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Abstract

In recent decades, DNA oligonucleotides have been extensively researched due to their
applications for catalysis (DNAzymes), biosensing (DNA aptamers/Watson-Crick hybridization), and
nanomaterials assembly (DNA origami). An important aspect is to form DNA/nano hybrids, where
nanomaterials can serve as DNA carriers, fluorophores and fluorescence quenchers, magnetic
separation and enrichment, and other purposes. Most previous work focused on inorganic
nanomaterials, especially gold, carbon-based nanomaterials and metal oxides, whereas work on
polymeric nanomaterials was less explored. In this thesis, we interface DNA oligonucleotides with
two important polymeric materials: polydopamine (PDA) and microplastics. We investigate the
metal-mediated adsorption of DNA on these materials to understand the nature of interactions. These
two polymers are important from different aspects. On one hand, PDA is a biocompatible, versatile,
and universal coating material. Therefore, by coating any surface with a thin layer of PDA and
comprehending PDA interactions with DNA, we can provide DNA functionality on various
nanomaterials. A wide range of biomedical applications can benefit from this. On the other hand, in
recent years, microplastics pollution has been highlighted as a serious threat to ecosystem.
Investigation of DNA adsorption on microplastics provides insights to comprehend the nature of
interactions between environmental DNA and microplastics. Moreover, it paves the way towards

selection of DNA aptamers for microplastics.

In Chapter 1, background information about DNA, PDA, and microplastics is presented, the current
literature about PDA-DNA and microplastics-DNA interactions is reviewed, and the outline and goals

of this thesis are introduced.

In Chapter 2, polyvalent metal ions are used during PDA synthesis to prepare metal-doped PDA
nanoparticles (NPs), and we use these NPs for DNA adsorption for the first time. It is found that the
metal-doped PDA NPs adsorb DNA with higher capacity and tighter binding compared to metal-
adsorbed PDA NPs. The metal-doped PDA-DNA conjugate has a remarkable stability in biological
media such as serum and PBS. Considering the improved selectivity and robustness, the metal-doped
PDA NPs are found to be the better candidate for designing fluorescent-based DNA sensors

compared to metal-adsorbed PDA NPs.

In Chapter 3, the adsorption of SNA and linear DNA on PDA NPs is compared and the cooperative

effect of metal ions for promoting SNA adsorption is illustrated. Then based on the extraordinary
v



stability of PDA-SNA conjugate, a hybrid material is designed for DNA extraction and detection. The
hybrid materials consist of a FesO. core (to provide magnetic separation), a PDA shell (to achieve
specific DNA extraction) and a SNA decoration (to achieve efficient hybridization of target DNA).
Therefore, selective and highly robust extraction and detection of DNA is achieved.

In Chapter 4, the adsorption of linear DNA and SNA onto the most common microplastics is
systematically studied for the first time. Metal-mediated interactions are found to be vital for DNA
adsorption onto microplastics. Among the environmentally abundant metal ions, Ca?* and Mg?* show
a higher efficiency than Na* for promoting the adsorption. Among the microplastics, PET and PS
show higher DNA adsorption efficiency than PE, PP, and PVC. It is likely that the aromatic groups of
PET and PS provide extra interactions for a more stable adsorption. Hydrogen bonding also is found

to be important for such adsorption.

In Chapter 5, the strong SNA adsorption is applied to reveal the difference between fresh and
water-stored microplastics. SNA adsorption is enhanced on the water-stored microplastics. However,
the spectroscopic data suggest that these microplastics are the same in terms of surface chemistry.
Therefore, the difference is because of the change of wettability of microplastics which is observable
in the floating behavior of microplastics as well. Likely, due to microplastics storage in water, the
surface the surface roughness features become wet allowing a more efficient SNA adsorption.
Therefore, SNA adsorption is proposed as a simple technique to probe the degree of wettability of

microplastics.

The main original contributions of this thesis include the use of surface science approaches to study
the adsorption of DNA; the focus on the effect of metal ions for DNA adsorption; and the

understanding of DNA adsorption forces on these polymeric materials.

Vi
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Chapter 1

Introduction

1.1 Introduction to DNA

Deoxyribonucleic acid (DNA) is an important biomolecule well-known for containing the genetic
information of living organisms. Alongside with the biological function, DNA has gained popularity
in the past a few decades in the field of nanotechnology thanks to its high stability, low cost, ease of
synthesis, and its unique and extremely simple base-pairing rule.*® In addition, single-stranded DNA
of certain sequences have catalytic and molecular recognition functions. In biotechnology,
bioanalytical chemistry and nanotechnology, DNA is used for molecular recognition,” catalysis,® and

nanomaterials assembly and patterning.®1°

1.1.1 Chemistry of DNA

A single-stranded DNA (ssDNA) is a polymer made up of multiple units called nucleotides. A
nucleotide consists of three moieties: a nucleobase, a pentose sugar, and a phosphate residue (Figure
1.1). The nucleobase can be any of the 4 different molecules named adenine (A), thymine (T),
cytosine (C), and guanine (G). The phosphate is covalently bonded to the carbon at 5’ and 3’
positions of the sugar to form the sugar phosphate backbone. At physiological pH, the nucleobases
are charge-neutral, while each phosphate has a negative charge (pKa lower than 2), thereby DNA is
highly negatively charged.

A double-stranded DNA (dsDNA) forms when two anti-parallel strands of DNA bind via hydrogen
bonding between A and T and between C and G nucleobases (Figure 1.1). This is called Watson-
Crick base-pairing or hybridization which creates the typical right-handed double-helix structure of
dsDNA. Alongside with hydrogen bonding, n—r stacking of the adjacent nucleobases also takes part
in forming the highly stable dsDNA.!

In this thesis, we use ssDNA of shorter than 25 bases or base pairs, and such short ssSDNAs are also
called DNA oligonucleotides. Throughout the thesis, we simply used the term DNA to refer to the

short ssDNA oligonucleotides unless otherwise mentioned.
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Figure 1.1 Chemical structure of DNA. Figure adapted with permission.'? Copyright ©2019 Springer Nature.

1.1.2 DNA as Functional Polymer

Since a few decades ago, DNA has been used for its versatile chemical functions in the fields of
molecular recognition, catalysis, and nanomaterials assembly. The following are some of the

important roles of DNA as a functional polymer.

1.1.2.1 DNA Aptamers

Aptamers are single stranded oligonucleotides (DNA or RNA) which bind to a target molecule with
remarkable affinity and specificity. As demonstrated in Figure 1.2A, aptamers interact with their
target via structural recognition.®® The first DNA aptamer was reported in 1992 for detection of
thrombin,** and since then many DNA aptamers have been selected to detect metal ions, small
molecules, protein and even cells.’>'” As compared to antibodies, aptamers have shown advantages

such as improved specificity, cost-effectiveness, and higher stability.®
2



1.1.2.2 DNAzymes

Nucleic acids can also act as enzymes. In the early 1980s, it was discovered that natural RNA has
catalytic activity for a wide range of chemical reactions.'® Unlike RNA enzymes (ribozymes),
DNAzymes are not found in nature. In 1994, the first DNAzyme was isolated by in vitro selection
that could cleave RNA.2° DNAzymes can catalyze a wide range of reactions such as RNA/DNA
cleavage, and RNA/DNA ligation. Figure 1.2B illustrates a Pb?*-specific DNAzyme which catalyzes
DNA cleavage.? The chemical stability for extracellular applications and the cost of DNAzymes has
made them attractive as compared to ribozymes.
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Figure 1.2. Different functionalities of DNA. (A) A scheme demonstrating the structural recognition of a target
cell with a DNA aptamer. Figure adapted under the terms of the Creative Commons CC BY license.
Copyright © 2014, Elsevier B.V. (B) An example of DNAzyme: Pb?*- specific DNAzyme for catalytic cleavage
of a ssDNA. Figure adapted with permission.?! Copyright © 2006 , Elsevier B.V. (C) A scheme demonstrating a
DNA origami constructed via hybridization of a long scaffold DNA (the black strand) with multiple staple
strands (red, green and blue strands). Figure adapted with permission.?? Copyright © 2012 , Wiley-VCH.

1.1.2.3 DNA for Nanomaterials Assembly

The Watson-Crick base pairing rule can be used to fabricate micro- and nanostructures and patterns
with nanoscale precisions. Many simple periodic patterns and sophisticated structures have been
reported. One of the most impressive achievements were made using the DNA origami technology.®
In a DNA origami, typically a long sSDNA (scaffold strand) is designed to hybridize with multiple

short ssDNAs (staple strands) to form complexed nanostructures (Figure 1.2C).?2 More recently,

3



DNA-based nanomaterials were synthesized simply through coordination-driven self-assembly of
metal ions and DNA molecules.?® Such nanostructures improve the delivery of functional DNA into

cells.

1.1.3 DNA Binding to Metal lons

Oligonucleotides have been researched as metal ligands since decades ago.?*?” Since DNA is highly
negatively charged at physiological pH, binding with cations is expected via electrostatic interactions.
Moreover, hydrated cations and DNA can bind via hydrogen bonding of water molecules.?® The DNA
metal binding sites are mainly the O atoms of phosphate and the O and N atoms of nucleobases
(Figure 1.3).2

AMP phosphate adenine N7 guanine N7 + 06 cytosine N3 + 02
Pb2* - 1.5 0.9 1.75 1.65
Cd?* - 14 11 2.05 1.35
Zn?* - 1.3 0.6 1.65 0.6
Cu?* 3.18 1.6 135 2.65 2.05
Mn2* 2.40 13 0.5 1.056 0.6
Mg?* 1.97 1.05 0.35 0.75 0.5
Ca®* 1.85 1.0 0.3 NH, 0. 75*---»0 NH, 0.6 o}
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Figure 1.3 Affinity of various binding sites of nucleotides to various divalent metal ions. The values are log of

Ka. Figure adapted with permission.? Copyright ©2010 American Chemical Society.

Based on the DNA-metal interactions, many DNA aptamers have been selected for specific
detection of metal ions. Moreover, metal specific DNAzymes are used to detect metal ions.?® More
recently, it has been reported that metal ions can protect DNA at high temperatures upon

coordination-driven self-assembly.*

Since most of the commonly used nanomaterials are negatively charged at neutral pH and inspired
by the DNA-metal interactions, metal ions have been used to promote DNA adsorption on
nanomaterials.®3® Adding Na* is an established method to screen the charge repulsion between DNA
and nanomaterials; however, polyvalent metal ions (specifically transition metals) are reported to

provide additional attractive forces to bridge the adsorption of DNA.**



1.1.4 Spherical Nucleic Acids

Spherical DNA or spherical nucleic acid (SNA) is a structure consisting of a high density of DNA
oligonucleotides conjugated to a nanoparticle core typically via covalent binding. Such a structure has
shown many interesting properties such as improved colloidal stability,*- better cellular uptake,3-%8

sharper melting transitions,* and hybridization with complementary DNA with higher affinity.4%-4

Gold nanoparticles (AuNPs) are the most common particles to construct SNAs due to their
stability, biocompatibility, and excellent optical properties such as high extinction coefficient, surface
plasmon resonance, and distance-dependent colorimetry. DNA oligonucleotides are typically
modified a thiol group to achieve covalent binding on AuNPs. As shown in Figure 1.4, to construct
stable SNAs, various methods have been reported such as salt aging,*? low-pH method,*® freezing-
assisted,** and different dehydration methods.*>
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Figure 1.4 Methods for SNA preparation. (A) Salt aging: initial adsorption of thiolated DNA and gradual
adding of salt to achieve stable covalent binding. (B) Low-pH: using poly-A blocks to assemble parallel duplex.
(C) Freezing-directed: without use of additional reagents. Figures A-C adapted with permission.*® Copyright
©2019, Elsevier B.V. (D) Dehydration: increase of local DNA concentration by evaporating using different
methods such as butanol dehydration and microwave-assisted dehydration. Figure adapted with permission.*

Copyright ©2021 American Chemical Society.



In a typical mechanism, it is believed that the DNA oligonucleotides are first adsorbed onto the
AUNPs via both the thiol ending and the DNA bases. Then, upon adsorption of more DNA strands
and steric confinement, thiol groups of additional strands gradually displace the bases of initially
adsorbed strands. Eventually, all DNAs strands would attach to AuNPs via the thiol group holding an

upright conformation.*

Recently, it was reported by our group that SNA can adsorb onto a wide group of nanomaterials.
SNAs simultaneously use multiple DNA strands to anchor onto a surface.® Therefore, a weaker
binding affinity of a sSSDNA can amplify by means of polyvalent interactions resulting an ultrahigh
adsorption stability comparable to covalent binding. Such strong adsorption affinity would also

provide more insights about DNA interactions with nanomaterials.

1.2 Interfacing DNA and Nanomaterials

Nanomaterials have been extensively used in scientific fields such as chemistry, physics, pharmacy,
and materials science.5 They exhibit different properties from their bulk counterpart. For instance,

they own superior optical and mechanical properties, and higher surface-to-volume ratio.

Many biomedical applications of nanomaterials such as in biosensing and drug delivery have been
realized when nanomaterials were interfaced with biomolecules such as DNA. To conjugate
nanomaterial and DNA, covalent or non-covalent interaction may be involved. In this thesis, the focus
is on non-covalent interactions of DNA with a few polymeric nanomaterials. The non-covalent
interactions are typically hydrogen bonding, electrostatic interaction, hydrophobic interactions and -

7 stacking which result in adsorption of DNA on the nanomaterials.

The most extensively used nanomaterials for DNA adsorption are AuNPs, graphene oxide (GO),
and metal oxides. Adsorption of DNA on AuNPs is based on the coordination bonds between DNA
nucleobases and Au as a soft Lewis acid.>* Based on the different affinity of ssDNA and dsDNA for

AUNPs, many colorimetric biosensors have been designed with high sensitivity.>®

GO adsorbs DNA mainly via hydrogen bonding and n-n stacking. The hydrogen bonding forms
between hydroxyl and carboxyl groups of GO and phosphate and nucleobases of DNA, and n-x stacking occurs
between aromatic rings of GO and nucleobases of DNA.® Bare metal oxides nanoparticles mainly adsorb

DNA via the electrostatic interactions with DNA phosphate backbone.®” GO- or metal oxides-DNA



conjugates can be applied for fluorescent and electrochemical biosensors, drug delivery and

photocatalysis.

Following, I will respectively elaborate polydopamine (PDA) and microplastics as two important
polymeric materials and will delineate the necessity of the study of DNA adsorption onto these

materials.

1.3 Introduction to Polydopamine

The extraordinary wet adhesion of some marine creatures, such as mussels, is caused by their secreted
proteins that are rich in catecholamine groups. This has inspired scientists to develop a universal
coating material that can mimic the natural wet adhesion.%® Although dopamine is a catecholamine,
PDA is not yet found naturally. PDA is a synthetic analog of melanin, and natural melanin exists in
the color pigments of the skin, hair, and eyes of the human body. Melanin is produced by the

aggregation and polymerization of catecholamines such as DOPA or tyrosine (Figure 1.5A).59-0

To date, the polymerization pathways of dopamine are still unknown, but a few likely pathways
have been proposed.®:%° In a model explained by Klosterman and Bettinger,®® PDA is formed after
multiple stages of oxidation, cyclization, cleavage, and polymerization reactions. As shown in Figure
1.5B, dopamine—semiquinone and O,~ are the products of the oxidation of deprotonated dopamine.
After the next oxidation step, dopamine—quinone is produced which undergoes an intramolecular
cyclization to produce leucodopaminechrome. Further oxidation and rearrangement steps produce
different heterocyclic species shown in Figure 1.5B. Species from all stages of the oxidation pathway
attach together through covalent interactions, and noncovalent n—r stacking and hydrogen bonding to
form PDA aggregates (Figure 1.5C).56-%7
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Figure 1.5 (A) Chemical structure of dopamine, DOPA, and tyrosine. (B) Different oxidation products of
dopamine in an alkaline solution in the presence of dissolved oxygen. The final PDA NPs consist of covalent
and noncovalent assemblies of these species. C) Some covalent and noncovalent assemblies in PDA NPs.
Figure adapted under the terms of the Creative Commons CC-BY 4.0 License.®® Copyright ©2017, The
Authors, published by MDPI.

1.3.1 Synthesis of Polydopamine

PDA typically has two forms: films and NPs. Due to its extraordinary adhesive strength, PDA films
can be coated on various types of surfaces via the oxidative polymerization of dopamine.®® In the case
that no surfaces are available to host or intermediate PDA aggregation, PDA oligomers get together
and form PDA NPs, typically in the shape of nanospheres. Below, we discuss some conditions
affecting the synthesis of PDA.

1.3.1.1 Effect of pH

PDA synthesis is generally performed with dissolved oxygen under alkaline conditions to facilitate
the deprotonation of dopamine. It is common to use Tris buffer at pH 8.5,% or to directly add NaOH
to an aqueous solution of dopamine.®® Interestingly, some works claimed to have synthesized PDA at
lower pH, but extra oxidizing agents were needed.” This could be a helpful strategy to coat PDA on
alkaline-sensitive materials. It is also claimed that at lower pH PDA is formed in a more controlled

manner, as the autoxidation of dopamine by dissolved oxygen is prevented.”



1.3.1.2 Control of PDA NPs Size

Typically, the diameter of PDA NPs is in the range of 150-300 nm. At fixed pH and temperature, the
main factor regulating the size of PDA NPs is the initial dopamine concentration, with higher
dopamine concentrations producing larger NPs.% On the other hand, the size of PDA NPs or the
thickness of PDA films is inversely related with pH.%% 72 Increasing temperature is another strategy of
decreasing PDA NPs size.®® Moreover, addition of surfactants such as SDS can also decrease the size
of PDA NPs, with this limited to the size of surfactant micelles.”

