
Abstract Thermosensitive poly(N-isopropylacryla-

mide)-based polymer particles were synthesised,

and screened for the adsorption of human

immunoglobulin G (hIgG). At pH 9 the

adsorption on microgel particles was strongly

affected by temperature, approximately

40 mg hIgG/g support (90% of initial hIgG)

being adsorbed at 40�C but only 10% of initial

hIgG at 25�C. At pH 5 the maximum adsorbed

amount (20 mg hIgG/g support) was similar for

both temperatures. The adsorption of hIgG on to

charged poly(methyl methacrylate)/poly(N-

isopropylacrylamide) core-shell latexes was

negligible (5–10 mg hIgG/g support) at the same

temperature and pH conditions. The lower

adsorption of hIgG onto the core-shell particles is

explained by steric interactions due to the small

size of the shell.
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Introduction

Interest in stimuli-responsive (or ‘smart’) polymers

has increased exponentially due to their promising

potential in biotechnology and biomedicine

(Galaev and Mattiasson 1999; Hoffman 2002; Gil

and Hudson 2004). Different stimuli can modulate

the response of these polymers, however,

temperature and pH responsive mechanisms have

been considerably investigated because they

consist of convenient and effective stimuli for

biological applications. Among the existing

temperature-sensitive polymers, poly(N-isopro-

pylacrylamide) (PNIPAM) has been the most

widely studied since it exhibits in aqueous

solution a sharp phase transition close to the

physiological temperature. PNIPAM exhibits a

lower critical solution temperature (LCST) around

32�C (Pelton 2000) but values in the range of 30–

35�C have been reported (Duracher et al. 1998b).

PNIPAM derivatives have been used as carriers

of various biological molecules and drugs in

delivery systems, biosensors, and bioseparation

applications (Hoffman 2000). PNIPAM-based

polymer particles, like microgels and core-shells,

are especially attractive due to the conditions

they offer for biomolecules binding/adsorption.
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José M. G. Martinho Æ Joaquim M. S. Cabral Æ M. Ângela Taipa
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PNIPAM macroligands are particularly useful

for the design and synthesis of hetero-

bifunctional conjugates for affinity precipitation

(Fong et al. 2002). Affinity precipitation is a highly

promising alternative technique for affinity

chromatography in downstream processing for

high value proteins, namely for the purification of

antibodies (Taipa et al. 2000; Kumar et al. 2003;

Kim et al. 2005) as it combines the simplicity and

easy performance of precipitation methods with

the specificity and selectivity of affinity interactions

(Hilbrig and Freitag 2003; Roque et al. 2004).

Nevertheless, the commercial application of this

methodology has been limited by the availability of

specific macroligands with minimal non-specific

adsorption. Commonly, the use of these

(PNIPAM-based) and other stimuli-responsive

polymers (e.g., Eudragit-based polymers) as

hetero-bifunctional ligand carriers suffers from

relatively strong drawback problems concerning

non-specific protein adsorption. The aim of this

work is the characterization of the (non-specific)

adsorption of human immunoglobulin G on

to PNIPAM-based polymeric systems. Two types

of PNIPAM particles—microgel and core-shell

particles (with a PMMA core and a PNIPAM shell

layer positively and negatively charged)—were

studied. Amino groups were incorporated in the

microgel system as a functional group for further

covalent grafting of synthetic affinity ligands with

high specificity and selectivity for human

immunoglobulins (Roque et al. 2005a, b). The

influence of pH and temperature on the adsorption

of hIgG on to the selected systems was evaluated.

Methods and materials

Synthesis

Microgel particles of PNIPAM, functionalised

or not with amino groups, were synthesised

by cationic precipitation polymerisation. N-Iso-

propylacrylamide (NIPAM), used as the main

monomer, was previously purified by recrys-

tallisation from hexane/toluene (3:2, v/v). The

functional amino-containing co-monomer 2-

aminoethylmethacrylate hydrochloride (AEMH)

and the crosslinker N,N¢-methylenebisacrylamide

(MBA) were used as received (>98% purity). The

cationic initiator 2,2¢-azobis(2-methylpropionam-

idine) dihydrochloride (V50) was recrystallised

from acetone/water mixture (1:1, v/v) before use.

