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The photoluminescence of colloidal quantum dots (QDs) is known to be sensitive to the solution pH. In this work we
investigate the role played by the organic coating in determining the pH-dependent photoluminescence (PL). We
compare two types of CdSe/ZnS QDs equipped with different organic coatings, namely dihydrolipoic acid-capped QDs
and phospholipid micelle-encapsulated QDs. Both QD types have their PL intensity quenched at acidic pH values, but
they differ in terms of the reversibility of the quenching process. For dihydrolipoic acid-capped QDs, the quenching is
nearly irreversible, with a small reversible component visible only on short time scales. For phospholipid micelleencapsulated QDs the quenching is notably almost fully reversible. We suggest that the surface passivation by the
organic ligands is reversible for the micelle-encapsulated QDs. Additionally, both coatings display pH-dependent
spectral shifts. These shifts can be explained by a combination of irreversible processes, such as photo-oxidation and
acid etching, and reversible charging of the QD surface, leading to the quantum-confined Stark effect, the extent of
each effect being coating-dependent. At high ionic strengths, the aggregation of QDs also leads to a spectral (red)shift,
which is attributable to the quantum-confined Stark effect and/or electronic energy transfer.

Introduction
Quantum dots (QDs) or semiconductor nanocrystals display interesting photoluminescence (PL) properties including
broad absorption and narrow emission in the UV/visible, good photostability and size-tunable emission color. Therefore
QDs have been used as fluorescent probes in bio-imaging and labeling [1–3] and in biosensing [4,5]. Cadmium-based CdSe
and CdTe QDs are among the best-studied colloidal QDs. The PL mechanism in CdSe-based QDs is governed by an exciton
fine structure interacting with multiple trap states [6]. Trap states can originate from crystal surface atoms that are not
fully coordinated. The passivation of surface traps greatly enhances the PL quantum yield. Surface passivation is achieved
by the use of proper organic ligands and/or by overcoating the QD core with another semiconductor material such as ZnS,
resulting in core/shell QDs [7,8].
The synthesis of Cd-based QDs typically takes place in organic solvents [9]. The utilization of QDs in aqueous
environments therefore requires a phase transfer step. Several methods exist to transfer QDs to the aqueous phase,
including ligand exchange with thiols, the growth of a silica shell and encapsulation with amphiphilic copolymers or
phospholipids [10]. Several reports have shown that the PL of water-soluble QDs is influenced by the pH. Most often, the
PL intensity is quenched as the pH decreases [11–18]. However, thiol-stabilized CdTe QDs show the opposite trend
[19,20], and CdSe/ZnS QDs capped with poly(ethylene glycol)-appended dihydrolipoic acid (DHLA) were found to be pHinsensitive over the pH range 4 – 12 [21]. The PL quenching under acidic conditions is reported to be irreversible [14,17],
and is attributed to surface degradation mechanisms taking place in the presence of acid and oxygen [14].

Changes in the pH can also spectrally shift the PL, with the direction of the shift depending on the particular system.
Mercaptopropionic acid-capped CdTe/ZnS QDs show a red shift with decreasing pH [17], while mercaptoacetic acidcapped CdSe/ZnS QDs, present a blue shift with decreasing pH [16], and streptavidin-functionalized poly(acrylic acid)coated CdSe/ZnS QDs lack a shift [14]. The origin of the pH-dependent spectral shift remains however unclear.
The previously mentioned studies show that the pH-dependency of QD PL is variable and is affected by factors such as the
semiconductor material (CdSe, CdTe, CdSe/ZnS, etc.), the particle organic coating, and the history of the QDs. In the
present paper, we investigate in detail the role of the organic coating by comparing the pH-dependent PL of DHLA-capped
QDs and phospholipid-micelle encapsulated QDs. We examine the reversibility of the pH-dependency and propose a
mechanism to explain the observed PL changes. We end with a discussion on the possible causes for the pH-dependent
spectral shift.

