
A

A
d

F
U
a

P
b

c

a

A
R
R
1
A

K
P
P
H
M
P

1

s
a
i
d
p
b
n
s
w
r

t
S

h
2

ARTICLE IN PRESSG Model
PMT-100478; No. of Pages 13

Applied Materials Today xxx (xxxx) xxx

Contents lists available at ScienceDirect

Applied  Materials  Today

j ourna l h o mepage: www.elsev ier .com/ locate /apmt

 disposable  microfluidic-integrated  hand-held  plasmonic  platform  for  protein
etection
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a  b  s  t  r  a  c  t

Healthcare  is  in  the  midst  of a transformative  shift  from  centralized  care  to point-of-care  (POC).  In this
regard,  recent  efforts  have  focused  on integration  of biosensing  technologies  with  clinical  management
and  existing  healthcare  systems  to improve  the  effectiveness  and  quality  of  care.  Plasmonic  technolo-
gies  in  particular,  have  been  used  for multiple  applications  in biosensing,  pharmaceutical  industry,  food
quality  monitoring,  and  healthcare.  However,  bulky-sized  platforms,  expensive  instrumentation,  incom-
prehensive  benchmarking,  laborious  protocols,  and  time-consuming  processing  steps  remain  challenges
to adopt  biosensing  platforms  to the POC  settings.  Here, we  present  a hand-held  biosensing  platform
that  integrates  a plasmonic  detection  modality  with  a microfluidic  chip.  As a biological  target  model,  we
emoglobin
icrofluidics

lasmonic sensors

assess  hemoglobin—an  iron  carrying  protein  in red  blood  cells.  We  comprehensively  perform  theoretical
simulations  and  kinetic  calculations  to benchmark  the  platform  performance.  Overall,  this miniaturized
platform  provides  label-free  detection,  simple  configuration  for user-interface,  facile  sampling,  assay-
time down  to 15–30  min,  and  inexpensive  disposable  chips.  Therefore,  this  platform  will  potentially
accelerate  the  deployment  of  portable  biosensing  systems  for the  POC  and  primary  care  settings.

©  2019  Elsevier  Ltd. All  rights  reserved.
. Introduction

Contribution of biosensing technologies to current healthcare
ystem is paramount [1–5]. As the world population is growing
nd aging, healthcare industry aims to replace existing biosens-
ng tools with portable alternatives that can be practicable at
octors’ offices and in-home care. Today the surge in computing
ower and technology have fashioned a foundation for portable
iosensing platforms that can radically transform the effective-
ess, mode, and quality of care and clinical research on a global
cale [6]. Consequently, individuals can be potentially engaged
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

ith physicians at point-of-care (POC), primary care, and even at
esource-constrained areas. Although this metamorphosis aims to
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minimize the need for sophisticated infrastructure, material cost
and ease of operation are still remaining challenges.

As an example, hemoglobin is an iron-carrying protein in red
blood cells and its concentration is closely correlated with several
disorders and health condition such as thalassemia, cardiovascular
diseases, anemia, sickle cell disease, leukemia, infectious diseases,
and excessive loss of blood [7–9]. Monitoring hemoglobin con-
centrations in resource-limited settings is surrounded by expense,
trained labor requirements, time and logistical constraints. For
instance, gold standard method of malaria diagnosis is microscopy
imaging of blood smear performed by a trained personnel, lim-
iting its applicability to the POC settings [9,10]. Monitoring the
elevated hemoglobin levels in serum is an alternative strategy for
the diagnosis, however, the implementation of blood analyzers
to the POC is still challenging. To add more examples, pathologi-
cal conditions including ischemia reperfusion, sickle cell disease,
and porphyria [11–13] are closely related with alterations in
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

hemoglobin and heme (oxygen binding molecule on hemoglobin)
levels in plasma. On the course of hemolytic processes, the ele-
vated levels of heme and hemoglobin in plasma are in the range
of 1–50 �M [10,14–16]. In the condition of sickle cell disease, this

https://doi.org/10.1016/j.apmt.2019.100478
https://doi.org/10.1016/j.apmt.2019.100478
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
mailto:finci@stanford.edu
mailto:utkan@stanford.edu
https://doi.org/10.1016/j.apmt.2019.100478
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evel is less than 20 �M,  indicating that the elevated levels of
ell-free plasma hemoglobin limits nitric oxide-mediated vasodi-
ation in patients with sickle cell disease [17]. Diagnosis of these
iseases therefore would greatly benefit from POC biosensing plat-

orms with sensitive, inexpensive, rapid, easy-to-use, portable, and
ccurate fashions. In developed settings, testing and monitoring
emoglobin can be performed at centralized laboratories operated
y trained personnel using expensive, automated, well-established,
ensitive, quantitative assays such as spectrometric methods (e.g.,
yanide-based procedures, sodium lauryl sulphate technique, and
zide-methemoglobin methods) [18]. However, these procedures
re limited to clinical labs, and they are not suitable to fulfill
he logistical and practical needs in terms of applications at the
esource-limited settings. There are also some POC monitoring
ools such as portable hemoglobinometers [19] and World Health
rganization (WHO) hemoglobin color scale methods [20,21] for
emoglobin measurements. Despite the simplicity of operation of
emoglobinometers, they are prone to personnel errors and an

ntensive training is needed for the proper use [22,23]. Although
he WHO  hemoglobin color scale method is inexpensive and rapid,
he diagnostic accuracy is very heterogeneous and less accurate as
eported in the field studies [20,21]. To provide access to affordable,
eliable, and easy-to-use POC monitoring without trading off the
bility to perform clinically relevant assays, we [24–27] and oth-
rs [28–31] have developed biosensing platforms on microfluidic
hips, based on specific capture and sensing of biotargets. The POC
latforms provide versatile, portable, and easy-to-use approaches
ith lower fabrication and assay expenses per sample, and remove

he need for highly trained technicians to run the applications and
o interpret results. These aspects overall allow these tools to be
roadly available and easily applicable in resource-scarce environ-
ents [32].

Microfluidic technologies that require only a drop of specimen,
ffer significant advantages over traditional platforms via lab-chip
pproaches to detect biotargets from small volumes of biological
pecimens in a relatively short assay time [33]. These technologies
an further improve the convenience of testing, hence potentially
ccelerating their access to the POC settings [6,34,35]. In addition,
lasmonics, an emerging technology that exploits unique opti-
al properties of metallic nanoparticles/nanostructures to enable
anipulation of light at the nanoscale [36], has rapidly expanded

ur knowledge in biosensing field by denoting applications in
harmaceutical industry [37], clinical diagnostics [26,38], and envi-
onmental monitoring [39]. There have been proof-of-principle
tudies demonstrating that application of these Surface Plas-
on Resonance (SPR) principles enabled development of tools for

etection of various biotargets including cells, bacteria, antigens,
ntibodies, antibiotics, and nucleic acids [40–49]. Unlike traditional
ssays in biotarget detection (for example, immunoassays), which
ypically require one or more labels to amplify detection signal and
engthy labor-intensive sampling/washing steps, plasmonic-based
iosensing devices detect biotargets in a label-free manner within

