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Supplementary Methods

Supplementary Method 1| General procedure for monomer synthesis.

All synthesized compounds were confirmed by *H-NMR and 3C-NMR spectroscopy recorded
on a Bruker Avance 300 or a Bruker Avance Il HD 400 at 298k and 300, 400 MHz, respectively.
Shifts (6) are quoted in parts per million and quoted relative to an internal standard of
trimethylsilane (TMS). High-resolution mass spectra were recorded on a Waters Xevo G2-XS

QTof Quadrupole Time-of-Flight mass spectrometer.

Methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (1).

0 To a stirred solution of 3,4-dibromomaleimide (3 g, 11.76 mmol) in dry THF
Br
N‘/<O (40 mL) was added N-methyl morpholine (1.11g, 11.76 mmol). The
Br -
0]
1 solution was stirred for 15 min and then the methyl chloroformate (0.91

mL, 11.76 mmol) was added dropwise. The reaction was stirred under a nitrogen atmosphere
for 40 min. Dichloromethane (200 mL) was added and the mixture was washed with water
(200 mL x 3) and dried over anhydrous Na;SOas. The solvent was removed under reduced

pressure and the crude product was dried without further purification.
3,4-dibromo-1-(3-hydroxypropyl)-1H-pyrrole-2,5-dione (2).

Methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate

ji‘é _\__\ (2 g, 6.4 mmol) was dissolved in dry DCM (50 mL) and 3-amino-1-

propanol (0.48 g, 6.7 mmol) was added. The reaction was stirred under
a nitrogen atmosphere for 24 hours. Dichloromethane (150 mL) was added and the mixture

was washed with NH4Cl solution (100 mL), water (200 mL x 3) and dried over anhydrous
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Na;S0s. The solvent was removed under reduced pressure and the product was purified by

flash chromatography (3:1, n-hexanes: EtOAc) as a white solid. Yield: 73%.

1H NMR (300 MHz, Chloroform-d) & 3.78 (t, J = 6.6 Hz, 2H), 3.64 (t, J = 5.8 Hz, 2H), 1.93 — 1.78
(m, 2H). 13C NMR (101 MHz, Chloroform-d) 6 164.3, 129.4, 59.3, 36.5, 31.0. HRMS(MaXis) m/z

[M]: 310.8792, calculated 310.8793.
3,4-bis(butylthio)-1-(3-hydroxypropyl)-1H-pyrrole-2,5-dione (3)*.

3,4-dibromo-1-(3-hydroxypropyl)-1H-pyrrole-2,5-dione (1 g,

jilé —\__\ 3.2 mmol) and butanethiol (576 mg, 6.4 mmol) was dissolved

in THF (50 mL) and cooled to 0 °C for 10 min. Then,

triethylamine was added dropwise to the cooled solution and the reaction was stirred for 16
h at room temperature. Dichloromethane (150 mL) was added and the mixture was washed
with water (200 mL x 3) and dried over anhydrous Na,SO4. The solvent was removed under
reduced pressure and the product was purified by flash chromatography (2:1, n-hexane:

EtOAc) as an orange oil. Yield: 56 %.

'H NMR (300 MHz, Chloroform-d) 6 3.74 — 3.64 (m, 1H), 3.65 — 3.55 (m, 1H), 3.36 — 3.25 (m,
2H), 1.87 - 1.73 (m, 1H), 1.71 — 1.59 (m, 2H), 1.54 — 1.39 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H). 13C
NMR (101 MHz, Chloroform-d) & 167.2, 135.8, 59.0, 34.8, 32.5, 31.6, 31.3, 21.6, 13.8.

HRMS(MaXis) m/z [M+Na]*: 354.1171, calculated 354.1174.

3-(3,4-bis(butylthio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl methacrylate (DTMMA).
3,4-bis(butylthio)-1-(3-hydroxypropyl)-1H-pyrrole-2,5-

0
S-S
| N dione (600 mg, 1.8 mmol) was dissolved in dry DCM (10
0]

0O /S mL) and triethylamine (494 uL, 2.2 mmol) was added.
DTMMA
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The reaction mixture was cooled to 0 °C for 10 min and the methacryloyl chloride (220 pL, 2.2
mmol) was added to the solution dropwise over 30 min. The solution was then stirred at room
temperature overnight under a nitrogen atmosphere. 50 mL DCM was then added to the
solution and followed by washing with water (50 mL x 3) and dried with anhydrous Na,SOa.
The solvent was removed under reduced pressure to give orange oil that was purified by flash

chromatography (4:1, hexane:EtOAc). Yield: 35 %.

IH NMR (300 MHz, Chloroform-d) & 6.10 (dt, J = 1.9, 0.9 Hz, 1H), 5.56 (t, J = 1.6 Hz, 1H), 4.15
(t,J = 6.1 Hz, 2H), 3.63 (t, J = 6.9 Hz, 2H), 3.28 (t, 4H), 2.05 — 1.96 (m, 2H), 1.68 — 1.54 (m, 4H),
1.52 - 1.37 (m, 4H), 0.93 (t, J = 7.3 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) & 167.3, 166.6,
136.2, 135.7, 125.7, 61.9, 35.7, 32.5, 31.5, 27.6, 21.7, 18.3, 13.6. HRMS(MaXis) m/z [M+Na]*:

422.1440, calculated 422.1436.
Compounds 1-3, SPMA were synthesized as reported in previous literature.? 3
1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (4).

2,3,-trimethyl-3H indole (5 g, 31.5 mmol) and 2-iodoethanol (7.5 g, 44 mmol)
/4
N® was dissolved in MeCN (50 mL). The solution was refluxed under nitrogen for
4 8 !
24 hours. The reaction mixture was cooled to room temperature and product
OH

precipitated by the addition of hexane. The purple solid was filtered and dried without further

purification. Yield: 95%.
9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo([3,2-a]indole (5).

