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ABSTRACT:

Combinatorial libraries have become increasingly popular in the field of functional biomaterials. One approach for creating diverse
polymer libraries is polymer-analogous conjugation of functional groups to polymer scaffolds. In this study, we show that a water-
soluble condensing agent, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), can be employed to
conjugate two disparate model ligands, D-(þ)-galactosamine (Gal) and agmatine (Agm), to the side chains of either poly-
(methacrylic acid) (pMAA) or poly(acrylic acid) (pAA) at various substitution ratios. The degree of substitution was found to be
directly influenced by media pH, polymer concentration, structure of ligands, and polymer precursor. A nearly 2-fold increase in
conjugation efficiencies for both ligands to pAA was achieved as compared to pMAA under identical conditions reaching up to 56%
and 78% of Gal and Agm of total content, respectively. These two structurally similar polymers showed remarkably different
performances, which reveals that the selection of a polymer precursor is crucial for the optimal design of polymeric libraries,
particularly when complex structural ligands are involved. The approach employed provides a basis from which larger and more
diverse combinatorial libraries of functionalized polymers with multiple moieties can be generated.

’ INTRODUCTION

Combinatorial libraries have become increasingly prominent
in the field of functional biomaterials. For instance, combinatorial
libraries of polymers1 have been widely explored for biomedical
applications including gene delivery2-8 and medical device
development.9-11 Of particular importance to the advance-
ment of the field is the development of new synthetic strategies
to create increasingly larger and more diverse libraries. In
particular, polymeric libraries provide insight into the structure-
function relationships of biomaterials to identify favorable
structural parameters and allow further optimization of their
design.

One approach for creating diverse polymer libraries is polymer-
analogous conjugation of functional groups to polymer scaffolds.
For example, coupling between the carboxyl groups of a polymer
and the amino groups or hydroxyl groups of different ligands can
lead to polymer libraries with a range of pre-engineered func-
tionalities. Over the past few years, numerous condensing agents

have been developed and extensively used to form amides and
esters.12,13 Carbodiimides, such as dicyclohexylcarbodiimide
(DCC) and N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
(EDC), are particularly popular condensing agents. While these
condensing agents are widely used, their synthetic byproducts
can be difficult to remove. Additionally, many of these reagents
require the use of organic solvents and anhydrous conditions to
avoid competitive hydrolysis by water, and are expensive.

Condensation of both poly(methacrylic acid) and poly(acrylic
acid) with amine-containing antibodies has been previously reported
with carbodiimides and N-hydroxysuccinimide (NHS).14 [1,3,5]-
Triazine-based condensing agents have been exploited due to
their great versatility.15,16 Recently, 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride (DMTMM) was developed
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and shown to facilitate an efficient one-step condensation
of both small molecules and polymers.17-19 Other favorable
attributes of DMTMM are easy removal of excess reagent and
byproducts from the reaction; compatibility with many solvents
including water, alcohols, and diethyl ether, ethyl acetate, and
tetrahydrofuran;16 and high reaction yields; and it is relatively
inexpensive. DMTMM can adapt to a wide pH range, and in
some cases, no rigorous pH control is necessary.20,21 DMTMM
has been employed for the modification of a number of polymers
including polysaccharides,21,22 poly(γ-D-glutamic acid)23 and as
a coupling agent for peptidomimetics.24 Furthermore, DMTMM
has been previously reported for direct conjugation of amine-
containing ligands, including hydrophobic and hydrophilic groups,
to poly(acrylic acid).20 Although these groups were substituted
to the side chains with high efficiency, successful conjugation is
dependent on a manifold of parameters including the ligand
properties, particularly when cationic species are involved. To
our knowledge, the optimization for effective conjugation of such
moieties to polymer precursors using DMTMM has yet to be
reported. The characterization of postpolymerization modifica-
tions of polymers with structurally heterogeneous functional groups
will be of significant benefit for the development of new materials.

Herein, we report the conditions for optimal polymer-analo-
gous conjugation of two diverse model ligands, D-(þ)-galacto-
samine (Gal) and agmatine (Agm), to the side chain carboxyl
groups of both poly(methacrylic acid) (pMAA) and poly(acrylic
acid) (pAA). The choice of these two amine-containing ligands is
based on their unique structural characteristics, particularly their
different size and net charge, which can influence the conjugation
efficacy by steric hindrance or electrostatic effects. We report
optimal conditions under which thesemodel ligands conjugate to
pMAA and pAA using DMTMM and create limited polymer
libraries containing several single and binary substitution ratios of
both ligands to each individual polymer. The goal of this work is
to form the synthetic foundation upon which large, diverse polymer
libraries can be generated to investigate the structure-function
relationships of polymeric materials.