 short assay time. In this regard, multiple plasmonic phenom-
na have been introduced through light coupling (e.g., waveguide
oupling, diffraction grating, Kretschmann and Otto configura-
ions), localized plasmons, and nanoplasmonic array for a long
ime [26,50,51]. However, the fabrication of nanoplasmonic array
equires expensive lithography methods, mask production, and
ano-fabrication processes that are not suitable to create inexpen-
ive sensors. Moreover, in localized plasmon strategies, handling
anoparticles and producing self-assembled plasmonic layers in

 large-scale has been challenging due to variability of particle
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

ize and structures [52,53]. Among those strategies, light cou-
ling for SPR strategy, especially Kretschmann configuration, has
een utilized widely [54]. While the sensor fabrication requires
lasmonic layer sputtering, it is relatively simple, reproducible,
 PRESS
ied Materials Today xxx (xxxx) xxx

and also does not require any lithography steps and mask pro-
duction. As the sensor is a disposable element for an assay, the
fabrication strategy and cost are crucial for batch-fabrication and
ease-of-translation to the clinic. Further, the SPR strategy has been
miniaturized and integrated with smartphones to demonstrate the
applicability of this phenomenon into portable systems without the
need for bulky and benchtop systems [42,55]. However, from a POC
perspective, some of these miniaturized systems integrate sophisti-
cated thermal control and bulk refractive index compensation that
increase the complexity of these platforms, which potentially limit
the usability [56,57]. Although reference sensors and other instru-
mentations to account for the effects of nonspecific signals are
significant units for these sensors [57,58], they potentially increase
the costs of platform and assay, minimizing the applicability of such
systems at the POC settings. Among those sensors, smartphone
applications have been introduced to measure hemoglobin con-
centrations using either a 96-well format with a staining reagent
or images from nails [59,60]. These platforms provide inexpen-
sive measurements, however, they can only detect hemoglobin
at mg/mL  levels (6600 �g/mL [59] and <125,000 �g/mL [60]) and
cannot provide a broad detection range (60,000 to 180,000 �g/mL
[59] and 59,000 to 168,000 �g/mL [60]). Considering the clinical
needs for the aforementioned diseases with hemolytic processes
(1–50 �M or 64.1–3,305 �g/mL), their performances (detection
limit and dynamic detection range) are limited to diagnose these
conditions, and there is therefore a critical need for POC platforms
with both affordable and sensitive features to measure hemoglobin
levels in hemolytic and disease conditions.

To evaluate the utility and applicability of a platform before
deploying into the POC settings, the WHO  has provided frame-
work criteria titled as “ASSURED” (affordable, sensitive, specific,
user-friendly, rapid and robust, equipment-free and deliverable to
end users) [61–63]. According to this criteria, true POC diagnostic
tools do not require sophisticated laboratory infrastructure, expen-
sive reagents/assay costs, and trained personnel to provide results.
Further, a portable plasmonic-based technology has been reported
for potential clinical applications, and we  earlier demonstrated
a proof-of-principle study focusing on the detection of bacteria
through analyzing plasmonic responses in real-time [27]. Despite
this specific body of proof-of-concept work, there has been minimal
assessments of the portable biosensing platform and a comprehen-
sive evaluation (i.e., theoretical calculations of sensor performance
and analytical kinetic models) of the platform for monitoring pro-
tein biotargets (i.e., hemoglobin) binding. In general, the state of
the art techniques are also lacking some of the key elements for a
POC platform that are mentioned above [25]. Here, we present a
major progress toward the extensive characterization of a portable
biosensing platform for rapid, quantitative measurements of bio-
targets in real-time using a disposable microfluidic-plasmonic
chip, which addresses some of the requirements at the POC set-
tings. In essence, the presented tool already leverages inexpensive
materials, easy-to-use chips, and comprehensive benchmarking
(theoretical assessments and kinetic analysis), and thus, it can be
further developed for user-friendly operation with the final goal of
creating a robust, portable, and versatile biosensing platform for
the POC settings. Briefly, the platform is a hand-held device that
detects biotargets on a microfluidic chip, and a companion ver-
satile surface chemistry that goes with these devices, specifically
targeting hemoglobin as an exciting application in this case. The
device is made out of affordable off-the-shelf plastics, double-sided
adhesives, and a gold-coated substrate for a sensor. Introducing
samples into the chip is facile and does not require any pre-training
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

for personnel. The interface enables user-friendly operation and
ease-of-readout within a short period of time (15–30 min).

To further validate the platform, we used hemoglobin molecules
as a clinically relevant, biological target model. In this study, we

https://doi.org/10.1016/j.apmt.2019.100478
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Table 1
Comparison of the presented hand-held platform with the existing technologies for hemoglobin detection.

Parameters Quartz crystal
microbalance [94]

Hybrid organic-inorganic
sensor [95]

SPR sensor [10] Potentiometric sensor
[96]

Smartphone application (App)
[59,60]

This study

Sample load Requires a pump Requires a pump Requires a pump Not reported Sampling to the 96-well plate
[59]
Taking images from nails [60]

Requires a pump

Detection  conditions 10 mM PBS (pH 7.4)
and 0.01 M HCl

50 mM Phosphate buffer
(pH 7.4)

0.1 mM PBS
(pH 7.4)

PBS (pH 7.0) Images from blood samples
after adding Hemocor-D
reagent (staining) [59]
Images from nails, no sampling
[60]

PBS (pH 7.4)

Target  Hemoglobin Hemoglobin Apohemoglobin Hemoglobin from
bovine

Human hemoglobin [59,60] Human hemoglobin

Detection range 0.2 to 1.0 �M 0.1 to 25 mg/mL  2.5 to 30.0 �M 0 to 250 �g/mL 60,000 to 180,000 �g/mL [59]
59,000 to 168,000 �g/mL [60]

5 �g/mL to 250 �g/mL

Limit  of detection 0.15 �M Not reported 2 �M Not reported 6,600 �g/mL [59]
<125,000 �g/mL [60]

Down to 5 �g/mL
(0.078 �M)

Cost  of assay Not reported Not reported Not reported Not reported $0.15 excluding the cost of
smartphone [59]
Not reported

$4.18 per assay (chip cost)

User  interface Not reported Not reported Not reported Not reported Simple configuration for
user-interface [59,60]

Simple configuration for
user-interface

Theoretical simulations Not reported Not reported Not reported Not reported Not reported Plasmonic simulations
Binding simulations

Kinetic  analyses Not reported Not reported Not reported Not reported Not reported Equilibrium isotherm
models (Scatchard,
Langmuir, and Freundlich)

Advantages/disadvantages Good sensitivity (down
to 0.15 �M or
9.7 �g/mL)
Requires precise
temperature and
oscillation controls
Requires a pump

Moderate detection range
(0.1 to 25 mg/mL  or 1.55
�M to 387.6 �M)
Requires GaAs-based
molecular controllers
Requires a pump

Moderate detection
range (2.5 to 30.0 �M)
A  bulky, benchtop
device
Requires a pump