1.3.1.3 Intermediating Agents

Due to their strong interaction with dopamine oligomers, metal ions can accelerate PDA formation.
To date, Fe®*, Gd**, Mn®*", Co?*, Ni?*, Cu?*, Zn?*, and Ga*" have been used in the process of PDA
polymerization,”® and the synthesis time was shortened down to 2 h from the 72 h typically needed.
Polycations like poly(vinyl alcohol)™ and poly (allyl amine hydrochloride)® or polyanions like
poly(acrylic acid) and poly(4-styrene sulfonate)® have also been used during the synthesis. These
materials can electrostatically or covalently interact with PDA. Folic acid (FA) is also found to
interact with dopamine through hydrogen bonding and n—= stacking, affecting the self-assembly of
PDA.81_82

1.3.1.4 Core-Shell Structures

Due to the mild conditions of PDA synthesis and its metal chelating property, a high level of interest
was devoted to the fabrication of core—shell hybrid materials with PDA on metal oxide®8 and noble
metal NPs.8%°? The shell thickness can vary from a few nm up to 100 nm and is tunable via the
duration of the polymerization.®> The PDA shell not only provides functional groups for additional
surface modifications, but it can also protect the core (e.g., Fes04) from direct exposure to biological

systems.

1.3.2 Applications of PDA

PDA is a biocompatible material with many interesting applications from water treatment,* oil

absorption,®-°> membranes,® to Li-ion batteries,*”-® supercapacitors,*® and solar cells!® due to its

metal binding, coating and light absorption properties.®? In materials science, the abundance of

catechol functional groups in PDA provides a reducing property.*® A variety of metal nanoparticles

(NPs), such as Au,1°:102Ag,103 and Pt,1041% a5 well as reduced graphene oxide (rGO),%51%7 have been
9



produced when PDA is used as reductant. Additionally, a shell of PDA can be coated on various NPs
as discussed earlier. In biomedical science, PDA can adhere to cell walls,%1% encapsulate cells'®
and drugs,*1! and decrease the toxicity of biomaterials.'!? Finally, PDA can be used for sensing.
PDA-containing biosensors have been used to detect various organic molecules, 3114

biomolecules,'*51¢ and metal ions.**’
1.4 Interfacing DNA and Polydopamine

1.4.1 Covalent DNA attachment

Covalent conjugation of DNA onto PDA is accomplished by using DNA modified with a thiol or
amine group (Figure 1.6). The catechol group of dopamine is known to undergo a reversible two-
electron oxidation to form dopamine—quinone. The quinone form is susceptible to nucleophilic attack
at the 3 or 5 positions from Michael acceptors such as primary amines and thiol residues, known as a
Michael addition reaction (Figure 1.6). This type of covalent crosslinking has also been observed
between dopamine and large biomolecules with cysteine in its primary structure.’*® To act as a
Michael acceptor, amine and thiol groups must be protonated, meaning maintaining pH at or below
the pK, of the acceptor can greatly increase the rate of reaction. However, since quinone is favored at

higher pH, pH needs to be carefully controlled.

Amines generally have a pK, of 10-11, and thus this range is suitable for covalent binding to PDA.
In a solution of pH between 10 and 11, the rate-limiting step in the reaction between dopamine and
primary amines is the oxidation of dopamine to the quinone form.°® Under the same reaction
conditions a Schiff-base reaction is also possible, coupling the donor to the 1 or 2 positions on the
quinone, with amine, forming an imine species (Figure 1.6). The ability for PDA to react with amines
and thiols is thought to be due to residual unreacted quinone moieties, which exist at the PDA NP

surface after polymerization, as well as electrophilic moieties within the polymer backbone.?°

10
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Figure 1.6 Reaction mechanisms for thiol or amine modified DNA relying on the dopamine—quinone moieties
within the PDA structure. The conjugation is via either an amine or sulfide linkage or an imine species. The
Schiff-base reaction with thiols occurs at a different position to amines. This requires a terminal dopamine—

quinone species and forms a sulfide linkage adjacent to the carbonyl groups.

1.4.2 Low pH-Assisted DNA Adsorption

PDA is a zwitterionic material as it contains both amine groups and phenolic hydroxyl groups,'?
rendering a pH-switchable surface with an isoelectric point of =4.5.1%2 Based on this, pH-responsive
PDA was used for the adsorption of charged molecules.? Below the isoelectric point the PDA
surface charge becomes positive, while DNA is negatively charged above pH 2 due to the phosphate
backbone.'?* Hence, over a certain acidic pH range, PDA and DNA can attract, leading to DNA

adsorption.*?*

1.4.3 Metal-Mediated DNA Adsorption

Catecholamines are good metal ligands.” 7778 125126 Qn the other hand, DNA interacts with different
metal ions through its nucleobases and phosphate backbone with different affinities.? Hence, it is
reasonable to explore metal-mediated DNA adsorption. Through a careful reading of the literature, we
noticed that divalent metal ions were present in buffers used in previous works, although the authors
only claimed hydrogen bonding and n—r stacking interactions to be the reasons for DNA adsorption
(Table 1.1).
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Table 1.1 Metal ions in buffers for promoting DNA adsorption on PDA.

Binding buffer
Tris-HCI (pH 7.4)
20 mM Tris-HCI (pH 7.4)
20 mM Tris-HCI (pH 8)
20 mM Tris-HCI (pH 7.4)

1xPBS

5 mM Tris-HCI (pH 8)
20 mM Tris-HCI (pH 8)
20 mM Tris-HCI (pH 8)

10 mM HEPES (pH 7.4)

20 mM Tris-HCI (pH 8)

In 2018, Meng et al. investigated the role of polyvalent metal ions in DNA adsorption on PDA

Divalent metal
5 mM Mg?*
1 mM Mg? + 1 mM Ca?*
5 mM Mg? + 5 mM Ca®
1 mM Mg? + 1 mM Ca?*

5mM Mg?*

50 mM Mg?*
10 mM Mg?
10 mM Mg?

20 mM Mg?*

10 mM Mg?

Application
DNA biosensor
DNA/thrombin biosensor
miRNA biosensor

DNA biosensor

Intracellular delivery & Cell ATP

imaging
DNA biosensor
Logic gate

DNA/ATP biosensor

Intracellular delivery & Cell miRNA

imaging

T4 PNK biosensor

Year

2013

2014

2014

2015

2015

2015

2016

2016

2017

2017

Ref.

127

128

129

130

131

132

133

134

135

136

NPs.32 At pH 7.6 in the absence of metal ions, the PDA cannot adsorb DNA at all. Hence, hydrogen

bonding and n—r stacking alone were insufficient for DNA adsorption on PDA. Moreover, even up to

200 x 10~ M monovalent metal ions could not promote DNA adsorption either, even though they can

promote DNA adsorption on graphene oxide3! *7-1% and AuNPs.%

Although in previous works (as presented in Table 1.1) Mg?* was more commonly used than Ca*",

Meng et al. showed that at the same concentration, Ca®* was more effective than Mg?* in promoting

DNA adsorption on PDA.%2 They also used Cu?* and Ce®" to adsorb DNA and suggested these ions

were even more efficient than Ca?*, since adding cDNA can desorb the adsorbed DNA in the

presence of Ca?" but not in the presence Cu?* or Ce®*.

12



1.4.4 Applications of DNA/PDA Conjugates

1.4.4.1 DNA Extraction

Magnetic solid phase DNA extraction (MSPE) has advantages such as direct isolation from a crude
sample, compatibility with large scale purification, and easy separation of biological debris.?**140 To
extract DNA from cell lysates of foodborne pathogens, Wang et al. coated a thin layer of PDA on
magnetic FesO4 NPs.??* They used the aforementioned low-pH (pH 4) adsorption method for the
capture of DNA on the PDA surface, and the DNA-NP conjugates were collected by magnetic
separation. For the elution step, Tris-HCI buffer (pH 8) was used to induce the desorption of extracted
DNA.

o
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Figure 1.7 Scheme of DNA extraction procedure by Fe;0,@PDA core—shell NPs. Figure adapted with
permission.'?* Copyright ©2015, Elsevier B.V.

The same group later simplified the DNA extraction method by avoiding magnetic separation.#
They coated PDA on the inner surface of microfuge (MF) tubes and used it for DNA extraction via
the pH-assisted method.*?* Although only the pH-assisted method was used for DNA extraction by
PDA, other methods are also possible. For example, if metal-mediated DNA adsorption is used for

the capture step, it might be possible to release the DNA by using EDTA.

1.4.4.2 Biosensors

One of the most common applications of PDA-DNA conjugates is biosensing. As shown in Figure
1.8, in a typical on—off biosensor, a fluorophore labeled (F-labeled) probe DNA is adsorbed on and
quenched by PDA.1?8 The presence of the target complementary DNA (cDNA) leads to hybridization
and desorption of the probe DNA due to the lower affinity of dSDNA to the PDA surface. Using
aptamers, non-nucleic acid targets can be detected.
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Figure 1.8 A scheme representing the principle of a typical on-off fluorescent-based biosensor using PDA.

Figure adapted with permission.'?® Copyright ©2014, Royal Society of Chemistry.

Since noncovalent sensors may suffer from nonspecific probe desorption, efforts have also been
made to covalently link DNA to PDA. In this method, amino- or thiol-modified DNA is immobilized
onto PDA. Then the complementary target DNA (normally accompanied with a AuNP core) can
hybridize with it to enhance different signals for surface plasmon resonance (SPR)**2 or
electrochemical detection.** PDA-DNA biosensors have also been used for detection of cells as
target where the probe DNA was conjugated with PDA through physical adsorption'** or covalent

binding.%

1.4.4.3 Intracellular Delivery and Imaging

PDA is highly biocompatible. Its protection of adsorbed DNA and their ability to cross the cell
membrane enables PDA-DNA conjugates to be used for intracellular delivery and imaging
applications. Detection of ATP in living cells,** miRNA in human mesenchymal stem cells,*® tumor-

related mRNA,*® reactive oxygen species (ROS)6 have been achieved using PDA-DNA conjugates.

1.4.4.4 Therapeutics

As the intracellular delivery of PDA-DNA conjugate became well established, the conjugates also
have been applied for cancer therapy. Lin et al. used Fe;0.@PDA core—shell NPs for delivering
FAM-labeled probe DNA to detect overexpression of mMRNA in MCF-7 breast cancer cells.*3! The
iron oxide enhanced the MRI contrast to monitor the delivery of the probe DNA, and the PDA was
used for photoacoustic imaging due to its NIR light absorption. Similarly, a PDA-based nanosystem
carrying an Mn?*-specific DNAzyme has been used for photothermal therapy, photoacoustic imaging,

and magnetic imaging.**’
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1.4.4.5 DNA Origami

As mentioned earlier, dopamine polymerization typically happens in an uncontrolled manner.
However, it has been reported that local dopamine polymerization around a DNA template can be
achieved when dopamine aggregation is inhibited at low pH.*® In Tokura’s work (Figure 1.9), a DNA
nanotile-based origami was designed to contain G-quadruplex sequences, which can bind hemin to
form a peroxidase-mimicking DNAzyme. The DNAzyme, when mixed with H>O,, can accelerate
dopamine polymerization. Additionally, the DNAzyme nanotile activity was improved by lowering
the pH to 5.3, which concomitantly prevented uncontrolled PDA formation in the solution.
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Figure 1.9 Scheme of the fabrication of PDA on a DNA origami. PDA is locally formed on the DNAzyme area
attached to the nanotile carries, where the G-quadruplex DNA (orange) and hemin (red) are shown. At high
ionic strength, the PDA formation on the DNAzyme is prevented. Figure adapted with permission.4® Copyright
© 2018 , Wiley-VCH.

Similarly, a phototriggered PDA formation on DNA origami has been reported.4® A
photosensitizer called protoporphyrin IX (PPIX) was anchored on G-quadruplex structures on the
DNA template, which served as reaction centers for PDA formation. Dopamine polymerization by
dissolved oxygen was avoided by adjusting the pH to 6.5. Upon irradiation with visible light, ROS
were produced, which induce oxidative dopamine polymerization on the designated locations creating
precise PDA patterns. Hence, a more straightforward controllable PDA synthesis was achieved by

switching the light source on/off.
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1.5 Introduction to Microplastics

Plastics are cheap, lightweight, durable, and versatile in manufacturing. Plastic production volume
has been extensively growing from 1.5 million metric tons in 1950 to 370 million metric tons in
2020.%%° Plastics are polymers made from monomers which are derived from fossil hydrocarbons (e.g.
ethylene). Chemical structures of the most common plastics are shown in Figure 1.10. Such polymers
are not biodegradable, thereby the plastic waste accumulates in the environment.

—QCHZ—CHQJE jﬁtlesz—t —@H—CHﬂn—
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Figure 1.10 Molecular structures of the most common plastic materials including PE, PP, PVC, PS and PET.

When plastic materials are shredded into submillimeter pieces via chemical or mechanical
transformations, microplastics are generated.*! Such microplastics are categorized as secondary
microplastics. On the other hand, primary microplastics are the plastic microbeads that are primarily
manufactured to be used in cleaning and cosmetic products. Primary microplastics issue seems to be
easier to tackle, and there are already growing regulations to ban their use and to enforce the
industries to replace biodegradable alternatives. Therefore, this thesis focuses on studying secondary

microplastics.

It is reported that an individual consumes the equivalent of a credit card worth of microplastics (~5
grams) every week by means of inhalation and ingestion.*? Microplastics consumption can pose a
threat to human health in long-term, and there are evidence that they can induce infertility, immune
system disorders, and cancer.!**%* Microplastics have high surface-to-volume ratio, and they are
prone to adsorption of heavy metals, invasive microorganisms, and other pollutants in the
environmental waters. Therefore, not only they have intrinsic detrimental effects on the ecosystem,

but they also serve as a vector facilitating the spreading of other pollutants.*®
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The detrimental effects of microplastics on environment and human health motivated a variety of
research regarding detection, removal, and degradation of the microplastics. To achieve any of these,
studying the surface science and adsorption behavior of microplastics can be helpful. Following, |
first discuss the adsorption behavior of microplastics for metal ions. Then, | review the literature of
the microplastics-DNA interface and delineate our research purposes.

1.5.1 Adsorption of Metal ions onto Microplastics

Metal pollution is a common issue of environmental waters due to wastewater discharges.**®
Adsorption of many heavy metals on microplastics have been reported. Microplastics have typically a
negatively charged surface. Therefore, adsorption of many divalent metals such as Ni?*, Zn?*, and
Cu?* via the electrostatic interactions with carboxylate groups of the microplastics have been
reported.®™’” Diffusion of metal ions into pores of the microplastics is another adsorption
mechanism.'* Moreover, co-precipitation and adsorption of hydrated oxides of Fe and Mn ions have
also been reported.’® Figure 1.11 is a scheme demonstrating the possible interactions involved in the

adsorption of metal ions onto microplastics.6

+

+
Electrostatic 0+
interactions Surface oxidation
(0}
I i
C—0Q ¢
~ OH *

/
=
o,

Suface complexing
o
+ *
+ 0+
a
Co-precipitation Le

+ o+
P

Pore filling

Various metal ions

Figure 1.11 A scheme representing the possible adsorption mechanism of metal ions on microplastics. Figure
adapted with permission.%° Copyright ©2018, Elsevier B.V.

Moreover, the aging conditions of the microplastics creates more oxygen- containing functional

groups on the surface, induces porosity and hydrophilicity, thereby affecting their adsorption
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behavior.! For instance, UV-induced aging of microplastics can enhance their adsorption of Cu?*,
Pb?*, Cd?*, Ni?* and Zn?*,162163

Similar to PDA, binding of metal ions to microplastics provides the opportunity to bridge the
interactions between DNA oligonucleotides and microplastics.

1.6 DNA and Microplastics

1.6.1 Indirect DNA Interactions with Microplastics

Most of the literature about DNA and microplastics focuses on: 1.biological DNA extraction from
microplastics,'®* or 2.DNA damage by microplastics.?% Both attributes to indirect interactions
between microplastics and DNA.

1.6.1.1 Biological DNA Extraction from Microplastics

As mentioned earlier, microplastics provide a stable substrate for adsorption of wide range of invasive
pollutants such as living organisms. Therefore, extraction of nucleic acids such as biological DNA
from microplastics biofilm is a common technique to gain insights into the composition of living
organisms. The extraction is typically followed by sequencing and PCR amplification of the selected
genes. Using DNA extraction from microplastics, the presence of many organisms including diatoms,
bacteria, coccolithophores, and even some invertebrate groups have been identified. 6

1.6.1.2 DNA Damage by Microplastics

On the other hand, it is reported that microplastics can induce damage and cleavage of DNA 167168
For instance, it is reported that photo-degraded PS microplastics have more toxicity than pristine PS
and the produced toxicants can induce DNA damage of a model organism.'®® In another work, it is
reported that under a solar simulator, PS nanoplastics modified with NH. can generate reactive

oxygen species (ROS) which induce DNA damage.1™

1.6.2 DNA Adsorption onto Plastics

Direct adsorption of DNA onto plastics has been reported when DNA was stored in PP microtubes.’*
172 pp js highly hydrophobic, and PP and DNA are highly negatively charged. Therefore, the DNA
adsorption should be minimal. However, it has been observed that 180 bp ssDNA can remarkably

adsorb onto the PP tube walls at high ionic strength conditions (e.g. 2.5 M NaCl).*"* Later, it was
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reported that although differently manufactured PP tubes show different affinities for DNA
adsorption, DNA adsorption on most PP tubes can be minimized by storing at low or moderate ionic
strength.2 It was implied that metal-mediated interactions might be crucial for adsorption of DNA
onto plastics.

