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Abstract

The state-of-the-art in two new ambient ionization methods for mass spectrometry, desorption 

electrospray ionization (DESI) and paper spray (PS), is described and their utility is illustrated 

with new studies on tissue imaging and biofluid analysis. DESI is an ambient ionization 

method that can be performed on untreated histological sections of biological tissue in the open 

lab environment to image lipids, fatty acids, hormones and other compounds. Paper spray is 

performed in the open lab too; it involves electrospraying dry blood spots or biofluid deposits from 

a porous medium. PS is characterized by extreme simplicity and speed: a spot of whole blood 

or other biofluid is analyzed directly from paper, simply by applying a high voltage to the moist 

paper.

Both methods are being developed for use in diagnostics as a means to inform therapy. DESI 

imaging is applied to create molecular maps of tissue sections without prior labeling or other 

sample preparation. Like other methods of mass spectrometry imaging (MSI), it combines the 

chemical speciation of multiple analytes with information on spatial distributions. DESI imaging 

provides valuable information which correlates with the disease state of tissue as determined by 

standard histochemical methods. Positive-ion data are presented which complement previously 

reported negative-ion data on paired human bladder cancerous and adjacent normal tissue 

sections from 20 patients. These data add to the evidence already in the literature demonstrating 

that differences in the distributions of particular lipids contain disease-diagnostic information. 

Multivariate statistical analysis using principal component analysis (PCA) is used to analyze the 

imaging MS data, and so confirm differences between the lipid profiles of diseased and healthy 

tissue types. As more such data is acquired, DESI imaging has the potential to be a diagnostic tool 

for future cancer detection in situ; this suggests a potential role in guiding therapy in parallel with 

standard histochemical and immunohistological methods.

The PS methodology is aimed at high-throughput clinical measurement of quantitative levels of 

particular therapeutic agents in blood and other biofluids. The experiment allows individual drugs 

cooks@purdue.edu; Fax: (+765) 494-9421; Tel: (+765) 494-5262. 

HHS Public Access
Author manuscript
Faraday Discuss. Author manuscript; available in PMC 2023 December 11.

Published in final edited form as:
Faraday Discuss. 2011 ; 149: 247–356. doi:10.1039/c005327a.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to be quantified at therapeutic levels and data is presented showing quantitative drug analysis from 

mixtures of therapeutic drugs in whole blood. Data on cholesterol sulfate, a new possible prostate 

biomarker seen at elevated levels in diseased prostate tissue, but not in healthy prostate tissue in 

serum are reported using paper spray ionization.

1. General introduction

This study covers the implications for disease diagnostics of two new mass spectrometry 

experiments, both of which employ ambient ionization, i.e. ionization of samples in their 

native state in the open environment. One method, DESI, is used in the imaging mode to 

characterize the distribution of small molecules—especially fatty acids and phospholipids—

in tissue sections. DESI imaging studies presented here focus on the detection of positively 

charged ions, a measurement that provides complementary information to that obtained from 

the more conventional negative-ion data.

The second method, paper spray ionization, is used to examine biofluids rapidly and 

quantitatively. Quantitation relies on the ability to add an internal standard to the sample, 

or more realistically to the solvent used in the experiment or the paper substrate itself. The 

capabilities of the methodology are tested in the case of mixtures of therapeutic drugs in 

blood.

Current types of mass spectrometers are not optimized for high-throughput clinical 

measurements of therapeutics and/or endogenous compounds in blood and other biofluids, 

so smaller purpose-built instrumentation is needed. The current capabilities of hand-held 

mass spectrometers are therefore briefly described in the last section of the paper which 

also deals with their adaptation to high-throughput clinical applications. These instruments, 

after further adaptation to improve ion transport through air from the sampling point to the 

(distant) mass spectrometer, also have the potential to allow real-time in situ analysis of 

tissue during surgery to provide diagnostic information that will guide the surgeon.

2. Desorption electrospray ionization imaging and disease diagnosis

2.1 Introduction to DESI imaging for disease diagnosis

Mass spectrometry imaging (MSI) is a well established technique for surface analysis 

which combines chemical speciation of multiple analytes with information on their spatial 

distribution. After the entire surface is scanned, specific compounds can be selected from 

the set of mass spectra collected and their spatial distribution visualized by the creation of 

chemical images.1,2 Traditional methods for MSI, such as secondary-ion mass spectrometry 

(SIMS) and matrix-assisted laser desorption/ionization (MALDI), require a high vacuum 

and the addition of matrices to the sample. However, new ambient ionization technologies 

have been introduced in which sampling and ionization are performed outside of the mass 

spectrometer at atmospheric pressure without the requirement of application of a matrix or 

any other sample pre-treatment.3–6

In desorption electrospray ionization (DESI), a stream of charged droplets hits the surface 

creating a thin film that dissolves the analytes. Subsequent droplets splash into this film 
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forming secondary microdroplets. The secondary microdroplets containing the analytes 

follow the conventional desolvation processes of electrospray ionization as they move into 

the mass spectrometer. This DESI mechanism known as “droplet pick-up”3 is supported 

by simulations and a range of experimental evidence. DESI imaging capabilities have 

been demonstrated for different types of samples and surfaces.7 For instance, the direct 

analysis of illicit drugs on latent fingerprints and the characterization of inks in documents 

of questionable provenance have been reported.8,9 Analysis of lipids of many classes in 

rat brain was demonstrated after partial separation by thin-layer chromatography.10 Recent 

applications to biological tissues include three-dimensional visualization of mouse brain 

structure by lipid analysis;11 investigation of catecholamines in adrenal glands;12 and 

analysis and imaging of rat spinal cord cross-sections.13,14

The application of DESI imaging for discrimination between healthy and diseased tissue 

using their distinct glycerophospholipid (GP) profiles has been demonstrated and the 

encouraging reported results indicate that DESI imaging has the potential to become 

a powerful tool in molecular pathology. DESI-MS is advantageous because it provides 

histopathological information without the requirement of sample preparation such as 

staining or labeling as normally used in histochemical protocols. Alterations in the 

composition of polar lipids, such as glycerophospholipids, are known to occur in certain 

malignant diseases.14–16 There are many un-met needs in disease diagnosis and management 

including that for improved methods to accurately diagnose and stage a disease and to 

define tumor margins. It has been previously established that the lipid profile of tissues 

changes during disease and these changes provide information on the underlying biology of 

cancer that have the potential to be useful in disease diagnosis and management.14,17–19 

As medicine advances towards more personalized forms, lipids are likely to provide 

increasingly important information on the state of individual health.

