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Abstract

This study covers a new method and related instrumentation for whole blood analy-

sis for medical diagnostics. Two-μL whole blood samples were collected using “mini-

mal invasive” diabetes lancet and placed on a thin glass rod mounted on a newly

designed BloodProbe. The BloodProbe with the whole blood sample was inserted

directly into a ChromatoProbe mounted on the GC inlet, and thus, no sample prepa-

ration was involved. The analysis was performed within 10 min using a GC-MS with

Cold EI that is based on interfacing GC and MS with supersonic molecular beams

(SMB) along with electron ionization of vibrationally cold sample compounds in the

SMB (hence the name Cold EI). Our blood analysis revealed several observations:

(1) Detailed mass chromatograms were generated with full range of all the nonpolar

lipids in blood including fatty acids, cholesterol, cholesteryl esters, vitamin E, mono-

glycerides, diglycerides, and triglycerides. (2) The analysis of whole blood was found

to be as informative as the conventional clinical analysis of blood serum. (3) Choles-

teryl esters were more sensitive than free cholesterol alone to the effect of diet of

obese people. (4) Major enhancement of several fatty acid methyl esters was found

in the blood of a cancer patient with liver dysfunction. (5) Vitamin E as both α- and

β-tocopherol was found with person-dependent ratio of these two compounds.

(6) Elemental sulfur S8 was identified in blood. (7) Several drugs and other com-

pounds were found and need further study of their correlation to medical issues.
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1 | INTRODUCTION

The analysis of cholesterol and triglycerides in human blood is one

of the most important and widely used medical diagnostic tests.1–4

These tests are vital for the prevention, control, and monitoring of

cardiovascular risk and disease and metabolic state.2,5,6 Adults

should have blood lipids analysis at least every 5 years, whereas

older people and those with high cardiovascular risk or unstable

metabolic state are often analyzed at least every 3 months.7 Current

methods of analysis require vein puncture with collection of several

milliliters of blood and require variable time for analysis. Further-

more, the results provide information that is limited to total
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cholesterol, high-density protein-bound cholesterol (HDL), and total

glycerides that are referred to as “triglycerides” but actually reflect

the sum of all glycerides. Of critical importance is the fact that low-

density cholesterol (LDLc) is actually calculated, not measured. No

information is provided on the circulating free cholesterol, various

cholesteryl esters, or the type of glycerides (monoglycerides, diglyc-

erides, and triglycerides) or their fatty acid compositions at the

molecular level. Naturally, if such information will be obtained, it will

expand the horizons of metabolic knowledge, which will vastly

enrich current medical diagnostics and potentially contribute to

improved personalized diagnostics and treatment.

Hence, current clinical methods of blood lipid analysis face sev-

eral challenges, and improvements could be achieved as follows:

A. Using minimally invasive blood collection to replace the current

procedure of vein puncture.

B. Reducing the needed drawn volume of blood such to a few micro-

liters (e.g., 1–2 μL), which is of critical importance for per-term

babies and newborns.

C. Using whole blood, without any sample preparation, to eliminate

time and cost of blood sample preparation.

D. Shorten turnaround time due to fast analysis (maximum of

10 min).

E. Enlarge the spectrum of information on blood lipids to include

more complete composition of measured lipids and expanded

information on other compound classes. This will allow personal-

ized assessment of the ratios between the different blood lipids/

vitamins, for example.

F. The analysis should include all currently provided information and

thus be compatible with serum analysis for direct comparison.

G. The instrumentation used should be reliable, robust, and available

at reasonable cost.

Currently, mass spectrometry (MS) and particularly LC-MS are estab-

lishing itself in lipidomics analysis8–10 and with advances in dried

blood spot analysis.11

The central technology used for this research of whole blood

analysis for medical diagnostics is gas chromatography–mass spec-

trometry (GC-MS) with Cold EI.12–16 GC-MS with Cold EI is based on

interfacing the GC and MS with supersonic molecular beams (SMB)

along with electron ionization (EI) of vibrationally cold sample com-

pounds in the SMB in a fly-through ion source (hence the name Cold

EI).14–16 Cold EI was initially developed by Amirav and his group in

1990,12,13 and it is reviewed in literature14,15 as well as in a book on

GC-MS with Cold EI that was recently published.16 GC-MS with Cold

EI improves all the central performance aspects of GC-MS and

uniquely provides enhanced molecular ions, improved sample identifi-

cation, significantly extended range of compounds amenable for

analysis,17 uniform response to all analytes (internal quantitation), fas-

ter analysis, greater selectivity, and lower limits of detection.14–16,18

The aim of this study is to describe the application of GC-MS with

Cold EI for the analysis of full range of nonpolar lipids in whole blood,

from free fatty acids all the way to triglycerides.

