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bstract

We present fast, simple immunoturbidimetric assays suitable for direct determination of antibody ‘concentration’ and ‘functionality’ in crude
amples, such as in-process samples taken at various stages during antibody purification. Both assays display excellent linearity and analytical
ecovery. Possible influences from commonly employed buffers and salts (present in samples at various concentrations), and of pH variations,
ere studied for both assays. Interference effects were shown to be negligible for the ‘concentration’ assay, such that sample pre-treatment prior

o assay is unnecessary. The ‘functionality’ assay displayed concentration dependent sensitivity to interference for ammonium sulphate and Tris-

hydroxymethyl)-amino-methane, but was essentially unaffected by all other salts and buffer combinations tested. The immunoturbidimetric assays
escribed here are generically applicable to polyclonal antibodies, require only basic laboratory equipment, are robust, fast, cheap, easy to perform,
nd readily adapted to automation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Traditional quantitative and semi-quantitative assays for anti-
odies, such as SDS-PAGE, ELISA, HPLC, or in-gel precipi-
ation techniques such as single radial immunodiffusion (SRI)
r ‘Rockets’, are commonly employed, but time-consuming
echniques. This makes them poorly suited for ‘in-process’ mon-
toring during fermentative and/or downstream processing of

onoclonal and polyclonal antibodies. In stark contrast, the

omewhat less commonly employed technique of immunotur-
idimetry can deliver results within a matter of just few minutes,
n advantage that makes it an altogether more promising starting

� This paper is part of a special issue entitled “Polyclonal and Monoclonal
ntibody Production, Purification, Process and Product Analytics”, guest edited
y A.R. Newcombe and K. Watson.
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oint for the development of rapid ‘in-process’ antibody moni-
oring techniques.

The classical theory of the quantitative precipitin reaction was
rst described by Heidelberger and Kendall [1], and the result-

ng technique immunoturbidimetry (or nephelometry) has been
mployed extensively within clinical biochemistry and diag-
ostics applications [2–4]. In immunoturbidimetry, a soluble
ntigen (Ag) and its corresponding antibody (Ab) form immune
omplexes when mixed in suitable proportions, with the size of
he complexes being dependent on the ratio of Ab to Ag [5].

Immunoturbidimetric assays are often performed on expen-
ive, purpose-built machines, which require extensive training
f personnel in order to perform the required programming and
ontrol of the equipment. In this work, we show how immuno-
urbidimetry can form the basis of two quick, reproducible, and
obust methods—one for the determination of Ab ‘concentra-
ion’ (the C-assay), and the other, for Ab ‘functionality’ (the

-assay) measured by its titre (i.e. presence of intact antigen
inding sites). Whereas the F-assay is only suitable for deter-
ining the titre or functionality of polyclonal antibodies, the
-assay could be applied to measure the concentration of any

mailto:o.r.t.thomas@bham.ac.uk
dx.doi.org/10.1016/j.jchromb.2006.07.056
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ulti-epitope antigen (e.g. monoclonals, polyclonals and other
roteins). A particular advantage of the assays, we describe
ere, is that both require only very simple and low cost stan-
ard equipment, typically found in most biotech laboratories.
n this study, we have developed methods specifically for the
etermination of rabbit immunoglobulin (RbIg) concentration
using goat anti-rabbit immunoglobulins), and titre of rabbit
nti-human transferrin antiserum against human serum, and have
mployed both of these successfully for the analysis of a labora-
ory scale antibody purification process [6], running from serum
hrough to the Ig-fraction.

. Materials and methods

.1. Materials

Antisera pools from Danish White rabbits were supplied
y DakoCytomation A/S (Glostrup, Denmark), as were all of
he following: purified immunoglobulin (X0903) from non-
mmunised rabbits; dilution buffer 1 (S2005); reaction buffers

(S2007) and 2 (S2008); goat anti-rabbit immunoglobulins
Z0421); delipidated human serum (X0908); and antibody
tandard (Q0327). Dialysis tubing (12–16 kDa MWCO) was
btained from Viskase (Willowbrook, IL, USA), and DEAE-
ephadex A-50 was bought from GE Healthcare (Uppsala, Swe-
en). Ammonium sulphate and sodium chloride were purchased
rom Brenntag Nordic, Glostrup, Denmark and Brøste A/S (Lyn-
by, Denmark), respectively, and acetate buffer was obtained
rom Merck (Whitehouse Station, NJ, USA). All other chem-
cals were of AnalaR or equivalent grade, and were obtained
rom registered suppliers.

