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Outline 3
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Discovering the electron 5

Portrait of Thomson
Thomson’s positive ray analyzer in the Cavendish 
Laboratory in Cambridge.



What is a mass spectrometer?

An instrument that essentially weighs molecules
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Mass spectrometry application

 Identify unknown organic or inorganic compounds 

 Determine the structure of complex molecules 

 Quantitate extremely low concentrations of known analytes 
(down to one part in 1012)
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How to work mass spectrometry? 8



Different terms in mass spectrum

 Mass spectrum       m/z vs 
abundance

 Base peak: the highest peak or 
more intense peak in the spectrum.

 Molecular ion (parent ion, M+.): a 
positively charged molecule with 
an unpaired electron.
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Basic Mass Spectral Interpretation 10

Mass spectrum of methylcyclohexane



Mass Spectrometer Instrumentation 11



Essential parts of an MS device 12



Essential parts of an MS device 13

Electron 
Multiplier, Micro 
Channel Plates



Ion source
Heart of the mass 
spectrometer
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Ionization Technique types 15
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Ionization Technique types 17



Common atmospheric pressure ion 
sources 

 Electrospray ionization (ESI)

 Atmospheric pressure chemical ionization (APCI)

 Atmospheric pressure photoionization (APPI)
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Electrospray ionization (ESI) 19



ESI characteristics

 Softest ionization method.

 Use: highly polar, least volatile, or thermally unstable compounds, 
such as natural substances, biological macromolecules, and 
pharmaceuticals.

 Biochemical compounds including: peptides and proteins, lipids, 
oligosaccharides, oligonucleotide, bio-organic compounds, synthetic 
polymers, and intact non-covalent complexes. 

 ESI is an atmospheric pressure process. This makes it easy to use and 
easy to interface with HPLC and CE separation techniques.

 Is subject to matrix effects, particularly ion suppression.
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Atmospheric pressure chemical 
ionization (APCI) 21



APCI characteristics

 For analysis using APCI, the analytes of interest should be heat stable 
and volatile for best results. 

 Use: highly fat-soluble compounds or compounds that do not ionize 
in solution and nonpolar analytes. 

 APCI is often less susceptible to matrix effects (including ion 
suppression)
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Mechanisms of matrix effects in ESI
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General composition of 
selected biological 
matrices



APCIESI



Atmospheric Pressure Photoionization 
(APPI)
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Atmospheric Pressure Photoionization 
(APPI)

 The application area of APCI is the analysis of drugs, 
nonpolar lipids, natural compounds, pesticides and 
various organic compounds.

 Limited use in the analysis of biopolymers, 
organometallics, ionic compounds and other labile 
analytes.
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Matrix-assisted laser 
desorption/ionization (MALDI) 28



Matrix-assisted laser 
desorption/ionization (MALDI)
 Use: high molecular weight compounds such as 

organic macro molecules and labile 
biomolecules.
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Three Ionization Techniques Used in 
Clinical Mass Spectrometry
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Relationship between ionization 
method and applicable analytes
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Relationship between ionization 
method and applicable analytes
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Mass analyzers

Takes ionized masses 

Separates them

Outputs them to the detector
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Mass analyzers

 There are a variety of mass analyzers and they 
can be classified by how the ions are being 
introduced:
Continuous MS: allows an uninterrupted supply of ions 

to enter the mass analyzer.

 Pulsed MS: requires the ions to be introduced only at a 
specific time point. 
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Six mass analyzers 35

A)  Quadrupole (Q)
B)  Time-of-flight (TOF)
C)  Magnetic Sector (MS)
D)  Ion Trap (IT) 
E)  Orbitrap (OT) 
F) Ion Cyclotron Resonance (ICR)



Quadrupole MS 36
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Time-of-Flight (TOF) MS 38
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Ion Trap (IT) MS
40



Detectors: Electron Multiplier 41



MS APPLICATIONS IN CLINICAL 
LAB
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Nobel Prizes during MS development 
process

 Mass spectrometry techniques 
have been awarded 5 Nobel 
Prizes during their 
development process.
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Nobel Prize in Physics in 1909, one of the 
first users of mass spectrometry 

