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Doping dyes in silica has a wide range of applications, but there is currently no general method of synthesis.

Here, we show that 98 cationic dyes of 11 series could be directly doped in silica nanoparticles of uniform
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Introduction

Functionalized nanomaterials, as core research subjects in
materials science, provide crucial support for breakthroughs in
numerous key technologies. Among these, silica, a well-known
inorganic nanomaterial, holds an important position owing to
its unique physicochemical properties. Its synthesis methods
are simple and controllable, and it demonstrates excellent
performance such as catalytic degradation'? and efficient
adsorption*” by virtue of its unique microporous structure.
Most importantly, its favorable biocompatibility endows it with
irreplaceable advantages in biomedical fields including drug
delivery*™* and bioimaging.">**

Composite materials formed by incorporating fluorescent
dyes into silica nanoparticles (NPs) can impart stable lumines-
cent properties to NPs, thereby enabling their application as
tools such as fluorescent markers**> and biological probes
across multiple research fields. The realization of this stable
luminescent characteristic is attributed to the effective protec-
tive effect of silica on fluorescent dyes: silica provides an ideal
encapsulated microenvironment for them, which can effectively
isolate interference from external factors (e.g., light, oxida-
tion).* This protective mechanism prevents dye molecules from
losing efficacy due to environmental impacts, thereby ensuring
the stability of their luminescent properties.

These characteristics collectively confer significant applica-
tion potential upon fluorescent dye-silica nanoparticles. In the
field of bioimaging,*® their capacity to clearly label cells or
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size. In this co-precipitation method, the negatively charged silica precursor, poly(silicic acid), basically
wraps the dyes as counter ions and preserves them.

tissues provides a powerful visualization tool for disease diag-
nosis and exploration of pathological mechanisms; in research
on substance migration and transformation, they can function
as high-sensitivity fluorescent labeling probes to achieve precise
tracking;"® in immunoassays,"” by virtue of their specific
binding with target molecules, these materials can also effec-
tively enhance the accuracy and efficiency of detection.

Recently, we have shown that a rotor-based fluorophore,
thioflavin T (ThT), can be embedded in silica NPs and serve as
a reporter for changes in their solvent environment. As such, the
solvent exchange into the NPs can be monitored by the stopped-
flow technique with millisecond time resolution, to obtain the
diffusion constants."®

Despite many efforts, the methods for doping dyes in silica
still have obvious limitations, specifically manifested in their
applicability often being restricted to specific conditions, such
as specific dye types or reaction environments, and lacking
universality. Therefore, developing effective strategies with
strong universality remains an important challenge in the
development of this field.

Currently, the main methods for doping dyes in silica can be
divided into two categories: covalent coupling and physical
encapsulation. The former involves directly bonding dyes to
silane linking molecules, and the formed conjugates then
undergo co-precipitation with silica. This method has specific
requirements for the structure of dye molecules, requiring them
to possess functional groups that can react with silanes, which
to a certain extent limits the range of applicable dyes. In the
latter method, cationic dyes are directly incorporated during the
Stober method™ or microemulsion method.>* Among them, the
Stober method is widely adopted due to its simple operation
and easily controllable conditions, and its doping performance
can be effectively improved through systematic dye screening.

We show in our previous studies that the silica synthesized in
aqueous solution should be viewed as a highly swollen, cross-
linked inorganic polymer, rather than a dense solid like glass
or quartz: the precursor poly(silicic acid) is highly polar and
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Fig. 1 (a) Schematics illustrating the co-precipitation of silica with
doped dyes. (b) TEM image of the PSF@silica NPs. UV-vis extinction
spectra of (c) PSF and PSF@silica NPs; (d) PSF@silica NPs before and
after washing with ethanol; (e) PSF@silica NPs before and after storage
in water at 4 °C for 7 days. (f) Standard curve for determining PSF's
loading in silica.

carries multiple negative charges.”** As such, its precipitation
critically depends on the presence of counter ions and a bad
solvent, such as the NH*" ions and the water/ethanol mixture in
the Stober method. The preferential precipitation of long polymer
chains and swelling by water explain the selective etching to
make hollow NPs, the huge percentage of doped cations,and the
intrinsic Fig. 1 micro-porosity of silica shells. As a result,we could
modulate the silica etching to make multi-layered structures,
exchange out the cations with H' to improve the cross-linking,
and dope divalent Ca®" ions to make silica readily etchable.?