Deionised water from Millipore was boiled under

N2 stream and used in all polymerizations. The

reactants NIPAM (1.3 g) and MBA (8.5% w/w

NIPAM) were dissolved in deionised water and

introduced in a 50 ml four-neck glass reactor flask

equipped with a glass anchor-type stirrer, a reflux

condenser and a nitrogen inlet. The mixture was

heated with stirring under N2 (70�C, 120 rpm).

The reaction was initiated by the addition of V50

(1.5% w/w NIPAM). After 30 min, the

co-monomer was added (5% w/w NIPAM) and

the polymerization was allowed to continue for

further 3.5 h. The microgel particles were washed

by successive cycles of centrifugation and

redispersion in deionised water, in order to

remove free electrolytes and residual reactants.

PMMA–PNIPAM core-shell particles with both

a positively or negatively charged shell layer

were synthesised by shot-growth emulsion

polymerisation and characterized as described in

Santos et al. (2005).

Particles characterization

Particle size was determined by light scattering

using a Brookhaven equipment (BI-200SM

goniometer and a BI-9000AT autocorrelator)

coupled with a He–Ne laser (632.8 nm, 35 mW)

from Spectra Physics (model 127). The

hydrodynamic diameters were determined by

dynamic light scattering (DLS) of highly diluted

dispersions in filtered water at different

temperatures (from 15�C to 43�C). The values

reported are the average of at least four

measurements. The solid content was

determined by gravimetry.

Adsorption of IgG

Human IgG (hIgG) was from commercial

suppliers (Octagam or Sigma). Adsorbed hIgG

was estimated from the difference between initial

and final hIgG concentrations in the supernatant.

Polymer control assays (blanks) were included in

all experiments. Each data point is the average of
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triplicate assays. For adsorption isotherms,

experimental curves were fitted to Langmuir-

type isotherms using Eq. (1),

Cads ¼
Cmax � Ceq

Kd þ Ceq
ð1Þ

where Gads is the amount of adsorbed IgG per

gram of adsorbent, Gmax is the maximum amount

of IgG adsorbed per gram of adsorbent, Ceq is the

equilibrium IgG concentration in the liquid phase

and Kd the dissociation constant.

Results

Characterization of PNIPAM microgel

particles

The influence of temperature on the

hydrodynamic diameter (Dh) of PNIPAM

microgel particles was determined by dynamic

light scattering. Figure 1 shows typical sigmoid

curves for both functionalised and non-

functionalised PNIPAM microgels.

A large variation in Dh occurred for both

particles when temperature was increased from

15�C to 43�C. Below 27�C, the Dh was almost

constant for each kind of particles, with values of

1,780 nm and 1,370 nm for the non-functionalised

and functionalised particles, respectively. The

size of the particles sharply decreases with

temperature to attain, at temperatures above

~35�C, a plateau of 280 nm (non-functionalised)

and 330 nm (functionalised) (Table 1). This

drastic shrinkage is a consequence of the break

of hydrogen bonds between water molecules and

the N–H or C=O groups of the polymer, followed

by polymer–polymer hydrophobic interactions

between isopropyl groups. This dehydration

process, where the water entrapped is released,

is the cause of the coil-to-globule transition of the

PNIPAM changes. The mid-point transition

temperature was around 32�C for both type of

particles, in agreement with values reported for

linear PNIPAM (Pelton 2000). The difference

between the Dh below and above LCST provides

a qualitative estimation of the swelling of

microgels (Table 1).

The presence of the cationic co-monomer did

not change the LCST, although the transition

occurs in a broader temperature range. Particle

size varies slightly with the presence of

co-monomer leading to smaller particles, which

is more pronounced at temperatures below LCST

(Table 1). According to Duracher et al. (1998a,

b) the extension of these phenomena depends on

the co-monomer concentration and on the

polymerisation process.

IgG adsorption

The adsorption of hIgG onto PNIPAM-based

particles was studied as a function of pH and

temperature. The thermosensitive behaviour of

PNIPAM is governed by hydrophilic to

hydrophobic character change when

temperature rises from values below to above

the LCST. Human IgG (hIgG) was chosen as

immunoglobulin model-system due to increasing

therapeutic and diagnostic applications of human

and humanized antibodies (Roque et al. 2004).

