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Ireland, St. Stephens Green, Dublin 2, Ireland. 8 

Abstract: With increasing troubles in bacterial contamination and antibiotic-resistance, new 9 

materials possessing both biocompatibility and antimicrobial efficacy are supposed to be 10 

developed for future biomedical application. Herein, we demonstrated a chemo-enzymatic ring 11 

opening polymerization (ROP) approach for block copolyester, i.e., poly(4-benzyl formate 12 

piperidine lactone-b-ω-pentadecalactone) (PNPIL-b-PPDL), in a one-pot two-step process. 13 

Afterwards, cationic poly(4-piperidine lactone-b-ω-pentadecalactone) (PPIL-b-PPDL) with 14 

pendent secondary amino groups was obtained via acidic hydrolysis of PNPIL-b-PPDL. The 15 

resulting cationic block copolyester exhibited high antibacterial activity against Gram negative 16 

E. coli and Gram positive S. aureus, while showed low toxicity toward NIH-3T3 cells. 17 

Moreover, the antibacterial property, cytotoxicity and degradation behavior could be tuned 18 
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 2

simply by variation of PPIL content. Therefore, we anticipate that such cationic block 1 

copolymers could potentially be applied as biomaterials for medicine or implants. 2 

Keywords: PPDL; chemo-enzymatic; block copolymer; biocompatibility; antibacterial polyester  3 

Introduction 4 

In the past few decades, antibacterial materials have been developed for biomedical and 5 

healthcare applications ranging from wound treatment,
1-2

 tissue regeneration,
3
 bacterial 6 

colonization
4-5

 and water purification.
6
 Furnishing biologically inert polymers with functional 7 

entities is of high interest for the development of next generation biomedical polymers.
7
 For 8 

example, methods have been employed to surface modify inert poly(ethylene), widely used in 9 

implants and hygiene products to impart antimicrobial properties.
8
 However, chemical 10 

modification of poly(ethylene) or its incorporation into functional copolymer structures is 11 

tedious at best. A simple approach is the encapsulation of antimicrobial agents that show their 12 

biocidal activity by gradually releasing from the plastic.
9
 But drug resistance

10
 or decreased 13 

effectiveness may occur over time because of bacterial evolution and leaking of the loaded 14 

antimicrobial agent.
11

 Antibiotics diffusion even causes environmental contamination and has a 15 

detrimental effect upon human health.
12-13

 Cationic antimicrobial polymers with inherently 16 

antibacterial ability are therefore desirable as their efficacy derived from the component of the 17 

polymer itself, which provides a solution to overcome antibiotic-resistance and leakage of 18 

antibiotics.
14-15

 Especially, polycations possess a selectivity between bacteria and mammalian 19 

cells thanks to much more abundant negative charges on membranes of bacteria than mammalian 20 

cells. However, most conventional antibacterial polymers usually possess non-degradable 21 

backbones that excludes them from certain biomedical applications.
16

  22 
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 3

Polyesters from macrolactones offer an alternative. Especially, poly(ω-pentadecalactone) 1 

(PPDL) has been reported to have good biocompatibility with metabolic cells and excellent 2 

mechanical properties comparable to polyethylene.
17-18

 Unlike low-density polyethylene, PPDL 3 

is linked with hydrolysable ester bonds. These ester units regularly placed along the backbone 4 

lead to potential use of PPDL as a biodegradable plastic and bioresorbable medical material.
19

 5 

The polymerization on pentadecalactone (PDL) as well as other macrolactones, by traditional 6 

ring-opening polymerization (ROP) catalysts is inefficient mainly due to the low ring strain of 7 

the monomers.
20-21

 Therefore, many researchers have explored new catalysts for ROP of PDL 8 

including enzyme
22

, organic and organometallic catalysts. It has been reported that a certain 9 

aluminum-salen complexes were remarkably efficient catalysts for the controlled ROP of 10 

macrolactones.
21, 23

 When using organic catalysts like TBD, Bouyahyi and co-workers 11 

emphasized the difficulty in synthesis of PPDL-b-PCL block copolymers due to the rapid intra 12 

and intermolecular transesterification.
24

 Enzymatic ROP of PDL has shown exceptionally high 13 

polymerization rate and afforded high molecular weight products.
25

 14 

While PDL-based polymers have been applied, its high crystallinity, hydrophobicity and lack 15 

of functional groups mean it is hardly degradable and difficult to functionalize. However, it has 16 

been reported that by PDL copolymerization with other monomers it was possible to tune its 17 

properties towards compatibilizing agents
26

, porous scaffold
27

, gene carrier
28

 and drug carrier
29

 18 

etc. Nonetheless, it remains challenging to achieve well-defined structures and variable 19 

functionality of PPDL materials required to expand the range of applications.  20 

Our interest is in the introduction of antibacterial properties to PPDL, typically a property of 21 

cationic polymers. For instance, three series of pyridinium-methacrylate polymers differing in 22 

the spatial positioning of the positive charge and the pendant alkyl tail were synthesized via 23 
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 4

radical polymerization of vinylpyridine (VP) and methyl methacrylate (MMA) followed by 1 

cationic modification with alkylating agent. The interplay between chemical structure and 2 

antibacterial vs hemolytic properties of these polymers were investigated in detail.
30

 Qin et al. 3 

demonstrated a series of pyrrolidinium-type poly(ionic liquid) (PIL) polymers by reversible 4 

addition-fragmentation chain transfer (RAFT) polymerization of its small molecule IL with 5 

substitutions at the N position of pyrrolidinium cation. It was found that the antibacterial 6 

efficiency of PIL polymers increased with the increase of the alkyl chain length of substitution.
31