’EXPERIMENTAL PROCEDURES

Materials. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride hydrate (þ99%) and D-(þ)-galactos-
amine hydrochloride (99%) were purchased from Acros Organics.
Agmatine sulfate was purchased from Fluka (g99%) or Sigma-
Aldrich (g97%) and was recrystallized from water/ethanol
(1.4:1 v/v). N-Hydroxysuccinimide (98%) and N-(3-dimethyl-
aminopropyl)-N0-ethylcarbodiimide hydrochloride were purchased
from Sigma-Aldrich. All other reagents were purchased from
Fisher Scientific at the highest purity available. pMAA with average-
number molecular weight (Mn) of 8100 and polydispersity index
(PDI) of 1.24was synthesized by reversible addition-fragmentation
chain transfer (RAFT) polymerization as previously reported by
our group.25 pAA was synthesized analogous to pMAA by RAFT
polymerization with the exception of [AA]0 = 3.0 mol L-1 and
the purification process. Instead of precipitation in diethyl ether
as for pMAA, pAA was purified by drying under vacuum for 10 min
to remove ∼50% of the methanol and diluting with deionized
water, followed by dialysis using Spectra/Por regenerated cellu-
lose dialysis tubing (3.5 kDa MWCO) against deionized water
for 3 days. Samples were subsequently lyophilized for 24 h. Initial
reactant ratios were varied to obtain polymers with differentMn;
[AA]0:[I]0:[CTA]0 = 110:0.25:1 corresponded to Mn = 10 400
(PDI = 1.20), [AA]0:[I]0:[CTA]0 = 350:0.25:1 corresponded to
Mn = 33 200 (PDI = 1.21), and [AA]0:[I]0:[CTA]0 = 620:0.25:1
corresponded to Mn = 55 100 (PDI = 1.23). Mn values for pAA
were calculated based on pMAA standards.
Amine-Containing Ligand (Gal or Agm) Conjugation to

pMAA or pAA Using DMTMM. A representative example for
40% targeted Gal conjugation to pMAA, which corresponds to
[COOH]0:[DMTMM]0:[Gal]0 = 1:0.4:0.8 (Table 1, entry 1), is
as follows: In a 10 mL pear-shaped flask equipped with a
magnetic stir bar, pMAA (24 mg, 0.28 mmol repeating units)
and Gal (47 mg, 0.22 mmol) were dissolved with 6 mL of 0.1 M
borate buffer, pH = 8.5. After 10 min under stirring, a DMTMM
solution (30 mg, 0.11 mmol; in 2 mL of 0.1 M borate buffer,

Table 1. Amine-Containing Ligand (Gal or Agm) Conjugation to pMAAa

entry ligand

condensing

agent

[pMAA]0
(mg/mL) [COOH]0:[condensing agent]0 (mol L-1)

actual substitution

(AS)b (%)

conjugation

efficiency (CE)c (%)

1 Gald DMTMM 3 1:0.4 12 30

2 Gald DMTMM 3 1:0.7 18 26

3 Gald DMTMM 3 1:1 20 20

4 Gald DMTMM 3 1:2 23 12

5 Gald DMTMM 1 1:1 16 16

6 Agme DMTMM 3 1:0.4 21 53

7 Agme DMTMM 3 1:0.7 30 43

8 Agme DMTMM 3 1:1 37 37

9 Agme DMTMM 3 1:2 53 27

10 Agme DMTMM 1 1:1 17 17

11 Galf EDC 2 1:1 26 26

12 Galf EDC 2 1:2 30 15

13 Agmf EDC 2 1:1 25 25

14 Agmf EDC 2 1:2 28 14
aReactions were conducted at room temperature for 24 h. pMAAMn = 8100 (PDI = 1.24). bAs determined by 1H NMR (400 MHz) with D2O as the
solvent. cAs calculated by CE = AS/(([condensing agent]0)/([COOH]0)).

dReactions were conducted in 0.1 M borate buffer, pH 6.7, with [NH2]0 =
2 3 [DMTMM]0.

eReactions were conducted in 0.1 M borate buffer, pH 9.1, with [NH2]0 = 2 3 [DMTMM]0.
fReactions were conducted in a final

concentration of 0.042 M MES, 0.42 M NaCl, and 0.017 M phosphate buffer, pH 7.5 with [NH2]0 = 5 3 [EDC]0 and [NHS]0 = 2.5 3 [EDC]0.
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pH = 8.5) was transferred dropwise, and the pH was adjusted to
6.7 with additions of 1 N hydrochloric acid (HCl). The reaction
flask was capped with a rubber septum and continuously stirred
(600 rpm) for 24 h at room temperature. The product was purified
by dialysis using Spectra/Por regenerated cellulose dialysis tubing
(3.5 kDa MWCO) against 0.001 M borate buffer (pH = 8.5) for
2 days and deionized water for 2 additional days and lyophilized
for 24 h. The ligand content relative to the total repeating units
(or side chains) in each polymer was determined by 1H NMR
and is referred to as a percentage value. For example, pMAA-12%
Gal means 12% of the total side chains in pMAA are grafted with
a pendant Gal. Agm conjugations to pMAA, Gal conjugations to
pAA and Agm conjugations to pAA followed the same procedure
as previously described with the pH adjusted to 9.1, 7.0, and 8.0,
respectively, by additions of 1 N HCl or 1 N sodium hydroxide
(NaOH). For Agm conjugations to pMAA and pAA, the product
was purified by dialysis using Spectra/Por regenerated cellulose
dialysis tubing (3.5 kDaMWCO) against 0.001MHCl (pH∼3)
for 2 days and deionized water for 2 additional days and lyophilized
for 24 h.
Amine-Containing Ligand (Gal or Agm) Conjugation to

