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Abstract

Microfluidic devices that generate stable concentration gradients are efficient instruments for automated calibration for
analytical and bioanalytical systems. However, little attention has been paid to the development of reusable microfluidic
concentration gradient generators, which can be useful for a range of species through mathematical characterization. In this
work, we develop a microfluidic device based on three steps of serial dilution that were able to generate nonlinear concentra-
tion gradient for dyes and biomolecules. The microfluidic device was described mathematically, statistically and was suitable
for reusable analytical and bioanalytical analysis. The device reproducibility was assessed by experimental tests, which have
shown the same gradient concentration profile for different dyes and statistical reproducibility with 95% confidence interval
for bovine serum albumin (BSA). Moreover, the experimental data converged well with those obtained by computational fluid
dynamics simulation. Applicability was verified by coupling the microfluidic device to a surface plasmon resonance (SPR)
biosensor, based on nanohole arrays with sensitivity of 358.7 nm RIU™! determined by white-light SPR excitation exposed
to different D-(4)-glucose aqueous solutions with 1.3361-1.4035 refractive index interval. The transmission light intensities
obtained by the array of images allowed to quantify a pseudo-unknown BSA sample (160 ug mL~") at 138 ug mL~'. The SPR
analysis has been validated in parallel by fluorescence emissions, which showed a concentration of 154.8 + 16.6 ug mL~".
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Introduction

Microfluidic concentration gradient generators (MCGG) are
systems that allow the generation of several concentrations
through the division and combination of a fluid flow to dilute
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a concentrated fluid in a solvent one. Due to its miniatur-
ized dimensions, MCGG are automatic, rapid, and portable
devices. In addition, the systems require low fluid volume,
which is according to green chemistry. These features agree
with the point-of-care (POC) approach and can be integrated
into multiple laboratory processes in lab-on-a-chip analytical
systems [1, 2]. Dilution networks have also been reported for
analytical purposes in several biological applications such
as cell culture [3], chemotaxis [4], bacteria chemotaxis [5],
cytotoxicity [6], biosensors [7], and others [8, 9].

In more recent examples, microfluidic devices have been
applied in antibiotic susceptibility testing of bacteria. Sun
et al. developed a gradient microfluidic chip integrated
with a fluorescence detection platform for testing antibi-
otic resistance of Salmonella to ofloxacin and ampicillin
[10]. Shi et al. also developed a concentration gradient gen-
eration platform for an antimicrobial susceptibility test to
study the bacteriostasis using Escherichia coli to multiple
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concentrations of an antibacterial drug (ceftizoxime) [11].
Its potential for chemotaxis applications was also confirmed
and the proposed concentration generator platform could be
utilized to conduct rapid drug screening and chemotaxis for
clinical or experimental research at a cellular level. Tang
et al. developed a hydroxyapatite-PDMS microfluidic chip
to provide a highly bionic bone environment for bone-related
cell culture and drug screening [12]. The concentration gra-
dient of the drug doxorubicin hydrochloride model was suc-
cessfully generated on a Christmas tree structure. Ganguly
et al. developed a microfluidic hydrodynamic single-cell
trapping and culturing platform of host-viral interactions that
reported the influenza A virus interactions analysis under the
gradient concentration of bafilomycin Al treatment [13].
This facilitated the biological analysis and experimentation
of virus infection into host cells. The main characteristics of
microfluidic devices, as presented above, are summarized
in Table S1.

The concentration gradient generators versatility is dem-
onstrated through a series of examples with increasing com-
plexity. However, an ideal concentration gradient generator
should be able to reliably reproduce the same concentration
gradient for any chemical species, thus dispensing recurrent
calibrations process. This can be delimited if the mathemati-
cal description of the experimental gradient profile is defined
to establish the concentration gradient of the generator appli-
cation range. Nevertheless, it is still a challenge to achieve a
controlled and reproducible concentration gradient, making
many systems unsuitable for analytical purposes. Further-
more, fluid mixing and transport processes are complex, and
the variety of chemical species is extensive. If we cannot
generate concentration gradients for all existing species with
a single device, it is possible to develop a device that is able
to reproduce the same concentration gradient for a range of
species from a mathematical description of the concentration
gradient profile. This can be guaranteed from experimental
and statistical analysis, which makes this system reusable.
Furthermore, it does not need recurrent calibrations, it is
attachable to any analytical systems, it is suitable for decen-
tralized assays, and it is used as calibration standards.

