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The 49th Annual Meeting of the Japanese Society for  
Biomedical Mass Spectrometry

Ikuko Yao1*, Makoto Arita2,3,4, Toshimitsu Niwa5

The 49th Annual Meeting of the Japanese Society for Biomedical Mass Spectrometry (JSBMS) in conjunction with the 3rd 
International Symposium of JSBMS and Mass Spectrometry and Advances in the Clinical Lab (MSACL) was held on Septem-
ber 13th and 14th, 2024, at Shimadzu Corporation, Kyoto, Japan. We were fortunate to gather in person and engage in lively 
scientific discussions across a wide range of topics.

The program included an award lecture, three symposia featuring 11 presentations, and two luncheon seminars. A total of 
69 abstracts were submitted, of which 16 were selected for oral presentations. In addition, 60 abstracts were presented as post-
ers, contributing to vibrant and productive exchanges among participants.

This 9th issue of Medical Mass Spectrometry is based on the presentations delivered at the 49th Annual Meeting of JSBMS 
and the 3rd International Symposium of JSBMS and MSACL in Kyoto. One of the highlights was the invited lecture by Dr. 
Arash Zarrine-Afsar from the University of Toronto, in which he presented his pioneering work on rapid pathological diagnos-
tics. A detailed account of his innovative approach is included in this issue.

The 50th Annual Meeting of JSBMS will be held on September 12th and 13th, 2025, under the organization of Professor 
Tomoko Oya. We look forward to welcoming you to Ichinomiya, Aichi, and continuing our shared pursuit of advancements in 
medical mass spectrometry.

1School of Biological and Environmental Sciences, Kwansei Gakuin University
*E-mail: yaoik@kwansei.ac.jp
2Division of Physiological Chemistry and Metabolism, Keio University Faculty of Pharmacy
3Laboratory for Metabolomics, RIKEN Center for Integrated Medical Sciences
4Cellular and Molecular Epigenetics Laboratory, Graduate School of Medical Life Science, Yokohama City University
5Shubun University
Epub June 9, 2025.
DOI: 10.24508/mms.2025.06.005
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Picosecond Infrared Laser Mass Spectrometry  
for the Analysis of Biological Materials

Kenji Nakayama1, 2*, Kazuo Igarashi3, Arash Zarrine-Afsar4, 5, 6, 7

1Research Center for BioMedical Analysis, Niigata University of Health and Welfare, Niigata 950‒3198, Japan
2Department of Urology, Kyoto University Hospital, 54 Shogoin-kawahara-cho, Sakyo-ku, Kyoto 606‒8507, Japan
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Abstract The 49th Annual Meeting of the Japanese Society for Biomedical Mass Spectrometry (JSBMS) featured the 
3rd International Joint Symposium with Mass Spectrometry: Applications to the Clinical Lab (MSACL), marking the 
first in-person collaboration. Dr. Arash Zarrine-Afsar, Department of Medical Biophysics, University of Toronto, present-
ed “10-Second Cancer Diagnosis with Picosecond Infrared Laser Mass Spectrometry (PIRL-MS),” highlighting PIRL-
MS technology. This method combines two innovations: PIRL-DIVE (picosecond infrared laser ablation/desorption by 
impulsive vibrational excitation) for precise biomolecule extraction and ion detection without conventional sources for 
minimally invasive diagnostics. The PIRL-MS enables intact biomolecule analysis, tissue classification, and cancer bio-
marker detection with minimal tissue damage. These advancements make the PIRL-MS a promising intraoperative diag-
nostics and biomedical research tool. This mini-review focuses on the evolution of his method and briefly summarizes the 
discoveries and applications that led to this method.

Key words: picosecond infrared laser (PIRL), mass spectrometry (MS), picosecond infrared laser ablation/desorption by im-
pulsive vibrational excitation (PIRL-DIVE)

Abbreviations: PIRL, picosecond infrared laser; DIVE, desorption by impulsive vibrational excitation; PIRL(A), picosecond 
infrared laser ablation; MS, mass spectrometry

Introduction
The 49th Annual Meeting of the Japanese Society for 

Biomedical Mass Spectrometry (JSBMS) was held at the 

Shimadzu Corporation Hall in Kyoto on September 13‒14, 
2024. As part of this event, the 3rd International Joint Sym-
posium of the JSBMS and Mass Spectrometry: Applica-
tions to the Clinical Lab (MSACL) was convened. This 
symposium represented the first opportunity for an in-per-
son international joint symposium, as the first and second 
editions were conducted online due to the global COVID-
19 pandemic. On this occasion, MSACL nominated Dr. 
Arash Zarrine-Afsar as their representative speaker, and the 
JSBMS International Committee invited him to participate. 
Dr. Zarrine-Afsar delivered an outstanding presentation 
entitled “10-Second Cancer Diagnosis with Picosecond 
Infrared Laser Mass Spectrometry1).”
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E-mail: kenji-nakayama@nuhw.ac.jp
Received: January 23, 2025.　Accepted: April 10, 2025.
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Dr. Zarrine-Afsar presented his work on intraoperative 
molecular diagnosis using picosecond infrared laser mass 
spectrometry (PIRL-MS)2), a novel application of mass 
spectrometry that in a manner similar to rapid evaporative 
ionization mass spectrometry (REIMS)3) has shown poten-
tial in biomedical research. REIMS, along with other ambi-
ent mass spectrometry analysis methods, represents a sig-
nificant advancement in clinical mass spectrometry by 
enabling real-time, direct analysis of biological tissues 
without the need for complex sample preparation or chro-
matographic separation. This approach is particularly valu-
able in clinical settings where rapid and accurate results are 
essential. By analyzing the molecular composition of surgi-
cal aerosols, REIMS facilitates rapid tissue classification, 
disease detection, and intraoperative diagnostics2‒4). Fur-
thermore, its integration with machine learning algorithms 
enhances diagnostic accuracy and tissue classification. As 
clinical mass spectrometry advances toward point-of-care 
applications, REIMS demonstrates remarkable potential by 
bridging the gap between laboratory analysis and real-time 
clinical decision-making2‒5).

Following his presentation, the symposium organizers 
acknowledged the significance of his methodology and 
expressed their intention to explore and introduce his inno-
vative technique in this journal. With his kind cooperation, 
this initiative aims to enhance the understanding of Japa-
nese medical mass spectrometrists and promote the adop-
tion of this advanced approach in clinical practice.

This mini-review, prepared with the kind cooperation of 
Dr. Zarrine-Afsar, aims to introduce his picosecond infrared 
laser mass spectrometry (PIRL-MS) to the members of 
JSBMS. The mini-review is structured into three sections: 
(1) the initial discovery of PIRL(A)-DIVE (picosecond 
infrared laser ablation/desorption by impulsive vibrational 
excitation), (2) the attractive integration of PIRL(A) tech-
nology with electrospray ionization (ESI), and (3) the 
breakthrough detection of ionized biomolecules without 
conventional ion sources. For clarity and accessibility, this 
mini-review adopts the term “PIRL(A)” instead of the origi-
nal PIRL, with kind permission from Dr. Zarrine-Afsar.

1.  The Initial Discovery of PIRL(A)-DIVE 
(Picosecond Infrared Laser Ablation/De-
sorption by Impulsive Vibrational Exci-
tation) Phenomenon

Picosecond infrared laser (PIRL) technology was devel-

oped and proposed to overcome the limitations of conven-
tional medical lasers in achieving single-cell precision cut-
ting, essential for minimally invasive procedures and tissue 
restructuring by Dr. R. J. Dwayne Miller6, 7). Traditional 
lasers failed to reach this precision due to collateral damage 
caused by thermal and shock wave effects on surrounding 
tissue. The PIRL ablation offered a groundbreaking solution 
by selectively energizing water molecules in the tissue 
much faster than heat transfer from superheated water mol-
ecules to their surroundings8‒10). This process drove abla-
tion or cutting faster than thermal energy could spread, thus 
avoiding the collateral damage inherent in other laser tech-
nologies7‒11). Unlike conventional lasers, PIRL did not pro-
duce plasma formation or harmful ionizing radiation 
effects7, 9‒11). The advantage of PIRL technology lies in its 
minimal energy deposition in the surrounding tissue, elimi-
nating photochemical and photothermal side effects. This 
precision-made PIRL uniquely suited for delicate medical 
applications, representing a significant advancement in 
laser-based surgical techniques7, 9, 11, 12).

