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Abstract: Development of Raman-active materials with
enhanced and distinctive Raman vibrations in the Raman-
silent region (1800–2800 cm@1) is highly required for specific
molecular imaging of living cells with high spatial resolution.
Herein, water-soluble cationic conjugated polymers (CCPs),
poly(phenylene ethynylene) (PPE) derivatives, are explored
for use as alkyne-state-dependent Raman probes for living cell
imaging due to synergetic enhancement effect of alkyne
vibrations in Raman-silent region compared to alkyne-con-
taining small molecules. The enhanced alkyne signals result
from the integration of alkyne groups into the rigid backbone
and the delocalized p-conjugated structure. PPE-based con-
jugated polymer nanoparticles (CPNs) were also prepared as
Raman-responsive nanomaterials for distinct imaging appli-
cation. This work opens a new way into the development of
conjugated polymer materials for enhanced Raman imaging.

Advances in optical microscopy in the past decades have
tremendously promoted the development of biomedical
fields, such as drug discovery, disease diagnosis, and ther-
apeutics.[1] In particular, originally exploited as a label-free
imaging technique, Raman microscopy has become an
emerging tool for cell imaging, mainly because it is capable
of visualizing specific vibrations that provide information
about molecular fingerprint.[2] Recent advances in confocal
Raman microscopy have enabled high-contrast Raman
images of living cells.[3] However, most of the current
Raman imaging agents are difficult to acquire high-contrast
Raman images of cells owning to the intrinsically small cross-
section of Raman scattering and the interference from the
endogenous background Raman signal of cells. Thus, the
development of probe materials possessing a strong Raman
signal in the Raman-silent region of cells (1800–2800 cm@1) is

highly required. Recent studies have demonstrated that
bioorthogonal alkyne groups as specific Raman probes
exhibit strong Raman scattering at about 2100–2200 cm@1,
and have been exploited for imaging DNA, lipid, protein, and
glycan in living cells.[4]

Conjugated polymers (CPs) with large p-electronic delo-
calized backbones and prominent photo-electronic proper-
ties, have emerged as a new class of versatile functional
materials for light-harvesting applications, such as organic
solar cells,[5] field-effect transistors,[6] and light-emitting
diodes.[7] Moreover, the CPs can effectively coordinate the
action of a large number of fluorescent units with energy
transfer mechanisms, which could enhance the light-harvest-
ing and light-amplifying properties, thus they have recently
been widely used for optical imaging,[8] optical biosensors[9]

and phototherapy.[10] However, exploration of conjugated
polymers as a new imaging modality, especially Raman
scattering and molecular fingerprint, is still in its infancy. In
this work, we explored conjugated polymers as new Raman
materials and demonstrated their advantages for Raman
imaging of living cells. Compared to previously reported
alkyne-containing small molecules, water-soluble cationic
poly(phenylene ethynylene) (PPE) derivatives exhibited
dramatically enhanced alkyne vibrations in the Raman-
silent region of cells. Utilizing the enhancement effect of
alkyne vibrations, cationic PPE was specifically visualized in
living cells by using the alkyne fingerprint. PPE-based
conjugated polymer nanoparticles (CPNs) were also prepared
and functionalized with cell penetrating peptides Tat for the
enhanced living cell imaging. Therefore, PPE derivatives are
good candidates as new Raman-responsive materials with
enhanced signal and persistent in silent-region of living
biological system.

Three cationic conjugated polymers (PFP, PPV, and PPE)
were employed in this work and the spontaneous Raman
spectra were studied by using confocal Raman microscopy. As
shown in Figure 1, all of the three CPs show various vibra-
tional bands at the fingerprint region from 1000–1800 cm@1

upon excitation of 785 nm laser. Notably, only PPE exhibits
a strong and narrow Raman peak around 2200 cm@1, which
represents the carbon–carbon triple bond stretching and
location in Raman-silent region of cells. The positon of this
alkyne specific Raman peak did not change upon irradiation
under excitation with different wavelengths (532, 633, and
785 nm) (Figure S1 in the Supporting Information). We also
investigated the stability of this alkyne Raman signal, and the
results showed that alkyne Raman scattering of PPE main-
tained similar strength even after irradiation by a 785 nm laser
for 30 min (Figure S2). These findings strongly suggest that
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PPE derivatives have strong alkyne vibrational signal in
Raman-silent region of cells, and hold the excellent promise
as Raman probes for live-cell Raman imaging.

