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a b s t r a c t

This paper describes the step-wise fabrication and characterisation of a multi-layer dual polarization
interferometry (DPI) based biosensor utilising Protein G (ProG) as the bio-recognition layer for the detec-
tion of a fragment antibody (Fab′). The biosensor is capable of monitoring the concentration of Fab′

product within the extracellular medium of a fed-batch fermentation after leakage from Escherichia coli
(E.coli). The activity, stability and functionality of each sensor layer were analysed in situ using DPI, whilst
the chemical identity and homogeneity of the chemical layers were assessed ex situ using X-ray photo-
electron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS). Two different biotin linkers
were found to produce hugely differing surfaces after the capture of NeutrAvidinTM (NA) and biotinylated
Protein G (b-ProG). The hydrophilic (PEG)4-biotin linker resulted in a surface where the b-ProG layer was
iosensor
urface characterisation
ragment antibody

deposited and organised above the NA layer producing an active and stable surface, whilst the hydropho-
bic LC-biotin linker generated a surface where the b-ProG layer was buried within the NA layer leading
to variable surfaces and poor binding of the Fab′ target. The biosensor has a detection limit of 1.7 �g/ml
with a dynamic range covering two orders of magnitude. The sensor can detect the onset of Fab′ leakage
as early as 2 h following product induction, with high signal-to-noise ratios and little interference from
extracellular components. Leakage of Fab′ followed a biphasic profile, switching to a more rapid rate 20 h

g acce
after induction, indicatin

. Introduction

The need for and use of sophisticated biosensors to monitor key
roduct quality and performance criteria during the production
f biotherapeutic drugs is being driven by multiple stakeholders

n the biopharmaceutical industry. The complexity and multiple
hallenges inherent in bringing these products to market result
n pressurised development times and processes. One initiative
imed at improving production quality and efficiency is entitled
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process analytical technology (PAT). This new regulatory frame-
work advocates building real time quality testing into production
processes rather than relying on the final-product testing tradition-
ally employed (Kaiser et al., 2008).

The use of biosensors and other analytical techniques such as
infra-red spectroscopy to monitor small molecule reagents and by-
products such as metabolites is already established (Blankenstein
et al., 1994; Landgrebe et al., 2010; Marose et al., 1999). In contrast,
rapid monitoring of the production of therapeutic protein products
and vaccine components is still very challenging although progress
has been made, particularly for concentration analysis (Baker et al.,
2002; Clementschitsch and Bayer, 2006; Mandenius et al., 2008;
Marose et al., 1999). The difficulties are predominantly due to the
complex nature of the cell culture environment, the problem of
sensor failure due to bio-fouling of the surface and irreversible

inactivation of the affinity probe due to fermentation additives.

Both off-line (where the sensor unit is not connected to the
bioreactor) (Disley et al., 1999), in-line and at-line (where the
sensor unit is connected to the bioreactor via tubing) (Bracewell
et al., 1998; Disley et al., 1999; Gill et al., 1998; Jacquemart et al.,

ghts reserved.
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008) optical biosensor approaches to monitoring the production
f protein product in bioreactors have proven popular. More recent
t-line approaches have included mass spectrometric quantitation
f multiple proteins within the fermentation broth (Jones et al.,
005), the use of an optical probe to measure target protein via a
uorescent fusion protein (Jones et al., 2004) and the application of
ow cytometry to the analysis of cell parameters (Diaz et al., 2010).

The routine use of biosensors for monitoring therapeutic protein
roduction in a fully, current Good Manufacturing Practice (cGMP),
ompliant environment is, however, still someway off. Under
GMP, manufacturing processes must be designed and controlled
o ensure that the final product consistently meets pre-determined
uality requirements. Process control is key to assuring this out-
ome and any sensor that is used to monitor a given aspect of the
rocess must itself be validated to make certain it is fit for purpose.
herefore there is a need for well characterised surfaces to provide
he basis for a robust biosensor measurement platform.

The detection system used in this study is based on an opti-
al biosensor that uses dual polarization interferometry (DPI) to
easure the opto-geometrical properties of biomolecules at the

ensor surface (Cross et al., 2003). Uniquely, this biosensor technol-
gy permits analysis of thickness and density changes in addition
o the mass changes occurring as layers are deposited at the sensor
urface (Karim et al., 2007). In the present work we describe the
evelopment and characterisation of a sensor surface to monitor
ioreactor performance during production of a fragment antibody
Fab′). Biotin tagged Protein G (b-ProG) is utilised as the bio-
ecognition layer for the detection of Fab′ (Lian et al., 1994) and this
ayer is attached to the sensor surface using NeutrAvidinTM (NA),

