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/Abstract: Photoactivatable fluorophores are essential tools
for studying the dynamic molecular interactions within im-
portant biological systems with high spatiotemporal resolu-
tion. However, currently developed photoactivatable fluoro-
phores based on conventional dyes have several limitations
including reduced photoactivation efficiency, cytotoxicity,
large molecular size, and complicated organic synthesis. To
overcome these challenges, we herein report a class of pho-
toactivatable  fluorescent  N-hydroxyoxindoles  formed
through the intramolecular photocyclization of substituted
o-nitrophenyl ethanol (ONPE). These oxindole fluorophores
afford excellent photoactivation efficiency with ultra-high
fluorescence enhancement (up to 800-fold) and are small in

-

size. Furthermore, the oxindole derivatives show exceptional
biocompatibility by generating water as the only photolytic
side product. Moreover, structure-activity relationship analy-
sis clearly revealed the strong correlation between the fluo-
rescent properties and the substituent groups, which can
serve as a guideline for the further development of ONPE-
based fluorescent probes with desired photophysical and
biological properties. As a proof-of-concept, we demonstrat-
ed the capability of a new substituted ONPE that has an un-
caging wavelength of 365-405 nm and an excitation/emis-
sion at 515 and 620 nm, for the selective imaging of
a cancer cell line (Hela cells) and a human neural stem cell
line (hNSCs).

/

Introduction

Photoactivatable fluorophores that exist in stable dark states
but can be subsequently photoactivated to a fluorescent state
for high photon emission! are crucial tools for advanced mi-
croscopy imaging such as super-resolution imaging,” selective
cell/biomolecule imaging,” as well as for investigating dynam-
ic biomolecular processes in living cells,” because of their ex-
quisite spatiotemporal control over fluorescence by using
light™ To date, several strategies have been reported for the
design of photoactivatable fluorophores. The most popular
strategy is to build “caged fluorophores” by direct structural
modification of conventional organic fluorophores (e.g., cou-
marin, resorufin, fluorescein, rhodamine and their derivatives)
with photolabile protecting groups (e.g., o-nitrobenzyl alcohol
and its various derivatives including 4,5-dimethoxy-2-nitroben-
zyl alcohol, 1-(2"-nitrophenyl)ethyl alcohol, and 1-(4, 5'-dime-
thoxy-2'-nitrophenyl) ethyl, and other caging moieties).”” These
systems restore the fluorophore after photoactivation mainly
through the removal of photolabile groups, which retain the
advantages of the used fluorophores such as high water solu-
bility and strong fluorescent emission. However, such covalent
structural modifications usually involve complicated organic
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synthesis with an unintended loss of biocompatibility. For ex-
ample, cytotoxicity of the photolysis byproducts of o-nitroben-
zyl groups is generally conceived as unfavorable.” Further-
more, reduced photoactivation efficiency was occasionally ob-
served in these systems, which may be due to the inner filter-
ing effect of the latent fluorophores. It should be noted that
such limitations are also present in photoactivatable fluoro-
phores that built on FRET-based dyes;® photo-release of fluo-
rophores from fluorescence quenchers;® and photo-switching
of the spiropyran-merocyanine-based nanoparticles."” To over-
come these challenges faced by the aforementioned “caged
fluorophores”, researchers have successfully developed photo-
activatable fluorophores based on strategies such as the intra-
molecular photocyclization of o-hydroxycinnamate to coumar-
in and the intramolecular “photo click” reaction of tetrazole-
alkene to pyrazoline, which are more attractive as they prevent
the utilization of latent fluorophores and potential toxic caging
groups, thus having higher fluorescence turn-on ratio and
better biocompatibility." However, to achieve the ultimate
goal of spatial-temporal selective imaging in dynamic biologi-
cal systems, the design of small-sized photoactivatable dyes
with further advancements in the speed and resolution of acti-
vation, reduced inner filter effect, and equally importantly, sim-
plified synthetic routes, is highly desired.

