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Amphiphilic silica nanoparticles surface-functionalized by 3-aminopropyltriethoxysilane (APTES) and
octyltriethoxylsilane (OTES) were successfully prepared and characterized using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectrometry
(FT-IR) and thermogravimetry (TG) techniques. The potential use of these bifunctionalized nanoparticles
as pseudostationary phases (PSPs) in capillary electrophoresis (CE) for the separation of charged and
neutral compounds was evaluated in terms of their suitability. As expected, fast separation of repre-
sentative aromatic acids was fulfilled with high separation efficiency, because they migrate in the same
ilica nanoparticles
mphiphilic
apillary electrophoresis
seudostationary phase

direction with the electroosmotic flow (EOF) under optimum experimental conditions. Using a buffer
solution of 30 mmol/L phosphate (pH 3.0) in the presence of 0.5 mg/mL of the synthesized bifunctional-
ized nanoparticles, the investigated basic compounds were baseline-resolved with symmetrical peaks.
Due to the existence of amino groups on the surface of nanoparticles, “silanol effect” that occurs between
positively charged basic analytes and the silanols on the inner surface of capillary was greatly suppressed.
Furthermore, the separation systems also exhibited reversed-phase (RP) behavior when neutral analytes

were tested.

. Introduction

In recent years, silica-based functionalized nanoparticles have
ttracted more and more researching interest for many intrigu-
ng advantages they process, such as good biocompatibility, high
rganic solvent resistance and commercial availability [1]. Many
cientists have focused on the potential conjunction of silica
anoparticles with separation science to optimize detection [2,3],

acilitate separation of nanoparticles themselves [4–6] and dra-
atically improve resolution of target molecules [7–9]. Most

pplications for these purposes require that the utilized silica
anoparticles should possess high surface area and small par-
icle size less than 100 nm to ensure high monodispersity. In

any cases, the silica nanoparticles have to be surface coated or
erivative with specific functional groups to provide additional

nteraction sites [10]. Achieving controlled localization of two or

ore different molecular functionalities on the surface of nanopar-

icles would offer several profound advantages in drug separation
nd other applications, such as tumor cell targeting and attach-
ng large molecules [11–14]. Functional groups like thiol, amine
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and carboxyl groups [15] are the crucial elements for the surface
modification.

Nanoparticles can be added in buffer solutions to act as pseu-
dostationary phases (PSPs) in capillary electrophoresis (CE) [16,17]
and chip-based CE systems [18,19]. Nanoparticle-based capillary
electrophoresis (NPCE) [20] is an increasingly used strategy as an
elegant alternative to capillary electrochromatography (CEC) in
packed [21,22] or monolithic [23] columns and has been applied
for the separation of small molecules [24], DNA [7] and a few cases
of proteins [25]. When nanoparticles are used as PSPs, they are sus-
pended in the electrolyte and are continuously pumped through
the capillary by the electroosmotic flow (EOF) during separation.
Nanoparticles used in NPCE usually include polymer nanoparti-
cles [24], gold nanoparticles [7], molecularly imprinted polymer
nanoparticles [17], dendrimers [26] and silica nanoparticles [8].
The research in this field has been reviewed by Nilsson and Nils-
son [27] and Palmer [28] in detail, among which silica nanoparticles
have been usually announced. For example, by using chemical mod-
ification method, Bächmann and Göttlicher covalently modified

commercially available silica nanoparticles with a combination of
reversed-phase groups and negatively charged groups [29]. In com-
parison with the sodium dodecyl sulfate (SDS) coated nanoparticles
[30], the separation of larger PAHs was possible under a buffer solu-
tion with high amounts of organic modifiers added. Neiman et al

dx.doi.org/10.1016/j.chroma.2010.09.050
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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Fig. 1. Schematic diagram for the synthet

repared one neutrally charged and two positively charged organ-
cally modified silica sols for the CE separation of aromatic acids
nd their structural isomers [8]. Their experiments suggested that
mall changes in the functional groups on surface of silica nanopar-
icles had a pronounced effect on the interactions between the
anoparticles and the analytes.