We also developed for this study a new type of a “BloodProbe”
device for sampling whole blood and its introduction to GC-MS with

Cold EI. The BloodProbe is based on a modified ChromatoProbe for

the sampling of whole blood as described below. The ChromatoProbe

was developed by Amirav and Dagan19 and was commercialized by

Varian, Bruker, and Agilent who sells it under the name Thermal Sepa-

ration Probe.20 The ChromatoProbe serves as both an MS probe

when a 1-m microbore capillary (with 100 μ ID) connects the injector

and MS ion source and as a thermal desorption tool for the analysis of

dirty samples (such as blended food items21,22) when standard 30-m

column is being used. The ChromatoProbe uses 15-mm-long vials

with 3 mm OD and 2.4 mm ID that carries any solid liquid or dirty

sample in it. However, whole blood introduction into such small vials

is not easy, and thermal extraction from the bottom of such narrow

vials is not effective and could require too high temperatures. Thus,

the BloodProbe was designed based on the conversion of Chroma-

toProbe vial holder into carrying a thin melting point vial or a thin

glass rod the same as used in the Open Probe Fast GC-MS23,24

(Agilent name QuickProbe25). Accordingly, the thin glass rod (100 mm

length � 1.56 mm diameter) carries the blood droplet near its edge,

and due to its exposed nature and minimal heat capacity, thermal

vaporization from it is very effective. We tested blood analysis for its

small molecules content with the Open Probe Fast GC-MS as

described in24 and found the step of thermal extraction to be effec-

tive and quantitative. However, with the Open Probe fast GC-MS, we

are unable to increase the column flow rate, and thus, we need the

BloodProbe in the sealed ChromatoProbe injector that can produce

high pressure behind the column for the analysis of the low-volatility

diglycerides and triglycerides.

2 | EXPERIMENTAL

We used the 5977-SMB GC-MS with Cold EI system that is based on

the combination of an Agilent 7890A GC + 5977 MSD (Agilent Tech-

nologies, Santa Clara, CA, USA) with the Aviv Analytical SMB interface

and its dual-cage fly-through ion source (Aviv Analytical Ltd, Hod

Hasharon, Israel). The technology of GC-MS with Cold EI is reviewed

in literature14–16 and further described in refs.26,27 In this system, the

GC column output is mixed with helium make-up gas (�50 ml/min

typical total column and make-up flow rate combined), in front of a

supersonic nozzle that is located at the end of a heated and

temperature-controlled transfer line. The helium makeup gas flow can

be mixed (via the opening of one valve) with perfluorotributylamine

(PFTBA) for periodic system tuning and mass calibration. The sample

compounds seeded in the helium gas expand from a 100-μm-diameter

supersonic nozzle into an SMB nozzle vacuum chamber that is differ-

entially pumped by a Varian Navigator 301 turbo molecular pump

(Varian Inc., Torino, Italy) with 250 L/s pumping speed. The helium

pressure at this vacuum chamber is about 6 � 10�3 mbar. The super-

sonic expansion vibrationally cools the sample compounds, and the

expanded supersonic free jet is skimmed by a 0.8-mm skimmer and

collimated in a second differentially pumped vacuum chamber, where
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an SMB is formed. The second vacuum chamber is pumped by the

Agilent 5977 system “Performance” turbo molecular pump that

pumps the dual-cage fly-through ion source and MS (Pfeiffer 250 L/s

pump). The SMB seeded with vibrationally cold sample compounds

pass a fly-through dual-cage EI ion source28 where these beam spe-

cies are ionized by 70-eV electrons with 6-mA emission current. It is

worthwhile to note that the Cold EI ion source was used for over

6 years without any service while maintaining almost the same perfor-

mance. The ions are focused by an ion lens system, deflected 90� by

an ion mirror, and enter the Agilent 5977 MS for their mass analysis.

The 90� ion mirror is separately heated and serves to keep the mass

analyzer clean from possible sample-induced contaminations. The ions

that exit the Agilent quadrupole mass analyzer are detected by the

Agilent triple axis ion detector, and the data are processed by the Agi-

lent ChemStation software. GC separation was performed with a

15-m column with 0.32 mm ID, 0.1 μ DB1HT films, and 8 mL/min col-

umn flow rate with flow program at the late stage of the run from

8 to 30 mL/min at the rate of 8 mL/min.min after 6 min. The GC oven

was ramped from 50 to 350�C at 40�C/min and maintained at 350�C

for 3.5 min. The BloodProbe that we used (shown in Figure 1) is based

on a modified ChromatoProbe19 for the sampling of whole blood. The

BloodProbe is based on the conversion of the ChromatoProbe vial

holder into carrying a thin glass rod the same as used in the Open

Probe Fast GC-MS23,24 (Agilent name QuickProbe25). Accordingly, the

thin glass rod (100 mm length � 1.56 mm diameter) carries the blood

droplet near its edge, and due to its exposed nature and minimal heat

capacity, thermal vaporization is very effective from it. We used the

standard Agilent split splitless injector at 280�C injector temperature

and split ratio of 5. The ChromatoProbe external portion was air-

cooled to prevent the premature vaporization of volatile compounds

during sample insertion, and the split ratio was selected to avoid satu-

ration by cholesterol. The choice of 280�C injector temperature was

made to retain the triglycerides yet to minimize background from pro-

tein thermal decomposition.