DESI-MS imaging of biological tissue samples was initially applied systematically to 

studies of animal tissues, although the very first application was achieved in a human 

liver sample.20 In this case, the GP profiles allowed discrimination between healthy and 

diseased tissues as well as the location of the border region.20 While the potential for 

DESI-MS imaging to distinguish cancerous from normal tissues was clear, additional studies 

with a larger and more diverse cohort were needed to validate these capabilities. DESI-MS 

imaging has also been applied to canine bladder cancerous and adjacent normal tissues and 

successfully distinguished tumor from normal tissue on the basis of multiple marker lipids.21 

Following these initial studies in dog bladder transitional cell carcinoma, experiments were 

conducted using human bladder cancerous tissues. Tissue samples from 20 different patients 

encompassing tumor and adjacent normal tissue from each patient were imaged using 

DESI-MS.22 Hand-selected ion images were created show-casing the differences between 

the tissue types as observed by the absolute and relative intensities of particular GP species 

recorded in the negative ion mode. These GP distributions function as molecular markers 

of disease and allow for a clear visual distinction between cancerous and normal tissues. 

Validation of DESI-MS diagnostic results was obtained by pathological examination of 

serial tissue sections stained with hematoxylin and eosin (H&E).
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Multivariate statistical analyses were used to visualize and create a diagnosis rule for the 

tissue sections, using the methods of principal component analysis (PCA) and partial-least-

squares discriminate analysis (PLS-DA). The statistical methods rely on the entire collection 

of mass spectral data acquired, not simply on selected ion images. The DESI-MS ion 

images correlate with the statistically generated images, which correlate in turn with the 

pathological diagnosis in over 80% of the cases in this one small study.22 Human prostate 

cancer tissue specimens were also examined by DESI-MS imaging in the negative-ion mode. 

When examining prostate tissues from 34 different patients the GP profiles of the tissue 

sections did not provide a means by which to classify the tissue samples. Nevertheless, 

in this case a unique single molecule, cholesterol sulfate (CS), was found to be over 

expressed in precancerous lesions or cancerous tissue and undetected in normal tissue, 

providing a simpler approach to diagnosis.23 Many biological roles for CS in prostate cancer 

progression have been hypothesized, including its ability to influence cell signaling, cellular 

differentiation and apoptosis.24–26

2.2 Methods

2.2.1 Biological sample preparation and cryosectioning.—All tissue samples 

were handled in accordance with approved institutional review board (IRB) protocols at 

Indiana University School of Medicine. They were flash frozen in liquid nitrogen and 

stored at −80 °C until sliced into 15 μm thick sections and thaw mounted onto glass 

slides. The slides were stored at −80 °C; prior to analysis they were allowed to come to 

room temperature and then dried under nitrogen in a dessicator for approximately 20 min. 

Serial sections were formalin fixed and subsequently stained using H&E for pathological 

examination.

2.2.2 DESI-MS 2D imaging and statistical analysis.—The DESI ion source 

used in our experiments was a lab-built prototype, configured as described previously.27 

Optimization involved obtaining a small and uniform spray spot on the sample surface. The 

spray solvent used for MS acquisition was methanol–water (50 : 50) with a 5 kV spray 

voltage applied. Acetonitrile was purchased from Sigma-Alrich (St. Louis, MO, USA) and 

water (18.2 MΩ cm) was from a PureLab ultra system by Elga LabWater (High Wycombe, 

UK). The nitrogen gas pressure was 150 psi and the solvent flow rate was 1.5 μL min−1. In 

the imaging experiments, the tissues were scanned using a 2D moving stage in horizontal 

rows separated by a 250 μm vertical step until the entire sample surface had been assayed. 

The surface moving stage included an XYZ integrated linear stage (Newport, Richmond, 

CA) and a rotary stage (Parker Automation, Irwin, PA). All experiments were carried out 

using a LTQ linear-ion-trap mass spectrometer controlled by XCalibur 2.0 software (Thermo 

Fisher Scientific, San Jose, CA, USA). An in-house program allowed the conversion of the 

XCalibur 2.0 mass spectra files (.raw) into a format compatible with the Biomap software 

(freeware, http://www.maldo-msi.org). Spatially accurate images were assembled using the 

BioMap software. The color scale is normalized to the most intense (100% relative intensity) 

peak in the mass spectra.

For statistical method development, these 20 tissue pairs were randomly divided in half with 

10 samples in the training set, and with the other 10 samples in the validation set used to 
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test the accuracy of the statistical method. For this statistical analysis, 10 representative, 

individual spectra were acquired from both known tumor and normal regions of the 10 

samples in the training set, excluding background regions of glass slide. The validation set 

used the full mass spectral imaging data, with no manual manipulation, for each sample to 

construct synthetic images. Data were processed as described below in Matlab 2008a, The 

MathWorks (Natick, MA, USA).

2.3 Results and discussion

While the focus of previous work on human cancer tissue imaging using DESI has 

involved negative-ion mode data, mass spectrometric analysis can also be conducted in 

the positive-ion mode. Multiple marker lipids observed in the positive-ion mode were 

found to distinguish canine bladder cancerous tissue from adjacent normal tissue.21 By 

imaging in the positive-ion mode important lipid species, such as glycerophosphocholines 

and sphingolipids are more readily detected by DESI-MS. By performing positive- and 

negative-mode analysis the total number of species that can be detected greatly increases, as 

does the confidence of the diagnosis by relying on multi-modal pattern recognition.

Paired human bladder cancer and adjacent normal tissue sections from 20 patients (40 

tissues total) were imaged in the positive-ion mode using DESI-MS. By using paired tissue 

samples differences inherent within different patients are minimized. A series of DESI-MS 

ion images, showing the distribution of one particular m/z value across the sample, were 

hand selected to visualize the differences in relative abundances between cancerous and 

normal tissue. While a few ions were selected for convenience of visualization, the mass 

spectrum obtained for each pixel shows that the absolute intensity of a variety of ions 

changes between the cancerous and normal tissues. This showcases the need for multivariate 

statistical methods in order to base the diagnosis on all species present in the spectra. Fig. 

