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ABSTRACT͗ TŚĞ ŐůƵĐŽƐĞĂŵŝŶĞͲŝŶŝƚŝĂƚĞĚ ƌŝŶŐͲŽƉĞŶŝŶŐ ƉŽůǇŵĞƌŝƐĂƚŝŽŶ ŽĨ ĂŵŝŶŽ ĂĐŝĚ NͲ
ĐĂƌďŽǆǇĂŶŚǇĚƌŝĚĞƐ ĂŶĚ OͲĐĂƌďŽǆĂŶŚǇĚƌŝĚĞƐ ƚŽ ǇŝĞůĚ ĂŵƉŚŝƉŚŝůŝĐ ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ƚŚĂƚ ĂƌĞ 
ĐĂƉĂďůĞ ŽĨ ƐĞůĨͲĂƐƐĞŵďůǇ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ ƚŽ ĨŽƌŵ ǁĞůůͲĚĞĨŝŶĞĚ͕ ŐůƵĐŽƐĞͲƉƌĞƐĞŶƚŝŶŐ͕ 
ƉĂƌƚŝĐůĞƐ ŝƐ ƌĞƉŽƌƚĞĚ͘ TŚĞ ƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĂƌĞ ƐƵƐĐĞƉƚŝďůĞ ƚŽ ĞŶǌǇŵĂƚŝĐͲŵĞĚŝĂƚĞĚ ;ůŝƉĂƐĞ ĂŶĚ 
ƉƌŽƚĞĂƐĞͿ ĂŶĚ ƉHͲŝŶĚƵĐĞĚ ĚĞŐƌĂĚĂƚŝŽŶ͕ ĂŶĚ ĐĂŶ ƐĞůĞĐƚŝǀĞůǇ ďŝŶĚ ƚŚĞ ůĞĐƚŝŶ ĐŽŶĐĂŶĂǀĂůŝŶ A͘ 
CŽŶƐĞƋƵĞŶƚůǇ͕  ƐƵĐŚ ŐůǇĐŽƉĂƌƚŝĐůĞƐ ĂƌĞ ŽĨ ƐŝŐŶŝĨŝĐĂŶĐĞ ĨŽƌ ƚŚĞ ĐŽŶƚƌŽůůĞĚ ƌĞůĞĂƐĞ ŽĨ ƉĂǇůŽĂĚ 
ŵŽůĞĐƵůĞƐ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ĂŶ ĂĐŝĚŝĐ ĞŶǀŝƌŽŶŵĞŶƚ͕ ĨŽƌ ŝŶƐƚĂŶĐĞ ĐĂŶĐĞƌŽƵƐ ƚŝƐƐƵĞ͕ ĂŶĚ ƵƉŽŶ 
ŝŶƚĞƌĂĐƚŝŽŶ ǁŝƚŚ ƚĂƌŐĞƚ ĞŶǌǇŵĞƐ͘   

INTRODUCTION                                                                                                                                                                                                                                                                 

SƚŝŵƵůŝͲƌĞƐƉŽŶƐŝǀĞ ŵĂƚĞƌŝĂůƐ ĞŶĂďůĞ ƚŚĞ ĚĞůŝǀĞƌǇ ŽĨ ƚŚĞƌĂƉĞƵƚŝĐ ĂŐĞŶƚƐ ƵƉŽŶ ŝŶƚĞƌĂĐƚŝŽŶ ǁŝƚŚ 

Ă ƚĂƌŐĞƚĞĚ ƐƚŝŵƵůƵƐ ŝŶ Ă ŚŝŐŚůǇͲĐŽŶƚƌŽůůĞĚ ŵĂŶŶĞƌ͘ ϭ SƵĐŚ ŵĂƚĞƌŝĂůƐ ĂƌĞ ŚŝŐŚůǇ ƐƵŝƚĞĚ ƚŽ ĚƌƵŐ 

ĚĞůŝǀĞƌǇ ĂƐ ƚŚĞǇ ƉĞƌŵŝƚ ƉĂǇůŽĂĚ ƉƌŽƚĞĐƚŝŽŶ ĂŶĚ ƚƌĂŶƐƉŽƌƚĂƚŝŽŶ ŝŶ ǀŝǀŽ͕ ƉƌŝŽƌ ƚŽ ĚƌƵŐ ƌĞůĞĂƐĞ 

ĂŶĚ ĚĞƉůŽǇŵĞŶƚ Ăƚ ƚŚĞ ƚĂƌŐĞƚ ƐŝƚĞ͘Ϯ IŶ ƉĂƌƚŝĐƵůĂƌ͕  ŵĂƚĞƌŝĂůƐ ĐĂƉĂďůĞ ŽĨ ƌĞůĞĂƐŝŶŐ ƉĂǇůŽĂĚ 

ŵŽůĞĐƵůĞƐ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ƌĞĚƵĐĞĚ ĞŶǀŝƌŽŶŵĞŶƚĂů ƉH ĂƌĞ ƉĂƌƚŝĐƵůĂƌůǇ ǁĞůůͲƐƵŝƚĞĚ ƚŽ ďĞ 

ĞŵƉůŽǇĞĚ ĨŽƌ ƚŚĞ ƚƌĂŶƐƉŽƌƚĂƚŝŽŶ ĂŶĚ ĚĞůŝǀĞƌǇ ŽĨ ƉŽŽƌůǇ ǁĂƚĞƌ ƐŽůƵďůĞ ĂŶƚŝĐĂŶĐĞƌ ĂŐĞŶƚƐ͕ϯ ĚƵĞ 

ƚŽ ƚŚĞ ĂĐŝĚŝĐ ŶĂƚƵƌĞ ŽĨ ƚƵŵŽƵƌ ƚŝƐƐƵĞ͘ϰ DĞŐƌĂĚĂƚŝŽŶ ŽĨ ƚŚĞ ƉHͲƌĞƐƉŽŶƐŝǀĞ ƉŽůǇŵĞƌƐ ďǇ ĂĐŝĚͲ

ŵĞĚŝĂƚĞĚ ŚǇĚƌŽůǇƐŝƐ ŝƐ Ă ƉĂƌƚŝĐƵůĂƌůǇ ĞĨĨĞĐƚŝǀĞ ŵĞƚŚŽĚ ĨŽƌ ƚŚĞ ĚĞůŝǀĞƌǇ ŽĨ ƚŚĞƌĂƉĞƵƚŝĐ ĂŐĞŶƚƐ 

ƚŽ ĐĂŶĐĞƌŽƵƐ ƐŝƚĞƐ͘ϱ  

 

AŵƉŚŝƉŚŝůŝĐ ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ŵĂǇ ďĞ ĚĞƐŝŐŶĞĚ ĂŶĚ ĐƌĞĂƚĞĚ ƚŽ ĂĚŽƉƚ ĚŝƐĐƌĞƚĞ ŶĂŶŽƉĂƌƚŝĐƵůĂƚĞ 

ƐƚƌƵĐƚƵƌĞƐ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ͘ CŽŵŵŽŶůǇ͕  ƉŽůǇ;ĞƚŚǇůĞŶĞ ŐůǇĐŽůͿ ;PEGͿ ŝƐ ƵƚŝůŝƐĞĚ ĂƐ ƚŚĞ 

ŚǇĚƌŽƉŚŝůŝĐ ďůŽĐŬ ƚŚĂƚ ĨŽƌŵƐ ƚŚĞ ƐŚĞůů ŽĨ ƚŚĞ ŶĂŶŽƉĂƌƚŝĐůĞ͕ ĂŶĚ ƚŚƵƐ ĂŝĚƐ ŶĂŶŽƉĂƌƚŝĐůĞ 

ĚŝƐƉĞƌƐŝŽŶ ŝŶ ǀŝǀŽ͘ϲ PEG ŚĂƐ ŶƵŵĞƌŽƵƐ ĂĚǀĂŶƚĂŐĞŽƵƐ ƉƌŽƉĞƌƚŝĞƐ ƚŚĂƚ ƌĞŶĚĞƌ ŝƚ ŚŝŐŚůǇͲ

ĂƉƉƌŽƉƌŝĂƚĞ ĨŽƌ ƚŚŝƐ ƌŽůĞ͕ ŝŶĐůƵĚŝŶŐ ǁŝĚĞͲƌĂŶŐŝŶŐ ƐŽůƵďŝůŝƚǇ ŝŶ ďŽƚŚ ŽƌŐĂŶŝĐ ĂŶĚ ĂƋƵĞŽƵƐ 

ƐŽůƵƚŝŽŶƐ͕ ŶŽŶͲĨŽƵůŝŶŐ ĐĂƉĂďŝůŝƚŝĞƐ ĂŶĚ ĐŽŵŵĞƌĐŝĂů ĂǀĂŝůĂďŝůŝƚǇ͘  HŽǁĞǀĞƌ͕  PEG ŚĂƐ ƌĞƐƚƌŝĐƚĞĚ 
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ƐƵƐĐĞƉƚŝďŝůŝƚǇ ƚŽ ĞŶǌǇŵĂƚŝĐ ĚĞŐƌĂĚĂƚŝŽŶ ĂŶĚ ŝƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ŚǇƉĞƌƐĞŶƐŝƚŝǀŝƚǇ ĂĨƚĞƌ 

ŝŶƚƌĂǀĞŶŽƵƐ ĂŶĚ ŽƌĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶƐ͕ ĂŶĚ ĂŶ ĂĐĐĞůĞƌĂƚĞĚ ďůŽŽĚ ĐůĞĂƌĂŶĐĞ ƉŚĞŶŽŵĞŶŽŶ ĂƐ Ă 

ƌĞƐƵůƚ ŽĨ ƚŚĞ ŐĞŶĞƌĂƚŝŽŶ ŽĨ ĂŶƚŝͲPEG ĂŶƚŝďŽĚŝĞƐ͘ϳ CŽŶƐĞƋƵĞŶƚůǇ͕  ƚŚĞƌĞ ŝƐ Ă ĐůĞĂƌ ĚĞŵĂŶĚ ĨŽƌ ƚŚĞ 

ŐĞŶĞƌĂƚŝŽŶ ŽĨ ŶŽŶͲƚŽǆŝĐ͕ ďŝŽĚĞŐƌĂĚĂďůĞ ĂŶĚ ŚǇĚƌŽƉŚŝůŝĐ ƉŽůǇŵĞƌƐ ƚŚĂƚ ŵĂǇ ƐĞƌǀĞ ĂƐ ĂŶ 

ĂůƚĞƌŶĂƚŝǀĞ ƚŽ PEG ŝŶ ƚŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ŶĂŶŽƉĂƌƚŝĐůĞƐ ĨŽƌ ĐŽŶƚƌŽůůĞĚ ĚƌƵŐ ĚĞůŝǀĞƌǇ͘     

 

