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Concise Research Accomplishment :
The salient points of the finding in this research work are as under  Label-free detection of Human Immunoglobulin-G (H-IgG) on a
multiple protein-patterned SPR biochip using a portable SPR measurement device is done.  H-IgG antigen in phosphate buffered saline
fluid exhibited a detection limit of 15µg/ml and a linear response through a wide concentration range (15µg/ml to 225µg/ml) having a
high coefficient of determination (R2=0.99661).  Design of multi layer mathematical model of SPR sensor for improvement in its
performance characteristics such as sensitivity using 2D material and metal oxide layer is done.  Proposed 5 layer mathematical model
design of SPR sensor consists of BK-7 prism, Zinc Oxide (ZnO), Gold(Au), BlueP-MoS2 and sensing medium providing higher
sensitivity (220/RIU) in comparison to the 4-layer and 3-layer mathematical model having sensitivity values of 200/RIU and 180/RIU
respectively.  Low concentration detection of snake venom protein (Naja naja) in the range of 0.08-1µg/ml on polyvalent anti venom (1
µg/ml) is achieved.  Study investigating improvement in hydrophilicity of PDMS substrates using dielectric barrier discharge oxygen
plasma treatment at 40W (15kV, 2.66mA) for different duration of time ranging from 60-360s is done.  Contact angle of the untreated
PDMS chip was found to be 115.3±0.1(indicative of its hydrophobic nature) while that of the 240s plasma treated sample was found to
be 50.2±0.3 (indicative of improved hydrophilic behavior).
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 Experimental/ Theoretical Investigation carried out

