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Abstract

The global burden of cancer and infectious diseases has necessitated the development of
diagnostic strategies that are not only accurate and sensitive but also rapid, scalable, and
accessible to populations with limited healthcare infrastructure. Traditional diagnostic
techniques, such as imaging, PCR, and tissue biopsies, though effective, often fall short in
providing early detection, especially in decentralized and resource-constrained settings. This
thesis addresses these challenges by presenting four interlinked diagnostic innovations that

leverage biosensing, artificial intelligence (Al), epigenetic computation, and nanotechnology.

The first objective focuses on the development of a novel label-free biosensor platform
Asima™ Rey, for the early detection of cancer using circulating cell-free DNA (cfDNA). This
system employs impedance spectroscopy to detect changes in the electrochemical properties
of cfDNA associated with global hypomethylation, a hallmark of early-stage malignancies. The
sensor eliminates the need for complex sample processing or optical labelling, thereby making

cancer screening more affordable and field-deployable.

Building upon this, the second objective introduces PanCHealth, a machine learning (ML)
framework that integrates impedance data, cfDNA concentration, and global methylation
percentage to accurately predict cancer stage. Using real-world clinical data and model
explainability tools such as SHAP (SHapley Additive exPlanations), this framework
demonstrates high diagnostic accuracy and potential for clinical translation, particularly for

cancer risk stratification.

The third objective explores the construction of DNA-based logic gates capable of executing
Boolean operations based on the methylation state of DNA oligonucleotides. By leveraging
impedance-based readouts, these gates function as molecular computing systems that can
process diagnostic inputs without relying on optical or enzymatic outputs. This work not only
expands the diagnostic utility of methylation biomarkers but also opens up avenues for

biosensors that combine sensing with decision-making at the molecular level.

The fourth objective extends these innovations into the domain of infectious diseases through
the development of a vertical flow assay for SARS-CoV-2 detection. This system utilizes gold
nanoparticles conjugated with ACE2 receptors to detect virus-like particles (VLPs) in saliva
samples. The colorimetric response is rapid and visible to the naked eye, eliminating the need

for instrumentation. Compared to lateral flow kits, this assay demonstrates higher sensitivity



and is effective against multiple viral variants, emphasizing its utility for rapid field

diagnostics.

Together, these four components offer a unified framework for point-of-care diagnostics that
is applicable across oncology and virology. Each innovation targets a specific gap, whether it
be early detection, staging, computational interpretation, or rapid infectious screening, yet they
collectively represent a cohesive, modular, and scalable approach to 21st-century diagnostics.
This thesis thus provides both technological solutions and conceptual advancements toward the

future of accessible precision medicine.
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(A) Schematic depicting the epigenetic remodelling in genomic DNA that
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healthy and cancerous cfDNA. The TEM micrographs of purified cfDNA
(70 ng/ml) taken from healthy (sample id H11) and lung cancer (sample id
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cfDNA. (B) Experimental workflow for Asim REV demonstrating
impedance-based cell-free DNA (cfDNA) detection for pan-cancer

screening.
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Distribution of cancer and healthy cfDNA samples based on (a) sex, (b) age
and (c) cfDNA concentration. In (c), the data are depicted using boxplots in
which the upper border of the box indicates the upper quartile (75th
percentile) while the lower border indicates the lower quartile (25th

percentile), and the horizontal line in the box is the median.
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Effect of coverslip on the time-dependent impedance response of reference

solution (15 mM HEPES pH 7.4 with 2% v/v elution buffer).
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Effect of electrode washing on electrode restoration. The electrodes could
be reused up to ~ 50x with intermediate HEPES washing steps. To remove
cfDNA binding beyond this point, electrodes could be completely restored
after washing with 1 M NaOH.

Figure 3.5:

All values are reported as mean + SD. The error bar where not visible is
smaller than the data point. The differential impedance of samples is only
reported for the sensor assembly experiments as this is where the variance
in absolute measurements was found to be high. Each sensor assembly

comprises a fresh PDMS chamber and IDE.

Figure 3.6:

Clinical assay validation performed on 50 healthy and 166 cancer samples.
(A) Differential impedance response as a function of cfDNA concentration
showing cancer samples falling below the threshold (indicated using a
dotted line at -34 ohms), while healthy samples lay above it. (B) Unpaired
Student’s t-test indicating high statistical significance (p-value < 0.0001)
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between healthy and cancer data at the 95% confidence interval. (C) ROC
analysis with AUC of 0.98. (D) Sensitivity data for cancer staging at the
population level. (E & F) Correlation of impedance change (E) and cfDNA
concentration (F) in 15 different types of cancers. The dotted line in (E)

indicates the -34 ohms threshold.
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TEM images of kidney (L-R: C62, C65, C74, C79), and head and neck (L-
R: C41, C48, C48, C53) cancer samples at different cancer stages. All
experiments were performed in duplicate, and the results were reported as

their mean + 2 SD.
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(a) The effect of cfDNA concentration studied through serial dilution of
healthy (HO7, H11, H24) and cancer (C97, C110, C112) cfDNA samples.

