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The surface deposition of luminescent anionic cluster complex [{Re6S8}(OH)6]
4� advantages to the design

and synthesis of composite luminescent silica nanoparticles (SNs) for intracellular imaging and sensing,
while the encapsulation of the cluster units into SNs lacks for efficient luminescence. The deposition of
the Re6 clusters resulted from their assembly at the silica surface functionalized by amino-groups pro-
vides the synthetic route for the composite SNs with bright cluster-centered luminescence invariable
in pH range from 4.0 to 12.0. The pH-dependent supramolecular assembly of the cluster units with poly-
ethyleneimine (PEI) at the silica surface is an alternative route for the synthesis of the composite SNs with
high cluster-centered luminescence sensitive to pH-changes within 4.0–6.0. The sensitivity derives from
the pH-driven conformational changes of PEI chains resulting in the release of the clusters from the PEI-
based confinement under the acidification within pH 6.0–4.0. The potential of the composite SNs in cel-
lular contrasting has been also revealed by the cell viability and flow cytometry measurements. It has
been found that the PEI-supported embedding of the cluster units facilitates cell internalization of the
composite SNs as well as results in specific intracellular distribution manifested by efficient staining of
the cell nuclei in the confocal images.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction for design of sensors, carriers for therapeutic and luminescent cel-
Both transparency of silica matrix and endocytosis-driven cell
internalization make silica nanoparticles (SNs) promising basis
lular contrasting agents [1–7]. The aforesaid functional properties
can be achieved by incorporation of building blocks with different
functionality into SNs with a formation of hybrid SNs. Literature
data represent diverse synthetic routes for synthesis of hybrid
SNs [8–15], although highlighting of optimal synthetic routes for
combination of sensing and cellular contrasting functions in each
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hybrid SN is still challenging problem. The present work is focused
on optimization of hybrid SNs for joining of efficient red emission
and sensing function with efficient cell internalization. Thus, com-
parative analysis of different synthetic routes for incorporation of
polyionic functional building blocks exemplified by metal com-
plexes and polyelectrolytes into SNs is introduced herein in corre-
lation with the functional properties of the hybrid SNs.

Polyelectrolytes bearing pH-dependent groups are a top of cur-
rent interest, since their pH-triggered rearrangement of is widely
applied in the design of carriers with a drug delivery function
[16,17], where the acidification arisen from the early-to-late endo-
some conversion can trigger the drug delivery [18]. The visualiza-
tion of the pH-triggered rearrangements of polyelectrolytes at a
silica/water interface through the use of luminescent probes can
help in deeper recognition of the effect of early-to-late endosome
transformation on cytotoxicity of the silica nanomaterial. Thus,
the present work is aimed at visualization of pH-triggered rear-
rangements of polyelectrolytes at a silica/water interface by means
of ionic red-emitting cluster complexes as the luminescent probes.

Octahedral metal cluster complexes based on {M6(l3-X)8}4+

(M = Mo or W; X = Cl, Br or I) and {Re6(l3-Q)8}2+ (Q = S or Se) cores
have been gaining growing attention as building blocks of nanoma-
terials for biomedical applications [19–33]. The latter derives from
the unique photoluminescence and high stability of {M6(l3-X)8}4+

and {Re6(l3-Q)8}2+ cluster cores, where X or Q is a face-capping
ligand. Each metal atom of the cluster core is additionally coordi-
nated by an inorganic or organic apical ligand L leading to a
[{M6Y8}L6]n ionic or molecular complex. The aforesaid is the reason
for the choice of hexanuclear clusters as the ionic building blocks
in the design of a stimuli-responsive luminescent nanomaterial.
The focusing on [{Re6S8}(OH)6]4� complex is due to its suitability
for sensing arisen from very quick aquation of apical positions real-
ized through a protonation of the apical hydroxo ligands, which
was for the first time reported by Brylev et al. [34], and later was
successfully used for monitoring the acidification derived from
the enzymatic hydrolysis of acetylcholine [35]. However, the easy
aquation of [{Re6S8}(OH)6]4� restricts the applicability of the pH-
sensitive cluster-centered luminescence in intracellular imaging
and sensing, since it results in the precipitation of the neutral
aquahydroxo complex [{Re6S8}(H2O)4(OH)2] in aqueous solutions
[34,36]. Nevertheless, the stability of [{Re6S8}(OH)6]4� can be sig-
nificantly increased under either encapsulation of the cluster into
dendritic nanostructure decorated by dialkyl-amino/ammonium
groups [37] or the wrapping by polyethyleneimine (PEI) chains
[36].