hich is itself attached to the surface via an immobilised biotin
inker layer. During the development of the sensor surface designed
or this application, a series of surface characterisation techniques
ave been employed to understand the structure and functionality
f each layer. High resolution chemical characterisation techniques
ncluding X-ray photoelectron spectroscopy (XPS) and secondary
on mass spectrometry (SIMS) have been employed off-line to anal-
se the chemical composition and distribution of the intermediate
hemical layers. XPS has been used previously to provide valuable
nformation on the conformation and behaviour of sensor surface
ayers (Damodaran et al., 2010a,b). The ability of DPI to enable real-
ime evaluation of layer structure has been exploited to allow the
orrelation of the structural features of each layer with its activity.

The data acquired describes the complex relationship between
ensor layers showing how the choice of linker in the intermediate
iotin layer affects both the binding activity of the final ProG layer,
nd the extent of non-specific binding (NSB) observed when biore-
ctor samples are measured. The advantages gained by elucidating
nd quantifying the key parameters that affect these performance
etrics gives rise to a biosensor with a robust and reproducible

urface structure and performance based on rational design, rather
han derived from empirical testing. This demonstrates the impor-
ance of fully understanding the physico-chemical aspects of layer
ormation during biosensor development.

. Materials and methods

.1. Materials

All chemicals were of analytical grade. Phosphate buffered saline
ablets (PBS, pH 7.4), methanol, HCl, H2SO4, Analar grade iso-propyl

lcohol (IPA), N-[3 (trimethoxysilyl)propyl]ethylenediamine,
-aminopropyltriethoxysilane and Tween 20 were supplied
y Sigma. EZ-Link Sulfo-NHS-LC-biotin [sulfosuccinimidyl-6-
biotinamido) hexanoate] and EZ-Link NHS-(PEG)4-biotin were
rom Pierce (Cramlington, UK). Biotinylated Protein G (b-ProtG)
ectronics 26 (2011) 2940–2947 2941

and NeutrAvidinTM (NA) were also purchased from Pierce
(Cramlington, UK).

2.2. Dual polarization interferometry (DPI)

DPI permits the real time label-free measurement of changes in
thickness and refractive index (RI) of materials up to 100 nm thick
on the surface of a siliconoxynitride glass waveguide probed with
a 632.8 nm laser (Cross et al., 2007, 2003). In addition, the RI mea-
surement reflects the density of protein packing on the surface, and
combined with the thickness yields a value for the mass per unit
area (henceforth referred to as “mass” in ng/mm2). All DPI mea-
surements were performed on a dual channel AnaLight® (Farfield
Group, Manchester, UK) at 20 ◦C.

2.3. DPI chip cleaning and silanisation

Acid cleaned chips were first immersed in methanol/HCl (aq.
37%) (50:50% v/v) for 10 min with gentle agitation including 5 s in an
ultrasonic bath followed by washing in pure water (Elga HiQ). They
were then soaked in conc. H2SO4 for 30 min, rinsed in pure water,
blown dry in a nitrogen stream and dried in an oven at 110 ± 10 ◦C
for 30 min (under vacuum for 10 min). Once cleaned, chips were
allowed to cool under ambient conditions.

UV/ozone cleaned chips were washed in IPA, sonicated briefly
to remove debris, then dried in a nitrogen stream and placed in a
UV/Ozone Procleaner (Bioforce Nanosciences) for 20 min.

Chips were silanised with amino silanes immediately after
cleaning. This was performed by soaking them (in a vacuum dried
Teflon chip holder) for 1 h in a closed container of IPA, containing
4% silane by volume (made up of 33% 3-aminopropyltriethoxysilane
and 66% N-[3-(trimethoxysilyl)propyl]ethylenediamine). The chips
were then rinsed with IPA (without the surface drying between
washes), dried in a nitrogen stream and cured in an oven at
110 ± 5 ◦C for 30 min.

