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A B S T R A C T   

Engineered short-chain single stranded DNA (ssDNA) are emerging materials with various environmental ap-
plications, such as aptasensor, selective adsorbent, and hydrological tracer. However, the lack of fundamental 
understanding on the interactions of such materials with natural organic matter (NOM) hinders the improvement 
of their application performance in terms of sensitivity, selectivity, and stability. In this study, we investigated 
the interactions of ssDNA (four strands with systematically varied length and sequence) with two humic acids 
(Suwannee River humic acid (SRHA) and Aldrich humic acid (AHA)) and two humic-like NOM present in local 
aquatic matrices (ROM in river water and WOM in wastewater). Detailed, molecular level interaction mecha-
nisms were obtained by probing the colloidal stability of the ssDNA-coated gold nanoparticles, coupled with 
product characterization using a suite of microscopic and spectroscopic techniques. Our study revealed that π-π 
interactions and divalent cation bridging were the major mechanisms for ssDNA-NOM interactions. ssDNA 
preferentially interacted with NOM with high aromaticity (AHA > SRHA/WOM/ROM). With divalent cations 
present (especially Ca2+), even a small amount of AHA could completely shield ssDNA, whereas the extent of 
shielding by SRHA/WOM/ROM depended on the relative content of ssDNA and NOM and whether bridges 
formed. The extent of shielding of ssDNA by NOM provides a potential answer to the reported conflicting effects 
of natural water matrices on the performance of DNA-based sensors. Taken together, our findings provide in-
sights into the transformations of engineered ssDNA under environmentally relevant conditions as well as im-
plications for their performance optimization in practical aquatic applications (e.g., from DNA design to 
pretreatment strategy).   

1. Introduction 

Engineered DNA strands with desired sequences and a wide range of 
useful modifications, such as fluorescent tags and linkage molecules, can 
now be synthesized/purchased at low (and decreasing) costs. The DNA 
consists of nucleotides in a specific order, and each nucleotide contains a 
deoxyribose sugar, a phosphate group, and one of the four nitrogenous 
bases, namely adenine (A), thymine (T), cytosine (C), and guanine (G). 
They are unique from other synthetic polymers due to their intrinsic 
functions or embedded information. For example, a short-chain single- 
stranded DNA (ssDNA) aptamer binds targets with high sensitivity and 
selectivity, being very promising for rapid, point-of-use, multiplex 
environmental sensing of organic contaminants (Akki et al., 2015; Fan 

et al., 2014), ions (Qing et al., 2017), and pathogens (Yu et al., 2018), 
etc. Aptasensors have the potential to rival some state-of-the-art chem-
ical/biological analytical methods. Also, DNA aptamer has been 
demonstrated as a highly selective adsorbent to remove arsenic (Kim 
et al., 2009) and illicit pharmaceuticals (Hu et al., 2011). Engineered 
DNA with programmed information (i.e., the sequence of nucleotides) 
can also be used as a tracer to track the source and migration pathways 
of pollutants in hydrological environment investigations (Liao et al., 
2018). The number of DNA tracer is theoretically unlimited (i.e., the 
combination of four nucleobases) and the unique sequence of each DNA 
tracer makes it easily distinguishable from environmental background 
and allows for multipoint tracing. 

While the potential of engineered DNA in aquatic applications has 
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been well recognized as described above, little is known about the in-
teractions of engineered DNA with natural organic matter (NOM) in 
typical aquatic environments. Natural organic matter, including humic 
substances, proteins, polysaccharides, etc., is ubiquitous in the envi-
ronment (Philippe and Schaumann, 2014), and their interactions with 
engineered DNA interfere the performance of DNA-based applications. 
For aptasensors, a positive correlation between NOM concentration 
(0–3.6 mg C/L) and the extent of performance degradation has been 
observed (Vogiazi et al., 2021), however, higher NOM concentrations 
(from 4 to 16 mg C/L) were also reported to exert no significant influ-
ence on the performance (Akki et al., 2015; Park et al., 2022). Among 
various types of aptasensor, colorimetric aptasensors typically involve 
the use of DNA-coated gold nanoparticles (Au NPs). The Au NPs are 
stabilized by the DNA coating in the presence of high-concentration 
salts, and the introduction of the target triggers preferential binding of 
DNA aptamer and causes the aggregation of Au NPs. Such systems are 
dependent on salt-induced aggregation and susceptible to interference 
from matrices (e.g., NOM or other constituents) (Akki and Werth, 2018). 
For example, low recovery of target was observed when the target was 
doped in milk samples (Yan et al., 2017). Other than aptasensors, NOM 
can also impact the functionality of DNA tracers. Adsorption of DNA 
tracers to NOM can lead to low recovery and unprecise detection (Liao 
et al., 2018; Pang et al., 2020). These reports highlight the need to 
elucidate the interaction(s) between engineered DNA and NOM, and 
also the associated change of nanoparticle aggregation behaviors, which 
will benefit the development of DNA-based applications in more realistic 
scenarios. 

Previous studies investigating the interactions between DNA and 
NOM have been mostly conducted with (natural) dsDNA with a long 
chain (thousands of base pairs) (Lu et al., 2012; Nguyen and Chen, 2007; 
Nguyen and Elimelech, 2007; Qin et al., 2018). For example, divalent 
cations formed bridges between the phosphate groups of DNA and the 
carboxyl groups of NOM, while monovalent cations only screened the 
negative charges (Nguyen and Chen, 2007; Nguyen and Elimelech, 
2007). However, variations in DNA properties (e.g., double-stranded or 
single-stranded, length, and sequence) may increase the complexity of 
their interactions with NOM. Smaller DNA fragments (2.69 kbp) were 
reported to have preferential adsorption to soil compared to larger 
fragments (11.19 and 23 kbp) due to their faster diffusion rates and/or 
the size exclusion of available binding sites (Ogram et al., 1994). The 
phosphate groups of dsDNA were deemed as the major interaction sites 
with NOM (Lu et al., 2012; Nguyen and Chen, 2007; Nguyen and Eli-
melech, 2007) while the exposed nucleobases of ssDNA also participated 
in the interaction with graphene oxide (He et al., 2010; Liu et al., 2020). 
The preferential interaction of cations with guanine bases in the ssDNA 
affected the ion distribution along the DNA strands, resulting in varied 
DNA layer thickness and drastically different colloidal stability of the 
coated particles (Peng et al., 2022). Little attention has been paid to 
(engineered) short-chain ssDNA (e.g., < 100 nucleobases, the typical 
length of a DNA aptamer (Zhou et al., 2010)), which behaves distinc-
tively from natural dsDNA in aquatic systems. As such, there is a critical 
knowledge gap in understanding the interactions of short-chain ssDNA 
with NOM, which expectedly have profound implications for the 
rational design of engineered DNA for aquatic applications, such as 
DNA-based sensor/adsorbent and DNA tracer, among other emerging 
applications. 

