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The copolymer of 3-(acrylamido)phenylboronic acid andN-isopropylacrylamide (82:18,Mn ) 47000 g/mol) was
prepared by free radical polymerization. The copolymer showed typical thermoprecipitation behavior in aqueous
solutions; its phase transition temperature (TP) was 26.5( 0.2 °C in 0.1 M glycine-NaOH buffer containing 0.1
M NaCl, pH 9.2. Due to specific complex formation of the pendant boronates with sugars,TP was strongly affected
by the type of sugar and its concentration at pH 9.2. Fructose, lactulose, and glucose caused the largest increase
in TP (up to 4°C) at 0.56 mM concentration, attributed to the high binding affinity of the sugars to borate and
phenylboronate. Among the sugars typical of nonreducing ends of oligosaccharides,N-acetylneuraminic acid had
the strongest effect onTP (ca. 2°C at 0.56 mM concentration and pH 9.2), while the effects of other sugars are
well expressed at the higher concentrations (16 and 80 mM) and decreased in the order xylose≈ galactoseg
N-acetyllactosamineg mannose≈ fucose. N-acetylglucosamine. The effect exerted on the phase transition by
glycoproteins was the strongest with mucin from porcine stomach and decreased in the series mucin> horseradish
peroxidase> humanγ-globulin at pH 9.2. As a first approximation, the weight percentage and/or the number of
oligosaccharides in glycoproteins determined the character of their interaction with the pendant phenylboronates
and, therefore, the effect on the copolymer phase transition.

Introduction

Reversible complex formation of borate and phenylboronate
ions with mono- and oligosaccharides in aqueous solution has
been well-known for many years.1-3 These interactions were
employed in separation4-6 and detection7-10 of sugars, glycopro-
teins,11-13 nucleotides,14 and nucleic acids15 and synthesis of
sugar-responsive materials.16 Equilibrium constants of the
complex formation (Kass) have been reported,1-3 including those
relevant to borate interaction with particular diols in the
saccharide molecules.17 Values of the constants vary from 6 to
2000 M-1 for different sugars,3 suggesting high selectivity of
borate interaction with glycoproteins and carbohydrates bound
to cells. Recognition of carbohydrates by lectins and antibodies
is involved in many important processes in nature, including
cell-cell interaction,18 adhesion of bacteria to animal tissues,19

and others. One can suppose, therefore, that synthetic, sugar-
sensitive polymers may act as effective regulators of the above
bioadhesion phenomena.

Recently, some efforts were made to synthesize water-soluble
copolymers containing phenylboronic acid and to study their
lectin-like interactions with cells.20,21The selectivity of binding
to the cell carbohydrates can be, however, different between
the pendant and free phenylboronate, either due to multipoint
chelation of carbohydrate residues by pendant phenylboronates

or for any sterical reasons. Interaction of thermoresponsive
boronate-containing copolymers with some carbohydrates and
polyols was recently studied by us22 in a comparative way:
owing to the hydrophilic properties of the associating molecules,
their binding to the copolymer led to a shift of its phase
transition temperature (TP),22,23 which might be easily quanti-
fied.22 Different reactivities of carbohydrates with phenylboronic
acid immobilized on an insoluble carrier has also been dem-
onstrated in a chromatographic mode.12 The aim of the present
work is to characterize interactions of the boronate-containing
copolymers22 with sugars typical of the nonreducing ends of
oligosaccharides carried by glycoproteins: mannose, galactose,
xylose, fucose,N-acetylneuraminic acid,N-acetylglucosamine,
N-acetylgalactosamine, andN-acetyllactosamine. We attempted
to correlate the shift ofTP to the known equilibrium constants
of sugars and polyols binding to borate and phenylboronate and
thus to get a tentative method for evaluation of the copolymer
reactivity toward these substances. We have also studied thermal
precipitation of the copolymer in the presence of some glyco-
proteins exhibiting glycans with different sugar residues at their
nonreducing ends.