To expand this strategy, we chose six PPE derivatives with
different types of pendants to further test their Raman-
responsive behaviors (see their chemical structures in Fig-
ure 2a). Their photophysical properties were performed and
summarized in Figure S3 and Table S1. As expected, all six
PPE derivatives exhibit a sufficiently strong and narrow
spontaneous Raman signal at 2200 cm@1, the signature
vibration of the alkyne groups (Figure 2 b). It is well known
that the intrinsically weak Raman signal is the major road-
block for living cell Raman imaging. Conjugation of an alkyne
group to aromatic ring can effectively enhance the Raman

signal.[5] It is expected that alkyne-containing conjugated
backbone in PPE can enhance the alkyne vibrations in
Raman-silent region of cells through aromatic rings conjuga-
tion and the delocalized p-conjugated structure. Initially, we
employed a previous method to evaluate the Raman
enhancement effect of PPE derivatives.[11] Owing to its wide
application in live-cell Raman imaging, EdU (5-ethynyl-2’-
deoxyuridine) was chosen as standard. Other alkynyl and
PPE derivatives were mixed with EdU in dimethyl sulfoxide
(DMSO) followed by the examination of Raman spectra. The
relative Raman intensity versus EdU (RIE) was obtained
from the peak area of the alkyne peaks. As shown in
Figure 2c, both diphenylacetylene (DPE)[12] and PPE deriv-
atives exhibit stronger Raman intensity in alkyne vibrations
compared with EdU, while butyne and phenylacetylene do
not show an obvious signal under the same conditions. These
results are consistent with previous studies that aromatic rings
can effectively enhance the alkyne Raman signal. Note that
the PPE derivatives show much stronger alkyne Raman
scattering (approximately 2.8 times greater) than DPE
(Figures S4–S8). Thus, PPE possesses synergetic enhance-
ment effect on alkyne Raman scattering, highlighting the
great promise as excellent Raman probe for imaging.

Since both PPE derivatives P5 and P6 exhibit strong
Raman activity at the Raman-silent region of cells, they were
employed as vibrational probes for living cell imaging under
Raman microscopy. Raman spectra of P5 and P6 were
mapped in living cells (Figure 3a), and dual-color Raman
imaging of HeLa cells was acquired with the employment of
2200 cm@1 for alkyne and 2850 cm@1 for lipid (CH2) (Fig-
ure 3b). Furthermore, the Raman spectra extracted from

Figure 1. Raman shifts and chemical structures of three cationic
conjugated polymers used in this work.

Figure 2. Raman shift/intensity relationship of PPE derivatives. a) The chemical structures of PPE derivatives. b) Spontaneous Raman spectra.
c) Relative Raman intensity of alkynyl and PPE derivatives versus EdU (RIE).
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living cells show that the cells treated with P5 and P6 feature
a specific alkyne peak around 2200 cm@1 in the Raman-silent
region of cells. No alkyne signal around 2200 cm@1 was
observed in the control group, indicating the superiority of
PPE in interference-free Raman imaging of living cells. The
biocompatibility of P5 and P6 were confirmed by MTT assay
(Figure S9). The Raman images of alkyne at 2200 cm@1 show
that P5 and P6 are widely distributed in the cell cytoplasm.
Advantageously, the off-peak measurement (2170 cm@1)
exhibits negligible signal in cells, providing clear background
of the images. These results collectively demonstrate the
advantage of the PPE for living cell Raman imaging.

