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to polymeric, soft and quantum
materials: mechanisms and applications

Mohamad Zandieh, a Jung Heon Lee b and Juewen Liu *a

Polymeric and soft materials offer excellent biocompatibility, a high capacity for loading of guest molecules,

and cost-effectiveness. Additionally, recent studies on nanodiamonds as quantum materials have revealed

interesting applications at ambient temperatures. The attachment of DNA oligonucleotides to these

materials enables molecular recognition, directed assembly and targeting capabilities, offering unique

advantages for biomedical, analytical and environmental applications. In this article, the mechanisms of

DNA adsorption to various metal-free materials, including polydopamine (PDA), hydrogels, microplastics,

cellulose crystals, nanodiamonds, and carbon quantum dots are reviewed. Key interactions involved in

these systems include p–p stacking, hydrogen bonding, hydrophobic interactions, and metal bridging.

We highlight how material properties such as surface charge, functional groups, and wettability influence

DNA adsorption and release. Stimuli-responsive systems, such as pH-switchable PDA and

thermoresponsive hydrogels, allow controlled DNA adsorption and release. Furthermore, sequence-

specific aptamers developed for microplastics and cellulose are discussed, demonstrating the potential

for selective DNA binding to nanomaterials. Finally, applications including fluorescence-based

biosensors, intracellular delivery, high-density DNA storage, and surface probing are presented.

Remaining challenges and future directions are also discussed to guide further advancements in this

emerging field.
1. Introduction

The attachment of DNA oligonucleotides to inorganic
nanomaterials,1–3 such as gold, quantum dots, and metal
oxides, have enabled the development of various biosensors,
drug delivery vehicles, and stimuli-responsive materials.4–7 DNA
provides molecular recognition capabilities, while nano-
materials enable signal transduction, drug loading, and DNA
protection. Beyond recognizing complementary nucleic acids,
DNA can also recognize metal ions, small molecules, proteins,
cells, and surfaces through the aptamer technology.8–12 Aptam-
ers are single-stranded DNA or RNA oligonucleotides that
selectively bind to target molecules. DNA aptamers are
preferred for materials-related applications due to their signif-
icantly greater stability than RNA (approximately one million
times higher).13 Additionally, DNA is more cost-effective to
produce and easier for covalent modications for bi-
oconjugation and signal transduction.

DNA can adsorb to metal-containing nanomaterials through
various interactions. For instance, DNA nucleobases strongly
coordinate with gold nanoparticles (AuNPs),14 the phosphate
itute for Nanotechnology, University of
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the Royal Society of Chemistry
backbone binds effectively to different metal oxide NPs,15 and
van der Waals forces facilitate the adsorption of DNA to WS2
and MoS2.16–19 However, metal-containing nanomaterials pose
potential toxicity concerns due to the metal species. Many other
important materials do not contain metal ions. For in vivo
applications, metal-free materials are more attractive and more
likely to be approved for clinical use. Currently, most FDA-
approved nanomaterials for drug delivery are based on lipo-
somes and biodegradable polymers, with only a few incorpo-
rating biocompatible metals such as calcium and iron.20

Polydopamine (PDA) is widely used for coating various
surfaces due to its excellent adhesive properties.21,22 Hydrogels,
composed of crosslinked hydrophilic polymer networks capable
of retaining a large fraction of water, are valuable for designing
smart so materials especially for biomedical applications due
to their excellent biocompatibility and stimuli-responsive-
ness.23,24 Some polymeric materials, however, raise environ-
mental and health concerns. Recently, microplastics received
signicant attention due to their accumulation in animals and
humans, which can lead to diseases.25–27 Another class of
intriguing materials is quantum materials, such as uorescent
nanodiamond containing nitrogen vacancies, which are of
particular interest for sensing and imaging applications.28

Understanding and controlling DNA adsorption to these mate-
rials can offer new functionalities. Thesematerials, being free of
metal species, interact with DNA via alternative forces such as
Chem. Sci., 2025, 16, 14865–14883 | 14865
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p–p stacking, hydrophobic interactions, and van der Waals
interactions. While metal coordination may still occur, it typi-
cally involves externally added metal ions acting as bridges.29

DNA oligonucleotides can interact with materials via either
covalent conjugation or physical adsorption. In terms of
adsorption, two distinct types exist. One is nonspecic
adsorption, where DNA sequence does not play a major role,
and sequences with similar base compositions generally exhibit
a comparable adsorption strength. Due to polyvalent interac-
tions along a DNA chain, such nonspecic adsorption can be
quite strong. The other type is specic sequence-dependent
adsorption. In this case, strongly adsorbing sequences can be
regarded as aptamers for the surface or material,30 and muta-
tions in aptamer sequence may decrease the adsorption affinity.
For certain applications, such as targeted drug delivery and
biosensors, it is important to form a stable bioconjugate while
minimizing DNA/material interactions to retain the targeting
ability of DNA aptamers.31,32 In contrast, for applications such as
DNA extraction, strong DNA/material interactions are desirable,
even in complex sample matrices. Therefore, it is critical to
precisely control the interaction strength, which requires
a comprehensive understanding of the underlying interaction
mechanisms.

While numerous review papers have discussed DNA conju-
gation to various inorganic nanomaterials from AuNPs,33–35

metal oxide NPs36,37 to MXenes,38 no comprehensive reviews
have yet covered polymeric and so materials, especially with
Fig. 1 (a) A scheme depicting a ssDNA consisting of a phosphate backbo
adenine (A), thymine (T), guanine (G), and cytosine (C). (b) Competition be
(c) Interaction forces involved in DNA adsorption to metal-containing n
involved in DNA adsorption on various polymeric and quantum material

14866 | Chem. Sci., 2025, 16, 14865–14883
a focus on fundamental interaction mechanisms. To address
this gap, we selected a diverse set of polymeric and so mate-
rials, including PDA, hydrogels, microplastics, nanodiamonds
(NDs), cellulose nanocrystals (CNC), and carbon quantum dots
(CQDs), based on their growing relevance in biomedical, envi-
ronmental, and nanotechnology applications, as well as their
distinct physicochemical properties that inuence DNA inter-
actions. Since graphene oxide has already been extensively
reviewed for DNA adsorption due to its high surface area and
versatile functionalization capabilities,39,40 we did not include it
here. While this review covers a relatively long timeframe,
particular emphasis is placed on studies published within the
past decade.

2. Competing interactions for DNA
adsorption

Fig. 1a shows the structure of the four nucleobases, and
a scheme of a single-stranded DNA (ssDNA), which is highly
exible due to the presence of many rotatable bonds in
a phosphodiester backbone. The persistence length of a ssDNA
is approximately only 0.7 nm.41 In contrast, the persistence
length of a double-stranded DNA is approximately 50 nm.
Therefore, ssDNA can more easily form conformal adsorption
structures. Among the four nucleobases, adenine and guanine
are purines, and they can have stronger p–p stacking interac-
tions.42 Guanine, being the most hydrophobic base among the
ne and nucleobases, along with the structures of the four nucleobases:
tween DNA intrastrand interactions, duplex formation, and adsorption.
anomaterials, such as metal oxides and AuNPs. (d) Interaction forces
s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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four, may play an important role when a DNA interacts with
hydrophobic surfaces.43 However, DNA with a high purine
content may also exhibit more intramolecular interactions,
folding into various internal secondary structures, which in
turn can reduce DNA/surface interactions.

