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Abstract

:

Microplastics can adsorb and spread a variety of pollutants in the ecosystem posing a threat to human health. One of the common pollution sources of environmental waters is metal ions, which not only adsorb on microplastics but can also promote the adsorption of other invasive species such as environmental DNA. Recently, we showed that environmentally abundant metal ions (Na+, Mg2+ and Ca2+) can promote the adsorption of single-stranded DNA (ssDNA) onto microplastics. Herein, we investigated the effect of transition metal ions including Zn2+ and Mn2+ and compared them with Mg2+ for promoting DNA adsorption. To better mimic environmental DNA, we also used a salmon sperm double-stranded DNA (dsDNA) (~2000 bp). For both ssDNA and dsDNA, the transition metals induced a higher adsorption capacity compared to Mg2+, and that correlated with the higher binding affinity of transition metals to DNA. Although metal-mediated interactions were vital for ssDNA adsorption, the dsDNA adsorbed on the microplastics even in the absence of metal ions, likely due to the abundance of binding sites of the 100-times longer dsDNA. Finally, desorption studies revealed that hydrophobic interactions were responsible for dsDNA adsorption in the absence of metal ions.
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1. Introduction


Annual plastic production is approximately 400 million metric tons [1], and the global plastic market is worth more than USD 500 billion. Such popularity is because plastics are durable, cheap, and highly versatile. However, due to low biodegradability, plastic pollution is considered as one of the major environmental issues [2].



Microplastics are submillimeter plastic particles with a high surface-to-volume ratio, which are divided into two types: (1) primary microplastics, which are plastic beads manufactured to be used in commercial goods such as detergents and cosmetics, and (2) secondary microplastics, which are generated when plastic wastes are shredded into submillimeter particles in the environment via mechanical force, chemical reactions and/or microbiological degradation [3]. Microplastics in the environment adsorb a variety of pollutants ranging from heavy metal ions [4] to invasive living organisms [5]. In addition, microplastics are internalized by fish, birds, and other animals, and can pass through the food chain to reach human beings. It was estimated that each individual on average consumes an equivalent of a credit card worth (~5 g) of microplastics per week through ingestion and inhalation [6]. This poses a serious threat to human health, since microplastics can stimulate infertility, immune system disorders and even cancer [7,8].



Transition metal ions such as zinc (Zn2+) and manganese (Mn2+) exist in many environmental water bodies. Studies on the adsorption of these metal ions by microplastics have been performed [9,10,11]. For example, Hildebrandt et al. systematically compared the adsorption of 55 metal and metalloid ions on a couple of microplastic materials at neutral pH [9]. They observed that the adsorbed metals were released at a low pH when gastrointestinal chemistry was mimicked; thereby, possible detrimental impacts on the food chain and human health were proposed. In another instance, Zhang et al. studied the adsorption of five different mono- and divalent metal ions on polystyrene nanoplastics [11] by investigating the aggregation kinetics of plastic particles, which were induced due to the charge neutralization upon metal adsorption. They used transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) spectroscopy to confirm the adsorption behavior of metal ions and highlighted the environmental impacts of metal ion adsorption on nanoplastics. Most previous studies focused on toxicity in organisms [12], while the molecular level effect on biomolecular interactions was rarely studied. For instance, metal ions are known to bind with DNA at various binding sites with different affinities [13]. At the same time, metal ions can be adsorbed to various nanomaterials such as graphene oxide, polydopamine and nanocellulose [14,15]. Therefore, metal-mediated interactions can result in the adsorption of DNA on a variety of nanomaterials [16,17,18].



We recently reported that environmentally abundant metal ions such as sodium (Na+), magnesium (Mg2+) and calcium (Ca2+) can promote the adsorption of DNA oligonucleotides onto microplastics [19]. Deoxyribonucleic acid (DNA) is a highly important biomolecule, and the investigation of DNA adsorption onto microplastics helps the better comprehension of the nature of interactions between environmental DNA and microplastics. Moreover, it provides insights for future DNA aptamer selection for microplastics and related biosensors [20,21,22,23]. However, the effect of metal ions on the adsorption of long biological DNA is unknown, and those DNA species are more environmentally and biologically relevant. In this work, we focus on the effect of transition metals including Zn2+ and Mn2+ on the adsorption of both single-stranded (ssDNA) and double-stranded DNA (dsDNA) on microplastics. The ssDNA adsorption studies could mimic how DNA aptamers might interact with microplastics, while the dsDNA is relevant to the interaction of environmental DNA with microplastics.




