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column ID analytical semi-prep preparative process

1-8 mm X

10-40 mm X

50-100 mm X

>100 mm X

particle size (μm): 0.1-10 5-15 15-100 100+

HPLC dimensions
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UHPLC HPLC





Silica-based stationary phases

density of –OH groups: 8-9 μmol/m2

surface coverage of bonded phase: 40-50% of silanol groups

dp = 1-10 μmendcappingType B silica

hybrid silica



End-capping
Spacer

Side group

Polar embedded group



Borges EM, Volmer DA. J Chrom Sci 2015;53:1107-22.
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normal phase separations

reversed phase separations



Choosing the mobile phase

• The choice of mobile phase(s) depends on a number of factors:

• Type of separation (reversed phase/HILIC/normal phase/ion chromatography)

• Type of detector

• Chemical properties of the analyte: polarity, pKa, presence of aromatic rings and 
heteroatoms, steric properties

• Basic types of HPLC separations:

• Isocratic: no change in mobile phase

• No equilibration time

• Lower solvent consumption

• Fewer sources of error

• Lower risk of losing reproducibility

• Gradient: programmed changes in mobile phase compositions

• Shorter runs

• Longer column lifetime

• Requires fast re-equilibration of detector not used with electrochemical detection



What can the chromatographer do to enhance
selectivity, specificity and sensitivity?

• select the instrument configuration

• select the stationary phase

• select the mobile phases

• select the separation settings

• analytical column dimensions

• column space temperature

• mobile phase gradient program

• mobile phase flow rate

• select the detection settings



• Bulk-property detectors: refractive index

• Analyte specific detectors: absorbance, fluorescence, electrochemical, conductivity, 
radioactivity

• Mobile phase modification detectors: evaporative light scattering, corona discharge

• Hyphenated techniques: mass spectrometry, infrared spectroscopy, nuclear magnetic
resonance spectroscopy

Classification of detectors





• Makes up 96% of the dried content of RBC’s
• HbA (>95%): α (α1 and α2) and β chains (α2β2)
• A2 (1.5-3.5%): α2δ2

• F: α2γ2

• Several pathological variants exist









Applications of glycated haemoglobin measurements

• Diagnosis of diabetes

• Monitoring the progress of therapy

• Results correlate with average blood glucose levels in past 6-12 weeks



Lab technology for evaluating HbA1c

• HPLC-VIS (420/500 nm)

• Separation by cation exchange chromatography

• Sample: whole blood, EDTA-coated tube

• Fully automated

• Run time: 48-90 s

http://www.arkray.eu/english/products/laboratory/habalc/ha-8180.html



https://www.chromsystems.com/products/hemoglobin-testing/hemoglobin-variants-hplc-15330.html

HPLC-VIS, 415 nm



Roberts JA et al. Brit J Clin Pharmacol 2011;73:27.

Pharmacokinetic-pharmacodynamic indices of antibiotics



Assaying 6 antibiotics and 2 β-lactamase inhibitors in serum using
reversed-phase HPLC with UV detection

• Analytes: ampicillin, cefepime, ceftazidime, linezolid, meropenem, piperacillin, sulbactam, 
tazobactam

• Preanalytical considerations:

• Analytes are unstable

• Serum should be separated, 100 µL mixed with 20 µL solution of preservative

• Store sample frozen

• HPLC conditions:

• 2 groups of analytes

• Group 1: gradient run (13 min)

• Detection at 210 nm: ampicillin, sulbactam, tazobactam

• Detection at 290 nm: cefepime, ceftazidime, meropenem

• Group 2: isocratic run (5 min)

• Detection at 255 nm: linezolid, piperacillin

• Column temperature: 22 °C
https://www.chromsystems.com/antibiotics-in-

serum-plasma-61000.html



Group 1

Group 2

Isocratic run
255 nm

Gradient run
210/290 nm



Fluorescence detection



Photoluminescence

Fluorescence Phosphorescence



Jablonski diagram







Clinical laboratory parameters frequently assayed using HPLC 
with fluorescence detection

