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Refractory to PCR Amplification
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Abstract: Ancient DNA (aDNA) refers to the genetic material found in dead paleontological and archeological samples.
Being subject to various types of stressors, it undergoes different hydrolytic and oxidative post mortem modifications that
result in the formation of DNA lesions. These lesions are found to either block the DNA polymerase during replication or
induce nucleotide misincorporations. Besides, aDNA samples occur in minimal quantities; which represents an additional
obstacle that researchers have to overcome in order to study aDNA. The earliest major efforts included the use of
molecular cloning and polymerase chain reaction (PCR) to amplify aDNA sequences. These techniques were later found
to be associated with a number of false results and unauthentic findings. There have been numerous attempts to eliminate
the shortcomings of PCR and improve the quality of aDNA through avoiding contamination, repairing lesions, using
translesion polymerases, etc. However, the majority of these have failed to yield accurate and specific results. Surface-
enhanced resonance Raman scattering (SERRS), on the other hand, starts in the right foot by introducing a sensitive non-
enzymatic approach for the specific detection of single- and double-stranded DNA. The ability of this method to evade
DNA degradation is particularly important for not only studying aDNA, but also analyzing DNA refractory to PCR

amplification in processed products.
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INTRODUCTION

Bacterial cloning, polymerase chain reaction (PCR), and
high-throughput sequencing amplify miniscule quantities of
DNA [1, 2] so that there are a sufficient number of copies
available for analysis. However, DNA extracted from ancient
samples is often recalcitrant to the aforementioned enzyme-
driven techniques [3]. This is due to the various hydrolytic
and oxidative modifications that DNA molecules undergo
within inactive cells [4]. Some modifications do not affect
the enzyme’s bypass and result in miscoding errors, like
cytosine deamination. Other modifications such as abasic
sites (a.k.a. AP sites), base mismatches, intermolecular
crosslinks, and double-strand breaks are known to block the
enzymatic elongation, and are therefore called blocking
lesions [5, 6]. Despite the efforts in developing efficient
methods to repair DNA lesions, there is no way to examine
ancient samples for the presence of target DNA sequences
beforehand. Aside from primer extension capture [7] and
interstrand crosslink (ICL) repair [8] that are designed to
rectify lesions, polymerase engineering is aimed at
developing DNA polymerases capable of bypassing lesions.
However, even engineered damage-tolerant polymerases are
found to be ineffective at bypassing intrastrand lesions and
also in the presence of inhibitors [9]. Additionally, repair and
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breeding techniques are complex, costly, and time
consuming with results that are often deemed inconclusive
[9-11]. Surface enhanced resonance Raman scattering
(SERRS) is a convenient non-enzymatic alternative to the
traditional enzymatic methods for the specific detection of
DNA. SERRS combines a magnetic amplification of the
Raman signal, due to the adsorption of the molecules on a
metallic surface, and a resonance effect linked to the use of a
chromophore [12, 13]. It allows the detection of DNA at
very low concentration [14]. The recent advances in SERRS
to specifically detect single- and double-stranded nucleic
acid molecules promise the potential to revolutionize the
field of aDNA so much so that sample degradation will no
longer be an impediment in recovering the highly coveted—
but inscrutable—genetic information of sequences.

