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Abstract
A new strategy is described for functionalizing the ω-terminal end of polymers synthesized by
reversible addition–fragmentation chain transfer (RAFT) polymerization that provides spatially
controlled bioconjugation sites. Traditional methods for preparing ω-functional polymers require the
reduction of the RAFT chain-transfer agent to yield secondary or tertiary thiols of low reactivity or
the synthesis of novel chain-transfer agents that contain reactive groups. As an additional strategy,
N-substituted maleimido monomers have been used in a modified block polymerization to add a
single maleimido unit onto the RAFT polymer with nearly quantitative efficiency. Unique reactive
groups contained in the N-substituent are thereby added to the ω-terminal end of the polymer and
are subsequently available for conjugation reactions. This technique has been demonstrated using
N-(2-aminoethyl)maleimide trifluoroacetate to introduce a single primary amine to the ω-terminus
of poly(dimethy-laminoethyl methacrylate) and poly(N-isopropyl acrylamide) and to a specialized
block copolymer for siRNA delivery. Evidence for retention of functional RAFT endgroups is
provided by synthesis results where chain-extended polyDMAEMA (Mn = 10 600 g/mol, Mw/Mn =
1.14) was used as a macro chain transfer agent for the polymerization of styrene, yielding a diblock
polymer of low polydispersity (Mn = 20 300 g/mol, Mw/Mn = 1.11). It is thus also possible to construct
diblock copolymers with a bioconjugation site precisely located at the junction between the two
blocks. The chain-extended polymers are functionalized with an amine-reactive fluorescent dye or
folic acid at conjugation efficiencies of 86 and 94%, respectively. The versatile chain-extension
technique described here offers unique opportunities for the synthesis of well-defined polymeric
conjugates to molecules of biological and targeting interest.

INTRODUCTION
Controlled radical polymerization (CRP) techniques such as nitroxide-mediated
polymerization (NMP) (1), atom transfer radical polymerization (ATRP) (2), and reversible
addition–fragmentation chain transfer polymerization (RAFT) (3,4) offer the ability to produce
polymers with predetermined molecular weights, narrow molecular weight distributions, and
advanced architectures. For RAFT polymerizations, numerous groups have reported the
incorporation of diverse monomers in both organic and aqueous conditions (5–11). One
particularly significant feature of RAFT is that it allows a facile route to prepare telechelic
polymers with distinct α and ω functionalities. This feature provides a useful tool for the
tailored design of novel polymeric conjugates via coupling to fluorescent dyes, nanoparticles,
drugs, peptides, proteins, or targeting moieties (12–17). In particular, reactive α and ω
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endgroups offer unique opportunities for the synthesis of well-defined polymeric drug carriers
that incorporate both targeting and therapeutic moieties.

Functional endgroups can be prepared using ATRP by modifying the initiator (18,19) or by
RAFT through modifications to the chain transfer agent (CTA). The majority of literature
reports have focused on RAFT CTAs with functional R groups (16,17,20–23), largely due to
the greater stability of the R group following polymerization. Notable examples of RAFT
agents with functional Z groups also exist. Liu et al. (24) prepared a novel trithiocarbonate
CTA containing a pyridyl disulfide group in the Z position that allows for direct coupling to
thiol-bearing molecules without postpolymerization modifications. Similarly, Carter et al.
prepared a highly branched polymer with imidazole endgroups by employing a Z-functional
dithioester (25). However, preparation of Z-functionalized RAFT CTAs often requires more
difficult synthetic protocols, and many desirable chemical moieties are unsuitable for
incorporation into CTA moieties.