pMAA Using EDC/NHS. The conjugation of amine-containing
ligands to pMAA using EDC/NHSwasmodified from previously
established protocols.13 A representative example for 100% targeted
Gal conjugation topMAAwhich corresponds to [COOH]0:[EDC]0:
[NHS]0:[Gal]0 = 1:1:2.5:5 (Table 1, entry 11) is as follows: In a
25 mL pear-shaped flask equipped with a magnetic stir bar,
pMAA (20 mg, 0.23 mmol repeating units) was dissolved with
6 mL of 0.05 MMES, 0.5 MNaCl buffer, pH 6.5. After complete
dissolution, EDC (44 mg, 0.23 mmol; in 2 mL of 0.05 M MES,
0.5 M NaCl buffer, pH 6.5) and NHS (67 mg, 0.58 mmol; in
2 mL of 0.05 MMES, 0.5 MNaCl buffer, pH 6.5) solutions were
sequentially added to the reaction, and the pHwas adjusted to 6.5
with additions of 1 NNaOH. The reaction flask was capped with
a rubber septum and continuously stirred (600 rpm) for 1 h at
room temperature after which a Gal solution (248 mg, 1.15 mmol;
in 2 mL of 0.1 M phosphate buffer, pH 7.5 was transferred

dropwise. The pH was readjusted to 7.5 with additions of 1 N
NaOH, and the reaction was allowed to continuously stir over-
night (600 rpm) at room temperature. The product was purified
by dialysis using Spectra/Por regenerated cellulose dialysis
tubing (3.5 kDa MWCO) against 0.001 M phosphate buffer
(pH = 7.5) for 2 days and deionized water for 2 additional days
and lyophilized for 24 h. The ligand content relative to the total
repeating units (or side-chains) in each polymer was determined
by 1H NMR and is referred to as a percentage value. Agm
conjugations to pMAA were carried out under the same reaction
conditions. The product was purified by dialysis using Spectra/
Por regenerated cellulose dialysis tubing (3.5 kDa MWCO)
against 0.001 M HCl (pH ∼3) for 2 days and deionized water
for 2 additional days and lyophilized for 24 h.
Sequential Conjugation of Amine-Containing Ligand (Gal

or Agm) to pMAA-graft-Gal, pAA-graft-Gal, or pAA-graft-
Agm Using DMTMM. A representative example for 50% targeted
Agm conjugation to available carboxyl groups in pMAA-12%Gal,
which corresponds to [COOH]0:[DMTMM]0:[Agm]0 = 1:0.5:1
(Table 3, entry 1) is as follows: In a 10 mL pear-shaped flask
equipped with a magnetic stir bar, pMAA-12%Gal (24 mg, 0.20
mmol COOH) and Agm (46 mg, 0.20 mmol) were dissolved
with 6 mL of 0.1 M borate buffer, pH = 8.5. After 10 min under
stirring, a DMTMM solution (28 mg, 0.10 mmol; in 2 mL of
0.1 M borate buffer, pH = 8.5) was transferred dropwise, and the
pH was adjusted to 9.1 with additions of 1 N NaOH. The reaction
flask was capped with a rubber septum and continuously stirred
(600 rpm) for 24 h at room temperature. The product was
purified by dialysis using Spectra/Por regenerated cellulose dialysis
tubing (3.5 kDaMWCO) against 0.001MHCl (pH∼3) for 2 days
and deionized water for 2 additional days and lyophilized for
24 h. The ligand content relative to the total repeating units (or
side chains) in each polymer was determined by 1H NMR and is
referred to as a percentage value. Agm conjugations to pAA-graft-
Gal and Gal conjugations to pAA-graft-Agm followed the same
procedure as previously described with the pH adjusted to 8.0 and
7.0, respectively, by additions of 1 N HCl or 1 N NaOH. For Gal
conjugations to pAA-graft-Agm, the product was purified by dialysis
using Spectra/Por regenerated cellulose dialysis tubing (3.5 kDa
MWCO) against 0.001M borate buffer (pH = 8.5) for 2 days and
deionized water for 2 additional days and lyophilized for 24 h.
Simultaneous Conjugation of Gal and Agm to pAA Using

