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ABSTRACT: The sensitivity and performance of an asymmetric
Mach−Zehnder interferometer (aMZI) were compared to those of
quartz crystal microbalance with dissipation (QCM-D). The
binding of streptavidin to sensor chips coated with poly-L-lysine
(PLL), modiﬁed with biotin and oligoethyleneglycol (OEG) (PLLbiotin), was used to compare the binding signals obtained from
both technologies. PLL-biotin proved to be an eﬃcient method to
add bioreceptors to both the QCM-D and aMZI chips. The ﬁnal,
saturated value of streptavidin binding was compared with those
from aMZI (253 ng cm−2) and QCM-D (460 ng cm−2). These
values were then used to evaluate that 45% of the measured
streptavidin mass in the QCM-D came from hydrodynamically
coupled water. Importantly, the signal-to-noise ratio of the aMZI was found to be 200 times higher than that of the QCM-D. These
results indicate the potential of the aMZI platform for highly sensitive and accurate biosensing applications.
KEYWORDS: biosensing, asymmetric Mach−Zehnder interferometry, quartz crystal microbalance, surface plasmon resonance, poly-l-lysine
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refractive index.20,21 The aMZI devices used in this study were
fabricated using TriPleX technology.22 The fabricated chips
consist of stoichiometric Si3N4 waveguides with SiO2 cladding,
which forms a photonic integrated circuit (PIC). The SiO2
cladding is locally removed to form the so-called sensing
window, which allows the analyte to make contact with the
waveguide. In the aMZI design, the waveguide splits the
incoming light into two arms, one of which is exposed to the
analyte and the other is never exposed to the analyte and used
as a reference. This asymmetry is introduced deliberately in the
interferometer to allow an interference pattern to be detected
on the recombination of the two aMZI arms. When the analyte
solution interacts with the evanescent ﬁeld of the waveguide in
the sensing window, changes in the refractive index result in a
phase shift of the laser wavelength (in picometer, pm) in the
interference pattern. The aMZI is sensitive both to changes in
the refractive index of the liquid (the bulk shift) and the
binding of the targeted speciﬁc analyte to the surface.18,23
Initial proof-of-concept experiments have been performed

INTRODUCTION
Biosensors1−3 have seen a great increase of interest in the last
years, where they encompass devices as common as blood
glucose sensors for helping the maintenance of blood sugar for
diabetics,4 to as specialistic as the detection of biomarkers for
speciﬁc cancers.5,6 Such biosensors are hereby used to detect
(bio)chemical compounds mediated by isolated enzymes,
immunosystems, tissues, organelles, or whole cells utilizing, for
example, electrochemical7−11 and optical devices.12−14
Optical biosensors have several key advantages over other
methods. As they are signiﬁcantly less aﬀected by electromagnetic interference, they can be self-referencing, contain an
antifouling reference on the same chip as the detector, and
they can also be integrated with common optical methods like
Raman scattering, which makes use of the unique ﬁngerprint of
an analyte to perform in situ spectroscopy.15 A biosensor needs
both speciﬁcities for the desired analyte, even in a complex
matrix such as blood, and high sensitivity to the analyte to
detect the markers in concentrations that can be as low as
femtogram per milliliter.16 Up to now, electrochemical sensors
have been able to reach sensitivities that optics could not
rival.17 However, recent advances in the ﬁeld of optics and
integrated optics have greatly reduced the limit of detection of
optical biosensors down to biologically relevant values.18,19
One such optical technique is the asymmetric Mach−
Zehnder interferometer (aMZI), which detects changes in the
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using these aMZI devices as biosensors,20,24−29 but it is
important to perform a direct comparison of this technique to
the current standard technology to verify its eﬃcacy.
To provide a proof of concept of using the aMZI as a
biosensor, it is necessary to have a method of reliably attaching
bioreceptors to the substrate to achieve selectivity and
speciﬁcity. One such method is the use of poly-L-lysine
(PLL). PLL provides a versatile and robust method of
attaching (bio)probes to a wide range of diﬀerent substrates.30,31 The charged amine groups of the lysine moieties
enable PLL to strongly adsorb to any negatively charged
surface, such as any surface that can be treated with UV/ozone,
oxygen plasma, NaOH, or piranha solution. The lysine amines
can be readily modiﬁed in controllable densities using
bifunctional N-hydroxysuccinimide (NHS) esters, allowing
the attachment of a nearly limitless variety of probes.
In this work, the aMZI platform is compared to a
commercially available quartz crystal microbalance with
dissipation (QCM-D) in terms of the absolute response and
signal-to-noise ratio. To reach this aim, biotin-modiﬁed PLL
was used to reliably attach probes to both the aMZI and
QCM-D chips, and the stepwise binding of increasing
streptavidin concentrations to the PLL-biotin was monitored
by both techniques. The ﬁnal saturated binding of streptavidin
and the signal-to-noise ratio were compared between the aMZI
and the QCM-D.