RAFT CTAs based on xanthates, dithioesters, dithiocarabamates, and trithiocarbonates can be
reduced with primary amines (26–28) or NaBH4 (12,13) to yield a polymeric thiol endgroup
that can be used for conjugation reactions (29–33). While conjugations to secondary thiols
(from styrenic and non-α-substituted monomers) or tertiary thiols (from α-substituted
monomers) have been described (11,13,14,26,34,35), these reactions typically require elevated
temperatures, long reaction times, and stoichiometric ratios that can be problematic for many
molecules of biological interest due to their expense or instability. A route around this reactivity
barrier was described by Scales et al. (13), who showed that a secondary thiol could be reacted
with a small linker-like molecule for subsequent conjugations. Similarly, York et al. (34)
obtained 80% conjugation of a fluorescent dye to an α-substituted N-(2-hydroxypropyl)
methacrylamide block copolymer following reduction of the CTA and subsequent conversion
of the tertiary thiol to a primary amine. However, these conversions require reaction conditions
that may prove impractical for many polymer compositions. Additional routes to the ω-
functionalization of RAFT polymers are needed that are compatible with a wide range of
monomers and can be conducted at the time of synthesis under mild conditions.

Our research group has been interested in applications of stimuli-responsive “smart” polymers
for therapeutic and diagnostic/bioanalytical applications. The therapeutic applications utilize
pH-responsive polymers for intracellular delivery of macromolecular biologics such as
proteins, peptides, antisense DNA, and small interfering RNA (siRNA) (36–42). Additionally,
we have worked on the development of stimuli-responsive polymers for bioseparations and
diagnostic applications (43–45). These applications would benefit from more efficient
chemistries for spatially controlled ω (or Z)-end conjugations, and here, we describe a
technique for functionalizing the ω-terminal end of RAFT polymers by chain extension using
N-substituted maleimides. Maleimido monomers readily undergo copolymerization with other
species but do not efficiently homopolymerize under typical RAFT conditions (46–50). We
show that this property can be exploited in a block polymerization in order to add a single
amine-substituted maleimido unit to the end of a RAFT polymer. Because a high percentage
of the maleimido-terminated chains are living and a second block can be polymerized from
this macro-CTA, the reactive amine can also be positioned precisely at the junction of AA or
AB block segments, providing spatial control over the position of a branched bioconjugation
site.

EXPERIMENTAL DETAILS
Materials

All reagents were purchased from Sigma-Aldrich and used without further purification unless
otherwise noted. Dimethylaminoethyl methacrylate (DMAEMA), butyl methacrylate (BMA),
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and styrene were purified by vacuum distillation. N-Isopropylacrylamide (NIPAM) was
recrystallized from hexanes. Propylacrylic acid (PAA) was synthesized as previously published
(51). Unless noted otherwise, the primary radical source used in all polymerizations was 2,2-
azobisisobutyronitrile (AIBN), which was recrystalized from methanol. The trithiocarbonate
CTA ethyl cyanovaleric trithiocarbonate (ECT) was synthesized as previously described (41)
and used as the CTA in all RAFT polymerizations. All polymerizations were conducted under
N2 atmosphere.

RAFT polymerization of pDMAEMA and p(DMAEMA-b-DMAEMA/BMA/PAA)
Poly(DMAEMA) was obtained by RAFT polymerization using experimental conditions
appropriate to target the various molecular weights used in this study. As an example of typical
conditions, the [CTAo]/[Io] ratio was10: 1, the [CTAo]/[Mo] ratio was 1:150, and the monomer
was 50 wt % in N,N′-dimethylformamide (DMF). The polymerization was conducted at 60 °
C for 7 h. The molecular weight and polydispersity were 8100 g/mol and 1.21, respectively.
All DMAEMA polymers were isolated by precipitation in an 80/20 v/v pentane/ether mixture,
followed by repeated cycles of dissolution in ether and precipitation in pentane. The polymer
was dried under vacuum overnight. Molecular weight distributions were determined by gel
permeation chromatography (GPC).

The block copolymer p(DMAMEA-b-DMAEMA/BMA/PAA) was prepared following
previously described protocols (41). Briefly, a pDMAEMA macro CTA (Mn = 9000 g/mol,
Mw/Mn = 1.30) was employed for the polymerization of the copolymer block using a
[CTAo]/[Io] ratio of 10:1 and a [CTAo]/[Mo] ratio of 1:250 in DMF at 40 wt % monomer. The
composition of the feed was 40 mol % butylmethacrylate (BMA), 30 mol % propylacrylic acid
(PAA), and 30 mol % DMAEMA. 2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70)
was the radical source, and the polymerization time was 18 h at 30 °C. The block copolymer
was isolated by multiple precipitations in an 80/20 v/v pentane and ether mixture, followed by
precipitation in pentane.