In this study, we investigated the interaction(s) between ssDNA and 
NOM by examining the impact of NOM on the colloidal stability of 
ssDNA-coated nanoparticles. Molecular level interaction mechanisms 
were revealed by characterizing the resulting products using a suite of 
microscopic and spectroscopic techniques (FTIR, Raman, Fluorescence, 
and TEM). Following our earlier work (Peng et al., 2022), ssDNA-coated 
gold nanoparticles (DNA-Au NPs) with four different ssDNA coatings 
(systematically varied in length and sequence) were studied. Two humic 
acids (Suwannee River humic acid (SRHA), an aquatic humic substance, 
and Aldrich humic acid (AHA), a terrestrial humic substance (Hur and 

Schlautman, 2003)), along with two humic-like NOM from local water 
matrices in Hong Kong (river water and wastewater effluent) were 
studied as the representative NOM. Our study revealed the dependence 
of ssDNA-NOM interaction on the aromaticity of NOM and the cation 
bridging effect (especially Ca2+). A strong interaction could result in a 
complete shielding of the ssDNA by NOM, potentially sabotaging the 
functionality of ssDNA (e.g., the specific binding of aptamer to target 
and the hybridization of DNA barcode). Our findings provide new in-
sights into the functioning of engineered ssDNA in complex aquatic 
matrices and directions to optimize the general design of DNA-based 
system for various aquatic applications (e.g., selection of DNA tracer 
and DNA aptamer and proper pretreatment strategy). 

2. Experimental 

2.1. Materials 

Citrate-capped 20 nm spherical Au nanoparticles (Ted Pella, Inc.) 
were used for the synthesis of DNA-Au NPs. Four single-stranded DNA 
(ssDNA) with carefully designed sequences and 3’ end thiol modification 
were purchased from IDT (Integrated DNA Technologies, Inc.; denoted 
as DNA15, DNA25, DNA25C, and DNA40, Fig. 1). The design of DNA15, 
DNA25, and DNA40 aimed at investigating the effect of DNA length, 
while the design of DNA25 and DNA25C was to evaluate the effect of DNA 
sequence (Peng et al., 2022). Suwannee River humic acid (SRHA) was 
purchased from International Humic Substances Society (IHSS, standard 
III), and Aldrich humic acid (AHA) was purchased from Sigma-Aldrich. 

2.2. Synthesis of DNA-Au NPs 

DNA-Au NPs were synthesized using the salt-aging method (Liu and 
Liu, 2017; Mirkin et al., 1996), and the detailed procedure has been 
provided previously (Peng et al., 2022). Briefly, the ssDNA and Au NP 
suspension were incubated with stepwise addition of NaCl solution (2 
M) to increase the salt concentration to 0.1 M. Excess reagents were 
removed by centrifugation three times. The DNA-Au NPs were redis-
persed in deionized water and stored at 4 ◦C until use. 

2.3. Preparation of NOM solutions 

SRHA and AHA stock solutions were prepared by dissolving humic 
substances in MilliQ water under pH 10.5 and subsequently filtering the 
mixture using a 0.45 μm membrane filter. The chemical characteristics 
of SRHA and AHA were assessed by UV/vis spectroscopy (Biochrom 
Libra S35), fluorescence spectroscopy (FLS920, Edinburgh Instruments), 
Raman spectroscopy (i-Raman Plus, B&W TEK), and FTIR (Spectrum 

Fig. 1. Schematic of a DNA-coated gold nanoparticle (DNA-Au NP) and the 
molecular structure of the four nitrogenous bases. The schematics are not 
drawn to scale and for illustrative purposes only. Sequences of the four DNA 
strands used in this study are listed in the table. 
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Two PerkinElmer) (Details in Text S1). Specific UV absorbance at 254 
nm (SUVA254) was calculated as the UV absorbance at 254 nm divided 
by the total organic carbon (TOC; mg C/L, determined by TOC-L, Shi-
madzu) and 1 cm quartz cell path length. Bulk elemental compositions 
and functional group compositions of SRHA and AHA retrieved from 
previous works are summarized in Table S1. 

2.4. Aggregation kinetics of DNA-Au NPs in the presence of NOM and 
electrolytes 

Aggregation kinetics of DNA-Au NPs (10 mg Au/L) in the presence of 
NOM (SRHA or AHA, 2.7 mg C/L) were analyzed in three electrolytes 
(NaCl: 0.1–4 M; CaCl2: 0–100 mM; MgCl2: 0–100 mM) by time-resolved 
dynamic light scattering (TR-DLS; Zetasizer Nano ZS90, Malvern In-
struments) following our previous work (Peng et al., 2022). The pH was 
unadjusted and determined to be 6.4 ± 0.2. Stock solution of SRHA or 
AHA was mixed with DNA-Au NPs, followed by the addition of salts. 
Attachment efficiency (α) was determined to be the ratio of the initial 
rate of change in the reaction-limited regime over that in the 
diffusion-limited regime. Critical coagulation concentration (CCC), 
served as an indicator for colloidal stability, was obtained from the 
intersection of extrapolated lines of reaction-limited and 
diffusion-limited regimes. 

