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5-Formylcytosine (5fC), as an important epigenetic modification, plays a vital role in diverse biological
processes and multiple diseases by regulating gene expression. Owing to the extremely low abundance
of 5fC in all mammalian tissues and high structural similarity with other cytosine derivatives, the pre-
cise and sensitive detection of 5fC is challenging. Herein, a photo-elutable and template-free isothermal
amplification strategy has been proposed for the sensitive detection of 5fC in genomic DNA based on
5fC-specific biotinylation, enrichment, photocleavage, and terminal deoxynucleotidyl transferase (TdT)-
assisted fluorescence signal amplification, which is termed 5fC-PTIAS. By introducing the highly specific
chemolabeling and the one-step photoelution processes, this strategy possesses a minimal nonspecific
background as well as a much higher amplification efficiency. With the high signal-to-noise ratio, this
strategy can achieve the accurate quantification of 5fC in various biological samples including mouse
brain, kidney, and liver, with a limit of detection (LOD) of 0.025%. in DNA (S/N=3). These results not
only confirm the widespread distribution of 5fC but also indicate its significant variation in different tis-
sues and ages. The bisulfite- and mass spectrometry-free strategy is highly sensitive, selective, and easily
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mastered, holding great promise in detecting other epigenetic modifications with much lower levels.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an endogenous oxidation intermediate in the DNA demethy-
lation process mediated by ten-eleven translocation (TET) family
proteins [1-3], 5-formylcytosine (5fC), plays an important role in
a wide variety of biological processes such as cell differentiation,
DNA replication, transcription, repair and recombination [4-6]. Al-
though 5fC is an oxidation product of 5-methylcytosine (5mC), it
shows great distinction in genome-wide distributions and protein
affinities, indicating that they may perform different functions in
epigenetic signaling [7-9]. The content of 5fC differs in tissues or
cells, and even within the same specific gene, its global level also
changes over time. Moreover, aberrant 5fC levels in genomes are
usually associated with various cancers and poor prognosis [10,11].
Hence, accurate quantification of 5fC levels in genome is of great
theoretical significance and research value for thoroughly under-
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standing the biological function of 5fC. Nevertheless, the abun-
dance of 5fC in human genome is extremely low, accounting for
about 0.02% to 0.002% of all cytosine species, which is roughly 10-
to 100-fold lower than that of 5-hydroxymethylcytosine (5hmC)
[12]. Besides the extremely low abundance, 5fC has highly similar
structure with other cytosine derivatives, leading to the challenge
and difficulty of accurate 5fC detection.

Bisulfite-based sequencing technology has been the gold stan-
dard for the detection of 5fC with single-base resolution, but it
causes severe DNA degradation due to the harsh bisulfite treatment
and requires expensive and complex sequencers [13-15]. Alterna-
tively, some other representative methods have been developed,
such as liquid chromatography coupled with mass spectrometry
(LC-MS/MS) and antibody-based immunoassay [16,17]. Although
5fC can be efficiently discriminated from other cytosine deriva-
tives, the LC-MS/MS methods need sophisticated instruments and
skilled operators, and the immunoassay suffers from the CpG-
density-related bias of antibody and potential contaminants of
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Fig. 1. (A) Schematic illustration of fluorescence detection of 5fC by 5fC-PTIAS as-
say. (B) Molecular mechanism for the biotinylation of 5fC-DNA using ARP. (C) Prepa-
ration of functionalized MBs with a DNA probe and streptavidin.

pull down which limits their wide application. Electrochemical
methods, possessing high sensitivity by introducing electroactive
molecules on 5fC, are also widely used in the detection of 5fC, but
most of these methods rely heavily on complex electrode modifi-
cation processes and cumbersome operations [18,19]. In compari-
son, the fluorescence method is cost-effective and easily-operated
for the detection of most biochemical targets, which usually cou-
ples with various amplification methods for an improved sensitiv-
ity [20,21]. However, these amplification strategies, such as poly-
merase chain reaction (PCR) [22-24], loop-mediated isothermal
amplification (LAMP) [25], and strand displacement amplification
(SDA) [26], require specifically designed DNA probes and template,
and most of them are only applicable for locus-specific detection of
5fC. Terminal deoxynucleotide transferase (TdT)-mediated isother-
mal amplification is template free and sequence independent. By
coupling with magnetic enrichment, its sensitivity can be further
enhanced [27], but the direct amplification of the bound target on
beads may be affected by steric hindrance, restricting the amplifi-
cation efficiency. The elution of targets from beads may solve this
problem; however, the conventional elution method suffers from
the over dilution of targets and chemical contaminations from
buffer [28].