.2. Protocol for purification of immunoglobulins

Ig-fractions were purified according to the method originally
escribed by Harboe and Ingild [6], a brief description of which
s presented below.

To 200 mL volumes of antisera pools (from Danish White
abbits that had been immunised with human transferrin, human
gM or human albumin), ammonium sulphate was added to a
nal concentration of 250 g ammonium sulphate per litre of
ntiserum, and the resulting precipitate was collected by cen-
rifugation at ∼5000 × gav in a swing out rotor (JS-4.2, JS-4.2A,
S-4.2SM, or JS-4.2SMA) of a Beckman J-6B or J-6M high spin
entrifuge (Beckman Coulter Inc., Fullerton, CA, USA) oper-
ted at 4 ◦C for 0.6 h. Subsequently, the precipitate was resus-
ended in 233 g L−1 ammonium sulphate, and re-centrifuged
as described above). The supernatant obtained was then dial-
sed (12–16 kDa MWCO dialysis membrane) extensively (at
–8 ◦C), first, against distilled water, and then against an acetate
uffer, in order to prepare the feedstock for subsequent batch
dsorption of contaminants on to DEAE Sephadex A-50. The
nbound Ig-containing fraction was subjected to a further round

f precipitation with ammonium sulphate (250 g L−1), before
entrifugally collecting (5000 × gav, 0.25 h, 4 ◦C) the Ig precip-
tate, resuspending and dialysing it against distilled water, and
hen finally versus 0.1 M NaCl.
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.3. Standard C-assay: ommunoturbidimetric
etermination of immunoglobulin concentration

Purified Ig from non-immunised rabbits was diluted with
ilution buffer 1 to generate a series of Ag standards with con-
entrations between 6.6 and 500 mg L−1, and unknown samples
ere appropriately diluted with the same buffer so as to lie
ithin this range. Duplicate portions (50 �L) of diluted samples

nd standards were pipetted into the wells of a microtitre plate
96-well Polysorb, Nalgene Nunc Int., Rochester, NY, USA),
ollowed by 90 �L aliquots of reaction buffer 2. After 5 s of
rief mixing, the plate was incubated for ∼300 s at 30 ◦C in a pre-
eated Thermomax or Spectra Max 250 microtitre plate reader
Molecular Devices, Sunnyvale, CA, U.S.A) and then read at
40 nm. Next, 210 �L aliquots of an Ab mixture consisting of
wo-fold diluted goat anti-rabbit immunoglobulins (GoaRbIg)

ixed in a 4:3 ratio with reaction buffer 2 were added rapidly to
ach well with a BioHit Proline 12-channel automated pipette
50–1200 �L, Helsinki, Finland). After incubating at 30 ◦C for
00 s, the plates were re-read at 340 nm.

.4. Standard F-assay: immunoturbidimetric determination
f antiserum titre

Delipidated human serum was diluted with dilution buffer 1 to
enerate a series of 19 Ag standards between 0.113 and 33.33%
v/v). Duplicate portions (50 �L) of diluted Ag standards were
ipetted into the wells of a microtitre plate, followed by 90 �L
liquots of reaction buffer 1. After 5 s of brief mixing, the plate
as incubated for ∼300 s at 30 ◦C in a pre-heated microtitre
late reader and then read at 340 nm. Next, 210 �L aliquots of
n antibody mixture consisting of either diluted Ab sample or Ab
tandard mixed in a 4:3 ratio with reaction buffer 1, were added
apidly to each well. After incubating at 30 ◦C for 420 s, the
lates were re-read at 340 nm. The data points were fitted to an
igth order polynomial as per an internal DakoCytomation A/S
xcel routine, which calculated the maxima of the polynomial
nd hence the Ab titres.

