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Abstract

Emulsion polymerization yields 40—-400 nm diameter polymer nanoparticles with spiropyran-
merocyanine dyes incorporated into their hydrophobic cavities; in contrast to their virtually
nonfluorescent character in most environments, the merocyanine forms of the encapsulated dyes are
highly fluorescent. Spiro-mero photoisomerization is reversible, allowing the fluorescence to be
switched “on” and “off” by alternating UV and visible light. Immobilizing the dye inside hydrophobic
pockets of nanoparticles also improves its photostability, rendering it more resistant than the same
dyes in solution to fatigue effects arising from photochemical switching. The photophysical
characteristics of the encapsulated fluorophores differ dramatically from those of the same species
in solution, making nanoparticle-protected hydrophobic fluorophores attractive materials for
potential applications such as optical data storage and switching and biological fluorescent labeling.
To evaluate the potential for biological tagging, these optically addressable nanoparticles have been
delivered into living cells and imaged with a liquid nitrogen cooled CCD.

Introduction

Photochromlc materials have been the focus of intensive investigations for several decades!—

3 because th?/ have high potential for applications to optically rewritable data storage, 4 optical
sw1tch1ng, and chemical sensing. 7 Like other stimuli- -responsive materials such as heat and
pH-sensitive matemals,&9 photochromic devices require that either the nanostructure or the
molecular structure be responsive to an external stimulus —in this case, light. Consequently,
organic functional groups with stimuli-responsive photochromic units have been widely
applied to the construction of {)hotoswitchable materials such as polymer thin films and
organic-inorganic hybr1ds Herein, we report that polymer nanoparticles formed by
emulsion polymerization have photochromic effects; in particular, the fluorescence of these
photochromic nanoparticles can be optically switched “on” and “off”” with specific wavelengths
of light.

Optical switching of nanoparticle photoluminescence is important because it opens new
possibilities for developing individually addressable nanoscale devices with light. For
biological applications, fluorescence switching should be reversible and high contrast so that
it can be used to selectively highlight cells, organelles, or proteins. In this context, dual color
fluorescent marker proteins such as cyan fluorescent protein (PS-CFP) and EosPF have recently
attracted attention as biochemical markers. These protelns can be photoconverted from cyan
to green (PS- CFP)12 or from 516 nm to 581 nm (EOSPF) after exposure to near-UV
irradiation at 405 or 390 nm, respectively, confirming their presence at labeled sites. These
processes are not reversible, however, which limits their apphcablhty, 2,13 i fact, only
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several examgles of nanoparticles that undergo reversible fluorescence switching have been
1rep01rted,14’1 and rarely photoswitches fluoresce by itself.

Many photoresponsive solid films have been developed; for example, surfactants containing
acetylene moieties that are polymerized into thin films simultaneously acquire irreversible
photoluminescence.1 However, these films usually lack reversibility, as well as fast response,
upon application of pulses of external stimuli. 17 Consequently, to date, there have been few
studies on practical applications of nanoparticles capable of luminescence switching. Ideally,
it would also seem greferable to develop devices that could function in environmentally benign
aqueous systems.1 19

Experimental Section

Sample preparation

Reagents—All reagents and solvents were purchased from Aldrich Chemical Co. and used
as received except as stated otherwise. 2,2'-N-isopropylacrylamide (NIPAM) and 4,4"-azobis
(4-cyano-valeric acid) (ABV A) were recrystallized from n-hexane and methanol, respectively.
Styrene (St, 99%), butyl acrylate and methylmethacrylate (MMA) were distilled from CaH,
under reduced pressure.

Characterization—!H NMR spectra were recorded in CDCl3 using a JEOL JNM-AL300
instrument. Dynamic light scattering (DLS) measurements were carried out on a Beckman-
Coulter N4 instrument at fixed scattering angles of 62.6 and 90° with the 632.8 line of a He-
Ne laser as excitation source; standard polystyrene microspheres were used for instrument
calibration. The average particle sizes and size distributions were obtained from the
autocorrelation decay functions by CONTIN analysis using standard software package
supplied by Beckman-Coulter. A JEOL 1010 transmission electron microscope (TEM)
operated at 100 kV was employed to obtain TEM images. The microscope sample was prepared
by placing a drop of the polymer dispersion on a carbon-coated Cu grid, followed by solvent
evaporation at room temperature.