Experimental
Materials
CdSe/ZnS QDs (Lumidot™ CdSe/ZnS 640) and (±)-α-Lipoic acid (synthetic, ≥99%) were purchased from Sigma-Aldrich. 1,2distearoyl-sn-glycero-3-phosphoethanol-amine-N-[carboxy(poly-ethylene

glycol)-2000]

(DSPE-PEG-COOH)

and

1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG) were purchased
from Avanti Polar Lipids. Rhodamine 6G (99% Laser Grade) was purchased from Acros.
Quantum dot water-stabilization
(1) Purification step. CdSe/ZnS QDs in toluene were purified three times to remove excess ligands. Typically, 0.5 ml of
acetone/methanol mixture (1:1) was added to 0.5 ml of the QD stock solution, upon which the color changed from bright
red to turbid brown. The solution was centrifuged at 1000 g for 4 min, causing precipitation of the QDs. The supernatant
was discarded and the pellet redissolved in 0.5 ml of toluene. This was repeated two more times, with the addition of
chloroform instead of toluene after the final step.
(2) Phospholipid PEG ligand addition. 2.5 mg PEG phospholipids (DSPE-PEG-COOH/DSPE-mPEG in ratio 1:0 or 1:1) were
dissolved in 0.5 ml chloroform. The chloroform solution was added to the purified QDs and the solution was shaken for at
least 2 hours, after which the chloroform was evaporated under streaming nitrogen. The dried QDs were redispersed in
0.5 ml of ultrapure water.
(3) Dihydrolipoic acid ligand exchange. 3.75 mg of lipoic acid and 2.5 mg of NaBH4 were each dissolved separately in 1.25
ml borate buffer (250 mM, pH 9.0) at 0°C. Both solutions were then mixed and allowed to react for two hours, allowing
the lipoic acid to be reduced to dihydrolipoic acid (DHLA). Next, 0.5 ml of purified QDs in chloroform was diluted to 2.5 ml
and the DHLA solution was added. The biphasic mixture was vortexed for ~15 minutes, resulting in the transfer of QDs
from the chloroform to the water phase. The water phase was collected and purified by dialysis against borate buffer (2.5
mM, pH 9.0).
Sample preparation
For measurements of the steady-state PL, a 96-well plate was used as a sample container. A Britton-Robinson buffer was
used to achieve a wide range of pH values. This buffer is prepared by mixing equimolar amounts of acetic, phosphoric,
and boric acid, and adjusting the pH with sodium hydroxide. Each well of the plate contained the buffer solution at a
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Figure 1. (A) Schematic representation of the water-solubilization methods used in this work: (1) ligand exchange with dihydrolipoic
acid (DHLA), and (2) ligand addition with PEG-phospholipids (micellization). (B) Number distributions of the particle hydrodynamic
size at neutral pH obtained from dynamic light scattering measurements.

specific pH. Aliquots of the QD solution were added as the final step of sample preparation. The reversibility
measurements of (Figure 4 and Figure 5) were performed in PS fluorescence cuvettes. To buffer the solution we used a
mixture of citric and boric acid. During the experiment, the pH value was adjusted by adding hydrogen chloride or sodium
hydroxide.
Measurements and data analysis
Measurements of the pH were done with a S220 pH Seven Compact pH meter from Mettler Toledo. PL spectra and
intensities were obtained with an Infinite M200 Pro plate reader. For the reversibility experiments, PL spectra were
acquired with a QuantaMaster™ 60 from Photon Technology International. QDs were excited at 500 nm. All PL spectra
were baseline-corrected. For the reversibility measurements, the PL intensities were corrected for the (small) dilution
effect caused by the addition of acid/base. The average PL emission wavelength shown in figures is the intensity-weighted
average wavelength. When the intensity of the PL spectrum was too low to reliably determine the average, no value is
shown. UV/visible absorption spectra were acquired with an Ultrospec 2100 pro spectrophotometer from GE Healthcare.
The hydrodynamic size and zeta potential distributions were measured with a Malvern Zetasizer Nano ZS. Values for the
absolute external quantum yield (QY) was obtained using an integrating sphere coupled to a Horiba Jobin Yvon fluorolog
FL3-22 fluorimeter [22].

Results and discussion

Figure 2. Absorption and (normalized) PL spectra of CdSe/ZnS QDs in different media.

