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Abstract

Microplastic pollution of water and food chains can endanger human health. It has been reported
that environmental DNA can be carried by microplastics and spread into ecosystem. To better
comprehend the interactions between microplastics and DNA, we herein investigated the
adsorption of DNA oligonucleotides on a few important microplastics. The microplastics were
prepared using common plastic objects made of polyethylene (PE), polypropylene (PP),
polystyrene (PS), polyvinyl chloride (PVC), composite of PS/PVC, and polyethylene terephthalate
(PET). The effect of environmentally abundant metal ions such as Na®, Mg?" and Ca*" on the
adsorption was also studied. Amongst the microplastics, PET and PS had the highest efficiency
for the adsorption of linear DNA, likely due to the interactions provided by their aromatic rings.
The study of DNA desorption from PET revealed the important role of hydrogen bonding and
metal-mediated adsorption, while van der Waals force and hydrophobic interactions were also
involved in the adsorption mechanism. The adsorption of spherical DNA (SNA) made of a high
density of DNA coated on gold nanoparticles (AuNPs) was also studied, where the adsorption
affinity order was found to be PET>PS/PVC >PS. Moreover, a tighter DNA adsorption was

achieved in the presence of Ca** and Mg?" compared to Na*.



Introduction

Plastic materials are extremely prevalent due to their low price, light weight, versatility, and
durability. Over 300 million tons of plastics are produced annually.! However, they do not degrade
easily in the environment. Therefore, plastic wastes contaminate the soil, sea, fresh water, and food
chains.>* When plastic materials are broken into tiny pieces (<1 mm) in the environment via
mechanical force, chemical transformations, or microbiological degradation, microplastics are
formed.’ Due to a high surface-to-volume ratio of microplastics, a wide range of invasive marine
microorganisms can adsorb onto microplastics and spread into the ecosystem.® It is estimated that
annually a minimum of 39000-52000 microplastic particles are consumed by each individual,’
posing a serious threat to human health potentially leading to particle toxicity, disruption of the
immune system, and cancer in long term.'!" The most extensively detected microplastics in
freshwaters are composed of polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), and polyethylene terephthalate (PET).!?

Studying the interactions between DNA and microplastics particularly is important for a
few reasons.'*!” On one hand, DNA is an important biopolymer, and biological DNA can be
carried by microplastics in the environment. For example, extraction and sequencing of
environmental DNA from marine microplastics have been investigated widely.!®?! Moreover,
adsorption of DNA onto PP, PS and polydimethylsiloxane (PDMS) have been reported.?*>*
Investigation of the adsorption of DNA oligonucleotides onto materials and surfaces can provide
useful information regarding their interaction mechanism. On the other hand, DNA
oligonucleotides might serve as a probe to detect and study microplastics. DNA aptamers have
been selected against various inorganic and polymeric surfaces. Selecting aptamers for
microplastics can be important for their extraction and detection. Before performing aptamer
selections, it is important to understand nonspecific adsorption of DNA. If nonspecific adsorption
is too strong, then it is difficult to obtain specific aptamers.?> Besides single-stranded linear DNA,
adsorption of spherical nucleic acids (SNA) may provide additional insights. SNA refers to a
nanoparticle core (e.g. AuNP) functionalized with a high density of DNA oligonucleotides.?6-*’

Previous works showed that SNA can adsorb onto surfaces with much higher affinity than linear

DNA of the same sequence due to polyvalent interactions amplifying weak individual interactions



of a linear DNA.***? The adsorption mechanism of SNA can also be different from linear DNA

due to the confined conformation of the DNA.>?