This highlights an impact of the electrostatic attraction between
amino/ammonium groups and the cluster units as the route of
their incorporation into SNs, which was successfully applied for
deposition of the hexamolybdenum clusters on the silica surface
decorated by amino-groups [14,15]. Moreover, the well-known
ability of PEI chains to wrap around naked silica nanoparticles
resulting in their recharging from negative to positive [13] also
provides a basis for a deposition of the negatively charged cluster
units. The above-stated introduces both covalent surface modifica-
tion by amino-groups and adsorption of PEI on the naked silica sur-
face as the routes for deposition of [{Re6S8}(OH)6]4� on the surface
of SNs. However, the encapsulation of the cluster into SNs will be
also applied, since the successful inclusion of [{Re6S8}(OH)6]4� into
silica spheres was previously reported [19]. Thus, the following
synthetic modes will be used for the cluster incorporation into
SNs: (1) [{Re6S8}(OH)6]4� will be directly bound with amino/am-
monium groups embedded to the silica surface; (2) the embedding
of [{Re6S8}(OH)6]4� with the ‘‘naked” non-modified silica surface
will be facilitated by PEI; (3) encapsulation or the so-called ‘‘dop-
ing” of the cluster into silica spheres. The luminescence of the clus-
ter units embedded onto the SNs and its pH-sensitivity will be
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correlated with the size, charge and structure of the exterior layer
of the SNs. The cellular imaging ability of the SNs will be also intro-
duced in order to choose the optimal nanoparticles in staining of
cell nuclei.
2. Experimental Section

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide
(28–30%), n-heptanol (98%), 3-aminopropyltriethoxysilane (APTES,
99%), 4-morpholineethanesulfonic acid hydrate (MES, 99%), b-
alanine (99%) and fluorescamine (pure) were purchased from Acros
Organics and used without further purification. Triton X-100 (lab-
oratory grade), cyclohexane (99%), polyethyleneimine (PEI, Quality
Level � 200), KCl (�99%), NaOH (�98%) and NaHCO3 (�99.7) were
purchased from Sigma-Aldrich. Tris-(hydroxymethyl)-
aminomethane (TRIS, 98%) was purchased from Scharlau.

The salt K4[{Re6S8}(OH)6]�8H2O was synthesized and purified in
accordance with the previously published procedures [38].

TEOS was purified by distillation.
2.2. Synthesis

Synthesis of silica nanoparticles (SNs) was performed through the
water-in-oil microemulsion procedure. The mixture of Triton X-
100 (4.76 g), n-heptanol (4.58 mL), cyclohexane (18.64 mL), TEOS
(0.4 mL), and a 2.2 mL of water was prepared and stirred for
30 min. Then, additionally prepared solution containing Triton X-
100 (4.76 g), n-heptanol (4.58 mL), cyclohexane (18.64 mL), and
aqueous solutions of NH3 (28–30%) was added to the mixture, fol-
lowed by stirring for 24 h.

Synthesis of amino-modified silica nanoparticles (SNsNH2) was
performed through the water-in-oil microemulsion procedure.
The synthetic mixture from Triton X-100 (8.63 g), cyclohexane
(33.75 mL), n-heptanol (8.1 mL) and 2.16 mL of water was stirred
for 15 min, followed by the addition of 0.27 mL of aqueous ammo-
nia (28–30%). After stirring for 15 min, TEOS (0.23 mL) was added
to the mixture, followed by further stirring for 24 h. Then, TEOS
(0.23 mL) was added again, and the mixture was stirred for
30 min. After addition of APTES (0.045 mL), the mixture was stirred
for another 24 h.

Synthesis of amino-modified cluster-doped silica nanoparticles
([Re6]@SNsNH2) was performed through the water-in-oil
microemulsion procedure. The synthetic mixture from Triton X-
100 (4.32 g), cyclohexane (16.88 mL), n-heptanol (4.05 mL) and
1.08 mL of the aqueous solution of K4[{Re6S8}(OH)6]�8H2O
(C = 2.5 mM) was stirred for 15 min, followed by the addition of
0.135 mL of aqueous ammonia (28–30%). After stirring for
15 min, TEOS (0.115 mL) was added to the mixture, followed by
further stirring for 24 h. Then, TEOS (0.115 mL) was added again,
and the mixture was stirred for 30 min. After addition of APTES
(0.0225 mL), the mixture was stirred for another 24 h.

The synthesized nanoparticles were separated from the
microemulsion by adding acetone, centrifuging, and washing with
acetone/ethanol mixture (1:1), ethanol (once) and water (several
times).

Fluorescamine-based procedure was applied for quantitative
assay of amino groups on the surface of the aminomodified SNs
[39].

The ionic assembly of the PEI-SNs with [{Re6S8}(OH)6]
4� has been

performed according to the following procedure. The aqueous col-
loids of the SNs (0.5 g�L�1) were mixed with excess aqueous solu-
tion polyethyleneimine (PEI) (18 g�L�1, pH = 7.0, adjusted by HCl).
The mixture was sonicated for 15 min with further phase
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separation by centrifugation at 4 �C (15000 rpm, 15 min) in order
to get rid of excess PEI. The obtained silica nanoparticles, decorated
by PEI (PEI-SNs), were mixed with aqueous solution of cluster com-
plex (0.035 mM). The mixture was sonicated for 15 min with fur-
ther phase separation by centrifugation at 4 �C (15000 rpm,
15 min) in order to get rid of excess cluster units. Afterwards,
the assembled nanoparticles ([Re6]-PEI-SNs) were washed and dis-
persed in water.

