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Monitoring the spatiotemporal dynamics of cancer biomarkers within the tumor microenvironment (TME) is
critical to understanding their roles in tumorigenesis. Here, we reported a multifunctional fusion protein
(collagen-binding domain and duck circovirus tag fused to mCherry, CBD-mCherry-DCV) capable of
binding collagen with high affinity and covalently binding specific nucleic acids with exceptional
efficiency. We then constructed a chimeric protein—nucleic acid nanodevice (CPNN) using CBD-
mCherry-DCV and an aptamer-based sensing module to enable spatially controlled ratiometric imaging
of cancer biomarkers in the TME. The collagen-anchoring module CBD-mCherry-DCV allowed specific
immobilization of CPNN on 3D multicellular tumor spheroids, enabling the sensing module to achieve
“off-on” fluorescence imaging of cancer biomarkers upon specific target recognition by an aptamer.
Taking advantage of the constant fluorescence signal of mCherry and the activatable fluorescence
response of Cy5 to specific cancer biomarkers, the detection sensitivity and reliability of CPNN were

improved by self-calibrating the signal intensity. Specifically, CPNN enabled ratiometric fluorescence
Received 31st July 2023

Accepted 30th September 2023 imaging of varying concentrations of exogenous PDGF-BB and ATP in tumor spheroids with a high

signal-to-background ratio. Furthermore, it allowed the visual monitoring of endogenous PDGF-BB and
DOI: 10.1035/d35c03972b ATP released from cells. Overall, this study demonstrates the potential of the nanodevice as a versatile

rsc.li/chemical-science approach for the visualization and imaging of cancer biomarkers in the TME.

The development of functional DNA-based cell surface
sensors has opened new possibilities for in situ imaging of
cancer biomarkers in the TME.*'* Benefiting from the
exceptional programmability and flexibility of functional

Introduction

The tumor microenvironment (TME) is a highly complex phys-
ical and biochemical system."” Due to their critical role in

regulating cellular metabolism and intercellular communica-
tion, the dysregulated expression of various biomolecules in the
TME is closely associated with tumor growth, invasion, and
metastasis, making them valuable cancer biomarkers.>*
However, tracking cancer biomarkers in the TME with high
temporal and spatial resolution remains challenging for
conventional assays, including flow cytometry, enzyme-linked
immunosorbent  assay, immunostaining, and mass
spectrometry.”” Therefore, in situ imaging of cancer biomarkers
with high resolution in the TME is urgently needed to study
their functions in cancer biology and to facilitate early cancer
diagnosis and treatment.
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DNA, these sensors enable the detection of various relevant
information in the TME with high spatial resolution,
including extracellular pH,'*'> metal ions,'®* small mole-
cules,” and gaseous molecules.”®" Despite remarkable
progress, current approaches for cell surface localization
imaging and biosensing within the TME typically depend on
lipid-based membrane modification or chemical modifica-
tion for cell surface engineering. Consequently, they suffer
from a lack of cell selectivity, cellular internalization of signal
probes, and interference with the biological function of
membrane proteins.>*** Furthermore, these conventional
approaches generally rely on the absolute intensity-
dependent signal readout, which can be influenced by
various analyte-independent factors, leading to inaccurate
sensing and imaging results.®® In contrast, ratiometric
measurements can minimize nonspecific effects by self-
calibrating the signal intensity, thereby increasing the
sensitivity and reliability of detection.”** Nevertheless,
developing a ratiometric fluorescent reporter for real-time
monitoring and in situ imaging of cancer biomarkers in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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TME remains a significant challenge due to the lack of
molecular targeting tools with high affinity, stability, and
versatility in the TME.

Collagen, an extracellular matrix protein, has recently
emerged as a promising target in the TME due to its over-
expression in various cancers.”**' Under normal physiological
conditions, collagen is insoluble and cannot penetrate most
tissues due to the limited permeability of the vascular system.
Conversely, in the TME, collagen becomes abnormally exposed
to the bloodstream due to the hyperpermeability of the tumor
vasculature.**** Based on this, Hubbell's group developed
a series of simple engineered collagen-binding immunother-
apies to improve safety and antitumor efficacy by utilizing the
A3 collagen-binding domain (CBD) of von Willebrand factor
(VWF) with a high affinity for collagen.**** Accordingly, a nano-
device using a collagen binding strategy shows significant
potential for in situ imaging of biomarkers within the TME,
while no related work has been reported.

