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Purpose: Neurotrophins such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) exhibit pro-survival and homeo
static properties, but their clinical translation is limited by protein instability and rapid clearance. We evaluated a PEGylated human serum 
albumin (HSA) nanoparticle system for BDNF/NT3 co-delivery, focusing on physicochemical stability, ocular biodistribution in the rabbit 
eye, intracellular protein delivery, and protection against oxidative stress–associated cellular damage in human cells.
Materials and Methods: PEGylated HSA–BDNF–NT3 nanoparticles with nominal neurotrophin concentrations of 5 µg/mL (NeO5) or 
10 µg/mL (NeO10) were generated by spontaneous self-assembly and characterized using multiangle dynamic light scattering, electro
phoretic light scattering, and atomic force microscopy. In vivo performance was assessed after intravitreal injection in rabbits by enzyme- 
linked immunosorbent assay (ELISA)–based protein quantification and exploratory reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) profiling of survival-, proliferation-, and apoptosis-related genes. Functional delivery was examined in sodium iodate- 
stressed ARPE-19 and 6-hydroxydopamine–stressed retinoic acid-differentiated SH-SY5Y cells using ELISA assays, JC-1 analysis, 
Annexin V/ propidium iodide flow cytometry, high-performance liquid chromatography for malondialdehyde quantification, and RT-qPCR.
Results: Both formulations formed stable, spherical nanoparticles (5.9–54.2 nm) with low polydispersity index (≈ 0.18) and preserved 
colloidal integrity over 28 days. In vivo, BDNF was detectable in ocular tissues up to 72 h and RT qPCR did not reveal a coordinated 
pro-apoptotic response under the tested conditions. In vitro, nanoparticle treatment significantly increased intracellular BDNF and NT3 
levels, improved viability, reduced apoptotic cell fractions, and markedly decreased lipid peroxidation, particularly for NeO10. 
Increased tropomyosin receptor kinase B TRKB and cAMP response element-binding protein CREB expression provided supportive 
molecular evidence consistent with neurotrophin-related cellular responses.
Conclusion: PEGylated HSA nanoparticles enable stable neurotrophin loading, efficient intracellular delivery, and attenuation of 
oxidative stress–induced cytotoxicity. These findings support further development of albumin-based nanocarriers for translational 
nanomedicine applications.
Keywords: human serum albumin, PEGylated albumin nanoparticles, protein drug delivery, neurotrophin delivery, oxidative stress, 
drug delivery platform, nanomedicine, brain-derived neurotrophic factor, neurotrophin-3
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Introduction
Neurotrophins such as brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT3) function as pleiotropic regulators 
of cellular homeostasis and stress resilience, yet their translation as protein therapeutics remains limited by physicochemical 
fragility, rapid clearance, and limited tissue bioavailability.1–5 These barriers are particularly critical in the context of local 
delivery, where proteolysis, diffusion constraints, and compartment-specific barriers can rapidly reduce effective exposure 
despite high intrinsic potency. Accordingly, delivery strategies that stabilize neurotrophins and provide controlled, sustained 
availability while maintaining a favorable safety profile - are a prerequisite for meaningful therapeutic development. 
Although various strategies have been proposed for delivering BDNF alone,6–12 the combined delivery of both BDNF and 
NT3 remains a relatively unexplored area. This combination holds significant potential due to the synergistic effects of NT3 
in enhancing the therapeutic outcomes of BDNF through activation of additional receptors and pathways related to neuronal 
survival and synaptic plasticity.13,14 Therefore, co-delivery of BDNF and NT3 may offer broader neurotrophin-related 
support than monotherapy. Human serum albumin (HSA) is an attractive carrier scaffold due to its biocompatibility and 
established use in drug delivery. Its surface chemistry enables adsorption-based loading of biologics.15–18 Additionally, HSA 
facilitates active targeting of tissues via interactions with endothelial glycoproteins, such as gp60, which aid in tissue 
transcytosis.17 Compared with PLGA nanoparticles, liposomes, polymeric micelles, or exosomes, PEGylated albumin-based 
carriers offer several advantages for the delivery of fragile therapeutic proteins.17,19 Synthetic polymer systems often require 
harsh preparation conditions that may compromise neurotrophin stability, whereas liposomes and micelles may suffer from 
premature cargo leakage and limited colloidal stability.20,21 Exosome-based systems, although biologically relevant, remain 
difficult to standardize and scale up. In contrast, albumin is an endogenous, biocompatible protein with low immunogenicity, 
prolonged circulation half-life, and intrinsic ligand-binding capacity. Moreover, albumin nanoparticles can be assembled 
under mild aqueous conditions that better preserve the biological activity of sensitive proteins.22

In our previous work, we introduced a straightforward, nonviral PEGylated HSA nanoparticle system engineered for 
co-delivery of BDNF and NT3, and demonstrated favorable electrokinetic properties, in vitro biocompatibility, and 
gradual neurotrophin release over extended timeframes in both cell-free conditions and the mouse eye following 
intravitreal injection. Notably, the prior study emphasized the platform’s capacity for sustained intraocular availability 
and provided a proof-of-concept foundation for subsequent translational evaluation.16

Here, we assess robustness of the platform across biological contexts that are critical for translational development, 
including interspecies performance and stress-relevant cellular models. Specifically, we (i) characterize PEGylated HSA– 
BDNF-NT3 nanoparticles (NeO5 and NeO10) with respect to stability and physicochemical properties over time, (ii) assess 
intraocular biodistribution and early transcriptional responses following intravitreal administration in the rabbit eye, and (iii) 
validate functional delivery under oxidative stress in two human cell systems: sodium iodate (NaIO3)-challenged ARPE-19 
cells, representing retinal pigment epithelium oxidative injury relevant to AMD-associated pathology,23,24 and 6- 
hydroxydopamine (6-OHDA)-challenged retinoic acid (RA)-differentiated SH-SY5Y cells, representing a neuronal oxidative 
stress model commonly used in Parkinsonian neurodegeneration research.25,26 Across these settings, we quantify cellular 
uptake of both the carrier and its cargo, interrogate neurotrophin-related signaling, and assess apoptosis- and oxidative stress– 
related response to determine whether PEGylated albumin nanoparticles preserve neurotrophin functionality and provide 
measurable cytoprotection under defined stress conditions (Figure 1).

Materials and Methods
Reagents
BDNF, NT3 and HSA
Carrier-free recombinant human BDNF (248-N4-250/CF; R&D Systems, MN, USA) and carrier-free recombinant human 
NT3 (11563-N3; R&D Systems, MN, USA) lyophilizates were prepared as described in our previous studies.16,27 The 
source of HSA used as a carrier for NTs’ adsorption was Flexbumin (95% human albumin, 200 g/L, sodium chloride, 
sodium caprylate, sodium acetyltryptophanate and water).16

According to the manufacturer’s quality control documentation, endotoxin levels for recombinant BDNF and NT3 
were <0.10 EU per 1 µg of protein, as determined by the LAL method.
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Poly (Ethylene Glycol) (PEG)
The working solution of PEG (1546569, Sigma Aldrich, Darmstadt, Germany) was prepared by aseptically dissolving 1 
g of PEG-4000 in 10 mL of PBS, filtered through a 0.22 μm filter (Merck Millipore, MA, USA), and was further used in 
the preparation of PEGylated HSA-NT3-BDNF nanoparticles.16,27

Preparation of PEGylated HSA/NT3/BDNF (NeO5, NeO10 and NeO100)
The detailed formulation procedure has been described previously.16 However, all nanoparticle formulations used in the 
present study were synthesized de novo as independent batches specifically prepared for the current in vitro and in vivo 
experiments. In contrast to our previous work, where physicochemical characterization was performed primarily for 
a single formulation containing 5 µg/mL neurotrophins, the present study included three independently prepared 
nanoparticle formulations differing in neurotrophin loading: NeO5, NeO10, and NeO100, corresponding to 5, 10, and 
100 µg/mL of NT3 and BDNF, respectively. Importantly, the physicochemical parameters obtained for NeO10 and 
NeO100, including hydrodynamic diameter, zeta potential, and colloidal stability, remained consistent with those 
previously observed for NeO5, confirming preservation of the overall physicochemical behavior of the PEGylated HSA- 
based nanoparticle system across the tested loading range. Briefly, Flexbumin was diluted in Ringer’s solution by gentle 
rotation to obtain an HSA concentration of 200 mg/L. NT3 and BDNF stock solutions were added sequentially at defined 
volumetric ratios to obtain NeO5, NeO10, and NeO100 formulations, corresponding to nominal final concentrations of 5, 
10, and 100 µg/mL, respectively, for each neurotrophin. These nominal values refer to the total amount of BDNF and 
NT3 introduced during preparation, not to the freely soluble protein fraction, as the neurotrophins are associated with the 
PEG/HSA nanoparticle system and released over time. Finally, PEG-4000 was added to a final concentration of 2 mg/L. 
Spontaneous self-assembly of PEG/HSA/NT3/BDNF complexes occurred through intermolecular and electrostatic 

