
Magnetic micro s p h e res have
been used for some time as
the solid phase for immuno-

logical tests and assays encompassing a
number of fo rm ats (see Table I). A major
a dva n t age of micro s p h e res over such
solid supports as filters, tubes, wells, or
large plastic beads, is their ease of sep-
a ration from an aqueous phase. Th e
magnetic character of the microspheres
c u rre n t ly on the market va ries, with a
popular choice being microspheres that
a re superp a ra m ag n e t i c, meaning that
they retain no magnetic character after
being removed from a magnet.

R e c e n t ly, seve ral companies have
b egun to offer these magnetic micro-
s p h e res pre c o n j u gated with some type
of generic binding protein. A common

choice is strep t avidin (from S t rep t o -
myces av i d i n i i, or produced re c o m b i-
n a n t ly), wh i ch is similar to the avian egg
p rotein avidin. Strep t avidin intera c t s
s t ro n g ly with the molecule biotin, and so
by biotiny l ating the ligand to be coupled
to the micro s p h e res, an at t a chment with
a bond strength ap p ro a ching that of a
c ovalent bond (Ka = 101 5/M) can be
a ch i eved in a one-step chemical re a c-
tion. This reduces both the time invo l ve d
in protein conjugation and the expense
of wasted reagents.

An important parameter when ch o o s-
ing streptavidin-coated microspheres is
their binding capacity. The general ap-
p ro a ch to determining the binding ca-
pacity of such microspheres is to conju-
gate a biotiny l ated ligand that will serve

as a sensitive marke r. Common marke rs
a re detected by ch e m i l u m i n e s c e n c e, en-
z y m atic activ i t y, ra d i o a c t iv i t y, and fl u o-
re s c e n c e. By knowing the molecular
weight of this marke r, a re l i able estimat e
can be made regarding the capacity of
the streptavidin-coated microspheres to
bind a ligand of similar size and we i g h t .
Whether developing a binding-capacity
assay or relying on the binding capacity
reported by the manufacturer, the user
should ensure that the reported percent
of solids is accurate, since these assays
are characterized in terms of the weight
of bound ligand per unit weight of mi-
c ro s p h e res. Th e re fo re, a pre l i m i n a ry
grav i m e t ric percent of solids determ i-
n ation is re c o m m e n d e d. Fi n a l ly, the
magnetic character of the base particles
will play an important role in the ease of
handling of the micro s p h e res. Th e re fo re,
the effi c i e n cy of magnetic sep a ration fo r
va rious types of base part i cles should be
looked at as well.

Possible Assay Strategies

The fundamental reason for design-
ing a binding-capacity assay for this type
of solid support is to simplify subse-
quent ligand at t a chment to the micro-
spheres. The idea is to bind a marker of
similar size and weight to the ligand that
will be used for the final ap p l i c at i o n .
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Using this number as a guideline for the
u l t i m ate coupling reaction re m oves lat e r
g u e s swo rk rega rding proper re age n t
usage. This capacity for increased effi-
c i e n cy in re agent usage is one of the re a-
sons that the biotin-strep t avidin coupling
strategy is becoming more popular than
c o nventional covalent coupling pro t o-
cols in immunoassay and molecular bi-
ology applications.

In developing an ap p ro p ri ate assay
s t rat egy, both the means of detection and
utility for va rious sized ligands should be
c o n s i d e re d. Table II lists four widely used
detection methods, as well as common
m a rke rs for each. The corresponding re-
action schemes are illustrated in Fi g u re 1.

Four commonly used means of detec-
tion, in the order of least to most sensi-
t ive, are ra d i o a c t ive (RIA), enzyme-
l i n ked (EIA), fl u o rescent (FIA), and
chemiluminescent (CLIA) immu n o a s-
s ay s .1 While immu n o a s s ays based on
fl u o rescence are quite sensitive, they can
be pro bl e m atic as well. Although our
initial work involved this type of assay,
we no longer use it because the equip-
ment necessary for optimal detection (a

fl u o rimeter) is not re a d i ly ava i l abl e.
Also, difficulty wo rking with FITC-
l abeled biotin, a common fl u o re s c e n t
tag, made it prohibitive for use as a pri-
m a ry binding-capacity assay. Th e s e
d i fficulties included the fact that the
F I T C - l abeled biotin was lab i l e, and that
it was difficult to dissolve in an aque-
ous suspension. For these reasons, this
approach is omitted from the following
assay descriptions.