Thus motivated, here we reported a novel multifunctional
fusion protein CBD-mCherry-DCV (CmD) by genetic engi-
neering and then constructed a chimeric protein-nucleic acid
nanodevice (CPNN) for in situ ratiometric imaging of cancer
biomarkers in the TME (Scheme 1). The proposed CmD
consists of three functional units: (1) CBD as an anchoring
element for binding collagen in the TME, (2) the HUH-
endonuclease domain (duck circovirus, DCV) as a linking
element for covalent coupling of protein and DNA, and (3)
mCherry as an internal reference element for self-calibra-
tion.***” By employing DCV as a linker, we covalently conju-
gated the multifunctional CmD to the aptamer-designed DNA
sensing module, thus conferring target recognition and
signal-read-out capacity to CPNN. CPNN presented an “always
on” reference fluorescence signal and an “activatable” fluo-
rescence signal in response to cancer biomarkers. Subse-
quently, CPNN was able to efficiently bind collagen in the
TME for in situ ratiometric imaging of cancer biomarkers. As
a proof of concept, we selected PDGF-BB, one of the major
pro-angiogenic factors induced by the necrotic and hypoxic
TME in various malignancies, as an example.*®*® We
demonstrated that the PDGF-BB-triggered CPNN (CPNNppGr)
enabled visual monitoring of varying concentrations of
exogenous PDGF-BB and endogenous PDGF-BB released from
cells in tumor spheroids. High accuracy and sensitivity were
achieved by benefiting from the colocalization of the nano-
device and the target molecule and the self-calibration of the
ratiometric signal. Significantly, replacing the aptamer with
others can expand the nanodevice to be a promising platform
for detecting different tumor-associated markers in the TME.
An ATP-responsive CPNN (CPNN,yp) enabling ratiometric
fluorescence imaging of ATP in tumor spheroids with a high
signal-to-background ratio was fabricated. Moreover, unlike
localization on the cell surface, CPNN binding to collagen
prevented internalization into cells and kept it in the TME for
efficient detection.”” Therefore, this method provides an
effective tool for the in-depth study and in situ imaging of
cancer biomarkers in the TME.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Preparation and characterization of the fusion protein CmD

The multifunctional fusion protein CBD-mCherry-DCV (CmD)
was designed and biosynthesized using the E. coli expression
system. The structural details of CmD are described in Fig. S1
and S2.7 This fusion protein contained a CBD domain with
a high affinity for collagen,* a fluorescent protein domain for
self-calibration, and a HUH-endonuclease domain (DCV) for
efficient protein-DNA covalent binding.* Among these, the
fluorescent protein domain can be flexibly designed according
to experimental requirements, and mCherry was chosen in this
study due to its low intracellular background during cell
imaging. In addition, glycine-serine (GlySer) linkers are intro-
duced between different domains in the fusion protein to
minimize inter-domain interactions.*

The molecular weight and optical properties of the obtained
fusion proteins CmD and mCherry-DCV (mD, used as a control
protein) were analyzed by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and fluorescence spectroscopy. As expected,
CmbD was of high purity with a molecular weight of approxi-
mately 65 kDa, and the control protein mD had a molecular
weight of approximately 46 kDa (Fig. S31), which agreed with
the calculated theoretical protein sizes. Both CmD and mD
exhibited the same excitation (580 nm) and emission (610 nm)
wavelengths as mCherry, suggesting the minimal influence of
the N- and C-terminal connexins on the fluorescence properties
of mCherry (Fig. 1A and S47). The stability of CmD in different
physiological environments was further studied. Fig. 1B
demonstrates that the fluorescence intensity of CmD remained
constant over a range of pH values (4-9). This pH stability can
be attributed to the distinctive barrel shape of mCherry, which
protects the chromophore.*® Furthermore, CmD maintained
a steady fluorescence intensity over a week in different simu-
lated physiological or pathological pH, such as pH 5.0 for
lysosomes, pH 6.5 for the TME, and pH 7.4 for the normal
tissues (Fig. 1C). CmD exhibited excellent fluorescence stability
over a wide pH range and for prolonged periods of time,
providing a significant advantage in imaging
applications.

