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A disposable blood sampler, which is consisted of a sub-microliter whole blood collector and a graphene filter,
loading graphene sheet to selectively capture hemoglobin from sub-microliter whole blood, was developed for
both qualitative and quantitative characterization hemoglobin by internal extractive electrospray ionization
mass spectrometry (iEESI-MS). The blood collector was elegantly fabricated in syringe-like fashion for precisely
sampling tiny amounts (1.0 L - 2%) of whole blood, which was immediately diluted by water inside the syringe
and was then pressed through the graphene filter placed between the waste outlet and the syringe reservoir to
capture the hemoglobin in the blood sample. Then the graphene with hemoglobin was directly eluted by a
charged (+2.5 kV) solution (mathanol/water/formic acid, 48/48/4, v/v/v) to produce the hemoglobin ions for
mass spectrometric analysis. Low detection-of-limit (19.3 mg L' (895 picomol)), acceptable linear response
range (300-1500 mg L ™!, R? = 0.998), relative standard deviation (0.5-6.5%, n = 3), low sample consumption
(<1.0pL) and a relatively high speed (<4 min per sample, including the sample loading) were achieved, de-
monstrating that the graphene based iEESI-MS was an alternative choice for direct detection of hemoglobin in

whole blood with minimal sample consumption.

1. Introduction

Hemoglobin level in blood provides valuable information for diag-
nostics of abnormality of health such as anaemia, heart diseases and
cancers at late stages [1]. Routine testing of hemoglobin with minimal
invasion and least sample consumption appears particularly important.
Traditionally, hemoglobin of whole blood is photometrically measured
with the Sodium-Lauryl-Sulfate (SLS) reagent, which has been re-
commended by the International Committee for Standardization in he-
matology [2]. However, the SLS hemoglobin method has been suffered
from the interferes such as hyperlipidemia, hyperglobulinemia, high
platelets count (> 700 x 10°L™"), high white blood cell count
(> 30 x 10°L™") etc [3]. Immunoassay is another advanced method
which was used for hemoglobin detection with high selectivity, high
sensitivity (3.58ngmL ™, 2.22 x 10™* picomol) [4] and low sample
consumption (2puL) [5]. However, the antibody is essential for the
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immunoassay test, resulting in high cost in preparation of immunoassay
sensors [4-6]. Noninvasive hemoglobin monitoring techniques based
on spectrophotometric methods are developed for real-time measuring
[7,8], although poor sensitivity and inconsistent results were reported
[9]. Ambient mass spectrometry provides premium sensitivity, high
specificity and high throughput due to the requirement of no/minimal
sample preparation [10-13]. Numerous applications have been suc-
cessfully demonstrated by ambient mass spectrometry for direct de-
tection of trace analytes in solid, liquid, gaseous and even viscous
samples with complex matrices [14-17]. By flushing the 3-dimensional
bulk substrates such as biological tissues using a charged solvent, the
analytes imbedded in the bulk volume were selectively dissolved into
the solvent. Driven by the syringe pump and the electric field, the
charged solvent carried the analytes moving toward the ion entrance of
the mass spectrometer and eventually produced the ionic plume on the
sample surface under the ambient conditions, allowing the analyte ions
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to be sampled into the mass analyzer for mass analysis. Since the ex-
traction occurred inside the bulk sample, the method was featured with
selective extraction and post electrospray ionization of the analytes
distributed in a bulk 3-D volume. Therefore, the method was termed as
internal extractive electrospray ionization mass spectrometry (iEESI-
MS), which was introduced for characterization of interior chemicals of
a bulk volume rather than the surface of solid samples [18]. Naturally,
the iEESI-MS technique has been applied in characterizing biological
bulk samples [19,20]. Alternatively, the bulk tissue sample could be
replaced by artificial materials, solid substrates and heterogeneous
subjects containing analytes of interest. Theoretically, trace analytes in
a biological soup with tremendously complex matrices could be in-
tentionally embedded with selectivity on such artificial materials,
conceding a rough separation of the targeted analytes from the complex
matrices. Once the analytes have been captured by the material, iEESI
could be easily implemented on the analyte-loaded material for further
reliable characterization by mass spectrometry.