2.5. Stability of DNA-Au NPs in complex aquatic matrices 

River water was collected from the Lam Tsuen River located in Tai 
Po, Hong Kong. Wastewater effluent was obtained from the secondary 
effluent of Tai Po Wastewater Treatment Plant in Hong Kong. The water 
samples were filtered by 0.45 µm filters and analyzed with regard to pH, 
TOC, conductivity, and cation concentration (Dionex Integrion HPIC 
System, Thermo Scientific). The organic matter in river water and 
wastewater (denoted as ROM and WOM, respectively) were character-
ized by fluorescence and Raman spectroscopies. 

Initial aggregation kinetics (30 min) of DNA-Au NPs in river water or 
wastewater effluent were measured at a particle concentration of 5 mg 
Au/L with or without dosed SRHA/AHA (10 mg C/L). Particle size was 
monitored via TR-DLS at 30 s interval for 30 min. For long-term stability 
(21 days) of DNA-Au NPs, initial dosing of DNA-Au NPs was 500 µg Au/L 
and the concentration of suspended DNA-Au NPs was determined by 
inductively coupled plasma optical emission spectroscopy (ICP-OES, 
Agilent 720). The dosing of SRHA/AHA was 1 mg C/L or 5 mg C/L. 

2.6. Characterization of DNA-NOM interactions 

The hydrodynamic diameter and electrophoretic mobility (EPM) of 
SRHA/AHA-adsorbed DNA-Au NPs were determined using Zetasizer 
Nano ZS90. The structures of DNA-Au NP aggregates with SRHA/AHA 
present in three electrolytes (NaCl, MgCl2, and CaCl2) were examined by 
transmission electron microscopy (TEM, JEOL JEM-2010) and scanning 
transmission electron microscopy (STEM, Talos™ F200X G2) equipped 
with high angle annular dark field (HAADF) detector and energy- 
dispersive X-ray spectroscopy (EDS) detector. The Raman and FTIR 
spectra of NOM-adsorbed DNA-Au NPs were recorded. Detailed pro-
cedures are provided in Text S1. 

2.7. Urea/SDS induced desorption of NOM from DNA-Au NPs 

NOM (5 mg C/L) was incubated with DNA25-Au NPs (5 mg Au/L) in 
50 mM NaCl overnight to allow adsorption to reach equilibrium (pH 6.3 
± 0.2). After centrifugation (11000 rpm, 20 min) and removal of the 
supernatant, the NOM-adsorbed DNA-Au NPs were dispersed in solu-
tions containing different solutes (50 mM NaCl; 50 mM NaCl, and 1 or 6 
M urea; 50 mM NaCl, and 1% or 10% sodium dodecyl sulfate (SDS)). 
After 45 min, the released NOM was quantified by fluorescence 
spectroscopy. 

3. Results and discussion 

3.1. Characterization of DNA-Au NPs and NOM 

DNA strands were thiol-modified at their 3’ end and attached to the 
particle surface via Au-S covalent bonds, forming a densely-packed DNA 
layer (Mirkin et al., 1996) (Fig. 1). Four DNA strands with systematically 
varied sequences and lengths were used to synthesize DNA-Au NPs, 
denoted as DNA15-Au, DNA25-Au, DNA25C-Au, and DNA40-Au, respec-
tively. Such design aimed at singling out the effect of DNA length (i.e., 
DNA15, DNA25, and DNA40) and the effect of DNA sequence (i.e., DNA25 
and DNA25C) on their interactions with NOM. Detailed characterization 
of these particles has been reported in our earlier work (Peng et al., 
2022). The hydrodynamic sizes of the four DNA-Au NPs were 35.4 ± 1.5 
nm of DNA40-Au, 33.1 ± 0.5 nm of DNA25C-Au, 31.2 ± 1.7 nm of 
DNA25-Au, and 30.8 ± 1.5 nm DNA15-Au, respectively. 

Fig. 2a presents the UV/vis spectra of SRHA and AHA (2.7 mg C/L in 
water). AHA had higher absorbance than SRHA in both the UV and 
visible light wavelength ranges. Absorbance at 254 nm is characteristic 
of aromatic regions (Korshin et al., 2009), whereas absorbance at 280 
nm is positively correlated to molecular weight (Chin et al., 1994). The 
observed higher absorbance of AHA at 280 nm was consistent with the 
reported more high-molecular-weight portion (> 100 kDa) in AHA than 
SRHA (ca. 20% for AHA vs 5% for SRHA) (Kim et al., 2006). Due to 
different humification environments, SRHA is typically comprised of 
relatively small and polar moieties, while AHA has more nonpolar and 
aromatic contents (Grasso et al., 1990; Hong and Elimelech, 1997). The 
SUVA254 of SRHA and AHA were calculated to be 6.2 ± 0.1 and 9.0 ±
0.1, respectively, suggesting a higher aromatic content of AHA (Abbt--
Braun et al., 2004) and being in agreement with our previously reported 
values (Jiang et al., 2017). 

The EEMs of SRHA and AHA showed a similar excitation maximum 
at around 330 nm, and SRHA showed an obvious emission peak at 
around 460 nm while AHA had a broad emission peak from 450 to 550 
nm (Fig. 2c-d). The excitation/emission wavelengths are representative 
of humic-like peak C fluorophore (Coble, 1996). Emission scan at 330 
nm excitation confirmed the emission peak of AHA at around 520 nm 
(Fig. 2b). A blue-shifted emission maximum of SRHA indicates a 
decrease in the π-electron system, such as a lower number of aromatic 
rings (Coble, 1996), consistent with the lower aromaticity as suggested 
by the smaller SUVA254 value of SRHA. Also, it has been suggested that 
long emission wavelengths (> 500 nm) could be attributed to the 
presence of greatly conjugated systems, such as linearly condensed ar-
omatic rings and other unsaturated bond systems (Rodríguez et al., 
2014; Sierra et al., 2005), in accordance with the higher aromaticity of 
AHA as suggested by a larger SUVA254 value. 

