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A B S T R A C T   

Nonporous, hydrophobic organosiloxane (OSX) polymers with surface reservoirs were developed as sampling 
supports in polymer-spray mass spectrometry (polyS-MS) for the detection and quantification of hydrophilic 
drugs, ethyl glucuronide (logP -1.8) and vancomycin (logP -4.4), and a slightly hydrophobic drug, phenobarbital 
(logP 1.5). OSX polymers with surface reservoirs were prepared by solvent evaporation-induced patterning in the 
presence of an ionic liquid during sol-gel polymerization of a methylalkoxysilane. The surface reservoir provides 
a continuous supply of spray solvent, enhancing both signal stability and signal duration when conducting 
analysis by polyS-MS. Using OSX polymer substrates with surfaces reservoirs, calibration curves were generated 
with good linearity (R2>0.99) and reproducibility and low data spread over the concentration ranges used to 
screen each of the drugs tested as compared to paper substrates: ethyl glucuronide, 5 – 1000 ng/mL (methanol) 
and 50 – 10,000 ng/mL (synthetic urine); vancomycin, 2 – 100 μL/mL (plasma); phenobarbital, 50 – 50,000 ng/ 
mL (methanol) and 50 – 5000 ng/mL (synthetic urine). Quantitative analysis by polyS-MS of phenobarbital 
samples in synthetic urine at concentrations of 250 ng/mL and 2,500 ng/mL showed good recoveries of 90.2% 
(RSD 3.51%) and 95.7% (RSD 2.57%), respectively. Compared to paper substrates, OSX polymers gave cali-
bration curves with better linearity and reproducibility, especially at low concentrations, as well as longer signal 
durations, improved signal stabilities, and increased signal intensities. Little to no sample pretreatment is 
necessary and the required sample volume is small (1 μL to 2 μL), making polyS-MS easy to use for high 
throughput sample processing.   

1. Introduction 

Therapeutic drug monitoring (TDM) has become a critical tool in 
disease management for the determination of appropriate drug con-
centrations, resulting in better drug efficacy and reduced toxicity [1], 
and in treatment of drug abuse [2]. Common methodologies for TDM 
include immunoassays and chromatographic techniques that are often 
coupled to mass spectrometry, which can achieve much higher degrees 
of specificity than immunoassays [3,4]. In recent years, paper-spray 
mass spectrometry (PS-MS), a form of ambient ionization mass spec-
trometry, has emerged as a rapid, robust quantitative and qualitative 
alternative for the analysis of therapeutic drugs with little to no sample 
preparation required [5–13]. However, hydrophilic drugs are not as 
easily detected or quantified using standard filter paper and in some 
cases the drug is not detected at all [13]. Hydrophobic paper [14–18], 
including silica-coated [20,21], wax-coated [19,22], and 

polymer-coated [23–26] modifications, has been explored as an alter-
native to the traditional hydrophilic cellulosic paper substrate to reduce 
the affinity of a hydrophilic analyte to the paper surface. 

Recently, we reported on the use of hydrophobic polymer sample 
supports in polymer-spray mass spectrometry (polyS-MS) for the 
detection of hydrophilic drugs, such as streptomycin, that are not easily 
detected using PS-MS [13]. The nonporous organosiloxane (OSX) 
polymers that replaced the porous cellulosic paper substrates overcame 
some of the drawbacks of paper, namely, less background interference 
and decreased affinity to or trapping of analytes. In addition, OSX 
polymers can be cleaned without compromising their structural integ-
rity, and we have observed no analyte carryover during their reuse. 

One of the unique features of the OSX polymer is the ability to 
control the reaction conditions to afford polymers with different mor-
phologies or different surface chemistries. By controlling solvent evap-
oration and phase separation that are part of sol-gel polymerization, 
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reservoirs were created on the surface of OSX polymers to hold adequate 
volumes of spray solvent. Maintaining a steady volume of spray solvent 
during a PS-MS analysis is critical in establishing stable electrospray 
ionization and recording analyte signals for longer than the typical 1- 
minute period [20]. Various approaches have been implemented to 
maintain continuous spray, such as the use of excess spray solvent [27] 
or connecting a paper substrate to an external solvent reservoir [28,29]. 

In our present study, we compare paper, flat OSX polymers, and OSX 
polymers with a solvent reservoir formed at the surface as substrates for 
the analysis of compounds in complex media. A solvent reservoir is 
formed at the surface of an OSX polymer by (1) controlling solvent 
evaporation to afford evaporation-induced patterning [30] and (2) by 
incorporating a room-temperature ionic liquid to control phase separa-
tion [31] of the alkoxysilane oligomers during polymerization in a 
triangular mold. This approach is similar to the formation of a coffee 
ring [32]. The reservoir on the OSX polymer surface localizes and con-
tains the solvent which reduces the spread of the spray solvent on the 
polymer surface and minimizes the loss of spray solvent through evap-
oration. Enhancements in signal intensity and improved signal duration 
afforded increased analysis time adequate to complete monitoring of 
fragmentation in tandem MS experiments. A nonporous polymer with a 
surface reservoir offers additional advantages, including (1) separation 
of the deposited sample and solvent to reduce dilution of analytes, (2) 
rapid and easy alignment of the polymer substrate with a mass spec-
trometer inlet for high throughput analysis (as compared to a 
flat-surface polymer), (3) reusability of the polymers by simple cleaning 
with appropriate solvent so there is no carryover from previous use, and 
(4) reproducible fabrication (same triangle size and reservoir depth). We 
use OSX polymers with surface reservoirs as sampling supports in 
polyS-MS for the detection and quantitation of hydrophilic drugs, ethyl 
glucuronide (logP -1.8) [33] and vancomycin (logP -4.4) [33], and a 
slightly hydrophobic drug, phenobarbital (logP 1.5) [33], which are not 
easily detectable by PS-MS. The presence of a surface reservoir is an 
added improvement in quantitation and ease of use over that of a 
flat-surface OSX polymer [13]. 

