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Abstract 

 A series of poly(N- isopropylacrylamide)60-block-poly(3,4-dihydroxy-L-phenylalanine)n 

(p(NIPAM)60-b-p(DOPA)n) (n = 30, 50, 75, 100) copolymers have been prepared by combining  

reversible addition fragmentation chain transfer polymerization with ring opening 

polymerization of N-carboxyanhydride α-amino acid using N-heterocyclic carbene as an 

organocatalyst. The copolymers form spherical nanoparticles with an average diameter of ~100 

nm by self-assembly. Doxorubicin (Dox) is encapsulated in the spherical nanocarriers with a 

drug loading efficiency of 44.2%. The iron(III) ions are coordinated to the copolymer matrix via 

catechol moieties in p(DOPA) units, resulting in temperature/pH dual-stimuli-responsive 

nanocarriers. The microstructures and Dox loading procedure can be predicted using a 

dissipative particle dynamics simulation. Cellular uptake and theranostic anticancer activity 

studies reveal that the nanocarriers release encapsulated Dox preferentially in cancer cells in 

response to morphological changes induced by variations in temperature and pH. Both cell 

internalization and cytotoxicity in A2780 ovarian cancer cells and in vivo biodistribution studies 

demonstrate that the Dox-loaded nanocarriers fabricated by p(NIPAM)-b-p(DOPA) copolymers 

can be a promising candidate for cancer therapy. 
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1. Introduction 

During the past few decades, great advances have been made in the cancer treatments. The 

current methods for treatment of tumors are mainly surgery, radiotherapy, chemotherapy and 

immunotherapy. Chemotherapy is one of the most widely studied therapeutic methods for 

various  types of cancers. However, the drugs used in chemotherapy confront with non-targeted 

distribution, leading to the simultaneous impairment of normal cells while destroying the cancer 

cells [1]. This has fuelled an urgent demand for biocompatible carrier molecules with site-

specific release of drugs in cancer cells. Polypeptide nanocarriers are increasingly used in 

clinical application and have been proven useful for drug delivery due to their biocompatibility, 

biodegradability, stimuli-responsive nature and precise targetability [2–6]. Diblock polypeptides 

have earned distinction in this category due to their improved therapeutic efficiency in terms of 

high drug loading capacity, solubility, prolonged circulation, drug releasing ability in response to 

the physiological conditions of cancerous environments, and the tendency to form interesting 

nanoscale morphologies in aqueous solution [7–10]. 

The stimuli- responsive polymer nanocarriers have considerable prospects for the effective 

drug delivery to a targeted site. Recently, sytems responding to two or three or more signals such 

as pH, temperature, redox reactions, magnetic fields, diols, guest molecules, and enzymes have 

been demonstrated to exhibit enhanced theranostic efficacy [11–16]. Specifically, pH- and 

temperature-responsive systems have been widely investigated to take advantages of the 

different environments of cancer cells from normal cells with respect to pH and temperature 

[17,18]. Owing to the fast proliferation of cancer cells, the endogeneous temperature in cancer 

cells is higher than the normal cells [19]. Moreover, the high glycolysis rate at aeraobic and 

anaeraobic conditions in tumor increases the acidity in tumor extracellular environment [20]. The 

pH even drops to more acidic in endosomes (pH 5.5) and in lysosomes (4.5–5.0) [21,22]. This 

pH gradient between normal and cancer cells offers tremendous opportunity to develop diverse 

pH-responsive drug carrier platforms to increase the drug concentration in tumor and thereby 

achieving high therapeutic index. Tremendous polymeric nanocarriers have been developed by 
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introducing pH-responsive monomers and acid- labile linkages. The acid- labile linkages such as 

acetal, hydrazone, schiff base, ortho ester and β-thiopropionate were extensively investigated for 

the fast drug release in the tumor cells.  

3,4-Dihydroxy-L-phenylalanine (L-DOPA), a main amino acid comprising the protein of sea 

mussels, shows adhesive, water resistant, and fast-curing properties. The pendant catechol group 

in L-DOPA is the source of the strong adhesive property of the L-DOPA-derived protein due to a 

strong affinity to bind metal ions [23–25]. The stable bis-complex formed between catechol 

moiety in L-DOPA and Fe3+ at pH 7.4 dissociates to mono-complex at pH 5.0, recommending 

the polymer systems bearing L-DOPA to use as auspicious pH-responsive drug carrier. In the 

present work, we have fabricated temperature/pH dual-stimuli-responsive spherical nanocarriers 

using a series of poly(N- isopropylacrylamide)60-block-poly(L-dihydroxyphenylalanine)n 

(p(NIPAM)60-b-p(DOPA)n) (n = 30, 50, 75, 100) copolymers, where p(NIPAM) block and Fe3+-

coordinated p(L-DOPA) block show temperature and pH responses, respectively (Scheme 1). 

The diblock copolymers were synthesized using the combination of reversible addition 

fragmentation chain transfer (RAFT) polymerization and ring-opening polymerization (ROP) of 

N-carboxyanhydride (NCA), where p(NIPAM)-NH2 used as a macroinitiator for the ROP of di-

O,O,-acetyl-L-DOPA-N-carboxyanhydride  ((AC2)-DOPA-NCA) in the presence of 1,3-

dicyclohexylimidazolium hydrogen carbonate (ICy·HCO3) as an organocatalyst,. The diblock 

copolymers were self-assembles into nanocarriers with a suitable size for theranostic application. 

