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Abstract 

InP-based quantum dots (QDs) have been proposed as an alternative to CdSe-based 

QDs for both bioimaging and device displays. In this work, we incorporate 

hydrophilic InP/ZnS QDs into silica nanocapsules. The morphology, number of 

incorporated QDs, and photoluminescence (PL) properties of the capsules depend on 

the alkoxide hydrolysis conditions. By selecting a method of QD surface silanization, 

multiple QDs (typically 3) are incorporated into the nanocapsules (~40 nm in size) 

without causing significant deterioration of the initial PL efficiency (up to 36%). 

Degradation analysis in different buffer solutions indicates that silica nanocapsules 

have higher stabilities than pristine QDs. The surface of the nanocapsules was 

modified with carboxyl groups without any change in morphology. Bright PL images 

with high resolution were obtained after introducing the nanocapsules into rat 

hippocampal neurons, when compared with commercial Q-trackers (Polymer coated 

CdSe/ZnS). 
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1. Introduction 

In recent years, nanomaterials have attracted widespread interest owing to their 

unique optical properties, which originate from the quantum confinement effect.1,2 

Colloidal quantum dots (QDs) have been studied widely as novel phosphors because 

of their properties such as broad absorption profiles, narrow tunable 

photoluminescence (PL) spectra, high photostability, and PL efficiency. These 

advanced properties led to their application in light-emitting and photovoltaic 

devices.3–6 In biomedical applications, QDs often have significantly better 

photostability when compared with organic dyes.
7–9

 With the rapid development of 

their synthesis, surface modification, and conjugation chemistry, together with better 

understanding of the interaction between QDs and biomolecules, QDs have been 

increasingly applied in biomedical fields such as cell imaging, diagnostics, and drug 

delivery.10–16 

Currently, the brightest photoluminescent QDs are cadmium selenide 

(CdSe)-based QDs prepared in organic solvent, typically composed of a CdSe core 

and a zinc sulfide (ZnS) shell capped with hydrophobic ligands.17–19 However, these 

QDs are not suitable for biomedical applications, primarily owing to their toxicity and 

poor water dispersity.20,21 Preparation of hydrophilic QDs from initially hydrophobic 

QDs to improve biocompatibility has been a significant focus of recent research. 

Existing hydrophilic modification strategies include ligand exchange, amphiphilic 

polymer coating, and silica encapsulation. Ligand exchange of the hydrophobic 

molecules generally causes deterioration of the PL properties due to disruption of the 

atom locations at the surface,7 and simple coating of QDs with polymers greatly 

increases their particle size.22–25 Silica encapsulation is therefore an attractive 

approach to improving the water solubility and functionality required for 

bioconjugation. Silica encapsulation can also improve the photostability of QDs, 

reduce their cytotoxic effects, and improve biocompatibility.26–28  

Indium phosphide (InP) is one of the most widely studied photoluminescent 

III–V QDs with a Bohr exciton radius of ∼10 nm.
29

 InP QDs are less toxic with robust 
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covalent bonds and tunable PL wavelength in the visible region (bulk bandgap Eg: 

1.35 eV), which is similar to that of CdSe. The recent application of InP-based QDs in 

device displays was reported to be successful.30–32 The most widely used method for 

InP QD synthesis is the dehalosilylation reaction between indium chloride (InCl3) and 

tris(trimethylsilyl)phosphine (P(Si(CH3)3)3) in the presence of a coordinating 

solvent.
33–36

 After coating the InP core with a ZnS shell, the PL efficiency of InP/ZnS 

core-shell QDs in organic solvents increases by up to 40%.36 Efforts have been made 

to improve the PL properties by optimizing the precursor materials as well as the 

synthesis procedures. The resultant InP QDs show PL efficiencies over 60%.
37–41

 

However, reports of the preparation of InP QDs in aqueous media were relatively rare 

until we reported a method for synthesizing highly luminescent InP/ZnS core-shell 

QDs in aqueous solution using a reactive phase transfer and photo-irradiation 

method.42 The InP/ZnS QDs thus prepared showed band-edge PL that could be tuned 

from green to red with PL efficiencies of up to 68%. 

