map of abundant corona proteins identified on chitosan-based
CsR nanoparticles and particles bearing the composite cRGD-modified BSA precoating (CsR/BcR) after ex vivo incubation with serum from tumor-bearing mice. The
two studies demonstrate surface-design-dependent corona remodeling, but neither establishes a causal biological or diagnostic role for individual corona proteins.

directly demonstrated changes in corona composition associated with an
engineered albumin interface, biological outcomes attributable to the
complete formulation, and mechanistic interpretations inferred from the
reported functions of individual corona proteins. The available proteo-
mic studies demonstrate that nanoparticle surface design can influence
the composition of coronas generated under controlled serum or plasma
exposure. However, they do not establish cancer detection, patient
classification, diagnostic accuracy, or a causal relationship between an
individual corona protein and a biological outcome.

Fig. 9 therefore presents a conceptual framework for future diag-
nostic validation rather than an experimentally established workflow.
The proposed ex vivo pathway involves incubating a defined nano-
particle panel with prospectively collected samples from cancer patients
and appropriately matched controls under standardized preanalytical
and analytical conditions. Candidate corona signatures would require
predefined quality-control criteria, a locked -classification model,
sensitivity, specificity, receiver operating characteristic and area-under-
the-curve analyses, predictive-value estimation, reproducibility assess-
ment, and independent external validation.

An optional in vivo nanoconcentrator pathway (Fig. 9) would
involve systemic administration of a defined nanoparticle, recovery of
the circulating particles after a predetermined interval, preservation and
LC-MS/MS analysis of the acquired corona, and comparison with inde-
pendently validated reference profiles. None of the reviewed studies
completed this workflow. Its feasibility remains uncertain because
nanoparticle dosing safety, recovery efficiency, interface evolution,
corona preservation, biological variability, and diagnostic reproduc-
ibility have not been established. Accordingly, neither pathway should
be presented as an available method for early cancer detection or liquid
biopsy. Quantitative particle-recovery studies, matched albumin-free
and alternative-protein controls, prospective patient cohorts, pre-
defined diagnostic thresholds, and independent validation are required
before clinical relevance can be assessed.

7. Critical evaluation and future outlook

The strength of albumin-specific attribution varied substantially
across the reviewed systems. Table 4 therefore distinguishes direct al-
bumin/interface evidence from formulation-level outcomes and pro-
posed or untested albumin-related mechanisms.

7.1. Invivo persistence and evolution of pre-engineered albumin interfaces

Pre-injection size, charge, coating thickness, drug loading, and
colloidal stability characterize the manufactured formulation, not its
biological identity after administration. Noncovalently adsorbed albu-
min may desorb or exchange, whereas covalent or crosslinked layers
may persist yet become conformationally masked by a secondary
corona. Thus, immobilization does not establish that albumin remains
the dominant exposed interface in vivo [60,61]. No reviewed study
recovered a formulation from the circulation of a tumor-bearing
mammalian model and directly quantified the retention, conforma-
tion, orientation, or exchange of its engineered albumin layer. Traverso
et al. relied on short-term DLS [23]; Bozzer et al. [24] and Wu et al. [28]
characterized coronas generated under controlled serum conditions;
Caputo et al. observed serum-associated particle growth [18]; and Li
et al. used a BSA-FITC exchange surrogate [45]. These findings describe
restricted in vitro or ex vivo conditions and do not establish interface
persistence after systemic circulation. Such whole-formulation readouts,
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including blood half-life, whole-particle fluorescence, tumor accumu-
lation, and efficacy, cannot by themselves establish retention of the
engineered albumin layer [62]. Future studies should independently
trace the core and albumin component, recover particles at multiple
circulation times, and compare the manufactured, serum-exposed, and
in vivo recovered interfaces using quantitative protein analysis and
proteomics.

7.2. Charge, albumin conformation, and glycocalyx interactions

The positively measured interfaces reported by Wu et al. and Leung
et al. remained compatible with siVEGF activity or transport in an
endothelial model, but neither study used charge-matched controls.
Moreover, Leung's low-resistance barrier model and tumor fluorescence
do not demonstrate transport across an intact blood-brain barrier. Zeta
potential is medium-dependent and does not independently define
ligand accessibility, local charge domains, macrophage avoidance, or
circulation behavior.