On the other hand, covalent immobilization of amino-modified sSDNA on carboxyl rich
polycarbonate (PC) substrate can be achieved.!” Unlike, PDA-DNA conjugates, the study of

interactions of ssSDNA onto plastics is as limited as it is discussed here.

1.6.3 Biological dsDNA (Genes) Adsorption onto Microplastics

Microplastics can act as a vector for antibiotic resistance genes (ARGs) and enhance their cell
permeability.1™ Most of the studies in this regard focus on the detrimental effect of such conjugate on
the ecosystem and little insights into the nature of interactions have been provided.

It has been reported that the UV-induced aged PS microplastics can more effectively adsorb
ARGs.1" They claimed that PS microplastics can adsorb ARGs via hydrophobic interactions as well
as - stacking, whereas the aged PS microplastics contain more oxygen-containing groups (such as

hydroxyl and carboxyl) which can form more hydrogen bonding with the ARGs.

Overall, systematic study of ssDNA adsorption on microplastics and investigation of the nature of
interactions is missing in the literature. In this thesis (Chapters 4 and 5), we aim to systematically

investigate DNA adsorption on microplastics with a focus on the effect of metal ions.

1.7 Thesis Goals and Outline

In this Chapter, we discussed the fundamental concepts about DNA oligonucleotides, PDA, and
microplastics. The thesis focuses on studying the metal-mediated adsorption of DNA on two
important polymeric materials. Chapters 2 and 3 are about DNA adsorption on PDA. Chapters 4 and
5 are about DNA adsorption on microplastics. These polymers and exploring their interactions with

DNA are important from different viewpoints.

On one hand, PDA is known as a universal coating material that has been used for a wide range of
biomedical applications. Therefore, DNA-PDA conjugates are useful in applications such as

biosensing and drug delivery. On the other hand, microplastics are an environmentally related
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concern. Therefore, understanding the interactions of DNA and microplastics can pave the way

towards the DNA aptamer selection for microplastics detection.

In Chapter 2, we synthesize metal-doped PDA by adding Ca?*, Ni?*, Zn?*, Fe3*, or Gd** during the
dopamine polymerization. We compare the DNA adsorption efficiency of metal-doped PDA with
metal-adsorbed PDA (where metal ions are added after the PDA synthesis and to the reaction buffer).
We find that metal-doped PDA adsorbs more DNA than metal-adsorbed which can be attributed to a
higher metal loading on the surface of metal-doped NPs. Metal leaching from metal-doped NPs is
negligible. Moreover, we show that the metal-doped PDA NPs promote a tighter and more robust
DNA adsorption with high stability in serum and PBS. Finally, we show that metal-doped PDA NPs

has an improved DNA sensing functionality compared to the metal-adsorbed PDA.

In Chapter 3, we introduce SNA and show that the adsorption of SNA on PDA is dependent on the
cooperative effect of multiple metal ions whereas the linear DNA adsorption follows one-site metal
binding behavior. SNA adsorption on PDA is extremely stable comparable to covalent binding. We
then design a three-component hybrid material consisting of: a FesO4 core (to provide magnetic
separation), a PDA shell (to achieve specific DNA extraction) and a SNA decoration (to achieve
efficient hybridization of target DNA). This hybrid material is used for highly selective DNA
extraction and detection.

In Chapter 4, we investigate the adsorption of linear DNA and SNA onto the most common
microplastics including PE, PP, PVC, PS and PET. The vital role of environmentally abundant metal
ions (Na*, Mg?*, and Ca?*) to promote such adsorption is shown. PET and PS have the highest
efficiency for DNA adsorption probably due to the extra interactions provided by their aromatic rings.
The desorption studies reveal that hydrogen bonding and metal-mediated interactions are dominant

for DNA adsorption onto microplastics.

In Chapter 5, we discuss an important parameter that affects adsorption behavior of microplastics:
wetting. By using SNA and its strong interactions with microplastics, we reveal that wettable
microplastics adsorb more efficiently. Spectroscopic data approves that upon the wetting conditions,
no chemical change occurs on the microplastics. We reason that the wettable microplastics are more
hydrophilic allowing SNA to come close to surface and be adsorbed, whereas fresh microplastics are
hydrophobic and the trapped air at the surface disallows SNA interactions with microplastics surface.

Finally, we propose SNA adsorption as a simple method to quantify the wettability of microplastics.
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Chapter 2
Metal-Doped versus Metal-Adsorbed Polydopamine Nanoparticles

for Adsorption and Sensing of DNA Oligonucleotides

The results presented in this chapter have been published as:

Mohamad Zandieh and Juewen Liu. “Metal-Doped Polydopamine Nanoparticles for Highly Robust
and Efficient DNA Adsorption and Sensing”. Langmuir 2021, 37, 30, 8953—8960

2.1 Introduction

Adsorption of DNA oligonucleotides onto nanomaterials is highly important for biosensing,8 176178
DNA extraction,'’®182 gene delivery,'81% and DNA-directed assembly.4! 148 187-188 The majority of
nanomaterials are negatively charged at neutral pH, which would repel polyanionic DNA. To promote
DNA adsorption on such nanomaterials, adding salt (e.g., NaCl) for charge screening®" *? or lowering
pH*3 49124 gre the commonly used methods. Recently, polyvalent metal ions also have been used to
bridge DNA adsorption. 3+ 189-191

PDA NPs are synthesized via oxidative polymerization of dopamine under alkaline conditions.
Mild synthesis conditions, strong light absorption properties, and high biocompatibility are among the
attracting properties of PDA.%% 192 |n addition, PDA is best known for its exceptional adhesive
property, providing a functional coating on various surfaces.®® 19-1% Therefore, PDA can mediate
DNA attachment to various types of nanomaterials, and there is a high level of interest in attaching
DNA to PDA.

DNA can interact with PDA via n—r stacking (between DNA nucleobases and PDA aromatic rings)
and hydrogen bonding. From the standpoint of charge interactions, since PDA is negatively charged
at physiological pH, it repels negatively charged DNA.% Polyvalent metal ions such as Ca?*,*? and
Ni2* and Zn?* are quite efficient to bridge DNA adsorption on PDA NPs.1%¢27 Since catecholamines
are strong metal ligands,*?>1%6:1% an interesting question is whether metal ions can be doped in PDA
NPs (as compared to add externally) to achieve DNA adsorption. In this case, metal ions need to be
stably embedded in PDA without leaching. At the same time, a fraction of the metal ions need to be

present on the surface of PDA. Metal ions have been previously used during PDA synthesis mainly
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for producing paramagnetic NPs.””-"8 Wang and co-workers showed that a remarkably higher metal
content (e.g., 20-fold more for Zn?*) was loaded within the PDA NPs during the synthesis compared
to when metal ions were added to PDA after the synthesis.”’

In this work, we compared the effect of adding polyvalent metal ions during (metal-doped) and
after (metal-adsorbed) the synthesis of PDA NPs with a focus on Zn?* (Figure 2.1A). We showed
that, for the metal-doped NPs, the metal ions were loaded on the surface more tightly and likely with
a higher content. A higher DNA adsorption affinity and robustness were observed for the metal-doped

PDA NPs, which were useful for the detection and extraction of DNA.Materials and Methods
2.2 Materials and Methods

2.2.1 Chemicals

All of the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, 1A,
USA), and their sequences are presented in Table 2.1. Various metal chloride salts, dopamine
hydrochloride, ethylenediaminetetraacetic acid (EDTA), 8- hydroxy-5-quinolinesulfonic acid (HQS),
bovine serum albumin (BSA), and fetal bovine serum (FBS) were obtained from Sigma- Aldrich.
Sodium phosphate dibasic heptahydrate, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES),
urea, and adenosine were purchased from Mandel Scientific (Guelph, ON, Canada). Milli-Q water

was used for all of the buffer and solution preparations.

Table 2.1 DNA sequences used in this Chapter.

DNA Names  Sequences (from 5’ to 3')

FAM-DNA AAA AAA AAA CCC AGG TTC TCT-FAM
cDNA AGAGAACCTGGGTTTTTTTTT

rDNA TTT CAC AGATGC GTC CCC CCC

2.2.2 Instrumentation

The fluorescence measurements were performed using a microplate reader (Spark, Tecan, Ex: 485
nm; Em: 535 nm for carboxyfluorescein (FAM), and Ex: 393 nm; Em: 521 nm for HQS).

The hydrodynamic size and {-potential of NPs were measured by a dynamic light scattering (DLS)
instrument (Zetasizer Nano 90, Malvern). In a typical experiment, 50 ug/mL of PDA NPs were
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dispersed in buffer (10 mM HEPES, pH 7.6), and the measurements were performed at 25 °C. The
transmission electron microscopy (TEM) images were taken using a Phillips CM10 100 kV

microscope.

2.2.3 Synthesis of PDA NPs

Our PDA NPs were synthesized via oxidative self-polymerization of 2 mg/mL dopamine in the
presence of 8.5 mM NaOH at 50 °C. After 5 h, the NPs were centrifuged (15,000 rpm, 10 min) and
washed four times with Milli-Q water. Finally, the NPs were dispersed in water and stored at 4 °C for

future use.

2.2.4 Preparing Metal-Adsorbed PDA NPs

Metal-adsorbed PDA NPs were prepared by simple mixing of 50 ug/mL of the as-synthesized bare
PDA NPs with different concentrations of Zn?* in a buffer (10 mM HEPES, pH 7.6) followed by

incubation for 30 min. No washing step was performed.

2.2.5 Synthesis of Metal-Doped PDA NPs

As metal ions accelerate the rate of PDA formation, we used a lower dopamine concentration and
shorter synthesis time compared to the synthesis of the bare PDA NPs. Metal-doped PDA NPs were
typically prepared by oxidation of 1.5 mg/mL dopamine in the presence of 8.5 mM NaOH and 0.4
mM different metal ions at 50 °C. After 1.5 h, the NPs were centrifuged (15,000 rpm, 10 min) and
washed four times with Milli-Q water to remove free metal ions. Finally, the NPs were dispersed in

water and stored at 4 °C for future use.

2.2.6 DNA Adsorption Studies

Different concentrations of FAM-DNA were incubated with 50 ug/mL NPs in a buffer (10 mM
HEPES, pH 7.6). After 30 min, the samples were centrifuged (15,000 rpm, 10 min), and the
fluorescence intensity of the supernatants was measured to back calculate the adsorbed DNA. The
fraction of adsorbed DNA was calculated by (Fo — F)/Fo, where Fo represents the fluorescence of the
supernatant of FAM-DNA in the absence of the NPs and F is the fluorescence of the supernatant after
DNA adsorption on the NPs. For the comparison studies, FAM-DNA was incubated with 50 pg/mL
metal-doped PDA(Zn?") NPs, or 50 pug/mL PDA plus 100 uM Zn?" ions (metal-adsorbed). 100 uM

free Zn?* ions were chosen, as it was the initial Zn?* concentration used for the synthesis of the
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PDA(Zn?") NPs (when diluted to 50 ug/mL). For the Zn?"-adsorbed NPs, 10 mM EDTA was added to
the supernatants for 30 min to eliminate the fluorescence quenching effect by the free Zn?* ions. No
salt was added to the buffer for DNA adsorption to the metal-doped PDA NPs. For the kinetic studies,
10 nM FAM-DNA was added to 5 pg/mL of the NPs.

2.2.7 Detection of cDNA

First, 10 nM FAM-DNA as a probe DNA was adsorbed on the PDA(Zn?*) or PDA+Zn?* NPs. Then,
various concentrations of nonlabeled target cONA were added to hybridize with the probe DNA and
induce fluorescence recovery. To detect the cDNA in biological environments, the cDNA was first
mixed with BSA or dispersed in serum and then added to the probe.

2.3 Results and Discussion

2.3.1 Synthesis of Metal-Doped PDA NPs for DNA Adsorption

To prepare metal-doped PDA NPs, metal ions were added during the polymerization of dopamine.
After polymerization, the resulting NPs were washed to remove the free metal ions. We used the
following nomenclature in the manuscript: PDA(M™) for the metal-doped and PDA+M™ for the
metal-adsorbed NPs (prepared by mixing as-synthesized bare PDA NPs and metal ions without

removing free metal ions).

We then tested the adsorption of 100 nM carboxyfluorescein (FAM)-labeled DNA onto different
PDA NPs. In the absence of metal ions in the buffer, the bare PDA NPs were unable to adsorb the
DNA (Figure 2.1B, black curve). On the other hand, the metal-doped PDA NPs adsorbed the DNA to
different extents, suggesting the role of the doped metal ions. Among the metals, Fe**, Ca?*, and Ni?*
showed relatively lower DNA adsorption efficiency (15, 35, and 52%, respectively). On the other
hand, Gd*" and Zn?* showed the highest adsorption efficiency of 84 and 73% DNA, respectively. The
higher DNA adsorption on PDA(Gd*") was probably due to the stronger binding affinity between
lanthanides and DNA,2 1% as well as the higher affinity of PDA for Gd®*.6” "> The general trend of the
effectiveness of metal ions in the metal-doped NPs was similar to that on metal-adsorbed PDA NPs,3
196-197 where a higher DNA adsorption efficiency of lanthanides and transition metal ions was

observed compared to Ca?".
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The {-potentials of the PDA NPs were measured at pH 7.6 (Figure 2.1C), and the doping of metal
ions led to only a slightly less negative surface charge than the bare PDA NPs. Therefore, although a
fraction of the doped metal ions were likely present on the surface, they were not enough to reverse or
even neutralize the surface charge. In addition, no direct correlation was observed between the
surface charge and the DNA adsorption efficiency (compare parts B and C of Figure 2.1),

highlighting that the role of the metal ions for DNA adsorption was beyond charge screening.®*

Furthermore, we noticed that the DNA adsorption efficiency was dependent on the duration of
PDA synthesis. As shown in Figure 2.1D, for all of the metal ions, after 2 h of polymerization, the
DNA adsorption efficiency drastically decreased. Likely, with longer synthesis time, more metal ions
were buried inside the NPs, leaving fewer on the surface, since using this procedure, an average of
~10 nm PDA layer could be formed per hour.'®? To achieve a high DNA adsorption efficiency, we
chose 1.5 h for our synthesis.
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Figure 2.1 (A) Scheme illustrating the difference between metal ions (the yellow dots) loading on the surface of
metal-adsorbed PDA NPs, versus inside and on the surface of metal-doped PDA NPs. (B) Fluorescence spectra
of the supernatant of 100 nM FAM-DNA after adsorption on different PDA NPs for 30 min. (C) -Potential of
different NPs in 10 mM HEPES buffer, pH 7.6. (D) Effect of the synthesis time on the DNA adsorption
property of different PDA NPs. 50 pg/mL PDA NPs were used for all of the experiments in this figure.
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The pH of the solution would strongly affect the DNA adsorption efficiency on PDA. At lower pH
values, due to the protonation of surface amino groups, PDA would more effectively adsorb
negatively charged DNA.*24 1% |n this work, we focused on the effect of metal ions and performed all
experiments at the physiological pH of 7.6.

Based on TEM, involving metal ions during the dopamine polymerization reaction led to the
production of spherical NPs similar to the bare PDA NPs yet with slightly different size distributions
(Figure 2.2). The highest uniformity was observed for the PDA(Fe®**) and PDA(Ni?*) NPs by both
TEM and DLS (Figure 2.3). Moreover, except for Gd®*, the DLS data (Figure 2.3) were comparable
to the TEM images, confirming the good dispersity in water. The average size of the PDA(Gd®*") NPs
was measured to be 390 nm by DLS (Figure 2.3F), while much smaller nanospheres were observed
under TEM that tended to aggregate (Figure 2.2F). The lower water dispersity of PDA(Gd*") was in

agreement with the literature.”™

PDA (Ca?*)

Figure 2.2 TEM micrographs depicting spehrical (A) PDA, (B) PDA(Fe*), (C) PDA(Ca?"), (D) PDA(Ni?*), (E)
PDA(Zn?"), and (F) PDA(Gd®") NPs.
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Figure 2.3 Size distribution of (A) PDA, (B) PDA(Fe®*"), (C) PDA(Ca?*), (D) PDA(Ni?*), (E) PDA(Zn?*), and
(F) PDA(Gd®*") NPs characterized by DLS. The difference between the TEM image and DLS measurement for
the PDA(Gd?*) NPs inferred aggregation. For the other NPs, the DLS data agreed with the TEM images, and

PDA(Fe*) and PDA(Ni?*) showed the highest monodispersity among the metal-doped NPs

2.3.2 Embedded Metal lons were Responsible for the DNA Adsorption on the Metal-

Doped NPs

One concern of using metal-doped PDA NPs is the potential leaching of metal ions. To investigate it,
we took the PDA(Zn?*) and PDA(Gd*") NPs as the most efficient ones for DNA adsorption. After 2

days of incubation in water, the NPs were centrifuged, and the supernatants were collected (note that

the NPs were already washed four times after the synthesis to remove free metal ions). To quantify

the concentration of leached Zn?* ions, 8-hydroxy-5-quinolinesulfonic acid (HQS) was used as a

fluorescent probe, since Zn?* can induce its fluorescent emission at 521 nm (Figure 2.4A).200201 Using

this standard curve, the Zn?* concentration in the supernatant of the 50 pg/mL PDA(Zn?") was

measured to be ~0.7 uM (Figure 2.4A). Such a low concentration of free Zn?" ions was not expected
to promote DNA adsorption,9-1%7
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Figure 2.4 (A) A standard curve created by mixing different concentrations of Zn?* with 2 mM HQS in 10 mM
HEPES buffer, pH 7.6. The orange dot points out the concentration of Zn?* in the supernatant of 50 ug/mL
PDA(Zn?") NPs. (B) Quenching of 100 nM FAM-DNA induced by different concentrations of Gd®*. The blue
curve is related to the concentration of Gd®* in the supernatant of 50 pg/mL PDA(Gd®*) NPs. (C) Adsorption of
100 nM FAM-DNA on 50 pg/mL PDA(Zn?*) or PDA(Gd®*) NPs, the supernatant of the NPs plus 50 pug/mL
PDA NPs, and EDTA-treated NPs with free EDTA washed away. (D) Kinetics of 10 nM DNA adsorption on 5
ug/mL PDA, PDA(Zn?"), and PDA(Gd®*) NPs in 10 mM HEPES buffer, pH 7.6. The dotted lines are the
experimental data, and the solid lines represent the fitting curves following the pseudo second order (PSO)

kinetic model. Fo is the fluorescence intensity of the sample at time 0, and F is the intensity at time t.

