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Light and endogenous enzyme triggered plasmonic
antennas for accurate subcellular molecular
imaging with enhanced spatial resolutionf

Shuwei Chen, Yue Yin, Xiaozhe Pang, Congkai Wang, Lei Wang, Jungi Wang,
Jiangfei Jia, Xinxue Liu, Shenghao Xu®@* and Xiliang Luo ®*

Developing accurate tumor-specific molecular imaging approaches holds great potential for evaluating
cancer progression. However, traditional molecular imaging approaches still suffer from restricted tumor
specificity due to the "off-tumor” signal leakage. In this work, we proposed light and endogenous APE1-
triggered plasmonic antennas for accurate tumor-specific subcellular molecular imaging with enhanced
spatial resolution. Light activation ensures subcellular molecular imaging and endogenous enzyme
activation ensures tumor-specific molecular imaging. In addition, combined with the introduction of
plasmon enhanced fluorescence (PEF), off-tumor signal leakage at the subcellular level was effectively
reduced, resulting in the significantly enhanced discrimination ratio of tumor/normal cells (~11.57-fold)
which is better than in previous reports, demonstrating great prospects of these plasmonic antennas
triggered by light and endogenous enzymes for tumor-specific molecular imaging at the subcellular level.

Introduction

With the development of molecular biology and space biology
technology, monitoring of physiological activities at the
subcellular level has become a research hotspot.** In situ
imaging of disease-related biomolecules at the subcellular level
can provide more effective information such as positioning
guidance for accurate and early clinical diagnosis.*” In view of
this prominent prospect, accurate sensing and imaging of
disease-related biomolecules including RNA,® ions,”® small
molecules® and proteins,'® at the subcellular level has recently
attracted considerable attention. Despite these significant
advances achieved, accurate molecular imaging at the subcel-
lular level still severely suffered from two non-negligible short-
comings: (1) most disease-related biomolecules are not only
highly expressed in tumor cells, but also have non-negligible
expression levels in normal cells,"*> and the use of conven-
tional molecular imaging strategies for biomolecule detection
in tumor cells at the subcellular level still suffered from low
signal-to-background ratios because of the signal responses in
normal cells resulting from the “always-active” mode,* result-
ing in “off-tumor” signal leakage and thus reducing the spatial
resolution. (2) The insufficient sensitivity caused by
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photobleaching of fluorescent dyes will inevitably reduce
subcellular imaging resolution. Therefore, engineering higher
sensitive methods for accurate tumor-specific subcellular
molecular imaging with spatial resolution still remains
a formidable challenge.

As for the problem of off-tumor signal leakage resulting from
the conventional “always-active” sensing mode, endogenous
activation strategies provide unprecedented opportunities for
tumor-specific sensing to address this limitation.* It is reported
that endogenous apurinic/apyrimidinic endonuclease 1 (APE1)
is highly expressed in the tumor cell cytoplasm but not in
normal cells.”>** Accordingly, endogenous activation strategies
that are engineered based on the different expression levels of
APE1 can reduce the leakage of tumor external signals.'*®
Despite these advances, the spatial resolution is still limited
and subcellular imaging has not yet been achieved. Addition-
ally, as for solving the problem of insufficient sensitivity at the
subcellular level caused by photobleaching of fluorescent dyes,
plasmon enhanced fluorescence (PEF) has been validated to be
an efficient approach to solve this bottleneck.®>* Therefore,
combination of light and endogenous enzyme activation
together with the PEF technique is highly desirable for accurate
tumor-specific molecular imaging at the subcellular level with
enhanced spatial resolution. Whereas, as far as we know, such
promising attempts have yet to be explored.