Olivieri et al. [26] provided more direct mechanistic evidence by
comparing silica nanoparticles coated with native, cationic, or anionic BSA.
Cellular uptake depended on both albumin presentation and cell-surface
glycosaminoglycans; cationic-BSA nanoparticle uptake fell 30-fold in
glycosaminoglycan-deficient CHO cells [26]. This supports a
glycocalyx-sensitive interaction rather than a universal charge rule, but the
static cell models did not establish tumor targeting, immune stealth, phar-
macokinetics, or in vivo efficacy. Accordingly, apparent charge-function
decoupling remains a hypothesis requiring matched controls for charge,
albumin conformation, PEG and ligand density, followed by corona, com-
plement, macrophage, pharmacokinetic, and biodistribution testing.

7.3. Stealth as corona composition rather than protein exclusion

Bozzer et al. [24] and Wu et al. [28] showed that albumin-containing
interfaces can alter secondary-corona composition rather than eliminate
protein adsorption. Bozzer et al. associated an altered corona profile
with reduced macrophage uptake, whereas Wu et al. reported enrich-
ment and depletion of selected serum proteins. Neither study established
a causal role for an individual corona protein or a universal
albumin-mediated stealth mechanism. Likewise, the absence of docu-
mented proteins from the terminal complement pathway in the Bozzer
dataset cannot be equated with complete complement blockade,
because early complement components, immunoglobulins, coagulation
proteins, scavenger receptors, and other phagocytic pathways remain
relevant. Stealth should therefore be evaluated using quantitative
adsorption, corona composition, complement activation, immune-cell
uptake, and in vivo clearance rather than DLS stability or albumin
presence alone.

7.4. Translational and mechanistic validation challenges

Albumin source remains a major translational variable. Most
reviewed formulations used BSA or modified BSA, although BSA is
xenogeneic in humans and is not functionally interchangeable with HSA.
BSA and HSA share approximately 76% amino-acid sequence similarity,
and differences in exposed residues, ligand binding, receptor recogni-
tion, and adsorption-induced epitopes may alter loading, release, corona
formation, and immune interactions [63]. Pre-existing anti-BSA IgG and
exposure-associated increases were reported in humans, although no
related clinical events were detected in that study [64]. Species
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remain conceptual and have not been clinically validated.

differences also complicate interpretation of receptor-mediated circu-
lation and pharmacokinetics. At acidic pH, cross-species experiments
showed an approximately 100-fold affinity difference between mouse
neonatal Fc receptor (FcRn) binding to HSA, about 90 pM, and human
FcRn binding to mouse albumin, 0.8 uM [65]. Thus, the circulation
behavior of a BSA-containing formulation in mice does not establish
equivalent FcRn-mediated recycling for an analogous HSA formulation
in humans. This limitation is additional to the unresolved question of
whether nanoparticle-bound albumin retains the conformation and
receptor accessibility required for FcRn engagement. BSA systems
should therefore be treated as proof-of-concept unless matched BSA
and HSA formulations demonstrate comparable physicochemical,
immunological, and pharmacokinetic behavior. Caputo et al. showed
that HSA could form the intended coating during formulation
screening, but subsequent biological experiments used BSA and did not
establish biological equivalence between the two albumins [18].
Human-directed development should use well-characterized pharma-
ceutical-grade or recombinant HSA. A trial of recombinant HSA in
healthy participants assessed the free protein, not a
nanoparticle-bound HSA interface [66]; candidate nanoformulations
still require testing of conformation, FcRn accessibility, corona evo-
lution, complement activation, anti-albumin responses, repeated-dose
safety, and manufacturing consistency. FcRn recycling, gp60 trans-
cytosis, SPARC association, and transferrin-receptor targeting remain
plausible but mostly inferred. Receptor expression, ligand enrichment,
or tumor accumulation alone does not demonstrate receptor-mediated
transport. These mechanisms require receptor blocking or genetic
perturbation, ligand depletion, competitive binding, and matched
albumin-free or ligand-free controls before albumin-specific causality
is claimed.

7.5. Immunotherapy integration as an unvalidated future direction

Albumin-engineered interfaces may eventually be combined with
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immune-modulating payloads, checkpoint blockade, or treatments that
induce immunogenic cell death. However, no reviewed study tested an
albumin-interface formulation with programmed cell death protein 1
(PD-1) or programmed death-ligand 1 (PD-L1) blockade or established a
causal effect on antitumor immunity. Even complete tumor disappear-
ance reported for a photothermal multicomponent formulation [15]
cannot be interpreted as evidence of immunogenic cell death without
immune-cell profiling, rechallenge, depletion, or checkpoint-combination
experiments. Immunotherapy integration should therefore remain a
testable future direction rather than a demonstrated platform capability.

