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ABSTRACT 
Radiation therapy (RT) is vital in cancer therapies, but often leads to adverse events, such as acute 
radiodermatitis (ARD). ARD is characterized by ROS release and vascular damage, resulting in 
impaired wound healing. With no standardized therapy available, we aim to develop a novel 
treatment approach using ROS-responsive VEGF-loaded NCs (VEGF NCs) to enhance healing of 
RT-induced wounds. Initially, we examined if tert-butyl hydroperoxide (tBHP) induces high ROS 
levels without cytotoxicity. Next, we assessed the uptake, cytotoxicity, and cellular stress of VEGF 
NCs on HUVEC and the VEGF release of NCs in response to H2O2. Finally, we aimed to establish an 
in vitro ARD model through x-ray irradiation and to explore the impact of radiation on VEGF's 
bioactivity. Our results show that 50 µM tBHP for 3h induced high ROS levels and low cytotoxicity 
in HUVEC using the FACS, H2DCFDA, and Alamar Blue assay. Further, qPCR and Ellman reagent 
assay revealed a tBHP dose-dependent decrease in oxidized glutathione and increased antioxidant 
gene expression. Moreover, rhodamine B-loaded- and VEGF NCs were biocompatible with HUVEC 
at low concentrations in the Alamar Blue assay, while efficient NC uptake was observed in FACS and 
IF staining. Additionally, ELISA results indicated a H2O2-induced VEGF release from NCs, 
enhanced by dextranase. Finally, upon 20 Gy irradiation, HUVECs exhibited elevated ROS levels 
and preserved cell viability after 24h, whereas 10 Gy reduced VEGF proliferation capacity in 
HUVEC. To conclude, our findings suggest that VEGF NCs hold significant promise in managing 
RT-induced wounds. 

 

INTRODUCTION  
Radiotherapy (RT) serves as a cornerstone in 

the treatment of approximately half of all cancer 
patients globally, numbering in millions annually 
(1). Despite its effectiveness in treating various 
cancers, RT also induces a broad range of short-and 
long-term side effects, including fatigue, skin 
irritation, nausea, and cognitive impairment (1, 2). 
Notably, acute radiodermatitis (ARD), 
characterized by adverse inflammatory skin 

reactions, stands out as a prevalent concern, 
affecting over 95% of cancer patients (2-4). ARD 
typically develops within several days to weeks 
following RT leading to distressing symptoms. 
Initially, it manifests as erythema, progressing to 
dry or wet desquamation with repeated exposure, 
which can even lead to ulcer formation. Beyond 
physical discomfort, these symptoms significantly 
impact the overall quality of life of the patients by 
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causing pain, discomfort, interfering with daily 
activities such as bathing, dressing, and sleeping, 
and affecting self-esteem and emotional well-being 
due to visible skin changes (2-5). Managing ARD 
involves a multifaceted approach aimed at 
alleviating symptoms and supporting skin health. 
Various skincare routines, administration of 
corticosteroids, and systemic medications such as 
antibiotics are utilized to minimize discomfort and 
promote healing (3, 6, 7).Nevertheless, there is still 
no uniform consent regarding a robust and 
scientifically-based therapy, emphasizing the need 
for a new, evidence-based therapy to enhance 
wound healing after RT (7-10).  

Radiotherapy induces injury through various 
mechanism, predominantly affecting tissues 
characterized by rapid cellular division, such as the 
skin. Consequently, it initiates DNA damage in 
these cells, causing single or double strand breaks 
that can result in mutations and ultimately cell death 
(2, 11-13). Second, the use of high-energy radiation 
in RT (X-rays or gamma rays), generates reactive 
oxygen species (ROS) in cells through interactions 
with water molecules. These ROS include highly 
reactive molecules like hydroxyl radicals (•OH), 
superoxide radicals (•O2−), and hydrogen peroxide 
(H2O2), which directly damages various 
biomolecules in the cell, including nucleic acids, 
lipids, and proteins (14-16). Moreover, high levels 
of ROS are also associated with skin inflammation 
through the stimulation of pro-inflammatory 
cytokines, such as interleukin (IL)-6, IL-8, and 
tumor necrosis factor alpha (TNF)-α (17-19). High 
and prolonged levels of inflammation result in 
impairment of the skin’s ability to heal and 
regenerate. 

Besides damaging the skin, RT also affects 
endothelial cells (ECs) lining the blood capillaries 
within the skin, which are crucial for wound healing 
by transporting oxygen and nutrients to the site of 
injury (20, 21). Due to the repetitive nature of RT, 
ROS accumulates inside the skin causing EC death 
in response to the elevated oxidative stress. 
Consequently, the delicate blood vessel network is 
disturbed, leading to blood vessel regression (14). 
To rebuild the vascular network, the process of 
angiogenesis is stimulated. This is a crucial 
physiological mechanism for the formation of new 
blood vessels, which occurs selectively in response 
to specific stimuli released into the surrounding 
environment during injury and inflammation such 

as the vascular endothelial growth factor (VEGF), 
fibroblast growth factor (FGF) and angiopoietin 
(Ang)(22, 23). Recent studies have already 
underscored the pivotal role of VEGF in promoting 
angiogenesis both in vivo and in vitro, highlighting 
its significance in this process (24-26). Without 
these angiogenic signals the process of 
angiogenesis remains inactive, underscoring its 
dependence on specific molecular cues. Initiation 
of angiogenesis involves the breakdown of the 
extracellular matrix surrounding existing blood 
vessels, facilitating detachment and proliferation of 
ECs. Subsequently, the presence of angiogenic 
growth factors attracts ECs, guiding their migration 
along a chemotactic gradient toward the injury site. 
Upon arrival, these ECs align into tube-like 
structures, ultimately leading to the formation of 
new blood vessels (27-29).  
Given the notable impact of RT on blood vessel 
damage, a promising approach to enhancing wound 
healing in ARD involves promoting angiogenesis. 
Although VEGF seems promising for the healing of 
RT-induced wounds, it has a relatively short in vivo 
half-life, which limits their therapeutic efficacy (30, 
31).Consequently, there is a pressing need for 
efficient drug delivery systems (DDS) to facilitate 
the sustained local release and actions of VEGF. 
Various DDS, including liposomes, micelles, and 
nanoparticles, represent promising approaches for 
achieving controlled and targeted delivery of 
therapeutic agents like VEGF. These DDS are 
classified as nanocarriers (NCs), an emerging 
method involving the encapsulation of active 
pharmaceutical drugs into nano-sized carriers for 
diagnostic and therapeutic applications (32-34). 
Remarkably, NCs exhibit several advantageous 
properties for drug delivery, including protecting 
the encapsulated drug against systematic 
degradation, enhancing drug solubility, and 
minimizing tissue toxicity (34-36). Recently, 
biopolymer-based nanocarriers (NCs) have gained 
prominence as a compelling avenue for drug 
delivery. Among these, dextran, an adjustable acid-
labile biopolymer, has garnered significant 
attention due to its favorable characteristics such as 
biocompatibility, biodegradability, and low 
immunogenicity (37-39). Additionally, NCs can 
offer site-specific targeting by either incorporating 
cell-specific receptors or trigger cargo release upon 
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endogenous or exogenous stimuli such as ROS, 
glutathione, pH, enzymes, proteins, and 
temperature. Since radiation increases ROS levels 
in the skin, ROS-responsive NCs can be used as a 
targeted DDS in ARD (40-42). To achieve ROS 
responsiveness, thioketal moieties can be 
incorporated in the biopolymer to ensure a stimuli-
induced release in the skin after irradiation. 
Currently, there are no treatments for RT-induced 
wounds using therapeutically loaded and 
bioresponsive NCs (43-45).    
Here, we aim to test the ROS responsiveness of 
both rhodamine B- loaded NCs (Rho B) and VEGF-
loaded NCs and evaluate the angiogenic potential 
of VEGF. Our research group has already 
successfully validated VEGF’s ability to promote 
angiogenesis, making it an excellent candidate for 
NC cargo. To achieve the aim of this study, we 
focus on establishing an in vitro irradiation model 
using human umbilical vein endothelial cells 
(HUVECs) to mimic elevated ROS levels 
following RT. Subsequently, we evaluate both the 
ROS-responsiveness and angiogenic potential of 
VEGF-loaded NCs in this in vitro ROS model, 
crucial for confirming that VEGF retains its 
angiogenic efficacy upon release triggered by 
elevated ROS levels. The hypothesis states that 
NCs loaded with VEGF are ROS-responsive and 
will enhance angiogenesis in HUVECs upon NC 
cracking. Ultimately, this study will establish the 
groundwork for a novel, evidence-based 
therapeutic strategy using VEGF to mitigate the 

impact of ARD by enhancing radiation-induced 
wound healing. This approach will improve the 
comfort, well-being, and overall quality of life for 
cancer patients during and after RT treatment.  