To explore this possibility, we report the design of light and
endogenous APE1-triggered plasmonic antennas for accurate
tumor-specific molecular imaging at the subcellular level with
enhanced spatial resolution. Thanks to these endogenous
activated plasmonic antennas, off-tumor signal leakage at the
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subcellular level was effectively reduced together with the
significantly enhanced discrimination ratio of tumor/normal
cells. As demonstrated in Scheme 1, a light-activated probe
(LP) was prepared by modifying triphenylphosphine (TPP,
mitochondrial targeting molecule) and the hybridization chains
of L1 (consisting of the ATP aptamer sequence and activation
sequence) and L2 (labeled with a PC-linker) onto the surface of
upconversion nanoparticles (UCNPs). At this point, the sensing
activity of the LP to the target (taking ATP as a model) was
blocked. The enzyme-activated probe (EP) was prepared by
modifying TPP and the hybridization chains of L3 (labeled with
BHQ-3 and the AP-site) and L4 (labeled with Cy5.5) onto silica
coated gold nanobipyramids (Au NBPs@SiO,), along with the
quenched fluorescence owing to the fluorescence resonance
energy transfer from Cy5.5 to BHQ-3. When the LP reaches the
tumor cell mitochondria with the help of TPP, ultraviolet light
(UV), converted from 808 nm near-infrared (NIR) light by
UCNPs, cleaves the PC-linker, allowing the LP to bind to ATP
and expose the activation sequence for subsequent reactions.
The high expression of APE1 in the tumor cytoplasm will cleave
the AP-site and hybridize the EP with the activation sequence to
form plasmonic antennas, accompanied by the restored red
fluorescence, and the best fluorescence enhancement can be
acquired by managing the interval between Au NBPs and Cy5.5
by adjusting the thickness of the silica shell. It is noteworthy
that the AP-site is specifically cleaved by APE1 in the tumor
cytoplasm, allowing the signal responses to be confined within
the tumor cell mitochondria region. Thus, through
combining the NIR-light-mediated spatiotemporally controlled
manner, enzyme-activated strategy and PEF technique, tumor-
specific subcellular molecular imaging with significantly
enhanced spatial resolution (discrimination ratio of tumor/
normal cells) can be aquired.

Experimental
Preparation of the LP

TPP (20 uL, 10 mM), EDC (10 uL, 200 mM), LP (10 uL, 10 uM)
and NHS (10 pL, 200 mM) were added to 50 puL of UCNPs (1 mg
mL ", detailed synthesis procedure of UCNPs is shown in the
ESIT) and stirred at 37 °C overnight. Finally, the LP was acquired
after centrifugation at 10 000 rpm and re-dispersed in Tris-HCI
(0.1 mL, 10 mM, pH = 7.4).

Preparation of the EP

CTAB (10 pL, varying concentrations) was mixed with Au NBPs
(1 mL, detailed synthesis procedure of Au NBPs is shown in the
ESIt) and stirred for 1 day. Next, the pH was adjusted to alkaline
and stirred for 30 min, followed by adding 3 uL of TEOS (Vrgos :
Vimethanol = 1 :4) every 30 minutes with a total of 3 times. 1 day
later, AUNBPs@SiO, was acquired after centrifugation at 10
000 rpm and re-dispersed in ethanol (1 mL). Afterwards,
ammonium hydroxide (5 pL, 25%) was added and stirred for
30 min, followed by adding APTES (2.5 pL) and stirred at 35 °C
for 180 min and then at 65 °C for 60 min. Then, Au NBP@SiO,-
NH, was acquired after centrifugation at 10 000 rpm and re-
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Scheme 1 Schematic illustration of plasmonic antennas triggered by
808 nm NIR and endogenous APE1 for tumor-specific subcellular
molecular imaging.

dispersed in Tris-HCI (900 pL, 10 mM, pH = 7.4), followed by
the addition of TPP (40 uL, 10 mM), EDC (20 pL, 200 mM), LP
(20 pL, 10 uM) and NHS (20 pL, 200 mM) and incubated for 6 h.
Thus, the EP was acquired after centrifugation at 10 000 rpm
and re-dispersed in Tris-HCI (1.0 mL, 10 mM, pH = 7.4).

