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ABSTRACT: This study was carried out to characterize the reactivity of temperature-
sensitive, protein-conjugating polymers prepared by a photopolymerization process.
Polymers were based on N-isopropylacrylamide (NiPAM) and N-acryloxysuccinimide
(NASI). A photoinitiator, 2,2-dimethoxy-2-phenyl-acetophenone, and monomers at de-
sired ratios were polymerized in a glass flask using an UV source. Polymers were
characterized for composition, molecular weight (MW), cloud point temperature (CPT),
hydrolysis and aminolysis rates (using ethanolamine as a model compound), and
protein conjugation. The monomer feed ratio was found to effectively control the
composition of the synthesized polymers. The polymer MWs were between 10 and 20
kD, depending on the polymerization solvent. The CPT of NiPAM/NASI polymers did
not depend on NASI content (#5.6%), nor did the hydrolysis and aminolysis rates.
Compared to NASI monomer, the polymerized NASI exhibited a 6- and 120-fold slower
rates of hydrolysis and aminolysis, respectively. Although hydrolysis and aminolysis
rates were higher at higher pHs, the relative aminolysis : hydrolysis rate was highest
at a pH of 7.4, which also gave the most effective protein conjugation. We conclude that
characterizing the polymer reactivity is useful for predicting the optimal conditions for
protein conjugation and may facilitate the design of polymers with improved protein
conjugation kinetics. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75: 583–592, 2000

Key words: protein conjugation; polymer reactivity; photopolymerization; hydroly-
sis; aminolysis

INTRODUCTION

Protein–polymer conjugates are being pursued as
useful tools in pharmaceutical industry. Such
conjugates are finding potential applications in
enzyme immobilization,1,2 in novel immunoas-
says3 and in combinatorial synthesis. The protein
component of the conjugate binds to a target li-
gand in a population of unspecific molecules. The
polymer component, on the other hand, exhibits a
particular physiochemical characteristic that can

be conveniently manipulated to separate the li-
gand-bound conjugate from the rest of the mole-
cules. Temperature, pH, ionic strength and solu-
bility/insolubility in a particular media have been
successfully used to induce such a separation.4

Although protein–polymer conjugates can be ob-
tained by chemically crosslinking a polymer and a
protein or by polymerizing a “protein-monomer,”5

both methods can cause nonspecific modification
of the protein and lead to alterations in the pro-
tein’s biological activity. An alternative approach
is the preparation of “pre-activated” polymers,
which contain protein-reactive monomer units.
The active groups utilized to date include amino-
reactive epoxide,2 maleic anhydride6,7 and succin-
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imide esters,8,9 and thiol-reactive vinylsulfone10

and maleimide.11 Depending on the properties of
the protein to be conjugated (availability of spe-
cific functional groups, sensitivity to reaction con-
ditions, etc.), the choice of the reactive groups will
be significant. Polymers containing succinimide
esters are particularly appealing because they are
readily reactive with amine groups (the most com-
mon side group in proteins) under mild condi-
tions. Despite successful conjugation of proteins
to polymers containing succinimide esters,8,9 no
detailed study of the polymer reactivity has been
reported. Understanding the reaction of such
polymers with amine compounds is important,
not only to optimize the conditions for protein
conjugation, but also for rational design of poly-
mers with improved specificity and reactivity.

In this study, we report the relative rates of
hydrolysis and aminolysis of succinimide-contain-
ing polymers prepared by a convenient photopo-
lymerization process. Hydrolysis of succinimide
esters under aqueous conditions is a side reaction
that competes with the conjugation to amine com-
pounds. The polymer backbone was based on tem-
perature-sensitive N-isopropylacrylamide (Ni-
PAM), so that reversible changes in the polymer
solubility can be induced without the need to in-
troduce exogenous molecules to the polymer sys-
tem. The results provided in this study will guide
efforts to design protein-reactive polymers with
improved conjugation characteristics.