1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (7 g, 21 mmol) was

N\j suspended in degassed water (50 mL) under a nitrogen flow and potassium

5 hydroxide (4 g, 70 mmol) was added. The solution was sonicated for 5 minutes
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and stirred at room temperature for 30 min under a nitrogen atmosphere. Then the reaction
mixture was extracted with diethyl ether (100 mL x 3). The combined organic layer was
washed with brine and dried over anhydrous Na,SO4. The solvent was evaporated to afford

an orange oil. Yield: 97%.

1H NMR (300 MHz, Chloroform-d) 6 7.11 — 6.94 (m, 2H), 6.85 (td, J = 7.4, 1.0 Hz, 1H), 6.68 (dt,
J=7.9,0.7 Hz, 1H), 3.83 — 3.72 (m, 1H), 3.70 — 3.58 (m, 1H), 3.58 — 3.37 (m, 2H), 1.35 (s, 3H),
1.31 (s, 3H), 1.11 (s, 3H). 23C NMR (101 MHz, Chloroform-d) & 150.5, 140.0, 127.5, 122.4, 121.7,
112.0,109.0, 63.0, 50.1, 47.0, 28.1, 20.8, 17.6. HR-MS (MaXis) m/z found 203.1311, calculated

203.1310.
2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethan-1-ol (6)

_ 9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-alindole (5 g, 16.7

O N O Q NOo, Mmmol)and 2-Hydroxy-5-nitrobenzaldehyde (2.79 mg, 16.7 mmol)
8 were dissolved in 20 mL ethanol. The reaction was left to reflux

under nitrogen atmosphere for 4 h. The solvent was removed

under reduced pressure to give a purple solid that was purified by flash chromatography (1:1,

n-hexane:EtOAc) Yield: 89%.

'H NMR (300 MHz, Chloroform-d) 6 8.00 — 7.86 (m, 2H), 7.13 (td, J = 7.6, 1.3 Hz, 1H), 7.03 (dd,
J=7.3, 1.3 Hz, 1H), 6.89 — 6.77 (m, 2H), 6.69 (d, J = 8.6 Hz, 1H), 6.60 (d, J = 7.8 Hz, 1H), 5.81
(d, J = 10.4 Hz, 1H), 3.82 — 3.60 (m, 2H), 3.39 (ddd, J = 14.9, 7.4, 5.4 Hz, 1H), 3.26 (dt, J = 14.9,
5.1 Hz, 1H), 1.65 (s, 1H), 1.22 (s, 3H), 1.13 (s, 3H). 13C NMR (101 MHz, Chloroform-d) § 159.3,
147.0,135.9,128.3,127.9, 126.0, 122.8, 122.0, 121.9, 120.0, 118.6, 115.6, 106.9, 106.7, 60.9,

60.4,52.9, 46.1, 25.9, 20.0. HRMS(MaXis) m/z [M+H]*: found 353.1503, calculated 353.1501.
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2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl methacrylate (SPMA)

2-(3',3'—dimethyl — 6 — nitrospiro [ chromene - 2,2' —indolin]-

O N O Q NO, 1'-yl)ethan-1-ol (2 g, 5.6 mmol) was dissolved in dry DCM (20

8 mL) in a dried flask under nitrogen and triethyl amine (1.4 mL,
0—° SP-MMA

>/\ 6.7 mmol) was added. The reaction mixture was cooled to 0 °C

for 10 min and then methacryloyl chloride (0.67 mL, 6.7 mmol) was added to the solution
dropwise over 30 min. The solution was then stirred at room temperature overnight under a
nitrogen atmosphere. 50 mL DCM was then added to the solution and followed by washing
with water (100 mL x 3) and dried with anhydrous Na,SOas. The solvent was removed under
reduced pressure to give a purple oil that was purified by flash chromatography (2:1,
hexanes:EtOAc). Yield: 42%.

14 NMR (400 MHz, Chloroform-d) & 8.01 — 7.87 (m, 2H), 7.17 — 7.10 (m, 1H), 7.02 (dd, J = 7.3,
1.3 Hz, 1H), 6.86 — 6.80 (m, 2H), 6.66 (dd, J = 19.1, 8.2 Hz, 2H), 6.00 (t, J = 1.4 Hz, 1H), 5.80 (d,
J=10.3 Hz, 1H), 5.53 = 5.45 (m, 1H), 4.23 (t, J = 6.3 Hz, 2H), 3.55 — 3.24 (m, 2H), 1.85 (t, J = 1.3
Hz, 3H), 1.21 (s, 3H), 1.09 (s, 3H). 13C NMR (101 MHz, Chloroform-d) & 159.4, 146.7, 136.1,
135.7,128.3, 127.9, 126.0, 126.0, 122.8, 121.8, 119.9, 118.4, 115.6, 106.8, 106.5, 62.7, 52.8,

42.4,25.9,19.8, 18.4. HRMS(MaXis) m/z [M+H]*: 421.1760, calculated 421.1763.
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Supplementary Method 2| General procedure for fluorescence lifetime decay measurement
and analysis.

Fluorescence lifetime image (FLIM) was collected using the LSM upgrade kit (PicoQuant)
mounted on a FV3000 (Olympus) confocal microscope with a I1X-81 inverted base (Olympus)
and the 20x and 60x oil lens (Olympus) were used for imaging. FLIM images and spectra were
detected by single-photon avalanche diodes using analyzed using the FLIM method
implemented in SymPhoTime software (PicoQuant) and Imagel. All IRF deconvolved
exponential fits were performed with the number of exponents selected for completeness of
fit as determined by boot-strap chi-squared analysis in SymPhoTime software, typically three.
All IRF deconvolved exponential fits were performed with the 3 exponents selected for
completeness of fit as determined by bootstrap Chi-square analysis in SymPhoTime software
(PicoQuant) using the following equations:

Exponential model function:

t

S() = f E(t)R(t — t')dt’ 1)

0

S(t): Measured fluorescence decay;
E(t): Measured instrumental response function;

R(t-t): Theoretical sample decay model function;

R(t) = A exp {— %} + Ajyexp {— %} + Ajexp {— é} 2)

Reduced chi-square:

Fr — Si)?
=y w2
k
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W\: Weighting factors for the individual data points.
Sk: The measurement data points.

