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A B S T R A C T

Antibody-conjugated nanoparticles (ACNPs), particularly immunoliposomes (ILs), have gained significant 
attention in cancer treatment due to their enhanced efficacy and superior tissue penetration. However, their high 
production costs and technical challenges underscore the need for more cost-effective alternatives. Niosomes, 
with their lower production costs, improved stability, and biocompatibility, have emerged as promising alter
natives to liposomes in drug delivery. This study introduces immunoniosomes (INs), a novel class of antibody- 
conjugated niosomes, through two conjugation strategies: (i) UV-NBS, a site-specific covalent conjugation 
method utilizing an indole ring structure for moderate binding to the variable regions of antibodies and Fab 
fragments, and (ii) EDC/NHS chemistry, which conjugates antibodies to carboxylated niosomes via primary 
amines on lysine sidechains. Bevacizumab, a monoclonal antibody targeting VEGF and approved for the treat
ment of various cancers including glioblastoma multiforme (GBM), was used as a model therapeutic. Both 
Bevacizumab and its Fab fragment were conjugated to niosomes and evaluated in U87 glioma cells (over
expressing VEGF) and human umbilical vein endothelial cells (HUVECs) (representing normal VEGF expression). 
Physicochemical characterization of the conjugated niosomes confirmed hydrodynamic sizes ranging from 100 to 
200 nm, neutral surface charge, and dispersity indices below 0.5—properties critical for effective cellular 
penetration and drug delivery. Cellular toxicity assays, conducted at a 10× dilution from commonly reported 
concentrations, highlighted the role of the autocrine loop in U87 glioblastoma cells. Importantly, specific Nio-Fab 
conjugate formulations, created through both site-specific and randomized conjugation strategies, exhibited 
enhanced cytotoxicity toward U87 cells while sparing healthy endothelial HUVEC cells. In summary, this 
research establishes novel conjugation strategies to produce stable, site-specific, and randomized antibody- 
niosomal conjugates with enhanced half-life and selective toxicity against GBM cells. By offering an alterna
tive route for antibody delivery through niosomal nanocarriers, these findings open new avenues for the 
development of more effective GBM therapeutics, warranting further non-clinical and clinical investigations.

1. Introduction

The use of antibody-conjugated nanoparticles (ACNPs) for drug de
livery has emerged a prominent area of research, primarily due to their 
enhanced efficacy and superior tissue penetration in cancer treatment 
(Arruebo et al., 2009; Kirpotin et al., 2012; Kumari et al., 2023). Among 
these, liposome-based ACNPs, commonly referred as immunoliposomes 
(ILs), have garnered significant attention for their potential in cancer 

immunotherapy (Eloy et al., 2017; Kontermann, 2006; Merino et al., 
2018; Rabenhold et al., 2015; Rodallec et al., 2018; Wang et al., 2018). 
Recent advancements in molecular engineering have facilitated the 
development of multivalent and multi-specific ILs, enabling complex 
biological interactions and improved therapeutic outcomes (Rabenhold 
et al., 2015; Rodallec et al., 2018). However, despite their promising 
performance, the high costs and technical challenges associated with ILs 
highlight the necessity for alternative approaches that offer comparable 
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efficacy while being cost-effective for both research and clinical appli
cations (Bernard-Arnoux et al., 2016).

Niosomes have emerged as a viable alternative to liposomes due to 
their lower production costs, enhanced stability, biocompatibility, and 
reduced toxicity (Bartelds et al., 2018a; De et al., 2018; Gharbavi et al., 
2018; Ibrahim Bekraki, 2020; Kazi et al., 2010; Khoee and Yaghoobian, 
2017; Liga et al., 2024). Compared to liposomes, niosomes exhibit 
higher water permeability and greater mobility of head groups, making 
them favorable candidates for drug delivery applications (Bartelds et al., 
2018). Although the term “immunoniosomes” (INs) is introduced in this 
study, previous research has investigated antibody conjugation to nio
somes, primarily by targeting thiol functional groups on antibodies 
following their reduction (Liu et al., 2017) and using maleimide func
tionalized quantum dots (Saharkhiz et al., 2024).

In this study, we present novel methods for conjugating whole an
tibodies and Fab fragments to niosomes using two distinct approaches 
(Fig. 1): (i) A novel linker containing an indole ring structure, which 
binds moderately to a conserved nucleotide binding site (NBS) on the 
variable regions of the antibodies and Fab fragments. This site-specific 
covalent conjugation is achieved through UV activation, employing a 
technique termed UV-NBS (Mustafaoglu et al., 2017; Mustafaoglu et al., 
2015a, 2015b). (ii) Carboxylated niosomal nanoparticles, to which an
tibodies or Fab fragments are conjugated through their primary amine 
groups on the lysine sidechains using EDC/NHS chemistry.

To the best of our knowledge, this is the first study to apply the UV- 
NBS conjugation approach to lipid-based nanoparticles, including nio
somes. While UV-NBS chemistry has previously been used for surface 
immobilization and other biomolecular applications, its translation to 
nanocarrier platforms represents a novel advancement. This approach 
enables mild, site-specific conjugation conditions that preserve antibody 
functionality—an essential feature for therapeutic efficacy. Further
more, we present a direct comparison between Fab and full-length mAb 
conjugation efficiencies using both UV-NBS and EDC/NHS strategies on 
niosomal formulations. This comparative analysis provides mechanistic 
insights into how conjugation chemistry influences targeting perfor
mance, stability, and potential therapeutic applicability—contributing 
new knowledge to the field of antibody-functionalized drug delivery 
systems.

Bevacizumab, an FDA-approved monoclonal antibody (mAb) tar
geting vascular endothelial growth factor (VEGF), was selected for the 
formulation of INs (Cohen et al., 2009; Garcia et al., 2020). Initially, 
approved for the treatment of colon cancer, Bevacizumab has been 
repurposed for various cancer types, including lung, ovarian, and renal- 
cell carcinoma, under the brand name of Avastin® (2004) (Garcia et al., 
2020; Schmidt et al., 2012). More recently, it has been approved for 
treating recurrent glioblastoma multiforme (GBM) due to its enhanced 
penetration into the central nervous system (CNS) and superior efficacy 
compared to other antibody candidates (Arevalo et al., 2019; Gil-Gil 
et al., 2013). Although the downstream signaling mechanism of Bev
acizumab remain unclear, its clinical success in GBM treatment is well 
established (Arevalo et al., 2019; Gil-Gil et al., 2013b; Weathers et al., 
2016). Enhancing Bevacizumab’s blood circulation time through 
nanocarrier integration has demonstrated significant potential for 
improving GBM treatment outcomes (Narsinh et al., 2024; Reverberi 
and Reverberi, 2007).

To evaluate this approach, we tested Bevacimab (or its biosimilar)- 
conjugated niosomes in the GBM cell line U87, which overexpresses 
VEGF, and in human umbilical vein endothelial cells (HUVECs), repre
senting normal VEGF expression. This work demonstrates the conjuga
tion of both mAbs and their Fab fragments onto niosomal formulations. 
Fab fragments, compared to full mAbs, offer advantages such as lower 
molecular weight, reduced immunogenicity, faster antigen binding, and 
potentially improved tumor-suppressive efficacy (Bordeau and Balth
asar, 2021; Chiu et al., 2019; Merino et al., 2018; Wiwatchaitawee et al., 
2021). However, Fab fragments face challenges, including shorter blood 
circulation time and quicker renal clearance relative to mAbs (Selis 
et al., 2016). By integrating Fab fragments with niosomes, these limi
tations can be mitigated, extending their blood circulation time while 
maintaining antigen-binding efficiency, facilitated through site-specific 
conjugation methods.

