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Introduction

Detection of leukemia markers using long-range
surface plasmon waveguides functionalized with
Protein Gf

O. Krupin,*@ C. Wang® and P. Berini*c9®

A novel optical biosensor based on long-range surface plasmon-polariton (LRSPP) waveguides is demon-
strated for the detection of leukemia markers in patient serum using a functionalization strategy based on
Protein G. The sensor consists of thin straight Au waveguides (5 pm x 35 nm x 3.2 mm) embedded in
fluoropolymer CYTOP™ with a fluidic channel etched into the top cladding. B-cell leukemia is character-
ized by a high B-cell count and abnormal distribution of immunoglobulin G kappa (IgGk) and lambda (IgGA)
light chains in serum. The detection of leukemic abnormalities in serum was performed based on deter-
mining lIgGk-to-IgGA ratios (k:1). Three patient sera were tested: high kappa (HKS, x:1 ~12.7:1), high
lambda (HLS, 1:k ~6.9:1) and normal (control) sera (NS, k: 1 ~1.7:1). Au waveguides were functionalized
with Protein G and two complementary immobilization approaches were investigated: a) the reverse
approach, where the Protein G surface is functionalized with patient serum and then tested against goat
anti-human IgG light chains in buffer, and b) the direct approach, where the Protein G surface is function-
alized with goat anti-human IgGs first and then tested against patient serum. The reverse approach was
found to be more effective and robust because Protein G-functionalized surface performs as an “immuno-
logical filter” by capturing primarily 1IgGs out of the pool of serum proteins. For the reverse approach, the
ratios measured were 3.7:1(k:2), 9.7:1(A: k) and 1.9 : 1(x : &) for HKS, HLS and NS, respectively, which com-
pare favorably with corresponding protein densitometry measurements. The respective ratios for the direct
approach were 2.6:1(k:2), 2.6:1(L:x) and 1.7:1(k:A). The binding strength and cross-reactivity of goat
anti-human IgGs light chains were also determined using pure solutions. The LRSPP biosensor along with
the innovative “reverse approach” can provide a low-cost and compact solution to B-cell leukemia
screening.

include complex procedures such as blood cell morphology,
bone marrow biopsy or flow cytometry. While the normal

B-cell tumors such as Waldenstrom's disease, plasma cell
neoplasms, chronic lymphocytic leukemia (CLL) and lympho-
mas, are often associated with monoclonal immunoglobulin
production. Currently, there is no standard procedure for
early leukemia detection,' and most of the diagnostic tests
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immunoglobulin G (IgG) kappa-lambda light chain ratio in
serum ranges from 1.4-2:1,> due to overproduction of mono-
clonal IgGs in B-cell tumors, either lambda or kappa immu-
noglobulins can dominate. Recent studies in this area
suggested the possibility of detecting B-cell tumors based on
the proportion of immunoglobulin kappa (IgGk) and lambda
(1gGA) light chains in serum.*™ In addition, it has been
shown that patients with an abnormal light chain ratio are
prone to more aggressive disease progression and require
early treatment.” Traditional tests for the IgGk : IgG) ratio are
serum or urine protein electrophoresis (SPE, UPE) and turbi-
dimetric methods such as densitometry. Although these
methods may be satisfactory, there are existing problems.
One example is the case where immunoglobulin bands overlie
other proteins (such as transferrin) and are detectable only by
immunofixation electrophoresis (IFE), which is nonquantitative.®
Thus, new methods of immunoglobulin light chain detection in
serum are of interest.
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Optical biosensors have become appealing in the past 20
years due to their ability to quickly detect biomolecules in
real-time without prior labeling. Other additional benefits
such as the small consumption of analytical ingredients and
no requirements for well-trained personnel make optical bio-
sensors competitive to common clinical diagnostic tech-
niques such as ELISA, flow cytometry or bacterial culture.
Still, the main current application of optical biosensors
remains in the pharmaceutical field, where kinetics extrac-
tion of biomolecular interactions is the main interest.” The
field of optical biosensors is currently dominated by the
methods of surface plasmon resonance (SPR), which utilizes
the Kretschmann-Raether configuration.®®

Long-range surface plasmon-polaritons (LRSPPs) are sur-
face plasmon waves that can propagate over appreciable
lengths along a thin metal slab or stripe, bounded by dielec-
trics of similar refractive index (RI), upon optical excitation."’
The LRSPP propagation length can extend to centimetres,
whereas that of single-interface SPR is ~80 pum, so the former
provides a longer interaction length with the sample to be
measured leading to high-sensitivity."" The LRSPP field pene-
tration depth is ~1 um, and is significantly larger than that of
SPR (~200 nm), which provides advantages when sensing
large objects such as cells. Furthermore, a thicker layer of
hydrogel dextran matrix can be deposited on the waveguide
to capture more analyte thus further increasing the sensitivity
of an LRSPP sensor.

