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ABSTRACT: Emerging organic pollutants (EOPs) are considered to exhibit extensive
toxicity to human bodies. However, monitoring of this toxicological process is
hampered by the shortage of suitable methods to track endogenous biochemical
factors under living cell level. To solve this technical challenge, a cell surface
fluorescent sensing platform using tandem cubic DNA nanostructures (tCDNs) as the
main architectures is developed in this work. With the precise assembly of several
prefabricated DNA wireframe modules, a set of linear nano-superstructures can be
efficiently hydrophobic anchored to the cell membrane surface. Furthermore, two
different aptamer-based fluorescence recognition elements targeting adenosine
triphosphate (ATP) and dopamine (DA) can be modified on top of tCDNs in an
equidistant arrangement, serving as a core part for monitoring endogenous cellular
biochemical factors. As a typical example, we used tetrabromobisphenol A bis(2-
hydroxyethyl ether) (TBBPA-BHEE) induced living cells as a toxic effect system to
monitor the release of endogenous ATP and DA in a direct visualization manner. On
this basis, the correlation between the concentrations of these two endogenous
biochemical factors (ATP and DA) and different TBBPA-BHEE exposure conditions
were explored. We believe this work can provide a robust and promising tool for

studying the cellular toxicological mechanisms caused by pollutants.
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INTRODUCTION

The health concerns arising from emerging organic pollutants (EOPs) via their
induced damage to human cells have attracted growing attention.!* For example,
tetrabromobisphenol A bis(2-hydroxyethyl ether) (TBBPA-BHEE), the most water-
soluble derivative of tetrabromobisphenol A (TBBPA), has been reported to exhibit
significant toxicity toward both cellular systems and whole organisms.*® Given the
complexity of the damage situation to human cells by these organic contaminants, the
method to monitor such toxicological process holistically is critical for understanding
the mechanism of pollutant toxicity effects.”® With this in mind, numerous analytical
techniques have been developed to monitor cellular biochemical parameters, aiming
to identify critical evidence of pollutant-induced biological damage. For instance, kits
for detecting the activity of intracellular factors (such as acetylcholinesterase, lactate
dehydrogenase, glutathione, etc.),>!! real-time quantitative PCR methods for
determining RNA levels and western blot technology for measuring target proteins.!*
4 However, these static endpoint damage assessment methods cannot be applied to
tracking of the microscopic process of pollutant-induced cytotoxic effects.!>!
Therefore, it is highly desirable to find a non-destructive in situ living cell monitoring
method to track the changes of cellular endogenous factors.

As a reliable and non-invasive approach for monitoring endogenous biochemical
indicators, nucleic acid nanomaterial-based cell membrane surface functionalization

strategies have recently emerged garnered increasing attention due to the high
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programmability of DNA sequences derived from accurate Watson-Crick base-pairing
properties.'® ! Combined with high affinity and specificity aptamer recognition
elements, researchers have developed a variety of DNA-based cell membrane surface
aptamer biosensors to target different biochemical factors, such as adenosine
triphosphate (ATP), dopamine (DA), H*, and metal ions.?* 2! These cell-surface-
anchored strategies have been demonstrated to be well-performing methods for
analyzing extracellular microenvironment biomarkers.”> 2* Nevertheless, DNA
biosensors based on existing cell membrane surface functionalization technologies are
still insufficient to meet the requirements of pollutant cytotoxicity monitoring due to
two technical bottlenecks.

On the one hand, so far, there is no cell membrane surface anchoring strategy
that can balance robustness, versatility, and ease of operation.?*?¢ For example, the
firm covalent modification method is often accompanied by tedious technical steps,
the easy-to-use hydrophobic insertion method is not stable enough, while the specific
binding strategy using recognition molecules are usually lacks versatility.””* In
addition, most of these modification methods will damage cell activity, thereby
affecting the accuracy of the final measured parameters.*® Another challenge lies in
the reported cell membrane surface sensors usually only target a single biomarker,
since the designed DNA nano-substrate structure is too simplistic to load a variety of
recognition elements.’'-** Although Amphiphilic 3D DNA origami has been proven to

provide abundant binding sites, but apparently, the high synthesis cost and excessive

ACS Paragon Plus Environment

Page 4 of 37



Page 5 of 37

Analytical Chemistry

structural rigidity mean that it is not suitable for becoming a universal sensing
platform.34 3

In response to the above considerations, we describe here strategies to rationally
engineer a tandem cubic DNA nanostructures (tCDNs) as the main architecture of the
living cell surface microenvironment sensing platform. With a simple hierarchical
construction approach, DNA cube monomers are connected in series by a specially
designed wireframe structure, thus easily achieving a firm and flexible wrapping of
the cell membrane surface. Four cholesterol molecules at the bottom of each DNA
cube inserted in the middle of the cell membrane lipid bilayer with consistent
directionality and appropriate density, providing strong adhesion for the DNA
materials. In addition, the exchange of substances between cells and the external
solution can be achieved by the space reserved between linear semi-encapsulation
configurations and nanopores inside the tandem DNA frameworks. Combining
excellent target recognition capability and high diversity of the DNA aptamer probes,
a stable and efficient in situ sensing platform for extracellular biochemical factors
(ATP and DA) was established. Furthermore, based on this strategy, the toxicity
mechanism of new organic pollutants was explored using TBBPA-BHEE induced

living cells as a model.

MATERIALS AND METHODS

The required materials and instruments are provided in the Supporting

Information.
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Construction of the tandem cubic DNA nanostructures (tCDNs). TCDNs are
formed by a three-step assembly process. The first step is the preparation of DNA
cubes. Briefly, the four oligonucleotide strands (C1-4 for DNA cube 1 or C5-8 for
DNA cube 2 in Table S1, 1 puL, 100 uM) that constitute the main structure of the
DNA cube were mixed in TAM buffer (40 mM Tris, 12.5 mM Mg?*, 1 mM EDTA,
20 mM acetic acid, pH=7.4) at a molar ratio of 1:1:1:1 to a final volume of 50 pL,
followed by the annealing protocol using an automated polymerase chain reaction
(PCR) thermal cycler: 95 °C, 5 min; 85 °C, 5 min; the temperature was slowly
lowered to 60 °C at a rate of 2 min/°C, and then slowly lowered to 4 °C at a rate of 3
min/°C. In the second step, after the main framework of the DNA cube was formed,
cholesterol-modified short strands (CT20, 4 uL, 100 uM) were added into the solution
system and incubated at 37 °C for 2 h to complete the hydrophobic molecular
functionalization of the DNA cube monomer. Finally, the prepared DNA cube 1 and 2
were mixed in equal amounts, and the long oligonucleotide strands L1 and L2 of the
same concentration were added and incubated at 37°C for 20 min to form tCDNs.

