
Institute of Materia Medica, Chinese Academy of Medical Sciences
Chinese Pharmaceutical Association

www.elsevier.com/locate/apsb

Acta Pharmaceutica Sinica B

Acta Pharmaceutica Sinica B 2016;6(6):540–551
http://dx.doi.org/10.10
2211-3835 & 2016 Ch
Elsevier B.V. This is

nCorresponding aut
nnCorresponding au
E-mail addresses:

Peer review under r
www.sciencedirect.com
REVIEW
New techniques of on-line biological sample
processing and their application in the field
of biopharmaceutical analysis
Jie Penga, Fang Tanga, Rui Zhoua, Xiang Xiea, Sanwang Lia,
Feifan Xiea, Peng Yua,n, Lingli Mub,nn
aSchool of Pharmaceutical Sciences, Central South University, Changsha 410013, China
bMedical College, Hunan Normal University, Changsha 410006, China

Received 7 March 2016; received in revised form 20 May 2016; accepted 21 May 2016
KEY WORDS

Biological sample
pretreatment;

Solid phase
micro-extraction;

Column;
Turbulent flow
chromatography;

Restricted access material;
Molecular imprinting
solid phase extraction
16/j.apsb.2016.05.01
inese Pharmaceutica
an open access artic

hor. Tel./fax: þ86 7
thor. Tel./fax: þ86 7
peng.yu@csu.edu.c

esponsibility of Inst
Abstract Biological sample pretreatment is an important step in biological sample analysis. Due to the
diversity of biological matrices, the analysis of target substances in these samples presents significant
challenges to sample processing. To meet these emerging demands on biopharmaceutical analysis, this paper
summarizes several new techniques of on-line biological sample processing: solid phase extraction, solid
phase micro-extraction, column switching, limited intake filler, molecularly imprinted solid phase extraction,
tubular column, and micro-dialysis. We describe new developments, principles, and characteristics of these
techniques, and the application of liquid chromatography–mass spectrometry (LC–MS) in biopharmaceutical
analysis with these new techniques in on-line biological sample processing.
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1. Introduction

Biological sample pretreatment is an important part of biopharma-
ceutical analysis and the most troublesome aspect in the entire
process of sample separation and analysis. Compared with the raw
materials needed for pharmaceutical preparations, biological sam-
ples are more complicated: a drug, often in trace quantities, can
distribute in complex biological media, and a sample may contain
a large number of endogenous substances including the metabo-
lites of the assayed drug1,2. Thus, most biological samples, such as
organs, tissues, plasma and urine, must be properly processed for
separation, purification, enrichment and chemical modification to
meet the requirements of the analytical instruments, such as high
performance liquid chromatography (HPLC) and mass
spectrometry (MS).

An ideal sample pretreatment technique should maximally
remove the interfering substances and be suitable to a wide range
of samples. Conventional sample-handling techniques, including
liquid–liquid extraction (LLE), distillation, crystallization, filtra-
tion, pre-sedimentation, centrifugation, adsorption, and Soxhlet
extraction separation have many shortcomings, such as volumi-
nous organic solvent usage, complex and time-consuming opera-
tions, and lengthy and complex sample processing. All of these
shortcomings limit the development of biopharmaceutical analysis
with regard to miniaturization, high flux and automation. In recent
years, on-line processing techniques for biological samples com-
bined with HPLC–MS have improved sample flow-through,
overcome previous shortcomings and deficiencies of the traditional
analysis, and allowed the analysis of target compounds on-line
automatically in a rapid and efficient way3,4. This paper sum-
marizes these new on-line sample processing techniques that are
matched with LC–MS in the field of biopharmaceutical analysis.
2. Development of new techniques of on-line biological
sample processing matched with LC–MS

In biopharmaceutical analysis, compositions of biological samples
can be complex. Samples often contain a large number of
interfering substances in addition to the analytes, including
endogenous substances, metabolites, and coexisting drugs. As
the content of the target analytes is often at picogram and
nanogram levels or lower, most existing separation and analysis
technologies cannot directly detect drugs in these complex
matrices. Biological samples must be isolated, purified, enriched,
and target analytes may need to be chemically modified for
detection. Thus, sample pretreatment is one of the most tedious
steps in the process of separation and analysis and is particularly
critical. Biological sample pretreatment has been a relatively
neglected part of the biopharmaceutical analysis field.

The traditional means of biological sample pretreatment, such
as protein precipitation, centrifugation and filtration, and LLE are
still widely used, but these methods have many shortcomings,
including a requirement for a large number of reagents, high
testing costs, complicated sample processing steps, which can be
time- and labor-consuming, and have low recovery and precision.
In addition, these methods are not conducive to on-line processing
and automation, and may be detrimental to the environment and
hazardous to the technician.

In fact, these traditional off-line sample processing methods are
gradually becoming a limiting bottleneck in the development of
biopharmaceutical analysis. Therefore, biological sample processing
has attracted increasing attention and recognition, and the demands
of new methods for on-line automatic analysis are becoming
increasingly urgent in recent years. There have emerged a series
of sample preparation techniques, such as solid phase extraction
(SPE), solid phase micro-extraction technology (SPME), column
switching technology, restricted access material (RAM) technique,
turbulent-flow chromatography (TFC), molecularly imprinted SPE
technology, micro-dialysis (MD), and other new technologies which
can overcome flaws and shortcomings of the traditional sample
preparation techniques and greatly improve the speed and accuracy
of sample analysis.

