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EXPERIMENTAL SECTION

1. Materials

PEG with a molecular weight (Mw) of 2000, tricaine, phenol red, 1-phenyl-2-

thiourea (PTU) was obtained from Sigma-Aldrich (China) Co., Ltd. (Shanghai, China). 

L-lactide and glycolide were purchased from Yuanshengrong Co. (Beijing, China). 

Nε-carbobenzyloxy-L-lysine N-carboxyanhydride (Nε-CBZ-L-lysine NCA) was 

obtained from Shanghai Yuaniu Biotechnology Co. (Shanghai, China). Pluronic 188 

(F68) was purchased from BASF (Ludwigshafen, Germany). 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Fluorescein isothiocyanate (FITC) 

and inulin were obtained from Beyotime Institute of Biotechnology. Prothrombin time 

(PT) kit, activated partial thromboplastin time (APTT) kit and complement C3 kit 

were purchased from Jiancheng Bioengineering institute (Nanjing, China). Reactive 
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oxygen species (ROS) kit and acridine orange (AO) were obtained from Qcbio 

Science & Technologies Co., Ltd. Lactic acid, lysine, polystyrene standard and 

tetramethylsilane were purchased from National Institute of Metrology, China. All 

cell culture media and reagents were obtained from Gibco (Grand Island, NY, USA) 

unless otherwise specified. Glutaraldehyde solution, methylene chloride, acetone, 

ethyl acetate, et al.; other reagents and solvents were purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China).

L929 (murine fibroblast cell) and Huh7 (human hepatic carcinoma cell) cell lines 

were grown in a high-glucose DMEM medium containing 10% fetal bovine serum 

(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C under 5% CO2. 

Zebrafishs (AB strain of Danio rerio) were obtained from the Institute of 

Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences (SIBS), 

Chinese Academy of Sciences (CAS) and tested in a strict compliance with the 

“Guide for the Care and Use of Laboratory Animals”.

2. Synthesis of PEAL/FITC-PEAL copolymers 

PEAL (Mw 12000, mPEG 10%) was prepared according to our previous 

protocol with minor modifications (Scheme 1) [1, 2, 3]. In brief, the PEAL was 

prepared as follows: (1) the mPEG-PLGA-OH copolymer was prepared using zinc 

lactate as a catalyst; (2) its end-group –OH was changed into –NH2. The synthesis of 

mPEG-PLGA-poly(Nε-(Z)-L-lysine) was performed by ring-opening polymerization 

of the initiated NCA with the amino-terminated mPEG-PLGA; (3) the PEAL 
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copolymer was obtained in an HBr/CH3COOH solution by removing the Nε-

(carbonylbenzoxy) end-group of the mPEG-PLGA-poly(Nε-(Z)-L-lysine) copolymer.

PEAL, FITC and Triethylamine were mixed in DMSO in a molar ratio of 1: 1: 2. 

The solution was kept at room temperature overnight until completely reacted. The 

mixture was then transferred into a dialysis bag and stirred overnight to get rid of the 

FITC with a small molecular weight. During the dialysis, water was replaced with 

freshly distilled water every 4 h. After the material in the dialysis bag was frozen and 

dried, PEAL-FITC was collected. The whole experiments were performed in the dark 

to avoid any possible light influence.

3. Platelet adhesion test. 

Fresh blood from healthy human volunteers was collected in siliconized tubes at 

a ratio of 9:1 between blood and sodium citrate (3.8 wt %). Platelet-rich plasma (PRP) 

was obtained by centrifugation at 1 200 rpm for 10 min [4]. PEAL polymer films and 

the control PLGA films were cut into 1 × 1 cm with a thickness of about 0.2 mm, 

immersed in PBS solution (pH 7.4, 0.01 mol/L), sufficiently swelling equilibrium, and 

then immersed in PRP for 2 h at 37 oC. The films were gently washed for three times 

with PBS solution and fixed by using 2.5% glutaraldehyde solution for 12 h to fix the 

blood components on the films. Finally, they were dehydrated by successive 

immersion in ethanol at several different concentrations (50, 75, 90, 100% v/v) for 15-

20 min and dried at room temperature [5, 6, 7]. A thin layer of Au film was sputtered 

on the platelet-attached surface to facilitate the scan electron microscopy (SEM) 
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observation [8].