Preparation of tCDNs nanosensing platform. When tCDNs are prepared, the
connection of the aptamer fluorescent recognition element is completed using the
DNA long strands L50-1 and L50-2 as a link. In particular, the fluorescent recognition
elements based on adenosine triphosphate (ATP) and dopamine (DA) aptamers were
self-assembled from the corresponding functional DNA strands (A1-3 for ATP, DP

and CP for DA) through a programmed heating-annealing process (heated at 95 °C for
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5 min and then naturally cooled to room temperature). The two aptamer recognition
elements were mixed with the corresponding linker long strands (L50-1 and L50-2) in
a molecular ratio of 1:1, and then added to the tCDNs solution system and incubated
at 37°C for 30 min to complete the assembly of the nanosensing platform.

Cell culture. CCRF-CEM cells were cultured in 1640 medium supplemented
with 10% FBS and 100 U/mL of penicillin-streptomycin (10000 IU penicillin and
10000 pg/mL streptomycin). SH-SYSY cells were grown in MEM/F12 medium (1:1)
containing 10% FBS and 100 U/mL of penicillin-streptomycin. All cells were
cultured at 37 °C in a humidified atmosphere incubator containing 5% CO,. In
addition, SH-SYS5Y cells were digested by trypsinization with 0.1% trypsin (0.02%
EDTA, 0.05% dextrose, and 0.1% trypsin) in phosphine-buffered saline (PBS,
pH=7.2). Hemocytometer is used for cell density statistics before any experiment.

Imaging of the tCDNs on the cell surface. 1x 10° CCRF-CEM cells were
washed three times with 1x PBS buffer and then added cholesterol-labeled DNA
cubes 1 and 2 to make them immobilized on membrane surface. Subsequently, the
long oligonucleotide strands (L1 and L2) and the aptamer-based fluorescence
recognition elements are introduced step by step to fabricate the tCDNs on cell
surface by shaking cells at 240 rpm for 10 minutes. All assembly experiments were
carried out in cell culture medium without serum. The samples were imaged by
confocal microscopy without further treatment.

Imaging of exogenous ATP and DA on the cell surface. SH-SY5Y cells were
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seeded in a 35 mm confocal glass-bottom dishes and incubated with MEM/F12
medium (1:1) containing 10% FBS at 37 °C to reach 80% confluency. Then, the
medium was removed, and the cells were washed with 1x PBS three times. After that,
the cells were incubated with MEM/F12 medium (1:1) containing different
concentrations of TBBPA-BHEE for specific duration. Finally, the cells were
modified with tCDNs using the above method and imaged by confocal microscopy

without further treatment.

RESULTS AND DISCUSSION

Design of the tCDNs sensing platform. To construct the cell membrane surface
sensing platform based on tCDNs, two sets of oligonucleotide sequences and
connecting wireframes for assembling DNA cubes were designed (Table S1 and
Figure S1). Among them, the scaffold DNA strands (C1-C4 and C5-C8) were
precisely self-assembled in an end-to-end manner after a programmed heating-
annealing process to generate the main framework of DNA cube 1 and 2. By utilizing
a cholesterol-labelled DNA strand (CT20), DNA cube monomers could be
immobilized on the cell membrane surface by means of the hydrophobic insertion
between cholesterol molecules and lipid bilayer. Subsequently, based on the principle
of base complementary pairing, the DNA wireframes L.1 and L2 laterally connected
the two DNA cube monomers into a tandem nanostructure, greatly enhancing the

anchoring stability of the nucleic acid framework material. Once the DNA
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superstructure base is fully established, the aptamer fluorescent elements targeting
two endogenous cell markers (ATP and DA) will be longitudinally connected to the
top of the tandem framework structure with the help of pre-designed DNA sequences
(L50-1 and L50-2). Relying on the excellent addressability of DNA materials, the two
DNA aptamer elements will be arranged in order on the two side tracks of the tandem
architectures.

Scheme 1 depicts the fluorescence imaging mechanism of ATP and DA after the
cell membrane surface sensing platform was completely constructed. In short, the
aptamer’s good specific recognition ability for the target triggers the dynamic changes
of the DNA conformation at the microscale, which ultimately leads to two different
fluorescence signal response modes and imaging strategies. For ATP, in situ
fluorescence imaging was achieved by well-designed nano-switch, a DNA nano-
tweezer with split ATP aptamers connected to the ends of both arms, composed of
three ssDNA stands. The DNA tweezer structure was closed due to the specific
capture of endogenous ATP by the split aptamers, bringing the fluorescent donor
(Cy3, A.=550 nm, A.,,=570 nm) and acceptor fluorophores (Cy5, A.,=650 nm,
A..=670 nm, Figure S2) close to each other, and then a high fluorescence resonance
energy transfer (FRET) ratio can be read out. On the other hand, for the detection of
DA, a double-stranded complex with a fluorophore (FAM, A.,=495 nm, A.,=520 nm)
and a quencher (BHQ-1) were proposed. In the absence of DA, the intact duplex

allows BHQ-1 to be close enough to quench the fluorescence of FAM. When DA is
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present in the cell membrane surface fluid microenvironment, the high-affinity
aptamer (DP) will recognize and capture DA molecule, thereby triggering the
separation of the complementary strand CP with a quencher, and ultimately the FAM
fluorescence signal will be restored. The fluorescence changes induced by ATP and
dopamine (DA) at the cell membrane surface will be captured by confocal laser
scanning microscopy (CLSM), with quantification of target molecule concentrations
derived from grayscale analysis of CLSM images. In summary, the monitoring of
ATP and DA targets were well executed through the rational construction of two
DNA aptamer recognition elements.

