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New, highly sensitive, biosensor concepts make it
possible to assay biomacromolecules at concentrations
that previously were far below the limit of detection. The
previous generation of assays used in quality control
situations during biotechnological production was
designed primarily for monitoring target molecules,
which typically appeared in high concentrations. Hence,
novel analytical techniques with high sensitivity should
become increasingly important in meeting the demands
from regulatory agencies with regard to declaring levels
of impurities in biopharmaceuticals. Such techniques also
open up opportunities for a range of other challenging
measurements, for example, in the area of biohazards.
This review describes the development ofimmuno-based
biosensors and exemplifies these by presenting analyses
of common impurities in biopharmaceutical production.

Introduction

The development in protein purification has to a large
extent been driven by the pharmaceutical industry. The
need for high purity of the preparations that are to be
injected into patients has been very high, and therefore,
extensive resources have been spent on developing high-
resolution techniques in the downstream area [1].

When reviewing the advances within the area of process
analytical technology, it becomes clear that ground-break-
ing bioanalytical developments have been few in recent
decades. Indeed, the use of immunoassays for process
control was for a long time regarded as a futuristic dream,
even though some early reports clearly indicated the pos-
sibilities [2-4]. However, the rising demands with regard to
characterization of the low levels of impurities that remain
in pharmaceutical preparations have again placed the
focus on development of high-sensitivity analytical tech-
niques that are relatively fast, convenient to use, and
possible to integrate in the production process for at- or
online measurements.

Sensitivity is needed

Impurities are typically present only in minute amounts,
which makes it necessary for the analytical procedures to
be adapted to the detection and quantification of extremely
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low concentrations of the target molecules (in this case the
impurity). Conventional immunochemical binding assays
often operate in the concentration range 107°-107'2 mol/l.
However, such a detection limit would in many cases not be
sufficient as even higher sensitivity (i.e. at sub-picomolar
concentrations) might be required [5,6].

A draw-back with highly sensitive analytical procedures
is that any non-specific responses, for example, non-se-
lective binding to the recognition element, dramatically
change the analytical outcome. One way to compensate for
this is to employ biosensor surfaces that have been
designed specifically for the purpose of reducing to an
absolute minimum any non-specific binding [7-9]. Another
approach is to develop assays that are so sensitive that it
becomes possible to dilute the sample by several orders of
magnitude, thereby significantly reducing the influence of
non-specific binding [10].

Speed is desirable

The presence of certain impurities in a biotechnical pro-
duction process might vary considerably over time. [11].
Also, the presence of proteases is often time dependent,
and this can lead to the appearance of truncated proteins.
Therefore, it is important to analyze samples as rapidly as
possible and preferably in real time, so that it will be possible
to change conditions quickly in order to react to observed
increases in the concentration of key impurities by, for
example, stopping cultivation and starting harvesting
[12]. Likewise, it would certainly be highly desirable to be
able to monitor downstream processes, not only broadly via
UV absorbance at 280 nm or by conductivity of the eluting
buffer, but also by more specific means [2,13-15]. The de-
velopment towards online immunoassays for process control
started some 25 years ago, but it was not regarded as
necessary until the process analytical technology (PAT)
initiative by the US FDA was presented in 2004 (Box 1) [16].

Convenience a demand

Immunoassays and other sensitive analytical methods
must be convenient to use. The traditional quality analyses
that involve SDS-PAGE for homogeneity analyses still
fulfil a need, even if they are laborious and time consuming
[17]. New developments within affinity separation com-
bined with HPLC for the characterization of homogeneity
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Box 1. The PAT initiative

The PAT initiative is designed to support the use of more
sophisticated pharmaceutical manufacturing techniques with an
emphasis on advanced process monitoring and control [16] to:

e Encourage the early adoption of new technological advances by the
pharmaceutical industry

Facilitate industry application of modern quality management
techniques, including implementation of quality systems ap-
proaches, to all aspects of pharmaceutical production and quality
assurance

Encourage implementation of risk-based approaches that focus
both industry and Agency attention on critical areas