The cytotoxicity of the nanocarriers was tested with 293FT normal kidney cells and A2780 

ovarian cancer cells. The doxorubicin (Dox)- loaded polymer nanocarriers were also utilized to  

investigate the temperature/pH dual-stimuli-responsive in vitro Dox release and the intracellular 

drug internalization using the A2780 ovarian cancer cells. The newly designed theranostic 

nanocarriers released Dox molecules preferably in a cancerous environment by responding to the 

pH and temperature of tumor cells. 
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Scheme 1. Synthesis of p(NIPAM)60-b-p(DOPA)n (n = 30, 50, 75, 100) diblock copolymers by 

combining a RAFT polymerization of NIPAM with an organocatalyzed ROP of (AC2)-DOPA-

NCA and the fabrication of Fe3+-conjugated nanocarriers with Dox encapsualtion. 

2. Experimental  

2.1. Materials 

Triethylamine (TEA, 99.5%), 2-amino ethanol (97%), paratoluene sulfonyl chloride (99%), 

2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (chain transfer agent-1, CTA-1), 4-

dimethylamino pyridine (DMAP, 99%), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), N,N'-

dicyclohexylcarbodiimide (DCC, 99.0%), 1,3-dicyclohexylimidazolium chloride (ICy·Cl) and 

acetic anhydride were all purchased from Sigma-Aldrich and used without further purifications. 

N-Isopropylacrylamide (NIPAM, 97%) was purchased from Acros Organics and recrystallized 

from hexane. Doxorubicin hydrochloride (≥99%) was purchased from Lancrix Chemicals 

(Shanghai, China). 3-(3,4-Dihydroxyphenyl)-L-alanine (L-DOPA) and triphosgene (>98.0%) 
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were purchased from TCI (Tokyo, Japan). Piperidine (99%) was purchased from Alfa Aesar. 

Solvents such as N,N-dimethylformamide (DMF) and N,N-dimethyl acetamide (DMAc) were 

distilled over sodium, whereas acetone and chloroform were distilled over calcium hydride. 

Other reagent grade chemicals were purchased from Sigma-Aldrich or TCI and used without 

further purification. 

2.2.  Synthesis of p(NIPAM)-NH2 

p(NIPAM)-NH2 with the desired molecular weight (MW) was synthesized according to the 

literature [26]. Detailed procedures of CTA-2 and p(NIPAM)-NH2 synthesis are given in the 

Supporting Information. 

2.3. Synthesis of p(NIPAM)-b-p(L-DOPA) 

2.3.1. Synthesis of (AC2)-DOPA-NCA 

(AC2)-DOPA NCA was prepared in two steps as described in the literature [27]. Detailed 

procedure of (AC2)-DOPA-NCA is given in the Supporting Information. 

2.3.2. Synthesis of p(NIPAM)-b-p(L-DOPA) copolymers 

A series of p(NIPAM)-b-p(L-DOPA) copolymers were synthesized by the ROP of (AC2)-

DOPA-NCA using p(NIPAM)60−NH2 as a macroinitiator and ICy·HCO3 as the organocatalyst. 

p(NIPAM)60−NH2 (0.91 g, 0.16 mmol) was dissolved in dry DMF (32 mL) in a 100 mL Schlenk 

round-bottom flask under nitrogen. A solution of (AC2)-DOPA-NCA (0.79 g, 4.8 mmol) in DMF 

(2 mL) was added to the Schlenk round-bottom flask containing p(NIPAM)60−NH2. The mixture 

was stirred for 5 min and the ICy·HCO3 catalyst (3 mg) directly synthesized from ICy·Cl was 

added; the reaction mixture was stirred under nitrogen at 30 °C for 30 min [28]. p(NIPAM)60-

p((AC)2-DOPA) was obtained by repeated precipitation from diethyl ether. The resulting block 

copolymer was subjected to deprotection to remove the AC protecting groups. p(NIPAM)60-

p((AC)2-DOPA) was dissolved in DMSO and bubbled with nitrogen for 5 min, followed by 

addition of piperidine (0.1 mL); the reaction mixture was stirred for 15 min at room temperature. 

The product was isolated by repeated precipitation from diethyl ether. This prec ipitate was then 

dissolved in 0.1 N HCl and dialyzed against aqueous HCl (pH 4.5). The membrane used for 

dialysis had a MW cut-off of 1,000. Dialysis followed by lyophilization yielded the deprotected 
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polymer (yield: 78%). 1H NMR (400 MHz, DMSO): δ (ppm) = 1.02 (s, 6H), 1.52 (br,CH2), 2.70 

(t, 1H SCH), 2.75 (t, 2H CH2-C6H5), 3.94 (br, CH), 4.3 (m, 1H), 6.35−6.65 (m, 3H), 8.54 (s, 

OH).13C NMR (100 MHz, DMSO) δ (ppm) = 21, 37.5, 49.9, 54.6, 115.6, 117.2, 120.4, 129.1, 

144, 145.2, 169.1, 171.5. For the removal of the thiocarbonyl moiety by aminolysis p(NIPAM)60-

b-p(DOPA) was dissolved in DMF and stirred for 2 h under nitrogen at room temperature in the 

presence of n-hexylamine and tributylphosphine [29]. The thiol- terminated product was then 

obtained by repeated precipitation in cold diethyl ether, followed by drying under reduced 

pressure. The theoretical value of L-DOPA repeat unit of this copolymer was 30 and other 

copolymers having 50, 75 and 100 repeat units of L-DOPA were synthesized in a similar 

procedure by controlling [p(NIPAM)60−NH2]/[(AC2)-DOPA-NCA] ratio. 