Hydrophilic InP QDs are particularly important as a potential alternative to 

cadmium and lead based colloidal QDs in biomedical imaging. When CdSe/ZnS and 

InP/ZnS QDs were incubated with two cell types, the release of Cd2+ ions from CdSe 

induced cell mortality while InP QDs did not.43 Compared with the CdTe/ZnS QD 

case, the cytotoxicity induced by reactive oxygen species (ROIs) was significantly 

lower in the case of InP/ZnS QDs.44 Moreover, no discernable acute toxicity was 

observed after 12 weeks of intravenous injection of InP/ZnS QDs in mice.45 Prasad 

and co-workers used a ligand exchange process to make hydrophobic InP/ZnS QDs 

highly dispersible in aqueous solution.43 The resultant InP/ZnS QDs showed a PL 

efficiency of 30% and exhibited stable PL for more than 1 week when dispersed in 

common buffer solutions. These QDs could serve as targeted optical probes for 

several biomedical applications, including early detection of cancer.
46

 

However, the molar extinction coefficient of InP QDs is approximately half that 

of CdSe QDs with the same radius.47,48 Additional differences in PL spectral width, 

PL efficiency, and average PL lifetime lead to PL being an order of magnitude lower 

for InP/ZnS QDs compared with CdSe-based QDs when the excitation power is the 
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same. It is therefore difficult to detect the PL from single InP/ZnS QDs. Bright silica 

nanocapsules containing multiple QDs can detect in vivo molecular events with high 

spatial and time resolution without blinking owing to the averaging effect.49 The silica 

layer also contributes to enhancing the photostability that is particularly required for 

in vivo two photon detection.50  

We encapsulated both hydrophilic and hydrophobic QDs in a silica (or glass) 

matrix using various sol-gel processes.51–53 Reaction in solution at room temperature 

is advantageous for the surface control of delicate QDs. Throughout the study the 

sol-gel matrix itself was found to control the resultant morphology through 

self-organization. Emitting silica matrices such as plates, fibers, thin films, and 

powders have thus been prepared.54 We have also reported encapsulating 

CdSe/ZnCdS QDs (λem=620 nm) with hydrophobic ligands in silica capsules.55,56 

However, to date there have been no reports of incorporating multiple InP QDs into a 

single silica capsule. 

In this study, silica nanocapsules containing multiple incorporated hydrophilic 

InP/ZnS QDs were prepared. Highly luminescent InP/ZnS QDs were first prepared 

through reactive phase transfer and photochemical processing,42 then were 

incorporated into silica nanocapsules using a modified Stöber method. The surface 

differences between the silanized QDs result in variations in final morphology and PL 

properties. The preparation process was optimized in order to obtain silica 

nanocapsules with high PL efficiency, and nearly spherical morphology. Deterioration 

tests of the prepared nanocapsules were carried out in several buffer solutions in 

comparison with pristine InP/ZnS QDs. Furthermore, the nanocapsules were 

introduced into rat hippocampal neurons by endocytosis. The florescence images 

obtained by laser scanning confocal microscopy highlighted the possibility of using 

the nanocapsules for biomedical applications. 

2 Experimental section 

2.1 Materials 

All chemicals were of analytical grade or the highest purity available, and used 
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directly without any further purification. Indium (III) chloride (InCl3， 99.999%), 

dodecylamine (DDA, 98%), acetonitrile (99.9%), zinc perchlorate hexahydrate 

(Zn(ClO4)2·6H2O, 98%), and tetraethyl orthosilicate (TEOS, 97%), were purchased 

from Sigma-Aldrich. Thioglycolic acid (TGA, 90%), and 

tris(dimethylamino)phosphine (P(N(CH3)2)3, 98%) were obtained from Wako 

Chemicals. Ammonium hydroxide and other organic solvents such as toluene, hexane, 

and methanol were also purchased from Wako Chemicals. The solvents used were of 

dehydrated grade. Dulbecco’s modified Eagle’s medium (DMEM) buffer, 

tris-borate-EDTA (TBE, 10X) buffer, and phosphate buffer solutions (PBS, 10X) were 

obtained from Sigma-Aldrich. Carboxyethylsilanetriol sodium (CES) was purchased 

from Gelest. 2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) 

powder was from DOJINDO. Ultrapure deionized water (18.2 MΩ/cm) was obtained 

from a Milli-Q synthesis system (Millipore). 

