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c Instituto Universitario de Investigación y Desarrollo Tecnológico (IDT), Universidad Tecnológica Metropolitana, Santiago, Chile
d Advanced Center for Chronic Diseases (ACCDis), Santiago, Chile
e Millenium Nucleus in NanoBioPhysics, Valparaíso, Chile
f Advanced Integrated Technologies (AINTECH), Santiago, Chile
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A B S T R A C T

The transient, heterogeneous nano-bio interface defined by the protein corona in biological environments dic
tates the biodistribution, immune recognition, metabolism, and clearance of nanomaterials. Far from being a 
drawback, this corona can be harnessed for targeted nanodrug delivery when its composition is predictably tuned 
or deliberately modulated. We hypothesized that preloading apolipoprotein E (ApoE), previously identified as a 
constituent of the corona of β-sheet-breaker peptide-functionalized gold nanoparticles (AuNPs), would enhance 
transport across the blood-brain barrier (BBB) and increase brain uptake. To test this, we synthesized AuNPs 
(approximately 12 nm) functionalized (AuNP-f) with CLPFFD or THRPPMWSPVWPCLPFFD peptides, both con
taining the β-sheet-breaker motif LPFFD, which recognizes β-amyloid aggregates implicated in Alzheimer's dis
ease. After incubation with human plasma, hard-corona proteins were profiled by 2D IEF/SDS-PAGE and LC-MS/ 
MS. Proteins were ranked based on their roles in nanoparticle trafficking and BBB transcytosis, and ApoE was 
selected for deliberate enrichment due to its recurrent presence. ApoE-decorated AuNP-f were evaluated in an in 
vitro BBB model and in vivo biodistribution assays using Sprague-Dawley rats. Brain accumulation was assessed ex 
vivo. Preloading ApoE onto AuNP-f significantly enhanced nanoparticle transport across the BBB in vitro and 
increased brain accumulation in rats. These results demonstrate that rational corona enrichment with ApoE 
improves BBB transit and brain accumulation without altering nanoparticle surface chemistry. Corona engi
neering thus offers a pragmatic route to brain-targeted nanodrug delivery and may be extended to other protein- 
receptor axes for organ-specific targeting.
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1. Introduction

Over the past two decades, nanotechnology in biomedical ap
proaches has striven to unravel the biological complexity that governs 
the performance of novel bio-tools for pharmaceutical and medical ap
plications. [1− 4] The development of Alzheimer's disease (AD) treat
ments has garnered interest towards nanotechnology; one such 
approach involves the use of gold nanoparticles (AuNPs) functionalized 
with β-sheet-breaker peptides (AuNP-f) that selectively bind to β-amy
loid (Aβ) aggregates and promote their disassembly, thus attenuating 
their neurotoxicity. These pathological aggregates are lodged behind the 
blood-brain barrier (BBB), a highly selective endothelial interface that 
blocks ≥ 98 % of circulating therapeutics from reaching the brain. [5]
Overcoming this barrier and achieving efficient central nervous system 
(CNS) delivery thus remains one of the foremost challenges in nano
medical AD therapy. [4,6− 8]

For several years, our group has systematically optimized the brain 
delivery of AuNPs by tailoring their surfaces through thiol-gold chemi
sorption. We previously demonstrated that AuNPs functionalized with 
multiple copies of the β-sheet-breaker peptide CLPFFD, which binds and 
disrupts Aβ fibrils, quadrupled cerebral accumulation versus unmodified 
AuNPs (naked-AuNPs). [9,10] In a subsequent study, adding the 
brain-shuttle sequence THRPPMWSPVWP [11] to the N-terminus yiel
ded the hybrid peptide THRPPMWSPVWP-CLPFFD and boosted brain 
uptake by ~20-fold. [7,12] Despite these gains, the absolute delivery to 
the CNS is only ≈ 0.3 % of the injected dose, underscoring the need for 
further strategies to breach the BBB more efficiently.

Upon entering the bloodstream, nanoparticles (NPs) rapidly adsorb 
plasma proteins, generating a dynamic protein corona that endows them 
with a new biological identity. [13,14] This transformation may 
significantly affect NPs behavior in vivo, modulating circulation half-life, 
immunogenicity, clearance by the mononuclear phagocyte system 
(MPS), or organ biodistribution, leading to retention in organs like the 
liver and spleen and altering their systemic residence time, thereby 
reducing their delivery to specific targets. [15− 17] On the one hand, 
opsonization can tag NPs for rapid sequestration by the MPS, acceler
ating hepatic and splenic clearance while sharply reducing delivery to 
privileged sites, including solid tumors or harder-to-reach locations such 
as β-amyloids inside the CNS. Conversely, selective enrichment of 
"stealth" or trafficking ligands can prolong circulation and steer 
receptor-mediated transcytosis across biological barriers, enhancing 
certain treatments. [16,18− 22] Thus, a detailed grasp of NPs behavior in 
vivo, particularly regarding the composition and spatiotemporal dy
namics of the protein corona, is pivotal for progress in therapeutic and 
diagnostic nanomedicine. [23] The corona may reshape key physico
chemical attributes of NPs, including hydrodynamic diameter, 
morphology, interfacial chemistry, surface functional groups, ζ-poten
tial, and aggregation, thereby conferring a secondary biological identity. 
[24] This new identity governs NP interactions with the physiological 
environment, including blood, interstitial fluid, and cytoplasm, deter
mining their cellular recognition and uptake, and ultimately dictating 
pharmacokinetics, organ biodistribution, and toxicological profile. [16, 
25− 28] Consequently, when NPs are exposed to biological media, their 
recognition by intended targets can be altered, potentially compro
mising the efficacy of rational design strategies. [29] In the case of 
AuNPs, their interaction with plasma proteins is governed by both ki
netic and thermodynamic factors that together dictate the formation and 
stability of the protein corona. [30] Nevertheless, hard-corona strongly 
adsorbs to the NP surface via electrostatic and hydrophobic interactions 
and is apparently stable, remaining attached for extended periods, even 
in dynamic biological environments. [31] Despite dozens of studies 
documenting protein corona, a more limited number have deliberately 
engineered or pre-assembled the protein corona of NPs to bias their in 
vivo fate [32− 37] Recent reviews have framed this strategy as "endog
enous targeting", [38] whereby organ tropism is modulated through 
selective adsorption of host proteins onto nanoparticle surfaces. [39]