3.2. Aggregation kinetics of DNA-Au NPs in the presence of NOM 

The aggregation kinetics of DNA-Au NPs in the presence of SRHA or 
AHA were investigated in NaCl, MgCl2, and CaCl2 electrolytes, respec-
tively. Distinct reaction-limited and diffusion-limited regimes of DNA- 
Au NPs were observed (Fig. S1). The CCC values were determined as 
the intersections of the extrapolated lines of these two regimes and 
compared in Fig. 3. The CCC values of DNA-Au NPs without NOM were 
retrieved from our previous work (Peng et al., 2022). 

The presence of SRHA increased the CCC values of DNA15-Au from 
451 mM to 489 mM NaCl, from 2.2 mM to 3 mM MgCl2, and from 2.2 
mM to 2.7 mM CaCl2, respectively (Fig. 3). Similar enhanced colloidal 
stability was observed for the other three DNA-Au NPs, regardless of the 
DNA sequence and length. The enhancement of colloidal stability by the 
presence of NOM has been extensively reported (Jiang et al., 2017; 
Loosli et al., 2013; Nason et al., 2012), and such effect was attributed to 
the enhanced (electro)steric repulsion imparted by adsorbed NOM 
(Chen and Elimelech, 2007). The EPMs of SRHA-adsorbed DNA-Au NPs 
were either less negative (in NaCl electrolyte) or similar (in MgCl2 or 
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CaCl2 electrolyte) to the ‘bare’ DNA-Au NPs (Text S2 and Fig. S3), 
indicating that the enhanced colloidal stability mainly arose from 
stronger steric repulsion. The order of stability among the four DNA-Au 
NPs with the presence of SRHA was the same as that without SRHA 
(Peng et al., 2022), i.e., (1) in NaCl electrolyte: DNA40-Au > DNA25C-Au 
> DNA25-Au > DNA15-Au and (2) in MgCl2 and CaCl2 electrolytes: 
DNA25C-Au > DNA40-Au > DNA25-Au > DNA15-Au. 

Unlike SRHA, the presence of AHA significantly changed the stability 
of DNA-Au NPs, and the effect showed a strong dependency on the co- 

existing cations. In NaCl electrolyte, the presence of AHA lowered the 
CCC values of all four DNA-Au NPs (Fig. 3a). For example, the CCC value 
of DNA25C-Au decreased significantly from 2030 mM to 623 mM NaCl. 
Although the colloidal stability of DNA-Au NPs was reduced by the 
presence of AHA, the order of stability did not change compared to that 
without AHA present, i.e., DNA40-Au > DNA25C-Au > DNA25-Au >
DNA15-Au. In divalent electrolytes (MgCl2 and CaCl2), interestingly, the 
presence of AHA brought the stability of DNA-Au NPs to a similar level 
(i.e., similar CCCs, Fig. 3b-c) regardless of the original ssDNA coatings, 

Fig. 2. Spectroscopic characterization of SRHA and AHA; (a) UV/vis spectra (2.7 mg C/L); (b) normalized emission scan spectra at excitation wavelength of 330 nm; 
(c) and (d) excitation emission matrix (EEM) of SRHA and AHA, respectively. 

Fig. 3. Critical coagulation concentration (CCC) of DNA-Au NPs (10 mg Au/L) with or without the presence of NOM (2.7 mg C/L) in (a) NaCl; (b) MgCl2; (c) CaCl2. 
The CCC values of DNA-Au NPs without NOM were retrieved from our previous work (Peng et al., 2022). The NaCl CCC values of DNA40-Au without NOM or with 
SRHA were not obtained due to a lack of observed diffusion-limited aggregation in the NaCl concentrations tested. Upward/downward arrows (green/purple) 
indicate increased/decreased CCC values with the presence of NOM compared to those without NOM. Dash lines (purple) indicate the similar CCC values with the 
presence of AHA. 
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which was completely different from the effect of SRHA. The CCC values 
of DNA-Au NPs with AHA present were ca. 6 mM CaCl2 and ca. 10 mM 
MgCl2 (with the exception of DNA15-Au in MgCl2 electrolyte, 6.8 mM). 
In either electrolyte, the similar EPMs of DNA-Au NPs with or without 
the presence of AHA (Fig. S3) indicated that mechanism(s) other than 
electrostatic interactions should be accounted for inducing such change 
in colloidal stability. 

3.3. Mechanisms underlying the distinct effects of NOM on particle 
stability 

3.3.1. Adsorption of NOM onto DNA-Au NPs 
The interaction between DNA-Au NPs and NOM (SRHA/AHA) was 

first probed by fluorescence spectroscopy (Text S3 and Fig. S4-6). Due to 
fluorescence quenching of Au NPs (Liu and Liu, 2017), the fluorescence 
intensity of NOM was lowered after adsorption (Figs. S4a and e, S5a and 
e, and S6). Stronger quenching of the AHA fluorescence by DNA-Au NPs 
was observed compared to SRHA (Fig. S6), suggesting a stronger inter-
action (i.e., adsorption) between AHA and the ssDNA coating. For 
example, by calculating the intensity change at emission maximum (460 
nm for SRHA and 520 nm for AHA, excitation wavelength = 330 nm), 
the peak intensity of SRHA was reduced by 8%, while that of AHA was 
reduced by 24%. When additional salts (NaCl/MgCl2/CaCl2) were 
introduced, the fluorescence intensity of AHA was further decreased 
while the emission peak intensity of SRHA barely changed (Text S3 and 
Fig. S4-6). Both NOM and DNA-Au NPs were negatively charged, 
therefore the adsorption of NOM should be attributed to interactions 
other than electrostatic attraction, such as hydrogen bonding, hydro-
phobic interactions, π-π interactions, cation bridging, etc. (Philippe and 
Schaumann, 2014). 

