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ABSTRACT 

Novel drug delivery strategies are needed to meet the complex challenges associated to cancer 

therapy. Biocompatible pH-sensitive drug delivery nanocarriers based on amphiphilic co-polymers 

seem to be promising for cancer treatment. In the present study, a drug delivery system was produced 

by encapsulating quercetin into novel pH-sensitive self-assembled amphiphilic chitosan nanoparticles. 

Up to 83% of quercetin was entrapped by the nanoparticles. The particle diameter, as measured by 

dynamic light scattering (DLS), ranged from∼235 to∼312 nm for the blank and∼490 to∼502 nm for 

the loaded carriers. The results showed that the payload release is larger at acidic pH (5.0) than at 

physiological pH (7.4). Fitting the data to the Korsmeyer-Peppas model indicated that anomalous 

diffusion is the predominant release mechanism at pH 5.0, while Fickian diffusion operates at pH 7.4. 

The MTT assay revealed that blank nanoparticles were non-antiproliferative for the cell tested. The 

results further revealed that quercetin maintains its metabolism inhibition against MCF-7 cells after 

encapsulation. Cellular uptake experiments showed that nanoparticles accumulated on the cell 

surface, whereas few were internalized. Haemocompatibility test results suggest that the 

nanoparticles exhibit suitable blood compatibility for biological applications. Results suggest that 

nanoparticles might be a promising pH-sensitive drug delivery system for applications in anticancer 

treatment. 

1. Introduction 

Drug-based therapy is one of the most important strategies in cancer treatment. A major concern in 

this therapy is to ensure drug selectivity to the target tumour tissue. In chemotherapy, the 

biodistribution of the drug in healthy regions can cause severe side effects [1]. To overcome this 

problem, drug delivery systems capable of responding to biological stimuli and promoting selective 

release in the target area have been developed [2–4]. Drug carriers that respond to pH changes have 

proven to be suitable for this type of application, since fermentative glycolysis in cancerous tissues 

generates by-products (lactate and H+), which lead to acidosis of the extracellular region [5,6]. Recent 

studies have shown that pH-sensitive carriers based on chitosan can improve the drug bioavailability 

of formulations intended for cancer therapy due to the biological properties of this polymer [7,8]. 

Chitosan is a natural polysaccharide obtained from the deacetylation of chitin and formed by 2-

acetamide-2-deoxy-D-glucopyranose and2-amino-2-deoxy-D-glucopyranose units. Applications of this 

polymer can be found in different fields such as agriculture [9], water treatment [10], food [11] and 

biomedical applications [12]. The versatile use of chitosan in many sectors is due to the presence of 

functional groups, such as hydroxyls and amines, which confer it with unique physicochemical and 

biological properties. In line with other biopolymers, chitosan has proven biocompatibility, 

biodegradability, mucoadhesivity, antimicrobial activity, capacity of reversible opening of tight 

junctions, and non-immunogenicity [13–17]. These properties have been extensively explored for the 
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development of chitosan-based drug carrier systems [18–20], thus improving pharmacokinetic and 

pharmaco dynamic properties of drugs, in addition to controlling their concentration in the body. 

Chitosan-based nanocarriers can also reduce the toxicity and improve drug selectivity for target cells 

or tissues in cancer therapy [14,21]. 

Amphiphilic chitosan derivatives that self-assemble into nanoparticles in aqueous solution can be a 

good strategy for obtaining carriers. During the process of self-assembly in water, these derivatives 

generate materials with properties and structures that can only be obtained by this method. 

Moreover, the structure of the polymer can be chemically modified to give the carrier the ability to 

respond to bio-logical stimuli such as changes in temperature and pH. Given that the pH of cancerous 

tumours may be as low as 5.0 [22,23] and that chitosan is protonated at pH below its pKa (∼6.4) [24], 

nanocarriers based on this biopolymer may respond to changes of pH by improving the drug release 

kinetics in tumour tissues. Protonation may increase the spacing between the chitosan chains that 

compose the carrier through electrostatic repulsions and hydrogen bonds with water molecules, thus 

facilitating drug diffusion into the external environment. Furthermore, an important property of 

biocompatible carriers is its facility to be injected into the bloodstream in order to deliver the drug to 

the target.  

