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Abstract
Mass sensitive biosensors represent promising tool that used in many areas such as biomedical applications,
food, environmental, military and in other fields instead of conventional methods. However, surface modifications
are needed to design this rapid and reliable sensors. Plasma polymerization is a commonly used technology
which offers easily-controllable, environmentally friendly, and inexpensive processing of various materials when
compared to the wet chemical methods. This review includes working principle of mass sensitive biosensors,
surface modification of piezoelectric crystals by plasma technology and applications of these crystals as a mass
sensitive biosensor in biomedical applications.
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1. INTRODUCTION
The development of the microprocessor technology and biotechnology have affected the growth rate of biosensor technology
[1-2]. Biosensor technology can be used in different areas like biomedical applications, food, environmental, military and etc
[2-6]. Considering biomedical applications in particular, target analytes that are indicators of a disease, biological and chemical
contaminants or disease-causing micro-organisms should be determined for disease monitoring [7]. Conventional methods used
during the detection of these markers have some drawbacks arisen from a series of time-consuming procedure requirement and
the usage of complex devices including separative techniques coupled to various detectors such as GC, HPLC, MS, UV and etc.
when compared with biosensors [6,8-9]. Additionally, trained personnel are needed to operate time-consuming and complex
conventional systems. Due to the demand for rapid, sensitive, selective and accurate methods to detect these target analytes, the
development of biosensors became crucial [10].

In biosensors, there are five different transduction system which is known as electrochemical, electrical, piezoelectric
(mass-sensitive), thermometric (calorimetric) or optical biosensors [11]. Among these types of biosensors, mass sensitive
biosensors are used in many studies due to their high sensitivity, selectivity, label-free operation and low cost [6]. Quartz crystal
microbalance (QCM) is the most preferred type of crystal used in mass-sensitive biosensors.

The working principle of QCM can be summarized that the damping in oscillation frequency is proportional with the
adsorption of material on the surface of the crystals. It is reported that when an 9 MHz of AT-cut quartz crystal is used as a
crystal, the adsorption of mass about 1 ng changes frequency shift of 1 Hz [12-13]. In recent years, the quartz tuning fork (QTF),
which has the same working principle as QCM, has shown that it can be an alternative to QCM by drawing attention to its high
sensitivity due to its high-quality factor (QF 10000-7000), high frequency stability, sharp frequency response, repeatability in
measurements, convenience for mass detection and low cost. These features of QTF, both quartz and fork-like geometry, allow
it to pass in front of silicon cantilever and QCM as an inverter. To obtain mass sensitive sensor with good performance for both
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crystals, a properly designed biosensor is essential [14].
Surface modification of piezoelectric crystal is crucial step to turn crystals sensing platform to bio-sensing. Many

polymeric layers such as cellulose acetate, polyurethane, polystyrene, polyethylene amine, polybutyl methacrylate, polyvinyl
formal/ethylal, polyvinylalcohol, and polyethyleneimine have been used for the creation of interface for immobilization of
bioreceptor [15-22]. Additionally, many coating methods like silanization, immobilization on the pre-coated crystal, entrapment,
or cross-linking methods are used to immobilize bioreceptor such as antibody, aptamer and nucleic acids onto the quartz crystal
[6, 16, 18-20, 22-24]. However, at the end of these techniques, thicker films are obtained on the crystals’ surfaces which
diminishes performance by mass overload, and create a harsh environment, which reduces biological activity.

Nowadays, plasma technologies have been started to be used for the modification of the surface of the quartz crystal [14, 19,
25-32]. This technique give chance to cover the crystal surfaces with control film growth down to the angstrom (Å) scale with
uniform coating, while preserving the bulk properties of the substrate material. The obtained layer enhances QCM sensitivity
and the immobilization capacity of bioactive agents by obtaining functional groups on recognition layers [22, 28, 33].

In this review, the principle of detection, surface modification of piezoelectric crystals by plasma technology and applications
of these crystals as a mass sensitive biosensor in biomedical applications are summarized in concept of the theory and the
literature in this field.