The ionic assembly of the SNsNH2 with [{Re6S8}(OH)6]
4� cluster

anions has been performed by mixing of the aqueous solution of
cluster complex (0.035 mM) with the aqueous colloids of the
SNsNH2 (0.5 g�L�1). The mixture was stirred by means of Shaker
Hei-MIX Multi Reax for 30 min and left for 4 days in a dark place.
Afterwards, obtained assembled nanoparticles ([Re6]-SNsNH2)
were separated by centrifugation at 4 �C (15000 rpm, 15 min) in
order to get rid of excess cluster units. Thereafter, [Re6]-SNsNH2

were washed and dispersed in water.
The [Re6]-PEI was obtained by mixing aqueous solutions of the

[{Re6S8}(OH)6]4� cluster complex and PEI (pH = 7.0, adjusted by
HCl) at molar ratio 1:1.
2.3. Methods

Detailed descriptions of dynamic light scattering (DLS) and pH
measurements, electronic absorption, steady state and time
resolved luminescence, inductively coupled plasma optical emis-
sion spectrometry (ICP-OES), small angle X-Ray scattering (SAXS)
[40,41], powder X-ray diffraction (PXRD) [42], transmission elec-
tron microscopy (TEM) imaging, cytotoxicity and flow cytometry
assays are presented in Supplementary materials. The represented
values are average of three repeated measurements.

The pH values in the aqueous dispersions were adjusted by the
use of the buffer systems, which are acetic-acetate (pH = 4.0 and
5.0), MES (pH = 5.4 and 6.0), TRIS (pH = 7.0, 8.0, and 9.0), carbonate
(pH = 10.0 and 10.9) and KCl–NaOH (pH = 12.0).

The cell culture of M�Hela from the collection of the Institute of
Cytology of the Russian Academy of Sciences and human Chang
Liver cell line from N. F. Gamaleya Research Center of Epidemiol-
ogy and Microbiology were used in the experiments. The standard
nutrient medium ‘‘Igla” with an addition of 10% calf serum and 1%
essential amino acids was purchased from the Chumakov Institute
of Poliomyelitis and Viral Encephalitis (Moscow, Russia).

The cell samples (M�HeLa and Chang Liver) were analyzed after
24-hour incubation by the SNs.
3. Results and discussion

3.1. Synthesis and characterization of the composite SNs

As it has been already demonstrated amino/ammonium groups
at a silica surface can facilitate a deposition of anionic complexes
[13,14]. The synthesis of amino-modified silica nanoparticles
(SNsNH2) was performed through the water-in-oil microemulsion
procedure with an aim to reveal the potential of the amino-
modified SNs in deposition of [{Re6S8}(OH)6]4�. The procedure
was optimized for synthesis of 52.5 ± 3 nm sized SNsNH2

(Fig. 1a), where both size and surface decoration by amino-
groups (3200 per each SNsNH2) (Fig. S1) are prerequisite for conve-
nient cell internalization. The deposition of [{Re6S8}(OH)6]4� clus-
ter onto amino-decorated silica surface of SNsNH2 is driven by
their electrostatic attraction to the oppositely charged ammonium
groups, although the extraction of the cluster units at SNsNH2

requires greater time than that of {Mo6I8}-based anionic clusters
[14] (for more details see the Exp. Section). The extraction is man-
ifested by the decreased intensities of both electronic absorption
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and emission spectra of the clusters in the supernatant solutions
(Fig. S2a, b). The quantitative analysis of the spectra (Fig. S2) indi-
cates that 0.0175 mM of [{Re6S8}(OH)6]4� are extracted by 0.5 g�L�1

of SNsNH2. The spectra of the supernatants after washing of the
separated nanoparticulate phase indicate insignificant leaching of
the cluster. The separated phase can be easily redispersed in aque-
ous solutions. The composition of the nanoparticulate phase was
evaluated by means of the Si:Re molar ratios (Table 1) calculated
from the ICP-OES analysis (Table S1). The composite SNs in Table 1
and further are designated as [Re6]-SNsNH2. Both polydispersity
index (PDI) values and average size of aggregates are smaller for
[Re6]-SNsNH2 than those of SNsNH2 (Table 1). The large difference
in electron density between the {Re6S8}2+ cluster core and Si-O�

from the silica matrix facilitates the recognition of the cluster units
at the spheres. Indeed, the TEM images of [Re6]-SNsNH2 (Fig. 1b)
reveal the outgrowths at the amino-modified silica surface. The
uniform coating of the nanoparticles by the outgrowths confirms
the exterior deposition of [{Re6S8}(OH)6]4�.