Homocysteine



https://rgd.mcw.edu/wg/home/pathway2/molecular-
pathways2/methionine-homocysteine-folate-and-related-
metabolites-pathway-suite/

MTHFR

https://rgd.mcw.edu/wg/home/pathway2/molecular-pathways2/methionine-homocysteine-folate-and-related-metabolites-pathway-suite/


http://myhealthmaven.com/mthfr-gene-mutation-impact-health/

http://myhealthmaven.com/mthfr-gene-mutation-impact-health/


Homocysteine: clinical lab details

• specimen: plasma (EDTA, heparinized)

• specimen stability: ambient, 1 h. Refrigerated: 1 week. Frozen: 3 months

• 0-30 y: 4.6-8.1 µmol/l

• 30-59 y: males – 6.3-11.2 µmol/l, females – 4.0-7.9 µmol/l

• >59 y: 5.8-11.9 µmol/l



Pathology of homocysteine

• plasma and urine levels elevated in homocystinuria

• plasma levels elevated in Vitamin B-12 deficiency, vitamin B-6 deficiency, folic acid
deficiency

• plasma levels may be elevated in hypothyroidism, impaired kidney function, SLE

• drugs can increase homocysteine levels: methotrexate, carbamazepine





Sample volume: 150 µL

1. Liberation: 100 mL/L tri-n-butylphosphine in DMF 4 °C/30 min
2. Deproteinization: 150 µL TCA solution (0.1 g/mL)
3. Derivatization

SP: C18 250x4x6 mm, 5 µm (ambient)
MP: 0.1 M KH2PO4 (pH=2.0):acetonitrile 96:4
FR: 0.8 mL/min
EX: 385 nm
EM: 515 nm
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60 °C, 60 min

Kuo K et al. Clin Chem 1997;43:1653.

7-fluorobenzafurazan-4-sulfonic acid
SBD-F

IS



Clinical laboratory parameters frequently assayed using HPLC 
with fluorescence detection

Porphyrins







Types of porphyrias

Acute porphyrias

Aminolevulinic acid dehydratase deficiency (ALAD)

Acute intermittent porphyria (AIP)

Hereditary coproporphyria (HCP)

Porphyria variegata (VP)

Chronic porphyrias

X-linked dominant protoporphyria (XLPDD)

Congenital erythropoietic porphyria (CEP)

Porphyria cutanea tarda (PCT)

Erythropoietic protoporphyria (EPP)









https://emedicine.medscape.com/article/1389981-overview

https://emedicine.medscape.com/article/1389981-overview


Cypriani MGSC et al. J Braz Chem Soc 2014;25:1918. 

EX: 400 nm (Soret-band)
EM: 620 nm





Fateen E et al. Egypt J Med Hum
Genet 2011;12:49.







How to approach porphyrin tests

• Urine: dilute and shoot

• Faeces: extract with organic solvent, concentrate+dilute with aqueous buffer

• Blood: separate red blood cells and add water for hemolysis



Electrochemical detection



Classes 5-6

Detectors

Electrochemical detection

https://www2.chemistry.msu.edu/courses/cem837/Electrochemical%20Detection.pdf

https://www2.chemistry.msu.edu/courses/cem837/Electrochemical Detection.pdf


Pros and cons of using HPLC-ECD systems

• Advantages:

• High selectivity

• MS-level sensitivity

• Electrochemical cell is enduring and maintainable by user

• Disadvantages:

• Only isocratic methods can be used efficiently

• No opportunity to obtain structural information on analytes

• Sensitive to chemical contaminations, requires user maintenance







Chromaffin cell tumors

• account for about 0.2-0.6% of hypertension cases

• genetic disposition or sporadic

• 10-17% of tumors are malignant

• phaeochromocytoma (80-85%), paraganglioma (15-20%)

• neuroblastoma: neural crest origin, most common malignancy at 0-1 y





Diagnostic workup of catecholamine producing chromaffin cell tumors



Eisenhofer G et al. Clin Chem 2018;64:1646.



