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Abstract Lab on a chip (LOC) intelligent diagnostics can
be described by molecular logic-based circuits. We report
on the development of an LOC approach with logic capa-
bility for screening combinations of antigen and antibody
in the same sample. A microsphere-based immunoassay
was integrated with a microfluidic network device to per-
form the logic operations AND and INHIBIT. Using the
clinically relevant biomarkers TNF-x cytokine and anti-
TNF-x antibody, we obtained a fluorescent output in the
presence of both inputs. This results in an AND operation,
while the presence of only one specific input results in a
different fluorescent signal, thereby indicating the INHIB-
IT operation. This approach demonstrates the effective use
of molecular logic computation for developing portable,
point-of-care technologies for diagnostic purposes due to
fast detection times, minimal reagent consumption and
low costs. This model system may be further expanded
to screening of multiple disease markers, combinatorial
logic applications, and developing “smart” sensors and
therapeutic technologies.
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Introduction

Microfluidic technologies have been widely used to
miniaturize existing biochemical assays and develop
highly sophisticated Micro-Total Analysis Systems
(LTAS) that allow novel insights in physical, chemical
and biological sciences [1, 2]. Lab-on-a-chip (LOC) sys-
tems utilize pico- to nano-liters of fluids under precisely
controlled conditions to synthesize complex chemical
compounds [3], perform high throughput screening and
sorting [4-8] and assess various biological processes in
living cells and tissues [9—12]. Microfluidic LOCs not
only have the potential to surpass conventional labora-
tory equipment in complexity, sensitivity and reduced
duration of experiments [13—-16], but also provide op-
portunities for innovative applications, such as molecu-
lar logic gates, that do not have traditional analogs.

The concept of data storage and processing by
molecular-level computation is fast gaining popularity
due to the saturation of physical limits of electronic
circuitry. Molecular logic gates have been designed to
perform classic Boolean operations using fluorescent
small molecules, DNA oligonucleotides, reversible pro-
teins, fluorophores, chromophores and nanoparticles [17,
18]. Features such as miniature scale, precise control
over synthesis and operation and fast response times
make molecular logic gates feasible in biomedical infor-
matics. The combination of chemical inputs based on
pH, metal ions and anions and fluorescence outputs
have been utilized to develop logic gates such as
AND, OR, XOR, NAND, NOR and INHIBIT [19, 20]
Rapid progress has been made in this field in the past
decade, with the development of complex logical arrays
[21], sequential communication [22] and logic evalua-
tion on live cell surfaces [23].
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A programmable molecular logic-based network was dem-
onstrated in microfluidic systems by exploiting pH changes
and Cu”" ions as inputs [24]. This valve-based device was able
to perform XOR and INHIBIT functions as well as
combinatorial half adder operations in solution phase.
Droplet microfluidic platforms were applied to perform
logic operations based on nonlinear change in hydrody-
namic resistance inside droplet-containing channels [25]
and passive pumping technique relying on difference in
pressure between surfaces with varying curvature [26].
Embedded electronic detectors and external circuit con-
trolling signal processing were used to obtain all 16
logic gates in a droplet microfluidic device [27]. In a
different approach, our group’s previous work demon-
strated the possibility of performing medical diagnostics
using logic operations [28]. The presence of two biolog-
ical species, protein and DNA, was realized as AND
output while the presence of protein alone resulted in
INHIBIT function. The output consisted of fluorescence
signatures corresponding to the unique optical barcoding
on antibody- functionalized microspheres integrated in
microwells.

Herein, a multiplexed microsphere-based immunoassay
was integrated into a microfluidic LOC device that per-
forms simple logic operations by coupling multiple mo-
lecular recognition inputs to a fluorescence signal output.
Microsphere-based immunoassays are currently used for
rapid high throughput screening of disease markers and
sero-diagnosis of microbial products [29, 30]. This ap-
proach was used in our recent work, demonstrating fast
reaction kinetics and near real- time detection of a clini-
cally relevant analyte, Tumor Necrosis Factor-oc (TNF-)
cytokine and antibody [31]. This is attributable to the
large surface to volume ratio of the functionalized micro-
spheres, leading to reaction rates comparable with
solution- phase kinetics. Furthermore, the developed
microfluidic LOC demonstrated ultra-fast analyte detec-
tion as well as required minimal reagent and sample vol-
umes, making it suitable for assaying rare and low-
abundance clinical analytes.

