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Preface

The field of microfluidics has profoundly transformed biological research and diagnostic

methodologies by providing unprecedented control over the cellular microenvironment. This Reprint

is dedicated to exploring the cutting-edge convergence of microfluidic technologies with advanced

techniques in cell manipulation and biosensing. Its scope encompasses a wide array of topics,

including high-throughput single-cell analysis, organ-on-a-chip models for drug screening, novel

platforms for rare cell isolation, and the development of integrated, point-of-care diagnostic devices.

The primary aim of this Reprint is to highlight innovative research and review articles that

demonstrate how microfluidic architectures enable precise, automated, and miniaturized analysis

of cells and biomolecules. We seek to underscore the purpose of these advancements: to translate

complex laboratory procedures into robust, accessible, and impactful tools that address real-world

challenges in biology and medicine.

The motivation for this work stems from the urgent need for more sensitive, efficient, and

cost-effective analytical platforms. Microfluidics meets this demand by offering advantages such as

minimal reagent consumption, enhanced sensitivity, rapid analysis times, and the ability to mimic in

vivo conditions with high fidelity.

This Reprint is addressed to a multidisciplinary audience of researchers, engineers, and

clinicians working at the intersection of technology and life sciences. We hope it will serve as a

valuable resource for experts in the field and inspire students and newcomers by showcasing the

dynamic potential of microfluidics to revolutionize biosensing and our understanding of cellular

mechanics.

We extend our sincere gratitude to all the authors and reviewers who have contributed their

expertise to this Special Issue.

Yupan Wu and Ye Tian

Guest Editors
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Article

Paper-Based Microfluidic Device for Extracellular
Lactate Detection

Yan Nan, Peng Zuo * and Bangce Ye *

Lab of Biosystem and Microanalysis, State Key Laboratory of Bioreactor Engineering, East China University of
Science & Technology, Shanghai 200237, China
* Correspondence: pzuo@ecust.edu.cn (P.Z.); bcye@ecust.edu.cn (B.Y.)

Abstract: Lactate is a critical regulatory factor secreted by tumors, influencing tumor development,
metastasis, and clinical prognosis. Precise analysis of tumor-cell-secreted lactate is pivotal for early
cancer diagnosis. This study describes a paper-based microfluidic chip to enable the detection of
lactate levels secreted externally by living cells. Under optimized conditions, the lactate biosensor can
complete the assay in less than 30 min. In addition, the platform can be used to distinguish lactate
secretion levels in different cell lines and can be applied to the screening of antitumor drugs. Through
enzymatic chemical conversion, this platform generates fluorescent signals, enabling qualitative
assessment under a handheld UV lamp and quantitative analysis via grayscale intensity measure-
ments using ImageJ (Ver. 1.50i) software. The paper-based platform presented in this study is rapid
and highly sensitive and does not necessitate other costly and intricate instruments, thus making it
applicable in resource-constrained areas and serving as a valuable tool for investigating cell lactate
secretion and screening various anti-cancer drugs.

Keywords: paper-based microfluidic; lactate detection; colorimetric analysis; tumor cell; drug screening

1. Introduction

Lactate, a pivotal metabolic byproduct of anaerobic glycolysis, has garnered significant
importance in clinical medicine, exercise physiology, and food science [1]. Traditionally per-
ceived as a metabolic waste associated with muscle fatigue [2], recent research has unveiled
lactate’s critical roles in both physiological and pathological cellular states. Approximately
1500 mM of lactate is produced daily from various tissues, including skeletal muscle,
heart, and brain [3]. It serves not only as an energy substrate, supplying energy [4], but
also participates in energy transfer processes within and between tissues. Converted into
pyruvate, lactate contributes to oxidative phosphorylation and ATP generation through
the tricarboxylic acid cycle [5]. Beyond its role as an energy source, lactate functions as a
signaling molecule, influencing processes such as tumor cell proliferation, immune evasion,
and neuronal energy metabolism [6].

Disruptions in lactate production and consumption can lead to various diseases, high-
lighting the critical importance of measuring blood lactate concentrations for diagnosis and
treatment [7]. In sports medicine, lactate serves as a signaling molecule that positively reg-
ulates metabolic processes during physical activity. Blood lactate concentration sensitively
reflects changes in exercise intensity and duration, making it a vital metric for evaluating
an athlete’s training level [8]. Furthermore, during physical exertion, lactate serves as an
alternate energy substrate for the brain, conserves glucose and stimulates the hypotha-
lamus to regulate energy intake and neuronal activity, thereby playing a pivotal role in
enhancing brain metabolism and overall function [9]. In food analysis, monitoring lactate
levels is crucial for evaluating the quality, freshness, and preservation stability of various
food products [10], including fruits, meats, alcoholic beverages [11], and specific fermented
dairy items [12]. Given lactate’s association with inflammatory states, cancer, and other
health issues, its precise control and detection within the food sector are paramount.
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Tumor cells undergo aerobic glycolysis and produce lactate even in the presence of suf-
ficient oxygen, a phenomenon known as the “Warburg effect.” [13]. Lactate accumulation
within the tumor microenvironment significantly impacts tumor progression by fostering
cell invasion and angiogenesis [14]. While lactate concentrations are tightly regulated at
approximately 1.5–3 mM under normal physiological conditions [15], they can escalate to
30 mM within tumor microenvironments, potentially influencing cellular functions [16].
Tumor cells rapidly respond to metabolic signals in the environment and increase energy
metabolism by regulating mitochondria-associated pathways and the TCA cycle, thereby
promoting tumor growth and metastasis [17]. Consequently, lactate serves not only as a
crucial player in energy metabolism but also as a significant regulator of tumor develop-
ment [18]. Accurate and sensitive analysis of lactate secretion by tumor cells holds promise
for early cancer diagnosis.

Due to the crucial regulatory role of lactate in tumor occurrence and development,
accurate and reliable analysis and detection are essential. The main techniques for lactate
detection include chromatographic analysis, fluorescence detection, luminescence methods,
and electrochemical methods. Common chromatographic analysis methods used for lactate
detection include high-performance liquid chromatography (HPLC), mass spectrometry
(MS), gas chromatography (GC), and spectroscopic methods. These techniques quantita-
tively analyze lactate by separating and detecting the concentration of lactate present in
the sample. Omar Kadi et al. proposed an LC-MS/MS method for concurrent detection
and quantification of crucial metabolites in various cancer types like prostate cancer. This
approach involves extracting and qualitatively and quantitatively analyzing glutamine,
citrate, isocitrate, malate, succinate, fumarate, and lactate from body fluids, tissues, and
human-derived cultured cell lines [19]. Fluorescence methods are analytical techniques
based on the interaction between the analyte and a fluorescent dye or label, producing
a fluorescent signal. A study [20] designed a glass capillary platform for fluorescence
detection of lactate. The inner wall of the glass capillary is patterned with lipids and bovine
serum albumin (BSA) modifications, utilizing electrostatic interactions to immobilize LDH
on different regions of the lipid layers. It was found that the fluorescence intensity at the
enzyme sites increases with the increasing L-lactate concentration, exhibiting a positive
correlation. The established method has a detection limit of 4.9 μM for L-lactate. Electro-
chemical methods utilize the detection system to record and analyze changes in electrical
signals, which are then converted into the concentration or activity of the target molecule.
M. Briones et al. [21] designed an electrochemical biosensing platform by modifying a gold
electrode with undoped diamond nanoparticles and employing LOx as a model enzyme
for lactate detection. This platform exhibits a linear concentration range of 0.05–0.7 mM,
a sensitivity of 4.0 μA/mM, and a detection limit of 15 μM. Although accurate lactate
detection can be provided based on the techniques described above, these techniques
require a significant investment of time, complex preparation processes, and expensive
equipment, which limits their widespread use, especially in point-of-care (POC) testing in
less developed regions. Biosensors currently outperform traditional detection methods [21],
offering alternative solutions to circumvent the constraints of conventional techniques.
Paper-based microfluidics is an emerging technology in the field of microfluidics, primarily
utilizing porous materials like paper as the substrate for microfluidic chips, with capillary
action driving the flow and diffusion of liquids within the paper. By designing specific
hydrophobic/hydrophilic regions on the paper, the flow path and diffusion areas of the
liquid can be controlled. Paper-based microfluidic chips can be used for various biochemi-
cal analyses, such as enzymatic reactions, immunoassays, and nucleic acid detection. By
pre-immobilizing reagents in specific regions, the reaction can occur as the test liquid flows
through, and the results can be read visually or using instruments. Paper-based chips
can be stored for long periods of time due to their stabilizing properties. Due to its low
cost, portability, and ease of operation, paper-based microfluidics has garnered significant
attention in the field of lactate detection. Combining paper-based microfluidics with the
catalytic reaction of lactate oxidase can enable the detection and analysis of lactate.
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Based on the limitations of the above detection methods, this study combined the
advantages of paper-based microfluidics to develop a paper-based microfluidic platform
for lactate detection integrating the paper-based microarray previously developed by our
team [22]. Based on the chip’s ability to culture cells in three dimensions, the detection of
exocrine lactate from living cells was realized. Although lactate lacks color characteristics
or fluorescence absorption, its reaction with LDH and NAD+ produces NADH through
dehydrogenation, which can be detected through fluorescence [23]. This method allows
lactate detection within 30 min, providing a new avenue for early tumor diagnosis. Further-
more, we investigated the differences in lactate secretion levels between tumor and normal
cells, which is crucial for early tumor detection. Additionally, this portable microdevice
enables imaging and colorimetric analysis of drug screening results, showing potential
applications in effective drug screening and biomedical research.

2. Materials and Methods

Lactate was obtained from Shanghai Titan Scientific Co., Ltd. (Shanghai, China),
LDH was obtained from Ying Xin Laboratory Equipment Co., Ltd. (Shanghai, China),
and NAD+ was obtained from Yi sheng Chemical Technology Co., Ltd. (Shanghai, China).
The commercial lactate detection kit was provided by Elabscience Biotechnology Co.,
Ltd. (Wuhan, China), and paclitaxel was purchased from Dibai Biotechnology Co., Ltd.
(Shanghai, China). Doxorubicin hydrochloride was obtained from Bide Pharmatech Ltd.,
(Shanghai, China). Collagen was purchased from Sigma Aldrich, Inc. (Saint Louis, MO,
USA). Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS), and trypsin-
EDTA were purchased from Thermos Fisher Scientific Inc. (Waltham, MA, USA). CCK-8
was obtained from TransGen Biotech Co., Ltd. (Shanghai, China). PMHS was provided by
Darui Chemicals Co., Ltd. (Shanghai, China). All other chemicals were of analytical grade
and used as received.

The filter paper of Grade 1 (particle retention in liquid: 11 μM; thickness: 180 μM)
and Grade 4 (particle retention in liquid: 20 to 25 μM; thickness: 200 μM) were purchased
from Whatman (London, UK). An inkjet printer (TS3150) was purchased from Cannon Co.,
Ltd. (Shanghai, China). A 24-well microplate (Corning Inc., Corning, NY, USA) served as
the medium container in a paper-based microfluidic platform. Chromogenic results were
imaged using a smartphone camera.

Human breast adenocarcinoma cell line (MCF-7), hepatocellular carcinoma cell line
(HepG2), Metastatic Breast-231 cell line (MB-231), human embryonic kidney 293T cell line
(HEK293T), HeLa cell line, and normal human fetal liver cells (L-02) were obtained from
the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). Cells were cultured using a standard cell culture technique for 2 or 3 days, followed
by digestion with 0.05% trypsin for 2 min and centrifugation at 8000× g for 2 min. The cell
pellet was resuspended in the culture medium and saved for further use.

2.1. Production and Optimization of the Paper-Based Microfluidic Platform

This study utilized an inkjet printer to prepare paper-based chips for lactate detection.
A hydrophobic ink was prepared by mixing polydimethylsiloxane (PMHS) and n-butanol
in a 2:1 ratio and filtering through a 0.22 μm filter. The filtered ink was then loaded into a
clean ink cartridge. The pattern design was created using Adobe Illustrator (Adobe Inc.,
San Jose, CA, USA) and subsequently printed onto the paper using an inkjet printer, with
the printed area serving as the hydrophobic section. Following printing, the paper was
subjected to a 65 ◦C oven to facilitate crosslinking of PMHS on the paper surface. The
paper-based cell culture microfluidic platform was developed based on prior designs by
our group, comprising two stacked layers of filter paper. A hydrophobic pattern was
printed on the paper to delineate a closed hydrophilic zone conducive for cell growth. The
two paper sheets were then bonded together using tape, aligning identical circular patterns.
Subsequently, the hydrophilic channel was folded at a 90◦ angle to facilitate medium
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delivery. Finally, the paper device underwent overnight UV disinfection in preparation for
subsequent experimental use.

To minimize the interference caused by the paper-based substrate’s background
color in the fluorescence signal detection and facilitate direct visual detection of low-
concentration target product fluorescence signals, an optimization of the paper-based
background color was performed. For this purpose, red, yellow, purple, and black paper
sheets were used for optimization experiments, with each sheet undergoing hydropho-
bic treatment. The experimental process involved applying NADH standard substance
(10 mM, 20 mM, 30 mM, 40 mM, and 50 mM) onto the paper sheets, followed by detecting
the fluorescence signals emitted by the experimental groups under a portable ultraviolet
lamp. Fluorescence signals were photographed, and the images were processed using
ImageJ to convert them into grayscale values. By analyzing the linear relationship between
fluorescence signals on different color paper sheets, the optimal background color was
determined. To ensure the reliability of the research results, consistent image acquisition
conditions were maintained throughout all experiments, thereby improving the accuracy
of the detection method.

2.2. Optimization of the Paper-Based Lactate Detection Platform

The feasibility of a fluorescence assay method for lactate detection was validated
through fluorescence intensity measurements on a microplate reader. The following ex-
perimental groups were analyzed: (1) 100 μL Tris-HCl buffer (pH = 7); (2) 100 μL LDH;
(3) 100 μL NAD+; (4) 50 μL LA + 50 μL LDH; (5) 50 μL LA + 50 μL NAD+; (6) 50 μL LDH
+ 50 μL NAD+; and (7) the positive control sample containing 50 μL LA + 25 μL LDH +
25 μL NAD+. All solutions were prepared in Tris-HCl buffer and added to the detection
zone. The samples were then incubated at 37 ◦C for 30 min, exposed to a UV lamp, and the
fluorescence of the reaction products was captured by photography. The gray-scale values
of the images were analyzed using ImageJ (Ver. 1.50i) software.

For the paper-based detection platform, we optimized the system based on
four conditions, including the concentrations of LDH and NAD+, reaction pH, and re-
action time. Initially, the lactate concentration was set at 100 mM, NAD+ concentration was
set at 500 mM, and the pH of Tris-HCl buffer was set at 7. An LDH concentration gradient
ranging from 1000 to 6000 U L−1 was established. The reaction mixture was added to the
reaction zone of the paper chip and incubated at 37 ◦C for 30 min to facilitate the reaction.
Subsequent observation and photography were conducted in a light-proof setting using a
portable UV lamp for further analysis. Furthermore, optimization of NAD+ concentration
(450–500 mM), buffer pH (7–10), and reaction time (5–30 min) was performed. During opti-
mization, all parameters except the one under investigation were kept constant to ensure
result reliability. A consistent photographic environment was maintained throughout all
experiments to improve assay accuracy.

2.3. Establishment of the Paper-Based Lactate Detection Platform

To establish the relationship between fluorescence intensity and lactate concentration,
quantitative analysis was performed using lactate standards at concentrations of 100 mM,
200 mM, 300 mM, 400 mM, 500 mM, and 600 mM. By capturing images and analyzing the
fluorescence signals with specialized software, standard curves were generated, enabling
precise quantification of lactate concentration based on fluorescence intensity. Furthermore,
a commercial lactate assay kit was used to be compared with the paper-based lactate
detection method. Lactate samples at various concentrations (100, 200, 300, 400, 500, and
600 mM) were tested to generate a calibration curve, following the manufacturer’s instruc-
tions. The kit uses NAD+ as a hydrogen acceptor, with LDH facilitating the conversion of
lactate to pyruvate, thereby transforming NAD+ into NADH. In this process, N-methyl
phenazine methyl sulfate transfers hydrogen to reduce nitro tetrazolium blue chloride to a
purple colorant, which can be quantified by measuring the optical density.

4



Biosensors 2024, 14, 442

2.4. Detection of Lactate Secreted by Tumor Cells Using the Paper-Based Platform

In this study, a 3D paper-based culture platform was developed for cell cultivation
and the detection of cell-secreted lactate. Six different cell types (MCF-7, HepG2, MB231,
HEK293T, HeLa, and L-02) were seeded onto the culture area and incubated at 37 ◦C with
5% CO2. The reaction system, which included 5000 U L−1 of LDH and 500 mM NAD+, was
added to the culture zone after incubation. The mixture was then incubated at 37 ◦C, and
images were collected and analyzed under light avoidance conditions. Cell viability in the
culture area was evaluated using the CCK-8 assay, with color intensity representing cell
viability and cytotoxicity.

2.5. Applications for the Paper-Based Lactate Detection Platform

Two anticancer drugs were prepared in DMEM following dissolution in DMSO, with
DMSO concentrations ranging from 0.1% and 0.8%, a range deemed safe due to its toxicity
being below 1%. The drug-containing medium was applied to the culture zone, saturating
the paper-based chip, followed by the addition of MCF-7 cell suspension to each zone. The
paper device was incubated at 37 ◦C for 24 h. After incubation, the lactate detection system
was added to the incubated zones and further incubated at 37 ◦C for a predetermined
time to facilitate reaction. Similarly, the CCK-8 re-agent was applied to the paper device to
evaluate cell viability, providing a comprehensive assessment of the effects of the anticancer
drugs on the cells.

Results were analyzed by one way analysis of variance (ANOVA) using GraphPad
Prism 7 (GraphPad Software Inc., CA, USA). Data are presented as the mean ± standard de-
viation (SD) more than 3 independent experiments. Statistically significant was determined
based on a p-value of less than 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001;
n = 3). It mathematically determines the difference between two experimental data set, and
the baseline is not due to random chance.

3. Results

3.1. Subsection
3.1.1. Principle of Lactate Detection on the Paper-Based Microfluidic Platform

Figure 1 illustrates the schematic diagram of the entire detection process. The design
schematic of the chip is shown in Supplementary Materials (Figure S1). Building upon
previous research in our laboratory, the reaction solution containing LDH and NAD+ was
added to the reaction zone on the paper-based platform, which was used for 3D cell culture.
Following co-incubation and redox reactions, the plate was placed into a customized light-
shielding device. The fluorescent product was then illuminated with a handheld UV lamp,
and the information was captured using a smartphone camera. Finally, ImageJ software
was utilized for data quantification. Since the detection on this platform occurred at the
endpoint of the lactic acid detection reaction and image acquisition could be completed
within 1 min, the ultraviolet irradiation from the portable UV lamp had minimal impact on
cell viability.

Different concentrations of NADH standard solutions (10, 20, 30, 40, and 50 mM) were
placed on the paper-based chips, and the captured fluorescence images were analyzed
by using ImageJ through grayscale processing (Figure S2). The blue channel exhibited
the highest sensitivity when collecting and analyzing image information (Figure S2B).
Therefore, we chose to utilize the blue channel for signal collection and analysis. Figure S3
illustrates the correlation coefficients for each background color: R2 = 0.9871 for red,
R2 = 0.9134 for yellow, R2 = 0.9774 for purple, and R2 = 0.9943 for black. As shown in
Figure S3D, samples with different concentration gradients displayed distinct color changes
only on black paper, minimizing interference from the paper color. Consequently, black
was chosen as the optimal background color for the paper-based platform.
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Figure 1. Principle of the paper-based microfluidic platform. This paper-based microfluidic device
combines the function of both analysis and detection.

3.1.2. Validation of the Feasibility of Lactate Detection Using the Paper-Based Platform

As shown in Figure 2, lactate can only be converted to NADH and produce a visible
fluorescent signal when both LDH and NAD+ are present. Figure 2 displays seven sets
of fluorescent signals evaluated using a microplate reader on the chip. The fluorescence
values measured by the plate reader confirmed that the fluorescence signals generated by
each group were consistent with the color intensity observed by the naked eye, indicating
that the paper-based platform is suitable for lactate detection. Notably, the fluorescence
intensity of the experimental group was approximately 10 times higher than that of the
control group samples.

Figure 2. Validation of the feasibility of lactate detection using the paper-based platform. (A) The
fluorescence images of the products from the reactions of different reagent combinations after 30 min
(shot under a handheld UV lamp). (B) Fluorescence measurements of different combinations of the
reagents with a microplate reader. Combination 1: the blank control; 2: LDH; 3: NAD+; 4: LA+LDH;
5: LA+NAD+; 6: LDH+NAD+; 7: LA+LDH+NAD+. All solutions were in Tris-HCl buffer.

Next, the correlation between LDH concentration and catalytic reaction was prelimi-
narily explored. As shown in Figure 3A, when the NAD+ concentration was fixed, the fluo-
rescence intensity gradually increased with LDH concentration ranging from 1000 U L−1

to 5000 U L−1. However, there was a minimal change in fluorescence signal at LDH concen-
trations between 5000 U L−1 and 6000 U L−1, indicating saturation at these levels. Thus, an
LDH concentration of 5000 U L−1 was sufficient for the detection purposes. Meanwhile,
the graph in Figure S4A shows the fluorescence quantification of the experimental group
using a microplate reader. The results demonstrate a linear correlation between LDH
concentration and fluorescence signal intensity. Similarly, Figure 3B shows the optimization
of NAD+ concentration. When the LDH concentration was fixed at 5000 U L−1, adjusting
the NAD+ concentration led to changes in fluorescence in the reaction, consistent with
the above results. Experimental data indicate that the saturation concentration of NAD+
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was 500 mM. Figure S4B quantitatively evaluates the fluorescence of the experimental
groups using a microplate reader. The results are consistent with the linear relationship
between experimental concentration and fluorescence intensity. Therefore, the optimal
NAD+ concentration for significant fluorescence response was 500 mM. Consequently,
we selected 5000 U L−1 and 500 mM as the reaction concentrations for LDH and NAD+,
respectively. The production of NADH in the catalytic reaction led to changes in H+ concen-
tration, indicating that adjusting the pH with Tris-HCl affects the fluorescence results of the
catalytic reaction. Figure 3C shows that when the system’s pH value started to shift from
pH 7 to alkaline conditions, the fluorescence intensity rapidly increased. This suggests that
the detection system requires a stable pH buffer solution, so a buffer with a pH of 7 was
chosen for the experiments. Furthermore, we determined the optimal reaction time for
the detection method by analyzing data at different reaction times (0–50 min), as shown
in Figure 3D. As can be seen from the figure, a faint fluorescence can be seen at the fifth
minute, indicating that the paper-based platform can rapidly detect lactic acid. Considering
the best visible effect, we set the reaction time for paper-based lactate detection to 30 min.

Figure 3. Optimization of the fluorescence assay for the detection of lactate. (A) Optimization of
LDH concentration. (B) Optimization of NAD+ concentration. (C) Optimization of buffer pH value.
(D) Optimization of reaction time for the detection system. Each group includes fluorescence images
taken under various conditions, alongside corresponding histograms showing grayscale signals. All
the evaluations were carried out in triplicate (n = 3).

3.1.3. Sensitivity of the Assay

Varying lactate concentrations (100, 200, 300, 400, 500, and 600 mM) were served
as reaction templates. Plotting the gray level against lactate concentration produced a
linear curve with an R2 = 0.9799 (Figure 4), indicating a strong linear relationship across
each experimental group and the detection limit of the assay was 5.6699 mmol L−1 (S/N
1
4 3). Microplate reader analysis (Figure S5A) revealed a direct proportionality between
fluorescence intensity and lactate concentration. Compared to a commercial lactate de-
tection kit (R2 = 0.9746; Figure S5B), our paper-based microfluidic platform exhibited a
similar standard curve. This approach resulted in a standard curve with a detection limit
of 5.6834 mmol L−1 (S/N 1

4 3), as depicted in Figure S5B. This comparison demonstrates
that our paper-based microfluidic analysis achieves a comparable detection limit to that of
commercial kits.
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Figure 4. Sensitivity of lactate detection based on the paper-based platform. Fluorescence pho-
tographs of lactate detection at different concentrations (i.e., 100 mM, 200 mM, 300 mM, 400 mM,
500 mM, and 600 mM) on the paper-based platform are shown. The calibration curve by plotting the
average grayscale values against the different lactate concentration is presented. Error bars: standard
deviation from different experiments (n = 3).

3.1.4. Applications for the Paper-Based Lactate Detection Platform

We integrated a lactate detection system into our previously established 3D cell
culture paper-based microfluidic platform to investigate lactate secretion variations across
cell types and evaluate the platform’s specificity. Feasibility of culturing MCF-7 cells
on the chip was demonstrated (Figure S6A), with CCK-8 assay data showing increased
cell viability with higher seeding densities. Consequently, 16,000 cells were seeded for
subsequent experiments. Cell viability analysis after seeding 16,000 cells for varying
durations (Figure S6B) led to a 24 h culture period being chosen to ensure sufficient cell
numbers for lactate detection. Figure 5A demonstrates the assessment of lactate secretion
across six cell types (normal: HEK 293T, HeLa, and L-02; tumor: MCF-7, MB231, and
HepG2) using the paper-based platform, confirming its specificity. Distinct fluorescence
intensities and grayscale values were observed for tumor cells, indicating varying lactate
secretion levels and the platform’s ability to sustain and detect continuous lactate secretion.
In contrast, negligible fluorescence signals were observed for normal cells under identical
culture conditions, suggesting significantly lower lactate secretion. Quantification based
on the established standard curve revealed a lactate secretion rate of approximately 330
mM for tumor cells.

Figure 5. Applications for the paper-based lactate detection platform. (A) Cultivation of different
types of cells on the paper-based platform and lactate detection: fluorescence images were taken after
the reaction of the lactate detection system 24 h after cell culture; (B) Lactate secretion of MCF-7 cells
under different drug treatments (doxorubicin and paclitaxel at a concentration of 10 μg mL−1, as well
as without treatment) were examined on the paper-based platform. Fluorescence images (arranged
left to right: doxorubicin, paclitaxel, and no treatment) were used to derive grayscale values for the
histograms. Error bar: standard deviation from different experiments (n = 3).
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Paclitaxel and doxorubicin were employed as anticancer agents against MCF-7 cells,
and the paper-based microfluidic platform facilitated quantitative analysis of lactate se-
cretion from drug-treated cells, with color intensity directly reflecting lactate production.
Figure 5B shows a notable decrease in fluorescence intensity and grayscale values in the
drug-treated groups compared to in the untreated control, indicating significant reduction
in lactate secretion from MCF-7 cells post-treatment (p < 0.05). These findings highlight the
drugs’ ability to markedly diminish lactate production by impeding tumor cell proliferation,
demonstrating the device’s sensitivity to paclitaxel and doxorubicin, corroborated by CCK8
assay data (Figure S7) showing decreased cell viability in the drug-treated groups, further
underscoring the platform’s utility in drug screening.

4. Conclusions

In this study, we introduced a paper-based microfluidic platform for lactate detec-
tion, which was further integrated with a wick-type paper microfluidic cell culture device.
This combination enabled the detection of lactate secretion and screening of drugs tar-
geting tumor cells. Leveraging an enzyme-assisted chemical reaction for lactate within
the paper-based microfluidic platform, this approach offers biocompatibility, affordability,
and operational simplicity. Others have also detected lactate secreted inside and outside
of cells. Marcel Braendlein [24] used organic transistor circuits to detect lactate in tumor
cell cultures, and Yuanyu Zhang [25] et al. used a multi-enzyme system in an amorphous
metal−organic framework to detect lactate inside cells. Although these methods can also
detect lactate, they are more expensive compared to the paper-based platform we have
built and require trained specialists to operate the experiments. The method employs
image acquisition for fluorescence signal collection, providing an accessible, cost-effective,
efficient, and reliable technique for lactate measurement. The sensitivity and specificity
of this microfluidic paper-based lactate detection platform was experimentally validated.
Moreover, when combined with a smartphone-based colorimetric analysis system, the
paper-based microfluidic device emerges as a powerful tool for examining lactate secretion
from cells and screening various anticancer drugs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios14090442/s1, Figure S1. Detail of the paper-based chip design
diagram. (A) The size dimension of the 12-circle paper chip. (B) The 3D model of 12-circle paper chip.
Figure S2. Optimization of Grayscale Analysis Channels. (A) Effect images of processing fluorescent
products under four different grayscale channels. (B) The relation curves between grayscale values
and NADH concentration under different grayscale analysis channels. Figure S3. Color optimization
of paper chip. The linear relationship and correlation coefficient between the NADH concentration
and the corresponding gray value of fluorescence signal in the experimental group using red paper
chip (A), yellow paper chip (B), purple paper chip (C) and black paper chip (D). All the evaluations
were carried out in triplicate (n = 3). ∗ represents a significant difference among the groups with
p < 0.05. Figure S4. Conditions and fluorescence value curves of each experimental group in the
microplate reader. (A) Optimization of LDH concentration. (B) Optimization of LDH concentration.
NAD+ concentration. (C) Optimization of buffer pH value. (D) Optimization of reaction time. Error
bars: standard deviation from different experiments (n = 3). Figure S5. Calibration of the standard
curve of fluorescence and lactate concentration using a microplate reader. Error bars: standard
deviation from different experiments (n = 3). (B) Calibration of the standard curve of absorbance and
lactate concentration in microplate wells using a commercial kit. Error bars: standard deviation from
different experiments (n = 3). Figure S6. Feasibility verification of cell culture on paper-based platform
(A) Calibration curve of different cell seeding densities and average gray intensity. (B) Calibration
curve of cell culture days and average gray intensity. The average gray intensity was measured by
the CCK-8 assay, and the image information was acquired by a smartphone. The results show that
cell viability increases with increasing cell density. Considering the adhesion area of cells on paper, a
seeding density of 16,000 cells/mL was chosen. As the culture time increased, the cell density also
increased. To ensure sufficient cell density, cells were cultured for 24 h after seeding 16,000 cells
for subsequent experiments. Additionally, it can be observed that our paper-based platform can be
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stored for at least 5 days for experimentation. All the evaluations were carried out in triplicate (n = 3).
Figure S7. The cytotoxic effect of MCF-7 cells under the treatment of doxorubicin and paclitaxel: Cell
viability detection after treatment with different drugs on a paper-based platform (images from left to
right, doxorubicin, paclitaxel, concentration at 10 μg mL−1); Histogram showing grayscale intensity,
collected by Image J from the images. All evaluations were repeated three times (n = 3).
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Abstract: The μTAS/LOC, a highly integrated microsystem, consolidates multiple bioanalytical
functions within a single chip, enhancing efficiency and precision in bioanalysis and biomedical
operations. Microfluidic centrifugation, a key component of LOC devices, enables rapid capture and
enrichment of tiny objects in samples, improving sensitivity and accuracy of detection and diagnosis.
However, microfluidic systems face challenges due to viscosity dominance and difficulty in vortex
formation. Acoustic-based centrifugation, particularly those using surface acoustic waves (SAWs),
have shown promise in applications such as particle concentration, separation, and droplet mixing.
However, challenges include accurate droplet placement, energy loss from off-axis positioning, and
limited energy transfer from low-frequency SAW resonators, restricting centrifugal speed and sample
volume. In this work, we introduce a novel ring array composed of eight Lamb wave resonators
(LWRs), forming an Ultra-Fast Centrifuge Tunnel (UFCT) in a microfluidic system. The UFCT
eliminates secondary vortices, concentrating energy in the main vortex and maximizing acoustic-
to-streaming energy conversion. It enables ultra-fast centrifugation with a larger liquid capacity
(50 μL), reduced power usage (50 mW) that is one order of magnitude smaller than existing devices,
and greater linear speed (62 mm/s), surpassing the limitations of prior methods. We demonstrate
successful high-fold enrichment of 2 μm and 10 μm particles and explore the UFCT’s potential in
tissue engineering by encapsulating cells in a hydrogel-based micro-organ with a ring structure,
which is of great significance for building more complex manipulation platforms for particles and
cells in a bio-compatible and contactless manner.

Keywords: concentration; ultra-fast centrifuge; Lamb wave resonator array

1. Introduction

The micro total analysis system (μTAS), also known as the Lab-on-a-Chip (LOC), is
a highly integrated microsystem technology. It encapsulates functions such as sample
pretreatment, execution of biochemical reactions, detection, and analysis within a single
microchip, thereby efficiently completing a series of complex and precise bioanalysis and
biomedical operations [1,2]. Among them, microfluidic centrifugation technology plays one
of the core roles in LOC devices. Through centrifugal pumping, microvalves, micro-mixing,
and separation of sample particles and fluids, it successfully constitutes indispensable
sample preparation technology, as well as analysis and detection methods in the process
of in vitro diagnosis and drug development [3]. Particularly in sample preprocessing, the
rapid capture and enrichment of tiny objects (such as cells and particles) in the sample
through microfluidic centrifugation helps to shorten the analysis cycle and greatly enhances
the sensitivity and accuracy of biological detection and diagnosis [4–6]. However, due to the
change in fluid characteristics under the microfluidic system, on the one hand, the viscosity
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effect dominates, weakening the effectiveness of the centrifugal separation mechanism.
On the other hand, the low Reynolds number of the environment is not conducive to the
natural formation of vortices.

Therefore, various passive and active technical strategies are developed to enhance
vortex intensity to meet the needs of microfluidic centrifugation applications [7]. Passive
microfluidic centrifugation technology primarily relies on the design of microchannels
with specific geometric shapes, topological structures, or curvatures. This design induces
vortices by utilizing the principles of inertial fluid mechanics [8,9]. Although these designs
are simple and low-cost, maintaining effective fluid dynamics often requires the use of
high-power pumps, which is not conducive to the miniaturization and overall integration
of microfluidic control devices. In contrast, active methods depend on externally applied
forces to drive the rotation within the system. These forces typically originate from electric
fields [10,11], acoustic fields [12–14], and thermal fields [15]. Compared to passive methods,
active methods have the advantage of real-time, precise control of vortex intensity, direction,
and distribution. They are adaptable to complex, dynamic operational requirements and
offer high flexibility [16,17].

The acoustic approach, as an active method in microfluidic centrifugation, offers a
highly efficient and flexible solution to the challenge of vortex generation at the microfluidic
scale [18]. It boasts several advantages, such as non-invasive biocompatibility, precise con-
trol through multi-parameter adjustments, strong penetration, compatibility with various
microfluidic control materials, and highly localized generation of acoustic streaming [19–23].
Due to the transferability of vibrations, various waveguides [24] and acoustic black hole
effects [25] can be combined to further generate acoustic fluid effects with multiple modes
through wave modulation. Microfluidic centrifugation based on acoustic methods is mainly
divided into two categories: indirect and direct methods. Indirect methods typically induce
acoustic streaming by introducing a medium (microstructures or bubbles) that oscillates
secondarily [26–28]. However, the reproducibility and robustness of streaming caused
by indirect strategies are inferior to those of direct strategies. Direct strategies usually
involve the direct coupling of sound waves into the fluid in the microfluidic system. In
recent years, microfluidic centrifugation based on surface acoustic waves (SAWs) directly
coupling into microfluidics has demonstrated the potential of centrifugation in applications
such as particle concentration, separation, and micro-mixing. The pivotal objective lies in
amplifying the net torque around the vertical axis to boost rotational speed and torque [29].
First, refining the electrode design and harnessing a focused SAW intensify the energy
transferred into the fluid, thereby escalating the vortex velocity within the droplet [30–32].
Secondly, adjusting the distribution of the SAW, such as by introducing asymmetric or
annular structures, can further enhance the streaming speed by adjusting the input power
and the flow field distribution [29,33,34].

Despite their merits, these methodologies encounter several hurdles. The accurate
placement of droplets poses a challenge, along with considerable energy loss due to off-axis
positioning. Additionally, only a minute proportion of the input power imparted to the
low-frequency SAW resonator is effectively conveyed into the fluid. Higher-frequency
SAW fabrication is relatively difficult and hard to apply under high power. Therefore, it is
challenging to increase the flow velocity and centrifuge speed, and the droplet capacity
is typically below 10 μL [29]. For larger volumes, high streaming velocity is required.
Based on higher frequency Lamb wave resonators (LWRs), rapid acoustic streaming energy
conversion can be achieved, and it can be driven at a lower power [35].

In previous work, our research group has explored the acoustic streaming effects
excited by a single LWR [36,37] and an array of four LWRs in a liquid environment, as
well as using it for particle enrichment [35]. However, due to the presence of secondary
vortices, it is challenging to form a single high-speed streaming tunnel for centrifuge
applications. Therefore, in this work, we designed and manufactured a ring array composed
of eight LWRs with novel structures. On one hand, this eliminates secondary vortices,
allowing more energy to concentrate in the main vortex, maximizing the conversion
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efficiency from an acoustic wave to acoustic streaming. On the other hand, through
the arrayed layout, an ultra-fast centrifuge tunnel (UFCT) is formed in the center of the
microfluidic system in droplets with a larger fluid volume (50 μL). The UFCT allows the
use of less power (50 mW) to achieve greater linear speed (62 mm/s), thereby achieving
ultra-fast microfluidic centrifugation. Moreover, we have also explored the relationship
between the fluid motion state and particle motion speed, particle size, and fluid viscosity
and this impact on the UFCT, as well as the relationship with input power. We have
triumphantly accomplished high-fold enrichment of 2 μm and 10 μm particles and have
initially embarked on exploring the prospective utility of the UFCT in tissue engineering.
Using hydrogel PEGDA as a scaffold, we encapsulated cells and formed a micro-organ with
a ring structure, which contributes to the advancement of bio-compatible and non-invasive
micro-assembly systems for particles and cells.

2. Materials and Methods

2.1. Composition and Working Principle of UFCT

Figure 1a is a schematic diagram of the UFCT working principle, which is composed
of a PDMS chamber, the sample, and a novel LWR ring array underneath. The main
purpose of the novel LWR ring array design is to focus energy effectively into the liquid by
utilizing its unique ring angle and reflection-grating capabilities, thereby improving the
shape of the excited vortex, generating a UFCT in the central circular area, and adapting
to the subsequent particles and cell-capture assembly. The working process is as shown
in Figure 1b: a low-concentration sample (about 50 μL) is applied to the sample of the
chamber. When the LWR array is turned on, the UFCT instantly forms in the entire field.
Particles in the entire field rotate with the vortex, and due to the combined effect of the
high-speed fluid shear force of the UFCT and the acoustofluidic effect, the particles in the
entire field are dragged into the central vortex for capture and enrichment in about 30 s.
As most particles are dragged into the vortex, the width of the ring trajectory significantly
expands until the particles fill the entire virtual tunnel and no further enrichment can be
carried out. After solidification in the hydrogel, the assembly can be taken out.

Figure 1. Working principle of UFCT for particle concentration. (a) Schematic diagram of UFCT for
particle enrichment: the UFCT is driven by an LWR array, and the particle suspension is added to the
PDMS ring as a sample reservoir. When LWR is turned on, the particles are rapidly concentrated
into the central ring under the action of UFCT. (b,c) show the schematic diagram and experimental
diagram of UFCT-concentrated particles after acting for 30 s and curing in hydrogel.

In previous studies, the vortices behind the LWR made the flow field distribution
complex [35]. To achieve a more uniform fluid flow in the chamber and facilitate the quick
enrichment of particles to the predetermined annular orbit, this paper designed a novel
LWR with a new structure. To verify its feasibility, namely whether it enhances the genera-
tion and velocity of the primary vortex and reduces the formation of secondary vortices, we
conducted finite element analysis (FEA) comparisons between the new structure and the
traditional structure. The fluid used for simulation was water, with a density of 997 kg/m3
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and a dynamic viscosity of 1 mPa·s. For all transient studies, the relative tolerance for
convergence accuracy was set to 0.001. The traditional LWR has a suspended flat-edged
structure as shown in I of Figure 2a.

Figure 2. Principle design and simulation validation of traditional and novel LWRs: (a) Two-
dimensional cross-sectional schematic and simulated displacement and acoustic pressure diagrams
for a traditional LWR and a novel LWR. (b) Three-dimensional flow field propagation schematics
and corresponding simulation diagrams for a traditional LWR and a novel LWR. (c) Schematic and
simulated velocity distribution maps for traditional and novel LWR arrays.

When the radio frequency signal is connected to the electrodes, an electric field is
generated perpendicular to the plane of the thin film. The particles of the piezoelectric thin
film vibrate on the plane of the film surface (ignoring the thickness, as the film is sufficiently
thin). Due to the strong acoustic impedance difference at the free edge, a standing wave is
formed in the thin film, resulting in resonance. The resonant frequency fr is determined by
the spacing between the interdigital electrodes and the characteristics of the wave.

fr = c0

√(
n

2p

)2
+

( m
2L

)2
(1)

Among them, n and m are both positive integers, p is the electrode spatial period, L
is the electrode strip length, and c0 is the wave velocity of Lamb waves in S0 mode. As
shown in I and III of Figure 2a, when traditional LWRs operate in a liquid environment,
the acoustic waves in the resonator propagate to the solid–liquid interface, where some of
them leak into the liquid from both sides of the edge, resembling cylindrical waves. An
optimized grating reflector is used to replace the air edges of the LWR so that the acoustic
energy of the Lamb waves is directed from only one side of the resonator into the liquid, as
indicated in II and IV of Figure 2a.

To suppress standing wave leakage, periodic structure reflectors are employed, their
efficiency influenced by factors such as strip unit count and inter-strip spacing. Grating
spacing adheres to λ/4 and matches IDT widths for optimal reflection, and the theory
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links strip numbers positively to reflected wave energy [38,39]. For miniaturization and
controlled reflection, just five oppositely placed molybdenum electrodes were used on
each side. Further investigation was conducted into the velocity distribution of the novel
LWR and traditional LWR in liquid at resonance frequencies. The designed device was
coupled into the fluid for comparison. Given that cylindrical waves are generated only
on one side of the electrode bars, we extracted the first-order velocity field from the linear
acoustic domain, simplified it, and subsequently introduced it into Equation (2) to obtain
the volume force:

〈F〉 = −〈ρ0(υ1 · ∇)υ1 + υ1∇ · ρ0υ1〉 = −ρ0〈(υ1 · ∇)υ1 + υ1∇ · υ1〉 (2)

The acoustic vibration velocity field distribution υ1 is added to the domain where the
volume force acts, with the fluid density denoted as ρ0. The upper boundary of the fluid
domain is set as an “open boundary” to simulate an infinitely large liquid environment.
Specific simulation steps can be found in the Supplementary Materials. The steady laminar
flow calculation results for the traditional and novel Lamb wave resonators are displayed
in Figure 2b. Notably, the grating’s wave reflection significantly reduces leakage into the
liquid, concentrating the acoustic pressure distribution on one side of the LWR.

As observed in I and III of Figure 2b, the strongest acoustic streaming effect occurs in
the vicinity of the resonator device, diminishing with increasing distance from the device,
consistent with the attenuation of acoustic waves in the fluid domain and the finite extent
of the volume force. Under the influence of acoustic streaming, the fluid flows along the
x-axis away from the device center towards both sides, followed by fluid movement along
the y-axis towards the center, replenishing the displaced fluid. A circulation forms within
the liquid, with a vortex present at the corners of the LWR. In contrast, as seen in II and IV
of Figure 2b, the adoption of an air-grating structure on one side renders the direction of
acoustic wave leakage into the fluid unidirectional, generating volume force on only that
side. Concurrently, the fluid intensity and gradient on the air-grating side have increased.
Due to the unidirectionality of the volume force, the fluid moves along the y-axis in the
direction of acoustic wave propagation, returning to the rear of the resonator, creating
vortices on both sides. This configuration results in a more concentrated energy distribution
and a reduction in the formation of secondary vortices.

Considering both the continuity of the flow field and the optimization of power
consumption, we concluded that an array composed of eight devices represents the most
suitable configuration (the specific design concept can be found in the Figure S1). We
arranged the LWR array such that the top corners of the eight novel LWRs lay on a common
circumference, with inner and outer electrode rings providing electrical connections. Each
device was positioned at a 45◦ angle relative to its neighbors, resulting in a symmetrical
distribution. In an open-flow field, a single LWR generates vortices approximately 400 μm
from its top corner, while the radius of the array’s inner circle is about 200 μm. This
configuration ensures overlapping regions of cylindrical wave generation near the inner
side of each resonator, effectively rendering the volume force a continuous force in a
circumferential direction.

As depicted in Figure 2c, we conducted a three-dimensional simulation of the complex
composite field. At the array’s center, a primary vortex formed with the highest velocity,
rotating counterclockwise. Comparing the flow fields generated by traditional and novel
LWR arrays, in I of Figure 2c, the traditional LWR array still exhibited velocity distributions
of secondary vortices, with speeds amounting to 70% of the primary vortex. Conversely,
in II of Figure 2c, the novel array collectively excited 16 vortices, all of which coalesced
into the dominant primary vortex. The resulting primary vortex exhibited a more uniform
velocity distribution, essentially eliminating the influence of secondary vortices.

2.2. Fabrication and Setup of UFCT

Reagents: All reagents were purchased from commercial suppliers without further pu-
rification. Monodisperse fluorescent microspheres (polystyrene microspheres, ∼10 mg/mL)
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with a diameter of 2 μm were obtained from Aladdin Industrial Corporation (Shanghai,
China). Monodisperse fluorescent microspheres (polystyrene microspheres, ∼10 mg/mL)
with diameters of 5 μm and 10 μm were provided by the Baseline Chromatography Tech-
nology Development Center (Tianjin, China). SU-8 2025 photoresist was purchased from
Suzhou KeYi Materials Microtech Co., Ltd. (Suzhou, China). Polydimethylsiloxane (PDMS,
Sylgard 184) was sourced from Dow Chemical Company (Lake Jackson, TX, USA). The
synthetic hydrogel used in this paper is 30 wt% solution of polyethylene glycol diacrylate
with a molecular weight of 400 (Laysan Bio. Inc., Arab, AL, USA).