These new techniques of on-line sample processing combined
with the LC–MS have greatly promoted the development of
biopharmaceutical analysis. On the one hand, in biological
samples matrix compositions are complex, interfering substances
are multiple, and pharmaceutical ingredients are small; so biolo-
gical sample must be pretreated for analyte purification and
enrichment. Pretreatment can improve the accuracy and precision
of the analysis results, extend column life, improve selectivity and
component testability, and improve chromatographic behavior. On
the other hand, LC–MS technology has become one of the most
important contemporary isolation and identification methods. It is
a comprehensive analysis technique based on HPLC for the
separation and MS for the detection, combines the high separation
capacity of LC with the high sensitivity of MS5,6.

LC–MS has a high degree of specificity that makes detection
more sensitive and quantitation faster than other analytical
methods, making up for the deficiencies of traditional LC detector.
Undoubtedly, LC–MS has become the core analysis techniques in
pharmacokinetic (PK) and metabolism studies. Therefore, the
development of on-line sample preparation techniques combined
with LC–MS directs biopharmaceutical analysis towards miniatur-
ization, high selectivity, high-throughput, and automation. The
development, principles, characteristics and the application of LC–
MS in biopharmaceutical analysis with the various new technol-
ogies in on-line biological sample processing field will be
described as follows.
3. New technology of on-line biological sample processing

3.1. SPE technique

SPE technology is a separation and purification method based on
liquid–solid phase chromatography theory. In 1971, Broich et al.7,
used the technique to extract urine samples of drug abusing
persons for the first time. The equipment was considered a
revolution of sample pretreatment techniques; it could integrate
separation and concentration, and had the advantages of high
extraction efficiency, good selectivity, wide application range,
briefness and ease of automation. SPE realizes the separation and
purification of the sample based on the liquid chromatographic
separation principle of selective adsorption and selective elution.

Depending upon the type of solvent, SPE methods can be
divided into three categories: normal phase, reversed phase and ion
exchange SPE. Reversed phase and ion exchange SPE are
commonly used for biopharmaceutical analysis. SPE mainly
utilizes a non-polar mechanism (dispersion effect), polarity effects
(hydrogen bonding, dipole-induced moment and dipole moment,
etc.), and ionic and covalent mechanisms. Samples pass the
extraction column that is filled with the adsorbent, analytes and
the impurities are retained in the absorption column, and solvents
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are used to selectively remove impurities and elute analytes to
achieve separation.

Compared with conventional LLE, SPE does not require
emulsification which can affect the reproducibility of the result;
another drawback of LLE is that the level of recovery depends
largely on the operator so that the results obtained by different
operators may vary greatly by the same method. The SPE method is
based on interactions between functional groups of analytes and the
stationary phase to extracts the analytes, and this method has good
reproducibility and is conducive to standardization. Ferreiro-Veraa
et al.8 used SPE–LC–MS/MS hyphenated technique to analyze
prostaglandin levels in human serum, and the results showed that
this method had good accuracy, precision and recovery. Compared
with protein precipitation and LLE, this method overcomes some
shortcomings such as metabolites that are readily biodegradable and
target analytes that are easily degraded.

The technique of on-line SPE combined with LC–MS realizes
the optimal combination between sample preparation and separa-
tion, especially as SPE–LC–MS becomes a technique of biological
sample on-line processing. SPE and LC–MS have their own pump
systems independently and combined through the conversion of a
six-way valve. The adsorption column is connected to the LC–MS
at the position of the sampling tube on the six-way valve, the
targets are adsorbed and retained in the adsorption column and
effluent is discharged to the waste reservoir bottle. The mobile
phase is used to wash the analytes into chromatographic column
for the next separation and determination. With on-line operation,
all the analytes enriched by the SPE column are directly accessed
by the LC–MS system. Compared with traditional protein pre-
cipitation and LLE, it greatly improves the extraction efficiency,
reduces opportunities of contact with toxic reagents, and shortens
the analysis time. On-line analysis not only greatly improves the
recovery, accuracy and the detection limit, but also allows real-
time automatic continuous biological sample testing.

Naxing et al.9 described an automated procedure using monolithic-
phase based on-line SPE combined with HPLC–MS/MS for
determination of amprenavir (APV) and atazanavir (AZV) in human
plasma. This method combines a rugged on-line high-flow extraction
method based on monolithic material with the narrow-bore analytical
column for efficient separation and high sensitivity. In an evaluation
of over 450 plasma injections, reproducible and reliable quantitative
data were obtained for multiple analytes using same monolithic
extraction cartridge. The precision and accuracy of the batch anaylses
performed by this approach satisfied the requirements for GLP bio-
analysis and the results were comparable with those obtained by
LLE. The monolithic-phase on-line extraction approach demonstrated
very low carry-over, high recovery, and was matrix-independent.

Wang et al.10 developed a highly precise, automatic and rapid
method for quantification of puerarin in canine and human plasma
using an on-line SPE column switching LC–MS. This system
involves direct plasma injection into a liquid chromatograph and
column switching, which was automated by software control and
required only 6.5 min for a single analysis. The method yielded
good characteristics of specificity, linearity, sensitivity and preci-
sion, which allowed for numerous samples to be processed in PK
studies of puerarin in canine plasma. Furthermore, this method was
successfully applied to quantification of puerarin in human plasma.
Thus, it should be a powerful method for preclinical and clinical
PK study of puerarin and other isoflavonoids drugs. Currently, the
on-line SPE–LC–MS technique has been widely used in analysis
of complex biological matrices, such as plasma11,12, serum13 and
tissue homogenates14, etc.
3.2. SPME technique

SPME is a relatively new type of sample pretreatment technique,
first founded in 1990 by the Pawliszyn research15 from University
of Waterloo (Canada). In 1993, the Supelco company (USA)
launched the commercialization of an SPME device, which has
been widely used in environmental analysis and showed great
impact in the field of analytical chemistry. In recent years, many
studies combined SPME with LC–MS for biopharmaceutical
analysis of low volatile or non-volatile compounds of high
polarity. The principle of SPME technique is based on the
liquid–solid adsorption equilibrium and utilizes the adsorption
affinity between analytes and the active solid surface to realize
separation and enrichment.