2. Experimental section 

2.1. Chemical and materials 

1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIM]+[BF4]− ), 
1-butyl-3-methylimidazolium pentahexafluoride ([BMIM]+[PF6]− ), 
methyltrimethoxysilane and vancomycin were purchased from Sigma- 
Aldrich (Milwaukee, WI, USA) and used without further purification. 
Ethyl glucuronide, ethylglucuronide-d5, phenobarbital, and 
phenobarbital-d5 were purchased from Cerilliant (Round Rock, TX, 
USA). Vancomycin-d12 trifluoroacetate salt (95% enriched) was pur-
chased from AlsaChim (Illkirch-Graffenstaden, France). Human plasma 
K2EDTA was purchased from BioIVT (Medford, MA, USA) and synthetic 
urine (Surine) from DTI (Lenexa, KS, USA). Optima, HPLC, or UHPLC 
quality methanol, isopropyl alcohol, dichloromethane, tetrahydrofuran, 
acetonitrile, water, ammonium hydroxide and acetic acid were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA) and used 
without further purification. Momentive RTV615 Clear 010 potting 
compound and RTV615 crosslinking agent for the preparation of PDMS 
positive mold was purchased from Newark Co. (Chicago, IL, USA). 

2.2. Preparation of substrate mold 

A 3D-printed reverse mold made of polycarbonate consisted of three 
different isosceles triangles with varied dimensions and depths as listed 
in Table 1 and shown in Fig. 1A. The positive mold was prepared with 
PDMS polymer by mixing 10:1 (w/w) RTV615 Clear 010 potting com-
pound to crosslinking agent, and then degassing to remove all trapped 
air bubbles before pouring into the polycarbonate reverse mold. Curing 
of the polymer was achieved overnight (20-24 h) at room temperature, 
resulting in a clear, colorless PDMS positive mold (Fig. 1B) with flexi-
bility that allows easy removal of the OSX polymer triangles after 
polymerization (Fig. 1C). 

2.3. Synthesis of OSX Polymer 

A room-temperature ionic liquid (RTIL) solution of 54 mM 
[BMIM]+[BF4]− or [BMIM]+[PF6]− was prepared in 0.12N HCl. In a 20- 
mL glass vial, 1.8 mL of 54 mM RTIL/HCl solution was added dropwise 
to 7.8 mL MTMS with stirring. The reaction solution was stirred at room 
temperature for 2.5 h with the glass cap loosely screwed on as the re-
action is exothermic. 

The PDMS positive mold was cut into sections containing the same 
dimension triangles to fit into a large Petri dish. Each of the triangle 

Table 1 
Dimensions of individual triangles molds formed in a PDMS mold.  

Triangle Height (cm) Base (cm) Side (cm) Depth (mm) 

A 1.46 1.3 1.6 2 
B 1.52 1.1 1.6 1 
C 1.55 0.8 1.6 0.5  

Fig. 1. (A) A flexible PDMS positive mold being peeled off a 3D-printed reverse mold, (B) clear, colorless PDMS positive mold with rows of triangle molds, and (C) 
removal of OSX polymers from the triangle molds by bending the PDMS mold. 
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molds were fully filled with the OSX reaction solution (75 μL to 200 μL, 
depending on the triangle size and depth). OSX polymerization pro-
ceeded for 24 h at room temperature and in a closed environment to 
prevent fast evaporation of water and the alcohol byproduct formed 
during the reaction. After polymerization, the rigid, opaque OSX tri-
angles were removed from the flexible PDMS positive mold by gently 
bending it. The OSX triangles were submerged in 1:1 (v/v) acetonitrile: 
water and sonicated in a water bath for 10 minutes. After drying, the 
cleaned OSX triangles were stored at room temperature in a covered 
Petri dish until use. The final OSX triangles are presented in Fig. 2. 