Water-solubilization and basic PL properties
Commercially available CdSe/ZnS QDs dispersed in toluene were transferred to water by either ligand exchange or ligand
addition (Figure 1A). The ligand exchange method replaces the original hexadecylamine (HDA) and trioctylphosphine
oxide (TOPO) ligands by dihydrolipoic acid (DHLA). This dithiol coordinates strongly to the nanocrystal surface by
cooperatively binding its two thiol anchoring groups [23]. The ligand addition method on the other hand, preserves the
original ligands by encapsulating the lipophilic particles inside phospholipid-PEG micelles. Both water solubilization
procedures increase the particle size substantially. The inorganic core size determined by TEM is 5.7 ± 0.5 nm (SI figure 1).
For the water-soluble QDs, the hydrodynamic diameter as measured by dynamic light scattering is approximately 21 nm
for both coatings (Figure 1B). Both coatings have a negative ζ-potential due to the presence of carboxylic acid groups in
the organic ligands. At neutral pH, the ζ-potential is -11 ± 6 nm for micelle-encapsulated QDs and -14 ± 14 nm for DHLAcapped QDs.
The absorption spectrum appears unchanged after phase transfer, whereas the PL spectrum is slightly red-shifted (Figure
2). The small redshift may be a manifestation of the quantum-confined Stark effect (QCSE), caused by a non-uniform
coverage of organic ligands after phase transfer. The non-uniform coverage can create an internal electric field that
polarizes the exciton and lowers its energy [24]. A common issue is the decrease in PL quantum yield (QY) after phase
transfer [25–28]. The QY is 34% when the QDs are dispersed in toluene, but after transfer to water, the QY is typically
smaller than 10% for micelle-encapsulated QDs, and smaller than 1% for DHLA-capped QDs (the exact QY value depends
on the pH, storage time, and experimental batch). A decrease in the PL QY is usually due to the appearance of surface
traps that originate from interfacial crystal atoms that are not fully coordinated [25]. These surface traps enable nonradiative recombination of the exciton and thereby decrease the QY. Additionally, the PL QY could be influenced by the
QCSE, which is known to decrease the PL intensity [29]. The surface ligand coverage is typically incomplete, and those
surface atoms that are not passivated may be slightly charged [6], causing an internal electric field.
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Figure 3. (A) pH-dependence of PL spectra for DHLA-capped and micelle-encapsulated QDs. (B) Integrated intensities and average PL
wavelength as a function of the pH. Each pH value represents an individual sample. The PL intensities of DHLA-capped and micelleencapsulated QDs are scaled to fit on the same graph.

Surface atoms can be passivated by organic ligands, typically HDA and TOP(O) in the organic solvent phase. HDA forms
dative covalent bonds with Zn atoms at the nanocrystal surface by sharing its nitrogen free electron pair [30,31]. HDA
thus passivates hole traps originating from Zn atoms with empty orbitals. Previous studies have demonstrated that part of
the ligands are reversibly bound to the crystal surface. Dilution of the sample solution can therefore cause dissociation of
these ligands, which leads to a reduction in the PL QY [32]. The purification step performed at the beginning of the watersolubilization process (see experimental section) may therefore lead to ligand dissociation and a reduction of the QY. The
sample is indeed visibly less bright after purification. In the ligand addition method, these ligand-deficient QDs are then
encapsulated inside micelles, which explains why micelle-encapsulated QDs have a lower QY than the original lipophilic
QDs. In the ligand exchange method, the dissociation of ligands is irrelevant, as the original ligands are replaced with
DHLA. In this case however, the ligand exchange itself is deleterious to the QY. Thiol-ligand exchange is indeed known to
reduce the PL intensity [16].
The pH-dependence of the photoluminescence intensity
Figure 3A shows the PL spectra of QDs as a function of the pH. For both coating types, the PL is quenched at low pH
values, in accordance with typical observations [14–17]. Measurements of the PL decay for micelle-encapsulated QDs
show that the PL quenching proceeds along with a decrease of the PL lifetime (fig. S3). There is thus an increase in the

non-radiative recombination rate at low pH, meaning that the PL quenching is caused by a decrease in the PL QY. Closer
inspection reveals that the two coatings show a different behavior in terms of the onset of PL quenching and the sensitive
pH range (Figure 3B). For micelle-encapsulated QDs, the PL intensity increases steeply between pH 6 and pH 10. For
DHLA-capped QDs, the PL intensity is fairly constant above pH 6, but it rapidly declines below pH 6.
The different pH-dependence can be explained by differences in the organic passivation layer. The pH affects the
protonation state of the organic ligands and therefore their ability to passivate the surface. As discussed in the previous
section, non-passivated surface sites can cause a decrease in the PL QY. For micelle-encapsulated QDs, the surface ligands
+