Biological samples, such as blood plasma, whole blood, urine
and tissue, contain thousands of complex components such as salts,
proteins, cells, endogenous and exogenous small organic molecules
(lipids, amino acids, etc). Thus, the determination of analytes in a
complex matrix without an appropriate treatment may not be
possible even with powerful modern analytical instruments like
LC–MS. Traditional off-line biological sample processing techni-
ques, such as LLE and SPE, mainly rely on using a large number of
extraction agents to make sure that analytes will be separated from
the sample matrix. In contrast, SPME is a balanced sample
preparation technique; a certain percentage of the analytes can be
separated from the biological matrix with a small volume of
extraction agent. It demonstrates fast and efficient analysis, low
cost of analysis, and does not need pumps or a power supply.

For example, PK studies on terephthalic diazepine drugs compar-
ing conventional plasma protein precipitation method to SPME
showed that SPME had better precision16,17. Sampling and analyzing
the target analyte in green leaves with SPME and MD technique was
also demonstrated18. The results showed that the fully automated
SPME procedure offered several advantages, including high-
throughput and more efficient sampling, less labor intensity, and a
capability for batch analysis compared to MD. In addition, the SPME
technique had an additional advantage: it promoted the development
of analysis of endogenous and exogenous compounds in biological
samples, focused on the determination of free concentrations and
binding constants, and provided rapid sample preparation both in the
laboratory and on site; it allowed combination of samples into a
single one, and even for complex biological samples19.

SPME was used for automatic analysis of volatile and semi-
volatile substances beginning in 1992, with the analysis of benzene,
toluene, ethyl benzene and xylene with a Varian Model 8100 auto
sampler20. Subsequently, many automated SPME techniques were
developed. In 1997, automatic SPME-LC was first used to analyze
semi-volatile and non-volatile substances by Eisert21. This method
requires an improved HPLC automatic sampler that contains
adsorption material, samples adsorb and de-adsorb on the adsorption
material, and analyte is eluted by mobile phase to the analysis
column for separation and further analysis.

A typical example is that of Kataoka et al.22 who used this
method to simultaneously determine amphetamine and β-blockers
in biological matrices. This method was also used with complex
biological matrices such as serum23, urine24, homogenized tissue25

and saliva26. Yang et al.27 determined the concentration of
cannabinoid in biological samples with the SPME membrane
technique combined with LC–MS. SPME is a holistic method with
sampling, extraction and sample enrichment, combined with the
advantages of SPME and membrane separation technique. In this
study, a kind of polyamide and Tenax compound membrane
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material was applied to SPME, testing the adsorption ability of the
membrane, studying and optimizing the membrane extraction
conditions, such as adsorption time, desorption solvent, desorption
time and auxiliary methods.

SPME–LC–MS is less widely used than SPME–GC–MS in the
field of biopharmaceutical analysis for the following reasons:
firstly, in biological analysis, analyte extraction and separation
from SPME is often limited, and most of the analytes are high-
protein conjugates. Therefore, high sensitivity instrumentation
must be used to extend the limit and develop SPME. If this
limitation can be effectively addressed, LOD and LOQ of analytes
can achieve pg/mL or ng/mL sensitivity by MS.

Secondly, due to the low sample throughput and lack of
commercial instruments for all SPME steps, the SPME–LC/MS
application and even the use of SPME to analyze large samples in
the laboratory are limited. In addition, equipment and packing
required by SPME–LC are still not commercial, with the experi-
menter having to prepare packing materials themselves to meet
experimental requirements.

Finally, in order to reach the acceptable precision and accuracy,
users need to master the basic theory of SPME and appropriate
calibration methods to control all the necessary parameters in the
extraction process properly. Subtle changes of temperature, pH
value, ionic strength, extraction time and other factors will have a
significant impact on the SPME extraction results, and therefore
these factors must be strictly controlled and properly addressed to
develop the method. As it may lead to poor reproducibility of the
method if not handled well, this is also the reason why poor
precision is occasionally reported with the SPME technique.

3.3. Column switching technique

In 1970, column switching terminology was first proposed by
Snyder28 and also called sequential chromatography, multi-column
chromatography, coupled chromatographic column chromatogra-
phy, and shunt chromatography. The column-switching technique
actually refers to the technique that uses a valve to change the
mobile phase system, such that eluent can go from the pre-column
into the analytical column consecutively.

The switching valve and the flow path unit shown in Fig. 129.
This connection of pre-column and the analytical column is called
Figure 1 Sketch of column switching. Macromolecular interfering substa
column, and the analytes are transferred from the pre-column to the analyt
Reprinted from Ref. 29 with permission of the copyright holder, Chinese
“on-line” connection. The switching valve (a 6- or 10-way valve)
is usually controlled by a computer. At first, fluid samples that
have been simply pretreated are injected through the injection
valve while procedure is starting; samples arrive in the pretreat-
ment column with the pretreatment mobile phase, the drug remains
in the pretreatment column, and proteins and interfering substances
flow out with the waste. Then at the end of preprocessing, the
switching valve automatically changes the mobile phase flow
channel to the analysis position, therefore, pretreatment mobile
phase moves in the same direction with preconditioning flow or
against the preconditioning flow with analytical mobile phase
instead of going through pre-column. Finally, the components that
concentrated in the pretreatment column are brought to the
analytical column for the next elution and separation. Eventually,
analytes enter the detector for detection. The switching valve and
pre-column is washed with pretreatment mobile phase for the next
sample injection.