2.4. Drug calibration and quality control solutions 

A calibration curve for each drug was created by preparing calibra-
tion solutions via serial dilution of working solutions. For polyS-MS 
experiments with phenobarbital (PB) in methanol, six working solu-
tions were prepared with the following concentrations: 255 μg/mL, 102 
μg/mL, 51 μg/mL, 25.5 μg/mL, 5.1 μg/mL, and 2.55 μg/mL PB. To 
prepare calibration solutions, 20 μL of a working solution and 5 μL of 
phenobarbital-d5 (PB-d5) internal standard (408 μg/mL) were added to 
1 mL methanol to generate six solutions with concentrations of 5000 ng/ 
mL, 2000 ng/mL, 1000 ng/mL, 500 ng/mL, 100 ng/mL, and 50 ng/mL 
PB. Each calibration solution contained 2000 ng/mL PB-d5. For PS-MS 
experiments, PB working solutions in methanol were prepared with 
the following concentrations: 125 μg/mL, 50 μg/mL, 25 μg/mL, 12.5 μg/ 
mL, 2.5 μg/mL, and 1.25 μg/mL PB. To prepare the calibration solutions, 
a volume of 20 μL of a working solution and 10 μL of PB-d5 (100 μg/mL) 
were spiked into 470 μL methanol to generate six calibration solutions 
with concentrations of 5000 ng/mL, 2000 ng/mL, 1000 ng/mL, 500 ng/ 
mL, 100 ng/mL, and 50 ng/mL PB. Each calibration solution contained 
2000 ng/mL PB-d5. 

For polyS-MS experiments with PB in Surine, PB working solutions in 
methanol were prepared at the following concentrations: 125 μg/mL, 50 
μg/mL, 25 μg/mL, 12.5 μg/mL, 2.5 μg/mL, and 1.25 μg/mL. Six cali-
bration solutions were prepared by adding 20 μL of a working solution 
and 10 μL PB-d5 (100 μg/mL) internal standard into 470 μL Surine to 
generate the following concentrations: 5000 ng/mL, 2000 ng/mL, 1000 
ng/mL, 500 ng/mL, 100 ng/mL, and 50 ng/mL PB. Each calibration 
solution contained 2000 ng/mL PB-d5. For PS-MS experiments of PB in 
Surine, PB working solutions in methanol were prepared at the 
following concentrations: 125 μg/mL, 50 μg/mL, 25 μg/mL, 12.5 μg/mL, 
2.5 μg/mL, and 1.25 μg/mL. Six calibration solutions were prepared by 
mixing 20 μL of a working solution and 10 μL PB-d5 (100 μg/mL) into 
470 μL Surine to generate the following concentrations: 5000 ng/mL, 
2000 ng/mL, 1000 ng/mL, 500 ng/mL, 100 ng/mL, and 50 ng/mL PB. 

Each calibration solution contained 2000 ng/mL PB-d5. 
For both polyS-MS and PS-MS experiments of ethyl glucuronide 

(EtG) in methanol, working solutions in methanol were prepared with 
the following concentrations: 25 μg/mL, 12.5 μg/mL, 2.5 μg/mL, 1.25 
μg/mL, 0.51 μg/mL, and 0.25 μg/mL. Six calibration solutions were 
prepared by adding 20 μL of a working solution and 5 μL ethyl 
glucuronide-d5 (EtG-d5) internal standard (50 μg/mL) to 475 μL 
methanol to generate the following concentrations: 1000 ng/mL, 500 
ng/mL, 100 ng/mL, 50 ng/mL 10 ng/mL, and 5 ng/mL EtG. Each cali-
bration solution contained 500 ng/mL EtG-d5. 

For both polyS-MS and PS-MS experiments with EtG in Surine, 
working solutions in methanol were prepared with the following con-
centrations: 250 μg/mL, 125 μg/mL, 25 μg/mL, 12.5 μg/mL, 2.5 μg/mL, 
and 1.25 μg/mL EtG. Six calibration solutions were prepared by adding 
20 μL of a working solution and 10 μL EtG-d5 (50 μg/mL) internal 
standard into 470 μL Surine to generate the following concentrations: 
10,000 ng/mL, 5000 ng/mL, 1000 ng/mL, 500 ng/mL, 100 ng/mL, and 
50 ng/mL EtG. Each solution contained 1000 ng/mL EtG-d5. 

For both polyS-MS and PS-MS experiments with vancomycin (VAN) 
in plasma, working solutions in 1:1 (v/v) methanol:water with 0.1% 
acetic acid were prepared with the following concentrations: 2.5 mg/mL 
1.25 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL, and 0.05 mg/mL. 
Six calibration solutions were prepared by adding 20 μL of a working 
solution and 10 μL vancomycin-d12 (VAN-d12) internal standard (1 mg/ 
mL) to 470 μL plasma to generate the following concentrations: 100 μg/ 
mL, 50 μg/mL, 20 μg/mL, 10 μg/mL, 5 μg/mL, and 2 μg/mL VAN. Each 
solution contained 20 μg/mL VAN-d12. 

Two quality-control (QC) PB solutions in Surine were prepared by 
diluting 6.25 μg/mL and 62.5 μg/mL PB working solution. A volume of 
20 μL of working solution was added to 10 μL of 100 μg/mL PB-d5 in 
methanol and 470 μL Surine. The final concentrations of the QC PB 
solutions were 250 ng/mL and 2,500 ng/mL. 

