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Well-defined single polymer nanoparticles for the 

antibody-targeted delivery of chemotherapeutic 

agents 

D.D. Lane1, D.Y. Chiu1, F.Y. Su, S. Srinivasan,  H.B. Kern, O.W. Press, P.S. 
Stayton and A.J. Convertine*   

Aqueous reversible addition-fragmentation chain transfer (RAFT) polymerization was 
employed to prepare a series of linear copolymers of N,N-dimethylacrylamide (DMA) and 2-
hydroxyethylacrylamide (HEAm) with narrow Đ values over a molecular weight range 
spanning three orders of magnitude (103 to 106 Da). Trithiocarbonate-based RAFT chain 
transfer agents (CTAs) were grafted onto these scaffolds using carbodiimide chemistry 
catalyzed with DMAP.  The resultant graft chain transfer agent (gCTA) was subsequently 
employed to synthesize polymeric brushes with a number of important vinyl monomer classes 
including acrylamido, methacrylamido, and methacrylate.  Brush polymerization kinetics were 
evaluated for the aqueous RAFT polymerization of DMA from a 10 arm gCTA.  Polymeric 
brushes containing hydroxyl functionality were further functionalized in order to prepare 2nd 
generation gCTAs which were subsequently employed to prepare polymers with a brushed-
brush architecture with molecular weights in excess of 106 Da.  These resultant single particle 
nanoparticles (SNPs) were employed as drug delivery vehicles for the anthracycline-based 
drug doxorubicin via copolymerization of DMA with a protected carbazate monomer 
(bocSMA).  Cell-specific targeting functionality was also introduced via copolymerization 
with a biotin-functional monomer (bioHEMA).  Drug release of the hydrazone linked 
doxorubicin was evaluated as function of pH and serum and chemotherapeutic activity was 
evaluated in SKOV3 ovarian cancer cells. 

 

Introduction  

The American Cancer Society projects that in 2013 there were 
1,660,290 new cases of cancer with approximately 580,350 
Americans succumbing to the disease, making it the second 
most common cause of death in the United States.1 While 5-
year survival rates for cancer as a whole have improved to 68% 
the 5-year survival rate for advanced ovarian cancer is only 
30%.2   Ovarian cancer is disproportionately more deadly 
because of a lack of effective early detection methods and the 
absence of early warning symptoms. These factors generally 
result in a poor prognosis with 60 % of women presenting with 
stage III or stage IV cancer that has spread beyond the 
ovaries.3,4 Despite the pressing need for new treatments, there 
have been few new therapeutics and the most promising 
advance has been the demonstration of improved overall 
survival using intraperitoneal (IP) administration of cisplatin 
(with and without paclitaxel).5 However, widespread adoption 

of IP chemotherapy has been limited largely due to associated 
toxicities.  
The use of nanoparticle-based therapies to deliver cytotoxic 
agents has the potential to significantly improve the prognosis 
and quality of life for women suffering from ovarian cancer.  
Chemotherapeutic nanoparticle formulations such as Doxil 
(liposomal encapsulated doxorubicin), exhibit higher 
circulation times than the unencapsulated drugs yet can exhibit 
substantially fewer deleterious side affects.6    In the case of 
Doxil the risk of cardiotoxicity is 7-fold lower than the free 
drug despite the large difference in circulation half-lives. 
Tumor specificity for untargeted nanoparticles is generally 
attributed to enhanced permeation and retention (EPR), where 
the leaky tumor vasculature and poor lymphatic drainage result 
in nanoparticle accumulation.7-10  Many tumors however do not 
display the EPR effect or have cores that are not well perfused.  
The use of antibody-targeting has been shown to provide 
significant enhancements in chemotherapeutic efficacy while 
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substantially reducing side effects by directing these agents to 
tumor-associated antigens and thus limiting exposure to normal 
organs.11,12   Lipids    and    polymers    have   been   employed 
extensively to build nanoparticles such as micelles, liposomes, 
and polymersomes for the controlled delivery of both 
hydrophilic and hydrophobic  drugs.13,14  These systems can 
substantially improve the bioavailability and pharmacokinetic 
properties of the encapsulated drugs and are capable of 
integrating other important functional components such as cell-
specific targeting and intracellular responsive segments.15-18  
Despite the success of nanoparticle-based drug delivery 
systems the stability and morphological identity of these 
systems once introduced into the complex in vivo environment 
is difficult to ascertain.19-21  Direct polymer-drug conjugates 
that utilize a reversible covalent linkage  to tether the 
therapeutic agent to the polymeric scaffold have been 
developed as a means of overcoming some of the limitations 
typically associated with physically encapsulating drug delivery 
systems.  For example, Davie et al. have prepared polymer-drug 
conjugates with the chemotherapeutic drug camptothecin 
(CPT).22,23 24 CPT is a cytotoxic quinoline alkaloid that shows 
potent anticancer activity but low aqueous solubility and high 
adverse drug reactions.  Conjugation of the CPT hydroxyl at the 
20 position to form ester bonds with cyclodextrin-based 
polymers substantially improves the solubility of camptothecin 
while reducing side effects.  In another study, Cameron et. al. 
conjugated doxorubicin to biodegradable dendrimers via 
hydrazone linkages.25  The resultant hydrazone linked 
polymeric prodrugs exhibit half-lives of approximately 16 
hours under circulation conditions but rapidly degrade under 
acidic environments such as those found in intracellular 
compartments and many tumor microenvironments.  Efficacy 
studies of the hydrazone linked doxorubicin, performed with 
BALB/c mice bearing s.c. C-26 tumors, at 20 mg/kg DOX 
equivalents resulted in complete tumor regression and 100% 
survival over course of the 60-day experiment. 
Recent advances in controlled radical polymerization (CRP) 
methodologies have the potential to revolutionize the 
development of sophisticated multifunctional drug delivery 
systems.26-28 Reversible addition-fragmentation chain transfer 
(RAFT) polymerization in particular has allowed previously 
unattainable polymeric architectures to be prepared under 
industrially feasible conditions. A variety of advanced 
polymeric architectures have been prepared by RAFT 
polymerization methodology including stars, brushes, and 
bottlebrushes.29 30-41 
These materials have the potential to reduce the cost and 
complexity of preparing multifunctional drug delivery systems 
while also overcoming stability and heterogeneity issues 
associated with physically assembled colloids.  These single 
polymer nanoparticles (SPNs) can be synthesized with 
cleavable bonds linking polymeric segments to the central 
scaffold facilitating hydrolytic or enzymatic degradation 
allowing for renal elimination.  Herein we detail the 
development of 1st and 2nd generation polymeric brushes for 
applications in targeted drug delivery. 