 
EXPERIMENTAL PROCEDURES 

Nanocarrier synthesis and characteristics – 
In this study, we used dextran-based NCs composed 
of ROS-sensitive thioketal linkers loaded with 
VEGF or Rho B. The Rho B and VEGF-loaded NCs 
were redispersed in 0.3 wt% SDS water and had a 
solid content of 7.5 mg/ml and 6.9 mg/ml, 
respectively. Dynamic light scattering was used to 
obtain the hydrodynamic diameter, which 
measured 166 nm for the Rho B-loaded NCs and 
179 nm for the VEGF-loaded NCs. The 
polydispersity index was 0.22 for both NCs. 

Cells and Cell Culture – Human umbilical 
vein endothelial cells (HUVECs) were cultured in 
endothelial cell growth medium-2 (EGM-2) (Lonza 
Bioscience, CC-3162) supplemented with 10% 
fetal bovine serum (FBS). Cells were incubated at 
37°C in a humidified atmosphere containing 5% 
CO2, and the medium was changed every 3 days. 
For experiments, HUVECs between passages 6 and 
9 were used. The proliferation assay, 
immunofluorescent (IF) staining, Fluorescence-
Activated Cell Sorting (FACS), and Alamar Blue 
assay were conducted in a mixture of ½ endothelial 
cell growth basal medium-2 (EBM-2) (Lonza, 
Bioscience, CC-3156) and ½ EGM-2, 
supplemented with 0.25% FBS. The 2'-7'-

Figure 1: Drug delivery by ROS-responsive nanocarriers to promote wound healing in acute radiation dermatitis. The 
pathophysiology of acute radiodermatitis, caused by radiotherapy, involves the formation of ROS, which subsequently causes 
blood vessel regression, the recruitment of immune cells, and inflammation. ROS-responsive nanocarriers could potentially 
cause targeted drug delivery of VEGF, promoting angiogenesis, to stimulate wound healing after radiotherapy. ROS, Reactive 
oxygen species; VEGF, Angiogenic vascular endothelial growth factor; NC, Nanocarrier. 
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Dichlorohydrofluorescein diacetate (H2DCFDA) 
assay was conducted in the phenol red-free mixture.  

Alamar Blue assay – To assess cell viability 
HUVECs were seeded in 96-well plates (2x103 
cells) and exposed to various tBHP concentrations 
(5, 50, 100, 200, and 500 μM) for 30 min., 1, 2, and 
3h or treated with.  Rho B-loaded NCs and VEGF-
loaded NCs (5, 10, 50, 100, and 200 μg/mL) for 24, 
48 and 72h. For the X-ray irradiation, cells were 
irradiated with 1, 10, and 20 Gray (Gy) with an X-
ray irradiator (Xoft® Axxent® Electronic 
Brachytherapy (eBx®) System®). Unirradiated 
HUVECs that underwent the same handling and 
transportation as the irradiated cells were used as 
the negative control, while Milli-Q water was used 
as the positive control for cell death. A 10% Alamar 
Blue solution (Bio-Rad, BUF012A) was added to 
the cells and incubated for 4h on 37°C. Following 
incubation, cell supernatans was transferred to a 
black 96-well plate and fluorescence intensity was 
measured at excitation/emission 530/590 using the 
CLARIOstarPlus (BMG Labtech). Data are 
expressed as the relative percentage of the negative 
control.  

H2DCFDA assay – To assess ROS levels, 
HUVECs were seeded in a black 96-well plate 
(2x103 cells) and treated with various 
concentrations of tBHP (5, 50, and 100 μM tBHP) 
for 3h or Rho B and VEGF-loaded NCs (5, 10, 50, 
100, and 200 μg/mL) for 24, 48 and 72h or 
irradiated with 1, 10, and 20 Gy using an X-ray 
irradiator (Xoft® Axxent® Electronic 
Brachytherapy (eBx®) System®). Additionally, 50 
µM and 100 µM tBHP were used as positive 
controls. Prior to the treatment, cells were 
incubated with 10 µM H2DCFDA for 30 min. 
Excess H2DCFDA was removed by washing, and 
fluorescence was detected at excitation/emission 
wavelengths of 485/535 nm using the 
CLARIOstarPlus (BMG Labtech) platereader. The 
fluorescent H2DCFDA signal was corrected for the 
number of cells. For this purpose, cells were 
incubated with Trichloroacetic acid- 
sulforhodamine B (TCA-SRB) (0.004% w/v SRB 
in 10% w/v TCA) (2-8 °C) for 15 min. at 4 °C. 
Unbound SRB was removed by washing with 1% 
acetic acid and the acidic ph was neutralized by 10 
mM Trizma base. Fluorescence intensity was 
measured by the CLARIOstarPlus (BMG Labtech) 
plate reader with excitation/emission of 565/586 
nm. Data are represented as a ratio of DCF/SRB. 

IF staining – HUVECs were seeded on 
coverslips in 24-well plates (15x103cells) and 
treated for 24h with Rho B-loaded NCs (50 and 100 
μg/mL). Cells were first fixed with 4% 
paraformaldehyde (PFA) for 20 min. at room 
temperature (RT).  Next, cells were incubated for 
10 min. with Wheat germ agglutinin 647 
(WGA647) (MERGR, W32466) and 4′,6-
diamidino-2-phenylindole (DAPI) (1 mg/mL, 
Thermo Fisher) at RT. Cells were wash with 1X 
Phosphate Buffered Saline (PBS) between each 
incubation step. Finally, cells were mounted with 
Fluorescence Mounting Medium (Dako) on 
microscope slides for imaging with the LSM 900 
confocal microscope (Zeiss). The ZEN Blue 
software (Zeiss) was used to analyze the data. The 
images of the samples were acquired in z-stack 
mode.  

FACS – To assess ROS levels after tBHP 
treatment, HUVECs were seeded in 12 well plates 
(80x103 cells) and treated with 5, 50, and 100 μM 
tBHP for 3h. To assess NC colocalization, 
HUVECs were seeded in 12 well plates (80x103 

(24h) and 50x103 (6, 4, and 2h) cells) and treated 
with Rho B-loaded NCs (50 and 100 μg/mL) for 2, 
4, 6, and 24h. For all experiments, untreated cells 
served as a negative control. To halt treatments, 
cells were washed with PBS, trypsinized, and 
centrifuged at 2000rpm for 5 min. at 20°C. Cells 
were washed with FACS buffer (PBS with 2% 
FBS) and centrifuged at 2000rpm for 5 min. at 
20°C. For the NC experiments, cells were fixed in 
1% PFA at 4°C overnight and the fluorescents 
signal was detected with BD LSRFortessaTM cell 
analyzer. Data analysis was performed using 
FlowJo. 

Ellman’s reagent assay – To measure reduced 
glutathione, an Ellman’s reagent assays was 
performed. HUVECs were seeded in 6-well plates 
(120x103 cells) and treated with 5, 50, and 100 μM 
tBHP for 24h. cells were trypsinized, washed, and 
centrifuged at 300 x g for 5 min. Cells were 
resuspended in cold radioimmunoprecipitation 
assay (Roche, 04693159001) buffer, incubated on 
ice for 20 min., and centrifuged again. To remove 
the proteins, the supernatant was incubated with 
100% TCA (Fisher scientific, 11964064) for 30 
min. on ice, and centrifuged at 14,000 x g for 15 
min. at 4°C. The supernatant was collected and 
incubated with 5,5'-dithio-bis-2-nitrobenzoic acid 
(ThermoFisher, 22582), Ellman's reaction buffer 
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(0.1M sodium phosphate (pH 8.0) containing 1 mM 
EDTA), and the reduced glutathione standard or 
samples for 15 min. at RT. Absorbance was 
measured using the CLARIOstar Plus (BMG 
Labtech) plate reader with excitation/emission of 
565/586 nm. Samples were then incubated with 2 
mM TCEP for 5 min. at RT, and the assay was 
repeated.  