Ensure that regulatory review and inspection policies are based on
state-of-the-art pharmaceutical science

Enhance the consistency and coordination of the FDA drug quality
regulatory programmes, in part, by integrating enhanced quality
systems approaches into the Agency business processes and
regulatory policies concerning review and inspection activities
(Figure 1)

L]

and quantification of target proteins hold great promise for
the development of quick and medium-sensitivity analyses
[18]. Furthermore, immunochemical binding assays
increasingly have been streamlined over the years, but
convenience and speed have been obtained at the expense
of sensitivity, which however, is not fully compatible with
the demands linked to the assaying of impurities in phar-
maceutical preparations.

The requirements for analyses to be rapid and highly
sensitive can be difficult to fulfil. Reuse of antibodies is a
prerequisite for the immuno-based biosensors used for
process control. This however requires the regeneration
of the immobilised antibody by stripping off the bound
antigen, which is often a rate-limiting step. Thus, it has
been argued that weak-affinity antibodies are better suited
for such applications. In trials, it has become clear that
only weakly binding antibodies are easier to deal with
when it comes to dissociation. However, these weaker
antibodies, generally speaking, result in less sensitive
analyses. Thus, what can be gained in speed is lost in
sensitivity [19].

Another issue associated with process monitoring is the
question of whether discrete assays or continuous monitor-
ing should be used. With discrete assays, high analysis
frequency, or in other words, short analytical cycles are
needed. Continuous monitoring on the other hand either
involves operations with a large excess of binding sites, or
exploitation of affinity interactions with fast binding or fast
dissociation [20-22]. Furthermore, continuous assays are
based on label-free assays, which restrict considerably the
choice of assay methods that can be applied in continuous
monitoring.

Table 1. Typical contaminants in bioproduction
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Figure . Process analytical technology (PAT).

Table 1 contains a list of the most common analytes that
can appear as contaminants and their typical concen-
trations.

Assay methods
When setting up an analytical assay with the objective of it
being fast and convenient, the possibility to monitor
directly the underlying binding reaction is highly advan-
tageous. The early generations of immuno-based assays
required labelled reagents. However, because of the com-
plexities involved, it is certainly preferable to avoid their
use and instead monitor the binding reaction directly.
Described below are recently developed methods that
have shown great potential with regard to their use in
process monitoring. We will discuss three different sensor
platforms that are based on the use of electrodes that have
been modified using monomolecular layers of alkylthiols,
that is, capacitive biosensors, surface plasmon resonance
(SPR) sensors, and quartz crystal microbalance (QCM)
(Figure 1). Despite it being based on labelled reagents,
flow-ELISA is also included here because it is the most
used technique to date. Typical sensitivities and dynamic
ranges obtained for the different methods discussed are
presented in Table 2.

Capacitive biosensors

The assaying principle of capacitive biosensors is simple
and does not require the use of labelled compounds. A
metal electrode, often made from compact gold of high
purity, is covered by a monomolecular layer of alkylthiols
in a so-called self-assembled monolayer (SAM) [23,24].
Among the alkylthiols, some molecules are introduced with

Impurity Concentration allowed Analysis method used today Biosensor option References
Host cell protein ng/mg SDS-PAGE, Western blot NR [39,42]
DNA pg/mg Q-PCR Capacitive [10,44-46]
Endotoxin Dependent on dose, LAL assay Capacitive [6,50-52]
duration and route
of administration
Leaking affinity ligand pg/ml ELISA Calorimetric immunoassay [63,54]
Protein variants mg/ml SDS-PAGE, LC-MS NR [65-57]

NR: not reported.
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Figure 1. Biosensors based on SAMs. (a) General schematics of the self-assembly of a functionalized (-R) alkylthiol monolayer. Examples of active -R groups are shown in
the figure. The high affinity between sulphur and gold induce spontaneous formation of the SAM, which is utilised extensively within bioanalytical chemistry. Three
different analytical concepts are illustrated here: (b) capacitive biosensors [22,23]; (c) SPR analysis [28,29]; and (d) QCM technology [61]. For these techniques, gold
transducer (shown in orange) is of central importance. The thiol-based molecules arrange themselves as monolayers onto the gold surface, which results in a highly
insulating layer that protects against, for example, electron transfer, while at the same time offering multiple anchor points for ligand binding.