LRSPP wave propagation along a metal stripe requires that
the top and bottom dielectrics serving as claddings have sim-
ilar refractive indices. Since most biological solutions are
aqueous and have a low RI (~1.32), low-RI polymers such as
CYTOP (Asahi) and Teflon (Dupont) have been utilized as a
bottom cladding to maintain optical symmetry.'>**

LRSPPs have been investigated for biosensing by modify-
ing an SPR prism-based sensor with Teflon, demonstrating
increased sensitivity for bulk RI sensing,'”> showing a 5.5-fold
increase in sensitivity for E. coli detection," and in studying
the effect of toxins on HEK-293 cells."® Due to wave confine-
ment in the plane transverse to the direction of propagation,
various waveguide configurations such as Y-junctions,
S-bends and Mach-Zehnder Interferometers (MZIs) can be
constructed.'”'® Au MZIs with one etched arm have been suc-
cessfully demonstrated for bulk sensing."

The LRSPP biosensor described in this paper consists of a
straight Au waveguide (SWG) embedded in CYTOP with a flu-
idic channel etched into the top cladding to expose the top
surface of the Au stripe.”® The LRSPP wave can be excited by
butt-coupling an optical fibre to the waveguide input allowing
the sensor to be potentially miniaturized. Our LRSPP sensor
has been previously demonstrated for the detection of RI
changes in bulk solutions and non-specific bovine serum
albumin (BSA) adsorption.”® Immunological detection of
human red blood cells based on the ABO group demon-
strated a limit of detection (LOD) one order of magnitude
lower than SPR.>> Dengue infection detection in patient
plasma showed similar and better results compared to
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ELISA.>> We also demonstrated the detection of Gram-
negative and Gram-positive bacteria in urine.* In addition,
the sensitivity’ and optimization®® of SWG LRSPP sensors
has been investigated.

Non-metallic waveguides have also been used for bio-
sensing applications.””>° However Au is a preferred surface
for biosensing because it is chemically stable, it is the most
studied, and it can be easily functionalized with sensing
chemistries, especially thiol-based.*”

Protein G is a streptococcal protein that has a strong affin-
ity to the crystallizable fragment (Fc) of IgG and is commonly
used for the purification of immunoglobulins. This property
of Protein G becomes even more valuable for planar biosen-
sors where the reacting immunoglobulins orient themselves
“upward” thus exposing the fragment antigen-binding site
(Fab) to the flowing solution carrying analyte. The application
of Protein G for Au surface functionalization with IgG has
been well-studied in SPR sensors. Different strategies have
been explored for Protein G attachment to Au surface such as
covalent attachment to alkanethiol self-assembled monolayer
(SAM).*' However, the simple adsorption of Protein G on Au
at room temperature through Au-N interactions has also
been shown to be successful for IgG functionalization,** and
the kinetics of this interaction has been studied using SPR.*?

The purpose of this study is to demonstrate the ability of
LRSPP waveguide sensors to detect abnormalities in immu-
noglobulin kappa-lambda ratios in leukemic patient sera.
Protein G surface functionalization was used for capturing
IgGs. Experiments with pure analytes were performed as a
proof-of-concept followed by testing of patient sera. Two dif-
ferent testing approaches were taken: the direct approach,
where goat anti-human IgGs were injected on the Protein G
surface, followed by the injection of patient serum, and the
reverse approach, where the patient serum was injected over
Protein G surface, followed by the injection of goat anti-
human IgGs. We used the reverse approach to perform three
repeats for each test. We prefer the reverse approach because
it was found to have significant advantages such as: a) Pro-
tein G captures primarily IgGs out of the large variety of
serum proteins, and b) the last sensing step involves flowing
goat anti-human IgGs in clear buffer, which reduces (or
completely eliminates) non-specific binding.

LRSPP waveguide biosensors define a new paradigm for
the field - they are very sensitive and compact integrated
optical structures, leveraging the attractive features of a Au
sensing surface. An investigation of such sensors for
detecting a relative ratio of similar proteins (immunoglobu-
lins kappa and lambda) in a complex fluid (serum) is of inter-
est. In addition, to our knowledge, only one study has investi-
gated the detection B-cell leukemia based on measuring the
k- ratio with a biosensor (SPR).** Although strategies based
on Protein G-functionalization are known, no attempt has
been made to use the Protein G surface to “filter out” immu-
noglobulins from sera using biosensors. The reverse
approach reported in this work suggests this strategy to be
beneficial and promising for a variety of detection problems

This journal is © The Royal Society of Chemistry 2015
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that involve immunoglobulins in complex fluids, irrespective
of the biosensor type.