In 2015, Ren et al., from Dr. Miller’s group, introduced 
an innovative method known as PIRL ablation, based on 
the desorption by impulsive vibrational excitation (DIVE) 
principle13). This technique enabled the efficient extraction 
of biological entities from aqueous and natural environ-
ments into aerosols (Fig. 1), preserving their biological 
integrity and activity. Key findings were demonstrated that 
extracted enzymes retained enzymatic activity without oxi-
dation, denaturation, or inactivation; metabolic molecules 
remained intact without oxidation or fragmentation; nucleic 
acids, including DNAs and RNAs, were retrieved in their 
native forms; and infectious viruses were recovered with 
preserved infectivity. In addition, of particular interest, the 
rapid extraction of proteins has promised novelties in future 
use for proteomic applications14). Unlike conventional 
methods that often involve harsh chemicals or heat, the 
DIVE-driven PIRL (hereafter referred to as PIRL(A)-
DIVE) method precisely targeted water molecules, mini-
mizing thermal and mechanical stress. This ensured the 
structural and functional preservation of biological materi-
als, establishing the PIRL(A)-DIVE as a valuable tool for 
sensitive biological extractions in research and medical 
applications. Not limited to its potential as an instantaneous 
tool with micrometer precision for biopsy, the PIRL(A)-
DIVE method brought promising benefits to chemical anal-
ysis, biological diagnosis, and disease control13, 15). Further-
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more, applications of PIRL(A)-DIVE conducted under 
atmospheric conditions, demonstrated its exceptional effec-
tiveness in extracting molecules from water-rich biological 
materials and its suitability for characterizing biological tis-
sues with high water content. Subsequent studies utilizing 
PIRL(A)-DIVE have revealed that the technique induces 
minimal tissue damage beyond the ablation zone, empha-
sizing its significant potential for a wide range of biomedi-

cal applications2, 13).

2.  The Attractive Integration of the PIRL(A)-
DIVE and Electrospray Ionization (ESI) 
Technologies

In 2015, the attractive integration of the PIRL(A)-DIVE 
and ESI technologies was attempted and reported by Dr. 
Arash Zarrine-Afsar’s group in collaboration with Dr. R. J. 

Fig. 1.　The initial discovery of PIRL(A)-DIVE (Picosecond Infrared Laser Ablation/Desorption by Impulsive Vibrational 
Excitation) phenomenon.

Fig. 2.　Analytical technologies of PIRL(A)-MS combining two groundbreaking discoveries.
A) The attractive integration of the PIRL(A)-DIVE and electrospray ionization (ESI) technologies. B) The breakthrough detection 
of ionized biomolecules through the heating box at 150°C without conventional ion sources.
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Dwayne Miller16). As shown in Fig. 2, both PIRL(A)-DIVE 
and ESI were integrated to develop a novel analytical sys-
tem for imaging mass spectrometry, which has been suc-
cessfully reported16). PIRL(A) was employed to generate a 
plume directly from the target bio-material. This plume 
contained all intact biomolecules, preserved in an aero-
sol-like state. The plume was subsequently intercepted by 
an electrospray, which efficiently ionized the biomolecules. 
The resulting ions were then transferred to a mass spec-
trometry (MS) detector for analysis. This process enabled 
the direct and gentle ionization of biomolecules, preserving 
their structural integrity. This PIRL(A)-ESI-MS system was 
utilized to image the distribution of gadoteridol, an exoge-
nous magnetic resonance contrast agent that was adminis-
tered via intravenous injection into the tail vein of the mice, 
within mouse kidneys16). This study also demonstrated that 
PIRL(A)-ESI is capable of performing desorption ioniza-
tion of small molecules, proteins as well as phospholipids16) 
and concluded that PIRL(A)-ESI is a suitable ion source for 
potential future applications in ambient mass spectrometry. 
Notably, a PIRL probe combined with secondary ionization 
techniques, such as ESI, and mass spectrometry holds sig-
nificant potential for providing molecular feedback to guide 
laser surgery. Since this initial implementation, additional 
studies utilizing PIRL(A)-DIVE have suggested that the 
technique induces minimal tissue damage outside the abla-
tion zone, highlighting its promise for further biomedical 
applications2, 16).

3.  The Breakthrough Detection of Ionized 
Biomolecules without Conventional Ion 
Sources

In 2017, Woolman et al., from Dr. Zarrine-Afsar’s group, 
utilized the efficient and rapid extraction capabilities of 
PIRL, combined with the plume’s rapid cooling upon 
expansion, to investigate the potential of coupling PIRL(A) 
with soft ionization techniques like thermal desolvation17). 
This innovative approach enabled the analysis of pre-
charged lipid molecules carrying negative charges, leading 
to the development of a novel analytical platform termed 
PIRL-MS which is referred to herein as PIRL(A)-MS to 
highlight the ablative mechanism behind the laser action. 
Notably, this discovery and implementation were built on 
the previous creation of PIRL desorption, and only added a 
suitable means of ionization, as illustrated in Fig. 2B. Wool-
man et al. demonstrated that negatively charged lipids 

could be detected in an MS system without using an exter-
nal ion source per se such as ESI, requiring only biomole-
cule heating at 150°C before introducing into the MS 
device to prevent resolvation17). Furthermore, this method 
successfully classified mouse organs based on extracted and 
desolvated lipid molecules analyzed in the negative ion 
mode. An international patent subsequently protected this 
groundbreaking technology18).

Independent subcutaneous murine xenograft tumors̶
derived from six distinct, well-established human medullo-
blastoma cell lines representing the Sonic Hedgehog and 
Group 3 subgroups̶were analyzed using the PIRL(A)-MS 
system19, 20). Following the efficient classification of mouse 
organs, tumor analytical data were further evaluated through 
multivariate statistical analysis, with robustness validated 
via an iterative 5%-leave-out-and-remodel approach. Addi-
tionally, the potential of integrating PIRL(A)-MS with imag-
ing modalities, such as wide-field tissue polarimetry for can-
cer region guidance, was explored. Polarimetric imaging 
was used to identify tissue heterogeneities, effectively 
directing the PIRL desorption source. The PIRL(A)-MS 
plume was transported to the mass spectrometer through a 
2-meter-long Tygon tube, facilitating the development of a 
handheld MS point sampling device for analyzing thick tis-
sue sections in situ2, 17). Specifically, PIRL(A)-MS point 
sampling, guided by polarimetry, successfully identified 
necrotic regions in metastatic breast tumors and efficiently 
detected the necrotic cancer marker ion at m/z 572.48 ([cera-
mide (d34:1)＋Cl]－)2, 17). Polarimetry-directed sampling pre-
cisely targeted necrotic areas, while PIRL(A)-MS spectra 
revealed the presence of common fatty acids and phospho-
lipids, consistent with findings from other MS techniques 
used for breast cancer analysis. These results underscored 
the potential of combining polarimetric imaging with 
PIRL(A)-MS for accurate and targeted tissue analysis in 
complex biological samples. Subsequently, the hand-held 
PIRL(A)-MS probe has been used in several patient speci-
men explorations to determine various tumor pathologies 
faster than currently possible. These have included rapid 
exploratory subgrouping of human medulloblastoma20) and 
other pediatric brain cancer types21), human skin cancer22) 
and 10-second identification of actionable BRAF-V600E 
mutation23). Integration of PIRL(A)-MS probe with surgical 
positioning and navigation technologies has enabled on-the-
spot delivery of MS-based pathology classifications via vir-
tual reality augmentation24).
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This mini-review considered a potential mechanism to 
explain why PIRL(A)-MS can detect negatively ionized 
lipid molecules. The two hypotheses were offered: (1) the 
detectable ionization may occur solely through the applica-
tion of heat, depending on the specific type of biomolecule, 
and (2) a proportion of molecules in living organisms natu-
rally exist in a negatively charged state such as anionic 
phospholipids25, 26), which the PIRL(A)-MS system can 
effectively detect and analyze as in vivo ionized biomole-
cules, especially anionic phospholipids.

Conclusions
The PIRL(A)-MS is a technology that has advanced sig-

nificantly through the successful integration of two ground-
breaking discoveries, as mentioned earlier, and has 
emerged as a highly promising analytical tool. The keynote 
lecture titled “10-Second Cancer Diagnosis with Picosec-
ond Infrared Laser Mass Spectrometry1)” presented a revo-
lutionary and pioneering research topic that leveraged these 
technological advancements to develop a novel intraopera-
tive molecular diagnostic method. In Japan, the medical 
application of mass spectrometry has not yet advanced to 
the level of intraoperative molecular diagnosis. Therefore, 
the active contributions of young JSBMS members are 
eagerly anticipated to drive future progress in this field.
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by a pilot newborn screening for hypomethioninemia
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Abstract Current newborn screening (NBS) in Japan detects homocystinuria type 1 by elevated levels of methionine 
(Met), which is insufficient to detect homocystinuria types 2 and 3 that are associated with hypomethioninemia. We have 
conducted a pilot NBS for inborn errors of cobalamin metabolism in Hiroshima area of Japan since 2018, using the ratio 
of propionylcarnitine (C3) to Met (C3/Met) and low Met level as markers. We found a newborn female with low Met (9.54  
μmol/L, cutoff ＜10 μmol/L) without elevated C3 or C3/Met in a dried blood specimen collected 4 days post-birth. Sec-
ond-tier tests revealed slightly elevated total homocysteine (tHcy) (15.7 μmol/L, cutoff ≥5.0 μmol/L) but normal meth-
ylmalonic acid (MMA) levels. At 20 days of age, plasma tHcy rose to 52.0 μmol/L, with slightly elevated MMA (3.9  
μmol/L, cutoff ≥1.0 μmol/L) and decreased serum vitamin B12 (VB12: 146 pg/mL, reference range 197‒771 pg/mL). Gene 
panel analysis of related disorders detected two MTHFR variants: p.G149V (c. 447delinsTT) and p.P65 L (c.193T＞C). 
5,10-methylenetetrahydrofolate reductase (MTHFR) activity in lymphocytes and in a dried blood specimen were 56.27 μU/mg 
protein (8.40% of mean control value) and 50.19 mmol/min/L (11.5% of mean control value), respectively. On the basis of 
a diagnosis of MTHFR deficiency associated with mild VB12 deficiency, we initiated betaine and mecobalamin administra-
tion. The successful detection of this mild case of MTHFR deficiency suggests a good sensitivity of our pilot NBS for the dis-
ease, while the combination of second-tier tHcy and MMA measurements is required to retain an appropriate level of specificity.

