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A simple and inexpensive method for the controlled loading of silica particles with dyes and nanocrystals is
presented. Polydiallyldimethylammonium chloride is used as a positively charged bridge to facilitate electro-
static adsorption of negatively charged dyes onto negatively charged silica microspheres. The particles are
subsequently coated with a further silica shell to protect the dyes against chemical degradation and leakage and
this shell affords a unform particle surface independent of its doping. This encapsulation method is highly
versatile and can be extended to doping with semiconductor nanocrystals, which we demonstrate using CdSe/

ZnS core/shell quantum dots. The synthesis steps and end products are characterized with electron microscopy,
optical spectroscopy and the electrokinetic potential of the colloidal suspensions. We show that the particles
adapt the optical properties of their dopants and are resistant to degradation, dopant leakage and show
reasonable emission even at acidic pH values due to the protective shell.

1. Introduction

Chromatic and photoluminescent silica particles are important in a
wide range of applications such as biomedicine [1-5], sensor technol-
ogies [2,6] and electronic applications [4]. A key reason for their
popularity is their photostability, water solubility, low toxicity, and ease
of chemical functionalization [5]. To this end, a variety of strategies
have been developed to incorporate dye molecules and photo-
luminescent materials such as quantum dots (QDs) into silica nano-
particles including covalent coupling [8,9,10], electrostatic attraction
[7,11,12] and reverse microemulsion synthesis [13,14].

Covalent coupling involves the incorporation of amino-reactive dyes
into silica particles, using a silane agent, such as 3-aminopropyltriethox-
ysilane (APS) to form a dye-APS precursor, and then APS and tetrae-
thoxysilane (TEOS) are simultaneously hydrolyzed and condensed to
form silica particles [8,9]. However, during this synthesis route, the
hydrolysis and condensation rate of APS is much lower than that of
TEOS, and when TEOS is completely condensed, most of the dye-APS

precursors remain in the solution limiting the dye doping efficiency to
only ~6-13% [10]. Further limitations are the long reaction times (>
12 h) and relatively costly amine reactive dyes [11].

An alternative approach exploits the negative surface charge on sil-
ica particles prepared by the Stober method [12]. It is relatively simple
to adsorb positively charged dyes onto these silica particle surfaces,
however the method is inherently limited due to the fact that many
water-soluble dyes are negatively charged and cannot be directly coated
onto the silica particles [13]. Nevertheless, positively charged dyes such
as Ru(II) complexes have been successfully incorporated into silica
nanoparticles by electrostatic interaction in a one-pot synthesis by
adding the Ru(II) complexes into the solution during the Stober syn-
thesis [7,14]. Ru(II) dyes are notoriously expensive while numerous less-
expensive dyes such as Rhodamine B, which acquire a positive charge at
neutral pH, are only very weakly charged in the required alkaline me-
dium, rendering them unsuitable for electrostatic adsorption during the
Stober process [15,16].

An alternative approach is to carry out the synthesis in inverse
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microemulsions. This method is based on the use of surfactant-stabilized
water droplets dispersed in an oil phase to form nanoreactor micelles.
Silica particle nucleation and growth occur within the aqueous droplets
[9]. The aqueous phase nanoreactors contain both the ammonia catalyst
and the dissolved dyes. Dye incorporation occurs as TEOS diffuses into
these nanoreactors and hydrolyzes and condenses to form silica parti-
cles. Drawbacks of this method include the additional cost and envi-
ronmental footprint of the excessive organic solvent and surfactant use,
dye leakage from the silica matrix, the difficulty of purifying the colloid
of residual surfactants and oil, and the limited range of particle sizes
(20-200 nm), which is governed by the size of the nanoreactors [22,23].