TŚĞ ƌŝŶŐͲŽƉĞŶŝŶŐ ƉŽůǇŵĞƌŝƐĂƚŝŽŶ ;˃OPͿ ŽĨ ĂŵŝŶŽ ĂĐŝĚ NͲĐĂƌďŽǆǇĂŶŚǇĚƌŝĚĞ ;NCAͿ ŵŽŶŽŵĞƌƐ 

ŝƐ ĂŶ ĞĨĨĞĐƚŝǀĞ ŵĞƚŚŽĚ ƚŽ ĐƌĞĂƚĞ ƉŽůǇŵĞƌƐ ƚŚĂƚ ĂƌĞ ďŝŽĚĞŐƌĂĚĂďůĞ͕ ƉŽƐƐĞƐƐ ŐĞŶĞƌĂů 

ďŝŽĐŽŵƉĂƚŝďŝůŝƚǇ ĂŶĚ ĐĂŶ ƌĞĂĚŝůǇ ƐĞůĨͲĂƐƐĞŵďůĞ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ ƚŽ ǇŝĞůĚ ĚŝƐĐƌĞƚĞ 

ŶĂŶŽƐƚƌƵĐƚƵƌĞƐ͘ϴ TŚĞ ƐĞĐŽŶĚĂƌǇ ƐƚƌƵĐƚƵƌĞƐ ƚŚĂƚ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿƐ ĐĂŶ ƉŽƐƐĞƐƐ ŝƐ Ă ĨĞĂƚƵƌĞ ƚŚĂƚ 

ŝƐ ƌĂƌĞůǇ ƉƌĞƐĞŶƚĞĚ ďǇ ƐǇŶƚŚĞƚŝĐ ƉŽůǇŵĞƌƐ͘ϵ NCA ˃OP ƌĞĂĚŝůǇ ƉƌŽĐĞĞĚƐ ĨƌŽŵ Ă ƉƌŝŵĂƌǇ ĂŵŝŶĞͲ

ďĞĂƌŝŶŐ ŝŶŝƚŝĂƚŽƌ ĂŶĚ ƐŽ ƉŽůǇŵĞƌ ŐƌĂĨƚŝŶŐ ĨƌŽŵ Ă ǁŝĚĞͲƌĂŶŐĞ ŽĨ ĨƵŶĐƚŝŽŶĂů ŝŶŝƚŝĂƚŽƌƐ ŝƐ 

ƉŽƐƐŝďůĞ͘ϭϬ IŶ ĂĚĚŝƚŝŽŶ͕ ƚŚĞ ĞǆƚĞŶƐŝǀĞ ĂŶĚ ǀĂƌŝĞĚ ĨƵŶĐƚŝŽŶĂůŝƚŝĞƐ ƚŚĂƚ ƐƵĐŚ ƉŽůǇŵĞƌƐ ƉƌĞƐĞŶƚ 

ĞŶĂďůĞƐ ƐƚƌĂŝŐŚƚĨŽƌǁĂƌĚ ƉŽƐƚͲƉŽůǇŵĞƌŝƐĂƚŝŽŶ ;ďŝŽͿŵŽůĞĐƵůĂƌ ŐƌĂĨƚŝŶŐ͘ OͲĐĂƌďŽǆǇĂŶŚǇĚƌŝĚĞ 

;OCAͿ ŵŽŶŽŵĞƌƐ ŽĨĨĞƌ Ă ƌĞůĂƚŝǀĞůǇ ƐƚƌĂŝŐŚƚĨŽƌǁĂƌĚ ƌŽƵƚĞ ƚŽ ƚŚĞ ƐǇŶƚŚĞƐŝƐ ŽĨ ĨƵŶĐƚŝŽŶĂů 

ƉŽůǇ;ĞƐƚĞƌͿƐ͘ϭϭ CŽŶƐĞƋƵĞŶƚůǇ͕  OCA ˃OP ŽĨĨĞƌƐ Ă ƌŽƵƚĞ ƚŽ ďŝŽĚĞŐƌĂĚĂďůĞ ƉŽůǇŵĞƌƐ ƚŚĂƚ ĂƌĞ 

ĐĂƉĂďůĞ ŽĨ ƵŶĚĞƌŐŽŝŶŐ ƐĞůĨͲĂƐƐĞŵďůǇ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ͕ ĂŶĚ ĐĂŶ ďĞ ƌĞĂĚŝůǇ ĨƵŶĐƚŝŽŶĂůŝƐĞĚ 

ǁŝƚŚ ĐŚŽƐĞŶ ;ďŝŽͿŵŽůĞĐƵůĞƐ͘  

 

CĂƌďŽŚǇĚƌĂƚĞƐ ĂŶĚ ĐĂƌďŽŚǇĚƌĂƚĞͲĐŽŶƚĂŝŶŝŶŐ ;ŵĂĐƌŽͿŵŽůĞĐƵůĞƐ ĂƌĞ ĞƐƐĞŶƚŝĂů ĐŽŵƉŽŶĞŶƚƐ 

ǁŝƚŚŝŶ ďŝŽůŽŐǇ͘  GůǇĐŽƉƌŽƚĞŝŶƐ ĂƌĞ Ă ƉĂƌƚŝĐƵůĂƌ ĞǆĂŵƉůĞ ŽĨ Ă ĐĂƌďŽŚǇĚƌĂƚĞͲďĞĂƌŝŶŐ 

ŵĂĐƌŽŵŽůĞĐƵůĞ ƚŚĂƚ ƉůĂǇ Ă ŬĞǇ ƌŽůĞ ŝŶ ŶƵŵĞƌŽƵƐ ďŝŽůŽŐŝĐĂů ƉƌŽĐĞƐƐĞƐ͕ ŝŶĐůƵĚŝŶŐ ĐĞůůͲĐĞůů 

ŝŶƚĞƌĂĐƚŝŽŶƐ͘ϭϮ CĂƌďŽŚǇĚƌĂƚĞ ůŝŐĂŶĚƐ ŵĂǇ ďĞ ĐŽŶũƵŐĂƚĞĚ ƚŽ ƉƌŽƚĞŝŶ ŵŽůĞĐƵůĞƐ ŝŶ ŽƌĚĞƌ ƚŽ ƚĂƌŐĞƚ 

ƉƌŽƚĞŝŶ ƌĞĐĞƉƚŽƌƐ Ăƚ ƐŝƚĞƐ ŽĨ ůŽĐĂůŝƐĂƚŝŽŶ ;ŐůǇĐŽƚĂƌŐĞƚŝŶŐͿ ĂƐ ƉĂƌƚ ŽĨ Ă ƚĂƌŐĞƚĞĚ ĚƌƵŐ ĚĞůŝǀĞƌǇ 

ŵĞĐŚĂŶŝƐŵ͘ϭϯ AůƚĞƌŶĂƚŝǀĞůǇ͕  ƐǇŶƚŚĞƚŝĐ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿƐ ŵĂǇ ďĞ ƵƚŝůŝƐĞĚ ĂƐ Ă ƐƵďƐƚŝƚƵƚĞ ĨŽƌ 

ƉƌŽƚĞŝŶƐ ŝŶ ƚŚĞ ĐƌĞĂƚŝŽŶ ŽĨ ǁĞůůͲĚĞĨŝŶĞĚ ŐůǇĐŽƉŽůǇŵĞƌƐ ĨŽƌ ƚĂƌŐĞƚĞĚ ĚƌƵŐ ĚĞůŝǀĞƌǇ͘ ϭϰ SƵĐŚ 

ƉŽůǇŵĞƌƐ ŚĂǀĞ ƐŚŽǁŶ ŐŽŽĚ ďŝŽůŽŐŝĐĂů ĂĐƚŝǀŝƚǇ ĂŶĚ ƚŚĞ ĐĂƉĂďŝůŝƚǇ ƚŽ ǁŝƚŚŚŽůĚ ƉĂǇůŽĂĚ 

ŵŽůĞĐƵůĞƐ͘ TŚĞ ĐŽŶũƵŐĂƚŝŽŶ ŽĨ ŐůƵĐŽƐĞ ƚŽ ďŝŽĚĞŐƌĂĚĂďůĞ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿƐ ŝƐ ŽĨ ƉĂƌƚŝĐƵůĂƌ 

ƐŝŐŶŝĨŝĐĂŶĐĞ ĨŽƌ ƚŚĞ ĐƌĞĂƚŝŽŶ ŽĨ Ă ŚŝŐŚůǇͲĞĨĨĞĐƚŝǀĞ ĚƌƵŐ ĚĞůŝǀĞƌǇ ƐǇƐƚĞŵ͖ ŐůƵĐŽƐĞ ƚƌĂŶƐƉŽƌƚĞƌƐ 

ĂƌĞ ŵĞŵďƌĂŶĞͲĞŵďĞĚĚĞĚ ƉƌŽƚĞŝŶƐ ƚŚĂƚ ĨĂĐŝůŝƚĂƚĞ ƚŚĞ ƚƌĂŶƐƉŽƌƚ ŽĨ ŐůƵĐŽƐĞ ĂĐƌŽƐƐ ƚŚĞ ĐĞůů 
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ŵĞŵďƌĂŶĞ͘ϭϱ GůƵĐŽƐĞ ƵƉƚĂŬĞ ĂŶĚ ŵĞƚĂďŽůŝƐŵ ďǇ ĐĂŶĐĞƌ ĐĞůůƐ ŝƐ ŐƌĞĂƚĞƌ ƚŚĂŶ ŐůƵĐŽƐĞ ƵƉƚĂŬĞ 

ĂŶĚ ŵĞƚĂďŽůŝƐŵ ďǇ ŶŽŶͲĐĂŶĐĞƌŽƵƐ ĐĞůůƐ͕ ĐŽŶĨŝƌŵŝŶŐ ƚŚĞ ǀĂůŝĚŝƚǇ ŽĨ ƵƚŝůŝƐŝŶŐ ŐůƵĐŽƐĞ ŵŽŝĞƚŝĞƐ 

ƚŽ ĞŶĂďůĞ ŵŽůĞĐƵůĂƌ ƵƉƚĂŬĞ ďǇ ĐĂŶĐĞƌ ĐĞůůƐ͘ϭϲ  

 

CĂƌďŽŚǇĚƌĂƚĞ ;ŵĂĐƌŽͿŵŽůĞĐƵůĞƐ ŵĂǇ ďĞ ƵƚŝůŝƐĞĚ ĂƐ ŝŶŝƚŝĂƚŽƌƐ ĨŽƌ ƉŽůǇŵĞƌŝƐĂƚŝŽŶƐ͕ Žƌ ƵŶĚĞƌŐŽ 

ĐŚĂŝŶͲŐƌŽǁƚŚ ƉŽůǇŵĞƌŝƐĂƚŝŽŶ ƵƉŽŶ ƚŚĞ ŝŶƚƌŽĚƵĐƚŝŽŶ ŽĨ ǀŝŶǇů ŐƌŽƵƉƐ ƚŽ ƚŚĞ ƐƵŐĂƌ ƵŶŝƚ͘ FŽƌ 