Fabrication of tCDNs and DNA aptamer recognition elements. Firstly, after
verifying the integrity of DNA cube backbone DNA oligonucleotides (C1-C8) and
auxiliary DNA strands (L1, L2, L50-1, L50-2 and CT20) by 12% native
polyacrylamide gel electrophoresis (Figure S3 and S4), we used agarose gel
electrophoresis to investigate the generation of DNA cube monomers. In Figure 1A,
the hierarchical self-assembly of the DNA cube framework via accurate Watson-Crick
base pairing was verified by the sample bands with gradually slower migration rates.
Until all four backbone DNA oligonucleotides (C1-C4 or C5-C8) were added, the
main structure of the DNA monomer cube was completely assembled (Lane 4 in
Panel I and II). Furthermore, each unit of DNA cube can combine with 4 units of

cholesterol-modified short strand CT20 and two types of bridge single strands (L50-1
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and L50-2) each 1 unit to form a functional monomer structure (Lane 5, 6 in Panel I
and II).

In the next step, the assembly of tandem cubic DNA nanostructures was
demonstrated by 12% native polyacrylamide gel electrophoresis (Figure 1B). After
the assembly process described above was achieved, complete and clear
electrophoresis bands were presented (Lane 1 for DNA cube 1 and Lane 2 for DNA
cube 2). Subsequently, with the assistance of the DNA wireframes L1 and L2, DNA
cubes 1 and 2 are arranged in an orderly manner at intervals to form tCDNs.
Correspondingly, on electrophoresis track Lane 3, a prominent dark band with a
significantly slower migration rate is presented, indicating the generation of
macromolecular DNA polymers. These electrophoresis results confirmed that the
DNA cubes and their higher-order structures, tCDNs, did indeed form as design. In
addition, the atomic force microscope (AFM) image demonstrated the morphology
and size of these DNA cubes (Figure S5A) and their assembled tCDNs (Figure S5B).

In particular, the successfully assembled tCDNs should be further validated for
stability under complex solution conditions. For this purpose, distinct solution
conditions were designed to test the anti-degradation ability of tCDNs. As seen in
Figure S6A and B, tCDNs were incubated for 2-10 hours under conditions of 0.5
U/mL DNase I and 10% FBS, respectively. Subsequent electrophoresis results
demonstrated that the tCDNs maintained their superstructure conformation under both

challenging conditions. In like manner, the electrophoresis results of tCDNs after
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incubation at pH 5-9 for 10 hours confirmed that it has robust acid-base resistance
(Figure S6C).

Beyond that, the formation of the ATP and DA aptamer fluorescence nano-
switch were also verified by using agarose gel electrophoresis. Figure S7A illustrates
the assembly details of the ATP-aptamer-based nano-tweezers. Correspondingly, as
shown in Figure S7B, Lanes 1, 2 and 3 represent the Al, A2 and A3 strands,
respectively. Among them, split ATP aptamers were integrated at the end of A1 and
A2 strands, while Cy3 and Cy5 fluorophores were attached to both ends of the A3
DNA strand. When these three DNA strands are assembled in equal molar amounts
and ultimately form the composite DNA nano-tweezer structures, the movement rate
of electrophoretic bands gradually slows down due to the increase in hybridization
complex molecular weight (Lanes 4 and 5). Similarly, the assembly of DA aptamer
recognition element based on the design of Figure S8A has also been confirmed,
attributed to the slow-moving bands exhibited by the DP/CP double strand
composite structures (Lane 3 in Figure S8B).

In vitro detection of ATP and DA. After the assembly of all the main structures
of tCDNs and the corresponding aptamer elements were verified, as a prerequisite
for in situ monitoring of biomarkers on the cell membrane surface, we first
investigated the in vitro detection performance of the proposed sensing platform for
ATP and DA. For ATP sensing, as illustrated in Figure 2A, the presence of ATP

molecules induces the activation of DNA nano-switches and causes the split ATP
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aptamers located at the ends of Al and A2 to approach each other, thereby triggering
the FRET between the fluorescent acceptor (CyS) and donor (Cy3). Within the
molecular concentration range of the target substance from 0 to 500 pM, the FRET
effect enhanced with the increase of ATP concentration leads to the weakening of
Cy3 fluorescence and the strengthening of Cy5 fluorescence (Figure 2B and C).
Moreover, the data in Figure 2D showed a good linear relationship between ATP
concentrations (0-60 pM) and Cy3/Cy5 fluorescence signal ratio with the limit of
detection (LOD) of 0.96 uM (S/N=3, R?=0.998). Notably, the detection range and
sensitivity of ATP fluorescence aptamer recognition element exhibits excellent
compatibility with the extracellular ATP concentration levels reported in the
literature, which provides a crucial prerequisite for establishing cell membrane
surface sensing platforms.’¢-*® Furthermore, the selectivity of the ATP aptamer
element was also revealed through control experiments (see Figure S9 and
accompanying discussion for details) using ATP analogs including GTP, UTP, and
CTP at equivalent concentrations as reference substances.

For the in vitro concentration analysis of DA, the key mechanism enabling FAM
fluorescence recovery relies on the high-affinity binding between DA molecules and
their aptamer, which triggers the dissociation of the quencher (BHQ-1) labeled
complementary DNA strands (Figure 3A and S10). As the DA concentration
increased from 0 to 100 pM, progressively higher FAM fluorescence intensity can

be read out, and a good linear relationship was observed in the range of 0-2000 nM
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(Figure 3B, C and D). Meanwhile, according to these results, the LOD was
calculated to be 0.62 nM. In addition, to investigate the specificity of the aptamer
sensing element to DA, a set of homologs was co-incubated with the aptamer
complex and confirmed that only the solution system containing DA molecules
could effectively induce the recovery of FAM fluorescence (see Figure S11). Taken
together, the above results demonstrate that the fabricated sensing platform exhibits
satisfactory performance for in vitro detection of ATP and DA, providing a
convincing foundation for further construction of cell membrane fluorescence
imaging systems.