4. Water contact angle measurements and water uptake test. 

The polymer films (1×1 cm2) were immersed in deionized water at 37 oC. They 

were then taken out at predetermined time. Surplus water was removed by using filter 

paper [9, 10].

Contact angle measurements. After films co-cubated with deionized water for 12 

h, the films were dried under vacuum and 10 μL of deionized water was gently 

released on the film using an Acura pipette. The contact angle measurements were 

done with a high performance photo camera connected to a computer for image 

acquisitions. The images were treated and analyzed using the Image J software to 

obtain the curvature angles of the water drops.

The water uptake test. The water uptake was calculated according to the 

following equation: 

Water absorption (%) = (Wt - W0)/W0 × 100%.

Where W0 is the weight of the dry films and Wt is the weight of the wet films at time t.

5. In vitro degradation behavior. 

The weight loss, gel permeation chromatograph and proton nuclear magnetic 

resonance (1H-NMR). Polymer films (50-70 mg, 1×1 cm2) were placed in 5 mL of 0.1 

M PBS solutions with pH values of 5.0, 7.4 and 9.1, respectively, at 37 oC and 

vibrated at 72 rpm. The PBS solution was replaced frequently to maintain a constant 
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pH value. At the predetermined time, the films were taken out and rinsed gently two 

times with distilled water to clear up the adhered salt, and then dried with vacuum 

over at 37 oC before testing. 

The weight loss. The degree of degradation was calculated by the following 

equation:

Weight loss (%) = (W0 – Wt)/W0 × 100.

Where W0 represents the initial weight of the films before degradation and Wt 

represents the dry weight of the films after t days of degradation. 

Gel permeation chromatograph. The molecular weight and the distribution of the 

left polymers films were measured by Gel permeation chromatograph (GPC) 

performed on a Polymer PL-GPC 50 GPC system with an RI detector (Polymer 

laboratories, UK) under 240 nm wavelength. Chloroform was used as the mobile 

phase at a flow rate of 1.0 mL/min. 20 μL of polymer solutions were pumped for each 

analysis. Polystyrene (molecular weight range from 500 to 480000) was used as the 

standard.

1H-NMR. The composition of the left polymer films were determined by 1H-

NMR using a Bruker Avance 400 NMR spectrometer with CDCl3 as a solvent. 

Tetramethylsilane was used as the internal reference to determine chemical shifts (δ) 

in ppm [11, 12].

The detection of pH value, lactic acid and lysine in degradation medium.

Preparation of samples and the detection of pH value: Polymer films (50 mg, 

1×1 cm2) were placed in 5 mL of 0.1 M PBS solution (containing 1% penicillin) with 
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pH values of 5.0, 7.4 and 9.1, respectively, at 37 oC and vibrated at 72 rpm. At the 

predetermined time, the pH value was measured using an FE20 pH meter (FiveEasy 

Plus, Shanghai, China). 100 μL of the degradation medium was collected, and diluted 

by 10 times before centrifugation to analyze the content of lactic acid and lysine. 

Meantime, 100 μL of original PBS solution was replenished. 

The detection of lactic acid and lysine in the degradation medium: The amount 

of lactic acid and lysine was determined by an Eclipse XDB-C18 column (4.6 mm × 

150 mm, 5 μm) at 25 oC. 

For lactic acid: The flow rate of mobile phase (methanol: 0.2% phosphoric acid 

= 5: 95, v/v) was 1 mL/min, and the UV detector wavelength was 210 nm. Twenty 

microliter supernatant was injected for each analysis. Lactic acid (500 μg/mL) was 

used as the standard.

For lysine: The flow rate of mobile phase (20 mM KH2PO4 solution: acetonitrile 

= 99:1, v/v) was 1.0 mL/min, and the wavelength displayed by the UV detector was 

203 nm. Twenty microliters of supernatant was injected for each analysis. Lysine (500 

μg/mL) was used as the standard.