Proposing a new concentration gradient generator device
is not an easy task. Intuitively, the simplicity of a serial dilu-
tion steps for a microfluidic device may lead to a misin-
terpretation of the final concentration gradient. Wang et al.
summarize various methods such as tree-shape, altered tree-
shape, Y-shape, pressure balance, among other concentration
gradient generation methods based on microfluidic systems
[14]. An efficient way to estimate the serial dilution process
can be accomplished by Hagen-Poiseuille’s law Q = AP/R,
where O, AP, and R, are volumetric flow rate, pressure drop,
and hydraulic resistance in a microfluidic channel, respec-
tively [1]. The hydraulic resistance can be written as R, =

Cocomerry u(LIw*h?), where Coeomerry 18 the channel geometric
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coefficient, u is the fluid viscosity, and L, w, and & are chan-
nel length, width, and height, respectively. As R;; & L/w*h?,
then Q can be changed not only by injection pump (4P),
but also by manipulating channel geometric parameters (L,
w, and h) [15]. Thus, from the combined volumetric ratio
between two fluids, it is possible to manipulate any dilution
configuration. Some serial dilution systems of N steps are
classified according to the volumetric flow ratios at the com-
bination point: 10-fold log and 2-fold log, when the volumet-
ric mixing ratios are 9:1 and 1:1 for all steps, respectively;
linear, where the ratio changes for each dilution step 1:1, 1:2,
1:3, 1:4,... 1:N; Gaussian, among others [1, 16].

Interesting applications of MCGG have been found in the
sensory platforms’ development. The coupling of gradient
generator devices to biosensors has already been explored
and has proved to be an interesting alternative for reducing
the reagents consumption and automating the mixture’s han-
dling. These devices have been coupled to sensors based on
the surface plasmon resonance (SPR), which were the focus
of current research [17]. The SPR phenomena are especially
attractive for sensing because they are more sensitive than
other techniques and can be developed in miniaturized sys-
tems [18].

In this way, we propose a symmetric MCGG with three
serial dilution steps to create a nonlinear and reproducible
concentration gradient for dyes and bovine serum albumin
(BSA). An important point is that the gradient profile was
extensively characterized and validated so that the appli-
cability of the MCGG device was well determined. The
MCGG was coupled with a nanohole arrays-based SPR
biosensor for biomolecular quantification to test the per-
formance of the dilution chip. This coupling enabled the
calibration curve and the protein detection to be performed
at the same time (“online detection”). A new aspect is that
the MCGG works independently of the sensory platform to
which it was attached. Thus, the MCGG chip proposed here
could be used with several analytical systems through simple
coupling adjustments.

Experimental
Nonlinear concentration gradient generator

The proposed microfluidic gradient generator (2x5-Y) device
can be seen in Fig. la. It shows two inlets (A and B), five
outlets (1, 2, 3, 4, and 5), “combiners,” and “splitters” with a
“Y” shape (Fig. 1b). The microfluidic device has three dilu-
tion steps composed of channels with rectangular cross sec-
tion of 150 um width, 100 pm height, and 50000 pm total
length of the serpentine path. The microfluidic devices were
fabricated in polydimethylsiloxane (PDMS) by soft lithog-
raphy, which is reported in the supplementary material. The
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Fig. 1 Microfluidic gradient generator device, 2x5-Y; the dashed rec-
tangle shows the region where the fluorescence images were assessed
(a). Generic flows scheme of splitter (green square) and combiner
(blue square) system (b). SPR biosensor based on nanohole arrays

concentration gradients, as well as the complete cross-sec-
tional channels homogeneity, were assessed by fluorescence
images (fluorescence microscope TNI-06T-PL) using a 4%
objective lens. For this, fluorescein solution (1.0 mmol L,
diffusivity Dy, = 5.0 X 107" m* s™!, 95% Sigma Aldrich)
and water were added to the inlets A and B, respectively, at
Q, = Qp = 1.000 mL h~'. Then, fluorescence images were
obtained after the third dilution step (see the dashed rectangle
in Fig. 1a). All images were processed using the ImageJ®
software to collect the fluorescence intensity, which was used
to estimate the gradient concentration formation.