MATERIALS AND METHODS

Materials

N-acryloxysuccinimide (NASI) initially was ob-
tained from Sigma (St. Louis, MO) but later was
synthesized as described below. All buffer salts,
bovine a-lactalbumin, bovine serum albumin, and
a nonspecific goat IgG were from Sigma. Benzene,
ethyl ether, chloroform, ethylacetate, dimethyl-
formamide (DMF), dioxane, and tetrahydrofuran
(THF) were from Caledon Laboratories (George-
town, ON, Canada). Hexanes (85% n-hexane) was
from J. T. Baker (Phillipsburg, NJ). Laboratory-
grade ethanolamine was from Fisher (Fair Lawn,
NJ). NiPAM, Na, benzophenone, triethylamine,
acryloyl chloride, N-hydroxysuccinimide (NHS),
2,2-dimethoxy-2-phenyl-acetophenone (polymer-
ization initiator) and 2,6-di-tert-butyl-4-methyl-
phenol (polymerization inhibitor) were from Al-
drich (Milwaukee, WI). Fetal Bovine Serum (FBS)

was from GIBCO BRL (Grand Island, NY). The
NMR solvent deuterated chloroform (CDCl3) was
from Cambridge Isotope Laboratories (Andover,
MA). The electrophoresis reagents and apparatus
were from Bio-Rad (Hercules, CA). The molecular
weight (MW) standards were polystyrene of 3.7
kDa (Mw/Mn 5 1.09), 13.7 kD (Mw/Mn 5 1.01),
44.0 kDa (Mw/Mn 5 1.07) and 212.4 kDa
(Mw/Mn 5 1.11), all obtained from Aldrich.

NASI Preparation

NHS (57 g) and triethylamine (55 g) were dis-
solved in 750 mL chloroform at 0°C.12 To this
solution, 50 g acryloyl chloride was added drop-
wise over a 10-min period under stirring. The
reaction mixture was allowed to stir for another
20 min. The reaction was stopped by washing the
chloroform with ice-cold water (400 mL) and sat-
urated brine (400 mL). After drying with MgSO4,
the mixture was filtered through a Buchner fun-
nel, and 25 mg of 2,6-di-tert-butyl-4-methylphenol
was added to the chloroform solution. The solu-
tion was concentrated to 150 mL by a rotary evap-
orator and the product was filtered. Ethylacetate
and n-hexane (100 and 10 mL, respectively) were
added sequentially to the chloroform solution un-
der stirring, and the precipitate formation was
allowed to proceed at 40°C overnight. The precip-
itate was filtered and washed with ice-cold 100
mL of n-hexane/ethyl acetate (4 : 1), 100 mL of
n-hexane/ethyl acetate (9 : 1) and finally twice
with 100 mL n-hexane. The crystals were dried at
ambient temperature under vacuum. The final
product was ; 30 g (65% yield), and a single spot
was obtained on thin-layer chromatography, indi-
cating the relative purity of the product.

Polymerization

The polymers were synthesized by solution pho-
topolymerization. Two types of solvents were
used: THF and benzene : THF (95 : 5%). THF was
refluxed for at least 12 h over Na/benzophenone,
distilled, and stored under positive N2 pressure.
Benzene was reagent grade (99%) and used with-
out purification. All glassware was washed with
soap, distilled water, and acetone and baked un-
der vacuum overnight. The glassware was assem-
bled under nitrogen after cooling. The monomers
at desired ratios were added to a round-bottom
flask, followed by the addition of the solvents
using glass syringes. 2,2-dimethoxy-2-phenyl-
acetophenone (5% w/v) was then added, and the
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solution was degassed by nitrogen purging. The
flask was placed on a magnetic stirrer and illumi-
nated with a long-wave UV source at 3–5 cm (100
W; UVP, Upland, CA). After 40 min, the reaction
mixture was filtered through glasswool and pre-
cipitated in ethyl ether. The precipitate was
washed twice with ethyl ether, and the white
powder was dried under vacuum at room temper-
ature.

Polymer Composition

The proton NMR of polymer solutions (10 mg/mL
in CDCl3) was determined by a Bruker AM-300
(Billerica, MA) or Varian Unity 300 (Palo Alto,
CA). The distinctive chemical shifts of monomers
(NH at 4.3–3.8 ppm for NiPAM units, CH2OCH2
at 3.0–2.7 ppm for NASI units) were integrated,
normalized by the number of monomer hydro-
gens, and used quantitatively to calculate a per-
cent monomer composition.