DNA DEGRADATION: THE BREACH

DNA is prone to degradation by a variety of endogenous
and exogenous agents [15]. The endogenous agents mainly
include nucleases and chemical reactions such as hydrolysis
and oxidation. Cell death brings about the rupture of
phospholipid membranes and termination of biochemical
pathways; whereby the nucleases begin fragmenting the
nucleic acid molecules in the cell, causing single- and
double-strand breaks [15]. Single-strand breaks, for instance-
induce disintegration of DNA duplex during the denaturation
step of PCR [16]. Hydrolysis, on the other hand, results in
the generation of abasic sites through depurination and
depyrimidination (e.g. removal of uracil by uracil-DNA
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glycosylase) as well as in the deamination of the template
bases [4, 5]. The most common deamination event is that of
cytosine to uracil which is a spontaneous hydrolytic reaction
involving the release of an amine group [17]. Spontaneous
oxidation is the last endogenous source of DNA decay that
affects both purines (e.g. guanine to 8-hydroxyguanine) and
pyrimidines (e.g. thymine to hydantoin) [3, 4, 18]. Oxidative
damages could also occur exogenously by ionizing
radiations, resulting in the formation of interstrand crosslinks
(ICL) in an oxygen-independent process that involves
reaction of a DNA radical with a complementary
deoxyadenosine [19]. UV as a non-ionizing radiation is,
nevertheless, a potent exogenous stressor giving rise to
highly cytotoxic DNA lesions, namely cyclobutane-
pyrimidine dimers (CPDs) and 6-4 photoproducts (4-6PPs)
[20].

Apart from the above classification of DNA damage into
endogenous and exogenous with respect to the source of
damage, DNA lesions can be conveniently placed into two
categories based on their degree of compromise toward
replication by polymerases [17]. First, blocking or
shortening lesions such as abasic sites, strand breaks, and
hydantoins are those that completely resist being bypassed
by polymerases and, therefore, thwart replication. Second,
non-blocking or miscoding lesions are those that are easily
bypassable, albeit more error prone due to the insertion of
incorrect nucleotides [10]. The rate and degree of
accumulation of DNA damage may vary depending upon the
environmental conditions. DNA will survive up to 100,000
years exclusively at 15°C, neutral pH, and physiological salt
concentrations; however, lower temperatures, for instance
would slow down degradation and consequently prolong
survival [21].

DNA DETECTION: THE CLASSICAL TECHNIQUES

Investigations of past animal populations by means of
extraction, amplification, and sequencing of aDNA obtained
from paleontological and archeological samples like fossils,
traces from biological sources, museum specimens, have
immensely contributed to our understanding of evolution at
the molecular level through delving into the phylogenetic
relationships of extinct and extant species [22, 23]. The field
of aDNA studies is a relatively young one whose wheels
were officially set in motion in 1981 by G. Wang and C. Lu,
who isolated ancient DNA and RNA from the preserved
liver of a corpse found in a 2000-year-old tomb belonging to
Han dynasty [24]. With the introduction of gene cloning, the
speculations about aDNA were taken one step further.
Higuchi and his collaborators extracted DNA sequences
from the dried muscular tissue of an extinct species called
quagga (Equus quagga) and bulked them up using molecular
cloning [25]. The technique was soon after applied to human
DNA by Paabowho, after strenuously examining 23 naturally
preserved mummies, detected DNA in a 24,000-year-old
mummy of a child [26]. Notwithstanding the partial success,
the studies suffered from certain setbacks. First, the origins
of the viable DNA isolates were found to essentially trace to
bacteria and fungi, rather than the host animals. Second, the
endogenous DNA was reported to comprise degraded
fragments of multi-copy loci and low molecular weights
such as repetitive sequences and mitochondrial DNA. Third,
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the method cannot be widely employed as it is limited to
particularly well-preserved samples.