Key words: disorders of cobalamin metabolism, homocystinuria, hypomethioninemia, methylmalonic acidemia, newborn screening

Introduction
Current newborn screening (NBS) in Japan identifies 

methylmalonic acidemia and propionic acidemia by ele-
vated levels of propionylcarnitine (C3), and homocystinuria 
(HCU) type 1 caused by cystathionine β -synthase (CBS) 
deficiency through elevated levels of methionine (Met) in 
dried blood specimens. However, C3 measurement is not 
always sufficiently sensitive to detect methylmalonic acide-
mia caused by defects in the pathway of adenosylcobalamin 
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synthesis. In HCU type 2 caused by defects in methylcobal-
amin synthesis and HCU type 3 caused by 5,10-methy-
lenetetrahydrofolate reductase (MTHFR) deficiency, Met 
levels decrease due to disturbed remethylation of homocys-
teine. Because the prognosis of these diseases can be 
greatly improved by starting specific medication as soon as 
possible after birth1‒5), we have been conducting a pilot 
NBS for inborn errors of cobalamin metabolism in Hiro-
shima area of Japan since 2018, using C3/Met and low Met 
levels as first-tier markers, and total homocysteine (tHcy) 
and methylmalonic acid (MMA) as second-tier markers. In 
this report, we present our successful identification of an 
asymptomatic newborn with MTHFR deficiency.

Materials and Methods
Research subjects

Newborns from 10 major hospitals in Hiroshima area 
were enrolled into the pilot newborn screening (NBS) pro-
gram following the provision of written informed consent 
for study participation from their parents. Dried blood spec-
imens (DBS) for NBS were collected on the four or five 
days of old and analyzed at Hiroshima City Medical Asso-
ciation Clinical Laboratory.

Screening tests
First-tier screening tests used the following indices: 

index 1, C3 ≥3.6 μmol/L and C3/acetylcarnitine (C2) 
≥0.23 (current NBS indices); index 2, C3/Met ≥0.25; and 
index 3, Met ＜10 μmol/L. Samples that met one or more of 
the three indices were transported to the National Center 
for Child Health and Development for the second-tier mea-
surement of MMA (cutoff ≥1.0 μmol/L) and tHcy (cutoff  
≥5.0 μmol/L). Newborns with elevated MMA and/or tHcy 
levels were further examined in the Department of Pediat-
rics, Hiroshima University Hospital.

Biochemical and genetic analysis
The analysis of amino acids and acylcarnitines in DBS 

was performed using an LCMS-8045 tandem mass spec-
trometer (Shimadzu, Kyoto, Japan) according to a previ-
ously described flow injection method6) with some modifi-
cation. The second-tier measurement of MMA and tHcy in 
DBS was performed using liquid chromatography‒mass 
spectrometry (LCMS-8050, Shimadzu) according to previ-
ously described methods7). To confirm the diagnosis, panel 
analysis of genes engaged in cobalamin metabolism 

(ABCD4, HCFC1, LMBRD1, MMAA, MMAB, MMACHC, 
MMADHC, MTR, MTRR, MTHFR), methylmalonyl-CoA 
mutase (MUT) and propionyl-CoA carboxylase (PCCA, 
PCCB) was performed using next-generation sequencing 
with the MiSeq Sequencing System (Illumina, San Diego, 
CA, USA) at Kazusa DNA Research Institute (Chiba, 
Japan).

Results
Overall findings of the pilot NBS

Between April 2019 and September 2024, 21,105 out of 
a total of 103,602 newborns born in Hiroshima area were 
enrolled in the pilot NBS. The total number of cases posi-
tive for the first-tier tests was 267 (1.27%): 14 (0.06%) for 
index 1, 21 (0.10%) for index 2, and 232 (1.10%) for index 
3. Some of these subjects were positive for two of the three 
indices: 6 (0.03%) for indices 1 and 2, and 24 (0.11%) for 
indices 2 and 3 (Table 1). In the second-tier tests, MMA 
was elevated in five cases, and tHcy was elevated in one 
case. These six cases were examined at Hiroshima Univer-
sity Hospital (Table 2). A diagnosis of methylmalonyl-CoA 
mutase deficiency was confirmed in two (cases 3 and 4), 
and that of MTHFR deficiency in one (case 6). Diagnoses 
for the other three (cases 1, 2, and 5) were not revealed by 
the gene panel analysis.

To evaluate whether positive rates for the three indices 
increased among low-birth-weight infants, we compared 
distribution of the values in DBS of infants with a birth 
weight ＜2,000 g with that of mature infants born between 

Table 1.　 Overall results of the pilot screening from April 
2019 to September 2024

All newborns in 
Hiroshima area  

N＝103,602

Newborns enrolled 
in this study  
N＝21,105

C3 ≥3.6 μmol/L & 
C3/C2 ≥0.23 
[＋C3/Met ≥0.25]

302 (0.29%)
[16]

14 (0.06%)
[6]

C3/Met ≥0.25* 96 (0.09%) 21 (0.10%)

Met ＜10 μmol/L 
[＋C3/Met ≥0.25]

530 (0.51%)
[34]

232 (1.10%)
[24]

Total 928 (0.90%) 267 (1.27%)

MMA ≥1.0 μmol/L ̶ 5

tHcy ≥5.0 μmol/L ̶ 1

* Number (rate) of C3/Met-positive cases without elevation of C3, 
C3/C2 or decrease of Met.



June 2025 Medical Mass Spectrometry “Laboratory Medicine” Vol. 9 No. 1 

10

April 2022 and September 2023. We also compared levels 
of phenylalanine (Phe) between the two groups, because 
Met/Phe ratio could reportedly be a better marker for the 
diseases showing hypomethioninemia4,8,9). As a result, posi-
tive rates were higher in the low-birth-weight infants than in 
the mature infants for index 2 (0.52% versus 0.07%) and 
index 3 (9.61% versus 0.17%), while there was no signifi-
cant difference for index 1. Distribution of Met levels was 
significantly lower in the low-birth-weight infants than in 
the mature infants (16.83±9.25 versus 21.66±0.85, mean±
SD), while distribution of Phe levels was higher in the low-
birth-weight infants than in the mature infants (46.23±9.54 
versus 44.76±10.94, mean±SD) (Table 3).

Case Report
A baby girl (Case 6 shown in Table 2) born as the third 

child of healthy nonconsanguineous parents at 39 weeks’ 
gestation with a birth weight of 2,420 g showed low Met 
level (9.54 μmol/L) in the pilot NBS test. Second-tier tests 
revealed slightly elevated tHcy level (15.7 μmol/L) but nor-
mal MMA level. At the first examination on the 20th day 
after birth, she was healthy and had been mostly breastfed. 
Her levels of plasma tHcy and serum MMA were elevated 
(52.0 μmol/L, cutoff ≥ 10.0 μmol/L; 3.9 μmol/L, cutoff 
≥1.0 μmol/L, respectively) (Table 4). Because her serum 
vitamin B12 (VB12) level was slightly low (146 pg/mL; ref-
erence range, 197‒771 pg/mL), we suspected maternal 
VB12 deficiency, but her mother’s serum VB12 level was nor-
mal. These biochemical findings persisted until the age of 
47 days, when we started the administration of methylco-
balamin (250 μg/day).