Figure 1 Cross-context biological validation of PEGylated HSA nanoparticles co-loaded with BDNF and NT3. Schematic overview of the study workflow and key biological 
findings. (A) PEGylated human serum albumin (HSA) nanoparticles were formulated for dual delivery of BDNF and NT3. (B) Cross-context validation included 
physicochemical characterization (MADLS/DLS, zeta potential/ELS, AFM), in vivo rabbit eye assessment following intravitreal administration, and in vitro oxidative stress 
models using ARPE-19 retinal pigment epithelial cells and RA-differentiated SH-SY5Y dopaminergic-like neurons. (C) Functional analyses demonstrated intracellular 
neurotrophin delivery associated with improved mitochondrial membrane potential, reduced apoptosis, decreased lipid peroxidation, and supportive transcript-level 
responses under oxidative stress conditions. (D) The downstream panel highlights canonical PI3K/AKT/mTOR and RAS/RAF/MEK/ERK signaling axes induced by NT3/ 
BDNF that may contribute to CREB-associated stress-protective responses. The schematic illustrates a conceptual downstream signaling framework and does not imply 
a specific receptor-mediated nanoparticle uptake mechanism. Conceptual workflow illustration created with assistance from ChatGPT (OpenAI, GPT-5 image generation 
tools) and finalized by the authors.
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interactions, yielding formulations referred to as NeO5, NeO10, and NeO100. All formulations underwent independent 
physicochemical characterization, including hydrodynamic diameter and zeta potential measurements, to validate the 
properties of the newly synthesized nanoparticle batches used in the present study. The nanoparticle suspensions were 
stored in Ringer’s solution at −20°C for up to three months without detectable protein loss.16

Physicochemical Characterization of PEGylated HSA/NT3/BDNF Nanoparticles
Multiangle Dynamic Light Scattering (MADLS)
The size distribution of PEGylated HSA/BDNF/NT3 nanoparticles was examined using multiangle dynamic light scattering 
(MADLS) with a Malvern ZetaSizer Ultra (Malvern Instruments, Malvern, UK) and ZS XPLORER 3.2.0 software. Both 
MADLS and dynamic light scattering (DLS) are well-established methods for assessing the hydrodynamic diameter 
distribution of biomacromolecules in solution, with MADLS being particularly effective for analyzing nanoparticle dispersion 
and aggregation states. Particle size distributions were measured at BDNF/NT3 concentrations of 5 mg/L and 10 mg/L.28,29 

The data analysis was performed in automatic mode at 25 °C using Ringer’s solution as the dispersant medium, with 
a viscosity of 0.8872 mPa·s and a refractive index of 1.33. The measured nanoparticle diameter (dH) is presented as the 
average value of 20 runs, with triplicate measurements within each run, as described in detail elsewhere.29,30

Electrophoretic Light Scattering (ELS)
The zeta potential (ζ) and polydispersity index (PDI) of the nanoparticles were studied using laser Doppler velocimetry (LDV) 
at 25 °C with a Malvern ZetaSizer Ultra Particle Analyzer, based on diffusion coefficient and electrophoretic mobility 
measurements. The LDV technique, as described by Adamczyk et al, relies on detecting changes in microphoretic mobility 
during the adsorption of the analyzed proteins or particles onto a model colloidal particle.31 The electrophoretic mobility was 
recalculated to the ζ-potential using the Henry equation, which is valid for higher ionic strengths in which the polarization of 
the electric double layer is relevant (the double-layer thickness decreases relative to the protein dimension).

Atomic Force Microscopy (AFM)
The AFM experiments were performed as follows. Freshly cleaved mica sheets were immersed in PEGylated HSA/BDNF/NT3 
nanoparticle suspensions (NeO10 NPs) prepared in 0.15 M Ringer’s solution at a protein concentration of 10 mg/L (BDNF and 
NT3). The mica sheets were incubated in the nanoparticle suspension for 1 min at 298 K under diffusion-controlled conditions in 
a thermostated environment, allowing controlled adsorption of nanoparticles onto the mica surface without prior surface 
modification. After incubation, each sample was thoroughly rinsed with ultrapure water to remove residual solutes and loosely 
bound material, preventing crystallization artifacts. The samples were then air-dried overnight. The selected nanoparticle 
concentration was based on prior physicochemical characterization, ensuring appropriate dispersion and minimizing aggregation 
to obtain uniform, non-overlapping surface coverage suitable for quantitative analysis. The mica substrates with adsorbed 
PEGylated HSA/BDNF/NT3 nanoparticles were visualized by AFM to determine nanoparticle morphology and size distribution. 
Imaging was performed in air using an NT-MDT Solver microscope equipped with a SMENA-B scanning head. Measurements 
were carried out in semi-contact mode using high-resolution silicon probes (polysilicon cantilevers ETALON) with resonance 
frequencies of 77–114 kHz (±10%). The typical tip cone angle was below 20°. Images were recorded at a scan rate of 1 Hz over 
scan areas ranging from 0.5 μm × 0.5 μm to 20 μm × 20 μm, covering 10–20 randomly selected regions of each mica sheet. The 
relative measurement precision was estimated at 5%. All experiments were conducted at a stable temperature of 298 K. Image 
flattening was performed using the algorithm provided with the instrument. The presented micrographs represent direct surface 
detection without coating or additional modification. The size of the PEGylated HSA/BDNF/NT3 nanoparticles was determined 
using ImageJ software (https://imagej.net/ij/index.html) by gathering the number and coordinates of a minimum of 300 
nanoparticles. The counting of PEGylated HSA/BDNF/NT3 nanoparticle dimensions involved a manual process that involved 
comparing the initial image and a modified version obtained through digital image filters. Specifically, altering the picture’s 
background was instrumental in this method. By applying these filters, we assessed the accuracy of the particle analysis using the 
software mentioned above.
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Cell Culture
Unless indicated otherwise, all reagents were purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). All 
cell lines were kept in a cell culture incubator (Thermo Fisher Scientific, Waltham, MA, USA) at a constant 37 °C and 
a humidified atmosphere consisting of 95% air and 5% CO2. All cell cultures were routinely tested for mycoplasma 
contamination with LookOut® Mycoplasma qPCR Detection Kit (MP0040A, Sigma-Aldrich, Darmstadt, Germany) and 
were confirmed to be mycoplasma-negative before experiments.

Light microscopy images were acquired using a Zeiss Axio Vert.A1 microscope, equipped with Axiocam 105, and 
image analysis was performed with Zen 2.3 (blue edition) software (all from Carl Zeiss Microscopy, GmbH, 2011) and 
Fiji (ImageJ 1.54g).

The selected stressor concentrations of 6-OHDA and NaIO3 were based on preliminary dose–response experiments 
(Supplementary Figure 1) and were consistent with concentrations previously used to induce oxidative injury in ARPE-19/ 
RPE and differentiated SH-SY5Y models.

Arpe-19
The human retinal pigment epithelial line ARPE-19 (CRL-2302™ ATCC®, Manassas, VA, USA) was cultured in 
DMEM/F12 medium with the addition of 1% (v/v) penicillin/streptomycin and 10% (v/v) fetal bovine serum (FBS). 
For experiments, cells were seeded 5×103 cells/well (96-well plate) or 2.5×105 cells/well (6-well plate).

Sodium Iodate (NaIO3) Induced Damage
Sodium iodate (NaIO3) (Sigma-Aldrich, 71702) is a potent oxidizing agent that selectively targets retinal pigment 
epithelial (RPE) cells (ED50 curve in Supplementary Figure 1). Its application, both in vitro and in vivo, has become 
a widely recognized and reproducible model for studying age-related macular degeneration (AMD). ARPE-19 cells were 
seeded in a complete medium and allowed to settle for 24 hours. Next day, the medium was exchanged for DMEM/F12 
supplemented with 1% FBS containing 10 mM NaIO3 to induce oxidative stress. Stock solutions of NaIO3 [400 mM] 
were each time prepared freshly before use by dissolving 50 mg of NaIO3 in 650 µL DMEM/F12. Cells were incubated 
with NaIO3 for 24 hours. Then, medium was exchanged for complete medium and nanoparticles were added.

