
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 5
:3

7:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Monolithic 3D na
aDepartment of Chemistry, Beijing Universit

E-mail: zhaoyaoyao@bjut.edu.cn
bMinzu University of China, Beijing, 100081

† Electronic supplementary informa
https://doi.org/10.1039/d4sc01700e

Cite this: Chem. Sci., 2024, 15, 7781

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 12th March 2024
Accepted 23rd April 2024

DOI: 10.1039/d4sc01700e

rsc.li/chemical-science

© 2024 The Author(s). Published by
noelectrospray emitters based on
a continuous fluid-assisted etching strategy for
glass droplet microfluidic chip-mass spectrometry†
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Guangsheng Guoab and Yaoyao Zhao *a

Glass microfluidic chips are suitable for coupling with mass spectrometry (MS) due to their flexible design,

optical transparency and resistance to organic reagents. However, due to the high hardness and brittleness

of glass, there is a lack of simple and feasible technology to manufacture a monolithic nanospray ionization

(nESI) emitter on a glass microchip, which hinders its coupling with mass spectrometry. Here, a continuous

fluid-assisted etching strategy is proposed to fabricate monolithic three-dimensional (3D) nESI emitters

integrated into glass microchips. A continuous fluid of methanol is adopted to protect the inner wall of

the channels and the bonding interface of the glass microfluidic chip from being wet-etched, forming

sharp 3D nESI emitters. The fabricated 3D nESI emitter can form a stable electrospray plume, resulting in

consistent nESI detection of acetylcholine with an RSD of 4.5% within 10 min. The fabricated 3D emitter

is integrated on a glass microfluidic chip designed with a T-junction droplet generator, which can realize

efficient analysis of acetylcholine in picoliter-volume droplets by nESI-MS. Stability testing of over 20

000 droplets detected by the established system resulted in an RSD of 9.1% over approximately 180 min.

The detection of ten neurochemicals in rat cerebrospinal fluid droplets is achieved. The established glass

droplet microfluidic chip-MS system exhibits potential for broad applications such as in vivo

neurochemical monitoring and single-cell analysis in the future.
Introduction

Microuidic devices have shown pronounced advantages in the
automated high-throughput analysis of small-volume samples
and have been widely utilized in bioanalytical research and
applications.1–3 The exible design of the microchip structure
allows the integration of various detection approaches on the
microuidic platform.4–7 There has been great progress in the
coupling of microuidic devices to mass spectrometry (MS),
which has high sensitivity and rapid response, is label-free, and
can provide rich structural information.8,9 Among them, nano-
electrospray ionization mass spectrometry (nESI-MS) has
gained continuous attention in recent years due to its low
sample consumption, good matrix tolerance, and no need for
a sheath gas.10 Moreover, the ideal ow rates of nESI-MS can
match that of microuidic devices.11 The uids owing out from
the microchannel outlet of the microuidic device could be
directly ionized, and continuously detected by MS in real-time.
The chip-nESI-MS technique has been successfully used to
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couple various microuidic devices to MS, such as chip
electrophoresis,12–14 chip chromatography,15–18 and droplet
microuidics.19,20

Droplet microuidics is a technique for femtoliter to
microliter samples to be encapsulated by immiscible carrier
phases.3,21,22 The coupling of droplet microuidics and nESI-MS
has emerged as a powerful tool used for high-throughput
analysis in multidisciplinary research elds.11 Various mate-
rials, including polydimethylsiloxane (PDMS), silicon and glass,
have been used to fabricate droplet microuidic chips.23–25

PDMS is the most widely used because of its easy fabrication,
light transmittance and good biocompatibility, but its inherent
drawbacks, such as low mechanical strength and intolerance to
organic solvents,26 may affect the stability of droplet generation
and the introduction of redundant impurity peaks during MS
detection, respectively. Compared to silicon substrates, glass-
based droplet microuidic chips are more suitable for droplet
characterization prior to MS detection due to the optical
transparency.