Manufacturing of Lamb Wave Resonators: The Lamb wave resonators used in this
study were fabricated using standard MEMS processes. The substrate was a silicon wafer
cleaned with piranha solution (a mixture of concentrated sulfuric acid and 30% hydrogen
peroxide). A cavity was etched into the substrate using reactive ion etching, followed
by chemical vapor deposition to fill it with phosphosilicate glass (PSG), which was then
polished away using chemical mechanical polishing; the PSG within the cavity served
as a sacrificial layer. Next, a molybdenum film (200 nm) was deposited on the sacrificial
layer as the bottom electrode via magnetron sputtering, followed by deposition of an
aluminum nitride layer (1.5 μm) and another molybdenum film (200 nm, top electrode) on
the sacrificial layer using the same method. Since the deposited aluminum nitride layer
covered the sacrificial layer, the former was etched using potassium hydroxide wet etching
and plasma etching to expose the latter for subsequent processing. Finally, a gold film was
deposited by physical vapor deposition, which was then lifted off to serve as electrical
interconnections. The prepared sacrificial layer was etched using diluted hydrofluoric acid
to release the resonant cavity, forming a cantilever structure.

Manufacturing of Micro-chamber: (1) Mixing PDMS base and curing agent (10:1) and
casting in a mold; (2) Vacuum degassing to remove bubbles; (3) Curing at 80 ◦C for 1.5 h;
(4) Peeling, measuring height, and punching with 2 mm and 1 mm punches for a 1 mm
internal diameter; (5) Cleaning in ethanol and water, drying with nitrogen, and storing in a
sterile Petri dish.

Experimental Platform Setup: The experimental platform was assembled by fixing the
device onto an RF test board (EVB), connecting the electrodes to signal lines and ground
lines using gold wires, and attaching a circular PDMS chamber with a diameter of 1 mm
to the substrate as a sample container. The setup included essential equipment such as a
signal generator (Agilent N2181B) for producing RF signals and providing input power to
the device, a power amplifier (Qualwave QPAR1R53337) with a gain of 33 dBm operating
in the 100–500 MHz frequency band, a power isolator (EPool QCIB-350–430-S) working in
the 350–430 MHz band to prevent damage to the device from excessive power, and an SMA
interface connecting the device to the isolator using standard 50 Ω RF transmission lines.
The instruments were connected according to the circuit diagram. Additional equipment
included a bright-field microscope equipped with a CCD camera for observing particle
trajectories within the microfluidic chamber and a high-speed camera capturing images at
6000 fps to calculate and track particle motion states, thereby estimating particle velocities.

Cell Staining: We stained cells to assess cell aggregation, following these specific steps:
(1) Prepare a 1 mmol/L stock solution of calcein and dilute it to 50 μmol/L using PBS
buffer. (2) Add 10% of the volume of the cell culture medium with the calcein solution to
the cell culture medium containing cells at a density of 1 × 106 per mL. (3) Incubate the
cells at 37 ◦C for 15–30 min. (4) Wash the cells thrice with PBS buffer to remove extracellular
calcein dye, completing the preparation of the cell sample.

3. Results and Discussion

Particles subjected to a UFCT field primarily experience acoustic radiation force (ARF),
acoustic streaming force (ASF), and centrifugal force (CF). The acoustofluidic dimensionless
parameter κ (defined as κ = πdp/λ) [40], representing the relative relationship between
acoustic wave properties and particle size, is a key parameter for analyzing the influence of
traveling surface acoustic waves on particle motion in an acoustofluidic field. When κ < 1,
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acoustic streaming dominates; when κ > 1, ARF prevails. Given f = 380 MHz, for dp = 2 μm
and 10 μm, κ is approximately 1.6 and 8, respectively, both greater than 1. Consequently,
for UFCT, the ARF is dominant compared to the ASF. Moreover, since ARF typically scales
proportionally with particle volume while resistance scales with particle radius, the ARF is
more pronounced for larger particles. Thus, the 10 μm particle experiences a stronger ARF
than the 2 μm particle.

Additionally, CF is also an important force that cannot be overlooked, influencing
the motion of particles within vortices. The vortex velocity is related to the amplitude
of the acoustic wave, which determines the magnitude of the CF. It is well-known that
the CF is directly proportional to the square of the angular velocity of the centrifugal
motion (CF ∝ ω2). When particles rotate at high speeds within the vortex, the CF increases.
When this force becomes sufficient to overcome the acoustic vortex resistance, it begins to
dominate the particle’s movement. The specific UFCT particle-capture process is described
as follows: the LWR array couples into the fluid, generating first-order acoustic pressure
effects and second-order acoustic streaming effects. The first-order acoustic pressure effect
produces an ARF that pushes particles towards the center.

However, due to the presence of a single-sided reflector grating at ultra-high frequen-
cies and the cooperation of a ring array, a larger portion of energy is rapidly converted,
driving faster vortex motion. As a result, the CF acting on particles in the fluid rapidly
increases and becomes dominant. Initially, particles move along streamlines towards the
acoustic vortex center under the combined influence of CF and ARF. Upon reaching the
virtual tunnel, the CF rapidly decreases. While the ARF pushes particles towards the center
of the acoustic vortex, the enhanced CF acts in opposition, pushing particles away from the
center. A stable particle ring forms where CF ≈ ARF, achieving an equilibrium state.As
depicted in Figure 3a, for the simulation of particle enrichment by the UFCT, the chamber
radius was set to 1.5 mm with a height of 1 mm. Subfigures (I–VI) illustrate the particle
tracking simulation from initiation until the completion of enrichment, with time points at
0 s, 10 s, 20 s, and 30 s, respectively. Evidently, particles progressively accumulate from the
edges towards the center. A dynamic visualization of this process can be found in the GIF S1.
Figure 3a (V) and (VI) represent the oblique and side views of particle accumulation after
enrichment. Particles are concentrated in a track approximately 300 μm above the device, a
height that correlates with the attenuation distance of the acoustic waves generated by the
device. Consequently, FC and ARF jointly govern the ring-like motion of particles around a
specific acoustic vortex streamline. The results obtained are similar to those of previous
reports [29,41], but the supplied power of UFCT is found to be an order of magnitude lower.
For specific comparisons, please refer to Table S1. Subsequently, the enrichment effect of
UFCT on particles of different sizes (2 μm and 10 μm) was characterized by measuring the
fluorescence intensity before and after UFCT activation, as shown in Figure 3b.

For this purpose, the fluorescence intensity was statistically analyzed using ImageView
software, with the fluorescence intensity values plotted on the vertical axis and the nor-
malized distance on the horizontal axis. From the normalized curve, it is readily apparent
that, prior to UFCT activation, particles are uniformly distributed within the cavity. Upon
UFCT activation, however, enriched fluorescent particles predominantly accumulate, with
widths of approximately 100 μm and radii around 250 μm. Notably, the 10 μm particles
experience a stronger acoustic radiation force compared to the 2 μm particles, making them
more prone to entering the central region of the virtual tunnel. Consequently, they exhibit
higher fluorescence enhancement factors (seven-fold higher for 2 μm particles), consistent
with previous studies [42].

To further characterize the velocity and behavior of particles, the number of rotations
made by particles along the annular track was tallied, allowing for the calculation of their
rotational speed. The linear velocities of polystyrene beads with diameters of 2 μm, 5 μm,
and 10 μm were then computed under varying power levels, and these experimental data
were compared with simulation results, as depicted in Figure 3c. It is evident that particles’
linear velocity increases rapidly with increasing power, and interestingly, under identical
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power settings, particles of different diameters exhibit nearly identical linear velocities.
Moreover, these experimental findings closely align with the simulation results, thereby
further substantiating the reliability of the experimental design. At a power level of 50 mW,
a linear velocity of up to 62 mm/s was achieved.

Figure 3. Particle simulation and experimental characterization based on UFCT (a) Simulation
illustrating the particle capture process in UFCT. (b) Comparison of fluorescence intensity along the
droplet axis before and after enrichment in UFCT, demonstrating the enrichment effect on different
particles. (c) Graph depicting the relationship between the linear velocity of particles of various
diameters and power. (d) Diagram showing the normal operating power range of UFCT under
varied viscosities.

To further investigate the adaptability of UFCT to real samples that typically possess
varying viscosities, glycerol was added to the suspension medium to adjust its viscosity
within the range of 1 to 20 mPa·s, as depicted in Figure 3d. This range includes the viscosi-
ties of all body fluids, such as cerebrospinal fluid (∼1 mPa·s), whole blood (4–5 mPa·s) [43],
and low-molecular-weight hydrogels (more than 10 mPa·s). At lower power levels, the
relatively weak fluid shear forces were insufficient to form the UFCT, whereas excessively
high power could induce turbulence to destroy the UFCT. Thus, the higher the viscosity
of the liquid, the greater the startup power needed to initiate particle movement along
trajectories, and correspondingly, a higher power is required to displace particles from these
trajectories. This also suggests that, in appropriate viscous environments, the dependence
of particle or fluid motion on power decreases, implying an increased controllability of
the particle dynamics. Moreover, it was demonstrated that UFCT can function effectively
even in high-viscosity liquids, maintaining a wide operational power range. This find-
ing lays a foundation for subsequent validation of cell assembly within hydrogels using
UFCT technology.

Tissue engineering and organoid technologies have greatly advanced our under-
standing of fundamental life science issues, including tissue development, intercellular
interactions, and microenvironmental regulation. They provide researchers with unique
platforms for ex vivo manipulation and observation of intricate biological processes [44–46].
This section validates the cell manipulation and assembly capabilities of UFCT. We conduct
experiments on microtissue assembly using HeLa cells mixed with PEGDA, following the
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preparation steps (I)–(IV) depicted in Figure 4a: (I) Sample injection: mix the prepared
cell sample with PEGDA at a ratio of 7:3, agitating it 10 times with a pipette to ensure
homogeneity. Using a pipettor, aspirate 50 μL of the PEGDA/HeLa cell mixture and inject
it into the microfluidic chamber atop the device. (II) Enrichment assembly: turn on the
signal generator and power amplifier, adjusting the power to 50 mW to generate UFCT
and facilitate cell enrichment assembly. (III) UV curing: Once cells have aggregated and
formed ring-like structures, irradiate the structure for 15 s to photopolymerize the hydrogel
structure. (IV) Removal and cultivation: Gently peel the cured structured micro-tissue off
the PDMS wall and transfer it to a culture dish for further cultivation.

Figure 4. Cell enrichment and assembly based on UFCT. (a) Schematic representation of the cell
enrichment assembly process facilitated by UFCT. (b) Comparative brightfield and fluorescence
microscopy images of a 10 μm particle sample after UV curing. (c) The arrangement of cells before
device activation and after UV exposure.

Figure 4b presents the manipulation results of a 10 μm particle after UV curing. Par-
ticles are employed to further validate the array’s excellent aggregation performance in
high-viscosity PEGDA solutions, with images shown under both brightfield and fluores-
cence microscopy. Subsequently, we proceeded with HeLa cell assembly. Prior to power
activation, cells are uniformly suspended in the solution. Upon power initiation, within
tens of seconds, the majority of cells are captured and rapidly rotate within the central
primary vortex, as shown in Figure 4c and Video S2. The process is also documented in
Video S1. Ultimately, the assembly is UV-cured; excessively long exposure times render
the PEGDA hard and brittle, compromising cell viability; an irradiation time of 10–20 s
is deemed appropriate. The resulting cured structure, as seen in Figure 4c, faithfully pre-
serves the ring-like configuration established during acoustic manipulation, with a radius
of approximately 250 μm. This non-contact acoustic assembly approach offers a novel
perspective for three-dimensional tissue engineering.

4. Conclusions

Acoustic microcentrifugation based on acoustic streaming has attracted significant
attention due to its non-contact nature, high degree of miniaturization, and integration,
particularly in the biochemical domain, where it serves applications ranging from driving
micro-scale mixing to pre-concentration of samples and particles [47,48]. While maintaining
compactness, achieving higher efficiency in the conversion of acoustic energy to acoustic
streaming and stronger local fluid gradients are persistent objectives in acoustic microcen-
trifugation technology. This paper addresses these goals in two ways: first, by employing
higher-frequency LWRs which enable rapid conversion of acoustic energy to streaming
and can be driven at lower power levels, and secondly, through the implementation of a
reflective grating and an arrayed configuration, concentrating more energy in the primary
vortex while eliminating secondary vortices, thus maximizing the efficiency of converting
acoustic waves to streaming energy. Furthermore, this paper explores preliminary applica-
tions of acoustic microcentrifugation in sample enrichment and cell assembly, successfully
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demonstrating the high-speed virtual tunnel created at low power and high-fold enrich-
ment particles. An initial investigation into the potential use of UFCT in tissue engineering
is also presented. This device holds promise for controlling the width of the vortex ring by
adjusting input power and frequency, or tuning the diameter of the ring through the design
of different array scales and device layout angles, enabling the creation of controllable
microscale assemblies for studying cell–cell interactions and cellular responses to drug
molecules in pharmaceutical development [49].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios14060280/s1, Figure S1. Comparison of flow field simulation
with different numbers of LWR Arrays. Table S1. Comparison of different mechanisms and perfor-
mance of acoustofluidic in concentrating particle ring. Video S1: Cell enrichment and assembly based
on UFCT. Video S2: UFCT On. GIF S1: simulation via UFCT On.
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Abstract: Combinatorial drug therapy has emerged as a critically important strategy in medical
research and patient treatment and involves the use of multiple drugs in concert to achieve a
synergistic effect. This approach can enhance therapeutic efficacy while simultaneously mitigating
adverse side effects. However, the process of identifying optimal drug combinations, including their
compositions and dosages, is often a complex, costly, and time-intensive endeavor. To surmount these
hurdles, we propose a novel microfluidic device capable of simultaneously generating multiple drug
concentration gradients across an interlinked array of culture chambers. This innovative setup allows
for the real-time monitoring of live cell responses. With minimal effort, researchers can now explore
the concentration-dependent effects of single-agent and combination drug therapies. Taking neural
stem cells (NSCs) as a case study, we examined the impacts of various growth factors—epithelial
growth factor (EGF), platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF)—on
the differentiation of NSCs. Our findings indicate that an overdose of any single growth factor
leads to an upsurge in the proportion of differentiated NSCs. Interestingly, the regulatory effects of
these growth factors can be modulated by the introduction of additional growth factors, whether
singly or in combination. Notably, a reduced concentration of these additional factors resulted in a
decreased number of differentiated NSCs. Our results affirm that the successful application of this
microfluidic device for the generation of multi-drug concentration gradients has substantial potential
to revolutionize drug combination screening. This advancement promises to streamline the process
and accelerate the discovery of effective therapeutic drug combinations.

Keywords: multi-drug; mixing chip; microfluidic; drug screening

1. Introduction

Combinatorial drug treatments hold significant promise for the advancement of per-
sonalized medicine and the management of complex diseases. This approach harnesses the
potential of multiple drugs to work together, creating synergies that can lead to improved
treatment outcomes [1–3]. However, screening drug combinations and determining their
appropriate concentrations are time-consuming and costly, and can take over 10 years
and cost billions of dollars. Therefore, the development of technologies, including high-
throughput screening methods [4–7], computational modeling [8–10], and microfluidic
devices [11–13], is in high demand.

High-throughput cell screening typically relies on costly and complex methods such
as porous plates with automated liquid transfer or manual operations, limiting their
feasibility in small research centers. In contrast, microfluidic technology offers low-cost,
precise control over nano-volume liquids, high integration, and efficient and cost-effective
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drug screening with minimal sample consumption [14–16]. Besides their requirement of
few biological samples and reagents [17–19], microfluidic systems offer advantages in
drug screening by creating a controlled biological microenvironment and allowing for
high-resolution, real-time monitoring [20–22]. The integration of Quake’s valves into the
microfluidic system allows for the automated and parallel processing of a large number of
samples [23–25]. In the context of combinatorial drug discovery, this might mean rapidly
screening thousands of drug combinations to assess their effects on cells or biological
targets [26–28].

To overcome the challenges inherent to combinatorial drug screening, we present a
novel microfluidic device designed to automatically generate drug concentration gradients
within an array of micro-sized chambers. This device features a symmetrical chip layout
enhanced with both upper and lower microvalves at each inlet, enabling the creation of
different concentration gradients for three distinct drugs. This configuration facilitates the
mixing of drugs with varying doses, spanning high to low concentrations. Through the
integrated control of microvalves via a bespoke Matlab program, we can orchestrate the
delivery of various doses of EGF, PDGF, and FGF into the microenvironment surrounding
neural stem cells (NSCs). Utilizing the expression levels of Hes-5 in individual cells as
a biomarker [29,30], we uncover that introducing individual growth factors at elevated
concentrations promotes the differentiation of NSCs. Conversely, when NSCs are exposed
to high doses of multiple drugs, we observe a reduction in the number of differentiated
cells, which suggests the promotion of stem cell self-renewal. In summary, the successful
deployment of our microfluidic device for the creation of multi-drug concentration gradi-
ents represents a significant leap forward in the realm of drug combination screening. Its
capacity to deliver efficient, cost-effective evaluations of drug interactions signals a major
advancement in supporting the development of new pharmacological agents and paves
the way for personalized treatment methodologies.

2. Materials and Methods

2.1. Fabrication of Microfluidic Chips

In this study, we prepare the control and flow layers of multi-layer polydimethylsilox-
ane (PDMS) chips using lithography and soft lithography techniques [31]. The PDMS chip
was designed in AutoCAD and fabricated using standard UV lithography with SU-8 3025,
SU-8 3075 (Microchem, Westborough, MA, USA), and AZ-50X (AZ Electronic Materials,
Luxembourg) photoresists. AZ-50X is used to create liquid channels with curved profiles,
which are integrated with the rectangular profile channels of SU-8 3025 and SU-8 3075
to form a fluidic layer. This layer is then aligned and bonded with the control layer, also
fabricated from SU-8 3025. For the fabrication process, 50 g of PDMS (10:1 monomer
to catalyst ratio) is poured over the fluidic layer mold, degassed in a vacuum oven for
one hour, and then cured at 80 ◦C for two hours. Subsequently, a thin PDMS layer is
spin-coated onto the control-layer silicon wafer at 2200 rpm and baked for 10 min. After
plasma treating the fluid and control layers, the layers are aligned using the ‘cross’ marks
on each to achieve precise multi-layer bonding. The assembled PDMS chip undergoes
further plasma treatment along with a glass substrate, is bonded, and then is post-cured in
an 80 ◦C oven for over 8 h.

2.2. Numerical Simulation

In this study, we used COMSOL Multiphysics®5.3 for numerical simulation. Based on
the chip’s actual dimensions, a two-dimensional schematic was generated using COMSOL
software, illustrating the three channels sequentially linked to five culture chambers to
delineate the simulation boundaries. Their properties are configured to confine liquid flow
to within the channels without wall adhesion. The simulation utilizes a multi-physics
coupling interface integrating laminar flow and mass transfer. Inlet flow parameters of
3 mm/s, 5 mm/s, and 10 mm/s are assumed, with an initial substance concentration of
1 mol/m3 for simulation purposes.
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2.3. Chip Operation

The microfluidic chips subjected to channel pressurization testing were sterilized via
ultraviolet irradiation. The control channels of the chips were connected to miniature
pneumatic solenoid valves (Festo, Esslingen, Germany), which were controlled using a
custom MATLAB program (MathWorks, Natick, MA, USA). The optimal closing pressure
of the PDMS membrane valves was determined, with the typical pressure range of the
chips being between 25 and 30 psi. Prior to the chip’s use, its channels were filled with PBS
and degassed. Before cell culturing, the chamber was coated with fibronectin (0.25 mg/mL;
Merck, Vienna, Austria), followed by a continuous rinsing of the chip with PBS or cell
culture medium.

2.4. Cell Culture and Loading

NSCs are isolated and cultured from the day-16 embyro-murine forebrain of Sprague
Dawley (SD) rats and Hes5-GFP/Dcx-RFP double transgenic mice, which are subjected to
experimental and chip cultivation procedures according to the established protocol [32–34].
The external tube holding the cells and fresh culture medium is pressurized by air contain-
ing 5% CO2 and delivered to the fluidic culture chamber by the programmed open–close of
the PDMS membrane on valves on the chip or the on–off of the solenoid valves connected
to the tube.

2.5. Image Acquisition and Data Analysis

For image acquisition, a Nikon Ti2-ECLIPSE microscope, with an automated trans-
lational stage and a digital CMOS camera (ORCA-Flash 4.0, Hamamatsu, Japan), and
microscope (XDS-5, Bingyu, China) were used. Image acquisition was controlled by the
Nikon microscope’s software (NIS components) and a custom-written control program,
respectively. Bright field and fluorescence images were captured and analyzed using a
customized MATLAB program.

3. Results

3.1. Design and Characterization of Microfluidic Chips

To perform the high-throughput screening of combinatorial drugs, we propose a
microfluidic chip which can generate mixtures of different drug doses with minimum effort
(Figure 1). The primary material of these microfluidic chips, PDMS, is highly biocompatible,
allowing for precise control of the microenvironment in long-term cell cultures and facili-
tating evaluations of drug screening and delivery [35–42]. The microfluidic chip is 6 cm
in length, 5 cm in width, and 0.5 cm in height. It consists of multiple arrays of culture
chambers (i.e., a grid of 2 × 5), which are interconnected by three microfluidic channels
(Figure 1a). As shown In Figure 1a, Valves 1 and 2 function as the lower and upper inlet
control valves, valve 3 (red) regulates the connection between the microfluidic channels
and culture chambers, and valve 4 (green) isolates the culture chambers. To achieve precise
control over the composition of combinatorial drug treatments (i.e., the direction, time and
duration of drug input), all channels are independently controlled by Quake’s valves [31].
For example, by opening valves 1, 3, and 4, the drug from inlet-3 will be directed through
Path-2, i.e., in the down-top direction through the array of culture chambers. Switching
from valve 1 to valve 2 leads to changing the flow direction to top-down (Path-1).

Numerical simulation indicates that when drug inputs are directed through array
of culture chambers, they are gradually diluted (Figure 1b and Figure S1). Paths, which
liquid follows through the array of chambers, determine the direction of the concentration
gradient; e.g., there is a high concentration in the top chambers when following Path-
1. With a defined duration and input flow rate (i.e., 4 s and 5 mm/s), approximately
22.48% of the liquid is replaced in the top chamber, i.e., 0.2248 dilution. This concentration
decreases to 0.2003, 0.1716, 0.1387, and 0.1128 of the input value in the subsequent chambers
(Figure S2). Since the medium exchange takes place within an area of 250 μm by 790 μm,
the liquid replacements in each one of the three microfluidic channels will hardly affect
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each other in a culture chamber of dimensions of 250 μm by 2000 μm (Figure 1b). Therefore,
a combination of three drug doses can be generated by directing the flow via either Path-1
or Path-2. The resolution of the concentration gradient is determined by the number of
chambers in the array, and the complexity of the combinatorial drugs is determined by the
number of culture chamber arrays and inlets used.

Figure 1. Design of the microfluidic device. (a) Three-dimensional configuration shows operational
procedure of the microfluidic chip. Valves 1 (brown) and 2 (pink) function as the lower and upper
inlet control valves, valve 3 (red) regulates the connection between microfluidic channels and culture
chambers, and valve 4 (green) isolates the culture chambers. (b) Numerical simulation results indicate
that when a fluid is directed through the array of culture chambers, it is gradually diluted. The
direction of the concentration gradient depends on the paths, i.e., Path-1 for top-down and path-2
for the opposite direction. (c) Mixtures of different drug doses can be automatically generated by
changing the direction of the concentration gradient, e.g., high + high + low.

To demonstrate the capacity of the proposed device, the microfluidic chip is fabricated
using soft lithography and consists of two layers, i.e., the flow (red) and control layers
(green) (Figures 2a and S3). Its 40 culture chambers form a grid of 8 columns × 5 rows
(Figure 2b). Since each column has three independent microchannels, it requires 24 in-
dependently controllable liquid inputs to achieve the claimed screening capacity. As is
shown in Figure 2c, a minimum of seven valves (through the combination calculation of
C3

7) are necessary to control the 24 liquid inlet channels (Figure S1b). Consistent with our
numerical simulation, inputs of green-, red-, and blue-colored food dyes do not disturb one
another, i.e., show no signs of immature mixing at the initial stage (Figure 2d and Movie S1).
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By changing the direction of the concentration gradient over a period of time, the mixing of
different color concentration gradients is achieved in the cavity (Figure S4 and Movie S2).

 

Figure 2. Operation of the microfluidic chip. (a) The microfluidic chip is produced, via soft lithogra-
phy, with multi-layered structure, i.e., flow layers (red, such as (b)) and control layers (green, such as
(b)). When pressurized by the connected tubes, the liquid in the chip can be manipulated with high
accuracy. (b) The microfluidic chip has 8 culture chamber arrays, for which there are 5 culture cham-
bers. These chambers are connected to 3 independently controllable microfluidic channels. (c) To
control the liquids’ passage through each microfluidic channel, a three-control-one arrangement is
employed. Using this approach, 7 thin Quake’s valves are needed to control 24 microfluidic channels.
(d) Using green-, red-, and blue-colored food dyes, it is demonstrated that the concentration gradients
of the three drugs can be generated independently.

3.2. Overdose of Growth Factors Leads to NSCs’ Diminished Stemness

By directing cell-barring liquid through each column, NSCs are loaded into the culture
chambers (Figure 3a). The number of Hes-5-positive cells is used as the indicator for NSCs’
stemness [43]. As a control, NSCs are maintained in culture medium during the 48 h
experiments; the NSCs maintained in different culture chambers of the same array show no
observable differences in cellular behavior and differentiation, indicating that the delivered
nutrients meet the needs for cell survival (Figure 3b). To induce individual growth factors,
we connect inlet-1 with a growth factor, and the other two inlets with culture medium
(Figure 1a). With the addition of growth factors to the culture medium (1 μg/mL PDGF;
0.2 μg/mL FGF; 500 ng/ml EGF), concentration gradients are generated when the liquid
is directed to pass through the array of culture chambers, which can be estimated to be
~110 ng/mL, 100 ng/mL, 85 ng/mL, 70 ng/mL, and 55 ng/mL for EGF-1, -2, -3, -4, and -5;
~44 ng/mL, 40 ng/mL, 34 ng/mL, 28 ng/mL, and 22 ng/mL for FGF-1, -2, -3, -4, and -5;
and ~220 ng/mL, 200 ng/mL, 170 ng/mL, 140 ng/mL, and 110 ng/mL for PDGF-1, -2, -3,
-4, and -5, respectively. It is observed that, at the highest doses, the addition of all growth
factors leads to an increased number of differentiated NSCs, i.e., the cells losing Hes-5
fluorescence (Figure 1a), while their regulatory effects towards differentiation disappear at
low growth factor concentrations (Figure 3c). For example, the number of Hes-5-positive
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cells exceeds even the control samples at EGF-4 and EGF-5, i.e., 70 ng/mL and 55 ng/mL.
That is to say that individual growth factors act beneficially at low doses and produce
contrary effects at high doses, i.e., a dose-dependent biphasic response, which is often
observed in pharmacological experiments [44,45].

 
Figure 3. Live cell images reveal the regulatory effects of grow factor overdose on NSCs. (a) Bright field
(BF) and fluorescent (Hes-5) images of NSCs when exposed to culture medium (control) and overdosed
growth factors. EGF-1, -2, -3, -4, and -5 mean the high to low ends of the concentration gradient, i.e.,
110 ng/mL, 100 ng/mL, 85 ng/mL, 70 ng/mL, and 55 ng/mL, respectively. FGF-1, -2, -3, -4, and -5
represent concentrations of 44 ng/mL, 40 ng/mL, 34 ng/mL, 28 ng/mL, and 22 ng/mL, respectively.
PDGF-1, -2, -3, -4, and -5 represent concentrations of 220 ng/mL, 200 ng/mL, 170 ng/mL, 140 ng/mL,
and 110 ng/mL, respectively. (b) By counting the cells losing Hes-5 fluorescence, the percentage of cells
maintaining stemness can be estimated. The black and gray columns represent the results at 0 h and 48 h,
respectively. Our results indicate that, with the culture medium, NSCs stemness can be well maintained.
(c). At low growth factor concentrations, the number of differentiated NSCs is comparable to the control
samples, while, at high growth factor concentrations, the percentage of differentiated NSCs reaches
~50%. Standard deviation is obtained from the average of at least 5 repeats. Scale bars denote 50 μm.

3.3. Combinatorial Treatment Reveals Logic Rules of Growth Factor Affecting NSCs Stemness

To introduce multiple growth factors into the culture chamber, two or three inlets are
connected to the growth factors (Figure 1a). A combination of high and low doses are
generated by directing liquid via Path-1 or Path-2 (Figure 1c), e.g., 1 + 5 + 5 represents
high + low + low (Figure 4). The behavior of NSCs after being maintained on the chip
under different drug conditions for 48 h reveals several rules: (1) the negative effects (i.e.,
differentiation) of a single growth factor overdose can be mediated by the overdosing
another growth factors; (2) even though the addition of single growth factors at low
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concentrations helps maintain NSCs’ stemness, the addition of a low-concentration growth
factor generates no observable effects on either control or differentiated NSCs except for
PDGF-5; and (3) NSCs tend to be irresponsive under complex environmental conditions,
i.e., multiple growth factors. Notably, the differentiation of NSCs induced by overdoses of
EGF and FGF can be mediated by low concentrations of PDGF, while the differentiation of
NSCs induced by a PDGF overdose cannot be interfered with by low doses of EGF and FGF.
These results indicate that PDGF, as a promotor of either NSCs’ stemness or differentiation,
has stronger effects compared to other growth factors [46]. We suspect that the signaling
pathways activated by PDGF are digital, meaning that cascade reactions are triggered by
trivial quantities of stimuli [47,48], while the signaling pathways of other growth factors
are analog, the amplitude of which is concentration-dependent [49].

 

Figure 4. Regulatory effects of combinatorial drugs on NSCs’ stemness. Using the number of Hes-
5-positive cells as the indicator, we investigate the effects of multiple high- and low-dose growth
factors on NSCs. Standard deviation is obtained from the average of at least 5 repeats.

4. Discussion

Our research presents a groundbreaking microfluidic device capable of efficiently
generating multi-drug concentration gradients, revolutionizing the screening process for
combinatorial drug therapies. The device’s innovative design allows for the simultaneous
creation of multiple drug gradients and the real-time monitoring of cellular responses, par-
ticularly NSCs. By employing this device, we have uncovered the dose-dependent biphasic
responses to growth factors in the differentiation of NSCs. Our findings demonstrate that
high concentrations of individual growth factors promote differentiation, whereas lower
concentrations maintain NSC stemness. Moreover, the introduction of multiple growth
factors reveals complex interaction patterns that modulate NSC outcomes, highlighting the
importance of precise drug dosing in combinatorial therapies. The device’s ability to screen
thousands of drug combinations rapidly and cost-effectively holds immense potential for
personalized medicine, enabling the discovery of optimal therapeutic drug combinations
tailored to individual patient profiles. The integration of microfluidic technology into
drug discovery streamlines the process, reduces the resources required, and accelerates the
identification of effective drug synergies.

In summary, our multi-drug concentration gradient mixing chip offers a novel and
powerful platform for high-throughput drug combination screening. It has the potential to
significantly advance our understanding of drug interactions and their effects on cellular
behavior, paving the way for the development of more effective, personalized treatment
strategies for complex diseases.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bios14050212/s1, Figure S1: COMSOL simulation showing the
dynamic process of drug diffusion in the array of culture chambers; Figure S2: Estimation of the
concentration gradient generated in the array of cultivation chambers using numerical simulation
and fluorescence intensity analysis; Figure S3: Design of the microfluidic chip using AutoCAD
software; Figure S4: Comparison of results after gradient, mixing and diffusion of red, green, and
blue pigments in different directions. Movie S1: Green, red, and blue food dyes are introduced into
the cell culture chamber; Movie S2: Over time, the intermixing of concentration gradients of different
colors (green, red, and blue) is achieved within the cavity.
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Abstract: Nano-doped hollow fiber is currently receiving extensive attention due to its multifunction-
ality and booming development. However, the microfluidic fabrication of nano-doped hollow fiber in
a simple, smooth, stable, continuous, well-controlled manner without system blockage remains chal-
lenging. In this study, we employ a microfluidic method to fabricate nano-doped hollow fiber, which
not only makes the preparation process continuous, controllable, and efficient, but also improves
the dispersion uniformity of nanoparticles. Hydrogel hollow fiber doped with carbon nanotubes
is fabricated and exhibits superior electrical conductivity (15.8 S m−1), strong flexibility (342.9%),
and versatility as wearable sensors for monitoring human motions and collecting physiological
electrical signals. Furthermore, we incorporate iron tetroxide nanoparticles into fibers to create
magnetic-driven micromotors, which provide trajectory-controlled motion and the ability to move
through narrow channels due to their small size. In addition, manganese dioxide nanoparticles are
embedded into the fiber walls to create self-propelled micromotors. When placed in a hydrogen per-
oxide environment, the micromotors can reach a top speed of 615 μm s−1 and navigate hard-to-reach
areas. Our nano-doped hollow fiber offers a broad range of applications in wearable electronics and
self-propelled machines and creates promising opportunities for sensors and actuators.

Keywords: hollow fibers; nano-doped hydrogels; microfluidics; wearable sensors; micromotors

1. Introduction

Functional hydrogel fiber has attracted widespread attention due to its broad applica-
tion prospects. With the advancement of technology, functional hydrogel fiber has been
used for drug delivery [1,2], cell culture [3–5], tissue engineering [6,7], substance separa-
tion [8–10], wearable electronic devices [11–13], and actuators [14,15], showing excellent
biocompatibility, adsorption, sensing properties, and actuation ability. However, the under-
lying hydrogel matrix cannot possess the above capabilities, so a series of nanoparticles
have been successfully combined with polymer networks to obtain nano-doped hydro-
gels [16,17], including carbon nanotubes [18–20], graphene [21], metal nanoparticles [22],
and transition metal carbide nanosheets [12,23]. It has been shown that the doping of
nanomaterials in fiber helps to improve their mechanical properties [24]. Compared to
bulk hydrogels, hollow hydrogel fibers have a larger specific surface area, which allows
many reactions to proceed more fully. Nano-doped hydrogel functional fibers are receiving
more and more attention because the fibers exhibit excellent weave ability, so they can be
customized into arbitrary shapes with high softness.

However, conventional preparation methods for obtaining nano-doped hollow fibers
have certain limitations. The conventional template method is not able to prepare ultra-long
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fibers continuously [25,26], and the electrostatic spinning method [27,28] is unable to ensure
the nanoparticle agglomeration during the preparation process due to electrostatic force
and van der Waals force [29]. The fiber impregnation method [30,31] is unable to ensure
that the nanoparticles will not be dislodged during subsequent use. Microfluidics has been
developed over decades as a mature technology and is widely used in many industries
and basic research areas [32–36]. Since the fluids in co-flow microfluidic systems all flow in
a laminar flow at low speed [37], the possibility of nanoparticle collisions is low and the
adhesion between particles is weak [38], which ensures that they do not aggregate during
the preparation process. However, the microfluidic techniques employed in the existing
literature usually rely on an internal curing process to form hollow fiber structures [32,39].
This approach, although feasible to a certain extent, is prone to triggering channel blockage,
since the curing reaction takes place inside the system, thus leading to discontinuity in the
preparation process. Therefore, there is an urgent demand to use microfluidic methods to
fabricate nano-doped hollow fibers in a simple, smooth, stable, continuous, well-controlled
manner without system blockage.

In this study, we chose a microfluidic method to prepare nano-doped hollow fiber us-
ing coaxial glass capillary chips in a simple, smooth, stable, continuous, and well-controlled
manner. Due to the curing strategy outside the microfluidic system, our microfluidic
method greatly reduces system blockage. The rapid gelation reaction between sodium
alginate and calcium ions ensures that the nanoparticles are firmly anchored inside the
fibers, avoiding degradation of fiber properties due to displacement of nanoparticles dur-
ing use. Therefore, we doped carbon nanotubes in hydrogel hollow fibers and prepared
wearable fiber sensors using the hollow fibers. The hollow fibers have a high conductivity
of 15.8 S m−1, a high stretch rate of 342.9%, and high sensitivity at high deformation rates.
Iron tetroxide nanoparticles were incorporated into hydrogels to create magnetic-driven
micromotors. These micromotors not only enable trajectory-controlled motion but can
also, due to their small size, pass through narrow passages, giving the fibers the ability to
have adjustable physical properties with precise motion control. Additionally, to enhance
the functional capabilities of these fibers, manganese dioxide (MnO2) nanoparticles were
intricately embedded within their walls, thereby transforming them into self-propelled mi-
cromotors. Upon exposure to a hydrogen peroxide environment, these micromotors demon-
strated remarkable autonomous mobility, achieving a maximum velocity of 615 μm s−1.
This unique attribute not only facilitates their navigation through challenging and con-
fined spaces, but also endows the fibers with heightened environmental responsiveness,
autonomous motion capabilities, and an inherent mechanism for energy generation. The
results show that hollow fibers containing different functional nano-dopants prepared
by microfluidic technology have successfully achieved the multifunctionalities of hollow
fibers. This technique not only permits the preparation of multiple functional hollow fibers
on the same preparation platform, but, more importantly, it demonstrates the advancement
and flexibility of microfluidics in material design and preparation. Especially in wearable
electronic devices, soft robotics, and other potential applications, these hollow fibers show
promising applications due to their light weight, high elasticity, and customizable chemi-
cal and physical properties, and demonstrate practicality and innovation in these fields
of application.

2. Materials and Methods

2.1. Materials

Sodium alginate (NaA, Sigma Industrial Corporation, Phoenix, AZ, USA) from brown
algae, polyvinyl alcohol (PVA, Mw: 13,000–23,000, hydrolyzed: 87–89%, Sigma Industrial
Corporation, Phoenix, AZ, USA) and calcium chloride (CaCl2 anhydrous, powder, AR, 96%,
Macklin Industrial Corporation, Shanghai, China), polyethylene glycol (PEG, Mw: 6000, Al-
addin Industrial Corporation, Shanghai, China), hydroxypropyl methyl cellulose (HPMC,
Shandong Yousuo Chemical Technology Co., Ltd., Jinan, Shandong, China), methyl cellu-
lose (MC, Shandong Yousuo Chemical Technology Co., Ltd., Jinan, Shandong, China), ferric
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oxide nanoparticle dispersion (Fe3O4, VK-EF01W, 20% solid content, 20 nm–30 nm, Jinan
Zhiding Welding Material Co., Ltd., Jinan, Shandong, China), large diameter carboxylate
multi-walled carbon nanotubes (CNTs, JCMW CC4, Shandong Jiacai Technology Co., Ltd.,
Jinan, Shandong, China), Lithium chloride (LiCl anhydrous, powder, AR, 98%, Aladdin
Industrial Corporation, Shanghai, China), manganese dioxide (MnO2, powder, GR, ≥90%,
Aladdin Industrial Corporation, Shanghai, China), hydrogen peroxide (H2O2, Bangjian
pharmaceutical chain Co., Ltd., Bangjian, China).

2.2. Methods
2.2.1. Design of the Microfluidic Chip

A micropipette puller (PUL-100, World Precision Instruments, Inc., Sarasota, FL, USA)
was used to prepare the capillary-based microfluidic device. Two cylindrical capillaries
(World Precision Instruments, Inc., Sarasota, FL, USA) with inner diameters of 0.58 mm
and outer diameters of 1 mm were tapered by the micropipette puller to obtain an injection
section and a collection section, respectively. Their tips were polished to the desired
diameter using fine sandpaper. The capillary microfluidic device consists of a glass slide
and a group of nested glass capillaries. Two injection needles were encapsulated at the
capillary junction. Two cylindrical capillaries with tips were placed in a square glass
capillary (1.4 mm × 1.1 mm, Beijing Chengteng Equipment Co., Ltd., Beijing, China),
aligned coaxially, and glued together with AB glue (5 Minute Epoxy, Deli Group Co., Ltd.,
Ningbo, Zhejiang, China) to obtain nested capillary groups. At the end of the collection
section, a petri dish was placed, filled with calcium chloride (5 wt%) solution to solidify
the generated hollow fiber.

2.2.2. Fabrication of Hollow Fiber

Sodium alginate (NaA) was dissolved completely into a 2.5 wt% sodium alginate
solution with heating and stirring in a constant temperature water bath at 70 ◦C. Subse-
quently, a 10 wt% polyvinyl alcohol solution was prepared. For easy observation, we added
a little red pigment to the polyvinyl alcohol solution to distinguish the inner and outer
phases. Next, the solutions were introduced into the microfluidic device via a syringe pump
(Baoding Lange constant flow pump Co., Ltd., BaoDing, HeBei, China). Before fabrication,
NaA was injected into the device to expel the air in the device and to improve the stability
of the system. During fabrication, the flow rate of the inner phase should be slower than
that of the outer phase. The flow rate of the outer phase was adjusted in the range of
0.5 mL h−1–1.2 mL h−1, and the flow rate of the inner phase was adjusted in the range of
0.1 mL h−1–1.0 mL h−1. Finally, a 5 wt% CaCl2 solution was used as a coagulation bath to
solidify the hollow fibers. The prepared fibers were extracted with tweezers and washed
in ultrapure water to remove the PVA solution and obtain the hollow fibers. As a control
experiment, we also fabricated hollow fibers with PEG (10 wt%), MC (2 wt%), and HPMC
(1.6 wt%) as the inner phase, respectively, using the same process (Scheme 1).

Fabrication of HollowFiber-CNTs. In the preparation of CNT-doped hollow fibers,
NaA (2.5 wt%), doped with 1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt% CNT dispersion,
was used as the outer phase solution, and PVA (10 wt%) solution was used as the inner
phase solution to fabricate CNT-doped hollow fiber. The other preparation procedures
were the same as above. The CNT-doped hollow fibers were named HollowFiber-CNTs.
The generated HollowFiber-CNTs were immersed in 1 wt% lithium chloride solution for
2 h to enhance their conductivity, and then the excess salt solution on the fiber surface was
washed with ultrapure water for subsequent preparation.

Fabrication of HollowFiber-Fe3O4. We dispersed water-based magnetic fluid contain-
ing Fe3O4 nanoparticles into 2 wt% NaA solution (volume fraction 12.5%) as the outer
phase [40,41] and PVA (10 wt%) as the inner phase, and the velocity ratio of the inner and
outer phases was set at 0.65 mL h−1:1.2 mL h−1 to prepare hollow fibers with a uniform
distribution of magnetic nanoparticles. The other preparation procedures were the same
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as above. The hollow fibers with a uniform distribution of magnetic nanoparticles were
named HollowFiber-Fe3O4.

 

Scheme 1. Schematic diagram showing the experimental setup for the fabrication of hollow fiber.
A–A, B–B, C–C, and D–D each correspond to the magnified cross-sectional views of specific combina-
tions in different positions of the channel schematic shown above in an academic context.

Fabrication of HollowFiber-MnO2. We utilized a vortex machine (XH-D VORTEX)
and an ultrasonic machine (XM-2200ES, Komei Ultrasonic Instruments Co., Kunshan,
Jiangsu, China) to homogeneously disperse the MnO2 particles in 2 wt% NaA solution
(1 wt% by volume) as the outer phase solution and PVA (10 wt%) as the inner phase.
The inner phase solution was introduced into the system at a rate of 0.5 mL h−1 using a
syringe pump, while the outer phase solution was introduced into the system at a rate of
1 mL h−1. The other preparation steps were the same as described above. This fiber was
named HollowFiber-MnO2.

2.2.3. Characterization of Hollow Fiber

The cross section of the hollow fiber was observed with an inverted optical microscope
(Eclipse TS2, Nikon, Tokyo, Japan). The microscale morphology of hollow fiber was further
characterized by scanning electron microscopy (SEM; S4800, Hitachi, Tokyo, Japan). The
crystal structure of the fibers was analyzed by X-ray diffraction (XRD; Model: ultima IV,
Riigaku, Tokyo, Japan). To study the effects of flow rates and diameters of hollow fibers,
the preparation process was recorded by an inverted optical microscope (Hunan Ketianjian
Photoelectric Technology Co., Ltd., AcutEye-2M-169, Changsha, Hunan, China) equipped
with a CCD high-speed camera (Phantom, Wayne, NJ, USA). Image analysis of the hollow
fiber was performed using ImageJ 1.54c software (http://rsb.info.nih.gov/ij/, accessed on
8 March 2023).

2.2.4. Mechanical Properties of Hollow Fiber

We fixed the hollow fibers on a tensile test rig (JXLSPT-DBL, Joly Instruments Co., Ltd.,
Beijing, China) to test their tensile properties. The stretching speed was set to 1 mm s−1. The
tensile strength of the fibers was tested using a universal electronic testing machine (Model
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43 MTS Criterion, Eden Prairie, MN, USA). The tensile ratio was calculated according to
Equation (1):

Tensile =
L − L0

L0
× 100% (1)

L0 is the initial length of the hollow fiber, and L is the breaking length of the hollow fiber. In
addition, we assembled the hollow fiber into a spiderweb-like structure to test its bending
property and tied the hollow fiber into a knot to test its torsional property.

In the determination of stress–strain curves of hollow fibers with different water con-
tents, the water content (W%) of the hollow fibers was calculated according to Equation (2):

W% =
m1 − m2

m1
× 100% (2)

m1 is the net weight of the fiber after losing different degrees of moisture; m2 is the dry
weight of the hollow fiber. To ensure the stability of the moisture content of the hollow fibers
during tensile testing, a thin protective coating of polyvinyl alcohol (PVA) was applied to
the surface of the hollow fibers. The transparency of this coating ensures visibility of the
fiber structure, while its barrier properties effectively slow water evaporation and ensure
the moisture stability of the fiber during the test.

HollowFiber-CNTs with carbon nanotube contents of 1 wt%, 2 wt%, 3 wt%, 4 wt%,
and 5 wt% were cut into 2-cm segments, respectively, and fixed on the tensile test platform
to test the tensile property. The test method was the same as above.

2.2.5. Measurement of Hollow Fiber Diameter

The hollow fibers were rapidly cut into fine segments using a fine cutting tool. From
these segments, a representative cross-sectional sample was obtained and imaged under
an optical microscope (Eclipse TS2, Nikon, Japan). To ensure the accuracy of subsequent
measurements, a graduated ruler was placed next to the sample during the imaging process
to provide a scale reference. Subsequently, the scale on the ruler was measured using ImageJ
1.54c software, and the exact diameter of the fibers was determined accordingly.

