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a b s t r a c t

Modern chromatography is increasingly focused on miniaturization and integration. Compared to conven-

tional liquid chromatography, microfluidic chip liquid chromatography (microchip-LC) has the potential

due to its zero-dead volume connection and ease of integration. Nano-sized packings have the poten-

tial to significantly enhance separation performance in microchip-LC. However, their application has been

hindered by packing difficulties. This study presents a method for packing nano-sized silica particles into

a microchannel as the stationary phase. The microchip-LC packed column was prepared by combining

the weir and the porous silica single-particle as frit to retain the packing particles. A surface tension-

based single-particle picking technique was established to insert porous single-particle frit into glass

microchannels. Additionally, we developed a slurry packing method that utilizes air pressure to inject

nano-sized packing into the microchannel. Pressure-driven chromatographic separation was performed

using this nano-packed column integrated into a glass microchip. The mixture of four PAHs was success-

fully separated within just 8 min using a 5 mm separation channel length, achieving high theoretical

plates (106 plates/m). Overall, these findings demonstrate the potential of utilizing nano-sized packings

for enhancing chromatographic performance in microchip systems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the advantages of requiring ultra-small sample volumes

and high separation efficiency, there is a growing interest in trans-

ferring conventional liquid chromatography (LC) onto miniaturized

LC systems [1,2]. Capillary and microchip formats are the two pri-

mary formats for miniaturized LC systems [3–6]. Microchip liq-

uid chromatography (microchip-LC) is gaining popularity due to

its zero-dead volume connection and ease of integration [7,8]. The

chromatographic column is the core component of a microchip-

LC, which has a significant impact on separation performance. Al-

though open tubular columns and monolithic columns were ini-

tially developed for use in microchip-LC systems due to their

ease of preparation, their low phase ratio and susceptibility to

swelling have limited their widespread use in the microchip for-

mat [9,10]. Packed columns remain the preferred stationary phase

for microchip-LC due to their high sample capacity and improved

separation efficiency [11,12]. The use of nano-sized particle-packed

columns on microchips is anticipated to increase column efficiency
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and reduce analysis time due to the improved separation perfor-

mance resulting from a decrease in term A (eddy diffusion) of the

van Deemter equation [13,14]. However, there are two major chal-

lenges in preparing nano-sized particle-packed columns on a mi-

crochip: the difficulty of retaining particles in the microchannels,

and the packing technique required to achieve a uniform and dense

packing of the nano-sized particles in the microchannels.

Several studies have reported methods for blocking particles

in microchip channels using weirs [15,16], porous polymeric frits

[17–19], and porous single-particle frits [20,21]. The fabrication

of “weir” structures on microchips is challenging because it re-

quires nanoscale manufacturing techniques to create barriers that

are smaller than the particle size, in order to block the movement

of nanoparticles. While monolithic column frits may have a lower

tolerance for organic solvents, porous single-particle silica frits ex-

hibit excellent permeability and rigidity as an alternative option.

There are relatively few reports on the preparation of nano-

sized particles packed columns on microfluidic chips. Wirth et al.

[22] were the first to prepare a nano-sized particles packed column

using self-assembled colloidal silica beads. Reverse phase chro-

matographic separation of three dyes was successfully achieved

using this method. Other researchers have also reported the
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construction of packed columns on microfluidic chips using nano-

sized colloidal silica beads for size separation of biomolecules such

as proteins [23,24], amino acids [25], and DNA [26]. These stud-

ies have a common feature of utilizing electric drives. However,

electric drives have significant shortcomings when applied to chro-

matographic separations, including the inability to generate sta-

ble mobile phase gradients [27] and being easily affected by pH,

ionic strength, and organic phase ratio in the mobile phase [28,29].

To our knowledge, the use of pressure-driven nano-sized particle-

packed columns for microchip liquid chromatography is rarely re-

ported. Pressure-driven chromatographic separation has higher re-

quirements on the microchip platform, which needs to be made of

glass or quartz with good pressure resistance due to the high back-

pressure generated by packing nano-sized particles [30]. Filling and

immobilizing nano-sized packing on glass microchips is currently

an issue that needs to be addressed [31,32].

In this work, we constructed a packed column on a glass mi-

crochip by filling it with nano-sized C18-functionalized silica par-

ticles. A surface tension-based single-particle picking technique

was established to insert porous single-particle frit into glass mi-

crochannels. Additionally, we developed a slurry filling method

that utilizes air pressure to inject nano-sized packings into the mi-

crochannel. Pressure-driven microchip-LC based on a packed col-

umn filled with nano-sized silica particles was developed and ap-

plied for the separation of four polycyclic aromatic hydrocarbons

(PAHs). The on-chip packed column with 550 nm size particles

showed excellent performance with a plate number of 106/m.

The glass microchip was prepared using wet etching and ther-

mal bonding techniques, as described in our previous research [18].