2.5. polyS-MS workflow 

Scheme 1 shows a diagram of the polyS-MS set up. For each run, an 
OSX triangular surface-reservoir sample support was held with a flat 
alligator clip attached to the MS instrument’s high-voltage power sup-
ply. The tip of the triangular sample support was aligned to the inlet of 
the mass spectrometer and positioned about 5-10 mm distance from the 
instrument inlet. The TSQ Endura mass spectrometer (Thermo Fisher 
Scientific) was used for PB in methanol polyS-MS experiments. The TSQ 
Quantis mass spectrometer (Thermo Fisher Scientific) was used for the 
remaining experiments. The runs for PB and EtG were performed in 
negative polarity mode while the runs for VAN were performed in 
positive polarity mode. Tandem mass spectrometry (MS/MS) of each 
drug for structural confirmation through collision-induced dissociation 
with 2 mTorr argon collision gas was performed with the following 
parent ions: PB molecular ion m/z 231.162 ([PB-H]− ), EtG molecular ion 
m/z 221.088 ([EtG-H]− ), and VAN molecular ion m/z 735.7 ([VAN- 

Fig. 2. (A) Photo of an OSX polymer with a surface reservoir; a flat alligator 
clip is attached to the polymer and (B) diagram showing geometry of a polymer. 

Scheme 1. (A) Diagram of polyS-MS.  
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HNa]2+). The ion transfer tube was heated to 300 ◦C for runs involving 
PB and EtG while the temperature was set at 325 ◦C for VAN runs. The 
acquisition parameters used are shown in Tables S1 to S5. Data were 
acquired and analyzed using Thermo Fisher QualBrowser software. The 
integration of sample signals (all transitions) and the corresponding 
internal standard were performed over 0.5 min. 

For each set of polyS-MS runs, 1.5 μL of calibration solution was 
spotted at the tip of the polymer outside the surface reservoir and 
allowed to dry. Prior to a run, an initial volume of 40 μL of spray solvent 
was added into the reservoir on an OSX polymer. More spray solvent was 
added, if needed. Similarly, for PS-MS runs, 1.5 μL of calibration solution 
was spotted at the tip of a paper triangle substrate and allowed to dry. A 
volume of 40 μL or more of spray solvent was used to establish a stable 
signal. Each of the calibration solutions were run in triplicate. 

For the quality control (QC) experiments with PB in Surine, 1.5 μL of 
QC solution was spotted as described for polyS-MS and PS-MS runs. 
Recovered PB was determined by using established calibration curves 
for PB in Surine. 

Table 2 lists the spray solvents utilized in each experiment; the sol-
vent was optimized for each condition. The run voltage applied to each 
OSX polymer ranged between 3.0 and 3.5 kV (Table 2) to generate a 
steady electrospray and introduce ions into the mass spectrometer. 
Please note that it is necessary to apply a voltage to achieve spray; with 
no voltage, no signal is observed. Three replicate runs were conducted 
for each calibration and QC solution concentration. 

After use, each OSX polymer was cleaned by sonication in 1:1 (v/v) 
acetonitrile:water for 10 min. The polymer triangles were allowed to dry 
ambiently before storing in a Petri dish at room temperature. 

3. Results and discussion 

3.1. OSX polymer with surface reservoir 

The reservoir on the polymer surface prevents spreading of the spray 
solvent across the polymer, minimizes solvent evaporation during an 
analysis, and allows for constant solvent flow to the polymer triangle tip. 
As a consequence, signal stability is enhanced, data acquisition time is 
increased, and alignment of the polymer tip with the MS instrument 
interface is simplified. Improved performance of PS-MS has also been 
reported with a configuration that provides constant solvent flow to the 
paper tip with an external solvent supply device [34] or a 3D-printed 
cartridge that serves as holder for the paper substrate and a dedicated 
solvent reservoir [35]. 

OSX polymers with surface reservoirs were prepared by sol-gel 
chemistry with methyltrimethoxysilane (MTMS), which has been used 
previously to prepare flat-surface OSX polymers used for polyS-MS [13]. 
In the presence of a room-temperature ionic liquid (RTIL) the 
morphology of the resulting polymer can be modified. The high ionic 
strengths of RTILs increase the aggregation rate of the sol-gel reaction, 
allowing hydrolysis and condensation to proceed to completion and 
produce a stable polymeric network [36]. RTILs have typically been 
used (1) to promote self-assembly of the OSX oligomers formed during 

the polymerization in water and (2) to minimize mesopore collapse 
during post-reaction workup that would lead to cracks in the resulting 
polymer. Two RTILs were tested: hydrophilic [BMIM]+[BF4]− and hy-
drophobic [BMIM]+[PF6]− . The type of anion did not appear to have a 
significant effect on the polymerization time of MTMS in dilute acid 
although it has been reported that RTILs with [BF4]− anion highly 
promotes the hydrolytic condensation of alkoxysilanes with higher 
catalytic activity than RTILs with [PF6]− anion [37]. In the presence of 
[BMIM]+[PF6]− , the reaction solution was homogeneous during the 
2.5-h pre-polymerization stirring period at room temperature. A me-
chanically robust, opaque OSX polymer was produced by casting the 
reaction solution in a mold at room temperature for 24 hours. It has been 
reported that [BF4]− anion promotes strong H-bonding between the 
RTIL and the sol-gel oligomers, resulting in mechanically stable poly-
mers [38]. However, the polymer resulting from the reaction solution 
containing [BMIM]+[BF4]− was thinner and easily broken. At a H2O/Si 
ratio of 3.7, there is sufficient water in the reaction mixture to afford 
hydrolysis of nearly all the alkoxy groups of MTMS into silanol groups 
regardless of the RTIL. 