Fabrication of Experimental set up: The design and fabrication of a portable and robust Surface Plasmon Resonance (SPR)
measurement prototype was established based on the Kretschmann’s angular interrogation scheme. Fig. 1 shows the experimental set
up of the portable SPR measurement device with syringe based fluid infusion system. Robust design and miniaturized structure was
emphasized during the design process in order to eliminate possible handling error and error due to vibration, misalignment of optical
components etc. The overall mechanical structure, mounts for optical components, all Allen bolts etc were fabricated in a CNC lathe
machine (MTAB, Model: MAXTURN) using nylon material. The system also eliminates the use of expensive goniometric stages,
linear array of photodiodes conventionally used in single-prism configuration. Primary focus was on achieving high precision with a
wide angular scanning range. A horizontal beam (250mm length) was hinged to two vertical arms (250mm length) on either side
standing atop a base of nylon sheet. An Allen Bolt (12mmdiameter, 120mmlength) was attached to the shaft of a microcontroller
governed stepper-motor(3.2 Kg- cm torque). The body of the motor was embedded in the nylon sheet lying beneath to remove any
effects of vibration occurring in the set-up. Two separate cylindrical stages were constructed to mount a laser and a image sensor. The
cylindrical stages were hinged to two arms using Allen Bolts (5mmdiameter, 50mmlength) which were, in turn, screwed to an ‘H-
shaped’ block embedded in the Allen Bolt. A triangular prism measuring 30mm x 30mm x 42.4mm (Edmund Optics) with its apex
facing downwards was mounted on a platform over the horizontal beam. The position of the prism could be adjusted readily in order to
achieve a wide scanning range of 30-80. A laser (632.8 nm, 5mW, 36mm length) affixed to a polarizer (20mm diameter) and a CMOS
image sensor (512 pixel) were thereafter mounted on the two separate cylindrical stages. A few drops of index matching liquid
(Refractive index 1.51, Norland Optical Adhesive) was then poured on the flat surface of the prism and the BK 7 glass substrate was
placed on it with the metal film facing upwards in order to minimize the optical transmission loss. A syringe based fluid infusion
system was used for passing a stream of samples over the surface of the sensor. Microcontroller driven stepper motor is used to
automate the displacement of a syringe plunger. The rotational motion of the motor was converted into linear motion of the syringe
piston with the help of a sliding support after coupling a linear slider to the shaft of the motor. The exertion of force at one end of the
syringe piston enabled the infusion of fluids through a flexible tube. The system had a provision of mounting syringes of different
volumes to flow liquids at various flow rates ranging from 60µL/min to 3000µL/min. Following the passage of samples over the
sensor, the shaft of the programmable stepper-motor was used to turn the Allen Bolt in the clockwise direction causing the ‘H-shaped’
block to move upwards, which in turn results in synchronized angular increment of the laser and the camera at 0.005per step. The
sensor was illuminated by p-polarised light after passing through the glass prism under the conditions of total internal reflection. The
reflected light from the sensor chip was collected using the CMOS image sensor and recorded continuously. The clock and timing
signals to the linear CMOS detector chip was provided using Arduino Uno which subsequently received the signal voltages from the
detector, performed analog-to-digital conversion and serially transmitted it to the computer. The collected data were used for the
analysis of resonance condition. All the measurements involving the calibration of the device were performed at room temperature.
Methods: The portable surface plasmon resonance (SPR) measurement prototype was used for the label-free detection of Human
Immunoglobulin-G (H-IgG) on a multiple protein- patterned SPR biochip. For the fabrication of the multiple protein patterned SPR
biochip, BK7 glass substrates (50mm x 26mm x 1.25mm, n=1.51) coated with a thin layer of gold (Au) (~50nm) using DC magnetron
sputtering was used. Prior to the deposition of gold ~5 nm titanium was deposited by RF magnetron sputtering to have better surface
adhesion. Amine coupling chemistry was followed to bio-functionalize the gold coated substrates using 11-mercuptoundecanoic acid
(11MUA), 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The fabrication of
polydimethylsiloxane (PDMS) based microfluidic channel was done next. The PDMS based microchannels were fabricated using an
inexpensive technique that uses a master mold with copper wires affixed to a metal plate to replicate the microchannels measuring
20mm in length and 1.5mm in diameter. A mixture of silicone elastomer and curing agent was vacuum desiccated for two minutes and
