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Chemically Modifiable N-Heterocycle-functionalized 
Polycarbonates as a Platform for Diverse Smart 
Biomimetic Nanomaterials 

Julian M. W. Chan,*a Xiyu Ke,b Haritz Sardon,a,c Amanda C. Engler,a Yi Yan Yang,b and 
James L. Hedrick*a  

A series of functional aliphatic polycarbonates bearing pendant N-heterocycles has been 
synthesized using a facile and modular synthetic strategy. This allows rapid access to a diverse 
range of biomimetic nanostructured materials that show promise as non-fouling 
polyzwitterions, host-defense peptide mimics, and potential drug/gene-delivery vectors, all 
starting from a common precursor. Preliminary biological data indicate promising non-fouling 
properties, antimicrobial activity, and negligible toxicity in human cell lines. 
 

    Aliphatic polycarbonates show tremendous potential as smart 
nanobiomaterials because of their therapeutic potential, 
biodegradability, biocompatibility, low toxicity, and tunability. 
Some important nanomedicine applications include drug and 
gene delivery, antimicrobial action, and in vivo medical 
imaging.1 These functional aliphatic polycarbonates are usually 
synthesized by ring-opening polymerization (ROP) of cyclic 
carbonates via organocatalytic, anionic, cationic, 
coordination−insertion, and enzymatic methods.2  
    We had previously developed a number of synthetic methods 
based on the organocatalytic ROP of tailor-made cyclic 
carbonate monomers, and more recently, the facile 
postpolymerization functionalization of a versatile precursor 
polycarbonate containing substitutable pentafluorophenyl 
esters.3 Using a combination of these methods, we already 
possess the ability to synthesize wide-ranging functional 
polycarbonates for use as smart nanomedicines, e.g. drug and 
gene delivery vectors,4 host defense peptide mimics,5 etc. To 
date however, there has not been a satisfactory way to 
synthesize N-heterocycle-functionalized polycarbonates using 
existing methods. The motivation behind making these 
materials lies in the synthetic versatility of the N-heterocycles, 
which allow for easy access to quaternized cationic polymers 
with antimicrobial activity or gene/drug-delivery potential. 
More importantly, it allows the facile synthesis of sulfobetaine-
type polyzwitterions,6 thus providing another efficient route to 
zwitterion-functionalized polycarbonates, a class of materials 
that has recently explored by others.7 Similar to phosphatidyl 
choline moieties of lipid biomembranes and related synthetic 
systems,8 sulfobetaines tend to confer antifouling properties. 
Thus, sulfobetaine-functionalized polycarbonates may represent 
a biodegradable alternative to poly(ethylene glycol) (PEG)-
based stealth materials for therapeutic applications.9 Our 
previous attempts to access N-heterocycle-containing cyclic 
carbonate monomers from MTC-OC6F5 and the corresponding 
alcohols (Scheme 1a) were met by extremely low yields as well 

as purification and isolation difficulties. Subsequent efforts to 
circumvent this problem by reacting MTC-OC6F5 with ω-
aminoalkyl-N-heterocycles (Scheme 1b) successfully afforded 
N-heterocycle-containing cyclic carbonates, but these could not 
be polymerized in a well-controlled manner using any of our 
organocatalytic ROP methodologies. The basic organocatalysts 
either showed no effect on the monomer, or proved 
incompatible with the amide functionality. Furthermore, our 
recent acid-catalyzed ROP method10 is incompatible with 
monomers bearing basic amine or N-heterocycle functional 
groups. 
 
 

 
 
 

 
 
 
Scheme 1. Previous attempts to prepare heterocycle/amine-
containing polycarbonates. 
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Scheme 2. General synthesis of N-heterocycle/amine-
functionalized polycarbonates. 
 