The glass microchip was designed to include a sample injection

channel, mobile phase capillary connecting channel and separation

channel (Fig. 1). The sample injection channel was cross-sectional

with a diameter of 100 μm. The separation channel was 5 mm in

length with a diameter of 100 μm. The sample and mobile phase

were introduced to the microchip via a capillary connecting chan-

nel with a diameter of 380 μm. The weir and frit were combined to

retain packing particles. The single silica particle frit has good me-

chanical strength and porous structure, which can not only with-

stand the high pressure during the separation process, but also fa-

cilitates good penetration of the mobile phase and sample. How-

ever, the frit particle size (∼90 μm) is slightly smaller than the

inner diameter of the separation channel, which will cause the

movement of the column bed under high pressure. The weir can

serve to block the inlet frit. The combination of the weir and the

porous silica single-particle can firmly retain the slurry of nano-

sized packings in the microfluidic channel. A restricted weir (100

μm in length, 50 μm in height) was located 500 μm away from the

injection channel and used to fix the single-particle frit.

The microchip-LC packed column was prepared by combining

the weir and the porous silica single-particle as frit to retain the

filling particles. Placing a single particle into a rigid glass mi-

crochannel is a challenging task that needs to be addressed. The

single-particle frit was fabricated using the single-particle picking

Fig. 1. Schematic diagram of a microchip.

Fig. 2. Microscope images of a single-particle frit for the microchip-packed column.

(A) A single particle at the interface between the separation channel and the end

capillary channel. (B) A single particle as an inlet frit. (C) A single particle as an

outlet frit.

technique. Due to the effect of surface tension, a single silica parti-

cle is encapsulated within a water droplet. The droplet containing

the single particle is then drawn into a capillary via capillary ac-

tion. The precise positioning of single particles can be achieved us-

ing a microscope and a three-dimensional adjustment stage, which

facilitates the picking of a single particle using a capillary tube.

The picking device is shown in Fig. S1 (Supporting information).

A single particle measuring 90 μm was picked up and transferred

into a capillary. It was then drawn into the interface between the

separation channel and the end capillary channel (Fig. 2A), and

pushed towards the entrance of the separation channel, where it

functioned as the inlet frit (Fig. 2B). The outlet frit is introduced

into the chip channel using the same method and placed at the

end of the packed column (Fig. 2C).

The microcolumn was packed with C18-functionalized silica

particles of nano size. As shown in Figs. 3A and B, the TEM im-

age revealed that they possess a spherical structure, with an aver-

age particle size of 550 nm. The separation channel was filled by

550 nm of C18-functionalized silica particles by the slurry-packing

method. The slurry of 10 mg/mL 550 nm C18-functionalized sil-

ica particles was packed into the microchannel by applying nitro-

gen pressure on the slurry liquid surface (Fig. S2 in Supporting

information). Then, the column bed was compacted by the high

pressure of 3000 psi from the chromatographic pump. The uni-

formity and compactness of the packed column significantly affect

Fig. 3. Characterization of separation column packed by nano-sized silica nanopar-

ticles. (A) TEM image of C18-functionalized nano-sized silica particle. (B) The en-

larged TEM image of silica nanoparticle. (C) SEM image of a cross-section view of

separation column on microchip. (D) The enlarged SEM image of the edge of the

section of the packed column.
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Fig. 4. The microchip liquid chromatographic separation of four PAHs. (A) The op-

timization of chromatographic separation of different organic phase concentrations.

Conditions: the mixed standard of 3 μg/mL NAP, 2 μg/mL FLU, 0.5 μg/mL ANT and

4 μg/mL PYR. (B) The chromatogram of a mixture of four PAHs standard under op-

timum condition. Conditions: the mixed standard of 10 μg/mL NAP, 2 μg/mL FLU,

0.5 μg/mL ANT and 4 μg/mL PYR; Mobile phase: 50% acetonitrile (v/v); Flow rate:

1000 nL/min; UV detection wavelength: 254 nm.

the performance of chromatographic separation. For example, the

high uniformity of the packed column results in a reduction of the

A-term (eddy diffusion) in the Van Deemter equation. Hence, the

effect of nitrogen pressure ranging from 50 psi to 200 psi on the

packing of microcolumn is investigated (Fig. S3 in Supporting infor-

mation). The results indicate that the nitrogen pressure can have

an impact on the uniformity of the packed column bed. At very

high pressures, such as 200 psi, the microcolumn bed can crack

due to excessive nitrogen pressure. On the other hand, low pres-

sure of 50 psi leads to uneven compaction of the column bed and

requires more time for packing. The pressure of 100 psi has been

shown to provide a good packing density and uniformity. Addition-

ally, SEM images confirm that the packed column bed is well con-

nected to the inner wall of the microchip channel (Figs. 3C and D).

The chromatographic performance of a microcolumn packed

with nano-sized silica particles was evaluated by separating a mix-

ture of four polycyclic aromatic hydrocarbons (PAHs): Naphtha-

lene (NAP), Fluorene (FLU), Anthracene (ANT) and Pyrene (PYR). In

reversed-phase chromatography, the organic phase content in the

mobile phase is critical for effective separation. Therefore, the im-

pact of the organic phase content on the separation of PAHs us-

ing the nano-sized silica particles packed microcolumn was inves-

tigated (Fig. 4A). When the acetonitrile content is at 60%, severe

peak overlap occurs, resulting in only three peaks being observed.