Sh-Sy5y
The SH-SY5Y neuroblastoma cell line (human, ECACC; Sigma Aldrich, St. Louis, MO, USA) was cultured in 
a proliferation medium, consisting of a 1:1 mixture of Ham’s F-12 Nutrient Mixture (Thermo Fisher, Waltham, MA, 
USA) and Minimum Essential Medium (MEM) (Sigma Aldrich, St. Louis, MO, USA), supplemented with streptomycin 
(100 U/mL), penicillin (100 µg/mL), L-glutamine (2 mM), and 10% heat-inactivated fetal bovine serum (FBS).

Generation of RA-Differentiated SH-SY5Y Cells
SH-SY5Y cells can differentiate into neuron-like cells under specific conditions.32 Differentiation of SH-SY5Y cells 
results in extensive neurite outgrowth and the expression of mature neuronal markers (eg, NeuN, β-III tubulin), with the 
resulting cells adopting either a dopaminergic or cholinergic phenotype that show selective vulnerability in Parkinson’s 
and Alzheimer’s diseases.33 1.0×104 cells/well (96-well plate, Nunclon, Thermo Fisher Scientific, Waltham, MA, USA) 
or 0.3×106 cells/well (6-well plate, Nunclon, Thermo Fisher Scientific, Waltham, MA, USA) were seeded in a reduced 
serum medium consisting of Minimum Essential Medium, 2mM L-Glutamine and 1% (v/v) FBS. Next day medium was 
supplemented with 10 µM retinoic acid (all trans-retinoic acid, R2625, Sigma). The differentiation medium was 
exchanged every 2–3 days for 7 days.

6-Hydroxydopamine (6-OHDA) Damage
After differentiation, SH-SY5Y cells were exposed to 25 µM 6-hydroxydopamine (6-OHDA, Sigma) for 24 hours (ED50 

curve in Supplementary Figure 1). 6-OHDA is a neurotoxin commonly used in in vitro models of neurodegeneration. It 
selectively targets dopaminergic neurons, leading to their loss, a hallmark of Parkinson’s disease. By inducing oxidative 
stress, mitochondrial dysfunction, and apoptosis, 6-OHDA mimics key mechanisms observed in Parkinson’s, including 
dopamine depletion, neuroinflammation, and neuronal death.33
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Application of Nanoparticles to Cell Cultures
After 24 hours of initial incubation, oxidative stress was induced with 10 mM NaIO3 or 25 µM 6-OHDA in ARPE-19 or RA- 
differentiated SH-SY5Y, respectively. The cells were returned to the incubator for 24 hours. Following this, the stress-inducing 
medium was replaced with DMEM/F12 supplemented with FBS to a final concentration of 10% (v/v). Nanoparticle 
suspensions: HSA-10 µg/mL NT3 - 10 µg/mL BDNF - PEG (NeO10), HSA - 5 µg/mL NT3 - 5 µg/mL BDNF - PEG 
(NeO5), or PBS buffer (stress control) - were added to the appropriate wells in a 1:9 ratio (vnanoparticle:vmedium). A suspension of 
PEGylated HSA (HSA-PEG) nanoparticles was used as an additional control.

Protein Isolation and Relative Quantification
ARPE19 or SH-SY5Y cells were cultured on a six-well plate as described in the previous sections. After 72 hours, cells were 
trypsynized and centrifuged for 300 x g for 5 minutes. Pelleted cells were resuspended in the cell lysing mixture of 1 × RIPA Lysis 
and Extraction Buffer, 1 × Halt™ Protease Inhibitor Cocktail and 1 × Halt™ Phosphatase Inhibitor Cocktail (Cat. No. 89901, 
87786 and 78420 respectively, Thermo Fisher Scientific, Waltham, MA, USA). After 20 min. of incubation at 4 °C, the remains of 
the cells were centrifuged at 15,000 × g in 4 °C for 15 min. Lysates were immediately transferred to −80 °C for future analysis. The 
quantification of protein concentration in each sample was performed using the BCA protein assay kit for low concentrations 
(ab207002, Abcam, Cambridge, UK) according to the manufacturer’s instruction.

Enzyme-Linked Immunosorbent Assay (ELISA)
To assess cellular uptake, 1 µg of total cell lysate was used for the quantification of HSA (ab108787, Abcam, Cambridge, 
UK), BDNF (DY248, Bio-techne, MN, USA), and NT3 (DY267, Bio-techne, MN, USA) concentrations. For the vitreous 
body and retina samples from rabbit eyes, NT3 and BDNF levels were determined. All procedures were performed 
following the manufacturer’s guidelines. In rabbit ocular samples, ELISA quantified extractable neurotrophin levels in 
vitreous and retinal tissue extracts and did not distinguish intracellular, surface-bound, extracellular matrix-associated, or 
formulation-associated protein fractions. The levels of proteins were analyzed using GraphPad Prism ver. 9.5.1 software 
(GraphPad Software, San Diego, California, USA; https://www.graphpad.com).

Cytotoxicity
Jc-1
At low concentrations, JC-1 dye (JC-1 Mitochondrial Membrane Potential Assay Kit, ref. 10009172, Cayman Chemical, 
MI, USA) occurs as a monomer and is characterized by green fluorescence. In mitochondria, JC-1 can accumulate, 
creating J-aggregates that emit red fluorescence. The accumulation of JC-1 depends on the mitochondrial membrane 
potential (ΔΨM). Apoptotic cells are characterized by a low ΔΨM, which is detected as a decrease in red (J-aggregates) to 
green (J-monomers) fluorescence. Briefly, 5×103 ARPE-19 or differentiated SH-SY5Y cells were cultured in 96-well 
black clear-bottom plates and exposed to oxidative stress as described above. Subsequently, the medium was exchanged 
for DMEM/F12 10% FBS, and cells were treated with HSA-PEG NPs, NeO5, NeO10 or PBS (untreated stressed 
control). The nanoparticles were added to the appropriate wells in cell culture medium at a 1:9 ratio (vnanoparticles/vmedium). 
After 72 hours of incubation, the cells were stained for 20 minutes with JC-1 dye according to the manufacturer’s 
instructions. Fluorescence was detected with a Varioskan LUX Plate Reader (Thermo Fisher); red fluorescence was read 
at an excitation wavelength of 535 nm and an emission wavelength of 595 nm, and green fluorescence was read at an 
excitation wavelength of 485 nm and an emission wavelength of 535 nm. The red (J-aggregates) to green (J-monomers) 
fluorescence ratio was analyzed with GraphPad prism software.

Annexin V/Propidium Iodide
Annexin V binds with high affinity to phosphatidylserine, a phospholipid that is typically located on the inner leaflet of 
the cell membrane. Conjugating Fluorescein Isothiocyanate (FITC) to Annexin V allows for the detection of membrane 
asymmetry, a hallmark of cells undergoing apoptosis. The addition of Propidium Iodide (PI) enables differentiation 
between early or late apoptotic cells and dead or necrotic cells, as PI enters cells that have compromised membrane 
integrity and emits red fluorescence (detected in the phycoerythrin (PE) channel). ARPE-19 cells were seeded in 24-well 
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plate. After 24 hours of pre-incubation, cells were exposed to the oxidative stress as described above. The following day, 
medium was exchanged for DMEM/F12, and either PBS, PEGylated HSA (HSA-PEG), or NeO10 was added. Cells were 
incubated for another 48–72 hours. After the indicated time, the cells were trypsinized and washed twice with PBS w/o 
Mg and Ca and suspended in annexin V staining buffer (556570, BD Biosciences, San Jose, CA, USA). Annexin V-FITC 
and propidium iodide were added according to manufacturer’s instruction. Cells were stained for 15 minutes, and then 
immediately acquired with a flow cytometer. FCS files were visualized and analyzed with floreada.io (https://floreada.io). 
Statistical analysis of the percentage of apoptotic and alive cells was performed with GraphPad prism software.

