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ABSTRACT 

Monodisperse core-shell stable latexes with reactive 
methylchloride surface functionalities were prepared at 
two different reaction temperatures. The reaction tem- 
perature played an important role in the amount of 
reactive functional groups. The covalent coupling had an 
efficiency of more than 50%. Antibodies covalently bound 
to functionalized polystyrene beads were used to detect 
corresponding antigens by nephelomet y. 
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INTRODUCTION 
The interaction between antibodies or antigens and 
functionalized polymer colloids is of considerable 
importance in the development of particle-enhanced 
optical immunoassays. Functionalized polymer col- 
loids are exceptional carriers of antibodies or 
antigens, as they present a chemical group which 
enables them to attach proteins covalently. A sub- 
stantial improvement in the use of synthetic polymer 
colloids for serological diagnosis can be obtained by 
covalent coupling of antigens or antibodies to func- 
tionalized surfaces and several procedures for such 

coupling have already been described 11-41. The 
choice between noncovalent and covalent coupling 
techniques has largely depended upon the availabil- 
ity of suitable particles and simple coupling 
chemistries. There have been two general approaches 
to reagent stability: first, the binding of antibodies to 
latex particles by noncovalent means is of such high 
affinity that little will ever leach off; second, on a 
theoretical basis covalent coupling is worth pursuing 
as it should provide a more stable reagent. This work 
is an attempt to determine the advantages of the 
covalent coupling of immunoglobulin G (IgG) mole- 
cules to chloromethyl styrene (CMS) beads, since the 
covalent coupling has possible advantages, such as 
no decrease in immunoactivity because of minimal 
denaturation on the surface and because there is no 
desorption of antibodies, and minimal nonspecific 
interactions and a uniform coupling procedure [5]. 
One of the best known coupling chemistries uses the 
carboxyl groups of a hydrophilic carboxylate-mod- 
ified latex to attach amino groups from a protein by 
means of reaction with a water-soluble carbodiimide. 
The preactivation with carbodiimide, however, 
causes a decrease in the colloidal stability of latex 
particles because in a first step the water-soluble 
carbodiimide neutralizes the negative charge on the 
carboxylate polystyrene beads [6] .  Polystyrene beads 
with chloromethyl functional groups are particularly 
useful since further chemical derivatization proce- 
dures are merely a one-step reaction between the 
chloromethyl group and the amino groups in the 
protein molecules. Besides, CMS beads do not 
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require preactivation which makes the coupling 
chemistry between protein and particle easier. 

TABLE 2. Recipes and Results of the Batch Emulsion 
Copolymerizations Carried Out at 30°C" and 80"Cb 

EXPERIMENTAL Reagents S 1 CSd" s3cs2b 

Materials 
Styrene (St) was distilled under reduced pressure. 
CMS was purified by washing with a 0.1% sodium 
hydroxide solution or was used as received. Both 
monomers were stored at -18°C until used. All 
other materials were used as received. Potassium 
persulfate (Fluka), sodium disulfite (Panreac) and 
iron (11) sulfate heptahydrate (Merck) were used as 
the components of the redox initiator system. Aero- 
sol MA80 (sodium dihexyl sulfosuccinate, 
Cyanamid) and sodium hydrogen carbonate (Merck) 
were used as surfactant and buffer, respectively. 
Double deionized water (DDI) was used throughout 
the work. 

Anti-C-reactive protein (CRP) polyclonal IgG 
was donated by Biokit SA (Spain). The isoelectric 
point (i.e.p.) values obtained for the rabbit IgG were 
in the range 6.0-8.5. 

Preparation of Latexes 
Polymerizations were carried out in a 1 or 2 1 reactor 
with thermostat, fitted with a reflux condenser, 
stainless-steel stirrer, sampling device and nitrogen 
inlet tube. 

