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Abstract 

Flavin adenine dinucleotide (FAD) is engaged in several metabolic diseases. Its main role is being a 
cofactor essential for the activity of many flavoproteins, which play a crucial role in electron transport 
pathways in living systems. The aim of this study was to apply a pegylated flavins formulation named 
FAD-PEG diacide complex as theranostic pathway in cancer therapy. For this purpose, a mouse liver 
cancer model induced by Hepa1-6 cells was used to evaluate the therapeutic efficacy of FAD (named 
NP1) and FAD-PEG diacide complex (named NP2). The cytokines were applied to screen the serum 
inflammatory factors, to establish the blood cell content of different groups of nude mice. The highlights 
follows that FAD formulations (NP1; NP2) significantly suppressed the tumor growth and reduced the 
tumor index without effects on the body weight of mice. Furthermore, NP2 significantly reduced the 
serum levels of cytokines IL-6, TNF-α and IL-12 (P70). The reported results provide the proof-of-concept 
for the synthesis of a smart adjuvant for liver cancer therapy and support their further development in the 
field of nanomedicine. 

 

Introduction 
Recent research studies demonstrate that human 

liver cancer is the fifth most common type of cancer. 
The percentage of liver cancer patients is highest in 
the uppermost in Asia and Africa, and conversely the 
lowest prevalence in Europe [1]. The common type of 
liver cancer is hepatocellular carcinoma (HCC) [2]. 
Some 75-90% of liver cancers are recognized as 
hepatocellular carcinoma (HCC) or malignant 
hepatomas, and it is the most frequent liver cancer [1]. 
There are several limitations to conventional 
overtures for liver cancer therapy [2]. Nanocarriers 
are capable of high drug loading capacity and 

stability, excellent tolerability, drug degradation, 
reduced multidrug resistance, controlled release and 
sustained delivery of anticancer drugs. Thus, 
therapeutics and theranostics drug delivery 
nanocarrier systems have significant benefits over 
common treatment methods [3,4]. Nevertheless, there 
are many challenges needed to be resolved in drug 
delivery systems, such as undue accumulation of the 
carriers in the liver, poor therapeutic efficacy on the 
cancer cells and any barriers near the tumor areas or 
in the vasculature area that realize obstacles to 
penetration into liver cancer cells needed to be 
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overcome [5]. Besides, the controlled release of some 
drugs from its nanocarrier in liver cancer is another 
challenge in the development of nanomaterials that 
need further studies. 

Flavin adenine dinucleotide (FAD) is committed 
in various metabolic reactions where the biological 
function is naturally connected to changes in 
conformation [6]. Its primary role is being a cofactor 
necessary for the activity of several flavoproteins, 
which is important in electron transport pathways in 
many living systems [7,8]. The last enzyme in the 
metabolic pathway producing FAD is FAD synthase, 
a protein confined in both cytosol and in 
mitochondria [9]. Different regulatory processes for 
cell life and death, which are ROS production, 
antioxidant defense, protein folding, and chromatin 
remodeling, also depend on more than 100 different 
flavoproteins [10]. Modifications in coenzyme levels 
have been remarked in many cancers [11]. Coenzymes 
take part in regulating enzyme activity to perform 
disparate biochemical reactions [12]. Mutations in 
metabolic enzymes obstruct typical biochemical 
reactions leading to many disorders [13,14,15]. 

Recently, J. Spadavecchia and D. Paleni have 
been conceived for the first time the role of FAD 
cofactor as hybrid theranostic complex in cancer 
therapy [16]. The first aim of the present study, was to 
evaluate the evolution of novel adjuvant in 
chemotherapy by using FAD complexed to pegylated 
chaines to obtain hybrid complex (FAD PEG- 
Diacide) and combined with a common chemo-
therapeutic (5 Fluoro Uracile; 5-FU) in the therapy of 
liver cancer [17]. For this purpose, a mouse liver 
cancer model induced by Hepa1-6 cells was used to 
evaluate the therapeutic efficacy of FAD (named NP1) 
and FAD-PEG diacide complex (named NP2). 
Animals were divided into 7 groups, which include: 
sham group (Sham), PEG group (Model), NP1 group 
(s.c.), NP2 group (s.c.), 5-FU group, NP1 and NP2 
combined with 5-FU group. Hepa1-6 cells containing 
matrigel were inoculated under the second pair of 
breast pads on the left side of the mouse (the total 
number of injected cells was 1.2×107), and 
administration was started 7 days after modeling, and 
the administration was continued for 3 weeks. All 
organs and tumor were dissected and the ratio (index) 
to weight was calculated. The cytokines were applied 
to detect the serum inflammatory factors, and the 
blood cell analyzer was used to determine the blood 
cell content of several groups of nude mice. The 
outcomes showed that FAD formulations (NP1; NP2) 
significantly suppressed the tumor growth and 
reduced the tumor index without effects on the body 
weight of mice. Moreover, NP2 meaningfully reduced 
the serum levels of cytokines IL-6, TNF-α and IL-12 

(P70). We assumed that FAD PEG-Diacide boosts 
immune system and might influence the expression of 
5-FU-associated enzymes and might increase 
sensitivity to 5-FU thanks to high metabolic stability 
under physiological conditions. 

We believe that this study is crucial for planning 
optimal chemotherapeutic regimens and for 
understanding the mechanisms of adverse effects of 
5-FU. 

Experimental section 
Materials and methods 

Flavine Adenine Nucleotide (FAD) is provided 
by FISHER SCIENTIFIC at maximum purity grade. 
Dicarboxylic PolyEthylene Glycol (PEG)-600 (PEG) 
(PEG-Diacide), Sodium Chloride NaCl (0.9%), 
Phosphate-Buffered Saline (PBS), EDTA, 5 
FluoroUracile (5-FU), Isoflurane, Paraformaldehyde 
were purchased by Sigma Aldrich at maximum purity 
grade. All solvents were used without any further 
purification. Experiments were carried out at room 
temperature if not specified otherwise. 