removed by rinsing with, or even sonicating in, buﬀer. Once a
sample of PLL has been successfully adsorbed on the surface,
the surface is saturated with PLL and no further PLL can be
adsorbed, meaning that there is no run over between analytes
upon washing. Adding 10% glycerol to the PLL solution helps
to prevent drying of the small quantities required to cover a
sensing window, which greatly eases the process when spotting
by hand with a pipette. To prevent any possible crossover due
to the 200 μm gaps in between the sensing windows, the top
two sensors were spotted with PLL-biotin, i.e., PLL modiﬁed
with the probe moiety, and the bottom two with PLL-OEG,
i.e., PLL modiﬁed only with OEG chains that provide
antifouling properties. A schematic of the adsorption of PLLbiotin and the subsequent binding of streptavidin and the
structures of the modiﬁed PLLs can be found in Figure 2. The
middle two sensors were left free to avoid any accidental
mixing of the droplets and thus contamination between the
two PLL analytes. The data from diﬀerent spotting experiments were not always identical, and the most reliable
functionalization was only obtained after submerging the full
chip in the PLL solution, showing that the spotting procedure
does not lead to the perfect coverage for this combination of
PLL and aMZI chips. The poorer reproducibility and crossover
occurring during spotting currently limit the number of
diﬀerent analytes that can be accurately and reproducibly
measured to one, by submerging the whole chip. A reference
could be added by blocking the receptors of some windows
after functionalization with PLL by spotting streptavidin onto
the desired reference windows to block the receptors. To
increase the number of diﬀerent analytes that can be measured
simultaneously, further research into spotting (such as using an
automated spotting device, changing the solution composition,
varying the surface preparation, and cleaning methods or
applying heat or mechanical agitation to help increase the PLL
coverage) and/or the design of a microﬂuidic device (that
would allow addressing the windows individually) would be
required.
In contrast to the aMZI, the QCM-D consists of four
separate chambers, each of which houses a chip. This makes
the introduction of up to four diﬀerent coatings trivial, as each
chip can be processed completely separately. We chose Si3N4coated QCM-D chips to best match the waveguides of the
aMZI chips. On the aMZI chips, the PLL solutions were
introduced by adding a drop of PLL solution in phosphatebuﬀered saline (PBS) with 10% glycerol to cover the whole of
the sensor surface; for a direct comparison, the QCM-D chips
were coated by the same method, using either PLL-OEG, as a
background experiment to verify the antifouling properties of
PLL-OEG, or PLL-biotin to bind the analyte streptavidin.
After the adsorption of PLL, solutions of streptavidin were
put in contact with the coated substrates. The conditions of
the QCM-D and aMZI experiments were chosen to be as
closely relatable as possible. A ﬂow rate of 15 μL min−1 was
used for both techniques. For the aMZI, a syringe pump ﬁlled
with PBS buﬀer was used to ﬂow buﬀer over the chip. While
the chamber was ﬂushed with buﬀer, the 200 μL sample loop
was ﬁlled with the streptavidin solution (0−1 μM in PBS, pH
7.2) using a separate peristaltic pump. After the loop was ﬁlled,
the ﬂow of the syringe pump over the chip was changed to
include the 200 μL sample loop to allow for a smooth ﬂow of
the streptavidin solution over the chip without ever stopping
the ﬂow through the chamber housing the chip. After each
addition of streptavidin, this procedure could be repeated with

