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Graphical abstract 

 

 

Highlights 

 A novel peptide functionalized dual-responsive nanoparticles were synthesized 

successfully. 

 The peptide binds to the KDR / Flk-1 tyrosine kinase, a key receptor which are 

overexpressed in tumor angiogenesis. 

 Paclitaxel (PTX), a chemotherapy drug, was loaded into the nanoparticles. 
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 These drug loaded nanoparticles showed smart stimuli-responsive PTX release 

profiles. 

 The peptide modified nanoparticles could precisely target KDR/Flk-1 

overexpressing MDA-MB-231 human breast cancer cells, resulting in high levels of 

cytotoxicity. 

 

Abstract:  

In this work, we report K237-peptide functionalized chitosan (CS) nanoparticles (NPs) loaded with 

paclitaxel (PTX), for active targeting and effective treatment of KDR/Flk-1-overexpressing human 

breast cancer. The results displayed that the peptide-functionalized NPs put up favorable pH and 

temperature-sensitive characteristics. MTT assays showed that K237-CS (PTX)-g-PNIPAM NPs had a 

more peculiar and effective breast cancer cell growth inhibition compared with peptide-free NPs. 

Confocal experiments showed that the NPs could precisely target MDA-MB-231 human breast cancer 

cells which were over-expressing KDR/Flk-1 and could be effectively internalized into MDA-MB-231 

cells, which verified that the uptake of FITC-K237-CS (PTX)-g-PNIPAM NPs was associated with 

KDR/Flk-1 on the breast cancer cell. These results indicate that the peptide functionalized NPs have 

potential applications for targeted delivery and the controlled release of anticancer drugs. 

 

Key words: K237-peptide; dual-responsive; nanoparticles; targeted delivery; human breast cancer  

 

1. Introduction 

Breast cancer is one of the most common dangers to women's health. It is most commonly treated 

using chemotherapy [1] , but the active ingredients used in this are distributed systemically, leading to 

many side effects. Chemotherapeutic drugs are toxic to both cancerous and healthy cells, and cause 

numerous reactions such as hair loss, liver and kidney failure [2]. Paclitaxel (PTX) is often used for 

chemotherapy [3] , but also has poor specificity and an intrinsically low targeting capacity [4]. In the 

clinical, PTX leads to a series of side effects, and its applications are dramatically limited owing to its 

poor aqueous solubility. In order to increase the efficacy of clinical treatments for breast cancer [5, 6], 

nanoscale-formulations have been the focal point of many studies seeking to increase the solubility and 

applied range of PTX [7, 8]. There are numerous approaches that may be taken in developing new drug 

delivery systems, but one which has attracted a lot of attention is the production of targeted carriers [9]. 
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These can have high specificity, allowing them to avoid damage to normal tissues. Nanoscale 

formulations can be selectively taken up by cancerous tissues or cells by the EPR effect, giving them a 

passive targeting functionality [10-12]. 

It is well known that there are significant differences between the microenvironment of tumoral 

tissue and that of normal healthy tissue. The tumor tissue's blood vessels are dilated and bent, and the 

lack of lymphatic flow causes the pressure inside the tumor tissue to be significantly higher than the 

surrounding tissues. Because the tumor cells multiply uncontrollably, and as a result of the anaerobic 

and acidic pH environment of the tumor, the temperature is higher than normal tissues [13, 14]. This 

offers a number of opportunities to deliver a drug payload selectively to cancer cells.  

Recently, much research has focused on the preparation of stimuli-responsive polymers in order to 

obtain materials able to respond to specific changes in physiological conditions [15]. These can be pH 

and temperature-sensitive (or both), and are commonly termed ‘smart polymers’ [16]. For instance, 

thermosensitive variants of chitosan (CS) can be prepared through its reaction with poly(N-

isopropylacrylamide) (PNIPAM) [17, 18]. CS has been extensively studied, and chitosan nanoparticles 

(CS NPs) in particular have great promise as drug delivery materials [19, 20]. CS is sensitive to pH, 

and thus has the potential to permit targeting to the low-pH environment of the tumor. PNIPAM is a 

widely explored thermally responsive polymer which undergoes a hydrophilic-to-hydrophobic phase 

transition in water at 32 ºC [21, 22] . This can be exploited in the biomedical field to control drug 

release. In addition, PNIPAM is biodegradable. Therefore, PNIPAM grafted CS materials have on 

several occasions been synthesized as dual-responsive systems in the biomedical domain [23, 24]. In 

this study, we synthesized CS-g-PNIPAM NPs using the RAFT technique [25]. However, although this 

provides for the formulation to respond to both temperature and pH, for effective cancer therapy the 

specificity of the nanoparticles toward tumors requires further improvement [26].  