Literature data represent the adsorption of PEI onto the surface
of naked SNs as the efficient non-covalent surface decoration [13],
while the surface exposed amino- and ammonium groups are the
prerequisite for the deposition of the cluster units. The naked
SNs with the average size of 43.2 ± 2 nm were synthesized by
the similar microemulsion procedure (Fig. 1c). The PEI adsorption
on the naked SNs was performed by their mixing with the aqueous
solution of PEI and further phase separation of the nanoparticulate
phase (for more details see the Experimental Section). The elec-
trokinetic potential values of the naked SNs revealed efficient
recharging from �44 to +44 mV after the adsorption of PEI
(Table 1). The PEI-treated SNs will be further designated as PEI-
SNs. The PEI-SNs are manifested by the enhanced stability to
aggregation in comparison with SNsNH2 (Table 1). This fact derives
from the formation of the highly hydrated PEI-based exterior layer
[13], which provides a basis for further deposition of the anionic
cluster units. The recharged SNs were deposited by the anionic
cluster units by means of the similar procedure (for more details
see the Exp. Section).

The analysis of the UV-Vis and luminescence spectra in the ini-
tial and supernatant solutions (Fig. S2a, b) indicates that similar
with the amino-decorated SNs the PEI-deposited SNs (0.5 g L�1)
extract 0.0175 mM of [{Re6S8}(OH)6]4�. The ICP-OES analysis con-
firms the similarity in the Si:Re ratios for [Re6]-SNsNH2 and [Re6]-
PEI-SNs (Tables 1 and S1). [Re6]-PEI-SNs in the TEM images
(Fig. 1d) are manifested as the spheres coated by the brighter exte-
rior layer (about 5.3 nm thickness), while the deposited cluster
complexes are revealed by the dark spots in the TEM image
(Fig. 1d).

The previously reported doping procedure [15] was also applied
as an alternative way of the incorporation of the cluster units into
SNs. The reported procedure was modified by increasing of the
cluster-to-TEOS ratio in order to get the composite SNs with the
Si:Re ratio close to the values achieved for [Re6]-PEI-SNs and
[Re6]-SNsNH2. The Si:Re ratio revealed by ICP-OES analysis was
1:0.014, which confirmed the composite nature of the nanoparti-
cles designated as [Re6]@SNsNH2. The TEM images of [Re6]
@SNsNH2 reveal their size greater than 100 nm, while the cluster
units are manifested by the dark rods or globules inside the com-
posite SNs (Fig. 1e). The X-ray diffraction pattern (XRD) of [Re6]
@SNsNH2 (Fig. S3) confirms nanocrystalline inclusions of the clus-
ter manifested by the peak in the region of smaller angles addi-
tional to the broad peak arising from amorphous silica (Fig. S3).
The presented in Fig. S3 XRD pattern of ‘‘empty” SNs reveals the
amorphous silica without polycrystalline inclusions. The difference
in electronic densities of the cluster units and silica coating enables
to evaluate the former by SAXS analysis, while exterior size of [Re6]
@SNsNH2 lies above the values available for correct evaluation by



Fig. 1. The TEM images of SNsNH2 (a), [Re6]-SNsNH2 (b), SNs (c), [Re6]-PEI-SNs (d), and [Re6]@SNsNH2 (e).

Table 1
Average size (dDLS and dTEM), electrokinetic potentials (fDLS) values, polydispersity indexes (PDIDLS) and the Si:Re molar ratios determined by ICP-EOS of the differently
synthesized composite SNs in aqueous solution, CSNs = 0.1 g�L�1.

Type of silica particles dDLS, nm PDIDLS fDLS, mV dTEM, nm Si:Re

SNsNH2 aggregation 0.673 +23 ± 3 52.5 ± 3 –
[Re6]-SNsNH2 151 ± 1 0.348 +10 ± 1 52.5 ± 3 1:0.027
SNs 131 ± 0.1 0.102 �44 ± 2 43.2 ± 2 –
PEI-SNs 142 ± 0.35 0.116 +44 ± 1 – –
[Re6]-PEI-SNs 318 ± 5 0.431 +39 ± 0.4 54 ± 3 1:0.026
[Re6]@SNsNH2 aggregation 0.665 +27 ± 0.5 89(±10)� �69(±3) 1:0.014

45 ± 9
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the method (1–60 nm). The SAXS data are represented in Fig. S4.
Table 2 collects the calculated from the SAXS data parameters
characterizing nanoparticles, such as radius of gyration (Rg and
Rg*) evaluated by Guinier method and from analysis of distance
distribution function respectively, biggest distances in the particles
(Dmax) and average diameter of the particles calculated in a sphere-
shaped model framework (ds, ds = 2

p
((5/3)�Rg

2). The ds-values cal-
culated for [Re6]@SNsNH2 refer to the average size of the polycrys-
talline inclusions. For comparison the SAXS data were also
measured for [Re6]-SNsNH2 and [Re6]-PEI-SNs (Fig. S4). The ds-
values calculated for these SNs are smaller than the sizes revealed
by the TEM images (Fig. 1, Table 1). The deviation between ds and
dTEM values is common for SNs, since it derives from the difference
in the electronic densities in the core and shell zones of SNs.