Herein, we synthesized novel bifunctionalized amphiphilic sil-
ca nanoparticles with the average diameter of 60 nm using a

odified Stöber method [31]. Three precursors, tetraethoxysilane
TEOS), aminopropyltriethoxysilane (APTES) and octyltriethoxysi-
ane (OTES) were used for the fabrication. The surface of the
btained nanoparticles consists of octyl groups which are spe-
ially designed for RP interaction with the analytes, and charged
mino groups which ensure the mobility of the particles in the elec-
ric field. Under optimum experimental conditions, some selected
cidic, neutral and basic compounds were successfully separated
ased on different separation mechanisms. To the best of our
nowledge, this is the first time for the preparation of silica
anoparticles containing both amino and octyl groups, which were

urther used as PSPs in NPCE.

. Experimental

.1. Reagents

All chemicals were analytical grade unless noted otherwise.
ouble-distilled water (DDW) purified by a Nanopure II system

Barnstead, USA) was utilized throughout the experiment. TEOS
98%), APTES (99%) and OTES (98%) were purchased from Guotai-
uarong New Chemical Materials (Zhangjiagang, China). Ammonia

28 wt%), ethanol, p-toluenesulfonic acid, p-aminobenzosulfonic
cid, p-nitrobenzoic acid, nitrobenzene, phenol, aniline, propra-
olol, and pyridine were purchased from Tianda Kewei (Tianjin,
hina). Phosphoric acid, sodium hydroxide, sodium dihydrogen
hosphate, and hydrochloric acid were from Tianjin Yuanli Chem-

cals (Tianjin, China).

.2. Synthesis and characterization of amphiphilic nanoparticles

Amphiphilic nanoparticles were prepared by the modified
töber method [31]. Fig. 1 shows the schematic reaction pathways

or the preparation and co-condensation. A total amount of 2 mL
f TEOS (∼9 mmol) was added to a conical flask in the presence of
5 mL of EtOH and 0.8 mL of ammonia under stirring. After 24 h of
eaction at room temperature, the functionalized trialkoxysilane
eagents (with different volume ratios of APTES/OTES) were added

able 1
ompositions of the derivatization reagents used for the modification.

Nanoparticles TEOS (�L) APTES (�L) OTES (�L)

I 100 10 90
II 100 30 70
III 100 50 50
roaches of bifunctionalized nanoparticles.

with extra TEOS with the volume ratio of (APTES + OTES)/TEOS = 1:1
(Table 1) for particle co-condensation. The total amount of
functionalized trialkoxysilane reagents (APTES + OTES) added cor-
responds to ∼5% (∼0.45 mmol) of the initial amount of TEOS.
The obtained mixture reacted for another 24 h, and the parti-
cles thus formed were centrifuged and washed with ethanol and
DDW repeatedly, then vacuum-dried at 80 ◦C for 6 h. For com-
parison, silica nanoparticles were prepared in the same way as
that of bifunctionalized nanoparticles except that no functionalized
reagents were added in the second step.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were carried out on a Shimadzu SS-550 micro-
scope at 15.0 kV and a Philips Tecnai G20 at 200 kV, respectively.
Fourier transform infrared (FT-IR) spectra were measured on a
Bruker VECTOR 22 spectrometer with the KBr pellet technique, and
the ranges of spectrograms were 4000–400 cm−1. Thermogravime-
try (TG) was performed using a TA SDT Q600 instrument at a heating
rate of 2 ◦C/min in standard air using �-Al2O3 as the reference.

2.3. Instrumentation

All CE experiments were carried out on a TH-3000 HPCE-HPLC
amphibious system equipped with a CXTH-3000 data handling
software (Tianhui Instruments, Baoding, China). The detection
wavelength was set at 214 nm unless stated otherwise. Fused-silica
capillaries of 375 �m o.d. and 75 �m i.d. (Yongnian Optic Fiber Co.,
Hebei, China) were used throughout the experiment. A capillary
with the total length (TL) of 36 cm and the effective length (EL) of
27 cm was made by scraping off 3–5 mm of the polymer outside
the capillary at an appropriate place. Prior to the first use, the cap-
illary was successively rinsed by methanol, DDW, 1 mol/L NaOH,
DDW, 0.1 mol/L HCl, DDW and buffer solution for 15 min each. The
EOF was determined by using thiourea as the neutral marker unless
stated otherwise.