ŝŶƐƚĂŶĐĞ͕ NĂŬĂŵƵƌĂ Ğƚ Ăů͘ ĚŝƐĐůŽƐƐĞĚ ƚŚĞ ƵƐĞ ŽĨ ƚŚĞ ƉŽůǇƐĂĐŚĂƌŝĚĞ ĐŚŝƚŽƐĂŶ ĂƐ Ă ŵĂĐƌŽŝŶŝƚŝĂƚŽƌ 

ĨŽƌ ƚŚĞ ŐĞŶĞƌĂƚŝŽŶ ŽĨ ĐŚŝƚŽƐĂŶͲŐƌĂĨƚͲƉŽůǇƐĂƌĐŽƐŝŶĞ ĐŽƉŽůǇŵĞƌƐ ďǇ NCA ˃OP͘ϭϳ WŽŶŐ Ğƚ Ăů͘ 

ĚĞŵŽŶƐƚƌĂƚĞĚ ƚŚĞ ĂĐƌǇůĂƚĞ ŵŽĚŝĨŝĐĂƚŝŽŶ ŽĨ ŐůƵĐŽƐĞĂŵŝŶĞ ;GůƵAŵͿ ƚŽ ǇŝĞůĚ Ă ƐƵŐĂƌͲďĞĂƌŝŶŐ 

ŵŽŶŽŵĞƌ ƚŚĂƚ ĐŽƵůĚ ƵŶĚĞƌŐŽ ĐŽŶƚƌŽůůĞĚ ƌĞǀĞƌƐŝďůĞ ĂĚĚŝƚŝŽŶоĨƌĂŐŵĞŶƚĂƚŝŽŶ ĐŚĂŝŶͲƚƌĂŶƐĨĞƌ 

;˃AFTͿ ƉŽůǇŵĞƌŝƐĂƚŝŽŶ͘ϭϴ YĂŵĂĚĂ Ğƚ Ăů͘ ĚĞƐĐƌŝďĞĚ ƚŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ĂŵƉŚŝƉŚŝůŝĐ ďůŽĐŬ 

ĐŽƉŽůǇŵĞƌƐ ŽĨ ǀŝŶǇů ĞƚŚĞƌƐ ;VEƐͿ ƚŚĂƚ ǁĞƌĞ ĨƵƌŶŝƐŚĞĚ ǁŝƚŚ ƉĞŶĚĂŶƚ NͲĂĐĞƚǇůͲĚͲŐůƵĐŽƐĂŵŝŶĞ 

;GůĐNAĐͿ ƵŶŝƚƐ͘ TŚĞ ĐŽƉŽůǇŵĞƌƐ ǁĞƌĞ ƉƌŽĚƵĐĞĚ ďǇ ƚŚĞ ůŝǀŝŶŐ ĐĂƚŝŽŶŝĐ ƉŽůǇŵĞƌŝƐĂƚŝŽŶ ŽĨ 

ŝƐŽďƵƚǇů VE ĂŶĚ Ă VE ĐĂƌƌǇŝŶŐ ϯ͕ϰ͕ϲͲƚƌŝͲOͲĂĐĞƚǇůͲϮͲĚĞŽǆǇͲϮͲƉŚƚŚĂůŝŵŝĚŽͲɴͲĚͲŐůƵĐŽƐĞ͘ϭϵ AŽŝ Ğƚ 

Ăů͘ ĚĞŵŽŶƐƚƌĂƚĞĚ ƚŚĞ ˃OP ŽĨ ϮͲOǆĂǌŽůŝŶĞƐ ŝŶŝƚŝĂƚĞĚ ďǇ GůĐNAĐ ƚŽ ǇŝĞůĚ ŐůƵĐŽƐĂŵŝŶĞͲ

ƚĞƌŵŝŶĂƚĞĚ ϮͲŽǆĂǌŽůŝŶĞ ƉŽůǇŵĞƌƐ ƵƉŽŶ ƚŚĞ ƌĞŵŽǀĂů ŽĨ ƚŚĞ ĂĐĞƚǇů ƉƌŽƚĞĐƚŝŶŐ ŐƌŽƵƉƐ͘ϮϬ 

CŽŶƚŝŶƵĂƚŝŽŶ ŽĨ ƵƚŝůŝƐŝŶŐ ĐĂƌďŽŚǇĚƌĂƚĞ ŵŽůĞĐƵůĞƐ ƚŽ ŝŶŝƚŝĂƚĞ ƉŽůǇŵĞƌŝƐĂƚŝŽŶƐ ŵĂǇ ďĞ ĨƵƌƚŚĞƌ 

ĞǆƚĞŶĚĞĚ ƚŽ ƵƐĞ GůƵAŵ ĨŽƌ ƚŚĞ ŝŶŝƚŝĂƚŝŽŶ ŽĨ NCA ˃OP͕  ƚŚƵƐ ĂĨĨŽƌĚŝŶŐ ŐůƵĐŽƐĞͲƚĞƌŵŝŶĂƚĞĚ 

ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿƐ ĂŶĚ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿͲƉŽůǇ;ĞƐƚĞƌͿ ĐŽŶũƵŐĂƚĞƐ͘  

 

WĞ ƌĞƉŽƌƚ ƚŚĞ ĐƌĞĂƚŝŽŶ ŽĨ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿ ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ĂŶĚ ƉŽůǇ;ƐĂƌĐŽƐŝŶĞͿͲďͲ

ƉŽůǇ;ĞƐƚĞƌͿ ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ĨŽƌŵĞĚ ďǇ ĂŶ ŝŶŝƚŝĂů NCA ˃OP ƚŚĂƚ ŝƐ ŝŶŝƚŝĂƚĞĚ ĨƌŽŵ GůƵAŵ͘ TŚĞ 

ŐůǇĐŽƐǇůĂƚĞĚ ƉŽůǇŵĞƌ ƉƌŽĚƵĐĞĚ ĐĂŶ ƚŚĞŶ ŝŶĚĞƉĞŶĚĞŶƚůǇ ŝŶŝƚŝĂƚĞ Ă ƐĞĐŽŶĚ ĂŵŝŶŽ ĂĐŝĚ NCA͕ Žƌ 

ĂŶ ĂŵŝŶŽ ĂĐŝĚ OCA ƚŽ ǇŝĞůĚ Ă ƐĞĐŽŶĚ ƉŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿ ďůŽĐŬ Žƌ ƉŽůǇ;ĞƐƚĞƌͿ ďůŽĐŬ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘  

TŽ ƚŚĞ ďĞƐƚ ŽĨ ŽƵƌ ŬŶŽǁůĞĚŐĞ ƚŚŝƐ ŝƐ ƚŚĞ ƉƌŝŵĂƌǇ ĞǆĂŵƉůĞ ŽĨ ĐŽŵďŝŶŝŶŐ NCA ˃ OP ĂŶĚ OCA ˃OP 

ƚŽ ƉƌŽĚƵĐĞ Ă ďůŽĐŬ ĐŽƉŽůǇŵĞƌ ĐŽŶƐŝƐƚŝŶŐ ŽĨ ĚŝƐĐƌĞƚĞ ƉŽůǇ;ĞƐƚĞƌͿ ĂŶĚ ƉŽůǇ;ƉĞƉƚŽŝĚͿ ďůŽĐŬƐ͘ 

UƚŝůŝƐŝŶŐ ŐůƵĐŽƐĂŵŝŶĞ ŝŶ ƚŚŝƐ ŵĂŶŶĞƌ ŶĞŐĂƚĞƐ ƚŚĞ ƌĞƋƵŝƌĞŵĞŶƚ ŽĨ ƉŽƐƚͲƉŽůǇŵĞƌŝƐĂƚŝŽŶ 

ĨƵŶĐƚŝŽŶĂůŝƐĂƚŝŽŶ ƚŽ ďĞ ĐŽŶĚƵĐƚĞĚ ĨŽƌ ƚŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ŐůǇĐŽƉĞƉƚŝĚĞƐ͖ Ă ŐůƵĐŽƐĞͲƉƌĞƐĞŶƚŝŶŐ 

ĂŵƉŚŝƉŚŝůŝĐ ďůŽĐŬ ĐŽƉŽůǇŵĞƌ ŝƐ ĐƌĞĂƚĞĚ ŝŶ Ă ŽŶĞͲƉŽƚ ƌĞĂĐƚŝŽŶ͘ TŚĞ ƉŽůǇŵĞƌƐ ĨŽƌŵĞĚ ŵĂǇ ƐĞůĨͲ

ĂƐƐĞŵďůĞ ƚŽ ǇŝĞůĚ ĚŝƐĐƌĞƚĞ ŶĂŶŽƉĂƌƚŝĐůĞƐ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ ĂŶĚ ƉŽƐƐĞƐƐ ƚŚĞ ĐĂƉĂďŝůŝƚǇ ƚŽ 
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ĞŶĐĂƉƐƵůĂƚĞ ĂŶĚ ǁŝƚŚŚŽůĚ ƌŚŽĚĂŵŝŶĞ B ŵŽůĞĐƵůĞƐ͕ ƉƌŝŽƌ ƚƌŝŐŐĞƌĞĚ ŐůǇĐŽƉĂƌƚŝĐůĞ ĚĞŐƌĂĚĂƚŝŽŶ 

ĂŶĚ ƉĂǇůŽĂĚ ƌĞůĞĂƐĞ ƵƉŽŶ ŝŶƚĞƌĂĐƚŝŽŶ ǁŝƚŚ ĂĐŝĚŝĐ ĞŶǀŝƌŽŶŵĞŶƚĂů ƐŽůƵƚŝŽŶ ĂŶĚͬŽƌ ĂŶ 

ĂƉƉƌŽƉƌŝĂƚĞ ůŝƉĂƐĞ Žƌ ƉƌŽƚĞĂƐĞ ĞŶǌǇŵĞ͘ TŚĞ ŐůǇĐŽƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĚĞŵŽŶƐƚƌĂƚĞĚ ĞǆĐĞůůĞŶƚ 

ƐĞůĞĐƚŝǀŝƚǇ ƚŽ ďŝŶĚ ĐŽŶĐĂǀĂůŝŶ A͕ ƐŝŐŶŝĨǇŝŶŐ ƚŚĂƚ ŐůƵĐŽƐĞ ŝƐ ƉƌĞƐĞŶƚĞĚ ŽŶ ƚŚĞŝƌ ĞǆƚĞƌŝŽƌ͘  

CŽŶƐĞƋƵĞŶƚůǇ͕  ƚŚĞ ŐůǇĐŽƉĂƌƚŝĐůĞƐ ĚĞƚĂŝůĞĚ ĂƌĞ ĞǆƚƌĞŵĞůǇ ƉƌŽŵŝƐŝŶŐ ĐĂŶĚŝĚĂƚĞƐ ĂƐ 

ďŝŽĚĞŐƌĂĚĂďůĞ ĚƌƵŐ ĚĞůŝǀĞƌǇ ǀĞŚŝĐůĞƐ ĨŽƌ ƚŚĞ ƚĂƌŐĞƚĞĚ ĂŶĚ ĐŽŶƚƌŽůůĞĚ ĚĞůŝǀĞƌǇ ŽĨ ƚŚĞƌĂƉĞƵƚŝĐ 

