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and imaging of organelles in living cells. The carboxyl group-modified polythiophene derivative (PT) forms a
complex with six histidine equipped Tat peptide via Ni** ion chelation, hydrogen bonds and electrostatic

interactions (PT/Ni?*/Tat-Hise). The complex can reassemble with RFP-His,q due to the relatively high affinity
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The living eukaryotic cells are comprised of different organelles
with specialized functions. These organelles are suspended in
the cytoplasm and generate a specific micro-environment, in
which are found various chemicals and chemical reactions
fundamental to their functions."” Thus specific labelling and
imaging of organelles in living cells is of great significance for
tracing their biological process and regulating their function.
Small-molecule organic dyes and quantum dots (QDs) are the
most widely used fluorescent probes, and multifarious com-
mercial organelle stains have been developed to help identify
the location and function of proteins and targets inside cells.*™®
However, the photobleaching of small-molecule organic dyes
and cytotoxicity of QDs from heavy metal leaching cannot be
neglected. Fluorescent proteins, possessing high brightness and
specificity, are another kind of reporters, where complicated
gene encoding and sequencing are needed.””®

Conjugated polymers (CPs) are a kind of macromolecules
with an extended conjugated system and exhibit outstanding
optical properties.”*> They are preferred over small-molecule
organic dyes and QDs for in vitro and in vivo bioimaging
applications due to their high fluorescent brightness, outstanding
light harvesting ability, low cytotoxicity, good photostability, and
diverse modification of side chains.’®"” CP-based non-specific cell
imaging was firstly studied with no specific targeting elements
linked to CPs but with CPs directly used for imaging through
nonselective cellular uptake.'®° Recently, CP-based targeted cell
imaging was developed by modifying CPs with specific recogni-
tion groups (such as antibody, drugs, sugar and peptide) to realize
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of Ni%* towards His;o-tag compared to Hisg-tag. Thus, the PT/Ni?*/Tat-Hiss complex could selectively
label and image organelles expressing His;o-tag in living cells with high stability.

selective binding and imaging.>~*® To the best of our knowledge,

although CPs have been extensively used for cell imaging, specific
cellular organelle imaging using the molecular design strategy
is seldom reported. To address this challenge, here we have
developed a novel supramolecular strategy to realize specific
organelle imaging of living cells using a polythiophene (PT)
derivative through specific targeting of intracellular histidine
(His)-tagged proteins with controlled expression in organelles.

Carboxyl groups, especially N-nitrilotriacetic acid (NTA)
derivatives, possess excellent affinity towards histidine (His)-
tagged proteins through coordination with nickel ions (Ni**). As
a result, NTA/His-tag pairs have been widely used in biology
and biotechnology for protein purification and intracellular
protein labeling in living cells.>*** As shown in Scheme 1a,
in this work, a supramolecular complex (PT/Ni**/Tat-Hise) was
prepared by the assembly of a carboxyl group modified poly-
thiophene derivative'” with six histidine equipped transactivator
of transcription (Tat) of HIV-1 (Tat-Hiss) via chelation with Ni**
ions, hydrogen bonds and electrostatic interactions. The Tat
unit as cell-penetrating peptide is responsible for cellular
uptake with high efficiency and minimal cytotoxicity.*>” Since
the affinity of Ni** towards Hiso-tag is much higher (10-fold)
than that towards Hise-tag,>*® the His;o-tagged protein can
reassemble with PT/Ni*'/Tat-Hiss to form the PT/Ni**/Protein-
His,¢/Tat-Hiss complex via chelation with Ni*" ions. As shown
in Scheme 1b, when the well designed plasmid including an
organelle-specific gene is transfected into cells, the protein with
His;o-tag is expressed in the specific organelle. Upon uptake of
the PT/Ni**/Tat-Hiss complex into cells, the PT/Ni**/Protein-
His,,/Tat-His, complex forms by a reassembly process, as a
result of which targeted labelling and imaging of organelles
with high specificity is realized.