Experimental

Bio(chemicals)

2-Isopropanol (733458), acetone (270725), glycerol (49767),
lyophilized bovine serum albumin (A0281), heptane (34873),
sodium dodecyl sulfate (71725) and phosphate buffered
saline (PBS, P5368) 0.01 M, pH 7.4 were obtained from
Sigma-Aldrich. PBS solution was prepared by dissolving pack-
aged salts in 1 L of distilled/deionized (DDIH,0) water. Dis-
tilled water was deionized using Millipore filtering mem-
branes (Millipore, Milli-Q water system at 16 MQ cm).
Purified human IgG/kappa (P80-111) and purified human
IgG/lambda (P80-112) were purchased from Bethyl Laborato-
ries. Both samples contained all the isotypes of IgG. Goat
anti-human kappa (GWB-8C381A) and goat anti-human
lambda (GWB-298B63) were purchased from GenWay.

Patient samples

Three serum samples were used, collected from two patients
with monoclonal immunoglobulin and a normal control. The
sera were previously tested at the clinical laboratory of Mount
Sinai Hospital, Toronto, Canada: 1) serum with highly abnor-
mal concentration of IgG-kappa (HKS, total [IgG] = 21.6 g L™,
monoclonal [IgG-kappa] = 17.4 g L™"); 2) serum with highly
abnormal concentration of IgG-lambda (HLS, total [IgG] =
75.2 g L, monoclonal [IgG-lambda] = 60 g L™); and 3)
serum with normal ratio of IgG-kappa and IgG-lambda (NS,
total [IgG] = 17.0 g L™"). The data was obtained by protein
densitometry - the standard clinical laboratory method that
combines serum protein electrophoresis (SPE) for quantifica-
tion of monoclonal protein and immunofixation electropho-
resis (IFE) for identification of k or A chains of monoclonal
immunoglobulins. The calculated k-A ratios for the three
samples are presented in Table 1. The average values for the
ratios arise from the variations in the distribution of the poly-
clonal IgGk and IgGA, which ranges from 1.4 to 2.0. The use
of patient's samples was approved by Institutional Research
Ethics Board.

Sensor description

A wafer, consisting of ~300 sensors was lithographically fabri-
cated,”*?* diced, and individual dies were used to perform

Table 1 Monoclonal and polyclonal immunoglobulins in leukemic and
normal patient samples

Polyclonal Monoclonal Average Estimated

Patient sample  IgG, g ml™" 1gG, g ml™" ratio error

High Kappa 4.2 17.4 12.7:1 (k:1) *1.5
Serum (HKS)

High Lambda 15.2 60.0 6.9:1 (L:x) 0.5
Serum (HLS)

Normal Serum 17.0 0 1.7:1 (k:1) 0.3
(NS)

This journal is © The Royal Society of Chemistry 2015
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the experiments. The sensing chip (3.2 mm x 6.4 mm) is
comprised of Au waveguides (5 pm wide, 35 nm thick)
embedded in CYTOP (Fig. 1). Fluidic channels were fabri-
cated by etching the top CYTOP cladding down to the top Au
surface. The plexiglas fluidic jig included a fluorocarbon
O-ring (Apple Rubber Products Inc.) to provide a soft seal
around the channel and two through holes inside the O-ring
area for fluidic access. The whole assembly was fixed by two
screws to a metal base. More details on the general sensing
approach, the sensor, and our optical interrogation setup can
be found in ref. 21 and 22.

Sensor preparation

Initially the whole wafer was covered with photoresist SPR-
220 for surface protection during wafer dicing. Fiber-to-
waveguide coupling is a delicate procedure, during which any
mild contamination on the facet of the sensor can produce
significant instability of the output signal. The facets were
cleaned in an ultrasonic bath (Fisherbrand FB11201) in hep-
tane for 5 minutes at 37 Hz (50% power). SPR-220 is resistant
to heptane, thus keeping the etched surface protected from
physical damage during ultrasonic cleaning. SPR-220 was
removed by two acetone baths, the first for 5 min, and the
second for 30 min, followed by an extensive IPA wash, and
drying with N,. Finally, the sensor was placed into a UV/
Ozone chamber (Novascan, PSD-UV4) for 15 min with the UV
lamp on and 15 min with the UV lamp off to remove any pos-
sible organic contaminants.

Surface functionalization and sensing protocols

As a sensing buffer, a mixture of PBS and glycerol (PBS/Gly)
having a RI of n = 1.338 was used throughout all experi-
ments.”® After full integration with fluidics and optics, the Au
waveguides were functionalized with Protein G by injecting
50 pg ml™ of protein in PBS/Gly for 25 min at a flowrate of
20 ul min™ into the fluidic cell.