An ssDNA oligonucleotide can engage in several types of
interactions (Fig. 1b). First, it can interact with itself to form
certain secondary structures. Depending on its sequence, the
DNA may adapt a single stable structure or various meta-stable
structures that may inter-convert. Second, it can interact with its
complementary DNA to form a duplex, which hides the nucle-
obases and only exposes the phosphate backbone.44 This single-
to-double strand transition can drastically alter the interaction
between DNA and nanomaterials. Third, DNA may interact with
other molecules or surfaces, and surface interactions are the
focus of this article. These three interactions compete with one
another, and the nal binding state is oen determined by both
thermodynamic and kinetic factors. For DNA capable of form-
ing stable secondary structures, only a few nucleotides may be
exposed. Although each exposed nucleotide may interact
strongly with a surface, the overall adsorption may still be weak
Fig. 2 (a) The structure of PDA, consisting of covalent and noncovalent
micrographs depicting 100 nM FAM-labelled DNA mixed with 30 mM d
Reproduced with permission.53 Copyright 2020, American Chemical Soci
when metal ions were added during or after the synthesis. Reproduced w
DNA and SNA from 50 mgmL−1 PDA (in the presence of 100 and 300mM
with permission.56 Copyright 2020, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
due to the limited number of available nucleotides. In contrast,
a DNA that does not form stable secondary structures tends to
have more exposed nucleotides, resulting in stronger overall
adsorption.45

Fig. 1d shows some of the polymeric materials to be reviewed
in this paper. While this list covers only a small subset of all
available materials in this group, they are representative and
have the most data regarding interactions with DNA. We aim to
highlight different types of adsorption forces between these
metal-free polymeric materials versus metal-containing inor-
ganic NPs such as AuNPs and metal oxides (Fig. 1c).
3. Polydopamine

Polydopamine (PDA) is a synthetic mimic of melanin and can be
spontaneously and robustly coated onto various substrates
under mild conditions,46,47 allowing for precise control over
coating thickness and surface chemistry.48 A generally accepted
structure of PDA is shown in Fig. 2a, containing a high density
of catechol and amine groups, facilitating versatile interactions
with DNA via hydrogen bonding and p–p stacking. By
assemblies of various oxidation products of dopamine. (b) Fluorescent
ifferent metal ions in the absence or presence of 20 mg mL−1 PDA.
ety. (c) z-Potentials of PDA NPs showing a less negative surface charge
ith permission.55 Copyright 2020, Wiley-VCH. (d) Desorption of linear
Na+, 2 mMCa2+, or 0.6 mM Zn2+) induced by 4mM EDTA. Reproduced

Chem. Sci., 2025, 16, 14865–14883 | 14867
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chemically modifying dopamine, the range of coatable surfaces
can be further expanded. At physiological pH, PDA is negatively
charged, and a direct attachment of DNA becomes difficult. To
adsorb DNA, the charge repulsion between negatively charged
DNA and PDA needs to be overcome.

3.1. Low pH-assisted DNA adsorption

PDA has an isoelectric point of 4.5, and thus lowering the pH
can promote DNA adsorption. Below its isoelectric point, PDA
becomes positively charged due to protonation, while DNA
remains negatively charged above pH 2. This enables electro-
static attraction between DNA and PDA at low pH. The Jia group
investigated the DNA adsorption efficiency on PDA over a wide
pH range.49,50 ThemaximumDNA adsorption capacity of 161mg
g−1 occurred at pH 2, and that 80% of the adsorbed DNA could
be efficiently released at pH 8 due to the deprotonation of
phenolic hydroxyl groups in PDA, which resulted in electrostatic
repulsion between PDA surface and DNA.

3.2. Metal bridged adsorption

Another approach to promote DNA adsorption on PDA is
through metal-mediated interactions, since both PDA51 and
DNA have multiple metal binding sites.8 Divalent metal ions not
only screen the charge repulsion between negatively charged
DNA and PDA, but also mediate additional interactions, such as
metal bridges, cation–p interactions and hydrogen bonding
with hydrated metal ions.52 Even though divalent metal ions
have been commonly used in buffers for DNA adsorption on
PDA, Meng et al. rst systematically investigated the role of
various metal ions. At pH 7.6, up to 200 mM of monovalent
metal ions (Na+ or K+) did not induce DNA adsorption on PDA,
whereas divalent metal ions (2 mM Mg2+ or Ca2+) promoted
adsorption, with Ca2+ being more effective than Mg2+.

Later, our group investigated the effect of transition metal
ions, and the DNA adsorption affinity followed the order of Ni2+

> Zn2+ > Co2+ > Mn2+ > Ca2+ (Fig. 2b).53 The higher efficiency of
transition metal ions may be attributed to their stronger affinity
to DNA.8 Our group also incorporated metal ions during the
synthesis of PDA and achieved enhanced DNA adsorption effi-
ciency and robustness.54 Incorporating metal ions during the
synthesis of PDA resulted in a less negative PDA surface charge,
which can decrease repulsion to DNA (Fig. 2c).55 Moreover,
EDTA induced a complete desorption of preabsorbed DNA from
PDA surface suggesting the critical role of metal ions for DNA
adsorption on PDA at neutral pH. Polyphosphate and urea were
other regents that induced DNA desorption from PDA
surface,53,56 implying the role of DNA phosphate backbone as
well as hydrogen bonding for DNA adsorption on PDA.

3.3. Polyvalent binding

Alongside low pH and metal ions, another effective method for
DNA adsorption on PDA is through polyvalent binding. The
weak interactions between individual DNA oligonucleotides
and PDA can be amplied when DNA is densely immobilized on
an AuNP core (referred to as spherical DNA or SNA, Fig. 2d).56 In
this case, even amonovalent metal ion such as Na+ could induce
14868 | Chem. Sci., 2025, 16, 14865–14883
DNA adsorption. The stability was higher than that of linear
DNA adsorption, and at high metal concentrations, neither 4 M
urea nor 4 mM EDTA could induce SNA desorption from PDA
(Fig. 2d). Therefore, the stable adsorption implied that aer the
removal of metal ions, other forces maintained the adsorption.
Hydrogen bonding and p–p interactions are examples of weak
interactions that can be amplied by polyvalent binding, which
is likely responsible for this extraordinarily stable adsorption.57

Furthermore, the metal-dependent DNA adsorption curve sug-
gested that cooperative binding of multiple metal ions was
necessary for efficient adsorption.