However, applications of this concept to BBB transport and neurode
generative disease remain comparatively scarce. This makes our strategy 
of preloading apolipoprotein E (ApoE) onto β-sheet-breaker 
peptide-functionalized AuNPs are yet a powerful approach for 
re-engineering corona composition and enabling efficient brain-targeted 
delivery. Based on these considerations, we hypothesized that 
peptide-functionalized AuNPs recruit endogenous ligands that shape 
their biological fate, and that ApoE, consistently identified in their 
plasma-derived corona, could act as a natural facilitator of BBB trans
cytosis. Therefore, we reasoned that artificially enriching the NP corona 
with ApoE prior to biological exposure might potentiate 
receptor-mediated transport across the BBB and improve brain delivery.

To evaluate this hypothesis, we first characterized the plasma- 
derived corona as a biologically relevant baseline to identify endoge
nous ligands capable of promoting translocation across the BBB into the 
CNS. Proteomics consistently revealed ApoE, a canonical ligand of the 
LDLR and LRP1 families that mediates receptor-mediated transcytosis 
across the BBB [8,40,41], as a prominent corona constituent. This 
finding motivated us to generate a deliberately engineered 
ApoE-enriched corona by pre-incubating AuNP-f with purified ApoE, 
engineering a biomimetic corona enriched in ApoE that acts as a "Trojan 
horse" capable of amplifying NP passage into the brain. This approach 
complements previous research on various strategies to traverse the BBB 
but is mechanistically distinct from previous strategies that involved the 
covalent attachment of ApoE or its mimetic peptides to nanoparticle 
surfaces. [42− 44] Instead, our design focuses on designing new strate
gies based on re-engineering the biological identity of NP via controlled 
corona enrichment, such as "Trojan horse" tactics offering a conceptually 
different avenue toward brain-targeted nanomedicine, and provides a 
versatile blueprint for future therapeutic and diagnostic bio-tools.

2. Experimental section

Full protocols are provided in the Supplementary Information. 
Table S1 lists full reagent specifications and reagent catalog numbers.

2.1. Materials

Ultrapure water (Milli-Q, 18.2 MΩ cm) was used throughout. Key 
reagents included tetrachloroauric acid trihydrate (HAuCl4⋅x H2O, 
99.995 %, Sigma-Aldrich); sodium citrate (Na3C6H5O7 x⋅2 H2O, 99.5 %, 
Sigma-Aldrich); recombinant human apolipoprotein E3 (ApoE, ≥ 90 %, 
Sigma-Aldrich); and all cell-culture reagents (PBS, DMEM, FBS, and 
penicillin/streptomycin) were molecular biology grade. Solvents and 
reagents for peptide synthesis (DMF, DCM, ACN, Fmoc-Rink-Amide- 
MBHA resin, TBTU, PyBOP, HOBt, and DIPEA) were analytical grade 
(Iris Biotech, Calbiochem, Merck). Reagents for protein extraction were 
molecular biology grade; those for 2-D electrophoresis were electro
phoresis grade; and LC-MS/MS solvents were HPLC analytical grade. 
Detailed catalogue numbers and purities are provided in Table S1 
(Supporting Information).

2.2. Equipment

UV-Vis spectra were recorded on a Perkin-Elmer Lambda 25. Hy
drodynamic diameters and ζ-potential were measured with a Zetasizer 
Nano-ZS (Malvern). Morphology was examined by transmission electron 
microscopy (TEM; JEOL JEM-1010, 120 kV). X-ray photoelectron spec
troscopy (PHI 5500, Physical Electronics) confirmed Au-S bonding. 
Peptides were purified on preparative HPLC-PDA systems (Waters) and 
characterized by MALDI-TOF (Applied Biosystems) and HPLC-MS (Wa
ters). Gold was quantified by ICP-MS (197 ICP-MS 7500cx, Agilent). 
Protein corona composition was analyzed by two-dimensional gel 
electrophoresis (2-DE) using isoelectric focusing (IEF) followed by SDS- 
PAGE (Ettan IPGphor™, GE Healthcare) and MALDI-TOF/TOF (Applied 
Biosystems) or LC-MS/MS (UPLC system nanoAcquity; Waters and mass 
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spectrometer OrbitrapVelos; Thermo Scientific). Cell fluorescence was 
read on a Fluoroskan Ascent™ plate reader and whole-brain fluores
cence on an in vivo FX PRO imager (Bruker). Gold content was quan
tified by neutron activation analysis [NAA, RECH-1 reactor, CChEN with 
electron flux of 2–4 × 1013 n/(cm2S) by 15–25 h]. Transendothelial 
electrical resistance (TEER) was monitored with a Millicell-ERS 
ohmmeter.

2.3. Methods

2.3.1. Gold nanoparticle synthesis and peptide functionalization
Citrate-stabilized AuNPs (~12 nm) were synthesized by the 

Turkevich-Levy method [45,46], and their size was verified by Dynamic 
Light Scattering (DLS) and TEM (Figure S1 and Table S4). β-Sheet-
breaker peptides, CLPFFD, and the brain-shuttle chimera 
THRPPMWSPVWPCLPFFD were obtained by Fmoc solid-phase chemis
try (> 95 % purity) [47] and characterized by HPLC-MS and MALDI-TOF 
(Supporting Figure S2-S3 and Table S2). Peptides were chemisorbed 
onto AuNPs through the N-terminal cysteine, yielding the AuNP-f con
jugates. [9,10,12,46,48,49] Successful functionalization and stability 
were confirmed by X-ray photoelectron spectroscopy (XPS) (Figure S4 
and Table S3) and DLS (Supporting Table S4), while ligand density was 
determined by amino acid analysis and gold quantification via ICP/MS. 
[10,12,48] (Table S5). For more details, refer to the protocols in Sup
porting Figures S1-S4.