Ever since its invention in 1984 by the American
biochemist Kary Mullis [27], the polymerase chain reaction
(PCR) has been routinely and extensively used to retrieve
and amplify minimal amounts of DNA. The advent of PCR
generated high hopes among those in search of history in the
bases of aDNA. Even today, archeologists—Ilike those
seeking information on the Dead Sea Scrolls or on the
human brains discovered in a Florida sinkhole [28]—use
PCR for its convenience, low cost, and the ease with specific
sequences which can be recovered from the same sample a
number of times [29]. Despite the advantages, PCR presents
drawbacks that perturb its reliability in aDNA analysis. One
of the drawbacks arises from the inability of polymerases to
bypass blocking lesions that involve misinsertions (for
example, dAMP opposite abasic sites [30], deletions [31],
and ring fragmentation of either the sugar or the base,
resulting in inhibition of replication [32]. Another drawback
of PCR is its excessive sensitivity to intra-laboratory
contamination by exogenous modern DNA. This is
especially troublesome with ancient human DNA, in which
case both the endogenous sequences and the human
contaminant will be inevitably amplified, leading the
conclusions astray [29, 33]. The third drawback is the
propensity of PCR to misincorporate bases in response to
miscoding lesions in aDNA molecules. The lesions appear as
two groups of transitions, namely type 1 including adenine-
to-guanine and the complementary thymine-to-cytosine
transitions and type 2 that refers to cytosine-to-thymine and
guanine-to-adenine transitions [33]. Cytosine deamination is
ultimately responsible for type 2 transitions (which
constitute the majority) as the resulting uracil residue mimics
a thymine base and consequently the corresponding guanine
is erroneously replaced by an adenine [34, 35].
Genealogically, these lesions can lead to artifactual
divergences in phylogenetic trees and invalid inferences
about relationships among samples [36]. In contrast to the
general view, Brotherton et al. assert that cytosine-to-uracil
modifications make up the only existing endogenous
transitions and that type 1 transitions are merely PCR-
generated artifacts [37]. Having pointed out the
disadvantages, it is worth noting that a significant number of
the most prominent published studies on aDNA are currently
believed to have yielded false-positive results and, thus
unauthentic conclusions about the animal origins of
sequences on account of their heavy reliance on PCR [38-
40].

IMPROVING DNA AMPLIFICATION YIELD: THE
APPROACHES

In light of the shortcomings of PCR and the disconcerting
failures in getting the picture of aDNA, attempts have been
made to alleviate and possibly eliminate the hindrances that
take the form of inhibitors and contaminants, lesions,
intolerant polymerases, and enzyme-associated difficulties.
These efforts have taken various approaches that include,
among others, preventing contamination, repairing lesions,
and engineering polymerases each tailored to the obstacle(s)
one may likely encounter when investigating aDNA.
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The first and the most fundamental approach to
ascertaining the quality of endogenous DNA is avoiding its
contamination by DNA from external sources. For that
purpose, Cooper and Poinar have proposed a set of “nine
gold criteria” vital to the authenticity of all aDNA studies
whatsoever [41]. Briefly, the nine criteria mandate physical
isolation of aDNA laboratories, use of extraction and PCR
negative controls, adjustment of PCR amplification strength
to suit shorter fragments, quantitation of the target copy
number to ensure its sufficiency (>1000), adherence to
reproducible results, cloning of amplified products,
replication of results in independent laboratories, evaluation
of amount and composition of residues like amino acids and
fatty acids, and inspection of associated remains for
contamination [41]. Although the authors claim that failure
to fulfill any one of the criteria would render the outcomes
undependable [42], quite a few publications have embraced
the guidelines in their entirety [22, 43]. The majority of the
researchers on the other hand, do not seem to be convinced
by Cooper et al.’s argument due to its inability to address
pre-analysis contamination and, therefore, single out some of
the criteria for use in their analyses [23].

The second approach entails tackling the problems
brought about by inhibitors and contaminants in order to
attain more efficient PCR amplifications. Concerning
inhibitors, Hanni and her collaborators have designed a
modified DNA extraction procedure that removes the
inhibitors (e.g. Maillard products) present in ancient samples
[44, 45]. The technique substitutes isopropanol precipitation
for dialysis and centrifugal concentration of the agueous
phase obtained by  phenol-chloroform  extraction.
Conclusively, the reduction in inhibitory activities is
indicated by a decline in the intensity of blue fluorescence
against an orange fluorescence of DNA in agarose gels [44].
As for contaminants, Boessenkool et al. have adopted an
innovative method [46]—originally intended to enhance
amplification of food-derived DNA [47]—that aims to ward
off potentially contaminating human DNA. The idea
principally rests on the use of blocking primers that can
hybridize to non-target DNA molecules and, thereby hamper
sequence elongation by the virtue of a C3 spacer inserted at
their 3” ends [46]. Even though the above two studies are
acknowledgeable in their own right as subsidiary protocols,
neither does any of them improve upon PCR nor overcome
DNA post-mortem degradation in any other way possible.