The core-shell type polymer particles were 
obtained by a two-step emulsion polymerization 
process. In the first step, the core of the polymer 
particles (the seed used in the second step) was 
prepared at 90°C by batch emulsion polymerization 
of St using the reaction conditions and recipe given 
in Table 1. After polymerization, the seed was kept 
overnight at 90°C to decompose the initiator. The two 
polystyrene latexes used as seeds were mono- 
disperse (polydispersity index, PDI, less than 1.006) 
and their volume average diameters were S1, 
166 nm, and S3,208 nm. 

The seeded batch emulsion copolymerizations of 
St and CMS were carried out to put the shell onto the 
core synthesized in the first step. Two different 
reaction temperatures (with different recipes) were 
used for this purpose (30 and 80°C). The recipes and 
reaction conditions used in these runs are given in 
Table 2. DDI water, buffer solution (if used) and seed 
were added to the reactor and purged with nitrogen 

TABLE 1. 
Carried Out to Obtain the Seeds S1 PS and S3PS 

Recipe of the Batch Emulsion Polymerizations 

~ 

Reagents Amount fg) 

DDI water 1250 
Aerospl MA80 16.94 

St 526 
NaHC03 2 

KZS208 2 

Reaction conditions: T=90°C; rpm=250; reaction time=24 hr. 

148.42 150.48 
0.487 0.329 
0.148 0.224 

seed (9) 
K2S205 (9) 
N a A 0 5  (9) 

- FeS0,.7H20 (9) 0.050 
X 

6, (nm) 
PDI 

0.63 Complete 

1.0043 1.0044 
183 227 

DDI water=403.2 g; 329.2 CMS19.2 
rpm=200; reaction time=20fr (30°C) a n f 8  hr (80°C). 

for 20min. Monomers were added and the system 
was stirred and purged with N, for 3 hr at 30°C to 
swell the seed particles. The aqueous solutions of the 
initiator system components were then added to the 
reaction mixture either in a single aliquot or in three 
aliquots at different times, the first at the beginning 
of the reaction. 

The overall conversion (x,) of the reactions was 
determined gravimetrically. The latexes prepared at 
30 and 80°C are SICS6 and S3CS2, respectively. The 
average particle sizes (a,) of both latexes were 
measured by transmission electron microsopy (TEM, 
H-7000 FA Hitachi). The particle size distributions 
(PSDs) were obtained by TEM from representative 
samples of more than 500 particles. In Table 2 the 
results of the reactions in which the shell of the 
particles was obtained are shown. 

Methods 
Latex samples were cleaned by serum replacement 
until the electrical conductivity of liquid was lower 
than 2 ~ S / c m .  The surface charge density was 
determined by conductometric and potentiometric 
titrations employing a pH meter (Crison Instru- 
ments, model 2002) and a conductometer (Crison 
Instruments model 525) and a Dosimat 665 (Met- 
rohm) to add the titrant agent. The chloride ion 
released in aliquot of the system was determined 
after hydrolysis of the methyl-chloro in basic 
medium by using a chloride-selective electrode. The 
covalent coupling of a-CRP (cyclic AMP receptor 
protein) IgG to CMS beads was performed as 
following: latex having 0.4 m2 of surface and 2.4 mg 
of IgG (6 mg protein/m* latex) were incubated in a 
shaker bath at 37°C during 3 h in a phosphate buffer 
(pH 7.2 and 2 mM of ionic strength). The sample was 
centrifuged at 13,000 rpm for 30 min. The direct 
measurement of the latex-bound protein was carried 
out using the copper reduction/bicinchonic acid 
reaction (BCA method, Pierce Reagents). The extent 
of the covalent coupling was also measured by 
elution of passively adsorbed protein using the 
surfactant Tween 20. After elution, the protein 
released was measured using the BCA reaction. 
These methods permit us to distinguish between 
passively adsorbed and covalently bound IgG. 