In this work, we investigated the interaction of linear and spherical DNA oligonucleotides
with a few most common microplastics, and we pay particular attention to the effect of metal ions
that are abundant in the environment such as Na*, Mg?* and Ca".>* We observed that PET, PS/PVC
and PS showed the highest affinity for DNA adsorption due to their more favorable surface

functional groups, and divalent metal ions can promote efficient DNA adsorption.
Materials and Methods

Chemicals. The 21-mer DNA (5-AAA AAA AAA CCC AGG TTC TCT-3') and this DNA with
different modifications (3’-FAM, or 5'-SH, or dual labeled 5'-SH and 3’-FAM) were purchased
from Integrated DNA Technologies (IDT, Coralville, 1A, USA). Metal chloride salts,
ethylenediaminetetraacetic acid (EDTA), Tween 80, sodium polyphosphate (25-mer), and
potassium cyanide (KCN) were from Sigma-Aldrich. 4-(2-Hydroxyethyl) piperazine-1-
ethanesulfonic acid (HEPES), urea, and adenosine were obtained from Mandel Scientific (Guelph,
ON, Canada) Citrate-capped AuNPs (13 nm) were synthesized based on the literature,* and the
concentration of stock AuNPs was calculated to be ~10 nM using the extinction coefficient of 2.7
x 10 M! cm™! at 520 nm. Milli-Q water was used for the preparation of all the buffers and

solutions.

Instrumentation. The Raman spectra of solid plastic samples were collected using a spectrometer
(DeltaNu, Advantage 785) with a 785 nm laser and a 10 s integration time. The morphology of the
microplastics was visualized under a Nikon Eclipse Ti-S inverted microscope, and the transmission
electron microscopy (TEM) images were taken using a Phillips CM10 100 kV microscope. The C-
potentials of microplastics were measured using a dynamic light scattering (DLS) instrument
(Zetasizer Nano 90, Malvern). In a typical experiment, the microplastics (final concentration of
~50 pg/mL) were dispersed in 1 mL buffer (10 mM HEPES, pH 7.6), and the temperature was
controlled at 25 °C.

Preparation of Microplastics. Six commonly used plastic objects were collected (Figure 1,

insets) including a cylindrical plastic container (PE), a laboratory centrifuge tube (PP), a plastic



fork or spoon (PS), a plastic sheet (PVC), a hand-sanitizer dispenser container (composite of
PS/PVC), and a water bottle (PET). The composing material of the plastic objects was identified
using Raman spectroscopy.*®” Then, the plastics were cut into small pieces and washed with
ethanol in a sonication bath for 2 min to remove the organic residues on the surface. Finally, using
a stainless steel kitchen grater, the plastics were shredded into microplastics via mechanical force
and were dispersed in Milli-Q water at a concentration of 2 mg/mL. Due to the size of the
microplastics, and depending on their density, they either settled down to the bottom or float on
top of the aqueous suspensions. The samples were used for further studies within two days after

the preparation to minimize the possible effect of aging.

Preparation of SNA. The freezing-directed method was used to prepare SNA.*® In this method, a
final concentration of 3 uM 5'-SH-DNA was mixed with 10 nM AuNPs and placed in a freezer (-
20°C) for 3 h. After thawing at room temperature, the SNAs were centrifuged (14000 rpm, 15 min)
at 15°C and washed 3 times with water. To measure the density of attached DNA, a dual labeled
5'-SH and 3’-FAM-DNA was used to prepare the SNA. The AuNPs core was then dissolved by
adding KCN (a final of 10 mM). Finally, using a fluorescence intensity vs. DNA concentration

standard curve, the number of DNA attached on each AuNPs was calculated.

Adsorption of Linear DNA. Typically, 10 nM FAM-DNA was incubated with ~50 pg/mL of
microplastics in the presence of different metal ions in a buffer (10 mM HEPES, pH 7.6). To avoid
precipitation of microplastic particles, the samples were gently agitated during the incubation.
After 1 h, the samples were centrifuged (1000 rpm, 2 min), and the fluorescence intensity of

supernatants was measured to back-calculate the adsorbed DNA.

Adsorption of SNA. In a typical experiment, 1.58 nM SNA (total of ~200 nM DNA) was
incubated with ~150 pg/mL of microplastics in the presence of different metal ions in a buffer (10
mM HEPES, pH 7.6). To avoid precipitation of microplastic particles, the samples were gently
agitated during the reaction. After 4 h, the samples were centrifuged (1000 rpm, 2 min), and the
UV-vis absorbance of the supernatants were used to back-calculate the adsorbed SNA. The DNA
and SNA concentration used was the minimum concentration at which a decent signal can be
achieved. The concentration of microplastics also was optimized to ensure that the surface was in

excess and was not a limiting factor to adsorb the DNA or SNA.



