Two-color emitting colloidal nanocrystals as single particle
ratiometric probes of intracellular pH

T T

Francesco Bruni'’, Jacopo Pedrini'’, Caterina Bossio’, Beatriz Santiago-Gonzalez', Francesco
Meinardi', Wan Ki Bae®, Victor I. Klimov*, Guglielmo Lanzani**" and Sergio Brovelli'”

lDipartimento di Scienza dei Materiali, Universita degli Studi di Milano-Bicocca, via Cozzi 55, IT-
20125 Milano, Italy

?Center for Nano Science and Technology, Istituto Italiano di Tecnologia, Via Pascoli 70/3, 20133
Milano, Italy.

? Photo-Electronic Hybrids Research Center, National Agenda Research Division, Korea Institute of
Science and Technology, Seongbuk gu, Seoul, Korea

4Chemistry Division, Los Alamos National Laboratory, Los Alamos, New Mexico 875435,
United States

3 Politecnico di Milano, Dip.to di Fisica, P.zza L. Da Vinci 32, 20133 Milano, Italy.

" These authors contributed equally to this work.

(*) Correspondence should be addressed to Sergio Brovelli (sergio.brovelli@unimib.it) and
Guglielmo Lanzani (guglielmo.lanzani@iit.it)

Intracellu]'ar DI IS a key parameter in many biological mechanisms and cell metabolism. This
parameter; % frequently used to detect and monitor cancer formation and brain or heart
nsing is typically performed by fluorescence microscopy using pH responsive

luminescent fes. The accuracy of this method, however, is limited by the need for quantifying

the absol emission intensity of dye molecules in living biological samples. An alternative
approa otentially much higher sensitivity and precision is based on probes with a
ratiometri se arising from the different pH sensitivity of two emission channels of a
single Mrrent ratiometric probes are typically complex constructs consisting of
inorganic nanostguctures coupled to organic dyes, which suffer from poor photochemical
stability a -readout due to the broad linewidths of their emission spectra. Here, we
demonstrate thatguch limitations can be alleviated using a single-particle ratiometric pH probe
based inorganic dot-in-bulk CdSe/CdS nanocrystals (NCs). These nanostructures
feature n spectra comprising of two fully spectrally separated, narrow peaks
with
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markedly different pH sensitivity. These two emissions arise from radiative recombination of
core- and shell-localized excitons, that are characterized by markedly different responses to the
NC environment including the pH level. Specifically, the core emission is much less affected by
the pH Mell luminescence which undergoes drastic enhancement in the 3-11 pH range,

resulting in_agexess-readout-free ratiometric response as strong as 600%. In vitro microscopy of
Human Eidney cells demonstrates that the ratiometric response in biologic media
closely resemibIes®H@ pre-calibration curve obtained through far-field titration experiments.
The N@s showmgood bio-compatibility, enabling us to monitor in real-time the externally

induced p!variations in living cells.

O

Intracellulwys a fundamental role in the regulation of the cell metabolism and in a large

number of 1 igal mechanisms, such as glycolysis and hydrolysis of adenosine triphosphate (ATP),
protein fol enzyme activity."™ Alterations of intracellular pH are also typically indicative of

cancer °° gr major brain and heart diseases.'®" Sensing intracellular pH is, therefore, a key

diagnostic tgeldnabiological and medical sciences. Conventional intracellular fluorescent pH probes
are organic ores, whose luminescence is quenched in acidic or basic conditions, thus allowing
monito ¢ cellular pH. The most common organic dyes for pH sensing are fluorescines, cyanine
derivativesams>and, more recently, naphthalimide derivatives that feature multiple sites for target-

17,18

specific  functionalization. Colloidal semiconductor nanocrystals (NCs)"*°  and metal

E

nanocluste biocompatible capping ligands21 have been recently proposed as potential

