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Abnormal levels of cytochrome c (Cyt c) are closely associated with various human diseases, including
neurodegenerative disorders and cancers. Therefore, the quantitative detection of Cyt ¢ holds significant
value for both disease diagnosis and therapeutic efficacy assessment. Herein, we developed two novel
label-free fluorescent probes for sensitive Cyt ¢ detection based on upconversion nanoparticles: one
functionalized with poly (ethylene glycol) ylated phospholipid (DSPE-PEG) alone, and the other co-
functionalized DSPE-PEG combined with triphenylphosphine. The electrostatic interaction generates
resulting in a quantifiable fluorescence quenching effect. The proposed method demonstrated excellent
performance in the detection of Cyt c in complex matrices, including cell lysates and human blood
sample. Notably, it offers significant advantages over conventional assays by simplifying sample
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Introduction

Cytochrome c (Cyt c) is a water-soluble spherical protein and is
closely related to apoptosis* and immune response.” It has
distinct dynamic patterns in concentration and release, making
it a promising biomarker for diagnosing various diseases.
Previous studies have reported that serum levels of Cyt c are
elevated in patients with inflammatory arthritis, liver disease,
myocardial infarction and other diseases, while the expression
level of Cyt c decreases in cancer tissues. Monitoring serum Cyt
c levels can also provide valuable insights into postoperative
disease evaluation.*® For instance, breast cancer patients
exhibiting high serum Cyt ¢ expression tend to have a higher
risk of recurrence.” Therefore, achieving highly sensitive and
specific rapid detection of Cyt c holds significant importance in
biological and medical research.

To date, numerous analytical techniques for Cyt ¢ detection
have been reported,® including flow cytometry,” western blot-
ting,” enzyme-linked immunosorbent assay (ELISA)," chem-
iluminescence and high-performance liquid chromatography
(HPLC)."* However, most of these methods have problems such
as cumbersome detection steps, complex preparation processes,
and being limited by large and expensive instruments. Electro-
chemical techniques have emerged as a powerful tool for
detecting Cyt ¢, owing to their high sensitivity and capacity for
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showing great potential for clinical diagnosis and therapeutic monitoring.

quantitative analysis. For instance, Duan's group' developed
a combined optical-electrochemical probe, while Zhang's team"
reported a photoelectrochemical immunosensor based on
Cu;SnS, nanoflowers. Both approaches demonstrated excellent
sensitivity and low detection limit. However, their practical
application remains limited owing to the complex fabrication
procedures and the relatively high costs. The use of functional-
ized nanoparticles is a common complementary technical solu-
tion. The Cu-Ce-aNEs nanozyme-based electrochemical sensor
developed by Yang's team'® has streamlined detection proce-
dures to some extent while enhancing sensitivity. Nevertheless,
this technique still faces some challenges such as complex
synthesis procedures and poor long-term stability. In conclusion,
it is critical to develop a highly sensitive, cost-efficient, and easy-
to-fabricate sensor for rapid and reliable Cyt c detection.
Fluorescent probes are widely utilized as detection tools due
to their high selectivity and minimal instrument dependency,
making them indispensable in biomolecule detection, envi-
ronmental monitoring, and food safety analysis.””*® For
instance, Song's team*® designed dual-functional carbon dots,
while Packirisamy's team*' developed RPE-AuNCs to detect
Hg>". However, conventional probes such as metal nanoclusters
and carbon dots are typically excited by UV or visible light and
often suffer from high autofluorescence backgrounds, which
can significantly interfere with detection signals.>* Upconver-
sion nanoparticles (UCNPs) are an ideal platform for biosensing
applications due to their high signal-to-noise ratio, resistance to
photobleaching, and minimal background interference and
light scattering effects.”*° Leveraging these advantages, this
study developed a label-free nanosensor based on poly (ethylene
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glycol)  ylated  phospholipid (DSPE-PEG) and  tri-
phenylphosphine (TPP) modified UCNPs for Cyt ¢ detection.
The detection mechanism of the sensor relies on the negative
charge of the nanoprobe endowed by the DSPE-PEG modifica-
tion, allowing it to bind to positively charged Cyt ¢ (isoelectric
point [pI] 10.0) by electrostatic interactions. The ingeniously
designed molecular conformation of Cyt ¢ enables it to function
as a natural quencher,*?® facilitating rapid electron transfer
and subsequent fluorescence quenching. Based on this fluo-
rescence signal change, the visual quantitative detection of Cyt c
was achieved. We employed lipophilic cation TPP* for charge
balance, preventing excessive negative charge from DSPE-PEG
modification that could impair Cyt c detection sensitivity.
This dual-modification strategy provides complementary bene-
fits. DSPE-PEG enhances nanoparticle stability and biocom-
patibility ~ while  effectively = minimizing  non-specific
adsorption,* whereas TPP improves sensitivity in complex
biological samples. It is worth noting that electrostatic
adsorption-based detection strategies are not uncommon. For
example, Yang's mitochondrial adenosine triphosphate (ATP)
detection®" and Zhang's lysozyme sensing system.** Based on
previous reports,**** electrostatic interaction is a common
mechanism for sensing. This tool combines practical advan-
tages including simple preparation, operational convenience,
good cost-efficiency, rapid response (<10 min), stable perfor-
mance and excellent selectivity, making it particularly suitable
for Cyt c monitoring in the medical field.