Results and discussion  

Evaluation of the aqueous RAFT polymerization of DMA in 

the presence of the ECT. The preparation of polymeric 
brushes via RAFT may be accomplished by covalently 
conjugating multiple RAFT CTAs to a central core via either 
the R or Z group.  The R group approach is advantageous in 
that the growing polymer chains propagate outwards away from 
the central core reducing steric hindrance and increasing 
accessibility of the thiocarbonyl thio groups to growing 
polymeric radicals.  This strategy can, however, produce 
increased levels of radical-radical coupling because of the close 
spatial proximity of growing polymeric radicals.  In these 
studies the trithiocarbonate-based RAFT agent, ECT, was 
covalently linked to hydroxyl functionalities, that were 
introduced into the polymeric backbone via copolymerization 
of HEAm with DMA, using carbodiimide chemistry catalyzed 
with DMAP (Scheme 1).  The RAFT polymerization of DMA 
under both aqueous and organic conditions has been 
extensively evaluated by our group and others. 42-47 In the 
present studies the objective was to determine conditions that 
could be used to prepare well-defined polymers over a large 
molecular weight range with short polymerization times and 
higher than usual CTA to initiator ratios.  The latter condition is 
important for limiting termination and deleterious chain transfer 
reactions when creating sophisticated polymer architectures 
such as brushes and block copolymers with more than two 
discrete segments.  Aqueous polymerizations were investigated 
as acrylamido monomers, similar to other hydrophilic 
monomers, show exceptionally high propagation rates under 
these conditions facilitating the use of low initiator 
concentrations and short polymerization times.42,48-52 Rapid 
polymerizations are also particularly attractive for aqueous 
polymerizations as they minimize potential hydrolysis and/or 
aminolysis of the polymeric thiocarbonyl thio functionality.53,54 
Shown in Fig. 1a are the molecular weight chromatograms for 
the aqueous RAFT polymerization of DMA targeting DPS of 
between 100 and 10 000 with a fixed initial ratio of ECT to 
ABCVA of 50 at 70 oC.  As can be seen from Fig. 1a, the 
molecular weight distributions are narrow, symmetric and yield 
molecular weights that are easily controllable by simple 
manipulation of the initial monomer to CTA ratio.  
Significantly, all polymerizations reach moderate to high 
conversions even at large target DPs where the initiator 
concentration is quite low (e.g. [ABCVA]o = 675 µM at a target 
DP of 100 and 9 µM at a target DP of 7500).  In all cases low Đ 
values are observed even for polymers where the resultant 
molecular weight is in excess of half a million Daltons. The 
high degree of control observed under these conditions over a      
wide molecular weight range is exemplified by these 
polymerizations where molecular weight and Đ values of 5100 
Da/1.03 and 575 200 Da/1.19 are obtained for target DPs of 
100 and 7500 respectively. The ability of these conditions to 
prepare well-defined block copolymers was also evaluated as 
shown in Fig. 1d.  Here block copolymers with four discrete 
segments were prepared using a target DP of 200.  These 
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polymerizations show Đ values as low as 1.01 with clean 
evolution of the molecular weight distributions to lower elution 
volumes with each successive block copolymerization.  Kinetic 
analysis of the aqueous RAFT polymerization of DMA 
targeting a DP of 5 000 provides additional evidence supporting 
the controlled nature of these synthetic conditions even at very 
high target molecular weights (Fig. 1c, d).  As can be seen in 
Fig. 1c, the kinetics are linear following a brief induction 
period.  Given the short reaction times (ie. 90 minutes) and low 
radical concentrations employed in these studies, this induction 
period is likely a result of the time needed for the aqueous 
solution to reach 70 oC and generate a sufficient primary radical 
concentration.  Initial Đ values of around 1.3 are observed for 
conversions less than 15 % but quickly reach lower values 
around 1.15 at higher conversions.  At polymerization times 
longer than 90 minutes, where conversion exceeds 
approximately 60 %, an increase in the Đ values is observed 
(data not shown).  The pseudo first order plot (Fig. 1d) remains 
linear throughout the course of the polymerization suggesting 
that termination is negligible even at the low initial CTA 
concentrations employed.  Taken together these results suggest 
that the aqueous RAFT polymerization of DMA can be 
controlled over a substantial range of target DPs. 
Evaluation of the carbodiimide mediated coupling of ECT 

to hydroxy-functional polymeric scaffolds.  Based on the 
high degree of control observed for the aqueous 
homopolymerization of DMA, similar conditions were 
employed for copolymers of DMA and HEAm.  In all cases the 
molar feed ratio of the two monomers (DMA:HEAm) was held 
constant at 90:10.  This feed ratio was selected in order to limit 

the CTA graft density along the polymeric backbone, reduce 
steric hinderance of the growing polymer chains, and minimize 
deviations from the already established polymerization 
conditions.  Reverse phase HPLC was used to confirm that 
these monomers are incorporated into the polymer backbone at 
ratios similar to the feed (not shown).  The use of a high molar 
feed ratio of DMA also yields scaffolds and corresponding graft 
chain transfer agents (gCTAs) that can be used to prepare 
polymeric brushes under aqueous or organic conditions.  
Coupling of the polymeric hydroxyl groups to the carboxylic 
acid functional RAFT CTA was accomplished using 
carbodiimide chemistry catalyzed by DMAP in methylene 
chloride.  Shown in Fig. 2, is the UV absorbance at 310 nm 
(corresponding to the CTA thiocarbonyl thio group) for 
molecular weight chromatograms before and after CTA 
conjugation.  As can be seen in Fig. 2., the unfunctionalized 
mCTA (blue trace), which contains only a single thiocarbonyl 
thio group, shows low absorbance at 310 nm.  Following CTA 
conjugation a substantial increase in the absorbance at 310 nm 
is observed for conjugation reactions conducted at an initial 
polymer concentration of between 0.5 and 10 wt. %.  Also 
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apparent from Fig. 2., is the appearance of a substantial high 
molecular weight coupling peak for conjugation reactions 
conducted at higher polymer concentrations (black traces).  In 
strong contrast, coupling reactions conducted at a polymer 
concentration of 0.5 mg/mL (green trace) show a significant 
increase in the UV absorbance at 310 nm while remaining 
largely unimodal with only a small amount of polymer 
coupling.  In all cases the injected polymer was held constant, 
which can be seen by the similar peak areas observed in the RI 
traces (vide infra).  Based on these results all subsequent CTA 
coupling reactions were conducted at this concentration. The 
resultant CTA grafts are linked via ester bonds to the R group 
yielding polymeric gCTAs that are expected to polymerize 
from the central scaffold to form brush-like materials. Evidence 
supporting the formation of gCTAs containing multiple ester 
linked RAFT agents is provided by 1H NMR spectroscopy 
where the appearance of broad resonances at chemical shifts 
that are consistent with ECT (Fig. 2b).  Particularly apparent is 
the ester resonance at 4 ppm, which is cleanly resolved from 
resonances associated with the acrylamido-based scaffold. 
Preparation of gCTAs from scaffolds with different 

