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ABSTRACT: Supercritical fluids are typically electrosprayed using an organic solvent makeup flow to facilitate continuous electrical 

connection and enhancement of electrospray stability. This results in sample dilution, loss in sensitivity, and potential phase separa-

tion. Pre-mixing the supercritical fluid with organic solvent has shown substantial benefits to electrospray efficiency and increased 

analyte charge state. Presented here is a nanospray mass spectrometry system for supercritical fluids (nSF-MS). This split flow system 

used small i.d. capillaries, heated interface, inline frit, and sub-micron emitter tips to electrospray quaternary alkyl amines solvated 

in supercritical CO2 with a 10 % methanol modifier. Analyte signal response was evaluated as a function of total system flow rate 

(0.5 – 1.5 mL/min) that is split to nanospray a supercritical fluid with linear flow rates between 0.07-0.42 cm/sec, and pressure ranges 

(15 – 25 MPa). The nSF system showed mass-sensitive detection based on increased signal intensity for increasing capillary i.d. and 

analyte injection volume. These effects indicate efficient solvent evaporation for the analysis of quaternary amines. Carrier additives 

generally decreased signal intensity. Comparison of the nSF-MS system to the conventional SF make-up flow ESI showed 10-fold 

signal intensity enhancement across all the capillary i.d.s. The nSF-MS system likely achieves rapid solvent evaporation of the SF at 

the emitter point. The developed system combined the benefits of the nano emitters, sCO2, and the low modifier percentage which 

gave rise to enhancement in MS detection sensitivity. 

Introduction 

High-efficiency electrospray is critical to achieving the full 

potential of mass spectrometry (MS) systems. Reduction of 

emitter tip i.d. to low micron and submicron dimensions for 

nanospray improves ionization efficiency and signal response.1 

The tip size of the emitter defines the initial droplet size and 

solvent evaporation.2-6 One method to enhance evaporation is 

the use of high volatility solvents. Supercritical fluids (SFs) can 

function as a solvent for electrospraying.7 It operates at elevated 

temperature and pressure but undergoes phase conversion at 

room temperature and atmospheric pressure. The supercritical 

fluid carbon dioxide (sCO2 at >7.3 MPa and >31.1 °C) has been 

used to enhance solvent evaporation and ionization efficiency.8 

It uses organic modifiers like methanol to improve ionization 

efficiency and additives like formic acid to improve chromato-

graphic performance.9-11 Previous work on the fundamental 

characterization of the SFs showed a 106 – 109 enhancement in 

evaporation of sCO2 compared to organic solvents.12 This re-

sults in higher detection sensitivity compared to organic sol-

vents.13, 14 

Pioneering work by the Olesik group showed enhanced ESI 

detection sensitivity and increased the analyte charge state 

when 10 – 40 %  sCO2 was added to the organic spray solvent. 

At these high organic solvent levels, the state is considered en-

hanced-fluidity liquid chromatography (EFLC) rather than a su-

percritical fluid state.15 This provided increased diffusivity, 

lower viscosity, faster analysis, and higher detection sensitivity 

over a  wide variety of analytes.16-18  

Conventional SF chromatography (SFC) systems coupled to 

MS often use a post-column organic solvent make-up flow to 

achieve stable ESI.11, 19-24 This organic make-up flow avoids an-

alyte precipitation but ultimately results in sample dilution.14, 25 

If the solvent ratio is not optimized, the supercritical fluid will 

phase separate into both a gas and liquid residue resulting in 

subsequent loss of signal.26  Sub-critical temperature and pres-

sure SFC increased sensitivity compared to LC for polyaro-

matic standards.27 Theoretical modeling indicated that super-

critical conditions provide smaller droplets and shorter droplet 

lifetimes allowing for faster evaporation compared to the sub-

critical conditions.28 

Based on the success of previous SF-MS work, a capillary 

nanospray supercritical fluid (nSF) system is presented to 

achieve nanoflow rates.29 The use of 90% sCO2 enhances sol-

vent evaporation upon exiting the emitter tip, diminishes sol-

vent effects, and increases signal response compared to full 

bore makeup flow SF.19, 30, 31 Quaternary amines were analyzed 

to evaluate the desolvation process in nSF-MS. Low levels of 

organic solvent modifiers in sCO2 result in higher MS signal 

response.32 This nSF coupling uses small i.d. emitters, embed-

ded photopolymerized frit, and heated connections to achieve a 

10-fold enhanced signal. 