808 nm NIR light and APE1 synergistically activated detection
of ATP in vitro

10 pL of LP was irradiated using an 808 nm laser (2 W cm ™) for
30 min, followed by the addition of APE1 (1.5 uL, 1.0 U mL ™),
150 uL of EP and ATP(40 pL, different concentrations) and
incubated or 4 h. Lastly, fluorescence intensities were recorded,
respectively.

Confocal fluorescence imaging for discrimination of tumor/
normal cells in mixed cell cultures

HelLa cells were seeded in a confocal dish and labeled through
incubating with SiO,@Cy3 for 4 h, followed by washing three
times using PBS, and then culture medium and L02 cells were
added and further incubated overnight. Next, 20 pL LP and 20
uL EP were added and incubated for 4 h, followed by irradiation
using an 808 nm laser for 0.5 h and further incubated for
another 4 h. Lastly, confocal fluorescence microscopy images
were obtained. It is worth noting that HeLa cells were located in
the green fluorescence region, while L02 cells were located in
the region without green fluorescence (Cy3 channel: laser
Ar543nm, emission collection range: 500 to 650 nm. Cy5.5
channel: laser HeNe633nm, emission collection range: 650 to
750 nm).

Results and discussion

Feasibility evaluation of the light and endogenous enzyme
activated sensing design

As indicated in Fig. 1A, due to the “always active” recognition
manner of the traditional subcellular molecular imaging probe
(TP), plasmonic antennas can be formed which are triggered
equally by target ATP in both normal and tumor cell
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mitochondria. Therefore, “off-tumor” signal leakage together
with the decreased spatial resolution will inevitably be gener-
ated. By contrast, plasmonic antennas can only be formed in
tumor cell mitochondria, because the enzyme-activated
subcellular molecular imaging probe (EP) can be only acti-
vated by the highly expressed cytoplasmic APE1 in tumor cells.
Thus, “off-tumor” signal leakage can be efficiently shortened
and tumor-specific molecular imaging at the subcellular level
with significantly enhanced spatial resolution can be realized.
Accordingly, the feasibility of the APE1-activated sensing design
for the EP was evaluated. As shown in Fig. 1B and C, the TP
exhibited obvious fluorescence recovery in the presence of
target ATP, while the EP exhibited negligible fluorescence
recovery, revealing that the sensing performance of the EP was
inhibited. Moreover, only when UV and APE1 simultaneously
coexisted can the EP produce obvious fluorescence recovery for
ATP (Fig. S17). Moreover, the result that target output can only
be generated when UV and APE1 simultaneously coexisted was
also proved by the native polyacrylamide gel electrophoresis
(PAGE) results (Fig. 2D, lane 4 to lane 7). These results indicated
that light activation can determine when to activate and
endogenous enzyme activation can determine where to activate,
such design of which can ensure the feasibility of tumor-specific
molecular imaging at the subcellular level. In addition, the
optimal APE1 concentration was optimized to be 1 U mL™*
(Fig. s21).

Furthermore, three control probes including n-LP (same
sequences as LP but without a PC linker), m-LP (mutant
sequence for the ATP aptamer that cannot recognize target ATP)
and n-EP (same sequences as the EP but without the AP site)
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Fig.1 (A) Design of the EP for tumor-specific molecular imaging at the
subcellular level, whereas the TP has no subcellular tumor specificity.
(B) Design of light and endogenous enzyme activation for tumor-
specific subcellular molecular imaging. (C) Fluorescence spectrum of
the TP and EP in response to target ATP (5 mM), respectively. (D) Native
PAGE of (1) free LP, (2) free EP, (3) free EP + APEL, (4) free LP + free EP +
ATP, (5) LP + UV + EP + ATP, (6) free LP + EP + APE1 + ATP, (7) LP + UV
+ EP + APE1 + ATP and (8) target stripe (L1 + ATP + L4).
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were designed to further validate the feasibility of the UV and
endogenous APE1 activated sensing design (Fig. 2A). As shown
in Fig. 2B and C, only the combination of LP and EP can
produce significant fluorescence recovery of ATP when UV and
endogenous APE1 simultaneously coexisted, further indicative
of the feasibility of the UV and endogenous APE1 activated
sensing design (Fig. 2B and C).

