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ABSTRACT: Functionalization of polyethylene (PE)
beads was accomplished via radiation induced graft
copolymerization of acrylic acid/acrylamide (AAc/AAm)
binary comonomer of different compositions onto such
beads. Factors affecting the grafting yield were optimized
and the occurrence of the grafted chains was confirmed by
following the FTIR spectra of the grafted beads. SEM anal-
yses were used to follow the variation of the morphology
of the grafting and immobilization onto PE beads. Some
bio-active molecules such as Follicle-stimulating hormone
(FSH), Luteinizing hormone (LH), Thyroid-stimulating
hormone (TSH), and Prolactin were immobilized to the

radiation functionalized PE beads. The parameters may
affect the immobilization process such as degree of graft-
ing, temperature, and pH of the coupling buffer and the
coupling period were investigated. The obtained results
show that the grafting of AAc offers a better immobiliza-
tion environment than those of AAm and their copolymer.
It is found that the highest immobilization degree would
be achieved at pH 7 and 37�C for 24 h. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 123: 3725–3733, 2012
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INTRODUCTION

The development of immunoassay technology is a
success story especially for the clinical laboratory
and still continues to be a vibrant area of research.1

The development of a wide variety of solid phase
separation methods has contributed significantly to
the reliability and simplification of immunoassays.
Antibody-coated beads or tubes are very popular
and most convenient but are usually expensive
and require great skill and control at all stages of
manufacture.2 An immunoassay is a test that uses
antibody and antigen complexes as a means of
generating a measurable result. An antibody–antigen
complex is also known as an immuno-complex.
‘‘Immuno’’ refers to an immune response that causes
the body to generate antibodies, and ‘‘assay’’ refers
to a test. Thus, an immunoassay is a test that utilizes
immunocomplexing when antibodies and antigens
are brought together. Immunoassays are different
from other types of laboratory tests, such as colori-
metric tests, because they use antibody–antigen com-
plexes to generate a signal that can be measured. In
contrast, most routine clinical chemistry tests utilize

chemical reactions between the reagents (a solution
of chemicals or other agents) and patient sample to
generate a test result.
Radioimmunoassay is the most widely used tech-

nique for measuring relatively low concentrations of
hormones in plasma. In many immunoassay techni-
ques, the analyte is quantified by removing the
unreacted (free) label in the system from the reacted
(bound) label. This entails either physically absorb-
ing the unreacted labeled compound or precipitating
the bound label using another antibody. Modern
procedures use solid phase techniques where the
immune reaction takes place on a solid surface,
allowing the unreacted components to be easily
washed away, thereby leaving only bound label to
be detected. Many different types of solid phases are
employed including microtitre plates, plastic test
tubes, plastic beads, latex micro particles, and plastic
films.3

The immobilized biomolecules FSH (Follicle-stim-
ulating hormone), LH (Luteinizing hormone), TSH
(Thyroid-stimulating hormone), and Prolactin are of-
ten used in conjunction with each other in the
workup of infertility in both men and women. Their
levels are used to help determine the reason a man
has a low sperm count, also useful in the investiga-
tion of menstrual irregularities, and to aid in the di-
agnosis of pituitary disorders or diseases involving
the ovaries or testes. In children, FSH and LH are
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used to diagnose delayed or precocious (early) pu-
berty. LH is sometimes measured in relation to go-
nadotropin releasing hormone (GnRH) to distinguish
between primary or secondary disorders involving
the hypothalamus, pituitary gland, or the gonads.
Subsequent blood samples are drawn at specified
times and the level of LH is measured.