RAFT Polymerization of pNIPAM
Poly(NIPAM) was obtained by RAFT polymerization based on previously published
conditions (52) using a [CTAo]/[Io] ratio of 20:1, a [CTAo]/[Mo] ratio of 1:100, and the
monomer was 33 wt % in p-dioxane. The polymerization was conducted at 70 °C for 120 min.
pNIPAM was isolated by repeated cycles of precipitation into ethyl ether, followed by
dissolution in acetone, and dried under vacuum overnight.

Maleimido Chain Extension
Maleimide chain extension was performed at 60 °C in DMF for 16 h using N-(2-aminoethyl)-
maleimide trifluoroacetate (AM) as the monomer and poly(D-MAEMA), poly(NIPAM), or
poly(DMAEMA-b-DMAEMA/BMA/PAA) as the macro-CTA (Scheme 1). The
polymerizations were conducted with a [CTAo]/[Io] ratio of 10:1 and a [CTAo]/[Mo] ratio of
1:100. The polymerization solution was 60 wt % solvent. As an example of polymerization,
400 mg pDMAEMA (49 μmol) and 1.26 g AM (4.9 mmol) were polymerized with 0.81 mg
AIBN (4.9 μmol) in 2.5 g DMF. 1H NMR was used to confirm that the macro-CTAs were free
of residual monomer prior to chain extension in order to eliminate the possibility of
copolymerization during maleimide chain extension.

Chain-extended pDMAEMA-AM was isolated by six cycles of precipitation in an 80/20
solution of pentane/ether. Between precipitations, the polymer was redissolved in acetone and
separated from any insoluble AM by centrifugation and filtration through 0.2 μm syringe filters.
Following precipitation, a solution of pDMAEMA-AM was prepared in deionized water (DI)
and the polymer was further purified from residual AM monomer using two PD-10 desalting
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columns (Amersham, Piscataway NJ) in series and lyophilized. Chain-extended pNIPAM-AM
was purified from AM by running the reaction mixture through two PD-10 columns following
1:2 dilution in DI, then lyophilized. The extent of AM chain extension was determined
using 1H NMR, and the molecular weight distribution was characterized by GPC.

Styrene Polymerization from pDMAEMA-AM
Chain-extended pDMAEMA-AM was used as a macro-CTA for the polymerization of styrene
(pDMAEMA-AM-STY) in order to demonstrate retention of functional RAFT chain ends. The
[CTAo]/[Io] ratio was10:1, the [CTAo]/[Mo] ratio was 1:250, and the monomer was 50 wt %
in DMF. The polymerization was conducted at 60 °C for 24 h, and the polymer was isolated
by precipitation in 80/20 v/v pentane/ether as previously described.

Fluorescent Labeling
Amine functionalized pDMAEMA-AM and pDMAEMA-AM-STY were labeled with 1-
pyrenebutanoic acid succimidyl ester (PNHS) (Invitrogen). pDMAEMA-AM (75 mg, 10
μmol) was dissolved in 1 mL of anhydrous DMF. Subsequently, diisopropylethylamine (123
mg, 0.96 mmol) was added at 2-fold molar excess relative to the number of DMAEMA residues
to ensure removal of the triflate salt from the pDMAEMA-AM primary amine. After 60 min,
PNHS (20 mg, 70 μmol) was added to the solution at 7-fold molar excess relative to the number
of pDMAEMA-AM chains, and the reaction was allowed to proceed in the dark at room
temperature for 18 h under anhydrous conditions. At the end of the reaction time, free PNHS
was precipitated from solution by the addition of 4 mL of DI water and separated by
centrifugation. The supernatant was filtered through a 0.2 μm syringe filter, eluted through 2
PD-10 desalting columns, and dried. The sample was then dissolved in 2.5 mL of 50% v/v DI/
DMF and eluted through two additional PD-10 columns in series, and frozen and lyophilized.
The percent conjugation was determined by GPC using online UV and RI detectors.

pDMAEMA-AM-STY was labeled using a similar procedure, but PNHS was added at 50-fold
molar excess to compensate for the increased steric hindrance of the amine caused by the
presence of the styrene block. Following labeling, the reaction mixture was added to 50 mL
anhydrous ether causing the precipitation of PNHS, which was removed by centrifugation.
pDMAEMA-AM-STY was subsequently precipitated from the ether by the addition of 50 vol
% pentane and recovered by centrifugation.