We then estimated the concentration of the free Gd** ions in the supernatant of the PDA(Gd**) NPs
by taking advantage of the strong fluorescence quenching property of Gd3*. As shown in Figure 2.4B,
even 1 uM Gd** led to ~30% quenching of 100 nM FAM-DNA. However, the supernatant of the 50
ug/mL PDA(Gd*") NPs did not affect the FAM fluorescence, suggesting that the concentration of free

Gd®* ions was also less than 1 uM.

To further test the effect of the leached metal ions, the supernatants of the PDA(Zn?") and
PDA(Gd*") NPs were then obtained and separately added to 50 pg/mL bare PDA NPs. As expected,
due to the very low concentrations of the free ions, no DNA adsorption was observed (Figure 2.4C),
confirming that, for the metal-doped PDA NPs, it was the embedded metals instead of the leached

free metals responsible for the DNA adsorption. We also incubated the metal-doped NPs with 10 mM
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EDTA for 30 min and then washed them to remove EDTA. The resulting NPs lost the DNA
adsorption function (Figure 2.4C), likely because EDTA chelated away or capped the doped metal
ions on the surface. Taken together, the embedded metal ions were solely responsible for the DNA
adsorption onto these metal-doped NPs.

To gain more insights, we then investigated the kinetics of DNA adsorption on these NPs (10 nM
DNA, 5 pg/mL NPs). As shown in Figure 2.4D, the bare PDA NPs had almost no effect on the
fluorescence signal, emphasizing that no DNA adsorption occurred. On the other hand, the
PDA(Zn?*) and PDA(Gd®*") NPs adsorbed 65 and 80% of the DNA after 30 min. Moreover, the
adsorption on PDA(Gd**) happened faster. Based on the kinetic traces, the half-saturation time (tu2)
was calculated to be 3.6 and 2.1 min for the PDA(Zn?*) and PDA(Gd**) NPs, respectively. The
kinetic data were then fitted with pseudo-second-order (PSO) (Figure 2.4D) adsorption Kinetics
model,?°2 and the correlation coefficients (R2) were calculated to be ~0.98. When studying the
adsorption kinetics models, the physical interpretation and assumptions should also be considered
instead of evaluation solely based on the R? value.?%® Since in our system the DNA (the adsorbate)
concentration was relatively low and changed dramatically during the adsorption, we concluded that
the adsorption should be better described by the PSO kinetic model.2%

2.3.3 Comparison between Metal-Doped and Metal-Adsorbed PDA

To compare the metal-doped and metal-adsorbed PDA NPs, we focused on Zn?* to avoid the
fluorescence quenching problem by Gd®*. The quenching effect of Zn?* can be eliminated by adding
10 mM EDTA to the supernatant. However, a high concentration of Gd** could irreversibly quench
the FAM signal (Figure 2.5), which would affect our calculations. In fact, this revealed an advantage

of metal-doped NPs, where free metal ions and their FAM-quenching effect were eliminated.
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Figure 2.5 Fluorescence intensity of 100 nM FAM-DNA in the presence of 100 uM Zn?* or 100 uM Gd®*,
before and after the addition of 10 mM EDTA. The FAM-signal was almost completely recovered by EDTA in
the presence of Zn?*, while a fraction of FAM was still quenched by 100 uM Gd®*, even after adding EDTA.

The DNA adsorption isotherms were measured by incubating different concentrations of FAM-
DNA with the metal-doped and metal-adsorbed NPs (Figure 2.6A-B), both prepared by the same
initial concentration of 100 uM Zn?*. For both methods, a higher initial DNA concentration resulted
in a higher DNA adsorption until reaching the saturation points. The Langmuir (Figure 2.6A) and
Freundlich (Figure 2.6B) adsorption models were applied to interpret the adsorption behavior. The
fitted data agreed better with the Langmuir isotherm model (R? > 0.97) instead of the Freundlich
isotherm (R? = 0.78). The Langmuir isotherm assumes monolayer DNA adsorption, whereas the
Freundlich isotherm is not limited to a monolayer. Since metal ions need to mediate the adsorption,
we believe that the monolayer assumption can be satisfied, which was supported by our fitting of the
Langmuir model. Moreover, the adsorption of DNA was reversible (an assumption by both models).
Using the Langmuir isotherm, after extrapolation to infinitely high DNA concentrations, the
saturation DNA loading capacity was calculated to be 0.23 uM for the metal-doped PDA NPs and
0.16 uM for the metal-adsorbed PDA NPs. For the metal-doped NPs, although a fraction of the 100
uM Zn?" ions were consumed by the inner moieties of the NPs, the surface metal ions were still more
effective than when 100 uM Zn?* was added after the synthesis (metal-adsorbed). This is a surprising
result, since, although the total Zn?* concentration could reach 100 uM for the Zn?*-doped PDA NP, a
fraction of the metal ions was likely in the interior of the NPs, while, for the metal-free PDA, its
surface can access the full 100 uM Zn?*. The higher metal loading in the doping strategy might be
attributed to a higher electrostatic attraction force between PDA moieties and Zn?* ions.?*
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Figure 2.6 Adsorption isotherms of FAM-DNA on PDA(Zn?*) and PDA+Zn?* fitted with the (A) Langmuir
model, and (B) Freundlich model. (C) Adsorption of 200 nM DNA on PDA(Zn?") and PDA+Zn?* prepared with
different concentrations of Zn?*. (D) Comparison between the robustness of the PDA(Zn?*) and PDA+Zn?* for
the extraction of 200 nM DNA in 10 mM HEPES, 100 pg/mL BSA, 2% FBS, and after washing twice with
water. 50 pug/mL PDA NPs were used for all of the experiments in this figure.

The effect of metal concentration on DNA adsorption was also explored for the two metal-loading
strategies (Figure 2.6C). At lower Zn?* concentrations (lower than 50 uM), Zn?* was more effective
for the metal-adsorbed system. We reason that, under this condition, a large fraction of Zn?* ions was
consumed by the interior moieties of the 50 pg/mL of the metal-doped NPs, leading to a lower DNA
adsorption compared to metal-adsorbed NPs. However, at higher Zn?* concentrations, the metal-
doped strategy established a higher DNA adsorption efficiency probably due to the higher content of
Zn* ions on the surface. This created a sigmoidal binding curve for the metal-doped NPs.

We further compared the robustness of metal-doped and metal-adsorbed NPs. First, extraction of
200 nM DNA in complex biological environments such as in the presence of BSA (100 pg/mL) and
in serum was investigated. For PDA+Zn?", DNA extraction drastically dropped to ~3 nM in both the
BSA and serum solutions (Figure 2.6D), while PDA(Zn?") still adsorbed considerable amounts of 53
and 62 nM DNA in the BSA and serum, respectively. Moreover, we washed the metal-doped and
metal-adsorbed NPs with water twice and then used them for DNA adsorption in 10 mM HEPES
(Figure 2.6D). The PDA(Zn*") fully retained its adsorption efficiency, while PDA+Zn?* fully lost it.
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Taken together, the doped metal ions were tightly trapped on the PDA surface, facilitating DNA
adsorption even in a biological environment, while the adsorbed metals were easily washed away, and
thus were unable to adsorb DNA in biological environments.

2.3.4 DNA Desorption for Probing the Adsorption Mechanism

After achieving DNA adsorption, we then studied the stability of adsorption and methods for
releasing the adsorbed DNA. The preadsorbed DNA strands were respectively exposed to 10 mM
EDTA, 5 mM phosphate, and 5 mM adenosine, and the fraction of desorption was tracked by the
enhancement of fluorescence intensity. These competing molecules were added to probe the effect of
metal ions, the phosphate backbone, and the DNA base in the adsorption, respectively.

The adsorbed DNA was almost completely desorbed by EDTA regardless of the metal-loading
strategy (Figure 2.7B), since EDTA can strongly bind to Zn?* with a logarithmic stability constant of
16.4.2%° Moreover, the kinetics revealed very fast desorption from metal-doped NPs, reaching a
plateau within 10 min (Figure 2.7A). Since polyvalent metal ions play vital roles for DNA adsorption
on PDA, EDTA provides a convenient method to release DNA.
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Figure 2.7 (A) Kinetics of 10 nM DNA desorption from PDA(Zn?*) induced by 10 mM EDTA, 5 mM
phosphate, and 5 mM adenosine, respectively. (B) Comparison between the desorption of 10 nM DNA from
PDA(Zn?*) versus PDA+Zn?*, (C) Comparison between the adsorption efficiency of 100 nM DNA on the
PDA(Zn?*) versus PDA+Zn?* NPs in HEPES (10 mM, pH 7.6) and in PBS (1%, pH 7.6) buffers.

For the metal-adsorbed PDA NPs, phosphate-induced DNA desorption was much higher than
adenosine-induced desorption (Figure 2.7B), suggesting a high contribution of the phosphate
backbone for the DNA adsorption in the presence of Zn?*. However, comparison between the metal-
doped and metal-adsorbed NPs indicated that a significantly lower phosphate-induced desorption

occurred from the metal-doped NPs (Figure 2.7B). This confirmed a tighter DNA adsorption on the
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metal-doped NPs, which could be due to its higher metal loading. We previously showed that, for
individual metal ions, higher metal concentrations can lead to higher resistance to phosphate-induced
desorption.'*® Moreover, since inorganic phosphate competed with PDA for binding to Zn?", it
appeared that the tightly doped Zn?* ions on PDA were not affected by the added phosphate, while the
loosely adsorbed Zn?* ions were taken away by phosphate, leading to the DNA desorption.

The negligible phosphate-induced DNA desorption suggested that the metal-doped NPs are good
candidates for applications in phosphate buffered saline (PBS), which is an important buffer in
biological assays. We examined the adsorption of 100 nM DNA onto the metal-doped and metal-
adsorbed PDA NPs in PBS buffer (pH 7.6) to challenge the DNA adsorption (Figure 2.7C). For the
metal-adsorbed NPs, a drastic decrease in DNA adsorption was observed compared to the adsorption
in HEPES buffer. On the other hand, the tightly Zn?* doped NPs were not affected by PBS at all,
resulting in the same DNA adsorption efficiency as in HEPES.

2.3.5 Selective DNA Detection

Given the excellent DNA adsorption and fluorescence quenching properties of the metal-doped PDA
NPs, we then investigated this system for DNA detection. We first adsorbed the FAM-labeled probe
DNA on the two types of PDA NPs. Then, a 21-mer nonlabeled complementary DNA (cDNA) or a
random DNA (rDNA) was added as a target and control, respectively. Therefore, the hybridization
or/and displacement of the preadsorbed FAM-DNA can be tracked by the fluorescence enhancement
(Figure 2.8A). For the metal-doped NPs, time-dependent fluorescence signals were observed (Figure
2.8B), and the cDNA brought a stronger signal than the rDNA. Therefore, specific DNA

hybridization allowed specific probe desorption.
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Figure 2.8 (A) A scheme depicting the preparation of the sensor and the mechanism of target cDNA detection.
(B) Kinetics of the PDA(Zn?*) sensor signaling induced by 200 nM cDNA or rDNA. (C) Comparison between
the selectivity of the PDA(Zn?*) versus PDA+Zn?* sensors for detection of 200 nM cDNA. (D) Calibration
curve of the PDA(Zn?*) sensor for the detection of various concentrations of target cDNA. (E) Kinetics of the
PDA(Zn?*) sensor signaling induced by 100 pug/mL BSA and FBS (2%), in the absence or presence of 200 nM
target cDNA.

To compare the selectivity, we calculated the ratio of FAM-DNA desorbed by cDNA over rDNA
for both methods. As represented in Figure 2.8C, the metal-doped NPs showed a higher selectivity
(3.4), compared to the metal-adsorbed NPs (1.7). The higher selectivity implied the more important
role of DNA hybridization for DNA desorption, which was originated from the tighter DNA
adsorption to the metal-doped PDA NPs.

Various concentrations of cDNA were then added to the preadsorbed probe DNA to obtain a
calibration curve for the sensor. A linear concentration-dependent fluorescence enhancement was

observed up to 50 nM of cDNA (Figure 2.8D), and the limit of detection (LOD) was calculated to be
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0.45 nM (3o/slope, where o is the standard deviation of the background variation in the absence of
target).

In the above sections, the robustness of DNA adsorption on metal-doped PDA NPs was confirmed.
We also aimed to achieve target DNA detection in biological samples. When BSA was exposed to the
probe as a model protein, less than 5% desorption happened, while the coexistence of BSA and the
target cDNA led to ~35% probe desorption (Figure 2.8E), providing a strong signal for detection
similar to that produced in the clean buffer (Figure 2.8B). It appeared that BSA cannot effectively
compete with the DNA on the surface. Therefore, the metal-doped PDA NPs were resistant to
nonspecific protein-induced DNA desorption, unlike surfaces such as graphene oxide (GO) that suffer
from such protein-induced DNA desorption.?® Finally, we examined the sensor’s function in serum.
Even though the probe DNA desorption slightly increased, the signal was still ~7-fold higher than the

background, showing the efficiency of such sensors in complexed biological samples.

2.4 Conclusions

In summary, we have synthesized metal-doped and metal-adsorbed PDA NPs and compared their
DNA adsorption. Metal-doped PDA NPs with spherical morphology were synthesized in the presence
of various metal ions, and they showed different levels of DNA adsorption efficiency. Overall, Gd**
and Zn?* showed the highest efficiency among the tested metals. Metal leaching from the metal-
doped NPs was negligible, while metals were easily removed from the metal-adsorbed NPs by
washing with water. The metal-doped NPs showed higher DNA adsorption efficiency than the metal-
adsorbed NPs. Furthermore, the tightly embedded metal ions in the metal-doped NPs led to a
considerable DNA extraction even in complexed biological environments such as BSA or serum,
while DNA extraction was almost completely inhibited for the metal-adsorbed NPs. When used as a
sensor, the metal-doped NPs showed a 2-fold higher selectivity than the metal-adsorbed NPs for the
detection of cDNA due to their tighter DNA binding, which minimized nonspecific probe
displacement. The LOD was 0.45 nM cDNA for the Zn?*-doped sensor. This study has revealed
interesting metal coordination on the PDA surface and proposed PDA-based hybrid NPs for highly

efficient DNA adsorption and robust and sensitive DNA detection.
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Chapter 3
Spherical Nucleic Acid Functionalization of Polydopamine to

Achieve Robust and Selective DNA Extraction and Detection

The results presented in this chapter have been published as:

Mohamad Zandieh and Juewen Liu. “Cooperative Metal Ion-Mediated Adsorption of Spherical
Nucleic Acids with a Large Hysteresis”. Langmuir 2020, 36, 47, 14324-14332, and

Mohamad Zandieh and Juewen Liu. “Spherical Nucleic Acid Mediated Functionalization of
Polydopamine-Coated Nanoparticles for Selective DNA Extraction and Detection”. Bioconjugate
Chem. 2021, 32, 4, 801-809.

3.1 Introduction

Materials for sequence-specific extraction of nucleic acids are highly important for bioanalytical
chemistry.2"-2%° To achieve separation in resource-limited regions, magnetic separation is desirable to
avoid the need for high-speed centrifugation.?>-?! Moreover, by using magnetic separation for
biological samples, direct isolation from crude samples and large-scale purification can be
achieved.?12'2 Therefore, many works have used magnetic nanoparticles (NPs) for DNA
extraction.181: 213215 At the same time, the surface property of magnetic NPs needs to be adjusted to
avoid nonspecific DNA adsorption. Since common magnetic particles such as iron oxide can
nonspecifically adsorb DNA, 176 2% coating the surface with a nonadsorbing material is needed.
Polydopamine (PDA) is a popular biocompatible coating material, which already has been used to

coat magnetic iron oxide NPs, and such conjugates were well-characterized.5 180 216-217

To extract DNA from cell lysates, Wang and co-workers synthesized Fe;0.@PDA core-shell
NPs.2* In buffers without polyvalent metal ions, PDA does not adsorb DNA.32 1% Hence, they used a
low pH-assisted adsorption method (pH 2) for the direct capture of DNA on PDA. They also
effectively released the captured DNA by adjusting the pH back to neutral and switching the PDA

surface charge. However, this method suffered from a lack of sequence selectivity.