RNA extraction and quantitative polymerase 
chain reaction (qPCR)  – To measure the gene 
expression of superoxide dismutase 1 (SOD1), 
superoxide dismutase 2 (SOD2), catalase (CAT), 
glutathione peroxidase 1 (gpX1), glutathione 
peroxidase 4 (gpX4), glutathione reductase (Gr), 
nuclear factor erythroid 2-related factor 2 (NRF2), 
and NAD(P)H quinone oxidoreductase 1 (NQO1), 
qPCR was performed in which HUVECs were 
seeded in 6-well plates (120x103 cells) and treated 
with 5, 50, and 100 μM tBHP for 24h. For total 
mRNA extraction, samples were treated with 
chloroform for 5 min., following centrifugation for 
15 min. at 4°C at 14000 RPM and incubation with 
glycogen. The aqueous phase was collected and 
incubated with 2-isopropanol for 30 min. Next, 
samples were centrifugated for 10 min. at 4°C at 
14000 RPM, the supernatant was removed, washed 
with 75% cold ethanol, and dissolved in water 
(Milli-Q). Next, mRNA concentration and quality 
were validated using Nanodrop ND-2000 
spectrophotometer (Isogen Life Science, De Meern, 
The Netherlands). Hereafter, 3 ng/ul cDNA 
samples were synthesized using a T-100 Thermal 
cycler (Biorad, California, USA) and Qscript 
(Quantabio, Massachusetts, US). Eventually, a 
PCR master mix was prepared containing qPCR 
SYBR Green (thermo fisher scientific, Waltham, 
USA), primer pairs (supplementary table 1), and 
samples. Cycle conditions were: 95°C, 20’’ [95°C, 
3’’- 60°C, 30’’]40x – 95°C, 15’’ – 60°C, 60’’ – 
95°C, 15s. Fold change was calculated from Ct 
values- and normalized to validated housekeeping 
genes YWHAZ and CYCA (GeNorm software). 

ELISA – To observe the release of VEGF, 
VEGF-loaded NCs were incubated with cell 
conditioned medium (CCM; medium incubated 
with HUVECs for 3 days), blank conditioned 
medium (BCM; medium incubated without 
HUVECs for 3 days), 10 mM H2O2, and water 
(MiliQ) for 1, 2, 3, 6, 19, and 24h on 37°C. To 
assess the effect of dextranase on VEGF stability, 
20 ng/mL VEGF was incubated with 250 µg/mL 

dextranase, 10 mM H2O2, 250 µg/mL dextranase 
with 10 mM H2O2, and PBS for 14h, 24h, and 5 
days on 37°C. Additionally, 20 ng/mL freshly 
prepared VEGF (0h) was incubated with PBS. To 
investigate whether dextranase could enhance 
VEGF release, VEGF-loaded NCs were incubated 
with BCM, CCM with 10 mM H2O2 or dextranase 
250 µg/mL or 10 mM H2O2 and dextranase 250 
µg/mL for 3, 8, 20, and 26h on 37°C. All assays 
were performed according to the manufacture’s 
guidelines ((BioLegend, 446504).   

Proliferation assay – To examine whether 
VEGF retains its angiogenic effect post-irradiation, 
HUVECs were seeded in 96-well plates (2x103 

cells) and irradiated with 2, 5, and 10 Gy using an 
X-ray irradiator (Xoft® Axxent® Electronic 
Brachytherapy (eBx®) System®). Afterwards, 
HUVECs were treated with 20 ng/mL VEGF for 
24, 48, and 72h. untreated irradiated and non-
irradiated cells were used as a negative control. 
Images were captured every 2h for 72h at 10x 
magnification using the Incucyte S3 Live-Cell 
system (Sartorius). Data analysis was performed 
using the Incucyte Analysis Software. 

Statistical analysis – The statistical analysis 
was carried out using GraphPad Prism 10 
(GraphPad Software, version 10.5.1). All data are 
presented as the mean ± Standard Error of the Mean 
(S.E.M). Normality was checked using the Shapiro-
Wilk test. One-way ANOVA was used for 
continuous data with one independent variable, and 
two-way ANOVA for two independent variables, 
with Dunnett's test for multiple comparisons. If 
outliers were detected, a mixed-effect analysis was 
performed. ***P<0.0001, **P<0.001, *P<0.01.  
 
RESULTS 

tBHP served as an efficient ROS inducer 
while preserving cell viability - In this study, we 
first aimed to optimize a positive control for ROS 
production in HUVECs to facilitate further ROS 
experimentation in vitro. For this purpose, tert-
butyl hydroperoxide (tBHP) was selected due to its 
capability to induce ROS generation in various 
cellular systems, such as hepatocytes and 
endothelial cells via lipid peroxidation and protein 
oxidation (46, 47). An ideal positive control for 
ROS production maximizes ROS levels without 
inducing cytotoxicity. To evaluate the cell viability 
upon tBHP treatment, an Alamar Blue assay was 
performed. HUVECs were exposed to various 
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concentrations of tBHP (5, 50, 100, 200, 500µM) 
for 1, 2, and 3h. (Fig 2a). Our results show that 5 
and 50 µM tBHP did not induce cell death. 
Conversely, 200 and 500 µM tBHP significantly 
induced high levels of cell death across all time 
periods. Specifically, 200 µM tBHP decreased cell 
viability to 42% after 3h, while 500 µM tBHP 
reduced cell viability to 25%. Moreover, exposure 
to 100 µM tBHP resulted in significant, yet less 
extensive, cell death with a cell viability of 78% 
after 3h. Consequently, due to the high levels of 
cytotoxicity observed, concentrations of 200 and 
500 µM tBHP were excluded from further 
experiments and were not used as positive controls 
for ROS production.  

Following cytotoxicity evaluation, ROS 
production induced by tBHP was assessed by an 
H2DCFDA assay. HUVECs were exposed to 
various concentrations of tBHP (5, 50, 100µM), 
and ROS production was monitored as a 3h 
timelapse using a plate reader. The results showed 
that treatment with 5 µM tBHP did not produce 
higher ROS levels compared to the negative control 
(0.11). However, treatment with 50 µM tBHP and 
100 µM tBHP resulted in higher ROS levels of 0.28 
and 0.24, respectively (Fig. 2b). To validate the 
ROS production by tBHP, FACS was performed on 
HUVECs treated with various tBHP concentrations 
(5, 50, 100µM) for 3h. Consistent with the plate 
reader results, the FACS data showed an increase in 
DCF fluorescent intensity and DCF-positive cells 
with increasing tBHP concentrations compared to 
the control group (Fig. 2c-d). To conclude, our data 
indicates that the concentration of 50 µM tBHP 
emerges as the optimal choice for inducing 
significant ROS production without eliciting 
cytotoxic effects, thus positioning it as the preferred 
positive control for subsequent ROS experiments.  