ĂŐĞŶƚƐ͘    

EXPERIMENTAL  

MĂƚĞƌŝĂůƐ ĂŶĚ MĞƚŚŽĚƐ  

TƌŝƉŚŽƐŐĞŶĞ ;ϵϴйͿ͕ SŽĚŝƵŵ ŶŝƚƌŝƚĞ ;шϵϳйͿ͕ ĂŶŚǇĚƌŽƵƐ ĞƚŚǇů ĂĐĞƚĂƚĞ ;ϵϵ͘ϴйͿ͕ ĂŶŚǇĚƌŽƵƐ THF 

;шϵϵ͘ϵйͿ͕ ŶͲŚĞǆĂŶĞ ;ϵϴйͿ͕ ĂŶŚǇĚƌŽƵƐ DMF ;ϵϵ͘ϴйͿ͕ ĚŝĞƚŚǇů ĞƚŚĞƌ ;ϵϵ͘ϴйͿ͕ ůŝƉĂƐĞ͕ ɲͲ

CŚĞŵŽƚƌǇƉƐŝŶ ĨƌŽŵ ďŽǀŝŶĞ ƉĂŶĐƌĞĂƐ͕ ϭ͕ϯ͕ϰ͕ϲͲƚĞƚƌĂͲOͲĂĐĞƚǇůͲϮͲĂŵŝŶŽͲĚĞŽǆǇͲɴͲDͲ

ŐůƵĐŽƉǇƌĂŶŽƐĞ ;шϵϴйͿ ĂŶĚ SŽĚŝƵŵ ĂĐĞƚĂƚĞ ƚƌŝŚǇĚƌĂƚĞ ;шϵϵйͿ ǁĞƌĞ Ăůů ĂĐƋƵŝƌĞĚ ĨƌŽŵ SŝŐŵĂ 

AůĚƌŝĐŚ͘ ɲͲPŝŶĞŶĞ ;ϵϴйͿ͕ SĂƌĐŽƐŝŶĞ ;SĂƌͿ ;ϵϴйͿ ĂŶĚ ƉŚŽƐƉŚĂƚĞ ďƵĨĨĞƌĞĚ ƐĂůŝŶĞ ;PBSͿ ďƵĨĨĞƌ 

;DƵůďĞĐĐŽ ͚A͛ ƚĂďůĞƚƐͿ ǁĞƌĞ ƐƵƉƉůŝĞĚ ďǇ TŚĞƌŵŽ FŝƐŚĞƌ SĐŝĞŶƚŝĨŝĐ LĂďŽƌĂƚŽƌŝĞƐ͘ ˃ŚŽĚĂŵŝŶĞ B 

;ϵϴйͿ ĂŶĚ LͲƉŚĞŶǇůĂůĂŶŝŶĞ ;PŚĞͿ ;ϵϵйͿ ǁĞƌĞ ƐƵƉƉůŝĞĚ ďǇ AůĨĂ AĞƐĂƌ͘  HPLC ŐƌĂĚĞ ǁĂƚĞƌ ;ϭϴ͘Ϯ 

Mё͘ĐŵͿ ǁĂƐ ƐƵƉƉůŝĞĚ ďǇ VW˃ IŶƚĞƌŶĂƚŝŽŶĂů͘ Aůů ĐŚĞŵŝĐĂůƐ ǁĞƌĞ ƵƐĞĚ ĂƐ ƌĞĐĞŝǀĞĚ ƵŶůĞƐƐ ƐƚĂƚĞĚ 

ŽƚŚĞƌǁŝƐĞ͘ ϭH NM˃ ƐƉĞĐƚƌĂ ǁĞƌĞ ƌĞĐŽƌĚĞĚ Ăƚ Ϯϱ ΣC ŽŶ Ă BƌƵŬĞƌ AǀĂŶĐĞ ϱϬϬ ƐƉĞĐƚƌŽŵĞƚĞƌ ĂŶĚ 

ĂŶĂůǇƐĞĚ ƵƐŝŶŐ MĞƐƚƌĞNŽǀĂΠ ˃ĞƐĞĂƌĐŚ LĂď ƐŽĨƚǁĂƌĞ͘ EůĞĐƚƌŽƐƉƌĂǇ IŽŶŝƐĂƚŝŽŶ MĂƐƐ 

ƐƉĞĐƚƌŽŵĞƚƌǇ ;ESIͲMSͿ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ƵƐŝŶŐ Ă TŚĞƌŵŽ SĐŝĞŶƚŝĨŝĐ UůƚŝŵĂƚĞ ϯϬϬϬ ŵĂƐƐ 

ƐƉĞĐƚƌŽŵĞƚĞƌ ĂŶĚ ĞůĞŵĞŶƚĂů ĂŶĂůǇƐĞƐ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ƵƐŝŶŐ Ă TŚĞƌŵŽ FůĂƐŚEA AŶĂůǇǌĞƌ ϭϭϭϮ 

SĞƌŝĞƐ͘ 

Synthesis of NCA monomers  

Sarcosine (10 g, 112.2 mmol) was dried under a stream of dry nitrogen ĨŽƌ ϴ ŚŽƵƌƐ͘ ɲ-pinene 

(29.9 g, 220 mmol) and anhydrous tetrahydrofuran (150 mL) were added to the sarcosine. 

The resultant suspension was heated to reflux. Then triphosgene (16.6 g, 56 mmol) was 

dissolved in anhydrous tetrahydrofuran (20 mL) and added dropwise to the refluxing 

suspension. The reaction was left to reflux for 5 hours at which point the reaction mass had 

turned into a clear brown solution. The solution was concentrated under vacuum to yield a 
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brown solid residue galvanised with clear brown oil. The mixture was heated to 75 oC and left 

to dry under high vacuum until a solid residue was obtained. The crude solid was re-dissolved 

in anhydrous THF (50 mL) and the solution was precipitated with cold n-hexane (150 mL). The 

precipitate was left standing in hexane (-18 oC) for 24. The solvent was removed by filtering 

under vacuum, the residue dried in vacuo and then recrystallised twice in tetrahydrofuran/n-

hexane (1:5, v/v) to obtain the pure OCA as white crystals. Yield: 8.83 g, 76.7 mmol, 68.4 %. 

1H NM˃ ;ϱϬϬ MHǌ͕ DMSO͕ ɷ͕ ƉƉŵͿ͗ ϰ͘Ϯϯ ;Ɛ͕ ϮH͕ COCH2), 2.87 (s, NCH3). 13C NMR (125 MHz, 

DMSO͕ ɷ͕ ƉƉŵͿ͗ ϭϲϳ͘ϯ ;CH2CO2), 152.6 (NCO2), 51.1 (CH2), 29.8 (CH3). Elemental Analysis: 

Carbon 41.7%, Nitrogen, 12.2%, Hydrogen 4.41%. 

A similar procedure was followed for the synthesis of phenylalanine NCA. Yield: 4.33 g, 22.7 

mmol, 74.9 %. 1H NMR (500 MHz, DMSO-Ěϲ͕ ɷ͕ ƉƉŵͿ͗ ϵ͘Ϭϴ ;Ɛ͕ ϭH͕ NHͿ͕ ϳ͘ϯϯ - 7.17 (m, 5H, ArH, 

J = 80 Hz), 4.79 - ϰ͘ϳϳ ;ƚ͕ ϭH͕ ɲ-CH, J = 10 Hz), 3.03 - 3.02 (d, 2H, CH2, J = 5 Hz). Elemental 

Analysis: Carbon 62.8%, Nitrogen 7.35%, Hydrogen 4.77%. 

Synthesis of 2-Hydroxy-3-Phenyl Propanoic Acid  

L-phenylalanine (5 g, 30.3 mmol) was dissolved in a solution of 1M sulphuric acid plus reagent 

grade acetone (100 mL, 1:1 v/v). The resultant solution was added to a round bottom flask 

and cooled to 0 oC in an ice bath. Sodium nitrite (6.27 g, 90.3 mmol) was dissolved in deionised 

water (10 mL) and added dropwise to the amino acid solution over a period of 30 minutes. 

The reaction was maintained at 0 oC for a further 2 hours and then allowed to stir at room 

temperature for 18 hours. The reaction mass was then poured into deionised water (500 mL) 

and then extracted with ethyl acetate 3 times (3 x 300 mL). The organic layers were combined 

and washed with deionised water 3 times (3 x 500 mL) and then with a saturated solution of 

brine and finally dried over magnesium. The dried sample was then filtered and the ethyl 

ĂĐĞƚĂƚĞ ƌĞŵŽǀĞĚ ƵŶĚĞƌ ǀĂĐƵƵŵ ƚŽ ǇŝĞůĚ ƚŚĞ ŚǇĚƌŽǆǇů ĂĐŝĚ ĂƐ ĐƌĞĂŵ͕ ĐƌǇƐƚĂůůŝŶĞ ͚ŶĞĞĚůĞƐ͛͘ 

Yield: 2.80 g, 16.8 mmol, 55.5 %. 1H NMR (500 MHz, Acetone-d6͕ ɷ͕ ƉƉŵͿ͗ ϳ͘Ϯϭ - 7.05 (m, 5H, 

ArH, J = 7.13 Hz), 4.27 - ϰ͘Ϯϱ ;ĚĚ͕ ϭH͕ ɲCH, J = 4.26 Hz), 3.01 - 2.97 (dd, 1H, Ph-CH, J = 2.99 Hz) 

2.81 - 2.76 (dd, 1H, Ph-CH, J = 2.78 Hz). ESI-MS (189.1, M + Na+). 

Synthesis of L-Phenylalanine OCA 

To a solution of 2-hydroxy-3-phenyl propanoic acid (2.70 g, 16.3 mmol) and disphosgene (6.43 

g, 32.5 mmol) in anhydrous tetrahydrofuran (50 mL) was added activated charcoal (0.20 g, 
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16.3 mmol). The resultant mixture was stirred at room temperature for 18 hours. The 

activated charcoal was then filtered off and rinsed free on any product  three times using 

anhydrous tetrahydrofuran. The filtrate was concentrated under vacuum to obtain a yellow 

solution which was crystallised from cold anhydrous tetrahydrofuran/pentane (1:9 v/v) to 

obtain cream crystals which were purified by further recrystallisation and dried under 

vacuum. Yield: 1.60 g, 8.32 mmol, 51.1 %. 1H NM˃ ;ϱϬϬ MHǌ͕ MĞOD͕ ɷ͕ ƉƉŵͿ͗ ϳ͘ϮϬ - 7.08 (m, 

5H, ArH), 4.27 - ϰ͘Ϯϱ ;ĚĚĚ͕ ϭH͕ ɲCH, J = 4.24 Hz), 2.97 - 2.79 (m, 2H, Ph-CH2). ESI-MS (206.1, 

M+NH). Elemental Analysis: Carbon 62.5%, Hydrogen 4.21%.  

