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Supramolecular DNA/amino acid-based
oxidase-mimetic nanocatalysts exhibiting drug
degradation capability

Mengjie Yu,† Xianxue Zhang,† Shichao Xu and Zhen-Gang Wang *

Developing efficient and environmentally benign approaches for

the remediation of antibiotic pollutants has become a paramount

research imperative, since the extensive use of antibiotics has raised

serious concerns due to their potential to induce antibiotic resis-

tance and disrupt the ecological balance. In this work, we report the

self-assembly of fluorenylmethyloxycarbonyl-lysine (Fmoc-K)

aggregates with natural calf thymus DNA (CT-DNA) and Cu2+ to

construct a catalyst that possesses copper-dependent active sites,

mirroring the catalytic function of laccase, an oxidase known for its

ability to degrade phenolic antibiotics. Structural characterization,

including circular dichroism, fluorescence spectroscopy, transmission

electron microscopy (TEM) and electron paramagnetic resonance

(EPR), indicates the association of Fmoc-K with DNA components,

facilitating the coordination of Cu2+ to both. Kinetic studies revealed

that the Fmoc-K/CT-DNA/Cu2+ complex exhibited over 13-fold higher

catalytic efficiency than either CT-DNA/Cu2+ or Fmoc-K/Cu2+ alone.

Notably, CT-DNA not only serves as a structural scaffold but also

promotes the access of antibiotic substrates (including doxorubicin

and tetracycline) to the copper center due to its binding affinity for

these antibiotics, thereby facilitating efficient oxidative degradation.

This work offers a promising strategy for constructing high-

performance, environmentally responsive metalloenzyme mimics for

pollutant remediation.

Introduction

The widespread use of antibiotics in medicine and agriculture
has led to their significant accumulation in aquatic environ-
ments, raising serious concerns due to their potential to induce
antibiotic resistance and disrupt the ecological balance.1,2 The

design of robust, efficient, and environmentally benign strate-
gies for the removal of antibiotic pollutants from aquatic
systems has emerged as a critical focus in environmental
research. Laccases, a family of multi-copper oxidases (MCOs),
catalyze the single-electron oxidative degradation of a broad
array of organic substrates, including aromatic and phenolic
substances, concomitant with the four-electron reduction of
molecular oxygen to water.3–5 Owing to their catalytic versatility
and eco-friendly redox chemistry, laccases have attracted con-
siderable attention as green catalysts for applications in waste-
water treatment and soil remediation.6,7 Like other enzymes,
the susceptibility of laccases to environmental changes, the
difficulty in structural modification, and the laborious separa-
tion and purification severely hamper the large-scale applica-
tions of laccases. On the other hand, the structure and activity
relationship of enzymes has inspired the development of
supramolecular catalysts that leverage the noncovalent interac-
tions to assemble catalytic components to create enzyme-like
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New concepts
We report a supramolecular oxidase-mimetic nanocatalyst assembled
from fluorenylmethyloxycarbonyl-lysine (Fmoc-K), calf thymus DNA (CT-
DNA), and Cu2+ ions. This catalyst mimics laccase-like activity with
significantly enhanced stability and catalytic performance. The key inno-
vation lies in integrating DNA not only as a structural scaffold but also as
a molecular host that binds antibiotics such as doxorubicin and tetra-
cycline, thereby facilitating their proximity to the catalytic copper centers
for efficient oxidative degradation. Unlike traditional nanozymes, this
system forms coordinatively unsaturated Cu2+ sites through Fmoc-driven
ordered assembly, enabling over 13-fold higher catalytic efficiency than
binary systems. DNA’s groove-binding with Fmoc-K helps maintain an
open copper coordination sphere, which is often lost in conventional self-
assembly. The catalyst also exhibits superior thermal and long-term
storage stability compared to natural laccase. This work advances
nanoscience by demonstrating how supramolecular interactions and
biomolecular recognition can be combined to create functional metal-
loenzyme mimics. It introduces a new strategy for environmental reme-
diation using biohybrid catalysts, highlighting the untapped catalytic
potential of nucleic acid–peptide–metal assemblies.
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active sites within synthetic materials, enabling reactions that
closely mimic those catalysed by natural enzymes.8–10 However,
their catalytic efficiencies rarely match those of natural enzymes,
largely due to the challenges in arranging essential functional
groups and constructing well-defined enzyme-like active sites. In
particular, de novo creation of biomimetic metallocluster active
sites (e.g. the multicopper centers of laccases) requires precise
geometric organization of ligand groups.