2.4. Preparation of NeutrAvidinTM surface functionalised with
biotinylated Protein G

A glass waveguide (FB 80, Farfield Group, Manchester, UK), func-
tionalised with amine groups was mounted in the DPI instrument,
and PBS flowed over the surface at 50 �l/min. Once the baseline sen-
sor response had stabilised, ethanol/water (80% w/w) was flowed
over the sensor for 30 s, followed by PBS and the baseline allowed
to stabilise (this was repeated as necessary to ensure that any trace
surface contamination or bubbles were removed). Elga HiQ pure
water was injected for 30 s to allow the waveguide structure to
be calibrated and to determine the RI of the buffer solution. To
biotinylate the amine surface, 180 �l of either NHS-(PEG)4-biotin
or sulfo-NHS-LC-biotin (4 mg/ml, dissolved in PBS) was injected
over the sensor surface at 15 �l/min and the sensor surface was
then rinsed with PBS for 10 min. Loops were thoroughly washed
with 50:50 (v:v) ethanol:water to remove any residual linker. Next
180 �l of NA (40 �g/ml) was injected over the biotinylated waveg-
uide surface at a flow rate of 30 �l/min. Once the response had
stabilised, 180 �l of b-ProG (50 �g/ml) was injected over the NA
surface at 30 �l/min. Upon re-attaining a stable baseline, the run-
ning buffer was changed to PBS containing 0.05% (v/v) Tween 20
(PBS-T), and the baseline allowed to re-stabilise.

2.5. Fab′ detection
2.5.1. Biosensor calibration and detection
Fab′ was purified, as described elsewhere (Bowering et al.,

2002), and used to calibrate the biosensor. A stock solution of Fab′

(3.96 mg/ml) was diluted in PBS-T to produce samples 1.5 �g/ml to



2942 J.D. Moore et al. / Biosensors and Bioelectronics 26 (2011) 2940–2947

F he co
b t of N
o rotein

1
f
o
r

b
f
(
a
1
P
w
r
t
w

2

l
i
f
P
d
9
s
s
s
o
f
f

2

2

2
o
g

ig. 1. Schematic of the biosensor surface layers. Schematic illustration showing t
ound to the silicon oxynitride (SiOxNy) waveguide surface. (ii) Covalent attachmen
f NeutrAvidinTM (NA) via biotin-avidin binding site. (iv) Non-covalent capture of P

000 �g/ml. Aliquots (100 �l) were injected over the sensor sur-
ace at 100 �l/min which was regenerated using 50 �l injections
f 20 mM di-sodium hydrogen ortho-phosphate (pH 2.5) at a flow
ate of 50 �l/min.

Product leakage to the extracellular medium was measured
y taking regular samples over the period of product formation
ollowing induction with isopropyl �-d-1-thiogalactopyranoside
IPTG). Fermentation broth samples (2vmL) were spun for 20 min
t 13,000 rpm (Eppendorf 5415R centrifuge, Eppendorf UK, Ltd.) at
5 ◦C. The supernatant portion was aspirated, diluted 4-fold with
BS-T and injected over the sensor surface for 1 min at 100 �l/min,
ith intervening 50 �l injections of regeneration solution at a flow

ate of 50 �l/min. Three separate samples were measured for each
ime point and results were analysed using the DPI explorer soft-
are.

.5.2. Spike and recovery assay
The spike and recovery assay was performed using extracel-

ular medium extracted from the fermentation broth 2 h after
nduction of product. Extracellular medium was used in its crude
orm (undiluted) or diluted either 2-fold or 4-fold using PBS-T.
urified Fab′ was added to each sample as well as the standard
iluent buffer (PBS-T) to final concentrations of 0 �g/ml, 27 �g/ml,
7 �g/ml and 197 �g/ml. Samples were injected over the sensor
urface as described above and the sensor response recorded. Sen-
or responses were converted into Fab′ concentrations using the
tandard curve and the percentage recovery calculated. Low levels
f ‘endogenous Fab′ in the extracellular medium were accounted
or by subtracting the signal from the 0 �g/ml Fab′ spike samples
rom that of the other spiked samples.

.6. Fermentation
.6.1. Strain and plasmid
The industrial Escherichia coli (E. coli) strain W3110 (ATCC

7325) pre-transformed with plasmid pTTOD A33 IGS2 was gener-
usly provided by UCB Celltech (Slough, UK). The pTTOD A33 IGS2
enerate A33 antibody fragments (Fab′) under specific control of
mposition of the sensor surface. (i) 3-Aminopropylsiloxane (APS) layer covalently
HS-(PEG)4-biotin to APS layer via terminal amine group. (iii) Non-covalent capture
G (ProG) via a biotin tag.

the tac promoter. A working cell bank was prepared as described
elsewhere (Bowering et al., 2002).

2.6.2. E. coli fermentation
The protocol utilised for the cultivation of pTTOD A33 has been

reported previously (Tustian et al., 2007). An Applikon 20 l fer-
menter was used instead of an LH 2000 series fermenter. The
culture was sampled at various points up to 30 h after addition of
the IPTG.