Herein, we report the development of a new class of photo-
activatable fluorophore based on a substituted o-nitrophenyl
ethanol (ONPE) structure, capable of rapid and ultra-efficient
photoactivation (up to 800-fold fluorescence turn-on ratio)
with negligible inner-filter effect and noncytotoxic side prod-
ucts. In contrast with conventional caged dyes, our self-caged
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fluorophore is smaller in size (single benzene moiety vs. 3-4
benzene moiety-based conventional dyes, such as fluorescein
and rhodamine) and therefore involves facile synthesis and
minimal steric perturbation in biological systems, which is of
particular importance in probing dynamic molecular proces-
ses.”™ Furthermore, we demonstrate a structure-activity rela-
tionship between the different substituted ONPEs and their
corresponding fluorescent properties, which can serve as
a guideline for the design and development of new photoacti-
vatable fluorophores with desired optical properties. Finally,
we demonstrate the application of a photoactivatable dye
with excitation-emission in the green-red region for spatially
controlled imaging of human neural stem cells (hNSCs) and
cervical cancer (Hela) cells.

Results and Discussion

O-Nitrophenyl ethanol and its derivatives have been utilized as
photolabile protecting groups for the caging and highly effi-
cient photorelease of biomolecules including amino acids and
nucleotides, with a low cytotoxic o-nitrostyrene as the major
photolysis product.'? However, it is surprising to find that
a buffered methanolic solution of substituted ONPE 1 (3:1 v/v,
methanol/PBS, pH7.4, 10 mm) was nonfluorescent prior to
photo irradiation, but exhibited bright-green fluorescence
upon brief exposure to UV light (254 nm, 3 mWcm™2, 1 min)
(Figure 1A, inset), indicating a fluorescent product other than
o-nitrostyrene, because o-nitrostyrene is nonfluorescent. A
closer examination of the absorption spectrum revealed that
the photolysis proceeded with a decrease in absorption peak
of 1 (254 nm), and a concomitant formation of a new strong
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Figure 1. A) Photocyclization of ONPE to N-hydroxyoxindole. Inset shows the
photographs of a solution of 1 under UV lamp before and after UV irradia-
tion; B) Absorption and fluorescence spectra depicting the photolysis of 1 in
MeOH/PBS (3:1, v/v) under UV light irradiation (254 nm); C) HPLC analysis of
the photolytic reaction reveals progressive photolysis of 1 upon irradiation
and formation of a major photolytic product (1a). The signal was recorded
with a UV-absorption detector at the wavelength of 299 nm, which is the
isosbestic point of the absorption spectrum shown in (B); D) Content analy-
sis of the 1 and 1a during the photolysis shows 50% symmetry indicating

a clean photolysis reaction without any byproducts. Analysis was done
using integrated area of 1 and 1a on the HPLC chromatogram.
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absorption peak centered at 324 nm (Figure 1B). This was ac-
companied by a remarkable fluorescence enhancement that
reached a maximum of about 800-fold enhancement after
20 min of UV exposure. It has been reported that UV photoirra-
diation of ONPE leads to an intramolecular photocyclization™
in which the ethanol group was first selectively oxidized to
acetic acid by the excited nitro group, which was followed by
the cyclization of the intermediate to form N-hydroxyoxindole
and water as the side product (Figure 1A). The photo conver-
sion is highly efficient and was not dependent on the sol-
vent."™ It was expected that our ONPE derivative 1 would also
undergo a similar photocyclization under UV irradiation (A=
254 nm) with a corresponding substituted oxindole 1a as the
photolysis product. To demonstrate this, the photoreaction
was monitored by HPLC-MS, which showed that the progres-
sive photolysis of 1 upon photoirradiation resulted in the for-
mation of a major product with a molecular weight of
207.2 gmol ™" assigned to the substituted oxindole compound
1a (Figure 1C and the Supporting Information, Figure S1). Fur-
ther content analysis of the HPLC monitoring showed that the
photolysis of 1 and the photogeneration of 1a have 50% sym-
metry (Figure 1D), indicating that the photoreaction is clean
and proceeds without the formation of byproducts. Although
the photocyclization of ONPE to N-hydroxyloxindole has been
reported as early as 1970s,"*' to the best of our knowledge,
our system is the first demonstration of an ONPE-based photo-
activatable fluorophore.