The incorporation of photoluminescent QDs into silica particles has
also been achieved through a variety of methods. Silica coated QDs (i.e.
core-shell nanoparticles) represent the simplest material system but
their synthesis is limited to relatively small nanoparticle sizes, and the
limitation of only one QD per particle is an obstacle for applications
requiring large particle sizes with strong photoluminescence [17]. A
larger number of QDs was successfully loaded into the bulk of silica
nanoparticles by Wang et al. [18] via the reverse microemulsion syn-
thesis method. Doping of QD and other nanoparticles into large silica
particles was also achieved by adsorbing nanoparticles onto a preformed
silica particles with subsequent silica shelling. For example, Kim et al.
[19], Ha et al. [20] and Jun et al. [21] used thiol functionalized silica
particles to bind QDs onto the silica particle surface, and Yoo et al. [22]
showed that ligand-exchanged QDs with mercaptopropionic acid were
self-assembled on an aminopropyl-functionalized silica sphere using
electrostatic interactions, which were then centrifuged and redispersed
in ethanol, and a subsequent sol-gel reaction using tetraethoxysilane
produced a silica shell. Finally, they used a sol-gel reaction utilizing
trimethoxy(2-phenylethyl)silane for phenylethyl-functionalization of
the particles. On the other hand, Riihl and coworkers [23] demonstrated
the controlled embedding of multiple nanoparticles in silica colloids
using hydrophobic or hydrophilic stabilized nanoparticles adsorbed
with amphiphilic poly(vinylpyrrolidone) (PVP), which were subse-
quently adsorbed on silica spheres and covered by variable-thickness
silica shells.

In this work, we propose a versatile method to incorporate afford-
able, negatively charged dyes into silica particles to obtain chromatic
silica particles. We take advantage of the negative charge of both the
silica particles and the dyes, and electrostatically couple them with the
strongly positively charged polymer polydiallyldimethylammonium
chloride (PDADMAC), which acts as a bridge. We adsorb pigments, dyes
and nanocrystals around the surface of monodisperse and uniform seed
silica particles instead of incorporating them into the bulk of the parti-
cles. This effectively circumvents the adverse effects of the dye on the
nucleation and growth of the silica particles, allowing a better control of
the size distribution. Finally, the loaded silica particles are terminated
with a silica shell forming a core-shell-shell particle. The outermost
silica layer of the particles ensures effective encapsulation of the dyes,
and most importantly provides a benign termination that can be post-
functionalized as required. Furthermore, we demonstrate the flexi-
bility of this strategy by expanding it to QD-doped silica particles. The
uniform surface termination, monodispersity and straightforward
loading of the dye or quantum dot into silica particles prepared by this
inexpensive method render them ideal for biological imaging and
monitoring, and electronic applications such as reflective displays
operating on electrokinetic principles.

2. Experimental section
2.1. Materials

Tetraethyl orthosilicate (TEOS, 99.999%), ammonium hydroxide
solution (30%), absolute ethanol (Abs. EtOH, 99.9%), Direct Blue 71
(Dye content > 50%), amaranth (Dye content 85-95%), tartrazine (Dye
content > 85%), poly(diallyldimethylammonium chloride) solution

Colloid and Interface Science Communications 47 (2022) 100594

(PDADMAC, average Mw <100,000, 35 wt% in H50), sodium chloride
(NaCl, >99.5%), cadmium oxide (99.99%), selenium (99.5%,100mesh),
trioctylphosphine oxide (TOPO, 90%), tributylphosphine (TBP, 97%), 1-
octadecene (ODE), octadecylamine (ODA, 97%), stearic acid (99%),
poly(styrene-co-maleic anhydride) terminated with cumene (PSMA,
~1700 g/mol), analytical grade(AR) chloroform (CHCl3), ethanolamine
(EA, 97%) were all purchased from Sigma-Aldrich and used without any
further purification. 18 MQ ultrapure Milli-Q water was used for all
experiments.

2.2. SiOz NP synthesis

Hydrophilic SiO, particles were prepared based on our earlier work
which utilizes Dean flow mediated ultra-fast mixing in a spiral micro-
channel [24]. In short, a solution A consisting of 10 mL ammonia water
in 20 mL pure ethanol and a solution B consisting of 2 mL TEOS in 32 mL
pure ethanol was prepared. These two reactant solutions were intro-
duced into syringes for insertion into the microfluidic spiral reactor at a
speed of 400 pL/min. The micromixer was placed into a thermostatted
water bath at a constant temperature T = 40 °C. The exiting, mixed
solution was kept flowing inside an extended polytetrafluoroethylene
(PTFE) tube to prolong the residence time and enable SiO, particle
growth. The different sizes of the SiO, particles were controlled via the
concentration of TEOS and the temperature during the synthesis.

