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Thank you so much for inviting me to speak to. Its an honor. 
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Learning Objectives
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Describe the problems facing clinicians in terms of ensuring
appropriate drug levels in special populations, such as children
Learn the most common methods for drug quantitation currently
utilized by laboratories, as well as their strengths and limitations
Name some ambient ionization methods that allow for the detection
of analytes directly from crude samples
Understand how paper spray mass spectrometry works and some of
its potential applications for drug quantitation in the clinical
laboratory
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How Much Drug Is The Patient Really Seeing?

Taken from the show “Scrubs”.

Presenter
Presentation Notes
Most clinicians, like myself, often contemplate if our patients are seeing enough drug in the right spots for an appropriate amount of time to ensure the best outcomes. I think this is especially true of our critically-ill patients in sepsis, on CVVH, or ECMO whether that be for sedation, pain medications, antibiotics, anti-convulsants, or any other drug that you can really think of. We know these special populations have altered pharmacokinetics and pharmacodynamics.



Children Are Not Mini-Adults:
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Overall, around 50% of pediatric drugs are still used off-label or are unlicensed for
use in children.

This is particularly problematic as pharmacokinetics and pharmacodynamics in
children can drastically differ when compared to adults.

Performing clinical trials in children, and even more so in neonates, is a daunting
task, hindered by logistical, legal and ethical constraints.

Goal: Develop better predictive models
that take into account variable
physiology, ontogeny, and disease
state to inform more precise dosing in
pediatric patients.

Presenter
Presentation Notes
Overall, more than 50% of pediatric drugs are still not labelled or licensed for children.

This is particularly problematic in the pediatric population where drug research in children is traditionally performed using a approach in which data of adult drug studies are extrapolated to children.

This is particularly problematic as pharmacokinetics and pharmacodynamics in children can drastically differ when compared to adults.

Performing clinical trials in children, and even more so in neonates, is a daunting task, hindered by logistical, legal and ethical constraints.

Develop better predictive models that take into account variable physiology, ontogeny, and disease state to inform more precise dosing in pediatric patients. We must get better at hitting our target to improve outcomes



Institutional level 
availability

Toxicology
/Toxicity

Narrow 
therapeutic 

window

Drug 
interactions

Acetaminophen
Aspirin

Ibuprofen
Alcohols
Caffeine
Amikacin

Gentamicin
Tobramycin
Vancomycin

Aminophylline
Carbamazepine

Valproic acid

Phenytoin
Lamictal

Phenobarbital
Topamax
Lidocaine
Digoxin

Procainamide
Cyclosporine
Methotrexate

Sirolimus
Tacrolimus

Theophylline

Drug Quantification Challenges in Medicine:

Presenter
Presentation Notes
Unfortunately, this is no easy task. There are significant gaps when it comes to quantification at the institutional level. Typically, the availability of assays is dependent these three factors: toxicology/toxicity, narrow therapeutic windows, and drug-drug interactions. The two lists that you see are the assays available at our institution, and as you can see, it is very limited in the number. 

Unfortunately for the clinician, this is not uncommon in most institutional laboratories. The availability, cost, and lack of volume can keep many assays out of an institutional laboratory. 



Most Common Methods for Drug 
Quantification:

Immunoassays

https://www.thermofisher.com/order/catalog/product
/98630000

https://www.thermofisher.com/order/cat
alog/product/0373910

High Performance-Liquid 
Chromatography (HPLC)

https://www.agilent.co
m/en/products/liquid-
chromatography/infinit
ylab-analytical-lc-
solutions/

Presenter
Presentation Notes
-   So what kind of methodologies are we talking about? Currently, the most common methods utilized at the institutional level for drug quantification are immunoassays and HPLC. 

Immunoassays are the most commonly utilized tests for quantification due to ease of use, automation capability, and advancements in multiplexing. Unfortunately, the cost of each test can be expensive due to the need for special kits and equipment. Despite the rise in available immunoassays, the ability to obtain quantitative levels for many medications is limited as there is a lack of commercially-available kits for this purpose. Furthermore, cross-reactivity with other compounds or oversaturation of the reagents at high analyte concentrations could alter the results of the EIA test. 

HPLC can have high operational costs, lengthy training and expertise requirements, excessive downtimes, and lower precision compared to other chromatography methods. They are largely being phased out as these limitations make it difficult to implement and maintain for many laboratories.

