A Highly Compensated Interferometer for Biochemical Analysis
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ABSTRACT: Here we report an improved interferometric sensing approach that facilitates high sensitivity nanovolume re-
fractive index (RI) measurements and molecular interaction assays without a temperature controller. The compensated
backscattering interferometer (CBSI) is based on a Helium-Neon (He-Ne) laser, microfluidic chip, and a CCD array. CBSI ena-
bles simultaneous differential RI measurements within nanoliter volumes, at a compensation level of ca. 5x10-8 RIU in the
presence of large thermal perturbations (8°C). This level of dn/dT compensation is enabled by elongating the laser beam
along the central axis of the microfluidic channel and measuring the difference in positional shift of interference patterns
from two adjacent regions of the channel. By separating two solutions by an air gap or oil droplet, CBSI can discriminate the
difference in RI for the sample and reference at a detection limit of 7x10-7 RIU in the absence of electronic filtering. At this
level of ARI sensitivity, it is possible to perform label-free, free-solution biochemical assays at the 10’s of nM level without the
typical high-resolution temperature control needed in conventional interferometers. Here we illustrate the effective use of

CBSI by quantifying the binding affinities for mannose - Concanavalin A and Ca?* - Recoverin interactions.
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Interaction assays have led to significant scientific discov-
eries in the biochemical, medical and chemical disciplines.
The basis of these inter- and intramolecular interactions in-
clude London dispersion, hydrogen bonding, hydrophobic
character, and electrostatics. In the past three decades, the
sophistication and power of techniques to interrogate these
processes has developed at an unprecedented rate. These
methods range from Nuclear Magnetic Resonance (NMR),!
and Mass Spectrometry (MS)?23, to calorimetric*> and ther-
mophoretic.® Amongthe most commonly used label-free in-
teraction assay methods are the refractive index (RI) meth-
ods’, including Biolayer Interferometry (BLI)® and Surface
Plasmon Resonance (SPR).? All of these methods have ad-
vantages, but the free-solution methods calorimetery and
NMR are limited by sensitivity. Many other label-free meth-
ods, including BLI and SPR, require analyte immobilization
onto the sensor surface, increasing assay complexity!? and
impacting performance when working within complex ma-
trices. Backscattering interferometry (BSI) offers an alter-
native to these methods, providing free-solution opera-
tion,!! complex matrix compatibility,'? no sensitivity to the
relative mass of the participating species,’® and
picogram/mL sensitivity.14

Numerous other interferometric methods have been
used to perform biosensing determinations. These include
the Mach-Zehnder interferometer (MZI), the Young inter-
ferometer (YI), the Hartman interferometer (HI), and the
dual polarization interferometer. For a more detailed dis-
cussion of these interferometric methods we direct the
reader to two reviews on interferometry in biosensing.”15

Not covered in these reviews are two methods, one is a var-
iation of the porous Si surface sensing method!¢ and the
other is a hybrid approach using active and passive plas-
monic interferometry.!”

The first method has been reported to measure bovine se-
rum albumin (BSA) adsorption in the range from 150 pM to
15 pM!® and the use of electrical double layer (EDL)-
induced accumulation of charged ions onto a negatively
charged nanostructured surface of SiOz to give bulk meas-
urements of ca. 107 RIU.1° Here, a signal processing strat-
egy based on subtracting before and after reflectance spec-
tra provides an improvement over previous Si sensors. Itis
not clear just how the double layer system reported to pro-
vide bulk RI measurements might be used to perform solu-
tion-phase interaction studies. The second relatively new
interferometric method uses fluorescence modulation of
the interferometric signal allowing picoliter sample vol-
umes to be interrogated.?’ This type of sensor can work
with an incoherent source, providing detectable ARI
changes estimated at 5x10- RIU in 1pL, but does require
fluorescence modulation.2’ By comparison, BSI provides
10-¢- 107 RIU sensitivity in 350 pL volumes.!3

One limitation of most interferometers is that they exhibit
a significant level of temperature sensitivity.?2! However, it
has been reported that the MZI can be configured in a man-
ner to limit temperature-induced drift,?2 Also, because tem-
perature variations affect the RI and physical thickness in-
versely, instrumental thermostatting is less stringent in the
HI than in other interferometric methods.??



