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Background: Liver cancer remains to be one of the leading causes of cancer worldwide. The treatment options face several 
challenges and nanomaterials have proven to improve the bioavailability of several drug candidates and their applications in 
nanomedicine. Specifically, chitosan nanoparticles (CNPs) are extremely biodegradable, pose enhanced biocompatibility and are 
considered safe for use in medicine.
Methods: CNPs were synthesized by ionic gelation, loaded with rutin (rCNPs) and characterized by ultraviolet–visible spectroscopy 
(UV-Vis), Fourier-transform infrared spectroscopy (FTIR), dynamic light scattering (DLS) and transmission electron microscopy 
(TEM). The rCNPs were tested for their cytotoxic effects on human hepatoma Hep3B cells, and experiments were conducted to 
determine the mechanism of such effects. Further, the biocompatibility of the rCNPs was tested on L929 fibroblasts, and their 
hemocompatibility was determined.
Results: Initially, UV–vis and FTIR analyses indicated the possible loading of rutin on rCNPs. Further, the rutin load was 
quantitatively measured using Ultra-Performance Liquid Chromatography (UPLC) and the concentration was 88 µg/mL for 0.22 
micron filtered rCNPs. The drug loading capacity (LC%) of the rCNPs was observed to be 13.29 ± 0.68%, and encapsulation 
efficiency (EE%) was 19.55 ± 1.01%. The drug release was pH-responsive as 88.58% of the drug was released after 24 hrs at the 
lysosomal pH 5.5, whereas 91.44% of the drug was released at physiological pH 7.4 after 102 hrs. The cytotoxic effects were 
prominent in 0.22 micron filtered samples of 5 mg/mL rutin precursor. The particle size for the rCNPs at this concentration was 144.1 
nm and the polydispersity index (PDI) was 0.244, which is deemed to be ideal for tumor targeting. A zeta potential (ζ-potential) value 
of 16.4 mV indicated rCNPs with good stability. The IC50 value for the cytotoxic effects of rCNPs on human hepatoma Hep3B cells 
was 9.7 ± 0.19 μg/mL of rutin load. In addition, the increased production of reactive oxygen species (ROS) and changes in 
mitochondrial membrane potential (MMP) were observed. Gene expression studies indicated that the mechanism for cytotoxic effects 
of rCNPs on Hep3B cells was due to the activation of Unc-51-like autophagy-activating kinase (ULK1) mediated autophagy and 
nuclear factor kappa B (NF-κB) signaling besides inhibiting the epithelial–mesenchymal Transition (EMT). In addition, the rCNPs 
were less toxic on NCTC clone 929 (L929) fibroblasts in comparison to the Hep3B cells and possessed excellent hemocompatibility 
(less than 2% of hemolysis).
Conclusion: The synthesized rCNPs were pH-responsive and possessed the physicochemical properties suitable for tumor targeting. 
The particles were effectively cytotoxic on Hep3B cells in comparison to normal cells and possessed excellent hemocompatibility. The 
very low hemolytic profile of rCNPs indicates that the drug could be administered intravenously for cancer therapy.
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Introduction
Cancer is an ever-growing global burden with more than 10 million new cases and 7 million deaths that occurred in 2007. 
The global predictions are expected to rise to around 26 million new cases and 17 million deaths for the year 2030. This 
burden will increase in low- and middle-income countries up to 61% of the global cases in 2050.1 In this regard, liver 
cancer is one of the leading causes for global deaths with more than 0.8 million deaths globally.2 It ranks second after 
lung cancer in being a cause for premature deaths in the year 2020 as more than 0.5 million deaths occurred between the 
ages 30 and 69 with poor survival rate. The cases may rise to more than 55% by the year 2040 (1.4 million new cases 
from 0.8 million cases in 2020). The deaths related to liver cancer are projected to rise to 1.3 million by 2040.3

Adding to this, the estimated new cases related to liver cancer are 41,210, and the death toll is projected at 29,380 for 
the year 2023 across the United States.4 In China, the projected new cases for the year 2022 related to liver cancer were 
431,383, while the deaths were projected at 412,216.5 The current treatment options for liver cancer include surgical 
removal and/or replacement of the organ for having a liver transplant, fulguration, transarterial chemoembolization 
(blockage of blood supply to the tumor tissue), radioembolization and systemic targeting using kinase inhibitor drugs in 
combination with monoclonal antibodies.6,7 Poor solubility in aqueous solutions, non-specific targeting of normal and 
healthy tissues resulting in harmful side-effects are considerations in using chemotherapeutic drugs.8,9 In this regard, 
nanomedicine is advantageous in posing limited side effects, high therapeutic efficacy and being biocompatible. Due to 
their miniature size, the nanoparticles can reach sites in which conventional therapeutics are hard to reach with enhanced 
solubility, effective drug release properties and biocompatibility with limited side-effects.10,11

Owing to the several advantages that nanomedicine poses over conventional therapeutic approaches, polymer 
nanoparticles are advantageous in improving the solubility and biocompatibility of drugs under trial with effective 
release of such drug possibilities.12 Among the polymeric nanoparticles, natural compounds like chitosan and alginates, 
and synthetic polymers such as polyethylene glycol (PEG), polyvinyl alcohol (PVA) and poly lactide co-glycolic acid 
(PLGA) are widely used.13 In this study, we used CNPs as they are more biodegradable, pose enhanced biocompatibility 
and are considered safe in being used as a part of human diet forming an integral part of wound-dressing. It is 
advantageous in possessing multiple routes of administration. In addition, they hold muco-adhesive properties for 
sustained release of the drug cargo via non-parenteral routes.14

CNPs are prepared using covalent crosslinking methods such as emulsification, reversed micelles, precipitation methods 
such as phase inversion, emulsion-droplet coalescence, crosslinking methods such as ionic gelation, electrostatic and/or 
hydrophobic interactions for self-assembly, deacetylation by acid hydrolysis and atomization methods such as spray drying.15 

Among these methods, CNPs prepared using ionic cross-linking have been used in treatment of several cancers16 including 
liver cancer (conjugated or used as composites with agents such as doxorubicin, butyric acid, lactobionic acid, galactose and 
carbon nanotubes)17–22. They are used as a drug delivery agents for several chemotherapeutic drugs and drugs under trial 
including doxorubicin, 5-fluorouracil and plant-based products such as triptolide, honokiol, α-hederin, hydroxycamptothecin, 
piceatannol and nucleic acids. Also, the CNPs have an added advantage of being conjugated with liver-targeting agents like 
galactose, glycyrrhizin, folate and biotin.23,24 These drug-modified chitosan are administered through enteral, parenteral, 
ocular, transdermal, subcutaneous and nasal delivery routes for localized administration with limited systemic adverse 
effects.25 After drug loading on CNPs, the cargo are usually released into cancer cells based on their response to various 
stimuli such as pH, redox activity, ultrasound energy, light, temperature and magnetic field.26

As a flavonol, rutin is a glycoside found in several plants including buckwheat, tea, and apple and possesses several 
medicinal benefits including pharmacological activities like antioxidant, anticancer and can act as cytoprotectant, 
vasoprotectant, neuroprotectant and cardioprotectant.27 In China, buckwheat rich in rutin is consumed largely in noodles 
and soft drinks as a health supplement which can make the arteries and veins strong and improve circulation by acting as 
a blood thinner.28,29 It has been known to pose limited side-effects and possess anti-proliferative or cytotoxic potential 
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against a variety of cancer cells in vitro besides the antitumor effects in vivo involving cell-killing modes such as 
apoptosis and autophagy.30