The prerequisite of conducting efficient biochemical tests is
a precise preanalytical workflow

• Plasma tests:

• correct collection tube

• seated vs supine sampling

• sampling environment (patient stress)

• specimen storage and transport

• Urine tests:

• collected vs random urine

• pH control

• specimen storage and transport



2 e- 2 H+



Lenders JWM et al. J Clin Endocrin Metab 2014;99:1915.

Weak recommendation

Low quality evidence



Catecholamines:
epinephrine, norepinephrine, dopamine

urine: free plasma: free

Metanephrines:
metanephrine, normetanephrine, 3-methoxytyramine

urine: free or total plasma: free

End products:
vanilmandelic acid, homovanillic acid

urine: free

• extraction using
cation exchange

• WE: 550 mV
• analysis time: <5 min

• extraction using
aluminum oxide

• WE: 550 mV
• SP: ambient
• analysis time: <20 min

• hydrolysis of 
conjugated fraction
(cc acid, 95 °C, 30 min)

• extraction using cation
exchange

• WE: 750 mV
• analysis time: <10 min

• extraction using
cation exchange

• SP: ambient
• analysis time: <5 min

• extraction using anion exchange
• WE: 700-850 mV
• SP: ambient
• analysis time: <20 min

Electrochemical detection: amperometric
Working electrode: glassy carbon
Reference electrode: Ag/AgCl





norepinephrine

epinephrine
IS

dopamine



normetanephrine

metanephrine

IS

3-methoxytyramine



Vanilmandelic acid

isovanilmandelic acid
(IS)

5-hydroxyindolacetic acid

homovanillic acid

5-hydroxyindole-3-carboxylic acid
(IS)



Introduction to mass spectrometry



Ion source Mass analyzers

Electrospray ionization (ESI) Quadrupole

Atmospheric pressure chemical ionization (APCI) Ion trap

Atmospheric pressure photoionization (APPI) Linear ion trap

Electron ionization Quadrupole-ion trap

Chemical ionization Time of flight

Nanospray ionization Double focussing magnetic sector

Spark ionization Radiofrequency mass analyzer

Thermospray ionization Fourier transformation mass analyzer

Field ionization Magnetic sector

Field desorption Ion cyclotron resonance mass analyzer

Fast atom bombardment Reversed geometry mass analyzer

Multiphoton ionization Hybrid

Plasma desorption Electronic sector

Laser desorption (MALDI, SELDI, infrared) Orbitrap

Corona discharge ionization



Mass ranges and sensitivities attainable using various ionization techniques

https://masspec.scripps.edu/mshistory/whatisms_details.php



Electrospray ionization





Simplified overview of the electrospray unit



Formation of adducts during electrospray ionization



Macromolecules have peak envelopes



Yan X et al. Mol Cell Proteom 3 (2004), 10.

Native folded conformation, charge
centered on +8 charge state

Native folded conformation, charge
centered on +9 charge state

3% methanol

3% methanol

50% methanol

folded

unfolded
3% methanol

3% methanol



Yan X et al. Mol Cell Proteom 3 (2004), 10.



Matrix-assisted laser desorption ionization



MALDI-TOF has revolutionized the identification of microorganisms in
clinical and public health laboratories

Rodríguez-Sánchez B et al. Euro Surveill 2019;24:pii=1800193.



Matrix-assisted laser desorption ionization





Leopold J et al. Biomolecules 2018;8:173.