1(a) and (b) shows representative positive-ion mass spectra for cancerous and normal tissue, 

respectively. While it is not necessary to chemically identify each species contributing to 

the diagnostic pattern in the mass spectrum, the main GPs observed were identified based 

on collision induced dissociation (CID) tandem MS experiments and comparison of the 

generated product ion spectra with the literature.28–30 The analyses reported here focus on 

glycerophosphocholines (PC) and their adducts, and while additional compounds are labeled 

in the spectra featured in Fig. 1, only a few selected ion images are shown. These images are 

compared to serial tissue sections which were stained with H&E and examined by a certified 

pathologist for diagnosis.

Principal component analysis (PCA) was employed as a visualization approach to the 

description of the disease state of the tissue. PCA is a simple unsupervised data 

dimensionality reduction method. In this case it is used to reduce a large library of mass 

spectra to small set of principal components, or linear, orthogonal combinations of DESI 

peaks. Spectra are acquired from known tumor and normal regions from patient samples 

and partitioned into a training and validation set. Each set then includes tumor and normal 

spectra from half the set of patients. Example average tumor and normal spectra belonging 

to a training set are shown in Fig. 2(a). These data originate from positive-ion mode bladder 

cancer section analysis, as previously described. After normalization to the median area 
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under the curve (AUC), PCA is run on the whole training set. Typically, the first principal 

component [PC1, Fig. 2(b)] is found to separate tumor and normal regions of tissue, as 

shown in the PC1/PC2 score plot [Fig. 2(c)]. This vector is the weighted set of DESI peaks 

which indicate the existence of tumor. The validation set may then be projected onto the 

principal components to confirm the separation along the PC1 coordinate [Fig. 2(d)]. After 

the set of principal components is generated, full images belonging to the validation set are 

projected onto the training set of principal components. The projection, or loadings, of each 

pixel along the PC1 coordinate are plotted on an x,y cartesian coordinate system identical 

to that used when rastering in the DESI imaging procedure. The pixel loadings are color 

coded linearly from blue to red. Red pixels are then regions of tissue whose mass spectra 

are predicted to be tumor, based on the high contribution of the PC1 coordinate. The result 

is a simple but powerful visual approach for the determination of likely regions of tumor 

on a surface in an unsupervised fashion. This method has now been applied to a variety 

of samples, including canine and human bladder, prostate and kidney in both negative- and 

positive-ion modes.

The DESI-MS ion images along with the optically scanned H&E stained tissue section and 

the synthetic PCA images for two bladder tissue pairs, UH00010–19 and UH0105–26, are 

shown in Fig. 3. The selected-ion images for both tissue samples show increased intensities 

in the tumor tissue for the ions at m/z 770.6 (PC(32 : 1) + K+), m/z 782.6 (PC(34 : 1) + Na+) 

and m/z 798.6 (PC(34 : 1) + K+), Fig. 3(a)–(c) and (f)–(h). This correlates with the diagnosis 

obtained from the H&E stained tissue sections. The synthetic PCA image is shown in Fig. 

3(e) for UH0010–19 and in Fig. 3(j) for UH0105–26. These PCA images also correlate 

with the DESI-MS ion images and the H&E stained tissue. This presentation method has 

advantages over hand-selected ion images and also increases the confidence of diagnosis 

by relying on more ion species. Interestingly these results are in line with what has been 

reported previously in canine bladder cancer.21 Some of the same lipid species present at 

increased levels here in human bladder cancer were also found to be increased in canine 

bladder cancer, including PC(34 : 1) + Na+, and PC(34 : 1) + K+. This is not unexpected 

considering the similarities between canine and human bladder cancer.31

DESI-MS imaging is clearly a promising technique for obtaining pathological molecular 

information. It allows the analysis to be conducted in the ambient environment with 

little sample preparation and without the use of special stains or labels. DESI-MS can 

be used to discriminate cancerous from normal tissue in multiple human cancers in the 

negative-ion mode22,23 as well as in the positive-ion mode, as shown here. The strength of 

the diagnosis is demonstrated through the use of multiple marker lipids and multivariate 

statistical analysis.

2.4 Future of DESI imaging

The use of DESI-MSI as a disease diagnostic tool can be further improved. On the analytical 

side, reagents can be added to the spray solvent to cause specific reactions with the 

molecules of interest creating products that are easier to detect. This analytical variant on the 

ionization method is called “reactive-DESI”.32 One example is the detection and mapping of 

cholesterol in the brain and adrenal glands.12,32 Cholesterol has low proton affinity and it is 
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not detected by DESI using the common methanol/water solvent conditions. The addition of 

betaine aldehyde to the solvent makes the detection of cholesterol possible by the formation 

of a hemicetal.12,32 Reactive DESI is a promising variation of DESI that should be further 

explored since it increases the sensitivity and selectivity of the diagnosis by DESI-MSI.

On the clinical side, before the technique can be available to the medical community 

for disease diagnosis and staging, clinical protocols are necessary to investigate important 

variables such as sex, race, age and the stage of the disease. All these variables can affect 

the sensitivity and the selectivity of the technique and should be evaluated. These studies are 

normally conducted with a large number of individuals and preferentially at more than one 

medical center or clinic. The advantages of multicenter trials include the ability to compare 

results among subpopulations with different demographic factors such as environmental, 

cultural and genetics factors.

3. Paper spray for bioanalysis

3.1 Introduction to paper spray capabilities

Paper spray ionization is an electrospray related method in which a sample (solution or 

solid) is first loaded onto paper or another porous substrate. A jet of charged droplets (i.e. 

electrospray) is formed via the application of solvent and high voltage, provided the tip of 

the substrate is cut to a sharp point to increase the strength of the electric field. The method 

can be applied to a number of analytical problems, although the focus thus far has been for 

the quantitation of small molecule drugs from blood dried on paper. We anticipate that this 

simple method, which could be implemented using a disposable cartridge, could be coupled 

with a low-cost mass spectrometer for routine clinical monitoring of therapeutic drugs in 

blood or other body fluids.

The successful administration of a drug depends on managing the appropriate dosing 

guidelines for achievement of a safe and effective outcome. This guideline is established 

during clinical trials where the pharmacokinetics (PK) and pharmacodynamics (PD) of the 

drug are studied. Clinical trials use PK-PD studies to establish a standard dose, which may 

be fixed or adjusted according formulae using variables like body mass, body surface area, 

etc. However, the drug exposure, i.e. the amount of drug circulating over time, is influenced 

by a number of factors that vary from patient to patient. For example, an individuals’ 

metabolic rate, the type and level of plasma proteins, and pre-existing conditions all play a 

role in affecting the exposure of the drug in vivo.33 Furthermore, administration of a drug 

in combination with other medications may also affect exposure. As a result, it is often 

difficult to predict and prescribe an optimum regimen of drug administration for particular 

patients. To address these concerns, therapeutic drug monitoring (TDM) can be employed. 