Considerable efforts have been made to develop laccase-
mimicking catalysts, by employing various molecular building
blocks.11–14 While the formation of multicopper sites through
the assembly of ligand-bearing building blocks is relatively
straightforward, since adjacent copper ions can be bridged by
hydroxide ions in aqueous environments to form di- or tri-
copper clusters, the critical challenge lies in preserving the
coordinative unsaturation of the copper centers. Flexible ligands
in the self-assembly system tend to fully coordinate with copper
ions in an effort to lower the chemical potential of the system,
often leading to saturated copper sites that are ineffective for O2

activation. This challenge led to significantly lower catalytic
efficiency of the Cu-dependent catalysts than that of native
laccase. Our group previously reported the self-assembly of
fluorenylmethyloxycarbonyl (Fmoc)-modified amino acids, in
which directional stacking of the fluorenyl groups drives the
ordered arrangement of ligand groups from the amino acid side
chains or backbones, leading to the formation of coordinatively
unsaturated dinuclear copper centers.15 It was also reported that
the reactivity of the metal center can be enhanced by utilizing
heteroatoms as ligands (e.g. N, P).16–18 In this work, we intro-
duced natural DNA (calf thymus DNA, abbreviated as CT-DNA) to
self-assemble with Fmoc-lysine (Fmoc-K) and Cu2+ to form a
robust laccase-mimicking catalyst (Fig. 1). It was observed that
Fmoc-Lys can interact with CT-DNA through groove binding,
promoting the coordination of Cu2+ to both components,
enabling this catalyst to exhibit synergistic oxidative activity.
Moreover, CT-DNA has shown great affinity to a variety of
antibiotics, such as broad-spectrum cancer-killing doxorubicin
and tetracycline. Through CT-DNA/Fmoc-Lys self-assembly,
these antibiotics can be brought nearby the copper center,
facilitating the efficient degradation of the antibiotics. This work
provides a novel paradigm for the design of high-performance

metalloenzyme mimics to address emerging antibiotic contami-
nants under ambient and environmentally relevant conditions.

Results and discussion

We first utilized the native calf thymus DNA (CT-DNA) to assemble
with Cu2+ and the amphiphilic Fmoc-lysine (Fmoc-K). TEM ima-
ging showed that Fmoc-K/Cu2+ formed nanoscale fibers, which
became more aggregated upon the addition of CT-DNA (Fig. 2A
and Fig. S2). As a control, CT-DNA/Cu2+ existed as particles
approximately 1 mm in size (Fig. S1). Fmoc-K exhibited a maximum
fluorescence emission at approximately 380 nm (Fig. S3), which is
characteristic of a parallel arrangement of fluorenyl rings.19–22

Notably, the addition of CT-DNA and Cu2+ did not significantly
alter the fluorescence signal of Fmoc-K, suggesting that the
stacking structures of Fmoc-K remained intact (Fig. S3). We
employed fluorescence titration to determine the binding affinity.
The binding constant (KA) of Fmoc-K with CT-DNA was estimated
as 2.28 � 104 M�1 using the Scatchard equation (see details in the
Experimental section) (Fig. S6).

Circular dichroism (CD) analysis was performed to further
investigate the self-assembly of CT-DNA with Fmoc-K. The CD
spectrum of CT-DNA showed a negative band at B245 nm and

Fig. 1 Self-assembly of calf thymus DNA with Fmoc-Lys and Cu2+ to
produce copper-dependent oxidase-mimetic supramolecular catalysts for
antibiotic oxidative degradation.

