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Abstract

Thermally sensitive poly(methyl methacrylate (MMA))-poly(N-isopropylacrylamide (NIPAM)) core-shell particles were prepared via a

two-stage emulsion copolymerization process. Methylene bisacrylamide (MBA), 2,2 0-azobis (2-amidinopropane) dihydrochloride (V50) and

dodecylethyl dimethyl ammonium bromide (DEDAB) were used as crosslinker, cationic initiator and surfactant, respectively. Functional

core-shell particles were prepared using aminoethyl methacrylate hydrochloride (AEMH) as cationic co-monomer to increase the surface

charge density. The influences of the crosslinker and co-monomer concentrations on the thickness and swelling capacity of the PNIPAM-

based shell layer were studied. The latex particle size and particle size distribution were determined both by dynamic light scattering (DLS)

and scanning electron microscopy (SEM). Monodisperse particles were produced with diameters between 150–250 nm (at 25 8C) and 140–

190 nm (at 50 8C). The surface charge density was determined by chemical titration and higher values (w10 mmol/g) were obtained for the

functional core-shell particles. The electrokinetic properties of the dispersions at several pH and temperature values confirm the presence of

the shell layer and cationic surface charges.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Core-shell particles with hydrophobic cores and thermo-

sensitive shells are very useful in biomedical applications,

such as vectors for drug delivery or in the purification of

proteins and DNA [1–4]. The thermo sensitivity is mainly

due to the properties of poly(N-alkylacrylamide) or poly(N-

alkylmethacrylamide) polymers that usually form the

particle shell. Among these polymers, poly(N-isopropyl

acrylamide) (PNIPAM), has been the most studied mainly

because its lower critical solution temperature (LCST)

occurs at 32 8C, that is close to the physiologic temperature

[5]. Core-shell particles bearing a PNIPAM shell show a

volume phase transition (VPT) upon heating above the

LCST of the PNIPAM in aqueous solution. The shrink of the

shell above the volume phase transition temperature (TVPT)
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occurs owing to the release of the water entrapped in the

shell induced by attractive segmental interactions between

the hydrophobic isopropyl groups of the PNIPAM chains.

The first synthesis of this kind of materials was

performed by Makino et al. [6] and Zhu et al. [7], that

prepared poly(styrene)-poly(N-isopropylacrylamide) (PS-

PNIPAM) core-shell particles by a two-stage emulsion

copolymerization process. Later on, Duracher et al. [8]

synthesized PS-PNIPAM core-shell particles containing the

functional monomer, aminoethyl methacrylate hydrochlo-

ride (AEMH), using both batch and shot-growth polym-

erization processes. Recently, Xiao et al. [9] synthesized

poly(acrylamide-co-styrene)-poly(acrylamide-acrylic acid)

particles whose shell swells by temperature increase. The

thermal behavior of these particles is opposite to the one of

those bearing a PNIPAM shell, which opens the opportunity

for new applications.

This work describes the synthesis of thermal sensitive

PMMA-PNIPAM core-shell nanoparticles by a two-stage

emulsion copolymerization process. These particles should
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be used as supports for proteins and oligonucleotides that

will be probed by fluorescence. For this purpose, the

colloidal particles should fulfill the following requirements:

(i) being transparent in the region of absorption of the

protein intrinsic fluorophores (tyrosine; tryptophan); (ii)

being of small size (w200 nm) and monodisperse to avoid

the spurious scattered light. The latex particles were

characterized in terms of size and polydispersity by

scanning electron microscopy (SEM) and dynamic light

scattering (DLS), while the charge and charge distribution

were estimated from the zeta potential and chemical

titration, at several pH and temperature values.
2. Experimental part
2.1. Materials

Methyl methacrylate (MMA, from Aldrich, 99%) was

distillated in vacuum before use. N-isopropylacrylamide

(NIPAM, from Acros, 99%) was recrystallized in a

toluene/pentane mixture (60/40; v/v) before use. The 2,2 0-

azobis(2-amidinopropane) dihydrochloride (V50, from

Wako Chemicals) was purified by recrystallization from a

water/acetone mixture. N-(3-aminopropyl) methacrylamide

hydrochloride (APMH, from Polysciences), aminoethyl

methacrylate hydrochloride (AEMH, from Acros, 99%),

methylene bisacrylamide (MBA, from Kodak, electrophor-

esis grade), dodecylethyl dimethyl ammonium bromide

(DEDAB, from Fluka AG, O98%), sodium hydrogen

carbonate (from Merck, p.a.) and sodium dodecyl sulfate

(SDS, from Fluka Chemika, p.a.) were used as received.