FSH, LH, TSH, and prolactin testing is used to:
diagnose a thyroid disorder in a person with symp-
toms, screen newborns for an underactive thyroid,
monitor thyroid replacement therapy in people with
hypothyroidism diagnose and monitor female infer-
tility problems, help evaluate the function of the
pituitary gland (occasionally), and screen adults for
thyroid disorders, although expert opinions vary on
who can benefit from screening and at what age to
begin. Prolactin levels are used, along with other
tests, to help determine the cause of galactorrhea,
determine the cause of headaches and visual distur-
bances, diagnose infertility in females, diagnose pro-
lactinomas, evaluate anterior pituitary function
(along with other hormones) and monitor treatment
of prolactinomas and detect recurrences. So the
immobilization of such macromolecules will be eco-
nomically useful for testing their levels with locally-
prepared kits.

Graft polymerization is a well-known method for
modification of the chemical and physical properties
of polymeric materials, and is of particular interest
for achieving specifically desired properties as well
as excellent polymer quality, since various commer-
cial polymers can be used as the grafting substrate.
Graft polymerization can be achieved by ionizing
radiations, UV, or chemical initiators. Radiation
grafting is one of the most promising methods
because of its large penetration into polymer matrix,
rapid and uniform formation of active sites for ini-
tiating grafting throughout the matrix.4,5

The radiation-induced grafting of acrylamide
(AAm) and acrylic acid (AAc) onto polyethylene
(PE) is of great importance as modified PE is of
interest for various applications (membranes, bio-
materials, coatings, and so on). The grafting tech-
nique and properties of modified surface of PE has
been described in detail.6 There is considerable prac-
tical interest in PE modified by the grafting of
acrylic acid especially for the synthesis of biocom-
patible materials. PE, containing complexes formed
between polyacrylic acid (PAAc) and polybasic on
its surface, which make it a very promising material
from the point of view of use in medicine. In the
last case, the hydrophilicity of PE modified by PAAc
is very important.4,7

In this study, acrylic acid (AAc), acrylamide
(AAm) individually and copolymer were selected as
the hydrophilic monomers to provide two different
types of functional groups, to the surface of PE

beads to use it as a solid support for immobilization
of some biological molecules.

EXPERIMENTAL

Materials and methods

Polyethylene beads are produced by (El-Nasr for
Medical Supplies, Egypt). Acrylamide (AAm) and
Acrylic acid (AAc) of purity, 99.9%, was supplied
by (Merck, Germany). FSH, LH, prolactin and TSH
antigen or tracer were obtained from Siemens medi-
cal solutions diagnostics company USA. Water was
double distilled shortly before use. The other chemi-
cals, such as, solvents, inorganic salts, and other
reagents were reagent grade and used without fur-
ther purification.

Graft copolymerization

Polyethylene beads were washed with acetone, dried
in a vacuum oven at 50�C, weighed, and then im-
mersed in aqueous monomer solutions of AAc,
AAm, and their binary comonomer of different con-
centrations and compositions in a Pyrex bottle. The
reactant aqueous solution mixtures in the glass
bottle were exposed to gamma radiation from a
60Co source at a dose rate about 6 kGy h�1 using a
gamma cell available in NCRRT, AEA, Cairo, Egypt.
The grafted polyethylene beads thus obtained,

were removed and washed thoroughly with hot dis-
tilled water, and then soaked overnight in distilled
water to eliminate the residual monomer and homo-
polymer. The polyethylene beads were then dried in
vacuum oven for 24 h at 50–60�C and then weighed.
The degree of grafting was calculated as follows:

Degree of grafting ð%Þ ¼ ðWg �WoÞ=Wo � 100

where Wo and Wg represent the weights of the initial
and grafted fibers, respectively.

(FTIR) and spectrophotometric measurements

Analysis by IR and UV spectrophotometer were car-
ried out using Jasco Fourier Transform Infrared
spectrophotometer and spectrophotometer, Japan.
The measurement was carried out in the region of
wave number 4000–400 cm�1 keeping air as a refer-
ence. Analysis by UV spectrophotometer was carried
out in the range from 190 to 900 Å.

Scanning electron microscope (SEM)

The surface topography of the polyethylene beads
were studied using JEOL SEM-25 scanning electron
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microscope. Prior to examination, the samples were
dried under sputter-coated gold.