Types of MALDI matrices

• classical organic matrices

• most widely used:

• proteins - α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA)

• carbohydrates - 2,5-dihydroxybenzoic acid (DHB),

• lipids – CHCA, DHB

• liquid crystalline matrices

• inorganic matrices

• graphite





1. Quadrupole mass analyzers



Operating principle

• Applied voltages:

• fixed frequency oscillating RF voltage to generate harmonic ion trajectories

• DC voltage difference between poles which defines mass resolution

• DC offset voltage: defines axial ion energy



Types of tandem-in-space MS2 experiments



https://www.youtube.com/watch?v=vxshWngJ114

Screening neonates for inborn metabolic diseases

Samples are taken 48-72 h after birth

https://www.youtube.com/watch?v=vxshWngJ114


Targeted inborn disorders-I
• Disorders of amino acid metabolism

• Phenylketonuria (Phenylalanine acculumates, 1:17 000)

• Maple syrup disease (leucine, isoleucine and valine breakdown impaired, ketoacids
accumulate, 1:150 000))

• Tyrosinaemia types I and II (tyrosine accumulates, type I: 1:100 000)

• Citrullinaemia I (urea cycle affected, ammonia accumulates, 1:57 000)

• Arginosuccinate aciduria (urea cycle affected, ammonia accumulates, 1:70 000)

• Homocystinuria (methionine breakdown impaired, homocysteine and methionine
accumulate in plasma, 1:100 000)

• Fatty acid oxidation disorders

• Short-chain acyl-CoA dehydrogenase deficiency (SCAD)

• Middle-chain acyl-CoA dehydrogenase deficiency (MCAD)

• Long-chain hydroxyacyl-CoA dehydrogenase deficiency (LCHAD)

• Very long-chain acyl-CoA dehydrogenase deficiency (VLCAD)

• Multiplex acyl-CoA dehydrogenase deficiency (MADD)

• Carnitine-palmitoyl transferase deficiency (CPT-I, CPT-II)

• Carnitine transport disorder (CT)



Targeted inborn disorders-II

• Disorders of organic acid metabolism

• Beta-ketothiolase deficiency

• Glutaric acidemia type 1

• Isovaleric acidemia

• Methylmalonic acidemia

• Propionic acidemia

• 3-hydroxy-3-methylglutaryl-CoA lyase deficiency

• 3-methylcrotonyl-CoA carboxylase deficiency

• Multiplex carboxylase deficiency

• Endocrine and other disorders

• Hypothyreosis

• Galactosemia

• Biotinidase deficiency



The intracellular processing of fatty acids

Short-chain fatty acid: C2-C5

Middle-chain fatty acid: C6-C13

Long-chain fatty acid: C14-



The intracellular processing of fatty acids

El-Gharbawy A et al. Pediatr Clin North Am 2018;65:317





El-Gharbawy A et al. Pediatr Clin North Am 2018;65:317



https://onlinelibrary.wiley.com/doi/epdf/10.1002/rcm.6856

+

https://onlinelibrary.wiley.com/doi/epdf/10.1002/rcm.6856




Assayed metabolites

• Amino acids with neutral loss scan m/z=102

• Ala, Asp, Glu, Leu, Met, Phe, Tyr, Val

• Amino acids and succinylacetone (SUAC) using multiple reaction monitoring

• Arg, Cit, Gly, Orn, Pro, SUAC

• Acylcarnitines and free carnitine using precursor scan of m/z=85

• Carnitine, C2-carnitine, C3-carnitine, C4-carnitine, C5-carnitine, C6DC-carnitine, C6-
carnitine, C8-carnitine, C10-carnitine, C12-carnitine, C14-carnitine, C16-carnitine, 
C17-carnitine



Sample preparation

• Punch out 3.2 mm dried blood spots into a 96-well plate

• add 200 µL internal standard mixture, agitate for 20 min

• transfer supernatant, evaporate to dryness

• add solution of derivatizing reagent, incubate

• evaporate to dryness

• add reconstitution solution, agitate briefly

• inject aliquot into the LC-MS/MS system



Analysis using LC-MS/MS

• HPLC: isocratic, flow-injection analysis is used (no analytical column)

• ionization: (+) ESI

• mass analyzer: triple quadrupole



C9H11NO2

165.2

m/z=166

m/z=172

m/z=166

m/z=172

phenylketonuria



Cowan T NeoREviews 2005;6:e539.