Fig. 2 (A) TEM images of (i) Fmoc-K/Cu2+ and (ii) Fmoc-K/CT-DNA/Cu2+.
[Fmoc-K] = 1 mM, [CT-DNA] = 91.2 mM bp, [Cu2+] = 5 mM. (B) CD spectra of
Fmoc-K, CT-DNA, and the Fmoc-K/CT-DNA complex, along with the
spectral overlay of Fmoc-K with CT-DNA. The optical path is 0.5 mm,
[Fmoc-K] = 2 mM, and [CT-DNA] = 365 mM bp. (C) Fluorescence spectra of
Fmoc-K/CT-DNA/ThT. The excitation wavelength is 450 nm. [Fmoc-K] =
1 mM, [CT-DNA] = 15.2 mM bp, [ThT] = 10 mM, and [Cu2+] = 5 mM.
(D) Continuous-wave electron paramagnetic resonance (cw-EPR) of the
CT-DNA/Cu2+, Fmoc-K/Cu2+ and Fmoc-K/CT-DNA/Cu2+ complex. (E)
Various interactions present in the theoretical model of Fmoc-K/CT-
DNA aggregates.
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a positive band at B275 nm, corresponding to the right-
handedness of the classical B-DNA double helix. Fmoc-K exhib-
ited a CD response between 240 nm and 280 nm, which can be
attributed to fluorenyl–fluorenyl interactions. Notably, upon
the addition of Fmoc-K to CT-DNA, the CD spectrum of
Fmoc-K/CT-DNA did not overlap with the superimposed spectra
of Fmoc-K and CT-DNA alone, indicating an interaction
between Fmoc-K and CT-DNA (Fig. 2B). We also incubated
thioflavin T (ThT) with CT-DNA/Fmoc-K hybrids to further
identify their binding. When ThT binds to dsDNA, its molecular
planarity increases, leading to a significant enhancement of
fluorescence intensity, as shown in Fig. 2C. Interestingly, the
fluorescence intensity of the CT-DNA/ThT hybrid decreased
significantly upon assembly with Fmoc-K, while the Fmoc-K/
ThT hybrid exhibited negligible fluorescence. The fluorescence
intensity of ThT remained largely unchanged after the addition
of copper ions (Fig. 2C). This observation indicates that Fmoc-K
and ThT likely both interacted with CT-DNA through groove
binding.23,24 We performed molecular dynamics (MD) simula-
tions to understand the interactions of Fmoc-K with CT-DNA at
the molecular level. The CT-DNA model was constructed based
on CT-DNA with a GC base content of approximately 42%.
During the process of MD, Fmoc-K molecules were observed to
aggregate around CT-DNA over time, ultimately forming stable
assemblies (Fig. S4 and S5). Multiple interaction modes were
identified in the Fmoc-K/CT-DNA assemblies, including groove
binding and electrostatic binding between Fmoc-K and CT-
DNA, as well as p–p stacking interactions between Fmoc-K
molecules (Fig. 2E). We then evaluated the coordination
environment of Cu2+ by low-temperature X-band continuous-
wave electron paramagnetic resonance (cw-EPR) (Fig. 2D). Fmoc-
K/Cu2+ (gx, B2.07, gy, B2.07, gz, B2.36, and A8, B133 �
10�4 cm�1), CT-DNA/Cu2+ (gx, B2.14, gy, B2.14, gz, B2.14, and
A8, B26.7 � 10�4 cm�1; gx, B2.07, gy, B2.07, gz, B2.35, and A8,
B136.7 � 10�4 cm�1), and Fmoc-K/CT-DNA/Cu2+ (gx, B2.04, gy,
B2.04, gz, B2.34, and A8, B137� 10�4 cm�1) exhibited different
spectral characteristics and EPR parameters, suggesting the
coordination of Cu2+ to both Fmoc-K and CT-DNA. It is worth
noting that the spectrum of CT-DNA/Cu2+ has a difference
between g and A values. The inequality between gx, gy and gz of
CT-DNA/Cu2+ indicates the asymmetry of the Cu2+ coordination
sphere, and a larger A8 value indicates a weaker coordination
environment, which appears to be related to the phosphate
groups on the DNA strands. The distinct EPR parameters of
the Fmoc-K/CT-DNA/Cu2+ complex suggest a synergistically opti-
mized coordination environment.