The concentration gradients at the outlets were also evalu-
ated using dyes and BSA. Rose bengal solution (10 ug mL™",
Do peng. = 4.8 X 10719 m* 57!, 95% Sigma Aldrich) and
water were injected in the inlets at @, = O = 1.000 mL
h~!. The dye concentrations were obtained using UV-Vis
spectrophotometer (Ocean Optics, USB2000) by calibra-
tion curve obtention, considering the maximum absorption
measurements at the 549 nm for aliquots collected at the
outlets. Methylene blue solutions (10 ug mL™", Dy, i =
83x 107" m? ¢! >95% Sigma Aldrich) and water were
used under different volumetric flow rates: 0, = Qp = 0.800,
1.000, and 1.200 mL h~'. The maximum absorptions were
monitored at 658 nm for the calibration curve obtention and
dye quantification. Lastly, BSA solutions (300 pug mL~! in
phosphate buffer solution (PBS), Dggs = 5.9 X 107" m? s,
Sigma Aldrich) and phosphate buffer saline (PBS, pH 7.45)
were also injected at different volumetric flows: Q, = O
=(.125, 0.800, and 1.000 mL h™'. Fluorescence emissions
were monitored at 350 nm by excitation at 295 nm using
a spectrofluorometer (Varian, Cary-Eclipse). Calibration

Combiner

containing a matrix of 3 X 6 square arrays covered by PDMS piece
with straight microchannels (SPR detection module) (c). An illustra-
tive scheme of the 3 X 6 square arrays (d). Nanoholes configurations
and dimensions of each array (e)

curves were also performed to obtain BSA concentrations
in the outlets.

Computational simulation

Computer simulations were performed to assess the theoreti-
cal concentration gradient. For this, the 2x5-Y device has
been properly designed using AutoCAD 3D and performed
on COMSOL Multiphysics® by computational fluid dynam-
ics (CFD) module. The parameters used were as follows:
BSA solution concentration, water dynamic viscosity, and
density (at 25 °C) were defined as 300 ug mL~!, 1.0020 x
1073 Pa s, and 997 kg m™3, respectively, and Q, = Qp =
0.125 mL h™' [19].

The CFD module uses Navier-Stokes equation (Eq. 1) to
describe the momentum conservation principle for laminar
flow; diluted species transport model for mass conservation
in incompressible systems (Eq. 2); and Fick’s law (Eq. 3)
for the diffusive and convective mass flow combination [20].

p((;—': +ue Vu) =-Vp+Ve (M(Vu+(Vu)T) - %y(v -u)I) +F 1)
aC
—= =—(VeN,) +R, 2)
ot
0x,
Ny, = —cDABa—Z + x4 (Ny, + Np,) 3)

where: p—specific mass; u—fluid velocity; p—pressure; u
—viscosity; F—external forces; C,—concentration of solute
A; c—density; D, p—diffusivity of molecule A in molecule
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B; N, and Ny;—mass flows of molecules A and B in the flow
direction; and x,—molar fraction of molecule A.

Nanohole array confection and optical
characterization

A matrix of 3 X 6 square arrays composed of 60 x 60 identical
circular nanoholes (SPR platform) confectioned by a focused
ion beam is reported in the supplementary material. A PDMS
piece containing six straight microchannels was coupled to
the SPR platform to allow the solutions flow over the arrays
(Fig. 1c). This combination was called “SPR detection mod-
ule” and it has five inlets for the flows that come from the
2x5-Y device and a sixth inlet for an independent injection
of the sample. Arrays images obtained by scanning electron
microscopy (SEM, Shimadzu Superscan SSX-550) were used
to characterize the arrays and holes by Image-Pro Plus®.