Diagnostic applications of the analysis of serum steroid profiles using LC-MS/MS

• Screening, diagnosis and therapy monitoring:

• Congenital adrenal hyperplasia

• 21-hydroxylase deficiency (CYP21A2)

• 11β-hydroxylase deficiency

• 17α-hydroxylase/17-20 lyase deficiency (CYP17A)

• 3β-hydroxysteroid dehydrogenase deficiency

• Congenital lipoid adrenal hyperplasia

• P450 oxydoreductase deficiency

• Cushing syndrome

• Primary/secondary adrenocortical insufficiency

• hyperaldosteronism

• adrenocortical tumors

• other functional changes in the HPA axis

• adverse effects of drug therapies

• Polycystic ovary syndrome





Pang S. Trends Endocrinol Metab 1998;9:82-6.

+ cortisone
+ 21-deoxycortisol
+ dihydrotestosterone
+ estriol

Laboratory parameters



Method in serum:

• sample preparation:

• 200 µL serum + 600 µL methanol containing internal standards

• vortex

• Dilute 400 µL with 400 µl water

• Apply to Strata-X solid phase extraction cartridge

• Wash with water-methanol 3:1

• Elute with acetonitrile-methanol 1:1

• Evaporate to dryness

• Reconstitute with 50 µL water-methanol 1:1

• analysis: LC-ESI(+)-MS/MS, run time: 2x6 min

• SP: C18 50x2.1 mm, 1.7 µm + biphenyl 50x2.1 mm, 1.7 µm

• MP: water (A), methanol (B), both containing 0.1% formic acid

• sample volume: 5 µL, 15 °C 

• FR: 0.33 mL/min

• CTO: 35 °C

• MS mode: MRM





Taylor DR et al. Clin Chem 2017;63:1836.
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Results of ACTH stimulation test in healthy girl (11y)
Analyte Concentration before ACTH stimulation Concentration after ACTH stimulation

aldosterone (ng/dL) <2.0 7.9

androstenedione (ng/dL) 120 120

DHEA (ng/dL) 315 483

DHEAS (µg/dL) <10 14

11-deoxycorticosterone (ng/dL) 6.4 24.7

11-deoxycortisol (ng/dL) 33.9 151

21-deoxycortisol (ng/dL) 9.7 48.2

dihydrotestosterone (ng/dL) 10.9 13.1

17α-hydroxypregnenolone (ng/dL) <30 103

17α-hydroxyprogesterone (ng/dL) 191 484

corticosterone (ng/dL) 100 1687

cortisol (µg/dL) 18.4 23.6

cortisone (µg/dL) 2.8 2.7

pregnenolone (ng/dL) <30 <30

progesterone (ng/dL) 56.7 127

testosterone (ng/dL) 45.4 33.0



Results of a dexamethasone suppression test (girl, 16y)
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Classical congenital adrenal hyperplasia (boy, 11y)
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Time-of-flight mass analyzers

𝑡 ~
𝑚

𝑞



Boesl U. Mass Spectrom Rev 2017; 36:86.



Quadrupole-time-of-flight mass analyzers

Resolution: >10,000

https://www.youtube.com/watch?v=W-DRL-V2Rkg



Clarke AE et al. Clin Microbiol
Rev 2013;26:547-603.



Ho YP, Reddy PM. Clin Chem 2010;56:525.



Calderaro A et al. Sci Rep 2014;4:6803.



Bizzini A, Greub G. Clin Microbiol Infect 2010;16:1614.





De San Román EG et al. Brain Struct Funct
2018;223:2767.



MALDI-Orbitrap MS



Orbitrap mass analyzer

Savaryn JP et al. Proteomics 2016;16:2435.



Ion trap mass analyzer

Concept of the Fourier transformation
of time series data



Orbitrap mass analyzer



https://www.youtube.com/watch?v=RsFsaCkVqxMhttps://assets.thermofisher.com/TFS-Assets/CMD/brochures/br-65448-ms-
orbitrap-exploris-480-br65448-en.pdf