Over the last 10 years, “template-controlled” evaporation patterning 
has been developed to fabricate well-ordered surface structures similar 
to a “coffee ring,” which is the typical self-organized pattern induced by 
the evaporation of solvent [39,40]. In recent years, non-templated 
patterning involving phase separation by solvent evaporation [30,41] 
or application of an electric field [40], has been shown to promote 
symmetric patterns on polymer surfaces. Polymeric structures with walls 
have been created by exploiting phase separation during polymerization 
[42]. Phase separation plays a role in sol-gel reactions to produce 
well-defined heterogeneous structures [43], but it does not typically 
promote the formation of a pattern on the bulk polymer surface. 

When an OSX polymer is cast in a triangle-shaped mold, the edges of 
the triangular polymer are raised compared to the rest of the polymer 
surface, resulting in a distinct triangular surface reservoir and a raised 
triangular tip where sample can be deposited. This structure is due to 
solvent evaporation and phase separation. Liquid evaporating from the 
edge of a solution is more significant than evaporation at the center of 
the solution; therefore there is radially outward Marangoni flow that 
brings the solute to the perimeter in order to balance the local mass, 
resulting in increased concentration at this edge while the concentration 
gradually decreases at the center of the solution [44]. If the 
evaporation-driven flow proceeds much more quickly than local mass 
balancing by diffusion, then dissolved oligomers/polymer are deposited 
primarily at the periphery of the drop [45]. The result is the develop-
ment of a marked rim at the periphery of the evaporating solution 
similar to the “coffee ring” effect. Geometrical characteristics of the 
“coffee-ring” patterns are dependent on the shape of the templates or 
mold [45]. 

The presence of an ionic liquid, which acts to induce self-assembly of 
the OSX oligomer precursors during the early stages of the polymeri-
zation, likely influences the surface tension of the solution. Unique 
highly ordered patterns have been created under the influence of surface 
tension when a surfactant is present [46]. Solvation of water molecules 
within the bulk of hydrophilic [BMIM]+ [BF4]− is promoted by favor-
able molecular interactions, including H-bonding, while it has been 
shown that hydrophobic [BMIM]+[PF6]− is more sensitive to the pres-
ence of water, resulting in the reorientation of [BMIM]+ forcing water 
molecules to the surface of the gas-liquid interface to better solvate 
them, resulting in vastly different morphologies [47]. These features 
may influence solvent evaporation during polymerization and play a 
role in the formation of a surface reservoir on the resulting OSX polymer. 

It might be questioned whether the substrates for polymer spray 
reported here are robust and whether the process can be readily scaled. 
Although we did not systematically test their long-term stability, the 
OSX polymers used in the study were at least two years old and stored 
under ambient conditions. Even after two years, these OSX polymers 
showed good reproducibility. Scalability can be addressed by preparing 

Table 2 
Spray solvents and high voltage used in each analysis.  

Drug sample Analysis method Spray solvent Applied HV 
(kV) 

PB in MeOH polyS-MS or 
PS-MS 

80:20 (v/v) MeOH:CH2Cl2 3.1 

PB in Surine polyS-MS 80:20 (v/v) MeOH:CH2Cl2 + 80 
ppm NH4OH 

3.1 

PB in Surine PS-MS 80:20(v/v) MeOH:IPA 3.1 
EtG in 

Surine 
polyS-MS or 
PS-MS 

60:40 (v/v) MeOH:THF 3.5 

VAN in 
plasma 

polyS-MS or 
PS-MS 

50:50 (v/v) MeOH:H2O + 0.1% 
acetic acid 

3.5  
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a mold with many more triangle templates from which the OSX poly-
mers can be fabricated. The alternative is to prepare these OSX polymers 
by 3D printing 

3.2. Drug calibration curves by polyS-MS and PS-MS 

In this study, three drugs with different polarities (Scheme 2) were 

analyzed by polyS-MS, using OSX polymers with surface reservoirs, and 
calibration curves were generated and compared to calibration curves 
from PS-MS experiments, using VeriSpray paper from Thermo Fisher 
Scientific. The hydrophilicities of these drugs are described by their logP 
values, where logP is the partition coefficient of the concentration of the 
compound in octanol compared to being in water [33]. Fig. 3 shows the 
calibration curves at the lower concentration range. When analyzed by 

Scheme 2. Structures of drug analytes.  