Good detection range
(0 to 250 �g/mL or 0 to
3.876 �M)
Requires ionic strength
and ionic content
control
Requires a pump

User-friendly app
Non-invasive measurement
Portability
Inexpensive assay
High detection limits at mg/mL
levels
Low detection ranges (60,000
to 180,000 �g/mL and 59,000
to 168,000 �g/mL)

Good detection range
(5 �g/mL to 250 �g/mL)
Good detection limit
(5 �g/mL or 0.078 �M)
User-friendly interface
Portability
Inexpensive assay
Conformation by
theoretical and kinetic
assessments
Requires a pump

https://doi.org/10.1016/j.apmt.2019.100478


 IN PRESSG Model
A

4  / Applied Materials Today xxx (xxxx) xxx

b
m
W
i
w
i
p
a
f
s
s
T
m
s
l
t
i

2

2
s

c
p
s
a
c
I
n
i
(
c
w
m
m
P
t
a
t
(
g
d

c
p
m
c
(
w
m
m
i

a
a
w
m
N
i
l
(

Table 2
The parameters of plasmonic surface and adsorbed protein layers.

Layer Refractive index Thickness (nm) References

Glass (NBK7) 1.5129 — [97]
Titanium 2.4274 - 3.1605j 5.2 [64]
Gold 0.1616 - 4.02j 44.1 [64]
Chemical Layer 1.4 1.71 [98]
Protein G 1.54 1.35 [99]
Antibody 1.36 7 [99]
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enchmarked the performance of platform to detect hemoglobin
olecules through theoretical assessments and kinetic analysis.
e also evaluated the detection of hemoglobin in buffer and clin-

cally relevant fluids, as well as assessed the specificity of sensor
ith solutions spiked with human serum albumin (HSA), mak-

ng a compelling case to demonstrate that this platform would
otentially create significant impact for the POC scenarios. In
ddition, we compared our platform with existing biosensing plat-
orms (i.e., quartz crystal microbalance, hybrid organic-inorganic
ensor, potentiometric sensor, SPR sensor, miniaturized SPR, and
martphone-integrated SPR platform) that detect hemoglobin. In
able 1, we compared these platforms through theoretical assess-
ent, analytical kinetic models, cost of assay, user-interface,

ampling, and biosensing parameters (e.g., detection range and
imit of detection). Therefore, we have comprehensively evaluated
he novel utility and applicability of the presented platform follow-
ng the requirements for POC settings.

. Results and discussion

.1. Development of the portable platform and theoretical
imulation

We  designed our hand-held platform based on Kretschmann
onfiguration, consisting (i) a 705 nm of LED with proper lens and
olarizer for illuminating the surface, (ii) a glass prism, (iii) a CMOS
ensor for measuring the amount of reflection from the surface,
nd (iv) a TV card for the connection between the platform and
omputer interface (Fig. 1a–b and Fig. S1, Supporting Information).
n practice, at lower wavelengths in the visible range, gold does
ot show a good plasmonic response due to its complex permittiv-

ty [64]. However, working at higher wavelengths in near infrared
NIR) regime will potentially make the maintenance of the device
omplicated [65–67]. To create an easy-to-use and robust system,
e hence integrated a 705-nm LED to benefit from both good plas-
onic response in visible range with high performance keeping the
aintenance of the device simple, which is important for reliable

OC applications. The user-interface on our software provides real-
ime monitoring of resonance angle (R.A.) and reflectance spectrum
t different angles (Fig. S2, Supporting Information). It consists of
hree layers: (i) a pyrex layer as base; (ii) a thin layer of titanium
5 nm)  for the binding of gold to the pyrex; and (iii) a plasmonic
old layer (44 nm), where surface chemistry is applied for biotarget
etection (Fig. 1c).

To evaluate performance of the platform, we first performed
alculations based on a transfer matrix formalism in which the
arameters of the analytical model were estimated based on the
easured spectra (Supporting Information). According to our cal-

ulations, the surface plasmons are excited at an angle of 69.2◦

Fig. 1c–d). The simulations show that if a typical protein layer
ith a thickness of 5 nm (n = 1.45) [68] covers the surface of plas-
onic sensor, its R.A. will shift about 0.56 degrees (Fig. 1d), which is
ainly due to the high field enhancement near the metal-solution

nterface (Fig. 1d, inset).
To capture biotargets on the plasmonic chip, we  also designed

 specific surface chemistry approach for hemoglobin detection
s a model biological molecule. The surface of plasmonic chip
as decorated with three layers: (i) chemical layer including 11-
ercaptoundecanoicacid (MUA) and N-(3-dimethylaminopropyl)-
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

′-ethyl carbodiimide hydrochloride (EDC)/N-hydroxy succin-
mide (NHS) coupling to form succinimide groups; (ii) protein G
ayer as an antibody anchor; and (iii) antibody layer for detection
Fig. 1e).
PBS Solution 1.3324 — [100]

2.2. Evaluating surface modification and correlating
experimental data with theoretical simulations

Each surface chemistry layer and washing step were applied
on the plasmonic chip, and the R.A. alterations were monitored
in real-time (Fig. 2a). To characterize binding events, we  recorded
angular interrogation measurements at each step of surface chem-
istry, and then, estimated the refractive index of the adsorbed
layers-based on our theoretical calculations (Fig. 2b–d, Supporting
Information). The extracted values for the parameters of the plas-
monic sensor and the adsorbed protein layers were summarized in
Table 2 and Tables S1–S2 (Supporting Information). To examine the
reflection spectra on both theoretical and experimental data, we
calculated R.A. and the width of R.A. (��) for chemical layer, pro-
tein G, and antibody layers (Fig. 2e) [69]. In experimental results, we
observed the R.A. values at 69.29◦, 69.50◦, and 69.68◦ for chemical
layer, protein G, and antibody, respectively. Theoretical calcula-
tions demonstrated resonances occur at angle of 69.24◦, 69.48◦,
and 69.66◦ for the same layers. For the ��,  theoretical calcula-
tions indicated a width of 2.21◦, 2.25◦, and 2.15◦ for chemical layer,
protein G, and antibody, respectively. The experiments resulted in
2.20◦, 2.38◦, and 2.48◦ for those layers. In Fig. 2e, we  observed that
adsorption of proteins resulted in an increase of resonance width.
Comparing the theoretical and experimental results, the ��  values
are almost same before addition of protein and antibody layers.
When a protein or antibody layer is bound to the surface, the res-
onance is usually widened, which can be potentially related to the
optical absorption and scattering by the protein or antibody layers
[64]. The mostly employed model in the literature for describing the
binding events on plasmonic surfaces assumes the layer as a thin
loss-less uniform dielectric layer, which neglects possible absorp-
tion of light by proteins and its scattering due to non-uniformity of
the covered surface [65–67].