molecular weights.  A series of gCTAs with between 10 and 
60 ECT residues per polymer were prepared by first 
synthesizing scaffolds over a range of molecular weights. ECT 
was then coupled to the mCTAs using the conditions 
established above.  Shown in Fig. 3., are the UV and RI traces 
for these materials before (green traces) and after CTA 

conjugation (blue traces).  As can be seen in Fig. 3., the RI 
traces, which are proportional to the injected polymer mass, 
show similar peak areas at constant injection 
concentration/volumes.  In contrast a substantial increase in UV 
absorbance is observed for all four polymers following CTA 
conjugation with only a slight increase in the Đ.  The use of 
ester functionality to link the polymeric arms to a central 
scaffold is potentially advantageous for materials that are 
designed for use in vivo as it provides a mechanism by which 
high molecular weight polymer can be degraded to molecular 
weights suitable for clearance by hydrolysis and potentially via 
in vivo esterase activity. Based on the absolute molecular 
weight of the gCTAs (determined by GPC) as well as the 
extinction coefficient of ECT, which was determined to be 
9422 mol L-1 cm-1 in DMF, the average numbers of 
trithiocarbonate groups per polymer as well as the average 
molar concentration of CTA per mass polymer was determined.  
Molecular weight, Đ, and average number of ECT functional 
groups per polymer for mCTAs 1 through 4 and the 
corresponding gCTAs were determined to be:  (1) 15,500 
Da/1.03/1 (1e, graft) 19,590 Da/1.05/10 (2) 35,600 Da/1.03/1 
(2e, graft) 44,800 Da/1.09/20 (3) 69,800 Da/1.04/1 (3e, graft) 
86,400 Da/1.11/36 (4) 116,500 Da/60/1.06 (4e, graft) 147 800 
Da/1.14/60. 
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Investigation of brush polymerization kinetics.  
Polymerization control as a function of monomer conversion 
was investigated for the aqueous RAFT polymerization of 
DMA from gCTA 1.  The initial monomer ([M]o) to total 
polymer grafted CTAs ([gCTA]o) to initiator ([I]o) ratio was 
200:1:0.02 respectively at an initial monomer concentration of 
3M. The results of these studies are shown in Fig. 3a-c. Under 
these conditions a plot of the experimentally determined Mn 
versus conversion remains linear and are in good agreement 
with theoretical values (solid line) up to high monomer 
conversion with low Đ values (Fig. 4a).  Analysis of the 
resultant copolymers show that an overall monomer conversion 
of ~86 % is reached at 90 min with a molecular weight and Đ 
of 159 000 Da (theoretical Mn = 189 000 Da) and 1.20, 
respectively. Given the close agreement between the theoretical 
and experimental molecular weights under these conditions, it 
is likely that brush-brush coupling and degradative chain 
transfer reactions are not occurring to a significant extent.  
Similarly, the pseudo first order rate plot versus time (Fig. 4b) 
is also linear suggesting that termination reactions remain low 
throughout the course of the polymerization.  Moreover, 
analysis of the molecular weight distributions (Fig. 4c) shows 
that the peaks remain unimodal and symmetric throughout the 
course of the polymerization and shift to lower elution volumes 
with time.  The lack of significant low molecular weight tailing 
in the molecular weight distributions coupled with the absence  

of high molecular weight shouldering suggest that the RAFT 
polymerization of DMA from the 10 arm gCTA is indeed living 
under these conditions.  Evidence supporting the proposed 
brush architecture is shown Fig. 4d. Shown here are the 
molecular weight distributions for mCTA 3  (blue trace), as 
well as the corresponding DMA brush  (green trace), and the 
resultant brush fragments (red trace) following 
transesterification with methanol catalyzed by DMAP.  
Following reflux in methanol containing DMAP for 96 hours 
complete disappearance of the brush peak is observed with the 
appearance of two peaks (red traces) at 19.2 and 23.1 mL with 

 

Page 5 of 15 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

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

molecular weights that are consistent with the anticipated 
values for the polymeric scaffold cleaved arm product 
respectively. 
Synthesis of polymeric brushes.  The gCTAs detailed in Fig. 3 
were subsequently employed to prepared a series of polyDMA 
brushes targeting DPs of 100, 200, and 400, which are 
represented by the green, blue, and red traces respectively.  The 
parent gCTAs  (traces shown in black) have molecular weights 
and CTA grafting values (ECT groups/polymer chain) of 19 
600 Da/10, 35 600 Da/20, 86 000 Da/36, and 116 500 Da/60 for 
gCTAs 1 through 4 respectively (Fig. 5).  All polymeric 
brushes were preparing using conditions similar to those used 
to prepare the parent scaffolds.  In all cases a clear shift in the 
molecular weight chromatograms (refractive index traces 
shown) are observed.  Exceptionally good polymerization 
control is observed for the synthesis of brushes with 10 and 20 
arms.  These polymerizations yield materials with narrow 
symmetric molecular weight distributions that cleanly shift to 
lower elution volumes.  Moreover the resultant chromatograms 
show only small amounts of brush-brush coupling as evidenced 
by the lack of significant high molecular weight shouldering.  
Also apparent is the lack of peaks at longer elusions volumes, 
which confirms the absence of observable low molecular 
weight unimeric polymer species.  Under these conditions 
brushes with molecular weights and Đ values of 193 000 
Da/1.19 and 352 000 Da/1.16 are observed for the 10 and 20 
arm gCTAs targeting a DP of 400.  This corresponds to an 
average molecular weight per arm of 17 800 and 15 400 Da 
respectively.  Relatively good control is also observed for the 
36 arm and 60 arm brushes although the appearance of high 
molecular weight shoulder is apparent especially at the higher 
target DPs.  The appearance of a high molecular shoulder is 
most prevalent in the 60 arm brush where all target DPs show 