Consequently, in this study, we generated mAb- and Fab-conjugated 
niosomes and referred them as Nio-mAb and Nio-Fab, respectively. 
Combining Fab fragments with nanoparticles provides additional ben
efits, advancing drug delivery strategies and broadening the range of 
effective therapeutic applications (Lim and Ma, 2019; Rong et al., 2022). 
The integration of mAbs or Fab fragments with niosomes represents a 

Fig. 1. Summary of the conjugation strategies employed in this study. a. UV-NBS (site-specific) conjugation; b. EDC/NHS (randomized) conjugation. Created in 
BioRender. Cakir et al. (2024) https://BioRender.com/i69f064
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promising strategy for developing safe and effective alternatives to 
traditional antibody-based therapies for cancer treatment. Furthermore, 
this approach has the potential to expand the utility of antibody- and Fab 
fragment-conjugated niosomes to other fields, including immuno
therapy, infectious disease treatment, and neurodegenerative disorder 
management, where precise therapeutic agent delivery is critical.

2. Method & materials

2.1. mAb and Fab preparations and characterization

Papain enzymatic cleavage was performed to obtain Fab fragments, 
and a Protein A affinity column was employed to capture and purify 
them. The original mAb (Avastin®) was generously provided by ILK
OGEN (serial number: 10011363253619). A biosimilar mAb from ILK
OGEN’s preclinical Protein A output was utilized for all method 
optimizations due to its higher concentration and larger volume. It is 
important to emphasize that although all method optimizations were 
conducted using the in-process Bevacizumab biosimilar, the final results 
reported throughout this paper were obtained with the original Bev
acizumab. For purification, the Pierce Fab Preparation Kit (Thermo 
Fisher, USA) was employed. After purification, a desalting spin column 
(Thermo Fisher, USA) was used to exchange the formulation buffer (50 
mM sodium phosphate buffer at pH 6.2, 60 mg/mL α,α-trehalose dihy
drate, and 0.4 mg/mL polysorbate 20). Additionally, 30 kDa molecular 
weight cut-off filters (Merck, Germany) were employed to isolate the 
Fab fragments from the formulation buffer and concentrate them. The 
purity and size of the mAb and Fab fragments were assessed using SDS- 
PAGE (Fig. S1a). The sizes of the Fab and mAb fragments were compared 
between the biosimilar and original products using DLS analysis 
(Fig. S1b and S2c).

2.2. Tryptamine-Palmitic Acid (TRYP-PA) linker synthesis

To synthesize TRYP-PA linker, EDC/NHS chemistry was used be
tween the palmitic acid and tryptamine molecule (Fig. S4). EDC (1-ethyl- 
3-(3-dimethylaminopropyl)carbodiimide hydrochloride, Thermo 
Fisher, USA) and NHS (N-hydroxysuccinimide, Thermo Fisher, USA) 
were prepared as 10 mM stock solutions in activation buffer. The acti
vation buffer consisted of 0.1 M MES (2-[N-morpholino]ethanesulfonic 
acid, BupH™ MES buffer saline packs, Thermo Fisher, USA) with 0.5 M 
NaCl, adjusted to pH 6.0. Tryptamine (Sigma-Aldrich, Germany) was 
dissolved in activation buffer at a concentration of 1 mg/mL. EDC and 
NHS were simultaneously added to the tryptamine solution at final 
concentrations of 2 mM and 6 mM, respectively. The reaction mixture 
was incubated with continuous shaking for approximately 15 min. To 
quench the reaction, BME (2-mercaptoethanol, Gibco, USA) was added 
to achieve a final concentration of ~20 mM. Excess reducing agents and 
unreacted crosslinkers were removed using PBS-equilibrated Zeba Spin 
Desalting Columns (Thermo Scientific, USA). Palmitic acid (Sigma- 
Aldrich, Germany) was prepared at an equimolar concentration to 
tryptamine (1 mg/mL) in coupling buffer. The coupling buffer consisted 
of PBS supplemented with 100 mM sodium phosphate (Sigma-Aldrich, 
Germany) and 150 mM NaCl (Sigma-Aldrich, Germany), adjusted to pH 
7.2. The prepared palmitic acid solution was added to the tryptamine 
solution, and the reaction was allowed to proceed for 2–3 h to ensure 
complete coupling. To terminate the reaction, 50 mM Tris-base was 
added, followed by buffer exchange with PBS (pH 7.2) using desalting 
spin columns. High-performance liquid chromatography (HPLC) (Wa
ters, USA) and Fourier transform infrared spectroscopy (FTIR) (Thermo 
Fisher, USA) were employed for the purification and characterization of 
the TRYP-PA linker. HPLC analysis was performed using a photodiode 
array (PDA) detector mode. A C18 reverse-phase chromatography col
umn (Agilent, USA) with an inner diameter (ID) of 4.2 mm, a length of 
80 mm, and a particle size of 5 μm was used for all analyses. The opti
mized gradient conditions are provided in Supplementary Table 3. Wide- 

spectrum of UV screening (210–550 nm) was applied to determine 
possible impurities and PDA detector was used to perform this 
screening.

2.3. Generation of INs using UV-NBS conjugation

2.3.1. Conjugation of TRYP-PA linker with mAb/Fab using UV-NBS 
method

To achieve site-specific conjugation of the TRYP-PA linker to the 
conserved NBS region of mAb/Fab, UV exposure for a defined duration 
and intensity was required, as reported in a previous study (Alves et al., 
2013b). The measurements and calculations for UV exposure are 
detailed in the supplementary information and Fig. S5. For sample prep
aration, 300 nM TRYP-PA linker, dissolved in 0.2 μm filtered sterile 
water, was mixed in equimolar amounts with mAb/Fab in amber tubes 
and incubated for 30 min in the dark at room temperature. Following 
incubation, test groups were exposed to UV for varying time intervals.

To test the antigen-binding activity of UV-conjugated antibodies, 
high-binding 96-well ELISA plates (Corning, USA) were coated with 
VEGF (100 ng/mL per well) and used for the ELISA assay. For cellular 
binding analysis, U87 and HUVEC cell lines were seeded at a density of 
7500 cells/well in 24-well plates, in a replicate volume of 500 μL. 
Approximately 6.0 × 106 cells were required per cell line, and they were 
seeded one day before the assay. Pre-optimized mAb/Fab dilution fac
tors (1:400 and 1:800, respectively) were used for cell seeding. After a 2- 
h incubation at 37 ◦C in the dark, FITC-tagged anti-mouse secondary 
antibody (Jackson ImmunoResearch, USA), diluted in starvation media, 
were added to the wells. Following an additional 2-h incubation under 
the same conditions, the media were removed, and cells were collected 
on ice using a cell scraper in DPBS (− /− ). The collected cells were fixed 
with 0.1 % paraformaldehyde (PFA) and stored at 4 ◦C for a maximum of 
five days before analysis. Samples were run in a flow cytometry and the 
obtained results were analyzed using FlowJo, with intersections be
tween controls and test groups subtracted for data interpretation.