     Following our recently reported postpolymerization 
functionalization of poly(MTC-OC6F5) with primary amines,3 
we explored the possibility of grafting pendant N-heterocycles 
onto a polycarbonate backbone, followed by the appropriate 
chemical modification of the N-heterocycles for different 
biomedical applications. We envisioned that the desired 
polymers could be accessed by reacting poly(MTC-OC6F5) 
with bifunctional ω-aminoalkyl-N-heterocycles containing a 
nucleophilic primary amine (NH2) on one end of the molecule, 
connected by an aliphatic linker to a weakly nucleophilic N-
heterocycle (e.g. imidazole, pyridine) on the other (Scheme 2). 
The key attraction of installing pendant N-heterocycles on the 
polymer backbone is that the rings can serve as versatile 
synthetic handles. Then, selective chemical modification of the  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
heterocycles can be carried out and customized based on the 
polymer’s intended application. This enables the generation of 
diverse polycarbonates with unprecedented control over the 
polymer structure-property-function relationships (Scheme 3). 
This approach also converges upon a single heterocycle-
containing polycarbonate as the common precursor to more 
complex functional materials. Structural diversity can be 
conveniently incorporated at either stage of the synthetic 
sequence, where one can vary: 1) the type of N-heterocycle 
being grafted, and 2) the nature of the chemical modification 
performed on the heterocycle. Herein we report a highly 
modular and diversity-oriented synthesis of N-heterocycle-
functionalized polycarbonates that can be customized and fine-
tuned for different nanomedicine applications, allowing for 
high throughput screening. 
   In our study, we carried out postpolymerization modifications 
of poly(MTC-OC6F5) by treating the polymer separately with 
either 1-(3-aminopropyl)imidazole or 2-(2-pyridyl)ethylamine 
using our recently published protocol. Imidazole- and pyridine-
functionalized polycarbonates were obtained respectively, in 
under an hour (Scheme 4). Polymer purification was easily 
done by precipitation in a non-solvent, followed by 
washing/sonication and centrifugation. Different chemical 
modifications can be performed on the pendant heterocycles to 
give, for example, zwitterionic sulfobetaines and N-
alkylimidazolium salts (Scheme 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Scheme 3. Rapid generation of a functional polycarbonate library via a highly modular and diversity-oriented synthetic approach.
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Scheme 4. Preparation of N-heterocycle-containing polymers 
from a common polycarbonate precursor. 
 
   In the former case, zwitterionization was achieved by reacting 
the polymer with 1,3-propanesultone overnight at room 
temperature, resulting in a water soluble poly(sulfobetaine) 3. 
The chemical transformations on the polymer sidechains were 
verified by 1H NMR spectroscopy. The three imidazole protons 
of polymer 1 produce characteristic singlets between 6.80 and 
7.75 ppm (see Supporting Information). Conversion to the 
zwitterion resulted in the downfield shift of all three imidazole 
proton signals as the ring became positively charged. The 
absence of unshifted imidazole proton peaks indicated 
quantitative conversion of all pendant imidazoles to 
imidazolium moieties. The zwitterionic poly(sulfobetaine)s are 
potentially biomimetic since they share structural similarities 
with the phosphatidylcholine-based moieties of biological 
membranes. Just like PEG, these highly hydrophilic polymers 
are surrounded by a hydration layer when dissolved in aqueous 
media. Binding water molecules in this fashion is one of the 
key requisites for ‘stealth’ properties in biomaterials. Stealth 
refers to the ability of the materials to resist cell adhesion, 
antibody opsonization, and non-specific protein interactions, 
which minimizes their detection and clearance by the patient’s 
immune system. The advantage of a polycarbonate-based 
system versus PEG lies in its biodegradability, which avoids 
bioaccumulation-related toxicity. Hence, the polyzwitterions 
synthesized herein may be promising as biodegradable 
alternatives11 to PEG and related polymers12 for the stealth 
delivery of peptide/small molecule-based drugs. 
    The N-heterocycles can also be easily quaternized by 
alkylating agents to yield water soluble polycationic materials 
that mimic host defense peptides (Scheme 5). For example, 
exhaustive quaternization of the pendant imidazoles with 
excess 1-bromobutane afforded the water-soluble polymer 4 
bearing positively-charged imidazolium sidechains. Such 
polymers can be used as biodegradable antimicrobial agents. It 
is known that such positively-charged macromolecules can 
disrupt anionic bacterial membranes, while showing negligible 
toxicity toward neutral mammalian cell membranes. The 
modularity of our synthetic method allows arbitrary alkylating 
agents to be employed, e.g. methyl iodide, benzyl bromide, or 
n-alkyl halides of any chain length. This enables the high 
throughput preparing and screening of numerous candidate 

polymers, and also facilitates the fine-tuning of the polymer 
characteristics via manipulation of structure-property-function 
relationships. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5. Formation of polyzwitterions and polyelectrolytes 
through chemical modification of pendant heterocycles (e.g. 
imidazoles, as shown). 
 