moderate coupling.  Similar to the lower arm gCTAs however 
these materials all cleanly shift to lower elution volumes 
without appreciable low molecular weight populations.  
Molecular weight and Đ values for the polymeric brushes 
shown in Fig. 5 are detailed in Table 1.  The ability to prepare 
polymeric brush for different monomer classes was also 
investigated.  In these studies gCTA 2, which contains an 
average number of ECT residues per chain of 20, was 
employed to probe the polymerization behavior of several 
important monomer classes including acrylamido, 
methacrylamido, and methacrylate (Fig. 6).  Polymers of 
HPMA have been shown to be hydrophilic and biocompatible 
making them an important material in a number of 
biotechnology applications.55-57  For this reasons it was of 
interest to develop polymerization conditions facilitating the 
synthesis of well-defined brushes of HPMA with controllable 
molecular weights and low Đ values.  Previously it has been 
shown that HPMA polymerizes rapidly with a high degree of 
control under aqueous conditions but requires significantly 
higher levels of initiator when polymerizations are conducted in 
organic media. 55,58 Aqueous RAFT polymerizations of HPMA 
with an initial stoichiometric ratio of monomer, chain transfer 
agent, and initiator ([M]o:[CTA]o:[ABCC]o) equal to 150:1:0.05 
were selected with[M]o equal to 15 wt %.  SEC analysis of the 
resultant HPMA brush following polymerization at 70 oC in 
molecular grade water yielded an overall molecular weight, Đ, 
and molecular weight per arm of 271 200 Da, 1.13, and 11 500 
Da respectively. Previously we also outlined conditions 
allowing NIPAM to be polymerized with a high degree of 
control via RAFT at room temperature.  42,59In the present 
studies, however, the LCST of the resultant polyNIPAM brush 
was below room temperature (data not shown) necessitating the 
development of organic polymerization conditions.  

Table 1:  Summary of theoretical and experimentally determined molecular weights and Đ values for polymeric brushes synthesized from 10, 20, 36, and 
60 arm gCTAs as a function of target DP. 

Polymer 
# 

Target 
DP 

Arms 
Per 

Polymer 

Monomer 
Conv.  
(%) 

Mn  
Theory 

(Da) 

Mn  
Exp. 
(Da) 

   Đ 

1 400 10 48 208400 193000 1.23 

2 400 20 53 465500 352200 1.16 

3 400 36 48 772700 749000 1.18 

4 400 60 48 1291600 1700000 1.24 

5 200 10 66 150200 135000 1.17 

6 200 20 62 292300 230100 1.17 

7 200 36 51 453700 551000 1.32 

8 200 60 63 902600 1198000 1.24 

9 100 10 60 79500 63000 1.15 

10 100 20 59 162600 101700 1.15 

11 100 36 48 258000 276500 1.25 

12 100 60 38 373100 549600 1.32 

a  As determined by size exclusion chromatography using Tosoh SEC TSK-GEL α-3000 and α-4000 columns (Tosoh Bioscience, Montgomeryville, PA) 
connected in series to an Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA) and Wyatt Technology miniDAWN TREOS, 3 angle 
MALS light scattering instrument and Optilab TrEX, refractive index detector (Santa Barbara, CA). HPLC-grade DMF containing 0.1 wt.% LiBr at 60 oC 
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Polymerizations conducted in DMSO at [M]o = 20 wt %  and 
[M]o:[CTA]o:[I]o = 400:1:0.025 for 3 hours at 70 oC yielded a 
polymeric brush with an overall molecular weight, molecular 
weight per arm, and Đ of 472 000 Da, 21 500 Da, and 1.15 
respectively.  Similarly the preparation of a polyDMAEMA 
brush was also conducted in DMSO with [M]o = 30 wt %  and 
[M]o:[CTA]o:[I]o = 200:1:0.02 for 4 hours at 90 oC.  
Characterization of the resultant polyDMAEMA brush yielded 
corresponding values of 472 000, 1.15, and  21 500 Da 
respectively.  Brushes composed of the hydrophilic monomer 
DMA with glycine acrylamide (GlyAM) which has hydroxyl-
reactive carboxylate were also prepared. These materials could 
potentially be employed to, for example, conjugate hydroxyl 
containing drugs (e.g. taxanes, etoposide, camptothecin) to 
polymeric scaffolds via degradable ester bonds with precisely 
tuned polymer and drug compositions. 
Second generation brushed-brushes for application in 

controlled drug delivery.  High molecular weight polymers 
typically show enhanced in vivo circulation times but can 
present clearance problems.  In an attempt to circumvent these 
issues a new polymer architecture was developed based on the 
2nd generation brushed-brushes.  This approach, which is 
outlined Scheme 2, consists of a central scaffold from which a 
1st generation brush is grown via RAFT polymerization from 
conjugated thiocarbonyl thio groups.  Following the initial 