2.3. QD synthesis

Colloidally stable, water-soluble, biocompatible, semiconductor
nanocrystals were prepared according to a previously reported method
[25,26]. First, CdSe/ZnS core/shell QDs with three ZnS shells were
synthesized [32,33]. Subsequently, these QDs were transferred into
water utilizing a low molecular weight, amphiphilic polymer coating
(PSMA) to render them water soluble while at the same time preserving
their optical spectra, photoluminescence intensities and colloidal sta-
bility over a wide pH range (pH 3-13) [25]. To this end, CdSe/ZnS QDs
in CHCl3 (50 nmol) were added to 5 pmol PSMA pre-dissolved in CHCl3
to ensure a 100-fold molar excess of PSMA. The reaction mixture (~1
mL) was tumbled at room temperature for at least 3 h. A 2 mL portion of
water containing 20 pL ethanolamine was added to the above solution
and tumbled for 30 min at room temperature, after which the QDs had
transferred into the water phase owing to hydrolysis of the PSMA which
creates a negatively-charged polymeric shell. The sample was centri-
fuged to speed up the separation of CHCl3 and water phases. The
aqueous phase was then collected and the excess polymer was removed
using a centrifugal filter (Amicon, 30 kDa MWCO). Finally, the aqueous
QD solution was passed through a 0.22 pm filter to remove any
aggregates.

2.4. Fabrication of SiO2@Dyes

Route (i): Direct Blue 71, amaranth or tartrazine aqueous solutions
(0.5 mL, 3 x 1073 M) were mixed with 1 mL ethanol and 100 pL of
PDADMAC aqueous solution (30 mg/mL) and stirred for 0.5 h to allow
binding of the dyes onto the PDADMAC chains. Then, 0.5 mL of dye/
PDADMAC solution were rapidly added into a 10 mL SiO, particles
aqueous solution (10 mg/mL) in a glass flask for 1 min. Subsequently,
the mixture was stirred at room temperature for 30 min to enable
electrostatic adsorption of the dye/PDADMAC onto the SiO; particles.
Afterwards, the product solution was repeatedly washed with ultrapure
water and centrifuged at 5600 g to remove any excess dye and PDAD-
MAG, and then finally redispersed into ethanol.

Route (ii): 1 mL PDADMAC aqueous solution (30 mg/mL) and 10 mL
SiO particles (10 mg/mL) were mixed for 30 min to obtain SiO,@P-
DADMAC particles. Then dyes in aqueous solution (3 x 10~ M) were
added to the SiO,@PDADMAC particle solution, with subsequent mag-
netic stirring for 30 min to form SiO@PDADMAC@dye particles.
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Finally, a wash step with ethanol was performed to remove excess un-
bound dye, followed by redispersion into pure ethanol.

2.5. Preparation of quantum dot doped silica

The coating of SiO, particles with a variety of nanoparticles was
facilitated by use of a cationic polyelectrolyte as a binder. Firstly, 1 mL
PDADMAC aqueous solution (30 mg/mL) and 10 mL SiO, particles (10
mg/mL) were mixed for 30 min to obtain SiO;@PDADMAC particles.
Then 0.5 mL CdSe/ZnS 250 nM aqueous solution was added to the
SiO2@PDADMAC particle solution, with subsequent magnetic stirring
for 30 min to form SiO,@PDADMAC@QDs particles. Finally, a wash
step with ethanol was performed to remove any un-adsorbed nano-
crystals, followed by redispersion into pure ethanol.

2.6. Silica shelling of SiO;@Dyes and SiO2@PDADMAC@QDs

Firstly, the nanoparticles were mixed into a solution of 10 mL
ethanol, 815 pL ultrapure water, 80 pL TEOS and 100 pL NH3-H0. The
mixture was stirred at 30 °C for 12 h. Then the SiO, particles were
centrifuged for 5 min at 5600 g and redispersed into ultrapure water for
several times to remove any unreacted precursors.

2.7. Characterization
All characterization measurements were carried out at room tem-

perature. The zeta-potentials () of the samples were measured in ul-
trapure H,O (pH = 6.8) containing 10~2 M NaCl with a Brookhaven
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ZetaPALS apparatus. A ZEISS Sigma 500 scanning electron microscope
(SEM) was used to determine the particle uniformity and size, and the
samples were prepared by drop casting the aqueous particle dispersion
onto a 5 mm x 5 mm sized silicon wafer and left to dry in air at room
temperature. Transmission electron microscopy (TEM) images were
recorded with a JEOL-2010 electron microscope operating at 200 kV.
The absorption and reflection spectra of the films were measured using a
UV/VIS/NIR spectrophotometer (Perkin Elmer Lambda 1050) equipped
with an integrating sphere. The absorbance measurements of QD loaded
silica particle suspensions were conducted in a mixed solution of toluene
and ethanol in a 1:1 volume ratio for refractive index matching, which
reduces the light scattering contribution in the extinction spectra. The
remaining light scattering background was subtracted using a back-
ground fit assuming Rayleigh scattering.

