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HIGHLIGHTS GRAPHICAL ABSTRACT

e A fully automated, high-throughput
electro-extraction (EE) and analysis
workflow was developed.

e High enrichment factors of up to 400
and extraction recovery of up to 99 %
for acylcarnitines.

e 120 samples can be extracted and ' control softwarej +
analyzed per day with cost of <0.1 Euro ) |
per sample.

e The workflow was successfully applied
to human plasma and mouse muscle
tissues.
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* Full automation;

* 120 samples per day;

* < 0.1 Euro per sample;

* Enrichment factor up to 400;

* Extraction recovery up to 99%;

* Small sample consumption.

Human plasma Mouse muscle Mass spectrum
ARTICLE INFO ABSTRACT
Keywords: Background: The labor-intensive and time-consuming nature of sample preparation poses significant challenges
Electro-extraction for bioanalysis, especially for large-scale samples characterized by limited volumes/mass, and low analyte

Automation
High-throughput
Sample-preparation
Bioanalysis
Sarcopenia

abundance. Additionally, manual sample processing can compromise reproducibility. To overcome these limi-
tations, automation and high-throughput methodologies are essential, highlighting the need for an automated,
high-throughput sample preparation and analysis workflow.

Resuits: This study presents a fully automated, high-throughput electro-extraction (EE) platform integrated with a
CTC PAL3 autosampler and liquid chromatography-mass spectrometry analyzer. The integrated platform un-
derwent qualification, followed by optimization of EE parameters using a Design of Experiment approach. Ten
acylcarnitines were selected as model analytes. The optimization models exhibited strong fits (p < 0.006, R? >
0.91). The optimized platform achieved an enrichment factor of up to 400 (an extraction recovery of up to 99 %)
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in designed academic samples, and was effectively implemented and evaluated using 20 pL of spiked human
plasma samples. To test clinically relevant materials, the platform was utilized to study the effects of muscle
tissue isolation speed on acylcarnitine stability, and to examine acylcarnitine abundance across muscle types in
progeria (sarcopenia) mouse muscle. We found that the speed of muscle isolation does not affect measured levels
of acylcarnitines, and detected higher acylcarnitine abundances are consistent with literature.

Significance: This study provides an automated, high-throughput, and cost-effective workflow enabling extraction
and analysis of 120 samples per day, with a cost of <0.1 Euro per sample. It presents a significant stride towards
the creation of fully-automated, high-throughput bioanalysis workflows for large-scale studies involving biomass
limited samples in the foreseeable future.

1. Introduction

Sample preparation is a pivotal step in the bio-analytical workflow,
including the extraction, enrichment, and removal of interferents from
analytes. The manual approaches to sample preparation often encounter
significant challenges, notably labor intensity and time consumption,
especially when handling a high number of samples that are limited in
mass/volume or have low analyte abundance [1-4]. Moreover, manual
sample preparation can compromise reproducibility when analyzing
numerous samples [5,6]. Addressing these challenges requires the
exploration of alternative methodologies. This includes fully automated,
high-throughput sample preparation techniques that can reliably purify
and concentrate analytes from small-volume/mass and/or low abun-
dance samples. Such methods should also reduce solvent usage and be
directly coupled to analytical instrumentations, ie., liquid
chromatography-mass spectrometry (LC-MS) or capillary
electrophoresis-mass spectrometry [1,7-10].

Liquid-liquid extraction (LLE) and solid-phase extraction (SPE) have
been predominant sample-preparation methods over the past decades
[11-13]. However, these techniques are both labor and time-intensive,
relying heavily on the use of significant amounts of environmentally
unfriendly reagents. This often results in analyte dilution, especially for
samples with limited volumes. Electro-driven extraction, where charged
analytes migrate from the sample to the acceptor phase under an applied
electric field, has garnered attention in recent years. Its appeal lies in its
straightforward extraction process, minimal reagent and sample con-
sumption, and high analyte enrichments [14-17]. There are two pri-
mary classifications of this method: supported liquid membrane
electro-membrane-extraction (SLM-EME) and free liquid membrane
electro-membrane-extraction (FLM-EME). The distinguishing factor
between them is the presence of a solid membrane separating the sample
and acceptor phase [17]. FLM-EME is a more cost-effective and readily
automated option due to the exclusion of a solid membrane. Three-phase
electro-extraction (EE) with an aqueous acceptor droplet generated in
the organic phase is a subtype FLM-EME, was first performed on an
automated nanoESI robot (Triversa NanoMate) by Raterink et al. [18]. A
limitation of this setup was its offline coupling with separation and
analysis instruments, which affected its analysis throughput and led to
the injection of only a fraction of the extract [18]. We automated the
three-phase EE by using a CTC PAL robotic autosampler with integration
of a machine vision system and a well plate made of cyclic olefin
copolymer (COC) selected due to its optical transparency (for the digital
camera), chemical resistance to the reagents used, and good machin-
ability [19]. However, the custom-designed well plate, measuring 98 x
16 x 6 mm, could accommodate only up to 3 samples due to the con-
straints of the commercial COC plate size (100 x 100 x 6 mm).
Furthermore, the commencement of each new sample required manual
repositioning of the well plate to facilitate syringe needle insertion into
the correct sample, which does not fit with high-throughput sample
preparation and analysis requirement.

