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Abstract

We have developed miniature (=1 um diameter) microcavity surface-plasmon-resonance sensors
(MSPRS), integrated them with microfluidics and tested their sensitivity to refractive-index changes.
We tested their biosensing capability by distinguishing the interaction of glucose oxidase (M, 160
kDa) with its natural substrate (3-D-glucose, M, 180 Da) from its interactions with non-specific
substrates (L-glucose, D-mannose and 2-deoxy-D-glucose). We ran the identical protocol we had
used with the MSPRS on a Biacore 3000 instrument using their bare gold chip. Only the MSPRS
was able to detect B-D-glucose binding to glucose oxidase. Each MSPRS can detect the binding to
its surface of fewer than 35,000 glucose-oxidase molecules (representing 9.6 fg or 60 zmol of protein),
about 108 times fewer than classical surface-plasmon-resonance biosensors.

Introduction

Systems-level understanding of the function and malfunction of cells and organisms requires
comprehensive models based on maps of all interactions between all components: DNA, RNA,
proteins, metabolites, hormones, ions, small molecules, etc.. Mapping the complete interaction
network (interactomics) requires gathering kinetic information on hundreds of millions of
interactions. Current efforts to map important networks address yeast,1-3 Caenorhabditis
elegans'* Drosophila:> ® humans7 and other organisms.8-10 Drug discovery also requires
quantitative mapping of the interactions of the multitudes of small molecules in drug libraries
against libraries of proteins present in an organism. No current biosensor technology combines
the sensitivity, kinetic measurement and throughput which interactomics needs. While much
current research attempts to improve biosensor sensitivity,!! other sensor characteristics are
also important. The ideal biosensor would (1) be sensitive and non-invasive to permit use in a
wide range of applications, (2) allow real-time, label-free measurements to provide kinetic data
for interaction mapping, (3) be small and integrate with microfluidics to reduce reagent usage,
making analyses quick, cheap and accurate, (4) integrate into 2-D (possibly 3-D) arrays to
provide the high throughput drug discovery and interactomics mapping requires, (5) be easy
and inexpensive to manufacture, (6) be highly reproducible sensor-to-sensor and chip-to-chip,
and (7) allow a simple, cheap and robust instrument design to read the sensors and analyze the
data.
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Surface plasmon (SP) resonance (SPR) is a well-known physical phenomenon which has
enabled powerful technologies for optoelectronics,2 13 bioanalysis, 14 and super-resolution
imaging.15 16 For biomolecular-interaction analysis, classical SPR sensors are valued for their
ability to monitor molecular binding without labels and in real-time.1” However, planar SPR
sensors are large (=1.2 mm?2)18 compared to the microfluidic scales which are becoming
common in biochemical analysis. Shrinking the active surface of a planar SPR sensor reduces
its sensitivity because the SP wave (SPW) must propagate several propagation lengths for the
SPR angle of incidence to change detectably. SPR instruments are also large; the basic planar
SPR setup requires well-defined polarization, incidence angle and collimation of the incident
light for efficient conversion of light into plasmons.

This paper presents the microcavity surface-plasmon-resonance sensor (MSPRS), a1 um
diameter (=2.5 um? surface), label-free, optical biosensor for studying biomolecular binding
kinetics, whose size allows easy microfluidics integration.

In MSPRSs, stationary SPWSs confined in a metal shell wrapped around a sub-micrometer
dielectric nanosphere replace the propagating SPWs of planar SPR sensors.19 These stationary
SPWs traverse the active metal-film surface a number of times proportional to the quality-
factor of the resonance, increasing the interaction probability between the waves and surface
adsorbate via so-called shape resonancel®-21 and so enhancing sensitivity. MSPRSs are too
small to excite the whispering gallery modes seen in 10-100 um dielectric structures20722 and
orders of magnitude larger than the nanoparticles or nanoshells (structures ranging in size from
a few nanometers to several hundred nanometers and always much smaller than the incident-
light wavelength), which generate localized surface-plasmon resonances.23728 Stationary
SPWs also eliminate classical geometric and polarization requirements for SPW excitation,
allowing straight-line transmission detection (excitation source-MSPRS-detector).

We studied the proprieties of microcavity resonances generated by 780 nm polystyrene spheres
placed on a flat cover-glass surface and argon-ion sputtered with a~=120 nm layer of gold. Each
MSPRS has a sub-wavelength pinhole where the nanosphere touches the glass substrate, with
a sharp cusp in the gold layer deep beneath the nanosphere. Effectively, a spherical gold shell
covers the nanosphere and a planar layer covers the glass substrate. The cusp produces high-
intensity electromagnetic fields similar to those between a nanostructure and a nearby semi-
infinite metallic plane.2’-2°

To demonstrate the integration of MSPRSs with microfluidics, we built a simple, T-type,
microfluidic device with two input-channels feeding a microchamber (0.2 pL) containing
MSPRSs. This device allowed sample flow rates of 0.5 nL/s and sample volumes down to 5
uL under hydrostatically-driven flow. For comparison, a Biacore 3000 instrument requires a
minimum 35 pL sample volume of which only 5 pL is effectively injected into the chamber
containing the SPR sensing surface. The Biacore 3000 allows sample flow rates in the range
1-100 uL/min. Therefore, our method allows experiments of ~180 min using 5 uL of reagent,
while the Biacore 3000 allows only 5 min using 5 pL of reagent, saving potentially expensive
or hard-to-synthesize reagents, while simultaneously improving detection accuracy and data
reproducibility.

To determine MSPRS sensitivity we chose the interaction model of glucose oxidase (GOXx)
with B-D-glucose (8D-Glu), L-glucose (L-Glu), D-mannose (D-Man) and 2-deoxy-D-glucose
(2Do-Glu). These well-studied interactions are fast, so the time each substrate molecule
remains bound to the enzyme is short. In addition, while the metabolism of BD-Glu by GOx
is medically significant, the binding of a small analyte molecule (180 Da) to a large target
enzyme (160 kDa) is difficult to observe with other technologies.
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Experimental Section

MSPRS Substrate Preparation

We manufactured the MSPRSs on No. 1% cover-glass (50 x 24 x 0.18 mm, VWR) which were
rinsed with methanol (reagent grade, Sigma-Aldrich), then rinsed with deionized water (DI-
water, 18 MQcm, Super-Q Plus, Millipore Corp.), cleaned in NH4,OH/H,0,/HNO3 (1:1:1) for
one hour, rinsed with DI-water and dried with nitrogen. The methanol solution of polystyrene
nanospheres (780 £ 5.9 nm diameter) had ~104 nanospheres/uL. With a micropipette, we
dispensed 70 pL of solution onto each cover-glass, dried them at low vacuum (=1 Torr) for
one hour and then stored them individually in Petri dishes, producing a random distribution of
nanospheres 10-20 um apart. We covered the cover-glasses with a copper mask with oval slits
above their nanosphere regions, placed them in a sputter coater (Polaron E5100) and uniformly
coated them with 120 £ 20 nm of gold (=0.06 Torr vacuum, 20 mA discharge). Removing the
copper mask left a 3 x 10 mm gold domain on each cover-glass. We selected for further use
substrates showing consistent metal deposition, i.e., uniform optical transmission throughout
the gold layer.