Nobel Prize in Chemistry in 1922 for 
discovering stable isotopes

Nobel Prize in Physics 1989l, for discovering 
the ion trapping technique

Nobel Prize in Physics in 2002 for 
introduction  the MALDI technique, and 

discovering the soft electron spray 
ionization (ESI) technique 

John 
Bennett

Fenn

Koichi
Tanaka

Wolfgang

Paul

Francis 
William
Aston 

Joseph 
John 

Thompson

Nobel Prize winners 
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The clinical laboratory journey of the 
MS method

 The MS technique was firstly used in sterol metabolism in the 1930s with 
the discovery of deuterium. 
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Use of first commercially available 
GC-MS device

Publication of first study on multiplex 
urine steroid analysis

First commercially available GC-MS 
device was put in

Use of quadrupoles

1965

1966

1971

1974



The clinical laboratory journey of 
the MS method

 Between 1980 and 1990:
 Production of silica columns in chromatography technique

 Development of solid-phase extraction method

 Development of thermospray ionization technique

 Introduction of triple quadrupole devices
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The clinical laboratory journey of 
the MS method

 On May 26, 1981               accident on the aircraft carrier Nimitz.

Killing 14 and injuring 45
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Applications in Clinical Laboratories

 Endocrinology:

 Toxicology: 

 Microbiology

 Metabolism:
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• classification and identification of bacteria and other 
microorganisms
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Inherited metabolic diseases 
(Inborn Errors Of Metabolism)

o Inherited conditions that develop as a result of mutations affecting the 
function of proteins. 
oThe majority of IMDs are monogenic conditions and the mutant proteins are 
enzymes, but others involve structural proteins, receptors, hormones or 
transport proteins. 
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Single-gene defects

 Most congenital metabolic disorders known as inborn errors of 
metabolism result from single-gene defects. 

 A single-gene disorder (or monogenic disorder) is the result of a 
single mutated gene. Single-gene disorders can be passed on 
to subsequent generations in several ways: 

o Autosomal dominant

o Autosomal recessive

o X-linked dominant

o X-linked recessive

o Y-linked

o Mitochondrial

 Genomic imprinting and uniparental disomy, however, may affect 
inheritance patterns.
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Inherited metabolic diseases (IMDs) 

OMIM

Controllable
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How are genetic disorders identified?

 If there’s a family history, DNA testing for genetic disorders can be an 
important part of starting a family. Options include:

o Carrier testing: This blood test shows whether you or your partner carry a 
mutation linked to genetic disorders. This is recommended for everyone 
considering pregnancy, even if there is no family history.

o Prenatal screening: This testing usually involves blood testing from a pregnant 
woman that tells a person how likely it is that an unborn child could have a 
common chromosome condition.

o Prenatal diagnostic testing: You can find out whether your unborn child faces a 
higher risk for certain genetic disorders. Prenatal testing uses a sample of fluid 
from the womb (amniocentesis).

o Newborn screening: This test uses a sample of your newborn baby’s blood. 
Detecting genetic disorders early in life can help your child receive timely care if 
needed.
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Carrier testing 

o The first opportunity to address IEM occurs with testing of 
asymptomatic future parents. Certain populations have increased 
carrier rates for IEM, and preconception screening has been shown to 
decrease disease prevalence. 

o first began in the Ashkenazi (Eastern European) Jewish population in 
the early 1970s with preconception screening for carriers of Tay-Sachs 
disease.

o With the advent of carrier screening, the incidence of Tay-Sachs 
disease decreased by 90% between 1970 and 1993 in the Jewish 
populations of North America.
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Metabolic pathway blockage 58



PKU 59
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Screening History

 Mass newborn screening began in the 1960s when Guthrie and Susi developed a 
method for estimation of phenylalanine in blood samples collected on a filter paper 
for the detection of phenylketonuria (PKU) using a bacterial inhibition assay.