Experimental Section

Materials. 3-Aminophenylboronic acid hydrochloride was purchased
from Sigma Chemical Co. (St. Louis, MO). Acryloyl chloride was
purchased from Fluka Chemie AG (Buchs, Switzerland).N-Isopropyl-
acrylamide (NIPAM) was obtained from Eastman Kodak Co. (New
York). 2,2′-Azobis(2-methylpropionitrile) (AMPN) was purchased from
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Acros Organics (Geel, Belgium). 1,4-Dioxane, diethyl ether, sodium
hydroxide, sodium chloride, hydrochloric acid,D-fructose,D-glucose,
N-acetyl-D-glucosamine (>99% purity), N-acetyl-D-galactosamine,
L-arabinose,D-sorbitol, sucrose, raffinose, mucin from porcine stomach
(type III), and horseradish peroxidase (type VI-A) were products of
Sigma Chemical Co.N-Acetylneuraminic acid (type IV-S, minimum
95% purity) was a product of Sigma-Aldrich Chemie GmbH (Steinheim,
Germany).D-Mannose (>99% purity) andL-(-)-fucose were purchased
from Fluka Chemie AG.D-Galactose obtained from Merck (Darmstadt,
Germany) contained<0.5% water and<0.1% glucose.γ-Globulin was
a product of Pharmacia & Upjohn AB (Stockholm, Sweden). Synthesis
of N-acryloyl-3-aminophenylboronic acid (NAAPBA) was performed
as described previously.22

Copolymerization of NAAPBA with NIPAM. NIPAM (2.14 g,
19 mmol), NAAPBA (0.19 g, 1 mmol), and AMPN (20 mg, 0.1 mmol)
were dissolved in 20 mL of 1,4-dioxane. The reaction mixture was
placed in a two-necked flask with a cooling condenser. Free radical
polymerization was started by heating the reaction mixture to 70°C
under nitrogen bubbling and carried out for 6 h. The obtained solution
having a high viscosity was added dropwise to 150 mL of diethyl ether
for precipitation of the copolymer and its separation from the unreacted
monomers. The precipitate was collected by filtration with a paper filter,
washed with diethyl ether, and dried in air under vacuum. The yield of
the copolymer was 67%.

Characterization of the NAAPBA-NIPAM Copolymer. The 1H
NMR spectrum of the copolymer was recorded with a 500 MHz Bruker
DRX500 spectrometer using DMSO-d6 as solvent. Two parallel samples
were used for the determination of the phenylboronate group content.
Size-exclusion HPLC of the copolymer was performed on a Shodex
GPC KF-804L column using detection at 210 nm. The column was
eluted with tetrahydrofuran at 0.5 mL/min. The column was calibrated
with standard polystyrenes. All analyses by HPLC were performed at
ambient temperature.

Thermoresponsive Properties of Polymers.The copolymer was
dissolved at a concentration of 2 mg/mL (2.8 mM PBA groups) in 0.1
M glycine-NaOH buffer, pH 9.2, containing 0.1 M NaCl. The obtained
solution (0.25 mL, pH 9.2) was combined with a sugar solution (1
mL) of 0.7-100 mM concentration dissolved in the same buffer to
obtain a sugar concentration in the range of 0.56-80 mM. Otherwise,
the copolymer solution (0.25 mL) was combined with a glycoprotein
solution (1 mL, 5 mg/mL) dissolved in the same buffer and dialyzed
against the buffer before the experiment. The optical density of the
polymer aqueous solutions at various temperatures was measured at
500 nm using a spectrophotometer,15,22 after 8 min of incubation at
every given temperature (Ultrospec 1000, Pharmacia Biotech, Sweden).
For estimation of the phase transition temperature (TP), the linear, low-
temperature parts of the thermoprecipitation curves were extrapolated
to zero optical densities using the linear regression program available
in Microsoft Excel 2000, so that their crossing points with the abscissa
gaveTP; see Interpretation of Thermoprecipitation Curves in the Results
and Discussion.

To choose the optimal incubation time, separate experiments with
NAAPBA-NIPAM copolymer were performed. The optical density
of NAAPBA-NIPAM copolymer solution (0.4 mg/mL) in 0.1 M
glycine-NaOH buffer, pH 9.2, containing 0.1 M NaCl was studied as
a function of incubation time at temperatures of 26.5 and 27°C, or as
a function of temperature varied from 25.5 to 28°C. During the first
experiment, a spectrophotometric cuvette with the copolymer solution
was kept in a thermostating water bath, the optical density being
estimated at certain time intervals, as illustrated by Figure 3. The cuvette
was taken out of the bath to make a measurement and returned to the
bath after the measurement. The temperature change in the sample
during its exposure to room temperature (23°C) was within 0.1°C at
the moment of measurement. During the second experiment, the
copolymer solution was first kept in the bath at 25.5°C for 10 min
and then for 1, 2, 4, 8, 16, or 24 min at each higher temperature, the
temperature being increased stepwise by 0.5°C before the next
incubation. The measurements of the optical density were performed

as described above. TheTP values were obtained by linear regression
of the first experimental points situated above the baseline and below
an optical density of ca. 0.6, i.e., in the lower part of the curves (see
Figure 4).

