
Talanta 222 (2021) 121516

Available online 13 August 2020
0039-9140/© 2020 Elsevier B.V. All rights reserved.

Immuno-cytometric detection of circulating cell free methylated DNA, 
post-translationally modified histones and micro RNAs using 
semi-conducting nanocrystals 

Ruchita Shandilya a,1, Neha Bunkar a,1, Roshani Kumari a, Arpit Bhargava a, Koel Chaudhury b, 
Irina Yu Goryacheva c, Pradyumna Kumar Mishra a,* 

a Department of Molecular Biology, ICMR-National Institute for Research in Environmental Health, Bhopal, India 
b School of Medical Science & Technology, Indian Institute of Technology, Kharagpur, India 
c Department of General and Inorganic Chemistry, Saratov State University, Saratov, Russia   

A R T I C L E  I N F O   

Keywords: 
Circulating epigenomic signatures 
Circulating nucleic acids 
Nano-biosensor 
Immuno assay 
Translational research 

A B S T R A C T   

The diagnostic potential of cell free epigenomic signatures is largely driven by the fact that manifold quantities of 
methylated DNA, post-translationally modified histones and micro RNAs are released into systemic circulation in 
various non-communicable diseases. However, the time-consuming and specificity-related complications of 
conventional analytical procedures necessitate the development of a method which is rapid, selective and sen
sitive in nature. The present work illustrates a novel; prompt; “mix and measure” cytometric-based nano-bio
sensing system that offers direct quantification of cell-free circulating (ccf) epigenomic signatures (methylated 
ccf-DNA, tri-methylated histone H3 at lysine {4, 9, 27 & 36} and argonaute 2 protein-bound ccf-micro RNAs) 
using triple nano-assemblies in a single tube format. Each assembly with unique structural and spectral prop
erties comprised of n-type semiconducting nanocrystals conjugated to a specific monoclonal antibody. Our re
sults suggested that the developed combinatorial approach may offer simultaneous detection of three distinct yet 
biologically interrelated signatures with high selectivity and sensitivity using flow cytometry and fluorometry in 
the enriched and test samples. The proposed novel nano-assembly based detection system has a considerable 
potential of emerging as a minimal invasive easy-to-use method that could possibly permit real-time, rapid and 
reproducible monitoring of epigenomic markers in clinical and field settings.   

1. Introduction 

Over the past few years, nanoscience in combination with sensing 
technology have paved the way for development of miniaturized and 
simplified frameworks termed as nano-biosensors [1–3]. The progres
sion of these nano-assemblies in healthcare has led to the development 
of novel diagnostic strategies that could provide precise and rapid dis
ease detection. Advancements in nano-biosensing have promoted the 

development of frameworks that assimilate several exploratory meth
odologies into a single portable unit to provide precise, sensitive and 
prompt detection of the circulating biological markers [4–6]. Among the 
biosensors, optical nano-sensors have attracted significant attention in 
the recent past as they offer high sensitivity and selectivity, improved 
signal-to-noise ratio, better performance flexibility in construction as 
per the requirement and portability [7,8]. The diagnostic module in the 
optical miniaturized framework involves detection of change in the 
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absorption or, more often, the emission of light, in response to precise 
identification of the respective analytes [9]. Semiconducting colloidal 
nanocrystals, often termed as quantum dots (QDs), reserves an imper
ative spot in optical sensing research owing to their emerging use in 
detection of biological entities over the past decades [10]. QDs are zero 
dimensional nanoparticles that exhibit size-dependent luminescence 
and offer a variety of advantages ranging from size tunability; large 
band-gap; small Stokes shift; strong quantum confinement; intense and 
long-lasting luminescence; high quantum yield; and resistance to 
photo-bleaching in comparison to conventional organic fluorophores. In 
addition, the ease of surface modification provides other benefits such as 
instigation of desired physico-chemical properties and attachment of 
bio-recognition elements. On account of these exceptional properties, 
the recent years have witnessed a substantial increase in the use of QDs 
to develop multi-element nano-assemblies for concurrent optical bio
sensing applications [10–12]. 