22-25

alternative (1als for intracellular pH sensing, as they combine high emission efficiency and

size-tunable onic properties with enhanced stability and exceptionally large surface-to-volume

ratios. In !dition, NCs feature broad, virtually continuous absorption spectra that allows for non-
resonanW which lowers the detection limit and boosts the contrast and the resolution of

confocal m by minimizing detrimental background signals due to the diffuse stray-light and

the auto-fl nce of organic tissues.?®**! The biocompatibility of intracellular pH probes and their

pecific cytoplasmic organelles can be further enhanced by using polymeric or silica

nanoparticles or cfectrolyte nanocapsules as vehicles for their targeted internalization through the

cellular membrane. %42



A common experimental difficulty of radiometric luminescence pH sensing is that it requires the
accurate quantitative estimation of the emission intensity in biological systems, which is typically
stronglym on the concentration of fluorophores inside the cells and requires the use of
fluorescenty @ ds, such as rhodamines, to correct for the experimental conditions.*® This is
boostingathemmtenest for ratiometric systems capable of reporting pH variation through the intensity
ratio betwhcoexisting emissions with different pH sensitivity.***” To date, ratiometric pH

sensors argimostlypased on metallic or semiconducting nanoparticles coupled to organic dyes, whose

¢

mutual phqieph§@ical interaction through charge- or energy-transfer is determined by the external

S

environment®eadg to pH-induced spectral variations.*®>? Other proposed strategies comprise multi-

- 53 . . . . . . 41
component silica flanospheres™ or polymeric vesicles embedding ratiometric organic sensors.

Gl

Despite the ggametymof proposed architectures, all ratiometric sensors available to date comprise of at

54-56

1

least one o jeEeemponent, which typically suffer from low photostability. In addition to this, a

common i of ratiometric pH sensors is the strong cross-readout due to the spectral overlap

between the broad luminescence profiles of the two emitting species.*?

Author M
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Figure of intracellular ratiometric pH sensing with Dot-in-Bulk NCs and optical
properties ematic depiction of the use of two-color emitting DiB-NCs for intracellular pH

, showing the simultaneous generation of two luminescence maps for the core and
using the red and green detector channels of a confocal fluorescence microscope,
respectively. The schematic representation of the band diagram of CdSe/CdS DiB-NCs and the pH
sensing mechanism are shown in the right panel. At pH<7, excess H' cations quench the shell
luminescer;e by directly removing electrons from the NC conduction band and by depleting
(activating accepting surface defects (SD). At pH>7, excess OH™ species passivate surface

electron traps oting the radiative recombination of excitons. b. Optical absorption (dashed lines)
and photo ence (solid lines) spectra (Agxc=405 nm, excitation fluence 1pJ/cm?®) of as-
synthesized dS DiB-NCs (core radius=1.5 nm, shell thickness=8.5 nm) capped with oleic acid

in hexane ines) and of the same NCs in water obtained through ligand exchange with
acid molecules (black lines, pH=7). The absorption and emission spectra of the hexane
en rigidly shifted for clarity. The core and the shell emission bands in the spectra
of aqueousgNCs ajg highlighted by red and green shading, respectively. ¢. Comparison between the
time derMef the core (upper panel) and the shell (lower panel) emissions of the two NC
solutions, img cssentially identical recombination dynamics in water and in hexane. d.
Normalized integr@ted PL intensity of the core (red curves) and the shell (green curves) emission

under conti lumination (Aexc=405 nm, excitation fluence 1uJ/cm?) for thioglycolic-capped
(triangles) and olei@ acid passivated CdSe/CdS DIB-NCs in water and hexane respectively.