Here we report on a new interferometric design that ad-
dresses the thermal sensitivity problem, while allowing
specific binding assays in free-solution, using the Free-SRF-
BSI methodology.!®> FreeSRF capitalizes on background
elimination by RI-matching the sample and reference,?* yet
up until now, these assays required the use of sequential
measurements in the same channel of a microfluidic chip.
The accuracy of such determinations can be impacted by
temperature fluctuations and source instabilities that lead
to changes in the measured RI. Thus, we have used a high-
resolution temperature controller and a chip design to mit-
igate environmental perturbations of the laser beam in BSI.

The obvious solution to the sequential measurement ap-
proach is a sample-reference configuration. Two ap-
proaches to BSI we have investigated, two adjacent capillar-
ies?> and two channels in a chip.2¢ In the first case, we effec-
tively demonstrated sensitivity in the nanoRIU regime,?s yet
found the approach to be impractical due to alignment con-
straints and the necessity to encapsulate the capillaries. In
the second case, we used a calcite beam splitter to produce
two parallel, orthogonally polarized, equal intensity beams,
which were used to illuminate two microfluidic channels
etched into a micro-fluidic chip separated by 1Imm.?¢ This
approach allowed binding assays to be performed, yet
alignment was extremely tedious. Upon careful evaluation,
we found the two-channel chip approach provided little en-
vironmental noise rejection, giving relatively low level of
compensation. In theory, fabrication of microfluidic chan-
nels with channel diameter accuracy of +5nm should allow
for compensation, yet, aligning the two discrete, adjacent
interferometers proved problematic requiring the use of a
high-resolution temperature controller to compensate for
room temperature variations. Now, we think it better to de-
scribe this optical train as a comparator, as opposed to a
compensated interferometer.

Here we demonstrate an interferometric configuration
with a high level of noise rejection, enabling operation in the
absence of a temperature controller. The Compensated
Backscattering Interferometer (CBSI), shown in Figure 1,
uses a single elongated laser to interrogate adjacent regions
of the same microfluidic channel simultaneously. The result
in essentially two identical interferometers, providing com-
pensation of temperature variations and source instabili-
ties, such as wavelength and intensity wander. Relative RI
determinations are performed by spatially separating two
solutions (a binding sample and reference sample) with ei-
ther air, oil, or hole in the chip) and then measuring the dif-
ference in spatial position of two discrete regions of an in-
terference pattern (Figure 1). Here we demonstrate that
CBSI provides a noise floor of ca. 10-8 RIU without environ-
mental control and in the presence of an 8°C external tem-
perature excursion. We also show mix-and-read FreeSRF
binding assays with CBSI allowing the quantification of pro-
tein-ion (Ca?* - Recoverin) and protein-small molecule
(Concanavalin A (ConA) - mannose) interactions in nano-
liter volumes, label-free and in free solution in the absence
of a temperature controller.

EXPERIMENTAL SECTION

As shown in Figure 1, a helium-neon (He-Ne) laser (wave-
length 632 nm, Melles Griot, USA) illuminates a channel ina

microfluidic chip. The glass chip was obtained from Mi-
cronit Microtechnologies, (Netherlands), has an isotropi-
cally etched channel?’ that is nearly semi-circular with di-
mensions of (210 um x 100 um radius) and served as both
the sample container and the resonator for the interferom-
eter. The chip, side-view shown in Figure 1, has been de-
scribed in detail elsewhere, with the modifications dis-
cussed below. Briefly, the He-Ne beam was shaped and con-
ditioned by first passing it through a collimating lens (0z
Optics, Canada) giving a Gaussian beam diameter at 1/e? of
0.8 mm. This beam was then stretched along one axis by a
pair of anamorphic prism pairs, each with a 4-fold expan-
sion (Thorlabs, New Jersey, USA). The prisms were ar-
ranged in series with identical orientation to produce a 16-
fold expansion of the laser profile along one axis. The result
was a beam that was about 12 mm in the long axis of the
channel and ca. 0.8 mm width in short axis. Interrogation of
the channel by the elongated laser results in a series of in-
terference “fringes” as shown in Figure 1. The resulting
fringe patterns were captured on a 2D CCD array (Basler,
12.8 mm x 9.625 mm, 5.5 um? pixels) that is placed 10 cm
from the channel in the nearly 0° backscatter direction. The
black shadow in the center of the fringe pattern is produced
by a Imm hole drilled through the center of the channel al-
lowing the sample and reference regions to be separated.
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Figure 1. Block diagram of the Compensated Backscattering
Interferometer. Chip schematic not drawn to scale.