Construction and characterization of the LP and EP

Considering the inevitable shortcomings including phototox-
icity and limited tissue penetration of UV, UCNPs that can
convert NIR light with low phototoxicity and excellent tissue
penetration to UV were chosen to construct the LP. As shown in
Fig. 3A, the morphology of the UCNPs is hexagonal with an
average size of ~40 nm. Insets of the elemental mapping reveal
that Tm, Nd, Gd and Yb distributed on UCNPs. Moreover, Nd is
mainly distributed externally and Tm is mainly distributed
internally (Fig. 3B). The upconversion fluorescence spectrum
reveals that UCNPs exhibited upconverted emission peaks at
365 nm under 808 nm NIR light irradiation that can cleave the
PC linker (Fig. 3C), allowing for remote activation of the LP at
a specified time (such as when probes reach the subcellular
organelle) by 808 nm NIR light. The photolysis efficiency caused
by 808 nm NIR light was confirmed to be approximately 88%
(Fig. S37), which ensures the remote activation of the LP by 808
nm NIR light. As shown in Fig. S4t, almost no red fluorescence
can be observed without 808 nm NIR irradiation, while obvious
fluorescence can be observed with 808 nm NIR irradiation,
revealing that remote activation of the LP at a specified time can
be realized through 808 nm NIR light. The optimal time of light
activation was optimized to be 30 min (Fig. S51). Additionally,
OA-free UCNPs were aquired by eliminating the OA ligand
(validated using the contact angle shown in Fig. S6t) for
subsequent modification and bioanalysis. Then, the successful
preparation of the LP was confirmed by the decreased zeta
potential (Fig. S7Aft), increased hydrodynamic diameter

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) TEMimage of UCNPs; insets show the elemental distribution
characterization results. (B) Line scan for a single UCNP. (C) Upcon-
version fluorescence spectrum of UCNPs (i, = 808 nm). (D) TEM
image of Au NBPs; insets show the FDTD simulated distribution of the
localized electronic field. (E) TEM images of Au NBPs@SiO,. (F) Fluo-
rescence spectra of LP + SiO,@EP (without Au NBPs, blue line) and the
LP + EP (red line) response to ATP (5 mM), respectively.

(Fig. S7BY), the characteristic peak for TPP at 242 nm and DNA
at 260 nm (Fig. S7Ct) and the increased absorption peak
intensity at 1650 cm " as well as the vibration absorption peak
of the aromatic ring at 1450 cm ™ * (Fig. S7Dt).

Of note, Au NBPs with the local electric field at sharper
apexes (Fig. 3D) and a maximum plasmonic wavelength at
~700 nm (Fig. S8At) which matched well with the emission
spectra of Cy5.5 (Fig. S8Bf) were introduced to improve the
detection sensitivity for tumor-specific molecular imaging at
the subcellular level. In order to obtain the best fluorescence
enhancement, the interval between Au NBPs and Cy5.5 is
regulated by altering the thickness of the silica shells. It can be
concluded that the best fluorescence enhancement (~7.3-fold,
Fig. 3F) was obtained when the maximum absorption wave-
length of Au NBPs@SiO, was 705 nm (Fig. S9t), and the corre-
sponding TEM image is shown in Fig. 3E. The fluorescence
enhancement factor was obtained by regulating the same
concentration of Cy5.5 on SiO, nanoparticles and Au
NBPs@SiO, nanoparticles, and then comparing the fluores-
cence intensity (detailed calculation process is provided in the
ESIt). Additionally, successful preparation of the EP was also
confirmed using zeta potentials (Fig. S10Af), FT-IR spectra
(Fig. S10Bf) and the absorption spectrum (Fig. S10CTY),
respectively.