At the age of 2 months, her serum MMA level was nor-

Table 2.　Positive findings in the second-tier tests and the diagnoses

C3 & C3/C2 Met C3/Met MMA tHcy
Diagnosis

Cutoff ≥3.6 & ≥0.23 ＜10.0 ≥ 0.25 ≥1.0 ≥5.0

Case 1 2.87/0.14 7.89 0.36 1.2 1.0 VUS: compound heterozygous variant of PCCA

Case 2 4.46/0.23 22.79 0.20 1.0 4.8
VUS: compound heterozygous variant of PCCA（Sib-
lings also showed a mild increase in MMA.）

Case 3 11.14/0.71 33.03 0.34 337.7 2.8 MUT deficiency

Case 4 11.26/0.64 15.27 0.74 559.5 2.9 MUT deficiency

Case 5 3.94/0.23 20.96 0.04 1.0 2.4 VUS: homozygous variant of LMBRD1

Case 6 1.39/0.08 9.54 0.14 ＜1.0 15.7 MTHFR deficiency

Table 3.　 Correlation between low birth weight and positive findings in the first-tier tests, methionine, phenylalanine and 
Met/Phe levels

Birth Weight ≥2,000 g Birth Weight ＜2,000 g P

n (%) 18,080 (97.9%) 385 (2.1%) ̶

Birth Weight (g) 3,026±237 1,670±86.5 ＜0.001

C3≥3.6 μmol/L& C3/C2 ≥0.23 [＋C3/Met ≥0.25] n (%) 13 (0.07%) [4] 0 ̶

C3/Met ≥0.25 n (%) 13 (0.07%) 2 (0.52%) ＜0.001

Met ＜10 μmol/L [＋C3/Met ≥0.25] n (%) 32 (0.17%) [2] 37 (9.61%) ＜0.001

Met (μmol/L) 21.66±0.85 16.83±9.25 ＜0.001

Phe (μmol/L) 44.76±10.94 46.23±9.54 ＜0.001

Met/Phe 0.48±0.11 0.36±0.08 ＜0.001

No association with low birth weight was found for index 1 (C3↑& C3/C2↑ ), but the frequency of low birth weight infants increased for 
indices 2 (C3/Met↑ ) and 3 (Met↓ ). There was a tendency for low methionine levels in infants with a birth weight ＜2,000 g. Phenylala-
nine levels were higher for the low birth weight infants.
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mal, but plasma tHcy level remained slightly high (20.4  
μmol/L). Gene panel analysis detected two missense 
MTHFR variants: p.P65L and p.G149V. Her sister was het-
erozygous for p.P65L, and her brother for p.G149V (Fig. 1) 
which was previously reported as a variant of the infantile 
onset type10). p.P65L is not registered in the Human Gene 
Mutation Database, but in silico analysis using PolyPhen-2 
(http://genetics.bwh.harvard.edu/pph2/) suggested pathoge-
nicity. Her MTHFR enzyme activity was 56.3 μU/mg protein 
in lymphocytes (8.4% of mean control value), 19.6 μU/mg 
protein in lymphoblast extracts (5.0% of mean control 
value), and 50.2 mmol/min/L in DBS (11.5% of mean con-
trol value). On the basis of these findings, we diagnosed 
late-onset MTHFR deficiency, and initiated betaine admin-
istration (100 mg/kg/day) at the age of 9 months. At the age 
of 10 months, she showed normal growth and development, 
with marker metabolite levels of tHcy 18.9 μmol/L and Met 
30.5 μmol/L.

Discussion
HCU is classified into three forms. HCU type 1 is caused 

by cystathionine synthase deficiency, in which conversion 
of homocysteine to cystathionine is impaired and remethyl-
ation to methionine increases. HCU type 2 is caused by 
defects in the synthesis of methylcobalamin, which is a 
methyl donor in the reaction of methionine synthase. HCU 
type 3 results from MTHFR deficiency, in which the forma-
tion of 5′-methyltetrahydrofolate is impaired, causing meth-
ylcobalamin deficiency. Because the supply of Met from 
the remethylation of homocysteine is reduced in HCU types 
2 and 3, they cannot be detected by the current NBS. In 
these forms of homocystinuria, betaine (N,N,N-trimethyl-
glycine) can serve as another methyl donor instead of meth-
ylcobalamin as it is a substrate for betaine‒homocysteine 
methyltransferase (BHMT). Though the physiological func-
tion of BHMT cannot compensate for methionine synthase 
which requires methylcobalamin, the pharmacological dos-
age of betaine can be sufficient to reduce tHcy and increase 
Met levels in the blood. Met is converted into S-adenosyl-
methionine (SAM), which is an important methyl donor for 
various methylation reactions. Therefore, maintaining nor-
mal levels of plasma Met is essential in preventing severe 
damage to the central nervous system caused by SAM defi-
ciency, especially during infancy and childhood1). Because 
it has been shown that the early introduction of betaine 
therapy can suppress the symptoms of homocystinuria 
caused by remethylation defects1‒4), a highly preventive 
effect of NBS is expected.

MTHFR deficiency is known to present with a wide 
range of phenotypes. In severe cases, hydrocephalus, respi-
ratory disorders, and epilepsy appear in the neonatal 

Table 4.　 Clinical course of case 6. After methylcobalamin medication under suspicion of a vitamin B12 deficiency, serum 
MMA levels normalized but tHcy levels remained elevated. After betaine administration, plasma tHcy levels de-
creased.

DBS day 4 day 20 day 20 day 47 2M 3M 5M

tHcy (≥ 5.0 μmol/L) 15.7 17.7 Plasma tHcy (≥ 10.0 μmol/L) 52.0 45.5 20.4 25.1 33.4
MMA (≥ 1.0 μmol/L) ＜1.0 1.7 Serum MMA ( ≥ 1.0 μmol/L) 3.9 3.2 ＜1.0 ＜1.0 ＜1.0
Met (＜10 μmol/L) 9.54 22.5 Plasma Met (＜10.0 μmol/L) 28.6 28.2 35.0 18.5 21.5

SerumVB12 (197‒771 pg/mL) 146 141 5,618 7,590 6,467
Serum folic acid (5.1‒11.7 nmol/L) 7.6 7.8 7.6 7.1 5.8

➡➡methylcobalamin

➡➡betaine

Fig. 1. Pedigree chart of case 6 that was confirmed to 
have MTHFR deficiency.
⚫: affected individual, ⦿ and □● : carriers.
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period11). The disease prognosis can be greatly improved by 
the earliest introduction of betaine and other supplements, 
including folic acid, vitamin B6, vitamin B12, methionine 
and N5-methyltetrahydrofolate. Among these therapeutics, 
betaine has been shown to be most effective in improving 
psychomotor development4). Prior to the present study, we 
treated two siblings with MTHFR deficiency. The proband 
presented with severe symptoms from the neonatal period. 
The diagnosis was confirmed at the age of 4 months. Beta-
ine therapy was started and her condition improved remark-
ably, but severe neurological sequelae remained. The 
younger sibling was proved to be affected with the same 
disease soon after birth. Betaine therapy was started on the 
7th day of life, and he remained asymptomatic until the last 
examination at the age of 6 years. Met levels in their new-
born DBS were 6.6 and 8.7 μmol/L, respectively1).

In the late-onset form of MTHFR deficiency, progressive 
polyneuropathy, cognitive impairment, seizures, and leuko-
encephalopathy become more pronounced after school age. 
However, it is often difficult to diagnose the disease 
because these symptoms are not very specific12). MTHFR 
enzyme activity in skin fibroblasts is estimated to be 
10‒20% in late-onset MTHFR deficiency12). The disease 
cannot be detected during the neonatal period using the cur-
rent NBS in Japan, but in several countries, newborns pre-
sumed to have the late-onset form of disease were success-
fully found by detecting slightly elevated homocysteine 
levels in DBS13).

In several studies on NBS for disorders of cobalamin 
metabolism4,8,9), low Met levels with a cutoff of 8‒11 μmol/
L were used in the first-tier test. In our preliminary retro-
spective study on newborn DBS comparing performance of 
Met cutoff set at 9.0 μmol/L and 10.0 μmol/L, the positive 
rate increased significantly from 0.05% for the former to 
0.12% for the latter1). Referring to the NBS data of the 
above-mentioned siblings, we set the Met cutoff for 
hypomethioninemia at 10 μmol/L in our prospective pilot 
NBS to ensure sufficient sensitivity.

In the current study, 267 (1.27%) of 21,105 enrolled new-
borns became positive in the first-tier tests, which reduced 
to six by the second-tier measurement of MMA and tHcy, 
representing a false positive rate in the first-tier tests of 
97.8%. As second-tier tests are not financially supported in 
the current NBS program by the local governments, alterna-
tive ways to reduce the false positive rate in the first-tier 
tests must be found. Low-birth-weight infants and preterm 

infants were previously reported to show low Met levels in 
their blood9), and similar tendencies were observed in our 
study (Table 3). In several countries where similar screen-
ing has been carried out, other markers such as ratio of 
Met/Phe are adopted in the first-tier tests. In our study, we 
observed a tendency for high Phe levels in infants with a 
birth weight ＜2,000 g. Based on these data, it is suggested 
that Met/Phe would not help to reduce the positive rate in 
NBS for hypomethioninemia. In the practice of current 
NBS in Japan, all newborns with a birth weight below 
2,000 g are retested after their weight reaches 2,000 g. In 
our preliminary retrospective study, all the low-birth-weight 
infants who were assigned as positive for hypomethionin-
emia (Met ＜10 μmol/L) became negative in the retest after 
the above-mentioned weight gain. As a practical solution, 
infants with a birth weight ＜2,000 g who are positive for 
hypomethioninemia should be retested after their weight 
reaches 2,000 g so long as they remain free from symptoms 
indicative of remethylation disorders. When clinical 
changes are noticed, further evaluation should be started 
immediately. This scheme will enable to rule out most of 
false-positive results in the first-tier NBS without requiring 
the second-tier measurement of MMA and tHcy.