Sodium hydrogencarbonate (from Aldrich, ACS

reagent), sodium carbonate (from Aldrich, ACS reagent),

4-dimethyl aminopyridin (DMAP; from Aldrich, 99%),

dithiothreitol (DTT; from Aldrich, 99%), 1,4-dioxan (RH,

Spectranal) and N-succinimidyl-3-(2-pyridyldithio) propio-

nate (SPDP, from Pierce) were used as received. Deionized

water from Millipore was boiled under nitrogen and was

used in all polymerizations.
2.2. Synthesis of the latexes
2.2.1. Preliminary batch polymerizations

PMMA particles bearing positive surface charges were

synthesized by batch emulsion polymerization using the

recipes shown in Table 1 for 60 g H2O and 5 g MMA. A

reactor of 50 ml equipped with a glass anchor-type stirrer

running at 300 rpm, condenser and nitrogen inlet and outlet

was used. Several runs were performed at constant

temperature (70 8C) in the absence of surfactant using

V50 as initiator and two functional co-monomers, APMH

and AEMH. Some latexes were also prepared using several

amounts of surfactant, DEDAB, in the absence of functional

co-monomers.
2.2.2. Two-stage copolymerization

Two sets of core-shell latexes (cssgp1–4 and cssgpf1–4)

were prepared by a two-stage emulsion copolymerization

process using DEDAB as surfactant. In a common stage, a

batch polymerization was performed using MMA/DE-

DAB/V50 until 70–80% polymerization conversions. In a

second stage, a mixture of NIPAM/MBA or NIPAM/M-

BA/AEMH was added in several shots to the reaction

medium. The recipes are shown in Table 2 for 60 g H2O

(cssgp1–4), 65 g H2O (cssgpf1–4), 0.05 g V50, 0.06 g/100 g

DEDAB and 5 g MMA.

The polymerizations were performed at 70 8C for at least

2 h in a 50 ml reactor. The cssgp set was prepared using

several amounts of crosslinker while for the cssgpf series the

amount of crosslinker was fixed, being varied the concen-

tration of the AEMH co-monomer.
2.2.3. Polymerization kinetics

Instantaneous and global polymerization conversions

were determined by gravimetry. The solid content at a given

polymerization time, SC (t), was determined and the

percentage conversion, %C(t), calculated by,

%CðtÞZ
SCðtÞ

SCðNÞ
!100 (1)

where SC(N) is the solid content for a complete

polymerization reaction.
2.3. Colloidal characterization

The latex particles were cleaned by repetitive centrifu-

gation and redispersion cycles using Milli-Q water before

the electrokinetic and swelling experiments.
2.3.1. Particle size and size distribution

Scanning electron microscopy (SEM) micrographs of the

latexes were obtained with a Hitachi (model S 2400)

microscope. The samples were prepared by placing a drop

of a highly diluted dispersion in a coal sample holder, and

let dry before being sputtered with gold. From the images,

the particles shape was deduced.

The hydrodynamic particle size and size distribution of

the latexes were determined by dynamic light scattering

(DLS) using a Zetasizer from Malvern Instruments (model

3000-HS). The diameters of highly diluted dispersions (in

10K3 M HCl) were measured, at several temperatures

between 20 and 50 8C. Each data point was the average of

at least three measurements.
2.3.2. Electrokinetics

The electrophoretic mobility (me) of the latex particles was

measured at several pH (25 8C) and temperatures (10K3 M

HCl; pHw3) using the ZetaSizer from Malvern Instruments

(3000-HS model). The zeta potential (z) was calculated from

the electrophoretic mobility using the Smoluchowski’s



Table 1

Preliminary batch emulsion copolymerization recipes

Latex mAPMH (g) mAEMH (g) mV50 (g) mDEDAB (g/100 g)

pmmaC1 0 0 0.051 0

pmmaC2 0.050 0 0.052 0

pmmaC3 0.15 0 0.051 0

pmmaC4 0.25 0 0.050 0

pmmaC5 0 0.051 0.051 0

pmmaC6 0 0.051 0.10 0

pmmaC7 0 0.10 0.051 0

pmmaC8 0 0 0.051 0.0050

pmmaC9 0 0 0.050 0.029

pmmaC10 0 0 0.051 0.061
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equation,