By incorporating the CBD and DCV domains, CmD exhibited
remarkable bispecificity, enabling it to bind collagen in the
TME and link to nucleic acids covalently. The bispecificity of the
obtained CmD was investigated by SDS-PAGE and fluorescence
imaging. Gel shift analysis demonstrated that when incubated
with a single-stranded DNA containing the DCV-specific recog-
nition sequence (ssDNApcy), both CmD and mD formed
a covalent adduct (CmD-ssDNApcy) with ssDNApgy in the
presence of Mn>', respectively (Fig. 1D). In addition, good
conjugation was achieved with a 1 : 1 ratio of the fusion protein
to ssDNApcy, consistent with the results reported in the litera-
ture.*® The conjugation reaction is rapid and efficient, resem-
bling click chemistry-like biochemical reactions under
physiological conditions, and has the potential for versatile one-
pot labeling.** Notably, due to the stable covalent bond between
DCV and ssDNApcy, CmD-ssDNApcy showed satisfactory
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A Construction of chimeric protein-nucleic acid nanodevice (CPNN)

DCV

mCher
Y+
—CBD

Cuy

B Insitu ratiometric imaging in the tumor microenvironment

o

PDGF-BB

collagen

target

ATP

S

77\\‘
o
/_\ tumor spheroid
SO

Scheme 1 Schematic showing the working principle of a collagen-immobilized nanodevice for in situ fluorescence imaging of cancer

biomarkers in the TME.

stability (Fig. S5t). This stability is a foundation for future
sensing and imaging applications. The collagen-dependent
anchoring performance of CmD was then evaluated on the
collagen-coated or the collagen-free 96-microwell plate. A clear
change in the mCherry signal was observed in the collagen-
coated wells after incubation with CmD for 30 min, followed
by a gradual increase in the fluorescence signal with prolonged
incubation (Fig. S6 and S7,f pseudo green). In contrast, the
collagen-free well showed a negligible signal (Fig. S67). More-
over, both collagen-coated and collagen-free wells showed
minimal fluorescence after MD treatment (Fig. 1E, F and S67),
confirming that the observed fluorescence resulted from CBD-
mediated anchoring. Importantly, CmD demonstrated stable
anchoring on collagen for at least 4 hours under our experi-
mental conditions (Fig. S8f). To illustrate the bispecificity of
CmbD more intuitively, we prepared the covalent adducts (CmD-
$SDNApcy-Cy5 and mD-ssDNApcy-Cy5) by conjugating a Cy5-
labeled ssDNApcy (SSDNApcy-Cy5) to the fusion proteins.
Subsequently, the adducts were incubated in the collagen-
coated wells and subjected to fluorescence imaging, respec-
tively. Fig. 1E and F illustrate that the collagen-coated well
incubated with CmD-ssDNApcy-Cy5 exhibited bright fluores-
cence in the mCherry and Cy5 (pseudo red) channels. Notably,
these two signals presented a positive correlation with incuba-
tion time and showed a significant colocalization with

12184 | Chem. Sci, 2023, 14, 12182-12193

a Pearson's correlation coefficient (PC) of 0.81 (Fig. 1E and S97).
Conversely, the control well treated with mD-ssDNApcy-Cy5 did
not exhibit discernible mCherry or Cy5 signals. These results
confirmed that the fusion protein CmD possesses the functions
we designed, including high-affinity binding to collagen and
efficient conjugation to single-stranded DNA. As a dual high-
affinity “bridge” protein, CmD opens new possibilities for in
situ imaging of targets in the TME.

CPNNppr-based PDGF-BB sensing in solution

Tumor cells often secrete various growth factors and cytokines
as signalling molecules to influence host cells, predominantly
promoting tumor growth and metastasis.*® Notably, PDGF-BB
and PDGFR-f are integral components of the ligand tyrosine
kinase receptor system, critically involved in angiogenesis and
blood vessel formation.*>** PDGF-BB plays a critical role in
establishing an immunosuppressive TME.*>*® Here, we first
developed a PDGF-BB-responsive CPNN as a proof of concept. A
sensing module (Sppgr) was designed based on the structural
switching of the aptamer of PDGF-BB. Sppgr comprises three
partially complementary strands, a FAM-labeled PDGF-BB
aptamer strand (Apt-FAM), a quencher-modified strand
(cDNA-BHQ1) that can complement the 5’ terminal sequence of
Apt-FAM, and a DCV-specific recognition sequence-containing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation and characterization of the engineered fusion protein CmbD. (A) Fluorescence emission and excitation spectra of CmD. (B)
Fluorescence emission stability of CmD at different pH values. (C) Time-dependent fluorescence intensity of CmD at pH 5.0, 6.5, and 7.4 over 7
days. (D) SDS-PAGE analysis of the chimeric protein—nucleic acid conjugate formation by the fusion protein (CmD or mD) and ssDNApcy in HUH
buffer. (E) Fluorescence images and (F) corresponding fluorescence intensity of CmD or mD incubated with collagen in the presence or absence
of ssDNApcy-Cy5. (i) Collagen Il + mD; (i) collagen Il + mD + ssDNApcy-Cy5; (iii) collagen Il + CmD; (iv) collagen lll + CmD + ssDNApcy-Cy5.
Collagen I, 10 pg mL; CmD, 1 uM; ssDNApcy-Cy5, 1 uM. mCherry: excitation wavelength (E,) 555 nm/emission wavelength (E,,) 610 nm; Cy5: E,