Radioactive Assay: 
Tritiated Biotin

The earliest types of strep t av i d i n
b i n di n g - c apacity assays used 1 2 5I-, 1 4C - ,
or 3H-labeled biotin as tracers. Because
of the simplicity of these assays, they
are still widely used today. Radioactiv-
ity has some distinct adva n t ages ove r
other means of detection, as it causes
o n ly ve ry minor ch a n ges to the stru c t u re
of the labeled antigen (a tritiated biotin
has the same molecular size as nonra-
d i o a c t ive biotin), is easy to quantify, and
is simple to detect.2 This makes the use
of these mat e rials ve ry convenient fo r

the study of binding reactions of small
molecules. Add i t i o n a l ly, a large bi-
otinylated molecule can be radioactive-
ly labeled to easily determine the bind-
ing capacity of strep t av i d i n - c o at e d
m i c ro s p h e res for higher molecular
weight ligands, such as immunoglobu-
lins. Befo re deciding to use an ap p a r-
e n t ly simple ra d i o a c t ive assay as the pri-
m a ry biotin binding-capacity assay,
h oweve r, users should give considera-
tion to such complicating factors as the
l ow specific activ i t y, even of 1 2 5I - l ab e l e d
molecules; the labile nature of some ra-
d i o a c t ive ly modified molecules; the reg-
u l at o ry pre s s u res and constraints in-
volved in using such tests; and the need
for specialized detection equipment.

Th e re are two commonly used ap-
p ro a ches to this type of assay. The fi rst is
to incubate va rying amounts of micro-
s p h e res with an excess of ra d i o a c t ive ly
l abeled biotin to calculate binding ca-
p a c i t y. Pe r h aps the more common ap-
p ro a ch is to incubate va rying amounts of
ra d i o a c t ive biotin with a constant amount
of micro s p h e res to ge n e rate a Scat ch a rd
plot. A ve rsion of the Scat ch a rd plot is

Table I. Commercial magnetic part i cle-based assay systems.

Company
System Name

Sandwich Competitive
Label Type

Generic 
Name Assay Assay Solid Phase

Bayer Immuno 1 Yes Yes Enzyme Yes

Biotrol
Biotrol 7000 and 8000

Yes Yes Enzyme No 
Magia 8000

Roche (Boehringer 
Elecsys Yes Yes Electrochemiluminescent Yes

Mannheim)

Chiron ACS:180 Plus Yes Yes Chemiluminescent No

Dade (Syva) Aca plus Yes No Enzyme No

Johnson & Johnson Amerlex M Yes No Radioactive No

Quest (Nichols Advantage Yes Yes Chemiluminescent Yes
Diagnostics)

Beckman-Coulter Access Yes Yes Chemiluminescent Yes
(Sanofi)

Dade (Syva) Vista Yes Yes Enzyme Yes

Tosoh Medics
AIA-600, 1200, Yes Yes Fluorescent No
1200DX

Maia, SR1, 
Serono Maiaclone, Yes Yes Radioactive and enzyme Yes

Serozyme



Fi g u re 1. Basic binding-capacity assay strat egies: (a) large-molecule enzymatic assay using biotiny l ated alkaline
p h o s p h atase with a molecular weight (MW) of ap p rox i m at e ly 140,000; (b) small-molecule fl u o rescent assay using
b i o t i ny l ated fl u o rescein isothiocya n ate (MW ~633); (c) small-molecule chemiluminescent assay using biotiny l at e d
a c ridinium (MW ~877); and (d) pure biotin ra d i o a c t ive assay using tri t i ated biotin (MW ~247).



