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A B S T R A C T

In this work, a newly designed multifunctional adsorbent material, octadecyl-modified ordered mesoporous
carbon (C18-CMK-8), was synthesized and employed for simultaneous analysis of multiple small molecules by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The C18-CMK-8
was facilely prepared by one-step chemical binding of octadecyltrimethoxysilane to an ordered mesoporous
carbon CMK-8. The nanosized pore structure of C18-CMK-8 can selectively enrich low-mass molecules while
excluding interferences from large molecules in whole blood; meanwhile, the C18 chain can greatly enhance the
affinity for a wide range of small molecules. Then, the C18-CMK-8-based solid-phase extraction (SPE) combined
with MALDI-TOF MS measurement was applied in rapid and high-throughput screening of six doping agents
(triamterene, trenbolone, testosterone, methyltestosterone, clenbuterol, and strychnine)) in single-drop human
whole blood samples. The method showed high analytical sensitivity (detection limit 0.05–0.1 ngmL−1), good
recoveries (67.2–114.3%), minimal sample requirement (∼20 μL), and robust anti-interference ability. With
distinct advantages such as high throughput, rapidness, minimal sample requirement, and high sensitivity, this
study not only offers a versatile enrichment material for complex sample preparation, but also demonstrates a
promising tool for minimal whole blood analysis.

1. Introduction

Detection of small molecules in biological fluids by mass spectro-
metry (MS) is of extreme importance for public safety and health stu-
dies. However, because (i) most small molecules present in real samples
are at extremely low concentrations and (ii) biomacromolecules such as
nucleic acids, proteins, and polysaccharides would have serious ad-
sorption on adsorbents and greatly interfere with the MS analysis, di-
rect analysis of small molecules in biological fluids is still a great
challenge, especially with limited volume of samples (e.g., a single drop
of whole blood) [1,2].

In recent years, analysis of small molecules (e.g., pharmaceuticals)
[3] was facilitated by high-resolution chromatography coupled to MS
[4,5] and improved sample pretreatment methods [6–10]. But these
methods usually require complicated sample pretreatment and

conventional procedures are not applicable with sub-100 μL samples.
Matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) is a powerful analytical technique with
distinct advantages of high throughput, rapid analysis of multiple types
of molecules in a single run, ease to operate, and small sample volume
required [11]. These properties make it attractive for analysis of small
molecules with small volumes of biological samples (serum, plasma,
and saliva, etc.) [12,13]. However, it usually suffers from insufficient
sensitivity and matrix interferences when handling real biological
samples [14].

Ordered mesoporous carbon (OMC) refers to carbon materials with
well-ordered nanopore structure in the range of 2–50 nm [15]. They
exhibit attractive properties, including high specific surface area, tun-
able pore diameters in mesopore range, thermal and chemical stability
[16]. These properties make it promising in separation and
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preconcentration of compounds in complex samples [17–19]. One of
the most important advantages of OMC is that their unique porous
structure has size-exclusion effect, making them capable of efficiently
isolating large molecules from small molecules in complex samples
[20]. Another advantage is the flexibility of functionalization of the
carbon surface (i.e., amino groups [18], nanoparticles [21–23], etc.),
making it possible to obtain materials with targeted surface chemistry,
which is often crucial in adsorption applications [24].

Herein, we report the synthesis of a novel multifunctional material,
i.e., octadecyl-modified ordered mesoporous carbon (C18-CMK-8), and
its use as an adsorbent in sample preparation for MALDI-TOF MS ana-
lysis of small molecules. Firstly, the C18-CMK-8 was facilely prepared by
anchoring hydrocarbon chains (i.e. octadecyltrimethoxysilane) to CMK-
8 via a one-step thermal condensation procedure by forming C–O–Si
bonds between C–OH and Si–OCH3. The C18-CMK-8 consists of two
components: ordered mesoporous carbon and C18 carbon chain. The
nanosized pore structure can selectively enrich low-mass analytes while
excluding interferences from large molecules [25]; meanwhile, the C18

chain can greatly enhance the affinity for a wide variety of analytes via
hydrophobic interaction or chain-chain interaction [26]. Then, the C18-
CMK-8 was applied as a solid-phase extraction (SPE) adsorbent to se-
lectively enrich small molecules from a single drop of human whole
blood sample for further high-throughput MALDI-TOF MS analysis
(Fig. 1). Therefore, a rapid and high-throughput method, C18-CMK-8-
based SPE combined with MALDI-TOF MS, was developed for the
analysis of low-mass molecules from limited volume of biological
samples.