Column switching technology has developed rapidly in recent
years, and is becoming an increasingly popular method for high-
throughput analysis of biological samples. It is widely used in
various fields, such as environmental protection, pesticide residue
monitoring, food inspection, biochemical analysis, and biophar-
maceutical analysis. Of all those applications, column switching is
most widely used in biopharmaceutical analysis, for example: (1)
on-line deproteinization: protein-rich fluids (such as plasma and
serum) samples cannot be directly injected into HPLC instrument
because of the chemical reactivity of protein and organic solvents,
which could lead to the chromatographic column being blocked
and chemically modified. With the column switching technique a
large volume of sample can directly go into the pre-column under
the guidance of the water-based pre-treatment mobile phase.
(2) Direct injection of whole blood: the key to whole blood
injection is that the pretreatment column must use solid filler of
coarse particle size (such as 50–90 μm) and column plates of larger
aperture (e.g., 40 μm), so that blood cells can easily pass through
the pretreatment column.

For lipophilic drugs, ODS can be used as pretreatment column
packing, water can be used as the flushing fluid, the appropriate
solution can be used for purification after blood cells and proteins
are washed, and then the analytical mobile phase can be used to
wash the testing components from the pre-column to the analytical
nces and analytes in biological fluids are separated in the pretreatment
ical column chromatography through a valve to complete the analysis.
chemical society.



Figure 2 Sketch of restricted access material material (RAM). Small
molecules penetrate into the inner surface and are retained because of
the hydrophobic effect, and thus matrix components of biological
macromolecules are removed while the analytes are retained. Rep-
rinted from Ref. 38 with permission of the copyright holder, Chinese
Chemical Society.
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column. Lastly, 0.5% SDS and methanol are available for washing
the pre-column and removing residual macromolecules and
endogenous impurities. As a rapid and stable method, column-
switching technology simplifies sample processing and avoids the
shortcomings of conventional treatment techniques. It has better
chromatographic resolution and higher selectivity; it can enrich the
trace components and achieve many separation objectives in a
chromatographic network, and utilize on-line derivatization to
improve the detection sensitivity and reproducibility of derivatiza-
tion. Finally, on-line purification can be automated.

The technique of the column switching technique combined
with LC–MS makes biopharmaceutical analysis automatic, rapid,
and efficient, and it has been widely used in complex biological
matrix analysis with serum30, blood31, plasma32, urine33, and other
matrices.

Borrey et al.34 used the technique of column switching
combined with LC–MS/MS for the quantitative determination of
testosterone in human serum. Testosterone was extracted from
methyl tert-butyl ether in 200 μL serum after the oxime derivatiza-
tion. The matrix components were eliminated through on-line
column switching HPLC methods. The instrument was a
API4000 tandem mass spectrometer equipped with an Agilent
1312A Series binary pump and Agilent Series 1311A quaternary
pump, and analysis total time was 3 min. The linear concentration
range of the standard curve was 0.035 nmol/L (0.01 μg/L)–
6.92 nmol/L (2 μg/L).

The correlation between this method and internal standards
(solvent–extraction radio immunoassay (RIA)) showed R2 ¼ 0.920.
This indicates that the column-switching technique provides a simple,
fast, economical way for testosterone analysis in human serum.
This operation required only a small sample size and is very suitable
for quantitative analysis of testosterone in serum.

Ansermot et al.35 used column switching liquid chromatogra-
phy–electrospray ionization mass spectrometry (LC–ESI-MS) for
quantitative analysis of cyclosporine A (CsA) in peripheral blood
mononuclear cells (PBMC). This sensitive and selective analysis
method was fully validated in the range of 5–400 ng/mL. This
allowed the measurement of very small CsA amounts present in
cells up to 0.5 fg/PBMC in clinical samples. Accuracy (95.0%–

113.2%), repeatability (5.1%–9.9%) and intermediate precision
(7.0%–14.7%) were found to be satisfactory. This method
represents a new potential tool for therapeutic drug monitoring
of CsA and could be used in clinical conditions if the utility
of intracellular measurements is confirmed in prospective clinical
trials.

3.4. RAM technique

RAM, is also called restricted access to the stationary phase, a
concept was first proposed by Desilets et al.36 in 1991. It is a new
class of fixed-phase LC developed at the beginning of the 1990s.
The development of such materials aimed at establishing a direct
injection on-line analytical method. RAM is a kind of porous
exclusion chromatography packing material dedicated to the
removal of endogenous macromolecules in biological matrices. It
is based on the size exclusion principle and is suitable for bio-
based analysis of small molecules.

According to the structure and properties of adsorbents, RAM
can be classified into five types37: the inner surface of the reverse
phase packing material (ISRP), semi-permeable surface side filler
(SPS), shielding filler hydrophobic phase (SHP), protein-coated
silica filler C18 (ODS) and mixed functional filler. The structure is
shown in Fig. 2,38. Using traditional manual techniques (LLE and
SPE), it is often extremely difficult and time-consuming to remove
proteins and avoids the loss of analytes; working with a large
series of samples is almost impossible. RAMs as extraction pre-
columns in a column-switching mode for HPLC offer the best
prospects for the future, as this allows direct injection of
previously unprepared biological material into the HPLC system.
Compared to traditional SPE sorbents, RAM sorbents have many
advantages, including longer lifetime, higher separation efficiency,
higher analyte recovery, reduced analyte losses, lower organic
waste production, lower total costs per analysis, and lower risk of
error by laboratory staff. Table 1 lists several kinds of new
techniques with on-line biological sample processing from recent
literature reports.