To modulate the fluorescence properties and understand the
structure-activity relationship of this photoinduced fluorescent
oxindole, we synthesized a series of ONPEs with different sub-
stituted groups on the meta- and/or para-position and studied
the fluorescence profiles of their respective photoreactions. As
summarized in Table 1 (for details, see the Supporting Informa-
tion, Figures S2-510), in general, meta-substituted electron-
withdrawing (EW) groups such as carbonyl and cyanide groups
slightly affect the absorption of ONPEs, in which only minor
blueshifts in absorption maxima were observed compared
with the spectrum of the non-substituted ONPE. On the other
hand, ONPE substituted with meta-electron-donating (ED)
group such as the methoxy group enhanced the absorbance
and generated a new strong absorption peak at wavelength
beyond 300 nm. Such change in absorption spectrum would
benefit the photolysis of ONPE through photoirradiation with
a long wavelength. In contrast to this, a much stronger blue-
shift and redshift induced by EW and ED groups, respectively,
was observed in the absorption of para-substituted ONPEs (2
and 10). Furthermore, it is interesting to find that only the
ONPEs with strong EW groups showed significant fluorescence
enhancement after photoirradiation (compounds 1-6, 21 to
800-fold fluorescence enhancements). In particular, compound
1, which possesses an meta-methyl acetate group, demonstrat-
ed a large difference in absorption peaks before and after
photo irradiation (254 nm vs. 334 nm), and a large Stokes shift
(186 nm) as well as an 800-fold fluorescence enhancement.
The separated photoactivation and excitation wavelength is
important for highly efficient photolysis and allows for real-
time quantification of uncaging. Hydrolysis of the substituted
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Table 1. Optical properties of o-nitrophenylenthanols with various substi-
tuted groups and their corresponding oxindoles.”

R CH,CH,OH R!

hv 0

—_—
R? NO R? N
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1-10™ 1a-10a

Compds R R? Aoot? Al Aem® @ F/F®

[nm]  [nm]  [nm]
1-1a COOCH; H 254 334 520 036 800
2-2a H COOCH; 230 290 401 0.5 200

3-3a COOCH;  OCH, 334 321 502 0.17 230
4-4a CN H 254 290 514 0.047 32
5-5a CHO H 258 317 585 0.13 161
6-6a COOH H 262 282 485 0.027 21
7-7a H H 260 281 450 0.001 3
8-8a CH,OH H 273 321 420 0.001 5
9-9a OCH, H 312 325 458 0.001 5
10 H OCH;, 345 275 457 0.002 6

[a] All the spectra were recorded in MeOH/PBS (3:1, v/v) solution with
a concentration of 10 um. [b] Fluorescence emission was not detected.
[c] Absorption maxima in the 225-450 nm region for compound 1-10.
[d] Absorption maxima in the 250-450 nm region for compound 1a-10a.
[e] Fluorescence emission in the 400-650 nm region. [f] Fluorescence
quantum yields were measured using fluorescein (1a, 3a, 4a, and 5a)
and DAPI (2a and 6a-10a) as standards. [g] Obtained by comparing the
integrated area of emission.

methyl acetate in 1 to acid (6) led to a photolysis product with
a weak fluorescence. It should be noted that only a negligible
fluorescence enhancement was observed in case of non-substi-
tuted ONPE (7) or compounds with meta- or para-substituted
strong ED groups (8, 9, and 10). Moreover, photolysis of the
derivatives such as the esterification product of ONPE led to
generation of non-fluorescent o-nitrostyrene (the Supporting
Information, Figure S11). A closer look into the fluorescence
properties of the photogenerated oxindoles revealed an ex-
tremely large Stock’s shift (~200 nm) in oxindoles with meta-
substituted EW groups, which is larger than that in meta-sub-
stituted oxindole with ED groups and para-substituted oxin-
doles. These results demonstrated a strong structural signifi-
cance of the meta-substituted strong EW groups and 1’-un-
modified ethyl hydroxyl group for the highly sensitive photo-
activation of ONPE with strong fluorescent N-hydroxyoxindole
product.