635 nm/E, 670 nm. Scale bar, 500 pm.

strand (cDNApcy) that can complete the 3’ terminal sequence of
Apt-FAM (Fig. S107). After Sppgr Was prepared through hybrid-
ization, it was covalently bound to CmD to obtain CPNNppgr
(Scheme 1).

The capability of the proposed Sppgr to detect PDGF-BB in
the buffer was first investigated (Fig. 2A). As expected, Sppgr
exhibited a low fluorescent background in the buffer (Fig. 2B),
suggesting the successful assembly and the efficient Forster
resonance energy transfer between FAM and the quencher. In
the presence of PDGF-BB, there was an approximately 6.9-fold
increase in fluorescence intensity, which indicated that the
specific binding of PDGF-BB to its aptamer led to the release of
c¢DNA-BHQ1 and fluorescence recovery. Some specific nucleo-
tides in the aptamer sequence were mutated (mApt-FAM) to
generate mSppgr as a control. For mSppgr, NO obvious increase
in fluorescence intensity was detected before and after the
addition of PDGF-BB, thereby confirming the essential role of
the aptamer sequence in the sensing module. In addition, the
fluorescence characteristics of Sppgr were further explored by
quantifying its relative fluorescence quantum yield (¢) both

© 2023 The Author(s). Published by the Royal Society of Chemistry

before and after incubation with PDGF-BB. As shown in Table
S5, the relative fluorescence quantum yield of Sppgr was
significantly increased after incubation with PDGF-BB. These
data demonstrated the capability of Sppgr to detect PDGF-BB
with high sensitivity and selectivity.

After optimizing the Sppgr sequence, concentration, and
buffer (Fig. S11-S13f), we further evaluated the analytical
performance of Sppgr for PDGF-BB detection. Real-time fluo-
rescence analysis showed that the fluorescence intensity of the
PDGF-BB-treated Sppgr increased continuously with incubation
time, reaching an almost plateau level within approximately
60 min (Fig. 2C). As depicted in Fig. 2D, the fluorescence signal
increased with increasing PDGF-BB concentrations. It exhibited
a linear relationship in the concentration range of 0.2-12 nM
with a detection limit of 0.1 nM (3¢/slope, Fig. 2E). It is note-
worthy that the designed Sppgr can detect PDGF-BB levels
ranging from several hundred pM to low nM levels, which is in
good agreement with the concentration of PDGF-BB observed in
serum (0.4-0.7 nM under physiological conditions and higher
under pathological conditions such as tumors).*”*®

Chem. Sci., 2023, 14,12182-12193 | 12185
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Fig. 2 Evaluation of Sppgr for PDGF-BB detection in the buffer. (A) Schematic illustration of Sppgr and MSppgr in response to PDGF-BB. (B)
Fluorescence intensity of mSppgr and Sppgr treated with or without PDGF-BB. (C) Fluorescence kinetics of Sppgr treated with different
concentrations of PDGF-BB. (D) Fluorescence spectra and (E) linear response of Sppgr responding to varying concentrations of PDGF-BB. (F) The
specificity of Sppgr against other proteins. Sppgr, 20 NM; each cytokine, 100 nM.

Furthermore, only PDGF-BB can increase the fluorescence
intensity of Sppgr compared to other cytokines, indicating the
high selectivity of Sppgr towards PDGF-BB (Fig. 2F).