3. Results and discussion

Different size silica particles were prepared via a previously reported
protocol using a spiral microreactor (Fig. 1a) [24]. These silica particles
are negatively charged because of ionization of the surface hydroxyl
groups. Commercial water-soluble anionic dyes, i.e. Direct Blue 71,
amaranth and tartrazine, were used to coat the silica particles through
electrostatic adsorption. We employed PDADMAC as a binding agent,
which was utilized in two different ways. In the first case, PDADMAC
was premixed with the respective dye, as schematically shown in Fig. 1b.
Because of their opposite electrostatic charge, the PDADMAC and dyes
electrostatically adsorb and form a soluble PDADMAC/dye composite in
aqueous solution. An excess of PDADMAC ensured that these composites

OH
/

TEOS
NH,-H,0

TEOS
NH,-H,0

TEOS
NH,-H,0

Silica shell

QDs coating

Fig. 1. Schematic illustration of the process used for coating silica nanoparticles with dyes or quantum dots. (a) the spiral microreactor used for the core SiOy
nanoparticle synthesis. (b, c): Illustration of Route (i) PDADMAC and dyes are first electrostatically bound to form a composite. Then the PDADMAC/dye composite is
adsorbed onto the silica particles followed by the growth of a silica shell to terminate the particle surface. Use of magenta, cyan and yellow dyes enables full spectrum
silica particles to be synthesized. (d) Route (ii): PDADMAC is adsorbed on the silica particles to reverse the charge on the core particles, followed by the adsorption of
quantum dots. The surface is then terminated with a silica shell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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remained positively charged and could electrostatically adsorb as a
composite onto the silica particles (Fig. 1¢). In the second case, PADMAC
was allowed to adsorb to the silica seed particles first, reversing the zeta
potential of the particles. The respective anionic dyes were then allowed
to electrostatically adsorb onto the silica particles to form a “pigment
shell” (Fig. S1). In both cases, a second silica shell was formed via Stober
growth to protect the dyes and to provide a homogeneous surface
chemistry for the particles. The quantum dot loading followed route (ii)
and is shown in Fig. 1d. The process was monitored with zeta potential
measurements shown in Fig. 2. The change in zeta potential is an indi-
cator for the success of the electrostatic adsorption step. For the route
employing the PDADMAC/dye composite, the change in zeta potential is
shown in the bar chart in Fig. 2a, where C, M, and Y stand for the cyan
dye Direct Blue 71, the magenta dye amaranth and yellow dye tartrazine
respectively, while the symbol S represents the pristine silica particles,
and S@P/D represents silica particles encapsulated with a PDADMAC/
dye composite shell, while S@P/D@S denotes the silica terminated
products. The initial silica particles are negatively charged with { ~ —58
mV. After electrostatic adsorption of the PDADMAC/dye composites, {
> +50 mV for all S@P/D indicating successful adsorption. Formation of
an outer silica shell gives { < —50 mV, so that the sequential preparation
of silica@dye particles via route (i) yields highly charged, colored par-
ticles as shown in Fig. 2b. The consistently large negative or positive
value of ¢ during each synthesis step is crucial for ensuring long-term
colloidal stability of the suspension. Zeta potentials collected on parti-
cles undergoing route (ii) are presented in the bar chart in Fig. S2 a.
Here, S@P represents PDADMAC coated silica particles, S@P@D rep-
resents dye coated S@P particles, and S@P@D@S represents the silica
terminated product. As before, the initial silica particles are uniformly
anionic with { & —58 mV. After electrostatic adsorption of the PDAD-
MAGC, ¢ > 450 mV, which is slightly reduced to ¢ > +30 mV after anionic
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dye adsorption. Formation of an outer silica shell gives { < —50 mV, so
that the sequential preparation of dye loaded silica particles via route (ii)
also yields highly charged, colored particles as shown in Fig. S2b.
However, a distinct difference can be seen in the visible appearance of
the dye loaded silica particle solutions prepared by the two different
routes as shown in Fig. 2b and Fig. S2 b. Clearly, route (i) results in a
more intensely colored suspension which suggests higher dye adsorption
via route (i) as compared to route (ii). We attribute this to the fact that
route (ii) only enabled the adsorption of a dye monolayer whereas route
(i) enabled adsorption of aggregated PDADMAC/dye composites, which
ultimately led to a higher concentration of dyes on the silica particles.
We further investigated the maximum electrostatic adsorption of the
PDADMAC/dye composite on the silica particles via route (i). To this
end, we sequentially added the respective PDADMAC/dye composite
solutions to a silica particle solution and monitored the zeta potential
after 20 min adsorption time, which is shown in Fig. 2c. The silica
particles initially exhibited a zeta potential { ~ —55 mV, which
decreased in magnitude monotonically with the addition of the cationic
PDADMAC/dye composites. The formation of a plateau at about { ~
—50 mV indicates the maximum absorption of the respective PDAD-
MAC/dye composites, and also implies that the adsorption of the par-
ticles shown in Fig. 2a corresponds to surface saturation. From Fig. 2c, it
is evident that Direct Blue 71 and amaranth follow a similar trend,
whereas tartrazine saturation requires more than twice the dye con-
centration. Because the binding of the dyes to the PDADMAC is governed
by their electrostatic interaction, we can conclude that this interaction is
smaller between tartrazine and PDADMAC, as compared to PDADMAC
and Direct Blue 71 or amaranth. This can be explained by the molecular
structure of the dyes shown in Fig. §3. They are in a salt form and the
highlighted -COONa groups on the tartrazine completely ionize into
-COO~ and Na' in an aqueous solution, but the ionized -COO~