Of late, with the progression of diagnostic technologies, an increase 
in the use liquid biopsy method for early screening of disease associated 

risk factors has been observed. The use of circulating cell free (ccf) 
nucleic acids in liquid biopsy is largely motivated by the fact that the 
human body generates 10–100 billion cells each day and an equal 
amount of cells undergo apoptosis to maintain cellular homeostasis that 
results in the release of their genetic materials in peripheral milieu 
[12–16]. The levels of such circulating moieties exist at varying con
centrations ranging from scantly detectable to few micrograms per liter, 
with significant elevated levels in diseased conditions like cancer, sepsis, 
diabetes, renal failure and auto-immune disorders [13]. These differ
ential levels could provide a detailed insight of altered biological pro
cesses which in turn might aid in early identification of the occurrence 
and progression of a disease at various stages [17–22]. In the present 
scenario, liquid biopsy in combination with optical nanosensors has 
emerged as a research hotspot, offering potential benefits over the 
existing methodologies. The combinatorial approach possesses the 
capability to generate rapid medical conclusions that shall help in early 
diagnosis and timely commencement of the therapy [23–26]. This may 
not only result in significant reduction of disease severity but also in
crease the probability of patient’s survival [27–30]. 

Considering the advantage of the multiplexed approach into account, 
we aimed to develop a triple quantum dot-antibody (QD-Ab) based 
immuno-detection assay for the rapid and simultaneous detection of 
three ccf epigenomic markers, which include methylated ccf-DNA, tri- 
methylated histone H3 at lysine {4, 9, 27 & 36} and argonaute 2 pro
tein (AGO2)-bound ccf-miRs in a single tube format. The single tube 
format refers to the cocktail of different color-coded triple immuno- 
conjugates that could simultaneously determine the aforementioned 
triple signatures in the same sample owing to their respective specificity, 
without any spectral overlapping or interference in the analysis. The 
method may serve as a novel “mix and measure” flow cytometry based 
immunoassay that involves development of three different QD-Ab 
immuno-conjugates for detection of the three different circulating sig
natures, emphasizing its clinical application in disease diagnosis. 

2. Materials and methods 

2.1. Buffers and reagents 

QDs (Qdots™ 525, 625 and 705), EDC (1-ethyl-3-[3-dimethylami
nopropyl] carbodiimide hydrochloride), NHS (N-hydroxysuccinimide), 
and anti-AGO2 monoclonal Ab were procured from the ThermoFisher 
Scientific (Waltham, MA, USA). 5-Methylcytosine (5-mC), Tri-Methyl- 
Histone H3 (Lys4) Rabbit monoclonal Ab, Tri-Methyl-Histone H3 
(Lys9) Rabbit monoclonal Ab, Tri-Methyl-Histone H3 (Lys27) Rabbit 
monoclonal Ab and Tri-Methyl-Histone H3 (Lys36) Rabbit monoclonal 
Ab were purchased from the Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Sodium phosphate monobasic anhydrous, sodium phosphate 
dibasic anhydrous and syringe-driven filters with pore size of 0.22 μm 
and 0.45 μm were obtained from HiMedia Laboratories (Mumbai, MH, 
India). To assess electrophoretic mobility of QDs, agarose was bought 
from Lonza Inc., (Basel, Switzerland), while 1X TAE buffer and 6X gel 
loading buffer were purchased from HiMedia Laboratories (Mumbai, 
MH, India). The visual tracking of differential migration during elec
trophoresis was done by using SYBR® Safe DNA gel stain procured from 
the ThermoFisher Scientific (Waltham, MA, USA). For isolation of 
circulating nucleic acids, Nucleospin® miRNA plasma kit from 
Macherey-Nagel, Duren, Germany and QIAamp® Circulating Nucleic 
Acid Kit from Qiagen Hilden, Germany were used. Poly-A tailing kit was 
procured from Invitrogen Thermofisher Scientific, Waltham, MA, USA. 
PrimeScript 1st strand cDNA Synthesis was bought from Takara Bio Inc. 
(Shiga, Japan). GoTaq qPCR master mix was obtained from Promega 
Corporation (Madison, WI, USA). EpiQuik™ Total Histone extraction kit 
and EpiQuik™ Histone H3 modification multiplex assay kit (colori
metric) were bought from Epigentek Group Inc., (Farmingdale, NY, 
USA). 5-mC DNA ELISA kit was procured from Zymo Research (Irvine, 
California, USA). Histone assay control protein (100 μg/mL) from 