2.3.2. Insertion of TRYP-PA conjugated mAb/Fabs into niosomes
TRYP-PA linkers were conjugated to the NBS region of the mAb or 

Fab through an 8-min UV exposure following a 30-min pre-incubation in 
the dark. Two insertion strategies, thin-film hydration and freeze-thaw, 
were employed to incorporate the linker-conjugated mAb/Fab into 
niosomes. The development of alternative insertion methods was 
necessary due to processing challenges, such as the high glass transition 
temperature (~60 ◦C) and sonication, both of which are known to 
accelerate mAb degradation. The thin-film hydration method was opti
mized by adjusting the water bath temperature to 37 ◦C and performing 
ice-cold sonication. The linker-conjugated mAb/Fab was incorporated at 
0.5 % of the total volume in chloroform. Span 60, Tween 80, and 
cholesterol were prepared according to the compositions detailed in 
Table 1. A rotary evaporator was used, starting at 400 psi and gradually 
decreasing to 60 psi over 30 min. The resulting thin films were incubated 
overnight in a desiccator, hydrated with an equal volume of PBS, and 
subjected to ice-cold sonication for approximately 30 min. For the 
freeze-thaw method, pre-formed unloaded niosomes were mixed with 
the linker-conjugated mAb/Fab at the final concentrations specified in 
Table 1, with a TRYP-PA linker content of 0.5 % (v/v) for mAb/Fab. The 
mixture was incubated at room temperature for 15 min, followed by 
freezing at − 20 ◦C. This cycle was repeated four times at four-hour 
intervals.

The obtained results are presented in Fig. S6. Additionally, the 
cellular binding profiles of UV-NBS generated INs (NioUV-NBS) prepared 
using both techniques were evaluated using U87 cells via flow cytom
etry, with the results shown in Fig. S7.
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2.4. Generation of INs using EDC-NHS conjugation

2.4.1. Preparation and characterization of PA-incorporated niosomes
To conjugate mAb/Fab with niosomes using the EDC/NHS conju

gation strategy, niosomes were formulated with palmitic acid (PA) to 
introduce carboxylic acid groups on their surface. The PA concentration 
was kept the same as the TRYP-PA linker used in the UV-NBS conjuga
tion strategy, i.e., 300 nM in ethanol. Nio-1, Nio-2, Nio-3, and Nio-4 
niosome formulations, with four different PA load percentages (0.1 %, 
0.25 %, 0.5 %, and 1 % v/v), were prepared by the thin-film hydration 
method using chloroform (Merck, Germany) as the organic solvent. The 
final concentrations and content of the niosome formulations are pre
sented in Table 1. Using a rotary evaporator with a gradient vacuum 
program, the dried milky layers were hydrated with PBS at pH 7.4 and 
then filtered through 0.2 μm sterile filters after moderate sonication. 
DLS (Malvern Zeta Sizer 3000, USA) analysis was performed on the PA- 
loaded niosomes, which were diluted 1:10 in PBS(− /− ), which lacks 
calcium and magnesium ions. Although PBS(− /− ) at pH 7.4 may in
fluence zeta potential measurements due to its ionic strength, it was 
selected to reflect physiological conditions relevant to the intended 
application of INs. To ensure consistency and avoid measurement arti
facts, PBS(− /− ) was also used as the blanking solution. The size (nm), 
PDI, and zeta potential (mV) for each PA loading percentage are shown 
in Fig. S8. The desired physicochemical properties were graphed and 
analyzed using GraphPad Prism. The encapsulation efficiency (EE%) of 
PA-loaded niosomes was not calculated. The maximum load was infer
red from the proportional increase in surface negative charge, which 
corresponded to the higher PA load percentage.

2.4.2. Conjugation of mAb/Fab on PA-loaded niosomes using EDC/NHS 
chemistry

mAb/Fab were prepared at three different concentrations: 0.05 mg/ 
mL, 0.1 mg/mL, and 0.2 mg/mL (Fig. S9). For the coupling reaction, 
both activation and coupling buffers were prepared. The activation 
buffer consisted of 0.1 M MES and 0.5 M NaCl at pH 6.0, while the 
coupling buffer was PBS (Sigma-Aldrich, Germany) with 100 mM so
dium phosphate (Sigma-Aldrich, Germany) and 150 mM NaCl (Sigma- 
Aldrich, Germany) at pH 7.2. Stock solutions of 10 mM EDC and NHS 
were prepared in the activation buffer. mAb/Fab were dissolved in the 
coupling buffer. Thin films of niosomes (Table 1) containing PA were 
obtained by drying at 60 ◦C. The concentration of dried PA-loaded 
niosomes was maintained at 1 mg/mL, and they were dissolved in the 
activation buffer to a final concentration of 1 mg/mL. EDC and NHS 
were added to the PA-loaded niosomes to achieve final concentrations of 
2 mM and 6 mM, respectively, and the mixture was incubated for 15 

min. The reaction was quenched with cell culture-grade BME (2-mer
captoethanol) (Gibco, USA) and subsequently processed using a Zeba 
desalting column (Thermo Fisher, USA). Different mAb/Fab concen
trations in the coupling buffer were then added to the activation buffer 
mixture. After a 2–3 h incubation, the reaction was stopped using 50 mM 
Tris-base. The INs generated by EDC-NHS conjugation (NioEDC/NHS) 
were desalted by spin column and exchanged into PBS at pH 7.2. 
Physicochemical analysis was performed using DLS, and the size, poly
dispersity index (PDI), and zeta potential (mV) were measured. The 
desired ranges were a size between 100 and 200 nm, PDI between 0.2 
and 0.5, and zeta potential between − 10 and 10 mV. The results ob
tained for the different mAb/Fab concentrations in INs were analyzed 
using GraphPad Prism for statistical evaluation and graphing. Statistical 
size comparisons between mAb/Fab conjugated NioEDC/NHS formula
tions (Fig. S9) compared to their corresponding non-conjugated coun
terparts (Fig. S8) were provided in Supplementary Tables 11 to 14 for 
mAb and Fab conjugations, respectively.

2.4.3. Determination of Encapsulation Efficiency (EE%) of UV-NBS INs
To determine the encapsulation efficiency (EE%) of the IN formu

lations, a standard curve for mAb and Fab was first constructed to pre
dict the concentration of the protein of interest. Five different 
concentrations of mAb and Fab (0.01 mg/mL, 0.05 mg/mL, 0.1 mg/mL, 
0.125 mg/mL, and 0.2 mg/mL) were prepared in formulation buffer. 
The absorbance of these solutions was measured using a Nanodrop A280 
(Thermo Fisher, USA), with the formulation buffer blanked at 280 nm, 
as shown in Fig. S11d and Fig. 11e.

To release the encapsulated protein from UV-NBS INs, each IN 
formulation was centrifuged at 15000 rpm for 15–20 min. The super
natant was collected in separate sample tubes, and absorbance was 
measured using the Nanodrop A280. The protein absorbances of the 
supernatants were used in the equation derived from the standard curve 
to calculate the unknown protein concentration. The released protein 
concentration was determined by the difference between the known 
protein concentration initially loaded into the IN formulations and the 
measured protein concentration in the supernatant. The EE% for each IN 
formulation was then calculated using the equation below (Eq. 1). 