(b)

Zeta Potential (mV)

80

SeP S@PGQ SEP@OES

L=

Fig. 2. Sequential shell formation around silica particles monitored by zeta-potential measurements. (a) Dye binding via route (i). Anionic silica particles are first
shelled in a cationic PDADMAC/dye composite and then in an anionic silica shell. (b) Photograph of dye loaded particles prepared via route (i). (c) Zeta-potential vs.

dye loading via route (i). (d) Quantum dot loading via route (ii).
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undergoes a hydrolysis process to generate -COOH. However, the
-SO3Na groups on all dyes completely ionize into -SO3~ and Na™ in an
aqueous solution, and the -SO3~ remains charged as it does not easily
hydrolyze. Because the charging effect of -SO3Na is stronger than that of
-COONa, it is expected that Direct Blue 71 with four -SO3Na functional
groups, and amaranth with three -SO3Na functional groups, are more
effectively loaded than tartrazine with two -SO3Na and one -COONa
functional group. This is indeed reflected in Fig. 2¢, where the loading
saturation level of tartrazine is 2.5-fold that of Direct Blue 71 and
amaranth. We calculated the loading amount of the dyes based on the
initial concentration of the dye and the adsorption saturation concen-
tration. The dye concentration of the PDADMAC-Dyes mixed solution is
0.94 mM in all cases, the Direct Blue 71 and amaranth dyes reached the
adsorption saturation value near 1.88 nmol/mg (dye concentration per
silica particle concentration), and tartrazine reached the adsorption
saturation value near 4.7 nmol/mg. Aside from the binding of these dyes
on the silica particles, we also explored the binding of CdSe/ZnS
quantum dots onto the silica particles. We found that route (i) is not
suitable due to QD aggregation which occurs as soon as the QDs are
mixed with PDADMAC solution; however route (ii) offers a viable pro-
tocol for loading the silica particles with nanocrystals. As before, we
monitored the zeta potential for each sequential adsorption step, and
this is summarized in the bar chart in Fig. 2d. The trend in { is equivalent
to route (ii) for the dyes (Fig. S1) and indicates successful quantum dot
loading to the silica particles with subsequent silica shell encapsulation.
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To investigate the QD loading efficiency, different amounts of QDs were
loaded onto the silica particles and optical spectroscopy was used to
probe for the maximum loading by analyzing whether QDs remain in the
supernatant of the QD loaded silica particles after centrifugation. The
absorbance spectra of the used QDs in water are shown in Fig. S4a for
two different concentrations. Different volumes of 23.6 pM aqueous
quantum dot solutions were added to 1 mL aqueous silica particles (10
mg/mL) coated with PDADMAC following route (ii). The solutions were
then mixed and centrifuged and the absorbance spectra of their super-
natants are shown in Fig. S4b. When the QD concentration of the
mixture was 2.36 pM, the supernatant was strongly colored, so clearly
not all QDs were loaded onto the silica particles. When the QD con-
centration was decreased, the QD optical signature in the supernatant
faded and disappeared for a QD concentration of 0.83 pM, indicating
that at this concentration all QDs were loaded onto the silica particles.
The maximum loading efficiency of QD loading onto silica particles was
calculated to be 6.3 x 1072 nmol/mg.