Using an in-house Labview™ program, windows of the
fringes from each detection zone measuring 200 pixels long
x 1200 pixels wide were selected for further analysis. The
fringe selection method was similar to the one previously
reported for BSI,?8 consisting of choosing fringe windows
with a nearly a single spatial frequency (Figure 1). The
fringe positional shifts from each of these two windows
were quantified by a fast Fourier transform (FFT), allowing
for tracking of the phase of the dominant frequency over
time.

The injection method used here takes advantage of the
unique properties of microfluidic channels, capitalizing on
the high surface tension of aqueous solutions and small di-
mensions of the channel.2° The result is the ability to intro-
duce samples unperturbed by a pressure source, using only
capillary action to draw the droplets into chip. The hole
drilled through the center microfluidic channel is large
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enough to serve as a passive “fluid stop,” preventing the
sample/reference solutions from jumping across the gap.
The added benefit of this injection approach is that the sam-
ple/reference solutions are introduced at constant pres-
sure. The hole also serves as the waste collection site. For
clarity, an injection is pictorially demonstrated in Figure 2
using red and green dye. As shown, 1 pL is pipetted into the
chip inlet at either end of the channel (Figure 2C). Capillary
action pulls the sample into the channel (Figure 2D), and
then stops once the sample reaches the hole drilled in the
center of the channel (Figure 2E).

Chip temperature was measured and controlled by a Pel-
tier driven by a high-resolution temperature controller
(Wavelength Electronics). Several precautions ensure opti-
mum temperature regulation. The thermistor/thermal cou-
ple (Omega Engineering Inc., USA) and Peltier were selected
of sufficient size and power and mounted in intimate con-
tact with an Al block and cooling fins with a layer of thermal
grease. We used only thermistor/thermal couples specified
for use with the Wavelength Electronics integral-differen-
tial controller. The controller was recently calibrated and
was positioned in the laboratory so as to be as far as possi-
ble from sources of temperature variations, such as those
induced by heating and A/C cooling vents.
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Figure 2. CBSI sample introduction scheme. A side-view
schematic of the microfluidic chip showing (A) the hole
through the channel to function as a fluid stop and (B) the
channel filled with both reference and sample. (C-E) Pictoral
demonstration of sample introduction.

Temperature compensation experiments were per-
formed by injecting deionized (DI) water into both detec-
tion regions and measuring the phase difference between
the two windows for five minutes to establish a baseline
while the chip was held at a constant temperature of 25°C.
Then, the temperature of the entire chip was increased (by
the Peltier) in increments of 0.5°C and the phase shifts were

recorded for one minute. Following the one-minute meas-
urement, temperature was increased again by 0.5°C. This
procedure was repeated until measurements had been
made from 25-27°C. The experiment performed in tripli-
cate. Glycerol ‘compensation’ determinations were per-
formed by injecting the same concentration of glycerol (0,
0.5, 1, 3, and 5 mM in DI water) into both sides of the chan-
nel, and the phase shift were recorded for 30 seconds. Tem-
perature was held constant at 25°C + 0.001°C by the Peltier.
After each measurement, the samples were removed by
vacuum applied to the center hole, and the channel was
rinsed with 100 pL of DI water and 100 pL Methanol. Con-
centrations were run from low to high and then the entire
concentration range was repeated in triplicate. The glyc-
erol ‘calibration’ experiment was performed using increas-
ing concentrations of glycerol in Phosphate Buffered Saline
(PBS) (0, 0.5, 1, 3, and 5 mM), introduced into the ‘sample
side’ with PBS introduced into the ‘reference side’ of the
chip. The measurement was performed by collecting 30
seconds of data for each sample-reference pair, in absence
of temperature control. The channels were rinsed with 100
uL PBS, 100 pL methanol, and 100 pL deionized water and
then dried for 2 minutes before injection of the next sample.
This procedure was performed in triplicate.

CBSI stability in the presence of large ambient tempera-
ture changes was tested by placing the entire optical train
in a temperature-controlled chamber, inducing large tem-
perature changes, and measuring the baseline noise. First,
we established the baseline of the un-thermostatted CBSI at
ambient temperature (22°C) inside the enclosure. Then, we
heated the box by 4°C and measured the baseline noise for
5 minutes. This experiment was repeated by heating the
chamber by an additional 4°C allowing for compensation
testing of an 8°C change in environment.