Sarcopenia, an age-associated disease, manifests as diminished
muscle mass and function, posing a significant global health concern
[20,21]. Mice deficient in the multi-functional DNA excision-repair gene
Erccl (Ercc1*/) accumulate DNA damage in a time- and

exposure-dependent manner, progressively compromising DNA func-
tion, including interfering with gene expression by physically stalling
transcribing RNA polymerases. This so-called “transcription stress” leads
to cellular functional decline, causing accelerated aging and numerous
age-related pathologies and other features seen in natural aging
[22-27]. These mice are widely used in the investigation of aging and
age-related diseases, for example, sarcopenia [28-32]. As the Ercc1?/~
mice exhibit early cessation of growth, only small amounts (i.e., 5-20 mg
dry weight) of (skeletal) muscle can be collected. Acylcarnitines, i.e.
acetyl-carnitine, decanoyl-carnitine, hexanoyl-carnitine, and
lauroyl-carnitine, play important roles in fatty acids transport into
mitochondria for energy production in muscle cells, and are highly
associated with muscle strength and functioning. Raterink et al. opti-
mized acylcarnitine extraction by an EE method [18]. However, an
automated and high-throughput EE setup for acylcarnitines still needs to
be developed, optimized, and applied to biological samples, i.e., muscle
tissues from progeria (ErcclA/ ) mice.

Therefore, in this study, a fully automated and high-throughput
sample preparation platform, three-phase EE, was developed and inte-
grated with an LC-MS analyzer. Three crucial EE parameters, i.e. ratio of
formic acid (FA) in sample to acceptor phase, extraction voltage, and
extraction time, and ten kinds of acylcarnitines, i.e. carnitine, acetyl-
carnitine, propionyl-carnitine, isobutyryl-carnitine, valeryl-carnitine,
hexanoyl-carnitine, octenoyl-carnitine, octanoyl-carnitine, decanoyl-
carnitine, and lauroyl-carnitine, were utilized for the EE parameter
optimization using an experimental design methodology (Box-Behnken
design). The optimal platform was first evaluated using human plasma
samples and the utility was then demonstrated on Ercc1/- mouse muscle
tissues exhibiting sarcopenia mimicking a medically relevant setting to
investigate the acylcarnitine abundance differences across muscle types,
and whether immediate sample isolation (directly after mouse dissec-
tion) is necessary for acylcarnitine stability.

2. Material and methods
2.1. Chemicals

L-carnitine, acetyl-L-carnitine, DL-decanoylcarnitine, DL-
hexanoylcarnitine, lauroyl-L-carnitine, isobutyryl-L-carnitine, DL-octa-
noylcarnitine, octenoyl-L-carnitine, propionyl-L-carnitine, valeryl-L-
carnitine, and crystal violet were obtained from Sigma-Aldrich (Stein-
heim, Germany). MilliQ water was obtained from a Millipore high-
purity water dispenser (Billerica, MA, USA). Formic acid and acetic
acid were purchased from Acros Organics BVBA (Geel, Belgium). Ethyl
acetate, methanol (MeOH) and acetonitrile were purchased from Bio-
solve Chimie SARL (Dieuze, France). All solvents were HPLC grade or
higher.

2.2. Standard solutions and spiked plasma samples

All acylcarnitines were initially prepared in MeOH stock solutions at
a concentration of 6.25 pg mL™. Standard solutions were prepared by
diluting stock solutions to a concentration of 200 ng mL™! in stated
percentage of FA as academic samples. To evaluate the optimized EE
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method, these standard solutions were also spiked to undiluted, 5-fold,
and 10-fold diluted plasma samples with the final volume of 200 pL,
both with and without protein precipitation (PP) procedures, main-
taining a concentration of 200 ng mL™'. For the PP process, plasma
samples underwent protein precipitation using ice-cold MeOH at a ratio
of 4:1 (MeOH: plasma, v/v) [33]. The resulting supernatant was then
dried using a SpeedVac Vacuum concentrator (Thermo Savant SC210A,
Waltham, Massachusetts, United States) and reconstituted at the stated
percentage of FA in water to achieve 1-, 5-, and 10-times dilutions based
on the initial volume. Human EDTA-treated plasma samples (Sanquin,
Leiden, The Netherlands) were kept frozen at —80 °C until analysis and
were thawed at room temperature directly before use.