The optical properties of the precursor materials, which were loaded
onto the silica particles, and the respective doped silica particle product
are shown in Fig. 3. The optical absorbance spectra of the respective
dyes in aqueous solution (1 mg/mL concentration) show their typical
optical signature (Fig. 3a). The corresponding dye doped silica particles
prepared via route (i) were spectrally analyzed in their dry form using
diffuse reflectance spectroscopy employing an integrating sphere. The
optical signature is largely unchanged. Note that the inverted shape of
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Fig. 3. Optical properties of the employed precursors and the loaded silica particles. (a) Absorbance spectra of the dyes in aqueous solution. (b) Diffuse reflectance
spectra of the dye loaded SiO; particles. (c) Emission spectra of water soluble CdSe/ZnS QD in solution at pH 7, and the emission spectrum of the same QDs loaded
onto SiO; particles and the same QDs loaded onto SiO, particles with and without silica shell termination. The spectra were collected using an excitation wavelength
of 350 nm from different masses of material, which explains to difference in intensities. A photograph of water soluble CdSe/ZnS QD loaded SiO, particles exposed to
UV light is shown in the inset. (d) The absorbance spectra of water soluble CdSe/ZnS QDs and the same QDs loaded onto SiO- particles with and without silica shell
termination in solution at pH 7. The light scattering background was subtracted using a polynomial function and assuming Rayleigh scattering. The inset shows a
photograph of the water soluble CdSe/ZnS QD loaded SiO, particles in ambient room lighting conditions.
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the curve is due to the fact the powder spectrum is measured via its
reflectance rather than absorption of light (Fig. 3b). The emission
spectra of the CdSe/ZnS QD precursor and the CdSe/ZnS QD loaded
silica particles in aqueous solution at pH 7 are shown in Fig. 3c, while
the UV-Vis absorption spectrum is shown in Fig. 3d. The absorbance of
the CdSe/ZnS QDs shows the typical profile of core-shell quantum dots,
which is governed by the quantum confinement effect in semiconductor
nanoparticles [27]. This results in discrete electronic energy levels that
support the excitation of electron-hole pairs across the band gap by light,
i.e. exciton generation. The decay of such excitons results in photo-
luminescence [28]. The emission spectrum of the QD loaded silica
particles shows a distinct emission peak with the expected red-shift with
respect to the QD absorption peak, which confirms the QD loading to the
silica particles. Interestingly, the position of the emission peak (603 nm)
is not shifted at the end of the loading step nor after the silica shelling
process. Visually, the quantum dot loaded silica particles appear pale
yellow with strong orange emission under ultra-violet light irradiation
in the dark as shown in the insets to Fig. 3.

The morphology of the precursor nanoparticles and the silica parti-
cles loaded with dyes and quantum dots were investigated with electron
microscopy, the results are shown in Fig. 4. Because the three CMY dye
loaded silica particles employ the same synthesis method, only the
yellow particles are shown here. SEM analysis shows that the dye-loaded
and silica-shell-terminated, (Fig. 4a) yellow silica particles are very
uniform and monodisperse. Fig. 4b shows an SEM image of negatively
charged QD-loaded silica particles. Fig. 4c shows an SEM image of
negatively charged QD-loaded silica particles with silica shell termina-
tion. A TEM image of the quantum dot loaded silica particles with silica
shell termination is shown in Fig. 4d. The individual quantum dots are
indicated by red circles, and a TEM image of quantum dots before
loading are shown in the inset.

