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Herein we report the use of a white light emitting quantum dot
complex (comprising an orange emitting Mn?*-doped ZnS quantum
dot and greenish-blue emitting zinc-quinolate complex) as a two-target
responsive ratiometric reversible pH nanosensor in the physiological
range of 6.5-10.3, following changes in their luminescence intensity
ratio, color and chromaticity.

The ability of self-calibration of signal correction, accurate and
reliable quantification of a ratiometric optical nanoprobe, compared
to an absolute/single intensity dependent nanoprobe, makes them
an apt choice for efficiently monitoring physiological or pathological
processes, rapid and sensitive treatment of diseases and thus
towards advancement of practical clinical diagnosis."® Usually,
the real life application of single-wavelength intensity dependent
nanoprobes is limited due to their drawbacks related to intensity
fluctuations in the detector, light source, local probe concentration
and optical path length."® While the presence of one signal as a
reference of another signal gives an advantage to ratiometric
nanoprobes for overcoming the issues related to single-wavelength
intensity dependent nanoprobes.''° Thus, there is always a need to
develop ratiometric optical nanoprobes, based on the chemical
interaction of different emitting species, for their beneficial
advantage towards efficient detection of analytes.

On the other hand, the precise measurement of pH is crucial
for the purpose of biomedical research (especially, cellular
uptake in drug delivery and studying cellular metabolism for
diagnosis of various diseases including Alzheimer’s disease and
cancer) and industrial applications."™” In this regard, several
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optical nanoprobes and/or methods have been reported for the
sensing of pH either in intracellular or extracellular conditions.'™°
To date, various quantum dot (QD) based single intensity dependent
nanoprobes have demonstrated their use as pH indicators and other
non-fluorescence based techniques (such as potentiometric
measurements) have also demonstrated their use for the detection of
pH." " However, the aforementioned drawbacks of single intensity
dependent nanoprobes and uneconomical and inaccurate
procedures have limited their use for pH sensing. Instead,
ratiometric optical pH sensors, based on the pairs of two different
QDs or QD conjugated with dyes/proteins or different polymer
materials, have been reported by several research groups.’™ How-
ever, drawbacks associated with multicomponent QD based optical
sensors such as self-absorption, non-radiative energy transfer
affected the accuracy of pH detection.'™'° This creates an opportunity
for the fabrication of low-cost, nontoxic single ratiometric optical
nanoprobe, towards sensitive detection of pH, followed by over-
coming the existing aforesaid issues of multicomponent nano-
sensors. At present, there are very few reports on the fabrication
of single component QD based ratiometric optical pH sensors,
having the capability of increasing one signal accompanied
by decreasing another signal in the presence of an analyte (also
known as two-target responsive systems).'® For example, dual
emitting p-penicillamine decorated Mn>** doped CdSSe/ZnS QD
have demonstrated their use for pH sensing, in the range of
4.5-8.5, based on the variation of their luminescence intensity
ratio of Is;o/Ig1o.'° However, the concern of the toxicity of Cd has
limited their application potential with regard to maintaining
the sustainability of the environment. Thus, it would be note-
worthy to construct a low-cost, nontoxic, ratiometric two target
responsive nanoprobe (avoiding the use of any heavy metal) for
the sensing of pH covering a broad physiological range.
Herein, we report the fabrication of a nontoxic two-target
based ratiometric single component white light emitting pH
nanoprobe-based on the formation of a greenish blue emitting
zinc quinolate complex (with Ae, = 483 nm) on the surface of an
orange emitting Mn>" doped ZnS QDs (with A, = 600 nm). The
white light emitting complexed QD is termed herein as the
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white light emitting quantum dot complex (WLE QDC), which
is fabricated from a complexation reaction between ligand free
Mn** doped ZnS QD and 5-sulphonic-8-hydroxyquinoline (HQS)
ligand. The details of the synthesis of the WLE QDC is described
in the ESLf{ Importantly, the as fabricated photostable QDC
exhibited pure white light, with an intensity ratio (lsp0/Isss) of