2.3. Mouse muscle samples

Muscle tissues from mice deficient in the DNA excision-repair gene
Erccl (Ercc1?/) were utilized for the study on the effect of sample
isolation speed on acylcarnitine stability including immediate and 15-
min-delayed muscle collection. The generation and characterization of
Ercc1*” mice have been previously described [23,24,31]. Commonly
used muscle types for molecular analyses, gastrocnemius + soleus (Gas
+ Sol), quadriceps (Quadr), and extensor digitorum longus + tibialis
anterior (EDL + TA), were collected from the hindlimbs of the animals.
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The dry weight of the collected muscle tissue ranged from 5.3 to 19.4
mg. More detailed information can be found in Supporting Information.
Before the extraction by automated EE, the mouse muscle tissues were
firstly lyophilized in a VaCo I freeze-dryer (Zirbus, Bad Grund, Germany;
connected to an E2M12 high vacuum pump, Edwards, Crawley, En-
gland) for 24 h and weighed. Dry-homogenization in a Bullet Blender
(BBX24; Next Advance, Averill Park, NY, USA) for 15 min at speed 9
with 100 mg (+10 %) zirconium oxide beads (0.5 mm; Next Advance,
Averill Park, NY, USA) was used to process the freeze-dried tissue [34].
200 pL formic acid solution (with optimum percentage) was added to
Eppendorf tubes used for homogenization, then the solvent and muscle
were moved to the designed 96-well plate for electro-extraction.

2.4. The automated, high-throughput EE setup

A CTC PAL3 RSI/RTC dual-headed robotic autosampler (CTC Ana-
lytics AG, Zwingen, Switzerland) was used for the automated EE plat-
form as previously described [19]. Briefly, a 6-port VICI Cheminert
Nanovolume vertical port injector valve was equipped with a 2 pL
stainless steel loop (VICI AG, Schenkon, Switzerland) for sample injec-
tion; a drawer was used to store the samples (6 °C) (Fig. 1 A); a modified
10 pL syringe (CTC Analytics AG, Zwingen, Switzerland) (Fig. 1 B), a
0-1500 V DC high voltage power supply (RB10 1.5P, Matsusada
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Fig. 1. Schematic diagram of the electro-extraction module integrated on the autosampler (A), modified syringe holder tool and syringe for EE (B), and details of the

modified 96-well plate with a custom bottom electrode (C).
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Precision, Shiga, Japan) and a custom 96-well plate (Fig. 1 C) were used
for high-throughput EE process.

A 2.2 mL polypropylene 96-well plate (Ratiolab, Dreieich, Germany)
was modified by cutting off the conical bottom part to form a 3 mm
diameter circular hole in each well (Fig. 1C). An aluminum plate (116 x
74 x 2.4 mm) with 96 through-holes of 3.0 mm diameter was fabricated
to be assembled with the modified 96-well plate. Ethylene propylene
diene monomer (EPDM) O-rings 3 x 1 mm (ERIKS, Alkmaar
Netherlands) were used for sealing the wells. EPDM O-rings were
selected for their resistance to solvents and economic advantage. Four
screws (2.8 mm diameter) and gaskets were used for assembly stability.
Nuts fitting the screw size were fabricated in four positions in the cor-
ners of the aluminum plate. A polyether ether ketone (PEEK) plate
(127.4 x 85 x 6 mm) was fabricated and attached to the bottom of the
aluminum plate to insulate the electrode from the autosampler. Two
holes in the PEEK plate were used for the power cable connection with
the aluminum plate (Fig. 1C). All custom parts were designed and
manufactured by the Fine Mechanical Department at Leiden University.

The EE process was controlled using an in-house developed LabView
software (LabView 2021, National Instruments, Austin, Texas, USA).
The CTC PAL3 autosampler was programmed and controlled with PAL
Sample Control (PSC) 3.10 (CTC Analytics AG, Zwingen, Switzerland).
An NI USB-6008 interface (National Instruments, Austin, Texas, USA)
was utilized to synchronize with the autosampler via start/stop signals,
supply 0-5V control signal to the power supply, and monitor the process
current. Essential parameters for the EE process, i.e., droplet volumes,
extraction voltage, and extraction time, were input into the PSC sample
list and communicated to the LabView software via a plaintext file.