■

RESULTS
The chips used for the aMZI experiments contain six parallel
aMZI devices on a single chip, as can be seen in Figure 1,

Figure 1. Photograph of an aMZI chip with lithographically deﬁned
Si3N4 waveguides showing the six parallel aMZI devices (arranged top
to bottom). Each aMZI device consists of a reference channel (left),
which is closed (covered by SiO2), and an analyte channel (right),
which is open to the ﬂow of liquids.

allowing for six simultaneous measurements. There is a single
microﬂuidic channel for analyte injection over the whole chip
with the liquid ﬂowing from the top to the bottom of the chip.
As there are six sensing windows, six measurements can be
potentially performed at the same time, pending the selective
binding of probes to each sensing window in a controlled
fashion.
PLL adsorbs readily to cleaned Si3N4, as well as the
surrounding SiO2, through electrostatic interactions and is not
4567
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Figure 2. (a) Schematic of the adsorption of PLL-biotin and PLL-OEG, and the subsequent binding of streptavidin to the biotin moieties. (b)
Structures of PLL-OEG (left) and PLL-biotin (right).

diﬀerent concentrations of streptavidin. Each buﬀer wash step
was performed for 10 min. For the QCM-D experiments, the
buﬀer steps were performed for 10 min and the streptavidin
steps for 13.3 min to achieve approximately the same volume
of 200 μL, which was used in the aMZI experiments. To
change the sample, the ﬂow was stopped, the sample vials were
changed, and then the ﬂow was resumed.
In QCM experiments, a change in mass density Δm (ng
cm−2) on the chip is obtained by following the change in
frequency Δf (Hz), and they are related to each other by the
Sauerbrey equation32
Δm = −C Δf

(1)

where C is the Sauerbrey constant (17.7 Hz ng−1 cm−2).
In these QCM-D experiments, the PLL-OEG sample shows
no binding at any concentration of streptavidin as can be seen
in Figure 3a. Small “waves” can be seen with the change
between buﬀer and streptavidin and back; these arise from a
change in viscosity in the solution and not from any interaction
between the streptavidin and the surface. These results verify
the ability of PLL-OEG as an antifouling layer for streptavidin.
The PLL-biotin-coated chip exhibits stepwise decreases in
frequency upon exposure to increasing concentrations of
streptavidin, which do not recover upon ﬂushing with buﬀer
(Figure 3b). The small peaks apparent in Figure 3b arise from
the stopping and starting of the ﬂow to change the solutions.
There is a delay between the changing of the solution and the
sample reaching the chamber due to the length of the tubing
before the chamber. The observed frequency changes result
from the binding of streptavidin to the surface, and the absence
of recovery is caused by the strong, practically irreversible
biotin−streptavidin interaction. Increasing the concentration
of streptavidin does increase the change in frequency, as can be
seen from the change between 50 and 100 nM. From
concentrations of 200 nM and higher, the surfaces become
saturated, and any further increase in concentration no longer
changes this frequency by a signiﬁcant amount. The ﬁnal total
change in frequency is −26 Hz, which is comparable to
previous results for a complete and saturated layer of
streptavidin.33,34
The Sauerbrey equation is only applicable when the layer
formed can be assumed to be rigid. As a rule, if the change in
dissipation, which is a measure of the rigidity of the layer, is

Figure 3. QCM-D (frequency, left axis, and dissipation, right axis)
data of increasing concentrations of streptavidin (values given in the
graph; buﬀer ﬂow when no concentration is given) at substrates
coated with (a) PLL-OEG and (b) PLL-biotin.