3.2. Spectral properties of the cluster units in composite SNs

It is worth mentioning the work [34] for highlighting the pH-
dependent spectral properties of [{Re6S8}(OH)6]4�. It is, in particu-
lar, well-known that the cluster exists in its hexahydroxo form
([{Re6S8}(OH)6]4�) in alkaline conditions at pH above 10.0, which
is characterized by the peculiar ratio of the absorbance values mea-
sured at 360 and 416 nm (A360/A416). The step-wise protonation of
the apical hydroxo ligands of the cluster at pHs below 10.0 repre-
sented by the Eq. (1) is followed by the changes in the electronic
absorption spectra demonstrated in Fig. 2a. The pH-induced
changes of A360/A416 plotted in Fig. 2b indicates that the protona-
tion of the apical hydroxo ligands of the cluster complex is signif-
icantly restricted in the presence of PEI. This specific behavior of
the cluster units derives from their interaction with amino/ammo-
nium groups of PEI chains.

Re6S8f g OHÞ6
� �4� þ xHþ ¼

h h
Re6S8f gðH2OÞx OHÞð6�xÞ

� iðx�4Þ
ð1Þ

Unfortunately, the spectral profile of the cluster units can’t be
monitored from the UV-Vis spectra of [Re6]-PEI-SNs and [Re6]-
SNsNH2 (Fig. S5) due to the interference of the cluster-centered
absorbance with the scattering effect arisen from the silica nano-
beads. Nevertheless, similar with PEI, the amino/ammonium
groups of both PEI-SNs and SNsNH2 should provide the similar
shifting of the equilibrium (1).

The luminescence intensity of the cluster complex in aqueous
solution comes to the low level even within three days of storage
(Fig. S6), while that of [Re6]-PEI, [Re6]-SNsNH2 or [Re6]-PEI-SNs
remains enough high within 25 days at least (Fig. S6). This indi-
cates that the degradation of the clusters is significantly slowed
down under their wrapping by PEI chains or incorporation into
the nanoparticulate forms.

It is also worth noting that both wrapping by PEI chains of the
cluster units and their adsorption at the surfaces of SNsNH2 and
PEI-SNs result in the enhancement of the cluster-centered lumi-
nescence (Fig. 3). The excited state lifetime values (s) determined
for the cluster complexes in the molecular and nanoparticulate
forms at various pHs are presented in Table 3. The s-values at neu-
tral pH are in the following order: [Re6]-PEI-SNs � [Re6]-
PEI > [Re6]-SNsNH2 > [{Re6S8}(OH)6]4� (Table 3). It is worth corre-
lating the s-values with an extent of radiationless decay of the
cluster’s excited state in aqueous oxygenated solutions. Thus, the
Table 2
The Rg, Rg*, Dmax, ds, and Vpart (averaged particle volume) values, the scattering intensity

Type of silica particles Rg, Å Rg*, Å D

[Re6]@SNsNH2 148.7 148.8 4
[Re6]-SNsNH2 128.9 128.8 4
[Re6]-PEI-SNs 133.6 133.5 4
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wrapping capacity of PEI-chains in both [Re6]-PEI-SNs and [Re6]-
PEI provides more efficient shielding of the clusters from an oxy-
genation than the surface exposed amino-groups in [Re6]-SNsNH2.

The Si:Re ratio for [Re6]@SNsNH2 is of the same order of magni-
tude with the ratios evaluated for [Re6]-SNsNH2 and [Re6]-PEI-SNs
(Tables 1 and S1). However, the emission intensity of [Re6]
@SNsNH2 is weak at the similar equipment and concentration con-
ditions and thus is not represented herein. Thus, the incorporation
of the cluster units into the core zone of the silica nanobeads
doesn’t provide any potential for an applicability of the cluster-
centered luminescence in sensing or imaging.

The aforesaid results highlight the interaction of the cluster
units with amino/ammonium groups as the reason for both shift-
ing of the equilibrium (1) and restricted radiationless decay due
to the wrapping effect of PEI. However, the ability of PEI chains
to wrap around the anionic cluster units depends on the ratio of
amino-to-ammonium groups which, in turn, is pH-dependent.
The luminescence spectra of [Re6]-PEI-SNs and [Re6]-SNsNH2,
along with [{Re6S8}(OH)6]4� and [Re6]-PEI measured at pH from
4.0 to 9.0 are presented in Fig. 3, while those recorded at pH from
9.0 to 12.0 are in Fig. S6. The luminescence intensities at 615 nm
are plotted versus pHs in Fig. 4a in order to compare the pH-
dependencies for different molecular or nanoparticulate forms of
the cluster. The pH-dependencies of emission intensities are pro-
nounced and similar for [Re6]-PEI and [Re6]-PEI-SNs, while the
luminescence spectrum of [Re6]-SNsNH2 exhibits very poor
changes under pH variation (Fig. 3c and 4a). The aforesaid tenden-
cies are quite different from that for [{Re6S8}(OH)6]4� (Fig. 4a),
where the pH-decrease from 12.0 to 4.0 results in the pronounced
intensity changes of [{Re6S8}(OH)6]4� derived from its step-wise
protonation due to the equilibrium (1).