 Until the early 1990s, few other diseases, “though one at a time,” were added to the 
newborn screening programs

 In the 1990s, with the introduction of tandem mass spectrometry (MS/MS) into the 
metabolic screening laboratories, the paradigm of analyzing one analyte per disorder 
changed. With a single and “2–3min” long analysis of a small blood spot, MS/MS 
allows the determination of multiple analytes characteristic of several (>40) 
metabolic disorders.
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Newborn screening timeline 62



Screening History 63

“It began with our second child, John,” wrote 
Robert Guthrie, in a medical journal article about 
the breakthrough he developed that has saved 
hundreds of thousands of lives.

“He is mentally retarded. John stimulated me to go 
into research aimed at preventing mental 
retardation and developmental disabilities.”



Early heroes of PKU 64



LC-MS/MS 

 Since LC-MS/MS is based on a separation technique, the 
molecule to be analyzed must be separated from its 
matrix by pre-treatment. 

 Blood, serum or plasma, urine, and cerebrospinal fluid 
(CSF) have different matrices, and the desired molecule 
must be separated from these matrices.

 For the separation process, techniques such as 
extraction,  derivatization and often liquid or gas 
chromatography are used as pre-treatment steps.
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66Sample preparation
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Newborn screening with 
MS/MS

Simultaneous Analysis of Acylcarnitines and Amino Acids in Dried Spot Blood (DBS) with 
MS/MS
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70
Tandem Mass Spectrometer

(MS/MS) 

LC Ion 
source Triple quadrupole



Tandem Mass Spectrometry
(MS/MS) 
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The Recommended 
Uniform Screening 
Panel (RUSP) is a 
national guideline for 
newborn screening 
(NBS).

73

✓ Core conditions: The HHS 
Secretary recommends 
including these in every 
NBS program. Newborn 
screening is specifically 
designed to assess whether 
your baby might have these
conditions.

✓ Secondary conditions: 
These may be found while 
screening for a core 
condition. Although NBS is 
not specifically designed to 
assess whether your baby 
might have these 
conditions, it sometimes 
finds babies likely to have 
them.
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Fatty acid 
oxidation 

disorders (FAODs) 
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Fatty acid oxidation comprises four 
components:
1. carnitine cycle
2. ß-oxidation cycle
3. electron-transfer path
4. synthesis of ketone bodies

liver muscle

1-carnitine cycle

2-ß-oxidation cycle

Acetyl COA
liver

4-ketone bodies

FADH, NADH

3-Electron transfer

ATP
Tissues
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Fatty acid oxidation disorders
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Fatty acid oxidation disorders



78



Fatty acid oxidation defects
Findings in confirmatory testsConfirmatory tests / 

follow-up
Primary metabolite in 

MS/MS
Disorders

↑ C16–C18 acylcarnitines on PACP; ↓ free 
carnitine, ↑ CK, ↓ glucose, ↑ NH3 on plasma

PACP, CK, glucose, NH3↑ C16–C18 acylcarnitines,
↓ Free carnitine

Carnitine acylcarnitine 
translocase (CACT) 

deficiency

↓ C16–C18 acylcarnitines on PACP; –↑ free 
carnitine, ↑ CK, ↓ glucose, ↑ NH3 on plasma

PACP, CK, glucose, NH3↓ C16–C18 acylcarnitines,
–↑ free carnitine

Carnitine  palmitoyl 
transferase type 1 (CPT-1) 

deficiency

↑ C16–C18 acylcarnitines on PACP; ↓ free 
carnitine, ↑ CK, ↓ glucose, ↑ NH3 on plasma

PACP, CK,
glucose, NH3

↑ C16–C18
acylcarnitines,
↓ free carnitine

Carnitine palmitoyl 
transferase type 2 (CPT-2) 

deficiency
↓ C16–C18 acylcarnitines on PACP; ↑ urine 

carnitine; ↓ free carnitine, ↑ CK, ↓ glucose, ↑ NH3 
on plasma

PACP, urine
carnitine, CK,
glucose, NH3

↓ C16–C18
acylcarnitines,

↓ free carnit

Carnitine uptake/ 
transporter defect

↑ Long chain 3-hydroxy acylcarnitines on PACP;
↑ 3-OH dicarboxylic acids on UOA; ↑ CK,