Although rutin has several biological properties, the flavonoid glycoside prepared or encapsulated in nanoformula-
tions are more soluble in aqueous media than their free forms as rutin in free form is hydrophobic with low bioavail-
ability. Therefore, nanoformulation of rutin makes them ideal candidates for cancer therapy with enhanced therapeutic 
efficacy, improved solubility and bioavailability, increased gastrointestinal absorption and limited side-effects.31–33

The positive charge of chitosan enhances their attachment with cells thereby increasing their cellular uptake. An 
electrostatic attraction between negatively charged rutin and positively charged CNPs can result in an improved drug 
uptake, although rutin has poor loading efficacy on nanoparticles (to almost 10%), especially polymers.34–36 The major 
limitations associated with the use of this plant active are that they pose neurotoxic and cardiotoxic side-effects, including 
the formation of hemorrhoids.37 Hence, the nanoformulation of rutin was attempted in our report using CNPs for efficient 
drug delivery towards Hep3B cells, in an attempt to improve the specific targeting of cancer cells with limited toxicity. 
Although reports of rutin loaded on CNPs have been published,38–40 the bioactive has been studied very little in 
applications related to medicine, especially cancer. They have been tested for their anticancer potential against breast 
and pancreatic cancer,41,42 management of cerebral ischemia43 with anti-inflammatory,44 antibacterial, antioxidant, and 
photocatalytic activities45 and had been suggested for possible use in cosmetics and wound healing.46,47

Although there are very limited reports on the use of rutin-loaded CNPs for cancer therapy, rutin has been successfully 
loaded on several other nanoparticles including mineral-, lipid-, ionic-liquid, silica-, PEGylated nanoliposome-, solid lipid-, 
nanoemulsion-, nanocrystal-, keratin-, PLGA-, platinum and palladium-based nanomaterials and on phyto-sterosomes for the 
treatment of breast,48–50 lung,51,52 renal,53 head and neck,54 colorectal,31,55 cervical,56 brain57 and liver58,59 cancers at the 
preclinical level. Other than cytotoxic effects on cancer cells, rutin conjugated with mesoporous silica, nanolipids, nanomag-
nesia, selenium, PLGA nanoparticles and prepared in the form of nanocrystals have been proven effective for 
antibacterial,60,61 antioxidant,62 photoprotective,63 anti-epilectic64 and anti-parasitic65 activities.

These reports suggest that rutin loaded CNPs are a very less studied nanoformulation in cancer therapy, especially 
those of liver, which may require a lot of attention. As per published literature, there is not a single report for the use of 
a simple process towards the preparation of rutin-conjugated CNPs for cytotoxic effects on liver cancer cells. Although 
there has been a published report of rutin-loaded on chitosan-alginate nanoparticle combination tested for anti-diabetic 
and cytotoxic effects on HepG2 cells, it involved a dual polymer combination.66 Hence, a simple process involving 
minimal reactants (no other capping agents) by loading rutin as a single therapeutic agent on CNPs was adopted and 
tested for their anticancer potential on Hep3B hepatoma cells, which makes it a novel and the first of its kind report 
internationally. According to the authors, rutin loaded on CNPs has not been tested as a single therapeutic agent for its 
anticancer effects on liver cancer cells. Therefore, we decided to synthesize CNPs with rutin load and test its efficacy on 
Hep3B hepatoma cells through a mechanistic approach for the very first time.

The hypothesis of our study was that CNPs could load rutin effectively and the rCNPs may deliver rutin successfully 
to the targeted pediatric hepatocellular carcinoma Hep3B cells. In this regard, the safety of the rCNPs would be tested 
against L929 fibroblasts, since it is believed that effective drug delivery systems are safe towards normal cells and can 
specifically target the cancerous cells. In addition, the hemocompatibility can provide insights into their safety in vivo 
and help in determining the route of administration. In addition, the mean particle size was expected to be less than 200 
nm which can enter the tumor environment better than larger sized particles. Also, we expect the ROS levels to be 
elevated after rutin is being delivered, which could possibly cause significant changes in ULK1 and NF-κB signaling, 
promote autophagy and inhibit EMT, thereby preventing metastasis of Hep3B cells. Considering this hypothesis, the 
novelty of the study was based on the fact that the rCNPs will possess cytotoxic effects on Hep3B cells and the probable 
mechanism for their cytotoxic effects on the hepatoma cells could be depicted as an international report for the first time. 
Therefore, we attempt to follow a simple process for synthesis of rCNPs, analyze their physicochemical properties, 
quantify the rutin load and rutin release, assess their cytotoxic potential on Hep3B cells and determine the possible 
mechanism besides elucidating the safety and biocompatibility of the rCNPs. We intend to provide these insights into the 
use of rCNPs for therapy of liver cancer through the current research work.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S443117                                                                                                                                                                                                                       

DovePress                                                                                                                       
4467

Dovepress                                                                                                                                                              Wu et al

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

https://www.dovepress.com
https://www.dovepress.com


Materials and Methods
All chemicals used for the research were of analytical grade, purchased from Sigma Aldrich Chemicals Co. LLC. 
(St. Louis, MO) and were not processed further before use for synthesis. Chitosan was bought with a degree of 
deacetylation of 85% (medium molecular weight) and a viscosity of 200–800 cP, 1 wt. % in 1% acetic acid (25 °C). 
Sodium Tripolyphosphate Anhydrous (sTPP) (57–59% and pH 9.0–10.0), Sodium chloride (≥99.0%, pH 5.0–9.0), Rutin 
(95%) and Rhodamine B (≥95%) were purchased in extra pure form. All solutions were prepared with deionized water 
during the course of the experiment.

Preparation of Rutin Loaded CNPs
The rCNPs were synthesized following methods published previously with slight modifications.67–69 Chitosan was 
prepared at the concentration of 2 mg/mL in 2% glacial acetic acid and 50 mM sodium chloride and stirred using 
a magnetic stirrer for 1 hr at 300 rpm. The formed solution was visibly clear and free of residues and therefore no other 
processes such as filtration were adopted. After 1 hr of stirring, rutin was added at 2 mg/mL and 5 mg/mL (individually) 
and stirred for 1 more hour. This mode of adding a drug to the chitosan solution before adding the negatively charged 
crosslinker TPP has been reported previously.70–72 The addition of the drug is done before addition of TPP which can 
help the incorporation of the drug into the chitosan matrix.73–76 The CNPs were reported to be formed instantaneously as 
soon as TPP was added to chitosan solution containing a drug.34,77 Therefore, sTPP at 2 mg/mL concentration was added 
after rutin has been added, for better integration of rutin into the chitosan matrix before the CNPs could be formed by 
crosslinking with TPP. This final solution was stirred for 1 more hour before centrifugation. The pH of the so-formed 
solution after the final incubation of 1 hr was 5.5 which is widely preferred and observed during the synthesis of 
CNPs.78–80 The final pellet with rCNPs was obtained after centrifuging the solution at 10,000 rpm for 15 mins at 4° 
C. The pellet was washed by centrifugation at 10,000 rpm for three times (15 mins each time) and resuspended in normal 
saline every time to remove unentrapped or free drug.81–83 In addition, the final pellet obtained after the total 1 hour of 
centrifugation (4 times of 15 mins) was filtered using 0.45 and 0.22 micron filters and used for further experiments. This 
filtration may also aid in removal of any unwanted impurities, residues or unentrapped drug.84–87 The same procedure 
was followed for preparation of CNPs without any drug load (pCNPs).

Physicochemical Properties of the CNPs
Characterization of the CNPs
UV–vis analysis was conducted using Spectramax 190 absorbance reader. The surface properties of the rCNPs were 
studied using Perkin Elmer Spectrum RX1 model FTIR instrument. Particle size and PDI were analysed via dynamic 
light scattering (Particulate Systems model Nano Plus instrument). ζ-potential was analysed using Zetasizer Nano ZS 
instrument (Malvern Panalytical, Malvern, UK). The morphology of the synthesized CNPs was measured using JEM- 
2100 Plus instrument, JEOL Ltd., Japan.