2.3.2. Cell viability assay
Bovine brain endothelial cells (BBEC; purchased from Lonza Biosci

ence), rat astrocytes (obtained directly from newborn Wistar rats), or SH 
SY5Y neuroblastoma cells (ATCC® CRL-2266™) were seeded in 96-well 
plates (3 × 10 ³ cells/well, DMEM + 10 % FBS) and allowed to attach for 
24 h (37 ◦C, 5 % CO2). Cells were treated for 24 h with AuNP-f (1, 2.5, 
and 5 nM). Viability was assessed with the MTS/PMS assay (Promega), 
following the manufacturer's protocol. Absorbance was read at 490 nm 
(reference: 655 nm). Results represent the mean ± SD of three inde
pendent experiments (n = 3 each).

2.3.3. Formation and proteomic analysis of the protein corona
Protein analyses were conducted using non-perturbing methods for 

the NM-protein complex. Initially, centrifugation served as the separa
tion strategy. However, there is uncertainty about the presence of low- 
affinity proteins, providing assurance only for the identification of 
hard-corona proteins. [50] For incubation, the AuNP-f conjugates 
(5 nM) were mixed 1:1 with human plasma (approved by the University 
of Chile Blood Bank) and incubated for 24 h at 37 ◦C. 
Nanoparticle-protein complexes were pelleted (16100 × g, 45 min) and 
washed twice with PBS (10 mM; pH 7.4) and once with ultrapure water. 
For protein extraction, pellets were resuspended in 8 M urea/2 % CHAPS 
(1:40 v/v), sonicated for 30 min, and shaken for 2 h at room tempera
ture. After centrifugation, supernatants were recovered for analysis. For 
identification by 2-DE, isoelectric focusing (IEF) was followed by 
SDS-PAGE (2-DE IEF/SDS-PAGE). [51] Fifty µg of protein were sepa
rated on 7 cm IPG strips (pH 3–10 NL), followed by 10 % SDS-PAGE. 
Gels were silver-stained, and protein spots were excised, 
trypsin-digested, and identified by MALDI-TOF/TOF. Whole extracts 
were also digested in solution and analyzed by LC-MS/MS. Spectra were 
queried against the UniProt human database (Mascot; peptide tolerance 
70 ppm, fragment tolerance 0.25 Da, FDR < 1 %). [52] For more pro
tocol details, refer to Protocol S5.

2.3.4. Fluorescent labelling and ApoE preloading corona
The AuNP-f conjugates (1 mL, 5 nM) were incubated with AlexaFluor 

750 NHS ester (100 µg in 200 µL DMF) for 2 h at room temperature, 
protected from light. Labeled particles were purified by two centrifu
gation/wash cycles (16100 × g, 15 min, 1.2 mM citrate). For corona 
enrichment, 125 µg mL− 1 human ApoE was added to labelled AuNP-f 

(2.5 mL) and incubated for 1 h at 37 ◦C. Unbound protein was 
removed by centrifugation. ApoE loading was quantified by MicroBCA 
in supernatants. For more protocol details, refer to Protocol S7. AuNP 
were pre-incubated with ApoE (hereafter AuNP@ApoE), AuNP-CLPFFD 
were pre-incubated with ApoE (hereafter AuNP-CLPFFD@ApoE), and 
AuNP-THRCLPFFD were pre-incubated with ApoE (hereafter AuNP- 
THRCLPFFD@ApoE).

2.3.5. In vitro blood-brain barrier model and permeability
A bovine brain microvascular endothelial cell (BBMEC)/rat astrocyte 

co-culture was established on collagen/fibronectin-coated Transwell® 
inserts (0.4 µm, 0.33 cm²), as described by Prades et al. [12] Mature 
monolayers (TEER > 100 Ω cm²; Lucifer yellow rejection > 95 %; after 
approximately 8 days of culture and remained above this value up to day 
13–14 of culture) were exposed apically to 5 nM AuNP formulations in 
Ringer HEPES. After 2 h (37 ◦C), apical and basolateral solutions were 
collected for fluorescence and ICP MS. The apparent permeability co
efficient (Papp) was calculated considering the amount of gold present 
in the basal compartments as a function of time, the insert area, and the 
initial concentration of NPs applied to the apical compartment. The 
equation employed was: Papp= (dQ/dt)*(1/A)*(1/C0) (cm/s); Where 
(dQ/dt) is the amount of gold present in the acceptor compartment as a 
function of time (mmol/s), A is the area of the insert (cm2) and C0 is the 
initial concentration of sample applied to the donor compartment 
(mmol/mL). For more protocol details, refer to Protocol S8.

2.3.6. In vivo biodistribution
All animal protocols were approved by the Ethics Committee of the 

Experimental Animal Center, Faculty of Chemical and Pharmaceutical 
Sciences, University of Chile (CBE-2012–21 CYQ-UCH/s). Male Sprague 
Dawley rats (200–300 g) were allocated to five groups (n = 6). Formu
lations (Au dose 400 µg kg− 1, 1 mL 200 g− 1) were injected intraperito
neally: (i) citrate control, (ii) AuNP CLPFFD, (iii) AuNP CLPFFD@ApoE, 
(iv) AuNP THRCLPFFD, and (v) AuNP THRCLPFFD@ApoE. At 2 h or 
24 h post injection, rats (n = 3 per time point) were anesthetized (ke
tamine/xylazine 2:1), perfused with PBS, and brains were excised. 
Fluorescence (Alexa 750) was detected using an in vivo FX PRO, and the 
intensity in the regions of interest (ROI) was quantified with the Bruker 
MI software. Brains were then snap frozen, lyophilized, digested, and Au 
quantified by NAA. The results are expressed as mg Au g− 1 tissue (mean 
± SD). Statistical significance was assessed by the one-way ANOVA test 
with Tukey-Kramer post hoc (α = 0.05). For more protocol details, refer 
to Protocol S9.