2. Materials and Methods


2.1. Materials


The 21-mer ssDNA (5′-AAA AAA AAA CCC AGG TTC TCT-3′) with a 3′-FAM label, and the two complementary 24-mer ssDNAs (5′-CCC AGG TTC TCT TCA CAG ATG CGT-3′ and 5′-ACG CAT CTG TGA AGA GAA CCT GGG-3′) were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA). Low molecular weight DNA from salmon sperm (~2000 bp), various metal chloride salts, ethylenediaminetetraacetic acid (EDTA) and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich. Urea and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) were from Mandel Scientific (Guelph, ON, Canada). Agarose M and 10 TBE (Tris-borate-EDTA) buffer were from Bio Basic (Markham, ON, Canada). Milli-Q water was used for preparing all the buffers and solutions.




2.2. Preparation of Microplastics


Three commonly used plastic items including a water bottle, a plastic sheet and a plastic spoon were collected. Their composing materials were, respectively: polyethylene terephthalate (PET), polyvinylchloride (PVC) and polystyrene (PS). To remove organic residues, the plastics were then washed with ethanol in a sonication bath for 5 min. Finally, the plastics were shredded into microplastics using a steel kitchen cheese grater. To eliminate the effects of aging or wetting of microplastics, the microplastics were dried at room temperature under vacuum and were dispersed in water right before the adsorption experiments.




2.3. Purification of Salmon Sperm DNA


The as-received salmon sperm DNA may contain impurities since they were extracted from biological samples. To purify salmon dsDNA, the ethanol precipitation method was used. In this method, 5 mg of salmon sperm DNA powder was dissolved in 60 μL sodium acetate (3 M, pH 5.2) followed by the addition of 600 μL 100% ethanol. The sample was then placed in a freezer (−20 °C) for 3 h. After that, the solution was centrifuged (15,000 rpm, 30 min) at 4 °C, and washed with cold 70% ethanol (stored at 4 °C) three times. The purified DNA was dissolved in buffer (10 mM HEPES, pH 7.6) before use.




2.4. Adsorption of ssDNA and Salmon dsDNA


The purified salmon sperm dsDNA (1 μM) was first stained by 2× SYBR Green I (SGI). Note that 1× SGI has a concentration of 2 µM. Then, 10 nM FAM-labelled ssDNA (DNA strand concentration) or 1 μM salmon sperm dsDNA (DNA base concentration) was mixed with 500 μg/mL of PET, PVC, or PS microplastics in the presence of different concentrations of metal ions (Mg2+, Mn2+, or Zn2+) in a buffer (10 mM HEPES, pH 7.6). The concentration of microplastics was optimized to be high enough to ensure that the surface capacity was not a limiting factor for the DNA adsorption. To avoid the precipitation of microplastics, the samples were agitated gently during the reaction. After 1 h, the samples were centrifuged (1000 rpm, 2 min), and the fluorescence intensity (Ex: 485 nm; Em: 535 nm) of the supernatant was measured and compared to a control sample (devoid of microplastics) to calculate the adsorbed DNA. To test the dsDNA adsorption in wastewater instead of buffer, a wastewater sample was obtained from Kitchener Wastewater Treatment Plant (Kitchener, ON, Canada). The supernatant of wastewater sample was clear after the centrifugation (1000 rpm, 2 min) to minimize its impact on the fluorescence intensity measurements (Figure S1).