The traditional methods of biological samples processing, like
protein precipitation, LLE, and SPE are often time- and labor-
consuming and the relative reproducibility is poor. The tedious
processing of a biological sample has become a bottleneck in
biological samples analysis, and prompted the development of
high-throughput analysis39.

Considerable effort has gone into developing automation and
high-throughput sample processing procedures. The RAM techni-
que coupled with HPLC and column-switching can realize auto-
matic analysis, and this method has been widely and successfully
applied for the analysis of drug molecules in complex biological
matrices. However, for target trace analytes in biological matrices, it
requires a more sensitive and accurate analytical method. In early
1990s, the introduction of mass spectrometer with atmospheric
pressure ionization techniques (such as electrical ionization and
atmospheric pressure chemical ionization), with the RAM technique
combined with LC facilitated the development of RAM in the
direction of high-throughput analysis.

The RAM technique combined with LC–MS allows rapid on-
line and sensitive analysis of the target analytes in biological
samples. It has become a promising method for the rapid and
sensitive determination of targets in biological sample matrices.
Zhang et al.40, studied the on-line enrichment ability of the RAM
column coupled with HPLC by column switching technique for
benazepril hydrochloride in plasma. The enrichment ability of
RAM-HPLC system was satisfactory. The system was used for the



Table 1 Features of new techniques of on-line biological sample processing.

Pretreatment
technique

Mechanism Application Characteristic Ref

SPE Non-polar effect, polar effects, ionic and covalent
effect

Firstly extraction of urine samples of drug abuse; analyzing
prostaglandin level in human serum

Good accuracy, precision and recovery; no emulsification and
damage compared with conventional LLE

7,8

SPME Evolved from SPE technique; a fused silica fiber
surface coated with adsorbed material

Extremely complex mixture such as blood plasma, whole
blood, urine and tissue

Small volume of solvent compared with LLE and SPM;
promoting the development for the analysis of endogenous
and exogenous compounds

19

Column
switching
technique

Change through a valve to the mobile phase
system, then eluent go from the pre-column into
the analytical column

Complex biological matrices such as serum, blood, plasma,
urine; environmental protection, pesticide residue
monitoring, food inspection

Good resolution and higher selectivity compared with
traditional method

30–33

RAM Based on the size exclusion principle Removal of endogenous macromolecules in biological
matrices

Longer lifetime, higher efficiency, higher analyte recovery,
lower organic waste, lower total costs compared to
traditional SPE sorbents

37

TFC Column filled with adsorption material of large
particle size

Removal of macromolecular proteins A high flow rate to extract and remove the interference in the
matrix

43

MIP Synthesizing materials with specific molecular
recognition properties

Identification and determination of low concentration
compounds in complex matrices

High mechanical, thermal and pressure stability, but
influenced by sample solvent

56

MD Perfuse MD probe under the non-equilibrium
conditions

Monitoring physiological levels of the active substances in
the animal and human

A novel miniaturized sample pretreatment technique;
consuming no solvent and achieving good sensitivity
compared with SPE and LLE.

64

LLE, liquid–liquid extraction; MD, micro-dialysis; MIP, molecularly imprinted polymers; RAM, restricted access material; SPE, solid phase extraction; SPME, solid phase micro-extraction; TFC, turbulent-
flow chromatography.
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Table 2 An overview of new techniques of on-line biological sample processing matched with LC–MS applied in the field of
biopharmaceutical analysis.

Combination
technique

Application Characteristic Ref

SPE–LC–MS APV and AZV determination in human
plasma

Combined high-flow online extraction method based on the
monolithic material with a narrow-bore analytical column; low
carry-over, high recovery, and was matrix-independent compared
with LLE

9

Quantification of puerarin in canine and
human plasma

Process controlled by software to realize automation; good
characteristics of specificity, linearity, sensitivity and precision

10

SPME–LC–MS Cannabinoid concentration determination
in biological samples

A holistic method combined with the advantages of SPE and
membrane separation technique; more simple, convenient and
environmentally friendly compared with the traditional LLE and
SPE extraction

27

Column switching
LC–MS

Testosterone quantitative determination in
human serum

Providing a simple, fast, economical way for testosterone analysis 34

Cyclosporine A quantitative analysis in
peripheral blood mononuclear cells

Satisfactory trueness, repeatability and intermediate precision; a
new potential therapeutic drug monitoring method for
cyclosporine A

35

RAM–HPLC Benazepril hydrochloride analysis in
plasma

The enrichment ability of RAM–HPLC system was satisfactory 40

TFC-LC–MS Simultaneously TCM ingredient
determination in rat plasma

Fast, sensitive, and feasible method for PK study of TCM; it can
automatical analysis; no need of complicated and time-consuming
sample preparation compared with conventional LLE and SPE

51

MIP–LC–MS Verapamil and its metabolite levels
determination in human urine and
plasma

Good selectivity and extraction efficiency; applied to selective
screening of verapamil metabolites for the first time

62

NNAL analysis in human urine Matrix effects evaluated and resolved; the method validated
according to the FDA bioanalytical method validation guidance