2. Working Principle of Mass Sensitive Biosensors
In both QCM and QTF biosensors, biological component is quantified by measuring the frequency change, which corresponds
to a mass change of the sensor surface. In this sensor type, no potentially hazardous-labeled materials are needed to be used
[34].

2.1 Detection Scheme of Quartz Crystal Microbalance
Quartz crystal placed in QCM device as a transducer. The preparation of this transducer is achieved by sandwiching of a quartz
crystal wafer between two metal electrodes like gold, silver, aluminum, or nickel [35]. Then, an external oscillator circuit are
connected to the electrodes and this circuit drives the quartz crystal at its resonant frequency. The resonant frequency of the
crystal is directly based on the properties of crystal like the cutting edge, thickness and etc. The quartz plates are used as a
biosensor are mostly 5, 9, or 10 MHz AT-cut quartz crystal.

The detection of biological molecule by quartz crystal microbalance (QCM) depends on the measurement of the mass
changes and physical properties of thin layers deposited on the crystal surfaces [36-38]. Therefore, these highly precise and
stable quartz crystal is a good transducer to be used as a biosensor by monitoring its frequency changes.

Sauerbrey described the working principle of the sensor for the gaseous phase by the relation between the mass loading on
quartz crystals and the corresponding change in resonant frequency of the crystal [39]:

∆f = - 2 f 2
0 ∆m/A (ρqµq)

1/2

where ∆f is the frequency change of the crystal resonance, f0 is the fundamental frequency of the crystal (in Hz), A is the
surface area (in cm2), ∆m is the deposited mass (in g), ρq and µq is the properties of the density and the shear modulus of
crystal, respectively.

By inserting the values of properties (density, ρq=2.648 g cm−3; shear modulus, µq=2.987x1011 g cm−1s−2) for an AT cut
crystal, the above relationship can be rearranged as:

∆f = - 2.27x10−6 f 2
0 ∆m/A

The Sauerbrey equation gives the frequency shift measured in air corresponding the coated materials. The equation is
modified for the frequency measurement in liquid phase due to bulk liquid properties like conductivity, viscosity, density and
dielectric constant. In the liquid phase, the frequency shifts are determined by the Bruckenstein-Shay and Kanazawa-Gordon’s
equation as follows [31-32]:

∆f = - f 3/2
0 (ρLηL/πρqµq)

1/2

where ηL and ρL are the absolute viscosity and density of the liquid, respectively [6].

2.2 Detection Scheme of Quartz Tuning Fork
Quartz tuning fork has become a widely used component in frequency measurement due to their high stability, quality factor,
accuracy and low power consumption. These forks have replaced the mechanical pendulum and spring used in watches since
the late 1960s, allowing the production of more stable watches. The key component of these high-stability watches, QTF, is
manufactured by mass production at low cost, making QTF use even more attractive [42-51].

Nowadays, QTFs have been started to be used as an alternative to microfabricated silicone in atomic force microscopy
cantilevers. However, QTF is one step ahead due to their quartz material and their fork-shaped geometry compared to silicone
cantilevers. The reason for this is explained by the fact that mechanical movement in QTF with two prongs, reducing the
damping and dramatic decrement of high-quality factor even in the air.
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Basically, the QTF consists of two forks which is coated with metal films. These forks vibrate under vacuum at a frequency
of 32758 Hz, moving lateral when stimulated by alternating current excitation voltage [14, 42-51]. When hermetic casing of the
QTFs were removed, resonance frequency of QTFs decreased due to air damping. This change not only affects the frequency
but also changes the quality factor (Qvacuum 6 100,000 and Qair 6 10,000).

As mentioned, the working principle of QTF is similar to that of QCM. However, there are very few studies on its use in
biosensors. The first and last use of QTF as a biosensor was performed by Su et al. (2002). In this study, anti-IgG was detected
on polystyrene modified surfaces and the responses of the decorated surfaces against immunoglobulin G (IgG) were tested. As
a result, it was found that the decorated QTF could work in the linear range of 5-100 µg ml−1, but its reproducibility was low
(% CV = 11% -16%). The reason of low reproducibility could be the nonhomogeneous polystyrene coating [52].

