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This communication aims at discussing strategies based on developments from nanotechnology focused on the

next generation of sequencing (NGS). In this regard, it should be noted that even in the advanced current situation

of many techniques and methods accompanied with developments of technology, there are still existing challenges

and needs focused on real samples and low concentrations of genomic materials.
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Enhanced Nanospectroscopy  Enhanced signaling  Nanotechnology

1. Introduction

Over the last years, research into nanotechnology has shown to be of major importance in basic and applied

science  such as in precision nanomedicine , nano-oncology , and smart responsive nano-optical

platforms  for targeted detection of biomolecules  at different concentration levels. These optical active

nanoplatforms could also be incorporated into substrates for devices and miniaturized instrumentation .

Functional nanoarchitectures could be designed with particular properties for molecular sensing. Modified metallic

nanoparticles such as gold, silver, and materials such as core templates with molecular spacers with controlled

dimensions could produce nano-optical platforms for chemical surface modifications (Figure 1) .
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Figure 1. Representation of gold nanoplatforms chemical modifications and targeted studies and applications

focused on: (i) nanophotonics; (ii) nanoelectronics; and (iii) nanomedicine. Reprinted with permission from ref. .

This is the case of ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and related genomic materials that could

interact within the near field and thus develop signal modifications recorded by nanoscopy. From these

interactions, varied states of nano-aggregations could lead to new physical phenomena not yet studied as well as

those already studied being potentially applied to nanotechnology and the life sciences.

In all cases mentioned, signal detection, transduction, and translation through space and time are required. In

addition, the high sensitivity of optical platforms for single-molecule detections (SMD)  and different optical

setups coupled to the molecular systems under study is well known . Therefore, nanotechnology is a

multidisciplinary research field that responds to challenges in one of the most significant research areas, namely

genomic sequencing  and the next generation of sequencing (NGS)  in progress. In this ongoing technology,

tuned nanomaterials combined with enzymes could develop new strategies for DNA extraction, separation,

detection, and quantification with microbeads. Thus, the DNA library was diluted to single-molecule concentration,

denatured, and hybridized to individual beads containing sequences complementary to adapt oligonucleotides.

Thus, the beads were compartmentalized into water-in-oil micro-vesicles, where clonal expansion of single DNA

molecules bound to the beads occurred during emulsion PCR. After amplification, the emulsion was disrupted, and

the beads containing clonally amplified template DNA were enriched.

Miniaturization of technology should be underlined to focus analysis and data recording towards individual events

such as nucleotide interactions and DNA hybridization. The development of beads and nanoplatforms forming part

of more complex functional machineries is applied .
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It is known that sequencing addresses many challenges such as mismatching , low concentration in real

samples, , signal detection after complementary DNA interaction , sample handling, clean-up of samples ,

and manipulation and multi-step procedures , all varying according to the methodology used. As could be

observed, many variables should be controlled to design a new targeted methodology.

2. Advances and Perspectives from Nanotechnology towards
NGS

The discussion of perspectives on NGS from the nanomaterial viewpoint is closely related to current

nanotechnology developments. From fundamental research with new concepts and designs, proofs of concepts

can be discussed and evaluated as derived from real technology. In this perspective, and knowing that NGS is

focused on the determination from single nucleotides to the accurate order of variable nucleotide composition

within longer DNA or RNA chains , researchers should highlighted its potential impact and capability to provide

insights within other research fields.

Therefore, there are still challenges to address in relation to the main variables described as well as new ones

related to further capabilities using new detection strategies and systems. Researchers show some representative

high-impact nanotechnology developments in progress, encouraging innovation in DNA-detection and -genotyping

technology.

As known, sequencing requires facing many challenges ranging from low concentrations in real samples and

isolation to amplifying genomic material. The amplification procedure increases the quantity of the genomic

material by copying targeted sequences. The generation of DNA-strand libraries allows continuing the design of

detection strategies. Then, even if many genomic libraries are available, variable epigenetic detection could add

extra difficulties. Thus, real samples by intrinsic and natural expression could affect determinations as well, and it

should be contemplated in the design of the methodology. In this context, DNA mismatching should be solved.