PDA is a representative example of polymeric materials with
aromatic surface groups and versatile functional moieties (e.g.,
catechols, amines) that enable diverse interactions with
biomolecules like DNA. While other phenolic-rich polymers
(e.g., tannic acid-based coatings58) share similar features, such
as hydrogen bonding and metal affinity, PDA offers superior
robustness in coating and tunable surface chemistry. These
properties make PDA an ideal model system for studying the
interplay of electrostatic, coordination, and p-driven interac-
tions with DNA.
3.4. Covalent DNA attachment

DNA can also be covalently conjugated to PDA through thiol- or
amine-modied DNA strands, leveraging the oxidation of
dopamine's catechol groups to quinones, which undergo
Michael addition with nucleophilic thiols or amines. The reac-
tion efficiency depends on pH, with optimal conditions near or
below the pKa of the Michael acceptor (e.g., pH 8.5 for thiolated
DNA and pH 7.5 for amine-modied DNA).59,60 To maximize
DNA loading density, a salt-aging step (adding NaCl up to 0.15
M) is employed to mitigate electrostatic repulsion between DNA
strands,59,60 a strategy adapted from AuNP functionalization.2,61

While both Michael addition and Schiff-base reactions can
occur, the former dominates due to the hydrolytic instability of
imine bonds.62,63 The resulting PDA–DNA conjugates exhibit
exceptional stability, resisting DNA release even aer 24 h at
75 °C across a broad pH range (2–11), withminimal detachment
(∼5%) observed only at pH 12.59 This robustness is attributed to
residual quinone moieties and electrophilic sites present in the
PDA structure.63
4. Hydrogels

Hydrogels are three-dimensional, water-swollen polymer
networks known for their biocompatibility and stimuli-
responsiveness. They are also well suited for biomedical appli-
cations due to their tunable properties and a high biomolecule-
loading capacity. Hydrogels can be made from a variety of
polymers. Important hydrogel products include contact lens,64

wound dressings,65 sensors,66–69 drug delivery systems,70 tissue
engineering scaffolds,71 diapers,72 hygiene products,73 and so
robotics.74 Numerous studies have reported covalent modica-
tion of hydrogels with DNA for applications in sensing, drug
delivery and separation. Covalent attachment of DNA is typically
achieved by co-polymerization of acrydite-modied DNA or by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reacting amino-modied DNA with hydrogels containing a suc-
cinimidyl ester.75 Since many review papers have already
covered these topics,76,77 we focus here on the physical adsorp-
tion of DNA.
4.1. DNA adsorption to hydrogels

To mimic hydrophobic interaction chromatography for the
separation of biomolecules, Corman et al. synthesized hydro-
phobic cryogel disks, which were either plain or particle-
embedded.78 The cryogels were compared for their salmon
double-stranded DNA (dsDNA) adsorption efficiency. The
authors showed that at higher temperatures, the DNA adsorp-
tion capacity increased suggesting that hydrophobic interac-
tions are favourable for DNA adsorption (Fig. 3a). These
interactions likely occurred between hydrogel-bound trypto-
phan, a hydrophobic amino acid used in the hydrogels, and
hydrophobic regions of DNA. Moreover, it was shown that the
addition of sodium salts increased the adsorption capacity.
Polycytosine DNA showed the highest affinity to hydrogels, and
similar observations for C-rich DNA were also made on many
inorganic nanomaterials and graphene oxide.79,80

In another study aimed to separate biological DNA from
peas, DNA adsorption was examined on a Co2+-immobilized
cryogel.81 Electrostatic interactions between Co2+ ions and the
DNA phosphate groups were found to be the dominant mech-
anism for this adsorption, as increasing temperature and ionic
strength reduced the adsorption capacity by disrupting the
electrostatic interactions.81 Furthermore, the adsorption
isotherm aligned well with the Langmuir model, suggesting
monolayer DNA adsorption.

The Liu group systematically studied the adsorption of short
ssDNA on acrylamide-based hydrogels functionalized with
boronic acid.82 Boronic acid was critical for adsorption, as the
same hydrogel devoid of boronic acid failed to adsorb the DNA
(Fig. 3b). These boronic acid-modied hydrogels were
Fig. 3 (a) Effect of temperature on DNA adsorption on tryptophan-c
adsorption, suggesting the role of hydrophobic interactions. Reproduced
acrylamide-based hydrogel with and without boronic acid. Boronic acid
Reproduced with permission.82 Copyright 2019, American Chemical Soc

© 2025 The Author(s). Published by the Royal Society of Chemistry
negatively charged at neutral pH, thereby electrostatically
repulsing DNA. Therefore, increasing NaCl concentration
promoted DNA adsorption. Moreover, the nanogel could
nonspecically adsorb DNA aptamers and inhibit their binding
function. Desorption studies on boronic-acid modied hydro-
gels suggested that urea and DMSO inhibited DNA adsorption,
highlighting the importance of hydrogen bonding and hydro-
phobic interactions in the DNA adsorption process.82

Recently, Huang et al. synthesized a hydrogel containing chi-
tosan and ammonium groups to produce a cationic nanogel for
binding and scavenging pathogenic dsDNA in chronic wounds.83

The nanogel featured quaternary ammonium groups with a high
pKa of ∼35, ensuring that it retains a positive charge at the
physiological pH of 7.4 and ionic strength of 150 mM,mimicking
the chronic wound condition. To conrm the dominance of
electrostatic interactions in adsorption, the addition of 1 M NaCl
resulted in desorption due to charge screening. The nanogel's
structure also played a critical role in DNA scavenging. Smaller
DNA molecules (hydrodynamic diameter of 11 nm) penetrated
the gel interior, acting as crosslinkers. In contrast, larger genomic
DNA (hydrodynamic diameter of 208 nm) primarily adsorbed to
the surface. Therefore, ne-tuning the network structure of the
hydrogel enabled sequestering of DNA both on the surface and
within the interior of the nanogel.

Overall, most acrylamide-based hydrogels do not exhibit
strong interactions with DNA oligonucleotides, which explains
why DNA can easily retain its hybridization and target-binding
functions in such gels. To achieve physisorption of DNA, addi-
tional monomers capable of hydrogen bonding, p–p stacking,
and electrostatic attraction are needed.
5. Microplastics

Plastics are arguably the most important synthetic polymers.
Despite their detrimental environmental effects, plastics are
ontaining hydrogels, where increasing temperature enhanced DNA
with permission.78 Copyright 2013, Wiley-VCH. (b) DNA adsorption on
was essential for the adsorption of DNA on the hydrogel (red curve).
iety.

Chem. Sci., 2025, 16, 14865–14883 | 14869
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still being increasingly produced due to their remarkable
versatility and cost-effectiveness. Microplastics are submilli-
meter plastic particles, which are either intentionally manu-
factured or generated through the natural shredding of larger
plastic objects. The structures of several common microplastics
are shown in Fig. 4a. Microplastics are composed of hydro-
phobic polymer chains, and an important feature is that they
are very dense materials with minimal interior water contents,
which is distinct from hydrogels.

Studying DNA adsorption to microplastics is important from
two aspects. First, it provides fundamental insights into the
adsorption of biological DNA to microplastics in the environ-
ment. Second, it offers useful information for developing
aptamers for microplastics. Some plastics contain aromatic
monomers, which may interact more strongly with DNA via p–p
stacking interactions. Microplastics can be characterized using
optical microscopy to determine their size and shape, and using
Raman or IR spectroscopy to analyze composition. Fig. 4b
shows a microscope image, and Fig. 4c shows a Raman spec-
trum of polyethylene terephthalate (PET) microplastics
prepared in our lab by grating a plastic water bottle.
5.1. Metal-mediated adsorption

Our group systematically investigated DNA adsorption on
microplastics. Since microplastics are negatively charged, we
rst investigated the effect of environmentally abundant metal
ions (Na+, Mg2+ and Ca2+).84 In the absence of these metal ions,
no DNA adsorption was observed. Unlike on PDA, DNA
adsorption on microplastics was not dependent on polyvalent
metal ions, and Na+ alone could also induce DNA adsorption on
Fig. 4 (a) Molecular structures of common plastic materials. (b) An optica
in our lab by grating a plastic water bottle. Reproduced with permission

14870 | Chem. Sci., 2025, 16, 14865–14883
PET microplastics. Similar to PDA, the adsorption affinity to
microplastics followed the order Ca2+ > Mg2+ > Na+, with half-
saturation concentrations approximately 85-fold and 4-fold
higher for Na+ andMg2+ compared to Ca2+, respectively (Fig. 5a).