↓ Glucose,
↑ NH3 on plasma

PACP, UOA, CK, glucose,
NH3

↑ Long chain 3-hydroxy 
acylcarnitines

3-Hydroxy long chain 
acyl-CoA dehydrogenase 
deficiency (LCHAD/MTP)

↑ C8–C10 acylcarnitines on PACP; ↑ dicarboxylic 
acids, hexanoylglycine, phenylpropionylglycine

and suberylglycine on UOA;
↑ CK, ↓ glucose,
↑ NH3 on plasma

PACP, UOA, CK, glucose,
NH3

↑ C8–C10 acylcarnitines
Medium chain acyl-CoA 
dehydrogenase (MCAD) 

deficiency

↑ Multiple acylcarnitines on PACP; ↑ glutaric, 
ethylmalonic, dicarboxylic acids, hexanoylglycine, 

phenylpropionylglycine and suberylglycine on 
UOA;↑ CK, ↓ glucose, ↑ NH3 on plasma

PACP, UOA, CK, glucose,
NH3

↑ Multiple acylcarnitines

Multiple acyl-CoA 
dehydrogenase 

deficiency (MADD) or 
glutaric acidemia-type 2

↑ Butyrylcarnitine on PACP; ↑ ethylmalonic, 
methylsuccinic, butyrylglycine on UOA

PACP, UOA↑ Butyrylcarnitine (C4)
Short chain acyl-CoA 

dehydrogenase 
deficiency (SCAD)

↑ Long chain acylcarnitines
on PACP; ↑ CK, ↓ glucose,

↑ NH3 on plasma

PACP, CK,

glucose, NH3

↑ C14, C14:1,
C14:2 acylcarnitines,

↓ Free carnitine

Very long chain acyl-CoA 
dehydrogenase 

deficiency (VLCAD)
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Amino acid 
disorders
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Amino acid disorders

 Collectively affect approximately 1 in 8000 newborns. 

 Almost all are transmitted as autosomal recessive traits. 

 Result from a lack of a specific enzyme in the metabolic 
pathway of an amino acid. 

 This leads either to the accumulation of (1) the parent amino 
acid, (2) its by-products or (3) the catabolic products (organic 
acids). 

 Disorders of amino acid metabolism are divided into two 
groups:
(1) Aminoacidopathies, in which the parent amino acid 

accumulates in excess in blood and spills over into urine.
(2) Organic acidemias, in which products in the catabolic 

pathway of certain amino acids accumulate. 
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Aminoacidopathies
Findings in confirmatory testsConfirmatory tests / 

follow-up
Primary metabolite in 

MS/MS
Disorders

↑ NH3, ↑ arginine on PAA, ↓ hepatic 
arginase activity

Plasma NH3, PAA, enzyme assay↑ ArginineArgininemia

↑ NH3, ↑ argininosuccinic acid on UAA and 
PAA, ↓ fibroblast/liver ASL activity

Plasma NH3, UAA, PAA, enzyme 
assay

↑ Citrulline
Argininosuccinic aciduria 

(ASA)

↑ NH3, ↑ citrulline on PAA, ↓ fibroblast/liver 
ASS activity

Plasma NH3, PAA↑ Citrulline
Citrullinemia Type 1 

“Neonatal” citrullinemia

↑ Blood and urine homocyst(e)ine on PAA 
and UAA; ↑ urine methylmalonic acid on 

UOA in cobalamin C, D, F synthesis defects
PAA, Hcy in P, UAA, UOA↑ MethionineHomocystinuria

↑ Leucine, isoleucine, alloisoleucine and 
valine on PAA; positive DNPH; ↑ branched 
chain α-keto and hydroxyl acids on UOA

PAA, Urine DNPH, UOA

↑ total “Leucine, isoleucine, 
alloisoleucine

↑ Valine

Maple syrup urine disease 
(MSUD)

