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Abstract

Silica nanoparticles with embedded fluorescent dyes represent an important class of markers for example in biological imaging.

We systematically studied the various incorporation mechanisms of fluorescent xanthene dyes in 30–40 nm silica nanoparticles.

An important parameter was the interaction of the dye with the matrix material, either by weak electrostatic or strong covalent

interactions, which also has implications on the stability of fluorescence and brightness of the dyes. Factors that can influence

leaching of dyes such as the position of the dyes in particles and the intensity of the particle-dye interaction were investigated by

using the solvatochromic effect of xanthene dyes and by stationary fluorescence anisotropy measurements. We compared

uranine and rhodamine B, which were physically embedded, with modified fluorescein isothiocyanate and rhodamine B

isothiocyanate, which were covalently bound to the silica matrix within a usual Stöber synthesis. Systematic leaching studies of

time spans up to 4 days revealed that covalent bonding of dyes like fluorescein isothiocyanate or rhodamine B isothiocyanate is

necessary for fluorescence stability, since dyes bound by physical interaction tend to leach out of porous silica networks.

Coverage of silica particles with hydrophobic protection layers of alkyltrialkoxysilanes or hydrophilic polyethylene glycol (PEG)

groups resulted in a better retention of physisorbed dyes and provides the possibility to adapt the particles to the polarity of the

medium. Best results were archived with PEG groups, but even small trimethylsilyl (TMS) groups already reduce leaching.
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Highlights
● Silica nanoparticles prepared by the sol-gel process are an important platform for the formation of fluorescent

nanoparticles.
● Fluorescent dyes can be incorporated into the particles by either physical embedment or covalent attachment to the silica

network.
● Dye leaching behavior can be controlled depending on the interaction mechanisms with the silica network.
● The leaching of only physically entrapped dyes can be dramatically reduced if a surface-functionalization with alkoxy

silanes is carried out.

1 Introduction

Fluorescent particles are important materials for a broad

variety of different applications such as imaging agents in

biological applications [1–3], organic dye based LED

materials [4], as markers for understanding migration phe-

nomena of particles in polymers [5]. Functionalized silica

particles are particularly interesting in such applications due

to their straightforward and well-established synthetic pro-

cedures such as the sol-gel based Stöber process [6], reverse

microemulsions [7], or with approaches like the so called

Hartlen-synthesis [8] or other amino acid based synthesis

[9]. Compared to fluorescent quantum dots, which can also

be used as fluorescent particles, the hybrid particles show

advantages with respect to optical stability, quantum yields,

toxicity, emission independent size control, and surface-

functionalization. This makes hybrid particles an excellent

alternative to quantum dots.

In principle there are two chemical approaches to incor-

porate organic dyes into silica nanoparticles. A physically

incorporation in which the dye interacts with the porous silica

network via non-covalent interactions like hydrogen bonds,

van der Waals forces, or ionic interactions. For this synthetic

approach it is necessary that the dye matches parameters such

as polarity during the particle formation. The drawback of

this encapsulation method is the risk of dye leakage [10, 11],

caused by the rather weak interaction between dye and par-

ticle as well as the porous nature of the particles. Modifica-

tion of the dye molecules or the particle surface with

functional groups allowing a covalent connection between

dye and silica network represents a method to minimize dye

leaching [12, 13]. Well-known examples are fluorescein

isothiocyanate (FITC) and rhodamine B isothiocyanate

(RBITC), which can be functionalized in an addition reaction

with a primary amine such as (3-aminopropyl)triethoxysilane

(APTES) (Scheme 1) [14, 15].

During the synthesis the modified dyes can either be

added to the reaction mixture [16, 17] or they can be

attached to the surface of preformed silica particles

[14, 15, 18, 19]. In the latter case the dyes are exposed to

environmental conditions and are not protected inside the

particle, which can be avoided by formation of a protecting

core-shell structure in a second step. For example, an outer

silica shell around the fluorescent core can lead to an

improved retention of dyes [10, 20, 21], an increase in the

quantum yield, and an improved photostability compared to

the free dye [20, 22–28]. Dyes without anchor groups can

also be retained by using special precursors which increase

the interaction between dye and silica network [10].

With regard to dye leaching and necessity of covalent

dye incorporation, only a few detailed studies were pub-

lished in the past [10–12, 29]. Since the particles are often

used in sensitive biological matrices, it is necessary to

obtain a sufficient understanding of the interaction between

particle and dye. In addition to the leaching of the dyes,

which is only investigated qualitatively in most studies, this

understanding should also include the localization of the

dyes in or on the particle and an investigation of the binding

mode. Tolbert et al. showed that the extent of the dye

leaching decreases as the strength of the dye’s binding to

the particle increases [11]. In our study, we studied leaching

over a longer time period and investigated leaching-

Scheme 1 Rhodamine B and

APTES functionalized

rhodamine B isothiocyanate,

disodium salt of fluorescein

(uranine) and fluorescein

isothiocyanate with APTES

anchor group
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influencing factors such as the intensity of the dye-particle

interaction and the position of the dye molecules in the

particle. Contrary to published results our focus was on

the study of small silica nanoparticles with a diameter of

less than or equal 40 nm, as they are particularly interesting

for various applications, for example in biology and medi-

cine [30, 31]. As model systems we used rhodamine B and

uranine due to the possibility of a straightforward chemical

modification of the corresponding isothiocyanate derivates.

Rhodamine B and uranine also differ in their charge.

Rhodamine B as a single positively charged molecule can

possibly interact more effectively than uranine with the

negatively charged surface of the silica particles.

To protect the dye, it is common to condense a silica

shell onto the core particles [20]. However, thin shells on

sub-100 nm particles are inconvenient to be realized with

the Stöber method [32]. Another possibility is the attach-

ment of organosilane capping agents to the surface which

we have chosen in the presented study.

2 Experimental section

Further characterization and methods can be found in the

Supplementary Information (SI).