Here w for the first time, the use of intrinsically ratiometric two-colour emitting inorganic
heterostructures as single-particle intracellular pH sensors, combining many important advantages

over conventional pH probes. Namely, these systems are intrinsically ratiometric, which eliminates



the need for supramolecular constructs and for accurate control of secondary interactions and lifts the
ubiquitous concentration-dependence of the response signal of radiometric pH probes. Equally
importaMmpact ratiometric nanostructures exhibit widely separated narrow-line emission
bands, wh @ etely suppresses cross-readout errors. Specifically, we use so-called dot-in-bulk
CdSe/CdfS DNEsa@@iB-NCs)*"° consisting of a small quantum confined CdSe core (radius ~1.5 nm)
embedded le—like CdS particle (thickness ~8.5 nm). In Fig.Sla and Fig.S1b, we show
transmjssi@n microscopy images of CdSe/CdS NCs during the synthesis at different shell
thickness ( nd 8.5 nm respectively). Diffraction pattern collected at different reaction time
show that mhell grows in the same zincblende structure of the core for a few layers and then
rearranges to the SOre thermodynamically stable wurtzite structure (Fig.S1c). As a result of their
unique inttcture, featuring a sharp, unalloyed, core/shell interface®® and a 30 meV potential

barrier bet core and the shell valence bands®® (Fig.1a), DiB-NCs exhibit two-color red and

green emis§io ectively from core- and shell excitons under low fluence optical excitation

57,59

(Fig.S2) or electrical drive. Two-color light as a result of radiative recombination of excitons

localized in t compositional domains of the same heterostructure has been observed also in

61-64 65-70

elongat structures, tetrapods’ — and spherical core/shell systems

Representa!ve photoluminescence (PL) spectra of DiB-NCs are reported in Fig.1b, showing the

characterisand green emissions at 510 nm and 635 nm respectively. Fundamentally for

ratiometric sing, the core and shell excitons in DiB-NCs are differently exposed to the NC
surfaces,iﬁls to a dramatically different response of their respective emission intensities to the
local cheq’cal e’ironment:57 the core PL is weakly affected by the surface chemistry, while
suppressio ion) of electron trapping under negative (positive) electrochemical potentials leads
to strong e ent (quenching) of the green shell PL, resulting in a trajectory from red-to-yellow-
to—gree|<itotal emission colour as a function of the oxidative vs. reductive nature of the NC
surroundings.”® thermore, in DiB NCs, quenching of the shell PL is due exclusively to the
extraction of photogenerated shell electrons, whereas holes photogenerated in the shell are unaffected
by surface states and chemical agents due to their very short (~20-45 ps) residence time in the

shell



states. As a result, DiB NCs are sensitive mostly to electron-withdrawing agents,”® which makes them
particularly suitable to optically probe the acidity of the NC surroundings and eliminates possible
cross-seMrors due to the competition between electron- and hole-trapping processes that
characterial core-only NCs. Thanks to this intrinsic ratiometric sensing ability, DiB-NCs
have been memymmeecntly used to probe the local charge distribution at the interface between light-
sensitive o¥miconductor thin films and water,”" which constitute the functional platform of
neural stim@evices72 for the realization of artificial retinal prosthesis for visual restoration.”®

These condagi esemble very closely the situation encountered in the pH sensing experiment
e

schematica ted in Fig.1a: H" ions act as electron scavengers resulting in a drop of the shell PL,

while OH" species;aturate electron poor surface states, thus enhancing the shell emission intensity.

As a resul opose here an even more advanced application of DiB-NCs as intracellular
ratiometric rs whose response, in contrast to conventional ratiomeric pH probes, relies on the
direct inter@Cti tween the photoexcited carriers and the local chemical surroundings.

The C -NCs were synthesized according to the procedure reported in ref.”® using oleic
acid as cappi ent. To render the NCs soluble in water and thus compatible with bio-imaging

experiments, we performed a ligand exchange procedure with thioglycolic acid.” The optical

properties @f DiB-NCs are fully preserved upon the ligand exchange procedure, as we report in