3. Results and discussion

3.1. Surface cleaning and silanisation

As depicted in the schematic shown in Fig. 1 the first stage of
sensor preparation was the propyl amine-silanisation of the silicon
oxynitride waveguide surface. In order to deposit a uniform and
reproducible layer of functionalised propyl amine silane on the DPI
chip surface it is necessary to expose the hydroxyl reactive groups,
which are typically masked by the unwanted deposition of organic
compounds (Cras et al., 1999). DPI chips were subjected to two dif-
ferent cleaning procedures, acid wash or a UV/ozone clean, and then
analysed using contact angle measurements and XPS (descriptions
of the contact angle, XPS and SIMS methods can be found in supple-
mentary information). Initially, SIMS analysis was also used to try
and identify any contaminating molecule. Measurements indicated
the presence of polydimethylsiloxane (PDMS) across large parts
of the chip surface after either type of cleaning procedure (data
not shown). PDMS is a common surface contaminant and typically
transfers from certain packaging such as gel packs. Consequently
the original packaging was exchanged for polypropylene wafer con-
tainers (Fluoroware®, Entegris, Bellerica, MA) and post-cleaning,

PDMS surface contamination was no longer observed. It was impor-
tant to ensure surfaces were free of PDMS to first allow the chemical
measurements of the surfaces to be comparable and not biased by
contamination and secondly to minimise any unwanted interac-
tions between the PDMS and protein biolayers.
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Fig. 2. XPS analysis of the sensor surface after cleaning and derivitization. (a) Repre-
sentative XPS survey spectra of DPI sensor chips after either acid wash or UV/Ozone
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leaning. (b) The relative amounts of key atomic species in the XPS survey spectra
or unmodified and amine modified chips after either acid wash or UV/ozone clean-
ng. Error bars represent 1 standard deviation. Data for each element represents the
verage of values derived from 4 separate areas on each sensor surface.

As expected, XPS survey spectra of the surfaces indicated that
he UV/ozone cleaning procedure resulted in far less contamination
y carbon based material, as indicated by a smaller C1s peak (Fig. 2a
nd b). The contact angle measurements of the cleaned surfaces
rovide supporting evidence that the UV/ozone cleaning procedure

s superior in removing hydrocarbon deposits. The contact angle of
he unmodified DPI chip surface was 78 ± 1.5◦, decreasing to 32 ± 4◦

fter the acid wash and was below the measurement limit of the
nstrument (<5◦) after the UV/ozone clean.

XPS analysis of the same chips after silanisation showed an
ncreased N1s signal (above that present from the nitrogen in the
iOxNy waveguide), which could be attributed to the presence
f amino silane. Comparison of UV/ozone and acid washed chips
onfirmed this increase was greater after UV/ozone cleaning as
xpected. This is shown in Fig. 2b.

.2. Biotin attachment and biolayer deposition

It has been shown previously that surface attachment of strep-
avidin via common chemical methods such as amine coupling
eads to a more heterogeneous and less structured layer than that
bserved for capture via a biotin linker (Su et al., 2005). The same
nvestigators also showed that the structure of the streptavidin
ayer could affect the density and orientation of an additional

iolayer. For this reason it was important to determine the opti-
al method for the immobilisation of the equivalent intermediate

iolayer for the sensor surface described here. The related pro-
ein, NeutrAvidinTM (NA), which has lower nonspecific binding
roperties than streptavidin, was used in the development of this
ectronics 26 (2011) 2940–2947 2943

sensor surface. For reasons discussed above covalent attachment
of NA was not considered and instead, two methods of biotin
attachment were explored. The coupling reagents sulfo-NHS-LC-
biotin and NHS-(PEG)4-biotin were assessed for their suitability
as intermediate chemical layers (stage ii in Fig. 1). Sulfo-NHS-
LC-biotin contains a hydrophobic, 5-carbon chain spacer between
the biotin and NHS groups, whereas NHS-(PEG)4-biotin contains a
hydrophilic polyethylene glycol (PEG) spacer arm.

The ability of each of the biotin layers to successfully capture
and organise the intermediate NA biolayer and how well the sub-
sequent b-ProG layer was orientated was assessed, in situ, using
DPI measurements. Controlling and optimising the orientation of
the final b-ProG layer was key to ensuring an active and robust sen-
sor surface. As will be discussed below, differences in the NA and
b-ProG layers were observed depending on which type of biotin
layer was used.

Analysis of the deposition of NHS-(PEG)4-biotin and sulfo-
NHS-LC-biotin based on multiple chip preparations indicated
that the layers formed by these two reagents were similar. The
NHS-(PEG)4-biotin formed a layer with mean values (n = 18) for
thickness, mass and density of 0.64 ± 0.13 nm, 0.39 ± 0.05 ng/mm2

and 0.62 ± 0.11 g/cm3 respectively. The corresponding mean val-
ues (n = 14) for the sulfo-NHS-LC-biotin layer were a thickness of
0.49 ± 0.20 nm at a mass of 0.34 ± 0.11 ng/mm2 and a density of
0.75 ± 0.19 g/cm3.