With a perfect sp?-bonded atomic-plane-thick 2D network of carbon
atoms arranged in a honeycomb structure [21,22], graphene shows 51t
interaction, carbon-t bonding, large surface area (theoretically,
2630m? g~ 1) [23], high stability, good flexibility and biocompatibility
[24], making graphene a promising candidate for the selective ad-
sorption [25,26] of various objects including methylated arsenic [27],
polyaromatic hydrocarbon (PAHs) and their derivatives [28,29], amino
acids [30], antibiotics [31], anionic dyes [32], pesticides [33]. In this
study, graphene was chosen to advance iEESI-MS for quantitative de-
tection of hemoglobin in whole blood of micro-liters. A precise quan-
titative blood sampler equipped with graphene was designed for ac-
curate sampling of 1.0 uL whole blood and hemoglobin capturing. Then
the graphene capturing hemoglobin with the complex matrix cleaned
up was directly detected by iEESI-MS. The participation of blood sam-
pler significantly improved the sensitivity of iEESI towards trace he-
moblogin in whole blood. The method established was featured by high
speed, unique sensitivity, easy sample preparation and low sample
consumption.

2. Experimental section

All the experiments were carried out employing a linear trap
quadruple (LTQ) mass spectrometer (Thermo Scientific, San Jose, CA,
USA) coupled with a homemade material based-iEESI source. All the
chemical reagents and mass spectrometer parameters were detailed in
the supporting information (SI).

2.1. Design and characterization of the blood sampler

A precise quantitative blood sampler was designed based on the
classical piston principle for whole blood sampling. The accurate
sampling was guaranteed by the fine processing of the size and piston
stroke of the piston rod and the innovative sample collecting method
via replacing water instead of air. After sampling, the graphene acted as
the adsorbent, which selectively adsorbed hemoglobin from the whole
blood for quantitative analysis. In more details, the whole blood sam-
pler was composed of 3 key components as shown in Fig. la: 1) a dis-
posable syringe (volume of 2.5mL), 2) the graphene which is in the
syringe, 3) the blood volume control (BVC) part for precise sampling.
This syringe was cheap, commercially available. For easy sampling with
tiny amount of whole blood, the pointed pin-needle was replaced by a
flat head needle (inside diameter of 0.4 mm, length of 20 mm). The BVC
part was self-developed for accurate blood collection (1.0 pL). It con-
nects the cavity of the syringe and the flat head needle via compression
joint. As shown in the cutaway picture (Fig. 1a), BVC consisted 3 sec-
tions: a T-junction, a piston rod I and a locknut. For matching the head
of piston rod I, a side hole on the T-junction was precisely machined
with the manufacturing error around 0.01 mm. Once the piston rod I
reached the right position, it was fixed in the T-junction by the locknut.
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To guarantee the well-tight sealed condition, the piston rod I was made
of stainless steel, while the T-junction and the locknut were made of
polyvinylidene fluoride and poly(ether-ether-ketone), respectively. Be-
sides, the interference fit between the internal wall of the side hole and
piston rod I was enabled, so that the side hole wall have a good tight-
ness with piston rod I. 5.00 mm away (L) from the top of piston rod I, a
shaft shoulder was set as the positioning element to define the piston
stroke (h) of piston rod I with 3.00 mm (Fig. 1a). Before working, push
piston rod I to the end, the head goes into the cavity of T-junction
vertically like we showed in Fig. 1b—i. The diameter (d) of piston rod I
head was 0.65 mm with the manufacturing error under 0.02 mm (re-
sulted in the max volume error about 0.06 puL), which could be carefully
adjusted with a spiral micrometer. According to formula (V =zt X (d/
2)? x h, where d was the diameter of the head of piston rod, h was the
piston stroke of piston rod I), by pulling piston rod I to the bottom
1.0 uL in Fig. 1b-ii whole blood was intaking from the needle head.
Then puling the piston rod I water will be uptaken in order to carry
blood to the syringe. now blood mixed with graphene and water as
Fig. 1b-iii shows.