Experimental

Materials and reagents

Gd(CF;C00);, Yb(CF;COO0);, Tm(CF;C00);, CF;COONa, oleic
acid (OA, 90%), 1-octadecene (OED, 95%), oleylamine (OM,
90%), Cyt ¢ and ATP were purchased from Sigma-Aldrich of
Merck Group in Germany. Ethanol and myoglobin were
purchased from Tansoole (Shanghai, China). Cyclohexane and
chloroform were provided by Shanghai Sinopharm Group. All
chemicals were purchased from Aladdin (Shanghai, China),
including bovine serum albumin (BSA), insulin (INS), ascorbic
acid (AA), hemoglobin, r-arginine and various salts (potassium
chloride, magnesium chloride, disodium hydrogen phosphate,
sodium dihydrogen phosphate, sodium chloride, potassium
bromide). Additionally, horseradish peroxidase (HRP) was
purchased from Shanghai yuanye Bio-Technology Co., Ltd.
DSPE-mPEG2000 was purchased from Xi'an Ruixi Biotech-
nology, DSPE-PEG2000-TPP from Xi'an Qiyue Biology, RIAP
lysate, lysozyme from Beyotime (Shanghai, China), and protease
inhibitor Cocktail from Bimake (Shanghai, China). A549 cells
and HeLa cells were purchased from the ATCC cell Bank (United
States). All chemicals employed in this study were analytical-
grade reagents and were utilized without additional
purification.

Preparation of UCNPs

The UCNPs were synthesized via the high-temperature thermal
decomposition method.* At room temperature, Gd(CF;COO);
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(0.29 mmol), Yb(CF;COO); (0.70 mmol), Tm(CF;COO);
(0.01 mmol), CF;COONa (1 mmol), OA (20 mmol), OM
(20 mmol), and ODE (40 mmol) were introduced into a three-
neck flask (100 mL). It was heated in a stepwise manner to
120 °C with stirring until oxygen and low-boiling components
were removed under vacuum. Under the protection of N,, the
temperature was raised to 320 °C for 1 hour. After cooling to
room temperature, the products were precipitated with ethanol.
The resulting precipitate was collected through centrifugation
(8000 rpm, 8 min) and subsequently re-dispersed in 10 mL of
cyclohexane to obtain the a-phase NaGdF,:Yb/Tm. Then,
Gd(CF;CO0); (0.145 mmol), Yb(CF;COO); (0.35 mmol),
Tm(CF;CO0); (0.005 mmol), CF;COONa (0.5 mmol), OA
(20 mmol), ODE (20 mmol) were mixed with 5 mL of a-phase
NaGdF,:Yb/Tm to synthesize the B-phase NaGdF,:Yb/Tm. Then,
Gd(CF;C00); (1 mmol), CF;COONa (1 mmol), OA (20 mmol),
ODE (20 mmol) were combined with 5 mL of B-phase
NaGdF,:Yb/Tm to prepare the NaGdF,:Yb/Tm@NaGdF,. The
synthesis steps were the same as above.