The third approach focuses on restoring aDNA with the
help of damage-specific repair strategies. It seeks to
maximize the accessibility of the underlying information of
DNA by repairing the destabilizing structural lesions that
would otherwise either cause nucleotide misincorporations
or hinder amplification by PCR. Enzyme-based methods
have been introduced with varying degrees of success [48,
49]. Incubation of aliquots of aDNA samples with uracil-N-
glycosylase (UNG) prior to amplification is a tremendously
popular remedial measure with respect to DNA degradation.
In short, UNG excises deaminated cytosine-turned-uracil
residues by breaking the deoxyribose-base bond in
deoxyuridine nucleotides [50, 51]. Furthermore, it serves as
an important tool to verify that the base substitutions in a
sample are the result of cytosine deamination [21] and also
restrict amplification to undegraded DNA sequences [52].
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The scientific history of uracil excision dates back to Tomas
Lindahl’s pioneering observation of the enzymatic release of
uracil from single- and double-stranded DNA molecules,
owing to the cleavage of N-glycosidic bonds rather than
phosphodiester bonds [48]. What appeared ambiguous in
those years is a thoroughly understood process today known
as nucleatide flipping that involves a succession of steps, i.e.
DNA double-helix distortion, base pair disruption,
nucleotide extrusion, and accommodation of the target base
in the enzyme pocket [53]. The nucleolytic nature of the
mechanism, though, falls through with single-stranded DNA
due to the damage it inflicts on the latter’s phosphate
backbone which exacerbates its fragmentation [8].

Following the same approach, researchers have
endeavored to correct the different types of strand breaks and
intermolecular cross-links present in aDNA. A considerable
number of these attempts have either met middling success,
whereas some others have proven quite fruitful. Pusch and
his colleagues have proposed a simple reconstructive
polymerization method to repair DNA molecules containing
single-strand breaks [16]. The method hinges on the
presence of priming 3’-OH and 5’PO, termini available for
elongation in overhangs and internal single-stranded regions
to obtain amplifiable DNA with an unaltered order of bases.
It harnesses DNA polymerase | derived from E. coli to
synthesize new strands and T4 DNA ligase to seal the nicks
[16], and may be accompanied by a pretreatment step with
PNK and AP endonuclease | in order to guarantee the
presence of the necessary termini [54]. Several studies have
utilized the method [10, 55] and some have stepped it up to
tackle other lesions. Di Bernardo et al. for one have taken
advantage of the interstrand cross-links in aDNA and applied
polymerization repair to retrieve the respective sequences.
Their improved version demands denaturation (heating to
94°C for 10 min) of aDNA during extraction whereby the
molecules lacking cross-links are permanently denatured due
to their low concentration, while the cross-linked ones
remain partially double-stranded with readily accessible
termini [49]. However it still falters when the cross-links
occur within PCR target sequences. Among the less
supported methods, one can mention treatment of samples
with N-phenacylthiazolium bromide (PTB). The latter, in
fact, is known to break protein-sugar bonds, and has been
used to separate DNA from Maillard products in coprolites
[56].