To understand the NOM-DNA interaction mechanism(s), we first 
examined the FTIR spectra of NOM-adsorbed DNA-Au NPs in CaCl2/ 
NaCl electrolytes, respectively. The adsorption of NOM in CaCl2 elec-
trolyte induced a spectral change at ca. 1580 cm− 1 (Fig. 4a and c), and 
the extent of which is more pronounced in the spectra of AHA-adsorbed 
ones and proportional to the adsorbed amount (AHA:Au = 1:1). The 
results suggested that the ssDNA coating interacted more strongly with 
AHA than SRHA, consistent with the aforementioned fluorescence 
study. Due to the strong overlap of absorption in the IR spectra of the 
four nucleobases (Alex and Dupuis, 1989; Tsuboi, 1970), correlating the 
interaction between SRHA/AHA and a specific nucleobase was difficult. 
Nevertheless, an attenuation of the peak at 1466 cm− 1 after NOM 
adsorption, which symbolizes the in-plane vibrations of the nucleobases 
(e.g., NH and CH in the ring structures (Tsuboi, 1970); molecular 
structures shown in Fig. 1), was observed in both electrolytes (CaCl2 and 
NaCl; Fig. 4a, c, and e), implying that the ssDNA-NOM interactions could 
have occurred through π-π interactions. Furthermore, we observed 
attenuated peaks at 1730 cm− 1 (C––O stretching of nucleobases (gua-
nine, thymine, and cytosine, Fig. 1)), 1277 cm− 1 (asymmetric stretching 
of phosphate), and 1073 cm− 1 (symmetric stretching of phosphate) 
(Alex and Dupuis, 1989; Tsuboi, 1970), which may stem from the 
binding of cations and/or hydrogen bonding (Park et al., 2013) between 
NOM and the ssDNA coating. These interaction sites (i.e., C––O of 
nucleobases and phosphate groups) indicated by the FTIR results were 
consistent with our previous work (Peng et al., 2022), in which we used 
molecular dynamics simulations to investigate the interaction between 
Ca2+ and DNA strands. To further probe the interactions, we used urea 
and SDS to induce possible desorption of NOM from DNA-Au NPs in 
NaCl electrolyte (excluding cation bridging). Urea breaks hydrogen 
bonds (Liu et al., 2020) and SDS breaks both hydrogen bonds and hy-
drophobic interactions (Schmid et al., 2017), while π-π interactions are 
not disturbed. As shown in Fig. 4g, urea induced the desorption of AHA 
from DNA-Au NPs, and the effect of which was more pronounced at 
higher urea concentration (6 M, ca. 10% AHA desorbed). SDS also 
induced the desorption of AHA (ca. 14% AHA desorbed with 10% SDS). 
These results suggest that hydrogen bonding and/or hydrophobic 

interactions contributed to the adsorption of AHA onto DNA-Au NPs, 
however, a quantitative distribution of each AHA adsorption mechanism 
cannot be achieved. Overall, less than 15% of AHA were desorbed even 
at 6 M urea or 10% SDS condition, suggesting that π-π interaction was 
the major mechanism responsible for AHA adsorption. On the other 
hand, desorption of SRHA induced by urea or SDS was not observed 
(Fig. 4h), indicating that π-π interaction was likely the only mechanism 
responsible for SRHA adsorption. Therefore, the exposed nucleobases of 
ssDNA played a significant role in its interaction with NOM via π-π in-
teractions. The stronger adsorption of AHA than SRHA onto DNA-Au 
NPs was due to its higher aromaticity (indicated by the aromatic car-
bon content (Table S1) and SUVA254) and capability to form hydrogen 
bonding/hydrophobic interactions with the ssDNA coating. 

Raman spectra revealed more details of the interaction between 
NOM and the ssDNA. The adsorption of AHA in CaCl2 electrolyte 
completely shielded the characteristic peaks of adenine (734 cm− 1) and 
nucleobases (1250–1500 cm− 1) (Alex and Dupuis, 1989; Otto et al., 
1986) (Fig. 4b). The spectra of AHA-adsorbed DNA-Au NPs became the 
same as that of pure AHA even at a low carbon-to-gold ratio (AHA:Au =
1:10). On the other hand, the characteristic peaks of adenine and 
nucleobases after SRHA adsorption remained in the spectra, albeit 
attenuated (Fig. 4d). With more SRHA adsorbed (SRHA:Au increased 
from 1:10 to 1:1), the peak of adenine became weaker and the peaks 
from SRHA (e.g., 1190 and 1517 cm− 1) became apparent. Similar 
pattern was observed for the NOM-adsorbed DNA25C-Au NPs in CaCl2 
electrolyte as well (Fig. S7), likely due to that the minor differences in 
DNA25 and DNA25C did not significantly impact their interactions with 
NOM. In NaCl electrolyte, neither SRHA nor AHA was able to completely 
shield the original ssDNA coating, as suggested by the remaining peaks 
of adenine and nucleobases after adsorption (Fig. 4f). The relatively 
weaker peaks of adenine and nucleobases in the spectrum of 
AHA-adsorbed DNA25-Au compared to the SRHA-adsorbed one was in 
line with the stronger interaction between AHA and the ssDNA coating. 
The lack of complete shielding by adsorbed AHA in NaCl electrolyte 
suggested that divalent cation bridging between the phosphate groups of 
DNA and the carboxyl groups of NOM (Lu et al., 2012; Nguyen and 
Chen, 2007) also played a significant role in the adsorption process of 
AHA in CaCl2 electrolyte. 

3.3.2. Intermolecular Interactions of NOM 
Aggregation of Au NPs shortens their interparticle distance and 

causes the suspension color to change from red to purple (Storhoff et al., 
2000). Such color change was observed for the aggregated DNA-Au NPs 
without NOM present or with SRHA present in all three electrolytes 
(Fig. 5c inset and S8b-c). However, the colors of aggregated DNA-Au NPs 
with AHA present were reddish-purple (Fig. 5a inset) and showed a 
dependency on the presence of cations (Fig. S8d-e). From Na+, Mg2+, to 
Ca2+, the color of the suspensions gradually transitioned from purple to 
magenta, suggesting increased interparticle distance of the aggregated 
Au NPs. More details regarding the colors of aggregated DNA-Au NPs are 
given in Text S4. 