HEMAVET 950FS animal blood analyzer special 
reagents (Drew Scientific, Inc., USA); Cytokine 
detection kit (Brand: Biolegend, USA). Cultrex® 
Basement membrane matrix high concentration, 10X 
(Manufacturer: Corning, USA). Coupling agent (300 
mL) Manufacturer: Shandong Huikang Medical. 
68.8%~69.8% electronic grade nitric acid; Electronic 
grade hydrochloric acid Manufacturer: South Korea's 
DUKSAM company; Tuning solution for ICP-MS: 7Li, 
59CO, 115In, 238U Manufacturer: Thermo, 1.0 μg/L; 
Internal standard solution: 6Li, 45Sc, 72Ge, 89Y, 
103Rh, 115In, 159Tb, 175Lu, 209Bi Manufacturer: 
National Nonferrous Metals and Electronic Materials 
Analysis and Testing Center, 1000 μg/mL; Gold 
single element standard solution Manufacturer: 
National Nonferrous Metals and Electronic Materials 
Analysis and Testing Center, 1000 μg/mL. 

Instruments 
Animal Weight Balance (Mettler – Toledo 

instruments (Shanghai) Co.,LTD, Serial number: 
PL3001-s), HEMAVET 950 Animal Blood Analyzer 
(Drew Scientific, Inc., USA- Model: HEMAVET 
950FS), Automatic biochemical analyzer (Hitachi- 
Model: 7100), BD Accuri C6 Flow cytometer (BD 
company), High Resolution Small Animal Ultrasound 
Imaging System (Visual Sonics- Model: Vevo2100, 
probe MS400, frequency 30 MHz), Inductively 
Coupled Plasma Mass Spectrometer (ICAP-Q) 
(American Thermo Company).DB-3EFS type hot plate 
(Tianjin Gongxing Laboratory Instrument Co., Ltd), 
Milli-Q ultrapure water treatment system (American 
Millipore Company). 
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Synthesis procedures of FAD-PEG Diacide 
Complex (NP2) 

20 ml of FAD solution (c: 0.4 mM) was mixed 
with 500 µL PEG Diacide (1 mM) and stirring for 1 h 
at room temperature. After this time, the resulting 
yellow solution was sonicated for 2 h and purified by 
dialysis throught a membrane dialysis tubing 
Spectra/Por 3 (molecular weight cut-off 1500 Da, 
Serva Electrophoresis, Germany) with continuous 
stirring (80 rpm). 

Physical-chemical characterization 
All characterizations were carried out in 

triplicate determinations as described previously [18]. 

Dynamic light scattering (DLS) and Zeta 
potential measurements 

The size and zeta potential measurements were 
performed by using a Zetasizer Nano ZS (Malvern 
Instruments, Malvern, UK) equipped with a He-Ne 
laser (633 nm, fixed scattering angle of 173°) at room 
temperature. 
FAD loading efficiency 

The amount of the FAD incorporated into 
pegylated chaines was measured by UV-Vis 
absorption spectroscopy (see S1 in Supporting 
Information). 

Analysis LC-MS/MS 
All samples are analysed with an UHPLC 

coupled with a Shimadzu triple quadripole LC-MS 
8030 by ChemoBioFrance CNRS Platform. 
Stability in FAD (NP1) and FAD-PEG Diacide 
Complex (NP2) 

The stability of FAD (NP1) and FAD-PEG 
diacide complex (NP2) were detected by UV VIS 
spectroscopy and UHPLC coupling to LC-MS. All 
Nanoparticles were dissolved in Dulbecco modified 
Eagle’s Medium (DMEM) and stored for 72 h (Figure 
S2 in Supporting Information). The Stability of NP2 
was also confirmed by UHPLC in plasma of mice 
during 120 min at 37 °C (1 µM, PBS, pH 7.4) (Figure 
S3 in Supporting Information). 

Metabolic stability of NP2 in hepatic 
microsomes 

A 100 µM of NP2 solution is prepared by 
diluting the stock solution in water. This solution is 
diluted to 1/100 in a phosphate pad containing liver 
microsomes (0.5 mg/mL), 1 mM of NADPH and 3 
mM of MgCl2. The final concentration in compound is 
1M, the incubation volume is 400 µl the temperature is 
37 °C. After two minutes of incubation, 70 µl are taken 
and mixed with 70 µl of maintained acetonitrile to 

stop the enzymatic reactions. 4 other samples, 
followed by the same treatment, are taken after 10, 20, 
40 and 60 minutes of incubation. Negative control is 
carried out in parallel by replacing the NADPH 
co-factor with an equivalent volume to identify 
chemical instability or a non-addictive enzyme 
process NADPH co-factor. A sample is taken at t: 60 
min only. A positive test is incubated under the same 
conditions: testosterone. All samples are frozen before 
analysis. After thawing, the samples are stirred with a 
vortex for 5 minutes, then placed in a ultrasound bath 
for 1 min and finally centrifuged for 5 min at 15,000 g 
at 16 °C. No degradation is observed after one hour of 
incubation. 

The FAD-PEG (NP2) is stable in the presence of 
mouse liver microsomes. It is therefore not substrate 
of the CYP450 (Figure S4 A-B in Supporting 
Information). 

Hepa1-6 cells culture 
Hepa1-6 cells purchased from the American 

Type Culture Collection (ATCC, Manassas, VA, 
U.S.A.) were grown in DMEM supplemented with 
10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 
100 μg/mL streptomycin at 37 °C under a humidified 
atmosphere of 5% CO2. 

Antioxidant activity of NP1 and NP2 

DPPH free radical scavenging assay 
The percentage of antioxidant activity was 

assessed by DPPH free radical assay. An aliquot of 50 
µL of the different concentrations of FAD (NP1) and 
FAD-PEG Diacide (NP2) (600, 280, 140, 72.5, 41.25 and 
17.62 µg/mL) in water was added to 200µL of 0.254 
mM DPPH in methanol solution and kept in the dark 
for 30 min at room temperature. The absorbance was 
measured at 450 nm against a blank of 30 µL DPPH in 
200 µL methanol. Each measure was performed in 
triplicate and the DPPH free radical scavenging 
activity was calculated using the following equation: 

DPPH scavenging effect (%) = [(A0 − At)/A0] × 100, 

A0 is the absorbance of the control and At is the 
absorbance of the sample. 

