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Saline inorganic—organic hybrid nanoparticles (IOH-NPs) [La(OH),]*-
[ARS]™ (ARS: alizarin red S) are prepared in water as a new compound
(particle size: 47 + 7 nm, ARS load: 65 wt%). The IOH-NPs not only
show a pH-dependent absorption colour but also a pH-dependent
fluorescence with green emission at pH 5.0—-9.0 and red emission at
pH < 4.5. According to first in vitro studies, the pH-dependend
fluorescence can be used to monitor nanoparticle internalization in
cells as well as the respective intracellular pH.

The pH value is one of the fundamental parameters to charac-
terize biological systems." Monitoring changes of the pH is
most relevant to study the cell-cycle phase (e.g., growth, divi-
sion) or cellular internalization processes (e.g., phagocytosis,
endocytosis, receptor-ligand internalization).? Due to different
metabolic pathways, the pH level can also allow to differentiate
cell compartments from each other (e.g., endosomes, lyso-
somes).® Unusual changes of the intracellular pH (pH;), and
specifically acidic pH levels, can point to inappropriate cell
functions and were reported to indicate apoptosis and necrosis
or diseases such as Alzheimer’s® or cancer.” Moreover, a
disturbed pH; and pHj-homeostasis contribute to essentially
all hallmarks of cancer.® Thus, the pH; can provide manifold
information about physiological and pathological processes.
To monitor the pH of biological systems, pH-sensitive
fluorescent probes seem most promising and offer several
advantages in comparison to other pH-sensing techniques,
such as absorbance spectroscopy, microelectrodes, or nuclear
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magnetic resonance (NMR).” Genereally, fluorescent probes
allow for high spatial and temporal resolution as well as high
sensitivity. Moreover, optical imaging is often non-invasive to
cells, tissue and living beings.® For this purpose, different
nanoparticle-based systems were suggested, including quantum
dots, carbon and silica nanoparticles, or nanosized polymers
and metal-organic frameworks.” Such nanoparticle systems have
several advantages over molecular probes, including higher local
brightness, higher photostability, higher sensitivity, and easier
functionalization. However, current drawbacks include a limited
pH range (usually covering not more than 3-4 units), a less
sensitive change of the fluorescence intensity as response, the
complexity of composition and structure, and/or the toxicity of the
one or other ingredient of the fluorescent probe.**

Aiming at nanomaterials for drug delivery and multimodal
imaging, we have developed the concept of inorganic-organic
hybrid nanoparticles (IOH-NPs).'® This concept is characterized
by saline compounds, consisting of an inorganic cation and a
functional organic anion. The functional organic anion can be
a drug and/or a fluorescent dye, which contains phosphate,
sulfonate, or carboxylate groups. Together with a suitable
cation, this functional organic anion forms an insoluble
saline compound in water. Specific examples, for instance,
include [ZrO]*'[FMN]*~, [Gd(OH)]*[NFR]*", [ZrO]*'[DUT]",
or [GdO][ICG]” (FMN: flavinmononucleotide, NFR: nuclear
fast red, DUT: Dyomics-647 uridine triphosphate, ICG: indo-
cyanine green) showing green, red, or (near-)infrared emission."™
These IOH-NPs are characterized by aqueous synthesis, unprece-
dented dye load (70-85 wt% of total nanoparticle weight), and
intense emission. With [La(OH),]'[ARS]”, we here show IOH-
NPs with a pH-sensitive fluoresence for the first time. Herein,
lanthanum (La**) as inorganic cation is combined with the pH
indicator alizarin red S (1,2-dihydroxy-9,10-anthraquinone-
sulfonicacid, ARS) as functional organic anion (Fig. 1). The
anthraquinone dye ARS is used in textile industries, but also as
histochemical reagent, and pH indicator.'” For the first time,
we here show a pH-dependent emission of ARS, the charac-
terization of [La(OH),]'TARS]” IOH-NPs, and their use as
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Fig. 1 Scheme illustrating the aqueous synthesis of [La(OH),]*[ARS]™
IOH-NPs and photos showing the colour of suspensions at different pH
values.

pH-sensitive nanoprobe, including first in vitro studies as a
proof-of-concept.