brush synthesis a second CTA grafting reaction is conducted.  
Subsequent RAFT polymerization from the 2nd generation 
gCTA is then performed to yield the final 2nd generation SPN, 
which consists of a polymeric brush where the individual 
polymeric arms are also brushes. This architecture, which has 
some similarities with dendrimers, is composed of relatively 
small polymer segments (e.g. 5-10 kDa) of polyDMA linked 
together via hydrolytically cleavable ester bonds.  Conjugation 
of doxorubicin to the hydrophilic megamolecular scaffolds via 
degradable hydrazones bonds is accomplished by adding a boc-
protected carbazide monomer (bocSMA) at 5 mol % to the 
feed.  Following removal of the boc groups via treatment with 
TFA for 1 hour the resultant carabazide groups can then be 
reacted with doxorubicin to yield the desired hydrazone linked 
polyvalent drug conjugates.  The brushed-brushes were also 
designed to integrate streptavidin (SA) linked cancer-specific 
antibodies (AB) by incorporating biotin groups into the 
scaffold.  Biotin spontaneously forms an exceptionally strong 
non-covalent bond with SA providing a facile route by which 
SA-ABs can be linked to the polyvalent drug carrier 
spontaneously simply by mixing buffered solutions of the 
reagents.  This approach provides a modular route for preparing 
polymeric drug conjugates with a range of antibodies 
specifically tailored to the target tissue.  As can be seen in Fig. 
7a, synthesis of the 1st generation scaffold and subsequent ECT 
grafting yields a strong increase in the UV absorbance at 310 
nm.  The resultant 1st generation gCTA has a molecular weight 
and Đ of 20 100 Da and 1.12 respectively with an average 
number of ECT groups per polymer chain of 9.3.  
Polymerization of DMA and HEAm (90:10 molar feed ratio) 
from this gCTA yields a polymeric brush with a molecular 
weight, Đ, and molecular weight per segment of 140 000 Da, 
1.19, and 13 000 Da.  The latter values were calculated by 
subtracting the molecular weight of the 1st generation gCTA 
and then dividing by the average number of CTA groups 
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(including the thiocarbonyl thio group at the chain terminus).  
As can be seen from Fig. 7b, upon brush formation a clear shift 
in the molecular weight distribution (refractive index channel) 
to shorter elution volumes is observed while remaining narrow 
and symmetric.   Successful formation of the 2nd generation 
gCTA is supported, as before, by the substantial increase in the 
UV absorbance at 310 nm (Fig. 7c).  The resultant 2nd 
generation gCTA has a molecular weight of 171 000 Da and 
dispersity of 1.27 with an average number of ECT groups per 
polymer chain of 75.5.  The final drug delivery system was then 

prepared by polymerizing DMA, bocSMA, and BioHEMA 
from the 2nd generation gCTA to yield a brushed-brush with a 
molecular weight and Đ of 1 152 000 Da and 1.25 respectively.  
The average number of carbazide and biotin residues per 
brushed-brush was determined to be 385 and 65 via TNBSA 
and HABA assays, respectively.  An interesting aspect of this 
approach is that it allows for more sterically bulky monomers 
such as the methacrylate monomer DMAEMA to be 
polymerized from scaffolds prepared from less bulky 
acrylamido (DMA) scaffolds.  Typically RAFT 
polymerizations require the more sterically bulky monomer to 
be synthesized first in order to avoid slow fragmentation from 
the intermediate radical species.  Since a large fraction of the 
CTA residues present in the generation 1 and 2 gCTAs contain 
a cyanovalerate R the polymerizations remain unimodal with 
slow fragmentation from the thiocarboyl thio group at the chain 
terminus not showing significant deleterious effects on the 
polymerization control. This behavior is exemplified by the 
controlled RAFT polymerization of DMAEMA from a 2nd 
generation DMA gCTA (not shown). 
Conjugation of Doxorubicin to 2nd generation brushed-

brushes via hydrolytically cleavable hydrazone bonds.  
Conjugation of doxorubicn to the polymeric scaffold was 
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 subsequently accomplished through reaction of the deprotected 
carbazide residues with doxorubicin in DMF in the presence of 
TEA.  Following purification 1H NMR (Fig. 8c) and UV 

spectroscopy (Fig. 8d) were employed to confirm successful 
hydrazone formation.  The appearance of aromatic resonances 
associated with doxorubicin can be seen in Fig. 8c. along with 
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residues associated with the biotin NHCONH residues. 
Comparison of the doxorubicin concentration, determined by 
UV spectroscopy at 480 nm, to that of the polymer determined 
by absolute SEC-MALLS yielded an average number of drug 
molecules per brushed-brush of 195. Even with the large 
number of drug molecules per polymer the carriers remain 
soluble in PBS with an average hydrodynamic volume of 31 nm 
as determined by DLS.  With the high cost of antibody-targeted 
therapies such as Trastuzumab, which currently costs 
approximately $70,000 for a full course of treatment, the 
capability of the brushed-brushes to carry high numbers of 
covalently linked drug molecules could potentially provide 
substantial reductions in the cost of AB-targeted therapies by 
minimizing the amount expensive antibodies needed. Release 
of the doxorubcin as a function of pH and in the presence of 
serum was evaluated using HPLC as shown in Fig. 8d.  The 
hydrazone linkage tethering doxorubicin to the polymeric 
scaffold was found to be quite stable at pH 7.4 with only 30 % 
cleavage observed following a 24 h incubation period.  In 
contrast, conjugates incubated under acidic conditions show 
high levels of hydrolysis even at short incubation times.   This 
cleavage was found to be most significant at pH 5.8 where 
nearly 90 % of the hydrazone linked doxorubicin was 
hydrolyzed from the polymeric scaffold at 1 h incubation.  
Conjugates incubated at pH 6.6 showed intermediate levels of 
hydrolysis between these two extremes with 44 % drug release 
at 24 hours.   As can be seen in Fig. 8, both the free drug and 
polymer drug conjugates show similar chemotherapeutic 
activity against SKOV3 ovarian cancer cells which are 
somewhat resistant to doxorubicin.  For example, cell viability 
was found to be 34 % at a doxorubicin conjugate concentration 
of 10 M as compared to 39 % for the free drug.  Significant 
enhancements in chemotherapeutic activity for the SNP linked 
Dox could however be observed in vivo where differences in 
pharmacokinetic properties, short resonances times, and off-
target affects limit the maximum achievable dose for free Dox. 
Shown in Fig. 9, are live cell deconvoluted fluorescent images 
for SKOV3 cells treated with free Dox, Dox conjugated to the 
2nd generation brushed-brushes, Dox conjugated to the 2nd 
generation brushed-brushes with SA-CD19 linked antibody 
(negative control antibody), and 2nd generation brushed-brushes 
with SA-Trastuzumab linked antibody.  The latter antibody is 
specific for HER 2 receptors, which are overexpressed on many 
breast and ovarian cancer cell lines.  As can be seen in Fig. 9, 
the 1 hour treatment with free Dox (left column) shows low 
fluorescence (green) relative to all of the polymer-Dox 
treatments when analyzed at comparable imaging settings.  At 1 
hour both the polymer-Dox conjugate and CD19 linked 
polymer-Dox conjugate show modest green fluorescence while 
the Trastuzumab linked-polymer conjugate shows intense green 
fluorescence. This result is consistent with enhance antibody-
mediated internalization of the polymeric Dox conjugates via 
the HER 2-specific Trastuzumab.  At 4 hours the differences 
between the antibody-targeted and untargeted conjugates are 
less pronounced suggesting that given sufficient time the SPNs 
are taken up via nonspecific endocytosis. 