The excellent sensing performance of Sppgr encouraged us to
investigate the viability of CPNNppgr as a ratiometric sensing
probe for PDGF-BB monitoring. As shown in Fig. S14A,f
CPNNppgr consisted of a CmD-based localization module and
a Sppgr-based sensing module. Specifically, the FAM signal in
Sppgr Offers a PDGF-BB concentration-dependent detection
signal, and the mCherry signal in the localization module
worked as a reference signal. As expected, the FAM signal of
CPNNppgr gradually increased in the presence of PDGF-BB,
whereas the fluorescence intensity of mCherry remained
stable (Fig. S14B and Ct). Additionally, similar trends were
observed in the measurements of relative fluorescence
quantum yields of FAM and mCherry in the Sppgr (Table S57).
Meanwhile, the ratiometric signal Fpam/Fmcherry increased
linearly with the concentration of PDGF-BB ranging from 0.2 to
10 nM, with a detection limit as low as 0.06 nM. Despite
achieving a comparable linear range and detection limit, the
ratiometric CPNNppgr exhibits enhanced reliability attributed
to its self-calibration capability. Further, we assessed the pho-
tostability of the proposed CPNNppgr following its incubation
with PDGF-BB. As shown in Fig. S15, the fluorescence intensity
of FAM in CPNNppgr remained relatively stable even after 1
hour and exhibited a decrease of 30% after 3 hours of irradia-
tion, while the fluorescence intensity of mCherry remained
almost unchanged. Notably, enhanced photostability of CPNN
can be achieved by adopting more durable fluorescent dyes,
such as Cy5. Together, these results demonstrate the high
potential of CPNNppgr for detecting PDGF-BB in complex
environments.

12186 | Chem. Sci,, 2023, 14, 12182-12193

CPNNppr-based PDGF-BB imaging in the collagen-coated
plates

Before in situ monitoring of PDGF-BB in the TME, we first
evaluated the response of CPNNppgr to PDGF-BB in the
collagen-coated 96-microwell plate by fluorescence imaging,
utilizing a Cy5-labeled Sppgr (Fig. 3A). Fig. 3B and C depict that,
after treatment of CPNNppgr, the collagen-coated wells exhibi-
ted bright mCherry fluorescence signals, indicating the efficient
binding of CPNNppgr to collagen. Further incubation with
PDGF-BB resulted in a significant increase in the Cy5 signal,
which colocalized well with the mCherry signal. The ratiometric
signal (Foys/Fmcherry) Was calculated as approximately 1.27 by
dividing the fluorescence intensity of Cy5 by that of mCherry
(Fig. 3D). In comparison, although the control group
mMCPNNyppgr (constructed by coupling CmD and mSppgr) can
immobilize the collagen-coated wells, there was no obvious Cy5
fluorescence signal upon the addition of PDGF, indicating the
critical role of the aptamer-mediated target recognition in the
nanodevice (Fig. S167).

Next, the ability of CPNNppgr for semiquantitative analysis
of PDGF-BB at the interface was evaluated. The collagen-coated
wells were pretreated with CPNNppgr, followed by washing and
subsequent incubation with PBS-HSA buffers containing
different concentrations of PDGF-BB. As shown in Fig. 3E and F,
the fluorescence signal of Cy5 gradually increased with the
increasing concentration of adscititious PDGF-BB, while the
signal of mCherry remained relatively stable. The ratiometric
signal Foys/Ficherry Was calculated using Image] software and
showed a concentration-dependent pattern in response to
PDGF-BB concentration ranging from 0 to 200 nM. Moreover,
the collagen-coated well treated with 200 nM of PDGF-BB
exhibited a ratiometric signal approximately 10-fold higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CPNNppgr-based fluorescence imaging of PDGF-BB on the interface of the collagen-coated wells. (A) Schematic illustration of
CPNNppgr in response to PDGF-BB in a 96-microwell plate. (B) Fluorescence imaging of the collagen-coated wells pretreated with CPNNppgr in
the presence and absence of PDGF-BB, respectively. (C) Intensity profiles of mCherry and Cy5 along the yellow arrow in the wells in panel (B). (D)
Quantitative analysis of fluorescence intensities of the collagen-coated wells treated with NCPNNppgr, MCPNNppgr, and CPNNppgr in the
presence or absence of PDGF-BB. (E) Fluorescence images and the corresponding ratiometric images of CPNNppgr in response to different
concentrations of PDGF-BB. (F) Quantitative analysis of the intensities of mCherry and Cy5 and (G) Fcys/Fmchery as a function of PDGF-BB
concentration derived from the corresponding images in (E). Collagen I, 10 ug mL; CPNNppgr, 200 nM. mCherry: E, 555 nm/E,, 610 nm; Cy5: E,

635 nm/E,, 670 nm. Scale bar, 500 pm.

than that of the untreated collagen-coated well (Fig. 3G).
Therefore, the CBD-based collagen binding did not affect the
PDGF-BB sensing capacity of CPNNppgr. The ratiometric signal
with an excellent signal-to-noise ratio indicated both the reli-
ability and sensitivity of CPNNppgr for the detection of PDGF-BB
at the interface. In combination, CPNNppgr exhibited a satis-
factory imaging capability and allowed semi-quantitative
detection of PDGF-BB after immobilization with collagen.