Prompted by the results on Raman imaging of the PPE in
living cells, we prepared PPE-based nanoparticles for distinct
imaging application. The nano-precipitation of hydrophobic
PPE with DSPE-PEG2000-Mal was performed to obtain
nanoparticles as schematically illustrated in Figure 4a. To
enhance the cell uptake of nanoparticles, the resulting PPE
NPs were further modified with Tat peptide
(RKKRRQRRRC) through conjugation between maleimide
groups on the nanoparticle surface and thiol groups at the C-
terminus of the Tat peptide. The spherical shape of Tat-PPE
NPs was confirmed by using transmission electron microscopy
(TEM) (Figure 4b). Moreover, dynamic light scattering
(DLS) was used to confirm their narrow size distribution
with the average size of 96: 1.4 nm (Figure 4c), which is
similar to that of PPE NPs (Figure S10). In addition, Tat-PPE
NPs possess positive zeta potentials of 25: 2.1 mV in PBS
(pH 7.4), which is preferred for cell uptake (Figure S11).
Raman spectra of Tat-PPE NPs were then investigated by
confocal laser Raman microscopy. The result shows that Tat-
PPE NPs exhibit evident alkyne peak around 2200 cm@1,

which is similar to PPE (Figure S12). Notably, no significant
cytotoxicity for HeLa cells was observed after incubation with
various concentrations of Tat-PPE NPs for 24 h, highlighting
the excellent biocompatibility of the new Raman nano-probe
(Figure 4d). Dual-color Raman imaging of HeLa cells was
employed. After treatment with Tat-PPE NPs for 6 h, HeLa
cells exhibit a strong signal of the alkyne in the cytoplasm,
which reveals the intracellular distribution of Tat-PPE NPs
(Figure 4e). Meanwhile, fluorescence imaging was used to
observe the distribution of Tat-PPE NPs as well, and it is
similar to the living cell Raman imaging (Figure S13).
Importantly, for Tat-PPE NPs, the off-peaking measurement
(2170 cm@1) also shows a minimal Raman signal in cells, while
with a specific alkyne peak around 2200 cm@1, highlighting the
superiority of Raman imaging using Tat-PPE NPs (Figure 4e
and f). In consideration of the synergetic-enhancement effect
of alkyne vibrations in CPNs and good performance of
plasmonic SERS-nanotag,[13] plasmonic-PPE NPs could fur-
ther enhance the alkyne vibrations for live cell imaging.

In summary, we demonstrated for the first time that
poly(phenylene ethynylene) (PPE) derivatives can be used as
Raman-active materials with synergetic-enhancement effect
of alkyne vibrations in Raman-silent region for live cell
imaging. The PPE provides three main advantages compared
with those alkyne-containing small molecules: 1) alkyne unit

Figure 3. a) Raman spectra of P5 and P6 in living cells, which were
taken at three locations in cells as indicated in Raman images of
Figure 3b. b) Representative Raman images of HeLa cells treated with
or without P5 and P6 (10 mm in repeat units) for 6 h. Scale bars: 5 mm.

Figure 4. a) Schematic illustration for preparation of Tat-PPE NPs.
b) TEM image of Tat-PPE NPs. c) Representative DLS profiles of Tat-
PPE NPs. d) Relative viabilities of HeLa cells after incubation with
various concentrations of Tat-PPE NPs for 24 h. e) Living cell Raman
images of HeLa cells treated with Tat-PPE NPs (10 mgmL@1) for 6 h.
Scale bars: 5 mm. f) Representative Raman spectra at two locations in
living cell as indicated in the Raman image of Figure 4d.
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is conjugated into the middle of two aromatic rings, which can
effectively enhance the Raman intensity of alkyne vibrations;
2) alkyne-containing backbone of conjugated polymer exhib-
its substantial p-conjugation, which is advantageous to
enhance Raman scattering signal; 3) it shows a strong signal
in Raman-silent region of cells, obviously enhancing the
contrast of Raman imaging. PPE-based nanoparticles were
also prepared with excellent biocompatibility and function-
alization, which is advantageous as Raman-responsive nano-
materials for distinct imaging application. This work exhibits
the good potential of conjugated polymer materials for
enhanced Raman activity, and also expands the use of
conjugated polymers in biological imaging.
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