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ABSTRACT: Graft copolymers consisting of two different zwitterionic blocks were synthesized 

via reversible addition fragmentation chain transfer polymerization. These polymers showed dual 

properties of thermo- and pH-responsiveness in an aqueous solution. Ultraviolet-visible 

spectroscopy and dynamic light scattering were employed to study the phase behavior under 

varying temperatures and pH values. Unlike the phase transition temperatures of other graft 

copolymers containing non-ionic blocks, the phase transition temperature of these polymers was 
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easily tuned by changing the polymer concentration. Owing to the biocompatible and stimuli-

responsive nature of the polymers, this system was shown to effectively release proteins 

(lysozyme) while simultaneously protecting them against denaturation. The positively charged 

lysozyme was shown to bind with the negatively charged polymer at the physiological pH (pH 

7.4). However, it was subsequently released at pH 3, at which the polymer exhibits a positive 

charge. Protein aggregation studies using a residual enzymatic activity assay, circular dichroism, 

and a Thioflavin T assay revealed that the secondary structure of the lysozyme was retained even 

after harsh thermal treatment. The addition of these polymers helped the lysozyme retain its 

enzymatic activity and suppressed its fibrillation. Both polymers showed excellent protein 

protection properties, with the negatively charged polymer exhibiting slightly superior protein 

protection properties to those of the neutral polymer. To the best of the authors’ knowledge, this 

is the first study to develop a graft copolymer system consisting of two different zwitterionic 

blocks that shows dual thermo- and pH-responsive properties. The presence of the polyampholyte 

structure enables these polymers to act as protein release agents, while simultaneously protecting 

the proteins from severe stress.  

 

INTRODUCTION 

Stimuli-responsive polymers have attracted great attention in recent years. They respond to small 

changes in the surrounding environment, which makes them suitable candidates for applications 

in nanotechnology and biomedicine, for use as drug carriers1–5 and smart surfaces,6–9 and for 

protein separation.10,11 However, as the field of applications expands, a single stimuli-responsive 

polymer can no longer fulfil the demands of the growing industry.12 Therefore, the synthesis of 
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multi-stimuli-responsive polymers has become necessary. Compared with single-stimuli-

responsive polymers, multi-stimuli-responsive polymers have additional properties that not only 

widen the applicability of polymers, but also allow for better control over the polymer 

conformation.13  

Among the various stimuli-responsive polymers reported to date, thermo- and pH-responsive 

polymers have attracted the most attention.12, 14 Thermo-responsive polymers can be classified into 

two types: systems exhibiting lower critical solution temperature (LCST)15 and upper critical 

solution temperature (UCST) phase separations. Further, pH-responsive polymers have gained 

relevance because there is a difference in pH between human organs, normal tissue, and diseased 

tissue (e.g., the stomach, normal tissue, and a tumor have pH values of 1–2, 7.4, ~6.5, 

respectively).16 pH-responsive polymer systems can be developed as drug delivery systems and 

gene delivery systems in vivo. 

Therefore, in this study, we focused on the synthesis of graft copolymers that exhibit dual-

thermo- and pH-responsive properties and attempted to control the phase transition temperature 

by changing the molecular mass and the concentration of the polymers.  

For dual-thermo-responsive copolymers, the Poly (N-isopropylacrylamide)-poly-sulfobetaine 

(PNIPAM-PSPB) system has been widely studied. For instance, in our previous research17, we 

showed that nanogels made of a copolymer of NIPAM and SPB show dual thermo-responsive 

reversible properties and exhibit swelling and shrinking with changing temperature. Additionally, 

Papadakis and his group reported a series of studies on the relationship between temperature and 

the shape of PNIPAM-PSPB micelles.18–20 It is well known that PNIPAM shows LCST, and its 

transition temperature is observed near the physiological temperature. However, PNIPAM has 

several shortcomings, including non-biodegradability, inflammation, and activation of platelets 
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when it makes contact with blood.21, 22 Moreover, the LCST is independent of the molar mass and 

concentration of the polymer, thus limiting the tunability of its properties by molecular design.23 

Further, PNIPAM does not exhibit a pH-responsive property, owing to its lack of ionic groups.  

In a previous work, we reported that poly-L-lysine (PLL)-based polyampholyte, COOH-PLL, 

shows an LCST type of phase separation, which can be easily controlled by molecular design.24 

PLL is extensively used as a food additive due to its low toxicity.25 Moreover, PLL can be degraded 

by amidases.26 When the NH2 group of PLL reacts with anhydrides such as succinic anhydride 

(SA), PLL transforms into an ampholyte molecule with both cationic and anionic moieties and 

thus exhibits both LCST and pH-responsive properties. Moreover, the LCST behavior can be 

easily tuned by optimizing charge balance, hydrophobicity, polymer concentration, and so on. 

Interestingly, COOH-PLL shows excellent cryoprotective properties27 with various cells. 