Molecular Weight

The MW of synthesized polymers was estimated
on a 7.8 3 300 mm Styragel™ HMW 6E gel per-
meation column [(GPC) Waters Inc.], using mono-
disperse polystyrene standards. The column was
attached to a high-pressure liquid chromatogra-
phy (HPLC) system consisting of Rheodyne Man-
ual Injector (Cotati, CA), Waters 600 Pump
(Rochester, MN), and Waters 996 Photodiode Ar-
ray Detector. The polymer standards and the syn-
thesized polymers were dissolved in dioxane (typ-
ically at 0.5 mg/mL) and 20 mL of polymer solu-
tion was injected to the column. The column was
eluted with 0.2 mL/min dioxane, and the elution
profiles were detected at 214 nm. A semi-log cal-
ibration curve, log Mw 5 13.535 2 0.179 3 (elu-
tion time) (R2 5 0.990), was used to estimate the
MW of the polymers.

Cloud Point Temperature

The polymer cloud point temperature (CPT) was
determined in distilled, deionized water, 0.1M
phosphate buffer (pH 7.4), and fetal bovine se-
rum. The initial experiments indicated no effect of
polymer concentration on CPT (between 1 and 10
mg/mL NiPAM/NASI and 1–4 mg/mL for NiPAM/
MMA), so that the results shown were from 1
mg/mL solutions. All polymers were allowed to
dissolve in desired solvents at 4°C for 1–2 h and
; 1 mL solution was added to 5-mm-diameter
glass NMR tubes. The tubes were placed in a

water or silicone oil bath at 4°C, and the temper-
ature was slowly (; 5°C/h) increased. The tem-
perature at which visual phase inversion (i.e.,
turbidity) was obtained was taken as the CPT.9

Polymer Succinimide Content

A spectrophotometric procedure13 was adopted
for the determination of succinimide ester
amount in polymers, based on NH4OH aminolysis
of NASI. A linear standard curve was obtained
between 0 and 50 mg/mL (0 and 296 mM) when
NASI was dissolved in aqueous 0.1 N NH4OH.
The polymers were dissolved at 100 mg/mL in dry
DMF and diluted to 0.5 mg/mL with aqueous 0.1
N NH4OH. The absorbance of polymer solutions
was determined at 260 nm. The absorbance of a
NiPAM homopolymer was subtracted from the
polymers to account for the polymer “back-
ground.”

Hydrolysis and Aminolysis Rates

The NHS release from NASI monomer and NASI-
containing polymers was determined in 0.1M
phosphate buffer (pH 7.4), 0.1M HEPES buffer
(pH 8.1), and 0.1M carbonate buffers (pH 9.4 and
10.8). The monomer/polymer stock solutions were
prepared in dry DMF on the day of the assay and
used immediately. For monomer hydrolysis, the
stock solution was diluted with the buffer to a
desired concentration (1000–100 mM), and the
increase in absorption (Abs.) at 260 nm was mon-
itored for 30 min. For monomer aminolysis, the
stock solutions were diluted with the appropriate
buffer containing different concentrations of eth-
anolamine, and Abs. at 260 nm was monitored.
For hydrolysis and aminolysis of polymers, the
release of NHS was determined as a function of
ethanolamine concentration ([ethanolamine]). To
calculate hydrolysis (khyd) and aminolysis (kam)
rate constants, Abs. versus time curves were first
fitted with a first-order equation, A(t) 5 A0
1 ( A` 2 A0) z (1 2 e2kt). The apparent reaction
rate, kobs is given by k14 and is a cumulative sum
of aminolysis and hydrolysis rates. kobs versus
[ethanolamine] was then plotted, and the slope
and the intercept was used for kam and khyd, re-
spectively.14 This analysis assumes that aminol-
ysis rate is equal to kam z [ethanolamine], as ob-
served with small succinimide esters.15 Where
indicated, a relative rate of aminolysis (krel) was
computed by dividing the aminolysis rate with
the hydrolysis rate: krel 5 (kam z [ethanolamine])/
khyd.
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Protein Conjugation