Probably, the most important variable to transduce and generate specific detection signals from single-nucleotide

interactions is based on non-covalent forces. Considering natural and non-synthetic nucleotides, DNA detections

from short aptamers to longer genomic chains are generally based on complementary double-stranded DNA.

Moreover, other important variables such as manipulations, clean-up, sample handling, and multi-step procedures

comprising each methodological step could affect efficiency and yield, and they should be considered as well. By

this manner, a multivariable system could be contemplated that could reveal additional factors on the road ahead in

genetics and genomics research .

To find new solutions to the needs and challenges described, a multidisciplinary research field should be opened

up. However, the control of the nanoscale and nanotechnology production could lead to new approaches and

proofs of concepts with potential transfer to NGS technology.
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Enzymatic machineries can be used to amplify genomic material such as the well-known polymerase chain

reaction (PCR). For example, a rapid and efficient DNA isolation method was developed for qPCR-based detection

of pathogenic and spoilage bacteria in milk  For neophytes, qPCR is a modified PCR-based technology that

allows quantifying real-time single-oligonucleotide reading using fluorescent reporter molecules in targeted

quantifications .

Robust technology has been developed based on natural complex enzymatic machineries such as PCR. Recently,

a gene-based precision medicine technology known as clustered regularly interspaced short palindromic repeats

(CRISPR) was created . This biotechnology was developed to repair genomic material by incorporating new

oligonucleotide sequences . This is based on a complex enzymatic system that acts as an enzymatic scissor in

targeted DNA sequences coupled to the replacement of genomic material . Recently, two researchers working at

Max Planck Unit for the Science of Pathogens, Germany, and at University of California, USA, were awarded the

Nobel Prize in Chemistry 2020 for “the development of a method for genome editing” . Therefore, CRISPR/Cas9

is still being studied to modify the DNA of animals, plants, and micro-organisms with extremely high precision. This

technique, which is able to control fragmentation and re-incorporation of new genomic material, is particularly

interesting when transferred to new strategies for DNA detection. Thus, CRISPR could generate different DNA-

detection systems by adding fluorescence labelers .

From the chemical modification of nucleotides and DNA, RNA strands have provided further perspectives by

integrating genomics with precision medicine. There are many relevant research studies; however, the combination

of a specific nucleotide interactions accompanied by pharmacophores linking and bioconjugations for targeted drug

delivery perspectives should be briefly highlighted . Moreover, by this manner, non-covalent interactions are

related in the targeted function.

By exploiting the concept of non-classical light from the molecular level by fluorescence labeling such as DNA-

intercalating agents or by covalent bond modifications, the research work for new imaging-based developments

should be continued. Recently, research has shown an integrated imaging and computational strategy to model

gene folding with nucleosome resolution . It was thus possible to identify a specific distribution of nucleosomes

within specific genes in super resolution through the simultaneous visualization of DNA and histones. This method

advanced information on chromatin accessibility for regulatory factors such as RNA polymerase II. Intercellular

variability, transcriptional-dependent gene conformation, and folding of housekeeping and pluripotency-related

genes were studied in human pluripotent and differentiated cells, gathering accurate data.

To develop further resolution to nano-biostructures, the molecular level, from the bottom-up design that could

provide targeted biomolecular detection from proteins to amino acids and small molecules, should be evaluated.