Fr: The data points of the fitted curve.

N: The number of the free parameters which is approximately the number of fitted data

points subtracted by the number of lifetime parameters used in the fit.

Intensity average lifetimes (ta,,) and amplitude average lifetimes (ta,a) were obtained from

the fitting parameters according to the following equations:

Y Atf

= 4

Tav,I Y AT, €))
YA;T;

Tava = —Z/ll-l (5)
l
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Supplementary Method 3| Computational methods

To obtain the most stable conformations of DTMMA and ring-closed SPMA, it was performed
a Monte Carlo conformational search using the OPLS force field* > (for each system 1000
conformational search steps have been performed). The 20 low-energy structures were
selected and re-optimized using the B3LYP® 7 and CAM-B3LYP2 functionals and the 6-311G(d,p)
basis set.> 10 It is worth noting that both DFT methods coincided with the same lowest-energy
structures. Additional optimization processes were also performed using the M06-2X*! and
PBE1PBE functionals and the 6-311G(d,p) basis set. The dispersion effects (in exception of
the M06-2X functional) and the solvent were included in all the optimization processes. The
D3-Grimme’s dispersion'® with Becke-Johson damping factor'* > was used to evaluate the
dispersion effects. The solvent was considered using the polarization continuum model
(PCM)® 17 and the dielectric constant of cyclohexane (¢ = 2.0165). The ring-opened SPMA
geometry was obtained from the modification of the lowest-energy ring-closed SPMA
conformation. The harmonic vibrational frequencies were also calculated to verify that all the

stationary points are minima of their potential energy surface.

Ring-closed SPMA Ring-Opened SPMA DTMMMA

These structures (DTMMA and ring-closed and ring-opened SPMA) were used for the TD-DFT
calculations® 19 (B3LYP, CAM-B3LYP, M06-2X, and PBE1PBE) to describe the absorption and

emission (geometry optimization of the first singlet excited state) processes. In the TD-DFT
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calculations, 50 excited states have been considered. The Macromodel?® and Maestro?!

software packages were used to carry out the conformational search. All the remaining
calculations (geometry optimizations, frequencies, and TD-DFT) were performed using the

Gaussian 16 program package.??

The B3LYP and PBE1PBE functionals predict very similar excitation and emission energies
(Supplementary Table S5 and S6). The lowest-energy absorption values correspond to HOMO
— LUMO transitions, which mainly represent © bonding and ©* antibonding interactions. In
DTMMA and ring closed SPMA systems, the m conjugation is mainly located on the
dithiomaleimide ring and the phenyl of the indoline unit, respectively. Conversely, in the ring
opened SPMA, the &t conjugation is placed along almost all the structures. The photophysical
parameters obtained from the CAM-B3LYP and M06-2X functionals (Supplementary Table S5
and S6) present a blue shift displacement between 50 and 100 nm with respect to the
obtained B3LYP and PBE1PBE results. Nevertheless, all these four DFT functionals conclude
that the FRET from DTMMA to the ring-closed SPMA is blocked and the only allowed FRET is

to the ring-opened SPMA conformation.
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Supplementary Tables

Supplementary Table 1| Chemical composition and size characteristics of polymeric nanogel. The DoF

(Degree of functionalization) and CLD (Cross-linking density of the EGDMA) were calculated by the

following equations:

% Degree of functionalization of SPMA:

DoF(mol%) [SPMA] 100 6
= X
OFUMOT) = TMMA + SPMA + DTMMA] (®)
b Degree of functionalization of DTMMA:
DoF 1% [DTMMA] 100 7
= X
oF(mol%) = A+ SPMA + DTMMA] ™
¢ Cross-linking density of EGDMA:
2 X Mass
CLD(wt%) = EGDMA % 100 (8)
MaSSMMA
MMA | EGDMA SPMMA DTMMA DoF CLD¢ DLS
No.
mmol | pmol umol  DoF? | umol DoF® | Total% % (nD;") PD

1 5.0 12.5 0.0 0.00 2.5 0.05 0.05 0.01 26 0.12

2 5.0 12.5 2.5 0.05 2.5 0.05 0.10 0.01 24 0.12

3 5.0 12.5 10.0 0.20 2.5 0.05 0.25 0.01 27 0.09

4 5.0 12.5 20.0 0.40 2.5 0.05 0.45 0.01 33 0.09

5 5.0 12.5 10.0 0.20 0.0 0.00 0.20 0.01 22 0.09

6 5.0 625.0 20.0 0.40 2.5 0.05 0.45 0.50 23 0.05

4 Dy, and PD were average values measured 4 times from DLS analysis.
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Supplementary Table 2| Photophysical data of FRET between DTM and ring-opened SP. J(A) is the
overlap integral of the fluorescence emission spectrum of the donor and the absorption spectrum of
the acceptor was calculated as J(A) which is dependent on the normalized donor fluorescence
spectrum (F4(4)) and the molar extinction coefficient (M cm™) of the acceptor (¢,(4)) according to

the following equation (9):

Ro the critical Férster distance for 50% FRET efficiency, is defined by following equations.?