. Results

.1. General immunoturbidimetric theory

Turbidimetry is the measurement of the decrease in light
ransmitted through a suspension of particles [5], and in
mmunoturbidimetry it is immune complexes that scatter light.
he reaction of an antibody (Ab) and its corresponding antigen

Ag) results in the formation of immune complexes, the sizes
f which being strongly dependent on the ratio of Ab to Ag
umbers. Fig. 1a shows a schematic illustration of the classical
recipitin curve first described by Heidelberger and Kendall [1].
t low Ag/Ab ratios, i.e. in the ‘antibody excess’ zone, reaction

esults in the formation of simple complexes, consisting of two

g and one Ab [5]. As the Ag to Ab ratio is raised, lattice for-
ation (achieved by a rearrangement of binding sites, allowing

or cross-linking of Ab and Ag) commences. With increasing
ime these lattice-like complexes aggregate and form a visible
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Fig. 1. When a constant quantity of Ab is added to an increasing amount of
Ag, the classical precipitin curve is generated (a). It may be divided into three
zones: (i) the Ab excess zone, where the supernatant still contains free Ab;
(ii) the equivalence zone, where the supernatant contains neither free Ag nor
free Ab; and (iii) the Ag excess zone, where the supernatant contains free Ag,
adapted from Blirup-Jensen [2]. In this work (b) when determining [Ab], rabbit
immunoglobulins (RbIg) are the antigens and goat anti-rabbit immunoglobulins
(GoaRbIg) are the antibodies; only the first part of the precipitin curve, shaded in
grey, is used. The titre of rabbit anti-human transferrin (RbaHuTrans) antibodies
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order to minimize assay variation an OD340 nm reading time of
420 s after Ab addition was selected. The consequent titre of
2350 mg L−1 ±1.1% RSD determined in the assay for the stan-
dard Ab, was in good agreement with the manufacturers quoted
s determined using human transferrin (HuTrans) as the Ag and determining the
axima of the precipitin curve (shaded in grey).

aze. At the ‘equivalence point’ the antibody titre of the sample
s determined. With yet further increase in Ag over Ab, the ‘Ag
xcess’ zone is reached. According to Whicher et al. [5] all of the
b binding sites are occupied, and most Ab molecules exist as
inary Ab–Ag complexes. Because these small complexes scat-
er light to a much lesser extent cf. the larger complexes observed
n the ‘equivalence’ and ‘Ab excess’ zones, a reduction in optical
ensity results. It is important to note that immunoturbidimetry
an only be applied using polyclonal antibodies for ‘detection’
see Fig. 1a and b). For lattice formation to occur, the ‘detecting’
ntibody must recognise more than one epitope on the antigen.
n Fig. 1b we have annotated the precipitin curve to highlight
he regions that are particularly pertinent to the C- and F-assays
etailed in this work. We have made use of the first part of the
recipitin curve (the Ab excess zone) only for determination of
g concentration, and the central peak region (equivalence zone)
or the determination of functionality (or titre). For the C-assay
n this work rabbit Ig (RbIg) represents the Ag and goat anti-
abbit Ig (GoaRbIg) the Ab. In the F-assay rabbit anti-human

ransferrin (RbaHuTrans) serves as the Ab to the Ag, human
ransferrin (HuTrans). Although we have developed both assays
pecifically for concentration and titre determination of rabbit
ntibodies, in principle they could be applied to any polyclonal
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ntibody population, and in the case of the C-assay, to any mon-
clonal antibody or antigen carrying multiple epitopes as well.

.2. Time dependency of Ab–Ag complex formation

Preliminary investigations showed that the Ab–Ag complex
ormation for both C- and F- assays (2.3 and 2.4) was dynamic
i.e. no end-point reached) for at least 0.4 h. Given our desire
o produce a fast assay, the identification of a suitable times for
eading the optical density at 340 nm was chosen in each case,
n preference to the determination of a ‘pseudo’ end point.

.2.1. Time dependency in the C-assay
Dilutions of the Ag, ranging from 3.9 to 1.1 g L−1 were pre-

ared, and the general procedure described in Section 2.3 was
ollowed. At each Ag concentration, immediately following Ab
ddition, the optical density at 340 nm was read 12 times (in a
late reader at 30 ◦C) at regular intervals between 30 and 840 s.
he results obtained are shown in Fig. 2. At incubation times
reater than 180–240 s after Ab addition, the data sets collected
t all subsequent times were superimposable. For the sake of
ncreased assay robustness, an OD340 nm reading time of 300 s
fter Ab addition was chosen.

