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Abstract
In this paper, monodisperse high chroma colored silica nanoparticles (SiNPs) were efficiently prepared by layer-by-layer
(LbL) self-assembled technique. Poly(sodium-p-styrenesulfonate) (PSS) and Poly(ethyleneterephthalate) (PEI) were
respectively used as polyanion and polycationic electrolytes. The monodisperse SiNPs with negative charge on the surface
were used as the matrix. Direct dye (C.I Direct Red 224) was deposited on the SiNPs surface by means of LbL electrostatic
adsorption. PEI and C.I. Direct Red 224 were electrostatically adsorbed on the surface of SiNPs. Then PSS and PEI were
adsorbed on SiNPs surface to make the red SiNPs positive negative, respectively. And multilayer film-coated high chroma
red SiNPs were prepared by repeating the above steps 4 times. The effects of concentration of polyelectrolyte, supporting salt
(NaCl), amount of C.I Direct Red 224 and deposition time on dye coupling rate were studied. The multilayer film-coated
high chroma red SiNPs were characterized using Scanning Electron Microscopy (SEM), Nano ZS potential laser particle
analyzer and UV–vis spectrophotometer. The nanoparticles show good dispersibility due to the mutual repulsion of the same
charge, and deep color. In addition, dense nano-film formed prevents the detachment of the dye and prevent the dye from
falling off. This high chroma red SiNPs is expected to become a probe of visual marker and amplify the signal in
immunoassay.

Graphical Abstract

Schematic representation of the preparation of high chroma colored silica nanoparticles Poly(sodium-p-styrenesulfonate)
(PSS)/Poly(ethyleneterephthalate) (PEI) multilayer membrane by layer-by-layer self-assembly. The high chroma red
nanoparticles were prepared for the first time using layer-by-layer self-assembly.
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Highlights
● The high-chroma colored SiNPs was prepared by electrostatic layer-by-layer self-assembly method.
● Surface modification of red SiNPs during alternate assembly of polyelectrolytes.
● Dense polyelectrolyte nano-films prevents dye from shedding.

1 Introduction

Colored silica nanoparticles (colored SiNPs) because of its
bright color, good water dispersibility, stability and harm-
less were widely used as biomarker in biosensors and
immunochromatography assay for pathogen, protein and
β-agonists detection [1–5]. In previous reports, mono-
disperse colored SiNPs were usually prepared by amino
modification of silane coupling agent, then the organic
reactive dyes were coupled to the surface-modified amino
SiNPs [6–8]. In previous Stöber method [9], not only many
organic solvents were used, but also the preparation time
was too long. In recent years, our group had improved the
synthesis method from the perspective of high efficiency,
economic and environmental protection. The organic reac-
tive dye was coupled to the surface of the SiNPs in the
silane coupling agent aqueous solution, and a silica shell
was used to prevent the dye from leaking, synthesizing the
core-shell colored SiNPs [10]. The core-shell colored SiNPs
have the characteristics of bright color, good dispersibility,
smooth surface and abundant groups. However, using the
silane coupling agent as a bridge to graft reactive dye, only
one layer of dyeing can be performed, the resulting nano-
particles have low chroma, in the processes of dyeing and
coating the silica shell are time-consuming. Therefore, it is
necessary to develop novel dyeing method for synthesizing
high-chroma colored SiNPs.

The layer-by-layer (LbL) self-assembly technology
developed in 1900s adopts an economic and environmental-