Polymer Synthesis 

An example of the ROP procedure followed for polymer synthesis is provided for the synthesis 

of Glu-poly(Sar)-b-poly(PheLA). The NCA of sarcosine (420 mg, 3.65 mmol) was dissolved in 

anhydrous DMF (10 mL) in a nitrogen-purged Schlenk tube equipped with a magnetic stirrer 

bar. To this, a solution of 1,3,4,6-tetra-O-acetyl-2-amino-deoxy-ɴ-D-glucopyranose (64 mg, 

0.183 mmol) in anhydrous DMF (5 mL) was added. The reaction was allowed to stir at room 

temperature for 96 hours under nitrogen flow. 1 mL aliquots were obtained from the parent 

solution at 24 hour, 72 hour and 96 hour intervals. These were precipitated in cold diethyl 

ether and the solids obtained after centrifugation were analysed by ESI MS in order to confirm 

the ROP of sarcosine NCA from the glucose molecule. Then the OCA of L-phenylalanine (350.6 

mg, 1.83 mmol) was dissolved in anhydrous DMF (5 mL) and injected gently into the Schlenk 

tube together with a solution of 4-dimethylaminopyridine (DMAP) (22.3 mg, 0.183 mmol) in 

anhydrous DMF (2 mL). The reaction was allowed to stir at room temperature for a further 96 

hours. The polymer was then precipitated in cold diethyl ether and isolated by centrifugation 

(4000 rpm, 10 min) and then dried in vacuo for 24 hours at 37 oC. A similar procedure was 

followed for the synthesis of Glu-Poly(Sar)-b-Poly(Phe) using phenylalanine NCA to generate 

the peptide block.  

Glu-poly(Sar)-b-poly(PheLA): 53.4%. 1H NM˃ ;ϱϬϬ MHǌ͕ TFA͕ ɷͿ ϴ͘ϱϯ ;Ɛ͕ NH), 7.67 - 7.16 (m, 

ArH), 7.02 (t, OCHC(O)CH3), 6.32 - 5.28 (m, OC(O)CH3(CH)3NH), 4.73 - 4.62 (m, 

C;OͿɲCHCH2ArH), 4.62 - 4.51 (m, COCH2N(CH)3), 4.12 - 4.07 (m, CHNHCO, CH2CHO), 3.52 - 3.00 

(m, Ar-CH2, NCH3), 2.41 - 2.33 (q, COCH3, 12H).  
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Glu-poly(Sar)-b-poly(Phe): 75.9%. 1H NM˃ ;ϱϬϬ MHǌ͕ TFA͕ ɷͿ͗ ϴ͘ϱϱ ;Ɛ͕ NH), 7.50 - 7.15 (m, ArH), 

5.40 - 5.36 (m, CH(OCOCH3)), 5.01 m - 4.92 (m, CH2(OCOCH3)), 4.72 - 4.49 (m, CH2N(CH3), 

ɲCHNH), 3.78 - 3.74 (t, CH(O)OCOCH3), 3.68 - 3.63 (t, CHCONHCH2), 3.39 - 3.09 (m, CH2Ar, 

N(CH3)), (d, OCOCH3).  

Acetyl Deprotection 

An example of acetyl deprotection is provided for the synthesis of Glu-poly(Sar)-b-

poly(PheLA). Briefly, 1,3,4,6-tetra-O-acetyl-2-amino-deoxy-ɴ-D-glucopyranose-poly(Sar)-b-

poly(PheLA) (400 mg) was dissolved in 0.2 M LiOH(aq)/tetrahydrofuran (40 mL, 1:3 v/v). The 

solution was introduced into a 2-neck round bottom flask equipped with a magnetic stirrer 

bar. The reaction was stirred at room temperature for a minimum of 12 hours under nitrogen 

flow. Tetrahydrofuran was then removed under vacuum and the deacetylated polymer was 

dialysed against HPLC-grade water for 96 hours, with the dialysate being replenished at 8 hour 

intervals. Yields after dialyis and lyophilisation: Glu-poly(Sar)-b-poly(PheLA): 63 wt.%; Glu-

poly(Sar)-b-poly(Phe): 72 wt.%.  

Polymer Nanoprecipitation  

Glycopolymer solutions (5 mg/mL) were obtained by dissolving the respective polymers (5 

mg) in N,N-Dimethylformamide (1 mL). Then, PBS buffer (2.5 mL, pH 7.4) was added to the 

solutions under vigorous stirring. The mixture was stirred for an hour and then transferred to 

a dialysis tubing (2,000 Da MWCO). Complete nanoparticle formation and elimination of the 

organic solvent was then achieved by dialysis against PBS buffer (pH 7.4) (50 mL) for 72 hours, 

when then the total volume in the dialysis tubing was approximately 15 mL (ŝ͘Ğ͕͘ у Ϭ͘ϯϯ ŵŐͬŵL 

nanoparticles). The nanoparticles were collected into glass vials and stored for subsequent 

analysis.  

Turbidimetry Studies 

Lectin solutions (2 mg/mL) were obtained from Con A and RCA120 by dissolving the respective 

lectins in PBS buffer (pH 7.4). Nanoparticles (5 mg/ mL) in PBS buffer (pH 7.4) were prepared 

from the glycopolymers. Lectin binding assessments, using UV-Vis spectrophotometry, were 

then carried out by monitoring the change in turbidity upon mixing the lectin and 

glycopolymer solution at 450 nm, at 37 °C. Typically, 400 µL of Con A was pipetted into a 
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UV/Vis quartz cuvette and the background absorbance was measured. Then, 200 µL of 

nanoparticle solution was added to the lectin solution. The solution was mixed thoroughly by 

pipetting up and down and the absorbance was monitored continuously for 10 minutes. From 

then on, the concentration of the nanoparticles was increased gradually by adding 100 µL of 

nanoparticle solution at 10 minute intervals and subsequently monitoring the absorbance. 

Consequently, the final concentration of nanoparticles in the lectin-polymer mixture was ca 

3.18 mg/mL. The same procedure was repeated using RCA120.    

Preparation of Rhodamine B-Loaded Glycoparticles  

Glycopolymer solutions were obtained by dissolving the respective polymers (20 mg) in DMSO 

(1 mL). Then, rhodamine B solution (34 µM) was prepared in PBS buffer and its absorbance 

was confirmed by UV-Vis spectrophotometry. In order to generate rhodamine-B loaded 

nanoparticles, the glycopolymer solution (1 mL) was added gradually to the aqueous 

rhodamine-B solution (20 mL) under vigorous stirring. After complete addition, the 

suspensions generated were incubated at room temperature and left to stir for 18 hours in 

the dark to afford enough time for encapsulation of rhodamine B. Then the respective 

suspensions were centrifuged (6000 rpm, 10 mins). Rhodamine B-loaded nanoparticles were 

subsequently isolated from free, unencapsulated, rhodamine B and DMSO by decanting off 

the supernatant and the particles rinsed using fresh PBS buffer. The absorbance of the 

ƐƵƉĞƌŶĂƚĂŶƚ ŽďƚĂŝŶĞĚ ĂĨƚĞƌ ĐĞŶƚƌŝĨƵŐĂƚŝŽŶ ǁĂƐ ŵĞĂƐƵƌĞĚ Ăƚ ƚŚĞ ʄmax (554 nm). Absorbance 

values from before and after rhodamine B-encapsulation were then used to determine the 

concentration of rhodamine B that was encapsulated in nanoparticles. 

Payload Release from Glycoparticles 

Rhodamine B-loaded Glu-poly(Sar)-b-poly(PheLA) nanoparticles and Glu-poly(Sar)-b-

poly(Phe) nanoparticles were re-suspended in solutions of PBS buffer (pH 7.4, 5 mL) only, PBS 

buffer (pH 7.4, 5 mL) containing 40 units of lipase, PBS buffer (pH 7.4, 5 mL) containing 40 

ƵŶŝƚƐ ŽĨ ɲ-Chymotrypsin and acetate buffer (pH 5.4, 5 mL), respectively. The respective 

mixtures were then contained in glass vials masked with aluminium foil and evaporation was 

minimised by capping the vials. The final concentration of nanoparticles in each vial set-up 

was 5 mg/mL. The vials were subsequently incubated in the dark at the 37 °C. At 

predetermined time intervals, 1 mL aliquots were obtained from each vial and transferred 
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into Eppendorf microcentrifuge safe-lock tubes. These were then centrifuged and the 

respective supernatants (0.7 mL) were transferred into micro cell quartz cuvettes and their 

abƐŽƌďĂŶĐĞ ĚĞƚĞƌŵŝŶĞĚ ďǇ UVͬVŝƐ ƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚƌǇ Ăƚ ƚŚĞ ʄmax (554 nm). The analysed 

samples were retained immediately into their respective parent sample vials so as to achieve 

accumulative rhodamine B release. The amount of rhodamine B released at each time interval 

was subsequently computed from the prepared calibration graph by using the acquired linear 

equation. 

RESULTS AND DISCUSSION 

NCA and OCA cyclic monomers were obtained in good purity using previously reported 

protocols (Scheme 1a-c, SI Figures S1-S5, SI Tables S2-S4). Then, amphiphilic block copolymers 

that contained poly(sarcosine) (poly(Sar)) as the hydrophilic segment were synthesised from 

acetyl-protected GluAm for use as drug delivery vehicles (Scheme 1d). Poly(Sar) is an 

uncharged water-soluble polymer that offers a viable alternative to PEG for use as the 

hydrophilic component of amphiphilic block copolymers.  Initially, phenylalanine (Phe) NCA 

was grafted from acetyl-protected Glu-poly(Sar) to yield a poly(peptoid)-b-poly(peptide) 

block copolymer. Secondly, phenylalanine lactic acid (PheLA) OCA was grafted from acetyl-

protected Glu-poly(Sar) to yield a poly(peptoid)-b-poly(ester) block copolymer.  
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SĐŚĞŵĞ ϭ͗ TŚĞ ƌŽƵƚĞ ƚŽ ŽďƚĂŝŶŝŶŐ ďŝŽĚĞŐƌĂĚĂďůĞ ƉŽůǇ;ƐĂƌĐŽƐŝŶĞͿͲďͲƉŽůǇ;ĞƐƚĞƌͿ ĂŶĚ 

ƉŽůǇ;ƐĂƌĐŽƐŝŶĞͿͲďͲƉŽůǇ;ƉĞƉƚŝĚĞͿ ĐŽŶũƵŐĂƚĞƐ ĨƌŽŵ Ă ĐĂƌďŽŚǇĚƌĂƚĞ ŝŶŝƚŝĂƚŽƌ͗ ƐǇŶƚŚĞƐŝƐ ŽĨ 