2.4. Buffer solution

Stock solution of 200 mmol/L phosphate buffer was prepared
by dissolving a certain amount of sodium dihydrogen phosphate
in DDW. Prior to use, it was diluted to the desired concentration

and adjusted to the appropriate pH value with 1 mol/L NaOH or
concentrated H3PO4. Sample solutions were prepared at proper
concentrations before injection. All the stock solutions were kept at
4 ◦C in a refrigerator. Before use, all solutions were filtered through
a 0.45 �m nylon membrane and degassed by ultrasonication.

APTES/OTES (volume ratio) APTES/OTES (molar ratio)

1:9 1:6.70
3:7 1:1.74
1:1 1:0.74
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. Results and discussion

.1. Formation of amphiphilic nanoparticles

Generally speaking, two pathways are available in synthesiz-
ng organosilica materials, namely, post-grafting (the subsequent
urface-modification of pure nanoparticles) and co-condensation
the simultaneous condensation of inorganic silica and organosil-
ca precursors). However, the co-condensation approach is better
han post-grafting for the introduction of organosilica in terms of a
igh and uniform surface coverage of organic units [32].

As shown in Fig. 1, the preparation of amphiphilic silica nanopar-
icles was accomplished by a modified Stöber method [31]. Firstly,
mmonia solution was used as the basic catalyst to catalyze the
EOS sol–gel process based on Stöber theory [33]. The second step
nvolves the introduction of the functional groups by condensa-
ion reaction of TEOS, APTES and OTES with the silanols on the
urface of the previously formed silica nanoparticles. According to
he APTES/OTES volume ratios (Table 1) used in the second step, up
o three particle populations differing in surface functional group
ensity were obtained (named as nanoparticles I, II and III, respec-
ively).

Recently, Bagwe et al. [34] carried out a systematic study of
he design and development of surface-modification schemes for

ilica nanoparticles. It was found in their research that amine-
odified silica nanoparticles tended to aggregate in weakly acidic

olution for the existence of electrostatic interactions between
ositively charged amino groups and negatively charged silanol
roups. To achieve minimal nanoparticles aggregation, the simul-

Fig. 2. SEM images of nanoparticles II (a), pure silica nano
217 (2010) 7448–7454

taneous use of inert and active surface functional groups should be
advocated. This rule is well obeyed in our research where active
APTES and inert OTES are used as surface functional groups. As a
result, nanoparticles with good monodispersity and homogeneous
size are obtained.

3.2. Characterization of amphiphilic nanoparticles

Although having different surface functional group densities,
bifunctionalized nanoparticles I, II and III present nearly same mor-
phology as to the shape and size. The SEM (a) and TEM (c) images
of the synthesized nanoparticles II, and the SEM (b) image of pure
silica nanoparticles are shown in Fig. 2. It can be seen that the pre-
pared materials are sphere-like and uniform in shape with the size
of about 60 nm.

FT-IR spectra of pure silica nanoparticles and bifunctionalized
amphiphilic nanoparticles II are presented in Fig. 3. In comparison
with that of pure silica nanoparticle, several newborn absorption
bands appeared in the spectrum of bifunctionalized nanoparticles
II. The peaks at 2950 and 2850 cm−1 are asymmetric stretching
vibration and symmetric stretching vibration of C–H, respectively.
The double peaks between 3300 and 3500 cm−1 are assigned to
the stretching vibration of amino group (�–NH2), and the peaks at
1650 and 611 cm−1 are the bending vibration of amino group (�–NH2

and �–NH2). Another peak at 1396 cm−1 corresponds to the bending
vibration of C–H (�–CH3).

The C and N contents for the obtained materials were deter-
mined by elemental analysis to roughly estimate the NH2/C8 ratios
(Table 2). Although the ratios are not exactly the same as those of

particles (b) and TEM image of nanoparticles II (c).
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Fig. 3. The IR spectra of pure silica nanoparticles (a) and nanoparticles II (b).