The validation of cell-surface anchoring and biocompatibility of tCDNs.
Motivated by the above results, we subsequently investigated the cell-surface
anchoring capability of tCDNs. As an exemplary suspension cell model, CCRF-
CEM cells—a human acute lymphoblastic leukemia (ALL) cell line—were
employed in this series of studies. Besides this, to achieve efficient fluorescent
labeling, a Cy3-modified DNA strand (LF) was assembled onto the tCDNs,
replacing the original aptamer elements. After co-incubation with the specifically
designed tCDNs, CCRF-CEM cells were treated with the DiO cell membrane
staining kit according to the standardized protocol for 20 minutes. In parallel, as a
control group, CCRF-CEM cells were co-incubated with tCDNs lacking the
hydrophobic DNA strand (cholesterol-modified short strand, CT20) following

identical experimental procedures. The experimental results are clearly presented by

ACS Paragon Plus Environment

Page 14 of 37



Page 15 of 37

Analytical Chemistry

CLSM in Figure S12: Cy3 fluorescence signal exhibits precise colocalization with
the green fluorescence from DiO membrane dye, confirming efficient tCDN
membrane anchoring through their properly aligned and uniformly oriented
cholesterol modifications. In contrast, tCDNs lacking the CT20 DNA strand
exhibited negligible Cy3 fluorescence in cells, further demonstrating that the
amphiphilic affinity conferred by cholesterol moieties is essential for the membrane-
surface modification of DNA architectures.

To enable effective monitoring of target molecules in cell membrane
microenvironment, an optimal DNA nanomaterial superstructure platform should
exhibit stable single-cell surface anchoring while preventing intercellular transfer
between adjacent cells. This is also one of the important goals that our proposed
tandem framework superstructure should achieve. Accordingly, two groups of
CCRF-CEM cells were separately modified with either monomeric DNA cubes or
tCDNs (Figure S13), then each mixed with an equal number of nuclear-labeled cells
(stained with Hoechst 33342 dye) for one hour incubation. As shown in Figure 4A,
after one hour of homogeneous mixing with Hoechst 33342-labeled cells,
approximately 23% of DNA cube monomers-modified cells exhibited Cy3
fluorescence transfer, indicating insufficient anchoring stability of these isolated
DNA framework structures on the cell membrane surface (Panel I). As a striking
contrast, the CLSM images in Panel II show no cells simultaneously labeled with

both Cy3 and Hoechst 33342, demonstrating that tCDNs-modified cells exhibit
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remarkable stability which effectively prevents intercellular fluorescence crosstalk.
The effectiveness of tCDNs anchoring were further confirmed by Figure 4B,
compared to Panel II, Panel I demonstrated a distinct fluorescence spatial
distribution pattern: Cy3 fluorescence was predominantly localized at the cell
periphery along the line segment, while Hoechst 33342-derived blue fluorescence
was centrally positioned.

The maintenance time of tCDNs architecture on the cell membrane surface is
another important performance indicator due to the performance requirements of
long-time monitoring of target substances in the intercellular microenvironment.
CLSM images in Figure S14A and B present comparative experimental results
between monomeric DNA cubes and tCDNs after 0-6 hours co-incubated with
CCRF-CEM cell lines. After a 3-hour incubation period, the Cy3 fluorescence used
to label DNA cube monomers exhibited significant attenuation on the cell membrane,
indicating the detachment or disintegration of the monomeric DNA framework. In
contrast, cells modified with tCDNs maintained stable fluorescence persistence for at
least 6 hours, providing direct evidence of the remarkable structural robustness
originating from this rationally engineered architecture. Collectively, these
experimental results robustly demonstrate the successful achievement of a key
developmental objective of tCDNs—significantly enhancing the anchoring stability
of DNA framework structures on cell membranes—thereby providing an important

prerequisite for the final establishment of fluorescence sensing platform.
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Furthermore, in contrast to membrane coating achieved through DNA origami or
DNA strand amplification techniques,*-#' tCDNs exhibit another distinct advantage
by maintaining normal cellular physiological functions post-modification. In this
regard, we employed two distinct strategies to investigate the survival status of cells
modified with tCDNs. First, the standard CCK-8 assay was employed to measure
cell viability at three different tCDNs concentrations (calculated based on the
concentration of DNA cube monomers contained) after varying incubation periods.
As illustrated in Figure SA, the cells maintained satisfactory viability under all tested
conditions. Even after 48 hours incubation at the highest concentration (200 nM), the
cells were able to maintain a survival rate of no less than 88.6%. Furthermore, the
survival status of individual cells was observed after using the Calcein-AM living
cells fluorescence dye kit. Following cellular uptake, Calcein-AM is hydrolyzed by
intracellular esterases to yield Calcein, a polyanionic dye that exhibits intense green
fluorescence. As evidenced by Figure 5B and C, all CCRF-CEM cells within the
CLSM field of view exhibited dual fluorescence labeling (red: Cy3; green: Calcein)
with a distinct outer-to-inner distribution pattern following treatment with tCDNs-
modified DNA nanostructures and the Calcein-AM dye kit. These results
collectively demonstrate that the cells maintained high viability while being
efficiently functionalized by the DNA nanostructures, which can be attributed to two
key factors: (1) Compared to dense mesh-like coatings, the linear arrangement of

tCDNs preserves sufficient exposed membrane surface area; and (2) The uniformly
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porous architecture of tCDNs, enabled by monomeric DNA cubes, ensures
unimpeded exchange of metabolites between cells and their microenvironment.