friendly water treatment process [11, 12]. By using elec-
trostatic action, polyelectrolytes with opposite charges are
alternately coated on nanoparticles, polymers and biomo-
lecules to produces finely-controlled and multilayer thin-
film nanocomposites, which are widely used in optoelec-
tronic devices and biomaterials [13–15]. Moreover, many
ionic dyes such as C.I. direct red 80 and Congo red, por-
phyrin and phthalocyanine were used to prepare the multi-
layer nano-films with polycations or polyanions to coated
dye aggregates by LbL self-assembly method, which pro-
vides many excellent properties for optoelectronic applica-
tions [16–21]. The main driving force of LbL self-assembly
is the electrostatic attraction between polyelectrolytes
molecules [22–26], often accompanied by hydrogen bond-
ing, hydrophobic interaction, charge transfer and so on
[15, 27]. LbL self-assembly technology has become a
powerful tool for micro-nano packaging. Utsav Chakraborty
et al. [28] prepared dye-coated organic-inorganic hybrid
LbL self-assembly film on polypropylamine hydrochloride
(PAH) coated quartz substrate by methylene blue (MB) and
inorganic clay mineral (MMT). Based on these results, it is
reasonable to assume that using LbL technique to prepare
high chroma colored SiNPs covered by multilayer
nanofilms.

In this study, LbL technology was used for the first time
to synthesize colored SiNPs. Direct dye (C.I. Direct Red
224) is adsorbed on the surface of negatively charged SiNPs
by means of LbL self-assembly technology. The polycation
electrolyte Poly(ethyleneterephthalate) (PEI) was used to
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immobile dye molecular on SiNPs forming nano-film-
coated red SiNPs. And then, the polyelectrolyte PEI and
Poly(sodium-p-styrenesulfonate) (PSS) were adsorbed suc-
cessively, making red SiNPs full of negative charge again.
Cycle in turn, a high-chroma colored SiNPs were prepared
by LbL.

2 Experimental section

2.1 Chemicals and apparatus

Tetraethyl orthosilicate (TEOS), ammonia (NH3·H2O,
28.0%), sodium chloride (99.5%) were obtained from
Aladdin Industrial Inc. (Shanghai, China). Poly(ethylene-
terephthalate) (PEI, MW= 70000, 30 wt% aqueous solu-
tion), Poly(sodium-p-styrenesulfonate) (PSS, Mw ≈ 70000,
powder), was obtained from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). The C.I. Direct Red 224 and C.
I. Direct Blue 199 were supplied by Zhejiang Shunlong
Chemical Co., Ltd. (Zhejiang, China). Ethanol was obtained
from Xilong Sientific Co., Ltd (Guangdong, China). All
reagents were used without further purification. All water
used was deionized water.

Scanning electron microscopy (SEM) was purchased
from Hitachi Inc. (Tokyo, Japan); Malvern Nano ZS
potential laser particle analyzer was provided by Malvern
Instruments Co., Ltd. (Worcestershire, UK); UV 2600
UV–vis spectrophotometer was purchased from Shimadzu
Co., Ltd (Shanghai, China); Full-wavelength microplate
reader and Nicolet 380 Fourier transform infrared spectro-
meter (FTIR) were purchased from Thermo Fisher Scientific
Inc. (Shanghai, China).

2.2 Synthesis of monolayer red SiNPs

The preparation of SiNPs is described in the Supporting
Information. 0.1 g SiNPs were ultrasonic dispersed in a
mixture of 15 mL H2O and 70 μL C.I. Direct Red
224 solution (0.1 g/mL), then 3.6 ~ 3.75 mL PEI (1 g/L,
0.1 mol/L NaCl) was added. The mixture was allowed to
stand at room temperature for 25 min. The particles were
centrifuged (3 min, 8000 rpm) and washed three times with
water to obtain monolayer red SiNPs. Note that the cen-
trifugation method is used to separate the free polyelec-
trolyte from the polyelectrolyte-coated red SiNPs after each
polyelectrolyte adsorption.

2.3 Synthesis of PEI/PSS nanomultilayer film
wrapped high chroma red SiNPs

The monolayer red SiNPs were dissolved in 15 mL of H2O,
100 μL of PEI was added under ultrasonic conditions. The

mixture solution was deposited at room temperature for
10 min. The red SiNPs were centrifuged, washed, and then
redispersed in 15 mL H2O, 3.6~3.75 mL PSS(1 g/L,
0.2 mol/L NaCl) was added under ultrasonic conditions,
deposited for 25 min. The reaction mixture was centrifuged
and washed several times with water. This whole process
describes the assembly of monolayer dyes coated by
bimolecular nano-films: (PEI/PSS)1 red SiNPs and repeated
to obtain high chromaticity red SiNPs coated with different
number of nano-bilayer films.