Moreover, quantitative detection of ATP was performed
based on the plasmonic antennas. As depicted in Fig. S11A,T
elevated concentrations of ATP resulted in increased fluores-
cence intensities and the detection limit was calculated to be
0.34 puM (3a/s, Fig. S11B and Ct), which was comparable to, or
even lower than the recent reports,>?° and ensures highly
sensitive in vitro detection of ATP. The linear range of the probe
for ATP is from 0.001 mM to 4 mM, which basically covers the
concentration of ATP in mitochondria (1-5 mM), and can
realize semi-quantitative imaging of ATP in mitochondria. In
addition, it can be seen that only ATP could induce fluorescence
recovery, demonstrating the satisfactory specificity for ATP
(Fig. S11D¥).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Light and endogenous enzyme activated accurate subcellular
molecular imaging

To ensure subcellular molecular imaging, colocalization
experiments were performed. As shown in Fig. 4 and S12,7 after
4 h incubation, the Cy3 channel of the LP and the Cy5.5 channel
of the EP anastomosed well with the green channel of Mito-
Tracker Green, with a Pearson's correlation coefficient of ~0.85
and ~0.87, respectively, indicating the prominent localization
of both the LP and EP in mitochondria. According to literature
reports,>”*® TPP has good lipophilic and positive properties,
which can not only help nanoparticles target mitochondria, but
also help them escape from lysosomes. Accordingly, in order to
verify lysosome escape, lysosome colocalization experiments
were also performed. As shown in Fig. S13, after 4 h incuba-
tion, the Cy3 channel of the LP and the Cy5.5 channel of the EP
corresponded poorly with the green channel of LysoTracker,
with a Pearson's correlation coefficient of ~0.29 and ~0.31,
respectively, indicating that both the LP and EP escaped from
lysosomes. In addition, cell viability assays verified that the LP
and EP possessed low cytotoxicity and good biocompatibility
(Fig. S14t), and the reaction time of 4 h was also optimized
(Fig. S15t1). To demonstrate the feasibility of the light and
endogenous enzyme activated design for accurate subcellular
molecular imaging, we investigated fluorescence responses of
HeLa cells treated with four designed combination probes
including the n-LP and EP, m-LP and EP, LP and n-EP, and LP
and EP, respectively. As shown in Fig. 5, only LP and EP treated
HeLa cells showed obvious red fluorescence, while feeble fluo-
rescence can be seen for the other three combination probes
(control groups), the results of which verified that the LP and EP
allowed for subcellular molecular imaging based on the light
and endogenous enzyme activated design. To further confirm
the light and endogenous enzyme activated design, NCA (APE1
inhibitor) was introduced to down-regulate the expression level
of APE1 to obtain different light and endogenous enzyme acti-
vated combinations. As indicated in Fig. S16,7 only when both
808 nm NIR and APE1 (without NCA treated) simultaneously
coexisted can the red fluorescence be observed, further con-
firming the light and endogenous enzyme activated design.
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Fig. 4 Confocal imaging of Hela cells incubated with (A) LP (Cy3),
Mito Tracker Green and (B) EP (Cy5.5), Mito Tracker Green signals at
different times (scale bar: 50 pm), respectively.
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Moreover, in order to achieve accurate molecular imaging
with subcellular resolution, the ability of dynamic monitoring
of ATP concentration in mitochondria was investigated. Here,
the fluctuation of ATP expression levels is achieved by up-
regulation with Ca®>" and down-regulation with oligomycin.?*>®
As shown in Fig. 6, compared with the untreated control group,
Ca®" treatment significantly increased red fluorescence in
response to mitochondria ATP, while oligomycin treatment
significantly decreased red fluorescence. These results clearly
indicated the ability of dynamic monitoring of ATP concentra-
tion in mitochondria, ensuring accurate molecular imaging
with subcellular resolution.