In situ imaging of exogenous ATP and DA on the cell membrane surface. To
demonstrate the feasibility of dual-target imaging on the cell membrane surface
using an in situ-anchored tCDNs-based fluorescent sensing platform, we engineered
tCDNs assemblies loaded with fluorescent aptamers and achieved their stepwise
conjugation on the surface of SH-SYSY cells (a model human neuroblastoma cells).
Subsequently, cells were incubated with PBS buffer containing different
concentrations of exogenous targets and subjected to CLSM imaging. As shown in
Figure S15A, the merged graph of red channel (Cy3) and purple channel (Cy5)
exhibited a significant grayscale variation along with the change of the ATP
concentration. When there are no exogenous ATP molecules present in the
extracellular microenvironment, prominent red fluorescence was observed, while
minimal purple fluorescence was detected, indicating that almost no FRET effect
occurs due to the sufficient distance between the Cy3 and Cy5 fluorescent groups on
the DNA aptamer nano-tweezers. With increasing concentrations of exogenous ATP,
progressively enhanced FRET efficiency was observed, characterized by
diminishing red fluorescence (Cy3) and intensifying purple fluorescence (Cy5), due
to ATP-induced proximity of the split aptamer on the DNA recognition element.
Moreover, ImageJ software was used to analyze the fluorescence profiles of the

middle cross-section in living cells. The fluorescence intensity curve obtained after
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removing the background (Figure S15C, Panel 1) demonstrated a concentration-
dependent increase in the Cy5/Cy3 fluorescence ratio with rising ATP levels,
consistent with the results presented in Figure 2. These findings further validate that
the proposed tCDNs fluorescent sensing platform can effectively in situ respond to
ATP in cellular membrane microenvironments.

Furthermore, exogenous DA molecules of different concentrations (0-50 pM)
were added to the cell membrane surface microenvironment to test the response of
the fluorescence sensing platform to DA. As expected, with the competitive effects
caused by an increasing number of DA molecules, increasingly significant FAM
fluorescence recovery was presented (Figure S15B). In Figure S15C Panel II, the
average fluorescence intensity analysis along the yellow line of this green channel
further processed by the Imagel software (background removed) is in accordance
with Figure 3. These data showed that the fluorescence imaging of FAM displayed a
significant DA-dependent signal. In summary, the fluorescence imaging results from
three distinct channels (Cy3, Cy5 and FAM) collectively demonstrate that the
proposed tCDNs sensing platform enables efficient in situ monitoring of exogenous
targets (ATP and DA) in the cell membrane surface microenvironment.

Specifically, to validate the universality of the proposed tCDNs-based
fluorescent sensing platform across different cell types and to exclude potential
signal crosstalk between FAM and Cy3/Cy5 fluorophores, CCRF-CEM cells

modified with tCDNs fluorescent sensing structures were co-incubated with 100 yM

ACS Paragon Plus Environment



Analytical Chemistry

ATP and 50 yM DA. As illustrated in Figure S16A and B, the two target molecules
independently triggered Cy3/Cy5 FRET fluorescence signal changes and FAM
fluorescence recovery, respectively, demonstrating the capability of the established
sensing system to monitor the two analytes independently. Furthermore, the tCDNs
cell membrane-anchoring system constructed with mismatched aptamer sequences
failed to elicit the corresponding fluorescence response upon target binding (Figure
S16C), confirming the excellent specificity of the tCDNs sensing system for
monitoring cell membrane surface targets.

In situ monitoring of endogenous ATP and DA in TBBPA-BHEE induced SH-
SYSY cells. As a class of emerging organic pollutants, TBBPA and its derivatives
have been reported to exhibit significant neurotoxicity and are attracting increasing
concern due to their widespread applications.**** Among these, TBBPA-BHEE
exhibits the highest toxicity due to its water solubility and disrupts secretion of many
biochemical markers (e.g., ATP and DA) in neural cell model.* * However,
traditional methods only provide static, macroscopic, and non-real-time assessments
of cellular damage, failing to capture the microscopic progression of pollutant-
induced cytotoxic effects. Therefore, as the ultimate and most critical objective, the
proposed tCDNs sensing platform in this study is designed to enable in situ
monitoring of endogenous biomarkers in cellular models exposed to TBBPA-BHEE,
thereby achieving in depth assessment of pollutant-induced cytotoxicity. For this

purpose, we initially exposed SH-SYSY cells to various concentrations of TBBPA-
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BHEE (0-30 uM) for 24 hours to establish an appropriate cellular model, followed
by monitoring endogenous biochemical markers using tCDNs-based fluorescent
sensing platform according to above validated protocol. As shown in Figure 6A, the
Cy5/Cy3 fluorescence ratio exhibited a concentration-dependent increase with
elevated TBBPA-BHEE levels, indicating progressively higher concentrations of
endogenously secreted ATP in the cell membrane microenvironment. In striking
contrast, the green fluorescence signal (FAM) manifested a unique kinetic profile
featuring an initial decline followed by a subsequent rebound, which faithfully
reflected the V-shaped concentration-dependent secretion pattern of endogenous
dopamine (DA). Based on these findings, some conclusions can be drawn: (i) Low-
dose TBBPA-BHEE (10 pM) exhibits neurotoxic effects, as evidenced by reduced
DA secretion in SH-SYSY cells; (ii) High-dose TBBPA-BHEE (220 pM) induces an
upregulation of DA secretion, which may be caused by mild cell membrane
impairment.

On the other hand, prolonged exposure to pollutants represents a critical factor
contributing to cellular damage, and monitoring of this process will be of great
significance for health risk assessment. Therefore, we further exposed the cells to
TBBPA-BHEE for different time durations (0 h, 12 h, 24 h, 48 h) and employed the
cell membrane surface fluorescence monitoring system to track the alterations in
biochemical parameters across experimental groups. Fluorescence imaging results in

Figure 6B shown that prolonged TBBPA-BHEE exposure led to an upward trend in
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the levels of both endogenous targets (Cy5/Cy3 fluorescence ratio for ATP and FAM
fluorescence intensity for DA) within the cell membrane surface microenvironment,
revealing progressively intensified neurotoxic effects of TBBPA-BHEE. These
results demonstrate that the developed tCDNs fluorescence imaging system exhibits
the promising potential for sensitive monitoring of multiple biochemical parameters
at the cell membrane surface and can provide robust support for health risk

assessment of pollutants based on the collected data.