Synthesis of 5-(1,3-dihydro-3,3-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2'-
(2H)-indole])ethyl acrylate (SP)—5-(1,3-dihydro-3,3-dimethyl-6-nitrospiro[2H-1-
benzopyran-2,2’-(2H)-indole]) ethanol (SP-ethanol) was synthesized according to procedures
described in the literature.20 Yield: 31%. 'H NMR (300 MHz, CDCl3) & 1.14 and 1.35 (3H
each, s, C(CH3),), 3.53 (2H, m, COOCH),), 4.36(2H, m, NCH,), 5.87 and 6.14 (2H and 1H,
m, CH,=CH), 6.36 (1H, d, CCH=CHPh), 6.78 (1H, d, 7'-H of indoline), 6.87 (1H, d,
CCH=CHPh), 6.95 (2H, m,, 4" and 5'-H of indoline), 7.17 (1H, d, 6’-H of indoline), 7.20 (1H,
m, 4-H of benzopyran), 8.0 (2H, m, 5 and 7-H of benzopyran).

Emulsion polymerization—Emulsion polymerization was carried out according to the
literature procedure with minor modifications as reported elsewhere.2! The percentage of
spiropyran comonomer incorporated into the nanoparticles is > 96% based on UV-analysis of
the organic phase (CHCl3) extracted from the emulsion mixture. The TEM characterization
and dynamic light scattering of the as-prepared polymer nanoparticles are presented in the
results and discussion section.

Cell growth and nanoparticle surface modification—Transformed human embryonic
kidney (HEK 293) cells were grown in 24-well culture plates until cell populations reached
~107 cells per well. A 1 pmol nanoparticle suspension was prepared in 50 uLL DMEM
(Dulbecco’s Modified Eagle Medium). In a separate vial, 0.5 pL Lipofectamine"™ 2000 reagent
was mixed with 50 pL DMEM and incubated for 5 minutes at RT, after which the dilute
nanoparticle suspension was added followed by an additional 20 minutes incubation at RT.
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Delivery of nanoparticles into living cells—Nanoparticles were delivered into cells by
adding 100 pL of the nanoparticle-Lipofectamine™™ 2000 suspension to each cell-containing
well in the culture plate. After incubating for 5 hours at 37°C in a CO; incubator, the cells were
washed with 500 pLL DMEM and resuspended in 500 pL. DMEM containing 10% FBS (Fetal
Bovine Serum).

Sample preparation for microscopy and spectroscopy—Cover glasses (Gold Seal
No. 1, Fisher) were cleaned by a protocol comprising sonication in 2% Micro 90™ for 30
minutes, rinsing thoroughly with 18 MQ water, drying in an oven, soaking in Chromerge"" for
one hour, rinsing thoroughly with 18 MQ water, and finally heating gently in a methane flame
to dryness. After cooling slowly, the cover glasses were stored in a dust-free container.
Nanoparticle samples were prepared by spin-coating (4000 rpm) ~30 pL of a dilute suspension
of nanoparticles in spectroscopic grade ethanol onto a cover glass. Samples were diluted
sequentially until the density of nanoparticles on the cover glass was suitable for single particle
measurements. For cell samples, cover glasses were modified by gluing o-rings onto one side
and filling the resulting wells with a DMEM solution. Washed cells were transferred into the
well and allowed to settle before inspection.

Microscopy and spectroscopy

Microscope design—Samples were placed on a custom-built stage of an inverted
microscope (Zeiss Axiovert 200) equipped with a high numerical aperture oil immersion
objective (Zeiss, 100X, 1.3 NA) and an X-Y nanopositioner stage (Mad City Labs). Connected
to the side port of the microscope was a spectrometer (Acton Research Corp.) coupled to a
liquid nitrogen cooled CCD detector (Princeton Instruments, Roper Scientific). The
spectrometer was equipped with both a mirror for imaging and a grating for spectroscopy. An
avalanche photo diode (APD) was used to collect photons from the bottom microscope port.
Excitation entering the back port of the microscope was redirected by an appropriate filter set
into the back aperture of the objective. Emission light was collected through the same objective
and directed to the side or bottom port of the microscope.