2.2 Synthesis of InP/ZnS QDs  

InP/ZnS QDs were synthesized in three steps through reactive phase transfer and 

photochemical processing using a previously reported method.42 First, hydrophobic 

InP cores were prepared in organic solvent using a solvothermal method. Typically, 

InCl3, P(N(CH3)2)3, and DDA were mixed with toluene and sealed in a Teflon-lined 

autoclave in a glovebox under an atmosphere of argon. The autoclave was then taken 

out of the glovebox and heated to 180°C for 24 h. The cooled solution was then 

slightly precipitated, and the byproducts were discarded. The obtained InP cores were 

subjected to size-selective precipitation using methanol and redispersed in hexane. 

Second, the hydrophobic InP cores were transferred into aqueous solution. InP 

cores (1×10−6 mol) were dispersed in 2 mL of a hexane and butanol mixture 

(hexane/butanol=2:1). This solution was then mixed with 2 mL of a solution 

containing Zn2+ ions and TGA (Solution ZT). Solution ZT was prepared by dissolving 

Zn(ClO4)2·6H2O and TGA in water; the pH of the solution was adjusted to 11.0. After 

stirring the mixture at 50°C for 1 h, the InP cores were completely transferred to the 

aqueous layer and the organic layer became transparent. The InP cores in the aqueous 
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solution were then precipitated and redispersed in 2 mL of Solution ZT for continued 

creation of a ZnS shell through post-preparative irradiation.  

Finally, a ZnS shell was deposited on the surface of the InP cores through 

post-preparative irradiation with UV light (λ=365 nm, 3 W/cm2) from a 250 W UV 

lamp in every case. Following irradiation, the InP/ZnS QDs were precipitated from 

the reaction mixture by adding acetonitrile and were redispersed in water. 

Three kinds of InP/ZnS QDs were used with PL wavelengths of 597, 621, and 642 

nm. The core size of these QDs were derived to be 3.0, 3.2, and 3.7 nm, respectively 

from the wavelength of the first absorption peak. (see Fig.S1 in Ref 42 for detail). The 

thickness of ZnS shell coated on each InP core was roughly 1.5 nm. The PL 

efficiencies of these QDs ranged from 32% to 52% (Table 1, TEM images of QD1 are 

shown in Fig. 7 in Ref. 42). 

 

Table 1.  PL properties of InP/ZnS QDs and silica nanocapsules with incorporated 

QDs.  

No. Structure Method PL wavelength 

λ / nm 

PL efficiency 

η (%) 

FWHM
*
 

/ nm 

1 QD1  597 32 77 

2 QD2  621 45 95 

3 QD3  642 52 83 

      

4 QD2-SiO2 M1-15min 627 9 96 

5 QD2-SiO2 M1-30min 619 12 92 

6 QD2-SiO2 M1-90min 622 5 103 

      

7 QD1-SiO2 M2 605 14 72 

8 QD2-SiO2 M2 626 20 94 

9 QD3-SiO2 M2 643 36 82 

*Full Width at Half Maximum. 
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Scheme 1. Two procedures used for preparing silica nanocapsules with incorporated 

hydrophilic InP/ZnS QDs through the Stöber method. a) hydrolysis of TEOS in 

advance before addition of the QDs (M1); b) Silanization of QDs with partially 

hydrolyzed TEOS before addition of aqueous ammonia (M2). 

 

2.3 Preparation of silica nanocapsules with incorporated InP/ZnS QDs 

The nanocapsules were prepared using two different Stöber methods (Scheme 1), 

which differed in the timing of the QD addition. All steps were carried out at room 

temperature. The concentration of InP/ZnS QDs was estimated using the previously 

reported absorption coefficient of InP QDs.48 

The first method (M1) was a modified version of the aqueous Fe3O4 method.58 

Briefly, 4 mL of ethanol, 0.6 mL of water, 5 µL of TEOS, and 100 µL of aqueous 

ammonia (25wt%) were mixed, and stirred for several tens of minutes (15, 30 and 90 

min) to partially hydrolyze the TEOS. Subsequently, 0.1 mL of InP/ZnS QD solution 

(3 µM) was added and the solution was stirred for a further 3 h. The silica 

nanocapsules were then precipitated and washed with ethanol several times. The final 

nanocapsules were redispersed in ultrapure water. 