Additional electron microscopy images of all synthesis steps of the
dye and QD loaded silica particles are shown in the Supplementary In-
formation. Fig. S5 summarizes the electron microscopy characterization
of the individual synthesis steps for yellow dye doped silica particles
using route(i). Uniform silica particles with smooth surface without
impurities are shown at different magnifications in Fig. S5 (a,b,c). The
corresponding S@P/D particles are shown in Fig. S5 (d,e,f) and appear
to exhibit a thin shell coating due to the P/D coating. The silica termi-
nated S@P/D@S particles are shown in Fig. S5 (g,h,i) and clearly show
shell formation. The shells are accompanied by a slight increase in
particle diameter, visible in the histograms of the size distribution in the
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insets to the corresponding SEM images. While the mean size of the silica
particles is about 608 nm, the size of the S@P/D particles increases to
about 616 nm, and the size of the corresponding S@P/D@S particles is
about 625 nm after silica shell termination. Fig. S6 summarizes the
electron microscopy characterization of the individual synthesis steps
for yellow dye doped silica particles using route (ii). The electron mi-
croscopy images of S@P, S@P@D and S@P@D@S particles are shown in
Fig. S6 (a,b,c), Fig. S6 (d,e,f), and Fig. S6 (g,h,i) respectively. Small
non-uniformities on the particle surfaces are indicative of the coated
layers. The size distributions of the particles in the different steps reveal
that the mean size of S@P grew to about 616 nm from 608 nm for the
bare particles. After yellow dye loading, the average size of the now
S@P@D particles remained approximately unchanged as expected.
After silica shell termination, the S@P@D@S particles reached a final
diameter of about 628 nm. Comparing the final diameters of S@QP@D @S
(628 nm) and the S@P/D@S (625 nm) particles, we can conclude that
the size increase is approximately the same for both synthesis routes, i.e.
routes (i) and (ii). Route(ii) was also employed for the loading with QDs
and the corresponding electron microscopy images of the S@P@Q and
S@P@Q@S particles are shown in Fig. S7 (a,b,c) and Fig. S7 (d,e,f)
respectively. In this case, the mean diameter increased by approximately
15 nm during silica shell termination.

The silica shell termination for these particles fulfills two important
requirements. On the one hand, a universal silica shell termination en-
ables a uniform particle surface chemistry to be created despite the
diverse chemistry of the different doping agents. Secondly, the silica
shell prevents dye leaching, which can be detrimental in biomedical
applications [29] or in electronic applications such as displays [30].

We studied the leakage of both the dye and QD doped silica particles
with silica shell termination over an extended time. The results are
shown in Fig. S8 a for the dye doped particles, and in Fig. S8 b for the
QD doped particles, where we measured the absorbance of the super-
natant after centrifugation of the particle suspensions. After the absor-
bance measurement, the supernatant and the precipitated particles were
redispersed. This was repeated for 7 days and no increase in intensity
was observed. The inset in Fig. S8a shows a photograph of the centri-
fuged suspensions with the colored precipitates and clear supernatant.

The silica shell termination also preserves the fluorescence proper-
ties of the QD doped silica particles. As shown in Fig. 5, at pH 7 the
emission maximum of QDs blue-shifted slightly from 603 nm to 601 nm
when the particles were loaded on the silica. However, when the silica
shell was added, the maximum returned to be at 603 nm. A blue shift in

Fig. 4. Electron microscopy images of dye and quantum
dot loaded silica particles. (a) Yellow dye loaded silica
particles terminated with a silica shell. (b) QDs coated on
the silica particles. (c) QDs coated on the silica particles
terminated with a silica shell. (d) TEM image of a quantum
dot loaded silica particle with silica shell termination. The
individual quantum dots are indicated by red circles and a
TEM image of quantum dots before loading are shown in
the inset. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

20nm



H. Yang et al. Colloid and Interface Science Communications 47 (2022) 100594

(@) 4x10° 3 (b) 4x10° 3
q pH3 QDs q pH7 ; QDs
3 — Si02-QDs E —— Si02- QDs
1 —— SiO2 - QDs - Si02 3 —— Si02 - QDs - Si02
33 33
& ] 0 3
c = c 3
3 = 2 4
g ] 8 ]
c 2= P 2 -
S : 3 3
2 : 3 3
£ = £ 3
w 3 w 3
13 13
E E s N\
0 lllllllllll'llIlllllllllllllllll'l 0 lll'lllllIllllllllllllllllllllllll
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
5000
(c) 1 eH3 QDs (d) poH7 QDs
—— Si02-QDs B — Si02-QDs
—— Si02 - QDs - Si02 E \] —— SiO2 - QDs - Si02
4000-‘ ‘
o |
> 1!
£ o1 J1) _
g t=3.5ns, B=0.52 PR t=3.7ns, B=0.54
2 s ]\
£ 1=9.4ns, =0.71 8 1\ 1=9.6ns, B=0.71
S 2000 - | |
4 e
0.01
1000 =
0.001 0 !llllll'l'l;‘lll.irllll
0 50 100 150 200 0 50 100 150 200
t (ns) t(ns)
60
(e) diaos Si02-QDs [l Si02-QDs-SiO,
50 =
40 =
830 -
>
o
20
10 =
0 I - =
pH 3 pH 7