2.4. Preparation of Dox-loaded polymer nanocarriers with catechol-Fe3+ complex 

p(NIPAM)60-b-p(DOPA)n (n = 30, 50, 75, 100) copolymers (30 mg) were dissolved in 

dimethylacetamide (21 mL) and stirred for 30 min. The nanocarriers were obtained by dropwise 

addition of deionized water (9 mL), followed by dialysis against deionized water for 48 h and 

subsequent lyophilization. The Dox-loaded p(NIPAM)60-b-p(DOPA)100 nanocarriers with 

catechol-Fe3+ complex were prepared by dissolving p(NIPAM)60-b-p(DOPA)100 copolymer (30 

mg) in dimethylacetamide (21 mL) and stirred for 30 min. Later transferred to a 50 mL sample 

bottle containing Dox (15 mg) and TEA (90 µL) and stirred for 30 min. An aqueous solution of 

FeCl3 (40 mM) is then added with feed ratio of [DOPA]/[Fe3+] = 2/1 at pH 7.0 and stirred for 3 h. 

The nanocarriers were obtained by dropwise addition of deionized water (9 mL), followed by 

dialysis against deionized water for 48 h to remove the unloaded Dox and unreacted metallic ion 

and subsequent lyophilization to yield the Dox-loaded nanocarriers with catechol-Fe3+ complex 

derived cross-linking. 

2.5. Determination of drug loading content (DLC), efficiency (DLE) and in vitro drug release 

The drug- loaded nanocarriers were dissolved in DMSO (1 mL) and the solution was 

analyzed using UV-Vis spectroscopy. The characteristic absorption of Dox at 485 nm was 

compared with the of standard drug solutions of varying concentrations in DMSO. The 

percentage DLC and DLE were calculated using the following equations: 

𝐷𝐿𝐶 (%) =
weight of Dox in the nanocarriers

weight of Dox loaded  nanocarriers
× 100                                                                      (1) 
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𝐷𝐿𝐸 (%) =
weight of Dox in the nanocarriers

weight of Dox for the preparation  of drug loaded nanocarriers
× 100                                 (2) 

In vitro drug release studies were conducted by suspending the Dox-loaded nanocarriers in 

deionized water and placing them against a dialysis membrane that was subsequently placed in 

the required pH buffer and kept in a shaking bath. The amount of Dox released was measured by 

UV-Vis spectroscopy. The concentration of the released drug was determined by comparison 

with the standard curves for Dox in different pH buffers. 

2.6. Characterizations 

The proton nuclear magnetic resonance [1H NMR, 400 MHz] and 13C NMR [100 MHz] 

spectra were recorded using a Varian INOVA 400 NMR spectrometer. The che mical shifts are 

presented as parts per million (ppm) relative to the residual solvent peaks of the internal standard. 

The temperature-dependent 1H NMR measurements were performed after the sample tube was 

allowed to equilibrate for approximately 10 min at each preset temperature. The singlet, doublet, 

triplet, multiplet, and broad multiplicity peaks in the 1HNMR spectra are abbreviated as s, d, t, m, 

and br, respectively. Column chromatography was performed using a Combi-Flash Companion 

purification system (Teledyne ISCO) using 300−400 meshsilica gel. Fourier transform infrared 

(FTIR) spectra were recorded using a Shimadzu IR Prestige 21 spectrometer. The spectra were 

acquired using potassium bromide discs in the range of 4000–600 cm-1. UV−Vis turbidimetry 

experiments were carried out for LCST determination on a Shimadzu UV-1650 PC, equipped 

with a temperature controller. Dynamic light scattering (DLS) measurements were performed 

using a Nano ZS90 zeta potential analyzer (Malvern Instruments, UK) with a He-Ne laser (633 

nm), 900 collecting optics, and a thermoelectric Peltier temperature controller. The block 

copolymer solutions (2 mg mL−1) were filtered through a 0.5- lM filter prior to use. The MW and 

polydispersity index (Đ) of the polymers were measured on a Waters GPC system, which was 

equipped with a Waters 1515 HPLC solvent pump, a Waters 2414 refractive index detector, and 

three Waters Styragel High Resolution columns (HR4, HR2, HR1; eff ective molecular weight 

range: 5000−500000, 500−20000, and 100−5000 g mol−1, respectively) at 40 °C using HPLC 

grade DMF containing 0.1 N LiBr as the eluent at a flow rate of 1.0 mL min−1. Monodisperse 

polystyrene was used to generate the calibration curve. The particle morphology was analyzed 

using transmission electron microscopy (TEM) with a JEOL-1299EX electron microscope at an 

accelerating voltage of 80 keV. The TEM samples were prepared in grids with formvar film and 
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treated with oxygen plasma (from a Harrick plasma cleaner/sterilizer) for 15 s to render the 

surface hydrophilic. The TEM grid was then floated on top of the bead with the hydrophilic 

surface in contact with the solution. The aqueous solution was blotted away with a strip of filter 

paper, and the samples were dried overnight at room temperature. 

2.7. Cell culture 

Ovarian cancer cells (A2780) and normal kidney cells (293FT) were cultured in Dulbecco’s 

modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

penicillin/streptomycin and maintained at 37 °C under 5% CO2 atmosphere. 

2.8. Cytotoxicity assay 

The proliferation was determined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. To evaluate the cell proliferation, A2780 and 293FT 

cells were seeded into a 96-well culture plate at a density of 2×104 cells per well in serum-free 

DMEM medium. All cells were treated with polymer nanocarriers, and the analyses were 

performed in triplicate. After culturing the cells under the experimental conditions, the cells were 

washed twice with hank’s balanced salt solution (HBSS) and incubated with 100 µL of MTT 

solution (0.5mg mL–1) for 3 h at 37 °C. After incubation, the MTT solution was removed and the 

cells were treated with dimethylsulfoxide (DMSO; 100 μL/well), and the cell cytotoxicity was 

measured from the absorbance of the solution at 570 nm using a micro-plate spectrophotometer 

(TECAN) after dilution to the linear range. The percentage cell survival was expressed relative 

to an untreated control. 