Immobilization of some biomolecules
onto the surface of prepared beads

The immobilization of some antigens namely; FSH,
LH, Prolctin, and TSH was performed using variable
concentrations of antigens. A number of 100 beads
were incubated with various antigens of variable
concentrations in 10 mL of 0.01M phosphate buffer
at variable pH values. The beads were then washed
three times with 0.01M phosphate buffer saline. The
blocking step was performed by addition of 10 mL
of 0.01M phosphate buffer saline containing 0.5 g %
BSA, then the beads were incubated for 1 h, then
washed with 10 mL of 0.1M phosphate buffer saline
and kept in such phosphate buffer saline at
refrigerator.

Assay performance

All reagents were raised at room temperature and
into a corresponding plastic test tubes the following
were added: one coated bead with a specific antigen
and 200 lL 125I anti-FSH, LH, Prolactin, or TSH
according to the type of the bead used then the
tubes were mixed gently and incubated for 24 h at
room temperature, then each tube was decanted and
washed two times with 2 mL D.W. then counted for
60 s using gamma counter to detect the bound
fractions.

Determination of bound protein
concentrations using Ponceau S stain

The bound protein was determined by staining with
Ponceau S.8 PE-beads (blank, grafted and bounded)
were immersed for 1 h into a solution of Ponceau S
(0.1% (w/v), in 5% acetic acid) then washed three
times with water, immersed for 1 h into 5% acetic
acid and again washed three times with water.
Then, the protein/dye complex was quantitatively
eluted with 3.0 mL 100 mM NaOH solution (1 h).
Equilibration of the beads with each solution was
enforced by using a Vortex mixer. The beads were
removed, the solutions were neutralized by addition
of 50 lL 6M HCl, and the absorbance of the solution
was measured at 515 nm. Protein amounts were cal-
culated based on a calibration which was performed
by applying known BSA amounts (m ¼ 0.001–1 mg).

RESULTS AND DISCUSSION

Radiation modification of inert polymeric materials
was a subject of interest for many research groups to
import and mix different chemical characteristics to

such substrates. Although radiation-induced grafting
of either AAc, AAm, or their binary comonomer
onto LDPE was studied by number of researchers,9–
11 it was important to optimize the grafting condi-
tions to produce homogeneously-grafted PE pellets
with degree of grafting appropriate for the proposed
application. Following the literature, according to
literature Mohr’s salt (ammonium ferrous sulfate) of
concentration 0.1M and sulfuric acid of concentra-
tion 0.2M12 were added to the reaction medium to
suppress homopolymer formation, and facilitating
the isolation of the resulting copolymer.13

Optimizing the factors affecting the radiation
functionalization process

Enriching the functionality of the inert polymeric
substrate would be achieved via the introduction of
two functional groups of different chemical nature
and behavior. Therefore, it is important to study the
effect of the comonomer composition on the degree
of grafting that the presence of more than one mono-
mer may lead to the retarding or the enhancement
of the grafting process. The grafting of acrylamide
and acrylic acid in a binary monomer mixture at
various compositions onto PE beads were investi-
gated at an overall comonomer concentration of
20 wt %. The results obtained are illustrated in Fig-
ure 1. It is observed that the grafting yield increases
with the decrease in the acrylic acid content in the
system. Its significant increases start at AAc/AAm
composition (75/25).
The influence of comonomer concentration on the

grafting process may affect its kinetic parameters.
Solvent which may favor the diffusion of the como-
nomer into the trunk polymer may also dilute the
comonomer and result in the reduction of the

Figure 1 Effect of the comonomer composition on the
degree of grafting, monomer concentration; 20%, H2SO4

concentration; 0.2M, Mohr’s salt concentration; 0.1M, irra-
diation dose; 20 kGy.