The crucial point of the online coupling of microuidic
devices with nESI-MS is the interface, which is related to the
ionization efficiency during MS detection. According to the
principle of nESI, a sharp emitter would reduce the diffusion of
the sample at the channel outlet and facilitate the generation of
small Taylor cones that are essential for efficient ionization.27,28
Chem. Sci., 2024, 15, 7781–7788 | 7781
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Fig. 1 (A) Schematic diagram of a continuous fluid-assisted etching
system for fabricating the microfluidic glass chip with a monolithically
integrated 3D nESI emitter. (B) Droplet microfluidic glass chip based on
a T-junction with the nESI-MS detection system.
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Glass capillary emitters or stainless steel emitters were usually
integrated into the uid outlet channel of the PDMS device.29,30

Due to the deformable characteristics of PDMS, the dead
volume at the connection between the external emitter and the
microuidic chip channel can be avoided. Kempa et al. incor-
porated stainless steel emitters into the uid outlet channel of
PDMS devices and secured them using silicone sealant.29 It was
discovered that the Orbitrap platform could only detect droplet
signals within 6 Hz, while the TWIMS Q-TOF could obtain mass
spectrometry information from droplets at 33 Hz. Zhang et al.
combined a silicon-based droplet microuidic chip with MS
detection to prepare an integrated emitter through ICP-RIE
etching and DRIE etching.11 However, this standard emitter
fabrication method is only suitable for silicon-based materials
and cannot be applied to other materials. Monolithic integra-
tion of an nESI emitter on a glass microuidic chip has obvious
advantages over external emitters with negligible dead volume
and ease of tricky assembly procedures.31–33

Ramsey's group fabricated a two-dimensional (2D) nESI
emitter by sawing a sharp corner at the end of amicrochannel of
an extremely thin (300 mm) glass chip.34–36 However, the fabri-
cation of such 2D emitters relies on rather harsh mechanical
machining and the extremely thin glass wafers that are required
to generate electrospray are difficult to handle.31 Building 3D
emitters on borosilicate glass chips of standard thickness is an
ideal alternative approach, which facilitates the fabrication of
sharper emitters to form smaller Taylor cones. Fang's group
manually ground the tip of a glass chip into a pyramid shape as
an nESI emitter.32 Sainiemi et al. fabricated a 3D sharp nESI
emitter through anisotropic isotropic etching of two glass
wafers,31 eliminating manual processing steps. Belder's group
described methods for monolithically integrated nESI emitters
in glass chips, including drawing and then etching to fabricate
nESI emitters,33,37 and rough sawing, grinding, and hydro-
phobic treatments to prepare nESI emitters,38 which have been
successfully applied to MS coupling for on-chip
electrophoresis39–41 and on-chip reaction monitoring.42 In the
current strategies for preparing emitters related to etching
technology, the strategy of etching before bonding involves
etching of two glass wafers, which increases the difficulty of
glass chip bonding; the strategy of etching aer bonding
requires computer numerical control (CNC) milling, which is
expensive and not easily accessible; the strategy of sawing,
grinding, and hydrophobic treatments, which is difficult to
guarantee repeatability. Therefore, there is an urgent need to
develop simple and versatile etching methods for mono-
lithically integrated nESI emitters, which can be used to facili-
tate the development of coupling strategies for glass
microuidic chips and MS. However, fabrication of mono-
lithically integrated nESI emitters on glass microuidic chips
through an etching technique still remains a challenge due to
the interfacial voids that exist at the bonding interface of glass
chips.43

In this study, we proposed a simple and effective continuous
uid-assisted etching strategy to fabricate monolithically inte-
grated 3D nESI emitters (Fig. 1A). Unlike previous manual
grinding techniques, this method uses a standard etching
7782 | Chem. Sci., 2024, 15, 7781–7788
process, which allows the mass production of integrated glass
microchips with sharp 3D nESI emitters. A glass micro-uidic
system was designed to integrate a T-junction droplet gener-
ator and an etched 3D nESI emitter to efficiently analyze
neurochemicals in picoliter level volume of aqueous droplets in
oil by nESI-MS (Fig. 1B). Due to the optical transparency of the
glass, the droplet could be optically tracked by the microscope
equipped in front of the mass spectrometer. In addition, the
good mechanical strength of the glass ensures the stability of
the generated droplets and the reusability of the microuidic
chip. The developed system was successfully applied to the
detection of neurochemicals in rat cerebrospinal uid droplets.