To confirm surface functionalization, we  performed Fourier
Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) mea-
surements on the modified gold surfaces (Fig. 2f). As the surface
chemistry approach contains protein G and antibody, we  focused
on the fingerprint regions of peptide bonds from 1400 cm−1 to
3000 cm−1. The intensity band appearing in the region of 2929 cm−1

was assigned to C–H stretching vibrations. The amide I band at
∼1700 cm−1 occurred at the C=O stretching vibrations. The amide
II band at the region 1475 cm−1 was  observed for N–H stretching
vibrations. At these wavelength locations, we did not observe any
significant peaks on the bare (unmodified) gold surface. Both bare
and modified surfaces provided two peaks at ∼2000 cm−1, which
might be caused by pyrex material and metal layer. We  then char-
acterized hydrophilicity properties of the bare (Fig. 2f-inset 1) and
modified gold surfaces (Fig. 2f-inset 2). The contact angle value of
bare gold surfaces decreased from 83.5◦ ± 3.5 to 61.1◦ ± 3.4 indi-
cating that we achieved the layer-by-layer surface modification
and created a more hydrophilic surface (Figs. S3–S4, Supporting
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

Information). Cumulatively, these two different characterization
methods confirmed that our protein-based surface modification
was successfully applied to the chip surfaces.

https://doi.org/10.1016/j.apmt.2019.100478
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Fig. 1. Hand-held plasmonic platform. (a) A hand-held plasmonic device and a microfluidic-integrated plasmonic chip are presented. The chip consists of two layers of PMMA
and  a gold-coated chip, which are assembled with double-sided adhesive (DSA) tapes. Samples are introduced through the inlet port and waste is collected from the outlet
port.  (b) The platform consists of a light emitting diode (LED) to illuminate a cylindrical lens, which focuses the light onto a rectangular prism. The reflected light is captured
on  a CMOS sensor, and the captured image is transferred to a computer via the control circuitry and a TV card. (c) Gold-coated chips are fabricated on a glass (pyrex) wafer by
depositing 5 nm of titanium layer and 44 nm of gold layer, respectively. (d) The binding of a homogenous adlayer (nadlayer = 1.45) with 5 nm of thickness generates a change
in  resonance angle of the gold chip. Magnetic field distribution around the plasmonic surface is visualized when the surface is illuminated by a plane-wave from the bottom.
(e)  The chip surface is activated with three layers: (i) chemical layer with succinimide ending; (ii) protein G layer; and (iii) antibody layer to capture hemoglobin molecules
(Protein Data Bank: 2HCO). Scale bars represent 1 cm.

Fig. 2. Theoretical and experimental evaluations of surface chemistry. (a) Surface modifications on the plasmonic chip are monitored in real-time, and the data is presented
as  a resonance angle (R.A.). Experimental (solid line) and theoretical (dashed line) data are demonstrated in the plots. Reflection spectra are measured and calculated (b) when
only  chemical layer is present; (c) when both chemical layer and protein G layer are present; and (d) when all three layers including antibody layer are present on the chip
surface. (e) R.A. and the width of R.A. (��) values are calculated for both experimental and theoretical assessments using the corresponding reflection spectra according to
the  curve of reflection spectrum. (f) Surface modifications are confirmed by Fourier-Transform Infrared (FTIR)-Attenuated Total Reflectance (ATR) Spectroscopy and contact
angle  measurements in terms of spectra values, chemical bonds and hydrophilicity properties. The intensity band appearing in the region of 2929 cm−1 is assigned to C–H
s  vibra
t faces 

(

2

t
a
S

tretching vibrations. The amide I band at ∼1700 cm−1 exhibits at the C=O stretching
o  N–H stretching vibrations. In the contact angle measurements, the modified sur
inset-1). Scale bars represent 1 mm.

.3. Evaluating protein detection on the hand-held platform
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

To assess the binding performance of platform, we  applied mul-
iple hemoglobin concentrations, ranging from 5 to 250 �g/mL
nd the results were monitored as R.A. shifts (Fig. 3a and Fig. S5,
upporting Information). Briefly, after surface chemistry was dec-
tions. The amide II band is located at the region 1475 cm−1 that has been designated
result in more hydrophilic characteristics (inset-2) compared to the bare surfaces

orated on the sensor surface, (i) a baseline was  created with PBS
flow at 5 �L/min using a syringe pump; (ii) hemoglobin solution
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

at the defined concentration was then applied to the surface; and
(iii) a second PBS flow was  used to remove unbound hemoglobin
molecules from the surface. Hemoglobin solutions resulted in an
observable R.A. shift value at the resonance peak angle, ranging

https://doi.org/10.1016/j.apmt.2019.100478
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Fig. 3. Hemoglobin detection on plasmonic chips. (a) Various concentrations of hemoglobin, ranging from 5 �g/mL to 250 �g/mL are introduced to the gold chips, and the
changes in resonance angle (R.A.) are plotted across different hemoglobin concentrations (n = 3–4). (b–c) Atomic Force Microscopy (AFM) is utilized to evaluate roughness
changes on the bare (non-modified) and modified (hemoglobin captured sensor) gold surfaces. (d) Theoretical assessments are applied to examine the changes in R.A. when
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he  chip is (i) not covered and (ii) fully covered with hemoglobin molecules. (e) 

ost-guest interactions and identifies total binding sites when the host is at the eq
hereas (g) Freundlich isotherm demonstrates a heterogeneous binding on the sur

rom 0.063◦ ± 0.006 to 0.363◦ ± 0.024 for the concentrations of
–250 �g/mL. We  observed a 0.996 of correlation coefficient in
he standard curve. Comparing to inexpensive alternatives such
s smartphone-based platforms, our platform provides a wider
etection range from 5 �g/mL to 250 �g/mL within the clinical
anges of hemolytic process and sickle cell disease, and can detect
emoglobin down to 5 �g/mL (0.078 �M)  (Table 1).

We performed Atomic Force Microscopy (AFM) experiments
o evaluate the roughness of the bare and modified sur-
aces (after hemoglobin capture) (Fig. 3b–c). By examining the
eight variations along the hypotenuse of each scanned image
0.5 �m × 0.5 �m)  [70–72], we found out that the bare surface was

ore rough compared to the surface after hemoglobin capture.

.4. Examining theoretical simulation for surface coverage

We  have performed theoretical assessments to understand the
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

.A. alterations while hemoglobin captured on the chip surface
Fig. 3d). When no hemoglobin (no coverage: the sensor surface
s modified up to antibody layer) is captured by the antibodies, the
.A. is 69.66◦. By decorating the entire surface with hemoglobin
ard adsorption isotherm allows to evaluate the experimental data for reversible
um condition. (f) Langmuir adsorption isotherm is a homogeneous binding model
h) Isotherm calculations are presented in the table.

modelled as a homogenous layer with thickness of 5 nm and refrac-
tive index of 1.39 (Supplementary Information), there will be a shift
of ∼0.3◦ (Fig. 3d). Partially coverage of the surface with hemoglobin
can be modelled by a homogenous layer with the same height
but with lower refractive index (Supplementary Information). This
reduction in refractive index will result in a smaller shift in the R.A.,
which is also observed in our concentration-based R.A. plot. In the
experiments, hemoglobin concentrations from 100 to 250 �g/mL
resulted in R.A. shifts between 0.284◦ ± 0.044 and 0.363◦ ± 0.024
(Fig. 3a). Considering both theoretical calculations and experimen-
tal data, there might be an excessive amount of hemoglobin on the
surface after ∼0.3◦ of R.A. shift since the surface is fully covered on
that R.A. value.