2.2.6. Performance Testing of Wearable Fiber Sensors

We evaluated the performance of HollowFiber-CNTs using an electrochemical work-
station (CHI760E, test resistor with an AC voltage of 0.1 V and an AC frequency of 1000 Hz).
To improve the accuracy of the tests, the HollowFiber-CNTs were braided into a block form
and encapsulated with titanium sheets and adhesive tape.

To evaluate the stability of HollowFiber-CNTs in different acid–base environments,
we added hydrochloric acid solution with pH = 2, 4, and 5 and sodium hydroxide solution
with pH = 8, respectively. After a certain period, the residual solution was removed using
absorbent paper, and the relative resistance change (ΔR/R0) of the HollowFiber-CNTs was
recorded continuously.

The samples were placed on a heating platform (Lebertek Instruments, Beijing, China,
ZH35B). The temperature was gradually increased from 24 ◦C to 60 ◦C and then gradually
decreased to 24 ◦C. During this period, continuous changes of ΔR/R0 were recorded to
characterize the stability of the HollowFiber-CNTs over temperature changes.

We performed resistance tests on HollowFiber-CNTs with different CNT contents
(1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%) and calculated their conductivity (ρ) according
to Equation (3):

ρ =
RS
L

(3)

where R is the resistance, S is the cross-sectional area of HollowFiber-CNTs, and L is the
length of HollowFiber-CNTs.

We braided the HollowFiber-CNTs to a length of 0.5 cm, connected them to the LED
strip, and recorded the luminous intensity of the bulbs. Subsequently, the HollowFiber-
CNTs were stretched to observe the effect of different stretching speeds on light bulb
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luminescence. We chose a 3.5 cm length of HollowFiber-CNTs to be fixed in the stretching
test platform, set the stretching speed to 2 mm s−1, recorded the changes of ΔR/R0, and
obtained the sensitivity coefficient GF based on Equation (4):

GF =
ΔR/R0

ΔL/L0
(4)

HollowFiber-CNTs were attached to the finger joints, wrists, elbows, knees, and throat
areas, and the data changes in ΔR/R0 were monitored using an electrochemical worksta-
tion. Meanwhile, an electromyographic (EMG) signal detection device (3IT EMGC1V1) was
used to record the EMG signals. The HollowFiber-CNTs were braided into 2 cm × 2 cm
squares to be taped on both sides of the biceps as electrodes and then connected to EMG
electromyographic sensors using wires to collect the changes of physiological electrical
signals during muscle movement. Corresponding EMG signals were converted into wave-
forms using backyard brain V1.4. software and exported data, then plotted using MATLAB
2018a software.

2.2.7. Motion Testing of Micromotors

We investigated the motion behavior of magnetic hollow fiber micromotors using
microscopy techniques. We tested the motion of magnetic hollow fiber micromotors along
specific straight paths using an applied magnetic field. We sequentially preset straight
paths, curved paths, complex paths, and narrow passages to observe whether the magnetic
hollow fiber micromotor can move precisely and smoothly under the effect of an applied
magnetic field. All tests were conducted under specific experimental conditions and
parameters to ensure the reliability and reproducibility of the results.

In bubble-propelled micromotors, polydimethylsiloxane was used to make molds
with complex cavities and put into the petri dish. The functionalized hollow fiber was cut
into pieces and put into the cavity of a petri dish filled with H2O2 to test its motion. The
reaction is based on the following chemical equation:

2H2O2
MnO2→ O2 + 2H2O (5)

The concentration of H2O2 solution was varied, and the time recorded for movement
over the same distance to obtain the velocity of the fiber segments at different concentrations.
The data were processed using Origin 8.0 software to obtain a relationship between the
concentration of the solution and the velocity of movement.

3. Results and Discussion

3.1. Fabrication and Morphology Characterization of Hollow Fibers

The hollow fibers can be fabricated according to the method shown in Scheme 1, and
a clear interface (Figure 1a and Supporting Video S1) can be observed between the core
solution and the shell solution. When the inner phase solution is changed to MC, HPMC,
and PEG, the hollow fibers can still be prepared perfectly (Figure S1). This is because in a co-
flowing microchannel, when two incompatible water phases are in contact, the growth rate
of interfacial instability in the whole water jet depends on the value of interfacial tension
relative to inertial force and viscous force. For this system, with an interfacial tension lower
than 0.1 mN m−1, the capillary force between the two water phases is usually negligible,
and mass transfer does not easily occur between the two phases, so two immiscible phases
can be separated by a long, straight interface [42]. After solidification, we easily rinsed the
inner phase with pure water and obtained the resultant hollow fiber (Figure 1b) with a
perfect hollow structure.
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Figure 1. Fabrication and morphology properties of hollow fibers. (a) Partial enlarged detail of the
internal structure of the microfluidic device and fresh-made hollow fiber (the inner diameter of left
fine tip: 0.26 mm; the inner diameter of right thick tip: 0.58 mm). (b) Photograph of the resultant
hollow fiber. (c) Relationship between the flow rate of the outer phase and the outer diameter of the
hollow fiber. (d) Relationship between the flow rate of the inner phase and the inner diameter of
the hollow fiber. (e) Cross-section of hollow fibers (hollow fiber inner diameter: ~0.269 mm; hollow
fiber outer diameter: ~0.486 mm). (f) SEM image of a hollow fiber surface. (g) SEM image showing
the Fe3O4 nanoparticles on the surfaces of magnetic-driven micromotors. (h) SEM image showing
the MnO2 nanoparticles on the surfaces of bubble-propelled micromotors. Data are presented as
mean ± SD (n = 3).

By adjusting the flow rates of the inner and outer phase solutions, we found that
the inner and outer diameters of the fibers were directly proportional to the inner phase
flow rate and the outer phase flow rate, respectively (Figure 1c,d). The inner diameter of
the fibers was inversely proportional to the outer phase flow rate (Figure S2a), and there
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was little effect between the outer diameter of the fibers and the inner phase flow rate
(Figure S2b). This allowed us to precisely control the dual-phase flow rate and, thus, the
thickness of the hollow fiber wall.

The electron microscope image of the hollow fiber cross-section shows the complete
hollow structure, with the dotted line marking the hollow portion (Figure 1e). By observing
HollowFiber-CNTs, HollowFiber-Fe3O4, and HollowFiber-MnO2 using scanning electron
microscopy, we clearly found that carbon nanotubes, iron tetroxide nanoparticles, and man-
ganese dioxide particles were uniformly distributed on the outer phase walls. (Figure 1f–h).
Intriguingly, the surface of the resultant hollow fiber demonstrated alligator cracking.
Using scanning electron microscopy (SEM) to observe the surface of HollowFiber-CNTs,
we found many parallel folds on the outer wall of the hollow fiber (Figure S3a,b).

This indicates that the CNTs are arranged uniformly in the hollow fiber, so the hollow
fiber appears uniformly shrunken after drying. By comparing the hollow fibers’ surfaces
before and after doping with nanoparticles, we found that after doping with CNTs, the
fiber walls showed almost no cracks, which might be the result of the interaction between
carboxyl groups of CNTs and hydroxyl groups of calcium alginate through a hydrogen
bond. However, compared to smooth surfaces, HollowFiber-CNTs show a folded structure
on their surface. This wrinkled structure gives HollowFiber-CNTs a larger actual surface
area. From the perspective of sensing applications, the increased surface area implies
that more fiber surface regions are involved in the interaction when in contact with living
organisms or other substances, thus increasing sensitivity to strain. This increased surface
contact may lead to an increase in the number of conductive paths, further enhancing the
sensitivity of the sensor. On a microscopic scale, this pleated structure provides additional
contact points that are critical in human detection or other sensing applications, enhancing
the stability and reliability of signal acquisition and thus optimizing the performance of
the sensor.

We also performed a detailed crystal structure analysis of the three different fiber
materials using X-ray diffraction (XRD) (Figure S4). Through fine resolution and compari-
son of the XRD patterns of the samples, we observed that the positions of the diffraction
peaks were highly consistent with the characteristic diffraction peaks of CNTs, Fe3O4 and
MnO2, except for the diffraction peaks specific to NaA itself. This result not only verifies
the successful doping of carbon nanotubes, Fe3O4, and MnO2 in the calcium alginate
matrix but also reconfirms that the homogeneous distribution and immobilization of these
nanomaterials in calcium alginate fibers can be efficiently achieved by the microfluidic
fabrication method.

3.2. Mechanical Properties of Hollow Fiber

By comparing the stretchability of hollow fibers prepared with different inner phase
solutions (Figure S5a), we found that a hollow fiber prepared with PVA as the inner phase
can be stretched from 5 cm to 11 cm, more than 220% of its original length (Figure S5b and
Supporting Video S2), which is significantly higher than the others, showing its unique
tensile strength. This may be because the residual PVA after cleaning was attached to the
inner wall of the hollow fiber to improve the stretchability of the hollow fiber, as previously
reported [43,44]. Therefore, PVA was used as the inner-phase solution in the subsequent
preparation of hollow fiber.

We also determined the stress–strain curve of hollow fiber (Figure 2a), and the results
showed that the tensile strength of the hollow fiber increased, and the stretchability de-
creased as the water content of the fibers decreased. The tensile strength of fully dried
hollow fiber can reach up to 245 kPa. The tensile strength is highly dependent on the water
content of the hollow fiber. Moreover, the resultant hollow fiber can be easily assembled
into a spiderweb-like network (Figure S5c) and tied together (Figure S5d), showing its good
bending and torsional properties.
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Figure 2. Property characterization and morphology of HollowFiber-CNTs. (a) Stress–strain curve of
hollow fibers with different water contents. (b) Relationship between the content of CNTs and the
electrical conductivity of hollow fiber. (c) Relationship between CNT content and hollow fiber tensile
rate after soaking in LiCl. (d) Changes in the relative resistances of HollowFiber-CNTs at different
pH values. (e) Changes in the relative resistance and response time of HollowFiber-CNTs at different
temperatures. (f) Relationship between CNT content and hollow fiber tensile rate. (g) Alignment of
CNTs with different contents inside hollow fiber. (h) Relationship between tensile rate and GF of
HollowFiber-CNTs. Data are presented as mean ± SD (n = 3).

We then performed tensile tests on HollowFiber-CNTs with different CNT contents.
When the carbon nanotube content was low, the dispersion in the fiber was good, playing
the role of the enhancer. When the content reached 2%, the enhancement effect was the
best. When the content continued to increase, carbon nanotubes were prone to aggregation,
affecting the overall performance of the material. We found that 2% HollowFiber-CNTs
exhibited the best tensile property, up to 219.05 ± 5.23% (Figure 2b). After soaking in
LiCl solution, the stretchability of the HollowFiber-CNTs was significantly improved and
increased to 342.9 ± 2.23% (Figure 2c).

The good mechanical characteristics of hollow fiber, together with its better wearability,
provide possibilities for the subsequent development of wearable fiber sensors and self-
driven water purifiers.

3.3. Wearable Fiber Sensor
3.3.1. Stability Test of HollowFiber-CNTs

According to the experimental results, HollowFiber-CNTs also showed good stability
in acid-based solutions. The ΔR/R0 recovered to its initial level after removing the acid-
based solution (Figure 2d). This characteristic can also be used to monitor the solution’s
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pH. HollowFiber-CNTs also have good stability in a high-temperature environment. When
the temperature was increased from 24 ◦C to 60 ◦C and then decreased to 24 ◦C the
ΔR/R0 maintained a good congruent relationship with the temperature (Figure 2e). This
characteristic of being able to output different ΔR/R0 signals at different temperatures
can also be used for temperature monitoring. The high sensitivity, coupled with the
excellent stability of HollowFiber-CNTs, is an essential property of wearable sensors when
monitoring body movement.

3.3.2. Electrical Conductivity of HollowFiber-CNTs

We measured the electrical conductivity of HollowFiber-CNTs with CNT contents
from 1 wt% to 5 wt%, and we found that the hollow fiber with 2% and 5% CNT contents had
the highest conductivities, with conductivities of 15.8 ± 0.54 S m−1 and 16.2 ± 0.68 S m−1,
respectively (Figure 2f). Analyzing the possible reasons, the low content of CNTs means that
they do not contact each other and do not form efficient conductive pathways (Figure 2g(i)).
Therefore, they have low conductivity. With an increase in content, the direction of CNTs is
consistent with the direction of fluid flow due to the action of shear force, and thus they
can phase head to tail to form more effective conductive pathways (Figure 2g(ii)). With the
increase in CNT content, the direction of the CNTs becomes uncontrollable and an effective
conductive pathway cannot be formed (Figure 2g(iii)), causing decreased conductivity. But
when the CNT content continues to increase, the CNTs will pile up in the hollow fiber;
although the orientation is disordered, there are multiple conductive pathways, so the
conductivity of the hollow fiber is enhanced (Figure 2g(iv)). At this point, if the CNT
content is further increased, a high concentration of CNTs will augment both electrostatic
interactions and van der Waals forces between the CNTs. This increase will make it more
likely for CNTs to form agglomerates at a high volume rather than being dispersed within
the matrix. The increase in spacing between the aggregated CNTs impedes electron hopping
among them, thereby leading to a decrease in electrical conductivity.

We also found that the resistance changes of HollowFiber-CNTs maintain a relationship
of positive correlation with the magnitude of their deformation rate. The luminescence
intensity of LED light shows this phenomenon intuitively (Figure S6a): the higher the
deformation rate, the darker the light, indicating greater fiber resistance. This is because
before HollowFiber-CNTs are stretched, the CNTs are well connected and form a complete
conductive pathway, so a lower resistance value can be maintained. When the hollow fiber
segment is stretched, the CNTs doped in the hollow fiber are separated from each other,
resulting in an elevated resistance value. By calculating the sensitivity coefficient at different
tensile rates, we found that the GF value of this hollow fiber increased with increasing
deformation (Figure 2h), illustrating its high sensitivity in detecting large joint movements.

3.3.3. Wearable Hollow Fiber Sensors for Detecting Human Motion

The resistance of HollowFiber-CNTs changes with the deformation of the fiber. The
fiber deforms when it encounters an external force, which leads to a change in the conduc-
tive pathway within the fiber, resulting in a change in the resistance value. These changes
in resistance can be represented by measuring the relative change in resistance (ΔR/R0),
where R0 is the initial resistance and ΔR is the change in resistance. When HollowFiber-
CNTs are affixed to joints such as finger knuckles, wrists, elbows, and knees for motion
detection, they deform according to the flexion angle of the joint, which leads to variations
in resistance. By measuring these changes in resistance, the bending angle of the joint can
be determined, thereby facilitating the detection and recognition of motion.

Due to the excellent stability of HollowFiber-CNTs, we demonstrated the potential prac-
tical application of HollowFiber-CNTs as wearable devices and prepared a comprehensive
strain-sensing test on different joints in humans. It was found that HollowFiber-CNTs ex-
hibited excellent sensitivity for the identification of human activity, including large body
movements and weak signals. Figure 3a shows the detection performance of the HollowFiber-
CNTs sensor for finger movement. When the finger was repeatedly flexed from 0◦ to 90◦ to
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135◦, the ΔR/R0 value increased correspondingly, whereas it decreased during the stabiliza-
tion phase after straightening the finger. Figure 3b depicts the relationship between ΔR/R0
and bending angle as the HollowFiber-CNTs sensor monitors wrist movement. HollowFiber-
CNTs sensors were also affixed to the elbow and knee joints to test their responses to large
amplitude movements, showing periodic ΔR/R0 vibration curves (Figure 3c,d). The value
of ΔR/R0 increased significantly with the flexion angle, so that joint movements flexing to
different angles could be distinguished, showing a similar trend to finger movement.

Figure 3. Applications of HollowFiber-CNTs for detecting human motion. (a) Relative resistance changes
of HollowFiber-CNTs with finger joint bending to different angles. (b) Relative resistance changes of
HollowFiber-CNTs with wrist bending to different angles. (c) Relative resistance changes of HollowFiber-
CNTs with elbow bending to different angles. (d) Relative resistance changes of HollowFiber-CNTs with
knee bending to different angles. (e) Relative resistance changes of HollowFiber-CNTs with varying
degrees of swallowing. (f) HollowFiber-CNTs detection of electromyographic signals.
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In addition to detecting movements, strain-sensing performance was used to monitor
subtle signals, including swallowing, as well as the collection of EMG signals generated
in response to muscle movements. HollowFiber-CNTs were collected on the back of an
adhesive film, which was affixed to the throat site. Swallowing causes an altered laryngeal
position, which in turn causes the HollowFiber-CNTs to deform. We analyzed the ΔR/R0
signal trend across various swallowing intensities (Figure 3e). The ΔR/R0 signal change
amplitude was smaller when a slight swallowing movement was made, and increased
when a vigorous swallowing movement was made, which was consistent with the above
results when detecting large amplitude movements. While serving as an EMG signal
collection electrode, HollowFiber-CNTs showed good sensing performance and could
generate obvious EMG signal waveforms (Figures 3f and S6b), thus enabling the detection
of muscle movement.

The above results verified the excellent sensing performance of the HollowFiber-
CNTs sensor, which showed an excellent ability to identify human activities, and the
profiles of these motions displayed unique morphologies and exhibited good repeatability,
which guaranteed their application as wearable devices in detecting different human
activities as well as physiological activities [45,46] (Table S1). To ensure that the sensors
provide reliable and accurate data, they need to be used at a constant temperature to
ensure environmental stability and prevent fluctuations in temperature and humidity from
affecting sensor performance.

3.4. Micromotors
3.4.1. Magnetic-Driven Micromotors

Micromotors have attracted more and more attention due to their great application
value [47]. The hollow fiber-based micromotor, as an emerging direction of micromotors,
is playing an important role in the small-scale machine field due to its versatile hollow
structure. The resultant hollow fiber with excellent performance is qualified for use in
micromotor applications.

We prepared magnetic hollow fibers by introducing magnetic nanoparticles into the
outer phase, which were uniformly distributed along the outer phase wall (Figure 4a). We
then investigated the motion behavior of the magnetic hollow fiber micromotor, as shown
in Figure 4b. To start with, we tested the motion of the magnetic hollow fiber micromotor
along a specific linear path. The results revealed that the magnetic hollow fiber micromotor
could travel to the intended destination along a predefined linear path under the effect
of an applied magnetic field (Figure 4c). Similarly, the magnetic hollow fiber micromotor
could move precisely and smoothly along a preset curved path (Figure 4d), demonstrating
exceptional predictability, stability, and controllability. Moreover, we achieved precise
manipulation of magnetic hollow fiber micromotors in complex channels (Figure 4e). As
shown in Figure 4f, the magnetic hollow fiber micromotor was able to move vertically in
a narrow channel under magnetic manipulation. Additionally, the magnetic hollow fiber
micromotors could successfully achieve precise and directional motion in intricate T-shaped
channels using external magnetic fields (Figure 4g and Supporting Video S3). In summary,
magnetic hollow fiber micromotors offer robust maneuverability and directional mobility,
thus holding great promise for various applications, such as drug delivery, targeted therapy,
and small machines.
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Figure 4. Directional movement of nano-doped hollow fiber. (a) Preparation process of magnetic
hollow fibers and the resultant magnetic hollow fibers. (b) Schematic diagram of the magnetic control
of directional movement of the directional micromotor. (c) Magnetic force controls the movement of
a directional micromotor along a straight line. (d) Movement of the directional micromotor along a
curve. (e) Schematic diagram showing the manipulation of the directional micromotor in a channel.
(f) Manipulation of the directional micromotor in a vertical channel. (g) Manipulation of the direc-
tional micromotor in a T-shaped channel.

3.4.2. Bubble-Propelled Micromotors

Hydrogen peroxide (H2O2) has been widely used in several viable applications at low
concentrations, such as a sensing platform for analyzing targets [48]. H2O2 is considered a
powerful oxidizing agent. Calcium alginate (CaAlg) is a salt obtained by reacting alginate
with calcium ions. Notably, the calcium ions in calcium alginate exhibit stability to H2O2
and do not participate in redox reactions. Therefore, it can be inferred that the chemical state
of calcium alginate is relatively stable in H2O2 solution. The configuration of microtubules
plays a pivotal role in enabling the generation, accumulation, and release of bubbles, which
is essential for the efficacious propulsion of micromotors [49,50].

Therefore, we embedded manganese dioxide (MnO2) particles into the walls of the
hollow fibers to prepare functionalized fibers with the function of catalyzing H2O2 de-
composition. Due to the capillary mechanism, H2O2 will be adsorbed by the interior of
the hollow fiber and decomposed into oxygen by the catalytic effect of MnO2. This newly
generated oxygen rapidly accumulates within the limited space of the hydrogel, leading
to an increase in internal pressure and creating a localized pressure gradient. Due to this
pressure gradient, the hydrogel fibers are driven toward areas of lower pressure when
oxygen is generated inside the fibers. The external MnO2 also catalyzes the decomposition
of H2O2 to produce oxygen bubbles; however, surface tension causes these bubbles to
adhere tightly to the outer wall of the fiber. Since these bubbles do not form in a confined
space where directional thrusts can be generated, they have less effect on the dynamics of
the fibers (Figure S7a).

Therefore, the oxygen bubbles can push the hollow fiber forward, showing a good
performance of the hollow fiber-based micromotor. To test the ability of bubble-driven
micromotors to enter small and deep locations, we placed them inside a mold filled
with hydrogen peroxide solution (Figure 5a), and the results indicated that the bubble-
driven micromotor immediately spread out toward the corner and finally gathered deep
in the corner. (Figure 5b and Supporting Video S4). To rule out coincidental factors, we

46



Biosensors 2024, 14, 186

synthesized a batch of undoped MnO2 hollow fiber samples as a blank control (the red
part in Figure 5c), which were mixed with the experimental group and put into the molds
according to the experimental procedure described before. The results clearly showed that
the locations of the hollow fiber segments without MnO2 did not change, whereas the
bubble-driven micromotor moved toward the periphery and finally stayed deep in the
corners (Figure 5c and Supporting Video S5). By changing the concentration of the hydrogen
peroxide solution, we found that the speed of the bubble-driven micromotor movement
was accelerated with an increase in hydrogen peroxide concentration (Figure S7b). This
is because the higher concentration of H2O2 can generate bubbles more quickly after it
is decomposed, enabling them to push the micromotors more effectively. The movement
of this bubble-driven micromotor can deliver efficient and robust performance [51,52].
The micromotor can move in 5 wt% H2O2 solution at a speed of 615 μm s−1, which is
higher than that of some other micromotors of the same type that have been reported so far
(Figure S7c).

Figure 5. The bubble-driven hollow fiber micromotor. (a) Schematic diagram of the bubble-driven
hollow fiber micromotor. (b) Movement of hollow fibers with MnO2 on the inner wall in H2O2.
(c) Movement of hollow fibers with MnO2 on the inner wall and general hollow fibers in H2O2.
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4. Conclusions

In this work, we describe a microfluidic method based on coaxial glass capillaries for
fabricating nanomaterial-doped functional hollow fibers. This method features a simple,
smooth, stable, continuous, and precisely controlled process that avoids system clogging.
Utilizing the characteristics of microfluidic laminar flow as well as the shear forces acting
in the microchannels, we achieve uniform dispersion of nanoparticles to enable hollow
fiber with favorable mechanical, electrical, and magnetic operabilities. By doping CNTs in
the hydrogel hollow fibers, we successfully prepare wearable sensors exhibiting superior
electrical conductivity (15.8 S m−1), strong flexibility (342.9%), versatility, and high sen-
sitivity at high deformation rates. This CNT-doped hollow fiber-based wearable sensor
can be used to monitor human motions and collect physiological electrical signals. As
well as wrist movements, elbow and knee movements could also be detected, and minor
movements, such as swallowing and finger joint movements, could also be successfully
monitored. Moreover, by doping Fe3O4 nanoparticles into hydrogel fibers, we fabricated
magnetic-driven micromotors capable of directional motion along the trajectory of a mag-
net. Owing to their small size, these micromotors could navigate through narrow channels.
In addition, manganese dioxide nanoparticles were embedded into the hollow fiber walls
to create bubble-propelled micromotors. When put into a hydrogen peroxide environment,
the micromotors with MnO2-doped fiber walls could reach high-speed self-propulsion
(615 μm s−1) and were capable of penetrating tiny and hard-to-reach corners. This technol-
ogy provides a highly flexible and controllable preparation method, which makes it possible
to precisely dope different functional materials, and not only realizes the multifunctionality
of hollow fibers, but also the easy weaving and integration of these hollow fibers enables
them to be used in the preparation of smart fabrics with multiple functions. This innovative
technology provides a powerful tool for designing and preparing novel materials with
customized functions. It sheds light on the design and development of wearable electronic
devices, soft robots, micromachines, and future applications in biomedical engineering.
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Abstract: Exosomes, with diameters ranging from 30 to 150 nm, are saucer-shaped extracellular
vesicles (EVs) secreted by various type of human cells. They are present in virtually all bodily fluids.
Owing to their abundant nucleic acid and protein content, exosomes have emerged as promising
biomarkers for noninvasive molecular diagnostics. However, the need for exosome separation
purification presents tremendous technical challenges due to their minuscule size. In recent years,
microfluidic technology has garnered substantial interest as a promising alternative capable of
excellent separation performance, reduced reagent consumption, and lower overall device and
operation costs. In this context, we hereby propose a novel microfluidic strategy based on thermally
oxidized deterministic lateral displacement (DLD) arrays with tapered shapes to enhance separation
performance. We have achieved more than 90% purity in both polystyrene nanoparticle and exosome
experiments. The use of thermal oxidation also significantly reduces fabrication complexity by
avoiding the use of high-precision lithography. Furthermore, in a simulation model, we attempt to
integrate the use of dielectrophoresis (DEP) to overcome the size-based nature of DLD and distinguish
particles that are close in size but differ in biochemical compositions (e.g., lipoproteins, exomeres,
retroviruses). We believe the proposed strategy heralds a versatile and innovative platform poised to
enhance exosome analysis across a spectrum of biochemical applications.

Keywords: exosomes; deterministic lateral displacement (DLD); dielectrophoresis (DEP); microfluidic
separation; thermal oxidation

1. Introduction

Exosomes, integral to intercellular communication, have attracted substantial interest
across myriad biomedical research fields. These nano-sized extracellular vesicles are
pivotal in mediating a myriad of physiological and pathological processes, including cancer
progression, immune responses, and tissue regeneration [1–4]. These vesicles encapsulate
a diverse array of biomolecules, including proteins, lipids, and nucleic acids, reflecting the
molecular signature of the parent cell and thereby offering a snapshot of its health and
activity [5–8]. However, the co-presence of several other types of EVs in biofluids often
complicates the precise analysis of exosomes, underscoring the need for their separation
from abundant sources like blood, urine, and saliva. Traditional exosome separation
techniques, including ultracentrifugation, density gradient centrifugation, and methods
relying on magnetic beads, are time-consuming and labor-intensive, while achieving
exosome separation of low purity [9–11].
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In recent years, the adaptation of microfluidics to separate and capture exosomes has
gradually grown in prominence. A series of technological solutions have been developed
for manipulating the fluid flow. Nanoporous membranes integrated into microfluidic chips
intercept particles larger than the pore size while smaller components pass through [12].
A nanowire-based strategy achieves exosome trapping through spatial hindrance [13].
The viscoelastic flow method achieves particle sorting based on the elastic lift forces ex-
erted on particles in a viscoelastic medium [14–16]. Deterministic lateral displacement
(DLD), a label-free method, enables the sorting and enrichment of nanoparticles based on
size [17–21]. Dielectrophoresis (DEP) separates particles based on their intrinsic dielectric
properties rather than size [22,23]. Among these methods, DLD provides a continuous
process that circumvents the drawbacks of nanoporous membranes, nanowires, and vis-
coelastic methods by avoiding blockages and the introduction of impurities. The high
separation resolution of DLD enables it to stand out among various microfluidic separation
techniques [24]. DEP proves more effective for micrometer-scale particles but shows limited
efficacy with nanometer-scale particles.

In this work, we propose a novel approach via thermally oxidized DLD arrays with
tapered shapes to improve the separation performance of nano-sized particles. First, by
applying thermal oxidation to the column array fabricated through micrometer-scale lithog-
raphy and etching, nanometer-level inter-column spacing is achieved, which significantly
reduces fabrication costs by avoiding the use of high-precision lithography. Second, while
previous studies have also applied thermal oxidation in DLD technology [25], we critically
realized that thermal oxidation could transform vertical columns into tapered shapes,
causing the separation threshold of the DLD array to deviate from its intended design.
We attempt to elucidate this phenomenon with further experimental investigation. The
tapered structure (Figure 1a) after thermal oxidation employs the wider upper layer to exert
the DLD effect on larger impurity particles, while both the upper and lower layers allow
exosomes to pass through unimpeded. We used mixtures of polystyrene nanoparticles and
exosomes to verify the separation performance of the device, resulting in >90% purity from
collected samples. In addition, we aim for a design capable of separating extracellular vesi-
cles (EVs) of similar sizes (e.g., lipoproteins, retroviruses, and exoparticles) that combines
dielectrophoresis (DEP) and DLD. By designing a droplet-shaped structure to replace the
traditional cylindrical structure of DLD (Figure 1b), we tested the feasibility of such a design
through a simulation study. The overall strategy in our work demonstrated significant
promise as a multifunctional and label-free methodology for exosome separation, offering
enhanced specificity in particle discrimination through the integration of size-based and
electrical-property-based separation mechanisms.

Figure 1. The overall design of the chips. (a) Schematic of the tapered shape DLD arrays fabricated
after thermal oxidation showing how exosomes and larger nanoparticles flow through. (b) Schematic
of the droplet-shaped arrays combining DEP with DLD arrays, showing how exosomes, bigger
nanoparticles, and similarly sized nanoparticles flow through.
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2. Materials and Methods

2.1. Theory
2.1.1. DLD

DLD represents a size-based particle separation methodology and exhibits signifi-
cant potential for the continuous, label-free separation of particles that are smaller than
the microfluidic array’s feature size. A DLD device incorporates a particle separation
region, which consists of an array composed of microposts or columns crafted from a
rigid material [26], as depicted in Figure 2a. The width of the gaps, perpendicular to the
direction of fluid flow, is denoted as G, and the center-to-center spacing between the posts
is represented by λ. The lateral displacement between adjacent rows of posts is referred to
as δ. The crucial parameter in the design of a DLD device is the shift fraction (ε), which is
defined as

ε = δ/λ, (1)

The operational principle of the DLD device hinges on a critical size threshold (DC).
Particles exceeding this threshold size are laterally displaced and follow bumping mode,
a trajectory along the ‘blue line’ of the array, whereas particles below this threshold size
flow in zigzag mode, the red line, with no displacement occurring. However, before
establishing the calculation model for determining DC, we first need to conduct a fluid
dynamics analysis of the fluid within the device. Below, we will introduce the Navier–
Stokes equations and the Reynolds Number.

Figure 2. (a) Schematic of the DLD arrays that illustrates the array parameters of the pillar gap
size, G, pillar pitch, λ, and row-to-row shift, δ, and the two different modes separate particles flow
in. (b) Schematic of dielectrophoresis, showing how n-DEP particles and p-DEP particles act in a
non-uniform electric field.

A large number of phenomena for fluid can be described by the Navier–Stokes
equation [26]:

ρ
∂
→
ν

∂t
+ ρ(

→
ν ·∇)

→
ν = −∇p + μ∇2→ν (2)
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where ρ is the density of the fluid,
→
ν is the velocity vector, p is the pressure, and μ is

viscosity. The Reynolds Number (Re) serves as a measure that contrasts inertial forces
against viscous forces, thereby quantifying the respective significance of these forces in
influencing fluid flow. It is defined as [26]:

Re =
ρνL

μ
(3)

where v is the speed of the fluid (0.25 mm/s in our experiment) and L (approximately 1 mm
in our design) is a characteristic length. The ρ and μ for 1xPBS used in our experiment are
close to those for water (103 kg/m3 and 10−3Pa·s). The calculated Re in our experiment
is 0.25 < 1, which means that viscous damping rapidly dissipates kinetic energy (both
translational and rotational) from a fluid element, rendering inertial forces negligible and
thus permitting their exclusion from the Navier–Stokes equation [24]. The modified Stokes’
Equation (2) is

ρ
∂
→
ν

∂t
= −∇p + μ∇2→ν (4)

which reveals a laminar flow. In this scenario, the optimal model for the critical threshold
(DC) of DLD device is defined as [26]

DC = 1.4Gε0.48 (5)

2.1.2. DEP

Dielectrophoresis (DEP) describes the displacement of a particle within a non-uniform
electric field [27], as depicted in Figure 2b. When the particle is in an electric field, an
induced charge appears on the particle’s surface, engendering a polarization aligned with
the electric field. In uniform electric fields, the polarized charges experience a homogeneous
force, leading to no particle displacement, unless the particle inherently possesses a net
charge. However, in a non-uniform electric field, the forces diverge, thereby leading to the
particle’s displacement.

The direction of the DEP force depends on the comparative electrical polarizability of
the particle relative to its suspending medium. When the particle’s polarizability surpasses
that of the medium, the DEP force aligns with the electric field gradient, which is called
positive dielectrophoresis, p-DEP. On the contrary, if the electrical polarizability of the
particle is lower than that of the medium, the DEP force and the displacement vector
oppose the field gradient, denoting negative dielectrophoresis, n-DEP. The composition,
morphology, and phenotype of the particles in conjunction with electric field frequency
significantly influence its polarizability. The DEP force on a spherical particle is given
by [28]

FDEP = 2πεmr3Re[f CM] · ∇|Erms|2 (6)

where r is the radius of particles; εm is the permittivity of the medium; fCM is the Clausius–
Mossoti factor; and Erms is the root mean square value of an electric field. Re[fCM] means a
real part of the fCM, which can be represented as follows [28]:

fCM =
ε∗p − ε∗m

ε∗p + 2ε∗m
(7)

where ε* is the complex permittivity (ε* = ε − jσ/ω); σ is the conductivity; and ω is the
electric field frequency. Subscripts p and m mean the particles and the medium, respectively.
Re[fCM] > 0 means that particles show p-DEP response (the blue particle), while Re[fCM] < 0
means n-DEP response (the green particle).

For the analysis of fCM on cells, the spherical single-shell model is commonly uti-
lized [29,30]. This model treats the particles as homogenous spherical bodies while seg-
menting them into two regions: the shell and the interior. It utilizes aggregated dielectric
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parameters from these regions along with the suspending medium to predict the DEP
response as a function of frequency [31]. Exosomes, possessing a single-layer membrane
structure similar to cells, have more uniformly distributed contents [1–6]; thus, the single-
shell model will better reflect their electrical properties [29,32]. Below, we will derive the
function describing the relationship between the fCM and the applied electric field frequency
through a spherical single-shell model.

According to the model, the effective complex permittivity of exosomes ε∗ex can be
described as:

ε∗ex =
c∗memrε∗c

c∗memr + ε∗c
(8)

where ε∗c is the complex permittivity of the contents of exosomes and c∗mem is the complex
capacitance of exosome membrane, which can be defined as:

c∗mem = cmem + gmem/jω (9)

where cmem and gmem are the capacitance and conductance (often negligible) of the exosome
membrane per unit area. Thus, the analysis of fCM is defined as:

fCM(ω) = − ω2(τmτ∗
c − τcτ∗

m) + jω(τ∗
m − τ∗

c − τm)− 1
ω2(2τmτ∗

c + τcτ∗
m)− jω(τ∗

m + τ∗
c + 2τm)− 2

(10)

where the time constants are defined as follows: τc =
εc
σc

, τ∗
c = c∗c r

σc
, τm = εm

σm
and τ∗

m = c∗mr
σm

.

2.2. DLD Array Fabrication Process

The DLD array fabrication process is shown in Figure 3b. The silicon-on-insulator
wafer was used to isolate the sidewall and the arrays inside after etching up the whole
top silicon layer. The parameters are shown in Table S1 (in Supplementary Material). To
enhance the adhesion of the photoresist to the silicon wafer, we first applied a spin coating of
HMDS (Hexamethyldisilazane) adhesion promoter, using coating parameters of 2000 rpm
for 20 s. The spin-coating parameters for the S1805 photoresist were set at 3000 rpm for
30 s. The photoresist is pre-baked at 110 ◦C for 90 s. The photolithography system (SUSS
Mask Aligner MA6, SUSS MicroTec, Garching, Germany) is set to Vacuum mode, with an
exposure time of 3 s. Development is conducted in ZX-238 Positive Photoresist Developer
for approximately 40 s, completing the photolithography process for the pattern. Utilizing
the STS etching machine, the device undergoes a deep reactive ion etching (DRIE) process
to a depth of 2 μm. The etching parameters are detailed in Table S2 (in Supplementary
Material). The thermal oxidation is conducted according to the standard 1.5 μm thermal
oxidation protocol.

2.3. Soft Lithography and PDMS Preparation

Given the relatively shallow etching depth of the chips used in this study, to prevent
collapse and subsequent blockage of the inlet and outlet areas with low aspect ratios during
bonding with the PDMS layer, we employed soft lithography to fabricate molds. This
process allowed for the creation of PDMS with upward-facing grooves corresponding to
the regions of the inlets and outlets, ensuring their structural integrity and preventing oc-
clusion.

The mold fabrication was carried out on standard silicon substrates. We utilized
SU8-3025 photoresist for the creation of patterns. First, we dispensed 1 mL of photoresist
for each inch (25 mm) of substrate diameter. Then, we spun at 500 rpm for 5–10 s with
acceleration of 100 rpm/s. After that, we spun at 3000 rpm for 30 s with acceleration of
300 rpm/second. We soft baked for 10 min at 95 ◦C. We exposed at 200 mJ/cm2. We
post-baked for 5 min at 95 ◦C. Finally, we developed for 8 min in PGMEA solution. To
ensure repeated use of the mold, a layer of HMDS (Hexamethyldisilazane) was sputtered
onto the mold to prevent the impact on the patterns during PDMS demolding.
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Figure 3. (a) Schematic of the DLD exosome separation chip. (b) The fabrication process flow of the
non-uniform DLD arrays inviting thermal oxidation. (c) The SEM images of the perpendicular arrays
fabricated through micron-scale lithography etching (left) and the tapered arrays shaped by thermal
oxidation (right).

PDMS polymer was placed in a vacuum pump to remove internal bubbles. Subse-
quently, the degassed PDMS was poured onto the mold and cured on a hot plate at 110 ◦C
for approximately 2 h before being peeled off. The chips were cleaned using acetone and
isopropanol. The PDMS slabs and the chips were then treated with oxygen plasma and
bonded with each other. The assembled device was placed into an oven at 60 ◦C for 3 h to
enhance bonding. The soft lithography and PDMS preparation process flow are shown in
Figure S1 (in Supplementary Material).

2.4. Particle Sample Preparation

In our work, we utilized standard polystyrene fluorescent particles of 600 nm and
100 nm (Thermo Fisher Scientific, Waltham, MA, USA). The 600 nm particles were labeled
with Fluoro-Max Blue dye (ex/em: 365/447, 412/473 nm), while the 100 nm particles were
marked with Fluoro-Max Red dye (ex/em: 542/612 nm). Solutions of 600 nm and 100 nm
standard polystyrene fluorescent particles, with identical solid contents, were combined at
a volume ratio of 200:1, equating to a quantity ratio of approximately 1:1.

2.5. DLD Experimental Instruments

Sample mixture fluid was injected into the microfluidic chips using a syringe pump
(LSP02-2A, LongerPump, Baoding, China) at various constant flow rates. The fluores-
cent images were obtained using a biological microscope (BX53(LED), Evident, Tokyo,
Japan). We employed the DAPI (ex/em: 365/473 nm) and TRITC (ex/em: 543/585 nm)
excitation groups.

2.6. EV Sample Preparation

EVs were isolated from the cell culture medium of HaCaT cells. These cells were
cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) enriched with
10% exosome-depleted fetal bovine serum (Wisent, Toronto, ON, Canada) within a 5%
CO2, 37 ◦C incubator (Thermo Scientific, USA). After cultivating for 48 h to achieve
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approximately 80% cell confluence, the medium was replaced with a serum-free variant,
and the supernatant, rich in EVs, was collected after an additional 24–48 h. The isolation of
EVs was performed using differential centrifugation at 4 ◦C. The process began with the
initial centrifugation of the collected supernatant (300 mL) at 500× g for 5 min, followed by
2000× g for 30 min to eliminate cells, and then at 10,000× g for 60 min. Subsequently, the
supernatant was transferred into ultracentrifuge tubes and spun at 120,000× g for 70 min
at 4 ◦C. Post-centrifugation, the supernatant was carefully decanted, and the pellet was
reconstituted in sterile 1X PBS. This resuspension was then collected to procure exosomes.

2.7. Nanoparticle Tracking Analysis (NTA)

To assess the recovery rate and purity of the isolated 100 nm polystyrene nanoparti-
cles and exosomes, separately, Nanoparticle Tracking Analysis (NTA; NanoSight NS300,
Malvern Instruments, Malvern, UK) was employed to measure the size distributions of
both the initial and the processed samples. All samples were diluted in 1xPBS to concen-
trations ranging from 2 × 108 to 1 × 109 particles/mL to ensure optimal accuracy. The
acquisition of size distribution data was performed using the NTA 3.2 Analytical Software
Suite (27 November 2015, NanoSight NTA software update v3.2 | Malvern Panalytical).
These measurements were executed at a controlled temperature of 20 ◦C.

2.8. Scanning Electron Microscope (SEM)

After etching, the four-inch wafers were sectioned into individual chips for observation
with a Supra 55 (Zeiss, Jena, Germany) scanning electron microscope (SEM). The silicon
on the chip exhibited excellent conductivity, allowing for observations to be conducted at
room temperature (298 K) with a 30-degree tilt in a vacuum. After undergoing thermal
oxidation, the surface of the chips was coated with an insulating layer of silicon dioxide.
For enhanced visualization of the column sidewalls, it is advisable to sputter-coat a thin
layer of gold to improve conductivity prior to SEM observation. The chips after thermal
oxidation in this work did not undergo a gold sputtering process.

3. Results

3.1. DLD Chip Design and Fabrication

Figure 3a first shows the schematic of the DLD exosome separation chip. The chip
consists of one inlet, a straight DLD array separation region, and two outlets (one for
exosome collection, the other for waste). The whole length of the microfluidic channel
is 3 mm. The length of the DLD separation area is set at 1 mm, which is determined
based on the requirements for the Re number, as outlined in Equation (2). With a fluid
flow rate of 0.25 mm/sec within our DLD device, maintaining the fluid as laminar flow
necessitates that the length of the sorting area does not exceed 4 mm. A length of 1 mm
provides sufficient margin to vary the flow rate. The width of the device is set at 90 μm.
This specification arises from our designed shift fraction of 0.1, and, in order to ensure the
array sufficiently separates all particles completely, the width must be less than 1000 μm
length multiplied by the shift fraction of 0.1, equating to less than 100 μm. The depth of the
microchannel is controlled at 2 μm through a DRIE etching process, which was identified
as the optimal array depth for thermal oxidation effects. In our experimental design, we
first employed standard fluorescent polystyrene nanoparticles with diameters of 100 nm
and 600 nm as proxies for exosomes and larger nanoparticles present in actual bodily
fluids, respectively. We therefore set the DLD separation threshold at 300 nm. According to
Equation (2), we need a column-to-column spacing of ~800 nm to achieve the threshold of
300 nm with a displacement fraction of 0.1 in order to realize DLD separation between the
two selected sizes.

Typically, the nano-scale linewidth necessitates the use of high-precision fabrication
equipment, such as stepper lithography systems, thereby significantly increasing device
production costs. To address this issue, we incorporated thermal oxidation into the array
construction process. The left image of Figure 3c displays the micrometer-scale array
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produced through micrometer-level lithography and etching. After thermal oxidation, as
shown in the right image of Figure 3c, the spacing between arrays was reduced to the
nanometer scale, meeting the requirements of DLD devices for the separation of nanometer-
scale particles. It is worth noting that during the thermal oxidation of the device, only
the upper ends and the sides of the pillars are exposed to oxygen species. This leads to
the silicon at the lower part of the pillars undergoing lateral thermal oxidation growth
exclusively, whereas the silicon at the upper ends experiences both lateral and vertical
thermal oxidation growth during thermal oxidation (Figure S2 in Supplementary Material).
Consequently, the lateral thermal oxidation growth at the upper ends is less extensive
than at the lower ends, resulting in the formation of a tapered structure. According to
Equation (2) from the DLD theory section, such differential spacing between the upper
and lower layers leads to distinct critical diameters (DC) for each; as such, the arrays as a
whole no longer maintain a precise separation threshold. To minimize the impact of this
tapered structure on exosome separation, we tried to refine the thermal oxidation process
by precisely controlling the spacing between the upper and lower layers. We conducted
the same thermal oxidation process on columns with different etching depths and found
that in columns of smaller depth, the non-uniformity of the upper and lower layer was less
pronounced. A possible explanation is that when the columns are of smaller depth, the
volume of silicon at the upper layer is smaller, leading to a reduced amount of silicon being
oxidized both laterally and vertically. Moreover, oxygen can distribute more evenly among
columns of smaller depth, which is beneficial for the uniformity of the overall thermal
oxidation. At an etching depth of 2 μm, we achieved a relatively optimal thermal oxidation
effect. The upper layer, as depicted in Figure 3c, initially spanning 1.44 μm, undergoes
reduction to 0.82 μm, leading a 300 nm threshold, thereby enabling the separation of most
impurity particles without exerting the DLD effect on exosomes. In contrast, the reduction
of the lower layer from 1.44 μm to 0.53 μm establishes a separation threshold of 200 nm,
ensuring that exosomes (below 200 nm) remain unaffected by the DLD phenomenon.
It is worthwhile to stress that the utilization of thermal oxidation in device fabrication
unequivocally results in the formation of such tapered structures. Previous work that also
employs thermal oxidation to create nano-sized DLD pillars [25] did not recognize that such
a variation in gap sizes in the vertical direction plays an important role in explaining the
actual DLD behaviors of the particles. Here, we pay specific attention to this phenomenon
when designing the pillar sizes and oxidation parameters. Furthermore, such a process
markedly reduces the costs associated with chip fabrication by circumventing the need for
high-precision lithography techniques.