Mice tests 
In vivo tests were performed using male nude 

mice (strain: BALB/cA-Grade: SPF; age 5 weeks; Mice 
production license number SCXK (Yue) 2018- 
0002, Guangdong Medical Laboratory Animal Center; 
Mice certificate number No. 44007200064015; No. 
44007200070200; Mice Use License number SYXK 
(Yue) 2018-0001, Laboratory animal center, 
Guangzhou University of Chinese Medicine). The 
mices were fed in a specific room of SPF grade of 
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Guangzhou University of Chinese Medicine. The 
nude mice had free access to food and water 
throughout the experiment and were housed under 
12:12 h light/dark conditions in a temperature 
controlled environment (23 ± 3 °C) and the humidity 
being controlled at 40-70%. Experimental procedures 
were conducted in accordance with the NIH and were 
approved by the Experimental Animal Ethics 
Committee of Guangzhou University of Chinese 
Medicine. 

After entering the SPF-level experimental center, 
the nude mice were quarantined in strict accordance 
with the relevant technical requirements of the 
SPF-level experimental animal center of Guangzhou 
University of Chinese Medicine. The quarantine time 
was 3 days. The general appearance and exercise 
conditions including state of consciousness, gait, 
response to stimulation, walking balance and limb 
coordination in rat were observed and recorded. 
Mices were randomly divided into seven groups: 
Sham group (n=10), PEG group (Model, n=7), NP1 
group (FAD molecule) (s.c., n=8), NP2 group (FAD- 
PEG Diacide) (s.c., n=9), NP1+5-FU group (n=0), 
NP2+5-FU group (n=6), and the positive control 5-FU 
group (n=10). 

Studies involving experiments with mice were in 
accordance with institution guidelines. 

Grouping and administration 
Mice were divided into 7 groups (Table 1), 

which include: sham group (Sham), PEG group 
(Model), NP1 group (s.c.), NP2 group (s.c.), 5-FU 
group, NP1 and NP2 combined with 5-FU group. 
Hepa1-6 cells containing matrigel were inoculated 
under the second pair of breast pads on the left side of 
the mouse (the total number of injected cells was 
1.2×107), and administration was started 7 days after 
modeling, and the administration was continued for 3 
weeks. After the formation of tumor model of nude 
mice (tumor volume reached 150-200 mm3, about 7 
days), 100 µL of each group was injected 
intraperitoneally with 5-FU and continue to inject 100 
µL NP1 and NP2 after 24 h, and given every 3 days for 
3 weeks. The survival time of the tumor-bearing mice, 
body weight and tumors volume were measured and 
recorded. 

Detection indicators 

General condition of body weight and organ index 
The general situation of the mice including the 

activity, mental state, skin color, diet, water intake 
and urine output. Body weight (Bw) was weighed 
every 3 days. At the end of the experiment, the heart, 
liver, spleen, lung, kidney and tumor were separated 
and accurately weighed after the mouse were 
sacrificed, and the liver, spleen, kidney and tumor 
index were calculated (tissue weight (mg)/body 
weight (g)=Tissue weight/Bw). 
Tumor volume detection 

During the experiment, the length and 
width of tumor were measured using a vernier 
caliper at intervals of 3 days. 

Whole blood cell count detection 
Whole blood was measured with a blood 

cell counter on the 8th, 22nd, and 29th. Blood is 
collected in a tube containing EDTA, placed for 
15-20 mins, and tested within 15 mins to 4 h. The 
optimal test time is within 30 mins to 2 h, which 
can be longer for healthy animals. 

Samples of whole blood were sampled on 
EDTA tubes and analysed by means of an 
automated HEMAVET950FS animal blood 
analyzer to determine the concentrations of 
white blood cell (WBC), red blood cell (RBC), 
haemoglobin (HGB), hematocrit (HCT), mean 
corpuscular volume (MCV), mean corpuscular 
haemoglobin (MCH), mean corpuscular 
haemoglobin concentration (MCHC), platelets 
(PLT), Lymphocytes (LY), monocyte (MO), 
neutrophil granulocyte (NE), platelet volume 
distribution width (PDW), mean platelet 
volume(MPV), and platelet larger cell ratio 
(P-LCR). 

Table 1. Experimental conditions of FAD formulations (NP1; NP2) 
administration 

 
 



Nanotheranostics 2021, Vol. 5 

 
http://www.ntno.org 

409 

Multiplex bead-based assay for 
pro-inflammatory cytokine 

Flow cytometry was used to determine serum 
cytokine levels on the 8th, 22th, and 29th. The blood was 
left to stand at 4 °C for 2-3 h or at room temperature 
for 1 h, and then centrifuged at 3500 rpm for 10 min at 
4 °C. The supernatant was collected and stored in 
aliquots. During the measurement, the serum was 
diluted 2 times with assay buffer for subsequent flow 
cytometry detection. 

Sample preparation 
A. Add 250 μL of assay buffer to the standard to 

form a liquor of 10000 pg/mL, and leave it at room 
temperature for 10 mins; 

B. Take 8 tubes, numbered C1-C7, add 75 µL of 
assay buffer to each tube, and then add 25 µL of 
standard stock solution to C1 tube. After vortexing, 
transfer 25 µL to C2 tube. By analogy to C6, 75 µL is 
retained per tube. 