Q) = f £ (DFa(D) 2*dA ©)

Ry _ (9In10(k2)p (D))"
nm | 128m5n*NA

1/6
K2¢T:14](A)] (10)

= 0.02108[
£q: The molar extinction coefficient of the acceptor (M*cm™). <k?>: The average squared orientational
part of dipole-dipole interaction between donor and acceptor. Here, <k?>> was assumed to be 2/3
which corresponds to the random orientation of donor and acceptor in the excited state. ¢4 The
fluorescent quantum yield of the donor fluorophore, in this system; ¢4 is the fluorescence quantum
yield of the nanogel only containing DTM (N1) calculated via the relative method. n: refractive index.

In this system, n is 1.45 for MMA. Na. Avogadro constant (6.0221415 x 1023 mol™1).

J(A) Ro Deffective
Donor Acceptor ®d (ML cmnm?) (nm) (nm)
DTMMA SPMA 0.51 5.4E+12 1.8 <3.6
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Supplementary Table 3| TD-DFT excitation and emission energies, their corresponding oscillator strengths and the HOMO-LUMO gap of DTM, ring-opened
and ring-closed SP structures at B3LYP-B3DJ/6-311G(d,p) level of theory using the PCM with £ = 2.0165.

State Major contribution Aex® feoxc® Major contribution Aem® form® AN? YRS

1 H->L (70%) 453 (2.7) 0.100 H>L (70%) 574 (2.2)  0.079 121(10.2) 369 (3.4)
DTMMA 2 H-1->L (62%) 360 (3.4) 0.019

3 H-3>L (59%) 326 (3.8) 0.030
Ring- 1 H->L (70%) 510 (2.4) 0.825 c 455 (2.7)
opened 2 H-1>L (69%) 473 (2.6) 0.008
SPMA 3 H-2 > L (70%) 373 (3.3) 0.389
Ring- 1 H->L (70%) 401 (3.1) 0.006 H->L (71%) 662 (1.9) 0.004 261 (4.7) 354 (3.5)
Closed 2 H-1->L (69%) 348 (3.6) 0.178
SPMA 3 H->L+1 (70%) 332 (3.7) 0.013

2 Values in nm and eV (in parenthesis). ® Values in a.u. ¢ The geometry of the first singlet excited state was not possible to converge.

Supplementary Table 4| TD-DFT excitation and emission energies, their corresponding oscillator strengths and the HOMO-LUMO gap of DTM, ring-opened
and ring-closed SP structures at PBE1PBE-B3DJ/6-311G(d,p) level of theory using the PCM with £ = 2.0165.

State Major contribution  Aex foxc® Major contribution  Aem? fom® AA® ALy

1 H>L (70%) 438.2(2.8)  0.108 H>L (70%) 558.6 (2.2) 0.092 120 (10.3) 335 (3.7)
DTMMA 2 H-1>L (60%) 347.9(3.6) 0.015

3 H-3 > L (56%) 313.6 (4.0)  0.037
Ring- 1 H>L (70%) 494.8 (2.5) 0.872 ¢ 410 (3.0)
opened 2 H-1>L (69%) 450.6 (2.8)  0.006
SPMA 3 H-2 > L (70%) 356.6 (3.5) 0.372
Ring- 1 H>L (70%) 361.2 (3.4) 0.007 HoL (71%) 556.7 (2.2) 0.004 196 (6.3) 313 (4.0)
Closed 2 H-1> L (69%) 326.3(3.8) 0.183
SPMA 3 H- L+l (69%) 313.2(4.0) 0.015

2 Values in nm and eV (in parenthesis). ® Values in a.u. ¢ The geometry of the first singlet excited state was not possible to converge.
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Supplementary Table 5| TD-DFT excitation and emission energies, their corresponding oscillator strengths and the HOMO-LUMO gap of DTM, ring-opened
and ring-closed SP structures at CAM-B3LYP-B3DJ/6-311G(d,p) level of theory using the PCM with £ = 2.0165.

State Major contribution  Aexd foxc® Major contribution ~ Aem® form® AA° A

1 H->L (69%) 390 (3.2) 0.126 H->L (69%) 523 (2.4) 0.110 133 (9.3) 206 (6.0)
DTMMA 2 H-1>L (52%) 315 (3.9) 0.008

3 H-3 > L (48%) 286 (4.3) 0.037
Ring- 1 H>L (70%) 464 (2.7) 1.053 H>L (69%) 534(2.3) 0.721 76 (16.2) 250 (5.0)
opened 2 H-2 > L (64%) 383 (3.2) 0.002
SPMA 3 H-1>L (65%) 315 (3.9) 0.165
Ring- 1 H-6 > L (61%) 302 (4.1) 0.001 H-3->L (71%) 532 (2.3) 0.000 230 (5.4) 199 (6.2)
Closed 2 H-1>L (68%) 289 (4.3) 0.199
SPMA 3 H-1 > L+1 (56%) 275 (4.5) 0.042

2 Values in nm and eV (in parenthesis). ® Values in a.u.

Supplementary Table 6| TD-DFT excitation and emission energies, their corresponding oscillator strengths and the HOMO-LUMO gap of DTM, ring-opened
and ring-closed SP structures at M06-2X/6-311G(d,p) level of theory using the PCM with € = 2.0165.

State Major contribution  Aex foxc® Major contribution  Aem® fom® AN? ALy
1 H>L (69%) 386 (3.2) 0.120 H>L (69%) 513 (2.4)  0.104 127(9.7) 5.7
DTMMA 2 H-4 > L (47%) 321 (3.9) 0.007
3 H-1>L (48%) 293 (4.2) 0.029
Ring- 1 H>L (70%) 471 (2.6) 1.049 H>L (69%) 565(2.2)  0.678 94 (13.2) 45
opened 2 H2 > L (62%) 378 (3.3) 0.003
SPMA 3 H-1-> L (68%) 315 (3.9) 0.195
Ring- 1 H-8 > L (50%) 303 (4.1) 0.000 H-> L+4 (66%) 557(2.2)  0.000 254 (4.9) 6.0
Closed 2 H-1>L (67%) 283 (4.4) 0.121
SPMA 3 H-1 - L+l (54%) 272 (4.6) 0.081

2 Values in nm and eV (in parenthesis). ® Values in a.u. ¢ The geometry of the first singlet excited state was not possible to converge.
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Supplementary Table 7| Cartesian coordinates (in A) of the stationary points in the ground state
optimized at the B3LYP-D3BJ/6-311G(d,p) level of theory in solution using the PCM model with € =
2.0165.