2.4 Characterizations

The size and morphology of SiNPs, (PEI/PSS)1.2.3.4 red
SiNPs were characterized by SEM. Particle size distribution
in each sample aqueous solution and the zeta potential of
the pH of the sample was adjusted to 7 with 0.1 M HCl and
1M NaOH solution were recorded by Nano ZS potential
laser particle analyzer. The maximum absorption wave-
length of C.I. Direct Red 224 and (PEI/PSS)1.2.3.4 red SiNPs
are recorded by scanning with UV 2600 UV–vis spectro-
photometer; The coupling efficiency of C.I. Direct Red 224
was measured by multiskan spectrum. Analysis of groups
on the surface of (PEI/PSS)–PEI red SiNPs, (PEI/PSS)–PSS
red SiNPs by FTIR.

3 Results and discussion

The procedure for preparation of the high chroma red SiNPs
is illustrated in Fig. 1. Due to negative charge on surface of
SiNPs, the polyelectrolyte multilayer film coated with dye
molecules can be formed on the SiNPs by electrostatic LbL
self-assembly method. PEI was used as a bridge to link dye
molecules and SiNPs. When the positively charged PEI was
electrostatically adsorbed to form a polyelectrolyte film in
the aqueous solution of dye and SiNPs, the dye molecules

Fig. 1 A schematic illustration of high chroma colored SiNPs coated
by PEI/PSS multilayer membrane prepared by LbL self-assembly
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were adsorbed on the surface of particles. To make the
dyeing process smoother, positively charged PEI and
negatively charged PSS were alternately deposited on the
SiNPs. And the above experimental processes were repe-
ated to prepare high chroma red SiNPs coated with four
nano-bilayer films. In order to prevent the phenomenon of
aggregation and adhesion of nanoparticles such as Fig. 1S,
after each coating step, the free or unbound polyelectrolytes
are removed by centrifugation to prevent the formation of
aggregates between the polyelectrolytes. The –COOH on
the surface make it is more conveniently to couple the
antibody for immunoassay.

3.1 Effect of LbL conditions on the coupling rate of
dyes

Based on the coupling efficiency of C.I. direct red 224 on
SiNPs, the optimal preparation conditions were investi-
gated. The amount of dye coupled to each partic1e was
determined spectrophotometrically. The maximum absorp-
tion wavelength of C.I. Direct Red 224 measured by
UV–vis spectrophotometer is at 517 nm. The supernatant
was collected, and the coupling rate was calculated by
multiskan spectrum at 517 nm to characterize the effect of
self-assembly conditions on the coupling rate of dyes.

The surface of the SiNPs contains a large amount of—
OH, the C.I. Direct Red 224 is rich in –SO3

−1 (Fig. 2S),
which dissociate many anions in the aqueous solution. The
addition of polycation electrolyte PEI quickly adsorbs dye
molecules to the surface of SiNPs under the action of static
electricity. Figure 2a shows the effect of dye amount on the
coupling rate. The coupling rate of dyes increases from
80.1% to 89.9% with the increase of C.I. Direct Red 28
aqueous solution (0.1 g/mL) from 40 to 80 μL. So the
optimal addition amount of C.I. Direct Red 224 aqueous
solution is 70 μL.

With the increase of the adsorption time, the PEI mole-
cular skeleton becomes gradually complete. After adding
polyanionic electrolyte PSS, repeat electrostatic deposition
and adjust the molecular conformation to form a dense
nanofilm, and tightly encapsulate the dye on the surface of
the SiNPs. Figure 2b, c shows that when the electrostatic
deposition time is 25 min, the coupling rate of dye reaches
the peak, and then with the increase of time, the coupling
rate decreases. This is due to the conformational adjustment
of the polyelectrolyte and the formation of a stable poly-
electrolyte membrane.