2.3.7. Statistical Analysis
Data are presented as mean ± SD. Group comparisons used one-way 

ANOVA with Tukey-Kramer post hoc correction (α = 0.05). Significance 
levels: p ≤ 0.05 (*), p < 0.01 (**), and p < 0.001 (***); p > 0.05 was 
considered nonsignificant.

2.4. Results and Discussion

In this section, we present and critically discuss the experimental 
results obtained for AuNP-f, focusing on their colloidal stability, protein 
corona composition, and ability to cross the BBB. AuNPs were selected 
due to their well-established suitability for photothermal therapy and 
neurodiagnostic applications. [10,48,53− 56] Their strategic design, 
featuring a narrow size distribution, enables precise surface function
alization with β-sheet-breaker peptides like CLPFFD, which targets Aβ 
aggregates, and the chimeric peptide THRPPMWSPVWP-CLPFFD 
(hereafter THRCLPFFD), whose THRPPMWSPVWP motif serves as a 
brain-shuttle sequence that facilitates BBB transcytosis, thereby 
enhancing their potential for targeted neurological applications. By 
integrating these motifs, we engineered AuNP-f capable of both recog
nizing neurotoxic Aβ fibrils and traversing the BBB, thereby maximizing 
their therapeutic reach. [7,9,10,12,48,57] The physicochemical 
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characterization, detailed in Supporting materials (Figures S1-S4; 
Tables S1-S5 and Supporting results), confirmed that AuNP-f displayed 
the expected core diameter (~12 nm), monodispersity, and colloidal 
stability required for in vivo applications. [10,12] Consistent with pre
vious studies [9,12,58], the MTS assays showed no significant cytotox
icity in BBEC, rat astrocytes and SH-SY5Y cells at concentrations up to 
5 nM (Figure S5). Nonetheless, we cannot rule out subtler biological 
effects in the absence of system-specific in situ analyses. Possible con
cerns include perturbation of protein or enzymatic activity, unintended 
nutrient-drug interactions, and long-term accumulation in clearance 
organs [59,60], underscoring the need for comprehensive 
bio-evaluation beyond viability assays.

2.5. Colloidal stability of AuNP-f in biological media and protein corona 
formation

To determine whether AuNP-f maintain colloidal stability under 
biologically relevant conditions, we evaluated their interaction with 
plasma proteins and the formation of a protein corona. Previous studies 
have shown that interactions between nanoparticle surfaces and plasma 
proteins lead to the rapid formation of an adsorbed protein corona, 
which defines nanoparticle pharmacokinetics and biological fate. [16, 
44] Assessing whether these interactions preserve NP stability is crucial 
for various biological applications. Consequently, functionalized gold 
nanoparticles (AuNP-f) were exposed to complex media containing 
human plasma proteins to evaluate potential modifications of the par
ticles. Using DLS, we confirmed that the hydrodynamic diameter 
increased, indicating surface changes due to protein corona formation. 
[26,61] In all comparisons, this parameter increased nearly threefold 
compared to non-incubated particles (Table 1). The stability during a 
24 h period was further assessed in plasma, PBS, and DMEM medium 
supplemented with 10 % FBS. Fig. 1 shows a slight shift in maximum 
absorbance between 2 and 4 h, which remained unchanged thereafter. 
Thus, the particles were modified by the protein corona just within the 
first few hours, supporting the idea that the increase in hydrodynamic 
size was not due to flocculation. [61,62] Previous reports have indicated 
that the formation of a protein corona can increase the stability of 
nanomaterials (NMs). [63] To corroborate that the NPs did not floccu
late after incubation in biological media, they were analyzed using TEM 
microscopy [61] (Fig. 2). These images indicated that NPs were main
taining their size, with distinctive rings visible around them, potentially 
associated with the negative staining of proteins forming the corona. 
[26] Therefore, a thorough characterization of different types of nano
scale blood-injected pharmacological and imaging agents under realistic 
conditions is required to improve overall clinical performance.

2.6. Characterization of the AuNPs-f protein and elucidation of proteins 
that may contribute to the passage across the blood-brain barrier

The protein corona observed on NPs can be defined by differences 
related to changes in the surface. Therefore, identifying the specific 
proteins forming the corona may facilitate the prediction of NP distri
bution within the organism. [17] AuNPs, whether functionalized or 
naked, are known to interact with proteins and biological molecules, 
resulting in the formation of stable complexes in biological media such 
as plasma. In this study, we specifically analyzed the protein corona 
formed on AuNP-f after incubation with human plasma to identify 
proteins potentially involved in BBB transport. This stability is consis
tent with the results shown in Fig. 2. The composition of the protein 
corona, considering protein types, abundance, and conformation on 
particle surfaces, acquires relevance in relation to timing and location 
during blood circulation, cellular uptake, intracellular localization, and 
overall biodistribution. These evolving entities exhibit dynamic 
changes, potentially leading to unpredictable behavior, functions, and 
effects on the pharmacokinetics and pharmacodynamics of bio
modulated NMs. [16,61,64] In this context, Yu L. et al. [65] demon
strated that pre-coating NPs with proteins derived from the plasma of 
healthy mice on transferrin-modified NPs significantly enhanced their 
active targeting ability in diseased mice. This suggests that certain 
proteins in healthy plasma may mediate this effect, highlighting the 
potential to pre-modulate the protein corona for improved therapeutic 
outcomes. Therefore, our work builds on this concept by experimentally 
identifying that adsorbed proteins onto NPs could provide valuable 
strategies for optimizing treatment modulation.