less than 2.0 × 10−6, the layer can be treated as rigid.35 The
maximum dissipation change observed in the experiments was
0.35 × 10−6, so it can be deemed appropriate to use the
Sauerbrey equation. Using the Sauerbrey equation, a Δf of −26
Hz corresponds to a Δm of 460 ng cm−2. This mass change
includes all water coupled hydrodynamically to the hydrophilic
streptavidin, as QCM-D measures all mass and does not
diﬀerentiate between coupled water and analyte. This means
that it is required to compare QCM-D results to those of other
techniques if the absolute streptavidin mass density is desired.
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Figure 4 shows the data collected during the streptavidin
binding experiments at the aMZI platform. When switching

microﬂuidics chamber around the sensor windows, as
mentioned above.
The ﬁnal average shift value from the streptavidin binding
experiment on the aMZI is 8722 pm ± 4%, where the variation
is comparable to the typical 3% sensitivity variations found for
this design right after fabrication. The slight increase is likely
due to small variations in the PLL monolayer coverage and
subsequent binding.
To analyze the data from the aMZI streptavidin binding and
extract an adsorbed mass density, the relationship between the
shift of the interference signal in pm and the protein binding
should be established. Following work with comparable
binding experiments on microring resonators (MRRs) with
the same TriPleX technology, it was found that those MRR
sensors have the same sensitivity to changes in refractive index
for adsorption on the surface and for bulk changes.22,36
Assuming the same sensitivity relationship for these aMZI
devices, eq 2 (derived in the Experimental Section) can be
used to calculate the mass density of streptavidin binding as
ΔΓ = K ·Δλ

Article

(2)

where ΔΓ is the change in mass per area in ng cm−2, K is a
custom-designed value of 0.029 ng pm−1 cm−2, and Δλ is the
observed change in shift in pm. The average shift change of the
streptavidin-saturated PLL-biotin was found to be 8722 pm,
which uses eq 2 to give a mass density of 253 ng cm−2.

■

DISCUSSION
The QCM-D and the aMZI measurements yielded mass
densities of 460 and 253 ng cm−2, respectively. While the
QCM-D system includes hydrodynamically coupled water in
the measurement, the aMZI platform does not because the
adsorbed water has practically the same refractive index as the
buﬀer and thus does not result in a measurable refractive index
change. Assuming that the diﬀerence in ﬁnal mass density
between the two techniques can be wholly attributed to coadsorbed water, the percentage of the water hydrodynamically
coupled to the streptavidin is found to be 45% of the recorded
mass in the QCM-D. Larsson et al.33 found in their
comparison between surface plasmon resonance (SPR) and
QCM-D that 55% of the measured mass in the binding of
streptavidin on the QCM-D was from water. This is
comparable to the value achieved from our comparison of
the QCM-D data with the aMZI. Both SPR and aMZI are
evanescent ﬁeld-based optical sensing technologies that probe
the near-surface area (penetration depth ≈100−200 nm) of
the liquid on top of the sensor surface for changes in the
refractive index of the probe volume. Binding of protein
molecules onto the sensor surface leads to such an increase in
the refractive index. Both methods allow monitoring the
binding of protein and to quantitatively express its adsorbed
(dry) surface mass density (ng cm−2). Diﬀerences could arise
from the assumptions required to formulate a general equation
for the technique, such as simulated sensitivities or
assumptions over protein density, for both the aMZI and
SPR. Another cause could be that the system measured is not
exactly the same. Larsson et al. bound streptavidin to a thiol
monolayer formed on gold, opposed to the PLL on Si3N4 used
in the aMZI experiments. The addition of OEG for antifouling
or the inherent hydrophilicity of the PLL backbone could
make a signiﬁcant diﬀerence in the environment to which the
streptavidin binds when compared to thiols on gold, as well as

Figure 4. aMZI data showing the binding of streptavidin (values given
in the graph; buﬀer ﬂow when no concentration is given) to PLLbiotin: (a) raw data and (b) data with reference subtracted.