We reason that spherical nucleic acids (SNA) may solve the above-mentioned challenges.
Attaching a high density of DNA oligonucleotides to a nanoparticle creates an interesting structure

termed SNA.?!8 Since DNA is a highly negatively charged polymer, SNA can accumulate an
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extremely high density of negative charges. Because of this and other DNA-related properties, SNA
have many interesting properties distinct from typical linear nucleic acids of the same sequence.
Sharper melting transitions,* tighter binding of the complementary DNA,*%4! and much higher
efficiency of cellular uptake® 2'° are some commonly cited and used special properties of SNA
enabling their widespread applications.? 22-22

Building on these progresses, in this work, we first studied the difference between the adsorption of
linear and spherical DNA on PDA. We found different trends of metal-dependent adsorption for
linear and spherical DNAs, indicating an effect of geometric confinement in spherical DNA.?% In
particular, SNA showed cooperative metal-mediated adsorption. Then, we designed a three-
component hybrid material consisting of a Fe;O4 core, a PDA shell, and a SNA decoration. We
compared this conjugate with directly attached linear DNA to Fe;0.@PDA and found several
advantages of using the SNA. The resulting hybrid nanomaterial showed excellent selectivity for

DNA extraction and detection.
3.2 Materials and Methods

3.2.1 Chemicals

The DNA samples were all purchased from Integrated DNA Technologies (IDT, Coralville, IA,
USA), and their sequences are presented in Table 3.1. Dopamine hydrochloride, various metal
chloride salts, HAuUCl., ethylenediaminetetraacetic acid (EDTA), reduced glutathione (GSH),
polyethylene glycol (PEG-1000), tris(2-carboxyethyl) phosphine hydrochloride (TCEP), bovine
serum albumin (BSA), and potassium cyanide (KCN) were from Sigma-Aldrich. Using citrate
reduction, citrate-capped AuNPs (13 nm) were prepared based on the literature,??” and citrate-capped
AUNPs of other sizes (5 and 30 nm) were purchased from BBI Solutions (Cardiff, UK). Sodium
acetate, 4-(2- Hydroxyethyl)piperazine-1-ethane sulfonate (HEPES) and urea were purchased from
Mandel Scientific (Guelph, ON, Canada), and ethylene glycol was from Fischer Scientific. Milli-Q

water was used for preparing all the buffers and solutions.
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Table 3.1. The DNA sequences and modifications used in this Chapter.

DNA Names Sequences (from 5’ to 3')

FAM-DNA AAA AAA AAACCCAGG TTC TCT-FAM

SH-DNA SH-AAA AAA AAACCCAGGTTCTCT

SH-DNA-FAM SH-AAA AAA AAACCCAGG TTC TCT-
FAM

FAM-cDNA FAM-AGA GAA CCT GGG

FAM-rDNA FAM-AAA AAA AAA AAA

Target DNA AGAGAACCTGGGTTTTTTTTT

21-mer rDNA TTT CACAGATGC GTC CCC CCC

3.2.2 Instrumentation

The transmission electron microscope (TEM) images were acquired using a Phillips CM10 100 kV
microscope. The {-potentials of the NPs were measured using a dynamic light scattering (DLS)
instrument (Zetasizer Nano 90, Malvern). In an experiment, different NPs (final concentration of 50
pg/mL) were dispersed in 1 mL HEPES buffer (25 mM, pH 7.6), and the measurement was
performed at 25 °C. The fluorescence measurements were performed using a microplate reader
(Spark, Tecan) with 485 nm excitation and 535 nm emission. UV—vis absorption spectra were

collected by a spectrometer (Agilent 8453A).

3.2.3 Synthesis of PDA NPs (~400 nm)

The PDA NPs were produced by polymerization of 2.2 mg/mL dopamine in the presence of a final of
8.5 mM NaOH at 20 °C. After 5 h of polymerization, the obtained PDA NPs were centrifuged
(10,000 rpm, 10 min) and washed with Milli-Q water three times. Finally, the NPs were dispersed in

water and stored at 4 °C for future use.

3.2.4 Synthesis of Fes04 NPs

The FesO4 NPs were synthesized based on a reported protocol.??® First, 338 mg of FeCls-6H,0 was
dissolved in 10 mL of ethylene glycol through a brief sonication to obtain a clear yellowish solution.

Then, 900 mg of sodium acetate and 250 mg of PEG-1000 were added, and the solution was stirred
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for 30 min. Finally, the mixture was stirred at 200 °C under a reflux-condenser setup for 8 h. The

final products were magnetically separated and washed several times with water.

3.2.5 Synthesis of FesOs@PDA and PDA NPs (=200 nm)

FesO0s@PDA NPs were prepared by mixing 2 mg/mL dopamine and 250 pg/mL FesO4 NPs in the
presence of a final of 8.5 mM NaOH. After 6 h of polymerization at 20 °C, a PDA shell was coated
on the Fe3O4 NPs and the core—shell NPs were magnetically separated and washed several times with
water. Similarly, by polymerization of 2 mg/mL dopamine in the basic solution (no FesO4 NPs), bare
PDA NPs were obtained, which were washed by centrifugation (15,000 rpm, 10 min).

3.2.6 SNA Preparation

The SNAs were prepared by the salt-aging method.*? #° In this method, 3 pM SH-DNA was incubated
with 12 nM AuNPs overnight. Then, a final concentration of 0.25 M NaCl was gradually added over
7 h. After another overnight incubation, the SNAs were centrifuged at 20 °C (5 nm AuNPs: 50,000
rpm for 20 min; 13 and 30 nm AuNPs: 14,000 rpm for 15 min) and washed three times with a buffer
(5 mM HEPES, pH 7.6). The concentration of the AuUNPs was calculated based on the extinction
coefficients of 1.1 x 10’ Mt cm™ at 518 nm, 2.7 x 108 Mt cm™* at 520 nm, and 3.36 x 10° Mt cm™
at 526 nm for 5, 13, and 30 nm AuNPs, respectively. In addition, the low-density (LD) SNA was
prepared by incubation of the 13 nm AuNPs with 0.5 uM SH-DNA overnight followed by incubation
with 200 uM GSH as a backfilling agent for 3 h. This way, it was ensured that the DNA was adsorbed
via its thiol group instead of the bases. Then, the same washing steps were performed. Using a FAM
and SH dual labeled DNA (SH-DNA-FAM), and after dissolving the AuNP core by adding KCN (a
final of 10 mM), the density of attached DNA on each SNA was measured.??

3.2.7 Linear DNA Adsorption

In a typical experiment, 150 nM 3’- FAM DNA was mixed with 50 pg/mL of the large PDA (~400
nm) in the presence of different metal ions in buffer (20 mM HEPES, pH 7.6). After 30 min, the
samples were centrifuged (15000 rpm, 10 min), and the supernatants were completely separated. The
supernatant was then incubated for 30 min with 10 mM EDTA to eliminate the quenching effect by
the free metal ions. Finally, the fluorescence intensity of the supernatant was measured to back
calculate the adsorbed DNA.
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3.2.8 SNA Adsorption

In a typical experiment, the SNA (final of ~150 nM DNA) was incubated with 50 pg/ mL of the large
PDA (~400 nm) in the presence of different metal ions in buffer (20 mM HEPES, pH 7.6). After 30
min, the samples were centrifuged for 5 min at 3000, 1200, and 800 rpm for 5, 13, and 30 nm AuNPs
respectively. Then, the adsorbed DNA was calculated according to the decrease of AUNP absorbance
of the supernatant. Different centrifugation speeds were chosen to avoid the precipitation of
nonadsorbed DNA.

3.2.9 Desorption Studies

For the DNA desorption experiments, first, DNA was adsorbed on the large PDA (~400 nm) in the
presence of 100 mM Na*, 2 mM Ca?*, or 0.6 mM Zn?* for 30 min. Then, 4 M urea or 4 mM EDTA in
the buffer was exposed to the samples. After incubation for 30 min, the supernatants of the samples
were collected based on the mentioned conditions for the linear/SNA, and the desorbed DNA was
calculated according to the signal increase.

3.2.10 DNA Functionalization of FesO4@PDA NPs

In the covalent method, SH-DNA was first TCEP-treated in 25 mM HEPES (pH 7.6) or acetate buffer
(pH 5) for 90 min (TCEP:DNA = 100:1) to cleave the disulfide bond. Then different concentrations
of the DNA were incubated with 50 pg/mL of the Fes0.@PDA NPs in 25 mM HEPES buffer (pH
7.6, 300 mM Na*) overnight. To quantify the covalent attachment, SH-DNA-FAM was used. After
incubation, the NPs were separated by a magnet and the fluorescence intensity of the supernatant was
measured to back calculate the loaded DNA. In the physisorption method, different concentrations of
SNA were incubated with 50 ug/mL of the Fe304@PDA NPs in 25 mM HEPES buffer (pH 7.6, 300
mM Na*) for 30 min, and the adsorption was back calculated based on the decrease of AUNP

absorbance of the supernatant. For both methods, the same DNA sequence was used.

3.2.11 DNA Extraction and Detection

For DNA extraction, first, FesO4s@PDA NPs were functionalized with a final concentration of 150
nM SNA or SH-DNA. Then, different concentrations of FAM-labeled complementary (FAM-cDNA)
or random DNA (FAM-rDNA) were incubated with the NPs in 25 mM HEPES buffer (pH 7.6, 300
mM Na*) for 30 min. After that, the pellets were separated by a magnet and the supernatants were
collected to back-calculate the extracted DNA. For DNA detection, first, 200 nM 12-mer FAM-
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cDNA (reporter DNA) was incubated with the SNA or SH-DNA functionalized Fes0s@PDA NPs in
25 mM HEPES buffer (pH 7.6, 300 mM Na*) for 30 min. Then, the probe was incubated with 1
mg/mL BSA for another 30 min and washed with the same buffer. Finally, the pellets were dispersed
in different concentrations of nonlabeled 21-mer cDNA (target DNA) in the same buffer to displace
the reporter DNA and produce fluorescence signals.

3.3 Results and Discussion

3.3.1 Adsorption of Linear DNA and SNA on PDA

To track the adsorption of the 21-mer linear DNA (Figure 3.1A), a FAM fluorophore was labeled on
the 3’ end. The same DNA sequence bearing a 5’-HS was used to prepare the SNA (Figure 3.1B). On
each 13 nm AuNP, an average of 98 DNA strands were attached. During our experiment, the SNA
was used at roughly the same concentration as the linear DNA in terms of the total DNA
concentration. Our PDA NPs were synthesized based on a previously reported method, and they had
an average size of ~400 nm under TEM (Figure 3.1C). According to DLS, the average size of the
PDA NPs was 458 nm (Figure 3.1D), which was comparable with the data from TEM, confirming
their good water dispersity. We prepared such large PDA NPs so that they can be easily precipitated
without precipitating the AuNPs. At a reaction pH of 7.6, the { potential of the PDA NPs was —31
mV, and thus they electrostatically repelled DNA. Therefore, metal ions were used to screen charge
repulsion for DNA adsorption.3
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Figure 3.1 (A) Scheme of the linear DNA and its sequence. (B) Scheme indicating that the spherical DNA
consisted of an AuNP core and thiolated DNA with the same sequence. (C) TEM micrograph depicting uniform
PDA NPs. (D) Size distribution of the PDA NPs characterized by DLS.

We first used NaCl as the salt to promote DNA adsorption. As shown in Figure 3.2A, the linear
DNA was not adsorbed on the PDA NPs in the presence of up to 100 MM Na*, which is in agreement
with the literature.3> 195-1% |nterestingly, by using the SNA, Na*-dependent adsorption was observed,
and 100 mM Na* was enough for adsorption of almost all of the SNA(150 nM DNA on 1.53 nM of
13 nm AuNPs). This result implied a weak binding force between the linear DNA and PDA, which
was not strong enough to hold the DNA on the PDA. The polyvalent binding of the SNA has
amplified individual weak interactions to allow stable adsorption. In addition, the densely packed

DNA may favor n-n stacking between the terminal bases and the PDA surface.

We then tested divalent Ca?* since it can promote linear DNA adsorption on PDA.*? Indeed, both
types of DNA were adsorbed (Figure 3.2B). At low concentrations of Ca?* (below 0.5 mM), the linear
DNA was adsorbed even more than the SNA. However, the SNA caught up and surpassed with more
than 0.5 mM Ca?*. Studies have indicated that Ca?* might bridge DNA base and PDA to facilitate
adsorption, and Ca?* can also interact with the phosphate backbone of DNA.% % For the SNA, the
effect of Ca?" was close to that of Na* but the required concentration was around 55-fold lower by
comparing the metal concentration required to reach half saturation. Figure 3.2D shows a TEM
micrograph of the SNA adsorbed on the PDA NPs.
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Figure 3.2 Adsorption of the linear and spherical DNA (150 nM DNA) on 50 pg/mL PDA in the presence of
different concentrations of (A) Na*, (B) Ca*, and (C) Zn?*. (D) TEM micrograph depicting spherical DNA
attached to the PDA NPs in the presence of 2 mM Ca?*. Inset: a higher magnification. (E) Effect of the size of

the AUNP core on the adsorption in the presence of different concentrations of Ca?*. (F) Hill coefficient for Ca®*

of the spherical DNA of different sizes. (G) Scheme illustrating the differences between the metal-dependent

normal adsorption of linear DNA and cooperative adsorption of spherical DNA on PDA. In the top row, the 3'-
FAM is quenched upon the adsorption of linear DNA.
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We recently showed that transition metal ions can drastically enhance DNA adsorption on PDA, %
thus Zn?* was further tested. In the presence of low concentrations of Zn?*, adsorption of the linear
DNA was also more efficient than the SNA (Figure 3.2C), while with sufficient metal ions (>0.2
mM), the SNA also caught up. Since the concentration range used for Zn?* was even lower than that
for Ca?*, Zn?* was a more efficient metal ion for DNA adsorption. For the SNA, we noticed sigmoidal
metal binding curves for all these metal ions, suggesting the binding of multiple metal ions to achieve
the adsorption of the SNA. We did a quantitative fitting and obtained Hill coefficients for Na* (2.5),
Ca?* (2.3), and Zn?* (2.2). Therefore, two to three metal ions on the surface were simultaneously
required, and this is also consistent with the model of polyvalent interactions. For the linear DNA,
they can all fit to a normal binding curve with binding of just one Ca?* or Zn?*. This does not rule out
that the linear DNA can also utilize multiple metal ions for adsorption, but the effect of the metal ions

was not cooperative, and they were likely to act individually.

We then studied the effect of size of SNA on the adsorption. On average, 10, 98, and 390 DNA
strands were attached on each of the 5, 13, and 30 nm AuNPs, respectively. The SNAs with different
sizes but equal total DNA concentration (150 nM) were incubated with the PDA NPs in the presence
of different concentrations of Ca?*. As shown in Figure 3.2E, the cooperative effect of metal ions was
even stronger for the larger SNAs. For the 5 nm, the curve appeared similar to a normal binding (Hill
coefficient of 1.2), but the adsorption capacity was still much higher than the AuNP-free linear DNA.
On the other hand, the adsorption of the 30 nm spherical DNA was more dependent on the
cooperative effect of metal ions with a Hill coefficient of 7.6. In Figure 3.2F, we plotted the Hill
coefficients as a function of AuNP size. Based on this understanding, we described the adsorption of
linear and SNA on PDA in Figure 3.2G. In the above discussion, we only considered the effect of
metal ions in adsorbing DNA. Metal ions can also reduce charge repulsion among DNA strands,

allowing a high density packing of DNA on AuNPs.

3.3.2 DNA Desorption from the PDA NPs

The above studies measured DNA adsorption capacity, which indirectly reflected adsorption affinity.
To probe adsorption affinity directly, we then used denaturing agents to wash preadsorbed DNA. For
the linear DNA, desorption was followed using its fluorescence, while for the SNA on 13 nm AuNPs,
desorption was tracked using the color of the AuUNPs. First, both types of DNA were respectively
adsorbed on the PDA NPs in the presence of 100 mM Na*, 2 mM Ca?*, or 0.6 mM Zn?*, Then, 4 M

44



urea was added to probe possible hydrogen bonding interactions, since urea can disrupt hydrogen
bonds. The UV-vis spectra of the supernatants are presented (Figure 3.3A), where a sharp peak at 520
nm was observed for the control sample without PDA (red spectrum). For the rest of the samples, the
higher the peak, the more desorption of the SNA. The SNA desorbed less than 20% in the case of
divalent metal ions; and therefore, hydrogen bonding was unimportant for such metal-mediated

adsorption.
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Figure 3.3. (A) UV-vis spectra of the supernatants collected from different samples after centrifugation at 1200
rpm for 5 min at which speed the spherical DNA was not precipitated. The red curve is the spherical DNA alone
without PDA. In the presence of 50 ug/mL PDA (100 mM Na*, 2 mM Ca?*, or 0.6 mM Zn?*), the spherical
DNA fully adsorbed. After adding 4 M urea, the UV-vis spectra showed different levels of desorption. (B)
Effect of Na* concentration and DNA density on desorption of the spherical DNA by urea. The desorption of
the linear and spherical DNA from the PDA in the presence of different metal ions induced by (C) 4 M urea,
(D) 4 mM EDTA, and (E) 4 M urea plus 4 mM EDTA.