 7 

However, most pyridinium and pyrrolidinium functionalities were structurely complicated and 8 

their corresponding polymers were restricted to non-biodegradable acrylate backbones. 9 

Nederberg et al. revealed the first example of biodegradable quaternary ammonium-based 10 

polycarbonate nanoparticles synthesized by ROP of 3-chloropropyl 5-methyl-2-oxo-1,3-dioxane-11 

5-carboxylate (MTC-(CH2)3Cl) and trimethylene carbonate (TMC). These cationic nanoparticles 12 

possessed excellent antibacterial even at a low concentration of 17.8 µg/mL.
32

 Xiong and his 13 

coworkers have synthesized imidazolium cationic homo-polypeptide antimicrobials with a 14 

hydrophobic internal helical core and a charged exterior shell, which exhibited high 15 

antimicrobial activity and low hemolytic activity.
33

 Engler et al. have developed a library of 16 

antibacterial polypeptides bearing cationic side groups including primary, secondary, tertiary, 17 

and quaternary amines on hydrocarbon side chains with different length. Furthermore, these 18 

polypeptides exhibited broad-spectrum antibacterial activity and low hemolytic activity. 
34

 Many 19 

factors affect antibacterial activity of polycations, including molecular weight, hydrophobicity, 20 

type of cationic charges.
35

 Hedrick and co-workers developed a series of cationic polycarbonates 21 

with different lengths of alkyl chains between the quaternary ammonium moiety and the polymer 22 

backbone. With the spacer chain length increasing from 3 to 8, their MIC values against E. coli 23 
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 5

decreased to 4 mg/L, which was lower than the natural peptide magainin-2 (MIC: 125 mg/L).
36-37

 1 

Cationic polymers can exhibit comparable antibacterial activity by manipulating the monomer 2 

components, which provided versatile methods to mitigate the toxicity, drug resistance and high 3 

manufacturing cost issues accompanying with small molecule drugs or antimicrobial peptides. 4 

However, most biodegradable cationic polymers were limited to polycarbonates and 5 

polypeptides, the design and antibacterial research of biodegradable cationic polyester has barely 6 

been reported.
38

  7 

Herein, our previously reported 4-N-benzyl formate piperidinelactone (NPIL) monomer was 8 

copolymerized with PDL applying different catalytic systems. Novozym 435 (immobilized 9 

Candida Antarctica lipase B) and stannous 2-ethyl hexanoate (Sn(Oct)2) were employed in 10 

copolymerization of PDL and NPIL by a “one-pot two-step” method. The resulting copolymer 11 

PNPIL-b-PPDL with a desired blocky structure was easily achieved by adding the monomers 12 

stepwise. It is worth noting that Novozym 435 preferred catalyzing ROP of PDL with larger ring 13 

size while Sn(Oct)2 was prone to catalyze NPIL with smaller ring size. Subsequently, the 14 

protection group of PNPIL-b-PPDL copolymer was removed by the acidic hydrolysis to obtain 15 

cationic PPIL-b-PPDL with the secondary amine group anchoring on the backbone. For the 16 

potential application as an antibacterial biomaterial, the degradation behavior of PPIL-b-PPDL 17 

was investigated. More importantly, both antibacterial activity and low cytotoxicity were 18 

expected for these cationic block copolyesters. 19 

Experimental Section 20 

Materials.  21 

Novozym 435 (immobilized Candida Antarctica lipase B, 10 000 PLU g
-1

) was purchased 22 

from Novozymes A/S, Denmark and dried over P2O5 in a desiccator. Pentadecalactone (PDL) 23 
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 6

(98%) was obtained from Alfa Aesar Chemical Co. Ltd and dried overnight on molecular sieves 1 

at ambient temperature. Triethylene glycol monomethy ether (m(EG)3), stannous 2-ethyl 2 

hexanoate (Sn(Oct)2) and meta-chloroperoxybenzoic acid (mCPBA) (85%) were purchased from 3 

Sigma-Aldrich. 4,4-Piperidinediol hydrochloride (98%) was bought from Shanghai Darui 4 

Finechemical Co. Ltd. Cellulose diacetate (CDA, Mw = 100 kDa) was purchased from Adamas 5 

reagent Co. Ltd. Toluene was dried by refluxing with sodium under argon. CH2Cl2 and ε-6 

caprolactone (CL) were dried with CaH2 for 24 h and freshly distilled before using. Gram-7 

negative bacterium Escherichia coli (E. coli) (ATCC 25922) and Gram-positive bacterium 8 

Staphylococus aureus (S. aureus) (ATCC 25923) were purchased from Beijing Yuding Xinjie 9 

Technology Co. Ltd. The other reagents were purchased from Simopharm Chemical Reagent Co. 10 

Ltd (Shanghai, China) and used without further purification.  11 

Methods.  12 

All 
1
H NMR (400 MHz) and 

13
C NMR (125 MHz) spectra were recorded on a Bruker AV 13 

apparatus at 25 
o
C, using CDCl3 or CF3COOD as solvents. FTIR spectra was recorded on a 14 

Nicolet 5700 instrument at frequencies ranging from 500 to 4000 cm
-1

. Samples were dissolved 15 

in chloroform and casted on a KBr pellet. The molecular weight and molecular weight 16 

distribution (PDI) of PPDL copolymers were determined by size exclusion chromatography 17 