are HDA and TOP(O). HDA has a pKa value of 10.6 [33], which means that the protonated state (RNH3 ) dominates below
pH 10.6. However, it is the deprotonated state (RNH2) that is responsible for passivating hole traps [30]. Therefore, a
decrease in PL intensity can be expected below pH 10.6 for micelle-encapsulated QDs, which is indeed observed in Figure
3B. DHLA has a pKa value similar to HDA, namely 10.7 [34]. For thiols however, the deprotonated form (RS-) is not
beneficial for the PL QY. Thiolates (RS-) presumably passivate electron traps by their electron-donating ability, but they
introduce new hole traps at high concentrations [35]. The measured pH range lies mostly below the pKa of DHLA, where
the protonated form (RSH) is dominant. Therefore, we expect no decrease of the PL intensity below pH 10.7. This is
confirmed in Figure 3 by the almost constant PL intensity between pH 6 and 10. Below pH 6 however, a quick decline of
the PL intensity can be observed. At acidic pH, QDs are unstable against acid etching [25]. Durisic and co-workers have
suggested that the ZnS shell of CdSe/ZnS QDs slowly decomposes in the presence of acid and oxygen [14]. The process is
supposedly self-limited by the formation of a sulfur-rich layer, with the excess sulfur atoms acting as hole traps, thereby
diminishing the PL intensity.
Reversibility of the pH-dependent PL intensity changes
Additional information on the pH mechanism can be obtained by investigating the reversibility of the quenching process.
Irreversible PL quenching due to acidic pH has been reported for 3-thiopropionic acid-capped QDs [17] and for QDs
coated with poly(acrylic acid) (PAA) [14]. The irreversible character stems from the permanent damage done to the
crystal (surface) at low pH [14]. There are few reports on reversible pH quenching. In one work, reversibility was
demonstrated for QDs confined in a polyelectrolyte matrix covered with a pH-responsive hydrogel of poly(methyl
methacrylate) [19].
We tested the reversibility of the pH quenching by cycling between pH values 9 and 5 (Figure 4). Upon exposure to pH 5,
the PL intensity of both QD types is strongly quenched as expected. When the pH is restored to 9, the PL intensity of
micelle-encapsulated QDs recovers almost completely, whereas the PL intensity of DHLA-capped QDs remains quenched.
Notice that the change in PL intensity at the transition from pH 9 to pH 5 is more gradual for micelle-encapsulated QDs
than for DHLA-capped QDs. Figure 5 shows the same experiment, but with a shorter time scale and with more pH cycles.
For both QD types, each increase/decrease of the pH is associated with an increase/decrease of the PL intensity.
Interestingly, also DHLA-capped QDs display some reversibility on this time scale, although overall the PL intensity
decreases with each pH cycle.

Figure 4. Test of the reversibility of the PL quenching at low pH. The PL intensity (PLI) and average PL wavelength (λavg) are plotted
versus time while the sample pH is changed from 9 to 5, and back to 9. The PLI was first allowed to stabilize at pH 9, however the
stabilization for micelle-encapsulated was still ongoing after 40 hrs.

The PL intensity quenching is thus mainly reversible for micelle-encapsulated QDs. For DHLA-capped QDs, the PL intensity
quenching is irreversible on the long time scale, but the shorter time scale reveals also a small reversible component. The
reason for the different behavior should again be sought in the different organics surrounding the two particle types.
DHLA ligands form a thin, possibly incomplete, monolayer around the QDs. Consequently, the QD surface is easily
accessible to reactive species in the solution and irreversible damage by photo-oxidation or acid etching can quickly
proceed at low pH. Micelle-encapsulated QDs, on the other hand, are better protected by a hydrophobic bilayer that
surrounds the particles. The bilayer may serve as a barrier to the diffusion of oxygen and other hazardous species that
would damage the QD surface [25]. In the previous section, we proposed that the PL intensity quenching for micelleencapsulated QDs is mainly a consequence of surface depassivation. At low pH, part of the HDA ligands is protonated and
therefore unavailable for surface passivation. The protonated ligands stay inside the micelle because they are insoluble in
water. Once the pH is restored to higher values, the ligands are again deprotonated and they can repassivate the surface,
explaining the reversible pH quenching in the case of micelle-encapsulated QDs.
pH-dependent spectral shift
Modifying the sample pH also causes spectral emission shifts of several nanometers (Figure 3). The origin of these shifts is
less clear, as they are more subtle than the PL intensity changes. The spectral shifts usually occur simultaneously with