Materials and Methods 
Reagents and capillaries.  

Twenty-five, fifty, and seventy-five µm i.d. (360 µm outer diame-

ter) fused silica capillary tubes were purchased from Polymicro 

Technologies (Phoenix, AZ). A zero dead volume (ZDV) IDEX 

High-Pressure PEEK union was purchased from Cole Parmer 

(Vernon Hills, IL). Fiberglass heater tapes were purchased from 

Omega Engineering (Norwalk, CT). A digital display PID temper-

ature controller thermostat was purchased from Twidec (Suzhou, 

China). A 300 mm “Hot Pocket” column heater, LC-MS grade wa-

ter, Optima LC-MS grade methanol, formic acid, hydrofluoric 

acid, and ammonium acetate were all purchased from Thermo 

Fisher Scientific (Pittsburgh, PA). Hexanal, octanal, decanal, so-

dium bicarbonate, and sodium cyanoborohydride were purchased 

from MilliporeSigma (Saint Louis, MO). 4-trimethyl amino butyl-

amine (TMBA) was synthesized in-house for tagging aldehydes.33 

Capillary interface. 
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Capillary nanotip orifices were fabricated using a trap-end frit, la-

ser-pulled method.34 Briefly, windows were generated in a 30 cm 

long fused silica capillary using an electrical arc to remove 0.5 cm 

of the polyimide coating. Photopolymerized frits were generated 

using a monomer mix of 350 µL trimethylolpropane trimethacry-

late and 150 µL of glycidyl methacrylate with 7.9 mg of benzoin 

methyl ether (BME). The porogenic solvent was prepared by mix-

ing 250 µL toluene and 750 µL isooctane. The monomer solution 

(300 mL) was added to the porogen solution and sonicated for 15 

minutes. The frit mixture is loaded into the capillary and polymer-

ization was initiated with UV-lamp (UVP, Cambridge, UK): wave-

length was 365 nm, 6 watts, 0.12 amps, time for the reaction was 

30 minutes at ambient temperature.  

 Nanospray tips were generated using a laser fiber puller model P-

2000 (Sutter Instruments, Novato, CA, USA) with heating time 

420 msec, velocity 80 msec, delay time 150 msec, pulling time 225 

msec. The nano emitter fritted capillary was etched in hydrofluoric 

acid (51 %) to open the fine tip resulting in the nanospray emitter. 

The 25, 50, and 75 μm i.d. capillaries were trimmed to 2 cm. The 

capillary before the split was wrapped in a heating tape to maintain 

the temperature of the SF. The short emitter, inline photopolymer-

ized frit, and the proximate position to the MS achieved nanospray 

(Figure 1). 250 m i.d. x 6.27 cm, 500 m i.d. x 3.16 cm, and 1000 

m i.d. x 20.2 cm splitters where used for the 25, 50, and the 75 

m i.d. emitters respectively. 

Sample preparation: Reductive amination of aldehydes. 

1 mM hexanal, octanal, and decanal standard solutions were pre-

pared in 1.5 mL methanol. 500 mM sodium bicarbonate buffer in 

water (pH 7.5) was prepared in a separate vial. A reductive amina-

tion tagging reaction was performed using a 500 mM sodium cya-

noborohydride (NaBH3CN) reducing agent in methanol.35 50 mM 

TMBA was prepared in methanol media. 120 µL of the tag was 

added to the aldehydes followed by a 7.2 µL buffer then vortexing 

for 1 minute. 12 µL of the reducing agent was then added followed 

by another 1-minute vortexing where fizzing would be seen in the 

reaction vial. This provides 6:1 buffer: aldehyde and 3.6: 1 reduc-

ing agent: aldehyde. The mixture was then stored at 5 °C for 5 

hours to complete the reaction. The sample was dried at room tem-

perature in a vacuum centrifuge. Reconstitution in 1.5 mL metha-

nol yielded a 1 mM tagged aldehydes stock mixture (Figure 2A). 

All samples were analyzed at 50 M. 

Supercritical fluid system. 