.2.2. Time dependency in the F-assay
Dilutions of the standard Ag (0.133–33.3%, v/v) and 6.45%

v/v) Ab standard were prepared, and the protocol described
nder Section 2.4 was pursued. At each Ag concentration, imme-
iately after Ab addition, the optical density at 340 nm was read
0 times (in a plate reader at 30 ◦C) at regular intervals between
0 and 600 s. Fig. 3 shows the results obtained. A plateau was
eached after incubation times of >360 s after Ab addition. In
ig. 2. Effect of time after Ab (GoaRbIg) addition to Ag (RbIg) on development
f C-assay precipitin curves. GoaRbIg was added to various concentrations of
bIg, and the OD340 nm were then recorded after 30 s (�), 60 s (�), 120 s (©),
80 s (�), and 240–840 s (—, mean values). The SD determined was <0.02
D340 nm.
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Fig. 3. Effect of time after Ab (RbaHuTrans) addition to Ag (HuTrans) on
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he value of Ab titre determined in the F-assay. After 420 s the titre measured
350 mg L−1 ±1.13% RSD. Three independent dilutions of standard Ab (6.45%,
/v) were employed and the error bars represent 1 SD (<1.5% RSD).

alue for the product of 2600 mg L−1 ±10% RSD (product insert
f Q0327, DakoCytomation A/S).

.3. Reproducibility of C-assay standard curves

The standard curve shown in Fig. 4 is the average of 30 stan-
ard curves prepared on 30 different days. It should be noted that
ve different dilutions, all originating from the same manufac-

uring batch of goat anti-rabbit concentrate, and one lot number
f rabbit immunoglobulin standard was used to generate all of
he standard curves. Clearly, the reproducibility of the standard
urve is very high.

.4. [Ab] detection limit in the C-assay

In this study we employ the definition of detection limit

iven by Blirup-Jensen [2], i.e. the lowest signal of a stan-
ard, where the standard deviation (SD) around that sig-
al multiplied by three, is less then the signal itself, i.e.
D340 nm ≥ 3 × SDOD340 nm. The two lowest standards used (6.6

d
a
t
f

able 1
mprecision of the F- and C-assays tested on rabbit serum and RbaHuTrans antiserum

ssay Measurement Day Titre or [Ig] (%)

Test 1 Test 2

Titre 1 98.9 100.9
2 93.9 97.8
3 101.7 103.2

All

[Ig] 1 100.0 101.3
2 107.0 103.0
3 98.1 98.9

All

n three consecutive days, five independent concentration and titre determinations we
re written as percentages there of.
a %RSD = SD × 100/mean.
D340 nm density from 30 standard curves performed on 30 different days are
lotted against Ag concentration. The error bars represent one standard devia-
ion.

nd 11.2 mg L−1) in the C-assay gave average OD340 nm (±SD;
= 30) measurements of 0.020 ± 0.006 and 0.039 ± 0.007,

espectively. Consequently, the standard curve can be used in
he range covered (6.6–500 mg L−1), resulting in a preliminary
etection limit of 6.6 mg L−1 (corresponding to 0.05% of the Ig
oncentration in rabbit serum). It is interesting to note that the
etection limit identified here is in good compliance with that
uoted by Galvin [7] for light scattering immunoassays.

.5. Imprecision in the C- and F-assays

The intra-, inter-, and total-assay imprecision was deter-
ined independently for both assays, using unconditioned rab-

it serum for the C-assay, and neat rabbit anti-human trans-
errin (RbaHuTrans) antiserum for the F-assay. The samples
ere tested five times on three different days. One set of stan-

ard dilutions was used for all samples tested within one day,
nd fresh standard dilutions were made every day. The rela-
ive standard deviation (RSD) within one day (Table 1) ranged
rom 2.2 to 3.8% for the C-method, and from 1.9 to 2.4%