The optical transmission, which is characteristic of the
nanohole arrays, was carried according to the scheme in
Fig. S1. Briefly, a white light beam (halogen lamp, 250
W) was collimated by a microscope (Quimis, Q738MIT)
equipped with objective lens (50X) towards one nanohole
array at a time. The SPR platform was positioned on an
xyz table and exposed to a 1.3327 refractive index (milli-
Q water, 25 °C). The extraordinary optical transmission
(EOT) assigned to the SPR modes on each nanohole array
was collected by an optical fiber connected to an UV-Vis
spectrophotometer [21-24]. Afterwards, each nanohole
array was individually exposed to different D-(+)-glucose
aqueous solutions with 1.3361-1.4035 refractive index
interval. Transmission spectra were recorded and the SPR
platform sensitivity (nm RIU™!) was determined by cor-
relating the EOT vs. refractive index.

Surface plasmon resonance biosensor by image
acquisition

Experimental setup (Fig. S2) to monitor the transmitted light
intensity through the arrays by image acquisition using a
charge-coupled device (CCD) camera was already reported
by our group and it is shown in the supplementary mate-
rial [25, 26]. The 2x5-Y device was combined with the
SPR detection module as shown in Fig. S2. The concentra-
tion gradient (minor for major concentration) was coupled
to the nanohole array sets #1, #2, #3, #4, and #5, respec-
tively. The last nanohole arrays set, the #S (see Fig. 1d),
was separated for sample detection. The combined system
was used to detect BSA as a protein model. For this, BSA
molecules were immobilized on the nanohole arrays. First,
milli-Q water was injected, being Q4 = Qp = Oy = 1.000
mL h~! for 30 min. Then, the flow stopped for 30 min (flow
stabilization) and 75 images were collected. In sequence,
11-mercaptoundecanoic acid ethanolic solution (MUA; 0.50
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mmol L™, 98 %, Sigma-Aldrich) was injected at Q, = Qp
= Q4= 0.500 mL h~! for 6 h; after, an aqueous mixture
of ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC; 0.1 mol L', 98 %, Sigma-Aldrich) and
N-hydroxysuccinimide (NHS; 0.1 mol L' 98 %, Sigma-
Aldrich) at 0, = Qp = Qg = 0.500 mL h™! was injected
for 4 h. Finally, BSA (300 ug mL™!) in PBS (pH 7.45) was
injected to inlet A and only PBS to inlet B, while in inlet
S a “pseudo-unknown” BSA solution at 160 pg mL™" was
injected. The injection process took place for 40 h at O, =
Qp = Og = 0.125 mL h™'. After this, the flow stopped for
30 min and EOT images were recorded. All images were
processed using the Image]® software to collect the average
intensity of the transmitted light, considering the whole area
of each nanohole array [27].

Results and discussion

Mathematic model, computational simulation,
and experimental serial dilution

A serial gradient generator can be better understood by
observing a generic scheme (Fig. 1b) of two splitters (green
square) and one combiner (blue square). The volumetric
flows division of inlet (Q, and Qp) are dependent on the
hydraulic resistances that surround them, Ry, Ry, and Ry,
[1]. Obviously, the initial volumetric flow fraction assigned
to each channel will influence its final concentration.
Hydraulic resistance for a rectangular section channel can
be determined by Eq. 4 [28]. If the channel length and width
are identical for the channels a, B, and v, it is expected that
both will have the same hydraulic resistance. However, the
B channel combines Q, and a Q5 fractions, which come
from Q4 and Qyp, respectively. The first consequence is that
0, and Qj face greater hydraulic resistance (Ryg = 2.6 X
10> Pas m™) than Q, and Q, (Ry, = Ry, = 6.8 X 10'! Pa
s m™). Then, Ry, = Ry, are ~ 3.8 times smaller than R,
and, because this, O, = 4/50Q, and Q, = 1/5Q,. Similarly,
05 = 1/50Q5 and Q, = 4/5Qj. By extending this same pro-
cess for the two other dilution steps of the 2x5-Y device,
the final concentrations fractions in the five outlets are 0.00,
0.16, 0.50, 0.83, and 1.00. Note that a nonlinear profile is
observed, and these coefficients describe a logistic sigmoi-
dal curve given by ¥ = a/(1 + e X =20 where X is the
output channels, Y is the measured intensity or concentra-
tion, a is the maximum magnitude of the measured intensity
or concentration, k is the curve angular coefficient in the
central part, and x,, is the point at which X = a/2.