After Protein G functionalization, one of two different
sensing strategies was applied as schematically presented in
Fig. 2. The reverse approach (Fig. 2a) first involved the injec-
tion of patient serum (1:150 dilution with PBS/Gly) for

O-Ring
__Etched Channel

Au Straight Waveguides
5 pmx35 nm
\
i PM Optical fibre
Si 7 jum in core diameter
Fig. 1 Schematic representation of the sensor on the metal base with
fluidic jig; the volume of the fluidic cell is 20 uL (adapted from ref. 22).
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Fig. 2 Schematic illustration of two approaches for patient sample
testing. (a) Reverse approach: the Au waveguide is functionalized with
Protein G, followed by the immobilization of patient serum (example
with HKS is shown), and finally, sensing with recognition goat anti-
human kappa light chain IgG. The same waveguide is cleaned down to
the Au level, and the whole experiment is repeated but the patient-
functionalized surface is tested against goat anti-human lambda IgG.
(b) Direct approach: the Au waveguide is functionalized with Protein G,
followed by the immobilization of goat anti-human kappa IgG, and
finally, sensing of patient serum (e.g. HKS). The same waveguide is
cleaned down to Au level, and the experiment is repeated but with
goat anti-human lambda IgG on the Protein G surface.

capturing immunoglobulins out of the sample followed by
the injection of goat anti-human light chain IgGs (either anti-
kappa or anti-lambda). Patient serum was injected for 40 min
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at a 10 ul min™" flowrate to ensure full surface coverage, and
goat anti-human light chain IgGs (50 ug ml™) was flowed for
20 min at 10 pl min™". The direct approach (Fig. 2b), on the
contrary, first involved functionalization of the Protein G
layer with goat anti-human light chain IgGs (50 pg ml™”, 40
min at 10 pl min™") and the subsequent introduction of the
patient serum. In the direct approach, the three patient sera
had different dilutions to produce a concentration of the pre-
vailing IgG light chain type (kappa or lambda) to 5 ug ml™.
Details on the rationale of choosing dilution factors are pro-
vided later in this section.

After each experimental stage, the surface was washed
with PBS/Gly for ~10 min at a 20 ul min~* flowrate to remove
unbound analyte and re-establish the baseline. Regeneration
of the surface down to the Au level after an experiment was
performed by flushing the fluidic cell with SDS (0.5% w/w)
for 20 min, then DDI H,O for 20 min, then the sensor was
removed from the fluidic cell, washed with plenty of IPA,
dried with N, and placed into a UV/Ozone chamber with 15
min lamp on and 15 min lamp off.

During fabrication, small imperfections might result in
waveguides not being identical. To eliminate potential incon-
sistencies in response, the same waveguide was used to test a
single patient serum using surface regeneration and full re-
functionalization for both approaches. Preliminary experi-
ments and overall analysis suggest the reverse approach to be
more sensitive and more robust than the direct approach
(see the Results and discussion section). We thus exploited
primarily the reverse approach by carrying out three repeats
for each experiment. Single measurements were taken for the
direct approach. A single batch for each IgG purchased was
used throughout all experiments to maintain consistency.

Preliminary experiments for the direct strategy also incor-
porated a step consisting of the injection of BSA (1 mg mlI™
in PBS/Gly) to block non-specific binding sites. Blocking was
tested after Protein G functionalization or after IgG
functionalization (with no prior blocking). BSA injections did
not produce any signal changes, indicating the surface was
fully functionalized with Protein G or IgGs; the blocking step
was therefore eventually abandoned to reduce the overall
time of the experimental procedure. The results of BSA
blocking are presented in the ESIT (Fig. S1).

Rationale for dilution factors and concentrations

Concentrations of analyte for functionalization of Protein
G layer. The kinetics of the Protein G-IgG interaction was
studied using SPR, by adsorbing 50 ug ml™ of Protein G on a
Au surface, then injecting different concentrations of IgG.*?
Their study demonstrated that the Protein G surface was sat-
urated with IgG molecules within 10 min, and the concentra-
tion sensitive region was below 667 nM (100 pg ml™"). How-
ever, the concentration of 337 nM (50 pug ml™") produced a
slightly (~3%) lower saturation level. Since in our study the
final experimental step is to also capture IgGs, it is highly
desirable to maintain the concentration of total IgG in the

This journal is © The Royal Society of Chemistry 2015
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first injection step to above 50 pg ml™ to completely saturate
the Protein G surface. Otherwise, the IgGs to be detected in
the final step will bind to Protein G instead, thus producing
misleading results.

In the direct approach, in order to conserve the antibodies
and consequently be able to use the same batches through-
out all the experiments, a concentration of 50 pg ml™ of goat
anti-kappa and goat anti-lambda IgG was wused to
functionalize the Protein G surface.