Quercetin (QCT) is a natural flavonoid found in onions, grapes, tomatoes, seeds, nuts and berries [25]. 

Among the various biological properties of QCT, the anti-oxidative, anti-inflammatory, anti-diabetic 

and anti-obesity properties are outstanding [25–28]. It also has anti-tumour activity against different 

cancer types [29]. Some studies have demonstrated that QCT can inhibit cell proliferation by inducing 

apoptosis and/or cell cycle arrest [29–31]. However, the pharmacological applications of QCT are 

limited due to its low solubility in water, stability, half-life and bioavailability. Therefore, a strategy for 

improving the pharmacological properties of QCT and reducing its adverse effects is the use of drug 

delivery systems such as pH-sensitive carriers based on chitosan [17,32,33]. Carriers cannot only 

improve the effectiveness of this bioflavonoid, but also enable it to target regions of interest, such as 

cancerous tissues, by triggering the release at specific pH.  

In this study, QCT was loaded into novel pH-sensitive amphiphilic nanoparticles originated by the self-

assembling of chitosan modified by hydrophilic and hydrophobic chains grafted to the chitosan 

backbone, as previously reported by our group [34]. The aim of the present work was to evaluate the 

suitability of these system as drug carriers. The encapsulation efficiency and release of QCT in vitro 

was investigated as function of the medium pH. The mathematical model of Korsmeyer–Peppas was 

applied to the release profiles to get hints on the mechanism of drug release. The colorimetric MTT 

assay was performed in vitro on a breast cancer cell line (MCF-7) to evaluate the anti-proliferative 

activity of free QCT, blank nanoparticles and QCT-loaded nanoformulations. Cellular uptake of 

nanoparticles was performed by confocal laser scanning microscopy. A chitosan-affinity protein fused 

to a superfolder green fluorescent protein (CAP-sfGFP) was unprecedentedly used to mark the surface 

of the particles formed by the amphiphilic derivatives of chitosan. Haemolysis tests were performed 

to verify the hemocompatibility of the nanocarriers. 

2. Experimental section 

2.1. Materials 

Chitosan powder (low molecular weight) was used as received from Sigma-Aldrich Chemical Co., Brazil. 

QCT, RPMI-1640 cell culture medium, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) and Pur-A-Lyzer™ Mini Dialysis Kit (MWCO 6–8 kDa) were purchased from Sigma-Aldrich GmbH, 

Germany. Ultrapure water obtained from a Millipore water purification system (Milli-Q, Millipore 

GmbH, Germany) was used to prepare aqueous solutions. All chemicals reagents used in the study 

were analytical grade. 

2.2. Amphiphilic chitosan  



Amphiphilic chitosan samples were synthesized, characterized and formally reported in our previous 

study [34]. The hydrophilic group (5-bromopentyl) trimethylammonium bromide (BPTA) and the 

hydro-phobic group dodecyl aldehyde (DDA) were used as grafting agents. Two amphiphilic samples 

were previously obtained: CHP40D5 containing 42.2% of the BPTA group and 5.2% of the DDA group 

and CHP40D30 containing 42.2% of BPTA and 33.8% of DDA. Table 1 (reproduced from [34]) summarizes 

the physical-chemical properties of the amphiphilic samples, including commercial (CHC) and 

deacetylated (CH) chitosan. 

Table 1 

Properties of the chitosan derivatives. 

Sample  DDa (%)  DS1
b (%)  DS2

c (%)  Mν
d(kg/mol)  

CHC  81.8  ––  ––  82.3  

CH  96.9  ––  ––  50.4  

CHP40D5  ––  42.2  5.2  ––  

CHP40D30  ––  42.2  33.8  –– 

aDeacetylation degree determined by1H NMR. 

bDegree of substitution at the hydrophilic chain determined by1H NMR. 

cDegree of substitution at the hydrophobic chain determined by1H NMR. 

dMolecular weights determined by viscosimetry (The constants used in the Mark equation were a= 0.76 and K= 

0.076 mL/g for CHC and a= 0.82 and K= 0.076 mL/g for CH, as suggested by Rinaudo et al. [35]). 