Results and Discussion

Synthesis and Characterization of the NAAPBA-NIPAM
Copolymer. The copolymer of NAAPBA and NIPAM was
obtained by free radical polymerization. The1H NMR spectrum
of the NAAPBA-NIPAM copolymer used in the present study
was reported elsewhere,22 the content of phenylboronic acid in
the copolymer being 18 mol %. The number- and weight-
average molecular masses (Mn and Mw) of the NAAPBA-
NIPAM copolymer were 47000 and 183000 g/mol, respectively,
andMw/Mn was 3.9, as determined from the SEC chromatogram
(see the Experimental Section). The molecular mass at the peak
top in SEC (Mp) was 224000 g/mol.

Poly(NAAPBA-NIPAM) exhibits a thermoprecipitation be-
havior typical of polyNIPAM and many NIPAM copolymers,
which are soluble at lower temperatures and undergo phase tran-
sitions when temperature increases;25 see Figure 1. Due to ioni-
zation of the phenylboronate group (pKa ) 8.6 forN-propionyl-
m-aminophenylboronic acid,23 a structural analogue of the
monomer unit), see Figure 2, the phase transition temperature
(TP) of the copolymer (1.0 mg/mL) in 0.1 M NaCl varied from
23 °C at pH 6.5 to 32°C at pH 9.7.22 In the present study we
have chosen the buffered reaction medium with pH 9.2, because
most of the pendant phenylboronate groups would exist in the

Figure 1. Temperature dependence of the optical density of the
NAAPBA-NIPAM copolymer (0.4 mg/mL) in the absence (O) and
presence of galactose (a) and glucose (b) at different concentrations
of the sugars. Buffer: 0.1 M glycine, containing 0.1 M NaCl, pH 9.2.
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reactive, charged form under these conditions. Besides, the
buffered reaction medium prevents lowering of the pH typical
of borate-sugar interactions1 and, therefore, dehydroxylation
of the charged, tetrahedral boronate anions. The constant pH
of the reaction medium allows for more reliable interpretation
of the shifts in the phase transition temperature (∆TP).

Interpretation of Thermoprecipitation Curves. Phase
transition phenomena induced by temperature in an aqueous
solution of polyNIPAM can be arbitrarily subdivided into three
steps. In the range of temperatures from 20 to 30.5°C the
polymer chains gradually decrease in their dimensions due to
increasing hydrophobic intrachain interactions (step 1).26 They
approachΘ conditions at 30.6°C26 in water. Above this point
the radius of gyration and the hydrodynamic radius of polymer
coils decrease sharply,27 their hydrophobicity increases, and
spatial fluctuations of polymer concentrations (∆c) appear due
to increasing chain association28 (step 2). Thus, the conforma-
tional transition of the polymer results in its phase transition,
i.e., the formation of a fine suspension. This process can be
registered by static light scattering28 as the scattered intensity
(I) is proportional to the fluctuations:I ≈ 〈∆c2〉.29 The phase
transition of polyNIPAM in water was also studied by dif-
ferential microcalorimetry, the calorimetric endotherm being
centered at 32.2°C, and agreed well with the light scattering
measurements.28 Optical density is less sensitive to the formation
of the new phase as compared to light scattering: the maximum
of the endotherm coincides with the initial, low-temperature part
of the thermoprecipitation curve obtained by measurements of
transmitted light.28 At temperatures higher than the phase
transition temperature, flocculation of the polymer suspensions
takes place, resulting in the formation of large particles (step
3). The inflection points of the thermoprecipitation curves
obtained by this method can be called, therefore, flocculation
temperatures (FTs).30 Recently, FTs of boronate-containing
polyNIPAM submicrometer particles were reported to fit the
range of 32-35 °C.30