(SEC) on Varian LC 1120 HPLC with CDCl3 as eluent (flow rate: 1 mL min
-1

; 35 
o
C) against 18 

polystyrene standard. Thermal analysis was carried out using a US Diamond differential 19 

scanning calorimeter (DSC) working with 5-10 mg samples in open aluminum pans. The 20 

samples were first heated from -100 to 150 
o
C at a heating rate of 20 

o
C min

-1
 and maintained at 21 

150 
o
C for 5 min to eliminate the thermal history before quenching to -100 

o
C. Then the samples 22 

were reheated to 150 
o
C at a heating rate of 10 

o
C min

-1
. Glass transition temperature (Tg) was 23 
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 7

determined as the inflection point of the spectra in the second heating process. The water contact 1 

angles of copolyesters were determined by static contact angle measurements (Drop Shape 2 

Analyzer DSA100L, KRUESS, Germany). The morphologies of the porous films and bacterial 3 

were observed with SEM (S-3400N) and SEM (S-4800N), respectively. The samples were 4 

coated with gold under high vacuum and observed at 10-15 kV. Fluorescence microscopy images 5 

were taken by Leica DMI6000 B microscope. 6 

Synthesis of 4-benzyl formate piperidine lactone (NPIL) 7 

Potassium carbonate (69.1 g, 0.5 mol), 4,4-piperidinediol hydrochloride (20.4 g, 0.2 mol), 8 

deionized water (150 mL) and CH2Cl2 (80 mL) were added into a 500 mL flask with a magnetic 9 

bar. After the compounds were fully dissolved in an ice/water bath, benzyl chloroformate (32.7 10 

mL, 0.33 mol) was dropwisely added with continuous stirring for 20 min. Then the reaction was 11 

heated to 60 
o
C with stirring for another 4 h. Afterwards, the mixture was extracted with CH2Cl2, 12 

washed with saturated sodium chloride for 3 times and dried with anhydrous magnesium sulfate 13 

(MgSO4) overnight. The filtrate was evaporated and crude 4-benzyl formate piperidone was 14 

obtained. Baeyer-Villiger (BV) oxidation of 4-benzyl formate piperidone was then followed. 4-15 

Benzyl formate piperidone (41.5 g, 0.18 mol) in CH2Cl2 (100 mL) was slowly added into a 16 

suspension of m-chloroperoxybenzoic acid (36.2 g, 0.18 mol) in 200 mL CH2Cl2 with a 17 

vigorously stirring in an ice/water bath. The reaction mixture was stirred for another 48 h in the 18 

ice/water bath. Then the solution was washed successively with saturated sodium thiosulfate 19 

solution (three times), bicarbonate solution (three times) and sodium chloride solution (three 20 

times). The organic extraction was dried with anhydrous MgSO4, filtered and purified by column 21 

chromatography (silica gel, petroleum ether (PE): ethyl acetate (Et2O) = 2:1) (yield: 72%). 22 

Copolymerization of NPIL and PDL in one-pot, one step 23 
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 8

Taking NPIL and PDL copolymerization as an example, NPIL (1.0 g, 4.0 mmol), PDL (0.96 g, 1 

4.0 mmol) and m(EG)3 (13.2 mg, 0.08 mmol) ([NPIL]/[PDL]/[m(EG)3]=50:50:1) were added 2 

into a flame-dried Schlenk flask. Then, the mixture was heated to 40 
o
C under vigorous stirring 3 

for 3 h. Different catalysts of Novozym 435 (10 wt% of total monomers) or Sn(Oct)2 (0.5 wt% of 4 

total monomers) in stock solution (20 µL) or their combination, as well as the toluene (8 mL) 5 

solvent were added into the flask, which was sealed under argon and immersed in an oil bath at 6 

60 
o
C or 100 

o
C or (60 then 100 

o
C) for 24 h, respectively. The reaction was terminated by 7 

adding 4 mL cold chloroform and removing the enzyme by filtration. The filtrate was 8 

precipitated in cold anhydrous diethyl ether by centrifugation and dried under vacuum at room 9 

temperature. (yield: 40% (Novozym 435); 36% (Sn(Oct)2); 82% (Novozym 435 and Sn(Oct)2). 10 

Copolymerization of NPIL and PDL in one-pot, two steps 11 

NPIL (1.0 g, 4.0 mmol), PDL (0.96 g, 4.0 mmol) and m(EG)3 (13.2 mg, 0.08 mmol) 12 

([NPIL]/[PDL]/[m(EG)3] =50:50:1 were added into a flame-dried Schlenk flask. Then the 13 

mixture was heated to 40 
o
C under vigorous stirring for 3 h. The Sn(Oct)2 (0.5 wt% of NPIL) in 14 

stock solution (10 µL) was added into the flask via a microliter syringe. Then the flask was 15 

sealed under argon and heated to 120 
o
C for 24 h. After the reaction temperature cooling down to 16 

60 
o
C, a mixture of Novozym 435 (10 wt% of PDL) and toulene (8 mL) were added into the 17 

flask under argon atmosphere. The reaction was continued in the oil bath at 60 
o
C for another 24 18 

h and terminated by adding 4 ml cold chloroform and removing the enzyme by filtration. The 19 

filtrate was precipitated in cold anhydrous diethyl ether followed by centrifugation and dried 20 

under vacuum at room temperature. (yield: PDL 88%) 21 

Deprotection of PNPIL-b-PPDL  22 
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 9