To investigate the oxidative stress response of 
HUVECs following ROS induction by tBHP, qPCR 
and Ellman’s reagent assays were performed. The 
Ellman’s reagent assay was conducted to gain 
insight into the balance between reduced 
glutathione (GSH) and its oxidized form, 
glutathione disulfide (GSSG). This balance is a 
critical mechanism in the antioxidant system of the 
cell. Specifically, reduced GSH is essential for 
neutralizing cellular ROS by undergoing oxidation 
to GSSG (48). The Ellman’s reagent assay 
measures the amount of cellular reduced GSH. For 
this, HUVECs were treated with various 

concentrations of tBHP (5, 50, and 100 µM) for 
24h. The results demonstrated a concentration-
dependent increase in the amount of reduced GSH 
with increasing tBHP concentrations (Fig. 2e). 
Control cells exhibited a baseline level of 0.4 µM 
reduced GSH. Treatment with 5, 50, and 100 µM 
tBHP resulted in increased levels of reduced GSH 
to 5, 61, and 101 µM, respectively. Furthermore, 
the Ellman’s reagent assay was repeated on the 
same samples (HUVECs treated with 5, 50, and 100 
µM tBHP for 24h) after treatment with 2 mM of 
TCEP, a substance that converts GSSG into its 
reduced GSH form by breaking disulfide bonds 
present in GSSG. Using TCEP allows for the 
measurement of the total cellular pool of GSH, as 
TCEP reduces all cellular GSSG to GSH (49, 50).  
The results of the Ellman’s assay indicated that the 
total pool of GSH present in the different samples 
was approximately the same, with concentrations of 
approximately 210 µM for the untreated control, 
198 µM in the 5 µM tBHP sample, 201 µM in the 
50 µM tBHP sample, and 203 µM in the 100 µM 
tBHP sample (Fig. 2e). Additionally, we calculated 
the amount of GSSG by subtracting the amount of 
reduced GSH from the total GSH pool since the 
total pool of GSH in the cell comprises both 
reduced GSH and GSSG. These calculations 
showed that the control cells exhibited a baseline 
level of 209 µM GSSG. Treatment with 5, 50, and 
100 µM tBHP resulted in decreased levels of GSSG 
to 193, 140, and 102 µM, respectively. conclusion, 
our findings suggest that increasing tBHP 
concentrations increases cellular reduced GSH 
levels and decreases GSSG amount. Furthermore, 
we used qPCR to assess the expression levels of key 
antioxidant genes (SOD1, SOD2, CAT, gpX1, 
gpX4, Gr, NRF2, and NQO1) after treating the cells 
with 5, 50, and 100 µM tBHP for 3h. This was done 
to determine if these genes were upregulated, 
indicating activation of the cell's antioxidant 
mechanism. Our findings revealed a concentration-
dependent effect in the expression of SOD1, Gr, 
NRF2, and NQO1, with higher mRNA levels 
correlating with increasing tBHP concentration 
(Fig. 2f). At 100 µM tBHP, SOD1 and SOD2 
mRNA levels showed approximately 1.2- and 1.4-
times higher expression, respectively. Gr mRNA 
expression was 2 times higher, while the expression 
of NRF2 and NQO1 exhibited approximately 1.5- 
and 1.9-times increases,  respectively,  following    
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treatment with 100 µM tBHP. In contrast, CAT 
mRNA levels decreased with increasing tBHP 
levels, while GpX1 and GpX4 mRNA levels 
remained relatively stable across all tBHP 
concentrations tested. In conclusion, our findings 

suggest that increasing tBHP concentrations induce 
higher oxidative stress in HUVECs, which in turn 
prompts an upregulation of antioxidant gene 
expression, including SOD1, Gr, NRF2, and 
NQO1.  

 

Figure 2: tBHP Induces cellular redox changes and cell death at high concentrations. (A) Alamar Blue cell viability assay of HUVECs 
treated with different concentrations of tBHP (5, 50, 100, 200, 500 µM) for 1, 2, and 3h. Concentrations of 100, 200, and 500 µM tBHP induced 
high levels of cell death across all time periods, whereas 5 and 50 µM tBHP did not affect cell viability. Data is normalized to the untreated 
control (dotted line) and Milli Q was used as a positive control for cell death. n=3. (B) The intracellular ROS generation measured by the 
H2DCFDA assay. the fluorescence intensity of DCF is measured in a timelapse of 3h after incubating HUVECs with different concentrations 
of tBHP (5, 50, 100, 200, 500 µM). Treatment with 5 and 50 µM tBHP caused an increase in ROS levels compared to the control. Untreated 
cells were used as the negative control. n=1. (C) DCF fluorescent signal measured by FACS, after tBHP treatment (5, 50, and 100 µM) for 3h. 
Vertical line represents the fluorescent intensity of the untreated control. (D) Percentage of DCF positive cells after tBHP treatment (5, 50, 
and 100 µM) for 3h, measured by FACS. The percentage H2DCFDA positive cells increased over time. n=2. (E) Ellman’s reagent assay of 
HUVECs treated with different concentrations of tBHP (5, 50, 100, 200, 500 µM) for 24h. The data represents concentration of oxidized 
glutathione (GSSG), reduced glutathione (GSH), and the total GSH pool in the cell. The data shows an increase in reduced GSH and decrease 
in GSSG with increasing tBHP concentrations. Untreated cells served as the negative control. n=1. (F) Gene expression levels of antioxidant 
genes (SOD1, SOD2, CAT, GPX1, GPX4, NRF2, and NQO1) in HUVEC treated with different concentrations of tBHP (5, 50, and 100 µM) for 
3h. Data shows an increasing trend in SOD1, SOD2, Gr, NRF2, and NQOP1 gene expression with higher tBHP concentrations. n=2. Data are 
represented as mean ± SEM. ***P<0.0001, **P<0.001, *P<0.01, as determined by two-way ANOVA followed by Dunnett’s multiple 
comparisons test (A, D). SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2; CAT, catalase; gpX1, glutathione peroxidase; pgX4, 
glutathione peroxidase; Gr, glutathione reductase; NRF2, nuclear factor erythroid 2-related factor 2, NQO1, NAD(P)H quinone 
oxidoreductase.   
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ROS-responsive Rho B- and VEGF- 
loaded nanocarriers do not induce 
cytotoxicity at low concentrations - For NCs 
to be deemed appropriate as a safe DDS for 
preclinical, translational, and clinical studies, it is 
imperative that they demonstrate non-toxicity 
within a cellular environment. For this purpose, we 
investigated whether Rho B and VEGF-loaded NCs 
exhibit a cytotoxic effect on HUVECs using an 
Alamar Blue assay. The results indicate that low 
concentrations of Rho B-loaded NCs (5, 10, 50, and 
100 µg/ml) and VEGF-loaded NCs (5, 10, and 50 
µg/ml) exhibited no toxicity in HUVECs over a 72h 
period (Fig. 3a and 1b). However, treatment with 
200 µg/ml of Rho B-loaded NCs notably decreased 
cell viability. Following exposure to this 
concentration, cell viability decreased to 30% after 
24h, further dropping to 15% after 48 and 72h. In 
comparison, treatment with both 100 µg/ml and 200 
µg/ml of VEGF-loaded NCs resulted in decreased 
cell viability. Specifically, treatment with 100 
µg/ml decreased cell viability to 80% after 24 and 
48h, while at a concentration of 200 µg/ml, cell 
viability dropped to 10% after 24h. These results 
indicate that low concentrations of NCs, do not 
induce cytotoxicity in HUVECs. Moreover, there is 
a noticeable decrease in cell viability with higher 
and longer treatments, indicating a concentration 
and time-dependent decline.  

 
HUVECs effectively take up Rho B- 

loaded NCs - Following the cell viability study, 
subsequent experiments were conducted to 
investigate the uptake of Rho B-loaded NCs by 
HUVECs. Initially, NC colocalization with 
HUVECs was assessed via FACs analysis. 
HUVECs were exposed to the highest non-toxic 
concentration of Rho B-labeled NCs (100 µg/mL) 
for varying durations (2, 4, 6, and 24h). The results 
demonstrated a time-dependent increase in Rho B 
fluorescent intensity within HUVECs compared to 
the untreated control, with peak fluorescence 
intensity rising as the duration of NC incubation 
increased (Fig 3c). Furthermore, the percentage of 
Rho B-positive cells significantly increased with 
prolonged incubation times (Fig. 3d), rising from 
74% at 2h to 98% at 24h, compared to the negative 
control. To ensure that the NCs were not adhering 
to the cell membrane, NC internalization was 
evaluated using an IF staining performed with the 

confocal microscope in Z-stack mode. For this 
purpose, HUVECs were treated with 100 μg/mL of 
Rho B-loaded NCs for 24h. Results show that Rho 
B-loaded NCs were internalized by HUVECs and 
were located in proximity of the cell nucleus (Fig. 
3e, white arrows). Collectively, these data suggest 
that the NCs are effectively internalized by 
HUVECs.  
 