2.5. Evaluating equilibrium isotherm models for hemoglobin
binding on-chip
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

To determine the interactions between hemoglobin molecules
and antibody-coated gold chips, we  applied three different equi-
librium isotherm models, i.e.,  Scatchard, Langmuir, and Freundlich
(Fig. 3e–g) (Supporting Information) [73–78]. This analysis enabled

https://doi.org/10.1016/j.apmt.2019.100478
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Fig. 4. Evaluation of specificity and testing the platform with clinically relevant media. (a) Molecular structures of hemoglobin (Hb) and human serum albumin (HSA) are
obtained from Protein Data Bank (2HCO and 1AO6). (b–d) In the experiments, the chip surfaces are decorated with anti-human Hb antibodies, and either hemoglobin or
HSA  is applied to chip surfaces. Real-time analysis denotes the capture/binding events of these proteins. Changes in resonance angle (R.A.) were plotted before and after
capture/binding events of Hb and HSA. Polynomial curve fitting was applied to the plots in the insets. (e) As a result, Hb binding provided statistically significant R.A. change
compared to the binding of HSA (n = 3, p < 0.05). For statistical analysis, we used Student’s t-test with the statistical significance threshold set at 0.05 (p < 0.05). Horizontal
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s to evaluate the sensor performance and also characterize the
ost-guest interactions with established binding kinetics.

In the analysis, all isotherm models (except Scatchard) pro-
ided high correlation coefficient values (>0.93). Although the
catchard model pointed out surface heterogeneity due to its lower
orrelation coefficient value (0.881), the adsorption isotherms
ould be well expressed by the Langmuir model, which resulted
n higher correlation coefficient (R2 = 0.936) compared to the
catchard model, indicating the formation of monolayer binding
n the gold sensor. Surface heterogeneity observed on the curve of
catchard model can be explained through multiple binding loca-
ions, which have similar affinity for hemoglobin binding [79]. Even
hough the correlation coefficients of Freundlich (R2 = 0.960) and
angmuir models (R2 = 0.936) were more than 0.93, the �RAmax

alue of Langmuir model (�RAmax = 0.320) agreed with the exper-
mental data (�RAmax = 0.363) compared to the Freundlich model
�RAmax = 32.395). Overall, Fig. 3h demonstrated clearly that the
angmuir isotherm model more accurately described hemoglobin
inding on the gold sensor, likely due to the homogenous bind-

ng locations formed on the surface [73]. Considering theoretical
alculations (Fig. 3d) and kinetic isotherm models (Fig. 3e–g), the
ajority of hemoglobin binding generated a monolayer structure

nd there might be heterogeneous structures on the surface due to
he result of Scatchard model. According to the Langmuir isotherm

odel, the kinetic parameters (KA and KD) of hemoglobin binding
ere calculated as 0.044 and 22.810, respectively (Fig. 3h).

.6. Evaluating specificity

Specificity refers to the ability of an assay to measure on par-
icular substance rather than others in a sample [80]. Here, as a
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

pecificity model, we chose human serum albumin (HSA), which is
he most abundant protein in human blood and it has very close

olecular weight with hemoglobin (Fig. 4a) [81]. In the exper-
mental sets, we decorated the chip surfaces with anti-human
nted with average value ± standard deviation (n = 3). (f) The chip surface is coated
 plasma sample (control) is applied to chip surfaces. The R.A. changes are monitored

hemoglobin antibodies, and applied either hemoglobin or HSA to
chip surfaces. As a result, we observed R.A. shifts and the signal
was then stabilized after the washing step at both sets (Fig. 4b–d).
According to the statistical assessments, the binding of hemoglobin
provided significantly higher R.A. shifts (∼3 times higher) com-
pared to the HSA binding (n = 3, p < 0.05) (Fig. 4e). This indicated
that the surface chemistry approach and antibody provided specific
binding of hemoglobin to the surface.

In addition, non-specific binding is one of the caveats that
biosensor platforms face, and it could potentially occur at mul-
tiple regions of sensor, including functionalized, passivated, and
untreated areas [26]. To minimize the non-specific bindings, the
chip surface could be modified with anti-fouling agents such
as proteins (e.g., bovine serum albumin, casein, glycine, and
gelatin), chemical linkers (e.g., thiol-linkers), and polymeric com-
pounds (e.g., PEG linkers) as we  and others demonstrated earlier
[25,82–87]. Therefore, the signal change and background could
be managed to minimize any potential non-specific bindings. By
integrating one of anti-fouling agents listed here, specificity and
sensitivity performance of the current chip would be potentially
increased.

2.7. Testing with clinically relevant matrix

To create a compelling case and evaluate the chip performance
for POC scenarios, we chose human plasma as a clinically rele-
vant media (Fig. 4f). In the experimental sets, we decorated the
chip surfaces with anti-human hemoglobin antibodies and applied
either hemoglobin (250 �g/mL)-spiked in plasma or plasma (con-
trol) to chip surfaces. As the plasma has highly dense structure with
high refractive index value, the R.A. resulted in a high change. After
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

the signal stabilized, we  performed a PBS wash step and observed
that the R.A. levels decreased in both experimental sets. Briefly,
in the control set, we observed that some of the plasma proteins
bound to the chip surface non-specifically, which resulted in a

https://doi.org/10.1016/j.apmt.2019.100478
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hift of ∼0.143◦ as close as the binding of HSA experiments. The
emoglobin-spiked in plasma set resulted in higher R.A. changes
ompared to the control set. As plasma proteins non-specifically
ound to the chip surface, the R.A. value (∼0.5◦) was  higher than
hat of hemoglobin in PBS experiment (∼0.363◦), indicating that
he R.A. change was a combination of signals from the binding of
emoglobin and plasma proteins. In addition, the clinical cut-off

or hemoglobin is 50 �g/mL in serum. The microfluidic chip also
llows us to introduce samples serially, and hence, accumulates
ore captured target moieties on the surface by multiplying the
50–150 �L of used sample volume to 300 �L and allowing us to

educe the sensing down to the clinical cut-off.
Clinically relevant media (e.g., plasma, blood, tears, urine, and

aliva) hold multiple intrinsic structures including contents, pH,
nd ionic strength [25]. Especially, blood and plasma samples con-
ain multiple proteins and lipids that significantly interfere with
ensor performance such as sensitivity and specificity. In particular,
PR-type modalities, as label-free methods, are much less specific
or detecting protein targets from complex specimens for quantita-
ive biomarker measurement in clinical specimens. In this regard,
on-specific binding to the chip surface is one of the major bottle-
ecks for binding and detection experiments as the concentration
f other compounds is relatively higher than the target concen-
ration [88,89]. As aforementioned, integrating anti-fouling agents
ith the surface chemistry approach would potentially increase

ensitivity and specificity performance of the sensors when detect-
ng biotargets in clinically relevant matrices [25,82–87]. Therefore,
he current system could be adapted to the detection of various
iological and chemical targets in the other clinical matrices and
atient samples in the future.