RNA Isolation and RealTime qPCR
Cells were seeded in a 6-well plate. RA-differentiated SH-SY5Y or ARPE-19 cells were exposed to oxidative stress as 
described above. The following day, cell culture medium was exchanged for DMEM/F12 containing 10% FBS and 
supplemented with PBS, PEGylated HSA, or NeO10 nanoparticles. After 48 hours, cells were trypsinized and pelleted by 
centrifugation (5 minutes at 300 x g). RNA was isolated with NucleoSpin TriPrep kit (740966, MACHEREY-NAGEL, 
Düren, Germany). Reverse transcription was performed on 0.5 µg of total RNA (K1622, RevertAid First Strand cDNA 
Synthesis Kit, Thermo Fisher Scientific). The resulting mixture containing cDNA was diluted 10 times.

The RT qPCR reaction was set with 10 ng of cDNA and 200 nM of each primer. RT-qPCR was performed using the 
following thermal cycling conditions: initial denaturation at 95°C for 5 min, followed by 39 cycles of denaturation at 
96°C for 15s, annealing at 60°C for 30s, and extension at 72°C for 15s, using Bio-rad CFX Maestro software 
ver. 4.1.2433.1219. Fluorescence signal acquisition was conducted during the annealing step. Primer sequences for 
rabbit genes are presented in Supplementary Table 1 and for human genes in Supplementary Table 2.

Data from the rabbit’s eye was log2-transformed prior to visualization to stabilize variance. Given the limited sample 
size, no formal inferential statistics were performed. The analysis is therefore descriptive and focuses on the magnitude 
and direction of observed transcriptional changes across groups. The RT-qPCR panel was designed to assess transcrip
tional markers associated with MAPK/p38 signaling, the AKT/mTOR axis, and regulators of proliferation and apoptosis. 
Primers were selected based on available Oryctolagus cuniculus sequences (Supplementary Table 1).

Relative gene expression was calculated using the ΔΔCt method with species-specific GAPDH as the endogenous 
reference gene. Human GAPDH was used for ARPE-19 and SH-SY5Y samples, whereas rabbit Gapdh was used for 
rabbit ocular tissue samples. Primer sequences are provided in Supplementary Tables 1 and 2.

Detection of Lipid Peroxidation
Lipid peroxidation primarily occurs due to free radical attacks on specific molecules, particularly polyunsaturated fatty 
acids, leading to oxidative stress. The concentration of malondialdehyde (MDA) in cell cultures serves as a key 
biomarker for evaluating the extent of this process. After adhering to a 6-well plate, 2.5×105 cells per well were 
incubated with 10 mM NaIO3 (as described in section 2.4.1) for 24 hours. The experimental details were outlined in 
previous sections. Following the incubation period, the cell supernatant was collected from each well. The MDA 
concentration in the supernatant was measured using reverse-phase high-performance liquid chromatography (HPLC) 
combined with a spectrophotometric detection method. This method was performed using an Agilent 1260 Infinity II 
HPLC system (Agilent Technologies, Waldbronn, Germany)34 with a BDS Hypersil C18 column. A freshly prepared 10 
mM TEP (1,1,3,3-tetraethoxypropane) stock solution was diluted in water to generate working calibrants at concentra
tions of 0.05, 0.075, 0.1, 0.15, and 0.2 µM TEP. For deproteinization and antioxidant protection, 100 µL of the 
supernatant or standard was mixed with 200 µL of 5% TCA (trichloroacetic acid) and 10 µL of 0.4% BHT (butylated 
hydroxytoluene) in absolute ethanol. The samples were then vortexed thoroughly. Next, 100 µL of 0.6% TBA (2- 
thiobarbituric acid) was added, and the mixture was incubated at 90°C for 45 minutes, allowing the formation of the 
MDA-(TBA)2 adduct, which was detected at 532 nm. Following centrifugation at 8000 × g for 10 minutes at 4°C, the 
supernatants were collected and adjusted to pH 7.0 using 1 M NaOH. The elution buffer was composed of 50 mM KH2 

PO4 (adjusted to pH 7.0 with KOH) and methanol (CH3OH) in a 70:30 (v/v) ratio. The total run time for each sample was 
6.5 minutes, with a flow rate of 0.5 mL/min, an injection volume of 20 µL, and excitation and emission wavelengths of 
528 nm and 553 nm, respectively.19 The MDA release from human ARPE-19 cells was quantified by integrating 
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retention times and peak areas, which were then compared to known MDA concentrations. The MDA levels were 
calculated in mM MDA equivalents based on the TEP standard calibration curve (Supplementary Figure 2), assuming 
a 1:1 conversion under acidic conditions.

Animal Experiments
Ethical Approval Statement
All animal experiments were approved by the Local Ethics Committee for Animal Experiments in Lublin (University of 
Life Sciences in Lublin, Akademicka 13, 20–950 Lublin, Poland). The study was conducted under approval no. 75/2022 
(issued on 06 June 2022), with a subsequent amendment approved under no. 92/2022 (issued on 19 September 2022).

No separate animal experimentation license number was assigned under applicable national regulations. All proce
dures were performed in accordance with the ARRIVE 2.0 guidelines, Directive 2010/63/EU of the European Parliament 
and of the Council on the protection of animals used for scientific purposes, and the Polish Act of 15 January 2015 on the 
Protection of Animals Used for Scientific or Educational Purposes.

Justification for the Use of Animals
The use of rabbits (Oryctolagus cuniculus; n=22; Charles River Laboratories, MA, USA) was essential to evaluate the 
in vivo biodistribution and stability of the tested nanoparticles. The rabbit eye represents a well-established and relevant 
model for the human eye due to its similar anatomical and physiological features. Therefore, it was critical for assessing 
ocular drug delivery and distribution in a biologically meaningful context.

Animal Housing and Welfare Conditions
Prior to the experiment, 12-week-old males underwent a 14-day acclimatization with health monitoring to exclude 
infections or underlying conditions. Animals were housed individually or in pairs in AK 4200-type cages, depending on 
their body weight and social compatibility. Each cage was appropriately labeled with an identification card. The room 
temperature was maintained at 22 ± 2°C with a relative humidity of 50 ± 10%, controlled by an automated ventilation 
and air-conditioning system. The facility operated on a 12-hour light/dark cycle with artificial lighting.

Throughout the experiment, animals had ad libitum access to fresh water, and a standardized commercial pelleted diet 
formulated for fur-bearing animals. Environmental enrichment was provided, including wooden blocks for gnawing, 
aspen tunnels, and nesting materials. Cages were cleaned regularly to maintain hygiene, and air quality was ensured 
through continuous ventilation.

Animals were provided with a quiet, stress-reduced resting environment. To minimize stress, all handling and 
experimental procedures were performed by trained personnel following refined protocols. The animals’ well-being 
was assessed daily, and any signs of discomfort or distress were addressed according to ethical guidelines. All procedures 
were designed to minimize animal suffering and were performed by trained personnel in accordance with approved 
protocols. The study was reported in accordance with the ARRIVE 2.0 guidelines (https://arriveguidelines.org/).

Experiment
Rabbits received intravitreal injections of 50 µL of (i) NeO10, (ii) NeO100, (iii) PEGylated human serum albumin or (iv) 
PBS. All procedures were performed under general anaesthesia induced by intramuscular administration of 0.25 mg/kg 
body weight of medetomidine (Domitor; Orion Pharma, Warszawa, Poland) and 15 mg/kg body weight of ketamine 
(Ketamina; Biowet Puławy, Puławy, Poland). After the procedure, the rabbit received an antibiotic in the form of an 
ointment (tobramycin 3 mg/g body weight). The animal’s condition was monitored on a heating pad until full recovery 
from anesthesia, and subsequently in its housing cages. Randomly selected animals were euthanized at predefined time 
points (72 hours, 28 days). Euthanasia was performed by concussion (mechanical stunning), carried out by a trained and 
qualified person. This method was used to preserve tissue integrity for immunohistochemical analysis of the eyeballs, 
which excluded the use of pharmacological agents. All procedures were performed in accordance with approved 
veterinary standards for laboratory animal care.

https://doi.org/10.2147/IJN.S608949                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 8

Stukan et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/608949/608949%20Supplementary%20information.docx
https://arriveguidelines.org/


Statistics
Statistical analysis was performed with GraphPad Prism ver. 10.6 software for Windows (GraphPad Software, San 
Diego, California, USA; https://www.graphpad.com).

Results
Physicochemical Characterization and Stability of PEGylated HSA-NT3-BDNF 
Nanoparticles
Although the PEGylated albumin platform was previously described16 using a single neurotrophin loading (10 mg/L), the 
present study includes two formulations differing in cargo concentration (5 mg/L and 10 mg/L; NeO5 and NeO10). This 
design enables assessment of formulation robustness across loading conditions while providing a well-characterized basis 
for subsequent translational evaluation in cellular stress models and in vivo studies.