Whilst the mass values for the different biotin linkers were
similar, contact angle measurements revealed different hydropho-
bicities. Variations in hydrophobicity have been shown to affect the
stability and organisation of protein layers on surfaces in applica-
tions such as micro arrays (Feng et al., 2007; Haward et al., 2010;
Roach et al., 2006). The contact angles for the two biotin layers
showed that using NHS-(PEG)4-biotin (74.1 ± 2.4◦) produced a sig-
nificantly more hydrophilic surface than using sulfo-NHS-LC-biotin
(91.1 ± 1.2◦).

The different spacer chains appeared to make a considerable
difference to the properties of the captured NA layers (stage iii in
Fig. 1). Capture by the (PEG)4-biotin surface resulted in an aver-
age NA layer thickness measured at 8.90 ± 1.03 nm with an average
mass of 3.65 ± 0.38 ng/mm2, whilst NA capture via LC-biotin pro-
duced an average layer thickness of 7.33 ± 1.53 nm with an average
mass of 2.72 ± 0.70 ng/mm2. Thus the flexible, hydrophilic PEG
spacer allows considerably more NA to bind. Addition of NA to
either biotin layer resulted in a combined layer density that was
lower than the corresponding biotin layer alone. This result indi-
cated that regardless of spacer chemistry used the NA was more
than likely positioned on top of the biotin layers.

Subsequent addition of b-ProG (stage iv in Fig. 1) produced
very different results as exemplified in Fig. 3a and b. Addition
of b-ProG to the (PEG)4-biotin/NA surface resulted in a mean
(n = 10) thickness increase of 0.89 ± 0.40 nm and an accompanying
mass increase of 0.56 ± 0.13 ng/mm2. The density of the combined
(PEG)4-biotin/NA/b-ProG layers was nearly identical to that of the
combined (PEG)4-biotin/NA layer. When b-ProG was added to the
LC-biotin/NA surface, however, the result was more variable, but
showed on average a decrease in thickness of 0.26 ± 0.37 nm with a
mean mass increase of 0.30 ± 0.14 ng/mm2 (54% that of the (PEG)4-
biotin/NA layer) and corresponding density increase. In addition
the changes in the combined layer densities observed for the two
surfaces demonstrates that for the (PEG)4-biotin/NA surface the
b-ProG is orientated on top of the intermediate layers, whilst in
the case of the LC-biotin/NA surface the b-ProG location is more

variable, often burying itself within the LC-biotin/NA layers.

Fab′ binding experiments (100 �g/ml in PBS-T) were con-
ducted using the LC-biotin and (PEG)4-biotin derived ProG surfaces.
The (PEG)4-biotin derived ProG surface produced very consis-
tent responses (0.681 ± 0.045 rad, % CV = 6.6), whilst the LC-biotin
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ig. 3. Analysis of the deposition of biotin linkers and protein overlayers on the sen
-ProG on a sensor surface modified using sulfo-NHS-LC-biotin (a) and NHS-(PEG)4

hase response data (units = rad) was converted into mass data (units = ng/mm2) us

erived surface gave highly variable sensor responses, which on
verage were 68% lower than those of the (PEG)4-biotin derived
urface (0.22 ± 0.11 rad, % CV = 55). In addition regeneration of
he LC-biotin derived surface after Fab′ binding was highly vari-
ble, often stabilising at much lower values than that of the
re-measurement baseline signal indicating loss or significant rear-
angement of components of the multi-layer sensor surface.

Interestingly, the mass and thickness values for the (PEG)4-
iotin/NA layer suggest there is a degree of castellated NA layer
ormation. This is borne out by the relatively low area per molecule
alue of 27 nm2. In addition, consideration of the stoichiometry of
he NA–b-ProG interaction, together with the thickness increase on
inding b-ProG, suggests that only the upper layer of NA is avail-
ble for binding. The molecular weight of NA is 60 KDa and that of
roG is 22.6 KDa, thus the mass change equates to there being 1
olecule of ProG captured per 2.35 molecules of NA, with a well

paced area per molecule for the ProG of 63 nm2.
Having determined that NHS-(PEG)4-biotin provided the best

ntermediate chemical layer for the addition of the subsequent bio-
ayers, we went on to establish what degree of surface coverage

as being achieved for this layer. Surface coverage is often over-
ooked during sensor surface development. To ensure robust sensor
erformance is achieved, however, reproducibly high surface cov-
rage must be realised alongside high levels of homogeneity. Poor
urface coverage and layer inhomogeneity can lead to NSB at the
ensor surface and increases in the variability of the signal.