Wide field nanoparticle imaging—For wide field imaging of nanoparticles a mercury
vapor short arc lamp illuminator (Zeiss HBO 100) was mounted to the back illumination port
of the microscope. Two filter sets, each consisting of an excitation filter (ex), dichroic
beamsplitter (bs), and emission filter (em), were used to isolate either the 365 nm (Zeiss, filter
set 2, ex365; bs295; em420) or 488 nm (Zeiss, filter set 16, ex485/20; bs510; em515) excitation
lines from the mercury lamp spectrum by changing positions on the filter carousel. Excitation
light was not attenuated.

Samples were first illuminated with 365 nm light to convert the photoswitches to their strongly
emitting mero forms, thereby facilitating focusing of the nanoparticles via CCD imaging. After
achieving focus, the 365 nm light was blocked and a new area on the cover glass was moved
into the illumination area via the nanopositioner. The new area was illuminated with 365 nm
light for 3—4 seconds. After this period, illumination at 488 nm and image acquisition were
simultaneously started. Fluorescence emission was guided through a red long pass filter (620
nm) before being directed onto the spectrometer mirror, which reflected the image onto the
CCD chip. Wide field images were recorded until fluorescence from the individual
nanoparticles dropped below background levels of the CCD (typically 4-5 minutes), indicating
that the majority of photoswitches had reverted to the spiro form. All images were collected
using a three second integration time in WinSpec/32 software. Two-dimensional black and
white CCD images were converted into 3-D color surface plots in Igor Pro software
(Wavemetrics).
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Cell imaging—To minimize heating effects, an argon ion laser (488 nm) and hand-held UV
lamp were used instead of the mercury lamp for these studies. In a typical cell imaging
procedure, cells were first focused and positioned with an overhead incandescent light, then
exposed to UV light (365 nm) for a few seconds; intracellular nanoparticles were then focused
using the 488 nm laser line and exposed to UV light for 10 seconds, after which fluorescence
switching was monitored under 488 nm laser excitation. The last two steps were repeated as
required for data collection. Laser power (15 mW) was attenuated to 0.9 mW prior to entering
microscope optics. All emission was directed through a red long pass filter as described above.

Single nanoparticle spectroscopy—Samples were first focused as described for wide
field nanoparticle imaging. After a new area on the cover glass was moved into place and
illuminated with 365 nm light for 3—4 seconds, the mercury lamp was unmounted and the 488
nm line from an argon ion laser was directed into the back port of the microscope. Prior to
entering the microscope, the laser beam was collimated and expanded to slightly overfill the
back aperture of the objective with parallel rays in order to achieve a diffraction limited spot.
Filter set 16 (see above) was used for all single particle measurements.

To collect single particle spectra, an image of the nanoparticles was first obtained by scanning
a small area (typically 10x10 pm) of the sample over the diffraction limited laser spot using
the nanopositioner. Emission from this type of scan was directed to the bottom microscope
port and onto the APD. The resulting image showing individual particles (bright spots) was
used to park the laser on a specific nanoparticle for spectral acquisition. The entire scanning
and image generation routine was achieved using custom LabVIEW software. The typical step
size and dwell (integration) times for each pixel was 200 nm and 100 ms, respectively. Once
a specific nanoparticle was chosen, the light (emission) train was switched to the spectrometer/
CCD, this time using the spectrometer’s grating instead of the mirror. Spectra were acquired
through WinSpec/32 software using a typical dwell time of 1-2 seconds. Acquisition continued
until the fluorescence emission was no longer discernable from the baseline. Typical laser
powers used for single particle spectral acquisition were ~800 W/cm? at the cover glass surface.