In this study, we investigated AND and INHIBIT
(NOTIF) logic gates that respond to the presence of
both antigen and antibody in microsphere-based
microfluidic device. We chose TNF-a as a model bio-
molecule as it has been implicated in various patholog-
ical conditions, including cancer and Alzheimer’s dis-
ease [32]. Anti- TNF-o antibodies are considered highly
effective in the treatment of various disorders [33].
Therefore, simultaneous detection of TNF-« and its ad-
ministered inhibitors is pertinent in diseased states as
well as in pharmacokinetic characterization of drug
screening studies [34]. Our results suggest that this
microfluidic immunoassay-based logic operation can be
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used for smart diagnosis of disease markers in a contin-
uous, real-time format.

Experimental
Microfluidic device fabrication

The microfluidic device used for the experiments was fabri-
cated with poly(dimethylsiloxane) (PDMS) as described be-
low. Silicon wafers were spin coated with negative photo re-
sist SU-8 2100 (MicroChem, Newton, MA, http://www.
microchem.com/) to a thickness of 150 um. The wafer was
subsequently patterned by UV light exposure using a
transparency photomask (CAD/Art Services, USA). PDMS
(Sylgard 184, Dow Corning, MI, https://www.dowcorning.
com/) and the crosslinker (Sylgard 184 curing agent) were
mixed in a ratio of 10:1, deposited onto the patterned wafer,
degassed and cured for 12 h at 65 °C. After curing, the PDMS
was peeled off the wafers; individual devices were separated
and bonded to a glass slide following treatment in an oxygen-
plasma chamber. An individual device consisted of 3 inlets
and 2 serpentine mixing regions. 1 mL syringes containing
input reagents were connected to the device using Tygon Mi-
cro Bore PVC Tubing (dimensions: 0.010” ID, 0.030” OD 0.
010" Wall, Small Parts Inc, FL, USA, http://www.
smallpartsinc.com/). The flow rate through the device was
maintained at 1 puL-min ' using syringe pumps (Harvard
Apparatus, USA, https://www.harvardapparatus.com/
webapp/wces/stores/servlet/catalog 11051 10001 -1 HAI).

Conjugation of streptavidin microspheres to biotinylated
TNF- « protein for anti- TNF- o antibody detection

The functionalized microspheres described below were used
for the inputs (1,0), (0,0) and (1,1) for the INHIBIT logic gate
experiments. A 50 pL aliquot of streptavidin-coated polysty-
rene microspheres (diameter 6.8 um, 0.5 % w/v, Spherotech
Inc., http://www.spherotech.com/) was diluted to a
concentration of 0.25 mg-mL™" in Phosphate Buffer Saline
(PBS) with 0.005 % (v/v) Tween 20 (Sigma, USA, https://
www.sigmaaldrich.com/united-states.html). 40 pg of
biotinylated human TNF-« protein (Cat. No. TNA-H8211,
ACRO Biosystem, http://www.acrobiosystems.com/) was
added to 1 mg of microspheres, and the mixture was shaken
at room temperature (RT) for 120 min. Unbound active sites
were blocked with BlockAid (B-10710, Invitrogen, http://
www.lifetechnologies.com/us/en/home/brands/invitrogen.
html) for 60 min. Finally, the microspheres were washed with
PBS and stored at4 °C in 0.5 % (w/v) Bovine Serum Albumin
(BSA) (Sigma, USA) in PBS.

The analyte for the experiments, mouse monoclonal anti-
body to human TNF-« (Cat. No. 10602-MMO01, Sino
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Biological Inc., USA, http://www.sinobiological.com/),
was diluted to a concentration of 500 ng-mL™' in 1X
PBS. The detection antibody, goat anti-mouse IgG-
FITC (Cat. No. F 0257, Sigma, USA) was mixed with
Pierce Immunostain Enhancer (Thermo Scientific, USA,
http://www.thermoscientific.com/en/home.html) to obtain
a final concentration of 13.8 pg-mL ™.

Conjugation of protein G microspheres to anti-human
TNF-«x antibody for TNF-« detection

The conjugated microspheres described here were used for the
inputs (0,1) and (1,1) for the AND logic gate experiments. A
200 uL (1 mg) aliquot of Protein G polystyrene microspheres

W, N Y ipgyo 1
P R —
Detection //
\\/,r’

Fig.2 a Schematic illustration of the LOC. b Detection of the analytes in
the incubation channels; INH gate FITC green, AND gate eFluor® 660
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(0.5 % w/v, Spherotech Inc.) was conjugated to anti-human/rat
TNF-x (Thermo Scientific, USA, Cat. No. P300A) as
discussed above with the following modifications: 200 pL
of rabbit anti-human TNF-o« was diluted with 100 uL of
0.5 % BSA/PBS (0.22 mg) and added to the microspheres
for conjugation.