2Z
h

3
me (2)

where h is the viscosity and 3 the permittivity of the medium

[10].
2.3.3. Surface charge density

The available amount of amine and amidine groups on

the latex surface was determined by a slightly modified

procedure reported elsewhere [11]. The titration was

performed by adding to 500 ml of washed latex samples

(5% wt/v), 500 ml of a carbonate/bicarbonate buffer solution
(50 mM; pHZ9.2) and 5 mL of SPDP (0.5 M in dioxan) in

the presence of a catalyst (DMAP). The mixture was stirred

for w100 min at room temperature and centrifuged after-

wards (15,000 rpm; 20 min). The supernatant was removed

to a vial (wash 1) and the particles were resuspended in 1 ml

of the carbonate/bicarbonate buffer solution. The centrifu-

gation/resuspension step was repeated and the supernatant

was collected (wash 2). Reduction of the disulfide bonds

was performed by adding 50 ml of a DTT solution (50 mM)

to the samples. After w30 min of incubation at room

temperature, the samples were centrifuged and the super-

natants were collected. The optical densities (OD) at 343 nm

and 20 8C were determined using a UV/Vis absorption

spectrometer (JASCO V-560). All samples were diluted 20

times before the OD measurements and the values are

averages of three measurements.

The SPDP coupling yield, Y was calculated from Eq. (3)

where ODL, OD1 and OD2 are the optical densities of the
Table 2

Two-stage emulsion copolymerization recipes

Latex mAEMH (g) mNIPAM (g) mMBA (g)

cssgp1 0 0.92 0.00

cssgp2 0 0.90 0.05

cssgp3 0 0.89 0.10

cssgp4 0 0.91 0.15

cssgpf1 0.014 0.90 0.10

cssgpf2 0.031 0.88 0.10

cssgpf3 0.046 0.90 0.10

Cssgpf4 0.014 1.79 0.10
latex and wash 1 and 2 supernatants, respectively.

Y Z
ODL

ODL COD1 COD2

(3)

The overall latex surface charge, s (mmol/g of latex) was

then calculated from Eq. (4), where Ci is the initial SPDP

quantity (2.5 mmol) and P the amount of latex particles

(0.025 g).

sZ
Y!Ci

P
(4)
3. Results and discussion
3.1. Preliminary batch polymerizations

Several polymerization runs were performed in order to

obtain monodisperse positively charged PMMA cores with

diameter around 100 nm using V50 as initiator and adding

the surfactant DEDAB or functional co-monomers APMH

and AEMH. The recipes in Table 1 were adapted from those

used in the synthesis of negatively charged PMMA latexes

[12]. Table 3 shows the hydrodynamic particle diameter

(Dp), particles number (Np), overall conversions (%C) and

percentage of water-soluble polymers (%wsp).

The number of particles was estimated by Eq. (5),

Npz
m

r 4
3
pR3

p

(5)

where, r is the density of PMMA at 20 8C (1.19 g cmK3), m

is the mass of particles and Rp their hydrodynamic radius

[13].

For all batch polymerization runs, the final conversions

were higher than 70% after 30 min of reaction. Without

adding the functional monomer or surfactant to the batch

polymerization recipe (run pmmaC1), particles with

diameters around 350 nm were obtained. In order to reduce

the particle size, functional monomers (APMH, AEMH) and

a cationic surfactant (DEDAB) were used. When functional

monomer was added, particles with diameters between 300



Table 3

Hydrodynamic particle diameter (Dp), particle number (Np), overall conversions (%C) and water-soluble polymers (%wsp) for the cationic PMMA latexes