On the basis of these understandings, we believe that there
should be a general approach to incorporate cationic dyes in
silica NPs, by simple co-precipitation without the hassle of
chemical conjugation. Here, we show that among the 105 dyes
we have collected, 98 could be directly incorporated in silica
NPs (Fig. 2 and 3).

Experimental
Materials

All chemical reagents were used without further purification.
The chemicals used are isopropanol (IPA, HPLC, Admas-beta),
ammonia (NH;-H,0, 25-28% w/w, Shanghai Aladdin
Biochemical Technology Co., Ltd), hydrochloric acid (HCl, 36.0-
38.0% w/w, J&K Scientific Co., Ltd), tetraethyl orthosilicate
(TEOS, 99%, J&K Scientific Co., Ltd), ethanol (ETOH, AR, Sino-
pharm Chemical Reagent Co., Ltd), Milli-Q water (resistivity
18.2 mQ cm at 25 °C). The dyes are shown in Table S1.

Methods

Synthesis of silica nanoparticles

In 1.4 mL of water/IPA mixed solvent (water : IPA = 2: 5), 15 uL
of ammonia solution and 3 pL of TEOS were sequentially added,
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and then the mixture was stirred and reacted at 20 °C for 10
hours (in the dark). After the reaction, the product was centri-
fuged at 12 000 rpm for 12 minutes followed by a centrifugation-
re-dispersion procedure with DI water. Finally, the product was
redispersed in 1 mL DI water and stored in the refrigerator.

Synthesis of dye@silica nanoparticles

1 mg (phenosafranine) PSF was dissolved in 8.26 mL water/IPA
mixed solvent (water : IPA = 2:5), and the dissolution of dyes
was accelerated by ultrasonic treatment to prepare a homoge-
nous PSF solution (0.3 mM). Then 15 pL of ammonia solution
and 3 pL of TEOS were sequentially added into 1.4 mL the above
PSF solution. The mixture was stirred and reacted at 20 °C for 10
hours (in the dark). After the reaction, the product was centri-
fuged at 12 000 rpm for 12 minutes. It was then purified once
with 1 mL DI water. For the second purification, 5 pL of ethanol
was added in 1 mL DI water, and for the third purification, 1 mL
DI water was used. The supernatant after purification was
confirmed to be free of unreacted PSF using UV-vis spectros-
copy. Finally, the product was dispersed in 1 mL DI water and
stored in the refrigerator.

Results and discussion

We first select 10-phenylphenazin-10-ium-2,8-diamine (pheno-
safranine, PSF), a dye in the phenazine family (Fig. 2e), for our
model reaction: it was dissolved in a mixture solvent (water/IPA
= 2:5) to obtain a red solution. Then, NH;-H,0 and tetraethyl
orthosilicate (TEOS) were added, and the resulting reaction
mixture was stirred for 10 h (Fig. 1a). Here, NH;-H,O is used to
promote the hydrolysis of the silica precursor TEOS, and IPA
reduces the solvent polarity to promote silica precipitation.
After the reaction is complete, the product silica NPs were iso-
lated by centrifugation to give a red precipitate, which were re-
dispersed in water (defined as 1 washing cycle). After 2 more
washing cycles, the final supernatant was colourless, and the
precipitate remained red, indicating that PSF has been
successfully incorporated in the silica NPs (PSF@silica). In
transmission electron microscopy (TEM) images, they are
highly monodispersed nanospheres, with uniform diameters of
58.0 + 7.3 nm (a survey of 300 NPs, Fig. 1b and S1).-In addition,
our synthesis method also features high reproducibility. The
repeated syntheses are labeled as a, b, and c respectively, and
the products obtained from these repeated experiments still
exhibit highly similar chemical properties (Fig. S2).