Construction of upconversion nanofluorescent probes

The Lipo-UCNPs were synthesized according to the reported
method.*® A 200 pL of 20 mg mL ™' UCNPs and cyclohexane (1
mL) were added to a round-bottom flask (10 mL). Under
reduced pressure conditions, cyclohexane was completely
removed by using a rotary evaporator. The mass of UCNPs was
determined by the differential weighing method. Subsequently,
DSPE-PEG with an equal mass of UCNPs was added and di-
ssolved in 2 mL of chloroform. After performing rotary evapo-
ration at room temperature under reduced pressure, a thin lipid
film was formed on the inner wall of the flask. The addition of
ultrapure water (2 mL) followed by vigorous sonication at 70 °C
yielded water-soluble Lipo-UCNPs. In accordance with refer-
ence,”” a series of varying masses of DSPE-PEG-TPP was
combined with Lipo-UCNPs, maintaining mass ratios of 1:2,
1:1, and 2:1 for DSPE-PEG-TPP to Lipo-UCNPs. The mixture
was then rotated overnight at 4 °C to facilitate the modification
of TPP on the surface of Lipo-UCNPs. Purification of Lipo-TPP-
UCNPs was accomplished through ultracentrifugation (15
000 rpm, 6 min) and washing. The purified nanoparticles were
then resuspended in 2 mL of ultrapure water and stored at 4 °C
for subsequent use.

In vitro measurement of Cyt ¢

To assess the feasibility of Lipo-UCNPs, we took 10 pLof phos-
phate buffered saline (PBS, 135 mM NacCl, 4.7 mM KCI, 10 mM
Na,HPO,, 2 mM NaH,PO,, pH 7.4), 40 pL of Lipo-UCNPs and 50
pL of Cyt ¢ (200 uM) in polyethylene tubes. The mixture was
incubated in a 37 °C water bath for 1.5 hours. Fluorescence
measurements were performed using a fluorescence spec-
trometer (HORIBA FluoroMax-4, Japan) equipped with a 980 nm
near-infrared excitation source (power 2 W). We established
a series of Cyt c concentration gradients. Fluorescence signals
were collected following the same experimental procedure, and
a concentration-fluorescence intensity standard curve was
established. For selectivity analysis, Cyt ¢ was substituted with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential interfering substances within the same reaction
system. Potential interferents were systematically evaluated
under the following concentrations: AA, glucose, L-arginine, and
lysozyme (200 uM); KCl and MgCl, (100 mM); ATP (10 mM);
BSA, hemoglobin, myoglobin, and HRP (1 mg mL™"); and INS
(3 mg mL ™). Then we incubated the nanoparticles in PBS buffer
(pH 7.4) and RPMI 1640 medium, both supplemented with 10%
fetal bovine serum (FBS). We monitored changes in particle
hydrodynamic diameter and polydispersity index (PDI) over
time. We prepared buffer solutions at varying pH levels: citrate
buffer (pH 4, 5, 6), PBS (pH 7, 7.4, 8), and tris-HCI (pH 9), along
with sodium chloride solutions (100 - 500 mM in 100 mM
increments). Subsequently, 100 pL of each buffer (or sodium
chloride solution) was incubated with 50 pL of Lipo-UCNPs
(1 mg mL™") at 37 °C for 1.5 hours. Fluorescence intensity
was measured to assess the effects of pH and ionic strength on
electrostatic adsorption.