In the second method (M2), 0.1 mL of QD solution (3 µM) was diluted with 0.6 

mL of water, then 4 mL of ethanol and 1 µL of TEOS were added to the solution at 

room temperature with stirring. The mixed solution was stirred for 1–3 h to ensure 
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that the surface of the InP/ZnS QDs was silanized with partially hydrolyzed TEOS 

molecules. Then 0.1 mL of aqueous ammonia (25wt%) was slowly added to the 

solution, and another 5 µL of TEOS was added for further SiO2 shell coating. After 

stirring for 3 h, silica nanocapsules were precipitated, washed with ethanol, and 

redispersed in water. 

2.4 Deterioration test of silica nanocapsules in buffer solutions 

Silica nanocapsules with incorporated InP/ZnS QDs were added to three different 

buffer solutions; Dulbecco’s modified Eagle’s medium (DMEM), PBS (pH 7.4), and 

2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) buffer. The 

concentration of QDs in the buffers was fixed at 10 nM. HEPES powder, NaOH 

solution (1 N), and pure water (Milli-Q) were used to make HEPES stock solution (10 

mM, pH 7.4). The PL efficiencies of the QDs in the three buffers were then monitored 

over time. 

2.5 Surface modification of silica nanocapsules with incorporated InP/ZnS QDs 

Carboxyl surface modification of silica nanocapsules was carried out using 

carboxyethylsilanetriol sodium (CES) via a previously reported method.59 Typically, 

an aliquot of silica nanocapsules was dispersed in 1 mL of 10 mM PBS (pH 7.4) with 

gentle stirring, followed by addition of 20 µL of CES (25% aqueous solution). After 

reacting at room temperature for 3–4 h, the modified nanocapsules were centrifuged 

and washed several times with PBS buffer. 

2.6 Hippocampal neuron culture 

The procedure was approved by the Institutional Animal Care and Use 

Committee at the National Institute of Advanced Industrial Science and Technology 

(AIST, Japan). Hippocampal neurons were isolated from 18-day-old embryos of a 

Wistar rat, dissociated by treatment with 0.1% trypsin, and plated at a density of 

3.1×102 cell/mm2 in a glass-bottomed dish. The dissociated neurons were maintained 

at a temperature of 37ºC in a humidified atmosphere containing 5% CO2 and cultured 

in neurobasal medium containing a B-27 supplement (Thermo Fisher Scientific 

(Invitrogen)) and penicillin (60 µg/mL), streptomycin (100 µg/mL), and insulin (5 
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µg/mL). 

2.7 Cell imaging using silica nanocapsules 

The prepared silica nanocapsules were diluted with neurobasal medium and 

added gently to the glass-bottomed dishes containing rat hippocampal neurons. After 

an optimized incubation time of 1–3 h, silica nanocapsules in the solution were 

observed using a fluorescence microscope (Olympus IX71) equipped with an 

EM-CCD camera (Roper Scientific, PhotonMAX1024B). The observation of 

hippocampal neurons with silica nanocapsules using confocal laser scanning 

microscopy (CLSM) was carried out using an Olympus FV-300 equipped with an 

upright microscope (Olympus, BX-50WI). The excitation wavelength was set to 488 

nm. Commercial cell labeling kits using polymer-coated CdSe/ZnS QDs (Q-tracker 

655) were purchased from Thermo Fisher Scientific (Invitrogen), and used directly for 

observation using the same conditions. 

2.8 Other Apparatus 

Transmission electron microscopy (TEM) was performed using a Hitachi 

H-9000NA electron microscope operated at an accelerating voltage of 300 kV. The 

specimens were prepared by putting one drop of the nanocapsule solution onto the 

surface of high-resolution carbon-supported copper grids (pitch of 100 µm). 

UV-visible absorption spectra of the QDs were obtained using a spectrophotometer 

(U-4000, Hitachi). PL spectra measurements were acquired using a 

spectrofluorometer (F-4500, Hitachi) with an excitation wavelength of 400 nm.  

The PL efficiencies of the QD and silica nanocapsule solutions were estimated 

based on a reported method using a standard solution of quinine in an aqueous 0.05 M 

H2SO4 solution (η =54.6%).57 The PL efficiency was obtained from the absorbance 

and PL spectra measured using the conventional UV-VIS and fluorescence 

spectrophotometers described above.  