2.5. Electro-extraction process

All the solvents and samples were stored at 6 °C within the auto-
sampler drawer. At the start of sample analysis, the autosampler’s left
head, using a 1000 pL glass syringe (CTC Analytics AG, Zwingen,
GmbH), separately transported 200 pL of samples and 250 pL of MilliQ
water-saturated ethyl acetate from vials in the drawer to the 96-well
plate for electro-extraction. Following each sample/solvent transfer,
the 1000 pL syringe underwent cleaning with MeOH and water, per-
formed thrice each. Then EE was applied by a modified 10 pL syringe on
the autosampler right head as previously described [19]. A 0.5 pL
acceptor droplet formed at the syringe needle tip after it was lowered
into ethyl acetate in the well. The EE occurred at the set voltage and
time, and the acceptor droplet was aspirated and injected in the valve for
the LC-MS analysis. The 10 pL syringe was then cleaned with MeOH and
water 3 times each. This workflow would then continue automatically
until finishing all samples analysis. For muscle tissue extraction, 250 pL
of MilliQ water-saturated ethyl acetate was transferred to the 96-well
plate containing the formic acid homogenized muscle samples by the
autosampler left head with a 1000 pL glass syringe. The extraction
process was the same as described above. LC-MS methods for analyzing
acylcarnitines were detailed in SI.

2.6. Data analysis and calculation

RStudio (Version April 1, 1106) and R (Version 4.0.5) were used for
MS data analysis. Design-Expert (version 12.0, Stat-Ease, Minneapolis,
USA) was utilized for the optimization of the parameters of the three-
phase EE by using a Box-Behnken design (BBD) of experiment. The
enrichment factor (EF) [15,18,35] and extraction recovery (ER) [15,36]
were calculated by equations (1) and (2):

EF = [Acceptor phase] .z, gz / [Aqueous sample] y,,., (Equation 1)

ER(%) =EF x V4/V;-100% (Equation 2)

where V4 and V; are the volumes of the acceptor droplet (0.5 pL) and
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aqueous sample (200 pL), respectively.

The limits of detection (LODs) were determined using a reported
method based on the calibration curve and regression analysis of theo-
retical versus measured concentrations [37]. The peak area of acylcar-
nitines were normalized by the muscle dry weight, and statistically
analyzed for further study.

3. Results and discussion
3.1. Qualification of the integrated EE-CTC system

The qualification of the EE-CTC system was conducted by assessing
the modified syringe performance, automation workflow, and inte-
grated software for controlling electro-extraction.

The modified syringe’s performance was assessed through injection
repeatability and carry-over tests using acylcarnitine standards (200 ng
mL 1) in partial-loop (1.0 pL, 1.5 pL) and full-loop (a 2.0 pL loop) in-
jections. Following each acylcarnitine injection, three blank samples
(MilliQ water) were processed, and this sequence was repeated five
times. The relative standard deviation (RSD) was <10.3 % for 1.0 pL,
<9.2 % for 1.5 pL, and <8.4 % for full-loop injections (Table S1). To
minimize potential loss of the 0.5 pL acceptor droplet in the 2.0 pL loop,
the 1.5 pL partial-loop injection was selected for further experiments.
Additionally, carry-over was <4.4 %, confirming the syringe’s suit-
ability for both partial- and full-loop injections. The automation work-
flow and software integration were assessed by executing a complete
electro-extraction and analysis process. This included: (1) transferring
test samples (1000 ng mL ™! crystal violet) and organic solvents from
vials in the CTC drawer to a 96-well plate using a 1000 pL syringe on the
CTC’s left head, (2) loading the acceptor solvent into the modified sy-
ringe for EE, (3) preparing for EE by forming an acceptor droplet in the
organic solvent, (4) initiating EE with the predefined voltage and
extraction time, (5) recording the EE current, (6) stopping EE, (7) trig-
gering and stopping the LC-MS system for data acquisition, and (8)
cleaning the syringes and preparing for the next sample. The successful
extraction of crystal violet under the applied voltage and extraction time
(Fig. S1), and EE current monitoring at varying voltages and formic acid
concentrations (Fig. S2), demonstrates successful integration and pre-
cise control of the electro-extraction process. These results confirm the
reliability of the modified syringe, automation workflow, and integrated
software in enabling electro-extraction.