The fourth approach is set to get around the damage
rather than to repair it. It principally centers on identifying
naturally occurring and creating genetically engineered
polymerases possessing low fidelity levels and adept at
negotiating lesions. What lies at the root of the quest for
more lenient polymerases is the (in)efficiency of Taq
polymerase at bypassing blocking lesions [31, 57]. But, that
issue does not arise with the exceptionally accommodating
Y-family polymerases that frequently exercise translesion
synthesis (TLS) [58]. The members of the family belong to
distinctive subfamilies including Revl, DinB, and UmuC
[59] to name a few, that span over all the three domains of
life [60]. They share common structural characteristics such
as a relatively ample active site [60], a right-hand
architecture, an additional little finger (LF) domain for
substrate binding [58], and a conserved N-terminal lacking a
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5°-3” exonuclease domain [61]. The type of lesion they come
across dictates their mode of operation. An abasic site, for
instance, is reoriented into a helical position and the
corresponding 5° base functions as a template [62]. In an
attempt to identify novel Y-polymerases, McDonald et al.
probed the members of the Sulfolobaceae family that grow at
high temperatures [63] for polymerase 1V (a Y-polymerase)
homologs using degenerate primers based on archeal Y-
polymerase genes such as dpo4 and dbh[11] that were
subsequently overexpressed in E. coli and gel-purified [63].
In addition to being thermostable, the isolated enzymes were
demonstrated to require dramatically smaller quantities of
target DNA and primers, and also augment the recovery of
Alu sequences 36- to 45-fold, when used in combination with
Tag.

Unlike Y-family polymerases, A-family polymerases stall in
the face of lesions because of their less capacious active sites
that reject bulky adducts [11]. In spite of that, d’ Abbadie et
al. have put forth a strategy that makes use of A-family
polymerase genes to produce sufficiently processive,
selective, and damage-tolerant DNA polymerases [9]. The
authors initially recombined polymerase genes encoding
Tag, Tth, and Tfl by following the staggered extension
protocol with common flanking primers and notably short
extension intervals to trigger template switching between the
homologous regions. In the next major step, they put
together a library of chimeric polymerases with the aid of
compartmentalized self-replication (by which a polymerase
solely replicates its own encoding gene) [64], followed by
the amplification of a 47,000-year-old aDNA sample (Ursus
spelaeus) using a blend of Taq with a set of the most
efficient TLS recombinant polymerases handpicked from the
library. Their results in the end were shown to attest to the
viability and damage-tolerance of the polymerases. Firstly,
the blend could amplify DNA at concentrations below the
threshold for Taq to function. Secondly, the blend topped
Taq in amplicon yield by an high margin. Finally, the PCR
products of the blend came out having a higher incidence of
sporadic as well as systematic errors which were indicative
of lowered fidelity and enhanced lesion bypass, respectively
as compared to Taqg alone [9]. This fourth approach only
encompasses bypassing hydantoins and abasic sites, and,
although rewarding, cannot deal with the wide array of
lesions existing in aDNA.

The ceaselessly ongoing research in the field of aDNA
continues to push the envelope through not only the
application of the four approaches in concert, but also their
use in conjunction with other breakthrough techniques. Some
of these techniques are, in a nutshell, primer extension
capture that uses a single streptavidin-bound primer to spot
targeted sequences [65], *?P-postlabeling assay involving a
trio of steps, i.e. digestion of DNA, radioactive labeling of
the individuated nucleotides, and segregation of normal and
adducted nucleotides by thin layer chromatography [66, 67],
and direct multiplex sequencing that simultaneously
incorporates multiplex PCR, sample barcoding, and high-
throughput sequencing [68]. Unfortunately, the approaches
cited all largely rely on enzymatic reactions, which imply
that they are liable to the occasional drawbacks of enzymes.
Evidently, the situation calls for an enzyme-free method
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capable of detecting aDNA quickly and accurately,
irrespective of the type or abundance of lesions.

SERRS: THE ULTIMATE REDRESSIVE ACTION

Drawing upon a non-enzymatic principle, Surface-
Enhanced Resonance Raman Spectroscopy (SERRS) is leaps
ahead of its enzymatic counterparts in that it does away with
sample preparation, distinguishes the components of a
mixture without separation [69], and enjoys unparalleled
degrees of sensitivity and specificity [70]. The method is a
valuable tool in detecting and quantifying single-stranded
[12], and double-stranded DNA [13]. SERRS consists of an
important enhancement event, namely surface enhancement
which refers to the adsorption of the analyte onto a SERRS
substrate (e.g. silver colloids).