Preparation of cell lysates and blood sample

To evaluate the universality of probe detection, we utilized A549
cells for Lipo-UCNPs and HeLa cells for Lipo-TPP-UCNPs. A549
cells (1 x 10° cells per well) were cultured in 6-well plates and
incubated in RPMI 1640 medium at 37 °C with 5% CO, for 24
hours. Then, the old medium was removed, followed by three
washes with ice-cold DPBS. The RPIA lysate (100 puL) and cock-
tail protease inhibitor (1 pL) mixture were added, shaken on
a shaker (15 min). Proteins were transferred into a centrifuge
tube using a cell scraper, followed by centrifugation (4 °C, 12
000 rpm, 10 min) to collect the supernatant as the protein
mixture. HeLa cells were treated as above. Human blood sample
was obtained from a healthy volunteer using a vacuum blood
collection tube. The sample was centrifuged at 3000 rpm for
10 min at 4 °C to separate the serum. The supernatant (serum)
was carefully collected, aliquoted, and stored at —80 °C until
use. For the detection of Cyt c, the frozen serum was thawed on
ice and diluted 2-fold with PBS (pH 7.4) to reduce background
interference from the complex matrix.

Results and discussion
Characterization of UCNPs

The synthesized UCNPs were characterized. As shown in the
transmission electron microscopy (TEM) image of Fig. 1A, the
UCNPs exhibit excellent dispersibility and uniformity. High-
resolution transmission electron microscopy (HR-TEM)
(Fig. 1B) revealed continuous lattice fringes with consistent
crystallographic orientation, which strongly indicates the pres-
ervation of structural integrity. The elemental composition was
further validated by energy dispersive spectroscopy (EDS)
analysis (Fig. 1C) and element mappings (Fig. 1D), confirming
the presence of Na, Tm, Yb, Gd, and F. These results also
highlight the predominant content of Gd (highest) and the
minimal incorporation of Tm (lowest). This finding is consis-
tent with the initial feed ratios utilized during material
synthesis process. Compared to the X-ray powder diffractometer
(XRD) pattern of pure hexagonal-phase NaYF, (Fig. S1), the
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Fig. 1 Morphological, structural, and elemental characterization of
UCNPs. (A) The TEM image of UCNPs (NaGdF4:Yb/Tm@NaGdF,). Scale
bar, 100 nm; (B) HR-TEM image revealing the crystal structure of
UCNPs. Scale bar, 20 nm; (C) energy spectrum and corresponding
elemental composition analysis of UCNPs; (D) the element mapping
images of UCNPs, showing the distribution of Na, Tm, Yb, Gd, and F
elements. Scale bar, 50 nm.

UCNPs exhibit a shift to smaller angles due to the substitution
of Y by Gd. This substitution increases the atomic radius,
expands the lattice volume, and widens the lattice spacing,
thereby causing the overall diffraction peaks to shift leftward.
These results collectively verify the successful synthesis of
NaGdF,:Yb/Tm@NaGdF,.

Characterization of upconversion nanofluorescent probes

Dynamic light scattering (DLS) analysis revealed significant
changes in nanoparticle following DSPE-PEG modification
(Fig. 2A). The hydrodynamic diameter increased from approxi-
mately 85 nm (PDI 0.126) to 100 nm (PDI 0.172). It is demon-
strated that Lipo-UCNPs still possess good dispersibility and
there is no obvious aggregation. As shown in the zeta potential
measurements (Fig. 2B), the potential of the modified nano-
probe shifts from +22.23 mV to —12.633 mV. It indicates that
Cyt c can easily bind to the nanoprobe. According to the analysis
of emission spectra (Fig. 2C), it is evident that both exhibit

A (B)

dameter (o)

(D) N ®
|

-e

Fig. 2 Characterizations of nanoparticle surface modification and
functionalization. (A) DLS analysis of nanoparticles before and after
DSPE-PEG modification; (B) the zeta potential of nanoparticles pre-
and post-DSPE-PEG modification. All plots show mean + SD forn =3
replicates; (C) the fluorescence spectra of UCNPs (black line) and Lipo-
UCNPs (red line); (D) the zeta potentials of Lipo-UCNPs modified with
different mass ratios of DSPE-PEG-TPP. All plots show mean =+ SD for
n = 3 replicates; (E) signal-to-background ratio of Lipo-UCNPs with
varying DSPE-PEG-TPP maodification levels; (F) the fluorescence
spectra of Lipo-UCNPs before and after addition of Cyt ¢ (200 uM) to
evaluate feasibility.
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prominent characteristic peaks at 344 nm, 360 nm, 450 nm,
474 nm, 645 nm, 695 nm and 723 nm. This is attributed to I,
— 3F,,'D, — *Hg, 'D, — °Fy, 'G, — *Hg, 'G, — 3F,, °F; — *Hg
and 'D, — °F,; transitions. This result demonstrates that
DSPE-PEG functionalization effectively enhances biocompati-
bility while maintaining the probe's fluorescence emission
position. The increased hydrodynamic diameter, altered
potential, and slight fluorescence attenuation collectively
confirmed the successful DSPE-PEG conjugation.