3.2. Model for EE parameter optimization

Box-Behnken design (BBD) was utilized to optimize the parameters
of the automated EE setup for achieving a maximum enrichment factor
for the ten acylcarnitines. Based on previous electro-driven extraction
studies [35,38,39] and the following theoretical model of the analytes
flux (J;) [40-42], three pivotal parameters, the ratio of FA in sample to
acceptor phase (A), applied voltage (B), and extraction time (C), were
selected for simultaneous optimization to achieve a higher J; (Equation

(3).

Ji=-D;/h-(1+v/Lny)-(x—1) / (x — exp(—v))-(Ci — Cio exp(—V))
(Equation 3)

In Equation (3), i indicates the i th cationic substance; D; is the i th ion
diffusion coefficient; h is the membrane thickness; Cy and Cjy are the
concentration of i th cationic substance in the sample solution and the
acceptor phase; v is a dimensionless driving force which is related to the
applied electrical potential/voltage; y the ion balance, i.e., the ratio of
the total ionic concentration in the sample to that in the acceptor phase.
Increasing the applied voltage (increasing v) or decreasing the ion bal-
ance (x) was reported to be helpful for improving J; [42].

Quadratic models were utilized in BBD and 17 experiments were
conducted in triplicate for the optimization. Various concentrations of
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FA were tested both in the acceptor phase (0.5 % and 2.0 %) and the
academic sample (0.2 %, 2.0 %, and 3.8 %) to investigate the effect of FA
ratio between the sample and acceptor phase on the enrichment factor of
acylcarnitines, and listed in Table S2, respectively, for acceptor phase
with 2.0 % and 0.5 % FA. The optimization range for voltage (40-200 V)
was defined by system limitations, while the extraction time (60-900 s)
was based on both literature precedent [18] and the voltage range
selected for this study. The maximum voltage, 200 V, was determined by
the acceptor droplet stability for at least 900 s (Fig. S3) using the EE
machine vision setup described in Ref. [19]. The 40 V represents the
minimum voltage at which the extracted analytes can still be reliably
detected. 1000 ng mL™! of crystal violet was spiked in the academic
sample to allow the acceptor droplet to be easier visualized by camera. A
long extraction time, 900 s, was conducted for the determination based
on a previous acylcarnitine electro-extraction study [18], and the
antagonistic relationship between extraction time and applied volta-
ge—where lower voltage requires a longer extraction time to achieve
optimal enrichment, and vice versa.

The developed quadratic models were all significant (p < 0.02), and
the lack of fit of these models was insignificant (p > 0.06) for all acyl-
carnitines in acceptor phase with 2.0 % FA (Table S3) and 0.5 % FA
(Table S4), indicating good fit of the developed models with the pa-
rameters used for acylcarnitine electro-extraction optimization. The
models’ determination coefficients, R? (exceeding 0.91 for 2.0 % FA and
0.87 for 0.5 % FA acceptor phases) and adjusted R? (>0.80 for 2.0 % FA
and >0.71 for 0.5 % FA acceptor phase), also revealed the good fit of
models regardless of the model compounds (Table S3 and Table S4).
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Overall, the developed models fit well with subsequent automated EE
optimizations.

3.3. EE parameter optimization

Models corresponding to the acceptor phases of 2.0 % FA and 0.5 %
FA were individually optimized. The optimal enrichment factors of all
acylcarnitines in these two acceptor phases were compared to determine
a better ratio of FA in sample to acceptor droplet for the developed EE
method. Table S5 indicates a notably higher optimized EF in the
acceptor phase with 2.0 % FA than in the one with 0.5 % FA. For the
acceptor phase containing 2.0 % FA, the optimal EF of all acylcarnitines
was obtained at a 1.25 ratio of FA in sample to acceptor phase (2.5 % FA
in sample), extraction voltage of 175 V, and extraction time of 693 s
(Fig. 2 and S4). The current of the optimized automated EE method was
monitored in Fig. S6A. During electro-extraction of all acylcarnitines,
the acceptor droplet acts as the cathode, where the pH increased with
electrolysis, leading to a shift in charge state equilibrium, polarity and
solubility of all acylcarnitines in acceptor droplet, which has been
largely reported in previous electro-driven extraction studies [14,18,35,
43-45]. A higher FA percentage in acceptor phase slows down the pH
increase during EE, resulting in less back extraction of acylcarnitines
into the organic phase, and higher enrichment factors in the acceptor
phase. A higher percentage of FA in aqueous samples boosts buffer ca-
pacity, ensuring a more consistent pH during EE. However, the EF of all
acylcarnitines decreased when the FA percentage was greater than its
optimal value in the sample; 2.5 % (the FA ratio was 1.25). Similar
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Fig. 2. Surface profiles of four representative developed quadratic models for carnitine (A), acetyl-carnitine (B), hexanoyl-carnitine (C) and octenoyl-carnitine (D), as
function of electro-extraction time (x-axis) and extraction voltage (y-axis) at the optimum formic acids 2.5 % in sample, and 2.0 % in acceptor droplet. Models for all