63

MD–LC–MS PK study in awake animal after multiple
dosing of Danshen

Stable, reliable, and simple method 75

Determination of l-THP in the rat striatum Sensitive method with good linearity; all the validation within the
required limits, such as accuracy, precision, and inter-day
repeatability

76

APV, amprenavir; AZV, atazanavir; LLE, liquid–liquid extraction; MD, micro-dialysis; MIP, molecularly imprinted polymers; NNAL, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol; PK, pharmacokinetic; RAM, restricted access material; SPE, solid phase extraction; SPME, solid phase
micro-extraction; TCM, traditional Chinese medicine; TFC, turbulent-flow chromatography.
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separation and detection of the trace benazepril hydrochloride in
rat plasma after its administration. The sensitivity of HPLC can be
improved by RAM pre-enrichment. It is a simple and economic
measurement method. Song et al.41, prepared novel hydrophilic
microparticles containing β-cyclodextrin via one-pot synthesis
using reversible addition-fragmentation chain-transfer precipitation
polymerization, a “controlled/living” radical polymerization tech-
nique. As chiral RAM, the hydrophilic microparticles can be used
for determination of enantiomers in biological samples with direct
injection via HPLC analysis. An overview of new techniques of
on-line biological sample processing matched with LC–MS
applied in the field of biopharmaceutical analysis is listed in
Table 2.
3.5. TFC technique

In 1997, Quinn and Takarewski42 developed a kind of filler of
large particle size to allowed high-flow rate analysis, for
which a new chromatographic analysis method called TFC was
developed. The TFC column is filled with adsorption material
of large particle size (such as hydrophilic–lipophilic balance
(HLB) material). Since the size of this packing is large
(30–50 μm) and generation of column pressure is small, the flow
rate (usually in the range of 3–5 mL/min) of the sample load can
be increased.

By using large packing materials in TFC, biological samples
could be directly injected into a high-flow rate aqueous mobile-
phase stream in which high-molecular-weight analytes (e.g.,
plasma proteins) are rapidly washed off and the low-molecular-
weight analytes (targeted compounds for analysis) are retained on
the stationary phase. The extracted analytes are then eluted via
column-switching for MS or LC–MS analysis. TFC has the
advantage of faster, stable and residual effects indistinguishable
from results obtained under laminar-flow conditions. When
coupling the TFC to HPLC for on-line sample pretreatment, the
analysis throughput of biological samples can be significantly
improved because fast HPLC can dramatically increase the
analysis speed without decreasing the resolution and sensitivity43.

Currently, there are two main types of commercial TFC columns:
one is using silica-bonded classic alkyl chain (e.g., C2, C8 or C18),
phenyl and mixed polar/non-polar phase as the substrate; the other is
using polymer matrix as the substrate, such as Oasis HLB column,
launched by Waters Co., and using divinyl-phenyl-N-vinyl pyrro-
lidone copolymer as the filler. Compared with the ordinary C18
enrichment column, the TFC column has two distinct advantages in
the preparation of the sample. Firstly, it adopts a single mobile
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phase to load and wash the sample at high flow rate, shortening
extraction and cleaning time. Gjerde et al.44 utilized TFC to analyze
tamoxifen and its metabolites in serum, using 0.05% formic acid
(pH 2.8) to load samples at the rate of 4 mL/min. It took only 1 min
for sample extraction and cleaning and the entire analysis time was
6 min so that 200 samples could be analyzed in a day. Ynddal
et al.45 used a 5.0 mL/min flow rate to load and wash for 0.5 min, a
mixture of methanol and 0.05% formic acid for gradient elution, and
used MS to determine dextromethorphan and its metabolites. The
lower LOQ and identification was 0.5 ng/mL, corresponding to
12.5 pg injected. For the first time, a fully automated assay
including sample clean-up using TFC–HPLC–TOF-MS was demon-
strated. Secondly, TFC has a high flow rate to extract and remove
the interfering compounds such as protein in the matrix, increasing
the life of analytical column. Ceglareka et al.46 established an on-
line TFC–LC–MS analysis method for immunosuppressant cyclos-
porine A, tacrolimus and sirolimus. As many as 80 samples can be
analyzed with this method in a day. The performance of turbulent-
flow column in this system was unchanged after the analysis of 800
samples; the analytical column can be used to analyze over 2000
samples steadily.

The TFC and LC–MS coupling technique is a very promising
technique, which directly analyzes biological samples in a rapid,
sensitive and specific way. Utilizing the high flow rate mobile
phase and large particle porous packing, on-line sample processing
and quantitative analysis can be completed on an HPLC column.
In recent years, there have been many reports on the application of
on-line TFC–LC–MS coupling for analysis of a series of biologi-
cal samples, and it has been widely used in the analysis of
urine47,48, serum49–51 and other biological substrates.

Xin et al.51 developed a method based on the on-line TFC and
fast high-performance liquid chromatography–mass spectrometry
(TFC–LC–MS) was for sensitive and high throughput PK study of
traditional Chinese medicine (TCM). The method combines the
speed and robustness of turbulent-flow extraction and the sensi-
tivity and separation efficiency of fast HPLC–MS to analyze
multiple and trace constituents of TCMs in plasma matrix. Each
plasma sample was analyzed within 7 min. The method demon-
strated good linearity with satisfactory accuracy, precision and
LLOQ. These results indicate that the proposed method is fast,
sensitive, and feasible for PK study of TCM. Compared with
conventional LLE and SPE, TFC–LC–MS does not need compli-
cated and time-consuming sample preparation procedures and can
automatically analyze.