Conclusions 

Aqueous RAFT copolymerizations of DMA and HEAm in the 
presence of the trithiocarbonate-based RAFT agent ECT yield 
polymers with narrow and symmetric molecular weight 
distributions over a range of molecular weights between 1000 
and 1 000 000 Da. The resultant hydroxyl functional 
copolymers can be employed as scaffolds to which RAFT 
CTAs can be grafted using DCC DMAP chemistry.  These 
gCTAs retain the narrow and symmetric molecular weight 
distributions of the parent scaffolds while showing substantial 
increases in UV absorbance at 310 nm which is attributed to the 
addition of multiple CTAs. Polymerization kinetics, conducted 
from a 10 arm gCTA, show that polymeric brushes prepared via 
this approach remain living throughout the course of the 
reaction as evidenced by the linear Mn vs. conversion and 
pseudo first order rate plots.  Polymeric brushes containing 
hydroxyl functionality can be used to prepared 2nd generation 
gCTAs allowing for the controlled synthesis of 2nd generation 
brushed-brushes.  These SPNs can have molecular weights in 
excess of 1 million Da with low Đ values and cleavable ester 
functionality linking the polymeric segments. Introduction of 
carbazate and biotin functionality for drug and antibody binding 
respectively was confirmed by a combination of 1H NMR, UV 
spectroscopy, HABA and TNBSA. The chemotherapeutic 
activity of these materials was evaluated in SKOV3 ovarian 
cancer cells with the anthracycline-based drug doxorubicin via 
copolymerization of DMA with a protected carbazate monomer 
(bocSMA).  Cell specific targeting functionality was also 
introduced via copolymerization with a biotin-functional 
monomer (bioHEMA).  Enhanced release of the doxorubicin 
from hydrazone linkages was confirmed via drug release 
studies at neutral and acidic pH values. 
 
Experimental 
Materials.  Chemicals and all materials were supplied by 
Sigma-Aldrich unless otherwise specified. Dimethylaminoethyl 
methacrylate (DMAEMA), dimethylacrylamide (DMA), and, 
hydroxyethylacrylamide (HEAm) were distilled under reduced 
pressure.  NIPAM was recrystazllized from hexanes.  2-
hydroxypropyl methacryalmide (HPMA) was purchased from 
polysciences. Spectra/Por regenerated cellulose dialysis 
membranes (6-8 kDa cutoff) where obtained from Fisher 
Scientific.. 4-Cyano-4-(ethylsulfanylthiocarbonyl) 
sulfanylvpentanoic acid (ECT) was synthesized as described 
previously35.  1,1'-Azobis(cyclohexane-1-carbonitrile) (ACC) 
was obtained from Wako Pure Chemicals.  Sephedex G-25 
prepacked PD10 columns were obtained from GE Life 
Sciences. It is particularly important to completely remove all 
of the inhibitor from the DMA and HEAm monomers as well as 
uncoupled RAFT agents following CTA conjugation as 
degradative or degenerate chain transfer to these impurities can 
cause the formation of unimeric polymer species during brush 
synthesis.  Distillation should be used over flash 
chromatography for these polar monomers.  TNBSA and 
HABA assays were conducted as described previously. 
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Gel permeation chromatography (GPC).  Absolute 
molecular weights and polydisperity indices were determined 
using using Tosoh SEC TSK-GEL α-3000 and α-e4000 
columns (Tosoh Bioscience, Montgomeryville, PA) connected 
in series to an Agilent 1200 Series Liquid Chromatography 
System (Santa Clara, CA) and Wyatt Technology miniDAWN 
TREOS, 3 angle MALS light scattering instrument and Optilab 
TrEX, refractive index detector (Santa Barbara, CA). HPLC-
grade DMF containing 0.1 wt.% LiBr at 60 oC was used as the 
mobile phase at a flow rate of 1 ml/min. 
Dynamic Light Scattering. Particle sizes of polymeric brushes 
was measured by dynamic light scattering (DLS) using a 
Malvern Zetasizer Nano ZS. Lyophilized polymer was 
dissolved in acetone at 50 mg/mL, then diluted 50-fold into the 
appropriate buffer solution.  
Determination of comonomer conversion via HPLC. 
Comonomer conversion was determined using reverse-phase 
high-performance liquid chromatography (RP-HPLC). RP-
HPLC was performed using a Finnigan Surveyor LC Pump 
Plus with UV-Vis Detector and a WAVELENGTH mm Vydac 
218TP C18 5 column (Part 218TP52). Aliquots taken prior to 
and after copolymerization (100 µL) were diluted into 900 µL 
of eluent. A 20 µL aliquot of the solution was then diluted with 
20 µL of hexafuoro-2-propanol and then injected with a 20 µL 
sample loop. A gradient was set from 5% to 95%  acetonitrile 
over 15 minutes and UV absorbance was measured to observe 
the monomer concentration.The percent of each monomer 
converted was measured by integrating absorbance signal of the 
respective monomers before and after polymerization. 
Mono-2-(Methacryloyloxy)ethyl succinate 

tertiarybutylcarbazate (bocSMA).  To 2.76 g (12 mmol) of 
mono-2-(methacryloyloxy)ethyl succinate in 75 mL of CH2Cl2 
was added 1.45 g (11 mmol) of tert-butyl carbazate followed by 
2.49 g (13 mmol) of N-(3-dimethylaminopropyl)-N'-
ethylcarbodimide hydrochloride. After stirring at RT for 5 h, 
CH2Cl2 was evaporated and the residue was dissolved in 100 
mL of ethyl acetate and washed with brine (3 X 50 mL). The 
organic layer was dried over Na2SO4, and then evaporated 
under reduced pressure. Flash column chromatography with 
ethyl acetate/hexane (1:1) yielded 3.33 g of SMA carbazate 
(89%). 1H NMR (300 MHz, CDCl3) δ 1.45 (s, 9H, C(CH3)3), 
1.94 (s, 3H, CH3), 2.52 (t, J = 6.9 Hz, 2H, HNCOCH2), 2.72 (t, 
J = 6.9 Hz, 2H, OCOCH2), 4.34 (s, 4H, -OCH2CH2O-), 5.59 (s, 
1H, CH2=CCH3 trans), 6.12 (s, 1H, CH2=CCH3 cis), 6.57 (s, 1H, 
HNCOCH2), 7.76 (s, 1H, (CH3)3COONH). MS (ESI) m/z = 
367.1 (M +Na). 
Synthesis of bioHEMA monomer.  Biotin (5 g) was dissolved 
in dimethylacetamide (30 mL). A 2-fold molar excess of 
hydroxyethylmethacrylate (HEMA), N,N-
diisopropylcarbodiimide (DIC), and 4-dimethylaminopyridine 
(DMAP) were dissolved in the biotin solution and reacted 
overnight at 4 oC. Reaction solution was filtered to remove 
dicyclohexyl urea by-product, then precipitated in cold 
diethylether (4X) to remove DMAP. Finally the product was 
dissolved in dimethylsulfoxide and precipitated in 1M HEPES 
buffer pH 8.4 to remove free biotin. The pellet was washed 