Binding assays were performed in an endpoint format.!3
Concanavalin A (ConA) and Mannose samples were pre-
pared in a buffer containing 50mM Sodium Acetate, 1mM
Ca?*, and 1mM Mn?* in deionized water. Binding samples
consisted of increasing concentrations of Mannose (0-800
uM) incubated with 2uM ConA. Reference samples con-
sisted of Mannose only. Samples were incubated at room
temperature for 2 hours before measurement. Recoverin
samples were prepared in modified Phosphate Buffered Sa-
line (PBS) devoid of Ca2?* or Mg?*. Binding samples con-
sisted of increasing concentrations of Ca?* (0-4 uM) in PBS
incubated with 540 nM Recoverin (Novis Biologicals). Ref-
erence samples consisted of matched Ca?* concentrations
with no Recoverin present. Samples were incubated at
room temperature for 1.5 hours with gentle agitation. Sam-
ple-reference differential measurements were recorded
over 15 seconds for each replicate measurement. Total
analysis time from the end of incubation to finalized data
analysis is 1 hour. To obtain Kp, the data were fit to single-
site saturation isotherms using Graphpad Prism (Graphpad
Software, Inc.). Mannose, PBS, Ca%*, and ConA were ob-
tained from Sigma.

RESULTS AND DISCUSSION

Interferometer Design. We hypothesized that using an
elongated beam to illuminate a chip, a high contrast fringe
pattern (Figure 1) would allow for Rl measurements in mul-
tiple locations along the channel simultaneously. Then, if
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chip and beam non-uniformities could be effectively aver-
aged and two samples could be separated by a gap or hole,
the optical train would form nearly identical interferome-
ters. In short, comparing solutions in the same channel with
the same laser should result in a significant level of noise re-
duction.

To test this theory, we first evaluated CBSI by measuring
the instrument response to large temperature changes im-
parted to the chip with deionized water in both sides of the
channel. After recording the phase difference between the
two windows for 5 minutes to establish a baseline, the tem-
perature of the chip was increased in increments of 0.5°C
from 25 - 27°C (Figure 3). The result of this temperature
ramp experiment (AT = 2°C) was a linear response in phase
change for both of the two sensing regions (R?=0.9995),
with the slopes equal to 146.3 + 1.15 and 146.4 + 1.18
mrad/°C respectively. The difference in these phase values
provides a level of compensation of 0.57 mrad/°C, or a max-
imum baseline excursion of ARI of 1.8x10-¢ over the entire
range. Using the value of dn/dT for water of 1.06x10-*
RIU/°C (CRC Handbook of Chemistry and Physics) the total
temperature induced perturbation corresponds to a ARI =
2.12x10* Here the differential measurement provided a
122-fold reduction in RI sensitivity to environmental noise.

Next, we tested noise compensation for samples consist-
ing of solutions of glycerol in PBS, at increasing concentra-
tions, but using the same concentration in both the sample
and reference region. This approach allowed us to evaluate
compensation in more complex PBS matrix. Here, each
glycerol concentration exhibited the expected RIU change
in each window for the analyte (11.38 + 0.09 mrad/mM in
region 1 and 11.41 + 0.13 mrad/mM in region 2) with
R?=0.9994. In the absence of any electronic filtering, the dif-
ference or compensated signal exhibited a baseline re-
sponse of 1.6x107 RIU/mM.
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Figure 3. CBSI phase output as a function of time for a tem-
perature ramp of 2°C in 0.5°C steps, in 1-minute intervals. The
reference/sample windows are plotted in red and blue, with
the compensated (difference) signal plotted in black.

Figure 4A presents results from an experiment where we
compared the S/N performance of CBSI to BSL.28 Here, the
standard deviation of the baseline for BSI and CBSI is plotted
with both systems thermally stabilized (red and blue bars
in Figure 4A) and with CBSI operating without temperature
control (green bar in Figure 4A). The first two plots result
from measuring the magnitude of the noise/drift over 5

minutes (1.6 pRIU and 1.4 pRIU) for BSI and CBSI respec-
tively. Surprisingly, when turning the Peltier off on the CBSI
instrument, the equilibrium baseline noise further de-
creased from 1.4 pRIU to 1.04 pRIU. Thisis a 27% reduction
in baseline noise over the “temperature-stabilized” config-
uration illustrating the noise floor for CBSI is lower in the
absence of active temperature control. A possible explana-
tion for this observation is that the integral differential con-
troller driving the Peltier cannot operate at a resolution
high enough to contain the noise floor below 1x10-¢ RIU (ca.
0.009°C). As it cycles on and off based upon the measured
temperature of the chip holder and the set point, minor tem-
perature fluctuations will be induced by the Peltier causing
the RI of the fluid to change.
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Figure 4. (A) BSI and CBSI baseline noise with and in the
absence of thermal stabilization. Error bars represent
standard deviation of 3 measurements. (B) CBSI baseline noise
and predicted ARI from a 4°C and 8°C ambient temperature
change to the entire optical train. Error bars represent
standard deviation of 3 measurements.