Subsequently, we investigated the catalytic activities of the
self-assembled Cu2+ complexes, with 2,4-dichlorophenol (2,4-
DCP) and dissolved oxygen as the substrates. In the presence of
the catalyst, 2,4-DCP can be oxidized by oxygen to generate
semiquinone radicals, which subsequently reacted with 4-
aminoantipyrine (4-AP) to form a red-colored adduct with a
maximum absorption at 510 nm. Under different Cu2+ concen-
trations, Fmoc-K/CT-DNA/Cu2+ exhibited significantly higher
activity (estimated as the initial velocity, Vi) than CT-DNA/
Cu2+ and Fmoc-K/Cu2+, indicating remarkable synergy between

CT-DNA and Fmoc-K in enhancing the reactivity of Cu2+

(Fig. 3A). It was also observed that Vi of Fmoc-K/CT-DNA/Cu2+

increased rapidly with an increase in the CT-DNA concen-
tration, and reached saturation when the concentration of
CT-DNA base-pairs (bp) was up to 91.2 mM bp (Fig. 3B), while
the corresponding CT-DNA/Cu2+ and Fmoc-K/CT-DNA com-
plexes were inactive. We tested the activities of a variety of
transition metals in the presence of the Fmoc-K/CT-DNA
hybrid, and found that only the complex containing Cu2+ was
active (Fig. S7), indicating the specificity of the oxidase mimic
to Cu2+. To investigate the enzyme kinetics, we plotted Vi

against the substrate (2,4-DCP) concentration in the presence
of the different Cu2+ complexes. The Michaelis–Menten
approach was used to evaluate the turnover rate (kcat) and the
catalytic efficiency (kcat/KM) per Cu2+. The kcat and kcat/KM values
of Fmoc-K/CT-DNA/Cu2+ are 0.2876 s�1 and 0.1156 s�1 mM�1,
which were significantly higher than those of CT-DNA/Cu2+ (kcat,
0.00051 s�1; kcat/KM, 0.0045 s�1 mM�1) and Fmoc-K/Cu2+ (kcat,
0.00198 s�1; kcat/KM, 0.0086 s�1 mM�1) (Fig. 3C, D and Fig. S8
and Table S1). We also observed that Fmoc-K/CT-DNA/Cu2+

displayed synergistic activity toward catalyzing oxidation of a
range of substrates, including 3,30,5,50-tetramethylbenzidine
(TMB), and 3,5-di-tert-butylcatechol (3,5-DTBC) (Fig. S9). The
catalytic efficiency per unit mass of the Fmoc-K/CT-DNA/Cu2+

catalyst exhibited 4.66-fold (kcat/Km = 2.66 mM�1 S�1 mg�1) higher
than that of our previous Fmoc-K/GMP/Cu2+ catalyst (kcat/Km =
0.57 mM�1 S�1 mg�1),15 likely because the enhanced affinity
between the two ligand-containing components. The remarkable
catalytic efficiency of Fmoc-K/CT-DNA/Cu2+ assembly confirms a
synergistic effect beyond a simple combination of the two
components.

Fig. 3 (A) The initial velocities (Vi) of the indicated Cu2+-containing
complexes at various Cu2+ concentrations. [Fmoc-K] = 1 mM and [CT-
DNA] = 15.2 mM bp. (B) Vi for the Fmoc-K/CT-DNA/Cu2+ complex and
Fmoc-K at various CT-DNA concentrations. [Cu2+] = 5 mM and [Fmoc-K] =
1 mM. The initial velocities (Vi) of (C) Fmoc-K/Cu2+ ([Cu2+] = 5 mM and
[Fmoc-K] = 1 mM), (D) CT-DNA/Cu2+ ([Cu2+] = 500 mM and [CT-DNA] =
91.2 mM bp) at varying concentrations of 2,4-DCP.
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It is hypothesized according to our previous work15 that CT-
DNA functions as a co-ligand, with nucleobases (e.g., guanine
N7) providing additional nitrogen donors to coordinate with
Cu2+, which is primarily chelated by the carboxylate groups of
the pre-assembled Fmoc-K scaffold. This hybrid coordination
environment likely fine tunes the geometry and electronic
structure of the copper center, thereby optimizing it for O2