The conjugation studies were carried out using
NiPAM/NASI polymer #8 (#8, Table I) and the
proteins a-lactalbumin, albumin, and IgG. The
proteins were chosen because of (i) the presence of
numerous lysines (11, 59, and 90 per a-lactalbu-
min, albumin, and IgG, respectively), (ii) their
size range (14.2, 66, and 150 kD for a-lactalbu-
min, albumin, and IgG, respectively), and (iii)
relatively similar isolectric point (pI: 4.5, 4.7, and
6.6 for a-lactalbumin, albumin, and IgG, respec-
tively). The polymer was dissolved in a buffer at a
desired concentration and mixed with a protein
solution in the same buffer to give a final protein
concentration of 0.5 mg/mL. After incubating for a
specific period of time, an aliquot of reaction so-
lution was diluted with electrophoresis buffer
[62.5 mM Tris–HCl, 10% (v/v) glycerol, 2% (w/v)
SDS, 0.05% (w/v) bromphenol blue] and directly
loaded onto SDS-PAGE gels. The acrylamide/
N9N-bis-methylene-acrylamide concentration in
the separation gel was 15%, 7.5%, and 4% for
a-lactalbumin, albumin, and IgG, respectively.
The stacking concentration was 4%. The proteins
were detected by Coumassie R-250 staining. A
qualitative scoring system was used to assess con-
jugation efficiency: (1) 2, a lane (containing pro-
tein and polymer) in which protein migration was
identical to native protein; (2) 6, a lane in which
the majority of the protein migrated at the control
protein band and a small fraction of higher MW
species was present; (3) 1, a lane in which the
majority of the protein was in the higher MW
region, but with a small fraction at the native MW
band; and (4) 11, a lane in which the protein
migrated at a higher MW with no native protein
band.

RESULTS

Synthesis and Characterization of NASI Monomer

The preparation of NASI, the final yield and pro-
ton NMR (in CDCL3: 6.0–7.0 ppm for CH2ACH
and 2.85 ppm for CH2OCH2) were consistent
with a previous report.12 Aminolysis and hydro-
lysis rates for the NASI monomer are shown in
Figure 1. Between 100 and 1000 mM NASI, a
concentration-independent but pH-dependent hy-
drolysis rate was observed. At 10 mM ethanol-
amine (10–100-fold molar excess to NASI), the

Table I Synthesized Polymers and Their Characteristics

Polymer No.
Monomer

Feed Ratio Solvent
Composition by

Spectroscopy
Composition

by NMR
MW
(kD)

CPT (°C)

Water Buffer Serum

NiPAM 1 100 THF — 100 26.6 31 29 28
NiPAM/NASI 2 95 : 5 THF 95.7 : 4.3 94.4 : 5.6 10.4 29 29 31
NiPAM/NASI 3 97 : 3 THF 97.2 : 2.8 96.2 : 3.8 7.1 29 29 31
NiPAM/NASI 4 99 : 1 THF 98.2 : 1.8 97.8 : 2.2 9.1 30 29 30
NiPAM/NASI 5 95 : 5 Benzene : THF 96.2 : 3.8 94.5 : 5.5 17.9 29 28 28
NiPAM/NASI 6 97 : 3 Benzene : THF 97.8 : 2.2 96.1 : 3.9 20.5 30 28 29
NiPAM/NASI 7 99 : 1 Benzene : THF 98.9 : 1.1 97.8 : 2.2 19.0 31 29 29
NiPAM/NASI* 8 95 : 5 THF 95.0 : 5.0 93.0 : 7.0 — 24 23 31

*: NASI monomer synthesized in-house and used for protein conjugation.

