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Behind the Curtain: Therapeutic Drug Monitoring of Psychotropic Drugs from a Laboratory Analytical Perspective
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OPTICAL SPECTROSCOPY METHODS
Details on spectroscopic methods can be found in various analytical chemistry or clinical chemistry textbooks.1-4 Spectroscopic methods share the common feature of the measurable interaction between electromagnetic radiation and sample.
Optical methods, such as photometry or fluorometry, employ radiation in the range of 300 (ultraviolet) to 700 (red) nm. In a photometric assay, monochromatic light passes through a cuvette or flow cell containing a homogeneous sample for analysis. The absorbance of the sample, that is, the decrease in light intensity when passing through the solution, is proportional to the concentration of the analyte in the sample (Figure S1).
In fluorometric assays, the energy absorbed by a molecule is redistributed internally before the emission of radiation. The emitted radiation contains less energy and is shifted toward longer wavelengths. In general, fluorometric assays exhibit less background signal interference than photometric methods. The detector in the fluorometer is placed at 90° from the radiation source (Figure S1). A few drug molecules exhibit inherent fluorescence properties. Therefore, molecules are derivatized to add fluorescent labels, thereby increasing sensitivity and selectivity.
Turbidimetry is based on the elastic scattering of radiation by a suspension of colloidal particles. The detector is placed in line with the source of radiation, as in photometry.
Nephelometry uses the scattering of colloidal particles, analogous to fluorescence spectroscopy. Scattering methods are widely applied in automated assays by introducing particles carrying antibodies to selectively bind the analytes (Figure S1).5-9
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	Figure S1 A simplified instrumental sketch of optical techniques. In general, monochromatic light passes through a cuvette (or flow cell) containing the homogenous sample to be analyzed.
In a photometric assay, the absorbance of the sample, that is, the decrease in light intensity when passing through the homogenous sample, is proportional to the concentration of the analyte in the sample. A turbidimetric assay is based on the elastic scattering of radiation by a suspension of colloidal particles. The detector is placed in line with the source of radiation. 
In a fluorometric assay, the energy absorbed by molecules is re-distributed internally prior to the emission of radiation. The emitted radiation contains less energy and is shifted toward longer wavelengths. The detector in a fluorometer is placed at an angle of 90° to the source of radiation. In a nephelometric assay, the scattering technique is analogous to fluorescence spectroscopy. 
The figure is adapted from Spectroscopic Methods. 2019. (https://chem.libretexts.org/Courses/Northeastern_University/10%3A_Spectroscopic_Methods).2



LIGAND BINDING ASSAYS (IMMUNOASSAYS)
Anticonvulsant drugs, such as valproic acid (VPA), phenobarbital, phenytoin, levetiracetam, and carbamazepine, or drugs that form the benzodiazepine type, can be quantified using automated immunoassays (IAs). VPA is quantified almost exclusively using IAs. Approximately two-thirds of the laboratories use IAs to quantify VPA with turbidimetric or photometric detection, while one-fourth apply IAs with luminescence; only a few use fluorescence detection.
A special challenge in the development of specific and sensitive antibody-dependent methods for the quantification of psychotropics is the small size of these drugs and the similarity of many substances. Many IAs for small molecules compete with one another. A labeled antigen can compete with an analyte, which also acts as an antigen for binding sites, typically antibodies. The signal intensity decreases with increasing analyte concentration (Figure S2). Generally, heterogeneous and homogeneous IAs are used.6,7
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	Figure S2 Schematic layout of a competitive immunoassay with labeled antigen. A labeled antigen competes with the analyte for binding sites. 
(A) The concentration of labeled antigen and analyte (unlabeled antigen) are the same. (B) The concentration of the analyte (unlabeled antigen) is two times that of the labeled antigen. Consequently, the signal decreases. 
The procedure of a heterogenous immunoassay includes an incubation step (1) as well as washing and separation steps (2).