2.3. Nanoparticles formation and drug loading  

Blank and QCT-loaded nanoparticles were prepared based in a self-assembling process. Amphiphilic 

samples (20 mg) were dispersed in buffer solution (3 mL, pH 5.0 or 7.4) containing the drug previously 

solubilized in ethanol (1 mg/mL). The mixture was under gentle stirring protected from light for 12 h 

at room temperature. Subsequently, the loaded nanoparticles were collected after centrifugation at 

10,000g for50 min at 15 °C. UV–visible spectrophotometry at 376 nm was used to measure the free 

drug concentration in the supernatant [36]. A series of diluted concentrations of QCT solutions in N-

N-dimethylformamide (DMF) were prepared to obtain a calibration curve. The entrapment efficiency 

(EE) and the drug loading efficiency (LE) were calculated using the following equations 𝐸𝐸(%) = (𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡)(𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡)  x 100%        (1) 

𝐿𝐸(%) = (𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡)(𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑟𝑢𝑔 𝑤𝑒𝑖𝑔ℎ𝑡 + 𝑛𝑎𝑛𝑜𝑎𝑔𝑟𝑒𝑔𝑔𝑎𝑡𝑒𝑠 𝑤𝑒𝑖𝑔ℎ𝑡)  x 100%     (2) 

A dynamic light scattering with non-invasive back scattering (DLS-NIBS) at an angle of 173° (Malvern 

Zetasizer NanoZS) was used to determine the size distribution of the self-assembled nanoparticles at 

0.1 g/L and pH 7.4 (phosphate buffer). 

2.4. In vitro drug release 

The drug release behaviour of the self-assembled nanoparticles was assessed in buffer solutions (pH 

5.0 or 7.4) at controlled temperature (37 °C), gentle stirring and absence of light. QCT-loaded 

nanoparticles previously dispersed in buffer solutions were introduced into a Pur-A-Lyzer™ Mini 

Dialysis Kit (MWCO 6–8 kDa) and submerged in 35 mL of release medium (respective buffer solutions). 



Afterwards, 3 mL aliquots of the release medium were taken at pre-determined intervals and replaced 

by the same volume of fresh buffer solutions to maintain sink conditions of the media. UV–visible 

spectrophotometry was used to determine the concentration of the released drug as described above. 

2.5. Drug release mechanism modelling 

The Korsmeyer–Peppas model (Eq. (3)) is frequently applied to indicate the combined effect of erosion 

and diffusion mechanisms of drugs in delivery formulations [19,37–40]: 𝑀𝑡 𝑀∞ = Ktn             (3) 

where Mt is the mass of drug released at time t, M∞ expresses the total mass of drug to be released 

and k is a constant related to structural characteristics of the nanoaggregates and the solvent/material 

interactions. The exponent indicates the type of diffusion. Fickian diffusion occurs when n= 0.43, while 

Case II transport takes place when n= 0.85. If n is in between these values, anomalous diffusion is 

predominant, and if n> 0.85 the diffusion comprises super-Case II transport. It is possible to have 

Fickian diffusion in polydispersed systems based in spherical particles when n is lower than 0.43 [41]. 

The portions of the release profile where Mt/M∞ ≤ 0.6 were employed in the determination of the n 

exponent. 

 

Fig. 1 Schematic representation of self-assembled amphiphilic nanoparticles for targeted delivery of quercetin 

into cancer cells. 

2.6. MTT assay 

Colorimetric MTT studies of the free QCT, blank and QCT-loaded nanoparticles were performed in 

vitro on breast cancer cell line (MCF-7) to assess cell viability. The cells were cultivated in RPMI 1640 

medium (Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) L-glutamine (200 

mM) and 1% (v/v) penicillin-streptomycin (10000 units penicillin, 10,000 units of streptomycin in 0.9% 

NaCl). 100μL of cell suspension with cellular density of∼104cells per well (or∼105cells/mL) were 

added to a 96-well tissue culture plate before incubation for 24 h at 37 °C in 5% CO2. Afterwards, the 

cells were washed with supplement-free RPMI 1640 medium and the medium containing the samples 

was added. After 24 h incubation, the samples were removed, the wells washed twice with 

supplement-free medium and replaced with 100μL of medium containing 25μL of MTT solution in PBS 