8. Conclusion

Engineered albumin interfaces have been investigated as functional
components of non-albumin nanoparticles and drug nanocrystals across
diagnostic imaging, theranostics, controlled release, tumor targeting,
and biological-identity modulation. Their contributions are architec-
ture- and formulation-dependent rather than universal. The strongest
evidence supports coating-associated changes in colloidal behavior,
surface charge, payload association and release, cellular interaction,
macrophage uptake, and secondary-corona composition. Direct attri-
bution of an incremental effect to the albumin-containing interface re-
quires matched albumin-free comparators or albumin-specific
mechanistic interventions.

Pharmacokinetic, biodistribution, imaging, and therapeutic out-
comes generally remain properties of the complete formulation because
albumin was combined with targeting ligands, polymers, inorganic
cores, membrane coatings, therapeutic payloads, or externally applied
energy. Accordingly, these heterogeneous systems should not be ranked
using nominal albumin-specific effect sizes. Proposed mechanisms
involving FcRn, gp60, SPARC, transferrin receptors, integrins, or charge-
mediated uptake also remain provisional unless verified by receptor
blocking, competitive binding, genetic perturbation, ligand depletion,
or otherwise matched controls. In vitro epithelial or endothelial
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Evidence attribution for albumin/interface-specific effects, formulation-level outcomes, and proposed mechanisms.

Study and formulation

Direct albumin/interface evidence

Formulation-level outcome

Proposed or untested albumin-related
mechanism

Baki et al., 2021
BSA-coated FesOs MNPs

Wu T. et al., 2022
PS-BSA-AuNC-Apt probe

Zhang et al., 2023
Fes0s@BSA-TA-Fe*"

Petrov et al., 2025
HSA-coated OA/OA-
Tween20 Fes0s MNPs

Suwannasing et al., 2025
BSA@CuO nanoparticles

Traverso et al., 2023
HSA/hTf-decorated CdSe/
ZnS QDs

Bozzer et al., 2024
HSA-PLGA-PVA
nanoparticles

Kumar et al., 2024
DC-field-engineered BSA-
AuNPs

Leung et al., 2021
RGD-dcBSA-PEG
nanodiamonds

Li et al., 2020
BSA/HAP/DOX
nanoparticles

Tan et al., 2021
BSA-CS-DOX nanoparticles

Yang et al., 2021
Bc-coated TsR/siVEGF
nanoparticles

Wu Z. et al., 2024
BcR-coated CsR/siVEGF
nanoparticles

Palazzolo et al., 2024
HSA-MAGL23/F127
nanocrystals

Goel et al., 2026
CoFe204@BSA@Ag

Afonso et al., 2024 BSA-
coated TMZ-WRAP5/p53
nanocomplexes

Igbal et al., 2022
BSA-coated PLGA-lapatinib

Carrese et al., 2021
MelaSil_Ag-HSA@DOX

Direct, physicochemical only: Coating-associated
changes in size, charge, salt stability, and relaxivity
were demonstrated against uncoated MNPs.

Partial physicochemical evidence: comparison with
bare PS supported short-term colloidal stabilization
by the BSA-AuNC-containing interface; aptamer-
free comparisons isolated the aptamer contribution
to targeting rather than a BSA-specific targeting
effect.

Direct, physicochemical only: FesOs versus
Fes04@BSA supported a BSA-associated
improvement in dispersion.

Direct, matched interface comparison: HSA-
associated changes in stability, relaxivity, DOX
loading, and blank-carrier cytotoxicity were
demonstrated.

Direct, physicochemical only: Bare CuO versus
BSA@CuO supported a coating-associated
improvement in dispersion.

Partial outer-protein comparison: HSA versus hTf
principally demonstrated an hTf-dependent effect;
no albumin-free QD was included.

Direct, matched interface comparison: HSA altered
the acquired-corona profile and reduced
macrophage uptake; no improvement in the
measured complement outcome was found.

Direct, biophysical only: BSA adsorption and
voltage-dependent changes in particle size, charge,
and protein perturbation were demonstrated.