Tumor-specific subcellular molecular imaging with enhanced
spatial resolution

Owing to the non-negligible expression level of ATP in normal
cell mitochondria, the TP with passive recognition mode will
inevitably produce background signal interferences, compro-
mising spatial specificity and resolution. By contrast, the
sensing ability of the EP to ATP can be only activated by the
highly expressed cytoplasmic APE1 in tumor cells, guaranteeing
the tumor-specific subcellular molecular imaging (Fig. 7A). As
displayed in Fig. S17,f HeLa cells incubated with the EP dis-
played evident red fluorescence but L02 cells incubated with the
EP displayed negligible red fluorescence. However, both HeLa
and L02 cells incubated with the TP exhibited obvious red
fluorescence with poor cell-type selectivity. Since the cellular
uptake of the EP by these two cells showed no obvious differ-
ence (Fig. S18t), the above different fluorescence results vali-
dated that the EP can realize tumor-specific subcellular
molecular imaging.

Since there is no obvious division between normal and
tumor cells in tissues, such obtained results were still uncon-
vincing and inadequate. Hence, whether the EP can realize
tumor-specific subcellular molecular imaging was further
explored in mixed cultivation cells. Of note, HeLa cells were first
labeled with Cy3@SiO, and then cross-mixed with L02 cells for
co-culture. As shown in Fig. 7B and C, tumor cells are located in
region 1 and normal cells are located in region 2, which is
validated according to the labeled green fluorescence rather
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than cell morphology. Noticeably, TP treated HeLa and L02 cells
displayed similarly red fluorescence (region 1). However, EP
treated LO02 cells displayed negligible red fluorescence
compared to HeLa cells (region 2). Average fluorescence inten-
sity based quantitative results indicated that the proposed EP/
TP method displayed an ~11.57-fold discrimination ratio
(tumor/normal, Fig. 7C), much higher than the previous re-
ported studies (~2.6-fold and ~3.44-fold, respectively.'®*°)
Therefore, these results further confirmed that “off-tumor”
signal leakage can be efficiently shortened and tumor-specific
molecular imaging at the subcellular level with significantly
enhanced spatial resolution can be acquired. Moreover, other
tumor cells including HepG2 and MCF-7 cells were also exam-
ined to confirm the universality of this strategy for tumor cell-
specific imaging (Fig. S197).
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Fig. 7 (A) Schematic illustrating the design of tumor-specific subcel-
lular molecular imaging. Confocal images of mixed cultured cells of
Cy3@SiO,-labeled Hela (region 1) and LO2 (region 2) cells incubated
with the LP and (B) EP, and (C) TP, respectively (scale bar: 50 um). (D)
Quantification of the normalized fluorescence ratio (tumor/normal).
***P < 0.001.
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Conclusions

In summary, we propose light and endogenous APE1-triggered
plasmonic antennas for accurate tumor-specific subcellular
molecular imaging with enhanced spatial resolution. This
system was constructed by the combination of the upconversion
nanotechnology, enzyme-activated strategy, organelle localized
strategy and PEF technique. Based on this design, off-tumor
signal leakage at the subcellular level was effectively reduced
together with the significantly enhanced discrimination ratio of
tumor/normal cells (~11.57-fold). As far as we know, this is the
first example of using plasmonic antennas for accurate tumor-
specific subcellular molecular imaging. In addition, by
changing the aptamer sequence, other non-nucleic acid target
analytes can be detected. Alternatively, changing the aptamer
sequence to a complementary sequence of the target nucleic
acid can also achieve the detection of nucleic acid targets (such
as miRNA or mRNA). We expect that this work will afford
available tools for designing activatable plasmonic antennas for
precise subcellular molecular imaging.
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