- Due to these issues with HPLC and Immunoassays, we must still send many of our quantitative levels to reference laboratories



The Ideal On-site MS Analyzer of Biological Samples: 
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• Desktop size
• Fast turnaround time: 

<5 minutes
• Disposable cartridge
• Minimal sample 

volume

Pictured: Agilent 6400 Triple Quadruple MS/Conceptualization

Presenter
Presentation Notes
-      Desktop size automated mass spectrometer
Disposable cartridge (drug specific)
Turn around time: < 5 minutes
Blood volume required: ~ a drop of blood 

But in order to do this, we would have to eliminate the LC and GC components of the instrumentation to simplify the system in order for this to be reality.
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DESI

DART

Plasma

Paper Spray

Extraction and Ionization Mass Spectrometry

Widening the Scope of Chemical Analysis:

Presenter
Presentation Notes
- Luckily there have been many strides to bring us closer to this reality with the development of ambient ionization methods and more compact mass spectrometers.

The concept of ionization under ambient conditions in tandem with mass spectrometry for the use in direct analysis of compounds solidified with the development of desorption electrospray ionization (DESI) and direct analysis in real time (DART) methodologies. 

These methods were revolutionary as they allowed for the direct detection of chemicals, including drugs of abuse and explosives, from surface materials under ambient conditions without the need for sample preparation. Unfortunately, the sensitivity of DART and DESI, along with many other ambient ionization methods, did not extend to direct blood analysis, and paper spray (PS) was able to help fill the void. 

Paper spray in tandem with mass spectrometry (PS-MS) was initially reported in 2010. It was unique in its ability to achieve low detection limits (ng/mL to pg/mL, depending on the analyte) from the direct analysis of dried blood, plasma, and urine spots without the need for sample preparation. This was an ideal method for drug quantification

In addition, there was a push to miniaturize and simplify mass spectrometry.

Mass specs: Flexibility and performance of benchtop system, smaller size, lower cost, and ease of use for near-POC. 

Introduce the TDM component – By moving away from LC and GC, these innovations make the possibility of TDM at the institutional level more feasible for many researchers and even clinical laboratories.





Paper Spray – Mass Spectrometry:
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Charged droplets 

Porous substrate (e.g. paper)

4 kV

Inlet to mass spectrometer

Extraction/spray solvent (40 - 100 µL)

He Wang, Jiangjiang Liu, R. Graham 
Cooks, and Zheng Ouyang. Angewandte

Chemie 2010. vol 49, pg 877.

Presenter
Presentation Notes
So why paper spray? Paper spray is extremely attractive as it employs cheap paper, a disposal cost-effective cartridge and no sample preparation. Who wouldn’t want quantify drugs directly from crude bio-fluids and eliminate the headache of sample preparation and complex troubleshooting with chromatography instrumentation? 

How it works:

Concept: Paper spray is performed by depositing a small amount of crude bio-fluid (i.e., whole blood, urine, plasma) onto a laser cut, pointed paper substrate and allow it to dry. Then, the sample secured directly in front of the inlet to an unmodified mass spectrometer. A solvent is then applied to the rear of the paper where it diffuses through the paper substrate and extracts the soluble target analyte. A high voltage (3 - 5 kV) is then applied, and an electrospray is induced at the sharp tip of the paper. Positively-charged or negatively-charged (depending on the mode), gas-phase ions of the desired analyte are produced, which then enter the MS for fragmentation and detection




Quantitative Analysis by Paper Spray Mass 
Spectrometry:

Presenter
Presentation Notes
This is essentially the workflow. You have a particularly target, I picked voriconazole as we will talk about it later. 

Explain the IS = isotopic analog that helps normalize the data against instrument variation as it is always at the same concentration.

Overall, there are many other advantages of this method. Discuss on next slide



Paper Spray Advantages and Disadvantages:
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No carryover
Small sample volume
Small solvent volume 
No solvent waste
No sample prep
Quick analysis
No LC or GC system to maintain 
or troubleshoot

No analyte separation
Detection limits are not as 
good as some methods
Fewer described methods than 
LC- or GC-MS/MS

Presenter
Presentation Notes
Carryover can be a problem with chromatography systems

In addition to these advantages, there have been advancements in improving automation and user platform.



