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Extracellular DNA (eDNA) is a biomolecule commonly used to
characterize microorganism communities in soil and aqueous environ-
ments. In this work we developed a gold nanorod (AuNR)-based
colorimetric assay with inverse sensitivity and tunable dynamic
range for eDNA. The effects of three key parameters, such as
AuNR aspect ratio, DNA length and structure, have been identified
allowing the assay to reach the detection levels necessary for the
quantification of environmental eDNA.

The degradation of organic matter results in the constant release of
eDNA into the ecosystem."” The DNA is initially broken down by
cellular nucleases inside the cell and by microorganisms once
released into the environment." Because the degradation of eDNA
occurs very fast,® the fragments that remain in the environment vary
in size but are predominantly below 100 base pairs (bp).* Those
short fragments, however, can survive for thousands of years under
specific conditions,’ reaching concentrations as high as 2 pg g~ in
terrestrial soils and 0.5 ¢ m > in superficial sea sediments.® Since
eDNA is a fundamental component of bacterial biofilms, participates
in horizontal gene transfer, and is a nutritional source for microbes,’
eDNA quantification has been used to obtain information of
the microbial communities in soils and their movement through
aqueous soil phases.”® eDNA is mostly double stranded DNA
(dsDNA) because single stranded oligonucleotides (ssDNA) do not
exist for long periods of time in the environment.” Nevertheless,
ssDNA plays a short but important role in the initial formation of
some bacterial biofilms.” Therefore, quantification of both dsDNA
and ssDNA is important for eDNA characterization.

DNA is generally quantified by UV spectroscopy, fluorescent
intercalating dyes or quantitative real-time polymerase chain
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reaction (qPCR).®° The eDNA concentrations in environmental
samples, however, are close to the limit of detection (LOD) of
the first two techniques, resulting in low reliability. qPCR, on the
other hand, is based on time consuming enzymatic amplification
reactions.” Gold nanoparticle based colorimetric assays have been
developed as fast and straightforward alternatives for DNA
detection and quantification.">"* Those assays take advantage
of the unique optical properties of gold nanoparticles, such as
strong absorption coefficients and size-dependent optical
responses, " and measure the color change in solution caused
by DNA-induced nanoparticle aggregation and/or dispersion.
Based on the aggregation principle, gold nanoparticle assays for
DNA can be classified into two big groups: crosslinking
assays,'®'" where the hybridization between a target and sSDNA
probe functionalized gold nanoparticles causes the aggregation
of the latter; and non-crosslinking assays,"* where the inter-
action between DNA and spherical gold nanoparticles is purely
electrostatic. On one hand, the crosslinking assays take advantage
of the higher stability of the ssDNA-nanoparticle conjugates that
give less false positive results. Furthermore, since the early designs,
several important parameters, such as nanoparticle size and con-
centration, have been optimized to maximize the performance of
the crosslinking assays."> On the other hand, the non-crosslinking
assays are also appealing because they are faster and do not require
any biofunctionalization.

We recently reported a AuNR-based colorimetric assay™® for
the quantification of cell-free DNA (cfDNA): a double stranded
oligonucleotide of typically 180 bp, originated from apoptotic
cells and used as a blood circulating cancer biomarker. This
non-crosslinking assay was based on the electrostatic inter-
actions between dsDNA molecules and cetyltrimethylammonium
bromide (CTAB)-coated AuNRs. The DNA concentration dependent
AuNR aggregation profile led to an inverse sensitivity (i.e. higher
analytical response at lower DNA concentrations) (Scheme 1a).
This was a unique analytical concept that enhanced the signal-to-
noise ratio at concentrations close to the LOD of conventional
assays, such as proportional (Scheme 1b) and inversely pro-
portional sensors (Scheme 1c). Although this analytical method
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Scheme 1 Response curves of colorimetric assay with (a) inverse sensitivity,
(b) inversely proportional response and (c) directly proportional response. As
the concentration of the analyte (C;) gets closer to the inverse sensitive limit
(ISL) of the assay, the response intensity (/1) of the inverse sensitivity assay
increases, providing better signal-to-noise ratios. Inversely and directly
proportional responses, however, yield intensities very similar to the back-
ground intensity (/o) when C; is near the LOD. (d) Mechanism of the
colorimetric assay with inverse sensitivity.

could efficiently detect the concentrations of circulating cfDNA
associated with several types of cancers, it was unclear whether
DNA structure and length as well as the nanorod aspect ratio
(AR) could affect and improve the analytical performance, such
as signal-to-noise ratio and LOD. In addition, it was not known
if the assay could provide an inverse sensitivity response when
quantifying short DNA molecules within the scale lengths of
eDNA (<100 bp) or ssDNA.