2. Material and methods

2.1. Chemicals and materials

Ordered mesoporous carbon CMK-8, graphene, and graphene oxide
(GO) were purchased from XFNANO Materials Tech Co. (Nanjing,
China). Carbon nanotubes (CNTs) was purchased from Chengdu
Organic Chemicals Co., Chinese Academy of Sciences (Chengdu,
China). Octadecyltrimethoxysilane (CH3(CH2)17Si(OCH3)3) (90%) was
provided by J&K Co. (Beijing, China). 3-Hydroxy-2-naphthoic acid
hydrazide (HNH) (98%) was purchased from Alfa Aesar (Ward Hill,
MA). α-Cyano-4-hydroxycinnamic acid (CHCA) and bovine serum al-
bumin (BSA) were bought from Sigma (St. Louis, MO). Trenbolone,
testosterone, and strychnine (10 μgmL−1 in acetonitrile) were obtained

from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Triamterene, me-
thyltestosterone, and clenbuterol were purchased from National
Institutes for Food and Drug Control (Beijing, China). Toluene was
purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Acetonitrile, methanol, and methyl tert-butyl ether of HPLC grade were
purchased from Fisher Scientific Co. (Fair Lawn, NJ, USA).
Trifluoroacetic acid of HPLC grade was purchased from Dikma (Lake
Forest, CA, USA). Deionized water was prepared from a Millipore Milli-
Q system (Billerica, MA). All reagents were of analytical grade unless
otherwise noted.

2.2. Synthesis of C18-modified CMK-8 composite

The C18-CMK-8 was facilely synthesized via a one-step reaction
between the ordered mesoporous carbon CMK-8 and octadecyl-
trimethoxysilane (Fig. 1). Briefly, 0.15mL of octadecyltrimethoxysilane
was dissolved in 20mL of dry toluene, followed by magnetic stirring at
room temperature for 10min. Then, 0.2 g of CMK-8 powder was added
to the mixture with sonication for 30min. The mixture was refluxed at
185 °C under stirring for 24 h. The final solid products were filtered,
washed with dry toluene, and dried at 120 °C for 12 h.

2.3. Characterization of materials

High-resolution TEM images were obtained by using a JEM 2100F
transmission Electron Microscope (Tokyo, Japan). The chemical mod-
ification was characterized by FT-IR with a SHIMADZU IR Prestige-21
(Tokyo, Japan) within the range of 400–4000 cm−1. The FT-IR spectra
were recorded at room temperature in KBr pellets. Small-angle XRD
patterns were recorded using an Empyrean X-ray diffractometer
(PANalytical, Netherland). The XPS spectra were obtained using an
AXIS Ultra DLD X-ray photoelectron spectrometer (Kratos, Manchester,
UK). Nitrogen adsorption–desorption measurements were performed on
a Micromeritics ASAP 2420 instrument (USA). The specific surface area
was calculated using the Brunauer–Emmett–Teller (BET) method and
the pore size distribution was obtained using the
Barret–Joyner–Halenda (BJH) method.

2.4. Preparation of working solutions

Trenbolone, testosterone, triamterene, methyltestosterone, and
clenbuterol were dissolved in methanol at a concentration of

Fig. 1. Scheme showing the procedures for the screening of small molecules in a single drop of human whole blood with the C18-CMK-8 as a selective enrichment
material and MALDI-TOF MS.
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10mgmL−1 as stock solutions. Strychnine was dissolved in acetonitrile
at a concentration of 10 μgmL−1 as a stock solution. The working so-
lutions were prepared, as needed, by dilution in methanol to different
concentrations.