6. MTT assay (degradation products).

The cytotoxicity of the PEAL degradation products was investigated by exposing 

the degraded compositions to cells. PEAL was accelerated degraded under high pH 

conditions by hydrolyzation. In brief, the copolymer (16 μmol) was placed in 2.0 mL 

of NaOH solution (1.0 mol/L) and incubated at 70 oC to ensure a complete 
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degradation. The pH value was adjusted to 7.4 using HCl solutions (1.0 mol/L). The 

degraded medium was filtered through a 0.22 μm filter membrane for sterilization. 

Then, it was diluted into 2000, 1000, 500, 250, 125, 62.5 μM using DMEM medium. 

Sterile PBS solution was similarly diluted with the medium as a control. These 

solutions were added to the cells in the 96-wells plates (200 μL/well), which were 

then incubated under a 5% CO2 enviroment at 37 oC for 48 and 96 h. At the pre-

determined time, the medium was aspirated, rinsed gently with PBS solution and then 

added to 200 μL of MTT solution (0.5 mg/mL, with serum-free DMEM culture 

medium preparation, and filtered) to each well. The incubation time was 2-4 h before 

the MTT solution was aspirated. 200 μL of DMSO was added into each well. 96-wells 

plates were shaken for 15 min at room temperature to solubilize the formazan product 

[13, 14]. The absorbance (OD) was measured with a microplate photometer at a 

wavelength of 450 nm. The relative growth rate (RGR) for cells was evaluated as 

follows:

RGR = (ODt – OD0)/ (ODnc – OD0) × 100%

Where ODt represents the absorbance of the testing sample, OD0 and ODnc 

represent the absorbance of the background and the negative control, respectively.

The half maximal inhibitory concentration (IC50) values represent the 

concentration that the vitality of 50% of the total cells is inhibited, and IC50 values 

were determined using SPSS 20.0 software [2]. 

7. Preparation of NPs.
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The polymer (2000 nM) was first dissolved in 250 μL of ethyl acetate, and then 

introduced into 1 mL of 1% (w/w) F68 solution. In conseuence, the mixture was 

homogenized and emulsified by ultrasonic (400W, 25 times × 2 s) ( JY 92-Ⅱ 

ultrasonic processor; Ningbo Scientz Biotechnology Co, Ltd, China). The resulting 

emulsion was rotated and evaporated in a rotary evaporator (SHZ-DIII, Shanghai 

Qiangqiang Industrial Development Co. Ltd, China) under 37 oC and a pressure of 

0.05 MPa to evaporate the organic solvent. After 1 h evaporation, centrifugation at 

15000 rpm for 45 min was conducted to obtain the NPs after freeze dry. 

8．Characterization of NPs.

The diameter and zeta potential of the NPs were characterized using a ZetaSizer 

Nano ZS (Malvern Instruments Ltd., UK). The average diameter and the size 

distribution of the NPs were determined by dynamic light scattering. The Zeta 

potential (ζ) was determined under a He-Ne laser beam at a wavelength of 633.8 nm 

at room temperature. All samples were analyzed in triplicate batches for accuracy.

The morphology of the NPs was characterized using a JEM-1400 transmission 

electron microscope (TEM) from JEOL Ltd (Akishima, Japan). The samples were 

prepared by depositing 10 μL suspensions of NPs on a 200 mesh, copper grid with 

formvar film, and then air-dried at room temperature [15, 16]. 

9. PT and APTT experiments

The exposure of NPs to blood can induce coagulation cascade. So coagulation 
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assay that containing PT and APTT measurements was carried out [17, 18]. Briefly, 

venous blood from healthy donors was collected in siliconized tubes containing 3.8 wt% 

sodium citrate with a blood: citrate ratio of 9:1. Platelet-poor plasma (PPP) was 

obtained by centrifugation at 3000 g for 15 min. PEAL NPs were added to PPP to 

form solutions with a final concentration of 0, 10, 100, 500 and 1000 μM. The 

samples were stirred for 30 min at 37 oC. Then, 0.5 mL of PT Hemostasis reagent 

(Labtest＠) or APTT partial thromboplastin reagent (Labtest＠) along with 0.5 mL of 

calcium chloride (0.025 mol/L) was added to the plasma samples (0.5 mL). The PT 

and APTT were determined by the appearance of a macroscopic clot as an indicator of 

the termination of the reaction. All experiments were performed at 37 oC within 2 h 

for 5 time for accuracy. 