Encapsulation and Drug Loading Efficacy
To begin with, the λ-max value of rutin was determined using UV–vis spectrophotometry to be 352 nm. The synthesis 
was conducted as mentioned earlier and the quantity of unconjugated rutin was calculated from the supernatant by 
analysing its absorbance at 352 nm. The calibration curve was derived to determine the concentration of rutin. The 
encapsulation efficiency and percentage of drug load were determined using the following formulae:88,89

Drug Release Assay
The in vitro drug release assay was conducted using dialysis membrane sacs. The procedure for preparing the rCNPs was 
followed as the same before using 1 mg/mL rutin as the drug and normal saline as the medium. The pellet and 
supernatant were collected individually after centrifugation. The supernatant absorbance was measured at 352 nm and 
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used for drug loading assay as mentioned earlier. The final pellet was packed in the dialysis sacs, placed into a beaker 
containing the dialysis medium and stirred constantly (180 rpm, 37 °C). The supernatant was collected at varying 
durations till the end of the 24th hr for pH 5.5 and till 102 hrs for pH 7.4 (pH adjusted with NaOH). The absorbance 
values were recorded and replaced with the same medium after making each reading. The differences were calculated, 
calibration curves were drawn, and the drug release was determined.90 The release of rutin from rCNPs was observed at 
two different pH (the physiological pH 7.4 and the cancerous pH 5.5). The following formula was used for measuring the 
percentage of drug release:

Quantification of Rutin Load on rCNPs Using UPLC
An UPLC method of run to determine the rutin concentration was performed using WATERS ACQUITY UPLC H-Class 
System. The analysis was performed using water-acetonitrile gradient elution (as a mobile phase), using a PDA detector, 
the column compartment temperature was 35 °C, and the samples were analyzed using multi-wavelength detectors (100 
to 450 nm) and the results were quantified at 280 nm. The flow rate was maintained at 1 mL/minute. The total run time of 
this analysis was 30 mins. The initial conditions for gradient elution were 2.0% of eluent B with gradual increase of 
linear gradient to 15.0% starting at 0.01 to 7.0 minutes, followed by linear gradient to 20.0% eluent B at 15 mins. Further, 
the linear gradient was set at 20.0% of eluent B was set for 20 mins, 35.0% of eluent B at 25.0 mins and 10.0% of eluent 
B at 28.0 mins. The mobile-phase composition returned to the initial condition at 30.0 mins.

Cytotoxic Effects of CNPs on Cancerous Hep3B and Normal L929 Fibroblasts
All cell lines used in this study were purchased commercially from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). Human hepatoma cell line Hep3B (ATCC® HB-8064™) was cultured using Dulbecco’s Modified 
Eagle Medium (DMEM) at 1 × 104 cells per well and provided with 1X Antibiotic Antimycotic solution in addition to 
10% fetal bovine serum and incubated for 24 hrs at 37 °C with 5% CO2. Later, the cells were treated with various 
concentrations of the pCNPs and rCNPs. After aspirating the medium, the cells were treated with 0.5 mg/mL MTT and 
incubated at 37 °C for 4 hrs. At the end of incubation period, the dye was discarded. The resultant cells were analyzed 
using a microplate reader at 570 nm. The safety of the rCNPs was analyzed using the same protocol with an alternative 
normal fibroblast cell-line L929 (ATCC® CCL-1™) in place of Hep3B cells. The protocol remained the same except the 
cell line.91 The experiments were conducted in triplicate, and the data were recorded as mean ± SEM.

Mechanistic Analyses for Cytotoxic Effects of rCNPs on Hep3B Cells
Evaluation of Changes in Mitochondrial Membrane Potential (MMP) and Reactive Oxygen Species (ROS)
The Hep3B cells were adhered at 2 × 105 cells per well overnight and treated with the rCNPs and incubated for 8 hrs to 
determine the mitochondrial membrane potential (MMP). After incubating, the cells were treated with rhodamine 123 at 
1 μg/mL for 30 mins at 37 °C. The treated cells were subsequently washed and observed using a Nikon ECLIPSE 
TE2000-U fluorescent microscope. The average fluorescence was measured and elucidated using a bar graph.92,93 

Similarly, 5 × 105 cells were adhered overnight, treated with the rCNPs and incubated for 8 hrs to determine the 
intracellular ROS. At this stage, the media was removed, 5 μM H2DCFDA was added, incubated for 30 mins at 37 °C 
and observed using a fluorescent microscope.94

Analysis of Gene Expressions Using qPCR
The Hep3B cells were plated in 96-well plates at a concentration of 1 × 104 cells per well in DMEM media. The media was 
supplemented with 1X Antibiotic Antimycotic Solution and 10% fetal bovine serum. The optimal conditions of 37°C and 5% 
CO2 were maintained for cell growth. The cells were later treated with rCNPs for 24 hrs at conditions of 5% CO2 and 37°C. 
The cells were collected, washed with PBS and used for extracting RNA using standard protocols. For gene expression 
studies, reverse transcription was performed using PrimeScript™ cDNA Synthesis Kit. Reverse transcription reactions were 
confined to 3 μg of total RNA samples, 1 μL of Oligo dT Primer (50 μM), 1 μL of dNTP Mixture (10 mM each), 4 μL of 5X 
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PrimeScript Buffer, 0.5 μL of RNase Inhibitor (40 U/μL), and 1 μL of PrimeScript RTase (200 U/μL) and were topped off to 20 
μL with DEPC treated water. The incubation for reverse transcription was maintained at 42 °C for 60 mins, and termination of 
the reaction was done at 95 °C at 5 mins. The reaction volume consisted of 25 μL, including 12.5 μL of 2 × AccuPower® 2X 
Greenstar™ qPCR Master Mix, 10 μmol forward/reverse primers, and the cDNA samples. The amplification protocol 
contained of denaturation at 95 °C for 15 mins, followed by 40 cycles at 95 °C for 15s and 60 °C for 30s. β-actin was used 
as an internal control. The results were expressed as relative gene expression using 2(-Delta Delta C(T)) method.95 The list of 
primers used for the study is presented in Supplementary Table 1.

Cellular Uptake and Internalization of rCNPs
The rhodamine B-rCNPs conjugate was prepared at the ratio of 4:1 and kept for 24 hrs under dark conditions. Hep3B 
cells were seeded in 24-well cell culture plates, and the culture conditions were followed as that of the one followed for 
analysing the cytotoxic effects (cultured under standard optimal conditions of 37 °C and 5% CO2). After a confluence of 
80% was reached, the cells were treated with rhodamine B-rCNPs conjugate for 24 hrs. At the end of the treatment, the 
cells were washed three times with 1X PBS. Later, the treated cells were observed under a fluorescent microscope 
[EVOS™ FLoid™ Imaging Station] using red filter, and the images were presented at 125 µm.96,97 The same procedure 
was followed for quantification of uptake, yet, at the end of treatment the cells were analyzed by a fluorescence 
spectrophotometer (Lionheart FX automated microscope, BioTek) using an excitation wavelength of 555 nm and 
emission wavelength of 627 nm.