The blank whole blood samples used here were collected from
healthy adult volunteers in Wuhan, China and stored at −20 °C. The
spiked samples were prepared by spiking the blank samples with mixed
standards to produce final concentrations as follows: triamterene
10 ngmL−1, trenbolone 10 ngmL−1, testosterone 10 ngmL−1, me-
thyltestosterone 10 ngmL−1, clenbuterol 10 ngmL−1 and strychnine
5 ngmL−1. All working solutions were stored at 4 °C.

2.5. Preparation of MALDI matrix

The CHCA (10mgmL−1) matrix was prepared as a solution in
acetonitrile/water (2:1, v/v) containing 0.1% trifluoroacetic acid
(TFA). The HNH solution (4.76mgmL−1) was prepared using 50%
acetonitrile containing 0.1% trifluoroacetic acid (TFA). The combina-
tion matrix (CHCA + NHN) dispersion was prepared by mixing
10 mg mL−1 of CHCA and 4.76mgmL−1 of HNH at a ratio of 4:1 (v/v).
Graphene, graphene oxide (GO), mutiwall carbon nanotubes
(MWCNTs) and CMK-8 matrices were prepared by the aid of ultra-
sonication in water at 1mgmL−1.

2.6. SPE and MALDI-TOF MS analysis

The as-prepared C18-CMK-8 was dispersed in water at
10mgmL−1 by the aid of ultrasonication. The samples (20 μL) spiked
with the stock solutions were diluted to 1mL with water, followed by
the addition of 200 μL of the C18-CMK-8 dispersion. The mixture was
incubated in a shaking table at 25 °C for 30min. The precipitates were
collected by centrifugation at 8000 rpm for 10min, and the supernatant
was discarded. Then, 3mL of acetonitrile and methyl tert-butyl ether
(1:1, v/v) was added to the precipitates to assist the desorption of the
analytes. The mixture was sonicated for 20min and centrifuged at
8000 rpm for 10min. The supernatant was transferred to a new tube
and concentrated to 10 μL under mild nitrogen. The obtained solution
was subjected to MALDI-TOF MS analysis.

MALDI-TOF MS analysis was performed on a Bruker Daltonics
Autoflex III Smartbean MALDI-TOF mass spectrometer in reflector
mode controlled by the FlexControl software. A 355 nm Nd:YAG laser
with a frequency of 200 Hz was used, and the laser power was set to
70%. The spectra were recorded by summing 500 laser shots. The
sample solution and the MALDI matrix dispersion were mixed at a ratio
of 1:1 (v/v), and 1 μL of the mixture was placed onto a stainless steel
MTP target frame III (Bruker Daltonics) followed by air drying. The
data processing was performed by using a FlexAnalysis software.

3. Result and discussion

In this work, we chose different types of low-mass doping agents
(see Table S1) as model analytes to test the performance of C18-CMK-8
with MALDI-TOF MS measurements, including a diuretic (triamterene),
three anabolic steroids (trenbolone, testosterone and methyltestos-
terone), a β2-agonist (clenbuterol), and a stimulant (strychnine). These
compounds may be illegally used in sports by athletes to enhance their
performance but pose a great threat to human health, so their detection
in human whole blood is very meaningful.

3.1. Selection of MALDI matrix

For MALDI-TOF MS measurements, a suitable matrix is crucial for
obtaining good analytical performance and highly depends on the
nature of compounds. So, selection of MALDI matrix is needed before
MALDI-TOF MS analysis. Thus, we tested several types of matrices in-
cluding CHCA, a combination matrix (HNH + CHCA), graphene, GO,

MWCNTs, and CMK-8 to select an appropriate matrix to analyze dif-
ferent types of doping agents. CHCA is one of the most conventional
MALDI matrices, and the CHCA + NHN matrix has been successfully
employed in analysis of anabolic steroids [27]. Carbon nanomaterials
(e.g., graphene, GO, CNTs, and CMK-8) have also been reported as
MALDI matrices in analysis of small molecules in previous studies
[20,25,28], so they were also tested.