DNA Desorption Studies. To investigate the desorption of linear DNA, first, 10 nM FAM-DNA
was adsorbed on PET in the presence of 200 mM Na®, 2 mM Mg?**, or 2 mM Ca?" for 1 h. The
pre-adsorption experiments for this section were designed in a way to ensure that 100% of the
DNA or SNA were adsorbed prior to desorption studies. Then, 4 M urea, 10 mM EDTA, 5 mM
adenosine, 0.2 mM polyphosphate (25-mer, total phosphate concentration: 5 mM), or 0.25%
Tween 80 was mixed with the pre-adsorbed DNA in the same buffer for 1 h. For the SNA
desorption studies, first, 1.58 nM SNA (total of ~200 nM DNA) was adsorbed on the microplastics
in the presence of 4 mM Mg**, or 2 mM Ca*" overnight. Then, 4 M urea, or 10 mM EDTA was
mixed with the pre-adsorbed SNA in the same buffer for 1 h. Finally, the supernatants of the
samples were collected after centrifugation (1000 rpm, 2 min), and the desorbed DNA/SNA was

quantified according to the fluorescence/absorbance enhancement.
Results and Discussion
Microplastics Preparation and Characterization

To best mimic microplastics in the environment, instead of using commercially available standard
polymer microspheres, we prepared our microplastics samples via mechanical shredding of some
commonly used plastic items such as water bottles and culinary utensils (insets of Figure 1). Using
Raman spectroscopy, six types of plastic materials were identified and used for further studies
including: PE, PP, PS, PVC, composite of PS/PVC, and PET (Figure 1). For example, the sample
in Figure 1E had a strong peak at 1001 cm™!, which is the characteristic peak of aromatic ring from
its PS component.>* The location of the major characteristic peaks and the corresponding

vibrational modes are summarized in Tables S1-5.

After shredding the plastics (Figure S1), the obtained microplastics were observed under a
microscope (Figure 2). The morphology of the microplastics was irregular including a combination
of fragments, fibers, and foams.*® Although the particle size distribution was broad for each
sample, on average, PE and PP had the largest particles and PET had the smallest. This was likely
due to the difference between the manufacturing and mechanical properties of the plastic materials.

Nevertheless, all samples fulfilled the size requirement (<1 mm) to be defined as microplastics.’
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Figure 1. Photographs , Raman spectra and molecular structures of the plastic materials used in
this work including: (A) PE, (B) PP, (C) PS, (D) PVC, (E) composite of PS/PVC, and (F) PET.

500 pm 500 pm

500 pm 500 um

Figure 2. Micrographs of the microplastics acquired by shredding plastic materials composed of

(A) PE, (B) PP, (C) PS, (D) PVC, (E) composite of PS/PVC, and (F) PET.



Adsorption of Linear DNA onto Microplastics

At pH 7.6, the C-potentials of the microplastics were all negative (Figure 3A), thereby repelling
negatively charged DNA (Figure 3B). To screen the charge repulsion between the microplastics
and DNA, different metal ions including Na*, Mg?* or Ca** were added to the reaction buffer.*!"*?
Environmental waters typically contain high concentrations of these metal ions (e.g. ~ 450 mM

Na®, 50 mM Mg**, and 10 mM Ca?" in seawater).**

First, adsorption of 10 nM of a carboxyfluorescein (FAM)-labeled 21-mer single-stranded
DNA onto the microplastics was tested in the presence of 200 mM Na*, 2 mM Mg*', or 2 mM
Ca?" (Figure 3C). None to negligible adsorption of the DNA occurred on PE, PP, PVC, and
PS/PVC. On the other hand, the DNA was adsorbed onto PS and PET to different extents. Likely,
the different chemical structure of the microplastics accounted for the different DNA adsorption
efficiencies (compare the insets in Figure 1). The aromatic rings in PS and PET can provide - ©
stacking with DNA nucleobases, cation- © interactions with the metal ions, and hydrogen bonding.
Moreover, the carboxyl, hydroxyl and ester functional groups in PET could also enhance its
interaction with DNA via hydrogen bonding, which could explain the higher efficiency of PET
than PS. On the other hand, PE, PP and PVC did not have aromatic structures and thus they showed
weaker interactions with DNA. Moreover, comparing the metal ions, Mg** and Ca®" were more
efficient than Na* for promoting the adsorption. With 2 mM Ca**, 28% and 87% of the DNA was
adsorbed on PS and PET, respectively (Figure 3C).