3. Results and Discussion 

3.1 Preparation of silica nanocapsules with incorporated InP/ZnS QDs 
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In a typical sol-gel process aqueous ammonia is commonly used to adjust the pH 

of the solution and accelerate the hydrolysis of TEOS. Solutions in the alkaline pH 

range are known to create spherical silica particles.60 However, excess ammonia can 

affect the surface of the QDs and reduce the PL efficiency after silica coating.61 

It was noted that the surface of both hydrophobic and hydrophilic QDs can be 

modified by substituting a proportion of the original ligands with partially hydrolyzed 

TEOS.55,56,62 Surface modification makes interaction between the QDs and 

hydrolyzed TEOS molecules favorable, and allows facile formation of a silica layer 

on the surface. The silica layer can prevent the QDs from coming into close contact 

with conditions that would be detrimental to the surface, whilst retaining the original 

PL properties. Herein, hydrophilic InP/ZnS QDs were added to a solution in which 

TEOS was partially hydrolyzed, for further silica coating. Two methods (M1 and M2) 

were adopted by altering the timing of QD addition into the solution as explained 

below. 

 

Figure 1. Absorption and PL spectra of InP/ZnS QDs in aqueous solution and in 

silica nanocapsules prepared following different TEOS advanced 

hydrolysis time periods (M1 method).  
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Figure 2. TEM images of silica nanocapsules obtained following different TEOS 

hydrolysis time periods (M1 method) (a) 10 min, (b) 30 min, and (c) 90 

min. Insets show high-resolution images of silica capsules revealing the 

distribution of QDs. The scale bar in the inset corresponds to 20 nm. 

 

In the M1 method (Scheme 1a), hydrophilic InP/ZnS QDs, which emit at one 

wavelength (621 nm), were added to a solution in which TEOS had been hydrolyzed 

in advance for different periods of time as shown in Table 1 (Samples 4–6). Figure 1 

shows the absorption and PL spectra of the initial InP/ZnS QDs in water and after 

silica encapsulation. TEOS was hydrolyzed for 10, 30, or 90 min before combination 

with the QDs. Both the absorption and PL spectra remained unchanged after 

incorporation, except for a slight red shift of the PL peak wavelength. Figure 2 shows 

TEM images of the prepared nanocapsules. As the hydrolysis time was extended, the 

particle size was found to significantly decrease. The shapes of the particles also 

changed from irregular to spherical. When QDs were added after 10 min of TEOS 

hydrolysis, the particles were more than 50 nm in size with irregular shapes (Figure 

2a). The enlarged image shows that several QDs were encapsulated with linear 

alignment into the particles. However, when the hydrolysis time was increased to 30 

min, the particle size decreased to ~20 nm (Figure 2b). These nanocapsules have 

almost spherical shape and contain only 1 or 2 QDs per capsule. When TEOS was 

hydrolyzed for 90 min, the resulting nanocapsules were smaller (Figure 2c). It is 

difficult to clearly determine from the figure whether or not every particle contains 

QDs. In addition, gel-like materials were observed between the particles.  
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The significant differences in morphology observed were a result of the 

concentration of hydrolyzed TEOS molecules in the solution during the reaction. In 

the silica coating process a portion of ligand molecules (TGA) on the surface of the 

InP/ZnS QDs exchanged with hydrolyzed silica monomer, where the silica molecules 

were able to condense with other hydrolyzed silica monomers in the solution to form 

a silica network. When relatively fewer hydrolyzed silica monomers were in the 

solution, no small silica particulates appeared. In this case, the above-mentioned 

ligand exchange proceeds accompanied by alignment of QDs because of the polar 

nature of ethanol. It has been shown that thiol-capped QDs self-assemble linearly in 

aqueous solution to form one dimensional nanowires.63 The hydrolyzed silica 

molecules deposited partially on the surface of the QDs led to the formation of the 

observed silica nanoparticles containing more than two InP/ZnS QDs.  

When TEOS was hydrolyzed for ~30 min, sufficient hydrolyzed silica monomers 

were available in solution, therefore each QD was rapidly coated with a silica layer 

leading to singlet or doublet QDs in the capsules. The obtained silica nanocapsules 

were essentially spherical in shape and contained 1 or 2 QDs per capsule. When the 

hydrolysis time was increased to 90 min, an excess of hydrolyzed silica molecules 

was present, which condensed into small silica particulates independently before 

addition of the InP/ZnS QDs. The silica particulates were small silica particles 

containing no InP/ZnS QDs. These findings are similar to those reported for aqueous 