Fig. 3. Calibration curves at the lower end of the concentration ranges for phenobarbital (PB) in methanol (A, B), PB in Surine (C, D); ethyl glucuronide (EtG) in 
Surine (E, F) and vancomycin (VAN) in human plasma (G) analyzed by polyS-MS and PS-MS. 
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polyS-MS, the calibration curves for each drug in solvent or a complex 
matrix showed good linearities (R2>0.99) with very little spreading of 
data at the lower end of the concentration range (≤1000 ng/mL). When 
analyzed by PS-MS, PB in methanol, PB in Surine, and EtG in Surine by 
PS-MS had calibration curves with poor linearities and significant 
spreading of data. Table 3 presents a summary of the calibration curve 
linearities. Please note that each point in a calibration curve represents 
three replicate measurements. For each replicate, a different OSX 
polymer was used. Thus, these OSX polymers, which came from three 
different batches, demonstrated high reproducibility. 

Nonporous, hydrophobic OSX polymer has been shown to be a good 
alternative to paper, providing a cleaner MS background and improved 
signal stability [13]. It has been reported that the thickness and porosity 
of paper used in PS-MS affects ionization efficiency. Smaller pores in 
paper contribute to increased ionization efficiencies [5]. In the negative 
polarity mode, hydrophobic sample substrates have improved signal as 
compared to paper sample supports. 

To test the utility of polyS-MS as a quantitative technique, two 
different quality control samples of PB in Surine were analyzed using 
OSX polymers with surface reservoirs to quantify PB. These OSX poly-
mers with surface reservoirs were simpler to align with the mass spec-
trometer interface as compared to the same polymer with flat surfaces, 
allowing for higher throughput. And the OSX polymers were easy to 
clean, making them reusable without any carryover of analytes from 
previous experiments. 

Phenobarbital in methanol. Phenobarbital (PB), a slightly hydrophobic 
drug (logP 1.47), is a barbiturate with anticonvulsant properties. Its 
minimum clinical toxic level is 30 μg/mL. 

The calibration curves were generated by plotting PB in methanol 
calibration solution concentrations (50-5000 ng/mL) vs PB:PB-d5 area 
ratios from polyS-MS data and PS-MS data (Table 3). The polyS-MS 
calibration curve from OSX polymer with a surface reservoir exhibits 
good linearity (R2 = 0.998) over the analyzed concentration range. 
Good linearity (R2 = 0.998) was also achieved when an OSX polymer 
with a flat surface was used (Figure S1). Poorer linearity (R2 = 0.974) 
was achieved using PS-MS. Fig. 3A and B show the calibration curves at 
the lower concentration range from 50 ng/mL to 1000 ng/mL for polyS- 
MS and PS-MS, respectively. When a paper substrate is used for the 
analysis of PB in methanol, there is a larger spread of the replicates as 
compared to the OSX polymer. This deviation contributes to the poor 
linearity of the calibration curve. Furthermore, the positive y-intercept 
falls at 0.5, as shown in Fig. 3B, because of high background signal when 
using paper, which can often contain contaminants. OSX polymers, 
which can be easily cleaned, have little to no background signals that 
interfere with analysis (Figure S2) [13]. For both polyS-MS and PS-MS, 
the parent ion (m/z 231) was fragmented using a range of collision en-
ergies to afford several product ions, including the corresponding 
[M-H]− product ion (Tables S1 and S2, respectively). The parent ion of 
PB-d5 has an m/z 236.2. 

Phenobarbital in Surine. Calibration curves for PB in Surine obtained 
by polyS-MS has good linearity (R2 = 0.997) that is comparable to the 
linearity (R2 = 0.998) obtained for PB in methanol by polyS-MS 
(Table 3). Similarly, the background signal was low with a near-zero 
y-intercept, as shown in Fig. 3C. In contrast, the linearity of the 

calibration curve using a paper sample support was very poor (R2 =

0.484, Table 3). The area ratios at each calibration curve concentration 
for PB obtained by PS-MS did not show good reproducibility, resulting in 
a large spread of the replicates between 50 ng/mL and 1000 ng/mL as 
shown in Fig. 3D. The value of the y-intercept in the PS-MS calibration 
curve is high at about 2.1 because of the high background signal from 
contaminants in the paper and Surine. Fragmentation of the m/z 231 
parent ion in both polyS-MS and PS-MS experiments yielded similar 
fragment ions (Table S3) as for PB in methanol samples. 

Ethyl glucuronide (EtG) in Surine. EtG is one of the metabolites of 
ethanol degradation whose therapeutic drug monitoring range is be-
tween 50 ng/mL and 1000 ng/mL. Its presence in urine can be used to 
determine recent alcohol intake, even hours after ethanol is no longer 
detectable. EtG is hydrophilic with a logP value of -1.8. EtG solutions 
were prepared in Surine, which does not contain any endogenous EtG. 