The effect of metal concentration on DNA adsorption on the PET and PS microplastics
was then tested, and a higher adsorption efficiency onto PET was confirmed for all the metal ions
(Figure 3D-F). The data fitted well with a one-site binding model, and thus the apparent metal
dissociate constants (Kd) were calculated. The efficiency of Mg?* and Ca** to induce the DNA
adsorption on PET was almost the same with a K4 of 66 uM (Figure 3E,F). However, a ~85-fold
higher concentration of Na” was needed to reach the half-saturation (Kq of 5.7 mM). Similarly, the
Kaof Na*, Mg**, and Ca** for promoting DNA adsorption on PS was calculated to be 49 mM, 0.87
mM, and 0.12 mM, respectively. Mg** and Ca*" can bridge the DNA adsorption, which may
explain their higher efficiency than Na®** %> Similar metal-dependent adsorption were also

reported with other surfaces such as polydopamine and graphene oxide.?!%°
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Figure 3. (A) C-Potentials of different microplastics in 10 mM HEPES buffer, pH 7.6. (B) A
scheme illustrating the effect of metal ions for promoting DNA adsorption on the PS and PET
microplastics. (C) Adsorption of 10 nM FAM-DNA onto 50 pg/mL of different microplastics in
the presence of 200 mM Na*, 2 mM Mg?**, or 2 mM Ca**. Adsorption of 10 nM FAM-DNA on 50
pg/mL of the PET and PS microplastics in the presence of different concentrations of (D) Na*, (E)
Mg?*, or (F) Ca®".

Adsorption of SNA onto Microplastics

After understanding the adsorption of linear DNA, we then tested the adsorption of SNA on the
microplastics. The same DNA sequence bearing a 5'-SH was densely functionalized on 13 nm
diameter AuNPs to form SNAs. The sequence DNA included a 9-adenine block, since it is a
commonly used spacer for preparing SNA. On average 127 DNA strands were attached to each 13
nm AuNP, and the total DNA concentration was ~200 nM for the adsorption experiments.
Polyvalent binding of SNA can enhance individual weak interactions between DNA and
nanomaterials, thereby leading to more stable adsorption.’*3> This could provide us with more

insights into the interactions between DNA and microplastics. Figure 4A is a TEM image depicting



the adsorbed SNA onto a PET microplastic particle in the presence of 4 mM Mg**, where the
AuNPs were densely adsorbed.
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Figure 4. (A) A TEM micrograph depicting a high density of SNA adsorbed onto a PET
microplastic in the presence of 4 mM Mg?*". (B) Photographs illustrating the effect of Mg*"
concentration on the adsorption of 1.58 nM SNA (total of 200 nM DNA) onto ~150 pg/mL of the
PET microplastics. (C) UV-vis spectra of the supernatants collected from the samples shown in
panel (B). The adsorbed SNA was quantified according to the decrease of the absorbance.
Adsorption of 1.58 nM SNA onto 150 pg/mL of the PET, PS, and PS/PVC microplastics in the
presence of different concentrations of (D) Na*, (E) Mg?*, or (F) Ca*".



The adsorption of the SNA was quantified according to the decrease of the AuNP
absorbance in the supernatants (Figure 4B, C). First, SNA adsorption onto the six types of
microplastics were measured in the presence of 200 mM Na*, 4 mM Mg**, or 2 mM Ca*" (Figure
S2). Similar to the linear DNA, the SNA was not adsorbed onto PE, PP, or PVC, while PET and
PS microplastics showed the highest SNA adsorption efficiency. Interestingly, the microplastics
of composite of PS/PVC could also adsorb the SNA, although it did not adsorb the linear DNA
(Figure S2). This revealed the stronger polyvalent interactions enabled by the SNA. Note that the
as-prepared citrate-capped AuNPs are aggregated by salt and thus we could not use salt to promote

their adsorption (Figure S3).