In the present work we extrapolated the low-temperature parts
of the curves to zero optical density to get the phase transition
temperatures (TP; see Figure 1) at given concentrations of sugars.
To illustrate better the technique used and to justify the time
interval (8 min) chosen for thermostating the reaction mixtures,
the time dependencies of the optical density of the NAAPBA-
NIPAM copolymer solution (0.4 mg/mL) were studied at two
different temperatures (see Figure 3). The optical density
monotonically increased with incubation time, a steep increase
being observed during the first 2-4 min of the incubation. A
constant value of optical density has not been attained, however,
even after 1 h of incubation at 26.5 or 27°C (data not shown).
The question, therefore, arose of whetherTP could be estimated
in reasonable time and what the error ofTP estimation was. To
answer this question, the optical density of the copolymer
solution was studied as a function of temperature varied from
25.5 to 28°C, at different incubation times at each temperature
(see Figure 4). The obtained values ofTP fit a range of ca. 0.25

°C and slightly decreased with incubation time increasing from
1 to 24 min (see Figure 3). For incubation times of 4, 8, 16,
and 24 min the obtained values ofTP were very similar (within
ca. 0.1°C) and fitted the limits of experimental errors obtained
during measurements of optical density. Despite the changes
in the optical density with time (see Figure 3), estimation ofTP

was possible with reasonable accuracy, with an incubation time
of 8 min. An example of a heating rate described in the literature
for the estimation ofTP of thermoresponsive, boronate-contain-
ing copolymers in the presence of sugars is 0.2°C/min. 31

It is worth noting that thermoprecipitation curves can exhibit
maxima in their right, high-temperature parts; see Figure 1. The
maxima are due to aggregation of the large particles followed
by their sedimentation and withdrawal from the optical path.
At a high concentration of sugars (for example, 80 mM
galactose; see Figure 1a) the complex formation with the
NAAPBA-NIPAM copolymer is well expressed, because the
thermoprecipitation curve is strongly shifted to higher temper-
atures. The macromolecules, as well as suspended particles of
the copolymer, acquire high hydrophilicity and display a low
tendency to aggregate and/or sediment. TheTP, FT, and positions

Figure 2. Equilibrium of the phenylboronic acid group between an
uncharged trigonal form and a charged boronate anion.

Figure 3. Optical density of the NAAPBA-NIPAM copolymer (0.4
mg/mL), pH 9.2, as a function of incubation time at 26.5 °C (]) and
27 °C (0). The experimental points are averages obtained in three
independent measurements. Error bars designate the standard
deviation.

Figure 4. Linear regression of thermoprecipitation curves of the
NAAPBA-NIPAM copolymer (0.4 mg/mL), pH 9.2, obtained at
different incubation times at temperatures from 26.5 to 28 °C. The
experimental points obtained at 2, 8, and 16 min incubations are
averages of three independent measurements. Error bars designate
the standard deviation.
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of maxima shift to the higher temperatures, depending on the
type and concentration of the sugar.

Effect of Sugars on Thermoprecipitation of the NAAPBA-
NIPAM Copolymer. The thermoprecipitation behavior of the
copolymer in 0.1 M glycine-NaOH buffer containing 0.1 M
NaCl at pH 9.2 was studied in the presence of various sugars
at 0.56 mM concentration, which is close to the concentration
of the pendant phenylboronates in the reaction mixture; see the
Experimental Section.TP of the copolymer in the absence of
sugars was equal to 26.5( 0.2°C. This value is different from
that reported earlier22 because of the different composition of
the reaction medium and the different method forTP calculation
used in the present study; both the above-mentioned factors
resulted in a decrease of theTP value. Fructose, lactulose, and
glucose caused a large increase inTP (∆TP) equal to ca. 4°C;
see Figure 5. The shift of the phase transition temperature
presumably reflected the amount of sugar bound to the
copolymer and thus the association constantKass between the
sugar and pendant phenylboronates; see eq 1. The values of
∆TP are listed in Table 1 for different sugars together with their
association constants with borate and phenylboronate obtained
from the literature.1,3,31