As shown in Fig. S1, CHCA + NHN could provide almost two times
higher MS signal intensities than pure CHCA. The characteristic [M]+

ions of trenbolone, testosterone, methyltestosterone, clenbuterol, and
strychnine at m/z 270.2, 288.2, 302.3, 277.2, and 355.2 were obtained
in the mass spectra and for triamterene, the peaks of [M + H]+ ion
were obtained at m/z 254.1. Moreover, for trenbolone, testosterone,
and methyltestosterone that could react with HNH, the peaks of
[M + M HNH−MH2O]+ ions at 455.3, 473.4, and 487.5 were observed.
The condensation reaction formula of trenbolone, testosterone, and
methyltestosterone with HNH are given in Fig. S2. For other carbon-
based matrices including graphene, GO, CNTs, and CMK-8, only the
peaks of [M − H]- ion of triamterene at m/z 251.7 could be detected in
negative ion mode (Fig. S3). In addition, the MS spectra in negative ion
mode generated much stronger background interferences than in po-
sitive ion mode. We also compared the MS spectra between negative
and positive ion mode with the HNH + CHCA matrix (Fig. S4). It re-
sulted that only in positive ion mode the analytes could be detected,
probably because most of these analytes and derivatives are amines that
are easy to gain a proton or lose electron to ionize in positive ion mode.
Overall, we found that the HNH + CHCA matrix gave the highest MS
signals and clearest background, so it was used in the following ex-
periments.

3.2. Characterization of C18-CMK-8

The as-prepared C18-CMK-8 was characterized by different techni-
ques. The morphology and structure of the as-prepared C18-CMK-8 was
characterized by high-resolution transmission electron microscopy (HR-
TEM). Fig. 2A and B shows the TEM images of CMK-8 and C18-CMK-8.
Both materials had uniform nanopores. After functionalization with C18

groups, C18-CMK-8 maintained the mesoporous structure. However, the
surface of C18-CMK-8 was not smooth as that of bare CMK-8 probably
due to the introduction of C18 hydrocarbon chains.

The FT-IR spectra of CMK-8 and C18-CMK-8 are shown in Fig. 2C.
CMK-8 showed a broad peak at 3333 cm−1 due to the O–H stretching
vibration and a strong adsorption at 1145 cm−1 assigned to the C–O
bond. Compared with that of CMK-8, some characteristic peaks ap-
peared in the FT-IR spectra of C18-CMK-8, e.g., bending and stretching
vibrations of CH2 at 2846 and 2915 cm−1, methylene δC-H at
1458 cm−1, Si–O bond at 927 and 485 cm−1 and Si–C bond from oc-
tadecyltrimethoxysilane at 687 cm−1, suggesting the successful forma-
tion of forming C–O–Si bonds between C–OH and Si–OCH3 via the
condensation of octadecyltrimethoxysilane and CMK-8.

Small-angle XRD patterns of CMK-8 and C18-CMK-8 (Fig. 2D) show
two XRD peaks at 1.1 and 1.3 with strong (211) and weak (210) dif-
fractions based on a 3D cubic mesoporous structure (space group Ia3d)
[23]. This indicated that the as-prepared C18-CMK-8 material main-
tained a high degree of 3D cubic mesoporous structure after the C18

modification process. Moreover, the intensity of diffraction peak (211)
of C18-CMK-8 decreased significantly after the modification, indicating
that the pore structure was potentially affected by the introduction of
the C18 groups. The XPS spectra of CMK-8 and C18-CMK-8 are shown in
Fig. S5. It can be found that the intensity of C1s peak and atomic% was
slightly enhanced due to the introduction of C18 groups and the C/O
ratio was changed from 15:1 to 23:1 (Table S2). This also evidenced the
successful modification of C18 groups.