None isolated: RGD versus non-RGD nanodiamonds
identified the RGD contribution, not the
independent contribution of dcBSA.

Direct, matched interface comparison: BSA-free
versus BSA-coated particles and free-BSA
competition supported an albumin-related
contribution to uptake and tumor accumulation and
relative tumor-associated fluorescence.

Direct, matched interface comparison: BSA-free
versus BSA-coated particles supported coating-
associated effects on serum stability, cellular
uptake, tumor drug accumulation, and tumor
response.

Composite-interface evidence: TsR versus TsRBc
demonstrated an effect of the cRGD-BSA layer, but
BSA and cRGD contributions could not be separated.
Composite-interface evidence: CsR versus CsR/BcR
demonstrated an effect of the cRGD-BSA layer on
protein adsorption and ex vivo corona composition.
None isolated: No matched HSA-free F127
nanocrystal formulation was evaluated.

Partial matched-interface evidence: CoFe204
versus CoFe204@BSA supported an albumin-
associated change in H1299 cytotoxicity, but
physicochemical characterization did not
consistently include the BSA-only intermediate
Direct, matched-interface evidence: BSA-free versus
BSA-coated complexes demonstrated coating-
associated changes in size, charge, hemolysis, and
U87 viability at 24 and 48 h; pDNA protection and
astrocyte viability were not improved specifically
by BSA

Direct, comparatively strong: matched coated and
uncoated particles plus albumin competition
support coating-associated uptake, PK, and
biodistribution differences

Limited: HSA and DOX binding were characterized,
but no matched HSA-free carrier was tested
biologically

MRI/MPI contrast performance of the final
BSA-coated FesO4 system.

Breast-cancer-cell detection and xenograft-
section staining by the complete fluorescent
aptamer probe.

Tumor elimination, MRI contrast,
photothermal activity, and ferroptosis
produced by the complete formulation with
irradiation.

DOX release and A549 cytotoxicity of the
complete HSA-coated magnetic formulations.

Radiosensitization, DNA-damage, apoptosis,
and cell-cycle outcomes of BSA@CuO plus
irradiation.

Digitoxin delivery, cellular uptake, and A549
growth inhibition by the complete protein-
decorated QDs.

Zebrafish biodistribution, tumor targeting,
DOX delivery, and survival outcomes of the
complete targeted formulation.

Curcumin-binding and hemolysis behavior of
the tested BSA-gold systems.

Barrier-model transport, cellular uptake, and
brain-tumor-associated fluorescence of the
complete RGD-dcBSA-PEG system.

Blood persistence, biodistribution, and
antitumor outcomes of the complete BSA/
HAP/DOX formulation.

Tumor inhibition, survival, biodistribution,

and toxicity outcomes of the complete BSA-CS-

DOX formulation.

VEGF silencing and tumor-growth suppression

by the complete siVEGF-loaded chitosan
formulation.

VEGF suppression, antiangiogenic activity, and
tumor response of the complete siVEGF-loaded

formulation.

Solubility, pharmacokinetics, biodistribution,
tumor response, necrosis, and tolerability of
the complete formulation.

Apoptosis, migration and colony inhibition,
hemocompatibility, and normal-cell viability

were outcomes of the complete CoFe204-BSA-

Ag composite

p53 transcription and glioblastoma-cell
viability outcomes reflect the complete TMZ-
WRAP5-p53-BSA co-delivery system

Tumor inhibition and safety reflect the
complete BSA-PLGA-lapatinib formulation

pH-responsive release and chemo-
photothermal cytotoxicity reflect the silica-
melanin-silver-HSA-DOX formulation
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In vivo stealth, prolonged circulation,
and persistence of the BSA layer remain
untested.

Albumin-specific preservation of
aptamer accessibility or biological
recognition was not demonstrated.

The albumin-apo-transferrin-TfR
targeting pathway remains unverified by
blocking, depletion, or an albumin-free
TA-Fe** control.

HSA-mediated tumor targeting and
circulation prolongation were not tested
in vivo.

Albumin-specific cellular uptake and the
proposed ROS/mitochondrial pathway
were not directly tested.

HSA-mediated caveolar uptake and
complete prevention of secondary-
corona formation were not
demonstrated.

An HSA-specific circulation advantage
was not isolated in vivo because an
uncoated comparator was absent.