The analyte for the experiments, E. coli-derived recombi-
nant rat TNF-o (Cat. No. AGM0213082, R&D Systems,
USA, http://www.rndsystems.com/), was diluted to a
concentration of 1000 ng-mL™"' in 1X PBS. The
fluorescently labeled detection antibody (anti-mouse/rat-
TNF-x eFluor® 660, eBioscience, USA, Cat. No. 50-7423,
http://us.ebioscience.com/) was diluted to a final
concentration of 13.8 pg-mL ™" using Pierce Immunostain
Enhancer. For flow simulation of the particles in the device
we used streptavidin fluoresbrite YG Microspheres (diameter
6.2 um, 1.3 % w/v, Polysciences Inc., Cat. No. 24157, http://
www.polysciences.com/) and streptavidin coated fluorescent
Nile red particles (diameter 7.34 um, 0.1 % w/v, Spherotech
Inc., Cat. No. SVFP-6056-5).

Data and image analysis

All images were acquired with Zeiss Axio Observer.Z1 Mi-
croscope (Zeiss, Germany, http://www.zeiss.com/corporate/
en_us/home.html) equipped with Hamamatsu digital camera
C10600 Orca-R2 and ZEN pro 2012 software (blue edition).
Image] was used for fluorescence analysis and image process-
ing. A minimum of thirty microspheres was analyzed for each
condition. For each sample, the selected microsphere area,
integrated density and mean gray value were measured. The
background fluorescence was measured as a randomly

(C) Time till Saturation
40
30
=)
'R
e 20
10 ¢ |
'Rl R2 § R3
0 b !
0 200 400 600
Time (S)

Rl\ '12 /R3

i

course of time in the device. RFU represents Relative Fluorescence
Unit. R1, R2, R3 represent Regions 1, 2, and 3 respectively of the
detection channels as indicated in the lower panel

]

)

@ Springer


http://www.sinobiological.com/
http://www.thermoscientific.com/en/home.html
http://www.rndsystems.com/
http://us.ebioscience.com/
http://www.polysciences.com/
http://www.polysciences.com/
http://www.zeiss.com/corporate/en_us/home.html
http://www.zeiss.com/corporate/en_us/home.html

P. Sabhachandani et al.

(a) Input 1 Input 2 Output Output INH
TNF-a Anti- TNF-a | AND gate gate

0 0 0

1 0

0 1 0 1
(b)  INF-q [>. INH

Anti - TNF-a. '

AND

Fig. 3 a Truth table for logic gates and b AND and INHIBIT logic gates

selected area close to the microsphere region in the
microfluidic channel. The average background intensity is
subtracted from the microsphere fluorescence intensity and
represented as Normalized Fluorescent Intensity (NFT).
Microsoft Office Excel 2010 was used for statistical analysis
of the data.

Results and discussion

Multiplex microsphere based assay for simultaneous
protein and antibody detection

Herein we present a microsphere based multiplex assay for
simultaneous protein and antibody detection in bio-samples
(Fig. la and b). For anti- TNF-« antibody detection,
avidinylated microspheres were conjugated off-chip to bio-
tinylated human TNF-« protein via avidin-biotin bridge [31]
as described in the Experimental Section. These microsphere-
based sensors are capable of capturing the analyte, mouse
monoclonal anti-human TNF-« antibody (Fig. 1a). Next, the
detection antibody, FITC-labeled anti-mouse IgG, is intro-
duced to label the previously captured anti- TNF-« protein.

The fluorescent signal on the microsphere sensor, generated
by the conjugation of the captured anti-TNF-« antibody with
the fluorescently labeled detection antibody is demonstrated
in Fig. 2b. For TNF-« and anti-TNF-« antibody simultaneous
detection, protein-G microspheres were conjugated to anti—
TNF-« antibodies as described in the Experimental Section.
Next, the generated microsphere-based sensors were intro-
duced to the analyte, TNF-«. The interaction of the two com-
ponents resulted in the binding of TNF-« by previously cap-
tured anti-TNF-« antibody on microsphere surface in. Lastly,
the detection antibody, eFluor® 660 red fluorescence -labeled
anti - rat TNF-oc antibody, was introduced so as to provide
fluorescent detection.

