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Facile Synthesis of Drug-Conjugated PHPMA Core-

Crosslinked Star Polymers 

Bryan S. Tucker, Stephen G. Getchell, Megan R. Hill, and Brent S. Sumerlin*   

Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA), a biocompatible and non-immunogenic 
polymer, was used to form core-crosslinked star polymers for potential drug delivery 
applications. The conditions for the formation of the PHPMA stars were studied by varying the 
molecular weight of the PHPMA unimers, [crosslinker]:[unimer] ratios, and solvent. The 
optimized conditions were then used to form drug-loaded PHPMA star polymers by directly 
copolymerizing an HPMA-modified anticancer drug, methotrexate, during the crosslinking 
reaction of PHPMA unimers. The incorporation of the drug was confirmed by 1H NMR 
spectroscopy, and UV-visible spectroscopy was used to determine a drug loading of 20 wt%. 
Our initial drug release studies showed that the addition of an esterase induced drug release.  
 
 

Introduction 

Advances in synthetic polymerization techniques, including 
atom transfer radical polymerization (ATRP),1 nitroxide-
mediated polymerization (NMP),2 and reversible addition-
fragmentation chain transfer (RAFT) polymerization3 have led 
to the development of complex macromolecular 
architectures1,4,5 including micelles,2,6,7 polymeric vesicles,3,8 
and star nanoparticles, 9-13 with highly diverse functions 
including drug delivery vehicles,14-17 imaging agents,18 
emulsifiers,19 and nanoreactors.20,21 In particular, core-
crosslinked star (CCS) polymers, in which linear arms emanate 
from a highly crosslinked core, have received increased 
research interest due to their core-shell structure and possibility 
for drug delivery applications.10,22  
 Generally, CCS polymers are synthesized through either an 
“arm-first” method,23 in which pre-formed “living” polymers 
are chain extended in the presence of a divinyl monomer, or a 
“core-first” method,24 in which a multifunctional chain transfer 
agent or initiator is used in a “grafting-from” method to 
polymerize monomer. The arm-first method is most often 
utilized due to an ability to characterize arm precursor polymers 
and the facility with which a large number of arms can be 
incorporated into the final CCS polymer. The work of Gao and 
Matyjaszewski has demonstrated the utility of ATRP in 
forming CCS polymers via an arm-first approach with the 
production of homoarm25 and miktoarm26 stars with a variety of 
compositions. Potentially due to its degenerative chain-transfer 
mechanism, RAFT polymerization has been more seldom used 