the typical ap p ro a ch for quantifying the
number of re c ep t o rs (i.e., binding sites)
on a cell surfa c e, and thus can be modi-
fied for quantifiying the number of bind-
ing sites on a micro s p h e re surface (see
Fi g u re 2). Our ap p ro a ch to this assay wa s
to incubate va rying amounts of strep t a-
v i d i n - c o ated magnetic micro s p h e re s
with a constant amount of tri t i ated bi-
otin, always in excess of the stoi-
ch i o m e t ri c a l ly calculated number of bi-
otin binding sites on the micro s p h e re s .
The micro s p h e res we re then wa s h e d, and
the ra d i o a c t ivity was determined dire c t-
ly from the micro s p h e res by scintillat i o n
c o u n t i n g. The actual binding capacity is
a conve rsion of the fraction of counts per
m i nute of bound biotin divided by the
counts per minute of total biotin add e d.
For more accurate measurement of tri t i-
ated biotin activ i t y, a ch e ck can be run to
detect the counts per minute of the su-
p e rn atant, ensuring that this count, plus
t h at for the micro s p h e res, adds up to the
counts per minute for the ori ginal vo l-
ume of tri t i ated biotin.

When measuring the binding cap a c i t y
of our strep t av i d i n - c o ated magnetic mi-
c ro s p h e res ra d i o a c t ive ly, we encountere d

some interesting considerations. We
found that a broader size distri bution of
base micro s p h e res, such as are offe red by
s eve ral leading suppliers of magnetic par-
t i cles, can lead to inaccurate and low bind-
i n g - c apacity values. It is believed that this
is a result of “fi n e s ,” or smaller part i cl e s
t h at are not pulled to the magnet in the
same amount of time as the main popula-
tion of micro s p h e res. These fines could
t h e o re t i c a l ly bind biotin yet not be de-
tected by scintillation counting of the mi-
c ro s p h e re pellet, thereby lowe ring the ap-
p a rent binding cap a c i t y. One way aro u n d
this source of error would be to use a more
p owerful magnet with the capacity to pull

m i c ro s p h e res that have a lower amount
of iron ox i d e, as is the case with fi n e s .

Enzymatic Activity Assay:
Biotinylated Alkaline 

P h o s p h a t a s e

As reg u l at o ry issues involving ra-
d i o a c t ive marke rs have become more
p revalent, interest has grown in using
other means of detection for binding-
capacity assays. A main focus in assay
d evelopment has been the use of enzyme
l abels. While seve ral enzymes can be
used as markers, one of the most com-
mon, because of its widespread com-
m e rcial ava i l ab i l i t y, is alkaline phos-
p h at a s e. Reasons for the popularity of
this type of binding assay include its
s i m p l i c i t y, the strong signal given by the
e n z y m atic reaction with a substrat e, and
the fact that the size and molecular
weight of alkaline phosphatase mirro r
those of many commonly attached lig-
ands, such as immunoglobulins. By de-
veloping a standard curve based on the
absorbance of va rying concentrations of
enzyme per constant concentration of
s u b s t rat e, precise quantitation of binding

Fi g u re 2. Example of a Scat ch a rd
plot, typically used to quantify the
number of re c ep t o rs on a cell surfa c e.

Table II. Chara c t e ristics of diffe rent binding capacity assay fo rm ats for strep t av i d i n - c o ated magnetic micro s p h e re s .

Detection Method Common Markers Advantages Disadvantages

FITC label is labile
Small-molecule assay FITC-biotin is difficult to dissolve
Easy to perform in an aqueous suspension

Fluorescence FITC Can be quantitated either Indirect assay (results are
fluorimetrically or calculated from dye left in
spectrophotometrically solution rather than directly

from particle)

Tritiated biotin By itself, not a measure of real-
14C-labeled biotin world ligand binding (unless
125I-labeled biotin Direct small- or first conjugated to appropriate

Radioactivity
Radiolabeled, large-molecule assay molecular weight ligand)

biotinylated Problems caused by disposal
immunoglobulins of radioactive reagents

D i rect assay for large Reading signal “on the fly ”
E n z y m atic Alkaline phosphat a s e molecular weight liga n d s A m p l i fi c ation of back gro u n d
( c o l o ri m e t ri c ) H o rs e radish perox i d a s e S u b s t rate addition noncri t i c a l N o n s p e c i fic binding