DMTMM. A representative example of 25% targeted Gal and
75% targeted Agm conjugations to pAA which corresponds to
[COOH]0:[DMTMM]0:[Gal]0:[Agm]0=1:1:0.25:0.75 (Table 4,
entry 1) is as follows: In a 10mL pear-shaped flask equipped with
a magnetic stir bar, pAA (24 mg, 0.33 mmol repeating unit), Gal
(18 mg, 0.083 mmol) and Agm (57 mg, 0.25 mmol) were
dissolved with 6 mL of 0.1 M borate buffer, pH = 8.5. After 10 min
under stirring, a DMTMM solution (91 mg, 0.33 mmol; in 2 mL
of 0.1 M borate buffer, pH = 8.5) was transferred dropwise,
and the pH was adjusted to 7.0 with additions of 1 N HCl. The
reaction flask was capped with a rubber septum and continuously
stirred (600 rpm) for 24 h at room temperature. The product was
purified by dialysis using Spectra/Por regenerated cellulose
dialysis tubing (3.5 kDa MWCO) against 0.001 M HCl (pH
∼3) for 2 days and deionized water for 2 additional days and
lyophilized for 24 h. The ligand content relative to the total
repeating units (or side chains) in each polymer was determined
by 1H NMR and is referred to as a percentage value.
NMR Spectroscopy. 1H NMR spectra of polymer conjugates

were obtained using an Inova 400 MHz spectrometer. 2-D

Table 2. Amine-Containing Ligand (Gal or Agm) Conjuga-
tion to pAAa

entry ligand

[pAA]0
(mg/mL)

[COOH]0:

[DMTMM]0:

[NH2]0
(mol L-1)

actual

substitution

(AS)b (%)

conjugation

efficiency

(CE)c (%)

1 Gald 3 1:0.5:1 35 70

2 Gald 3 1:0.7:1.4 41 59

3 Gald 3 1:1:2 52 52

4 Gald 3 1:2:4 56 28

5 Gald 1 1:1:2 43 43

6 Agme 3 1:0.5:1 30 60

7 Agme 3 1:0.7:1.4 46 66

8 Agme 3 1:1:2 57 57

9 Agme 3 1:2:4 78 39

10 Agme 1 1:1:2 32 32
aReactions were conducted at room temperature for 24 h using
DMTMM as the condensing agent with [NH2]0 = 2 3 [DMTMM]0. pAA
Mn = 10 400 (PDI = 1.20). bAs determined by 1H NMR (400 MHz)
with D2O as the solvent. cAs calculated by CE = AS/(([DMTMM]0)/
([COOH]0)).

dReactions were conducted in 0.1 M borate buffer,
pH 7.0. eReactions were conducted in 0.1 M borate buffer, pH 8.0.
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DOSY NMR spectra of polymer conjugates were obtained using
an Inova 600 MHz spectrometer. Deuterium oxide (D2O) was
used as the solvent. To the samples that were not readily soluble
inD2O, small additions of deuteriumchloride or sodiumdeuteroxide
(30 wt % in D2O) were added. Resonances were referenced to
HOD at 4.81 ppm.

’RESULTS AND DISCUSSION

The effective design of polymeric libraries with a range of
functionalities requires careful characterization of the conjugation
process, which is greatly influenced by the polymer precursor and

selected ligands. In this study, we evaluate two polymer back-
bones, pMAA and pAA. Both polymers are readily soluble in
water and can easily undergo chemical modifications. The high
content of carboxyl groups from the side chains allows diverse
combinations of multiple pendant groups grafted to the polymer
backbone via amide bonds. However, these related but structu-
rally different polymers showed significant differences in con-
jugation efficiencies of our two model ligands, Gal and Agm,
which sparked our interest to investigate the trends distinguished
for such conjugations under various conditions.
NMR Analyses for Gal and Agm Conjugation to pMAA or

pAA. The side chains of both pMAA and pAA were modified by

Table 3. Sequential Conjugation of Agm to pMAA-graft-Gal and pAA-graft-Gal, and of Gal to pAA-graft-Agma

entry polymer

[COOH]0:[DMTMM]0:

[NH2]0 (mol L
-1) ligand

actual substitution

(AS)b (%)

conjugation efficiency

(CE)c (%)