Here we address the above concerns by characterizing the
effect of three key parameters, i.e. the AR of the AuNRs, the DNA
length and the DNA structure, on the inverse sensitivity assay
performance. We show that high aspect ratio nanoparticles
display better signal-to-noise ratios in the quantification of
dsDNA molecules shorter than 100 bp. Larger rods (AR of 3.3)
are more robust against DNA length variations, while shorter
nanoparticles (AR of 2.0) are more sensitive to oligonucleotide size.
Moreover, the sensor capabilities have been further expanded to
the quantification of ssDNA. All these results indicate that several
parameters are interconnected in the colorimetric response,
and thorough optimization must be done for optimal analytical
performance against eDNA.

Scheme 1d illustrates the colorimetric assay mechanism
with inverse sensitivity, where the positively charged AuNRs
display different aggregation profiles when they electrostatically
interact with different concentrations of negatively charged
dsDNA.'®' In the absence of dsSDNA, AuNRs are dispersed in
solution, whereas in the presence of a small amount of dsDNA,
the oligonucleotides neutralize the positive charge of the rods,
causing a large degree of aggregation. As the concentration of
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dsDNA is increased, the oligonucleotides start covering the
AuNR surface, providing electrostatic repulsion between the
rod particles, and in turn they re-disperse. These changes can
be tracked by the drop and recovery of the localized surface
plasmon (LSP) resonance peak, respectively.

In this study, we initially tested the colorimetric assay with
3.8 AR rods and 59 bp dsDNA (sequence in Table S1, ESIt)
because oligonucleotides around 60 bp have been found to be
efficient extracellular vectors for bacterial transformation.’
Since environmental samples are biologically complex and full
of potential interfering species, conventional analytical protocols
require eDNA extraction and isolation before quantification.
Hence, Tris buffer (8 mM, pH 7.4) was used in these experiments
since it is the most common buffer used in DNA extraction
procedures. AuNRs were synthesized following a previously
published protocol.'® The UV-Vis spectra of the AuNRs in the
presence of different amounts of 59 bp dsDNA display two
different trends (Fig. 1a). At low dsDNA concentrations (0 to
10 nM) the LSP band (840 nm) red-shifts with increasing
oligonucleotide concentration. At higher concentrations (10 to
100 nM), however, the LSP band blue-shifts with increasing
dsDNA concentration. Transmission electron microscopy (TEM)
images (Fig. 1b) confirmed that the changes in the solution
color were caused by the aggregation of AuNRs at low dsDNA
concentration (10 nM) and re-dispersion at higher dsDNA
concentrations (25 and 100 nM). Our previous work with cfDNA
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Fig. 1 Response of the colorimetric assay. (a) UV-Vis spectra of AUNRs
with 3.8 AR in the presence of 0, 1, 5, 10, 15, 20, 25, 50, 75 and 100 nM
59 bp dsDNA. (b) TEM images of AuNRs in the presence of 10, 25 and
100 nM dsDNA. (c) Extinction ratio at 450 and 840 nm as a function of
dsDNA concentration. The lower and higher concentration regimes are
displayed in blue and red, respectively.
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(oligonucleotides around 180 bp) proved that aggregation and
re-dispersion of AuNRs at low and high dsDNA concentrations,
respectively, were caused by the change in the overall charge of
CTAB-coated AuNRs from positive to neutral to negative with
increasing dsDNA concentration.'® Similar behavior has also been
reported when dsDNA interacts with conjugated polymers.*