To further improve their specificity for tumors, active targeting strategies have been developed 

applying functional targeting moieties to bind cell-specific surface markers, which are overexpressed 

on the surface of different cancer cells. These targeting moieties can be some proteins, peptides, RNA, 

or other biomolecules [27-29]. These targeting ligands are used to functionalize the NPs to distinguish 

and have a strong binding affinity to tumor cells, selective targeting can be achieved. This allows the 

loaded drug to be delivered specifically to the tumor site, resulting in active targeting at the cellular 

level [30, 31]. Peptide ligands are particularly promising as active targeting ligands; suitable molecules 
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are commonly discovered by selection from a random peptide library using display technologies, or 

from the sequences of the binding proteins [32, 33]. 

Niu et al. [16] of our group reported a dual-responsive nanomaterial based on chitosan for breast 

tumor therapy before, it’s notable that, the recognition of this nanomedicine is depend on the guiding 

property of L-peptide, which can bind to glucose-regulated protein 78 (a verified specific tumor surface 

marker, and ubiquitously presented on various kinds of carcinomas). Although, the well fabricated 

nanomedicine acquired a favorable therapeutic effect on breast tumor, there are still some drawbacks, 

which hindered the effective and targeting therapeutic effect in depth. Here, we employed a 12-mer 

peptide which was isolated from a phage display library [34]. This K237 peptide 

(HTMYYHHYQHHL-NH2) binds to the KDR/Flk-1 tyrosine kinase, one of two key receptors for 

vascular endothelial growth factor which are overexpressed in tumor angiogenesis. In addition, it is 

reported that L-peptides might bind GRP78 (glucose-regulated protein 78), a verified specific tumor 

surface marker. Obviously, the composition and length for these two peptides were different, especially 

different targeting sites for the two peptides to bind. K237 peptides have been reported to disrupt the 

angiogenic mimicry channels formed by tumor cells [34]. Thus, this versatile peptide might serve as an 

ideal ligand for tumor vessel targeting [35]. To improve their tumor-selective targeting effects, the 

K237-peptide was hence used to functionalize the CS-g-PNIPAM NPs endowing them with both 

passive and active targeting properties. The formulation was finally loaded with PTX [36, 37], before 

being explored for breast cancer applications. Moreover, we replaced the former high molecular weight 

chitosan with a low molecular weight chitosan, in this way, we obtained a type of updated nano-scale 

material with optimal size (100 nm), to exhibit the better EPR effect. The strategy underlying this work 

is depicted in Scheme 1. The stimuli-responsive behavior of the NPs, their drug release behavior, 

cytotoxicity and capacity to target cancer cells were all examined in detail [38, 39]. Our results showed 

specific tumor targeting and potent antitumor activity, suggesting that K237-CS-g-PNIPAM NPs may 

be useful for antitumor drug delivery applications. 
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Scheme1 The illustration of the temperature-and pH-responsive K237-CS (PTX)-g-PNIPAM NPs for 

active KDR/Flk-1 targeted PTX delivery. 

 

Fig. 1 The synthesis of K237-CS (PTX)-g-PNIPAM NPs. (1) Acetic anhydride, rt,4h; (2) DDACT, 
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DCC, DMAP, rt, 48 h; (3) NIPAM, AIBN, 60 ºC ,48h; (4) Hydrolysis, rt; (5) K237 peptide, EDC, NHS; 

(6) PTX, self-assembly. 

2. Experimental 

2.1. Materials  

CS (degree of deacetylation > 95%) and acetic anhydride (analytical grade) were obtained from 

the Sinopharm Chemical Reagent Co, Ltd (China). N, N-dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), dicyclohexylcarbodiimide (DCC), 4-(N,N-dimethylamino) pyridine (DMAP), S-1-

Dodecyl-S’-(α, α’-dimethyl-α’’-acetic acid) trithiocarbonate (DDACT), N-isopropylacrylamide 

(NIPAM), azobisisobutyronitrile (AIBN), N-hydroxysuccinimide (NHS; analytical grade), PTX, acetic 

acid, methanol, ethyl ether, acetone, fluorescein isothiocyanate (FITC), and 3-(4, 5-dimethyl-thiazol-

yl)-2, 5-diphenyltetrazolium bromide (MTT) were procured from Sigma-Aldrich (USA). N-(3-

dimethyl-aminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) was obtained from Shanghai Titan 

Polytron Technologies Inc (China). The K237 peptide was supplied by GL Ltd (China). 