Rho B- and VEGF-loaded NCs do not 
induce cellular stress - To evaluate the impact 
of NC treatment on oxidative stress levels in 
HUVECs, an H2DCFDA assay was conducted. 
HUVECs were treated with various concentrations 
of both Rho B- and VEGF loaded NCs (10, 50, 75, 
100, and 100 µg/mL) for 24, 48, and 72h. The 
results indicate that neither Rho B-loaded nor 
VEGF-loaded NCs tended to increase the ROS 
levels compared to the negative control after 24h 
(Fig 3h and 3i). Subsequent treatment with both 
NCs showed a tendency for a minor increase in 
ROS generation after 48 and 72h; however, this 
elevation was minimal and did not reach substantial 
levels. Notably, despite the prior optimization of 
the positive control for ROS production, it too 
showed no significant increase in ROS levels 
compared to the untreated control. Overall, these 
findings suggest that both NCs tend to induce only 
a modest elevation in ROS production, which is not 
pronounced.  
 
Dextranase enhances the release of VEGF 
from VEGF-loaded NCs in vitro - 
Furthermore, we aimed to evaluate the 
responsiveness and VEGF release from our VEGF-
loaded NCs. To achieve this, we conducted in vitro 
experiments in which the particles were treated 
with the ROS molecule H2O2 to examine both the 
responsiveness and the amount of VEGF released. 
Demonstrating the efficient VEGF release from 
NCs upon exposure to ROS molecules, confirms 
their potential as drug delivery system to release 
VEGF in a controlled and targeted manner for 
therapeutic use in ARD. To evaluate the VEGF 
release from ROS-responsive NCs, the NCs were 
incubated with cell conditioned medium (CCM; 
medium incubated with HUVECs for 3 days), blank 
conditioned medium (BCM; medium incubated 
without HUVECs for 3 days), 10 mM H2O2, and 
water for 1, 2, 3, 6, 19, and 24h. 
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Figure 3: Rho B-loaded NCs are biocompatible, taken up by HUVECS, and do not induce cellular stress. (A, B) Alamar Blue cell viability 
assay of HUVECs treated with different concentrations of Rho B-loaded NCs (A) and VEGF-loaded NCs (B) (5, 10, 50, 100, and 200 
μg/mL) for 24, 48, and 72h. HUVECs exhibited reduced cell viability with 200 µg/mL of Rho B-loaded and VEGF-loaded NCs across 
all incubation times, and with 100 µg/mL of VEGF-loaded NCs for 24 and 48h. Data is normalized to the untreated control (dotted 
line) and Milli Q was used as a positive control for cell death. n=3. (C) Percentage of Rho B positive cells after treatment with 100 
µg/mL Rho B-loaded NCs for 2, 4, 6, and 24h, measured by FACS. The percentage Rho B positive cells increased significantly over 
time. Data is normalized to the untreated control (Neg. Ctrl). n=2.  (D) Rho B fluorescent signal measured by FACS after 100 µg/mL 
Rho B-loaded NC treatment for 24h. Vertical line represents the fluorescent intensity of the untreated control. (E) Representative Z-
stack image of HUVECs treated with 100 μg/mL Rho B-loaded NCs for 24h. Nuclei (DAPI, blue), cell membrane (WGA, red), and 
Rho B NCs (yellow). Image shows Rho B NC internalization by HUVECs (white arrow). Scale bar: 40µm. (F, G) HUVEC intracellular 
ROS detection by H2DCFDA assay after 24, 48 and, 72h of treatment with different concentration of Rho B-loaded NCs (10, 50, 75, 
100, 125 μg/mL) (F) and VEGF-loaded NCs (10, 50, 75, 100, 125 μg/mL) (G). ROS levels tend not increase after 24h with Rho B and 
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The release of VEGF determined using an ELISA 
assay and our results showed a 0.01 ng/ml VEGF 
release after 1h incubation with water, 10 mM 
H2O2, and CCM (Fig 4a). Notably, incubation with 
BCM showed a higher VEGF release (0.039 
ng/mL). These findings suggest that the levels of 
ROS in the CCM were insufficient to crack the 
NCs. Furthermore, H2O2 was not effective in 
breaking down the NCs compared to water.  

To enhance the VEGF release from the NCs, 
we employed dextranase, an enzyme that degrades 
dextran, to facilitate the cracking of NCs and 
subsequent VEGF release. This approach was 
chosen based on previous studies that demonstrated 
the effectiveness of dextranase in promoting the 
degradation of dextran-based materials (7, 8). 
Before proceeding with this approach, we first 
evaluated whether dextranase could adversely 
affect VEGF stability.  Given that dextran requires 

a temperature of 37°C for optimal functionality, all 
samples were incubated at this temperature. An 
ELISA was conducted using 20 ng/mL VEGF, 
incubated with either 250 µg/mL dextranase, 10 
mM H2O2, or a combination of 250 µg/mL 
dextranase with 10 mM H2O2, and PBS for 14h, 
24h, and 5 days. Additionally, the amount of freshly 
prepared VEGF (0h) in PBS was also detected. Our 
results show that at 0h, the initial VEGF 
concentration in PBS is 1.83 ng/mL and further 
declines to 0.32 ng/mL at 14h (Fig S1), indicating 
rapid VEGF degradation, likely influenced by RT. 
Furthermore, VEGF levels were lower in the 
dextranase-treated group (0.1 ng/mL) compared to 
the PBS control group (0.32 ng/mL) (Fig. 4b). From 
14h to 5 days, all groups showed a similar trend of 
decreasing VEGF levels. These data suggest a 
modest negative impact of dextranase and 
temperature on VEGF stability and bioactivity.  

 

Figure 4: Dextranase enhances VEGF release from VEGF-loaded NCs in presence of H2O2, despite negative impact on VEGF stability. (A) 
VEGF concentration released from VEGF-loaded NCs exposed to cell conditioned medium (CCM; medium incubated with HUVECs for 3 days), 
blank conditioned medium (BCM; medium incubated without HUVECs for 3 days), 10 mM H2O2, and water for 1, 2, 3, 6, 19, and 24h, de. Data 
suggests no large differences in the VEGF release between the conditions. (B) VEGF concentration after 20ng/mL VEGF was incubated with 250 
µg/mL dextranase, 10 mM H2O2, 250 µg/mL dextranase with 10 mM H2O2, and PBS for 14h, 24h, and 5 days. VEGF levels were lower in the 
groups treated with dextranase, H2O2, and their combination compared to the PBS control group. (C) VEGF concentration released from VEGF-
loaded NCs incubated with BCM, CCM with 10 mM H2O2 or dextranase 250 µg/mL or 10 mM H2O2 and dextranase 250 µg/mL for 3, 8, 20, and 
26h. Data shows a slight increase in released VEGF upon the presence of dextranase and dextranase with H2O2 compared to the group solely 
exposed to H2O2. CCM, conditioned medium; BCM, blank conditioned medium; Dex, Dextranase.  
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Following this experiment, we investigated 
whether dextranase could enhance VEGF release 
from the NCs. For this purpose, the VEGF release 
was quantified by ELISA on supernatant from NCs 
exposed to four distinct media conditions (BCM, 
CCM with 10 mM H2O2 or dextranase 250 µg/mL 
or 10 mM H2O2 and dextranase 250 µg/mL) for 3, 
8, 20, and 26h. Our findings demonstrate a slightly 
higher release of VEGF upon the presence of 
dextranase (1.2 ng/mL VEGF) and dextranase with 
H2O2 (0.9 ng/mL VEGF) compared to the group 
solely exposed to H2O2 (0.8 ng/mL VEGF) (Fig. 
4c). Furthermore, from 3h to 26h, there was a 
decreasing trend of VEGF among all groups. 
Conclusively, these results suggest that dextranase 
has the potential to augment the release of VEGF 
from the NCs.  
 