Calculating the surface coverage can be done in several different
ays depending on the definition of 100% coverage. The maximum

onceivable value, consisting of a layer of solid (PEG)4-biotin with a
hickness corresponding to its extended chain length (2.9 nm), can
e determined using the RI of solid PEG (1.5, Piehler et al., 2000) and
ould yield a percentage surface coverage of 17%. However using

n extended conformation for the calculation in this case may not
e realistic as the PEG contains a hydrophobic terminal biotin which

s more likely to minimise its exposure to the aqueous phase. This
allies well with the measured RI and thickness of the (PEG)4-biotin
ayer using DPI of 1.45 and 0.64 nm respectively. Whilst thicker and
ess dense than obtained for the entirely hydrophobic LC-biotin it
learly indicates the molecules are prone or looped on the surface.
hus setting 100% coverage to equate to an RI of 1.5 (the maximum
ossible value), in the measured prone orientation the measured
I of 1.45 corresponds to a surface coverage of 72% or area per
olecule of 2.0 nm2.
To supplement the DPI data on surface coverage, a number
f in situ prepared chips were analysed using SIMS to determine
he homogeneity of the (PEG)4-biotin layer SIMS mapping of a
mm × 4 mm area on the sensor surface was performed to look for

he presence and distribution of the characteristic HS− anion from
iotin and the CNO− anion indicative of amide bond formation.
rface. DPI sensorgrams showing the sequential addition of NeutrAvidinTM (NA) and
(b). Changes in mass, density and thickness at the surface are shown. The raw Tm

refractive index increment of 0.183 cm3/g.

As described in the supplementary information, the SIMS mapping
was performed using a Bi3+ primary ion beam with a 5 �m spot size.
The sample was rastered over 4 mm × 4 mm using 64 × 64 individ-
ual positions. Thus, the images in Fig. 4 are constructed from 4096
individual 5 �m SIMS analyses, spaced by 62.5 �m in a square array.

The total secondary ion count image (Fig. 4a) shows that the
measured sensor area is homogenous and generally free from salt
contamination. The even distribution of the CNO− anion intensity
(Fig. 4b) across the area analysed indicates that the immobilisation
of the (PEG)4-biotin reagent is homogeneous at the measured res-
olution. For the HS− anion (Fig. 4c) the mean counts/pixel is 8, for
which we expect 2� variation of ∼6. Thus the homogeneity of the
HS− anion signal is difficult to establish at this level of sensitivity.
The images are consistent, however, with a homogeneous distribu-
tion and show no evidence of large-scale localisation of areas with
high HS− concentration.

3.3. Analytical performance of the sensor

The analytical performance of the sensor surface was initially
assessed using purified Fab′ in PBS Tween 20 buffer (PBS-T).
The change in sensor response was plotted as a function of
Fab′ concentration to produce a calibration curve and was fit-
ted using a non-linear regression analysis (standard 4 parameter
dose response curve) (Fig. 5a). As is often the case for bioassays
the calibration curve exhibits heteroskedasticity (a non-uniformity
in the variances across the range of Fab′ concentrations tested).
The analytical range of the sensor was shown to be between 10
and 1000 �g/ml of Fab′ and the limit of detection (LOD) for the
purified Fab′ in buffer was 1.7 �g/ml. This detection limit cor-
responds to 3.4 × 10−12 molecules of Fab′ in the sample volume
injected over the sensor (100 �l). The surface robustness was
tested by performing multiple Fab′ injection/regeneration cycles
(n = 21). Fab′ injections (100 �g/ml in PBS-T) over the sensor sur-
face resulted in reproducible binding responses (average sensor
response = 0.69 ± 0.03 rad), whilst ∼100% regeneration was con-
sistently achieved after each regeneration step (average sensor
response after regeneration = 0.0013 ± 0.0002 rad).

Testing of the biosensor using purified Fab′ in a simple buffer
matrix provided important performance data for the sensor sur-
face during the optimisation process. However, the final application
of the new sensor required that it quantitate the same analyte
within a sample matrix containing components from the cell cul-
ture medium. To assess the impact of the fermentation broth

sample matrix on the performance of the biosensor, spike and
recovery tests were performed. The fermentation broth was used at
three levels of dilution (undiluted, 2-fold diluted and 4-fold diluted)
and was spiked with three concentrations of Fab′, low (27 �g/ml),
medium (97 �g/ml) and high (197 �g/ml). Table 1 compares the %
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Fig. 4. SIMS images of the sensor surface after addition of the NHS-(PEG)4-biotin
linker. SIMS images showing the distribution of (a) total secondary ion count; (b)
CNO− (M: 42.02); (c) HS− (M: 33.07). The two darker bands running vertically in
image (a) are due to the sensing regions of the DPI waveguide. The cladding and
sensing regions have different secondary ion yields.