L929 cells and MDA-MB-231 cells were sourced from the Type Culture Collection of the Chinese 

Academy of Sciences (China). Fetal bovine serum (FBS), RPMI 1640 and DMEM media, and dialysis 

bags were obtained from the Sinopharm Chemical Reagent Co, Ltd (China). All other reagents were 

sourced from Meryer Chemical Technology Co, Ltd (China). 

2.2. Synthesis of CS-based RAFT agent 

The preparation of the functional NPs generated in this work was based on the RAFT method 

(Fig. 1). The CS-based RAFT agent was synthesized according to a previous report [40]. Firstly, 5 g of 

CS was dissolved in 250 mL glacial acetic acid (1.0 %, w/v) with acetic anhydride at a molar ratio of 

5:1. This step was undertaken to protect the NH2 group of CS. After addition of 250 mL absolute 

ethanol, the mixture was reacted for 4 h to obtain N-acetyl CS. The acetylated CS (0.298 g) was 

dissolved in anhydrous DMF (30 mL) under stirring, then 0.370g DDACT, 0.205g DCC, and 0.015g 

DMAP were added and the reaction allowed to proceed at room temperature for 48 h with continuous 

stirring. The resulting solution was poured onto ice water. The precipitate was collected on a filter, 

washed with acetone by Soxhlet’s extraction, and dried to give a yellow powder. 

2.3. Preparation of CS-g-PNIPAM 

A mixture of the CS-RAFT agent (0.0468 g) and anhydrous DMF (5 mL) was stirred magnetically 

under a nitrogen atmosphere. Once the CS-RAFT powder had dissolved completely, AIBN (0.0016 g, 

0.01 mmol) and NIPAM (0.50 g) were added. Polymerization was undertaken at 60 ºC for 24 h under a 
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nitrogen atmosphere. Subsequently, the reaction mixture was precipitated in 10-fold diethyl ether, and 

finally the precipitate was filtered to obtain N-acetyl CS-g-PNIPAM. 

2.4. Synthesis and purification of K237-CS-g-PNIPAM 

Acetyl groups were removed by agitating the N-acetyl CS-g-PNIPAM in NaOH solution (14.2 M) 

for two days at room temperature. Next, the K237 peptide solution (30 ppm) was mixed with CS-g-

PNIPAM (20 mg) in DMSO (15 mL) at 4 °C [41]. EDC (20 mg) and NHS (16 mg) were then added to 

the mixture and stirred for 24 h at 4 °C to avoid denaturing the K237 peptide. The reaction mixture was 

then dialyzed against an aqueous 1.0 mM NaOH solution using a 1000 Da MWCO membrane for 72 h. 

Finally, the dialyzed product was lyophilized to yield the graft copolymer K237-CS-g-PNIPAM. 

2.5. Characterization 

1H NMR spectra was obtained in DMSO-d6 using a DRX 400 nuclear magnetic resonance 

spectrometer (Bruker, Germany). Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 

Nexus 870 spectrometer (Nicolet Instruments Inc., USA) over the range 4000–500 cm−1 and with a 

resolution of 2 cm−1. The morphology of the CS NPs was examined via transmission electron 

microscope (TEM; JEM-2100, JEOL, Japan). Thermogravimetric analysis (TGA) was performed using 

a Q500 TGA (TA instruments, UK). The samples heated at 20 ºC min-1 to 900 ºC in air. Zeta potentials 

were quantified on a Nano ZS system (Malvern Instruments, UK). Dynamic light scattering (DLS) was 

performed with a BI-200SM instrument (Brookhaven, USA). UV-vis absorption spectra spectra were 

recorded on a UV3600 UV-Vis-NIR spectrophotometer (Japan).  

2.6. PTX loading 

For the preparation of PTX loaded NPs (CS (PTX)-g-PNIPAM or K237-CS (PTX)-g-PNIPAM 

NPs), following the methods described in a previous report PTX (5 mg) and modified CS NPs (25 mg) 

were dispersed in DMF (5 mL). The mixture was agitated for 24 h at 25 ºC. The products were 

collected by centrifugation (11,000 rpm, 30 min) to get rid of unencapsulated drug [42]. The drug 

loading efficiency (LE) was calculated by means of measuring the dose of PTX in the supernatant. 