We optimized the amount of TPP in Lipo-TPP-UCNPs to
achieve optimal performance. As a lipophilic cation, TPP
confers a positive charge to the nanoparticles. As illustrated in
Fig. 2D, the potential of nanoprobes with varying ratios shifts
from negative to positive. Additionally, probes with a higher
modification concentration exhibit distinct peak absorption at
220-240 nm in the UV-Vis spectra (Fig. S2). These findings
collectively indicate that TPP has been successfully modified
onto the surface of the UCNPs. In the detection of Cyt c, all three
different modification ratios demonstrated good feasibility.
Taking all factors into consideration, we selected 1 : 1 modified
probes with high signal-to-noise ratios (Fig. 2E) for the subse-
quent experiments.

Feasibility analysis of upconversion nanofluorescent probes

The interaction between upconversion nanofluorescent probes
and Cyt c was characterized by notable fluorescence quenching,
as shown in Fig. 2F. It provides an initial confirmation of the
probe's detection capability. Additionally, we investigated the
effect of incubation time on fluorescence intensity. As shown in
Fig. S3, fluorescence quenching occurs within a relatively short
time (less than 10 min). The quenching efficiency progressively
increased with the reaction time. After approximately 90 min of
incubation, the fluorescence quenching reaches the maximum.
Therefore, we selected 90 min as the optimal reaction time for
subsequent experiments. Ensuring complete probe-analyte
interaction while preserving experimental efficiency.

Stability and specificity of upconversion nanofluorescent
probes

We further examined the stability of the upconversion nano-
fluorescent probes. As shown in Fig. 3A, the hydrodynamic
diameter of the nanoparticles remained stable in PBS, varying
from 98.5 to 108.6 nm (average error is 3.384) in 48 hours.
Similarly, in complete cell culture medium, the diameters
stayed between 99.6 and 104.3 nm (average error is 3.872). As
shown in Fig. 3B, the PDI was low in PBS, it ranged from 0.216 to
0.254 (average error is 0.016), and in cell culture medium, from
0.192 to 0.298 (average error is 0.030). At pH values ranging
from 4 to 9 (Fig. 3C) and concentrations ranging from 100 to
500 mM (Fig. 3D), the fluorescence intensity of the nano-
particles remained relatively stable. These results indicate that
our sensing system possesses excellent anti-interference capa-
bility against ionic strength and is suitable for applications in
physiological samples. Furthermore, we observed that the
fluorescence intensity of the samples remained stable (Fig. S4)
for at least one month when stored under dark conditions at
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Fig.3 Characterization and application performance of upconversion
nanofluorescent probes in physiological conditions. (A) The hydro-
dynamic diameter and (B) PDI of nanoparticles in PBS and cell culture
medium (both containing 10% FBS);(C) the fluorescence intensity of
Lipo-UCNPs at 473 nm under conditions of pH 4, 5, 6,7, 7.4, 8 and 9;
(D) the fluorescence intensity of Lipo-UCNPs at 473 nm in solutions of
different concentrations of NaCl (100-500 mM); (E) fluorescence
response of Lipo-UCNPs to ATP (10 mM), K* (100 mM), AA (200 uM),
Mg?* (100 mM), glucose (200 pM), INS (3 mg mL™?), BSA (1 mg mL™)
and Cyt ¢ (200 uM) at 475 nm; (F) fluorescence response of Lipo-
UCNPs to HRP (1 mg mL™%), myoglobin (1 mg mL™Y), L-arginine (200
uM), lysozyme (200 pM), Cyt ¢ (200 pM) and hemoglobin (1 mg mL™)
at 475 nm. Error bars represent the standard deviations from three sets
of repeated measurements.