Furthermore, it has been reported that polyampholyte exhibits antibiofouling properties.28, 29 In 

addition, hydrophobically modified poly-L-lysine polyampholyte has been shown to deliver 

proteins at low temperatures.30 

Unlike LCST, UCST has not been reported to occur in many polymers. Among the polymers 

showing UCST, poly-sulfobetaine (PSPB) has been frequently used. The UCST behavior of PSPB 

was found to be highly dependent on the molar mass and the concentration of the added low-molar-

mass salts.19 Because of its unique chain structures and high biocompatibility,31 PSPB has been 

associated with unique properties such as cryopreservation32 and has been used for anti-bio 

adherent coatings.33 Moreover, in a previous work, we found that this polyampholyte exhibits a 

protein aggregation inhibition property, owing to its weak and reversible interaction with protein 

molecules, thereby acting as a molecular shield.34–36 This phenomenon enables PSPB to assist 

proteins in the retention of their secondary structures and suppresses fibrillation of the protein, 
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even under severe stress. To utilize this kind of dual thermo-responsive polymer for biomedical 

applications such as protein delivery, PSPB was chosen along with COOH-PLL in this study for 

the graft polymer system. 

The use of functional proteins in disease therapy has a long history. However, the development 

of protein therapeutics is limited, owing to protein instability. The misfolding and aggregation of 

the therapeutic protein reduces its treatment efficiency and even causes adverse reactions. For the 

advancement of the protein biopharmaceutics field, the development of newer systems that can 

protect proteins from unfolding and denaturation during delivery transport or under stress is of 

paramount importance. Moreover, the development of controlled and triggered release systems 

has caught the attention of researchers worldwide. In this work, we used reversible addition 

fragmentation chain transfer (RAFT) polymerization to develop graft copolymers consisting of 

two zwitterionic blocks, i.e., PLLSA-g-PSPB. The presence of the PLLSA segment allows these 

graft copolymers to exhibit LCST and pH-responsive properties and the PSPB block allows for 

UCST-type transition. Furthermore, we studied the phase behavior of these graft copolymers at 

different temperatures and pH values. Then, because of their pH-responsive properties, we used 

these graft copolymers as a protein release vehicle.37 Electrostatic interaction provides a weak and 

reversible bond between the polymer and protein. Previous reports have suggested that polymer-

protein hybrids can also be formed in such systems by self-assembly in aqueous solution.38–45 Due 

to the presence of PSPB, the proteins were efficiently protected, even under severe conditions. To 

the best of our knowledge, the PLLSA-g-PSPB system proposed in this study, which consists of 

two different ampholytic segments and shows both dual thermo- and pH-responsive properties, is 

the first such system. Furthermore, the ability of the system to suppress protein aggregation and 

help proteins retain their secondary structures is noteworthy.  
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MATERIALS AND METHODS 

Materials. Sulfobetaine monomer was donated by Osaka Organic Chemical Ind., Ltd. (Osaka, 

Japan) and used without further purification. A 25% (w/w) ɛ-poly-L-lysine (PLL) (molecular 

weight 4000) aqueous solution was purchased from JNC Corp. (Tokyo, Japan). Succinic anhydride 

(SA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCl) and N-

Hydroxysuccinimide (NHS) were purchased from Wako Pure Chemical Ind., Ltd. (Osaka, Japan). 

2-(dodecylthiocarbonothioylthio)-2-methylpropinic acid (RAFT agent), 4,4’-azobis-(4-

cyanovaleric acid) (V-501, initiator), Thioflavin T (ThT), Micrococcus lysodeikticus and 

lysozyme from chicken egg white were purchased from Sigma-Aldrich (St. Louis, MO). 

 

Synthesis of carboxylated poly-l-lysine (PLL-SA). PLL-SA with two different substitutions was 

synthesized. PLL-SA in which 50 mol% and 65 mol% of the amino groups were converted into 

COOH by the addition of SA were denoted as PLLSA50 (neutral at pH 7) and PLLSA65 (negative 

at pH 7), respectively. PLLSA50 was synthesized by adding succinic anhydride (9.76 mmol) to 

the 25% (w/w) ɛ-poly-l-lysine (PLL) aqueous solution (10 ml), followed by stirring at 50 °C for 1 

h. Similarly, PLLSA65 was synthesized by dissolving succinic anhydride (12.67 mmol) in the 25% 

(w/w) ɛ-poly-l-lysine (PLL) aqueous solution (10 ml) followed by stirring at 50 °C for 1 h. After 

the reaction, the products were dried in an oven overnight and vacuum-dried for 1 day. 
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Synthesis of Macro-CTA (PLLSA-RAFT agent). We prepared two types of macro-CTA 

(PLLSA-RAFT agent): PLLSA50-RAFT agent and PLLSA65-RAFT agent. EDC (0.043 mmol), 

NHS (0.043 mmol), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (0.011 mmol) and 

5 mL DMSO were added to a vial and stirred at 80 °C for 2 h. In another vial, 0.33 mmol PLLSA50 

or PLLSA65 was dissolved in 10 mL DMSO at 130 °C. After 2 h, the two solutions were mixed 

together and reacted at 130 °C for 24 h. The polymer was purified by dialysis against water for 3 

d using a dialysis membrane (MWCO 3.5 KDa, Repligen Corp. Waltham, MA, US). After dialysis, 

the polymer was obtained by lyophilization. 