3.2. DLD Separation Performance

Figure 4a,b depict the microfluidic experimental setup and the actual image of the
device. A syringe pump injects sample solutions into the chip at a constant flow rate.
The chip is enclosed by a PDMS layer, whose transparency allows for the observation
of particle trajectories via fluorescence microscopy. During device operation, the larger
nanoparticles were heavily influenced by the DLD effect, resulting in their deviation along
the streamline and subsequent collection from the waste outlet. On the contrary, the
smaller-sized exosomes flow directly towards the exosome outlet.

For the experiment, a mixture of 600 nm (labeled with Fluoro-Max blue dye) and
100 nm (labeled with Fluoro-Max red dye) standard fluorescent polystyrene nanoparticles
was injected into the chip at a flow rate of 5 × 10−2 μL/min. Within the solution, we intro-
duced a small quantity of Tween-20 surfactant to mitigate the adhesion of the fluorescent
polystyrene nanoparticles to the PDMS layer, thereby preventing any interference with
the microscopic observations. As shown in Figure 4c, during a typical device run, the
streamlines of 600 nm polystyrene nanoparticles form a triangular pattern, indicating the
displacement of these larger nanoparticles due to DLD, whereas the 100 nm nanoparticles
pass through unaltered. We also present a dynamic video showcasing the movement of
particles in Video S1.
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Figure 4. (a) Schematic of the microfluidic DLD experiment setup. (b) Actual image of the chip
used for the DLD experiment. (c) Image obtained through fluorescence microscopy reveals distinct
behaviors: 600 nm polystyrene nanoparticles, labeled with Fluoro-Max blue dye, exhibit DLD phe-
nomena, whereas 100 nm polystyrene nanoparticles, marked with Fluoro-Max red dye, demonstrate
no displacement.

Subsequent collection and analysis of the sample solutions from both the inlet and
the exosome outlet through Nanoparticle Tracking Analysis (NTA), as demonstrated in
Figure 5a, confirm that the 100 nm nanoparticles have been effectively separated from
the 600 nm ones, resulting in a purity from 52.31% to 92.31% from the outlet collection.
Next, we further examined the separation performance with the mixture of HaCaT cell
exosomes and 600 nm nanoparticles to evaluate the chip’s efficacy in a real bodily fluid
context. The same experimental parameters as those used in the fluorescent polystyrene
nanoparticle experiment were maintained. Our device demonstrated a significant reduction
of 600 nm polystyrene particles and larger extracellular nanoparticles in the exosome sample
post-separation. The purity of exosomes collected at the outlet was measured at 91.47%
via NTA, a significant increase compared to 57.84% in the original sample, as shown in
Figure 5b, indicating the chip’s robust capability of separating exosomes from complex
biological mixtures.

3.3. Simulation of the Synergistic Effect of DLD and DEP

Famously, DLD faces challenges in the separation of extracellular nanoparticles of
similar sizes [14], while the DEP effect is less potent at the nano scale compared to the sepa-
ration of micron-scaled particles [22]. In pursuit of enhancing the precision of separating
nanoparticles of similar sizes yet distinct biochemical compositions, such as lipoproteins,
exomeres, and retroviruses, we propose here a strategy to integrate these two microscopic
effects. As illustrated in Figure 6a, the key point of our design is an array of nano-scale,
droplet-shaped pillars. This configuration not only preserves the characteristic layout of
DLD arrays but also facilitates the generation of non-uniform electric fields, a crucial factor
for implementing DEP.
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Figure 5. NTA results and the purity behavior of the two experiments. (a) Normalized distribution
of the mixture sample of 100 and 600 nm particles before and after separation in NTA test, (b) Nor-
malized distribution of the mixture sample of HaCaT cell exosomes and 600 nm particles before and
after separation in NTA test.

Figure 6. (a) Structure and components of the droplet-shaped columns synergistically employing
deterministic lateral displacement and dieletrophoresis in simulation. (b) Particle-tracking simulation
results of 500 nm polystyrene particles on the left and 100 nm polystyrene particles on the right.
(c) Electric potential of the whole fluid channel and the wavy pattern longitudinal equipotential lines.
(d) Electric field intensity distribution. (e) The line graph of the electric field intensity values along
the green line in (d).

By applying electrical excitation across the flow channel’s boundaries in the left and
right sides, the droplet-shaped pillar arrays within the microfluidic region generate highly
non-uniform electric fields that are overall perpendicular to the direction of the fluid flow.
Such electric fields enhance the device’s overall ability to separate exosomes (ranging
from 30 to 150 nm) from particles of similar sizes, such as lipoproteins (5 to 200 nm) and
retroviruses (80 to 150 nm). Despite their size similarities, these nanoparticles exhibit
significant variance in their biochemical compositions and structures [33], resulting in
disparate electrical properties, as indicated in Equations (6)–(10).
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By changing the frequency of the applied electrical signal, it is feasible to manipulate
the complex permittivity of exosomes, similarly sized nanoparticles, and the surrounding
medium. Our strategy is to align the complex permittivity of exosomes to zero, whereas that
of similar nanoparticles deviates from zero. Under such conditions, exosomes are exempt
from the influence of DEP forces, while other nanoparticles are experiencing effective
DEP forces. This differential application of DEP forces enables the refined separation of
exosomes from particles with overlapping size ranges but divergent biochemical identities.
In determining the frequency, we plotted the real part of the Clausius–Mossotti factor (fCM)
as a function of the frequency of exosomes and BSA (similar to lipoprotein, as an impurity)
based on Equation (10), as shown in Figure S3a (in Supplementary Material). We found
that within the 100–1000 kHz frequency range, the Re[fCM] for exosome is close to 0, while
for BSA it is 1. This frequency range is well-suited to our needs. Furthermore, we noticed
that the Re[fCM] function plots for gold nanoparticles and polystyrene nanoparticles closely
resemble those for exosome and BSA, shown in Figure S3b (in Supplementary Material).
This suggests that we could use gold and polystyrene nanoparticles for preliminary non-
biological sample experiments in future studies.

We initially employed a particle tracking simulation to investigate whether this novel
droplet-shaped structure possesses DLD functionality. The simulation setup is illustrated
in Figure 6a, where the spaces between the shapes are filled with saline and the fluid
characteristic is a laminar flow at a velocity of 300 μm/s. The gap between the droplet-
shaped structures is set to 800 nm, with a shift fraction of 0.1. Particles 500 nm and 100 nm
in diameter were injected into the middle of the microfluidic channel entrance at intervals
of every 0.01 s for a duration of 24 s. The simulation results, shown in Figure 6b, clearly
demonstrate that the 500 nm particles exhibit obvious lateral displacement, aligning with
the DLD bumping mode, while the trajectory of the 100 nm particles is consistent with the
zigzag mode. This indicates that our droplet-shaped array retains the functionality of DLD.

We further verified the DEP performance of this droplet-shaped structure. Our ap-
proach integrates the thermally oxidized, non-uniform DLD arrays with DEP functionality
by configuring the individual pillar structure into two distinct layers, as Figure 6a shows.
The core layer is composed of silicon, whereas the exterior layer is fabricated from SiO2.
The space within the structure is defined as saline solution to simulate the real bodily
fluid. A voltage of 400 Vpp at a frequency of 100 kHz was applied across the microflu-
idic flow channel. Figure 6c displays the two-dimensional electric potential distribution
within the flow channel, revealing that the longitudinal equipotential lines exhibit a wavy
pattern closely resembling the inclined arrangement of columns within the channel. The
significantly lower relative dielectric constant of SiO2 (3.9) compared to saline solution
(80) and silicon (11.7) results in the highest electric field strength being generated within
the silicon dioxide layer, as depicted by the two-dimensional electric field distribution in
Figure 6d. Consequently, the voltage drop is primarily concentrated within the silicon
dioxide layer. The inclined arrangement of the SiO2 pillars alters the uniform field strength
distribution typically observed between parallel plate capacitors, leading to the formation
of such wavy equipotential lines. Figure 6e displays the electric field distribution along
the green diagonal line in Figure 6d. As is evident from the figure, a periodic electric field
with a substantial gradient is generated along the diagonal. This phenomenon is precisely
facilitated by the sharp tip of the droplet-shaped design we have implemented. The electric
field lines densely converge at the sharp point marked as position 1, creating a region of
high electric field intensity. In contrast, the transformation of the original circular shape
into a droplet shape significantly enlarges the space above and below position 2, causing
the longitudinal distribution of electric field lines to become sparse, thereby resulting in a
region of lower electric field intensity. Consider a particle experiencing a positive DEP force.
When positioned at location 1, a particle proceeds to travel with the fluid flow, gliding
along the inclined sidewall toward location 2. Upon reaching location 2, the particle is
drawn towards regions of higher electric field intensity, prompting its displacement to
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location 3. As this cyclic process persists, the particle is progressively displaced towards
the right, a movement mainly governed by the DEP effect.

4. Discussion

In this study, we propose a novel strategy employing thermally oxidized non-uniform
DLD arrays with tapered shapes to improve the separation performance of nano-sized
particles. Although thermal oxidation has been utilized in the fabrication process of DLD
arrays in previous work, the impact of the resultant tapered structures has often been over-
looked. This oversight led to discrepancies between the device’s real separation threshold
and the expected one [25], thus limiting the separation efficiency of the device. In our work,
we precisely control the linewidth of the upper and lower layers on the same DLD pillars,
thus enabling the upper layer to apply the DLD effect on impurity particles while ensuring
that neither layer affects exosomal small particles. In experiments involving fluorescent
nanoparticles and biological samples with exosomes, we achieved purities for target parti-
cles exceeding 90%. This technique preserves the benefits of conventional DLD methods,
being label-free, labor-efficient, and field-free, while minimizing damage to exosomes.
Additionally, it circumvents the need for high-precision lithography, thereby substantially
lowering the fabrication costs associated with traditional DLD approaches. Furthermore,
we propose a synergistic approach combining DEP and DLD to overcome the intrinsic
size-based sorting limitation of DLD, which leads to its inability to separate exosomes from
nanoparticles of similar sizes (e.g., lipoproteins, retroviruses, and exoparticles). This design
not only retains the functional characteristics of DLD but also helps to create a highly
non-uniform electric field between the columns after applying alternating voltage on both
sides of the array, thereby generating strong DEP forces. By modulating the frequency of
the alternating voltage, it is possible to adjust the DEP effects on particles with diameters
similar to exosomes to a direction opposite to that of DLD while not exerting force on the
exosomes themselves. Thus, the device is capable of separating exosomes based on particle
size through DLD and further distinguishing impurities with dimensions similar to exo-
somes based on the particles’ intrinsic electrical properties through DEP. While our device
demonstrates potential, there is room for improvement. The throughput and the fluid flow
rate of our DLD device are at a low level, leading to long separation times for samples. In
future iterations, we plan to implement multi-channel parallel injection and widen and
deepen the flow channels to increase the overall device throughput. We have realized the
fabrication of the critical pointed structures of the droplet-shaped arrays essential for the
effective implementation of the DEP effect. We will soon validate the simulation results of
our DEP design through experimental verification, using the outcomes to further refine our
device design.

5. Conclusions

In summary, we demonstrated a novel microfluidic exosome separation device featur-
ing thermally oxidized non-uniform deterministic lateral displacement (DLD) arrays. By
precisely adjusting the linewidth of the upper and lower layers of the tapered structures
formed after thermal oxidation, we have achieved efficient exosome separation with a
purity exceeding 90% while significantly reducing the fabrication costs of the device by
circumventing the need for high-precision lithography. Additionally, the incorporation
of DEP offers a potential strategy for differentiating exosomes from particles of similar
dimensions yet distinct biochemical compositions. This work establishes a robust platform
for exosome isolation, thereby facilitating subsequent detection of nucleic acids, proteins,
and other exosomal constituents. Moreover, we aim to transfer the DEP simulation out-
comes into experimental tests to validate the DEP functionality in our device. Further
endeavors will also explore the possibility of topological optimization of the microfluidic
design, with aspirations to integrate it with a downstream biosensing apparatus in pursuit
of the development of a comprehensive exosome analysis platform.

62



Biosensors 2024, 14, 174

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios14040174/s1, Figure S1: The process flow of the PDMS
fabrication; Figure S2: Illustration of forming a tapered structure from the arrays with vertical
sidewalls through thermal oxidation; Table S1: The parameters of the silicon-on-insulator wafer;
Table S2: The parameters of the deep reactive ion etching (DRIE) process; Video S1: A dynamic video
showcasing the movement of particles.
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Abstract: Point-of-care testing (POCT) techniques based on microfluidic devices enabled rapid
and accurate tests on-site, playing an increasingly important role in public health. As the critical
component of capillary-driven microfluidic devices for POCT use, the capillary microfluidic valve
could schedule multi-step biochemical operations, potentially being used for broader complex POCT
tasks. However, owing to the reciprocal relationship between the capillary force and aperture in
single-pore microchannels, it was challenging to achieve a high gating threshold and high operable
liquid volume simultaneously with existing 2D capillary trigger valves. This paper proposed a
3D capillary-driven multi-microporous membrane-based trigger valve to address the issue. Taking
advantage of the high gating threshold determined by micropores and the self-driven capillary
channel, a 3D trigger valve composed of a microporous membrane for valving and a wedge-shaped
capillary channel for flow pumping was implemented. Utilizing the capillary pinning effect of
the multi-micropore membrane, the liquid above the membrane could be triggered by putting the
drainage agent into the wedge-shaped capillary channel to wet the underside of the membrane,
and it could also be cut off by taking away the agent. After theoretical analysis and performance
characterizations, the 3D trigger valve performed a high gating threshold (above 1000 Pa) and
high trigger efficiency with an operable liquid volume above 150 μL and a trigger-to-drain time
below 6 s. Furthermore, the retention and trigger states of the valve could be switched for repeatable
triggering for three cycles within 5 min. Finally, the microbead-based immunoreaction and live cell
staining applications verified the valve’s ability to perform multi-step operations. The above results
showed that the proposed 3D trigger valve could be expected to play a part in wide-ranging POCT
application scenarios.

Keywords: 3D trigger valve; microporous membrane; capillary-driven; gating threshold; POCT

1. Introduction

Microfluidic techniques have shown great potential for point-of-care testing (POCT)
applications owing to their advantages of high integration, low reagent usage, and rapid
detection [1]. In the past decades, microfluidic devices have been widely used for on-site
detection of molecules, cells, pathogens, and microorganisms in different scenarios, such
as pregnancy detection, food hygiene detection, and COVID-19 virus detection [2–8]. In
conventional microfluidic systems, various microfluidic handlings of liquid samples, e.g.,
pumping, stopping, mixing, and washing, are usually required for different purposes,
in which external or internal liquid control units, such as mechanical (electro, magnetic,
etc.) pumps and valves, were usually required [9]. These units dramatically increased the
complexity and cost of the microfluidic system. In order to overcome these disadvantages
of conventional microfluidic systems in POCT applications, capillary microfluidic chips
were introduced in which liquid sample was handled by natural capillary forces and
gravity, without other external driving forces [10]. As one of the typical capillary chips,
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the paper-based strips [11,12] have been successfully used on various POCT applications,
such as pregnancy and glucose tests. However, their lack of accurate control limited the
application in multi-step complex reactions.

In order to realize a more controllable capillary flow, various capillary valve control
units have been reported, including a capillary trigger valve, capillary retention valve, cap-
illary retention burst valve, and delay valve [13–16]. These capillary valves were designed
based on the Laplace pressure difference generated by the changing curvature radius of
the liquid meniscus, depending on surface tension, contact angle, liquid consistency, and
flow channel shape in 2D microfluidic devices. In these 2D devices, capillary channels
and valves mainly included burst pressure valves and trigger valves (Figure 1a) with
the triggering agent. Different analytical and numerical models have been reported to
study the influence of channel shape, surface characteristics, and fluid characteristics on
them [17–21]. However, due to the 2D limitation, the holding time of these valves was
usually less than 5 min [22], restricting the time for the user to pre-load the liquid sample
and their operational applicability. In order to improve the applicability of the 2D valves,
the stair-step liquid-triggered valve has been proposed [23–26]. The precise channel with a
high aspect ratio (i.e., height-to-width ratio) was etched in horizontal and vertical direc-
tions to improve valve reliability. The retention time increased to 30 min, attributed to
the geometry optimization, but the gating threshold and operating liquid volume were
still low (~443 Pa, ~6 μL). Meanwhile, this method had stringent requirements on the aspect
ratio of valves [27]. Attempts, such as a high aspect ratio channel or semi-3D valve [28–30]
design, were proposed to improve the performance of trigger valves for POCT use. However,
single-pore microchannel-based trigger valves were limited by the reciprocal relationship
between the capillary force and the aperture of the microchannel [31]. To sum up, existing 2D
valves had the defects of a low gating threshold, low operable fluid volume, long triggering
time, and short retention time. To overcome the drawbacks, we needed a new form of the
trigger valve to break the deadlock on the trade-off between high fluid switching ability and
high operable liquid volume.

Figure 1. Schematic diagram showing the mechanics and mechanism of the 3D capillary-driven
multi-micropore membrane-based trigger valve. (a) 3D Schematic and trigger process of traditional
2D single-pore-based trigger valve. (b) 3D Schematic of the 3D capillary-driven multi-micropore
membrane-based trigger valve. (c) Vertical cross-section view of the 3D valve. (d) Device assembly
schematic. (e) Working mechanism of the 3D valve. (f) Two states of micropores. (g) Laplace pump.

In this paper, we proposed a new 3D capillary-driven multi-micropore membrane-
based trigger valve to simultaneously improve the trigger efficiency and operable liquid
volume while triggering the valve. With similar trigger structures at the openings of micro-
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pores, microporous membranes could achieve a significantly different gating threshold by
tuning the dry and wet states. When in the dry state, the gating threshold of the valve could
increase to the kPa scale due to the capillary pinning effect of microporous membranes [32],
whereas in the wet state, the liquid could drain from millions of micropores on the mem-
brane. Moreover, combining the advantages of the self-driven capillary channel under the
membrane for rapidly switching the dry and wet state of the membrane, we proposed the
new 3D capillary-driven multi-micropore membrane-based trigger valve, in which the pres-
sure barrier was up to 3500 Pa (5 μm micropores, for instance). Meanwhile, the device was
triggered within 6 s (duration from trigger to drain of 150 μL liquid, given 5 μm micropores,
for instance) and was implemented in multi-step bio-particle immunostaining chain reac-
tions. Furthermore, in the following sections, we characterized the 3D trigger valve’s static
performances in different switch states and repeatable performances for cycling switches,
respectively, and demonstrated its potential for POCT use in two short applications.

2. Design and Experimental Section

2.1. Working Principle of the 3D Trigger Valve

The 3D trigger valve was composed of a chamber (loading liquid samples), a mi-
croporous membrane (trigger valve), and a wedge-shaped and straight capillary channel
(pumps), as shown in Figure 1. The working principle of the valve was described as fol-
lows. The triggering agent was first dripped at the entrance of the wedge-shaped capillary
channel and was self-driven by capillary force into the channel to infiltrate the microporous
membrane. Then, the pore valve was triggered, creating sufficient pressure to overcome
the flow resistance. The traction produced by the Laplace pressure pump (LP pump) and
capillary pump [33,34] continued driving the liquid and triggering subsequent pore valves.

The microporous membrane was the key element that determined the valve status
of open or closed. As shown in Figure 1f, in the retention state, the diagram illustrates
the liquid state in the valve. The liquid-gas interface tension exerted an upward force
on the liquid column in the micropore due to the surface tension, preventing the liquid
sample from fully filling the micropores (it failed to break through the gating threshold of a
pore [31]). Conversely, when the triggering agent eliminated the transmembrane pressure
of the microporous membrane in the triggering state, as shown in Figure 1f, the liquid-
liquid interface formed an outward tension for liquid samples due to the intermolecular
force [35]. To improve the trigger efficiency, we designed a wedge-shaped capillary channel
under the microporous membrane based on the feeding process of the shorebird effect [36].
When θa < π

2 + α
2 and α ≥ θa − θr (where θa, θr, and α were the advancing angle, the

receding angle, and the wedge angle, respectively, as shown in Figure 1g), the liquid would
fill the corner of the wedge-shaped capillary channel and flow to the slope capillary channel
eventually [37,38]. Then, the wedge-shaped capillary channel and microporous membrane
returned to the dry state, and liquid samples were retained again. The chamber reverted to
a no-leaking vessel and started a new round of reciprocating switching.

With the advantage of the triggering ability of the multi-micropore membrane-based
valve and the self-driven ability of the wedge-shaped capillary channel, the combined 3D
trigger valve could gain the advantages of befitting the gating threshold and fast response
and is suitable for POCT scenarios.

2.2. Device Design, Fabrication, and Surface Modification

The overall design idea of the 3D trigger valve followed the basic principles of the
mesoscopic scale, which aimed to manipulate liquid samples with a volume of 5 to 200 μL,
as is often used in traditional biomedical experiments using 96- or 384-well plates (174927,
Thermo Fisher Scientific, Waltham, MA, USA). For that reason, the main structure of the
device was designed at the millimeter geometry size. Meanwhile, the feature size of the
wedge-shaped capillary channel was 1.5 mm, referring to the capillary length of the water,
which is about 2.7 mm [37]. Finally, considering the feature sizes of the single cells and
biological microspheres, the 3, 5, and 8 μm micropore diameters were preferred.
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The 3D trigger valve was designed as a general-purpose component to achieve multi-
step biochemical reaction operations in various POCT scenarios. The requirements of
operational capability and duration were referred to the commonly performed biomedical
experiments using 96- or 384-well plates. Since the feature sizes of the traditional 2D
valves were in micrometers, they were only suitable for the operation and reaction of
liquid samples ranging from nanoliter to sub-microliter scale. To meet the requirements in
those experiments, we could identify the operable liquid volume of the 3D trigger valve
to tens of microliters and the operation duration to tens of seconds per cycle. As shown
in Figure 1b, the diameter and height of the cylindrical chamber for the liquid sample
were 6 mm and 5 mm, respectively. The wedge-shaped capillary channel’s length, width,
and entrance height were 10, 8, and 1.5 mm, respectively. The wedge angle was 3.4◦, which
had the highest droplet speed because of the balance between the magnitude of the Laplace
pressure and its direction [39]. The height and length of the slope capillary channel were
designed to be 0.7 mm and 10 mm, respectively. For comparative study, the micropore sizes
were chosen as 3 μm, 5 μm, or 8 μm, respectively. Correspondingly, the porosity of the
three microporous membranes was 7.1%, 11.8%, and 15.1%, and their thickness was 9 μm,
10 μm, and 15 μm, respectively.

The 3D trigger valve was manufactured by a 3D printer (Lite 300, UnionTech, Shanghai,
China) using transparent resin (11122, Mohou, Beijing, China). The polymeric microporous
membranes with different pore sizes and porosities were purchased from Lanzhou Heavy
Ion Research Facility (HIRFL) lab, CAS of China, where the membranes were fabricated on
commercial polycarbonate (PC) membrane using a high-speed heavy ion bombardment
and sodium hydroxide etching manufacturing processes.

SEM graphics of microporous membranes with different apertures were taken. We
measured the diameter of multiple micropores at different positions, and the average value
was obtained (i.e., the pore size of microporous membranes). The number of micropores
per unit area was defined as the density of the microporous membrane (ρ), and the porosity
(ϕ) of the microporous membrane was calculated using the formula (ϕ = ρπR2).

To improve the hydrophilicity and consistency of the surface characteristics of microp-
orous membranes, we treated them with oxygen plasma for 2 min. The water contact angle
of the above-modified surfaces was photographed and measured at room temperature.

2.3. Device Performance Evaluation
2.3.1. Evaluation of the Gating Threshold, Seepage Velocity, and Response Time

The whole device evaluation equipment consisted of a horizontal stage, a high-power
microscope (HY-300X) with adjustable magnification in both vertical and horizontal direc-
tions, a camera (SONY CMOS, 1080P@60fps), a light source, and the 3D trigger valve.

As shown in Figure S1 in the Supplementary Materials, after the device was placed
vertically on a horizontal table, the deionized water added a drop of red ink to facilitate
the observation used in the characterization experiments. Microporous membranes with
diameters of 3 μm, 5 μm, and 8 μm were attached to the side of the transparent tube with
a length of 45 cm and an inner diameter of 6 mm. The stained deionized water was slowly
injected from the upper side, and the gating thresholds of membranes were calculated by
recording the height of the liquid before it broke through the membrane. The seepage velocity
of microporous membranes was evaluated by measuring the time for the 1.4 mL liquid to
seep through the infiltrated membrane. For the gating threshold, both the untreated and
oxygen-plasma-treated microporous membranes were measured. The seepage velocity was
measured with the treated microporous membrane. The trigger efficiency of the valve was
also accessed by measuring the entire draining time of 150 μL of deionized water. Each
experiment with different conditions was repeated three times.

In the transparent tube, the liquid pressure formed by the gravity of the liquid column
could be equivalent to the gating threshold of the microporous membranes, which was
equal to the product of density, depth, and gravity constant (P = ρgh). The gating threshold
of the microporous membranes could be calculated by substituting the height of the liquid
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column obtained by the experiment. The porous media seepage theory, dominated by
surface molecular forces, could be used to calculate the seepage velocity of microporous
membranes. When infiltrating the bottom of microporous membranes, the time (t) required
for the liquid height to drop from 8 cm to 3 cm (liquid volume V = πR2h) was recorded to
calculate the average seepage velocity (u = V

t ).

2.3.2. Reopen and Reclose Performance Evaluation

To evaluate the 3D trigger valve’s performance for the cycling switch, we repeatedly
added liquid samples and triggering agents to reopen and reclose the valve and observed
the volume of the liquid above the membrane. The pore size of the microporous membrane
was 5 μm, and the liquid samples were three groups of 150 μL of deionized water (red ink).
We recorded the change of the liquid height using a horizontally positioned microscope to
assess the time response of the 3D valve, which showed how quickly the valve was turned
on and off. The experiment was repeated three times.

2.3.3. Demonstration of Multi-Step Microfluidic Operations for Bio-Particle Immunostaining

In order to evaluate the capability of multi-step operations, which are usually required
in most bio-detection applications, demonstrations of immunostaining of polystyrene micro-
spheres and cells in the proposed 3D trigger valve were performed. The immunostaining
process of polystyrene microspheres (PS microspheres, Tianjin BaseLine Chrom Tech Research
Centre, Tianjin, China) was as follows. Two 3D microfluidic valves with 5 μm micropores were
used as the experimental and control groups. The reaction reagents were 80 μL 150 μg/mL
antibody solution (F9512, Sigma-Aldrich, Saint Louis, MO, USA) and 20 μL PS microspheres
with a diameter of 7 μm. The difference between the experimental group and the control
group was that the former used PS microspheres sealed with the 100 μg/mL IgG antigen
(I4506, Sigma-Aldrich, Saint Louis, MO, USA), while the latter used PS microspheres sealed
with Bovine Serum Albumin (BSA) (Thermo Fisher, Waltham, MA, USA). After 15 min for the
reaction, the Phosphate Buffer Saline (PBS) (GIBCO, Life Technologies Corp., New York, NY,
USA) was added to the valve as the liquid sample and triggering agent to wash repeatedly.

The immunostaining process of A549 cells (China Infrastructure of Cell Line Resource)
was as follows. First, the 2.5 × 105/mL 50 μL A549 cell suspension was added into the
chamber of valves. Then, we added a 2% 50 μL calcein AM solution (Thermo Fisher,
Waltham, MA, USA) to the experimental group and 50 μL PBS to the control group.
Similarly, we washed with PBS after 15 min.

After the immunostaining reaction, the PS microspheres and A549 cells were observed
with the fluorescence microscope and CCD camera. The obtained images under the bright
and fluorescence fields were then merged for collaborative observation.

3. Results and Discussions

3.1. Microfluidic Trigger Valve Geometry and Surface Characterization

The fabricated 3D trigger valve is characterized in Figure 2, which shows the photograph of
the device and the microscopic images of micropores and capillary channels. Figure 2a,b shows
the 3D trigger valve in the assembled state and parted state, which consists of a cylindrical
chamber for sample loading (filled with red ink), a waste outlet, and different channels for self-
driving. Combined with the operable liquid volume commonly used in the laboratory and the
size of the 96-well plate, the chamber was designed with a total volume of 150 μL. The 3D valve
can handle a 25-fold higher volume of liquid sample than 2D valves [27]. Figure 2c shows a
typical SEM image of the microporous membranes with a 5 μm pore size. The microporous
membrane was closely bonded to the device structure with the thin double-sided adhesive tape
(3M55236, Shanghai, China) (Figure 1d). The thin double-sided tape was cut to the annulus with
an inner diameter equal to the diameter of the cylindrical chamber and pasted at the bottom of
the cylindrical chamber. The device base was stably placed on a horizontal operating platform,
and the bottom of the upper chamber was glued to the device base. Figure 2d–f shows the slope
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capillary and wedge-shaped capillary channels with a wedge angle of around 3.4◦ to ensure
sufficient Laplacian pressure for the liquid to be completely drained.

Figure 2. Fabrication of the 3D trigger valve. (a) Photograph of the fabricated valve in the assembled
state. (b) Photograph of the fabricated valve in the disassembled state. (c) SEM image of the microp-
orous membrane (pore size = 5 μm, porosity = 11.8%, thickness = 10 μm). (d) Microscopic image of the
wedge-shaped capillary channel with ~8 mm in width. (e) Microscopic image of the slope capillary
channel with 0.7 mm in height. (f) Microscopic image of the wedge-shaped capillary channel with
3.4◦ in the wedge angle.

Figure 3a–c shows the microscopic images of microporous membranes and the corre-
sponding SEM images of a single micropore, indicating that microporous membranes’ pore
sizes were etched uniformly to 3 μm, 5 μm, and 8 μm, respectively. Figure 3d,e shows that
the contact angle of the untreated and oxygen-plasma-treated membranes was 70◦ and 35◦,
respectively. Oxygen plasma treatment could reduce the contact angle by two times and
significantly improve the hydrophilicity of microporous membranes.

Figure 3. Morphology characterization of microporous membranes. (a) The micropores of
3 μm (porosity = 7.1%, thickness = 9 μm). (b) The micropores of 5 μm (porosity = 11.8%,
thickness = 10 μm).(c) The micropores of 8 μm (porosity = 15.1%, thickness = 15 μm). (d) The
70◦ contact angle of the deionized water on the surface of untreated microporous membranes. (e) The
35◦ contact angle of the deionized water on the surface of pretreated microporous membranes.
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3.2. Retention and Conducting Performance Evaluation

Since the pore size and porosity would affect the retention performance of the valve,
the gating thresholds of the untreated and treated microporous membranes with 3 μm,
5 μm, and 8 μm pore sizes were evaluated. Figure 4a–c shows the tests of untreated
membranes, with the gating threshold of 3959.2 Pa for 3 μm pores, 3482.3 Pa for 5 μm pores,
and 2080.9 Pa for 8 μm pores. The obtained results showed that with the decrease in the
pore size and porosity, the gating threshold increased significantly to require more pressure
to trigger, as shown in Figure 3d. According to previous reports, the gating threshold
of deionized water in the 2D valve with a 300 μm radius was 420 Pa [31]. However, the
gating threshold of the 3D trigger valve was about 3500 Pa due to the dramatic increase
in the gating threshold of a single micropore. These advantages ensured the margin and
reliability of the 3D trigger valve.

Figure 4. Retention and conducting performances of microporous membranes with the high gating
threshold. (a) The retention performance of microporous membranes with the 3 μm pore size. (b) The
retention performance of the microporous membrane with the 5 μm pore size. (c) The retention
performance of the microporous membrane with the 8 μm pore size. (d) Gating thresholds of
untreated and pretreated microporous membranes with different pore sizes. (e) Seepage velocity of
pretreated microporous membranes with different pore sizes.

On the other hand, the contact angle would also affect the retention performance
of the valve. As shown in Figure 4d, the gating threshold of the untreated microporous
membrane with a 5 μm pore size was 3482.3 Pa, while that of the oxygen-plasma-treated
microporous membrane with a 5 μm pore size was 1179.0 Pa. Hydrophilic treatment could
reduce the gating threshold of microporous membranes by a factor of 3.

Figure 4e shows the tests of oxygen-plasma-treated microporous membranes with
different pore sizes, with the seepage velocity of 0.40 mL/min for 3 μm pores, 10.21 mL/min
for 5 μm pores, and 15.08 mL/min for 8 μm pores. The seepage velocity was positively
correlated with the pore size and porosity. Compared to 2D single-pore trigger valves
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depending only on the capillary force, the 3D trigger valve had high-density micropores
(~1 × 106/cm2), which dramatically improved the conducting performance.

3.3. Trigger Performance Evaluation

To evaluate the trigger efficiency of the 3D trigger valve, we recorded the trigger
times (total draining time of 150 μL of deionized water added with a drop of red ink)
with different pore sizes and illustrated them in Figure 5. Trigger efficiency referred to the
duration for draining the entire liquid sample, which embodied the conductivity of the
3D valve. In this paper, the cylindrical chamber volume of the device was taken as the
standard to evaluate and compare the time required to drain the 150 μL of deionized water
totally. The shorter the trigger time, the higher the trigger efficiency. The valve could be
triggered for pretreated microporous membranes with a pore size of 5 μm or above within
6 s (MOV S1). However, it was necessary to continuously supply a large volume of trigger
agent to achieve complete drainage for microporous membranes with a small pore size
(≤3 μm) due to the decrease in the seepage velocity. For untreated microporous membranes,
the valve with 3 μm micropores could not be triggered, and the valve with 5 μm micropores
increased the trigger time to 13 s, while the valve with 8 μm micropores was unaffected.
Therefore, to ensure a sufficient gating threshold and improve the trigger efficiency as
much as possible, the oxygen-plasma-treated microporous membrane with a 5 μm aperture
was used in the subsequent experiments.

Figure 5. Trigger performances of the 3D trigger valve with different gating thresholds. (a) The
trigger performance of the valve with the 3 μm pore size. (b) The trigger performance of the valve
with the 5 μm pore size. (c) The trigger performance of the valve with the 8 μm pore size. (d) Trigger
performance of untreated and pretreated microporous membranes with different pore sizes.

3.4. Reopen and Reclosed Evaluation of the Valve

The reopening and reclosing ability of the 3D trigger valve with a 5 μm microporous
membrane was evaluated, as shown in Figure 6a. The liquid height in the chamber changed
in cycles, as shown in Figure 6b and MOV S2. The test results showed that the repetition
could be at least three times. In the repeatable retention-trigger cycle, the repetition trigger
time was 6 s, and the valve returned to the retention state (drained state) within 60 s,
as shown in Figure 6c. Additionally, the 3D trigger valve could be retained without the
triggering agent for at least 30 min unless affected by evaporation (Figure S2), while the
2D valve was only cut off for a maximum of 5 min [22]. The results indicated that the
3D trigger valve had the potential for repeatable triggering for multi-step operations.
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Figure 6. Performance characterization of the 3D trigger valve with repeatable retention-trigger
cycle. (a) Setup diagram. (b) Liquid height variation in three times repeatable retention-trigger cycle.
(c) The time required for three repetitions to retain and trigger.

3.5. Triggering Ability for Multi-Step Microfluidic Operations in Bio-Particle
Immunostaining Applications

Based on the advantage of repeatable triggering for multi-step operations in the
device, we carried out multi-step microfluidic operations and POCT applications. Bio-
particle immunostaining refers to the common particle fluorescence phenomenon in bio-
detection applications, which often requires multi-cycling washing operations to reduce the
interference of background fluorescence. In this paper, the immunostaining experiments of
polystyrene microspheres and cells were taken as instances to demonstrate multi-cycling
staining and washing operations on the 3D valve. Figure 7a shows the procedure of
multi-step microfluidic operations (e.g., sample loading, keeping and reacting, trigger
to drainage, and washing), which were performed to mimic the major procedures in a
typical biochemical reaction. Two 3D trigger valves with 5 μm micropores were each
used as the experimental and the control groups (Figure 7b). The major procedures of
PS microsphere and cell line immunostaining are shown in Figure 7c,e. After each step,
the bright field microscopic images and fluorescent images were captured and are shown
in Figure 7d–f. As shown in Figure 7d, the PS microspheres modified by antigen had no
fluorescence phenomenon (Figure 7d-ii). No fluorescence was observed when the antibody
was reacted with PS microspheres modified with BSA (Figure 7d-v). The fluorescence
phenomenon was only observed in the case of the reaction of antibodies and antigen-
modified PS microspheres due to the specific binding (Figure 7d-viii). All antigen-modified
PS microspheres in the field showed specific binding.

Figure 7e shows the multi-step procedure of live cell staining. A549 cells had no
fluorescence under normal conditions (Figure 7f-ii), while they showed green fluorescence
after calcein AM staining (Figure 7f-v). The merged image shown in Figure 7f-vi illustrates
that all cells in the field were alive, verifying the precise control and nontoxicity of the valve
to live cells. Through the staining experiments of PS microspheres and live cells, we found
that the device could accurately manipulate the liquid. Multi-step operations are common
procedures for many biological detections, such as pregnancy detection and COVID-19
virus detection, which include the steps of sample loading, reaction on micro-particles,
and washing [40]. We demonstrated the applicability of the 3D trigger valve to multi-step
operations in microfluidic experiments of micro-particles (within 20 min), which had the
potential to be applied to POCT.
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Figure 7. The results of biochemical reactions with multi-step operations. (a) The procedure of
multi-step chain biochemical reactions. (b) Experimental equipment and operation flow chart. (c) The
principle of immunostaining. (d) Staining reaction results of immunostaining. (e) The principle of
live cell staining. (f) Staining reaction results of live cells.

Compared with typical 2D trigger valves, the advantages of the 3D valve we propose
could be briefly summarized as follows: (1) High gating threshold: 2D valves have a lower
gating threshold of 443 Pa [27], while the 3D valve we propose has a higher gating threshold
of 3500 Pa (5 μm pore size). The 10-fold higher gating threshold indicates that the device
has a higher margin and makes it hard for liquids to leak. (2) High operable liquid volume:
2D valves can only handle 6 μL or an even smaller amount of liquid sample [27], while
the 3D valve we proposed can handle a 150 μL liquid sample. The 25-fold larger volume
indicates that the device can accommodate more liquid samples. (3) High conductivity:
The conductivity of 2D valves is only 10–15 μL/min [1], while the 3D valve we propose
can drain the 150 μL of liquid within 6 s after triggering, and the trigger performance is
stable, which indicates that the device can handle more liquid samples. (4) Long retention
time: 2D valve can only be cut off for a maximum of 5 min [22], while the 3D valve we
proposed can keep the cut-off for hours (without considering atmospheric evaporation). It
indicates that the device has the capability for temporary sample storage. (5) Multi-cycling
reopening and reclosing capability: The 3D valve we proposed can be switched on and off
repeatedly more than three times within 5 min, while this parameter was rarely reported in
traditional 2D valves. It indicates that the device can be used for multi-step reactions.

4. Conclusions

In this study, a new 3D trigger valve was proposed and evaluated based on the
theory of Laplace pressure. The valve showed a high gating threshold (~1000 Pa), high
trigger efficiency (~6 s), and a large operable liquid volume. The device also showed
the capability for repeatable triggering for multi-step operations. Furthermore, the valve
was implemented in the staining experiments of PS microspheres and live cells. The
capillary-driven 3D trigger valve was implemented for multi-step biochemical reactions,
and the obtained results indicated that the device had the potential to be used for POCT
applications without an external driving force.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13010026/s1, Figure S1 shows the device for evaluating
the gating threshold. Figure S2 shows the retention performance of the 3D trigger valve. MOV S1
showed the trigger process of the valve with the 5 μm pore size. MOV S2 showed the repeatable
retention-trigger cycle of the 3D trigger valve.
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Abstract: Oocyte vitrification technology is widely used for assisted reproduction and fertility preser-
vation, which requires precise washing sequences and timings of cryoprotectant agents (CPAs)
treatment to relieve the osmotic shock to cells. The gold standard Cryotop method is extensively
used in oocyte vitrification and is currently the most commonly used method in reproductive centers.
However, the Cryotop method requires precise and complex manual manipulation by an embryol-
ogist, whose proficiency directly determines the effect of vitrification. Therefore, in this study, an
automatic microfluidic system consisting of a novel open microfluidic chip and a set of automatic
devices was established as a standardized operating protocol to facilitate the conventional manual
Cryotop method and minimize the osmotic shock applied to the oocyte. The proposed open microflu-
idic system could smoothly change the CPA concentration around the oocyte during vitrification
pretreatment, and transferred the treated oocyte to the Cryotop with a tiny droplet. The system
better conformed to the operating habits of embryologists, whereas the integration of commercialized
Cryotop facilitates the subsequent freezing and thawing processes. With standardized operating pro-
cedures, our system provides consistent treatment effects for each operation, leading to comparable
survival rate, mitochondrial membrane potential (MMP) and reactive oxygen species (ROS) level of
oocytes to the manual Cryotop operations. The vitrification platform is the first reported microfluidic
system integrating the function of cells transfer from the processing chip, which avoids the risk of cell
loss or damage in a manual operation and ensures the sufficient cooling rate during liquid nitrogen
(LN2) freezing. Our study demonstrates significant potential of the automatic microfluidic approach
to serve as a facile and universal solution for the vitrification of various precious cells.

Keywords: open microfluidic chip; cell manipulation; vitrification

1. Introduction

Oocyte cryopreservation is an effective technique widely used in human-assisted
reproductive technology and fertility preservation [1]. Through collecting and preserving
oocytes at a young age, the cryopreservation technique preserves the dramatically declined
ability of oocytes to fertilize and develop with age and allows women to delay pregnancy
until they wish to have a child [1–3]. Since Chen et al. reported the first successful
cryopreservation of human oocytes in 1986 [4], considerable efforts have been paid to
address the challenges of mature oocytes cryopreservation, including the large cell volume,
small relative surface area, high water content, special intracellular contents and the
presence of meiotic spindles [1,5–8].

Oocyte cryopreservation technology can be categorized into slow-rate freezing and
vitrification according to different freezing principles [9–12]. In a vitrification process,
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the cells are rapidly cooled down by direct or indirect contact with liquid nitrogen (LN2),
leading to a glass-like solidification of biological samples in the absence of ice crystals
formation [13]. Currently, vitrification is the most commonly used method for the cryop-
reservation of human oocytes due to improved survival and pregnancy rates. The most
commonly used vitrification method in clinical practice is the Cryotop method [5,14], as
shown in Figure 1. This operation mode has the advantages of high freezing efficiency
and convenient operation, and is accepted by most embryologists as the gold standard.
During Cryotop method for vitrification, the washing sequences and timings for each CPA
(including equilibrium solution (ES) and vitrification freezing solution (VS)) treatment
should be precisely controlled to avoid the overexposure of cells to CPAs, which will cause
irreversible osmotic damage to oocytes. The clinical operation of the Cryotop method is
manually performed by skilled embryologists within 15–20 min; however, the failure of
manual vitrification still occurs due to cell loss, mechanical and osmotic damage etc. [15].
It is necessary to develop a standardized protocol for oocyte vitrification based on the
Cryotop method, which is more reliable and minimizes the influence of operators.

Figure 1. Schematic showing manual and microfluidic vitrification approaches. Vitrification involves
multiple steps of cell pick-and-place before freezing in liquid nitrogen.

Microfluidic systems have been demonstrated as promising solutions for various
applications in assisted reproduction, such as cumulus–oocyte complexes (COCs) removal,
sperm screening, in vitro fertilization and embryo culture [16–19]. Through precisely
manipulating the fluids at the microscale, microfluidic systems can realize complex fluid
behaviors such as co-flow diffusion, droplet generation, and concentration gradient gen-
eration using different channel designs [20–24]. For cryopreservation of oocytes and
embryos [6,25–32], two categories of microfluidic platforms—confinement devices and
free-flow devices—have been developed to simplify the process of CPAs loading and
unloading [33].

Confinement devices use various mechanisms (e.g., physical obstruction, pressure
difference or electrowetting) to manipulate oocytes/embryos [6,25–30,32] and provide a
temporal concentration gradient of CPAs around the cells to complete vitrification pre-
treatment. Guo et al. designed a curved-channel and microcolumn array microfluidic
device to immobilize the oocyte and linearly load CPAs under diffusion, which reduced
the permeability damage caused by sudden changes in CPAs concentration [6]. Tirgar
et al. fabricated a microchannel with a width smaller than the embryo size to limit the
movement of the embryo, and integrated a capillary pump to introduce the CPAs instead of
the microsyringe pump, which simplified the operation process [28]. Pyne et al. developed
the EWOD platform and used the digital microfluidic method to complete the vitrification
pretreatment of embryos [26]. In a confinement device, the CPAs surrounding the oocyte
can be controlled throughout the loading and unloading process through diffusion, en-
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abling operators to perform experiments with concentration profiles, which can be hardly
achieved with manual vitrification.

Nevertheless, the fine confinement structure causes considerable difficulties in chip
fabrication and packaging. In contrast to confinement devices, free-flowing devices do
not immobilize cells, and instead construct multiple parallel channels with adjacent chan-
nels and control the environment of CPAs around cells through diffusion under laminar
flow [31]. These devices introduce oocytes/embryos and CPAs into parallel channels
and allow CPAs to freely diffuse into cells through long serpentine channels. Despite the
simpler fabrication process and more stable concentration change compared with confine-
ment devices, it is difficult to correct the position of the oocyte/embryo in the channel of
free-flowing devices and the operation period is much longer. It should be noted that most
of the existing confinement and free-flow devices are closed systems, which means that the
oocyte/embryo will be put into LN2, accompanying the bulky chips. As a result, the cool-
ing rate of the cells will be dramatically decreased and may not reach the requirement for
vitrification. Therefore, it is critical to construct a microfluidic platform that enables transfer
of the cell with droplet volume to Cryotop accurately with sufficiently high cooling rate.