Variations in cargo concentration may alter intermolecular interactions within the albumin matrix and thereby affect 
nanoparticle size, dispersity, and surface charge. As protein loading density can modulate surface adsorption, hydration 
shell organization, and PEG–protein packing, comprehensive physicochemical re-characterization was required prior to 
biological evaluation to confirm consistent platform performance.

MADLS analysis revealed reproducible size distributions for both formulations (Figure 2A and B). The hydrodynamic 
diameters ranged from 5.9 ± 1 nm to 54.2 ± 3 nm, indicating well-defined nanoparticle populations rather than aggregation. 
Representative MADLS distributions of scattering intensity and number, together with autocorrelation functions for the 
NeO5 formulation, are additionally presented in Supplementary Figure 3, demonstrating stable nanoparticle populations 
over the entire 28-day storage period with minimal changes in peak position and distribution profile.

Notably, variations between NeO5 and NeO10 suggest that neurotrophin loading concentration influences nanoscale 
organization of the PEGylated albumin matrix. Such concentration-dependent effects are expected, as increased protein 

Figure 2 Physicochemical characterization of PEGylated HSA-NT3-BDNF nanoparticles over 28 days (40,320 min) after formulation. Particle size distributions were 
measured by intensity (A) NeO 10; (B) NeO 5. (C) ζ -potential was measured in Ringer’s solution (open symbols: NeO 5; filled symbols: NeO 10). Particle concentrations 
for NeO 10 and NeO 5 were determined by MADLS (D). All syntheses were performed in six replicates, and error bars denote mean ± SD. Individual points represent NP 
diameter distributions obtained from eight samples.
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content may modify surface packing density and internal structural arrangement. The polydispersity indices (PDI = 0.18 
± 0.02) remained below 0.3 for both formulations, indicating narrow size distributions and colloidal homogeneity. 
Maintaining low dispersity is critical, as heterogeneous nanoparticle populations may exhibit variable cellular uptake 
kinetics, inconsistent cargo release, and unpredictable biological responses. The consistently low PDI confirms controlled 
assembly despite differences in protein loading. ζ -potential measurements performed in Ringer’s solution showed 
moderately negative surface charge values (−11 ± 1.2 mV for NeO5 and −14 ± 0.7 mV for NeO10; Figure 2C). The 
slight differences between formulations further support the influence of cargo concentration on surface electrostatics. At 
physiological ionic strength, PEGylated systems rely primarily on steric stabilization; therefore, a stable hydrodynamic 
diameter and moderate ζ -potential values confirm colloidal stability without aggregation. MADLS-based particle 
concentration analysis (Figure 2D) demonstrated reproducible nanoparticle counts across independent batches (n = 3), 
confirming the consistency of synthesis across protein-loading conditions. Collectively, these data demonstrate that 
altering neurotrophin concentration within PEGylated HSA nanoparticles modulates physicochemical parameters while 
preserving nanoscale stability and colloidal integrity over 28 days (Figure 2A–C).

A qualitative analysis of the AFM micrographs confirmed that PEGylated HSA/BDNF/NT3 nanoparticles maintain 
a consistent spherical shape with minimal size variation. Importantly, no elongated aggregates or filamentous structures 
were detected throughout the 28-days (Figure 3). These results confirm that the PEGylated HSA platform maintains 
physicochemical stability over time, supporting its suitability for biological experiments.

Figure 3 AFM characterization of PEGylated HSA-NT3-BDNF nanoparticle diameter distribution over 28 days after formulation. AFM images of nanoparticles deposited 
from Ringer’s solution at pH 7.0 ± 0.6 are shown 24 h (A) and 28 days (C) after formulation, with corresponding X-axis cross-sections (B and D) acquired over a 20×20 µm 
area. Notably, the dispersed morphology of PEGylated NT3-BDNF nanoparticles was preserved over 28 days (40,320 min).
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Intraocular Distribution and Safety-Related Readouts in the Rabbit Eye
To assess platform performance in a second species, PEGylated HSA nanoparticles were administered intravitreally into 
the rabbit eye. No macroscopic signs of ocular irritation, edema, or hemorrhage were observed during the observation 
period following injection.

In our previous work, we demonstrated that PEGylated human serum albumin-based nanoparticles enable controlled 
co-delivery of BDNF and NT3, significantly prolonging the half-life of these neurotrophins.16 Here we sought to evaluate 
neurotrophins persistence and early tissue-level molecular responses following intravitreal administration in the rabbit 
eye, representing a distinct ocular environment and a second species (Figure 4A and B).

ELISA-based protein quantification showed detectable BDNF levels in both the vitreous body and retinal tissue 
extracts 72 h after administration. After 28 days, BDNF was no longer detectable, indicating a transient persistence 
within rabbit ocular tissues under the tested conditions. In contrast, NT3 was not detectable in vitreous or retinal tissue 
extracts at either time point. These findings indicate differential persistence of the two neurotrophins in the rabbit eye and 
highlight species- and cargo-dependent aspects of platform performance.

To characterize transcriptional responses at early (72 h) and later (28 days) time points in rabbit ocular tissues, we 
selected a panel of rabbit transcripts associated with key pro-survival, proliferation-, and apoptosis-related signaling 
pathways, including MAPK/p38 signaling (Cnksr2, Mknk1, Mapkapk2, Mapkapk3), the AKT/mTOR axis (Akt1, Mtor), 
the CREB-associated co-activator (Crebbp), the NFκB-associated regulator (Nkap), and regulators of proliferation and 
apoptosis (Pcna, Bcl2, Casp3, Tp53) (Figure 4C). Due to the limited number of biological replicates, the results are 
presented descriptively to illustrate directional trends rather than to support statistical inference. Individual sample-level 
expression values are provided in Supplementary Figure 4 to illustrate inter-sample variability. Gene expression patterns 
are visualized as standardized heatmaps to facilitate comparison across treatment groups and time points.

At 72 h, transcriptional modulation across all experimental groups was generally modest and heterogeneous. Notably, 
relative deviations from intact levels appeared more pronounced in the Ringer-treated group for several transcripts, 
whereas nanoparticle-treated groups (NeO10 and NeO100) tended to remain closer to baseline expression. Given the 
exploratory nature of the analysis, this pattern may suggest that early transcriptional changes primarily reflected 
responses to vehicle administration or injection-related tissue perturbation rather than nanoparticle-specific effects. At 
28 days, the Ringer-treated group remained largely comparable to intact controls, whereas nanoparticle-treated groups 
exhibited more pronounced transcriptional deviations. In particular, Pcna and Mapkapk3 expression levels were 
relatively higher in NeO-treated tissues. Moderate increases in Tp53 and Bcl2 were also observed, while Casp3 
expression did not demonstrate a coordinated increase across groups.

Functional Delivery Under Oxidative Stress Conditions
To evaluate whether neurotrophins delivered via PEGylated HSA nanoparticles retain biological functionality under 
adverse conditions, oxidative stress was selected as a biologically relevant and broadly applicable challenge, as it 
represents a common cellular stressor known to compromise protein stability and cell viability. Since both NT3 and 
BDNF are human proteins, interspecies differences may influence their stability, persistence, or downstream molecular 
responses following administration in rabbit ocular tissues. To complement the in vivo findings and to assess cargo 
functionality in a homologous cellular context, nanoparticle-mediated delivery of neurotrophins was therefore evaluated 
in human epithelial and neuronal cell models under oxidative stress conditions.

Oxidative stress was induced using 6-OHDA in RA-differentiated SH-SY5Y cells (Figure 5A) and NaIO3 in ARPE- 
19 cells (Figure 5B). Mitochondrial integrity was assessed using the JC-1 assay, and the data are expressed as the ratio ± 
standard deviation of J-aggregates to J-monomers (raw fluorescence intensities in Supplementary Figure 5), a widely 
used readout of mitochondrial membrane potential. Exposure to NaIO3 reduced ARPE-19 cell viability to 10.0 ± 1.74 
compared with 19.2 ± 0.8 in the untreated control, whereas 6-OHDA decreased viability of SH-SY5Y cells to 2.1 ± 0.1 
vs 5.3 ± 0.3 in untreated control, confirming effective induction of oxidative stress in both systems. There was no 
difference between 6-OHDA treated group and group treated with 6-OHDA and then solely addition of free NT3 and/or 
BDNF on viability and mitochondrial membrane potential in 6-OHDA-stressed RA-differentiated SH-SY5Y cells 
(Supplementary Figure 6).
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Treatment with PEGylated HSA nanoparticles carrying BDNF and NT3 resulted in consistently higher cell viability under 
identical stress conditions. In ARPE-19 viability increased to 19.2 ± 0.72 and 17.44 ± 0.4, after exposure to HSA-PEG or 
Neo10, respectively. Similarly, in RA-differentiated SH-SY5Y cells, viability was restored to 3.2 ± 0.1 and 3.5 ± 0.1.