EE% =
Amount of drug encapsulated
Total amount of drug added

×100 (1) 

2.4.4. Determination of percent conjugation efficiency (CE%) of NioEDC/ 

NHS formulations
In the EDC/NHS formulation of INs, the niosomes are carboxylated 

with palmitic acid by loading 0.5 % TRYP-PA into each niosome 
formulation, after which mAb/Fab antibodies are conjugated to the 
carboxylated niosomes. To calculate the conjugation efficiency (CE%), 
the absorbance of the initial solution before conjugation is measured 
using UV–visible spectroscopy at a wavelength of 280 nm. Antibodies, in 
the same reaction volume, concentration, and solution, are added to the 
reaction without PA-loaded niosomes (prior to conjugation) and their 
absorbance at 280 nm is recorded. This absorbance value is used in the 
equation derived from the standard curve of mAb/Fab to calculate the 
antibody concentration. Subsequently, the EDC/NHS reaction is per
formed by activating the PA-loaded niosomes, followed by amine 
coupling. The same absorbance measurement is then repeated, blanking 
the absorbance of only PA-loaded niosomes at 280 nm. The antibodies 
from the initial reactant amount and the antibody concentration after 
the EDC/NHS reaction in IN forms are used to calculate CE%. The same 
calculation is performed for the absorbance value obtained post- 
conjugation. The equation is given below as Eq. 2. 

CE% =

(
Conjugated Antibody
Total Antibody Added

)

×100 (2) 

Table 1 
The unconjugated niosome formulation content was selected based on a previ
ously optimized cell-based research study.(Cakir et al., 2024).

Formulation 
ID

Ingredients Ratio 
(%)

Final 
Concentration 
(mM)

Processing

Nio-1 Cho: S60: 
T80

48:49:03 0,13

Gradient 
Vacuum, Fixed 
sonication (90 
mins)

Nio-2
Cho: S60: 
T80 50:50:00 0,1

Gradient 
Vacuum, Fixed 
sonication (90 
mins)

Nio-3 Cho: S60: 
T80

50:50:00 0,1

Gradient 
Vacuum, Fixed 
sonication (45 
mins)

Nio-4
Cho: S60: 
T80

50:50:00 0,2

Gradient 
Vacuum, Fixed 
sonication (90 
mins)
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2.4.5. Cellular uptake and cellular binding profiles of original and 
biosimilar mAb/Fab

Prior to linker synthesis and subsequent conjugation, the cellular 
binding and uptake responses of both the biosimilar and original Bev
acizumab mAb and Fab therapeutics were evaluated. These assays were 
conducted under the previously optimized conditions (Detailed pro
tocols were provided in supplementary information and Fig. S1, S2, and 
S3). The results presented in Fig. S1d were derived from the signals 
obtained during this analysis. Furthermore, statistical analyses were 
performed to assess potential differences in binding and uptake between 
the original and biosimilar therapeutics. Identifying these differences 
was crucial for advancing the optimization studies using the biosimilar 
product. Supplementary Tables 1 and 2 summarize the statistical com
parisons of the biosimilar and original mAb and Fab in both cell lines. 
One-way ANOVA was employed for the statistical evaluations.

2.4.6. Cellular uptake and binding of mAb/Fab-loaded INs
The HUVEC and U87 cell lines were utilized to evaluate the cellular 

uptake and binding performance of UV-NBS and EDC/NHS-modified 
INs. Two detection strategies were employed to assess cellular re
sponses of the INs using flow cytometry assay. The first strategy involved 
using FITC-tagged secondary antibodies to detect INs via secondary 
antibody binding. The second strategy involved developing FITC-loaded 
INs to eliminate potential interference in secondary antibody binding. 
The amount of FITC loading on INs was determined based on previous 
optimization studies conducted with the sole niosomal formulation 
(Fig. S10 and Fig. S11).

In the first strategy, UV-NBS and EDC/NHS-conjugated INs were 
prepared, and their physicochemical properties were assessed by DLS 
prior to the binding and uptake assays. Freshly prepared INs were stored 
for one day at 2–8 ◦C. Concurrently, U87 and HUVEC cells were seeded 
at 7500 cells/well in 24-well plates, with triplicates for each mAb/Fab- 
conjugated niosome formulation. A total of 6 × 106 cells were required 
for each assay from each cell line, ensuring 7500 cells in 500 μL. INs 
containing mAb and Fab formulations were diluted in starvation media 
to 1:400 and 1:800, respectively, and added to wells at 100 μL per well. 
For the uptake analysis, INs were allowed to incubate for 4 h to allow for 
complete uptake, followed by 2 h for FITC-tagged antibody binding. 
After incubation, media were removed, and cells were washed three 
times with DPBS (− /− ). Cells were detached using trypsin (Gibco, USA) 
and neutralized with growth medium after 5 min of incubation at 37 ◦C. 
The cells were collected in individual sample tubes. The tubes were 
centrifuged at 2000 rpm for 5 min, and the pellets were resuspended in 
2 mL of DPBS (− /− ) with 0.1 % PFA for fixation of the cells. In the 
binding analysis, the same assay was performed on ice, and instead of 
the trypsinization step, the cells were collected using a cell scraper. The 
samples were then analyzed by flow cytometry (BD Fortessa, USA) and 
processed using FlowJo software. Control groups included cells without 
treatment, cells treated with only the secondary antibody, and cells 
treated with Nio-1, Nio-2, Nio-3, and Nio-4 formulations or mAb/Fab 
alone, which were prepared as described for the INs.

In the second strategy, niosomal formulations were tagged with 0.05 
% FITC (Fig. S10 and Fig. S11). The physicochemical properties of the 
FITC-tagged INs were assessed by DLS after dilution (1:100) in PBS. The 
FITC-tagged INs were stored for one day at 2–8 ◦C in a dark environ
ment. HUVEC and U87 cells were seeded and treated as in the first 
strategy, excluding the secondary antibody. FITC-tagged mAb/Fab INs 
were diluted 1:400 and 1:800 and added to the wells at 100 μL. Uptake 
assays were performed with a 4-h incubation, while binding assays 
involved a 2-h incubation. Cells were processed in the same manner as in 
the first strategy, and samples were analyzed by flow cytometry (BD 
Fortessa, USA) and the data were processed using FlowJo.

Additionally, IN loaded cells, both U87 and HUVEC, were imaged 
under fluorescence microscopy (Fig. S12). INs inside of the cells were 
captured by FITC-tagged secondary antibody (Jackson Immuno 
Research, USA). The cells were stained with DAPI (1:1000 dilution) after 

fixation of cells by 1 % PFA (Sigma-Aldrich, Germany) to visualize the 
cellular nucleus.

