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Abstract—The need for point-of-care (POC) devices for
detecting the onset of sepsis has become critical since sepsis
is one of the most prevalent causes of deaths worldwide in
non-coronary intensive care units at the hospitals. Every one
hour delay in exercising proper medication can lead to an
exponential rise in mortality. Motivated by this, we propose
a POC device for sepsis biomarker detection, which will com-
plement traditional blood culture-based techniques for easy
and quicker diagnosis and monitoring of sepsis state. The
working principle of the device is based on amalgamation of
surface plasmon resonance (SPR) technology with microflu-
idics. The sensing chip consists of a gold and graphene oxide
coated patterned array of periodic nanoposts to detect target

biomarker molecules in a limited sample volume. The nanoposts are functionalized with specific receptor molecules
that serve as a nanostructured plasmonic crystal for SPR-based bio-sensing via the excitation of surface plasmon
polaritons. The sensitivity of the device to one of the known sepsis biomarkers, Pro-calcitonin (PCT), was found to be
0.0643 a.u./ pg.ml‘1 at lower concentration and 0.0224 a.u./ pg.ml‘1 at higher concentration, and a LOD of 1.22 pg.ml‘1.
The sensor chip provides an opportunity to dynamically measure antigen-antibody bindings and the soft-lithography
based sensor manufacturing technology provides high reproducibility of the sensor response to PCT molecules even at a
picomolar level. The microfluidics-based platform provides potential for future integration with other microfluidic devices
viz. plasma separator for separating the PCT-sized molecules to enable blood sample measurements

Index Terms— Bio-markers, biosensor, plasmonics, point-of-care (PoC), sepsis, surface plasmon resonance.

|. INTRODUCTION

HERE are more than 31.5 million people who suffer
from sepsis every year around the world. Among them,
19.4 million develop severe sepsis and about 5.3 million
people die [1]. Further, it has been estimated that there are
about 3 million sepsis cases in newborn babies and 1.2 million
in children per year globally, with mortality rates between 11%
and 19% [2]. As stated by [3], the cause of these grim numbers
is due to the lack of an prompt, accurate and point-of-care

(POC) sepsis diagnosis method.
A concise discussion on the sepsis pathogenesis, impact,
diagnosis and a review of state of the art diagnostic tech-
niques and its limitations can be found in [4]. Traditional
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sepsis testing involves blood, bronchial fluid, cerebrospinal
fluid (CSF) and urine culture. Due to typical prolonged
blood culture turnaround time of around 24-72 hrs (from
specimen collection to actionable test results), septic patients
may progress toward septic shock along with multi organ
dysfunction (MoD) [5]. Each hour of delay in exercising
an appropriate anti-microbial medicine to the patients results
in 7.6% decline in the survival rate of a patient [6]. Also,
statistically the diagnostic accuracy of the traditional blood
culture based methodologies improve with higher volume
of extracted patient blood [7]. However, for critical care
patients, extraction of sufficient amount of blood for test-
ing is often not possible which is another challenge for
conventional blood-culture based diagnosis of sepsis. Mea-
surements of leukocytes or C-reactive proteins (CRP) are
also conducted to identify an infection. However, elevated
leukocytes or CRP may also correspond to clinical conditions
other than sepsis [8]. Thus, there is an urgent need for
rapid and bedside monitoring of sepsis with limited blood
volume.

Several label-free detection techniques have been employed
for sepsis biomarker detection ranging from electrochem-
ical [9], optical [10], field effect transistor-based [11],
acoustic [12], and microfluidic-based [13]. Although elec-
trochemical sensors provides higher sensitivity, but generally
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these sensors provide little information on binding kinetics of
protein-protein interactions on the sensor surface [14]. This
limitation can be overcome by our microfluidic plasmonic
sensor, as proposed in this work. It allows us to quantify the
protein—protein binding affinity by studying binding kinetics
represented by the sensorgram, which helps in designing and
implementing a better target antibody for a given antigen [15].
Among various biomarkers including CRP and interlukin-6,
procalcitonin (PCT) is most commonly used biomarker for
identifying bacterial sepsis [16]. The concentration of PCT in
normal human being is less than 10pg/ml and the concentration
can rise from 10 to 10,000 pg/ml during sepsis condition.
Therefore, we have used our microfluidics plasmonic biochip
for detecting PCT in a buffer solution in the above concen-
tration range, and have demonstrated the application of our
sensor for measuring the sepsis biomarker PCT.