High signal leve l s

Acridinium esters Limited availability of commercial

Chemiluminescence Alkaline phosphatase Rapid turnaround time reagents

Horseradish peroxidase High signal-to-noise ratio S t i ckiness of acridinium n e c e s s i t ates 
ex t e n s ive bl o cking step s



can be derived simply by colori m e t ri c
detection using a spectrophotometer.3 , 4

For strep t av i d i n - c o ated magnetic mi-
c ro s p h e res, this assay method invo l ve s
fi rst making serial dilutions of
b i o t i ny l ated alkaline phos-
p h atase (B-ALP) and re a c t i n g
these with a constant concen-
t ration of substrat e, in this case
p a ra n i t ro p h e nyl phosphat e
(PNPP). The concentration of
s u b s t rate used will determ i n e
the reaction kinetics, so some
o p t i m i z ation will be re q u i re d
to find a suitable concentrat i o n
t h at allows sufficient time after
a ddition for accurate spec-
t ro p h o t o m e t ric measurement. Once this
c o n c e n t ration has been determ i n e d, the
s e ri a l ly d i l u t e d B - A L P is reacted with
the substrat e, and the absorbance re a d-
ings at 405 nm are used to ge n e rate a
s t a n d a rd curve. The proper dilutions fo r
the B-ALP are determined such that they
will fall within the ra n ge of linearity fo r
absorbance measurements on the spec-
t rophotometer that is used.

Once these va ri ables have been opti-
m i ze d, the last va ri able to consider is the
c o n c e n t ration of micro s p h e res to be used
in the actual assay. As the B-ALP con-
j u gated micro s p h e re concentration in-
c reases, so does the amount of signal
given off by the ALP-PNPP intera c t i o n .

Th e re fo re, a micro s p h e re concentrat i o n
must be established such that the signal
is within the limits established by the
s t a n d a rd curve.

An important precaution with this
assay is the time allowed for substrate
d evelopment (color fo rm ation). As ALP
is allowed to react with PNPP, color con-
tinues to form until all of the substrate
has been ex h a u s t e d, giving the potential
for a false high reading. Therefore, if a
rat e - d ependent fo rm at is chosen, the
time allowed for color deve l o p m e n t
must be pre c i s e ly contro l l e d. Conve rs e-

ly, if an end-point reading is to be take n ,
the re l at ive concentration of the ALP-
conjugated microspheres must be con-
t ro l l e d, such that allowing the re a c t i o n

to go to completion will still give ab-
sorbance readings within the limits of
the standard curve.

Chemiluminescent Assay:
Biotinylated Acridinium

Chemiluminescence is the ch e m i c a l
ge n e ration of visible light by a re a c t i o n ,
and as such does not use any light
source. Thus the need for complicated
and inefficient optical wavelength fi l-
tering systems is eliminated. Chemilu-
minescent systems fall into two classes.
The first and easiest to develop uses en-
zymes to produce the ch e m i l u m i n e s c e n t
signal. Ty p i c a l ly, either hors e radish per-

oxidase or alkaline phosphatase is used,
and the label is tri gge red by the add i t i o n
of substrates that, under the influence of
the enzyme system, give rise to a visibl e
emission. This type of signal enhance-
ment has enabled re s e a rch e rs to deve l o p
b i n d i n g - c apacity assays that are fa s t e r
and more sensitive than any traditional
colorimetric or radioactive assay.

The other chemiluminescent systems
use a nonenzymatic direct ch e m i l u m i-
nescent label. Direct labels tend to have
l ower back ground signals than enzyme
systems, and typically produce a signal

ve ry quick ly. With the acridinium ester
system, after the immu n o l ogical binding
and subsequent wash step, the signal
t a kes only 2 seconds to develop, com-

p a red with 30 minutes or
l o n ger for an enzyme-ge n e rat-
ed system (see Fi g u re 3).