poured directly over the master mold to replicate the channel. The sample was heated in an oven at 100C for one hour followed by
cooling at room temperature for a period of 45 minutes. The PDMS was then peeled off from the master mold after curing leading to
the formation of three cylindrical shaped microchannels. This was followed by the covalent immobilization of polyclonal antibodies
i.e, anti-Human immunoglobulin (aHIg-G) derived from mouse, rabbit, goat etc. over the gold coated SPR biochip through the PDMS
microchannels to study the interaction capacity of the SPR sensor with Human Immunoglobulin-G (HIg-G). Thereafter, a multi layer
mathematical model based on the Kretschmann angular interrogation technique was designed targeted at the improvement of some of
the performance characteristics of the SPR biochip such as sensitivity, detection accuracy etc. The simulations were carried out in a
MATLAB based programme for the analysis of the SPR Reflectance curve. The use of metal oxides etc. as different layers of materials
in the model were explored in this regard. The research work also involved the optimization of the thickness of different layers in the
multi layer mathematical model for the enhancement of the SPR signal. On the basis of the designed model, a suitable structure of SPR
biosensor with improved SPR characteristics was proposed. Thereafter, the SPR biochip immobilized with polyvalent antivenom was
tested for the detection of complex proteins such as snake venoms. Data collected: The SPR measurement prototype was calibrated
using various standard solutions of known refractive index. The reflection intensity is measured using ethanol solutions with different
concentrations viz., 2%, 4%, 6%, 8%, 10% and 12% to calibrate the SPR measurement device. Water is considered as the reference
which produced a SPR dip at 46.1 for silver film. The SPR dips for different concentrations of ethanol namely, 2%, 4%, 6%, 8%, 10%
and 12% occurred at 46.7, 46.9, 47.1, 47.4, 47.9 and 48.1 respectively. It is observed that the increasing shifts in the resonance angle
occur with the increment in the index of
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refraction of the ethanol due to the rise in its concentration. Thereafter Surface Plasmon Resonance (SPR) measurement prototype was
implemented for the detection of antigen on a multiple protein patterned SPR biochip. The target antigen, Human Immunoglobulin-G
(H-IgG) of different concentrations viz; 15- 450µg/ml prepared in PBS was thereafter injected through the microchannels immobilized
with polyclonal antibodies viz, Mouse anti Human Immunoglobulin-G (M-aHIgG), Goat anti Human Immunoglobulin-G (G-aHIgG)
and Rabbit anti Human Immunoglobulin-G (R-aHIgG) of different concentrations (500µg/ml, 750µg/ml and 1000µg/ml). Figure 2
shows the shift in the SPR angle due to the interaction of 450µg/ml H-IgG antigen with the SPR biochip immobilized with 500µg/ml
anti H-IgG derived from Mouse (M-aHIgG), Goat (G-aHIgG) and Rabbit (R-aHIgG). The successive deposition and bonding among
various stacked layers, viz., 11-MUA, EDC, NHS and the antibodies on the sensor surface results subsequent shifts in their resonance
angle. The resonance dip at 68.5±0.25, 71.5±0.5 and 73.75±0.25 corresponds to interaction of H-IgG with antibodies derived from
mouse, goat and rabbit respectively. The existing three layer mathematical model for the numerical analysis of SPR based on the
Kretschmann angular interrogation technique comprising of prism, metal and sensing medium exhibit either low sensitivity or poor
detection accuracy. Hence, in this research work design of multi layer mathematical models using MATLAB based simulation
programme was carried out to propose suitable structure of SPR sensors with reasonably good performance characteristics. The role of
different materials like oxides, two-dimensional (2D) materials etc. as different layers in the mathematical model were explored in this
regard to target the sensitivity improvement of the SPR chip in addition to other performance parameters such as Full Width at Half
Maxima (FWHM), quality factor etc. The simulations were carried out for three, four and five layer mathematical models with respect
to different types of prisms of high refractive index such as BK7, SF10 and SF11. Some of the obtained simulation data is represented
in Figure 3. Figure 3a, 3b and 3c shows the sensitivity and FWHM data for the three, four and five layer mathematical models for BK7,
SF10 and SF11 prisms respectively. Finally to meet the last objective of the project, the SPR biochip was used for the detection of
complex proteins such as snake venoms. Polyvalent antivenom of concentration (1µg/ml) was immobilized on the SPR biochip and
exposed to different concentrations of crude venom in the range 0.01-1µg/ml to study the interaction capacity of the SPR sensor. Figure
4 shows the variation of the SPR resonance angle with the concentration of venom.