The synthesis of [La(OH),]'TARS]” IOH-NPs is characterized
by a straightforward water-based precipitation reaction at room
temperature (Fig. 1). Accordingly, a concentrated aqueous
solution of LaCl;-7H,0 was injected with vigorous stirring into
an aqueous solution of Na(ARS). Following the La Mer-Dinegar
model of particle nucleation and particle growth,® a high
supersaturation was induced by the injection, which causes a
rapid particle nucleation, and thus, the formation of small-
sized nanoparticles. After purification, a pink suspension of
[La(OH),] TARS]™ IOH-NPs was obtained at pH 7 (Fig. 1). Upon
variation of the pH value, the [La(OH),] TARS]” IOH-NP suspen-
sions indeed show a pH-dependent colour change, which is - as
expected - similar to solutions of the freely dissolved ARS
indicator (ESL:f Fig. $1)."* Accordingly, the colour of aqueous
suspensions turned from pink to yellow when decreasing the
pH from 7 to 4 (Fig. 1). Moreover, the colour of suspensions
turned from pink to violet when increasing the pH from 7 to 10.

According to dynamic light scattering (DLS), aqueous sus-
pensions of the as-prepared [La(OH),]'[ARS]™ IOH-NPs exhibit
a mean hydrodynamic diameter of 69 &+ 15 nm (Fig. 2a and c).
Scanning electron microscopy (SEM) confirms the presence of
uniform spherical particles with a mean diameter of 47 & 7 nm
(Fig. 2a and b). This value was calculated by statistical evalua-
tion of >100 particles. The larger particle diameter obtained
from DLS reflects the hydrodynamic diameter and the presence
of a rigid layer of adsorbed water molecules on the particle
surface."® The realization of uniform nanoparticles immediately
after synthesis without the need for any additional surface-active
agent for size control and colloidal stabilization is noteworthy
and can be ascribed to an intrinsic charge stabilization as
indicated by the zeta potential of the as-prepared IOH-NPs.
[La(OH),] TARS]™ shows negative charging of —40 to —65 mV in
water in the physiologically relevant pH range of 5-8 (Fig. 2d).
According to DLS and SEM, particle size and shape of the IOH-
NPs remain stable in a pH range of 4-8 (ESL+ Fig. S2 and S3).
At strongly acidic (pH < 4) or basic (pH > 8) conditions, the
particle size decreases, which indicates beginning particle
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Fig. 2 Particle size of [La(OH),]"[ARS]™ IOH-NPs: (a) particle size distribu-
tion according to DLS (in water) and statistical evaluation of >100 particles
on SEM images; (b) SEM images; (c) photos of aqueous IOH-NP suspen-
sions in daylight and with Tyndall cone; (d) zeta potential of aqueous IOH-
NP suspension.

dissolution. To prove the chemical composition of the
[La(OH),]'TARS]” IOH-NPs, different analytical methods were
used including X-ray diffraction, Fourier-transformed infrared
spectroscopy, energy-dispersive X-ray spectroscopy, elemental
analysis, and thermogravimetry (ESLt Fig. S4-S7). Taken
together, they confirm the composition [La(OH),] TARS]~ with
65 wt% ARS of total IOH-NP mass.

Aiming at tumour diagnosis, optical imaging is generally a
very promising option due to the use of harmless irradiation,
low costs, and potentially high spatial and temporal resolution
with high sensitivity."® In comparison to healthy tissue -
normally with a pH of about 7.4 - the pH of the tumour
microenvironment by extracellular acidification ranges at 6.2—
6.9.1° In cancer cells, concomitant intracellular alkalization of
the cytoplasm results in a constitutively increased pH; that is
higher than the external pH. This “reversed* pH gradient is
thought to be permissive for some of the acquired charac-
teristics of cancers.”® Moreover, the pH of the lysosomal lumen
of cancer cells with 4.5 to 5.5 can be significantly lower than the
pH of normal cells (pH 5.0-6.0).>'* Here, a suitable emissive
nanoprobe that allows to indicate such acidic pH ranges is
highly desirable and could allow to monitor cancer via fluores-
cence detection.