Figure 1 Hydrolysis and aminolysis rates (at 10 mM
ethanolamine) for NASI monomer. Note that the hy-
drolysis and aminolysis kinetics were independent of
the monomer concentration in the range tested.
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NHS release rate was approximately two orders
of magnitude higher than the hydrolysis rate.
Aminolysis at NASI concentration . 200 mM and
pH . 8.1 could not be accurately determined be-
cause of the exceptionally rapid kinetics. To de-
termine khyd and kam, NASI (100 mM) was reacted
with # 2 mM ethanolamine, and kobs was found to
be a linear function of [ethanolamine] (Fig. 2A).
khyd ranged from 0.006 to 0.451 min21 and kam
from 0.113 to 2.974 min21 mM21. The relative
aminolysis rate, krel was the highest at pH 7.4,
followed by pH 9.4 and pH 8.1 (Fig. 2B).

Polymer Properties

The utilized polymerization process was able to
provide us with functional polymers. We have
chosen to use a photosensitive initiator to carry
out the reaction at the ambient temperature, us-
ing relatively short reaction times (; 40 min)
compared to commonly used azobisisobutyroni-
trile (AIBN)-initiated reactions (24 h). Two types
of polymerization solvents, THF and benzene/
THF (95 : 5%), were used in this study. Pure
benzene was not used because of the nonsolubility
of NASI in benzene. Even with 95 : 5% benzene :
THF, yellow particles were visible during the ini-
tial stages of polymerization, after which the par-
ticles slowly dissolved. Diethyl ether used to pre-
cipitate the polymers is expected to effectively
remove any unreacted initiator, since 2,2-di-

methoxy-2-phenyl-acetophenone was readily sol-
uble in ether. The NASI content of NiPAM/NASI
was determined by two independent methods (Ta-
ble I). Both proton NMR and photometric NHS
assay indicated a NASI content that was propor-
tional to the monomer feed ratio. NMR-based
quantification appeared to give a higher NASI
content than the photometric assay. The nature of
polymerization solvent (THF versus benzene/
THF) did not affect the obtained compositions.
The polymer MW was determined using monodis-
perse polystyrene standards. The NiPAM ho-
mopolymer and NiPAM/NASI copolymers eluted
as a single peak. The NiPAM homopolymer had a
MW of 26.6 kD. With THF as the solvent, NiPAM/
NASI polymers were between 7.1 to 10.4 kDa, and
with THF/benzene, the MW was between 17.9 and
20.5 kDa. The NASI feed ratio (between 1% and
5%) did not affect the final polymer MW.

As expected, NiPAM homopolymer underwent
a phase transition as a function of temperature
(Table I) with a CPT of 28–31°C. The CPT of
NiPAM/NASI copolymers was not affected by the
% NASI in the range obtained in this study. An
exception was the polymer that was prepared by
in-house synthesized NASI (#8, also the highest
percentage of NASI). This polymer exhibited a
lower CPT in water and phosphate buffer, but the
CPT in serum was similar to the CPT of other
polymers.

Figure 2 NASI aminolysis as a function of [ethanolamine]. (A) kobs versus [ethanol-
amine]. (B) Relative reactivity (krel) versus [ethanolamine]. krel was obtaining by
dividing the aminolysis rate at a particular [ethanolamine] by the hydrolysis rate of the
polymer.

PROTEIN-CONJUGATING POLYMERS 587



Polymer Hydrolysis and Aminolysis

Initial studies to determine the polymer khyd
without ethanolamine indicated a slow rate of
NHS release that was erratic and could not be
analyzed by first order equation (not shown). We
have alternatively determined the aminolysis
rate and obtained khyd by extrapolation to zero
[ethanolamine]. There was no effect of polymer
concentration on aminolysis rate (not shown) so
that all polymer concentrations were kept at 100
mM NASI equivalent. At pH 9.4 (Fig. 3A), kam was
similar for 1–5% NASI (polymers 2, 3 and 4):
0.026, 0.020 and 0.023 min21 mM21, respectively.
khyd was also similar and ranged from 0.064 to
0.079 min21. The obtained khyd and kam were
approximately 6- and 120-fold less than the rates
for the monomer. The total NHS released, A`

2 A0, was calculated from the first-order fit for
kobs, and, as expected, the amount of released
NHS was proportional to the NASI mole content
of the polymers (Fig. 3B). However, NHS release
from an individual polymer was dependent on the
[ethanolamine]. Two- to threefold more NHS was
released at [ethanolamine] of 10 mM compared to
the 1 mM concentration. As with NASI monomer,
khyd and kam was pH-dependent (Fig. 4A), khyd
ranged from 0.003 to 1.199 min21 between pH 7.4
and pH 10.8 and kam from 0.002 to 0.841 min21

mM21. The krel ranged from 0.2 to 5 between 1
mM and 10 mM ethanolamine (Fig. 4B), the high-
est being at pH 7.4.