Fig. 1. Figure showing the characterization of circulating epigenomic signa
tures i.e. (a) global DNA methylation (5-mC%) levels (n = 3) (b) representative 
gel image of methylated (100 bp) and un-methylated (120 bp) ccf-DNA (n = 2), 
LMW; low molecular weight marker, M; methylated, UM; unmethylated (c) 
expression patterns of four AGO-bound ccf-miRs (n = 3) and (d) levels of his
tone H3 modifications (n = 3). The bars represent mean ± SE values, and p ≤
0.05 was considered statistically significant. 
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Epigentek Group Inc., (Farmingdale, NY, USA) and methylated control 
DNA (50 ng/μL) from Sigma Aldrich, St. Louis, Missouri, USA were used 
as reference controls. The bovine serum albumin (BSA) used for prepa
ration of the blocking buffer was purchased from HiMedia Laboratories, 
Mumbai, MH, India. Nuclease free water was bought from HiMedia 
Laboratories (Mumbai, MH, India). 

2.2. Triple QD-Ab conjugation 

The work involved preparation of three different QD-Ab immuno- 
conjugates, which served as reporter systems with unique structural, 
molecular and optical characteristics. The first immuno-complex was 
prepared by conjugating QD-525 with monoclonal Abs specific to tri- 
methylated histone H3 at lysine {4, 9, 27 & 36} residues (QD-525- 
Ab), while the association of QD-625 with the monoclonal Abs pos
sessing high affinity towards methylated ccf-DNA (QD-625-Ab) resulted 
in the preparation of the second immuno-conjugate. The third composite 
was prepared by coupling QD-705 with anti-AGO2 polyclonal Abs (QD- 
705-Ab) specific for AGO2- protein bound ccf-miRs. 

The conjugation of surface carboxyl groups comprising QDs (525, 

625 and 705) with amine groups of the respective Abs was performed 
using carbodiimide coupling protocol as described in Shandilya et al., 
2020 [3]. The conjugation was promoted by cross-linkers EDC and NHS 
(Fig. S1). Prior to coupling, 10 μL of solution (8 μM) of each QD (525, 
625 and 705) comprising 4.8 × 1013 particles were re-suspended in 250 
μL phosphate buffer (20 mM, pH 7.4). This was followed by 
pre-activation of QDs with freshly prepared EDC and NHS (25 μL of each 
10 mg/mL solution) for 20 min. After incubation, appropriate volume of 
the respective Abs was added and the complex was incubated at room 
temperature for 30 min. Following incubation, a second aliquot of EDC 
and NHS (25 μL of each solution) was added for the enhancement of 
conjugation efficiency and incubated overnight at 4 ◦C. The detection 
capability of the prepared immuno-conjugates was assessed in enriched 
samples and in plasma. 