DTMMA -1.484871 -1.509437 4.113415

C -1.714546 1.868008 -0.576829 0.383460 3.267056 -0.756821
C -2.069667 0.455815 -0.923160 0.564328 3.568485 0.736584
C -1.015826 -0.107556 -1.566129 -0.103913 4.110517 -1.249690
0.094989 0.913640 -1.624583 1.346933 3.097266 -1.234377
-0.397007 2.059491 -1.001896 1.021509 2.366814 1.539276
-2.389832 2.707860 -0.026727 1.288270 4.382419 0.831535
1.205916 0.796190 -2.088958 -0.380181 3.915311 1.160694
-1.024799 -1.678348 -2.313987 0.285685 1.562999 1.530102
-3.630363 -0.268699 -0.632359 1.216294 2.631608 2.580472
0.750041 -2.183752 -2.332493 2.246087 1.877272 0.948608
1.363271 -2.390313 -0.952988 2.549585 0.579753 1.148649
1.302989 -1.448296 -2.909566 1.871126 -0.162466 1.826213
0.715000 -3.120220 -2.895044 3.800370 0.196122 0.427648
0.720293 -3.497007 -0.116680 4.337896 -0.988290 0.725228
2.424843 -2.618260 -1.106922 5.244664 -1.330622 0.240742
1.340576 -1.453137 -0.394577 3.875511 -1.637139 1.457510
1.465902 -3.728899 1.198724 4.364740 1.149230 -0.587920
-0.320865 -3.233601 0.091680 3.632316 1.334501 -1.377304

4602191 2.113853 -0.133189

r r T O T T O O O O O T T T T O T T O O I

0.971196 -4.490190 1.807390 5.271078 0.738174 -1.034703

2.490956 -4.065315 1.012752
1.516870 -2.805976 1.780094 Ring-opened SPMA

-3.929699 0.229139 1.126446 C 2940663 0.728137 1.003120
-2.777352 -0.089334 2.075646 C 2562414 1.877321 0.310144

-4.168879 1.289782 1.138589 C 3.515916 2.815781 -0.041972

-4.825493 -0.339331 1.387115 4.851594 2.586117 0.308683

-2.334643 -1.552422 2.108087 5.211813 1.436450 1.009979

-1.919294 0.542908 1.827868 4257017 0.482824 1.372349

-3.094657 0.220351 3.079007 3.239218 3.712487 -0.583791

-1.191762 -1.788910 3.096369 5.610828 3.307825 0.034369

-2.021103 -1.856448 1.105655 6.248550 1.273336 1.277563

-3.193467 -2.1838389 2.364614 4547433 -0.406502 1.915205
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Supplementary Table 8| Photophysical decay and the exponential fitting of the nanogels before and

after light illumination (Aex. = 410 nm).*

Value Std. Dev. A Tav,! Std. Dev. taya Std. Dev.
Parameter Va
/ns /ns % /ns /ns /ns  /ns
1 31.10 0.06 0.63
Vis 2 7.80 0.12 0.32 1.005 28.4 0.052 22.1 0.019
3 0.90 0.08 0.05
N1
1 32.00 0.22 0.52
uv 2 6.80 0.25 0.33 1.085 28.3 0.048 19.0 0.017
3 1.10 0.12 0.16
1 30.80 0.05 0.44
Vis 2 6.24 0.02 0.38 1.071 26.8 0.042 16.0 0.025
3 1.17 0.02 0.19
N2
1 29.00 0.16 0.43
uv 2 6.00 0.15 0.31 1.05 25.0 0.043 14.4 0.089
3 1.31 0.04 0.26
1 28.00 0.075 0.34
Vis 2 5.52 0.071 0.35 1.095 234 0.042 11.8 0.039
3 1.13 0.019 0.31
N3
1 25.40 0.051 0.19
uv 2 4.39 0.048 0.34 1.205 19.0 0.043 7.0 0.035
3 1.23 0.029 0.46
1 27.00 0.06 0.22
Vis 2 4.82 0.039 0.34 1.28 20.8 0.037 8.0 0.025
3 1.08 0.009 0.44
N4
1 23.20 0.061 0.11
uv 2 3.22 0.046 0.33 1.55 15.2 0.022 4.0 0.017
3 0.82 0.019 0.46

*Data was collected on the FLIM (PicoQuant) mounted on a FV3000 (Olympus) confocal microscope. 405 nm
(PicoQuant) pulsed diode laser were applied as the excitation light source. The sample were measured in the

aqueous solution at concentration 0.5 mg mL™.
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Supplementary Table 9| Energy transfer efficiency in nanogel system with different ratio of DTM and
SPMA. The energy transfer efficiency 7er of different nanogel systems were calculated using the

following equation?*:

Ner =1-— TDA/TD (11)

where T and 7p4 is the lifetime of the nanogel before UV irradiation and after UV irradiation at the

different SP acceptor ratios, respectively.

b The energy transfer rate kg was calculated according to the equation (12).

ker = kiotar — (kr + knr) =1_2 (12)

DA D

Kiotar is the decay rate of the nanogel at 510 nm. k,. and k,,,- is the radiative and non-radiative decay

rate of the donor at 510 nm, respectively.