We were able to identify the proteins that constitute the corona 
following the incubation of AuNP-f with human plasma. The proteins 
were separated and later identified in the first step, 2-DE IEF/SDS-PAGE, 
as shown in Fig. 3. Proteins were identified employing database refer
ences and examined by LC-MS/MS, and total proteins were analyzed by 
LC-MS/MS. Table 2 summarizes the most relevant proteins identified in 
naked-AuNP and AuNP-f distribution, while Table S6 provides a com
plete list of detected proteins. [50− 52,66] A significant number of op
sonins (including immunoglobulins, complement proteins, and 
fibrinogen) was found in the protein corona of all NPs. This experi
mental observation is consistent with our previous in vivo distribution 
studies, where naked-AuNP, AuNP-CLPFFD, and AuNP-THRCLPFFD, 
accumulated predominantly in clearance organs such as the liver and 
spleen, likely reflecting MPS uptake. [30] Additionally, the low bio
accumulation in brain tissue [9,10,12] may be associated with the 
presence of opsonins. These proteins are related to the bulk accumula
tion of NPs in organs, such as the liver and spleen, which can interfere 
with the adequate distribution of many novel drug delivery systems. 
Therefore, these systems are often dismissed due to poor effectiveness or 
treatment failure. [17,37] Our results support this interpretation, as 
opsonins were consistently detected across all nanoparticle formulations 
regardless of peptide functionalization. This phenomenon can be 
attributed to the adsorption of the aforementioned opsonins, which 
contain negative charges similar to AuNPs. [67] Despite the differences 
among functionalized particles, their size and ζ-potential do not vary 
sufficiently to define distinct protein corona patterns. Accordingly, our 
data indicate that opsonin adsorption is largely independent of the 
specific peptide sequence decorating the AuNP surface. Interestingly, 
the results in Table 2 and Fig. 3 indicate that interactions with opsonins 
are independent of the peptide structures coating the AuNPs. The shape 
and charge variations of the utilized NPs did not alter the overall 
interaction pattern with opsonins.

Compared to opsonins, albumin, the major plasma protein, has been 
recognized as a dysopsonin that antagonizes opsonins [16], reducing the 
phagocytosis of NPs and opposing the action of IgG and α2 human serum 
glycoprotein, thereby interfering with the MPS when present in the 
protein corona. [68] In addition, albumin can cross the BBB by 
adsorptive-mediated transcytosis. [69] Consistent with Table 2 and 

Table 1 
Evaluation of protein corona formation by the effect on the hydrodynamic 
diameter (Dh) in each AuNP after 24 h.

Formulation Before plasma incubation After 24-h blood plasma 
incubation

Dh (nm) ± 
SD

PDI ± SD Dh (nm) ± 
SD

PDI ± SD

AuNP 18.5 ± 1.0 0.21 ±
0.05

41.8 ± 14.7 0.51 ±
0.28

AuNP-CLPFFD 22.3 ± 2.5 0.25 ±
0.12

58.0 ± 10.1 0.53 ±
0.19

AuNP- 
THRCLPFFD

45.4 ± 4.5 0.22 ±
0.21

110 ± 20.5 0.61 ±
0.27

* In each case, the data were obtained from three independent batches of AuNP. 
The triplicate values of intensity for each batch are shown, with a mathematical 
adjustment used between batches to derive the table value, with the Poly
dispersity Index (PDI) for the total samples.
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Table S6, albumin was detected among the abundant components of the 
corona on AuNP-f. However, our data also indicate that albumin is not 
the only predominant protein forming the corona, and that multiple 
adsorbed proteins contribute to the biological identity of AuNP-f. 
Notably, albumin was detected at lower levels on naked-AuNP, never
theless, even these reduced levels may still be biologically relevant and 
sufficient to contribute to BBB crossing, as indicated by previously re
ported gold levels in the brain. [9,10,12,57] Albumin was present in all 
particles, with major levels over AuNP-THRCLPFFD, possibly defining 
an essential gate of entry into the brain for these particles with the 
shuttle sequence THR. Likewise, other proteins interacting with 

naked-AuNP and AuNP-f may facilitate the delivery to various organs, 
especially for amphipathic species like apolipoproteins (e.g., ApoA1, 
ApoA4, NA3, and ApoE) found in the bloodstream. These interactions 
mediate the recognition of naked-AuNP and AuNP-f by specific re
ceptors, potentially promoting transcytosis across the BBB mediated by 
low-density lipoprotein receptor-related protein 1 (LPR1). [8,40,41,70, 
71,72] Additionally, these proteins are classified as dysopsonins that 
help NPs evade recognition and uptake by the MPS, hence prolonging 
their circulation duration in the bloodstream and enhancing bio
accumulation efficiency in other organs. [16] Notably, these proteins 
were detected on AuNP-f but not on naked-AuNP, and their presence 

Fig. 1. Stability of AuNPs in artificial environments over a 24 h incubation period at 37 ◦C. Each graph indicates the value of the maximum wavelength of plasmon 
range absorbance. The left graph depicts incubation in 0.1 M PBS, the center graph refers to incubation with complete cell line media, and the right graph shows 
stability in blood plasma.

Fig. 2. TEM micrograph images obtained by transmission electron microscopy after incubation of conjugated AuNP with plasma for 24 h at 37 ◦C.