TDM is the measurement of active drug levels in the body followed by adjustment of drug 

dosing or schedules to increase efficacy and/or decrease toxicity. TDM is indicated when 

the variability in the pharmacokinetics of a drug is large relative to the therapeutic window, 

and where there is an established relationship between drug exposure and efficacy and/or 

toxicity.
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Another requirement for TDM is that a sufficiently precise and accurate assay for the active 

ingredient must be available at a reasonable cost. Immunoassays and high-performance 

liquid chromatography (HPLC) with detection by ultraviolet–visible (UV–vis) spectroscopy 

or mass spectrometry (MS) are the most commonly used methods for TDM. HPLC-MS 

is the most flexible and powerful approach for TDM, but is labor intensive and time 

consuming. Due to the cost of the equipment and the training required to operate it, TDM 

by HPLC-MS is typically carried out in central laboratories that receive samples from 

numerous hospitals and specialize in such tests. Samples must therefore be shipped after 

collection to the central laboratory where they are prepared and analyzed. The drawbacks 

of this approach include the difficulty in controlling the conditions used in storage and 

shipment and the high costs and long turnaround times (two weeks) involved; these 

have been significant barriers towards widespread use of TDM as a tool in personalized 

medicine. A suitable device capable of TDM at the point of care would reduce the cost 

of clinical trials and the overall costs of drug development, and it would facilitate the 

practice of personalized medicine by dose optimization of drug regimen on an individual 

case-by-case basis. This would improve clinical outcomes and decrease drug toxicity for 

chemotherapeutic agents, immunosuppressive drugs, and others.

Paper spray (PS) allows mass analysis of complex mixtures without sample preparation or 

separation [Fig. 4(a)]. A piece of paper is cut into a triangular shape; ions are generated with 

the addition of a small amount (~10 μL) of solvent and application of a high voltage (3–5 

kV) which generates a strong electric field at the tip of the paper, and a cone-jet of charged 

droplets is produced at the sharp tip [Fig. 4(b)]. The sample can be contained in the solvent 

or pre-deposited on the paper, for example as a dried blood spot (DBS). Observation of the 

spray plume together with inspection of paper spray spectra suggest that ion formation in 

paper spray is analogous to ESI, with some additional contributions from other mechanisms 

in some circumstances.

Paper spray is advantageous for the analysis of small molecules from blood for a number 

of reasons. First, paper is an important medium for biological fluid collection and storage. 

Drugs in DBSs are more stable compared with drugs in the liquid phase because enzyme 

enhanced hydrolysis is one of the most common reasons for drug degradation.34,35 Also, 

the storage and shipment of DBS is more convenient since there is no need of a freezer or 

dry ice. Finally, small sample volumes are required for analysis (less than 50 μL compared 

to 500 μL or more for typical analyses). These numerous advantages to using paper for 

blood collection and collection has spurred interest in the pharmaceutical industry, with one 

major company using dried blood spot collection for all of its PK-PD studies in new small 

molecule oral drugs.36 Paper spray uses the paper as the ionization source, whereas in the 

normal method, drugs are extracted from the DBS using liquid extraction and analyzed by 

HPLC-MS. The use of paper spray instead means that biological samples can be analyzed 

immediately after sampling or after storage of the dried spot. Paper spray can be used to 

directly ionize analytes in complex samples, such as blood, urine and other biological fluids. 

Moreover, paper spray has the capability to allow sample analysis to be performed without 

pneumatic assistance, which makes this method more convenient and applicable for the 

purpose of portable or point-of-care analysis, such as the coupling with a miniature MS. 

The solvent flow is driven by capillary action, eliminating the need for a syringe pump. 
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Another advantage of paper spray is that clogging, a serious problem for conventional 

nanoelectrospray ion sources, is unlikely due to its multi-porous characteristics.

In our studies, drugs in various biological samples, including blood, urine and tissues, were 

examined by PS-MS.37,38 After collecting the blood sample and spotting it onto paper, 

solvent is applied onto the paper, and an electrically charged solvent spray is generated 

upon application of high voltage. Fig. 5 shows the results for the analysis of dried blood 

containing imatinib, a therapeutic drug for leukemia, using PS-MS. The peak corresponding 

to the drug cannot be observed above the baseline noise in the full mass spectrum. However, 

upon isolating a narrow mass window and performing CID of the precursor ion, the 

diagnostic fragment ion at m/z 394 can be observed [Fig. 5(a)]. By using a deuterated 

analog as an internal standard (IS), the response of imatinib is linear from 50 ng mL−1 to 

at least 5 μg mL−1, covering the entire therapeutic window of the drug [Fig. 5(b)]. In this 

experiment, the IS was spiked into the blood and thoroughly mixed. More realistically, the 

IS must be incorporated in some other way because it is not feasible to add it into the liquid 

blood at the point of collection. We found that acceptable precision was obtained by either 

pre-treating the paper with the IS or adding the IS to the dried blood spot after the blood had 

dried,39 with a relative standard deviation of less than 8% for replicate measurements.

In this section, we will describe some recent progress in paper spray ionization. Detection 

limits for a small set of representative drugs were determined to evaluate the general 

applicability of paper spray for TDM. Also, new capabilities of paper spray are reported: the 

ability to measure therapeutic drugs and endogenous compounds from tissue and the use of 

electron emission from the paper substrate to analyze compounds with high electron affinity.

3.2 Methods

3.2.1 Application of paper spray to drug monitoring.—All experiments were 

performed on a TSQ Quantum Access Max (Thermo Scientific, San Jose, CA) in 

the selected reaction monitoring (SRM) mode. The SRM parameters were as follows: 

Propranolol: m/z 260 → 183; tube lens: 108 V; Q2 offset (collision energy): 27 V/atenolol: 

m/z 267 → 145; tube lens: 93 V; Q2 offset: 18 V/lidocaine: m/z 235 → 86; tube lens: 94 V; 

Q2 offset: 18 V/amitriptyline: m/z 278 → 233; tube lens: 113 V; Q2 offset: 17 v/verapamil: 

m/z 455 → 165; tube lens: 150 V; Q2 offset: 27 V/imatinib: m/z 494 → 294; tube lens: 148 

V; Q2 offset: 27 V.