, respectively

Mean ± %RSDa

Test 3 Test 4 Test 5

98.6 103.2 100.1 100.3 ± 1.9
96.2 95.4 100.1 96.7 ± 2.5

100.1 105.5 104.4 103.0 ± 2.1

100 ± 3.3

96.8 94.3 93.0 97.1 ± 3.7
105.5 101.7 97.1 102.9 ± 3.7
101.1 98.7 103.4 100.1 ± 2.2

100 ± 3.9

re made. The total average concentration and titre were set to 100 and all results
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Fig. 6. F-assay precipitin curves determined at various Ab (RbaHuTrans) con-
centrations 420 s after addition to Ag (HuTrans). RbaHuTrans was diluted to:
8.62 (—); 7.52 (— —); 6.45 (− − −); 5.38 (− · · −); 4.10 (— · —); and 3.23
(
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or the F-assay, whereas the overall relative standard devia-
ion for all determinations (n = 15 for both assays) came to
3.9% and ≤3.3% for the C- and F-methods, respectively.
hese values of imprecision compare very favourably with those

eported previously for manual light scattering immunoassays
8].

.6. Linearity in the C-assay

The linearity of the method for quantifying Ig concentration,
.e. achieving the same result with a sample, irrespective of where
n the standard curve it falls, was tested with numerous samples
aken at various stages during an Ab purification run (performed
t DakoCytomation following the method of Harboe and Ingild
6]). Seven main product stream fractions (numbered 1, 2, 3, 4,
, 7, and 8), covering the entire purification scheme (Fig. 5) from
ample to product, were assayed. A master dilution of a sample
as prepared to be within the range of the standard curve. This
iluted sample was subsequently diluted 1 in 2, 1 in 4, and 1
n 8, to generate three additional samples. The results obtained
ere normalised with respect to the master dilution (a value of

nity was assigned to the master dilution) and plotted against the
xpected values. Regression analysis performed after pooling all
he data gave the equation y = 0.995x + 0.001 and an R2 value of
.999, i.e. very close to unity (x = y).

ig. 5. Flow sheet of Ab purification process described by Harboe and Ingild
6]. The numbers refer to points where samples were taken.
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· · · ·) % (v/v). An average titre of 2385 mg L−1 ±2.6% RSD was determined.
hen performing the same analysis with unconditioned RbaHuTrans antiserum
relative standard deviation of 2.4% was obtained.

.7. Linearity in the F-assay

The linearity of the F-method for determining titre was evalu-
ted with Ab standard and RbaHuTrans antiserum. Ab standard
as analysed in six different dilutions (ranging from 8.62 to
.23%, v/v, Fig. 6). An average titre of 2385 mg L−1 ±2.6%
SD was found, which lies within the relative standard devi-
tion of 3.3% determined for the assay (see Table 1). Thus,
amples with titres as low 76 mg L−1 (corresponding to 3% of
he Ab standard) can be tested reliably. Although it is possible
hat more diluted samples could be analysed in the current sys-
em, precision in determining the maxima of precipitin curves
ecreases with fewer points in the Ab-excess zone (i.e. points at
g concentrations greater than that at the maxima). The same

nalysis was performed with unconditioned RbaHuTrans anti-
erum, and a similar relative standard deviation of 2.4% was
etermined.

.8. Matrix effects in the C- and F-assays

The sensitivity of the C- and F-assays to interference from
omponents present in immunoglobulins’ environment are com-
only referred to as matrix effects. Matrix effects were tested

n the C-assay by spiking known amounts of standards into five
ifferent samples of varying matrix complexity. These included
iluted rabbit serum in filtered (0.45 �m) and unfiltered states,
wo diluted samples taken at intermediate stages during the Ab
urification run (i.e. samples 3 and 5, Fig. 5), and the final prod-
ct obtained (sample 8, Fig. 5). Fig. 7 shows plots of expected
oncentration versus those found during such spiking experi-
ents. No adverse effects of any of the sample environments
n measurements of Ig concentration were determined, as is
videnced by the fact that all of the data points were seen to col-
apse along a common straight line (y = 0.96x + 14, R2 = 0.998)
ery close to unity (y = x).
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Fig. 7. Matrix effects in the C-assay. Standards were spiked into five different
samples of varying complexity, and the Ig concentrations found were plotted
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gainst those expected. Key: (�) antiserum, sample 1; (�) Ig-fraction, sample
; (©) sample 3; (�) filtered antiserum; and (�) sample 5 (see text and Fig. 5
or sample identification).