The results were highly non-monotonic (see SI for zoomed-in plots at lower
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concentrations). The lines are drawn to aid the eye. (b). Fig. 2E re-plotted
on a logarithmic scale along the X-axis. The data in (a) is for cancerous
cfDNA samples and in (c) for healthy cfDNA samples. The errors bars where

not visible are smaller than the data points.
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TEM images showing higher aggregation with increasing concentration in
both healthy (H11) and cancer (C98) cfDNA samples. Error bars where not
visible are smaller than the data points. All data are obtained at 100 kHz
where not explicitly mentioned. All experiments were performed in

duplicate, and the results were reported as their mean + 2 SD.
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AFM characterization of healthy cfDNA. AFM images showing the
change in phase (a) and topography (b) of aggregated healthy cfDNA. The
samples were prepared by drying 20 pul of cfDNA test sample on a glass
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tapping-mode using a diamond-like carbon (DLC) tip with less than 20 nm
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Results with differentially methylated oligonucleotides. (A) Change in
ssDNA and dsDNA impedance response with increasing methylation
content at a fixed oligo concentration (140 ng/ml). (B) The change in phase
angle of dsDNA as a function of methylation content at two different
concentrations. (C) The change in impedance response of differentially
methylated dsDNA taken at different concentrations. The lines are drawn to
aid the eye. Error bars where not visible are smaller than the data points. (D)
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methylated oligos.
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Representative TEM micrographs of 10% to 100% methylated dsDNA at
two different concentrations (70 and 140 ng/ml) illustrating the propensity
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system. The scale bar is 400 nm in all the images. All experiments were

performed in triplicate, and the results were reported as their mean + 2 SD.
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TEM micrographs of 0% to 100% methylated dsDNA at two different

concentrations (scale bar is 400 nm).
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The proposed mechanism for differential impedance variation in healthy (A)
and cancerous (B) cfDNA samples as a function of concentration. In healthy
cfDNA, the initial peak reflects the electrokinetic overlap between
individual molecules or tiny assemblies. This overlap radius is indicated by
the dotted line surrounding the cfDNA molecules. Following this peak, there
is an increase in conductivity, attributed to the formation of porous
assemblies driven by hydrophobic interactions among methyl groups. These
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the bulk solvent, leading to a decrease in conductivity. Conversely, in
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estimation and (b) the process of building an ML-based classifier model for

the prediction of cancer stages.
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readings reported are the mean value of duplicate samples with £2SD. (b)
Cancer stages correlation with Global Methylation % performed for sample
no. 8,30,57 and 113 (Table S2), and reference concentration fixed at 60 ng
DNA. (¢) Unpaired Student’s t-test was performed for the 159 samples,
demonstrating strong statistical significance (p-value < 0.0009) between

healthy and cancer groups at a 95% confidence level.
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Multiclass PCC (Pearson Correlation Coefficient) Importance Analysis for
all the selected features used in the study. Each of the cells in the depicted
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complete negative relationship. A correlation coefficient of 0 indicates no

linear relationship.
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(a) Performance analysis of multi-class classifier, ten different models built
with and without global methylation (X6), along with other features [Age
(X1), gender (X2), cfDNA purity (X3), cfDNA eluted from 1 ml of blood
plasma (X4), and Impedance readings (X5)], showing performance with
only 5 features. (b) Confusion matrix to evaluate the performance of the
Gradient boosting model at each cancer stage. (¢) The impact of each feature
in the Gradient Boosting model illustrated by SHAP analysis for 5 features
(X1-X5).

Figure 4.7:

(a) Performance analysis of multi-class, ten classifier models built with
global methylation % (X6) along with other features [Age (X1), gender
(X2), cfDNA purity (X3), cfDNA eluted from 1 ml of blood plasma (X4),
and Impedance readings (X5)] showing improved performance with all 6
features. (b) Confusion matrix to evaluate the performance of the LighGBM
model at each cancer stage. (¢) The impact of each feature in the LighGBM
model illustrated by SHAP analysis for the 6 features (X1-X6).
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Model comparison with uncertainty
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The heatmap of your pairwise p-values - models with darker (blue) cells
are closer to significance (p = 0), while lighter (red) cells show no

significant difference (p = 1).

Figure 4.10:

Confusion matrices of each fold (where n=5) for Light GBM.
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ROC curve of each fold (where n=5) for Light GBM.
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Schematic of experimental setup.