 

Synthesis of a graft copolymer of PLLSA and SPB (PLLSA-g-PSPB). The graft copolymers 

were synthesized using the following mixture ratio: [SPB monomer]:[V-501]:[macro-CTA] = 

1000:1:5. PLLSA50-b-PSPB and PLLSA65-b-PSPB were synthesized by dissolving the SPB 

monomer (6.6 mmol), V-501 (6.6 μmol), and Macro-CTA (PLLSA50-RAFT and PLLSA65-

RAFT agents, respectively) (33 μmol) in water (45 mL). The mixture was purged with nitrogen 

gas for 1 h and then stirred at 70 °C for 24 h. To study the kinetics of this reaction, the samples 

were removed from the reaction mixture at regular intervals, and 1H NMR was used to monitor 

the disappearance of alkene protons during the course of the reaction. The polymer was then 

purified by dialysis against water for 3 d using a dialysis membrane (MWCO 14 KDa). After 

dialysis, the polymer was obtained by lyophilization. 

 

Polymer characterization. The structural analyses of all polymer structures and time-dependent 

NMR were conducted on a 400 MHz Bruker Avance III spectrometer. The data was analyzed by 

NMR using the Topspin 3.5 software. The number of repeating units of the graft copolymers was 
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estimated by 1H NMR from the relative area of the two peaks at around 4 ppm (corresponding to 

the α-protons of the substituted and unsubstituted PLL repeating units) and that of the poly-SPB 

peak at around 2.2 ppm. The numbers of NH2 groups were determined by a 2,4,6-trinitrobenzene 

sulfonic acid (TNBS) assay.46 In the TNBS assay, glycine was used as the standard solution. A 

solution containing 0.3 ml of 250 μg/mL of solution, 1 mL 0.1% (w/v) of TNBS solution, and 2 

ml of a solution containing 4% (w/v) NaHCO3 and 10% (w/v) sodium dodecylsulfate was prepared. 

The solution was then incubated at 37 °C for 2 h. After the incubation, the absorbance of the sample 

solutions was measured at 335 nm using UV-vis spectroscopy (UV-1800, Shimadzu Corp., Kyoto, 

Japan).  

 

Dynamic light scattering (DLS). A Zetasizer 300 system (Malvern Instruments, Worcestershire, 

UK) was used to determine the hydrodynamic diameter and the surface charge of the graft 

copolymers. The scattering angle was 173°. The thermo-responsiveness of the polymers was 

measured by DLS in temperature steps of 2 °C with three measurements per temperature.  

 

Ultraviolet–visible (UV-Vis) spectroscopy for the determination of thermo- and pH- 

responsive properties. The turbidity of the graft copolymers was determined by UV-visible 

spectroscopy (UV-1800, Shimadzu Corp., Kyoto, Japan) at 550 nm. Each transmittance value was 

obtained at a different temperature, and there was a 12 min stabilization period at every 

temperature. 

 

Transmission electron microscopy (TEM). The morphology of the graft polymer was 

observed using a TEM H-7650 instrument (Hitachi, Tokyo, Japan). The sample was first dissolved 
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in distilled water (0.1%) and 5 μL sample solution was placed on a copper grid (NS-C15 Cu150P; 

Stem, Tokyo, Japan). After drying at different temperatures (4 °C and 70 °C), the grid was 

negatively stained with 1% phosphotungstic acid (Sigma Aldrich, Steinheim, Germany) for 30 s, 

washed with one drop of distilled water, and air-dried. 

 

Protein release experiment. A polymer solution (6% (w/w)) and lysozyme solution (2% (w/w)) 

were prepared in phosphate-buffered saline (PBS, pH 7.4). Following this, the polymer and 

lysozyme solutions were mixed and incubated for 2 h at 25 °C. After the incubation, the samples 

were centrifuged for 2 h at 13.2 × 1000 rpm (15 °C) using 30K MWCO centrifugal filter devices. 

The solution was separated into two parts. A PBS solution appeared in the filtrate collection tube 

with the non-bound lysozyme, whereas the protein that succeeded in binding with the polymer 

remained in the filter device. The liquid that appeared in the filtrate collection tube was checked 

for the non-bound lysozyme by the Bradford assay.47 Lysozyme loading efficiency was calculated 

using the following equation.  

Protein loading efficiency = 𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙 𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎 − 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎
𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙 𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑎𝑎

 ×  100%                                           (1) 

 

The concentrated solution containing polymer-bound protein, which was retained in the filter 

device, was diluted, and the pH was reduced to 3 by the addition of 1 M HCl solution. DLS was 

employed to measure the hydrodynamic radius of the polymer and that of the protein before and 

after the pH change. 

 

Residual lysozyme activity. A lysozyme solution (20 μM) was mixed with polymer solutions (at 

various concentrations) in PBS (pH 7.4). Following this, the lysozyme-polymer solution was 
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heated at 90 °C for 30 min. After 30 min, a Micrococcus lysodeikticus (2 mL, 0.25 mg/mL in PBS) 

solution was mixed with 100 µL of the lysozyme-polymer solution. The transmittance of this 

mixture solution was measured by UV-vis spectrophotometry (UV-1800, Shimadzu) at 600 nm 

from 0 to 6 min with constant stirring. A continuous downward line was obtained. The slope of 

this line indicated the activity of the residual lysozyme. 