Matrix interference on the measured Ab titre in the F-assay,
as also tested by spiking known amounts of Ab standard into
baHuTrans antiserum. The plot of ‘found’ versus ‘expected’

itre (y = 0.97x; R2 = 0.998) confirms the absence of significant
atrix effects (data not shown).

.9. Interference from reagents employed during Ig
urification

In order to further assess the usefulness/robustness of the
- and F-immunoturbidimetric assays for their intended tasks,

uch as monitoring Ig concentration and functionality during Ig
urification processes, it was important to establish the influence
f various components featuring in these. Key to the success of
arboe and Ingild’s [6] Ig purification procedure is the use of
igh concentrations of ammonium sulphate at several stages.
hicher et al. [5] describe Ag–Ab complex formation as being

nsensitive to changes in pH within the range 6–8, but highly
ensitive to ionic strength. With this in mind, it was important
o establish the influence of ammonium sulphate concentration
n both assays.

For evaluating the impact of ammonium sulphate concentra-
ion of measurement of Ig concentration in the C-assay, four
ifferent standard curves were prepared by supplementing the
tandard dilution buffer 1 with various amounts of ammonium
ulphate to yield a series with final concentrations of 0.125, 0.25,
nd 0.5 M. In the assay, the actual ammonium sulphate con-
entration was reduced by 1.9-fold following addition of other
ssay reagents, to give final ammonium sulphate concentrations
f 64, 129, and 257 mM. Fig. 8 shows that even at the high-
st ammonium sulphate concentration employed (i.e. 257 mM
nal concentration), the assay signal was only slightly reduced.

he highest ammonium sulphate concentration encountered in
arboe and Ingild’s [6] purification procedure is 1.77 M, which

or an undiluted sample after in-assay dilution yields a final
mmonium sulphate concentration of 253 mM. Thus, significant

m
a
0
t

he C-assay. Key: (�) 0 M; (�) 125 mM; (©) 250 mM; and (�) 500 mM. The
ine through the 0–250 mM ammonium sulphate data sets represents the average
race.

nterference arising from the presence of high concentrations of
mmonium sulphate is unlikely.

Following assessment of assay sensitivity to ammonium sul-
hate, assay integrity was further studied with respect to a wide
ange of loading and elution buffers recommended for the purifi-
ation of Ig by various chromatographic separation principles
e.g. affinity adsorption of rProtein A and synthetic mimics
hereof, hydrophobic charge induction, and mixed mode). The
ollowing 10 buffers were tested: (i) 50 mM sodium acetate, pH
.0; (ii) 50 mM sodium acetate + 150 mM NaCl, pH 5.5; (iii)
00 mM sodium citrate, pH 2.7; (iv) 100 mM sodium citrate, pH
.5; (v) 100 mM sodium citrate, pH 5.5; (vi) 50 mM Tris–HCl,
H 8.0; (vii) 50 mM Tris–HCl, pH 9.0; (viii) 65 mM Bis-Tris,
H 6.0; (ix) 100 mM acetic acid; and (x) 20 mM sodium phos-
hate + 1 M NaCl, pH 6.5. Three or four dilutions of Ig standard
ere prepared in each buffer, and the Ig concentrations found in

he C-assay were plotted against those expected (Fig. 9). Only
ne of the buffers showed significant interference in the assay,
.e. 20 mM sodium phosphate + 1 M NaCl, pH 6.5, reducing the
g concentration 14% below the expected value. However, when
nalysing chromatographic runs, most of the fractions require
t least a 10-fold dilution to bring them within the range of the
ssay. As a consequence of this, deviations observed in Fig. 9
rom 20 mM sodium phosphate + 1 M NaCl, pH 6.5 are unlikely
o be an issue of major concern, given that the buffering capac-
ty of the dilution and reaction buffer ensures a pH of 6–8. The
ide range of buffers studied here are representative of those
ost widely used in chromatographic Ig purification and serve

o illustrate the general robustness and potential of the C-assay
or routine monitoring of Ig purification processes.