Nanogel N1 N2 N3 N4 N5
ner® - 0.067 0.188 0.269 -
ket -- 0.003 0.009 0.017 -
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Supplementary Figures
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Supplementary Figure 1| Synthetic route for monomer DTMMA. a. N-methyl morpholine (NMM), THF, room
temperature, 4 h; b. CH2Clz, room temperature, overnight; c. Triethylamine, THF, room temperature, 16 h; d.

Triethylamine, CH2Cl2, room temperature, overnight.
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Supplementary Figure 2| Synthetic route for monomer SPMA. a. MeCN, reflux, 24 h; b. KOH solution, room

temperature, 30 minutes; c. Ethanol, reflux, 4 h; d. Triethylamine, CH2Clz, room temperature, overnight.
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Supplementary Figure 3| a. 'H NMR spectra monitoring the micro emulsion polymerization process in D20 (400
MHz, 298K). b. Overlaid *H NMR spectra of nanogel N4 (red) in DMSO-ds with MMA (black) and SPMA (pink). The

consumption of the acrylate groups around 5.5-6.3 ppm (inset) indicates full monomer conversion (400 MHz,

298K).
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Supplementary Figure 4| TEM image of nanogel (N1) showing spherical morphology, stained with 1 wt% UA
solution. The right image shows the statistical analysis of the nanogel size distribution (top) and the enlarged
TEM (bottom). Dry-state stained transmission electron microscopy (TEM) imaging was performed on a JEOLJEM-
1400 microscope operating at an acceleration voltage of 80 kV. All dry-state samples were diluted with deionized
water to appropriate analysis concentration (0.01 mg mL?) and then deposited onto formvar-coated copper
grids. After roughly 1 min, the excess sample was blotted from the grid and the grid was stained with an aqueous
1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis. TEM observations

were measured from more than three samples
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Supplementary Figure 5| a-f. Size distribution and corresponding hydrodynamic diameters obtained of N1-6 at
1 mg mL?, obtained by DLS (detection angle = 173°) and the corresponding autocorrelation function (inset). PD:
Dispersity, Dn: hydrodynamic diameters, red: number weighted, blue: volume-weighted, black: intensity
weighted. All determinations were repeated 4 times with 15 measurements recorded for each run. Dy values

were calculated using the Stokes-Einstein equation where particles are assumed to be spherical.
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Supplementary Figure 6| a. Size distribution and b. corresponding hydrodynamic diameters of nanogel N1
before (black) and after (red) two months storage; c. Size distributions and d. corresponding hydrodynamic
diameters of N1 before (black) and after (red) UV light irradiation for 120 s; e. Size distributions and f.
corresponding hydrodynamic diameters of N6 after UV (green) and visible light (blue) irradiation for 120 s; g.
Size distributions and h. corresponding hydrodynamic diameters of N1 at different temperatures. All Size
distribution and corresponding hydrodynamic diameters were collected by DLS measurements (25-70 °C with
steps of 5 °C), repeated 4 times with 15 measurements recorded for each run. Distribution data are presented

as mean values +/- S.D. All error bars represent standard deviation (n = 4).
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Supplementary Figure 7| a. Excitation and emission spectra of N1 in water at 0.5 mg mL™* (slit width: Ex. =1 nm,

Em. =1 nm); b. 2D excitation-emission spectra (with a 5 nm step) of N1 at 0.5 mg mL? (slit width: Ex. = 1 nm,

Em.=1nm).
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Supplementary Figure 8| Estimation of Relative Quantum Yield of the nanogel N1. a. Linear fit of the integrated

emission of N1 and 5-(6)-FAM with absorption at 445 nm; b. Fluorescent emission of N1 (black line) and the

molar extinction coefficient of SPMA (red line).The relative quantum yield (¢d) of nanogel only containing DTM

(N1) in aqueous solution was calculated using 5-(6)-carboxyfluorescein (5(6)-FAM) as the standard reference

(st=92%). The emission of both 5(6)-FAM and N1 were excited at 445 nm and the integration of the emission

was liner fitted with the absorption at the same wavelength. By comparing the slope of the reference and N1,

the relative quantum yield of N1 was calculated as 51% in aqueous solution.?®
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Supplementary Figure 9| a-b. Fluorescence emission and intensity of nanogel N1 (50% CLD) in different
concentrations of reduced GSH; b) Fluorescence emission and intensity of N1 (50% CLD) in the presence of
reduced GSH (10 mM) recorded for a total of 20 h; e-f. Fluorescence emission and intensity of N1 (50% CLD) in

the presence of oxidized GSH (10 mM) recorded for a total of 20 h; (Aex =410 nm, Aem = 530 nm, Cn1 = 0.5 mg mL
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Supplementary Figure 10| a. Emission spectra of nanogel N4 after UV light irradiation for 0-100 s (Aex=410 nm,

slit width: Ex. =1 nm, Em. = 1 nm); b. Emission intensity changes at DTM channel (510 nm) and SP channel (610

nm) after UV light irradiating for 0-100 s c. Emission spectra of nanogel N4 after visible light irradiation for 0-100

S (Aex=410 nm, slit width: Ex. =1 nm, Em. = 1 nm); d. Emission intensity changes at DTM channel (510 nm) and

SP channel (610 nm) after visible light irradiating for 0-100 s (Aex=410 nm, slit width: Ex. =1 nm, Em. = 1 nm;

Cna=0.5 mg mLY).
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Supplementary Figure 11| Fluorescence lifetime decay of DTMMA small molecule in the different solvent with
fitting and residuals (bottom). CH: cyclohexane, DE: diethyl ether, EtOAc: ethyl acetate, MeOH: methanol,