Controlled cancer delivery remains
hypothetical because no cancer-cell or
animal experiment was performed.

An albumin-specific BBB mechanism and
a necessary role for positive charge were
not independently established.

The receptor pathway responsible for the
albumin-related contribution was not
identified.

CD44 involvement was examined, but
proposed gp60 and SPARC contributions
were not directly tested.

SPARGC, integrin-mediated targeting, and
reduced opsonization were not
functionally validated.

The functional roles of serotransferrin
enrichment and complement-factor-D
depletion remain untested.

HSA-specific nanocrystal stabilization
and tumor targeting were inferred rather
than isolated.

Tumor targeting, in vivo
biocompatibility, circulation behavior,
and stability or persistence of the BSA
interface remain untested

BBB transport, SPARC or gp60 targeting,
TMZ-p53 synergy, in vivo efficacy, and
persistence of the BSA interface remain
untested

An albumin-sensitive uptake process was
supported, but SPARC and gp60 were not
identified directly

SPARC-mediated uptake and albumin-
driven pH response were proposed but
not isolated experimentally

(continued on next page)
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Study and formulation

Direct albumin/interface evidence

Formulation-level outcome

Proposed or untested albumin-related
mechanism

Mahmoud et al., 2024
GNR-BSA and GNS-BSA

Zhang et al., 2026
Pt@BSA and Pt@BSA-RM

Bychkova et al., 2022
HSA-IONPs

Caputo et al., 2026
MNP@BSA-cisPt

Bychkova et al., 2025
MB/FA-HSA@IONPs

Carrese et al., 2023
MelaSil Ag-HSA@DOX

Ghosh et al., 2025
[188Re]ReOx-HSA

Nosrati et al., 2020
F-Au-BSA-MTX-CUR

Amatya et al., 2023
BSA-CuNPs

Dongsheng Li et al., 2023
A-PFH/C-MNPs

Ayatollahi et al., 2022
ZnO-BSA-DG-FA

Li et al., 2021 BLDH/5FU-
ABX

Kim et al., 2021 BSA-silver
NPs

Zareian Baghdadabad et al.,
2026 AgNPs-Alb

Hashemi et al., 2025
MnFe204@BSA-quercetin

Olivieri et al., 2024 BSA-
coated fluorescent silica
NPs

Zhao et al., 2021 AuNR@BSA

Physicochemical coating evidence only; the
biological design did not include matched albumin-
free nanorods and nanospheres

Boundary evidence: Pt@BSA has an exposed
albumin layer, whereas Pt@BSA-RM has an
erythrocyte-membrane outer interface

Direct physicochemical evidence for a more stable
free-radical-fixed HSA coating than simple
adsorption

Coating-associated stability and functionalization
were demonstrated, but biological experiments
lacked a matched albumin-free drug carrier

The HSA-coated control isolated a folate-dependent
uptake and PDT contribution, not an independent
HSA effect

Bare versus HSA-modified particles supported a
coating-associated spheroid-uptake difference

No albumin-free nanoparticle comparator isolated
an HSA contribution

No matched albumin-free nanohybrid was used

BSA-containing synthesis was characterized, but no
albumin-free CuNP control isolated the coating
contribution

No albumin-specific biological control

No matched albumin-free or ligand-specific final
formulation control

Composite albumin-containing surface stabilization
was characterized, but no matched albumin-free
dual-drug formulation isolated its contribution.
Protein association and final-particle properties
were characterized, but no uncoated silver-NP
biological comparator was included

A matched AgNP comparator supports coating-
associated cellular differences

BSA coating and dialysis were reported, but no
albumin-free drug-loaded control isolated its
contribution

Strong cell-level evidence: matched albumin-charge
variants and multiple glycocalyx perturbations
linked albumin charge/presentation and heparan
sulfate to cellular uptake.