F IGURE 1 BloodProbe device for the
sampling of whole blood deposited on its glass
rod edge and later introduced via the
ChromatoProbe into the GC injector of a GC-MS
with Cold EI for blood content thermal desorption
and analysis

F IGURE 2 Whole blood sample
handling procedure for preparations for
its analysis as shown in the indicated
steps
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In Figure 1, we show the design of the BloodProbe.

We also developed whole blood sample handling procedure as

shown in Figure 2. We used a diabetes lancet to prick the finger

(Figure 2, upper left). Before the finger pricking, we replaced for each

blood donor the sharp needle inside the lancet to avoid the touch of

old blood residues with the new blood. The next step was to press by a

hand on the finger with exposed blood to form an exposed blood drop-

let on that finger (as practiced for blood glucose tests). We then used a

positive displacement micro pipette to draw 2 μL as shown in Figure 2

(upper right). The entire 2 μL volume of whole blood was then depos-

ited on the BloodProbe glass rod at its left (outer) side edge as shown

in Figure 2 (bottom left). In order to properly clean the glass rods to

eliminate all contaminations, each glass rod was heated for 1 min to

450�C using a heating fan, prior to its use for sampling whole blood.

The next step was that the BloodProbe with its dried whole blood spot

(dried in a few seconds) was inserted into the ChromatoProbe for

intra-injector blood content thermal desorption vaporization (Figure 2,

bottom right) followed by GC-MS with Cold EI analysis.

3 | RESULTS AND DISCUSSION

In Figure 3, we show mass chromatograms of lipids in whole bloods of

two people, one from a healthy person (upper trace) and one from a

person with Stage 4 colorectal cancer (bottom trace) possibly also

with liver dysfunction. As shown, highly detailed mass chromatograms

were obtained with full nonpolar lipid information. The names of the

main various compounds and compound families are indicated in the

upper mass chromatogram and include free fatty acids, monoglycer-

ides, cholesterol, vitamin E, diglycerides, cholesteryl esters, and tri-

glycerides, and all exhibited molecular ions. Cold EI mass spectra of

selected triglycerides are shown at the inserts. Of note are some

major differences between the two human samples. For example, the

blood of the cancer patient had over 30 times more triglycerides,

whereas the relative amount of the free cholesterol was similar. Fur-

thermore, the blood sample of the cancer patient has more saturated

triglycerides as shown from the masses of the molecular ions. We

note that Cold EI is characterized by approximately uniform com-

pound independent response,16,29 and thus, from Figure 3, we can

also conclude and estimate the relative abundance of each analyzed

compound without additional calibration analysis.

An emerging initial question about the medical diagnostics value

of GC-MS with Cold EI analysis of whole blood is how well its gener-

ated data correlate with currently available medical diagnostics

methods such as total cholesterol and triglycerides in blood analysis.

Total cholesterol is currently analyzed after its hydrolysis,30 and thus,

it provides mostly the sum of free cholesterol and cholesteryl esters.

We found that human blood includes a few cholesteryl esters

F IGURE 3 GC-MS with Cold EI total ion mass chromatograms
and Cold EI mass spectra of two humans whole blood samples
obtained with a diabetes lancet, deposited on a BloodProbe device
and inserted into a ChromatoProbe mounted on a GC-MS with Cold
EI. The names of the various compounds and compound families are
indicated and all with molecular ions. Cold EI mass spectra of selected
triglycerides (indicated by the arrows) are shown at the inserts

F IGURE 4 The effect of 10-week diet on an obese subject with
Type 2 diabetes on the blood serum mass chromatograms. Analysis of
2 μL of blood serums is shown, before the beginning of the diet
(upper mass chromatogram) and 10 weeks after the start of the diet
(bottom mass chromatogram)
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although one of them is by far the most abundant, and its molecular

weight is m/z = 648.7, which seems to indicate the ester of choles-

terol with an acid with molecular weight of 280.3 such as linoleic. We

do not know why the esterification is with an unsaturated acid and

not with the much more abundant stearic acid and why is the ester

with palmitic acid so much weaker in its abundance. Next, we ana-

lyzed serum samples of several subjects with obesity and Type 2 dia-

betes who were placed on a Mediterranean vegetarian diet for

10 weeks.31 These samples allowed us to compare cholesterol in

blood serum prior to and at the end of the intervention, and results

were compared to the results obtained from a standard hospital clini-

cal laboratory. We found that serum analysis and whole blood analysis

were similar in their procedures (serum replaced whole blood on the

BloodProbe) and generated data.