[

Fig.1b, whDompare the optical absorption and PL spectra of a water solution of thioglycolic

acid cappe CdS DiB-NCs and the analogous hexane solution of as-synthesized DiB-NCs

capped ﬂlcid. The organic and aqueous solutions show identical absorption spectra, with
onset at ~¥0 nﬁ,iue to strong absorption by the thick CdS shell, and PL profiles featuring two
separated 635 nm and 515 nm ascribed to the recombination of core and shell excitons,
respectivellgPL quantum efficiency of the pristine NCs (®p=14+2%) is also unchanged upon
the lig nge procedure, as further confirmed by experimental quantum yield measurements
and by the essentflly identical decay dynamics of both the core (average lifetime <t>~35 ns) and
shell (<1s>~100 ps) emission in the two solvents reported in Fig.1¢c. In order to test the photostability

of pristine and ligand exchanged NCs, we monitored their PL intensity for 15 minutes

under



continuous illumination with UV light. The data in Fig.1d shows stable emission from the core and
the shell for both the hexane and the water solution, thus confirming the stability of the NCs for
illuminaMigniﬁcantly longer than the typical bio-imaging experiment. To further investigate
the stabilit @ Cs, in Fig.S3 we report the same measurement performed over a period of 140
minutesss howimgagood stability in the explored time range. Notably, the two-color emission of DiB-
NCs is eshindependent of temperature in the 0-70°C range, as highlighted in Fig.S4 that

shows a rigid red-ghift of ~8 nm of both emission peaks and nearly constant Ig/I¢ ratio and its first

C

derivative dfls T across the whole temperature range. This is important for ratiometric pH

S

sensing as es possible cross sensitivity effects due to variations of the sample temperature

during the measurdinents.

U

To access tlie temporal stability of the DiB-NCs solution, we performed the titration measurement on

#

a sample after 3 months of shelf time. The data show no evident aging effect on the NCs pH

sensitivity (Ei

Author M
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Figure 2. J@Mamstration of ratiometric pH sensing ability of DiB-NCs. a. Photoluminescence
(PL) spect @ iglycolic acid capped CdSe/CdS DiB-NCs in water at increasing pH (2-11) under
405 nm ex‘uence 1 uJ ecm™). The spectrum corresponding to the neutral condition (pH=7) is

shown as a ine for reference. The inset shows a magnification of the core emission band as a
function offthe pH for clarity. b. Integrated intensity of the core (red circles, I¢) and the shell (green

circles, issions as a function of the pH in two consecutive cycles (full and empty circles) to
demonstratg the rgversibility of the pH sensing response. The ratio between the shell and core
emission s (Is/I¢) is reported as blue circles. The inset highlights the acidic pH range (one

cycle onl rity), showing a 2-fold variation of the ratiometric response. ¢. Top view
photographs of the@NC solution during the titration experiment at pH=3 (top panel) and pH=11 (lower

panel) sho dramatic change of total luminescence colour from red (dominated by the core
emission) to dominated by the shell PL) upon increasing the solution pH. d-e. Normalized time
decay the core (red lines, App=635 nm) and the shell (green lines, Ap;=500 nm) PL at
increasi s indicated by the arrow).

After assessing the stability of the DiB-NCs in polar environments, we proceeded with the

demonstration of their ratiometric pH sensing ability. With this aim, we monitored the PL of DiB-
NCs



in water as a function of the pH, which we controlled through titration with HNO3 and NaOH under
intense stirring. Optical absorption measurements of water suspensions of thioglycolic acid capped

DiB-NCs, ler!ormed as a function of time at different values of pH and of the same NCs in KRH

)

bicarbonate buffered saline solution containing magnesium, potassium, sodium and phosphate ions,
demonstuatemthemexcellent colloidal stability of the solution, showing no change in the absorption
intensity a¥31 profile in the investigated pH range (Fig.S5). Figure 2a displays a set of PL

spectra forfincreasifig pH from 2 to 11 recorded using c.w. excitation at 405 nm. In Figure 2b, we plot

C

the amplitudes e shell (Is) and the core-related (Ic) PL bands extracted from the spectra together

S

with their n ratio, Is/Ic. The data shows the progressive growth of both emissions with

increasing pH, whikh is ascribed to the progressive suppression of electron harvesting by H" ions

Gl

upon basificati the solution (Fig.1a), in agreement with spectro-electrochemical observations in

n

reductive %% According to the direct exposure of shell excitons to the NC surfaces, Is

undergoes filte 30-fold, enhancement with increasing pH, which is almost 10 times stronger than

a

the growth experienced by I¢ in the same pH range (~4-fold increase). We notice that the same

response is 0O in consecutive pH ramps (see filled dots in Fig.2b) and for thioglycolic acid

capped ored in air for three months (Fig.S6). As a result of this strong difference in pH
sensitivity,!is/lc spans from 1 to 6 as a function of the pH with a major effect in the basic region

(Fig.2b), leading to a progressive change of the total emission colour from red to green. This effect is

highlighted§

under 400:xcitation showing distinct red and green luminescence, respectively.