2.5. Adsorption of Short dsDNA


First, the 24-mer duplex DNA was prepared. The two complementary ssDNA (24-mer, 100 nM each) were heated at 95 °C for 2 min, and then slowly cooled to room temperature over a time course of 2 h to achieve hybridization and formation of dsDNA. Then, the short dsDNA was stained with SGI (2×) and mixed with 500 μg/mL PET microplastics in the presence of different concentrations of Zn2+ in buffer (10 mM HEPES, pH 7.6). Finally, after 1 h incubation, the samples were centrifuged (1000 rpm, 2 min), and the fluorescence intensity (Ex: 485 nm; Em: 535 nm) of the supernatant was measured and compared to a control sample (devoid of microplastics) to calculate the percentage of the adsorbed short dsDNA.




2.6. Desorption of DNA from Microplastics


First, 1 μM of dsDNA was adsorbed on PET, PVC or PS as described above in the presence of 0 mM or 1 mM Zn2+ for 1 h to achieve adsorption. Then, the microplastics were separated from the solution. Totals of 4 M urea, 10 mM EDTA, or 25% DMSO were mixed with the microplastics for 1 h keeping the buffer conditions the same as the adsorption experiment. Finally, the supernatant of the samples was collected by centrifugation (1000 rpm, 2 min), and the fluorescence intensity enhancement of the supernatant was measured to quantify the desorbed dsDNA.





3. Results and Discussion


3.1. Preparation and Characterization of the Microplastics


Three plastic objects composed of some common plastic materials were collected including a water bottle, a plastic sheet, and a plastic spoon. Based on their Raman spectra collected using a 785 nm laser excitation, the composing materials were identified to be PET, PVC and PS, respectively (Figure 1A–C) [24]. To mimic environmental microplastics, the plastic objects were shredded mechanically using a kitchen grater, and their size and morphology were observed under an optical microscope. As shown in Figure 1D–F, the size distribution of the prepared microplastics was from 20 µm to 800 µm and thus they fit the definition of microplastics (<1 mm), and the morphology was a combination of microscale fibers and fragments.




3.2. Comparison of Mg2+, Mn2+ and Zn2+ for ssDNA Adsorption


At pH 7.6, the PET, PVC, and PS microplastics were all negatively charged based on zeta-potential measurement (Figure 2A), thereby repelling negatively charged DNA. To screen the charge repulsion and bridge the interactions between DNA and the microplastics, metal ions or salt can be used [16].



To study DNA adsorption, a FAM-labeled 21-mer ssDNA was first used, and the amount of DNA adsorption was quantified by measuring the fluorescence intensity of the supernatant. First, the adsorption of the ssDNA on the PET microplastics was investigated in the presence of transition metal ions such as Mn2+ and Zn2+ and a comparison was made with an environmentally abundant metal ion, Mg2+.



With increasing metal ion concentration, ssDNA adsorption on PET was promoted with all the three metals (Figure 2B). The data fitted well with a single-site binding model, where the adsorbed DNA concentration has a hyperbolic saturable dependence on the concentration of free metal ions [25]. Therefore, the metal concentration at which the adsorbed DNA reaches half-saturation (K) was calculated for each metal ion. The K value for Mn2+ and Zn2+ was ~10 µM. In contrast, in the presence of 200 µM Mg2+, only ~50% of the DNA was adsorbed and saturation was not achieved at this point. By adding a much higher concentrations of Mg2+ (2 mM), we recently calculated the K value of Mg2+ for the adsorption of the same DNA on PET to be ~60 µM [19]. The smaller K values of Mn2+ and Zn2+ suggested that the transition metal ions are more efficient in promoting ssDNA adsorption on PET microplastics.



We also tested the ssDNA adsorption on PVC microplastics in the presence of the same metal ions. Interestingly, no adsorption was observed in the presence of up to 800 µM Mg2+, and only 20% of the DNA was adsorbed in the presence of 800 µM Mn2+ (Figure 2C). On the other hand, Zn2+ was efficient in promoting DNA adsorption on PVC. Adsorption saturation on PVC occurred at 75% of the initial DNA concentration when 800 µM Zn2+ was used. The adsorption on PS was also the highest (~75%) when 200 µM Zn2+ was added (Figure 2D), whereas only ~25% of DNA adsorption occurred in the presence of Mn2+ or Mg2+.