2.4.7. Assessing the cytotoxicity of INs on cells
To determine the toxicity of Nio-mAb/FabUV-NBS and Nio-mAb/ 

FabEDC/NHS INs, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo
lium bromide (MTT) (Neofroxx, Germany) assay was performed. A 0.5 
mg/mL MTT solution was prepared in filtered PBS using a 0.2 μm sterile 
filter. U87 and HUVEC cells were seeded into a 96-well plate (ISOLAB, 
Germany) at a density of 10,000 cells/well, calculated based on the 
media volume corresponding to each cell line (DMEM and RPMI 1640, 
respectively). The cell-containing media solutions were evenly distrib
uted in a sterile petri dish (ISOLAB, Germany) before being seeded into 
the plates, with mixing performed 3–4 times using a multi-channel 
pipette. The cells were incubated overnight before the assay. Four 
different concentrations of each IN were prepared: 0.15 mg/mL, 0.015 
mg/mL, 0.0015 mg/mL, and 0.00015 mg/mL. All dilutions were made 
in starvation media (without fetal bovine serum, FBS). A 24-h exposure 
time was set for toxicity assessment. To compare the original therapeutic 
dosage to the cytotoxicity assay results, the dilution factor equation (2)
was used: 

Dilution Factor =
Original Concentration
Diluted Concentration

(3) 

The original Bevacizumab concentration was 25 mg/mL. The highest 
concentration of INs used in this toxicity assay was 0.15 mg/mL. Using 
Eq. 3, the exposed dosage in this assay was 166.67 times more diluted 
than the original in 2D. After 24 h of exposure to the INs, MTT was added 
to each well and incubated for 3–4 h. Following the MTT incubation, the 
solutions in the wells were removed, and a sodium dodecyl sulfate 
(SDS)-based solubilization solution containing 10 % SDS (w/v) (Sigma- 
Aldrich) and 0.01 M HCl (Sigma-Aldrich) prepared in distilled water was 
added. The wells were incubated for 30 min, and absorbance was 
measured at 570 nm using a plate reader (ThermoFisher, USA). Each 
plate included triplicates of each IN dilution, with the results normalized 
to control wells containing cells with no exposure. The obtained 
absorbance values were normalized using the following equation to 
calculate cellular viability (%) (Eq. 4). 

Cellular Viability (%) =
Measured Absorbance × 100

Max (All Measured Absorbance Series)
(4) 

Cellular viability percentages were graphed against the logarithmic 
molarity (log[M]) of IN concentrations, and sigmoidal 4PL nonlinear 
regression analysis was applied in GraphPad Prism. Control groups, 
including biosimilar and original mAb/Fab, were prepared, exposed, 
and analyzed simultaneously with the experimental groups.

3. Results & discussion

3.1. Conjugation of TRYP-PA linker to mAb/Fab via UV-NBS method

To successfully incorporate monoclonal antibodies (mAbs) and Fab 
fragments into niosomal formulations without compromising their 
antigen-binding activities, these biomolecules were first conjugated 
with palmitic acid (PA) groups via their conserved nucleotide-binding 
site (NBS) region using the previously described UV-NBS method 
(Alves et al., 2014, Alves et al., 2012, Alves et al., 2013a; Mustafaoglu 
et al., 2017). For this conjugation, PA was coupled with a ring-structured 
tryptamine molecule, which has an affinity for the NBS (Alves et al., 
2013a; Mustafaoglu et al., 2017), to serve as a site-specific linker for 
mAbs and Fab fragments. Consequently, the TRYP-PA linker was syn
thesized (Fig. S4) and purified (Fig. 2). The purity of the linker was 
assessed using high-performance liquid chromatography (HPLC) 
(Fig. 2b), revealing a purity of >95 %. The lyophilized form of TRYP-PA 
was further characterized using fourier-transform infrared (FTIR) spec
troscopy (Fig. 3a). PA (1) and tryptamine (2) were used as controls to 
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evaluate chemical composition changes following the conjugation of 
tryptamine and PA (3). As shown in Fig. 2a, the spectra of (1) and (3) 
exhibited strong O–H bending vibrations, typically observed in the 
range of 1300–1440 cm− 1. Additionally, the spectra of (2) and (3) dis
played strong N–H stretching vibrations, characteristic of amine 
groups, typically found in the range of 3300–3500 cm− 1.

The site-specific conjugation of the synthesized TRYP-PA linker to 
mAbs and Fab fragments was facilitated by UV exposure, enabling 

covalent binding of the indole-containing molecule, tryptamine, to the 
NBS regions of mAbs/Fab, as illustrated in Fig. 1. Previous studies have 
reported that the optimal UV intensity and wavelength for conjugating 
tryptamine via the NBS region is approximately 1–2 J/cm2 at 254 nm 
(Mustafaoglu et al., 2017; Mustafaoglu et al., 2015a). In this study, a UV 
wavelength of 365 nm was used, and the exposure time was optimized to 
ensure effective crosslinking while preserving the antigen-binding site 
and structural integrity of the antibody. Detailed calculations based on 

Fig. 2. Conjugation of TRYP-PA to mAb and/or Fab using the UV-NBS method. a. FTIR spectrum of the synthesized TRYP-PA linker. b. RP-HPLC chromatogram of 
the TRYP-PA linker, determined using a PDA detector at an absorbance of 220 nm. c. Antigen-binding activities of mAb and Fab structures after varying durations of 
UV exposure (365 nm), assessed by flow cytometer in HUVEC and U87 cell lines. d. Structural integrity of mAb and/or Fab structures following UV exposure, 
evaluated using direct ELISA.

Fig. 3. The physicochemical properties of antibody-conjugated INs, prepared using UV-NBS and EDC/NHS conjugation strategies, were characterized using DLS 
measurements.
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Planck’s law, used to achieve the required energy of 1 J/cm2 per unit 
area within a specific timeframe, are provided in the Supplementary 
Information (Fig. S5). Based on these calculations and intensity mea
surements, achieving an approximate UV intensity of 1 J/cm2 required 
8 min of exposure at 365 nm.

To evaluate the effect of UV exposure on the antigen-binding activity 
of Fab and mAb following conjugation with the TRYP-PA linker, flow 
cytometry experiments were performed using HUVEC (healthy) and U87 
(glioblastoma) cells. These cell lines were selected based on their 
demonstrated binding and uptake of Bevacizumab and its biosimilar 
counterpart, as shown in Fig. S1d. As illustrated in Fig. 2c, the results 
indicate that the antigen-binding activity of TRYP-PA-conjugated mAbs 
remained unaffected by UV exposure for up to 12 min; however, beyond 
this point, disruptive effects of UV exposure on binding activity became 
apparent. Although the effect on Fab-linker conjugates was less pro
nounced, a clear trend of decreasing binding activity was observed with 
increasing UV exposure duration. These findings are consistent with 
previous reports (Alves et al., 2013b; Reinmuth-Selzle et al., 2022). 
Based on these results, it was determined that an optimal protocol in
volves incubating the linker and antibody in the dark for 30 min, fol
lowed by 8–12 min of UV exposure. This exposure time was sufficient for 
linker conjugation while preserving the antigen-binding activity of Fab 
and mAb.

Additionally, to validate the cell-based assay results, the antigen- 
binding activity and structural stability of linker-conjugated Fab and 
mAbs were assessed under varying UV exposure conditions using VEGF- 
coated ELISA plates. While cellular binding assays provide physiologi
cally relevant data (Fig. 2c), this ELISA-based approach ensured a 
controlled experimental setup by eliminating variability in antigen 
expression levels. Specifically, each well was coated with a consistent 
amount of VEGF (100 ng/mL per well), allowing for a direct evaluation 
of antigen-binding activity. Although a difference was observed between 
antibodies exposed to UV energy; the presence of the linker did not 
affect the effect of UV exposure on structural integrity of either Fab 
fragments or mAbs, as demonstrated in Fig. 2d. However, the binding 
signal diminished after 12 min of UV exposure, a trend consistent with 
the in vitro cell-binding assay results (Fig. 2c). Based on these findings, 
an 8-min UV exposure (~1 J/cm2) was selected for conjugating the 
TRYP-PA linker to mAbs and Fabs in subsequent experiments.