Flow cytometry 
A. Pre-mixed the beads for 30s, mix the beads, 

and then dilute the beads 5 times with assay buffer for 
use; 

B. Dilute 20 X washing buffer to 1 X washing 
buffer with deionized water for later use; 

C. Take 5 mL of legend plex assay buffer into 
lyophilized matrix B and resuspend for 15 min at 
room temperature until use; 

D. For standard samples, add 25 µL of matrix B 
solution, 25 µL of diluted standard solution, and 25 µL 
of pre-mixed beads in order to the tube; for the sample 
to be tested, add 25 µL to the tube in order. Assay 
buffer: 25 µL of diluted serum and 25 µL of premixed 
beads; 

E. Incubate at room temperature for 2 h in the 
dark; then add 100 µL of washing buffer to each tube, 
centrifuge at 1000 rpm for 5 min at 4 °C, carefully 
remove the supernatant, and repeat this step; 

F. Add 25 µL biotinylated detection antibody (5 
times dilution in assay buffer) to each tube. Incubate 
for 1 h in the dark under temperature; 

G. Without washing, directly add 25 µL of SA-PE 
reagent (5 times dilution of assay buffer), incubate for 
0.5 h in the dark at room temperature, add 200 µL of 
1X washing buffer and wash twice, discard the 
supernatant, and add 100 µL of 1X washing. The 
buffer is resuspended and detected on the machine. 

Statistical analysis 
Statistical analysis of the experimental data was 

performed by GraphPad Prism 8.0 software. The data 
were expressed by Mean ± SEM. One-way ANOVA 

and Tukey test methods were used for comparison 
between groups. Results were considered statistically 
significant for p<0.05. 

All experimental in vivo studies and 
pharmacodynamic experiments were validated by 
Chemo Bio France platform CNRS. 

Results and Discussion 
This study is issued from a recently patent [16], 

in which we proved, for the first time, the power of 
FAD PEG-Diacide (NP2) as adjuvant in chemotherapy 
in term of stability, antioxidant activity and anti- 
tumor efficacy. For this purpose we conceived a lot of 
experiments in which NP2 was tested as pegylated 
complex and compared with control (FAD; i.e. NP1) 
and anti-cancer drug (5-Fluoro-Uracile [5-FU]). 
Plasmatic and metabolic stability of FAD 
PEG-Diacide (NP2) 

The microsomal stability assay is mainly used to 
inquire Phase I metabolism using NADPH as the 
enzyme co-factor [19]. Metabolic stability is 
determined as the percentage of parent compound 
lost over time in the presence of a metabolically active 
test system [20]. For metabolic stability assays, the 
typical test systems are liver microsomes, liver S9, or 
hepatocytes (plated or suspended), depending on the 
goal of the assay. To realize the metabolic stability of a 
new chemical entity, quantification of the drug 
candidate from incubate supernatants is required and 
usually accomplished by high-performance liquid 
chromatography (HPLC) with mass spectrometry. At 
the first time, analysis was performed in cell culture 
medium (Dulbecco’s Modified Eagle’s Medium- 
DMEM) over a period of 144 hours. FAD PEG-Diacide 
(NP2) exhibited no change in the UV VIS spectra after 
72 h (Figure S2 in Supporting Information) 
indicating that NP2 are highly stable and that their 
size remains unchanged during the time. Zeta 
potential measurements confirmed the spectroscopic 
results, showing that NP2 solution is stable at 
physiological pH (z-potential = -31 ± 1 mV d: 152 nm 
with a PdI equal to 0.259±0.002). We assume that NP2 
stability is due to the presence of the PEG polymer 
chains. The stability in DMEM was also confirmed by 
measurements in plasma of mice for 120 min at 37 °C 
(PBS, pH 7.4) (Figure S2 in Supporting Information) 
and in microsomes of liver mouse during 1h at 37 °C 
(PBS, pH 7.4) in presence of NADPH cofactor (Figure 
S4 A-B in Supporting Information). 

On the basis of these findings we assumed that 
the complex FAD-PEG-Diacide (NP2) was not a 
substrate for CYP450 [21,22] and consequently a good 
candidate as adjuvant and anticancer drug. 
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Antioxidant activity 
Oxidative stress plays a key role in the 

pathogenesis of several human disease states 
including cancer, diabetes and angina pectoris [23]. 
Oxidative stress is responsible of degenerative 
diseases along with aging. It was proved that FAD 
(NP1) is necessary for glutathione reductase (GR) 
enzyme to convert oxidized glutathione (GSSG) to the 
reduced glutathione (GSH) as an endogenous 
antioxidant in different cells [24]. 

The antioxidant activity of FAD (NP1) and FAD- 
PEG Diacide (NP2) was assessed by DPPH method 
[25]. 

Adjuvant chemoterapy and synergic therapeutic effect: 
Hypothesis 

5-Fluorouracil (5-FU) has widely been applied as 
an anticancer drug over the past five decades [26, 27]. 
5-FU is cell-cycle inhibitor, which specifically inhibits 
at the S phase; it is an analogue of uracil, by including 
into DNA or RNA, which provoke cytotoxicity of the 
cells and cell death [28, 29]. Upon the entry of 5-FU 
into the cell, it is transformed into fluorodeoxyuridine 
monophosphate (FdUMP), followed by preventing 
the DNA replication by interacting with the 
thymidylate synthase. Some reports suggest that 5-FU 
induces cell death by the caspase-6 pathway 
activation, phosphorylating Bcl2 protein, and 
improved the accumulation of mitochondrial ROS [30, 
31]. The intracellular derivative of 5-FU and 
5-fluorouridine-5′-triphosphate (FUTP) can also 
incorporate into RNA synthesis [32]. Previously, 
Barile et al. proved the presence of FAD protein in the 
nuclei of primary cells and cell lines by classical 

immuno-based techniques and its functionality in 
intact nuclei from rat liver by biochemical assays [33]. 
FAD localizes not only in the cytosol but also in 
mitochondria and nuclei, as already suspected when 
observing the corresponding immuno fluorescence 
results described above [34]. Whichever the isoform 
details, to our acquaintance this is the first evidence 
that FAD synthesis come off in the nucleus, and we 
assumed that, as hypothesized by others [34], this 
event could be related to the biogenesis and 
flavinylation of nuclear flavoproteome. 