BSA association, charge reversal, and lower
cytotoxicity than the CTAB-coated precursor were
demonstrated, although residual CTAB was not
quantified

Viability, uptake, and migration outcomes
reflect particle shape, precursor chemistry, and
the BSA-containing formulation
Radiosensitization and in vivo efficacy
primarily reflect the complete Pt@BSA-RM
plus irradiation regimen

CT contrast after local intraarterial
administration reflects the complete HSA-IONP
system

MRI relaxivity, spheroid penetration, drug
delivery, and barrier-model transport reflect
the full formulation

Phototoxicity reflects the folate-HSA-IONP-
methylene-blue formulation

Photoacoustic and chemo-photothermal
outcomes reflect the complete hybrid
formulation

SPECT/CT retention and RT/PTT efficacy
reflect the intratumorally administered
radiolabeled formulation

Tumor response reflects Fe304-Au, BSA, MTX,
curcumin, and X-ray irradiation

Photothermal cytotoxicity and preliminary PK
reflect the complete BSA-CuNP or ICG-loaded
formulation

Chemo-photothermal effects reflect the
albumin-PFH-cisplatin-magnetite formulation
Cellular outcomes reflect ZnO, crosslinked
BSA, diosgenin, and folate

Cellular and animal efficacy reflects LDH, 5FU,
Abraxane, and the composite albumin interface

ROS, antiangiogenic, and photothermal effects
reflect the complete BSA-silver formulation

All evidence is in vitro and the final interface
also contains PVP and process-derived
components

Release, cytotoxicity, radiosensitization, and
healthy-mouse safety reflect the full
formulation

Paclitaxel potency reflects the complete drug-
loaded silica-albumin formulation

Photothermal tumor suppression reflects
AuNR@BSA plus 1064 nm irradiation after
intratumoral administration

An independent albumin contribution to
cytotoxicity or migration inhibition
remains untested

BSA persistence, accessibility, and its
independent contribution beneath the
membrane remain untested

Systemic tumor targeting, MRI
performance, and therapeutic activity
were not demonstrated

The Caco-2 result does not establish in
vivo absorption or receptor-mediated
albumin transcytosis

Magnetic targeting, MRI, and in vivo
tumor delivery remain proposed

SPARC involvement and in vivo
theranostic performance remain
unverified

Systemic targeting, metastatic delivery,
and albumin-specific retention remain
untested

Albumin-specific circulation
prolongation and tumor targeting were
not established.

Tumor imaging and in vivo efficacy were
not evaluated

Imaging, tumor targeting, and in vivo
efficacy remain untested
Albumin-specific targeting and in vivo
therapeutic performance remain
untested

Albumin-specific tumor accumulation,
circulation extension, and release control
remain untested

Albumin-mediated uptake, circulation,
and tumor selectivity remain untested

Albumin-receptor uptake, systemic
targeting, and in vivo selectivity were
proposed but not demonstrated
Magnetic targeting, tumor-selective
release, tumor accumulation, and
efficacy remain untested

Relevance under blood flow, systemic
exposure, tumor delivery, and in vivo
glycocalyx heterogeneity remains
untested

Systemic albumin-mediated targeting,
coating persistence, and an albumin-
specific efficacy contribution remain
untested

transport should not be interpreted as demonstrated oral absorption or
passage across an intact blood-brain barrier.

The available corona evidence further indicates that albumin does
not simply prevent protein adsorption. Instead, engineered albumin
surfaces may alter the diversity and relative composition of the acquired
corona, with potentially selective effects on immune-cell interactions.
However, DLS stability does not prove the absence of secondary
adsorption, and proteomic associations do not identify causal stealth
proteins without functional validation. Moreover, the reviewed corona-
proteomic studies did not include validated cancer-patient cohorts,
diagnostic-performance metrics, or independent clinical validation.
Corona-based cancer detection and the proposed nanoconcentrator
workflow must therefore remain clearly identified as hypothesis-
generating research directions rather than established diagnostic
technologies.

Translation will require direct evidence that the manufactured albu-
min interface persists, remains conformationally accessible, and contrib-
utes causally after biological exposure. Priority studies should
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independently trace the nanoparticle core and albumin layer, recover
circulating particles at multiple time points, quantify albumin retention
and exchange, and compare pre-injection, serum-generated, and in vivo
acquired interfaces. Matched albumin-free, ligand-free, charge-controlled,
and alternative-protein comparators should be combined with standard-
ized corona proteomics, complement and immune-cell assays, pharma-
cokinetics, organ-level biodistribution, repeated-dose safety, and
clinically relevant tumor models. Because BSA is xenogeneic in humans,
promising BSA-based systems should also be reformulated and validated
with well-characterized pharmaceutical-grade or recombinant HSA. Until
these requirements are met, conclusions should remain formulation-
specific, proportional to the controls used, and explicit about whether
an outcome is albumin-associated, composite-interface-dependent, or
attributable to the complete nanoparticle system.
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