Expression and binding of collagen in the tumor spheroids

Encouraged by the fluorescence imaging outcomes on the
collagen-coated plates, we wanted to know whether CPNN can
immobilize the TME through collagen binding. Three-
dimensional (3D) multicellular tumor spheroid models serve
as an intermedia model bridging the gap between in vitro and in
vivo systems and have attracted considerable interest from the
scientific community.*® Rather than the traditional 2D culture
system, tumor spheroids, which contain the complex and

© 2023 The Author(s). Published by the Royal Society of Chemistry

dynamic intercellular communication and cell-matrix interac-
tions inherent to cancer metastasis, more closely mimic the
TME of tumor growth and progression, providing a compre-
hensive understanding of the fundamental characteristics of
tumor tissues and the complexities of cancer metastasis.’**
Therefore, using tumor spheroids as a model provides an
opportunity for in situ imaging of cancer biomarkers within the
TME and a deep understanding of the biological mechanisms of
these cancer biomarkers in cancer progression.

Before CPNN binding, the presence of collagen in the TME of
MCF-7 (a breast cancer cell) tumor spheroids was investigated
through immunofluorescence staining. Fig. S17f demonstrates
that after the MCF-7 tumor spheroid was treated with the rabbit
anti-collagen antibody and the Alex Fluor 594 labeled goat anti-
rabbit IgG, there was obvious red fluorescence around the
spheroids. It is consistent with the literature that abundant
collagen is present in the TME of tumor spheroids.**** When
the tumor spheroids were mixed with the fusion proteins, only

Chem. Sci., 2023, 14, 12182-12193 | 12187
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In situ ratiometric fluorescence imaging of PDGF-BB in the MCF-7 tumor spheroids using CPNNppgr. (A) Schematic illustration of

CPNNppgr responding to PDGF-BB in the tumor spheroids. (B) Fluorescence images and corresponding ratiometric images of the tumor
spheroids pre-treated with CPNNppgr in response to different concentrations of PDGF-BB. (C) Heat map indicating the fluorescence signal of
the tumor spheroids pre-treated with CPNNppgr incubated with different concentrations of PDGF-BB. (D) The intensities of mCherry and Cy5, as
well as (E) Feys/Fmcherry Signal as a function of PDGF-BB concentration, derived from corresponding images in (B). mCherry: E, 555 nm/E,

610 nm; Cy5: E, 635 nm/E,, 670 nm. Scale bar, 500 pm.

those incubated with the fusion protein containing CBD (CmD)
showed a prominent mCherry signal. Furthermore, the tumor
spheroids incubated with CmD-ssDNApcy-Cy5 exhibited the
mCherry and Cy5 signals with a high PC of 0.97 (Fig. S187). This
correlation suggests the effective coupling of DCV to nucleic
acid and the efficient immobilization of the fusion protein and
the nanodevice on the tumor spheroids through collagen

12188 | Chem. Sci., 2023, 14, 12182-12193

binding, providing a robust basis for CPNN-based detection of
the biomarker in the TME.

CPNNppgr-based PDGF-BB imaging in the TME of tumor
spheroids

The TME is a highly intricate physical and biochemical system
that comprises a multitude of cancer biomarkers intimately

© 2023 The Author(s). Published by the Royal Society of Chemistry
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linked to tumor growth, invasion, and metastasis.*>* Based on
the promising fluorescence imaging results obtained in
collagen-coated microplates and efficient immobilization of the
chimeric protein-nucleic acid in the tumor spheroids, we
investigated the sensing capability of CPNNppgr in the complex
TME of MCF-7 tumor spheroids. First, the biocompatibility of
the fusion protein CmD and the nanodevice CPNNppgr Was
assessed using the CCK-8 method. It was found that incubation
with different concentrations of CmD and CPNNppgr for
different durations did not obviously change the viability of
MCF-7 cells under the experimental conditions (Fig. S19 and
S207). Encouraged by favourable biocompatibility, we then
evaluated the feasibility of CPNNppgr for sensing and imaging
PDGF-BB in MCF-7 tumor spheroids (Fig. 4A). The tumor
spheroids incubated with CPNNppgr emitted a clear mCherry
signal. The addition of PDGF-BB largely increased the signal
from the Cy5 channel, which colocalized well with the mCherry
signal. Ratiometric fluorescence imaging and Feys/Fimcherry
analysis further confirmed that the tumor spheroids pretreated
with CPNNppgr exhibited a clear ratiometric fluorescence signal
upon exposure to PDGF-BB, resulting in a significant increase in
Fcys/Fmcherry values from 0.03 to 1.21 (Fig. S21+t). In contrast, the
Cy5 fluorescence signal of the tumor spheroids in the