Master Fabrication

We fabricated the microfluidic stamps (masters), used for replica molding, on glass slides (75
x 50 x 1 mm, Corning) cleaned in HCI/HNOg3 (3:1), then rinsed with DI-water, dried with
nitrogen, sonicated in methanol and dried with nitrogen. We used two photoresist (SU-8 2010,
MicroChem Corp.) layers. The first layer (=20 um thick) promoted the adhesion of the channel
structure to the glass. The second layer (=20 pm thick) became the channel structure. Both
layers were processed identically, except that first layer was exposed without a photomask.
The photoresist was spin-coated (P6708, Speedline Technologies) onto the substrate by
ramping at 40 rpm/s to 1000 rpm and holding at 1000 rpm for 30 s. Prior to exposure, the
photoresist was prebaked on a digital hot-plate (732P, PMC Industries) at 65 °C for 1 min,
ramped to 95 °C at 100 °C/h and held at 95 °C for 3 min. The microfluidic pattern was designed
using AutoCAD LT 2004 (AutoDesk, Inc.), printed on a transparency using a high-resolution
laser photoplotter (40,640 dpi, Photoplot Store) and contact-printed onto the photoresist using
UV-light (365 nm, 300 mJ/cm?, 205S, Optical Associates, Inc.) from a high-pressure Hg-arc
lamp and an additional 360 nm band filter (fwhm 45 nm, Edmund Optics, Inc.). The exposed
photoresist was postbaked at 65 °C for 1 min, ramped at 300 °C/h to 95 °C and held for 1 min.
We then developed the unexposed photoresist for 10 min, rinsed with 2-propanol and dried
with nitrogen. The SU-8 master height was 19.4 £ 0.2 um (n = 10) across the structure as
measured with a stylus profiler (Dektak 6M, VVeeco Instruments, Inc.).

Channel Fabrication

We cast microchannels in poly(dimethylsiloxane) (PDMS) substrates, using the SU-8 master.
The polymer base and the curing agent (Sylgard 184 Silicone Kit, Dow Corning Corp.) were
mixed at a ratio of 10:1 (m/m) for 3 min. A tape barrier placed around the mold held the
elastomer mixture in place as we poured it onto the master. We then placed the mold under
low vacuum (=1 Torr) for one hour to enhance channel replication, cured it at 100 °C for 30
min and then immediately separated the hot polymerized PDMS-substrate from the master.
This technique avoided the need for SU-8 master silanization.3% 31

The channel design was a simple T-type intersection with two 50 um wide inputs, one for
buffer injection and one for reagent injection, both connecting into a main chamber. We
collected the waste at the opposite end of the main chamber. Microfluidic channels terminated
in 2 mm diameter disks into which we punched fluid access holes through the elastomer using
16-gauge titanium-nitride-coated needles for clean, accurate cuts. PDMS-substrates were
rinsed with methanol, then dried with nitrogen, to remove any surface debris, postbaked for
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24 hours at 120 °C, to remove any volatiles or unpolymerized residues, and stored in Petri
dishes.

Chip Assembly

We exposed the MSPRS substrates to air plasma (PDC-32G, Harrick Plasma) for 3 min to
remove any surface impurities, then simultaneously exposed the MSPRSs and PDMS
substrates to air plasma for 40 s and joined them permanently. This assembly, with the MSPRSs
at the bottom and the PDMS microfluidics on top constitutes a chip. The chip has a buffer-
input channel and a reagent-input channel feeding a common MSPRS chamber (1 mm x 10
mm) containing more than 5000 randomly distributed MSPRSs (Figure S-1b). Our studies
showed that MSPRS chambers as narrow as 20-50 um wide are practical. Priming the chip
with running buffer through the waste reservoir minimized bubble formation and uniformly
wet the channels.

Flow Control

We used pressure-driven flow to bring buffer and reagent solution into contact with the
MSPRSs. Input-channel ends were connected to a common 25 mL graduated cylinder using
valved 1.6 mm o.d. polypropylene tubing.3%: 31 The MSPRS-chamber end was connected to a
25 mL graduated wastecylinder also controlled by a valve (Figure S-1b). The diameter of the
25 mL graduated cylinders was so large that the fluid level did not change noticeably during
the experiments. We used two sets of buffers in our experiments: rinsing buffers and running
buffers. The running buffer filled the graduated cylinders and most of the tubing and we ran it
continuously through the chip between experiments to keep the MSPRS surface clean and the
chip bubble-free. Before each experiment, using a 10 uL Hamilton syringe we backfilled the
end of the reagent-input tubing with 2-10 uL of reagent solution and the end of the buffer-
input tubing with 2-10 pL of rinsing buffer. To eliminate flow fluctuations in the chip due to
accidental vibration of the tubing, we injected a=1 pL air-bubble into each input-tube, to serve
as a damper and to separate reagent and rinsing buffer in the input tubing from the running
buffer in the graduated cylinder.

We defined the reference level as the height of the fluid in the waste cylinder. We maintained
constant flow through the chip at all times by adjusting the relative height (AH) of the liquid
level in the input graduated cylinder with respect to the reference level. Raising the graduated-
cylinder liquid level to AH =77 mm produced a flow of 0.5 nL/s through the chip, which we
calculated by monitoring the movement of an air bubble inside the input tubing over 17 hours.
The flow at the MSPRS surface was laminar and unidirectional.

Optical Setup

The experimental setup (Figure S-1a) collected either spectra (to analyze changes in MSPRS
resonances due to refractive-index changes in the fluid or to molecular binding to the MSPRS
surface), or time series (to monitor analyte binding to target proteins anchored to the MSPRS
surface).