The Shimadzu ‘Nexara UC’ supercritical fluid system (Columbia, 

MD) is driven by a modifier pumping (LC-30A) and CO2 solvent 

delivery unit LC-30ADSF system. The CO2 gas delivery unit has 

a built-in pump head cooler and uses a micro-volume double 

plunger pump. The system contains a communication bus module 

(CBM-20A) and (SIL-30AC) autosampler. The temperature was 

controlled by (CTO-20AC) heating oven and the pressure con-

trolled by an SFC-30A back pressure regulator (BPR). The system 

premixes the sCO2 with the modifier prior to the sample injection 

point. 

Mass Spectrometer. 

Experiments were performed on an LTQ XL Linear Ion Trap mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA). A Thermo 

nanospray Flex™ ion source emitter in positive ionization mode 

was used for the characterization of the nanospray at 1 - 4 kV spray 

voltage, 150 °C capillary temperature. A Thermo source ESI hous-

ing heated probe (HESI) was used for the full flow sample intro-

duction. The optimized parameters were as follows: sheath gas was 

10, auxiliary gas was 7, sweep gas was 5, and spray voltage was 3 

kV. The capillary temperature was 275 °C. The mass range was 

from 50 - 300 m/z, scan time was 1 micro-scan, maximum injection 

time 10 msec, AGC was 1E6. 

Data Processing: XCalibur, GraphPad Prism, and RStudio. 

Data files in (.RAW) format were displayed on Thermo Xcalibur 

Qual browser software from Thermo Scientific. Graphing was 

done using GraphPad Prism9 software (San Diego, CA). The 3D 

heat maps of signal intensities as a function of pressure and linear 

velocity were displayed using RayShader. It is an open-sourced 3D 

mapping package for programming and displaying data using 

RStudio platform.36 

Results and discussion. 

Coupling strategy.  

 A SF-nanospray-MS system was designed and implemented to 

achieve a signal response higher than the conventional nanospray 

systems. It provides higher solvent evaporation with smaller drop-

lets and more volatile solvents. This system uses a heated, post-

BPR split flow with a photopolymerized frit in the nanoemitter 

(Figure 1). To achieve a nanospray of the SF effluent, 25, 50, and 

75 µm i.d. post-split capillaries with a 500 nm – 2 µm laser-pulled 

emitter tip were used. The split flow allows higher volumetric flow 

rates (1.1 mL/min) through the SF pump, which are necessary to 

achieve the appropriate backpressure for sCO2. A splitless flow 

nanospray SF system was attempted but the backpressure was un-

stable at low pre-split volumetric flow rates while higher flow rates 

yielded rupture of the frit/tip. The distance from the emitter tip to 

the MS interface and the analyte conductivity also affect the elec-

trospray droplet size.37 The distance between the emitter and the 

MS orifice was optimized at 4 mm for this system.6 90 % sCO2 

with 9.9 % methanol and 0.1 % formic acid was used for compar-

ing the nSF-MS signal across different emitter i.d.s. This is to nor-

malize for the ionic conductivity of the ionizing media.  

The small i.d. capillary, photopolymerized frit, and pulled tip were 

all necessary to maintain nanospray, stable pressure, and consistent 

spray. The absence of any one of these resulted in bubble formation 

as reported elsewhere.25  

 

 

A nanoemitter without the frit resulted in unstable outlet pressure 

readings and unstable spray during the injection sequence. A 0.5 

cm frit was used across all nanoemitter to achieve consistent nan-

ospray. While the frit adds only a small component to the pressure 

drop, experimentally we found it critical to maintaining a stable 

spray.  

Figure 1: nSF-MS supercritical fluid-nanospray-MS split-flow 

coupling strategy. A diagram of the supercritical fluid coupled to 

the mass spectrometer (nSF-MS) using a post-back pressure regula-

tor (BPR) split flow and an inline embedded photopolymerized nano 

emitter. 
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 The operating pressure, temperature, and flow rates necessary to 

maintain the signal were investigated.38, 39 Using a flow injection 

analysis configuration, signal response from the nanospray was 

evaluated as a function of flow rate, pressure, and solvent compo-

sition. The pre-split SF volumetric flowrate of 500 – 1500 µL/min 

was split to 35 - 96 nL/min using the 25 µm i.d., 95 - 261 nL/min 

using the 50 µm i.d., and 192 - 528 nL/min using the 75 µm i.d. 

emitter. The calculated linear velocity was done according to the 

Hagen-Poiseuille equation.40 The linear flow rate ranges were  0.15 

– 0.42 cm/sec for the 25 µm,  0.14 – 0.40 cm/sec for the 50 µm, 

and  0.07 – 0.21 cm/sec for the 75 µm i.d. nano emitters. A higher 

split ratio did not provide a reproducible MS signal whereas lower 

ratios resulted in phase collapsing as indicated by unstable spray 

and bubbles formation (data not shown), limiting the maximum 

linear velocity with the 75 µm i.d. nano emitters.  