Results and discussion
Fabrication of nESI emitters monolithically integrated on
glass microuidic chips

Due to the high hardness and brittleness characteristics of
glass, producing a sharp emitter on a glass chip is still a chal-
lenging issue. In this work, we proposed a simple, controllable,
and reliable continuous uid-assisted etching strategy to
fabricate monolithically integrated 3D nESI emitters aer the
glass chip bonding. Firstly, prior to wet etching, the exit of the
chip microchannel was cut into a sharp angle (30°) to form a 2D
emitter (Fig. S1†). A wet etching method with HF was used to
fabricate nESI emitters. In order to protect the interior of the
glass microuidic channel from etching, a continuous uid of
methanol was adopted to prevent the enlargement of the
channel's inner diameter. In addition, a magnetic stirrer was
used to maintain the homogeneity of the etching solution,
which was the key to preparing integrated nESI emitters with
high reproducibility. The schematic diagram of the continuous
uid-assisted wet etching system is shown in Fig. 1A and the
photograph is shown in Fig. S2.†

To demonstrate the role of the continuous uid of methanol
during the etching process on 3D nESI emitters, the etching
performance of the emitters was compared with or without the
continuous uid of methanol (Fig. 2). Compared with the
emitter before etching (Fig. 2A), the thickness of the emitter can
be effectively reduced by the wet etching method for 15 min
(Fig. 2B and C). As shown in Fig. 2C-2, the continuous uid in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photographs of 3D nESI emitters monolithically integrated on
glass microfluidic chips (A) before etching and after etching for 15 min
(B) without and (C) with continuous fluid. A-1, B-1 and C-1 are top
views of nESI emitters; A-2, B-2 and C-2 are side views of nESI
emitters; A-3, B-3 and C-3 are scanning electron microscopy (SEM)
images of nESI emitter tips.
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the channel could protect the interior of the glass microuidic
channel from etching. Without continuous uid, capillary
action caused the etching solution to enter the channels of the
glass chip, resulting in the etching step of the channel walls and
the enlargement of the inner diameter at the tip (Fig. 2B-2). The
photomicrograph of the nESI emitters etched for 5 min
(Fig. S3†) further conrmed the role of continuous uid,
avoiding the etching of channels due to capillary action. In
addition, without continuous uid protection, the etching rate
of the bonding interface of glass chips was faster than that of
other glass integral parts, where the two glass layers had been
partially separated at the tip (Fig. 2B-2 and B-3), which was due
to the existence of interfacial voids at the bonding interface.
However, when using the continuous uid, there was no
obvious etching at the bonding interface (Fig. 2C-2 and C-3).
This result demonstrates that the continuous uid not only
protects the interior of the channel of glass microuidic chips,
but also protects the bonding interface from etching.

To explore the protective mechanism of the continuous
uid-assisted etching strategy, numerical uid dynamic simu-
lation was carried out on the etching process. The simulation
results (Fig. S4†) indicated that the continuous uid prevented
the etching solution from entering the interior of the glass chip
channel. Additionally, due to the diffusive effect of owing
methanol, methanol greatly diluted the etching solution
content near the tip, reducing the etching of the glass micro-
uidic chip tip, including the bonding interface. In order to
verify the protective effect of the continuous uid-assisted
etching strategy, the same method was used to etch a glass
microuidic chip with a at exit that was not cut to a sharp
angle. As shown in Fig. S5,† a small tip was formed at the exit
compared with that before etching, proving that the continuous
uid-assisted etching method had a protective effect on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
vicinity of the exit. During the etching process, the good
miscibility of methanol and water helped to maintain a uniform
HF concentration near the tip under magnetic stirring, thereby
ensuring a consistent etching rate. Other solvents with good
miscibility with water, such as ethanol, acetonitrile, etc., may
also be used as continuous uid to prevent etching. Due to the
different hydrophilicity of the solvents, the ow rate of the
continuous uid and the magnetic stirring speed need to be
optimized accordingly to keep a uniform HF concentration near
the tip.
Optimization of the etching conditions for nESI emitters

Magnetic stirring helps maintain uniform HF concentration
near the tip, ensuring a consistent etching rate. A too-slow
stirring speed would affect the uniformity of the etching solu-
tion and fail to quickly remove the reaction products at the
etching site, resulting in poor uniformity of the emitter aer
etching. If the stirring speed was too fast, a large vortex would
be formed, causing the chip to swing, resulting in poor
repeatability of the etched emitters. Methanol with black
watercolor paint was used as a continuous ow and water
instead of an etching solution to explore the effect of the stirring
speed (Fig. S6†). Therefore, 200 rpm was selected to ensure both
the uniformity of the etchant and the stability of the tip.