CONCLUSION

In summary, by the design of DNA superstructure, tCDNs, we have successfully
developed a cell membrane-anchored dual-target fluorescence monitoring platform.
Benefit from the orderly connection of DNA cubes by DNA wireframe structure, the
cell membrane anchoring performance of the original monomer nucleic acid
framework was significantly enhanced. Under this premise, an in situ monitoring
system for ATP and DA was established through the conjugation of fluorescent
recognition elements on the tCDNs double-rail scaffold. Using the proposed method,
we demonstrate a strong correlation between TBBPA-BHEE exposure scenarios and
endogenous biochemical indicator secretion levels, while preliminarily establishing a
living cell in situ risk assessment for this emerging organic pollutant. Beyond that, it
is also a promising approach to customize the tCDNs architecture by replacing the
fluorescent recognition module. We anticipate that this well-designed strategy may

serve as a robust tool for risk assessment of environmental pollutants.
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Figure 1. (A) Schematic illustration and self-assembly characterization of the DNA
cube framework 1 (Panel I, lane M, 25-500 bp marker; lane 1, C1; lane 2, C1+C2;
lane 3, C1+C2+C3; lane 4, C1+C2+C3+C4; lane 5, C1+C2+C3+C4+CT20; lane 6,
C1+C2+C3+C4+CT20+L50-1+L50-2) and DNA cube framework 2 (Panel I, T,
lane M, 25-500 bp marker; lane 1, C5; lane 2, C5+C6; lane 3, C5+C6+C7; lane 4,
C5+C6+C7+CS; lane 5, C5+C6+C7+C8+CT20; lane 6, C5+C6+C7+C8+CT20+L50-
1+L50-2) by 2% agarose gel electrophoresis; (B) Schematic illustration and
characterization of the self-assembly of the tCDNs framework by 12% native
polyacrylamide gel electrophoresis, lane M, 100-1000 bp marker; lane 1, DNA cube
framework 1; lane 2, DNA cube framework 2; lane 3, DNA cube framework 1+ DNA

cube framework 2+L1+L2.
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Figure 2. (A) ATP detection mechanism of the DNA aptamer-based nano-tweezers.

(B) Fluorescence spectra of the DNA nano-tweezers in response to different

concentrations of ATP: (i) 0 pM; (ii) 5 pM; (iii) 10 pM; (iv) 20 uM; (v) 30 PM; (vi)

60 uUM; (vii) 100 pM; (viii) 200 pM; (ix) 500 pM. (C) and (D) Linear relationship

between Cy5/Cy3 fluorescence ratio and ATP concentrations. (error bars, SD, n = 3).
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Figure 3. (A) DA detection mechanism of the DA aptamer-based fluorescence

recognition elements.

fluorescence recognition elements in response to different concentrations of DA: (i) 0
MM; (ii) 0.01 pM; (iii) 0.1 pM; (iv) 0.3 pM; (v) 1 pM; (vi) 2 PM; (vii) 5 pM; (viii) 20

MM; (iX) 50 pM; (x) 100 pM. (C) and (D) Linear relationship between FAM

fluorescence intensities and DA concentrations. (error bars, SD, n = 3).
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Figure 4. (A) CLSM images of the cell surface-anchored DNA nanostructures. Panel
I -mixed cell populations of DNA cube monomers-labeled CCRF-CEM cells (red
channel, Cy3) and Hoechst 33342-labeled CCRF-CEM cells (blue channel). Panel II -
mixed cell populations of tCDNs framework-labeled CCRF-CEM cells (red channel,
Cy3) and Hoechst 33342-labeled CCRF-CEM cells (blue channel). Scale bar: 10 pm.
(B) Cy3 and Hoechst 33342 fluorescence intensity of the linear regions in Panel I

and I merged images.
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Figure 5. (A) The cell viability investigation of CCRF-CEM cells modified with
tCDNs (50, 100, 200 nM) for different times (ranging from 6 to 48 h) at 37 °C using
CCK-8 kit. (error bars, SD, n = 3). (B) CLSM images of the Calcein-AM (green
channel) and tCDNs (red channel, Cy3)-labeled CCRF-CEM cells. Scale bar: 10 pm.
(C) Calcein-AM and Cy3 fluorescence intensity of the linear regions in merged

images.
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Figure 6. (A) CLSM images of tCDNs nanosensing platform-modified SH-SY5Y
cells incubated with different concentrations of TBBPA-BHEE (0, 10, 20, 30 pM) for
24 h. (B) CLSM images of tCDNs nanosensing platform-modified CCRF-CEM cells
incubated with 20 uM TBBPA-BHEE for different times (0, 12, 24 and 48 h). Scale

bar: 10 ym.
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Supplementary Materials and Methods

Materials. All HPLC purified standard and modified DNA oligonucleotides (Table
S1), Cell Counting Kit-8, trypsin-EDTA (TE) buffer and phosphate-buffered saline
(PBS, 1x, pH=7.4) were commercially supplied by Sangon Biotechnology Co., Ltd
(Shanghai, China). Fetal bovine serum (FBS) was obtained from Zhejiang Tianhang
Biotechnology Co.,Ltd. 1640, DMEM and MEM/F12 medium were purchased from
Solarbio Science & Technology Co., Ltd. CCRF-CEM (Human T-cell ALL) and SH-
SYSY cell lines were obtained from Wuhan Pricella Biotechnology Co., Ltd. Cell
plasma membrane staining kit with DiO (green fluorescence), Hoechst 33342 staining
solution for live cells (100x) and Calcein-AM staining solution (100x) were purchased
from Beyotime Biotechnology Co., Ltd. Ultrapure water was obtained through a
Millipore Milli-Q water purification system (Milli-Q, 18 MQ-cm resistivity at 25 C,
Merck Millipore).

Instruments. All fluorescence measurements were carried on a BioTek Synergy H4
multi-mode microplate reader (BioTek Instruments, Inc., VT, USA). The number of
cells was measured with a TC10 automated cell counter (Biorad, USA). Confocal
fluorescence imaging of cells was performed on a Leica TCS SP5 II Laser confocal
laser scanning microscopy (CLSM, Leica Microsystems, Inc., Wetzlar, Germany). All
the CLSM images were digitized and analyzed with ImageJ software.

Gel electrophoresis analysis. Agarose gel (2%) electrophoresis (AGE) and native
polyacrylamide gel (12%) electrophoresis (native PAGE) were used to verify the self-
assembly of tCDNs and DNA aptamer nanosensing elements. AGE was conducted at a
constant potential of 110 V in 1x TBE buffer. The electrophoresis run time was
determined by the indicators in the loading buffer and was approximately 40 minutes.
Native PAGE was prepared with 4 mL of ultrapure water, 1.6 mL of 10x TBE buffer,
2.4 mL of 40% acryl-bis, 56 pL of 10% APS, and 8 pL of TEMED. Similarly, native
PAGE was run at 110 V for about 30 min (4 °C) in 1x TBE buffer and stained by Super

GelRed nucleic acid dye. After electrophoresis, all the pictures were obtained with a

S-4



Gel Imaging System.