The N2 adsorption–desorption isotherms and BJH adsorption pore
distribution of the materials are shown in Fig. 2E and F. The specific
surface area, pore volume, and pore size of CMK-8 are 589.9 cm2 g−1,
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0.84 cm3 g−1, and 5.49 nm. After functionalization with C18 groups, the
values of the parameters mentioned above decreased to 426.1 cm2 g−1,
0.74 cm3 g−1, and 5.18 nm, respectively (Table S3). All these results
confirmed the successful attachment of C18 hydrocarbon chains to the
CMK-8. Besides, the as-prepared C18-CMK-8 still maintained an ordered
nanoporous structure, which was beneficial for the enrichment ability
of C18-CMK-18 for various small molecules.

3.3. Effects of biological matrix interference

The biological macromolecules may heavily interfere with the ex-
traction of targets from biological samples. Here we used bovine serum
albumin (BSA, Mw 66.4 kDa, molecular size 14 nm×4 nm×4 nm) as
mimics of biological matrices to examine the matrix interferences from
large molecules. As shown in Fig. S6, the presence of BSA heavily in-
terfered MS detection. Even when the samples contained only
100 μgmL−1 BSA, the MS signals were greatly decreased or even totally
suppressed (Fig. 3A and B), because biological macromolecules have a
strong absorption for the laser energy and could interfere with the io-
nization of target compounds in MALDI. Therefore, it is very important
to remove large molecules from the sample for MALDI-TOF MS analysis
of small molecules.

3.4. Evaluate the performance of C18-CMK-8

We then evaluated the performance of C18-CMK-8 in the presence of
100 μgmL−1 of BSA. None of targets could be detected without removal
of BSA from the sample (Fig. 3B); while they were detected by MALDI-
TOF MS after enrichment by both CMK-8 and C18-CMK-8, indicating
that both materials could effectively exclude the interference from large
molecules. Specifically, with CMK-8, only peaks of [M + H]+ of
triamterene at m/z 254.1 and [M]+ of clenbuterol at m/z 277.2 could
be detected with low intensities (Fig. 3C). Compared with CMK-8, much
better performance was achieved when using C18-CMK-8, with which
all tested compounds could be detected with higher peak intensities
(Fig. 3D). In addition to the peaks mentioned above, we also obtained
peaks of [M]+ and [M + MHNH−MH2O]+ of trenbolone at 270.2 and
455.4, testosterone at 288.2 and 473.4, methyltestosterone at m/z
302.3 and 487.5, and peaks of [M]+ of strychnine at 335.2. These re-
sults definitely proved the effectiveness of the as-designed multi-func-
tional adsorbent: the nanosized pores of OMC can selectively adsorb
and isolate the low-mass substances from large biological molecules; on
the other hand, the long alkyl chain of C18 groups has been widely used
as an adsorbent in solid-phase extraction or as a stationary phase in
liquid chromatography owing to its broad adsorption capacity toward a

Fig. 2. Characterization of C18-CMK-8. TEM images of CMK-8 (A) and C18-CMK-8 (B). (C) FT-IR spectra of CMK-8 (a) and C18-CMK-8 (b). (D) small-angle XRD
patterns of CMK-8 (a) and C18-CMK-8 (b). (E) N2 adsorption-desorption isotherms of CMK-8 (a) and C18-CMK-8 (b). (F) Pore size distribution of CMK-8 and C18-CMK-
8.
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wide range of compounds via hydrophobic interaction or chain-chain
interaction. Besides, it also indicated that C18-CMK-8 showed better
tolerance for interferences from complex samples than CMK-8. Thus,
modification of CMK-8 with C18 groups could alter the hydrophilic-li-
pophilic balance of the surface and greatly enhance its affinity for a
wider range of compounds while maintaining its size-dependent en-
richment ability. As a result, C18-CMK-8 should be particularly suitable
for highly efficient and selective adsorption of a wide range of analytes
from complex samples.