2.1 Materials

Fluorescein isothiocyanate isomer I (FITC) ≥90%, rho-

damine B isothiocyanate (RBITC) mixed isomers, rho-

damine B (RB) ≥95%, trimethoxy(octadecyl)silane (C18)

90% and chlorotrimethylsilane (TMS) ≥99% were pur-

chased from Sigma-Aldrich (Steinheim, Germany). Ura-

nine was obtained from Kremer Pigmente (Aichstetten,

Germany), (3-aminopropyl) triethoxysilane (APTES) was

obtained from Wacker Silicones (Burghausen, Germany),

tetraethyl orthosilicate (TEOS) 99%, 2-[methoxy(poly-

ethyleneoxy)6–9propyl]trimethoxysilane (PEG) 90% and

n-dodecyltrimethoxysilane (C12) 95% were provided by

ABCR (Karlsruhe, Germany). Ammonium hydroxide

solution ≈ 25% and all common solvents were purchased

from the central chemical store of Saarland University.

All chemicals were used as received without further

purification.

2.2 Methods

Fluorescence emission and excitation spectra were mea-

sured with a FluoroMax-4 from HORIBA Jobin Yvon with

a 150 W xenon arc-lamp at a 90° angle in a type 101 10 ×

10 mm quartz cuvette. Absorption spectra were measured

with a dual beam PerkinElmer Lambda 750 UV/Vis/NIR

Spectrometer; scattering samples were measured in

transmittance mode in front of a 100 mm InGaAs Inte-

grating Sphere. Fourier transform infrared (FTIR) spectra

were recorded on a Bruker VERTEX 70 spectrometer. The

samples were measured as dried powders at room tem-

perature on a diamond-based attenuated total reflection

(ATR) unit. The IR-spectra were recorded from 400 to

4500 cm−1 with a resolution of 4 cm−1 and averaged from

16 scans. Thermo gravimetric analysis (TGA) was per-

formed using a Netzsch TG209 F1 Iris ASC in corundum

crucibles. Adsorbed traces of solvent and water were

removed by carrying out a previous heating step under

nitrogen atmosphere from room temperature to 150 °C

with a heating rate of 10 K / min, holding the temperature

for 10 minutes and subsequent cooling to room tempera-

ture. The actual temperature program starts by heating (10

K/min) from room temperature to 800 °C under nitrogen

atmosphere followed by heating to 900 °C under nitrogen /

oxygen atmosphere. Dynamic light scattering (DLS) was

performed applying non-invasive backscattering using an

ALV/CGS-3 compact goniometer system with an ALV/

LSE-5003 correlator at a 90° goniometer angle. Samples

from reaction solution were diluted, homogenized in an

ultrasound bath, and equilibrated for about five minutes

before measurement. For transmission electron micro-

scopy (TEM) measurements, a JEOL JEM-2010 micro-

scope was used. After dilution, 30 µL of the sample was

applied to a graphite coated copper grid (Plano S160-3)

and measured after evaporation of the solvent. CP/MAS

Solid State NMRs were performed at 25 °C with a Bruker

Ascend 400WB with a spinning rate of 13 kHz and a delay

time of 3–6 s (frequencies: 13C 100.7 MHz with ada-

mantane as standard; 29Si 79.5 MHz with octakis(tri-

methylsiloxy)silsesquioxane as standard). CHN analysis

was carried out on an Elementar Vario MICRO CUBE.

Stationary fluorescence anisotropy measurements were

performed on a Jasco FP-6500 at a 90° angle with

two angle adjustable polymer coated polarizer. Mean

and standard deviation were determined in the range

±20 nm around the anisotropy value at the emission

maximum.

2.3 Functionalization of xanthene dyes with 3-
(Aminopropyl) triethoxysilane

FITC and RBITC were functionalized with a triethoxysilane

anchor group using literature procedures [14, 16].

0.01 mmol dye precursor (3.9 mg FITC or 5.4 mg RBITC)

were diluted in 4 mL ethanol and 0.50 mmol (117 µL, 0.111

g) APTES were added. The reaction mixture was stirred

overnight. The flask was kept in the dark to avoid photo-

bleaching of the dye.

For use in the Stöber process, the obtained 2.5 mM dye

solution can be used directly. For later usage, the dye

Journal of Sol-Gel Science and Technology



solutions must be stored in a freezer and must be used up

within a few days.

2.4 Preparation of fluorescent nanoparticles

All fluorescent silica nanoparticles were prepared using a

modified Stöber synthesis with dye concentrations of

0.4 mM [6, 16, 33]. As fluorescence anisotropy measure-

ments could be affected by too high dye concentrations due

to energy transfer phenomena such as Förster Resonance

Energy Transfer (FRET) [34, 35], particles were also pro-

duced analogously to the procedure described below with a

lower dye concentration (0.002 mM).

2.4.1 Dye concentration 0.4 mM

In a 40 mL headspace vial, 22 mL ethanol, 3 mL

(0.01 mmol) of the respective 3.3 mM dye solution, 0.5 mL

(2.26 mmol) TEOS and 0.75 mL (10.35 mmol) 25% aqu-

eous ammonia solution were mixed. After ten minutes,

0.5 mL (0.02 mmol) of an ethanolic 0.03 M LiOH solution

was added dropwise under rapid stirring. The resulting dye

concentration in the mixture thus is 0.4 mM. The mixtures

were stirred at 275 rpm for 24 h. To the resulting opalescent

dispersion, 27 mL n-hexane was added for precipitation of

the particles. The clear supernatant was carefully decanted,

and the remaining particle dispersion was centrifugated at

8000 rpm for ten minutes. The particles were washed three

times with demineralized water and finally 80 mg of parti-

cles were redispersed in 27 mL ethanol as stock solution

(about 3 g/L) or were dried at 80 °C in the vacuum for

subsequent surface functionalization.

For the demobilization of dyes on the particle surface, first

non-fluorescent Stöber particles are synthesized. After 24 h

stirring, 4 mL of the respective 3.3 mM dye solution was

added to the Stöber mixture and stirred again for 24 h. The

workup was carried out analogously to the core particles.