Results and Discussion

As photochromic materials, colorless spiropyrans undergo photoinduced ring opening
reactions under ultraviolet irradiation to yield their isomeric merocyanine forms, which have
strong solvatochromic visible absorption bands in the range of 500-600 nm.22 This band arises
from the extended m-conjugation that develops between the indolene and the pyran rings
following rupture of the C (spiro)-O bond. Back-conversion from the mero forms of the dyes
to the spiro forms occurs thermally at relatively slow rates (t%r:?ically, ty2 ~ 103 5), but is
accelerated by excitation into the merocyanine visible band.

Our approach to constructing a reversibly switchable particulate system was to embed
spiropyrans within the hydrophobic cavities of polymeric nanoparticles (Scheme 1). These
were prepared by using N-isopropylacrylamide (NIPAM), styrene (St) as the primary
monomeric units in combination with minor amounts of divinyl benzene (DVB) as the cross-
linker and 5-(1,3-dihydro-3,3-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-(2H)-indole])ethyl
acrylate (SP) as the optically active unit; occasionally small amounts of butylacrylate (BA)
were also added to lower the nanoparticle glass transition temperature (Tg). The specific
technique employed here is based on a modified emulsion polymerization method.2! In a
typical experiment, the water-soluble compound, 4,4'-azobis(4-cyano-valeric acid), is used to
initiate polymerization and therefore the monomer that polymerizes first is water-soluble
NIPAM. Since poly(N-isopropylacrylamide), PNIPAM, is thermosensitive and exhibits
hydrophobic properties at temperatures above its low critical transition temperature (T; =31 °
C),24 the NIPAM chains become increasingly hydrophobic as polymerization progresses at
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90 °C and self-organize into micelles with the assistance of the surfactent Tween 20. After this
transition from hydrophilic chains to hydrophobic polymerizing chains and formation of
micelle structures, hydrophobic monomers (St, SP, and DVB) begin to participate in the
polymerization and are incorporated into the growing chains. The net result is formation of
polymer nanoparticles with hydrophilic NIPAM shells and hydrophobic styrene and spiropyran
cores that are cross-linked with divinylbenzene. Because the shells are hydrophilic, the
resulting nanoparticles are easily suspended in water, but because the polymer chains are cross-
linked, individual particles remain insoluble, i.e., retain their identities.

The as-prepared nanoparticles were characterized by transmission electron microscopy (TEM)
and dynamic light scattering (DLS). Plots of DLS measurements carried out at scattering angles
of 62.6 and 90 degrees showed that the polymer nanoparticles are spherical with average
diameters of 68 nm and a relatively narrow polydispersity of 0.098 (Figure 1A). The same
polymer nanoparticles measured with TEM (Figure 1B) gave a somewhat smaller mean size
diameter of 60 nm, although the size distribution was again quite uniform. Since the DLS
measurements were carried out in solution and the TEM measurements were made on dry solid
under high vacuum, this difference is probably attributable to solvent-induced swelling of the
soft polymer nanoparticles. Polymer nanoparticles with average diameters ranging from 40 nm
to 400 nm were readily prepared by varying the feed ratios of monomers and/or surfactants.
Specifically, at a ~2:1 molar ratio of hydrophobic and hydrophilic monomers, smaller polymer
nanoparticles (~40 nm) generally formed, whereas larger nanoparticles were usually obtained
when the ratio of hydrophobic monomers (e.g., St) to the hydrophilic monomer (NIPAM) was
increased.

Neither spiro nor mero forms of the dye fluoresce appreciably in water, although the mero form
Bgssesses detectable fluorescence in polar organic solvents2> and within self-assembling films.