Fe3O4, for which small particles were obtained when the hydrolysis time exceeded 40 

min.58 

The PL properties of QDs before and after their incorporation into nanocapsules 

are shown in Table 1 (Samples 4–6). The nanocapsules show PL efficiencies of 9%, 

12%, and 5% with hydrolysis times of 10, 30, and 90 min, respectively. These values 

are significantly lower than those of the initial QDs. In addition, the peak wavelengths 

and the full width at half maximum (FWHM) also varied for different hydrolysis 

times. The PL efficiencies are directly related to the conditions of the QDs after 

incorporation into the nanocapsules. When the QDs were added after 30 min of 

hydrolysis, the obtained nanocapsules, in which one or two QDs were incorporated 
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per nanocapsule, showed the highest PL efficiency. When QDs were added after 90 

min of hydrolysis, the PL efficiency became much lower, probably as a result of the 

deterioration of the surface. The general tendency is for PL efficiency to decrease 

when the TEOS monomer exchanges with the original ligand more slowly.55 The PL 

wavelength shifts to the red due to excitation energy transfer and reabsorption of PL 

between QDs assembled closely (linearly in the present case). This causes the PL 

efficiency to deteriorate by forming imperfect bonding with adjacent QDs. 

In order to prevent a decrease in PL efficiency, the surfaces of QDs emitting three 

PL wavelengths were initially silanized by TEOS using the M2 method (Scheme 1b, 

Samples 7–9 in Table 1). In this method, InP/ZnS QDs were mixed with partially 

hydrolyzed TEOS for several hours to exchange the surface ligands at a moderate 

speed, which led to assemblies of QDs without agglomeration. Subsequent addition of 

aqueous ammonia accelerates the hydrolysis of TEOS to create the nanocapsules. 

 

Figure 3.  Absorption and PL spectra of InP/ZnS QDs in solution and in silica 

nanocapsules prepared using a Stöber method with silanized QDs (M2 

method). The PL peak wavelengths of the QDs after incorporation were 

605, 626, and 643 nm, respectively. 

 

Figure 3 shows normalized absorption and PL spectra of InP/ZnS QDs in 

aqueous solution and in the nanocapsules prepared using the M2 method. Both the 
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absorption and PL spectra remained unchanged after incorporation except for a slight 

red-shift of the PL peak wavelength. The PL wavelength of smaller QDs goes to the 

red more because of their greater reduction of quantum confinement effect. Table 1 

shows that the nanocapsules that emit in the orange region (605 nm) showed PL 

efficiency of approximately half that of the initial QDs. However, the PL efficiency of 

the nanocapsules that emit in the red region (643 nm) reached 36%, which is roughly 

70% of the original efficiency. These nanocapsule PL efficiencies are similar to those 

of silica capsules with incorporated hydrophobic CdSe/ZnCdS QDs.56 The PL 

efficiencies obtained for the M2 capsules were significantly higher than those of the 

nanocapsules prepared by the M1 method as shown in Table 1. This result shows that 

the surface modification of QDs with silicon alkoxides should ideally be slow in order 

to retain the PL efficiency. The surface modification of QDs in the M2 method forms 

a silica layer on the surface. This layer makes the silica monomers condense onto the 

QDs, which protects the PL from decreasing during capsule formation. The general 

tendency shown by Samples 7–9, is for larger size QDs to show less of a decrease in 

PL. This is because the effect of surface deterioration on PL efficiency is less marked 

when the core size of the QDs becomes larger. Further optimization of the silica 

coating process could maximize the PL efficiency. 
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Figure 4.  (a) TEM images of silica nanocapsules prepared by the Stöber method 

using silanized QDs (M2 method). The inset shows a high-resolution 

image revealing the distribution of the QDs. (b) Size-distribution of silica 

nanocapsules. (c) Distribution of the numbers of QDs in each silica 

nanocapsule. The PL peak wavelength of the QDs was 626 nm (Sample 

8). 

 

Figure 4a shows TEM images of the nanocapsules prepared using the M2 

method (Sample 8). The nanocapsules are essentially spherical and the QDs are well 

dispersed within the capsules. The enlarged high-resolution image (Figure 4a, inset) 

clearly shows the distribution of the QDs in the nanocapsules. The size distributions 

of the nanocapsules are depicted in Figure 4b. The average particle size is 42±5 nm. 