On the other hand, almost 90% of the spherical DNA desorbed in the sample with 100 mM Na*,
showing that hydrogen bonding contributed significantly, probably between the amine and carbonyl
groups of the DNA and amine and hydroxyl of the PDA. Hence, the weak hydrogen bonding was
amplified by polyvalent binding in the SNA. Increasing the concentration of Na* to 300 mM resisted

urea-induced desorption (Figure 3.3B), suggesting that although the initial driving force for
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adsorption with Na* was hydrogen bonding, increasing the Na* concentration could enable other

types of binding forces.

To further understand the importance of DNA density, SNA with a lower DNA density (LD) was
prepared. Compared to the original 98 DNA strands on each 13 nm AuNP, this sample had only 29
DNA strands; only ~30% of the original density. Complete adsorption still occurred for the LD SNA
in the presence of 300 mM Na*. However, after adding 4 M urea, the LD SNA was almost completely
desorbed (Figure 3.3B). Therefore, a high density of DNA was required to achieve stable adsorption
of the SNA.

For divalent metal-mediated adsorption, when challenged by urea, the linear DNA was also
desorbed more than the SNA (Figure 3.3C).% This data also confirmed the importance of polyvalent
hydrogen bonding on the adsorption affinity of SNA on PDA. The densely packed SNAs are more
rigid and would have a smaller loss in entropy upon adsorption, which are also favorable for
adsorption. We reason that the confinement of SNA would favor the entropy term relative to the
linear DNA. The effect of densely packed SNA on its tighter hybridization with cDNA was recently
articulated to be mainly enthalpy-driven. The high DNA density caused geometric confinements,
which was found to cost a high entropic penalty for binding to the complementary DNA.?% For
adsorption, no such hybridization is needed, and this is a difference between the adsorption we
studied here and the hybridization of DNA studied in the literature.

To further probe the effect of metal ions, we then added EDTA. EDTA had no effect on the Na*-
mediated SNA (Figure 3.3D, first two red bars). As a strong metal chelator, EDTA almost completely
desorbed all the linear DNA in the case of the divalent metal samples. On the other hand, only 14 (for
Ca?") and 23% (for Zn?*) of the SNA desorbed. The stability constants (logarithm) of EDTA binding
to Ca?" and Zn?* are 10.6 and 16.4, respectively, and thus the free metal ions should be in the
nanomolar region or even lower.?*° Based on the data in Figure 3.2B, C, such low metal
concentrations cannot support the adsorption of the SNA. The fact that most of the SNAs were still
adsorbed suggested that either the metal was coordinated by even stronger affinity binding sites or
after the adsorption, the metals may leave the structure, and other forces can still support the
adsorption. To test these hypotheses, we then combined urea and EDTA, which almost completely
desorbed the SNA in the case of divalent metal ions (Figure 3.3E), supporting the second hypothesis.

After removing the divalent metal ions, the SNA can no longer resist the urea-induced desorption.
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3.3.3 Magnetic FesOs@PDA NPs Free of Nonspecific DNA Adsorption

Based on a reported protocol,??® FesO4 NPs with an average size of ~120 nm were synthesized and
observed under TEM to have a spherical morphology (Figure 3.4A). No surfactants were used during
the synthesis and thus the native oxide surface was exposed. At pH 7.6, the {-potential of the Fe3O,
NPs was —22 mV (Figure 3.4D). Despite the negative surface charge, the bare FesO4 NPs could
nonspecifically adsorb single-stranded DNA in the presence of salt, such as NaCl (Figure 3.4E),
likely via the phosphate backbone of DNA after screening of charge repulsion.®” To inhibit such

nonspecific adsorption, we then coated the NPs with PDA.
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Figure 3.4 TEM micrographs depicting spherical (A) Fe3Os, (B) PDA, and (C) Fes04@PDA NPs. (D) ¢-
potentials of the NPs in 25 mM HEPES, pH 7.6. (E) Adsorption of 10 nM FAM-cDNA on different NPs in the
presence of 300 mM Na*. (F) Photographs of the NPs before and after magnetic separation showing that

Fe;0.@PDA NPs retained the magnetic property of the core.

After 6 h of dopamine polymerization in a basic condition, a PDA shell with a thickness of ~40 nm
was formed over the FesO4 NP core (Figure 3.4C). During the growth of the PDA shell on the Fes04
NPs, some particles merged and formed aggregated products. For comparison, we also prepared pure
PDA NPs without a FesO. core in the same condition over 6 h (Figure 3.4B). At pH 7.6, the surface
charge of Fe;04@PDA NPs was —30 mV (Figure 3.4D), close to that of the pure PDA NPs,
suggesting the successful PDA coating on the Fe;O4 NPs.
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We then studied the adsorption of DNA. After the PDA coating, almost no DNA was adsorbed
(Figure 3.4E), and the sample behaved similarly to the pure PDA NPs (Figure 3.4E). This experiment
also indicated that the surface was fully covered by PDA and the nonspecific DNA adsorption was
inhibited. It is well-known that PDA cannot adsorb DNA in the absence of divalent metal ions.32 1%

The FesO4 NPs had strong superparamagnetic properties,??® and can be easily pulled down by a
magnet within 30 s (Figure 3.4F). After coating a PDA shell, the magnetic property was retained, and
nonspecific DNA adsorption was avoided (Figure 3.4E,F). It should also be considered that the
duration of dopamine polymerization may affect PDA’s DNA adsorption property, since different
extent of PDA oxidation have different surface properties.” 1 To avoid nonspecific DNA

adsorption, we chose 6 h polymerization.

3.3.4 DNA Functionalization of FesOs@PDA NPs

After preparing the NPs without nonspecific DNA adsorption, we then compared two methods for the
conjugation of DNA and specific DNA extraction. In the covalent method, a thiol-modified DNA was
used. Figure 3.5A (the top row) illustrates the Michael addition and Schiff-base reactions between a
thiol residue and different positions of the dopamine-quinone moiety.® 231 Before the reaction, the
DNA was first treated with TCEP in two different pH values to cleave the disulfide bond. As shown
in Figure 3.5C, the TCEP-treated DNA in pH 5 showed higher activity, and ~75 nM of the initial 150
nM DNA was attached to the NPs after overnight incubation. This is consistent with the
understanding that TCEP has stronger reducing power at mildly acidic pH.%? On the other hand, at
the same buffer conditions, the non-TCEP-treated DNA or nonthiolated DNA (FAM-DNA) could not
be attached to the NPs, ruling out the possibility of noncovalent DNA adsorption (Figure 3.5C).

In the physisorption method, we first attached the same thiolated DNA to 13 nm AuNPs by the salt-
aging method to prepare SNAs (Figure 3.5B), where on average, ~100 DNA strands were attached on
each AuNP.* To screen the charge repulsion between the negatively charged SNA and Fe;0,@PDA
NPs, 300 mM Na* was used in the buffer. Then, simple mixing of the SNA and the Fe;O0,@PDA
resulted in highly stable conjugates.® Since no divalent metal ions were added, the SNA adsorbed on
the Fes04@PDA NPs based on weak interactions between DNA and PDA such as hydrogen bonding
and m—n stacking, which were significantly enhanced by simultaneously involving multiple binding
sites in the dense DNA layer.>® Different densities of the SNA can be attached onto the Fes04@PDA
NPs by simply varying the ratio between the SNA and Fe;0.@PDA. Figure 3.5 includes the TEM
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images depicting 50 pg/mL of the FesO4@PDA NPs after functionalization with 150 (Figure 3.5D)
and 300 nM (Figure 3.5E) SNA, respectively.
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Figure 3.5 (A) Chemical reaction mechanisms and scheme of SH-DNA attachment to the FesOs@PDA NPs.
(B) A scheme depicting SH-DNA attachment to AuNPs to form SNA and subsequent adsorption of the SNA on
a surface. (C) Investigation of effects of TCEP treatment, pH and incubation time on the efficiency of SH-DNA
attachment to the NPs. The incubation happened overnight unless otherwise mentioned. TEM micrographs
depicting 50 pg/mL Fes04@PDA NPs after incubated with (D) 150 and (E) 300 nM SNA. (F) Probe DNA
loading capacity on 50 pg/mL Fes04@PDA NPs, where different concentrations of probe SNA or SH-DNA
were exposed to the NPs.

After establishing the two bioconjugation methods, we then compared their DNA functionalization
capacity by exposing different concentrations of the SH-DNA and SNA to the Fes0.@PDA NPs. We
kept the total DNA concentration to be the same for them to have a fair comparison, where the
loading capacity of the SNA was higher than of the linear SH-DNA (Figure 3.5F). All of the 150 nM
SNA was adsorbed on the surface, while 500 nM SH-DNA was needed to achieve ~150 nM probe
DNA on the surface.

To gain more insights, we then investigated the adsorption isotherms. For both SH-DNA and SNA,

a higher initial DNA concentration resulted in more DNA conjugation, and the data were fitted to the
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Langmuir isotherm (Figure 3.5F). After extrapolation to infinitely high DNA concentration, the
saturation DNA loading capacity on 50 pg/mL of the FesO4@PDA NPs was calculated to be 0.28 uM
for the linear SH-DNA and 1.1 uM for the SNA. This pointed out that the SNA functionalization of
the NPs was remarkably more efficient than the linear DNA. Of note, the fitting here was only for
mathematic treatment since DNA adsorption here is considered to be irreversible, which did not
satisfy the requirements of the Langmuir model. Moreover, the SNA conjugation was accomplished
within 30 min, while overnight incubation was needed for the attachment of SH-DNA, suggesting a
kinetic disadvantage of the latter. As shown in Figure 3.5C, after 2 h, only ~15 nM of the initial 150
nM SH-DNA was attached to the FezOs@PDA NPs.

3.3.5 Selective Extraction of DNA

To extract DNA from biological samples, magnetic separation has often been used due to the mild,
straightforward, and efficient reaction conditions.24 213. 23323 However, such methods often
overlooked sequence selectivity. Hence, we aimed to design magnetic NPs for highly selective
extraction of DNA using Fes0.@PDA/DNA conjugates. Since in the absence of divalent metal ions,
PDA does not adsorb DNA, this would prevent nonspecific extraction of DNA. To test this idea, we
used a 21-mer probe DNA containing a 12-mer block for hybridization and a 9-mer spacer. For
comparison, FezO4@PDA NPs were functionalized with a final concentration of 150 nM probe SNA
or SH-DNA. Then, different concentrations of FAM-labeled 12-mer DNA (FAM-cDNA)
complementary to the 21-mer probe DNA was incubated with the NPs.

As shown in Figure 3.6A, the SNA-functionalized NPs were remarkably more effective for the
extraction of the cDNA. Of 200 nM FAM-cDNA, ~ 80 nM was captured by the SNA-functionalized
NPs, while only around 20 nM was captured by the SH-DNA functionalized NPs. The data were
fitted with Langmuir isotherms, and after extrapolation, the saturation extraction capacity was 110
nM and 36 nM for the SNA and SH-DNA probes, respectively. The higher extraction efficiency of
the SNA than SH-DNA was even despite the fact that a portion of the 150 nM probe on the SNA
were located in the anchoring face to interact with the PDA (Figure 3.5B), while all of the 150 nM
probe SH-DNA was expected to be accessible for hybridization with the FAM-cDNA. The lower
DNA capture for NPs@SH-DNA system was probably due to the unfavorable conformation of
attached DNAs on the surface for hybridization (Figure 3.5A), whereas for the SNA, the DNA strands

were in a favorable upright conformation, and they have stronger affinity to the cDNA.
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Figure 3.6 (A) Extraction capacity of FAM-cDNA by Fe;0,@PDA NPs functionalized with 150 nM of probe
SNA or SH-DNA. (B) Selectivity of different nanoprobes exposed to 100 nM FAM-cDNA or FAM-rDNA. (C)
Kinetics of 10 nM FAM-cDNA extraction by Fes0,@PDA NPs functionalized with 150 nM of probe SNA or
SH-DNA. The data were fitted with a PFO adsorption kinetic model. (D) Fes0s@PDA@SNA efficiency for the
capture and release of 100 nM FAM-cDNA in different solutions

The selectivity of DNA capture was studied by using 100 nM of the FAM-cDNA or a
noncomplementary DNA (FAM-rDNA), and we calculated the ratio of the captured FAM-cDNA over
FAM-rDNA. First, the SNA-functionalized Fes04 NPs (without a PDA shell) were tested, and both
FAM-cDNA and FAM-rDNA were captured similarly (selectivity of ~1) due to the nonspecific
adsorption of DNA on the Fe;O4 NPs (Figure 3.6B). On the other hand, SNA-functionalized
Fes04@PDA NPs highly selectively captured FAM-cDNA over FAM-rDNA, where the selectivity
was calculated to be 27.6. Hence, by coating the FesO4 NPs with PDA, only the complementary DNA
was extracted. When the Fes0,@PDA NPs were directly functionalized with SH-DNA, a high
selectivity of 13.2 was still achieved, although the extraction capacity was lower (~20 nM; Figure
3.6B).

The kinetics of hybridization of cDNA with the probe DNAs were also studied (Figure 3.6C). The
data were fitted well to a pseudo first order (PFO) adsorption kinetic model?* with correlation
coefficients (R?) of greater than 0.999 for both SH-DNA and SNA. Based on the fitting calculations,

51



DNA extraction on the SNA probe was 5-fold faster than on the SH-DNA probe to reach half-
saturation, since the ty> was 1.4 min for the SNA and 7.1 min for the SH-DNA.

Finally, the robustness of the DNA extraction on Fe;0.@PDA@SNA probe was studied in
complex biological environments such as FBS (2%) and BSA (100 pg/mL) (Figure 3.6D). This probe
can successfully extract DNA in both. In addition, ~ 80% of the extracted DNA can be released by
simply dispersing the NPs in a buffer of low ionic strength (HEPES 25 mM, pH 7.6, devoid of NaCl).
When the NPs were functionalized with 150 nM SNA, and 100 nM cDNA was added, the captured
cDNA was 69, 64, and 67 nM in HEPES, FBS (2%), and BSA (100 pg/mL), respectively (Figure
3.6D). Overall, the designed magnetic hybrid nanoprobe seemed to be a promising candidate for
sequence-specific DNA extraction in biological samples.

3.3.6 Detection of Target DNA

Due to the selective DNA hybridization, the same platform could further be used for sensing
purposes.> 2% In Figure 3.7A, the sensor design is demonstrated. First, the Fes04@PDA NPs were
functionalized with 150 nM SH-DNA or SNA. Then, 200 nM 12-mer FAM-cDNA (reporter DNA)
was incubated with the functionalized NPs to hybridize with the probe DNA forming a nanoflare
probe.®” Then, 1 mg/mL BSA was added as a competing agent to block the unoccupied probe DNAs.
Finally, the pellets were dispersed in different concentrations of nonlabeled 21-mer cDNA (target
DNA) to displace the reporter DNA and produce fluorescence signals.
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Figure 3.7 (A) Design of the detection procedure for both SH-DNA and SNA functionalized Fes0s@PDA NPs.
The shorter FAM-cDNA (reporter) hybridized with the probe DNA strands and was released upon displacement
with the nonlabeled longer target cONA. (B) The response signal of the biosensors to different concentrations

of target DNA. (C) Selectivity of the biosensors to the target DNA over a 21-mer random DNA.

The calibration figures for both biosensors were obtained (Figure 3.7B), where the limit of
detection (LOD) was calculated to be 10.7 and 4.4 nM for the linear SH-DNA and SNA-
functionalized NPs, respectively (3o/slope; ¢ being the standard deviation of the background
variation in the absence of target). Moreover, at the same target concentrations, the biosensors’ signal
was stronger for the SNA-functionalized sensor. The lower LOD and the stronger signal can be
attributed a higher reporter DNA density on the SNA probe (~80 nM reporter DNA) than on the
linear DNA probe (~20 nM reporter DNA).

Furthermore, we showed that both detection methods were highly selective toward the target DNA
when 100 nM target and random DNA separately were exposed to the sensor (Figure 3.7C). This high
selectivity was assured by nonadsorbing surface of the NPs as well as using BSA as a competing and

bocking agent.
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3.4 Conclusions

In summary, we have compared the adsorption of the linear and SNA by PDA NPs. The linear DNA
showed the normal metal-dependent binding behavior in the presence of different metal ions.
However, a cooperative binding of multiple metal ions was needed for the adsorption of SNA as
reflected by the sigmoidal binding curves. The extraordinary adsorption stability of spherical DNA
was present only if the cooperative effect was fulfilled at high metal ion concentrations. Then,
Fe304@PDA core—shell NPs were synthesized, which benefited from the magnetic property of its
core and could be magnetically separated within 30 s. Moreover, the nonspecific DNA adsorption of
the bare Fe3O4 NPs was inhibited by the PDA shell. SNA functionalization of the Fes04s@PDA NPs
was compared side-by-side with linear SH-DNA functionalization. A higher density of probe SNA
can be loaded on the NPs in 30 min than of SH-DNA overnight. Fe;0s@PDA@SNA showed a ~ 4-
fold higher DNA extraction capacity and 5-fold faster kinetics than Fes0,@PDA@SH-DNA most
likely due to the highly favorable upright conformation of the DNA strands in SNA. The conjugate
showed a high extraction selectivity for the complementary DNA sequence. The extracted DNA can
be effectively released by lowering the ionic strength. The probe was capable of effective DNA
extraction in complex biological environments such as FBS and BSA. Furthermore, we showed that
the same hybrid structure can be used for selective DNA detection. We believe that SNA-
functionalization of nanomaterials can be a key method in bioanalytical chemistry due to the high
stability of the conjugates, effective hybridization, and straightforward capture/release mechanisms.
Moreover, this study has revealed an interesting application of PDA in producing hybrid

nanomaterials for highly selective DNA extraction and detection.
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Chapter 4
Adsorption of Linear and Spherical DNA Oligonucleotides onto

Microplastics

The results presented in this chapter have been published as:

Mohamad Zandieh, Kshiti Patel, and Juewen Liu. “Adsorption of Linear and Spherical DNA
Oligonucleotides onto Microplastics”. Langmuir 2022, 38, 5, 1915-1922.