terminal amino- or carboxyl groups, or alkylthiols to which
functional groups have already been attached, as shown in
Figure 1 [25,26]. Receptor molecules are bound covalently
to these groups and the capacitance is measured. When a
target molecule binds to the receptor, displacement of the
counter ions (i.e. the diffuse layer) around the capacitive
electrode results in a change of the sensor capacitance
(Figure 2). The more target molecules bound to the affinity
layer, the greater is the achieved displacement and the
decrease in the registered capacitance signal [27]. The
assay requires that signals from three or four electrodes
need to be measured simultaneously. In addition to the
gold electrode that contains the immobilised antibodies,
one or two platinum electrodes are required as references,

together with an Ag/AgCl-electrode to control the baseline
drift. In the preferred sensor configuration, the electrode
assembly is placed as tightly as possible and the entire unit
is then connected to a continuous flow system. The data
presented in this review are obtained using such a con-
figuration.

SPR

In SPR, the registered signals are based on optical
measurements [28,29]. A light beam is sent through a
glass prism at a certain angle relative to the surface of
the prism, which has been modified with a SAM. This
allows for different chemistries to be used to immobilise
the biochemical receptor molecules at the sensor surface.

Table 2. Analytical methods used for monitoring impurities in protein pharmaceuticals

Analytical techniques Analytical performance References
Linear dynamic range (ng/ml) Limit of detection (ng/ml)

Capacitive biosensor 0.001-1 0.001 (fg/ml) [6]

SPR 100-10 000 20 [58]

QcMm 50-1000 16 [59]

Flow-injection ELISA 0-300 000 NR [60]

NR: not reported.

22



Review

+H+t bt F

—_I—— Cdouhle layer

C\argel

[
[
o

rec

— CSAM

Gold transducer

+ ++ + + + + + + + + A+ o+
TRENDS in Biotechnology

Figure 2. Principle of a capacitative transducer. Immobilisation of the receptor
molecule on the transducer surface is achieved via a SAM of functionalised
alkylthiols. Intermittent potential pulses (e.g. +50 mV) applied to the gold
transducer results in the formation of an electrical double layer in the bulk
electrolyte, where charge separation strictly depends on the insulation capacity of
the SAM. Binding interactions between the target molecule and the receptor force
the double layer of counter ions further out from the gold transducer, which results
in a capacitance change proportional to the target molecule concentration.

When the incident light hits the surface from a specific
angle, it is reflected. However, the angle of reflection is
influenced by the thin layer directly above the SAM sur-
face, and this effect can be correlated to the refractive index
of this closely associated layer. Biochemical receptor mol-
ecules that are immobilised within this layer result in a
given refractive index. Upon their binding to the target
molecules, the refractive index of this thin layer changes
and subsequently also the angle by which the incoming
light is reflected. This is the basis for measurements using
SPR.

SPR-based sensors frequently have been employed to
provide information on molecular interactions between
target proteins and their ligands [30]. The use of SPR
for continuous monitoring of affinity interaction using
weak-affinity antibodies has been demonstrated [31].
SPR is an elegant method, but at present it may not be
sufficiently sensitive to address the impurities present in
very low concentrations.

QcmMm

The third analytical method that is based on SAMs on gold
surfaces is the so-called QCM. A piezoelectric quartz crys-
tal that is vibrating with a certain frequency when placed
in an electrical field can be modified with a surface-bound
SAM. With biochemical receptors immobilised onto the
SAM, the gravimetric characteristics of this layer change,
thus causing viscoelastic effects that influence the vibrat-
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ing frequency according to the Sauerbrey relation [32]. The
observed shift in frequency can be correlated to the amount
of material being deposited on the crystal.