To determine the concentration of pyrene associated with pDMAEMA-AM or pDMAEMA-
AM-STY, a linear pyrene calibration curve was generated by injecting multiple known
concentrations of pyrene on the GPC column and plotting their corresponding UV peak areas
at 338 nm. The concentration of pyrene associated with the polymers was subsequently
determined by comparison of the polymer conjugate UV peak area (λ = 338) to the pyrene
calibration curve. The UV peak area of the unlabeled polymers was used to account for the
contribution of the RAFT CTA to the absorption at 338 nm while maintaining constant RI peak
area between the two samples.

Folic Acid Conjugation
Folic acid was activated with dicyclocarbodiimide (DCC) in dry dimethylsulfoxide (DMSO)
at a molar ratio of 1:1.1 for 60 min at 4 °C. A solution of pDMAEMA-b-DMAEMA/BMA/
PAA that had been chain-extended with N-(2-aminoethyl)maleimide and TEA (1:1 mol ratio
with PAA and AM) in DMSO was added to the activated folate solution (10:1 folate/polymer
ratio) and reacted overnight at room temperature. The polymer–folate conjugate was purified
by extensive dialysis in water, then lyophilized. The remaining folic acid was separated from
the lyophilized conjugate using a series of 5 PD-10 desalting columns until no further reduction
in folic acid absorbance (λ = 363 nm) was observed in the column flow-through. The purified
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polymer–folate conjugate was dried by lyophilization, and the amount of folate present in the
conjugate was determined by UV absorbance relative to a standard curve of free folic acid. No
shift in the folate absorbance spectrum was observed as a result of conjugation to the polymer.
UV measurements were done in phosphate buffered saline (PBS), pH = 7.4. Concentrations of
the polymer–folate conjugate were between 0.1 and 1 mg/mL.

Instrumentation
The polymers in this study were characterized by gel permeation chromatography using three
Tosoh TSK-GEL columns (TSK-α3000, α3000, α4000) connected in series to a Viscotek
GPCmax VE2001 and Viscotek RI and UV detectors (VE3580 and VE3210, respectively)
(Viscotek, Houston, TX). The mobile phase was HPLC-grade DMF containing 0.1 wt % LiBr.
Molecular weight distributions were determined relative to a series of poly(methyl
methacrylate) standards. Characterization of polymer–folate conjugates was performed on an
HP Agilent 8453 UV–vis spectrophotometer. All NMR spectroscopy was done on a Bruker
DRX499 system in D2O.

RESULTS AND DISCUSSION
A single N-substituted maleimido repeat unit can be added to the ω-terminal end of a polymer
using RAFT and the common techniques of block polymerization. By varying the identity of
the N-substituent, maleimido chain extension provides a method to introduce highly reactive
chemical groups at the ω (Z)-end (Scheme 1). The technique is versatile in that it is compatible
with a wide variety of polymers, does not require post-polymerization processing to obtain
reactive moieties, and yields functional groups for bioconjugations that are significantly more
reactive than the polymeric thiols that can be obtained by CTA reduction. Using the chain
extension technique, we have successfully introduced primary amine ω-endgroups to
acrylamido and α-substituted methacrylic polymers and at the junction between diblock
segments (Figure 1). The utility of the amines has been shown by conjugations to an optical
dye and to the targeting moiety folic acid.