4 °C in sealed containers and avoided repeated freezing and
thawing. These findings suggest a promising potential for
commercialization to some extent. The physical and functional
stability of the probe confirms its considerable commercial
potential.

To verify the detection specificity for Cyt ¢, we investigated
potential interference from various biological components that
may coexist with Cyt ¢ in physiological environments. The
nanoprobes were co-incubated with various potential inter-
ferents, including BSA, ascorbic acid, ATP, insulin, glucose,
potassium ions, and magnesium ions. After normalization to
the intrinsic fluorescence of the nanoprobes, no significant
quenching was observed (Fig. 3E). This result demonstrates that
the nanoprobes exhibit specificity for detecting Cyt c. To further
validate selectivity, we selected hemoglobin, myoglobin, and
HRP which like Cyt ¢ also contain iron porphyrin. In addition,
two high isoelectric point proteins, r-arginine (pI 10.76) and
lysozyme (pI 11.0), were also included in the evaluation. As we
expected none of these biomolecules induced significant fluo-
rescence quenching (Fig. 3F). These results show that neither
structurally similar porphyrin analogs nor cationic biomole-
cules induce fluorescence quenching, confirming the high
selectivity and reliability of our detection system.

Detection performance of upconversion nanofluorescent
probes

To evaluate the sensitivity and detection limit of this strategy,
we conducted an analysis of fluorescence signals at varying
concentrations of Cyt c. As illustrated in Fig. 4A, the fluores-
cence intensity exhibited a concentration-dependent decrease.
This reduction in fluorescence signal is attributed to the
quenching effect of Cyt c. Within the 20 pM to 100 pM range,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Concentration-dependent fluorescence response and cali-
bration curves of upconversion nanofluorescent probes to Cyt c. (A)
The fluorescence spectra of Lipo-UCNPs as a function of Cyt c
concentration (0-500 uM); (B) standard curve of Lipo-UCNPs fluo-
rescence intensity at 475 nm as a function of Cyt c concentration
(R> = 0.98754), error bars represent standard deviations; (C) the
fluorescence spectra of Lipo-UCNPs as a function of Cyt ¢ concen-
tration (0-500 nM); (D) standard curve of Lipo-TPP-UCNPs fluores-
cence intensity at 473 nm as a function of Cyt ¢ concentration
(R? = 0.97242). Data are presented as mean + SD of n = 3 independent
replicates.

there exists a strong linear correlation between the fluorescence
quenching effect at 475 nm and the concentration of Cyt
c (Fig. 4B). The linear regression equation is y = 1.03405
x = 1.24569. The limit of detection (LOD) was determined to be
19.40 uM, calculated as three times the standard deviation of
the blank sample's fluorescence signal divided by the slope of
the linear regression. As depicted in Fig. 4C, Lipo-TPP-UCNPs
also demonstrated a robust response and effective discrimina-
tion across different concentrations of Cyt c. Within the
concentration range of 20-50 nM (Fig. S5) and 50-500 nM
(Fig. 4D), a strong linear relationship was observed between
fluorescence intensity and Cyt ¢ concentration. This association
makes the method suited for postoperative detection of
diseases with severely reduced Cyt c expression, such as
cancer.’® Collectively, the results indicate that the nanoprobes
have excellent analytical performance for Cyt c.

Analytical applications of upconversion nanofluorescent
probes in cell lysates and blood sample

Low cytotoxicity is a critical prerequisite for the application of
probes in fields such as medical diagnostics. By MTS assay (3 -
(4,5-dimethylthiazol - 2-yl) - 5 - (3 - carboxymethoxyphenyl) - 2-
(4-sulfophenyl) - 2H - tetrazolium), we observed that cell
viability remained unaffected even when the probe concentra-
tion reached 150 pg mL ™" for 8 hours (Fig. S6). This suggests
that the synthesized probe has low cytotoxicity, thereby mini-
mizing potential risks to operators during detection.