3.1.1. Incorporation of TRYP-PA conjugated mAb/Fab into niosomes (Nio- 
mAbUV-NBS and Nio-FabUV-NBS)

The UV-NBS conjugated mAb and Fab were incorporated into INs 
using two different strategies for antibody-linker conjugation: (i) thin- 
film hydration and (ii) freeze-thaw. These two approaches were 
selected due to the potential challenges associated with thin-film hy
dration, as its process conditions—particularly elevated water bath 
temperatures required to reach the glass transition temperature 
(~60 ◦C)—may accelerate protein degradation. Additionally, direct 
vacuum application could lead to the loss of drug components, while the 
use of organic solvents might induce forced degradation of mAbs and 
Fabs.

In the first strategy, previously optimized conditions for site-specific 
linker-antibody conjugation were employed, followed by encapsulation 
via the thin-film hydration technique. To overcome the limitations of 
this method, the process was adapted to achieve the desired NioUV-NBS 

forms. Specifically, after the linker-conjugated mAb/Fab was prepared, 
the same loading percentage as in PA-loaded niosomes (0.5 %) was 
dissolved in chloroform. The chloroform was then immediately removed 
using a dry nitrogen stream and subjected to rotary evaporation. This 
step minimized prolonged exposure of the linker-conjugated mAb/Fab 
to organic solvents, reducing the risk of degradation. During rotary 
evaporation, vacuum pressure was gradually decreased while main
taining a water bath temperature of 37 ◦C to prevent heat-induced 
degradation.

In the second strategy, the freeze-thaw method, previously used for 

FITC loading into niosomes,(Cakir et al., 2024) was adapted for the 
incorporation of TRYP-PA conjugated mAbs and Fabs into niosomes 
after their formation. For this purpose, four different niosome formu
lations and linker-conjugated mAbs and Fabs were prepared separately. 
The two components were then gently mixed using a horizontal shaker 
and incubated at room temperature for 30 min to ensure uniform dis
tribution. Subsequently, periodic freeze-thaw cycles were applied by 
instant freezing at − 20 ◦C followed by thawing at RT, allowing passive 
insertion of the linker-conjugated mAbs and Fabs into the niosome 
formulations. Excess unbound antibody-linker conjugates were removed 
using a 30 kDa Amicon ultrafiltration unit (Merck) and Ab/Fab conju
gated niosomes were filtered through 0.2 μm sterile filter before cellular 
experiments.

The NioUV-NBS formulations obtained from both the thin-film hy
dration and freeze-thaw strategies were analyzed using dynamic light 
scattering (DLS) to assess their physicochemical properties (Fig. S6). The 
expected size range was between 100 and 200 nm, with a near-neutral 
zeta potential and a polydispersity index (PDI) between 0.2 and 0.5, 
as shown in Fig. S6. Although NioUV-NBS formulations generated by 
freeze-thaw strategy exhibited enhanced physicochemical properties, 
particularly in particle size, their cellular binding profiles were evalu
ated in U87 cells alongside thin-film hydrated IN formulations (Fig. S7). 
However, complete success could not be claimed due to the need for 
further optimization of the freeze-thaw method.

As with other conjugation strategies, the freeze-thaw approach can 
be refined by adjusting the antibody or linker-conjugated antibody 
concentration, as well as the number of freeze-thaw cycles. Further 
optimization of these parameters could establish this method as a viable 
alternative to thin-film hydration for future studies. The optimized 
conditions for NioUV-NBS (INs generated via UV-NBS conjugation) were 
analyzed using DLS in parallel with NioEDC/NHS (INs generated via EDC/ 
NHS chemistry) and are reported in Fig. 3.

3.1.2. Generation of INs via EDC/NHS chemistry (Nio-mAbEDC/NHSand 
Nio-FabEDC/NHS)

To conjugate mAb and Fab onto niosomes using EDC/NHS chemis
try, carboxyl functionalization of the niosome formulations was first 
achieved by incorporating PA. Four different niosome formulations 
(Nio-1, Nio-2, Nio-3, and Nio-4, as shown in Table 1) were used to 
introduce carboxyl groups, enabling their coupling with the amine 
groups of lysine side chains in mAbs and Fabs via EDC/NHS chemistry 
(schematized in Fig. 1). The target physicochemical properties were a 
particle size of 100–200 nm, a PDI between 0.2 and 0.5, and a zeta 
potential ranging from − 10 to +10 mV to enhance tissue barrier pene
tration and efficacy. These preset physicochemical conditions were a key 
criterion for optimization (Cakir et al., 2024). A primary consideration 
was determining the optimal PA loading percentage for niosome func
tionalization. To this end, four different PA loads (0.1 %, 0.25 %, 0.5 %, 
and 1 %) were evaluated, and their physicochemical properties were 
analyzed using DLS, as shown in Fig. S8. The results indicated that all 
PA-loaded niosome formulations fell within the desired size (100–200 
nm) and PDI range (0.2–0.5). The most suitable PA loading approach 
was based on the expectation that increasing PA concentration would 
enhance the negative surface charge (zeta potential). However, once the 
PA loading reached the saturation, no further increase in negativity was 
observed. Notably, the EE% of PA-loaded niosomes was not calculated, 
as continuous negativity in the zeta potential was used as an indicator of 
loading capacity. Although all formulations exhibited an increasing 
trend in negative charge upon PA loading, 0.5 % PA formulation 
consistently maintained a stable negative zeta potential across all nio
some types, without inducing significant changes in vesicle size or 
increasing polydispersity. Therefore, this formulation was selected for 
subsequent Ab and Fab conjugation experiments.

For the mAb/Fab coupling reaction, the total PA-loaded niosome 
concentration was maintained as specified in Table 1. However, the 
mAb/Fab concentration required optimization, as it significantly 
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influenced the physicochemical properties. To achieve the desired 
physicochemical characteristics while ensuring consistency with NioUV- 

NBS, three different mAb and Fab concentrations (0.05 mg/mL, 0.1 mg/ 
mL, and 0.2 mg/mL) were tested, maintaining the same FITC concen
tration inside the niosomes to avoid differences in cellular responses 
between NioUV-NBS and NioEDC/NHS formulations. The impact of mAb and 
Fab concentrations on the physicochemical properties of PA-loaded 
niosomes was assessed (Fig. S9). The results demonstrated a propor
tional increase in particle size with increasing mAb and Fab concen
trations. The size distribution profile (Fig. S9b) indicated that the 
optimal mAb and Fab concentration for all NioEDC/NHS formulations was 
0.05 mg/mL. However, Nio-3 and Nio-4 could accommodate 0.1 mg/mL 
while maintaining the desired physicochemical properties. Fig. S9c 
shows that all formulations remained within the 0.2–0.5 PDI range 
across different mAb and Fab loads. The zeta potential was expected to 
be neutral upon successful conjugation of mAbs and Fabs to PA-loaded 
niosomes (Fig. S9d). Considering both size and zeta potential, only the 
Nio-1-Fab conjugation could accommodate a higher antibody load, but 
0.05 mg/mL yielded the most optimized results for subsequent NioEDC/ 

NHS formulations. It is important to note that in EDC/NHS IN formula
tions, further optimization of antibody and antibody fragment concen
trations was required after incorporating FITC at a fixed concentration 
(0.05 % FITC, as determined in our previous study (Cakir et al., 2024)) 
into 0.5 % PA-loaded niosomes, where the desired physicochemical 
properties could not initially be achieved.