In Figure 4, we show the generated GC-MS with Cold EI data of

the same person serum analysis before and after 10 weeks of diet.

The mass chromatograms are normalized to the highest peak of cho-

lesterol, and thus, the difference in cholesterol amount is found in the

Y axis numbers, which show that the cholesterol concentration was

reduced by the diet by a factor of about 1.41. However, an important

additional observation is that the cholesteryl ester concentrations

were more prominently reduced, by a factor of about 1.92 (for the

most abundant cholesteryl ester #2). We found this trend in several

other subjects' serum. Therefore, this might represent a valuable find-

ing that is not thus far accessible by current standard clinical method-

ology. Accordingly, it is possible that the measurement of cholesteryl

esters can provide a more sensitive medical diagnostic information

than free or bound cholesterol. Furthermore, our method of analysis

had reproducibility (RSD) of about 8%–10%, mostly due to the vari-

ability in the micro pipette blood sampling (we made 10 analyses for

the RSD measurements). The measurement of cholesteryl esters can

be normalized to that of free cholesterol, and thus, their ratio could be

very accurate and provide additional valuable medical diagnostics

value. Our method allows us to perform on the generated data a

reconstructed single ion monitoring (RSIM) on m/z = 368.3 and

obtain a clean mass chromatogram of cholesterol and the various cho-

lesteryl esters alone at high sensitivity and accuracy with very little

baseline noise.

In Figure 5, we show the comparison of changes after 10 weeks

of diet in the measurement of total cholesterol as measured by the

F IGURE 5 Changes in cholesterol and cholesteryl esters after
10 weeks of diet in the serum of five obese people with Type

2 diabetes. For each person, we show in blue the % change in
cholesterol as measured by current standard method, whereas
changes detected by GC-MS with Cold EI are shown in purple. The
change in free cholesterol is shown in red, and the change in
cholesteryl esters alone, in green. Note that the per-person trends are
about the same for both measurement methods, whereas the
magnitude of the change is relatively higher for cholesteryl esters

F IGURE 6 Changed ratios in the total glycerides as measured by
GC-MS with Cold EI (purple) and monoglycerides (yellow),
diglycerides (green), and triglycerides (blue) as separately measured by
GC-MS with Cold EI in the serum of five people after 10 weeks
of diet

F IGURE 7 Fatty acid methyl esters (FAMEs) analysis in the blood
of a healthy person (bottom mass chromatogram) and a Stage
4 colorectal cancer patient (upper mass chromatogram). The mass
chromatograms show the extracted ion m/z = 74.1, which is found in
all the FAMEs of saturated fatty acids
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standard method and the measurement of free cholesterol, cholesteryl

esters and their sum as measured by GC-MS with Cold EI in the same

serum of five people that had 10 weeks of diet. As shown, the relative

changes in total cholesterol and free cholesterol are similar although

measured via totally different methods, whereas cholesteryl esters

were found to exhibit greater changes after the diet. Thus, we con-

clude that GC-MS with Cold EI can provide valuable diagnostics infor-

mation via its separate free cholesterol and cholesteryl ester

measurements. Whereas free cholesterol is the most abundant vapor-

izable compound in human blood, cholesteryl esters comprise another

abundant group of compounds. However, additional related com-

pounds are thus captured by this method such as cholestadiene,

which is cholesterol with loss of water. Its relative abundance is below

or about 1% of the cholesterol peak, but it is easily identified and

quantified via RSIM on its molecular ion m/z = 368.3, which is also a

fragment ion in cholesterol mass spectrum. The medical diagnostics

value of cholestadiene concentration and its relative amount to cho-

lesterol remain to be explored.

We similarly tried to correlate the measurement of triglycerides,

but although the measurements exhibited some correlation, it was not

as good as for cholesterol. We suggest that the current standard mea-

surement of triglycerides is not optimal because it is based on initial

hydrolysis of all the glycerides followed by the measurement of result-

ing glycerol, which is the sum of monoglycerides, diglycerides, and

triglycerides.32 As exemplified in Figure 4, diglycerides are usually the

most abundant glycerides. Furthermore, they include an OH group

that is chemically reactive, and thus, we suspect that among the glyc-

erides the diglycerides (and similarly the monoglycerides) are the most

reactive and potentially detrimental to blood vessels.33 As shown in

Figures 3 and 4, GC-MS with Cold EI enables the separate determina-

tion of each glyceride group, and the future attempted correlation of

their concentrations for improved medical diagnostics value.