Herein, we report a convenient, universal, user-friendly and high-efficiency microflu-
idic system for oocytes vitrification, which consists of an open microfluidic chip and a
companion device. The design of the open microfluidic chip is based on the Cryotop
method, using a confinement structure without packaging and integrating the transfer
channel and capillary valve, which reduces the difficulty of fabrication and operation.
Compared to the closed systems, our open chip (similar to a Petri dish) is more convenient
and more consistent with the operating habits of embryologists. This system provides
a simplified and standardized vitrification process in which the operator needs only to
load the oocyte into the designated area of the chip and operate the companion device to
obtain the same vitrification pretreatment effect as the Cryotop method. Compared with
manual operation, the open microfluidic system avoids the risk of cell loss or damage
caused by frequent oocyte movement, the loading of CPAs in a concentration gradient
reduces osmotic damage and the standardized process eliminates uncertainty of manual
operation. In this study, mouse oocytes were selected as experimental candidates and
vitrified through the manual and microfluidic protocols, which were then examined after
a standard thawing process. The results showed no significant difference in survival rate
and quality (characterized by MMP and ROS level) among thawed oocytes treated by the
two methods, demonstrating the validity of our system.

In short, to achieve the platform for oocyte vitrification, the contributions of this
research work can be summarized as follows: (1) a newly designed prototype based on the
clinical vitrification Cryotop method, featuring an embryologist-centered configuration;
(2) a novel open microfluidic chip based on convection–diffusion and surface tension, vali-
dated through numerical simulation and experiments; (3) evaluation of system reliability
based on the survival rate, MMP and ROS level of mouse oocytes.

2. Materials and Methods

2.1. Device Design and Fabrication

During oocyte vitrification, the main challenge is to ensure the quality of the CPAs
exchange and the manipulation of the oocyte. The high-efficiency CPAs exchange directly
affects the survival rate and development rate of oocytes. Compared with the traditional
closed microfluidic, the open microfluidic is more user-friendly and has a simpler man-
ufacturing process. In this work, an open microfluidic chip with the companion device
was developed to achieve oocyte vitrification pretreatment and transfer the oocyte to the
Cryotop after pretreatment (Figure 2). The open microfluidic chip (Figure 3) consisted of
two independent chambers (left: solution exchange chamber, right: oocyte chamber), a
capillary gap, a transfer channel and a capillary valve. The solution exchange chamber was
a cylindrical shape with a radius of 1.5 mm and a depth of 2.2 mm, designed for the loading
and unloading of CPAs. The oocyte chamber was a 2.5 mm depth square conical shape,
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with 4 mm (length) × 1.2 mm (width) on the upper surface and 0.4 mm (length) × 0.3 mm
(width) on the bottom, designed for positioning and placing the oocyte. The capillary
gap, having dimensions of 40 μm (width) × 560 μm (length) × 2.2 mm (depth), as a bridge,
connected the chambers on both sides to achieve the solution exchange by spontaneous
capillary flow (SCF) and prevent the oocyte (diameters in the range of 70 to 100 μm) from
being lost in the process of treatment [34,35]. The oocyte chamber (2.5 mm) was deeper than
the capillary gap (2.2 mm) and ensured that a certain volume of liquid would be contained
around the oocyte to prevent osmotic damage caused by evaporation after the solution
unloading. The transfer channel with a radius of 100 μm was designed to connect the
oocyte chamber, and the capillary valve (upper part: radius 100 μm, depth 300 μm; bottom
part: radius 150 μm, depth 200 μm). In microfluidic chips, the influence of gravity and
inertia is reduced at the microscale, and the influence of surface tension becomes significant
and even dominates under certain conditions [36]. A capillary valve was designed to
temporarily block the transfer channel, in which the liquid was simply stopped by the
surface tension caused by a sudden expansion of the microchannel cross-section. After
vitrification pretreatment of the oocyte, the capillary valve was opened by the introduction
of positive pressure.

Figure 2. The structure diagram of the vitrification system and working principle of system. (a) The
vitrification system composed of the open microfluidic chip and the companion system (syringe
pumps, operation platform, transfer system and the imaging system). The operator manual placed
the oocyte into the chip, completed the vitrification pretreatment and transferred with the assistance
of the companion system. The real-time internal conditions of the chip on the whole operation process
were presented to the operator by visual feedback. (b) Above all, Cryotop and the open microfluidic
chip containing the oocyte were fixed on the operation platform. The syringes used for loading (ES,
VS and air) and unloading were, respectively, connected to the chambers on both sides of the chip
and PDMS sealing ring with soft silicone tubes. (c) Schematic diagram of the transfer process. After
vitrification pretreatment, the operator pressed the transfer handle, and the PDMS sealing ring was
pressed on the upper surface of the open microfluidic chip to form a hermetic space. The oocyte was
transferred to Cryotop by external pressure.
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Figure 3. The dimension detail, structure diagram and physical diagram of the open microfluidic
chip, composed of capillary gap, oocyte chamber, solution exchange chamber and capillary valve.
Scale bars are 2 mm.

The companion device consisted of two syringe pumps (LSP02, LONGER, Baoding,
China), the operation platform, the transfer system (includes PDMS sealing ring and a
transfer handle) and the imaging system (Figure 2a). One of the syringe pumps provided
positive pressure (to load CPAs and transfer the oocyte) and the other provided negative
pressure (to unload CPAs). During oocyte vitrification pretreatment, CPAs were loaded
and unloaded by syringe pump. During the transferring process (Figure 2c), the operator
pressed the transfer handle (PDMS sealing ring was pressed above the chip) and the syringe
pump provided positive pressure for opening the capillary valve; then, the oocyte was
transferred to the Cryotop. The imaging system, including a CCD camera (MER-503-
36U3M, DAHENG IMAGING, Beijing, China) and a light source (CR-6390-R, DAHENG
IMAGING, Beijing, China), was used to track the oocyte in the chip. Considering that the
oocyte would suffer damage when exposed to a light source, we chose a red LED (Peak
wavelength: 623 nm), which could minimize the damage to the oocyte. The chip and the
companion device were fabricated by acrylic and aluminum alloy, respectively, through
computer numerical control (CNC) machining (SuZhou Wenhao Co, Ltd, Suzhou, China).

2.2. System Operation

The CPAs (ES and VS) were prepared in HEPES-buffered tissue culture medium
(Invitrogen, Waltham, MA, USA) supplemented with 10% v/v fetal bovine serum (FBS;
Invitrogen, Waltham, MA, USA) based on the typical protocols. Briefly, the ES contained
7.5% v/v dimethyl sulfoxide (DMSO; Sigma-Aldrich, Darmstadt, Germany) and 7.5% v/v
ethylene glycol (EG; Sigma-Aldrich, Darmstadt, Germany), and the VS contained 15% v/v
DMSO, 15% v/v EG and 0.4 mol/L sucrose (Sigma-Aldrich, Darmstadt, Germany).

Above all, for the operator needed to prepare 4 disposable syringes (5 mL range,
BD, Franklin Lakes, NJ, USA), three of them (loading ES, VS and air, respectively) were
placed in the syringe pump that provided positive pressure, and the other one (no loading)
was placed in the syringe pump that provided negative pressure. The syringes (loading
ES, VS and no loading) were connected with the solution exchange chamber of the open
microfluidic chip with soft silicone tubes, while the loading and unloading of CPAs were
controlled by the syringe pump, respectively. Finally, a soft silicone tube was used to
connect the syringe (loading air) to the gas port on the PDMS sealing ring, and Cryotop
was placed in the designated position. After the preparations were completed, the overall
vitrification protocol (Figure 4) was divided into the following steps:
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• Step 0: The operator manually places the oocyte at the bottom of the oocyte chamber
with a small amount of medium through the stereo microscope.

• Step 1: Load 20 μL ES (50 μL/min) into the solution exchange chamber. Part of the ES
will be introduced into the oocyte chamber through the spontaneous aspirating of the
capillary gap. Wait for 9–12 min for equilibration of the oocyte in ES.

• Step 2: Unload ES (100 μL/min) from the solution exchange chamber until the liquid
level of residual solution around oocyte is below the capillary gap.

• Step 3: Load 20 μL VS (50 μL/min) into the solution exchange chamber; part of the
VS will be introduced into the oocyte chamber, in which the oocyte is treated for 30 s.
Note that due to the high concentration of cryoprotectant in VS, excessive operation
time will have adverse effects on the oocyte. Steps 3–5 should be completed within
1 min.

• Step 4: Unload VS (100 μL/min) from the solution exchange chamber until the liquid
level of residual solution around oocyte is below the capillary gap, which is similar to
Step 2.

• Step 5: After the CPAs exchange is completed, the operator presses the transfer handle
to transfer the oocyte from the channel to the Cryotop by syringe pump. Finally, the
operator puts the Cryotop into LN2 to complete the vitrification.

Figure 4. The operation steps of vitrification on the open microfluidic chip: preparation, loading and
unloading ES/VS and transfer.

2.3. Fluid Simulation

The critical designs of our microfluidic chip are the variation rate of CPA concentration
in the oocyte chamber and the reliability of the capillary valve. Therefore, to ensure that
the designed chip can meet the requirements, numerical simulations of the fluid behavior
in the abovementioned key structures were performed using COMSOL Multiphysics 5.6.

In the process of CPAs treatment, CPAs were introduced into the oocyte chamber
through the capillary gap, and the CPAs concentration around the oocyte was changed by
diffusion. The gradual change of CPAs concentration avoided the osmotic pressure shock
caused by traditional manual operations. However, the cytotoxic solutes in the CPAs might
cause damage to oocytes if the treatment time was too long due to the relatively slower
diffusion process. To ensure that the concentration of CPAs around the oocyte could reach
the concentration required for pretreatment, we used numerical simulation to predict the
time-dependent changes in the concentration in the right chamber. Since the concentration
of solute in CPAs was low compared with the solvent, it could be assumed that solute
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molecules only interact with water molecules in the solvent. Thus, the diffusion of CPAs
concentration around oocytes could be described by Fick’s law:

−∇ · (−D∇c + cu) = 0 (1)

where c represents the concentration and u is the fluid velocity field. In the process of
CPAs processing, VS processing played a vital role because the time and concentration
needed to be strictly controlled to prevent the damage to the oocyte. The solutes within VS
were mainly EG, DMSO and sucrose, among which sucrose had the lowest concentration
and diffusion coefficient. Therefore, we selected sucrose, as a candidate, and numerically
simulated its transient concentration in the oocyte chamber.

Another critical part of our chip is the capillary valve, which was a passive valve and
used surface tension to control fluid flow. When the external driving pressure was less than
the critical value, the valve was closed. Once the external driving pressure exceeded the
critical value, the valve would be opened and transfer the oocyte to the Cryotop. In order
to ensure the reliability of the capillary valve, it was necessary to determine the critical
burst value of the capillary valve. In the capillary valve we designed (Figure 5), there were
two microchannel sections with sudden expansion (the first: the radius increases from
100 μm to 150 μm; the second: the radius 150 μm to the outside). When a liquid column
was trapped in a vertical capillary of radius R, the capillary force should be equal to the
downward force F acting on the liquid column to reach equilibrium [37,38]. The capillary
force was generated by the meniscus on the lower surfaces of the liquid column. The
external force F might originate from the pressure difference between the upper and lower
surfaces and the gravity of the liquid column itself. Therefore, under ideal conditions:

− 2πRγlg cos θ = F (2)

where γlg is the liquid–gas surface tension coefficient and θ represents the contact angle of
the meniscus. In our chip (Figure 5a), the external force F consisted of the weight of the
liquid column and the external pressure over the cross-sectional area. When the liquid
reached the capillary valve, the meniscus stopped at the edge of the microchannel outlet
(Figure 5b). Under the action of external driving pressure, the meniscus deformed until its
contact angle with the wall reached the critical advancing angle value θa (Figure 5c). Then,
the valve opened and the meniscus continued to move forward (Figure 5d). The analytical
expression of burst pressure (Pb) could be obtained according to Equation (2):

Pb = −2γlg
cos(θa + β)

r
(3)

where β is the channel expansion angle and the r is its radius. When θa + β is equal to
π the burst pressure Pb will reach its maximum value. The burst pressure was mainly
determined by the surface tension coefficient and the channel radius. The radius at the
second sudden expansion of the microchannel cross-section (150 μm) was greater than that
at the first (100 μm); therefore, the burst pressure of the second was less than that of the
first. The second structure was only used to protect the liquid column from contacting the
outside as much as possible.

At the interface between the liquid phase and the gas phase, the level set method was
used to describe the behavior between the two phases on the interface. In order to predict
the burst pressure value, a numerical model was established to simulate the change of the
meniscus shape under different driving pressures.
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Figure 5. Different situations of liquid flow in capillary valve. (a) The internal structure diagram
of the capillary valve; the inner radius (r1: 100 μm, r2: 150 μm) had two sudden expansions and
the channel expansion angle β is 90◦. (b) The liquid reached the capillary valve, without external
pressure, and the meniscus stopped at the edge of the microchannel outlet. (c) The external pressure
gradually increased, and the convexity of the meniscus and contact angle became larger. (d) When
the external pressure exceeded the critical burst pressure, the capillary valve was opened and droplet
was transferred to Cryotop.

2.4. Characterization of the Open Microfluidic Performance

The concentration of CPAs in the oocyte chamber was experimentally characterized us-
ing fluorescent tracer. We used sodium fluorescein (Sigma-Aldrich, Darmstadt, Germany),
having a molecular weight (MW: 332.3 g/mol) close to sucrose (MW: 342.3 g/mol), as a
tracer. The fluorescence intensity of the culture medium containing different concentrations
of tracer was quantified at 490 nm, leading to the correlation between tracer concentration
and fluorescence intensity. Then, we added the culture medium (0.4 mol/L) to the solution
exchange chamber and recorded the changes in the fluorescence intensity of the oocyte
chamber in real time.

To obtain the burst pressure of the capillary valve, a constant pressure pump (PC01,
Fluidiclab, Shanghai, China) was used to provide additional pressure to the interior of the
oocyte chamber, which was prefilled with VS. The variation of the meniscus at the capillary
valve was characterized under different pressures.

The performance of the chip to realize the CPAs exchange and oocyte transfer was
evaluated by an imaging system. Since the real oocyte was almost transparent and hard
to observe, opaque polystyrene (PS) microparticles (Rigor Science, Wuxi, China) with a
similar diameter to oocytes (80 μm) were used to verify the effectiveness of the chip design.
After the microparticle was placed into the oocyte chamber, the operator conducted the
abovementioned vitrification procedures while the imaging system monitored the liquid
level and the particle position inside the chip.

2.5. Mouse Maintenance and Oocytes Collection

Female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) between 6
and 10 weeks of age were used in this study. The animals were housed under a controlled
environment with free access to water and food, and with lights switched on between 6:00
and 18:00. All experimental protocols were approved by the regional ethics committee of
the University of Hong Kong–Shenzhen Hospital. To collect fully grown germinal vesicle
(GV) oocytes, mice were super-stimulated with the injection of 10 IU pregnant mare serum
gonadotropin (PMSG; Cat. G4527, Sigma, St. Louis, MO, USA).The COCs were obtained by
manually rupturing antral ovarian follicles from mice ovaries 48 h after injection of PMSG.
Cumulus cells were removed by mechanically repeated pipetting via a 75 μm (in diameter)
tip (Cat. MXL3-IND-75, The STRIPPER® Tips, ORIGIO, CooperSurgical, Målov, Denmark)
before collecting ready-to-use GV oocytes. To collect MII oocytes, mice were injected with
10 IU PMSG first; after 48 h, the mice were injected again with 10 IU hCG (Cat. HOR-250,
Chorionic Gonadotropin Human, PROSPEC, Kenilworth, NJ, USA). The MII oocytes were
obtained by punctuation of tubal enlargement after 16 h of hCG injection. The GV and MII
oocytes were cultured in M2 medium (Cat. M7167, Sigma, St. Louis, MO, USA) at 37 ◦C
before the cryopreservation.
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2.6. Manual Vitrification Procedure

Manual vitrification of the oocyte was accomplished using our previously configured
ES and VS solution and Cryotop. Specifically, in the vitrification process, the operator
used an embryo transfer tube to transfer the oocytes into ES and VS sequentially, and the
processing time was 9–12 min and 30 s, respectively. The oocyte was placed on the Cryotop;
then, the Cryotop was inserted into LN2 to complete vitrification.

2.7. Thawing Procedure

The oocytes vitrified by manual operation and microfluidic system were manually
thawed using the Cryotop Kit (Kitazato BioPharma, Shizuoka, Japan). During the thawing
process, the Cryotop with vitrified oocyte was removed from the LN2, and the tip of
Cryotop was quickly immersed into a prewarmed (37 ◦C) thawing solution (TS) for 1 min.
Then, the oocyte was transferred into a dilution solution (DS), washing solution (WS1) and
washing solution 2 (WS2) in sequence, with processing times of 3 min, 5 min and 5 min,
respectively. Finally, the oocyte was transferred into the culture medium at 37 ◦C in a
humidified atmosphere of 5% CO2.

2.8. Evaluation of Success Rate and Oocyte Survival Rate

An operation was considered successful when the system achieved all steps of the
vitrification protocol and successfully transferred the processed oocyte to the Cryotop.
Manual vitrification experiments were also performed by embryologist. The post-freezing
survival rate of thawed oocytes was measured to further quantify the performance of the
system. Survivability was measured directly by examining the morphology of oocytes
after thawing. According to commonly used criteria to judge the survivability of oocyte
cryopreservation, an oocyte was considered healthy/alive when it had no abnormal shape,
membrane damage or degeneration or fragmentation of cytoplasm.

2.9. JC-1 Staining and ROS Level Measurement of the Oocytes

The MMP was evaluated using the JC-1 probe (Cat. T3168, Invitrogen, Waltham, MA,
USA). JC-1 dye exhibits potential-dependent accumulation in mitochondria, as indicated
by an emission shift in the fluorescence from green (529 nm) to red (590 nm). Thus, mito-
chondrial depolarization could be indicated by a decrease in the red/green fluorescence
intensity ratio. Thawed oocytes were cultured in M2 medium containing 2 mM JC-1 for
30 min at 37 ◦C, after which they were washed 3 times with PBS. The samples were then
immediately imaged by confocal microscopy. To measure ROS level in thawed oocytes,
carboxy-H2DCFD (Cat. C400, Invitrogen, Waltham, MA, USA), a fluorescent oxidative
stress indicator, was applied in this assay. Oocytes were pretreated with M2 medium con-
taining 10 mM H2O2 for 5 min. They were then washed and incubated with M2 medium
containing 10 μM carboxy-H2DCFD for 30 min at 37 ◦C, after which they were washed
3 times with PBS and then immediately imaged by confocal microscopy.

2.10. Confocal Imaging

Images of the fluorescently labeled oocytes were acquired using a ZEISS LSM 900 with
an Airyscan 2 laser scanning confocal microscope and Hybrid Detectors (HyD). Images
were captured with a HC PL APO ×20/0.7 NA CS2 dry objective lens. Alexa Fluor 488,
Alexa Fluor 546 and DAPI fluorescence was captured with an argon-ion laser operating at
488 nm, a HeNe laser operating at 561 nm, or a diode-pumped solid-state laser operating
at 405 nm using 488 nm excitation/519 nm detection, 552 excitation/575 nm detection, and
405 nm excitation/461 nm detection, respectively.

2.11. Statistical Analysis

The data were analyzed with Minitab version 18 (Minitab Inc., State College, PA,
USA) using the student’s t-test. p-values less than 0.05 were considered to be statistically
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significant. Graphs were generated using Microsoft Excel and figures were prepared with
CorelDraw version X8 (Corel Corp., Ottawa, ON, Canada).

3. Results and Discussion

3.1. Fluid Simulation and Performance Characterization of the Open Microfluidic Chip

The rate of change of CPAs concentration in the oocyte chamber had a significant effect
on vitrification. We selected sucrose and numerically simulated its transient concentration
in the oocyte chamber. Once the VS was introduced into the oocyte chamber, the sucrose
concentration changed due to diffusion between the newly introduced VS and the residual
ES, according to Equation (1); the snapshots of the simulated diffusion process are shown in
Figure 6a. The average concentration of CPAs in the bottom region of the oocyte chamber
was calculated, and its variation with respect to time is shown in Figure 6b. The sucrose
concentration around the oocyte increased exponentially within 0–1000 ms and reached a
plateau after 2000 ms. The constant sucrose concentration after 2000 ms indicated that the
diffusion of VS was complete. Therefore, the time for VS to reach the desired concentration
by diffusion was estimated to be 2 s, which was negligible compared to the processing time
(30 s), validating the rationality of our designed system.

Figure 6. Theoretical and experimental VS concentration around the oocyte with respect to time.
(a) Simulated time-dependent sucrose concentration in the oocyte chamber under diffusion condition
(initial concentration upper: 0.4 mol/L; bottom: 0 mol/L). (b) Gray: the numerically predicted
sucrose concentration in the oocyte chamber over time; Red: the experimentally measured intensity
of the fluorescent tracer in the oocyte chamber.

Moreover, we analyzed the diffusion of tracer in the chip and the changes in flu-
orescence intensity at the bottom of the oocyte chamber at different time points using
image J@(NIH, USA), shown in Figure 6b. The bottom fluorescence increased exponentially
within 1000 ms and reached a plateau at 2000 ms, which was consistent with the simulation
results. Tracer experiments and numerical simulations showed that, on our designed open
microfluidic chip, CPAs could be introduced in the form of a concentration gradient, which
would reduce the risk of osmotic shock due to CPAs mutation compared with the manual
Cryotop method.

In order to simulate the critical burst pressure of the capillary valve, the VS with
higher density and greater gravity was selected as the candidate, and the contact angle of
the PMMA chip was 95◦. Under different external pressures, the change of the meniscus
of the capillary valve is shown in the Figure 7. Obviously, the protruding degree of the
lower meniscus increased with the increase in external pressure, and the contact angle also
increased. When the external pressure reached 975 Pa, the capillary valve was opened,
and the liquid flowed to the outside. Therefore, 975 Pa was considered as the critical burst
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pressure of the capillary valve, which agreed well with the theoretical prediction (950 Pa)
of Equation (3) above.

Figure 7. Numerical simulation of critical burst pressure of capillary valve. (a) The capillary valve
modeling. (b) Deformation of the lower meniscus under different external pressures (liquid: pink;
air: gray).

To further evaluate the reliability of the capillary valve, a constant pressure pump was
used to test the critical burst pressure of the valve.The valve was opened when the pressure
reached 900 Pa. The slightly lower critical pressure than the calculated values could be
attributed to the output fluctuation of the pump. The hydraulic pressure of VS in the fully
filled oocyte chamber was about 30 Pa, which was far less than the critical burst pressure.
Therefore, we believed that the designed capillary valve could reliably block the liquid
during CPAs treatment and allowed oocytes to pass through under exerted pressure.

After verifying the reliability of two key parts of the chip, the overall workflow of
the chip was characterized. The PS microparticle within the chip was tracked with the
imaging system and the different processing steps were recorded, as shown in Figure 8.
The operator first placed the microparticle in the oocyte chamber (as shown in Figure 8a),
and then performed the abovementioned (Figure 4) operation process. Steps 1–4 were
the CPAs treatment process (as shown in Figure 8b–e), in which steps 2 and 4 were the
removal of CPAs. The immobilization of the microparticle in the oocyte chamber indicated
that the capillary gap had the effect of blocking the passage of microparticle/oocyte, and
the different depths of the chambers on both sides could ensure that there was a certain
amount of liquid remaining after the unloading of CPAs to avoid osmotic pressure damage
caused by the rapid evaporation of the liquid. There was no leakage of fluid in the oocyte
chamber prior to step 5, demonstrating the reliability of the capillary valve. When the
vitrification pretreatment was completed, the operator pressed the handle to introduce
external pressure. Figure 8f shows that the external pressure reached the critical burst
pressure of the capillary valve, and the droplet containing the microparticle was about to
be transferred to the Cryotop. Figure 8g shows the transfer of the droplet to the Cryotop
with almost no liquid residue in the chip, and Figure 8h is the microparticle transferred
to the Cryotop after processing. So far, the system has completed the entire vitrification
pretreatment and transfer.
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Figure 8. The microparticle was tracked by the imaging system over the entire process of system
vitrification. (a) The operator placed the microparticle in the chip. (b–g) The microparticle completed
vitrification pretreatment and was transferred to Cryotop. (h) The droplet on Cryotop contained
microparticle. Scale bars in (a,f,g,h) are 400 μm.

3.2. Success Rate and Oocyte Survival Rate

As summarized in Tables 1 and 2, the system achieved a similar success rate compared
with manual operation in the GV stage (100% versus 97.3%) and MII stage (100% versus
97.9%). Among the system vitrification of 45 oocytes in the GV stage and 39 oocytes in the
MII stage, all of them were successfully vitrified. During manual operation, the human
operator might occasionally fail to locate the oocyte within the limited time of the protocol
and fail to aspirate the oocyte. The survival rates of thawed oocytes were calculated to
further quantify the system performance. Compared with the manual Cryotop operation,
the survival rate of the system was slightly higher (GV stage: 97.4% versus 94.4% , MII
stage: 97.8% versus 97.8%), which was due to the different loading methods of CPAs and
the operational reproducibility. On the one hand, the CPAs concentration changed abruptly
under manual operation, while the CPAs concentration in the microfluidic chip changed
more gently. On the other hand, in experiments involving complex manual operations, it
was difficult for the operator to ensure the consistency of the experiment. Compared with
the microfluidic system proposed by Jiang et al. [25], our system had a higher survival rate
(97.8% versus 75.0%). This might be attributed to the employment of commercial Cryotop
in our platform, which had a higher cooling rate than the independently designed carrier.
With the precise control of volume and treatment time in CPAs, the system reduced the
risk of overexposure and osmotic shock, and achieved a desirable oocyte survival rate as
manual operation.

Table 1. Experimental results of mouse GV stage oocytes vitrification.

GV Stage

Number Success Rate (%) Survival Rate (%)

Manual 37 97.3 94.4
Microfluidic 39 100 97.4
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Table 2. Experimental results of mouse MII stage oocytes vitrification.

MII Stage

Number Success Rate (%) Survival Rate (%)

Manual 47 97.9 97.8
Microfluidic 45 100 97.8

Jiang et al. [25] 20 / 75

3.3. No Difference between Manual Manipulation and Microfluidics System for
Oocytes Cryopreservation

The GV oocytes and MII oocytes were cryopreserved via manual vitrification and
microfluidics vitrification, respectively. We firstly demonstrated that there was no big dif-
ference on morphological changes between both groups of GV or MII oocytes. No obvious
degeneration or fragmentation of cytoplasm was detected in thawed oocytes (Figure 9),
which suggested that the oocytes could survive vitrification and thawing procedures
performed either via traditional manual operations or the microfluidics system.

Figure 9. Evaluation of oocytes thawed from microfluidics vitrification via comparing with traditional
manual vitrification method. (a,c) GV oocytes and (b,d) MII oocytes (with polar body extruded) were
thawed from manual vitrification and microfluidics vitrification. Scale bar is 100 μm.

To further evaluate the quality of vitrification-thawed oocytes from these two methods,
we next performed several biomolecular experiments to test whether the functional changes
occurred in these oocytes. JC-1 live staining experiments were performed on thawed MII
oocytes to check the MMP level, which is a typical biomarker to assess the physiologic
function of mitochondrion in oocytes. The red fluorescent signals labeled JC-1 aggregates
and green fluorescent signals labeled JC-1 monomers. The ratio of red/green fluorescence
represented the level of MMP. According to this red/green fluorescence ratio, the represen-
tative images captured via a confocal microscope demonstrated a slightly better MMP level
in the microfluidics group compared with that in the manual group. However, there was
no significant difference after statistical analysis between both groups (Figure 10a,b).

Moreover, the ROS levels from cytoplasm of vitrification-thawed MII oocytes were
measured as one of the criteria to evaluate the biological functions of these cryopreserved
oocytes. The representative images showed that the thawed oocytes in both groups have
a comparable ROS level after the recovery from H2O2 pretreatment. The low expression
of green fluorescence revealed the normal ROS levels and healthy conditions in these
thawed oocytes, whereas the high ROS levels usually represent a high-cell-stress condi-
tion or the preliminary phase of apoptosis [39]. The quantification of green fluorescence
intensity demonstrated no significant difference between both groups, suggesting that
the microfluidics vitrification method conducted similar results with respect to the tra-
ditional vitrification method (Figure 10c,d). Overall, based on the results collected from
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above biomolecular experiments, we conclude that no morphological changes or functional
changes were detected from the cryopreserved oocytes via both systems.

Figure 10. JC-1 staining and ROS level measurement of the oocytes. (a) The MMP level of thawed
MII oocytes was measured by JC-1 staining. (b) The red/green fluorescence ratio of oocytes was
quantified between manual and microfluidic groups. (c) The ROS level of thawed GV oocytes between
manual and microfluidic group. (d) The ROS levels were measured and quantified in two groups.
The students’ t-test was used to compare the difference in two groups. n.s. means no significant
difference between two compared groups. Scale bar is 50 μm.

4. Conclusions

In summary, we demonstrate a microfluidic platform for achieving standardized
vitrification of oocytes, which is compatible with the commonly used Cryotop method.
Theoretically, our platform is applicable to all embryos or oocytes following the standard
vitrification process. With an open microfluidic chip, the system realized the gentle loading
of CPAs, the positioning of the oocyte and the transfer of oocyte to a Cryotop. The flow
behavior inside the chip, i.e., the variation of CPAs concentration around the oocyte and
the reliability of the capillary valve, was systematically investigated through theoretical
and experimental methods. Mouse GV and MII oocytes were then selected as biological
samples to verify the vitrification effect of the open microfluidic chip platform. The results
demonstrate the considerable stability and reliability of the designed chip to complete the
vitrification pretreatment and transfer of the oocyte within the specified operating time,
with a success rate of 100%. Evaluating the quality of thawed mouse GV/MII stage oocytes
vitrified by two methods, our system showed a higher survival rate (97.6% versus 94.0%)
and consistent MMP and ROS levels compared with the manual group conducted by the
senior embryologist. To the best of our knowledge, this is the first report of the microfluidic
system based on the Cryotop gold standard to complete the vitrification procedure without
any subsequent processing, making it accessible to embryologists who are not familiar
with microfluidic manipulation and also much lower in cost than commercial automated
vitrification platforms (3000 USD versus 75,000 USD) [40]. The estimated cost of 3000 USD
for our platform includes the production of microfluidic chips in addition to machining
of mechanical structures and the affiliated sensors and actuators. Considering the tiny
size and preciousness of human oocytes, the manual operation should be very precise and
reliable, which improves the difficulty of training a qualified operator. Facilitated by our
platform, the vitrification process is effectively simplified and standardized, which reduces
the requirement for operators. It normally takes 15–20 min for a skillful human operator
to manually conduct the treatment and freezing processes for an oocyte. With the help
of our platform, this period can be controlled to within 15 min. It is worth noting that
our platform can effectively avoid misoperation during manual operation and eliminate
the differences caused by individual operators. Finally, we believe that the developed
vitrification microfluidic system will greatly facilitate assisted reproduction and provide a
standard solution for germ cell vitrification.
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Abstract: Single-cell RNA sequencing is a high-throughput novel method that provides transcrip-
tional profiling of individual cells within biological samples. This method typically uses microfluidics
systems to uncover the complex intercellular communication networks and biological pathways
buried within highly heterogeneous cell populations in tissues. One important application of this
technology sits in the fields of organ and stem cell transplantation, where complications such as graft
rejection and other post-transplantation life-threatening issues may occur. In this review, we first
focus on research in which single-cell RNA sequencing is used to study the transcriptional profile
of transplanted tissues. This technology enables the analysis of the donor and recipient cells and
identifies cell types and states associated with transplant complications and pathologies. We also
review the use of single-cell RNA sequencing in stem cell implantation. This method enables studying
the heterogeneity of normal and pathological stem cells and the heterogeneity in cell populations.
With their remarkably rapid pace, the single-cell RNA sequencing methodologies will potentially
result in breakthroughs in clinical transplantation in the coming years.

Keywords: single-cell RNA sequencing; transplantation; microfluidics; biomarkers

1. Introduction

Single-cell ribonucleic acid sequencing (scRNA-seq) is now considered the state-of-the-
art technology for assessing the function of individual cells within a large tissue sample. It
is a powerful technique for profiling the expression of genes in individual cells, providing
a new way to study biological processes and identify rare cell types. This analytical
method has found application across various domains, including cancer biology [1,2],
neurobiology [3,4], immunology [5,6], and transplantation [7,8]. In areas such as cancer
research, scRNA-seq allows scientists to understand how tumors differ at the cellular level
and how they develop over time. Similarly, in neuroscience, scRNA-seq can be used to
uncover how different neural circuits are formed and regulated, providing new insight into
the development and functioning of the brain. In addition, scRNA-seq can be used to study
the diversity of microbial populations within complex environments, such as the human
gut [9]. Recently, scRNA-seq has also been used to study the role of graft–host interaction
after transplantation and for preclinical evaluation of the grafts and therapeutic stem cells
to ensure reliable and safe transplantation [10].

The development of scRNA-seq is partly due to the recent advances in the field of
biomicrofluidics. In particular, droplet-based microfluidic chips, in addition to various
applications in different fields [11], offer the encapsulation of thousands of single-cells
and barcode-carrying beads in droplets, where the genomic data of the single cells can be
captured [12]. After being captured with barcoded beads The messenger ribonucleic acids

Biosensors 2024, 14, 189. https://doi.org/10.3390/bios14040189 https://www.mdpi.com/journal/biosensors94



Biosensors 2024, 14, 189

(mRNAs) of individual cells are sequenced. The obtained data are then analyzed to find
the gene expression level at the single-cell resolution.

Currently, transplantation remains the primary solution for organ failure; however,
associated biological challenges still hinder its success rate [13]. Monitoring the graft health
and interaction with the host to detect post-transplant complications and possibly prevent
them is an essential need in determining the long-term success of the transplantation and a
key component of transplant therapy. While solid biopsy is the gold standard for allograft
monitoring, analyzing body fluids, such as blood and urine, is also becoming popular as
a less invasive and more patient-friendly method capable of reliably detecting transplant
complications. As such, scRNA-seq is being used to evaluate post-transplant graft health by
analyzing the gene expression profile and its changes. By applying scRNA-seq on allograft
biopsies at various time points, the transcriptomic profiles of cells in rejection, as well as
the changes in cell interactions after anti-rejection treatments, can be identified [14]. This
type of analysis can be used to assess the degree to which the graft is compatible with the
host’s tissue and can help to identify potential problems that could lead to graft rejection.

In addition to providing insights into the transplantation quality and the graft–host
interactions, scRNA-seq enables the discovery of new biomarkers to predict transplantation
outcomes. These biomarkers can then be used to assess the likelihood of a successful
outcome prior to the transplantation procedure.

Stem cell transplantation is considered another area where scRNA-seq could have
a transformative impact. Stem cells regularly divide to maintain, develop, and repair
the organs and tissues [15]. In stem cell transplantation, stem cells from a donor are
transplanted into a recipient in order to treat a wide range of diseases and injuries, such as
leukemia and spinal cord injuries. Unfortunately, the transplantation process is not always
successful. Numerous factors can affect the success of the transplantation, such as the
quality of the stem cells, the compatibility of the donor and recipient, and environmental
factors (e.g., diet and pollutants).

By applying scRNA-seq to stem cell transplantation, it is possible to gain a better un-
derstanding of stem cell biology and investigate how the various factors can influence their
behavior. This approach would enable researchers to develop and optimize more efficient
and successful transplantation protocols and to improve stem cell selection methods. It
also could open the door to a new era of personalized, targeted therapies that are more
effective and efficient than ever before.

Another application of scRNA-seq is evaluating transplanted tumors for research
purposes. The transplantation of tumor tissue into animal models is an established field for
studying the effect of the surrounding microenvironment on tumor behavior, including
tumorigenesis and metastasis [16]. The scRNA-seq technology captures this information
from the transplanted tumor at single-cell resolution.

In this review, we first discuss advanced available scRNA-seq methods and compare
them. Then, we delve into the application of scRNA-seq in solid transplantation, including
heart, kidney, lung, and liver. Next, we review the use of scRNA-seq in stem cell trans-
plantation. Then, we discuss selected studies where scRNA-seq addresses questions in
tumor transplantation. In each section, essential information and the relevant comparisons
are tabulated.

2. Single-Cell RNA Sequencing

As an emerging technology used to measure expression levels of genes within individ-
ual cells, scRNA-seq offers an unparalleled level of resolution, allowing scientists to gain a
deeper understanding of complex biological processes, such as cellular heterogeneity and
cellular interactions. The scRNA-seq approaches are generally classified into two broad
categories: plate-based and microfluidic-based methods. Microfluidic tools offer novel
sequencing methods with significant advantages, including fast handling, labor saving,
and high throughput. Thus, these technologies have been widely used recently. The basic
principle of scRNA-seq is to capture and sequence the mRNA molecules present within
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individual cells. By doing so, it is possible to quantify the expression levels of various
genes, providing a snapshot of the transcriptome of each cell. The acquired sequencing
data can then be used to infer biological characteristics such as the cell type and its state of
activation. In addition, it offers insights into the dynamics and interactions of molecular
networks within individual cells.

To obtain the mentioned data from the single cells, single-cell transcriptome analysis
typically involves three main steps [17]. The first step is to dissociate and isolate live
single cells from tissues and keep them alive. They need to be protected against gene
and protein expression variations due to cell dissociation and handling. This step may
be performed using mechanical and enzymatic-based methods. The obtained single cells
may then be selected based on their membrane protein expressions using fluorescence-
activated cell sorting. The second step is to reverse-transcribe mRNA selectively to achieve
a cDNA library. This step involves sub-steps of RNA capture, reverse transcription, RNA
sequencing, and library construction. The third step is to sequence and analyze the cDNA
library obtained from the single cells. Data analysis involves several sub-steps, including
quality control, preprocessing, quantification, dimensionality reduction, and visualization.
Early errors in data not removed during the preprocessing steps and quality checks may
propagate throughout the rest of the analysis. Dead cells with damaged cell membranes,
cell doublets, or bead doublets need to be detected and filtered. For example, the leakage of
mRNAs from the damaged membranes has a substantial impact on the overall read counts.
Also, cDNA amplification may introduce an unwanted bias toward the amplification of
cDNA transcripts with specific sizes.

2.1. Single-Cell Isolation Methods

In order to isolate single cells for lysis and analysis, different methods are used.
Here, we mention six widely used cell isolation methods, four of which are based on
microfluidic tools.

2.1.1. FACS

Fluorescence-activated cell sorting (FACS) systems sort individual particles and cells
based on fluorescent signals obtained from them [18,19]. It is possible to use these systems
in single-cell analysis methods to isolate fluorescently labeled single cells based on their
specific surface molecules. The fluorescent labels are excited with the means of a laser
beam, after which the cells are sorted into specific microwells of interest [20] for further
steps toward scRNA-seq. The advantages of cell sorting based on FACS include their
high accuracy. However, they are not typically suitable for sorting samples with low
cell numbers.

2.1.2. Micromanipulation

Mechanical micromanipulation is considered a traditional method to put individual
particles into separate chambers to be studied. This technique is based on manual cell
micropipetting under a microscope or based on pipetting robots. In these methods, the cell
concentration in the cell suspension is lowered to ensure pickup at single-cell resolution.
Mechanical micromanipulation is widely used in biological research; however, it needs
skilled operators, it is low-throughput, and the cells may be damaged [21–23].

2.1.3. Passive Hydrodynamic Trap-Based Microfluidics

Microfluidic chips provide good control of small volumes of fluids, as well as tiny
objects. Hence, cell handling based on these devices is developed as a more modern
technique. Hydrodynamic trap-based microfluidic chips are one of these methods that are
widely used in the field [24–26]. In this method, the cell suspension is injected into the
microfluidic device, where the single cells are captured in the trap sites. By entering a cell
into a trap site, the hydrodynamic resistivity of that path increases, limiting the occupation
of that trap with the other cells. This passive method based on hydrodynamic forces does
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not require additional forces to manipulate the particles; however, the unwanted shear
stress applied to trapped cells may alter the cell behavior [27]. Also, the cell concentration
needs to be controlled to avoid channel clogging. Since the traps are not typically isolated,
another challenge is the high chance of cell content contamination. Recently, a method for
trapping cell-encapsulating droplets has been introduced, answering most of the mentioned
drawbacks of the old systems [28]. In this system, the cells do not experience high shear
stresses, and the droplet acts as an isolated microchamber, preventing unwanted cross-
contaminations.

2.1.4. Active Cell Manipulation Microfluidics

Microfluidic chips enhanced with active particle manipulation methods use at least
one force other than hydrodynamic forces to manipulate cells. Methods based on mag-
netic [29–34], electric [35–38], acoustic [39–43], and optical forces [44–48], each of which,
with their advantages and disadvantages, have been developed. In general, the active
methods are rather more complicated than the passive methods; however, they typically
offer more precise control of individual cells. Magnetic-based techniques require cell mag-
netic nanoparticle labeling, while other methods do not. There are cell mutation concerns
in optical manipulations [49]. Also, they may have difficulties in opaque environments.
The methods based on electric forces (e.g., electrowetting [50,51]) require complex wiring
systems. In acoustic systems, manipulating specific single particles is typically not of-
fered. Microfluidics chips employing a combination of different techniques have shown
promising results [52,53]. These methods borrow desired specifications from different
techniques to offer unique capabilities, while undesired aspects are limited. For example,
a recently developed device called the magnetomicrofluidic chip assembles single cells
in semi-isolated low-shear microchambers in a microfluidic chip using the combination
of hydrodynamic traps and magnetic or electric forces [29,54,55]. In these systems, the
undesired shear stress and the cell content contamination seen in hydrodynamic trapping
systems are eliminated, while they provide high-throughput precise particle manipulation.

2.1.5. Valve-Based Microfluidics

To control the fluid flow inside the microchannels in a microfluidic chip, microvalves
are used [56]. Typically, the microvalves have been developed using a multilayer microflu-
idic structure [57]. Quake valves that control the flow rate in a fluid-carrying channel by
applying a pneumatic pressure on a PDMS membrane on top of that channel to deflect it
are considered one of the most common microvalve designs [57]. Based on these valves,
hundreds of individually addressable microchambers on a single chip are fabricated [58],
where single cells can then be stored for scRNA-seq [59]. The microchambers can be fully
isolated using these chambers; however, if the cells are punched under a pressed valve,
their contents will be dispersed throughout the microchannels.

2.1.6. Droplet-Based Microfluidics

Among various microfluidic single-cell isolation techniques, droplet-based microflu-
idics have drawn significant attention with applications in scRNA-seq. In this method,
individual cells are encapsulated into droplets acting as tiny microchambers [60–63]. Var-
ious microfluidic chip designs for producing microdroplets have been proposed. These
designs are generally categorized into three groups: co-flow [64,65], cross-flow [66–68], and
flow focusing [69,70].

2.2. scRNA-Seq Methods

Drop-seq is one of the widely used scRNA-seq methods that use droplet-based mi-
crofluidic chips. It was developed by Dr. Macosko and was first introduced in 2015 [60].
Figure 1 illustrates a schematic of typical steps in Drop-seq. A flow-focusing droplet-based
microfluidic chip is used to encapsulate single cells with single barcode-carrying beads
into microdroplets. The microdroplets are formed at a cross-junction, where cell and bead
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suspension (to form the dispersed phase) and the oil (the continuous phase) meet. The
dispersed passes through the junction and expands into the main channel. At the cross-
junction, the continuous phase forms a neck in the dispersed phase, which then shrinks
until it breaks up and the droplet forms. Based on the ratio of the viscous force to the
inertial tension force, various droplet generation regimes may be observed (e.g., squeezing,
dripping, or jetting). In Drop-seq and other droplet-based single-cell analysis tools, the
dripping regime is commonly used to form highly monodispersed droplets.

 

Figure 1. Schematic of the Drop-seq single-cell RNA-sequencing steps is illustrated. (a) The library
preparation steps are shown. Single cells are separated from a tissue to form the single-cell suspension,
which then forms the first aqueous phase to be injected into the microfluidic chip. The other aqueous
phase carries the barcoded beads suspended in a lysis buffer. The droplet-based microfluidic chip
in a T-junction joins these two aqueous flows, where they form the discrete phase (i.e., droplets
encapsulating the required materials) in an oil continuous phase. In the formed microdroplets,
the single cells are lysed, and their mRNAs are captured with the primers on the microparticles.
Then, the droplets are broken, and the collected mRNAs are reverse-transcribed, forming STAMPs.
After PCR, NGS and analysis are performed. (b) The analysis steps after sequencing are shown.
Sequencing reads are aligned to a reference genome to find the gene of origin of the cDNA. Also, they
are organized based on their cell barcodes to count UMIs for each gene in each cell, based on which
the expression matrix is extracted. Reprinted from [60], with permission from Elsevier Copyright
2015 Elsevier Inc.

After droplet formation, the lysis buffer breaks the cell membrane, and their mRNAs,
which are then captured with the barcode-carrying beads, are released. These single beads
in each droplet contain oligonucleotides and unique molecular identifiers (UMIs). They
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contain primers for the reverse transcription of the mRNAs captured from single cells, and
the resulting cDNA is sequenced to uncover the gene expression profile. The resulting
sequencing data are then used to study the expression of thousands of genes within cells at
the single-cell level. Compared with the old protocols, Drop-seq offers numerous advan-
tages, including high throughput and reasonable cost per cell [71]. These features allow
researchers to analyze tens of thousands of single cells in an experiment. This capability can
be utilized to study cell heterogeneity, signaling pathways, and developmental trajectories.
Drop-seq has been widely used in the biology scientific community and has fundamentally
contributed to our understanding of single-cell biology and various diseases.

The data obtained from the sequencing need to be computationally analyzed. Because
of the complexity of the information generated by scRNA-seq, a dimensional reduction
step is needed before visualizing it. Some popular dimensional reduction methods are prin-
cipal component analysis (PCA), t-Stochastic Neighbor Embedding (t-SNE), and Uniform
Manifold Approximation and Projection (UMAP). The goal of these methods is to keep the
most influential features and omit the ones with less impact. After recusing the dimension
of the data, a unique coordinate is typically assigned to each cell such that the ones with
similar genetic information are placed in close proximity to be clustered based on methods
such as the k-nearest neighbor [17].

In Drop-seq, in order to prevent more than a single bead from being in a droplet,
its concentration is lowered. However, numerous droplets then lack beads, which may
not be a major problem in normal analysis. However, when the cell numbers in samples
are limited, losing cells in droplets with no bead becomes challenging. To overcome this
problem, InDrop technology is proposed [72]. This method is similar to Drop-seq, but it
uses barcoded hydrogels as a more complex barcoding system compared with the beads,
which allows for higher throughput and better cell type identification. In this method, high
concentrations of hydrogels can be injected into the microfluidic chip, while their size and
flexibility prevent having more than a single hydrogel in a droplet.