 

Fibril formation of lysozyme. The fibril formation of the lysozyme after heating for 30 min at 

90 °C was determined by a ThT assay. ThT binds to β-amyloid fibrils, which leads to an increase 

in fluorescence intensity.48 First, the stock solution was prepared by adding 4 mg ThT to a 5 mL 

PBS solution (pH 7.4) followed by filtration with 0.22 μM filter. Following this, the working 

solution was prepared by adding 1 mL of the stock solution to 49 mL of PBS (pH 7.4). The 

lysozyme solution (40 μM) was mixed with an equal volume of the polymer solution. The 

lysozyme-polymer solution was then heated at 90 °C for 30 min with the final concentration of 

lysozyme being 20 μM and that of polymer being 1 %, 2.5 %, and 5 % (w/w). Following this, 100 

μL of the lysozyme polymer solution was mixed with 2 mL of the ThT solution, and the 

fluorescence was measured by JASCO FP-8600 with an excitation wavelength of 450 nm and 

emission wavelength of 485 nm. 

 

Circular dichroism (CD) spectroscopy. A CD spectropolarimeter (JASCO-820) was employed 

to monitor and determine the change in the secondary structures of the lysozyme before and after 

heating. A transparent quartz cuvette with a path length of 0.5 cm was used to measure the CD 

spectra. The final concentration of the lysozyme and polymer components in the lysozyme-
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polymer solution was 20 μM and 5 % w/w, respectively. The scanning range was 190–320 nm 

with a bandwidth of 1 nm and scanning speed of 0.2 nm/s. 

 

Cytotoxicity Study. L929 (American Type Culture Collection, Manassas, VA, USA) cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO), 

supplemented with 10% heat-inactivated fetal bovine serum in a humidified atmosphere of 5% 

CO2 at 37 °C. The cytotoxicity assay was performed according to the MTT method in a 96-well 

plate. Briefly, 1 × 103 cells in 0.1 mL of culture media were seeded in a 96-well plate. After 

incubation for 72 h, 0.1 mL of the culture medium, which contained different concentrations of 

the polymer, was added to the 96-well plate. After re-incubation for 24 h, 0.1 mL MTT (3-(4,5-

dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) solution (300 μg/mL) was added to each 

well, and the cells were incubated for an additional 3 h. After discarding the media, 0.1 mL of 

DMSO was added to dissolve the purple formazan crystals that had formed. The absorbance values 

at 540 nm were determined using a microplate reader (versa max, Molecular Devices Co., CA, 

USA). The value of the absorbance indicated the number of viable cells. 

 

RESULTS AND DISCUSSION 

Polymer characterization. The graft copolymers were prepared by RAFT polymerization as 

shown in Scheme 1. Two graft copolymers with different degrees of substitution of SA in PLL 

were obtained. 1H NMR and 13C NMR spectroscopy were employed to characterize these polymers 

(Supporting Information). We can clearly identify the characteristic peaks of the two segments in 

Figure S1. The degree of substitution (DS) of SA into PLL and the number of RAFT agents 

substituted per chain were determined by 1H NMR (Figures S1 and S2) and the TNBS assay. The 
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obtained degree of substitution of SA was almost the same in the feeding condition (Table 1). 

Calculations based on the results of the TNBS assay and NMR spectroscopy clearly reveal that 

approximately 1 RAFT agent was substituted on the PLLSA chain (Table 1). Table 2 shows the 

molecular weights (Mn) of these polymers, which were calculated by NMR spectroscopy. P1 and 

P2 represent the copolymers PLLSA(50)-g-PSPB(200) and PLLSA(65)-g-PSPB(200), 

respectively. Here, 200 in the parenthesis after PSPB indicates the number of repeating units of 

SPB. The degree of polymerization of SPB in P2 was higher than that of P1. Figures S3–S6 show 

the 1H- and 13C-NMR charts for P1 and P2. 

 

Scheme 1. Schematic illustration of the synthesis of PLLSA-g-PSPB. 

 

 

Table 1. Characteristics of the macro-chain transfer agent (CTA) 

Polymer  
DSb 

Number of NH2
c 

Number of RAFT agents 
substituted per chaine 

TNBSc NMRd TNBSc NMRd 

PLLSA50 
In feed 50% 

16.73 - - 
In polymera 46.5% 47% 
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PLLSA50 
RAFT 
Agent 

In feed 
- 15.68 1.05 0.95 

In polymera 

PLLSA65 
In feed 65% 

10.72 - - 
In polymera 65.7% 63.6% 

PLLSA65
-RAFT 
Agent 

In feed 
- 9.52 1.20 1.25 

In polymera 

Note: a Determined by 1H NMR. b Degree of substitution (DS) of SA into PLL. c Calculated by the 
TNBS assay (PLL has ~31 repeating units). d Determined by 1H NMR. e Determined by subtracting 
the number of NH2 in PLLSA from the RAFT agent substituted PLLSA. 