Latex Dp (nm) Np/10
14 (LK1) %C %wsp

pmmaC1 350 – 70–75 1.20

pmmaC2 338 3.1 97 1.63

pmmaC3 Non-stable

pmmaC4 Non-stable

pmmaC5 284 5.2 96 1.45

pmmaC6 328 3.3 93 2.80

pmmaC7 383 2.1 97 1.80

pmmaC8 279 5.5 97 0

pmmaC9 174 22.8 98 0.60

pmmaC10 134 49.7 97 1.56
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and 400 nm were found (runs pmmaC2–pmmaC7). By

increasing the APMH concentration unstable dispersions

were obtained, probably due to the high formation of water-

soluble polymers. When using AEMH, the increase of the

initiator and functional monomer concentrations led to the

formation of polydisperse latex dispersions with a high

content of water-soluble polymers. By addition of a cationic

surfactant (DEDAB) at concentrations below its CMC

(CMCDEDABw4.56 g/l, determined by conductimetry)

smaller and monodisperse particles were obtained. The

increase of the DEDAB concentration (runs pmmaC8–10),

raises the initial polymerization rate, reduces the nucleation

period and increases the particle number (Np). At 1/8

CMCDEDAB (run pmmaC10), latex particles with diameters

around 130 nm were finally obtained.
3.2. Two-stage copolymerizations

A two-stage emulsion copolymerization process was

used to produce cationically-charged PMMA/PNIPAM

core-shell latexes. Initially, a batch polymerization similar

to the one optimized before, was allowed to run until the

MMA conversion is around 70–80%. The diameters of the

particles at the end of this stage were around 130 nm. Then,

a mixture containing NIPAM/MBA or NIPAM/M-

BA/AEMH was added in several shots to better control

the formation of the PNIPAM shell around the PMMA core.

The shots were performed at high MMA conversions to

favor the formation of monodisperse particles with

smoother shells covering the entire PMMA core. Besides

this, the addition of NIPAM under starved conditions avoids

the formation of PNIPAM particles [14].

For the polymerization runs (cssgp1–4), no functional

monomer was added and the crosslinker (MBA) concen-

tration was varied from 1 to 3% wt/wt MBA/MMA.

Irrespective of the MBA concentration, the conversion

was w100% and the percentage of water-soluble polymers

was of the order of 2% wt.

The final polymerization runs (cssgpf 1–4) were

performed with an MBA content w1% wt/wt and several

AEMH concentrations w0.3–0.9% wt/wt AEMH/MMA. In

the last polymerization run (cssgpf4) the NIPAM content
was increased by two times in an attempt to obtain latex

particles with thicker shell layers. The global conversions

were w100%, and the water-soluble polymer contents

varied from 3 to 6% wt with the amount of AEMH. The

amount of water-soluble polymer increased probably due to:

(i) a copolymerization effect based on the three times

increase in the reactivity ratio of methacrylate when

compared to that of acrylamide [15]; (ii) a chain transfer

reaction between AEMH and NIPAM that leads to a

decrease of the molecular weight of the PNIPAM chains [8].
3.3. Core-shell latex characterization

The PMMA-PNIPAM core-shell latexes were character-

ized in terms of particle size, size distribution, electrokinetic

behaviour and surface charge density. Fig. 1 shows the SEM

pictures of the pmmaC10, cssgp3 and cssgpf3 core-shell

latex dispersions. The particles are almost spherical and

monodisperse. This is a consequence of the following: (i)

the nucleation step is faster than the particle growth in the

batch stage; (ii) the aggregation of particles does not occur

during its growing due to their surface charge density

(coming from the initiator, V50) and to the additional

stabilization imparted by the DEDAB; (iii) the shot growth

was carried out after the monomer conversion in the seed is

higher than 70%, which avoids a secondary nucleation.
3.3.1. Particle size and size distribution

The particle diameters of the latexes (Dp) were

determined by DLS at 25 and 50 8C. The hydrodynamic

shell thickness increment (dshell) and swelling factor (SF)

were determined from the hydrodynamic diameters by Eqs.

6 and 7.

dshell Z
ðD258

p KD508
p Þ

2
(6)

SFZ
D258

p

D508
p

 !3

(7)

Table 4 shows the values calculated at several temperatures.