0.98 and chromaticity of (0.33, 0.34) at pH 6.5. Upon increasing
the pH to 10.3, the WLE QDC became orange in color, with an
intensity ratio (Isoo/l4s3) of 10.64 and chromaticity of (0.54, 0.40)
while changing the pH from 10.3 to the original pH (6.5) of the
WLE QDC restored its pristine luminescence intensity ratio of
(Zs00/1483), chromaticity and white color. Notably, the reversibility
of the luminescence intensity ratio of (Ispo/lss3), chromaticity
and color of the WLE QDC depending on the alteration of pH in
between 6.5 to 10.3, was found to be effective for four cycles.
The transmission electron microscopic (TEM) analysis showed
the average particle size of the Mn®" doped ZnS QDs is 3.2 +
0.3 nm while the presence of the lattice fringe of 0.3 nm (which is
due to the (111) plane cubic ZnS)'""* in the high resolution TEM
as well as the presence of the characteristics peaks at 28.3°, 47.4°,
and 56.4° (which are due to the (111), (220) and (311) lattice planes
of cubic ZnS)'"*? in the powder X-ray diffraction pattern confirmed
the formation of orange emitting Mn>* doped ZnS QDs (pH 6.5),
with emission maxima at 600 nm and an absorption edge at
320 nm (Fig. S1, S2, ESIt and Fig. 1A, B). Upon complexation with
HQS, the luminescence color of the Mn*" doped ZnS QDs (pH 6.6)
changes from orange to white (digitally captured with 330 nm light
from a spectrofluorimeter) and thus indicating the formation of
WLE QDC (pH 6.5; Fig. 1A). The WLE QDC exhibited two emission
maxima (Fig. 1B; at an excitation wavelength of 330 nm): one at
600 nm and the other at 483 nm. It is to be noted here that the
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emission at 600 nm is due to the optical emission feature of Mn*"
ions of the Mn**-doped ZnS QD - originated from the recombination
of the photoexcited exciton of the ZnS host crystals through lower
lying states (“T;-°A;) of the Mn®" dopant ions-which is relatively
independent of the QD size."'™* While the observed emission at
483 nm is solely due to the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) electronic
transition of the formed zinc quinolate (Zn(QS),) complex present on
the surface of Mn®" doped ZnS QDs, as per earlier reports.>'>'>7
Notably, the Zn(QS), complex acted as a quencher of the dopant
emission of the Mn>* doped ZnS QDs, which is in accordance with
earlier reports."'> While the presence of a new absorption edge at
365 nm - in addition to the absorption edge at 320 nm of Mn>*
doped ZnS QDs - also supported the formation of the Zn(QS),
complex as well as the QDC (Fig. S2, ESIT).""'? Interestingly, the
changes in the color chromaticity from (0.51, 0.38) to (0.33, 0.34) also
supported the formation of WLE QDC from orange emitting Mn®*
doped ZnS QDs (Fig. 1C and Table S1, ESIt). It is to be mentioned
here that the optimum concentration of HQS was found to be
11.5 pM for the fabrication of WLE QDC (pH 6.5) from 3.0 mL of an
aqueous dispersion of Mn>* doped ZnS QDs, having an absorbance
of 0.09 at 320 nm (Fig. S3 and Table S1, ESIT). This was calculated
followed by monitoring the chromaticity color coordinates
approaching towards near white light’s chromaticity of (0.33,
0.33)""'* with respect to the emission spectrum of QDC at A, =
330 nm. Notably, the attachment of surface dangling sulphide
bonds may be the responsible factor for the attachment of the
Zn(QS), complex and providing stability to the QDC, as evidently
supported from earlier reports.''* As is clear from Fig. 1A, the
QDC exhibited white light, with an intensity ratio (Isoo/Isg3) Of
0.98 and chromaticity of (0.33, 0.34), at pH 6.5. Notably, there is
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Fig. 1 (A) Digital photographs (B) emission spectra (fex = 330 nm) and (C) chromaticity color coordinates in CIE diagram of (i) Mn®* doped ZnS QDs
(pH 6.6) and (i) WLE QDC (pH 6.5). (D) Transmission electron microscopy (TEM) image (scale bar = 20 nm), (E) high resolution TEM image (scale bar = 5 nm)
and corresponding inverse fast Fourier transformed image (inset) of WLE QDC, (F) Emission spectra (Lex = 330 nm) and (G) chromaticity color coordinates in

CIE diagram of WLE QDC upon increasing their pH from 6.5 to pH 10.3. (H)
intensity ratio (lgoo//4g3) of WLE QDC.
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no significant change in the size and lattice fringes of the QD
following complexation with HQS (Fig. 1D and E). This clearly
indicated a morphological preservation of QD in WLE QDC.
Thus, the presented results clearly indicated the formation of
single component WLE QDC.