Point-of-Care solution to biomarker detection/diagnosis in

blood samples can be broken up into two steps: Extraction of
plasma from blood (which removes the larger molecules such
as red blood cells, white blood cells and platelets from blood),
and detection/diagnosis of the analyte biomarkers in plasma.
There already exist several POC approaches to extract plasma
from blood [17], [18], and here we provide POC approach
for detecting/diagnosis sepsis biomarker in blood plasma and
spiked buffer analyte solution (a common practice as for
example also in the works of [19]-[21]). It will be possible to
integrate the plasma extraction step with our proposed biochip,
and the current work focuses on providing a proof-of-concept
for POC sepsis biomarker PCT detection. Accordingly, in this
paper we have provided:

o Detailed fabrication process for the microfluidic plas-
monic biosenosr chip;

« Analysis of mode of surface plasmon resonance of the
sensor, and estimation of sensitivity w.r.t. the changes in
surrounding refractive indices;

o SPR measurements with PCT protein at different flow
rates and demonstration of the real-time monitoring of the
kinetics of protein-protein binding at the sensor surface;

« Exposition of the specificity of our sensor to PCT,
with negligible rate of change of sensor response to
non-specific proteins in human plasma;

« Comparison of performance of the proposed sensor w.r.t.
the sensors reported in literature for the PCT detection.

Il. PLASMONIC SENSOR WORKING PRINCIPLE

An electromagnetic wave impinging on a metal-dielectric
interface gives rise to collective oscillations of free elec-
trons, which leads to the formation of surface waves called
surface plasmon polaritons (SPP) [22]. However, electromag-
netic radiation by itself cannot attain SPP resonance due
to absence of momentum match between the incident radi-
ation and that of surface plasmons (SP). For a resonance
to occur, the component of the wave vector of the incident
radiation along the interface should equal the wave vector
of the SP. Thus in order to attain SPP resonance several
configurations have been employed [23] viz. Kretschmann
configuration, Otto configuration, waveguide SPR, and grating
coupling.

Fig. 1. Nano-post induced SPP excitation: Schematic illustration of
the nanopost array on which incident Iigbt with in-plane wavevector kp

couples to the Grating momentum vector G, 5 supported by the structure
resulting in the (m,n) Bloch-SPP mode being excited and propagating
in the direction of kspp [24].

A. Grating Coupled Surface Plasmon Resonance

In our work, we have employed grating coupling con-
figuration for the momentum matching using a 2-D array
of nanoposts having diameter, pitch, and depth of 250 nm,
500 nm, and 210 nm respectively. _

Fig. 1 depicts the generation of SPP wave vector, kgpp,
by the in-plane wave vector of the incident radiation, k,, and
the Grating momentum wave vector, ém,n, as in (1):

- -

kspp = kp + ém,w (D

The grating wave-vector is defined by (2), where A denotes
the pitch of the square lattice of the nanopost array ( lattice
constant), and the order of SPP is given by (m, n).

> 27 2T
Gumn :mxx —i—nxy. 2)

The in-plane wave vector of incident radiation is given
by (3), where 0 is the angle of incidence and ¢ is the azimuthal
angle, illustrated in Fig. 1:

-

k, = m27n sin(0) cos(¢)x + nZTE sin(@) sin(¢)y.  (3)

Espp is the wave vector of the generated surface wave that
propagates along the metal-dielectric interface. I;Spp is a func-
tion of dielectric permittivity of both metal (¢,,) and dielectric
(e4) and is given by

> 2r
spp = 7

€d€m
€+ €m
Combining (1)-(3), at resonant wavelength, 1 = Ay, .,
corresponding to mode (m,n) of SPP, the condition in (4)
must be satisfied:
2r €4€m
7 €4+ €y

m 277[ sin(@) cos(¢)x + n 277[ sin(0) sin(¢)y

27, 2T
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Fig. 2. Fabricated sepsis microfluidic biochip.

(4) can be rewritten by evaluating the magnitude of the right
hand side to find the resonant wavelength as given by (5):

27 €4€m

T €4+ €p

_ m  sin(f) cos(¢) 2 n  sin(d) sin(g) 2
J”/(X*f) *(X*f) -

&)

For our experimental set up, the incident radiation was taken
to be normal to the x-y plane, hence by setting § = 0°
and squaring both sides of (5), we obtain the simplified
form (6) for the resonant wavelength corresponding to our
sensor structure’s SPP excitation mode.