Table 1
Biosensor spike and recovery of Fab′ in fermentation broth.

Sample Spike level (�g/ml) aExpected c

4-Fold diluted
fermentation broth

Low (27) 29.6 ± 1.2
Med (97) 85.9 ± 0.5
High (197) 154.6 ± 2.2

2-Fold diluted
fermentation broth

Low (27) 29.6 ± 1.2
Med (97) 85.9 ± 0.5
High (197) 154.6 ± 2.2

Undiluted
fermentation broth

Low (27) 29.6 ± 1.2
Med (97) 85.9 ± 0.5
High (197) 154.6 ± 2.2

Expected and observed Fab′ concentrations measured using the biosensor after spiking in
values for each spike level are also shown. Each value represents the average of 3 measur

a The expected concentrations are determined by conversion of the raw biosensor res
(PBS-T).
ectronics 26 (2011) 2940–2947 2945

recoveries obtained for these samples. The results indicate that the
biosensor performs satisfactorily when broth samples are diluted
4-fold using the standard diluent (PBS-T), however the % recover-
ies for both the undiluted and 2-fold diluted broth samples indicate
that for these samples, components within the sample matrix are
compromising the biosensor response. Interestingly, for all types
of broth sample used (undiluted, 2-fold diluted and 4-fold diluted),
complete regeneration of the sensor surface was achieved indicat-
ing that the differences in the % recoveries are most likely due
to sample matrix components interfering with the analyte itself,
rather than irreversibly inactivating the sensor surface.

3.4. Detection of Fab′ leakage from cells in an E. coli fermentation
run

The fully characterised sensor surface was used to successfully
carry out monitoring of a 20 l, E. coli, fed-batch fermentation run
producing the Fab′ of interest. The sensor was used to measure the
onset of leakage of Fab′ product from the E. coli cells after induction.
For the purpose of the test the fermentation run was allowed to pro-
ceed beyond the time point when Fab′ leakage had been detected,
and samples were harvested for testing up to 30 h after induction.
Normally detection of the onset of Fab′ leakage would prompt the
immediate cessation of the fermentation run and the cells would
be harvested thereby minimising product loss and degradation.

As described above, all fermentation broth samples had to
be diluted 4-fold using the running buffer PBS-T before analysis.
Assessment of neat broth and other dilutions had shown this was
the minimum dilution necessary to ensure that the extracellular
components did not significantly affect the sensor’s performance.
This dilution factor is similar to that used for other at-line monitor-
ing sensors (Jacquemart et al., 2008).

Despite the high levels of non-target proteins and other bio-
logical material present in the broth samples, increasing Fab′

concentration in the extracellular medium was detected with high
signal-to-noise and regeneration of the sensor surface was found to
be sufficient for broth samples up to 30 h post-induction (Fig. 5b).
Measurement of broth samples beyond this time were hampered
as the sensor surface could no longer be fully regenerated indi-
cating partial fouling of the surface. In parallel studies of the later
stages of fed-batch fermentations using this E. coli strain, increases
in the viscosity of the extracellular medium and the appearance of a
higher quantity of particulate matter (diameters of ∼0.1 �m) have
been observed, indicating accelerated cell breakage and release
of intracellular components such as DNA (unpublished results).

The presence of cellular debris, not removed by centrifugation and
released DNA may well be the cause of the increased sensor surface
fouling observed after 30 h post-induction.

Critically, however, the onset of Fab′ leakage was detected much
earlier than this, from 2 h onwards, when sensor performance

onc. (�g/ml) Observed conc. (�g/ml) Recovery (%)

24.4 ± 2.7 82.4 ± 9.5
71.3 ± 3.7 83.0 ± 4.0

137.9 ± 5.9 89.1 ± 3.7
15.9 ± 2.9 53.7 ± 10.0
56.1 ± 2.2 65.3 ± 2.6
92.7 ± 1.9 60.0 ± 1.5
12.9 ± 2.8 43.5 ± 9.5
40.5 ± 3.4 47.1 ± 4.0
80.2 ± 5.1 51.9 ± 3.4