4.1 Introduction

Plastic materials are extremely prevalent due to their low price, lightweight, 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. 623239 \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. %% 240-241 |t is estimated
that annually a minimum of 39,000-52,000 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 the long-term.2#2-243 The most extensively detected microplastics in
freshwaters are composed of polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), and polyethylene terephthalate (PET).2*

Studying the interactions between DNA and microplastics is particularly important for a few
reasons.3% 1% 245-247.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.1%4 248250 Moreover,
adsorption of DNA onto PP, PS, and polydimethylsiloxane (PDMS) have been reported. !t 251252
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
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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.?3 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.*> 48218 254 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.%% 182197 The adsorption
mechanism of SNA can also be different from linear DNA due to the confined conformation of the
DNA 226

In this work, we investigated the interaction of linear and spherical DNA oligonucleotides with the
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?*.2*® 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.
4.2 Materials and Methods

4.2.1 Chemicals

The 21-mer DNA (5'-AAA AAA AAA CCC AGG TTC TCT-3’) 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). 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 108 M~ cm™ at 520 nm. Milli-Q water was used for the preparation

of all the buffers and solutions.

4.2.2 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
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(TEM) images were taken using a Phillips CM10 100 kV microscope. The {-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 ug/mL) were
dispersed in 1 mL buffer (10 mM HEPES, pH 7.6), and the temperature was controlled at 25 °C.

4.2.3 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.?*62%" 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 2 days after the preparation to minimize the possible effect of aging.

4.2.4 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 (14,000 rpm, 15 min) at 15 °C and washed
three 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.

4.2.5 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 (1,000 rpm, 2 min), and the fluorescence intensity of supernatants was measured to back-
calculate the adsorbed DNA.
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4.2.6 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 (1,000 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.

4.2.7 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 preadsorption 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 preadsorbed 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 preadsorbed SNA in the same buffer for 1 h. Finally, the
supernatants of the samples were collected after centrifugation (1,000 rpm, 2 min), and the desorbed

DNA/SNA was quantified according to the fluorescence/absorbance enhancement.
4.3 Results and Discussion

4.3.1 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 4.1). 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 4.1). For example, the sample in
Figure 4.1E had a strong peak at 1001 cm, which is the characteristic peak of aromatic ring from its
PS component.?8
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Figure 4.1 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.

After shredding the plastics (Figure 4.2), the obtained microplastics were observed under a
microscope (Figure 4.3). 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.**

Figure 4.2 Photographs depicting microplastics of (A) PP, (B) PS, (C) PS/PVC, and (D) PET acquired by

grating plastic objects with a stainless steel kitchen grater.
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Figure 4.3 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.

4.3.2 Adsorption of Linear DNA onto Microplastics

At pH 7.6, the {-potentials of the microplastics were all negative (Figure 4.4A), thereby repelling
negatively charged DNA (Figure 4.4B). To screen the charge repulsion between the microplastics and
DNA, different metal ions including Na*, Mg?*, or Ca?" were added to the reaction buffer, 34 260-261
Environmental waters typically contain high concentrations of these metal ions (e.g., ~450 mM Na*,
50 mM Mg?*, and 10 mM Ca?" in seawater).?®2

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
4.4C). 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 4.1). The aromatic rings in PS and PET can provide n—r stacking with
DNA nucleobases, cation—r 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
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promoting the adsorption. With 2 mM Ca?*, 28% and 87% of the DNA was adsorbed on PS and PET,
respectively (Figure 4.4C).
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Figure 4.4 (A) {-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?*.

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
4.4D-F). The data fitted well with a one-site binding model, and thus the half-saturation
concentration (K) were calculated. The efficiency of Mg?* and Ca?* to induce the DNA adsorption on
PET was almost the same with a K of 66 uM (Figure 4.4E,F). However, a ~85-fold higher
concentration of Na* was needed to reach the half-saturation (K of 5.7 mM). Similarly, the K of 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*.28% 262 Similar metal-dependent adsorption were also reported with other surfaces
such as polydopamine and graphene oxide.*? 1%
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4.3.3 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 of the 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.®® 182 1%7 This could provide us with more insights into the
interactions between DNA and microplastics. Figure 4.5A 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 4.5 (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 ug/mL of the PET microplastics. (C) UV-vis spectra of the
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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 4.5B,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 4.6A). Similar to the
linear DNA, the SNA was not adsorbed onto PE, PP, or PVVC, whereas 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 4.6A). 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 4.6B).

>
w

0\?1 O AuNPs  +Na* + Mg  +Ca?*
< 2 _— = —_
Z
0 60
-c - - -
8 40 -
5 SNA + Na* +Mg?*  +Ca?
8 20 ey S ~ -
< \

0tm . .- '_

PE PP PS PVCPSPVC PET . - = -

Figure 4.6 (A) Adsorption of 1.58 nM SNA (total of 200 nM DNA) onto 150 pg/mL of different microplastics
in the presence of 200 mM Na*, 4 mM Mg?*, or 2 mM Ca?*. (B) Effect of the presence of 200 mM Na*, 4 mM
Mg?*, or 2 mM Ca?* on bare AuNPs or SNA. Bare AuNPs were aggregated in the presence of different metal
ions, while SNA was stable due to the protection provided by the high density of DNA.

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 4.4. For SNA, sigmoidal binding curves were observed (Figure 4.5D—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
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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.

4.3.4 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 performed 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 4.4C), 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 M urea (Figure
4.7A). 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 4.7A, 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 preadsorbed DNA strands
were desorbed from PET after adding EDTA (Figure 4.7A, 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.
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Figure 4.7 (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 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.

Typically, adding phosphate or adenosine can probe the binding via phosphate backbone or
nucleobases of DNA.2%® When 5 mM phosphate or 5 mM adenosine was added, negligible desorption
occurred (Figure 4.7A), 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 preadsorbed 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
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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 4.4C). However, 200 nM SNA was thoroughly adsorbed in the presence of 4 mM Mg?*, or 2
mM Ca?* after overnight incubation (Figure 4.7B,C). This provided a chance of comparing the
adsorption affinity of PET, PS, and PS/PVC via desorption studies. Four M urea and 10 MM EDTA
were separately added to the preadsorbed SNA on the microplastics. For PET, almost no desorption
occurred with urea, and negligible desorption occurred with EDTA (Figure 4.7D,E). This suggests an
extraordinary stability of SNA adsorption on PET, which was enhanced compared to the linear DNA
(compare to the urea- and EDTA-induced desorption in Figure 4.7A).5% 197 Desorption from PET was
in all cases lower than PS, and PS/PVC (Figure 4.7D,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 4.7D), confirming that a tighter adsorption can be achieved
with Ca2*. For PS/PVC, the urea-induced adsorption was 25% and 15% in the presence of Mg?* and
Ca?* (Figure 4.7D), 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
4.7E).

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.26426°

4.4 Conclusions

In summary, the interactions of DNA oligonucleotides with the 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
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microplastics. However, VDW force and hydrophaobic interactions are also likely involved in the
adsorption mechanism. Unlike 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 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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Chapter 5
Spherical DNA Adsorption to Study the Wettability of Microplastics

5.1 Introduction

Microplastics are submillimeter plastics particles that are either manufactured intentionally to be used
in cosmetic and cleaning products (primary microplastics) or generated when plastic wastes are
shredded via chemical, biological or mechanical transformation in the environment (secondary
microplastics).’s! Due to a high surface-to-volume ratio, microplastics adsorb different pollutants in
the environment such as heavy metal ions,'® DNA,"41"> and invasive living organisms.?*%-24 This
makes microplastics detrimental to ecosystems'®® and a threat to human and animal health.24-243
Understanding the evolution of surface chemistry on microplastic particles in aqueous environments
is a critical step for studying the adsorptive behavior and capacity of these pollutants such that risks

can be identified and minimized.

Microplastics undergo gradual physical and chemical transformations in environmental water
known as weathering.?®® Such changes are induced naturally when microplastics are dispersed in
environmental waters over a long period of time. In addition, various methods have also been utilized
to accelerate chemical and physical transformations in microplastics such as UV and gamma
irradiation, oxidation and high temperature.?’-2¢ The most common changes are the generation of
surface polar groups upon oxidation, production of micropores, and change in the surface roughness,
all of which can change the surface properties of microplastics such as wettability. UV-treated
microplastics can increase the adsorption of Cu?",?%° and other heavy metal ions,'%? although the
adsorption of some hydrophobic organic compounds was decreased.?’”® The interaction of treated

microplastics with the environment is also changed.?™

Wetting is an important concept in colloidal science, which refers to the ability of a liquid to
contact with a solid surface. Most fresh microplastics have hydrophobic surfaces, and when dispersed
in water, they may gradually change to hydrophilic and thus enhance the wettability by water. Due to
the irregular morphology of most microparticles, study of the wetting of microplastics has been quite
limited. The wettability may change due to chemical transformations,?** for which spectroscopic

methods can be used to probe changes in the surface chemistry. However, if wettability changes are
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only due to physical transformations, the quantification of the degree of wettability is more
challenging. Upon wetting, the contact angle of the surface may change, which can in turn influence
the flotation or sinking behavior of particles.?’22"® Lin et. al. used a camera to record the sinking ratio
and velocity of polystyrene microplastics, which required extensive data analysis and was a rather
complicated system.?’?

Certain DNA oligonucleotides have shown various applications in antisense delivery,?’
biosensing,’ catalysis,® and nanomaterials assembly.?® Spherical nucleic acid (SNA) is an interesting
structure made of a high density of DNA or RNA oligonucleotides attached to a nanoparticle core
such as a gold nanoparticle (AUNP).4-46 48,218,215 The very high extinction coefficient allows visual
observation of AuNPs at a low particle concentration. We previously showed that SNA can strongly
adsorb onto various materials surfaces, including a few microplastics, due to polyvalent DNA binding

interactions.5% 182, 197, 276

In this work, we investigated the changes in the ability of common microplastics to adsorb SNA
upon soaking in water. All the tested microplastics adsorbed greater amounts of SNA when they were
soaked in water at room temperature over a few months than when the microplastics were freshly
prepared. We show that the enhancement of SNA adsorption was due to the improved microplastics
wettability rather than chemical transformations, and that enhanced wettability can be reproduced by
gentle heating. This work establishes SNA adsorption as a powerful tool for analysis of wettability of

microplastics.
5.2 Materials and Methods

5.2.1 Chemicals

The 21-mer DNA (5'-AAA AAA AAA CCC AGG TTC TCT) with a 3'-FAM label, or a 5'-SH label,
or dual 5’-SH and 3’-FAM labels was purchased from Integrated DNA Technologies (IDT, Coralville,
IA, USA). Sodium chloride, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), and urea
were obtained from Mandel Scientific (Guelph, ON, Canada). Tween 80, potassium cyanide (KCN),
H>O, solution (30 wt%), and hydrochloric acid were from Sigma-Aldrich. Citrate-capped 13 nm
AuNPs were synthesized via citrate reduction following a reported method.??” Milli-Q water was used

for preparing all the solutions.
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5.2.2 Instrumentation

A Raman spectrometer (DeltaNu, Advantage 785) with a 785 nm laser and a 10 s integration time
was utilized to acquire Raman spectra and identify the composing materials of the plastic items. The
microscope images of the microplastics were collected using a Nikon Eclipse Ti—S inverted
microscope, and transmission electron microscopy (TEM) images were taken using a Phillips CM10
100 kV microscope. UV—vis absorption spectroscopy was performed by a spectrometer (Agilent
8453A). Thermal gravimetric analysis (TGA) was performed using a TA instrument Q500 with a
temperature ramp rate of 5°C/min.

5.2.3 Raman Spectroscopy

Raman spectroscopy of 3-month-soaked, heated and fresh microplastics was carried out using a
Renishaw inVia Raman Microscope. A 633 nm laser (Renishaw HeNe laser, 17 mW) paired with an
1800 lines mm diffraction grating and a 20X microscope objective to record spectra for each plastic
sample between 0 and 4000 cm™. The data for each sample was acquired as a single spectrum,
enabled by the Renishaw SynchroScan feature. The laser power was filtered to 50% intensity and
spectra were acquired with 5 accumulations of 10 s each. The raw data files were processed using
Renishaw WIRE 5.5 software by subtracting a polynomial baseline, removing any cosmic rays, and
normalizing the intensity of the spectra between 0 and 1.

5.2.4 Preparation of the Fresh Microplastics

Multiple commonly used plastic items were collected including: a plastic container composed of
polyethylene (PE), a centrifuge tube composed of polypropylene (PP), plastic spoons composed of
polystyrene (PS), a plastic sheet composed of polyvinylchloride (PVC), a plastic dispenser composed
of PS/PVC, and a plastic water bottle composed of polyethylene terephthalate (PET). The composing
material of the plastics was verified by Raman spectroscopy,?® 2 and they were then cut into smaller
pieces and washed with ethanol. The plastic pieces were then shredded via mechanical force using a
stainless-steel grater to acquire microplastics. The microplastics were collected and dried at room
temperature overnight using a vacuum dryer. Prior to use for experiments, the microplastics were

dispersed in water.
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5.2.5 Preparation of the Wettable Microplastics.

Wettable microplastics were obtained by dispersing the fresh microplastics in water and storing them
in a drawer at room temperature for 3 months. Accelerated wettability of PP microplastics was
achieved by heating freshly dispersed PP microplastics in a water bath at various temperatures,

typically for 0.5 h.

5.2.6 SNA Preparation

The freezing method was used to prepare SNA.* Typically, 3 uM of a 5’-SH modified 21-mer DNA
was mixed with ~10 nM AuNPs (300:1 molar ratio) and the mixture was placed in a freezer (-20 °C)
for 3 h. The sample was then thawed at room temperature and washed 3 times via centrifugation
(14000 rpm, 15 min) at 15 °C. To quantify the density of the attached DNA, SNAs were prepared
using the dual 5'-SH and 3'-FAM labeled DNA. The AuNPs core was dissolved by adding 10 mM
KCN. Finally, the fluorescence intensity of the sample (excitation at 485 nm) was compared to a
standard curve and the DNA concentration and average number of DNA attached to each AuNP was

calculated.

5.2.7 DNA and SNA Adsorption
For the linear DNA adsorption, 10 nM 3’-FAM DNA was used, whereas for the SNA adsorption, 2

nM AuNP (total of ~250 nM DNA) was used. The concentrations were chosen to achieve a reliable
signal with minimal standard deviations between multiple trials. The DNA samples were incubated
with ~1 mg/mL of different microplastics in a buffer (200 mM NaCl, 20 mM HEPES, pH 7.6). The
incubation times were long enough to achieve adsorption equilibrium: 1 h for the linear DNA, 4 h for
SNA, and 0.5 h for SNA adsorption on heated samples. The samples were gently agitated during the
incubation to prevent the precipitation of the microplastics particles. The samples were then
centrifuged (1000 rpm, 2 min). The fluorescence intensity (for linear DNA) and UV-vis absorbance

(for SNA) of the supernatants were measured to back calculate the adsorbed DNA/SNA.

5.2.8 SNA Desorption

First, 2 nM SNA (~250 nM DNA) was almost thoroughly adsorbed onto ~1 mg/mL of the PET
microplastics in a buffer (200 mM NaCl, 20 mM HEPES, pH 7.6) over 4 h. Then, 4 M urea and/or

0.4% Tween 80 were added and incubated with the pre-adsorbed SNA. The samples were gently
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agitated during the incubation to prevent the precipitation of the microplastics particles. After 1 h, the
samples were centrifuged (1000 rpm, 2 min), and the SNA desorption was quantified based on the
enhancement of absorbance at 520 nm of the supernatant.

5.3 Results and Discussion

5.3.1 Microplastics Preparation and Characterization

Six commonly used plastics objects such as a plastic spoon and a water bottle were
collected. Raman spectroscopy was used to identify them to be made of PE, PP, PS, PVC,
composite of PS/PVC, and PET (Figure 5.1). We prepared the microplastics samples via
mechanical shredding of the plastic items. The size and morphology of the microplastics
were then observed using an optical microscope (Figure 5.2). While the samples had a broad

size and shape distribution, they all fulfilled the size requirement of microplastics (<1

mm).151
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Figure 5.1 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.
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Figure 5.2 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.

5.3.2 Soaked Microplastics More Efficiently Adsorbed SNA

The microplastics were freshly dispersed in water and compared with those soaked in water at
room temperature for 3 months. First, adsorption of free oligonucleotides (called linear DNA) was
studied in the presence of Na* as the most abundant metal ion in the environmental waters.?* The
linear DNA adsorption on the soaked microplastics was the same for the fresh and 3-month-soaked
microplastics (Figure 5.3C). No adsorption was observed for PE, PP, PVC, or PS/PVC, while ~10%
and ~65% of the DNA was adsorbed on PS and PET respectively. PS and PET have aromatic
structures, which may stack with DNA bases to promote adsorption.