To elucidate the underlying mechanism(s) causing the discrepancy in 
color change, we examined the structure of aggregated DNA25-Au with 
NOM present via TEM and EDS elemental mapping. In the presence of 
both Ca2+ and AHA, we observed light shadowy areas bridging DNA-Au 
NPs (Fig. 5a and S9a-c). Such bridging areas were also observed in the 
HAADF images (Fig. 5b). The corresponding EDS elemental mapping 
showed that the elemental distribution of P (from DNA backbone) and S 
(from thiol group in DNA, Fig. 1) matched well with that of Au, sug-
gesting that the DNA strands were on Au NPs. The elemental distribution 
of N and O highly overlapped with the bridging areas (Fig. 5b insets), 
especially the O distribution, indicating the areas were indeed AHA 
molecules. The intermolecular bridging of AHA molecules (both adsor-
bed and unadsorbed) likely occurred via calcium complexation (Chen 
and Elimelech, 2007; Liu et al., 2011; Schwyzer et al., 2013). On the 
contrary, the intermolecular bridging of SRHA molecules was hardly 
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Fig. 4. (a-f) FTIR and Raman spectra of SRHA/ 
AHA adsorbed DNA25-Au in (a-d) 0.5 mM CaCl2 or 
(e-f) 50 mM NaCl. SRHA/AHA:Au refers to the 
carbon-to-gold ratio during sample preparation 
(see details in Text S1). (g-h) Urea or SDS induced 
desorption of (g) AHA or (h) SRHA from NOM- 
adsorbed DNA25-Au NPs. Error bars indicate one 
standard deviation of at least three replicates. As-
terisks indicate significant difference (one-way 
ANOVA test followed by the Tukey test for multi-
ple comparisons, p < 0.05).   
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observed (Figs. 5c-d and S10a-c), and the aggregate structure was 
similar to the aggregated DNA-Au NPs without NOM present (Fig. S11). 
The interparticle distance observed with AHA present was apparently 
larger than the other two scenarios (with SRHA or without NOM), in 
agreement with the magenta color of the aggregate suspension (Fig. 5a 
inset). The aggregated particles with SRHA present or without NOM 
were closely packed, in line with the purple colors of their aggregate 
suspensions (Fig. 5c inset). 

Similar bridging of the AHA molecules by Mg2+ was observed 
(Fig. S9d-f), but to a less extent and only occurred at high concentrations 
(e.g., 20 mM Mg2+) (Text S5 and Fig. S12-13), in agreement with the 
intermediate reddish-purple color of aggregate suspension (Fig. S8e). 
Such discrepancy in the effect of Mg2+ and Ca2+ stemmed from the 
weaker electronegativity and larger hydrated radius of Mg2+ (Stankus 
et al., 2011). Interestingly, although the bridging effect was not ex-
pected in NaCl electrolyte because Na+ only screens the negative 
charges, similar light shadowy areas linking aggregated particles was 
observed with the presence of AHA (Fig. S9g-l), but not with SRHA 
(Fig. S10d-f). Such intermolecular interactions of AHA molecules are 
speculated to occur through π-π interaction due to their high aromaticity 
(Ghosh et al., 2008; Nason et al., 2012). 

The bridging of NOM molecules by divalent cations has been widely 
reported (Chen and Elimelech, 2007; Ghosh et al., 2008; Huynh and 
Chen, 2011; Liu et al., 2011; Nason et al., 2012; Stankus et al., 2011), 
and the carboxyl groups have been recognized as the binding sites for 
cations. Although the carboxyl group density was found to be positively 
related to the bridging effectiveness (Lu et al., 2012), it does not seem to 
be the only parameter determining the bridging effect. For example, the 
bridging of SRHA (standard II), which has 15% carboxyl carbon 
(Table S1), has been reported (Chen and Elimelech, 2007; Huynh and 
Chen, 2011; Liu et al., 2011), but the bridging of SRHA (standard I) with 
a higher carboxyl content (19% carboxyl carbon, Table S1) was not 
observed (Huangfu et al., 2013). Other parameters, such as the position 
of carboxyl groups in the polymer chain (Labille et al., 2005), might also 
need to be taken into consideration. In our study, the bridging mediated 
by divalent cations was only observed with AHA but not SRHA, which 
was consistent with the aggregation profile of pure SRHA/AHA in the 
electrolytes (Fig. S2). Only in CaCl2 electrolyte of a high concentration 

(50 mM), the SRHA molecules formed clusters that can be steadily 
detected by the DLS instrument (Fig. S2d), while the aggregation of AHA 
molecules was observed in both CaCl2 and MgCl2 electrolytes 
(Fig. S2b-c). The higher carboxyl content of AHA than SRHA (standard 
III used in this study) (Table S1) may partially contribute to the observed 
phenomenon. More efforts are required to reveal the underlying mech-
anism of such divalent cation bridging in future. 

3.3.3. Proposed interaction mechanisms 
The adsorption of NOM to ssDNA and subsequent impact on the 

colloidal stability of DNA-Au NPs in simple electrolytes showed a de-
pendency on both the properties of NOM and cations (Fig. 6). In divalent 
electrolytes (MgCl2 and CaCl2), the adsorbed AHA molecules completely 
shielded the original ssDNA coating, which was facilitated mainly by 
both π-π interaction and divalent cation bridging. The AHA coating 
determined the stability of the coated nanoparticles, which explained 
the similar CCC values of the four AHA-adsorbed DNA-Au NPs in diva-
lent electrolytes (Fig. 3b-c). On the contrary, the adsorption of AHA in 
NaCl electrolyte did not completely shield the original ssDNA coating. 
As such, the original ssDNA coating still played a role in the colloidal 
stability, explaining the same order of stability as the ‘bare’ DNA-Au NPs 
(Fig. 3a). The order of stability for the four ‘bare’ DNA-Au NPs was 
determined by ssDNA coating thickness, which was influenced by the 
coating properties (DNA strand length, sequence, and loading) and 
cations (preferential interaction with guanine base), as discussed in our 
previous work (Peng et al., 2022). The intermolecular attractions from 
the adsorbed AHA molecules led to the reduced colloidal stability (lower 
CCC values). 