with ddH2O and the final product was lyophilized into a dry 
powder. The purity of the bioHEMA monomer was confirmed 
by 1H-NMR and mass spectrometry (See Supporting 
Information). 
RAFT polymerizations of DMA.  RAFT polymerizations of 
DMA targeting a range of target DPs between 100 and 10 000 
were conducted with ECT and ABCVA as the CTA and 
initiator respectively in molecular grade water at 70 oC. 
Polymerizations targeting an initial monomer to CTA ratio 
([M]o/[CTA]o)  between 100 and 5 000 where conducted at a 
fixed initial CTA to initiator ratio ([CTA]o/[I]o) of  50  and an 
initial monomer concentration of 3M.  Polymerizations 
targeting higher [M]o/[CTA]o ratios were conducted at 
[CTA]o/[I]o of  100 at an initial monomer concentration of 4M.  
Polymerizations were purged with nitrogen for 1 hour and then 
allowed to react at 70 °C for 90 minutes.  A representative 
procedure for the RAFT polymerization of DMA targeting a 
DP of 1500 is as follows.  To a 10 mL round bottom flask was 
added DMA (1.00 g, 10.88 mmol), ECT (1.77 mg, 6.72 µmol as 
100 µL of a 17.71 mg/mL ECT stock in ethanol), and ABCVA 
(0.037 mg, 0.134 µmol as 100 µL of a 3.7 mg/mL ABCVA 
stock in ethanol).  The solution was then diluted with 2.37 mL 
of molecular graded water sealed with a rubber septum and 
purged with nitrogen for 60 minutes. After this time, the 
polymerization solution was transferred to a preheated oil bath 
at 70 oC and allowed to polymerize for 90 minutes.  The 
copolymer was subsequently isolated by dialysis against 
deionized water at 5 oC and lyophilisation.  The final monomer 
conversion was determined by comparison of the total vinyl 
resonances (3H) between 5.6 and 6.7 ppm to the backbone 
resonances between 1.0 and 1.72 ppm.  Chain extension of 
poly(DMA) macroCTAs were conducted up to a maximum of 
six blocks using conditions similar to those outlined for the 
ECT mediated homopolymerization of DMA except that 
subsequent block copolymerizations employed additional 
molecular grade water equal to  one half the mass of added 
macroCTA (m/v). 
RAFT copolymerization of N,N-dimethylacrylamide (DMA) 

and 2-hydroxyethylacrylamide (HEAm). Synthesis of 
Poly[(DMA)-co-HEAm)] was prepared with ECT and ABCVA 
as the RAFT chain transfer agent (CTA) and radical initiator 
respectively.  The molar feed composition for all 
copolymerization was 90% DMA and 10 % HEAm with total 
initial monomer to CTA ratios ([M]o/[CTA]o)  between 500 and 
4000 at a fixed initial CTA to initiator ratio ([CTA]o/[I]o) of  50  
and an initial monomer concentration of 3M in molecular grade 
water.  Copolymerizations were purged with nitrogen for 1 hour 
and then allowed to react at 70 °C for 90 minutes. A 
representative procedure for the synthesis of poly(DMA-co-
HEAm) targeting a degree of polymerization (DP) of 500 is as 
follows.  To a 50 mL round bottom flask was added DMA0 
(4.65 g, 46.9 mmol), HEAm (0.600 g, 5.21 mmol), ECT (27.5 
mg, 0.104 mmol), ABCVA (0.58 mg, 2.08 µmol as 100 µL of a 
5.8 mg/mL ABCVA stock in ethanol).  After the ECT had 
completely dissolved in the liquid monomer the solution was 
diluted with 17.4 mL of molecular grade water. The 
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polymerization solution was then sealed with a rubber septum 
and purged with nitrogen for 60 minutes. After this time, the 
polymerization solution was transferred to a preheated oil bath 
at 70 oC and allowed to polymerize for 90 minutes.  Following 
polymerization, the total monomer conversion was determined 
via HPLC by comparison of the UV absorbance peak areas for 
the polymerization solution relative to samples taken at time 0.  
The copolymer was subsequently isolated by dialysis against 
deionized water at 5 oC and lyophilisation.   
ECT grafting to Poly(DMA-co-HEAm).  CTA grafting 
reactions were conducted in methylene chloride at 0.5 wt % 
copolymer using dicyclohexyl carbodiimide (DCC) and 
dimethylaminopyridine (DMAP).  The initial molar ratio of 
ECT to polymeric hydroxyl groups was 2 with equimolar 
quantities of DCC and DMAP relative to ECT.  The polymer, 
DMAP, and ECT were first dissolved in methylene chloride 
and then allowed to cool to -20 °C after which the DCC was 
dissolved.  The solution was then allowed to react overnight at 
5 °C after which time the polymerization solution was spiked 
with methanol, filtered to remove the DCU.  The filtrate was 
then reduced to approximately 20 % of the original volume and 
then isolated by repeated precipitation from acetone into diethyl 
ether. A representative procedure is as follows:  To a 500 mL 
round bottom flask was added poly(DMAcoHEAm) (Mn = x.xx, 
PDI = x.xx) (90:10 mol/mol DMA/HEAm) 1.25 g (1.24 mmol 
HEAm OH), ECT (0.654 g, 2.48 mmol), DMAP (0.303 g, 2.48 
mmol), and dichloromethane (249 g, 187 mL).  The solution 
was then cooled to – 20 oC at which time DCC (0.512 g, 2.48 
mmol) was added.  Following complete dissolution of the DCC 
the solution was placed in the refrigerator and allowed to react 
at 5 oC overnight.   After this time the cold solution was spiked 
with 50 mL of methanol and then filtered through a plug of 
cotton to remove the precipitated dicyclohexyl urea.  The 
volume of the filtrate was then reduced to approximately 20 % 
of the original volume via rotary evaporation under reduced 
pressure at 25 oC. The final gCTA was then isolated by adding 
5 mL of the reaction solution to 45 mL of diethyl ether in 50 ml 
conical tubes.  After vortexing the solutions were centrifuged at 
4200 rpm for 5 minutes.  After this time the clear ether solution 
was decanted and the yellow/orange polymer oil was diluted 1 
to 1 with acetone and reprecipitated into ether as described 
above (x8).  The final graft copolymer was then dried under 
high vacuum for 24 hours.  Grafting studies as a function of 
polymer concentration were conducted as described above with 
the solvent concentration systematically varied between 0.5 and 
10 wt %. 
Kinetic analysis of the RAFT polymerization of DMA from 