2.3. Evaluation of the QD-Ab immuno-conjugates 

The QD-Ab conjugation was confirmed using electrophoretic 
mobility assay. For this, 10 μL of three immuno-sensing conjugates (QD- 
525-Ab; QD-625-Ab and QD-705-Ab) and 2 μL of un-conjugated QDs 

Fig. 2. Representative blot images showing the profile histone (H3) modifications in two samples. MW: molecular weight, PC: positive control, S1; sample 1, S2: 
sample 2. H3K4me3; trimethylated histone H3 at lysine 4, H3K9me3; trimethylated histone H3 at lysine 9, H3K27me3; trimethylated histone H3 at lysine 27, 
H3K36me3; trimethylated histone H3 at lysine 36, H3K79me3; trimethylated histone H3 at lysine 79. 
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solution (525, 625 and 705) were mixed with 1X TAE buffer and 2 μL 6X 
gel loading dye. The mixtures were loaded in the 1% agarose gel in 
separate lanes and the electrophoretic mobility was assessed at 100 V for 
20 min in 1X TAE buffer. The movement of the QD-Ab conjugates with 
respect to un-conjugated QDs was analyzed using Gel Doc™ XR + mo
lecular imager (Bio-Rad, USA) [31]. 

2.4. Assessment of the detection capability in enriched samples 

The detection capability of the prepared immuno-conjugates was 
analyzed using flow cytometry in target-enriched samples. The enriched 
samples comprised of histone, ccf-DNA and ccf-miRs isolated as per the 
manufacturer’s instructions. For the detection, 30 μL of each QD-Ab 
conjugate was added to 100 ng of previously isolated histone, ccf-DNA 
and ccf-miRs in separate tubes. Histones and ccf-DNA were mixed with 
QD-525-Ab and QD-625-Ab respectively, while the isolated ccf-miRs 
were added to the tube of QD-705-Ab conjugates. The volume of each 
tube was make-up to 300 μL by adding nuclease-free water (NFW) and 
the analysis was performed on flow cytometer (Attune NXT, Thermo
Fisher Scientific, USA). All the measurements were recorded with 
respect to negative controls consisting of Ab conjugated QDs. The 

procedure was performed in triplicates and compared for reproduc
ibility of detection of the respective analytes. 

2.5. Validation of the detection in plasma 

Real-time detection of the levels of three epigenomic signatures was 
performed directly in plasma using flow cytometry. For this, plasma 
samples were initially subjected to 0.22 μm filtration to obtain clear 
plasma devoid of any large sized genetic debris and filtration by 0.45 μm 
filters to remove mesechymal cells and cellular debris including extra
cellular microvesicles, lipid rafts, apoptotic/necrotic bodies and exo
somes, conserving the nucleosomes (DNA-histone complexes), 
methylated ccf-DNA and AGO2-bound ccf-miRs. Later, 300 μL of filtered 
plasma samples were added in three clean micro-centrifuge tubes. To 
this, 30 μL of each QD-Ab conjugates were added and vortexed. The 
prepared mixtures were acquired by flow cytometry and the data for 
three sets of replicates were analyzed. 

2.6. Sensitive recognition of triple epigenomic signatures in circulation 

The sensitivity of the immuno-sensing semi-conducting complexes 
was assessed as a measure of their ability to precisely capture tri- 
methylated histones, methylated DNA and AGO2 bound miRNAs in 
circulation at differential levels. Isolated plasma samples were subjected 
to high speed centrifugation followed by double filtration by 0.22 μm 
filters to completely remove the microvesicles, lipid rafts, protein bound 
molecules, apoptotic/necrotic bodies and exosomes including large ge
netic debris. The obtained clear plasma samples (300 μL each) were 
added to a known concentration (10 ng–0.001 ng) of reference controls 
(H3 histones, methylated DNA and PCR products of AGO2-bound ccf- 
miRs). Subsequently, 30 μL of QD- Ab conjugates were added and sub
jected for flow cytometric acquisition and analysis. The same set of 
samples was also analyzed by fluorometry to confirm our flow cytometry 
results. The fluorometric measurements were done by using Spark® 
multimode microplate reader (TECAN, Seestrasse 103, Männedorf, 
Switzerland). 