Figure 5. Test of the reversibility with quick pH cycling every two minutes. The PL intensity (PLI) and average PL wavelength (λ avg) are
plotted versus time while the pH is cycled between 5 and 9.

large changes in the PL intensity. For instance, the decrease in PL intensity of DHLA-capped QDs below pH 6 is associated
with a pronounced redshift (

nm) between pH 5 and 6 (Figure 3).

Figure 4 shows that the PL intensity quenching upon exposure to pH 5 is accompanied by a spectral blueshift of
DHLA-capped QDs and

nm for

nm for micelle-encapsulated QDs. When the pH is restored to 9, the average PL wavelength is

red-shifted for micelle-encapsulated QDs, but for DHLA-capped QDs there is no clear redshift. Interestingly, after the pH
has been restored to 9, the average PL wavelength starts to blue-shift over time. In Figure 5, the exposure time to pH 5 is
limited by the quicker cycling of the pH. In this case, the spectral shift is almost fully reversible for micelle-encapsulated
QDs and also the DHLA-capped QDs show a reversible component (albeit small and against a rising background). Figure 4
and Figure 5 show that there is both a reversible and irreversible component to the spectral shifts.
Mainly two mechanisms causing spectral shifts have been reported in literature. Firstly, etching of the nanocrystal by
photo-oxidation or acids causes a blueshift of the PL and the absorption spectrum, because the size of the nanocrystal is
reduced [25,36]. This spectral blueshift is permanent and irreversible. Secondly, the quantum-confined Stark effect
(QCSE), which is due to polarization of the exciton state by an electric field, causes a spectral redshift [37,38]. The electric
field causing the QCSE can be externally applied or result from local surface charges originating from unpassivated surface
states [39]. It was shown that fluctuating surface charges cause spontaneous spectral diffusion in single QDs [40,41].
Spectral shifting due to the QCSE is reversed when the electric field is removed. Braam and co-workers recently explained

Figure 6. Effect of the zeta potential on the PL average wavelength.

the spectral diffusion of single CdSe/ZnS QDs embedded in poly(methyl methacrylate) by a combination of the above two
mechanisms [41].
In our case, the spectral shifting possesses both a reversible and an irreversible component. Therefore we can, like Braam
and co-workers, expect a combination of acid or photo-oxidative etching and the QCSE. The presence of irreversible
etching is evident at low pH values (≤ 5). In this pH regime, we were unable to measure the typical absorption spectrum
of QDs after some days, most likely because the QDs were completely etched and dissolved. At milder pH values (above
5), the absorption spectrum appears normal and is not blue-shifted. According to Durisic and co-workers, etching can still
occur in this pH regime, but it proceeds more slowly and is self-limited by the formation of a sulfur-rich layer [14]. We
expect that for the core/shell QDs used in this work, only the shell is affected and the CdSe core is left intact. This would
explain the absence of a blueshift in the absorption spectrum.
The reversible component can be explained by the QCSE, but only if the charging process that causes the electric field is
reversible itself. The magnitude of the spectral shifts (a few nm) is in accordance with typical values observed for the
QCSE [24,39–41]. Because our system (consisting of QDs, organic ligands, and buffer ions) is highly complex, it is difficult
to identify the exact charge source(s) that are responsible for the QCSE. Below we list some (surface) charge sources that

Figure 7. Effect of ionic strength on the average hydrodynamic size (Z-avg) and average PL wavelength (λavg).