Similar to SPR, analytical systems based on QCM pro-
vide means for quantitative determination of the analyte
[33] and the possibility to obtain information about kinetic
parameters from macromolecular interactions [34]. In
Table 2, a comparison of the three methods is given. The
sensitivity of the capacitive sensor is better for monitoring
low concentrations, however, at present, the availability of
good instrumentation is in favour of SPR and to some
extent QCM.

Flow-injection ELISA

ELISA is a well-established analytical method that
exploits binding between antigens and antibodies and
requires the use of labelled reagents. For a review of
different variants of ELISA, please see Ref. [35]. In a
competitive assay format, the native antigen present in
a sample is mixed with a fixed amount of labelled antigen,
and the quantity of labelled antigen bound to the surface is
analyzed after competitive binding has taken place. Higher
amounts of bound labelled antigen correlate with a lower
concentration of native antigen in the sample to be ana-
lyzed. In a sandwich concept of the ELISA format, a
primary antibody is used to bind the antigen to which a
labelled secondary antibody is added in excess, which will
only bind to the already trapped antigen. Furthermore,
when analyzing for a specific target antigen, it is also
possible to utilise a standard immobilised antigen in a
competitive approach.

These methods originally were very labour intensive
because of the need for many different pipetting steps. This
caused large variations in analysis results. Nowadays,
these variations can be overcome with the use of pipetting
robots. Moreover, when ELISA was first evaluated with
regard to its use in process monitoring, it was important to
obtain rapid analysis results. These were achieved by
using only very short but accurate exposure times between
antigen and antibody with the use of flow injection to
warrant reproducibility. In this flow-injection ELISA,
the immobilised antibody is placed into a small column
that is connected to a continuous, constant flow of buffer.
The sample and other reagents are introduced as short
defined pulses into the system, thereby minimising the
variation in experimental conditions. A schematic presen-
tation of an assay cycle of flow-ELISA is shown in Figure 3.

Automated analysis using the flow-ELISA methodology
has been reported for the monitoring of cell culture pro-
cesses [36], fermentation [37], and downstream processing
[38].

Examples for detection and quantification of trace
amounts of impurities

Host cell protein

Most pharmaceutical proteins/peptides produced today are
the result of genetic engineering, in which the respective
genes have been cloned and expressed in a host organism.
Thus, when target molecules are isolated from the cultiva-
tion broth, certain traces of the host cell proteome always
prevail [39,40]. Related to present regulations [41], the
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Figure 3. Schematic diagram of the set up of the flow-injection ELISA system. Two selection valves are employed. One is used to switch substrate and buffer flows, the
other to select sample and conjugate. A column is placed after the injection valve that contains immobilised primary antibody (i). Then the antigen (analyte) is injected and
bound to the immobilised primary antibody (ii). After that, enzyme-labelled antibody is injected as a conjugate, which binds to the antigen in a sandwich formation (iii).
Thereafter, the substrate is injected (iv) and the product from the enzymatic reaction is detected by a photometer with an integrated quartz flow-cell. After regenerating the
binding element (e.g. at low pH), the column, after reconditioning, is ready for a new analytical cycle (v).

analytical challenge of the process therefore constitutes a
number of different factors: (i) impurities are, at least
towards the end of the purification protocol, present in
only very low concentrations; (ii) an impurity is often not a
well-defined molecule, but rather a set of molecules that
originates from the host cell proteome; and (iii) the ratio
between different components comprising the impurities
might vary over time because the different isolation and
purification steps might remove some of the impurities
more efficiently than others. This also implies that an
impurity that was initially present only in a very low
concentration could become a major contaminant later
on in the downstream process [42]. These analytical
challenges could be met by using polyclonal antibodies
against the entire proteome of the host cell. However, such
an approach is also associated with some uncertainty as it
is difficult, if not impossible, to make sure that a comp-
lementary set of antibodies to the impurities is available.
Since there are many potential impurities, it is advan-
tageous to base an ideal assay on direct recognition be-
tween polyclonal antibodies and the impurities. However,
it could be argued that a cocktail of monoclonal antibodies
is equally good in this respect. This might be true if the
number of monoclonal antibodies is sufficiently large to
recognise the major part of all impurities.