Conclusions
We conducted a pilot NBS program for disorders of 

cobalamin metabolism. The successful detection of a mild 
case of MTHFR deficiency suggests good sensitivity of C3, 
C3/C2, C3/Met, and low Met markers in combination, 
keeping appropriate specificity with second-tier measure-
ments of tHcy and MMA. High false-positive rate for low 
Met that were mostly due to transient hypomethioninemia 
of low-birth-weight infants can also be resolved by retest 
after enough weight gain.
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Abstract We previously reported a novel method for isolating extracellular vesicles (EVs) using a polyamine solution 
through liquid chromatography-tandem mass spectrometry analysis of the culture supernatant of adherent cells, NCI-N87, 
and demonstrated its efficacy from multiple perspectives. Herein, K562 cells, a suspension cell line, were used to investi-
gate the differences between the adherent cells. Furthermore, we elucidated the mechanism of EV isolation by focusing on 
the proteins’ isoelectric point (pI) on the EV surface.

Samples were prepared using a conditioned medium from the NCI-N87 and K562 cell lines. The conditioned medium 
was analyzed after replacing the medium with a serum-free medium and culturing for 48 h. The polyamine precipitation 
(PA) method was compared with the ultracentrifugation (UC) method.

Using K562 cells, the recovery of EVs using the PA method allowed the detection of common EV marker proteins. The 
gene ontology analysis also indicated that EV-related terms ranked the highest, similar to the UC method. These results 
demonstrate that the PA method is also effective for recovering EVs from suspended cells, such as K562 cells.

When the average pI values were calculated with the abundance and the pI values for the surface proteins in the collect-
ed EVs, the values with the PA method were lower than those with the UC method. These results suggest that electrostatic 
interactions bring the easy recovery of EVs with polyamines.

Key words: extracellular vesicle, liquid biopsy, liquid chromatography-tandem mass spectrometry (LC-MS/MS), isoelectric 
point (pI), polyamine precipitation method

1.　Introduction
1.1.　 Current status and issues surrounding the 

extracellular vesicles
Extracellular vesicles (EVs) are membrane-bound vesi-

cles secreted by cells, including exosomes, microvesicles, 
and apoptotic bodies1). These vesicles play a crucial role in 
intercellular communication and have been reported to be 
useful diagnostic tools in various medical fields, including 
liquid biopsy2). Because of their small size and low immu-
nogenicity, EVs are also being explored for drug delivery 
and therapeutic applications, with great promise for practi-
cal applications in cancer, regenerative medicine, and gene 
therapy3).

In addition to their medical applications, EVs are gaining 
attention in agriculture, environmental science, the food 
industry, and cosmetics. In the food industry, there is ongo-
ing research into developing foods that deliver nutritional 
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and functional components to target areas in the body4,5). In 
the cosmetics field, the application of EVs for skin care and 
anti-aging is being explored, with studies examining their 
effectiveness in promoting skin regeneration and preventing 
aging, focusing on the efficacy of promoting skin regenera-
tion and preventing aging6,7).

Several methods have been reported and implemented to 
isolate EVs. Accurate isolation and characterization of EVs 
are critical in their analysis, and each method has its charac-
teristics, with the choice depending on the intended pur-
pose8). The ultracentrifugation (UC) method is the most fre-
quently used EV isolation method and is considered the 
gold standard9). Although it can be used with various sam-
ples, it requires specialized equipment, and there are con-
cerns about the purity of the isolated EVs9).

Other methods include polymer precipitation, size-exclu-
sion chromatography (SEC), and immunoaffinity capture 
(IC). Polymer precipitation is easy to perform and allows 
for quick recovery, but it has low purity owing to residual 
polymers and protein contamination10). SEC and IC meth-
ods produce purer EVs with fewer impurities, but they are 
not suitable for large sample volumes and are costly10). 
Microfluidic devices represent a novel method for the effi-
cient and rapid isolation of EVs. These devices allow for 
the quick and high-precision separation of EVs through 
microscopic channels, yielding high-purity EVs even from 
small sample volumes. However, they require specialized 
devices, have high installation costs, and are not yet widely 
standardized commercially11).

Another method involves antibodies against specific 
markers or lipid components on the EV surface. Magnetic 
bead separation is a common technique in this category, 

offering high specificity and the ability to isolate the target 
EVs selectively. However, this method is challenging in 
terms of cost and sample volume and cannot recover EVs 
that do not have specific markers12).

Each EV isolation method has advantages and disadvan-
tages. Obtaining sufficient amounts of EVs may be chal-
lenging, particularly when limited clinical samples are 
used. When isolating EVs, considering various aspects such 
as the sample volume, simplicity of the procedure, level of 
purity in the extracted EVs, and associated expenses is cru-
cial. Additionally, employing standardized techniques is 
essential to guarantee consistent isolation results.

Our research focuses on a novel approach for EVs utiliz-
ing a polyamine solution called the PA method. We exam-
ined this innovative technique for EV isolation. We pre-
sented the findings from liquid chromatography-mass 
spectrometry (LC-MS/MS) analysis conducted on a condi-
tioned medium obtained from the NCI-N87 adherent cell 
line13).

1.2.　Outline of the assumed PA method
An outline of the proposed PA method is shown in Fig. 1. 

The method comprises adding the NaCl and polyamine 
solution, mixing, and allowing the mixture to stand. After 
centrifugation, the supernatant was removed, and the sam-
ples were analyzed.

The PA method is characterized by the fact that it does 
not require any special equipment and can be performed 
using an ordinary centrifuge. Furthermore, the polyamine 
solution used is inexpensive and readily available.

In this study, we present the results of various analyses 
using K562 cells, which are floating cells, not adherent 

Fig. 1.　Overview of the PA method.
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cells, and compare them with NCI-N87. Furthermore, we 
focused on the reaction mechanism of the PA method, spe-
cifically examining the protein charge (pI) present in the 
membrane of EVs, and performed multiple studies using 
the pI of NCI-N87 (adherent cells) and K562 (suspended 
cells).

2.　Materials and Methods
2.1.　Cell culture

Two cell lines were utilized for LC-MS/MS analysis: 
NCI-N87 (ATCC, Manassas, VA, USA) and K562 
(National Institute of Biomedical Innovation, Health and 
Nutrition, Osaka, Japan). The cells were cultured in RPMI-
1640 Medium supplemented with L-Glutamine and Phenol 
Red (Fujifilm Wako, Tokyo, Japan), along with 10% fetal 
bovine serum, at 37°C in a 5% CO2 incubator. Upon reach-
ing confluence, the medium was replaced with an 
Advanced RPMI 1640 Medium (Thermo Fisher Scientific, 
Waltham, MA, USA). After 48 h of culture, the media were 
collected and subjected to initial centrifugation at 1,000 × g 
for 10 min at room temperature (20‒25°C) to pellet and 
remove any cells. All subsequent centrifugation steps were 
performed at 4°C. The supernatant was then centrifuged at 
2,000 × g for 20 min. Following centrifugation, the media 
supernatant was filtered through a 0.22-μm pore filter 
(HAWACH Scientific Co. LTD, Xian City, China). Each 
procedure was conducted using a prefiltered culture 
medium.

2.2.　EVs isolation
2.2.1.　Ultracentrifugation

To isolate EVs, we removed the cells and subjected the 
prefiltered culture supernatant to ultracentrifugation. This 
procedure was performed utilizing an Optima L-90K ultra-
centrifuge (Beckman Coulter, Fullerton, CA, USA) at 
150,000 × g for 100 min with an SW28.1 swinging bucket 
rotor (Beckman Coulter). After the initial centrifugation, 
phosphate-buffered saline (PBS) was introduced into the 
upper portion of the centrifuge tube (17 mL, Open-Top Thin 
wall_Ultra-Clean Tube (Beckman Coulter), and the ultra-
centrifugation process was repeated under identical condi-
tions. The supernatant was discarded, and the isolated EVs 
were resuspended in PBS.

2.2.2.　Polyamine precipitation (PA) Method
For the PA method, the treated cell culture supernatant 

was transferred into a 15 mL conical centrifuge tube (Nunc, 
Thermo Fisher Scientific, USA). A 1/10 volume of 5 M 
NaCl solution and a 1/10 volume containing 0.01% spermi-
dine (191-13831, FUJIFILM Wako Chemicals, Osaka, 
Japan) were added to the supernatant. The mixture was sub-
sequently incubated for 10 min at room temperature before 
centrifugation at 27,210 × g (13,000 rpm) for 60 min in a 
refrigerated microcentrifuge (Model 3700; KUBOTA COR-
PORATION, Tokyo, Japan). The supernatant was discarded 
following centrifugation, and the EVs were resuspended to 
PBS for subsequent analysis.