The interaction of photons from a monochromatic source
of light with matter in any state (so long as it is transparent)
results in two kinds of scattering. Rayleigh or elastic
scattering is the predominant one that occurs when the
incident and transmitted photons have identical energies.
Raman or inelastic scattering, on the other hand, is
associated with an energy shift such that the scattered
photon’s energy is either raised (red-shifted) or lowered
(blue-shifted), forming Stokes and anti-Stokes bands,
respectively. The frequency difference between the incident
and the scattered photons is called Raman shift. Raman
spectra, plotting intensity vs. Raman shift, show multiple
peaks, which depend on the transitions between the
rotational, vibrational, and electronic levels of each chemical
bond within the scattering molecule. Spectra can therefore be
used as identifying fingerprints for detection purposes [71,
72].

The intensity of Raman scattered light is very low
compared to that of Rayleigh light (< 10°%) [73]. Therefore,
researchers have been in a constant exercise to upgrade every
component of the equipment. Early on, the attention was
invested in improving the light sources, leading to the
development of mercury lamps during the 1930s, and later
mercury Toronto arc lamps in 1952 [74]. Raman
spectroscopy, however, took a turn for the better with the
invention of laser sources capable of emitting high-intensity
monochromatic radiations in 1960 [75]. Additional
advancements came along with the launch of surface-based
enhancement in the 1970s and the observation of surface-
enhanced Raman scattering (SERS) by Fleischmann et al. in
1974 [76]. DNA detection is undoubtedly one of the
enumerable areas that Raman scattering currently plays a
pivotal role in. Established on a Raman signature that
depends on the nucleotide composition and sequence of
DNA [77], numerous experiments from the detection and
identification of a single base [78] and monitoring DNA-
cisplatin interactions using SERS [79] to the visualization of
damaged DNA in sperm cells by Raman microspectroscopy
[80] have been successfully performed.

The notion of SERRS was originally conceived by
Mullen et al. who used an optical fiber probe and silver
colloids to detect metal ions in water [81]. Since then, this
very principle that effectively combines resonance Raman
and SERS has been appreciably built upon to serve various
purposes, and amplify Raman signals up to 10™ fold [82]. A
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typical SERRS kit includes, but is not restricted to, three
chief components: (i) a colloidal metallic substrate, (ii) an
aggregator, and (iii) a chromophore.

A suitable SERS-active substrate is a rough metallic
surface, and can be found in several forms: electrochemically
roughened, nanostructured, or colloidal material [83]. Such a
substrate is engineered in order to form clusters of
appropriate sizes and shapes, and used at specific values of
pH [84] and frequency of the exciting radiation [83]. The
excitation frequency is chosen so that it lines up with the
plasmon resonance of the substrate; which is close to its
maximum absorption wavelength [14]. Besides, SERS can
be explained jointly on the basis of electromagnetic field
enhancement (EFE) and the charge-transfer theory (CTT). In
accordance with EFE, the robust enhancement of Raman
scattering is contingent on the optical properties of the
substrate. This is aptly illustrated by the noble metals gold,
silver, and copper possessing a single screened s electron
which is excited upon irradiation by visible light, thus,
intensifying polarization and generating resonance [81].
CTT, which is the minor contributor, highlights the
formation of bonds between the lone pair of the molecule of
interest and the substrate and thereby projects a unified
image of the two in which charge transitions are possible
[85]. Although mostly monopolized by noble metals, surface
enhancement has been achieved using transition metals such
as Ni, Fe, Co, and Rh [86]. The earliest strategy called
‘borrowing SERS’ involved electrodepositing an ultrathin
layer (3-10 atomic layers) of transition metals on active
substrates [87]. Its major downside was the appearance of
pinholes in the overlayer. In addition to eliminating the
pinholes [88], researchers have come up with other unique
strategies, for example the use of Pt nanoaggregates in lieu
of aggregated colloids [89]. Nanoparticles remain the
standard substrate, for they effortlessly get excited in the
visible spectrum. When it comes to detecting DNA, silver
and gold nanoparticles emerge as the most preferred
substrates [90]. In order to gain further amplification of the
signal, nanoparticles can be aggregated in clusters, thus
creating hotspots of amplification [91]. Aggregating agents
have been developed with a view to promoting aggregation
among nanoparticles in a substrate-specific manner [83]. In
the case of DNA, spermine (NH,-[CH;]s-NH-[CH,]s,-NH-
[CH,]s-NH,), a naturally occurring tetramine, is frequently
used as an aggregating agent that has been recognized as the
strongest in terms of signal enhancement [69]. Besides
getting nanoparticles together, spermine encourages DNA-
substrate interactions by neutralizing the negatively charged
phosphate groups of the nucleotides. This will, in effect,
abolish the repulsion acting between DNA and the similarly
charged silver nanoparticles [92].

