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Herein, a pH-sensitive probe has been designed based on DNA
modified gold nanoparticles (AuNPs) for Raman/fluorescence
dual-imaging of the intracellular pH distribution. In acidic
environment of cancer cell, the configuration change of DNA on
probe surface could turn “on” Raman/fluorescence signals
simultaneously.

”

Cancer cell is characterized by uncontrolled cell growth,
invasion of surrounding tissues and abnormal acidic
intracellular pH values. Therefore, it is an urgent need to
develop sensors for the detection of intracellular pH.2 Owning
to the significance of intracelluar pH distribution, various
fluorescent indicators® * and functionalized nanoparticless’ 6
have been developed for measuring intracellular pH. Among
them, gold nanoparticles (AuNPs) are especially attractive due
to its unique properties, easy functionalization, good stability
and biocompatibility.7'9 AuNPs can be applied as excellent
substrates for surface-enhanced Raman scattering (SERS)
detection to carry Raman signalling molecules.” In addition,
AuNPs are also employed as carriers for fluorescent dye for the
intracellular fluorescent imagingll. For most of the reported
AuNP probes, they only possess one kind of signals, like
fluorescence or Raman, each with certain advantages and
limitations.” Fluorescent probes have the advantage of high
specificity. However, the fluorescence imaging of living cells
suffers from the photobleaching, non-ignorable background
signal and unstable. For in view of the advantages of Raman,
they can avoid photobleaching due to the extremely short
lifetimes of Raman scattering, and that can provide the
abundant vibrational information of molecules, but the
targeting ability is not so well as fluorescent probes.13 Thus, it
is essential to develop novel nanoprobes combining the virtues
of fluorescence and Raman.™ Up to now, there is no report
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about the use of Raman/fluorescence dual-imaging for the
monitoring of intracellular pH distribution. Therefore, we
proposed a Raman/fluorescence dual-sensing strategy in order
to establish a better platform for the detection of pH
distribution in single living cells.
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Figure 1. Schematic representation of the in situ Raman/fluorescence dual-
imaging of intracellular pH-distribution based on the AuNP probe.

Here we designed a novel pH-sensitive probe using AuNPs
as the substrates. A double-strand DNA structure was
functionalized on the surface of AuNPs, which was hybridized
by DNA-1 and its complementary strand DNA-2. The DNA-1 is a
cytosine (C)-rich single strand with a thiol-labelled 3’-end for
the connection to the AuNPs, and its 5’-end was tagged by a
Raman signaling molecule, 2,2'-((4-((E)-(2,5-dimethoxy-4-((E)-
(a-
nitrophenyl)diazenyl)phenyl)diazenyl)phenyl)azanediyl)diethan
ol (BHQ-2). While DNA-2 was marked with fluorophore Cy5 at
the 5’-end, whose fluorescence was quenched by both AuNP
and BHQ-2 due to the fluorescence resonance energy transfer
(FRET).15 In acidic pH, the DNA-1 strand could be transformed
from a straight strand to a tetrameric-structured i-motif
structure. With the conformational change, the BHQ-2
molecules were dragged closer to the surface of AuNPs, which
enhanced the Raman response; at the same time, the Cy5-
tagged DNA-2 was released away from the AuNPs, which
turned “on” the fluorescence signal. Taking human cervical
cells (HeLa) as a model, after endocytosis of the AuNP probe,
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strong Raman and fluorescent signals could be observed due
to the acid intracellular environment, which realized the in situ
Raman/fluorescence dual- imaging of the pH distribution in
single cells (Figure 1). The practicality of the probe was
demonstrated by the application of distinguishing cancer cell
from normal cells, thus provided a powerful highly efficient
photosensitizers for cancer diagnosis.

AuNPs were synthesized by a reported aqueous phase
method.'® The transmission electron microscopic (TEM) image
of AuNPs showed an average diameter of 60 nm with narrow
distribution (Figure 2a). After functionalized the probe with
the double stand hybridized by DNA-1 and DNA-2, the UV-vis
spectrum of probe solution showed the characteristic peak of
DNA at 260 nm and AuNPs at 550 nm (Figure 2b), which
demonstrated the successful functionalization of DNA on the
surface of AuNPs. In order to monitor the response of the
probe in acidic pH, Raman spectra and fluorescence spectra
were recorded at physical pH or acidic pH at different time
points, respectively (Figure Sla and Figure S2). With the
increasing incubation time, both Raman/fluorescence signals
were strongly increased under acidic pH simultaneously. At the
beginning, no fluorescence was detected at the excitation
wavelength of 600 nm for Cy5, suggesting the quenched status
of Cy5 by AuNPs. The fluorescence intensity increased over
time and tended to a constant value after 25 min (Figure S1 b).
Since the fluorescence and Raman signals no longer changed
after 20 min, we choose 25 min as the optimized reaction
time. Under the optimized reaction time, the
Raman/fluorescence spectra were recorded (Figure 2c and
Figure 2d). The Raman/fluorescence signals were turned “on
at pH 5.0, which demonstrated structure transformation of the
DNA-1 to i-motif tetrameric structure, causing the release of

Cy5-tagged DNA-2. In addition, both of the fluorescence
a
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spectra (Figure S3) and the Raman spectra (Figure S4) of the
probe were detected under a series of different pH values,
which displayed strong fluorescence signals and obvious
Raman peaks under pH 5.0, with weak signals detected above
pH 5.0. Thus pH 5.0 could be regarded as a threshold of the
structure switch of DNA-1 to i-motif.
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Figure 2. (a) TEM image of AuNPs. (b) UV-vis spectra of AuNPs (2 nM) and probe
(2 nM). (c, d) Raman (c) and Fluorescence (d) spectra of probe in 0.01 M PBS
buffer pH 7.4 and pH 5.0 PBS after 25 min.
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Figure 3. (a) Real-time monitoring of the SERS signals of BHQ-2 in A549 cells treated with 50 pL probe solution after different times. (b) Fluorescence images of A549
cells treated with 50 pL probe solution after different times (scale bar: 10 um). (c) Plots of Raman intensities at 593 cm™; 730 cm™ and 1323 cm™ versus after different
times. (d) Increase of the relative average red channel intensity (RCI) intensity of Cy5 fluorescence in images over time.