We first studied the mechanism of interactions among
different components within the complex. Isothermal titration

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Scheme 1 (a) Preparation of the PT/Ni?*/Tat-Hiss complex by the assembly
of PT with Tat-Hise via chelation with Ni**, hydrogen bonds and electrostatic
interactions, and the assembly of PT/Ni>*/Protein-His;o/Tat-Hisg based on
the relatively high affinity of Ni?* towards Hisyo-tag. (b) Specific targeting of
intracellular His;o-tagged protein by the PT/Ni®*/Tat-Hisg complex.

microcalorimetry (ITC) was employed to understand the thermo-
dynamics of the supramolecular complex, and the measurements
were operated in PBS buffer. Fig. 1a reveals that PT can chelate
with Ni** (K;, = 7.65 x 10* M™"). While the observed enthalpy of
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Fig. 1 The study of the mechanism of the interactions within the complex. The
observed enthalpy changes (AHqps) against the molar ratio of Ni2*/component
(Rny) for titrating Ni2* into PT (a), Tat-Hisg (b), RFP-Hisyg (c) and PT + Tat-Hisg
(d) PBS solutions. (e) The observed enthalpy changes (AHos) against the molar
ratio of PT-Ni?*/component (Ry) for titrating PT-Ni?* into RFP-His; or Tat-
Hisg PBS solutions. AHqps Values are expressed in kJ mol™. (f) Thermodynamic
parameters calculated from ITC results, *calculated from AG = AH — TAS.
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Ni*" with Tat-Hiss shows no obvious change in the process
under low concentration (Fig. 1b), a distinct enthalpy change
can be observed with increasing concentration (Fig. S1, ESIf).
The reason may be that Tat-Hisg is not able to interact with Ni**
via chelation due to its high density of positive charge. As both
Tat-Hisg and Ni** are positively charged, they cannot coordinate
successfully owing to electrostatic repulsion, even though Hise-
tag possesses high affinity to Ni**. However, by titrating Ni**
into PT/Tat-Hise solution, as shown in Fig. 1c, an intense
binding affinity (K, = 2.86 x 10° M™') is obtained and is
stronger than that of Ni** with PT, which proves the assistance
of PT in the coordination process of Tat-Hiss with Ni*". Our
assumption is that the binding of PT with Tat-Hise neutralized
the positive charge on TAT-Hiss and reduced the electrostatic
repulsion between Ni** and Tat-Hise, making the coordination
possible. We also evaluated the binding ability of Ni>* with RFP-
His,, (Fig. 1d); the enthalpy of this system changes apparently,
indicating that RFP-His,, can coordinate with Ni** effectively
(Kp =3.21 x 10° M "). We further studied the binding affinity of
RFP-His,, and Tat-His, with the complex formed by PT and Ni**
(PT-Ni*"), as shown in Fig. 1e. The fitting results reveal that
RFP-His;, possesses a relatively high affinity towards PT-Ni**
(Kp = 5.06 x 10° M~ ") compared to Tat-Hisg (K, = 5.24 x 10° M),
Besides, the AH,,s values of these two systems are negative,
demonstrating that the interaction of PT-Ni** with RFP-His;, or
Tat-Hise is an exothermic process, which means coordination,
hydrogen bonds and electrostatic interactions are the dominant
force for the coordination process of Tat-Hisg with Ni** and that of
RFP-His,, with Ni*'. The calculated ITC results are shown in
Fig. 1f, and the thermodynamic parameters also show that the
coordination of Ni** with PT has no obvious influence on the
chelation of Ni*" with RFP-His,,. These results reveal that with
the help of PT, Tat-Hise can coordinate with Ni**, and the affinity
of RFP-His,, towards PT-Ni*' is much higher than that of
Tat-Hiss, making it feasible that the chelation of Tat-Hise with
Ni** can be replaced by RFP-His;, to form a reassembly complex.

X-ray photoelectron spectroscopy (XPS) was employed to char-
acterize the interactions in PT/Ni**/Tat-Hiss. As shown in Fig. 2a
and b, after the formation of the PT/Ni**/Tat-His, complex, the
nitrogen binding energy peak of Tat-Hise (400.27 eV) shifts to a
lower binding energy state (399.82 eV), as the content of the amine
(-NH-) decreases and that of the imine (-N—=) increases. It was
reported that the amine can convert to imine based on coordina-
tion, and the binding energy of amine nitrogen is higher than that
of imine nitrogen.*>"° At the same time, the nitrogen binding
energy of PT (399.77 eV) shifts to a higher state (401.67 eV) on
account of the coordination with Ni**. Combined with ITC results,
we can figure out that Ni*" can effectively chelate with Hisstag
and PT in the PT/Ni**/Tat-Hiss complex. It is well established
that Ni** exhibits a much higher affinity towards His,o-tag than
towards Hise-tag, and we further evaluated the binding ability
of RFP-His,, to the PT/Ni*/Tat-His, complex by using dynamic
light scattering (DLS).