Figure 2d, e presents the effect of polyelectrolyte con-
centration on coupling rate. The coupling rate increases the
peak with the increase of PEI from 0.5 mg/mL to 1 mg/mL,
as shown in 2d. When the concentration of PEI increased to
2 mg/mL, flocculent precipitation observed with the naked
eyes. When the concentration of the polyelectrolyte

increases to a certain extent, adjacent ionic groups are
shielded from each other, and the conformation in the
solution is curled, causing the polyelectrolytes to be arran-
ged closely and a thicker polyelectrolyte film is formed.
Figure 2e shows that the dye coupling rate decreases gra-
dually when PSS concentration increases from 1.0 to 5 mg/
mL. This is because there are many –SO3

−1 in both PSS and
C.I. Direct Red 224, and the shielding effect between
groups becomes more obvious with the increase of con-
centration. As a result, the optimum concentration of PEI
and PSS are 1 mg/mL.

The effect of supporting salt concentration on the cou-
pling rate is shown in Fig. 2f, g. In aqueous solution, the
polyelectrolyte is fully extended under the action of mutual
repulsion between the groups. Inorganic salts can change
the ionic strength of polyelectrolytes. When a large amount
of Na+ enters the solution, the charge shielding effect
changes the electrostatic repulsion between polyelectrolyte
segments, and the molecular conformation changes from
stretching to curling. However, a certain concentration of
inorganic salts can increase the compactness of the mem-
brane and increase the coupling rate of dyes. Therefore, it
can be concluded from the Fig. 4f that the best-supporting
salt concentrations of PEI and PSS are 0.1 mol/L and
0.2 mol/L, respectively.

3.2 Effect of LbL layers on the absorbance value of
the (PEI/PSS)n red SiNPs

Figure 3 shows at the concentration of 2.5 mg/mL, the
UV–Vis absorbance value of the (PEI/PSS)1.2.3.4 red SiNPs
obtained with different dyeing layers and the red SiNPs of
the silane coupling agent (3-[2-(2-aminoethylamino)ethyl
amino] propyl-trimethoxysilane,3APTMS) graft dye. It can
be seen from the figure that at the maximum absorption
wavelength 517 nm, the absorbance of the particles
increases gradually with the increase of dyeing times, which
is obviously higher than that of red SiNPs with 3APTMS
branch dye. The absorbance of red SiNPs obtained by the
first three dyeing showed an obvious increasing trend, and
there was slight increase at the absorbance curves of red
SiNPs after the third dyeing and the fourth dyeing. These
results prove that the method of polyelectrolyte LBL self-
assembly and adsorption of dyes for 4 times to prepare high
chromaticity colored SiNPs is effective.

3.3 Characterizations of high chroma red SiNPs

3.3.1 Morphological observation

The surface morphology of red SiNPs after polyelectrolyte
self-assembly was characterized by SEM. Figure 4a–d show
SEM photographys of SiNPs, (PEI/PSS)0-PEI red SiNPs,
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(PEI/PSS)3-PEI red SiNPs and (PEI/PSS)4 red SiNPs.
Figure 4a shows that the prepared SiNPs are uniformly
dispersed, and the surface is smooth, showing regular
spherical. The SEM picture of PEI adsorption dye mole-
cules deposited on the surface of particles to form red SiNPs
coated with polycationic electrolyte film is shown in Fig. 4b.
The surface of the (PEI/PSS)0-PEI red SiNPs is smooth
without obvious bulging vesicles. A loose nano-film is
wrapped on the surface of the particles, showing a slightly
irregular sphere. Figure 4c shows the SEM of (PEI/PSS)3-
PEI red SiNPs with polycation electrolyte adsorbed in the
outermost layer after four staining. After seven times of