We monitored MSPRS-emitted light using an inverted optical microscope (Diaphot, Nikon,
Inc.) with its stage custom-modified to accept a T115 Nano-Stage (= 10 nm resolution in all
directions) driven by a Nano-Drive (Mad City Labs, Inc). Using the Nano-Stage we could
select and align a single MSPRS with the microscope’s optical axis and focal plane and analyze
it individually. Small magnets fixed the MSPRS chip to a metal plate, temperature controlled
to 24.0 + 0.1°C, on top of the Nano-Stage.

MSPRSs were illuminated using a DC-950H Dolan-Jenner DC-Regulated Fiber-Optic
Illuminator (Edmund Optics, Inc.). In all experiments we set the software-controlled lamp
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intensity to 90% of its maximum intensity. A fiber-optic (0.5 in. core) light pipe guided the
light from the 150 W quartz halogen light bulb to the microscope condenser (0.3 numerical
aperture (NA)) through the iris. This setup excited the MSPRSs with white light. The
microscope collected the MSPRS-emitted light through a 40x objective (0.85 NA) and fed it
into a spectrometer (300 um slit-width, 500 nm blaze-wavelength, 600 grooves/mm grating,
SpectraPro SP-2150i, Acton Research) through an optical fiber. We mounted one end of the
fiber on a 5-degree-of-freedom support in front of an exit microscope port and aligned it with
the port’s optical axis. The image of one MSPRS (< 100 um diameter, ~0.02 NA) at the port
fits inside the fiber (600 um diameter core, 0.34 NA). We connected the other end to the
entrance of the spectrometer. At the spectrometer exit slit we mounted an integrated photon-
counting photo-multiplier tube (IPC-PMT, PD-473, Acton Research) (Figures S-1a). We used
Spectra Sense software (Acton Research) to control the spectrometer’s dispersive element and
the detector integration time and to record spectra and time-series at fixed wavelengths. A
thermo-isolation box housed the microscope, MSPRS chip and liquid reservoirs. The
temperature inside the box was 23.4 + 0.1°C, with room temperature regulated to 23.3 + 1°C.

Biochemistry

MSPRSs require surface functionalization to detect specific ligands. For functionalization
stability and accuracy, a cross-linker must covalently bind the target protein to the MSPRSs’
gold surfaces.32 We have used several functionalization techniques on plasma-cleaned
MSPRSs successfully, most based on short (=0.6 nm), water-soluble cross-linkers.32-34

After priming the chip with DI-water (Invitrogen Co.), we injected 10 mM cross-linker solution
in DI-water. We used 3,3'-dithio-bis(sulfosuccinimidyl propionate) (DTSSP, Calbiochem,
EMD Chemicals, Inc.), a water-soluble, homo-, bi-functional, thiol-cleavable zero-length
cross-linker that covalently binds to gold surfaces through its disulfide group and to proteins
through its amine-reactive N-hydroxysulfosuccinimide (sulfo-NHS) ester. DTSSP hydrolyzes
rapidly in aqueous solution and both hydrolysis and conjugation release NHS as a leaving
group.3* To minimize cross-linker hydrolysis we injected the target protein within ~5 min of
the cross-linker. We prepared GOx (M, 160 kDa, from Aspergillus niger, Sigma-Aldrich Co.)
solution in DI-water one to two hours before injection, at typical concentrations of 0.78-25
uM in Dl-water. The protein covalently links to the gold surface through the cross-linker’s
carbon chain. Multiple DTSSPs can anchor the same GOx. After functionalization we verified
binding stability by rinsing with DI-water for 30 min and by eluting with 0.1 mM HCI for 5
min (control experiments).

We evaluated GOXx activity using four substrates: D-Glu, L-Glu, D-Man (M, 180.16 Da, Sigma-
Aldrich Co.) and 2DoD-Glu (M, 164.16 Da, Sigma-Aldrich Co.) in four different buffers: 1x
phosphate-buffered saline (PBS, Invitrogen Co.), 200 mM L-Glu in PBS 1x, Dulbecco’s
Modified Eagle Medium 1x (DMEM, Invitrogen Co.) and 10% Horse Serum (HS, Invitrogen
Co.) in DMEM 1x. We rinsed the tubing connecting to the microfluidics with DI-water, eluted
it with 0.1 M HCI, rinsed it with DI-water, rinsed it with methanol, rinsed it with DI-water,
rinsed it with 0.1 M NaOH and finally thoroughly rinsed it with DI-water before connecting it
to a freshly primed MSPRS chip.

Data Analysis

We recorded visible-range spectra (450-750 nm) to characterize the MSPRS response to
changes in the media or surface functionalization. We also recorded time series to characterize
the reaction kinetics. Spectra were collected at 2 nm resolution with 1 s detector integration
time and 5-point running-average smoothing. Kinetics curves were recorded at a fixed 660 nm
wavelength (Figures 2a, 3, 4a and 5), with 5 s integration, 7.2 s detector duty-cycle and 15-
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point running average smoothing (except for the data in Figure 3 (positive axis) which used
50-point running average smoothing).

Results and Discussion

Microcavity-Resonance Analysis

Uniformly gold-coated nanospheres (300-800 nm diameters) excited in white light (400-700
nm) emit characteristic wavelengths due to surface-plasmon microcavity amplification. Their
emitted spectra change when molecules adsorb to the MSPRS surface allowing molecular
interaction monitoring.1® For this study we used a single monodisperse batch of nanospheres
(780 + 6 nm diameter) and a constant gold thickness (120 + 20 nm). SEM showed an MSPRS-
footprint of 1.02 + 0.05 um diameter (n = 25) (Figure S-2a). Omni-directional argon-ion
sputtering should produce a sub-wavelength nanoaperture at the contact point of the nanosphere
with the glass surface. To verify the nanoaperture quality, we mechanically removed a few
MSPRSs to expose their underlying nanoapertures. Intensity profile analysis of SEM images
(Figure S-2b,c) revealed a typical nanoaperture diameter of 143 = 8 nm (n = 5) and showed
that the gold penetrated deep under the nanospheres to form a sharp cusp. The thickness of the
cusp tip was ~3.2 nm, comparable to the gold-cluster size the sputterer produced.3®

Our previous experiments!? injected light through the nanoaperture into the spherical
microcavity and collected the emitted light from the gold surface of the MSPRSs (Figure 1a,
dashed line). In the present experiments we supplied light to the top of the MSPRSs and
collected through the nanoapertures from below (Figure 1a, solid line). Rather surprisingly,
the MSPRS spectra are very similar in both cases and the positions of their peaks are the same.
The nanoapertures strongly enhance emission with respect to a flat film in both cases. The
nanoaperture determines the formation of the microcavity resonances because, when we pre-
coated the glass with gold before we deposited the nanospheres, thus closing the nanoapertures,
while maintaining the total gold-layer thickness the same, the resonance amplitude decreased
as the underlayer thickness increased and disappeared completely for underlayers 50 nm or
more in thickness. Exciting the MSPRSs from the top produced a stronger emitted signal and
was convenient for our microfluidics integration. Transmission optics is simpler than the
reflection optics of classical SPR.