Drug standards were a gift from AstraZeneca. Blood samples were prepared by diluting 

100× stock solutions of the drug standards (Innovative Research, Novi, MI) for final 

concentrations of 0 ng, 250 ng, 500 ng, and 1000 ng per mL of blood. The IS used at 

a constant concentration of 500 ng mL−1. For propranolol, amitriptyline, and lidocaine, 

atenolol was used as the internal standard. For verapamil, IS was imatinib. For atenolol, 

the IS was propranolol. Blood was spotted as 0.5 μL aliquots onto Whatman Grade 

1 Chromatography paper (VWR). For each drug and concentration level, 7 replicate 

experiments were performed (separate blood spots, same blood sample).

For paper spray ionization, the paper was cut into a triangle of approximately 10 mm base 

width × 10 mm height. A pipette was used to add 10 μL of 90% methanol: 10% water (v:v) 
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was added to the and the spray voltage was then set to 4000 V. Data was collected until the 

spray solvent was depleted by the spray process and evaporation (about 30 s).

For data analysis, the area under the curve (AUC) for the analyte was normalized against 

the AUC for the IS. This ratio was corrected by subtraction of the average blank signal, and 

the data was fit to a line by linear regression. The limit of detection was calculated using 

the formula 3sB/m, where sB is the standard deviation of the blank (N = 7) and m is the 

analytical sensitivity.

3.2.2 Direct tissue analysis by paper spray.—For endogenous lipid profiling, 

porcine adrenal gland was purchased from Pel-Freez (Rogers, AR). A metal needle was 

used to remove 1 mm3 of tissue from the bulk tissue and place them onto the surface of 

paper triangles for PS-MS experiments. Methanol–water (1 : 1 v:v; 10 μL) was added to the 

paper as solvent and then 4.5 kV positive DC voltage was applied to produce the spray.

For TDM from tissue, mouse liver tissue homogenate was prepared using a wheaten tissue 

grinder (VWR). Atenolol was spiked into tissue homogenate, and 0.5 μL of the tissue 

homogenate was applied on the paper surface to form a dried spot. Ten μL of methanol–

water (1 : 1 v:v) was added to the surface of the paper as solvent and then 4.5 kV positive 

DC voltage was applied to produce the spray.

3.2.3 Electron attachment using paper spray.—Paper spray was operated in the 

negative-ion mode by applying −3.5 kV and 1 : 1 (v:v) methanol–water. C60 was introduced 

to the mass spectrometer by placing 50 ng of C60 powder 5 mm away from the paper spray 

tip and also 5 mm away from the mass spectrometer inlet. A fast heating film was used to 

increase the temperature of the C60 from room temperature to above 350 °C in about 4 s.

3.3 Results and discussion

3.3.1 Application of paper spray to drug monitoring in blood.—A method for 

monitoring therapeutic drugs must fulfill several requirements. The drug must be detectable 

over the required concentration range, which varies depending on the drug, dose, method of 

administration, etc. It must be specific so that the drug can be distinguished from interfering 

species, including other drugs and drug metabolites. The measurement must meet some 

acceptable level of accuracy and precision, which could be set at a constant level for all 

drugs, although a better approach would be to tailor the acceptable amount of inaccuracy 

and imprecision to the therapeutic window; 20% of the therapeutic window has been 

previously suggested.40 In this section, we consider the limits of detection obtained for a set 

of small molecule drugs (Scheme 1). This set of drugs, consisting of atenolol, propranolol, 

verapamil, amitriptyline, and lidocaine, have similar pKas but differ widely in their other 

molecular properties, making them a fairly representative set of small molecule drugs (Table 

1). The limit of detection was calculated from the average signal intensity and standard 

deviation of blank blood samples and the analytical sensitivity from a three point calibration 

curve. A typical result is shown in Fig. 6, displaying the extracted ion chromatograms for the 

analyte (amitriptyline, in this case) and the internal standard (atenolol) for one concentration 

level [Fig. 6(a)]and the calibration curve obtained for this drug [Fig. 6(b)].
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The results, summarized in Table 2, show that the detection limits for these drugs vary 

from 3 ng mL−1 for verapamil to 106 ng mL−1 for propranolol, but are generally in the 

low ng mL−1 range. These limits of detection lie below the therapeutic range for all of 

the drugs studied except for propranolol (Table 2). The approximately 20-fold difference in 

the limit of detection measured for the samples in this set stems from differences in both 

the analytical sensitivity (i.e. the slope of the calibration curve) and the standard deviation 

of the blank, which in turn is a function of the magnitude of the blank signal intensity 

because the standard deviation generally increases as the magnitude of the blank signal 

increases. The differences in the magnitude of the blank signal stem from the fact that blood 

is complex chemical mixture and, although some components are retained on the paper, a 

number of background chemicals from the blood or the paper itself are ionized and may 

overlap with the analytes. While tandem mass spectrometry further decreases interference 

in the spectrum, chemical noise is still present. In the case of propranolol, for example, an 

overlapping peak exists in the blank blood at the m/z 260 → 183 transition, which increases 

the magnitude, and therefore the standard deviation, of the blank.

Differences in the analytical sensitivity for each drug also contribute to the range obtained 

for the limits of detection. The sensitivity is affected by a variety of factors: the proton 

affinity of the analyte, its solubility in the spray solvent and its surface activity, and 

interactions with the porous substrate. Among this set of drugs, for example, atenolol 

and propranolol have the lowest analytical sensitivities at 0.0014 and 0.0034 mL ng−1, 

respectively. This may be because the site of protonation in atenolol and propranolol is a 

secondary amine, whereas the protonation site in the other three drugs is a tertiary amine. In 

the gas phase, tertiary amines are stronger bases than secondary amines due the presence of 

more electron donating groups around the charged site. Also, propranolol and atenolol have 

two and three hydrogen-bond donating groups, respectively, whereas the other three drugs 

have either none (verapamil and amitriptyline) or just one (lidocaine). An increased ability 

to hydrogen bond could increase a drug’s affinity for the paper substrate, and therefore 

decrease recovery. The set of drugs explored here is both too small and too structurally 

complex to precisely extrapolate general rules for predicting sensitivity.