A €J€m

As =
pPm, .
" Ym2+ 2V eq+€en

(6)

B. Working Principle of the Proposed Sensor

Any changes in the dielectric permitivity that occurs in
the surrounding medium, results in a change in the surface
plasmon coupling condition due to a change in permittivity at
the metal-dielectric interface. The surface plasmon waves that
are excited at the metal-dielectric interface, propagate along
the surface, and respond to changes in surrounding electri-
cal permitivity caused by capture of analyte on the surface
(in our case Procalcitonin (PCT), a sepsis biomarker). The
changes in permittivity can be detected in three different ways:
(a) measuring changes in coupling angle at a fixed resonant
wavelength, (b) measuring changes in coupling 4 at a fixed
angle, or (c) measuring change in intensity of transmitted/
reflected light at fixed wavelength and angle. In this work,
we used (c), i.e., measured shifts in the reflected light intensity
at the resonance wavelength of our sensor structure and at
normal incidence.

I1l. SENSOR FABRICATION AND FUNCTIONALIZATION

Fig. 2 depicts the fabricated portable, plasmonic biochip
at the POC for quantification of PCT protein. The buffer
solution spiked with the PCT protein is injected through the
inlet and the solution reaches the sensor surface through a
microfluidic channel. The sensor surface is a grating structure

of pitch 500 nm containing nanoposts (height 210 nm, diam-
eter 250 nm) coated with gold, graphene oxide (GO), and
functionalized with anti-PCT, resulting in SPR resonance in
visible range as desired (at 637 nm). The nanoposts are first
coated with gold of thickness 50 nm. Next, in order to func-
tionalize the gold nanopost sensor surface with anti-PCT pro-
tein, graphene oxide is deposited. For this the gold nanopost
array was drop coated with a 20 nm thick layer of GO
nanosheets. Graphene oxide consists of covalently attached
oxygen-containing functional groups such as hydroxyl, epoxy,
carbonyl and carboxyl groups that allow binding with anti-
PCT. The periodic GO-Au nanopost array was next func-
tionalized with anti-PCT molecules via EDC-NHS coupling
chemistry [25]. A schematic diagram of the nanopost along
with all layers is illustrated in the inset of Fig. 2. Light is
shone on the grated sensor surface from a white light source
and the reflected light is detected by a spectrometer. It is
worth mentioning here that the thickness of the gold layer
was chosen to maximize the quality factor Q of the resonance.
(The resonant wavelength itself is a function of the pitch of
the nanoposts and permittivity’s of gold vs. nanoposts, but
is unaffected by its depth.) The quality factor of resonance
is defined as the ratio of the stored energy to the energy
dissipated. At an optimal thickness, the energy lost by the
collision among the oscillatory plasmons is minimized, thereby
maximizing the overall quality factor. This is confirmed in [26]
where the sharpness of resonance is studied as the metal (Au)
layer thickness is varied. The lowest value of the reflection
minima is achieved at around 50 nm gold layer thickness.
Accordingly, we have chosen the gold layer of 50nm thickness.
The reflected light carries information on the binding kinetics
of biomolecular interactions at the surface of the biosensor.
A continuous flow rate for a given amount of time is main-
tained using a syringe pump and the remaining protein solution
is collected at the outlet via a vial.

A. Sensor Fabrication

A soft lithography based replica nanomolding technique
is employed to fabricate the sensor. In order to form the
grating structure, an array of polymeric nanoposts was created
followed by graphene oxide deposition and immobilization of
anti-PCT molecules, followed by the formation of microfluidic
channel, inlet, and outlet ports. Fig. 3(a)-(¢) illustrates the
detailed fabrication steps.

First, a silicon (Si) master mold was fabricated using
electron-beam lithography and reactive ion etching is
done after that. Salinization was done for approxi-
mately twenty minutes with the help of (tridecafluoro-
1,1,2,2-tetrahydrooctyl)-1-trichlorosilane. We employed a
two-step process for polydimethylsiloxane (PDMS) mold
preparation from the Si master mold. Firstly, we have
mixed poly (7— 8% vinylmethyl-siloxane)-(dimethylsiloxane),
(1,3,5,7-tetravinyl1,3,5,7-tetramethylcyclotetrasiloxane), plat-
inum catalyst xylene and poly (25-30% methylhydro-
siloxane)-(dimethylsiloxane) at a weight ratio of 3.4 : 0.1 :
0.05 : 1 to prepare a hard-PDMS (h-PDMS) precursor solu-
tion. Next, mixture was degassed for about ten minutes to
remove air bubbles. After that, the hard-PDMS solution was
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Fig. 3. Fabrication steps: (a)—(f) Step-wise representation for the fabrication of sepsis biosensor. The SEM image for the gold coating on the

sidewalls of nanoposts is given by inset of (d).