The pH-induced transformation of amino-to-ammonium groups
at the silica/water interface was followed by electrokinetic poten-
tial (f) measurements for SNsNH2 and [Re6]-SNsNH2, as well as
for PEI-SNs and [Re6]-PEI-SNs. The f-values at different pHs are
plotted in Fig. 4b for correlation with the pH-dependent lumines-
cence shown in Fig. 4a. The negative f-values of SNsNH2 at
pH > 10.0 refer to low ammonium-to-amino groups ratio, while
the increase in the f-values at 4 < pH < 10 results from the
amino-to-ammonium groups conversion (Fig. 4b). The lumines-
cence of [{Re6S8}(OH)6]4� is insignificantly influenced by SNsNH2

at pH > 10.0 due to the low amount of ammonium groups at the sur-
face (Fig. 4a). The growing amount of the ammonium groups at
4 < pH < 10 should enhance the electrostatic attraction of [{Re6S8}
(OH)6]4� anions with SNsNH2. Thus, the invariant luminescence of
[Re6]-SNsNH2 at 4 < pH < 10 indicates that the protonation of
[{Re6S8}(OH)6]4� units is restricted due to their extra-stabilization
through the binding with the ammonium groups (Fig. 4a). This ten-
dency differentiates [Re6]-SNsNH2 from [Re6]-PEI-SNs and [Re6]-
PEI, where protonation of PEI under the pH-decrease from 11.0 to
8.0 results in the enhancement of the cluster-centered lumines-
cence which comes to the saturation level at pH 8.0–6.0 (Fig. 3b,
d and 4a). The changes in the luminescence correlates with the par-
tial protonation of PEI, which is followed by the growing capacity of
PEI chains to wrap around the cluster units due to favoring of their
coil-like conformation [43]. Thus, both enhanced level of the
cluster-centered luminescence and its invariance at pH 8.0–6.0
result from the wrapping of the cluster units by PEI.
at s = 0 (I0, in arbitrary units) of [Re6]@SNsNH2, [Re6]-SNsNH2, and [Re6]-PEI-SNs.

max, nm Vpart, Å3 I0, a.u. ds, nm

8.1 144�105 216,900 38.4
1.6 109�105 170,000 33.3
0.9 122�105 179,900 34.5



Fig. 2. Electronic absorption spectra of [{Re6S8}(OH)6]4� (a) and A360/A418 values (b) of [{Re6S8}(OH)6]4� (1) and [Re6]-PEI (2) at various pH values (CCluster = 0.0175 mM,
CPEI = 0.0175 mM). The SD values are designated by error bars.

Fig. 3. Luminescence spectra of [{Re6S8}(OH)6]4� (a), [Re6]-PEI (b), [Re6]-SNsNH2 (c), and [Re6]-PEI-SNs (d) at various pH values – 4.0 (1), 5.0 (2), 5.4 (3), 6.0 (4), 7.0 (5), 8.0 (6),
and 9.0 (7) (CCluster = 0.0175 mM, CPEI = 0.0175 mM, CSNs = 0.5 g�L�1, kex = 370 nm).
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The sharp decrease of the luminescence intensities under the
pH decrease from 6.0 to 4.0 (Fig. 4a) correlates with the
documented in literature conformation changes of PEI from
coil-to-linear when pH is decreased from 6.0 to 4.0 [43,44]. The
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conformational changes are driven by the interchain electrostatic
repulsion of the ammonium groups resulted from the pH-
induced protonation of PEI. Taking into account the impact of the
coil-conformation on the wrapping of the cluster units by PEI



Table 3
The excited state lifetime values (s) of [{Re6S8}(OH)6]4�, [Re6]-PEI, [Re6]-SNsNH2, and [Re6]-PEI-SNs in aqueous solutions (CCluster = 0.0175 mM, CPEI = 0.0175 mM, CSNs = 0.5 g�L�1).

Sample pH [{Re6S8}(OH)6]4� [Re6]-PEI [Re6]-SNsNH2 [Re6]-PEI-SNs

s, ls 4.0 7.15 ± 0.14 8.55 ± 0.09 8.43 ± 0.08 8.7 ± 0.12
5.0 6.81 ± 0.14 9.82 ± 0.32 8.7 ± 0.11 9.36 ± 0.22
5.4 6.77 ± 0.14 10.68 ± 0.42 8.71 ± 0.1 10.52 ± 0.34
6.0 6.64 ± 0.16 10.62 ± 0.41 8.74 ± 0.11 10.42 ± 0.32
7.0 5.58 ± 0.29 10.37 ± 0.39 8.71 ± 0.09 10.39 ± 0.32
8.0 4.83 ± 0.31 10.4 ± 0.38 8.77 ± 0.11 10.67 ± 0.34
9.0 5.08 ± 0.09 9.76 ± 0.3 9.06 ± 0.18 10.56 ± 0.36