Among the various plastic materials tested,84 PET and poly-
styrene (PS) exhibited the highest efficiency for DNA adsorption.
These two materials were the only ones with aromatic benzene
rings in their chemical structures, suggesting that additional
interactions were provided by the aromatic rings. Urea and EDTA
both partially induced DNA desorption, indicating the involve-
ment of hydrogen bonding and metal-mediated interactions.
Moreover, a surfactant (Tween 80) fully desorbed DNA, which was
attributed to the hydrophobic tail of Tween 80 interacting with
the plastic surface via van der Waals (VDW) forces, thereby di-
splacing the DNA.
5.2. Adsorption of biological DNA

Salmon sperm DNA (∼2000 bp) was used to investigate dsDNA to
microplastics.85 Although metal ions were critical for the
adsorption of ssDNA to microplastics, this DNA adsorbed even in
the absence of metal ions (Fig. 5b). However, shorter dsDNA (24-
mer), matching ssDNA length, did not adsorb without metal
ions.85 These ndings suggested that polyvalent binding, enabled
by numerous binding sites on long biological DNA, likely
enhanced weak individual interactions. The effect of transition
metal ions (including Mn2+ and Zn2+) was then examined and
they resulted in higher adsorption affinity compared to Mg2+

(Fig. 5c).85 Furthermore, the use of transition metal ions resulted
in DNA adsorption on certain plastic materials, such as polyvinyl
l micrograph and (c) a Raman spectrum of PETmicroplastics generated
.84 Copyright 2022, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03552j


Fig. 5 (a) Adsorption of FAM-DNA (10 nM) onto PET and PS microplastics (50 mg mL−1) in the presence of increasing concentrations of Na+,
Mg2+, or Ca2+. Reproduced with permission.84 Copyright 2022, American Chemical Society. (b) Adsorption of salmon dsDNA (∼2000 bp, 1 mM
DNA base concentration) onto PS and PET microplastics (500 mg mL−1) in 10 mM HEPES buffer (pH 7.6) in the presence of increasing Zn2+

concentrations. (c) A scheme suggesting the higher efficiency of transition metal ions (such as Zn2+) compared to alkaline earth metal ions (such
as Mg2+) for DNA adsorption onto microplastics. Panels b and c were reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://www.creativecommons.org/licenses/by/4.0).85
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chloride (PVC), which did not adsorb DNA in the presence of
alkali or alkaline earth metal ions (Na+, Mg2+ and Ca2+).

Moreover, our group has shown that the wettability of
microplastics affected the adsorption efficiency to SNA.86

Enhanced wettability provided a larger surface area for
adsorption. Therefore, more careful standardization of micro-
plastics surfaces is necessary, and time-dependent changes in
microplastics needs to be considered in adsorption studies.
5.3. Selection of DNA aptamers for microplastics

Aer understanding the adsorption affinity of DNA to various
microplastics, we believe it should be feasible to select aptamers
for certain microplastics, such as PS and PVC. PET, in contrast,
adsorbs DNA too strongly, and aptamer selection may not be
feasible. Using a DNA library containing 30 random nucleo-
tides, we used both PS and PVC microplastic as targets for
aptamer selection. Interestingly, both selections yielded the
same aptamer sequence featured with a C/T-rich loop without
an obvious internal secondary structure (Fig. 6a),45 which allows
maximal contact with the plastic surface. Although each C and T
nucleotide is expected to adsorb less strongly than A and G,
polyvalent interactions from multiple C/T adsorption sites can
still be quite strong. Molecular dynamics simulations also
supported this hypothesis. We believe this sequence may serve
as a general aptamer for many types of plastics.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The aptamer binds to PVC and PS microplastics with high
affinity, showing a six-fold higher binding capacity than
random DNA (Fig. 6b). Its binding capacity was signicantly
higher for PVC and PS compared to other plastics, such as
polyethylene (PE) (Fig. 6C). Additionally, the aptamer's ability to
distinguish between plastic and non-plastic materials, such as
silica, was demonstrated through uorescence-based detection
(Fig. 6c).
6. Cellulose

Cellulose is a naturally abundant biopolymer found in the cell
walls of plants, algae, and some bacteria. Cellulose crystals,
encompassing cellulose microcrystals (CMC) and cellulose
nanocrystals (CNC), represent highly ordered forms of this
polysaccharide, characterized by exceptional mechanical
strength and high surface area, and can be functionalized with
a variety of surface molecules.87 At the nanoscale, CNCs are
typically 5–20 nm in width and 100–500 nm in length, and they
possess higher hydrophilicity, chemical reactivity, and adsorp-
tion capacity compared to CMC.88 Their biocompatibility,
biodegradability, and renewable sourcing further enhance their
appeal for applications at biointerfaces, such as drug delivery
systems, tissue engineering scaffolds, biosensors, and envi-
ronmental remediation platforms.89 The tunable surface
Chem. Sci., 2025, 16, 14865–14883 | 14871
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Fig. 6 (a) The secondary structure of the PVC1 aptamer for microplastics predicted by mFold (25 °C, 100 mM Na+, and 2 mM Mg2+). (b)
Adsorption isotherms of FAM-labelled PVC1 aptamer and a random FAM-DNA (rDNA1) to 5 mg PVC microplastics, showing ∼6-fold higher
binding of the aptamer. (c) Fluorescence imaging of PVC microplastics using the FAM-labelled PVC1 aptamer. Reproduced with permission.45

Copyright 2024, Wiley-VCH.
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chemistry of cellulose crystals, achievable through methods like
oxidation, esterication, or graing, allows precise control over
their functionality.90,91 The surface of cellulose is rich in
hydroxyl (–OH) groups, and depending on the preparation
method (e.g., sulfuric acid hydrolysis for nanocellulose), may
also contain sulfonate (–SO3

−) groups (Fig. 7a). So, DNA
generally does not exhibit strong interactions with cellulose.
6.1. DNA adsorption on cellulose

One of the most important applications of cellulose is in the
paper industry. To develop paper surfaces for pathogen detec-
tion, Su et al. investigated DNA adsorption and covalent
coupling of DNA on CMC.92 The ATP DNA aptamer was used as
a model DNA in this study. It was shown that physical adsorp-
tion was weak and reversible. In contrast, covalent coupling of
an amine-modied aptamer to cellulose through a Schiff-base
reaction resulted in highly stable conjugates, while the
aptamer retained its specicity for ATP detection. Since the
14872 | Chem. Sci., 2025, 16, 14865–14883
CMC was slightly negatively charged, with increasing ionic
strength (300 mM NaCl and 5 mM MgCl2), electrostatic repul-
sion was reduced and DNA adsorption increased (Fig. 7b).
When the adsorbed DNA was washed with buffer devoid of
metal salts, DNA was consistently desorbed from the surface,
suggesting very weak adsorption that was highly dependent on
ionic strength.92