Primary amines are highly nucleophilic and have significant synthetic utility in the preparation
of polymeric bioconjugates. However, primary amines are commonly used for the reduction
of trithiocarbonates and dithiocarbamates, and therefore difficult to incorporate into RAFT
polymers or RAFT CTAs. As shown in Scheme 1, we have used the triflate salt of N-(2-
aminoeth-yl)maleimide (AM) to introduce primary amine functionality on the ω-end of
polymer chains. The triflate salt prevents reduction of the RAFT CTA during chain extension
with the maleimide, but does not interfere with subsequent conjugation reactions. The success
of this technique can be shown using 1H NMR. Figure 2 shows the spectrum of a chain extended
pDMAEMA-AM macro-CTA. The emergence of the triplet at δ = 3.77 corresponding to the
(NCH2CH2) group in AM and the absence of free vinyl peaks at δ = 6.8 shows that AM is
incorporated into the pDMAEMA polymer and not present as a contaminating monomer. By
comparing the pDMAEMA (CO2CH2) peak area at δ = 4.1 to the AM peak area at δ = 3.77,
and using the molecular weight of pDMAEMA determined by GPC, the number of AM
residues incorporated into each polymer chain is calculated at 1.02 (P1, Table 1). This result
clearly shows the addition of a single functional maleimide to the ω-end of the polymer chain.

The chain extension technique is not limited to the preparation of ω-functional methacrylic
polymers. Using the thermally responsive polymer poly(N-isopropylacrylamide) (pNIPAM),
we have shown that acrylamido polymers may be functionalized by maleimido chain extension.
Figure 3 shows the 1H NMR spectrum of a chain-extended pNIPAM-AM macro-CTA. The
triplet at δ = 3.15 corresponds to the (CH2CH2NH2) group in AM and the spectrum is free of
vinyl peaks, indicating incorporation of AM into the pNIPAM polymer. The number of AM
residues incorporated into each polymer was determined to be 0.97 (P3, Table 1) by comparing
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the pNIPAM methine peak area (NHCH(CH3)2) at δ = 3.81 to the AM peak area at δ = 3.15
and using the molecular weight of pNIPAM determined by GPC. Moreover, the AM peak area
can be compared directly to the (SCH2CH3) peak from the Z-group of the CTA at δ = 3.31,
indicating that the CTA and AM are present on the polymer in a 1:1 ratio. Calculation of the
degree of polymerization based on the pNIPAM methine peak and the CTA peak at δ = 3.31
yields the degree of polymerization expected from GPC measurements, providing further
evidence that pNIPAM has been successfully functionalized by a single AM residue and that
functional CTA moieties are retained on the polymer chain end. Together with the results of
the pDMAEMA chain extension, these results indicate that maleimido chain extension may
not be restricted by monomer class and will have synthetic utility with a wide array of
commonly used polymers (e.g., (meth)acrylic and (meth)acrylamido).

The chain extension conditions we describe do not result in changes to the molecular weight
distribution of the polymer undergoing extension. Figure 4A shows the RI traces for
pDMAEMA and pDMAEMA-AM (P1, Table 1) following chain extension. No apparent shift
in the peak elution volume results from chain extension, consistent with the addition of a single
monomer to the chain end, and no change was observed in the calculated Mn (8100 g/mol)
upon chain extension. Moreover, no peak broadening is exhibited in the RI traces, as would
be expected if significant polymer–polymer coupling or formation of homomaleimide polymer
fragments were to occur (Mw/Mn =.21 and 1.26 before and after chain extension, respectively).
Similarly, no significant changes in molecular weight distribution were observed after chain
extension of pNIPAM (Mn = 8000 g/mol Mw/Mn = 1.16, and Mn = 8000 g/mol Mw/Mn= 1.17)
or the block copolymer pDMAEMA-b-DMAEMA/BMA/PAA (Mn = 19 400 g/mol Mw/Mn =
1.42, and Mn = 19 500 g/mol Mw/Mn = 1.45) (P4, Table 1).