The emission spectra and dynamics are complicated by the existence of several geometrical
isomers of the merocyanine, which have different fluorescence quantum yields and lifetimes
and apparently interconvert on the same time scale as fluorescence decay,25 and, in highly
doped films, by energy transfer among monomeric and various aggregated species.26 In our
studies, the mero form of the dye incorporated into the hydrophobic core of polymer
nanoparticles was highly luminescent (Scheme 2). The photoisomerization quantum yield from
spiro- to mero-form is 28% in the hydrophobic nanoparticles, whereas the photoisomerization
quantum yield of spiropyran in methanol is 42%. As shown in Figure 2A, the mero-
nanoparticles fluoresce strongly in the red region of 640 to 780 nm in aqueous solutions. The
same water-soluble merocyanine dye dissolved in aqueous solution gave no observable
fluorescence under comparable conditions. Based upon measured intensities, a merocyanine
molecule residing in a hydrophobic nanoparticle was at least 200 times more strongly
fluorescent than in aqueous solutions. Likewise, only weak fluorescence was observed when
the same amount of merocyanine dye molecules were incorporated into polymer chains which
do not form micellar structures (Figure 2A). This spiro-containing polymer was prepared by
AIBN-initiated radical polymerization of styrene and the spiro-monomer at 90°C for 8 hours.
The mero-nanoparticles also fluoresced strongly in organic solvents and when incorporated
into solid thin films, whereas the fluorescence intensity of the free merocyanine dye and the
merocyanine-containing polymer remained relatively nonfluorescent in these environments.
These results underscore the importance of the nanoparticle microphase environment to gaining
fluorescence intensity.

The fluorescence quantum yield for the merocyanine-containing particle was determined to be
3 = 0.24 by comparing its fluorescence intensity to that of a rhodamine B standard (¢ = 0.48).
7 These observations support the general rule-of-thumb that fluorophores tend to emit strongly
when situated in hydrophobic pockets. In the present case, several factors may contribute to
this phenomenon. The fluorophores confined within the hydrophobic cavities with protective
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shells are isolated from nonradiative decay pathways or electron transfer pathways generated
by collisions with solution components. Additionally, the high quantum yield could be due to
the fact that molecules trapped in the polymer environment have restricted conformational
flexibility, which may minimize nonradiative relaxation through internal motions of the excited
molecules.

Optical absorption data are also presented in Figure 2B. The merocyanine visible band is
solvatochromic, absorbing maximally at 525 nm in water and at 600 nm in non-polar organic
solvents such as toluene. The corresponding band maximum for the mero-particles in water
appears at 588 nm, indicating that the merocyanine is situated in a hydrophobic environment
within the nanoparticle core.

In these particles, the light energies required for fluorescence excitation and
photoisomerization of the dye are spectrally well resolved. For both spiro- and mero-
nanoparticles, fluorescence excitation was carried out at 420 nm, a wavelength where neither
spiro- nor mero-form has appreciable absorption. Consequently, interference arising from
photoinduced interconversion of mero-and spiro-forms is negligible. In contrast, excitation of
the spiro-nanoparticles below 400 nm converted them to mero-nanoparticles and excitation of
mero-nanoparticles with visible light or wavelength above 450 nm converted them to spiro-
nanoparticles.

In fact, photo-excited state can lead to either fluorescence or photochemical conversion. The
photochemical quantum yield and fluorescence quantum yield together governs which pathway
is favored. Our experiments indicate that photochemical quantum yield at 420 nm excitation
must be considerably lower than that of fluorescence quantum yield, thus this wavelength is

an ideal to elicit fluorescence with minimum effects on photo-switching.

For spiropyran dyes, “fatigue” effects caused by photodegradation of the dyes under UV
irradiation are commonly observed. Both O,-dependent and O,-independent mechanisms have
been identified, as discussed extensively elsewhere.<®~ 1 Cyclic photoswitching of the
polymer nanoparticle, however, exhibits better reversibility when compared to other
environments, including when spiropyran molecules are covalently attached to nanoparticle
surfaces (Figure 3).31 When spiropyran are attached to nanoparticle surfaces, the reversibility,
as gauged by optical absorption at 580 nm, was 83% at 2000 s and 50% at 4000 s, whereas the
polymer nanoparticles with spiropyran inside are 95% and 75% reversible at 2000 s and 4000
s, respectively. One factor contributing to this stability may be that incorporation minimizes
bimolecular degradative reactions that involve the triplet-excited dye. Specifically, based on
the monomer feed ratio, each 68 nm particle contains on average ~6400 spiropyran molecules.
This calculation assumes all styrene and spiropyran monomers are polymerized and the density
of polystyrene is 1.05 g/cm?. The corresponding volume occupied by each spiropyran
molecules is ~25 nm? or, on average, the spiropyrans are separated by ~2.9 nm, effectively
blocking bimolecular interactions.