2.7. Concurrent detection of modified histones, methylated ccf-DNA and 
AGO-2 bound ccf-miRs 

The ability of triple immuno-sensing nanocrystals to simultaneously 
detect respective epigenomic markers in the presence of other bio- 
molecules was assessed in the aforementioned plasma samples using 
flow cytometry. For concurrent detection in a single tube format, sam
ples enriched in target signatures were pooled (histones: methylated ccf- 
DNA and histones: AGO2 bound ccf-miRs) and a cocktail of QD-Ab 
immuno-conjugates (QD-525-Ab: QD-625-Ab and QD-525-Ab: QD- 
705-Ab) was added. The analysis was performed through flow cytometry 
using Ab conjugated QDs as negative controls. 

2.8. Isolation and characterization of histones, ccf-DNA and ccf-miRNA 

As a proof of principle that epigenomic signatures circulate at dif
ferential levels in healthy and diseased states, circulating modified his
tones, methylated ccf-DNA and AGO-2 bound ccf-miRs were 
characterized using PCR, Western blot and ELISA based approaches. 
Histones, ccf-DNA and ccf-miRNAs were isolated as per the direction of 
the standardized protocols of EpiQuik™ total histone extraction kit, 
QIAamp® circulating nucleic acid kit, and Nucleospin® miRNA plasma 
kit, respectively. For the quantification of multiple histone H3 modifi
cations, a plex of twenty one (21) modified histone H3 patterns was 
analyzed by a sandwiched ELISA method using EpiQuik™ Histone H3 
modification kit. Western blot analysis of H3 modifications was per
formed as per standard protocol discussed elsewhere using appropriate 
set of Abs. Status of DNA methylation was assessed using 5-mC DNA 
ELISA kit using Spark® multimode microplate reader (TECAN, 

Fig. 3. Graphs illustrating the comparative flow cytometric analysis (n = 3) of 
(a) samples enriched in histones, ccf-DNA and ccf-miRs and (b) samples ob
tained by 0.22 μm and 0.45 μm filtration. The Ab conjugated QDs were used as 
controls and the data is expressed as mean ± SE. p ≤ 0.05 was considered 
statistically significant. 

R. Shandilya et al.                                                                                                                                                                                                                              



Talanta 222 (2021) 121516

5

Seestrasse 103, Männedorf, Switzerland), while methylation-specific 
PCR (MSP) was performed to check the levels of global DNA methyl
ation. The miRNA expression analysis was performed using Insta Q96™ 
Real-time PCR (Himedia Laboratories, Mumbai, MH, India). In brief, 
previously isolated ccf-miRs were quantified and subjected to poly-A 
sequence attachment followed by cDNA synthesis using the standard
ized kit protocol. The cDNA was then amplified using GoTaq qPCR 
Master Mix and miR-specific primers (a plex of four ccf-miRs) as dis
cussed elsewhere. The Ct values were recorded and dCt was calculated 
for the assessment of aberration in the expression patterns of ccf-miRs 
[3,32]. 

2.9. Statistical analysis 

All the results were expressed as mean ± standard error (n = 3). 
Statistical analysis was performed using the GraphPad Prism Version 
5.03 (GraphPad Software, San Diego, CA, USA). The statistical differ
ences were computed using one-way or two-way analysis of variance. P 
values ≤ 0.05 was considered significant. 

3. Results and discussion 

Epigenetic modifications including DNA methylation, histone tail 
modifications and alteration in the miRNA expressions play a crucial 
role in maintenance of a vital equilibrium between apoptosis, prolifer
ation, regeneration and repair [33–35]. Since these signatures circulate 

at abnormal levels during different pathological conditions, concurrent 
profiling through novel sensoric methods could generate an 
epigenome-wide analytical landscape to provide essential insights of an 
individual’s disease status. In our study, the characterization of circu
lating epigenomic signatures showed that the levels of the global DNA 
methylation, miRNA expression profile and histone modification pattern 
varies among the individual samples (Figs. 1 and 2). 