The MSPRS emission spectrum in air has five well-defined resonances: (1) 500 + 1.2 nm, (I1)
562.3 £ 0.2 nm, (I11) 595.1 + 0.3 nm, (VI) 639.7 + 0.3 nm and (V) 706.6 = 0.4 nm. In water
the resonances shift to: (1) 503 £ 1 nm, (1) 568.8 £ 0.3 nm, (111) 596.5 + 0.2 nm, (IV) 651.9 £
0.2nmand (V) 706.8 £ 0.7 nm. We did not study the 706.6 nm peak in detail because our IPC-
PMT detector has reduced sensitivity in the NIR.

Figure 1b shows that sample-medium refractive-index changes, e.g., from air (n2° = 1.000) to
water (n20 = 1.333), shifted the position and amplitude of the microcavity resonances (11-V),
but scarcely affected light transmitted through the flat gold film neighboring the MSPRSs
whose spectrum has a single broad peak (1) that shifted negligibly from 499.2 £ 0.2 nm to 499.8
+ 0.2 nm and decreased in intensity by only =9.5% relative-to-air (Figures 1b). The light
transmitted through the flat gold film is probably not due to surface-plasmon excitation because
eq S-1 has no real solution below =500 nm for gold (Figure S-3), suggesting that SPWs cannot
be excited. In addition, the incident convergent beam (0.3 NA) is not polarized and its axis is
perpendicular to the gold surface, which is not optimal for SPW excitation.

The 500 nm peak (1) corresponds to light transmission through the spherical gold shell. It is
brighter than the peak for the flat gold film because the MSPRS’s curved surface increases the
surface area above the pinhole. Submerging the MSPRS in water (n = 1.333) decreased the
apparent peak (1) intensity by 31.3% relative to air. Using a multi-peak Lorentzian fit (R? =
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0.9964) to eliminate the contributions of the neighboring resonances showed a real peak (I)
amplitude decrease of only 11.2%, very close to that for a planar gold layer in water. We
expected the residual difference, because the incident beam’s numerical aperture depends on
the medium’s refractive index. The apparent frequency shift could be the result of fitting errors
for the overlapping peaks. The 500 nm peak’s negligible frequency shift and small intensity
change make it a bad choice for biosensing.

The microcavity resonances are not present in the bare-flat-gold transmission spectrum. In
water, the 562.3 nm peak (1) shifted 6.5 nm to the red and decreased 57.2% in amplitude. The
595.1 nm peak (I11) shifted negligibly (1.4 £ 0.5 nm) to the red and increased in intensity by
36.5% (Figures 1c,d). The 639.7 nm peak (1V) shifted 12.2 nm to the red and decreased 41.4%
in amplitude. At the fixed wavelengths we used to monitor reaction kinetics (e.g., 562.3 nm
and 639.7 nm), the resonance amplitude decreased ~63% (from air to water). We selected these
frequencies because they showed the most sensitivity to refractive-index changes in the
medium. In the end, we used the peak (V) to monitor reaction Kinetics because it had the least
overlap with neighboring peaks and because it lay in the red—NIR optical window of tissue
transparency, which could allow us to use MSPRSs to study complex media like blood, blood
plasma and serum in the future.

MSPRS Calibration

Commercial SPR instruments employ one of two metrics to quantify SPR response to
refractive-index changes. Biacore instruments correlate the refractive index with the resonance
angle measured in response units (RU), while other vendors use refractive-index units (R1U, 1
RU = 108 RIU). To compare our MSPRSs’ sensitivity to bulk refractive-index changes in the
medium to the sensitivity of the popular Biacore 3000 required control experiments to convert
our detected signal amplitude into Biacore RU. Figure S-4a plots the amplitude change of the
MSPRS-emitted signal at 640 nm (peak V) under various known refractive-index D-Glu
aqueous solutions.38 For the experiments protocol see the caption to Figure S-4a. We repeated
the experiment using a Biacore 3000 with a bare gold chip (Figure S-4b). Figures S-4a and
S-4b together show that 10 RU = 1 RIU = 6.93 + 0.24 MSPRS units (MSPRS u) for changes
in bulk-medium index of refraction. Time-stability experiments on the Biacore 3000 found a
23 RU/h baseline drift (over three hours) and 3—-7.5 RU high-frequency noise.

Since the MSPRS-emitted intensity varied linearly (Figure S-4a) with the solution’s refractive
index (over the investigated range) analyses which depend on the refractive index (like eq 1)
and which use Biacore RU should apply to the MSPRS with appropriate scaling.

Sensor Functionalization

Because surface plasmons detect molecular adsorption to the sensor surface indiscriminately,
any SPR-based sensor requires functionalization to provide molecular-interaction specificity.
Typically, the sensor’s surface is covered with a target-molecule which interacts specifically
with the desired analyte. In classical SPR, target-analyte binding increases the resonance angle
following a kinetic equation of form (Figure 2c):

kOll C

R, (1)=R,+Ry+ | ——
SPR 0 B TR0 KonC+koft

—Ro] X {1 — exp [—(konc+k0ff)t}’ )
1

where Rgpg(t) is the amount of analyte bound to the SPR detector at time t, Rg is the instrument
baseline, e.g., the refractive index of the rinsing buffer, Ry is the initial amount of analyte bound
at the surface, C is the concentration of analyte, and kq, and kqs are the association and
dissociation kinetic rate constants respectively.3’
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Our apparatus monitors the emitted intensity at a fixed wavelength. A binding event increases
the refractive index at the MSPRS surface, red-shifting the resonance (Figure 2b) and
decreasing the emitted intensity (Figure 2a) proportionally to:

konC

—%"  _ R
k0|1C+k()ff

X { 1- €Xp [_ (k0nC+k0ff) f]}} s

where Rysprs(t) is the amount of analyte bound to the MSPRS at time t.