2.3.　Mass spectrometry
2.3.1.　Sample preparation

Samples containing EVs collected using the PA or UC 
method were treated with single-pot solid-phase-enhanced 
sample preparation (SP3) technology. The protein concen-
tration in the sample was adjusted to 1‒200 μg/mL, and 
dithiothreitol was added to achieve a final concentration of 
25 mM. The sample was subsequently incubated at room 
temperature for 30 min, followed by adding 1/10 volume of 
500 mM 3-methyl-1-butanol and further incubation for 30 min. 
Subsequently, Sera-Mag™ SpeedBead Carboxylate-Modified 
[E3] Magnetic Particles (Global Life Sciences Technolo-
gies Japan K.K., Tokyo, Japan) were introduced into the 
samples at a volume of 10 μL for every 10 μg of protein. 
Then, ethanol was added three times to the sample volume, 
and the mixture was agitated at 1,000 rpm for 10 min at 
room temperature. The sample was washed thrice with 80% 
ethanol (500 μL) using a magnetic stand. In conjunction 
with 50 mM Tris buffer, lysyl endopeptidase was introduced 
(100 μL) into the washed sample, which was then sonicated 
and incubated at 37°C for 3 h. Trypsin was subsequently 
added, and the sample was mixed at 1,500 rpm at 37°C for 
20 h. Following digestion, 20% trifluoroacetic acid was 
added to achieve a final concentration of 1/20 of the vol-
ume, and the magnetic particles were separated. The super-
natant was collected, desalted using GL-Tip SDB (GL Sci-
ences Inc., Tokyo, Japan), vacuum-dried, and resuspended 
in 0.1% trifluoroacetic acid with 2% acetonitrile to facili-
tate peptide extraction.

2.3.2.　LC-MS/MS analysis
LC-MS/MS analysis was conducted using a PAL System 

autosampler (CTC Analytics AG, Zwingen, Switzerland) 
and a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spec-
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trometer (Thermo Fisher Scientific). The peptides were 
concentrated on a C18 trap column (5-μm particle size, 
300 μm inner diameter, 5 mm length; Chemical Evaluation 
and Research Institute, Tokyo, Japan) and subsequently 
separated on a C18 analytical column (3-μm particle size, 
100-μm inner diameter, 125 mm length; Nikkyo Technos, 
Tokyo, Japan) at a flow rate of 0.5 μL/min, with an injec-
tion volume of 7.5 μL. The mobile phases were solvent A 
(0.5% acetic acid) and solvent B (0.5% acetic acid in 80% 
acetonitrile). The gradient elution for solvent B commenced 
at 5%, increased to 40% over 100 min, increased to 95% 
over 1 min, maintained at 95% for 3 min, returned to 5% 
over 1 min, and equilibrated at 5% for 10 min. Electrospray 
ionization was performed in positive ion mode. The mass 
spectrometer was operated in data-dependent acquisition 
(DDA) mode. The peptide spectra were acquired using 
Xcalibur 4.1.50 software (Thermo Fisher Scientific). Full 
scans were recorded from 350 to 1,800 m/z at a resolution 
of 17,500, with an automatic gain control (AGC) target of 
3 × 106 and a maximum injection time of 60 ms. MS/MS 
scans were performed at a resolution of 35,000 with an 
AGC target of 1 × 105 and a maximum injection time of 
60 ms. The 10 most intense precursor ions were selected for 
MS/MS analysis in the quadrupole with an isolation win-
dow of 2.0 m/z and fragmented via higher-energy collisional 
dissociation (HCD) using a normalized collision energy of 
27%. Multiply-charged peptides were prioritized for MS/
MS with a dynamic exclusion set to 20 s.

2.3.3.　Data analysis
The protein sequence database used for the analysis was 

UniProt Homo sapiens (TaxID＝9,606), downloaded on 
September 24, 2022, in conjunction with the cRAP contam-
inant database (http://www.thegpm.org/crap/). Proteome 
Discoverer 2.5.0.400 (Thermo Fisher Scientific) was 
employed for data analysis, and SEQUEST (Thermo Fisher 
Scientific) was utilized for database searches. The search 
parameters were configured to allow for two missed cleav-
age sites with a peptide mass tolerance of 10 ppm and a 
fragment mass tolerance of 0.02 Da. Fixed modifications 
included the carbamidomethylation of cysteine, whereas 
variable modifications included methionine oxidation and 
N-terminal acetylation. Peptide identifications were filtered 
using significant Xcorr values with a false discovery rate of 
1% based on the Percolator node in Proteome Discoverer. 
The mass spectrometry data were deposited in the jPOST14) 

repository (project ID: JPST001807, accession ID: PXD 
PXD035832 for NCI-N87; project ID: JPST003429, acces-
sion ID: PXD056938 for K562).

2.4.　Analysis of the K562 cells culture supernatant
Furthermore, proteins specified in the MISEV2023 

guidelines15) were evaluated for their presence in the sam-
ple, and significant peptide spectrum matches (PSMs) were 
identified. A comparative analysis between the PA and UC 
methods was carried out using total ion chromatograms, 
diagrams, and volcano plots to assess the recovered pep-
tides’ concordance rates and distinctive characteristics.

Volcano plot analysis was conducted on the proteins 
obtained using the PA and UC methods. The tetraspanin 
markers CD9, 63, 81, and Flotillin 1, which are frequently 
utilized in EV analysis, were examined. Additionally, four 
markers, actin, EMMPRIN, HSPA8, and HAP90AB1, were 
selected from the proteins enumerated in MISEV2023 that 
exhibited PSMs ≥ 4 using both methods and were subse-
quently analyzed. Gene Ontology (GO) analysis for cellular 
components was performed on proteins detected using both 
methods, focusing on PSMs with a mean of 4 or higher. 
The analysis was conducted using the DAVID program 
(v2024q1)16).

Among the proteins detected, the correlation between the 
two methods was examined for those with PSMs greater 
than 4.0.

2.5.　Analysis using the pI of EVs membrane proteins
This study focused on the analysis of proteins localized 

to the EVs membrane. The target proteins were aggregated 
and cataloged based on information about the EV mem-
brane surface utilizing GO terms from Metascape17). Conse-
quently, 57 proteins were selected for analysis. The cumula-
tive abundance values of these proteins were calculated for 
pI ranges from 4.5 to 11.5 in increments of 1.0. Further-
more, for proteins detected using both the PA and UC meth-
ods with PSMs ≥ 4, the cumulative values of their pI and 
abundance were calculated using the following formula:

12
4

12
4

( )
( )




×pI pI

pI pI

pI Abundance
Abundance

＝

＝
   

The sum of the product of pI and the abundance for each 
detected protein was subsequently indexed by dividing the 
sum of the pI and the abundance by the sum of the abun-
dance.
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3.　Results
3.1.　 Performance evaluation of the PA method using 

K562 cells
Table S1 summarizes the protein data obtained with both 

methods using the K562 cell content detection data as the 
protein content-EVs characteristics for PSMs greater than 
4. With the PSMs using K562, the correlation coefficient 
for both methods was R2＝0.646, and the overall correlation 
was positive, as shown in Fig. 2.

Fig. 3 shows the total ion chromatograms using K562. 
Each method showed a different profile even though the 
same samples were treated using the PA and UC methods.

A volcano plot obtained using the K562 cells is shown in 
Fig. 4. The results for the examined tetraspanin markers 
and other markers are shown. Table S2 lists the proteins 
used in the analysis, including the quantitative information.

In the GO analysis, EV markers, including exosomes, 
accounted for the highest annotation cluster and were 
enriched; enrichment scores for the PA and UC methods 
were 171.7 and 176.5, respectively (Table S3).

3.2.　 Performance evaluation of the PA method using 
K562 cells

The membrane proteins selected for analysis are listed in 
Table S4. The pI values were 6.30±1.20. The correlation 
between the cumulative abundance values and pI for NCI-
N87 is shown in Fig. 5(a) and for K562 in Fig. 5(b). The 

comparison of the total abundance was different between 
NCI-N87 and K562 cells. However, when comparing the 
average cumulative pI values at pI ≥ 4, K562 cells exhib-
ited 6.05 for the PA method and 6.35 for the UC method, 
whereas NCI-N87 cells displayed values of 6.18, PA 
method, and 7.02, respectively. For the UC method, when 
pI was 4 or higher, the values for K562 cells were 6.08 and 
6.37, and for NCI-N87 cells, the values were 5.83 and 7.13. 
When considering both methods with pI values of 4 or 
higher, the values for K562 cells were 6.07 for the PA 
method and 6.35 for the UC method, and for NCI-N87 
cells, the values were 5.80 for the PA method and 7.10 for 
the UC method. In all the cases, the PA method yielded 
lower values.

4.　Discussion
Herein, we investigated the recovery of EVs using the PA 

method and their protein composition using LC-MS/MS in 
the suspension cell line K562. Initially, as observed with 
NCI-N87, an adherent cell line, the ion chromatograms 
obtained from K562 cells showed differences between the 
two methods. Volcano Plot analysis revealed that, unlike 
NCI-N87, the EV markers with the PA method were less 
than those with the UC method. This discrepancy may be 
attributed to the influence of debris generated during the 
suspension cell culture process, in addition to the presence 
of a specific factor related to K562 cells, which was the 
subject of this investigation.

In the GO analysis, analogous to the results obtained 
using NCI-N87, the terms associated with EVs demon-
strated the highest rank, as observed in the UC method. 
Additionally, the two methods positively correlated with 
the proteins detected with PSMs ≥ 4.0. These findings sug-
gest that the PA method could be used to recover EVs. On 
the other hand, the relationship between pI and cumulative 
abundance for surface proteins in collected EVs from NCI-
N87 (Fig. 5(a)) and K562 (Fig. 5(b)) revealed that the aver-
ages of pI values with the PA method were lower than those 
with the UC method. These observations indicate that 
polyanionic EVs may aggregate through electrostatic inter-
actions with polyamines, which are polycations, and that 
the PA method can recover a protein population specific to 
EVs compared with the conventional UC method. Notably, 
this method is particularly effective for analyzing EV pro-
teins in the low-pI range.