Sato et al. investigated the adsorption of a previously re-
ported cellulose-binding (CB) DNA aptamer on various types of
CNCs and compared it with the adsorption of a random DNA
sequence (rDNA). A much higher adsorption capacity of the CB
DNA was observed, particularly at high concentrations of Ca2+

ions.93 Upon increasing the Ca2+ concentration from 20 mM to
100 mM, the adsorption of the CB DNA increased signicantly,
whereas the adsorption of the rDNA was conversely inhibited
(Fig. 7c and d). The authors suggested that at a high Ca2+

concentration of 100 mM, the CB aptamer likely adopts its
favourable binding conformation. In contrast, nonspecic
adsorption of DNA is related to hydrogen bonding and Ca2+-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Typical chemical composition of a pristine cellulose polymer, modified cellulose incorporating sulfonate moieties, and CNC featuring
both neutral hydroxyl and negatively charged sulfonate surface groups. Reproduced under the terms of the CC-BY Creative Commons Attri-
bution 4.0 International license (https://www.creativecommons.org/licenses/by/4.0).95 (b) Adsorption isotherms for the adsorption of the ATP
aptamer to CMC in different buffer conditions, and both curves were fitted to the Langmuir model, Inset: a confocal micrograph depicting
fluorescent CMC after adsorption of the fluorophore-labelled ATP aptamer. Reproduced with permission.92 Copyright 2007, American
Chemical Society. (c and d) Effect of increasing Ca2+ concentration on the selective adsorption of the CB DNA aptamer over a random DNA.
With 100 mM Ca2+, the CB DNA adsorption remarkably increased, while the adsorption of the rDNA was inhibited. Reproduced with
permission.93 Copyright 2012, American Chemical Society. (e) Simulation results revealing that A/T nucleotides adsorb to cellulose via
hydrogen bonding (left), while Cu2+ enables additional adsorption through metal coordination (right). Reproduced with permission.94

Copyright 2017, Elsevier B.V.
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mediated bridging interactions. Beyond a critical salt concen-
tration, such as 100 mM CaCl2, the high ionic strength satu-
rated the system with counterions, reducing the likelihood of
Ca2+ forming bridging interactions. Instead, Ca2+ ions neutral-
ized the charges on DNA and the cellulose surface, decreasing
their mutual attraction.93 Additionally, the CB DNA aptamer was
graed to polyacrylamide to facilitate its adsorption onto CNCs.

Mujtaba et al. used a Cu2+-immobilized cellulose surface to
adsorb a plasmid DNA.94 The Cu-modied cellulose adsorbed
© 2025 The Author(s). Published by the Royal Society of Chemistry
∼50% more of the plasmid DNA than bare cellulose. Since
cellulose is negatively charged at neutral pH, metal ions were
added to reduce the charge repulsion. The authors further used
quantum calculation to analyse the electrostatic and chemical
interactions between DNA and cellulose, which revealed that
hydrogen bonding stabilized Cu2+ ions on the cellulose surface
(Fig. 7e).94 Their mechanistic analyses indicated that the
adsorption of DNA on cellulose involves both hydrogen bonding
and hydrophobic interactions. Hydrogen bonds form between
Chem. Sci., 2025, 16, 14865–14883 | 14873
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the hydroxyl groups of cellulose and the proton donor (NH2)
and acceptor (C]O) groups of DNA bases, while hydrophobic
interactions arise from the aromatic rings of DNA bases and the
hydrophobic regions of cellulose. The binding is further inu-
enced by metal ions such as Cu2+, which can coordinate with
specic DNA sites and further stabilize the interaction.

6.2. Selection of aptamers for cellulose

The Breaker group selected both DNA and RNA aptamers for
cellulose.96,97 The DNA aptamer named CELAPT 14 exhibited
robust binding to cellulose powder and paper, enabling appli-
cations related to DNA immobilization on cellulose-based
materials.96 The aptamer's binding was strong enough to
remain functional even in the presence of detergents like SDS,
which typically disrupt non-specic adsorption. The aptamer's
secondary structure was analysed (Fig. 8a), revealing a complex
architecture with conserved G-rich regions that may form a G-
quadruplex structure. In comparison, the DNA aptamer for
microplastics (PVC-1) selected by our group was pyrimidine-rich
(∼90% cytosine and thymine).45 In addition, the PVC-1 aptamer
features a C/T-rich loop without obvious internal secondary
structure (Fig. 6a), allowing maximal contact with the plastic
surface through polyvalent interactions. Both aptamers
demonstrate high specicity for their targets. However, the
cellulose aptamer relies on structured G-quadruplexes, whereas
the microplastic aptamer achieves binding through exible,
unstructured loops, highlighting different strategies for surface-
binding aptamers.

An optimized RNA aptamers for cellulose named 4–15 was
also reported by the Breaker group, which binds robustly to
cellulose in both powder and paper forms.97 The aptamer's
binding also remained functional in SDS-containing buffers,
and structural analysis revealed conserved stem-loop motifs
Fig. 8 (a) The secondary structure of the CELAPT 14 DNA aptamer cont
cellulose RNA aptamer, which lacks G-rich regions.97

14874 | Chem. Sci., 2025, 16, 14865–14883
essential for activity (Fig. 8b). Unlike the G-quadruplex-
dependent DNA cellulose aptamer (CELAPT 14),96 the RNA
aptamer relies on a distinct secondary structure without a G-
rich motif. It was fused to a glmS ribozyme and achieved
affinity-based RNA purication. These ndings highlight
divergent structural strategies—structured stems in RNA versus
G-quadruplexes in DNA—for achieving high-affinity cellulose
binding.

7. Nanodiamonds (NDs)

While extensive studies have been carried out on interfacing
DNA with carbon nanotubes and graphene oxide, studies on
NDs remain relatively limited. NDs have emerged as a unique
quantum material whose quantum effect can be measured
under ambient conditions. NDs typically ranging from 5 to
100 nm, contain a crystalline diamond core. Their quantum
effects are originated from their appealing nitrogen-vacancy
(NV) centers, which are atomic defects within the diamond
lattice where a nitrogen atom replaces a carbon atom adjacent
to a vacancy. These NV centers endow NDs with remarkable
uorescence properties, emitting stable, bright light across
a broad spectrum, particularly in the red and near-infrared
range, without photobleaching or photoblinking. NV centers
in NDs also exhibit quantum properties, including spin coher-
ence and sensitivity to external stimuli such as magnetic and
electric elds. Furthermore, the surface of NDs can be readily
modied with a diverse array of functional groups, such as
carboxyl, hydroxyl, and amine groups.