Under the prevailing conditions, 4-6 min UV irradiation at 0.97 mW (photon flux: 2.8 x
107 einstein) is required to complete spiro-to-mero switching in the nanoparticle core; this
rate is considerably slower than that of switching of spiropyran molecules on the surface of
nanocrystals under the same photon flux, which requires only ~5 sec.3! Typically, at
approximately 3.5 min, spiro-nanoparticles are switched to ~90% of their equilibrium value.
The slower switching speed apparently reflects the solid-state environment of the
nanoparticles, where configurational switching must overcome energetic barriers imposed by
the closely packed organic molecules. In solution, however, the barriers posed by fluidic
solvent molecules may be much less than that of solid phase core of the nanoparticles. Although
the switching speed slows somewhat in polymer nanoparticles, the reversibility of
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photoswitching improves as side reactions are suppressed. Consequently, the optical density
at 588 nm, which is a quantitative measure of the mero-form, can be almost completely
recovered to the original level in repetitive cycles (Figure 3).

Mero-spiro back-conversion requires ~ 6 min under 16-20 mW illumination (8—10 x 1072
einstein) with visible light. However, most of mero-nanoparticles (~90%) are isomerized to
spiro-nanoparticles within ~2 min; this rate is again somewhat slower than mero-to-spiro
conversion of photoswitching of merocyanine molecules bound to the surface of nanocrystals
(~90 sec) under the same light illumination intensity.31 What is remarkable is that forward
and backward fluorescence switching of the photochromic nanoparticles have essentially the
same rates. Unlike photoswitching of dye molecules in solution or on the surface of
nanocrystals, fluorescence switching of the photochromic nanoparticles seems to be rate-
limited by polymer dynamics in a manner that minimizes the influence of the photodynamic
process itself. Molecules trapped in nanoparticles have restricted conformational flexibility,
thus causing rate differences between forward and backward photoisomerization to effectively
disappear.

Under simultaneous excitation of the particles at 420 nm and optical switching with alternating
UV (A <400 nm) and visible (A > 450 nm) light, fluorescence switching is observed. As shown
in Figure 4, fluorescence switching with UV and visible light is reversible, at least for several
cycles. The wavelength at which fluorescence is most rapidly switched on is 350 nm, the
absorption maximum of the spiropyran, although nanoparticle fluorescence can be induced at
other wavelengths throughout the UV region. Similarly, excitation into the absorption band of
the merocyanine at 588 nm causes most rapid quenching of fluorescence. These excitation
energies are well resolved—therefore clean separation between photoinduced nanoparticle
switching and fluorescence excitation can be achieved.

To complement the solution measurements of fluorescence switching in ensembles of polymer
nanoparticles, fluorescence switching in single nanoparticles was carried out (Figure 5). In the
single particle fluorescence measurements, samples that had been preilluminated at 365 nm
were excited using the 488 nm, from either an argon laser or a mercury lamp; this is not an
optimal wavelength for fluorescence, but was dictated by equipment limitations. As shown in
Figure 5, the mero-nanoparticles were fluorescent under laser excitation at 488 nm, whereas
the spiro-nanoparticles remained dark. It took ~2 min to completely switch from bright mero-
nanoparticles to dark spiro-nanoparticles. Since each nanoparticle contains many spiropyran
dye molecules, the fluorescence switching is not a sharp on-and-off process; rather it is gradual,
even for single particles. The importance of single nanoparticles fluorescence measurements
is that it identifies the smallest fluorescence-switching unit, which resides within each
individual nanoparticles, rather than a solution mixture.