Fig. 3. Comparative analysis and identification of different proteins by 2-DE IEF/SDS-PAGE of proteins present in the CP over AuNP and AuNP-f following 24 h of 
incubation. Different pre-identified proteins are indicated in halos within these zones. (PLNM: Plasminogen; Tf: serotransferrin; FIBG and FIBA: β-chain and α-chain 
fibrinogen; IgHC and IgLC: Heavy and Light Chain Immunoglobulins; CO3 and CO4: complement proteins 3 and 4; ApoE, ApoA1, and ApoA4: apolipoproteins E, A1 
and A4; NA3: possible apolipoprotein.).
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correlates with increased gold accumulation in the brain, as previously 
reported. However, when bioaccumulated gold in the brain was 
compared in previous reports on AuNP-CLPFFD and THRCLPFFD, the 
shuttle sequence recognized by the transferrin receptor present in the 
BBB [12] could be capped by the protein corona. This masking effect 
could be the explanation for not getting more significant differences in 
NPs uptake, suggesting that endogenous proteins play a more critical 
role in NP biodistribution and the amphipathic nature of functionalized 
peptides favoring interaction with plasma proteins, leading to improved 
passage across the BBB in relation to naked-AuNP by promoting a more 
favorable protein corona that aids in transcytosis. Other proteins that 
can be recognized by receptors mediating receptor-mediated trans
cytosis include transferrin, insulin, and other proteins like albumin, 
which can induce a different type of transcytosis, potentially via 
adsorptive-mediated transcytosis, a mechanism distinct from 
receptor-mediated transcytosis The interaction of AuNP with plasma 
proteins presents many possibilities for understanding their distribution. 
[71,73,74] In this context, serotransferrin was detected in the protein 
corona of all particles. Thus, if the protein corona modulates the specific 
recognition of shuttle peptides towards a selected target for brain access, 
these proteins may account for the levels detected in previous in vivo 
assays and could explain the detection of low levels of naked-AuNP 
within the brain. Examining these proteins from the hard-corona and 
comparing them with previous reports allows the prediction of particle 
distribution within the organism. Modulating these interactions could 
enhance selectivity and drug delivery. [16,30]

2.7. Capping AuNP-f with ApoE to increase translocation across the 
blood-brain barrier

Previous research has defined that covalent functionalization of 
AuNPs with specific trafficking ligands, such as ApoE, may enhance their 
ability to cross the BBB and reach specific targets inside the CNS. [43,75]
Although this "hard-coupling" can improve uptake in controlled settings, 
it imposes constraints, such as the fixed ligand layer narrowing the 
physicochemical design space (size, charge, and stealth coatings). 
Furthermore, once the NMs enter biological fluids, the covalently bound 
protein is rapidly cloaked by an in situ protein corona, which can mask 
receptor-binding motifs and blunt targeting efficiency. Given that the 
protein corona influences the distribution of NMs, preloading them with 
specific proteins of interest could facilitate a more targeted distribution. 

This has been previously demonstrated by Mahmoudi et al. [76] and 
Tonigold et al. [77], who reported that pre-adsorbed antibodies on NMs 
were not masked or displaced by the protein corona, thereby main
taining their functional interaction for controlled cellular targeting. In 
contrast, when covalently bound antibodies were assayed, they were 
covered by the protein corona, which interfered with their specific tar
geting functionality. [78] In our case, consistent with ApoE adsorption 
onto our naked-AuNP and AuNP-f formulations, the ζ-potential shifted 
toward less negative values and the hydrodynamic diameter increased 
(Table S4), supporting ApoE corona formation without clear evidence of 
considerable aggregation. In addition, monitoring the LSPR peak posi
tion (λ max) after ApoE incubation showed only a slight early shift, 
followed by stabilization up to 24 h (Figure S6). Further supporting that 
ApoE enrichment does not induce colloidal destabilization or 
aggregation.

Based on the observation that ApoE consistently appears in the 
plasma corona and is a canonical ligand for LRP1-mediated transcytosis, 
we hypothesized that enriching the corona with ApoE before biological 
exposure would enhance BBB transport. In this context, Human ApoE3 
was selected, given its structural conservation and well-established 
functional role in receptor-mediated transport across the BBB. Human 
and rodent ApoE share approximately 75 % sequence homology and 
preserve key functional domains involved in lipoprotein binding and 
receptor interaction, [79] supporting the use of human ApoE3 in pre
clinical BBB transport studies and offering relevance for future trans
lational applications. Consequently, we pre-incubated NPs with ApoE 
and later assessed their ability to cross the BBB using an in vitro model 
based on a co-culture of bovine brain microvessel endothelial cells and 
newborn rat astrocytes, which mimics the endothelial barrier of the BBB.

Following 24 h of incubation at 37 ◦C, ApoE was successfully sepa
rated and quantified. The binding of ApoE was ~7-fold higher on 
functionalized AuNPs (AuNP-f) compared to naked-AuNP. Upon disag
gregation of the data, AuNP-CLPFFD exhibited an 8-fold increase in 
ApoE binding compared to naked-AuNP, whereas AuNP-THRCLPFFD 
demonstrated a 6.5-fold increase. Therefore, AuNP-CLPFFD adsorbed 
≈ 1.2-fold more ApoE than its THR variant (Table S7). These differences 
correlate with the distinct hard-corona compositions previously 
observed for the same particles (Table 2 and Fig. 3).

Importantly, even before ApoE preloading, AuNP-f displays intrin
sically higher permeability across the BBB model than naked-AuNP. This 
behavior is consistent with previous reports from our group and others 
showing that CLPFFD increases membrane interaction and adsorptive- 
mediated endocytosis. At the same time, the THRPPMWSPVWP 
domain further promotes receptor-associated transcytosis. These 
peptide-induced interfacial modifications enhance endothelial uptake 
and explain why AuNP-f cross the in vitro BBB more efficiently than 
unmodified citrate-stabilized AuNPs. [9,12,57] Enhanced adsorption 
resulted in increased translocation across the endothelial barrier, as 
evidenced by Fig. 4, which demonstrates that ApoE increases gold levels 
across the transendothelial BBB model when AuNP-f are pre-incubated 
with ApoE (AuNP@ApoE, AuNP-CLPFFD@ApoE, and 
AuNP-THRCLPFFD@ApoE), compared to non-incubated AuNP-f, which 
showed an approximate 1.5-fold increase. Additionally, gold levels were 
approximately 3.5-fold higher than those of naked-AuNP, regardless of 
the presence of ApoE. A detailed analysis revealed that ApoE does not 
alter the levels of naked-AuNP, aligning with the parameters previously 
documented in Table 2, suggesting that ApoE interacts only weakly with 
naked-AuNP and, consequently, does not induce significant changes. 
These findings correlate with the low levels of ApoE quantified after in 
vitro incubation with naked-AuNP, compared to AuNP-f (Table S7). In 
future work, it would be interesting to conduct an in-depth study of the 
interaction between ApoE and NP surfaces. This weak adsorption likely 
prevents the formation of a sufficiently enriched ApoE corona on naked 
AuNP, explaining why AuNP and AuNP@ApoE show no significant 
differences in BBB penetration in Fig. 4. These findings corroborate 
earlier observations that corona composition is strongly influenced by 

Table 2 
Summary of the most common proteins identified in the corona of each AuNP 
and AuNP-f by 2-DE IEF/SDS-PAGE and LC-MS/MS analysis. Protein content 
(high/moderate/low) represents a semi-quantitative qualitative classification 
primarily derived from the relative spot intensity/visibility in 2-DE gels. LC-MS/ 
MS identification and Mascot scores (Table S6) support evidence to confirm 
protein presence and reflect confidence in identification.