Table 2
Elementary analysis of nanoparticles I, II and III.

Nanoparticles C (%) N (%) NH2/C8 (molar ratio)

I 5.13 0.11 1:6.43
II 3.73 0.26 1:1.72

t
I

n
t
o
1
(
g
4
t
s

III 3.08 0.42 1:0.69

he reactants (Table 1), the increased tendency from nanoparticles
to III is obvious which is in accordance with the added reactants.

TG curves of the bifunctionalized nanoparticles II and pure silica
anoparticles are given in Fig. 4. By comparison, it can be deduced
hat the weight loss below 180 ◦C is assigned to the evaporation
f adsorbed ethanol and water, and the weight decrease between
80 ◦C and 750 ◦C is related to the decomposition of organic groups
aminopropyl and octyl groups) and the condensation of silanol
roups (dehydroxylation). The obvious weight loss in the range of
40–550 ◦C for bifunctionalized nanoparticles offers evidence that
he second step, namely, functional groups modification process, is
uccessful.
Fig. 4. TG curves of pure silica nanoparticles (a) and nanoparticles II (b).
Fig. 5. The effect of buffer pH on EOF. Experimental conditions: capillary, total
length 36 cm, effective length 27 cm; buffer, 30 mmol/L phosphate buffer with
0.5 mg/mL amphiphilic silica nanoparticles; detection wavelength, 214 nm; polarity
voltage, −12 kV or 12 kV; injection, 8 kV × 3 s.

3.3. EOF characteristic

EOF is a very important factor in CE separation because
analytes move through the capillary by EOF drive, as well as
self-electrophoretic mobility if they are charged. Knowing the char-
acteristics of the EOF will be helpful to understand the separation
behavior, and furthermore, to select optimal separation conditions.
The EOF was measured by using thiourea as the neutral marker, and
calculated as follows:

�eof = lL

tV

where �eof is the EOF mobility; l and L are the effective length
(27 cm) and the total length (36 cm) of the capillary, respectively;
t is the migration time taken by thiourea to migrate from the inlet
to the detection window; and V is the voltage applied across the
capillary column. Since the direction of EOF was unknown when
nanoparticles were present in different buffer solutions, tentative
experiments were necessarily made. Firstly, a positive polarity volt-
age (+12 kV) was applied across the capillary, i.e., thiourea was
injected from the anode end. If no signal was observed in 2 h,
thiourea was then injected from the cathode end and a negative
polarity voltage (−12 kV) was applied. In this way, the direction
(cathodic or anodic) and magnitude of EOF were confirmed ulti-
mately. Considering the fact that silica-based materials tend to
dissolve in strongly alkaline solutions, we selected the pH range
of 3–8 for investigation.

Fig. 5 shows the plots of electroosmotic mobility versus pH
of the buffer solutions containing three types of bifunctionalized
nanoparticles. Very similar plots were obtained, i.e., cathodic and
anodic EOF was observed under certain buffer conditions. From
Fig. 5, it can be observed that the reversed anodic EOF increased in
the order of nanoparticles I, II and III, which is in accordance with
the compositions of the modification reagents shown in Table 1.

Recently, Ding et al. [35] reported the preparation of a mixed-
mode silica-based monolithic column with amino and octyl groups
in the network. The capillary monolithic column generated anodic
EOF in the pH range of 3.0–7.5 due to the protonation of amino