EVs in liquid biopsies can be important information 

Fig. 2. Relationship between the PA method and the UC 
method for PSMs using K562.
The x-axis represents the PA method, and the y-axis 
represents the UC method.
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sources for cancer diagnosis and treatment monitoring18). 
Tumor-derived EVs often contain tumor-specific biomark-
ers that aid in tracking cancer progression and treatment 
response19). Furthermore, the stability of EVs as biomarkers 
is notable because their lipid bilayer protects their contents, 
making them suitable for analysis20). Analysis of the con-
tents of EVs can reveal the genetic characteristics and 
molecular mechanisms of cancer, thereby contributing to 
personalized medicine. Thus, EVs are expected to be valu-
able tools in liquid biopsies for cancer diagnosis and treat-
ment monitoring.

To investigate the reaction mechanism of the PA method, 
we focused on the pI and found that the PA method recov-
ered proteins with lower pI values than the UC method.

Exosomes in EVs are surrounded by a phospholipid 
bilayer containing negatively charged phosphate groups21). 
These phosphates provide the exosome surface with a nega-
tive charge22, 23). In addition, surface proteins and glycans 
on exosomal membranes contribute to the anionic nature of 
exosomes24). Exosomes play a role in intercellular commu-
nication, and their negative charge facilitates interactions 
with cationic (positively charged) regions on the recipient 

Fig. 3.　Comparison of the PA method and UC method using the total ion chromatogram using K562.
(a) PA method, (b) UC method.

Fig. 4.　Volcano plot for each method.
Marked for proteins in EVs at K562. Created using abundance data obtained by LC-MS/MS. The x-axis indicates the log2 fold change 
for each gene, and the y axis indicates the log10 p-value. Red dots indicate proteins with p-values ＜0.05, and green dots indicate 
proteins with p-values ≥0.05. The significance of differences was evaluated using t-test, with p-value ＜0.05 being significant.
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cell surfaces25).
The PA method is based on the electrical properties of 

the polyamines. In other words, an ion complex consider-
ably forms between EVs and polyamines to form a coacer-
vate26). Various free proteins in the culture medium are also 
assumed to form ion complexes with polyamines because 
they exist in a random coil state and have a negative 
charge. We consider that concerning the proteins detected 
by the UC method, a high concentration of NaCl in the 
reaction solution prevents coacervate formation in those 
with small particle sizes and low charge densities. How-
ever, further studies are required to confirm these findings.

While this study was a basic examination using culture 
supernatants, we aimed to conduct further research using 
clinical specimens to explore the potential for the clinical 
application of the PA method.

Conclusions
A study using the culture supernatant from the suspen-

sion cell line K562 and analyzed by LC-MS/MS demon-
strated that the PA method is a practical approach for EV 
recovery. Analysis of the pI suggests that the interaction 
occurs because of the charge properties of the polyamines 
and EVs.

Fig. 5.　Relationship between pI and cumulative abundance for surface proteins in collected EVs.
(a) NCI-N87, (b) K562.
The y-axis represents the cumulative abundance, and the x-axis represents the pI value, which was set in the range of 4.5 to 11.5.
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Table S1.　Protein content using the PA and UC 
methods analyzed by LC-MS/MS
PA method (a) and (b) UC method. The analysis was con-
ducted in triplicate (N＝3), and the list was composed of 
PSMs (peptide spectrum matches) with an average value of 
4 or higher across any of the methods. Data are presented 
as means with standard deviations.

Table S2.　List of proteins used in the volcano plot 
analysis
A. All proteins
B. Down regulated proteins
C. Up regulated proteins

Table S3.　gene ontology (GO) classification
A. PA method
B. UC method

Table S4.　Proteins on the membrane of the selected EVs
Gene symbol, accession number, and pI value are shown.
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A case of primary meningococcal conjunctivitis in a young Japanese man 
rapidly identified as Neisseria meningitidis by MALDI-TOF MS
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Abstract We report a rare case of keratoconjunctivitis in a young Japanese man rapidly identified as Neisseria meningitidis 
by MALDI-TOF MS (matrix-assisted laser desorption-ionization time-of-flight mass spectrometry). The patient was diagnosed 
with primary meningococcal conjunctivitis. A 26-year-old man presented to Osaka Medical and Pharmaceutical University 
with a 3-day history of sudden pain onset in both eyes, conjunctival redness, tearing, and purulent eye discharge. The bul-
bar and palpebral conjunctiva were hyperemic and thickened, with superficial punctate keratitis in both eyes, and an area of 
stromal infiltration in the left eye. No epithelial defects or corneal thinning were observed. He had a slight fever and fatigue. 
Initial Gram staining of the conjunctiva revealed gram-negative diplococci, and, he had a sexual encounter two weeks ago, 
therefore, we suspected gonococcal conjunctivitis. The patient was administered with 1 g of intravenous ceftriaxone every 12 h 
for 7 days, and topical cefmenoxime hydrochloride and topical gatifloxacin hydrate were administered eight times per day. 
His condition improved dramatically after treatment; however, on the third day after admission, Neisseria meningitidis was 
detected through conjunctival swab culture and biochemical testing using the VITEKⓇ2 NH card. We also rapidly identified 
Neisseria meningitidis through conjunctival swab mass spectrometry using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS). Later, the same bacterium was detected through genetic analyses. Following 
advice from our hospital’s infectious disease control office, our patient was isolated in a private room for 1 week, and individ-
uals who were in close contact with him were administered ciprofloxacin tablets. We strongly suspected gonococcal infection 
and initiated treatment, but Neisseria meningitidis was rapidly identified using conjunctival swab MALDI-TOF MS analysis. 
Therefore, appropriate treatment and infection prevention measures were possible.

Key words: Neisseria meningitidis, primary meningococcal conjunctivitis, matrix-assisted laser desorption-ionization time-of-flight 
mass spectrometry, gene sequence analysis

Introduction
Neisseria meningitidis is a gram-negative diplococcus 

that colonizes the nasopharyngeal mucosa and is transmit-
ted via droplet infections from carriers or patients. In addi-
tion, it causes serious diseases, such as upper respiratory 
inflammation, pneumonia, urethritis, arthritis, pericarditis, 
bacteremia, and sepsis. Generally, meningococcal conjunc-
tivitis can be classified as a primary or secondary systemic 
disease. Primary meningococcal conjunctivitis (PMC) is a 
rare cause of pediatric acute purulent bacterial conjunctivi-
tis that is more frequently prevalent in children than in 
adults1, 2). Here, we report a rare case of PMC in a young 
Japanese adult who presented with clinical symptoms 
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resembling gonococcal keratoconjunctivitis. We could rap-
idly identify PMC pathogenetic microorganism on conjunc-
tival swabs from this patient by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS). Significant advances in microbiologi-
cal methods have been through achieved innovation in 
mass spectrometry3). MALDI-TOF MS has become the 
standard for microbial identification, enabling microbiology 
laboratories to reliably, rapidly, and cost-effectively identify 
starting from colony material4). This is also the case in our 
hospital. In this case as well, we were able to make a defini-
tive diagnosis and administer appropriate treatment for this 
patient by MALDI-TOF MS analysis and genetic analyses.

Case report
A 26-year-old man was referred to a specialized outpa-

tient ophthalmology clinic at our hospital because of per-
sistent conjunctival hyperemia with purulent eye discharge 
under the suspicion of gonococcal conjunctivitis following 
sexual intercourse with an unidentified woman 2 weeks 
prior. He had been treated with antibiotic eye drops for con-
junctivitis at another eye clinic; however, his condition 
deteriorated. During the initial visit to our department, the 
best-corrected visual acuity and intraocular pressure were 
not measurable because he was unable to keep his eyes open 
due to severe pain in both eyes. Both eyes were injected with 

marked discharge from both eyelids (Fig. 1a, b). The bulbar 
and palpebral conjunctiva showed hyperemia and thicken-
ing (Fig. 1c, d), accompanied by superficial punctate kerati-
tis in both eyes and an area of stromal infiltrate in the left 
eye. The posterior segments of both the eyes were unre-
markable. In terms of systemic symptoms, he had a slight 
fever and fatigue without headache or a stiff neck. Blood 
tests revealed only mildly elevated C-reactive protein 
levels. He also had a history of bronchial asthma. Subse-
quently, a conjunctival swab smear test was quickly 
performed, and gram-negative diplococci were detected 
(Fig. 2). Based on his clinical findings and sexual history, 
gonococcal conjunctivitis was strongly suspected. There-
fore, 1 g of intravenous ceftriaxone was started every 12 h 
for 7 days, and topical cefmenoxime hydrochloride and 
gatifloxacin hydrate were administered eight times per day 
at our hospital. Although the ocular findings improved, 
meningococcus was identified by culture and biochemical 
testing using the VITEKⓇ2 NH card three days after admis-
sion. Since adult case of PMC are rare in Japan and the 
results were unexpected, we additionally performed con-
junctival swab MALDI-TOF MS. Neisseria meningitidis 
was rapidly identified. Furthermore, we conducted gene 
sequence analysis using conjunctival swabs to confirm the 
presence identify the same bacterium.