The total IgG concentration in an adult is ~10 mg ml™".%*
For the reverse approach, all three patient sera were diluted
to the dilution factor of 1:150 (serum:PBS/Gly). Thus, a 1:
150 dilution of the average adult serum will result in at least
~67 ug ml™" of total IgG, which is above the minimum
desired value of 50 pug ml™". The 1:150 dilution of the three
patient sera resulted in the following total IgG concentra-
tions: NS = 113.3 ug ml™*, HKS = 144.0 ug ml™ and HLS =
501.3 ug ml™,

Concentrations of analyte used for functionalization and
detection. For the direct approach, the last step is the intro-
duction of patient serum. Preliminary experiments suggested
that the concentration sensitive region ranges from 1 pg ml™
to 10 pg ml™* for pure human IgG-x and IgG-A, which is simi-
lar to the range previously measured by SPR.** Thus, for
experiments with standard immunoglobulins, 5 pug ml™ of
either human IgG-k or IgG-A were used. For testing patient
serum, all three sera were diluted to have a concentration of
the dominant IgG light chain of 5 ug mI™: NS = 1:3400 dilu-
tion (~5 pg ml™" of IgG-x and ~2.9 ug ml™ of IgG-1), HKS =
1:4000 dilution (~5 pg ml™" of IgG-x and ~0.4 ug ml™ of IgG-
A) and HLS = 1:15000 dilution (~5 ug ml™" of IgG-A and ~0.7
ug ml™ of IgG-x).

Preliminary results demonstrated that the concentration-
dependent region for the interaction of human IgG and goat
anti-human IgG ranged from 5 pg ml™ to 30 ug ml™ of goat
anti-human IgG. In order to ensure full surface saturation for
the direct approach, a concentration of 50 ug ml™" of the goat
anti-kappa and anti-lambda IgGs was used.

Due to the complexity of the experiments, a color scheme
was applied to assist in the description of the results. It is
presented in Table 2, along with the abbreviations. Generally,
all solutions associated with a high content of kappa light
chain are colored red and the ones associated with a high
content of lambda light chain are blue. Goat anti-human
kappa and anti-human lambda are also often referred to as
recognition IgGs.

Results and discussion
Validation with pure analyte

Tests with standard analytes in clean solutions were
performed to verify the specificity and cross-reactivity of rec-
ognition IgGs (AK and AL). The full experiments are
presented in the ESI{ (Fig. S2), and summarized in what
follows.

This journal is © The Royal Society of Chemistry 2015
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Table 2 Abbreviations and color schemes used throughout the paper

Sample Abbreviation
High Kappa Serum HKS

High Lambda Serum HLS

Normal Serum NS

Goat anti-human kappa IgG light

chain e
Goat anti-human lambda IgG light .
chain

Human IgG-kappa 1gGk
Human IgG-lambda 1gGA
Protein G PG

Fig. 3 presents the experimental responses for both
approaches including cross-reactivity. For the reverse
approach, IgGk- (Fig. 3a) and IgGA-functionalized (Fig. 3b)
surfaces were tested by injecting either AK or AL for 20 min.
The responses in both cases are as expected: high signal
change for the matching immunoglobulin pairs (IgGk-AK
and IgGA-AL) and low signal change for the opposite pairs
(IgGx-AL and IgGA-AK). The same effect is observed for the
direct approach (Fig. 3c and d), where the human IgGs were
injected over AK- and AL-functionalized surfaces. For the
complementary immunoglobulins a clear binding curve is
observed confirming a specific and strong interaction. Very
little change in baseline is observed for the opposite immu-
noglobulins suggesting a weak reaction due to cross-
reactivity.

Purchased IgGs (both human and anti-human) already
contained a buffer that had a significantly different RI than
the sensing buffer (n = 1.338). Upon dilution with PBS/Gly of
AK and AL down to 50 ug ml™", the overall refractive index
remained far from 1.338, producing a bulk step in the
responses as seen in Fig. 3a and b. However, for the direct
approach, the bulk step is much less significant because the
initial solution of immunoglobulins was diluted down to 5
ug ml™". Small bulk steps that can be observed at the begin-
ning and the end of each experiment are due to the stop/start
of the flow. CYTOP is a mildly compressible polymer, and
when the pressure in the system changes, the top cladding
either becomes compressed or decompressed slightly chang-
ing the overall refractive index of the top cladding.

The results for both approaches are summarized in Fig. 4.
The details of the binding strength calculations are presented
in the patient testing section and the computed data are
presented in ESIT (Table S3A and S3B). For the reverse

Lab Chip
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Fig. 3 Real time interaction of human IgG kappa/lambda and goat
anti-human kappa/lambda for both approaches. Reverse approach: (a)
reactivity of IgGk-functionalized surface for AK and AL. (b) Reactivity of
IlgG-functionalized surface for AK and AL. Direct approach: (c) reac-
tivity of AK-functionalized surface for IgGk and IgGa, (d) reactivity of
AL-functionalized surface for IgGk and IgGA.
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approach, the ratio of the complementary response to the
cross-reactivity is 15.2 and 9.0 for kappa and lambda surfaces
respectively. For the direct approach the ratios are 6.4 and
3.3, which are significantly lower and likely attributed to the
limitations of the direct approach when concentrations of the
tested analyte (human IgGs) have to be in the concentration-
sensitive region, thus the overall response of the matching
IgGs is lowered. In addition, the binding strength for kappa-
anti-kappa and lambda-anti-lambda interactions is also sig-
nificantly stronger using the reverse approach compared to
the direct approach (~60 g g vs. ~20 g g ).