In our paper, we combined FAD PEG-Diacide 
(NP2) with 5-FU crosswise electrostatic charges 
between the chemical groups of the drug and NP2 
under specific conditions (Scheme 1). Indeed it was 
established the 5-FU have an amino group positively 
charged in water that interacts with the carboxylic 
group of the polymer (PEG-diacide) of NP2 with a 
consequently steric and chemical modification of both 
compounds (FAD PEG-Diacide (NP2); 5-FU) in the 
performed hybrid mixture (5-FU-NP2). In this 
chemical configuration, we assume that 5-FU-NP2 
under complex form, after internalization in cancer 
cell, synergic improve the therapeutic efficacy, thanks 
a double action on nuclei and mitochondria (Scheme 
2). Infact FAD and 5-FU were released in the 
cytoplasm as pegylated complex through migration of 
5-FU and FAD in the PEG chains, blocking the 
binding of aminoacyl-tRNA to the mRNA-ribosome 
complex with evident variation in driven force and 
electrolytic condition. Consequently, the synergic 
effect of FAD and 5-FU as complex, under different 
steric conformation, improve the inhibition of 
Glucoso 6 phosphate dehydrogenases [35] and 

dihydropyrimidine (DPD) [36] 
with a consequently 
simultaneous reparation, and 
inhibition of resistance and 
improvement of anticancer 
activity. 

In vivo antitumor efficacy 
The therapeutic effect of 

FAD-PEG Diacide (NP2) 
compared to FAD (NP1) on 
liver cancer, was evaluated 
using nude mice in which 
human Hepa1-6 cells were 
hypodermic injected to 
generate a subcutaneous liver 
cancer. The mice were weighed 
every 3 days. As shown in 
Figure 1A, the weight of the 
mice in the model group 
displayeda slight decrease 

 

 
Scheme 1. Schematic representation of chemical combination between 5-FU and FAD PEG Diacide (NP2) to form 
hybrid chemotherapeutic mixture (5-FU-NP2). 
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compared with the sham group. Compared with the 
model group, NP1 and NP2 did not affect the weight 
of the liver cancer model mice. However, the positive 
control drug 5-FU and NP2 combined with 5-FU 
group, showed a significant decrease in body weight 
at the end of the experiment. NP1 combined with 
5-FU group began to lose weight on the 12th day, and 
all mice died after the 18th day. 

Tumor, liver, spleen, thymus and kidney index 
detection 

The tumor length and width of the mice were 
measured every 3 days (Figure 1B). The tumor 
volume in the model group gradually increased. The 
NP1 group, NP2 combined with 5-FU group, and the 
5-FU group as control could delay the tumor volume 
increase in mice. NP1 group, NP2 combined with 
5-FU group and 5-FU group had significant statistical 
significance (p<0.05). More importantly, the treatment 
effect of NP2 combined with 5-FU group was better 
than the positive control drug 5-FU. At the end of the 
experiment, the liver, spleen, kidney, tumor and 
thymus of each group of mice were dissected and 
separated, and the weight ratio of the mice to the 
corresponding mice was calculated (Figure 2). All 
images are shown in Figure S5 in Supporting 
Information. The liver and kidney indexes of mice in 
different groups were not statistically different. 
Compared with the sham group, the spleen index of 

the model group increased and the thymus index 
decreased; compared with the model group, the NP1 
group could increase the thymus index and decrease 
the tumor index, but does not affect the spleen index. 
A very strong reduction of tumor was observed when 
NP2 is combined with 5-FU group with a 
consequential improvement of treatment. This 
behavior is probably due to specific chemical affinity 
of FAD conjugate to PEG Diacide to 5-FU, which 
induce a better steric arrangement and a consequent 
better therapeutic effect. 

Effects of NP1 and NP2 on blood cells 
It was discussed previously [37] that the higher 

concentration of FAD in Glucose-6-Phosphate 
Dehydrogenase (G6PD) deficient erythrocytes is due 
to a rapport between the increased activity of 
Glutathione reductase (GR) in G6PD deficient cells, 
and the high level of FAD concentration [35]. 
However, the binding of FAD by GR is inhibited by 
certain nueleotides, e.g. NADPH and ATP [38], and 
low concentration of these nucleotides in G6-PD 
deficient red cells [39,35] may provoke in increased 
binding of FAD by GR. If FAD in erythrocytes occurs 
mainly or exclusively bound to GR the increased 
binding itself may be the cause of the higher 
concentration. In our study, blood cell counts were 
used to measure the number of cells in whole blood 
after 1 w (DIV 8), 3 w (DIV 22), and 4 w (DIV 29) after 

 
Scheme 2. Schematic hypothesis of 5-FU-NP2 effects after cancer cell internalization. 
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administration. As shown in Figure S6 in Supporting 
Information after 4 weeks of administration, NP1 

group increased the number of WBC, NE, MO and EO 
which is in line with the features of common 

chemotherapy drugs. Meanwhile, NP2 
combined with 5-FU group significantly 
increased WBC, NE, LY, MO in different 
degrees, EO and BA numbers compared 
with 5-FU group. We presume that in NP2 
formulation, the high protection and steric 
arrangement of FAD molecules in 
pegylated chains, allows a better chemical 
interaction with 5-FU that permit a boost 
enhancement of blood cells that provoke 
inhibition of G6PD. 

Effects of N1 and N2 on cytokines 
expression 

Cytokines and chemokines are 
signaling proteins produced from several 
types of cells that regulate immune 
responses [40]. There are two immune 
responses for cytokine production: 1) 
antigen presenting cells (APCs) take up 
antigens, process them, and subsequently 
show them to T-lymphocytes to produce 
cytokines, and; 2) APCs, such as monocytes, 
are activated to produce cytokines through 
pattern recognition receptors that identify a 
foreign pathogen [41]. Cytokines 
predominantly produced by APCs include 
multiple interleukin (IL) and tumor necrosis 
factor (TNF) molecules [42]. Different 
clinical studies have showed that 
administering a standard dose of 
chemotherapeutic drugs induces an 
increase in cytokine levels for a variety of 
cytokines (TNF-a, IL-6, IL-8, IL-10, and 
monocyte chemotactic protein-1 [MCP-1]) 
[43]. Cytokines normally function to 
improve a host response aimed at cellular 
stress and minimizing cellular damage. The 
failure to solve an injury can produce 
excessive immune cell infiltration and lead 
to persistent cytokine production. The liver 
hosts many cell types that are sensible to the 
actions of cytokines [44]. Hepatocytes bear a 
kind of cytokine receptors such as IL‐1, 
TNF‐α, and IL‐6 [45]. Cytokines have thus 
been involved in liver development and 
regeneration but may also contribute to the 
pathogenesis of liver‐related diseases such 
as cirrhosis, fibrosis, and cancer. 