 

Table 2. Characteristics of graft copolymers prepared via RAFT polymerization 

Entry Polymera 
Number of repeating units 

Molar ratioc Mn×10-3 b 
 PLLSA PSPB 

P1 PLLSA(50)-
g-PSPB200 

In feed 31.25 200 

1000:1:5 

41.1 
In polymerb 31.25 125.4 

P2 PLLSA(65)-
g-PSPB200 

In feed 31.25 200 
58.0 

In polymerb 31.25 181.5 

Note: aNumber in parenthesis next to PLLSA indicates the % substitution of SA in PLL and the 
subscript next to PSPB denotes the degree of polymerization of SPB. b Determined by 1H NMR. 
c[Monomer]:[Initiator]:[RAFT agent] (monomer: SPB, initiator: V-501, RAFT agent: PLLSA-
RAFT agent). 

 

Time-dependent 1H NMR was used to determine the conversion of SPB in the RAFT 

polymerization and to study the kinetics of RAFT polymerization. Completion of the reaction was 

monitored by observing the loss of vinyl protons from the monomer (Figure S7 and Figure S8). 

The relationship between ln([M]o/[M]) and time is shown in Figure S9. An almost linear first-order 
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kinetic plot was obtained, suggesting that the reaction follows living polymerization kinetics. After 

3 h, the reaction was nearly 70% complete. 

 

Dual-thermoresponsive Property. Figure 1 shows photographs of an aqueous solution 

containing 1 wt. % of P2 taken at different temperatures. The solution was transparent at 40 °C, 

while it was turbid at 4 °C and 70 °C. The pictures clearly show that heating and cooling lead to 

changes in the solubility of the polymer. This result clearly indicates that this graft copolymer 

exhibits LCST- and UCST-type phase separation properties.  

 

Figure 1. Photographs of the graft copolymer (P2, 1% w/w) before and after cooling. The 

photographs (a), (b), and (c) were taken at 4 °C, 40 °C, and 70 °C, respectively. 

 

The thermoresponsive property of the graft copolymers was determined by turbidimetry in water 

by UV-vis spectroscopy at a 550 nm wavelength. Figure 2 shows the phase transition behavior of 

P1 and P2 at different concentrations. Each of the graft copolymers display both LCST- and UCST-

type phase separation behavior. With an increase in temperature, the polymer solution undergoes 

insoluble-soluble-insoluble transition. Upon heating, the transmittance of the solution increases 
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and as the temperature is further increased, the transmittance of the solution starts decreasing. At 

low temperatures, the graft copolymer (SPB segment) exhibits UCST-type transition, and at high 

temperatures, the graft copolymer (PLLSA segment) exhibits LCST-type transition. For P1 (Figure 

2a), at 14 °C, the polymer solution is turbid, and the transmittance increases with the temperature. 

When the temperature reaches 40 °C, the transmittance reaches its maximum value. However, as 

the temperature increases beyond 44 °C, the transmittance starts decreasing. From around 46 °C 

to 80 °C, the polymer exhibits LCST behavior (PLLSA segment). The transmittance decreases 

with further increases in temperature because of the gradual dehydration of the PLLSA chain 

(LCST transition). Similarly, in the case of P2 (Figure 2b), the transmittance of the solution 

increases when the temperature increases from 16 °C to 46 °C. This is followed by a decrease in 

transmittance with further increases in the temperature, up to 80 °C. Figure 2 clearly shows that 

the polymer exhibits both a UCST and a LCST behavior. In addition, we observe that the slope of 

the curve corresponding to a UCST behavior is larger than that corresponding to a LCST behavior; 

this is because the graft copolymer contains more UCST segments than LCST segments, i.e., more 

repeating units of PSPB are present as compared to those of PLLSA (Table 2). Meanwhile, the 

electrostatic interaction between the PSPB chain and PLLSA chain might affect the speed with 

which the transmittance decreases.  
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Figure 2. Relative transmittance of polymer solutions of (a) P1 and (b) P2 at various 

concentrations. 

The phase diagram for the graft copolymers was plotted by gathering the points at which the 

transmittance reaches half of its maximum value. From Figure 3, we can see that the phase 

separation temperature was affected by both the degree of polymerization of the SPB and the 

degree of the substitution of SA in PLL. The cloud points of P1 were slightly higher than that of 

P2 because in P2, the degree of polymerization of the SPB was higher than that of P1. This result 

is consistent with the results shown in Figure 2. The UCST increases because an increase in Mn 

leads to a decrease in the mixing entropy.49 The LCST of P2 is higher than that of P1; this result 

is also consistent with those of previous studies.24 Because PLLSA50 contains an equal number of 

amino and carboxyl groups, the interactions between the two groups is stronger than that of 

PLLSA65; hence, P1 shows phase separation at lower temperatures. Figure S10a and Figure S10b 

show the phase diagrams of the PSPB and PLLSA homopolymers. For the PSPB homopolymer 

(Figure S10a), the cloud points of the PSPB homopolymer increased with increasing concentration, 

indicating a similar trend observed in Figure 3. Figure S10b shows the phase diagrams of the 

PLLSA50 homopolymer. Compared to the graft polymer, we found that, after grafting PSPB on 

the PLLSA, the cloud points of the PSPB and PLLSA are higher than those of the homopolymers. 