Hence, we developed a photo-elutable and template-free
isothermal amplification strategy for the sensitive detection of
5fC in genomic DNA based on 5fC-specific biotinylation, enrich-
ment, photocleavage, and TdT-assisted fluorescence signal ampli-
fication, which is termed 5fC-PTIAS. As schematically illustrated
in Fig. 1A, 5fC-PTIAS assay comprises four steps: (1) Biotinyla-
tion of 5fC (biotin-5fC) through aldehyde reactive probe (ARP;
O-(biotinylcarbazoylmethyl)hydroxylamine) in the presence of p-
anisidine [12]. The molecular mechanism is shown in Fig. 1B, in
which the oxime bond is formed by nucleophilic addition reac-
tion between aldehyde group of 5fC and amino group of hydrox-
ylamine. (2) Enrichment of biotinylated 5fC by the functionalized
MBs, where a 3’ amino-terminated DNA probe is specially de-
signed and conjugated on the surface of carboxyl-modified MBs
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Fig. 2. (A) MALDI-TOF MS characterization of 5fC-DNA before (black line) and after
(red line) biotinylation treatment. (B) Melting curves for double-stranded 5fC-DNA
before (black line) and after (red line) biotinylation treatment. (C) Fluorescence in-
tensities of supernatants of Cy3-Probe, Cy3-Probe-MBs with/without UV irradiation.
(D) PAGE analysis of extended products from C-, 5mC-, 5hmC-, 5fC-, and 5caC-DNA
after biotinylation, enrichment and photocleavage processes.

via 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) activation. Besides the biotin modification at its 5’-end for
streptavidin functionalization, this probe has an internal PC-linker
[29] embedded for the subsequent photoelution of the captured
5fC (Fig. 1C). (3) Photocleavage. The photocleavable linker conju-
gated between the beads and streptavidin allows the elution of the
bound 5fC-containing DNA (5fC-DNA) from MBs in one step by UV
irradiation. (4) Isothermal amplification mediated by TdT to form
a long poly(T) tail from the 3’-OH end of the eluted 5fC-DNA in
the presence of 2’-deoxythymidine-5'-triphosphate (dTTP), result-
ing in the generation of fluorescent copper nanoparticles (CuNPs)
[30] with the addition of CuSO4 and ascorbic acid (AA). In this
approach, by taking advantages of the highly specific and effi-
cient chemolabeling process, only 5fC can be labeled with bi-
otin group, instead of other cytosine derivatives such as 5mC,
5hmC and 5-carboxylcytosine (5caC), ensuring the high selectiv-
ity of the method. Further introducing the one-step photoelution
can avoid contaminations from elution solutions, detergent, and
the nonspecifically bound DNA to the beads that can not be re-
leased, leading to the minimal nonspecific background. Moreover,
compared with the bound 5fC-DNA, the eluted 5fC-DNA can be
sufficiently elongated without steric hindrance, generating large
numbers of fluorescent CuNPs while eliminating the background
noise from the light scattered by MBs. Consequently, highly sen-
sitive and selective quantification of genomic 5fC content can
be realized in different tissues with ordinary instrument due to
the achievement of a high signal-to-noise ratio in this 5fC-PTIAS
assay.