(5 mg/mL), followed by 4 h of incubation. Subsequently, the medium was carefully removed and 100μL 
of DMSO were added to each well to solubilize the crystals. After orbital shaking at 300 rpm for 15 



min at 37 °C, the absorbance was measured at λ= 570 nm in a microtiter plate reader (Safire, Tecan 

AG, Salzburg, Austria). Triton X-100(4% (v/v)) in PBS was used as a positive control and negative control 

cells were incubated with the complete medium. All treatments were tested on eight individual 

microplate wells and treatments were repeated as independent triplicates on different days. Relative 

viability is expressed as a percentage of the negative control (Relative cell viability (%) = [Treated 

cells/Control cells] × 100). Statistical analysis was performed using Student’s t-test (P < 0.05) to 

compare the relative viability of the tested formulations with the free QCT. Data were analysed using 

Prism v6.0c (GraphPad Software Inc., La Jolla, USA). 

 2.7. Cellular uptake of nanoparticles by confocal laser scanning microscopy  

Nanoparticles cell internalization assays were performed using the nanoaggregates formed by the 

CHP40D5 sample as proof of concept. The aggregates were stained using 100 μg/ml of chitosan-affinity 

protein fused to a superfolder green fluorescent protein (CAP-sfGFP) that was heterologously 

expressed and purified as previously described [42,43]. Association efficiency of CAP-sfGFP was 

assessed in vitro using the microplate reader mentioned previously with excitation wavelength at 470 

nm and emission at 510 nm. A calibration curve of CAP-sfGFP up to 0.15 μM was prepared in water. A 
fixed amount of nanoparticles was mixed with 0.05, 0.10 and 0.15 μM of CAP-sfGP in 1.5 mL reaction 

tubes. Afterwards, the tubes were centrifuged (10,000g for 45 min at 15 °C) to pellet the nanoparticles 

and associated CAP-sfGFP. Aliquots of the supernatant containing free CAP-sfGFP were measured 

against the calibration curve to evaluate the amount of CAP-sfGFP that was associated with the 

nanoparticles. All measurements were performed in triplicates.  

MCF-7 cells were cultured on 8-wellμ-slide plates until confluence. Subsequently, the wells were 

treated with 100μL of free CAP-sfGFP, blank and CAP-sfGFP-labelled nanoparticles solutions, followed 

by 1 h of incubation at 37 °C and 5% CO2. Afterwards, the samples were removed and cell membrane 

was counterstained with CellMask™ Orange Plasma Membrane Stain (Thermo Fisher Scientific). Next, 
fixation was performed using 4% paraformaldehyde solution and nuclei were stained with HCS 

CellMask™Red stain (Thermo Fisher Scientific). Staining was carried out according to the supplied 

protocol. Samples were then immediately observed on a Confocal Laser Scanning Microscope (Leica 

TCS SP2). 

2.8. Blood compatibility 

The haemocompatibility of the nanoparticles was carefully checked. Blood was drawn from healthy 

pigs and diluted with PBS buffer (1:1.25). 20 μL of the diluted blood were added to tubes containing 

nanoparticles previously dispersed in PBS (1 mL, 1 mg/mL) and incubated for 60 min at 37 °C with 

gentle agitation. The absorbance of the released haemoglobin was checked using a UV–Vis 

spectrometer at 545 nm. The haemolysis ratio (HR) was calculated using 𝐻𝑅 (%) = 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 −𝐴𝑃𝐵𝑆   𝐴𝑤𝑎𝑡𝑒𝑟  − 𝐴𝑃𝐵𝑆 x 100%         (4) 

where Asample, APBS and Awater are the absorbance at 545 nm of blood samples containing nanoparticles, 

PBS (negative control) and water (positive control), respectively. All experiments were carried out in 

triplicate. 

3. Results and discussion 

3.1. Nanoparticles formation and QCT encapsulation 

As reported previously [34], the nanoparticles (Table 1) from amphiphilic derivatized chitosan are 

spontaneously formed by a self-assembling process (Fig. 1). These amphiphilic particles were studied 

herein as drug carriers using QCT as a model drug. 



The size of blank and QCT-loaded nanoparticles were evaluated by DLS. The average diameter of the 

CHP40D5 chitosan increased from 235 ± 22 to 490 ± 18 nm after QCT encapsulation, while the 

nanoparticles formed by CHP40D30 increased from 312 ± 35 to 502 ± 33 nm. These average diameters 

are in accordance with studies reported in the literature using other self-assembling chitosan 

derivatives [44–46]. 