The particle hydrodynamic diameters at 50 8C are smaller



Fig. 1. SEM pictures of the final latex particles: (A) pmmaC10, (B) cssgp3

and (C) cssgpf3.
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than at 25 8C due to the shrinkage of the PNIPAM shell at

temperatures higher than the TVPT [16].

The shell thickness increment does not vary in a regular

manner with the amount of MBA (see the cssgp series in

Table 4). Nevertheless, a significant shell (dshellZ31 nm)

was obtained for the cssgp3 latex, which was prepared from

a recipe with 1% wt/wt MBA/MMA. Following this, the

new latexes were prepared using similar recipes adjusted to

include the addition of the functional monomer, AEMH.

With the addition of AEMH to the recipe (cssgpf1–3), the
latexes show a slight increase in diameter at 50 8C but not at

25 8C. Considering that, the PNIPAM chains anchored on

the core shrink along the radial directions but not in a

direction parallel to the surface [17], the slight increase in

the hydrodynamic diameter at 50 8C, probably results from

the increase in the intra-electrostatic repulsions during shell

shrinkage due to the cationic charges coming from the

AEMH co-monomer as its content was raised.

The higher dshell of cssgpf4 compared to that of the

cssgpf1 latex, is due to the incorporation of larger amounts

of PNIPAM in the shell since its quantity in the recipe was

increased by two times (see Table 2).

Fig. 2 shows the variation of the hydrodynamic diameter

with temperature for both the cssgp (Fig. 2(A)) and the

cssgpf series (Fig. 2(B)).

Fig. 2(A) shows that above 35 8C, the particle diameter

of the cssgp1–4 latexes is around 150 nm. The cssgp3

particles show a clear VPT in the temperature range w20–

35 8C, while the cssgp2 latex does not show any transition

and a very diffuse VPT was observed for cssgp1 and cssgp4

latexes. This confirms that the 1% wt/wt MBA/MMA ratio

used in the cssgp3 recipe should correspond to the optimal

composition at which the desired core-shell morphologies

are created.

Fig. 2(B) shows that the VPT of functional core-shell

latexes (cssgpf series) occurs in a slightly higher tempera-

ture range. The transition temperature seems to increase

with the amount of AEMH. In fact, for cssgpf1 and 2 latex

particles, the VPT was observed at 30–38 8C while for the

cssgpf3 latex particles it was found to be from 32 to 44 8C.

This probably results from the higher electrostatic repul-

sions due to the protonated amine groups coming from the

AEMH co-monomer.

3.3.2. Overall charge density

Table 4 shows the amine and amidine charge densities

(s, mmol/g) coming from the functional monomer (AEMH)

and initiator (V50), respectively.

For the pmmaC10 and cssgp3 latexes, the charge density

is only due to the amidine groups. As expected, the cssgp3

latex exhibits a smaller charge density compared to pmmaC
10 because, the added initiator amount was the same and

part of the amidine charges were buried during the PNIPAM

shell formation. For the cssgpf1–3 latexes, the surface

charge density is higher since besides the amidine charges

from the initiator, we have to consider the amine groups

coming from the functional monomer. As the functional

monomer concentration was raised, a slightly increase in the

charge density was observed for the cssgpf1–3 latex

particles. The cssgpf4 latex has a lower surface charge

density than the cssgpf1 because the shell volume is larger

in the first case and the charges are more widely distributed

on it.

3.3.3. Electrokinetics

The zeta potential (z) of the functional core-shell latexes



Table 4

Particle diameter (Dp), hydrodynamic shell thickness increment (dshell), swelling factor (SF) and charge density (s) for pmmaC10 latex, cssgp1–4 and cssgpf1–

4 core-shell latexes

Latex D258C
P (nm) D508C

P (nm) dshell (nm) SF s (mmol/g)

PmmaC10 134 – – – 6.9

Cssgp1 165 144 11 1.52 –

Cssgp2 153 148 3 1.12 –

Cssgp3 212 150 31 2.82 3.5

Cssgp4 167 148 10 1.45 –

cssgpf1 203 150 27 2.49 8.6

cssgpf2 223 160 31 2.69 9.0

cssgpf3 210 189 11 1.39 10.8

cssgpf4 245 150 47 4.32 5.9

Fig. 2. Variation of the hydrodynamic diameter (Dp) with temperature in 10K3 M HCl solutions: (A) cssgp1 (!), cssgp2 (C), cssgp3 (&) and cssgp4 (:); (B)

cssgpf1 (:), cssgpf2 (&), cssgpf3 (C) and cssgpf4 (!).
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Fig. 3. Variation of the zeta potential (z) with pH at 25 8C: cssgpf1 (:),

cssgpf2 (&), cssgpf3 (C) and cssgpf4 (!).