The successful implementation of the proposed 5fC-PTIAS assay
relies on the efficient labeling of 5fC with biotin. Therefore, a 62-
nt P53 promoter bearing one 5fC site as the DNA model was cho-
sen to verify the labeling feasibility, and the sequence is listed in
Table S1 (Supporting information). The generation of biotinylated
5fC-DNA was first proved by the matrix-assisted lasers desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS).
The mass-to-charge ratio (m/z) of 5fC-DNA changed from 19,111
(calculated 19,093) to 19,516 (calculated 19,520) after biotinylation
(Fig. 2A). Meanwhile, the melting temperature (Ty,) of the double-
stranded 5fC-DNA was significantly reduced by 3 °C after biotiny-
lation step (Fig. 2B). After the biotinylation step, the product was



H. Yang, Y. Zhang, Z. Yu et al.

incubated with streptavidin, and then analyzed by polyacrylamide
gel electrophoresis (PAGE). The binding of the biotinylated 5fC-DNA
with streptavidin resulted in a much slower-migrating band com-
pared to the untreated 5fC-DNA, which confirmed the successful
biotinylation of 5fC-DNA (Fig. S1 in Supporting information). Based
on the grayscale intensity of electrophoretic bands, the labeling ef-
ficiency was calculated as 93.5%. These results suggest that 5fC was
successfully biotinylated by ARP with a high efficiency.

Before the enrichment of the biotinylated 5fC-DNA, MBs were
functionalized with a DNA probe and streptavidin, forming SA-
Probe-MBs conjugates, which were characterized by zeta poten-
tials, Fourier transform infrared (FT-IR), and dynamic light scatter-
ing (DLS). After conjugated with 3’ amino-terminated DNA via EDC
activation, the surface charge of carboxyl-modified MBs changed
from —29.5mV to —16.9mV (Fig. S2 in Supporting information),
which was consistent with the previous report [31] and proved
the successful construction of probe-MBs conjugates. Moreover, in
the FT-IR spectrum, the peak at 1637 cm~! (C=0 stretching vibra-
tion) shifted to a lower frequency (1624cm~!) after DNA probe
was conjugated onto the surface of MBs due to the conversion
of carboxyl to amide linkage (Fig. S3 in Supporting information)
[32]. After streptavidin was added, the hydrated particle size of
MBs increased significantly (Fig. S4 in Supporting information), in-
dicating the successful construction of SA-Probe-MBs conjugates.
To assess the cleavage efficiency of the PC-linker under UV irra-
diation, the 5 biotin labeling of DNA probe was replaced with
5 Cy3 fluorescent group (Cy3-Probe), and the Cy3-Probe conju-
gated beads (Cy3-Probe-MBs) were used as a model system. As
shown in Fig. 2C, the fluorescence intensity of Cy3 in supernatant
decreased from 1021 to only 106 after conjugating Cy3-Probe on
MBs. The loading efficiency was calculated as high as 84.8% ac-
cording to the standard curve (Fig. S5 in Supporting information),
which can guarantee the adequate streptavidin labeling and the
high efficiency of subsequent 5fC enrichment. Meanwhile, after
Cy3-Probe-MBs were irradiated with 365nm UV light at a power
density of 2.5mW/cm? for 8 min, the fluorescence intensity of su-
pernatant was recovered to 736, which was equal to 80.2% of free
Cy3-Probe. Therefore, the release efficiency was calculated as 95.5%
(80.2%+84.8% x 100%), indicating a high photocleavage efficiency
of probes from MBs. Moreover, Fig. S6 (Supporting information)
showed a rapid cleavage of the linker within 8 min, and after 8 min
there were no further significant changes in the fluorescence in-
tensity. Thus, a fixed irradiation time of 8 min was used in our
system.

Next, the ability of TdT to elongate the 62-nt DNA model was
verified by PAGE analysis (Fig. S7 in Supporting information). The
original DNA model was obviously elongated after 30 min of enzy-
matic polymerization, and further elongated with up to thousands
of thymine after 120min. Moreover, the TdT-mediated poly(T)-
templated CuNPs were also characterized by fluorescence spec-
trum, which exhibited an intense red fluorescence emission cen-
tered at 625nm with excitation wavelength of 350nm (Fig. S8
in Supporting information). The fluorescence intensities of CuNPs
generated under different conditions were investigated, such as
different concentrations of TdT, CuSO,4 and AA, and a different syn-
thesis time of CuNPs (Figs. S9-S12 in Supporting information). The
optimal conditions were obtained with 0.33 U/uL TdT, 300 pumol/L
CuS0Oy4, and 6 mmol/L AA, when the enzymatic polymerization pro-
ceeded for 120 min followed by 5 min for CuNPs synthesis.