 

 
Figure 1. A) Effect of NP1 and NP2 on body weight change in liver mice with Hep1-6 cells injection. 
Body weight was shown as Mean ± SEM. #P < 0.05 vs model group. B) Effect of NP1 and NP2 on tumor 
volume in liver mice with HEP1-6 cells injection. Values were shown as Mean ± SEM. #P< 0.05 and 
##P< 0.01 vs Model group. 

 
Figure 2. Effect of NP1 and NP2 on tissue index in liver mice with Hepa1-6 cells injection. Values were 
shown as Mean ± SEM. **p < 0.01, model vs sham. 
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Scheme 3. Schematic effect of NP2-5-FU onto cytokine level after cancer cell 
induction (all drawings are not in scale). 

 
Figure 3. Effect of NP1 and NP2 on serum cytokine in liver mice with HEP1-6 cells 
injection. *p<0.05 vs sham group. 

 
A significant problem in oncology clinics is the 

cytotoxic effect of cancer chemotherapy on gastric 
cancer [46]. For example, mucositis is a relevant 
oncological problem caused by the cytotoxicity of 
chemotherapy [43, 47]. The antimetabolite agent 
5-fluorouracil (5-FU) has been used in the treatment of 
a range of cancers and provokes intestinal damage, 
referred to as intestinal mucositis [47]. Soares et al. 
showed that in animal models, intestinal mucositis 
induced by 5-FU is related with neutrophil 
infiltration, increased pro-inflammatory cytokine 
levels and, importantly, delayed gastric emptying 
[48]. 

Williams et al. [49] reported that the 
inflammatory cytokines TNF-α and IL-β contribute to 
the severity of intestinal mucositis. 

Here we reported the incidence of NP1 (FAD) 
and NP2 (FAD-PEG Diacide) onto cytokine level and 
the synergic effect due to the combination between 
NP2 and 5-FU, commonly used in chemotherapy. 

As shown in Figure 3, the content of IFNβ, 
MCP-1, IL-27 and IL-17A in the corresponding time 
points were not different between different groups. 

After 3 and 4 weeks of administration, compared with 
the sham group, the levels of IL-1α, IFNγ, TNFα, 
IL-1β, IL-6, IL-12P70 and GM-CSF in the model group 
increased, and decreased IL-10 level. Compared with 
the model group, the NP1 group reduced the contents 
of IL-1α, IFNγ, TNF α, IL-1β, IL-6 and GM-CSF, and 
increased the content of IL-10. Meanwhile, NP2 
combined with 5-FU group reduced the levels of 
IL-23, IL-1α, IFNγ, TNFα, IL-1β, IL-6 and GM-CSF. 
The anti-inflammatory effect of NP2 combined with 
5-FU group is better than that of 5-FU group and NP2 
group.The synergic combination within NP2 
(FAD-PEG Diacide Complex) and 5-FU significantly 
reduced the serum levels of IL-6, TNF-α and IL-12 P70 
due to anti-inflammatory properties of FAD [50]. 
Besides NP2 + 5-FU decreases dramatically the level 
of GMF-CSF (Granulocyte Macrophage Colony 
Stimulating Factor), a white blood growth factor [51]. 
The decreases of GMF-CSF results in less infection 
compared with other groups, this is mainly due to 
formulation who protect the immune system and 
could be collapsed by the drug and tumors (Figure 3). 

On the basis of these findings, we assume that 
NP1 and NP2 decrease the level of pro-inflammatory 
cytokines and the synergic combination between NP2 
and 5-FU strongly improve immune system effects 
(Scheme 3), due to the activation of calreticulin and 
consequently decrease of serum level of IL-6, IL-12, 
TNF-α and CM-CSF [52]. 

Conclusions 
In this paper, we have explored the 

chemo-biological relevance of Flavins coenzymes as 
biocompatible formulation in cancer metabolism, 
adjuvant and anticancer drug. The advanced 
antitumor efficacy of FAD PEG-Diacide (NP2) 
compared to 5-FU displays not only in the repression 
of tumor growth but evenly in higher stimulation of 
immune system. The signal pathway of NP2 acting on 
blood cells/immune cells/tumor cells and the 
analysis of tumor tissue or immune cells will be 
applied in genomics and proteomics. These results 
predict the wave for the development of an innovative 
theranostic platform, allowing the detection of 
protein-associated tumors and the simultaneous 
cancer treatment with an adjuvant that reduce 
secondary effect of chemotherapy and boost 
immunitary system with a consequent good 
replication of healthy cells (Scheme 4). This paper 
provides the proof-of-concept for the synthesis of a 
smart adjuvant for liver cancer therapy and supports 
their further development in the field of Cancer 
Therapy. We currently study our system to develop a 
clinical Phase I thanks to good metabolic stability. 
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Figure 4. Effect of NP1 and NP2 on serum cytokine in liver mice with HEP1-6 cells injection. *p<0.05, **p < 0.01 vs sham group; #p< 0.05 vs Model group. 
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Scheme 4. Schematic comparison among traditional chemotherapeutic drug on today (left panel) and future prediction of FAD-PEG Diacide onto cancer cells as adjuvant in 
chemotherapy tomorrow (right panel). 

 

Supplementary Material  
Supplementary figures. 
http://www.ntno.org/v05p0405s1.pdf  

Acknowledgements 
This work was supported by the National 

Natural Science Foundation of China (81430063) and 
Guangdong Provincial Science and Technology 
Program [2019B030301009]. All experiments were 
performed and validate to the ChemoBioFrance 
CNRS platform (Strasbourg). We also thank la 
BIOEVEN for financing CA’s thesis. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA: A Cancer Journal for 

Clinicians. 2020; 70: 7-30. 
2. Ruman U, Fakurazi S, Masarudin MJ, Hussein MZ. Nanocarrier-Based 

Therapeutics and Theranostics Drug Delivery Systems for Next Generation of 
Liver Cancer Nanodrug Modalities. Int J Nanomedicine. 2020; 15: 1437-56. 