Protein Conjugation

Incubating proteins with NiPAM homopolymer
produced a protein migration identical to protein

migration alone, indicating no association of base
homopolymer with the proteins under SDS-PAGE
conditions. The effect of polymer concentration on
conjugation efficiency was then studied at a con-
stant protein concentration of 0.5 mg/mL. For all
proteins, consistent conjugation obtained for poly-
mer concentration was $ 5 mg/mL, with no reac-
tion occurring at # 1 mg/mL (not shown). The
effects of incubation time and pH on protein con-
jugation were summarized in Table II. For all
proteins, successful conjugation was obtained be-
tween pH 7.4 and 9.2, but not at pH 10.8. For
albumin, a prolonged reaction time (.8 h) was
necessary to obtain a relatively efficient conjuga-
tion (i.e., to obtain a score of 1), whereas a-lact-
albumin and IgG readily formed conjugates as
early as 1 h. The conjugation efficiency for all
proteins appeared to be higher at the pH of 7.4
and 8.1 as compared to pH of 9.4. To determine
the effect of temperature on conjugation effi-
ciency, the conjugation reaction was carried out
at 4°C, 22°C, and 37°C (Table III). The polymer
solution gelled at the latter temperature but,
upon incubating at room temperature, a solution
suitable for SDS-PAGE analysis was obtained. As
before, a better conjugation was obtained at a
higher polymer concentration. Conjugation at 4°C
appear to be less efficient compared to higher
temperatures, and little difference was seen be-
tween 22°C and 37°C (except for IgG, which pro-
duced less conjugation at 37°C).

DISCUSSION AND CONCLUSIONS

The present study was carried out to characterize
the reactivity of polymers containing succinimide

Figure 3 Aminolysis at pH 9.4 using NiPAM/NASI polymers with, 1%, 3%, and 5%
NASI feed ratio (diamonds, circles and triangles, respectively). (A) kobs versus [etha-
nolamine]. (B) Total NHS released versus [ethanolamine]. The total NHS released was
calculated from the best-fit obtained for the kobs.
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esters. Such polymers can couple proteins with-
out the need for additional crosslinking agents.
The succinimide ester content of the polymers
were restricted to , 5% (based on feed ratio),
since a small fraction of NASI groups was consid-
ered sufficient for protein conjugation. Addition-
ally, we wanted to minimize any changes in the
CPT of NASI-containing polymers from that of
NiPAM homopolymer. A photopolymerization
scheme was used because of the short reaction
time necessary to obtain the polymers. The feasi-
bility of NiPAM polymerization by photoinitiators
was previously demonstrated,16 but the reported
methodology was for the preparation of three-
dimensional NiPAM gels in an aqueous environ-
ment (using H2O2/K2S2O8 as initiators). We used
an organic solvent-based polymerization so that
NASI could be incorporated into the polymers

without hydrolysis. The concentration of the pho-
toinitiator was relatively high (5% w/v) compared
to the conventional free radical generator AIBN.9

Polymerization attempts with lower initiator con-
centrations were not successful.

Polymer Properties

A desired characteristic of any free radical poly-
merization process is the ability to control poly-
mer composition by the monomer feed ratio. For
monomers with the same reactivity ratios, the
final polymer composition is identical to the
monomer feed ratios. This enables one to control
the polymer composition simply by the adjusting
the relative ratios of monomers added to a poly-
merization solution. For the polymers prepared
for this study, the feasibility of controlling final

Figure 4 Aminolysis of NiPAM/NASI polymer (#8) as a function of pH. (A) kobs versus
[ethanolamine]. (B) Relative reactivity (krel) versus [ethanolamine]. kam and khyd was
increased at higher pH values but the highest krel was at pH 7.4.