ƐĂƌĐŽƐŝŶĞ NCA ;ĂͿ͕ ƐǇŶƚŚĞƐŝƐ ŽĨ LͲƉŚĞŶǇůĂůĂŶŝŶĞ NCA ;ďͿ͕ ƐǇŶƚŚĞƐŝƐ ŽĨ LͲƉŚĞŶǇůĂůĂŶŝŶĞ OCA ;ĐͿ͕ 

ƐǇŶƚŚĞƐĞƐ ŽĨ ďŝŽĚĞŐƌĂĚĂďůĞ ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ĨƌŽŵ Ă ĐĂƌďŽŚǇĚƌĂƚĞ ŝŶŝƚŝĂƚŽƌ ;ĚͿ ĂŶĚ ƚŚĞ 

ƌĞŵŽǀĂů ŽĨ ƚŚĞ ĂĐĞƚǇů ƉƌŽƚĞĐƚŝŶŐ ŐƌŽƵƉƐ ;ĞͿ͘ 

PŽůǇ;ĂŵŝŶŽ ĂĐŝĚͿͲĐŽŶƚĂŝŶŝŶŐ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ĂŶĚ ƉŽůǇ;ĞƐƚĞƌͿͲĐŽŶƚĂŝŶŝŶŐ GůƵͲ

ƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ǁĞƌĞ ƉƌŽĚƵĐĞĚ ŝŶ ǇŝĞůĚƐ ŽĨ  ϳϱ͘ϵй ĂŶĚ  ϱϯ͘ϰй ƌĞƐƉĞĐƚŝǀĞůǇ͘  ϭH NM˃ 

;SI FŝŐƵƌĞƐ Sϳ͕ SϴͿ ĂŶĚ FTI˃ ;SI FŝŐƵƌĞƐ Sϵ͕ SϭϬͿ ĐŽŶĨŝƌŵĞĚ ƚŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ƚŚĞ ĚĞƐŝƌĞĚ 

ƉŽůǇŵĞƌƐ ĂŶĚ ƚŚĞ ĐŽŵƉŽƐŝƚŝŽŶ ŽĨ ƚŚĞ ƉŽůǇŵĞƌƐ ǁĂƐ ĂƉƉƌŽǆŝŵĂƚĞĚ ĨƌŽŵ ϭH NM˃͘ Ϯϰ͘ϰ ƵŶŝƚƐ ŽĨ 

SĂƌ ĂŶĚ ϭϬ͘ϴ ƵŶŝƚƐ ŽĨ PŚĞ ǁĞƌĞ ƐƵĐĐĞƐƐĨƵůůǇ ŐƌĂĨƚĞĚ ĨƌŽŵ GůƵAŵ ƚŽ ǇŝĞůĚ GůƵͲƉŽůǇ;SĂƌͿͲďͲ

ƉŽůǇ;PŚĞͿ ǁŚŝůĞ ϮϬ ƵŶŝƚƐ ŽĨ SĂƌ ĂŶĚ ϭϭ ƵŶŝƚƐ ŽĨ PŚĞLA  ǁĞƌĞ ƐƵĐĐĞƐƐĨƵůůǇ ŐƌĂĨƚĞĚ ĨƌŽŵ GůƵAŵ 

ƚŽ ǇŝĞůĚ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ͘ ˃ĞŵŽǀĂů ŽĨ ƚŚĞ ĂĐĞƚǇů ŐƌŽƵƉƐ ƚŚĂƚ ƉƌĞǀŝŽƵƐůǇ ƉƌŽƚĞĐƚĞĚ 

ƚŚĞ ŚǇĚƌŽǆǇů ŐƌŽƵƉƐ ŽĨ ŐůƵĐŽƐĂŵŝŶĞ ǁĂƐ ĐŽŶĚƵĐƚĞĚ ƵƐŝŶŐ Ă LŝOH͕ THFͬHϮO ŵŝǆƚƵƌĞ ;SĐŚĞŵĞ 

ϭĞͿ͘ TŚĞ MŶ͕ Mǁ ĂŶĚ PDI ǀĂůƵĞƐ ŽĨ ƚŚĞ ƉŽůǇŵĞƌƐ ƉƌŽĚƵĐĞĚ ǁĞƌĞ ĂƐƐĞƐƐĞĚ ďǇ AĚǀĂŶĐĞĚ 

PŽůǇŵĞƌ CŚƌŽŵĂƚŽŐƌĂƉŚǇ͕  ĂƐ ƌĞǀĞĂůĞĚ ŝŶ TĂďůĞ ϭ͘ TŚĞ ƌĞƐƵůƚƐ ĐŽŶĨŝƌŵ ƚŚĂƚ ĂĐĞƚǇů ĚĞƉƌŽƚĞĐƚŝŽŶ 

ĚŝĚ ŶŽƚ ƌĞƐƵůƚ ŝŶ ƉŽůǇŵĞƌ ŚǇĚƌŽůǇƐŝƐ͕ ŝŶ ďŽƚŚ ŝŶƐƚĂŶĐĞƐ͘ 
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Table 1: The molecular weight analysis of the polymers produced. 

PŽůǇŵĞƌ MŶ ;Ő͘ŵŽůͲϭͿ Mǁ ;Ő͘ŵŽůͲϭͿ PDI 

GůƵͲPŽůǇ;SĂƌͿͲďͲPŽůǇ;PŚĞͿ ϰ͕ϮϮϭ ϰ͕ϰϰϵ ϭ͘Ϭϱ 

GůƵͲPŽůǇ;SĂƌͿͲďͲPŽůǇ;PŚĞLAͿ ϰ͕Ϯϯϰ ϰ͕ϰϲϲ ϭ͘Ϭϱ 

 

BŽƚŚ ƚŚĞ ƉŽůǇŵĞƌƐ ƉƌŽĚƵĐĞĚ ƉŽƐƐĞƐƐĞĚ ŶĂƌƌŽǁ PDI ǀĂůƵĞƐ͕ ĂŶ ŝŵƉĞƌĂƚŝǀĞ ƌĞƋƵŝƌĞŵĞŶƚ ŽĨ 

ĞĨĨĞĐƚŝǀĞ ĚƌƵŐ ĚĞůŝǀĞƌǇ ǀĞŚŝĐůĞƐ͘ FƵƌƚŚĞƌ ĐŽŶĨŝƌŵĂƚŝŽŶ ŽĨ ĂĐĞƚǇů ĚĞƉƌŽƚĞĐƚŝŽŶ ǁĂƐ ŐĂŝŶĞĚ ďǇ 

ŽďƚĂŝŶŝŶŐ ϭH NM˃ ĂŶĚ FTI˃ ĚĂƚĂ ŽĨ ƚŚĞ ƉƌŽĚƵĐƚƐ ;SI FŝŐƵƌĞƐ SϳͲSϭϬͿ͘ 

TŚĞ ĐĂƉĂďŝůŝƚǇ ŽĨ ƚŚĞ ƉŽůǇŵĞƌƐ ƉƌŽĚƵĐĞĚ ƚŽ ĨŽƌŵ ƉĂƌƚŝĐůĞƐ ŝŶ ĂƋƵĞŽƵƐ ƐŽůƵƚŝŽŶ ŝƐ ĞƐƐĞŶƚŝĂů ƚŽ 

ĞŶĂďůĞ ƚŚĞŝƌ ĚĞƉůŽǇŵĞŶƚ ĂƐ ĚƌƵŐ ĚĞůŝǀĞƌǇ ǀĞŚŝĐůĞƐ͘ NĂŶŽƉĂƌƚŝĐůĞƐ ǁĞƌĞ ĨŽƌŵĞĚ ďǇ ĚŝƐƐŽůǀŝŶŐ 

ƚŚĞ ƌĞƐƉĞĐƚŝǀĞ ƉŽůǇŵĞƌƐ ŝŶ DMF͕  ĂŶĚ ƚŚĞŶ ĚŝĂůǇƐŝŶŐ ƚŚĞ ƐŽůƵƚŝŽŶƐ ĂŐĂŝŶƐƚ PBS ƐŽůƵƚŝŽŶ͘ TŚĞ 

ŵŽƌƉŚŽůŽŐŝĞƐ ŽĨ ƚŚĞ ŶĂŶŽƉĂƌƚŝĐůĞƐ ƉƌŽĚƵĐĞĚ ǁĂƐ ĂƐƐĞƐƐĞĚ ďǇ TEM ;FŝŐƵƌĞ ϭĂ͕ ďͿ ĂŶĚ SEM ;SI 

FŝŐƵƌĞ SϭϭͿ͕ ǁŚŝĐŚ ƌĞǀĞĂůĞĚ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ ĚŝƐĐƌĞƚĞ ŶĂŶŽƉĂƌƚŝĐůĞƐ͘        
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FŝŐƵƌĞ ϭ͗ TŽƉ A ƐĐŚĞŵĂƚŝĐ ƌĞƉƌĞƐĞŶƚĂƚŝŽŶ ŽĨ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ ŶĂŶŽƉĂƌƚŝĐůĞƐ ŝŶ ĂƋƵĞŽƵƐ 

ƐŽůƵƚŝŽŶ͘ TEM ŵŝĐƌŽƉŚŽƚŽŐƌĂƉŚƐ ŽĨ ŶĂŶŽƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĨƌŽŵ ƚŚĞ ƐǇŶƚŚĞƐŝƐ ŽĨ ďŝŽĚĞŐƌĂĚĂďůĞ 

ďůŽĐŬ ĐŽƉŽůǇŵĞƌƐ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ;ĂͿ ĂŶĚ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ;ďͿ͘ DLS 

ƐŝǌĞ ĚŝƐƚƌŝďƵƚŝŽŶ ƚƌĂĐĞƐ ŽĨ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ŶĂŶŽƉĂƌƚŝĐůĞƐ ;ĐͿ ĂŶĚ GůƵͲPŽůǇ;SĂƌͿͲďͲ

ƉŽůǇ;PŚĞͿ ŶĂŶŽƉĂƌƚŝĐůĞƐ ;ĚͿ͘ 

DǇŶĂŵŝĐ ůŝŐŚƚ ƐĐĂƚƚĞƌŝŶŐ ;DLSͿ ŵĂǇ ďĞ ĞŵƉůŽǇĞĚ ƚŽ ĚĞƚĞƌŵŝŶĞ ƚŚĞ ĐƌŝƚŝĐŝĐĂů ĂŐŐƌĞŐĂƚŝŽŶ 

ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ƚŚĞ ƉŽůǇŵĞƌƐ ƉƌŽĚƵĐĞĚ͘Ϯϭ DLS AŶĂůǇƐŝƐ ƌĞǀĞĂůĞĚ ƚŚĂƚ ƚŚĞ ƉĂƌƚŝĐůĞƐ ĐŽŶƐŝƐƚŝŶŐ 

ŽĨ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ŚĂĚ Ă ŚǇĚƌŽĚǇŶĂŵŝĐ ƌĂĚŝƵƐ ŽĨ ϲϲ͘ϴ ц ϭϬ͘Ϭ Ŷŵ ;FŝŐƵƌĞ ϭĚ͕ SI TĂďůĞ 