We measured the size and zeta potential of PT before and
after the formation of the complex. As shown in Fig. 2c, the zeta
potential of PT shifts from —34 mV to 30 mV, and the size
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Fig. 2 XPS spectra of N 1s of PT and Tat-Hisg (a), and the PT/Ni2*/Tat-Hisg
complex (b). (c) Size and zeta potential distribution of the PT/Ni?*/Tat-Hisg
complex before and after treatment with RFP-Hisyg.

increases obviously from 7 nm to 138 nm after the formation of
the PT/Ni**/Tat-Hiss complex. We also studied the size and zeta
potential of the PT/Ni**/Tat-His, complex in the absence and
presence of RFP-His;o. The size of the complex increases con-
spicuously with the diameter changing from 138 nm to 1234 nm
after the addition of RFP-His,, while the size of RFP-His,, alone
is only 26 nm in water. The size of PT/Ni**/RFP-His,, is only
285 nm, which demonstrates that a new complex different from
PT/Ni**/RFP-His;, has been formed. In addition, the zeta potential
of the new complex shifts from 33 mV to 13 mV because RFP
(pI value: 5.1) possesses a net negative charge in neutral
medium. Table S1 (ESIt) shows the size and zeta potential of
PT/Ni*" and PT/Tat-Hise. Based on these results, we can prove
that the PT/Ni*'/Tat-His, complex is assembled based on
chelation, hydrogen bonds and electrostatic interactions, and
protein-His;, can bind with the PT/Ni*/Tat-Hiss complex to
form a new complex, PT/Ni**/Protein-His, o/Tat-Hiss.

The aqueous solution of PT exhibits an absorption
maximum at 410 nm with an extinction coefficient of 6.7 X
10° M ' em?, and the emission maximum peak is 561 nm with
a fluorescence quantum efficiency (QE) of 4.8%."7 As shown
in Fig. 3, the fluorescence spectrum of the PT/Ni**/Tat-His
complex is quite similar to that of PT with a QE of 3%. After
verifying the interactions within the complex, the penetration
ability of the complex into HeLa cells was explored. Note
that the Tat sequence is responsible for fast and efficient
internalization. At the beginning of the imaging experiment,
the cytotoxicity of the PT/Ni**/Tat-Hiss complex was evaluated
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Fig. 3 Fluorescence spectra of PT and the PT/Ni2*/Tat-Hisg complex in
aqueous solution. The excitation wavelength is 450 nm.
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against HeLa cells by using MTT cell-survival assay. Fig. S2
(EST+) shows that the PT/Ni**/Tat-Hiss complex possesses high
biocompatibility in the range of 0-50 pM in RUs. Before
incubation with the complexes, HeLa cells were pretreated with
chloroquine to effectively inhibit endosomal sequestration and
enhance transduction. As shown in Fig. S3 (ESIf), the PT/Ni**/
Tat-Hise complex is taken up by HeLa cells efficiently. Control
experiments show that PT alone, PT/Ni** or PT/Tat-Hiss without
loading with Ni*" fails to cross the cell membrane, which
demonstrates that Tat peptide and Ni** chelation play vital
roles in cell penetration for the PT/Ni**/Tat-Hiss complex.

To examine the internalization speed of the PT/Ni**/Tat-Hisg
complex, HeLa cells were incubated with the complex for 1, 2
and 4 h, and then the PT was colocalized with DiD (cell membrane
dye) and Hoechst 33342 (nuclear dye). Confocal laser scanning
microscope (CLSM) images show that the PT/Ni**/Tat-Hise
complex interacts with the cell membrane after incubation
for one hour followed by internalization by cells within another
one hour and finally localizes in the cytoplasm (Fig. 4a).
We further investigated the potential of the PT/Ni**/Tat-His,
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Fig. 4 (a) CLSM images of Hela cells treated with the PT/Ni®*/Tat-Hise
complex for 1 h, 2 h and 4 h followed by colocalization with DiD and
Hoechst 33342. (b) CLSM images of Hela cells transfected with the
pCDNA3.1-moRED-GolgiH10 plasmid (expression of Golgi-RFP-His;o)
followed by PT/Ni2*/Tat-Hisg complex treatment. Hela cells with the
incubation of organelle dye after treatment with the PT/Ni%*/Tat-Hisg
complex as control. [PT/Ni?*/Tat-Hisg] = 10 uM in RUs (the concentration
of the complex is quantified as that of PT), [DiD] = 2 uM, [Hoechst 33342] =
1 uM and [LysoTracker] = [GolgiTracker] = 1 uM. Line series analysis was
conducted on Olympus Fluoview.
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complex for specific targeting and imaging of organelles in
living cells. For this experiment, we selected a signal peptide that
localizes at the Golgi apparatus and fused it with a fluorescent
protein (RFP) that possessed a recombinant C-terminal His; ,-tag
(Golgi-RFP-His;,). HeLa cells without His;o-tagged protein
expression were incubated with the PT/Ni**/Tat-Hiss complex
followed by further colocalization and line series analysis with
LysoTracker under CLSM. As shown in Fig. 4b, perfect colocali-
zation is detected between PT and LysoTracker. On the other
hand, in the case of transfected HeLa cells expressing the RFP-
His,, residue in the Golgi apparatus, the fluorescence of PT and
Golgi-RFP-His,, accurately overlaps, and relatively few changes
of emission intensity are observed. As a control, HeLa cells
without the expression of His;y-tagged protein were treated with
the PT/Ni**/Tat-His, complex under the same condition. We
found that PT exhibited poor colocalization with GolgiTracker,
indicating that PT was not able to localize to the Golgi apparatus
in cells without His,-tag upon uptake into cells. We studied the
co-localization between LysoTracker and PT/Ni**/Tat-Hisg
complex in HeLa cells expressing RFP-His,,-tag in Golgi. As
shown in Fig. S4 (ESIt), poor colocalization was obtained, which
revealed that the complex could realize endosomal escape.