Biostability assay of tCDNs. For endonuclease resistance verification, the prepared
tCDNs were added to PBS buffer containing 0.5 U/mL DNase I and incubated at 37 °C
for different time (2, 4, 6, 8 and 10 h). Similarly, for the biostability test under serum
conditions, tCDNs were added to PBS buffer containing 10% FBS and incubated at
37 °C. Furthermore, the adaptability of tCDNs to different acidities was tested using 5
groups of solutions with different pH values (5-9) at 37 °C for 8 hours. The final
products of all above experiments were used for native PAGE gel electrophoresis
characterization without further treatment.

Cytotoxicity assay. Cytotoxicity of tCDNs was estimated in CCRF-CEM cells by Cell
Counting Kit-8 (CCK-8). First, SH-SYSY cells were seeded into 96-well plates (2x10*
cell/well) to a total volume of 200 pL/well and cultured at 37 °C for 24 h. Then, the
cells were incubated with 100 pL. MEM/F12 medium containing TDNs (50, 100, 200
nM) for different times (6, 12, 24, 48 h). As control groups, the SH-SYSY cells were
treated with MEM/F12 medium and incubated for the same time to eliminate the
background interference of cell proliferation. After being washed three times by PBS
solution and replaced with fresh MEM/F12 medium, each well was added with 10 pL
of CCK-8 solution. The absorbance (450 nm) was measured by multi-mode microplate
reader after 1 h of reaction.

Cell staining. For DiO dye, an appropriate volume of 1:200 DiO dilution was used to
resuspend CCRF-CEM cells at a density of 1x10° cells/mL. The cells were then
incubated for 10 minutes and centrifuged to remove the staining solution. Following
three washes with PBS buffer, the cells were resuspended in fresh 1640 medium. For
Calcein-AM dye, 1x10° CCRF-CEM cells are washed 3 times with PBS and then added
to the pre-warmed Calcein-AM working solution (1 M) and incubated at 37 °C for 20
minutes. After centrifugation to remove the staining solution, cells are resuspended in
fresh 1640 medium. For Hoechst 33342 staining, CCRF-CEM cells at a density of 1 X

10° cells/mL were incubated with Hoechst 33342 staining solution at 37°C for 30
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minutes. Then, washed 3 times with PBS buffer and the CCRF-CEM cells were

resuspended in fresh 1640 medium.

S-6



Table S1. Details of the DNA sequences.

Oligo

Sequence (5°-3)

C1 (C5)

C2

C3(C7)

C4

C6

C8

CT20
L1

L2

L50-1
L50-2

LF
Al

Mismatched Al
A2
Mismatched A2
A3
DP

CP
Mismatched DP

TCGCTGAGTATTTTATCTCACGAAGCATACGAGCTTTTGCAAGTG
TGGGCACGCACACTTTTGTAACCGCGACTGCGAGAGTTTTTCACA
AATCTG
CTATCGGTAGTTTTGCCTAGAGGATCCGAGTTCGTTTTTACTCAGC
GACAGATTTGTGTTTTGTAACCGCGACTGCGAGAGTTTTTCAACT
AGCGG
CACTGGTCAGTTTTGAGCAGTTGACCATATAGGATTTTCTACCGA
TAGCCGCTAGTTGTTTTGTAACCGCGACTGCGAGAGTTTTTGGTTT
GCTGA
CCACACTTGCTTTTGTAGCTTGCCCATAATTTGGTTTTCTGACCAG
TGTCAGCAAACCTTTTGTAACCGCGACTGCGAGAGTTTTTGTGTG
CGTGC
CTATCGGTAGTTTTGAGATACACAAGGTGAGCACTTTTTACTCAG
CGACAGATTTGTGTTTTGTAACCGCGACTGCGAGAGTTTTTCAAC
TAGCGG
CCACACTTGCTTTTGGAAAGCTGATCAGTGGTCATTTTCTGACCA
GTGTCAGCAAACCTTTTGTAACCGCGACTGCGAGAGTTTTTGTGT
GCGTGC

ACTCTCGCAGTCGCGGTTACTTTTT-cholesterol
TCCTCTAGGCTTTTGAGCAGTTGACCATATAGGATTTTTGACCACT
GATCAGCTTTCCTTTTATCTCACGAAGCATACGAGCTTTTCGAACT
CGGA
TGTGTATCTCTTTTGAGCAGTTGACCATATAGGATTTTCCAAATTA
TGGGCAAGCTACTTTTATCTCACGAAGCATACGAGCTTTTGTGCT
CACCT
GCTCGTATGCTTCGTGAGATTTTTTCATGGGCTCATGCGAGGCTGT
ATGT
TCCTATATGGTCAACTGCTCTTTTTCGATAATAGTGGTATCGGACG
GCTC

Cy3-TTTTTACATACAGCCTCGCATGAGCCCATG
TGCGGAGGAAGGTTACATTTTACGCCTGGTGCCTTTTTACATACA
GCCTCGCATGAGCCCATG
TATTAAGGCCTGTTACATTTTACGCCTGGTGCCTTTTTACATACAG
CCTCGCATGAGCCCATG
CCGACCGCAGGATCCTATAAACCTGGGGGAGTAT
CCGACCGCAGGATCCTATAAACCTGTCCACCATT
Cy3-TTATAGGATCCTGCGGTCGGAGGCACCAGGCGTAAAATGTA-
Cy5