We then tested the adsorption of SNA consisting of the same DNA sequence with a 5°-SH label
immobilized densely on a 13 nm AuNP core. On average, 125 DNA strands were attached to each
AuNP, and the total DNA concentration was ~250 nM in this experiment. Since SNA enhances the
overall interactions between DNA and materials via polyvalent binding,>* " adsorption of SNA may
provide better insights to the difference between the fresh and soaked microplastics. The absorbance
at 520 nm of AuNPs in the supernatants was used to quantify the SNA adsorption (Figure 5.3A, B).
Interestingly, SNA adsorption was remarkably enhanced on the soaked microplastics in all the cases
(Figure 5.3B, D). In the presence of 200 mM NaCl, SNA adsorption increased on the soaked PE

(36%), PP (70%), PS (50%), PVC (37%), and PS/PVC (52%) compared to the fresh microplastics
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(Figure 5.3B, D). The SNA adsorption capacity on PET remained unchanged since the fresh PET
microplastics already adsorbed ~90% SNA.
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Figure 5.3 (A) UV-vis spectra of the supernatants and (B) photographs illustrating the adsorption of 2 nM SNA
(total of 250 nM DNA\) on freshly prepared and 3-month-soaked microplastics. The adsorbed SNA was
quantified according to the decrease of the absorbance. Adsorption of (C) 10 nM FAM-DNA, and (D) 2 nM
SNA onto 1 mg/mL of different fresh and soaked microplastics in the presence of 200 MM NacCl.

5.3.3 The Origin of Change

Among the six tested microplastics, PP showed the most dramatic change upon soaking in water
(Figure 5.3D). Therefore, it was chosen for investigating the reason of the enhanced SNA adsorption.
We first dried the PP microplastics that were soaked for 3 months, and then redispersed it in water
right before the SNA adsorption experiment. Interestingly, the SNA adsorption efficiency of this
dried sample was zero and similar to the fresh PP microplastics (Figure 5.4A, green and black
curves). This observation suggested that the enhancement of SNA adsorption was reversible and

likely due to physical processes at the microplastics surface instead of irreversible chemical
transformations.

Due to its lower density than water, PP naturally floats at the surface of water. Figure 5.4B illustrates

the floating behavior of 20 mg PP microplastics dispersed in 1 mL water. Fresh PP microplastics

were located at the top of the water surface shying away from water, thereby the majority of them

were barely floating. On the other hand, the 3-month-soaked microplastics nicely floated and partially
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sank close to the surface of water suggesting an enhanced wettability. Drying and redispersing the

microplastics decreased the wettability again similar to the fresh microplastics (Figure 5.4B).

Raman spectroscopy was used to investigate for any possible changes in functional groups in samples
after soaking. Comparing the Raman spectra of the fresh and soaked PP samples, no apparent change
was observed in the carbonyl (~1600-1800 cm™) and hydroxyl regions (~3400-3600 cm™) confirming
that only physical changes occurred leading to the increased wettability (Figure 5.4C). Oxidation of
microplastics can generate surface carbonyl and hydroxyl groups,?”® which can also enhance
adsorption on microplastics.1%% 75 261 Studies of oxidation of microplastics typically use a remarkably
harsher artificial conditions such as heating time of 1-90 days and temperatures of 70-120°C 27928
For example, when PP microplastics were oxidized at 70°C in the presence of an oxidizing agent
(K2S:0s), after 5 days, the carbonyl peak started to appear in the IR signal.?®* Thus, it was not
surprising that our fast and mild wetting conditions did not induce a change in the chemistry of the

microplastics surface.

We also performed TGA analysis on the fresh and 3-month-soaked PP microplastics to investigate the
water evaporation behavior. As shown in Figure 5.4D, water evaporated from the fresh PP samples
with a sharper slope, and the temperature at which water fully evaporated was 90°C. In contrast, the
soaked PP depleted water at 98°C. Therefore, the soaked microplastics showed a higher resistance to
water evaporation, which could be attributable to the presence of more surface areas with stronger
affinity to interaction with water (e.g. water trapped in pores). After ruling out chemical changes, we
reasoned that a portion of water was able to access pores with smaller features and those water

molecules are more difficult to evaporate due to a higher Laplace pressure.

Therefore, the data in Figure 5.4 suggested that the enhancement of SNA adsorption on the soaked
microplastics was reversible and due to an increase in the microplastics wettability. We reason that
when they are freshly dispersed in water, air is trapped at their micro- and nanopores at the surface
making it resistant to wetting and disallowing SNA to come close to the surface. Over time, these
micro- and nanobubbles would break leading to wetting of the surfaces with nanoscale features to
facilitate the adsorption of SNA with a larger contact area. The adsorption of normal linear DNA is
too weak for plastics like PP and wetting to increase the contact surface area could not help the

adsorption of linear DNA.
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Figure 5.4 (A) UV-vis spectra of the supernatants and photographs illustrating the adsorption of 2 nM SNA
(total of 250 nM DNA\) on the freshly prepared PP, wettable PP, and wettable PP after drying and redispersing
in water. (B) Photographs illustrating the floating behavior of the freshly prepared PP, wettable PP, and
wettable PP after drying and redispersing in water. The wettable PP microplastics showed a more hydrophilic
behavior which correlated with its higher SNA adsorption efficiency. (C) The identical Raman spectra of the
freshly prepared PP and soaked PP suggesting a lack of measurable chemical changes. (D) TGA of 5 mg of the
PP microplastics containing 25 pL of water (total of 30 mg sample). Upon heating, the water portion was
evaporated resulting in a mass loss and dry PP samples were acquired in the end.

5.3.4 Closer Investigation of the Wet PET

Since the SNA adsorption capacity on the fresh and soaked PET was the same (Figure 5.3D), we
further tested the kinetics of SNA adsorption on PET. The kinetic data fitted well with the pseudo-
second-order (PSO) adsorption kinetics model with correlation coefficients (R?) of greater than 0.98
for both fresh and soaked PET (Figure 5.5A). The SNA adsorption on microplastics was described by
the PSO model, since the SNA (the adsorbate) concentration was relatively low in this experiment
and decreased dramatically during the adsorption.?%? As shown in Figure 5.5A, the adsorption
approached to a plateau for both microplastics after 2 h, and it reached to a saturation of ~90% after 4
h. This data agreed with the observation in Figure 5.3D. However, based on the kinetic traces, the
half-saturation time (t12) was 45 min and 11 min for fresh and soaked PET, respectively. Therefore,
for PET, the effect of wetting was apparent in its faster adsorption kinetics.
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Urea (4 M) was used as a hydrogen bonding disrupter to induce the desorption. Zero to negligible
desorption occurred from either of the fresh and wet microplastics (Figure 5.5B). It appeared that the
strong polyvalent interaction of SNA with both microplastics provided the same adsorption stability
against urea. Further, a surfactant (0.4% Tween 80) was separately added to the pre-adsorbed SNA.
Surfactants may use their hydrophobic tail and van der Waals (VDW) force to adsorb onto the
microplastics and displace the SNA. Interestingly, 76% and 40% of the SNA desorbed from fresh and
the soaked PET, respectively (Figure 3B). This data revealed a range of adsorption affinities for SNA,
and more SNA were adsorbed with a higher affinity onto the soaked PET than the fresh PET.
Moreover, hydrophobic interactions were likely significant for the adsorption on PET. We then added
urea and Tween 80 together to reinforce the effect of competing and disrupting agents. SNA was
thoroughly desorbed from the fresh PET, while 63% desorption occurred from the soaked PET
(Figure 5.5B), confirming a portion of strongly adsorbed SNA on the soaked PET.
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Figure 5.5 (A) Kinetics of adsorption of 2 nM SNA on the freshly prepared PET and wettable PET in the
presence of 200 mM Na*. (B) The desorption of SNA from the freshly prepared PET and wettable PET induced
by 4 M urea, 0.4% Tween 80, or 4 M urea plus 0.4% Tween 80.

5.3.5 Effect of Heating on SNA Adsorption

Heating is one of the dominant processes in the environment,?” and we then tested the SNA
adsorption on PP microplastics that were heated at various temperatures (37, 50, 60, 70, and 85°C) for
0.5 h. The PP samples heated at 37 and 50°C adsorbed SNA slightly more than the fresh PP (Figure
5.6A). When the heating temperature was increased to 60°C and 70°C, the adsorption enhancement
was more noticeable and ~25% of the SNA were adsorbed onto the PP microplastics. Eventually,

heating the PP microplastics at 85°C remarkably increased its SNA adsorption efficiency to 80%
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(Figure 5.6A). The floating behavior of PP microplastics after heating at different temperatures
confirmed that their wettability correlated to the SNA adsorption enhancement (Figure 5.6B).

We then heated the PP microplastics at 85°C for different durations. In the presence of 200 mM
NaCl, adsorption efficiency of 0.5 h and 3 h heated PP was 80% and 96%, respectively (Figure 5.6A).
This suggested that heating at higher temperatures or for longer times can enhance the SNA
adsorption efficiency. Figure 5.6C is a TEM image of SNAs adsorbed onto the edge of a PP
microplastic particle that were heated at 85°C. The AuNPs were not evenly distributed but seem to be

concentrated in a few regions, which could be the regions with more roughness and small porosity.

To investigate the origin of change of these heated samples, we performed Raman spectroscopy on
the most harshly-heated PP sample (at 85°C for 3h). The oxygen related regions were still unchanged
compared to the fresh PP microplastics (Figure 5.6D). Therefore, similar to the 3-months-soaked PP
microplastics, these heated samples also did not change chemically. Heating only accelerated the
wetting of the surface compared to that at room temperature.
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Figure 5.6 (A) Adsorption 2 nM SNA in the presence of 200 mM Na* on the freshly prepared PP and the
wettable PP prepared by heating at various temperatures for 0.5 h. (B) Photographs illustrating the floating
behavior of the freshly prepared PP, and wettable PP prepared by heating at two different temperatures for 0.5

h. The wettable PP microplastics at higher temperatures showed a more hydrophilic behavior which correlated
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with their higher SNA adsorption efficiency. (C) A TEM micrograph depicting the SNA adsorbed onto a
wettable PP microplastic prepared by heating at 85 °C for 0.5h. (D) Raman spectra of the freshly prepared PP
and the 3h-heated PP which were identical suggesting that no chemical change (e.g. oxidation) occurred upon
the heating of PP microplastics.

5.3.6 Mechanism of SNA adsorption on Wettable Microplastics

Based on the above results, we reason that microplastics have areas with more roughness with
nanoscale porosity comparable with the size of SNAs. These surface pores can provide more contact
with SNA, but they easily entrap air (Figure 5.7A). Therefore, for fresh microplastics, SNA contact
with the surface is zero or minimal leading to no adsorption (e.g. PP) or a loose adsorption (e.g. PET).
Soaking allows wetting of rough surfaces and SNA can efficiently contact such nanoscale pores
(Figure 5.7B), resulting in a higher adsorption capacity (e.g. PP) and a tighter adsorption via
polyvalent binding (e.g. PET).

The feature of roughness is still too large for a linear DNA and that is why soaking cannot enhance
the adsorption of linear DNA (Figure 5.7C, D). Such an understanding can also be potentially

applicable to the adsorption of other nanoscale objects and biological agents.

@ fresh microplastics soaked microplastics

A '\ (B
SNA

linear DNA

S\
O

= W]

microplastic

water

Figure 5.7. Schemes illustrating the difference between the SNA/linear DNA adsorption mechanism onto (A/C)

fresh microplastics, and (B/D) wettable microplastics. Soaking enhances the access of SNA to more surface
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nanoscale pores thereby enhancing both capacity and affinity of adsorption, whereas the roughness features are

too large for linear DNA and soaking does not affect its adsorption.

5.4 Conclusions

When dispersed in water, microplastics continuously go through chemical and/or physical
transformations. While harsh conditions are necessary to induce chemical transformations such as
oxidation, physical changes may occur at milder conditions. Herein, we observed that the interaction
of microplastics with SNA was highly influenced when microplastics were soaked in water at room
temperature for 3 months or when they were heated on a scale of a few hours. When these
microplastics were dried, they behaved similar to the fresh microplastics for SNA adsorption
suggesting a reversible physical change, which was also supported using Raman spectroscopy. Based
on the better retention of water on the long-term-soaked microplastics, the effect of soaking was
likely related to the access of nanoscale porosity. It was concluded that the surface of the soaked
microplastics had more of their porosity wetted by water, allowing SNA to access those nanoscale
features to establish stronger adsorption due to increased contact areas. Based on the observations in
this work, different adsorption studies should more carefully take into account the time- or
temperature-dependent change of microplastics.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Interfacing DNA with nanomaterials has been useful in many biomedical applications including
biosensing. In this thesis, | aimed to study the metal-mediated adsorption of DNA on two important
polymeric materials: PDA and microplastics. On one hand, I aimed to solve some shortcomings of the
previous work on PDA-DNA conjugates to develop the current methods for DNA extraction and
sensing. On the other hand, | explored the fundamentals of DNA adsorption on microplastics to

provide useful insights for the potential future research in the field of microplastics detection.

In Chapter 2, | involved polyvalent metal ions during the synthesis of PDA to produce metal-doped
PDA NPs. The metal-doped PDA NPs showed a higher DNA adsorption capacity as well as a tighter
DNA binding compared to the previously common strategy of using metal-adsorbed PDA NPs. The
metal-doped PDA NPs showed a higher selectivity for detection of target DNA compared to metal-
adsorbed PDA NPs. They also showed a remarkable DNA extraction efficiency in serum and were
highly resistant to nonspecific protein and phosphate displacement. Therefore, metal-doped PDA NPs

were found to be promising for sensing in real biological samples.

In Chapter 3, | first did some fundamental investigation to compare SNA adsorption versus linear
DNA adsorption on PDA NPs. | showed that the metal ions have a cooperative effect on promotion of
SNA adsorption. Moreover, the SNA adsorption showed an extraordinary stability comparable to
covalent attachment. Therefore, | designed a hybrid material to be used for extraction and detection of
DNA. This consisted of a FesO4 core (to provide magnetic separation), a PDA shell (to achieve
specific DNA extraction) and a SNA decoration (to achieve efficient hybridization of target DNA).

Using this conjugate, highly robust and selective extraction and detection of DNA was achieved.

In Chapter 4, | conducted a systematic study to fundamentally investigate the metal-mediated
adsorption of linear DNA and SNA on microplastics. The effect of the most abundant metal ions Na*,
Mg?*, and Ca?" was studied for DNA adsorption onto the most common microplastics materials
including PE, PP, PVC, PS, and PET. Among the microplastics, PET and PS showed the highest

DNA adsorption efficiency likely due to the interactions provided by their aromatic rings. | also
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performed desorption studies, and metal-mediated interactions and hydrogen bonding were found to

be crucial for DNA adsorption on microplastics.

Finally, in Chapter 5, I utilized DNA to study “wetting”, an important property of microplastics
which can highly affect its adsorption behavior. It was observed that water-soaked microplastics can
adsorb SNA more efficiently while no change was noticeable for adsorption of linear DNA. Raman
spectroscopy analysis suggested that no chemical change occurred to the microplastics upon soaking
in water. This and the irreversible nature of the change suggested that the soaked microplastics can
adsorb SNA more efficiently due to the better wettability of surface roughness features which was
also observable in floating behavior of the microplastics. Therefore, | proposed SNA adsorption as a

simple method for studying and quantification of the wettability of microplastics.

6.2 Original Contributions

Based on the above work, the original contributions | have made can be summarized as follows:

1. Metal-doped PDA NPs adsorb DNA more tightly which can improve the selectivity and
robustness of the PDA-DNA sensors.

2. PDA-SNA conjugates can be used for DNA extraction and detection with extraordinary

selectivity, since PDA has zero non-specific adsorption of DNA in the presence of Na*.

3. PET and PS microplastics can nonspecifically adsorb DNA oligonucleotides, and metal-

mediated interactions and hydrogen bonding are vital for such adsorption.

4. SNA adsorption enhances on more wettable microplastics. Therefore, SNA can be used to

probe the wettability of microplastics.

6.3 Future Work

This thesis has provided some new insights about DNA adsorption on PDA and have presented PDA-
DNA biosensors with a higher selectivity and robustness. Moreover, it has answered some
fundamental questions about interfacing DNA and microplastics. Following, some potential future

work ideas are proposed.

With regard to metal-doped PDA NPs, some applications were shown in the past such as in
magnetic resonance imaging (MRI) and thermochemotherapy (TCT).””"8 In this thesis, we applied

them for designing DNA biosensors. Yet, the excellent metal-coordination property of PDA and the
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wide range of functionality of metal ions envision a higher research potential on these NPs. For
instance, very recently, Fe-doped PDA NPs have been used to provide catalytic peroxidase-like

activity.?8?

In addition, in this thesis we only proved the remarkable stability and selectivity of PDA-SNA
conjugate in buffers and serum. Therefore, such conjugate has the potential be used in different

biomedical applications in order to achieve an efficient DNA delivery into cells or in-vivo.

With regard to microplastics, we presented a very fundamental study in this thesis and many future
directions need to be explored. The nonspecific DNA adsorption efficiency of microplastics can be
very insightful prior to selection of DNA aptamers for microplastics. Since PET and PS showed non-
specific adsorption under the mentioned buffer conditions, aptamer selection is likely to be
challenging for these microplastics. On the other hand, PE, PP and PVVC had minimal interactions

with ssDNA, therefore there is a higher potential to select aptamers for them.

Finally, the microplastics wetting conditions used in this thesis were rather mild, but it showed a
remarkable effect on SNA adsorption. Therefore, future adsorption studies on microplastics need to

account for time-dependent change of microplastics in water more carefully.
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