The TdT-catalyzed elongation of the photoeluted 5fC-DNA
model was also investigated by PAGE analysis after biotinylation,
enrichment and photocleavage steps (Fig. 2D). There was no obvi-
ous band in lanes of unmodified DNA model (C-DNA, lane 2), 5mC-
DNA (lane 3), 5hmC-DNA (lane 4), and 5caC-DNA (lane 6). In con-
trast, a clear band was observed at the top of lane 5, suggesting
that only biotinylated 5fC-DNA can be enriched, photoeluted and
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Fig. 3. (A) Fluorescence responses of 5fC-PTIAS assay to different samples. (B) His-
togram of fluorescence intensities in response to 10 nmol/L C-, 5mC-, 5hmC-, 5fC-,
and 5caC-DNA. (C) Fluorescence responses of 5fC-PTIAS assay to different 5fC levels
in DNA models. (D) Linear plots of fluorescence intensities versus 5fC levels in DNA
models.

prolonged with a long sequence of poly(T) tail. We further mea-
sured the fluorescence intensity of generated CuNPs with different
samples (Fig. 3A). When Tris-EDTA (TE) buffer (10 mmol/L Tris-HClI,
1 mmol/L EDTA, pH 8.0) was analyzed as blank by this 5fC-PTIAS
method, only a weak fluorescence response was obtained, indi-
cating that the photocleaved DNA probe can hardly be prolonged
by TdT in the absence of 5fC-DNA target. When 7.5 nmol/L C-DNA
(as control) and unlabeled 5fC were analyzed, the fluorescence in-
tensity slightly increased, exhibiting a low nonspecific background
due to the separation ability of MBs and the introduced photoe-
lution process. In comparison, the fluorescence intensity signifi-
cantly increased with 3.8 nmol/L biotinylated 5fC-DNA, and fur-
ther increased when the concentration of biotinylated 5fC-DNA in-
creased to 7.5 nmol/L, revealing that this assay can successfully re-
alize the determination of the biotinylated 5fC. Notably, without
UV irradiation, the fluorescence intensity of 100 nmol/L uncleaved
5fC-DNA was even weaker than that of 3.8 nmol/L photocleaved
5fC-DNA, manifesting that it is necessary to introduce the pho-
toelution process to achieve a much higher efficiency of signal
amplification.

Owing to the high structure similarity among different cytosine
derivatives, it is necessary to confirm whether the other derivatives
interfere with the detection of 5fC-DNA. Therefore, DNA models
containing different cytosine derivatives were analyzed with the
same concentration of 10 nmol/L. As illustrated in Fig. 3B, only 5fC-
DNA can be specifically captured, photoeluted and amplified, re-
sulting in a significant increase in fluorescence intensity. On the
contrary, the fluorescence signals of C-, 5mC-, 5hmC-, and 5caC-
DNA were almost the same as that of blank. The improved re-
sistance against interference from other cytosine derivatives can
be attributed to 5fC-specific biotinylation and photoelution treat-
ments, getting rid of other unlabeled or nonspecifically bound
DNA.

To investigate the quantitative performance toward 5fC, the 5fC-
DNA was first mixed in the specified proportion with C-DNA af-
ter biotinylation step, making the detectable 5fC level as 0.02%o,
0.04%o, 0.08%o, 0.16%0, 0.20%. and 0.24%. in DNA, and then sub-
jected to the enrichment, photocleavage, and amplification reac-
tions. As shown in Fig. 3C, the fluorescence intensity increased
with the increasing 5fC level. It was clear that the fluorescence
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Fig. 4. (A) Linear plots of fluorescence intensities versus genomic 5fC levels in new-
born mouse brain. (B) Detection of 5fC in genomic DNA extracted from different
mouse tissues by this method and the ELISA kit.

intensity (I) obtained at 625nm emission wavelength exhibited
a good linear relationship with the 5fC level (Asgc) in the range
of 0.02%. to 0.24%. (Fig. 3D). The linear regression equation was
1=1659As¢ 4 117.5, with a correlation coefficient (R?) of 0.998, and
a limit of detection (LOD) of 0.01%., in DNA (S/N=3). Therefore,
this proposed strategy had a satisfactory linear range and compara-
ble LOD [33]. All these results suggest that the proposed 5fC-PTIAS
assay has high sensitivity and selectivity, holding a great promise
in target 5fC-DNA determination in real samples.