to form well-defined CCS polymers. However, Boyer, Davis, 
and coworkers have recently demonstrated the ability to tune 
the solubility of a divinyl crosslinker compound to generate 
well-defined CCS polymers in homogeneous RAFT 
polymerizations.27-29 The An group has used heterogeneous 
RAFT polymerizations in ethanol/water mixtures to form 
homoarm and miktoarm CCS polymers for use as 
emulsifiers,19,30-32 and Whittaker and coworkers have recently 
used heterogeneous RAFT polymerization to form CCS 
polymers for use as 19F imaging agents for magnetic resonance 
imaging applications.33 
 We are interested in studying the applicability of star 
polymers in drug delivery. Polymeric systems have long been 
studied to deliver therapeutics, and early work by Ringsdorf 
proposed the characteristics of an effective delivery system, 
including (i) hydrophilicity to solubilize small, hydrophobic 
drugs, (ii) a biodegradable linker for drug attachment, and (iii) a 
targeting moiety that directs delivery to a specific site of 
action.34 In addition, the delivery system should be of sufficient 
size (~10-200 nm) to increase biodistribution by preventing 
renal filtration but small enough to avoid clearance by the 
reticuloendothelial system.17 This size range also allows the 
nanoparticles to benefit from the enhanced permeation and 
retention (EPR) effect, which describes the loosely formed 
vasculature and poor lymphatic drainage often found in 
cancerous tissues that lead to accumulation of nanoparticles 
within diseased tissue while largely excluding it from healthy 
tissue.35,36 
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 While the majority of materials used in nanomedicine are 
composed of poly(ethylene glycol) (PEG)-based materials 
because of their water solubility and biocompatibility, poly(N-
(2-hydroxypropyl)methacrylamide) (PHPMA)-based 
materials37-39 have shown considerable promise as well. 
PHPMA can potentially overcome some of the suggested 
shortcomings of PEG, including dose-dependent 
immunoresponses, rapid clearance after repeated injections, and 
potential peroxidation.40-42 Additionally, HPMA is readily 
synthesized and can be polymerized via a variety of methods 
including conventional radical polymerization,43 ATRP,44 and 
RAFT polymerization.45 Furthermore, the available hydroxyl 
group on HPMA can be exploited as a versatile handle for the 
incorporation of drugs, imaging agents, and targeting ligands.  
 A number of PHPMA-based therapeutics have been 
synthesized; however, the use of star shaped PHPMA 
derivatives has only been investigated using a dendritic 
poly(amido amine) core with linear PHPMA attached via 
coupling.46-51 While these reports demonstrated useful 
properties for drug delivery systems, such as an extended blood 
circulation time compared to linear PHPMA and drug release at 
acidic conditions, tedious and labor-intensive purifications, 
including preparative gel permeation chromatography, were 
often required to isolate the macromolecular coupling products. 
 Here we demonstrate, for the first time, the synthesis of 
PHPMA CCS polymers using the arm-first method to prepare 
well-defined, crosslinked star nanoparticles in a facile and 
efficient method. For potential drug delivery applications, we 
exploited the hydroxyl group of HPMA for attachment of 
methotrexate, a folic acid antagonist used in the treatment of a 
number of cancers.52-54 This novel drug-conjugated monomer 
was then directly polymerized during CCS formation to provide 
drug-loaded PHPMA nanoparticles. Given that the drug was 
covalently bound, this method should provide enhanced 
stability toward premature drug release (Scheme 1). Finally, we 
show that the drug can be released from the monomer via 
enzymatic hydrolysis. 
 

Results and Discussion 

Polymeric nanoparticles for drug delivery should ideally be 
narrowly dispersed in both their size and composition to 
efficiently and consistently deliver their payload. The 
uniformity of CCS polymers is affected by the molecular 
weight of the unimers, the amount of crosslinker used, and the 
efficiency with which the unimers are incorporated into the 
nanostructure. Our goal was to develop a strategy to well-
defined PHPMA-based star polymers that have potential utility 

in drug delivery. To demonstrate the versatility of PHPMA 
CCS formation by our RAFT-based strategy, a number of 
synthetic variables were investigated to tune the formation of 
well-defined stars, including [crosslinker]:[unimer] ratios, 
unimer molecular weight, and solvent selection.  
 Linear unimers of three distinct molecular weights (MW) 
were prepared by RAFT polymerization of N-(2-
hydroxypropyl)methacrylamide (HPMA) to control the MW 
and molecular weight distributions of the resulting polymers 
(Table 1, Fig. S4). We reasoned the narrow molecular weight 
distribution in the unimers should aid in preparing stars that 
also had narrow size distributions. These unimers were 
employed in the arm-first synthesis of CCS polymers using 
ethylene glycol dimethacrylate (EGDMA) as the divinyl 
crosslinker. The efficiency of each reaction (i.e, star yield) was 
calculated by deconvolution of the gel permeation 
chromatography (GPC) refractive index (RI) chromatogram and 
equation (1):  
 

star yield = Astar/(Astar + Aunimer)  (1) 
 
where Astar and Aunimer are the areas of the star and unimer 
peaks, respectively. The weight-average MW (Mw) of each 
CCS polymer was obtained via GPC equipped with a multi-
angle light scattering detector (MALS) using the dn/dc value 
for the unimer. While this assumption that the scattering of the 
star is only due to the PHPMA arms is not ideal, we believe that 
this can be used to understand the general trends in star 
formation under varied reaction conditions. Also from the 
GPC-MALS data, the arm number, f, was calculated to give the 
average number of arms per star (Equation 2, ESI). 
Table 1 Results for the synthesis of poly(N-(2-hydroxypropyl)methacrylamide) 

(PHPMA). Absolute molecular weights were determined using gel permeation 

chromatography equipped with a multi-angle light scattering detector.  