spun-coated on the Si surface of master mold at 1000 rpm for
40 s. It was then subsequently cured for ten minutes at 70°C.
Next, to make a soft-PDMS (s-PDMS) pre-polymer solution,
Sylgard 184 monomer and it’s curing agent were mixed at
the weight ratio of 10 : 1 followed by degassing for about
30 min. Then the s-PDMS solution was poured over cured
h-PDMS and the combination was cured for 2 hrs at 65°C
as shown in Fig. 3(a). Finally, the cured PDMS mold was
peeled off from the Si master mold and thus a complimentary
nanohole structure was formed on the PDMS mold. The above
two step process of mold preparation is significant because
generally the pre-polymer solution of s-PDMS has a higher
viscosity which makes it hard for the solution to enter the
nanostructures fully at the surface of the Si mold. However,
one can argue that if we increase the weight ratio of the
monomer to curing agent, it can decrease the viscosity, but in
that case the cured PDMS structure would be difficult to peel
off from the Si mold without damage. The h-PDMS precursor
solution is relatively less viscos than s-PDMS and therefore
conforms well along with the nano-structured surface of the
Si mold. Hence h-PDMS helps in better conformation and the
s-PDMS facilitates easy peeling off the PDMS mold from the
Si mold.

In order to transfer the nanostructures from the PDMS
mold to a glass substrate, an ultra-violet (UV) curable ZPUA
precursor solution procured from Gelest, Inc. was drop cast
over the PDMS mold and then the PDMS mold was placed
over a glass slide. For curing the ZPUA, the combination of
glass and mould was exposed for 5 min to a UV light of
intensity 3.3 mW cm~2 to form the periodic array of ZPUA
nanoposts as shown in Fig. 3(b) and (c). Finally, a 5 nm
thick titanium layer was deposited by e-beam evaporation to
provide good adhesion to the continuing thickness build up
of the 80 nm thick gold layer deposited next on the ZPUA
nanoposts array, as illustrated in Fig. 3(d). Next the sample
substrates were mounted on a rotating and tilting substrate
holder for improving the sidewall gold deposition coverage on
the nanoposts. This sidewall coverage of gold on the nanoposts
was confirmed from the scanning electron microscopic (SEM)
image ( Fig. 3(d) ).

(a) (b)

Fig. 4. SEM characterization [29] (a) the Gold(Au) nanoposts array
(b) graphene oxide(GO) coated gold(Au) nanopost array.

An in situ liquid phase polymerization process [27] was per-
formed for the integration of the SPR sensor inside a microflu-
idic channel, that is made of a photo-patternable polymer [28].
In this step, to make an air cavity, 400 xm thick sticky polymer
spacers were placed in between a 1 mm thick glass slide
and the substrate with the nanoposts. On the glass slide two
1 mm diameter holes were drilled using milling machine with
diamond drill bit of 1 mm diameter to form the inlet and
outlet of the microfluidic channel. Next, a photo-patternable
polymer solution was prepared by mixing isobornyl acrylate
(IBA), crosslinker tetraethylene glycol dimethacrylate, and
photoinitiator—2,2 —dimethoxy—2—phenylacetophenone at a
weight ratio of 31.66 : 1.66 : 1. The solution was flown
into the air cavity by means of a pipette through one of
the drilled holes. Next, to prevent the channel from poly-
merization, a photomask was positioned over the glass slide
and subsequently the device was exposed for about 60s to a
UV light of intensity 12 mW ¢m 2. Finally unpolymerized
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polymer solution was removed by washing with ethanol for
few minutes. The final microfluidic biochip formed is shown
in Fig. 2 and the schematic is illustrated in Fig. 3(f).

B. Sensor Functionalization

In order to immobilize the anti-PCT protein on the surface
of the gold nanopost array, layers of graphene oxide (GO)
and ligands were deposited by flowing them over the Au
nanopost array. Colloidal solution of concentration 0.1 mg/mL
was made using DI water followed by sonication to form
single-layer graphene oxide nanosheets. 20 uL of the GO
solution was introduced inside the microfluidic channel via
the inlet. The GO solution is flown over the nanopost and
kept at room temperature for 2 hr for drying. The GO
nanosheets thus gets conforms to the shape of the nanoposts
underneath it and this was confirmed from the SEM image of
the fabricated GO/Au nanopost array illustrated in Fig. 4(b).
At GO nanosheets, since there are ample functional groups
viz. carboxylic and carbonyl etc., the GO layer serves as
covalent binding site for the anti-PCT proteins. The covalent
linkage was formed using EDC-NHS coupling chemistry
[25]. To immobilize the ligands, a solution of 1: 1 volume
ratio containing 1 mg/mL anti-PCT and EDC-NHS (EDC:
0.2 M; NHS: 0.05 M) was made. The surface of GO—-Au
nanoposts was covered by introducing 200 xL of the solution
containing anti-PCT, EDC and NHS. The set up was kept
inside a humid chamber for 12 hr at 4°C. During this time,
EDC reacts covalently with carboxyl groups present at the
GO nanosheets forming an intermediate O-acylisourea. In the
meantime another intermediate amine reactive stable NHS
ester is produced by NHS that facilitates the association
between the primary amines of anti-PCT by forming C-N
covalent bonds. In order to prevent non-specific bindings and
block the sites devoid of anti-PCT over the sensor surface,
2 mg/mL of bovine serum albumin (BSA) solution was
introduced inside the channel. Finally the sensor surface is
washed with the phosphate-buffered saline solution (PBS) of
pH = 7.4. [29].