Development of an in vitro model that 
mimics ARD - Following radiotherapy, the skin 
experiences heightened levels of ROS, leading to 
significant damage to both the skin and its blood 

vessels. The goal is to simulate this phenomenon by 
establishing an in vitro ARD model. This model 
will aid in assessing the ROS responsiveness of 
VEGF-loaded NCs and the angiogenic potential of 
the released VEGF, thereby enabling a better 
observation of the particles and the potential of 
VEGF in ARD. To accomplish this, HUVECs were 
exposed to low energy X-ray irradiation at doses of 
1, 10, and 20 Gy, followed by the measurement of 
ROS levels using a H2DCFDA assay. Our results 
show that HUVECs irradiated with 20 Gy produce 
higher ROS levels compared to the nonirradiated 
negative control, while irradiation with 10 and 1 
Gy did not result in elevated ROS production (Fig. 
5a). Subsequently, an Alamar Blue assay was 
performed to assess the cell viability of HUVECs 
irradiated with 1, 10, and 20 Gy (Fig. 5b). Our 
results revealed no cytotoxicity at 1 and 10 Gy after 
24h. However, 20 Gy irradiation led to a significant 
decrease in cell viability, dropping to 78% at 48h 
and 67% at 72h compared to the nonirradiated 
negative control.  Additionally, we investigated 

 

Figure 5: 10 Gy of X-ray irradiation cause elevated ROS, reduce cell viability, and negatively impact VEGF stability. (A) Alamar Blue cell 
viability assay of HUVECs exposed to low energy X-ray irradiation at doses of 1, 10, and 10 Gy. Cell viability was measured 24, 48 and 72h 
after exposure. Data shows no cytotoxicity at 1 and 10 Gy, while 20 Gy led to a significant decrease in cell viability. Data is normalized to the 
negative control (dotted line) and Milli Q was used as a positive control for cell death. n=2. (B) The intracellular ROS generation measured by 
the H2DCFDA assay. The DCF fluorescence intensity is measured over a timelapse of 3h after exposure of HUVECs to low energy X-ray 
irradiation at doses of 1, 10, and 10 Gy. HUVECs irradiated with 10 Gy tend to produce higher ROS levels compared to the negative control, 
while irradiation with 10 and 1 Gy did not show elevated ROS production. n=2. (C) HUVECs confluence was measured using a proliferation 
assay after exposure to low energy X-ray irradiation of 10 Gy and subsequent treatment with 20 ng/ml of VEGF for 72h. The data indicates 
that, even post-irradiation, VEGF caused a slight promotion of cell proliferation, albeit at a reduced level compared to nonirradiated cells. 
n=1. All data are represented as mean ± SEM. *P<0.0001 as determined by two-way ANOVA followed by Dunnett’s multiple comparisons test 
(A).  
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whether transporting HUVECs in a 37°C box, 
without 5% CO2, to the irradiation device 
influenced cell viability. Our results indicated that 
there was no effect on cell viability of the HUVECs 
due to the transport (Fig. S2). In conclusion, these 
findings indicate that 20 Gy irradiation induces 
toxicity in HUVECs.  
We further aimed to investigate whether irradiation 
of the cells would influence the capacity of VEGF 
to promote proliferation. Assessing the impact of 
irradiation on the efficacy of VEGF in promoting 
HUVEC proliferation enables us to evaluate the 
effectiveness and reliability of our approach in 
stimulating cell proliferation after VEGF release for 
the NCs, despite potential structural alterations in 
HUVECs. To achieve this, HUVECs were exposed 
to low-energy X-ray irradiation at 10 Gy, followed 
by treatment with VEGF (20 ng/mL). 
Subsequently, we assessed cell proliferation over a 
period of 72h. We observed that administration of 
VEGF after irradiation resulted in a slightly higher 
increase in cell confluence compared to the 
irradiated untreated cells over the 72h period. 
However, it is important to note that this increase in 
proliferation was very minimal (Fig. 5c). Moreover, 
the proliferation capacity of irradiated HUVECs 
was lower than that of the unirradiated cells. VEGF 
treatment of unirradiated cells caused a much 
stronger increase in proliferation of HUVECs 
compared to the irradiated cells over the 72h period. 
The same trend was observed for irradiation at 2 Gy 
(Fig. S3a) and 5 Gy (Fig. S3b). The capacity of 
VEGF to promote proliferation was higher at 5 Gy 
and even greater at 2 Gy compared to 10 Gy, 
indicating a dose-dependent effect. In conclusion, 
these results indicate that irradiation has a negative 
impact on cell proliferation in general and on the 
efficacy of VEGF in promoting cell proliferation. 
 
DISCUSSION 

Radiation therapy (RT) is a common cancer 
treatment but often causes adverse inflammatory 
skin reactions such as ARD (3). Due to the lack of 
consensus on therapy, evidence-based treatment 
strategies are urgently needed to improve the 
healing of RT-induced wounds (7-10). 
Nanomedicine has recently gained popularity for its 
ability to protect drugs against in vivo degradation 
and deliver them precisely to targeted sites, 
enhancing therapeutic efficacy and reducing 
toxicity (34-36). RT induces ARD by damaging 

blood vessels and generating ROS, which harms the 
skin. Growth factors that promote angiogenesis are 
crucial for mitigating these effects (20, 21, 24, 51). 
This study aims to propose a new therapy for RT-
induced wounds by examining the 
biocompatibility, uptake, and cellular stress effects 
of NCs, their responsiveness to ROS and 
subsequent VEGF release, and by creating and 
evaluating an in vitro ARD model. 

First, we aimed to optimize tBHP as a positive 
control for ROS production. The Alamar Blue assay 
results showed no cytotoxicity in HUVECs at low 
tBHP concentrations (5 and 50 µM), while 200 and 
500 µM tBHP induced significant cell death (52, 
53). These findings align with previous studies, 
which reported no significant impact on cell 
viability with 50 µM tBHP, but notable reductions 
at 200 µM and higher, leading to necrosis. Our 
results also showed a significant reduction in cell 
viability at 100 µM tBHP, yet after 72h, average 
cell viability remained at 78%, close to the 
biocompatibility threshold of 80% (53-55). 

However, it's important to consider the 
potential influence of cell passage on these 
findings. Older cells might exhibit reduced 
resilience to high ROS production compared to 
younger ones (56-58).  

Furthermore, we investigated ROS levels in 
HUVECs using tBHP and an H2DCFDA assay 
with FACS. Concentrations of 50 µM and 100 µM 
tBHP significantly increased ROS levels compared 
to the control, consistent with previous studies (46, 
53). Notably, 50 µM tBHP produced slightly higher 
ROS levels than 100 µM after 3h. Additionally, the 
Alamar Blue assay showed that 100 µM tBHP 
slightly decreased cell viability. The reduced ROS 
levels can be explained by the fact that dead cells 
produce less ROS due to ceased metabolic activity 
(60, 61). This contradicts our FACS results, where 
100 µM tBHP induced higher ROS levels compared 
to 50 µM tBHP. Differences in cell passages might 
contribute to these discrepancies between the FACS 
and timelapse data. Younger cells, which have a 
more robust defense system against ROS due to 
higher antioxidant levels, can better recover from 
ROS damage (56-58). For instance, the cell passage 
used for the FACS analysis was #7, while younger 
cells were used for the H2DCFDA assay, potentially 
explaining the data variation. In the FACS, we 
observed that even the negative control showed 
detectable ROS levels, which are normal for regular 
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cellular functions such as signal transduction, cell 
proliferation, and immune responses (62-64). 
Additionally, the FACS involved changing the 
medium condition from 10% to 0.25% FCS, a 
drastic reduction that likely caused a slight increase 
in ROS due to the immediate shock experienced by 
the cells (65-67). 

