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Despite the continuously increased requirement on automated synthesis of medicines for distributed
manufacturing and personal care, it remains a challenge to realize automated synthesis which requires
solid-liquid phase reactions. In this work, we demonstrated an automated solid-liquid synthesis for
gadopentetate dimeglumine, the most widely used magnetic resonance imaging (MRI) contrast agent. The
high-efficiency reaction was performed in a 3D microfluidic chip which was fabricated by femtosecond
laser micromachining. The structure of the chip realized 3D shear flow which was essential for highly ef-
ficient mixing and movement of the solid-liquid mixtures. Ultraviolet visible (UV-vis) spectrometer was
employed for in-line analysis to help automation of this system. Comparing with the round-bottom flask
system, this synthetic system showed significantly higher reaction rate, indicating the advantage of the
3D microfluidic technology in micro chemical engineering.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Automated synthesis realized by microfluidic chips has been
recognized to be an important part of next-generation chem-
ical engineering [1]. This technology saves people from time-
consuming lab work, therefore, has drawn much attention both
in academic and industry fields [1-17]. Multiphase reactions have
been demonstrated to be possible and are usually enhanced in-
side the microfluidic chips [18-24]. However, the solid-liquid reac-
tions remain rare [18-24]. One reason is that the channels may be
easily blocked by the solid-state reactants. Compared with the gas
phase and liquid phase reactants, solid phase reactants have their
own advantages such as low cost and easy for storage. Particularly,
in some cases, solid phase is the only available form of the re-
actants. Therefore, despite the difficulty in performing solid-liquid
reactions, it is necessary to find a way to realize high-efficiency
and scalable solid-liquid synthesis in the microfluidic chips which
is an essential step towards automated solid-liquid synthesis.
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So far, a main challenge is that the intrinsic narrow channels of
the microfluidic chips are not suitable for solid-liquid reaction, be-
cause the solid phase reactants with large volumetric fraction can
increase viscosity of the fluid which hinders fast passage and uni-
form mixing in the microreactor. One might expect that scaling-up
of the microfluidic channels can solve this problem. However, sim-
ply extending the scale of the microfluidic channels is insufficient.
It would be necessary to alternate the flow from two-dimensional
(2D) to three-dimensional (3D) type which can enhance the mixing
effect and accelerate the flow rate [25-27]. Such a 3D-type shear
flow can be realized by well-designed 3D channel structure which,
however, is very difficult to be fabricated by planar manufacturing
technologies, such as injection molding, hot embossing and cast-
ing. Alternatively, femtosecond laser direct writing (FLDW) extends
the microfluidic structures from 2D to 3D geometries, which allows
for integration of different types of 3D functional components in a
straightforward packaging-free manner [28,29].

In this work, we designed a multifunctional 3D microfluidic
chip and fabricated it using femtosecond laser assisted chemical
wet etching technique [30-32]. The 3D structures are expected to
produce 3D shear flows inside the chip, enabling the passage accel-
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Fig. 1. (a) Structure illustration of the microfluidic chip. (b) Structural details and simulation the first segment (S1). (c) Structural details and simulation the second segment

(S2). (d) Digital photo of the microfluidic chip.

eration of the solid-state reactants and the increase in flow rates.
The key to succeed in solid-liquid reactions is to enlarge the con-
tact area of fluids while keeping a high throughput. We specifically
designed a new structure in this work. As illustrated in Fig. 1a, the
designed chip consists of two parts. The reactants enter the chip
and flow through the first segment (S1) and second segment (S2)
of the chip. The S1 consists of periodic 3D structure units which
can squeeze the incoming fluids in the vertical direction (Fig. 1b).
As a result, the reactant fluids flowing vertically are split and reor-
ganized into multiple fluids in the horizontal direction. In this pro-
cess, the contact area between the two reactant fluids would be
dramatically increased, improving the mixing efficiency. Further-
more, the convection effect induced by the sheer force effect be-
tween two adjacent sub-fluids will further increase the mixing of
the two reactants. The mixing performance of the designed struc-
ture composed of mixing units was numerically simulated by solv-
ing the microfluidic incompressible Navier-Stokes and convection
diffusion equations. The simulations result in Fig. 1b shows an ex-
cellent mixing effect thanks to the working mechanism described
above. Likewise, S2 consists of 5 x 6 2D mixing units arranged
periodically in the transverse direction. The detailed structure of
the unit can be seen in Fig. 1c. The outlet width of each unit is
sharply narrowed to 300 pm, which will not create a blockage of
solids, yet enables a variation in flow rate that enhances mixing.
In addition, each unit has a baffle in the center to create convec-
tion and turbulence which will further improve the mixing effect
of the reactants. It should be noted that the mixing unit structure
of the the designed microfluidic chip is flat, which facilitates heat
dissipation in chemical reactions. The chip was fabricated by a ul-
trafast laser micromachining system as schematically illustrated in
Fig. S1a (Supporting information). After the femtosecond laser irra-
diation, the substrate was immersed in a solution of potassium hy-
droxide (KOH) for selectively removing the material exposed to the
irradiation of the laser pulses. The procedures of the laser fabrica-
tion were schematically illustrated in Fig. S1b (Supporting informa-
tion). The photographs of the fabricated microfluidic chip and the
detailed mixing units in S1 and S2 are shown in Fig. 1d. The en-
larged image of the microstructure and 3D details of the two units
are shown in Fig. S2 (Supporting information).