3. Surface Modification of Piezoelectric Crystals
Beside all advantages of both crystals in biosensor application, performance, reliability and stability of crystals have been
directly affected from surface modification steps required for the functionalization and activation of the QCM and QTF surface,
prior to bioreceptor immobilization. Therefore, to obtain highly sensitive and selective mass-sensitive biosensors for target
analyte detection, surface modification of the QCM and QTF to create a recognition layer is crucial.

Plasma treatments can advantageously replace thermal, radiative, or chemical processes for the surface modification of
materials. In fact, these treatments can be easily controlled and are environmentally friendly. Moreover, plasma modifies the
surface layer at a depth from 50 to 500 Å, depending on power and time, leaves the bulk characteristic unaffected.

Plasma polymerized films are pinhole-free and highly cross-linked and therefore are insoluble, thermally stable, chemically
inert and mechanically tough. Furthermore, such films are often highly coherent and adherent to a variety of substrates including
conventional polymer, glass and metal surfaces. Depending upon the precursor that has been employed in plasma processing,
the surface energy would be increased many times or the chemical structure could be converted into branched molecule groups
to immobilize biological components such as antibody, enzyme, protein and etc.

3.1 Surface Modification of Piezoelectric Crystals by Plasma Technology
Fourth state of matter, plasma, is composed of excited atoms, molecules, ions and radicals [53-54]. Plasma state occurs with the
help of electrons generated by radio frequency (RF), microwave or hot filament discharge. This is a chaotic reactive chemical
medium in which many plasma-surface reactions take place. Intense amounts of ions and excited species in the plasma can
change the surface properties of even an inert material, ceramic [14, 53-54]. In addition, plasma techniques can successfully
modify many complex materials [14, 53-55].

Figure 1. Schematic representation of the radio-frequency generated low-pressure plasma system.

Plasma techniques can make many changes such as changing the surface energy of the material, increasing the adhesion
strength and biocompatibility. In addition, as a result of plasma modification, inexpensive thin films can be produced independent
from the geometry of the material and structure of the material (metal, polymer, ceramic and / or composite). The most
important advantage of this technique is that it is possible to change the chemical, electrical, optical, mechanical and biological
structure of the material surface with high efficiency without affecting the bulk structure. This technique can be also used in the
microelectronics industry for surface sterilization and cleaning, modification of the surface with a specific pattern in the case of
masking [14, 53-54].
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After plasma phase is formed with plasma technology, various changes can be made on the surface by plasma spraying,
etching, cleaning, implantation and deposition [53]. Among them, plasma deposition has been mostly used in surface
modification of mass sensitive biosensor. Plasma deposition method is preferred in many areas because the obtained coating
may show completely different properties from the bulk. Inductively coupled plasma deposition, plasma-graft co-polymerization
and plasma polymerization are techniques used to perform this method [14, 53-54]

In plasma polymerization method, polymer synthesis from monomer is achieved with the help of energetic electrons, ions
and radicals found in chaotic plasma medium. Plasma polymerization is different compared to conventional polymerization
methods because of the existence of both ions and radicals. Generally, the chemical composition of polymeric thin film
produced by plasma polymerization differs from the polymer prepared by the conventional radical or ionic polymerization
reaction. This difference is caused by the polymer formation mechanism. Plasma polymerization with plasma includes some
steps like the formation of radicals from monomer by plasma activation, recombination of obtained radicals, and reactivation of
recombinant molecules. Unlike the polymer synthesized by conventional polymerization reactions, the plasma polymer consists
of repeating monomer units, highly cross-linked, fragmented and reordered complex units [14, 53-54].