For core-shell structure with dye only on the surface, first

non-fluorescent Stöber particles are synthesized. After 24 h

stirring, 4 mL of the respective 3.3 mM dye solution was

added to the Stöber mixture and stirred again for 24 h. The

workup was carried out analogously to the core particles.

Yield: ~80 mg particles, DLS: SiO2 15.4 ± 0.3 nm,

uranine-modified silica 25.9 ± 1.2 nm, FITC-modified silica

24.4 ± 1.3 nm, RB-modified silica 19.3 ± 1.3 nm, RBITC-

modified silica 27.5 ± 1.0 nm, FT-IR: 3600–3000, 1050,

940, 792 cm−1, TGA: 95% residual mass, λexc: uranine-

modified silica 497 nm, FITC-modified silica 502 nm, RB-

modified silica 541 nm, RBITC-modified silica 549 nm,

λem: uranine-modified silica 514 nm, FITC-modified silica

522 nm, RB-modified silica 565 nm, RBITC-modified silica

568 nm, fluorescence anisotropy r: uranine-modified silica

0.04, FITC-modified silica 0.14, RB-modified silica 0.04,

RBITC-modified silica 0.13 (solvent in all cases: ethanol),
13C-CP/MAS: δ = 16.68, 58.57 ppm, 29Si-CP/MAS: δ =

−110.14, −101.87, −92.53 ppm.

2.4.2 Dye concentration 0.002 mM (for fluorescence

anisotropy measurements)

In a 40mL headspace vial, 25mL ethanol, 16.4 μL (5.4* 10−5

mmol) of the respective xanthene 3.3 mM dye solution,

0.5mL (2.26mmol) TEOS and 0.75mL (10.35mmol) 25%

ammonia solution were mixed. After ten minutes, 0.5 mL

(0.02 mmol) of an ethanolic 0.03 M LiOH solution was added

dropwise under rapid stirring. The resulting dye concentration

in the mixture thus is 0.002mM. The further procedure is

analogous to Section 2.4.1.

Yield: about 80 mg of particles, FT-IR: 3600–3000,

1050, 940, 792 cm−1, λexc: uranine-modified silica 497 nm,

FITC-modified silica 502 nm, RB-modified silica 541 nm,

RBITC-modified silica 549 nm, λem: Uranine-modified

silica 514 nm, FITC-modified silica 522 nm, RB-modified

silica 565 nm, RBITC-modified silica 568 nm, fluorescence

anisotropy r: uranine-modified silica 0.028 ± 0.002, FITC-

modified silica 0.227 ± 0.004, RB-modified silica 0.037 ±

0.002, RBITC-modified silica 0.352 ± 0.009 (solvent for all

measurements: ethanol).

2.4.3 Esterification of rhodamine B on the silica surface

Following a modified literature method [36], 1 g unmodi-

fied silica particles and 100 mg RB were dissolved in

100 mL isobutylmethyl ketone (IBMK) and heated at

100 °C overnight. After cooling to room temperature, the

particles were separated from IBMK via centrifugation at

8000 rpm and washed with ethanol six times in 10 kDa

membrane concentrators. The still strongly colored particles

were dried at 80 °C under vacuum.

2.4.4 Preparation of alkylated core-shell particles

The functionalization was carried out following a modified

literature method [37]. To obtain a protecting organic layer

on the particle surface, four common functionalization agents

with different chain lengths were tested. In a headspace vial,

100 mg of silica particles with esterified rhodamine B were

dried for ten minutes in high vacuum, dispersed in 10mL

absolute toluene, and then stirred for ten minutes. 0.04mmol

(5.1 µL trimethyl silyl chloride (TMSCl), 13.1 µL dodecyl-

trimethoxysilane (C12), 15.8 µM octadecyltrichlorosilane

(C18), 10.8 µL 2-[methoxy(polyethyleneoxy)6-9propyl]tri-

methoxysilane (PEG)) of the respective functionalization

agent were added dropwise under quick stirring. The reaction

mixtures were heated to 70 °C for 24 h. After cooling down,

the dispersions were centrifugated at 8000 rpm and washed

Journal of Sol-Gel Science and Technology



three times with fresh toluene. Then, the particles were dried

at 80 °C in the vacuum for 24 h.

Yield: TMS-modified silica 98 mg, C12-modified silica

92 mg, C18-modified silica 85 mg particles, PEG-modified

silica 91 mg, DLS: TMS-modified silica 26.7 ± 2.4 nm,

C12-modified silica 29.8 ± 2.7 nm, C18-modified silica

39.4 ± 5.4 nm, FT-IR: 3600–3000, 2980–2850, 1395–1460,

1050, 940, 792 cm−1, TGA: TMS-modified silica 92.1%,

C12-modified silica 89.1%, C18-modified silica 85.8%,
13C-CP/MAS: TMS-modified silica δ = −1.51 ppm, C12/

C18-modified silica δ = 11.70, 21.85, 29.05, 31.49,

42.06 ppm, 29Si-CP/MAS: TMS-modified silica δ =

−110.95, −101.87, −93.47. 12,92 (M1) ppm, C12-

modified silica δ = −110.99, −101.87, −93.56, −67.47

(T3), −57.39 (T2) ppm, C18-modified silica δ = −110.43,

−101.87, −92.84, −66.69, −57.25 ppm, PEG-modified

silica δ = −110.74, −101.87, −93.26, −58.92 ppm.

2.5 Leaching tests

For leaching analysis, 2 mL of the particle stock solution

were diluted with 17 mL ethanol and stirred with 275 rpm at

room temperature in sealed headspace vials. Every day,

3 mL of the particle suspension were removed via syringe

through the septum to avoid changes in concentration which

could be due to evaporation of the solvent. The samples

were then centrifugated at 8000 rpm for 10 min and filtered

with 0.2 µm syringe filters to remove the bulk (about 75%)

of the particles. Complete separation of the particles can be

achieved with 10 kDa membrane concentrators (Corning®

Spin-X® UF concentrators), which were only used in the

last step of the leaching process to verify leaching results.