The calibration curves for EtG in Surine for both polyS-MS and PS-MS 
were created by plotting EtG concentration versus the EtG:EtG-d5 area 
ratios. Good linearity of the calibration curve (R2 = 0.996) was obtained 
by polyS-MS over the concentration range of 50 ng/mL to 10,000 ng/mL 
(Table 3). Good reproducibility of the area ratios was achieved at each 
calibration solution concentration, resulting in very little spread of the 
replicates as shown for the low concentration range (50-1000 ng/mL) in 
Fig. 3E. This linearity and low deviation are similar to that for PB in 
methanol and in Surine. The curve’s y-intercept is near zero, indicating 
low background signal as shown (Fig. 3E). In contrast, the data from the 
PS-MS experiments have poor linearity (R2 = 0.886) and show very 
significant spreading of the data with low reproducibility in the lower 
concentration range (0 ng/mL to 1000 ng/mL) as seen in Fig. 3F. The 
large y-intercept is indicative of high background signal due to con-
taminants in the paper sample support. For both polyS-MS and PS-MS, 
the parent ion (m/z 221) was fragmented using a range of collision en-
ergies to afford several product ions, including the corresponding [M- 
H]− product ion m/z 85 (Table S4). The parent ion of EtG-d5 has an m/z 
226. 

Vancomycin (VAN) in human plasma. VAN, an antibiotic that is used 
to treat a variety of infections in the body, has a minimum toxic range of 
80 μg/mL to 100 μg/mL. It is a highly hydrophilic drug with a logP value 
of -4.4. Hydrophilic drugs have been shown to be challenging to quantify 
by PS-MS. OSX polymers have been shown to be very effective in 
detecting and quantifying very hydrophilic drugs, such as streptomycin 
(logP -6.4) [13]. Experiments involving a peptide retention time cali-
bration mixture (Table S5) with flat-surface OSX polymers lends further 
support of the OSX polymers ability to better analyze hydrophilic 
compounds as compared to paper substrates (Figure S3). Most of the 
peptides with hydrophobicity factors (HF) below 40 were better 
analyzed on the OSX polymers with the exception of peptides 3 (HF =
15.52) and 10 (HF = 34.50) as compared to paper over the concentra-
tion range of 0 to 5 pM (Figure S3A). Peptide 3 showed high variability 
in polyS-MS measurements (RSD 70%). Peptides 13, 14, and 15 were 
better analyzed with PS-MS (Figure S3A). Analysis of the most hydro-
phobic peptide 15 (HF = 46.66) showed better linearity with the paper 
substrate (R2 = 0.980) versus the OSX polymer substrate (R2 = 0.880) 
(Figure S3B). In contrast, the analysis of the most hydrophilic peptide 
(HF = 7.56) showed better linearity with the OSX polymer substrate (R2 

= 0.996) versus the paper substrate (R2 = 0.961) (Figure S3C). 
PolyS-MS and PS-MS analyses of VAN in human plasma were per-

formed along with a comparative polyS-MS analysis using an OSX 
polymer with a flat surface. The MS data were acquired in positive po-
larity mode. The parent peak, [VAN-HNa]2+, with m/z 735 and the in-
ternal standard parent peak, [VAN-d12-HNa]2+, with m/z 742 were 
observed. The parent peak was fragmented using a range of collision 
energies to afford several product ions (Table S6). Fig. 3G presents the 
calibration curve obtained by polyS-MS and plotted as the VAN cali-
bration solution concentrations versus VAN:VAN-d12 area ratios . The 
calibration curve shows good linearity (R2 = 0.996) over the full con-
centration range (80-100 μg/mL, Table 3). The linearity is comparable 

Table 3 
Linear regression (R2) data from calibration curves for PB, EtG, and VAN using 
OSX polymer with surface reservoir for polyS-MS and VeriSpray paper (Thermo 
Fisher Scientific).  

Drug R2, polyS-MS R2, PS-MS Sample matrix logP 

PB 0.998 0.974 MeOH 1.47 
PB 0.998 0.484 Surine 1.47 
EtG 0.996 0.886 Surine -1.8 
VAN 0.996 n.d. human plasma -4.4 
VAN (flat polymer) 0.973 n.d. human plasma -4.4  
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to the linearities obtained for PB in methanol and EtG in urine by polyS- 
MS (Table 3). In the case of human plasma, in situ protein precipitation 
was performed on the polymer surface prior to analysis by directly 
depositing a small volume of methanol on the VAN-spiked plasma before 
drying (Figure S4) to partially release VAN from the proteins in plasma. 
Three different approaches for protein precipitation by addition of 
methanol were tested: (1) offline plasma precipitation, (2) precipitation 
of dried sample spot on OSX polymer, and (3) precipitation of wet 
sample spot (before drying) on OSX polymer. In all three cases, the 
absolute areas were similar (Table S7), but precipitation of proteins from 
a wet sample was much more successful than from a dried sample spot, 
which required rewetting with a larger volume of solvent than for the 
wet sample spot case (Table S7). 

VAN was also analyzed by polyS-MS, using OSX polymers with flat 
surfaces. The corresponding calibration curve had moderate linearity 
(R2 = 0.973) with a y-intercept of -0.9 over the concentration range of 5 
μg/mL to 50 μg/mL (Figure S5). The lack of signal at lower concentra-
tions of VAN on a flat polymer could be a result of dilution of the analyte 
by the solvent. VAN was not detected by PS-MS at any concentration we 
investigated. 