The adsorption of SRHA onto DNA-Au NPs was limited, largely due 
to the relatively weak π-π interactions between SRHA and ssDNA. 
Furthermore, the stabilization of DNA-Au NPs by adsorbed SRHA was 
only observed in high SRHA concentration (100 mg C/L) in CaCl2 
electrolyte but not in MgCl2 electrolyte (Text S5 and Fig. S12), sug-
gesting that Ca2+ bridged the ssDNA with SRHA while Mg2+ did not, and 
the bridging effect was relatively weaker compared to that with AHA. As 
a result, the adsorption of SRHA did not completely shield the original 
ssDNA coating in all three electrolytes. The original ssDNA coating 
determined the particle stability, explaining the same order of colloidal 

Fig. 5. Morphology and microscopic structure of aggregated DNA25-Au NPs (10 mg/L) in the presence of 10 mM Ca2+ and 2.7 mg C/L NOM. (a-b) aggregated 
particles with AHA present examined by (a) TEM and (b) HAADF-STEM and the corresponding EDS elemental mapping; insets show the enlarged selected area (white 
dashed box). (c-d) aggregated particles with SRHA present examined by (c) TEM and (d) HAADF-STEM and the corresponding EDS elemental mapping. 
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stability of the four SRHA-adsorbed DNA-Au NPs as the ‘bare’ DNA-Au 
NPs (Fig. 3). The limited intermolecular interaction of SRHA mole-
cules and the extra steric repulsion provided by the adsorbed SRHA 
molecules collectively contributed to the minor increase of CCC values. 

3.4. Interaction of ssDNA with NOM in real water samples 

3.4.1. Interaction with the real water organic matter 
The wastewater effluent and river water characteristics are summa-

rized in Table S2. The high ionic strength of the wastewater effluent 
(conductivity = 13360 μS/cm, saline wastewater, a unique feature in 
Hong Kong due to seawater toilet flushing), especially high concentra-
tion of divalent cations (10 mM Mg2+ and 2.9 mM Ca2+), induced the 
rapid aggregation of both DNA25-Au and DNA25C-Au in the 30-min ki-
netics study (Fig. 7a-b; more details in Text S6). A slower aggregation of 
DNA25C-Au was observed due to the guanine-rich sequence of DNA25C 
(Peng et al., 2022). On the contrary, the stability of DNA25-Au and 
DNA25C-Au did not differ in the 21-day study (Fig. 7c and S14a), with 
approximately 20% of the particles remained suspended after 21 days. 
This discrepancy in the 30-min/21-day studies was due to the varied 
overcoating of wastewater organic matter (WOM, TOC = 7.0 mg C/L) 
onto the DNA-Au NPs. The fluorescence analysis of WOM revealed their 
humic-like nature (a maximum fluorescence of peak C, Fig. S15a) and 
slightly lower aromaticity than SRHA (Fig. S15c) (Coble, 1996; Rodrí-
guez et al., 2014). Different dosing of DNA-Au NPs in the 30-min (5 mg 
Au/L) and the 21-day (0.5 mg Au/L) studies resulted in different 
carbon-to-gold or carbon-to-DNA (mass) ratios (WOM:Au = 1.4 and 14, 
respectively; WOM:DNA = 140 and 1400, respectively), which impacted 
the amount of adsorbed WOM. The Raman spectra of WOM-adsorbed 
DNA-Au NPs confirmed that more WOM were adsorbed at higher 
WOM:Au ratio (Fig. 7e). The peak of adenine (734 cm− 1) disappeared 
and WOM peaks became apparent (e.g., 942 and 1003 cm− 1) when 
WOM:Au ratio increased from 1.4 to 14. Nevertheless, the remaining 
peaks from nucleobases (1250–1500 cm− 1) at WOM:Au = 14 and the 
different spectra of WOM-adsorbed DNA-Au NPs and pure WOM (in 
contrast to the identical spectra of AHA-adsorbed DNA-Au NPs and pure 
AHA in Fig. 4b) suggested that the complete shielding of ssDNA coating 
by WOM was unlikely. These observations are consistent with the humic 
nature of the WOM, which was more SRHA like. The similar long-term 
stability of DNA25-Au and DNA25C-Au in wastewater effluent was 
likely due to the large amount of WOM adsorbed that have weakened the 
role of DNA properties in controlling the colloidal stability of DNA-Au 

NPs. 
The low ionic conditions of river water (divalent cations < 0.1 mM, 

conductivity = 43.5 μS/cm; Table S2) favored the suspension of DNA-Au 
NPs. Aggregation was not observed in the 30-min kinetics study 
(Fig. 7b), and approximately 80% of the particles remained suspended 
after 21 days (Figs. 7d and S14c), similar to their suspension in deion-
ized water (Fig. S16). The river water organic matter (ROM, TOC = 2.3 
mg C/L) shared a similar humic nature as SRHA (Fig. S15b, c). The lack 
of divalent cations in river water and low aromaticity of ROM suggested 
a weak interaction between the ROM and ssDNA coating, which was 
confirmed by the Raman spectra of ROM-adsorbed DNA-Au NPs, where 
the peak of adenine remained prominent (Fig. 7f). 

3.4.2. Impact of dosed SRHA/AHA 
Adding additional AHA into wastewater effluent or river water 

prolonged the suspension of DNA-Au NPs, and the effect of which was 
positively related to the dosing concentration of AHA (Figs. 7c-d and 
S14a and c). Such effect could be attributed to the high aromaticity of 
AHA compared to WOM and ROM, and the ssDNA coating preferentially 
adsorbed AHA molecules. The adsorption of AHA in wastewater effluent 
could occur via both divalent cation bridging and π-π interactions, while 
in river water it mainly occurred via π-π interactions. 