3. Shen Z, Wei W, Tanaka H, Kohama K, Ma G, Dobashi T, et al. A 
galactosamine-mediated drug delivery carrier for targeted liver cancer 
therapy. Pharmacol Res. 2011; 64: 410-9. 

4. Inagaki Y, Kokudo T, Kamiya M, Uno S-n, Sato M, Kaneko J, et al. A novel 
liver-specific fluorescent anti-cancer drug delivery system using indocyanine 
green. Scientific Reports. 2019; 9: 3044. 

5. Kim YI, Chung JW. Selective or targeted gene/drug delivery for liver tumors: 
advantages and current status of local delivery. Expert Rev Gastroenterol 
Hepatol. 2008; 2: 791-802. 

6. Molano-Arevalo JC, Hernandez DR, Gonzalez WG, Miksovska J, Ridgeway 
ME, Park MA, et al. Flavin Adenine Dinucleotide Structural Motifs: From 
Solution to Gas Phase. Analytical Chemistry. 2014; 86: 10223-30. 

7. Mansoorabadi SO, Thibodeaux CJ, Liu H-w. The diverse roles of flavin 
coenzymes--nature's most versatile thespians. J Org Chem. 2007; 72: 6329-42. 

8. Ramsay RR. Electron carriers and energy conservation in mitochondrial 
respiration. ChemTexts. 2019; 5: 9. 

9. Giancaspero TA, Galluccio M, Miccolis A, Leone P, Eberini I, Iametti S, et al. 
Human FAD synthase is a bi-functional enzyme with a FAD hydrolase activity 
in the molybdopterin binding domain. Biochem Biophys Res Commun. 2015; 
465: 443-9. 

10. Leone P, Galluccio M, Brizio C, Barbiroli A, Iametti S, Indiveri C, et al. The 
hidden side of the human FAD synthase 2. Int J Biol Macromol. 2019; 138: 
986-95. 

11. Brea-Calvo G, Rodríguez-Hernández A, Fernández-Ayala DJ, Navas P, 
Sánchez-Alcázar JA. Chemotherapy induces an increase in coenzyme Q10 
levels in cancer cell lines. Free Radic Biol Med. 2006; 40: 1293-302. 

12. Giancaspero TA, Locato V, de Pinto MC, De Gara L, Barile M. The occurrence 
of riboflavin kinase and FAD synthetase ensures FAD synthesis in tobacco 
mitochondria and maintenance of cellular redox status. The FEBS Journal. 
2009; 276: 219-31. 

13. Oermann EK, Wu J, Guan K-L, Xiong Y. Alterations of metabolic genes and 
metabolites in cancer. Semin Cell Dev Biol. 2012; 23: 370-80. 

14. Chaturvedi S, Singh AK, Keshari AK, Maity S, Sarkar S, Saha S. Human 
Metabolic Enzymes Deficiency: A Genetic Mutation Based Approach. 
Scientifica (Cairo). 2016; 2016: 9828672-. 

15. Sinkala M, Mulder N, Patrick Martin D. Metabolic gene alterations impact the 
clinical aggressiveness and drug responses of 32 human cancers. 
Communications Biology. 2019; 2: 414. 

16. Didier Paleni JS. FLAVIN ADENINE DINUCLEOTIDE (FAD) FOR USE IN 
THE PREVENTION AND/OR TREATMENT OF CANCER. 
PCT/EP2019/079693. 2020; WO/2020/089310. 

17. Nouso K, Miyahara K, Uchida D, Kuwaki K, Izumi N, Omata M, et al. Effect of 
hepatic arterial infusion chemotherapy of 5-fluorouracil and cisplatin for 
advanced hepatocellular carcinoma in the Nationwide Survey of Primary 
Liver Cancer in Japan. Br J Cancer. 2013; 109: 1904-7. 

18. Moustaoui H, Movia D, Dupont N, Bouchemal N, Casale S, Djaker N, et al. 
Tunable Design of Gold(III)–Doxorubicin Complex–PEGylated Nanocarrier. 
The Golden Doxorubicin for Oncological Applications. ACS Applied Materials 
& Interfaces. 2016; 8: 19946-57. 

19. Richardson SJ, Bai A, Kulkarni AA, Moghaddam MF. Efficiency in Drug 
Discovery: Liver S9 Fraction Assay As a Screen for Metabolic Stability. Drug 
Metab Lett. 2016; 10: 83-90. 

20. Jia L, Liu X. The conduct of drug metabolism studies considered good practice 
(II): in vitro experiments. Curr Drug Metab. 2007; 8: 822-9. 

21. Guengerich FP. Mechanisms of Cytochrome P450-Catalyzed Oxidations. ACS 
Catal. 2018; 8: 10964-76. 

22. Shakunthala N. New cytochrome P450 mechanisms: implications for 
understanding molecular basis for drug toxicity at the level of the cytochrome. 
Expert Opin Drug Metab Toxicol. 2010; 6: 1-15. 

23. Toyosaki T. Antioxidant effect of riboflavin in enzymic lipid peroxidation. 
Journal of Agricultural and Food Chemistry. 1992; 40: 1727-30. 

24. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces 
of glutathione, a cellular protagonist. Biochem Pharmacol. 2003; 66: 1499-503. 

25. Kedare SB, Singh RP. Genesis and development of DPPH method of 
antioxidant assay. J Food Sci Technol. 2011; 48: 412-22. 



Nanotheranostics 2021, Vol. 5 

 
http://www.ntno.org 

416 

26. Miura K, Kinouchi M, Ishida K, Fujibuchi W, Naitoh T, Ogawa H, et al. 5-fu 
metabolism in cancer and orally-administrable 5-fu drugs. Cancers (Basel). 
2010; 2: 1717-30. 