To validate the practical application of the probes, we con-
ducted an experiment utilizing upconversion nanofluorescent
probes to detect Cyt ¢ in complex biological matrices. Incuba-
tion of Lipo-UCNPs with lysates from 1 x 10° A549 cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence response of upconversion nanofluorescent
probes in complex biological samples. (A) Fluorescence emission
spectra of Lipo-UCNPs, Lipo-UCNPs with Cyt ¢, Lipo-UCNPs with cell
lysate under control conditions; (B) fluorescence emission spectra of
Lipo-TPP-UCNPs, Lipo-TPP-UCNPs with cell lysate; (C) the fluores-
cence detection of Lipo-UCNPs and (D) Lipo-TPP-UCNPs in blood
samples. All spectra were recorded in PBS at room temperature.

produced significant fluorescence quenching (Fig. 5A), consis-
tent with results obtained from control experiments using
purified Cyt c. Similarly, the incubation of 1 x 10> HeLa cell
lysates with Lipo-TPP-UCNPs also resulted in pronounced
fluorescence quenching (Fig. 5B). These indicate that the probe
can be used for detection in different cellular environments. To
further validate the detection performance of the probe, we
conducted an additional evaluation of its performance in
human blood sample. Upon simultaneous incubation of both
Lipo-UCNPs and Lipo-TPP-UCNPs with the same blood sample,
and subsequent normalization of their fluorescence intensities
for comparison between Fig. 5C and D. It showed Lipo-TPP-
UCNPs have a stronger fluorescence quenching signal than
Lipo-UCNPs. This is likely attributed to the fact that under
normal physiological conditions, Cyt ¢ is primarily localized in
the mitochondrial intermembrane space. The mitochondrial
targeting capability of TPP, which promotes probe interaction
with mitochondrial-localized Cyt c. Taken together, these
results collectively demonstrate that the probe is capable of
effectively performing detection in real complex samples.

Exploration of the sensing mechanism

To clarify the sensing mechanism between the probes and Cyt c,
we referred to the research conducted by the Fan group® on the
efficient quenching mechanism of Cyt ¢ and conjugated poly-
mers. Inspired by this work, we applied Stern-Volmer analysis
(Fig. S7) to the fluorescence response of Lipo-UCNPs to varying
Cyt ¢ concentrations. The fitting result, Fo/F = 0.00917 + 0.98743
[Cyt c], yielded a quenching constant K of 9170 M~ ". Fluores-
cence lifetime measurements (Fig. 6A) revealed that the lifetime
remained virtually unchanged with increasing Cyt ¢ concen-
tration, which is a characteristic of static quenching. In addi-
tion, the absence of spectral overlap between the UV absorption
of Cyt ¢ and the fluorescence emission of UCNPs (Fig. 6B) ruled
out the possibility of fluorescence resonance energy transfer.
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Fig. 6 Spectroscopic characterization for sensing mechanism inves-
tigation. (A) The fluorescence lifetime of the up-conversion nano-
fluorescent probe changes with the different concentrations of Cyt ¢
(0 nM, 50 nM, 200 nM); (B) absorption spectrum of Cyt c and fluo-
rescence spectrum of UCNPs.

Based on the experimental results and considering the elec-
trostatic interaction between the negatively charged Lipo-
UCNPs and the positively charged Cyt ¢, we infer that the fluo-
rescence quenching mechanism of the probe likely conforms to
ultrafast photoinduced electron transfer (ET) coupled with
static quenching driven by electrostatic attraction.

Conclusions

In summary, we have successfully constructed the label-free
upconversion nanoprobes for the sensitive and selective detec-
tion of Cyt c. Importantly, beyond the demonstration of detec-
tion in standard buffers, we validated the practical applicability
of this probe in biologically relevant environments (cell lysates
and human blood), a crucial step toward real-world clinical
translation. The simplicity and cost-effectiveness of this plat-
form position it as a promising tool for point-of-care testing
(POCT). Looking forward, future work will focus on further
simplifying the detection workflow into a portable device and
expanding the panel of detectable biomarkers based on this
versatile nanoplatform for multiplexed disease diagnosis and
management.
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