© 2023 The Author(s). Published by the Royal Society of Chemistry

mMCPNNppgr group was negligible due to the low affinity
between mSppgr and PDGF-BB. These results collectively indi-
cate that CPNNppgr anchored to the tumor spheroids retains its
ability to respond to PDGF-BB.

Further, the analytical performance of CPNNppgr for PDGF-
BB sensing and imaging in tumor spheroids was assessed. The
tumor spheroids pre-treated with CPNNppgr Were incubated
with different concentrations of PDGF-BB, and imaging was
performed after 1 hour of incubation (Fig. 4B). Consistent with
the findings at the interface of the 96-microwell plate, as the
concentrations of PDGF-BB gradually increased from 0 to
150 nM, the fluorescence intensity of mCherry on the tumor
spheroids remained relatively stable, whereas the fluorescence
intensity of Cy5 exhibited a significant increase (Fig. 4C).
However, as shown by the change in the mCherry signal, the
signal fluctuation among the tumor spheroids was obvious, and
the linear relationship between the Cy5 signal and the PDGF-BB
concentration was not particularly good (R* = 0.95) (Fig. 4D and
S227). Conversely, using mCherry as a reference signal, the
ratiometric signal Fcys/Fmcherry €xhibited a better concentration-
dependent increase (R*> = 0.98) within the PDGF-BB concen-
tration range of 0-150 nM. The detection limit for PDGF-BB in
tumor spheroids was determined to be 0.16 nM based on the
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quantitative results obtained through fluorescence imaging (3o/
slope, Fig. 4E), which was slightly higher than the detection
limit in solution (0.06 nM). Notably, the extracellular concen-
tration of PDGF-BB in the TME often exceeds those in serum
(0.4-0.7 nM under physiological conditions and higher under
pathological conditions) due to enrichment in the local micro-
environment, and falls well within the detectable range of the
proposed CPNNppgr.*** The self-calibration capability of the
fluorescence signals improved the accuracy of the proposed
method. Therefore, the nanodevice CPNNppr has the potential
to be an effective tool for in situ semi-quantitative imaging of
PDGF-BB in tumor spheroids.

Given the pivotal role of PDGF-BB in the progression of
numerous solid tumors, endogenous PDGF-BB in the TME was
monitored using CPNNppgr. To mimic the endogenic produc-
tion and release of PDGF-BB, a construct pCMV3-pdgf-gfp con-
taining the fusion gene of the GFP-tagged human PDGF-BB was
transiently transfected into the cells, and the tumor spheroids
using Lipofectamine™ 8000 transfection reagent, respectively.
It was found that both the 2D cultured MCF-7 cells and the 3D
tumor spheroids emitted bright green fluorescence, which

12190 | Chem. Sci,, 2023, 14, 12182-12193

indicated the successful expression of PDGF-BB in the cells
(Fig. S23t). We then used CPNNppgr to monitor the endogenic
PDGF-BB within the tumor spheroids. Streptolysin O (SLO),
a member of cytolysins that can bind to eukaryotic cells and
promote cytolysis by forming transmembrane pores, was used
to release PDGF-BB. At this time, we utilized the “always on”
fluorescence of mCherry to track the anchoring of CPNNppgr On
tumor spheroids, the “always on” fluorescence of GFP to label
the expression and localization of PDGF-BB, and the “activated”
fluorescence of Cy5 to monitor the secretion and release of
PDGF-BB. As expected, the fluorescence signals of mCherry
were detected in all groups, and only the transfection groups
exhibited GFP signals (Fig. 5A and B). While a weak Cy5 signal
was detected around the un-transfected tumor spheroids,
a significant increase of the Cy5 signal with an Feys/Ficherry Of
0.73 was observed in the transfected group (Fig. 5), which was
comparable to that of the 125 nM PDGF-BB-treated group in
Fig. 4E. Considering that CPNNppgr Was anchored on collagen
in the TME, this bright Cy5 signal suggested that PDGF-BB was
released from the cells, just like other cytokines. Furthermore,
the fluorescence of Cy5 was enhanced by approximately 1.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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times following SLO treatment with an Fcys/Ficherry Of 1.06
(Fig. 5), suggesting that the addition of SLO potentially facili-
tated the release of PDGF-BB by inducing cell membrane
perforation, which was consistent with the literature.'” Notably,
the Cy5 signal of CPNNppgr exhibited excellent overlap not only
with the mCherry signal but also with the GFP signal of the
secreted PDGF-BB (PC > 0.65), indicating the ability of our
method to monitor both the expression level and localization of
PDGF-BB (Fig. 5A). These results suggested that CPNNppgr
could successfully monitor PDGF-BB levels in tumor spheroids,
indicating its potential as a valuable tool for cancer diagnosis
and evaluation of therapeutic approaches.