Entry Mn (g mol-1) Mw/Mn 

P1   6 260 1.08 
P2   9 470 1.08 
P3 17 300 1.24 

 

CCS polymers from varying crosslinker concentration 

PHPMA CCS polymers were synthesized using P1 (Table 1) 
and varying [crosslinker]:[unimer] ratios (15:1, 10:1, and 5:1) 
in N,N-dimethylacetamide (DMAc) for 24 h (Table 2). The 
GPC chromatograms of each crude reaction showed a decrease 
in elution time, indicating the formation of higher MW CCS 
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polymers (Fig. S5). Increasing crosslinker concentration led to 
an increased star yield, as well as higher arm number, f, and 
higher star Mw, which is likely due to a larger core Mw and 
higher incorporation of unimers in each CCS polymer. The 
highest concentration of crosslinker ([crosslinker]:[unimer] = 
15:1) led to the highest star yield, but the star peak was broad 
and multimodal due to a broad molecular weight distribution. 
This observation may be attributed to star-star coupling, which 
could be due to a high number of crosslinking moieties that can 
potentially lead to cross-propagation during star synthesis. On 
the other hand, using the intermediate crosslinker concentration 
([crosslinker]:[unimer] = 10:1) resulted in a narrow, 
monomodal star peak in the GPC chromatogram and moderate 
star yield. However, this star polymer had limited water 
solubility, possibly due to the relatively short hydrophilic arms 
that were unable to solvate a large hydrophobic core. As 
expected, the lowest crosslinker concentration 
([crosslinker]:[unimer] = 5:1) resulted in the lowest star yield. 
Considering the well-defined star peak obtained using the 
intermediate crosslinker concentration, this ratio was chosen for 
further studies to investigate conditions that provide well-
defined stars that have sufficient water solubility.  

CCS polymers from varying unimer Mn 

We hypothesized that increasing the MW of the arms would 
result in higher water solubility and provide a more efficient 
steric shield to prevent star-star coupling. PHPMA stars were 
synthesized with varying unimer Mn and a constant 
[crosslinker]:[unimer] ratio (10:1). The results indicated that 
increasing the unimer molecular weight resulted in a decrease 
in star yield (Table 2, Fig. 1a), which is possibly due to the 
difficulty in incorporating a large number of higher MW 
unimers during star growth as a result of the increased steric 
congestion around the core. Even though the star yield was 
higher with P1, the lower water solubility and concern of 
aggregation led us to choose P2 as the unimer for continued 
studies. The CCS polymers obtained in this system, denoted 
CCS1, were purified by fractional precipitation and were 
characterized by GPC-MALS, dynamic light scattering (DLS), 
and transmission electron microscopy (TEM) (Fig. 1). 

Heterogeneous CCS polymer synthesis  

Despite the ability to synthesize and isolate CCS polymers from 
homogeneous polymerization conditions, the long reaction 
times of homogeneous systems and tedious polymer recovery 

limited the utility of this method. We employed similar 
conditions to those previously reported for the synthesis of  
poly(polyethylene glycol)methacrylate CCS polymers by 
dispersion polymerization, using an EtOH/H2O solvent mixture 
and a water soluble initiator.30 Thus, PHPMA CCS polymers 
were prepared by dispersion polymerization using P2 and a 
[crosslinker]:[unimer] ratio of 10:1. Well-defined stars (CCS2) 
were formed in only 4 h, as compared to the 24 h required 
under homogeneous conditions (Table 2, Fig. 2a). We believe 
the increased rate of star formation is due to the limited 
solubility of both the EGDMA crosslinker and the growing core 
of the stars in the reaction medium, which creates a dispersion 
polymerization scenario. CCS2 was readily purified by 
ultrafiltration, which provided a facile and rapid method to 
remove unreacted unimers and isolate our stars compared to 
preparative GPC methods used in previous reports., The 
purified stars were then analyzed by GPC-MALS, DLS, and 
TEM (Fig. 2). DLS analysis indicated stars with a 
hydrodynamic diameter (Dh) of 20 nm, and TEM revealed the 
nanoparticles adopted a spherical morphology with sizes 