In order toFather 'eeper insight into the ratiometric sensing mechanism of DiB-NCs, we measured

, where we report the photographs of the DiB-NCs solution at pH=3 and pH=11

the time d f both the core and the shell PL as a function of the pH. Looking first at the core
emission i %, we notice that the decay profile is essentially unaffected by the NC environment,
Wherea<fde:ay emission intensity grows with increasing pH. This indicates that the electron
capture process onsible for PL quenching in acidic conditions is much faster than the ~ 1 ns
resolution of the time-correlated single photon counter used for measuring the core PL dynamics. We

note that, since the core excitons are localized away from the NC surfaces, extraction of core

electrons



occurs in only a minor fraction of the NCs ensemble, whereas, in the majority of NCs, the core
excitons are almost unaffected by the external conditions, leading to the mild sensitivity of the core
PL of thWobserved in the c.w. measurements. On the other hand, the inspection of the shell
PL dynamd using a streak camera with ~5 ps resolution, reveals a strong effect of the pH
on bothethemzesesdelay PL intensity and on the shell exciton lifetime. This observation points to the
coexistenchstribution of electron capture processes occurring on different time regimes and
affecting differentBsubpopulations of NCs in the ensemble. The growth of the zero-delay signal

confirms theggu st nature of the electron capture process observed for the core PL that, in a large

S

portion of N€s # the ensemble, depletes the shell conduction band from photo-excited electrons

before their radiatiye decay or localization into core states.”® Concomitantly, the shell PL lifetime

G

gradually 1 upon basification, due to the progressive suppression of slower electron trapping

[

processes, ly associated to the distribution of NC-H" distances in water solution and with the

variety of sl es mediating the electron capture mechanism.”®

d

Author M
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Figure 3 ﬁ lar pH sensing on fixed HEK-293 cells. Confocal images of HEK-293 cells
t

stained wi DiB-NCs at increasing pH collected under 405 nm excitation (fluence 18 pJ cm’
2

). a-e. Oy confocal images and bright-field images collected with a 60x, 1.4 NA, oil
immersionfobjective. Evolution of the core (al-el) and shell (a2-e2) emission with increasing pH.

The sc pm for all panels. f. Histograms of shell (green bars) and core (red bars) PL
intensity the DiIB-NCs collected selectively with the green and the red detector channels at
increasing PH. g. Average shell-to-core PL intensity ratio (<Is/Ic>) as a function of the pH in fixed
HEK-293 cted from the histograms in ‘£ (circles). The ensemble Is/Ic measured in aqueous

solution is reportedias a blue line.

To experiment validate the ratiometric sensing ability of DiB-NCs in in vitro conditions, we
intemal{nto Human Embryonic Kidney (HEK-293) cells and monitored their PL as a
function of the intracellular pH using confocal fluorescence microscopy. The time lapse imaging of

NC internalization is shown in Fig.S8, together with the IC/IS ratio, showing progressive dimming
of

the shell PL for a

11



acidity of the cell membrane with respect to the culture medium. For fixed cells, the pH was changed
by titrating the phosphate-buffered saline (PBS) solution with NaOH or HNOj solutions (0.1M) and
each imaWesame cell was recorded under identical excitation and collection conditions after 15
minutes frition of the titrating solution, so as to ensure the achievement of stable
intracel mlammpllmimFig.3 we report the fluorescence images of two HEK-293 cells stained with DiB-

NCs overlhr respective bright field images (Fig.3a-e).