For flow cytometric analysis, the polymer nanocarrier-treated A2780 cells were incubated 

overnight. After washing with HBSS, the cells were harvested and analyzed using a flow 

cytometer (FACScan). The Dox fluorescence intensity was measured at an excitation wavelength 

of 488 nm and an emission wavelength of 522 nm. 

2.9. In vivo bio-distribution 

Bio-distribution studies of the Dox-encapsulated nanocarriers in different organs were 

carried out using tumor-bearing mice. Animal experiments were performed using protocols 

approved by the Pusan National University Institutional Animal Use and Care Committee. 

Tumor-bearing nude mice (male, age 6–9 weeks, weighing 22–24 g) were used for determining 
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the dynamics and bio-distribution of the Dox-loaded p(NIPAM)60-b-p(L-DOPA)n nanocarriers 

for tumor imaging. Initially, tumor-bearing nude mice were prepared by injecting a suspension of 

1 × 106 A2780 cells/mouse in PBS (pH 7.4, 200 µL) into the subcutaneous dorsa of athymic nude 

mice.  

After the tumor volume reached approximately 5 mm3 (about 15 days after inoculation), the 

Dox-loaded p(NIPAM)60-b-p(DOPA)n nanocarriers were injected into the vein of the mouse and 

monitored for 72 h. The fluorescence images of the mice before treatment were acquired and set 

as the background. All images from the abdomen and the back were automatically acquired at 72 

h after the injections and displayed with the same fluorescence intensity scale after background 

subtraction at 635 nm using the Maestro 2 in vivo imaging system (Cambridge Research and 

Instruments, Inc., Woburn, MA, USA). Before starting the experiments, the mice were 

anesthetized with an intraperitoneal injection of 400 mg kg–1 2,2,2-tribromoethanol (Avertin; 

Sigma-Aldrich, St. Louis, MO). To confirm the bio-distribution of the Dox-loaded p(NIPAM)60-

b-p(DOPA)100 nanocarriers in different organs, the mice were sacrificed 72 h after injection. 

Various organs were harvested, rinsed in saline, and imaged for fluorescence. Data are expressed 

as mean ± SD (n = 3). 

3. Results and discussion 

3.1. Synthesis of p(NIPAM)60-b-p(L-DOPA)n and their thermo-responsive phase transition 

behavior 

Synthesis of a series of p(NIPAM)60-b-p(L-DOPA)n copolymers is summarized in Scheme 1. 

RAFT polymerization has been extensively used in preparing stimuli-responsive diblock and 

triblock polymers with low Đ value, uniform chemical composition and end-group reliability 

[30]. In this study, a trithiocarbonate CTA was modified by coupling with ethanolamine, where 

the amine group was protected with tosyl group. The tosyl protected  RAFT agent was used in 

the polymerization of NIPAM to obtain p(NIPAM)60 with narrow polydispersity. The tosyl 

groups were deprotected by acid hydrolysis to generate p(NIPAM)60–NH2, which can be used as 

a macroinitiator for the fast ROP of amino acid NCAs in the presence of ICy·HCO3 

organocatalyst [31]. The number average molecular weight (Mn) of p(NIPAM)–NH2 was 

estimated to be 7400 (~60 repeating monomer units) using end-group analysis. 
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The ICy·HCO3 catalyst yielded targeted MW of p[(AC2)-DOPA-NCA] within 30 min by the 

ROP of (AC2)-DOPA-NCA using p(NIPAM)60–NH2 as a macroinitiator. A series of block 

copolymers, p(NIPAM)60-b-p[(AC)2-DOPA-NCA]n (n = 30, 50, 75, 100), were obtained simply 

by controlling  [p(NIPAM)60–NH2]/ [(AC2)-DOPA-NCA] ratio. The acetyl groups were 

deprotected to obtain p(NIPAM)60-b-p(L-DOPA)n and then the thiocarbonylthio end-groups were 

removed by aminolysis. All compounds were characterized by NMR spectroscopy (see Figures 

S1−S6; Supporting Information). The block copolymers were also characterized by GPC and FT-

IR spectroscopy (Figures S6 and S7). Table 1 summarizes the results of polymerization. The 

estimated block length of L-DOPA fits well with theoretical one with low Đ values. It is worth 

noting that the targeted block size of (AC2)-DOPA-NCA can be achieved within 30 min in a 

living manner, much faster than conventional methods [28]. 

The temperature response of p(NIPAM)60-b-p(L-DOPA)50 was investigated by 1H NMR 

spectroscopy using D2O solvent in a range of 25–50 ℃ (Figure S8; Supporting Information). The 

spectra reveal that the proton signals assigned to NIPAM units are disappeared around the lower 

critical solution temperature (LCST) of p(NIPAM) due to conformational changes to the 

collapsed globule state caused by increased intramolecular hydrogen bonding between the C=O 

and –N(H)– groups and the accompanied increase of hydrophobicity [32]. The intensity of 

corresponding proton signals are gradually decreased at ~35 ℃, and almost vanished above 45 ℃, 

whereas the proton signals corresponding to DOPA are remained unaffected over the entire 

temperature range. This temperature responsive behavior of p(NIPAM) blocks can also be 

estimated by using UV-Vis spectrometry, since the turbidity is induced according to changes of 

solution temperature of the block copolymer in water. The transmittance variation plots 

according to temperature of p(NIPAM)60-b-p(DOPA)50 sample (Figure S9) clearly show that the 

LCST is observed around body temperature. 