Adsorption of hIgG onto cationic amino-

containing PNIPAM microgel particles was

followed during 4–5 h at different pH (5 and 9)

and temperature conditions (below and above

LCST, 25�C and 40�C, respectively)–Fig. 2.

For temperatures above LCST (40�C),

irrespective of pH, the adsorption kinetics are

Fig. 1 Effect of temperature on the hydrodynamic diam-
eter for non-functionalised PNIPAM (•) and PNIPAM
functionalised with amino groups (n), determined by DLS.
The results obtained from the experimental auto-correla-
tion functions were analysed with Cumulants software
provided by Brookhaven Instruments (V3.0 programs)
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faster, being the equilibrium attained after ~2 h.

At pH 9, the adsorption is strongly temperature

dependent, being the amount of IgG adsorbed at

equilibrium ~40 mg/g (90% of initial hIgG) at

40�C and almost negligible (lower than 10% of

initial IgG) at 25�C. At pH 5 the adsorption

plateau was achieved at around 20 mg/g (50% of

initial IgG), irrespective of temperature.

The pH influence of protein adsorption at

temperatures above LCST can be explained by

electrostatic interactions between the charged

amino acid residues and the charged microgel

particles (Taniguchi et al. 2003). The presence of

amidine and primary amine groups (pKa ~10) in

the particles confer them a positively net charge

at both pH values. In addition, for temperatures

above LCST the charge density of microgel

particles in the collapsed state increases

(Duracher et al. 1998b) due to the closer

proximity of the polymer chains. Since the

isoelectric point of the human IgG preparation

(polyclonal) was determined to vary in the range

of 6.8–9.3 (data not shown) it is predictable that at

pH 9, in average, the number of anionic charges

on the surface of antibody molecules is increased.

The high adsorption rate of hIgG molecules at pH

9 can be therefore explained by favourable

electrostatic interactions between the positive

charges of the particles and the negatively

charged IgG protein. In contrast, at pH 5 the

hIgG is positively charged and repulsive

electrostatics interactions are expected to occur,

reducing the adsorption amount. Even though,

50% of initial IgG was adsorbed at pH 5 and

40�C. Therefore, hydrophobic interactions are

likely to have a contribution coming from the

increase in the hydrophobic character of the

Table 1 Hydrodynamic diameter (Dh) by dynamic light scattering, thickness increment (d), swelling factor (SF), lower
critical solution temperature (LCST) and solid content (SC) for synthesised PNIPAM microgel particles

Sample Dh
23�C (nm) Dh

43�C (nm) d (nm)a SFb LCST (�C) SC (%)

PNIPAM 1,780 280 750 270 31 0.4
Functional PNIPAM 1,370 330 520 70 32 0.7

a d ¼ D23degC
h �D43degC

h

� �
=2 b SF ¼ D23degC

h =D43degC
h

� �3

Fig. 2 Adsorption kinetics of hIgG on to functional
PNIPAM microgel dispersions (0.5%, w/v). Incubation
occurred with ‘end-over-end’ stirring and initial concen-
tration of 44.5–57.8 mg IgG/g of adsorbent, in 10 mM
buffered solutions, pH 5 (n, h) and pH 9 (m, D), at 25�C
(open symbols) and 40�C (filled symbols). Samples were
collected at different time, centrifuged (17,000 · g,
15 min) and the protein content in supernatant quantified
by UV absorption at 280 nm (A1%

280 nm = 13.8)

Fig. 3 Adsorption isotherms at 25�C (empty symbols) and
40�C (full symbols) of hIgG onto functional PNIPAM
microgel particles. Initial concentrations of 0–
150 mg hIgG/g of adsorbent were incubated in 0.5% (w/
v) colloidal dispersions of PNIPAM at pH 5 (n, h) and pH
9 (m, D). After 12 h the hIgG content in the supernatant
was quantified by UV absorption at 280 nm. Experimental
curves were fitted to Langmuir-type isotherms (Eq.1)
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polymer at temperatures above LCST

(Kawaguchi et al. 1992). At temperatures below

LCST, the microgel particles are swollen by

water, increasing its hydrophilic character and

decreasing the charge density. The adsorption

curves at 25�C and pH 5 can only be explained by

hydrophobic interactions between the particles

isopropyl groups and the antibody molecules. The

adsorption process at 25�C is slower than at 40�C

but after 2 h similar amounts of adsorbed IgG

(20 mg/g) were observed (Fig. 2).