C

Because théWiBgINCs are not functionalized with target-specific ligands, they disperse inside the cell

forming snjall ins of aggregated NCs, enabling us to visualize the local intracellular environment

$

even at vej oncentration. Better dispersion of the NCs inside the cell or their targeting to

U

specific s organelles is in principle achievable by suitable capping with site selective

functionalifies, which is however beyond the scope of this proof-of-principle study. In order to

#

emphasize the ratiometric pH response of the DiB-NCs, in Fig.3al-el and 3a2-e2, we report the

a

fluorescencg, i collected using the red and green detector channels of the confocal microscope,
so as t monitor the evolution of the core and the shell PL, respectively. These set of
images sho ogressive emergence of the green shell luminescence for increasing pH (pH= 4-10)

in agreement with the sensing behaviour observed in the ensemble measurements. The quantitative

estimation @f the ratiometric sensing response obtained by extracting the intensity of the two detection

g

channels chtting spots as a function of the pH is reported in Fig.3f. In Fig.3g, we report the
average rat response <Ig/Ic> corresponding to the average pH response per detection spot,

showing a (§imilar trend as the ensemble response reported in Fig.2b. We notice that the differences

g

between_thg absoluie values of the ratiometric response in the confocal and far-field measurements is

t

most likel he different optical configuration used in the two experiments and by the local

U

inhomoge e intracellular pH.

A

12
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Figure 4 :SH proliferation experiments and intracellular ratiometric pH sensing in living HEK-

293 cel st for cell viability up to 3 days in vitro for two different DiB-NCs concentrations
(130 ) and for untreated control cells (ctrl). Data are reported as average n = 12 + SE.
b,c. Overlay of confocal images collected with the red and green detector channel and bright-field
images of | K cells stained with 130 nM DiB-NCs at increasing pH. The intracellular pH was
modified by addingja 400 pf solution of chloroquine. The measurements were performed 30 min after
adding the ine solution. d,e. Histograms of green and red photoluminescence intensities for a
statistically r ensemble of 40 NCs repeated for 5 different cell cultures. f. Average shell-to-
core emi tio as a function of exposure time to chloroquine extracted from the histograms in
‘dye’.

We highlight, cell fixation preserves the tissues from degradation, but it terminates every biochemical

process inside the cell, resulting in a different chemical environment with respect to that found in
a

13



living sample.”>"®

To demonstrate that our approach is suitable for ratiometric intracellular pH
sensing also in living cells, we therefore internalized DiB-NCs into HEK-293 cells in Krebs-Ringer

Bicarbom buffer solution and induced changes in the intracellular pH by exposing the living

P

cells to ch @ , a weakly basic amine that accumulates into the lysosomes and into the Golgi
apparatus, sesultimg in the basification of the intracellular environment.®® Prior to the pH monitoring
experimen_valuated the cytotoxicity of DiB-NCs by performing the MTT [3-(4,5-

dimethylthi@zol-2-§)-2,5-diphenyltetrazolium bromide] assay on the HEK-293 cells after 6h, 24h,

C

48h and 72dm o ubation with and without the NCs. MTT is reduced to formazan in living cells.

S

Since this ré@tct#®h depends on the cellular metabolic activity, stronger formazan optical absorption

81,82

indicates progressiMely larger cell population. Figure 4a shows the results of the MTT assay on

u

cells staine gcreasing concentrations of DiB-NCs, showing that cell proliferation is unaffected

N

by the NC high concentration, which indicates good biocompatibility of DiB-NCs.

d

Based on tRgse Its, we proceeded with the pH measurements by exposing the cells to chloroquine.
In Figu , we show confocal images of a single living HEK cell stained with DiB-NCs

before an Inutes after the exposure to a 400uM chloroquine solution,®® overlaid to the

\Y

respective bright field pictures. A first look at the confocal data reveals the significant brightening of

the green sfiell PL upon addition of chloroquine, in agreement with its expected basification effect on