The absorbance of the centrifugate was measured and

compared with the absorbance intensity of the particle

dispersion. All samples were measured in front of an inte-

grating sphere to minimize scattering effects of particles.

Remaining scattering effects were removed from the spectra

by a baseline correction that takes Rayleigh scattering into

account (detailed information in the supporting info) [38].

To ensure reproducibility, all leaching experiments were

carried out as triplicates in disposable cuvettes.

To check the effect of protecting shells, the oven dried

functionalized particles were dispersed in ethanol

(3 mg/mL) and stirred for 24 h at 275 rpm. The rest

of the procedure was the same as for unfunctionalized

particles.

3 Results and discussion

3.1 Dye precursors and particle characterization

3.1.1 Dye precursors

To compare the effect of physical entrapment in the particle

core compared to covalent bonding, the xanthene dyes

fluorescein and rhodamine B and their isothiocyanate deri-

vates were chosen because of the option for a straightfor-

ward modification as well their good solubility in polar

solvents like alcohols, which is important for usability in the

Stöber-process. In this work, the isothiocyanate precursors

FITC and RBITC were modified with (3-aminopropyl)

triethoxysilane (APTES) using a modified literature proce-

dure (Scheme 2) [14, 16].

3.1.2 Particle size and shape

The nature of dye binding seems to play only a small role

for particle sizes. Particles with any kind of dye label tend to

be slightly larger than pure silica particles (Fig. 1), which is

consistent with literature results [11].

The pure silica particles show a diameter of 24.1 ±

2.9 nm. The particles with physisorbed dyes are larger in

size with 39.2 ± 4.6 nm for uranine silica and 37.8 ± 3.8 nm

Scheme 2 Functionalization of xanthene precursors RBITC and FITC with the triethoxysilane APTES for later use in Stöber process

Fig. 1 DLS characterization of the fluorescent particles and pure silica

Journal of Sol-Gel Science and Technology



for rhodamine B silica, which was not apparent from the

DLS measurements. With 33.0 ± 4.2 nm and 31.9 ± 3.5 nm,

FITC-modified silica and RBITC-modified silica are smal-

ler than the particles with non-covalently attached dyes,

but larger than completely unfunctionalized particles.

The increase in diameter for silica particles with covalently

bonded FITC or RBITC can be explained by decrease of the

particle density and by destabilization of the initially formed

oligomers at the beginning of the sol-gel reaction. This

destabilization is caused by the compensation of the charge

Fig. 2 TEM pictures with size distribution of all synthesized silica core particles. The size distribution was determined by measuring the diameter

of 100 particles. a silica, b uranine-modified silica, c FITC-modified silica, d RB-modified silica, e RBITC-modified silica

Journal of Sol-Gel Science and Technology



of Si-O− by free ammonium groups (at pH values >2) from

the excess APTES used for dye functionalization [39].

The TEM images (Fig. 2) show particles with uniform

morphology. The polydispersity ranges from 11.0 to 13.5%

and are in the normal range for small Stöber particles [15, 40].

After synthesis, the particles were washed three times

with distilled water to remove non-reacted precursors and

non-bonded/incorporated dyes. During these washing steps

it could already be observed by eye that the dyes without

covalent attachment (uranine and rhodamine B) showed a

strong dye loss.

Due to the influence of the solvation shell, diameters

determined with TEM are slightly smaller than those mea-

sured with DLS (Table 1), which is in agreement with lit-

erature results [41–43].

3.1.3 Spectroscopic properties of the particles

All dye doped particles emitted in the green (fluorescein

dyes) to yellow (rhodamine B dyes) part of the visible light

spectrum (Fig. 3). Uranine and FITC are excited at 500 nm

and emit at 522 nm. A PBS (pH = 7.4) buffer was used due

to pH dependency of fluorescein dyes.

The corresponding nanoparticles behave similarly and

show only small deviations in shift or shape of the

spectrum. Rhodamine B labeled particles have the same

maxima as the free dye (excitation at 541 nm, emission at

565 nm). RBITC shows the same maxima positions as RB,

but with a small red shift of the associated nanoparticle

spectra (λexc = 549 nm, λem = 568 nm). This red shift may

be due to π-stacking effects of local concentrated dye

molecules which can result in reabsorption or excimer for-

mation [39].

After washing, the particles were dispersed in 50 mL of

fresh ethanol or dried for subsequent functionalization. The

dispersions are stable for several weeks and can be used as

stock solutions.

3.2 Validation of binding character and dye
distribution in the particle

For leaching studies, the actual position of the attached dye

is important, because dyes near the particle surface are more

exposed to the solvent and other small molecules than dyes

inside of the particle. Montalti et al. showed that the

thickness of the solvent exposed shell is independent of the

particle size and was determined to be around 3–4 nm for

Stöber particles [44]. In order to determine whether the

xanthene dyes are bound to the surface or are more likely

embedded inside the particle, core-shell particles with the

dye only on the surface were prepared in addition to the

standard Stöber particles (Scheme 3).

The surrounding matrix influences the spectroscopic

properties of rhodamine B and uranine. Uranine exists in

several forms depending on the pH value [45]. The dia-

nionic species shows the strongest absorption, while the

neutral lactone form is, if at all, only slightly colored [46].

Through the other substitution pattern, rhodamine B only

exists in three possible species: as cation or one of two

neutral species (a zwitterion or a uncolored lactone) [45].

Table 1 Comparison between hydrodynamic diameters and particle

diameters obtained from TEM

Nanoparticle sample DLS: dH ± σ [nm] TEM: d ± σ [nm]

Silica 31 ± 1 24.1 ± 2.9

Uranine-modified silica 52 ± 1 39.2 ± 4.6

FITC-modified silica 49 ± 3 33.0 ± 4.2

Rhodamine B-modified silica 46 ± 1 37.8 ± 3.8

RBITC-modified silica 55 ± 2 31.9 ± 3.5

Fig. 3 a Excitation and b Emission spectra of rhodamine B and fluoresceine doped particles and the free dyes in PBS buffered solution

Journal of Sol-Gel Science and Technology



Fluorescence excitation and emission spectra of the free

dyes, the core particles, and the core-shell particles were

measured in a phosphate-buffered saline (PBS buffer) at pH

7.4 and in DMF (Fig. 4). The change of the solvent should

effect the spectra of the dyes on the surface, while particles

with dyes in the interior should show no or only a minor

solvent influence [47].