A possible complication of chain extension with a primary amine containing monomer is
destruction of the RAFT moiety through aminolysis. If this undesirable reaction were to occur,
it would yield polymeric thiols that might result in polymer–polymer coupling by disulfide
formation or reaction with maleimide monomers. Although GPC traces provided no evidence
of polymer coupling following chain extension, we prepared an additional chain-extended
pDMAEMA-AM to serve as a macro-CTA in a subsequent styrene polymerization (Mn = 10
600 g/mol, Mw/Mn = 1.14). If destruction of some or all of the RAFT CTA were to occur during
chain extension, subsequent block formation using the pD-MAEMA-AM macro-CTA would
be impossible or would yield polymers with broad or multimodal molecular weight
distributions due to the presence of nonfunctional macro-CTA. Figure 4B shows RI traces for
the pDMAEMA-AM macro-CTA and for the triblock polymer obtained by block
polymerization, pDMAEMA-AM-STY (P2, Table 1). A clear shift in the retention volume of
the polymer is observed following polymerization, and the molecular weight distribution of
the triblock polymer is characteristically narrow (Mn= 20 300 g/mol and Mw/Mn = 1.11). These
results strongly suggest that significant aminolysis of the CTA is not occurring. Further
evidence in support of this point can be seen by examining the 1H NMR spectrum of pNIPAM-
AM, shown in Figure 3.

This spectrum clearly shows the methylene peak from the Z-group of the CTA at δ = 3.31. The
ratio of this peak area to the methine peak area in chain-extended pNIPAM-AM is the same
as the corresponding ratio in the parent pNIPAM, indicating that no detectable aminolysis of
the CTA occurs during chain extension.

The retention of functional RAFT moieties on the polymer following chain extension offers
unique synthetic opportunities. The maleimido-terminated chains are living and can be used
in subsequent block polymerizations, as illustrated by our polymerization of pDMAEMA-AM-
STY. Such polymerizations have the effect of positioning a bioconjugation site precisely at the
junction of the AA or AB blocks, whose length and composition can also be readily controlled.
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Moreover, multiple rounds of block polymerizations could potentially be used to position
multiple bioconjugation sites at defined intervals along a polymer backbone of hetero- or
homogeneous composition. These materials could be used to prepare therapeutic and
diagnostic polymer conjugates with uniquely defined architectures.

To confirm that the amines introduced to the polymers by chain extension were reactive and
available, a fluorescent dye was used as a model compound for imaging agent conjugations.
Amine-reactive 1-pyrenebutanoic acid succimidyl ester (PNHS) was used to label
pDMAEMA-AM, and the amount of pyrene conjugated was evaluated by GPC and UV
spectroscopy following purification. Figure 5A shows normalized RI and UV traces for pyrene-
labeled pDMAEMA-AM. Upon reaction with PNHS, an intense UV signal is observed with
polymer elution that is not present in unconjugated pDMAEMA-AM, indicating that the
pDMAEMA-AM chains were successfully labeled with pyrene. Figure 5B shows the UV
absorbance spectra of pyrene-labeled pDMAEMA-AM and unlabeled pDMAEMA-AM,
illustrating the significant increase in absorptivity that occurs upon pyrene addition. The
percentage of pDMAEMA-AM chains conjugated to pyrene was determined to be 86.1% (P1,
Table 1) by comparing the UV peak area associated with polymer elution to a calibration curve.
Similarly, PNHS was also used to label the primary amine located at the maleimido junction
of the DMAEMA and STY block segments in pD-MAEMA-AM-STY (P2, Table 1). The
degree of conjugation to this polymer was 44%, suggesting that the steric effects of the large
styrene block reduce the conjugation efficiency.

Recently, our group described the use of the block copolymer pDMAEMA-b-DMAEMA/
BMA/PAA as a siRNA delivery vehicle (41). The positively charged pDMAEMA block
functions to condense nucleic acid residues, while the pH-responsive and membrane-disruptive
copolymer block mediates intracellular delivery of the complexes following endosomal uptake.
Though the block copolymer mediated excellent gene knockdown (up to 80%) (41),
incorporation of targeting ligands can further enhance knockdown in vitro and facilitate more
efficient in vivo delivery (53,54). Folic acid is a commonly used targeting ligand, mediating
greater internalization for cells that express or overexpress the folic acid receptor (55,56). As
a demonstration of the utility of maleimido chain extension, we conjugated folic acid to the
AM chain-extended pDMAEMA-b-DMAEMA/BMA/PAA block copolymer. Figure 6A
shows the RI and UV GPC traces of the unmodified copolymer, while Figure 6B shows the RI
and UV GPC traces of the copolymer–folate conjugate. The unmodified copolymer shows
negligible UV absorbance at 363 nm (Figure 6A), while an intense UV signal is associated
with polymer elution in the case of the copolymer–folate conjugate (Figure 6B). The degree
of folate conjugation to the copolymer was determined by comparison to a calibration curve
of free folic acid and found to be 94% (P4, Table 1).