The gel beads in emulsion (GEMs) utilized in InDrop find analogous applications in the
10× Genomics Chromium system, which is another well-known tool used for scRNA-seq.
Similar to Drop-seq, this method uses a microfluidic system to encapsulate individual cells
with barcode-carrying beads and perform reverse transcription and cDNA amplification.
The system is high-throughput and relatively easy to use, with a straightforward sample
preparation protocol and data analysis workflows. Moreover, the system is compatible with
a variety of sample types, including both fresh and frozen tissues, as well as cultured cells.
The 10× Genomics Chromium system has been used in a variety of applications, including
the identification of rare cell types, the characterization of complex tissues and organs, and
the study of developmental processes and disease progression [12,73]. Drop-seq, InDrop,
and 10× Genomics are widely considered the most successful scRNA-seq technologies in
the field.

Seq-well is another scRNA-seq technology that was introduced in 2017 [74]. The
Seq-well technology uses a microfluidic chip with thousands of individual wells. Each well
is designed to capture a single cell and a single bead, where the cell is then lysed, and its
RNA is captured with the bead and barcoded using UMIs. Similar to the methods men-
tioned above, the resulting cDNA is then amplified and sequenced using next-generation
sequencing technology. Since this method does not require any specialized equipment, it is
accessible to many researchers. However, because the microfluidic chip is loaded with cells
and beads using pipets, no control over individual particles has been offered. As a result,
the microwells may be filled with more than one cell or bead, which may be challenging.

In some scRNA-seq methods, as opposed to the microfluidic systems, microplates
are used. Smart-seq is one such example that captures the full-length RNAs of single cells
and amplifies them for high-throughput sequencing [75,76]. In this method, the cells are
lysed in a hypotonic solution, and RNAs are converted to full-length cDNAs. After PCR
amplification, the full-length cDNAs are used to construct standard Illumina sequencing
libraries. Its updated version, called Smart-seq2, was developed in the lab of Dr. Sandberg
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and was first published in 2014 [77,78]. In Smart-seq2, reverse transcription (RT), template
switching, and preamplification were optimized to offer an increased cDNA yield from
single cells, better sensitivity, and enhanced repeatability.

Smart-seq3 combines full-length transcriptome coverage with a 5′ unique molecular
identifier RNA counting strategy that enables the in silico reconstruction of thousands of
RNA molecules per cell [79]. This technique is suitable for analyzing samples with limited
cell numbers. In 2020, Smart-seq3, which combines full-length transcriptome coverage with
a 5′ unique molecular identifier RNA counting method, came out. With Smart-seq3, more
transcripts per cell compared with Smart-seq2 can be captured. All Smart-seq methods can
be enhanced by providing more precise control over individual cells using microfluidic
systems such as fLuidigm C1.

Another plate-based scRNA-seq method, in which FACS sorts single cells into 96- or
384-well plates, is the single-cell combinatorial indexed RNA sequencing (sci-RNA-seq)
technique. It uses combinatorial cell barcoding and UMIs to enable the high-throughput
analysis of large numbers of cells with high sensitivity and accuracy [80]. By barcod-
ing individual cells with a unique combination of DNA tags, the method allows for the
identification and quantification of each transcript in each cell. One key advantage of
sci-RNA-seq is its ability to offer full-length transcript coverage. This feature allows the
identification of novel splice variants and the accurate quantification of transcript isoforms.
The method also offers high sensitivity and the detection of low-abundance transcripts and
rare cell types.

MATQ-seq (Microbial RNA-Seq for Meta-Transcriptomics and -Transcriptome Anal-
ysis) is another high-throughput sequencing-based method, which is mostly used in a
mixed microbial community [81]. This technique is based on pipetting single cells into
PCR tubes and uses selective hybridization methods to capture mRNA, followed by cDNA
synthesis, amplification, and sequencing steps. The PCR amplification step is replaced by
in vitro transcription (IVT) in a method called CEL-Seq to increase efficiency [82]. Then,
Cell-seq2, which has been optimized for higher sensitivity and less hands-on time, was
introduced [83]. Although Cell-seq uses single-cell pipetting, Cell-seq2 works based on
either robotic liquid handles or a Fluidigm C1 microfluidic chip.

Nanopore sequencing is one of the most promising techniques that offers long reads.
In this approach, while the biomolecule zips through a nanopore in a membrane, it
changes a characteristic identifying the biomolecule sequences [84]. The MinION (Ox-
ford Nanopore Technologies, Oxford, UK) is one of the earliest commercialized real-time,
portable nanopore sequencers to have been widely used. Single-cell RNA sequencing based
on nanopore devices has also been presented [85,86]. Thus, this tool has the potential to be
used in studying transcriptomes in transplanted organs.

Each of the mentioned methods has its own advantages and disadvantages, and the
choice of method depends on the application of interest, the biology research question,
and the available resources. Scientists may choose a method based on parameters such
as cost, throughput, sensitivity, full-length transcript coverage, and compatibility with
their samples. Table 1 lists the advantages and disadvantages of some of the important
scRNA-seq methods.

Table 1. Comparison of some of the common scRNA-seq methods.

Methods Advantages Disadvantages References

Smart-seq
Smart-seq 2
Smart-seq 3

Full-length transcript
coverage, high sensitivity,

low technical noise

Low throughput, requires
manual cell isolation,

high cost per cell
[75,78,79]

Drop-seq

High throughput, low
cost per cell, large-scale

parallel processing,
droplet-based
microfluidics

Limited coverage of
full-length transcripts,
low sensitivity, high

technical noise

[60]
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Table 1. Cont.

Methods Advantages Disadvantages References

In-Drop

High throughput, low
cost per cell, large-scale

parallel processing,
droplet-based

microfluidics, efficient for
analyzing limited cell

numbers compared with
Drop-seq

Limited coverage of
full-length transcripts,
low sensitivity, high

technical noise

[72]

10× Genomics
Chromium

High throughput, easy to
use, compatible with a
wide range of samples,

droplet-based
microfluidics

Limited coverage of
full-length transcripts (if
paired with long reads

technologies such as
nanopore sequencing

[87,88]), lower sensitivity
compared with

Smart-seq3

[89]

Seq-well

High throughput, low
cost, easy scalability,
ability to multiplex
samples, based on

microfluidics

Limited coverage of
full-length transcripts,

lower sensitivity
compared with

Smart-seq3, Needs
manual pipetting.

[74]

sci-RNA-seq
High throughput, high
sensitivity, full-length

transcript coverage

More technically
challenging than some

other methods, requires
specialized equipment

[80]

MATQ-seq

High throughput, low
technical noise, high

sensitivity, full-length
transcript coverage

More technically
challenging than some
other methods. Needs

manual pipetting.

[81]

Nanopore Sequencing Long reads, portable Relatively higher
error rates [87,90]

3. Single-Cell RNA Sequencing in Organ Transplantation

In this section, various organ transplantations in which scRNA-seq is used are discussed.

3.1. Heart Transplantation

By identifying the cellular composition of the cardiac system and the cell states before
and after transplantation, crucial information about the graft can be obtained. This idea
is investigated by using the scRNA-seq technique to find the single-cell transcriptomic
atlas of human cardiac arteries and identify the cellular compositions in various cardiac
arteries [91]. In these experiments, various cell populations, including vascular smooth
muscle cells, fibroblasts, myofibroblasts, macrophages, T cells, B cells, endothelial cells,
natural killer cells, mast cells, and oligodendrocytes are detected. These achievements
are useful as a reference to find disease-associated cell populations in vascular and heart
diseases. As shown in Figure 2, they have combined scRNA-seq (n = 7) with single-
nucleus RNA-sequencing (snRNA-seq) (n = 38) to obtain data from heart samples (left
ventricular (LV) tissues from 27 healthy donors and 18 patients with dilated (nonischemic)
cardiomyopathy).
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Figure 2. (a) Schematic representing the single-nucleus RNA-sequencing and single-cell RNA-
sequencing experiments of heart tissues. (b) The analysis pipeline is depicted. It contains tissue
preprocessing, library generation, alignment (Cell Ranger), and further data analysis. (c) Cluster-
ing. (d) Violin plots based on analyzing the integrated dataset showing characteristic biomark-
ers of identified cell populations. (e) Pie chart presenting the cell proportion. The figure is
taken from [91] with permission under a Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/, accessed on 1 February 2024).
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In a similar study, researchers used scRNA-seq technology to identify intra-graft
cell heterogeneity in acute heart allograft rejection in mice [7]. They employed the 10×
Chromium platform, based on which about 2000 genes in almost 20,000 cells from two
allogeneic heart grafts and about 20,000 cells from two syngeneic heart grafts were detected.
They used this technique to identify the cell types (i.e., 21 distinct cell populations) and
states associated with acute rejection and introduced the potential predictive biomarkers.
They reported five cell clusters, including two resident macrophage groups, two infiltrating
macrophage groups (predominantly from allogeneic grafts, one in an active state and one
silent), and one dendritic cell-like monocyte group. The authors re-clustered endothelial
cells into five subclusters, one of which was from allogeneic grafts. This cell population
showed expression of Ubiquitin D, which they claimed was upregulated in heart and kidney
rejection. Endothelial cells have been found by other researchers to show tissue-specific
identities and unique transcriptomic signatures as well [92].

In another work, researchers used scRNA-seq to study transplant arteriosclerosis as a
key challenge in long-term transplantation survival [93]. They used unbiased clustering
analyses on a mouse model to identify 21 cell clusters at various disease stages and some
novel subpopulations enriched in the allografts. They also reported the local formation of
tertiary lymphoid tissues and possible intra-graft alloimmune response modulation. They
reported the potential role of Ccl21a and Cxcr3 in regulating early chemotaxis and immune
cell infiltration. They also used single-cell analysis to compare the immune response
in mouse allograft and the atherosclerosis models. Researchers claim that their results
depict both similarities and differences in atherosclerosis models and allograft-induced
transplant arteriosclerosis. The innate and adaptive immune responses exist in the two
models; however, distinct cell subpopulations may mediate the responses.

Based on the scRNA-seq results in a preprint [94], donor and recipient macrophage
populations co-exist within the heart allograft. They claim that donor CCR2+ macrophages
play a key role in allograft rejection, and MYD88 signaling inhibition in donor macrophages
suppresses the allograft rejection. These results suggest that the signals from the trans-
planted graft from the donor and not the signals from the recipient macrophage populations
define the destiny of the patient.

Researchers found cell-specific transcriptional signatures that are associated with age
and heart failure [91]. They realized that cardiomyocytes go to common disease-associated
cell states; however, fibroblasts and myeloid cells become diverse. They also found that
endothelial cells and pericytes show transcriptional shifts.

Researchers compared cellular composition in various arteries in heart-transplanted
patients and realized that some artery-specific vascular smooth muscle cell and fibroblast
subpopulations exist [95]. In healthy conditions, the communication between vascular
smooth muscle cells and fibroblast is reported to be dominant. They reported the enrich-
ment of atherosclerosis-associated genes in endothelial cells and macrophages. They also
reported that intercellular communication between endothelial cells and immune cells may
increase during atherosclerosis. Based on this study, they believe that interactions between
ICAM1/VCAM1 (EC1) and ITGB2 (immune cells, especially inflammatory macrophages)
are important factors in the pathogenesis of atherosclerosis.

Various studies have shown the power of scRNA-seq in identifying previously un-
known cell types and gene expression profiles in heart transplantation. In these experi-
ments, different donor and receptor species have been considered. In some studies, human
tissues are transplanted, and in other animal models of heart transplantation, they are
demonstrated. In Table 2, some examples of these studies with their key findings are tabu-
lated.
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Table 2. Examples of key findings in applying scRNA-Seq on heart transplantation.

Key Findings Methods/Technologies Donor/Recipient Species References

Cellular diversity: The scRNA-seq technique has
been used to reveal the cellular heterogeneity in the

heart, including immune cells, fibroblasts,
endothelial cells, macrophages, and cardiomyocytes.

10× Genomics Chromium Mice, human, pig [91,96,97]

Immune cell populations in rejection: The
scRNA-seq technique has identified various immune

cell subsets involved in graft rejection, such as T
cells, B cells, natural killer cells, and macrophages.

Transcriptional profiles and functional states of these
cells during rejection are considered key findings.

inDrop Microfluidics, 10×
Genomics Chromium Mice, human [7,98,99]

Gene expression profile variations during
rejection: Specific gene expression changes during

rejection in various cell types (e.g.,
interferon-stimulated genes upregulation in T cells,

proinflammatory pathways activation in
macrophages, and upregulation of extracellular

matrix genes in fibroblasts) are identified.

10× Genomics Chromium Mice, human [7,100–102]

Potential therapeutic target recognition: The
scRNA-seq technique has been used to identify

novel potential targets for therapeutic purposes in
heart transplantation (e.g., IL-18 signaling and Hif1a
inhibiting in T cells and CXCR6 in natural killer cells

and T cells).

10× Genomics Chromium Mice, human [91,103,104]

Biomarker discovery: The scRNA-seq has been
used to find gene expression signatures that can be
considered biomarkers for predicting organ rejection

or checking the responses to
immunosuppressive therapy.

10× Genomics Chromium Mice, human [91,105]

3.2. Kidney Transplantation

The scRNA-seq technique has fundamentally leveraged our knowledge of renal cell
identities and their genomic biomarkers [106]. These achievements identify the pathophys-
iology of kidney conditions, including early diabetic nephropathy [107], tumor composi-
tions [108], and allograft rejection [5].

Multiple cell populations and subpopulations that are available in the kidney and
scRNA-seq can identify this cellular heterogeneity at single-cell resolution. This identi-
fication can be enhanced by the integration of single-cell transcriptome and chromatin
accessibility datasets. snRNA-seq and single nucleus assay for transposase-accessible chro-
matin using sequencing are used to generate cell-type-specific chromatin accessibility and
transcriptional profiles of the kidney. Researchers have shown that most of the accessi-
ble chromatin regions are closely associated with the expressed genes. This multi-omics
method allows the detection of unique cell states within the cellular population in the
kidney [109].

In a recent study, a mouse kidney allograft rejection model and scRNA-seq were used
to study CD45+ leukocytes in allografts on days seven and fifteen after transplantation [110].
Researchers detected 20 immune cell types (See Figure 3) and found that macrophages
and CD8+ T cells made the main cell populations at both time points. They reported that
in the transition from acute rejection toward chronic rejection, the proportion of CD8+
T cells dropped. However, the proportion of macrophages and dendritic cells highly
increased, with Ly6cloMrc1+ and Ly6cloEar2+ macrophages being the main subgroups.
They concluded that the drop in CD8+ T cells, B cells, and neutrophils and the rise in
Ly6cloEar2+ and Ly6cloMrc1+ macrophages contribute to the transition from acute rejection
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to chronic rejection. Clonal CD8+ T cell responses have been reported to show important
roles in rejection [111].

 

Figure 3. The presence of 20 CD45+ immune cell clusters is detected based on the scRNA-seq of mice
kidney allograft. (A) UMAP plots of cell clusters identified based on biomarkers. Each dot represents
a single cell, with its color demonstrating the cluster designation. (B) Heatmap representing the
biomarkers of each cluster of kidney graft immune cells. (C) Bar plot demonstrating the proportions
of the 20 identified immune cell populations in the kidney allografts obtained 7 days and 15 days
after transplantation, respectively. The colors are chosen according to clusters in (A). UMAP, Mϕ, DC,
NK, and pDC stand for Uniform Manifold Approximation and Projection, macrophage, dendritic
cell, natural killer, and plasmacytoid dendritic cell, respectively. The figure is taken and reproduced
with permission from [110] under the terms of the Creative Commons Attribution License (CC BY)
(http://creativecommons.org/licenses/by/4.0/, accessed on 1 February 2024).
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Another research group employed kidney transplant biopsies and combined germline
DNA sequencing with scRNA-seq to analyze the transcriptional profiles of donor- and
recipient-derived leukocytes in acute antibody-mediated rejection and non-rejecting
states [112]. They identified the major kidney cell types, as well as lymphocytes and
macrophages. The ratio of leukocyte donor/recipient can be utilized as a rejection status
indicator. They found that macrophages and T cells have distinct transcriptional profiles
between the donor and recipient groups. They also claim that donor macrophages persist
for years after graft transplantation.

Another group used scRNA-seq to identify 16 cell types and states in a human kidney
biopsy specimen [5]. By comparing the results from a healthy adult kidney and a kidney
transplant biopsy, they identified rejection-related, segment-specific proinflammatory re-
sponses. Of the three endothelial cell subclusters they found, two groups were active, one
of which expressed the Fc receptor pathway and Ig internalization genes, which stands for
antibody-mediated rejection.

Similarly, scRNA-seq has been applied to three healthy human kidneys and two
chronic kidney transplant rejection (CKTR) biopsies [113]. Based on unsupervised clus-
tering analysis of the obtained data, they identified 15 cell types (e.g., five natural killer
T cell subclasses, CD4+ T cells, CD8+ T cells, cytotoxic T lymphocytes, regulatory T cells,
natural killer cells, two memory B cell subtypes, CD14+ and CD16+ monocyte groups, and
a novel subpopulation (myofibroblasts) in fibroblasts expressing collagen and extracellular
matrix components). They also distinguished the CKTR group by the higher numbers of
immune cells and myofibroblasts. The identification of the functional differences between
the cell subpopulations and between samples from healthy and graft-rejected patients
was based on the single-sample gene set enrichment (ssGSEA) algorithm. Other groups
found a B cell subset (CD19+IGLC3

lowIGKChighTCL1A-CD127
+) to be much lower in renal

allograft recipients with accommodation (i.e., allograft recipients that are neither rejected
nor infected after immunosuppression) than that in healthy people [114].

B cell subsets have attracted the attention of other researchers as well. Clark and
coworkers showed that in kidney rejection, infiltrating B cells contributes to specific innate
signaling pathways, which may be related to inflammation [115]. In particular, they showed
that B-innate cells generate inflammation-specific antibodies and drive local inflammation
in transplanted kidney rejection.

Researchers believe that myeloid cells play a key role in transplant rejection [116,117].
They used scRNA-seq to study the murine kidney transplantation model to study the
contribution of these cell subsets and their signaling pathways in graft rejection [118]. They
showed that kidney allograft-infiltrating myeloid cells differentiate from monocytes to
proinflammatory macrophages. They also identified Axl as a key gene in the differentia-
tion of proinflammatory macrophages in transplanted kidneys, which also promotes the
differentiation and proliferation of donor-specific T cells. scRNA-seq analysis has also
been used to detect and study the type and status of monocytes/macrophages in kidney
transplantation [119]. They form two different subpopulations: resident and infiltrating
monocytes/macrophages. The number of resident macrophages decreases during kidney
rejection. In these macrophages, the relevant genes during phagocytosis are upregulated.

The scRNA-seq technique has also been used in kidney organoid transplantation [120].
Human-induced pluripotent stem cell (iPSC)-derived kidney organoids have multiple
nephron-like structures that show some renal functions [121]. Although these organoids
have attracted much attention in disease modeling and drug screening applications, their
reproducibility and reduction in off-target cell generation is a challenge. Researchers have
used scRNA-seq to answer this need [120] and showed that cell proportion variations exist
between different iPSC lines mainly because of off-target cells. They also analyzed trans-
planted organoids in mice and realized that off-target cells diminish after transplantation.

In addition to the transcriptomic profile of the cell types within the allograft, spatial
transcriptomics in acute kidney injury is important and affects the cells heterogeneously.
Researchers identified the spatial transcriptomic signature of ischemia/reperfusion injury
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and cecal ligation puncture as two murine acute kidney injury models [122]. They realized
that spatial reduced expression is associated with the injury pathways. They used scRNA-
seq to find epithelial cell–immune dialogue in kidney injury spatially.

Single-cell RNA sequencing has also been applied to kidney solid biopsies and CD14+

peripheral blood mononuclear cells (PBMCs) obtained from Immunoglobulin A nephropa-
thy (IgAN), and the results have been compared to sequences of normal samples [123].
This analysis is used to study the molecular events in IgAN progression that can be used in
disease treatment. In IgAN, JCHAIN upregulation is related to the in situ dimerization and
deposition of IgA1. The pathological mesangium also indicates high cell–cell communi-
cation between renal parenchymal cells and immune cells. Also, the expression of genes
specific to kidney-resident macrophages and CD8+ T cells depict abnormal regulation
related to proliferation and inflammation.

Although analyzing kidney biopsy samples has resulted in valuable information,
biopsy-associated complications, biopsy specimen scoring variability, invasiveness, and
costs are considered concerns in the field. Also, studying the kidney behavior at multiple
time points after transplantation to understand its dynamic behavior is an important
need; however, repeated biopsies are not convenient and safe, if practically possible [124].
Urinary and PBMCs from kidney transplant recipients are other sources of organ injury
biomarkers [125]. Transcriptomic analysis and clustering of these cells are considered
noninvasive analysis methods on which researchers are working. Muthukumar, from
Weill Cornell Medical College, and his coworkers performed scRNA-seq on urinary cells
obtained from kidney transplant recipients, with biopsies classified as acute T cell-mediated
rejection, chronic active antibody-mediated rejection, and normal conditions [126]. They
claimed that urine samples matched to the acute T cell-mediated rejection biopsy showed
increased macrophages, dendritic cells, T cells, and NK cells, while the one matched to
normal biopsy displayed dominant kidney tubular epithelial cells. This approach is an
innovative method for uncovering the complex cellular landscape of kidney allograft
rejection at the single-cell resolution.

Researchers have generated the profiles of various PBMC cell types and their gene
expression using scRNA-seq in chronic antibody-mediated rejection patients [127]. Based
on their results, MT-ND6, CCL4L2, CXCR4, NFKBIZ, DUSP1, and ZFP36 were upregulated
in these patients. They also reported that MAPK and NFκB signaling pathways were acti-
vated. They claimed that single-cell sequencing is a potential strategy for understanding the
details of the peripheral blood lymphocyte in chronic antibody-mediated rejection patients.

It has been shown that the integration of spatial and single-cell transcriptomics can
localize the cell–cell communication between the epithelial and immune cells [128] in
kidney injury. This method is used to spatially map the transcriptomic signature of acute
kidney injury in murine models, which can also be applied to human kidney tissue [122].
In Table 3, some key findings of applying scRNA-seq on kidney transplantation are listed.
Also, some genes play the biomarker role for transplant problems. In Table 4, some
biomarkers in different kidney transplantation studies are tabulated.

Table 3. Examples of key findings in applying scRNA-Seq on kidney transplantation.

Key Findings Methods/Technologies Donor/Recipient Species References

Cellular diversity: The scRNA-seq
technique has been used to reveal the cellular

heterogeneity in the kidney, including
immune cells, macrophages, IFNg, myeloid,
and T cell subclusters. These heterogeneities

represent distinct signatures that have
different roles in allograft loss.

10× Genomics Mice, human [5,112,113,118,129,130]
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Table 3. Cont.

Key Findings Methods/Technologies Donor/Recipient Species References

Immune cell populations in rejection: The
scRNA-seq technique has identified various

immune cell subsets involved in graft
rejection, such as T cells, B cells, neutrophils,
myeloid cells, dendritic cells, stromal cells,
and macrophages. Transcriptional profiles
and functional states of these cells during

rejection are considered key findings.

10× Genomics Mice, human [113,115,116,129]

Gene expression profile variations during
rejection: Altering myeloid cell

differentiation and their behavior based on
upregulating expressions of ribosomal
protein genes may affect the implant.

10× Genomics Mice, human [112,116,118,127]

Potential therapeutic target recognition:
The scRNA-seq technique has been used to

identify novel potential targets for
therapeutic purposes in
kidney transplantation.

10× Genomics Mice, human [5,111,116,127,131]

Biomarker discovery: The scRNA-seq
technique has been used to find gene

expression signatures that can be considered
biomarkers for predicting organ rejection or

checking the responses to
immunosuppressive therapy.

10× Genomics, Mice [17,132,133]

Uncover novel cell types:
The scRNA-seq technique assists in finding
novel cell types and statuses without any

bias or RNA degradation.

10× Genomics, Human, mice [113,129,131,134]

Cells (e.g., some glomerular endothelial cells)
from the recipient or donor (e.g., the

renal architecture)
may represent endothelial chimerism.

10× Genomics Human [116]

The scRNA-seq technique shows that
leukocyte populations mostly express

sex-linked genes from recipients, which may
be linked to immune cell infiltration. For

example, natural killer cells and monocytes
are involved in kidney rejection,

10× Genomics Human [116]

Table 4. Examples of important biomarkers of kidney transplantation complications.

Gene Biomarkers Methods/Technologies Donor/Receptor References

IFNg, GSVA, and DEGs 10× Genomics Mice [110]

RTK and Axl 10× Genomics Mice [118]

PDGF, ECM, and TGF-β 10× Genomics Human [113]

Nphs2CremT/mG, SclCremT/mG, Cdh16CremT/mG,
AQP3, and HSD11B2 Droplet-based Mice [131]

CXCL10 10× Genomics Human [116]

TRDC, CD4, CD8A, KLRK1, ITGAX, CD19, and CD14 10× Genomics Human [111]

PGs, GGT5, and EMILIN1 10× Genomics, Drop-seq Human [129]
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Table 4. Cont.

Gene Biomarkers Methods/Technologies Donor/Receptor References

CD3E, MS4A1, SDC1
(CD138), and TPSAB1 Droplet Microfluidics Human [112]

ALDOB, GATM, GPX35, JUN, VIM, HSP, ALDOB,
GPX3, GATM, CTGF, CXCL12. CAV1, COL4A1/A2,

VIM, COL4A2, and VWF
Droplet Microfluidics Human [134]

TFAIP3, CXCR4, ZFP36, S100A8, S100A9, CXCL8, FOS,
MTND6, HLA-DQA2, MT-ND6, CXCL8, NFKBIA,

CD69, CD83, and HLA-DQA2
[127]

CD19 and CCR6 Human, mice [115]

CD16+, CD162, ABCA1, APOE, PDE3A, IGKC, LGMN,
iCD83, FCGR3A, CD16, and FCN1 Droplet Microfluidics Human [5]

3.3. Lung Transplantation

Identifying the donor and recipient cells in transplant biology is an important task
that is possible with scRNA-seq. One algorithm toward this goal is called scTx, which
identifies the donor and recipient genotypes using expressed single nucleotide variants and
assigns the cells to a genotype [135]. The authors tested their proposed algorithm on lung
transplanted samples and claimed that it could detect two genotypes from post-transplant
bronchoalveolar lavage and lungs with chronic lung allograft dysfunction samples.

Because of chronic rejection, bronchiolitis obliterans syndrome is a big challenge and
the key reason for weak lung transplantation outcomes. In a recent work [136], researchers
used single-cell RNA sequencing to provide an atlas of bronchiolitis obliterans syndrome
after lung transplantation outcomes. This atlas can be used to identify the changes in the
cell compositions and their individual gene expression profiles during lung rejection. They
found that the Mzb1-expressing plasma cell population in the lungs with bronchiolitis
obliterans syndrome increased more than the others. Also, CD14-expressing monocytes
and PDGFRA-expressing fibroblasts were increased. They also performed pseudo-time
and trajectory analysis, based on which they found that a Bhlhe41, Cxcr3, ITGB1-triple
positive-B cell subset plays as the progenitor pool for Mzb1+ PCs, which results in IgG2c
expression and production in the grafts with bronchiolitis obliterans syndrome.

Researchers have investigated the generation, maintenance, and function of human
lung tissue-resident memory T cells in transplanted lung samples [137]. They dynam-
ically tracked the donor and recipient T cells. They realized that the donor T cells re-
main in the transplanted lungs and highly express their markers, including CD69, CD103,
and CD49a; however, the lung-infiltrating recipient T cells acquire the phenotypes over
months. By using scRNA-seq, they identified two donor T cell subsets with different marker
gene expressions; however, recipient T cells were composed of non-tissue-resident mem-
ory T cells and tissue-resident memory T cells-like subpopulations, suggesting de novo
TRM generation.

Researchers have argued that RNA sequencing analysis indicates that lung disease
after severe and prolonged SARS-CoV-2 infection shows pathological and molecular fea-
tures similar to the ones in pulmonary fibrosis requiring transplantation [138]. This finding
suggests that lung transplantation might be necessary for these affected individuals. They
also report successful lung transplantation for these patients.

Figure 4 illustrates the single-cell analysis results of a mouse lung graft in which 11 cell
populations were found. In Table 5, some key findings in lung transplantation based on
scRNA-seq are listed. Also, related biomarkers in lung transplantation are listed in Table 6.
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Figure 4. (A) Histology sections of control (B6→B6) and bronchiolitis obliterans syndrome (HLA→B6)
mouse lung graft one month post-transplantation. Scale bars, 500 μm. Zoomed views are shown
on the right. (B) UMAP plots of 11 cell populations. (C) Heatmap illustrating most upregulated
genes in each cell cluster. The figure is taken with permission from [136] under Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/), accessed on
1 February 2024).

Table 5. Examples of key findings of applying scRNA-seq to lung transplantation.

Key Findings Methods/Technologies
Donor/Recipient

Species
References

Cellular diversity: The scRNA-seq technique is
reported to identify cell populations associated

with bronchiolitis obliterans syndrome.
10× Genomics Mice, human [136,139–144]

Immune cell populations in rejection: In acute
cellular rejection, a clonal population of cytotoxic

and effector CD8+ T cells exist in the
transplanted lung and remain after treatment.

10× Genomics Mice, human [136,139,140,145]

110



Biosensors 2024, 14, 189

Table 5. Cont.

Key Findings Methods/Technologies
Donor/Recipient

Species
References

Potential therapeutic target recognition: A
subgroup of innate B-1 cells may contribute
to autoimmunity in bronchiolitis obliterans

syndrome, which represents a potential
therapeutic method.

10× Genomics Mice, human [136,139,140]

Biomarker discovery: The scRNA-seq technique
has been used to find gene expression signatures
that can be considered biomarkers for predicting

organ rejection or checking the responses to
immunosuppressive therapy.

10× Genomics Mice, human [136,143]

Macrophage polarization: Macrophages are
found to be heterogeneous cell populations,

which upon activation, polarize into
various phenotypes.

After transplantation, tissue-resident
macrophages quickly change their gene
expression profile into that of the host

organ markers.

10× Genomics Mice, human [146,147]

Uncovering novel cell types:
For example, additional endothelial and

lymphatic cell populations, megakaryocytes,
innate lymphoid cells, and mesothelial cells have

been identified in mice.

10× Genomics Mice [148]

Table 6. Examples of important biomarkers of lung transplantation complications.

References Methods/Technologies Cells Donor/Receptor Gene Biomarkers

[149] 10× Genomics Emphysema, cystic
fibrosis, sarcoidosis Human CD6914, CD103, CD69+, CD137+,

CD69+ and/or OX40+

[136] 10× Genomics COPD, CTD-ILD Human, mouse
Bhlhe41, Zbtb20, Cxcr3, Itgb1,
CD19, CD43, CD5, Xbp1, Sdc1,

Mzb1, Irf4, Ighm,

[141] 10× Genomics Bronchopulmonary
dysplasia Mouse, human Epcam, Pecam1, Ptprc,

Col1a1, Msln,

[142] 10× Genomics

Adenocarcinoma,
endobronchial
carcinoid, LLL

endobronchial typical
carcinoid,

Mouse, human

EPCAM, CLDN5, COL1A2,
PTPRC, CD31, CD45, KRT5,

MKI67, SERPINB3, C20orf85,
CLDN5, MYC, ACKR1, ACKR1,

GJA5, CCL21, CLDN5 with DAPI,
COL1A2, GPC3, Slc7a10,

SERPINF1, Pi16, ASPN, COX4I2,
COL1A2, APOE, GPR183, Slc7a10,

[144] RNeasy Plus Mini kit
(QIA GEN)

Fibrotic lung disease,
idiopathic pulmonary

fibrosis, systemic
sclerosis-associated

interstitial lung disease,
interstitial pneumonitis,

pneumoconiosis

Mouse, human CD206, CD169
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3.4. Liver Transplantation

Liver transplantation is considered a treatment strategy for patients with hepato-
cellular carcinoma, and scRNA-seq is a promising technique for detecting associated
problems. By using flow cytometry, some cell subpopulations in liver samples can be
detected [150,151]; however, unbiased scRNA-seq shows that the heterogeneous cell popu-
lation in the liver is much wider than what is detected by the flow cytometry and consists
of numerous subpopulations [152]. Most importantly, researchers used this technology
(10× Genomics) to obtain an unbiased and comprehensive liver transplant cell atlas by
collecting liver tissue samples pre-procurement, post-preservation, and two hours post-
reperfusion [153]. They identified different cell subgroups, their transcriptome changes,
and the interactions between them during liver transplantation. The results of this work
can be used to realize the cellular and molecular mechanism of graft ischemia–reperfusion
injury during liver transplantation. See Figure 5 for scRNA-seq of endothelial cells in
liver grafts.

Another research group used single-cell analysis on transplanted liver samples and
detected a subset of CSF3+ Kupffer cells that is related to the injuries associated with
graft transplantation injury [154]. They also found higher levels of dendritic cells and
CD8+ T cells in the fatty liver donors. In a preprint, authors classified the liver cells into
14 cell types and 29 subpopulations with different cell states [155]. They claimed to have
found pathogenic cellular modules associated with early allograft dysfunction, consisting
of mucosal-associated invariant T cells, granzyme B, granzyme K, natural killer cells, and
S100A12 neutrophils.

Recently, based on scRNA-seq, the complex landscapes of organogenesis containing
liver development and decidualization were analyzed [156]. In this study, scRNA-seq
and cytometry by time of flight (CyTOF) were used to uncover the cell states and sources
involved in liver graft remodeling. They also used transcriptome data to show the interplay
among hepatocytes and macrophages. The transcriptomic data they obtained revealed that
the complexity of the metabolic remodeling of the transplanted liver is a complex task in
which a regulatory network of ligands and receptors among macrophages and hepatocytes
is involved.

Subpopulations of various hepatic cell types containing macrophages, epithelial pro-
genitor cells, and myofibroblasts and their behavior were uncovered with the application
of scRNA-seq on human and zebrafish livers [157]. They applied scRNA-seq on single
cells obtained from the livers of 18-month-old male zebrafish to uncover the transcriptional
profiles of the cell types available in the liver and to use them as tools to understand liver
function and diseases. They determined the similarities between the transcriptomic data of
adult zebrafish liver and the human liver single-cell transcriptome. The next step of this
study could be on transplanted livers in zebrafish.
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Figure 5. Single-cell RNA-sequencing of endothelial cells after liver transplantation. (A) UMAP plot
presenting seven endothelial cell clusters (left). Dendrogram of the seven clusters (right). (B) Violin
plots demonstrating the normalized expression of PECAM1, CLEC4G, CD34, and LYVE1 genes.
(C) Gene Ontology enrichment analysis results. (D) Gene set variation analysis identifying the
pathways. Different colors stand for different activation scores. (E) Cell-cell interaction anal-
ysis between mononuclear phagocyte clusters and different endothelial cell clusters. The cir-
cle size stands for the level of p-value. Colors stand for different mean values. The figure is
taken from [153] with permission under a Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/, accessed on 1 February 2024).
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Key findings and biomarkers of scRNA-seq in liver transplantation are listed in
Tables 7 and 8, respectively.

Table 7. Examples of key findings in applying scRNA-seq on liver transplantation.

Key Findings Methods/Technologies
Donor/Recipient

Species
References

Cellular diversity: The scRNA-seq technique has
been used to uncover the cellular heterogeneity in

the liver, including immune cells, macrophages,
IFNg, myeloid, and T cell subclusters. These

heterogeneities highlight signatures with different
roles in allograft complications.

10× Genomics Human, rat [155,158–165]

Immune cell populations in rejection: The
scRNA-seq technique has identified various immune

cell subsets involved in graft rejection, such as T
cells, B cells, neutrophils, myeloid cells, dendritic

cells, stromal cells, macrophages, and their
transcriptional profiles and functional states during

organ rejection. Some cell populations, including
IL-7R+CD4+ T cell, and CRTAM+CD8+ T cell, are

shown to be reduced in the transplanted liver.

10× Genomics Human, mouse

Gene expression profile variations during
rejection: Gene expression variation of B cells in
bronchiolitis obliterans syndrome is uncovered.

10× Genomics Mice [136]

Potential therapeutic target recognition: The
scRNA-seq technique has been used to identify

novel potential targets for therapeutic purposes in
liver transplantation.

For example, it helps to understand the
heterogeneity of LDLR+MDSC and CTLA4+CD8+ T,

especially CD4+CD8+FOXP3 T cells, which may
result in finding innovative therapeutic methods.

10× Genomics Human [158]

Biomarker discovery: Machine learning and
scRNA-seq have helped in identifying

novel biomarkers.
10× Genomics Human [166]

Macrophage polarization 10× Genomics Human [152,167]

Uncovering novel cell types 10× Genomics Human, rat [155,158,162,163,
165]

Table 8. Examples of important biomarkers of liver transplantation complications.

References Sequencing Method Cells Donor/Receptor Gene Biomarkers

[158] 10× Genomics
Liver cirrhosis,
hepatocellular

carcinoma
human LDLR, GZMB, GZMA, GZMB, GZMH,

NKG7, GZMK, DUSP4, and COTL1

[159] 10× Genomics
Chromium

Hepatocellular
carcinoma, cirrhosis

of the liver
human

TCRs, BCRs, CD3D, KLRF1, CD79A,
IGHG1, CD177, CD68, PECAM1,

KRT7. CD4+ T cell lineages, CD4+,
(Tem, GZMK), CD4+ (CCR7, LEF1),

CD4+, (MAIT, SLC4A10),
(MKI67)

[155] 10× Genomics

Hepatocellular
carcinoma and

primary sclerosing
cholangitis disease

Human, rat S100A12, LTF, PRTN3
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Table 8. Cont.

References Sequencing Method Cells Donor/Receptor Gene Biomarkers

[152] 10× Genomics Liver cancer Human, mouse

KRT19 (CK19), EPCAM, FXDY2,
CLDN4, CLDN10, SOX9, MMP7,

CXCL1, CFTR, TFF2, KRT7
(CK7), CD24

[160] 10× Genomics Para-tumor liver
tissue, cirrhotic human

EPCAM, SOX9, AFP,
KRT7, S100A6, S100A11,

ALB, PCK1, FGG, FGA, TTR, EBPB,
APOB, CYP2E1, APOE

[161] Seven Bridges
Genomics Cholangiosepsis human

CD15, CD68, CD3, CD8, CD20,
FCGR3B, CD68, CD3E, CD4, CD8A,
Tregs, FOXP3, NKG7, FLT3, CD24,

CD79A, JCHAIN, ALB, FLT1, KRT19,
IFITM2, CSF3R, FPR1, FCGR3B,

VNN2, G0S2, CXCR2, SOD2. CXCR2,
CXCR4, CD83, CCRL2, CCL3, CCL4,

ICAM1, VEGFA, CST3,
CTSB, MS4A7, MARCH1, CD68,

MAFB, CD163, VCAN, CSF1R, LYZ,
VCAN, S100A8, S100A9,

S100A12, MNDA

[162] 10× Genomics

Chronic hepatitis B
(CHB),

HBV-associated
liver cirrhosis (LC)

patients

human CD3D, KLRF1, CD19, SDC1,
CD14, FCGR3A

[155] 10× Genomics Chronic liver
disease Mice S100A6, Ccl2, Cxcl1, Cxcl12, Col1a2,

Col3a1, Col5a2

[163] 10× Genomics Human liver
cirrhosis Human, mice MNDA, CD9, TIMD4

[164] CEL-seq2

Colorectal cancer
metastasis or

cholangiocarci-
noma

Human, mouse

AKR1B10, MKI67, PCNA, ALB, HP,
HNF4A, ASGR1, PROX1, KRT19,

CFTR, ASGR1 plus ALB, CXCL8 plus
MMP7, PECAM1, CLEC4G, CD34,

CLEC4M and FLT1

[165] 10× Chromium
Smart- seq2

Hepatocellular
carcinoma (HCC) Human CD14, CD2, CD3D, CD4, CD68,

LYZ, MS4A1

[168] 10×
Chromium

Nonalcoholic
steatohepatitis
(NASH), HCV

Human CD45, CD31, CD68, CD146, SSC-A,
PDPN, CCL21, LYVE1, FLT4, PROX1

[169] 10× Chromium
Smart- seq2

Solitary colorectal
metastasis Mouse Mki67, Col1a1+, NGFR, Adamtsl2

[170]
Droplet-based

sequencing and data
analysis, 1× Genomics

Cholangiocarcinoma Mouse

CD68, CK-19, MHCII, MHCI, CD45,
CD11b, Ly6G, Ly6C, CD19, CD115,

B220, TER-119, Tim4, NK1.1, MERTK,
CD8a, CD3e, TCRb, CD206, Lgals3,

CD11c, CX3CR1, CCR2, F4/80,
CD14, CD64

[171] DNBSEQ-G400RS
(MGI Tech) Cholangiocarcinoma Mouse Alb, Apoa1, Ass1, Spp1, Sox9

3.5. Other Transplants

The scRNA-seq technique is also used in organ transplant recipients with squamous
cell carcinoma. This method is combined with T-cell receptor sequencing to define the T-cell
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prospect in cutaneous squamous cell carcinoma [172]. This method is used to find tumor-
infiltrating lymphocyte phenotype in squamous cell carcinoma from immune-competent
and immune-suppressed patients. CD8+ T cells from the samples were sequenced to
distinguish various T cell populations. Also, the T cell immune response was characterized
by sequencing the α and β CDR3 regions.

4. Stem Cell Transplantation

Stem cell transplantation is considered a promising therapeutic method for various
diseases, including blood diseases, immune system diseases, neurodegeneration, and
cancer [173–175]. However, to be considered safe and reliable, a clear understanding of the
cell behavior after transplantation is needed. Stem cells have shown promise in treating
lung diseases. Pulmonary fibrosis (PF) is an example of a chronic lung disease for which
treatment adipose-derived mesenchymal stem cells (ADSCs) are considered candidates. To
understand the underlying mechanisms, the interaction between ADSCs and lung cells
was studied at the single-cell level [176]. Using scRNA-seq, the authors realized that
ADSC treatment changed both the transcriptomic profile and the composition of the lung
cells, especially macrophages. They also identified potential signaling pathways, such as
NGR, ANNEXIN, HGF, and PERIOSTIN. They found that the ADSCs increased the Trem2+
anti-inflammatory lung macrophages. They also decreased inflammation and fibrosis in
the lung.

The umbilical cord blood (UCB) transplant is considered a promising therapeutic
option for multiple diseases (e.g., blood cancers, myeloproliferative disorders, and genetic
diseases). Single-cell analysis has revealed the cellular heterogeneity in the nucleated cells
in UCB [177]. The authors reported 12 major cell types with multiple subpopulations.

Researchers extracted the single-cell full-length transcriptome data to construct an
isoform-based transcriptional atlas of the murine endothelial-to-hematopoietic stem cell
transition [178]. They used the obtained atlas to identify the hemogenic signature isoforms
and the alternative splicing events. The results are crucially important because the tran-
scribed mRNAs typically undergo alternative splicing, which affects the transcript isoforms
and results in different proteins.

Allogeneic hematopoietic stem cell transplantation is considered a treatment method
for malignant hematological diseases. Tracking of T-cells in transplantation is important
and may uncover information about the graft-versus-leukemia effect. Researchers used
single-cell RNA sequencing to extract the transcriptomic data of ~35,000 single T cells in
the blood of 14 samples before and after transplantation [179]. They reported a huge drop
in unique T-cell clones post-transplantation compared with the donor samples.

To answer the need for cell replacement in diabetes, human pluripotent stem cells
differentiated into insulin-secreting β cells in islet organoids can be used. However, the
behavior of these cells in vitro compared with native adult β cells is different. Single-cell
transcriptomic profiling can detect the transcriptomic changes in these cells. By using
this method, researchers have realized that transplanted insulin-secreting β cells show
a behavior closer to the adult β cells [180]. They showed an increase in the insulin and
IAPP protein secretions after transplantation. The obtained results of this study provide a
wealth of information about the human islet cell maturation, as well as the maturation of
the insulin-secreting β cells.

Stem cells have been transplanted for brain disorder treatment as well. The cells to
be transplanted are usually obtained from the fetal brain tissue or the stem cells. After
transplantation, the dopamine neurons are rare, determining the identity of other cell types.
Researchers used single-cell RNA sequencing on a rat model to characterize the grafts from
the human embryonic stem cells and fetal tissue [181]. They found a high level of neurons
and astrocytes in both cases, while they found an additional perivascular-like cell type in
the stem cell-derived grafts. Figure 6 illustrates the performed scRNA-seq analysis, as well
as the histological validation of the transplanted cells into the midbrain.
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Figure 6. The scRNA-seq technique and histological validation of transplanted cells into the midbrain.
(a) Schematic of experiments. VM-patterned hESCs: ventral midbrain-patterned human embryonic
stem cells. (b) Growth of hNCAM fiber from hESC-derived graft. (c) Immunohistochemistry. (d) Drug-
induced rotation test that shows functional recovery in rats after transplantation (n = 6 rats; mean ± SEM;
** p < 0.01; compared to post-lesion; two-tailed paired t-test). (e) UMAP plots of 7875 analyzed cells after
transplantation. (f–i) Expression level for each cluster of biomarkers. (j) UMAP of transplanted cells
for cells isolated by FACS (blue circles, n = 5958) and not by FACS (magenta circles, n = 1917). Scale
bars, 1 mm (b); 200μM (c). The figure is taken with permission from [181] under a Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/, accessed on 1
February 2024).
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Muscle stem cells maintain their regenerative capabilities after transplantation into
recipient hosts [182,183]. However, primary myoblasts do not show the ability to engraft
and proliferate after transplantation. The scRNA-seq technique is used to uncover the
transcriptional state and developmental dynamic trajectories of injured muscle stem cells
and primary myoblasts [132]. Researchers aligned the obtained transcriptomes of muscle
stem cells derived from homeostatic and injured muscles, as well as primary myoblasts,
along a pseudo-temporal single trajectory to order them (unsupervised). This method
allowed them to describe the progression of the differentiation process at the single-cell
level. They found two clusters (i.e., close-to-quiescence and early-activation clusters) with
partially overlapping transcriptomes. They used bioinformatic techniques to recognize the
difference between the two and place them in distinct space-time pathways.