The increase in cloud points is possible due to the PLLSA segment acting as a hydrophilic segment 

at the temperature lower than the LCST and the PSPB segment acting as a hydrophilic segment at 

the temperature above the UCST. This corresponds well with the understanding that the addition 

of a hydrophilic segment increases the phase transition temperature.24 Figure S10c shows the 

hysteresis curves of P1 at 2% concentration. These curves were achieved by measuring the 
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transmittance on first increasing the temperature gradually until 70 °C followed by cooling. Very 

small hysteresis on heating and cooling cycles was observed from the curves.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

 

Figure 3. Phase diagram of the polymer solutions of P1 and P2; the open squares represent LCST 

transitions and the closed squares represent UCST transitions. 

The size of these graft copolymers was then studied using DLS 0.75% (w/w). As shown in Figure 

4, at lower and higher temperatures, the size of the polymers aggregates was larger than those at 

medium temperatures (around 30–40 °C), indicating that at lower and higher temperatures, the 

SPB segment and PLLSA segments aggregated. This result also corresponds well with the result 

obtained by UV-Vis spectroscopy. Moreover, the PLLSA segments aggregate at higher 

temperatures, which is why the polymer shows larger size aggregates. The size of the polymer 

aggregates at high temperature is larger than that at low temperature. 
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Figure 4. Temperature-dependent DLS measurements of the graft copolymer in water at a polymer 

concentration of 0.75 % for a) P1 and b) P2. 

Further, the morphology of the graft polymer was studied by TEM of P1 and P2, which were 

dried at different temperatures. Figure S11 shows the TEM images of the graft polymer at 0.1% 

concentration. When dried at 4 °C, which is lower than the UCST (Figure S11a and Figure S11c), 

the diameter of these graft polymers was around 80 nm and the size showed a broad distribution.  

At this temperature, the graft polymer may have formed a core-shell micelle with PSPB acting as 

the core and PLLSA as the shell. On the other hand, when the sample was dried at 70 °C, which is 

higher than the LCST (Figure S11b and Figure S11d), the diameter of these graft polymers was 

around 50 nm. At this temperature, the graft polymer may have again transformed into a core-shell 

micelle with PLLSA acting as the core and PSPB as the shell.  

 

pH-responsive Property. The pH-responsive property was investigated by UV-Vis spectroscopy 

by measuring the change in transmittance with the change of pH. Figure 5 shows that the 

transmittance increased with an increase or decrease in the pH of the solution. At pH 1 and pH 13, 

the transmittance achieved its maximum value. Following pH change, more H+ or OH- were added 
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into the solution, which affected the hydrogen bonds or the electrostatic interaction in PLLSA and 

in SPB, resulting in the solution changing from turbid to transparent. 

 

Figure 5. Relative transmittance of polymer solutions of (a) P1 (1% w/w) and (b) P2 (1% w/w) at 

various pH values. 

Figure 6 shows the zeta potential results of the graft copolymers at different pH values. Because 

P2 contains negatively charged PLLSA (65), the zeta potential is more negative than that of P1. 

Moreover, at  ∼pH 7, both P1 and P2 exhibit negative charges, and with a decrease in the pH, the 

zeta potential of these polymers becomes positive. This interesting property can be potentially used 

to deliver any positively charged protein or drug, and we exploited this property to release a 

positively charged protein in this study. The isoelectric point calculated by the pH at which zeta 

potential becomes neutral is 5.5 for P1 and 4.6 for P2. 
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Figure 6. Measurement of the zeta potentials of the polymer solutions of P1 (1% w/w) and P2 (1% 

w/w) at different pH values. 

 

Protein release. A positively charged protein can be bound to a negatively charged polymer via 

electrostatic interaction. As can be seen from the results above, when the pH value of the polymers 

was 3, the charge of the polymers changed from negative to positive; therefore, if a positively 

charged protein is bound to such a polymer at the physiological pH, the protein can be released 

owing to electrostatic repulsion when lowering the pH. Lysozyme was chosen as the model protein 

for this study. This is primarily because of the net positive charge of this protein.50 Moreover, its 

structural details have been studied extensively, and complete information about its higher order 

structures is known.51, 52 For this study, the polymer and lysozyme were dissolved in PBS (pH 7.4) 

and then incubated at 25 °C for 1 h. The solution was then transferred to the centrifugal filter units 

with MWCO 30K and then centrifuged at 15 °C at 13.2 × 1000 rpm for 2 h. The solution at the 

bottom consisted of unbound lysozyme and the filter at the top retained the protein bound to the 
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polymer. The amount of unbound protein was quantified by a Bradford assay using the Bradford 

Ultra reagent (Expedeon Ltd., Harston, UK). By using equation (1), it was found that 94.25% of 

the protein was successfully bound to the polymer. 

The protein release experiment was performed using DLS. The solution containing polymer-

bound protein, which stayed on top, was collected, and the pH was changed to 3. DLS was 

employed to measure the hydrodynamic radius of the polymer and that of the protein before and 

after pH change. From Figure 7, we clearly see that a peak appeared around 1000 nm (blue line 

with open circles) after changing the pH to 3. Before changing the pH of the solution (pH 7.4), 

only one peak (yellow line with closed circles) was present, which indicated that the protein was 

completely bound with the polymer. However, the protein released showed slight aggregation, 

which may be due to the duration of the centrifugation.  
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Figure 7. Particle size of the lysozyme polymer solution at different pH. 