between PBS and the streptavidin solutions, there is a
signiﬁcant change in the refractive index, as shown in Figure
4a, recorded in the measurement as a phase shift (in pm). As
the aMZI records all sensors at the same time and the PLLOEG is an eﬀective antifouling layer, as shown in the QCM-D
experiment, it is possible to subtract this reference data in
Figure 4b to subtract the eﬀects of the bulk refractive index
changes to record only the amount of binding on the surface
without bulk eﬀects.
The streptavidin binding does not saturate until the ﬁnal
value is reached at a concentration of 1000 nM of streptavidin.
The diﬀerence between saturation concentration between
QCM-D and aMZI is due to the actual ﬂow in the chambers
aﬀecting the kinetics of binding. An in-depth analysis of
adsorption kinetics and mass transport is beyond the scope of
this work. Further work using higher ﬂow rates would highlight
the diﬀerences between the two techniques. Using a higher
ﬂow rate would greatly reduce the contribution of diﬀusion
kinetics in the aMZI, allowing the fast streptavidin−biotin
binding to be observed. The eﬀects of the increased ﬂow rate
would be less signiﬁcant in the QCM-D due to the large size of
the sample chamber. By varying the ﬂow rate in the aMZI, it
would be possible to optimize experiments to either observe
binding kinetics of strong binding events at high ﬂow or detect
low concentrations of precious analytes at a low ﬂow rate. This
ﬂexibility would not be as easily achieved using the QCM-D.
These parameters will beneﬁt from the optimized design of the
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the use of a diﬀerent buﬀer, which may also aﬀect the
interactions between water and the protein.
A second metric to compare the systems is the signal-tonoise ratio. If the noise is large compared to the signal, the
sensitivity and reproducibility of the technique are reduced. In
Figure 3, the variance in the QCM-D frequency signal is ∼0.6
Hz. Compared with the ﬁnal binding of 26 Hz, this gives a
signal-to-noise ratio of 43:1. In contrast, the aMZI data in
Figure 4 has a noise level of ∼1 pm and an average maximum
binding of 8722 pm, giving a signal-to-noise ratio of 8722:1.
Thus. the aMZI has a 200-fold improvement in the signal-tonoise ratio when compared to the QCM-D. To establish a
rough estimate of the detection limit, we can extrapolate the
signal given by diﬀerent concentrations from the signals for
both methods at the 50 nM concentration to the point where
the signal would be identical to the noise level of the
technique. For QCM-D, the noise limit lies at 6 nM (a signal
of 5 Hz with 0.6 Hz of noise), while for the aMZI this lies at
0.07 nM (a signal of 700 pm with 1 pm of noise). This would
give a 100-fold increase in the detection limit for the aMZI
method for this system at these conditions. However, because
of the diﬀerences in the design of the ﬂuidics of the two
systems, a true comparison of the LOD is beyond the scope of
this study. Overall, this comparison shows the great potential
of the aMZI as a technique to employ at low concentrations or
weakly binding analytes.

detection, and quantiﬁcation of a wide variety of biological
analytes.

■
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EXPERIMENTAL SECTION

Poly-L-lysine hydrobromide (MW 15−30 kDa) was purchased from
Sigma-Aldrich and dissolved in PBS (10 mM, pH 7.2) to make a stock
solution of 1 mg mL−1. EZ-Link (NHS-biotin) and MS(PEG)4
(methyl-PEG-NHS-ester) were purchased from Thermo Fisher
Scientiﬁc and dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution of 1 mg mL−1. Streptavidin was purchased from SigmaAldrich and dissolved in MilliQ water to make a 1 mg mL−1 stock
solution. All compounds were used without further puriﬁcation.
PLL-biotin(10%)-OEG(30%) (PLL-biotin) and PLL-OEG(35%)
(PLL-OEG) were synthesized and characterized by the methods of
Duan et al.37 The modiﬁed PLLs were dissolved in PBS (10 mM, pH
7.2) with 10% glycerol at a concentration of 1.5 mg mL−1. PLL-biotin
and PLL-OEG were immobilized on clean aMZI and QCM chips by
dropping the solution of the desired PLL to cover the sensing
windows of the aMZI and whole QCM chip. The chips were left for 5
min before being thoroughly rinsed with MilliQ water then dried
under a stream of nitrogen.
QCM-D experiments were performed on a Q-Sense E4 4-channel
quartz crystal microbalance with a peristaltic pump (Biolin Scientiﬁc)
using a ﬂow rate of 15 μL min−1 and Si3N4-coated quartz chips (Biolin
Scientiﬁc). The equipment was equilibrated in PBS for 30 min and
reagents were ﬂushed for 13.3 min. Si3N4 QCM-D chips were cleaned
in UV−ozone using Bioforce UV/Ozone ProCleaner Plus for 30 min.
The aMZI experiments were performed at Lionix International
using a home-built setup (Figure 5). The aMZI chips were cleaned