Now, upon increasing the pH (following base (0.1 M NaOH)
treatment), the intensity ratio (Is00/l1s3) of WLE QDC gradually
increases. For example, when the pH of WLE QDC changes
from 6.5 to 10.3, the intensity ratio of Iso0/Isg3 changes from
0.98 to 10.64 - in addition to the changes in the luminescence
color from white to orange and chromaticity from (0.33, 0.34) to
(0.54, 0.40) (Fig. 1F and G and Table S2, ESI{). This clearly
indicated the changes of luminescence intensity, color and
chromaticity of WLE QDC followed by varying their pH. It is
to be mentioned here that as the pH of the aqueous dispersion
of WLE QDC increased, the intensity of the peak at 483 nm due
to the surface Zn(QS), complex decreases while the intensity of
the peak at 600 nm due to Mn** dopant of QD increases and as
a result of that the overall intensity ratio Igo0/l453 increased. On
the other hand, similar observations were made in terms of
emission intensity when the pH of individual emitting species (i.e.
Mn** doped ZnS QDs and Zn(QS), complex attached undoped ZnS
QDs) was increased (Fig. S4, ESIt). More specifically, as the pH
increased only Mn** doped ZnS QDs (pH - 6.6) showed an increase
in the emission intensity at 600 nm, while a decrease in the
emission intensity at 483 nm of Zn(QS), complex attached undoped
ZnS QDs (pH 6.5) was observed (Fig. S4, ESIT). However, there is no
change in the luminescence color and chromaticity of the individual
emitting species upon increasing their pH (Fig. S4, ESIT). Fig. 1H
clearly shows a variation in the luminescence intensity ratio Ispo/I1s3
of WLE QDC with respect to pH. Notably, the luminescence
intensity ratio Isp0/l4s3 of WLE QDC increases linearly as the pH of
their aqueous solution sequentially changes from 6.5 to 9.3 and on
further increasing the pH in the range of 10.0 to 10.3, the increment
in the luminescence intensity ratio Ispo/l4g3 of WLE QDC is much
steeper compared to the initial changes. Importantly, the change in
the Hue parameter/histogram of the WLE QDC following the
changes in the pH from 6.5 to 10.3 further support the convenient
quantitative detection of pH (Fig. S5, ESIT). This was calculated
using image-J software and following the earlier reports."®> This
clearly indicates their excellent sensing ability towards pH in the
range of 6.5-10.3.

Interestingly, the observed reversibility in the two emission
signals (which is the key factor for the practical utilization of
any optical pH nanoprobe)'™*° and corresponding chromaticity
of the WLE QDC, followed by changing the pH from neutral
(6.5) to basic (10.3) to again neutral (6.5) for up to four cycles
(using the treatment of base followed by an acid; Fig. 2C) clearly
indicated their reliability as well as future application potential
as an optical nanoprobe for pH sensing. Briefly, upon changing the
PH from 6.5 to 10.3, the luminescence color and chromaticity of
WLE QDC shifted from white (0.33, 0.34) to orange (0.54, 0.40) and
upon further restoring the pH from 10.3 to 6.5 (original pH of WLE
QDC), the luminescence color changes from orange to white - in
addition to the changes in the chromaticity from (0.54, 0.40) to
(0.33, 0.34) (Fig. 2A and B). This clearly endows the reversible nature
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Fig. 2 (A) Reversibility of the luminescence intensity (lex = 330 nm) and
(B) chromaticity color coordinates in the CIE diagram of WLE QDC (pH 6.5)
followed by changing the pH to basic (pH 10.3) and then restoring back to
the original pH 6.5. (C) 4-Cycle reversibility of luminescence intensity ratio
(leoo/l4g3) of WLE QDC as pH changed from 6.5 to 10.3 and then 10.3 to
6.5. (D) Comparison of the luminescence intensity ratio (%) of WLE QDC
(pH 6.5) followed by addition of Na* (3.33 uM, pH 6.5), K* (3.33 uM, pH 6.5),
Mg?* (3.33 puM, pH 6.5), Ca* (3.33 pM, pH 6.5) ions, and solvent (water).

of WLE QDC as a pH nanoprobe. Importantly, the luminescence
intensity ratio Isoo/lsgs of WLE QDC is reversible when the pH
changed from 6.5 to 10.3 for four cycles (Fig. 2C). While there is no
significant change observed in the absorption edge of WLE QDC
during the reversible pH effect (Fig. S6, ESIt). Additionally, no
noticeable change in the luminescence intensity ratio Ispo/Isss Of
WLE QDC, following addition of interfering substances, was
observed (Fig. 2D). Interestingly, in addition, WLE QDC was found
to be stable, with respect to their luminescence intensity for 48 hours
(at Zex = 330 nm; Fig. S7, ESIT). Furthermore, the WLE QDC was
found to be photostable against the continuous irradiation of
330 nm light for half an hour (monitored with respect to their
two emission maxima (Fig. S8, ESIt)). The WLE QDC showed a
quantum yield (QY) of 4.4% while 4.7% QY was observed for
only Mn”>* doped ZnS QDs (using quinine sulphate as standard;
Table S3, ESIt). It is to be mentioned here that the Zn(QS),
complex present in the WLE QDC (followed by deconvoluting
their emission spectra) showed a QY of 2.3% - which is higher
than that of the only zinc quinolate complex (QY = 0.9%) as
reported from earlier observations.*"