However, baseline separation of the four PAHs has been achieved

with a 50% acetonitrile content in the mobile phase. When the ace-

tonitrile content is further reduced to 40%, although all four PAHs

can be separated completely, there is an increase in peak broaden-

ing due to the low organic phase content. Therefore, an acetonitrile

content of 50% was selected as the mobile phase for the eluent.

The microchip-LC system was assembled with a nanoflow pump

operating at nL/min, a glass microchip, a freeze-thaw valve, and

a UV detector. The separation of a mixture of four PAHs was

achieved using a packed column filled with C18-functionalized sil-

ica particles of 550 nm on a glass microchip. The sample injec-

tion was controlled by the freeze-thaw valve through its "off/on"

state. Using the optimized chromatographic separation conditions,

all four PAHs were completely separated within 8 min using the

developed microchip-LC system (Fig. 4B). The separation perfor-

mance is summarized in Table S1 (Supporting information). The

theoretical plate number of four PAHs were NNAP=111,857 plates/m,

NFLU=145,408 plates/m, NANT=160,582 plates/m and NPYR=102,682

plates/m. The resolutions between adjacent components of four

PAHs were RNAP-FLU =1.56, RFLU-ANT =1.51, and RANT-PYR =1.60.

The repeatability and stability of the microcolumn packed with

nano-sized silica particles were evaluated by separating four PAHs

standards. The results, presented in Table 1, show that repeatability

Table 1

Relative standard deviation (RSD) values for the retention time and peak asymmetry

factor of the four PAHs.

PAHs Retention time Peak asymmetry factor

RSD (Intraday) RSD (Interday) RSD (Intraday) RSD (Interday)

NAP 1.01 1.34 1.87 1.62

FLU 1.70 1.20 1.56 2.01

ANT 1.69 1.13 2.01 1.36

PYR 2.23 1.04 1.78 1.45

was assessed by evaluating intraday and interday precision of re-

tention time. The intraday repeatability ranged from 1.01% to 2.23%

(RSD, n=10) and the interday repeatability was between 1.04% and

1.34% (RSD, over 3 days). Furthermore, the stability of the micro-

column packed with nano-sized silica particles was investigated,

and the RSD of the peak asymmetry factor ranged from 1.45% to

2.01%. These findings indicate that the microcolumn packed with

nano-sized silica particles has stable performance.

To evaluate the validity of the microchip-LC method based on

the microcolumn packed with nano-sized silica particles, various

analytical parameters such as linearity, the limit of detection (LOD),

and the limit of quantification (LOQ) were investigated and pre-

sented in Table S2 (Supporting information). Linear calibration

curves were generated by plotting the peak area versus the con-

centrations of each PAH standard (Fig. S4 in Supporting informa-

tion). The calibration curves were linear within the range of 10.0–

40.0 μg/mL for naphthalene, 2.0–8.0 μg/mL for fluorene, 0.5–2.0

μg/mL for anthracene, and 4.0–16.0 μg/mL for pyrene. LOD and

LOQ were determined as three times and ten times the signal-

to-noise ratio, respectively. The repeatability of the method was

evaluated by analyzing six replicates of the standards over three

days (n=6×3). The RSDs of intraday analysis ranged from 3.55%

to 4.48%, while the RSDs of interday analysis ranged from 3.60% to

4.86%.

The applicability of the proposed method was verified by ap-

plying the microchip-LC to analyze PAHs in practical samples of

river water. The chromatogram obtained from the direct analysis

of river water showed no PAHs present (Fig. 5). Therefore, spiking

experiments were conducted by adding 10 μg/mL of NAP, 2 μg/mL

of FLU, 0.5 μg/mL of ANT, and 4 μg/mL of PYR to the river water.

The spiked river water was successfully analyzed with a recovery

of 98.6%.

In conclusion, this study demonstrates the successful packing

of nano-sized silica particles into a miniaturized glass microchip

Fig. 5. The chromatogram of four PAHs of river water (a) and river water spiked

with standard (b) using microchip-LC system. Sample: river water and river water

spiked with standard samples of 10 μg/mL NAP, 2 μg/mL FLU, 0.5 μg/mL ANT and

4 μg/mL PYR; Mobile phase: 50% acetonitrile (v/v); Flow rate: 1000 nL/min; UV

detection wavelength: 254 nm.
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channel using a combination of weir-based blockage and single-

particle frit. The results show that this approach leads to excel-

lent separation performance in the resulting packed column. With

a short separation column of only 5 mm, rapid separation of PAHs

was achieved within just 8 min, with more than 106 plates num-

ber. These findings highlight the potential of utilizing nano-sized

packings for microchip chromatographic separation. The advan-

tages of integration, fast analysis and low sample consumption of

microchip-LC will have broad application prospects in the detec-

tion of precious and ultra-small volume biological samples and be

more deeply applied in the field of portable detection.
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