A standard addictive technique was employed to characterize the
accuracy of the whole blood sampler. Rhenium standard solution
(1000 mg L™ ') was added into blood samples meanwhile the sampler
was used to pretreat this well prepared sample. Then the concentration
of rhenium was detected by inductively coupled plasma-mass spectro-
metry (ICP-MS). So the volume of the blood can be calculated by the
concentration of the value. For quantification of rhenium, nitric acid
(4%, v/v) as solvent, a series of rhenium standards at different levels
such as 0, 0.0004, 0.001, 0.004, 0.01 and 0.02 mg L~ ! were prepared
for creating calibration curves. Then, whole blood sample contained
known contents of rhenium was prepared by adding specific amount
rhenium. First, rhenium standard solution (1000 mg L™Y) was neu-
tralized by ammonia solution (5%, v/v) with the same volume. Second,
the treated rhenium standard solution (500 mg L~ 1.8.0 uL) was added
into whole blood (92.0 pL). Third, the whole blood (1.0 pL) contained
rhenium was gathered by the sampler with no graphene involved. The
operating steps were introduced for details in the next section. Fourth,
the sample solution was transferred into a volumetric flask and diluted
to 10 mL with nitric acid (4%, v/v). Finally, content of rhenium in the
solution was determined by ICP-MS. Then the volume of the sampled

blood can be calculated according to the formula:
— Vdetected X Cdetected
Vsampled = Cotardrd 2% 008 ° where Vgampiea Was the volume of the blood

sampled by the sampler, Vgetectea Was the volume of blood solution
(10 mL), Cgetectea Was the value obtained by ICP-MS, Csiandara Was the
concentration of rhenium standard (1000 mg L™hH.

2.2. Graphene-iEESI-MS analysis

The experimental protocol of Graphene-iEESI-MS was schematically
shown in Fig. 1c. 1) At the beginning piston rod I must be pushed to the
end, the head goes into the cavity of T-junction vertically at this mo-
ment. Then Graphene (0.4 mg) was added into the cavity of the syringe.
And the syringe was connected with BVC and flat head needle in turn.
2) Deionized water (around 100 puL) was uptaken into the sampler via
pulling piston rod II of syringe like we showed in Fig. 1b-i. Bubbles
were removed by pushing piston rod II slightly. 3) To avoid the gra-
phene getting into the needle, the sampler was turned upside down
while whole blood was collecting. When piston rod I was pulled to the
bottom, blood (1 pL, about 1.2 uL of blood in total squeezed from the
fingertip was needed) was sampled. The blood which was clinging on
the needle was wiped off. At this time blood fraction stays in the head of
the needle hollow as we see in Fig. 1b-ii. 4) The needle tip was inserted
in deionized water again and the rest of the water from step 2 was
uptaken into the sampler via pulling piston rod II. The water would
carry the blood into the syringe. Now we can see blood in the syringe as
showing in Fig. 1b-iii. Lightly red colored solution gathered in syringe.
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Fig. 1. Design and applying of the whole blood sampler. a) Composition of the sampler, b) Working schematic of the sampler, ¢) The sampling process of the sampler

for Graphene-iEESI-MS analysis.

5) Remove BVC and the needle, then the syringe was equipped with a
filter (with 0.45 pm filtration). Mixture of the diluted blood sample and
graphene was heavily vortexed for 60s. During vortexing, graphene
could capture hemoglobin from the blood. After that via pushing piston
rod II, the graphene loaded with hemoglobin would be gathered in the
filter. Sample attached on the filter were washed three times by deio-
nized water to largely remove the matrixes of the blood. 6) This well
prepared filter above was assembled to the iEESI-MS source [34], he-
moglobin adsorbed on material was extractively ionized online using
extraction solution for MS analysis. The whole process was accom-
plished within 4 min (including the analyte capture and sample col-
lection).

3. Result and discussion
3.1. Characterization of the whole blood sampler

The concentrations of rhenium were detected and the equation of
calibration curves performs y = 21.49x+0.00 (R*> = 0.9999, Fig. S-1).
All the standard samples were detected in triplicates. After that, sam-
ples were tested in five times and shown in Table S-1. The volume of the
whole blood which was collected by the sampler could be calculated
through the formula mentioned in section “Design and characterization
of the blood sampler” and also shown in Table S-1, respectively. The
experimental result indicated that the average of the sampling volume
with five replicates was 0.98 uL, therefore relative error was —2%. And
relative standard deviation between the five replicates was 13% (Table
S-1). It showed high sampling accuracy of the whole blood sampler.