Table 1. Ring Opening Polymerization Results of (AC2)-DOPA-NCA Initiated by p(NIPAM)-

NH2 Macroinitiator for the Synthesis of p(NIPAM)60-b-p(DOPA)n (n = 30, 50, 75, 100)a 

Sample Theoretical composition 

NCAb 

(mmol) 

Yield 

(%) 

Mn
c (g/mol) 

NMR Composition Đ 
Theo.d NMR GPC 
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1 p(NIPAM)60-b-p(DOPA)30 4.8 69 12,300 12,100 16,100 p(NIPAM)60-b-p(DOPA)28 1.18 

2 p(NIPAM)60-b-p(DOPA)50 8.0 65 15,900 15,800 21,800 p(NIPAM)60-b-p(DOPA)49 1.21 

3 p(NIPAM)60-b-p(DOPA)75 12.0 68 20,500 20,000 25,200 p(NIPAM)60-b-p(DOPA)72 1.25 

4 p(NIPAM)60-b-p(DOPA)100 16.0 70 25,100 24,600 30,500 p(NIPAM)60-b-p(DOPA)98 1.29 

a
Polymerization conditions: p(NIPAM)-NH2= 0.91 g (0.16 mmol), 1,3-d icyclohexylimidazolium hydrogen 

carbonate (ICy·HCO3) catalyst = 3 mg, DMF = 2 mL, temperature = 30 °C, time = 0.5 h.  
b
Amount of (AC2)-DOPA-NCA monomer added to p(NIPAM)60–NH2 initiator. 

c
Number average molecular weight measured after deprotecting acetyl groups . 

d
Mn (theoretical) = {([(AC2)-DOPA-NCA]0/[p(NIPAM)60-NH2]0) × (MW of repeating unit after deprotecting acetyl 

group) + (MW of initiator)}. 

3.2. Fabrication of p(NIPAM)60-b-p(L-DOPA)n nanocarriers and DPD simulations 

To fabricate nanocarriers by self-assembly, 30 mg of block copolymer was dissolved in 

DMAc (21 mL) and deionized water (9 mL) was slowly added to the polymer solution. This 

solution was then dialyzed against deionized water to remove the organic solvent at 25 °C. 

Uniform and monodisperse spherical nanocarriers were obtained by self-assembly of all the 

p(NIPAM)60-b-p(L-DOPA)n copolymers. The DLS analysis of aqueous solutions of copolymers 

shows that the average size of the resultant nanocarriers is in the range of 80–100 nm (Figure 

S10). The block length of p(L-DOPA) has a negligible effect on the nanocarrier size. According 

to TEM images of the nanocarriers (Figure S10), the nanocarriers have spherical morphologies 

and particle sizes are well agreeing with the DLS size distribution as shown in the insets. The 

p(NIPAM)60-b-p(L-DOPA)100  sample was chosen for further study including in vivo tests, since 

the nanocarriers fabricated by p(NIPAM)60-b-p(L-DOPA)100 sample show relatively uniform 

spherical morphology [Figure 1(a)] and have an average hydrodynamic size ~100 nm, which is 

sutable to achieve an enhanced permeability and retention (EPR) effect .  
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Figure 1. TEM images of nanocarriers fabricated by the self-assembly of (a) p(NIPAM)60-b-

p(DOPA)100 and (b) p(NIPAM)60-b-p(DOPA)100 together with Dox and Fe3+ ions. Insets are the 

corresponding particle size distributions obtained using DLS. 

As a trial to understand the formation of nanocarriers and Dox loading/release mechanism of 

p(NIPAM)60-b-p(L-DOPA)n copolymers the dissipative particle dynamics (DPD) simulations 

originally proposed by Hoogerbrugge and Koelmanin in 1992 and revised by Espa˜nol and 

Warren in 1995 were performed, since the results can provide a mesoscopic insight into the 

macroscale experimental system [33,34]. The combination with the bead-and-spring model 

makes it very appropriate for simulations on structure and dynamics of soft matter, where the 

time evolution of the interacting particles is governed by Newton’s equation of motion [34,35]. 

The underlying principle of DPD theory is well-described in previous reports [35,36]. The DPD 

interaction parameters are obtained in two steps: a determination of the Flory-Huggins 

interaction parameters, followed by a conversion to DPD parameters. Here the Flory-Huggins 

interaction parameter (χij) was calculated from the solubility parameters: 

χij = (δi −δj)
2v/RT                                                                                                                   (3) 

where R is the gas constant, T is the absolute temperature and v is the volume per mole beads. 

The DPD repulsion parameters aij can be related to the Flory-Huggins solubility parameter for 

density, in reduced units, of 3 as follows [34,35]: 

aij (ρ = 3) = 25 + 3.5χij                                                                                                           (4) 

where the aij are in reduced units. 

The mass and volume of each bead is 108 amu and 180 Å3, respectively, and the cutoff 

radius, rc, between two beads is 8.14 Å. As illustrated in Figure 2, the p(NIPAM)60-b-p(L-
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DOPA)n polymer consists of 4 types of beads (A, B, C and F) and the Dox consists of 5 types 

beads (E1−E5), and the solubility parameter of each bead is derived by using Synthia or 

cohesive energy density calculations using Forcite Plus, COMPASS, and Amorphous Cell in 

Materials Studio 5.0 (Accelrys). The interaction parameters aij were calculated according to 

equation (4), as shown in Table 2. The diagonal elements used by Groot and Rabone are chosen 

such that a bead fluid has the compressibility of water [34]. A cubic simulation box with periodic 

boundary condition was applied in all directions. A box of 30  × 30 × 30 rc
3 is enough to avoid 

the finite size effects, and the integration time step of 0.05 was small enough for our system to 

get thermodynamic equilibrium. The simulation steps of 200,000 were used. All simulations 

were carried out using the DPD method in Mesocite module of the commercial software package 

Materials Studio. 