. Conclusion

Standard hemoglobin assays in routine clinical practice take
lace in a centralized laboratory and involve blood collection by
enipuncture, plasma separation by centrifuge, and assaying the
pecimen employing a commercial platform. These methods are
emanding in cost, time, and they require well-trained personnel
nd regular maintenance. These requirements are not fit for pro-
essing assays in resource-scarce settings. The developed platform
hat we present here shows an inexpensive assay as an alterna-
ive to automated instruments used in centralized laboratories.
dditionally, our platform presents some technical and practi-
al advantages over other platforms developed with SPR-based
icrofluidic tools. The chamber-flow design of our platform allows

t to sequentially process a fingerprick volume of plasma by mov-
ng the target fluid specimens over a functionalized surface, which
llows the device to be disposable, single-time use, portable, and
ompact. From a clinical diagnostic perspective, disposability is one
f the crucial points that help eliminating potential contaminations
rom sample-to-sample and patient-to-patient. In this regard, the
hip will be decorated with the surface chemistry, and it will be
isposable and single-time use for diagnosis purposes. Further, the
urface chemistry on the chip has a versatile characteristic, and
ampling/sensing procedure can be easily modified with desorp-
ion agents to reuse the chip multiple times for research purposes
s reported in the literature [78,90,91]. However, adding desorption
gents to the current procedure will increase the number of steps
nd manipulations needed by the end-user. Considering poten-
ial contaminations and user-friendly approach, we designed the
urrent chip with disposable fashion.
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

Since this platform uses pre-fabricated chips containing spe-
ific chemistry on a plasmonic sensor, the end-user will only have
o load a sample into the platform to monitor the results within
5–30 min  at ambient temperature. With the current design and
 PRESS
ied Materials Today xxx (xxxx) xxx

configuration, no complicated operations are performed by the
end-user. The device can also be compartmentalized into multi-
ple separate lanes of plasma and controls, which can test multiple
independent assays in parallel. The platform does not require any
pre-processing of samples or introduction of additional reagents
into the microfluidic device after the clinical specimen is loaded
on chip using a single-rate flow. The specimen can be potentially
collected by a capillary from a fingerprick. All these steps can be per-
formed on a POC setting and the entire procedure does not require
skilled personnel. This tool is currently designed within lab set-
tings and further commercial development can be brought in the
next stage to turn the platform into a single push of a button taking
it beyond academic settings. Additionally, since the data analysis is
not computationally intense, the data acquisition and analysis can
be easily performed on a smartphone to reduce the total footprint
and accelerate to access testing in remote settings. Therefore, we
can potentially reduce the cost of assay.

The platform is versatile with easily modifiable microfluidic
designs and by changing the surface chemistry (the last step being
modifiable by changing the final attached antibody), the platform
can be applied to detect multiple biomarkers. To evaluate the
performance of platform, we  employed detection of hemoglobin
molecules as a model biotarget using anti-human hemoglobin
antibodies. As demonstrated, the platform can detect hemoglobin
specifically in contrast to HSA molecules due to the specificity of
antibody. As the surface chemistry is designed to immobilize anti-
bodies to the chip surface, by only changing the antibody type,
we can further broaden the applications of this versatile plat-
form towards other target molecules. This unique capability is
introduced by moving the targets on the specifically functional-
ized substrate through the channel for the specific binding step
of the assay followed by the plasmonic sensing of bound targets.
In addition, other recognition elements, such as carbohydrates,
nucleic acids, peptides, and aptamers, could be easily integrated to
the platform through various surface chemistry approaches, such
as chemical binding, biotin-avidin interactions, and thiolization
[26,50,92].

Further, we  addressed multiple engineering challenges in
design, fabrication, and benchmarking aspects, including: we  (i)
designed the chip to match the biosensor optics; (ii) integrated
a gold-coated bottom sensor layer with a top channel to allow
microfluidic integration; (iii) fabricated this chip to match biosen-
sor optics; (iv) made this chip perform the same way from
sample-to-sample and batch-to-batch of fabrication; (v) evaluated
the chip shelf-life due to any adverse effects such as oxidization;
(vi) performed surface chemistry on biosensor surface of the chip
without perturbing microfluidic device integrity; (vii) optimized
fabrication process steps in order to avoid any leakages during
the testing of plasma which in return would damage the opti-
cal sensors; (viii) designed a top cover to perform data collection
under ambient conditions without jeopardizing platform mobility
or increasing weight of size; (ix) through this top cover intro-
duced microfluidic tubings in and out of the integrated device;
(x) ensured a design, where the chip is disposable and inexpen-
sive without changing any components on the biosensing reader
component. This is critical given the chip cost $4.18 and the reader
can cost up to $114.25. (xi) In this microfluidic integrated biosen-
sor, surfaces are not openly accessible as they sit inside a channel.
Hence, surface chemistry was performed through only inlet and
outlet ports. Under these circumstances, we  developed a reliable
and repeatable surface chemistry for device performance. (xii) We
used the biosensor as a confirmatory tool in real-time to evalu-
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

ate and monitor the multi-layer surface chemistry as it is built
on the chip through fluid flowing into the channels to overcome
the described inaccessibility to the functionalized device surfaces.
(xiii) We disengaged microfluidic chip and the reader to ensure

https://doi.org/10.1016/j.apmt.2019.100478
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hat the biological matrix such as plasma get collected in a closed
eservoir without contaminating sensor optics of the reader. (xiv)

e addressed challenges around plasma versus PBS. We  realized
hat the surface chemistry was not enough when we  perform the
xperiments on the PBS, we had to further optimize the surface
hemistry for other complex matrices. (xv) We  further analyzed
inetic parameters and isotherm models of hemoglobin binding to
he surface, and comprehensively evaluated the experimental data
or each surface chemistry step with theoretical simulations. (xvi)

e also developed a simple user-interface to monitor and acquire
ata in real-time.

Moreover, this platform can be further improved by introduc-
ng new design aspects. First, the current design of chips has one

icrochannel and process ∼50–150 �L of sample volume, which is
ypical in a biological test. By integrating multiple channels and dif-
erent channel designs, the platform can potentially handle more
han one sample per chip, and it can be versatile to the detection of

ultiple targets on the same chip. Second, our system currently
tilizes a microfluidic pump that is operated a single flow rate,
hich can be automated into any integrated system that would