The reliability and reproducibility of the approach was evalu-
ated through recovery experiments by spiking different levels of
5fC (0.04%., 0.06%0, and 0.10%.) into the artificially prepared DNA
sample containing 0.02%. 5fC. As listed in Table S2 (Supporting in-
formation), the measured recovery of 5fC-DNA was in the range of
95.3%—103.0% with small relative standard deviations (RSDs) in the
range of 1.8%—8.4%, suggesting an acceptable accuracy and repro-
ducibility.

The proposed assay was further utilized to detect 5fC in ge-
nomic DNA. It has been reported that 5fC is rich in newborn
mouse brain [34], thus, the genomic DNA extracted from newborn
mouse brain was used as a model for the quantitative standard
curve of biological samples. The extracted genomic DNA was ul-
trasonically fragmented to 200-250bp in order to keep the reac-
tion condition consistent with DNA model (Fig. S13 in Support-
ing information). Firstly, the genomic 5fC level in newborn mouse
brain was quantified as 0.48%. in DNA using a commercial 5fC-
DNA quantification kit and served as a standard sample for cali-
bration curve. Secondly, the genomic DNA fragments were biotiny-
lated in the same way as 5fC-DNA model and mixed with the un-
treated genomic DNA fragments in diverse proportions. The mixed
DNA samples were then subjected to the enrichment, photocleav-
age, and amplification reactions. As shown in Fig. 4A, the fluores-
cence intensity had a linear relationship with genomic 5fC levels
in the range of 0.048%.,—0.48%, in DNA, and a linear regression
equation is I=693Asi +95.5 (R* =0.995), with a LOD of 0.025%.
in DNA (S/N = 3). Interestingly, the linear range covers the genomic
5fC level in most tissues or cells [12], encouraging us to investi-
gate the feasibility of the proposed 5fC-PTIAS assay for detecting
5fC levels in genomic DNA from various biological samples.

According to previous researches, the global level of 5fC was
tissue-specific, and showed dynamic changes with differentiation,
aging and the occurrence of various diseases [34]. In this research,
based on the obtained calibration curve genomic DNA sample, the
genomic 5fC levels of adult nude mouse brain (ANB), kidney (ANK),
and liver (ANL) were quantified as 0.075%., 0.181%., and 0.631%. in
DNA, respectively, which were highly consistent with those mea-
sured by an ELISA kit (Fig. 4B). Compared with the ELISA kit based
on 5fC antibodies that typically show CpG-density-related bias [6],
our 5fC-PTIAS strategy provides considerable improvement with
smaller errors due to a more comprehensive and accurate labeling
of 5fC, which can determine 5fC in real samples sensitively and ac-

Chinese Chemical Letters 34 (2023) 107536

curately by further coupling the photo-elutable and template-free
amplification reaction. The above data showed the inhomogeneous
distribution of 5fC among different tissues, and moreover, the 5fC
level of newborn mouse brain (0.48%.) was much higher than that
of adult mouse brain (0.075%). These results suggest that 5fC plays
an important role in the development of mammalian organs espe-
cially the brain tissue, which may be closely related to the regula-
tion of DNA demethylation.

In conclusion, an efficient 5fC-PTIAS strategy is constructed for
the sensitive fluorescence detection of 5fC in genomic DNA. This
isothermal amplification-based strategy is bisulfite-free, PCR-free
and template-free, and can get rid of severe DNA degradation, dif-
ferent temperature setting and specifically designed DNA probes.
Moreover, compared with the previous report that directly am-
plified the bound 5hmC-DNA target on beads [27], our photo-
cleavable 5fC-PTIAS strategy specially initiates the amplification on
the photoeluted 5fC-DNA without steric hindrance, showing a high
signal-to-noise ratio and holding great promise in detecting 5fC
with much lower level in real samples. Inspiringly, this 5fC-PTIAS
assay with a detection limit of 0.025%. in DNA is capable of quan-
tifying genomic 5fC content in various mammal tissues with easy
operation and handy equipment in the laboratory. For analysis of
rare clinical samples, the sample input of the proposed method
should be further lowered by well designing the amplification re-
action with higher kinetics in the future.
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