Figure 5.2:
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showing signal stabilization time of three minutes post-sample injection on

the electrodes.
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Effect of different parameters on the impedance response of the system: (a)
applied frequency, (b) applied voltage, (c¢) buffer type, and (d)
oligonucleotide concentration used. All the data are reported as the mean of

triplicate readings +/- 2 SD.

Figure 5.4:

Interference study with healthy human blood plasma samples spiked with

25m- or 100m-oligos. To obtain the samples, 1 pl of plasma was mixed with
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19 pl of the prepared methyl oligo solution (98 ul of 15 mM HEPES buffer
+ 1 wl of 7 pg/ml DNA oligomer + 1 pl EB). Results are reported as the

mean of duplicate readings from independent test samples +/- 2 SD.

Figure 5.5:

The impedance signal outputs obtained for different gates with input signals
of[(0,0), (0,1), (1,0), and (1,1)] and their corresponding TEM images. (a, b)
AND gate, and (¢, d) OR gate (e, f) NOT gate. In (), the TEM images depict
the structural variation in oligomers to reverse the input signal, performing
the NOT gate function. The dotted lines represent an impedance signal
threshold of -33 ohms. The results are from three independent readings with
+/-2SD. The scale bar is 400 nm.

Figure 5.6:

(a) Boolean circuit representation of a SAT problem. Layer 1 comprises a
NAND gate on top and a NOR gate at the bottom, and layer 2 comprises an
AND gate. (b) Different solutions for the SAT problem based on preliminary
input and intermediate output signals. (¢) Impedance signals for
intermediate outputs D and E for the input signals A, B, and C, along with
the final output Z. The combination number tagged along with the
alphabetical represents C1, D1, E1, F1 to C8, D8, E8, F8. The dotted line
represents an impedance signal threshold of -33 ohms. (d) Corresponding
TEM images for P1 to P8 combinations. Only P2 showed oligo aggregation

corresponding to an output of 1.

Figure 5.7:

(a) Boolean circuit representation of a SAT problem. Layer 1 comprises the
first AND gate on top and a NOT gate at the bottom, layer 2 comprises the
second AND gate on top and a third AND gate at the bottom, and layer 3
comprises an OR gate. (b) The total number of sixteen possible
combinations for this logic circuit for different values of R, S, T, and U

inputs.

Figure 5.8:

(a) The impedance signals for intermediate outputs V, W, X, and Y and final
output Z, for input signals R, S, 7, and U. The results are shown for sixteen
different combinations mentioned in Fig. 4b. The threshold limit was set at
-33 Q. (b) Corresponding TEM images for P1 to P16 combinations. Only
P13, P14, and P16 showed aggregated clusters of DNA oligomers,

corresponding to an output of 1.
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Receiver Operating Characteristic (ROC) and Area Under Curve (AUC) for
(a) SAT 1 problem, (b) SAT 2 problem, and (c¢) Overall sensitivity and

specificity analysis of the system.

Figure 6.1:

Schematic representation of (a) steps for application on the membrane
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with synthesized AuNP-ACE2 nanoparticles

Figure 6.2:

Characterization of gold nanoparticles (AuNPs) and particles coated with
ACE2 receptor using EDC-NHS coupling reaction (a) UV-Vis absorbance
spectra with a red shift after conjugation with ACE2 receptor, (b) DLS data
showing increased hydrodynamic diameter with successful conjugation, (¢)
Zeta potential confirming conjugation of ACE2 receptor with AuNP, (d)
particle count of AuNP-ACE2-2 form TEM imaging data (¢) TEM images
of AuNP-ACE2-2 at 60000X and 44000X magnification at 20 nm and 50

nm scale bar, and all the data is reported as the average of triplicate readings.
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Membrane study of in-house developed flow-through assay in saliva
samples with no BSA backing, showing no significant difference in pink

spot of the test (VLPs spiked saliva) when compared to control (only saliva).
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Interaction studies by UV-vis titration with (a) AuNP-ACE2-1 and (b)
AuNP-ACE2-2 with increasing concentration of S1 spike protein of Sars

Covid-19 virus, and (c) study on membrane cassette.
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Characterization of the interaction of synthesized AuNP-ACE2-2 with VLPs
of Sars Covid-19, (a) UV-vis spectra for increasing concentration of VLPs
with AuNP-ACE2, (b) DLS data showing increased hydrodynamic diameter
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arrows and a dotted circle.
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particles in two different biological matrices, namely, (a) plasma and (b)
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showing no significant difference in pink spot of the test (VLPs spiked

plasma) when compared to control (only plasma).
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Performance of in-house developed flow-through assay in 30 samples of
saliva spiked with varying concentrations ranging from 0.1 fg/ml-1pg/ml of

VPLs.

Figure 6.11:

Performance chart of the in-house developed flow-through assay for visual

determination of the severity of infection and stage prediction.
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