27. Zhang N, Yin Y, Xu S-J, Chen W-S. 5-Fluorouracil: mechanisms of resistance 
and reversal strategies. Molecules. 2008; 13: 1551-69. 

28. Wyatt MD, Wilson DM, 3rd. Participation of DNA repair in the response to 
5-fluorouracil. Cell Mol Life Sci. 2009; 66: 788-99. 

29. Christensen S, Van der Roest B, Besselink N, Janssen R, Boymans S, Martens 
JWM, et al. 5-Fluorouracil treatment induces characteristic T>G mutations in 
human cancer. Nature Communications. 2019; 10: 4571. 

30. Hsieh M-Y, Hsieh M-J, Lo Y-S, Lin C-C, Chuang Y-C, Chen M-K, et al. 
Modulating effect of Coronarin D in 5-fluorouracil resistance human oral 
cancer cell lines induced apoptosis and cell cycle arrest through JNK1/2 
signaling pathway. Biomedicine & Pharmacotherapy. 2020; 128: 110318. 

31. Akpinar B, Bracht EV, Reijnders D, Safarikova B, Jelinkova I, Grandien A, et al. 
5-Fluorouracil-induced RNA stress engages a TRAIL-DISC-dependent 
apoptosis axis facilitated by p53. Oncotarget. 2015; 6: 43679-97. 

32. Li LS, Morales JC, Veigl M, Sedwick D, Greer S, Meyers M, et al. DNA 
mismatch repair (MMR)-dependent 5-fluorouracil cytotoxicity and the 
potential for new therapeutic targets. Br J Pharmacol. 2009; 158: 679-92. 

33. Barile M, Brizio C, De Virgilio C, Delfine S, Quagliariello E, Passarella S. Flavin 
Adenine Dinucleotide and Flavin Mononucleotide Metabolism in Rat Liver. 
European Journal of Biochemistry. 1997; 249: 777-85. 

34. Giancaspero TA, Busco G, Panebianco C, Carmone C, Miccolis A, Liuzzi GM, 
et al. FAD synthesis and degradation in the nucleus create a local flavin 
cofactor pool. The Journal of biological chemistry. 2013; 288: 29069-80. 

35. Luzzatto L, Nannelli C, Notaro R. Glucose-6-Phosphate Dehydrogenase 
Deficiency. Hematol Oncol Clin North Am. 2016; 30: 373-93. 

36. Yoshida H, Kojima K, Shiota M, Yoshimatsu K, Yamazaki T, Ferri S, et al. 
X-ray structure of the direct electron transfer-type FAD glucose 
dehydrogenase catalytic subunit complexed with a hitchhiker protein. Acta 
Crystallographica Section D. 2019; 75: 841-51. 

37. Flatz G, Simmersbach F. Flavin adenine dinucleotide concentration in 
erythrocytes with normal and deficient glucose-6-phosphate dehydrogenase. 
Klinische Wochenschrift. 1970; 48: 1071-2. 

38. Dym O, Eisenberg D. Sequence-structure analysis of FAD-containing proteins. 
Protein Sci. 2001; 10: 1712-28. 

39. Janney SK, Joist JJ, Fitch CD. Excess release of ferriheme in G6PD-deficient 
erythrocytes: possible cause of hemolysis and resistance to malaria. Blood. 
1986; 67: 331-3. 

40. Ramesh G, MacLean AG, Philipp MT. Cytokines and chemokines at the 
crossroads of neuroinflammation, neurodegeneration, and neuropathic pain. 
Mediators Inflamm. 2013; 2013: 480739-. 

41. Gaudino SJ, Kumar P. Cross-Talk Between Antigen Presenting Cells and T 
Cells Impacts Intestinal Homeostasis, Bacterial Infections, and Tumorigenesis. 
Front Immunol. 2019; 10: 360-. 

42. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: At 
the crossroads of cell signalling and inflammatory disease. Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research. 2014; 1843: 2563-82. 

43. Groves TR, Farris R, Anderson JE, Alexander TC, Kiffer F, Carter G, et al. 
5-Fluorouracil chemotherapy upregulates cytokines and alters hippocampal 
dendritic complexity in aged mice. Behav Brain Res. 2017; 316: 215-24. 

44. Panesar N, Tolman K, Mazuski JE. Endotoxin stimulates hepatocyte 
interleukin-6 production. J Surg Res. 1999; 85: 251-8. 

45. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and 
disease. Cold Spring Harb Perspect Biol. 2014; 6: a016295-a. 

46. Falzone L, Salomone S, Libra M. Evolution of Cancer Pharmacological 
Treatments at the Turn of the Third Millennium. Front Pharmacol. 2018; 9: 
1300-. 

47. Lionel DH, Christophe L, Marc A, Jean-Luc C. Oral mucositis induced by 
anticancer treatments: physiopathology and treatments. Ther Clin Risk 
Manag. 2006; 2: 159-68. 

48. Soares PMG, Mota JMSC, Souza EP, Justino PFC, Franco AX, Cunha FQ, et al. 
Inflammatory intestinal damage induced by 5-fluorouracil requires IL-4. 
Cytokine. 2013; 61: 46-9. 

49. Williams DA. Inflammatory Cytokines and Mucosal Injury. JNCI 
Monographs. 2001; 2001: 26-30. 

50. Umeki S. Effects of non-steroidal anti-inflammatory drugs on human 
neutrophil nadph oxidase in both whole cell and cell-free systems. 
Biochemical Pharmacology. 1990; 40: 559-64. 

51. Bernstein SH, Christiansen NP, Fay JP, Brown R, Herzig R, Frankel S, et al. 
Granulocyte-macrophage colony-stimulating factor (GM-CSF) priming of 
high-dose etoposide and cyclophosphamide: a pilot trial. Exp Hematol. 1996; 
24: 1363-8. 

52. Ghiringhelli F, Apetoh L. Enhancing the anticancer effects of 5-fluorouracil: 
current challenges and future perspectives. Biomed J. 2015; 38: 111-6. 