After the coupling reaction, a glycine solution at 
pH8.2 was added to block the excess of those 
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methylchloro groups that had not reacted with the 
amino groups of the protein. After 10 min of incuba- 
tion the latexes were centrifuged and suspended in 
each buffer. Immunoreactivity of the sensitized CMS 
beads was measured by nephelometric monitoring 
after 5 min of the immunoaggregation reaction with 
human CRP in a He-He laser nephelometer. This 
nephelometer measures the light scattered at three 
different angles, 5, 10 and 20". All experiments were 
performed in pH 7.2 (4-morpholine-propane sul- 
phonic acid ((MOPS) buffer 0.1 M, 0.150 M NaCl)). 
The injection into the nephelometer cell was per- 
formed by simultaneous stopped flow mixing of two 
dispersions, one formed by 500 p.1 of reaction buffer 
and 35 p.1 of sensitized latex, and the another by 
500 p.1 of buffer and 30 p.1 of CRP in saline bis- 
(trimethylsily1)-acetamide (BSA). Electrophoretic 
mobilities of bare CMS beads were obtained with a 
Zeta-Sizer 4 (Malvern Instruments). The standard 
deviation of the mobility values was always less than 
5% of the average value. 

The colloidal stability of the bare CMS beads was 
determined using the critical coagulation concentra- 
tion, i.e. the maximum concentration of salt (KBr) 
that does not give rise to bulk aggregation of the 
colloidal particles. The intensity of light scattered (I) 
was measured immediately and its change versus 
time (f) was recorded continuously for a period of 
30sec. Curves were found to be linear in the early 
stages of coagulation at all electrolyte concentrations. 
The initial slopes were directly proportional to the 
initial coagulation rate. These slopes increased as the 
electrolyte concentration increased until a maximum 
was reached. From this concentration (called the 
critical coagulation concentration, CCC) the initial 
slopes did not increase with the addition of higher 
amount of salt. The slope at the CCC was taken as 
the fast coagulation rate of the latex. 

RESULTS AND DISCUSSION 

Characteristics of CMS Beads 
Surface charge densities of SlCS6 and S3CS2 latexes 
were determined by conductometric and potentio- 
metric automatic titrations. The values obtained 
were - (3.4 & 0.2) and - (3.9 f 0.2) yC/cm2, respec- 
tively. The strong acid character of the surface end 
groups on the CMS beads proceeds from the initiator 
used in the synthesis. The temperature effect and the 
values of initiator used in the shell-layer formation 
explain that the surface charge density of both 
samples is similar. 

The electrophoretic mobilities of these latexes 
were measured to characterize the surface end 
groups on CMS beads. The electrophoretic mobility 
values for samples SICS6 and S3CS2 were measured 
as a function of pH at a constant ionic strength of 
2 mM KBr. The results given in Fig. 1 show that the 
mobility (p.,) values were almost constant when the 
pH was increased from 5 to 10 with a very slight 
decrease at a lower (acid) pH. It is possible to 
recognize the strong acid character of the surface end 
groups of these latexes from this figure. The CCC 
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FIGURE 1. Mobility as a function of pH. 

values for samples SlCS6 and S3CS2 obtained using 
a nephelometric method at pH 7 were 388+35 and 
374 -c 30 mM of KBr, respectively. The similar CCC 
values for both latex samples agree with the surface 
charge density and mobility values, since the colloi- 
dal stability of bare latexes is mainly controlled by 
electrostatic forces. 

The amount of chloromethyl groups on the 
SICS6 and S3CS2 latex surfaces were 0.195 and 
0.02lmeq/g polymer, respectively. The greater 
amount of functional group corresponds to the latex 
sample prepared at lower temperature, and it indi- 
cates that the reaction temperature plays an 
important role in the superficial characteristics of 
these functionalized polystyrene beads. The hydroly- 
sis of the chloromethyl groups increases with 
temperature. 