Typically, PNPIL50-b-PPDL50 (0.8 g) in CHCl3 (4 mL) was added into an argon-purged flame-1 

dried Schlenk flask. After a quick addition 1.98 mL of HBr, the solution was slowly stirred in an 2 

ice/water bath for 20 min. Then the mixture was concentrated and precipitated in cold diethyl 3 

ether. The obtained product PPIL-b-PPDL was washed with diethyl ether for three times and 4 

dried at room temperature under vacuum. (yield: 92%) 5 

Film preparation  6 

Spin-coating was performed on circular coverslips (14 mm) which were cleaned by sonicating 7 

in ethanol for 15 min and acetone for another 15 min and dried under argon. 3% (w/v) solutions 8 

of cationic polymers in hexafluoroisopropanol (HFIP) and cellulose diacetate (CDA) in CHCl3 9 

were prepared respectively. The polymer solution was spin coated on the coverslips at 2000 rpm 10 

for 60 s then dried and annealed at 65 
o
C in a vacuum oven. 11 

Degradation of PPIL-b-PPDL and PPDL polymers 12 

A series of PPIL-b-PPDL copolymers and PPDL homopolymer were pressed into disk shape 13 

with a diameter of 8 mm using a hydraulic press. The in vitro degradation was carried out by 14 

immersing polymer disks in 10 mL of 5 mol/L NaOH in test tubes, which were kept in a shaking 15 

incubator at 37 
o
C. The disks were taken out at predetermined time intervals, rinsed with 16 

deionized water and dried in the oven. The mass of each disk was recorded before placing into a 17 

fresh NaOH solution. 18 

Colony forming unit (CFU) counting method for antibacterial activities  19 

Antibacterial activities of copolymer membranes were determined with a typical procedure.
39

 20 

The bacteria suspension (1x10
5
 CFU/mL) was dropped onto the surfaces of polymer membranes 21 

coating on glass coverslips in the 12-well plates then incubated at 37
o
C for 3 h. The blank 22 

coverslips without copolymers were set as control. Then inoculated copolymer films  were 23 
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 10

washed by 1 mL of PBS buffer and 100 µL of each dilution was spread on LB agar in a petri 1 

dish. The dishes were put into incubator at 37
 o

C for 24 h. The number of colonies was counted 2 

and all determinations were performed in triplicate to get an average value.  3 

Morphological observation of the bacteria  4 

0.1mL of bacteria suspension was dropped onto the polymer coated glass coverslips and 5 

incubated at 37 
o
C for 3 h. Then the coverslips were immersed in 2.5 wt % glutaraldehyde 6 

solution for 2 h at 4 
o
C. Then the obtained bacterial solution was gradiently eluted using 10%, 7 

20%, 30%, 40%, 50%, 70%, 80%, 90% and 100% ethanol solution respectively and casted on 8 

the surface of a square silicon wafer (5 mm × 5 mm) followed by drying for 24 h at room 9 

temperature. Healthy bacteria without contacting with polymer films were set as control.  10 

In Vitro Cytotoxicity  11 

The toxicity of the cationic polymer membranes against NIH-3T3 mouse embryonic fibroblast 12 

cell was evaluated via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 13 

assay. Briefly, 3T3 cells were grown on sterilized glass coverslips coated with the polymers or a 14 

cellulose diacetate (CDA) control at ~5000 cells/cm
2
. Cells were cultured in DMEM/ 10% fetal 15 

bovine serum (Hyclone) and 1% penicillin-streptomycin (10 000 U/mL, Thermo Fisher 16 

Scientific) at 37 
o
C in 5% CO2 in a 24-well plate for 72 h. Then 100 µL of MTT solution (5 17 

mg/mL in PBS) was added into each well. After another 4 h incubation at 37
 o

C, the MTT 18 

medium was removed meticulously. 750 µL of DMSO was added into each well to dissolve 19 

formazan crystals. The cell viability was measured by the absorbance of each sample at 490 nm 20 

(Bio Tek). All of the tests were performed in triplicate. The relative growth rate (RGR) of the 21 

3T3 cells was calculated according to the following formula with CDA as control: 22 

RGR = ODsample / ODcontrol × 100% 23 
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 11

In addition, live-dead staining for 3T3 cells was carried out to evaluate the cytotoxicity of 1 

polymer coatings as well. After seeding the cells onto the surface for 1 day and 3 days, Calcein 2 

AM and PI (Propidium iodide) were employed to stain the cells. A total of 250 µL each of 2 µM 3 

of calcein AM and 4.5 µM PI were added to each well. The stains were removed before the cells 4 

were incubated for 15-30 min, and the cells were imaged on the Leica DMI 6000 B microscope. 5 

Results and discussion 6 

Scheme 1. Synthetic route for ROP of NPIL and PDL in different catalytic systems. 7 

 8 

4-Benzyl formate piperidine lactone (NPIL) was synthesized by a two-step procedure 9 

including protection of a commercially available 4-piperidone hydrochloride with benzyl 10 

chloroformate followed by Baeyer-Villiger (BV) oxidation as previously reported by us (NMR 11 

spectra, Figure S1; EI-MS, Figure S2).
40

 Copolymerization of NPIL and PDL was carried out in 12 

one pot using Novozym 435 or/and Sn(Oct)2 as catalysts (Scheme 1). When Novozym 435 was 13 

added to the monomer mixture, almost exclusively PPDL homopolymer was obtained as evident 14 

from NMR analysis (Figure 1A). On the other hand, Sn(Oct)2 only produced PNPIL 15 

homopolymer (Figure 1B). As summarized in Table 1 (Entries 1&2), a monomer feed ratio of 16 