Since the HF concentration of the etching solution is
a crucial factor affecting the etching process, the inuence of
different HF volume fractions (Vf) on the shape of nESI emitters
is investigated. Fig. S7† shows the photomicrographs of etched
nESI emitters exposed to etching solutions with 20%, 30%, and
40% Vf of HF for 15 min, and the ow rate of continuous uid
was 10 mL min−1. Fig. S7I† shows the relationship between the
thickness of etched glass chips and etching time under different
Vf of HF, which demonstrated that the thickness of etched glass
chips decreased with an increase in the Vf of HF used in the
etching solution. When the Vf of HF was 30% or 40%, it was
favourable to form symmetrical streamlined tips for glass chips
with a thickness between 200 and 400 mm. Additionally, at
a high Vf of HF (40%), an excessive etching rate could affect the
control of precision, resulting in signicant variations in glass
chip thicknesses. Therefore, 30% Vf of HF was chosen in the
etching solution.

Optimization of the continuous uid ow rate was carried
out in the etching solution containing 30% Vf of HF. Fig. S8†
shows the effect of the continuous uid ow rate on the shape
of etched nESI emitters. At a ow rate of 5 mL min−1, the nESI
emitter was not as sharp as that at 10 mL min−1, and an exces-
sive ow rate (15 mL min−1) led to asymmetry in the nESI
emitter. The simulation results under different ow rates are
shown in Fig. S4.† As the ow rate of continuous uid
increased, the protection range of the tip also increased.
Comparing the etching experimental results at different ow
rates, it can be seen that the overall length of the tip increases as
the ow rate increases (the position marked in Fig. S8†).
Therefore, a continuous uid ow rate of 10 mL min−1 was used
in our etching systems. Fig. S9† shows the photomicrographs of
etched nESI emitters at different etching times when the ow
Chem. Sci., 2024, 15, 7781–7788 | 7783
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rate of continuous uid was 10 mL min−1 and the Vf of HF was
30%. As the etching time increased, the thickness of the glass
chips gradually decreased. When the etching time reached
20 min, the chips became too thin (about 100 mm), and some
channels had been penetrated. Therefore, it was necessary to
control the etching time properly during the etching process to
avoid over-etching and the optimized etching time was 15 min.
Fig. S10† shows the reproducibility of the 3D nESI emitter size
for ve repeated experiments before etching, etching without
continuous uid, and etching with continuous uid. The
average chip thickness before etching was 1073.4 mm, and the
RSD was 0.4%. Etching without continuous uid resulted in an
average size of 112.2 mm and an RSD of 24.7%. When per-
forming continuous ow-assisted etching under optimized
conditions, the average outer diameter of the nESI emitters is
62.4 mm, corresponding to an RSD of 5.1%. The results show
that a continuous uid-assisted etching strategy enables the
fabrication of 3D nESI emitters with approximate microchannel
dimensions and good repeatability.
Electrospray performance of the etched 3D nESI emitters

Acetylcholine (ACh) is a neurotransmitter that plays an impor-
tant physiological role in humans and animals and is associated
with many diseases. ACh with a concentration of 50 mmol L−1

was chosen as a molecular model to evaluate the electrospray
performance of the etched 3D nESI emitters. The spray perfor-
mance of an on-chip emitter before and aer etching at a ow
rate of 500 nL min−1 is shown in Fig. 3. Fig. 3A shows the
electrospray plume formed by an unetched 2D emitter, and
Fig. 3C displays the extracted ion chromatogram (EIC) of ACh
(m/z 146.12), demonstrating that it was difficult to obtain stable
electrospray from on-chip emitters that were not etched. This
Fig. 3 The electrospray plume of (A) an unetched 2D nESI emitter and
(B) an etched 3D nESI emitter. The EIC of ACh (m/z 146.12) was ob-
tained from (C) an unetched 2D nESI emitter and (D) an etched 3D nESI
emitter. Mass spectra were obtained from (E) an unetched 2D nESI
emitter and (F) an etched 3D nESI emitter. The solvent used was
methanol–water 50 : 50 containing 1% formic acid (FA); the flow rate
was 500 nL min−1; the applied nESI voltage was +4000 V.