Hemocompatibility of rCNPs
Blood collection for hemocompatibility assay98 from healthy volunteers (n = 6) was authorized by The First People’s 
Hospital of Changzhou Research Ethics Committee (number: 2023–076). The experiment was undertaken with the 
understanding and written consent of each subject. The collected blood was mixed into a heparin-coated vacutainer tube 
and diluted with PBS (pH 7.2, 1:9 v/v). Aliquots of 1 mL were prepared and different concentrations of the rCNPs were 
added to the tubes. Considering Triton X as the standard, the tubes were incubated at 37 °C. After 24 hrs, the samples 
were centrifuged at 3000 rpm for 10 mins, the supernatant was collected and quantified at 545 nm using 
a spectrophotometer. The percentage of hemolysis was calculated using the following formula:

Statistical Analyses
All experiments were conducted in triplicate, and the intergroup differences were determined by Student’s T-test using 
GraphPad Prism 5 software. The data are presented as mean ± standard error of mean (SEM). A p-value was deemed to 
be statistically significant (* p > 0.05, ** p < 0.01 and *** p < 0.001 for cell culture assays, ** p < 0.05, *** p < 0.001 
for qPCR and *** p > 0.001 for other experiments).

Results and Discussion
Characterization and Identification of Drug-Loading Onto CNPs
UV–Vis Analysis
Initially, the CNPs were characterized by using UV–vis analysis. The pCNPs showed highly dominant characteristic 
peaks for CNPs at 305 nm. The peaks at this range are characteristic for CNPs.99,100 Nonetheless, the loss of 300 nm 
peak and the occurrence of a dominant peak at 335 nm, 355 nm and 375 nm are characteristic for the synthesis of CNPs 
in unfiltered samples, as peaks around 360 nm relate to drug-loaded (as peaks around 360 nm is characteristic for λmax 
values of rutin) rCNPs. These peaks identified for rCNPs correspond well to UV–vis peaks for CNPs loaded with rutin as 
the characteristic peak for rutin stays around 360 nm.101–103 The shift in peaks from their initial wavelength observed 
around 300 nm could be attributed to the encapsulation with a drug (rutin in this case).104 The outcomes of UV–vis 
analysis initially signify that rutin has been possibly loaded onto the synthesized rCNPs. The UV–vis peak for pCNPs 
corresponds to 305 nm which confirms the synthesis of pCNPs without any drug interference as described above. The 
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peaks observed at 335, 355 and 375 nm is characteristic for rutin loading on rCNPs. The peaks around 360 nm have been 
reported to be the characteristic range and a standard for identifying rutin load on nanoparticles (Figure 1).105,106 The 
formation of CNPs loaded with rutin implying deacetylated chitosan was achieved by ionic gelation through dipole ionic 
and electrostatic interactions between nitrogen phosphorus groups of compounds. A competition between phosphate and 
hydroxyl groups for interacting with deacetylated chitosan can occur. Therefore, deprotonation of deacetylated chitosan 
can be formed by hydroxyl groups, and a greenish milky suspension (green tint of rutin) was produced as a result of such 
interactions between deacetylated chitosan and rutin under stirring.107

FTIR Analysis
The FTIR peaks around 3440 cm−1, 1638 cm−1 correspond to the broadening vibrations for chitosan. These peaks related to 
CNPs are due to the reactivity of amine groups which can interact with phosphate groups of sTPP. Also, the peak at 
2080 cm−1 is related to the alkyne or carboxylated amine groups attributed to the CNPs.108–110 In addition, the shift in peaks 
from pCNPs from 1455 cm−1, 1364 cm−1, 1294 cm−1, 1205 cm−1, 1095 cm−1, 1015 cm−1 and 560 cm−1 to 700 cm−1 (0.45 
micron filter) and 665 cm−1 (0.22 micron filter) in the rCNPs could be related to electrostatic interaction between rutin and 
chitosan and the consequent grafting111,112 (Figure 2). This interface is a common occurrence as an outcome of interaction 
between the drug and the nanomaterial and therefore the entrapping of rutin had occurred on the rCNPs.113 The disappearance 
of FTIR peaks indicates that a strong chemical interaction has occurred between the drug and the polymer nanoparticles.114 

Some peaks do shift from their original value and some peaks remain the same even after the formation of the polymeric 
nanoparticles after the drug load in CNPs.115 This was the case with our study as several peaks disappeared in the rCNPs in 
comparison to the pCNPs. Also, some peaks remained in both pCNPs and rCNPs (three peaks around 1634 cm−1, 2080 cm−1 

and 3440 cm−1). This indicates that a strong interaction has occurred between rutin and chitosan resulting in the formation of 

Figure 1 UV–Vis analysis of the rCNPs and pCNPs.
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rCNPs. This is a secondary illustration for loading of rutin on rCNPs. For further confirmation of the loading of rutin onto 
rCNPs, we performed an UPLC analysis, which may also provide the information on the volume of rutin loaded on rCNPs.

Determination of Drug Load by Using UPLC
Liquid chromatography is one of the most preferred methods for determination of rutin using a PDA detector as it is 
efficient for quantitative analysis of compounds loaded on nanomaterials for their advantages with accurate and precise 
detection and/or quantification.116 In comparison to UV–vis which determines the results in two aspects such as light 
intensity and time, PDA-based detection complements the outcomes through a third aspect with respect to wavelength.117 

Among liquid chromatographic techniques, UPLC has several advantages as it needs the sample in small volumes, 
shorter run times with decreased use of solvents and therefore is an economical method for rapid quantification of 
biomedical agents.118 With this rationale, the data retrieved by UPLC was used in determining the quantitative load of 
rutin on rCNPs. In this regard, the retention time of standard rutin was 18.735 min; comparatively, the retention time for 
0.22 micron filtered samples was 19.077 min (Supplementary Figure 1A and B). Thus, UPLC analysis was the third 
assay to confirm that the synthesized rCNPs were loaded with rutin and the concentration was quantitatively measured 
after filtration with 0.22 micron filter to be 88 µg/mL. Therefore, UPLC remained an assay for both identification of rutin 
load and quantification of its concentration in the rCNPs as per our study.

Particle Size, PDI, Zeta Potential and Morphology
After the initial analyses of the loading of rutin on to CNPs as rCNPs using UV–vis, FTIR and UPLC, the average 
particle sizes and PDI were determined for all three samples prepared at the initial rutin concentration of 2 mg/mL during 
synthesis (unfiltered, 0.22 micron and 0.45 micron filtered samples). Since these two measures are important for 

Figure 2 FTIR analysis of the pCNPs, 0.45 micron filtered rCNPs and 0.22 micron filtered rCNPs.
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determining the superiority of the particles, they were analyzed.119 The particle sizes for the unfiltered pCNPs and rCNPs 
were 924.7 nm and 827 nm, respectively. Subsequently, the PDI were 0.515 and 0.466 for the samples. The particle sizes 
for 0.45 micron filtered pCNPs and rCNPs were 195.8 nm and 207.4 nm, respectively, whereas the PDI were 0.313 and 
0.308. Similarly, the particle sizes for 0.22 micron filtered pCNPs and rCNPs were 147.7 nm and 140.0 nm, respectively. 
Accordingly, the PDI were 0.243 and 0.226.

Similarly, the initial drug concentration set at 5 mg/mL for rCNPs showed particle sizes of 112.2 nm, 113.1 nm and 
144.1 nm for unfiltered, 0.45 micron and 0.22 micron filtered samples. The PDI values were 0.297, 0.307 and 0.244, 
respectively (Figure 3A). Since the cytotoxic effects were prominent in 0.22 micron filtered samples of 5 mg/mL rutin 
precursor (which is presented in the following section), it was used for further biological assays (144.1 nm size and PDI 
of 0.244). The particle size observed in this study was similar or very small to those of nanoparticles loaded with rutin 
that had been published previously (~50 to 200 nm or even up to 7.8 µm). Also, in those reports, the PDI stayed in the 
zone of 0.2 to 0.4, similar to our study.120–123

According to the proposed Gaussian distribution, particles of the nano-size which possess a PDI range of 0.1 to 0.4 are 
presumed to reflect moderate polydispersity.124,125 Also, the particle sizes of less than 200 nm can extravasate into the tumor 

Figure 3 Continued.
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environment with a width of 400 to 600 nm via enhanced permeability and retention (EPR) effect.126–130 Since, the rCNPs 
were within the size range of 200 nm (144.1 nm) and possessed a PDI of 0.244, they seem ideal for tumor targeting.