  
    We also show that it is possible to controllably quaternize 
only a fraction of the heterocycles using sub-stoichiometric 
amounts of alkylating agent, giving polymers with both charged 
and uncharged rings. These polymers are currently being 
evaluated as siRNA/DNA transfective agents that function 
based on the “proton-sponge” effect.13 The idea is to have the 
positively-charged pendant rings bind to negatively-charged 
polynucleotides, while the uncharged rings would provide 
buffering capacity within the acidic endosomes. If shown to be 
effective, these N-heterocycle-containing polycarbonates will 
offer a biodegradable and biocompatible platform for gene-
delivery. To that end, we have synthesized imidazole- and 
pyridine-functionalized polycarbonates containing both 
charged/quaternized and uncharged/unquaternized rings (see 
Supporting Information).  
  Our modular synthetic strategy also lends itself well to diblock 
copolymer systems. In one case, we first prepared a diblock 
precursor polymer comprised of a hydrophobic poly(MTC-OEt) 
segment and a chemically-modifiable poly(MTC-OC6F5) block 
(Scheme 6). Subjecting poly(MTC-OEt)-b-(MTC-OC6F5) to a 
two-stage post-polymerization modification involving initial N-
heterocycle introduction and subsequent zwitterionization of 
the rings afforded a diblock copolymer with a hydrophobic 
block and a hydrophilic polyzwitterionic block. Such a polymer 
could form stealth micelles that may prove useful in 
encapsulating hydrophobic anticancer drugs (e.g. Taxol, 
Doxorubicin, etc.) for slow release and delivery to tumor 
tissues in the body. Water-soluble diblock copolymers 
composed of a hydrophilic 5kDa-PEG block and a hydrophobic   
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Scheme 6.  Synthesis of various diblock copolymers with N-heterocycle sidechains.
 
 
polycarbonate block with pendant N-heterocycles were also 
readily synthesized by treating precursor diblock copolymer 6 
with N-heterocycle-containing amines (Scheme 6). Polymers 7 
and 8 offer the possibility of forming micelles when self-
assembled in aqueous solution. The resulting micelles may 
serve as therapeutic nanocarriers with pH-triggered release 
capabilities. 
 
    Preliminary tests pertaining to antimicrobial activity and 
non-fouling properties were carried out on some of the 
polymers described above. For example, to determine if 
polymers 3 and 11 had non-fouling characteristics, they were 
dissolved in serum-containing phosphate-buffered saline (PBS, 
pH of 7.4) and nanoparticle sizes in those solutions were 
subsequently monitored to see if any aggregation resulted from 
polymer-protein interactions. Similar to serum in PBS, with no 
added polycarbonate, the particle sizes of the zwitterionic 
homopolymers (i.e. polymer 3; n = 50, 100) in PBS containing 
10% fetal bovine serum (FBS) was stable over a period of 48 h 
(Figure 1), indicating the absence of aggregation. For 
comparison, we also prepared the amphiphilic diblock 
copolymer 11 (x = 50, y = 17) containing a hydrophobic MTC-
OEt segment of significant length. This polymer induced 
aggregation after just 2 h of incubation, likely as a result of 
non-specific interactions between the hydrophobic component 
and the protein.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Particle size change of polyzwitterions over time in 
PBS buffer containing 10% fetal bovine serum. 
 
    Polymer cytotoxicity was evaluated by analyzing the 
viability of HEK293 cells (as a model cell line) after incubation 
with polymers for 48 h. PEG polymers (5 and 10 kDa) were 
used as controls. Just like the PEG controls, all three 
polyzwitterions showed negligible cytotoxicity (see Figure 2). 
Given these encouraging results for non-fouling behavior and 
marginal toxicity, further studies to determine if stealth 
properties can be observed in vivo have been planned. 
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Figure 2. HEK293 cell viability vs. polymer concentration after 
2-day incubation with polyzwitterions and PEG. 
 