IMMOBILIZED BIOMOLECULES IN IMMUNOASSAY APPLICATIONS 3727

Journal of Applied Polymer Science DOI 10.1002/app



propagation rate. The influence of monomer concen-
tration on grafting reaction was studied at a constant
dose of 20 kGy. The grafting percentage of AAc and
AAm onto PE beads as a function of monomers con-
centration under the conditions of our experiment is
shown in Figure 2. As the concentration of mono-
mers increases, the grafting degree also increases.
The initial increase in the grafting yield is due to the
higher probability of association between the mono-
mers and polymer macroradicals when higher
amounts of monomers are present. Thus, more con-
centrated solutions lead to an increase in the propa-
gation reaction. There is an optimum composition of
the diluents and monomer at which the effect of
chain transfer is more pronounced and also in the
initiation of new grafting sites with longer chain
higher degree of grafting is obtained. The selective
monomers concentrations not more than 30% as the
planed work need low graft percent. Generally, the
initial rate should be largely dependent on the diffu-
sibility of monomer into the polymer matrix. The
same behavior has been observed by other research-
ers in the grafting of vinyl monomers on different
polymers.14

Infrared analysis was made for the grafted PE
beads to confirm the formation of the graft copoly-
mer and the biomolecules coupling is shown in Fig-
ure 3. The surfaces of the ungrafted and the grafted
PE beads were analyzed by FTIR spectroscopy. The
peaks between 2942 and 2866 cm�1 correspond to
the various aliphatic CH stretching modes. The
peaks near 1450 and 1380 cm�1 are the CH2 and
CH3 deformation bands, respectively. The grafted
PAAc layer is characterized by the carbonyl C¼¼O
stretching band at 1732 cm�1, and CAO band at
1100–1250 cm�1 and carboxylateion peak at 1500
cm�115 and finally stretching broad band of OH

peak in the range of 2900–3300 cm�1. The presence
of polyacrylamide chains is indicated by the spec-
trum of the modified copolymer that shows a strong
absorption near 1650 cm�1 involving C¼¼O stretch-
ing and NH2 deformation (amide I and amide II
bands) and a broad absorption band around 3400
cm�1, which is a doublet, attributed to asymmetric
and symmetric NH2 stretching.

16

Immobilization of the bioactive molecules

Rapid and reversible

The protein (hormone) staining and the reversible
staining of hormone on the surface of the PE-grafted
beads and also the release of the protein/dye com-
plex (biological molecule/Ponceau S stain) during
the elution process of biological molecule from the
grafted beads within 1 h are confirmed using the
Ponceau S stain,17 which is a rapid and reversible
staining method for locating protein that were used
to confirm the bound of the hormones on the surface
of the grafted PE beads.

Influence of copolymer composition on
the bound of biomolecules

Figure 4 illustrated that the bound percent of bio-
logical molecules occurred as function of the copoly-
mer composition. From the figure, it is obvious
that the use of PAAc as grafted chains possess the

Figure 2 Effect of the monomer concentration on the
degree of grafting, H2SO4 concentration; 0.2M, Mohr’s salt
concentration; 0.1M, Irradiation dose; 20 kGy.

Figure 3 FTIR for the ungrafted PE bead, PE-g-AAc and
PE-g-AAm.
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bounding percent. The effect of the polymer compo-
sition on the bounding of biological molecules was
examined by the different hydrophilicity between
acrylic acid and acrylamide monomers. Both param-
eters affect the chemical composition of the surface
and consequently, the electrostatic surface charge of
the grafted beads effect the bound percent of the bi-
ological molecules.

Influence of PE-g-AAc degree grafting on
bound of biomolecules

Figure 5 indicated the effect of degree of grafting
percent of PE-g-AAc on the bound of biomolecules,
(which determined using gamma counter to detect
the bound fractions) on the surface of the beads,
where by increasing the degree of grafting the
bound percent were increased for FSH, LH, prolac-

tin, and TSH. The pore size of the polymer increased
with increase in the degree of grafting which
enhance the degree of hydration.18 Therefore, sub-
strate can penetrate into the pores and the interior of
the matrix and consequently the overall rate of Ag/
Ab reactions will be enhanced. There are two advan-
tages to employing covalently bound antibodies to
an insoluble carrier such as our PE-g-AAc, AAm, or
AAc/AAm as opposed to covalently crosslinked
antibodies which are simply linked to one another
rather than to a heavy polymer carrier. These advan-
tages are the ability to separate the bound and
unbound fractions with low-speed centrifugation
and the high utilization of antibody.