Patient sample testing

Examples of full experiments for both approaches are
presented in Fig. 5. For the reverse approach three repeated
runs for determining the response of the HKS sample to AK
are shown in Fig. 5a. Slight power level adjustments were
performed at the initial baseline to align the responses (¢ = 0,
power output ~0.5 dBm), and the timescale for run 2 was
adjusted to fit those of the other two runs. Although all three
experiments were performed using three different sensors,
the repeatability is very satisfactory showing only slight devia-
tions in power output at the end of the experimental runs.
One full experimental run for the direct approach, also for
the HKS-AK test, is shown in Fig. 5b. In all cases the response
for Protein G is significantly lower than for the next immuno-
globulin functionalization step (~0.5 dB vs. ~2 dB). This is in
agreement with the fact that Protein G is a smaller protein
with a MW of ~65 kDa compared to IgG (~150 kDa), and
since the attenuation of the LRSPP wave on the waveguide is
proportional to the adsorbed mass,*® larger molecules should
produce stronger responses.

Visually the main difference between the two approaches
is the bulk RI mismatch of the goat anti-human IgG solution,
which creates a bulk step at the solution injection point and
after the PBS/Gly wash (~100-120 min in the reverse, and
~45-95 min in the direct approaches respectively). It is hard

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Full experimental runs for testing HKS using both approaches:
(a) reverse approach showing three repeats; (b) direct approach.

to visually compare the responses of the final binding curves
(anti-kappa in reverse and HKS in direct approaches) because
of the bulk step in the reverse approach. The fluid exchange
time in the system is ~2 min,*" therefore, during this time
period both binding and fluid exchange occur simulta-
neously, and if there is an RI mismatch between the sensing
solution and the sensing buffer, the first two minutes do not
represent the actual binding event. In this case, the anti-
human kappa IgG solution has a lower RI than the PBS/Gly
pulling the overall optical symmetry closer to the CYTOP RI,
thus increasing the output power. On the other hand, bind-
ing of the IgGs to the surface increases the attenuation lower-
ing the output power. The actual responses for all the three
patient samples using both approaches are presented in the
ESI} (Fig. S4).

Slight variations in the quality of an individual sensor over
the wafer are possible due to uneven gold evaporation,
CYTOP distribution on the surface, and other fabrication
imperfections. These variations can potentially create differ-
ences in the response such as seen in Fig. 5a. Since the pur-
pose of the study is to compare the ratio of the amounts of
two different analytes in the same solution, these slight varia-
tions can produce misleading results. In order to minimize
the effect of variable sensor quality, a response was normal-
ized to the response of the first immunoglobulin
functionalization step (goat anti-human IgGs for direct or
human IgGs for reverse approaches).

A mathematical expression relating the surface mass den-
sity to the power change due to adlayer formation on a
straight waveguide is:***’

M_L(na—nc)[&m(al)_lj

_k2 onldc Pmn(ao)
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where Al” is a change in surface mass density, k, is a constant
that is specific for an individual sensor and is a function of
variations in fabrication, n, and n. are the refractive indices
of the adlayer material and the sensing fluid respectively, on/
oc is a partial change of refractive index relative to a change
in concentration of the adlayer matter in fluid. For proteins
n, ~1.5 and oJn/dc is relatively constant and equal to 0.185
mm® mg™',*® Pou(as) and Pyu(a,) are the output powers (in
watts) before and after adlayer formation respectively.
Normalization of the response was performed by taking a

ratio of AI" of the second IgG step to A" of the first IgG step:

(Pom(al)_l]
Al (analyte) B P (a,) analyte

AI (surface) - (Pom (@) _1J
[)out (a()) surface

The term LM
k, on/dc

ters remain constant during a single experiment. From the
biochemical point of view the ratio /{analyte)//{surface), if
taken as a function of time, describes the rate of analyte
binding to the surface and can be taken as the binding
strength. Thus, A/{analyte)/Al(surface) is an overall binding
strength and is entirely related to the responses produced on
the waveguide regardless of the sensor quality. Finally, in
order to estimate the k- ratio in a patient sample, the ratio
of the binging strengths for kappa and lambda was com-
puted. The detailed results of the aforementioned computa-
tions for HKS, HLS and NS are presented in Table 3. Com-
puted data for all three sera for the direct approach is
presented in ESIt (Table S5).