Fig. 1.　Slit lamp photograph of the patient.
Slit lamp photograph shows a marked purulent discharge in the eyelids of right eye (a) and left eye (b). Slit lamp photograph shows 
the bulbar and palpebral conjunctiva presenting with hyperemia and thickening in right eye (c) and left eye (d).
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Materials and methods
Proteome analysis using MALDI-TOF MS was 

attempted to rapidly identify pathogenic microorganisms on 
conjunctival swabs from this patient. We applied matrix-as-
sisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) using a Linear mode, and 
identification was performed with the Biotyper software 3.0 
program (Bruker Daltonics, Billerica, USA). The colonies 
were scraped off, directly placed on a MALDI plate, and 
then drying, 1 μL of pellets on the α -cyano-4-hydroxycin-
namic acid (HCCA)-Matrix, we measured the MS. We 
checked the m/z calibration with the MBT calibrator 
(Bruker Daltonics KK., Tokyo) before MS analysis. The 
MS was carried out in the Autoflex-Speed using the Linear 
mode, and the results were analyzed using the BiotyperTM 
software 3.0 program (Bruker Daltonics, Billerica, USA).

All reagents except the HCCA were purchased from 
Nakalei tasque (Tokyo).

16S rRNA PCR amplification was performed for species 
identification according to the instruction manual from 
Nippon Gene Co., Ltd. PCR products were separated by 
electrophoresis on 1.5% (w/v) TAE agarose gel. DNA was 
purified using NucleoSpinⓇ Gel and PCR Cleanup 
(TaKaRa Bio Inc., Japan), and its concentration and quality 
were assessed with a NanoDropⓇ system before DNA 
sequencing.

Results and discussion
Herein, we report a rare case of PMC in a young Japanese 

adult who presented with clinical symptoms resembling 
gonococcal keratoconjunctivitis. As shown in Fig. 1 (a), (b), 

these slit lamp photographs reveal a marked purulent dis-
charge in the eyelids of right eye (a) and left eye (b). Addi-
tionally, slit lamp photographs show the bulbar and palpe-
bral conjunctiva presenting with hyperemia and thickening 
in right eye (Fig. 1(c)) and left eye (Fig. 1(d)). Gram staining 
of the conjunctival swab identified the gram-negative diplo-
cocci, coffee bean appearance, as shown in Fig. 2. Further-
more, biochemical testing using the VITEKⓇ2 NH card 
was performed, and the utilization capacity of glucose and 
maltose was confirmed to be positive, while that of sucrose 
and other sugars was confirmed to be negative.

Three colonies grew on blood agar, characterized by a 
grayish-white color, round shape, translucency, and glossy 
appearance. The colonies were centrifuged at 5,000 Xg at 
4°C for five minutes, and the precipitate was placed on the 
pallet of the MALDI-TOF MS machine. As shown in 
Fig. 3a, the MALDI TOF raw mass spectra data was 
achieved using the autoflex speedTM. We showed the 
obtained MALDI mass spectrum pattern (upper layer) and 
the standard pattern matching (lower layer) in Fig. 3b and 
c. The obtained the mass spectra pattern was compared and 
identified to the standard pattern matching with the 
BiotyperTM tool. As shown in Fig. 3, c, the score for 
Neisseria meningitidis is 2.165 by BiotyperTM database 
search (b), and that of Neisseria gonorrhoeae is 1.767 (c). 
Therfore, the pathogenic microorganism of this case was 
identified as Neisseria meningitidis, not Neisseria gonor-

rhoeae.
As shown in Fig. 4a, the PCR product was achieved 

approximately of 1600 bp in agarose gel electrophoresis. 
The 16S rRNA sequence for this PCR product compared 
with NCBI, and was showed the extremely high homology 
with a standard strain of Neisseria meningitidis, in Fig. 4b 
and 4c. The result of the direct DNA sequencing recon-
firmed to support the identification with MALDI-TOF MS.

Our patient was 26 years old and had few systemic symp-
toms, with conjunctivitis and eye discharge as the main 
symptoms. PMC is extremely rare in adults. Barquet et al.1) 
reviewed 84 cases of PMC globally from 1899 to 1988, and 
only 20 patients were adults (aged ＞18 years). Our litera-
ture search using PubMed yielded only a few additional 
case reports of adult PMC since 19905‒11). In Japan, there 
have been no reports of PMC in adults. In addition, our 
patient showed not only conjunctivitis but also stromal ker-
atitis. We found several reported cases of keratitis, such as 
mild keratitis and perilimbal infiltrates, punctate epithelial 

Fig. 2.　Gram stain of the conjunctival swab characteristic 
of gram-negative diplococci polymorphs.
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erosion of the cornea, subepithelial corneal infiltrates, 
peripheral stromal and limbal infiltrates, and corneal ulcers 
caused by Neisseria meningitidis5, 7‒11). Unlike gonococcal 
conjunctival infections, no cases of corneal perforation 
have been observed in patients with PMC. PMC presents as 
an acute, purulent conjunctivitis and can mimic gonococcal 
conjunctivitis; however, differentiating between Neisseria 
gonorrhoeae and Neisseria meningitidis is important. PMC 
has the risk of corneal ulceration in 15.5% of cases, and 
after the onset of conjunctivitis, fatal systemic meningococ-
cal infection (sepsis and/or meningitis) occurs in 
10‒29.9%, resulting in a high mortality rate of 13%1, 12). 
Moreover, Barquet et al.1) reported that patients treated with 
only topical antibiotics develop systemic disease more fre-

quently (approximately 32%) compared to those treated 
with both topical and systemic therapies (approximately 
2%). Therefore, systemic therapy with adjunctive topical 
treatment is recommended to prevent invasive meningococ-
cal infection in cases of hyperacute conjunctivitis caused by 
gram-negative diplococci13‒15).

In this case, gram-negative diplococci were confirmed, 
and gonococcal conjunctivitis was suspected; thus, sys-
temic administration was promptly initiated. Fortunately, 
our patient did not develop a systemic meningococcal 
infection, and his ocular symptoms resolved. For the differ-
entiation of between Neisseria gonorrhoeae and Neisseria 
meningitidis, both microbial and biochemical tests must be 
performed16, 17). The identification of Neisseria species. has 
always been considered a time-consuming task in routine 
laboratory work, and some publications have proposed 
tools to improve, accelerate, and simplify this process. 
MALDI-TOF MS is a new method for performing microbi-
ology laboratory work that is capable of confirming the 
identity of several microorganisms known to be difficult to 
identify using conventional tests. Their method involves 
identifying a microorganism by searching a library for the 
ribosomal 16S protein. In our case, a gonococcal infection 
was suspected based on the clinical course, the patient’s 
infection route episodes. However, using the MALDI-TOF 
MS method based on culture results, we were able to 
rapidly identify Neisseria meningitidis as the causative 
pathogen. As reported in reference18), the MALDI-TOF MS 

Fig. 3.　MALDI-TOF mass spectra of this case and the 
score.
We analyze the standard pattern matching (a) and obtained 
MALDI mass spectrum pattern is compared to a database 
for identification.
The score for Neisseria meningitidis is 2.165 by Biotyp-
erTM database search (b).
The score for Neisseria gonorrhoeae is 1.767 (c).

Fig. 4.　The results of the image of the agarose electropho-
resis and direct sequence of the PCR product of 
this case.
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method is a powerful tool for more rapidly identifying 
pathogenic microorganisms compared to the 16S rRNA 
sequencing method. From the perspective of a mass spec-
trometry expert, microbial identification using MS is essen-
tially a pattern recognition of the r16S protein, and does not 
involve indentifying or comparing individual proteins, 

Therefore, it is believed that the method may be usable 
even with crude samples. We believe that this allowed for 
the appropriate isolation of patients and prevention of infec-
tion. Fatalities after acquiring PMC from close contacts 
have been reported1, 9, 12). Therefore, individuals who were 
in close contact with patients should be administed with 

Fig. 4.　Continued.
The agarose gel electrophoresis patterns of the PCR products of this case (a).
The result of the direct sequence of the r16S PCR product in this case (b).
The identification of Neisseria meningitidis by Database search (GeneBankTM) (c).
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prophylactic antibiotics (such as ciprofloxacin), and inter-
vention by infection control experts is required to prevent 
disease outbreaks. The risk of infection during a close slit-
lamp examination is unknown; however, in this case, upon 
the advice of the hospital’s infection control department, the 
patient was isolated in a private room for one week, and 
close contacts were administered ciprofloxacin tablets 
(500 mg).

In summary, we report a rare case of PMC in a young 
adult Japanese patient. Prompt and precise diagnosis from 
clinical eye findings and bacterial identification tests by oph-
thalmologists is important to initiate appropriate systemic 
antimicrobial therapy to prevent systemic disease and disease 
outbreaks. The MALDI-TOF MS analysis was a very useful 
for the rapid identification of Neisseria meningitidis.
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