groups. Using polystyrene particles derivative with ethylenedi-
amine (or 1, 10-diaminodecane) as CE buffer additive, Kleindienst
et al. [36] obtained a stable and irreversibly adsorbed coating, and
used it for the separation of basic and acidic proteins with high
efficiencies. Since the bifunctionalized nanoparticles contain amino
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Fig. 6. The electropherograms of three acidic compounds in the absence (A) and
in the presence of nanoparticles II (B). Experimental conditions: capillary, total
length 36 cm, effective length 27 cm; buffer, 30 mmol/L phosphate buffer (pH
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Considering the fact that nanoparticles II offer the optimum sep-
arations for acidic compounds in relation to resolution and column
performance (Fig. 7), nanoparticles II were selected to investigate
the effect of the nanoparticles concentration on the separation of
organic acids. The results are shown in Fig. 8. It should be noted that
.0) with (or without) 0.5 mg/mL nanoparticles II added; detection wavelength,
14 nm; polarity voltage, 12 kV (A) or −12 kV (B); injection, 8 kV × 3 s. Peak iden-
ities: (1) p-toluenesulfonic acid (pKa 1.7); (2) p-nitrobenzoic acid (pKa 3.44); (3)
-aminobenzosulfonic acid (pKa 3.24).

roups on the surface, it is not surprising that they will be positively
harged and adsorbed on the inner surface of capillary to form
dynamic coating under acidic buffer solutions, and as a result,

eversed anodic EOF was obtained accordingly.
Taking nanoparticles II as an example, the stability of separa-

ion system was investigated by using thiourea as the analyte. For
0 times of repeating injections in the same day, relative standard
eviation (RSD) for the migration time of thiourea was 1.13%, which

ndicates a relatively good stability of the separation system. Fur-
her experiments showed that the RSDs (n = 5) for the migration of
he thiourea in the batch-to-batch and day-to-day were 2.64% and
.17%, respectively.

.4. Separation of acidic compounds

The separation of acidic compounds in bare capillary is often
nsatisfactory because acidic compounds migrate in the reverse
irection with the EOF, resulting in longer separation time [37]. For
ast and efficient separation of acidic compounds, it is preferred that
he analytes migrate in the same direction with the EOF (co-EOF).
ince the direction of EOF is from cathode to anode under lower
H conditions in present separation system (Fig. 5), it is expected
hat fast separation can be obtained for acidic compounds. Fig. 6
hows the electropherograms for the separation of three acidic
ompounds under different conditions. For clarity, thiourea was
dded in the mixed sample to act as the neutral marker. When
anoparticles were not added in buffer solutions, acidic compounds
ere eluted very slowly and no peaks of acidic compounds were

bserved in 1 h due to the EOF was very weak (Fig. 6A). When
anoparticles were added in the same buffer solutions, the situation
as quite different, i.e., all of the acidic compounds were base-

ine separated in less than 5 min with high separation efficiency
Fig. 6B).

When charged compounds are separated in CE system, the
echanism for the separation may be complicated. Since the elu-
ion order of acidic compounds was not in the order of their pKa
alues, it can be deduced that hydrophobicity and weak anion
xchange may also participate in the separation process as well
s electrophoretic mobility considering that nanoparticles used
Fig. 7. The electropherograms for the separation of acidic compounds in the pres-
ence of nanoparticles I (A), nanoparticles II (B) and nanoparticles III (C). The other
conditions are the same as mentioned in Fig. 6.

here were bifunctionalized. The electropherograms for the sepa-
ration of acidic compounds in the presence of three different kinds
of nanoparticles were shown in Fig. 7. It was found that with
the increasing of the amount of amino groups on the surface of
nanoparticles from I to III, the migration times of acidic compounds
were shortened accordingly. The above experimental results sug-
gest a new method to tune and control EOF and the migration
time of analyzed compounds, that is, by utilizing functionalized
nanoparticles with different ratios of functional groups.

The reproducibility of migration times and peak areas of acidic
compounds in a single capillary was determined from 5 consecutive
runs. The measured RSDs of migration times and peak areas were
1.46% and 2.67%, respectively, which indicated that the present
method had good reproducibility and could be used in qualitative
and quantitative analysis.
Fig. 8. The effect of nanoparticles II concentration on the separation of three organic
acids. Experimental conditions: buffer, 30 mmol/L phosphate buffer (pH 3.0) with
nanoparticles II added (A) 0.25 mg/mL; (B) 0.5 mg/mL; (C) 1.0 mg/mL; (D) 2.0 mg/mL.
The other conditions are the same as mentioned in Fig. 6.
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Fig. 9. The electropherograms for the separation of neutral compounds in the pres-
ence of nanoparticles I (A), nanoparticles II (B) and nanoparticles III (C). Experimental
c
c
(