Target Analytes:

13Cefazolin

Ampicillin Piperacillin Meropenem

Cefepime Ceftriaxone

Goal LOD = 0.25 µg/mL
Goal LLOQ = 1 µg/mL
Goal ULOQ = 50 µg/mL

Presenter
Presentation Notes
We initially looked at 6 different targets commonly utilized in our ICU settings. 
- Despite the inherent issues with this hydrophilic drug class, I knew we had a little wiggle room as I only needed to mainly quantitate in mcg/mL concentration range. However, even the initial optimization of all drugs runs proved problematic. So we set our sights on one target, ampicillin, with plans to optimize the others based on what we learned. We chose ampicillin as it was one of the more hydrophilic drugs and more stable that the others. 



Time-Dependent Killing: β-lactams
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Goals for Maximum Bactericidal 
Activity

40 – 70% T>MIC depending on 
the drug

2 – 4x above the MIC

Presenter
Presentation Notes
As far as establishing ranges, we have some guidance for these drugs. When looking at the MICs of the bacteria via EUCAST and the Clinical and Laboratory Standards Institute and with a goal to keep the serum concentration of the beta-lactam 2 – 4x above the minimum inhibitory concentration (in mcg/mL), it was determined that an LOD of 0.25 - 0.5 ug/mL, LLOQ and of 1 ug/mL and ULOQ of 50 ug/mL is more than sufficient for most beta-lactams. 



What About Anti-bacterial Agents? 
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Presenter
Presentation Notes
- So after finishing up the anti-fungals, we really turned our sights to anti-bacterial agents. Specifically, some of our most utilized IV beta-lactam agents in the ICU. We know that there is limited PK/PD data for these drugs in pediatrics, including some of our vulnerable special populations, like neonates, CF, febrile neutropenic patients, obese children, and the critically ill. 

I think you can also make a very strong argument to obtain frequent drug levels for TDM of beta-lactams, as we know how they work (time-dependent killing) and physiological changes can readily occur, such as  increased volume of distributions and augmented renal function, in many pediatric populations. But like anything else… it is very difficult to obtain levels and only a few reference labs have these assays available. 

So, we opened a can of worms, and this has not been an easy task. In large part, due to the inherent difficulties of utilizing paper spray mass spectrometry with hydrophilic agents and the issues of stability with many beta-lactams. Hydrophilic agents, in general, often have poor detection limits with PS, which is largely caused by a combination of the strong binding affinity of cellulose-based paper substrate, poor recovery in organic solvents, and lower ionization efficiency of hydrophilic molecules. It is a monumental task. But we went down the rabbit hole anyway.
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Photos and information provided by Thermo Scientific™. This instrument is utilized for research purposes only. 

Thermo Fisher TSQ Altis with Verispray source



Work the Problems:
Six Sigma Lean
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Visual taken from the Six Sigma Lean website

Presenter
Presentation Notes
The initial runs showed that the laser-cut paper substrate was not at all sufficient to obtain goal range despite significant parameter and solvent optimization, which was not completely unexpected. However, even razor cutting the paper by hand proved to be problematic in establishing the necessary limits of detection and quantitation.  So, we worked the problem, and decided to use a statistical approach to optimizing the factors we could control. So in order to maximize the optimization strategy, we employed Six Sigma Lean principles thanks to the help of my graduate student, Christine, who is a Six Sigma Lean Black Belt and statistical wizard. So essentially, defined the process by mapping it out, developed a baseline by measuring the current performance, and analyzed the process for issues that we could change, and then work improve upon those issues… much like the principles you learn for quality improvement projects. 



Challenges with Optimization: Fractional Factorial Design

Goal: Maximize analyte signal (AUC) and signal/blank ratio
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Factors Factor 1 Factor 2

Pore size <2 µm (Filter 1575) 16 µm (31-ET)
Sample volume 1 µL 3 µL
Solvent volume 40 µL 100 µL

Solvent
Type

60/30/10 ACN/THF/H2O 
w/ 0.1% FA

90/10 THF/H2O 
w/ 0.1% FA

Paper wash Wash (THF) No wash

Cut of paper Bad Good

Solvent location Front of paper Back of paper

Ampicillin 
= 1 µg/mL 
in plasma

Reduced 
number of 
experimental 
runs from 
thousands to 
<200 

Presenter
Presentation Notes
Well, as much as the physicians in the room love QI requirements, this approach can actually save a lot of time and resources, which is why it is frequently utilized in the manufacturing world. I think it is very under-utilized in academic laboratories where it can be helpful.