eep the whole system still portable and battery operated, thereby
otentially further minimizing personnel integration. Third, we
ecorated the microchannels with anti-human hemoglobin anti-
odies in the current study. Although cold transport and storage
or microchips with surface chemistry and antibodies is crucial, we
ave presented multiple strategies, i.e.,  dry-storage of microchips,
rolonging their stability and shelf life up to 6 months at the POC
ettings [93]. For the dried surfaces, reactivation of surface chem-
stry and antibodies on-chip requires only introducing of PBS in less
han a minute before use, which will not significantly change our
urrent procedure for detection. Fourth, the current microfluidic
hip utilizes affordable materials and one chip costs $4.18, includ-
ng two layers of poly methyl methacrylate (PMMA), two  layers
f double-sided adhesive (DSA), one gold sensor, chemical agents,
rotein G, and antibody (Fig. S6, Supporting Information). The chip
ost we report here is based on what we experience building it man-
ally at a lab setting. The gold sensor comprises the majority of total
ost, and it can be potentially reduced with large-scale production
uch as using the injection molding strategy that tends to poten-
ially reduce the cost to pennies. In addition, a hand-held platform is
esigned on a power distribution circuit board, which costs $114.25
without boxing) (Fig. S7, Supporting Information). Large-scale pro-
uction or purchase of chemicals, proteins, antibodies, and circuit
lements (especially TV card and CMOS) will significantly reduce
he cost of the entire platform. Fifth, we evaluated the batch-to-
atch and inter-operator variations with >35 chips, and the chips
rovided reliable and repeatable results when operated by four dif-

erent people in the lab setting. A larger sample and user study
ould be necessary for more conclusive and quantitative results

round batch-to-batch and user-to-user variability.
Overall, hemoglobin-associated diseases are major adverse

vents, where simple systems can have a positive clinical impact.
he presented hand-held platform addresses critical technical
nd logistic challenges, potentially accelerating the integration of
ortable biosensing systems into the POC settings. In addition,
he ability of our platform (i) to provide results in a short assay
ime, (ii) utilize inexpensive materials for disposable microfluidic
evice, and (iii) require minimum user involvement and facile sam-
ling can create new avenues in diagnosing patients at the POC
nd primary care settings. In the future, we anticipate that the
resented platform will ultimately represent a laboratory-quality
latform, integrating advantages of microfluidic and micro-scale
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
protein detection, Appl. Mater. Today, https://doi.org/10.1016/j.apmt.

echnologies to build a disposable chip and a user-friendly portable
lasmonic reader platform simplifying and diminishing the assay
ost for diagnosis and prognosis of vascular and blood-based
iseases. Conceivably, further development for such a versatile
 PRESS
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platform combined with automation would facilitate creation of
other clinically relevant POC assays and applications going after
multiple markers and biotargets in various plausible settings at
home, primary care, hospital bedside, and at resource-limited set-
tings. Here, we showed what this technology can achieve as a
proof-of-concept testing the tool’s limitations without seeking any
commercialization considerations. Through commercial develop-
ment process, the presented system could be fully automated in a
company setting and commercialized to be applicable for disease
diagnostics at the clinic, especially at the POC settings.

4. Experimental

4.1. Materials

11-mercaptoundecanoicacid (MUA, 450561), N-(3-
dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride
(EDC, 03450), MES  (M3671), N-hydroxy succinimide (NHS,
130672), ammonium hydroxide (221228), and hydrogen peroxide
solution (H1009) were purchased from Sigma Aldrich. Protein G
(21193), 2-propanol (AA36644K7), and human hemoglobin anti-
body (MA5-14708) were obtained from Thermo Scientific. Human
hemoglobin (MBS173108) was  purchased from MyBioSource.
Ethanol (200 proofs) were obtained from Goldshield (412811).
For the microfluidic chip fabrication, poly methyl methacrylate
(PMMA, McMaster Carr, Atlanta, GA) and double-sided adhesive
(DSA, iTapestore, Scotch Plains, NJ) were used.

4.2. Gold sensor fabrication

Glass wafers (Pyrex, double side polished wafers with diameter
100 mm of diameter and 475–575 �m of thickness) were purchased
from WRS  Materials, and were cleaned with piranha solution. The
wafers were then placed on a spin-coater (Lesker), and the system
was operated at 200 W (DC), 3 mT  of pressure under Ar 50 sccm. The
wafers were coated with 5 nm of titanium, followed by a 44 nm of
gold on the same side through 0.83 A/s and 0.8 A/s of deposition
rates, respectively. Later, the metal coated wafers were spin-coated
with a 1 �m layer of photoresist (Shipley 3612) at 5.5k/rpm for 40 s,
followed by a baking step at 90 ◦C for 1 min. The wafers were diced
in 1.4 cm × 1.4 cm chips using a mechanical dicer (DISCO DAD3240).

4.3. Microfluidic chip fabrication

The microfluidic chips had three main components: (i) two
poly(methyl methacrylate) (PMMA) layers (3.2 mm of thickness for
each layer), (ii) two double-sided adhesive (DSA) films (50 �m of
thickness for each layer), and (iii) a gold sensor (1.4 mm × 1.4 mm).
In this design, the larger DSA film (57 mm × 30.9 mm)  enabled
to assemble two PMMA  layers and the smaller DSA film
(5.5 mm × 18.5 mm)  was  used to integrate the gold sensor and pro-
vide microfluidic channels. Versa LASER (Universal Laser Systems
Inc., Scottsdale, AZ) was  used to design and cut PMMA  layers and
DSA films. Inlets and outlets (0.65 mm in diameter) of the microflu-
idic chips were cut on two  PMMA  layers. The microfluidic chips
were then mounted by assembling these three components. Gold
sensors were used as a base material, where we  performed surface
chemistry for hemoglobin detection.

4.4. Cleaning of gold sensors

Before assembling microfluidic chips, we  cleaned the gold sen-
sable microfluidic-integrated hand-held plasmonic platform for
2019.100478

sor surfaces with solvents to remove impurities. Briefly, the sensors
were submerged in an isopropanol:ethanol (1:1) bath and heated
60 ◦C for 5 min. The sensors were then washed with deionized
water and dried with the filtered compressed air. Followed by the

https://doi.org/10.1016/j.apmt.2019.100478
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rst step of cleaning, the sensors were submerged in a piranha solu-
ion (H2O:H2O2:NH4OH, 5:1:1) for 5 min. They were then rinsed
ith ethanol and drying with the filtered compressed air in order

o assemble with microfluidic chip.

.5. Surface chemistry

After the cleaning step, the gold sensors were modified with
 layer-by-layer surface chemistry approach. Briefly, the gold sur-
aces were incubated with MUA  (10 mM in ethanol) overnight at
oom temperature, therefore carboxyl groups were originated onto
he surface. The sensor was then assembled with the microflu-
dic chip, and the tubings were attached to the inlet and outlet
orts using epoxy. N-(3-dimethylaminopropyl)-N′-ethyl carbodi-

mide hydrochloride (EDC, 100 mM)/N-hydroxy succinimide (NHS,
0 mM)  mixture (100 �L) was then introduced into the microchan-
el via either a syringe pump or manually and incubated for 30 min
t room temperature. EDC and NHS solutions were prepared in
0 mM of MES  buffer (pH 5.0). Basically, EDC reacts with carboxyl
roups to form amine reactive groups that are stabilized by NHS
ddition. The succinimide group, the end product of EDC/NHS cou-
ling, reacts with amine groups of biological molecules such as
roteins. Followed by the coupling reaction, 100 �L of protein G
0.1 mg/mL  in PBS) was applied to the microfluidic chips and incu-
ated for an hour at room temperature. To detect hemoglobin
n the sensor surface, anti-hemoglobin antibody (100 �L in PBS)
as immobilized by incubating for an hour at room temperature.

etween surface chemistry steps, the sensor was washed with
00 �L of PBS to remove any impurities/unbound molecules.