Figure 2a shows the change in MSPRS-emitted light during the covalent binding of DTSSP
cross-linker to the MSPRS’s gold surface. After a 300 s DI-water rinse (which defined our
emission-intensity baseline), we stopped the recording, loaded the end of the reagent tubing
with reagent, inserted it into the PDMS chip and injected 10 mM DTSSP (in DI-water),
monitored the gold-DTSSP covalent binding for 500 s and then rinsed the chip for 300 s with
DI-water. We used the maximum concentration of DTSSP soluble in DI-water to cover the
gold surface with cross-linker as rapidly as possible.

The saturated gold-DTSSP reaction decreased the MSPRS-emitted intensity at 660 nm by
1,481 counts/s from 2590 counts/s (water baseline) with a S/N =52.7 (17.2 dB).

Since the cross-linker is much smaller than typical target proteins, linking the target to the
cross-linker monolayer produces a dense target-molecule layer.

After depositing the cross-linker, we rinsed the end of the tubing for 10 s with DI-water, eluted
it for 10 s with 0.1 mM HCI and rinsed it again with DI-water for 10 s using a 1 mL syringe.
We then loaded the tubing end with =5 pL GOXx solution and reconnected the tubing to the
PDMS layer. At 1300 s, we injected 6.25 uM GOXx (in DI-water) and monitored the DTSSP-
GOx covalent binding for 1700 s as side-chain amino groups on the protein surface reacted
with the cross-linker’s sulfo-NHS ester group. After the MSPRS signal reached a stable plateau
indicating reaction saturation, we rinsed with DI-water until we recorded no further change in
signal (Figure 2a). GOx binding decreased the output signal by 1,424 counts/s from 24470
counts/s (DTSSP baseline) with an S/N =50.7 (17.1 dB). The signal from the DTSSP-GOx on
the MSPRS surface remained stable for 9 days, at which point the gold layer started to wrinkle
and detach from the cover-glass, ending the experiment. Figure 2b shows the red-shift in the
MSPRS-emission spectrum due to DTSSP-GOXx binding to the surface. Fitting the
experimental data to exponentials gave reaction times of 209 + 7 s for gold-DTSSP binding
and 211 + 4 s for DTSSP-GOx binding.

Figure 2c shows the reaction kinetics for the same gold-DTSSP, DTSSP-GOx reactions
monitored using a Biacore 3000 with a bare-gold-surface SPR chip. After we loaded the
instrument with 300 uL of DTSSP solution, we rinsed the chip with DI-water for 200 s (which
defined the baseline), injected 10 mM of DTSSP (in DI-water), monitored the gold-DTSSP
covalent binding for 900 s and rinsed the chip for 600 s with DI-water. We then loaded the
instrument with 300 uL of GOx solution, rinsed the chip for 200 s with DI-water, injected 6.25
M of GOXx (in DI-water), monitored the DTSSP-GOXx covalent binding for 900 s, then rinsed
the chip with DI-water for an extended period to show that the GOx had bound permanently
to the DTSSP. The DTSSP binding produced a 643 RU signal with an S/N = 107 (20.3 dB)
and the GOx binding a 553 RU signal with an S/N = 138 (21.4 dB). Exponential fitting (Figure
2c) yielded reaction times of 184 + 3 s for the gold-DTSSP binding and 211 * 4 s for the
DTSSP-GOx binding.

The MSPRS measured a gold-DTSSP reaction time ~12% longer than the Biacore, consistent
with our previous findings.1? We believe this difference is real and resulted from slower cross-

Anal Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amarie et al.

Page 9

linker adsorption on the rough sputtered-gold surface of the MSPRS (the gold-cluster size is
comparable to the cross-linker size) than on the very smooth evaporated-and-annealed-gold
film of the Biacore chip.19

The MSPRS and Biacore 3000 measured similar GOx-reaction time constants showing that
MSPRS surface roughness only affected small-molecule-gold reactions and not subsequent
protein—small-molecule-gold reactions. These results assume the validity of egs (1) and (2),
which are correct only if the number of molecules bound is large. The maximum density of
GOx bound to the MSPRS surface depends on the DTSSP density which is influenced by the
gold atoms’ density. Crystalline gold atoms’ spacing at a surface is ~5 A.38 A DTSSP molecule
has a footprint smaller than the lattice constant, so its maximum monolayer density on gold is
set by the separation between gold atoms, yielding an effective area of 20.6 A%/cross-linker.
38 GOx is a dimeric protein (60 A x 52 A x 77 A)39 covering an area of 37-50 nm? on a gold
surface.*? Each polypeptide-chain subunit has 583 amino-acid residues of which 24 + 1 are at
the protein surface.3%: 41 An average of 5 + 1 DTSSP molecules could anchor each GOx.#1
Theoretical studies predict a maximum coverage of 55% and a GOx-monolayer density on a
gold surface of 2.7 x 1010 molecules/mm? (4.6 pmol/cm? or 7.3 ng/mm?2).42: 43 Experiments
using scanning-tunneling microscopy, quartz-crystal microbalance and fluorescence methods
find surface coverages ranging from 23% to 52%, or densities from 7.8 x 109 molecules/
mm? (1.3 pmol/cm? or 2.1 ng/mm?) to 2.3 x 1010 molecules/mm? (3.8 pmol/cm? or 6.1 ng/
mm?).40: 42, 44, 45 Thys, each MSPRS should bind between 1.9 x 104 and 5.7 x 104 molecules
(between 32 zmol (5.2 fg) and 95 zmol (15 fg)) of GOXx at its surface. The Biacore sensor
similarly should bind between 1010 and 2.8 x 1010 molecules (between 15.6 fmol (2.5 ng) and
45.6 fmol (7.3 ng)) of GOXx at its surface. Despite binding 5 x 10° times as many molecules,
the Biacore sensor had only twice the S/N of one MSPRS, implying that the MSPRS is =250
times more sensitive as determined by the number of molecules required to achieve a given S/
N (eq S-5). In addition, the reagent flow rate for the MSPRS was only 0.5 nL/s compared to
10 pL/s for the Biacore 3000.