We further evaluated the fluorescence properties of 1a in
detail. As shown in Figure 2A, oxinidole 1a has a maximum
absorption at 324 nm, and a broad fluorescence emission peak
centered at 520 nm, with a fluorescence quantum yield of 36 %
in MeOH/PBS solution (3:1 v/v, pH7.4). It has an emission life-
time of 2.51 ns (the Supporting Information, Figure S12) and
showed a better photostability than the common laboratory
used fluorophore 4',6-diamidino-2-phenylindole (DAPI; the
Supporting Information, Figure S13). The fluorescence emission
was found to be dependent on the polarity of the solvent
used, with maximum emission peak shift from 516 nm to
535 nm observed when the solvent was changed from PBS (pH
7.4, 10 mm) to methanol (the Supporting Information, Fig-
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Figure 2. A) Absorption and fluorescence emission spectra of 1a in MeOH/
PBS (3:1, v/v, pH7.4, 10 mm PBS) solution; B) pH-dependent UV/Vis absorp-
tion spectrum of 1a; C) pH-dependent fluorescence emission intensity of 1a
with different excitation wavelengths (detailed emission spectra were shown
in Figure S15, the Supporting Information); D) Schematic illustration of the
photo-induced deprotonation of the N-hydroxyl group of 1a at the excited
state; E) Electron density of HOMO and LUMO for 1a computed by density
functional theory (DFT).

ure S14). In addition, the photophysical properties of 1a were
found to be pH-dependent. At pH lower than 4, compound 1a
had an absorption peak at 281 nm. However, an increase in pH
(>4) resulted in a decrease of the absorption at 281 nm, while
generating a new absorption peak at 324 nm with an isosbes-
tic point at 299 nm (Figure 2B). This pH-induced change in the
absorption spectrum indicated the deprotonation of the N-hy-
droxyl moiety in 1a as shown in Figure 2D (upper panel) and
revealed a pK, of 6.5. The absorption maxima peaks at 281 nm
and 324 nm can be assigned to the protonated and deproton-
ated form of 1a, respectively. On the other hand, the fluores-
cence spectrum of 1a demonstrated an emission peak at
520 nm over the entire range of pH from 3 to 10 (the Support-
ing Information, Figure S15). Whereas the emission wavelength
of 1a is pH-independent, the emission intensity is highly de-
pendent on the solution pH as well as excitation wavelengths.
As shown in Figure 2C, fluorescence quenching and enhance-
ment following increase in the solution pH were observed
using excitation wavelength of 281 nm and 324 nm, respec-
tively. However, the emission intensity remained constant
under all pH conditions when using the isosbestic point as ex-
citation wavelength (299 nm). These results strongly suggest
a photoinduced proton transfer within the excited 1a (1a¥%), in
which 1a* undergoes rapid deprotonation of the N-hydroxyl
group to its fluorescent alkaline form (Figure 2D, bottom
panel). This can be further supported by the computing of the
electron density of the HOMO and LUMO for 1a. As shown in
Figure 2E, the electron density of the HOMO for 1a is distrib-
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uted evenly over the entire t-conjugated system and is highly
rich in the N-hydroxyl moiety. In contrast, a misdistribution of
the electron density was observed for the LUMO of 1a, in
which it is mainly localized in the benzyl part and is strongly
weakened on N-hydroxyl group. Such an electron-deficient
oxygen would strengthen the acidity of the N-hydroxyl group,
thus representing the photoinduced deprotonation of 1a.
A similar photochemical reaction has been demonstrated in
the trisodium salt of 8-hydroxypyrene-1,3,6-trisulfonic acid
(HOPSA),"™ a well-known excitation-ratiometric pH sensor, thus
indicating the great potential of our 1a as a new photoactivat-
able excitation-ratiometric pH sensor.

On the basis of the astonishing fluorescence properties seen
in an extremely small single benzyl moiety-containing struc-
ture, including the large stokes shift, solvent-polarity depen-
dent emission, as well as the importance of the presence of
EW group, it is reasonable to further propose a photoinduced
excited keto-enol tautomerization of 1a in which the enol
form acts as the fluorescent molecule, as illustrated in Figure 3.