We then studied the effect of metal concentration to induce SNA adsorption onto PET, PS,
and PS/PVC. In this case, the shape of the binding curves was very different from the adsorption
of the linear DNA in Figure 3. For SNA, sigmoidal binding curves were observed (Figure 4D-F),
indicative of cooperative action of multiple metal ions for promoting SNA adsorption.’! The data
were fitted well with the Hill equation. From the apparent dissociation constant for different
microplastics in the presence of the same metal ion, the SNA adsorption efficiency followed the
order of PET, PS, and PS/PVC, which was the same order as for the adsorption of the linear DNA.
The Hill coefficients were obtained for different metal ions and microplastics. Overall, for the
same microplastic, the Hill coefficients for Na" (PET (3.2), PS (3.7), PS-PVC (2.7)) were higher
than for Mg?* (PET (2.6), PS (2.8), PS/PVC (2.7)) and Ca**(PET (2.4), PS (2.2), PS/PVC (2.0)).
This suggested that more Na' ions than Mg?" or Ca®" were needed to achieve the cooperative

binding effect of the SNA adsorption, which can be explained by their different charges.
DNA Desorption Studies

The above studies investigated the efficiency of microplastics for DNA adsorption. The adsorption
efficiency is influenced by not only the adsorption affinity but also the adsorption capacity.
Therefore, to directly compare the adsorption affinity of microplastics, we also peroformed

desorption studies by adding competing and denaturing agents to the pe-adsorbed DNA.

For the linear DNA, in the presence of 200 mM Na®, 2 mM Mg?*, or 2 mM Ca**, a high
adsorption can be achieved only on PET (Figure 3C), allowing us to perform desorption studies

only on PET. For all the three metal ions, ~35% of the linear DNA was desorbed from PET by 4
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M urea (Figure 5A). In a control experiment, adding water instead of competing agents induced
negligible DNA desorption. Since urea can disrupt hydrogen bonding, this revealed the significant
role of hydrogen bonding for such adsorption. Then, 10 mM EDTA was separately added to probe
the effect of polyvalent metal ions, since EDTA can strongly bind to Mg®" and Ca®" with
logarithmic stability constant of 8.8 and 10.6, respectively.*® In the presence of Na*, the adsorbed
DNA was undisturbed by EDTA (Figure 5A, black bar). Since EDTA can decrease the
concentration of polyvalent metal ions to nanomolar region, this data showed that Na" alone can
promote the DNA adsorption on PET. On the other hand, in the presence of Mg?* and Ca®", 48%
and 33% of the pre-adsorbed DNA strands were desorbed from PET after adding EDTA (Figure
5A, red and blue bar) showing the critical role of these divalent metal ions for the adsorption.
Although EDTA has a higher stability constant for Ca**, less of the DNA was desorbed compared
to the case of Mg?", suggesting that the DNA adsorption on PET was tighter in the presence of

Ca’" than Mg*". Therefore, the role of metal ions for DNA adsorption was confirmed.

Typically, adding phosphate or adenosine can probe the binding via phosphate backbone
or nucleobases of DNA.*” When 5 mM phosphate or 5 mM adenosine was added, negligible
desorption occurred (Figure 5A), suggesting that neither the DNA phosphate nor nucleobases
dominated in the adsorption mechanism, but rather they both contributed to the adsorption. Finally,
a surfactant (0.25% Tween 80), was added to the pre-adsorbed DNA, and the DNA was almost
completely desorbed regardless of the type of metal ion present. This suggested that the surfactant
likely interacted with PET via its hydrophobic tail and using van der Waals (VDW) force to
displace the DNA. Beside the mentioned interactions, microporous filling mechanisms may also
contribute to the adsorption onto the microplastics,*® where DNA might diffuse into the

microplastics pores and be entrapped in there.