As luminometers used to de-
tect chemiluminescence have
become more common in
t o d ay ’s lab o rat o ries, the inter-
est in chemiluminescent bind-
ing assays for the quantitat i o n
of strep t av i d i n - c o ated mag n e t-
ic micro s p h e res has incre a s e d.
The adva n t age that ch e m i l u m i-
nescence offe rs over colori-

m e t ric enzyme, fl u o rescent, or ra d i o a c-
t ive assays is enhanced s e n s i t iv i t y.5 O f
p a rticular b e n efi t when developing a
b i n d i n g -c ap a c i t y a s s ay specific to strep-
t av i d i n - c o ated magnetic part i cles is that
chemiluminescent and ra d i o a c t ive de-
tection a re the only fo rm ats that can
be read in the presence of the micro-
s p h e res without interfe rence from the
p a rt i cles themselve s .

This newer ap p ro a ch to developing a
b i n d i n g - c ap a c i t y a s s ay c a rri e s a d i s-
a dva n t age. Unlike the more conve n t i o n-
al EIA, RIA, and FIA ap p ro a ch e s , t h e
c o m m e rc i a l ava i l ab i l i t y o f we l l -
ch a ra c t e ri zed chemiluminescent esters
t h at are able to be biotiny l ated is limite d.
We re t h i s n o t t h e c a s e, a d i re c t b i n d i n g-
capacity assay could be run by incubat-
ing the chemiluminescent ester with the
m i c ro s p h e res, measuring with a lumi-
nometer the relative light units (RLUs)
emitted by a certain concentration of mi-
crospheres, and then converting this to
actual binding based on the number of
RLUs given off by one chemilumines-
cent molecule. As it is, a ch e m i l u m i-
nescent ester can be biotiny l ated and
p u ri fi e d. Howeve r, unless the concentra-
tion of acridinium in a given sample is
known precisely, it is necessary to de-
velop the assay using an indirect fo rm at .

With this obstacle in mind, such an
a s s ay was carried out by fi rst fl o o d i n g
the micro s p h e res with free biotin, wa s h-
i n g, adding a constant concentration of
b i o t i ny l ated acridinium (B-ACR), and re-
washing (see Fi g u re 4). This ensured that ,

Fi g u re 3. Acridinium C2HNS ester (fo rmula weight 632.55)
can be biotiny l ated and used to develop a rapid and
sensitive small-molecule biotin-binding assay.



based on stoich i o m e t ry de-
rived from the titration fo r
the number of groups on the
base part i cle ava i l able fo r
s t rep t avidin binding, all of
the binding sites on the strep-
t avidin we re occupied by
f ree biotin. This was used as
the “blank” on the lumi-
n o m e t e r, and any signal
given off was at t ri buted to
n o n s p e c i fic binding of the
a c ridinium ester (a hy-
d rophobic molecule) to the
ex p o s e d s u r fa c e o f the hy-
d rophobic micro s p h e re s .
O p t i m i z ation of the bl o cke rs
used in the assay or more -
v i go rous washing steps are
n e c e s s a ry to lower this va l u e
to near ze ro .

We then seri a l ly diluted
the free biotin, and incubat-
ed this with the same con-
stant concentration of B-ACR used
p rev i o u s ly, and strep t av i d i n - c o at e d
m agnetic micro s p h e res. As the lumi-
nescent signal increased from the
washed part i cles, this was an indicat i o n
of the number of free sites left open fo r
binding of the biotiny l ated acri d i n i u m .
The dilutions we re carried out to com-
plete a sigmoidal binding curve, with
the dilutions rep resenting the steep e s t
p a rt of the curve being narrowed for in-

c reased precision (see Fi g u re 4). Fi n a l-
ly, as it was difficult to identify a dire c t
point on the curve to assess maximu m
b i n d i n g, we reasoned that the point on
the curve with the steepest slope could
be considered to be the equiva l e n c e
point (with half of the strep t avidin bind-
ing sites occupied by biotin, and half by
B - ACR), and that mu l t i p lying this va l u e
by two would give a precise binding ca-
pacity value for B-AC R .