As the pH of the WLE QDC increases, the negative charge on
the surface of QDC increases, which is confirmed through zeta
potential measurements. The as such WLE QDC exhibited a
zeta potential value of +19.6 mV at pH 6.5 while a —36.6 mV zeta
potential was noted when the pH of WLE QDC increased to 10.3
(Table S4, ESIt). This may be due to the presence of the extra
negative charges (in terms of hydroxyl groups) on the surface of
WLE QDC at pH 10.3. Additionally, there is no significant change in
the zeta potential of the WLE QDC - following the separate addition
of different metal ions (such as Na*, K", Mg>*, Ca®") - which ruled
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out the possibility of changes in the dipole of the WLE QDC in the
presence of the above mentioned interfering metal ions in water
(Table S3, ESIT). The pH dependent changes in the luminescence
intensity ratio (Isoo/l4s3), color and chromaticity of WLE QDC is
explained based on the combined effect of their two emitting
species (Mn>* doped ZnS QD and surface Zn(QS), complex). At
higher pH such as 10.3, WLE QDC has two consequences:
(i) increased negative charges (due to hydroxyl/metal hydroxide
passivation) on the surface of Mn** doped ZnS QD (also sup-
ported from the zeta potential measurements) as well as more
favourable and feasible binding of acetate (which may be acting as a
stabilizer in the present case of the so called ligand free Mn>" doped
ZnS QD) leading to enhancement in the luminescence intensity at
600 nm (followed by reducing nonradiative transitions)**2* and
(ii) the deviation from optimum pH (~6) of Zn(QS), complex (at
which their luminescence intensity reached a maximum)*® as well
as the deprotonation of sulphonic acid group leading to the
decrease in the luminescence intensity at 483 nm and thus leading
to the overall enhancement in the luminescence intensity ratio
(Isoo/Lig3) of WLE QDC. Further changes in the pH from 10.3 to 6.5,
returning back to the original luminescence intensity ratio (Isoo/Lsg3),
color and chromaticity of WLE QDC is explained based on the
higher probability of the non-radiative transition of Mn>* doped ZnS
QD leading to a decreased luminescence intensity at 600 nm and
approaching towards optimum pH (~ 6) of surface Zn(QS), complex
as well as the protonated form of the sulphonic acid group leading
to an increase in the luminescence intensity at 483 nm and thus
restoring the original luminescence intensity ratio (Isoo/lss3) of WLE
QDC. On the other hand, recovering the quenched emission
intensity of the dopant emission of Mn** doped ZnS QD (which
occurred during QDC formation) at higher pH - followed by
inhibiting the quenching effect of the Zn(QS), complex, being
attached to the surface of the Mn>* doped ZnS QD (present in
WLE QDC) - may be the other reason for the observed changes.
This clearly indicates the mutual effect of Mn** doped ZnS QDs
and surface Zn(QS), complex, present in WLE QDC, may make
them an excellent ratiometric two target-responsive pH nano-
probe in the range of 6.5-10.3.

As is clear from the above results the capability of increasing
one emission signal accompanied by a decrease in another
emission signal of WLE QDC based on varying the pH of their
dispersion, results in a two-target responsive reversible ratiometric
nanoprobe, with the advantage of being nontoxic (avoiding the use
of heavy metal), color and chromaticity based detection, in
comparison to other optical pH nanoprobes (which usually suffer
from the drawbacks of toxicity, complicated and costly fabrication
strategy, and non-radiative energy transfers). The details of which
are summarized in Table S5 (ESIt) and thus indicate their future
application potential as ratiometric pH nanoprobes.

In conclusion, the use of nontoxic single component WLE
QDC nanoprobe, comprising greenish blue emitting zinc quino-
late complex (ler, — 483 nm) and orange-red emitting Mn>" doped
ZnS QD (/e — 600 nm), as a ratiometric two target based optical
sensor of pH, in the physiological range of pH (6.5-10.3), has been
demonstrated. Importantly, changes in the luminescence intensity
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ratio (Isoo/l4s3), color and chromaticity, based on changes in the pH
of the aqueous dispersion of the WLE QDC clearly illustrates their
applicability towards pH sensing. Additionally, the reversibility (up
to four cycles) in the luminescence intensity I5oo/Lsg3 ratio, based
on changing the pH of the WLE QDC indicated their reliability as
well as future potential applications.
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