Researchers have used scRNA-seq to provide the transcriptional landscape of human
hematopoietic progenitors at the single-cell level [133]. They then showed that the CD38
antigen, which is usually considered the biomarker to negatively enrich the primitive
progenitors for transplantation, is not a good choice. By showing the biological relevance of
the CD164 gene in early hematopoiesis, they suggested using this marker instead in clinical
transplantation and gene therapy. In another work, where scRNA-seq was used to classify
transplanted hematopoietic stem cell identities at various differentiation stages, researchers
found that the branching of hematopoietic lineage differentiation in adult marrow occurs
at the transcriptional hematopoietic stem cell and transcriptional multipotent progeni-
tor stages [184]. However, they found that the majority of transplanted hematopoietic
stem cells committed to transcriptional multipotent progenitors. The proliferation of the
donor-derived hematopoietic stem cells surviving after transplantation is accompanied by
gradually decreasing the hematopoietic stem cell population. However, a balance between
proliferation, differentiation, and stem cell maintenance maintains the cell functions at the
bulk level.

To identify the role of tissue-resident memory T cells in the host defense system,
samples from allogeneic hematopoietic stem cell transplanted patients were used, and the
interindividual variation in host skin tissue T cell maintenance was studied [185]. Long-
term persistence of host skin T cells that is reported not to be consistent with the chronic
graft-versus-host disease development was seen in a group of patients.

The scRNA-seq technique was used to show that both fetal ventral midbrain and
human embryonic stem cells-derived dopamine progenitors increase neurons and astro-
cytes after grafting [181]. Oligodendrocytes were present in fetal cell grafts; however, a
cell type not known as a part of neural grafts was seen in grafts of human embryonic stem
cells-derived ventral midbrain-patterned progenitors. The results of scRNA-seq of the cells
before transplantation and at the time of transplantation indicated that genes associated
with vascular leptomeningeal cells and progenitors were expressed. This finding suggests
the potential of human embryonic stem cell-derived progenitors for generating both neural
and perivascular cell types at this time. The scRNA-seq results suggest that future studies
should investigate the contribution of various cell types to graft function. These studies can
open the window to understanding the role of vascular leptomeningeal cells, astrocytes,
and oligodendrocytes in the behavior of the graft.

The scRNA-seq technique was used to study the dynamic gene expression profile
during limbal stem cell differentiation [186]. Expression heterogeneities among subgroups
of the differentiated cells were detected. Epithelial–mesenchymal transition during the
differentiation process, which may result in the generation of untargeted cells, was reported.
Pseudo-time trajectory showed changes in transcriptions and signs of commitment for
limbal stem cells and their progeny. The new markers found for limbal stem cells in this
study need further work to identify their origin and accuracies.

Tables 9 and 10 show some key findings and biomarkers of single-cell analysis in stem
cell transplantation, respectively.
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Table 9. Examples of key findings in applying scRNA-Seq on stem cell transplantation.

Key Findings Methods/Technologies Donor/Recipient Species References

Cellular diversity
Illumina Hiseq platform

(Novogene), 10× Genomics mouse [184,187,188]

Cell populations:
A neutrophil progenitor population that

highly expresses S100A gene family
members is detected in transplanted

hematopoietic stem cells.
Combined with FACS, scRNA-seq can ensure

cellular purity in samples.
Evaluating the ability of the bone

marrow-mesenchymal to differentiate into
subpopulations is possible.

10× Genomics Chromium mouse, human [189,190]

Gene expression profile variations
Illumina Hiseq platform

(Novogene), 10× Genomics
Chromium

mouse [180,184,187]

Potential therapeutic target recognition:
The scRNA-seq technique identifies
therapeutic targets for osteosarcoma.

10× Genomics mouse, human [191]

Uncover novel cell types:
The scRNA-seq technique assists in

uncovering novel cell types.
10× Genomics mouse, human [188]

Table 10. Examples of important biomarkers of stem cell transplantation complications.

References Methods/Technologies Notes Donor/Receptor Gene Biomarkers

[187] 10× Genomics two iliac cristae, two
tibiae and two femora mice CD41, CD150

[184] Illumina Hiseq
platform (Novogene) hematopoietic system mouse, rat

Lin-Sca1+Kit+CD34-Flk2-
Lin-Sca1+Kit+CD34-CD150+CD41-
Lin-Sca1+Kit+CD34-CD150-CD41-

CD201+CD150+CD48-CD45+
CD201+CD150+CD48-

CD45+Sca1+Kit+

[180] 10× Genomics
Chromium Diabetes mouse MAFA, FAM159B, NAA20

[188] 10× Genomics
acute myeloid

leukemia (AML)
patients

mouse, human

CCR10, TNFRSF18, GZMK, CD8A,
TNFRSF18, SIGLEC7, GNLY, LGALS3,
CCR10, CD4, CLEC4C, PF4, PTCRA,

CD8B, ID3, CD79A

[192] 10× Genomics hematological
malignancies, human

CD3D, CD4, IL7R, CCR7, CCR6,
CCL5, TBX21, FOXP3, CD8A, CD8B,
CXCR6, RORC, CD69, IFIT3, GZMH,

TRGC1, XCL1, XCL2, IL1R1, KIT,
IFNG, FCGR3A

[193] 10× Genomics Wolfram syndrome
(WS) mouse, human SPINK1, ID3, NKX2-2, MAFB,

NKX6-1, NKX2-2, GCK, ISL1, PDX1

5. Tumor Transplantation

Another application area in the field of transplantation is where it is used to study
cancer therapeutic methods in vivo. A tumor is transplanted in an animal model, and then
its behavior and response to cancer drugs are studied. However, single-cell analysis shows
different immune landscapes in transplant and primary tumors and distinct responses
to immunotherapy. Kirsch, from Duke University, and his coworkers showed that PD-1
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blockade and radiotherapy can be used to cure transplant sarcomas; however, this protocol
does not work in autochthonous sarcomas [194]. They found differences in immune
landscapes of tumor-infiltrating immune cells from transplanted and primary tumors.

In most preclinical studies in cancer biology, researchers transplant tumors to study
them in vivo. With the help of single-cell analysis, researchers have shown that although
transplant sarcomas can be treated by programmed cell death-1 (PD-1) blockade and
radiotherapy, this treatment cannot cure autochthonous tumors. This group used scRNA-
seq and mass cytometry to study tumor-infiltrating immune cells from transplanted and
primary tumors before and after radiation therapy and anti-PD-1 immunotherapy and
found different immune profiles. They found that transplanted tumors are enriched for
activated CD8+ T cells and PD-L1+ macrophages and concluded that PD-1 blockade and
radiotherapy may be good treatments for patients with a sarcoma immune phenotype
similar to those transplanted tumors [194].

The scRNA-seq technique applied to transplanted breast cancer tumors in mice shows
that the aggressive tumor niche is determined by a basal-like population and mixed-lineage
cancer cells [195]. The analysis showed two luminal-like populations (i.e., major Luminal 1
and minor Luminal 2). Figure 7 shows the scRNA-seq experiments and the obtained results.

See Tables 11 and 12 for examples of key findings in scRNA-seq applied to tumor
transplantation and the related biomarkers, respectively.

Table 11. Examples of key findings in applying scRNA-seq on tumor transplantation.

Key Findings Methods/Technologies Donor/Recipient Species References

Cellular diversity:
The intra-individual, interindividual, spatial,

functional, and genomic heterogeneity in
melanoma cells, as well as tumor factors

affecting the microenvironment (e.g.,
tumor-infiltrating immune cells,

tumor-associated fibroblasts, and endothelial
cells), are identified.

10× Genomics human [196–198]

Key factors:
TNF receptor-related factor 3 (Traf3) is found

to be significantly mutated in murine
intrahepatic cholangiocarcinoma. In human
intrahepatic cholangiocarcinoma, an inverse

correlation between Traf3 and
NF-κB-inducing kinase expression is

reported. NF-κB-inducing kinase inhibition
damps the growth of intrahepatic

cholangiocarcinoma.

DNBSEQ-G400RS (MGI Tech),
10× Genomics mouse [171,196,197]

Gene expression profile variations:
The scRNA-seq on the liver had identified

mostly convergent gene expression
alterations when primary biliary cholangitis

and primary sclerosing cholangitis were
compared to normal controls.

Genes expressed by one cell type (e.g., CAFs)
may affect the proportion of other cell types

(e.g., T cells).

10× Genomics,
DNBSEQ-G400RS (MGI Tech) mouse [171,196,199]

Potential therapeutic target recognition:
The E2 subunit of mitochondrial pyruvate

dehydrogenase complex (PDC-E2) is
potentially considered for validating

potential immunotherapeutic candidate
strategies against cholangiocarcinoma.

10× Genomics,
DNBSEQ-G400RS (MGI Tech) mouse [171,196,199]
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Table 11. Cont.

Key Findings Methods/Technologies Donor/Recipient Species References

Uncovering novel cell types:
The scRNA-seq technique reveals novel cell

types and states without biased results.
It identifies novel cell subtypes that undergo

immune rejection.
Primary biliary cholangitis liver and

underlying developed cholangiocarcinoma
contain several clonotypes, often

shared between two tissues.

10× Genomics mouse, human [113,200]

Tracking T-cell polarization:
scRNA-seq detects genes associated with Th1

and Tc1 lymphocyte subsets in primary
biliary cholangitis compared with primary
sclerosing cholangitis livers. These T cells
were detected within cholangiocarcinoma
tumors and draining lymph nodes of mice

with primary biliary cholangitis but not
primary sclerosing cholangitis. Th1- and

Tc1-polarized subsets play a key
role in rejecting cholangiocarcinoma tumors.

10× Genomics mouse [199]

Table 12. Examples of important biomarkers of tumor transplantation complications.

References Methods/Technologies Tumor Types Donor/Receptor Gene Biomarkers

[199] 10× Genomics cholangiocarcinoma mouse

FoxP3, IFNγ, IL4, IL17a, Cd3g, Cd4,
Cd8a, Id2, Tcf7, Eomes Il7r, Prdm1, Il2,

Tbx21, Gata3, Il4, Rorc, Bcl6, Foxp3,
Gzma, Gzmb, Gzmk, Ifng, Icos, Cd28,

Cd27, Tnfrsf4, Tnfrsf9, Tnfrsf18, Cd40lg,
Pdcd1, Ctla4, Lag3, Havcr2, Tigit, Btla,

Lta, Adora2a, Klrg1, Cd38, Nt5e,

[171] DNBSEQ-G400RS
(MGI Tech) cholangiocarcinoma mouse Alb, Apoa1, Ass1, Spp1, Sox9

[196] 10× Genomics melanoma tumors human

CD2, CD3D, CD3E, CD3G, CD19,
CD79A, CD79B, BLK, CD163, CD14,
CSF1R, PECAM1, VWF, CDH5, FAP,

THY1, DCN, COL1A1, COL1A2,
COL6A1, COL6A2, COL6A3

[198] 10× Genomics

Non-small cell lung
carcinoma (NSCLC),
neuroblastoma (NB),
MBC, glioblastoma;
high-grade glioma,

CLL, ovarian,
melanoma, sarcoma

human

KRT8, MRC1, TRAC, JCHAIN, TPSAB1,
PTPRC, APOE, MAG, THY1, MITF,

CA8, CFH, PAX3, CD99, KRT5, SFTPB,
FOXJ1, MUC1, CGRP, SFTPC, AGER,

FSP1 PECAM1, TH, MYCN, SOX2,
STMN2, FDX1, PROM1, PDGFRA,

UCHL1, LGALS3, HOPX, VIM

[197] 10× Genomics

Non-small-cell lung
cancer (NSCLC), lung
squamous carcinoma

(LUSC), lung
adenocarcinoma

(LUAD)

human

TPSAB1, TPSB2, CPA3, HPGDS, CLU,
AREG, MS4A2, RGS13, VWA5A,

LAPTM4A, C1orf186, SLC18A2, LTC4S,
KIT, HDC, MAOB, RGS1, RP11-

354E11.2, SAMSN1, RGS2, SLC26A2,
PTGS1, NSMCE1
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Figure 7. The scRNA-seq experiments on breast tumor transplanted mice. (a) Schematic of scRNA-
seq experiments. Indolent tumor cells, indolent immune cells, aggressive tumor cells, and aggressive

122



Biosensors 2024, 14, 189

immune cells were collected from 13 pooled mice. (b–d) UMAP plots of the single-cell data. Clusters
proportions are depicted in (d). (e) Heatmap of highly differentially expressed genes for each cluster.
(f) UMAP plots of all tumor cells, with colors indicating expression of KRT14, Csn3, KRT15, and
Acta2 for basal-like cells, Luminal 1 cells, and Luminal-Basal cells, respectively. Trajectory plot of
all tumor cells, with colors indicating pseudo-time value (g) and cluster ((h), left panel). ((h), right

panel) Trajectory plots of Luminal 1, LB, and basal cells are shown. The arrows depict increasing
pseudo-time value. The figure is taken with permission from [195] under a Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/, accessed on 1
February 2024).

6. Conclusions

Single-cell RNA sequencing is an exciting new technology with the capability of
driving significant progress in various bio-disciplines. It allows researchers to examine
individual cells and uncover the molecular dynamics within them, revolutionizing the way
biological processes can be studied. One of the important fields in which scRNA-seq has
made fundamental advancements is transplantation.

Transplantation is the care gold standard for end-stage organ diseases; however, not
all transplantations are successful. The most frequent complication of transplantation is
allograft rejection. Currently, the diagnosis of these complications in the clinical setting
needs biopsies obtained from the patients. However, traditionally found biomarkers are
not fully reliable for detecting rejection.

The scRNA-seq technique uncovers cell heterogeneity, cell states, and graft compli-
cations in solid transplantation and stem cell transplantation. It is also used in studying
transplanted cancer cells. The scRNA-seq technique can provide a comprehensive single-
cell atlas of gene expression profiles in acute rejection and transplant complications. It
uncovers the contribution of T cells and natural killer cells, as well as the association of var-
ious subsets of macrophages, including infiltrating (m3 and m4) and resident macrophages
(m1 and m2), in graft rejection. Major findings include cell diversity in grafts, gene ex-
pression profile variation during graft rejection, identifying novel biomarkers, uncovering
macrophage polarization, and immune profile landscapes.

The obtained large and high-dimensional data from single-cell analysis needs compu-
tational data processing and analysis. Machine learning methods are employed to develop
analysis pipelines and predictive models toward this goal. In the future, more advanced
machine learning methods will further contribute to the development of the field.
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Abstract: Phytoplankton is a crucial component for the correct functioning of different ecosystems,
climate regulation and carbon reduction. Being at least a quarter of the biomass of the world’s
vegetation, they produce approximately 50% of atmospheric O2 and remove nearly a third of the
anthropogenic carbon released into the atmosphere through photosynthesis. In addition, they support
directly or indirectly all the animals of the ocean and freshwater ecosystems, being the base of the
food web. The importance of their measurement and identification has increased in the last years,
becoming an essential consideration for marine management. The gold standard process used to
identify and quantify phytoplankton is manual sample collection and microscopy-based identification,
which is a tedious and time-consuming task and requires highly trained professionals. Microfluidic
Lab-on-a-Chip technology represents a potential technical solution for environmental monitoring, for
example, in situ quantifying toxic phytoplankton. Its main advantages are miniaturisation, portability,
reduced reagent/sample consumption and cost reduction. In particular, photonic microfluidic
chips that rely on optical sensing have emerged as powerful tools that can be used to identify and
analyse phytoplankton with high specificity, sensitivity and throughput. In this review, we focus on
recent advances in photonic microfluidic technologies for phytoplankton research. Different optical
properties of phytoplankton, fabrication and sensing technologies will be reviewed. To conclude,
current challenges and possible future directions will be discussed.

Keywords: phytoplankton; microfluidics; photonics

1. Introduction

Phytoplankton are all planktonic autotrophic aquatic organisms with photosynthetic
capacity that live dispersed in the water. This name comes from the Greek terms, φυτoν
(phyton, “plant”) and πλαγκτoς (“plánktos”, “wanderer” or “the one that wanders about”).
They are also called microalgae, but despite all phytoplankton being microalgae, not all
microalgae occur in plankton. Through photosynthesis, they produce energy-rich organic
material that captures CO2 (almost a third of the anthropogenic carbon released into the
atmosphere) and release oxygen (approximately 50% of atmospheric O2 [1]), thus helping
to ameliorate greenhouse gases [2]. Phytoplankton is a taxonomically diverse group, con-
sisting of more than ten thousand species and taxa that contribute to at least a quarter of
the biomass of the world’s vegetation and constitute the base of the food web that supports
either directly or indirectly all the animal populations of the open sea [3]. In addition, it
has been introduced by some chefs into gourmet cooking recently [4]. As can be observed,
phytoplankton is a key component for the correct functioning of different ecosystems,
climate regulation and carbon reduction. The importance of its measurement and iden-
tification has increased in the last years, becoming an essential consideration for marine
management [5]. Furthermore, due to climate change and human contamination [6,7]
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phytoplankton populations are being affected. Events in which phytoplankton undergo
rapid population increase are known as algal blooms. A harmful algal bloom (HAB) occurs
when it causes negative impacts by producing toxins, which can cause illness to mammals,
fish, corals and other marine organisms [8–10]. These events are colloquially known as
“red tides” since these organisms sometimes stain the water that colour. Therefore, HABs
constitute a serious threat to public health, causing huge losses in fisheries and other
productive sectors worldwide. The HAB problem is widespread on all the world’s seas
and its trend is increasing. Red tides cause far-reaching economic damage to extractive and
aquaculture activities. The group of phytoplankton that has caused the most toxic episodes
is the group of dinoflagellates, specifically, Gymnodinus Gymnodinium catenatum and
Gonyaulax tamarensis Lebour (both producers of paralytic toxin) as well as Dinophysis
acuta Ehremberg and Dinophysis acuminata (responsible for gastrointestinal disorders due
to shellfish ingestion). In many cases, the traditional classification of dinoflagellates based
on morphological characteristics is insufficient. Therefore, it is necessary to develop other
techniques to identify those harmful organisms. Another important application in which
phytoplankton detection is gaining attention is in ships’ ballast water. Ballast water is used
in ships to maintain safe operating conditions during transit. Although most phytoplankton
die due to the environmental conditions in the ballast tank, some can survive. Due to these
species that may survive and establish a reproductive population (with a huge number of
phytoplankton and zooplankton), serious ecological, economic and health problems can be
caused. This phenomenon was first studied between 1903 and 1907 in the North Sea [11]; in
this article, Ostenfeld recognised the invasion of the Asian phytoplankton algae Odontella
(Biddulphia Sinensis). Despite this, it was not until the 1970s that the scientific community
reviewed the problem in detail. According to the International Maritime Organization
(IMO), in the late 1980s, Canada and Australia were among the countries experiencing
particular problems with invasive species. They brought their concerns to the attention
of IMO’s Marine Environment Protection Committee (MEPC). Direct and indirect health
effects are becoming increasingly serious and environmental damage is often irreversible.
Recognising the possible severity of the consequences, action has been taken by the IMO,
adopting the “International Convention on the Management of Ships Ballast Water and
Sediments” [12]. Therefore, detecting microalgae and bacteria in the ship’s ballast water not
only involves analysing the related quality of ballast water, but also is aimed at balancing
the ecological environment and economic interests of each country [13].

As can be observed, the identification and measurement of specific characteristics of
phytoplankton are essential for controlling pollution of the marine environment, as well as
for aquaculture and the shellfish industry. The gold standard process used to identify and
quantify phytoplankton is manual sample collection and microscopy-based identification,
which is a tedious and time-consuming task and requires highly trained professionals.
Flow cytometry is used to automatise the measuring process [14]. Flow cytometry gives
the classification and identification of phytoplankton species, quantitative analysis and the
extraction of parameters at the individual level. Generally, a typical flow cytometer can
process thousands of cells per minute, much faster than manual observation using light
microscopy. However, the expensive and bulky instruments make in situ measurement
very difficult. For these reasons, the routine quantitative monitoring of phytoplankton
in water is costly and challenging, requiring sophisticated equipment, a lab and almost
unique expertise. Much recent activity has focused on developing microfabricated flow
cytometers, which integrate inexpensive optical components to solve these problems. In
fact, it can rapidly count cells and probe cellular populations at the single cell level [15].
Through microfabricated devices and microfluidic Lab-On-a-Chip (LOC) systems, it is
possible to create a completely autonomous and portable integrated system. Microfluidic
channels can handle tiny fluid volumes down to picoliters in a controlled microenvironment.
For this reason, they allow the precise control and manipulation of fluids, typically in a
passive way. Microfluidic LOC technology represents a potential technical solution for
environmental monitoring, for example, identification and classification of particles in
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water [16,17] like phytoplankton. Its main advantages are miniaturisation, portability,
reduced reagent/sample consumption and automation and cost reduction. Among all the
microfluidic technologies [18–21], photonic microfluidic chips that rely on optical sensing
have emerged as powerful tools that can be used to identify and analyse phytoplankton
with high specificity, sensitivity and throughput.

Few literature reviews can be found related to microfluidics for marine research. For ex-
ample, in [22], microfluidic systems for microalgal biotechnology are reviewed. Specifically,
different applications are reported, e.g., microalgal biofuel applications, cultivation, down-
stream processing, microalgae-based microbial fuel cells and microalgae-based biosensors.
A more general approach can be found in [23], focused on how microfluidic platforms
address some challenges of plankton research. For example, analysis of a low density of
organisms in environmental samples, difficulties in cultivating plankton, pre-concentrating,
detecting and sorting them and how analytical microfluidic platforms are dedicated to the
interactions between plankton and their environment. Finally, in a more recent work, the
authors summarised some optofluidic systems and techniques for microalgal detection
and characterisation [24]. For this reason, this review will focus only on recent develop-
ments in photonic microfluidics dedicated to phytoplankton research from a technological
point of view. Optofluidic systems are the most widely used techniques for phytoplank-
ton detection and characterisation. They are mainly based on three optical properties:
fluorescence, scattering and imaging. Each of them can achieve cellular, lipid content,
metabolic heterogeneity and count. This article is organised as follows: Section 2 will focus
on the optical characteristics of phytoplankton (absorption, scattering and fluorescence)
and Section 3 on the fabrication of microfluidic systems. Then, Section 4 will present the
last advances in phytoplankton microfluidic technologies organised by phytoplankton
optical properties. Finally, a discussion section will summarise and discuss the presented
works. To conclude, we will present some current challenges and possible future directions
of this promising technology.

2. Optical Characteristics of Phytoplankton

As mentioned before, the principal optical properties of phytoplankton are related
to absorption, scattering and fluorescence. These optical processes are affected by the
phytoplankton’s composition, specifically, many different pigments, with chlorophyll being
the most important. Furthermore, depending on the group or taxon under consideration,
the concentration of other pigments in their cells varies [25]. For this reason, phytoplankton
has an important effect on the colour of the ocean and the measurement of these properties
allows the study of their ecology and evolution over time.

2.1. Absorption

Absorption is the process by which light is absorbed and converted into energy. This
radiation, when absorbed, can be re-emitted or transformed into another type of energy,
such as heat. Phytoplankton absorb sunlight and use this energy to produce chemical
energy (photosynthesis). Two dominant peaks in the absorption spectrum exist in all
phytoplankton cells (determined by chlorophylls). The primary one is in the blue (440 nm)
and the second is in the red part of the spectrum (675 nm). Spectral light absorption curves
in phytoplankton populations have been extensively studied (Babin et al. 2003), showing
that the absorption coefficient (aφ(λ)) varies according to the presence of other pigments
(depending on species and taxa) that will cause the blue peak to broaden and the appearance
of additional absorption maxima. In addition, the packet effect due to phytoplankton size
and changes in the physiological state of cells also affect these spectra [26,27]. These
taxon-specific absorption peaks have been used as a tool for in situ optical detection [28],
as well as for the development of remote sensing algorithms [29,30]. It has to be noted
that absorption by phytoplankton is not a simple sum of the absorption coefficients of
individual pigments. The absorption spectrum of phytoplankton varies in magnitude and
shape due to the composition of different cell pigments [27]. In addition, specific proteins
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in the cells produce changes in the absorption spectrum, with cell pigment concentration
and size also being influential [31]. However, as a simple approximation the so-called
“package effect index”, Q∗

a (λ) (Equation (1)) is used.

Q∗
a(λ) =

aφ(λ)

asol(λ)
, (1)

where asol(λ) is the absorption coefficient of the same material, which would be dispersed
into the solution. The absorption coefficients asol(λ) (in m−1) can be obtained by summing
the contributions of all individual pigments, using the relationship:

asol(λ) = ∑ Cia∗sol,i(λ), (2)

where the a∗sol,i coefficients are the weight-specific absorption spectra of individual pigments
(in m2·mg−1) and Ci are their concentrations in the medium (in mg·m−3). As stated in
ref. [27], the a∗sol,i spectra of Figure 1 were estimated by scaling the absorption spectra
of individual pigments in solvent, measured in relative values by high-pressure liquid
chromatography, to the weight-specific absorption coefficients proposed in [32] and then
shifting the positions of maxima to their in vivo positions, as in [33].

Figure 1. Weight-specific absorption spectra of the main pigments in vivo, a∗sol,i(λ) (in m2 mg−1),
which are derived from absorption spectra of individual pigments in solvent. The red and blue lines
represent the absorption spectra of photosynthetic and nonphotosynthetic carotenoids, respectively.
Reprinted with permission from Ref. [27]. Copyright 2004, American Geophysical Union.

2.2. Light Scattering

When electromagnetic radiation strikes a molecule or particle, it can be scattered,
i.e., the incident radiation is re-emitted in a direction different from that of the original
radiation. In the case of elastic scattering (involving negligible energy transfer, same fre-
quency), depending on the particle size with respect to the light wavelength (the colour),
the re-emission intensity depends on the colour (Rayleigh scattering) or is independent
of colour but has a certain direction (Mie scattering). Due to their morphology, phyto-
plankton cells are dominated by scattering or forward scattering rather than backscattering.
Despite this, phytoplankton backscattering properties are also extremely important, as
they are directly related to reflectance calculations, which is an essential measurement in
oceanography [34]. In fact, the parameter “Remote Sensing Reflectance” (Rrs) is grossly
proportional to backscattering divide by absorption (bb/a) [35]. In Figure 2, the resulting
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contribution of phytoplankton Rrs(Φ) to the total Rrs is shown. As can be observed, the
contributions of the phytoplankton to the total, as a percentage of total bb/a, vary with
biomass (mg·m−3). Compared to the rest of the oceanic particles, the values of the scatter-
ing coefficients of phytoplankton are relatively low since they contain a large number of
water molecules and exhibit strong absorption properties [36]. The exception to the rule is
the coccolithophorid phytoplankton that produce small calcium carbonate flakes, which
make them very effective dispersers and allow the blooms to be seen from space [37]. The
phytoplankton scattering and backscattering coefficients and the scattering volume function
can be obtained both from theoretical models (Mie theory) or measurements [38–40]. The
properties depend on the size, shape and refractive index of all components of the phyto-
plankton cell [41]. Knowledge about the scattering angular distribution for phytoplankton
is scarce due to the small number of experimental data sets [42,43]. Several commercial
light scattering instruments for in situ measurements are reviewed by Moore et al. [44].

Figure 2. Relative contribution of phytoplankton to total Rrs (with agd(400) = 0.07 · [Clha]0.75 and
bbnap(550) = 0.005 m−1 ) for increasing biomass with effective diameter, De f f = 2 and 12 μm. The
absorption caused by coloured dissolved organic matter (agd) covaries with Chla, whereas non-algal
backscatter bbnap is constant. These populations are idealised examples and not intended to represent
any observed relationship between Chla concentration and De f f . Reprinted with permission from [34].
Copyright 2018, MDPI.

In recent years, Raman scattering has also been investigated as a possible technique
in phytoplankton research. The Raman effect is the inelastic scattering of light (with
different frequency) by a substance. The Raman shift is independent of the excitation
wavelength, whereas the scattered light intensity is inversely proportional. The interest
in the phenomenon lies in the fact that the colour (wavelength) change is characteristic of
the substance and gives information about its composition, that is, the type of chemical
bonds present and its atomic structure. For this reason, Raman spectroscopy was pro-
posed as a fast and sensitive method to measure phytoplankton and its composition in

136



Biosensors 2022, 12, 1024

marine environments [45]. The use of visible Raman spectroscopy to identify the nutrient
composition or depletion, the detection of invasive, problematic phytoplankton species
and cell viability have been reported in [45–47], respectively. However, there are some
disadvantages when it is used to measure pigment-rich biological material. The most
important is that Raman intensity is too low (only 1 in 106–108 photons undergo Raman
scattering) so the presence of fluorescence in phytoplankton (see next section) can mask
the signals [48]. This effect can be reduced by using different excitation wavelengths and
data processing (see Section 4.1). Another problem is that some pigment has a large range
of bands while other biomolecule signals, such as fats and proteins can be masked [49].
Finally, the Raman spectra’s complexity limits chemometric methods’ application. Some
recent works have proposed some solutions as using longer wavelengths (NIR) [50] and
Fourier spectroscopy with multivariate data analysis [51] (see Section 4.2).

2.3. Fluorescence

Fluorescence is the property of some atoms and molecules to absorb light at a specific
wavelength followed by light emission at a longer wavelength. The difference between
scattering and fluorescence is their origin; whereas fluorescence occurs from a relatively
long-lived excited electronic state, scattering occurs via the emission of a photon from
a short-lived excited “virtual” state. In addition, the fluorescence emission wavelength
is generally independent of the exciting wavelength, whereas light scattering increases
with increases in the exciting wavelength. In the case of phytoplankton, several pig-
ments (chlorophylls, pheopigments and phycobilins) fluoresce, with chlorophyll being the
most important. One of the first proposals to use fluorescence as sensing parameter was
presented in 1966 [52]. This work proposed the monitoring of phytoplankton biomass-
chlorophyll by fluorescence measurements. Nowadays, this technique is commonly used
in commercial devices and sensors (fluorometers, radiance and irradiance meters, flow
cytometers). One of the main advantages is the possibility of measuring from the sea
surface by aeroplanes and satellites [53]. Although fluorescence spectroscopy can detect
small concentrations of chlorophyll and other pigments, it is not very specific. The main
problem is that phytoplankton cells’ fluorescence is highly variable due to their physio-
logical conditions. Phytoplankton fluorescence depends on several parameters, e.g., the
taxonomic position, the pigment content and ratio, the nutrient conditions, stage of growth,
photoadaptation, physiological state, etc. [54–56]. Thus, deriving the biomass of spectral
groups using the spectral fluorescence of multicomponent natural samples is not trivial [57].
For this reason, it is generally used to either approximate total plankton concentrations
or detect the presence of harmful species; a recent comprehensive review can be found
in ref. [56]. A simple equation can express fluorescence from phytoplankton chlorophyll,
F = Ii · chla · a∗phyto · φ f [58], with Ii as the impinging light intensity, chla as chlorophyll
concentration, a∗phyto as chlorophyll-specific phytoplankton absorption coefficient and φ f as
the fluorescence quantum yield.

As an example, in Figure 3, the spectral signature of some algal groups that mainly
differ in their pigments can be observed. As mentioned in [57], all these measurements can
be used as starting point to identify the phytoplankton.
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Figure 3. Fluorescence excitation spectra for different chemotaxonomic phytoplankton pigment
groups. Reprinted with permission from [57]. Copyright 2003, International Council for the Explo-
ration of the Sea (ICES).

3. Fabrication of Photonic Microfluidic Systems

A microfluidic system is based on a device in which one or more fluids flow through
micrometer-sized channels (10−4–10−6 m). They can handle tiny fluid volumes down to
picoliters in a controlled microenvironment; the flow is laminar and characterised by low
thermal and chemical diffusion times. For this reason, they allow the precise control and
manipulation of fluids, typically in a passive way, with some components being neces-
sary such as micro-pumps or micro-valves for active devices [20]. Microfluidic chips or
systems have applications in various fields, such as chemistry, environmental sciences
or medical research. For example, microfluidic chips can be used to mimic the complex
structure, microenvironment and physiological function of human organs [59], drug screen-
ing [60], toxicity testing [61] or stem cell testing [62], among other applications. In addition,
microfludidic systems can be integrated with other photonic components to produce a
photonic biosensor. Photonic biosensors have several advantages, such as immunity to
electromagnetic interference, high-speed operation, low power consumption, use poten-
tial in harsh environments, miniaturisation capacity, multiplexing possibility, mechanical
stability, low manufacturing and integration cost and real-time detection, directly and
without labels (label-free) [63,64]. Photonic biosensors based on microfluidic channels are
optical transducers. They modify a specific light parameter (intensity, phase or frequency)
in the presence of an analyte. They typically consist of photodetectors (commonly used
with light emission detection techniques, such as fluorescence), interferometers (with an
analyte-sensitive arm) and/or resonant structures, such as microresonators (which also
detect refractive index changes). All these sensors can be integrated on a micrometer scale,
especially with the development of microfluidic systems in recent years.

The combination of microfluidics and photonics was proposed at the beginning of
this century, when these two fields were maturing [65,66] . As mentioned below, despite
the main fabrication techniques being based on lithographic methods, fs-lasers have been
proven to fabricate microfluidic lasers [67], microfluidic channels and waveguides [68]
in a 3D arrangement [69,70]. In addition, it is also possible to fabricate waveguides in
commercial microfluidic chips by fs-laser, facilitating the fabrication process [71]. These
advantages enable its use for LOC and bio-photonics applications [72]. Sensor characteris-
tics are quantified in terms of selectivity (detecting a particular element) and sensitivity.
Usually, to improve these parameters, receptors specific to the component to be measured
are included. It should be noted that the comparison of the parameters reported in the
literature is not simple, sometimes data are given in mass concentration (mass of a solute
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in relation to the volume of the solution) which is difficult to compare with other analytes
or in the case of giving more comparable data, such as the refractive index units (RIU), it is
not normalised to the size of the sensor. The most commonly used transduction signals
in optical sensing are fluorescence, scattering and refractive index. There are two types of
detectors, those specific to measuring the optical signals (fluorescence and scattering) or
spectroscopic (label-free, to measure refractive index changes). In the first case, fluorescence
has the highest sensitivity, down to the single-cell limit. Scattering, however, can be masked
from the previous signal (see more details in the following sections). These systems can be
supported by engineered microfluidic channels that stretch and sort the phytoplankton
cells [23,73]. In the case of LOC interferometric sensors, a miniaturised system is used, with
two separate arms in which one is the reference and the other is the measurement arm (in
which the receiver and the analyte are included). When the analyte is on the reference arm,
the light passing through it will have a phase difference with respect to the light from the
other arm. When the light from the two arms recombines, it can be measured to measure
the phase delay, which will be greater the higher the rate of the analyte. Although it is
difficult to achieve the same selectivity and sensitivity as the previous sensors, they are
widely used in environmental measurement applications such as air quality, greenhouse
gases, detection of chemical, biological, radiological, nuclear, explosive agents, etc. [74]. In
the case of phytoplankton, no sensors have been reported yet.

Figure 4. Femtosecond laser microfabrication of opto-microfluidic devices: (a) fabrication procedures,
(b) U-shape-microchannels in fused silica before etching, and (c) after etching for 5 h in 20% HF acid
within a shaker. Reprinted with permission from [75]. Copyright 2011, MDPI.

The fabrication processes in glass or silicon depend on the type of fabricated structure;
extended details can be found in [20,76]. For example, soft lithography techniques have
been mainly used to make microfluidic channels [77]. For this, polydimethylsiloxane
(PDMS) elastomer can be used to have a fast and cheap fabrication process. However,
the main problem is fabricating 3D structures, which requires additional stacking and
bonding processes [20]. The same problem can be found in other typical techniques such
as planar microfabrication (e.g., injection moulding or semiconductor processes based on
photolithography). To solve this problem, femtosecond (fs) laser fabrication is the best
option, as has been demonstrated in the 3D fabrication of transparent structures [78,79].
Some of the most important characteristics of fs-laser are: it is a single-step and maskless
process, it can be applied to several materials (e.g., glasses, crystals, polymers) by changing
the irradiation parameters; it can be used in 3D as depth irradiation can be easily modified;
the fabrication of several components in different steps is possible. As an example, a
schematic depiction of the fabrication procedure can be found in Figure 4a. Figure 4b,c
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show real examples of fabricated devices and Figure 5 illustrates how optical waveguides
are integrated into a commercial LOC.

Figure 5. A schematic representation of an LOC device designed for capillary electrophoresis
fabricated with a femtosecond-laser. The fluorescence is excited in a highly localised region in
the microchannel by the optical waveguides and optical fibres. Moreover, the waveguides guide
emissions to a detector. Reprinted with permission from [76]. Copyright 2014, SPIE.

In the case of microfluidic channels and other optical components (e.g., microlenses,
hollow optical waveguides, optical micro-resonators [80–82]), the fabrication process in-
volves the use of a wet chemical etching (HF or KOH) after the application of fs-laser [83].
KOH can produce defects such as relatively high surface roughness (of a few tens of
nanometers). Despite this, this can be solved by polishing the accessible regions or using
post-processing heat techniques for internal walls, e.g., oxygen/hydrogen flame polish-
ing [80], annealing in an oven [82] and CO2 laser reflow [84]. Nowadays, the main accepted
hypothesis for the etching rate variation in fused-silica regions where the fs-laser is applied
is that the laser beam reduces the Si-O-Si bond angle [85]. Other studies have tested the
effect of the polarisation in the etching selectivity, as the absorption of the laser energy is
spatially modulated, producing the so-called nanogratings perpendicular to the polarisa-
tion direction that enhances the etching selectivity [86]. Another option to avoid etching is
fs-laser drilling of glass immersed in distilled water (liquid-assisted fs-laser drilling) [87].
In this case, the immersion is intended to remove some of the ablation debris that can
contaminate the channel and restrict the size of the microstructures [88]. Some works have
also proposed using porous glass (10 nm pores uniformly distributed) [89]. The process
avoids wet etching and the porous element can be sealed by annealing the glass. Compared
to fused silica, the channels can have arbitrary geometries, unlimited lengths and features
sized beyond the optical diffraction limit [20]. Finally, it has to be noted that fs-laser can
also produce typical waveguides based on refractive index modulation, which is caused by
a localised nonlinear absorption at the laser focus region. Low index contrast waveguides
have both a low transmission loss and excellent mode overlap with optical fibre, meaning
that the overall extraction efficiency of a circuit is high [90]. When low intensities are used,
the temperature rises and decreases with each pulse, resulting in a refractive index change
that depends on the glass density and cooling rate. For higher intensities, the mechanism is
based on the plasma formed inside the glass, which creates a Coulomb explosion and a
shockwave; this induces an inhomogeneous material distribution and a refractive index
change. Several works have demonstrated the feasibility of an fs-laser in terms of creating
waveguides in different glasses [90–94]. For example, in [91] waveguides in fused silica
glass are demonstrated with an RI change of ∼ 4 × 10−3) and low propagation loss of
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0.12 dB/cm. However, some issues such as spherical aberration, self-focusing and nonlin-
ear absorption are common and produce an asymmetrical mode field pattern [94–96]. To
control this parameter, the use of spatio temporally focused beams [97], spatial light modu-
lators [98,99], thermal annealing [100] or polarisation control [101] have been proposed. As
can be observed, the field has been very active this last decade.

4. Phytoplankton Microfluidic Technologies

As mentioned before, the most traditional method for identifying and quantifying
phytoplankton is manual sample collection and microscopy-based identification, which is
a tedious and time-consuming task and requires highly trained professionals. Standard
flow cytometry has recently been used to automatise the phytoplankton measuring process.
However, the expensive and bulky instruments make the in situ measurement very difficult.
Microfluidic flow cytometry provides a solution by producing portable devices that enable
on-site phytoplankton analysis and classification. However, conventional microfluidic
flow cytometry generally relies on light scattering (Section 4.1) or fluorescence properties
(Section 4.2), which cannot offer spatially resolved characterisation and distinguish through
differences in surface morphology. For these reasons, imaging-based flow cytometry has
been recently proposed to enhance phytoplankton measurement (Section 4.3). Impedance
measurements sometimes support these techniques, so a brief review is also included at
the end of this section (Section 4.4).

4.1. Technologies Based on Scattering

Absorption, scattering and side scattering of phytoplankton have been traditionally
used in their characterisation (see Section 2). The cell properties are also measured in
commercial flow cytometers using scattered light. Being an elastic scattering process, the
measured wavelength will be the same as the source. The forward and side light scattering
is collected from narrow angles and light diffracted around the cell, respectively. These
measurements are demonstrated to give information about cell size and shape. Despite
this, the measurement of these properties in LOC devices is not so usual and they are used
in combination with other techniques.

Figure 6. A schematic depiction of the proposed cytometer. (Top) The optical and microfluidics
setup. (Bottom) A zoomed-in view showing the chevron grooves extending into the PDMS substrate.
Reprinted with permission from [102]. Copyright 2011, AIP Publishing.
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For example, in [103], Hashemi et al. developed a lab on chip based on autofluores-
cence and light scattering, which consisted of a special microfluidic chip with chevron
grooves that can focus the flow in two dimensions. By using two grooves (on the top and
bottom of the microchannel), they created two symmetrical sheath flows that wrap around
a central flow (see Figure 6 bottom). A 488 nm argon laser and three photomultiplier tubes
were used to record the fluorescence and light scattering signals. The proposed system was
capable of detecting the picoplankton Synechococcus sp.with diameters lower than 1 μm and
phytoplankton species as long as 80 μm (Nitzschia d.). In a later work, the authors replaced
the large 488 nm argon laser with two solid-state laser sources (404 nm and one 532 nm),
which are both small for in situ measurement (see Figure 6 top). In addition, the provided
wavelength is closer to the maximum absorbance of chlorophyll and phycoerythrin [102].

In ref. [104], side light scattering is measured in combination with chlorophyll fluores-
cence and resistance pulse sensing (RPS) (see following sections). As shown in Figure 7, the
chlorophyll fluorescence with 680 nm wavelength is detected from the positive Z-axis and
the side light scattering with 480 nm wavelength is detected from the negative Z-axis. At
the same time, the signal of resistance pulse sensing of the phytoplankton is acquired from
the difference between the two sense arms of RPS+ and RPS− [104]. The light scattering
measurements provide information about the intracellular contents and the size and surface
roughness of the cell. On the other hand, the chlorophyll fluorescence is related to the
activity and the RPS to the size of the cell.

Figure 7. Schematic representation of the operation principle of single microalgae cell classification.
The system is based on the simultaneous detection of chlorophyll fluorescence (CF), side light
scattering (SLS) and resistance pulse sensing (RPS) signals. Reprinted with permission from [104].
Copyright 2016, MDPI.

As mentioned in Section 2.2, in recent years, Raman scattering has also been proposed
as a possible technique for phytoplankton research [45,105,106]. In the case of microfluidic
devices, Raman has been proposed in several works to act as a sorting method (Raman-
activated cell sorting, RACS) [107]. Despite this, Raman signals are too low, requiring
long interrogation times as compared with fluorescence detection (in the order of seconds
to minutes in comparison with microseconds in fluorescence). One solution can be the
isolation [108] or immobilisation [109] of single cells. In the first work, a highly motile
species (Euglena Gracilis) is isolated by semiclosed microchannels with liquid flow only,
whereas in the second one, optical tweezers are used (Raman tweezers, see [110] for more
information). Another innovative solution was a “trap-free” RACS in a flow that allows
continuous and automated sorting of individual cells [111]. In this case, the authors provide
a stable flow field in the detection region by using two pressure dividers that eliminate
local pressure fluctuations (see Figure 8). They achieved a 96.3% purity of the selected cells
at a speed of 0.5 Hz.
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Figure 8. Schematic representation of the proposed device. A stream of cells were hydrodynamically
focused in the detection channel for continuous Raman acquisition; on-the-fly classification was
carried out to identify target cells and was immediately followed by alternating the pressures applied
to the waste and collection channels, to direct the target cells to the collection chamber. Integrated
software was developed to synchronise and automate all the operations. Reprinted with permission
from [111]. Copyright 2016, Royal Society of Chemistry.

Another proposed technique to improve the throughput has been Raman-activated
droplet sorting (RADS). For example, Kim et al. recently reported a method that uses
Raman spectroscopy with PDMS-based microfluidic devices to perform on-chip, droplet-
based in vivo phytoplankton lipid analysis with single-cell resolution [112]. The time-
course tracking and study of lipid accumulation in C. reinhardtii cells under eight different
culture conditions was successfully conducted, demonstrating the potential for Raman-
microfluidics-based lipidomics. Another RADS microfluidic system for functional screening
of live cells in a label-free and high-throughput manner was presented in [113]. In this case,
the sorting is achieved by dielectrophoresis. The system is based on the level of astaxanthin
content within phytoplankton cells, which has a high detection and sorting efficiency
of approximately 260 cells/min and high accuracy of 98%. Furthermore, 92.73% of the
selected cells remained alive and could proliferate. Haematococcus pluvialis cells in the
microchannel were hydrodynamically focused in a single line after squeezing two buffer
streams. When the cell passed through the detection region, the astaxanthin content in the
cell was measured with Raman spectroscopy; then, the detected cell was encapsulated in
the droplet for sorting the next step. Positive dielectrophoresis was used to manipulate the
cell in the droplet with efficient trap and release, thus forcing cells with different astaxanthin
contents into the pre-designed collection channel or waste channel based on their Raman
spectroscopic responses.

4.2. Technologies Based on Fluorescence

Optical fluorescence-based detection methods are among the most popular and widely
used in the detection and characterisation of biological and biochemical samples in mi-
crofluidic chips, including phytoplankton analysis. The fluorescence of phytoplankton can
be the result of endogenous pigments (see Section 2.2) and different species of phytoplank-
ton have their unique fluorescence spectra due to the different pigment ratios. The most
common technique that uses fluorescence properties is flow cytometry. A comprehensive
review can be found in [14]. However, the introduction of microfluidics reduces the device
size through LOC devices. Based on this principle, Benazzi et al. developed a high-speed
microfluidic platform to measure fluorescence from single cells at three different wave-
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length ranges (using a luminescence spectrometer with a 532 and 633 nm laser), achieving
cell discrimination at a flow rate of 3 cm·s−1 [114].