Covalent Coupling of IgG to CMS Beads 
IgG molecules can be covalently coupled if they 
reach the particle surface and if appropriate condi- 
tions exist for the coupling process. Konings et al. 151 
have shown that two models can be distinguished in 
the covalent coupling of antibodies to hydrophilic 
particles (core-shell particles): an attraction model 
and a repulsion model. In the first model the 
coupling pH is lower than the i.e.p. of the antibody; 
and subsequently the antibody and particle have 
opposite charges. At low salt concentration the 
antibody can penetrate the double layer of the 
particle and thus coupling can occur. In the second 
model, where the coupling pH is higher than the 
i.e.p., the overall charge of the antibody is negative, 
hence the antibody cannot penetrate into the double 
layer of the particle and therefore no coupling occurs. 
Only at high salt concentrations is the double layer 
repulsion sufficiently weakened to allow coupling. 
The models are based on the net charge of the 
antibodies. Those models would explain why some 
highly charged carboxylate-modified latexes cannot 
covalently couple antibodies on their surface 161. In 
the latexes prepared with the chloromethyl function- 
ality, however, the attack of the amino groups (in the 
protein molecule) on the chloromethyl groups is 
governed by the diffusion of the nucleophile from 
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TABLE 3. 
Bound at Two Different Ionic Strengths 

Amounts of IgG Totally Adsorbed and Chemically 

Latex Totally (mg/m2) Chemically (mg/mz) 

s3cs2 (2 mM) 3.25 
s3cs2 (30 mM) 3.3 
SICS6 (2 mM) 3.2 
S 1 CS6 (30 mM) 3.3 

1.6 
1.7 
1.7 
1.8 

the aqueous to the polymer phase [41. Thus, covalent 
coupling of antibodies to chloromethyl groups is 
more feasible with this type of polymer colloid. Table 
3 shows the results obtained at two different ionic 
strengths during the incubation of CMS beads and 
IgG molecules. Results taken from both experimental 
conditions are very similar. From those results the 
covalent coupling efficiency rate can be obtained. As 
can be seen, the covalent coupling efficiency rate is 
always higher than 50%, which shows that the latex 
particles prepared with the chloromethyl function- 
ality enables covalent coupling of antibodies in a 
very efficient way. It should be noted that the 
amount of IgG covalently bound to CMS was not 
different for both latex samples, in spite of the 
different number of chloromethyl groups on the latex 
surface. It seems to indicate that the number of active 
groups on the latex surface is enough in both cases. 
Nevertheless, a large amount of covalently coupled 
antibody is not a guarantee of immunological activ- 
ity of sensitized latex particles. The orientation of the 
antibody molecules on the polymer-solution inter- 
face is also important. 

Immunoreactivity of a-CRP IgG Chemically 
Bound to CMS Beads 
The phenomenon of agglutination as a result of 
immunoreaction is based on the formation of anti- 
body bridges between IgG (bivalent) antibody and 
antigen particles with multiple antigenic determi- 
nants. Latex agglutination, using latex particles as a 
solid phase, has been used for the determination of 
various analytes, such as human chorionic gonado- 
tropin, for pregnancy testing and streptolysin 0 or 
HIV antibodies. The latex agglutination processes are 
usually quantified by turbidity change and are 
suitable for automation. This method has been 
reported to be as sensitive and specific as radio- 
immunoassay and enzyme immunoassay 171. 

The immunoreactivity of a-CRP IgG molecules 
covalently bound to CMS beads has been determined 
using nephelometric monitoring of the immunoag- 
gregation with human CRP. C-reactive protein (CRP) 
is one of the most characteristic proteins in the acute 
phase of several diseases and is considered a reliable 
indicator of disease activity in various clinical condi- 
tions. Its concentration in blood increases rapidly by 
as much as 100 times upon exposure to various 
inflammatory stimuli, decreasing rapidly when the 
stimulus declines, e.g. after effective antibacterial 
treatment. Measurements of CRP are especially 
useful in distinguishing between viral and bacterial 
infections. 