ζ-potential is widely accepted as an electrokinetic indicator for the stability of a colloidal solution, which determines 
the electrostatic repulsion between similarly charged nanoparticles in a colloidal suspension. Higher ζ-potential index of 
the nanoparticles elucidates that the solution is exceedingly stable and the particles can repel each other and stay 
unaggregated. When the ζ-potential value is low, the particles in the solution are determined to possess limited stability, 
repel less or attract more, leading to colloidal breakage and flocculation or aggregation.131 ζ-potential values ranging 
between −10 mV and +10 mV are considered neutral, whereas values higher than −30 mV and +30 mV are extremely 
stable as anionic and cationic forms, respectively.132 The ζ-potential value of pCNPs was 19.7 mV, whereas that of 
rCNPs was 16.4 mV, indicating good stability (Figure 3B). Particles with ζ-potential of around 20 mV are considered 
stable and possess very low probability for aggregation.133 It is also interesting to note that positively charged CNPs pose 
enhanced rapid and greater cellular uptake.134 In addition, drug loading on CNPs can result in decrease of ζ-potential as 
observed in this case and previous reports. The decrease in the value could also be attributed to the charge of the drugs 
loaded on the polymer (negative charge of rutin in this case).135–138 The decrease in ζ-potential after drug load could be 
due to the encapsulation of the drug inside a polymer complex, rather than adsorption on its surface. In addition, 
a moderate and positive ζ-potential can improve the circulation time of the drug in the blood.139 Hence, the ζ-potential of 
rCNPs indicates that they can deliver rutin with better circulation time, enhanced stability and improved cellular uptake.

To study the morphology of the synthesized rCNPs, TEM analysis was adopted. Particles at the nano-regime are 
generally observed at different magnifications using TEM.140 The TEM observations for rCNPs, the histogram for 
determination of their particle size and the observations for pCNPs are provided in Figure 4. The mean particle size 

Figure 3 (A) Particle size analysis for the initial drug concentration set at 2 mg/mL for pCNPs and rCNPs along with the initial drug concentration set at 5 mg/mL for 
rCNPs. (B) Zeta potential of pCNPs and rCNPs.
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calculated using TEM was 47.208 nm. As per the outcomes, the comparison of particle sizes using DLS and TEM 
indicated that the particle sizes according to DLS (144.1 nm) were higher than TEM (47.208). This is because TEM is 
a local analysis of the materials, whereas DLS is a holistic or wide-area analysis of the concentration of the light being 
disseminated round the zone that is being investigated. Hence, DLS is a much preferred method for materials being used 
in solvent forms containing biological agents.141

In vitro Drug Loading and Release
After the physicochemical properties of the rCNPs were determined, DL % of the rCNPs was calculated and found to be 
13.29 ± 0.68%, whereas the EE % was 19.55 ± 1.01%. The hydrophobic nature of rutin makes it a drug, with low loading 
efficacy (around 10%) on several polymeric nanoparticles as is commonly observed among other hydrophobic drugs and 
nanomaterials. Suggestively, the DL% observed in the present study for rutin on chitosan was comparatively higher 
(compared to the previously reported 1.9 to 4.6%) or almost similar (below 10% widely observed for polymeric 
nanoparticles) to the percentage reported by previous publications.136,142–144

UV–vis is a rapid, inexpensive, easy and reliable method which meets the necessities of quality control in 
pharmaceutical standards and is therefore effective for examining the drug release using a polymer system.145,146 It is 
advantageous for determination of drug release in comparison to HPLC as there is a hindrance in continuous monitoring 
of drug release from nanomaterials. The UV–vis method is therefore a highly sensitive and comfortable method for 
estimating the drug release.147 With regard to determination of drug load, both methods can comparatively provide the 
information of drug load, and it is better to use both methods in unison. Yet, liquid chromatography is a more precise 

Figure 4 Morphology (5, 10 and 200 nm) and the histogram for particle size of rCNPs along with the morphology of pCNPs (2 nm) using TEM.
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method compared to the use of UV–vis for serving this purpose. In addition, concentration detection using both UV–vis 
and liquid chromatography may have differences of up to 6 fold (UV–vis showing higher values than liquid chromato-
graphy). Relating to this, as per UV–vis analysis, the drug loading capacity was around 13.29 ± 0.68%, which is 
approximately equivalent to around 133 µg/mL, whereas, the drug load on the rCNPs calculated using UPLC was 88 µg/ 
mL (The concentration calculated using UV–vis was 1.5 fold higher than concentration calculated using UPLC as per our 
study). Hence, liquid chromatography is more effective in quantification of a drug compared to UV–vis.148,149 Therefore, 
we used the drug concentration calculated using HPLC to determine the dose for all our cytotoxicity and related 
experiments, whereas, considered UV–vis with regard to drug release for its advantages of continuous monitoring.

Considering the advantages of UV–vis over liquid chromatography, the release profile of rutin was observed using 
UV–vis till a time period of 24 hrs at the cancerous pH 5.5. The release was not evident until 15 hrs, the point from 
which there was a burst of rutin release starting from 18 hrs. The burst release happened till 24 hrs, at which duration, 
88.58% of the drug was released. This similar pattern of rapid release of similar concentration of a drug over a definite 
period of 24 hrs has been reported previously.66,150 Contrastingly, a slow and sustained release was at the physiological 
blood pH of 7.4. The drug release was not observed until ~ 70 hrs, while, at 72 hrs, the drug release was ~2%. 
A sustained release was observed thereafter which reached 91.44% after 102 hrs (Figure 5). The drug release at pH 5.5 

Figure 5 In vitro drug release of rutin at cancerous pH 5.5 and physiological pH 7.4.
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was 4.25% faster than the release at pH 7.4. This pattern of difference in release has been reported previously where the 
release at pH 7.4 is much slower than the release at acidic pH (from 2 to even 20 times slower).151–153 The data for 
percentage of drug release at different time intervals are provided in Supplementary Table 2A and B.

As per previous reports, pH 5.5 is the intracellular pH displayed by cancer cells, especially, in liver cancer,154–158 and also 
represents the lysosomal pH.159,160 However, pH 7.4 relates to normal physiological pH.161,162 The enhanced release of rutin 
from rCNPs at pH 5.5 compared to pH 7.4, which could accumulate more at lysosomal or cancerous pH of Hep3B cells, might 
be attributed to several factors and outcomes including: 1. Swelling property and high permeability of CNPs at acidic pH 
atmosphere results in a drug release which was maintained mutually owing to both erosion and diffusion;163,164 2. The 
hydrolysis of the bonds within cationic hydrophilic polymers such as chitosan that are sensitive and labile to the acidic pH;165 

3. In the diffusion-controlled release, a rapid release is achieved initially as drug molecules are evenly distributed in the 
polymer matrix which can absorb the surrounding aqueous medium, expand and diffuse later resulting in an osmotic 
release;166 4. At the lysosomal pH of cancer cells which stays around 5.5,167 the proton sponge effect occurs, as the 
accumulation of positively charged molecules in the form of polymers such as chitosan disrupt the lysosomes due to influx 
of chloride ions and result in efficient drug delivery after escaping endosomal degradation.157 As soon as the CNPs infiltrate 
the cancer cell membrane by endocytosis and escape lysosomal degradation, they enter the nucleus and bind with the DNA 
and lead to its aggregation or the subsequent genotoxic effects;168,169 5. The positive charge of CNPs facilitates effective 
attachment to cancer cells, thereby resulting in increased cellular uptake and eventual drug release;134 6. Reduction of 
electrostatic interfaces taking down the nanovalves with the cargo resulting in increased release of the drug as a result of 
protonation of amines below pH 7.170 Therefore, drugs with rapid or enhanced release at pH 5.5 could possibly lead to superior 
therapeutic efficacy in vivo.171 Such pH-responsive materials can therefore be stable at physiological pH of the blood and 
breakdown (due to changes in the degree of ionization) to release the drug cargo under acidic environment.172 This could be 
the rationale for the enhanced drug release at pH 5.5 as observed in our study.