AuNP AuNP- 
CLPFFD

AuNP- 
THRCLPFFD

Immunoglobulin ** ** **
Fibrinogen ** ** **
CO3 ** * ***
Albumin ** *** ***
Serotransferrin ** *** **
Plasminogen ** * **
ApoE ND ** ***
NA3 (possible APO) * * ND
CO4 *** ** ***
ApoA4 ** ** ***
ApoA1 ** * **
Alfa-globulins (A2MG/A1G/A2AP/ 

ANGT)
** ** **

Prothrombin * * **
Antithrombin III * ** *

The asterisks indicate high (***), moderate (**) or low (*) protein content. ND: 
not detected.
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surface chemistry. Chuang et al. [42] previously employed the func
tionalization of high-density lipoprotein bearing ApoE on hydrophobic 
AuNPs, which were pre-coated with the polysorbate surfactant Tween 
20. Under similar conditions, Jang et al. [80] observed that for hydro
philic AuNPs coated with PEG, only 5 % of the proteins forming the 
protein corona were HDLs, including ApoE. Our data extends this trend 
by showing that peptide decoration markedly enhances ApoE adsorp
tion. These results align with the findings of Xia et al. [81], who 
demonstrated that ApoE co-aggregates with Aβ peptides, as CLPFFD is a 
β-sheet-breaker derived from an Aβ nucleation sequence [82], and its 
presence likely underlies the higher ApoE affinity of AuNP-f.

At this stage, it is important to consider whether preloaded ApoE in 

hard-corona could interfere with the targeting function of the CLPFFD 
peptide toward β-amyloid aggregates. The CLPFFD sequence is known to 
recognize Aβ fibrils through sequence-specific interactions that depend 
on the accessibility of its active residues. Moreover, ApoE itself has been 
widely reported to interact with Aβ species and to modulate their ag
gregation and clearance pathways. [83,84] These observations suggest 
that the presence of an ApoE-enriched corona is not necessarily inter
fering with CLPFFD-mediated recognition of Aβ, and at the same time, 
ApoE enrichment primarily facilitates receptor-mediated BBB trans
cytosis, while the CLPFFD motif is expected to remain available to 
interact with Aβ once the nanoparticles reach the brain parenchyma. 
This dual functionality supports the rationale of ApoE preloading as a 

Fig. 4. Changes in AuNP levels across a trans-endothelial in vitro blood-brain barrier model following prior ApoE incubation to modulate the protein corona. All 
nanoparticle formulations were tested at the same concentration (5 nM) in the apical chamber. (A) A typical in vitro model of the blood-brain barrier is based on the 
co-culture of brain endothelial cells and astrocytes on either side of a Semi-permeable membrane (Transwell). (B) Percentage (%) of gold levels in the acceptor 
compartment of the in vitro blood-brain barrier model. Treatments without ApoE: AuNP, AuNP-CLPFFD, and AuNP-THRCLPFFD, and preincubated with ApoE: 
AuNP@ApoE, AuNP-CLPFFD@ApoE, and AuNP-THRCLPFFD@ApoE. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using one-way 
ANOVA followed by Tukey’s post hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant, and symbols indicate comparisons shown by brackets.

Fig. 5. Fluorescence of ex-vivo rat brains. A comparison of rat brains subjected to different AuNP treatments at 2 h and 24 h after intraperitoneal administration; 
levels are expressed as fluorescence counts. Treatments were labeled with Alexa fluor 750. Treatments: Vehicle control (BLK); AuNP-CLPFFD and pre-incubated with 
ApoE (AuNP-CLPFFD@ApoE); AuNP-THRCLPFFD and pre-incubated with ApoE (AuNP-THRCLPFFD@ApoE).
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complementary, rather than conflicting, strategy.
Considering that ApoE on AuNP-f can alter the levels crossing the 

BBB, it is essential to confirm whether modulating the protein corona 
could influence distribution and introduce new strategies for drug de
livery. In previous reports, we demonstrated that AuNPs reach the brain, 
and that functionalization with peptides increases their levels in the 
brain, possibly through peptide-mediated interactions with BBB com
ponents (e.g., membrane affinity and receptor-associated transport). 
However, since protein corona formation occurs spontaneously upon 
biological exposure, the corona may further modulate nanoparticle 
biological identity and indirectly influence biodistribution and brain 
accumulation. [7,10,12,57] Therefore, interaction with proteins able to 
cross the BBB is hypothesized to increase brain gold levels. As shown in 
Fig. 5 and Fig. 6, brains collected 2 and 24 h after intraperitoneal in
jection of AuNP-f exhibited differences in fluorescence levels when the 
NPs were pre-incubated with ApoE. Increased fluorescence levels were 
detected using Alexa 750 on NPs. Fluorescence intensity was higher 2 h 
after treatment, consistent with previous reports. [9,10,12,57] These 
results align with observed differences and the gradual decrease in 
fluorescence levels over time. Gold levels in the brain were evaluated 
using neutronic activation to confirm the presence of AuNP-f, as shown 
in Fig. 7. These results demonstrate that ApoE enhances AuNP-f levels by 
approximately 2-fold in the protein corona. Notably, around 1 % of the 
administered dose reached the brain after intraperitoneal administra
tion, as quantified by neutron activation analysis. Also has been quan
tified Au and expressed as %ID in other organs (Table S8), all these data 
are correlated with ex vivo fluorescence imaging (Figure S7). The levels 
of gold of AuNP-f are approximately one order of magnitude higher than 
that of naked-AuNPs reported in our previous studies under comparable 
conditions [12], and further supports that peptide functionalization and 
corona modulation can significantly improve CNS delivery even under a 
restrictive administration route. This distribution paralleled that of NMs 
injected into the bloodstream to target tumors, with meta-analyses 
indicating that roughly 0.7 % of the administered dose reached the 
target. [85,86] Thus, our proposed methods demonstrate comparable 