    In our preliminary antimicrobial studies, the cationic polymer 
4 was tested against Gram-positive (S. aureus) and negative (E. 
coli) bacteria but found to be inactive against both (MIC > 500 
mg/L). We reasoned that the hydrophobicity-to-charge balance 
conferred by the short n-butyl chains was too low to disrupt the 
bacterial membranes,14 and consequently modified the polymer 
backbone to include 20% n-hexyl sidechains (polymer 12 in the 
Supporting Information). Gratifyingly, this rational 
modification resulted in activity against S. aureus, with a 
minimum inhibitory concentration (MIC) of 62.5 mg/L (see 
Supporting Information for details on the biological tests and 
chemical synthesis associated with the polymer). 

 
Experimental Section 
 
Representative functionalization of polymer with N-
heterocycles 
Polymer 1. A 20-mL glass vial containing a magnetic stir-bar 
was charged with poly(MTC-OC6F5) (0.787 g, 2.41 mmol 
repeat units), anhydrous THF (5.0 mL) and triethylamine 
(0.131 g, 1.30 mmol), and the solution was cooled to 0 ºC in an 
ice-water bath. Next, a solution of 1-(3-aminopropyl)imidazole 
(0.155 g, 1.24 mmol) in THF (2 mL) was added dropwise with 
vigorous stirring. Turbidity was observed within minutes, 
followed by the gradual formation of an off-white precipitate. 
The ice bath was removed and the mixture was allowed to stir 
for an additional 30 minutes, after which excess diethyl ether 
(15 mL) was added. The mixture was briefly sonicated and then 
centrifuged. The mother liquor was decanted and more diethyl 
ether (20 mL) was added. A second round of sonication, 
centrifuging, and decanting afforded a white solid which was 
then dried under high vacuum for 24 h. This was characterized 
by 1H NMR (MeOD). (Note: In cases where precipitate did not 
form spontaneously during the reaction, precipitation was 
achieved by pipetting the crude polymer solution into stirred 
diethyl ether, after which purification was carried out as above.)  
 
Representative poly(sulfobetaine) synthesis 
Polymer 3. A 20-mL scintillation vial containing a magnetic 
stir-bar was charged with polymer 1 (0.650 g, 2.43 mmol repeat 
units), 1,3-propanesultone (0.446 g, 3.65 mmol, 1.5 
equivalents), and anhydrous DMF (2.0 mL). The reaction 
mixture was stirred at 18 ºC for 24 h, during which gelation 
occurred. The gel was dissolved by addition of a minimal 
volume of water (~0.5 mL), and the resulting solution was 
precipitated into stirred diethyl ether. The suspension was then 
centrifuged and the solvent decanted to give the target polymer 
as a white solid. The poly(sulfobetaine) was washed with 
additional portions of ether, dried under high vacuum for 24 h, 
and characterized by 1H NMR (D2O).  
 
Representative quaternization of pendant N-heterocycles 
Polymer 4. A 20-mL glass vial containing a magnetic stir-bar 
was charged with polymer 1 (0.746 g, 2.79 mmol repeat units), 
1-bromobutane (0.573 g, 4.18 mmol, 1.5 equivalents), and 
anhydrous DMF/acetonitrile (2:1 v/v, 6.0 mL). The reaction 
mixture was heated overnight at 60 ºC in the sealed vial, after 
which it was concentrated under reduced pressure and then 
precipitated into diethyl ether. The suspension was centrifuged 
and the mother liquor was decanted off, leaving a white solid 
which was dried under high vacuum for 24 h and subsequently 
characterized by 1H NMR (D2O). (Note: Partial quaternization 
to polymer 5 can be accomplished by simply using a sub-
stoichiometric quantity of 1-bromobutane.) 