Similarly, the resolution of single nucleotides could prove a major development; yet, this level of resolution is only

achieved by a highly smart responsive strategy. In this context, biophotonic strategies for single-molecule detection

(SMD) level should be considered . Therefore, there is a growing body of literature on DNA detection and

amplification based on different optical approaches and controlled DNA grafting of surfaces . For single-

molecule sequencing, researchers  may refer to the sequencing and tracking of individual nucleotides based on
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templated DNA exposed to a solution containing DNA polymerase and a fluorescent nucleotide. If a nucleotide

were incorporated, it would be achieved by a complementary strand of the template. Thus, the fluorescence would

be read using a total internal reflection fluorescence (TIRF)-based helioscope, recording the positions where the

DNA strand had incorporated a fluorescent nucleotide from the solution . It should also be noted that real-time

DNA sequencing from single polymerase molecules  enabled tracking of single-nucleotide incorporation in real

time by fluorescence imaging. The level of developments achieved in the single-molecule dynamic detection of

chemical reactions  based on an electrochemical device is also worth noting.

Previous developments anticipated the beginning of many challenges to overcome, where biostructure and

enzymes coupled to fluorescence labeling joined aptamer interactions with targeted recognitions of specific

sequences, or single nucleotides were joined to optimize genomic detection. Results showed high performance;

however, the key variable of low genetic material in real samples was managed by amplification. This methodology

is linked to a costly and time-consuming process. Therefore, PCR-free strategies are still being developed,

specifically in NGS technology.

Nanoscale control has led to new strategies to overcome low DNA concentrations. This is due to many reasons,

mainly: (i) proximity of the nanoscale to the molecular level; (ii) molecular hinderance; (iii) interactions associated

with non-covalent binding and physical phenomena; and (iv) amplification of the signal such as laser-based

materials by different enhanced physical and chemical pathways under study.

A PCR-free DNA-detection strategy was developed from modified magnetic beads with short, targeted DNA

aptamers incorporated in microelectromagnetic traps . This enabled the interaction of targeted and

complementary DNA strands using a fluorescent polymeric transducer in a miniaturized device that leaded to the

separation of the genomic material and detection by laser fluorescence microscopy. Thus, a detection limit of ∼200

target copies in a probed volume of 150 µL (1.4 copies/µL) was obtained for a DNA sequence specific to Candida

albicans. Researchers should note that this detection strategy does not require the release of the hybridized target

DNA prior to its detection, labeling, or amplification of nucleic acids. The preconcentration and detection steps

could be achieved simultaneously on the same support. The design could be extended to the application of this

ultrasensitive biosensor to biological samples with complex matrixes and to integrated lab-on-a-chip platforms,

where faster multitarget DNA detections could be developed in point-of-care diagnostics and field analysis. The

application of in-flow methodologies could also provide other ways of addressing this challenge such as in real-time

monitoring of bead-based DNA hybridization in a microfluidic system and the study of amplicon hybridization

behavior on solid supports  .

This development and device-based technology used for fundamental and applied research has provided

interesting insights. For instance, the length of the overhanging (dangling) end of target DNA strands following

hybridization to the capture probe was correlated with interactions with the complementary strand in solution, which

could result in the unbinding of the target and its release from the surface. Thus, an instrument for real-time

monitoring of DNA hybridization was created on spherical particles functionalized with oligonucleotide capture

probes and arranged in the form of a tightly packed monolayer bead bed inside a microfluidic cartridge. This
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approach allowed further elucidation of the dynamics of interaction. Thus, it was known that by increasing the

length of the dangling end, desorption of target amplicons from bead-bound capture probes is produced at a rate

approaching that of the initial hybridization process. This led to the optimization of conditions in order to perform

hybridization events from Streptococcus agalactiae cfb gene amplicons obtained from randomized clinical samples.

The methodology presented was also used for further investigation of competitive hybridization mechanisms on

solid supports to evaluate suitability, such as microarray capture probes. Similarly, other types of nanodevices,

microdevices, in-flow devices, and waveguides could be designed .