The effects of fructose and lactulose onTP agree well with
the high binding affinity of the two sugars to borate and
phenylboronate; see Table 1. Although the binding affinity of
glucose to phenylboronate (logKass) 2.03) is much lower than
that of fructose (logKass) 3.63), the effects of both sugars on
TP of the boronate-containing copolymer appeared to be
comparable. The reason may be chelation of glucose by two
pendant phenylboronates: complexes of one glucose molecule
with two phenylboronate ions were earlier shown to form.1 The
apparent logKass for monovalent interaction of glucose with
pendant phenylboronates of the NAAPBA-NIPAM copolymer
was found by us to significantly exceed 2.8.22

In the presence of galactose, arabinose, mannose, orN-
acetyllactosamine the copolymer exhibited only a slight∆TP <
1 °C. No effect ofN-acetylgalactosamine,N-acetylglucosamine,
sucrose, raffinose, and glycerol onTP of the copolymer was
observed, even if the concentration of sugar was raised 10-fold
(up to 5.6 mM). Mannose and fucose produced similar effects
(∆TP ≈ 1 °C) at 5.6 mM concentration. The further increase in
concentration (up to 16 mM) resulted in increasing∆TP due to

interaction of the copolymer with galactose (see Figure 1a),
mannose,N-acetyllactosamine, andN-acetylneuraminic acid; see
Figure 6. This can be ascribed to the higher amount of sugar
bound to the pendant phenylboronates at 16 mM sugar
concentration compared to 0.56 mM concentration, according
to the following equilibrium model.

The simplest case of monovalent reversible boronate-sugar
complex formation can be described by the equations

where [B] and [S] are the equilibrium concentrations of boronate

Figure 5. Temperature dependence of the optical density of the
NAAPBA-NIPAM copolymer in the absence (]) and presence of
various sugars at 0.56 mM concentration. Neu5Ac ) N-acetyl-
neuraminic acid. Buffer: 0.1 M glycine, pH 9.2, containing 0.1 M
NaCl.

Table 1. Increase in the Thermoprecipitation Temperature of the
NAAPBA-NIPAM Copolymer in the Presence of 0.56 mM Sugars
and Polyols (∆TP) and the Association Constants of Borate and
Phenylboronate with Sugars and Polyols (log Kass) As Reported in
refs 1 and 3

log Kass

compound ∆TP borate3 phenylboronate1

D-fructose 4.5 2.82 3.6
lactulose 3.6 2.91
mannitol 4.0 3.3a 3.4
D-glucose 4.2 1.80 2.0
L-arabinose 0.4 2.14 2.6
D-xylose 0.4 2.2b

D-galactose 0.4 1.99 2.4
D-mannose 0.3 2.01 2.2
L-fucose 0.3
N-acetylneuraminic acid 2.0 1.3-1.5c

N-acetylgalactosamine <0.2
N-acetylglucosamine <0.2
sucrose <0.2 0.86
raffinose <0.2 1.35
glycerol <0.2 1.2a 1.3

a Taken from ref 1. b Taken from ref 17. c Calculated from data in
ref 32.

Figure 6. Temperature dependence of the optical density of the
NAAPBA-NIPAM copolymer in the absence (]) and presence of
various sugars at 16 mM concentration. Neu5Ac ) N-acetylneuramin-
ic acid, and LactNAc ) N-acetyllactosamine. Buffer: 0.1 M glycine,
pH 9.2, containing 0.1 M NaCl.

Kass) [BS]/[B][S] (1)

[B]0 ) [B] + [BS] (2)

[S]0 ) [S] + [BS] (3)
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and sugar, respectively, [B]0 and [S]0 are the initial concentra-
tions of the same reagents, [BS] is the equilibrium concentration
of sugar-boronate complexes, andKass is the association
constant. Taking into account a large molar excess of sugars at
5.6 and 16 mM concentration over reactive boronates ([B]0 ≈
0.56 mM; see the Experimental Section), one can develop the
following equation for the relative amount of boronate-sugar
complexes, [BS]/[B]0:

Obviously, atKass[S]0 . 1 (the case of fructose and glucose)
almost all reactive boronates will be populated with sugar
molecules ([BS]/[B]0 ≈ 1). Thus, the values ofTP exhibited by
the copolymer in the presence of 5.6 and 16 mM glucose turned
out to be similar; see Figure 1b. Probably, most of the reactive
boronates were saturated by glucose at concentrations as low
as 0.56 mM.