Nanogel: N1 (Aex = 375 nm, Aem = 510 nm, Slit: Ex. =1, Em. = 1).
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Supplementary Figure 12| a. Fluorescence lifetime decay and b. average fluorescence lifetime of N1 at different
concentrations (0.1-1 mg mL?) in water monitored under excitation with a pulsed laser (Aex = 375 nm). c.
Fluorescence lifetime decay and d. average fluorescence lifetime of N1 upon alternating UV (120 s) and visible
light (120 s) irradiation for 7 times (Aex = 375 nm, Cn1 = 0.5 mg mLY); e. Fluorescence lifetime decay and f) average
fluorescence lifetime of N4 upon alternating UV (120 s) and visible light (120 s) irradiation for 8 times (Aex = 375

nm, Cna = 0.5 mg mLY);
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Supplementary Figure 13| a. 2D Fluorescence lifetime decay of N1 after UV irradiation (120 s); b. 2D
Fluorescence lifetime decay of N4 after UV irradiation (120 s); 2D Fluorescence lifetime was recorded under the
continuous excitation of the nanogel solution (C = 0.5 mg mL?) with a pulsed laser (Aex = 375 nm). Fluorescence

lifetime decays were monitored at different emission wavelengths with 5 nm steps.
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Supplementary Figure 14| a. Fluorescence lifetime decay of nanogel N4 after UV light irradiation for 0-100 s

(Cna = 0.5 mg mLL, Aex=375 nm, Aem = 510 nm; Slit: Ex. = 1, Em. = 1); b. Fluorescence lifetime decay of N4 after

irradiation with different UV lights for 120 s (Cna = 0.5 mg mL™?, Aex = 375 nm, Aem = 510 nm; Slit: Ex. = 1, Em. = 1);

UV lamp 1: 365 nm, 6 W; UV lamp 2 (LED): 365 nm, 4 W. Inserted plot: emission intensity ratios of DTM and SP

channels in nanogel N4 during different UV irradiation for 0-100 s (Cns = 0.5 mg mL™?, Aex. = 375 nm, slit width: Ex.

=1nm, Em.=1nm).
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Supplementary Figure 15| a. Steady-state emission of nanogel N1 (Aex = 410 nm); b. Fluorescence lifetime decay
spectra (points) with fitting (line) and residuals (bottom) for nanogel solution (N1); c) FLIM images and histogram

of the nanogel solution before and after UV irradiation (Aex = 410 nm). The images were recorded three times

and similar results were obtained.
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Supplementary Figure 16| a. Steady-state emission of nanogel N2 (Aex = 410 nm); b. Fluorescence lifetime decay
spectra (points) with fitting (line) and residuals (bottom) for nanogel solution (N2); c) FLIM images and histogram

of the nanogel solution before and after UV irradiation (Aex = 410 nm). The images were recorded three times

and similar results were obtained.
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Supplementary Figure 17| a. Steady-state emission of nanogel N3 (Aex = 410 nm); b. Fluorescence lifetime decay
spectra (points) with fitting (line) and residuals (bottom) for nanogel solution (N3); c. FLIM images and histogram
of the nanogel solution before and after UV irradiation (Aex = 410 nm The images were recorded three times and

similar results were obtained.
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Supplementary Figure 18| a. Steady-state emission of nanogel N4 (Aex = 410 nm); b. Fluorescence lifetime decay
spectra (points) with fitting (line) and residuals (bottom) for nanogel solution (N4); c. FLIM images and histogram
of the nanogel solution before and after UV irradiation (Aex = 410 nm). The images were recorded three times

and similar results were obtained.
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Supplementary Figure 19| FLIM and CLSM imaging used to identify the relative position and any nanogel
information incorporated in the PVA film (solid state). Different areas of the nanogel were selected as regions
of interest (ROI) and analysis of the corresponsive fluoresce lifetime for each ROl is shown. Left column: CLSM
images of two nanogel droplet films with different channels (Green channel: Aex = 405 nm, Aem = 480-550 nm;
red channel: Aex = 405 nm, Aem:600-700 nm); Right column: FLIM images of two nanogel droplet films with overall
lifetime histogram and separated ROl with a subtracted lifetime histogram. (a) “Hidden” state (Before UV

irradiation); (b) “Read” state (After UV irradiation).
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Supplementary Figure 20| Evaluation of the cytotoxicity of nanogels in A549 lung cancer cells. (Blue: nanogel
N4, Red: nanogel without SPMA and DTMMA). Cell viability was assessed by 10% PrestoBlue viability assay
following the supplier instructions after 24 h incubation with nanogel solution at 37 °C and 5% CO:. The
fluorescence intensity (FI) was detected in a FluoStar Omega microplate reader (BMG Labtech) (Aex = 530 nm,
Aem =590 nm). Cell data are reported as viability % in comparison to the control sample. Nanogel only contained
MMA and EGDMA was chosen as the control to explore the cytotoxicity of the SPMA and DTMMA. (Red: N6,

blue: control). Data are presented as mean * SD (N =3). Error bars represent standard deviation.

S35



Blue channel Red channel
DTM MitoTracker™

Merge channel Bright-field Intensity

VIS

uv

VIS

Supplementary Figure 21| Confocal fluorescence images of the non-specific accumulation of nanogel (N6) in the live A549 cells co-incubated with MitoTracker Red for 1
hour. The images between different rows were acquired by alternating the UV and vis irradiation for 120s. The intensity of region of interests (ROI) in different channels was
plotted to quantify the emission change after light irradiations. (Blue channel: DTM, Aex = 405 nm; Green channel: Ring-opened form of SP, Aex = 405 nm; Red channel:

MitoTracker Red, Aex = 630 nm; Scale bar = 40 um).