Adsorption isotherms at 25�C and 40�C and

both pH values are plotted in Fig. 3.

Experimental data at 40�C (when high

adsorption is observed) were fitted to a

Langmuir-type isotherm curve and Kd and (Gmax

calculated (Table 2). At pH 5, the maximum

amount of adsorbed IgG, Gmax, is 35 mg/g

whereas a Gmax = 180 mg/g is estimated at pH 9.

The effect of pH on adsorption isotherms

reinforces the hypothesis that electrostatic

interactions play an important role in the

adsorption of hIgG onto PNIPAM microgel

particles.

Table 2 Dissociation constants for the adsorption of hIgG
on microgel particles (Kd) and the adsorbed amounts at
saturation (Gmax), estimated by a Langmuir-type
isothermic model (Eq. 1)

pH Gmax (mg/g) Kd (mg/ml)

9 180 ± 38 0.19 ± 0.07
5 35 ± 5 0.03 ± 0.02

Fig. 4 Time course adsorption of hIgG onto cationic and
anionic PMMA–PNIPAM core-shell particles. Colloidal
dispersions of 0.5% (w/v) were incubated with 40 mg hIgG/
g of adsorbent, in 10 mM buffered solutions, at 25�C
(empty symbols) and 40�C (full symbols). Samples were

collected along 4–5 h, centrifuged (17,000 · g, 15 min) and
the protein content in supernatant quantified by the
bicinchoninic acid method in a microplate assay (Baptista
et al. 2003)
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The adsorption of human IgG was also

evaluated for anionic and cationic PMMA-

PNIPAM core-shell particles of Dh ~200 nm

(Santos et al. 2005). Though the PMMA-core

has been formerly shown to adsorb high amounts

of protein (Baptista et al. 2003), no significant

effects of pH and temperature were observed for

the hIgG adsorption on to PMMA/PNIPAM

core-shell particles (Fig. 4). At 25�C the

saturation was achieved at ~5 mg/g, irrespective

of the nature of the particle charge and pH. A

slight increase in the amount of adsorbed hIgG

was observed at pH 5 by temperature increase

from 25�C to 40�C.

Differences between the amounts of adsorbed

IgG onto core-shell and microgel particles can

be explained in terms of structural and intrinsic

characteristics of the particles. Smaller core-shell

particles (Dh
25�C = 200 nm) with PNIPAM shell

thickness (d) of around 20 nm may lead to

steric hindrance and limit adsorption of large

IgG whole molecules. In contrast, PNIPAM

microgel particles with diameters of 1,400 nm,

have minimal steric hindrance effects and

saturation is achieved for higher amounts of

hIgG. This is aided by the absence of

functionalised amino groups in the PNIPAM

shell, as compared to the microgel, which

decrease the charge density and, consequently,

the amount of hIgG adsorbed.

Conclusions

The adsorption of human immunoglobulin G

(hIgG) on to PNIPAM-based polymeric

particles was studied. The results show, for two

different types of systems (PNIPAM microgel

and PMMA/PNIPAM core shell particles) in

which pH and temperature conditions

adsorption of human IgG occurs in significant

amount, and the type of interactions likely

involved in the binding. The influence of pH on

hIgG adsorption on to amino-containing

PNIPAM microgel particles at temperatures

above the LCST revealed that not only

hydrophobic interactions are responsible for the

adsorption process. A compromise between

electrostatic and hydrophobic interactions seems

to exist, and the prevalence of each kind of

interactions is pH dependent. No significant

effects of pH and temperature were observed

for hIgG adsorption on to PMMA–PNIPAM

core-shell latexes. The data hereby reported

provide the basis for further development of

PNIPAM-based affinity/biomimetic polymer

systems for bioseparation, biosensor or

diagnostic application.
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