 The nSF system temperature was maintained using heated con-

nections at 50 °C. The absence of this heater resulted in a substan-

tially diminished signal. The system showed inconsistent nan-

ospray from 30 – 40 °C and irreproducible low signal intensity 

from 40 – 45 °C. A constant temperature of 50 ºC was achieved 

using a post-BPR heater that wraps around the system up to the 

split tee. While no heater was applied after the split, temperature 

of the nanospray chamber was found to be near 50 ºC, likely due 

to residual heat transfer. The back pressure was set to 15 – 25 MPa 

at 50 ºC and the carrier was 90:10 sCO2:methanol to prevent phase 

collapse before reaching the emitter tip critical to achieving 

spray.41 Methanol adsorption and density gradient profile were ab-

sent in the low pressure nSF-MS system.42 

 To evaluate the electrospray process, we focused on desolvation 

by selecting molecules that remove consideration of the proton 

transfer step. To ensure that the developed system is capable of 

proton transfer, nanospraying myoglobin was performed using the 

developed nSF-MS system (Supplemental Figure 1). A compara-

ble signal response was found compared to nanospraying 100 % 

methanol. In order to characterize for the desolvation without pro-

ton affinity consideration, alkyl aldehydes standards were derivat-

ized with a fixed charge tag as the analytes.43, 44 Tagging of hex-

anal, octanal, and decanal was done with a TMBA tag as shown in 

Figure 2A.  Figure 2B shows the background MS spectrum from 

a blank injection with a base peak of the methanol dimer.45 The 

MS spectrum of the TMBA tag and the tagged aldehydes in Figure 

2C shows the appearance tagged analyte from the SF nanospray 

system. The longer acyl chains showed higher signal intensity 

across all parameters investigated. This may be due to different in-

teractions between analytes and the ionizing modifiers affecting 

the ionization mechanism and the corresponding MS detection sen-

sitivity.46, 47 

nSF optimization. 

 The robustness of the system was evaluated by comparing analyte 

signal intensity and the nESI current to changes in linear flow rate, 

spray voltage, and solvent composition. Nanospraying 10% 

CH3OH in sCO2 using a 75 µm i.d. nESI emitter at 50 ºC and a 

linear velocity range from 0.07 – 0.21 cm/sec showed a maximum 

nESI current of 0.66 µA (Figure 3A). The tagged aldehydes in-

creased in signal intensity as a function of linear velocity from 0.07 

to 0.14 cm/sec. The signal intensity trends plateau from 0.14 to 

0.17 cm/sec. A decreasing signal intensity trend was obtained by 

flowing faster than 0.17 cm/sec. Flowing slower than 0.07 cm/sec 

gave low (1E2) to no signal response. Irreproducible and distorted 

signals were found spraying faster than 0.21 cm/sec. The maxi-

mum signal response from varying the linear velocity was found at 

0.14 cm/sec sCO2 at 18 MPa. This point was chosen to optimize 

the voltage using the MS signal response to nSF spraying the 

tagged aldehydes (Figure 3B). Signal increased by increasing volt-

age up to +3 kV followed by a signal drop. Applying voltage lower 

than +1.5 kV showed condensed liquid bubbles at the nESI tip and 

lost signal. The optimum operational voltage for the nSF-MS sys-

tem was +3.0 kV. nESI current increased with the voltage from 0 

– 2 kV followed by a shallowing from 2 – 4 kV. 

 The methanol percentage in sCO2 determines the physical condi-

tion of the carrier mixture.48 Figure 3C shows the change in tagged 

aldehydes signal response as the percentage of methanol increased. 