could potentially contribute to the QCSE. Firstly, the charge of the ZnS surface itself is a direct function of the pH,
becoming more negative as the alkalinity increases [42]. Secondly, changes in the organic passivation layer can alter the
surface charge. Recently, the QCSE was demonstrated for QDs coated with a mixed organic capping layer. The QDs, while
undergoing ligand exchange, temporarily possessed both amine and thiol ligands, giving rise to an inhomogeneous
electric field and a PL redshift [24]. In our case, the pH-dependent dissociation of HDA ligands could lead to a partially
(thus inhomogeneous) passivated QD surface. Thirdly, a sulfuration reaction due to acid etching could change the surface
charge [14,42]. Fourthly, other chemical species can interact with the QD surface. Carboxylic acids for instance can
interact with the surface of thiol-capped CdTe QDs at low pH, resulting in a spectral redshift [20]. Our system contains
several carboxylic acid-bearing molecules, including the DHLA and DSPE-PEG ligands as well as buffer acids such as
acetate. Finally, the organic ligands (DHLA and DSPE-PEG) contain carboxylic acid groups that will be negatively charged
depending on the pH (e.g. lipoic acid has a pKa of 4.85 [34]).
The ζ-potential can give indirect information on the charge of the organic coating. Figure 6 shows that DHLA-capped and
micelle-encapsulated QDs both have a negative ζ-potential over the pH range 4 – 9. The ζ-potential becomes slightly more
negative between pH 4 and pH 6 for both coatings, which can be attributed to the deprotonation of the carboxylic acid
groups. For micelle-encapsulated QDs, there appears to be no direct correlation between the ζ-potential and the PL
wavelength. For DHLA-capped QDs, the data is less conclusive. In the case of micelle-encapsulated QDs, one could assume
that the carboxylic acid groups are uniformly spread over the micelle surface. If this is the case, the deprotonation of
these groups should not influence the PL spectral position, because for a uniform and spherical charge distribution the
net electric field inside is zero. It is therefore likely that the QCSE is due to charges within the micelle.
Effect of the ionic strength on the spectral shift
In samples with high salinity (i.e. high ionic strength), we observed precipitation of the colloidal QDs after a certain
amount of time (hours to days depending on the salt concentration). Salt-induced aggregation occurs because the electric
double layer surrounding each particle becomes thinner at high ionic strength, such that the Brownian motion of the
particles can temporarily overcome the potential barrier that prevents aggregation. Peculiarly, some samples with high

ionic strength displayed small shifts of the PL spectrum, similar to the pH-dependent spectral shifts. Because acid or base
titrations to adjust the pH generally also increase the ionic strength of the solution, we investigated the effect of the ionic
strength independently of the pH. Figure 7 shows the effect of the ionic strength on the PL wavelength and the
hydrodynamic size by varying the NaCl concentration of a fixed-pH solution. At salt high concentrations (
emission wavelength is red-shifted by

mM), the

nm. At the same time, the average hydrodynamic particle size increases

dramatically, which is attributable to the aggregation of QDs.
We propose two mechanisms by which aggregation could cause a PL redshift. Firstly, particles in aggregates likely find
themselves in a non-uniform charge environment. For instance, a particle at the edge of an aggregate borders the
solution on one side, but (charged) neighboring particles on the other sides. The resulting electric field could red-shift the
PL emission of that particle. Secondly, the particle separation in aggregates can be much smaller because there is no
electric double layer. Consequently, the electric dipoles of neighboring QDs might be coupled resulting in electronic
energy transfer. Net energy transfer from smaller to larger QDs then causes a PL redshift . Such energy transfer was
shown for deposited QDs making up close-packed QD solids, with

nm spacing between the dots [43].

Conclusion
In this study we compared the pH-dependent PL properties of DHLA-capped and micelle-encapsulated QDs. The different
organic coatings lead to a different pH-dependence of the PL properties. The PL quenching in acidic pH is almost fully
reversible for micelle-encapsulated QDs, but nearly irreversible for DHLA-capped QDs. The absence of an irreversible
component for micelle-encapsulated QDs could be due to the hydrophobic bilayer protecting the surface against acid
etching and oxidation. We postulated that the reversible pH-dependent PL stems from the surface passivation that is pHdependent and reversible. Both organic coatings also displayed pH-dependent spectral shifts, which were explained by a
combination of irreversible etching and photo-oxidation reactions and reversible polarization of the exciton by local
charges (quantum-confined Stark effect). At high ionic strengths, aggregation of QDs causes a spectral redshift, which is
due to the quantum-confined Stark effect and/or electronic energy transfer.
Our observations highlight the importance of carefully choosing the organic ligands for colloidal QDs that are to be used
in biological or biomedical applications. The influence of pH and ionic strength on the PL properties should be taken into
account and can potentially be exploited in biosensing applications.
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