acylcarnitines can be found in Fig. S4.
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results of a declining trend in the enrichment factor after the FA per-
centage (or FA ratio of sample to acceptor phase) reached the optimal
values were also observed by Nojavan et al. and our previous study [19,
46]. This may be due to the lower electric field, increased electrolysis
during electro-extraction, and a too high ion balance (y in Equation (3))
induced by the high ionic concentration in the sample solution at these
conditions [44,47].

Both the migration of charged acylcarnitines during EE and the
extraction efficiency can be improved by higher extraction voltage.
However, for voltages greater than the optimal value, 175 V, the EF of
several acylcarnitines, i.e., acetyl-carnitine, decanoyl-carnitine, lauroyl-
carnitine, isobutyryl-carnitine, octenoyl-carnitine, propionyl-carnitine,
and valeryl-carnitine, decreased. Similar results of reduced EF at voltage
over the optimal value were also reported by Schoonen et al. [48],
Nojavan et al. [46,49], and our previous report [19]. Simultaneously,
the same declining trend of EF was also observed in extraction time after
reaching the optimal value, 693 s. These declining EF trends during
method optimization may be explained by the excessive electrolysis in
the acceptor phase [44,45,50,51], the shift charge state, reduced po-
larity, and increased back extraction of these acylcarnitines into the
organic phase, which has been observed in numerous previous studies
[14,18,35,43-45]. This antagonistic effect between extraction time and
voltage was also consistent with the theoretical model of analyte flux (J;)
in Equation (3) [41].

The enrichment factor of the acylcarnitines is closely tied to their
polarities, represented by the log P value (Fig. 3). More polar analytes
yield lower EFs, i.e., carnitine (log P = —4.9, EF = 1.5), acetyl-carnitine
(log P = —4.4, EF = 4.0), and propionyl-carnitine (log P = —3.3, EF =
10.0). Decanoyl-carnitine and lauroylcarnitine reached nearly the
maximum EF (400) with the highest log P values, i.e., —0.63 and 0.26,
respectively. A similar EF trend with analyte polarity was also observed
in Raterink et al.’s study [18]. The much higher enrichment factors of
some acylcarnitines, ie., lauroylcarnitine (397), decanoylcarnitine
(393) and octanoylcarnitine (246), in our study compared to Raterink
et al.‘s results (<25) may be due to the implementation of a smaller
acceptor droplet (0.5 pL versus 2.0 pL) and a higher optimal extraction
voltage (175 V versus 140 V) [18]. The extraction time and recovery
were comparable with Raterink et al.‘s EE method [18].

3.4. Bio-fluid application to human plasma and EE-CTC system
performance evaluation

To further investigate the optimized and fully-automated EE setup
for biological samples, ten acylcarnitine standards were spiked into
various human plasma samples — undiluted, 5-fold diluted, and 10-fold
diluted, both with and without protein precipitation (with an addition of
2.5 % FA). Significantly (p < 0.05) higher EFs for several acylcarnitines,
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Fig. 3. The optimal enrichment factor versus log P of all model acylcarnitines.
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isobutyrylcarnitine, octenoylcarnitine, propionylcarnitine, and valer-
ylcarnitine, were observed in 10-fold (or 5-fold) diluted plasma, in
contrast to undiluted samples without PP. This suggests that dilution
mitigates matrix effects and improves automated EE performance in
plasma samples (Fig. 4 and S5). A plausible reason may be that dilution
decreases the quantity of plasma proteins at the interface between the
sample and organic layer, minimizing potential protein barriers to an-
alyte migration, and thus, improving extraction efficiency. Similar re-
sults were also reported and observed for basic compound extraction
[19,35,52]. Hence, high protein concentrations in biological samples
may be an important confounder for this type of extraction. For most
acylcarnitines, the EFs in plasma samples with PP were significantly (p
< 0.05) diminished compared to those without PP, possibly due to an-
alyte loss during the PP procedure (Fig. 4 and S5). Even though the EF of
acylcarnitines in plasma samples was smaller than in academic samples
(Table S5), the values were much larger than in the previous acylcar-
nitine electro-extraction study in plasma [18], demonstrating the
improved extraction efficiency of the optimized EE setup for
acylcarnitines.