LUMO
o] ” AG =171.6 KJ mol™
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o \0)‘\©\//
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Figure 3. Schematic illustration of the proposed excited-state keto-enol tau-
tomerization of 1a, whereas only the enol form is the fluorescent moiety.
HOMO and LUMO calculations of the keto and enol forms computed by DFT
calculations show that enol form of 1a is more stable at the excited state
than the keto form.

Compared with the structure of the keto form, the enol form
of 1a has an extended conjugation and an electron pull (car-
bonyl)-push (hydroxyl) structure displaying typical intramolec-
ular charge transfer (ICT) fluorescence and resulting in a fluores-
cence profile with large Stokes shift and polarity-sensitive
emission.'™ Such keto-enol tautomerization for 1a is proposed
to be photoinduced and can only be observed at the excited
state of 1a and not at ground state as not seen in TH NMR
spectrum. Our hypothesis was further supported by the DFT
simulations (Figure 3), which revealed a 66.6 kJmol™' and
a —171.6 kimol™" in the change of the free Gibbs energy at
the ground and excited states of the aforementioned keto-
enol tautomerism (for more details see the Supporting Infor-
mation, Figure S16). This demonstrated that the keto and the
enol form is the thermostable molecular configuration for the
ground and excited state of 1a, respectively. To further verify
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this hypothesis, we synthesized methyl 3-(tert-butyl)-4-nitro-
benzoate as a control compound (C1, the Supporting Informa-
tion, Figure S17), which can be photolyzed to produce a N-hy-
droxyoxindole without o-proton (C1a)."” Such a molecule
would therefore not undergo the keto-enol tautomerization,
thus resulting in a smaller m-conjugation system compared
with that of 1a. As expected, a fluorescence enhancement
(106-fold) in the UV region (350 nm) with a much smaller
Stokes shift (62 nm) was observed for the photolysis of C1 (the
Supporting Information, Figure S17), indicating an emission
from the local excited state of C1a, in contrast to the ICT fluo-
rescence of 1a. These results strongly support the hypothesis
on the photoinduced keto-enol tautomerization of 1a and
offer a deeper understanding in the fluorescence properties of
oxindole. Taken together with the importance of meta-substi-
tuted EW groups of benzene and the hydroxyl on ethyl alco-
hol, a correlation between the molecular structure and the
photophysical properties could potentially serve as a guideline
for the design of new ONPE-based photoactivatable dyes with
desired photophysical properties.

As a proof-of-concept, we showed the development of
a new ONPE-based photoactivatable fluorescence dye with ex-
citation-emission in the green-red region, which is promising
for the application of spatially-controlled cell-selective imaging.
As shown in Figure 4A, ONPE was substituted with a strong
EW group, 2-dicyanomethylene-3-cyano-4, 5, 5-trimethyl-2, 5-
dihydrofuran (TCF)'"® through a conjugated double bond (11).
Therefore, the resulting photolysis product (11a) would not
only retain the intramolecular electron pull-push property, but
also has an extended m-conjugated system, thus endowing the

Fluorescence Intensity (a.u.)

N )
2 2

e\l viaoiy (¢

Retention Time (min)

Figure 4. A) Molecular structures of the photoactivatable dye 11 and its cor-
responding photolysis product 11a; B) UV/Vis absorption and fluorescence
emission spectra analysis of the photolysis of 11 in MeOH/PBS (3:1, v/v)
under UV light irradiation (photolysis, 365 nm, 3 mW cm?; excitation,

480 nm); C) HPLC monitoring revealed that the photolysis is clean and pro-
duces 11a as the major product; D) Analysis of viability and proliferation of
Hela cells and hNSCs in the presence of increasing concentrations of 11 and
11a.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

