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Fluorescence switch plays a vital role in bioelectronics and bioimaging. Herein, we presented a new kind
of facile electrostatic complex nanoparticles (ECNs) for fluorescence switching in cells and marking of
individual cell. The ECNs were prepared by mixing positively charged poly(6-(2-(thiophen-3-yl)ethoxy)
hexyl trimethylammonium bromide) (PT) and negatively charged diarylethene sodium salt (DAE-
COONa). DAE-COONa is a photoswitchable molecule which can be transformed between the ring-closed
form and ring-open form under the irradiation of UV or visible light. The closed-form of DAE-COONa can
efficiently quench the fluorescence of PT through intermolecular energy transfer, while the open form of
DAE-COONa does not influence the emission of PT. Thus, the fluorescence of ECNs can be modulated by
light irradiation, and the ECNs with good fluorescence switching performance have been employed for
fluorescence imaging and individual cell lighting up process successfully. We demonstrate that the
electrostatic complex strategy provides a facile method to construct fluorescence switch for selective cell
marking and imaging applications.
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Fluorescence imaging is an important technique for studying cell
structures and biological events, such as cell-matrix adhesion
structure [1], membrane dynamics [2], drug delivery process [3],
antibody-biological structure interactions [4] and cell morphological
changes [5]. Since light controlled fluorescence switching process
contains fluorescence “on” and “off” state, the real signal of
biosamples can be distinguished from background signal and
autofluorescence, which greatly improves signal-to-noise ratio for
higher imaging resolution [6]. Furthermore, fluorescence switching
process can also be applied in selectively lighting up specific region,
which is useful in super resolution fluorescence microscopy to
overcome diffraction limit [7,8]. Thus, constructing light controlled
fluorescence switching systemis of greatimportance due to its broad
applicability. Photochromic molecules are necessary components for
a fluorescence switching system. They can transform between two
states by irradiation with light of different wavelengths. The most
widely used photochromic molecules in fluorescence switch are
azobenzene [9,10], spiropyran [11-13], diarylethene [14-16] and
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Sternhouse adduct [17]. The closed states of azobenzenes, spiropyr-
ans and Sternhouse adducts after irradiation are not thermally stable
[17,18], which will spontaneously recover to their original states
without light irradiation. On the contrary, both ring-open and ring-
closed forms of diarylethenes are relatively thermostable, hence,
diarylethenes are considered as a better choice for a reliable
fluorescence switch. To acquire a good performance of fluorescence
switching system, bright and stable fluorophores are also in great
demand. Recently, plenty of fluorophores were developed on
fluorescence switch, including fluorescent proteins [19,20], small
organic dyes [21-24], QDs [25-28] and conjugated polymers [29-
31]. Among them, conjugated polymers (CPs) attract much more
attention due to their photostability and bright fluorescence, good
biocompatibility [32], which makes CPs as preferable choice for
constructing fluorescence switching systems.

Construction methods of fluorescence switching system mainly
fall into two classifications, the covalent binding and noncovalent
mixing. Covalent binding method eliminates undesired leakage,
but complicated synthetic modifications are needed [29]. In non-
covalent mixing method, normal strategy is nanoprecipitation
[31,33], in which hydrophobic fluorophores and hydrophobic
photochromic molecules are encapsulated together by an
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Scheme 1. (a) The synthetic route of DAE-COONa. (b) The positively charged PT
interacts with negatively charged DAE-COONa to form PT-DAE ECN. (c) The
fluorescence switching process of PT-DAE ECN and the photoswitching process of
DAE-COONa, where OF means open-form and CF means closed-form. (d) The
fluorescence switching process of ECN on cells and lighting up process on selected
cell.

amphiphilic polymers, such as poly(styrene-g-ethylene oxide) or
poly(styrene-co-maleic anhydride) [34]. Better switch efficiency is
realized due to the easily adjustable ratio of photochromic
molecules in this method rather than covalent binding method.
However, this method still involves multiple components leading
to complicated preparation process towards making nanoparticles.
Electrostatic complex nanoparticles (ECNs) prepared through
simply mixing two oppositely charged components have been
used successfully in tumor imaging [35], anti-cancer [36] and anti-
bacteria applications [37]. As a simple method of noncovalent
mixing, electrostatic complex may provide an easy approach to
construct fluorescence switches.

Herein, an easily accessible ECN was fabricated through simply
mixing two oppositely charged components together, which were
negatively charged diarylethene sodium salt (DAE-COONa, struc-
ture shown in Scheme 1a) and positively charged poly(6-(2-
(thiophen-3-yl)ethoxy)hexyl trimethylammonium bromide) (PT,
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Fig.1. The emission spectrum of PT and the absorbance of DAE-COONa (open-form,
OF) or DAE-COONa (colesed-form, CF).