Overall, the data suggested that the ssDNA adsorption efficiency follows the order of PET > PS > PVC. This can be explained by the aromatic rings in the PET and PS structures, which can provide extra attractive forces such as hydrogen bonding and π–π stacking for DNA adsorption [19,26,27]. Moreover, the efficiency of metal ions in promoting DNA adsorption followed the order of Zn2+ > Mn2+ > Mg2+. This trend correlated with metal ion affinity to both the phosphate backbone and nucleobases of DNA [13,28,29]. Therefore, the transition metal ions were likely to have specific interactions with DNA instead of simply serving as a charge screening role. Otherwise, all the divalent metal ions should have a similar effect in promoting DNA adsorption.




3.3. Adsorption of dsDNA


We then tested the adsorption of dsDNA, which is more relevant to environmental conditions, where genomic DNA from microbes might be adsorbed by microplastics [30,31]. Salmon sperm dsDNA (~2000 base pairs) was first purified using the ethanol precipitation method. To assess the purity of DNA, the UV-vis spectrum of the sample was acquired, and the absorbance was measured at 230, 260 and 280 nm [32]. The 260/280 ratio was 1.81 and the 260/230 ratio was 2.24 (Figure S2). Both values confirmed that the dsDNA was successfully purified, and the sample was devoid of protein and other organic contaminations [33]. The purified dsDNA was then stained by SYBR Green I (SGI) to allow the highly sensitive quantification of adsorption using fluorescence spectroscopy (Figure S3). This quantification method is more sensitive than DNA absorbance measurement at 260 nm.



First, the effect of Zn2+ on the dsDNA adsorption onto different microplastics was studied. Interestingly, even in the absence of metal ions, the PS and PET microplastics already adsorbed ~65% and ~80% of the dsDNA, respectively (Figure 3A). As shown above, metal ions were vital for the adsorption of ssDNA onto microplastics. The affinity of dsDNA for microplastics in the absence of metal ions implied a different adsorption mechanism from ssDNA. One fundamental difference between these two structures is that the nucleobases are not exposed in dsDNA, which is the reason why ssDNA has higher adsorption affinity than dsDNA to nanomaterials such as graphene oxide and polydopamine [28,34].



On the other hand, it should also be considered that the salmon sperm dsDNA used here is remarkably longer (2000 bp) than the ssDNA oligonucleotides used (21-mer). To compare the effect of length, we then tested the adsorption of a short dsDNA (24 bp) on PET at different concentrations of Zn2+. Polyethylene terephthalate was chosen as the most efficient microplastic material [19], and Zn2+ was chosen as the most efficient metal ion to reveal the highest short dsDNA adsorption efficiency. As shown in Figure 3B, unlike the salmon sperm dsDNA, no adsorption of the short dsDNA occurred in the absence of metal ions. Moreover, only ~10% was adsorbed in the presence of 1 mM Zn2+, which was reasonable based on the expected lower affinity of dsDNA to nanomaterials (e.g., the DNA bases are shielded in dsDNA) [28,34]. Therefore, the adsorption of the salmon dsDNA in the absence of metal ions was attributed to the remarkably higher number of binding sites (~100-fold). The abundance of binding sites may amplify the individually weak interactions and result in a stable adsorption through polyvalent binding [35].



Further, the adsorption of salmon sperm dsDNA was also achieved on PVC in the presence of Zn2+ or Mn2+ and reached 75% in the presence of 1 mM metal ion (Figure 3C, black and red curves). On the other hand, only a slight adsorption was achieved with up to 1 mM of Mg2+ (Figure 3C, blue curve). The data fitted well to the single-site binding model, and the K values were calculated to be 109 μM, 3.8 μM and 2.5 μM of Zn2+ for adsorption on PVC, PET, and PS, respectively. Therefore, similar to ssDNA, PET and PS showed a remarkably higher affinity (~40-fold) than PVC to dsDNA in the presence of Zn2+.