50/50 for PNPIL/PPDL, resulted in 3/48 or 48/4 ratio in the polymers, respectively. This 17 

selectivity is in agreement with the known catalytic activity of both catalysts. When both 18 

catalysts were present simultaneously, NMR analysis (Figure 1A (3)) revealed peaks for both 19 

Page 11 of 35

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 12

PPDL and PNPIL. In the 
13

C NMR spectra of the homopolymers (Figure 1B (1&2)) the singlet 1 

peak at 174.1 ppm and the dual peaks at 171.3-171.6 ppm were attributed to the carbonyl groups 2 

of PPDL and PNPIL homopolymers, respectively. We carried out the synthetic procedure using 3 

two catalysts at 100
o
C at which two catalysts could keep active). A new peak appearing at 173.7 4 

ppm was attributed to PDL carbonyl adjacent to NPIL repeat units, implying transesterification 5 

occurred. (Entry 3, Table 1.). Moreover, Figure S3 represents a unimodal SEC curve, which may 6 

exclude the presence of the mixture with two or more polymers. The calculated monomers 7 

incorporated in this copolymer (48/47) was very close to their feed ratio. 8 

 9 

Figure 1. (A) 
1
H NMR and (B) 

13
C NMR spectra of products with catalytic systems of (1) 10 

Novozym 435; (2) Sn(Oct)2; (3) Novozym 435 and Sn(Oct)2; (4) Sn(Oct)2 then Novozym 435. 11 

Table. 1. Characterization of copolymerization of NPIL with PDL using Novozym 435 (N) 12 

and/or Sn(Oct)2 (S). 13 

Entry Cat. 
[NPIL]/ 

[PDL]
a 

PNPIL-b-PPDL 

[NPIL]/ Mn
a
  Mn

b
  Mn

c
  Đ

c
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 13

[PDL]
b
 (g/mol) (g/mol) (g/mol) 

1 N 50/50 3/48 24600 13100 11000 1.31 

2 S 50/50 48/4 24600 12400 8100 1.32 

3 N and S 50/50 48/47 24600 23400 16100 1.45 

4 S then N 50/50 48/48 24600 23600 17100 1.54 

a
 Theoretical molecular weight (Mn) of polymers. Mn = (Mn NPIL + Mn PDL) × 50 +Mn m(EG)3 

b 
Calculated by 

1
H 1 

NMR (CDCl3) from the relative intensity of methylene ([M]) of NPIL at 2.6 ppm (-CH2-, 2H), the methylene 2 
([M]) of PDL at 2.4 ppm (-CH2-, 2H), and the methyl signal ([I]) of m(EG)3 at 3.3 ppm (-CH3, 3H). Mn = Mn 3 
m(EG)3 + 3[M]/2[I] Mn NPIL + 3[M]/2[I] Mn PDL 

c
 Determined by SEC (CHCl3 as eluent for each entry, PSt 4 

calibrants) Đ = polydispersity index. 5 

Considering the above experiments, we hypothesized that ROP of NPIL catalyzed by Sn(Oct)2 6 

at high temperature could firstly yield PNPIL, which was then acted as a macro-initiator for ROP 7 

of PDL by N435 at 60
 o

C. With this one-pot/two-step procedure, relatively mild condition in the 8 

second step would minimize the possible transesterification so that a well-defined block 9 

copolymer was expected (as shown in Scheme 1 (4)). Entry 4 in Table 1 summarizes the results 10 

of this experiment. It was observed that DP of 48/48 for PNPIL/PPDL calculated by 
1
H NMR 11 

was close to their feed ratio. Moreover, SEC curves (as shown in Figure S4) revealed unimodal 12 

peaks for PNPIL-b-PPDL and PNPIL macro-initiator. An obvious shift in retention time of 13 

PNPIL-b-PPDL compared with PNPIL before chain extension was observed, indicating an 14 

increase in molecular weight. To further verify the composition and block structure of the 15 

copolymer, PNPIL-b-PPDL was investigated by 
13

C NMR (Figure 1B (4)). Quantitative 
13

C 16 

NMR spectra of PPNIL50-b-PPDL50 (Figure S5) revealed only three resonances between 170 and 17 

175 ppm corresponding to PPDL carbonyl (174 ppm) and PNPIL carbonyl (171.3-171.7ppm). 18 

The lack of other peaks within this region suggested that transesterification during reaction had 19 

been greatly suppressed. By the integration of the carbonyl peaks, the ratio of two monomers 20 

incorporated into copolymer were closed to 1:1. Additionally, the DOSY NMR spectrum (Figure 21 

S6) confirmed the copolymer structure of the PPDL and PNPIL in the absence of any 22 