Conclusions 

    In conclusion, we have synthesized N-heterocycle-containing 
polycarbonates using a modular approach, allowing for facile 
postpolymerization modifications. This strategy allows for the 
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rapid generation of diverse functional polycarbonates that can 
be easily customized and fine-tuned for different biomedical 
applications. Promising preliminary results on our biomimetic 
polyzwitterions point toward an ideal combination of non-
fouling properties and low toxicity, and future animal studies to 
investigate in vivo stealth behavior have been planned. 
Similarly, preliminary antimicrobial data suggests promising 
activity against S. aureus bacteria, which is often implicated in 
nosocomial infections. The high degree of control afforded by 
our new synthetic approach allows for unprecedented ease with 
which the hydrophobicity-to-charge balance can be fine-tuned, 
thus allowing facile adjustment of antibacterial activity versus 
toxicity/hemolytic capacity. As such, these N-heterocycle-
containing polycarbonates provide an ideal platform from 
which a multitude of rationally designed nanomedicines can be 
realized. Further biological studies (e.g. in vivo activity, stealth, 
toxicity, degradability) on the polymers are currently underway.  
 
Acknowledgements 
H.S. gratefully acknowledges support through a postdoctoral 
grant (DKR) from the Basque Government (Spain). Financial 
support from the Basque government and MINECO through 
project number MAT2010-16171 is also acknowledged. The 
authors thank Central Glass for the generous supply of MTC-
OC6F5, from which poly(MTC-OC6F5) is made. 
 
Notes and references 
a IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120,  

United States. *E-mail: chanj@us.ibm.com, hedrick@us.ibm.com; Tel: 

+1-408-927-1632; Fax: +1-408-927-1154. 
b Institute of Bioengineering and Nanotechnology, 31 Biopolis Way, 

Singapore 138669, Singapore.  

c POLYMAT, University of the Basque Country, Joxe Mari Korta Center-

Avda. Tolosa, 72, 20018, Donostia-San Sebastian, Spain. 

 

Electronic Supplementary Information (ESI) available: Detailed 

experimental procedures for chemical synthesis, characterization data, 

accompanying NMR spectra, and protocols for the biological studies. See 

DOI: 10.1039/b000000x/ 

 

1 a) C. Jerome and P. Lecomte, Adv. Drug Delivery Rev. 2008, 60, 

1056; b) N. Andronova and A. C. Albertsson, Biomacromolecules 

2006, 7, 1489; c) H. R. Kricheldorf and S. Rost, Macromolecules 

2005, 38, 8220; d) A.-C. Albertsson and I. K. Varma, 

Biomacromolecules 2003, 4, 1466; e) J. Feng, F. He and R. Zhuo, 

Macromolecules 2002, 35, 7175. 

 

2 a) M. K. Kiesewetter, E. J. Shin, J. L. Hedrick and R. M. Waymouth, 

Macromolecules 2010, 43, 2093; b) A. P. Dove, Chem. Commun. 

2008, 6446 c) S. Kobayashi, Macromol. Rapid Commun. 2009, 30, 

237; d) N. E. Kamber, W. Jeong, R. M. Waymouth, R. C. Pratt, B. G. 

G. Lohmeijer and J. L. Hedrick, Chem. Rev. 2007, 107, 5813; e) O. 

Coulembier, P. Degée, J. L. Hedrick and P. Dubois, Prog. Polym. Sci. 

2006, 31, 723; f) S. Matsumura, in Enzymatic Synthesis of Polyesters 

via Ring-Opening Polymerization, in Enzyme-Catalyzed Synthesis of 

Polymers, Vol. 194 (Eds: S. Kobayashi, H. Ritter, D. Kaplan), 

Springer, Berlin / Heidelberg, 2006, pp. 95-132; g) I. K. Varma, A.-

C. Albertsson, R. Rajkhowa and R. K. Srivastava, Prog. Polym. Sci. 

2005, 30, 949; h) K. Stridsberg, M. Ryner and A.-C. Albertsson, in 

Controlled Ring-Opening Polymerization: Polymers with Designed 

Macromolecular Architecture in Degradable Aliphatic Polyesters, 

Vol. 157, Springer, Berlin / Heidelberg, 2002, pp. 41-65; i) T. Endo, 

Y. Shibasaki and F. Sanda, J. Polym. Sci. Part A: Polym. Chem. 

2002, 40, 2190; j) D. Mecerreyes, R. Jérôme and P. Dubois, in Novel 

Macromolecular Architectures Based on Aliphatic Polyesters: 

Relevance of the “Coordination-Insertion” Ring-Opening 

Polymerization in Macromolecular Architectures, Vol. 147 (Eds: J. 