The core of the nanoparticles is formed by hydrophobic alkyl chains, which allows interaction with 

hydrophobic molecules such as QCT. Once the nanoparticles are obtained by the aggregation of the 

individual polymer chains, it is also possible that some hydrophobic micro domains may remain in the 

outer layer due to the conformation of the chitosan. Therefore, QCT will be placed mainly within the 

aggregates, but may also be present at the surface of the nanoparticles. This characteristic is probably 

responsible for the effective interaction with the drug, as observed by the encapsulation efficiency 

results (Table 2). The entrapment efficiency gives information about the amount of drug that was 

successfully encapsulated, while the drug loading indicates the drug content of the isolated 

nanoparticles. 

The results shown in Table 2, suggest that the amount of hydrophobic substitution (DS) of the samples, 

as well as the pH can affect the EE and LE. It appears that an increase in hydrophobic content (from 5 

to 33% in the samples CHP40D5and CHP40D30, respectively) tends to increase the amount of QCT 

encapsulated by the nanoaggregates due to the existence of more sites for the interaction with the 

drug. It is also interesting to note the influence of pH on the encapsulation efficiency. Due to the 

protonation of the residual amine groups of chitosan at pH 5.0, more water molecules participate in 

the formation of hydrogen bonding with the polymer. The electrostatic repulsion between the positive 

charges of the protonated amine groups also contributes significantly to increase the spacing between 

the chains [24]. Thus, allowing the formation of aggregates with expanded core, which facilitates the 

interaction of the drug with the internal portion of the particles. On the other hand, at pH 7.4, due to 

the deprotonation of the residual amines, the formation of aggregates with more condensed core 

restricts the drug access to the hydrophobic chains of the polymer. This behaviour was observed by 

Xiong et al. [47] for chitosan nanoparticles containing Auricularia auricula polysaccharide, which has 

been documented with promising potential in biomedical and food applications. When the pH 

increased from 3.0 to 6.0, the average nanoparticles sizes decreased from 310 to 278 nm. Therefore, 

it is possible to use pH to control the amount of QCT that will be entrapped by the nanoparticles. 

Table 2 

Characteristics of the quercetin-loaded nanoaggregates (n= 3, mean values ± SD). 

Sample pH EEa (%) LEb (%) 

CHP40D5 5.0 71 ± 7 4.3 ± 0.4 

 7.4 18 ± 1 1.1 ± 0.1 

CHP40D30 5.0 83 ± 8 4.9 ± 0.6 

  7.4 21 ± 2 1.3 ± 0.3 
a Entrapment efficiency. 

b Drug loading efficiency. 

3.2. Quercetin release 

Studies of QCT release were performed in buffer solutions (pH 5.0and 7.4). These pHs were chosen to 

simulate the physiological and tumour tissue conditions (pH 5.0 and 7.4, respectively), since the cancer 

cell metabolism changes the concentration of H+ ions in the tumour microenvironment, leading to a 

more acidic pH than that of the surrounding healthy tissue [22,23,48]. In addition, acidic pH could be 

found by nanoparticles upon uptake, inside tumour cells in endosomes and lysosomes [49]. It can be 



seen that the QCT release process from the CHP40D5and CHP40D30nanoaggregates proceeds in two 

stages (Fig. 2). QCT weakly associated to nanoparticles was rapidly released during the first hours, 

under a phenomenon known as a burst release. Subsequently, the release occurred at a slower and a 

more sustained rate. 

As can be noticed in Fig. 2, pH has a major role in the release process. For both samples the release is 

more pronounced at pH 5.0 than at 7.4. To account for this, it is suggested that protonation of the 

residual amine groups of chitosan at pH 5.0 allows the formation of hydrogen bonds with water 

molecules and promoting electrostatic repulsion between chains, thus causing an expansion of the 

polymer chains, facilitating the drug diffusion to the external medium. By contrast, the aggregates are 

more condensed at pH 7.4, where the protonation of residual amino groups is minimal, thus restricting 

the diffusion process. This behaviour is ideal for cancer drug delivery applications, since the release 

should be minimal at physiological pH, and reach its maximum in the region of the more acidic pH 

tumour tissues. 