Helfer et al.47 established a fast on-line extraction using a
Transcend TLX-II system based on TFC (Turbo Flow). The
method was applied to the analysis of authentic urine samples
containing amatoxins. In conclusion, this method allowed the
determination of amatoxins using the novel pseudo quick elute
mode (PQEM) in a faster, robust, and more reliable way than
existing methods, making it suitable for daily routine and
especially emergent toxicological analysis.
3.6. Molecularly imprinted SPE technique

Owing to the chemical, mechanical and thermal stability together
with high selectivity for template molecules, molecularly imprinted
polymers (MIPs) have been utilized for a wide variety of applica-
tions, including chromatography, protein separation, SPE, drug-
controlled release and sensor devices. The imprinting technique is a
well-established and simple technique for synthesizing materials
with specific molecular recognition properties. Although the bulk
MIP prepared by conventional methods exhibits high selectivity,
some disadvantages were noted, such as the heterogeneous dis-
tribution of the binding sites, embedding of most binding sites, and
poor site accessibility for template molecule52–55.

In 1994, Sellergren et al.56 first combined an MIP with an SPE
technique, forming a new sample preparation technique called
molecularly imprinted SPE. Sellergren used special MIPs for
pentamidine enrichment in urine, and MIPs allowed direct determi-
nation of the target compound during the desorption step without
continuous chromatographic analysis with good selectivity. Since
then, as a very promising method, the molecularly imprinted SPE
technique is widely used in biological sample processing in the field
of biopharmaceutical analysis, such as urine57, plasma58, serum59,
and saliva60. MIP as a new type of packing of SPE, can fully
integrate the advantages of molecularly imprinted and SPE techni-
que, and overcome the cumbersome pretreatment and other
unfavorable factors of the complex medical, biological and envir-
onmental sample analysis to achieved separation and purification.
Thus, it is very well suited to selectively adsorb target molecules or
a certain class of compounds with similar structures from complex
samples. Compared with immunoadsorbents, MIPs have some
advantages, such as high mechanical, thermal and pressure stability
low cost, long shelf life, and good reproducibility.
3.6.1. Principle of molecularly imprinted technique
The molecularly imprinted technique uses a new type of polymer
to match a template molecule binding site in a spatial structure. A
typical imprinting system consists of a print molecule, at least one
type of functional monomer and cross-linker, and a porogenic
solvent. To induce radical polymerization an appropriate initiator
is included as well.

The basic principle of molecularly imprinted technique is as
follows61: in the first step, the template molecule and functional
monomers form a stable mixture in solvent via reversible covalent
or non-covalent interaction; in the second step, the cross-linker is
added into solvent, the polymerization reaction is initiated through
UV or heat to form a rigid polymer; in the third step, a three-
dimensional hole is obtained in the copolymer by eluting the
template molecule, the hole is completely matched with the
template molecule and contains functional groups that can
specifically bond template molecule. Due to MIP being prepared
from different template molecules that have different three-
dimensional forms, an MIP can only bond a template molecule,
just like the relationship between “lock” and “key”, where “lock”
is MIP and “key” represents the template molecule.
3.6.2. Molecularly imprinted SPE coupled to LC–MS
Molecularly imprinted SPE coupled to LC–MS greatly improves
the selectivity and sensitivity of SPE, simplifies the sample
preparation process and enhances the detection limits. Compared
with other methods, this method has the advantages of predeter-
mination (different fillers could be prepared according to different
extraction purposes), recognition (specific spatial arrangement of
the polymer could selectively bind the template molecule), and
usability (simple preparation, chemical and mechanical stability,
low cost and reusable usage).

In recent years this technique has been widely used for
environmental sample analysis, biomedical sample analysis, pes-
ticide residue testing, drug separation and purification, etc. Mullett
et al.62 used molecularly imprinted SPE coupled with LC–MS to
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determine verapamil and its metabolite levels in human urine and
plasma. The MIP material was coupled on-line to a RAM
precolumn. The method enabled the direct injection of biological
samples for the selective isolation, pre-concentration, identification
and analysis of verapamil and its phase I metabolites.

Shah et al.63 used a molecularly imprinted SPE technique
coupled to LC–MS/MS with direct injection of microfluids to
analyze 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) in
human urine. The method was optimized and matrix effects were
evaluated and resolved. The method enabled low sample volume
(200 μL) and rapid analysis of urinary NNAL by direct injection
onto the microfluidic column packed with molecularly imprinted
beads engineered to NNAL. The method was validated according
to the FDA bioanalytical method validation guidance.
3.7. MD technique

MD is an in vivo sampling technique for monitoring physiological
levels of the active substances in the animal and human such as
extracellular fluid, tissue, and brain. The technology was generated
in the 1960s64. MD originally applied to study cerebrospinal
chemical composition. Since the 1990s, MD had been increasingly
used in the field of biopharmaceutical analysis. MD technique as a
novel miniaturized sample pretreatment technique evolved from
traditional SPE technique and can handle trace levels of biological
samples. The simple and rapid MD technique consumes no solvent
and can achieve good sensitivity compared with SPE and LLE.

Lafay et al.65 utilized MD and SPE/LLE to determine cotinine
in urine. The results showed the total time of sample processing
was 24 h and organic solvent consumption was large for SPE/LLE
method, while for MD, sample processing time was just 5 min and
consumed no solvent. Both methods had good linearity and
precision and the same of LOD and LOQ. MD adsorbent could
be used more than 200 times without loss of extraction capacity.
Compared with SPME, the MD technique is more suitable for
trace analysis of small samples.