4. Applications of plasma modified QCM and QTF in Biomedical Applications

In the literature, plasma modified mass sensitive biosensors used in biomedical application have been presented for detecting
genetically modified organism, human pathogen and mostly model protein, bovine serum albumin (BSA) over the past decade
[14, 19, 29-32]. A DNA biosensor, which uses single-stranded DNA probe to detect human pathogen, Vibrio parahaemolyticus,
based on a quartz crystal microbalance has been used. This single-stranded DNA probe was immobilized to QCM’s surface by
the help of functional groups formed by plasma polymerization of hexamethyldisilazane. After surface modification using
plasma deposition, sensitivity of QCM increased to 86 ng/ml and linear range was found 86-468 ng/mL [29]. The other
research was about the producing DNA biosensor to detect CaMV 35S promoter sequence (P35S) which is commonly inserted
in the genome of the GMO regulating the transgene expression and the performance of the biosensor was evaluated with
genomic DNAs of pflp gene-inserted transgenic tobacco plants. The immobilization was achieved with two different ways.
These are chemisorption of thiolated probe on gold through thiol-gold interaction and covalent attachment of amines probe
through glutaraldehyde activation. Amine probes were produced by ethylenediamine using plasma polymerization to produce
amine probes on the quartz crystal surface. However, amine probes were not found efficient [30]. A study describing a new
strategy to increase the performance of mass sensitive biosensor via electrospinning and plasma polymerization techniques
was reported. Quartz crystal surface was firstly coated with polyvinyl alcohol nanofibers to increase surface to volume ratio.
Then, nanofibers located on QCM were modified with allylamine monomer using plasma polymerization technique. The
performance of modified QCM was tested with model protein, BSA and 548 ± 4 Hz and 50 ± 5 Hz frequency shifts were
obtained for “dip and dry” method and “flow-cell method”, respectively [19]. Our research group conducted a novel research
to understand the effect of plasma-polymerized amine-rich thin films over QTF surfaces and to test their usability as a mass
sensitive biosensor. Precursors, amylamine (amy), n-heptylamine (hep), or diaminocyclohexane (dach), were selected as a
monomer for plasma polymerization technique and the performance of plasma modified QTF was studied by detecting model
protein, BSA. According to detachment performance of thin films during glutaraldehyde activation, surfaces that produced by
using amylamine was found optimum. After that, amylamine functionalized QTFs were tested with BSA (100 µg/mL) and
resonance frequencies were decreased about 5 Hz [31]. At last, a QTF-based platform was produced by using a bi-layer film
that coated by plasma-polymerized n-heptane (hep) and then by ethylenediamine (EDA), respectively in our laboratory. Then,
the BSA detection performance of mass sensitive biosensor was tested and 20±3.60 Hz [32].

5. Future Trends
In this chapter, biomedical application by plasma modified QCM and QTF-based mass sensitive biosensor is briefly summarized.
Researches shown that plasma polymerization can be used for surface modification of piezoelectric crystals. The analysis
with plasma polymerized crystals generally focused on the model protein, BSA, and etc. The plasma modified piezoelectric
biosensors appear to be a suitable and convenient tool for detection of biomarkers. By virtue of this approach, it seems that
both QCM and QTF will be favorable tool as a diagnosing disease. Future investigations can be focus on making systematic
comparison between the performance of plasma modified-QCM and that of plasma modified-QTF.
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Abstract
When considering fiber-based materials, electrospinning is a fascinating method for producing polymeric
nano/micro fibers in comparison with other techniques. Its wide range of applications from engineering to
medicine make electrospinning gain great interest. Beside fibrous structure of fiber mats, topographical features
on and/or inside fiber surfaces make them ideal candidates for site-specific applications. Several approaches
have been adopted to gain desired topographical textures on individual fiber surfaces. Solvent properties,
environmental conditions and also conditions for preparing fibers induce topographical changes in various
physical characteristics.
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1. INTRODUCTION
Electrospinning is a versatile technique that uses an external electric field to produce polymeric micro/nano sized fibers (Şimşek,
2018). Electrospinning includes the acceleration of a charged jet of polymer solution towards a grounded collector. The solvent
evaporation and the stretching of the jet, caused by the repulsive forces of the charged molecules within the jet, are responsible
for the formation of the polymer fibers. Electrospun micro and nanofibers have notable characteristics such as a large surface
area to volume ratio, good pore interconnectivity, and high porosity. A further increase of the surface area by incorporating
tailored surface topographies is therefore of major interest for many applications including tissue engineering, drug delivery,
catalysis, filtration and sensors (Baker et al., 2015; Chen and Tung, 2017; D. Li and Xia, 2004; Liu et al., 2015; J. Yu et al.,
2008). For example, porosity in electrospun polymer fibers has great advantageous for tissue engineering. The porous surface
of nano or micro structure is not only important for an increase in cell attachment and tissue compatibility but also prerequisite
for the transport of oxygen and nutrient supply to the cells and for the cellular growth. Porous nanofibers can be obtained by
selecting particular solvents or solvent mixtures, polymer mixtures, optimizing electrospinning conditions and/or controlling
environmental conditions.