In Figure 6, we show the changes in total triglycerides and sepa-

rately, monoglycerides, diglycerides, and triglycerides as measured by

GC-MS with Cold EI in the serum of five people after 10 weeks of

diet. Note that the changes are relatively larger for triglycerides as

measured by GC-MS with Cold EI. However, as mentioned previously,

we suggest that due to chemical activity considerations, the currently

unmeasured diglycerides are potentially highly valuable for medical

diagnostics as due to their unesterified OH group they are assumed to

be more chemically reactive. Much more research can and should be

devoted to this medical diagnostic aspect once GC-MS with Cold EI

will be commercially available.

GC-MS with Cold EI provides a wealth of information on various

nonpolar lipids in blood. Accordingly, we aimed to evaluate its value

for various medical diagnostics scenarios and explored differences in

blood content between various people. One group of compounds,

usually at low concentrations, is fatty acid methyl esters (FAMEs).

F IGURE 8 Saturated fatty acid analysis in a
cancer patient blood (upper RSIM) versus in a
healthy person blood (bottom RSIM). The
m/z = 73 ion is used to monitor saturated fatty
acids as indicated. Note that the smaller free fatty
acids with less than 16 carbon atoms are much
weaker in the healthy blood
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However, as shown in Figure 7, the analysis of FAMEs in the blood of

a healthy person was significantly different from that of a cancer

patient that exhibited over 30 times higher FAMEs concentrations

(mostly methyl stearate and methyl palmitate) in the colorectal cancer

patient blood. We used for convenience the extracted ion m/z = 74.1

in the mass chromatogram because it is found in all the FAMES of sat-

urated fatty acids. This ion is also found in saturated fatty acids as the

isotopologue of the abundant m/z = 73 ion, which as a result brings

also free fatty acids into the RSIM mass chromatogram as observed in

Figure 7 in which the fatty acids peaks are fronted as they saturated

the GC column due to their high polarity. It is documented in the liter-

ature34 that people with liver dysfunction exhibit higher FAMES

levels, and indeed, the cancer patient (upper mass chromatogram in

Figure 7) also suffered from liver dysfunction. It is described that

FAMEs can be enzymatically synthesized by carboxyl group alkyl-

ation.35 We do not claim that we established here a new type of med-

ical diagnostics capability, but we showed that GC-MS with Cold EI

can provide, in the same run, information on saturated FAMEs con-

centrations and on their ratio to the saturated free fatty acids. Such

analysis can noticeably increase the medical diagnostics value of lipids

in blood. We note that, if desirable, much higher signal-to-noise ratio

can be obtained for the FAMEs analysis via RSIMs on their

molecular ions.

GC-MS with Cold EI can also serve for the analysis of free fatty

acids without any need for derivatization due to its contact-free fly-

through ion source (unlike standard EI ion sources). Currently, fatty

acids are not monitored in blood although we suggest that they con-

tain vast amount of potentially useful diagnostics information. As

shown in Figures 3 and 4, the most abundant fatty acids in human

blood are the C16 saturated palmitic acid, the C18 saturated stearic

acid, and the C18 monounsaturated oleic acid and diunsaturated lino-

leic acid. As shown in Figures 3 and 4 and as we found in several other

blood and serum samples, the concentrations of these acids vary from

person to person, and interestingly, the ratio of the saturated stearic

acid to the unsaturated oleic and linoleic can significantly change from

person to person and may depend on the diet and other parameters.

Furthermore, the free fatty acids also include minor amounts of acids

with higher than C18 carbon atoms and small amount of acids with

less than C16 carbon atoms. Whereas the C18 acids include various

acids with several degrees of unsaturation such as 1, 2, 3, and more

the C16 acids are predominantly the saturated palmitic acid with very

small amount of the m/z = 254.3 of the monounsaturated C16 acid.

The saturated acids are all characterized by a major fragment ion

with m/z = 73, and thus, they can be easily monitored together via

RSIM on m/z = 73 as shown in Figure 8. Accordingly, the fatty acids

in blood analysis can provide information on the concentration and

F IGURE 9 Vitamin E in blood
analysis. A mass chromatogram of 2 μL of
whole blood is shown using the
BloodProbe and GC-MS with Cold EI. The
upper trace is zoomed near the elution of
vitamin E, and it is marked with a red
circle. The two arrows in the zoomed
mass chromatogram indicate the peaks of
β-tocopherol and α-tocopherol
correspondingly. The bottom mass
spectra are the Cold EI mass spectra of
α-tocopherol (right trace) and beta-
tocopherol (left trace)
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ratio of the smaller fatty acids and the rare fatty acids with odd num-

ber of carbon atoms such as C15. In Figure 8, we show saturated fatty

acid analysis in a colorectal cancer patient (upper RSIM) versus of a

healthy person (bottom RSIM). Note that the smaller free fatty acids

with less than 16 carbon atoms are less abundant in blood of healthy

persons. Although the use of m/z = 73 provide a picture of all the sat-

urated fatty acids (including the rare C15), we can use the molecular

ions for a cleaner and more sensitive separate monitoring of each

fatty acid.