7.1. DNA adsorption on NDs

To conjugate DNA oligonucleotides to NDs, coating NDs with
polymers has been widely used. Zhang et al. coated NDs with
aining a few G-rich regions.96 (b) The secondary structure of the 4–15

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Adsorption efficiency of different DNA nucleobases on NDs at pH ∼7.5. Reproduced with permission.99 Copyright 2018, American
Chemical Society. (b) A scheme depicting the effect of various metal ions and surface functional groups on the efficiency of DNA adsorption on
NDs.100 (c) DNA desorption from NDs and GO induced by 50% DMSO, 4 M urea, or 10 mM EDTA in a buffer solution containing 200 mM Ca2+

(10 mMHEPES, pH 7.6) suggesting the order of adsorption affinity. Reproduced with permission.100 Copyright 2023, American Chemical Society.
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a positively charged polymer, PEI, to provide electrostatic
attraction for the adsorption of plasmid DNA.98 Laptinskiy et al.
investigated the adsorption of different DNA nucleobases to
carboxyl-modied NDs both experimentally and via simula-
tions.99 The experimental studies revealed that for individual
nucleobase adsorption, the order of adsorption activity on
COOH-NDs at neutral pH was cytosine > adenine > thymine
(Fig. 9a). Since uncharged DNA nucleobases were used, no
metal ions were needed. Molecular dynamics modelling sug-
gested that hydrogen bonding to carboxylic groups was impor-
tant for the physical adsorption.99

Recently, our group systematically investigated the adsorption
of DNA oligonucleotides to carboxylated (COOH–), hydroxylated
(OH–), and hydrogenated (H–) NDs.100 We tested the effect of
several common metal ions. In the presence of Na+, the order of
adsorption affinity followed the trend H– > OH– > COOH–

(Fig. 9b). Only the hydrogenated NDs exhibited uorescence
quenching property, likely due to their exceptional electron
transfer capability, which facilitated the Dexter electron transfer
based quenching mechanism.101 To further explore the nature of
DNA interaction with NDs, DNA desorption studies were con-
ducted.100 Urea as a hydrogen bonding disruptor, induced some
© 2025 The Author(s). Published by the Royal Society of Chemistry
desorption, suggesting the involvement of hydrogen bonding in
DNA adsorption. When adsorption was promoted by Ca2+, EDTA
also induce DNA desorption from NDs in the order of COOH– >
OH– > H–, where almost all DNA desorbed from the COOH-NDs,
while no desorption occurred from theH-NDs (Fig. 9c). This study
reected the order of adsorption affinity to the NDs and sug-
gested that metal-mediated interactions were the dominant
mechanism. The lack of desorption from H-NDs indicated an
extraordinarily DNA adsorption affinity.
8. Carbon quantum dots (CQDs)

CQDs are uorescent carbon-based NPs with sizes typically below
10 nm, known for their excellent biocompatibility and optical
properties. Their surface chemistry, characterized by functional
groups like carboxyl and amine groups, plays a key role in their
solubility, stability, and ability to be chemically modied for
specic applications (Fig. 10a).102,103 CQDs are synthesized from
various starting materials using methods such as electrochemical
carbonization, hydrothermal treatment, microwave-assisted
synthesis, or laser ablation, which allow control over their size
and surface properties.104 However, due to their extremely small
Chem. Sci., 2025, 16, 14865–14883 | 14875
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Fig. 10 (a) A scheme showing the typical surface functional groups of CQDs and their oxidation-dependent photoluminescence characteristics.
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://www.creativecommons.org/
licenses/by/4.0).103 (b) z-potentials of DNA, nitrogen-doped CQDs, and their mixtures in ultrapure water versus PBS (10 mM, pH 7.4).
Nitrogen doping altered the surface charge of CQDs.106 Comparison of DNA desorption from GO versus CQDs induced by (c) 3 M NaCl, (d)
5 M urea. Reproduced with permission.106 Copyright 2019, Royal Society of Chemistry.
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size, most CQDs cannot be easily precipitated by centrifugation,
requiring alternative separation techniques such as dialysis or
ltration for purication.105
8.1. DNA adsorption on CQDs

Li et al. used nitrogen doping to alter the surface charge of
CQDs to positive to achieve electrostatically-mediated DNA
adsorption, and the positive charge of the CQDs was conrmed
by zeta potential measurements (Fig. 10b).106 Graphene oxide
(GO) was used as another carbon-based nanomaterial for
benchmark. The addition of NaCl induced 100% desorption of
DNA oligonucleotides from the positively charged nitrogen-
doped CQDs, suggesting the predominant role of electrostatic
attraction in DNA adsorption (Fig. 10c).106 Moreover, the addi-
tion of inorganic phosphate and adenosine both resulted in
partial desorption, suggesting that DNA used both the phos-
phate backbone and nucleobases for adsorption. Urea-induced
desorption from CQDs was signicantly less than from GO,
indicating a smaller role of hydrogen bonding (Fig. 10d).
Furthermore, two ionic surfactants (CTAB and SDS) induced
signicant desorption form CQDs compared to GO, which
suggested the involvement of van der Waals forces, hydro-
phobic interactions, or the weakening of electrostatic interac-
tions in DNA adsorption on the positively charged CDs.

Han et al. demonstrated the adsorption of long biological
dsDNA and single-stranded RNA (ssRNA) on cell-penetrating
14876 | Chem. Sci., 2025, 16, 14865–14883
CQDs.107 They modied CQDs with triphenylphosphine, which
provided a positively charged surface (approximately +20mV) that
facilitated the adsorption of negatively charged nucleic acids.
They hypothesized that electrostatic andp–p interactions, as well
as hydrogen bonding, were important for adsorption. Their data
suggested that the rigid structure of dsDNA traps CQDs within its
grooves, enhancing the uorescence by conning the intra-
molecular rotation of the CQDs. In contrast, ssRNA, due to its
exibility, clusters CQDs together into close contact.
9. Applications of DNA-
functionalized materials

DNA-functionalized inorganic nanomaterials have been at the
forefront of the bionanotechnology eld. The most classical
example is probably SNAs,61 which were initially developed
using a AuNP core densely coated with a layer of DNA. Later, this
concept was extended to other types of core materials, which
also exhibited intriguing physicochemical properties. Never-
theless, the use of metal-free materials to interface with DNA
has attracted growing interest. In this section, we briey
describe a few of representative applications.
9.1. Signal-on biosensors

PDA, crystalline cellulose, CQDs, and some NDs act as uores-
cence quenchers, which facilitates the construction of signal-on
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) A scheme depicting the principle of a DNA hybridization-based signal-on biosensor. Reproduced with permission.100 Copyright 2023,
American Chemical Society. (b) Fluorescence signal enhancement of (b) GO-based, and (c) PDA-based biosensors when used for the detection
of various concentrations of target cDNA. Panel b is reproduced with permission.108 Copyright 2009, Wiley-VCH. Panel c is reproduced with
permission.54 Copyright 2021, American Chemical Society.
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biosensors based on the adsorption of uorophore-labelled
DNA oligonucleotides. In a typical sensor design (Fig. 11a),
a uorophore-labelled probe DNA is adsorbed onto the surface
of these nanomaterials, resulting in quenching and decrease in
uorescence signal. When a complementary target DNA is
introduced, it hybridizes to the probe, and the resulting dsDNA
is desorbed from the surface, leading to an enhancement of the
uorescence signal. The best-known example is to use GO as
initially reported by Yang and coworkers. The uorescence
increase ([F − F0]/F0) upon adding cDNA reached up to 30-fold
(Fig. 11b).108 Using PDA in place of GO, we achieved a 12-fold
uorescence enhancement (Fig. 11c),54 whereas COOH-NDs
demonstrated ∼25-fold signal enhancement.100 Aside from
a high signal-to-background ratio, these new materials may
possess other advantages, such as intrinsic uorescence, which
may allow the use of non-labeled DNA. Biocompatibility is
another advantage. For example, PDA is made of biomolecules
and may offer superior biocompatibility, making it useful for
intracellular detection. Our group has applied DNA adsorption
on NDs for DNA detection. It was suggested that sensor
performance followed the order of COOH– > OH– > H– for the
surface groups on NDs, which was inversely correlated to
adsorption affinity (Fig. 9b).100 Therefore, tighter adsorption
resulted in lower signaling, with H-NDs being unable to
differentiate between the target DNA and a random DNA.