Figure 4c shows that the number of QDs in each nanocapsule is 3.0±1.3. This is less 

than the previous report on silica capsules with incorporated hydrophobic 

CdSe/ZnCdS QDs, where more than 15 QDs were encapsulated per capsule.55,56 

However, the current result shows the morphology similar to the silica capsules 

incorporating other hydrophilic QDs
53

 and Au nanoparticles
64

, in which roughly the 
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same number of nanoparticles are incorporated. The number of QDs inside the silica 

capsules shows the degree of QD self-assembly, which was regulated by the 

fabrication time of the silica nanocapsules. Therefore, the number of QDs inside the 

silica nanocapsules was similar to the reported results because the Stöber process was 

~3 h in each case. We previously prepared silica nanocapsules that incorporated 

multiple aqueous CdTe QDs.
62

 In that case, the hydrodynamic diameter was compared 

with that obtained by TEM. Since silica is harder than polymer, the hydrodynamic 

diameter was found to be the same as the diameter derived from TEM. Because the 

same Stöber method was applied in this work, we can say that the hydrodynamic 

diameter is also the same as that derived from TEM in this case.  

Since the nanocapsules prepared by M2 showed better optical properties than the 

M1 samples, the following characterization was carried out for M2 nanocapsules only, 

unless explicitly stated otherwise. 

3.2 Stability of silica nanocapsules with incorporated InP/ZnS QDs in buffer 

solutions 

The deterioration of the silica nanocapsules (Sample 8 in Table 1) was compared 

with pristine InP/ZnS QDs (Sample 2, same PL wavelength as Sample 8) in various 

buffer solutions. The concentration of QDs in the buffer solutions was fixed at 10 nM. 
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Figure 5.  (a) Time-dependent PL efficiency and peak wavelength of InP/ZnS QDs 

in various buffer solutions. (b) Time course of PL efficiency and peak 

wavelength of silica nanocapsules in the same buffer solutions. 

 

Figure 5a shows pristine InP/ZnS QDs. The peak wavelength of InP/ZnS QDs 

remained unchanged for several hours, whereas the efficiency dropped dramatically 

within 3 h. Among the three buffers, QDs in HEPES buffer were the worst affected; 

PL efficiency decreased to ~3%. QDs in PBS showed greater stability than those in 

DMEM buffer. Considering that the initial PL efficiency of InP/ZnS QDs is more than 

40%, this result showed that the pristine InP/ZnS QDs are greatly affected by 
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physiological conditions. This reduction in PL efficiency was likely to be a result of 

changes in the TGA on the surface due to reaction with ions in the buffers, which 

could lead to the surfactant becoming inefficient as a passivating shell. Moreover, the 

extra ions in the buffer might cause the agglomeration of the QDs. 

Figure 5b shows silica nanocapsules. The peak wavelength of the silica 

nanocapsules also showed minimal change over several hours. However, the 

stabilities were significantly improved compared with the pristine QDs. The PL 

efficiencies maintained their original values even after 6–7 h. PL efficiency in PBS 

showed a slight increase, possibly as a result of the recovery of the surface state of the 

QDs. This result shows that the silica coating greatly improved the stability and 

biocompatibility of the QDs. 

3.3 Cell imaging using silica nanocapsules with incorporated InP/ZnS QDs 

Silica nanocapsules in neurobasal medium were used to stain living rat 

hippocampal neurons through endocytosis. Observations were carried out using 

confocal laser scanning microscopy (CLSM). Figures 6a–6c show images of the 

nanocapsules in hippocampal neurons observed by CLSM at different Z-positions 

(from 0 to −6 µm). Figure 6d is the combined image (Zall) of these results. From these 

images it can be seen that the neuron cells co-cultured with silica nanocapsules 

maintain their typical neuronal cell morphology. The fluorescence image also revealed 

that the nanocapsules showed strong fluorescence, and were distributed throughout 

the neuron cell. The bright and clear image revealed detailed information on the 

structure of the neuronal networks. The different Z-positions of the scan images 

established different information, and the combined picture consists of high resolution 

images that are almost the same as the transmission image (Figure 6e).  
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Figure 6.  Confocal microscopy images of silica nanocapsules in rat hippocampal 

neurons. (a, b, c) Fluorescence images obtained at Z-positions of 0 µm, 

–3 µm, and –6 µm, respectively. (d) Composite of all fluorescence 

images obtained from various Z-positions. (e) Transmission image of 

nanocapsules in hippocampal neurons. (f) Scheme of Z-section scanning 

mode of CLSM. 
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Figure 7.  Confocal microscopy images of commercial cell labeling kit (Q-tracker 

655) in rat hippocampal neurons. (a, b, c) Fluorescence images obtained 

at Z-positions of 0 µm, –3 µm, and –6 µm, respectively. (d) Composite 

image of all fluorescence images obtained from various Z-positions. (e) 

Transmission image of Q-tracker in hippocampal neurons.  