Figure 4 BDNF levels and associated transcriptional profiles in rabbit ocular tissues at 72 hours and 28 days following nanoparticle administration. (A) BDNF 
concentrations in the vitreous body and (B) retina of rabbits’ eyes measured at 72 hours and 28 days after administration of vehicle (Ringer), HSA-PEG NPs, or nanoparticle 
formulations (NeO10, NeO100). Data are presented as mean ± SD (n = 3 biological replicates per group). (C) Heatmap representation of relative mRNA expression levels 
of selected rabbit genes associated with MAPK/p38 signaling (Cnksr2, Nkap, Mknk1, Mapkapk2, Mapkapk3), AKT/mTOR axis (Akt1, Mtor) CREB- (Crebbp) and NFκB-related 
(Mknk1) transcriptional regulation, and proliferation/apoptosis (Pcna, Bcl2, Casp3, and Tp53). Gene expression was quantified by RT-qPCR using the 2–ΔΔCt method, with 
intact control samples serving as calibrator (set to 1). Values were log2-transformed prior to visualization to allow symmetric representation of relative up- and 
downregulation (log2 fold change relative to control). Samples were analyzed at early (72 h) and late (28 days) time points following treatment with Ringer, NeO10, or 
NeO100. The color scale indicates relative expression changes compared with intact control, with red tones representing higher relative expression and blue tones 
representing lower relative expression. Each column represents the mean expression value per group (n = 3 biological replicates). Given the limited sample size, no formal 
inferential statistical testing was performed; the analysis is presented as exploratory and descriptive, focusing on directional trends and relative magnitude of change rather 
than statistical significance. Individual sample-level expression values are provided in Supplementary Figure 1 to illustrate inter-sample variability.
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To further characterize stress-induced changes in cell fate, mitochondrial membrane integrity and cell viability were 
assessed by flow cytometry using Annexin V and propidium iodide staining, enabling discrimination between viable, 
apoptotic, and necrotic cell populations (Figure 5C–E). NaIO3 exposure reduced the proportion of viable ARPE-19 cells 
to 65.4 ± 1.8%, whereas treatment with NeO10 increased the percentage of viable cells to 80.3 ± 2.3%. Correspondingly, 
the fraction of apoptotic cells was lower in NeO10-treated cultures (19.3 ± 2.3%) compared to NaIO3-stressed controls 
without further treatment (34.3 ± 1.9%) (Figure 5E).

Oxidative stress levels were additionally quantified by measuring MDA concentration, a well-established marker of lipid 
peroxidation, in the cell culture supernatants using HPLC (Figure 6). Using this method, we observed that treatment with 
HSA-PEG, NeO5, and NeO10 nanoparticles significantly reduced MDA levels in ARPE-19 cells compared to both untreated 
and stressed controls. Notably, MDA was nearly undetectable in samples treated with Neo10, indicating a pronounced 

Figure 5 Apoptosis assessment by flow cytometry (Annexin V/PI staining) and JC-1 assay. JC-1 reveals mitochondrial depolarization expressed as the J-aggregates to J- 
monomer fluorescence ratio in SH-SY5Y (A) and ARPE-19 (B) cells following treatment with 6-OHDA and NaIO3, respectively. Quantification of viable (Annexin V-negative, 
(C) and early apoptotic (Annexin V-positive, (D) cells. (E) shows representative flow cytometry dot plots distinguishing viable, early apoptotic, and late apoptotic/necrotic 
populations. Data presented as mean±SEM from biological triplicate. Data was analyzed using one-way ANOVA with Tukey’s multiple comparisons test (GraphPad software) 
*p>0.05, **p<0.01, ***p< 0.001, ****p< 0.0001. Red stars are statistical significance in relation to control.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S608949                                                                                                                                                                                                                                                                                                                                                                                                      13

Stukan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



attenuation of oxidative stress in the cell culture medium following nanoparticle-mediated delivery of neurotrophins. 
Representative chromatograms of MDA standards and experimental samples are presented in Supplementary Figure 2.

Importantly, treatment with empty carrier alone did not fully reproduce the observed effects, indicating that the 
reduction in apoptosis-associated readouts and oxidative stress markers was associated with the presence of neurotrophic 
cargo rather than the albumin-based carrier itself. Comparable trends were observed across oxidative stress paradigms, 
supporting preservation of neurotrophin functionality following delivery by PEGylated HSA nanoparticles under condi
tions of cellular stress.

Cellular Uptake and Intracellular Localization of the Nanoparticle Platform
Intracellular levels of NT3 and BDNF were quantified by ELISA as a direct and quantitative readout of nanoparticle- 
mediated cargo delivery into human cells. Following oxidative stress induction, ARPE-19 cells were treated with NaIO3, 
whereas RA-differentiated SH-SY5Y cells were challenged with 6-OHDA.

Treatment with PEGylated HSA nanoparticles carrying neurotrophins resulted in a pronounced increase in intracellular 
concentrations of both BDNF and NT3 compared to untreated controls (Figure 7). In SH-SY5Y cells, intracellular BDNF 
levels reached 281.4 ± 15.1 ng/mL, whereas untreated cells contained 7.2 ± 0.5 ng/mL. Similarly, ARPE-19 cells exhibited 
intracellular BDNF concentrations of 216.0 ± 4.1 ng/mL, compared to 6.2 ± 1.2 ng/mL in untreated controls (Figure 7A).

A comparable pattern was observed for NT3. Intracellular NT3 concentrations increased to 159.5 ± 84.8 ng/mL in 
SH-SY5Y cells and 248.6 ± 11.3 ng/mL in ARPE-19 cells, whereas untreated controls exhibited only 8.4 ± 0.1 ng/mL 
and 4.4 ± 0.3 ng/mL, respectively (Figure 7B). These data demonstrate efficient intracellular delivery of both neuro
trophins mediated by the PEGylated albumin-based nanoparticle platform.

Intracellular levels of HSA were quantified in parallel as a surrogate marker of nanoparticle carrier internalization. In 
ARPE-19 cells, intracellular HSA increased following exposure to PEGylated HSA alone (21.5 ± 1.3 ng) and NeO10 
(18.7 ± 1.3 ng) (Figure 7C). In SH-SY5Y cells, HSA uptake was modestly higher when albumin was co-delivered with 
neurotrophins, with intracellular levels of 28.7 ± 15.3 ng for HSA-PEG and 31.3 ± 11.4 ng and 31.4 ± 15.2 ng for NeO5 
and NeO10, respectively. These data indicate cell-type–dependent differences in albumin uptake while confirming 
efficient internalization of the nanoparticle carrier.

In ARPE-19 cells (Supplementary Figure 7), both FCGRT and SPARC expression levels were significantly reduced 
relative to untreated controls across all treatment conditions. In contrast, RA-differentiated SH-SY5Y cells 
(Supplementary Figure 8) exhibited a significant increase in SPARC expression following HSA-PEG treatment, while 

Figure 6 Assessment of MDA concentration in ARPE19 cell supernatant after 48 hours. ARPE19 cells were exposed to 10 mM NaIO3, NeO5, NeO10, HSA-PEG or BDNF/ 
NT3 (10 mg L−1). MDA levels were normalized to the total protein concentration in each supernatant sample. Data presented as mean±SEM from at least three biological 
replicates. Statistical significance was determined using the one-way ANOVA: ***p < 0.001, **p < 0.01, *p < 0.05. Red stars are significance in relation to control.
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no comparable changes were observed for FCGRT. These findings indicate cell-type–dependent regulation of albumin- 
associated receptors without evidence of coordinated receptor upregulation driving nanoparticle uptake. Consistent with 
efficient intracellular delivery, qualitative morphological assessment of RA-differentiated SH-SY5Y cells revealed 
preserved neuronal-like features following exposure to neurotrophin-loaded nanoparticles (Figure 8). These phenotypic 
observations provided a rationale for subsequent analysis of neurotrophin-related signaling and transcriptional responses.