The model reaction is synthesis of gadopentetate dimeglu-
mine which is the most widely used magnetic resonance imag-
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ing (MRI) contrast agent [33-36]. Developing an automated flow
synthesis system for gadopentetate dimeglumine can offer op-
tions for medical requirements in remote areas. The cost of the
gadolinium-containing chemical varies greatly from oxide to ni-
trate. The gadolinium oxide is of a cheaper price and easier to be
stored than the gadolinium nitrate, therefore is suitable for dis-
tributed synthesis in remote areas. However, because of the insol-
ubility of the gadolinium oxide in water, the reaction is a solid-
liquid reaction in the microfluidic chip. Such a solid-liquid phase
reaction is suitable for evaluating practical performance of our de-
signed microreactor.

Suspension of the solid-state reactants was pumped through
the microfluidic chips to check whether the solid-state reactants
could pass through without causing clogging of the fluid. Before
testing, the viscosity of the suspension was characterized (Fig. S3
in Supporting information). During the test, the solid (gadolinium
oxide) to liquid (water) ratio (in mass) was controlled in a range
from 1:100 to 100:100. The viscosity of the suspension was in-
creased with the solid to liquid ratio. A shear thinning behavior
was observed in all the cases, matching with the typical fluid prop-
erty of the solid-liquid mixture. Then, the suspension was passed
through the microfluidic chip at 25 °C. The set and the experimen-
tal flow rates were compared in Fig. 2. The set flow rates and the
experimental flow rates are almost the same in all the tests. In-
creasing the solid to liquid ratio did not change the relationship
between the two rates. This confirms that the solid phase reactants
can pass through our microfluidic chip efficiently during synthesis,
demonstrating that the specific structural design of the microflu-
idic channel works well for the mixed solid-liquid fluid.

We assembled a flow reaction system by using this microfluidic
chip with UV-vis spectrometer. Peristaltic pumps were employed
to drive the flow under control of computer (Fig. 3a). The reac-
tion among gadolinium oxide, diethylene triamine pentaacetic acid
(DTPA), and N-methylglucamine is carried under heating at 85 °C
as illustrated in Fig. 3b. Gadopentetate dimeglumine is the prod-
uct, and water is the only byproduct. Typically, equivalent amount
of gadolinium oxide, diethylene triamine pentaacetic acid (DTPA),
and N-methylglucamine were mixed in water to form solid-liquid
suspension. The molar ratio of the three reactants was kept to
be 1:2:4. Scanning electron microscopy and optical microscopy
present that the gadolinium oxide is composed of particles with
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Fig. 2. Comparison of the flow rate between the set value (red) and experimental
data (blue).
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Fig. 3. (a) Schematic illustration for automated flow synthetic system. (b)
Schematic illustration for chemical reaction happens in the flow synthetic system.

micron sizes (2~10 pm in size) (Figs. S4 and S5 in Supporting infor-
mation). The suspension was characterized by digital camera and
optical microscopy as well (Figs. S6 and S7 in Supporting informa-
tion). No significant dissolution of the particles can be observed
at room temperature. After pumping the suspension into the mi-
crofluidic chip which was under heating at 85 °C in water bath,
the product was collected through filtering, then got dried under
vacuum at 100 °C for 8 h.