Keeping the idea of the diagnostic applicability of circulating epi
genomic signatures, the present work describes a novel immuno-sensing 
assay for simultaneous detection of methylated DNA, modified histone 
protein and AGO2-bound miRNA using flow cytometry. The developed 
method offers a simple, economical and high-throughput strategy for the 
efficient detection of all the aforementioned molecular species in a 
single tube. In order to detect the above molecular markers, tri-color 
coded reporter systems were prepared by conjugating QDs exhibiting 
green (QD-525), orange (QD-625) and far red (QD-705) fluorescence 
with specific Abs using carbodiimide chemistry. The prepared immuno- 
conjugates offer a unique combination of reporter and recognition ele
ments forming a triple nano-biosensing cocktail for the real-time 
detection of the respective epigenomic signatures. The precise identifi
cation was highly facilitated by the size dependent spectral properties of 
the QDs (525, 625 and 705) and specific affinity of the paratopes of Abs 
towards their potential epitopes on the respective analytes [3,36]. The 
Ab structure is usually “Y” shaped comprising of two F(ab) regions and 
one Fc region. The F(ab) regions consist of antigen binding domains that 
significantly correlates with the antigen-binding capacity. While, the Fc 

Fig. 4. Representative flow cytometry his
tograms of the QD-Ab immuno-conjugates 
validating their ability to detect target ana
lytes (H3 histones, methylated ccf-DNA and 
AGO2 bound ccf-miRs) in plasma samples 
filtered through 0.22 μm and 0.45 μm filters. 
The x axis of the histogram represents the 
observed fluorescence, while the y axis 
shows the normalized values of absolute 
count to the 100% of total. The Ab conju
gated QDs (red) were used as controls and 
the shift in peak indicates an increase in 
fluorescence upon target detection. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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region contains primary amine groups on the lysine residues that serve 
as attractive sites for conjugation with the carboxyl groups of QDs. Thus, 
appropriate surface coverage and orientation of the immobilized Ab 
governs the sensitivity and analytical performance of the developed 
nano-conjugates. It is important to note that the pH of the reaction 
herein, plays a crucial role to control the orientation of the adsorbed Ab. 
At pH 7.3–7.5, the basic amino acid residues residing at the surface were 
protonated to a greater extent, thereby giving rise to localized regions of 
positive charge with maximum antigen-binding activity [37–39]. 

In view of the conjugation chemistry, the total number of Abs 
attached to a single QD was calculated according to the method 
described by Pathak et al., 2007 [40]. It was found that in QD-525-Ab 
complex, about 1.4 molecules of Abs were conjugated to each QD-525, 
whereas, approximately, 4.2 molecules of Abs were attached to a sin
gle QD-625 particle in the QD-625-Ab conjugate. Similarly in the 
QD-705-Ab conjugate, around 3.2 molecules of Abs were found to be 
attached with every QD-705 particle. Moreover, the efficient QD-Ab 
conjugation was confirmed by the observed electrophoretic mobility 
of QDs which primarily depends on their size and net charge. The 
movement of QD-Ab immuno-conjugates was found to be highly 

restricted due to reduction in the surface negative charge and increase in 
the overall size, while in contrast, the smaller un-conjugated QDs 
showed rapid migration within the gel (Fig. S2). 