PTX was quantified by HPLC with UV detection at 227 nm, using acetonitrile/water (1/1, v/v) as a 

mobile phase. The LE was calculated with reference to a predetermined PTX calibration curve using 

the formula: 

LE = (total mass of PTX — mass of PTX in the supernatant)/total mass of PTX-loaded NPs ×100%. 
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2.7. PTX release 

In addition, the release behaviour of PTX from PTX loaded NPs was carried out at different pH 

and different temperature in a dialysis bag (MWCO 3500 Da). The K237-CS (PTX)-g-PNIPAM NPs 

(1.0 mg) added in PBS (2.0 mL, pH 7.4) or acetate buffer (2.0 mL, pH 5.0) was then put in the same 

buffer medium[43]. At set time intervals, a simple of 1 mL was withdrawn from the release medium. 

The dose of PTX released examined by HPLC measurement. Simultaneously, 1 mL of equal volume of 

fresh media was replenished into the release medium to maintain the volume constant. Analogous 

experiments were carried out at 25°C and 37°C respectively to probe the effect of different temperature 

on PTX release [44, 45]. PTX release experiments were performed five times, and the results are 

reported as mean ± SD.  

2.8. Cell viability 

The cytotoxicity of K237-CS-g-PNIAPM NPs was evaluated using MDA-MB-231 breast cancer 

cells which express KDR / Flk-1 receptors. L929 cells which not express KDR / Flk-1 receptors were 

as control. In brief, each cell line was plated in a 96-well plate using DMEM medium supplemented 

with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL). The cells were 

seeded at a density of 1 × 104 cells/well. After 24h, 20 µL of a PTX solution (giving final 

concentrations ranging from 0.001 to 10 μg/mL) or a PBS suspension of the PTX-loaded NPs (CS 

(PTX)-g-PNIPAM and K237-CS (PTX)-g-PNIPAM) containing equivalent PTX concentrations was 

added to each well. After incubation for another 24 h, 20 µL of MTT solution (0.5 % w/v) was added 

and the plate incubated for an additional 4 h. The liquid in each well was then removed, replaced with 

200 µL DMSO, and the plate shaken for 15 min. Afterwards, the absorbance was measured at a 

wavelength of 450 nm on a microplate reader Multiskan FC, Thermo Scientific, USA). Control 

cytotoxicity experiments were also performed on the blank K237-CS-g-PNIPAM and CS-g-PNIPAM 

NPs (with no PTX loaded) at the same carrier concentrations. The experiments were performed in 

triplicate.  

2.9. Preparation of FITC labeled NPs and Cellular uptake evaluation 

In order to evaluate of the cellular uptake of the NPs, K237–CS(PTX)-g-PNIPAM and CS(PTX)-

g-PNPAM were firstly labeled with FITC. These fluorescent NPs (denoted FITC-CS(PTX)-g-PNIPAM 

and FITC-K237-CS(PTX)-g-PNIPAM) were synthesized according to a previously report [4]. Briefly, 
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FITC (10 mg) was dissolved in ethanol (5 mL), then added to CS(PTX)-g-PNIPAM or K237-CS(PTX)-

g-PNIPAM NPs aqueous suspensions (6 mg/mL, 5 mL). The mixture was stirred in the dark for 8 h at 

room temperature. Subsequently, the suspension (10 mL) was dialyzed against 100 mL of ultrapure 

water in the dark to remove unreacted FITC. The dialysis medium was replaced three times a day until 

no fluorescence was detected in the supernatant. 

The cellular uptake of the NPs by L929 and MDA-MB-231 cells was explored through confocal 

microscopy. The cells were cultured in a 24-well plate (2 × 104 cells/well) in DMEM medium 

supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL). 

After 24 h, FITC-CS(PTX)-g-PNIPAM NPs or FITC-K237-CS(PTX)-g-PNIPAM NPs (0.5 mg/mL) in 

2 mL was added to each well. After incubation for 2 h, the culture medium was removed and the cells 

were washed three times with PBS. Next, the cells were fixed with glutaraldehyde (2.5% v/v in PBS) 

for 15 min at 4 ºC before being stained with Hoechst 33342 (1 μg/mL) for 20 min [46-48]. Finally, the 

cells were imaged with a confocal laser-scanning microscope (LSM 700 instrument, Carl Zeiss, 

Germany). The confocal experiments were repeated three times. 