The drug release may also be affected by factors such as drug composition, mode of preparation, interactions between drug 
and the polymer, and the release mechanism may involve the diffusion of drug molecules or by polymer matrix 
degradation.166,173 The sustained release is advantageous for every day dosing in clinical patients in preventing the reversal 
of drug-effect and reduction of frequency of dosing.174 Since accumulation of the antitumor drug within a tumour is preferred 
in comparison to the normal cells, nanomaterial-based drug delivery is desired. In such cases of using pH-responsive 
nanomaterials, the release is multi-fold better at pH 5.5 than 7.4, which is widely preferred.175 The drugs loaded on these pH- 
responsive nanomaterials are released in a rapid manner as these materials can also be degraded by the lysosomes and 
endosomes at acidic pH. These materials can therefore enter cancerous cells efficiently compared to normal cells. Also, the 
toxic effects on cancerous cells were higher, whereas a low toxicity profile was exhibited on normal cells.176,177 This might be 
due to the fact that the nanomaterials stay in the blood pH for prolonged durations, penetrate tissues and release the drug at the 
acidic pH (the one at targeted tumor location) with limited side-effects.10 These kinds of materials which can show excellent 
extracellular stability (relating to pH 7) and release the drugs in a rapid manner at cancerous pH are sought for effective cancer 
therapy.178 Similar properties exhibited by the rCNPs in this study may therefore be effective in tumor-targeting with limited 
adverse effects.

Interactions of the CNPs with Hep3B Cells and the Possible Mechanisms
Cytotoxic Effects of the pCNPs and rCNPs
Cells at the in vitro stage form the base for preclinical testing and are therefore used in identifying a drug 
possibility.179,180 Since MTT assay is a distinctive standard for determining the cytotoxic effects of a drug possibility, 
it was adopted further.181 After incubating the Hep3B cells with the unfiltered and 0.22 micron filtered rCNPs for 24 hrs, 
the cell-killing effects were elucidated by using MTT assay. The outcomes of the assay indicated that the values for 
inhibitory effects on Hep3B cells by 50% using unfiltered and 0.22 micron filtered rCNPs were 463.9 ± 0.07 μg/mL and 
9.7 ± 0.19 μg/mL (based on the rutin load on rCNPs), respectively. The IC50 for the cytotoxic effects of pCNPs on 
Hep3B cells was 442.6 ± 0.15 μg/mL (Figure 6). The cytotoxic effects of 0.22 micron filtered rCNPs were more 
pronounced than rutin-free pCNPs or unfiltered rCNPs.
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Since the IC50 value was more significant or effectively cytotoxic after being filtered with 0.22 micron filter, it was 
used for further studies related to biological effects on Hep3B cells. The dose-dependent cell-killing effects were 
therefore effective at a lower rutin dose when filtered using a 0.22 micron filter as indicated by the IC50. The microscopic 
observations of the interactions between the CNPs and Hep3B cells are presented in Supplementary Figure 2A and B. It 
has been reported that nanoparticles with no drug load (plain nanoparticles) displayed limited cytotoxic effects on cancer 
cells, whereas, the nanoparticles with a conjugate are more toxic to the cancer cells.182,183 Similar results were observed 
in our study as pCNPs were less toxic on cancer cells in comparison to the rCNPs.

Changes in MMP and ROS
Since MMP is a widely accepted tool to display the mitochondrial function and can induce changes in production of ROS, it 
was analyzed further. This is based on the fact that intervening the MMP levels by therapeutic approaches can help sustain 
several clinical diseases by decreasing the viability of cells related to such disorders.184–186 Since the mitochondrion is 
responsible for ATP production, changes in MMP can lead to changes in ATP production and the pH of mitochondrial sub- 
compartments.187–189 Specifically, increased production of MMP can lead to changes in morphology of mitochondria 
including the intermembrane space and matrix and lead to induction of cell death via mechanisms such as apoptosis.190 

Hence, damages to the mitochondria and subsequent changes in ROS can lead to changes in metabolic processes related to 
energy and thereby a reduction in production of ATP.191–193 Since increased production of ATP can lead to tumor progression, 
changes in MMP can affect the metabolic process of cancer cells as ATP is the primary energy source for cancer cells.194,195 

The increased production of MMP as observed in the study indicates that ATP levels could proportionately be decreased and 
the supply to Hep3B cells could be hindered (Figure 7). Also, the materials that can cause changes in MMP can successfully 

Figure 6 Cytotoxic effects of the pCNPs and rCNPs on Hep3B cells in triplicate and expressed as mean ± SD (**p < 0.01, ***p < 0.001).
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target cancer cells, making them more prone to drugs that target mitochondria, the organelle which is considered the primary 
target for several tumor-targeting agents.196 These changes in MMP can induce cell-killing mechanisms such as autophagy in 
cancer cells.197 Therefore, rCNPs could target mitochondria and result in cell-killing mechanisms including autophagy for 
their therapeutic effect on Hep3B cells.

ROS production primarily occurs in the mitochondria and can cause mitochondrial damage and consequent depleted 
levels of ATP.198 In this regard, increased generation of ROS can lead to increased production of MMP leading to 
changes in mitochondrial respiration and eventual dysfunction and the vice versa.184,199,200 Therefore, the ROS levels 
after treatment with rCNPs were analyzed. In general, ROS is necessary for nanomaterials to trigger cancer cell death. 
The production of ROS by changes in systematic functioning of redox-dependent activities is dependent on nanomaterial 
characteristics such as size, contour, exterior features and characteristics like dissolution and aggregation which may 
decide the intensity and outcome of particle-cancer cell interactions.201,202 At elevated levels of ROS, cancer cells 
undergo apoptosis as a consequence of the generation of the reactive species.203 Such reactive species can also induce 
autophagy and ferroptosis which can result in cell death of malignant cells.204,205 Elevated levels of ROS observed in this 
study can possibly lead to cell killing mechanisms such as NF-κB signaling and changes in ULK1 signaling 
(Figure 8).206,207

Analysis of Gene Expressions Using qPCR
qPCR is widely used to define the varied expression levels of mRNA in various cancer cell types, thereby determining 
the mechanisms of certain cell-killing effects which are usually determined by the expression fold as a function of 
upregulation or downregulation.208–211 In this manner, the changes at the gene levels of certain key proteins can be 
determined which can be useful in studying the key mechanism of drug–cell interactions.212 As mentioned earlier, by 
means of causing the changes in MMP and ROS, a drug candidate can possibly result in engagement of NF-κB signaling 
and ULK1-linked autophagy in cancer cells. Therefore, we further intended to analyse the changes in ULK1-related 
autophagy associated genes and NF-κB signaling.