[

the cell ¢ To quantify the variation of the core and shell PL intensity and confirm the

O

reproducibi the pH sensing assay, in Fig.4d and 4e we report the histograms for 40

representat@ye emitting spots for five different cells, showing the progressive enhancement of the shell

g

emission with exp@sure time, whereas the core PL remains essentially unaltered by the addition of

{

chloroquin sult, the <Ig/I> ratio increases almost by a factor of two for 30-minutes exposure

U

(Fig.4f), t irming the suitability of our NCs as pH-sensitive optical probes for in-vitro

applica

A

In conclusion, we demonstrated the use of heterostructured NCs as intrinsic ratiometric probes for
intracellular pH sensing. With this aim, we specifically chose CdSe/CdS DiB-NCs that show

a

14



characteristic two-color emission arising from the simultaneous radiative recombination of core and
shell excitons that are differently affected by the NC surfaces and chemical agents and can therefore
be explchorawmetrically probe the local NC environment. This has been demonstrated through
far-field s measurements upon titration with HNO; and NaOH, leading to ~600%
enhancememtmofathe shell-to-core PL ratio and through confocal measurements on fixed and living
HEK-293 L)ntrolled pH conditions. Cell viability studies reveal good bio-compatibility of the

DiB-NCs d@rroborgting their potential as intracellular pH sensors. We note that the reported proof-of-

C

principle Cdfe/ NCs are not optimized in terms of the thickness of the CdS shell or the choice of

S

the cappin ald and further improvements in the photoluminescence quantum efficiency and pH

sensitivity might thierefore be expected by optimizing the surface coverage and functionalization. The

J

strategy de d here for test-bed CdSe/CdS hetero-NCs is not composition specific and might,

1

in principl nded to other semiconductors free from heavy metal elements, such as ternary I-

I-VI, NC§,** ell as to heterostructures with different band alignment (type I, inverted type I

etc...), so_as to specifically tune the ratiometric response to acidic or basic conditions through

selective expo f holes or electrons to the intracellular environment.

Vi
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Synthesi e/CdS DiB NCs

DiB NCs NCs were synthesized following the procedure described in ref.s7. Briefly, zincblende CdSe

Methods

NCs were synthesized by previously reported methods.85 For the synthesis of CdSe (Ry = 1.5
nm)/CdS NCs, 2 x 10 'mol of CdSe NCs (purified twice) dispersed in 10 mL of 1-octadecene (ODE)
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were loaded into a 100 mL flask, degassed at 110°C for 1 h. The flask was filled with Ar, and heated
up to 300 °C for CdS shell growth. A 0.2 mmol sample of Cd-oleate and 0.2 mmol of 1-dodecanethiol
were added slowly (0.1 mmol/min) and the reaction was maintained at the elevated temperature for 30
min to f“ CdS buffer layer (~3 monolayers) on top of CdSe cores. For further CdS shell
growth, a mised solution of Cd-oleate and trioctylphospine-sulfur (0.5 M/0.5M) in ODE was
continuous @ at a rate of 1 mmol/hour at 300°C. After the injection of precursors was
completed, 5@ Bn products were cooled to room temperature and purified repeatedly by a
precipitationsam@ssedispersion method. The final products were dispersed in hexane for further

characterizSion.
n

Ligand exwrocedure

Hydrophobi were transferred from organic solvent (hexane) to aqueous solution by adding
thioglycol erally, an excess of thioglycol acid (twice the concentration of NCs), calculated
according Swas added to the hexane solution while stirring. After two hours, a solution of
tetramethy ium hydroxide having the same concentration as the thiol was added dropwise,
rendering the NCSywater soluble. The water phase was then separated and precipitated by adding
isopropan d by centrifugation. (10 min at 5000 rpm). The precipitation was repeated twice

redispersin pellet in ultrapure water.
Spectrosc ies

Optical abnd emission measurements were performed on stirred NC solutions. Optical