Table II Conjugation Efficiency as a Function of Reaction Time and pH

Reaction
Time

pH 7.4 pH 8.1 pH 9.2 pH 10.8

Lactalbumin Albumin IgG Lactalbumin Albumin IgG Lactalbumin Albumin IgG Lactalbumin Albumin IgG

24 h 11 1 11 11 1 11 6 6 1 2 2 2
8 h 11 6 11 11 1 11 1 6 1 2 2 2
4 h 1 6 11 1 6 11 6 6 1 2 2 2
2 h 11 6 1 6 6 1 1 6 1 2 2 2
1 h 1 6 11 6 6 X 1 6 1 2 2 2
0.5 h 6 6 1 6 6 1 1 6 1 2 2 2

Polymer (#8) 5 10 mg/mL, protein 5 0.5 mg/mL. X, unreadable lane.
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polymer composition by the monomer feed ratios
was demonstrated. The NASI composition of poly-
mers was similar to the initial feed ratio in Ni-
PAM/NASI copolymers. Others also have ob-
tained a similar reactivity between NASI and
acrylamide12 and NASI and NiPAM,17 using the
AIBN-initiated polymerization. We have addi-
tionally prepared terpolymers of NiPAM, NASI,
and methyl methacrylate and the composition of
the terpolymers also was effectively controlled by
the monomer feed ratio (not shown).

Two types of polymerization solvents were
used because of the earlier literature, which indi-
cated a distinct difference in the MW of final
products (using AIBN as the initiator). THF, be-
ing an efficient chain-transfer agent, was shown
to yield low-molecular-weight polymers, whereas
benzene gave high-molecular-weight polymers.9

As expected, the MW of the NiPAM/NASI synthe-
sized in THF was relatively low (; 10 kD), but the
use of benzene/THF mixture did not increase the
polymer MW (only a 2-fold increase was seen,
whereas Chen et al.9 obtained a 50-fold increase).
The high concentration of photoinitiator might be
the reason behind this observation.

The CPT of our NiPAM homopolymer (; 30°C)
was in agreement with previously reported values
of 30–32°C by several other investigators.17–21

The CPT of NASI-containing NiPAM was not dif-
ferent from the homopolymer since polymer NASI
content was kept to a minimum. We anticipate
insignificant NASI hydrolysis in aqueous buffers
during LCST measurements since an introduc-
tion of carboxyl groups (i.e., NASI hydrolysis
product) would have changed the CPT drastically
(up to a 10°C with 5% NASI hydrolysis.19 In se-
rum, however, we anticipate a significant fraction
of NASI groups to be reacting with serum compo-
nents (both small molecules and proteins), but
this did not result in a significant CPT change.

This is consistent with previous work, which in-
dicated no changes in CPT as a result of protein
conjugation17 but inconsistent with results that
indicated CPT changes as a result of charge in-
troduction to NiPAM backbone.19 A more detailed
study investigating the exact components of se-
rum conjugating to polymers might help to re-
solve this issue.

Polymer Reactivity

Hydrolysis of succinimide esters in an aqueous
environment will compete with protein conjuga-
tion to decrease the effectiveness of protein cou-
pling. As shown for NASI monomer here, succin-
imide22 and sulfosuccinimide esters23 of small or-
ganic entities undergo accelerated hydrolysis at
higher pHs. The relatively short half-life of NASI
ester bond (51/kobs, ranged from ; 166 min at pH
7.4 to ; 2 min at pH 9.4 for the monomer) makes
aqueous polymerization not practical for our pur-
poses. NASI hydrolysis in polymers was also pH-
dependent, but it was significantly reduced, pos-
sibly because of aggregation of a relatively hydro-
phobic succinimide ring, which can exclude water
molecules.