1 pMAA-12%Gald 1:0.5:1 Agm 13 30

2 pMAA-12%Gald 1:0.8:1.6 Agm 21 30

3 pMAA-12%Gald 1:1.1:2.2 Agm 24 25

4 pMAA-18%Gald 1:0.5:1 Agm 15 37

5 pMAA-18%Gald 1:0.8:1.6 Agm 20 30

6 pMAA-18%Gald 1:1.2:2.4 Agm 24 24

7 pMAA-20%Gald 1:0.5:1 Agm 16 40

8 pMAA-20%Gald 1:0.8:1.6 Agm 20 31

9 pMAA-20%Gald 1:1.2:2.4 Agm 24 25

10 pAA-35%Gale 1:0.5:1 Agm 12 37

11 pAA-35%Gale 1:1.1:2.2 Agm 24 34

12 pAA-35%Gale 1:4.8:9.6 Agm 42 13

13 pAA-56%Gale 1:0.5:1 Agm 6 27

14 pAA-56%Gale 1:1.1:2.2 Agm 10 21

15 pAA-56%Gale 1:5.7:11.4 Agm 33 13

16 pAA-30%Agmf 1:0.6:1.2 Gal 20 48

17 pAA-30%Agmf 1:1.3:2.6 Gal 26 29

18 pAA-30%Agmf 1:6.8:13.6 Gal 35 7

19 pAA-46%Agmf 1:2.7:5.4 Gal 14 10

20 pAA-46%Agmf 1:6.8:13.6 Gal 26 7

21 pAA-57%Agmf 1:1.1:2.2 Gal 4 8

22 pAA-57%Agmf 1:4.3:8.6 Gal 8 4

23 pAA-78%Agmf 1:5:10 Gal 3 3
aReactions were conducted at room temperature for 24 h using DMTMM as the condensing agent with [NH2]0 = 2 3 [DMTMM]0 and [polymer]0 = 3
mg/mL. pMAA Mn = 8100 (PDI = 1.24); pAA Mn = 10 400 (PDI = 1.20). bAs determined by 1H NMR (400 MHz) with D2O as the solvent. cAs
calculated by CE = AS/[((([DMTMM]0)/([COOH]0)) 3XCOOH)], where XCOOH is the fraction of available carboxyl groups in a polymer chain.
dReactionswere conducted in 0.1Mborate buffer, pH9.1. eReactionswere conducted in 0.1Mborate buffer, pH8.0. fReactionswere conducted in 0.1Mborate
buffer, pH 7.0.

Table 4. Simultaneous Conjugation of Gal and Agm to pAAa

entry

[COOH]0:[DMTMM]0:[Gal]0:

[Agm]0 (mol L
-1)

Gal:Agm actual substitution

(ASGal:ASAgm)
b (%)

Gal:Agm conjugation efficiency

(CEGal:CEAgm)
c (%) overall conjugation efficiency (CEoverall)

d (%)

1 1:1:0.25:0.75 13:39 52:52 52

2 1:1:0.5:0.5 54:56 27:28 55

3 1:1:0.75:0.25 36:17 48:68 53

4 1:1:1:1 30:30 30:30 60

5 1:2:1:1 38:32 38:32 35
aReactions were conducted in 0.1 M borate buffer, pH 7.0, at room temperature for 24 h using DMTMM as the condensing agent with [polymer]0 = 3
mg/mL. pAA Mn = 10 400 (PDI = 1.20). bAs determined by 1H NMR (400 MHz) with D2O as the solvent. cAs calculated CEGal =
ASGal/(([Gal]0)/([COOH]0)) and CEAgm = ASAgm/(([Agm]0)/([COOH]0)).

dAs calculated by CEoverall = (ASGal þ ASAgm)/(([DMTMM]0)/
([COOH]0)).
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the substitution of Gal and Agm using DMTMM as the condensing
agent (Figure 1). DMTMM activates the carboxyl groups in the
polymer by forming a 2-acyloxy-4,6-dimethoxy-1,3,5-triazine
intermediate followed by the nucleophilic attack of the amino
group resulting in an amide linkage between the polymer side
chains and the ligand of interest.19 The degree of side chain
substitution was determined from the peak intensity ratio of the
polymer backbone to the side chain groups by 1H NMR (Inova
400 MHz) spectroscopy with D2O as the solvent, and is referred
to as a percentage value. Figure 2A-C shows the 1H NMR
spectra for pMAA-20%Gal, pMAA-37%Agm, and pMAA-18%
Gal-24%Agm, respectively. The chemical shift for the protons in
the R-methyl group (-CH3) in the polymer backbone of pMAA
are distinguished at 0.6-1.4 ppm (peak a), while the protons of
the methylene group (-CH2) are at 1.4-2.3 ppm (peak b). Gal
has distinctive chemical shifts at 3.5-4.7 ppm corresponding to
6H along the ring structure at C-2 to C-6 positions and at 5.2
ppm corresponding to 1H at C-1 position (peaks d). Similarly,
Agm proton chemical shifts are located at 1.6 ppm for 4H (peak f)
and at 3.2 ppm for 4H (peak e). Figure 2D-F illustrates the 1H
NMR spectra for pAA-56%Gal, pAA-30%Agm, and pAA-56%
Gal-33%Agm, respectively. In the case of pAA and pAA con-
jugates, the pAA backbone protons have chemical shifts of 1.2-
2.0 ppm (peak b) and 2.0-2.8 ppm (peak c) for the methylene
(-CH2) and methyne group (-CH), respectively. Grafted Gal
and Agm to pAA have chemical shifts analogous to the pMAA
conjugates. However, for pAA, an unexpected peak was observed
at 3.7 ppm. Further analysis revealed that this peak was from
methanol esterification of the carboxylic acid during RAFT poly-
merization. The peak was accounted for the quantitation of Gal
substitution in pAA.
Because of the cationic nature of Agm, the removal of excess

Agm from the reaction was performed through dialysis against
an acidic environment (pH ∼3). To corroborate the absence
of unconjugated ligand in the final product, diffusion-ordered
spectroscopy (DOSY) was carried out for both pMAA and
pAA conjugates. DOSY is a pulsed field gradient NMR experi-
ment in which species in a mixture are distinguished by their
translational diffusion coefficients. Figure 3 shows a represen-
tative example of the 2-D DOSY NMR spectrum in D2O
for pAA-56%Gal-33%Agm that demonstrates that both ligands
are covalently attached to the polymer side chains and that
no residual ligands or byproducts remained in solution after
dialysis. In the spectrum generated, the diffusion coefficients
have arbitrary units; however, it is important to note that all
species in the polymer have the same translational diffusion
and that this diffusion is much slower than water (HOD peak),
a much smaller molecule. Similar results were obtained for
pMAA conjugates.