■

CONCLUSIONS
The use of poly-L-lysine enables quick and simple attachment
of bioreceptors onto both the aMZI and the QCM-D chips to
allow a direct comparison between the two platforms. It was
found that the aMZI measured streptavidin binding, which was
comparable to literature and resulted in 45% hydrodynamically
coupled water for the adsorption in the QCM-D. While the
experimental conditions were chosen to best compare the two
techniques, there were inevitably some diﬀerences between the
systems with respect to the actual ﬂow rates over the chip due
to diﬀerent chamber sizes, tubing widths, and sensor areas. For
a complete study of comparable limits of detection, the binding
kinetics, and mass transport, modeling of the ﬂow within both
the QCM-D and the aMZI ﬂow chambers would be required.
Although PLL allowed the attachment of bioreceptors on
both the QCM-D and aMZI chips, there was a small
discrepancy in the PLL spotting consistency on the aMZI
chip when doing microspotting. Even though the diﬀerence in
signal is not too large to adversely aﬀect the binding of
streptavidin to biotin at the concentrations presented here, for
future work, if a less strongly binding or low-concentration
analyte is used, assuring a dense and complete layer of
receptors would be crucial.
In conclusion, the aMZI platform proved to be a highly
eﬀective tool for biosensing compared to the established
technology of QCM-D. First, it enabled the measurement of
streptavidin binding without the added complication of
hydrodynamically coupled water, allowing the elucidation of
the absolute protein mass adsorption. Second, the aMZI
exhibited a 200-fold increase in the signal-to-noise ratio and
thus has the potential to have a signiﬁcantly lower limit of
detection. The ease of attaching up to six separate bioreceptors
to the chip and measuring them all simultaneously allows the
aMZI to be a ﬂexible technique capable of self-referencing. The
aMZI has the potential for label-free, low-concentration

Figure 5. Photograph of the aMZI setup with the ﬂuidic system and
the piezoelectric auto-alignment stage.
using a cotton swab and a solution of 0.25 M NaOH with 1% Triton
X-100, followed by thorough rinsing with deionized water and drying
under a stream of nitrogen. The chips were placed in a ﬂow cell with a
piezoelectric alignment stage for the laser inputs. Experiments were
performed using a 15 μL min−1 ﬂow rate, a syringe pump to ﬂush PBS
(10 mM, pH 7.2), and a 200 μL sample loop with a peristaltic pump
to ﬁll the sample loop while the syringe pump never stopped the ﬂow
to the chip.
To compensate for the change in bulk refractive index (Figure 4a),
the PLL-OEG data was subtracted from all sensors to give Figure 4b.
To compensate for the delay due to the direction of ﬂow over the chip
(Figure 1), the data of the later sensors was shifted in time by
approximately an extra 0.5 s for each subsequent sensor before
subtraction.
For the analysis of the aMZI data, eq 2 was derived from a
comparison to previous work on the MRR. The observed change in
shift is proportional to the adsorbed mass in both MMR and aMZI.
The ratio between the bulk sensitivity for aMZI and MRR is equal to
the ratio in surface sensitivity giving
4570
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dλ MRR dλaMZI
=
/
saMZI
dΓ
dΓ

(3)

(4)

The bulk sensitivity of the MMR was calculated by Heideman et al.22
to be

The surface sensitivity, if it is assumed that proteins have an average
mass density of 1.35 g cm3, was calculated by Besselink et al.36 to be

dλ MRR
= 1.7 pm ng −1 cm 2
dΓ
Substitution of these values into (eq 4) and given that the sensitivity
of the MZI chips is designed to be 2000 nm RIU−1 gives
(5)

Rearranging and simplifying (eq 5) gives eq 2.

■
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