Following optimum conjugation, we checked the detection capa
bility of the prepared immuno-conjugates (QD-525-Ab, QD-625-Ab and 
QD-705-Ab) in samples enriched in histones, ccf-DNA and ccf-miRs using 
flow cytometry. The detection was performed using excitation wave
length of 488 nm and 561 nm, while the observations were made in BL- 
1, BL-2, and YL-3 channels equipped with 530/30, 590/40, and 695/40 
bandpass filters, respectively. The Ab conjugated QDs (without sample) 
were used as negative controls for comparative analysis. It was observed 
that all three complexes, when incubated with enriched samples show 
significantly higher fluorescence thereby suggesting their ability to 
detect the respective targets. The results evidenced that the levels of tri- 
methylated histones H3, methylated ccf-DNA and AGO2-bound ccf-miRs 
were precisely recognized by the prepared conjugates, i.e. QD-525-Ab, 
QD-625-Ab and QD-705-Ab respectively. The observed mean fluores
cence intensity for QD-525-Ab conjugate was 84.98 ± 2.09, while for 
QD-625-Ab and QD-705-Ab conjugates the observed levels were 30.92 
± 0.83 and 98.08 ± 0.13 respectively (Fig. 3a). 

Furthermore, we checked the applicability of immuno-conjugates to 
detect the molecular signatures in plasma samples. The mean fluores
cence intensity indicating the detection of signatures in the plasma 
samples (0.22 μm filtered) was 4.62 ± 0.45%, 0.50 ± 0.05% and 2.35 ±
0.05% for QD-525-Ab, QD-625-Ab and QD-705-Ab immuno-conjugates 
respectively. Since the nucleic acids generally circulate as DNA-histone 
complexes, 0.22 μm filtration is likely to eliminate the large sized ge
netic debris resulting in minimal levels of fluorescence. While, the 
samples subjected to filtration by 0.45 μm filters removed extracellular 
microvesicles, lipid rafts, apoptotic/necrotic bodies and exosomes, 
conserving the nucleosomes (DNA-histone complexes), methylated ccf- 
DNA and AGO2-bound ccf-miRs. Upon analysis of the targets in 0.45 μm 
filtered plasma, we observed significantly higher fluorescence intensity 
in all three analyzed immuno-conjugates. The levels were 43.36 ± 1.07, 
14.40 ± 0.61, and 46.39 ± 5.66 for QD-525-Ab, QD-625-Ab and QD- 
705-Ab immuno-conjugates respectively (Figs. 3b and 4). The shift in 
the fluorescence intensity observed could be attributed to the changes in 
the chemical environment of the QD-Ab conjugates. When they 
encounter with the target analytes, quantum confinement state might 
also change due alteration in QD size/shape [41–43]. The above results 
clearly demonstrate the ability of prepared QD-Ab immuno-conjugates 
to effectively capture and detect respective molecular signatures in 
plasma samples. 

The capability of detection of individual epigenomic signatures at 
varying concentration (10 ng–0.001 ng) was assessed in 0.22 μm filtered 
plasma samples spiked with reference controls. A positive co-relation of 
the fluorescence intensity with the target analytes was observed in 
plasma samples spiked with of varying concentrations of reference 
controls (10 ng–0.001 ng). From the flow cytometry data, it was evident 
that the prepared triple QD-Ab conjugate could precisely recognize the 
target analytes upto 0.001 ng (Fig. 5a). In corroboration, fluorometry 
results also confirmed a similar trend (Fig. 5b). The trend observed in 
spiked samples with the reference controls confirmed the high efficacy 
and detection capability of the QD-Ab conjugates for specific determi
nation of the molecular marks in circulation. However, an important 
point here is that the patterns of epigenetic modifications may signifi
cantly vary at individual levels. As the quantity of these signatures varies 
significantly within cells and tissues of an individual, the assay may be 
highly useful to determine the levels of differences of each epi-marks 
present in the circulating milieu. 