Table 2. Interaction Parameters aij between Different Beads in Figure 2(a) 

 
A B C F D1 D2 D3 D4 D5 W 

A 25.00 
         

B 30.02 25.00 
        

C 31.09 38.15 25.00 
       

F 30.13 25.00 45.05 25.00 
      

D1 28.76 25.04 42.37 25.10 25.00 
     

D2 28.36 25.11 41.83 25.19 25.01 25.00 
    

D3 27.03 25.55 38.82 25.69 25.27 25.16 25.00 
   

D4 28.88 25.16 45.67 25.27 25.03 25.00 25.16 25.00 
  

D5 25.82 27.11 37.23 27.33 26.40 26.12 25.39 26.23 25.00 
 

W 168.20 238.11 94.90 222.76 212.57 212.35 200.10 250.38 212.36 25.00 

All beads distributed randomly at the beginning of the simulation aggregate to form small 

clusters first and then turn into larger aggregates depending on the type and amount of polymer. 

As shown in Figure 2, p(NIPAM)60-b-p(L-DOPA)100 (P100) beads tend to aggregate to form rod-

like morphology at 10% aqueous solution and spherical nanocarriers at 5% aqueous solution. 

The self-assemblies of other polymers with different block lengths of L-DOPA also yield 

spherical nanocarriers. The hydrophobic beads of the polymer are distributed inside the 

nanocarrier forming a hydrophobic core and hydrophilic NIPAM and pyrocatechol beads spread 

around the surface, forming a protective shell. 
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Figure 2. (a) Molecular structures and coarse-grained models of p(NIPAM)60-b-p(L-DOPA)n (n 

= 30 (P30), 50 (P50), 75 (P75), and 100 (P100)), doxorubicin (D), and water (W), and (b) 

configurations of polymer nanocarriers in the absence and presence of doxorubicin at different 

polymer Pn/W/D volume ratios. Doxorubicin beads are presented in CPK model, and water beads 

are not shown for clarity. 

The similar morphological developments of the polymer beads are observed in the DPD 

simulations in the presence of 1% Dox. When the volume ratio of polymer:water:Dox is 5:89:1, 
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randomly distributed beads at the beginning of the simulation (Figure 2) aggregates to form 

spherical nanocarriers with stable structure with shell consisting of NIPAM and pyrocatechol 

fragments are formed at the early period of simulation less than 20,000 steps. Extra simulation 

steps to 200,000 gave no significant changes in the aggregate morphology. The Dox beads 

consisting of 5 different beads gradually diffuse into the nanocarriers and finally are distributed 

in the core of nanocarrier formed by the polymer beads, indicating that the nanocarrier formed by 

the dendrimer is a reasonable carrier for Dox. The block length of L-DOPA influences the 

efficiency of Dox encapsulation. When n is 35, 50, or 100 in p(NIPAM)60-b-p(L-DOPA)n, large 

portion of Dox remains free inside of simulation box without diffusing inside of polymer 

nanocarriers, while uniform spherical nanocarriers bearing Dox are formed at n=75 (see also 

(2x2x2) supercell). Comparing the self-assembly of p(NIPAM)60-b-p(L-DOPA)75 polymer in the 

absence and presence of Dox, one and two spherical nanocarriers are formed in a simulation box, 

respectively, which is in good agreement with experimental results. The nanocarrier size of the 

polymer formed in the absence of Dox is about 2-fold smaller than that of the nanocarriers 

fabricated in the presence of Dox. 

3.3. Encapsulation of Dox and coordination of Fe3+ 

For the encapsulation of Dox and the simultaneous formation of catechol-Fe3+ complex, 

micellization of p(NIPAM)60-b-p(L-DOPA)100 polymer in presence of Fe3+ ([DOPA]/[Fe3+] = 2/ 

1) and Dox. Similar to the self-assembly of pure polymers, the spherical nanocarriers were 

obtained with the average diameter of ~150 nm (Figure 1(b)) and the distribution of the 

nanocarriers remained unchanged without conspicuous broadening. The hydroxyl group of p(L-

DOPA) could easily form the bis-catechol-Fe3+ complex at pH 7.4. Note that L-DOPA-based 

polypeptides possess fascinating chelating potential owing to the complex formation of catechol 

with Fe3+. Interestingly, the equiliibrium constant  for the reaction of bis and tris complexes 

formation possess high value in the range of  1040
–1045 [37]. Moreover, the bond between 

catechol and Fe3+ is remarkably strong that is closer to covalent bond binding energy [38]. Thus, 

the bis-catechol-Fe3+ complex may impart the resultant Dox- loaded nanocarriers stability in 

physiological conditions and especially in blood circulation, resulting in less toxicity to normal 

cells. The DLC and DLE of the nanocarriers were determined as 14.57% and 44.15% 

respectively. The Dox molecules were surrounded by the p(L-DOPA) block located in the core 
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of the nanocarriers, which might lead to improved Dox encapsulation capacity and efficiency via 

inter- and intra-molecular hydrophobic interactions. 

3.4. Stimuli-responsive Dox release 

Recently, Hwang and coworkers have showed that poly(ethylene glycol)-p(L-DOPA) 

polymer forms a stable bis-catechol–Fe3+ complex at pH 7.4 [24]. The complex in the drug-

loaded p(L-DOPA) cores of the self-assembled micelles not only enhance micellar stability but 

also protect drug release efficiently in extracellular environments. Upon endocytosis, the bis-

catechol–Fe3+ complex dissociated to the mono-complex in response to endosomal pH (pH 5.0) 

to trigger the facilitated intracellular drug release (see also Scheme 1). At diff erent temperatures 

and pH condition, time-dependent release of Dox was evaluated using the Dox-loaded 

p(NIPAM)60-p(L-DOPA)100–Fe3+ complex nanocarriers in phosphate buff ered saline (PBS, pH 

7.4). The drug release was evaluated by UV-Vis spectrometric monitoring at 480 nm, which is 

the characteristic absorption maximum of Dox in solution. The release performance was 

observed for 67 h with different temperatures and pH conditions, and the release profiles are 

shown in Figure 3. The transition temperature of p(NIPAM) significantly influenced the 

temperature-responsive release of Dox from the p(NIPAM)60-p(L-DOPA)100 nanocarriers. Below 