Optimized NioUV-NBS and NioEDC/NHS formulations were synthesized 
and characterized using DLS, as shown in Fig. 3. The results indicate 
that, particularly for Nio-1 and Nio-2, conjugation with mAb and/or Fab 
using either the UV-NBS or EDC/NHS strategy resulted in the desired 
size (100–200 nm), PDI range (0.2–0.5), and near-neutral surface 
charge. Further cellular binding and uptake assessments were conducted 
for all formulations to determine the most effective conjugation strategy 
and identify the IN formulations with the highest potential for thera
peutic applications.

3.1.3. Cellular uptake and binding of mAb/Fab-loaded INs
To assess the cellular responses of IN formulations generated through 

EDC/NHS and UV-NBS conjugation methods, two detection strategies 
were employed: (i) detection of antibodies on the niosomal formulations 
using a fluorescently tagged secondary antibody, and (ii) FITC loading of 
the INs. The optimization protocols and characterization data for the 
FITC-loaded INs are provided in Figs. S10 and S11. The encapsulation 
efficiency (EE%) of FITC in the IN formulations (Nio-1, Nio-2, Nio-3, and 
Nio-4) was determined for each niosome formulation after conjugation 
with mAb or Fab using either UV-NBS or EDC/NHS chemistry. The EE% 
was greater than 50 % for all formulations, with Nio-4-Fab and Nio-1- 
Fab conjugates demonstrating the highest efficiency (Fig. S11c). Sup
plementary Table 7 presents the EE% data for FITC encapsulation in each 
formulation. Using the standard curves from Fig. S11, Supplementary 
Table 8 was generated to list the mAb and Fab CE% and EE% values for 
each IN formulation produced by the EDC/NHS and UV-NBS methods. 
The UV-NBS method for incorporating mAb and Fabs into the niosomes 
resulted in significantly higher encapsulation efficiency, ranging from 
58 % to 98 %, whereas EDC/NHS yielded encapsulation efficiencies 
between 1 % and 11 %.

Determining the cellular binding and uptake profiles of INs is 
essential for evaluating their therapeutic potential and specificity. Since 
Bevacizumab has been approved for treating recurrent GBM (Arevalo 
et al., 2019; Gil-Gil et al., 2013). U87 cells were used to assess the 
binding and uptake profiles of Bevacizumab mAb or its Fab fragment 
conjugated INs (Fig. 4). A similar analysis was also performed on healthy 
endothelial cells (HUVEC), and the results are provided in Fig. S13.

In all experiments, only mAb and Fab (without noisome formula
tions) cellular binding signals served not only as a comparison to control 
groups but also as reference profiles for the IN formulations. Based on 
the overall results from U87 cells (Fig. 4), Fab fragments showed less 
binding signal than the complete antibody in the original therapeutic 
(without conjugating into niosomes). Except for Nio-4 Fab conjugation, 
the remaining IN formulations for each conjugation exhibited trends 
similar to the original Fab in the UV-NBS method. Notably, Nio-3 Fab 
displayed a lower binding signal than the original Fab in glioma cells. 

Fig. 4. Cellular binding profile of NioUV-NBS and NioEDC/NHS in U87 cell lines. a. Control groups without antibody and with antibody without nanocarrier conjugation 
in UV-NBS conjugation. b. UV-NBS conjugation of Nio-1 mAb and Fab, c. UV-NBS conjugation of Nio-2 mAb and Fab. d. UV-NBS conjugation of Nio-3 mAb and Fab. e. 
UV-NBS conjugation of Nio-4 mAb and Fab. f. Control groups without antibody and with antibody without nanocarrier conjugation in EDC/NHS conjugation. g. EDC/ 
NHS conjugation of Nio-1 mAb and Fab, h. UV-NBS conjugation of Nio-2 mAb and Fab. i. EDC/NHS conjugation of Nio-3 mAb and Fab, j. EDC/NHS conjugation of 
Nio-4 mAb and Fab.
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Conversely, in the EDC/NHS method, Nio-1 Fab demonstrated superior 
cancer cell binding compared to the other IN formulations. To predict 
the actual effect of the IN formulations in both UV-NBS and EDC/NHS 
conjugation strategies, it was necessary to determine the number of 
antibodies per niosome. The number of antibodies per niosome for each 
formulation was calculated for both UV-NBS and EDC/NHS strategies 
and is provided in Supplementary Tables 9 and 10, respectively. For UV- 
NBS, the number of antibodies was recorded as 7.93, which was lower 
than in the other IN formulations with Fab conjugates, yet it exhibited a 
higher binding signal. This finding partially supports the success of the 
Nio-4 Fab conjugate prior to toxicity analysis. For the EDC/NHS results, 
the number of antibodies per niosome was recorded as 2.16 for Fab 
conjugates, confirming that Nio-1 Fab exhibited higher binding signals 
compared to the other IN formulations, despite having fewer antibodies 
per niosome. While overexpressed VEGF signaling on cancer cell sur
faces is known to result in higher binding signals than on healthy 
endothelial cells, Fab fragments are more diffuse than the complete 
mAb, which may contribute to reduced cell death due to the lower 
observed binding signal.

Considering the downstream signaling of mature VEGF found in its 
soluble form, it is important to note that immature VEGF signaling also 
exists within the intracellular environment. Therefore, determining the 
intracellular behavior of Bevacizumab and its IN formulations through 
cellular uptake assays is significant. Before delving into the interpreta
tion of the cellular uptake results, it is necessary to first discuss VEGF 
signaling in glioma and endothelial cells. In glioma cells, two main VEGF 
signaling pathways are involved: autocrine signaling and glioma- 
induced angiogenesis. In autocrine signaling, glioma cells overexpress 

VEGF due to the hypoxic conditions within the tumor microenviron
ment. This overexpression is driven by transcription factors such as HIF- 
1α (hypoxia-inducible factor 1-alpha), which upregulate VEGF produc
tion. VEGF can then bind to VEGFR-2 (vascular endothelial growth 
factor receptor 2) or other VEGFRs on the glioma cells themselves, 
forming an autocrine loop. This signaling promotes glioma cell prolif
eration, survival, invasion, and resistance to apoptosis. Therefore, the 
expected profile of complete uptake in U87 cells can only be confirmed 
through cellular toxicity assays. However, the cellular uptake results in 
endothelial cells contribute to the existing literature on VEGF signaling. 
Previous studies have found that cellular uptake in U87 cells, which 
predominantly contain mature and soluble VEGF in the extracellular 
environment, results in less intracellular VEGF signal compared to 
endothelial cells, as shown in Fig. S14. On the other hand, while Bev
acizumab targets tumor-induced angiogenesis, systemic VEGF inhibition 
may affect normal physiological angiogenesis, particularly in processes 
like wound healing or tissue repair. Thus, the expected uptake results in 
endothelial cells indicated Bevacizumab’s prevention of VEGF binding 
to VEGFR-2, effectively shutting down angiogenesis. This inhibition 
limits the formation of new blood vessels, depriving the tumor of oxygen 
and nutrients. However, the lack of a drastic difference in signal between 
glioma and endothelial cells, as shown in Fig. S14, suggests that further 
investigation into the cellular toxicity profile is needed to draw more 
definitive conclusions.