In the real world, environmental perturbations are never
confined to the microfluidic chip, but rather will affect the
entire optical train. Therefore, we tested CBSI stability in
the presence of large ambient temperature changes by plac-
ing the entire optical train in a temperature-controlled
chamber and inducing large temperature changes. First, we
established the baseline of the un-thermostated CBSI at am-
bient temperature (22°C) inside the enclosure (1.04 pRIU).
Then we heated the box by 4°C and measured the baseline
noise for 5 minutes. Using the dn/dT for water of 1.06x10-
4RIU/°C for a range of relevant temperatures (20-30°C), we
calculated this 4°C change to correspond to a ARI of 424
MRIU (Figure 4B first red bar). CBSI exhibited very little
sensitivity to this large thermal perturbation, reporting an in-
crease in baseline noise of 1.2x10-7 RIU or 0.12 pRIU (error
bar on second blue bar). Here the overall noise level of CBSI
was 1.16 pRIU. Upon further raising the temperature of the
enclosure another 4°C, (final temperature 30°C, second red
bar, note Y axis is a log scale), we measured an increase in
drift (noise over 5 minutes) of just 0.08 uRIU. Interestingly
the total 8°C temperature change, corresponding to a sub-
stantial perturbation of 8.5x10-4 RIU (848uRIU) induced
only a 2x107 RIU (0.20pRIU) increase in drift noise. In
other words, CBSI compensates for a 4280-fold tempera-
ture-induced change in RIU without any electronic filtering.
This level of compensation should enable use in environ-
ments with widely changing temperatures, including
benchtop and remote locations.

Further testing CBSI without temperature control, we
performed glycerol calibration curves in PBS. Here five
glycerol concentrations (0, 0.5, 1, 3, and 5 mM) were ana-
lyzed in triplicate, producing a robust response with a slope
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of 13.2 mRad/mM (1.25mRad/pRIU) and R? of 0.9996 (Fig-
ure 5). The LOD obtained without filtering or temperature
control (measured as 3xbaseline/slope) was found to be
7.0x10-7 RIU (0.11 mM glycerol) utilizing a baseline noise
over 3 seconds of 0.39 pRIU. A more conservative value for
performance, the LOQ (measured by 3xo/slope) was calcu-
lated using the standard deviation of replicate injections
(0.74 pRIU) and was found to be 1.8x10-¢ RIU (1.8 uRIU or
0.17 mM glycerol). By applying a low pass filter (0.5 second
time constant) to the data, the baseline noise was reduced
to 2.8x10-8RIU, resulting in an LOD of 6.7x10-8 RIU.
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Figure 5. Calibration curve consisting of glycerol in PBS
performed with no temperature control, on CBSI. Error bars
represent standard deviation of 3 trials. Inset: The same
experiment performed on a standard single channel BSI in the
absence of temperature control.

For comparison, we performed the same calibration ex-
periment on a single channel BSI instrument with no tem-
perature control. Figure 5 inset illustrates the significant
ambient temperature sensitivity of the interferometer,
showing that over the course of each 10-minute calibration
trial, the signal drifted by roughly -2.1x10-5 RIU. Further-
more, the reproducibility of replicate injections reported an
LOQ of 14.14 mM glycerol (148 pRIU), over 80-fold poorer
than for CBSI.

BSI has been shown to provide high quality binding affin-
ities and even target quantitation at the level of several hun-
dred molecules!? when operating at level of ca. 10-¢ RIU.
Therefore, the LOQ provided by the CBSI of 1.8x10-¢ RIU, in
the absence of active thermal control, is well within perfor-
mance criteria to allow free-solution molecular interaction
assays. Here we chose two binding systems to illustrate the
use of CBSI for measuring bimolecular interactions. The
first system was Concanavalin A (ConA), a protein-small
molecule interaction system, chosen because of its physio-
logical importance and well documented properties.3® The
second binding system was the well-studied studied ion -
protein interaction, Ca?* binding the neuronal calcium sen-
sor (NCS) recoverin.