3.5. Analytical figures of merit

The analytical figures of merit of the method are summarized in
Table 1. The ion intensity for all target analytes increased linearly with
concentration in the range of 5–100 ngmL−1 and the linear regression
coefficients (r) were higher than 0.98. The limits of detection (LODs; at
S/N=3) in whole blood samples based on the feature peaks of the
analytes were in the range of 0.05–0.1 ngmL−1. The method also
showed a good reproducibility in whole blood analysis. The shot-to-shot
relative standard deviations (RSDs) based on 20 shots at different lo-
cations on the matrix were in the range of 14.8–17.1% (n=20), and
the sample-to-sample RSDs based on 10 samples in different batches
were in the range of 20.0–27.9% (n=10). Considering the general

concern about the reproducibility of MALDI-TOF MS, our results should
be rather satisfactory. The recoveries obtained in the analysis of spiked
samples of 10 ngmL−1 in replicates (n=3) were in the range of
67.2–114.3%. These results demonstrated the capability of the method
in real sample analysis.

We also compared the analytical figures of merit with those
achieved using the existing methods such as gas chromatography or
liquid chromatography coupled to MS with regard to the analytes used
in this study (Table 2). The present method showed lower LODs, lower
sample volume required (20 μL versus 200–5000 μL), shorter analytical
time, much higher throughput, and comparable recoveries. These ad-
vantages make it readily applicable to directly screen batches of single-
drop whole blood samples.

3.6. Real sample analysis

To evaluate the potential of the method in real sample analysis, we
applied C18-CMK-8 in the analysis of doping agents in a droplet of
human whole blood samples at a spike concentration of 5–10 ngmL−1.
The typical mass spectra for spiked whole blood samples are shown in
Fig. 4. It can be seen that without enrichment nearly no signal could be
detected (Fig. 4A). With the enrichment on CMK-8, it showed strong
background signal and no target compounds could be detected

Fig. 3. Recovery of MS signals of target analytes in
the presence of 100 μgmL−1 BSA by extraction with
C18-CMK-8. (A) MS spectra of target analytes with no
BSA and (B) in the presence of 100 μgmL−1 BSA. (C)
MS spectra of target analytes with 100 μgmL−1 BSA
after enrichment using CMK-8, and (D) using C18-
CMK-8. The inset in D is an enlarged view of the area
marked by the red box. Analyte concentration:
triamterene, 10 μgmL−1; trenbolone, 10 μgmL−1;
testosterone, 10 μgmL−1; methyltestosterone,
10 μgmL−1; clenbuterol, 10 μgmL−1; and strych-
nine, 5 μgmL−1. The m/z values for the features
peaks of the target compounds are labeled in the
spectra. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Table 1
The linearity, reproducibility, LODs, and recoveries for model analytes.

Analyte Mw Feature peaka MRPL (ng mL−1)b LOD (ng mL−1)c Shot-to-shot RSD (n=20)d Sample-to-sample RSD (n=10)e Recovery (%)f

Triamterene 253.3 254.1∗ 2×102 0.1 15.3% 23.5% 67.2
Trenbolone 270.4 270.2, 455.3∗ 5 0.05 17.1% 22.3% 80.2
Clenbuterol 277.2 277.2∗ 0.2 0.1 16.6% 20.0% 80.9
Testosterone 288.4 288.2, 473.4∗ 5 0.1 16.5% 24.7% 78.9
Methyltestosterone 302.5 302.2, 487.5∗ 2 0.05 17.8% 27.9% 114.3
Strychnine 335.4 335.2∗ 1×102 0.05 14.8% 25.8% 110.7

a The peaks used for quantification are marked with asterisk.
b MRPL: minimum required performance level, a mandatory analytical parameter of technical performance established by WADA [29].
c The LODs presented here were instrumental LODs based on the highest peaks of the analytes (S/N=3).
d The shot-to-shot RSDs were measured based on 20 shots at different locations on the matrix.
e The sample-to-sample RSDs were measured based on 10 samples in different batches.
f The recoveries were determined with spiked blood samples (n=3). The spike concentration was the same as in Fig. 4.