The UV-vis peak of the PSF@silica NPs occurs at 510 nm,
which is blue-shifted from the 520 nm peak of PSF in water
(Fig. 1c). It is likely due to the higher refractive index of silica
(1.45) than that of water (1.33). As calculated from the standard
curve (Fig. 1f), in this study, the dye loading is defined as the
number of nanomoles of PSF doped per micromole of TEOS
during the synthesis process. The results showed that 2.1% of
the initial dye was successfully incorporated, corresponding to
a dye loading of 0.68 nmol PSF per umol TEOS, with a synthesis
cost of approximately 0.015 $ per nmol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structure of the dyes. (a) Acridine series dyes; (b) phenothiazine series dyes; (c) takagawa series dyes; (d) arylmethane series
dyes; (e) phenazin series dyes; (f) indole series dyes; (g) phenoxazine series dyes; (h) phthalocyanine series dyes; (i) tetrazolium series dyes; (j)
benzothiazole series dyes; and (k) other dyes.
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Fig.3 Photos of all the dyes used in this work after co-precipitation with silica. (al-6) acridine series dyes. (b1-6) phenothiazine series dyes. (c1-
6) takagawa series dyes. (d1-12) arylmethane series dyes. (e1-4) phenazin series dyes. (f1-8) indole series dyes. (g1-6) phenoxazine series dyes.
(h1-12) phthalocyanine series dyes. (i1-3) tetrazolium series dyes. (j1-8) benzothiazole series dyes. (k1-18) other dyes. (r1-16) oxanthene dyes.
(11-115) TEM images of the dye@silica nanoparticles prepared with co-precipitation method. Bar: 200 nm.

PSF has good solubility in ethanol, and thus, we used a small
amount of ethanol (5 pL) to remove any dyes that may adsorb on
the NP surface, followed by dispersing the PSF@silica NPs in
1 mL of water. After an additional washing cycle with water to
remove the residual ethanol, the final precipitate remained
roughly the same colour intensity (Fig. 1d), indicating that most
of the PSF was inside the silica domain. The PSF@silica NPs
were stored at 4 °C for 7 days and then washed with water. The
UV-vis extinction was essentially unchanged, indicating that
PSF has not been dissolved by water (Fig. 1e).

When the initial [PSF] concentration increased from 0.10 to
0.30, 0.50, and 0.70 mM, the PSF loading increased from 0.20 to
0.68, 0.96, and 1.28 nmol PSF per umol TEOS, respectively, and
the particle size of the product PSF@silica also increased (Table
S2). It is worth noting that when the concentration of [PSF] was
increased to 0.50 mM, obvious silicon precipitation was
observed after standing for 24 hours (Fig. S3a and b). Moreover,
with the increase of dye doping concentration in silica nano-
particles, the transmission electron microscopy characteriza-
tion results showed that the morphology of the particles
gradually changed from uniform spheres to fused spheres
(Fig. S3c-e), indicating that a higher loading amount led to
a decrease in the stability of the silica nanoparticles. Therefore,

34402 | RSC Adv, 2025, 15, 34399-34405

we usually use a relatively low dye concentration (0.3 mM,
unless otherwise specified).

As introduced, our previous work embedded the rotor-type
fluorescent molecule thioflavin T (ThT) into silica nano-
particles. By monitoring fluorescence intensity changes during
solvent exchange, we characterized solvent diffusion in silica
and inferred corresponding porosity changes.'* The research
showed that more embedded ThT correlated with lower solvent
diffusion, i.e., lower silica porosity. Extending this under-
standing of silica pores to the current work, higher PSF doping
concentrations in silica correspond to lower porosity.

Three additional dyes in the phenazine family, named as E2—
E4 (Fig. 2e), were also successfully loaded in silica NPs. The
resulting NPs were monodispersed nanospheres (Fig. S4), have
intense colours corresponding to that of the respective dyes,
and are also stable against washing cycles with water. A notable
difference is that the loading amount of E4 was 18 times higher
than that of E1. Moreover, the particle size of E4@silica is about
400 nm, much larger than the corresponding NPs of E1-E3 (60—
80 nm). We propose that strong binding between dye molecules
and silica arises primarily from electrostatic interactions, with
charge interactions playing a key role. Notably, previous studies
confirm that dye embedding is spontaneous (i.e., AG < 0), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the embedding amount depends primarily on two energy
factors: the dye's solvation energy in the solvent (AG,,) and its
interaction with confined pores (AGj,).>* When the latter
exceeds the former in favorability, dye embedding is promoted.
Specifically, E4 interacts more favorably with silica's confined
pores than other dyes, enabling broader binding within these
pores and thus a higher doping amount.

Zeta potential measurements showed that, comparing to the
silica NPs (—1.19 mV), E1 and E2 incorporation did not greatly
change the surface charges (2.27 and —2.54 mV, Fig. S5). For E3
and E4, the zeta potential decreased significantly (—18.13 and
—34.24 mV), likely due to higher dye loading (Table S4).