to undiluted, 2-fold diluted and 4-fold diluted fermentation broth. The % recovery
ements and the errors are 1 standard deviation.
ponse using the standard curve for analyte spiked into the standard diluent buffer
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Fig. 5. Biosensor performance in standard buffer and analysis of a fermentation run. (a) Steady state binding response of biosensor for purified Fab′ (1.5–1300 �g/ml) in
PBS-T buffer. All data points represent triplicate measurements and error bars represent 1 standard deviation. Curve fitting was performed using a four-parameter sigmoidal
dose-response equation using non-linear regression analysis (Origin v7, OriginLab). (b) Response observed on the active channel after injection of diluted broth samples
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ackground signal for broth samples (30 min post induction Fab′ expression levels
hich the biosensor can robustly detect Fab′ in the extracellular medium. (This thr

nd surface regeneration have been shown to still be appropriate
Fig. 5b). The threshold signal indicating Fab′ leakage was validated
t 0.020 rad for the sensor surface. This value represents the 95th
ercentile above background provided by analysis of the 30 min
ost-induction broth samples (n = 9). It was not possible to use
re-induction broth samples to estimate the background signal
ue to the fact that certain components within the extracellular
edium caused inactivation of the sensor surface. Upon induction

hese components are rapidly metabolised by the cells as they over
xpress the protein such that shortly after induction (∼30 min)
heir concentration within the broth drops to levels permitting

easurement.
In addition, to understand the effects of the sample matrix on the

iosensor’s performance it was important to ensure that the matrix
sed for the background measurements was representative of that

n which the Fab′ was present. Because large changes in the matrix
re observed in the short time period before and after induction
t is inappropriate to use pre-induction samples as the basis for
stimating the background signal (Huisman and Zambrano, 1996;
olter et al., 1993).

Individual measurements, including sample injection, signal
ollection and sensor surface regeneration could be performed in a
min time period. This compares favourably to a typical reference
PLC method, which takes ∼7 min to analyse a single sample and

s roughly equivalent to the response time for an optical biosen-
or developed previously, which used initial rate determinations
o monitor analyte concentrations (Holwill et al., 1996). Although
his biosensor, like all surface-based affinity sensors, cannot be used
or continuous monitoring due to the need for surface regenera-
ion, the measurement turnaround time is sufficiently fast to enable
ear-continuous analysis of the fermentation process.

It is clear that the rate of product loss due to leakage from
he cells’ periplasmic space increases after 20 h post-induction.
his observation is in agreement with the findings of a previous
eport on the leakage rates of Fab′ from E. coli in high and low car-
on source feed rate, fed-batch fermentation systems (Backlund
t al., 2008). In the first 20 h after induction the Fab′ concentration
etected in the extracellular medium rose to 60 mg/l, and increased
ore rapidly in the following 10 h to 294 mg/l. At this 30 h time

oint the level of Fab′ in the medium represents roughly 35% of the

ypical total protein concentration (835 mg/l) for this expression
ystem (personal communication); a significant amount of prod-
ct loss. Understanding the degree and rate of product loss is of
ritical importance to selecting the best harvest point for these
ioprocesses.
nt surface regeneration (open triangles). Each data point represents the average of
isible they are hidden by the data point). The horizontal dotted line represents the
solid, horizontal line corresponds to the cut off signal level for Fab′ leakage above
value represents the 95 percentile above background.)

4. Conclusions

A DPI based sensor surface has been developed that enables
direct monitoring of the leakage of Fab′ from E. coli during fed-batch
fermentation. In this study, we have shown how DPI can be used
alongside surface chemical analytical techniques to scrutinise and
understand the properties and activity of each layer on the sensor
surface.

The structural properties and activity of the sensor’s biolayers
were shown to be critically dependent on the type of biotin linker
used. Analysis of the thickness and density changes observed during
the deposition of the NA and b-ProG layers on the two biotin linker
layers allowed the differences in sensor activity to be understood
and explained in terms of the geometry of these layers.

The biosensor has been shown to be sensitive down to 1.7 �g/ml
of Fab′ with low interference due to non-specific binding (NSB) and
good percentage recovery in 4-fold diluted broth. Routine analysis
of fermentation broth samples has been demonstrated and leak-
age of Fab′ material into the extracellular medium was successfully
monitored over the duration of the fermentation process. In addi-
tion data from the biosensor has identified a distinct change in the
rate of Fab′ leakage 20 h post-induction, pre-empting higher rates
of product loss over the remainder of the fermentation run.

This study has shown the importance of the underlayer prop-
erties on biosensor performance and has shown how the use of
chemical and biological analysis of each sensor layer facilitates
rapid development of an optimised biosensor for use in com-
plex matrices. The work described here focussed on bioprocess
monitoring, however, the principles we have explored are rele-
vant to many biosensors employing multi-layer sensing surfaces
for detecting analytes within other complex matrices such as
serum.
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