Detailed Analysis of result

Development of portable and easy to use systems for rapid diagnose of various biological fluids remains as an open area of biomedical
research. Integrated biosensors capable of detecting the presence of multiple proteins/toxins in the biological fluids would ease medical
diagnosis process for proper treatment, lab testing and quality control in food and allied industries etc. In this regard, the research work
presents the development of optical biosensor and the associated measurement system to provide a proof of concept for highly sensitive
detection of multiple proteins. The design of the portable SPR measurement prototype with a wide angular scanning range of 30-80and
an angle scanning accuracy of 0.005eliminates the conventional requirement of expensive goniometric stages or photo-detector arrays
used in SPR measurement prototypes involving bulky and complex instrumentations. The design architecture provides proper
synchronization between the light source and detector by using only a single stepper- motor. The robust and miniaturized design with a
simple stand-alone operation allows it to be operated by semi-skilled person in laboratories with limited facilities. The label-free
detection of Human Immunoglobulin-G (H-IgG) on a multiple protein- patterned SPR biochip was achieved using a portable SPR
measurement device. The target antigen, Human Immunoglobulin-G (H-IgG) of different concentrations viz; 15- 450µg/ml prepared in
PBS were tested against polyclonal antibodies raised in Mouse, Goat and Rabbit immobilized in a SPR biochips and their interaction
capacities were analysed. The SPR biochips demonstrated reliable detection of H-IgG antigen in phosphate buffered saline fluid with a
detection limit of 15µg/ml and linear response through a wide concentration range (15µg/ml to 225µg/ml). The resonance shifts due to
the interaction of 450µg/ml H-IgG with M-aHIgG immobilized with 500µg/ml, 750µg/ml and 1000µg/ml concentration respectively
was compared and analyzed (Fig 5). The highest SPR shift (22.5±0.25) was obtained for SPR biochip immobilized with 1000µg/ml M-
aHIgG in comparison to the 750µg/ml (21±0.5) and 500µg/ml M-aHIgG (20.5±0.75). This is because M-aHIgG concentration of
1000µg/ml allows larger biomolecular interaction compared to 750µg/ml and 500 µg/ml concentration of M-aHIgG due to the presence
of relatively large immobilized M-aHIgG producing larger red shift of the SPR characteristics. The experimental results also indicated
that the antigen, H-IgG was selective to all the three varieties of antibodies raised in mouse, goat and rabbit, however, the affinity and
the degree of the interaction capacity varied with the type of antibody. This resulted in varying degree of shifts in resonance angle on
antigen-antibody interaction. The binding kinetic of SPR Biochip was also studied using H-IgG protein of concentration 225



µg/ml. The obtained sensorgrams indicates the establishment of an initial a baseline value by injecting PBS over the sensor chip for
5min. As H-IgG is introduced, the association of the protein causes the resonance angle to rise subsequently reaching a steady state
value. The highest steady state value of the resonance angle (77±0.25) was obtained for the association of H-IgG protein with R-
aHIgG, followed by G-aHIgG (72.75±0.25) and M-aHIgG (70.25±0.5), which is due to relatively larger biomolecular interaction
between antigen and antibody. After an interval of 15 minutes from the introduction of antigen protein, PBS was injected to replace the
protein. The dissociation of protein from the sensor surface results the resonance angle to return close to the baseline value. The results
indicates that the dissociation of H-IgG protein initiated earliest for M-aHIgG (~21mins) followed by G-aHIgG (~23 mins) and R-
aHIgG (~25 mins). Finally to meet the last objective of the project, the SPR biochip was used for the detection of complex proteins
such as snake venoms. Polyvalent antivenom of concentration (1µg/ml) was immobilized on the SPR biochip and exposed to different
concentrations of crude venom in the range 0.01-1µg/ml to study the interaction capacity of the SPR sensor. The SPR biochip was
immobilized with polyvalent antivenom and tested for the detection of complex proteins such as snake venoms. Crude venom in the
concentration range of 0.01-1µg/ml was passed through the sensor chip to evaluate the interaction capacity of the SPR biochip. The
results indicate a red shift of the SPR resonance angle with increment of the venom concentration. The binding of the venom protein
with the polyvalent antivenom resulted in local refractive index change near sensor surface producing corresponding shifts in
resonance angles. Initially, the response shows linear increase of the SPR angle with the increase in venom concentration due to an
abundant number of active binding sites present on the sensor surface. Later as the binding kinetic progresses, gradual decrease in the
available active binding sites occurs, leading ultimately to a saturated sensor response. The results obtained from the MATLAB based
simulations indicated that the five layer mathematical models comprising of prism, oxide, gold, 2d materials and sensing medium etc.
reported better values of sensitivities in comparison to the three and four layer mathematical models. The design of suitable structure of
SPR sensor in the five layer mathematical model provides higher sensitivity (220/RIU) in comparison to the 4-layer and 3-layer having
sensitivity values of 200/RIU and 180/RIU respectively. This was due to the use of 2d materials of suitable thickness and use of oxide
as adhesive layers enhancing the surface plasmon effect. Among the different types of prisms used, BK7 prism reported higher values
of sensitivity in comparison to the SF10 and SF11 prisms for the three, four and five layer mathematical models. The importance of the
research work lies in its usefulness for the analysis of fluids containing multiple varieties of proteins as for example, snake venom
which is a mixture of numbers of protein acting as a signature of the snake family or in the quality control of food products etc. The use
of multichannel microfluidics in this regard for the patterning and detection of multiple proteins is of significant importance
particularly for cases, where analysis is to be conducted with extremely small test samples. The use of microfluidics also provides
precise fluidic control, offering benefits like enhanced sensing efficiency.