Figure 7 Changes in MMP after treating Hep3B cells with rCNPs (**p < 0.01).
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Macroautophagy is a catabolic mode of cell-killing where certain regions of the cytoplasm are impounded into the 
membrane-bound vesicles called autophagosomes. Later, the constituents are transferred to the lysosome for degradation. 
This process begins with the formation of phagophore, engulfing of the cargo, elongation of the phagophore leading to 
the formation of autophagosome. The autophagosome binds with the vacuoles and results in the formation of autolyso-
some which degrades the cargo and releases them back into the cytosol.213 In this process, ULK1 is activated by 5′ 
adenosine monophosphate activated protein kinase (AMPK)-dependent phosphorylation, thereby leading to the formation 
of ULK1 complex. Also, ROS plays a critical role in phosphorylation of ULK1 and promotion of autophagy.214 This 
process of formation and/or phosphorylation of the ULK1 complex requires the roles of several autophagy-related 
proteins, where phosphorylated ULK1 fuses with Beclin 1 and assembles the phosphoinositide-3 kinase (PI3K) complex. 
The upregulation of ULK1 in this study indicates that the cell-killing mode of autophagy was initiated. This complex 
attaches the phosphatidylinositol lipids that can recruit the ATG proteins to result in the formation of autophagosome.215 

Relating more to this analysis of effects of ULK1 and autophagy, the upregulation of ULK1 has been associated with 
cell-killing of drug-resistant cancer cells via the induction of autophagy. This process may engage the involvement of 
autophagy-related 5 (ATG5) and LC3II for the induction of autophagy.216–218

Autophagy-related genes (ATGs) are critical constituents of both the canonical and non-canonical autophagy. After 
the formation of autophagosome, the elongation and maturation take place by the mediation of ATG5-ATG12-ATG16 
complex. The upregulation of ATG5 expression in our study supports the formation of this complex and therefore the 
maturation of the autophagosome which is termed as the ubiquitin-like conjugation system. This supports the conjugation 
of LC3 with phosphatidylethanolamine which is called the lipidation conjugation system which happens with the help of 
ATG3. This induces the formation of autophagosome and fusion, with the lysosome leading to the formation of LC3II.219 

It is critical to note that LC3II is a marker for macroautophagy, where LC3 leads to the formation of LC3II at the 
membrane with an intermediary LC3-1.220–222 The upregulation of LC3II signifies the induction of macroautophagy in 
this study. The cargo to be degraded is now presented to LC3II inside the autophagolysosome, where the lysosomal 

Figure 8 Changes in ROS after treating Hep3B cells with rCNPs (**p < 0.01).
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secretions dissipate the cargo (the extracellular or intracellular macromolecules and organelles) by means of 
autophagy.223–226 In our study, the upregulation of ULK1, ATG3, ATG5 and LC3II after treatment with rCNPs indicates 
that these nanomaterials induced ATG-dependent autophagy via engaging the ULK1 complex along with the involvement 
of LC3II. Hence, we further analyzed the role of NF-κB signaling in cell death induced by rCNPs.

NF-κB is in general considered an oncogenic transcription factor and includes a family of proteins that are usually engaged 
in malignant transformation and progression besides inducing EMT. Yet, in certain cancers including liver, NF-κB acts as 
a tumor suppressor.227–230 Also, p53 as an established tumor suppressor can activate autophagy for the purpose of cancer cell 
killing.231,232 It has also been reported that p53 and NF-κB can drive the formation of a pro-inflammatory environment which 
can benefit the drug possibilities in tumor therapy.233 The upregulated expressions of p53, NF-κB1 and NF-κB2 in this study 
support the tumor-inhibiting roles of these protein families or their constituents on Hep3B cells since the activation of p53 and 
NF-κB signaling could be related to induction of autophagic cell death.234,235 There are reports suggesting the roles of these 
two pathways in treatment of liver cancer along with the involvement of autophagy.236–238 Therefore, the upregulated 
expressions of p53, NF-κB1 and NF-κB2 in this study could relate more to autophagy-linked cell death. There are evidences 
that autophagy can prevent the occurrence of EMT and revert the cells with the EMT phenotype.239 Therefore, we further 
studied whether the rCNPs can result in inhibition of EMT of Hep3B cells.

EMT is important for enhanced tumor progression, invasiveness and metastatic behavior with poor prognosis in 
clinical patients with liver cancer and several transcription factors such as E-cad, SNAIL and vimentin are engaged in 
EMT.240,241 With regard to the EMT, E-cadherin (E-cad) is a tumor suppressor which can prevent tumor metastasis and 
improve cell-to-cell interactions and adhesive properties. This can prevent cancer cells from metastasizing to distant 
regions of the body and cause a decrease in EMT.242–244 In addition, SNAIL is considered an important suppressor of 
E-cad and plays critical roles in cancer progression. It can promote resistance to drugs, tumor relapse and enhanced 
metastatic behaviour.245 Also, vimentin can protect the external stress imposed on cancer cells and help in sustaining 
organ integrity of tumor tissues during EMT and cancer metastasis.246 Considering EMT as a therapeutic target can 
prevent the metastatic behaviour, reduce the invasive properties and inhibit the cancer cells from disseminating to distant 
sites.247 The upregulation of E-cad besides the downregulation of SNAIL and vimentin has been reported to reduce the 
incidence of EMT or reverse the EMT phenotype in cancer cells.248,249 Therefore, the upregulated expressions of E-cad 
along with downregulated expressions of SNAIL and vimentin suggest that the rCNPs can prevent the EMT efficiently 
and mediate cell-killing with the involvement of p53 and NF-κB via ULK1-mediated autophagy (Figure 9).

Figure 9 qPCR for analyzing the expression fold of the genes engaged in autophagy and EMT (**p < 0.05, ***p < 0.001).
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Cellular Uptake and Internalization of rCNPs
The uptake of nanoparticles less than 200 nm in size predominantly occurs by means of clathrin-mediated and caveolae- 
mediated endocytosis. This effect is dependent on the mode of contact of the nanoparticles with membrane of the type of 
cells they interact with, besides the physicochemical characteristics of the nanomaterials such as size, shape and surface 
charge. As soon as the particle and cells interact at the membrane through adhesion, the membranes undergo elastic 
deformation and allow diffusion of the polymeric nanomaterials.250 At the onset of clathrin-mediated endocytosis, it 
results in the formation of clathrin cages or vesicles in the form of spheres or hexagons due to their surface charge. These 
vesicles can engulf the nanoparticles in the acidic environment and let them escape the endolysosomal degradation after 
entry through the plasma membrane. This process is sequential where the nanomaterials are engulfed by the early 
endosomes, which mature into late endosomes (the pH drops from 6.5 to 5 at this stage in the endolysosomal region) and 
accumulate into the lysosomes. The cationic polymers with protonated amine groups undergo chelation with protons by 
proton pumps such as vacuolar-ATPase, causing the pumps to open rigorously. These protons can lead to accumulation of 
chlorides and water in the lysosomes leading to proton sponge effect (swelling and rupture of lysosomes) and eventually 
release the cationic nanomaterials (including chitosan) into the cytosol, causing endolysosomal escape.251

After they escape the endolysosomal system, they enter the nucleus, cause changes in MMP and result in production 
and release of excessive ROS leading to mitochondrial DNA degradation and cell death. It is interesting to note that 
CNPs are specific in targeting cancer cells in comparison to normal cells and positively charged CNPs are taken up at 
a faster rate by cancer cells in comparison to negatively charged CNPs. This effect might also be attributed to above-said 
factors such as changes in MMP, ROS and enhanced uptake by cancer cells. Finally, the CNPs are released as debris by 
exocytosis after their intended functions were achieved.252

The pH-responsive release via lysosome-linked pathways can therefore specifically target cancer cells and enter the 
nucleus besides having no- or limited toxic effects on normal cells.168 In cancerous cells, the cell death related to 
lysosomes is primarily integrated with autophagy by the accumulation of autophagosomes. Positively charged nanopar-
ticles usually accumulate in the lysosomes at the initial stages and result in extreme levels of ROS production and 
cathepsin B besides diffusing into the cytoplasm later by proton sponge effect.253 Therefore, the increased production of 
ROS and elevated levels of ULK1, ATG3, ATG5 and critically LC3II observed in our study indicates autophagy has 
played a key role in the cell death initiated by rCNPs.