↑ Phenylalanine on PAA, ↑ phenylalanine/ 
tyrosine ratio; abnormal urinary and/or 

blood or CSF pterins in BH4 synthesis defects

PAA, urine and/or blood or CSF 
neopterin and biopterin studies

↑ Phenylalanine
↑ phenylalanine tyrosine 

ratio

Phenylketonuria

↑ Tyrosine and methionine on PAA; ↑ 
succinylacetone and tyrosine metabolites 

on UOA
PAA, UOA↑ TyrosineTyrosinemia type 1

↑ Tyrosine on PAA; ↑ tyrosine metabolites 
without increased succinylacetone on UOAPAA, UOA

↑ Tyrosine
Tyrosinemia type 2 
Oculocutaneous 

tyrosinemia
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MSUD 83

pathognomonic disease marker



Tyrosine Metabolism Disorders 





Homocystinuria





Findings in confirmatory testsConfirmatory 
tests / follow-

up

Primary metabolite in 
MS/MS

Disorders

↑ Glutaric acid, 3-hydroxygluratic acid, glutaconic 
acid on UOA; 

↑Glutarylcarnitine (C5-dicarboxylic) on PACP
UOA, PACP↑ Glutarylcarnitine (C5-dicarboxylic)

Glutaric aciduria 1 
(GA I)

↑ 3-Hydroxyisovaleric, 3-methylglutaconic, 3-
methylglutaric, 3-hydroxy-3-methylglutaric acids 

on UOA; 
↑ C5- Hydroxyisovalerylcarnitine (C5-OH), 3 

methylglutarylcarnitine (C6DC) on PACP

UOA, PACP↑ 3- Hydroxyisovalerylcarnitine (C5-
OH)

HMG- CoA lyase 
deficiency

↑ Isovalerylglycine, 3-hydroxyisovaleric acid on 
UOA; ↑ isovalerylcarnitine (C5) on PACP

UOA, PACP↑ Isovalerylcarnitine (C5)Isovaleric acidemia

↑ 2-Methyl-3- hydroxybutyrate, 2 
methylacetoacetic, tiglylglycine on UOA; 

↑ tiglylcarnitine (C5:1), ↑ 3-hydroxy-2-
methylbutyrylcarnitine (C5-OH) on PACP

UOA, PACP↑ Tiglylcarnitine (C5:1), ↑ 3-hydroxy-2-
methylbutyrylcarnitine (C5-OH)

3-Keto(oxo) thiolase 
deficiency

↑ 3-Hydroxyisovaleric, 3-methylcrotonylglycine on 
UOA; 

↑ 3- hydroxyisovalerylcarnitine (C5-OH) on PACP
UOA, PACP↑ 3- Hydroxyisovalerylcarnitine (C5-

OH)3-MCC deficiency

↑ 2-Methylbutyrylglycine on PACPUOA↑ 2-Methylbutyrylcarnitine (C5)2-Methylbutyryl CoA 
dehydrogenase

↑ 3-Hydroxyisovaleric, 3-methylglutaconic, 3-
methylglutaric on UOA; 

↑ 3 hydroxyisovalerylcarnitine (C5-OH) on PACP
UOA, PACP↑ 3 Hydroxyisovalerylcarnitine (C5-OH)

3-Methylglutanoyl 
CoA hydratase 

deficiency
Methylmalonic, 3-hydroxypropionate, 

methylcitrate, propionylglycine on UOA;
↑propionylcarnitine (C3) on PACP

UOA, PACP↑ Propionylcarnitine (C3)
Methylmalonic 

acidemia
↑ 3-OH-isovaleric, 3-methylcrotonylglycine, 

methylcitrate, 3-OH-propionic, lactate, pyruvate, 
acetoacetate, 3-OH-butyrate on UOA; 

↑ propionylcarnitine (C3),↑ 3 
hydroxyisovalerylcarnitine (C5-OH) on PACP

UOA, PACP↑ Propionylcarnitine (C3), ↑ 3-
hydroxyisovalerylcarnitine (C5-OH)

Multiple CoA 
carboxylase 
deficiency

↑ 3-Hydroxypropionate, methylcitrate, 
propionylglycine; ↑ propionylcarnitine (C3) on 

PACP
UOA, PACP↑ Propionylcarnitine (C3)Propionic acidemia
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