Fig. 5. Optical characterization of CdSe/ZnS QDs (QDs, yellow trace), QDs loaded on silica (SiO,-QDs, green trace) and QDs-loaded silica particles with a silica shell
(SiO2-QDs- SiO,, purple trace) in water. (a) Steady state fluorescence spectra at pH 3. (b) Steady state fluorescence spectra at pH 7. (c) Fluorescence decay curves at
pH 3, with the results of the stretched exponential fit. (d) Fluorescence decay curves at pH 7, with the results of the stretched exponential fit. (e) Fluorescence
quantum yield (QY) at pH 3 and 7. The mass of material used to collect the spectra was the same between pH 3 and pH 7, but the mass of material differed between
spectra collected for QDs versus SiO»-QDs and SiO,-QDs-SiO, particles. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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QDs is usually interpreted as dissolution of the nanocrystals [31], but
this seems not to be the case in this system since the emission peak
returned to its original value after the silica shelling. This relative
insensitivity of the QDs emission to the local environment is likely due to
the ZnS shells, which are known to physically and electronically insulate
the CdSe core from its environment [32]. At pH 3 a similar trend was
observed (Fig. 5a), with the emission maximum blue shifting from 603
nm to 601 nm after silica loading, and then red shifting to 604 nm after
silica shelling. Fluorescence lifetime measurements in Fig. Sc-d were
fitted with a stretched exponential function A exp(—t/z)”, normally used
to describe the luminescence decay in QDs, where 7t is the fluorescence
lifetime and P is the stretching factor. p accounts for recombination
pathways provided by defects inside the nanocrystal or by traps at the
nanocrystal surface [33]. At pH 7, T decreased from 17.6 ns for QDs in
solution (p = 0.78) to 3.7 ns for QDs loaded onssilica (f = 0.54), and then
increased to 9.6 ns after the silica shell was added (p = 0.71). This trend
mirrored the quantum yield (QY) measurements of Fig. 5e, where the QY
dropped from 47.8% to 1.9% after silica loading, partially recovering to
2.2% after silica shelling. These results suggest that the QD fluorescence
is probably quenched during the loading process. At pH 3 the values of
fluorescence intensity, QY and lifetime of QDs in solution were lower
than at pH 7. This is a well-known phenomenon for QDs prepared via
PSMA encapsulation, which start to aggregate below pH 4 [25]. Inter-
estingly, the decay curves at pH 3 for QDs loaded on silica (t = 3.5, p =
0.52) and with the silica shell (t = 9.4, p = 0.71) are similar to the curves
at pH 7. While the QY of QDs loaded on silica is lower at pH 3 (0.82%)
than at pH 7 (1.9%), the QY after silica shelling in pH 3 (1.85%) is
comparable to the value at pH 7 (2.2%). It has been reported that the use
of silica in conjunction with polymers might help to stabilize QDs at
acidic pH [34].

4. Conclusion

We have demonstrated a new strategy for synthesizing doped silica
nanoparticles with a core-shell structure and demonstrated the univer-
sality of the method by employing it to encapsulate a variety of dyes as
well as quantum dots into the silica particles. Electrostatic adsorption of
negatively charged dyes onto negatively charged silica spheres was
achieved using PDADMAC as a bridge and the particles were terminated
with a benign silica shell. Thus, strongly colored and photoluminescent
silica particles were obtained. The quantum dot loaded silica particles
showed reasonable emission even at acidic pH values due to the SiOy
protective shell. Electron microscopy investigation revealed that the
PDADMAC based shell is about 4 nm thick, while the outer silica shell
features a thickness of 5-6 nm. Stability measurements confirmed that
these particles were essentially leakage free over a timeframe of 7 days.
Furthermore, the optical properties of the doped and silica terminated
particles are shown to inherit the optical properties of the dopants. The
presented method is simple, environmentally friendly, inexpensive and
there are no obstacles to large-scale production. We envisage application
of these particles as labels in biomedicine and as ink for electronic de-
vices such as reflective displays.
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