In general, it seems reasonable to conclude that paper spray has adequate detection limits 

to detect many, but not all drugs at their therapeutic levels. High-potency drugs, including 

hormones, cytotoxic drugs, and some immunosuppressives will be difficult to detect at 

relevant levels. Other drugs will pose a challenge because of poor ionization efficiency. 

Since the detection of compounds by mass spectrometry requires ionization, drugs that 

do not have an easily ionized functional group or do not form adducts with counter ions 

easily will not be detected as sensitively. Efforts have been made previously to improve the 

detection of poorly ionizable compounds using on-paper derivatization, such as the use of 

betaine aldehyde to add charge to cholesterol.32,41 Finally, highly polar drugs may pose a 

challenge because they have increased affinity for the paper and/or reduced surface activity, 

which is known to decrease sensitivity in electrospray ionization.

3.3.2 Direct tissue analysis by PS-MS.—Rapid analysis of tissue by mass 

spectrometry is of interest for the diagnostic sciences. While this analysis can certainly 

be performed using the typical MS workflow of extraction followed by chromatography, 
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paper spray is potentially a simpler alternative for some applications. In this experiment, 

a portion of tissue obtained from a surgical biopsy or from a needle aspiration biopsy is 

applied to the paper substrate, and chemicals from the tissue are extracted from the tissue 

and ionized by the application of solvent and high voltage. This method, as with the TDM 

of dried blood spots already presented, has the advantage of being fast and simple because 

of the lack of sample preparation. It has the disadvantage, naturally, of not supplying as 

much chemical information as can be obtained from tissue homogenization, extraction, and 

chromatography. This method is therefore suited for targeted analyses of a relatively small 

number of analytes, such as therapeutic drugs or known markers of disease state.

The pharmacological effects of a drug occur at the target tissue, not in the blood. The drug 

concentration in blood or plasma, which is more often measured because it is less invasive 

than performing a tissue biopsy, is assumed to correlate with the concentration of the drug 

at the active site. Variability in the drug uptake by the target tissue from patient to patient 

can lead to poor correlation between the plasma concentration and tissue concentration. 

As a result, the plasma drug concentration may correlate well with toxicity, but not with 

efficacy.42 One study, for example, found that the extent of tumor perfusion had a strong 

effect on drug uptake by the tumor, but found no correlation between drug concentration in 

the plasma and in the tumor.43 To demonstrate the feasibility of performing TDM from a 

needle aspiration biopsy, the drug atenolol was spiked into mouse liver homogenate, which 

was then applied to the paper and allowed to dry. The full mass spectrum and tandem mass 

spectrum shown in Fig. 7(a) demonstrate that the drug can be detected at less than 500 ng 

mL−1 concentration.

Endogenous compounds can also be detected from tissue using PS-MS. Fig. 7(b) shows the 

mass spectrum obtained after analyzing a section of porcine adrenal tissue in the positive-ion 

mode. A high number of glycerophosphocholine lipids are detected in the mass range 

shown, primarily as sodium and potassium adducts, although protonated species are also 

observed. The presumptive molecular identity of the peaks are indicated on the spectrum, 

but, due to the enormous complexity of the spectra obtained from such analyses, it is likely 

that many of the peaks actually represent two or more isobaric species. It is possible that 

PS-MS could be useful as a profiling tool to detect changes in the polar lipid composition 

at the tumor border. Another study, for example, detected different glycerophosphocholine 

lipid species in normal versus tumor prostate tissue.44 Further study will be necessary to 

establish if paper spray can used to address this problem.

3.3.3 Electron attachment using PS-MS.—All of the experiments presented thus 

far were performed in the positive-ion mode, with a spray voltage of 3.5 to 4.5 kV 

with methanol–water in some proportion as the solvent. When PS-MS is conducted under 

similar conditions in the negative-ion mode, for example −3.5 kV spray voltage with 1 : 

1 methanol–water, the spray current is significantly higher (10 s of microamps versus less 

than 1 microamp in the positive mode). We have attributed this to the emission of a large 

number of electrons from the paper tip, concomitantly with the spray droplet formation. The 

electron emission might be a result of field emission or droplets carrying electrons during 

spraying. The presence of electrons was confirmed by the experiment shown in Fig. 8, in 

which 9–10-anthraquinone and Cl-9–10-anthraquinone vapors were introduced between the 
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paper spray source and the mass spectrometer. Peaks identified as the [M•]− ions of both 

species were observed. This suggests that electrons are passing from the paper to the ground 

mass spectrometer, resulting in electron attachment to the neutral molecules to form negative 

ions.

C60 is representative of another group of compounds with high electron affinity. C60 vapor 

was introduced between the paper spray ionization source and the mass spectrometer by 

using a fast heating film to vaporize the fullerene. Ions representing the radical anion of C60 

were observed at m/z ~720, and the isotopic ratio was consistent with C60, confirming the 

molecular identity of the peak [Fig. 8(b)]. Not only was the monomer observed, but also the 

electron-bound dimer whose isotopic peaks supported the identification as C120 [Fig. 8(c)]. 

This experiment further proved the presence of electrons during paper spray negative mode, 

and provides the possibility of dimer creation due to electron attachment.

In conclusion, paper spray in the negative mode can provide electrons under ambient 

conditions, which can be attached to either neutral molecules or charged species. This 

phenomenon could be useful in diagnostics for ionizing volatile chemicals expelled in the 

breath, for example.

3.4 Future of paper spray ionization

Paper spray ionization has shown early potential for the quantitation of small molecule 

pharmaceuticals. It has also shown potential in detecting endogenous compounds from 

serum samples, specifically detecting cholesterol sulfate, which was seen in tissue as a 

marker for pre-cancerous and cancerous prostate tissue.23 A cholesterol sulfate standard 

compound can be detected [Fig. 9(a)] and fragmented [Fig. 9(b)] in the negative-ion mode 

using paper spray [Fig. 9(c)]. When applied to a serum sample from a prostate cancer 

patient, cholesterol sulfate was detected by PS-MS by monitoring the major fragment ion at 

m/z 97 from the parent ion at m/z 465 [Fig. 9(d)]. Paper-spray MS is a promising method for 

detection of endogenous compounds with the ability to be translated readily into a clinical 

setting.

The performance of the PS method is quite remarkable, considering how simple it is, 

consisting of only a piece of filter paper from which an electrospray plume is generated. 