Another group of medically important compounds in blood are

vitamins. Only rare medical laboratories monitor vitamin D in blood by

LC-MS, in its 25-hydroxyvitamin D3 form.36,37 We found in GC-MS

with Cold EI mass chromatograms of blood and serum vitamin E in the

form of two of its isomers. In Figure 9, we show the analysis of

vitamin E in blood. The upper trace is the Cold EI mass chromatogram

of whole human blood. The mass chromatogram also includes a

zoomed trace near the elution time of vitamin E, which is also near

the elution time of cholesterol, and it is marked with a red circle. The

two arrows in the zoomed mass chromatogram indicate the peaks of

β-tocopherol and α-tocopherol correspondingly. The bottom mass

spectra are the background subtracted Cold EI mass spectra of

α-tocopherol (right trace) and β-tocopherol (left trace), and as shown,

they are characterized by enhanced molecular ions. Thus, with GC-

MS with Cold EI, vitamin E can be effectively monitored, and its RSIM

traces on the molecular ions are clean and can serve for its accurate

quantification.

In Figure 10, we show the ratio of β- to α-tocopherol in the blood

of two persons and as demonstrated this ratio can greatly change

between blood samples. In general, α-tocopherol is about 10 times

more abundant than β-tocopherol, but this ratio changes between

individuals. We found that in general, the blood samples of cancer

patients (unknown types) show higher ratio of β- to α-tocopherol.

Vitamin E deficiency is rare in healthy people. With the exclusion of

malnutrition, vitamin E deficiency is most commonly caused by a con-

dition where nutrients are not properly digested or absorbed. These

include liver disease, cystic fibrosis, and some rare genetic disorders.38

Vitamin E deficiency may also be caused by a very low-fat diet. As

demonstrated the use of GC-MS with Cold EI can also serve for

vitamin E analysis in both of its α- and β-tocopherol forms.

We also found in blood several new and/or unidentified com-

pounds as well as known yet unexplored compounds in terms of

their medical diagnostics value. Among these compounds, we show

here for the first time free elemental sulfur S8 in blood and serum

samples. The concentration of S8 varied greatly from person to

F IGURE 10 Vitamin E as
α-tocopherol and β-tocopherol
comparison in cancer and healthy
patients. The mass chromatograms were
obtained via RSIM on the molecular ions
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person. In future research, this should be correlated with health

conditions. In Figure 11, we show the finding of S8 in human blood.

The upper trace shows GC-MS with Cold EI mass chromatogram

zoomed around the elution time of elemental sulfur and palmitic

acid. The background subtracted Cold EI mass spectrum of S8 is

shown at the bottom trace with abundant molecular ion at

m/z = 255.8 and distinct isotope abundance pattern. The highly

negative mass defect and its identification by the NIST library

unambiguously prove that this is S8. This finding is further sup-

ported by our TAMI software39,40 that identifies elemental formulae

via the isotope abundance patterns in combination with the quadru-

pole 0.14 u mass accuracy.

In Figure 12, we demonstrate the ability to obtain high signal-to-

noise ratio for the S8 peak. We employed RSIM in the complex mass

chromatograms of human blood while using m/z = 255.8 with ±0.2 u

mass window. We used the fact that S8 is unique in having very nega-

tive mass defect to filter out noise and including the elimination of the

nearby eluting palmitic acid with m/z = 256.3. The obtained signal-

to-noise ratio is about 700 in peak to peak, leading to a clean mass

chromatogram of only S8 and thus showing the ability to accurately

measure small concentrations of S8 even in full scan in the complex

matrix of human blood.

In Figure 13, we show the S8 concentrations and relative

abundances to palmitic acid in four human blood samples. Four

RSIM traces are plotted with m/z = 256.0 zoomed around the elu-

tion time of S8 that include both S8 and palmitic acid. We note

that the ratio change can be significant (over a factor of 10) and

in a few blood samples the S8 signal was near the detection limit.

In Figure 13, the sulfur S8 peak areas in counts were 238,222

in Serum A, 867569 in Serum B, 558782 in Serum C and

315,882 in Serum D, as extracted from the Agilent ChemStation

software.

We are aware of possible criticism that this S8 compound can

originate from sulfur containing amino acids in proteins owing their

thermal degradation at the heated GC injector. However, we unam-

biguously found the sulfur as S8, and it seems unlikely to be formed

from atomic or dimeric S2 in the fast vaporization at the GC injector.