Replicates for the reverse approach also demonstrate the
quality of the experimental repeatability. For the HKS sam-
ple the [Pou(@1)/Pou(@o) — 1] X 100 term for the HKS response
on the Protein G surface varies from ~50 to ~60, which rep-
resents a ~18% difference. However, when taking the ratio
of Allanalyte)/AITHKS) for each experimental run, the per-
centage difference is reduced to ~6% supporting the validity
of the “binding strength approach” to analyze the data. For
normal and high kappa serum the ratios of k: A were calcu-
lated, whereas for high lambda serum it was the reverse
ratio (L : k).

The final results for patient testing are summarized in
Fig. 6 (extracted from Tables 3 and S57) and compared to the
data provided by the Mount Sinai Hospital laboratory
(Table 1). The yellow stripe indicates the region of normal
light chain immunoglobulin ratios: 1.4-2:1 for x:A and 0.5
0.7:1 for A:x. Overall, both approaches demonstrated the
ability to detect abnormality in the IgGk-IgGA\ ratio in patient
sera, as well as producing a normal ratio for the control (nor-
mal) patient serum.

For HKS, the three experimental repeats of the reverse
approach show similar results with the average x:A being
3.3:1 and a low standard deviation of 0.12. However, these

cancels out because these parame-
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results are lower than the densitometric result which is 12.7
+ 1.5. This disagreement is not related to the difference in
affinities and cross-reactivities of recognition IgGs (Fig. 4),
since if it were the case, the experimental ratios would result
in higher k: A values due to overrated kappa and underrated
lambda responses.

For HLS, the results are opposite from those of the HKS,
and show a higher A:«x ratio than the densitometric method:
9.7 + 1.6 versus 6.9 £ 0.5. Again, as in the case with HKS, this
difference cannot be attributed to the difference in anti-
kappa and anti-lambda IgG specificities. In this case the sen-
sor demonstrates a higher sensitivity than the densitometric
method suggesting possible limitations in the laboratory
approach. The possibility of non-specific binding can be

View Article Online
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excluded because generally it decreases specificity, and conse-
quently, sensitivity. Another potential explanation, which
consists of sensing larger immunoglobulins instead of IgG,
should also be excluded because Protein G has no affinity for
IgM or IgA.*° For the direct approach the ratios are lower
compared to the reverse approach: 2.6:1 for HKS and 2.6:1
for HLS (Table S5f), however in both cases they are still
above the normal range suggesting that the direct approach
is also applicable.

Reference data for normal serum was not measured but
rather estimated based on the 1.4-2.0:1 k- ratio. The exper-
imental x: )\ was 1.8 + 0.08:1 (Table 3) and 1.7:1 (Table S57)
using the reverse and direct approaches respectively, and
both fall into the normal region.

Table 3 Experimental results and computational analysis to obtain k-1 ratio for HKS, HLS and NS; reverse approach

Response Binding Strength, g/g
. e IgG light chain
P, AI'(recognition IgG
Patent sample Replicate Step B _11x100 ( g g ) %100 Ratio
N AI(serum response)
PG + HKS 59.96
1 HKS + AK 28.23 e 3.17 (c:0)
PG + HKS 58.12 14.87 ’ ’
HKS + AL 8.64 :
PG + HKS 52.41
49.96
. HKS + AK 26.18
High Kappa Serum 2 PG+ HKS 29.97 o 3.37 (k:A)
HKS + AL 7.40 )
¢ PG + HKS 54.17 13,66 37800
HKS + AL 7.40 :
Average ratio 3.31 (k:A)
Standard deviation 0.12
PG + HLS 65.20
1 HLS + AL 25.31 38.83 1132 (A:x)
PG + HLS 61.06 3.43 ’ ’
HLS + AK 2.09 )
PG + HLS 4.44
3 e B 33.55
High Lambda 5 HLS + AL 21.62 8.08 (A:K)
Serum PG + HLS 61.81 415 : :
HLS + AK 2.57 :
PG + HLS 60.32
. HLS + AL 24.17 i 0,83 (A:x)
PG + HLS 62.93 ’ ’
4.08
HLS + AK 2.57
Average ratio 9.74 (A:k)
Standard deviation 1.62
PG + NS 64.44
1 NS + AK 26.77 e 1.87(k:A)
PG+ NS 71.40 2224 Al
NS + AL 15.88 i
PG+ NS 65.96
42.36
NS + AK 27,94 .
Normal Serum 2 PG+ NS 61,06 - 1.72(k:\)
NS + AL 15.08 :
PG+ NS 58.12
3 NS + AK 25.89 H153 1.84(k:A)
PG+ NS 67.88 24.18 ’ '
NS + AL 16.41 '
Average ratio 1.81(k:A)
Standard deviation 0.08
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Fig. 6 Kappa-lambda ratios for HKS, HLS and NS obtained using LRSPP sensors. HKS and HLS data are compared to the densitometric data
provided by Mount Sinai Hospital laboratory, and NS data is compared to the data in ref. 2.