7784 | Chem. Sci., 2024, 15, 7781–7788
may be due to the hydrophilicity of the glass surface and the
larger thickness of the unetched emitter, resulting in the solu-
tion owing out of the emitter along the glass surface, which did
not promote the formation of stable and small Taylor cones.
Fig. 3B and D show the electrospray plume formed by an etched
3D emitter and EIC of ACh, respectively. Aer etching, the
emitter had a sharp tip, which signicantly reduced the size of
the Taylor cone formed, achieving good stability with 4.5% RSD.
In addition, the signal intensity of ACh generated by the etched
3D nESI emitter was two orders of magnitude higher than that
produced by the unetched 2D emitter. These results demon-
strate the feasibility of etched 3D nESI emitters in nESI-MS
analysis. Further optimization was carried out on the electro-
spray voltage and sample injection ow rate of the established
glass microuidic chip-MS system. Fig. S11† shows the rela-
tionship between the signal intensity of ACh and the electro-
spray voltage. The signal intensity of ACh increased with the
increase of voltage from 1.4 to 2.6 kV. When the voltage was
increased from 2.6 to 4.0 kV, the signal intensity of ACh
remained stable at about 2.2 × 107 and began to decrease above
4.0 kV. The photographs of the electrospray plumes at 1.4, 3.4,
4.0, and 4.6 kV are shown in the insets in Fig. S11.† The ACh
signal intensity was relatively high, the RSD of 2.6% was the
smallest (detection time was 1 min), and the corresponding
plume was homogeneous and had no residual droplets at 4.0
kV, so 4.0 kV was chosen for the subsequent experiments.

The mass spectral signal intensities of ACh at different
injection ow rates are shown in Fig. S12.† As the ow rate
increased from 62.5 nL min−1 to 500 nL min−1, the signal
intensity of ACh increased, due to more samples being ionized
by electrospray and detected by the mass spectrometer.
Although the average signal intensity of ACh increased at a ow
rate of 1000 nL min−1, its RSD also increased signicantly. The
EICs of ACh at ow rates of 62.5 nL min−1, 500 nL min−1, and
1000 nL min−1 are shown in the inset of Fig. S12.† It may be
because the ow rate was too fast at 1000 nL min−1, and the
sample reaching the emitter cannot be completely ionized by
electrospray, resulting in an accumulation of excess sample at
the tip of the emitter, which affected the stability of the elec-
trospray ionization. Under the optimized parameters (4.0 kV
and 500 nL min−1), the established glass microuidic chip
coupled with the mass spectrometry system could detect ACh
with an RSD of 6.6% for 30 min (Fig. S13†), demonstrating that
the system could perform stable electrospray mass spectro-
metric detection over a long period of time.
Detection of neurochemicals with the glass droplet
microuidic chip-MS system

The established glass microuidic chip-MS system was used for
detecting the content of ACh in aqueous droplets. Firstly, a glass
microuidic chip with a T-junction structure (Fig. S14†) was
designed for droplet generation and the channel diameter of
the bonded glass chip is 50 mm. Fig. 4A shows the schematic
diagram of the glass droplet microuidic chip-MS system.
During the nESI MS detection of droplets, a Dino-lite micro-
scope equipped with a digital camera was used to monitor the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic diagram of the glass droplet microfluidic chip-MS system. (B) Microscope image of droplets produced by a microfluidic
chip. (C) Grayscale signal obtained through the Dino-lite microscope, and total ion chromatogram (TIC) and EIC of ACh during droplet MS
detection.
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moving droplets to determine their size and frequency.
QX200™ droplet generation oil was used as the oil phase, and
an aqueous solution of ACh (50 mmol L−1 in 1% FA in meth-
anol–water 50 : 50) was used as the aqueous phase. The micro-
scope image of the generated droplets at 80 mbar for the oil
phase and 80 mbar for the aqueous phase is shown in Fig. 4B,
with a droplet size of about 220 pL and a droplet generation
frequency of about 2.6 Hz. Fig. 4C shows the comparison
between the droplet frequency recorded by the Dino-lite
microscope and the correlated signal frequencies detected by
MS. The results illustrated that the frequencies of the peaks
observed in MS detection of droplets (TIC and EIC of ACh) were
consistent with the signal sequences obtained by video
recording. The results demonstrated that continuous uid-
assisted etched nESI emitters on the glass microuidic chip-
MS system enable the analysis of neurochemicals in every
generated droplet.