2.10.  Statistical analysis 

One-way analysis of variance (ANOVA) statistical method was performed to evaluate the 

experimental data. All experiments were repeated at least three times, and the data are displayed as 

mean ± standard deviation (SD).  

3. Results and discussion 

3.1. Synthesis and characterization of modified CS 

The preparation of the peptide functionalized dual-responsive CS NPs K237-CS-g-PNIPAM 

anticancer drug-carrier is presented in Fig. 1. First, the CS-g-PNIPAM copolymer was synthesized by 

graft polymerization of NIPAM onto CS. The K237 peptide was then conjugated onto CS-g-PNIPAM 

using the EDC-NHS technique. The formation of copolymers was confirmed by FTIR and 1H NMR. 

The 1H NMR spectrum of CS-g-PNIPAM is shown in Fig. S1 (Supporting Information) and that of 

K237-CS-g-PNIPAM NPs in Fig. 2. Considering first CS-g-PNIPAM (Figure S1), protons on the 

DDACT segment of the RAFT reagent appear at δ = 1.20 ppm. The peak at 3.3 ppm corresponds to CS. 

At δ = 1.00 ppm, protons on the t-butyl and methyl groups of DDACT can be seen. Characteristic 

peaks of NIPAM are present at δ = 3.90 ppm and 0.82 - 2.10 ppm. These observations, plus the lack of 
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vinyl protons in the spectrum, verify the existence of CS and PNIPAM in the copolymer. K237 was 

then grafted onto CS-g-PNIPAM by reaction between amino and carboxyl groups under EDC-NHS 

catalysis. In Fig. 2, in addition to the aforementioned peaks from CS and PNIPAM, the characteristic 

resonances of K237 are shown at 7-9 ppm in K237-CS-g-PNIPAM, demonstrating successful 

functionalization. 

 

Fig. 2 The 1H NMR spectrum of K237-CS-g-PNIPAM NPs. The resonance at 2.5 ppm is the DMSO 

solvent peak. 

The modified CS materials were further characterized by FT-IR spectroscopy, and the spectra 

obtained for CS, N-acetyl CS, CS-RAFT and CS-g-PNIPAM is given in Fig. 3. When CS is modified 

with acetic anhydride, the characteristic peak of CS at 1642 cm-1 is reduced in intensity. This is because 

in N-acetyl CS, the acetyl group has replaced some of the NH2 groups of CS. The CS RAFT agent has 

an additional feature at around 1720 cm-1 (C=O) which arises from DDACT. The C-H stretching bands 

at 2800 ~ 3000cm-1 are also enhanced in CS-RAFT, due to the methyl group and methylene groups of 

DDACT. A peak at 1520 cm -1 can be attributed to the vibration of the -SC=S bond of DDACT. This 

indicates that DDACT has reacted with acetylated CS successfully, and the hydroxyl groups of 

acetylated CS were replaced with DDACT. Characteristic peaks for CS-g-PNIPAM can be seen at 1460 

cm-1 and 1645 cm-1, corresponding to -CH3 and C=O vibrations of PNIPAM. This verifies the presence 

of PNIPAM in the material. In addition, the band centered at 3310 cm-1 becomes broader compared to 

the RAFT material, indicating the formation of hydrogen bonds between -OH and -CONH groups. 

These results further demonstrate the successful synthesis of CS-g-PNIPAM. 
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Fig. 3 FTIR spectra of CS, N-acetyl CS, CS-RAFT and CS-g-PNIPAM. 

Zeta potential measurements were also obtained to verify the modification of CS (Table 1). The 

zeta potential of pure CS is positive (30.8 ± 1.6 mV) because it contains many amine groups. When CS 

is modified with acetic anhydride, acetyl groups replace some of the amines, so the zeta potential 

becomes less positive (N-acetyl CS: 17.7 ± 2.4 mV). Further, after reaction with DDACT and NIPAM, 

a number of acidic groups were added to the system, thus reducing the potential CS-g-PNIPAM further 

(to 14.1 ± 2.1 mV). The zeta potential of K237-CS-g-PNIPAM is more positive than the zeta potential 

of CS-g-PNIPAM, which is consistent with the presence of additional -NH2 groups from the K237 

peptide.  