Study of GOx Conformational Changes

Proteins change conformation near both hydrophobic and hydrophilic surfaces. Gold surfaces
are hydrophobic, causing adsorbed proteins to restructure to expose their hydrophobic residues
to the gold and their polar and charged residues to the water.46 Microcantilever studies show
that on hydrophobic gold, proteins including IgG, BSA and Calmodulin change conformation,
47 48 while neutron-reflection studies have shown that salt can cause GOx’s globular structure
to unfold at a hydrophobic-hydrophilic interface (e.g., air-water, oil-water).46 We hypothesized
that GOx freshly dissolved in water and fixed on gold at low density via DTSSP should slowly
change conformation. To enhance our ability to observe GOx refolding at the gold surface, we
modified our functionalization protocol. We dissolved GOx in DI-water at a reduced
concentration (0.78, 1.56 and 3.12 uM) and immediately (=5 min) loaded it into a DTSSP-
coated chip to prevent the GOx from refolding in solution. After DTSSP-GOx binding, we
monitored the MSPRS signal for 10-12 hours overnight under PBS. PBS has enough dissolved
ions to help GOx properly reconfigure in solution.

Figure 3 shows the change in the MSPRS-emitted intensity at 660 nm during DTSSP-GOXx
binding (1.56 uM GOx in DI-water) and during a ten-hour PBS-rinse. The MSPRS signal
decreased by =3% with respect to the DTSSP-GOXx baseline (Figure 3) for the 0.78 uM and
1.56 uM GOx solutions and by ~1.6% for the 3.12 uM GOx solution. For the 6.25 uM, 12.5
uM and 25.0 uM solutions the signal remained constant during the PBS rinse. The lower
packing fraction produced by the 0.78-3.12 uM GOX solutions allowed a slow relaxation of
the DTSSP-GOXx conformation which higher densities inhibited. For the 1.56 uM GOX, an
exponential fit gave a relaxation time of 106 + 1 min. The timescale of this relaxation is
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consistent with those for IgG and BSA on gold surfaces.*” We lack data to determine the
detailed dependence of the relaxation time on the DTSSP-GOXx surface coverage.

Study of GOx Binding Activity in PBS

Because DTSSP-GOx binding might denature the GOx and binding to the sensor surface might
obstruct the GOx active site,? we tested whether the gold-surface bound GOXx can selectively
bind its natural substrate.

GOx isa FAD-dependent enzyme which catalyses the oxidation of BD-Glu to -gluconolactone
and hydrogen peroxide. BD-Glu binds inside the active site of GOx via 12 hydrogen bonds,
many hydrophobic contacts to three neighboring aromatic residues and to the FAD.>0
Crystallography indicates that a deep pocket provides access to the FAD which is located at
the bottom of the active site.3° a-D-glucose (aD-Glu), D-Man, 2Do-Glu and L-Glu form either
fewer bonds than BD-Glu or unfavorable contacts with neighboring amino acids, decreasing
their binding affinity. Hence they react slowly or not at all with GOx: aD-Glu reacts at 0.64%,
D-Man at 1%, 2Do-Glu at 20% and L-Glu at 0% of the BD-Glu rate.39 50-52

Figure 4a shows the MSPRS signal (at 660 nm) as the various substrates interact with GOx.
To control for the refractive indices of the substrate solutions, we used matched 100 mM
substrate solutions (in PBS 1x) with identical refractive indices. We confirmed the index
matching of the substrate solutions using the Biacore 3000. The two forms of D-Glu (aD-Glu
and BD-Glu) interconvert and coexist in solution (prepared one day before), so a 100 mM D-
Glu solution contains only 50 mM BD-Glu, the only isomer which binds to GOx. In each
experiment, we rinsed the DTSSP-GOXx-functionalized chip with PBS for 500 s to establish an
experimental baseline, injected the substrate solution for 500 s, then rinsed the chip with PBS
for 500 s. L-Glu served as a control for the effect of refractive index changes in the bulk
substrate solutions since it does not bind to GOx but has a larger refractive index than PBS.
The L-Glu solution produced rapid signal changes on wash-in and wash-out, with stable
baselines for PBS and the substrate solution, indicating the absence of both specific and non-
specific interactions between the L-Glu and the sensor.

The D-Glu solution produced a fast signal change due to the solution’s refractive index, then
slower changes due to the formation of the BD-Glu—-GOx complex. The time-series for the D-
Man and 2Do-Glu solutions showed identical fast changes due to their refractive indices,
followed by much smaller slow changes due to their small but non-zero catalysis rates. Table
1 summarizes the reaction kinetics determined from exponential fits to the time series.

Among label-free sensors, cantilevers (0.01 mm2) may have detected the binding to surface-
bound GOx of BD-Glu in PBS at concentrations from 0.2 to 20 mM at a flow rate of 2 mL/h.
53 Their results surprisingly suggested that the BD-Glu-GOx binding was irreversible, so the
apparent detection may have been an artifact. If these experiments really did detect BD-Glu—
GOx binding, the binding timescale of 2000 + 500 s which we estimated from their Figure 2
(they did not calculate it explicitly in the paper) is similar to that in our Figure 4a.

We repeated our experiments on a Biacore 3000 using an untreated-gold SPR chip (Figure 2c).
We used the first channel as a reference and rinsed its untreated surface with DI-water and PBS
for 1000 s before injecting any substrate. We functionalized another channel with DTSSP-GOXx
as described above, then rinsed with DI-water and PBS for 1000 s each. We injected each
substrate solution for 1500 s, then rinsed with PBS for 500 s. The SPR signal from the reference
channel represents the difference in refractive index between substrates and PBS. We
subtracted this reference signal from the equivalent signal from the GOx-functionalized
channel (Figure 4b).
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The corrected SPR signal for all substrates was 25 + 3 RU. Their lack of variation among
substrates indicated that the SPR was sensitive to the fluids’ refractive indices but could not
detect GOx—BD-Glu binding. It also showed that the refractive indices of the substrate solutions
were indeed the same.

Study of GOx Binding Activity in Complex Buffers

The medical need for tools to help personalize treatment of complex conditions (e.g., sepsis,
stroke, Acute Respiratory Distress Syndrome, cancer and Alzheimer’s disease) is clear, while
the wide variability of clinical symptoms causes difficulty in reaching rapid and specific
diagnoses. Effective monitoring of blood markers in real blood would help in both applications.
However, blood isa complex medium containing proteins, sugars, minerals, hormones, clotting
factors, leukocytes, platelets, red blood cells and white blood cells, many of which bind non-
specifically to surfaces, complicating detection of specific (and often low concentration)
components in blood.