In the case of weaker interactions displayed, for example,
by mannose (logKass) 2.2, Kass) 160 M-1; see Table 1) at
16 mM concentration, one can expect [BS]/[B]0 ≈ 0.7 and,
therefore, incomplete saturation of the pendant boronates with
sugar and a further possible increase ofTP with concentration.
Indeed,TP becomes larger at 80 mM concentration of mannose
as well as galactose; see Figures 1a, 6, and 7. At 80 mM
concentration the effect displayed onTP by N-acetylglucosamine
also becomes noticeable. Although the association constants of
free and pendant phenylboronate with the same sugar can be
different, the above observations allow a tentative conclusion.
The influence of sugar concentration onTP basically conforms
to the simple equilibrium scheme of their complex formation
with the pendant phenylboronates. Roughly speaking, one could
expect a significant (>1 °C) shift ofTP in the presence of sugars,
if their concentrations were about 1/Kassor higher, whereKass

is the equilibrium constant of association between the sugar and
low molecular weight phenylboronate or borate. At such
concentrations the majority of reactive pendant phenylboronates
can form complexes with sugar molecules; see eq 4.

An important exception from this tendency was represented
(besides glucose discussed above) byN-acetylneuraminic acid
(Neu5Ac). Among the sugars typical of nonreducing ends of
oligosaccharides,18 N-acetylneuraminic acid had the strongest
effect onTP, while the effects of the others decreased in the

order xylose≈ galactoseg N-acetyllactosamineg mannose
≈ fucose. N-acetylglucosamine. The significant∆TP caused
by Neu5Ac at low 0.56 mM concentration (ca. 2°C; see Figure
5) can be partially explained by the highly hydrophilic nature
of the sugar containing carboxyl and acetamide functions as
well as five hydroxyl groups. On the other hand, the increase
in Neu5Ac concentration from 16 to 80 mM did not result in a
big change of∆TP (see Figured 6 and 7), unlike the effects
produced by galactose and mannose. Presumably, the pendant
boronates were close to saturation with Neu5Ac already at 16
mM, which indicated a higher association constant compared
to those of the above sugars.

Binding of Neu5Ac to 3-propioamidophenylboronic acid
(PAPBA; the low molecular weight analogue of the NAAPBA
monomeric unit) was recently studied in great detail.32 Unlike
mannose, galactose, and glucose, Neu-5Ac was found to form
relatively stable complexes with PAPBA at rather low pH from
4 to 7. The authors explained this effect by the formation of
complexes between theneutral form of PAPBA and Neu5Ac
stabilized by intramolecular interaction of the boron atom with
the N-acetyl group of Neu5Ac.32 In contrast to borate and
boronate anions, the neutral forms of boric and phenylboronic
acid are known to form unstable complexes withcis-diols and
polyols.33 The 11B NMR spectra presented in ref 32 testified,
however, to the complex formation of PAPBA with Neu5Ac
even at pH 4, pKa of PAPBA ) 8.6. A possible reason for
the relatively strong effect of Neu5Ac onTP could deal with
the reactivity of both the neutral and anionic forms of the
pendant phenylboronic acid toward Neu5Ac.

An important practical consequence of the phenylboronate-
Neu5Ac interaction could be preferential binding of the
NAAPBA-containing copolymers to biological surfaces popu-
lated with end groups of Neu5Ac. Those could be, for example,
mucosal surfaces34 including those containing tumor-associated
carbohydrate antigens, such as sialyl-Lea or sialyl-Tn antigens.35

Reversible interaction of the NAAPBA-NIPAM copolymer
with mucin and other glycoproteins can be employed in
biomedical applications and, therefore, was investigated as
described below.

Thermoprecipitation of the NAAPBA -NIPAM Copoly-
mer in the Presence of Glycoproteins.On the basis of the
above series of sugar reactivity toward pendant phenylboronic
acid, it seems attractive to predict the reactivity of phenylbor-
onate-containing copolymers toward oligosaccharides contained
in glycoproteins. One can foresee, however, a principal limita-
tion for this approach: the stability of carbohydrate complexes
with borate and phenylboronate is often determined by the
presence of free glycosidic hydroxyl groups. For example,
complexes of borate with maltose, which consists of two glucose
moieties, are weaker than those of glucose itself, and the
complexes of lactose are weaker than those of its two constitu-
ents, glucose and galactose.3 Broadly speaking, the reactivity
of glycans in glycoproteins cannot be predicted on the basis of
the reactivity of the corresponding reducing sugars.