In the case of uranine, the free dye shows a clear red

shift of the emission from 515 nm in PBS to 539 nm in DMF

(Fig. 4a). The core-shell particles behave like the free uranine

and show a red shift from 518 nm in PBS to 532 nm in DMF

due to their solvent exposed dye molecules. Van Blaaderen

et al. determined for particles with exposed FITC shell in

DMF a similar wavelength [14]. The emission of FITC core

particles only shifts from 516 to 525 nm. In the case of FITC

doped core particles, this experiment leads to the assumption

that FITC molecules are mainly distributed in the inner par-

ticle. Due to the slight red shift, a small part of the dye

molecules seems to be in the solvent exposed shell.

The particles with rhodamine B show an opposite sol-

vatochromic behavior. Free rhodamine B in phosphate-

buffered saline (PBS buffer) emits at 576 nm, and in DMF /

PBS (6:1) at 571 nm (Fig. 4b). Rhodamine B in DMF had to

be mixed with PBS because the lactone formed in pure

DMF shows no measurable fluorescence. The blue shifts of

free rhodamine B fluorescence emission spectra in PBS with

increasing DMF content are shown in Fig. 5.

The blue-shift is strongest for the core-shell particles from

579 to 570 nm; the regular Stöber particles show only a shift

from 580 to 574 nm. Overall, the difference in the solvent

dependent shift for the emission spectra of rhodamine B is

smaller than that of uranine, but it can be observed that the

core-shell particles show the greatest similarity to the free dye.

In summary, FITC and RBITC seem to be distributed both

inside and partially outside the core particles.

In addition to the position of the dye in the particle, the

covalent or non-covalent nature of the dye-particle connection

should be proven, as well as the strength of the dye-particle

interaction. Due to low dye concentrations, statements about

the strength of the dye binding are only possible with spec-

troscopic methods such as fluorescence anisotropy [47]. In

this method, fluorophores get excited by polarized light. The

fluorophores with a transition moment that is parallel to the

electric vector of the excitation light absorb the light, get

Scheme 3 Different particle

morphologies for dye

localization. a Standard Stöber

particle with direct dye addition,

b Core-shell structure by

subsequent addition of the dye

Fig. 4 Spectroscopic characterization of free rhodamine B (RB) and

uranine, the core- and core-shell particles in PBS buffer (pH = 7.4)

and DMF. a Fluorescence emission spectra of free uranine and

particles (λexc = 470 nm), b Emission spectra of free rhodamine B and

particles (λexc = 520 nm)
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excited and emit polarized light. Depolarization of isolated

fluorophores occurs when rotational diffusion during the

fluorescence lifetime takes place. As a result, dyes that are in

rigid structures (e.g., through covalent connection or strong

physical interactions with the environment) have a higher

anisotropy value than more mobile dyes [48]. Theoretically,

Fig. 5 Blue shift of the fluorescence a excitation and b emission spectra of rhodamine B in PBS buffer with increasing addition of DMF

Fig. 6 Fluorescence anisotropy measurements of different xanthene particles and free dyes in ethanol. The anisotropy values of covalently attached

dyes are clearly higher than those of the physically attached dyes
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the anisotropy value of a randomly oriented sample can range

from−0.20 to 0.40.Maximum values of about 0.37 have been

found experimentally for dyes of the xanthene family with

low mobility [49], but also values over 0.40 are possible if

scattering effects are involved [50]. The fluorescence aniso-

tropy is defined as r (Eq. 1) [50], where I|| and I⊥ are the

vertically and horizontally polarized emissions excited by

vertically polarized light.

r ¼
Ik � I?

Ik þ 2I?
ð1Þ

The measurements clearly show a difference between the

dyes with or without the possibility to connect covalently to

the silica network and between the different particle

morphologies (Fig. 6).

Anisotropy values for the core particles including dyes

with anchor group are significantly higher than for the core

particles with physisorbed dyes, whose anisotropy values

correspond approximately to those of the free dyes. The

value for the RBITC-cores is slightly above the theoretical

maximum of the anisotropy of 0.4. This can probably be

explained by the fact that with particulate samples there is

always reflection and scattering of the light, which influ-

ences the intensity of the measured fluorescence [50]. An

overview of all fluorescence anisotropic measurements is

given in Table S1.

The interaction of the physisorbed dyes is therefore

very weak, while the high values of the anchor group-

containing dyes suggest a strong, i.e., covalent, interaction.

The anisotropies of FITC and RBITC on the particle surface

(core-shell NPs) are lower than those of the core nano-

particles, which can be explained by the better mobility of

the dye molecules outside the silica network [51]. The

comparison of the anisotropy values are therefore another

indication of a homogeneous distribution of the dyes in the

core nanoparticles. The anisotropies of the core-shell NPs

with physisorbed dyes again correspond approximately to

those of the free dyes and thus also appear to be exposed

only to very weak interactions with the silica surface.

3.3 Organic protection layer

To reduce leaching of physisorbed dyes, organic functio-

nalizations for the particle surface were carried out. Four

different capping agents were used to tailor the surface in

different ways. As lipophilic functionalizations, we

applied trimethylsilyl chloride (TMSCl), dodecyl(tri-

methoxy)silane (C12), octadecyl(trimethoxy)silane (C18)

and as hydrophilic functionalization 2-[methoxy (poly-

ethyleneoxy)6–9propyl]trimethoxysilane (PEG). Direct

surface modification of particles with adsorbed dye leads

to a strongly decreased fluorescence intensity of the par-

ticles due to replacement of the surface-adsorbed dye

molecules by the functionalization agent. To preserve the

emission performance, the dye molecules can be anchored

on the surface via esterification between the carboxylic

acid group of the dye and the silanol groups on the particle

surface (Scheme 4) [52].