Furthermore, the integration of monolithic emitters was
compared with external nESI emitters on a glass microuidic
chip. Since both the glass microuidic chip and the external
emitter are rigid structures, there is inevitably a dead volume at
the connection, which is different from the exible structure of
the PDMS chip. The wet etching method was used to etch the
channels of the glass chip, which belonged to isotropic etching.
At the connecting capillary channel, an arc-shaped void was
formed, which could not guarantee a perfect t between the
external capillary and chip channel (Fig. S15A†). When using
epoxy glue to x the external emitter to the glass microuidic
chip channel, the dead volume at the connection is shown in
Fig. S15.† The resulting dead volume would lead to the accu-
mulation and coalescence of droplets. The commonly used
capillary outer diameter is 360 mm, and the capillary connection
channel on the microuidic chip is about 400 mm. The volume
of the area marked I in Fig. S15D† is calculated to be approxi-
mately 7 nL, and a rough calculation of the total dead volume at
the junction exceeds 50 nL. For nanoliter samples, the dead
volume may be negligible, but in this study, the droplet volume
© 2024 The Author(s). Published by the Royal Society of Chemistry
was approximately 200 pL. The dead volume is at least two
orders of magnitude larger than the droplet volume, which
affects the droplet passage and cannot be ignored.

The investigation of the effect of voltage on the signal
intensity of ACh is shown in Fig. S16.† At 1100 V, the voltage was
insufficient to produce stable electrospray, resulting in low
signal intensity. At 2200 V, the voltage was too high and it was
difficult to distinguish the EIC of ACh from those of individual
droplets. At 1400 V, the signal intensity of ACh was high and
relatively stable. Fig. S17† shows the effect of droplet size on MS
signals. As the droplet size increased, both the MS intensity and
the ACh EIC peak area of the droplet increased. In addition, the
established glass droplet microuidic chip-MS system was
proven to have good stability. Fig. S18† shows that the RSD of
the ACh signal intensity of 22 369 droplets detected in approx-
imately 180 min is 9.1%, and the RSD of the ACh EIC peak area
of the droplet is 13.5%.

We explored the impact of the oil phase on the detection of
molecules of interest in the aqueous phase. The main
component of the oil phase we used was HFE7500, with
a boiling point of 128 °C. As shown in Fig. S19,† the oil phase
spray could enter the mass spectrometer. The temperature of
the ion transfer tube was 350 °C, which would cause the oil
phase to volatilize in the ion transfer tube. A low concentration
of analyte (50 nmol L−1 ACh) was used to explore the impact of
impurities in the oil on the detection (Fig. S20†). The intensity
of 50 nmol L−1 ACh was about 2.04 × 106 in the continuous
phase and 1.65 × 106 in the droplets, indicating that the signal
intensity of the analyte in the droplet was slightly reduced, but
it would not be seriously affected. There was a new peak at m/z
146.10 that may be an impurity peak in the oil phase, but if
a high-resolution mass spectrometer was used, it would not
affect the analysis of the results. The effect of ACh concentra-
tion on the signal intensity of droplets is shown in Fig. S21.†
The concentrations of ACh detected were 25, 50, 100, 250 and
500 nmol L−1, and the results were linearly correlated with
a correlation coefficient of 0.95.
Chem. Sci., 2024, 15, 7781–7788 | 7785
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Fig. 5 (A) TIC and (B) mass spectrum of a rat CSF droplet analyzedwith
the glass microfluidic chip-MS system. (C) A partially enlarged view of
the rectangular marked area of (B).
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Measuring the concentration dynamics of neurochemicals in
vivo is an effective way to investigate brain function.44,45 Droplet-
MS enables high temporal resolution monitoring of cerebro-
spinal uid (CSF) in vivo by avoiding Taylor dispersion. To
determine the potential of the established system for in vivo
applications, rat CSF was used to test the performance of the
established glass droplet microuidic chip-MS system. A high-
resolution mass spectrometer (Thermo Scientic Orbitrap
Eclipse Tribrid) was used to detect CSF in the droplets, which
helped identify its neurochemicals based on precise molecular
weight and increased the sensitivity of the detection. Fig. 5A
shows the TIC of CSF in the droplet microuidics detected by
MS, and Fig. 5B shows the mass spectrum of CSF in the droplet.
Through accurate mass measurement in structural identica-
tion using tandem mass spectrometry (Fig. S22†), it was
conrmed that ten neurochemicals, choline, acetylcholine,
glutamine, serine, 3,4-dihydroxybenzeneacetic acid, tyrosine,
histamine, 3-methoxy-tyramine, phenylalanine, and dopamine,
were detected in the rat CSF (Table S1†). The above results
indicated that the established glass droplet microuidic chip-
MS system can simultaneously detect multiple neurochemi-
cals with high sensitivity in complex biological matrices.
Conclusions