.6. Sample preparation

Hemoglobin and HSA solutions were prepared in 1xPBS.
emoglobin concentrations were adjusted to 5–250 �g/mL. In

pecificity experiments, we applied 100 �g/mL of HSA solution
o the surfaces coated with anti-hemoglobin antibodies. Sample
ize of each experiment was indicated on the figure captions.
n plasma experiments, hemoglobin concentration was  adjusted
o 250 �g/mL, and applied to the surface decorated with anti-
emoglobin antibodies.

.7. Hand-held plasmonic platform

The system utilizes a 705 nm of LED for illuminating the sur-
ace, and the incident wave is p-polarized in our configuration. A
MOS sensor is integrated to measure the amount of reflection from
he surface. The platform is connected to the computer via a TV
ard, and we monitor the platform response on our software, which
rovides real-time changes in R.A. and reflection using a simple
onfiguration of user-interface (Figs. S1–S2, Supporting Informa-
ion). The hand-held biosensing system weights 1.4 lbs (0.635 kg)
ith a dimension of 13.5 cm × 10 cm × 5.2 cm.

.8. Plasmonic simulations

Our calculation is based on a MATLAB program implementing
ransfer matrix formalism (Supplementary Information). We  uti-
ized the program to calculate reflection from our plasmonic surface
y providing proper refractive index and thickness of each layer
Please cite this article as: F. Inci, Y. Saylan, A.M. Kojouri et al., A dispo
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f the structure. For determining the parameters of the layers, we
et the thickness of each layer to its physical dimension and then
stimated the refractive index by fitting analytical results to the
easured reflection spectra from the sensor.
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4.9. Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy

After surface chemistry was accomplished on the sensor surface,
the PMMA  and DSA layers were removed for the measurements.
The bare and modified gold sensors (after hemoglobin is captured)
were then placed on the FTIR-ATR instrument (Thermo Fisher Sci-
entific, Nicolet iS10, Waltham, MA,  USA) and total light reflection
was collected between 650 cm−1 and 4000 cm−1 range with 2 cm−1

of resolution.

4.10. Contact angle measurements

KRÜSS Drop Shape Analyzer (DSA100, Hamburg, Germany)
instrument was used to evaluate hydrophilic behaviour of the gold
sensors after the surface modification. The contact angle values
were collected with sessile drop method by dropping ∼5 �L of
ultrapure water and calculated as the average of the contact angle
values from three different drops.

4.11. Atomic force microscope (AFM) measurements

AFM was  utilized as a surface-based characterization method
to understand the morphology of the surface after hemoglobin
binding. In the AFM measurements (Nanomagnetics Instruments,
Oxford, UK), we used tapping mode. Both bare and modified
gold surfaces (hemoglobin captured sensor) were attached to the
AFM sample holder using double-sided carbon strip. Experimen-
tal parameters were adjusted as oscillation frequency (341.30 Hz),
vibration amplitude (1 VRMS) and free vibration amplitude (2
VRMS). Imaging studies were performed with a 2 �m/s  scanning
rate and 256 × 256 pixels resolution. During this characterization,
the raw image produced by the AFM provided an array of values of
Vz (Vx, Vy), where the V represents voltages applied to the piezo
drives responsible for motion in the x, y and z directions [70].

4.12. Equilibrium isotherm models

Scatchard, Langmuir, and Freundlich isotherm models provide
information on host-guest binding interactions, homogenous, and
heterogeneous binding of molecules to a surface, respectively
[74–78].

4.13. Statistical analysis

We  performed student’s t-test using GraphPad Prism (La Jolla,
CA). The statistical significance threshold was  set at 0.05 (p < 0.05).
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[19] M. Muñoz, A. Romero, J.F. Gómez, A. Manteca, E. Naveira, G. Ramírez, Utility
of  point-of-care haemoglobin measurement in the HemoCue-B
haemoglobin for the initial diagnosis of anaemia, Clin. Lab. Haematol.
(2005), http://dx.doi.org/10.1111/j.1365-2257.2005.00678.x.

[20]  H. Marn, J.A. Critchley, Accuracy of the WHO  haemoglobin colour scale for
the  diagnosis of anaemia in primary health care settings in low-income
countries: a systematic review and meta-analysis, Lancet Glob. Heal. (2016),
http://dx.doi.org/10.1016/S2214-109X(16)00005-X.

[21] J. Critchley, I. Bates, Haemoglobin colour scale for anaemia diagnosis where
there is no laboratory: a systematic review, Int. J. Epidemiol. (2005), http://
dx.doi.org/10.1093/ije/dyi195.

[22] R.G. Neville, Evaluation of portable haemoglobinometer in general practice,
Br. Med. J. (Clin. Res. Ed). (1987), http://dx.doi.org/10.1136/bmj.294.6582.
1263.

[23] A.M. Conway, R.F. Hinchliffe, J. Earland, L.M. Anderson, Measurement of
haemoglobin using single drops of skin puncture blood: is precision
acceptable? J. Clin. Pathol. (1998), http://dx.doi.org/10.1136/jcp.51.3.248.

[24] F. Inci, O. Tokel, S. Wang, U.A. Gurkan, S. Tasoglu, D.R. Kuritzkes, U. Demirci,
Nanoplasmonic quantitative detection of intact viruses from unprocessed
whole blood, ACS Nano 7 (2013) 4733–4745.

[25] F. Inci, C. Filippini, M.  Baday, M.O. Ozen, S. Calamak, N.G. Durmus, S. Wang,
E.  Hanhauser, K.S. Hobbs, F. Juillard, P.P. Kuang, M.L. Vetter, M.  Carocci, H.S.
Yamamoto, Y. Takagi, U.H. Yildiz, D. Akin, D.R. Wesemann, A. Singhal, et al.,
Multitarget, quantitative nanoplasmonic electrical field-enhanced
resonating device (NE2RD) for diagnostics, Proc. Natl. Acad. Sci. U. S. A. 112
(2015) E4354–E4363.

[26] O. Tokel, F. Inci, U. Demirci, Advances in plasmonic technologies for point of
care applications, Chem. Rev. 114 (2014) 5728–5752.

[27] O. Tokel, U.H. Yildiz, F. Inci, N.G. Durmus, O.O. Ekiz, B. Turker, C. Cetin, S. Rao,
K. Sridhar, N. Natarajan, H. Shafiee, A. Dana, U. Demirci, Portable microfluidic
integrated plasmonic platform for pathogen detection, Sci. Rep. 5 (2015).

[28] S.K. Vashist, E.M. Schneider, J.H.T. Luong, Surface plasmon resonance-based
immunoassay for human C-reactive protein, Analyst (2015), http://dx.doi.
org/10.1039/c5an00690b.

[29] T. Riedel, C. Rodriguez-Emmenegger, A. de los Santos Pereira, A.
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