t
i
a
m
w
w
b
o
0

3

b
p
o
i
F
i
t
t
o
m
t
a
a
n
e
c
t
w
m
a
t
b
f
c

i
n
e

Fig. 10. The electropherograms for the separation of basic compounds on bare cap-
illary (A), in the presence of pure silica nanoparticles (B) and nanoparticles II (C).
Experimental conditions: buffer, 30 mmol/L phosphate buffer (pH 6.0) with (or with-
out) 0.5 mg/mL nanoparticles added; polarity voltage, 12 kV; injection, 8 kV × 3 s;
onditions: buffer, 30 mmol/L phosphate buffer (pH 3.0) with 0.5 mg/mL nanoparti-
les added; and other conditions are the same as mentioned in Fig. 6. Peak identities:
1) phenol; (2) nitrobenzene.

he EOF was from cathode to anode in all cases. With the increas-
ng of the nanoparticles concentration from 0.25 to 2.0 mg/mL, the
nalysis time was usually shortened and the separation perfor-
ance was improved. However, a disadvantageous phenomenon
as also observed at the same time, i.e., the detection sensitivity
as lowered with the increasing of the amount of nanoparticles in

uffer solutions, probably due to aggregation and light scattering
f nanoparticles. As a compromise, nanoparticles concentration of
.5 mg/mL was ultimately selected for further experiments.

.5. Separation of neutral compounds

As discussed in Section 3.3, bifunctionalized nanoparticles can
e regarded as a dynamic coating when they were added in
roper buffer solutions. Considering the fact that hydrophobic
ctyl groups exist on the surface of nanoparticles, hydrophobic
nteractions may take place between analytes and nanoparticles.
ig. 9 shows the separation results of several neutral compounds
n buffer solutions containing different bifunctionalized nanopar-
icles. The methanol used as the EOF marker migrates faster
han the other neutral solutes. The elution order (migration time)
f methanol < phenol < nitrobenzene suggests the hydrophobicity
echanism (Fig. 9A, B). Nanoparticles III were also tested for

hese compounds. However, no separation was achieved prob-
bly due to the weakest hydrophobicity of nanoparticles III
mong the three kinds of nanoparticles prepared (Fig. 9C). Using
anoparticles II as an example, we also investigated their effective
lectrophoretic mobility (�ef) of free nanoparticles (i.e., nanoparti-
les not adsorbed on the capillary surface) in the separation system
hrough injecting a segment of solution containing nanoparticles II
ith higher concentration (e.g., 3.0 mg/mL). It was found experi-
entally that nanoparticles still migrated from cathode to anode

lthough the migration rate was very slow. According to equa-
ion �ap = �ef + �EOF, we calculated the �ef of nanoparticles II to
e 0.24 × 10−8 m2 s−1 V−1, which is in accordance with their sur-
ace charges, i.e., positively charged under acidic running buffer

onditions.

To the best of our knowledge, there are only few papers report-
ng on the separation of neutral compounds using silica-based
anoparticles [8,29]. Using APTES sol as buffer additive, Neiman
t al. [8] separated nitrobenzene and its structural analogs under
and other conditions are the same as mentioned in Fig. 6. Peak identities: (1) o-
toluidine; (2) propranolol; (3) pyridine.

low pH buffer solution. Although the separation conditions are not
totally same, it is obvious that our results are better in both analy-
sis time and separation performance by comparing the obtained
electropherograms with those in the previously reported works
(Fig. 9B).

3.6. Separation of basic compounds

In most cases, it is favorable to get the peaks off the capillary
as quickly as possible to obtain high column performance, espe-
cially in free-zone electrophoresis mode. However, when strongly
basic compounds are investigated, co-EOF electrophoresis condi-
tions often lead to limited separation time window, resulting in
the overlapping of electrophoretic peaks (Fig. 10A). Furthermore,
the interaction between the negatively charged inner surface of
capillary and the positively charged analytes may result in severe
peak tailing. To circumvent this problem, coated capillary columns
and amphiphilic CEC columns were fabricated and widely used in
the past decades [38,39]. However, the fabrications were usually
involved in multi-step and time-consuming processes, resulting in
poor column to column reproducibility.