3.3. Quantitative analysis of PB quality control samples 

Two PB concentrations in Surine, 250 ng/mL and 2500 ng/mL, were 
analyzed by polyS-MS, using OSX polymers with surface reservoirs to 
hold the spray solvent. Good reproducibility of peak areas and area ra-
tios were obtained as shown in Table 4. Better recovery was achieved at 
the higher PB sample concentration. The mean recoveries of 250 ng/mL 
PB sample (n=3) and 2500 ng/mL PB sample (n=3) were 90.2% (RSD 
3.51%) and 95.7% (RSD 2.57%), respectively. 

3.4. Effect of polymer morphology on signal stability and intensity 

The stability of the signals generated by the mass spectrometer using 
an OSX polymer sample support with and without a surface reservoir (i. 
e., flat surface) was analyzed using PB in Surine. Fig. 4A and B show two 
graphs of the detected signal (relative abundance) as a function of time 
generated during polyS-MS analysis using an OSX polymer with a sur-
face reservoir and an OSX polymer with a flat surface, respectively. 

The OSX polymer with a surface reservoir has several advantages 
over OSX polymer with a flat surface. First, with the same amount of 
solvent, a polymer with a surface reservoir yielded a stable signal with a 
longer duration (> 2 min) than a polymer with a flat surface. A lower 
volume of spray solvent (~40 μL) was used with the OSX polymer with 
surface reservoir as compared to the OSX polymer with a flat surface, 
which required more than 40 μL to maintain a steady spray and intro-
duce ions into the mass spectrometer. Second, the observed area ratio % 
RSD was improved (<5%) for a 1000 ng/mL PB sample analyzed with a 
polymer with a surface reservoir compared to a flat surface. Third, the 
OSX polymer with surface reservoir was easier and faster to align with 
the mass spectrometer inlet than the flat surface polymer. A spray would 
consistently form from the upper edge of the triangular tip. Alignment of 
the OSX polymer with a flat surface to the mass spectrometer inlet in a 
position that allows solvent to steadily reach the tip and be ionized was 
difficult to achieve. Some flat polymers could not produce an ion signal. 

Table 4 
Peak area ratios and mean recoveries from the analysis of two solutions of PB in 
Surine by polyS-MS, using OSX polymers with surface reservoirs.  

PB sample concentration (ng/ 
mL) 

Area Ratio(PB: 
PB-d5) 

Mean recovery (n=3) 
(%) 

RSD 
(%) 

250 0.157 90.2 3.51 
250 0.165   
250 0.168   
2500 1.29 95.7 2.57 
2500 1.23   
2500 1.24    

Fig. 4. Signal stability of PB in Surine analysed by polyS-MS, using OSX polymer with (A) a surface reservoir and (B) a flat surface.  
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Fourth, the hydrophobic nature of the OSX polymers means that the 
spray solvent sits on the surface; a large droplet can reach the tip of a flat 
polymer and cause a discharge. Discharging was not a problem with the 
OSX polymers with surface reservoirs. 

Similarly, longer signal duration and stability were achieved for EtG 
in Surine (1000 ng/mL) and VAN in human plasma (100 μg/mL) as 
compared to paper, as shown in Figures S6 and S7, respectively. The EtG 
signal using the OSX polymer with surface reservoir lasted for approx. 
2.5 min with 40 μL of spray solvent while with paper the signal lasted for 
only 1 min for the same spray solvent volume (Figure S6A). When 
another 20 μL of spray solvent was added to the paper, the signal in-
tensity once again reached a maximum for only about 0.3 min 
(Figure S6B). The VAN signal using an OSX polymer with a surface 
reservoir lasted for about 3 min with 40 μL of spray solvent (Figure S7). 

Signal intensities for the fragment ions m/z 75 and 85 for EtG in 
methanol analyzed by polyS-MS using a flat-surface OSX polymer were 2 
orders of magnitude larger than for paper (see Table S8). A signal in-
tensity of 7.78 × 103 was obtained for m/z 75 and 7.64 × 103 for m/z 85 
by polyS-MS analysis. In contrast, when paper was used, the signal in-
tensity of fragment ion m/z 75 was 2.24 × 10 and 1.93 × 10 for m/z 85. 
To maintain sufficient signal, 3 times the volume of spray solvent was 
needed for PS-MS (60 μL) as compared to polyS-MS (20 μL). The frag-
ment peaks are identified in the mass spectrum of EtG in methanol 
(polyS-MS) as shown in Figure S8. 

4. Conclusion 

We have shown that an OSX polymer with a surface reservoir to 
contain the spray solvent enhances the signal stability of hydrophilic 
drug samples during analysis by polyS-MS. When compared to paper, 
OSX polymer substrates allow for the quantitative analysis of hydro-
philic drugs at low concentrations that are not easily detectable with 
paper-spray MS. Using OSX polymer substrates with surface reservoirs, 
calibration curves were generated with good linearity and low data 
spread over the concentration ranges used for each of the drugs tested. 
The ability to tailor the morphology of OSX polymers allows for a wider 
range of polymers to further develop polyS-MS and broaden the scope of 
its application to drug and disease surveillance. 
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