LCST, p(NIPAM) chain is hydrophilic and forms the amphiphilic copolymer together with 

hydrophobic p(DOPA) and self-assembled to spherical nanocarriers having water soluble 

p(NIPAM) corona and water insoluble p(DOPA) core. Above LCST, the p(NIPAM) chain 

changes from hydrophilic to hydrophobic, consequently leading to low solubility and eventually 

to destabilize nanocarriers with leaking of payload from the destabilized nanocarriers. The Dox 

release results obtained at 25 °C, 37 °C and 42 °C confirm the influence of the p(NIPAM) block 

on the temperature-responsive release of Dox. The cumulative releases of Dox are estimated to 

be 18% and 25% at 25 °C and 37 °C, respectively. The Dox release is significantly enhanced 

when temperature is further increased to 42 °C, which is above the LCST of the polymer. The 

Dox release of about 35% is observed at 42 °C for 67 h. 
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Figure 3. Time-dependent release of Dox from the nanocarriers fabricated by p(NIPAM)60-b-

p(DOPA)100 conjugated with Fe3+ ions in phosphate-buffered saline (PBS) measured by (a) 

changing pH at 37 °C, (b) by changing temperature at pH 7.4, (c) at 42 °C and pH 5.0, and (d) 

UV-Vis absorption spectra of the Dox-loaded nanocarriers with catechol-Fe3+ complex at neutral 

and acidic conditions. 

The time-dependent release of Dox from the nanocarrier was evaluated at different pH 

conditions to prove the pH-response of the polymer at 37 °C and at the temperature of cancer 

cells (42 °C). When the pH of the micellar solution decreased from 7.4 to 5.0, the cumulative 

release of Dox increased [Figure 3(a)] mainly due to the pH-responsive catechol–Fe3+ complex 
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in the nanocarrier, with transformation of the bis-complex to the mono-complex at pH 5.0 

[Figure3(d)] [24]. Note that the bis-complex provides outstanding stability to nanocarriers, 

enhancing the retention of Dox at physiological conditions [24,39]. The Dox release from the 

nanocarriers bearing the catechol-Fe3+ complex was less than 20% at pH 7.4, whereas the Dox 

release from the nanocarriers fabricated in the absence of Fe3+ was more than 40% (Figure S11). 

These results clearly show that formation of the catechol-Fe3+ complex strongly inhibits the 

release of Dox by enhancing the stability of nanocarriers at pH 7.4. When pH decreased to 5.0, 

bis-complex to the mono-complex transformation destabilizes the nanocarrier and activates the 

simultaneous Dox release. At pH 5.0 and 42 °C, the Dox release reached 60% (Figure 3(c)). The 

results demonstrate that the catechol-Fe3+ complex contributes to stabilize nanocarriers in 

physiological conditions, which protects Dox from premature release, and that the rate and 

amount of Dox are tunable in response to temperature and pH mimicking the tumor cell 

conditions.  

3.5. Cytotoxicity of p(NIPAM)60-b-p(L-DOPA)n 

With an aim to demonstrate the biocompatibility of the p(NIPAM)60-b-p(L-DOPA)n, we 

have performed the cytotoxicity analysis. The effect of nanocarriers on cell viability was studied 

using both 293FT normal kidney cells and A2780 ovarian cancer cells lines with various 

concentrations of nanocarriers ranging from 0.1 to 100 µg/mL using the MTT assay. The 

viability of both the 293FT and A2780 cells lines are excellent (>90%) at all concentrations, 

irrespective of the increase in poly(L-DOPA) chain length (Figure 4). The diblock copolymers 

display low cytotoxicity in a wide nanocarrier concentration despite of the low biocompatibility 

of p(NIPAM) [40]. The p(DOPA) blocks may assist to achieve >90% cell viability by 

associating with the p(NIPAM) blocks by increasing the biocompatible component in the 

hydrophobic end. These results clearly illustrate that the nanocarriers formed from p(NIPAM)60-

b-p(L-DOPA)n have no acute and intrinsic cytotoxicity against both normal and cancer cells. 

3.6. Cellular uptake and cytotoxicity of Dox-loaded p(NIPAM)60-b-p(L-DOPA)100 nanocarriers 

To investigate the pH- and temperature-dependent antitumor effect of Dox- loaded polymer 

nanocarriers bearing catechol-Fe3+ complex against cancer cells, the Dox-loaded nanocarriers 

were incubated with A2780 for 24 h. Figure 5 shows that the cell viability exceeds 90% for all 

treatments including pH 5.6 at lower temperature (4 °C). While the viability decreases to 80% by 
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varying pH from 7.4 to 5.6 at 25 °C. The cell viability significantly decreases by changing 25 °C 

to 37 °C, in all pH conditions. It decreases monotonously by changing pH 7.4 to pH 6.8 and to 

pH 6.5. Finally, the cell viability reaches about 35% by decreasing pH 6.5 to pH 6.0 and to pH 

5.6. These results prove that the rate and amount of Dox release are deeply associated with the  

temperature-responsive disassembly of the p(NIPAM) blocks and pH-responsive dissociation of 

catechol–Fe3+ complex in p(DOPA) blocks.  

 

Figure 4. In vitro cell viability of p(NIPAM)60-b-p(L-DOPA)n nanocarriers in (a) A2780 and (b) 

293FT cells fabricated by (A) p(NIPAM)60-b-p(L-DOPA)30, (B) p(NIPAM)60-b-p(L-DOPA)50, 

(C) p(NIPAM)60-b-p(L-DOPA)75, and (D) p(NIPAM)60-b-p(L-DOPA)100. 
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Figure 5. pH- and temperature-dependent cytotoxicity of Dox- loaded p(NIPAM)60-b-p(L-

DOPA)100 nanocarriers bearing catechol–Fe3+ complex against A2780 cells after 24 h incubation. 