efficiency, even with intraperitoneal administration. Interestingly, Dal 
Magro et al. [84], employed a similar strategy using a pre-formed 
"artificial protein corona". The lipidic NPs coated with polysorbate 80 
and later incubated for 15 min with ApoE4, reached nearly 1 % delivery 
to the brain, which is 3-fold more than that of undecorated particles 
previously incubated with ApoE4. In our study, we selected ApoE3, 
considering that ApoE4 is associated with Alzheimer's disease. Addi
tionally, our administration route was intraperitoneal, a more chal
lenging pathway due to the first-pass effect. These findings confirm the 
feasibility of modulating a robust protein and achieving similar results 
with different types of NPs.

In another context, Zhang et al. [83] used polymeric nanomicelles as 

Fig. 6. Determination of ex-vivo fluorescence, comparing fluorescence levels in rat brains treated with AuNP-CLPFFD, AuNP-CLPFFD pre-incubated with ApoE 
(AuNP-CLPFFD@ApoE), AuNP-THRCLPFFD, and AuNP-THRCLPFFD pre-incubated with ApoE (AuNP-THRCLPFFD@ApoE), labeled with Alexa fluor 750. Fluores
cence values were normalized relative to the brain of a vehicle control rat (BLK; untreated and not injected with Alexa Fluor 750), at 2 h (A) and 24 h (B) after 
administration. N = 3, the sample standard deviation is plotted. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant, and symbols indicate comparisons shown by brackets.

Fig. 7. Determination of gold content by ex vivo neutron activation, comparing 
gold levels in the brains of rats subjected to different treatments, at 2 h and 24 h 
after administration. Vehicle control (BLK). N = 3, the sample standard devi
ation is plotted. Statistical analysis was performed using one-way ANOVA fol
lowed by Tukey’s post hoc test. * p < 0.05; ** p < 0.01; and *** p < 0.001. 
Significance symbols indicate comparisons to the corresponding control 
without treatment.
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a drug-delivery system for paclitaxel. They successfully doubled pacli
taxel levels within glioma brain cells by pre-incubating them with blood 
plasma and recombinant human ApoE (rhApoE) to form a hard-corona 
before in vivo administration.

A recent study by Wei et al. [87] suggests that ApoE adsorbed onto 
NPs may attenuate neurological oxidative stress and the inflammation 
observed in the ApoE -/- knockout mice model. These findings highlight 
the potential of utilizing ApoE-functionalized NPs for targeted drug 
delivery across the BBB, and its neuroprotective applications. Given the 
role of ApoE in modulating lipid metabolism and neuroinflammation, 
future studies should explore its broader implications in NP-based 
therapies for neurodegenerative diseases, potentially offering novel 
strategies to mitigate pathological processes in conditions like Alz
heimer's disease and other neurological disorders.

2.8. Conclusion

Preloading ApoE to modulate the protein corona of AuNP-f signifi
cantly enhanced its delivery to the brain. This finding demonstrates that 
tuning the protein corona can influence NP distribution. Our results 
suggest that nonspecific interactions with ApoE facilitate brain pene
tration, and that other proteins, such as albumin or transferrin, may also 
contribute in alternate transport pathways. This approach represents a 
promising strategy for improving NP-based drug delivery to the brain. 
Additionally, exploring methods to minimize undesired interactions 
may assist in mitigating potential adverse effects. It should be noted that 
intraperitoneal administration represents a restrictive delivery route for 
brain targeting, due to extensive first-pass interactions and systemic 
protein exposure. Therefore, the observed enhancement in brain accu
mulation following ApoE corona enrichment underscores the robustness 
of this strategy even under demanding biodistribution conditions.

Although the protein corona is known to be dynamic and subject to 
remodeling during circulation, our results suggest that an ApoE- 
enriched hard-corona fraction remains stable at early time points to 
exert a measurable biological effect, as evidenced by enhanced BBB 
transport in vitro and increased brain accumulation in vivo. These find
ings support the idea that the initial hard-corona composition plays a 
significant role in determining early biological recognition and organ 
targeting, even in the presence of subsequent protein exchange. Even 
though the dynamic remodeling of the protein corona under physio
logical shear stress was not addressed in this study, future in vivo and 
microphysiological investigations, including microfluidic and organ-on- 
a-chip models, will be necessary to explore additional protein exchange 
processes that may occur during circulation and further modulate NP 
biodistribution in the brain and other organs.

Future research should focus on predicting the in vivo behaviour of 
NMs, particularly AuNP-f, by analysing surface modifications and their 
interactions with plasma proteins to enhance our understanding of their 
pharmacokinetics. Developing strategies to regulate these interactions 
according to therapeutic targets is essential, enhancing favorable in
teractions while minimizing undesirable ones to optimize NP delivery. 
Complementary biophysical studies using membrane models and pro
tein corona analysis will provide deeper insights of the in vivo behaviur 
of AuNP-f. Ultimately, these findings will contribute to the development 
of machine learning and artificial intelligence models to improve the 
prediction of NM-based drug delivery.

Although the present study relies on established in vitro and in vivo 
models, species-specific differences may influence quantitative out
comes, and extrapolation to human physiology should be interpreted 
with caution. Future studies using fully humanized BBB models will be 
required to strengthen translational relevance.
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