In addition, the finding that S8 concentration in blood largely varies

between people further suggests that it is an independent circulating

element in the human blood. Admittedly, further experiments are

needed to validate this finding. To our knowledge, sulfur was not ana-

lyzed for medical diagnostics, and only few articles discuss it in

blood.41,42

Another interesting compound that we were able to detect in

blood is dioctyl phthalate in the isomeric form of diethylhexyl

F IGURE 11 The finding of S8 in human blood. The upper trace
shows GC-MS with Cold EI mass chromatogram zoomed around the
elution time of palmitic acid and elemental sulfur. The background
subtracted Cold EI mass spectrum of S8 is shown at the bottom trace
with abundant molecular ion at m/z = 255.8 and distinct isotope
abundance pattern

F IGURE 12 High signal-to-noise ratio in S8 analysis in blood.
Reconstructed single ion monitoring of human blood with
m/z = 255.8 with ±0.2 u mass window. The obtained signal-to-noise
ratio is about 700, and the elimination of the palmitic acid peak is due
to the unique negative mass defect of the elemental sulfur that is
leading to a clean mass chromatogram of only S8
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phthalate. This compound belongs to the group of potentially endo-

crine disruptor compounds. Phthalate acid esters are widely used as

plasticizers in the formulation of plastics. In particular, certain mem-

bers of this chemical class, such as di-(2-ethylhexyl)phthalate (DEHP),

have been shown to cause reproductive and developmental toxicity

and are suspected to be endocrine disruptors.43 Although we report

this finding, we do not show it in a figure because it is difficult to

assure the origin of the DEHP to be in the blood and not from our

tools and analysis process. Thus, we report that this technique has the

potential to detect these components, yet further investigation is

required.

3.1 | Fast drugs in blood analysis for hospital
emergency rooms

In the last decade, drug overdose-related death became an epidemic

in the United States with over 70,000 deaths in 2020,44 which was

about 200/day, and this trend continues to climb with over 93,000

deaths (over 250/day) in 2020.45 This is greater than the combined

rate of death from car accidents and homicides. Among the drugs, fen-

tanyl and its derivatives are the most dangerous and deadly. Thus, in

many cases, people arrive into hospital emergency rooms with certain

severe drug poisoning or other symptoms without knowing which

drugs they took or how it could interfere with their optimal treatment.

As a result, a method and instrument that could provide fast analysis

of drugs in blood can help doctors to quickly provide the best and

most suitable treatment and save lives in cases of toxic drug con-

sumption. We note that although GC-MS with Cold EI improves all

the central performance aspects of GC-MS, its significantly extended

range of compounds amenable for analysis is of particular importance

for drugs analysis to effectively compete with LC-MS.

Accordingly, we also explored the analysis of drugs in whole

blood in order to provide fast drugs in blood medical diagnostics infor-

mation. In Figure 14, we show drugs identification in human blood

using 2-μL whole blood samples with BloodProbe sampling and GC-

MS with Cold EI analysis. The right side shows the obtained blood

mass chromatogram (healthy person) zoomed around the elution time

of ibuprofen (indicted with an arrow) and the background subtraction

Cold EI mass spectrum shown at the bottom right trace. As shown,

the ibuprofen drug exhibits noticeable peak and it was easily identi-

fied by the NIST library. The left side of Figure 14 shows the obtained

blood (taken from a cancer patient) mass chromatogram zoomed

around the elution time of a cancer drug metabolite (indicted with an

arrow) and its background subtraction Cold EI mass spectrum (bottom

left). Again, the 4-chlorobenzoic acid 4 chlorophenyl ester drug

(or drug metabolite) exhibits noticeable peak, and it was easily identi-

fied by the NIST library. It should be mentioned that compounds with

chlorine atoms in blood must originate from drugs or another external

source and they are absent in blood of healthy people. We further

note that caffeine was found in most blood and/or serum samples.

This offers an opportunity to address and possibly monitor, in terms

of nutritional recommendations for coffee consumption, the achieved

actual blood levels of caffeine.

F IGURE 13 S8 concentrations and
relative abundances to palmitic acid in
four human blood samples. Four RSIM
plots at m/z = 256.0 + �0.3 u are shown,
zoomed around the elution time of S8 that
include both S8 and palmitic acid
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As shown earlier, GC-MS with Cold EI can serve for the analy-

sis of various lipids and other compounds in blood together with

the provision of information on drugs in the blood samples. Our

demonstrated blood analysis takes a few minutes for the blood col-

lection, whereas the analysis takes 10 min, and cooling back and

ready for next analysis may take another 5 min, whereas the next

blood sample can be collected during the previous sample analysis

thus it does not add time. Balog et al developed the iKnife for

intraoperative tissue identification using rapid evaporative ioniza-

tion MS,46 which provides online chemical information during sur-

gery. In case of need for such much faster real-time analysis, we

also developed an Open Probe47 and Low Thermal Mass (LTM)

Fast GC48 and combined them into our Open Probe Fast GC-

MS23,24 for the provision of real-time analysis with separation and

library based sample identification including at the isomer level.