Small molecular esters of NHS are readily re-
active with amine-containing reagents, with a re-
activity higher than hydrolysis rate (see Fig. 1B).
In the absence of hydrolysis (i.e., in organic sol-
vents)24 and in aqueous environment,15 the reac-
tion rate is directly correlated with the basicity
(pKb) of the reacting species. For some substrates,
steric constraints on amine moiety can play a
significant role, lowering aminolysis rates by as
much as an order of magnitude and even higher.15

No information is available about the role of spe-
cies attached to leaving NHS group. In our case, a
polymer attached to the succinimide provides a
considerable hindrance for aminolysis (compare

Table III Conjugation Efficiency at Different Temperatures

Polymer (#8)
Concentration

Lactalbumin Albumin IgG

4°C 22°C 37°C 4°C 22°C 37°C 4°C 22°C 37°C

20 mg/mL 1 11 11 6 1 1 11 11 1
10 mg/mL 6 1 1 6 1 1 1 11 1
5 mg/mL 2 1 1 2 6 6 6 11 1
1 mg/mL 2 2 2 2 2 6 2 6 2

Time 5 6 h, pH 7.4.
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the kam for NASI monomer and polymerized
NASI). The aminolysis rate is expected to be de-
pendent on the reacting amino compound, but
this issue has not been explored in detail in this
study. Our observation that polymer NASI units
had a more pronounced decrease in aminolysis
rate (compared to hydrolysis) is consistent with
the larger size of ethanolamine compared to wa-
ter (i.e., ethanolamine will experience a higher
steric hindrance). The size of the proteins, how-
ever, did not seem to affect the conjugation since
the smallest (a-lactalbumin: 14.2 kD) and the
largest protein (IgG: 150 kD) reacted to the same
extent with the NASI polymers.

As expected, the polymer underwent an in-
creased aminolysis rate at higher pHs. However,
the relative reactivity of NiPAM/NASI (using eth-
anolamine as the model amine compound) was
highest at pH 7.4 and, consistent with this, the
protein reactivity also was better at this pH. The
HEPES buffer at pH 8.1, on the other hand, had a
low krel but was effective in polymer conjugation.
This is in contrast to carbonate buffer at pH 10.8,
where a high krel was obtained without any pro-
tein conjugation. One would expect a better pro-
tein reactivity at a higher pH due to a lower
degree of lysine protonation.17 Since no reaction
was obtained for all three proteins at the highest
pH, it is likely that a polymer-related phenomena,
such as rapid hydrolysis of succinimide esters,
might be the underlying reason for no reaction.
Ideally, one would determine the reaction con-
stant of the polymers with proteins using the
same set-up used for ethanolamine reactivity.
However, the presence of proteins did not allow us
to quantitate NHS release at 260 nm (due to high
Abs. background). A new technique that will sep-
arate the released NHS from polymer/protein
mixture (such as an HPLC method) will be
needed to quantify NHS release and calculate the
“true” protein reactivity.

The protein–polymer conjugates so prepared
had a broad MW range, as indicated by a long
“tail” on SDS-PAGE gels. This heterogeneity is
likely to stem from (i) polydispersity of the pre-
pared polymers (polydispersity . 2 is expected
but was not quantitated in this study) and (ii)
different conjugation amount (i.e., different no of
polymer chains conjugated per protein). The rel-
ative contribution of the above two factors to over-
all heterogeneity has not been determined and is
the subject of future studies. The LCST of the
protein conjugates also was not determined, but it
is expected to be similar to CPT of the poly-

mers.17,20 It will also be important to compare the
reactivity of NASI-containing polymers with poly-
mers containing other reactive groups. Based on
qualitative observations from the literature, the
reactivity of NASI polymers appear to be similar
to that of maleic acid polymers, but faster than
epoxide polymers, which had to be incubated for
72 h for an efficient conjugation.2

In conclusion, the results of the present study
indicate that, compared to NASI monomer, a po-
lymerized NASI exhibits a significant reduction
in hydrolysis rate and especially the aminolysis
rate. Although both hydrolysis and aminolysis
rates were higher at a higher pH, the relative
aminolysis rate was found to be the highest at pH
7.4. The protein conjugation was accordingly bet-
ter at this pH and diminished at the higher pHs
for all proteins tested. It is likely that one will
desire to engineer the properties of NASI-contain-
ing polymers for particular applications (e.g., to
manipulate polymer CPT). The methodology out-
lined in this study will be beneficial to design
novel polymers for protein conjugation and eluci-
date the role of different monomer units on the
polymer reactivity.
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