It is important to notice that the degree of hydrophobicity/hydrophilicity of both studied amphiphilic 

derivatives appears to have little influence on the QCT release process from the nanoaggregates (Fig. 

2a and b). The less hydrophobic sample (CHP40D5) reached slightly higher values in the cumulative 

release when compared to the more hydrophobic derivative (CHP40D30) at both pHs. This is probably 

related to the stronger interactions between the hydrophobic chains and the QCT in the CHP40D30 

aggregate, which decreases the release. These results are in agreement with the encapsulation 

efficiency and size determination experiments, indicating that the increase of the hydrophobic 

content in the chitosan structure seems to lead to the formation of denser aggregates and stronger 

interactions with QCT, affecting the release. 

The calculated fitting parameters of the Korsmeyer-Peppas model after applying a non-linear 

regression analysis are summarized in Table 3. Interestingly, the data were better adjusted for the 

releases at pH 5.0 than 7.4, as evaluated by R2- values. The poor fitting release data achieved at pH 

7.4 for both samples suggests that release is substantially hampered by the restrictions to diffusion at 

this pH, consequently. This result also confirms the role of the pH in the release, once it strongly 

indicates that the surface area of the particles and the release mechanism change as function of pH 

due to protonation/deprotonation effect. Thus, the coefficient n indicates that at pH 5.0 the 

anomalous diffusion is predominant while at pH 7.4 the Fickian diffusion occurs. 

 

Fig. 2 In vitro release profile of QCT from (a) CHP40D5 and (b) CHP40D30 at pH 5.0 and 7.4 and at 37 °C. 

Table 3 

Mathematical parameters of the release data fitting. 



Sample pH k n 
Correlation 

coefficient (??2) 
Release mechanism 

CHP40D5  5.0 9.3 ± 1.6 0.51 ± 0.11 0.9914 Anomalous difussion 

 7.4 4.1 ± 1.3  0.32 ± 0.22 0.9035 Fickian diffusion 

CHP40D30

  5.0 15.8 ± 1.7 0.47 ± 0.08 0.9616 Anomalous difussion 

 7.4 4.5 ± 1.4 0.32 ± 0.02 0.8529 Fickian diffusion 

            

 

3.3. MTT assay 

The MTT experiments were carried out to evaluate the mitochondrial activity, thus the cell viability, 

of MCF-7 breast cancer cells upon treatment with free QCT and chitosan carriers. The effects of blank 

nanoparticles on cell viability were compared (Fig. 3). It can be noted that practically no dose 

dependent reduction was observed for blank nanocarriers. Another important aspect is that, even at 

higher concentrations (25 and 50 μg/mL), these particles did not reduce cell viability to less than 84% 

for the cells tested. These results suggest that the carriers formed by the amphiphilic chitosan 

derivatives do not significantly affect the cellular metabolism over a 24 h period. 

Fig. 3 also shows a comparison between the cell viability of free QCT and QCT-loaded nanoparticles. A 

dose-response trend can be observed for all samples. The more hydrophobic drug-loaded formulation 

(QCT-loaded CHP40D30) was less efficient in reducing cell viability than the less hydrophobic 

formulation (QCT-loaded CHP40D5). This effect can be attributed to the difference in the nature of the 

core of both derivatives. Thus, the CHP40D30 nanoaggregates comprised by more hydrophobic chains 

are bound to establish stronger interaction with the drug, which hinders the release and restricts the 

therapeutic effect. On the other hand, the CHP40D5 sample showed cell viability comparable to 

quercetin, being more effective in cellular inhibition at concentrations of 0.1 and 25 μg/mL. 

 



Fig. 3 Variation of the relative cell viability of MCF-7 cells, as determined by the MTT assay, with concentration 

of free quercetin (QCT), blank nanoparticles formed by amphiphilic chitosans (CHP40D5 or CHP40D30) and 

quercetin-loaded nanoparticles (QCT-loaded CHP40D5 or QCT-loaded CHP40D30). Absolute concentrations 

applied refer to concentration of QCT. For all experiments, cells were incubated for 24 h in 96-well plates 

(Mean values ± SD, n = 3, *** p < 0.001). 