SϱͿ ĂŶĚ Ă ĐƌŝƚŝĐĂů ĂŐŐƌĞŐĂƚŝŽŶ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ Ϭ͘Ϭϳϵ ŵŐ͘ŵLͲϭ ;SI FŝŐƵƌĞ SϭϯĂͿ͘ TŚĞ ƉĂƌƚŝĐůĞƐ 

ĨŽƌŵĞĚ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ƉŽƐƐĞƐƐĞĚ Ă ŚǇĚƌŽĚǇŶĂŵŝĐ ƌĂĚŝƵƐ ŽĨ ϱϵ͘ϲ ц ϭϮ͘Ϭ Ŷŵ 

;FŝŐƵƌĞ ϭĐ͕ SI TĂďůĞ SϱͿ ĂŶĚ Ă ĐƌŝƚŝĐĂů ĂŐŐƌĞŐĂƚŝŽŶ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ Ϭ͘Ϭϲϭ ŵŐ͘ŵLͲϭ ;SI FŝŐƵƌĞ 

SϭϯďͿ͘ IŶ ďŽƚŚ ŝŶƐƚĂŶĐĞƐ ƚŚĞ ƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĂƌĞ ŽĨ ƐƵŝƚĂďůĞ ĚŝŵĞŶƐŝŽŶƐ ƚŽ ďĞ ƵƐĞĚ ĂƐ ĚƌƵŐ 

ĚĞůŝǀĞƌǇ ǀĞŚŝĐůĞƐ ŝŶ ǀŝǀŽ͕ ĂŶĚ ĨŽƌŵ ƐƚĂďůĞ ƉĂƌƚŝĐůĞƐ Ăƚ ƐƵŝƚĂďůǇ ůŽǁ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ƚŽ ďĞ ĂƉƉůŝĞĚ 
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ŝŶ ǀŝǀŽ͘ϮϮ TŚĞ ƐƚĂďŝůŝƚǇ ŽĨ ƚŚĞ ƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ǁĂƐ ĂƐƐĞƐƐĞĚ 

ŝŶŝƚŝĂůůǇ ŽǀĞƌ Ă ƉĞƌŝŽĚ ŽĨ ϯϬϬ ŵŝŶƐ ďĞĨŽƌĞ ƚŚĞ ƉĂƌƚŝĐůĞƐ ǁĞƌĞ ƐƚŽƌĞĚ ĂŶĚ ƌĞͲĂŶĂůǇƐĞĚ ĂĨƚĞƌ ϱ 

ĚĂǇƐ ĂŶĚ Ϯϱ ĚĂǇƐ ;SI FŝŐƵƌĞ  SϭϯĂ͕ĐͿ͘ TŚĞ ƉĂƌƚŝĐůĞ ƐŝǌĞ ǁĂƐ ĨŽƵŶĚ ƚŽ ŚĂǀĞ ƌĞŵĂŝŶĞĚ ƌĞůĂƚŝǀĞůǇ 

ƐƚĂďůĞ Ăƚ ϲϳ͘ϵ Ŷŵ ĂŶĚ ϲϴ͘Ϯ Ŷŵ͕ ĂĨƚĞƌ ϱ ĚĂǇƐ ĂŶĚ Ϯϱ ĚĂǇƐ ƌĞƐƉĞĐƚŝǀĞůǇ͘   TŚĞƌĞ ǁĂƐ ŶŽ ƐŝŐŶŝĨŝĐĂŶƚ 

ĐŚĂŶŐĞ ŝŶ ƚŚĞ ƐŝǌĞ ŽĨ ƚŚĞ ƉĂƌƚŝĐůĞƐ ŽǀĞƌ ƚŚĞ Ϯϱ ĚĂǇ ƉĞƌŝŽĚ Ăƚ ƚŚĞ ϵϱ й C͘L͘ AŶĂůŽŐŽƵƐ ĂŶĂůǇƐŝƐ 

ŽĨ ƚŚĞ ƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ĂŶĚ ƌĞǀĞĂůĞĚ ƚŚĂƚ 

ƚŚĞ ƐŝǌĞ ŽĨ ƚŚĞƐĞ ƉĂƌƚŝĐůĞƐ ƌĞŵĂŝŶĞĚ ƌĞůĂƚŝǀĞůǇ ƐƚĂďůĞ Ăƚ ϲϮ͘ϯ Ŷŵ ĂŶĚ ϲϮ͘ϰ Ŷŵ͕ ĂĨƚĞƌ ϱ ĚĂǇƐ ĂŶĚ 

Ϯϱ ĚĂǇƐ ƌĞƐƉĞĐƚŝǀĞůǇ ;SI FŝŐƵƌĞ  Sϭϯď͕ĚͿ͘ TŚĞƌĞ ǁĂƐ ŶŽ ƐŝŐŶŝĨŝĐĂŶƚ ĐŚĂŶŐĞ ŝŶ ƚŚĞ ƐŝǌĞ ŽĨ ƚŚĞ 

ƉĂƌƚŝĐůĞƐ ŽǀĞƌ ƚŚĞ Ϯϱ ĚĂǇ ƉĞƌŝŽĚ Ăƚ ƚŚĞ ϵϱ й C͘L͘  

CĞŶƚƌĂů ƚŽ ƚŚĞ ĚĞƐŝŐŶ ŽĨ ƚŚĞ ƉŽůǇŵĞƌƐ ƉƌŽĚƵĐĞĚ ŝƐ ƚŚĞŝƌ ĐĂƉĂďŝůŝƚǇ ƚŽ ƉƌĞƐĞŶƚ ŐůƵĐŽƐĞ ƵŶŝƚƐ ŽŶ 

ƚŚĞŝƌ ĞǆƚĞƌŝŽƌ͕  ƵƉŽŶ ƐĞůĨͲĂƐƐĞŵďůǇ ŝŶƚŽ ƉĂƌƚŝĐůĞƐ͘ TŚĞ ƌĞĐŽŐŶŝƚŝŽŶ ĐĂƉĂďŝůŝƚŝĞƐ ŽĨ ƚŚĞ 

ŐůǇĐŽƉŽůǇŵĞƌƐ ĨŽƌŵĞĚ ǁĂƐ ĚĞƚĞƌŵŝŶĞĚ ƵƐŝŶŐ ĐŽŶĐĂŶĂǀĂůŝŶ A ;CŽŶ AͿ͕ Ă ƚĞƚƌĂŵĞƌŝĐ ůĞĐƚŝŶ ƚŚĂƚ 

ƉŽƐƐĞƐƐĞƐ ĨŽƵƌ ďŝŶĚŝŶŐ ƐŝƚĞƐ ƚŚĂƚ ĐĂŶ ƐƉĞĐŝĨŝĐĂůůǇ ďŝŶĚ ƚŽ ŐůƵĐŽƐǇů ƌĞƐŝĚƵĞƐ͘ SƵĐĐĞƐƐĨƵů 

ŝŶƚĞƌĂĐƚŝŽŶ ďĞƚǁĞĞŶ ƚŚĞ ŶĂŶŽƉĂƌƚŝĐůĞƐ ĂŶĚ ůĞĐƚŝŶ ŵĂĐƌŽŵŽůĞĐƵůĞƐ ƌĞƐƵůƚƐ ŝŶ ƉĂƌƚŝĐůĞ 

ĂŐŐƌĞŐĂƚŝŽŶ͕ ĂŶĚ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ƚƵƌďŝĚŝƚǇ ŽĨ ƚŚĞ ƐŽůƵƚŝŽŶ ŝŶ ǁŚŝĐŚ ƚŚĞǇ ĂƌĞ ĨŽƵŶĚ͘ FŝŐƵƌĞ Ϯ 

ƌĞǀĞĂůƐ ƚŚĞ ƚĞŶĚĞŶĐǇ ŽĨ ŶĂŶŽƉĂƌƚŝĐůĞƐ ĨŽƌŵĞĚ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ĂŶĚ GůƵͲ

ƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ƚŽ ĂŐŐƌĞŐĂƚĞ ŝŶ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ CŽŶ A͕ ďƵƚ ŶŽƚ ŝŶ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ƚŚĞ 

ŶŽŶͲŐůƵĐŽƐĞͲďŝŶĚŝŶŐ ůĞĐƚŝŶ ĨƌŽŵ RŝĐŝŶƵƐ CŽŵŵƵŶŝƐ AŐŐůƵƚŝŶŝŶ ;˃CAϭϮϬͿ͘ EĂĐŚ ƐƚĞƉ ŝŶĐƌĞĂƐĞ ŝŶ 

ĂďƐŽƌďĂŶĐĞ ƚŚĂƚ ŝƐ ĞǀŝĚĞŶĐĞĚ ŝŶ FŝŐƵƌĞ ϮĐ ĂŶĚ FŝŐƵƌĞ ϮĚ ŝƐ Ă ƌĞƐƵůƚ ŽĨ ĨƵƌƚŚĞƌ ŶĂŶŽƉĂƌƚŝĐůĞ 

ĂĚĚŝƚŝŽŶ ƚŽ ƚŚĞ ƐŽůƵƚŝŽŶ ;Ϭ͘ϱ ŵŐͿ͕ ďĞĨŽƌĞ Ă ƚŽƚĂů ƉŽůǇŵĞƌ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ϯ͘ϭϴ ŵŐͬŵL ǁĂƐ 

ƌĞĂĐŚĞĚ ĂĨƚĞƌ ϱϬ ŵŝŶƵƚĞƐ͘ 

 

NĂŶŽƉĂƌƚŝĐůĞ ĂŐŐƌĞŐĂƚŝŽŶ ǁĂƐ ĂůƐŽ ĐŽŶĨŝƌŵĞĚ ďǇ SEM ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ƐŽůƵƚŝŽŶƐ ĐŽŶƚĂŝŶŝŶŐ 

ŶĂŶŽƉĂƌƚŝĐůĞƐ ƉƌŽĚƵĐĞĚ ĨƌŽŵ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ ĂŶĚ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ 

ŝŶĚĞƉĞŶĚĞŶƚůǇ ŝŶĐƵďĂƚĞĚ ǁŝƚŚ CŽŶ A ;FŝŐƵƌĞ ϮĞ ĂŶĚ FŝŐƵƌĞ ϮĨ ƌĞƐƉĞĐƚŝǀĞůǇͿ͘ SŝǌĞ ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ 

ĂŐŐƌĞŐĂƚĞƐ ĨŽƌŵĞĚ ǁĂƐ ĐŽŶĚƵĐƚĞĚ ďǇ DLS ĂŶĚ ƌĞǀĞĂůĞĚ ƚŚĂƚ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞͿ 

ƉĂƌƚŝĐůĞƐ ŝŶĐƵďĂƚĞĚ ǁŝƚŚ CŽŶ A ƉŽƐƐĞƐƐĞĚ Ă ŵĞĂŶ ƉĂƌƚŝĐůĞ ƐŝǌĞ ŽĨ Ϯ͘ϰϬ ц Ϭ͘ϯϬ ʅŵ ;SI FŝŐƵƌĞ 