A crucial element that distinguishes SERRS from SERS
is the resonance provided by chromophoric labeling dyes,
allowing massive amplifications. Dyes are attached to single-
stranded DNA sequences. Since the dye molecules are
electrically charged, selecting a dye to work with is a very
critical decision. Considering both DNA and the substrate—
whether it be silver or gold—are negatively charged, one is
bound to label the probes either with a positively charged
dye such as rhodamine 6G (R6G) or with a negatively
charged dye (e.g. HEX, ROX, etc.) modified with propargyl
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amine [14]. Specific detection of labeled single-stranded
DNA sequences have been achieved by Graham et al.,
reaching very low limits of detection of 10" M [93], close
to the realities of PCR amplification. Labeled single-stranded
DNA sequences can be further used as detection probes in
order to detect specific DNA sequences [94]. Specific
hybridization of the probes (in accord with the rules of
complementarity) to the DNA molecules under analysis puts
up the platform for the detection of the latter based on the
Raman signature of the dye [94, 95].

A NOVEL SERRS SANDWICH-HYBRIDIZATION
ASSAY: A DEEP MOLECULAR EXCAVATION

Feuillie, Merheb et al. have developed an enzyme-free
strategy anchored in the principles of SERRS to look into
aDNA inside-out. In their first step toward developing a full-
fledged specific DNA detection method, they have outlined
an approach to detecting single-stranded nucleic acids
sequences [12]. Two short oligonucleotide probes hybridize
to target DNA, a 22-mer detection probe labeled with RG6
hybridizes to the 3’end, and a 20-mer capture probe tagged
with biotin hybridizes to the 5’end of the target. The target
molecules are subsequently immobilized by strepdavidin-
coated magnetic microbeads that latch onto the biotin labels.
Using magnetic separation, the uncaught molecules are
totally washed off. Finally the target-probe duplexes are
denatured through heating at 95°C for 20 min, and the
detection probes are retrieved for measurement by SERRS.
The Raman signal of R6G comprising 9 peaks with the most
intense lying at 1650 cm™ indicates the presence of the target
DNA sequence. The system’s specificity was tested with 2
closely related sequences of Rupicapra rupicapra and Capra
hircus. Only the samples, which contained R. rupicapra
presented a SERRS signal of R6G in the end, thus validating
the specificity of the assay. Furthermore, the quantitative
aspect of the method was showcased by the linear
relationship between the initial concentration of the target
DNA and the ratio of the area under the peak at 1650 cm™ to
acquisition time [12]. With a well demonstrated potential as
an alternative to PCR, the method of sandwich-hybridization
has been expanded upon to go beyond detecting only single-
stranded DNA. Feuillie, Merheb et al. [13] applied the
SERRS-hybridization assay to the detection of double-
stranded DNA. With double-stranded targets, the strands of
each duplex ought to be kept apart so that the probes could
hybridize with either of them. Short species-specific
oligonucleotides called blocker, were introduced, and are
aimed at hybridizing to a strand of DNA, thus precluding it
from joining with the other. These are used in excess of
target concentrations by 3 orders of magnitude in order to
make sure every single molecule in the sample contributes to
the Raman signal. Absence of blockers drastically
downgrade the intensity of the signal as large proportions of
the targets will not be secured for SERRS analysis.
Moreover, SERRS allows the simultaneous specific
detection and quantification of two double-stranded DNA
targets [13]. The targets namely, a 92 bp mitochondrial DNA
sequence of R. rupicapra (chamois) and an orthologous 91
bp sequence of goat, were studied in varying proportions
ranging from 0% to 100% so as to comment on both the
qualitative and quantitative aspects of the method. Targets
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were hybridized to 2 probes, a capture probe labeled with
streptavidin, similar for both targets, and a detection probe
labeled with either R6G or HEX for the sequences of
chamois and goat, respectively. Following the four basic
steps of hybridization, immobilization, washing, and elution,
the mixtures were analyzed by SERRS using a 514.5 nm
excitation wavelength. Samples containing either only goat
or only chamois DNA were identified with HEX and R6G
signatures, respectively, whereas those containing both were
found to give off a multiplexed signal with sharp peaks.