Table 1  

Zeta potential values for the modified CS materials. Measurements were recorded three times and 

are reported as mean ± SD 

 

TGA was performed to determine the compositions and thermal stability of the NPs. The TGA 

results for CS, CS-RAFT, CS-g-PNIPAM and K237-CS-g-PNIPAM are shown in Fig. 4a. The residual 

masses at 900 °C of CS, CS-RAFT, CS-g-PNIPAM and K237-CS-g-PNIPAM were 35%, 3%, 12% and 

10%, respectively. Based on these data, we can calculate that the mass percentages of the grafted 

 CS N-acetyl CS CS-RAFT CS-g-PNIPAM K237-CS-g-PNIPAM 

Zeta potential 

(mV) 
30.8 ± 1.6 17.7 ± 2.4 15.4 ± 1.3 14.1 ± 2.1 19.1 ± 2.5 
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DDACT and NIPAM in CS-g-PNIPAM are around 3% and 63%. In K237-CS-g-PNIPAM, the mass 

content of the grafted K237 is 5%, based on calculations described in the literature [39].  

PNIPAM is a widely explored thermosensitive polymer with a marked hydrophilic to 

hydrophobic phase transition (termed the lower critical solution temperature, LCST) at around 32 ºC. 

This can easily be quantified through the absorbance of the material (Fig. 4b). The absorbance of CS-g-

PNIPAM NPs in aquous solution at 500 nm as a function of temperature was measured by UV3600 

spectrophotometer. CS-g-PNIPAM has a significant phase transition at around 25 ~ 34 ºC, with an 

LCST of 32 ºC. This proves that the polymer prepared has good thermosensitivity. 

The morphology of the K237-CS-g-PNIAM and K237-CS (PTX)-g-PNIAM NPs was examined 

by TEM. The TEM images of the NPs isolated from dilute dispersions in water at room temperature are 

shown in Fig. S2 and 4c. The K237-CS-g-PNIAM copolymer self-assembles in water to form roughly 

spherical shaped particles with diameters around 100 nm (Fig. S2). After loading of PTX, the diameter 

of NPs expanded. But their spherical shapes remain unchanged (Fig. 4c). The size distributions 

measured by DLS are relatively narrow (PDI range 0.1 – 0.3), with the K237-CS(PTX)-g-PNIAM NPs 

being around 125 nm in size (Fig. 4d). This is suitable for cellular uptake and tumor targeting, allowing 

potential intravenous administration [16]. 

 

Fig. 4 a TGA curves of CS, CS-RAFT, CS-g-PNIPAM and K237-CS-g-PNIPAM; b The absorbance at 
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500 nm of CS-g-PNIPAM as a function of temperature; c TEM image of K237-CS(PTX)-g-PNIPAM 

NPs and d DLS data for K237-CS(PTX)-g-PNIPAM and K237-CS-g-PNIPAM NPs. 

3.2. PTX loading and release 

The K237–CS-g-PNIPAM copolymer is amphiphilic and can thus self-assemble into NPs in an 

aqueous medium. In this structure, the presence of zwitterionic PNIPAM at the surface can prevent 

aggregation, and PTX can be loaded into the hydrophobic CS core via physical incorporation [41]. The 

drug loaded NPs were isolated by ultracentrifugation and the LE was computed by means of measuring 

the dose of PTX in the upper layer by HPLC. The LE of K237-CS (PTX)-g-PNIAM NPs was found to 

be around 11.8%.The influence of environmental conditions on the release of PTX from PTX loaded 

NPs was studied at two different temperatures and pH. As expected, both pH and temperature 

influenced the release of PTX from K237-CS (PTX)-g-PNIPAM (Fig. 5). In vitro release studies at 37 

ºC showed that drug release from K237-CS (PTX)-g-PNIPAM was highly dependent on pH, with 63% 

and 74% of the incorporated PTX released after 48 h at pH 7.4 and pH 5.0, respectively. When the 

temperature decreased to 25 °C, the release rate significantly decreased and only 39% of the PTX 

content was released at pH 7.4 release system after 48 hours. At pH 5.0, a greater amount of PTX 

(57 %) was freed into solution, but again this is less than at 37 °C. This behavior may be attributed to 

the phase transition of the PNIPAM. After 72 hours, a total of ca. 65% and 41% of the total PTX was 

released at 37 ºC and 25 ºC and pH 7.4. Similarly, at pH 5.0 the total release of PTX at 37 ºC is much 

greater than at 25 ºC. Overall, faster release rates were observed when the drug-loaded NPs were in 

milieu at higher temperature and lower pH values. These results indicate that K237-CS-g-PNIPAM 

NPs could lead to selective drug accumulation in tumors, and avoiding harmful side effects in normal 

tissues. 
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Fig. 5 The release of PTX at different pH and temperature as measured using a dialysis method. Data 

are reported as mean ± SD from five independent experiments. 