The confocal laser scanning microscope (CSLM) images have been taken for the 

visualization of the pH- and temperature-dependent cellular uptake and Dox release from the 

Dox-loaded nanocarriers (Figure 6). The red fluourescence of Dox indicates the pH- and 

temperature-dependent Dox release in the tumor cells. The stronger fluorescence observed at pH 

5.6 and 37 °C indicates the enhanced Dox release in the tumor environment. At low temperature 

(4 °C and 25 °C) and high pH (>6), no strong fluorescences are observed. The similar results are 

obseved at high pH and high temperature or at low pH and low temperature. Evidently the 

nanocarriers strongly hold the Dox in their catechol-Fe3+ complexed p(DOPA) hydrophobic core 

at non-cancerous environment and undergo destabilization and payload release under acidic pH 

and higher temperature, avoiding toxicity outside the tumor cells. The nanocarriers facilitate 

abundant Dox release in the tumor mimicking environment, resulting in remarkablly high 

fluorescent intensity at pH 5.6 and at 37 °C [Figure 6(c1)]. Additionally, Figure S12 displays the 

CSLM images of 293FT and A2780 cells incubated with 2 μM of nanocarriers for 24 h. The flow 

cytometry data (Figures S13 and S14) for the Dox-accumulated A2780 cells again confirm the 

temperature- and pH-responsive nature of nanocarriers. All of these results provide strong 

evidence for triggered Dox release into the cancer cells. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

21 

 

Figure 6. CSLM images of A2780 cells after 3 h incubation with 10 μM of Dox-loaded 

p(NIPAM)60-b-p(L-DOPA)100 nanocarriers, taken under different temperature and pH conditions. 

3.7. In vivo bio-distribution 

The Dox-loaded/ Fe3+-complexed nanocarriers were injected into tumor-bearing mice, and 

after 72 h, the in vivo and ex vivo distributions were monitored using a Mastero 2 in vivo imaging 

system as illustrated in Figure 7. Remarkable Dox accumulation in the tumor cells was observed 

after 72 h from the in vivo (Figure 7C) and ex vivo (Figure 7F) fluorescence intensities compared 

to flluoresncence intensities from other organs. Especially the flurescence intensities from organs 

such as heart, lung and spleen are negligible. Considering no specific active targeting groups are 

conjugated to the nanocarriers and no polymeric moieties or payloads that contribute to target to 

specific cells are involved, the nanocarriers of this study are expected to possess no specific 

targetability to tumor cells. Unexpectedly, the nanocarriers showed considerable Dox 

accumulation in the tumor cells after 72 h via an EPR effect, offering an effective passive 

targetability to cancer cells [41].  

 

Figure 7. Representative white light and RFP fluorescence images of (A−C) mouse and (D−H) 

major organs and tumor taken 72 h after administration and (G) quantitative analysis of 

fluorescence intensity from each organ. 
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Ex vivo measurements were conducted by sacrificing the mice 72 h after injecting the Dox-

loaded nanocarriers. Fluorescence analysis was conducted and quatntitatively calculated the 

intensity from each organs by collecting major organs. The ex vivo fluorescence intensities from 

the different organs are shown in Figures 7E−F and their quatntitatively calculated intensity is 

summarized in Figure 7G. The fluorescence intensity was remarkably higher in the tumor tissues 

than in other organs such as blood, heart, lung and spleen, which is well match with the in vivo 

biodistribution image and validates the effective tumor internalization. The quantitative intensity 

analysis confirms the results. The intensity in tumor is higher than in kidney by almost 2-fold. 

The intensity from blood, heart, lungs and spleen is almost zero or closed to zero, which implys 

less toxicity to normmal cells. The high intensity in the liver tissues is due to the intrinsic 

absorption of the tissues and their light scattering capacity [42,43].  

4. Conclusions 

A series of dual-stimuli-responsive block copolymers, p(NIPAM)60-b-p(L-DOPA)n (n = 30, 

50, 75, 100) were sucessfully  synthesized using the RAFT polymerization, followed by the ROP 

of DOPA-NCA using the p(NIPAM)60–NH2 as a macroinitiator in the presence of the ICy·HCO3 

organocatalyst. Spherical nanoparticle of ~100 nm was fabricated by the self-assembly. The 

similar self-assembly of p(NIPAM)60-b-p(L-DOPA)n in the presence of Dox and Fe3+ ions that 

induce catechol-Fe3+ complex led to form highly uniform and robust nanocarriers of ~150 nm 

with effective DLC (14.57%) and DLE (44.15%). The resultant nanocarriers showed favorable 

pH- and temperature-responsive Dox release behaviors. The pH- and temperature-responsive 

cellular uptakes of the nanocarriers resulting in enhanced antitumor activity were also 

demonstrated with the A2780 ovarian cancer cells. The significant tumor accumulation was also 

confirmed via in vivo and ex vivo biodistribution analyses. The dual-stimuli-responsive 

nanocarriers fabricated by p(NIPAM)60-b-p(L-DOPA)n copolymers conjugated with Fe3+ ions 

showing the successful passive targeting capability based on EPR effect are considered to be a 

promising platform for theranostic application. 
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Highlights: 

 Dual-stimuli-responsive polymers are synthesized by combining RAFT with ROP. 

 The Fe3+ conjugated nanocarriers display remarkable T/pH-responsive Dox release. 

 The Dox-loaded nanocarriers show intense cell uptake & cytotoxicity to cancer cells. 

 The nanocarriers exhibit a remarkable tumor accumulation by EPR effect. 
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