C. SPR Characterization and Simulation

Fig. 5(a) illustrates the simulation and experimental data
comparison. After fabricating the nanopost array on the
substrate, it was embedded in a microfluidic channel and
the resonance was measured at 607 nm as shown by the
green waveform. After coating a layer of graphene oxide on
nanopost the resonant wavelength got shifted slightly by 1 nm
(yellow waveform). Finally, after functionalizing the sensor
with anti-PCT the resonance wavelength red shifted to 637 nm
(shown by blue waveform).

COMSOL simulation, on the other hand, depicts that the
resonance dip occurs at a wavelength of 614 nm prior to
GO/anti-PCT functionalization, and at 635 nm after functional-
ization. The COMSOL-based FEM simulation was performed
using the COMSOL Multiphysics 5.5. software as shown in
Fig.5(c) and (d). In this simulation, periodic boundary condi-
tions were applied at the boundaries in parallel to the light
propagation direction. The top and bottom of the computation

regions were placed with two perfectly matched layers (PMLs)
so that all the scattered electromagnetic waves from the
nanopost arrays were absorbed at the PMLs. In addition,
the refractive index of the PMLs was set at the same value
as of the surrounding media to simulate an infinitely thick
substrate. Note since our analyte solution contains PCT which
is a protein, the refractive index of the analyte solution was
selected as 1.33 for simulation purpose.

The bulk index sensitivity of the fabricated gold nanoposts
array was measured to be 470 nm per RIU by flowing water,
acetone, ethanol, isopropyl alcohol, and chloroform with
refractive indices 1.33, 1.36, 1.365, 1.377, and 1.44 respec-
tively over the sensor surface illustrated in Fig. 5(b).

The main characteristics of the sensor is its resonance
wavelength and the associated quality factor. An imperfection
in sensor would affect both parameters, but it is only the
quality factor that affects the sensor performance. As long as
the resonance wavelength falls within the visible spectrum, its
exact value is immaterial to sensor performance. In this sense,
the sensor performance is unaffected by the pitch or depth
of the nanoposts as long as the resonant wavelength remains
within the realm of visible spectrum. The only things that can
affect the quality factor (and hence the sensor performance)
is the gold layer thickness, as discussed earlier in section-III
which is optimized at thickness of 50 nm. A variation in that
thickness will lead to lowering of sensor sensitivity. Further the
thickness of functionalization Layers (GO, EDC-NHS, Anti-
PCT) affect the reflectance minimum [30], that in turn affects
the limit of detection of the sensor.

IV. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The experimental set up, illustrated in Fig. 6, consists of the
fabricated microfluidic sensor chip (inset of Fig. 6), the optical
source and detector module, a syringe pump to flow the sepsis
biomarker (PCT), collecting vial at the output and a PC for
real time data acquisition and analysis.

A. Instruments

For optical measurements, a white light source of
power 150 watt quartz halogen lamp (Luxtec Fiber Optics,
Plainsboro, NJ) was connected to a bifurcated optical
fiber (BIF 400-VIS-NIR, Ocean Optics). A collimator
(F220SMA-A from Thorlabs) was used to illuminate the
nanoposts area inside the channel at normal incidence. The
reflected light from the sensor surface was collected and mea-
sured by a UV/VIS spectrometer (USB-4000, Ocean Optics)
attached to the other end of the bifurcated fiber. A syringe
pump was used to inject the PCT solutions through the inlet
of the microfluidic channel.