To examine the feasibility of using MSPRSs in possible future clinical applications, we
designed experiments to use our MSPRSs to monitor the GOx—BD-Glu interaction in two
complex buffers (1) DMEM 1x (with complexity higher than PBS) and (2) 10% HS in DMEM
1x (with a complexity closer to blood) and in two controls: (a) PBS 1x (a buffer control) and
(b) 200 mM L-Glu in PBS 1x (a refractive-index control). Figure 5 shows the MSPRS signal
during repeated wash-in and wash-out of 100 mM substrate in such buffers.

To control for refractive-index effects, we used 100 mM L-Glu in PBS as a reference and 100
mM D-Glu in PBS as a reagent (both solutions have the same refractive index). We first loaded
the L-Glu solution, rinsed the GOx-functionalized chip (Figure 2a) with PBS for 500 s to
establish a signal baseline, washed-in L-Glu solution for 1500 s and rinsed with PBS for 1000
s. We repeated the wash-in/wash-out cycle four times to establish our detection reproducibility.
We then loaded the D-Glu solution, rinsed the chip with PBS for 500 s, washed-in D-Glu
solution for 1500 s and rinsed with PBS for 1000 s. Again, we repeated the wash-in/wash-out
cycle four times. We subtracted the L-Glu signal from the D-Glu signal to eliminate refractive-
index effects (Figure S-5) to obtain a signal of 109 + 22 counts/s representing only the GOx—
BD-Glu binding (Figure 5a). During the 10-12 hour overnight interval between experiments,
we held the chip under continuous 0.5 nL/s DI-water flow.

As a second method to eliminate refractive-index artifacts, we matched the reagent and rinsing-
buffer refractive indices. We used 200 mM L-Glu in PBS as a rinsing buffer and 100 mM D-
Glu plus 100 mM L-Glu in PBS as a substrate solution. In this experiment the rinsing buffer
and the substrate solution have the same refractive index. We loaded the D-Glu-L-Glu solution,
rinsed the chip with L-Glu for 1000 s to establish a signal baseline, washed-in D-Glu-L-Glu
solution for 1500 s, then rinsed with L-Glu for 1000 s. We repeated the wash-in/wash-out cycle
four times. Figure 5b shows a BD-Glu-GOx-binding signal of 116 + 21 counts/s, within the
error of the PBS (Figure 5a) value above.

We approached the complexity of blood as a solution in two steps: first using glucose-free
DMEM 1x and then using 10% HS in glucose-free DMEM 1x.

DMEM is a cell-culture medium suitable for most mammalian cells, not as complex as blood,
but abundant in amino acids, vitamins and salts. Serum is filtered, clotted blood. It has never
been fully characterized, but its complexity resembles blood’s, containing over 1,000 different
components including proteins, electrolytes, lipids, carbohydrates, hormones, enzymes and
albumin, but not clotting factors, leukocytes, platelets, red blood cells or white blood cells. We
chose serum to avoid filtration or anticoagulant mixing steps which could alter reagent
concentrations.

Anal Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amarie et al.

Page 12

Our DMEM experiments used 100 mM D-Glu in glucose-free DMEM 1x and 100 mM L-Glu
in glucose-free DMEM 1x as substrate solutions. We loaded the L-Glu solution, rinsed the
GOx-functionalized chip (Figure 2a) with glucose-free DMEM 1x for 1000 s to define a signal
baseline, injected the L-Glu solution for 1500 s and rinsed with glucose-free DMEM 1x for
1000 s. We repeated the wash-in/wash-out cycle four times, then loaded the D-Glu solution
and performed four wash-in/wash-out cycles with the D-Glu solution. We subtracted the L-
Glu signal from the D-Glu signal to eliminate refractive-index effects (Figure S-5) to obtain a
GOx-BD-Glu binding signal of 128 + 29 counts/s (Figure 5c).

After the experiment, we flushed the chip with glucose-free DMEM 1x for 16 hours at a 0.5
nL/s flow rate. We observed a considerable change in the baseline (=25%), which we attributed
to non-covalent, non-specific binding of DMEM components to the MSPRS. When we eluted
the chip for 30 s with 0.1 M HCI in DI-water, we recovered the baseline, proving this
assumption. After elution, we rinsed the chip with PBS for about one hour and changed the
buffer to 10% HS in glucose-free DMEM 1x. Loading 10% HS in glucose-free DMEM 1x
into the chip caused an almost instantaneous decrease of 5.2% in the baseline signal, indicating
non-specific binding to the MSPRS. In a different set of experiments, we eluted with 0.1 M
HClin DI-water for 5 min but did not recover the original baseline, showing that the irreversible
shift results from the non-specific covalent binding of serum albumen which is known from
other contexts.>*

Our 10%-HS-in-glucose-free-DMEM-1x experiment used 100 mM D-Glu and 100 mM L-Glu
in 10% HS in glucose-free DMEM 1x as substrate solutions. We first performed four wash-
in/wash-out cycles with L-Glu to measure refractive-index effects; rinsed with 10% HS in
glucose-free DMEM 1x to reestablish the signal baseline, then performed four wash-in/wash-
out cycles with D-Glu. We subtracted the L-Glu signal from the D-Glu signal (Figure S-5) to
obtain a GOx—BD-Glu binding signal of 112 + 25 counts/s (Figure 5d).

The last two experiments used the same MSPRS on consecutive days and produced equivalent
responses, showing that the bound GOx remained active for at least 36 hours. DMEM non-
specific binding did not interfere with the specific interaction between GOx and its substrate
(Figure 5¢c—d). All four experiments returned signals for the BD-Glu-GOx interaction identical
within error (109 £+ 22, 116 £21, 128 £ 29, 112 + 25 counts/s) showing that MSPRSs can work
in complex media and suggesting that our MSPRSs and functionalization protocol are suitable
for use in clinical blood assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Spectra of light emitted by one MSPRS in air (120 + 20 nm gold-coating thickness on 780
+ 6 nm diameter polystyrene nanospheres) excited using white light in two configurations:
(solid line) the MSPRS is illuminated from the top of the sensor and the emitted light collected
through the nanoaperture and (dashed line) the MSPRS is illuminated through the nanoaperture
and the emitted light collected from the top of the sensor. (b) Spectra of MSPRS-emitted light
and neighboring bare flat gold (10 pum to left of the MSPRS) under air (n = 1.000) and under
Dl-water (n = 1.333). (c) Lorentzian fit of the MSPRS-spectrum under air: (solid line)
experiment, (o) multi-peak fit (RZ = 0.9964), (A) individual peaks and (dotted line) MSPRS-
spectrum under water (experiment). (d) Lorentzian fit of the MSPRS-spectrum under DI-water:
(solid line) experiment, (o) multi-peak fit (R = 0.9968), (A) individual peaks and (dotted line)
MSPRS-spectrum under air (experiment).