Effect of pH on Gal and Agm Conjugation to pMAA. The
extent to which both Gal and Agm conjugate to pMAA is
influenced by the pH of the selected buffer. It was previously
established that, prior to the addition of DMTMM to the
reaction, both the carboxylic acid and the amine should be
premixed to form an ammonium carboxylate salt.19 Formation
of this salt can also be enhanced by maintaining the pH of the
aqueous solution between the acid dissociation constants (pKa)
of both the acid and the amine of interest. The pKa for the amino
group in Gal is 8.49 and 8.02 for the R- and β-configuration,
respectively,26 while for the amino group in Agm, it is 9.07.27 The
pKa for weak polyacids varies depending on the solution condi-
tions and polymer structure. A titration curve of pMAA with
NaOH revealed a functional pKa of 6.3. On the basis of this
information, the pH range that is likely most favorable for Gal
conjugation to pMAA is from 6.3 to 8 and for Agm conjugation to
pMAA is from 6.3 to 9. In addition, at these pH values the
polymer chain is in an extended conformation due to the charge
repulsion from the carboxylate groups along the polymer back-
bone. Figure 4A shows the relationship of conjugation efficiency
for both Gal and Agm as a function of pH. The conjugation
efficiency was calculated from the molar ratio of actual ligand
content in the polymer to targeted substitution. pMAA-Agm
conjugates experienced solubility issues mostly in acidic environ-
ments, and the pH range at which these conjugates were soluble
directly depended on the degree of Agm substitution. Moreover,
reactions conducted at pH 8 formed conjugates that precipitated
out of solution and were not able to be properly analyzed
(represented by dashed line in Figure 4A). From this analysis,
it was determined that the optimal pH in 0.1 M borate buffer for
the highest conjugation efficiency of Gal and Agm to pMAA was
6.7 and 9.1, achieving a maximum conjugation efficiency of 20%
and 37%, respectively.
Effect of pH on Gal and Agm Conjugation to pAA. The

behavior of pAA in aqueous media is remarkably different from
that of pMAA. A titration curve for pAA generated with NaOH
reflected a functional pKa of 5.9, which gives a slightly larger pH
range for effective conjugation as compared to pMAA. The
optimal pH values in 0.1 M borate buffer were found to be
7.0 and 8.0 corresponding to conjugation efficiencies of 52%
and 57% for Gal and Agm conjugation to pAA, respectively
(Figure 4B). Interestingly, although the pAA structure is com-
parable to that of pMAA, the conjugation efficiencies for pAA
were significantly higher (2.6- and 1.5-fold for Gal and Agm,
respectively) at their optimal pH values. The lack of an R-methyl
group in the pAA backbone may have permitted higher conjuga-
tion efficiencies relative to pMAA.
During Agm and Gal conjugations to both pMAA and pAA,

the solution pH was noticed to decrease to ∼6.5-8.5 as the

Figure 1. Synthesis schematic for condensation reaction of poly(methacrylic acid) or poly(acrylic acid) and amine-containing ligand (Gal and Agm)
using DMTMM as the condensing agent.
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reaction proceeded. At these pH values, amine groups will have a
lower reactivity toward the ester intermediate. However, increasing
the pH to 8 or 9 after 5 h of reaction to favor the deprotonation
of the amine groups and enhance reactivity toward the ester
intermediate did not have a positive impact on the conjugation
efficiency leading to equal or lower Gal and Agm substitutions in
both pMAA and pAA (Supporting Information Table S1). Table
S1. It is possible that the ester intermediate begins to hydrolyze
before the amidation reaction completely takes place, as also
suggested by the lower conjugation efficiencies for reactions
carried out at higher pH values (Figure 4).
Single Conjugation of Gal and Agm to pMAA or pAA.

Table 1 includes the actual ligand substitutions of Gal and Agm
in pMAA and conjugation efficiencies at various [COOH]0:
[DMTMM]0 molar ratios. The conjugation efficiency was calcu-
lated from the molar ratio of actual ligand substitution to targeted
substitution, which is determined from the [DMTMM]0 to
[COOH]0 molar ratio. From this data, a noticeable trend is
distinguished in which the conjugation efficiency decreases as the

reactant ratios of [DMTMM]0 and [NH2]0 relative to [COOH]0
increases, likely due to steric hindrance. This behavior is ob-
served for both Gal and Agm conjugations to pMAA. The highest
conjugation efficiencies obtained with DMTMM were 30% for
Gal and 53% for Agm; however, this was when only 40% of the
carboxyl groups in pMAAwere targeted. For a direct comparison
to other common conjugation reagents, an analogous chemical
modification using EDC/NHS was performed. Similar results
were obtained at comparable targeted substitutions further
suggesting that the polymer and/or ligand structure might be
in part responsible for this relatively low conjugation efficiency.
Maximum total ligand substitutions (mol %) of 23% Gal and