SϭϱĂͿ ĂŶĚ GůƵͲƉŽůǇ;SĂƌͿͲďͲƉŽůǇ;PŚĞLAͿ ƉĂƌƚŝĐůĞƐ ŝŶĐƵďĂƚĞĚ ǁŝƚŚ CŽŶ A ƉŽƐƐĞƐƐĞĚ Ă ŵĞĂŶ 

ƉĂƌƚŝĐůĞ ƐŝǌĞ ŽĨ Ϯ͘ϵϯ ц Ϭ͘ϰϬ ʅŵ ;SI FŝŐƵƌĞ SϭϱďͿ͘ IŶ ďŽƚŚ ŝŶƐƚĂŶĐĞƐ ĂŐŐƌĞŐĂƚĞ ĨŽƌŵĂƚŝŽŶ ŚĂƐ 

ŽĐĐƵƌƌĞĚ͖ ƚŚĞ ƉŽůǇĚŝƐƉĞƌƐŝƚǇ ŽĨ ƚŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ǁĂƐ ŝŶ ĞǆĐĞƐƐ ŽĨ Ϭ͘ϲϳ ǁŚŝĐŚ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ 

ƚŚĞ ƉĂƌƚŝĐůĞƐ ŝŶ ƚŚĞ ƐĂŵƉůĞ ĂƌĞ ƵŶƐƚĂďůĞ ĂŶĚ ŚŝŐŚůǇ ĂŐŐƌĞŐĂƚĞĚ͘       
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Figure 2: a and b, Uv-Vis spectrophotometry data revealing the aggregation of nanoparticles 

created from Glu-poly(Sar)-b-poly(Phe) and Glu-poly(Sar)-b-poly(PheLA) when incubated with 

Con A (ѕ) and RCA120 (ප) at increasing concentrations. The inset reveals the turbid suspensions 

that formed when the polymers were incubated with Con A and the clear solutions that were 

found when the polymers were incubated with RCA120. The binding of nanoparticles created 

from Glu-poly(Sar)-b-poly(Phe) (c) and Glu-poly(Sar)-b-poly(PheLA) (d) to Con A resulted in an 

increase in absorbance as the nanoparticle concentration was progressively increased over 

time. SEM analysis confirmed the formation of aggregates when Con A was incubated with 

nanoparticles created from Glu-poly(Sar)-b-poly(Phe) (e͕ ƐĐĂůĞ ďĂƌ ƌĞƉƌĞƐĞŶƚƐ ϱ ʅŵ) and Glu-

poly(Sar)-b-poly(PheLA) (f͕ ƐĐĂůĞ ďĂƌ ƌĞƉƌĞƐĞŶƚƐ ϭϬ ʅŵ).       
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Reduced environmental pH is a suitable stimulus to trigger the release of molecular cargo 

within an acidic environment, such as acidic tumor tissue. Creating polymeric structures that 

contain ester linkages that are susceptible to acid-mediated hydrolysis offers a highly-

effective mechanism to deliver anticancer agents to target cancerous cells. The capabilities of 

the glycoparticles formed to encapsulate, and selectively release, low molecular weight 

molecules was investigated by using rhodamine B as a model payload compound. 

Nanoparticles produced from Glu-poly(Sar)-b-poly(PheLA) were independently incubated in 

aqueous solutions with pH levels of pH 5.4 and pH 7.4. pH 5.4 was selected in order to 

simulate the (late) endosomal pH, whilst pH 7.4 is the physiological pH level.23 When 

incubated within pH 5.4 acetate buffer, release of rhodamine B (in excess of 97%) occurs due 

to the disruption of the nanoparticles upon acid hydrolysis of the ester bonds (Figure 3a). In 

contrast, the particles maintained in pH 7.4 PBS buffer released less than 11% of the loaded 

content over a 65 hour period. Payload release from exclusively poly(amino acid)-containting 

Glu-poly(Sar)-b-poly(Phe) particles in response to pH 5.4 buffer solution was extremely 

limited owing to the non-hydrolysis of the peptide bonds that form the polymer backbone 

(Figure 3b).   
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Figure 3: The release of rhodamine B from Glu-poly(Sar)-b-poly(PheLA) nanoparticles (a) and 

Glu-poly(Sar)-b-poly(Phe) nanoparticles (b)  in response to incubation in PBS buffer solution 

maintained at pH 7.4 (+) and acetate buffer solution ŵĂŝŶƚĂŝŶĞĚ Ăƚ ƉH ϱ͘ϰ ;ӑͿ͘ 

 

In addition, the composition of the block copolymers formed was selected to be susceptible 

to hydrolysis when independently incubated with chymotrypsin (Phe-containing polymers) 

and lipase (PheLA-containing polymers). The proteolytic enzyme chymotrypsin possesses the 

selectivity to cleave peptide bonds flanked by amino acids that possess aromatic side groups, 

for instance phenylalanine, whilst lipase possesses the broad selectivity to cleave ester 
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bonds.24 The capability of the particles produced to release their molecular cargo in response 

to an enzymatic trigger is displayed in Figure 4. As anticipated, chymotrypsin demonstrates 

extensive activity against the Phe-containing polymer, with 89.4% rhodamine B release 

occurring after 65 hours of incubation. The activity of chymotrypsin against the PheLa-

containing polymer is markedly less (23.3% release following 65 hours incubation), but is still 

noteworthy, and suggests the potential that this polymer has for gradual payload release 

upon interaction with chymotrypsin. The activity of lipase was profound against the PheLA-

containing polymers (81.8% release after 65 hours), but negligible against the Phe-containing 

polymers. Consequently, the polymers possess the capability to release their molecular cargo 

in response to acidic pH levels (PheLA-containing polymers), and the presence of lipase 

enzymes and protease enzymes.    
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Figure 4: The release of rhodamine B, at 37 °C, from Glu-poly(Sar)-b-poly(Phe) nanoparticles 

(a) and Glu-poly(Sar)-b-poly(PheLA)nanoparticles (b) in response to incubation in PBS solution 

(pH 7.4) only (+), PBS solution (pH 7.4) containing 40 ChyŵŽƚƌǇƉƐŝŶ ƵŶŝƚƐ ;පͿ ĂŶĚ PBS solution 

;ƉH ϳ͘ϰͿ ĐŽŶƚĂŝŶŝŶŐ ϰϬ LŝƉĂƐĞ ƵŶŝƚƐ ;ӑͿ͘ 

The KorsemeyarʹPeppas (KP) model represented by equation (1), was then used to estimate 

the mechanism of rhodamine B release from the polymers produced.25   

log  ሺெ೟ெಮሻ ൌ ݊ log ݐ ൅ log ݇                                   (1) 

Whereby, Mƚ ĂŶĚ Mь represent the cumulative amount of guest molecules released at time 

t and infinite time, respectively. n is the release exponent indicative of the release mechanism 
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at time t and k is the rate constant that takes into account the geometric characteristics of 

the nanoparticles and the encapsulated cargo. Using Equation (1), a linear plot can be 

obtained that has a slope which is the release exponent (n). For spherical particles, the release 

of the encapsulated cargo follows Fickian diffusion when n ч Ϭ͘ϰ3, is non-Fickian (anomalous) 

when 0.43 ख़ n ख़ Ϭ͘ϴ5 and case II diffusion (relaxation-controlled transport) when n ग़ Ϭ͘ϴ5.   

The KP model was used in both enzymatic and pH-mediated degradation studies. Analysis of 

the experimental data from enzyme-mediated degradation studies (SI Figure S17) revealed 

values of n ч Ϭ͘ϰ3 for both Glu-poly(Sar)-b-poly(Phe) and Glu-poly(Sar)-b-poly(PheLA) 

nanoparticles (SI Table S6). As such, the release of rhodamine B follows Fickian diffusion, 

indicating that comparable erosion control and diffusion factors are responsible for payload 

release. However, analysis of data from pH-mediated degradation of Glu-poly(Sar-b-PheLA) 

nanoparticles (SI Figure S18, SI Table S7) revealed a value of n ग़ Ϭ͘ϴ5 at acidic pH (case II 

transport-dominated release mechanism). This indicates the rapid diffusion of rhodamine B 

from the nanoparticles compared to the relaxation process of the polymer chains, most likely 

due to polymer erosion and subsequent dissociation.26 The negligible release from the control 

(Glu-poly(Sar)-b-poly(Phe) glycoparticles when incubated in solution of acidic pH appears to 

follow a Fickian diffusion (n =0.77), and is envisaged to be due to the swelling of nanoparticles 

over time (Figure S19, Table S8).   

CONCLUSION 

Amphiphilic block polymers consisting of discrete poly(ester) and/or poly(amino acid) 

segments independently conjugated to a poly(peptoid) segment have been produced using 

glucoseamine as the functional initiator. Utilising a glycoinitiator enables nanoparticulates to 

be generated that present glucose on their exterior, a feature that may be exploited for 

enhanced cellular uptake by cancer cells. The selective binding of the particles was 

demonstrated by the capability of glucose-bearing particles to bind with the target lectin Con 

A, but not the control lectin RCA120. The controlled release of entrapped payload molecules 

was achieved when the PheLA-containing particles were incubated in acidic solution. 

Additionally, the enzyme-mediated hydrolysis of both poly(amino acid) and poly(ester)-

containing polymers was achieved using protease and lipase enzymes, respectively. As such, 

the biodegradable particles presented are of significance as carrier vehicles for payload 

release upon interaction with a targeted stimulus. 



20 

 

SƵƉƉŽƌƚŝŶŐ IŶĨŽƌŵĂƚŝŽŶ 

TŚĞ SƵƉƉŽƌƚŝŶŐ IŶĨŽƌŵĂƚŝŽŶ ŝƐ ĂǀĂŝůĂďůĞ ƚŚĂƚ ĐŽŶƚĂŝŶƐ͗ 

EǆƉĞƌŝŵĞŶƚĂů ĚĞƚĂŝůƐ͕ NM˃ ƐƉĞĐƚƌĂ͕ ESI MS ƐƉĞĐƚƌĂ͕ FTI˃ ƐƉĞĐƚƌĂ͕ ĂŶĚ DLS ƐƉĞĐƚƌĂ͘   

 

AĐŬŶŽǁůĞĚŐŵĞŶƚ 

TŚĞ ĂƵƚŚŽƌƐ ǁŽƵůĚ ůŝŬĞ ƚŽ ƚŚĂŶŬ ƚŚĞ BĞŝƚ ƚƌƵƐƚ ĂŶĚ EPS˃C ĨŽƌ ĨŝŶĂŶĐŝĂů ƐƵƉƉŽƌƚ͕ ĂŶĚ AůŐǇ 

KĂǌůĂƵĐŝƵŶĂƐ ĂŶĚ TĂŶǇĂ MĂƌŝŶŬŽͲCŽǀĞůů ĨŽƌ ĞǆƉĞƌŝŵĞŶƚĂů ĂƐƐŝƐƚĂŶĐĞ͘ 
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