The separations of basic compounds of o-toluidine, propranolol
and pyridine under NPCE mode are shown in Fig. 10 under different
separation conditions. Since three nanoparticles are all amphiphilic
and positively charged in the running buffer, and nanoparticles II
offer the optimum separations for acidic and neutral compounds
in relation to resolution and column performance (Figs. 7 and 9),
nanoparticles II were selected as a representative for the separation
of basic compounds in comparison with pure silica nanoparticles
(Fig. 10). Although the separation selectivity was largely improved
when pure silica nanoparticles were added in buffer solution, the
result was not satisfactory for o-toluidine and propranolol were
not baseline-resolved (Fig. 10B). In comparison with pure silica
nanoparticles (Fig. 10B), symmetrical peaks and satisfactory sep-
aration for tested compounds were obtained with bifunctionalized

nanoparticles II (Fig. 10C) for the positively charged amino groups
minimized the adsorption of the positively charged analytes to the
inner surface of capillary.
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ig. 11. The separation of acidic compounds in the first (A) and second (B) hour
fter the replacement of running buffer. Experimental conditions: buffer, 30 mmol/L
hosphate buffer (pH 3.0) in the absence of nanoparticles II. The other conditions
re the same as mentioned in Fig. 6.

.7. Functionalities of amphiphilic nanoparticles

When different types of nanoparticles were added into the run-
ing buffer, they could be kinetically adsorbed onto the inner wall of
apillary to change (or reverse) EOF. As separation media, nanopar-
icles could also participate in the separation process acting as PSPs
o improve the separation efficiency and selectivity [1,27,36].

As shown above, the newly prepared bifunctionalized nanopar-
icles can be successfully used for the separation of charged
nalytes, i.e., acidic and basic compounds through reversing (or
estraining) EOF. To testify the formation of a dynamic coating
nder acidic buffer solutions, we carried out an interesting experi-
ent. It should be noted that prior to the experiment, the capillary
as unlimitedly flushed with running buffer containing 0.5 mg/mL
anoparticles II for more than 0.5 h using syringe. It was found
xperimentally that anodic EOF would last for several hours after
eplacing the nanoparticles containing running buffer with the run-
ing buffer without nanoparticles, which testifies the existence of
he adsorbed coating. The separations of acidic compounds in the
rst (A) and second (B) hour after the replacement of running buffer
re shown in Fig. 11. From these experimental results, it can be con-
lude that the adsorbed coating is reversible and its existence is very
mportant for the highly effective separation of acidic compounds.

Similar experiments were also carried out for neutral com-
ounds. However, tested neutral compounds eluted at the same
ime and no separation was obtained even in the first hour after
he replacement of running buffer. The results imply the impor-
ance of free nanoparticles in running buffer, which act as PSPs to
articipate in the separation process of neutral compounds.

. Conclusion

In this research, amphiphilic silica nanoparticles surface-
onded with amino and octyl groups, were successfully synthe-

ized and used under NPCE mode for the separation of charged
nd neutral compounds. The experimental results showed that
here were great improvements in the separation selectivity and
fficiency in comparison with the traditional CE method. Fast
nd efficient separation of aromatic acids was achieved by using

[
[

[
[
[
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an acidic buffer under co-EOF conditions. Basic compounds were
baseline-resolved with symmetrical peak shapes under suppressed
EOF conditions for the positively charged amino groups restrained
the adsorption of the positively charged analytes to the inner
surface of capillary to a certain degree. Due to the existence
of hydrophobic octyl groups, selected neutral compounds were
also separated based on reversed-phase mechanism. Further work
will be focused on the investigation of the interaction mech-
anism of bifunctionalized nanoparticles in different separation
systems. The separation of samples of biological interest, such as
plant hormones, proteins and DNA using silica-based nanoparti-
cles surface-modified with various functional groups is also under
way.
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