The initial change in the light scattered at three 
different angles (5, 10 and 20") versus time was 
measured upon the addition of different amounts of 
CRP to a constant amount of latex sensitized with a- 
CRP IgG. The colloidal stability of sensitized latex 
beads is usually low and thus a certain degree of 
aggregation could be present in the latex agglutina- 
tion immunoassays. This decreases the sensitivity 
and accuracy of these reagents. In our case, however, 
the colloidal stability of sensitized CMS beads was 
quite high, and the light scattered by a latex solution 
in the reaction buffer was constant for at least 10 min. 
The nonionic surfactant used in the covalent proce- 
dure is able to stabilize the IgG-latex complexes. 
Assay sensitivity is determined according to the 
ability to detect early change in the aggregation. At 
low CRP concentration, the greatest changes in 
scattering of light are obtained with the channel 3 
corresponding to 20°, as can be seen in Fig. 2. 
Therefore, an amount as small as 1.4 ng/ml of CRP 
can be detected with this nephelometric enhanced 
particle immunoassay. At high CRP concentration, 
however, the most sensitive is the channel 2 corre- 
sponding to lo", as can be seen in Fig. 3. The intensity 
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FIGURE 2. intensity of scattered light as a function of 
time or a CRP concentration of 1.4 ng/ml. 
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FIGURE 3. lmmunoprecipitine curve at different CRP 
concentrations. Channel 2 (1 OO). 
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of light scattered by a given suspension of particles 
depends on the size of the particles and their 
number. The number of clusters is large although 
their size is small at low CRP concentration. How- 
ever, the size of clusters increases and their number 
decreases as CRP concentration increases. This 
explains that the sensitivity of a nephelometric latex 
immunoassay shows an angular dependence. 

The change in the light scattered by the sensi- 
tized CMS beads as a function of CRP concentration 
is shown in Fig. 3. One of the major determining 
factors in the initial reaction between antigen and 
antibody is the molar ratio of antigen to antibody 181. 
The shape of the immunoprecipitine curve will also 
be determined by the species of origin of the 
antibody, the surface antibody density on polymer 
beads, and the affinity of the antibody for antigen. 
The avidity of an antibody for a specific antigen will 
be reflected in the apparent rate at which antigen and 
antibody combine and thus in part by the rate of the 
increase in scattered light. In conclusion, the present 
work has shown that the covalent coupling of IgG to 
CMS beads provide stable sensitized latex beads in 
the reaction buffer and also reactive and specific 
enhanced particle immunoassays. 

ACKNOWLEDGMENTS 
This research has been supported by Comisi6n Inter- 
ministerial de Ciencia y Tecnologia (CICYT), Project MAT 
96-1035-CO3-01 and 02, and "Alhambra network 3.0242.8. 
The authors thank Biokit SA (Barcelona) for supplying the 
IgG samples. 

REFERENCES 
1. C.-H. Suen and H. Morawetz, Makromol. Chem., 186,255 

(1985). 
2. C.-H. Suen and H. Morawetz, Macromolecules, 17, 1800 

(1 984). 
3. S. Kurosawa, N. Kamo, M. Muratsugu, Polym. Adv. 

Technol. 2,253 (1991). 
4. S. Margel, E. Nov and I. Fisher, 1. Polym. Sci.: A: Polym. 

Chem., 29,347 (1991). 
5. B. L. J. C. Konings, E. G. M. Pelssers, A. J. C. M. 

Verhoeven and K. M. P. Kamps, Colloids Surf. B: 
Biointerfaces, 1, 69 (1993). 

6. J. L. Ortega Vinuesa, D. Bastos and R. Hidalgo-Alvarez, 
1. Colloid Interface Sci., 276,240 (1995). 

7. R. van Erp, Y. E. M. Linders, A. P. G. van Sommeren and 
T. C. J. Gribnau, 1. Immunol. Methods, 152,191 (1992). 

8. D. J. Newman, H. Henneberry and C. P. Price, Ann. Clin. 
Biochem., 29,22 (1992). 