53% Agm were achieved for pMAA. Decreasing the polymer
concentration 3-fold had a negative impact on the conjugation
efficiency particularly for Agm substitution, which was reduced
by half its value. Potential reasons for such conjugation deficien-
cies might be the chemical characteristics of the polymer and/or
ligands, or the short distance between the side chain carboxyl
groups and polymer backbone along with the R-methyl group in

Figure 2. 1HNMR spectra (400MHz, D2O) of (A) pMAA-20%Gal, (B) pMAA-37%Agm, (C) pMAA-18%Gal-24%Agm, (D) pAA-56%Gal, (E) pAA-
30%Agm, and (F) pAA-56%Gal-33%Agm. Peaks: (a) and (b) pMAA backbone; (b) and (c) pAA backbone; (d) Gal; (e) and (f) Agm. pMAAMn = 8100
(PDI = 1.24); pAA Mn = 10 400 (PDI = 1.20).
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the polymer backbone which can generate steric hindrance.
Previous work by Kazakov and collaborators14,28 demonstrated
that pMAA has a local compact conformation at pH < 5 in part
due to the hydrophobic methyl groups attached to the polymer
chain. This suggests that the R-methyl group in the polymer
backbone has an important role in the conformation of this
polymer in solution, and this may influence its ability to interact
with other moieties.
In contrast to pMAA, pAA achieved much higher conjugation

efficiencies leading to higher total ligand contents under equiva-
lent conditions. The highest total ligand substitutions (mol %)
obtained for pAA were 56% Gal and 78% Agm (Table 2). Com-
pared to pMAA, a similar decreasing trend of conjugation efficiency
with increasing targeted substitution was observed for both Gal
and Agm conjugations to pAA, likely due to steric hindrance. It is
evident that, for both polymer precursors, Agm was more readily
incorporated into the polymer side chains than Gal. The low Gal
conjugation efficiency may be due to its relatively large, ring-like
structure, which may cause steric hindrance as compared to the
more elongated structure of Agm.
The solubility in aqueous solution of both pMAA-Agm and

pAA-Agmconjugates was found to be directly affected by the degree
of substitution of the ligand (Supporting Information Table S2).
Agm substituted to less than half of the available carboxyl groups
in the polymer will lead to solubility issues in more acidic
environments. In contrast, Agm substituted to more than half
of the available carboxyl groups in the polymer will experience
solubility issues in more basic environments. For instance, by
visual inspection, pMAA-25%Agm is insoluble at 3 < pH < 5.8
and pMAA-37%Agm is insoluble at 3 < pH < 6.8, while pMAA-
53%Agm is insoluble at pH > 4.9. Similarly for pAA-Agm
conjugates, pAA-30%Agm is insoluble at 3 < pH < 5.9, while
pAA-57%Agm is insoluble at pH > 8. pAA-78%Agm remains
soluble at all pHs. These overall pH behaviors are likely due
to the presence of both positive and negative charges in the
polymer, which at specific pHs cause electrostatic interactions
between the charged polymers chains, leading to aggregation and
altered solubility.

Polymers with lower Agm substitution (<50%) become soluble
at higher pH values, as the available carboxyl groups undergo
ionization providing a net negative charge which reduces electro-
static interactions between the polymer chains. On the contrary,
polymers with higher Agm substitution (>50%) become soluble
at lower pH values, as the available carboxyl groups become
protonated generating a net positive charge that reduces electro-
static interaction between the polymer chains. The higher the
Agm substitution, the more soluble these conjugates become due
to a net positive charge in the polymer regardless of the degree of
ionization of the available carboxyl groups, as distinguished for
pAA-78%Agm. Aggregation of polymer conjugates at certain pHs
was confirmed through dynamic light scattering (Supporting
Information). Figure S1 shows the relationship of mean particle
diameter (Z-average, nm) with pH for pMAA-37%Agm (A) and
pAA-57%Agm (B). pMAA-37%Agm shows aggregation at pH
3-7, while pAA-57%Agm shows aggregation at pH > 8.
For pMAA-Gal conjugates, only relatively high Gal substitution

(g20%) produced solubility issues. However, these were on a
much smaller scale and were accompanied by a light opaqueness

Figure 3. 2-D DOSY NMR spectrum (600 MHz, D2O) of pAA-56%
Gal-33%Agm. Chemical shifts and relative diffusion coefficients are
shown along the horizontal and vertical axes, respectively. pAA Mn =
10 400 (PDI = 1.20).