In summary, a simple and effective continuous uid-assisted
etching method was proposed in this study to fabricate mono-
lithically integrated nESI emitters. Unlike the previous manual
grinding technique, this method uses a standard etching
process that allows for the mass production of integrated glass
microuidic chips with nESI emitters. The etched emitter can
perform stable nESI detection over 30 min. The glass micro-
uidic chip integrates a T-junction droplet generator and an
etched nESI emitter, which can effectively analyze neurochem-
icals in picoliter-volume aqueous droplets by nESI-MS. The
system was successfully applied to detect ten neurochemicals in
rat CSF droplets. The established glass droplet microuidic
chip-MS system has the potential to be widely used in various
elds in the future, such as in vivo neurochemical monitoring,
single cell analysis, and other elds in the future.
7786 | Chem. Sci., 2024, 15, 7781–7788
Experimental section
Monolithic 3D nESI emitter fabrication

The ESI† contains detailed descriptions of chemicals, materials
and instrumentations. The design and preparation of the glass
microchip are described in the ESI.† The preparation of mono-
lithic 3D nESI emitters was mainly divided into two parts: one
was precision cutting and the other was uid-assisted etching. In
order to ensure that the tip was located in the center of the uid
channel aer cutting, a dicing machine (Model 7120, ADT Ltd.,
Yokneam, Israel) with a blade thickness of 0.32 mm was used for
precise cutting, and designed cutting lines (width of 20 mm) were
used to assist in the precise positioning of cutting (Fig. S1†). The
capillary xed on the chip was connected to a syringe pump to
drivemethanol. A Teon beaker was used as an etching reactor in
which 30 mL hydrouoric acid (HF) solution with various
concentrations (20%, 30%, and 40%) was added. The syringe
pump (Pump22, Harvard, USA) was run before etching to ensure
that the chip channel was rst lled with methanol and the chip
tip was below the level of the HF solution, and then the magnetic
stirrer was turned on (note: the hydrouoric acid solution was
covered with silicone oil to prevent HF evaporation. This experi-
ment should be conducted in a fume hood). Aer etching, the
chip tip was rinsed with a large amount of deionized (DI) water.

Hydrophobic pretreatment of channels and conductive layer
preparation

The hydrophobic modication of the glass chip internal
channel was used of trichloro (1H,1H,2H,2H-peruorooctyl)
silane. The conductive layer of the 3D nESI emitter was
prepared through a sputter coating process. In this experiment,
a layer of metallic Ti was rst sputtered on a glass substrate, and
then Au was sputtered. Such a metal combination helps
improve the adhesion of the Au layer on the glass surface and
ensures the uniformity and density of the metal coating on the
nESI emitter, thereby ensuring the stability of the electrospray
(see the details in the ESI†).

Droplet generation and MS detection

To control the ow rate of the continuous phase (QX200™
droplet generation oil) and dispersed phase, two pressure pumps
(Flow-EZ, LUFEZ7000, Fluigent) were used. A mass spectrometer
with a 50 Hz scanning speed (Bruker Maxis Impact) was used for
the detection of ACh droplets. A mass spectrometer (Orbitrap
Eclipse Tribrid, Thermo Scientic, USA) was used to detect
cerebrospinal uid in the droplets. See the ESI† for other details
on the coupling mode between the microchip and the MS.
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