Some years later, Schaap et al. [115] developed an LOC that could distinguish phy-
toplankton species with a more straightforward setup. Only one focalised laser source
and a single quadrant-cell photodetector were utilised (see Figure 9). A curved waveguide
guided the laser light to the microchannel and the different cells produced distinctive
wavelets dependent on the phytoplankton geometry and size. As mentioned in the previ-
ous section, the same year Hashemi et al. developed another autofluorescence-based lab on
chip which consisted of an optofluidic cytometer [102,103]. As stated by the authors, the
differences in fluorescence signals were used to reveal the different ratios of chlorophyll
and phycobilins. In contrast, the differences in light scattering signals were used to assess
the size and shape of phytoplankton cells. Even the smallest species, with a size of 1 μm
could be identified (Synechococcus sp.). A few years later, Wang et al. [116] proposed a
simple optofluidic device for fluorescence-based phytoplankton detection. It consisted of
one sample channel between two sheath channels. Thanks to this configuration, the two
branch channels’ laminar flows forced the main channel’s phytoplankton cells to line up
into one line. A 488 nm laser diode was used as the excitation light to illuminate the sample
cells. A photodiode was selected to measure the fluorescence of chlorophyll with an output
voltage corresponding to the intensity of the fluorescence. It can be used to identify dead
cells and living cells by calibrating the fluorescence intensity. The results confirmed that the
developed system based on chlorophyll fluorescence could not only detect the living status
of single phytoplankton cells but also can evaluate their viability quantitatively [116]. The
same principle was subsequently used in combination with impedance measurements [117].
In recent work, the authors developed a ballast water rapid detection device based on
the previous fluorescence microfluidic sensor [118]. The authors concluded that obtained
results agree with the laboratory standard test measurements, with the advantage of on-site
real-time ballast water detection. Another interesting study was presented in [119]. In that
work, a label-free analysis and sorting of phytoplankton in microdroplets by chlorophyll
fluorescence was presented.

Figure 9. Schematic of biochip working principle: the biochip consists of a fluidic channel and a
curved waveguide buried in the glass. A Gaussian beam emitted by a single-mode fibre is coupled
into the biochip waveguide and diverges to illuminate a small length of the fluidic channel. Objects
that pass through the fluidic channel momentarily distort the beam intensity profile. The light from
the biochips is then refocused onto a four-quad detector to monitor small intensity changes. Reprinted
with permission from [115]. Copyright 2011, Optica Publishing Group.

As can be observed in Figure 10, the electrical signal of the detector was used to trigger
a deflecting system based on voltage. As the authors state, this technique can be applied as
a screening tool for microalgal libraries. Moreover, as the method allows the measurement
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of intrinsic chlorophyll per cell and total chlorophyll per droplet, the cell number and
biomass evolution over time can be measured.

Figure 10. Schematic depiction of the fluorescence-based sorting method. Reprinted with permission
from [119]. Copyright 2016, ACS.

4.3. Imaging Flow Cytometry Technologies

As mentioned before, a conventional cytometer generally relies on phytoplankton’s
light scattering or fluorescence properties, which cannot offer spatial size characterisation
and distinguish through differences in surface morphologies. To overcome this challenge,
imaging flow cytometry (IFC) was first proposed in 1979 [120] and further developed
in the 1980s [121]. Thanks to microfluidics, image-based microfluidic flow cytometers
have been recently proposed to create novel and high-efficiency platforms that combine
the high-throughput nature of conventional flow cytometry techniques with the optical
resolution of microscopy [15].

This technique combines speed and significant sample size capabilities of flow cy-
tometry and zooming capabilities of microscopy (up to 60×), contributing significantly
to the advancement of phytoplankton analysis [122]. Using this technique, the measure-
ment of phytoplankton morphology, cellular processes, cell-to-cell interactions, population
dynamics and ecology has been improved [123]. Still, there are some issues to be solved,
for example, their low analytical throughput (typically between 2000 and 3000 cells/s
at 20× magnification); more than one order of magnitude lower than non-imaging flow
cytometers [124]. Moreover, the limited depth of field of the objective causes a limitation
in the size of the channel and measured cells, requiring other methods such as acoustic
focusing to improve it [125]. Finally, the bulky devices make it difficult to use them in
situ. To solve the issues mentioned above, different solutions have been proposed [124].
Despite this, for phytoplankton there are additional issues such as the considerable amount
of different species in the same sample. In [122,123], other applications of IFC technology
for analysing microalgae cultures and phytoplankton are thoroughly reviewed (until 2017).
Ref. [126] systematically reviews articles from 2017 to 2020 using the commercial device
FlowCam for phytoplankton research. For this reason, in this review, we will focus only on
novel proposals of the last five years.

Holographic and multispectral techniques have been proposed to implement different
devices. In 2018, a holographic device capable of detecting phytoplankton flowing through
a 0.8 mm thick microfluidic chip was proposed (Figure 11b) [127]. A deep convolutive
network is used to reconstruct the acquired holograms automatically. This device allows
the real-time imaging of highly dense samples. Specifically, 24 microalgae species were
identified in flow-through water samples with a high flow rate of 100 mL/h. In addition,
the concentration measurement of the potentially harmful microalgae Pseudo-nitzschia is
also reported. In 2021, the same authors proposed new analysis methods to perform an
automated and high-throughput phenotypic inspection of microalgae populations in the
presence of pollutants within the water sample [128].
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Figure 11. Examples of various ocean planktons. (a) Amplitude images reconstructed and detected
from specific focal planes for each plankton class. From top left to lower right: Alexandrium tamarense,
Ceratium fusus, Ceratium lineatum, Ceratium longpipes, Ceratium sp., Chaetoceros socialis, Chaetoceros
straight, Chaetoceros sp., Crustacean, Dictyocha speculum, Melosira octagona, Parvicorbicula socialis, Pro-
rocentrum micans, Pseudo-nitchzia arctica, Rhizosolenia setigera, Rods, Skeletonema costatum, Tintinnid.
All images are segmented to 128 × 128 pixels and scale bars represent 50 μm. (b) Planktons de-
tected at the Los Angeles coastline, represented by their phase-contrast reconstructions following
phase recovery. The organisms were identified as (b1) Chaetoceros lorenzianus, (b2) Chaetoceros
debilis, (b3) Ditylum brightwellii, (b4) Lauderia, (b5) Leptocylindrus, (b6) Pseudo-nitzschia, (b7) Cer-
atium fusus, (b8) Ceratium furca, (b9) Eucampia cornuta, (b10) Bacteriastrum, (b11) Hemiaulus,
(b12) Skeletonema, (b13) Ciliate, (b14) Cerataulina, (b15) Guinardia striata, (b16) Lithodesmium,
(b17) Pleurosigma, (b18) Protoperidinium claudicans, (b19) Protoperidinium steinii, (b20) Proro-
centrum micans, (b21) Lingulodinium polyedra, (b22) Dinophysis, (b23) Dictyocha fibula (silica
skeleton) and (b24) Thalassionema. Reprinted from (a) [129] Copyright 2021 (b) [127], Copyright
2018, Springer Nature.
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The same year, using holography and deep learning, the capability to produce and
reconstruct sharp images of important plankton groups from both culture and environmen-
tal samples was demonstrated [129] (Figure 11a). On the topic of imaging flow cytometry
combined with deep learning, the following recent papers demonstrated the efficiency of
those techniques for identification and classification of protozoa [130,131]. They have the
potential of being extended to the identification of classification of phytoplankton.

One problem of previous systems is that current optical imaging technologies still lack
the practical speed and sensitivity for measuring thousands to millions of cells down to
single-cell precision [132]. A solution to this problem is optofluidic time-stretch microscopy,
which can perform high-throughput imaging flow cytometry up to 100,000 cells per second.
Since it was first demonstrated in 2009 [133], this technique has been demonstrated in
on-chip microfluidics for several applications. In the case of phytoplankton, several works
have been reported since 2016 [134–140]. This kind of system is composed of several
key components, i.e., a broadband pulsed laser (fs-laser), a temporal disperser (usually
a long disperser fibre optic), two spatial dispersers (diffraction gratings), two objective
lenses, a microfluidic device, a single-pixel photodetector, an oscilloscope and a digital
signal processor. For this reason, LOC systems can be limited by the size of some of the
components mentioned above. Readers can check ref. [141] for more information and
detailed instructions to fabricate an optofluidic time-stretch microscopy and measure cells
in microfluidic channels.

4.4. Electrochemical Impedance Spectroscopy

Although the measurement of dielectric properties of phytoplankton does not fall
within the scope of this review, we have briefly included it because recently proposed
devices employ multiparametric sensing, combining dielectric and optical properties. One
of the most used techniques to characterise the electric properties of electrochemical systems
is electrochemical impedance spectroscopy (EIS). It can characterise the dynamics of bound
or mobile charges in the bulk or interfacial regions of any solid or liquid material (ionic,
semiconductor and dielectrics). The main parameter EIS gives impedance, a concept
proposed by Oliver Heaviside in 1880. Impedance is the complex ratio of the voltage to the
current for an alternating current, Z = V(ω)/I(ω), translating the concept of resistance to
AC systems (possessing both magnitude and phase). In recent years, this technique has
grown tremendously and is now widely employed in various scientific fields. The medical
field is one of the most demanding sectors for this technique: clinical scales to measure
corporal parameters, the efficacy of medicinal products [142], cancer detection [143], etc.
Another important sector is material engineering: the study of new materials, batteries,
metals (corrosion process) [144], etc. In addition, there is a growing interest in using
this technique in bioengineering [145]. This technique gives useful information about
tissue or cells. The operation principle of single-cell impedance spectroscopy for high-
speed analysis has been reported since the beginning of the century [146–148]. Some
comprehensive reviews can be found in [149,150]. In the simplest case, phytoplankton
behaves like a spherical shell, describing each cell as a perfect sphere with a conductive
outer shell and membrane and a resistive interior (see Figure 12) [114]. For other types of
phytoplankton, this model has to be modified, e.g., phytoplankton without cell walls or
with other biological configurations.

As the frequency response of phytoplankton is complex, the EIS technique is appro-
priate for characterising their impedance. For example, in [114], different phytoplanktonic
species’ impedances were measured (Isochrysis galbana, Synechococcus sp. and Rhodosorus m.).
The authors conclude that low-frequency signals could be used to measure the size of the
particles, but the system is not sufficiently sensitive to detect the smaller cells (<2 μm).
In more recent work, phytoplankton bioimpedance was performed using interdigitated
electrodes and an impedance analyser [151]. The results showed no significant difference
in the extracted cytoplasm conductivity, whereas the specific membrane capacitance (mem-
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brane capacitance per unit area) between Chlamydomonas and Selenastrum cells differed
significantly.

Flow profile
Rm

Cm

CDLCDL ElectrodeElectrode

Glass

Glass

CmemCmem
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Figure 12. Equivalent electrical circuit of a phytoplankton cell in a microfluidic channel. Rm and
Cm are the resistance and capacitance of the medium, respectively, Cmem is the capacitance of the
cell membrane, Ri is the resistance of the cell cytoplasm and CDL the capacitance of the electrical
double layer (DL). The values of the individual electrical components are determined by the dielectric
properties of the suspending medium, the geometry of the chip and the dielectric properties of an
individual cell [114].

Another technique that simplifies the system (an impedance analyser is unnecessary)
is Resistive Pulse Sensing, which is based on the Coulter principle. Particles in low concen-
trations suspended in the medium can be counted by passing them through a microfluidic
channel. A particle passing through the channel displaces a volume of medium equivalent
to the submerged volume of the particle from the detection zone. This causes a short-term
change in impedance across the aperture. This change can be measured as a voltage or
current pulse. The height of the pulse is proportional to the volume of the detected particle.
Assuming a constant particle density, the pulse height is also proportional to the particle’s
mass. For example, this technique was demonstrated by Song et al. [152,153] in an analysis
of ships’ ballast water, detecting and counting phytoplankton cells and measuring their
sizes. In a subsequent work [117], the combination with chlorophyll autofluorescence inten-
sity detection allows for measuring cell viability, excluding interference of other particles
and dead cells and producing more accurate results. The system was integrated into an
underwater device with advantages such as automation, portability, low cost and easy
operation. After that, the system continued being tested to comply with the Standard D-2
performance [13].

One drawback of this kind of system is the lack of close contact between cells and
electrodes when passing through the microchannel. This issue could lead to current leakage
where electric signals circumvent the cells under measurement by travelling through
solutions surrounding the cells [150]. Another issue could be the position dependence of
the measurements and the overlapping of two or more cells in the channel. One solution
could be the use of narrower channels and sorting methods. In this regard, sorting plankton
in microfluidic devices is an effervescent research field where numerous methods have
been developed and are continuously improved through the years and applications [23].
The topic is thoroughly reviewed in the latter reference.

5. Discussion

The identification and measurement of specific characteristics of phytoplankton are
essential for controlling pollution of the marine environment and aquaculture and the
shellfish industry. Although manual sample collection and microscopy-based identification
is the traditional method to measure phytoplankton, some flow cytometry techniques
have improved the throughput. However, the expensive and bulky instruments make in
situ measurement difficult. Precise control, manipulation and measurement are possible
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through LOC systems incorporating microlfuidic channels and basic optical components.
Several techniques are used in this kind of device, along with their advantages and draw-
backs. Moreover, each can detect different parameters of the phytoplankton, so their
combination is used in several proposed devices (see Table 1).

Table 1. Comparative table of different microfluidic technologies for phytoplankton research.

Modality Source Parameters Measured Main Challenges and Limitations

Scattering Visible light. Cell size and shape. Low intensity in comparison to fluorescence.

Raman scattering >700 nm (avoid
fluorescence). Composition, nutrient contents. Low intensity and long interrogation times.

Fluorescence
450 nm (clorophyl abs.),

550 nm
(phycoerythrin abs.).

Concentrations of chlorophyll and other
pigments, living status.

Highly variable due to their
physiological conditions.

Imaging Visible light. Intracellular contents, size and
surface roughness. Limited throughput.

Time-stretch Broadband fs-laser. Same as imaging. Complex/bulky setup.

Impedance AC Voltage (1Hz-1MHz). Cytoplasm conductivity and
membrane capacitance. Some species are difficult to model.

RPS DC Voltage. Size. Lack of close contact and possible
overlapping of cells.

For example, scattering-based technologies can measure the size and surface roughness
of the cell; they are used in remote measurements but also in microfluidic channels. The
forward and side light scattering is collected from narrow angles and light diffracted around
the cell, respectively. These measurements are demonstrated to give information about cell
size and shape. Despite this, the low intensity of the signal with respect to fluorescence
can be a drawback. For this reason, the measurement of these properties in LOC devices
is not so usual and when they are used, they are in combination with other techniques.
On the other hand, microfluidic technology combined with Raman spectroscopy precisely
identifies the phytoplankton composition and nutrient contents. However, the low intensity
of the Raman signal in comparison with normal scattering and fluorescence (only 1 in
106–108 photons undergoes Raman scattering) leads to errors during data analysis, limiting
the measure to species with low fluorescence. This effect can be reduced by using different
excitation wavelengths and data processing. Another problem is that some pigments have
an extensive range of bands while other biomolecule signals, such as fats and proteins,
can be masked. Another consideration is that PDMS is not recommended to fabricate the
microfluidic channels as this material can also generate Raman scattering. Finally, the
Raman spectra’s complexity limits the application of chemometric methods. As mentioned
before, recent works have proposed some solutions using longer wavelengths (NIR) and
Fourier spectroscopy with multivariate data analysis. To increase the throughput, some
solutions have been the isolation or immobilisation of single cells and droplet microfluidic
devices (RADS).

In the case of fluorescence, phytoplankton have their unique fluorescence spectra due
to the different pigment ratios. For this reason, it can be combined with other techniques to
classify species. Fluorescence spectroscopy can detect small concentrations of chlorophyll
and other pigments, but it is not very specific. The main problem is that phytoplankton
cells’ fluorescence is highly variable due to their physiological conditions. Phytoplankton
fluorescence depends on several parameters, e.g., the taxonomic position, the pigment
content and ratio, the nutrient conditions, the growth stage, photoadaptation and physio-
logical state. Thus, deriving the biomass of spectral groups using the spectral fluorescence
of multicomponent natural samples is not trivial. In the case of microfluidics, the size
reduction increases the throughput; some works have demonstrated the detection of the
living status of single phytoplankton cells and their viability quantitatively. In addition,
due to the sort interrogation times, it can be used in sorting devices.

By leveraging algorithms such as deep learning and compression detection, flow
cytometry based on microfluidic imaging could perform the powerful function of automati-
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cally identifying and counting phytoplankton. Particularly enabled by new multifunctional
imaging techniques, the microfluidic flow cytometer can offer information regarding cell
morphology, intracellular lipid and pigment. Compared to microfluidic devices based on
fluorescence detection and Raman spectroscopy, the imaging-based flow cytometer offers
flexibility and feasibility to perform machine automation without human intervention. On
the other hand, the automatic identification and classification of the phytoplankton require
a database for machine training. Therefore the demand for sample preparatory images
based on high experience must be implemented before on-site use. Another issue is the
limitation of processed cells per second due to the limited capture speed of current CCD
and CMOS systems (limited throughput). A solution to this problem can be optofluidic
time-stretch microscopy, which can perform high-throughput imaging flow cytometry up
to 100,000 cells per second. However, the complexity of the setup (fs-laser, dispersers, etc.)
makes it difficult to make portable devices.

Finally, impedance measurements can be an excellent complementary option, as they
can be combined perfectly with previous techniques. The measurements can give informa-
tion about cytoplasm conductivity and membrane capacitance, producing a characteristic
signature for each species. The main problem is that phytoplankton without cell walls or
with other biologic configurations are challenging to model. Another inconvenience is the
requirement of impedance analysers that can be bulky for portable systems; despite this,
custom circuits could be made to solve this issue. On the other hand, to simplify the setup,
RPS can provide information about the size with a simple setup. The main drawback of
this kind of system is the lack of close contact between cells and electrodes when passing
through the microchannel and the possible overlapping of two or more cells in the channel.
One solution could be the use of narrower channels and sorting methods.

6. Conclusions

We have presented an overview of the status and challenges of the most relevant
microfluidic systems for phytoplankton research. There is a clear need for such innovative
microscale technology as several applications would benefit significantly. Lab on chip
systems with microfluidic channels possess many advantages, such as fast measurements,
high sensitivity, multifunctionality and possible portability. Despite this, these systems are
mainly in the research stage, with few examples of commercial products. One reason could
be the different modalities that can be used and their difficulty of integration. Each of these
modalities offer unique capabilities but also pose some limitations. For this reason, sorting
methods, multiparametric systems, multifunctional imaging and deep learning can bring
solutions to actual issues. Nevertheless, some emerging proposals are opening new avenues
towards enhanced phytoplankton measurement and the next decade seems promising.

Author Contributions: J.F.A. Conceptualisation, Investigation, Methodology, Writing—Original
draft, Writing—Review and editing, P.R.-V. Conceptualisation, Investigation, Methodology,
Writing—Original draft, Writing—Review and editing, M.G.F.-M. Conceptualisation, Investigation,
Methodology, Writing—Original draft, Writing—Review and editing, J.M.L.-H. Writing—Original
draft, Writing—Review and editing, Project administration, L.R.-C. Investigation, Methodology,
Writing—Original draft, Writing—Review and editing, Project administration, A.C.-G. Writing—
Original draft, Writing—Review and editing, Project administration. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by Ministerio de Ciencia e Innovación and Agencia Estatal
de Investigación (PID2019-107270RB-C21/AIE/10.13039/501100011033. J.F.A. received funding
from Ministerio de Ciencia, Innovación y Universidades of Spain under Juan de la Cierva Incorpo-
ración grant.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

150



Biosensors 2022, 12, 1024

References

1. Field, C.B.; Behrenfeld, M.J.; Randerson, J.T.; Falkowski, P. Primary Production of the Biosphere: Integrating Terrestrial and
Oceanic Components. Science 1998, 281, 237–240. [CrossRef] [PubMed]

2. Sabine, C.L.; Feely, R.A.; Gruber, N.; Key, R.M.; Lee, K.; Bullister, J.L.; Wanninkhof, R.; Wong, C.S.; Wallace, D.W.R.; Tilbrook, B.;
et al. The Oceanic Sink for Anthropogenic CO2. Science 2004, 305, 367–371. [CrossRef] [PubMed]

3. Jeffrey, S.; Wright, S.W.; Zapata, M. Microalgal classes and their signature pigments. In Phytoplankton Pigments: Characteriza-
tion, Chemotaxonomy and Applications in Oceanography; Roy, S., Llewellyn, C.A., Egeland, E.S., Johnsen, G., Eds.; Cambridge
Environmental Chemistry Series; Cambridge University Press: London, UK, 2011; pp. 3–77. [CrossRef]

4. Pérez-Lloréns, J.L. Microalgae: From staple foodstuff to avant-garde cuisine. Int. J. Gastron. Food Sci. 2020, 21, 100221. [CrossRef]
5. Tweddle, J.F.; Gubbins, M.; Scott, B.E. Should phytoplankton be a key consideration for marine management? Mar. Policy 2018,

97, 1–9. [CrossRef]
6. Nehring, S. Establishment of thermophilic phytoplankton species in the North Sea: Biological indicators of climatic changes?

ICES J. Mar. Sci. 1998, 55, 818–823. [CrossRef]
7. Thyssen, M.; Mathieu, D.; Garcia, N.; Denis, M. Short-term variation of phytoplankton assemblages in Mediterranean coastal

waters recorded with an automated submerged flow cytometer. J. Plankton Res. 2008, 30, 1027–1040. [CrossRef]
8. Harvell, C.D.; Kim, K.; Burkholder, J.M.; Colwell, R.R.; Epstein, P.R.; Grimes, D.J.; Hofmann, E.E.; Lipp, E.K.; Osterhaus, A.D.M.E.;

Overstreet, R.M.; et al. Emerging Marine Diseases–Climate Links and Anthropogenic Factors. Science 1999, 285, 1505–1510.
[CrossRef]

9. Knap, A.; Dewailly, E.; Furgal, C.; Galvin, J.; Baden, D.; Bowen, R.E.; Depledge, M.; Duguay, L.; Fleming, L.E.; Ford, T.; et al.
Indicators of ocean health and human health: Developing a research and monitoring framework. Environ. Health Perspect. 2002,
110, 839–845. [CrossRef]

10. Landsberg, J.H. The Effects of Harmful Algal Blooms on Aquatic Organisms. Rev. Fish. Sci. 2002, 10, 113–390. [CrossRef]
11. Ostenfeld, C. On the immigration of Biddulphia sinensis Grev. and its occurrence in the North Sea during 1903–1907. Medd.

Komm. Havunders. Ser. Plankton 1908, 1, 1–44.
12. Gollasch, S.; David, M.; Voigt, M.; Dragsund, E.; Hewitt, C.; Fukuyo, Y. Critical review of the IMO international convention on

the management of ships’ ballast water and sediments. Harmful Algae 2007, 6, 585–600. [CrossRef]
13. Maw, M.M.; Pan, X.; Peng, Z.; Wang, Y.; Zhao, L.; Dai, B.; Wang, J. A Changeable Lab-on-a-Chip Detector for Marine

Nonindigenous Microorganisms in Ship’s Ballast Water. Micromachines 2018, 9, 20. [CrossRef] [PubMed]
14. Sosik, H.M.; Olson, R.J.; Armbrust, E.V., Flow Cytometry in Phytoplankton Research. In Chlorophyll a Fluorescence in Aquatic

Sciences: Methods and Applications; Suggett, D.J., Prášil, O., Borowitzka, M.A., Eds.; Springer: Dordrecht, The Netherlands, 2010;
pp. 171–185. [CrossRef]

15. Stavrakis, S.; Holzner, G.; Choo, J.; deMello, A. High-throughput microfluidic imaging flow cytometry. Curr. Opin. Biotechnol.
2019, 55, 36–43. [CrossRef] [PubMed]

16. Liu, P.; Chin, L.; Ser, W.; Ayi, T.; Yap, P.; Bourouina, T.; Leprince-Wang, Y. An optofluidic imaging system to measure the
biophysical signature of single waterborne bacteria. Lab Chip 2014, 14, 4237–4243. [CrossRef] [PubMed]

17. Elsayed, A.A.; Erfan, M.; Sabry, Y.M.; Dris, R.; Gaspéri, J.; Barbier, J.S.; Marty, F.; Bouanis, F.; Luo, S.; Nguyen, B.T.T.; et al. A
microfluidic chip enables fast analysis of water microplastics by optical spectroscopy. Sci. Rep. 2021, 11, 1–11. [CrossRef]

18. Wu, J.; Gu, M. Microfluidic sensing: State of the art fabrication and detection techniques. J. Biomed. Opt. 2011, 16, 080901.
[CrossRef]

19. Demirci, U.; Khademhosseini, A.; Langer, R.; Blander, J. Microfluidic Technologies for Human Health; World Scientific: Singapore,
2013. [CrossRef]

20. He, F.; Liao, Y.; Lin, J.; Song, J.; Qiao, L.; Cheng, Y.; Sugioka, K. Femtosecond Laser Fabrication of Monolithically Integrated
Microfluidic Sensors in Glass. Sensors 2014, 14, 19402–19440. [CrossRef]

21. Yew, M.; Ren, Y.; Koh, K.S.; Sun, C.; Snape, C. A Review of State-of-the-Art Microfluidic Technologies for Environmental
Applications: Detection and Remediation. Glob. Chall. 2019, 3, 1800060. [CrossRef]

22. Kim, H.S.; Devarenne, T.P.; Han, A. Microfluidic systems for microalgal biotechnology: A review. Algal Res. 2018, 30, 149–161.
[CrossRef]

23. Girault, M.; Beneyton, T.; del Amo, Y.; Baret, J.C. Microfluidic technology for plankton research. Curr. Opin. Biotechnol. 2019,
55, 134–150. [CrossRef]

24. Zheng, X.; Duan, X.; Tu, X.; Jiang, S.; Song, C. The Fusion of Microfluidics and Optics for On-Chip Detection and Characterization
of Microalgae. Micromachines 2021, 12, 1137. [CrossRef] [PubMed]

25. Jeffrey, S.W.; Vesk, M. Introduction to marine phytoplankton and their pigment signatures. Phytoplankton Pigment. Oceanogr. 1997,
37–84.

26. Kirk, J.T.O. Light and Photosynthesis in Aquatic Ecosystems, 2nd ed.; Cambridge University Press: London, UK, 1994. [CrossRef]
27. Bricaud, A.; Claustre, H.; Ras, J.; Oubelkheir, K. Natural variability of phytoplanktonic absorption in oceanic waters: Influence of

the size structure of algal populations. J. Geophys. Res. Ocean. 2004, 109. [CrossRef]
28. Kirkpatrick, G.J.; Millie, D.F.; Moline, M.A.; Schofield, O. Optical discrimination of a phytoplankton species in natural mixed

populations. Limnol. Oceanogr. 2000, 45, 467–471. [CrossRef]

151



Biosensors 2022, 12, 1024

29. Subramaniam, A.; Brown, C.W.; Hood, R.R.; Carpenter, E.J.; Capone, D.G. Detecting Trichodesmium blooms in SeaWiFS imagery.
Deep. Sea Res. Part Ii: Top. Stud. Oceanogr. 2001, 49, 107–121. [CrossRef]

30. Tomlinson, M.; Wynne, T.; Stumpf, R. An evaluation of remote sensing techniques for enhanced detection of the toxic dinoflagel-
late, Karenia brevis. Remote Sens. Environ. 2009, 113, 598–609. [CrossRef]

31. Morel, A.; Bricaud, A. Theoretical results concerning light absorption in a discrete medium, and application to specific absorption
of phytoplankton. Deep. Sea Res. Part A Oceanogr. Res. Pap. 1981, 28, 1375–1393. [CrossRef]

32. Goericke, R.; Repeta, D. Chlorophyll-A and chlorophyll-B and divinyl chlorophyll-A and chlorophyll-B in the open subtropical
North Atlantic Ocean. Mar. Ecol. Prog. Ser. 1993, 101, 307–313. [CrossRef]

33. Bidigare, R.R.; Ondrusek, M.E.; Morrow, J.H.; Kiefer, D.A. In-Vivo Absorption Properties of Algal Pigments; Ocean Optics, X.,
Spinrad, R.W., Eds.; International Society for Optics and Photonics, SPIE: Bellingham, WA, USA, 1990; Volume 1302, pp. 290–302.
[CrossRef]

34. Lain, L.R.; Bernard, S. The Fundamental Contribution of Phytoplankton Spectral Scattering to Ocean Colour: Implications for
Satellite Detection of Phytoplankton Community Structure. Appl. Sci. 2018, 8, 2681. [CrossRef]

35. Stramska, M.; Stramski, D.; Mitchell, B.G.; Mobley, C.D. Estimation of the absorption and backscattering coefficients from
in-water radiometric measurements. Limnol. Oceanogr. 2000, 45, 628–641. [CrossRef]

36. Aas, E. Refractive index of phytoplankton derived from its metabolite composition. J. Plankton Res. 1996, 18, 2223–2249.
[CrossRef]

37. Balch, W.M.; Kilpatrick, K.A.; Trees, C.C. The 1991 coccolithophore bloom in the central North Atlantic. 1. Optical properties and
factors affecting their distribution. Limnol. Oceanogr. 1996, 41, 1669–1683. [CrossRef]

38. Wyatt, P.J.; Jackson, C. Discrimination of phytoplankton via light-scattering properties. Limnol. Oceanogr. 1989, 34, 96–112.
[CrossRef]

39. Sullivan, J.M.; Twardowski, M.S. Angular shape of the oceanic particulate volume scattering function in the backward direction.
Appl. Opt. 2009, 48, 6811–6819. [CrossRef]

40. Measurement and modeling of volume scattering functions for phytoplankton from Norwegian coastal waters. J. Mar. Res. 2017,
75, 579–603. [CrossRef]

41. Volten, H.; de Haan, J.F.; Hovenier, J.W.; Schreurs, R.; Vassen, W.; Dekker, A.G.; Hoogenboom, H.J.; Charlton, F.; Wouts,
R. Laboratory measurements of angular distributions of light scattered by phytoplankton and silt. Limnol. Oceanogr. 1998,
43, 1180–1197. [CrossRef]

42. Lotsberg, J.; Marken, E.; Stamnes, J.; Erga, S.; Aursland, K.; Olseng, C. Laboratory measurements of light scattering from marine
particles. Limnol. Oceanogr. Methods 2007, 5, 34–40. [CrossRef]

43. Zugger, M.E.; Messmer, A.; Kane, T.J.; Prentice, J.; Concannon, B.; Laux, A.; Mullen, L. Optical scattering properties of
phytoplankton: Measurements and comparison of various species at scattering angles between 1° and 170°. Limnol. Oceanogr.
2008, 53, 381–386. [CrossRef]

44. Moore, C.; Barnard, A.; Fietzek, P.; Lewis, M.R.; Sosik, H.M.; White, S.; Zielinski, O. Optical tools for ocean monitoring and
research. Ocean. Sci. 2009, 5, 661–684. [CrossRef]

45. Heraud, P.; Wood, B.R.; Beardall, J.; McNaughton, D. Probing the Influence of the Environment on Microalgae Using Infrared and
Raman Spectroscopy. In New Approaches in Biomedical Spectroscopy; ACS Publications: Washington, DC, USA, 2007; Chapter 7; pp.
85–106. [CrossRef]

46. Andreasen, M.; Lundgreen, K.; Holbech, H.; Hedegaard, M.A. Raman spectroscopy as a tool for viability assessment of planktonic
organisms in UV treated ballast water. Vib. Spectrosc. 2020, 110, 103142. [CrossRef]

47. He, S.; Xie, W.; Zhang, P.; Fang, S.; Li, Z.; Tang, P.; Gao, X.; Guo, J.; Tlili, C.; Wang, D. Preliminary identification of unicellular
algal genus by using combined confocal resonance Raman spectroscopy with PCA and DPLS analysis. Spectrochim. Acta Part Mol.
Biomol. Spectrosc. 2018, 190, 417–422. [CrossRef] [PubMed]

48. Barletta, R.E.; Krause, J.W.; Goodie, T.; El Sabae, H. The direct measurement of intracellular pigments in phytoplankton using
resonance Raman spectroscopy. Mar. Chem. 2015, 176, 164–173. [CrossRef]

49. Hoskins, L.C.; Alexander, V. Determination of carotenoid concentrations in marine phytoplankton by resonance Raman
spectrometry. Anal. Chem. 1977, 49, 695–697. [CrossRef] [PubMed]

50. Novikova, N.I.; Matthews, H.; Williams, I.; Sewell, M.A.; Nieuwoudt, M.K.; Simpson, M.C.; Broderick, N.G.R. Detecting
Phytoplankton Cell Viability Using NIR Raman Spectroscopy and PCA. ACS Omega 2022, 7, 5962–5971. [CrossRef] [PubMed]

51. Ahmmed, F.; Fraser-Miller, S.J.; Garagoda Arachchige, P.S.; Schallenberg, M.; Novis, P.; Gordon, K.C. Lake snow caused by
the invasive diatom Lindavia intermedia can be discriminated from different sites and from other algae using vibrational
spectroscopy. J. Raman Spectrosc. 2021, 52, 2597–2608. [CrossRef]

52. Lorenzen, C.J. A method for the continuous measurement of in vivo chlorophyll concentration. Deep. Sea Res. Oceanogr. Abstr.
1966, 13, 223–227. [CrossRef]

53. Nair, A.; Sathyendranath, S.; Platt, T.; Morales, J.; Stuart, V.; Forget, M.H.; Devred, E.; Bouman, H. Remote sensing of
phytoplankton functional types. Remote Sens. Environ. 2008, 112, 3366–3375. [CrossRef]

54. Prézelin, B.B.; Alberte, R.S. Photosynthetic characteristics and organization of chlorophyll in marine dinoflagellates. Proc. Natl.
Acad. Sci. USA 1978, 75, 1801–1804. [CrossRef]

152



Biosensors 2022, 12, 1024

55. Falkowski, P.G.; Owens, T.G. Light—Shade Adaptation 1: Two strategies in marine phytoplankton. Plant Physiol. 1980,
66, 592–595. [CrossRef]

56. Babin, M.; Roesler, C.S.; Cullen, J.J. Real-Time Coastal Observing Systems for Marine Ecosystem Dynamics and Harmful Algal Blooms:
Theory, Instrumentation and Modelling; UNESCO: Paris, France, 2008. [CrossRef]

57. Seppälä, J.V. Spectral Absorption and Fluorescence Characteristics of the Baltic Sea Phytoplankton; International Council for the
Exploration of the Sea (ICES), København, Denmark, 2003.

58. Falkowski, P.; Kiefer, D.A. Chlorophyll a fluorescence in phytoplankton: Relationship to photosynthesis and biomass*. J. Plankton
Res. 1985, 7, 715–731. [CrossRef]

59. Syama, S.; Mohanan, P. Microfluidic based human-on-a-chip: A revolutionary technology in scientific research. Trends Food Sci.
Technol. 2021, 110, 711–728. [CrossRef]

60. Sun, J.; Warden, A.R.; Ding, X. Recent advances in microfluidics for drug screening. Biomicrofluidics 2019, 13, 061503. [CrossRef]
[PubMed]

61. Dai, J.; Hamon, M.; Jambovane, S. Microfluidics for Antibiotic Susceptibility and Toxicity Testing. Bioengineering 2016, 3.
[CrossRef] [PubMed]

62. van Noort, D.; Ong, S.M.; Zhang, C.; Zhang, S.; Arooz, T.; Yu, H. Stem cells in microfluidics. Biotechnol. Prog. 2009, 25, 52–60.
[CrossRef]

63. Chung, C.J.; Xu, X.; Pan, Z.; Mokhtari-Koushyar, F.; Wang, R.; Yan, H.; Subbaraman, H.; Chen, R.T. Silicon-Based Hybrid
Integrated Photonic Chip for K u band Electromagnetic Wave Sensing. J. Light. Technol. 2018, 36, 1568–1575. [CrossRef]

64. Liu, Q.; Shin, Y.; Kee, J.S.; Kim, K.W.; Mohamed Rafei, S.R.; Perera, A.P.; Tu, X.; Lo, G.Q.; Ricci, E.; Colombel, M.; et al.
Mach–Zehnder interferometer (MZI) point-of-care system for rapid multiplexed detection of microRNAs in human urine
specimens. Biosens. Bioelectron. 2015, 71, 365–372. [CrossRef]

65. Psaltis, D.; Quake, S.R.; Yang, C. Developing optofluidic technology through the fusion of microfluidics and optics. Nature 2006,
442, 381–386. [CrossRef]

66. Monat, C.; Domachuk, P.; Eggleton, B. Integrated optofluidics: A new river of light. Nat. Photonics 2007, 1, 106–114. [CrossRef]
67. Cheng, Y.; Sugioka, K.; Midorikawa, K. Microfluidic laser embedded in glass by three-dimensional femtosecond laser micropro-

cessing. Opt. Lett. 2004, 29, 2007–2009. [CrossRef]
68. Sun, H.; He, F.; Zhou, Z.; Cheng, Y.; Xu, Z.; Sugioka, K.; Midorikawa, K. Fabrication of microfluidic optical waveguides on glass

chips with femtosecond laser pulses. Opt. Lett. 2007, 32, 1536–1538. [CrossRef]
69. Osellame, R.; Hoekstra, H.; Cerullo, G.; Pollnau, M. Femtosecond laser microstructuring: An enabling tool for optofluidic

lab-on-chips. Laser Photonics Rev. 2011, 5, 442–463. [CrossRef]
70. Sugioka, K.; Cheng, Y. Femtosecond laser processing for optofluidic fabrication. Lab Chip 2012, 12, 3576–3589. [CrossRef]

[PubMed]
71. Vazquez, R.M.; Osellame, R.; Nolli, D.; Dongre, C.; van den Vlekkert, H.; Ramponi, R.; Pollnau, M.; Cerullo, G. Integration of

femtosecond laser written optical waveguides in a lab-on-chip. Lab Chip 2009, 9, 91–96. [CrossRef] [PubMed]
72. Schmidt, H.; Hawkins, A.R. The photonic integration of non-solid media using optofluidics. Nat. Photonics 2011, 5, 598–604.

[CrossRef]
73. Schaap, A.; Dumon, J.; den Toonder, J. Sorting algal cells by morphology in spiral microchannels using inertial microfluidics.

Microfluid. Nanofluidics 2016, 20, 1–11. [CrossRef]
74. Chocarro-Ruiz, B.; Fernández-Gavela, A.; Herranz, S.; Lechuga, L.M. Nanophotonic label-free biosensors for environmental

monitoring. Curr. Opin. Biotechnol. 2017, 45, 175–183. [CrossRef]
75. Zhang, D.; Men, L.; Chen, Q. Microfabrication and Applications of Opto-Microfluidic Sensors. Sensors 2011, 11, 5360–5382.

[CrossRef]
76. Righini, G.C.; Chiappini, A. Glass optical waveguides: A review of fabrication techniques. Opt. Eng. 2014, 53, 1–15. [CrossRef]
77. McDonald, J.C.; Duffy, D.C.; Anderson, J.R.; Chiu, D.T.; Wu, H.; Schueller, O.J.A.; Whitesides, G.M. Fabrication of microfluidic

systems in poly(dimethylsiloxane). Electrophoresis 2000, 21, 27–40. [CrossRef]
78. Gattass, R.R.; Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Photonics 2008, 2, 219–225. [CrossRef]
79. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light. Sci. Appl. 2014, 3, 149–149.

[CrossRef]
80. He, F.; Cheng, Y.; Xu, Z.; Liao, Y.; Xu, J.; Sun, H.; Wang, C.; Zhou, Z.; Sugioka, K.; Midorikawa, K.; et al. Direct fabrication of

homogeneous microfluidic channels embedded in fused silica using a femtosecond laser. Opt. Lett. 2010, 35, 282–284. [CrossRef]
[PubMed]

81. He, F.; Cheng, Y.; Qiao, L.; Wang, C.; Xu, Z.; Sugioka, K.; Midorikawa, K.; Wu, J. Two-photon fluorescence excitation with a
microlens fabricated on the fused silica chip by femtosecond laser micromachining. Appl. Phys. Lett. 2010, 96, 041108. [CrossRef]

82. He, F.; Lin, J.; Cheng, Y. Fabrication of hollow optical waveguides in fused silica by three-dimensional femtosecond laser
micromachining. Appl. Phys. B 2011, 105, 379–384. [CrossRef]
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109. Pilát, Z.; Ježek, J.; Kaňka, J.; Zemánek, P. Raman tweezers in microfluidic systems for analysis and sorting of living cells. In
Imaging, Manipulation and Analysis of Biomolecules, Cells and Tissues XII; Farkas, D.L., Nicolau, D.V., Leif, R.C., Eds.; International
Society for Optics and Photonics, SPIE: Bellingham, WA, USA, 2014; Volume 8947, p. 89471M. [CrossRef]

110. Snook, R.D.; Harvey, T.J.; Correia Faria, E.; Gardner, P. Raman tweezers and their application to the study of singly trapped
eukaryotic cells. Integr. Biol. 2009, 1, 43–52. [CrossRef]

111. McIlvenna, D.; Huang, W.E.; Davison, P.; Glidle, A.; Cooper, J.; Yin, H. Continuous cell sorting in a flow based on single cell
resonance Raman spectra. Lab Chip 2016, 16, 1420–1429. [CrossRef] [PubMed]

112. Kim, H.S.; Waqued, S.C.; Nodurft, D.T.; Devarenne, T.P.; Yakovlev, V.V.; Han, A. Raman spectroscopy compatible PDMS droplet
microfluidic culture and analysis platform towards on-chip lipidomics. Analyst 2017, 142, 1054–1060. [CrossRef] [PubMed]

154



Biosensors 2022, 12, 1024

113. Wang, X.; Ren, L.; Su, Y.; Ji, Y.; Liu, Y.; Li, C.; Li, X.; Zhang, Y.; Wang, W.; Hu, Q.; et al. Raman-Activated Droplet Sorting (RADS)
for Label-Free High-Throughput Screening of Microalgal Single-Cells. Anal. Chem. 2017, 89, 12569–12577. [CrossRef] [PubMed]

114. Morgan, G.B.H.S.M. Discrimination and analysis of phytoplankton using a microfluidic cytometer. IET Nanobiotechnol. 2007,
1, 94–101.

115. Schaap, A.; Bellouard, Y.; Rohrlack, T. Optofluidic lab-on-a-chip for rapid algae population screening. Biomed. Opt. Express 2011,
2, 658–664. [CrossRef] [PubMed]

116. Wang, J.; Sun, J.; Song, Y.; Xu, Y.; Pan, X.; Sun, Y.; Li, D. A Label-Free Microfluidic Biosensor for Activity Detection of Single
Microalgae Cells Based on Chlorophyll Fluorescence. Sensors 2013, 13, 16075–16089. [CrossRef] [PubMed]

117. Wang, J.; Song, Y.; Maw, M.M.; Song, Y.; Pan, X.; Sun, Y.; Li, D. Detection of size spectrum of microalgae cells in an integrated
underwater microfluidic device. J. Exp. Mar. Biol. Ecol. 2015, 473, 129–137. [CrossRef]

118. Ding, G.; Wang, J.; Tian, P.; Zhang, J.; Zou, J.; Wu, Y.; Wu, X.; Pan, X. A Novel Handheld High-Throughput Device for Rapid
Detection of Phytoplankton in Ship’s Ballast Water. IEEE Trans. Instrum. Meas. 2021, 70, 1–13. [CrossRef]

119. Best, R.J.; Lyczakowski, J.J.; Abalde-Cela, S.; Yu, Z.; Abell, C.; Smith, A.G. Label-Free Analysis and Sorting of Microalgae and
Cyanobacteria in Microdroplets by Intrinsic Chlorophyll Fluorescence for the Identification of Fast Growing Strains. Anal. Chem.
2016, 88, 10445–10451. [CrossRef]

120. Kachel, V.; Benker, G.; Lichtnau, K.; Valet, G.; Glossner, E. Fast imaging in flow: A means of combining flow cytometry and image
analysis. J. Histochem. Cytochem. 1979, 27, 335–341. [CrossRef]

121. Ong, S.; Horne, D.; Yeung, C.; Nickolls, P.; Cole, T. Development of an imaging flow cytometer. Anal. Quant. Cytol. Histol. 1987,
9, 375—382. [PubMed]

122. Hildebrand, M.; Davis, A.; Abbriano, R.; Pugsley, H.R.; Traller, J.C.; Smith, S.R.; Shrestha, R.P.; Cook, O.; Sánchez-Alvarez, E.L.;
Manandhar-Shrestha, K.; et al. Applications of Imaging Flow Cytometry for Microalgae. In Imaging Flow Cytometry: Methods and
Protocols; Barteneva, N.S., Vorobjev, I.A., Eds.; Springer: New York, NY, USA, 2016; pp. 47–67. [CrossRef]

123. Dashkova, V.; Malashenkov, D.; Poulton, N.; Vorobjev, I.; Barteneva, N.S. Imaging flow cytometry for phytoplankton analysis.
Methods 2017, 112, 188–200. [CrossRef] [PubMed]

124. Holzner, G.; Mateescu, B.; van Leeuwen, D.; Cereghetti, G.; Dechant, R.; Stavrakis, S.; deMello, A. High-throughput multipara-
metric imaging flow cytometry: Toward diffraction-limited sub-cellular detection and monitoring of sub-cellular processes. Cell
Rep. 2021, 34, 108824. [CrossRef] [PubMed]

125. Olson, R.J.; Shalapyonok, A.; Kalb, D.J.; Graves, S.W.; Sosik, H.M. Imaging FlowCytobot modified for high throughput by in-line
acoustic focusing of sample particles. Limnol. Oceanogr. Methods 2017, 15, 867–874. [CrossRef]

126. Owen, B.M.; Hallett, C.S.; Cosgrove, J.J.; Tweedley, J.R.; Moheimani, N.R. Reporting of methods for automated devices: A
systematic review and recommendation for studies using FlowCam for phytoplankton. Limnol. Oceanogr. Methods 2022,
20, 400–427. [CrossRef]
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