B. Chemicals and Sample Preparation

Materials used in sensor are ZUPA (Gelest, Inc.) nanoposts
(pitch of 500 nm, height of 210 nm, and width of 250 nm),
gold layer (50 nm thick), GO layer (20 nm thick), and
anti-PCT layer (2 nm thick). Their refractive indices are:
1.470, 0.17689+ i3.47 (at 637nm), 1.9, 1.33 respectively.
Lyophilized form of Procalcitonin (PCT), prepared at a 10 mM
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Fig. 5. Sensor Characterization (a) the resonance wavelength for the nanopost array embedded in a microfluidic channel is obtained at 607 nm.
Red shift of 1 nm in SPR responses is depicted when Au nanoposts are coated with graphene oxide. After immobilization of anti-PCT over GO-Au
nanoposts, the resonance red shifts to 637 nm. COMSOL simulation, depicts that the resonance dip is obtained at a wavelength of 614 nm prior
to GO/anti-PCT functionalization and at 635 nm after functionalization. (b) Bulk RI sensitivity of the sensor w.r.t. different refractive index solutions
(c) FEM simulation of the nanopost array using COMSOL Multiphysics 5.5. applying periodic boundary conditions at the boundaries in parallel to
the light propagation direction. (d) Reflection spectrum of the simulated structure.

Fig. 6. Experimental setup.

sodium phosphate buffer and pH of 7.5, was procured from
Millipore Sigma. The vial containing the PCT was centrifuged
prior to use. Then it was reconstituted in sterile H>O to a con-
centration of 0.1 mg/ml. This formed the stock solution which
was further diluted to form different concentrations of PCT

ranging from 10° pg/ml to 10 pg/ml. Deionized (DI) water
(resistivity > 18.2 MQ-cm), used in our experiments was
produced using a purification system from Millipore, Billerica,
MA, USA. N-Ethyl N-(3-dimethylaminopropyl carbodiimide)
(EDC) and N-hydroxysuccinimide (NHS) were obtained from
Sigma Aldrich, MO, USA.

V. RESULTS AND DISCUSSIONS

A. Effect of Flow Rate on Analyte Capture

The specific capture of protein molecules depends not
only on the sensor characteristics, but also on the flow rate.
Increasing the flow rate reduces the protein capture time and
imparts different amount of shear stress on the molecules,
whereas decreasing the flow rate has reverse effect. Fig. 7(a)
shows the effect of the flow rate (controlled by a syringe
pump) on the specific absorption. When the flow rate was
low, for instance 10 xL/min, the sensor surface required longer
time (~30 min) to saturate, resulting in a low protein capture
rate, as was measured in terms of rate of change of intensity
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rate of 20 ul min~" provides maximum rate of change of sensor response
to the protein PCT. (b) At the flow rate of 20 ul min ~1 sensor response
to protein PCT in buffer versus in plasma. The observed reduction in
response in plasma gets addressed through calibration.

to be 0.04 min~! (Fig. 7(a)). However, when the flow rate
was raised to 20 uL/min, the sensor saturation took place
within ~10 min, giving rise to higher rate of change of sensor
response of ~0.15 min~!. An even higher flow rate, namely,
40 uL/min, imparted higher shear stress on the molecules
resulting in poor sensor response, and an even lower capture
rate of ~0.03 min~!. Thus, a flow rate of 20 uL/min was
found to be optimal and selected for the sensing purpose.
Fig. 7(b) shows the sensor response to non-specific absorption
at this selected flow rate of 20 xL/min, when using BSA as
the blocking agent.

We have evaluated the matrix effect and provided the
sensor’s response for 0, 10% and 10® pg/ml PCT prepared
in buffer and plasma, as shown in Fig. 7(b). All three
in-plasma readings are lower compared to the in-buffer read-
ings. At 0 pg/ml, the sensor response is reduced by a factor

52.5 - 0pgmi™
| 10 pg mi”
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520 10% pg mi
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- \! 10°pgmi’
2 5154 \\\ _.
(3 \ N\
=
51.04 O\ \\ /
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Wavelength {nm)

Fig. 8. SPR spectrum at six different PCT concentrations.

of 2.33 for in-plasma w.r.t. in-buffer. There are reductions
by factors of 2.64 and 2.4 at in 10* pg/ml and 10® pg/ml
concentrations respectively. Thus the reduction in sensor’s
response in plasma is itself a concave curve (as can be seen
in Fig. 7(b)), and this also gets addressed during calibration.

Lyophilized plasma sample prepared from pooled human
blood was obtained from Sigma Aldrich (USA). No traces of
PCT were found in the plasma as confirmed using the Synapt
G2-Si H-Class UPLC Mass Spectrometer from Waters. The
plasma was diluted with 1xPBS (pH = 7.4) buffer to prepare
two different concentrations, 10* and 10° pg/ml. Both the
plasma concentrations resulted in much lower sensor response
as compared to the response due to PCT, thus further justifying
the selection of 20 uL/min for our experiments.