Table 2 Reaction conditions and molecular weight and size results during preparation of PHPMA core-crosslinked star polymers 

Entry 
 

Unimera [crosslinker]:[unimer] Solvent CCS Mw
b (kg mol-1) Star yieldc (%) f d Dh

e(nm) 

P1-5 P1 5:1 DMAc  73.3 30   10 - 
P1-10 P1 10:1 DMAc   256 60   20 - 
P1-15 P1 15:1 DMAc 1250 70 100 - 
P2-10 (CCS1) P2 10:1 DMAc   211 50   14 43 
P3-10 P3 10:1 DMAc   287 10   10 - 
CCS2 P2 10:1 EtOH/H2O   553 70   40 20 
CCS3 P2 10:1 H2O 1280 70 100 20 
CCS4 P2 10:10:1f EtOH/H2O   124 60   10 20 

a Refer to Table 1 for the molecular weights of unimers P1-P3. bWeight-average molecular weight of core-crosslinked star polymers determined by GPC-
MALS. cStar yield calculated using the deconvoluted GPC RI chromatograms and Equation 1. dArm number calculated using Equation 2. eHydrodynamic 
diameter from dynamic light scattering in water. Diameters are provided  only for the samples that were purified to avoid convolution by unreacted unimers 
in solution. f[crosslinker]:[HPMA-MTX]:[unimer] 
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consistent with DLS data, when considering the dehydration of 
the stars after deposition onto the TEM grid. TEM also revealed 
the presence of very small aggregates in addition to stars. Based 
on their size and the MW data from GPC-MALS, it is believed 
these polymers are very low MW stars (e.g., two- or three-arm 
stars).  
 The stars could also be efficiently prepared in pure water, in 
the absence of an organic cosolvent. Interestingly, when P2 was 
used as the unimer with a [crosslinker]:[unimer] ratio of 10:1, 
the resulting CCS polymers (CCS3, Table 2, Fig. S7) had 
approximately twice the molecular weight and number of arms 
as compared to CCS2, even though the Z-average Dh was 
approximately equal for both samples. This suggests the size of 
the CCS polymers is equal, despite a large difference in the 
MW. We believe this is due to a higher packing efficiency for 
CCS3, possibly due to pre-assembly of the crosslinker in a poor 
solvent, increasing the efficiency with which arms are 
incorporated into the star. Since the MW of the arms is equal 
and a spherical morphology is observed in each scenario, the 
arms of CCS3 are presumably more closely packed than that of 
CCS2, and the resultant stars have approximately equal size. 

Drug-loaded PHPMA CCS Polymer Synthesis 

With efficient synthetic conditions for star formation having 
been determined, we next investigated the incorporation of an 
anticancer drug within the star cores. Methotrexate (MTX) is a 
therapeutic used to treat a diverse set of cancers and contains a 
carboxylic acid functional group that provides a straightforward 
method for conjugation to the hydroxyl group of HPMA 
(Scheme S1). Enzyme-catalyzed release of the drug from the 
HPMA-MTX conjugate was investigated using porcine liver 
esterase, an enzyme that readily cleaves ester bonds. 55-59 After 
incubation with PLE (150 U/mg) for 96 h, 30% of MTX was 
cleaved to yield the free drug and HPMA (Fig. S10). We 
believe that the relatively low amount of drug release could be 
due to the electrophilic methacrylamide group, which is 
susceptible to Michael addition by the nucleophilic active site 
of the enzyme. However, since no release was observed over 
the same period in the absence of the enzyme, we reasoned that 