Anal Chem. Author manuscript; available in PMC 2011 January 1.

700

Page 15
I i —— MSPR air
- - MSPRH,0
25000 + -+ -+ Auair
1 —-— AuH,0
20000 4 111

Q.
~

) 1 L) 1 Y 1 ' )
550 600 650 700
wavelength (nm)

500

550 600 650 700
wavelength (nm)



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Amarie et al. Page 16

e i * i —_ - - -DTSSP-GOx
@ 26000 V.._*“ Ioadlpg @ I
) \ 209+7s experiment 0
g 25500+ T 3 —<o— best-fit %
Q l Q
0 25000+ £
= i =
‘G 24500- a
c
[} ) o)
€ 24000- £
O 1 3
£ 235004 £
£ ! £
@ 23000+ o
T T 7/ T T T T T T ) ¥ ) 4 1 Y I ¥ )
0 500 1500 2000 2500 3000 3500 4000 500 550 600 650 700
a) time (s) b) wavelength (nm)
13050
129001 2054;25!,#*‘”’”
127501 o o / TON
0 o~ ‘ il 5
12600 O lI .
(@)
— 12450+ l o 2
& 12300 Y
f 184+3 s 6
121504 . O
120004 * loading
118504 expen‘ment
—o— best-fit
117004 T T — T T T
0 500 1000 1500 2500 3000 3500 4000
c) time (s)
Figure 2.

(@) (solid line) Emitted-light intensity (at 660 nm) of a single MSPRS during two-step sensor
functionalization and (o) exponential-decay best-fits: R2(DTSSP) = 0.985, R2(GOx) = 0.965.
Weused 0.5 nL/s flowsat 24.0 +0.1°C. *No signal recorded during sample loading. (b) MSPRS
spectra under DI-water: (solid line) before and (dashed line) after DTSSP-GOx-complex
binding. The formation of a molecular layer (6 = 1 nm) red-shifted resonance (IV) by 4 nm.
Time series in (a) recorded at 660 nm (vertical line). (c) (solid line) The same two-step bare-
gold-surface functionalization monitored using a Biacore 3000 and (o) exponential-decay best-
fits: R2(DTSSP) = 0.961, R2(GOx) = 0.987. We used 10 pL/s flows at 25°C. *The Biacore
3000 was on standby during sample loading.
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Figure 3.

Single-MSPRS emitted-light intensity at 660 nm during GOx conformational changes. We
injected 1.56 pM GOXx freshly dissolved in DI-water into a DTSSP-functionalized chip, let it
reach saturation (=1 h) then washed in PBS for =10 h. An exponential fit gave a 106 = 1 min
relaxation time. *No signal recorded during sample loading.
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(@) Single-MSPRS signal (at 660 nm) during surface-bound GOXx (Figure 2a) interaction with
L-Glu, 2Do-Glu, D-Man and D-Glu solutions (all substrates dissolved at 100 mM in PBS).
Flow rate 0.5 nL/s. Solution temperature 24.0 + 0.1 °C. The L-Glu signal serves as a control
for the effect of the refractive indices of the substrate solutions vs PBS because it does not bind
to GOx. D-Glu produces a fast signal change due to the refractive index of the solution followed
by a slower change due to formation of the BD-Glu—GOx complex. D-Glu 100 mM in PBS (50
mM BD-Glu equivalent) interacts with GOx. D-Man and 2Do-Glu interact very weakly with
GOx. This experiment used the same MSPRS as in Figure 2a,b. (b) Biacore 3000 signals during
an equivalent experiment. Flow rate 10 pL/s. Solution Temperature 25°C. We have subtracted
the reference-channel signal from the functionalized-channel signal (Figure 2c). The uniform
25 + 3 RU signal change for all substrates indicates sensitivity to the solutions’ refractive

indices, but no detection of BD-Glu-GOx binding.
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Figure 5.

Wash-in/wash-out cycles using a single MSPRS showing reproducible GOx-D-Glu interaction
detection in different buffers (0.5 nL/s flow rate, 24.0 + 0.1°C): (a) Differential signal (see
Figure S-5) alternating substrate solutions with PBS. The corrected GOx—D-Glu binding signal
was 109 * 22 counts/s. (b) Differential signal alternating substrate solutions with L-Glu. As a
second control we ran a four-cycle experiment with 100 mM D-Glu plus 100 mM L-Glu in
PBS as the reagent solution and rinsed with 200 mM L-Glu in PBS. Both solutions had the
same refractive index. After we subtracted the baseline, the corrected GOx-D-Glu binding
signal was 116 + 21 counts/s. (c) Differential signal alternating substrate solutions with
glucose-free DMEM 1x. The corrected GOx-D-Glu-binding signal was 128 + 29 counts/s. (d)
Differential signal alternating substrate solutions with glucose-free 10% HS in glucose-free
DMEM 1x. The corrected GOx-D-Glu-binding signal was 112 + 25 counts/s. Arrows mark
the times of reagent or rinsing-buffer injections.
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Table 1

Emitted-intensity changes at 660 nm from a single MSPRS during substrate interaction with a GOx-
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functionalized surface (see Figure 4a).

substrates L-Glu
(100mM in PBS) (reference) 2Do-Glu b-Man D-Glu
Inasetine 22757 22725 22746 22737
(counts/s)
lsubstate 22236 22190 22168 21974
(counts/s)
Signal (Ibaseline_lsubstrate) 521 535 579 763
(counts/s)
noise
(counts/s) 2 9 16 20
S/N 21(13.2dB) 57 (17.5dB) 36 (15.5dB) 37 (15.7 dB)
Ssubstrate_SL-GIu 0 14 58 242
(counts/s)
relative rate + error 0.00 + 0% 0.06 + 65% 0.24 + 28% 1.00 + 8%
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