10.0 6.52 ± 0.31 9.93 ± 0.3 9.56 ± 0.27 9.98 ± 0.28
10.9 7.32 ± 0.24 8.92 ± 0.16 9.68 ± 0.26 9.82 ± 0.25
12.0 8.06 ± 0.14 9.07 ± 0.3 9.7 ± 0.31 9.09 ± 0.16

Fig. 4. (a) Luminescence intensity at 615 nm of [{Re6S8}(OH)6]4� (1), [Re6]-PEI (2), [Re6]-SNsNH2 (3), and [Re6]-PEI-SNs (4) at various pH values (CCluster = 0.0175 mM,
CPEI = 0.0175 mM, CSNs = 0.5 g�L�1, kex = 370 nm); (b) Electrokinetic potential (f, mV) of SNsNH2 (1), PEI-SNs (2), [Re6]-SNsNH2 (3), and [Re6]-PEI-SNs (4) colloids at various pH
values (CSNs = 0.1 g�L�1). The SD values are designated by error bars.

A. Khazieva, K. Kholin, I. Nizameev et al. Journal of Colloid and Interface Science 594 (2021) 759–769
chains, their linearization should be followed by the unwrapping
effect. Thus, the experimentally observed decrease in the lumines-
cence intensities of [Re6]-PEI-SNs and [Re6]-PEI at 4.0 < pH < 6.0
(Fig. 4a) can be explained by the partial release of the cluster units
from the PEI-based confinement. The aforesaid pH-induced inten-
sity changes are followed by the decrease in the s-values (Table 3)
of [Re6]-PEI and [Re6]-PEI-SNs, although these values are still
greater than s-values of the naked cluster complex at the same
pHs. This fact indicates that even unwrapped protonated PEI chains
restrict the protonation of the cluster units due to their interaction
with ammonium groups of PEI. The pH-triggered wrapping and
unwrapping is illustrated by the cartoon image in Fig. 5.

Thus, the deposition of [{Re6S8}(OH)6]4� onto SNsNH2 is stable
in the wide pH-range, while [Re6]-PEI-SNs represents the
pH-dependent deposition mode. The cytotoxicity and cell internal-
ization of both nanoparticulate forms should be studied in order to
recognize their applicability in cellular imaging or sensing.

3.3. Cytotoxicity and cell internalization of the composite SNs

It is worth discussing both literature and the experimental data
on the cytotoxicity of building blocks belonging to the composite
SNs before the presentation of their cytotoxicity. The low cytotox-
icity of both SNsNH2 and SNs is well-known [45], while the surface
decoration by PEI can increase a cytotoxicity due to the cytotoxic
effect of the latter [46]. However, the presented in Table 4 cell via-
bility data reveal rather low cytotoxicity of PEI-SNs. The previously
reported high IC50 values of [{Re6S8}(OH)6]4� which are 0.262 mM
for HeLa [26] and 0.366 mM for Hep-2 [36] agree well with the
poor cellular uptake of the anionic cluster complex. The greater cell
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internalization of [Re6]-PEI correlates with the higher cytotoxicity
of the assembly (0.113 mM) reported for Hep-2 cells [36]. How-
ever, the embedding of the cluster units into the composite SNs
can significantly affect their cytotoxic effect due to the difference
in the cellular uptake mechanisms of molecular and nanoparticu-
late forms [47,48].

The cell viabilities measured at various concentrations of [Re6]-
PEI-SNs and [Re6]-SNsNH2 are presented in Table 4. The concentra-
tions of the SNs are represented by the concentrations of both clus-
ter units (mM) and the SNs (g�L�1). The cell viability of Chang Liver
cell line exhibits the detectable decrease after the incubation by
the composite SNs at their greatest applied concentration
(0.25 g�L�1). However, the enhanced cell internalization of both
nanoparticulate forms enables to get enough contrasting effect at
the lower concentration (0.1 g∙L�1), which is demonstrated by flow
cytometry data in Fig. 6. The results (Fig. 6) indicate that [Re6]-PEI-
SNs provide the better contrasting effect than [Re6]-SNsNH2.

The intracellular distribution of [Re6]-PEI-SNs has been visual-
ized by confocal microscopy images of M�HeLa cells incubated
by the composite SNs (Fig. 7). The incubation of the cell samples
by DAPI enables to stain by blue the cell nuclei (Fig. 7). This, in
turn, reveals that staining by DAPI interferes with that by [Re6]-
PEI-SNs. Commonly, SNs tend to localize predominantly in the cell
cytoplasm [45,49,50], thus, the reasons for the staining of the cell
nuclei by [Re6]-PEI-SNs is worth discussing.