Neurotrophin-Related Transcript Responses
To provide supportive molecular context for the observed cellular responses, expression of selected neurotrophin- 
associated signaling markers was assessed. mRNA levels of TRKB, TRKC, p75NTR, and the downstream transcription 
factor CREB were quantified by RT-qPCR (Figures 1 and 9). As a reference, the responses to the free protein control is 
shown on Supplementary Figure 9.

Treatment with NeO10 was associated with increased TRKB mRNA expression in both SH-SY5Y (7.8 ± 2.8) and 
ARPE-19 (2.6 ± 0.4) cells (Figure 9A). A corresponding increase in CREB expression was also observed (1.7 ± 0.3 and 
2.5 ± 0.6, respectively; Figure 9D). In contrast, TRKC expression exhibited only minor, non-significant changes in both 

Figure 7 The uptake of BDNF, NT3 and human serum albumin from cell culture medium. SH-SY5Y or ARPE19 cells were exposed to oxidative stress (treated with 6- 
OHDA or NaIO3, respectively) and subsequently treated with HSA-PEG, Neo5, or Neo10 in cell culture medium. Untreated controls were unstressed. 6-OHDA or NaIO3 
controls after stress induction were maintained in regular cell culture medium. Graphs show concentration of intracellular BDNF (A), NT3 (B) or HSA (C) in 1 µg of total 
cell lysate. Data presented as mean±SEM from biological triplicate at least. Statistical analysis (treated samples versus untreated control) was done in GraphPad Prism using 
one-way ANOVA with Tukey’s multiple comparisons test *p>0.05, **p<0.01, ***p< 0.001, ****p< 0.0001.
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Figure 8 Morphological changes in SH-SY5Y cells following neurodifferentiation. Representative images of SH-SY5Y cells differentiated with retinoic acid and subsequently 
maintained for one week in (A) differentiation medium alone or (B) supplemented with either HSA-PEG, (C) 10 µg/mL of NT3 and BDNF, or (D) NeO10. Cells treated with 
NeO10 exhibit enhanced morphology and increased formation of intercellular connections (arrowheads). Scale bar: 100 µm.

Figure 9 mRNA expression profiles in response to Neo10 treatment following oxidative stress. SH-SY5Y or ARPE19 cells were exposed to oxidative stress (6-OHDA or 
NaIO3, respectively) or unstressed (untreated). Subsequently, cells were treated with PBS (marked as 6-OHDA or NaIO3) HSA-PEG, Neo5, or Neo10 in regular cell culture 
medium. Panels show the expression of BDNF/NT3 receptors TRKB (A), p75NTR (B), TRKC (C) and transcription factor CREB (D). Data presented as mean±SEM from 
biological triplicate at least. Statistical analysis was done in GraphPad Prism using one-way ANOVA with Tukey’s multiple comparisons test *p>0.05, **p<0.01.
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cell types, while p75NTR expression increased primarily in response to oxidative stress, with the highest levels observed 
in stressed cells not treated with HSA-PEG or NeO10 (Figure 9B and C, accordingly).

Overall, these transcript-level changes provide supportive molecular context for the functional effects observed after 
nanoparticle-mediated neurotrophin delivery, but should not be interpreted as direct evidence of protein-level signaling 
activation.

Discussion
This study extends the evaluation of a PEGylated human serum albumin–based nanoparticle platform designed for the 
delivery of neurotrophic proteins, with a particular focus on its robustness, biological compatibility, and functional perfor
mance across multiple experimental contexts. Building on our previous proof-of-concept work,16 the present investigation was 
designed to move beyond single-model validation and instead assess whether the platform maintains predictable behavior 
when challenged by differences in species, cellular environment, and biological stress. Such cross-context evaluation is 
increasingly recognized as a critical step in the translational development of protein-based delivery systems.

Although the PEGylated albumin platform was previously introduced,16 that work examined a single neurotrophin loading 
condition. In the present study, we deliberately reassessed the system using two cargo concentrations to determine whether 
altering protein density modifies nanoparticle architecture or compromises colloidal stability. This step is essential because 
protein loading can influence intermolecular packing, surface electrostatics, hydration shell organization, and PEG chain 
conformation—parameters that are known to govern nanocarrier stability and biological fate.19,35 The maintained nanoscale 
organization following dual neurotrophin incorporation indicates that the albumin matrix tolerates variations in cargo density 
without structural destabilization. Nanoparticle size is a primary determinant of endocytic uptake pathway selection, 
intracellular trafficking, and tissue diffusion.17,36 Importantly, increasing protein loading did not induce aggregation or 
uncontrolled particle growth, suggesting balanced electrostatic and steric interactions within the PEGylated albumin network 
rather than disruptive surface overloading. The nanoparticle system was formed via spontaneous self-assembly and steric/ 
electrostatic stabilization within the PEGylated albumin network. Low dispersity across formulations further supports 
controlled supramolecular assembly. High polydispersity is frequently associated with unpredictable biodistribution, variable 
release kinetics, and inconsistent cellular uptake.37 Maintaining monodisperse populations is therefore considered a critical 
quality attribute in nanomedicine development.38 Surface electrokinetic behavior provides additional mechanistic insight. 
While the observed ζ -potential values fall within a moderate range, PEGylated systems rely predominantly on steric 
stabilization rather than purely electrostatic repulsion.27,29 The stability of hydrodynamic size and ζ -potential over time 
supports effective PEG-mediated interparticle spacing and reduced aggregation propensity under physiological ionic strength. 
Subtle formulation-dependent differences in surface charge further indicate that cargo density modulates interfacial organiza
tion without disrupting global electrostatic balance.39–42 AFM imaging corroborates these findings at the morphological level. 
The preserved spherical architecture and absence of fibrillar aggregates suggest that PEGylation mitigates protein self- 
association - a phenomenon commonly observed in free neurotrophin solutions under physiological conditions. Such steric 
shielding effects of PEG have been extensively documented in protein-based nanocarriers.16,27,29,39–43

Evaluation of the platform in the rabbit eye enabled assessment of local exposure and tissue-level responses in 
a second species without introducing disease-related confounders. In contrast to our previously reported mouse data,16 

where nanoparticle-mediated delivery supported neurotrophin detection for up to 28 days, BDNF was detectable in the 
rabbit eye at 72 h but not at 28 days, while NT3 was not detected at either time point. The differential detectability of 
BDNF and NT3 may reflect differences in their interaction with the HSA-based carrier. In our previous work, BDNF 
showed substantially stronger interaction with HSA than NT3, as indicated by estimated Kd values of 1.6 µM and 
732 µM, respectively.16 This difference may contribute to distinct release and persistence profiles after intravitreal 
administration. Thus, the absence of detectable NT3 in rabbit ocular tissues may result from faster release, clearance, 
proteolytic degradation, and/or lower assay detectability, rather than indicating lack of initial incorporation into the 
formulation. Because no intermediate time points were included, these data indicate transient ocular persistence under the 
tested conditions rather than a complete clearance profile. Although BDNF and NT3 are evolutionarily conserved across 
mammals,44 species-related differences in the ocular microenvironment, including vitreous volume, fluid turnover, local 
immune environment, proteolytic activity, and protein clearance mechanisms, may influence nanoparticle persistence and 
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neurotrophin detectability. Therefore, the rabbit findings should be interpreted as a cross-species validation step rather 
than a direct predictor of human intraocular persistence. These factors should be considered in future studies, particularly 
when selecting dose levels, sampling intervals, and methods for safety assessment.

Importantly, beyond absolute protein persistence, we sought to determine whether nanoparticle administration elicited 
measurable cellular responses within ocular tissues. From a translational perspective, two aspects were central within this 
exploratory rabbit analysis: whether the selected transcript panel showed a coordinated pro-apoptotic pattern and whether 
transcriptional trends were compatible with pro-survival or regenerative pathway modulation. Across both analyzed time 
points, the selected transcript panel did not reveal a consistent pattern suggestive of sustained apoptotic or degenerative 
activation, including a coordinated upregulation of pro-apoptotic markers following nanoparticle administration. At 28 days, 
the observed trends within regulatory, proliferation-associated, and stress-response markers, including Pcna, Mapkapk3, Bcl2, 
and Akt1, were compatible with low-level tissue adaptation rather than a degenerative or pro-apoptotic transcriptional pattern. 
However, given the limited sample size and descriptive nature of the rabbit analysis, this interpretation should be considered 
exploratory. Given the limited sample size and descriptive nature of the rabbit analysis, the observed transcriptional trends 
should be interpreted cautiously. Overall, these exploratory findings did not reveal a coordinated pro-apoptotic transcriptional 
response and may be consistent with adaptive tissue-level modulation rather than overt cytotoxic disruption. In addition, the 
absence of histopathological evaluation limits conclusions regarding ocular safety and should be addressed in future studies 
together with structural and inflammatory ocular assessments.