The automated EE setup was further characterized by determining
the response function, repeatability, limits of detection (LODs), limits of
quantification (LOQs), and accuracy before its application in muscle
tissues (Table 1). The optimal extraction conditions that yielded the
highest enrichment factor, i.e., 10-fold diluted plasma without PP, were
utilized for the evaluation. The good linear response (R? > 0.99) within
the concentration range of 10-1000 ng mL™}, low LODs (<25.8 pg
mL™Y) and LOQs (82.2 pg mL™Y), high accuracy value (89-112 %),
acceptable intra- and inter-day relative standard deviation (RSD) (<18
%) of ten kinds of acylcarnitines demonstrated the stability, sensitivity,
and repeatability of the automated EE setup in plasma samples. With its
24/7 operational capacity, the workflow enables the extraction and
analysis of 96-120 samples per day for acylcarnitines, based on the time
required for each step of the EE procedure, including sample and solvent
loading, syringe cleaning, and preparation for the next sample. The cost
is less than 0.1 Euro per sample, including all solvents and the
consumable 96-well plate (detailed costs can be found in Table S6). With
its 24/7 operational capability, the throughput of our developed work-
flow exceeds that of previously reported methods, including supported
liquid membrane electro-membrane extraction (SLM-EME) [53],
continuous-flow EME [48], other free liquid membrane EME (FLM-EME)
approaches [18,54], as well as manual [55] and semi-automated sol-
id-phase extraction (SPE) methods [56]. For instance, the
semi-automated SPE method, applied to plasma samples after depro-
teinization, achieved a throughput of approximately 8 min per sample,
not including time for sample loading and protein precipitation. The
repeatability (RSD <18 %) and accuracy (84-116 %) of these reported
methods are generally comparable to our workflow. However, the
semi-automated SPE method (<7.8 %) and continuous-flow EME (<8.1
%) demonstrated better repeatability due to internal standard correction
[48,56]. In terms of per-sample cost, SPE, SLM-EME, and
continuous-flow EME methods may be relatively expensive due to the
need for cartridges, membrane supports, or chip-based flow systems.
FLM-EME methods offer lower per-sample costs due to utilizing only
small volumes of solvents during extraction [18,54]. However, their
throughput is limited by manual handling steps required during the
extraction and analysis workflow, such as sample loading, solvent
addition, container transfer, voltage application, sample injection, and
LC-MS method initiation and termination (Table S7).

In the automated EE setup, the current during electro-extraction of
bio-fluid samples was also recorded, and the results of samples that
yielded the highest enrichment factor, i.e., 10-fold diluted plasma is
shown in Fig. S6B and S6C. A relatively stable current was observed in
academic (Fig. S6A) and plasma samples with PP (Fig. S6C), which was
similar to our previous observation [19]. The increasing current in
plasma sample without PP up to 200 s (Fig. S6B) may be due to the
decreased solvent conductivity, increased Joule heating, and increased
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Fig. 4. The EF of four representative acylcarnitines spiked in pure, 5-fold, and 10-fold diluted plasma samples with and without protein precipitation (PP) (n = 3).

The EF for all acylcarnitines can be found in Fig. S5.

Table 1

Calibration curve and precision (RSD) of the model compounds in diluted plasma samples by using the optimized EE method (n = 3).

Linear range (ng mL™}) R? LODs (pg mL™1) LOQs (pg mL™1) Accuracy (%) RSD (50 ng mL™1)
-1

(50 ngmL ) Intraday Interday
Carnitine 10-1000 0.995 3.9 13.0 102 8.10 % 11.51 %
Acetylcarnitine 10-1000 0.990 25.8 85.2 91 2.09 % 12.89 %
Propionylcarnitine 10-1000 0.994 6.7 22.1 101 6.18 % 10.34 %
Isobutyrylcarnitine 10-1000 0.991 7.8 25.6 102 11.91 % 9.66 %
Valerylcarnitine 10-1000 0.991 13.5 44.5 91 17.95 % 14.99 %
Hexanoylcarnitine 10-1000 0.990 11.2 37.0 89 16.69 % 12.47 %
Octenoylcarnitine 10-1000 0.995 3.0 9.8 112 4.41 % 3.75%
Octanoylcarnitine 10-1000 0.998 6.5 21.5 91 9.97 % 16.63 %
Decanoylcarnitine 10-1000 0.996 5.5 18.2 96 5.82 % 12.31 %
Lauroylcarnitine 10-1000 0.993 4.2 13.7 107 16.02 % 17.12%

temperature induced by proteins. This aligns with Babu et al.‘s obser-
vation regarding increased protein concentration leading to reduced
sample conductivity [57], and Gjelstad et al.‘s report that increased
temperature results in increased current during electro-extraction [42].
A slowly decreasing and stable current after 200 s in plasma sample
without PP may be due to the heat exchange between EE solvents and
the environment, which results in a slightly decreasing and then stable
temperature of the solvents for EE.