Conclusions

The label-free detection of Human Immunoglobulin-G (H-IgG) on a multiple protein- patterned SPR biochip was achieved using a
portable SPR measurement device. SPR biochips demonstrated reliable detection of H-IgG antigen in phosphate buffered saline fluid
with a detection limit of 15µg/ml and linear response through a wide concentration range (15µg/ml to 225µg/ml). Thereafter, multi
layer mathematical models of SPR sensor were designed for improvement in the performance characteristics of the SPR sensors such
as sensitivity. The design of a 5 layer mathematical model of SPR sensor was proposed consisting of BK-7 prism, conducting metal
oxide, Gold(Au), 2D materials and sensing medium which provided higher sensitivity(240 0 /RIU) in comparison to the 4-layer and 3-
layer mathematical model having sensitivity values of 230 0 /RIU and 180 0 /RIU respectively. This was followed by the low
concentration detection of snake venom protein on polyvalent anti venom (1 µg/ml) in the range of 0.08-1µg/ml. In addition to the
approved objectives, the hydrophilicity improvement of the PDMS substrates was also carried out using dielectric barrier discharge
oxygen plasma treatment at 40W (15kV, 2.66mA) for different durations of time ranging from 60-360s. The contact angle of the
untreated PDMS chip was found to be 115.3±0.1 (indicative of its hydrophobic nature) while that of the 240s plasma treated
microfluidic chip was obtained to be 50.2±0.3 (indicative of improved hydrophilic behavior).



Scope of future work

Regarding the future scope of work, the research work can be extended for the detection of molecules in addition to proteins such as
nucleic acids like DNA, RNA etc. for the understanding and analysis of genetic information within the cell. In the long run, the system
can be used as a diagnostic tool for the detection of multiple toxins/venoms in biological fluids to ease the medical diagnosis process
for proper treatment of patients of snake-bite. The research work also finds application in the quality control of food products for the
analysis of multiple varieties of proteins in food samples.
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Plans for utilizing the equipment facilities in future:

The facilities created under this project will be used to undertake extended research work. Currently, research is underway
for the enhancement of detection capacity like sensitivity, detection accuracy etc. of complex proteins such as snake
venom. SPR biochip immobilized with polyvalent antivenom would be exposed to different types of crude venoms of
various dozes to study the quantitative detection of complex proteins.

In future, the research work can be extended for the detection of biomolecules such as nucleic acids like DNA,
RNA etc. for the understanding and analysis of genetic information within the cell. The measurement prototype can be
used as a diagnostic tool for the detection of multiple toxins/venoms in different biological fluids to ease the medical
diagnosis process for proper treatment of patients of snakebite.
A PhD student is being engaged to accomplish some of these target research. Also, training will be continued to be
imparted to undergraduate and master’s students. The research work will also find application in the quality control of



food products for the analysis of multiple varieties of molecules such as protein, in food samples.
The facilities is also being utilised for various research activities in the lab by other PhD students who are working in the synthesis of 2D
materials like transition metal dichalcogenides (TMDC). The project has resulted in a basic research infrastructure and many PhD,
M.Tech, B.Tech students will be benefited by this.
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