absorption were measured with a Varian Cary 50 spectrophotometer. Steady-state and time-
resolve inescence (PL) spectra were excited by a frequency-doubled Ti:Sapphire laser (405
nm, puls ion 150 fs, repetition rate 76 MHz). PL spectra were collected with a liquid-nitrogen
cooled Instru A Spectrum One charge coupled device (CCD) coupled to a Horiba Scientific
Triax 1 omator. The PL dynamics of shell emission in the sub-nanosecond time regime

were measured with a Hamamatsu streak camera. The PL dynamics of core emission in the
nanosecond time regime were studied with the same Ti:Sapphire laser as an excitation source but
reducing i;won rate to 760 kHz with a pulse picker based on a Conoptics 350-160 electro-
. The PL dynamics were measured with a Hamamatsu R943-02 time-correlated
nbing unit coupled to an Oriel Instruments Cornerstone 260 monochromator.

optical mod
single-phot

In the pH sé& measurements, the solution pH was modified by addition of 0.1M solutions of

HNO; and d its value was monitored in situ using a Eutech XS pH6+ pH meter.
Mﬂ&% cells were cultured in cell culture flasks containing Dilecco’s modified
Eagle’sWEM) with 10% Fetal Bovine Serm (FBS), 100 U ml-1 Penicillin, 100 pg ml-1
Streptomycin and 100 U ml-1 L-Glutamine. Culture flasks were maintained in a humidified incubator

at 37 °C wi CO2. When at confluence, HEK-293 cells were enzymatically dispersed using
trypsin-ED, hen plated on the different polymer substrates at a concentration of 20,000 cells

cm-2. Cells wer ed for 20 min at RT in 4% paraformaldehyde and 4% sucrose in 0.12 M sodium
, pH 7.4.

phosph

Cell prolifera MTT assay)

In order to evaluate the cell viability with DiB-NCs, the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (Sigma Aldrich) assay was performed on HEK-293 cells. Cells were
seeded in 12 well plates at a density of 4x 10* cells/well with and without the DiB-NCs.
Cell
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proliferation was evaluated after 6 h, 24 h, 48 h and 72 h of incubation. For each time point, the
growing medium was replaced with RPMI without phenol red containing 0.5 mg/mL of MTT. The
samples were incubated again for 3 h at 37° C with 5% CO, in dark. Formazan salt produced by cells
throuth MTT was then solubilized with 400 pL of ethanol and the absorbance was read
at 560 nm 2adm690 nm. The proliferation cell rate was calculated as the difference in absorbed
intensity at @ and 690 nm.

KRH soluti

%

The KRH ion contained [mM]: 135 NaCl, 5.4 KCl, 5 HEPES, 10 Glucose, 1.8 CaCl2, 1 MgCI2.

pH 7.4
Confocal iutudies

The samplgfce re imaged with a Nikon C1 confocal microscope coupled with frequency-doubled
Ti:Sapphir eng@05 nm, pulse duration 150 fs, repetition rate 76 MHz), with a 60x, 1.4 NA oil

1

immersion The spot diameter for this configuration is 350 nm. The green and red emission

signals were colleglied selectively using the dedicated photomultiplier channel. The emission intensity
was correc e respective spectral responses.

For fixed slls imaging, the cellular pH was changed by adding a Phosphate-Buffered Saline (PBS)
solution at pH. After each pH change we waited 15 minutes for the system to stabilize.

Living cell§ wéte dbserved while being kept in KRH 0.9 mM. The pH was changed by adding 100 uL
of 4 mM cHorégine KRH solution, in order to obtain a 400 uM solution of chloroquine in the

cellular§t. The excitation fluence was 48 uJ cm™.
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Intracellu @ is a key parameter in biological mechanisms and cell metabolism. We
demonstratessinglé-particle ratiometric pH probes based on hetero-nanocrystals featuring two-
color emisMh different pH sensitivity. In-vitro microscopy demonstrates that the intra-
cellular rSometric response resembles the pre-calibration curve obtained through far-field

experime anocrystals show good bio-compatibility, enabling us to monitor externally
induced pH#Varigions in living cells.
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