The impact of ammonium sulphate on Ig titre determination
n the F-assay was likewise evaluated. Six different standard
b dilutions (diluted to 6.58%, v/v) were prepared by supple-

enting the standard dilution buffer 1 with various amounts of

mmonium sulphate to yield a series with final concentrations of
.25–1.5 M. In the assay, the actual ammonium sulphate concen-
ration was reduced 3.1-fold following addition of other assay
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Fig. 9. Buffer interference on the C-assay. Three or four dilutions of stan-
dard rabbit Ig were prepared and assayed in the buffers: (�) 50 mM sodium
acetate, pH 4.0; (�) 50 mM sodium acetate + 150 mM NaCl, pH 5.5; (©)
100 mM sodium citrate, pH 2.7; (�) 100 mM sodium citrate, pH 3.5; (�)
100 mM sodium citrate, pH 5.5; (�) 50 mM Tris–HCl, pH 8.0; (�) 50 mM
Tris–HCl, pH 9.0; (�) 65 mM Bis-Tris, pH 6.0; (♦) 100 mM acetic acid; and
(�) 20 mM sodium phosphate, 1 M NaCl, pH 6.5. Linear regressions performed
using the graphics program Microcal Origin software version 4.1 yielded the
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3.10. Impact of sample blanking

In most automated turbidimetric procedures, a sample blank
is subtracted from the endpoint reading [2,4]. Control experi-
quations y = 0.86x + 11.9, R2 = 0.998 (dashed line) for the ‘20 mM sodium phos-
hate + 1 M NaCl, pH 6.5’ data set, and y = 0.99x + 2.05, R2 = 0.999 (full line)
or all of the other buffers examined.

eagents, to give final concentrations of 82–489 mM. In stark
ontrast to the C-assay’s robustness towards ammonium sul-
hate, the F-assay (Fig. 10) is much less tolerant to its presence.
t all concentrations employed the titre was underestimated

nd the kinetics of lattice formation were impaired. For exam-
le, after 420 s the presence of 82 mM ammonium sulphate

educed the apparent titre by 16% cf. the control case lacking
dded ammonium sulphate (i.e. from 2490 to 2090 mg L−1).
ollowing in-assay dilution, the highest ammonium sulphate

ig. 10. Effect of ammonium sulphate concentration on determination of Ig titre
n the F-assay. Standard Ab (6.58%, v/v) diluted ammonium sulphate containing
uffer yielding a resulting concentration during reaction of: (�) 0 M; (�) 82 mM;
©) 163 mM; (�) 245 mM; (�) 326 mM; and (�) 489 mM. The titre determined
t 420 s at 0 M ammonium sulphate was 2490 mg L−1.

F
s
p
b
A
b
1
1
b

B 848 (2007) 142–150

oncentration employed in Harboe and Ingild’s [6] purification
rocedure, of 1.77 M reaches a final concentration of 616 mM.
hus, in contrast to the C-assay, the F-assay is likely to suf-

er very considerable interference arising from the presence of
igh concentrations of ammonium sulphate. For such samples
he introduction of pre-assay conditioning measures would be a
ise precaution.
The F-assay’s integrity was further studied with respect to pH

ariation and buffering capacity. For this, in addition to modi-
ying the pH of the original phosphate based reaction buffer
, two other buffer systems were investigated (at two different
trengths, i.e. 10 and 100 mM), namely (N-morpholino)-ethane
ulphonic acid (MES), pH 6, and Tris-(hydroxymethyl)-amino-
ethane (Tris), pH 8. Fig. 11 shows that substituting 10 and