It is also important to highlight that QCT has to be released from the particles before it affects the 

cells. This observation is sustained by the results of the release experiments, which revealed that after 

24 h (cell incubation time) only a fraction of QCT was released. Furthermore, the cell viability results 

for QCT-loaded formulations are in good keeping with previously reported ones. According to Duo et 

al. [50], QCT decreases the proliferation and induces apoptosis of MCF-7 cells. The results further 

revealed that the incubation time of the cells with QCT is directly related to the reduction of cell 

viability, which suggests that a higher incubation time would have led to higher toxicity. In addition, 

recent studies have confirmed the bioavailability and effectiveness of QCT against MCF-7 cells 

[7,51,52]. 

In conclusion, our in vitro studies suggest that QCT maintains its metabolism inhibition activity even 

after encapsulation in chitosan particles. As a result, loading QCT into nanoparticles might decrease 

its side effects upon systematic administration due to targeted release in the acidic tumour 

microenvironment compared to the free drug. Although in vivo studies are required to support this 

observation, the nanocarriers ’ behaviour and the efficacy of QCT suggest that the systems developed 

in this study may be further used as a new methodology for the treatment of tumour tissues. 

 

3.4. Cellular uptake of nanoparticles by confocal laser scanning microscopy 

Fluorescent proteins have become an important non-destructive and non-invasive tool for studying 

many phenomena in living cells [53,54]. As proof of concept, chitosan-affinity protein fused to a 

superfolder green fluorescent protein (CAP-sfGFP) was used as a specific surface biomarker of the 

nanoparticles derived from CHP40D5. It is worth mentioning that the use of CAP-sfGFP aims to mark 

the particles in mild conditions, while trying not to significantly change the physicochemical properties 

of the carrier. The association efficiencies of CAP-sfGFP with the nanoparticles are shown in Table 4. 

Table 4 

Association efficiencies determined for nanoparticles with CAP-sfGFP (n=3, mean values ± SD). 

CAP-sfGFP added to nanosystem 

[μM]  
Supernatant CAP-sfGFP 

concentration after 

centrifugation [μM]  

Binding efficiency [%] 

0.05 0.032 ± 0.003 36.7 ± 5.9 

0.10 0.057 ± 0.001 43.3 ± 1.5 

0.15 0.106 ± 0.016 29.5 ± 10.8 

      

 

Association efficiencies of nanoparticles with CAP-sfGFP ranged from∼37 to∼29%, depending on the 

initial concentration of CAP-sfGFP. Whereas 0.05 μM and 0.10 μM concentrations of CAP-sfGFP 

yielded relatively high associations, at the higher concentration (0.15 μM) the association was lower 
with a higher standard deviation, potentially indicating a saturation of the available binding sites. This 

may be considered quite interesting in view that the modification of the chitosan might have rendered 

previously available binding sites unsuitable for CAP binding. To our knowledge, this is the first use of 

CAP-sfGFP to stain chemically modified chitosans. Due to the large amounts of non-associated CAP-

sfGFP for microscopy, control experiments of free CAP-sfGFP with cells were performed. 



To facilitate visualization of the particles localization, the membrane and the cell nucleus were stained 

in orange and red, respectively. Fig. 4a shows that free CAP-sfGFP did not interact with cells, con-

firming that the fluorescent protein does not have affinity for cellular structures. On the other hand, 

green fluorescence was observed in the cells treated with nanoparticles (Fig. 4b). Labelled 

nanoparticles accumulated on the cell surface (blue arrows), whereas others were internalized (red 

arrows) during the assessment period (Fig. 4c). The direct physical interaction between the 

nanoparticles and the cell surface is likely to result in a significant increase of the drug in the 

extracellular microenvironment, which allows the enhancement of the therapeutic effect. In addition, 

the internalization of the nanoaggregates does allow the drug release directly into the intracellular 

environment. Additional studies might provide a better understanding of the cellular uptake. Studies 

using non-linear vibrational spectroscopy are in progress and might provide information on the 

mechanism of nanoparticles internalization. 