Organelle-Tracker
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ERTracker
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Fig.5 (a) CLSM images of Hela cells treated with MitoTracker or
ERTracker for 30 min after incubation with the PT/Ni2*/Tat-Hisg complex
for 4 h. (b) CLSM images of HelLa cells incubated with the PT/Ni?*/Tat-Hisg
complex for 4 h after transfection with the pCDNA3.1-moRED-MitoH10
plasmid (expression of Mito-RFP-His;g) or pCDNA3.1-moRED-ERH10
plasmid (expression of Golgi-ER-Hisjo) for 72 h. [PT/Ni?*/Tat-Hisg] =
10 uM in RUs (the concentration of the complex is quantified as that of PT),
[ERTracker] = [MitoTracker] = 1 uM. PT is highlighted in green, and RFP,
ERTracker and MitoTracker are highlighted in red.
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Furthermore, HeLa cells were treated with chloroquine which
can support endosomal escape effectively. TAT peptide posses-
sing positive charge also enables endosomal escape through the
“proton-sponge effect”. As a result, even though the PT/Ni*"/Tat-
Hiss complex was delivered into cells via an endocytosis process,
intracellular escape would occur efficiently. Based on these
observations, specific targeting and imaging of the Golgi appa-
ratus was realized using the assembly-reassembly strategy.

To evaluate the stability of the PT/Ni**/Golgi-RFP-His;,/
Tat-Hiss complex inside cells, cells were incubated for 24 hours
and colocalization studies were performed as well. As shown in
Fig. S5 (ESIT), compared to 4 hours incubation with the PT/Ni**/
Tat-Hise complex, the same high degree of colocalization of PT
with Golgi-RFP-His,, is detected. In addition, similar bright-
ness is also observed, which demonstrates that the PT/Ni*"/
Golgi-RFP-His, o/Tat-Hiss assembly possesses excellent stabilization
inside cells. After confirming the specific target of RFP-His,, fused
in the Golgi apparatus, we also evaluated the specific binding
ability towards RFP-His,, fused in other organelles. As shown in
Fig. 5a, no colocalization of the PT with ERTracker or MitoTracker
is detected in HeLa cells without the expression of His10-tagged
protein. We genetically fused His,;o-tag to RFP and transiently
expressed it in the endoplasmic reticulum (ER-RFP-His;,) and
mitochondria (Mito-RFP-His,,). As shown in Fig. 5b, red fluores-
cence from RFP and green fluorescence from PT are observed
with perfect colocalization in cells. Similar results are obtained
in mitochondria expressing RFP-His;,. These observations
clearly demonstrate that the PT/Ni**/Tat-His, complex can label
intracellular His,-tagged protein in various organelles with high
specificity. Thus, targeted labelling and imaging of organelles with
high specificity is realized using a supramolecular reassembly
technique.

Conclusions

In summary, we have developed a supramolecular assembly based
on conjugated polymers to realize specific organelle imaging.
A complex (PT/Ni**/Tat-His,) was prepared by the assembly of
a carboxyl group modified polythiophene derivative with six
histidine equipped Tat peptide via chelation with Ni** ions,
hydrogen bonds and electrostatic interactions. The complex
can form reassembly with RFP-His;, due to the relatively high
affinity of Ni** towards His;stag compared to Hisg-tag. Thus,
the PT/Ni**/Tat-Hiss complex can selectively label and image
organelles expressing His;o-tag in living cells with high stability.
This assembly-reassembly process holds a good ability for tracing
protein traffic, regulating intracellular signal pathways and
monitoring protein dynamics.

The authors are grateful to the National Natural Science
Foundation of China (No. 21373243, 21473220).
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