Fig. S8 (Supporting information) shows the UV-vis spectrum of
the obtained sample in water solution. The absorption peak cen-
tered at 275 nm is assigned to be metal-to-ligand charge trans-
fer, suggesting successful coordination between Gd3* and the lig-
and. Fig. S9 (Supporting information) illustrates infrared (IR) spec-
trum of the harvested product [37-39]. The absorption peaks at
3350 cm™! and 2900 cm~! correspond to the stretching vibration
of -OH and C-H bonds of methylene, respectively. The intense ab-
sorption peaks at 1600 cm~! and 1409 cm~! are attributed to the
symmetrical and asymmetrical stretching vibrations of C=0 bond
of —-COOH group. And these two absorption peaks move towards
lower wave number which may be rationalized to the coordina-
tion of COO~ with Gd3+. The absorption peaks at 1093 cm™! and
1040 cm~! correspond to the stretching vibration of C-OH and
C-N bond of N-methylglucamine. High performance liquid chro-
matography (HPLC) confirms the deduction of the UV-vis spec-
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Fig. 4. Comparison of the reaction rates between the flow synthetic system and the
flask synthetic system.

trum and FTIR data (Fig. S10 in Supporting information). The ob-
tained gadopentetate dimeglumine was tested in magnetic res-
onance imaging (MRI) (Fig. S11 in Supporting information). The
gadopentetate dimeglumine solution was injected from the tail
into a rat. After 10 min, image taken from the bladder showed en-
hanced contrast, which suggested that the gadopentetate dimeglu-
mine synthesized by this flow system successfully worked in the
animal test.

The reaction rate of the flow synthetic system was automati-
cally evaluated by the in-line UV-vis spectrum. Linear relationship
between the concentration of the gadopentetate dimeglumine and
the absorption at 275 nm was established in Fig. S12 (Supporting
information). This linear relationship is employed for in-line anal-
ysis of the reaction rate of the gadopentetate dimeglumine. When
the solid to liquid mass ratio was 5:100, the reaction rate in the
flow synthetic system was 4.02 mg mL-! min~! (Fig. 4). In com-
parison, the reaction was also carried in the round-bottom flask
system (1 L in volume) as well. The typical product obtained in
the flask reactor was characterized by UV-vis spectrometer and IR
spectrometer as shown in Figs. S13 and S14 (Supporting informa-
tion). The data confirms that the product synthesized in the round-
bottom flask is the same as the molecules synthesized in the mi-
crofluidic chips. In the round-bottom flask with similar concentra-
tion of the reactants, the reaction rate was generally smaller. For
instance, when the solid to liquid ratio was 5:100, the reaction rate
in flask was about 2.74 mg mL~! min~! which is less than the reac-
tion rate in the microfluidic chip (4.02 mg mL™! min~'). This trend
of the rate difference is confirmed in a wide range of the solid to
liquid mass ratios (1:100~100:100). The reaction rates in the mi-
crofluidic chips are higher than in the flasks.

The enhancement of the yielding rate relates to the enhanced
mass diffusion and collision in the microfluidic chip. This agrees
with the mixing characteristic shown in Fig. 1. The split and re-
organization of the solid-liquid fluid in the microfluidic chip can
induce convection effect among the adjacent sub-fluids (Fig. 1b).
The baffle in each unit shown in Fig. 1c can also create convec-
tion and turbulence. The convection and turbulence effects en-
hance collision among the solid reactant and the molecular reac-
tant. The products can also be taken away from the solid reactant,
making the unreacted surface to be exposed fast. Apparently, this
microfluidic chip can solve the obstacle in solid-liquid phase reac-
tions in the microreactors. To further confirm the significance of
the microfluidic chip reported in this work, we employed another
microfluidic chip with a different micro-structure as shown in Fig.
S15 (Supporting information). Different from the microfluidic chip
shown in Fig. 1, mixing in this microfluidic channel based on split-
ting, routing, and reorganizing of the fluid in a mixing unit [17].
The number of microstreams is basically increased to 4 times by
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a unit, enabling high-efficiency mixing. The reaction rate in this
microfluidic chip was tested and compared in Fig. S16 (Supporting
information). It turns out that the reaction rate of the microfluidic
chip is smaller, confirming that the undulating structure and the
convective shear force in the microfluidic chip shown in Fig. 1 is
highly important for solid-liquid reaction.

In summary, we presented a designed 3D microfluidic chip and
fabricated it using femtosecond laser micromachining technology.
The 3D shear flow induces by the designed mixing units greatly
enhanced the mixing efficiency and accelerate movement of the
solid-liquid phase mixture inside the microreactor. As a result, a
solid-liquid reaction was realized in this unique microfluidic chip
to synthesize gadopentetate dimeglumine, which greatly expanded
the availability of the solid-state reactants. The flow system built
up in our work showed much higher reaction rates than the sys-
tem using round-bottom flask reactors, indicating that the 3D mi-
crofluidic chip realized by femtosecond laser fabrication has bene-
fits in terms of improving the mixing efficiency and allowing the
track of high-throughput synthesis.
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