Loo et al. adsorbed DNA oligonucleotides to two carboxylic
acid-functionalized CQDs (citric acid and malic acid as starting
materials) to design sensors for DNA detection. The malic acid
© 2025 The Author(s). Published by the Royal Society of Chemistry
CQDs exhibited superior quenching efficiency (39% vs. 23%)
attributable to their higher carboxylic group density. They
achieved detection ranges of 0.4–400 nM (citric acid) and 0.04–
400 nM (malic acid), with limits of detection of 45.6 nM and
17.4 nM, respectively. Furthermore, selectivity for single-base
mismatches was demonstrated.109

Wei et al. adsorbed ssDNA to CQDs for the detection of
acrylamide.110 In the absence of the target, a ssDNA adsorbed to
CQDs through interactions with amino and carboxylic acid
groups. The authors did not use an aptamer for acrylamide and
relied on nonspecic interactions. In the presence of acryl-
amide, it binds to the DNA via hydrogen bonding to the oxygen
and nitrogen atoms of DNA nucleobases. As a result, ssDNA
adsorption is partially inhibited, leading to an increase in
uorescence signal. Our group recently selected DNA aptamers
for acrylamide, which only achieved a Kd of 4.7 mM.111

Considering such weak interactions between the aptamer and
acrylamide, another possibility is that acrylamide interacted
with CQDs, which weakened the adsorption of the DNA.
9.2. DNA extraction

DNA extraction is critical for various biotechnological and
analytical applications. The Jia group utilized the pH-switchable
surface of PDA to achieve DNA extraction.49,50 They demon-
strated that efficient DNA adsorption could be achieved at pH 2,
and that increasing the pH to 8 induced charge repulsion,
resulting in the release of the captured DNA. The group used the
adhesive properties of PDA to synthesize PDA-coated magnetic
Chem. Sci., 2025, 16, 14865–14883 | 14877
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Fig. 12 (a) Effect of pH on the desorption/elution of DNA from a PDA-coatedmicrotube surface. Reproducedwith permission.50 Copyright 2017,
Elsevier B.V. (b) Elution of DNA at high pH from a pH-responsive PEI-containing hydrogel after multiple cycles. Reproduced under the terms of
the CC-BY Creative Commons Attribution 4.0 International license (https://www.creativecommons.org/licenses/by/4.0).112 (c) A scheme
depicting a hybrid PDA structure for sequence-specific extraction of DNA. PDA does not adsorb ssDNA in Na+-containing buffer, thereby
inhibiting the adsorption of rDNA. The probe SNA hybridizes with the target cDNA.114 (d) Sequence specific extraction of cDNA compared to
the absence of PDA, where rDNA nonspecifically adsorbs onto magnetic NPs. Reproduced with permission.114 Copyright 2021, American
Chemical Society.
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NPs and PDA-coated microtubes, which achieved high DNA
adsorption capacities of 161 mg g−1 and 81% elution efficiency,
respectively (Fig. 12a).

Fei et al. synthesized a dual-responsive hydrogel that exhibits
both thermal and pH responsiveness by incorporating N-iso-
propylacrylamide (NIPAM) and polyethylenimine (PEI), respec-
tively.112 NIPAM provides thermoresponsiveness with a lower
critical solution temperature of ∼32 °C, enabling reversible
swelling and deswelling for DNA encapsulation. At pH 5 and
a temperature of 20 °C, the dried hydrogel beads swelled in the
DNA solution, enabling DNA uptake due to electrostatic
attraction between the protonated amine groups of PEI and the
negatively charged DNA molecules.112 In contrast, at a high pH
of 9, deprotonation of the amine groups resulted in the release
of DNA from the hydrogel (Fig. 12b). Moreover, Zhang et al. used
cellulose-functionalized superparamagnetic beads for the
isolation and extraction of biological DNA.113 The DNA adsorp-
tion followed the Langmuir isotherm, although the mechanism
of adsorption was not discussed.

In a different approach, our group has achieved sequence-
specic DNA extraction by developing a hybrid magnetic
nanoparticle.114 In this approach, Fe3O4 NPs were coated with
PDA, and subsequently functionalized with SNAs to provide
a high density of probe DNA (Fig. 12c). PDA did not adsorb DNA
14878 | Chem. Sci., 2025, 16, 14865–14883
at neutral pH without divalent metal ions, and therefore
nonspecic DNA extraction was inhibited. The SNA-modied
PDA NPs enabled fast and effective DNA extraction attribut-
able to a favourable upright conformation of the probe DNA
strands on SNA (Fig. 12d).
9.3. Hydrogels for DNA storage

Using DNA to convert digital information is an emerging research
direction that has attracted signicant attention recently.115 DNA
extraction and storage are closely intertwined processes, as the
methods used for extraction oen inuence the suitability of DNA
for long-term storage. Asmentioned in the DNA extraction section
above, Fei et al. employed responsive hydrogels for DNA extrac-
tion, which also enabled high-density and long-term storage of
information.112 A cationic polymer (PEI) was modied onto
a negatively charged hydrogel matrix to facilitate DNA extraction,
while the thermoresponsive hydrogel allowed multiple swelling
and deswelling cycles. As a result, a DNA storage density of up to 7
× 109 GB g−1 was achieved, as the hydrogel could concentrate
DNA through repeated cycles until saturation.

Similarly, Ding et al. developed bio-informational hydrogel
microspheres for the extraction and storage of cell-free DNA
(cfDNA) using PDA nanosheets (PDA NSs) encapsulated within
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Intracellular delivery of FAM–DNA adsorbed onto the ND surface. The NDs were coated with positively charged PEI. The red fluo-
rescence resulted from the intrinsic fluorescence of the NDs. Reproduced with permission.117 Copyright 2016, Royal Society of Chemistry. (b)
Intracellular delivery of CQDs adsorbed onto nucleic acids: DNA (green fluorescence) and RNA (red fluorescence). Reproduced with permis-
sion.107 Copyright 2019, Wiley-VCH.
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gelatin-methacryloyl hydrogel microspheres.116 The p–p stack-
ing and hydrogen bonding interactions between PDA NSs and
cfDNA enabled efficient DNA capture, while the hydrogel's
polymer network provided a cage-like spatial connement for
DNA storage. This system not only demonstrated a high cfDNA
binding efficiency but also reduced chronic inammation by
blocking cfDNA-mediated pro-inammatory signaling path-
ways. Therefore, the versatility of the PDA/hydrogel material was
demonstrated for both information storage and biomedical
applications.
9.4. Intracellular delivery and imaging

Zhang et al. coated the surface of NDs with PEI to facilitate the
adsorption of plasmid DNA.98 In addition, PEI can interact with
cell membranes, promoting endocytosis and facilitating cellular
© 2025 The Author(s). Published by the Royal Society of Chemistry
entry. Therefore, this systemwas used for gene delivery. Petrakova
et al. used the same PEI coating method for electrostatic
adsorption of DNA and its delivery into cells (Fig. 13a).117

Reversible adsorption of DNA to NDs facilitated intracellular
release. Moreover, the release process was monitored via nitrogen
vacancy colour centres and its intrinsic uorescence (Fig. 13a).