3.1.4. Cytotoxicity of NioUV-NBS and NioEDC/NHS formulations
To better understand the superior IN formulations, cellular binding 

and uptake results were complemented with cellular cytotoxicity assays, 

Fig. 5. Cellular toxicity assay performed for UV-NBS and EDC/NHS mAb/Fab INs in HUVEC and U87 cell lines. 24-h incubated 96-well plates are used and 1.0 × 104 

cells/well are seeded equally to each well. At the top, original mAb, original Fab, preclinical mAb and preclinical Fab products are demonstrated. UV-NBS conjugated 
INs are indicated in the left corner while EDC/NHS conjugated INs are given in the right corner.
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as demonstrated in Fig. 5. At the top of Fig. 5, control groups represent 
the toxicity profiles of the original and biosimilar mAb and Fab, while 
the remaining data show IN toxicity profiles. The results are presented 
on the left for UV-NBS and on the right for EDC/NHS conjugates, for 
both cancer and healthy cell lines.

Bevacizumab is primarily used to inhibit angiogenesis in tumors and 
does not exert direct cytotoxic effects on cancer cells. Although some 
studies have investigated its potential toxicity in U87 cells, its primary 
mechanism of action involves neutralizing VEGF, thereby preventing 
new blood vessel formation rather than directly inducing cell death 
(Mesti et al., 2014). Our findings confirm that Bevacizumab did not 
exhibit cytotoxicity in U87 cells. The absence of direct cytotoxicity in 
U87 cells may be due to Bevacizumab’s mechanism of action, which 
inhibits angiogenesis without directly targeting glioma cells or dis
rupting the VEGF autocrine loop.

Additionally, U87 cells employ resistance mechanisms, including 
alternative pro-angiogenic pathways, high VEGFR expression, intracel
lular VEGF pools, and hypoxia-induced VEGF overexpression. Their 
metabolic shift to glycolysis (Warburg effect) further reduces depen
dence on VEGF signaling. Additionally, experimental factors such as 
exposure time, Bevacizumab concentration, and culture conditions may 
also contribute to the observed effects. To address potential limitations 
related to experimental conditions, Table 2 provides a comparison of the 
Bevacizumab concentrations used in this study with previously reported 
ranges.

As shown in Table 2, the concentrations of Bevacizumab used in 
various studies differ; however, the outcomes align with our findings 
comparing the toxicity profiles of the original and biosimilar formula
tions. Notably, certain IN formulations generated via UV-NBS conjuga
tion exhibited enhanced toxicity compared to their unconjugated 
counterparts. Compared to mAb-conjugated INs, Fab-containing IN 
formulations demonstrated selective toxicity, exhibiting no adverse ef
fects on healthy endothelial cells while inducing cytotoxicity in U87 
cells at higher concentrations.

The UV-NBS conjugation method, which enables site-specific bind
ing of Bevacizumab to niosomal nanocarriers, showed greater promise 
than randomized conjugation approaches. While all Fab-IN formulations 
generated through EDC/NHS chemistry exhibited toxicity toward U87 
cells, repeated toxicity assays conducted on different days revealed 
significant variability and higher viability errors across wells. However, 
the Nio-1 Fab formulation conjugated via EDC/NHS demonstrated 

consistent toxicity profiles across all replicates, making it a promising 
candidate for potential glioblastoma therapy. Among the site-specific IN 
formulations, both Nio-4 mAb and Nio-4 Fab exhibited selective cyto
toxicity toward U87 cells while sparing healthy endothelial cells.

Notably, the cytotoxic effects observed with antibody- and Fab- 
conjugated niosomes (INs) should be interpreted in the context of 
nanoparticle-based avidity. While the free forms of Bevacizumab and its 
Fab fragment are generally well tolerated (Table 2), their conjugation to 
nanoparticles enables multivalent presentation of targeting ligands, 
enhancing binding strength and cellular interaction through the avidity 
effect. This multivalency can lead to increased receptor clustering and 
internalization, potentially triggering more pronounced biological 
responses—even at lower apparent concentrations compared to free 
antibodies. Therefore, the observed cytotoxicity is likely a combined 
outcome of nanoparticle composition, surface characteristics, and 
enhanced cellular engagement due to avidity. This distinction is critical 
when evaluating the therapeutic index and safety profile of targeted 
nanoconjugates.

While these optimized IN formulations present promising insights for 
glioblastoma treatment, further downstream analyses and non-clinical 
evaluations are recommended to support their development as viable 
therapeutic candidates. While long-term stability studies are essential 
for clinical translation, this study focused on evaluating antibody- 
conjugation strategies on niosomal formulations within short experi
mental timeframes (≤24 h). It is worth noting that the stability of our 
base niosomal systems (Cakir et al., 2024) has been previously validated 
for up to 35 days, and further studies will be needed to determine how 
antibody conjugation impacts long-term physicochemical and biological 
stability. To further investigate the effects of Bevacizumab, the use of 3D 
models could provide a more physiologically relevant system that better 
mimics VEGF gradients and hypoxic conditions, potentially revealing 
additional insights into its impact on glioma cells, and those studies are 
ongoing in our laboratories.

4. Conclusion

This study presents novel conjugation strategies for integrating 
monoclonal antibodies (mAbs) and Fab fragments with niosomes, 
establishing a promising alternative to immunoliposomes for targeted 
drug delivery. Through site-specific and randomized conjugation 
methods, we successfully developed stable antibody-conjugated nio
somes with physicochemical properties favorable for therapeutic ap
plications. Notably, Fab-conjugated niosomes exhibited selective 
cytotoxicity toward U87 glioblastoma cells while sparing healthy 
endothelial cells, demonstrating their potential for glioblastoma treat
ment. The enhanced efficacy of site-specific conjugation via UV-NBS 
suggests its superiority over conventional methods, offering improved 
therapeutic outcomes. These findings provide valuable insights into 
antibody-based nanocarriers and highlight the need for further pre
clinical evaluations to optimize their application in glioblastoma ther
apy and beyond.
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Table 2 
Experimental conditions and outcome records of Bevacizumab related to glioma 
cells.

Cell 
Line

Cell Type Bevacizumab 
Dosage

Outcomes

U87 
and 
U251

Glioblastoma 5–25 μg/mL

No significant cytotoxicity in 2D 
culture; anti angiogenic effects 
observed in 3D spheroid 
cocultures (Simon et al., 2014)

U87 
and 
T98G

Glioblastoma 1–50 μg/mL

Cytotoxicity observed in 3D 
spheroids demonstrated reduced 
VEGF-driven angiogenesis but 
not effect in 2D monolayers (
Tamura et al., 2017)

U87 
and 
GSCs

Glioblastoma 
stem cells

500–1000 μg/ 
mL

Bevacizumab induced moderate 
reduction in GSC proliferation, 
but the effect was VEGF 
dependent (Smolenschi et al., 
2023)

U87 Glioblastoma 25–100 μg/mL

Anti-angiogenic activity 
observed, but no cytotoxic effect 
on U87 directly (Diaz et al., 
2017)

U87 
and 
C6

Rat glioma 25–200 μg/mL
Reduction of angiogenesis but no 
effect on glioma proliferation (De 
Groot et al., 2010)
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