Polymer nanoparticles containing spiropyran-merocyanine photoswitches employ the whole
particle as a switching unit. The photochromism of the resulting polymer nanoparticles is
obvious to the naked eye when the samples are irradiated with a hand-held UV-light source.
The nanoparticle is colorless in the spiropyran form and turns to dark blue within several
seconds under 365 nm UV irradiation. The dark blue mero-nanoparticles also emit a strong red
fluorescence. Upon standing in ambient light, the fluorescence of the polymer nanoparticles
became visibly dimmer and finally disappeared after about 30 min. This process was quite
reversible and could be repeated many times. These results showed that through UV (< 400
nm) and visible radiation (> 450 nm) both photochromic and on-and-off fluorescence properties
can be controlled with specific frequencies of light, suggesting potential applications as optical
digital data storage units based on either absorption or fluorescence read-out.
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Photoswitchable nanoparticles could find additional applications. For example, one might use
these nanoparticles to label and highlight specific sites of interest in biological systems. The
fluorescence switching capabilities would provide confirmation that binding of the labeled
nanoparticles has occurred, rather than a false positive signal of an interfering fluorophore.
Alternatively, the capabilities for reversible display of red fluorescence could be exploited to
develop “smart” inks from the water-soluble nanoparticles, e.g., photoswitchable inks to
protect materials against counterfeit, where matters are deemed important. To illustrate this
possibility, a spotted pattern was made by placing nanoparticles within selected wells of a 96-
well microplate (Figure 6). Under UV-irradiation, the red luminescent photopattern is vividly
displayed. Upon standing for 30 min under visible room light, the pattern completely
disappeared. The photoerased pattern returned when the object was exposed to UV irradiation.
This fluorescence is readily detected visually after only a few seconds of UV illumination
(Figures 5 and 6), although optical absorption studies indicate that it takes 2—3 min for the
majority of spiro-nanoparticles to convert to mero-nanoparticles (Figure 3). Thus, in projected
applications, complete conversion of isomeric forms is not essential to achieving functional
systems and constraints associated with switching times are relaxed.

To demonstrate the feasibility of using these nanoparticles in biological imaging, we have
investigated the possibilities of delivering them into living cells and effecting in vivo optical
switching. Because the nanoparticles have hydrophilic shells consisting of NIPAM moieties
and the water-soluble carboxylic groups from the initiator at the polymer chain termini, they
are suitable for incorporation into the polar cavities of liposomes. Using liposomes as a delivery
vehicle, we have successfully introduced optically switchable nanoparticles into HEK-293
cells, as shown by the images in Figure 7. Paramount issues in these studies were the extent to
which the cytosolic media would quench fluorescence and whether reversibly spiro-mero
photoisomerization could be achieved at reasonable switching speeds.

As shown in Figure 7, a short UV (365 nm) pulse switched on polymer nanoparticle
fluorescence inside living HEK-293 cells when excited with a 488 Ar laser. Thus, as in aqueous
solutions, the fluorophores are protected in the hydrophobic core of the particle and their
fluorescence is unlikely to be quenched by components of the biological milieu. The
mechanism of internalization of the liposome-encapsulated nanoparticles is presently
unknown, but we clearly observed many weak emitters in addition to bright spots within the
cell, indicating that, following internalization, the nanoparticles have become widely
distributed throughout the cell.

Because the 488-nm excitation line from the laser source converts the merocyanine to non-
fluorescent spiropyran, the red fluorescence from the particles becomes weaker with increasing
exposure time so that by 5 s the intensity is severely attenuated (Figure 7). It is therefore evident
that within the cell fast fluorescence-off switching can be achieved. The fluorescence-on
process is also very fast; red fluorescence can be strongly elicited within only 10 s illumination
of a hand-held UV lamp (Figure 7). Within such a short UV pulse, no apparent damage occurs
to the cell. The fluorescence-on process can be accelerated if stronger light source such as a
laser is used. These experiments also demonstrate that intracellular fluorescence switching is
reversible. As shown in Figure 7, application of the second UV pulse regenerates a nearly
identical fluorescence pattern within the cell with nearly the same integrated fluorescence
intensity as originally measured. As before, the intensity fades under continuous 488 nm
illumination with the same kinetic decay profile. Overall, these data demonstrate that
fluorescence switching is reversible and quantitatively repeatable.
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Conclusion