Heterogenous Immunoassays
Heterogeneous IAs involve physical separation of antibody‐bound antigens from the remaining free antigen. Classic enzyme-linked immunosorbent assays (ELISAs) and radio-immunoassays are examples of heterogeneous IAs. ELISAs can be automated for rapid routine analysis. Some assays are based on enzymatic dye release, whereas others are based on luminescence, which is electrochemically or chemically activated. Phase separation is accomplished using coated magnetic beads or polystyrene balls (gravity). Typical assays include micro-particle enzyme immunoassay (MEIA), chemiluminescent microparticle immunoassay (CMIA), and electro-chemiluminescence immunoassay (ECLIA).6,8
Homogenous Immunoassays
Homogeneous IAs do not require the separation of antibody-bound antigens from free antigen molecules. Turbidimetric, nephelometric, and enzyme-based assays are examples of homogeneous IAs.
Classic turbidimetric IAs measure light attenuation due to the formation of antigen–antibody complexes. However, the sensitivity of simple turbidimetric assays is often insufficient for quantifying psychotropic drugs in patient samples. Therefore, various options are used to amplify the signal to improve sensitivity and specificity. Improved methods include kinetic interaction of microparticles in solution (KIMS) assays and particle-enhanced turbidimetric inhibition immunoassays (PETINIA).9
KIMS assays measure the time-dependent changes in light transmission. KIMS reagents include an anti-drug antibody and labeled microparticles (i.e., a microparticle–drug conjugate). A free drug competes with a drug–microparticle conjugate for antibody binding.6
A smart assay to detect small molecules, such as psychotropic drugs, is the cloned enzyme donor immunoassay (CEDIA). For instance, CEDIAs have been used as VPAs. The drug of interest (DOI) is conjugated to an inactive galactosidase fragment. Inactive enzyme fragments can form active enzymes if recombination is not sterically prevented by antibody binding. DOI in the patient sample competes for binding sites on specific antibodies during the reaction. If the sample contains a DOI, it binds the antibodies, and fewer antibodies can bind the DOI conjugated to the inactive enzyme fragment. The amount of active enzyme formed and the resulting change in absorbance are proportional to the amount of DOI in the sample.10
Another method that reduces enzyme activity via steric hindrance is the enzyme-multiplied immunoassay technique (EMIT). EMIT is a homogenous enzyme assay that uses a DOI linked to glucose-6-phosphate dehydrogenase (G6PDH). Antibodies specific to DOI are mixed with the patient sample and DOI-labeled enzyme. Antibodies bind the DOI or G6PDH-bound DOI. G6PDH is less active when an antibody binds a DOI-labeled enzyme. The enzymatic activity is measured spectrophotometrically after NADH formation. G6PDH oxidizes glucose-6-phosphate to gluconolactone-6-phosphate and reduces nicotinamide adenine dinucleotide (NAD) to NADH.11,12
Fluorescence polarization immunoassay (FPIA) is another type of homogenous competitive IA that uses polarized light emitted by fluorescent dyes. The test is based on the physical principle that a fluorescent dye activated by polarized light emits light in the same polarization plane. A shift in the polarization plane is caused by Brownian motion during the fluorescence lifetime. If the temperature and viscosity of the solution are constant, Brownian motion and, therefore, the change in fluorescence polarization depend on the molecular size.13,14

HYPHENATED/CHROMATOGRAPHIC TECHNIQUES
All chromatographic techniques require sample preparation, which is usually performed in a separate step. The effort required for sample preparation and the degree of chromatographic separation depend on the detection method, interfering substances, and target substances. The most important goal of sample preparation is to clean up the sample and exchange the original matrix with a solvent/buffer that is compatible with the respective analytical method.15 Efforts are devoted to keeping sample preparation as simple as possible to reduce cost while enhancing sample throughput.15 For MS assays, most protein precipitation techniques are used as they are rapid and simple. A solvent is added to the sample to denature proteins, followed by sample filtration or centrifugation to remove the precipitant.15 Liquid–liquid extraction and solid-phase extraction (SPE) are additional sample preparation techniques.15 At the least, a part of the matrix is separated by protein precipitation. However, the inclusion of further cleaning steps, such as SPE or liquid–liquid extraction, may be useful to reduce the matrix effect.16 In addition, SPE can be accelerated by automated sample preparation or using two-dimensional HPLC.
After sample preparation, substances are chromatographically separated via the interaction (adsorption and distribution) processes between the stationary and mobile phases (gas phase in GC or liquid phase in LC or HPLC), moving along the stationary phase (Figure S3). Further information is available at https://chemdictionary.org/hplc/17
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	Figure S3 Schematic of an HPLC system with UV/VIS detection. The solvent reservoir stores the mobile phase, which is pumped at a specific flow rate under moderately high pressure (typically 50–350 bar) through a steel column packed with small, uniform beads or irregularly formed particles (stationary phase). Here, the analytes, which are injected in the continuously flowing mobile phase, are separated via adsorption and distribution processes. After elution from the column, the analytes are detected using a suitable detection device (detector). A chromatogram based on the data provided by the detector is yielded by means of an integrator or appropriate digital interface.



The sensitivity and specificity increase from UV/VIS detection to FD and from MS to MS/MS detection. Many substances absorb light in the UV range. FD represents a more specific detection system than UV/VIS because the fluorophore is excited at a defined wavelength. The emitted light of the corresponding fluorophore-specific wavelength is detected.16,18,19
In addition to chromatographic separation, mass spectrometry separates analytes according to their mass-to-charge ratios. In an MS system, this separation occurs only once. Higher specificity can be achieved using tandem mass spectrometry (MS/MS), in which additional separation is performed two times. The molecules are fragmented after the first MS/MS run. The specific fragments are separated based on the mass-to-charge ratio and subsequently detected.3
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