In the presented review, several mechanisms involved in the production of electrospun fibers having various topographical
textures are identified in the presence of literature.

2. MECHANISMS
A number of methods have been adopted to prepare electrospun nanofibers at various surface characteristics. The following
subsections were organized as based on their mechanisms that induce surface textures on electrospun fibers in different manner.

2.1 Breath figures
The breath figures mechanism was firstly observed by Srinivasarao et al. (Srinivasarao, Collings, Philips, and Patel, 2001), who
described the formation of pores on a polystyrene (PS) film in a humid environment. In that case the solvent evaporation causes
a lowering of the temperature on the surface of the film. Water vapor from the atmosphere is condensed on the surface, the
resulting water condensation begins with the nucleation of droplets in random positions followed by coalescence and potential
organization to minimize thermodynamic energy (Marcos-Martin, Beysens, Bouchaud, Godrèche, and Yekutieli, 1995). Finally,
the pores were created by the evaporation of the water molecules from the surface (Figure 1 a). The use of humidity to increase
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the porosity of electrospun fibers has also been proposed by other researchers (Casper, Stephens, Tassi, Chase, and Rabolt,
2004; Nezarati, Eifert, and Cosgriff-Hernandez, 2013).

Breath figures are nano-to micron- sized patterned arrays of defects. However, the pores formed on electrospun fibers are
not uniform and this may be due to the dynamic condition of the electrospinning jet as compared to the static conditions where
the effects of breath figures are dominant in thin films (Ramakrishna). In addition, this process is relatively slower compared
with phase separation and only forms pores on the surface of electrospun nanofibers (Lu and Xia, 2013). Nevertheless, porous
nanofibers can be obtained by electrospinning of a kind of hydrophobic polymer from a volatile and water-compatible solvent
at a proper level of relative humidity.

Figure 1. PCL fiber surfaces with a) breath figures, b) pores and c) rough

2.2 Non-solvent induced phase separation (NIPS)
There are two kinds of NIPS processes. The first one is also known as immersion precipitation method by which a cast polymer
solution is immersed in a nonsolvent bath to initiate phase separation (D.-J. Lin, Chang, Chen, Lee, and Cheng, 2006). The
other one is based on mixing solvent and non-solvent having higher boiling point than that of solvent with an appropriate
amount that does not cause phase separation before electrospinning. In immersion precipitation, the polymer precipitates
rapidly after immersion in a non-solvent bath resulting in highly porous structures. A simple and efficient method to induce
porosity both in the core and on the surface of electrospun fibers were demonstrated (Nayani et al., 2012). Porous fibers were
obtained for poly(acrylonitrile) (PAN)/dimethyl formamide (DMF), PS/DMF, PS/toluene, and poly(methyl methacrylate)/DMF
polymer/solvent systems when using non-solvent water bath as collector. Authors concluded that water and DMF have
excellent miscibility which favored the generation of porosity by NIPS. Apart from that nearly smooth fibers having no surface
porosity were obtained when hexane was used as the nonsolvent bath. In the case where solvent and non-solvent are used,
the composition changes and falls into the phase separation region because of the different volatility between solvent and
nonsolvent.Thus, porous structures can be created during the subsequent solidification process of electrospinning (Katsogiannis,
Vladisavljević, and Georgiadou, 2015; Lubasova and Martinova, 2011; Qi, Yu, Chen, and Zhu, 2009; Wei et al., 2013) (Figure
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1 b). The presence of a non-solvent can induce thermodynamic instability of the solution and initiates the phase separation
process. An advantage of NIPS over the other phase separation mechanisms is that it can be controlled and can provide
reproducible results.