Figure 4. Relationship of conjugation efficiency with pH (adjusted at t =
0 h) in 0.1 M borate buffer using DMTMM as the condensing agent:
(A) (9) pMAA-graft-Agm and (b) pMAA-graft-Gal; dashed lines repre-
sents the pH range thatwas not analyzed due to precipitation of the polymer
conjugates. (B) (9) pAA-graft-Agm and (b) pAA-graft-Gal. Reactions
were conducted at room temperature for 24 h with [polymer]0 = 3mg/mL
and [COOH]0:[DMTMM]0:[NH2]0 = 1:1:2. Data were generated from
an average of two repetitionswith standard error ofe6%. pMAAMn = 8100
(PDI = 1.24); pAAMn = 10 400 (PDI = 1.20).
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of the polymer solution at all pH ranges. pAA-Gal conjugates did
not show any solubility issues regarding the Gal total content,
corroborating the role of the cationic charge produced by Agm in
solubility issues and aggregation.
To evaluate the impact of the polymermolecular weight on the

conjugation efficiency of the ligands, various Agm and Gal
conjugations were carried out with pAA of higherMn, specifically
33 100 Da and 55 200 Da. Solubility issues were more prominent
with increasing polymer Mn for pAA-Agm conjugates. As the
reaction progressed, these polymer conjugates precipitated out
of solution, in which case they were acidified until fully dissolved
prior to dialysis. Total ligand content and conjugation efficiencies
were consistentwith those values for lowerMn polymers (Supporting
Information Table S3). To aid the solubility of these polymer
conjugates, equivalent reactions were carried out at a lower initial
pH (pH 6). However, conjugation efficiencies were∼40% lower
than the reactions carried out at an initial pH of 8, and solubility
issues were still present (Supporting Information Table S4).
In addition to the ease in preparation of single-step reactions

and the mild reaction conditions, another significant advantage
of postpolymerizationmodificationsmediated byDMTMM is its
reproducibility. For single conjugations of Gal or Agm to pMAA
and pAA, 70% of the conditions were repeated at least twice and
up to four times, all with standard errors of e6%. This attribute
provides a batch-to-batch consistency that is important to reduce
variability of the final product.
Sequential Conjugation of Gal and Agm to pMAA or

pAA. Owing to their different optimal conjugation character-
istics, simultaneous conjugation of both Gal and Agm to pMAA
was not viable in a one-step reaction. Following a single-step
conjugation containing both ligands, Agm was the only ligand
efficiently conjugated, limiting Gal substitution in the polymer
side chains (Supporting Information Table S5). Moreover, Gal
was unable to be subsequently incorporated in high amounts into
pMAA-graft-Agm, making a two-step reaction, where Gal was
first introduced to the polymer followed by Agm, the most
favorable route to having both groups present. The correspond-
ing substitutions and conjugation efficiencies of the two-step
approach are shown in Table 3. In contrast to pMAA, both Gal
and Agm were able to conjugate to pAA sequentially. For both
polymers, similar to single conjugations, the conjugation effi-
ciency decreased as higher substitutions were targeted, possibly
due to an increase in steric hindrance produced by the neighbor-
ing pendant groups. Although lower conjugation efficiencies
relative to single substitutions were obtained, the versatility of
pAA to incorporate both moieties likely makes it a more suitable
polymer for this type of conjugation, particularly when a high
content of a positively charged moiety (i.e., Agm) is desired.
Simultaneous Conjugation of Gal and Agm to pAA. In

contrast to pMAA, Agm and Gal were able to conjugate simulta-
neously to pAAwith comparable overall efficiency to single conjuga-
tions (Table 4). A pHof 7 was selected to accommodate both Gal
and Agm conjugations to pAA resulting in the effective substitution
of both groups. The flexibility of simultaneous conjugation to
pAA offers vast possibilities for dual-functionalization and perhaps
multiple simultaneous conjugations of other ligands to these
polymer precursors.

’CONCLUSION

Combinatorial libraries are a practical approach to investigate
the structure-function relationships of polymeric biomaterials.
In particular, branched polymers with reactive side chain groups

are an approach to polymer precursors due to multiple sites
available for modifications with different functional groups. With
this inmind, our goal was to fully evaluate the utility of DMTMM
as a condensing agent for the amidation reaction of carboxyl
groups in the side-chains of both pMAA and pAA, using two
distinct amine-containing ligands, Gal and Agm. The conjugation
efficiency of these moieties was found to be influenced by the
media pH, polymer concentration, ligand structure, and polymer
structure. Under comparable conditions, the substitution of both
ligands in pAA was significantly higher than in pMAA, reaching
close to a 2-fold increase in conjugation efficiencies, presumably
due to the absence of a hydrophobicR-methyl group that generated
solution conformation issues in the pMAA reactions. In addition,
Agm surpassed Gal total content in both polymers. Nevertheless,
total Gal and Agm content in pMAA reached 23% and 53%, while
total Gal and Agm content in pAA reached 56% and 78%,
respectively. Single and sequential conjugations to pMAA and
pAA as well as simultaneous conjugation to pAA of these two
model ligands revealed a consistent trend of conjugation effi-
ciencies with targeted substitutions. The distinguished trends
provide useful information to develop a systematic approach for
the synthesis of large combinatorial libraries with various moi-
eties of interest.

’ASSOCIATED CONTENT

bS Supporting Information. Mean particle diameter (Z-
average, nm) of polymer conjugates, Gal and Agm conjugation to
pMAA or pAA conducted at other reaction conditions not
included in the manuscript, solubility of pMAA and pAA con-
jugates (by visual inspection), Gal and Agm conjugation to pAA
of different molecular weights, simultaneous conjugation of Gal
and Agm to pMAA and Gal and Agm conjugation to pAA in
water (without pH control). This material is available free of
charge via the Internet at http://pubs.acs.org.
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