On the other hand, galactose andN-acetyllactosamine, a
disaccharide containing galactose on its nonreducing end,
displayed similar effects onTP; see Figure 6. Owing to the very
low reactivity of N-acetylglucosamine, the second sugar in
N-acetyllactosamine, one can ascribe the reactivity of the latter
to a slightly reduced but basically retained reactivity of
galactose. This result seems to contradict the view of galactose
as a sugar capable of complex formation with borate36 and
phenylboronate,37 only in its furanose form. Interaction of
boronic acids withR-galactopyranose via its 3,4-diol was

Figure 7. Temperature dependence of the optical density of the
NAAPBA-NIPAM copolymer in the absence (]) and presence of
various sugars at 80 mM concentration. Neu5Ac ) N-acetylneuramin-
ic acid, and GlcNAc ) N-acetylglucosamine. Buffer: 0.1 M glycine,
pH 9.2, containing 0.1 M NaCl.

[BS]/[B]0 ) Kass[S]0/(1 + Kass[S]0) (4)
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proposed in ref 37. AlthoughR- andâ-methylgalactopyranosides
failed to show complexation withm-nitrophenylboronic acid,37

interaction of R-methylgalactopyranoside with borate was
registered by11B NMR.33 It is relevant to note that “addition
of galactose to saccharose, to form raffinose, increases the
complex stability”.3 There exists some other evidence for the
possibility of complex formation between galactopyranosides
and borate. Specific binding ofp-nitrophenyl glycosides of
glucose, galactose, mannose, and xylose to the adamantyl
derivative of PBA have been reported, and the transport of
glycosides via liquid organic membrane assisted by either PBA
or the adamantyl-modified PBA has been studied.38 Among the
glycosides used, it wasp-nitrophenyl galactoside which exhib-
ited the fastest transport due to its strongest binding to both
PBA and its adamantyl derivative. Binding of borate to 4,6-
diols of galactose moieties of galactomannan has been demon-
strated by11B NMR.33 One can suppose, therefore, that galactose
as the end group of glycans will be probably involved in the
complex formation with phenylboronate. The same seems to
be true for Neu5Ac, the sugar, which reacts with phenylboronic
acid via the glycerol chain,32 so that the sugar attachment via
its glycosidic hydroxyl should not strongly affect the complex
formation.

We have studied thermoprecipitation of the NAAPBA-
NIPAM copolymer (0.4 mg/mL) in the presence of three
different glycoproteins: horseradish peroxidase, humanγ-glob-
ulin, and mucin from porcine stomach at pH 9.2 and a
glycoprotein concentration of 4 mg/mL. Detectable changes in
the thermoprecipitation behavior of the copolymer could be
observed at a 10-fold excess of the glycoproteins over the
copolymer by weight. Although the carbohydrate compositions
of all three glycoproteins exhibit wide variations (especially in
the case of mucin), the typical carbohydrate structures of their
O- andN-glycans can be summarized as shown in Figure 8.

Mucin from porcine stomach displayed the strongest effect
on the phase transition pattern of the copolymer; see Figure 9.
Mucins are known to contain ca. 80 wt % carbohydrates, most
of them being O-linked oligosaccharides.34 The length of the
O-linked carbohydrate chains may vary from one to more than
twenty sugars.35 N-Acetylgalactosamine, fucose (ca. 9 wt %),

and sialic acid (ca. 1 wt %) typical of the nonreducing ends of
A- and H-blood group antigens are known to be present in the
glycans of pig gastric mucus glycoprotein.39

Combination of the mucin and NAAPBA-NIPAM copoly-
mer solutions resulted in gradually increasing turbidity of the
mixture at 22°C, i.e., belowTP, due to intermolecular cross-
linking and formation of insoluble aggregates; see the inset in
Figure 9. The soluble fraction of the copolymer underwent the
phase transition at a temperature close toTP of the pure
copolymer, while thermally induced flocculation was strongly
reduced, probably due to a relatively low concentration of the
copolymer in the soluble fraction. The specific character of
cross-linking and aggregation at 22°C was proven by immediate
dissolution of the aggregates in 10 mM fructose, a strong
competitor for mucin binding to phenylboronates.