alternation adsorption of polyelectrolyte, with the increase
of the number of polyelectrolyte assembly layers, the
polyelectrolyte films coated on the particles becomes
compact under strong electrostatic adsorption, and the
SiNPs returns to its original uniform spherical morphol-
ogy. However, with the formation of multilayer poly-
electrolyte films, the aggregation of PEI molecules leads to
the roughness of the surface of the particles and the
emergence of a small number of protruding vesicles.
Figure 3S shows that the polyelectrolyte nanofilms on the
surface of (PEI/PSS)0-PEI red SiNPs, (PEI/PSS)1-PEI red
SiNPs, (PEI/PSS)2-PEI red SiNPs and (PEI/PSS)3-PEI red

Fig. 2 a The effect of amount of
C.I. Direct Red 224 on its
coupling efficiency on SiNPs
(Insert: standard curve for C.I.
Direct Red 224 concentration
and absorbance); b The effect of
PEI deposition time on dye
coupling efficiency on SiNPs;
c The effect of PSS deposition
time on dye coupling efficiency
on SiNPs; d The effect of PEI
concentration on dye coupling
efficiency on SiNPs; e The effect
of PSS concentration on dye
coupling efficiency on SiNPs;
f The effect of supporting salt
concentration on dye coupling
efficiency in PEI; g The effect of
supporting salt concentration on
dye coupling efficiency in PSS
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SiNPs gradually protrude vesicles with the increase of the
number of PEI assembly layers. When polyanionic elec-
trolyte PSS adsorbed on the outermost layer to form a film,
the more dense nanofilms was formed under the action of
static electricity due to the increase of support salt con-
centration. It can be clearly seen from Fig. 4d that there are
many granular vesicles on the (PEI/PSS)4 red SiNPs, which
are surrounded by polyanionic electrolyte membranes.

3.3.2 Analytical particle size

The size of the assembled red SiNPs was characterized by
Malvern laser particle size analyzer.

Figure 4S shows the particles size distribution curve of
unmodified SiNPs and red SiNPs after assembly of each

layer of polyelectrolyte. The average diameter of the SiNPs
from the curve is about 227 nm. After the first dyeing, the
average particle size of (PEI/PSS)0-PEI red SiNPs was
about 303 nm, which is significantly increased by 76 nm
compared with the diameter of the SiNPs. After four times
of dyeing, the average diameter of (PEI/PSS)4 red SiNPs is
about and 234 nm. From this we can conclude that when the
polycation electrolyte is assembled in the outermost layer,
because the dye molecules are wrapped on the particles
surface during film formation, the polyelectrolyte films
formed is relatively loose, resulting in an increase in particle
size. After electrostatically adsorbing a layer of polyanionic
electrolyte, the strong electrostatic force makes the wrapped
nanofilm compact and the particles diameter shrinks. It can
be concluded that under the electrostatic interaction
between polyelectrolytes, the particle size of nanofilms
deposited on the surface of red SiNPs decreases with the
increase of the number of assembly layers. The nano-
particles prepared by this method still have regular mor-
phology and good dispersion.

3.3.3 Surface charge

Zeta measurement is one of the most widely used techni-
ques to prove that polyelectrolytes are successfully adsor-
bed onto particles [29]. We measured the surface potentials
of nanoparticles at each stage after assembling PEI and PSS
sequentially, as shown in Fig. 5. The initial surface potential
measured for native SiNPs is −36 mV, which makes it
possible to absorb positively charged polyelectrolytes. After
assembling PEI and C.I. Direct Red 224, the surface
potential charges to −17.7 mV. After assembling PEI and

Fig. 4 SEM image of SiNPs (a),
(PEI/PSS)0-PEI red SiNPs (b),
(PEI/PSS)3-PEI red SiNPs (c),
(PEI/PSS)4 red SiNPs (d)