Scheme 4 Esterification equilibrium of the dye bearing the carboxylic acid group and the silica particles. The equilibrium can be shifted to the right

side by addition of acid/heat or by the presence of a educt or product in excess or deficit

Scheme 5 Modification of rhodamine B-modified silica NPs without strong dye loss. a particles are heated with RB to induce esterification,

b addition of a protecting shell c redispersion in solvents containing water induces ester cleavage
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The esterification is carried out before the addition of the

functionalization agent and is conducted at high temperatures

(Scheme 5a).

After thorough washing of the particles, they can be

functionalized with the respective surface functionalizing

reagent (Scheme 5b). Since an esterification is an equilibrium

reaction, the ester bond is split again, and the dyes are retained

only by the applied shell in the subsequent leaching experi-

ments (Scheme 5c).

The inset in Fig. 7 shows the successful dye doping after

intense particle washing because there are still visible dye

vibrations such as the ester / carboxylic acid C=O vibration

at 1691 cm−1.

3.4 Characterization of the core-shell particles

Since the xanthene molecules are polar, addition of a lipo-

philic particle shell should be advantageous to avoid leaching

phenomena. In addition, the steric demand of this surface

functionalization could further improve dye retention. For the

functionalization the dry particles were dispersed in absolute

toluene, heated up to 70 °C and the respective functionalizing

agent was added dropwise under an inert gas atmosphere [5].

Upon subsequent heating, a better dispersibility of the par-

ticles in the apolar solvent can already be observed. After 24

h, the particles were separated from the solvent through

centrifugation and washed with toluene.

Successful functionalization of the particles can be

detected by DLS, FT-IR, TGA and CP/MAS NMR spec-

troscopy. Dynamic light scattering measurements of the

dispersed particles show an increase of the hydrodynamic

radii depending on the alkyl functionalization. For func-

tionalization, the particles in ethanol must be dried and then

redispersed in toluene. For comparison with the previous

core particles, the dried particles were redispersed in ethanol

for DLS measurement. Drying and redispersion of silica

particles result in a slight increase of the hydrodynamic

radius from 19.3 ± 1.4 nm to 24.3 ± 1.9 nm (Fig. 8). Func-

tionalization with TMS results in only slightly larger radii

(26.7 ± 2.4 nm), while the longer alkyl chains increase the

radius more strongly (C12: 29.8 ± 2.7 nm, C18: 39.4 ±

5.4 nm, PEG: 41.8 ± 6.9 nm) and, in the case of the C18 and

PEG groups, also lead to a broadening of the size

distribution.

In the FT-IR spectra of all silica particles, between

3000 cm−1 and 3600 cm−1 O-H vibrations of adsorbed

water and OH surface groups can be observed (Fig. 9).

Characteristic for silica is the antisymmetric Si-O-Si

vibration at 1050 cm−1, Si-OH vibration at 940 cm−1 and

the symmetric Si-O-Si vibration at 792 cm−1 [14]. The alkyl

functionalization can be shown by the C-H- oscillations

between 2850 cm−1 and 2980 cm−1 and the C-H deforma-

tion oscillations between 1395 cm−1 and 1460 cm−1 [15].

The small signal at 848 cm−1 can be assigned to Si-CH3

vibrations of the successful TMS functionalization;

[16] the corresponding C-H vibrations are not visible due to

the low molecular weight of TMS.

In TGA measurements, the varying organic content of

the particles can be shown (Fig. 10 and Table 2).

Pure silica particles have only a very small mass loss of

about 5% when heated to 900 °C, which can be caused by

traces of trapped solvent, adsorbed water and condensation

of surface groups (Si-OH and Si-OEt) [17, 18]. The dyes are

also not visible in TGA due to their low concentration. The

functionalized particles begin to lose mass at around 200 °C

due to the decomposition of the organic groups. The resi-

dual mass of pure RB-silica is 95.3%; the residual masses of

Fig. 7 FT-IR spectra of the esterified rhodamine B particles

Fig. 8 DLS analysis of rhodamine B silica and the surface alkylated

particles; all measurements were carried out in ethanol
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the functionalized particles decrease as expected with

increasing chain length. TMS functionalization shows a

residual mass of 92.1%, dodecyl-functionalization of

89.1%, and with octadecyl-functionalization of 85.8%.

The degree of functionalization can be calculated from

the TGA residual mass and the carbon content from the

CHN analysis, taking into account the molar mass MC and

number of contributing carbon atoms N of the functionali-

zation (Eq. (2)) [14]. ΔmSiO2 is the TGA residual mass, MC

the molar mass of carbon and N the number of carbon atoms

of the functionalization agent.

cFG ¼
100

ΔmSiO2

�
ΔmC

MC

�
0:01

N
ð2Þ

ΔmC ¼ C ½%�funct RB�silica � C %½ �RB�silica ð3Þ

Since some unhydrolyzed ethoxyl groups or ethanol

solvent molecules are also present in the unfunctionalized

particles, their carbon content must be subtracted from that

of the functionalized particles to obtain only the con-

tribution of the functionalization ΔmC (Eq. (3)). In line

with expectations, the carbon content increases with

increasing molar mass of the functionalizing reagent from

1.28% of unfunctionalized dye doped particles up to

7.37% for particles with C18 shell (Table 2). We reached a

total mass loss of 11.0% for C18@RB-silica without

subtraction of the mass loss caused by the drying step,

which is comparable to the 10.5% reached by Sriramulu

et al. [5]. Based on the used 0.40 mmol per gram particle

functionalization reagent, good conversions of 78 to 88%

can be achieved with this method.

In addition, the covalent attachment of the alkyl groups

to the particles can be detected by means of CP/MAS

measurements. In the 13C-CP/MAS of pure RB-silica par-

ticles, only the characteristic signals of ethoxy groups (CH3:

16.68 ppm and CH2: 58.57 ppm), which originate from

incompletely hydrolyzed TEOS groups and from solvent

residues, can be seen (Fig. S1). The TMS signals are at

-1.29 ppm. The alkyl signals of the C12 and C18 functiona-

lization are located at 12.19 ppm, 22.06 ppm, 29.09 ppm,

31.62 ppm, and 58.57 ppm.