After, establishing the ability of the prepared immuno-conjugates in 
detection of individual signatures, we further assessed the potential of 
these triple QD-Ab immuno-conjugates to function as a single tube assay 
format for simultaneous detection of the all three epi-marks. During 
concurrent detection spectral interference and/or overlapping may be 
an imminent issue. The QDs with unique fluorescence properties offer 

Fig. 5. Figure showing the ability of QD-Ab immuno-conjugates to precisely 
capture target analytes in plasma samples spiked with reference controls (H3 
histones, methylated ccf-DNA and PCR products of AGO2-bound ccf-miRs) at 
the concentration ranging from 10 ng to 0.001 ng by flow cytometry (a) and 
fluorometry (b). The data is expressed as mean ± SE values (n = 3). 
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significant advantages in such multicolor applications, as they possess 
narrow emission spectra that lead to minimal overlap. Moreover, the 
process of compensation further reduces the spillover fluorescence by 
estimating its magnitude as a fraction of the measured fluorescence in 
the primary detector. In our experiments, we observed a minimal 
spectral overlap between all three prepared conjugates along with an 
excellent sensitivity. In addition, for simultaneous detection enriched 
samples were mixed (histones: methylated ccf-DNA and histones: AGO2 
bound ccf-miRs) and analyzed. We analyzed the samples using combi
nations of two reporter conjugates by flow cytometry. The first immuno- 
sensing reporter cocktail comprised of QD-525-Ab and QD-625-Ab 
conjugates, showed the levels of H3 histones with tri-methylation at 
the lysine 4, 9, 27 and 36 sites and ccf-DNA consisting of methyl group 
attached at the 5th carbon of cytosine, simultaneously. While, the sec
ond immuno-sensing reporter cocktail consisted of QD-525-Ab and QD- 
705-Ab conjugates, indicated the levels of tri-methylated H3 histones 
and AGO2-bound ccf-miRs present in the samples. Owing to the different 
optical properties of three QDs, analyses were performed using three 
different channels of the flow cytometry. For comparative analysis, Ab 
conjugated QDs (QD-525-Ab, QD-625-Ab and QD-705-Ab) were utilized 
as negative control. The results exhibited high efficacy of the reporter 
cocktail to simultaneously detect their respective targets (Fig. 6). The 
upper left and lower right quadrant of the flow cytometry dot plots 
clearly indicates the signals positive for the respective target analytes i.e. 
tri-methylated H3 histone tails, methylated cytosine of ccf-DNA or AGO- 
bound ccf-miRs. The observations confirmed the applicability of the 
developed triple sensing immunoassay for simultaneous real-time 
recognition of the triple epigenomic signatures. Based on an in
dividual’s epigenetic landscape, the assay as a screening approach might 
help in detection and monitoring of the aberrant expression of epi
genomic signatures that serves as surrogate markers for diagnosis of a 
disease at the early stages. The present work emphasized the detection of 

all the three epigenomic markers in a single tube format as an efficient 
strategy that might help to predict the onset and development of non- 
communicable diseases accompanied by lifestyle changes, thereby 
reducing the health burden. 

4. Conclusion 

Over the past few years, circulating epigenetic signatures such as 
methylated DNA, post-translationally modified histones and miRNAs 
have gathered significant attention. The high stability and differential 
expression of these biological moieties in normal and disease states offer 
their use as marker for gaining real-time information of an individual’s 
health. However, considerable heterogeneity and unavailability of a 
sensitive method limits the use of these markers in clinics. With the 
advancement in the field of sensing, novel nano-material based portable 
biosensors may assist in providing sensitive and multiplexed detection of 
these circulating bio-molecules. The present work describes a unique 
“mix and measure” concurrent cytometric-assay for real-time assess
ment of cell free circulating epigenomic bio-molecules using a combi
nation of three nano-sized semi-conducting nanocrystal based immuno- 
constructs in a single reporter cocktail. The amalgamation of the high 
affinity of Ab-antigen complex with the precision of flow cytometry 
offers accurate, specific and highly sensitive detection approach. After 
appropriate validation in clinical and field settings, the assay might 
prove beneficial to characterize aberrant circulating epigenetic signa
tures in various diseased conditions. In addition, the assay may also be 
utilized to monitor the lifestyle and environmental induced changes on 
human epigenomic landscape. 
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