We have synthesized polymer nanoparticles capable of undergoing reversible fluorescence
photoswitching and demonstrated that on-and-off switching approximating digital response
can be elicited with alternating UV (< 400 nm) and visible (> 450 nm) light. Using liposomes,
these photoswitchable nanoparticles can be delivered into living cells and their presence
confirmed by fluorescence imaging. Alternating illumination with UV-and-visible light
switches the fluorescence of the nanoparticles on and off, confirming that such nanoparticles
could be developed into optically addressable or verifiable fluorophores. These high-contrast,
photoswitchable nanoparticles have potential utility as smart inks, time sensitive displays, and
biological markers.
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Figure 1.

Light scattering and TEM. (A) Dynamic light scattering carried out 62.6° and 90° angles on
1.4 nM photochromic polymer nanoparticle solutions. (B) Micrograph from electron
transmission microscope. Scale bar is 500 nm.
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Figure 2.

Fluorescence (A). Merocyanine has no fluorescence in the visible region. When merocyanine
is incorporated into non-micelle-forming polymers, a weak fluorescence is observed (pink
curve). However, a strong red fluorescence (A,x ~660 nm) is observed (red curve) when
merocyanine is incorporated into hydrophobic cores of the polymer nanoparticles. The
concentration of the nanoparticles is 7.0 nM and all solutions contain 0.3 mM photoswitchable
dyes. Absorption (B). Optical absorption spectra of nanoparticles, polymers, and monomers,
which are offset for display purposes. The spiropyran concentrations are the same as in panel
A.
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Figure 3.

Reversible nanoparticle photochromism. 68 nm-nanoparticles (7.0 nM) are blue after UV
irradiation and become colorless after exposure to visible light.
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Figure 4.

Fluorescence switching. Fluorescence of 7.0 nM 68 nm photochromic nanoparticles under 420
nm excitation is switched on and off with alternating UV and visible irradiation, as described
in the text. The fluorescence intensity reaches maximal intensity in 20 s under 2.8 x 10~°
einstein excitation, whereas it takes 20 min to switch off fluorescence at ambient conditions
and this can be accelerated with stronger visible light illumination (see text).
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Single particle fluorescence switching. Fluorescence is switched on (top left) after 2-3 sec UV
irradiation and off (top right) with visible 488 nm light illumination while viewing a ~10 x 10

um? area; these on-and-off processes are reversible (middle). A single 68-nm particle

containing 6400 photoswitching molecules has a single fluorescence maximum (bottom left),
which is slightly blue-shifted from that of ensemble spectra. The kinetics of fluorescence decay
(bottom right) indicates a 2-min mero-to-spiro switching time on the nanoparticles under the

prevailing conditions.
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Figure 6.

Optical read-and-erase. Patterning with photochromic nanoparticles contained within selected
microplate wells (aqueous solutions) under UV and visible light illumination. Red fluorescence
is observed after UV irradiation and is erased with visible light irradiation. This on-and-off
cycle can be repeated many times and dried films display similar fluorescence on-off
phenomena.
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Figure 7.

Fluorescence imaging of optically switchable nanoparticles in a single HEK-293 cell. Red
fluorescence (bright spots) of mero-particles is elicited with a 10 s UV light pulse, followed
by fluorescence imaging using 488 nm excitation and a liquid Nj-cooled CCD detector. The
fluorescence is slowly switched off by visible 488 nm light and the bright spots fade with
increasing exposure time (top panel with time labels). The kinetic profiles for fluorescence
fading are given in the lower left panel. Application of a second 10 s UV pulse regenerates the
red fluorescence (middle panel with time labels), which again fades under 488 nm illumination
with identical kinetics (bottom right curve). White light imaging of the same cell under studies
(a) shows more details of the cellular structures, along with another HEK cell (b) having its
nucleus identified at the upper left corner.
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