So, we identified 8 factors we could easily control that we felt could help us maximize analyte signal and signal/blank ratio. So these are important, because I want to be able to consistently see my target analyte signal while also seeing minimal blank signal at the same mass, because in order to feel good about my quantitation, I really need my signal to blank ratio to be >10 at my lower of limit of quantification. This is standard, and unfortunately, due to the complex matrices and charring products 2/2 laser cutting, blank signal can actually be quite high and its problematic. So we mapped the process, these are the factors we identified that we could potentially change. SO this is using razor cut paper. Explain (31-ET is a paper we use at baseline). We then developed a fractional factorial design screening to help us reach our goal. This FFD design is interesting as it consists of a carefully chosen subset (fraction) of the experimental runs for screening purposes. It helps us expose information about the most important factors of the problem studied and what factors may interact, while using a fraction of the effort. 



Challenges with Optimization: Fractional Factorial Design
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Average AUC: Average S/B:

Solvent volume
Sample volume

Solvent volume/Pore size

Pore size

Solvent volume/Mount
Mount

Solvent volume

Sample volume

Presenter
Presentation Notes
- By looking at the affects of each factor and how these factors interact based on the design, we can determine the most important factors and represent these with Pareto charts, and these essentially encompass the 80/20 rule, which is 80% of the problems are caused by 20% of the reasons. It helps us identify the most importnt factors to focus on. 

Pareto chart of the standardized effects of the factors represented as F-statistics for average area under the curve and average S/B ratio of the 1 μg/mL ampicillin calibrant plasma. Factors past the red dashed line indicate that the null hypothesis of no significant effect can be rejected. 

Solvent volume, sample volume, and pore size significantly affected the peak AUC of the 1 μg/mL ampicillin calibrant (Figure 3A). There was an observable two‐factor interaction between pore size and solvent volume, meaning that one factor was directly affected by the other factor. These charts show you importance, but not which way to go. Overall, the cube plot (not pictured) showed that the highest predicted response would be when the sample volume, solvent volume and pore size were at their highest. So, we decided to continue using the razor cut 31-ET paper that we use at baseline and adjust the sample and solvent volumes to see if that helped us achieve our ranges. We also further optimized our solvent in a separate experiment.  




Did It Work?
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Compound Ampicillin Meropenem Piperacillin

LOD (k=3) 0.03 0.07 0.09

LOQ (k=10) 0.09 0.24 0.28

Rel. Error of 
Slope (%) 2.08% 5.56% 6.56%

Ampicillin Piperacillin

Meropenam

Goal LOD = 0.25 mcg/mL
Goal LLOQ = 1 mcg/mL

All experiments run on a Thermo LTQ with Velox source

Presenter
Presentation Notes
We optimized the factors that were the most significant according to the FFD and were able to achieve our goals with razor cut paper. 



Challenges: Feasibility of Using Razor Cut Paper
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Paper Substrate 
Optimization

Glass fiber paper

All experiments run on a Thermo Altis with the Verispray source

Cefepime Piperacillin

Ceftriaxone Meropenem

Ampicillin

LOD: 0.03 – 0.1 ug/mL
LLOQ: 0.1 - 0.35 ug/mL

Presenter
Presentation Notes
Unfortunately, as fun as cutting the paper by hand sounded, it wouldn’t be feasible to implement clinically or commercially unless a special dye and manufacture process could be created. So, we decided to look at different paper substrates and solvent combinations to determine if we could find a paper substrate that could be cut by laser with a fairly low blank signal while also maintaining or improving analyte signal. In addition to optimizing parameters for that instrument, we ran a paper substrate study. For the sake of time and wanting to spare you the joys of looking at a large heat map and principle component analyzes. Essentially what we found is that hydrophobic glass fiber based-paper achieved those goals. While this may not seem super exciting, this helped break open the door for use of PS-MS with hydrophilic compounds. 



Quick Recap: 
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 Paper spray MS: a method for rapid drug quantitation by mass
spectrometry with feasibility for near point-of-care implementation at the
institutional level
 Legal and illicit drugs
 Immunosuppresants
 Tri-azole anti-fungal agents
 Many more applications…

 Several limitations with hydrophilic drugs still need to be overcome

Presenter
Presentation Notes
So do I think Paper spray can fill some of the gaps associated with drug quantitation at the institutional level? The short answer is yes, but I also acknowledge that there are several limitations associated with hydrophilic drugs and other select drug classes that need to be overcome. Do I think every drug will be able to be quantified by PS? The short answer is no. I think there will be some drug classes where this methodology just won’t work. 