. 12uL
w1 - B2 e L ann(i) @)

n=1,3,5 ;5 2h
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To mathematically estimate the concentration fractions, it
is necessary to assume that the serpentine length is sufficient
for complete binary mixing. To experimentally assess this, a
fluorescein solution was injected into the system. The collected
fluorescence image (Fig. 2a) shows that at the end of the dilu-
tion process there is a fluorescence homogeneity along the
channel width for the five output channels (see Fig. 2b, inset).
This indicates that the length of the channel was sufficient to
occur the complete fluids mixture along the channel path. Fur-
thermore, it was observed the formation of identical concentra-
tion gradient to the mathematically estimated (Fig. 2b).

The concentration gradients were also monitored using
rose bengal at 10 pg mL~". Again, the experimental behavior
was similar to the one predicted mathematically (Fig. 2c).
For methylene blue at 10 ug mL~!, it was tested at different
volumetric flows O, = Qp = 0.800, 1.000, and 1.200 mL
h~!. The gradient experimentally obtained was similar to the
mathematical one for all volumetric flows assessed (Fig. 2d).

a)

ca
4

The inset in Fig. 2d shows the color gradient (related to a
concentration gradient) formed over the dilution steps at Q4
= Qp = 1.200 mL h~!. This indicates that the 2x5-Y device
has the ability to generate the same concentration gradient
for the dye, independent of the input volumetric flow, as long
as it is between the evaluated range (0.800 to 1.200 mL h™h.
Nevertheless, some molecules (proteins or biomolecules
with higher molar mass or lower diffusivity) need longer ser-
pentine lengths or reduction of the injection rate to complete
the diffusion/convection mixture. Fig. 2e shows that when
the BSA solution was injected at @, = Qp = 0.800 and 1.000
mL h~! there is no match between experimentally obtained
and mathematical estimated concentration gradient. This is
probably due to the serpentine length, which is insufficient
to complete the mixing under these conditions. However, a
reduction in the injection rate for Q, = Q= 0.125 mL h™!
was sufficient to make the BSA concentration gradient sta-
tistically equal to the mathematically estimated one.

(@)
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1.0 % Mathematic model 1.0 | —#— Mathematic model
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Fig.2 Fluorescence image of the 2x5-Y device at the end dilution
process for the fluorescein solution (a). Concentration fraction for
the 2x5-Y at the end dilution process obtained mathematically and
by fluorescein fluorescence intensity measurements (the inset shows
normalized fluorescence intensity at some points along the channels

width) (b), by rose bengal visible absorption (c¢), methylene blue vis-
ible absorption at different volumetric flows (the inset shows the vis-
ual color gradient obtention) (d), and BSA fluorescence emission at
different volumetric flows (e)
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In microfluidic systems, the characteristic flow and the
binary mixtures are discussed from Reynolds and Péclet
numbers, respectively [21]. While the Reynolds number
(R, = cvD,/u) expresses the ratio of inertial forces to the
viscous forces, the Péclet number (P, = uD,/D) expresses
the importance of the convective process to the diffusive
process in binary mixtures [29], where c is the fluid density,
u is flow velocity, D, is the hydraulic diameter (D,, = 4A/S),
S perimeter of the channel, A is the sectional area, and D is
the diffusivity of the solute. For the injection rates used in
this work, the Reynolds numbers range from 0.23 to 2.21,
being characterized as laminar flow [30]. On the other hand,
the Péclet number applied to fluorescein, methylene blue,
rose bengal, and BSA solutes indicates values that range
from 0.33 x 10° to 45.18 X 10°, which is characteristic of a
predominantly convective mixing process [30]. The convec-
tion process must have aided in quickly mixing the fluids.
This factor was responsible for achieving complete mixing,
mainly for BSA, in the short microfluidic path used (50000

the mathematic model, experimental, and computational
simulation with their respective standard deviations summa-
rized in Table 1, the concentration fractions can be efficiently
predicted mathematically and by computer simulation, as long
as the mixing process is ideally satisfied. In addition, this also
demonstrates that the device construction by soft lithography
is efficient and can adequately reproduce the projected design
for the microchannels system. Lastly, a statistical reproducibil-
ity with a 95% confidence interval curve was performed with
the experimentally obtained data for the BSA. Fig. 3b displays
a narrow confidence range for the dilution coefficients, con-
sidering any experimental analysis performed on the 2x5-Y
device with BSA or any other solute with diffusivity greater
than or equal to that of BSA at 0.125 mL h™".