3.5. Blood compatibility 

In vitro erythrocyte-induced haemolysis can provide preliminary information on the 

haemocompatibility of the nanoparticles. Previous studies confirmed that the haemolysis test is 

reliable and extensively used to estimate the blood compatibility of the chitosan nanoparticles. Li et 

al. [55] have shown that N,O-carboxymethyl chitosan/oxidized alginate hydrogel has good 

compatibility. Lauroyl sulphated chitosan has been proved to have suitable haemocompatibility for 

biological applications [56]. Therefore, the hemocompatibility of nanoparticles formed by amphiphilic 

chitosan derivatives was preliminary evaluated by a simple spectroscopy method. For CHP40D5 and 

CHP40D30 chitosan nanoparticles incubated with blood, the erythrocyte haemolysis ratio was found to 

be 3.2 ± 1.8 and 3.5 ± 1.2, respectively. These results prove that haemolysis ratios are below the safety 

limit of 5%, suggesting that the samples have suitable haemocompatibility for biological applications 

[57]. In principle, higher haemolysis ratios were expected since it is well known that chitosan has 

haemolytic tendency [58–60] as a result of electrostatic interactions between the positive charges of 

chitosan and the negative charges of the cell membranes. This unexpected high haemocompatibility 

might arise from the presence of the DDA groups, which probably reduce the nanoparticles surface 

charges. The influence of the alkyl groups has already been reported in the literature. For instance, 

amphiphilic chitosan derivatives with improved haemocompatibility were obtained using octaldehyde 

as the hydrophobic reagent [61]. The results also indicate that samples with different degrees of alkyl 

chain substitution showed similar haemolysis. 

The protein adsorption layer formed on the surface of the nanoparticles, also known as the “protein 
corona”, might also be responsible for the improved haemocompatibility of the amphiphilic 

derivatives [62]. It is well known that surfaces of nanoparticles, especially charged ones, are modified 

by the adsorption of biomolecules, leading to formation of corona [63]. Upon the intravenous 

administration, several biomolecules compete to adsorb on the surface of the nanoparticles, 

increasing its blood compatibility. Furthermore, the opsonisation of nanoparticles by serum or plasma 

proteins (opsonins) might also affect the final effect on blood [21]. Thus, the preliminary results 

suggest that the nanoparticles have suitable blood compatibility for biological applications. 

4. Conclusion 

The present study aimed to develop a novel QCT delivery system based on a pH-sensitive amphiphilic 

chitosan. The results showed that nanoparticles formed by self-assembly of the modified chitosans 

can encapsulate up to 83% of the drug. The QCT release is higher at acidic pH (5.0) than at physiological 

pH (7.4). DLS measurements showed that the particle size range from 235 to 312 nm and 490 to 502 

nm for the blank and loaded nanoparticles, respectively. The Korsmeyer-Peppas model was fitted to 

experimental data and the predominant release mechanism are anomalous diffusion (pH 5.0) and 

Fickian diffusion (pH7.4). The colorimetric MTT assay showed that blank nanoparticles did not reduce 

cell viability of the tested cells. The QCT-loaded nanoparticles formed by the CHP40D5 sample exhibited 



inhibition effect against MCF-7 comparable to free quercetin, despite having released only a fraction 

of the drug during the incubation period. The fluorescent protein CAP-sfGFP was used for the first 

time to stain the surface of particles formed by modified chitosan once incubated with the cells. 

Cellular uptake experiments performed by confocal laser scanning microscopy showed that CAP-

sfGFP-labelled nanoparticles accumulated on the cell membrane, whereas others were internalized. 

In vitro erythrocyte-induced haemolysis results suggest that the nanoparticles have suitable blood 

compatibility for biological applications. 

Thus, the pH-sensitive QCT-loaded nanoparticles might be appropriate for the treatment of breast 

cancer. Moreover, the carriers may further help in reducing the side effects of QCT, enhancing its 

biodisponibility and improving its efficacy in treating tumours. Finally, the self-assembling 

nanoparticles could be used as a drug delivery system for other hydrophobic drugs. 

 

Fig. 4 Representative confocal laser scanning microscopy images of MCF-7 cells incubated during 1 h at 37 °C. 

(a) Cells incubated with free CAP-sfGFP. (b) Cells incubated with nanoparticles coated with CAP-sfGFP. (c) 

Vertical section of cells incubated with nanoparticles coated with CAP-sfGFP. Arrows represent nanoparticles 

interacting with the cell surface (blue arrows) and internalized (red arrows). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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