Other Applications:
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Other drug classes, including 
other anti-infectives
Proteomics
Biomarkers
Metabolics/Lipidomics
Bacterial and fungal 

differentiation from culture 
(phospholipids)
And many more…

Presenter
Presentation Notes
So as far as other applications: 

- Other anti-infectives – currently validating a remdesivir and the GS-441524 active metabolite assay, looking at the feasibility of extracting and quantifying dolutegravir levels from dried blood spots collected in our HIV-exposed neonatal population in Kenya. We have also played around with some other anti-virals, like ganciclovir and valganciclovir. 
- Substantial amount of protein work has been done, and it may be something I will be learning soon. My mentor and I submitted an R21 to identify COVID-19 proteins in saliva and blood samples utilizing LC-MS with hopes to translate it to PS-MS.
- Fungal biomarkers in blood and other fluid
- Some work down with Aspergillus and Candida species.



Future Directions: 

Clinical application of the tri-azole anti-fungal and beta-
lactam methods, as well as developing methods for 
other anti-microbials, to further develop physiology-
based PK/PD and precision dosing models in pediatric 
populations

Advancements in automation: Integrated paper spray 
sources, plug and play technology

Advancements in micro-sampling: VP shunt sampling, 
heel sticks, VAMs 

Presenter
Presentation Notes

My future directions are more in line with the translation of this technology for clinical pharmacology purposes. 
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SRM Transition Selection for Quantitation: Selectivity 
is KEY! 
• Isobaric analytes, isomeric analytes, and drug metabolites may be difficult to

distinguish by MS/MS

• Fragment ions that will give good selectivity rather than most intense
fragment ions should be chosen

• Small fragment ions tend to be less selective and should be avoided

• Fragments with common neutral losses, such as loss of water or ammonia,
should be avoided due to poor selectivity and tendency to be higher in the
blank signal

Manicke, N., et al, Anal. Methods, 2017, 9: 5037 – 5043.

Presenter
Presentation Notes
Because there is no chromatographic separation, drug identification is based solely on exact m/z measurement and/or tandem mass spectrometry. For isobaric analytes (same nominal mass, but with a different molecular formula), isomeric analytes (same exact mass and same molecular formula, but with a different structure), and drug metabolites with similar structures, it may be difficult or impossible to distinguish with tandem mass spec. Overall, it is really analyte dependent and fragmentation patterns must be explored before making this determination. In the cases where paper spray MS can’t provide unequivocal identification of the detected drug or metabolite, the analyte may be able to be used as a screen. For example, with drugs of abuse, paper spray may indicate that a member of the opiate class is present and would successfully direct the sample toward the appropriate confirmatory test.

Lack of sample preparation and separation dictates that thought should be given to choosing fragment ions that will give good selectivity rather than simply choosing the most intense fragment ions, if possible

Small fragment ions tend to be less selective and should be avoided. Examples include amine side-chain fragments such as m/z 58, 86, and 100.30. These fragments are also in the lower mass range, which can have issues with high background.

In that same post-mortem panel, neutral losses less than 30, including loss of water and ammonia, showed significantly higher blank signal. These neutral losses are also common for any compounds containing alcohol or primary amines, which make them less selective. Therefore, they should be avoided if possible. 




How Many Analytes?
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Each SRM channel must have an adequate number of scans

15 is typically sufficient for quantitation

Number of scans depends on the analysis time, the dwell time for each SRM, and
the number of SRM channels

Longer ion dwell times improve sensitivity at the expense of the number of scans
collected

Analyst can vary analysis time

Longer times (2 minutes) for larger panels

Shorter times (~ 30 seconds) for small panels

More Information: Jett, et al., Analytical Methods 2017

Presenter
Presentation Notes
Up to 300



Chronograms:

28

Presenter
Presentation Notes
TIC –total ion chronogram

You will get a trace for your analyte ion fragments and a trace for your IS ion fragments. The IS is very important here as it essentially normalizes the data as there can be high variation. 

You can see here that elution happens almost immediately, so this is different than LC-MS, which has a retention time. I should note that hydrophilic compounds may elute off slower. 
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