a 10-arm gCTA. Kinetic evaluation of the RAFT 
polymerization of DMA from a 10-arm gCTA were conducted 
with ABCVA as initiator at [M]o:[CTA]o, [CTA]o:[I]o, and [M]o 
equal to 100:1, 50:1, and 3M respectively at 70 oC. Individual 
polymerization solutions were transferred to a septa-sealed vial 
and purged with nitrogen for 30 minutes. After this time, the 
polymerization vials were transferred to a preheated oil bath at 
70 oC and allowed to polymerize for the prescribed time period. 
To a 22 mL scintillation vial was added gCTA (0.3 g, 0.147 

mmol ECT equivalents) (Mn = 19 600, PDI = 1.05), ABCVA 
(0.824 mg, 2.94 µmol as 100 µL of a 8.24 mg/mL ABCVA 
stock in ethanol), and DMA (2.91 g, 29.4 mmol).  After the 
gCTA had completely dissolved the solution was diluted with 
9.8 mL of molecular grade water and transferred to individual 
septa-sealed round bottom flasks.  The polymerization vials 
were then purged with nitrogen for 30 minutes and then 
transferred to a preheated oil bath at 70 oC and allowed to 
polymerize for the prescribed time period. 
RAFT polymerization of NIPAM from a 20-arm gCTA.  
RAFT polymerization of NIPAM from a 20-arm gCTA was 
conducted in DMSO with ABCVA as initiator at [M]o:[CTA]o, 
[CTA]o:[I]o, and [M]o equal to 400:1, 40:1, and 20 wt % 
(weight fraction monomer disregards the mass of the added 
gCTA). To a 20 mL scintillation vial was added gCTA (0.10 g, 
44.25 µmol ECT equivalents) (Mn = 44.800, Đ = 1.12), 
ABCVA (0.31 mg, 1.10 µmol as 100 µL of a 3.1 mg/mL 
ABCVA stock in ethanol), NIPAM (2.03 g, 17.9 mmol), and 
DMSO (8.03 mL).  After the gCTA and monomer were 
completely dissolved the solution was then septa sealed and 
purged with nitrogen for 60 minutes. The round bottom flask 
was then transferred to a preheated oil bath at 70 oC and 
allowed to polymerize for 3 hours.  Mn = 472,000, Đ =1.15. 
RAFT polymerization of HPMA from 20-arm gCTA.  The 
RAFT polymerization of HPMA from a xx-arm gCTA was 
conducted in molecular grade water with ABCVA as initiator at 
[M]o:[CTA]o, [CTA]o:[I]o, and [M]o equal to 150:1, 20:1, and 
15 wt % (weight fraction monomer disregards the mass of the 
added gCTA). To a 20 mL scintillation vial was added gCTA 
(0.10 g, 44.25 µmol ECT equivalents) (Mn = 44,800, Đ = 1.12), 
ABCVA (0.62 mg, 2.21 µmol as 100 µL of a 6.2 mg/mL 
ABCVA stock in ethanol), HPMA (0.95 g, 29.4 mmol), and 
molecular grade water (5.39 mL).  After the gCTA and 
monomer were completely dissolved the solution was then 
septa sealed and purged with nitrogen for 30 minutes. The 
round bottom flask was then transferred to a preheated oil bath 
at 70 oC and allowed to polymerize for 4 hours.  Mn = 271,200 
g/mol, PDI =1.13. 
RAFT polymerization of DMAEMA from 20-arm 

gCTA.  The RAFT polymerization of DMAEMA from a 20-
arm gCTA was conducted in molecular grade water with 
ABCC as initiator at [M]o:[CTA]o, [CTA]o:[I]o, and [M]o equal 
to 200:1, 50:1, and 30 wt % (weight fraction monomer 
disregards the mass of the added gCTA). To a 20 mL 
scintillation vial was added gCTA (0.10 g, 44.25 µmol ECT 
equivalents) (Mn = 44,800, Đ = 1.12), ABCC (0.216 mg, 0.88 
µmol as 100 µL of a 2.16 mg/mL ABCC stock in ethanol), 
DMAEMA (1.39 g, 8.84 mmol), and DMSO (3.25 mL).  After 
the gCTA and monomer were completely dissolved the solution 
was then septa sealed and purged with nitrogen for 30 minutes. 
The round bottom flask was then transferred to a preheated oil 
bath at 70 oC and allowed to polymerize for 4 hours.  Mn = 
352,500, Đ = 1.19. 
Conjugation of Doxorubicin to 2nd generation brushed-

brushes.  Generation 2 brushed-brushes containing boc-
protected carbazate groups were dissolved in a solution of 
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methylene chloride and TFA (2:1 by volume) for 2 h and then 
precipitated into a large excess of cold diethyl ether.  The 
precipitate was then dried under vacuum and then further 
purified by dialysis against water at 5 oC followed by 
lyophilization.   The resultant carbazate functional polymer 
(0.10 g, 33.4 µM hydrazine equivalents) was then reacted with 
doxorubicin (19.4 mg, 33.4 µM) in 5 mL of DMF in the 
presence of 40 µL TFA.  The conjugates were then purified by 
dialysis against deionized water at 5 oC followed by two PD10 
columns conducted in series.   
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Second generation polymeric brushes with molecular weights in excess of 106 Da were synthesize via RAFT 

polymerization for use as antibody targeted drug delivery vehicles.  
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