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Statement of Purpose: Thermosensitive materials are 
widely studied as temperature-regulated drug delivery 
systems and injectable matrices for tissue engineering 
applications.  Copolymers of poly(N-isopropylacryl-
amide) (PNiPAAm) are common among these 
thermogelling systems as PNiPAAm undergoes a sharp 
phase transition at 32 ºC.  This work describes the 
synthesis and characterization of amphiphilic polymers 
containing PNiPAAm modified with a series of 
hydrophilic and hydrophobic monomers, including vinyl 
phosphonic acid (VPA).  At pH 7.4, the pendant 
phosphonic acid groups introduced by copolymerization 
of VPA contain two negatively charged moieties, and it is 
hypothesized that these charged moieties will allow the 
polymers to interact with ions in the surrounding solution.  
The influence of these interactions on the behavior of 
polymer micelle formation and thermogelation is 
investigated. 
Methods: A series of copolymers of PNiPAA, VPA, 2-
hydroxyethyl acrylate, pentaerythritol diacrylate 
monostearate, and acrylamide were synthesized in THF 
via free radical polymerization using 
azobisisobutyronitrile as initiator.  The content of VPA 
and 2-hydroxyethyl acrylate were varied to investigate the 
effect of differential phosphonic acid content on ionic 
interactions.  The structure and composition of the 
synthesized polymers were characterized via 1H and 31P 
NMR, elemental analysis, freezing point depression 
osmometry, and thermogravimetric analysis. The 
behavior of polymer micelles formed in dilute aqueous 
solutions of the polymers augmented with mono- and 
divalent ions was analyzed using dynamic and static light 
scattering.  Ionic interactions and thermogelation of the 
polymers in aqueous solution were further characterized 
using differential scanning calorimetry and rheology.  
Results: NMR combined with elemental analysis verified 
the structure and composition of the synthesized 
macromers with actual comonomer ratios roughly 
equivalent to the theoretical (feed) ratios.  Freezing point 
depression osmometry revealed a decrease in number 
average molecular weight with increasing VPA content.  
TGA of lyophilized gels formed in aqueous solutions 
containing CaCl2 revealed an increased wt% of ash 
persisting at 800 ºC in the presence of both increasing 
VPA comonomer content and increasing concentrations 
of CaCl2.  Dynamic light scattering revealed the 
formation of polymer micelles in aqueous solution; 
however, these micelles were disrupted upon the addition 
of a divalent ion in solution.  The addition of a 
monovalent ion did not disrupt the micelles, and 
additionally, polymers that did not contain VPA were 
unaffected by the presence of ions in solution.  Rheology 
demonstrated transition temperatures ranging from 33 ºC 
– 37 ºC as measured by calculating the inflection points of 
both the phase angle-temperature and complex viscosity-

temperature curves.  Transition temperatures as measured 
by both methods were significantly decreased in the 
presence of a divalent ion, and increases in complex 
viscosity of one order of magnitude were seen with the 
addition of a divalent ion.  Controls (solutions with 
monovalent ions and polymers containing no phosphonic 
acid moieties) revealed no changes.  Figure 1 
demonstrates a representative rheological trace of one 
such sample.  
 

 
Figure 1. Representative rheogram of a synthesized 
polymer (poly(PEDAS1-stat-NiPAAm12-stat-HEA2-stat-
AAm2-stat-VPA2)) in aqueous solution, demonstrating the 
drop in phase angle (orange), increase in complex 
viscosity (green), and the increase in storage modulus 
(red) relative to loss modulus (blue), with increasing 
temperature (x-axis). 
 
Conclusions:  Polymers that incorporated a commonly 
used thermosensitive component, PNiPAAm, modified 
with a number of comonomers, including one, VPA, 
hypothesized to allow the polymers to interact with ions 
in solution, were synthesized in a controlled manner via 
free radical polymerization.  In dilute aqueous solutions, 
the amphiphilic polymers formed micelles that were 
disrupted upon the addition of a divalent ion.  In more 
concentrated solutions, the polymers underwent a 
thermally induced entropically driven phase separation as 
expected.  The presence of a divalent ion lowered the 
transition temperature and increased the complex 
viscosity of the resultant gels, possibly due to ionic 
crosslinking between chains.  These materials, which 
allow for the control of micelle and gel formation using 
ions in addition to temperature changes, may have 
implications in both drug delivery and tissue engineering 
 