S36



1.4 - 0.8 —=—5%
—=—11%
1.24 ot 22 %
0.4
2 1.0 4
5 0.2
N 0.8 0.0
‘_U 0 1 2 3 4
10° 10" 10 10° 1
£ 06. 0° 10" 102 10° 10
o
z
0.4 -
0.2 4 \
0-0 o s p v" pin_pin_xin s e n'n s g g s s s s e s e s e
10 100
Dp/nm

Supplementary Figure 22| Intensity-weighted size distribution and corresponding hydrodynamic diameters
obtained of different ratio of azide functionality at 1 mg mL?, obtained by DLS (detection angle = 173°) and the
corresponding autocorrelation function (inset). All determinations were repeated 4 times with 15

measurements recorded for each run. Dn values were calculated using the Stokes-Einstein equation where

particles are assumed to be spherical.
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Supplementary Figure 23| Overlaid 'H NMR spectra of nanogel with different functionality to confirm the TPP
functionality. The new multiplet around 7.5-8.1 ppm of TPP functionalized nanogel corresponded to aromatic

protons of triphenylphosphonium unit (DMSO-ds, 400 MHz, 298K).
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Supplementary Figure 24| 3P NMR of nanogel with different functionality. The new peak in TPP functionalized
nanogel corresponded to the triphenylphosphonium unit (DMSO-ds, 400 MHz, 298K).
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Supplementary Figure 25| The functionalization of nanogel azide and TPP was first assessed by FT-IR spectra.
16 Scans were recorded from 600 to 4000 cm™ at a resolution of 4 cm™. In the azide-functionalized nanogel, the
increase of the peak around 2100-2200 cm™ corresponded to the stretching vibrations of azide group in N3-N6
nanogel. This peak was further decreased after the click reaction with (But-3-yn-1-yl) triphenylphosphonium

bromide which further confirmed the successful modification of TPP group.
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Supplementary Figure 26| Intensity-weighted size distribution and corresponding hydrodynamic diameters
obtained of unmodified nanogel (N6, black), azide functionalized nanogel (N3-N6, red) and TPP functionalized
nanogel (TPP-N6, green) at 1 mg mL?, obtained by DLS (detection angle = 173°). All determinations were
repeated 4 times with 15 measurements recorded for each run. Dn values were calculated using the Stokes-

Einstein equation where particles are assumed to be spherical.
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Supplementary Figure 27| Subcellular imaging of the nanogel (TPP-N6) in the live A549 cells co-incubated with
MitoTracker Red using confocal microscopy. The intracellular images between different rows were acquired by
alternating the UV and vis irradiation. (Blue channel: DTM, Aex = 405 nm; Green channel: Ring-opened form of

SP, Aex = 405 nm; Red channel: MitoTracker Red, Aex = 630 nm; Scale bar = 60 um).
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Supplementary Figure 28| a. Co-localization of nanogel (N6, green channel) with MitoTracker Red (Red channel)
in live A549 cells; b. Co-localization of nanogel (TPP-N6, green channel) with MitoTracker Red (Red channel) in
live A549 cells. Green channel: the ring-opened form of SP (Aex = 405 nm); Red channel: MitoTracker Red (Aex =
630 nm). The intensity correlation plots of TPP-N6 and MitoTracker Red was processed on imageJ and analyzed

the Pearson Correlation Coefficient using Coloc2 plugins.
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Supplementary Figure 29| a. Fluorescence lifetime decay (top) with fitting and residuals (bottom) of the Mito
Tracker Cy5 in live A549 cells. b. FLIM imaging of the Mito Tracker Cy5 in live A549 cells.; c. Fluorescence lifetime

histograms of the Mito Tracker Cy5 in the whole image range (Aex = 405 nm).
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3,4-dibromo-1-(3-hydroxypropyl)-1H-pyrrole-2,5-dione (2).

RERERRGRR REZRRRRRRARAR
EEREEE LT - - 1)} e
SIS e S
[r f
| |
|
|
‘ | o
[ ]
|
| |
|
]
) ) J )
(o]
Br
[ N
3
Br ‘\( ‘\2_‘\
o OH
4 1
3
4
|
2
CHCl,
J L Al
T T T
g8 8 B 8
- - - T r T T r v v T r T T T T
7.5 7.0 65 6.0 55 50 45 4.0 35 30 25 20 15 1.0 0.5 0.0
f1 (ppm)
3 p: ABK 8 B 8
b a RE# [ &
A | [
o
B 1
/]L N s
Bre W o
o] OH
3
1 2
5
4
' - : - - 1 ' : - - - 1 ) . . ' ' : ! .
190 180 170 160 150 140 130 120 110 100 90 70 60 ) 40 k1] 20 10 0

f1 (ppm)

Supplementary Figure 30| *H NMR and *3C NMR spectra of 3,4-dibromo-1-(3-hydroxypropyl)-1H-pyrrole-2,5-

dione in CDCls (400MHz, 298 K).
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3,4-bis(butylthio)-1-(3-hydroxypropyl)-1H-pyrrole-2,5-dione (3)
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Supplementary Figure 31| 'H NMR and *3C NMR spectra of 3,4-bis(butylthio)-1-(3-hydroxypropyl)-1H-pyrrole-

2,5-dione in CDCls (400MHz, 298 K).
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3-(3,4-bis(butylthio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl methacrylate (DTMMA).
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Supplementary Figure 32| 'H NMR and *3C NMR spectra of 3-(3,4-bis(butylthio)-2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)propyl methacrylate in CDClz (400MHz, 298 K).
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9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (5).
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Supplementary Figure 33| 'H NMR and '3C NMR spectra of 9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-
alindole in CDCls (400MHz, 298 K).
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2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethan-1-ol (6)
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Supplementary Figure 34| H NMR and *3C NMR spectra of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-

indolin]-1'-yl)ethan-1-ol in CDCl3 (400MHz, 298 K).
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2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl methacrylate (SPMA)
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Supplementary Figure 35| H NMR and 3C NMR spectra of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-

indolin]-1'-yl)ethyl methacrylate in CDClz (400MHz, 298 K).
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