Page 13 of 35

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14

homopolymers (PNPIL or PPDL). Therefore, a block copolymer of NPIL and PDL was 1 

successfully synthesized by such one-pot/two-step procedure.  2 

Synthesis and Characterization PPIL-b-PPDL Diblock Copolymers  3 

Scheme 2. Synthesis route of PPIL-b-PPDL diblock copolymer. 4 

O
O N

O
O

H
O

OO
O

3 x y
10

PNPIL-b-PPDL

CH2Cl2 /HBr

ice bath

O
O N

H2

O
O

H
O

O
3 x y10

Br

PPIL-b-PPDL  5 

In the next step, synthesis of secondary amine functionalized block copolyesters was attempted 6 

by deprotection of the PNPIL-b-PPDL as illustrated in Scheme 2. According to our previous 7 

results
41

, the protecting groups could be readily removed using HBr in CH2Cl2. 
1
H NMR analysis 8 

in Figure 2A (IV) confirmed the disappearance of benzyl proton signals of the protecting groups 9 

at 5.09 ppm (j) and 7.30 ppm (i). Moreover, FTIR spectra of PPIL-b-PPDL in Figure 2B (b) also 10 

revealed the disappearance of characteristic peaks for protecting groups including C=O 11 

stretching vibration at 1703 cm
-1

 and the aromatic ring at 1471-1500 cm
-1

 and 700-730 cm
-1

. 12 

With one-pot/two-step approach followed by deprotection, a series of (co)polyesters with various 13 

compositions of PPIL and PPDL were obtained as summarized in Table 2. Before deprotection, 14 

DPs of homopolymers and block copolymers determined by 
1
H NMR were consistent with an 15 

overall targeted DP of 100. Thus PPDL-based blocky copolyesters with a variable ratio of 16 

secondary amine have been successfully prepared. 17 
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 1 

Figure 2 (A) 
1
H NMR spectra of (I) NPIL, (II) PNPIL50, (III) PNPIL50-b-PPDL50 and (IV) 2 

PPIL50-b-PPDL50. (B) FTIR spectra of (a) PNPIL50-b-PPDL50 and (b) PPIL50-b-PPDL50. 3 

Table. 2. Molecular weight and thermal properties of prepared polymers before and after 4 

deprotection. 5 

 n[NPIL]/[PDL]                PNPIL-b-PPDL                       PPIL-b-PPDL             

Entry    In  

feed
a
 

     In 

polymer
b
 

   Mn
a 

g/mol 

   Mn
b 

g/mol 

   Mn
c 

g/mol 

  Đ
c
      T (

o
C)          In 

polymer
b
 

   Mn
a 

g/mol
 

   Mn
b
 

g/mol 

     T (
o
C)     

  Tg1  Tg2  Tm   Tg1 Tg2 Tm 

1 100/0 98/0   25100 24600 7900 1.29      — -9.0  —   95/0 11700 10900 — 8.0 — 

2 75/25 74/26 24800 24800 16700 1.50 -26.8 -9.5 94.3 72/24 14800 14000 -26.9 6.9 93.3 

3 50/50 52/48 24600 24600 17200 1.58 -25.3 -9.3 95.5 49/47 17900 17300 -27.0 6.2 95.5 

4 25/75 24/76 24400 24400 17800 1.55 -25.6 -9.7 96.8 23/75 21000 20800 -25.8 5.3 97.4 

5 0/100 0/96 24200 23200 27200 1.52 -26.2 — 97.6 0/96 24200 23200 -26.2 — 97.6 

a
 Theoretical molecular weight (Mn) of polymers. Mn = Mn m(EG)3 + DPNPIL × Mn NPIL + DPPDL × 6 

Mn PDL or Mn = Mn m(EG)3 + DPPIL × Mn PIL + DPPDL × Mn PDL. 
b 

Calculated by 
1
H NMR (CDCl3) 7 

from the relative intensity of the methyl ([M]) of NPIL at 2.6 ppm (-CH2-, 2H), the methylene 8 

([M]) of PDL at 2.4 ppm (-CH2-, 2H), the methylene ([M]) of PIL at 3.2 ppm (-CH2-, 2H) and 9 

the methyl signal ([I]) of m(EG)3 at 3.3 ppm (-CH3, 3H). Mn = Mn m(EG)3 + 3[M]/2[I] Mn NPIL + 10 

3[M]/2[I] Mn PDL or Mn = Mn m(EG)3 + 3[M]/2[I] Mn PIL + 3[M]/2[I] Mn PDL. 
c
 Determined by SEC 11 

using CHCl3 as eluent for PNPIL-b-PPDL. 12 
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Thermal analysis of the synthesized polymers was performed by DSC (Figure S7) and listed in 1 

Table 2. It was found that PNPIL homopolymer only displayed a glass transition temperature 2 

(Tg) at -9.0 
o
C, verifying its amorphous structure. Meanwhile, both Tg at -26.2 

o
C and the melting 3 

temperature (Tm) at 97.6 
o
C were observed for PPDL homopolymer, which is in agreement with 4 

what was reported by Gross et al.
42

 In addition, it was found that P(N)PIL-b-PPDLs show two 5 

Tgs corresponding to each component, demonstrating their blocky distribution within the 6 

backbone. The melting temperature of block copolymers before and after de-protection of PNPIL 7 

slightly increased from 93.3 to 97.6 
o
C with increasing PDL content. It should be mentioned that 8 

Tg of PPIL was much higher than that of PNPIL, probably due to the hydrogen bonding between 9 

secondary amines after deprotection.
43

 Moreover, the hydrophilicity of the copolymers was also 10 

greatly enhanced when higher PPIL composition was introduced as illustrated in Table S1. 11 

Degradation behavior of PPDL and copolyesters 12 

PPDL is considered as polyethylene-like material with high hydrophobicity and crystallinity, 13 

which explains the low susceptibility of PPDL to physiological degradation. Introduction of 14 

PPIL was expected to improve the biodegradability of the PPDL copolymer material for 15 

potentially biomedical application. Herein, accelerated degradation methods were used as a 16 

proof-of-concept to illustrate the degradation behavior of PPDL copolymers.
44

 Four samples of 17 

PPIL-b-PPDL with DPs of 75/25, 50/50, 25/25 as well as PPDL 100 (denoted PPIL75-b-PPDL25, 18 