Similarly, in human cells exposed to oxidative stress, transcriptional changes in neurotrophin-associated markers were 
directionally consistent with preserved cargo activity. Importantly, these mRNA-level data are not interpreted as evidence of 
pathway activation but rather as supportive indicators that nanoparticle-mediated delivery does not elicit disruptive or adverse 
molecular responses during early exposure. The selected transcriptional markers were chosen based on their established 
association with BDNF- and NT3-mediated signaling. Observed increases in TRKB and CREB expression (Figure 9) are 
directionally consistent with preserved neurotrophin activity, as previously reported for both BDNF and NT3.34,45–48 The 
biological response to NeO10 was interpreted based on the convergence of complementary experimental readouts rather than 
on any single assay. Targeted RT-qPCR provided supportive molecular context, whereas functional assays indicated attenua
tion of oxidative stress-associated cytotoxicity, including changes in mitochondrial membrane potential, apoptosis-related cell 
populations, and malondialdehyde levels. MDA was interpreted as an oxidative damage marker reflecting lipid peroxidation.49 

Together, these measurements provide an integrated picture consistent with preserved biological activity of nanoparticle- 
delivered neurotrophins under the tested stress conditions. This observation aligns with previous reports describing the 
protective role of neurotrophins, including BDNF and NT3, in counteracting oxidative stress.4 Interestingly, NeO10 elicited 
the most pronounced effect, rendering MDA levels nearly undetectable, whereas under the same conditions, the NT3 and 
BDNF combination displayed a markedly weaker response. Additional free-protein controls provided in the Supplementary 
Material (Supplementary Figure 6 and Supplementary Figure 9) further support this interpretation. In ARPE-19 cells, free 
NT3/BDNF exposure induced transcript-level changes in selected neurotrophin-related receptors, particularly TRKC and 
p75NTR, consistent with known NT3 receptor interactions (Supplementary Figure 9). This pattern should not be interpreted as 
evidence of a defined functional outcome, but it indicates that free neurotrophin exposure elicits a receptor-related transcript 
response distinct from that observed after nanoparticle treatment. This distinction is important because exposure to free 
neurotrophins is not directly equivalent to nanoparticle-mediated delivery, where the cargo remains carrier-associated and may 
be released over time. Moreover, our previous studies showed that free BDNF at comparable concentrations may exert 
cytotoxic effects in selected cellular settings, supporting the need for controlled carrier-mediated delivery.16,50 In RA- 
differentiated SH-SY5Y cells, free NT3, free BDNF, or combined NT3/BDNF did not prevent the 6-OHDA-induced 
reduction in mitochondrial membrane potential under the tested conditions (Supplementary Figure 6). In contrast, nanopar
ticle-mediated delivery was associated with improved functional outcomes after oxidative challenge. Together, these data 
support the interpretation that simple exposure to free neurotrophins does not fully reproduce the biological profile observed 
after nanoparticle-mediated delivery.

HSA has long been recognized as an attractive carrier for therapeutic agents; however, the intracellular date of albumin-based 
nanoparticles following uptake remains incompletely understood.17 Albumin can undergo cellular recycling or degradation, 
processes known to involve pathways such as FcRn-mediated trafficking and SPARC-associated internalization.51–53 In the 
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present study, increased intracellular levels of HSA were detected in both ARPE-19 and SH-SY5Y cells, confirming effective 
carrier internalization while revealing cell-type–dependent differences in uptake magnitude. Notably, neurotrophin-loaded 
PEGylated HSA nanoparticles were associated with higher intracellular HSA accumulation in SH-SY5Y cells compared to 
PEGylated HSA alone, whereas ARPE-19 cells exhibited more modest changes. This might be related to TRKB expression, as 
neural cells are known to internalize BDNF, a key player in synapse formation and differentiation.54,55 These observations 
suggest that cellular context influences albumin nanoparticle handling, potentially reflecting differences in metabolic state or 
neurotrophin responsiveness, rather than indicating a single dominant uptake mechanism. Because intracellular HSA levels 
differed between ARPE-19 and SH-SY5Y cells, SPARC and FCGRT/FcRn transcripts were assessed as well-established 
albumin-associated markers to provide biological context for carrier handling in these cell types. The observed cell-type- 
dependent transcript patterns suggest that albumin-associated cellular handling may differ between epithelial and neuronal-like 
cells and is unlikely to be explained by uniform upregulation of these receptors across both models. These data support 
interpretation of intracellular HSA measurements, but do not establish receptor-mediated uptake. Together, these findings 
support the suitability of albumin as a versatile carrier scaffold while underscoring that nanoparticle internalization is governed 
by cell-type–specific factors rather than a uniform receptor-dependent process.56

Retinal neurodegenerative disorders represent one of the most immediate translational contexts for neurotrophin- 
based therapies.57–59 Inherited conditions such as Stargardt disease and retinitis pigmentosa, as well as acquired 
pathologies including age-related macular degeneration (AMD), involve progressive degeneration of retinal neurons 
and supporting cells, making them attractive targets for neuroprotective strategies.58 Importantly, intravitreal adminis
tration enables direct access to retinal tissue, which is developmentally and functionally part of the central nervous 
system, thereby bypassing the need to overcome the blood–brain barrier. While the present study focuses on local 
delivery and early biological responses, the developed PEGylated albumin-based platform can be considered in a broader 
context of nervous system–oriented applications, where the therapeutic potential of neurotrophins is widely recognized 
but remains challenging to harness. A central question in this context concerns the ability of albumin to access the brain. 
Although native albumin exhibits limited permeability across the intact blood–brain barrier (BBB), substantial evidence 
indicates that BBB integrity is frequently compromised in neurodegenerative conditions, potentially increasing access of 
circulating proteins to the central nervous system.60–62 In parallel, independent studies have demonstrated that nano
formulated HSA can engage specific transport or transcytotic pathways at the BBB, including gp60/SPARC-associated 
mechanisms or receptor-targeted strategies engineered at the nanoparticle surface.63–68 Alternative delivery routes, such 
as intranasal administration, further support the feasibility of albumin-based systems to reach defined brain regions while 
limiting systemic exposure.69–71 These considerations provide a rationale for continued exploration of albumin-based 
nanocarriers as adaptable delivery platforms for neurological, in line with ongoing research in neurodegeneration that 
increasingly emphasizes nanomaterials targeting neuroinflammation, particularly in Alzheimer’s disease.72 From 
a robustness perspective, neurodegenerative environments are characterized by oxidative stress, altered protein home
ostasis, and heightened cellular vulnerability, placing stringent demands on delivery systems. Albumin possesses intrinsic 
antioxidative properties,73 and, as demonstrated in this study, PEGylated albumin-based nanoparticles preserve cargo 
functionality and support cellular resilience under oxidative stress conditions. Together, these attributes justify further 
platform-oriented development and targeted investigation in future, disease-specific models.

Conclusion
This study demonstrates that PEGylated human serum albumin nanoparticles enable stable and efficient intracellular 
delivery of BDNF and NT3 across complementary experimental systems. The platform maintains physicochemical 
stability, supports neurotrophin adsorption without loss of colloidal integrity, and ensures carrier internalization in human 
epithelial and neuronal cells.

Following intraocular administration in the rabbit eye, the nanoparticles exhibited transient BDNF detectability and 
exploratory transcriptional changes without a coordinated pro-apoptotic response under the tested conditions. These pre
liminary findings are consistent with biological compatibility in a second species but require further validation in adequately 
powered in vivo studies. The limited sample size and absence of formal inferential statistics in the rabbit study restrict 
conclusions regarding in vivo safety and biological compatibility. Therefore, these data should be interpreted as exploratory 
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and hypothesis-generating. In human cell models exposed to oxidative stress, nanoparticle-mediated delivery resulted in 
robust intracellular accumulation of neurotrophins, attenuation of lipid peroxidation, reduced apoptosis-associated cell 
populations, and transcript-level changes consistent with preserved biological activity of the delivered neurotrophins.

Together, these findings show that PEGylated albumin nanoparticles function as a robust protein delivery platform 
capable of maintaining cargo functionality under biologically challenging conditions. The data provide a clear experi
mental basis for further development of albumin-based nanocarriers for applications where oxidative stress and limited 
protein stability represent critical barriers.
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