To investigate the cell's antioxidant response 
to ROS, we performed an Ellman’s reagent assay 
and qPCR to examine the antioxidant system. The 
Ellman’s assay measured the total glutathione pool, 
including oxidized (GSSG) and reduced (GSH) 
glutathione levels, after treatment with 5, 50, and 
100 µM tBHP. We observed a concentration-
dependent increase in GSH and a decrease in GSSG 
with higher tBHP concentrations. However, these 
findings were unexpected, diverging from the 
anticipated outcome.  Ordinarily, one would 
anticipate observing higher GSSG and lower GH 
levels with increasing ROS concentrations within 
the cell. This expectation arises from the 
understanding that elevated ROS levels lead to 
increased oxidation of GSH to GSSG for ROS 
removal (68-71). This is supported by literature; 
Unterluggauer et al. demonstrated that high tBHP 
concentrations induce the conversion of the 
predominant cellular reduced GSH to oxidized 
GSSG (72). However, cells contain enzymes like 
Gr that recycle GSH by converting GSSG back into 
GSH (73, 74). Upregulating Gr can increase the 
conversion of GSSG to GSH. Our qPCR data 
showed that Gr expression was twice as high in 
cells treated with 100 µM tBHP compared to the 
negative control, indicating that Gr is actively 
reducing GSSG to GSH. This explains the 
increased GSH and decreased GSSG levels 
observed in the Ellman's assay and suggests that the 
cell's antioxidant mechanism is combating the high 
ROS levels (75, 76).  

Furthermore, the qPCR analysis showed a 
concentration-dependent increase in the expression 
of antioxidant genes SOD1, Gr, NRF2, and NQO1, 
with higher mRNA levels and rising tBHP levels, 
indicating active antioxidant responses against 
ROS. In contrast, CAT mRNA levels decreased 
with higher tBHP concentrations, while GpX1 and 
GpX4 mRNA levels remained stable across all 
tBHP concentrations. This suggests that some 
genes may initially increase expression in response 
to tBHP-induced oxidative stress as part of the early 
cellular response to counteract ROS accumulation, 

but the expression levels of these genes return to 
baseline or decrease as the stress persists or cellular 
signaling adapts (77-80). In our study, we measured 
gene expression only after 24h, possibly missing 
transient changes. The decline in CAT expression 
observed may be due to its critical role in the initial 
stages of antioxidant defense. In situations of 
oxidative stress, CAT rapidly converts H2O2 into 
water and oxygen to prevent ROS accumulation 
(81, 82). Other studies have also reported decreases 
in CAT expression in HUVECs (83). By measuring 
gene expression at a single time point, we may miss 
earlier transient changes in the cellular response. 
Conducting time-course experiments, monitoring 
gene expression at multiple time points after tBHP 
exposure, would offer a more comprehensive 
understanding of antioxidant gene expression 
dynamics in response to oxidative stress. This 
approach would also enable a better study of ROS 
kinetics and associated enzymes.  

Furthermore, Rho B and VEGF-loaded NCs 
were tested for their effects on HUVECs, including 
cytotoxicity, ROS production, and cellular uptake. 
Maintaining safety for future in vivo use is crucial. 
Low concentrations of both NCs (5-100 µg/ml) 
showed no cytotoxicity, attributed to the 
biocompatible dextran in the NCs (84, 85). 
However, higher concentrations (200 µg/ml) 
exhibited cytotoxicity. Ferrer et al. revealed similar 
results in which cell viability of HUVECs was not 
affected when treated with 20 µg/ml dextran based 
nanogels for 24h. However, treatment with 200 
µg/ml nanogels for 24h caused a significant 
cytotoxic effect (86). When NCs are internalized, 
mechanical stress and membrane deformations can 
lead to cell death (87, 88). Elevated NC 
concentrations may cause oxidative stress by 
overproducing ROS, damaging cellular 
components and resulting in cell death. Studies 
have shown increased ROS levels in HUVECs 
treated with silver NCs, leading to similar harmful 
effects (89, 90). Our results on the ROS production 
upon treatment with Rho B and VEGF-loaded NCs 
showed no large increase in ROS production. 
However, it is worth noting that we did not test 
concentrations of 200 µg/ml NCs on ROS 
production, since the Alamar Blue assay indicated 
that this concentration caused significant cell    
death    in    HUVECs.    Therefore, further 
validation of ROS production with 200 µg/ml NCs 
should be carried out to better understand the role 
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of ROS in the observed cytotoxicity. Additionally, 
High NC concentrations can disrupt cellular 
homeostasis by creating an osmotic pressure 
imbalance, leading to cytotoxic effects (93).  
Treatment with NCs occasionally slightly reduced 
cellular ROS levels compared to the untreated 
control. Yaqin et al. suggest this reduction may be 
due to ROS oxidizing thioketal linkers, potentially 
explaining the observed decrease in ROS following 
NC treatment (52). Additionally, our results 
indicated a minor increase in ROS generation after 
48 and 72h of NC treatment. The ROS increase 
might be due to mitochondrial ROS production 
from ROS-induced apoptosis, which could be 
further investigated using MITOsox (94 - 97). The 
positive control showed lower ROS levels than 
during the optimization phase. This could be due to 
differences in cell viability and health, reagent age 
(H2DCFDA), experimental conditions, and cell 
passage number which may have impacted ROS 
production (100). After the cell viability study, we 
evaluated the potential of Rho B-loaded NCs for 
drug delivery by assessing their cellular uptake. Z-
stack images demonstrated effective uptake of NCs, 
positioning them near the cell nucleus. Coenen et 
al. also observed similar localization of dextran 
NCs near the nucleus in HUVECs, supporting our 
findings (91). FACS analysis revealed time-
dependent colocalization of Rho B NCs by 
HUVECs, with the percentage of Rho B positive 
cells increasing to 98% after 24h. Other studies 
have reported high uptake of dextran-based 
nanocarriers by HUVECs (86, 101). This efficient 
uptake of dextran NCs may be attributed to reduced 
opsonization by proteins in the medium and 
decreased nonspecific hydrophobic interactions 
between the carrier and cell membranes caused by 
the present of dextran (102, 103). Nanoparticle size 
is crucial for cellular uptake. Suzuki et al. showed 
that smaller TiO2 NCs (20 nm) are internalized 
more than larger ones (250 nm)(46). Our NCs, at 
179 nm, are optimal for uptake, as previous studies 
confirm efficient uptake of similar-sized NCs by 
HUVECs. Additionally, the zeta potential (-14 mV) 
of our NCs enhances their interaction with the cell 
membrane, improving uptake (104-106).  

In the following phase of our investigation, we 
aimed to test our NCs responsiveness to H2O2. 
These NCs, primarily made of thioketal linkers, are 
designed to release VEGF upon ROS exposure  (43-
45, 107). Initially, VEGF-loaded NCs were 