3.4. Desorption of dsDNA to Probe Adsorption Affinity


To gain more insights into the nature of interactions between microplastics and dsDNA, we then performed desorption studies. Totals of 10 mM EDTA, 4 M urea and DMSO (25%) were, respectively, added to probe metal-mediated interactions, hydrogen bonding and hydrophobic interactions. In the absence of Zn2+, ~85% of DNA was desorbed by DMSO from PET and PS (Figure 4A,B), while only up to ~20% desorption was induced by urea. Therefore, it was suggested that dsDNA was adsorbed through hydrophobic interactions onto PET and PS in the absence of metal ions.



When DNA was adsorbed in the presence of 1 mM Zn2+, the desorption induced by DMSO remarkably decreased to ~25% for PET and PS. In contrast, more DNA was desorbed by EDTA (up to 30%). It was suggested that in the presence of Zn2+, the role of hydrophobic interactions reduced and instead, metal-mediated interactions came into play. Therefore, the conformation of DNA was likely to be different in the presence and absence of Zn2+. Moreover, in the presence of metal ions, the overall desorption was decreased suggesting a tighter binding. Metal ions could also make the surface charge of the microplastics less negative (compare Figure S4 and Figure 2A); thereby, the adsorption of negatively charged DNA would be more electrostatically favorable.



For PVC, the desorption was studied after adsorption in the presence of 1 mM Zn2+. When EDTA was added, dsDNA was almost fully desorbed (Figure 4C), suggesting that metal-mediated interactions are vital for dsDNA adsorption on PVC. These data agreed with the adsorption experiments, where dsDNA did not adsorb on PVC in the absence of Zn2+ (Figure 3C, black curve). Moreover, for different microplastics, the comparison of EDTA-induced desorption at the same Zn2+ concentration (1 mM) suggested that the dsDNA adsorption affinity followed the order of PET > PS > PVC.




3.5. Testing DNA Adsorption in Wastewater


Finally, we tested the adsorption of the salmon sperm dsDNA on PET microplastics in real wastewater samples when various metal ions were added at 1 mM concentration (Figure 5A). No obvious change was observed compared to that in clean HEPES buffers; all achieved between 70% and 100% DNA adsorption, suggesting that the dsDNA adsorption on microplastics was stable against inhibition or displacement by other pollutants in the wastewater. A photograph of the wastewater used in this experiment is shown in Figure 5B, and this appeared to be a challenging sample containing a lot of contaminants and particulates. Nevertheless, they did not affect DNA adsorption. This observation supported the adsorption of biological DNA onto microplastics in environmental waters [30,31].




3.6. Additional Discussion


In this work, we discovered that long double-stranded DNA can be adsorbed to various microplastics with little help from divalent metal ions. In contrast, short single-stranded oligonucleotides require divalent metals for the adsorption, especially for plastics without aromatic structural units such as PVC. Transition metal ions are more effective to promote DNA adsorption compared to alkaline earth metals such as Mg2+. This can be attributed to their stronger interaction with DNA.



The adsorption of DNA can also be enhanced by densely immobilizing DNA oligonucleotides on gold nanoparticles forming spherical nucleic acids, which was demonstrated in our previous work [19]. A common feature of long double-stranded DNA and spherical nucleic acids is that they both have more contacting points to microplastics compared to short DNA oligos. Spherical nucleic acids may not have potent biological functions, but they may serve as probes to study the property of microplastics. In contrast, long biological DNA may be carried by microplastics to exert their biological functions. In this work, we only focused on the adsorption of DNA by microplastics. In turn, microplastics can help transport DNA and even protect the adsorbed DNA from degradation by nucleases, leading to biological effects. For example, it is known that graphene oxide can protect adsorbed DNA from nuclease digestion [36]. It would be interesting to compare microplastics with nanomaterials in such properties as a future research topic.



The second observation in this work is that transition metal ions such as Zn2+ and Mn2+ are more effective in promoting DNA adsorption compared to metals such as Mg2+. In environmental water samples, although transition metal ions are likely to present in lower concentrations, they may still play an important role in promoting DNA adsorption. For example, in ocean water, typical Zn2+ and Mg2+ concentrations are up to 14 ppm and 1300 ppm, respectively [37,38]. In some industry wastewaters, high concentration of transition metal ions could be present along with high concentrations of plastics and microplastics. The added effect in attaching biological molecules including nucleic acids to plastics could be significant.