Protein aggregation inhibition. Figure 8 shows photographs taken after lysozyme treatment at 

90 °C for 30 min with and without the polymer. The native lysozyme solution was obtained by 

dissolving lysozyme in PBS (pH 7.4, 1 mg/mL) (Figure 8a). A clear aggregation can be seen in 

Figure 8b; this photograph was taken after the lysozyme solution was heated at 90 °C for 30 min 

without the addition of any polymer. In contrast, when the lysozyme solution was heated at 90 °C 

for 30 min in the presence of 5% (w/v) P1 (Figure 8c) or P2 (Figure 8d), no significant aggregation 

could be seen. These results clearly show that P1 and P2 possess lysozyme aggregation inhibition 

properties. This may be due to the formation of polymer-protein hybrids (Figure S12).53–56 To 

quantify the extent of aggregation and protection, and to investigate any changes in the higher-

order structure of proteins on aggregation, further studies were conducted.  

 

Figure 8. Photographs of lysozyme in PBS (1 mg/mL): a) native lysozyme; b) treatment at 90° C 

for 30 min without polymer presence; c) with 5% (w/w) of P1; and d) with 5% (w/w) of P2. 

Amyloid Fibril Formation. Figure 9a shows the result of the fibril formation of lysozyme in the 

presence of different concentrations of the polymer after heating for 30 min at 90 °C. The ThT 

assay was used to determine the amount of the amyloid fibrils in solution. We found that when the 
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polymer concentration increased, the intensity of ThT fluorescence started decreasing. This clearly 

indicates that addition of the graft copolymer suppresses the formation of fibrils. The ThT 

fluorescence observed was less than 10% when 5% of P2 was present. In comparison with P1, P2 

showed higher efficiency in suppressing the formation of amyloid fibrils. In this study, as P2 

exhibits an overall negative charge, which enables a stronger interaction with the positively 

charged lysozyme, the formation of fibrils is suppressed to a greater extent than that by P1. 

Furthermore, it has been established that hydrophobic interaction plays an important role in protein 

fibril formation and also that ampholytic polymers act as molecular shields that reduce the 

formation of the fibrils.34 Another possible explanation for the increased efficiency of P2 against 

fibril formation is the prevention of interactions between the hydrophobic domains of the protein 

owing to their electrostatic interactions with the polymer. 

 

Residual Enzymatic Activity. To assess the proficiency of the graft copolymers in protecting 

proteins after heat treatment, we investigated the residual enzymatic activity of lysozyme. The 

enzymatic activity of lysozyme after heat treatment was investigated by the decrease in turbidity 

of a Micrococcus lysodeikticus cell suspension following the addition of lysozyme. Faster 

breakdown of the Micrococcus lysodeikticus cell suspension represents higher residual activity of 

lysozyme, indicated by a decrease in the turbidity of the solution, which was monitored by UV-

Vis spectroscopy. From Figure 9b, we can clearly see that the activity of lysozyme is maintained 

in the presence of both P1 and P2. Nearly 70% of lysozyme remains active in the presence of a 5% 

concentration of P2. Compared with our previous work, these polymers exhibit more efficiency in 

protecting lysozyme than that of linear poly-SPB.34, 57 The lysozyme protective property of P2 is 

higher than that of P1. This is in agreement with the results obtained with ThT, which revealed 
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that the negatively charged P2 interacted more strongly with lysozyme, leading to increased 

protection. Complete loss in activity was calculated by heating lysozyme solution without any 

additive and the percent residual activity was calculated relative to these values. 

 

Figure 9. a) Analysis of fibril formation of lysozyme in the presence of different concentrations 

of polymers after treatment at 90 °C for 30 min as determined by the ThT fluorescence assay. b) 

Residual activity of lysozyme in the presence of different concentrations of polymers after 

treatment at 90 °C for 30 min. The activity was measured with a UV-Vis spectrophotometer. 

CD Spectroscopy. The change in the secondary structure of the lysozyme was analyzed by CD 

spectroscopy. All collected data were the average of three scans and were measured in the presence 

of N2 gas. As shown in Figure 10a, the CD spectra of native lysozyme without heating showed 

negative peaks near 205 nm and 220 nm, indicating the presence of the β-sheet and α–helix 

structure.58 After heating for 30 min at 90 °C, the intensity of these peaks decreased significantly, 

indicating that high temperature leads to the loss of the α– helix and β-sheet structure (red line). 