By incorporating plasmonic nanomaterials with an exactly controlled shape and size of each of these parts and

placed by controlled 2D patterns, it was possible to tune surface plasmon polaritons (SPPs) arising from

metal/semiconductor interfaces , enhancing light emission in light-emitting devices . Then, the most recent

studies on optical surfaces by surface nanopatterning based on plasmonic resonance allowed for controlling the

polarization of light , which led to on-chip applications based on six metasurface arrays . In addition, interest

in these subwavelength polarizations of light will lead to developments associated with the efficiency of organic

light-emitting diodes (OLEDs) by controlling the orientation of the transition dipole moment of the emitters and the

resonance of the nanoarray resonators . Then, from the combination of semiconductors and plasmonic

nanomaterials, studies into luminescence energy transfer, such as ZnO platforms for enhanced directional

fluorescence applications, have been conducted  and are still in progress.

In addition, research on semiconductors and nanomaterials incorporated in silica waveguides could develop light

guides with atomically thin materials for on-chip near-field plasmon detection by semiconductors such as

molybdenum disulfide . In this context, the sensitivity of plasmonic waves and the generation of photons from

luminescent phenomena are currently being studied. As for example, filtering the time-resolved luminescence

signal of quantum optical circuits by single excitation of well-ordered InGaAs quantum dots generated fluorescence

resonance at the nanometer scale . Moreover, novel approaches into modified silica waveguides by polymeric

stamps were devised to produce several microns in length of one-dimensional nanoparticle assemblies. Combining

this technique with the use of tunable, metaldielectric, core-shell nanoparticles  allowed obtaining linear

assemblies with adjustable inter-particle separation for luminescence propagation applications within resonant

plasmonic waveguides . Therefore, the ultraluminescence generation in silica substrates from Metal Enhanced

Fluorescence phenomena (MEF) for chemical sensing to be applied in on-chip  and in-flow applications are

increasing interest in biosensing . The ultraluminescence properties based on MEF by interaction of the

electromagnetic field in the near field of the plasmon with fluorophores can be explained by different pathways

such as (i) increased absorption with a higher upper excited state occupation; (ii) decreased non-radiative decays;

and (iii) increased radiative decay. Therefore, this effect depends on the distance of the fluorophore from the

metallic surface since the electromagnetic field intensity decays exponentially (1/r ), drastically affecting

fluorophore excitation .

To conclude, insights gained from nanomaterials applied to biosensing can give rise to new approaches for

targeted studies in NGS, and in this context, it should be highlighted as an example how the development of better

control of materials and modified substrates with nanopores has led to their incorporation in real technology on the
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market. For example, nanopore genome sequencers  based on the DNA strands passing through biological

pores permitted their identification. The detection was by measuring the difference in their electrical conductivity

while the DNA passes through the pores. This level of technology has recently shown interesting applications at the

level of rapid identification of pathogens, antibiotic resistance genes, and plasmids in blood cultures in real time .

Extracted bacterial DNA of positive blood cultures led to a comprehensive analysis for diagnostic purposes with an

acceptable degree of accuracy for these types of samples. Developments from this mentioned study have opened

up new possibilities for future applications in clinical microbiology, healthcare surveillance, and precision medicine.

Finally, in this context, it should be highlighted how nanotechnology is developed within the close relationship

between the sizes and physical phenomena involved in the genomic materials, leading to a focus on the nanoscale

accompanied by advanced optical setups. Therefore, how the spectroscopy is being developed should be

highlighted along with the fact that new spectroscopical techniques are progressively showing insights into

biodetection and related research fields and applications, for example, MEF-based strategies, surface enhanced

Raman spectroscopy (SERS), and related techniques. In this manner, the engineering of new optical setups is still

in progress, improving techniques and methods by incorporating colloidal dispersions of optical active

nanomaterials as well as modified substrates to prepare optical active surfaces and porous materials, too . This

concept opens a broad vision to develop microarrays towards nanoarrays and NGS . Thus, it is up to a

multidisciplinary research point of view to propose new materials and technology associated with NGS and

biosensing.
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