The pH-indicator ARS is generally known to change its
absorption both in the acidic range (pK, = 5.5) and in the basic
range (pK, = 10.8)."” To evaluate the pH-dependent properties
of the [La(OH),] TARS]™ IOH-NPs, first of all, the absorption of
the nanoparticle suspension was examined and compared to
solutions of freely dissolved ARS (Fig. 3; ESI:T Fig. S1). Accord-
ingly, the IOH-NPs show a considerable colour shift from pink
(pH = 5.0-9.0) to violet (pH > 9.0), and most important to pale
yellow (pH < 4.5) (Fig. 3a). To quantify the visible absorption,
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Fig. 3 Optical properties of the as-prepared [La(OH),]*[ARS]” IOH-NPs
at different pH values: (a) photos of aqueous IOH-NP suspensions
(0.05 pmol mL™) at different pH values, (b) UV-vis spectra of Na(ARS)
(aqueous solutions, 0.05 pmol mL™Y, (c) UV-vis spectra of
[La(OH),IT[ARS]~ IOH-NPs (aqueous suspensions, 0.05 pmol mL™Y).

UV-vis spectra were recorded at four different pH values,
ie., 2.5,4.1,5.9, and 9.2 (Fig. 3b). Thus, the IOH-NPs show a
shift of the absorption maximum at 530 nm (pH 9.0 to 4.5) to
420 nm (pH < 4.5). This pH-dependent shift of the optical
absorption is in accordance with solutions of freely dissolved
ARS and can be related to its molecular structure with two
deprotonated OH groups (pH > 10.8) via one deprotonated OH
group (pH 5.0 to 10.8) to totally protonated OH groups (pH < 5.5,
ESL+ Fig. S1b)."”

Even more interesting than the pH-dependent absorption is
the question regarding a pH-dependent emission of the
[La(OH),]'TARS]” IOH-NPs. To the best of our knowledge, a
pH-dependent fluorescence of ARS has not been reported until
now. In fact, the emission of freely dissolved ARS in water is
weak. For the [La(OH),] JARS]” IOH-NPs with its high concen-
tration of ARS per nanoparticle volume, however, fluorescence
spectroscopy indeed shows good fluorescence at 550-600 nm
(Fig. 4) upon excitation at 300-500 nm (Fig. 4a). Even more
surprising is the observation of a pH-dependent shift of the
emission (Fig. 4b). Thus, the green emission (550-600 nm)
observed at pH 5.0 to 9.0 shifts to a red emission (550-700 nm)
at acidic pH (<4.5). In sum, the novel [La(OH),] [ARS]~ IOH-NPs
indeed show the intended pH-dependent emission. Due to the
high ARS-load of the IOH-NPs (65 wt%), intense emission is
observed, which can be detected even by the naked eye.
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Fig. 4 Fluorescence of the as-prepared [La(OH),]"[ARS]™ IOH-NPs at
different pH values: (a) excitation spectra (lem: 512 nm); (b) emission
spectra (Aexc: 462 nm).
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The pH-dependent emission of the [La(OH),]'[ARS]” IOH-
NPs can be of particular interest for biomedical studies, first of
all, to visualize the intracellular pH (pH;) and, on the longer
term, to monitor tumours and eventually metastasis. As a
very first prove-of-the-concept, in vitro studies were initiated.
Accordingly, MH-S macrophages were incubated (up to 5 h at
25 °C) with [La(OH),]'[ARS]™ suspensions (up to 50 pL mL™ ).
MTT assays indicate a low toxicity of the [La(OH),] TARS]™ IOH-
NPs (ESLt Fig. S8). Accordingly, MH-S macrophages were
incubated (up to 5 h at 25 °C) with [La(OH),]'[ARS]™ suspen-
sions (50 pg mL™"). Already after 30 min of incubation, a
successful cellular uptake of the IOH-NPs is clearly indicated
by intense green emission at 500-550 nm (Fig. 5). Furthermore,
weak emission also occurs at 550-650 nm and 650-750 nm. The
emission clearly indicates successful cell uptake with the IOH-
NPs located in endosomes (Fig. 5a). After 5 hours, the type of
emission is shifted and now shows dominating red (550-
650 nm) and near-infrared emission (650-750 nm, Fig. 5b).
Based on an endocytic pathway, the internalized IOH-NPs
encounter a successively decreasing pH in early endosomes,
late endosomes, and lysosomes. Acidification facilitates, among
other processes, the dissociation of receptor ligands (pH ~ 6.2)
and enables a selective activation of the lysosomal hydrolase
(pH ~ 4.5-5.2)."® Here, we show that a low pH within the
late endosomes can be successfully determined by the
[La(OH),] TARS]” IOH-NPs (Fig. 5b), which was confirmed by
the observation that these internalized IOH-NPs localized with
Rab7, a marker of late endosomes (Fig. 6). IOH-NPs do not
co-localize with Rab11, which is associated with recycling
endosomes (ESLt Fig. S9). Altogether, the observed pH-
dependent emission of the IOH-NPs in vitro is similar to the