The bonding mode of the surface functionalization of

silica can be detected by 29Si-CP/MAS (Fig. 2). In principle,

the alkylsilanes can link with the silica surface via a max-

imum of three bonds. If this occurs, T3 signals can be seen.

When bound by only two or one oxo bonds, T2 and T1

signals, respectively, can be observed. In the prepared

particles with C12 and C18 groups, T3 and T2 signals are

found at −66.31 ppm and −56.91 ppm. Since neither T1 nor

T0 appears, there is no longer free functionalizing agent.

Signals of RB-silica are assigned to Q4 at −110.14, Q3 at

−101.87 ppm and Q2 at −92.53 ppm. TMS functionaliza-

tion can be assigned as small M1 signal at 12.99 ppm.

All solid-state NMR signals of the surface functionali-

zations are listed in Table S2.

3.5 Leaching process

3.5.1 Particle separation

Physically bound dyes tend to be washed out of the particles

over time, while covalent binding of the dye largely pre-

vents this process [11], although the exact nature of the

latter has not been described in detail. To get an overview

concerning differences between the nature of dye

Fig. 9 . FT-IR spectra of rhodamine B silica NPs and different alkyl

functionalized rhodamine B NPs; a shows alkyl modes of C12 and

C18 functionalized silica, b TMS functionalization can be seen via the

Si-CH3 mode at 848 cm−1

Fig. 10 TGA of alkyl and PEG functionalized RB silica NPs
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connection, rhodamine B and uranine were applied in their

salt forms and with anchor groups.

Two types of leaching experiments were performed: the

core particles with covalently bound and adsorbed dye were

used, and then a leaching of the core particles with surface

functionalization (which hinders the leaching of the adsor-

bed dyes) was carried out.

The leaching study was carried out with diluted stock

solutions. The particle dispersion prepared was used as a

measure of maximum absorption. Then, the particle dis-

persions were stirred in ethanol for up to four days. During

the stirring time, weakly attached dye molecules will leach

out in the solvent. Every day, a small aliquot was removed,

and the solvent was separated from the particles (Scheme

6). From all particle dispersions, triplicates were created to

ensure reproducibility.

A complete removal of small nanoparticles below 200 nm

is difficult since centrifugation and syringe filtration are not

sufficient to remove all particles, and hence several separa-

tion steps have been performed. First, the dispersion was

centrifuged, with many particles already settling. The cen-

trifugates were then filtered with 0.2 µm syringe filters. After

these two steps, about 75% of all particles had already been

removed, which can be proven by TEM images (Fig. 11).

Centrifuge tubes with 10 kDa membranes can be used for

complete particle separation. These were only applied in the

last leaching step to show comparability of the samples.

Since the separation process was the same for all samples, the

extent of the remaining particles in all samples is about the

same and thus can be compared.

3.5.2 Scattering correction of UV/Vis measurements

Through measurement with an UV/Vis device with an

integrating sphere, scattering effects of the particles were

minimized. In order to remove the remaining scattering

effects from the measurement which affect the detected

intensity, a baseline correction was made [38]. The detected

absorption follows the Lambert-Beer law (4), where I and I0

Table 2 Residual masses from

TGA measurements, carbon

content from CHN-analysis and

calculated concentration of

functionalization groups on the

particle surfaces

Particle ΔmSiO2
� ½%� C [%] Δmc [%] N cFG [mmol/g] Conversion [%]

RB-Silica 95.3 1.28 0 0 0 –

TMS@RB-Silica 91.9 2.32 1.04 3 0.31 78

C12@RB-Silica 89.1 5.80 4.52 12 0.35 88

C18@RB-Silica 85.8 7.37 6.09 18 0.33 83

PEG@RB-Silica 85.0 5.86 10.30 16-22 0.46-0.63 58-79

Scheme 6 Stepwise leaching

experiment. The washed

particles were diluted in ethanol

and were stirred for at least

24 hours. Then the particles

were separated and

measurement of the remaining

fluorescence in the centrifugate

was measured

Fig. 11 TEM images of particle removal process. a Particle dispersion before leaching b Removal of particles after centrifugation c Removal of

most particles after centrifugation and filtration d filtrate after separation with 10 kDa membrane
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are the detected and incoming light intensity and A0 the

baseline shift in the y-direction.

A ¼ log
I0

I
þ A0 ð4Þ

Particles which are smaller than the wavelength of the

irradiated light produce Rayleigh scattering. This scattered

light is lost during measurements with conventional UV/Vis

devices and is subtracted from the detected light intensity,

which results in a modified form of the Lambert-Beer law (5).

A ¼ log
I0

I0 � Iscatter
þ A0 ð5Þ

This effect is the strongest at small wavelengths due to the

I−4 dependency of Rayleigh scattering. Using a constant of

proportionality c and the I−4 dependency, Eq. (5) transforms

to (6).

A ¼ log
1

1� c� λ
�4

þ A0 ð6Þ

From a measured absorption spectrum of a particle

dispersion, the Rayleigh fraction can now be subtracted

(Fig. 12).

3.5.3 Leaching results

As expected, the particles with physisorbed dye (rhodamine

B and uranine) had already leached out a large part of the

dye after the first day (Fig. 13). This effect is even greater

for rhodamine B, which shows an absorbance in the cen-

trifugate of 0.98 after one day of leaching compared to that

for uranine, whose absorbance is 0.54. After four days,

rhodamine B was essentially completely leached out

(absorbance 0.99) and uranine leaching was nearly com-

plete (absorbance 0.93). The fact that the covalently bonded

dyes show a measurable absorption of the filtrate at the

beginning is due to a few remaining particles that could not

Fig. 13 a Absorbance spectra of the particle-free filtrates after four days leaching. The spectra are normalized to the spectra of the baseline

corrected particle dispersions. b Overview of the leaching behavior of different dye labeled particles. Leaching was performed in ethanol at room

temperature; all samples were investigated three times. Non-covalently attached dyes (rhodamine B (RB), uranine) tend to leach nearly complete

out after the first two leaching steps, covalently bonded dyes (RBITC and FITC connected via APTES to the particle) show only a small tendency

to leach. Samples were taken after 1 day, 2 days, 3 days, and 4 days (24 h intervals). After day four, the sample was also filtered with a 10kDa

membrane filter (MF) for complete particle removal

Fig. 12 Example for baseline correction of a scattering sample
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be removed by centrifugation and filtration (as shown in

Fig. 11).