 

However, there are clear differences when compared with the images of neurons 

stained using commercial labeling kit Q-trackers (Figures 7a–7c). Most of the 
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commercial QDs were trapped at the node of the neuronal network, not dispersed 

homogeneously. Though the PL intensity was relatively strong, the structure of the 

neuronal network was difficult to identify from the combined image (Zall, Figure 7d) 

of the Z-section images. The transmission image (Figure 7e) clearly shows the 

difference when compared with the fluorescence images acquired by CLSM. 

Therefore, the silica nanocapsules prepared in this work show better performance for 

in vitro imaging than the commercial labels and provide detailed information on the 

morphology and structure of the neuron network. These results indicate that the 

nanocapsules show promise for biomedical imaging. 

 

Figure 8.  Absorption and PL spectra of InP/ZnS QDs in solution and in 

nanocapsules with surfaces modified with –OH and –COOH functional 

groups. 

 

The surface of nanocapsules (OH) can be easily modified with other functional 

groups. Figure 8 shows the absorption and PL spectra of nanocapsules with hydroxyl 

(before modification) and carboxyl (after modification) functional groups on the 

surface, as well as the initial QDs. Both the absorption and PL spectra remained 

unchanged when the surface was modified from –OH to –COOH groups. The PL 

efficiency of the nanocapsules decreased slightly after the modification as shown in 

Table 2. TEM observation clarified that the shapes of the nanocapsules remained 
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almost unchanged. Neuronal cell imaging using the capsules before and after carboxyl 

group replacement, is shown in Figures 9a and 9b. The untreated nanocapsules (–OH 

surface) dispersed uniformly in the neuronal cells, while the nanocapsules with 

–COOH groups gathered together mainly at the primary node of the cell. This result 

indicates that the functional group replacement process was relatively successful. The 

ease of surface modification of the nanocapsules also supports their potential use in 

biomedical imaging. 

 

Table 2.  PL properties of InP/ZnS QDs and silica nanocapsules with different 

surface modifications prepared using the M2 method. 

No. Structure Surface PL wavelength 

λ / nm 

PL efficiency 

η (%) 

FWHM 
/ nm 

1 QD1 TGA 597 32 77 

2 QD1-SiO2 -OH 605 14 72 

3 QD1-SiO2 -COOH 606 12 76 

 

 

 

 

Figure 9.  Epifluorescent image of rat hippocampal neurons stained with 

nanocapsules with different surface functional groups; (a) –OH and (b) 

–COOH. 
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Finally, we have to mention here that the quality (PL efficiency and spectral 

width) of the InP-related QDs are improved for example to add Ga together with In.65 

The silica-encapsulation method presented here stays valid for such InP-related QDs 

with higher quality of as well. 

 

4. Conclusions 

Silica nanocapsules containing multiple low-toxicity, water-soluble InP/ZnS QDs 

were prepared using two different methods. In the first method (M1), the QDs were 

added to a solution of TEOS that had been hydrolyzed in advance. Different 

nanocapsules morphologies were obtained for different hydrolysis times. The PL 

efficiencies of these capsules showed significant deterioration (5% or so). In the 

second method (M2), the surface of the QDs was silanized with TEOS before 

incorporation into capsules. The resulting nanocapsules had good morphology with 

multiple QDs (~3) incorporated per capsule, while their efficiency was maintained up 

to 36%. Degradation of the pristine QDs and these nanocapsules in buffer solutions 

indicated that the QDs embedded in the nanocapsules had good stability. The 

hydroxyl group surface of the nanocapsules could be easily modified to carboxyl 

groups, while the capsule morphology remained unchanged. The prepared 

nanocapsules were introduced into rat hippocampal neurons through endocytosis, and 

were observed by confocal laser scanning microscopy. The obtained bright and clear 

fluorescence images indicated that the nanocapsules are potential candidates for 

biomedical applications. 
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