a)

Early
) endosome Late
Outside endosome
o Lysosome
o \>
pH~7.4 pH~6.5
pH 55 pH~47
b) Cell nucleus 500-550 nm 550-650 nm 650-750 nm

30 min

Fig. 5 In vitro life-cell imaging study of cell uptake of [La(OH),]"[ARS]™
IOH-NPs: (a) scheme of temporal sequence of IOH-NP uptake with pH-
dependent fluorescence; (b) fluorescence images of murine MHS macro-
phages 30 min and 5 h after cultivation with [La(OH),]"[ARS]™ IOH-NPs
(50 L mL™Y acquired by different fluorescent emission spectra (cell nuclei
show blue emission due to 4/,6-diamidin-2-phenylindole (DAPI) staining).
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Fig. 6 [La(OH),I*[ARS]™ IOH-NPs co-localize with late endosomes: MH-S
cells were incubated with the IOH-NPs (red) for 5 h or 24 h and fixed.
Staining was performed with an anti-Rab7-antibody followed by the Alexa
Fluor 633 (AF 633) conjugated secondary antibody (cyan blue) as indicated
by the arrow. Nuclei were labelled with Hoechst 33342 (dark blue). Second
and lowest panel show magnifications of the selected ROIs shown in the
first and third panel. Right panels show merged images.

fluorescence observed in aqueous suspensions and confirms
the feasibility of [La(OH),]'[ARS]~ for biomedical studies.

In conclusion, [La(OH),]'[ARS]” IOH-NPs with pH-dependent
fluorescence are shown for the first time. The IOH-NPs are
prepared via straightforward aqueous synthesis and contain the
pH indicator ARS (alizarin red S) with a load of 65 wt%. They
exhibit a mean particle size of 47 = 7 nm and are chemically and
colloidally highly stable at pH 4-8. [La(OH),]'TARS]” shows the
expected absorption colour shift from pink (pH = 5.0-9.0) to
yellow (pH < 4.5). The fluorescence and a pH-dependent fluores-
cence shift are observed for the first time and result in a green
emission at pH 5.0-9.0 and a red emission at pH < 4.5. Due to
the high ARS-load per nanoparticle, both the absorptive as well as
the emissive colour change are easy to detect. Beside the spectro-
scopic characterization of the pH-dependent absorption and
emission of the new compound, first in vitro studies show the
temporal cell uptake of the IOH-NPs in endosomes. The temporal
pH shift from 7.4 to 4.7 is again accommpanied with a fluores-
cence shift from green to red. Based on this proof-of-the-concept
study, the novel [La(OH),]'TARS]” IOH-NPs can become very
interesting as easy-to-prepare fluorescent pH nanoprobes to
monitor the viability of biological systems, including metabolic
pathways, cell-cycle phases, pH homeostasis of tumours, apopto-
sis, and necrosis.
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