APPLICATIONS: A PRAGMATIC SPOTLIGHT ON
SERRS

A discussion on SERRS would not do its subject justice
without a mention of the diverse applications it offers. As an
alternative to PCR and other similar technigues, the method
of SERRS presents an opportunity to dig deeper into DNA
molecules found in trace amounts or terribly degraded for a
variety of purposes that include detecting aDNA, cancer, and
food frauds [96], determining the existing state of a disease
[97], and other DNA-centered investigations. The ability to
detect DNA fragments lies at the heart of these inquiries.
Cancer diagnosis by SERRS may proceed through different
pathways depending upon the target. Detection of specific
DNA sequences and single-nucleotide polymorphisms is one
such pathway [98] that relies on the specific hybridization of
probes to target genes. HIV [99] and breast cancer [100]
have been diagnosed using this method targeting the gag
gene of human immunodeficiency virus and breast cancer
susceptibility gene 1 (BRCAL), respectively. Disease state
analysis benefits from the quenching of fluorescence by the
substrate and the discerning sensitivity of SERRS in
detecting multiple dye labels (hence multiple species) [101]
to identify infectious diseases or tell them apart. Detection of
Chlamydia and Gonorrhea in urine by means of a SERRS-
based DNA assay has been reported by Faulds and others
who further went on to exploring the possibility of analyzing
more targets [102]. Although the principal focus of the
present review is on DNA, it would be helpful to know that
SERRS could tap into proteins, nonetheless. Characterizing
the synthetic dyes in pen inks [103], comprehending the
events that follow ink absorption onto paper [104], studying
the redox chemistry of cytochrome ¢ [105], and detecting
viral pathogens by antibodies [106] are among the
playgrounds of SERRS where DNA is barely involved.

CONCLUSION: AN EYE-OPENING FLASHBACK

Ancient DNA marks the point where archeology meets
genetics. It is a bountiful reservoir of genetic information
with countless historical tales to recount. The conditions that
prevail in dead cells, however, stand in the way of aDNA
through wreaking damage on it. As a result, the DNA is
afflicted with blocking lesions and nucleotide misincor-
porations. The techniques that were implemented at the
outset such as PCR and bacterial cloning did not take the
issue of DNA degradation into serious consideration, and
yielded results whose authenticity is said to be in question.
To improve DNA retrieval, both quality- and quantity-wise,
a series of approaches has been formulated to prevent
contamination, dispose of inhibitors, repair degraded DNA,
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and bypass blocking lesions by damage-tolerant
polymerases. But even so the aDNA research has stumbled
upon the complications of using enzyme-based methods.
SERRS, on the other hand, is a biophysical, non-enzymatic
method, that also exhibits high degrees of sensitivity.
Feuillie, Merheb et al. have developed a SERRS-
hybridization assay capable of detecting single-stranded,
double-stranded, and significantly degraded DNA molecules
with specificity. It consists of a colloidal substrate, an
aggregating agent, and a dye label, and depends upon a
combination of resonance and surface enhancement to
specifically detect DNA sequences despite the degradation
and damages undergone by the DNA molecules.
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