00 mM Tris–HCl buffer, pH 8, for the unmodified reaction
uffer 1 (pH 7.1–7.3) resulted in the titre being underestimated
y 11.6% and 32%, respectively. In contrast, MES, pH 6 buffers
xerted much less impact on the titre determined, i.e. resulting
n 2.5% and 9% underestimation when used at strengths of 10
nd 100 mM, respectively. Modification of the original reaction
nd dilution buffers by ±0.5 pH units from the normal pH = 7.2
id not change the expected titre significantly (Fig. 11), thus
nterference arising from fluctuations in pH (within the range
.7–7.7) introduced by the sample matrix is unlikely to occur.
ig. 11. Effect of reaction buffer composition and pH on titre determination of
tandard Ab (6.58%, v/v) in the F-assay. Key: White bars-standard (pH 7.2) and
H modified (pH 6.7 and 7.7) phosphate based reaction buffer 1 and dilution
uffer 1 system; grey bars 10 and 100 mM MES-based reaction buffers, pH 6.
ll other constituents of the buffer were the same as those in standard reaction
uffer 1. MES-based reaction buffer showed insufficient buffering capacity at
0 mM, yielding a final pH of the reaction mixture of 6.7; black bars 10 and
00 mM Tris–HCl based reaction buffers, pH 8. All other constituents of the
uffer were the same as those in standard reaction buffer 1.
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Fig. 12. Step yields from antibody purification runs conducted with rabbit anti-
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uman IgM (black bars), rabbit anti-human transferrin (white bars), and rabbit
nti-human albumin (grey bars). For sample number identity refer to the purifi-
ation flow sheet depicted in Fig. 5.

ents proved this to be unnecessary for the assays described
erein (data not shown). Provided that the non-specific optical
ensity prior to reagent addition is reasonably low, the pre-
ision gained by using a sample blank is limited. Moreover,
n its absence twice as many samples can be tested on a sin-
le microtitre plate, and the rate of consumption of reagents is
alved.

.11. Application of the C- and F-assays during an Ig
urification process

The analysis of Ig purification runs performed on three differ-
nt rabbit antisera (rabbit anti-human IgM, albumin and trans-
errin) using the C-assay, are summarised in Fig. 12. The overall
ass yields obtained for rabbit anti-human IgM, albumin and

ransferrin were equivalent (89 ± 4%, 86 ± 4% and 86 ± 1%,
espectively); correlating to average step yields of >98%. These
ecoveries, based on mass, are in good agreement with SRI (data
ot shown) and with titre yields of the RbaHuTrans antiserum

urification (Fig. 13) obtained with the F-assay. The overall titre
ield was determined to 93% (cf. 86% based on mass, Fig. 12)
orresponding to average step yields of 99%. These findings
uggest that both assays give a good representation of the actual

ig. 13. Step yields from antibody purification run conducted with rabbit anti-
uman transferrin. The numbers identify the samples taken during purification
Fig. 5).
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ecovery profiles. Further validation of the C-assay for quanti-
ying antibodies has recently been obtained in our laboratories
11,12] in the successful mass balancing chromatographic purifi-
ations of Igs from rabbit antisera feedstocks.

. Conclusions

Although manual assays based on immunoturbidimetry have
reviously been described [8,9] they are significantly slower
han those detailed in the present study. A recent development
n turbidimetry has been the use of particles to enhance the sig-
al sensitivity 10–100-fold, i.e. down to 15 �g L−1. In this type
f assay, the Igs are coupled to small (40–300 nm) polystyrene
articles [2,3,7]. Commercial kits for measuring substances of
linical interest by particle-enhanced turbidimetry are available,
nd like the assay described in this work, some of these kits
re designed for use in microtitre plates, allowing simultaneous
easurement of multiple samples [10]. A major disadvantage

f particle-enhanced immunoturbidimetric methods however, is
on-specific agglutination of the polystyrene particles (induced
y problem components present in samples being analysed).
he latter phenomenon reduces the robustness of the assay
ignificantly, making it unsuitable when the suspending phase
omposition is likely to change frequently, as it can during a
urification process. The C-assay developed and validated in this
ork, although much less sensitive than particle enhanced tur-
idimetric assays, is nevertheless more than adequate for the task
f measuring Ig concentrations during a purification process,
iven that the assay detection limit of 6.6 mg L−1 corresponds
o only 0.05% of the recognised value of IgG in rabbit serum of
3.6 g L−1 [13]. Moreover, this method proved extremely tol-
rant to changes in suspending phase composition. Although
omewhat more sensitive and time consuming, the assay for
etermining antibody functionality (F-assay) is an orthogonal
ool, which enables selection of high titre fractions and moni-
oring of Ig functionality or loss thereof. The C- and F-assays
an be performed manually with very basic laboratory equip-
ent, or alternatively both methods are easily automated, e.g.
ith high throughput spectrophometric robot systems.
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