For cell imaging, A549 cells (lung adenocarcinoma epithelial
cell) were cultured in a confocal dish for 24 h, and 50 pL probe
solution was then added to the dish to obtain the Raman

signals
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(Figure 3a) and fluorescence

images (Figure 3b)

respectively at different time points. Initially, Raman signals
were very low within 3 h. After 4 h, several characteristic peaks
appeared, and the peak intensity kept increasing due to the
structure switch of DNA-1 to i-motif, which indicated the acidic
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intracellular pH of A549 cells. It could be further demonstrated
by corresponding fluorescence images of probe treated A549
cells. As shown in Figure 3b, after 3 h of incubation, the probe
appeared in the cytoplasm, which could be observed under
dark-field microscope (DFM), and the fluorescence signal of
Cy5 was quite weak under the observation of fluorescence
microscope. The fluorescence intensity increased with the
increasing incubation time, which illustrated the release of
Cy5-tagged DNA-2 from the surface of AuNPs, confirming the
acidic pH in A549 cells. Plots of Raman shift intensities vs.
incubation time at 513 cm"l; 730 cm™ and 1323 cm™ was
shown in Figure 3c. The average red channel intensity (RCI)
within the cell area was shown in Figure 2d read by Adobe
Photoshop software from the Cy5 fluorescence images. (Figure
3b). For the parsing of Raman spectra, we focused on the
peaks from 300 to 1800 em™. Furthermore, we supplemented
DFT calculations to assign the SERS peaks of the BHQ-2 in the
Table S1. After the A549 cells were treated with the probe, the
band at 1214 cm™ corresponding to O-C=0 stretch was
decreased significantly, and disappeared after 4 h. Since only
Cy5 contains O-C=0 structure, this phenomenon indicated the
release of Cy5-tagged DNA-2 from the AuNPs. In addition, new
vibrational Raman bands at 513, 839, 1099 cm™ appeared at
after 4 h, corresponding to the NO2, N=N, C-N, respectively. As
well as several other characteristic bands at 730, 1240, 1280
and 1323 cm™ corresponding to the CC, C=N=N, N=N, C=N,
respectively, probably due to the closer distance between the
BHQ-2 molecules and the surface of AuNPs. Therefore, the
Raman spectra demonstrated the structure transformation of
DNA-1 in acidic pH.

a Bright field
A Wi

Fluorescence images

DMF images

)

DMF images

Fluorescence images

Bright field
-
(] |

pH=5.0

merged

pH=7.4

Figure 4. Microscopic images of (a) A549 and (b) HBE cells incubated with 50 uL
probe solution for 7 h. (A,D,G&]J: bright-field images; B&H: DFM images; C&l:
fluorescence images; E&K: Raman images; F&L: bright-field merged Raman
images; scale bar: 10 um).
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The feasibility of the probe for in situ dual imaging of the pH
distribution in single cells was further explored in A549 and a
normal cell line HBE (normal human bronchial epithelial cells).
As shown in Figure 4, after 7 h incubation with the probe, a
large amount of probe particles appeared in A549 cells (Figure
4a B),and the fluorescence signal of Cy5 was quite strong
(Figure 4a C). The Raman image of a single A549 cell showed
an acidic intracellular environment with red areas distributed
with cytoplasm (Figure 4E), showing a strong Raman response
(Figure S5a). As a contrast, HBE did not show any fluorescence
signals under probe treatment (Figure 4l). In Raman image of
HBE, most of the intracellular areas were purple colored
(Figure 4K), showed little Raman response (Figure S5b), which
indicated neutral pH in HBE cells. The distinct
Raman/fluorescence responses of tumor and normal cells
under the probe treatment demonstrated the successful
application of the proposed strategy in distinguishing cancer
cell from normal cells. Thus, this strategy has the potential for
cancer diagnostic and therapy. The cytotoxicity of the probe
was detected by MTT analysis. The cells exhibited high viability
even after 8 h incubation (Figure S6), demonstrating the low
cytotoxicity of the designed probe.

In conclusion, we presented a pH-sensitive AuUNP probe for
Raman/fluorescence  dual-imaging of intracellular pH
distribution. This strategy integrated the advantages of
Fluorescence and Raman analysis, realizing the in situ
observation of intracellular pH-distribution at single cell level.
The practicality of the proposed strategy is confirmed by the
successful application of distinguishing cancer cell from normal
cells with different intracellular pH levels. Compared with
reported methods, the proposed probe realized a one-step
incubation process, providing a pH-sensitive Raman/
fluorescence dual-imaging strategy with a low background.
This work promotes the understanding of physical properties
of cancer cell, provides a new way for the design and
preparation of intracellular imaging nanomaterials, and
inspires the development of new tools for cancer diagnosis
and therapy.
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