Fig. 4. Variation of the zeta potential (z) with temperature for 10K3 M HCl

solutions: (A) cssgp3 (&) and pmmapC10 (C); (B) cssgpf1;(:), cssgpf2

(&), cssgpf3 (C) and cssgpf4 (!).
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was determined at 25 8C and several pH values ranging from

4 to 11. Particle surface charge was found to be positive

from pH 4 to 9 as shown in Fig. 3 showing that z decreases

abruptly around pHw9.5, confirming that the isoelectrical

point for the latexes coincides with the pKa of the amine and

amidine groups [18].

Increasing the AEMH concentration led to a raise in the z

on the pH range from 4 to 9 (see Fig. 3: cssgpf1–3). At this

temperature, these latexes have similar particle diameters

and the higher z obtained only reflects the increase of the

surface charge upon AEMH incorporation. The z values at

25 8C (pH!9.5) are higher for the cssgpf1 than for the

cssgpf4 that has a thicker shell layer. This may be due to

differences in the microstructure of the shell layer since the

zeta potential depends on the location of the shear plane

which is determined by the shell structure (i.e. crosslinking

density, charge distribution) [18].

Fig. 4(A) shows the plot of the zeta potential (z) as a

function of temperature for pmmaC10 and cssgp3 latexes.

The z values are positive for both latexes as expected

since they are positively charged. A value of z w36.5 mV,

was obtained for the pmmaC10 latex irrespective of

temperature. The z values for the cssgp3 core-shell latex

vary from w5 mV at 20 8C to w40 mV at temperatures

higher than 40 8C. This variation occurs around the volume

phase transition temperature and reflects the shrinkage of

the shell during the transition [5]. Above the TVPT the zeta

potential of the core-shell particle is, z w40 mV, which is

identical to that of the pmmaC10 latex. This suggests that

above the TVPT all the particles have the same amount of

amidine charges distributed in a similar surface.
Fig. 4(B) shows that the z values increase with the

amount of AEMH at 20 8C but not at 55 8C. The values at

20 8C are expected since a larger amount of AEMH implies

a higher quantity of protonated amide groups in the shell.

The fact that this trend was not followed at 55 8C should

reflect the differences in shell thickness and charge

distribution in the collapsed state.

The zeta potential of cssgpf1 and cssgpf4 latexes are

identical (w46 mV) above the TVPT, despite the difference

in the hydrodynamic shell thickness increment of both

latexes. This probably results from the fact that above the
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TVPT the shell dimensions are negligible and the diameters

of both latexes are identical.
4. Conclusions

Thermo-sensitive core-shell PMMA/PNIPAM particles

with diameters between 150–250 nm (at 25 8C) and 140–

190 nm (at 50 8C) and very low polydispersity were

produced by a two-stage emulsion copolymerization

process. This was achieved using V50 as initiator and

DEDAB as surfactant. The two-stage copolymerization

process was found to be more convenient than the batch

copolymerization due to the fast reactivity of the monomers

and the high water-solubility of MMA. The two-stage

polymerization allowed the control of the particle size and

size distributions that were determined by the initial

MMA/initiator recipe and polymerization conditions in the

seed. To increase the surface charge density, the functional

monomer AEMH was added in some recipes.

The variation of the particle hydrodynamic diameter with

temperature confirms the core-shell morphology of the

particles with a PNIPAM shell around the PMMA core. The

surface charge density increases with the amount of the co-

monomer AEMH, indicating that its incorporation into the

shell is efficient. The variation of the zeta potential, z, with

pH shows that the isoelectric point of the particles is around

pH 9.5, which coincides with the pKa of the amine and

amidine groups. The variation of the zeta potential with

temperature reflects the distribution of charges in the shell

volume, which changes around the TVPT due to the thermal

sensitivity of the shell.
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