Dosing of additional SRHA to wastewater effluent posed little impact 
on the colloidal stability of DNA-Au NPs (Figs. 7c and S14b) mainly due 
to the low aromaticity of SRHA and the already high WOM:Au ratio 
(14.1). As a result, the adsorption of SRHA onto DNA-Au NPs was 
limited and cannot to provide sufficient stabilization against the high 
ionic strength, particularly rich divalent cations (2.9 mM Ca2+ and 10 
mM Mg2+), of the wastewater effluent. In river water, dosing of addi-
tional SRHA at 5 mg C/L slightly enhanced the stability of DNA-Au NPs 
(e.g., 90% of DNA-Au NPs remained suspended after 21 days, Figs. 7d 
and S14d), which was a result of the substantial increased carbon-to-Au 
ratio (from 4.6 to 14.6). The adsorption of either SRHA or ROM was very 
limited due to their low aromaticity and the lack of divalent cations in 
river water. 

Overall, these results in the real water samples highlighted the 
preferential interaction of ssDNA with NOM with high aromaticity, 
consistent with the studies in simple electrolytes. For NOM with low 
aromaticity, divalent cation bridging (especially by Ca2+) played an 
essential role in their adsorption onto ssDNA. 

Fig. 6. Schematic illustration of the interactions between SRHA/AHA and DNA-Au NPs, and the subsequent impact on the colloidal stability of DNA-Au NPs. The 
schematics are not drawn to scale and for illustrative purposes only. 
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3.5. Implications for practical aquatic applications of engineered DNA 
materials 

As discussed in the Introduction, interactions between NOM and 
engineered DNA have been reported to cause either negative or negli-
gible influence on the performance of DNA-based applications. The 
observed discrepancy in literatures could possibly be induced by the 
difference in the carbon-to-DNA ratio (instead of NOM concentration 
alone), NOM properties and the subsequent (differential) interactions of 
NOM and DNA, as demonstrated in our earlier results. For instance, in 
these studies that reported no significant influence from NOM, the 
carbon-to-DNA ratios were around 30 and the divalent cation concen-
trations were low (< 1 mM) (Akki et al., 2015; Park et al., 2022). These 

values are considerably lower than those with which we observed sig-
nificant change of the colloidal stability of DNA-Au NPs (SRHA:DNA =
1000, 4 mM Ca2+, Text S5). Most noteworthy, our study revealed that 
the highly aromatic NOM like AHA may have the determining role in the 
engineered DNA functionality in typical aquatic matrices. Other less 
aromatic SRHA-like NOM are not likely to make the function completely 
fail in typical natural water chemistries. These findings have important 
implications for designing pretreatment strategies for terrestrial samples 
that may contain highly aromatic NOM. Future studies can be conducted 
to establish such quantitative insights. 

Furthermore, our findings facilitate the general designs of aptamers 
and hydrological tracers for environmental applications. For aptamers, 
NOM (with high aromaticity) could be incorporated into the aptamer 

Fig. 7. (a-b) Aggregation kinetics (30-min) of DNA25-Au and DNA25C-Au (C0 = 5 mg Au/L) in filtered (a) wastewater effluent and (b) river water with or without 
dosed SRHA or AHA (10 mg C/L). (c-d) Long-term (21-day) stability of DNA25-Au (C0 = 0.5 mg Au/L) in (c) wastewater effluent and (d) river water with or without 
dosed SRHA or AHA (1 or 5 mg C/L). Error bars are standard deviation of duplicates. (e-f) Raman spectra of (e) WOM-adsorbed and (f) ROM-adsorbed DNA25-Au. 
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selection process to produce aptamers with higher selectivity/binding 
affinity to targets, thereby improving the performance of aptasensor in 
real water samples. For DNA tracers, certain hydrological environments 
are not suitable for the use of encapsulated DNA tracers (e.g., in alluvial 
gravel aquifer (Pang et al., 2020)). However, adsorption of naked DNA 
tracers to NOM can lead to low recovery and unprecise detection (Liao 
et al., 2018; Pang et al., 2020). Therefore, by understanding the prop-
erties of NOM present in the field to be investigated (and other condi-
tions such as Ca2+ concentrations), our work provides recommendations 
on whether naked DNA tracers could be directly used or certain pro-
tection to the tracers will be required. 

4. Conclusions 

Our study bridged the critical knowledge gap regarding the in-
teractions between engineered short-chain ssDNA and a major natural 
matrix factor, i.e., NOM. The interactions between ssDNA and NOM 
mainly depended on the properties of NOM (i.e., carboxyl group and 
aromaticity), the presence of cations (i.e., valency and concentration), 
and the relative content of ssDNA and NOM in the system. The π-π in-
teractions between the aromatic regions of NOM and the exposed 
nucleobases of ssDNA (AHA > SRHA/WOM/ROM) and the cation 
bridging effect (Ca2+ > Mg2+, but not via Na+) control whether the 
adsorbed NOM fully shield the ssDNA. With divalent cations present 
(specifically Ca2+), even a small amount of NOM with high aromaticity 
(e.g., AHA) can fully shield ssDNA, whereas the extent of shielding by 
NOM with low aromaticity (e.g., SRHA, ROM, and WOM) depends on 
the relative content of ssDNA and NOM in the aquatic system and the 
occurrence of bridging. The extent of shielding by NOM has a major 
impact on the performance of engineered DNA applications, providing a 
partial answer to previously reported conflicting impacts of natural 
matrices on system performance. Overall, our findings provide new in-
sights into the transformations of engineered ssDNA under environ-
mentally relevant conditions, as well as implications for the rational 
design of engineered DNA-based environmental applications, such as 
selecting anti-interference aptamers and designing strategies for the 
protection of DNA tracers. 
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