FAM-
CTCTCGGGACGACGCCAGTTTGAAGGTTCGTTCGCAGGTGTGGAG
TGACGTCGTCCCTTTTTGAGCCGTCCGATACCACTATTATCG
CGTCGTCCCGAGAG-BHQI1

FAM-
CTCTCGGGACGACGCCAGAACGCTAATACGTACCTCGATGACTTG
CAACGTCGTCCCTTTTTGAGCCGTCCGATACCACTATTATCG
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CATTGGCGCTGACGCTCTCA
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Figure S1. Schematic diagram of the two-dimensional unfolding of DNA cube 1(Cl1,
C2, C3, C4) and cube (C5, C6, C7, C8) their connection with auxiliary DNA strands
(L1, L2, L50-1, L50-2 and CT20). All the arrows point to the 3’ end of the DNA

sequences.
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Figure S2. Fluorescence excitation (Ex) and emission (Em) spectra of Cy3(Ex = 550

nm, Em = 570 nm) and Cy5 (Ex = 650 nm, Em = 670 nm) measured by 100 nM A3.
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Figure S3. Characterization of the DNA cube backbone oligonucleotides by 12% native
polyacrylamide gel electrophoresis. Lane M, 25-500 bp marker; lane 1, C1 (C5); lane

2, C2; lane 3, C3 (C7); lane 4, C4; lane 5, C6; lane 6, C8.
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Figure S4. Characterization of the auxiliary DNA oligonucleotides by 12% native
polyacrylamide gel electrophoresis. Lane M, 25-500 bp marker; lane 1, CT20; lane 2,
L50-1; lane 3, L1; lane 4, L2; lane 5, L1 + L50-1 + L.50-2; lane 6, L2 + LL50-1 + L50-

2.



Figure S5. AFM characterization of the mixed DNA cubes 1/2 (A) and and their
assembled tCDNs (B).
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Figure S6. (A) Stability investigation of the tCDNs superstructure by incubation with
0.5 U/mL DNase I for different times. From Lanes 1 to 5: 2, 4, 6, 8, 10 hours; lane M,
25-500 bp marker. (B) Stability investigation of the tCDNs fireworks by incubation
with 10% FBS for different times. From Lanes 1 to 5: 2, 4, 6, 8, 10 hours; lane M, 25-
500 bp marker. (C) Stability investigation of the tCDNs fireworks at different pH values.
From Lanes 1 to 5: pH 5, 6, 7, 8, 9; lane M, 25-500 bp marker. All experimental results

were presented using 12% native polyacrylamide gel electrophoresis.
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Figure S7. (A) Schematic diagram of the ATP aptamer-based nano-tweezers. (B) Self-

assembly characterization of the ATP aptamer-based nano-tweezers by 2% agarose gel
electrophoresis. Lane M, 25-500 bp marker; lane 1, A1; lane 2, A2; lane 3, A3; lane 4,
Al + A3;lane 5, A1 + A2 + A3.
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Figure S8. (A) Schematic diagram of the DA aptamer-based fluorescence recognition
elements. (B) Self-assembly characterization of the DA aptamer-based fluorescence
recognition elements by 2% agarose gel electrophoresis. Lane M, 25-500 bp marker;

lane 1, CP; lane 2, DP; lane 3, DP + CP.
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Figure S9. Fluorescence response of the tCDNs fluorescence system to ATP, GTP, UTP,

CTP and the mixture. Mixture 1: ddH>O containing ATP, GTP, UTP and CTP; Mixture

2: ddH20 containing ATP, GTP, UTP, CTP and 10% FBS. (error bars, SD, n = 3).
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Figure S10. FAM fluorescence spectral responses of the DA aptamer-based
fluorescence recognition elements: (a) 100 nM DP; (b) 100 nM DP + 100 nM CP; (c)

100 nM DP + 100 nM CP co-incubated with 100 nM DA.
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Figure S11. Fluorescence response of the tCDNs fluorescence system to DA, NP, 5-
HT, Tyt, AA, Glu and the mixture. Mixture 1: ddH>O containing DA, NP, 5-HT, Tyt,

AA and Glu; Mixture 2: ddH>O containing DA, NP, 5-HT, Tyt, AA, Glu and 10% FBS.

(error bars, SD, n = 3).
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Figure S12. Cell surface anchoring of the tCDNs. (A) Schematic illustration and CLSM

>

Without
cholesteryl

With

cholesteryl

images of CCRF-CEM cells after incubation with the no cholesterol-modified short
strand (CT20); (B) Schematic illustration and confocal images of CCRF-CEM cells

after incubation with the CT20. Then, the cell membrane was stained with DiO. Scale

bar: 10 um.
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Figure S13. CLSM images of the CCRF-CEM cells incubation with Cy3 labeled-DNA
cubes (red channel), Cy3 labeled-tCDNs (red channel), and Hoechst 33342 (blue

channel), respectively. Scale bar: 10 pm.



ol gy
i
St
-
- vy
2
&

g

E
=
v

et
i\"‘:_.
"‘»g, i

B'BF

Oh

Merge

1h

3h

6 h 6 h

<
w

Figure S14. Comparison of cell membrane surface anchoring maintenance time. (A)
CCRF-CEM cells were modified with monomeric DNA cubes and maintained for O, 1,
3, 6 hours in serum-free 1640 medium. (B) CCRF-CEM cells were modified with

tCDNs architecture and maintained for 0, 1, 3, 6 hours in serum-free 1640 medium.

Scale bar: 10 pm.
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Figure S15. (A) CLSM images of tCDNs nanosensing platform-modified SH-SY5Y
cells incubated with different concentrations of ATP (0, 25, 50 and 100 uM). (B) CLSM
images of tCDNs nanosensing platform-modified SH-SYSY cells incubated with
different concentrations of DA (0, 20, 30 and 50 uM). (C) Panel I: relationship between
Cy5/Cy3 fluorescence ratio and ATP concentrations. Panel II: relationship between

FAM fluorescence intensities and DA concentrations. Scale bar: 10 um. (error bars, SD,

n=23).
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Figure S16. The orthogonal fluorescence triggering validation of target analytes and
the fluorescence response validation of mismatched aptamer sequences for the tCDNs
nanosensing platform. (A) CLSM images of tCDNs nanosensing platform-modified
CCRF-CEM cells incubated with no ATP or DA. (B) CLSM images of tCDNs
nanosensing platform-modified CCRF-CEM cells incubated with 100 uM ATP and 50
uM DA. (C) CLSM images of tCDNs nanosensing platform (use mismatched aptamer
sequences) -modified CCRF-CEM cells incubated with 100 uM ATP and 50 uM DA.

Scale bar: 20 pm.
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