10.  Complement activation

Human blood serum was collected from healthy donors’ blood and put into glass 

vacutainers without anticoagulants. Blood was allowed to coagulate for 1 hour at 37 

oC. The blood was then centrifuged at 1000 g for 20 min to get the serum. The PEAL 

NPs was incubated with 1000 μL of serum for 1 h at 37 oC. Then the turbidimetric 

method as kit instruction was followed for assessing the concentration of complement 

protein C3 that is left in the serum [19, 20]. 

11.  Zebrafish maintenance and experimental set-up

Adult zebrafish were reared in fish water (FW) without chlorine gas under 
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standard laboratory conditions of 28.5 oC at 14 hours light/10 hours dark photoperiod. 

The zebrafish were spawned (female: male = 1: 2) within 15 min after fertilization. 

Their embryos were collected, selected, and transferred to Petri dishes filled with 

fresh E3 embryos medium (NaCl 0.875 g/L, KCl 0.0375 g/L, MgSO4 0.12 g/L, 

KH2PO4 0.0205 g/L, Na2HPO4 0.006 g/L, CaCl2 0.145 g/L, NaHCO3 0.06 g/L, 

penicillin 0.12 g/L, streptomycin 0.2 g/L) under a dissecting microscope for 

microinjection at 1-cell stage experiments and cardiovascular loading at 72 hour post 

fertilization (hpf) [21]. 

12. Loading of PEAL/PEAL-FITC NPs into zebrafish embryos at 1-cell stage 

by microinjection

The PEAL/PEAL-FITC NPs were loaded into zebrafish embryos by 

microinjection at 1-cell stage. Fine microinjection capillary tubes without filament 

(Warner Instruments, 1×0.53 mm outer/inner diameter) were pulled and separated into 

two microinjection pipettes with micropipette puller (Sutter Instruments). The pipettes 

were then sharpened with Narishige microforge (MF-900) before use. The 

microinjection pipette was connected to the microinjector (Narishige M300 

Microinjector) for injection. The microinjection pipette was calibrated every time 

before microinjection.

Embryos were further selected and transferred into the microinjection plate filled 

with E3 medium. 3 nL of PEAL NPs (10, 100, 500, 1000 μM) or PEAL-FITC NPs 

(1000 μM) were then injected into the embryonic cell or yolk of the embryos with a 
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nitrogen-driven micro-injector (Narishige) within 45 min after fertilization. 3 nL of 

PBS solution (pH 7.4) was injected into the embryo as a negative control. After 

microinjection, the embryos were incubated at 28.5 oC for further development [21].

13. Effect of PEAL NPs treatment on heartbeat of larvae

After microinjection at 1-cell stage, the heartbeat rate per minute in the larvae 

after exposing to PEAL NPs for 24, 48, 72 and 96 hpf were evaluated under a 

dissecting microscope.

14. ROS measurement

After micro-injecting the PEAL NPs into the embryos at 1-cell stage, the 

generation of ROS in the larvae for 24, 48, 72 and 96 hpf were measured using 2’,7’-

dichlorofluorescin diacetate (DCFH-DA). Briefly, 10 larvae were washed twice with 

PBS (pH 7.4) and then homogenized in a cold buffer solution (0.32 mM sucrose, 20 

mM HEPES, 1 Mm MgCl2, 0.5 mM phenyl methyl sulfonylfluoride, pH 7.4). The 

homogenate was centrifuged at 15000 rpm for 20 min at 4 oC to collect the 

supernatant. 20 μL of the supernatant was added to a 96-well plate and incubated at 

room temperature for 5 min. Then, 100 μL of PBS solutions (pH 7.4) and 8.3 μL of 

DCFH-DA stock solutions (dissolved in DMSO, 10 mg/mL) were added to each well. 

The plate was incubated at 37 oC for 30 min in the dark. The fluorescence intensity at 

530 nm was measured using a microplate reader (Synergy H4 Hybrid Microplate 

Reader, BioTek Instruments, Inc., USA) under an excitation wavelength of 485 nm 
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[22, 23]. 