Such an assay was set up using Escherichia coli as a
model organism. The production of a recombinantly
expressed enzyme was followed in parallel to measure
the levels of all host cell proteins. The assay was highly
sensitive with a detection limit of 8x 1078 mol/l. The levels
of host cell proteins were initially quite high, as expected,
but as the downstream processing continued, fewer host
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cell proteins were detectable in the product. The entire
assay took only approximately 25 min, which makes it
feasible for monitoring events during downstream proces-
sing (unpublished observations). This analysis time could
however be further shortened, and it might also become
possible to use capacitive biosensors for continuous
monitoring [22].

The golden standard for determining impurities of host
cell proteins remains ELISA, but it will remain far behind
with regard to sensitivity. Nevertheless, it should be
stressed that the use of continuous flow-injection systems
offers promising possibilities for online sample handling,
which are relevant for a number of steps in a process such
as cell lysis, addition of reagents, and dialysis [43,44].

As there are only a few established host organisms for
the production of recombinant proteins/peptides, it would
be relatively straight forward to develop assays for the
analysis of the proteomes of these few host cells within a
product stream, similar to that presented above for E. coli.

DNA

It is a complicated and challenging task to remove DNA
completely when purifying a biomolecule, and together
with the need to trace any genetic material remaining
from the host, requires the quantification of DNA within
a process.

The analysis of DNA per se is an interesting challenge
regarding the choice of an affinity ligand to trap DNA on a
sensor surface. Several options are at hand: (i) oligonucleo-
tides that will form base pairs with the DNA present [34];
(ii) histones that interact with larger pieces of DNA [10];
(ii1) repressor proteins that recognise certain sequences
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[45]; and (iv) anion exchangers that trap all nucleic acids,
but perhaps also other molecules. In the latter case, effi-
cient washing procedures are of utmost importance.

At present, there is no clear-cut recipe for a generally
applicable DNA assay and the most suitable assay needs to
be evaluated on the basis of each individual case. However,
among the different possibilities mentioned above, oligo-
nucleotides [34], histones [10] and repressor proteins [45]
have been used successfully as ligands on the capacitive
biosensor transducer, and it is suggested that these sen-
sors types could be used with exceedingly high sensitivity
(limit of detection down to 1072° mol/l).

It can be expected that suitable DNA-based assays are
based on general recognition elements, such as containing
cocktails of oligonucleotides for forming base pairs with
numerous DNA fragments, or perhaps including ion
exchangers in combination with a strict washing regime
as mentioned above. Such an approach was used success-
fully for the quantification of plasmid DNA in a flow-
injection binding assay [39].

An alternative technology for the quantification of DNA
is the various available formats of PCRs. PCR allows
amplification of the different DNA present as impurities,
and their quantification and/or identification [46].

Endotoxins

A common problem with the use of E. coli as a production
organism is the release of endotoxins into the medium
upon processing, which, as glycolipids, are difficult to
remove during the subsequent purification steps. Adsorp-
tion of endotoxins to different positively charged adsorbent
media, including arginine-Sepharose, immobilised poly-
myxin or poly(ethyleneimine), has been utilised success-
fully [47-49]. The ligands present in these adsorbents
could in principle also be used to develop an endotoxin-
specific sensor. However, they are not particularly specific,
which might lead to the binding of several other negatively
charged molecules (e.g. nucleic acids). Alternatively, other
ligands, such as Limulus lectin (from Limulus spp.), or
Limulus amebocyte lysate (LAL), can be used in specific
and sensitive endotoxin assays. LAL is an aqueous extract
of blood cells (amebocytes) from the horseshoe crab Limu-
lus polyphemus and is known to interact with bacterial
endotoxins. This reaction forms the basis of the LAL assay,
the underlying principle of which has a clot-forming cas-
cade of serine proteases. This test was first developed in
1977 by the FDA and subsequently further developed into
turbidimetric LAL and chromogenic LAL methods [50-52].
Recently, an ultra-sensitive capacitive biosensor assay was
developed for the direct detection and quantitation of
endotoxins present in fermentation fluids [6].