binding and activation, analogous to the histidine-coordinated
copper sites found in natural laccase. To further validate the
proposed mechanism, we performed control experiments.
First, to decouple the role of nucleobase coordination from
electrostatic effects, we replaced CT-DNA with guanosine tri-
phosphate (GTP) or sodium phosphate (Na2HPO3). The cataly-
tic activity was significantly enhanced in the presence of GTP
but not Na2HPO3 (Fig. S10), demonstrating that nucleobase
coordination, rather than interaction with the phosphate back-
bone, is critical for the activity enhancement. Second, to under-
score the necessity of the ordered Fmoc-K assembly, we
replaced it with lysine or Boc-lysine (Boc-K). Neither analogue
exhibited any notable catalytic activity (Fig. S10), confirming
that the p-stacked architecture of Fmoc-K is indispensable for
forming the functional catalytic site. These controls collectively
confirm that the high activity arises from a unique active site
formed only by the synergy between the self-assembled Fmoc-K
and the nucleobases of DNA.

The oxidative activity remained unchanged after introducing
isopropyl alcohol (IPA, a hydroxyl radical scavenger), 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO, a singlet oxygen suppressor),
or superoxide dismutase (SOD, a superoxide radical scavenger) into
the catalytic system (Fig. S11A). This suggests that Cu2+, rather than
reactive oxygen species (ROS), is the key species responsible for
oxidizing the reductive substrates, similar to natural laccase. Pre-
liminary evaluation under simulated environmental conditions
(e.g., with humic acid25 and inorganic salts) showed that the
catalytic activity remained robust, indicating its potential applic-
ability for remediation in complex water matrices (Fig. S11B).

Thermal stability was evaluated by incubating Fmoc-K/CT-
DNA/Cu2+ or native laccase (a typical copper-dependent
enzyme) at temperatures ranging from 30 to 80 1C. Laccase
has an optimal activity at 60 1C but was fully inactivated at
80 1C, which was attributed to the unfolding of the protein and
loss of its active site conformation. In contrast, the Fmoc-K/CT-
DNA/Cu2+ complex showed a 25-fold enhancement of the
catalytic activity in the range of 30 to 80 1C (Fig. 4A), demon-
strating its remarkable thermal stability. We then compared the
storage stabilities of Fmoc-K/CT-DNA/Cu2+ and laccase main-
tained in aqueous solution at room temperature. Fmoc-K/CT-
DNA/Cu2+ did not show inactivation over as long as 32 days,
while laccase was almost inactivated, demonstrating the super-
ior storage stability of the synthetic catalyst (Fig. 4B). The pH-
dependent activity of the Fmoc-K/CT-DNA/Cu2+ complex was
also evaluated (Fig. S11C), and the catalytic activity increased
with an increase in pH from 4.2 to 7.8.

Pharmaceutical pollution has been demonstrated to have
detrimental effects on ecosystems and human health. Double
stranded DNA (e.g. CT-DNA) has been reported to interact with

antibiotics through a combination of noncovalent interactions,
intercalation and groove binding,26,27 which can facilitate the
access of the antibiotics to the copper center. In this work, we
explored the potential of the Fmoc-K/CT-DNA/Cu2+ complex in
catalyzing degradation of doxorubicin (DOX) and tetracycline
(TC), which have been widely used as a broad-spectrum anti-
neoplastic drug to treat cancers. As illustrated in (Fig. S12A),
the UV-vis absorption spectrum demonstrates a decrease in the
peak at 500 nm, indicating the interaction between DOX and
the CT-DNA.28,29 Upon the addition of Cu2+, a red-shift occurs,
accompanied by the emergence of a new peak at 585 nm,
indicative of the formation of the DOX/CT-DNA/Cu2+ complex.
Furthermore, upon the introduction of Fmoc-K, only a slight
alteration in the spectrum is observed, suggesting that the
structure of the DOX/CT-DNA-DOX/Cu2+ complex was retained.
The formation of the DOX/CT-DNA-TC/Cu2+ complex was demon-
strated in a similar manner (Fig. S12B). Our findings revealed a
significant increase in the degradation efficiency of DOX and TC
in the presence of the Fmoc-K/CT-DNA/Cu2+ complex, surpassing
that observed in the Fmoc-K/Cu2+ and CT-DNA/Cu2+ systems
(Fig. 5A and B). Elevation of temperatures further improved the
degradation efficiency (Fig. S13 and S14). These results indicate
that the interactions of DOX or TC with CT-DNA play a critical role
in promoting the degradation process.