exposed to various conditions, including H2O2, 
CCM, BCM, and water. Surprisingly, VEGF 
release remained consistent across all conditions, 
even higher in blank conditioned medium. This 
indicates that ROS levels in CCM were insufficient 
to trigger NC dissolution, suggesting low ROS 
production by HUVECs. This experiment 
effectively rules out any influence of HUVECs on 
NC cracking, crucial for optimal drug delivery. The 
inefficiency of H2O2 in cracking the NCs might be 
due to its low concentration (10 mM), insufficient 
for significant oxidative stress needed to trigger 
thioketal linker cleavage. However, other studies 
have demonstrated content release from H2O2-
responsive NCs with just 1 mM H2O2 (109, 110). 
Another possibility is that the pores formed by 
H2O2 degradation of thioketal linkers are too small, 
since VEGF is a relatively large molecule (109). To 
boost VEGF release from the NCs, we used 
dextranase to enlarge the pores in their dextran shell 
(111-113). Before incorporating dextranase, we 
checked if it affected VEGF stability. VEGF was 
incubated with 250 µg/mL dextranase, H2O2, a 
combination of dextranase and H2O2, or PBS for 
14h, 24h, and 5 days at 37°C. Results showed lower 
VEGF levels in the dextranase-treated group 
compared to PBS, suggesting dextranase and the 
incubation temperature modestly negatively 
affected VEGF stability. This can be explained by 
the fact that dextranase likely contains proteolytic 
enzymes that contribute to VEGF degradation 
(114). Additionally, VEGF is sensitive to 
temperature, and prolonged exposure at 37°C 
accelerates its degradation (110, 115). Treating 
freshly made VEGF with PBS showed a drastic 
decrease from 1.83 ng/mL to 0.32 ng/mL within 14 
h. This rapid decline is consistent  with VEGF's 
known short in vivo half-life of approximately 30 
min. (30). Finally, we examined if dextranase could 
enhance VEGF release from the NCs by exposing 
them to BCM, CCM with 10 mM H2O2 or 
dextranase 250 µg/mL or 10 mM H2O2 and 
dextranase 250 µg/mL) for 3, 8, 20, and 26h. 
Results showed slightly higher VEGF release with 
dextranase and dextranase with H2O2 compared to 
H2O2 alone. Overall, these findings indicate that 
dextranase has the potential to boost VEGF release 
from the NCs. To enhance VEGF release from the 
NCs using dextranase, stabilizing VEGF is crucial 
to increase its half-life and maintain its 
functionality (116, 117). Bovine serum albumin 
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(BSA) is a potential stabilizer known for preserving 
proteins and drugs from degradation (118-120). 
Future experiments should focus on optimizing 
VEGF stabilization with buffers containing 1% 
BSA to ensure its efficacy and longevity in 
therapeutic applications. 
In the final part of our research we aimed to create 
an in vitro model of ARD by exposing HUVECs to 
varying doses of X-ray irradiation. An effective in 
vitro ARD model should mimic the conditions of 
elevated ROS levels observed in vivo without 
inducing significant cytotoxicity. We found that 
only the 20 Gy dose induced significant 
cytotoxicity after 48 and 72h, while cell viability 
was unaffected after 24h. This aligns with existing 
research suggesting cell death in HUVECs occurs 
at 20 Gy and higher doses (121, 122). Cell viability 
at 24 hours post-irradiation was consistently high, 
even at the 20 Gy dose. This delay in cytotoxicity 
at 20 Gy indicates that the harmful effects of high-
dose irradiation may take time to develop, likely 
due to ROS accumulation and subsequent cellular 
damage. These results confirm the accuracy of our 
model in replicating known radiation-induced 
cellular responses, particularly the dose-dependent 
cytotoxicity seen in HUVECs. This validation is 
essential for the credibility of our in vitro model in 
investigating ARD mechanisms. Furthermore, we 
investigated ROS production in HUVECs 
irradiated with 1, 10, and 20 Gy. Surprisingly, 
neither 1 Gy nor 10 Gy caused substantial ROS 
elevation. Even at 20 Gy, ROS increase was 
minimal. This suggests that the cytotoxicity at 20 
Gy may not be solely due to ROS rise, hinting at 
other contributing mechanisms, such as DNA 
damage and mutations induced by irradiation (13). 
The disparity between ROS levels and cytotoxicity 
at 20 Gy points to a potential flaw in our model. 
While high irradiation doses cause significant cell 
damage, ROS levels remain low. One solution is to 
adopt fractionated irradiation, delivering the total 
dose in smaller fractions over multiple sessions 
(123). This approach allows cells to undergo 
periods of rest and recovery between radiation 
doses, reducing the overall cytotoxicity while 
potentially increasing ROS levels. The advantage 
of fractionated is that it mirrors the clinical practice 
in which cancer patients also get fractionated 
radiotherapy, making in vitro studies more relevant 
and translatable to the clinical setting (124). In 
addition, we investigated whether irradiation 

affects HUVEC proliferation stimulated by VEGF. 
By assessing HUVEC response to VEGF post-
irradiation, we determine if VEGF, when released 
from the NCs, retains its pro-angiogenic function. 
HUVECs were irradiated with 2, 5, and 10 Gy. This 
choice mirrors clinical practice, where cancer 
patients typically receive fractionated doses, each 
around 2 Gy (124). We observed that 10 Gy 
irradiation negatively affected VEGF-induced 
HUVEC proliferation, consistent with findings by 
Kermani et al (125). Interestingly, they found that 
irradiation upregulated VEGF receptor 2 but 
demonstrated that pretreatment with VEGF165 
could reverse this effect and enhance VEGF's 
ability to promote proliferation. This suggests that 
pretreating with VEGF165 could be a promising 
approach to counteract irradiation's negative impact 
on endothelial cell proliferation, suggesting a 
valuable direction for further research. 
 
CONCLUSION 

In summary, the experiments in this study 
highlight the potential of ROS-responsive VEGF-
loaded NCs to enhance the healing of RT-induced 
wounds. Collectively, our results indicate that the 
optimization of the positive control for ROS was 
successful with 50 µM tBHP, as it induced high 
levels of ROS without causing any cell death. 
Moreover, tBHP treatment activated the 
antioxidant mechanism in HUVECs by increasing 
antioxidant gene expression and likely converting 
GSSG to reduced GSH for ROS oxidation. 
Additionally, both Rho B and VEGF-loaded NCs 
were biocompatible, efficiently taken up by 
HUVECs, and do not induce oxidative stress at low 
concentrations. The addition of dextranase 
increased the ROS responsiveness and subsequent 
release of VEGF from the NCs, enhancing their 
effectiveness. Moreover, X-ray irradiation at 20 Gy 
could potentially form a robust in vitro ROS model 
that mimics ARD, allowing further investigation of 
the NC ROS responsiveness and the effect of 
VEGF. Given these findings, this study offers a 
promising therapeutic potential of NCs as a drug 
DDS for administering VEGF to stimulate 
angiogenesis and wound healing at RT-induced 
injury sites. Future studies are necessary to further 
evaluate the therapeutic potential of VEGF-loaded 
NCs, aiming to confirm the safety and efficacy for 
the treatment of ARD. 
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SUPPLEMENTARY TABLES  
 
Table S1 – Human primer sets for qPCR analysis.  
 

Gene Primer Sequence (5’-3’) 
SOD 1  Forward CTCACTCTCAGGAGACCATTGC 
  Reverse CCACAAGCCAAACGACTTCCAG 
SOD 2  Forward TTTCAATAAGGAACGGGGACAC 
  Reverse GTGCTCCCACACATCAATCC 
CAT Forward TGGGATCTCGTTGGAAATAACAC 
  Reverse TCAGGACGTAGGCTCCAGAAG 
GpX 1 Forward GTGCTCGGCTTCCCGTGCAAC 
 Reverse CTCGAAGAGCATGAAGTTGGGC 
 GpX4 Forward ACAAGAACGGCTGCGTGGTGAA 
 Reverse GCCACACACTTGTGGAGCTAGA 
Gr  Forward TTCCAGAATACCAACGTCAAAGG 
  Reverse GTTTTCGGCCAGCAGCTATTG 
NRF2 Forward CACATCCAGTCAGAAACCAGTGG 
  Reverse GGAATGTCTGCGCCAAAAGCTG 
NQO1 Forward GAAGAGCACTGATCGTACTGGC 
  Reverse GGATACTGAAAGTTCGCAGGG 

 
 
 
SUPPLEMENTARY FIGURES  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1: VEGF stability decreases over time. ELISA detecting VEGF concentration after incubating 20ng/mL VEGF with PBS for 0h, 
14h, 24h, and 5 days. VEGF levels strongly decline from 0h to 14h and then decrease slightly up to 5 days. 
 

SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2; CAT, catalase; gpX1, glutathione peroxidase; pgX4, glutathione 
peroxidase; Gr, glutathione reductase; NRF2, nuclear factor erythroid 2-related factor 2, NQO1, NAD(P)H quinone oxidoreductase.   
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Figure S2: The transport process did not impact HUVEC cell viability. Alamar Blue cell viability assay of HUVECs incubated in the 
cell culture incubator and HUVECs transported to the x-ray irradiator. Data shows no difference in viability between the two, indicating 
no effect of transportation on cell viability. Data is normalized to the untreated control (dotted line). n=2. All data are represented as 
mean ± SEM.  

Figure S3: 2 Gy and 5 Gy X-ray irradiation negatively impact VEGF stability. HUVECs confluence was measured using a 
proliferation assay after exposure to low energy X-ray irradiation at 2 Gy (A) and 5 Gy (B) and subsequent treatment with 20 ng/ml of 
VEGF for 72h. Data shows that VEGF continues to promote cell proliferation after irradiation with 2 and 5 Gy, albeit at a reduced 
level compared to nonirradiated negative control cells. n=1. All data are represented as mean ± SEM. 
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