Thus, [Re6]-PEI-SNs after the efficient cell internalization are
able to stain the cell nuclei, which points to their endosomal
escape into the cytosol and traffic in close proximity to the nuclear
pore complex [51]. It is worth noting that endocytosis mechanism
of nanoparticles is greatly dependent on their size [16]. Thus, the



Fig. 5. Cartoon illustration of the pH-triggered wrapping and unwrapping of PEI chains as the reason for the pH-dependent cluster-centered luminescence.

Table 4
Cell viability of Chang Liver and M�HeLa cells incubated by [Re6]-PEI-SNs and [Re6]-SNsNH2.

Sample CSNs, g�L�1 CCluster, mM Cell viability, %

M�HeLa Chang Liver

[Re6]-PEI-SNs 0.25 0.00875 92.5 44.1
0.125 0.00437 100 46
0.0625 0.00219 100 95.8
0.0313 0.0011 100 100

[Re6]-SNsNH2 0.25 0.00875 92.7 57.9
0.125 0.00437 100 93.5
0.0625 0.00219 100 100

PEI-SNs 1.25 – 80.8 90.3
0.625 – 92.1 81.5
0.3125 – 94.1 89.8
0.156 – 97.0 95.6
0.078 – 96.7 96.4
0.039 – 96.2 97.7

Fig. 6. Flow cytometry data (A, B) for [Re6]-SNsNH2 (2) and [Re6]-PEI-SNs (3): luminescence intensity of M�Hela (1, A) and Chang Liver (1, B) cells (control), after the
incubation for 24 h with [Re6]-SNsNH2 (2) and [Re6]-PEI-SNs (3) (CSNs = 0.1 g�L�1); (C) Mean fluorescence intensity from the flow cytometry histograms shown as a function of
the nanoparticles type. The SD values are designated by error bars.
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Fig. 7. Confocal fluorescent laser microscopy images of control M�HeLa cell lines (A, B, C) and M�HeLa cells incubated with [Re6]-PEI-SNs (D, E, F).
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size of [Re6]-PEI-SNs being about 50 nm (Table 1) indicates that
their cell internalization into M�HeLa cells can be driven by both
clathrin-dependent and caveolin-mediated mechanisms of endo-
cytosis [52]. Important to note that the caveolin-mediated endocy-
tosis is reported in literature [51] as one of the factors facilitating
the release of nanoparticles from endosome confinement. In turn,
nucleocytoplasmic transport is mediated by nuclear pore com-
plexes that are 60-nm-diameter channels in the nuclear envelope,
which encloses the nucleus from the cytoplasm [53]. Thus, the size
of [Re6]-PEI-SNs being below 60 nm could also be important to
bypass nuclear pore complex to release from cytoplasm into the
nuclear interior. For the best of our knowledge the present results
for the first time highlight the optimal nanoarchitecture of
nanoparticles able to deliver the anionic cluster units to cell nuclei
for their efficient staining by the red cluster-centered
luminescence.
4. Conclusions

Summarizing, the results highlight the supramolecular assem-
bly of the anionic cluster complex [{Re6S8}(OH)6]4� at silica
nanoparticles (SNs) through the surface exposed amino-
ammonium groups as the route for developing of both pH-
sensitive and pH-insensitive cellular contrast agents with red
cluster-centered luminescence. The pH-insensitive cellular con-
trast agents result from the efficient electrostatically driven assem-
bly of [{Re6S8}(OH)6]4� with amino-ammonium groups arisen from
their covalent embedding onto the surface of amino-decorated SNs
(SNsNH2). The self-assembly of polyethyleneimine (PEI) chains at
the negative surface of SNs forms the positively charged exterior
layer (PEI-SNs) with the surface exposed amino-ammonium
groups. The flexibility of PEI chains results in unique wrapping-
like binding mode of the cluster units manifested by the pro-
nounced enhancement of their luminescence in comparison with
the ‘‘free” cluster complex in aqueous solutions. [{Re6S8}(OH)6]4�

deposited onto PEI-SNs exhibits the pronounced decrease in the
steady state and time resolved cluster-centered luminescence
under the acidification within pH range from 6.0 to 4.0 due to
the pH-driven conformational changes of PEI chains.
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The deposition of [{Re6S8}(OH)6]4� onto PEI-SNs makes these
nanoparticles better cellular contrasting agents versus those
deposited onto SNsNH2. Moreover, the embedding of the cluster
units onto PEI-SNs provides the efficient staining of the cell nuclei
demonstrated for M�HeLa cell line. It is also worth noting that the
staining of the cell nuclei by red luminescence of [Re6]-PEI-SNs
highlights the route for deliverance of polyanions to cell nuclei.
The revealed herein nuclear localization of [Re6]-PEI-SNs opens
the ways beyond specific peptides [54] to achieve target binding
of composite SNs with cell nuclei. The pH-sensitive luminescence
of [Re6]-PEI-SNs opens their future in sensing of early-to-late endo-
some conversion as the prerequisite of endosomal escape and
entering cell nuclei.
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