Then, we analyzed the degradation products by liquid chro-
matography–mass spectrometry (LC-MS) (Fig. S15 and S16). For
DOX degradation, the DP1 product was the amino ribose moiety
cleaved via hydrolysis, and DP2, DP3, and DP4 products were
generated through ring-opening reactions of the anthraquinone
ring (Fig. 5C). For TC degradation, the TP1 product was formed
via demethylation, and TP2, TP3, TP4, and TP5 products were
produced through ring-opening pathways (Fig. 5D). To evaluate
the toxicity of the degradation products, we employed the
quantitative structure–activity relationship (QSAR) method using
the Toxicity Estimation Software Tool (T.E.S.T) to predict the
96-h LC50 (lethal concentration for 50% of fathead minnows).
The degradation products of DOX (DP1–DP4) and those of TC
(TP4–TP5) exhibited higher LC50 values compared with DOX and
TC, respectively (Fig. S17). Furthermore, the fragmentation of
key molecular structures (e.g., the quinone moiety), as identified
by LC-MS, suggests a loss of the antibiotic pharmacophore.30

Fig. 4 (A) Temperature-dependent catalytic rates (relative activity) of
laccase and Fmoc-K/CT-DNA/Cu2+. [laccase] = 1 mM, [Cu2+] = 0.5 mM,
[Fmoc-K] = 1 mM, and [CT-DNA] = 15.2 mM bp. (B) Storage stability of
laccase and Fmoc-K/CT-DNA/Cu2+ at room temperature. [laccase] =1 mM,
[Cu2+] = 5 mM, [Fmoc-K] = 1 mM, [CT-DNA] = 15.2 mM bp. [2,4-DCP] =
1 mM, and [4-AP] = 1 mM.
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This, coupled with the reduced toxicity, indicates that the
degradation products are unlikely to retain significant biological
activity or pose a substantial risk for inducing antibiotic resis-
tance. These findings suggest that the catalytic transformation of
DOX and TC by the Fmoc-K/CT-DNA/Cu2+ complex effectively
reduces the toxicity of both antibiotics.

Conclusions

In summary, our study presents the self-assembly of calf
thymus DNA (CT-DNA) with Fmoc-lysine (Fmoc-K) and Cu2+,
resulting in the formation of a supramolecular enzyme mimic
with polyphenol oxidase activity. Notably, the interaction between
CT-DNA and Fmoc-K plays a critical role in the improvement of
catalytic activity. Unlike native laccase, the catalyst exhibited
temperature-dependent activity, where catalytic efficiency
increased with increasing reaction temperatures, and maintained
exceptional stability when stored in buffer at room temperature.
Additionally, the interaction of CT-DNA with doxorubicin and
tetracycline facilitated the catalytic degradation of these antibio-
tics. This work highlights the unique advantages of DNA in
constructing multi-component supramolecular catalysts, and pro-
vides a novel strategy for developing functional supramolecular
catalysts with tailored applications.

Experimental
Materials

Fmoc-lysine-OH�HCl (Fmoc-K), copper sulfate pentahydrate
(CuSO4�5H2O), cobalt chloride hexahydrate (CoCl2�6H2O), zinc
acetate (C4H6O4Zn), aluminum chloride (AlCl3), strontium

chloride hexahydrate (SrCl2�6H2O), cadmium chloride (CdCl2),
manganese chloride (MnCl2), 2-4-dichlorophenol (2,4-DCP), 4-
aminoantipyrine (4-AP), 3,30,5,50-tetramethyl-benzidine (TMB),
3,5-di-tert-butylcatechol (3,5-DTBC), and dimethyl sulfoxide
(DMSO) were purchased from Aladdin (China). Laccases and
superoxide dismutase (SOD) were purchased from Yuanye
(China). Scandium chloride hexahydrate (ScCl3�6H2O), thiofla-
vin T (ThT), doxorubicin (DOX) and tetracycline (TC) were
purchased from Bidepharm. Nickel chloride hexahydrate
(NiCl2�6H2O), anhydrous magnesium sulfate (MgSO4) and
2,2,6,6-tetramethylpiperidine (TEMP) were purchased from
Macklin. Vanadium chloride (VCl3) and isopropyl alcohol were
purchased from Energy Chemical.