Fig. 3 The ultraviolet absorbance value of 3APTMS- red SiNPs, (PEI/
PSS)0-PEI red SiNPs, (PEI/PSS)1-PEI red SiNPs, (PEI/PSS)2-PEI red
SiNPs, (PEI/PSS)3-PEI red SiNPs; Inset: photographs of 3APTMS-
red SiNPs, (PEI/PSS)0-PEI red SiNPs, (PEI/PSS)1-PEI red SiNPs,
(PEI/PSS)2PEI red SiNPs, (PEI/PSS)3-PEI red SiNPs
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PSS alternately, the surface potential charged from
+21.3 mV to –20.9 mV. Then each time the polyelectrolyte
with opposite charge is assembled, the potential is reversed
to the same extent.

As a control we tried the case of not self-assembling
another layer of PEI only one layer of PSS, the surface
potential changes to −35 mV. Obviously, after assembling
PSS, the negative charge becomes more. However, the
surface of the nanoparticles obtained in the whole process
has negative charge. Compared with Fig. 5S, the assembly
of PEI is the key to change the potential from negative to
positive. Not only that, we also found that if there is no
layer of PEI, in the washing process, a large number of dyes
will fall off, resulting in the color of red SiNPs will not be
significantly deepened with the increase of dyeing times.
Because of the particles is negative at each stage, there are
still free dye molecules that are not completely wrapped on
the particles. At this time, the assembly of polycationic
electrolyte PEI, will adsorb all free dye molecules in the
solution on the surface of the particles, making the particles
with a positive charge, and then assembly PSS for negative
modification and cyclic dyeing, which can significantly
reduce the shedding of dyes.

3.3.4 FTIR spectrum

In order to better prove the successful assembly of poly-
electrolytes on SiNPs, FTIR was used to confirm the exis-
tence of PEI and PSS. The infrared spectra of different
samples at 400–4000 cm−1 are shown in Fig. 6. It can be
seen from the spectrum of the SiNPs that the infrared
absorption bands at 1108 cm−1 and 473 cm−1 correspond to
the stretching vibration peak and bending vibration peak of

the Si–O–Si bond, respectively. The symmetric stretching
peak of Si–O–Si bond of SiNPs appears at 800 cm−1. The
infrared absorption peaks near 3423 cm−1 and 1630 cm−1

reflect the stretching and bending vibrations of the OH
group, which proves that the SiNPs containing OH on the
surface are successfully synthesized. Compared with the
spectra of SiNPs, the spectra of (PEI/PSS)4− PEI red SiNPs
shows the C–H stretching band appears at 1355–1557 cm−1.
The absorption peak near 3440 cm−1 indicates the existence
of active group –NH and –OH. The FTIR spectrum of (PEI/
PSS)4- PSS red SiNPs shows that the NO2 band appears in
~1384 cm−1 [30] due to the addition of dye molecules. An
obvious carbonyl vibration peak appeared at ~1867 cm−1

[31]. The COOH band was observed near 1532 cm−1 and
1635 cm−1. FTIR spectrum proves that PEI and PSS are
successfully assembled on the surface of the red silica
nanoparticles.

3.3.5 Dye leakage test

The protective effect of electrostatic self-assembly of mul-
tilayer polyelectrolytes on dyes was proved through dye
leakage experiments. 0.1 g (PEI/PSS)0 red SiNPs and 0.1 g
(PEI/PSS)4 red SiNPs were dispersed in 3 mL pure water,
respectively. Centrifuge every half an hour, and then test the
absorbance of the supernatant. As shown in Fig. 7, the dye
of (PEI/PSS)0 red SiNPs (at the top of the picture) fell off
obviously under the condition of washing, resulting in the
red of the supernatant. With the increase of washing times,
the dye shedding did not decrease obviously. The (PEI/PSS)4
red SiNPs under the same centrifugation and washing
conditions, the color of the supernatant is very light. With
the increase of washing times, the supernatant is nearly
colorless, which is consistent with the measured absorbance

Fig. 6 The FTIR spectra of SiNPs, (PEI/PSS)3-PEI red SiNPs, (PEI/
PSS)4 red SiNPs