It is important to note that the highly efficient conjugation reactions demonstrated here were
conducted for less than 24 h at room temperature and relatively low stoichiometric ratios. These
reaction conditions are possible because maleimide chain extension provides a functional group
with far greater reactivity than the tertiary thiols that can be obtained following reduction of
the CTA. For this reason, chain extension is particularly well suited for functionalizing
polymers with molecules of biological interest that may be insufficiently stable or prohibitively
expensive for use with other ω-functionalization strategies.

CONCLUSION
A facile method to achieve end-functionalization of RAFT polymers with moieties for
bioconjugation was demonstrated. Using an N-substituted maleimido monomer, a unique
functional group was introduced to the ω-terminal end of RAFT polymers. Specifically, N-(2-
aminoethyl)maleimide trifluoroacetate (AM) was used to introduce a single primary amine to
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an α-substituted polymer, dimethylaminoethyl methacrylate (pDMAEMA), N-isopropyl
acrylamide (pNIPAM) and a block copolymer of DMAEMA, butyl methacrylate (BMA), and
propylacrylic acid (PAA), (pDMAEMA-block-DMAEMA/BMA/PAA). The primary amine
was active, and conjugation efficiencies of 86% to pyrene and 94% to folic acid were readily
achieved at room temperature and low stoichiometric ratios. This synthetic approach should
provide a versatile method for ω-end functionalization of RAFT polymers, since alternate ω-
end functionalities could be readily prepared by altering the identity of the maleimido N-
substituent.
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Figure 1.
Schematic design of functionalized telechelic RAFT-polymers that provide a convenient route
to controlled bioconjugations at the ω(Z)-chain end, or at the branched junction between two
block segments. Using the CTA described in the text, the R group is a reactive carboxylate and
the Z-group is an unreduced trithiocarbonate or reduced polymeric thiol.
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Figure 2.
1H NMR of pDMAEMA after chain extension with N-(2-aminoethyl)maleimide
trifluoroacetate (AM). The inset shows the triplet at δ = 3.77 that results from the addition of
AM to the polymer chain.
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Figure 3.
The 1H NMR spectrum of pNIPAM following chain extension with AM. The inset shows the
triplet at δ = 3.15 that results from the addition of AM to the polymer chain and the quartet at
δ = 3.31 that indicates the presence of intact RAFT Z groups.
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Figure 4.
(A) GPC traces showing the molecular weight distribution of pDMAEMA and pDMAEMA-
AM following chain extension. (B) GPC traces of a pDMAEMA-AM-STY triblock polymer
and the corresponding pDMAEMA-AM macro-CTA.
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Figure 5.
Chain-extended polymers were labeled with an amine-reactive pyrene. (A) RI and UV traces
of pDMAEMA-AM-P following pyrene conjugation. (B) Unmodified pDMAEMA-AM shows
limited UV absorbance due to the trithiocarbonate moiety on the chain end, while pyrene-
labeled pDMAEMA-AM-P exhibits significantly increased absorption.

Henry et al. Page 15

Bioconjug Chem. Author manuscript; available in PMC 2010 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
(A) RI and UV traces of pDMAEMA-b-DMAEMA/BMA/PAA before conjugation to folic
acid. (B) RI and UV traces of pDMAEMA-b-DMAEMA/BMA/PAA after the addition of folic
acid.
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Scheme 1.
Synthetic Pathway for Maleimido Chain Extension of RAFT Polymers
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