Calf thymus DNA (CT-DNA, an average molecular weight of
seven million) was purchased from Solarbio. Water was deio-
nized using a Milli-Q system (Z18.25 MO cm).

Instruments

TEM characterization was conducted using a Hitachi 7800 micro-
scope in bright-field mode at 80 kV. Fluorescence emission
spectra were recorded using a G9800A fluorescence spectrophot-
ometer with a temperature-control accessory (Agilent Technolo-
gies). CD spectra were recorded with a J-815 spectropolarimeter
(Jasco) under the following conditions: optical path, 0.5 mm;
bandwidth, 10 nm; scan speed, 50 nm min�1. UV-vis absorption
spectra were recorded using a UV-2600 spectrometer equipped
with a temperature-control accessory (Shimadzu). Mass spectro-
scopy (MS) was conducted using an Agilent G6500 series liquid
chromatograph with electrospray ionization (ESI).

Sample preparation for TEM

Fmoc-K, CT-DNA and Cu2+ were dissolved in water and mixed at
room temperature. A 6 mL aliquot of the self-assembled sample
solution was deposited onto a hydroxylated copper sheet and
allowed to stand overnight for solvent evaporation.

Activity assay

The amino acid amphiphile (Fmoc-K) was dissolved in ultrapure
water to prepare a 100 mM stock solution. After being stored for
one month, the solution was lyophilized into a powder and later
reconstituted for use. Calf thymus DNA (CT-DNA) was dissolved in
ultrapure water to prepare a 1 mg mL�1 stock solution. Desired
concentrations of the amino acid amphiphile, CT-DNA, and copper
ions were then added to a 20 mM acetate buffer. The initial catalytic
velocity (Vi) and apparent kinetic parameters were determined by
monitoring the time-dependent absorbance changes at 510 nm
using 2,4-DCP/4-AP as the reductive substrate.

For the DOX and TC degradation experiments, the degrada-
tion efficiency was evaluated by measuring the decrease in
absorbance at 500 nm and 360 nm, respectively.

Author contributions

Z. G. W. conceived, designed, and supervised the experiments.
X. Z. and M. Y. designed and performed the experiments.

Fig. 5 Ratio of the concentration of (A) DOX or (B) TC to their initial
concentration (A/A0) after a certain reaction time. [Cu2+] = 5 mM, [Fmoc-K] =
1 mM, [CT-DNA] = 45.6 mM bp, [DOX] = 24 mM, and [TC] = 24 mM. (C)
Proposed degradation pathway for DOX. (D) Proposed degradation pathway
for TC.
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Silva-Júnior, J. X. de Araújo-Junior, T. Mendoça de Aquino,
S. M. Armas, R. O. de Moura, F. J. B. Mendonça-Junior,
V. L. Serafim and K. Chumbimuni-Torres, An electrochemi-
cal biosensor based on Hairpin-DNA modified gold elec-
trode for detection of DNA damage by a hybrid cancer drug
intercalation, Biosens. Bioelectron., 2019, 133, 160–168.

28 H. Ijäs, B. Shen, A. Heuer-Jungemann, A. Keller,
M. A. Kostiainen, T. Liedl, J. A. Ihalainen and V. Linko,
Unraveling the interaction between doxorubicin and DNA
origami nanostructures for customizable chemotherapeutic
drug release, Nucleic Acids Res., 2021, 49(6), 3048–3062.

29 E. V. Dukhopelnykov, Y. N. Blyzniuk, A. A. Skuratovska,
E. G. Bereznyak and N. A. Gladkovskaya, Interaction of
doxorubicin delivered by superparamagnetic iron oxide
nanoparticles with DNA, Colloids Surf., B, 2022, 219, 112815.

30 M. de Almeida Ultramari, A. Rivellis Julio, L. Souza Passos,
A. Ossanes de Souza, N. Pereira da Silva, P. N. Nunes de
Freitas and E. Pinto, Doxorubicin Stability-indicating Method
and its Main Degradation Products In vitro Toxicity, AAPS J.,
2025, 27(5), 117.

Nanoscale Horizons Communication

Pu
bl

is
he

d 
on

 1
4 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/1

/2
02

6 
5:

05
:3

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d5nh00492f