3.3. Model Fitting 

Studies have shown that the kinetics of drug release can be modeled using equations such as zero-

order equations, first-order equations, Higuchi and Hixson-Crowell’s [49, 50]. The pH of the medium 

largely affects the release rate of macromolecular drugs. Many of the original drugs used in 

macromolecular drugs are acidic. In order to simulate different body fluid environments in vivo, this 

experiment selected the effect of two different pH values on drug release. The Release kinetics of PTX 

from K237-CS (PTX)-g-PNIPAM in different pH at 37°C were shown in table 2 below. As shown in 

Figure 5, the drug release rate under acidic conditions is much higher than the release rate under neutral 

strips. Within 48 h, the cumulative release of PTX reached 74% at pH 5.0, while the cumulative release 

of the drug at pH 7.4 was only 63%. Chitosan is pH sensitive, and macromolecules have a greater 

degree of swelling under acidic conditions, releasing drugs quickly. From the R2 value in Table 2, it can 

be seen that the release profile of the drug under acidic conditions is in accordance with the Weibull 

kinetic equation, and the pH 7.4 is more consistent with the Ritger-Peppas kinetic model. 

Table 2  

Release kinetics of PTX from K237-CS (PTX)-g-PNIPAM in different pH at 37°C 

Release Ritger-Peppas Weibull Higuchi 
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It is well known that an increase in temperature tends to result in an increase in the diffusion of 

molecules in a liquid or solid, which has a significant effect on drug release. This experiment 

investigated the drug release behavior of the drug at different temperatures (25, 37 °C). At pH 7.4, the 

release profile at different temperatures is shown in Figure 5. When the temperature dropped to 25 °C, 

the rate of release was significantly reduced, and after 48 hours, only 39% of the amount of PTX was 

released in the pH 7.4 release system. This result indicates that the in vitro release of the drug increases 

with increasing temperature. This phenomenon may be due that PNIPAM is a widely explored 

thermally responsive polymer. The low critical solution temperature (LCST) of PNIPAM is closer to 

body temperature. When the heating temperature exceeds 32°C, it can undergo a phase change in water 

and increase the drug release rate. Table 3 is the kinetic data after fitting to various kinetic models. By 

analyzing the correlation coefficient R2 of the release curve fitting, it can be found that the two 

temperatures are in line with the first-order kinetics. The correlation coefficients are 0.98904 and 

0.97804, respectively. Increased temperature accelerates drug release. 

Table 3 

Release kinetics of PTX from K237-CS (PTX)-g-PNIPAM at different temperature in PH 7.4 

 

3.4. Cell cytotoxicity and cell uptake 

The cytotoxicity of the drug-loaded NPs was quantified in order to determine their influence on 

different cell types. The results of MTT assays on L929 cells and MDA-MB-231 cells are shown in 

Fig. 6. Both CS–g-PNIPAM and K237-CS–g-PNIPAM lead to generally high cell viabilities of >90% 

duration KRP × 104
 

 ((ln min)-1) 

R2 KW × 104
 

((lg min)-1) 

R2 KH × 104
 

(min-1/2) 

R2 

5.0 0.4572 0.94973 0.4621 0.99086 19.4 0.99058 

7.4 0.8704 0.97876 0.88524 0.97796 52 0.9676 

Release 

duration 

Zero-order First-order Higuchi 

K0(min-1) 

× 104 

R2 K1 (min -1) 

× 104 

R2 KH (min-1/2) 

× 104 

R2 

25 oC 0.25929 0.98862 -0.26244 0.98904 7.8104 0.97288 

37 oC 1.6942 0.97525 -1.8016 0.97804 52 0.9676 ACCEPTED M
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with both cell types, indicating their biocompatibility as drug carriers.  

 Considering the L929 (non-cancerous, KDR/Flk-1 negative), it can be seen that there is a decline 

in viability with increasing PTX dose, with viability at around 70% with the highest dose of 10 µg/mL. 