Table 1
DLS size and zeta potential (¢) of PT and DAE-COONa, and the absolute fluorescence
quantum yield of PT-DAE ECs.

Sample  PT-DAE-1 PT-DAE-2 PT-DAE-3 PT-DAE-4 PT  DAE-COONa
Size (nm) 1102.1 10482 2856 850.1 72 64
Z(mv) 226 ~251 ~310 ~345 173 —404

OF (%) 3.13 2.59 2.34 2.70 / |

CF (%) 0.39 0.69 0.99 0.61 / /

structure shown in Scheme 1b). As demonstrated in Scheme 1c, the
ECNs present bright fluorescence due to the strong emission of PT,
after 30 s UV irradiation, DAE-COONa transforms to the closed
form, which efficiently quench the fluorescence of PT. This process
can be reversed by visible light irradiation for several minutes to
turn the closed form of DAE-COONa into its open form again
realizing fluorescence switching. This nanoparticle exhibits
improved fluorescence switching ability and distinct selective cell
lighting up ability as shown in Scheme 1d.

Fig. 1 describes that the fluorescence spectrum of PT (emission
range 500-750 nm) overlaps well with the absorbance spectrum of
closed form of DAE-COONa, so an efficient fluorescence quenching
of PT is expected due to the well-overlapped spectrum. In addition,
the absorbance spectrum of open-form of DAE-COONa has no
overlap with the fluorescence spectrum of PT, thus no fluorescence
quenching is expected. As shown in Scheme 1¢, the closed and
open-form of DAE-COONa can be controlled by UV and visible light
irradiation [14], which means the fluorescence of PT-DAE pair can
be modulated through light irradiation. Moreover, the energy
transfer process becomes easier when donor and acceptor get
closer [36], so the compact electrostatic complex nanoparticles,
which were formed by positively-charged PT and the negatively-
charged DAE-COONa, can efficiently enhance the energy transfer
process from PT to DAECOONa.

To optimize the ratio of PT and DAE-COONa for fluorescence
switching, four batches of electrostatic complex nanoparticles of
PT and DAE-COONa (PT-DAE-1, PT-DAE-2, PT-DAE-3 and PT-DAE-4)
were prepared. In these four batches of electrostatic complexes
(ECs), the concentration of PT was kept as 32 wmol/L, while the
concentrations of DAE-COONa were 64 pmol/L, 128 pmol/L,
256 pmol/L, 512 wmol/L for PT-DAE-1, PT-DAE-2, PT-DAE-3 and
PT-DAE-4, respectively. The hydrodynamic diameters of PT-DAE-1,
PT-DAE-2 and PT-DAE-4 in DLS measurements were given in Fig. S1
(Supporting information), and summarized in Table 1. The
hydrodynamic diameters of PT-DAE-3 was around 300 nm, which
was smaller than other three electrostatic complexes. As shown in
Fig. 2, TEM images showed uniform particle sizes of PT-DAEs and
collaborate with the diameter obtained in DLS measurements.
Fig. 2e and f showing little aggregation of pure DAE-COONa and PT
proved that aggregation did not occur before PT was mixed with
DAE-COONa. From TEM it was clear that the diameter of PT-DAE-3

Fig. 2. The TEM images of PT-DAE-1, 2, 3, 4 (a-d), DAE-COONa (e) and PT (f).
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Fig. 3. Fluorescence switching cycles of four electrostatic complexes (PT-DAE ECs): PT-DAE-1 (a), PT-DAE-2 (b), PT-DAE-3 (c) and PT-DAE-4 (d). ‘rx’(x = 1-5) means cycle
number is X, ‘313’ means the exact wavelength used for irradiation, ‘470’ means the irradiation wavelength is longer than 470 nm. Excitation wavelength is 420 nm.
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Fig. 4. Fluorescence switching cycles at the maximum fluorescence peak at 562 nm for PT-DAE-1 (a), PT-DAE-2 (b), PT-DAE-3 (c) and PT-DAE-4 (d), respectively.
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Fig. 5. Fluorescence switching experiments on (a) whole MCF-7 cells. Cells were incubated with PT (control group) or PT-DAE-3 for 4 h, respectively. UV light and 559/633 nm
laser were given by CLSM. (b) Selective cell fluorescence lighting up process on MCF-7 cells. Cells were irradiated by small region 559/633 nm laser of CLSM one by one (from i
to viii). PT-DAE-3 was prepared by mixing PT (32 wmol/L) and DAE (256 pmol/L) to form electrostatic complex nanoparticles.