15． Survival rate and morphologic analysis at 96 hpf after loading of 

PEAL NPs into the embryos at 1-cell stage

After PEAL NPs were injected into the embryos at 1-cell stage, the survival rate 

and the malformation rate at 96 hpf were evaluated under an IX51 microscope 

(OLYMPUS Corporation, Tokyo, Japan). 3 nL of PBS solutions (pH 7.4) or acetone 

(3.40×105 μM) were used as the negative and positive control, respectively. 14 

morphologies were observed at 96 hpf: yolk sac edema, bent body axis, eye, snout, 

jaw, otolith pericardial edema, brain, somite, caudal fin, pectoral fin, heart, 

pigmentation, trunk length and swim bladder.

16. AO staining assays

After the PEAL NPs (1000 μM) were microinjected into the embryos at 1-cell 

stage, these embryos were analyzed for cellular apoptosis and death at 24, 48, 72 and 

96 hpf. Embryos were rinsed with FW and then incubated in 100 μL of 5 μg/mL AO 

solutions for 1 h in the dark at 28 oC. Then, embryos were rinsed again with FW and 

fixed overnight in 4% paraformaldehyde. In consequence, they were stored in PBS 

solution at 4 oC. At last, they were analyzed and imaged using an IX51 fluorescence 

microscope (exposure time: 1/28 s) [23, 24].

17. Distribution of FITC-PEAL NPs after 0-12 h loading into the embryos at 
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1-cell stage

After FITC-PEAL NPs were microinjected into the embryos at 1-cell stage for 

30 min, 3 h, 5 h and 12 h, the distribution of the NPs in the embryos were analyzed 

under an Olympus IX51 fluorescence microscope (exposure time: 1/30 s).

18.Distribution in the larvae after loading of FITC-PEAL NPs into the 

blood system

The microangiography method was used to load FITC-PEAL NPs into the 

circulation system of zebrafish embryos [21]. At 60-72 hpf, normal embryos were 

transferred to Petri dishes filled with E3 medium containing 0.04% tricaine to be 

anaesthetized for 3 min. Then they were mounted laterally in 0.3% agarose covered 

with E3 medium. 60 nL of FITC-PEAL NP solutions (1000 μM, containing 5% 

phenol red) were injected into the tail venous with an nitrogen pulse provided by a 

Bel-Art Products at a pressure of 250 hPa and a time of 0.2 s. Free-FITC was used as 

a control. After injection, the embryos were transferred to the 96-well plate with E3 

medium (containing 0.03% PTU) and incubated at 28.5 oC. During incubation, FITC-

PEAL NPs would circulate throughout the whole vascular network, lighting up each 

blood vessel with active blood flow from the heart. These embryos were examined at 

4 h, 24 h, 48 h and 72 h after microinjection under the Olympus IX51 fluorescence 

microscope.

19. Statistical analysis
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All analyses were compiled using SPSS 20.0 software. The standard deviation 

(SD) for different samples was based on at least three independent experiments and 

the results were expressed as the mean ± SD. Statistical analysis was performed using 

one-way analysis of variance (ANOVA) and Tukey’s post hoc test. In the zebrafish 

embryos tests, each exposure group consisted of at least 30 exposed embryos, and 

each group was repeated three times. The curves were fitted using Microsoft Excel 

software. All tests were considered statistically significant when p < 0.05.

RESULTS AND DISCUSSION
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Supplementary Figure S1. The Mw decrease is due to degradation of polymer in (A) 

pH 5.0, (B) pH 7.4 and (C) pH 9.1 medium with prolonged degradation time; PI 

(Mw/Mn) increase is due to the degradation of polymer in (D) pH 5.0, (E) pH 7.4 and 

(F) pH 9.1 medium with prolonged degradation time.
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Supplementary Figure S2. 1H-NMR spectra of PLGA (LA/GA = 80/20) in CDCl3.
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Supplementary Figure S3. The pH decreased in the (A) pH 5.0, (B) pH 7.4 and (C) 

pH 9.1 media when degradation time was prolonged.