PPIL50-b-PPDL50, PPIL25-b-PPDL75 and PPDL100) were pressed into disks and subjected to 5 M 19 

NaOH solutions at 37 
o
C. At predetermined intervals, the samples were weighed and the weight 20 

was plotted against degradation time as shown in Figure 3. As expected, degradation of PPDL100 21 

was the slowest with only a 12% mass loss achieved within 91 days, in accordance with the 22 

literature.
44

 However, the three block copolymers of PPIL-b-PPDL were all completely degraded 23 
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within the experimental time scale. A three-stage degradation process was observed for all three 1 

copolymers. At stage I, the degradation of copolymers was relatively fast, corresponding to PPIL 2 

degradation because the weight loss agreed well with PPIL component in each copolymer. At 3 

stage II, the degradation rate dramatically slowed down because the remained highly crystalline 4 

PPDL was difficult to degrade. But the absence of PPIL components allowed water to gradually 5 

permeate the polymer disk during this stage. In stage III, the rate of degradation was significantly 6 

accelerated due to the decomposition of the PPDL blocks. The complete degradation of PPIL75-7 

b-PPDL25, PPIL50-b-PPDL50 and PPIL25-b-PPDL75 disks took about 70, 84 and 91 days, 8 

respectively. As the degradation time was longer the higher the ratio of PPDL to PPIL in the 9 

copolymer, the desired degradation time could be manipulated by tuning the block copolymer 10 

ratio. 11 

 12 

Figure 3. Average mass (%) of PPDL copolymer and homopolymer studied in accelerated 13 

degradation conditions (5 M NaOH, 37 
o
C). 14 

Bactericidal Activity  15 
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Antibacterial properties are of essence for antibacterial materials. Colony forming units 1 

counting method was employed to determine contact-antibacterial activities. Bacterial cultures 2 

were dropped onto the copolyester membranes and incubated for 3 h. The antibacterial capacity 3 

could be evaluated based on the number of bacterial colonies on the agar plate (Figure S8). The 4 

calculated viability of E. coli and S. aureus are shown in Figure 4. Compared with the control, 5 

the PNPIL-b-PPDL copolymers with protected amine groups displayed no discernible difference 6 

in the viability of E. coli and S. aureus after contacting for 3 h. However, the survival of both 7 

bacteria decreased sharply with the increasing contents of PPIL. The results demonstrated that 8 

the antibacterial properties of the copolymer were derived from the cationic segments. 9 

Furthermore, PPIL50-b-PPDL50 and PPIL75-b-PPDL25 exhibited remarkable antibacterial 10 

activities against both E. coli and S. aureus (the relative bacterial viability was lower than 0.3%). 11 

Almost 100% bacteria on PPIL75-b-PPDL25 surface that processed highest cationic proportion 12 

were eliminated within 3 h contacting. Meanwhile, a paucity of antibacterial efficacy was 13 

observed in the PPIL25-b-PPDL75 entry which indicated that the ratio of the cationic fraction was 14 

a key contributor to the antibacterial property as well. Only cationic block copolymers bearing 15 

sufficient cationic composition could present significant antibacterial feature. An inhibition zone 16 

measurement was performed to investigate the non-leaching characteristic of the copolymers. As 17 

shown in Figure S9, after 24 h incubation on the agar plates, no visible inhibition zones formed 18 

in the area covered by polymer coatings. This substantiated the need for bacterial contact with 19 

the cationic surface to render antibacterial properties. 20 
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 1 

Figure 4. Bacterial viabilities of (A) E. coli and (B) S. aureus after 3 h contacting with PNPIL-b-2 

PPDL and PPIL-b-PPDL copolymers. 3 

We further investigated the morphology of bacteria after incubation with PNPIL50-b-PPDL50 4 

and PPIL50-b-PPDL50 for 4 h by SEM. As indicated in Figure 5, S. aureus and E. coli seeded on 5 

the PNPIL50-b-PPDL50 membranes kept their smooth and intact surfaces as the healthy bacteria 6 

did. In contrast, collapsed and ruptured fusion bacterial surfaces were distinctly observed on the 7 

PPIL50-b-PPDL50 film surfaces, confirming that bacteria were killed by the deprotected 8 

copolymer. Additionally, S. aureus were found in broken state while E. coli were more likely to 9 

the dissolution of the inner solution (cytoplasm and ribosome), again suggesting distinct 10 

antibacterial mechanism when interacting with different bacteria.
45

 It was therefore concluded 11 

that only those secondary amine functionalized copolyesters preserved antibacterial capability, 12 

which slightly differed with exposure to Gram negative bacterium E. coli and Gram positive 13 

bacterium S. aureus. 14 
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 1 

Figure 5. SEM images of S. aureus and E. coil cultured on block copolymers surfaces for 3 h. 2 

(left part: healthy bacterial morphologies, mid and right: B, D, F and H are expanded images of 3 

A, C, E and G, respectively). 4 

Cytotoxicity Evaluation 5 

Antibacterial materials with low cytotoxicity are preferably requested for their biomedical 6 

application. As shown in Figure 6, cytotoxicity of the cationic polymer membranes was 7 

evaluated by MTT assay. The NIH-3T3 cells were seeded on the surface of the block copolyester 8 

coatings with different PPIL contents. The relative growth rates (RGRs) of 3T3 cells were 9 

calculated according to the OD values at 490 nm from MTT assay. Compared to the well-known 10 

biocompatible CDA membranes, the RGRs values were 90.5%, 90.3% and 81.8% for PPIL25-b-11 