was less than other ECs, which was in accordance with the DLS
results. The size of PT-DAE-3 was less than 100 nm, but PT-DAE-1,
PT-DAE-2 and PT-DAE-4 were mostly larger than 300 nm as
observed from TEM images. In the case of PT-DAE-1 and PT-DAE-2,
PT concentration was relative high and DAE-COONa concentration
was low, which lead to form a relatively loose aggregate. Similarly,
the concentration of DAE-COONa was high in PT-DAE-4, which also
influence the formation of the compact PT/DAE aggregation. PT-
DAE-3 had a balanced concentration of PT and DAE-COONa,
therefore, it presented a smaller size due to the formation of the
compact nanoparticles.

The zeta potential of PT-DAEs, PT and DAE-COONa were shown in
Table 1 to further demonstrate the electrostatic complex formed
between PT and DAE-COONa. Zeta potential of PT was positively
charged surface with zeta potential of 17.3 mV and DAE-COONa was
negatively charged with zeta potential of —40.4 mV. PT-DAE-1, PT-
DAE-2, PT-DAE-3 and PT-DAE-4 were found to have gradually
decreased negative zeta potential but not exceeded —40.4 mV, which
further proved the formation of PT-DAE electrostatic complex.

The absolute quantum yields of PT-DAE-1, PT-DAE-2, PT-DAE-3
and PT-DAE-4 were tested before and after UV irradiation to

confirm energy transfer process. As Table 1 tells, the closed form of
PT-DAE display much lower fluorescence quantum yield than their
open form electrostatic complexes. The absolute quantum yield
measurements proved that energy could only be transferred from
PT to closed form of DAE-COONa rather than open-form of DAE-
COONa. As expected, the emission of PT can only be quenched by
closed-form of DAE-COONa rather than the open-form one.

The fluorescence switch performance of all these electrostatic
complexes were tested separately. As shown in Fig. 3, they all
showed good fluorescence switching behavior in 5 cycles. The
reduction of switch performance for these electrostatic complexes
was attributed to the photobleaching of PT. The fluorescence
switching cycle curves were plotted with the maximum fluores-
cence emission peak at 562 nm, and shown in Fig. 4. Although the
existence of fluorescence bleaching, the fluorescence change after
5 cycles switch was still good, and it was noted that PT-DAE-3
presented the lowest bleach ratio with better photostability than
the other electrostatic complexes, which made PT-DAE-3 prefera-
ble for cell imaging.

By virtue of its good fluorescence switching performance in
aqueous solution, PT-DAE-3 was applied for cell imaging
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experiments. PT-DAE-3 had a smaller size and better photo-
stability, and could enter into the whole cell after incubation with
MCEF-7 cells for 4 h. The fluorescence switching test was performed
on whole culture cells. Fig. 5a shows the good switching
phenomenon in MCF-7 cells. After irradiation with UV lamp for
5's, MCF-7 cells changed from bright to dark, and irradiation with
559 nm and 633 nm mixed laser (559/633 nm laser, mixed laser
was used for the better DAE ring-open ability than single 559 nm or
633 nm laser) for 15 s, MCF-7 cells turned bright again. While there
was no fluorescence switching effect observed in control group,
which was treated with PT itself. After proving the fluorescence
switching ability in whole cells, further the fluorescence lighting
up ability of PT-DAE-3 for specific labeling of selected cells was
demonstrated. Fig. 5b shows the lighting up process of selected cell
among a herd of MCF-7 cells. Fig. 5b(i) depicts the quenched
original fluorescence of PT-DAE-3 in the MCF-7 cells, and selected
cell was irradiated with 559/633 nm laser to light up them one by
one from (ii) to (viii). These results clearly show that PT-DAE-3
served as a great toggle switch for their promising potential
biological imaging applications.

In summary, a facile electrostatic complex nanoparticle has
been designed and prepared through mixing positively charged PT
and negatively charged DAE-COONa. The average particle size of
PT-DAE-3 ECNs is around 300 nm, conferring it diffusing ability
toward cells and tissues. The fluorescence switching effect of this
nanoparticle is excellent and it can be used in fixed cells and
tissues. This electrostatic complex strategy also provides a
universal method for constructing fluorescence switching system,
which is an easier approach than covalent binding or reprecipi-
tation nanoparticle method. Furthermore, the individual cell
lighting up ability provides this particle with chances to be a
fluorescence pen to mark cells of interest. Further, we can use some
detection and separation strategy, such as flow cytometry, to
collect the marked cells. We believe this electrostatic complex
fluorescence switching nanoparticle will bring preparation conve-
nience and individual cell marking ability for cell imaging.
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