Fig. 5 Zeta potentials of SiNPs, (PEI/PSS)0-PEI red SiNPs, (PEI/PSS)1
red SiNPs, (PEI/PSS)1-PEI red SiNPs, (PEI/PSS)2 red SiNPs, (PEI/
PSS)2-PEI red SiNPs, (PEI/PSS)3 red SiNPs, (PEI/PSS)3-PEI red
SiNPs, (PEI/PSS)4 red SiNPs were dispersed in water at pH=7
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of the supernatant. We found that PEI was used as a bridge
to adsorb C.I. direct red 224 on SiNPs to obtain (PEI/PSS)0
red SiNPs. Because the binding of dyes was not firm, and a
large number of dyes fell off with the increase of washing
times. Then, alternately assembled PEI and PSS, were dyed
repeatedly for 4 times, (PEI/PSS)4 red SiNPs were obtained.
The dyes shedding decreased significantly with the increase
of the number of washings. It shows that the polyelectrolyte
film formed by the assembled multilayer PEI and PSS under
the action of strong electrostatic force firmly wraps the dye
on the surface of the SiNPs and effectively prevents the dye
from falling off.

3.3.6 Preparation of high chroma blue SiNPs

Several dyes were selected from direct dyes, reactive dyes
and disperse dyes for experiments. According to the cou-
pling efficiency between the brightness of the color and the
dye, C.I. Direct Blue 199 was selected to prepare high
chroma blue nanoparticles by electrostatic layer-by-layer
self-assembly. Due to the different amount of anions carried
by different anionic dyes, the amount of negative charge in

the aqueous solution of SiNPs and dyes is different, and the
ability of electrostatic adsorption of polycation electrolyte is
also different, so the brightness and coupling efficiency of
dyes are different when the same concentration of poly-
electrolyte is added. The UV–vis absorption spectrum in
Fig. 8 proves that the absorbance of the high chromaticity
blue SiNPs at the maximum absorption wavelength 214 nm
increases sequentially and is significantly higher than that of
the particles prepared by silane coupling agent grafted dye.
At the same time, it also shows that the selection of suitable
dyes is the key to the preparation of high chroma colored
SiNPs by electrostatic self-assembly.

4 Conclusions

In this work, high chromaticity colored nanoparticles coated
with dye on polyelectrolyte (PEI/PSS) composite membrane
were prepared by LBL electrostatic self-assembly method
on the surface of charged SiNPs for the first time. SEM,
Zeta potential and FTIR studies have shown that when
polyelectrolyte multilayers are assembled on red SiNPs, the
changes in surface morphology and potentials make it
possible to successfully adsorb dyes LbL on particles. The
high chroma colored nanoparticles coated by the prepared
multilayer films still show good dispersion, uniform particle
size and regular surface morphology because of the strong
electrostatic action of polyelectrolytes. The electrostatic
LBL self-assembly method is simpler and more efficient
than the silane coupling agent graft dye method. The whole
process of self-assembly only needs to be carried out in
aqueous solution without the introduction of organic
reagents, which is more economical and environmentally
friendly. This high chroma colored nanoparticles will be an
excellent visualization marker in the application of
immunochromatography.

Fig. 8 UV–vis absorption spectra of 3APTMS-blue SiNPs, (PEI/PSS)
0-PEI blue SiNPs, (PEI/PSS)1-PEI blue SiNPs, (PEI/PSS)2-PEI blue
SiNPs, (PEI/PSS)3-PEI blue SiNPs; Inset: photographs of 3APTMS-
blue SiNPs, (PEI/PSS)0-PEI blue SiNPs, (PEI/PSS)1-PEI blue SiNPs,
(PEI/PSS)2-PEI blue SiNPs, (PEI/PSS)3-PEI blue SiNPs

Fig. 7 Dye leakage test of (PEI/PSS)0 red SiNPs and (PEI/PSS)4
red SiNPs
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