J. Wang, et al. Talanta 202 (2019) 237–243

241



(Fig. 4B). Only using C18-CMK-8, all six targets were detected by
MALDI-TOF MS (Fig. 4C and D). It suggested a good tolerance of C18-
CMK-8 to the interference of samples matrix. It should be noted that
direct analysis of whole blood is a great challenge. The whole blood is
regarded as a more complex matrix than plasma or serum because
blood corpuscle cells and hemoglobin would have serious adsorption

for target compounds and greatly interfere with the MS analysis. The
ability of analysis of whole blood samples indicates that the enrichment
with C18-CMK-8 can not only preconcentrate the targets, but also ex-
clude the sample matrix interference from whole blood due to its spe-
cific affinity for target small molecules.

Table 2
Performance comparison of the present method with previously reported methods.

Methoda Analyte Sample matrix Sample volume
(μL)

LOD (ng mL−1) tIb Throughput Recovery (%) Reference

MALDI-TOF MS anabolic agents, β2-agonist, diuretic,
stimulant

whole blood 20 0.05–0.1 < 30 s high 67.2–114.3 this work

MALDI-TOF MS anabolic agents urine 2000 4–10 <30 s high – [30]
LC-APCI Orbitrap MS anabolic agents whole blood 200 1 13min low – [31]
UPLC/Q/Orbitrap MS anabolic agents urine 5000 1–10 32min low 2.1–101.0 [4]
GC-QTOF-HRMS anabolic agents urine 2500 1–50 ∼29min low 2.0–130.0 [5]
GC–MS/MS anabolic agents plasma 1000 0.2–0.6 13.5min low 78.0–97.0 [32]
GC-EI-MS stimulants urine 5000 1–100 22min low 59.7–95.1 [33]
Fast GC-ECNI MS diuretics urine 3000 1–10 4.5min low 67.9–116.7 [34]

a Abbreviations: NA: not available; LC-APCI Orbitrap MS: liquid chromatography-atmospheric pressure chemical ionization coupled to orbitrap mass spectrom-
etery; UPLC/Q/Orbitrap MS: ultra-high-performance liquid chromatography coupled with quadrupole orbitrap tandem mass spectrometry; GC-QTOF-HRMS: gas
chromatography coupled to quadrupole time-of-flight high resolution mass spectrometry; GC-MS/MS: gas chromatography-triple quadrupole mass spectrometery;
GC-EI-MS: gas chromatography-electron impact mass spectrometry; Fast GC-ECNI-MS: fast gas chromatography electron capture negative ion coupled to mass
spectrometry.

b tI: instrumental analysis time, the time that the instrument is running in a single analysis and does not include the sample preparation, sample loading and data
processing time.

Fig. 4. Detection of small molecules in a single drop of spiked whole blood at a low concentration level (5–10 ngmL−1) with C18-CMK-8 as an adsorbent. (A) Direct
analysis of spiked sample without enrichment, (B) spiked sample after enrichment using CMK-8, (C) spiked sample after enrichment using C18-CMK-8. (D) An
enlarged view of the area marked by the red box in C. Spiking concentration: triamterene, 10 ngmL−1; trenbolone, 10 ngmL−1; testosterone, 10 ngmL−1; me-
thyltestosterone, 10 ngmL−1; clenbuterol, 10 ngmL−1; and strychnine, 5 ngmL−1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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4. Conclusions

In summary, we have developed a multifunctional adsorbent ma-
terial (C18-CMK-8). The C18-CMK-8 was facilely prepared using a one-
step thermal condensation procedure with CMK-8 as a starting material.
This material exhibited excellent extraction performance for small
molecules in complex biological samples due to the combined function
of the interior size-exclusion effect and the good affinity of C18 chain for
targets. The enrichment procedure based on the as-prepared adsorbent
together with a subsequent MALDI-TOF MS analysis can be successfully
applied in the detection of small molecules at low concentration (down
to ng mL−1 level) in a single drop of whole blood from a minimally
invasive lancet prick of fingertips or earlobes. Therefore, this material
not only reveals a new route to versatile adsorbents for mass spectro-
metry analysis, but also keeps great potential in forensic medicine and
clinical diagnosis.
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