dye with a biocompatible optical window for the photolysis
and excitation—emission-based fluorescence imaging. As ex-
pected, the new designed 11 showed broad absorption in UV
to visible region, with an absorption maximum at 396 nm (Fig-
ure 4B). Upon irradiating a methanol/PBS (3:1 v/v) solution of
11 with 365 nm light, a decrease in the absorption of 11 at
365 nm and an increase in absorption at wavelength longer
than 450 nm was observed, indicating the photolysis of 11. Si-
multaneously, a 30-fold enhancement in fluorescence emission
at 620 nm was observed with a 20 min of exposure. The pho-
tolysis of 11 was further followed by the HPLC-MS analysis
(Figure 4C and the Supporting Information, Figure S18), dem-
onstrating that the photoreaction is clean and produces 11a
as the major photolysis compound, which had an excitation at
wavelength longer than 500 nm and emission at 620 nm, with
a fluorescence quantum yield of 2.6 %. Furthermore, in contrast
to the widely used photolabile o-nitrobenzyl compounds that
show significant photolysis-induced cytotoxicity due to the for-
mation of highly reactive o-nitrosobenzyl products®, it was
expected that our ONPE-based photoactivatable fluorophores
would be highly biocompatible due to the formation of water
molecule as the only side product during the photolysis (Fig-
ure 1A). To verify this, we evaluated the cytotoxicity of OPNE
11 and its correspondent oxindole 11a in human neural stem
cells (hNSCs) and cervical cancer (Hela) cells using cell prolifer-
ation assays. As shown in Figure 4D, a negligible effect on cell
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viability (>80%) was observed for both 11 and 11a over
a wide range of concentrations (0-50 um). Overall, these results
indicated that the new developed photoactivatable fluoro-
phore 11 has great potential for cell-selective-imaging-related
bio-applications.

We further examined the intracellular photoactivatable prop-
erties of 11. As shown in Figure 5A, Hela cells incubated with
11 (5 um) showed negligible fluorescence before UV activation
(t=0). However, a dramatic time-dependent fluorescence en-
hancement was observed once the cells were irradiated with
UV light (365 nm) (Figure 5A-G). A 3 min UV exposure led to
a 30-fold fluorescence enhancement of the cell without any
significant photobleaching (Figure 5E), thus highlighting the
robust photostability of 11a. With this information in hand, we
finally went on to study the spatially controlled cell-selective
imaging using 11 through a photomask-assisted photolysis. As
shown in Figure S20 (the Supporting Information), only the
cells unprotected by photomask showed remarkable fluores-
cence after UV exposure. We further demonstrated the en-
hanced spatially controlled single-cell-selective imaging utiliz-
ing a confocal microscope. The broad absorption band of 11
enabled the photoactivation to proceed at 405 nm irradiation.
As demonstrated in Figure 5 J, only the selected human neural
stem cell (hNSC) irradiated with blue light (405 nm, 155s)
showed bright-red fluorescence, indicating successful rapid
fluorescence enhancement of 11a. In contrast, the region

Fluorescence Intensity (a.u

0 60 120 180
Time (s)

Figure 5. A-H) Time-dependent photoactivation of 11 in Hela cells. The photoactivation was performed on a Nikon Ti microscope using the DAPI excitation
(Nikonen slight C-HGFI lamp, 130 W) with a 20 x objective lens. The fluorescent images were collected using Texas Red channel (excitation 550-580 nm, emis-
sion 600-650 nm). Dye concentration is 5 pum, scale bar is 100 um; I-K) Spatially-controlled photoactivation of 11 in hNSCs, 1) DIC, J) fluorescence, and

K) merged images of a single hNSC with photoactivated fluorescence. The selected cell was first irradiated by a 405 nm excitation from the confocal micro-
scope (5.95 mW, 15 s) and the fluorescence imaging was recorded with an excitation at 515 nm. Scale bar is 20 um.
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beyond the selected cell demonstrated weak fluorescence en-
hancement (16% intensity as compared to the activated
region).

Conclusion

We have developed a new class of photoactivatable fluores-
cent probes based on substituted o-nitrophenyl ethanol
(ONPE) structures. These self-caged fluorophores are small in
molecular size, show ultra-high (up to 800-fold) photo-induced
fluorescence enhancement with good biocompatibility and
hence can be readily adopted for applications such as monitor-
ing dynamic molecular processes in living cells. Furthermore,
we have revealed a structure-activity relationship between the
substituted ONPE probes and their corresponding emission
profiles, which can serve as a guideline for designing fluores-
cent probes with desired photophysical properties. As a proof-
of-concept, an ONPE derivative with a Vis excitation (>
500 nm) and an NIR emission (620 nm) has been developed
and its application in the spatially controlled selective labeling
of single cancer and stem cells has been demonstrated. To-
gether, these ONPE-based caged fluorophores can evolve into
valuable probes for the convenient super-resolution imaging
of biological samples and thereby permit spatiotemporally
controlled mapping of biomolecular processes.