Table 1 BSA concentration coefficients for the 2x5-Y device obtained
by mathematic model, computational simulation, and fluorescence
emission (experimental)

. Output Mathematic Computational ~ Fluorescence emission
Hm), even under a laminar flow. channel  model simulation (0.125 mL h™!)
Fig. 3a displays the computational simulation of concentra- (0.125 mL h™")

tion fractions for the 2x5-Y device exposed to protein solu- 1 0.00 0.00 2 0.00 0.05 2 0,03
tion (BSA, 300 pg mL™") at Q, = Qp = 0.125 mL h™'. The ' A o

. . . . . 2 0.16 0.18 +0.02 0.13 +0.04
concentration fractions by CFD computational simulation and

. L. . 3 0.50 0.50 + 0.04 0.53 £ 0.08
mathematic model are similar. Moreover, both are in agree- X 0.83 0.83 4 0.02 0.83 + 0,01
ment with the value experimentally obtained by BSA fluores- ’ oI oI

.. Sy 5 1.00 1.00 + 0.00 0.95 £ 0.05
cence emission. Considering the data convergence between
Fig.3 Concentration fractions a) b)
obtained mathematically by o Miathermatic model
computational simulation on 104 —s—Computational Simul. - BSA - 0.125 mL h™ 4 01 :: :02.;9;7

CFD software (the inset shows
the obtained concentration
gradient of 2x5-Y device by
CFD simulation) and by BSA
fluorescence emission (a). Con-
centration gradient reproduc-
ibility to 2x5-Y device with 95%
confidence interval (b). EOT
spectra of white light through
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For practical proposes, it is possible to ensure that any solute
capable of homogenizing completely in 50000 um serpentine
path length will reproduce the same concentration coefficients.

Nanohole array characterization

EOT phenomenon is a greater intensity of transmitted light
observed through nanohole arrays in metallic films [31]. The
transmitted light is related to the surface plasmon resonance
excitation that occurs on either side of the metal film [32].
The light waves are coupled with a metal conduction band as
SPs on one side and transmitted for the other side [33]. The
maximum wavelength (4,,,,) of the transmitted light can be
manipulated by refractive index variation and by the holes
periodicity and geometry [23]. For the holes with 196.7 + 5.3
nm diameter and 401.3 + 4.7 nm periodicity (SEM image,
Fig. S3), the SPs excitation can be performed using a He/Ne
laser with emission at 632.8 nm [25]. Fig. 3c displays the
transmission spectra obtained with white light for all nano-
hole arrays in water (n = 1.3327, 25 °C). It is evident that
one of the transmission maximums occurs around 630 nm.
This confirms that the He/Ne laser emission (at 632.8 nm)
is compatible with the nanohole arrays transmission spectra.
Fig. 3d shows transmission spectra of white light for one
nanohole array under the different refractive index. The sen-
sitivity S = AMAn = /1(€mln(n2 +¢,)) =358.7nm RIU~! with
R? =0.9985 (see Fig. 3d) was determined by correlating the
light maximum transmission redshift to the refractive index
for one nanohole array [22, 34]. The sensitivity curve high-
lights the great ability of the substrate to monitor refractive
index variations [26]. This feature makes the substrate effi-
cient for detecting molecules on the metal surface (sensor).

Surface plasmon resonance biosensor by image
acquisition

The SPR biosensor was prepared for BSA immobiliza-
tion on the MUA/EDC-NHS self-assembled monolayers.
Fig. 4a shows the EOT intensity for the arrays sets from
#1 to #5 and #S, before and after the BSA exposition. The
EOT intensities were obtained from CCD images such as
those exemplified in Figure 4a inset. In these images, it is
notable that the transmitted light intensity through all the
arrays decreases after BSA molecules immobilization. In
addition, the curve in Figure 4a shows that the decrease in
EOT average intensity was greater as the BSA concentration
increased from #1 to #5. The greater amount of immobi-
lized BSA molecules causes greater redshifts in the EOT
bands. The redshift was accompanied by a decrease in the
transmitted light intensity at a fixed wavelength of 632.8
nm [25]. The module of the EOT average intensity for the
arrays sets from #1 to #5 was normalized and plotted as
a function of each output channel (Fig. 4b). As expected,
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Fig.4 EOT average intensity for the arrays from #1 to #5 and #S,
before and after BSA exposition; the inset shows CCD images for
some arrays before and after BSA exposition (a). Module of the EOT
average normalized intensity assessed by the arrays images acquisi-
tion and BSA average normalized emission intensity for each channel
(b). Calibration curve obtained by plot of the EOT average normal-
ized intensity as a function of the concentration fraction (c)