Anizan et al.66 used MD and SPME combined GC–MS to
analyze steroid metabolites in urine. The results showed that
SPME fibers began to degrade after extracting urine samples
5 times, while the MD technique demonstrated to be rapid,
reproducible and high-throughput. The extraction time and recov-
ery for SPME was 60 min and 11%, respectively; while the extract
time and recovery for MD technique was only 3 min and 60%–

98%, respectively. In short, compared with other sample handling
techniques, MD offers sampling flexibly, ease of operation and
allows on-line analysis; sampling can be finished continuously at
one site and at one time from different sites with little damage to
sampling site and no destruction to the body's integrity; in
addition, the MD technique refines samples to obtain free drug
that better reflect the relationship between concentration and
pharmacodynamics (PD). Also, Gao et al.67 studied the feasibility
of MD as a tool to determine the skin concentration of mometason
furoate (MF), a lipophilic and highly protein-bound compound.
3.7.1. Principle of MD
MD is a technique that allows perfusion through an implanted
probe in tissue under non-equilibrium conditions (i.e., concentra-
tion of compound to be tested in effluent dialysate is lower than it
is in the sample matrix surrounding the probe membrane).
Compounds in tissues to be tested go into the dialysate along a
concentration gradient by counterdiffusion to allow sampling from
the living tissue.

The MD sampling device consists of micro-pumps, an MD
probe, collector, connecting tubes and ancillary equipment shown in
Fig. 3A68. Firstly, the semipermeable membrane probe is implanted
into organs and tissues or blood and a micro-perfusion pump control
perfusate flow through the probe at a constant rate (general ranges
from 0.5 to 5 μL/min). Analytes reach a dynamic equilibrium
between the perfusate and extracellular fluid (ECF), as shown in
Fig. 3B68. The analyte is constantly brought out by a continuous
flow of perfusate in the MD tube and then stored in the sample
collector. Concentration changes of the analytes in the ECF can be
determined by analyzing the dialysate. The catheter can also be
connected with HPLC, HPCE (high performance capillary electro-
phoresis), GC or other detection equipment to allow on-line
detection directly. MD probes can be implanted into various tissues
and organs in living body, including liver, heart, skin, blood,
placenta, stomach and ears. The probe acts like blood vessels,
transporting materials to specific parts or removing them from
specific parts without fluid loss.
3.7.2. MD technique combined with LC–MS
MD can be combined with separation techniques such as HPLC and
capillary electrophoresis (CE), but also with detection systems, such
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as MS, RIA, electrochemical detection (ECD), and fluorescence
detection. When compared with other hyphenated techniques, the
LC–MS technique is generally applicable with MD for separation
and analysis. In recent years, MD–LC–MS has been widely used in
the pharmacy, biology, clinical medicine and other fields, especially
in the field of biopharmaceutical analysis analyzing complex
biological matrices such as whole blood69,70, plasma71,72, and
urine73,74, etc.

MD–LC–MS as a new analytical technique has the advantages
of high efficiency, less interference, and simple sample pretreat-
ment. Zhu et al.75 used MD–LC–MS detection technology to carry
out a PK study in awake animals after multiple dosing of Danshen
(Salvia miltiorrhiza); this method was stable, reliable, and simple.
Wang et al.76 developed a rapid and sensitive method based on
MD–LC–MS for the determination of levo-tetrahydropalmatine
(1-THP) in the rat striatum. The method was sensitive with a lower
limit of quantitation (0.1 ng/mL) and good linearity (r2Z0.999) in
the range of 0.1–1000 ng/mL. All the validation data, including
accuracy, precision, and inter-day repeatability were within the
required limits. This method was applied to a PK study of the
l-THP in the rat striatum.

MD–LC–MS has a number of advantages, such as in vivo
sampling, dynamic observation, on-line quantitative analysis,
small sample volume, with little tissue damage. A large number
of samples can be collected from the same animal for analysis. But
it also has shortcomings, for example the quality of probe recovery
has been the primary problem faced by MD technique. Thus, the
MD technique still needs further study.
4. Conclusions

Biological sample pretreatment is typically the most complicated
part of the process of separation and analysis. Biological sample
pretreatment has been a relatively neglected part of the biophar-
maceutical analysis field. However, in recent years, sample
preparation techniques have been improved, generating a series
of new methods and techniques of samples pretreatment, such as
SPE, SPME, column switching, RAM, TFC, molecular imprinted
SPE and MD. There are four main reasons for the development of
sample preparation techniques: firstly, the view of sample pre-
treatment has changed—it is now generally recognized as a
science; secondly, sample preparation has become a part of the
entire analysis system, eliciting the concern and attention of
researchers and developers; thirdly, sample pretreatment has
tended to miniaturization to adapt to the development trend of
biopharmaceutical analysis; fourthly, the technique of sample
preparation combined with LC–MS allows on-line automatic
high-throughput analysis.

The future focus of biopharmaceutical analysis will be on
processing large number of samples, small volume samples, and
trace analysis of complex biological matrices. To meet and adapt
to the growing demand for biopharmaceutical analysis, sample
preparation techniques need further optimization and development.
On-line sample pretreatment techniques and LC–MS techniques
play an important role in qualitative and quantitative analysis of
complex biological matrices. However, the current enrichment
columns are mainly based on hydrophobic interactions to retain
analytes. With the wider used of trace analysis, higher selectivity
requirements will be required for in-line enrichment material. In
addition, achieving higher throughput analysis via switching
between multi-columns will allow further applications. With the
development of biopharmaceutical analysis, qualitative and quan-
titative analysis of unknown substances are bound to be further
strengthened.
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