Han et al. developed an imaging probe using photostability
of CQDs that can penetrate biological membranes. The CQDs
were positively charged and capable of adsorbing and mapping
dsDNA and ssRNA.107 The more rigid dsDNA enhanced the
green uorescence signal by trapping CQDs in the grooves,
whereas the exible ssRNA promoted clustering of CQDs
resulting a red uorescence emission (Fig. 13b).

Qiang et al. utilized PDA–DNA conjugates for intracellular
ATP detection.118 PDA protected the adsorbed aptamer probe
from enzymatic degradation, enabling selective ATP sensing in
Chem. Sci., 2025, 16, 14865–14883 | 14879
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Fig. 14 (a) Enhanced SNA adsorption on various soaked microplastics. (b) Photographs showing enhanced SNA adsorption on soaked PP
microplastics and a schematic illustration depicting the effect of wettability on SNA adsorption efficiency. Reproduced with permission.86

Copyright 2023, American Chemical Society.
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HeLa cells. Similarly, Choi et al. designed AuNP@PDA nano-
probes for miRNA detection in hMSCs, achieving higher cellular
uptake compared to commercial probes.119 He et al. further
developed a ZnO@PDA system for tumor mRNA imaging, where
dissolution of intracellular ZnO triggered a hybridization chain
reaction, amplifying the uorescence signal.120 More recently,
Xu et al. developed a PDA-nucleic acid nanoprobe for intracel-
lular mRNA imaging and photothermal therapy. This system
utilized catalytic hairpin assembly for signal amplication and
precise cancer cell targeting.121 The nanoprobe demonstrated
high sensitivity, specicity, and the ability to distinguish
between tumour and normal cells, while also leveraging PDA's
photothermal properties for trigger cancer cell apoptosis under
near-infrared irradiation.
9.5. Probing wettability of microplastics

Microplastics are initially hydrophobic when rst dispersed in
water. Our group discovered that the DNA adsorption properties of
microplastics changed aer soaking in water under mild condi-
tions, such as room temperature for three months or at 85 °C for
30 minutes.86 Raman spectroscopy of soaked microplastics
showed no signs of oxidation compared to freshly dispersed
microplastics, suggesting no chemical change. However, the
soaked microplastics showed enhanced adsorption efficiency of
SNA (Fig. 14a). It was found that microplastics had surface
roughness features and nanosized pores capable of entrapping air.
Soaking and heating caused the air bubbles to burst, enhancing
the wettability of the microplastics. The more wettable surface
allowed efficient contact between SNA andmicroplastics, resulting
in higher binding capacity and affinity (Fig. 14b). Therefore, SNA
can be used to investigate the wettability of microplastics.
10. Conclusions and future
perspectives

In this article, we rst reviewed fundamental interactions of
DNA adsorption to various so, polymeric and quantum
14880 | Chem. Sci., 2025, 16, 14865–14883
materials, which notably lack metal ion components. As
a result, most interactions are limited to relatively weak forces,
including hydrogen bonds, p–p stacking, hydrophobic inter-
actions, and van der Waals forces. These weak interactions
allow the adsorbed DNA to remain functional for hybridization
in most cases, unlike some inorganic nanomaterials that bind
DNA too strongly and inhibit its chemical or biological func-
tions.32 With DNA attached, various applications become
possible, ranging from biosensors to drug delivery systems.
Based on the reviewed research, we have identied a few chal-
lenges and related future research opportunities.

1. Even though these materials lack metal ions, in many
cases, metal ions present in buffer promote DNA adsorption.
The involved metal ions are much lower than those typically
present in inorganic materials, as metal ions only needed to be
on the surface, thereby reducing potential toxicity. For example,
mammalian cells naturally contain potassium (100–150 mM),
sodium (10–20 mM), magnesium (∼1 mM free, ∼10–20 mM
bound), and transition metal ions at much lower concentra-
tions. The importance of metal coordination chemistry was
further highlighted by the observation that transition metal
ions promote DNA adsorption more effectively than alkaline
earth metals. Advanced spectroscopic and computational
techniques could provide deeper insights into how metal ions
facilitate DNA binding, enabling the development of more
selective and efficient hybrid materials systems.

2. Engineering the surface of materials can further promote
DNA adsorption. For example, incorporating metal ions during
the synthesis of PDA or functionalizing hydrogels with boronic
acid was shown to enhance DNA adsorption. Further explora-
tion of the synergistic effects of functional groups in DNA and
surface modications could lead to materials with improved
adsorption capabilities, expanding their potential applications.

3. The pH-switchable and temperature–responsive proper-
ties of PDA and hydrogels offer exciting opportunities for
designing smart DNA adsorption systems. Future research
could focus on the development of stimuli-responsive materials
that release DNA under specic conditions, such as changes in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pH, temperature, ionic strength and even specic molecules.
Such systems could be particularly valuable for targeted drug
delivery, where controlled release of DNA-based therapeutics
precisely at disease sites is essential.

4. While the interactions between DNA and metal-free
materials offer promising avenues for biosensing, several
challenges must be addressed for practical applications.
Achieving high selectivity and maintaining the conjugate
stability remains critical, as competing interactions in complex
biological environments (e.g., proteins, ions) can interfere with
target recognition. Advances in stimuli-responsive systems (e.g.,
pH-switchable PDA) and polyvalent binding designs (e.g., SNAs)
offer potential solutions. However, reproducibility and scal-
ability for real-world sensing platforms demand continued
exploration.

5. The successful selection of DNA aptamers for micro-
plastics and cellulose highlights the potential to leverage
intermediate DNA adsorption affinities of polymeric and
quantum materials to achieve sequence-specic DNA binding.
Further work on aptamer selections for other materials, such as
hydrogels and PDA, is anticipated. This precise binding capa-
bility could be valuable for creating smart, functional materials
with DNA-based coatings and for extraction of nucleic acids.

6. Finally, an interesting direction is the integration of hard
and so materials.69 For instance, DNA can be utilized to
control of the growth and polymerization of materials. A recent
representative example is DNApatite, a novel DNA-templated
apatite hybrid, that demonstrates how biomolecular templates
can guide inorganic crystallization at the molecular level.122 In
DNApatite, DNA is not merely adsorbed, but integrated as
a structural and functional component, maintaining molecular
recognition ability while signicantly improving mechanical
robustness and stability. It would be interesting to examine
whether DNA can be used to regulate the outcome of PDA and
hydrogels via processes such as molecular imprinting. Such
hybrid approaches could bridge the gap between so, func-
tional interfaces and durable, biocompatible frameworks,
expanding the scope of DNA-based material applications into
load-bearing biomedical devices and next-generation sensing
platforms.
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