PPDL75, PPIL50-b-PPDL50 and PPIL75-b-PPDL25, respectively. The values of RGR decreased 12 

slightly with increasing content of PPIL. It is worth noting that RGR value of 3T3 cells on 13 

PPIL75-b-PPDL25 films decreased to 81.8%, which could be ascribed to higher cationic contents 14 

leading to higher toxicity toward both mamanlian cells and bacteria. According to the standard 15 

toxicity rating, the toxicity grade with 80 % relative growth rate could be classified as grade 1, 16 

which indicated good biocompatibility.
46

 17 

To visually elucidate the cytotoxicity, live-dead staining was performed to observe the 18 

viability of cells as shown in Figure 7. The cationic polymer coatings exhibited a negligible 19 
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cytotoxicity towards NIH-3T3 mouse embryonic fibroblast cells after 24 h or 72 h of culture. As 1 

abovementioned, cationic polymers have shown relatively high antimicrobial activity against E. 2 

coli and S. aureus. Therefore, this cationic block copolymer could discriminate between bacteria 3 

and 3T3 cells, possibly due to more negative charges on bacteria cells surface than mammalian 4 

cells.
36

 Moreover, the NIH-3T3 cells were normally proliferated on the copolymer surfaces after 5 

3 days incubation. The low toxicity could be ascribed to the excellent biocompatibility of 6 

PPDL
47

 components that promote cell growth. 7 

 8 

Figure 6. Relative growth rate (RGR) of various PPIL contents membranes to mouse embryonic 9 

fibroblast cells detected by MTT assay 10 
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 1 

Figure 7. Fluorescence microscopy images (10× magnification) of NIH-3T3 mouse embryonic 2 

fibroblast cells after 24 h on CDA (A), PPIL25-b-PPDL75 (B), PPIL50-b-PPDL50 (C), PPIL75-b-3 

PPDL25 (D) surfaces. After 72 h on CDA (A’), PPIL25-b-PPDL75 (B’), PPIL50-b-PPDL50 (C’), 4 

PPIL75-b-PPDL25 (D’) surfaces after live-dead staining. Green indicates viable cells, and red 5 

indicates dead cells. 6 

Conclusion 7 

Based on control experiments, Novozym 435 and Sn(Oct)2 were found highly complementary 8 

in catalyzing ROP of PDL and NPIL. Consequently, block copolyesters of PNPIL-b-PPDL were 9 

rationally designed and successfully synthesized via chemo-enzymatic approach in one-pot/two-10 

step. The molecular weight and sequential structures of the resulted products were carefully 11 

evaluated by NMR and SEC. Furthermore, well-defined PPIL-b-PPDL copolymers bearing 12 

secondary amino groups were achieved via acidic hydrolysis of PNPIL-b-PPDL. The 13 

degradation of PPIL-b-PPDL copolymers could be greatly accelerated and well-tuned by the 14 

PPIL content. Moreover, PPIL-b-PPDL exhibited remarkably antibacterial activities against E. 15 

coli and S. aureus while showed no obviously deleterious effects on NIH-3T3 cells. Thus, a 16 

subtle balance between antibacterial property and biocompatibility could be achieved via tuning 17 
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PPIL contents in the copolymer. Therefore, the block copolyesters with well-defined structure, 1 

tunable biodegradability, biocompatibility and excellent antibacterial property would have great 2 

potential in biomedical application. 3 
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Figure 1. (A) 1H NMR and (B) 13C NMR spectra of products with catalytic systems of (1) Novozym 435; (2) 
Sn(Oct)2; (3) Novozym 435 and Sn(Oct)2; (4) Sn(Oct)2 then Novozym 435.  
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Figure 2 (A) 1H NMR spectra of (I) NPIL, (II) PNPIL50, (III) PNPIL50-b-PPDL50 and (IV) PPIL50-b-PPDL50. 
(B) FTIR spectra of (a) PNPIL50-b-PPDL50 and (b) PPIL50-b-PPDL50.  
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Figure 3. Average mass (%) of PPDL copolymer and homopolymer studied in accelerated degradation 
conditions (5 M NaOH, 37 oC).  
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Figure 4. Bacterial viabilities of (A) E. coli and (B) S. aureus after 3 h contacting with PNPIL-b-PPDL and 
PPIL-b-PPDL copolymers.  
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Figure 5. SEM images of S. aureus and E. coil cultured on block copolymers surfaces for 3 h. (left part: 
healthy bacterial morphologies, mid and right: B, D, F and H are expanded images of A, C, E and G, 

respectively).  
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Figure 6. Relative growth rate (RGR) of various PPIL contents membranes to mouse embryonic fibroblast 
cells detected by MTT assay  
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Figure 7. Fluorescence microscopy images (10× magnification) of NIH-3T3 mouse embryonic fibroblast cells 
after 24 h on CDA (A), PPIL25-b-PPDL75 (B), PPIL50-b-PPDL50 (C), PPIL75-b-PPDL25 (D) surfaces. After 72 
h on CDA (A’), PPIL25-b-PPDL75 (B’), PPIL50-b-PPDL50 (C’), PPIL75-b-PPDL25 (D’) surfaces after live-dead 

staining. Green indicates viable cells, and red indicates dead cells.  
 

70x27mm (300 x 300 DPI)  

 

 

Page 34 of 35

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

 

 

44x35mm (300 x 300 DPI)  

 

 

Page 35 of 35

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