Less than 5 % of methanol gave no detectable MS signal whereas 

5 – 8 % gave inconsistent electrospray. The spray inconsistencies 

in the low percent methanol are likely due to the low dielectric 

constant of the medium and failure to properly conduct the voltage 

to the distal tip. The tagged aldehydes signal stabilized from 9 % 

methanol and plateaued at 10 %. nESI current increased with the 

% methanol but the tagged aldehydes signal intensity was level be-

tween 10 – 30 % methanol. 10 % methanol was chosen for the op-

timization and characterization of the nSF-MS system to maximize 

desolvation. Stable nanospray was indicated by 0.6 – 0.9 A nESI 

current. This was acquired by flowing faster than 0.24, 0.22, and 

0.10 cm/sec for the 25, 50, and 75 m i.d. emitter respectively, 

voltage > 1.5 kV, and premixing more than 9 % methanol in sCO2.  

 The density of the supercritical fluid is controlled by the modifier 

percentage and the operating pressure.49 Supplemental Figure S-

2 shows the mobile phase pump pressure change as a function of 

methanol percentage at different nSF operational flow rates (550 – 

1500 µL/min sCO2). A linear correlation is shown between the in-

let mobile phase pump pressure and the methanol percentage from 

0 – 40 %. An exponentially increasing trend was found from 40 – 

66 % methanol, depending on the flow rate. Beyond that, the nSF-

MS system was not able to maintain the supercritical fluid state 

and the system density error stopped the pump. 

Figure 2: Nanospray-supercritical fluid-MS of tagged alde-

hydes. A) The reductive amination coupling reaction scheme for 

tagging aldehydes. B) Mass spectrum of the background signal. C) 

Mass spectrum of the injected plug. * background contaminant 



 

 

4 

 Increasing the percentage of methanol increased the pump pres-

sure exerted to maintain the SF required pressure.50 The nSF sys-

tem showed a reproducible MS signal response using 10 – 50 % 

methanol in sCO2 without phase separation. Based on the Hagen-

Pouiselle equation and the pump pressure as a function of solvent 

composition, the viscosity of the carrier stream elevates dramati-

cally beyond 50 % methanol, consistent with a loss of the super-

critical fluid state. 

 Examination of the emitter i.d. effect on the nSF-MS signal as a 

function of backpressure (15 – 25 MPa) and linear velocity was 

done using 25, 50, and 75 µm i.d. interfaces. 3D heatmaps of aver-

aged signal intensities are shown in Figure 4 and Supplemental 

Figure S3-S5. The effects from pressure, velocity, and tip diameter 

are discussed below. 

For nSF-MS operation pressure: Early studies found that 10 % 

methanol has a critical pressure above 13.17 MPa.48, 51 This may 

explain the low signal intensity operating below 15 MPa using 10 

% methanol in sCO2. Increasing the pressure from 15 to 18 MPa 

showed a significant signal intensity increase. Maintaining the 

BPR lower than 15 MPa of the tagged octanal showed a very low 

signal intensity. A comparable signal response was found from 18 

– 20 MPa whereas signal intensity drops when pressure increases 

from 20 - 25 MPa. This might be attributed to the dramatic varia-

tion of signal response at elevated SF pressure.52 BPR above 25 

MPa required a mobile phase pumping pressure exceeding the lim-

its of the pump.  

For the linear velocity: The ranges were 0.15 – 0.42 cm/sec for the 

25 µm,  0.14 – 0.40 cm/sec for the 50 µm i.d. , and 0.07 – 0.21 

cm/sec for the 75 µm i.d. Flowing faster than 0.42 cm/sec for the 

25 µm i.d., 0.40 cm/sec for the 50 µm i.d., and 0.21 cm/sec for the 

75 µm i.d. emitters showed a significant signal intensity drop 

whereas slower than 0.15 cm/sec for the 25 µm i.d., 0.14 cm/sec 

for the 50 µm i.d., and 0.07 cm/sec for the 75 µm i.d. resulted in 

complete loss of signal. The optimum operating pressure was 18 

MPa giving the highest nSF-MS signal across different velocities. 

 The increased pressure in the open tube SF results in differences 

in mass flow at a fixed linear velocity in a fixed restrictor. This 

may explain the small change in signal response with pressure in-

crease using the 25 µm i.d. emitter (Supplemental Figure S3). 