3.5. Biological tissue application to mouse muscle tissues to study sample
isolation speed on acylcarnitine stability and acylcarnitine abundance
across muscle types

To deduce the effect of sample collection speed on the stability of
these acylcarnitines, we assessed their abundance in both immediate
and delayed-collected muscle tissues. Three specific muscle specimens
were analyzed, namely the combined lower hindlimb muscles of
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gastrocnemius and soleus (Gas + Sol), extensor digitorum longus with
tibialis anterior (EDL + TA), and the upper hindlimb muscle, quadriceps
(Quadr), which are frequently used mouse muscles for molecular ana-
lyses. A Partial Least Squares Discriminant Analysis (PLS-DA) was con-
ducted to analyze the effects of muscle isolation speed on acylcarnitine
stability in the three types of muscle tissues. The PLS-DA results showed
no clear differences between immediate and 15-min-delayed isolated
Gas + Sol, EDL + TA, and Quadr muscles (Fig. 5A-C). T-test analysis
(with FRD correction) also revealed no significant difference (p < 0.05)
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for all the acylcarnitines (Table S8), demonstrating muscle collection
speed does not affect the acylcarnitine levels in these various muscle
specimens. This may be due to the stable properties of these acylcarni-
tines and/or enzymatic inactivity of the tissue at room temperature [58].

The optimized EE method was also applied to investigate differences
in acylcarnitine abundance across muscle types. Notably, Quadr
exhibited clear distinctions compared to the other two muscle specimens
(Gas + Sol and EDL + TA) (Fig. 5D). To further explore these differences,
a t-test analysis with FDR correction was performed. Fig. 5E and S7
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Fig. 5. The PLS-DA score plots illustrate the effects of muscle tissue isolation speed on acylcarnitine stability across three muscle tissue types: Gas + Sol (A), Quadr
(B), and EDL + TA (C) (n = 4). The overall PLS-DA score plot (D) and t-test results with FDR correction (E) for three representative acylcarnitines in these muscle
tissues are presented (n = 8). The complete t-test results for all acylcarnitines can be found in Fig. S7. *p < 0.05, **p < 0.01, ***p < 0.001. ns means no signifi-

cant difference.
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revealed significantly higher acylcarnitine levels in Quadr than in Gas +
Sol. This may be attributed to the inclusion of type-I oxidative muscle
(soleus) in Gas + Sol and the predominantly type-II glycolytic nature of
Quadr [59]. The greater presence of fatty acid transporters in oxidative
muscles compared to glycolytic muscles likely contributes to the lower
acylcarnitine abundance in oxidative muscle [60]. Similar findings have
been reported by Warren et al. and Bonen et al. [60,61]. Although both
Quadr and EDL are classified as glycolytic muscles, EDL + TA showed
significantly lower acylcarnitine levels (Fig. 5 and S7). This discrepancy
may result from the considerable variation in muscle type composition
and fiber density within EDL and TA, as well as individual differences
[62]. Additionally, in Ercc1®/~ mice, the fiber composition of EDL
muscle differs from that of wild-type controls, with reduced type IIA/IIX
fibers and an increased proportion of type IIB fibers [30].

4. Conclusion

A fully automated, high-throughput electro-extraction (EE) platform
was developed by integrating hardware components—a custom-
designed 96-well plate with a built-in bottom electrode, a high-voltage
power supply, a CTC PAL3 autosampler, and an LC-MS analyzer—a-
long with software for system control. A Design of Experiment (DoE)
approach using a Box-Behnken design was employed to optimize the
platform’s parameters. The optimized EE setup was successfully applied
to human plasma samples, achieving LODs as low as 3.0 pg mL™}, and
was subsequently successfully used to investigate acylcarnitine abun-
dance in various muscle types and their stability in progeroid (Ercc1*’)
mouse muscle tissues.

In summary, this study presents a stable and robust automated EE
platform that can be directly coupled to LC-MS for high-throughput bio-
fluid and -tissue analysis, particularly for low-volume, low-concentra-
tion samples. Around 120 samples can be extracted and analyzed per
day by the workflow for acylcarnitines, with a cost of less than 0.1 Euro
per sample. The throughput can be further increased, and costs reduced
by shortening the electro-extraction time and minimizing solvent con-
sumption. This technique holds immense potential for steering the
evolution of comprehensive automated and high-throughput bioanalytic
workflows in the future.
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