The PTX-loaded formulations result in a smaller decline in viability, with both K237-CS(PTX)-g-

PNIPAM and CS(PTX)-g-PNIPAM giving viability of ca. 80% at an equivalent PTX dose of 10 

µg/mL. The MDA-MB-231 cells are cancerous and KDR/Flk-1 positive, and a stark difference in the 

viability trends are seen. Free PTX causes rapidly increasing cell death as the dose is raised, with 

viability down to 40% at the highest dose. The trends with both K237-CS(PTX)-g-PNIPAM and 

CS(PTX)-g-PNIPAM are similar: viability decreases markedly as the PTX concentration is raised. The 

results with CS(PTX)-g-PNIPAM are essentially identical to those with free PTX at all doses. In 

contrast, however, K237-CS(PTX)-g-PNIPAM causes more cell death than free PTX throughout. This 

is particularly marked at 10 µg/mL, where the viability with K237-CS(PTX)-g-PNIPAM (at 20%) is 

half that of PTX alone [51, 52]. It thus appears that the K237 functionalization enables the NP’s drug 

cargo to be more effectively delivered to cancer cells. This suggests that these novel materials may be 

highly effective chemotherapeutic drug carriers that can alleviate the unpleasant side effects typically 

caused by the non-selectivity of such treatments. 
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Fig. 6 The results of MTT viability assays of a L929 cells and b MDA-MB-231 cells treated with free 

PTX, drug-free K237-CS-g-PNIPAM and CS-g-PNIPAM, and drug-loaded K237-CS(PTX)-g-PNIPAM 

and CS(PTX)-g-PNIPAM at PTX concentrations of 0.001–10μg/mL. Analyses were conducted after 24 

h incubation. Data are reported as mean ± SD. 

To obtain more information on the mechanism of action of the K237-functionalized NPs, K237-

CS-g-PNIPAM and CS-g-PNIPAM were labelled with FITC. L929 and MDA-MB-231 cells were then 

treated with FITC-labelled CS(PTX)-g-PNIPAM and K237-CS(PTX)-g-PNIPAM, and the cells were 

examined by confocal laser scanning microscopy. The results are given in Fig. 7. The cell nuclei are 
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stained blue (Hoechst), with the FITC-labelled formulations fluorescing green [53]. The images clearly 

show that MBA-MD-321 cells exhibit a greater amount of uptake of K237-CS(PTX)-g-PNIPAM than 

of CS(PTX)-g-PNIPAM, with a higher intracellular fluorescence signal in the former case. Uptake is 

much reduced in the case of the L929 cells, and there was no difference between those treated with CS 

(PTX)-g-PNIPAM and K237-CS (PTX)-g-PNIPAM. These data indicate the conjugated K237 could 

facilitate the internalization of NPs in MAD-MB-231 cells. This is because the K237 peptide is able to 

bind to KDR / Flk-1 tyrosine kinase, one of the two receptors of vascular endothelial growth factor 

overexpressed on tumor neovascularization (and on MAD-MB-231 cells), with high affinity and 

specificity, promoting the uptake of the functionalized CS material [54]. These results demonstrate that 

K237-CS (PTX)-g-PNIPAM can actively target MDA-MB-231 cells, allowing the loaded drug to be 

delivered specifically to the tumor site. 

 

Fig. 7 Confocal microscopy images of MDA-MB-231 and L929 cells treated with CS (PTX)-g-

PNIPAM –PTX NPs or K237-CS (PTX)-g-PNIPAM NPs for 2h. The scale bar represents 25 μm. 

4. Conclusions 

A novel anticancer drug delivery system based on CS has been developed to provide targeted 

delivery to breast cancer cells. CS was sensitive to pH, grafting the thermosensitive polymer PNIPAM 

to generate dual temperature and pH-responsive CS NPs of around 100 nm in size. The copolymers 
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were then conjugated with a breast cancer targeting peptide (K237) and the anticancer drug paclitaxel 

(PTX) was loaded into the system. In the mildly acidic pH typical of the tumor microenvironment, 

PTX was released more rapidly than under normal physiological conditions. Higher temperatures also 

accelerated PTX release. In vitro studies showed that the CS-based NPs have good biocompatibility. In 

addition, K237-conjugated NPs were internalized to a greater extent in tumor cells, and are much more 

toxic to cancerous than non-cancerous cells. This is thought to occur due to the selective recognition of 

K237 by the KDR/Flk 1 tyrosine kinase receptors which are over-expressed on breast cancer cells. 

Overall, the K237-CS (PTX)-g-PNIPAM NPs system prepared in this work appears to have great 

potential for targeted cancer therapy. 
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