438

3.2. Optimization of the experimental conditions

The hemoglobin is a physiologically important globular protein,
consisted by heme groups and subunit chains, of which two are a-chains
and two are f-chians [35]. It has been well documented that the hy-
drophobic residues of protein, that is, the tryptophan/tyrosine residues
in the hydrophobic interior of protein and the porphyrin rings of the
heme group could connect with the conjugate m-electron moieties of
graphene material via n-it stacking, leading to favorable adsorption
[36,37]. There are four heme groups in the hemoglobin structure and
no heme group is involved in other proteins and other compounds
contained in whole blood. The hyrophobic interaction between Hb and
graphene material is much stronger than that between the complex
matrix and graphene, resulting in favorable adsorption efficiency for
hemoglobin. This investigation provides a potential application of
graphene for the selective isolation of hemoglobin from complex ma-
trices. In this respect, graphene was employed as an attractive medium
for the direct analysis of hemoglobin in whole blood by mass spectro-
metry. And for better performance, several experiments were designed
to optimize the related parameters on the adsorption, desorption and
ionization of hemoglobin in mass spectrometric analysis.

Hemoglobin (from swine) standard solution (750 mg L1, 300 uL)
was detected using Graphene-iEESI-MS technique under the positive
ion mode. According to the previous reports, hemoglobin molecule is
prone to break down into their subunits during the electrospray ioni-
zation, i.e., a- and B-chians [38]. Therefore, native hemoglobins gave
typical mass spectra, indicating cleavage of this molecule into its
component parts [38]. As depicted in Fig. 2a, the a-chain was the
dominant ion, while the f-chian had lower intensity. The a-chain
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Fig. 2. Graphene-iEESI-MS spectra. a) hemoglobin (swine), b) swine whole blood.

carried between 8 and 14 charges producing ions with a mass-to-charge
ratio (m/z) of 1000-2000. By an averaging calculation, molecular
weights of 15038 Da and 16035 Da for the a-chain and B-chain of swine
hemoglobin were obtained, respectively. They are in good agreement
with the reported data [38]. To reduce the possibility of a false positive
signal, an averaged MS/MS spectrum of ions of m/z 1368 detected with
normalized collision energy (NCE) of 22% was shown in Fig. S-2a. The
most intensity fragment ion (m/z 1350) was selected as quantitative ion
for the quantification of hemoglobin in solution. Furthermore, the
averaged MS/MS spectra of ions of m/z 1505 and m/z 1672 detected
with NCE of 22% were described in Fig. S-2b and S-2c, respectively.

The parameters considered in this study are pH of sample solution,
dosage of graphene and extraction solution (i.e., the solution for elec-
trospray ionization). As illustrated in Fig. 3a, the highest signal in-
tensity of the fragment ion (m/z 1350) was obtained when the graphene
dosage reached 0.4 mg. And the waste solution was detected via ESI-
MS, through which no obvious signal of hemoglobin was observed.
Then, graphene powder material (0.4 mg) was used for subsequent
experiments.

The pH levels of sample solution were selected around the iso-
electric point of hemoglobin which was controlled using 4.0 mmol L ™!
B-R buffer solution. Hemoglobin is a typical globular protein. It was

documented that pH can lead a structural transition in hemoglobin
[39]. The form of hemoglobin existing at pH < 3 was the well-known
tight T form (deoxy form) which transformed into the loose R form (oxy
form) above pH 3. With increasing of pH value, more hemoglobin
molecules were in the R form. When the pH value was close to the
isoelectric point value of hemoglobin (pH 6.8-7.0), the hydrophobic
residues inside the framework of the hemoglobin molecules were prone
to be exposed [40]. It facilitated the si-t stacking interactions between
the oxygen-coordinated porphyrin ring and the graphene particles,
which leaded to an effective adsorption of hemoglobin. In addition,
when the whole blood was diluted with deionized water in the blood
sampler, the solution was maintained at pH 6.8 without significant
changes. For low cost and simple operation, the deionized water instead
of buffer solution was employed for the sample solution in adsorption
steps.