Influence of PE-g-AAm degree grafting
on bound of biomolecules

Figure 6 indicated the effect of PE-g-AAm on the
bound of biomolecules on the surface of the beads,
where by increasing the degree of grafting the
bound percent were increased and reached to maxi-
mum at degree of grafting around 40% and after
which the bound percent started to decrease for
FSH, LH, prolactin, and TSH. The results indicate
that there are effect for the stereo structure of the
bounded biomolecules and the grafted monomers.

Influence of the degree grafting on the
bounded protein concentration

Figure 7 shows the bounded protein concentration,
(which determined using the Ponceau S Stain)
against degree of grafting for PP-g-AAc and PP-g-
AAm. It can be seen that as the percent graft
increases the bounded protein percent increases for
both systems, also the bounded protein percent for
PP-g-AAc is higher than that for PP-g-AAm. The
increase in protein concentration with grafting may

Figure 4 Coupling of PE-g-AAc/AAm copolymer at dif-
ferent compositions with some biological molecules, bio-
logical molecules concentration (5 mIU mL�1).

Figure 5 Coupling of PE-g-AAc with some biological
molecules, biological molecules concentration (5 mIU
mL�1).

Figure 6 Coupling of PE-g-AAm with some biological
molecules at different degree of grafting, biological mole-
cules concentration (5 mIU mL�1).
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be due to the increase in the chain length of the
grafted polymer. The bounding protein is a function
of chain length, i.e., the longer the chain of the poly-
mer the less effective the protein adsorption.19

Effect of pH on the immobilization of Anti-TSH

It is generally accepted that the bound percent is
affected by buffer conditions such as a kind, pH,
and concentration (ionic strength) in bounding pro-
cedure.20,21 Thus, in this work, the effects of the
buffer solution on the bounding of Anti-TSH were
investigated. Bounding was carried out in a different
buffer solution to determine a suitable buffer for the
bounding of Anti-TSH. Figure 8 indicated that by
increasing pH of coupling buffer the bound percent
increased till it reached the optimum at pH 7.5,
where at this pH the maximum bound percent was
obtained, while after this pH the bound percent

started to decrease and this agree with that of Ref.
22. The protein (Anti-TSH) has a quaternary struc-
ture and is stabilized at a suitable pH. If the pH is
changed the protein conformation is changed and
becomes unstable, thus play down the bounding
percent. Therefore, in this work, the influence of pH
in coupling reaction was investigated. These results
indicate that the pH of buffer solution in the cou-
pling reaction affected the yield of protein.

Effect of temperature on immobilization
of Anti-TSH

Figure 9 illustrated that the bound percent was
increased by increasing temperature till it reached
maximum bound percent at 37�C and after this tem-
perature the bound percent started to decrease and
this is due to the denaturation of the biological

Figure 7 Effect of the degree of grafting percent on the
bonding of biological molecule. Biological molecules con-
centration (5 mIU mL�1).

Figure 8 Coupling of PE-g-AAc, AAm, and AAc/AAm
copolymer with Anti-TSH molecules at variable pH.

Figure 9 Coupling of PE-g-AAc, AAm, and AAc/AAm
copolymer with Anti-TSH molecules at variable coupling
temperatures.

Figure 10 Coupling of PE-g-AAc, AAm, and AAc/AAm
copolymer with anti-TSH molecules at variable coupling
time.
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molecules which are protein in nature, so the opti-
mum temperature of coupling buffer is 37�C. These
results confirm the important role of temperature in
the protein binding. The changes bounding percent
according to temperature optima could be due to the
fact that the actual temperature in the microenviron-
ment of the matrix was lower than that in bulk solu-
tion.23 It is well-known that the activity of immobi-
lized proteins, especially in a covalently bound
system, is more resistant against heat and denatur-
ing agents than the soluble form.