Sample introduction into the Open Probe is similar to our use of

BloodProbe, and the fast GC separation takes about 30 s. The sep-

aration of the shorter Open Probe Fast GC column (Agilent name

QuickProbe25) is a little poorer than with our 15-m column, and in

view of its limited column flow rate, it cannot be used for

triglycerides analysis and thus not optimal for blood analysis as

described in this paper, but it can serve for ultrafast drugs in blood

analysis.

4 | CONCLUSIONS

Blood tests for cholesterol and triglycerides are widely used for medi-

cal diagnostics at hospitals worldwide. Blood samples are commonly

obtained directly from the vein in relatively large volumes (approx. 3–

30 ml), which can be painful and challenging when the veins are dam-

aged or small as in newborns. Currently blood samples must undergo

some sample preparation, such as centrifugation and separation of the

serum prior to analysis, and the time to results is around an hour.

Moreover, results provided by currently used methods deliver limited

information only regarding the total cholesterol, cholesterol bound to

proteins, and total glycerides.

Here, we described a new approach for blood analysis for medical

diagnostics based on GC-MS with Cold EI, which provide information

beyond the boundaries of currently targeted serum lipids. We devel-

oped for this project a BloodProbe device based on a modified

ChromatoProbe19 vial holder to accommodate a 10-cm-thin glass rod.

Using a diabetes lancet and a positive displacement micropipette,

2-μL blood samples were taken directly from donor fingers, and the

blood was deposited on the glass rod, which is mounted into the

BloodProbe. Then, samples were analyzed using GC-MS with Cold EI

equipped with a ChromatoProbe in which the whole blood was ther-

mally extracted for its analysis.

F IGURE 14 Drugs identification in
human blood using 2-μL whole blood with
BloodProbe sampling and GC-MS with
Cold EI analysis. The right side shows the
obtained blood mass chromatogram
(healthy person) zoomed around the
elution time of ibuprofen (indicted with an
arrow) and the background subtraction
Cold EI mass spectrum shown at the

bottom right trace. The left side shows
the obtained blood (taken from a cancer
patient) mass chromatogram zoomed
around the elution time of a cancer drug
metabolite (indicted with an arrow) and its
background subtraction Cold EI mass
spectrum (bottom left)
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We showed that blood analysis by GC-MS with Cold EI provide

mass chromatograms with full nonpolar lipids in blood information

including the full range of free fatty acids, FAMEs, cholesterol,

vitamin E, cholesteryl esters, monoglycerides, diglycerides, triglycer-

ides, drugs, and other compounds. Each of them was detected at the

molecular level so that currently detected triglycerides, for example,

are given as several monoglycerides, diglycerides, and triglycerides,

each with information on its fatty acid content. It should be men-

tioned that Cold EI uniquely provides enhanced molecular ions

together with lower mass fragment ions. Thus, the Cold EI mass spec-

tra are fully compatible with NIST library identification which is even

improved compared with standard EI.27,49 Our whole blood analysis

revealed:

A. Detailed mass chromatograms were generated with full range of

all the nonpolar lipids in blood.

B. The analysis of 2-μL whole blood was compared with serum

extracts analysis using the same BloodProbe and GC-MS with Cold

EI. We show that the analysis of whole blood is as informative as

the analysis of blood serum. However, the use of BloodProbe and

whole blood was far simpler and faster.

C. We found that cholesteryl esters were more sensitive than free

cholesterol alone to the effect of at least one form of diet of obese

people. Separate monitoring of cholesteryl esters may be poten-

tially highly valuable for medical diagnostics.

D. We found major enhancement of several fatty acid methyl esters

in the blood of a cancer patient with liver dysfunction compared

with the blood of healthy patients.

E. We discovered elemental sulfur as S8 in whole blood, which varied

in its concentration among people but not yet in a clear fashion.

F. We found vitamin E in the forms of both α-tocopherol and

β-tocopherol with person-dependent ratio.

G. We also found several drugs and other known and unknown com-

pounds that need further study of their correlation to medical status.

Finally, we note that the feature of our instrument and method of

using only 2-μL blood sample that is taken in a minimally invasive way

from fingers (as being done on a daily basis by diabetes patients) is very

important. Although we could use up to 10-μL blood sample for analy-

sis, we think that the smaller the amount of blood the easier it is to get.

This means that blood analysis for medical diagnostics by GC-MS with

Cold EI can be easily performed due to the simplicity of access to

blood, reminiscent of self-glucose monitoring. This way, the evolution

of various medical conditions can be better monitored, followed, and

personalized. Taken together, GC-MS with Cold EI offers a unique

opportunity for improved medical diagnostics that should be further

explored, established, and validated in a range of medical scenarios.
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