In the iEESI-MS analysis step, in order to achieve the highly efficient
elution and good ionization efficiency of the hemoglobin captured on
the graphene, the composite and flow rate of the extraction solution
were also optimized. Similar to graphite, the isoelectric point of gra-
phene is around pH 3.0 [41]. The surface of graphene would be posi-
tively charged during pH < 3.0. Thus, electrostatic repulsion between
graphene and the positively charged hemoglobin might provide a

Fig. 3. Optimization of the experimental
conditions. a) Signal levels with different
sorbent amount, b) Signal levels obtained
from hemoglobin samples against the che-
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contribution to desorption. Otherwise, the graphene turned into nega-
tively charged at pH higher than the isoelectric point, and thus elec-
trostatic attraction leaded to a decline for protein desorption. According
to the properties of hemoglobin and graphene, solvents with a relatively
low pH level were preferred for the hemoglobin extraction. Acid solu-
tions including methanol/acetone, water and formic acid were also
tested (see Fig. 3b). Finally, optimized solution of mathanol/water/
formic acid (v/v/v, 48/48/4, pH 2.0) at a flow rate of 5mL min~ ! was
employed for Graphene-iEESI-MS analysis.

3.3. Quantitative analysis of hemoglobin

Series of hemoglobin standard solutions (300 pL) were detected to
construct calibration curves. Under the optimum experimental condi-
tion, the signal intensity of m/z 1350 was linearly responded with swine
hemoglobin concentrations over the range of
300-1500 mg L~ ! (R® = 0.998) (Fig. 4). Each data point designated
three measurements, and the relative standard deviations (RSDs) were
between 0.5% and 6.5% (Table S-2). The limit of detection of he-
moglobin defined by a signal-to-noise ratio (S/N) of three was
19.3mgL ™' (89.5 picomol).

Furthermore, the analytical ability of the method in swine whole
blood was experimentally evaluated. Apparently, the spectra showed
ions corresponding to the a-globin portion of hemoglobin with matrix
clean-up thoroughly. Since the concentration of the swine hemoglobin
(Fig. 2b) in the prepared whole blood is lower than that in hemoglobin
standard solution (Fig. 2a), which can be confirmed by comparing the
intensity of a-chain of swine hemoglobin and hemoglobin standard
solution. On the other hand, it seemed that the mass spectrum signal
relative intensity of B-chain to a-chain from swine hemoglobin was
much lower than that from human hemoglobin, both in our experiment
result and reported literature [42]. Thus, B-chain of swine whole blood
was hard to observe in the mass spectrum. Due to no heme groups
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inside the framework of the various proteins and other compounds
contained in the blood, it resulted in low adsorption efficiency.
Therefore, the complex matrix showed no significant interference. An
averaged MS/MS spectrum of m/z 1368 ion was shown as Fig. S-2d. As
the result, the average of hemoglobin concentration detected in the raw
swine whole blood was 137.7 g L™, and the relative standard deviation
(RSD) of triplicates was 6.7% (Table S-3). It was in good accordance
with the result of 131.4gL~" obtained with the SLS hemoglobin
method (Table S-3). Note that trace hemoglobin in whole blood could
be intentionally enriched by the sampler for detection. With the sample
loading, iEESI-MS can be performed to detect hemoglobin with high
selectivity and excellent sensitivity.

Although, there are many methods concerning hemoglobin detec-
tion, he main purpose of methodology development for practice are
targeted on time consumption and cost-saved. Compared with other
reported hemoglobin detection methods (Table 1), such as lateral flow
immunosensor, microarray immunoassay and aptamer-based label-free
electrochemical biosensor array (in which recognition receptors ob-
tained with comlex preparation process was required), the cost of ma-
terial (graphene) is quite lower and easy to get. Moreover in this study
total time consumption including sample preparation and detection are
less than 4 min. Despite of the high sensitivity of the reported methods,
the concentration of hemoglobin in blood are quite high. So higher
sensitivity is an advantage but not very serviceable. In this case our
study is believed to be more practical orientation for on-site facilitation
of physical care.