The observed signal intensity drops in the nSF-MS system using 

50 µm i.d. nESI emitter were found when flowing faster than 0.33 

cm/sec (Supplemental Figure 4). The optimized linear velocities 

of the 25, 50, 75 µm i.d. emitters were (0.28, 0.26, and 0.14 cm/sec) 

respectively. The highest signal intensities of the tagged aldehydes 

were found at 0.14 cm/sec using the 75 µm i.d. ESI interface. In-

creasing i.d. the capillary was followed by a signal intensity in-

crease (Figure 5A). This is due to more mass injected as the  

Figure 3: Optimization of nanospray-supercritical fluid-MS (nSF-MS). Optimization of the A) linear velocity B) voltage C) % CH3OH 

modifier using the signal intensities of the tagged aldehydes nanosprayed by 75 µm i.d. nESI emitter at 18 MPa, 50 °C on the nSF-MS 

system (n=3, error bars are standard deviation). 

Figure 4: Optimization of nanospray-supercritical fluid-MS (nSF-MS) signal response of quaternary amine-tagged octanal using 

different i.d.s nanoemitters. 3D heat maps signal intensity (average of n=3) of the tagged octanal as a function of pressure (15– 25 MPa) 

and linear velocity using A) 25 µm (0.15 – 0.42 cm/sec), B) 50 µm (0.14 – 0.40 cm/sec), and C) 75 µm i.d. (0.07 – 0.21 cm/sec) nano emitter 

interfaces. 
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capillary i.d. increased.53 Injection of 1 µL sample on the split-flow 

resulted in 58, 158, 320 nL mass injected on the 25, 50, and the 75 

µm i.d. emitters respectively. The mass injected from the 75 µm 

i.d. emitter was 2 times more than the 50 µm i.d. emitter and 5 

times that on the 25 µm i.d. emitter. 

 Detector signal response from nanospray can be either mass sen-

sitive or concentration-sensitive depending on the flow rate and 

ionization efficiency.54 Injections of 0.25, 0.5, and 1.00 µL at 18 

MPa, 0.14 cm/sec, 50 ºC was done using the 75 µm i.d. emitter. 

Figure 5B shows mass-sensitive detector response of the nSF sys-

tem. Increasing the injection volume showed an increase in the per-

centage of relative abundance of the tagged aldehydes in the MS 

spectrum using the same 75 µm i.d. emitter (Supplemental Figure 

S-6). Overall, mass sensitive response was supported by: increas-

ing the mass injected by altering the split ratios with increasing i.d. 

(Figure 5A); increasing mass injected on the same i.d. emitter 

(Supplemental Figure 6), and increasing the capillary i.d. showed 

a percentage relative abundance increase (Figure 5B). Reproduci-

ble MS signal response was found with varying emitter i.d. and 

injection volume. The mass-sensitive detection indicates a high 

level of ionization efficiency. 

Supercritical carrier effect. 

Supercritical fluid chromatography (SFC) typically uses additives 

like formic acid or ammonium acetate which act as ionization en-

hancers.11 Water has been also used to increase polarity and im-

prove peak shape.55 Clustering of alkali metal ions with methanol 

  

Figure 5: Nanospray-supercritical fluid-MS mass-sensitive detec-

tion. The nSF-MS signal (n=3, error bars are standard deviation) of 

tagged aldehydes as a function of A) Nanoemitter i.d. and B) Injection 

volumes using a 75 µm i.d. interface at 18MPa, 50°C, and 0.14cm/sec.  

Figure 6: Modifier additives effect on supercritical fluid nan-

ospray. Nanospray-supercritical fluid-MS (nSF-MS) signal re-

sponse (n=3, error bars are standard deviation) using different 

modifier additives in 25, 50, and 75 µm i.d. emitter. 

Figure 7: Comparison of different coupling strategies using the tagged aldehydes signal. Supercritical fluid-mass spectrometer cou-

pling by A) split flow nSF (blue), B) makeup flow SF (grey), and C) splitless flow SF (green). Comparison of tagged aldehydes signal 

using a split flow versus makeup flow of 1:0.1 mL/min sCO2:CH3OH (0.1 % formic acid) using D) 25 m, E) 50 m, and F) 75m 

photopolymerized inline embedded frit. * the make up flow was 0.2 mL/min CH3OH (0.1 % formic acid). G) 100 m HESI interface. (n=3, 

error bars are standard deviation) 
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is a major contributor to signal suppression in SF-MS.56 Figure 6 

shows the effect of modifiers on the supercritical fluid nanospray. 