Leaking affinity ligands

For the purification of proteins, affinity-mediated separ-
ation, for example, chromatography, is often an attractive
method of choice because of its high resolution and the
possibility to remove a large proportion of the impurities in
one single step. Affinity separation is often used towards
the end of a purification scheme so that impurities, which
have a great similarity to the target protein, can be
removed. However, it could be even more advantageous

Trends in Biotechnology Vol.28 No.1

to introduce affinity-mediated separation at an early stage
in the downstream process because it could allow reduction
of sample volumes, thereby facilitating subsequent steps
and resulting in significant cost reductions.

Affinity chromatography is usually carried out using an
affinity ligand that is covalently coupled to a porous
matrix. This chemical bond is not perfectly stable, and
the same might also be true for the matrix. Consequently,
leakage of affinity ligands during affinity separation can
occur [53]. It has been shown that small so-called ‘polishing
columns’ might be able capture any released ligand
material when operations are on a small scale. The
economically most important affinity step used indust-
rially today is the isolation of monoclonal antibodies using
immobilised protein A. When passing the culture broth
over the column, leakage takes place and the product
stream is likely to be contaminated with protein A. To
be able to quantify such a molecule that is present at only
very low concentrations, a pre-enrichment step, for
example, another affinity step aimed at capturing the
leaking ligand, might be required [54]. To that end, an
affinity sensor using immobilised IgG is readily able to
detect protein A. An assay for the quantitative determi-
nation of leaking protein A molecules from affinity columns
used for the isolation of monoclonal antibodies, for
example, might nevertheless remain complicated, even if
it were possible to detect protein A in very low concen-
trations. This is because if leakage occurs when IgG is
processed, the probability for complex formation in
free solution is high, and then binding of protein A to
immobilised IgG might be hampered.

Proteins variants

Besides impurities caused by the presence of foreign
molecules, variants (e.g. truncated molecules) or aggre-
gates of the target protein might also cause problems
[55-57]. This makes the separation challenge even more
difficult as the molecules to be separated are mostly
identical to the desired products. In these cases, it is often
not beneficial to use affinity-mediated separation, but to
prefer other chromatography steps such as ion exchange
chromatography. This is because small changes in protein
structure might induce minor changes, for example,
exposure of charged groups on the surface of the protein
molecule, that could affect their behaviour on the resins
used in chromatography.

One strategy has been to trap initially all target
proteins (including the variants) in an affinity capture step
and subsequently to release and sort these by additional
steps such as ion exchange interactions using HPLC,
capillary electrophoresis, or LC-MS-MS. If impurities
are related to truncated protein, an MS-based method is
particularly valuable. For protein aggregates, size exclu-
sion chromatography is the preferred method to separate
the different molecular sizes before quantification.

Conclusion and outlook

The recent advances in bioanalytical methods are exciting
and we are now approaching detection limits of concen-
trations, in which impurities in most cases will be com-
pletely irrelevant until it is proven to the contrary.
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Further developments in the area might address con-
venience of use, speed of analysis, and the ability to analyse
several target molecules simultaneously. Shrinking of the
sensor units is certainly also anticipated, particularly if
multi-analytical devices are to be developed. A limiting
factor so far has been the lack of means to modulate the
properties of the biological recognition elements, such as
their affinity and stability. For example, biomolecules with
high affinity require harsh conditions to release bound
material, which in turn might induce denaturation. The
use of weak binders might solve this problem, but at the
expense of sensitivity of the assay. There have been reports
of so called ‘switch-molecules’ that can change their affinity
dramatically upon minor changes in the environment.
However, it remains to be seen whether such molecules
can be utilised in biosensors.

When suitable analytical methods have become avail-
able, it might be possible to monitor accurately cultivation
processes and downstream operations. This will lead to
better understanding of the process conditions that cause
the release or production of impurities, and which might
also be exploited to implement measures to reduce such
events. This in turn might lead to unit operations that are
carried out in a sequence that is determined ideal for
efficient removal of trace impurities. This could improve
dramatically current downstream processing that is
governed mainly by the concentration of the target
molecule and much less by the presence of impurities.
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