Further development by the addition of selective methods for trapping and pre-concentrating 

the analyte in the substrate is anticipated to further decrease the limits of detection. This 

is needed for at least two reasons. First, although this method is capable of detecting drug 

levels below the therapeutic range for many drugs, it is likely that still lower detection limits 

will be required for the method to find broad applicability. It is unlikely that this method will 

be able successfully monitor all therapeutic drugs, but the larger the fraction of drugs that 

paper spray can successfully analyze, the more likely this method will successfully penetrate 

into clinical laboratories and have an impact on patient care. Improving the detection limit 

is first step in this process. Second, preconcentration and trapping the analyte(s) as it is 

extracted from the blood spot should decrease sources of irreproducibility introduced by 

the blood sample by separating the analyte from interfering chemicals in the blood. To 

this end, all experiments have been done on uniform blood samples. Blood collected from 

different individuals will naturally have different chemical content, for example in the 
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amount of lipids or the presence of other drugs. The error introduced by the varied chemical 

background is partially offset by the presence of an internal standard; separation of the 

analyte from interfering chemicals should further reduce irreproducibility and error.

Pre-concentration of the analyte could be performed on the paper in any number of ways 

by borrowing from current knowledge of separations. For example, a hydrophobic or ion-

exchange trapping region could be added to the paper downstream of the dried blood spot. 

The analyte could be extracted from the blood spot and concentrated on the trapping region 

and then eluted with the application of a second solvent. This method could both separate at 

least some matrix molecules from the analyte and to serve as a method of pre-concentrating 

analyte molecules from a large volume of dried blood. It is important to note, however, 

that any method to pre-concentrate the analyte could also increase the concentration of 

the contaminants by an equal factor. Some additional selectivity, whether achieved through 

hydrophobicity, ion exchange, or another method, is needed so that the analyte can be 

preferentially concentrated.

The experiments described thus far have used the paper for sample collection, storage, and 

analysis. The use of paper or another porous substrate is also of use as a simple electrospray 

emitter. Typical nanospray tips suffer from problems with clogging to the small size of the 

capillary opening. A porous substrate, such as paper, is not subject to clogging and may 

be useful for coupling with microfluidic platforms with mass spectrometry. With the fast 

development of paper-based microfluidic devices,45–47 paper spray is foreseen to play a 

major role in the integration of future microfluidic-MS systems of compact sizes.48

4. Miniature mass spectrometers and the future of biomedical and clinical 

mass spectrometry

4.1 State-of-the art in miniature mass spectrometer systems

The smallest fully functional autonomous mass spectrometer is an ion-trap-based system 

built at Purdue.49,50 This wireless-controlled miniature rectilinear ion-trap MS system, 

weighs 5.0 kg (with batteries), consumes less than 35 W of power, and has dimensions 

of 22 cm in length by 12 cm in width by 18 cm in height. It is capable of tandem mass 

spectrometry which is essential for complex mixture analysis and has modest but adequate 

performance (unit mass resolution and mass range up to m/z 800, m/z 1500 in extended 

mass range mode). The instrument is compatible with various types of ionization sources 

including a glow-discharge electron impact ionization (GDEI) source for internal ionization 

and various atmospheric pressure ionization sources which are external to the vacuum 

system and connected to it through the use of a discontinuous atmospheric pressure interface 

(DAPI).51,52 This interface was developed to match the rate of sample introduction to the 

limited pumping capacity of the miniature MS. These external sources include ESI and 

DESI, for solution and solids analysis, respectively. Performance characteristics of these 

handheld mass spectrometers have been reported.53
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4.2 Adaptation to point-of-care drug monitoring and intrasurgical diagnostics

The availability of miniature mass spectrometers and ambient sampling ionization methods 

has significant potential in terms of the application of mass spectrometers in clinical point-

of-care analysis and in providing real-time diagnostic information to guide surgery. The 

paper spray method has already been adapted to miniature mass spectrometers.37 The next 

step in the development of a point-of-care clinical system will be the optimization of 

a disposable device in which the paper substrate is pre-mounted (and pre-supplied with 

appropriate internal standards and solvent). Addition of a finger prick blood spot will 

then be followed by ionization and recording of a mass spectrum using a miniature mass 

spectrometer. Miniature MS analysis systems with direct sampling ionization and tandem 

MS capabilities have potential as valuable new tools in high throughput point-of-care 

clinical analysis. These same systems should also see wide use as generally applicable, 

high sensitive analytical methods for applications in food safety, forensics and public safety, 

environmental monitoring and quality control.

The combination of a small mass spectrometer with efficient ion transfer capabilities 

allows one to consider the possibility that an ambient ionization source might be built 

into a surgeon’s scalpel to provide real-time diagnostic information before tissue is excised. 

The geometry-independent DESI configuration54 with coaxial charged droplet delivery and 

secondary droplet transport tubes is one possible configuration. The main technical problem 

is not the passage of ions over long distances at atmospheric pressure. This has been 

demonstrated for both DESI and for plasma-based ionization methods.55,56 Rather it is 

maximizing the efficiency of this process when performing the experiment with a small 

mass spectrometer.
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Fig. 1. 
Typical positive-ion mode mass spectra of human bladder (a) tumor tissue and (b) adjacent 

normal tissue in the m/z range 400–1200.
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Fig. 2. 
Principal component analysis results. (a) Average tumor and normal spectra from the 

training set that were used as inputs for PCA. The spectra are resampled to unit resolution, 

background-corrected, and scaled to the median area under the curve for all spectra. (b) 

PC1 eigenvector. PC1/PC2 score plot for (c) training data set and for (d) validation data set 

projected onto the training set principal component eigenvectors.
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Fig. 3. 
Positive-ion mode tissue imaging of human bladder tissues samples including areas of 

cancer and adjacent normal tissue. Ion images obtained for sample UH0010_19 (tumor 

tissue on right and normal tissue on left) showing the distribution (a) PC(32 : 1) + K+, 

m/z 770.7; (b) PC(34 : 1) + Na+, m/z 782.6 and (c) PC(34 : 1) + K+, m/z 798.6. Optical 

images of H&E stained adjacent sections and the PCA-based synthetic image obtained from 

the DESI-MS imaging data are shown in (d) and (e), respectively. Ion images obtained 

for sample UH0105_26 (normal tissue on right and tumor tissue on left) showing the 

distribution (f) PC(32 : 1) + K+, m/z 770.7; (g) PC(34 : 1) + Na+, m/z 782.6 and (h) 