Experimental Section
Materials and methods

All starting materials were purchased from Sigma-Aldrich and used
without further purification. UV/Vis absorption spectra were re-
corded on a Varian Cary 50 spectrophotometer. Fluorescence spec-
tra were record on a Varian Cary Eclipse fluorescence spectropho-
tometer. '"HNMR and "C NMR spectra were acquired on Varian
300, 400 or 500 MHz NMR spectrometer. ESI-MS was collected on
Finnigan LCQ™ DUO LC/MS spectrometer. HPLC analysis was per-
formed on Agilent 1100 series HPLC system. Luminescence digital
photographs were taken with a Nikon D3000 camera. Cell fluores-
cence images were acquired on Nikon eclipse Ti inverted epifluor-
escence microscope with a Nikon Lens Light C-HGFI 130 W lamp.
Confocal imaging was done using a Zeiss LSM 710-META confocal
microscope. The photolysis of various ONPEs was carried out by
exposure of ONPEs solution (methanol/PBS, 3:1 v/v) to a UV-lamp
with 254 nm irradiation (3 mWcm2). The procedures for the syn-
thesis of various OPNEs are provided in the Supporting Informa-
tion.

Cell culture

Hela cells and human neural stem cells (hNSCs, Millipore) were
used for this project. For Hela cells, the cells were cultured in the
DMEM-based medium with supplementation of 10% FBS and 1%
streptomycin-penicillin. The cells were detached from the plate
and split after reaching 90% confluency. For hNSCs, the cells were
cultured in a polylysine (10 pgmL~', 12 h) and laminin (20 pgmL™',
4 h) pre-coated 24 well plate, with an initial seeding density of
60,000 cells per well. A manufacturer’s protocol (ReNcell VM
media, Millipore in the presence of basic fibroblast growth factor
with a concentration of 20 ngmL™', Millipore) was used for the ex-
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pansion and culturing of hNSCs under 37°C in a humidified atmos-
phere of 5% CO,. The hNScs were detached and splitted after
reaching 90 % confluency.

Viability assay

Cell viabilities for the Hela cells and hNSCs at different concentra-
tions (0, 3, 15, 30, 50 um) of oxindole derivatives were determined
after 7 days of culturing using the Presto Blue assay following stan-
dard protocols described by the manufacture (Life Technologies).
All the conditions were conducted in triplicates and averaged for
the final data analysis. The final data is represented as the fluores-
cent emission at 590 nm under the excitation of 570 nm from the
assay, and considering the Hela cells and hNSCs are 100% viable
when no oxindole derivatives are added.

Cell-selective imaging

For the delivery of oxindole derivatives (compound 11) into Hela
cells and hNSCs, a low concentration of 11 was first fully dissolved
in Giboco Opti-MEM media and ReNcell VM media supplemented
with basic fibroblast growth factor, respectively, at a low concen-
tration of 5 um was used with a transfection time of 4 h. The cell
media was then changed to normal growth media. After 4 more
hours of culturing, the cells were imaged. For Hela cells, a Nikon
eclipse Ti inverted epifluorescence microscope was used for bright
field and fluorescent image collection, after the Hela cells were ac-
tivated under the DAPI channel for 0, 10, 30, 60, and 180 seconds.
The images were collected under identical exposure time, acquisi-
tion time and have the same contrast and brightness. For hNSCs,
a Zeiss LSM 510-META confocal microscope equipped with an Axio-
vert 200 inverted Scope was used for the subcellular activation of
fluorescence for 11, with an activation time of 10 seconds and
a laser wavelength of 405 nm. All the cells were imaged under live
culturing chambers (5% CO,, humidified air under 37°C) and no
noticeable change of cell viability was observed throughout the
imaging process.
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