Effect of coupling time on immobilization
of Anti TSH

The effect of incubation time on the local solid phase
was studied throughout 48 h, ranging from 8 to 48 h

at room temperature. The results obtained in Figure
10 illustrated that the bound percent reached to
maximum after 24 h of incubation with the biologi-
cal molecules. It was observed that the sensitivity
increases with increasing incubation time. Incubating
the standard or sample for overnight with stirring
was adequate for getting the optimum sensitivity.
Steady state was reached and accordingly 24 h was
selected as immunoreaction’s time. So the optimum
coupling time was 24 h and this as reported by
Ref. 24.
In a solid-phase system, the antibodies are physi-

cally adsorbed to polymer, such factors as the pH,
temperature, and protein concentration of the incu-
bating solution affect the amount of antibody bound.
These factors cause disadvantages which are not pres-
ent when the covalently bonded insoluble polymer

Figure 11 (a) Scanning electron patterns of external surfaces of ungrafted PE beads and PE grafted with AAm, AAc, and
copolymer AAm/AAc. (b) Scanning electron patterns of external surfaces of ungrafted PE beads and immobilized PRL
hormone as a model example of PE grafted with AAm, AAc, and copolymer (AAm/AAc).
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method is used. A solid-phase system which uses
antibodies, which are covalently bonded to a water
insoluble carrier, offers the most advantages in that
all the necessary prerequisites of an assay are found
in one unit. These three prerequisites are having the
antibody, the tracer activity, and the means for sepa-
rating the bound and unbound fractions.

Scanning electron microscope (SEM)

SEM analyses were used to follow the variation of
the morphology of the grafted and immobilized PE

beads. The presence of polyacrylic acid and/or poly-
acrylamide is observed by electron micrography of
the modified copolymer surface shown in Figure
11(a). The surface morphology of the grafted beads
is different from that of virgin (blank) PE beads. The
scientific impact of exploring more than one magni-
fication of each sample is to clarify the fine details
found inside the grafted agglomeration, as the pro-
tein bounded on the surface of the grafted PE beads
is clearly noticed making as a fiber around all over
the grafted PE beads surface which could not be
clear with the lower magnification. While the lower

Figure 11 (Continued).
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magnification need to clarify just the several holes
distributed all over the surface of the beads.

One notices a clear change on the PE beads sur-
face with the emergence of several holes distributed
all over the surface of the beads. By comparing SEM
images of grafted with AAm, AAc, and copolymer
of (AAm/AAc) and virgin PE beads, at different
magnifications factor of 150, 1500, and 3500� the sci-
entific impact of exploring more than one magnifica-
tion of each sample to clarify the fine details found
inside the grafted agglomeration. The surface of the
grafted PE beads exhibited granular structure, and
the height of the granules increased linearly with
their diameters confirming the grafting of mono-
mers.25 In Figure 11(b) the protein bounded on the
surface of the grafted PE beads is clearly noticed
making as a fiber around all over the grafted PE
beads surface.

CONCLUSIONS

In this study, we developed an improved solid
phase form of some biological molecules such as
FSH, LH, prolactin, and TSH antigens using radia-
tion-induced graft polymerization of acrylic acid and
acrylamide onto polyethylene beads. The optimum
condition of immobilization process on the surface
polymeric beads were found to be pH 7.5, tempera-
ture 37�C, biological material concentration 400 lg
mL�1, grafting percent of PE-g-AAc 25%, PE-g-AAm
40%, copolymer composition PE-g-AAc/AAm (50/
50), and coupling time 24 h; this solid phase
form can be used for biological application in the
field of bioaffinity assays as well as environmental
monitoring.

The authors thank Assistant Prof. Dr. Amr El-Hag Ali for his
fruitful guidance through the discussion of the results.
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