PC(34 : 1) + K+, m/z 798.6. Optical images of H&E stained adjacent sections and the 

PCA-based synthetic image obtained from the DESI-MS imaging data are shown in (i) and 

(j), respectively. Both samples are from the validation set, illustrating the performance of the 

method on future samples.
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Fig. 4. 
(a) Schematic of paper spray ionization. (b) Photograph of a paper tip, showing the spray 

plume generated after application of solvent and high voltage. Adapted from the original 

figure by Wang et al.(2010) reproduced with permission from Wiley-VCH, copyright 2010.
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Fig. 5. 
(a) Full mass spectrum (bottom) and tandem mass spectra of 500 ng mL−1 imatinib and 

imatinib d8 in blood. (b) Calibration curve for imatinib in blood with the therapeutic range 

set by dashed lines. Adapted from the original figure by Wang et al.(2010) reproduced with 

permission from Wiley-VCH, copyright 2010.
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Fig. 6. 
(a) Total ion chromatograms for replicate measurements of 500 ng mL−1 amitriptyline 

and 500 ng mL−1 of the internal standard atenolol in blood. (b) AUC of amitriptyline, 

normalized against the AUC of the internal standard, vs. amitriptyline concentration in 

blood.
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Fig. 7. 
(a) Analysis of atenolol spiked into mouse liver homogenate by PS-MS. (b) Phospholipids 

from porcine adrenal gland analyzed by PS-MS. Phospholipids such as phosphatidylcholine 

(PC) are identified in the spectra.
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Fig. 8. 
(a) Electron attachment spectra of 9–10-anthraquinone and Cl-9–10-anthraquinone obtained 

using paper spray as the electron source. Electron attachment spectra of C60: dimer (b), 

monomer (c).
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Fig. 9. 
(a) Mass spectrum of standard cholesterol sulfate, m/z 465.3, analyzed by negative-mode 

PS-MS. (b) Tandem MS (MS2) of m/z 465.3 showing its single characteristic fragment ion 

m/z 97.0. (c) Scheme of paper spray analyses of human cancer serum and (d) MS2 of m/z 
465.3 from serum sample, showing parent ion and fragment ion (marked with asterisks) 

amongst chemical noise peaks.
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Scheme 1. 
The set of drugs used in paper spray experiments, consisting of atenolol, propranolol, 

verapamil, amitriptyline, and lidocaine
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Table 1

Some molecular properties of drugs analyzed using PS-MS

Drug MW/g mol−1 CLogPa tPSA/Å2 CMR/cm3 mo1−1 H-Bond donorsb H-bond acceptorsc

lidocaine 234.5 2.41 32.34 73.9 1 3

propranolol 259.34 3.35 41.49 78.3 2 3

verapamil 454.6 5.69 63.95 135.1 0 6

amitriptyline 277.4 4.63 3.24 93.4 0 1

atenolol 266.34 0.22 84.58 74.6 3 5

a
CLopP, Topological Polar Surface Area (tPSA), and the calculate molar refractivity (CMR) were calculated in ChemDraw Ultra, which uses 

Crippen’s fragmentation and Viswanadhan’s fragmentation methods to calculate CLogP and the tPSA and Joback’s fragmentation method to 
calculate molar refractivity.

b
The sum of all NH and OH.

c
The sum of all N and O.

Faraday Discuss. Author manuscript; available in PMC 2023 December 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Graham Cooks et al. Page 29

Ta
b

le
 2

Se
ns

iti
vi

ty
, a

ve
ra

ge
 a

nd
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 th
e 

bl
an

k 
si

gn
al

, a
nd

 li
m

it 
of

 d
et

ec
tio

n 
fo

r 
se

ve
ra

l d
ru

gs
 a

na
ly

ze
d 

us
in

g 
PS

-M
S

D
ru

g
In

te
rn

al
 s

ta
nd

ar
d

Se
ns

it
iv

it
y 

(m
)/

m
L

ng
−1

× 
10

−1
)

x b
 ±

 s
B
b

L
O

D
/n

g 
m

L
−1

T
he

ra
pe

ut
ic

 r
an

ge
a /

ng
 m

L
−1

pr
op

ra
no

lo
l

at
en

ol
ol

3.
4

0.
4 

±
 0

.2
10

6
20

–3
00

at
en

ol
ol

pr
op

ra
no

lo
l

1.
5

0.
06

 ±
 0

.0
2

34
10

0–
10

00

ve
ra

pa
m

il
im

at
in

ib
6.

3
0.

03
1 

±
 0

.0
05

3
50

–2
50

lid
oc

ai
ne

at
en

ol
ol

18
0.

06
 ±

 0
.0

2
4

10
00

–6
00

0

am
itr

ip
ty

lin
e

at
en

ol
ol

4.
6

0.
01

3 
±

 0
.0

09
6

50
–2

00

a T
he

ra
pe

ut
ic

 r
an

ge
 g

iv
en

 is
 in

 s
er

um
 o

r 
pl

as
m

a,
 w

hi
ch

 m
ay

 d
if

fe
r 

fr
om

 th
e 

co
nc

en
tr

at
io

n 
in

 w
ho

le
 b

lo
od

.

b x B
 =

 a
ve

ra
ge

 s
ig

na
l o

f 
th

e 
bl

an
k,

 s
B

 =
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 th
e 

bl
an

k.

Faraday Discuss. Author manuscript; available in PMC 2023 December 11.


	Abstract
	General introduction
	Desorption electrospray ionization imaging and disease diagnosis
	Introduction to DESI imaging for disease diagnosis
	Methods
	Biological sample preparation and cryosectioning.
	DESI-MS 2D imaging and statistical analysis.

	Results and discussion
	Future of DESI imaging

	Paper spray for bioanalysis
	Introduction to paper spray capabilities
	Methods
	Application of paper spray to drug monitoring.
	Direct tissue analysis by paper spray.
	Electron attachment using paper spray.

	Results and discussion
	Application of paper spray to drug monitoring in blood.
	Direct tissue analysis by PS-MS.
	Electron attachment using PS-MS.

	Future of paper spray ionization

	Miniature mass spectrometers and the future of biomedical and clinical mass spectrometry
	State-of-the art in miniature mass spectrometer systems
	Adaptation to point-of-care drug monitoring and intrasurgical diagnostics

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Scheme 1
	Table 1
	Table 2