3.4. SEM characterization

For comparison, SEM studies of grapene before/after adorption of
hemoglobin and the one after iEESI-MS analysis were performed. All
the samples were dried naturally before SEM study. Fig. 5a showed the
SEM image of the pure graphene, which clearly illustrated the typically
sheet-like shape with slightly scrolled edges. It was consistent with the
previous report [43]. The perfect 2D graphene structures tended to alter
into 3D structures for structural stability, so many wrinkles appeared on
free-standing graphene [44,45]. Because of the strong Van der Waals
forces between single layers, the graphene nanosheets tended to stack
together [46]. Generally, the intrinsic wrinkles were essential for the
structural stability of single layer graphene [44,47]. This 3D structure
possessed large specific surface area and interconnected channels, and
such structure features could facilitate the diffusion and adsorption of
molecules in the network [48]. As anticipated, the SEM micrographs of
graphene after hemoglobin adsorption exhibited drastic changes con-
firming the strong adsorption ability of the graphene to hemoglobin.
More wrinkles were observed in the image (Fig. 5b) suggesting that
adsorption with hemoglobin resulted in less flat surfaces but more
grooved regions on the graphene [22]. To observe the efficient deso-
rption of hemoglobin from this material after iEESI-MS analysis, the
morphology was also interrogated. As described in Fig. 5c, the surface
was much rougher than the one before iEESI-MS analysis owing to the
successful desorption of hemoglobin. In addition, it was quite similar
with the surface of pure graphene.

Table 1
Comparison on the analytical performances of our method versus other technique.
Material needed Sample Rapidity of test Sensitivity
volume
This study Graphene (purchased) 1uL <4 min 89.5 picomol
Lateral flow immunosensor Conjugates of detecting antibody and gold nanoparticles 2uL Approximately 20 min NA*®
Microarray immunoassay Antibody microarray on a polydimethylsiloxane (PDMS) 4uL 2 h incubation prior to 2.22 x 10~ * picomol
substrate modified with fluorinated compounds test
Aptamer-based label-free electrochemical DNA aptamers 1L > 30 min 2.11 x 10~° picomol

biosensor array

2 NA - Not available in the study.



L. Song, et al.

~ b

Fig. 5. SEM images of the graphene material. a) graphene, b) hemoglobin/graphene and c¢) hemoglobin/graphene after iEESI-MS analysis.

NL: 5.5E2

alot

1514

1003 g-chain (MW 15127)

1164 1221

8 1 p-chain (MW 15868) ¢
g 4 1376
s ]
= E|
E o
2501 1262 g
E E al3t 13+ 1323
£
=
]
&

UL
1300 1400

Talanta 202 (2019) 436-442

5pum

9+
1682

a8+

1892
8+
1985

1600

1900 2000

m/z

Fig. 6. Graphene-iEESI-MS spectrum of human whole blood.

3.5. Identification of hemoglobin from human whole blood

1.0 uL. human whole blood was precisely sampled by the blood
sampler. Then Graphene-iEESI-MS analysis technique was applied for
hemoglobin analysis. As shown in Fig. 6, the spectrum showed ions
corresponding to the globin portions of hemoglobin with matrix clean-
up. Because the B-chain contained fewer basic amino acid residues than
the a-chain and consequently ionizes less readily [49]. The peaks cor-
responding to the S-chain were less intense than those for a-chain. And
the molecular weights obtained were comparable with the values in the
literature, which were in excellent agreement [50,51]. Averaged MS/
MS spectra of ions of m/z 1514 and m/z 1682 detected with NCE of 22%
were shown in Fig. S-3a and S-3b. The most intensity fragment ions
were proposed as quantitative ions for the quantification of hemoglobin
in whole blood.

4. Conclusions

Conclusively, the sub-microliter sampler which was constructed
performed accurate sampling volume in 1pL with the deviation of
—2%. With the help of loading graphene this equipment gives excellent
performance of enriching hemoglobin and good compatibility with
iEESI-MS technique. Trace amounts of hemoglobin were selectively
captured on graphene from untreated whole blood sample, allowing the
analytes of interest (e.g., hemoglobin) to embed onto graphene, and
separating the analytes from the major part of the matrix. Once the
analyte embedment was accomplished by the graphene, internal ex-
tractive electrospray ionization mass spectrometry (iEESI-MS) was ea-
sily implemented to characterize the analytes with high sensitivity and
specificity. Under the optimized experimental conditions, a single
sample run required less than 4 min (including the analyte capture and
sample loading). The limit of detection was 89.5 picomol. This method
established was featured by the high speed of analysis, unique

sensitivity, easy sample preparation and low sample consumption.
Furthermore, this work established a facile Graphene-iEESI-MS for ad-
vanced applications in trace analysis of other real-world samples.
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