As mentioned above, linear DNA cannot be effectively adsorbed onto PS and PS/PVC
unlike PET (Figure 3C). However, 200 nM SNA was thoroughly adsorbed in the presence of 4
mM Mg?*, or 2 mM Ca?" after overnight incubation (Figure 5B, C). This provided a chance of
comparing the adsorption affinity of PET, PS, and PS/PVC via desorption studies. 4 M urea and
10 mM EDTA were separately added to the pre-adsorbed SNA on the microplastics. For PET,
almost no desorption occurred with urea, and negligible desorption occurred with (Figure 5D, E).

This suggests an extraordinary stability of SNA adsorption on PET, which was enhanced compared
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to the linear DNA (compare to the urea- and EDTA-induced desorption in Figure 5A).%0-3!
Desorption from PET was in all cases lower than PS, and PS/PVC (Figure 5D, E) suggesting that
PET had the highest affinity for DNA among these microplastics. For PS, urea desorbed 80% and
43% of the SNA in the presence of Mg?" and Ca*", respectively (Figure 5D), confirming that a
tighter adsorption can be achieved with Ca*". For PS/PVC, the urea-induced adsorption was 25%
and 15% in the presence of Mg?" and Ca*" (Figure 5D), which was interestingly lower than for PS.
EDTA-induced desorption also confirmed a tighter binding with Ca®>" than Mg?**, and a higher
affinity of PS/PVC than PS (Figure 5E).
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Figure 5. (A) The desorption of linear DNA from the PET microplastics in the presence of
different metal ions (200 mM Na®, 2 mM Mg?**, or 2 mM Ca®*) induced by 4 M urea, 10 mM
EDTA, 5 mM polyphosphate, 5 mM adenosine, or 0.25% Tween 80. (B) Photographs depicting
the complete adsorption of 1.58 nM SNA on the PET, PS, and PS/PVC microplastics in the
presence of 4 mM Mg?*, or 2 mM Ca** after overnight incubation. (C) UV-vis spectra of the
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supernatants collected from different samples demonstrating the urea-induced desorption of SNA
from the PET, PS, and PS/PVC microplastics in the presence of 2 mM Ca?*. The desorption of
SNA from the PET, PS, and PS/PVC microplastics in the presence of different metal ions (200
mM Na*, 4 mM Mg?*, or 2 mM Ca?") included by (D) 4 M urea, or (E) 10 mM EDTA.

Overall, the desorption data indicated the order of DNA adsorption affinity as following:
PET>PS/PVC>PS. The composite of PS/PVC, besides all the attraction forces provided by PS,
probably can harness some extra forces provided by PVC such as halogen bonding. The chlorine
atoms in PVC structure can act as electron acceptors while the oxygen, nitrogen and the aromatic
nucleobase of DNA are electron rich sites that may function as electron donor to form halogen

bonds.**-°
Conclusions

In summary, the interactions of DNA oligonucleotides with a few most common microplastic
materials were investigated including PE, PP, PS, PVC, PS/PVC, and PET. Adsorption of linear
DNA and SNA onto the microplastics were tested in the presence of Na*, Mg?* or Ca?" ions. The
linear DNA adsorbed onto PET and PS more efficiently than the other microplastics, likely due to
the aromatic functional groups present in the PET and PS structure. Desorption studies revealed
that hydrogen bonding and metal-mediated interactions are the predominant forces between DNA
and PET microplastics. However, VDW force and hydrophobic interactions are also likely
involved in the adsorption mechanism. Unlike the linear DNA, stable adsorption of high
concentrations of SNA were also achieved on PS and PS/PVC microplastics. Investigation of the
SNA desorption from the microplastics suggested the order of adsorption affinity to be
PET>PS/PVC >PS. Moreover, overall, Ca** and Mg** promoted a more efficient and a tighter
DNA adsorption than Na®. This study has provided interesting insights to better comprehend the
origins of interactions between microplastics and environmental DNA. In addition, it has supplied
fundamental information which paves the way toward the future application of DNA aptamers in

microplastic studies.
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