For the current 59 bp dsDNA, the response curve of the
colorimetric assay is plotted as the extinction ratio at 450 and
840 nm (E,;s50/Egs0) as a function of dsDNA concentration
(Fig. 1c). Two concentration regimes are observed: a narrow
regime (0 to 10 nM dsDNA) with directly proportional sensitivity,
and a wide regime (10 to 100 nM dsDNA) with inverse sensitivity.
The inverse sensitive limit (ISL) was calculated as the lowest
concentration that begun to manifest the inverse sensitivity
response. For the 59 bp dsDNA with AuNRs of 3.8 AR, the ISL
was identified at 10 nM and displayed a signal-to-noise ratio of
68, 23-fold higher than conventional LOD.* It is worth mentioning
that the concentration regime with inverse sensitivity was 90% of
the full response curve. Therefore, the response of this colori-
metric assay was very close to the performance of an ideal
inverse sensitivity assay. In order to confirm if the concentration
of a sample is within the inverse sensitivity part of the response
curve, a second test must be performed where the sample is
diluted. Only under an inverse sensitivity regime, the dilution
displays a higher intensity response than the original sample.

To study whether AuNR morphology affects the colorimetric
assay response, we synthesized AuNRs with different dimensions
(Table S3, ESIf) and AR (2.0, 2.7 and 3.3) in addition to 3.8
(Fig. 2a). The concentration of Au was kept constant in all four
solutions for better comparison (14 mg L™"). All AuNR solutions
displayed two distinct responses to the 59 bp dsDNA, ie. at low
oligonucleotide concentrations the LSP band red-shifted, and at
higher concentrations it blue-shifted (Fig. S1, ESIT). The sensing
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Fig. 2 Effect of AR of AuNRs on the assay performance. (a) TEM images of
AuNRs with four different ARs. (b) Extinction coefficient ratio between
450 nm and LSP as a function of the 59 bp dsDNA concentration for the
different AUNRSs. All response curves have been offset for easier comprehension.
(c) Signal-to-noise ratio (S/N) at the ISL for the different AUNR solutions.
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response of the different AuNRs is plotted using the extinction
ratio between 450 nm and their respective LSP maximum
(E450/EvLsp) versus the DNA concentration (Fig. 2b). Interestingly,
all the AuNRs displayed the same ISL (10 nM) but different
maximum intensities at the ISL. The AuNRs with an AR of
3.3 displayed the highest signal-to-noise ratio at the ISL (81), closely
followed by 2.7 (74) and 3.8 (68) AR rods (Fig. 2c). The shortest
AuNRs, however, showed a significantly lower signal-to-noise ratio
of 24. These findings suggest that high AR nanocrystals are better
candidates for constructing this inverse sensitivity colorimetric assay
for eDNA, because they provide better signal-to-noise ratios at
low analyte concentrations. One of the main challenges when
quantifying eDNA is the concentration variability, which depends
on several factors, such as the origin of the sample and the
extraction protocol. Therefore, an analytical assay with either a
large or tunable dynamic range is required. The following
experiments proved that our colorimetric assay could address
the challenge and provide a tunable dynamic range and thus an
adjustable ISL by controlling the concentration of nanoparticles
in solution. Fig. S2 (ESIT) depicts the response curve of the assay
as a function of AuNR (AR 3.8) dilution. When the number of
nanoparticles in solution was decreased, the dynamic range and
the ISL shifted to smaller dsDNA concentrations. By combining
the assay response curves of four solutions with different
concentrations of AuNRs (AR 3.8), we were able to cover several
ranges of concentrations associated with eDNA in aquatic
environments (see Table S2 for the dynamic ranges and ISLs
of different AuNR solutions compared with the literature values
of eDNA from different waterbodies, ESIY).