The tagged aldehydes showed signal intensity loss as a result of 

adding the enhancers to the modifier in the flow injection nSF-MS 

system. This may be due to the ionization of ammonium clustering 

with methanol and other alkali metal ions. The decrease in the acid-

ity with added water compared to 0.1 % formic may also have di-

minished the analyte signal.57, 58 The observation is more pro-

nounced in 75 µm i.d. whereas the modifier effect decreases as the 

nESI emitter i.d. decrease.53 

 Interfacing SFC-MS faces major challenges of solvent depressur-

ization, phase separation inside the connector, analyte precipita-

tion, and hence reduced MS response.26 To overcome phase sepa-

ration, heating the interface connector or adding a make-up flow to 

the SFC outlet has been performed.25, 59 Nanospray, make-up flow 

SF-ESI-MS, and direct SF-ESI-MS were compared to the nSF-MS. 

Figure 7 shows the difference in signal response using the conven-

tional SF makeup flow to nSF injecting the same 1 L sample. The 

comparison showed enhancement of the signal intensity of 

2.72E4±0.6 for the 25 µm i.d, 1.54E5±0.2 for the 50 µm i.d, and 

2.33E5±0.5 for the 75 µm i.d. on average for the tagged aldehydes. 

The benefit of nSF-MS is more pronounced as the nESI emitter i.d. 

increased. The make-up flow resulted in sample dilution and loss 

of the analytes signal.25, 60 The predominance of organic media re-

sults in formation of methanol adducts as a background interfer-

ence (Supplemental Figure 7).61 Ionic suppression and the modi-

fier adduct formation may have resulted from injecting more liquid 

organic makeup.53 Nanospraying the SF using a split flow system 

have shown more sensitive detection compared to makeup flow. 

This may be due to the improved ionization efficiency.60, 62 

 To evaluate a direct SF-ESI-MS system, injection of 1 L sample 

using a HESI heated source and ZDV connections was evaluated. 

To achieve stable spray under these conditions, >1 mL/min was 

needed. Such high flow rates can contaminate the tube lens and 

skimmer. Splitless flow showed signal intensity drop by 1 order of 

magnitude compared to makeup flow SF and 2 orders of magnitude 

compared to the nSF system. The post-BPR split-flow nSF system 

using a heated interface to maintain the SF state allowed for higher 

sensitivity without sample dilution. Contrasting the MS response 

towards the adopted coupling strategies showed a signal intensity 

gain using the developed split flow system. The nSF-MS signal 

was 6 times the makeup flow signal and 12 times the direct injec-

tion signal. The data indicate that sCO2 as a nanospray carrier fluid 

exhibits high efficiency ionization. It provided higher signal inten-

sity compared to the SF makeup and splitless flow in an open tube 

SF emitter system. 

Conclusion. 

 Post-BPR split-flow nanospray nSF-MS coupling strategy was 

developed and evaluated using a fabricated photopolymerized frit 

embedded in laser pulled capillaries. The heated nanospray emit-

ters (25, 50, and 75 µm i.d.) showed improved MS signal response 

compared to makeup flow SF. The post-BPR split-flow with nano 

emitters result in smaller electrospray droplets. The sCO2 evapora-

tive properties result in nanospraying smaller initial droplets which 

eased desolvation, produced higher ionization efficiency, and re-

sulted in enhanced MS response. While not fully investigated in 

this work, we hypothesize that the supercritical fluid state which is 

generated before the BPR is maintained until the point of exit from 

the emitter tip.  

 This system demonstrates mass sensitive detector response indi-

cating high efficiency electrospray. The size of the emitted droplet 

is often reported based on conventionally accepted models.4, 63-65  

These models differ in their use of surface tension, either in the 

numerator or denominator. Because SFs have no surface tension 
66, the models do not hold for nSF-MS. Using these models, the 

droplet size from our system would be either zero or infinity, nei-

ther of which is physically feasible. Further work is needed to eval-

uate the electrospray process in nSF systems. It has not escaped 

our attention that longer alkyl chains levied higher signal responses 

at equal concentrations. This is possibly due to variations in solv-

ation or mass-discrimination effects. The columbic repulsion in-

creases in the evaporating droplet as the m/z increase.37  

 This work used quaternary amines to investigate desolvation. Fu-

ture work on proton transfer and analyte hydrophobicity is neces-

sary to characterize the effects of ionization beyond the desolvation 

discussed here. This will also be used to validate the application of 

the developed ionization technique in omics analysis of biological 

samples of diverse chemical compositions and functionalities. 
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