Hilborn, P. Dubois, C. Hawker, J. L. Hedrick, J. Hilborn, R. Jérôme, 

J. Kiefer, J. Labadie, D. Mecerreyes, W. Volksen), Springer, Berlin / 

Heidelberg, 1999, pp. 1-59. 

 

3 A. C. Engler, J. M. W. Chan, D. J. Coady, J. M. O’Brien, H. Sardon, 

A. Nelson, D. P. Sanders, Y. Y. Yang, and J. L. Hedrick, 

Macromolecules 2013, 46, 1283. 

 

4 a) H. Maeda, J. Control. Release 2012, 164, 138; b) O. C. Farokhzad 

and R. Langer, ACS Nano 2009, 3, 16; c) R. Haag, Angew. Chem. Int. 

Ed. 2004, 43, 278; d) S. H. Kim, J. P. K. Tan, K. Fukushima, F. 

Nederberg, Y. Y. Yang, R. M. Waymouth and J. L. Hedrick 

Biomaterials 2011, 32, 5505; e) F. Suriano, R. Pratt, J. P. K. Tan, N. 

Wiradharma, A. Nelson, Y. Y. Yang, P. Dubois and J. L. Hedrick, 

Biomaterials 2010, 31, 2637; f) N. Wiradharma, Y. Zhang, S. 

Venkataraman, J. L. Hedrick and Y. Y. Yang, Nano Today 2009, 4, 

302; g) M. Khan, Z. Y. Ong, N. Wiradharma, A. B. E. Attia and Y. 

Y. Yang, Adv. Healthcare Mater. 2012, 1, 373; h) S. Parveen, R. 

Misra and S. K. Sahoo, Nanomedicine 2012, 8, 147; i) M. Elfinger, S. 

Uezguen and C. Rudolph, Curr. Nanosci. 2008, 4, 322; j) D. W. 

Pack, A. S. Hoffman, S. Pun and P. S. Stayton, Nat. Rev. Drug. 

Discov. 2005, 4, 581; k) M. Wagner, A. C. Rinkenauer, A. Schallon 

and U. S. Schubert, R. Soc. Chem. Adv. 2013, 3, 12774; l) M. 

Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche, R. M. Paulus, M. 

Gottschaldt and U. S. Schubert, Soft Matter 2013, 9, 4693.  

 

5 a) K. Kuroda and G. A. Caputo, WIREs Nanomed. Nanobiotechnol. 

2013, 5, 49; b) E. F. Palermo and K. Kuroda, Appl. Microbiol. 

Biotechnol. 2010, 87, 1605; c) A. C. Engler, N. Wiradharma, Z. Y. 

Ong, D. J. Coady, J. L. Hedrick and Y. Y. Yang, Nano Today 2012, 

7, 201; d) Y. Qiao, C. Yang, D. J. Coady, Z. Y. Ong, J. L. Hedrick 

and Y. Y. Yang, Biomaterials 2012, 33, 1146; e) G. N. Tew, R. W. 

Scott, M. L. Klein and W. F. De Grado, Acc. Chem. Res. 2010, 43, 

30; f) E.-R. Kenawy, S. D. Worley and R. Broughton, 

Biomacromolecules 2007, 8, 1359; g) V. W. L. Ng, X. Ke, A. L. Z. 

Lee, J. L. Hedrick and Y. Y. Yang, Adv. Mater. 2013, 25, 6730.   

 

6 a) A. B. Lowe and C. L. McCormick, Chem. Rev. 2002, 102, 4177; b) 

S. Jiang and Z. Cao, Adv. Mater. 2010, 22, 920; c) A. B. Lowe, N. C. 

Billingham and S. P. Armes, Macromolecules 1999, 32, 2141; d) J. 

Cao, A. Lu, C. Li, M. Cai, Y. Chen, S. Li and X. Luo, Colloids Surf. 

B 2013, 112, 35; e) J. Cao, M. Yang, A. Lu, S. Zhai, Y. Chen and X. 