To further confirm whether this colorimetric assay could
display inverse sensitivity with various short oligonucleotides
within the scale lengths of eDNA (<100 bp) and to determine
the effect of DNA length on the assay ISL, we tested three
different short oligonucleotides (44, 59 and 74 bp long) using
AR 3.3 and 2.0 AuNRs. The UV-Vis spectra of the AuNRs with an
AR of 3.3 were firstly recorded in the presence of different
concentrations of dsDNA (Fig. S3, ESI{), and the response
curves were plotted as E4s50/Eysp as a function of DNA concentration
(Fig. 3a). The three response curves showed similar E;s5¢/Eysp
variations with an ISL of 10 nM for the longer dsDNA (59 and
74 bp) and 15 nM for the shorter 44 bp oligonucleotide.
Interestingly, when shorter AuNRs with an AR of 2.0 were used,
higher E,50/Ersp sensitivity toward dsDNA length was observed.
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Fig. 3 Comparison between the response curves of different sized
dsDNA and AuNRs with an AR of (a) 3.3 and (b) 2.0. All response curves
have been offset for easier comprehension.
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Fig. 4 Comparison between the response curves of single and double
stranded DNA. AuNRs with an AR of 3.3 were used. All response curves
have been offset for easier comprehension.

The ISL significantly decreased when longer DNA molecules
were quantified (i.e. ISL of 25, 10 and 5 nM for 44, 59 and 74 bp
DNA, respectively) (Fig. 3b). We hypothesize that the lower ISL for
longer oligonucleotides is because the larger the dsDNA molecules,
the more efficient they can interact with several nanoparticles at
the same time, and fewer oligonucleotides are required to cause
nanoparticle aggregation. These results also suggested that the AR
of the AuNRs and the dsDNA length are interconnected, and
shorter rods are more sensitive to oligonucleotide size, while
longer rods are more robust against DNA length variations. The
tolerance against size variation makes larger AR rods better
candidates for the quantification of environmental samples,
since eDNA presents size variability.

Finally, we investigated whether the colorimetric assay could
quantify ssDNA in an inverse sensitivity regime, and how was
its performance compared to dsDNA. AuNRs with an AR of 3.3
were mixed with different concentrations of 59 mer ssDNA or
59 bp dsDNA, and the extinction spectra of the solutions were
recorded (Fig. S4, ESIT). The response curves showed that the
sensor displayed inverse sensitivity for ssSDNA. Nevertheless,
the ISL was higher (25 nM) than that for dsDNA (10 nM) (Fig. 4).
These observations indicated that higher amounts of ssDNA
were required to neutralize the positive charge of CTAB coated
AuNRs and cause their aggregation. We attributed the distinct
behavior between ssDNA and dsDNA to their structural differences
that led to the different interaction with the AuNRs. First,
compared to dsDNA, the ssDNA backbone has half phosphate
units, which leads to weaker electrostatic interaction with the
nanoparticles than dsDNA. Second, dsDNA has a more rigid
structure with more exposed phosphates,®' which further facilitates
the interaction with the surroundings. Not only those parameters
affected the ISL, but also contributed to the higher sensitivity in
terms of the E,50/Eysp response to DNA concentration changes. For
instance, for the 59 bp dsDNA, an increase of the concentration
from 10 nM (ISL) to 25 nM caused a E;s50/Epsp drop of 48.3%,
whereas 5-fold higher ssDNA variation was necessary to cause
similar intensity changes (i.e. increasing from 25 nM (ISL) to
100 nM ssDNA caused a decrease of intensity of 45.6%).

In summary, we identified the AR of AuNRs, DNA length,
and DNA structure (single and double-stranded DNA) as important
factors that affect the sensing performance of the colorimetric assay
with inverse sensitivity for eDNA. Although AuNR morphology did
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not affect the ISL of the assays, AuNRs with a higher AR displayed
better signal-to-noise ratios and were more robust against
oligonucleotide size variation. AuNRs with a smaller AR (ie.
2.0), however, were more sensitive to DNA length variations. By
controlling the concentration of AuNRs, the assay could cover a
very wide range of concentrations associated with eDNA in
several waterbody environments (from 19.2 to 3835 ng mL ™).
Moreover, ssDNA could be quantified under an inverse sensitivity
response but with a higher ISL in comparison to dsDNA. All
these observations highlight the interconnection between
several parameters, which define the assay analytical performance.
Based on these results, one can choose the appropriate sensing
set up for environmental DNA samples according to the ISL
requirement.
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