Evaluation of the approaches

Since Protein G has a strong affinity for IgG, when applied in
the reverse approach, the Protein G-functionalized surface
performs as an immunological filter to capture specifically
the analyte of interest (IgG) from the pool of various proteins
in serum. As a result, this approach has great potential for
reducing non-specific binding since the final recognition step
involves purified IgGs in clean buffer and the binding corre-
sponds to immunoglobulin interactions only. Alternatively, in
the direct approach, the final sensing step is serum injection
and non-specific binding to the anti-human IgG-functional-
ized surface may occur. Protein G-IgG interaction is limited
by the IgG concentration, where the latter must be greater
than 50 pug ml™,** thus the only requirement for serum dilu-
tion is for it to be less than 1:150 for the reverse approach.
This is a significant advantage over the direct approach since
no prior information on the kappa and lambda immunoglob-
ulin concentration in patient serum is required. For the
direct approach, additional information is necessary: a) the
initial concentration of IgGk and IgG\ in patient sera, and b)
the sensitivity of the sensor for human:anti-human IgG
interaction so that sera can be properly diluted into the lin-
ear range to achieve a significant difference in IgGk and IgGA
responses. Thus, when the reverse approach is applied, detec-
tion of B-cell leukemia becomes independent of other prelim-
inary tests and detection techniques. As a summary, from the
practical point of view, any patient serum can be diluted with
PBS/Gly using a standard dilution factor (<1:150) and used
as is. All of the aforementioned points lead to a higher sensi-
tivity of the reverse approach compared to the direct one,
which is confirmed by the experimental results. In addition,
due to slower binding kinetics of the final analyte in the
direct approach (immunoglobulins in patient serum), a

This journal is © The Royal Society of Chemistry 2015

longer exposure is preferable (~40 min vs. ~20 min in reverse
approach) suggesting another advantage of the reverse
approach where the total experimental time is reduced.

The only minor disadvantage of the reverse approach is that
the extraction of kinetics becomes difficult during the final step
due to the RI bulk difference of the sensing buffer and goat
anti-human IgG solutions. However, this could be resolved by
utilizing lyophilized immunoglobulins mixed with a buffer of
controlled RI. The interaction kinetics are primarily of interest
for research purposes and do not at present impact diagnosis.

Overall evaluation

Our LRSPP biosensor demonstrated the capability of differen-
tiating between three patient sera with various k-A IgG ratios.
The results were compared to densitometric measurements,
and found to agree qualitatively but not quantitatively. Never-
theless, the sensor can be used for leukemia biomarker
screening. An important advantage of using the sensor com-
pared to common techniques such as densitometry, electro-
phoresis gel and ELISA is a low consumption of ingredients.
Generally, for a half experiment (e.g. only IgGk detection), 10
ng of Protein G, ~3 pL of patient serum and 10 pg of anti-
human IgG are required. The total experimental run duration
can also be decreased from 130 to ~100 min by reducing the
time for Protein G and human serum immobilization steps,
illustrating a further advantage of the sensor relative to lab
techniques. Finally, the sensors could be manufactured
cheaply and interrogated with an integrated benchtop unit.

Conclusions

LRSPP biosensors were demonstrated for the detection of leu-
kemic biomarkers in patients with B-cell tumors. Three

Lab Chip


http://dx.doi.org/10.1039/c5lc00940e

Published on 16 September 2015. Downloaded by University of Cambridge on 17/09/2015 06:52:34.

Paper

patient sera (two leukemic and one control) were tested for
relative concentrations of kappa and lambda light chain
immunoglobulins. Two opposite sensing approaches were
evaluated and the results were compared to the densitometric
data provided by the serum supplier. The reverse approach,
where the Au waveguide was functionalized with patient
serum first, was found to be more sensitive and more effi-
cient. Several advantages were found for the reverse approach
using a Protein G-functionalization surface: a) specific cap-
ture of the immunoglobulins out of the pool of serum pro-
teins, b) reduction in non-specific binding during the last
sensing step where purified goat anti-human light chain IgGs
in clean buffer are injected, and c¢) no preliminary tests with
patient serum are required to determine the x-A IgG ratio.
Although the LRSPP results differed quantitatively from the
laboratory data, a clear differentiation between normal and
leukemic sera was achieved. Along with potential miniaturi-
zation, the demonstrated LRSPP biosensor can provide a
cheap and rapid solution to B-cell tumor screening for clini-
cal diagnostics.
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