Horseradish peroxidase (HRP) taken at 10-fold weight excess
over the copolymer produced a ca. 1°C shift of TP, i.e., similar
to that produced by mannose at 5.6 mM concentration; see
above. HRP is known to contain eight N-glycosylation sites
occupied by oligosaccharides and ca. 21 wt % carbohydrates.40

All the oligosaccharides contain one or two mannose residues
at their nonreducing ends;40 see Figure 8. The major oligosac-
charide, as well as some others, contains a residue of xylose.
Using the molecular mass of the major oligosaccharide (1189
g/mol40), one can calculate that the reaction mixture of HRP
and the copolymer (see the Experimental Section) contained
ca. 0.7 mM oligosaccharide or, in total, ca. 2 mM end groups
of mannose and xylose. Thus, the effect of protein-bound sugars
onTP was obtained at their concentrations ca. 3-fold lower than
that of the same sugars in solution and indicated high reactivity
of the end groups of oligosaccharides. Interfacial recognition
of yeast mannan by a PBA-containing self-assembled mono-
layer41 is in agreement with our findings.

The effect of humanγ-globulin on TP was minimal if
noticeable at all. IgG, the main constituent ofγ-globulin,
contains two oligosaccharides bound to the Fc-region of its
molecule and ca. 2 wt % carbohydrate by weight.34 A portion
of the oligosaccharides have residues of Neu5Ac as the end
groups (their content was found to be 0.46 mol/mol of protein
in human IgG), while the other oligosaccharides may have

Figure 8. Structures of oligosaccharides from glycoproteins: (a)
horseradish peroxidase,40 (b) human γ-globulin,42 (c) mucin from
porcine stomach.34,35,39 GlcNAc ) N-acetylglucosamine. GalNAc )
N-acetylgalactosamine, Fuc ) fucose, Man ) mannose, Gal )
galactose, Neu5Ac ) N-acetylneuraminic acid, and Xyl ) xylose.

Figure 9. Temperature dependence of the optical density of the
NAAPBA-NIPAM copolymer (0.4 mg/mL) in the presence of glyco-
proteins at 4 mg/mL concentration: γ-globulin (4), peroxidase (O),
and mucin (0). The inset shows the development of optical density
in the mixture of mucin and the NAAPBA-NIPAM copolymer. The
arrow indicates addition of 0.1 M fructose (0.125 mL) to the reaction
mixture. Buffer: 0.1 M glycine, pH 9.2, containing 0.1 M NaCl. The
volume of the reaction mixture was 1.25 mL.
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residues of galactose as the end groups.42 The weak effect of
γ-globulin on TP can be explained by the low content of
carbohydrates in the protein molecule. It is worthwhile to note
that theFc-bound glycans of IgG have extensive contacts with
the protein surface,43 being presumably less accessible to the
phenylboronates of NAAPBA-NIPAM. As a first approxima-
tion, however, the weight percentage and/or the number of
oligosaccharides in glycoproteins determine the character of their
interaction with the pendant phenylboronates and, therefore, the
effect on the copolymer phase transition. On the other hand,
the example ofγ-globulin shows that protein molecules by
themselves are rather inert with respect to binding to NAAPBA-
NIPAM copolymers and their effects exerted onTP are most
probably due to interaction of the oligosaccharide moieties with
the phenylboronates.

Conclusion

The thermally induced phase transition of the phenylboronate-
containing copolymer ofN-isopropylacrylamide was studied in
aqueous solutions of sugars, polyols, and glycoproteins and
allowed detection of their association with the copolymer. As
a rough approximation, one can expect a significant shift of
the phase transition temperature of the copolymer (∆TP > 1
°C) at sugar concentrations of about 1/Kass or higher, where
Kassis the equilibrium constant of association between the sugar
and low molecular weight phenylboronate or borate. Two
exceptions, glucose andN-acetylneuraminic acid, produced
strong effects onTP at their concentrations much lower than
1/Kass. The effect exerted on the phase transition by glycopro-
teins was the strongest with mucin from porcine stomach and
decreased in the series mucin> horseradish peroxidase>
humanγ-globulin, at pH 9.2. The specific character of mucin
interaction with the phenylboronate-containing polymer was
proven by facile dissolution of the reaction product in 10 mM
fructose. A significant shift ofTP in the presence of horseradish
peroxidase testifies to a high reactivity of mannose-containing
oligosaccharide chains of the glycoprotein with the copolymer.
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