Factors Influencing

Assay Va r i a b i l i t y

Although the total bind-
ing c apacity of strep t av i d i n -
c o ated m agnetic micro-
s p h e res is an import a n t
factor for most ap p l i c at i o n s ,
with the highest total bind-
ing normally being the best,
other variables play impor-
tant roles. Because binding
c apacity measurements are
given in terms of a we i g h t
of bound marker per unit
weight of microspheres, the
percent of solids in the sus-
pension in wh i ch these are
supplied is important for ob-
taining their true binding
c ap a c i t y. Befo re designing
a ny assay, we re c o m m e n d
m e a s u ring this perc e n t age
grav i m e t ri c a l ly to ensure

that the measured percent of solids co-
incides with the rep o rted percent of
solids. Fi g u re 5 illustrates diffe re n c e s
t h at we found in our lab for mat e rial sup-
plied by several leading vendors.

S i m i l a rly, the total binding can be
classified in terms of both specific and
nonspecific binding. The former refers
to biotinylated ligands that are attached
via the strep t avidin-biotin bond, wh e re-
as the latter re fe rs to ligands that are

Fi g u re 4. Increasing chemiluminescent signal, as read on a
l u m i n o m e t e r, results when a lower concentration of free biotin
is added in the presence of a constant amount of biotiny l at e d
a c ri d i n i u m .

Fi g u re 5. Va ri ables invo l ved in determining the binding capacity of strep t av i d i n - c o ated magnetic micro s p h e res: (a) re l at ive
total binding and nonspecific binding capacity of micro s p h e res from seve ral suppliers based on supplier- rep o rted percent of
solids (R) and on ex p e ri m e n t a l ly determined (grav i m e t ric) percent of solids (EX); (b) effect of adding and optimizing a
bl o cker to reduce nonspecific binding of the acridinium lab e l .



at t a ched via some other mech a n i s m —
n o rm a l ly hy d rophobic adsorption to the
particle surface (see Figure 5). By de-
signing the binding-capacity assay so
that both types of binding can be mea-
sured, optimization using various types
of bl o cking molecules can be perfo rm e d
to minimize nonspecific binding.

C o n c l u s i o n

In the fields of immu n o l ogy and
molecular biology, strep t av i d i n - c o at e d
m agnetic micro s p h e res offer seve ral ad-
vantages over more-conventional solid
s u p p o rts. But to use this type of solid
support to the fullest, it is important to
first ensure that the binding capacity is
f u l ly ch a ra c t e ri zed for the type (size and
molecular weight) of ligand that the fi n a l
application will ultimately use.

E x p e c t e d ly, as the tech n o l ogy in-
volved in making this type of solid sup-
port has advanced, so has the sensitivi-
ty and simplicity of the assays used to

ch a ra c t e ri ze them. As immu n o a s s ay s
have evolved from radioactive to enzy-
m atic to chemiluminescent detection,
binding-capacity assays have followed.

The point that we have tried to stress in
this art i cle is that once the choice has
been made to base an immu n o a s s ay on
s t rep t av i d i n - c o ated magnetic micro-
s p h e res, it is important to select the mi-
c ro s p h e res based on their perfo rmance in
the assay system under deve l o p m e n t .
Va ri ables that influence perfo rmance are
not just total binding, but binding of
molecules with steric ch a ra c t e ristics sim-
ilar to those of the molecules that will be
used in the actual assay. If this info rm a-
tion is not ava i l able from the manu fa c-
t u re r, one of the assays described here
can be used for ap p ro p ri ate ch a ra c t e ri z a-
tion. Furt h e r, among the strep t av i d i n -
c o ated magnetic micro s p h e res curre n t ly
on the market, the ch a ra c t e ristics of the
base part i cles va ry gre at ly. In deve l o p i n g
these binding-capacity assays, we looke d
at part i cles from a number of suppliers ,

and made comparisons based not only on
total binding, but on ch a ra c t e ristics such
as nonspecific binding, ease of handling
( h ow rap i d ly they could be pulled to a
s t a n d a rd magnet), measured ve rsus re-
p o rted percent of solids, and so on. We
feel that these considerations are vital in
e n s u ring that the re agent selected is tru ly
the best choice for a particular ap p l i c at i o n .
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