The study of carbohydrate-lectin interactions spans a
multitude of disciplines, from virology and neuroscience to
glycomics and immunology. Purified lectins can be used in
biorecognition,3! such as blood typing, because various gly-
colipids and glycoproteins on an individual’s red blood cells
bind specifically to certain lectins. These principles of bio-
recognition can be applied to various diseases and have
been used for in-vitro inhibition of HIV-1.32 Because of the

size mismatch in the binding partners (100,000 Da for ConA
and 180 Da for the sugar) and the fact that carbohydrates
do not usually contain functional groups that induce large
changes in protein absorbance or fluorescence, quantitative
determinations of binding affinities are often quite difficult
to obtain. The installation of labels (fluorophores, spin la-
bels, cross-linking agents) on the carbohydrate runs the risk
of distorting the binding function that is being studied.
Since CBSI is a label-free, free-solution measurement, we
avoid these potential perturbations and/or limitation of la-
beled or tethered assays. Figure 6A illustrates Conca-
navalin A - mannose binding assay performed on CBSI. In
this experiment we obtained a Kp = 84 + 17 pM, which com-
pares favorably with both previous BSI results (96 + 4uM)33
and calorimetry (265-470uM).3° We attribute the slightly
higher error in Kp for ConA-mannose binding to elements
other than instrumental noise, such as age of protein, sam-
ple handling, incubation time/temperature, and tempera-
ture of measurement. Given the literature range for Kp de-
terminations and typically published results, the measure-
ment is well within acceptable experimental error. While
the calorimetry results reported elsewhere were obtained
in free solution, the measurement required quite large vol-
umes of sample at high concentration (1 mL of 100 uM to 1
mM carbohydrate and 2 mL of 10-100 uM lectin) increasing
both cost and the potential for error due to aggregation.
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Figure 6. Binding assays performed on CBSI with no
temperature control. A) Saturation isotherm of the
Concanavalin A/Mannose interaction. B) Saturation isotherm
of recoverin binding Ca2*.

Next, we measured the well characterized ion - protein
interaction, Ca?* binding recoverin. This binding pair has
previously been studied by both interferometric methods in
free solution3* and by the surface immobilized format SPR.35
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Recoverin belongs to the family of NCS proteins and inter-
acts with the N-terminal 25 amino acids of rhodopsin kinase
(GRK1) thereby controlling phosphorylation of rhodopsin
in a Ca?*-dependent manner. It has been identified as an au-
toantigen in degenerative retinal diseases,3¢ and previous
studies of Recoverin in context of other neuronal calcium
binding proteins have advanced the understanding of cal-
cium-dependent conformational changes.3>

The saturation isotherm measured for Ca%*-recoverin in-
teraction with CBSI is presented in Figure 6B. Here the Kp
value was found to be 288 + 68nM. This value is quite sim-
ilar to previous determinations of apparent binding con-
stant by fluorescence (270nM)37 and 1.9uM by SPR.35 SPR
applications need immobilization of one interaction part-
ner, which can create heterogeneous surfaces and might ac-
count for the larger variations observed with this technique.
We have observed and quantified this phenomenon with
BSI by comparing surface and free solution measurements
of binding affinity.3* However, CBSI enabled the quantifica-
tion of Ca?*-recoverin binding in free-solution providing af-
finity constants that are not impacted by any modification,
such as immobilization or tagging with a fluorophore.

For further perspective on the two binding events pre-
sented, the highest concentration used for Mannose was
800 uM and the lowest concentration of Ca?* ~60 nM. These
concentrations span about 4 decades (from nearly a mi-
cromolar to 10s of nanomolar), illustrating the range of per-
formance possible with CBSI operating in the absence of any
temperature stabilization. Assuming 100% binding would
mean that 60 nM of Ca-Recoverin had been formed and
quantified. Thus, within the CBSI probe volume of 25nL
there is merely 1.5 x 10-15> moles or 1.5 femtomoles of Ca-
Recoverin detected by CBSI.

CONCLUSIONS

Here we demonstrated a compensated backscattering in-
terferometer that is highly sensitive, has a nanoliter-vol-
ume, and enables mix-and-read biochemical assays in free
solution and can be operated without temperature control,
even in the presence to large environmental perturbations.
The utility of the device was shown by characterizing the
binding affinity of the ConA/Mannose and the Recov-
erin/Ca?* systems. These affinity measurements provided
results that compared favorably with previous affinity
measurements, but with much less sample required, no
need for surface immobilization, and no modification of ei-
ther binding partner with a fluorophore. Two major ad-
vantages of CBSI are the simplicity of the optical train (laser,
object and detector/camera) and the ability to function
without temperature control. These properties are antici-
pated to facilitate miniaturization, resulting in a low cost,
highly stable, field deployable system that is assay agnostic.
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