More extensive studies showed that, unlike the phenazine
family dyes E1-E4, many dyes underwent degradation during
the synthesis. Take the arylmethane series dyes (D1-D12,
Fig. 2d) as example, 10 of them were found to degrade in
a simple basic solution (0.20 M ammonia in water), with D8 and
D11 being the exception. D4, D7, D9 and D10 were almost
completely degraded in 2 h, showing 89.8%, 100%, 100%,
72.9% decrease of the major extinction peak, respectively. After
addition of HC], 6 of the dyes (D1, D3, D4, D7, D9, D10) showed
some degree of reversibility, and D5, D6, and D12 were fully
reversible (Fig. S6 and Table S4). This phenomenon may be
directly associated with the conjugated systems of dye mole-
cules, such as arylmethane skeletons and azo bonds. Upon
adding ammonia water, hydroxyl groups irreversibly disrupt
these conjugated systems via nucleophilic attacks-including
processes like dealkylation of tertiary amines-and hydrolysis
of azo bonds, resulting in dye degradation. In contrast, when
hydrochloric acid is added, the acidic environment allows some
degradation products to reconstruct partial conjugated struc-
tures through protonation (for instance, amine groups re-
engage in p-m conjugation after protonation), leading to
partial recovery from dye degradation. Notably, dye degradation
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involves independent chemical mechanisms linked to molec-
ular structure, so no further in-depth discussion is provided.

With the coprecipitation method, all of the positively
charged dyes (D1-D10) were doped in silica NPs, and the
negatively charged D11 and D12 were not (Fig. 3). Despite their
chemical instability, the doped dye@silica were stable in the
preparative solution (basic solution with 0.15 mM ammonia)
without further colour loss, highlighting the protecting role of
silica. The purified dye@silica were all stable when stored.

To investigate the effect of molecular charge, we picked the
oxanthene family dyes (Fig. 4). Again, all of the positively
charged dyes (R7-16) were doped in silica. Among the remain-
ing amphoteric dyes, the sulfonate-containing R1 are clearly too
negatively charged to be incorporated, and the R6 with reactive
-NCS could be readily bonded to silica via chemical reaction.
R2-R5 are less predictable: While they have similar molecular
structure, R3 and R5 could be incorporated, R2 cannot, and R3
showed only slightly coloured silica with a minor extinction
peak (Fig. S7). Most importantly, by direct comparison, once the
—-COOH group of R3, R4, R5 was esterified (Fig. 4b-d), the dye
loading was dramatically improved.

We also attempted 9 additional series of dyes, including the
acridine family dyes (A1-A6), the phenothiazine family (B1-B6),
the takagawa family (C1-C6), the indole family (F1-F8), the
phenoxazine family (G1-G6), the phthalocyanine family (H1-
H12), the tetrazolium family (I1-13), the benzothiazole family
(J1-J8) and other dyes (K1-K18).

In total, there are 105 organic dyes, most of which contain
partial positive charge. Among them, 98 have been incorporated
and the products were mostly uniform nano-spheres. All of the
molecules with obvious negative charge, such as those with -
SO;~ group (D11, D12, K14, K15, R1) and K18 with overall
negative charge, cannot be incorporated. K7 is neutral and thus
led to low doping. There are 2 amphoteric ones with no doping
(R2) or low doping level (R4). K16 is an exception, that it carries
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(a) The oxanthene family dyes R1-16. Extinction spectra of (b) R3@silica, R8@silica and R9a@silica, (c) R4@silica and R7@silica, (d) R5@silica

and R16a@silica, showing that esterification of the —COOH group makes a big difference in terms of dye loading.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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positive charge but only has a low doping (Fig. S8). On these
bases, charge interaction among the organic dyes and the silica
precursor poly (silicic acid) is assigned as the dominant factor
for the general synthesis.

Conclusions

In conclusion, we successfully embedded 98 dye molecules into
silica nanoparticles via co-precipitation, clearly validating the
reliability and universality of this one-pot synthesis strategy for
preparing functionalized nanomaterials. This also reaffirms
that silica-analogous to a negatively charged swollen polymer-
forms efficient, stable nanostructures with positively charged
ions through charge interactions. Future work will further
expand the method's loading capacity for additional functional
molecules (e.g., biological probes and therapeutic drugs) and
enable precise customization of the physicochemical properties
of functionalized nanoparticles, thereby strongly supporting
practical applications in related fields.
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