B. Transient Response and Sensor Calibration Curve

As can be seen in Fig. 8, a reflection dip was found at
the resonance wavelength of ~637 nm when the anti-PCT
conjugated GO-Au nanoposts array was excited by the normal
incident light. At this resonance wavelength of 637 nm the
intensity measurements at various PCT concentrations were
performed because the maximum intensity variation to the
concentration change is realized at the resonance, justifying
the design of an Au-coated nano-patterned sensor surface in
the first place.

Fig. 8 depicts the reflection spectra of the SPR sensor
for 5 different concentrations of PCT (10 pg/ml, 10% pg/ml,
10° pg/ml, 10* pg/ml, and 10° pg/ml) in the 1xPBS solution
(pH = 7.4) in the visible region of the light spectrum from
630 nm to 645 nm. We specifically examine the five PCT
concentrations around the resonant wavelength of 637 nm.
As the PCT concentration increased from 0 pg/ml to 10 pg/ml,
102 pg/ml, 103 pg/ml, 10* pg/ml, and 10° pg/ml, the reflected
light intensity increased by 0.23, 0.25, 0.26, 0.32 and 0.339,
respectively. Each concentration of PCT solution was flown
through the sensor surface for ~2 min at a flow rate
of 20 uL/min, and intensity spectra were recorded.
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TABLE |
COMPARISON OF OPTICAL TECHNIQUES TO DETECT SEPSIS BIOMARKERS (PCT,CRP,sTREM-1)

Principle Sample Biomarker | Interface Sensitivity Limit of Detection References
Plasmonic Microarray (Nano Particle . 1 Altug et. al.
(nanoparticles) Buffer CRP enhanced gold nanohole arrays) 0.1 a.u/pg.ml 27 pg/ml [31]
Fiber Optic . .
Fiber optic nano-gold .

Evanescent Wave | 14 plasma | PCT linked immunosorbent 0.024 a.u/pg.ml—1 * 0.095 pg/ml Chiang et. al.
Excitation assa [32]
(FOEW) Y
Surface Buffer
gla§m'0n Simulated PCT Molecular m}prmted 1.78 a.u/pg.ml—1 9900 pg/ml Denizli et al.

esonance Blood Plasma polymer surface [33]
(SPR)
Surface-Enhanced PCT PCT (1.08 a.u./pM) * 0.028 pg/ml (PCT) Neuven et al
Raman Scattering | Serum CRP Au Coated MNPs CRP (4.62 a.u./pM) * 0.0073 pg/ml(CRP) [ﬁ]y ’
(SERS) sTREM 1 STREM-1(1.69 a.u./pM)* 0.00046 pg/ml(sTREM1) g
Localized
Surface Deng et al
Plasmon Blood PCT Au Nanopillars 0.05 a.u/ pg.ml—! 500 pg/ml [BS]g :
Resonance N
(LSPR)
Surface )
Plasmon . Au Nanopost Array, 0.0643 a.u./ pg.ml—! " at low conc. .
Resonance Buffer PCT Microfluidic 0.0224 a.u./ pg.ml—! * at higher conc. 1.22 pg/ml This work
(SPR)

* Sensitivity is computed as change in intensity w.r.t. change in concentration in log scale
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Fig. 9. Transient response for PCT molecules detection at the con-

centrations of 0 pg/ml, 10 pg/ml, 102 pg/ml, 103 pg/ml, 10% pg/ml and
10° pg/ml, depicting the association and dissociation phases for binding
(antigen-antibody) interactions in the spiked 1xPBS solution of pH 7.4.

Fig. 9 demonstrates the ability of the sensor to optically
track the binding kinetics as the PCT concentration increased
from 0 pg/ml to 10 pg/ml, 10? pg/ml, 103 pg/ml, 10* pg/ml,
and 10° pg/ml in the PBS solution. For this, the sensor
surface was initially covered by the PBS solution, and then,
the 10 pg/ml PCT solution was flown through the microfluidic
channel for 2 min. This association phase induced an intensity
rise by 0.23. Next, in the dissociation phase, sensor surface
was washed with the PBS to remove the unbound or loosely
bound PCT proteins from the nanopost surface, that resulted
in intensity drop by 0.13. The association and dissociation
phases were further repeated for the remaining concentrations
of PCT. For each association phase, PCT solution was flown
at a rate of 20 uL/min through the sensor surface for ~2 min,
and without saturating the sensor surface. As the PCT con-
centration increased from 0 pg/ml to 10 pg/ml, 10> pg/ml,
103 pg/ml, 10* pg/ml, and 103 pg/ml, the reflection intensity

increased by 0.24, 0.25, 0.26, 0.33 and 0.34, respectively,
matching the results of Fig. 8 of the static setting. Finally,
Fig. 10 shows the calibration curve that we generated from
the measurement plot of Fig. 9, demonstrating how we used
the measured data to perform the calibration between the
logarithmic PCT concentrations and the SPR response for the
6 measured concentrations. The response is shifted toward
the higher detected intensity with increase in concentration,
that results from the specific binding of the PCT molecules
over 2 min window each, and increase in the refractive index
at the sensor surface.