the profile of the intensity decreasing module is a logistic
curve equal to that obtained by BSA fluorescence emission.
In addition, it was observed that the parameters k and x, of
the logistic curve equation are statistically equal for both
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response types (Fig. 4b). This confirms that the number of
molecules immobilized on the arrays was proportional to
the BSA concentration in the solution. The concentration
fractions of each channel (obtained by BSA emission inten-
sity, see Fig. 3a) were plotted in function of EOT average
normalized intensity to obtain the calibration curve shown in
Fig. 4c. A direct and linear response was observed showing
R* = 0.9921. From the observed response it was possible
to verify that the pseudo-unknown BSA sample (nominal
value was 160 ug mL™") caused an EOT average intensity of
—11.4 + 1.3% with respect to one before the BSA exposition
(see Fig. 4a for the #S array set). This represents 0.46 for the
EOT average normalized intensity, which is equivalent to a
0.46 concentration fraction (by interpolation on the calibra-
tion curve). Considering that the initial BSA concentration
applied to the 2x5-Y device was 300 pg mL~!, this means
that the sample BSA concentration corresponds to 138 ug
mL™!. Lastly, in order to validate the pseudo-unknown quan-
tified concentration of BSA, the sample was also quantified
by fluorescence emissions immediately thereafter the SPR
analysis was carried out. The validated concentration was
154.8 + 16.6 ug mL~!. The value was statistically equal to
the one determined by the images acquisition method.

Despite the gradient generator device versatility demon-
strated through coupling to a nanohole arrays-based SPR bio-
sensor, the association between a simple serial dilution with
a splitter and combiner with “Y” shape may lead to a misin-
terpretation of the mathematical final concentration gradient.
Moreover, the soft lithography technique used to fabricate
the gradient generator device may impose difficulties to make
defined channels, which are decisive factors for the hydraulic
resistances and consequent to the combined volumetric ratio
in binary mixing. In addition, these kinds of gradient genera-
tor devices are known for easy blocking and leakage.

Conclusions

The gradient generator device proposed in this work had
a design with splitter and combiner with “Y” shape, three
steps of serial dilution, and five independent outlet chan-
nels specially designed to be attachable to any analytical
systems. These features enabled the generation and the
reproduction with excellent accuracy of a nonlinear con-
centration gradient for different dyes and BSA. The experi-
mental gradient profile was described mathematically and
statistically; moreover, it is possible to state that it can be
applied to any other solute with diffusivity greater than
or equal to that of BSA if the maximum volumetric flow
reported is respected. The applicability of the autonomous
gradient concentration generator was verified as an online
calibration curve to quantify a pseudo-unknown BSA
sample by coupling it to a nanohole arrays-based SPR

@ Springer

biosensor confectioned on a gold film, in order to monitor
extraordinary optical transmission variation assigned to
the SPR modes by image acquisition method. The coupled
systems were satisfactorily efficient to detect and quantify
the pseudo-unknown BSA sample with an accuracy of
89.1% in relation to the pseudo-unknown BSA concentra-
tion validated in parallel by fluorescence emission. Finally,
the MCGG proposed here operates in a totally independent
way, which enables its use in various analytical systems for
building automatic curves. Furthermore, this concept can
be extended to other complex analytes as virus, bacteria,
and antibodies and to minimize errors caused by sample
manipulation and interference from environmental fluctua-
tions due to the time gap between obtaining the calibration
curve and the quantification moment. Subsequently, the
plasmonic biosensor coupled to the autonomous gradient
generator device proposed here was an excellent example
of the versatility of MCGG for biological analysis.
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