Expanding the strategy for in situ imaging of ATP in the TME

As a modularized nanodevice, CPNN has the potential to detect
other targets in situ by simply changing the aptamer of the
sensing module. Given its pivotal role in cellular metabolism
and regulation, ATP, as a typical cancer biomarker, was selected
as another target to evaluate the expandability of CPNN.>**® We
first designed a sensing module specifically responsive to ATP
(Satp, Fig. 6A and S247). The assembly of Syrp and its ability to
bind ATP were confirmed by PAGE analysis (Fig. 6B and C), and
its feasibility for ATP detection was further demonstrated by
fluorescence spectrum measurements. As shown in Fig. S257
and 6D, the fluorescence signal of Cy5 exhibited a linear
correlation with the ATP concentration, and the calibration
curve for the ATP assay shows linearity in the concentration
range of 50-700 uM, with a detection limit of 10 uM (3a/slope).
Due to the high specificity of the aptamer for the target, this
Sarp exhibited unique selectivity for ATP (Fig. 6E and S26%).
After confirming the high biocompatibility of CPNN,rp under
the experimental conditions (Fig. S2771), the feasibility of
CPNN,rp for sensing and imaging ATP in the tumor spheroids
was assessed through fluorescence imaging. As depicted in
Fig. 6F, a strong Cy5 signal from the immobilized CPNNrp Was
detected within the tumor spheroids in the presence of ATP.
Endogenous ATP released during cellular necrosis was further
detected. Here, the tumor spheroids anchored with CPNNarp
were treated with different concentrations of SLO for 1 hour
before fluorescence imaging. As expected, the fluorescence
signal of Cy5 and the resulting ratiometric signal Foys/Fmcherry
increased sensitively with the increasing SLO concentration
(Fig. 6F-H). In contrast, the control nCPNNjrp (MD-Sprp)
showed a weak fluorescent signal even in the presence of high
concentrations of SLO due to the absence of the CBD anchor
unit. Together, these data demonstrate the promising perfor-
mance of CPNNuyp for in situ imaging of ATP in the tumor
spheroids and present the flexible design of this chimeric
protein-nucleic acid nanodevice for in situ detection of different
targets.

Conclusions

In summary, we designed a versatile chimeric protein-nucleic
acid nanodevice (CPNN) consisting of a multifunctional fusion
protein CmD and an aptamer-based sensing module. CPNN can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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be specifically anchored on collagen, enabling sensitive and
accurate in situ ratiometric imaging of exogenous and endoge-
nous PDGF-BB in the tumor spheroids. Notably, we also vali-
dated the efficacy of this approach for spatiotemporal imaging
of ATP in the tumor spheroids by substituting the sensing
module with an ATP-responsive one. To our knowledge, this is
the first example of a collagen-binding chimeric protein-nucleic
acid reporter for ratiometric imaging of cancer biomarkers in
the TME.

CPNN in this study offers several advantages: (i) DCV-based
efficient coupling between the sensing module and the
protein module endows CPNN with the dual advantages of both
protein and nucleic acid; (ii) it uses the high affinity of CBD for
collagen to achieve specific and stable in situ anchoring,
enabling the co-localization of the nanodevice for intuitive and
precise visualization and monitoring of critical information in
the TME; (iii) the design of the aptamer-based sensing module
makes it possible to expand the range to various biomarkers;
(iv) the ratiometric fluorescence design results in improved
accuracy. We believe that this straightforward yet potent
approach offers a versatile imaging platform capable of eluci-
dating the biological functions of cancer biomarkers in the TME
and being valuable for early cancer diagnosis and therapeutic
applications.
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