Scientifically each data is represented as: “average value
=+ standard error”, where the average and the standard error
are of the same unit. Accordingly, Fig. 10 depicts the average
value and the associated standard error at each concentration,
where the standard errors at the concentrations 0 pg/ml to
103 pg/ml are computed to be 0.014, 0.008, 0.013, 0.008,
0.0178, and 0.0044, respectively. Using the average values,
a calibration curve is fitted, where since the shift in intensity
is higher at higher concentration, the fitted curve is chosen to
be monotonicity increasing (the monotonicity also guarantees
1-1 mapping which is essential for calibration). The fitted
curve is given by (7) having R?> = 0.97:

In = 0.2661 [log C1°2*17 —0.05361, (7)

where Ip denotes the intensity shift and C denotes the
concentration. Equation (8) shows the sensitivity calculation
from the fitted curve:

d
= ———Ip = 0.0643 [log C]~7°%3;

dlogC A llog €1
= SIA,C|C=101’—§ = 0.0643; SIA,C|C=104"—% =0.0224,
(®)

implying that at lower concentration of 10 pg/ml the sensi-
tivity is 0.0643 a.u./ pg.ml~!, and at higher concentration of

10* pg/ml it is 0.0224 a.u./ pg.ml~! (concentrations are taken
to be in log scale ).

Sia,C:
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Fig. 10. Calibration Curve: SPR intensity shifts as a function of PCT
concentrations in spiked PBS buffer; generated from the measurement
plot in Fig. 9.

The Limit of Detection (LOD) is calculated from the fitted

. : : 3xSD )
polynomial of the calibration curve as, sensitivity |104%
3x0.02634

D284 = 122 pgml™!. The coefficient of variation
(CV%) values at concentrations 0 pg/ml to 10° pg/ml are
3.03%, 8.6%, 12%, 7.6%, 12.1%, 2.9% respectively. It should
be noted that the sensor response relies on the interaction
of the analyte (PCT) with a binding agent (anti-PCT), where
the nature of protein-protein interaction leads to a nonlinear
response, and these assays typically manifest greater vari-
ability [36]. Accordingly, per the regulating bodies like FDA
(USA), EMA (Europe), MHLW (Japan), ANVISA (Brazil),
for these protein binding assays, CV values < 20% are
acceptable, making the CV values of our own sensor calibrator
acceptable.

C. Performance Comparison

We compare the performance of our sensor with the other
state of the art optical detection techniques for detecting
sepsis biomarkers like PCT, CRP, sSTREM-1, as enumerated in
Table 1. The sensitivity column has been reported based on the
calibration curves provided by the authors in their respective
works. While our sensor sensitivity is lower, it is still adequate
for measurement and calibration as more importantly, it can
measure over a much wider range, namely, 10 pg/ml to
10° pg/ml and that too in a POC setting. Also, the LOD
of 1.22 pg.ml~! is among the lowest reported: While [32]
and [34] provide a slightly lower LOD, our sensor provides a
portable and point-of-care solution, requiring little overhead
of interfaced external devices or circuits for an integrated
system. The achieved sensitivity, range, and LOD of our
biosensor are thus remarkable for POC setting, and stand out
in comparison to other reported techniques where biomarkers
were also spiked in a buffered solution. Further since our
biosensor is microfluidics based, our sensor can be easily
integrated to render the measured protein in other samples,
viz. blood, serum, etc. These validate that our sensor serves
as a good proof-of-principle plasmonic microfluidic biochip
for POC sepsis biomarker detection.

VI. CONCLUSION

To summarize the work, we have developed a novel
microfluidic plasmonic device for real-time and label-free
detection of a sepsis biomarker for POC application. The
label-free detection of PCT reduces the detection time as
compared to conventional labeled detection methodologies,
and also portable biochip design makes it suitable for eventual
POC application by integration with optics for excitation
and measurement. Since our methodology involves detection
of variations in intensity of the visible light reflected from
the sensor surface, inexpensive source and detector can be
integrated in a package to make the device portable and
serve as a POC instrument for sepsis biomarker quantification.
Future work will involve multiplexed detection of other sepsis
biomarkers in a single chip, and design and fabrication of an
integrated POC sensing system.
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