The results of our study indicate that after the Hep3B cells were treated with rCNPs-labeled with Rhodamine B and 
free Rhodamine B, the cellular uptake was higher in cells treated with rCNPs (labeled with Rhodamine B) than the cells 
treated with free Rhodamine B. With regard to internalization, the nanoparticles were found to predominantly form 
vesicles within the cytoplasm after 24 hrs and circumvent in the perinuclear space, the cases in which nuclear 
accumulation was also observed (Figure 10). This means that the rCNPs after being internalized by the cancer cells 
were effectively taken up by endocytosis and clathrin vesicles were formed at the point of their entry. The observed 
accumulation of these vesicles in the cytosol may be due to their predominant localization in the lysosomes. The free 
rCNPs observed in the cytoplasm might be due to endolysosomal escape and lysosomal degradation due to proton sponge 
effect. After this process, the rCNPs might have entered the nucleus. Hence, the rCNPs follow the processes previously 
described by the formation of vesicles, endolysosomal escape and accumulation into the nucleus. The rCNPs posed faster 
cellular uptake and longer retention time up to 24 hrs and were possibly released by exocytosis after drug release. Also, 
the positive charged rCNPs can also be easily absorbed and can cross the negative charged cancer cell membrane 
effectively.254,255

Biocompatibility of the rCNPs
Safety Evaluation on L929 Fibroblasts
Selective targeting and killing of cancer cells by any drug under trial is usually conducted by analysing the effects on 
normal fibroblasts such as L929.256,257 It is generally expected that a tumor-targeting drug is effectively and selectively 
cytotoxic on cancer cells in comparison to normal cells.258 The results of the study indicate that the rCNPs were efficient 
in specific targeting of Hep3B cells in comparison to the normal L929 fibroblasts. This is because the IC50 for toxic 
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effects of rCNPs on the normal fibroblasts was not attained at the maximum-tested dose of 500 μg/mL. Almost 90% of 
the fibroblasts were viable at this maximum dose tested (Figure 11A). Since the IC50 value was not reached at the highest 
concentration tested, a projected value was predicted following non-linear regression curve fit method using GraphPad 
Prism which was 2078 ± 0.08 μg/mL. The microscopic observations of the interactions between rCNPs and the 
fibroblasts are presented in Supplementary Figure 3. As mentioned above, it is widely anticipated that a drug delivering 
nanoparticulate system should cause enhanced toxic effects on cancer cells and limited toxicity on normal and healthy 
cells.259 As expected for nano-drug delivery system, the rCNPs were more toxic on cancerous cells and comparatively 
exhibited limited toxicity on normal cells.

Figure 10 Cellular uptake and internalization of rCNPs into Hep3B cells (*** p >0.001).

Figure 11 Determination of biocompatibility of rCNPs (a) cytotoxic effects on L929 fibroblasts and (b) its hemocompatibility. The results were expressed as mean ± SD 
(*p >0.05, ***p >0.001).
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Hemocompatibility of rCNPs
In pursuit of providing a valid assessment of the biocompatibility of a tested material, hemocompatibility is a vital tool. 
In vitro hemocompatibility testing provides repeatable assays under similar and controllable conditions. This assay 
therefore validates the use of a material for use in medical applications in vivo. For a drug to be considered potentially 
effective for use in drug delivery and cancer therapy, it should not cause any unwanted adverse effects on blood. These 
undesired adverse effects include the formation of thrombus, platelet-leukocyte aggregates, hemolysis and complement 
activation or other blood-related side effects. To identify the potential suitability of the use of rCNPs in cancer therapy, 
human blood was used as an in vitro model for testing its compatibility, as in vitro models pose several advantages over 
direct use of the material in vivo. Enormously controlled in vitro environment for blood flow and anticoagulation has the 
potential to eliminate factors such as obstructed flow, use of medical interventions and testing without the usage of 
tissues, making hemolysis assay an attractive option for compatibility testing.260,261 Although the certain undesired 
effects of drugs such as elevated bleeding can be minimized by the use of systemic anticoagulants, the use of materials in 
therapy for longer durations requires the desired use of a material that is significantly hemocompatible.262 In this process, 
the physicochemical properties of the preferred nanomaterial determine their hemocompatibility.263

The outcomes of the study indicate that the rCNPs are effectively hemocompatible as the maximum-tested concen-
tration of 500 µg/mL induced very low or almost no-hemolytic effects on human blood. The percentage of hemolysis was 
1.84% at 500 μg/mL in comparison to the almost 100% (99.56%) lytic effect of 10% Triton X (Figure 11B). In this 
regard, the percentage of hemolysis at 0–2% is non-hemolytic, whereas 2–5% range exhibit low hemolysis.264 Since the 
desired percentage of hemolysis is less than 5%, the rCNPs are safe to use (with non-hemolytic profile) and can be 
administered intravenously owing to their compatibility with blood.138

Conclusions
CNPs were synthesized and loaded with rutin for targeted delivery into Hep3B hepatoblastoma cells. The rCNPs were 
characterized by standard techniques, and the rutin load was quantitatively measured using UPLC. As the particle size using 
5 mg/mL load of rutin seemed ideal, it was used for further studies, and the IC50 value for cytotoxic effects on Hep3B cells was 
9.7 ± 0.19 μg/mL of rutin. As per our hypothesis, rutin was initially loaded effectively on the rCNPs at 88 µg/mL after being 
filtered with 0.22 micron filter, and characterization using UV–vis and FTIR further proved the rutin loading. Also, the rCNPs 
were safe on normal cells as the IC50 value was not reached at the maximum-tested concentration of 500 μg/mL on L929 
fibroblasts in comparison to the IC50 value of 9.7 ± 0.19 μg/mL (rutin load) for Hep3B cells. The rCNPs with particle size of 
144.1 nm, PDI of 0.244 and a positive ζ-potential of 16.4 mV were effective in targeted delivery to the sub-cellular organelles 
after, they undergo escape from lysis by endosomes and lysosomes resulting in proton sponge effect. The in vitro drug release 
studies indicate that after the escape at endolysosomal pH, the rCNPs may erode or diffuse, resulting in efficient drug release 
into the nucleus, resulting in genotoxic effects. Owing to their very low hemolytic profile, the rCNPs could be administered 
intravenously and can release rutin in a sustained manner in the physiological pH (pH 7.4) over longer durations and release 
rapidly once, they reach the acidic environment of the cancer cells (pH 5.5). As a result, the rCNPs are efficient in pH- 
responsive targeted delivery of rutin to Hep3B cells.

After the confirmation of rutin loading on rCNPs, determination of physicochemical characteristics and the analysis 
of their pH-responsive drug release, a steady increase in MMP and ROS was noted in Hep3B cells after treatment with 
rCNPs. Subsequently, the mechanism for cytotoxic effects of rCNPs on Hep3B cells was found to be related to the 
activation of NF-κB signaling and ULK1 mediated autophagy besides inhibiting the EMT, thereby preventing metastasis. 
This is therefore, the first ever international report on determination of the cytotoxic effects and the probable mechanism 
for such effects of rCNPs on Hep3B cells. Also, the rCNPs possessed excellent hemocompatibility and could be 
administered intravenously to benefit from pH-responsive drug delivery. In addition, further studies are warranted to 
identify the potential mechanisms involved in cytotoxic effects of rCNPs on other malignant cells for applications 
in vivo. This study can therefore significantly improve the usage of CNPs for targeting cancer cells via a drug load, 
support their candidature for enhanced and targeted drug delivery and manage several malignancies at clinical level 
effectively in the future.
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