PLE might selectively release the drug from our PHPMA-based 
star polymers. 
 HPMA-MTX was used in the formation of a star polymer 
(CCS4) using RAFT dispersion conditions, and the star was 
purified by ultrafiltration (Table 2). GPC-MALS and DLS were 
used to determine the molecular weight and size of the stars. 
UV-Vis spectroscopy was used to confirm the incorporation of 
the drug in CCS4 as 20 wt% using a standard curve to 
determine the concentration of MTX in the star relative to the 
total star concentration. Because the drug was directly 
polymerized, the amount of drug in the star could be tuned by 
controlling the degree of polymerization of the drug-monomer. 
Here, we achieved 55% conversion of the drug-monomer, 
based on 1H NMR spectroscopy, which corresponded to 40 
MTX units per star. Finally, TEM analysis revealed a spherical 
morphology for the drug-containing stars (Fig. 3). Altogether, 
these results demonstrated the drug could be directly 
polymerized without altering the integrity of the CCS polymer. 
Finally, enzymatic drug release for CCS4 was investigated. In 
contrast to the monomer, the drug-loaded stars had significantly 
enhanced stability toward enzymatic hydrolysis, with no release 
observed after 48 h. We reasoned the stability was due to the 
highly crosslinked nature of the core, limiting access of the 
enzyme to the ester linkages tethering the drug to the stars.  
 A convenient way to study how the core sterics affect drug 
release was to synthesize a drug-loaded PHPMA star using a 
degradable crosslinker, where cleavage of the crosslinker would 
result in unimers in solution, providing more facile enzymatic 
access. It is possible this strategy also improves the ultimate 
utility of the polymer, as the unimers that result from 
dissociation should be below the size limit for clearance via 
renal filtration. Toward this goal, a star polymer (CCS5) was 
synthesized using a disulfide-bearing crosslinker, which can be 
cleaved upon the addition of a reducing agent (Scheme S2, 
Table S1, Figure S9). To investigate drug release, the star was 
first reduced using tributylphosphine and purified by dialysis. 
PLE (150 U/mg) was then added, and drug release was 
monitored by HPLC. However, no drug release was observed in 
this system after 48 h. It is possible that even the sterics of a 
linear polymer slow the hydrolysis of the ester. Therefore, we 
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are currently investigating alternative methods of drug 
conjugation that are more susceptible to release under specific 
conditions found in the tumor microenvironment.  
 

Conclusions 

In summary, well-defined PHPMA macroCTAs were 
synthesized by RAFT polymerization and were subsequently 
used to produce star polymers via both homogeneous and 
heterogeneous reaction conditions. We found that high 
concentrations of crosslinker during the polymerization led to 
only partially water-soluble CCS polymers, and the use of high 
MW unimers resulted in limited star yields in homogeneous 
reaction conditions due to the steric hindrance encountered 
when adding large unimers to a growing CCS polymer.  High 
star yields could be obtained in short reaction times by 
dispersion polymerization in EtOH/H2O with unimers of 
intermediate MW and intermediate [crosslinker]:[unimer] 
ratios.  
 To study these materials for drug delivery, a 
chemotherapeutic agent was conjugated to HPMA, and the 
resulting monomer-drug was used during CCS polymer 
synthesis under the optimized RAFT dispersion conditions to 
form drug-loaded PHPMA-based stars.  Well-defined, spherical 
aggregates with a high drug loading capacity were confirmed. 
Because the drug was covalently bound within the star cores, it 
is expected that higher drug stability may be observed during in 
vivo circulation. The HPMA-MTX conjugate was observed to 
undergo enzyme-triggered drug release, though the sterically 
hindered environment of the drug conjugated to the PHPMA 
backbone limited release under the conditions employed. 
Although studies are underway to optimize the rate of drug 
release from these star polymers, we believe this report 
provides a strategy toward PHPMA-based drug delivery 
systems and valuable insight into the slow release of covalently 
conjugated drugs from PHPMA.  
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