However, after addition of the polymer (5% w/w), the negative peaks near 205 nm and 220 nm 

were retained with almost the same intensity as that observed with native lysozyme. This indicates 

that these graft copolymers help in the retention of the secondary structure of lysozyme. Further, 
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to confirm the ratio of each secondary structure element, the CDSSTR algorithm with the reference 

set 7 of the DichroWeb server was used to deconvolute the CD spectra.59, 60 We observed the 

following secondary structure contents, as shown in Figure 10b: lysozyme without heating: 45% 

α– helix, 21% strand, 14% turn, and 21% unordered; lysozyme with heating: 5% α– helix, 28% 

stand, 18% turn, and 48% unordered. Considerable decrease in the α– helix content was seen after 

high temperature treatment, and this was compensated for by an increase in the amount of the 

unordered conformation. A slight increase in the β-strand was also observed. This clearly indicates 

that high-temperature treatment completely alters the higher structure of lysozyme. It is worth 

noting that, in the presence of 5% (w/w) P1 and P2, the fraction of the secondary structure elements 

did not show significant change compared with lysozyme without heating. Although a slight 

decrease in the α-helix portion was observed, almost all of the secondary structure of the lysozyme 

was retained in the presence of these graft copolymers. The ability of P2 to retain the secondary 

structure was slightly higher than that of P1, and this is consistent with the results obtained from 

the ThT assay and residual enzymatic activity. The retention of the higher-order structure of 

lysozyme in the presence of these graft copolymers stabilizes lysozyme and enables solubility in 

the buffer even after high temperature treatment, thus suppressing the aggregation of lysozyme.  
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Figure 10. a) Representative far-UV CD spectra of lysozyme in the absence and presence of 

polymers (5% w/w) after incubation at 90 °C for 30 min. b) The contents of the secondary structure 

of lysozyme. 

 

Cytotoxicity Assay. Figure 11 shows the cytotoxicity of the polymers, and the results clearly 

demonstrate that both P1 and P2 show very low toxicity, even at very high concentrations of the 

polymer (5% w/w), with cell viability observed to be greater than 60%. Usually, cytotoxicity is 

evaluated by the concentration of the test compound needed to kill half of the cells, IC50. IC50 was 

not observed at these concentrations. Low toxicity indicates these polymers are extremely 

biocompatible and can be safely used in living organisms for various biomedical applications.  
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Figure 11. Cytotoxicity of the polymers. L929 cells were treated with different concentrations of 

polymers: PSPB (closed squares), P1 (closed circles), P2 (open circles), PLLSA50 (closed 

triangles), and PLLSA65 (open triangles). 

 

CONCLUSIONS  

In conclusion, two dual-thermo- and pH-responsive graft copolymers were successfully 

synthesized by RAFT polymerization. These graft copolymers contain two different 

polyampholyte segments. To the best of the authors’ knowledge, this is the first study to use 

PLLSA as an LCST-inducing segment in a graft copolymer, thus imparting a new and interesting 

characteristic to the graft copolymer. The presence of two zwitterionic segments not only allows 

the graft copolymer to exhibit a dual-temperature responsive property, but also allows the polymer 

to exhibit a pH-responsive property. Interestingly, we found these polymers can have multiple 

functionalities, i.e., they can be used as a protein release vehicle and, at the same time, can suppress 

protein aggregation under severe stress. A very high protein protection efficiency was observed, 

with more than 70% of the activity being retained even after heating at very high temperatures, 

and the secondary structure of the lysozyme was also retained in the presence of these graft 

copolymers. Unlike in other systems that contain non-ionic segments, the critical solution 

temperature of the polymers in the proposed system, which contains two polyampholyte segments, 

can be changed by changing the various parameters of the graft copolymers. Moreover, the easy 

tunability can potentially allow these graft copolymers to be used in a variety of applications, such 

as in sensitivity-tunable sensors or in the design of thermo optical devices. Further, these polymers 

can be easily transformed into multi-stimuli-responsive self-assembled nanogels, micelles, or other 

types of vesicles to enable controlled release of proteins. Additionally, the ability to load and 
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release proteins by changing the environmental conditions and enabling protection under severe 

stress can allow them to be used for the prevention or treatment of many neurodegenerative 

diseases. A direct extension of this study would be to study the controlled release of other 

biologically relevant proteins as protein drugs or as antimicrobial peptides. Research on utilizing 

the dual-thermo responsive property of such polymers for the release of drugs and proteins by 

changing the polymer architecture and composition is underway.  
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Figure S1. 1H NMR of PLLSA in D2O 

 

 
Figure S2. 1H NMR of Macro-CTA in D2O 
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Figure S3. 1H NMR of P1 in D2O 

 

 
 

 

Figure S4. 13C NMR of P1 in D2O 
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Figure S5. 1H NMR of P2 in D2O 

 
 

 
Figure S6. 13C NMR of P2 in D2O 
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Figure S7. Time-dependent 1H-NMR spectra of P1 in D2O 

 

 

 
Figure S8. Time-dependent 1H-NMR spectra of P2 in D2O 

 

 
Figure S9. Kinetic plot showing the polymerization of the block copolymer. 
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Figure S10. Phase diagrams of a) PSPB homopolymer solution and b) PLLSA50 polymer solution. c) 

Hysteresis curves of 2% (w/w) P1 in distilled water. Red line: heating; blue line: cooling. 

 

 

Figure S11. TEM image of P1 (a and b) and P2 (c and d) from a solution of concentration 0.1% at 

temperature 4 °C (a and c) and temperature 70 °C (b and d). Bars; 300 nm 

 
Figure S12. TEM image of P2-lysozyme hybrids. The concentrations of P2 and lysozyme were 5% (w/w) 

and 0.3% (w/w), respectively, in PBS (pH = 7.4) after heating at 90 °C for 30 min. Bar; 300 nm. 