Luo, J. Biomed. Mater. Res. Part A 2013, 101A, 909; f) F. Dai and 

W. Liu, Biomaterials 2010, 32, 628; g) S. Colak and G. N. Tew, 

Macromolecules 2008, 41, 8436; h) H. Willcock, A. Lu, C. F. 

Hansell, E. Chapman, I. R. Collins and R. K. O’Reilly, Polym. Chem. 

2014, 5, 1023; i) R. G. Ezell, A. B. Lowe and C. L. McCormick, ACS 

Symp. Ser. 2006, 937, 47. 

Page 6 of 7Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2012  J. Name., 2012, 00, 1‐3 | 7 

 

7 H. Wang, Y. Wang, Y. Chen, Q. Jin and J. Ji, Polym. Chem. 2014, 5, 

854. 

 

8 a) S. Chen, J. Zheng, L. Li and S. Jiang, J. Am. Chem. Soc. 2005, 

127, 14473; b) J. P. Salvage, S. F. Rose, G. J. Phillips, G. W. Hanlon, 

A. W. Lloyd, I. Y. Mab and S. P. Armes, J. Controlled Release 2005, 

104, 259; c) H. Wang, F. Xu, Y. Wang, X. Liu, Q. Jin and J. Ji, 

Polym. Chem. 2013, 4, 3012; d) Y. Wang, H. Wang, Y. Chen, X. Liu, 

Q. Jin and J. Ji, Chem. Commun. 2013, 49, 7123. 

 

9 a) K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert, Angew. 

Chem. Int. Ed. 2010, 49, 6288; b) M. J. Isaacman, E. M. Corigliano 

and L. S. Theogarajan, Biomacromolecules 2013, 14, 2996; c) C. 

Clawson, L. Ton, S. Aryal, V. Fu, S. Esener and L. Zhang, Langmuir 

2011, 27, 10556; d) H. Yang, S. T. Lopina, L. P. DiPersio and S. P. 

Schmidt, J. Mater. Sci. – Mater. Med. 2008, 19, 1991; e) C. Dingels, 

F. Wurm, M. Wagner, H.-A. Klok and H. Frey, Chem. Eur. J. 2012, 

18, 16828. 

 

10 D. J. Coady, H. W. Horn, G. O. Jones, H. Sardon, A. C. Engler, R. 

M. Waymouth, J. E. Rice, Y. Y. Yang and J. L. Hedrick, ACS Macro 

Lett. 2013, 2, 306. 

 

11 a) B. Romberg, J. M. Metselaar, L. Baranyi, C. J. Snel, R. Bunger, 

W. E. Hennink, J. Szebeni and G. Storm, Int. J. Pharm. 2007, 331, 

186; b) C. Li and S. Wallace, Adv. Drug Delivery Rev. 2008, 60, 886. 

 

12 a) R. Hoogenboom, Angew. Chem. Int. Ed. 2009, 48, 7978; b) M. 

Bauer, C. Lautenschlaegen, K.Kempe, L. Tauhardt, U. S. Schubert 

and D. Fischer, Macromol. Biosci. 2012, 12, 986. 

 

13 a) I. Richard, M. Thibault, G. De Crescenzo, M. D. Buschmann and 

M. Lavertu, Biomacromolecules 2013, 14, 1732; b) J. Shi and J. G. 

Schellinger, Biomacromolecules 2013, 14, 1961; c) Z. ur Rehman, D. 

Hoekstra and I. S. Zuhorn, ACS Nano 2013, 7, 3767; d) H. Storrie 

and D. J. Mooney, Adv. Drug. Deliv. Rev. 2006, 58, 500; e) G. Zuber, 

E. Dauty, M. Nothisen, P. Belguise and J.-P. Behr, Adv. Drug. Deliv. 

Rev. 2001, 52, 245; f) J.-P. Behr, Chimia 1997, 51, 34; g) P. Midoux, 

C. Pichon, J.-J. Yaouanc and P.-A. Jaffres Br. J. Pharmacol. 2009, 

157, 166. 

 

14 A. C. Engler, J. P. K. Tan, Z. Y. Ong, D. J. Coady, V. W. L. Ng, Y. 

Y. Yang and J. L. Hedrick, Biomacromolecules 2013, 14, 4331. 

Page 7 of 7 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t