Finally, this study focused on fundamental adsorption studies in clean buffers. We also included a wastewater sample, in which microplastics also adsorbed DNA similar to that in the clean buffer. However, the composition of the wastewater sample is unknown and also hard to analyze. In real environmental water samples, there could be a range of molecules including proteins and they may compete for the surface of microplastics. Therefore, it would also be interesting to study the competition between proteins and DNA [39], which may have different mechanisms of adsorption based on their very different chemical structures.





4. Conclusions


Metal-mediated interactions are prominent for the adsorption and conjugation of DNA and various biomolecules onto nano- and micro-scale materials and surfaces [16,40,41]. We previously reported the effect of group 1A and 2A metal ions such as sodium and magnesium for the adsorption of oligonucleotides on microplastics. In this work, we studied the effect of transition metal ions on the adsorption of DNA, especially long biological DNA on microplastics. Transition metal ions including Zn2+ and Mn2+ showed a higher efficiency than Mg2+ for both ssDNA and dsDNA adsorption on microplastics likely due to their higher binding affinity to DNA. Metal-mediated interactions were vital for ssDNA on the microplastics. In addition, dsDNA (~2000 bp) adsorbed on microplastics even in the absence of metal ions likely due to the polyvalent interactions of multiple binding sites, which could amplify the weaker interactions to result in adsorption. Based on desorption experiments, hydrophobic interactions were responsible for dsDNA adsorption in the absence of metal ions. In addition, the adsorption affinity of the tested microplastics followed the order of PET > PS > PVC, possibly due to the extra attractive forces provided by the aromatic rings of PET and PS. Similar observations on DNA adsorption were also made in a wastewater sample. This work provides a fundamental understanding of environmental DNA adsorption on microplastics and facilitates future studies on aptamer selection for the detection of microplastics.
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Figure 1. Raman spectra and molecular structures of the plastic items in this work: (A) a water bottle (PET), (B) a plastic sheet (PVC) and (C) a plastic spoon (PS). Optical microscope images of the (D) PET, (E) PVC and (F) PS microplastics prepared by grating the plastic items. 
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Figure 2. (A) ζ-Potentials of the three microplastic samples in a buffer (10 mM HEPES, pH 7.6). They are all negatively charged. Adsorption of 10 nM ssDNA onto 500 μg/mL of: (B) PET, (C) PVC, or (D) PS microplastics in the presence of different concentrations of Zn2+, Mn2+, or Mg2+. 
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Figure 3. (A) Adsorption of 1 μM (DNA base concentration) salmon sperm dsDNA (~2000 bp) onto 500 μg/mL of PS and PET microplastics in the presence of different concentrations of Zn2+ in a buffer (10 mM HEPES, pH 7.6). (B) Adsorption of 100 nM short dsDNA (24 bp) onto 500 μg/mL of PET microplastics in the presence of different concentrations of Zn2+ in a buffer (10 mM HEPES, pH 7.6). (C) Adsorption of 1 μM salmon sperm dsDNA (~2000 bp) onto 500 μg/mL of PVC microplastics in the presence of different concentrations of various metal ions in a buffer (10 mM HEPES, pH 7.6). 
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Figure 4. The desorption of salmon sperm dsDNA (~2000 bp) induced by DMSO (25%), 4 M urea, or 10 mM EDTA from the (A) PET, (B) PS, or (C) PVC microplastics. The pre-adsorption and desorption experiments were performed in a buffer (0 or 1 mM Zn2+, 10 mM HEPES, pH 7.6). 
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Figure 5. (A) Adsorption of 1 μM salmon sperm dsDNA (~2000 bp) onto 500 μg/mL of PET microplastics in the absence/presence of 1 mM of various metal ions in wastewater or a buffer (10 mM HEPES, pH 7.6). (B) A photograph of the wastewater sample used in this study. 
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