Integration of multiplex microsphere based assay
with microfluidics device

To make the overall platform programmable, the above-
described microsphere sensors were incorporated into the de-
sign of the microfluidic system. The detection of the analytes
in the microfluidic system is monitored by fluorescence signal
generated on the surface of microsphere sensors that performs
the computation in a real time format. Briefly, the device con-
sists of three inlets and two serpentine mixing regions. Figure 2
schematically illustrates a flow-through microsphere-based
immunoassay in microfluidic device. First, a solution contain-
ing the analytes (such as the antigen, TNF-«, and the antibody,
anti- TNF-) is introduced via inlet 1. A suspension of micro-
sphere sensors functionalized with the capture molecule
against the target analyte is added into inlet 2. As the micro-
sphere sensors and analytes flow through the serpentine chan-
nel, they are intermixed due to the curved channel geometry,
thus allowing rapid analyte capture on the surface of the mi-
crosphere sensors. Secondary antibodies against the analytes,
conjugated with specific fluorophores, are then introduced
through inlet 3 into the flow stream just before the second
serpentine mixing structure (Fig. 2). The mixing generated
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within the serpentine structure of microfluidic device results in
the formation of triple layered complex consisting of detection
antibody-antigen-reporter antibody on the surface of the sen-
sors. The high surface-to-volume ratio of the microsphere, as
well as the fast mixing and binding kinetics, reduces the equil-
ibration time to seconds, thereby enabling detection during
continuous flow-through [31]. Sufficient accumulation of the
reporter antibody leads to localized fluorescence on the mi-
crosphere, which is easily distinguishable from the much low-
er background intensity.

We were able to follow the fluorescent detection signal
development over the course of time in the detection region
of the device. As shown in Fig. 2b, the fluorescent detection
(RFU, relative fluorescent units) for a concentration of
500 ng-mL™" could be measured after 22 s while reaching
saturation after 400 s (Fig. 2¢). Thus we were able to enhance
the reaction rate and allow near real time dynamic in flow
detection of the analyte in the passive micro mixed
microchannels of the device [31].

Programmable microfluidics via microsphere based
sensors

Herein, we demonstrate both AND and INHIBIT (NOTIF)
logic gates that respond to the presence of antibody and both
antigen and antibody in a sample. It is thus possible to use the
resulting logic network for detection of TNF-o and its inhib-
itor, anti-TNF-« antibody, via microsphere-based immunoas-
says using a Boolean operator truth table (Fig. 3a). A sche-
matic illustration of the TNF-o protein and anti -TNF-o anti-
body in microsphere sensors is shown in Fig. 1a and b. The
sensor circuitry described here incorporates the AND and IN-
HIBIT logic gate functionalities (Fig. 3).

The action of the INHIBIT gate can be described as a
combination of the AND and NOT logic functions. Its action
is such that an active input signal has a negative effect, which
results in the inhibition of the signal. In our system, this cor-
roborates the presence or the absence of antibody in the sam-
ple. The sole presence of anti-TNF-« antibody in the sample
(input (0,1)) results in the emission of green fluorescence
(output 1) as a consequence of the gate being switched on
(Figs. 3 and 4a). Consequently, the absence of anti-TNF-&
antibody in the sample (inputs (0,0) and (1,0)), produces no
fluorescent emission of any kind i.e., the output signal is 0.
The positive signal threshold (1) in Fig. 4 indicates the detec-
tion limit of the immunosensor. This is defined as the amount
(or concentration) of the analyte that results in a response
significantly higher (three standard deviations) than the back-
ground intensity value. Any signal below this threshold is
considered as ‘no response’ (0).

Figure 4b represents the AND logic gate, which shows a
positive output signal only when both the input signals are
present. In our system, the two input signals were the presence

of both, TNF-« protein and anti- TNF-o antibody. The exper-
iments were performed with both the biological entities pres-
ent in the same sample (input (1,1)), to test the multiplexing
capabilities of the LOC device (Fig. 4b). A positive signal for
the AND gate was observed by the means of eFluor® 660 red
fluorescence emission. When one of the biological entities,
either protein or the antibody were absent, or when both were
absent (inputs (1,0), (0,1), (0,0)), the output signal obtained
was negative i.e., no red fluorescence was observed. Thus in
our system, the absence of one input analyte has the capability
to disable the system in its entirety, regardless of the presence
of other input signals.

Conclusion

In summary, we have demonstrated a microfluidic platform
for the ultra fast and simultaneous detection of protein anti-
gens and antibodies using molecular logic gates. The fluores-
cence outputs for a combination of input signals were
interpreted using the truth table for the AND and INHIBIT
logic gates, which verified the feasibility for the use of molec-
ular logic for medical diagnostics. This technique could po-
tentially be used for the screening of various medical condi-
tions involving various combinations of diagnostic markers to
provide fast and accurate results in a short period of time.
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