In contrast to FITC-containing particles, RBITC core

particles also show a dye loss after membrane filtration. In

the case of RBITC-core particles, it would be possible that

after the particle synthesis a few free molecules remain

which are adsorbed, for example, in deeper pores of the

particles and are dissolved out by the solvent only after a

long time. After one day, absorbances of 0.03 for FITC and

of 0.25 for RBITC can be found in the filtrate; the corre-

sponding values after 4 days are 0.1 for FITC and 0.33 for

RBITC. The overall increase in absorbance for both dyes is

comparable (0.07 for FITC and 0.08 for RBITC), indicating

similar processes of dye loss.

Both as a physisorbed dye and in its covalently bonded

form, rhodamine B seems to be more prone to leaching than

the fluorescein dyes. This effect seems to have nothing to do

with solubility, since the solubility of rhodamine B in

ethanol is even slightly lower than that of fluorescein

(solubility in ethanol of RBITC: 15 mg/mL [53], FITC:

20 mg/mL [54]). It would be conceivable that rhodamine B

has a slightly higher steric demand due to the diethyl amine

groups instead of smaller hydroxy groups and for this rea-

son is less efficiently incorporated into the silica matrix

than FITC.

After the membrane filtration, the filtrates of the rhoda-

mine B and uranine particles still show a strong color. No

visually discernible coloration can be observed in the filtrate

of the FITC-modified particles, while the filtrate of the

RBITC-modified particles is slightly colored (Fig. 14).

The obtained absorbance spectra after membrane filtra-

tion show the same trend as seen before: a high absorbance

for the physisorbed dyes and rather low ones for the

covalently attached dyes (Fig. 13a). As expected, all

intensities after membrane filtration are lower compared to

the filtrates without the membrane filtration step, due to the

complete particle removal (Fig. 13b). For FITC-NPs, even

no signal can be detected. This means that the detected

absorbance before membrane filtration does not arise from

leached molecular dye, but from particles.

The leaching of the physisorbed dyes should be

improved by surface functionalization with organic groups.

The alkylated and the PEG-modified particles were ana-

lyzed for their leaching behavior in the same way as for the

core particles. After stirring for 24 h, samples were taken.

The esterification of rhodamine B leads to a slightly reduced

leaching of the particles without protective shell in com-

parison to particles with adsorbed rhodamine B (85 %

instead of 99 %, Figs. 13b and 15).

By alkylation leaching is further reduced. Longer alkyl

chains show a similar leaching of 19% for C12 and C18;

the TMS functionalization is slightly more effective with

12%. PEG functionalization is the most effective, with

only 8% dye found in the filtrate (Fig. 15). For Stöber

particles, an increase in the interaction between particle

and adsorbed dye thus seems to be necessary. This can be

achieved for example with π-π interaction between parti-

cle matrix and dye [10] or by adding a silica shell [20, 55].

The esterification of the xanthene dyes without anchor

group offers a simple alternative to prevent dye leaching.

Through subsequent surface functionalization, the dye

retention further increases and additionally, the particle

dispersibility in hydrophobic and hydrophilic media can

be optimized. The PEG functionalization turned out to be

most effective to prevent dye loss. Due to the high steric

demand of the PEG groups, the dye molecules are effec-

tively retained. This effect is slightly weaker for the

shorter alkyl chains (C12 and C18), and more dye is lost.

The TMS functionalization also ensures good dye reten-

tion, which can be explained by the slightly higher density

of functionalization, since three methyl groups are applied

to the silica surface per TMS molecule.

Fig. 15 Absorbance of leaching filtrates of particles with esterified

rhodamine B after 24 h. Leaching behavior of unfunctionalized RB

particles with esterified dye is slightly better than without ester bond;

an alkyl or PEG functionalization improves the dye retention

Fig. 14 Fluorescence of particle- and dye solutions under UV light.

Left: particle dispersions in ethanol; right: particle free filtrates after a

four-day leaching. Dye labels: a FITC, b uranine, c RBITC, d rho-

damine B. Particles with covalently attached dyes show nearly no

visible dye loss while filtrates of particles with physisorbed dyes are

strongly colored
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4 Conclusion

Different xanthene dyes (rhodamine B, rhodamine B iso-

thiocyanate, uranine, fluorescein isothiocyanate) were

incorporated into silica nanoparticles via a modified Stöber

synthesis. It was found that the binding mode of the dye

has a significant influence on the stability of the fluores-

cence of the particles. Particles with covalently bound dyes

show only a very weak leaching behavior, which is

probably due to adsorbed dye molecules which were not

completely removed by the washing steps. Physically

bound dyes show in general a strong leaching; the dyes

leach nearly completely out of the particles after a few

washing steps. Rhodamine B and its derivative RBITC

show a stronger tendency to be washed out than the

fluorescein derivatives uranine and FITC, which might be

due to steric effects. To improve the retention of physically

bound dyes, core-shell particles were produced. The dif-

ferent lengths of alkyl chains create a barrier that locks the

dye molecules sterically and through their lipophilicity

into the particle. Pure adsorption on the particles does not

prevent the xanthene molecules from leaching. It is

necessary to intensify the interaction between dye and

particle. This can be achieved in a relatively simple way by

a preliminary esterification of the dye. By building a core-

shell structure with either hydrophobic or hydrophilic

groups, leaching can be further reduced, and, in addition,

the particles can be adapted to the desired requirements.

The leaching experiments show that the type and the sta-

bility of dye incorporation is an important factor for all

applications that use labeled silica particles.
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