PS fibers with micro- and nano-porous structures both in the core and/or on the fiber surfaces were electrospun by varying
solvent compositions and solution concentrations of the PS solutions (J. Lin, Ding, and Yu, 2010). According to the authors
the tetrahydrofuran (THF)/DMF mixing ratio in PS solutions was proved to be the key parameter to affect porous structure.
In the process, the phase separation resulted from rapid evaporation of solvent in electrospinning. The high vapor pressure
solvent THF created the fibers comprising nanoporous sheaths with 3D interconnected nanofibrils cores. As the vapor pressure
of the solvent mixtures decreased, the micro and nanoporous structures on the fiber surfaces disappeared but wrinkled or
smooth surfaces presented. The fibrous mats electrospun from 1/3 THF/DMF solvent system showed largest specific surface
area and pore volume. In a study by Byong-Taek et al. (Nguyen, Bao, Park, and Lee, 2013), fibrous scaffolds composed of
electrospun porous poly(e-caprolactone) (PCL) fibers were produced for bone tissue engineering. In this study, various ratios of
dichloromethane (DCM)/Acetone (ACT) (10/0, 8/2, 6/4 and 5/5, v/v) solvents were used to dissolve PCL, which could affect
the surface structure of the fibers. When only DCM was used, the morphology of the PCL fiber surface was rough. However,
when DCM/ACT (50/50) solvent was used, the PCL fibers were more porous with many pores with size distribution in the range
of 500–1000 nm. In vitro and in vivo results verified that porous PCL fiber-based fibrous scaffolds after 12 h of immersion in
simulated body fluid was excellent for cell interaction, growth, proliferation and enabled greater acceleration of bone formation
than other samples. According to a study by Tung and Chen (Chen and Tung, 2017), the pore size of PS fibers increased with
increasing dimethyl sulfoxide (DMSO) fraction, indicating that the nonsolvent must play an important role in the formation
of the pores. Moreover, the shape and orientation of the pores are affected by the stretching forces. The porous structure
imparted superhydrophobic surface to the fibrous mats, and thus the fibers could selectively adsorb oils while repelled water.
Georgiadou et al. (Katsogiannis et al., 2015) concluded that the pore formation was favored at high good/poor solvent ratios. In
their study, the effect of the solvent properties on the size and surface morphology of electrospun PCL fibers was investigated.
Chloroform (CF), DCM, THF and formic acid (FA) were used as good solvents in mixtures with a poor solvent, DMSO, in
order to generate pores on PCL fiber surface. The production of porous, bead free fibers was achieved using 12.5% w/v PCL
in CF/DMSO solution with good/poor solvent ratios varying from 75% to 90% v/v. However, DCM and THF were proven
to be less suitable good solvents for the process due to the formation of a solid skin on the jet surface, caused by the limited
diffusivity of the polymer molecules from the jet surface to the liquid core and its subsequent collapse. FA was found to be
unsuitable due to its similar evaporation rate to DMSO. The production of fibers with ribbon cross sections or fibers with beads
was more pronounced at low good/poor solvent ratios. In another investigation, reproducible buckled and porous sub-micron
diameter electrospun PCL fibers were produced by simple electrospinning process for biomedical applications (Luwang Laiva
et al., 2014). PCL solutions were prepared with in the binary solvent combinations (with different vapor pressures) of CF with
ethanol, DCM, DMF, DMSO, ethyl acetate and diethyl ether a ratio of 9:1 v/v respectively, to make a 16% (w/v) solution for
electrospinning. Fiber morphologies was affected with various degree by solvent combinations used for the fabrication of
sub-micron fibers. The results suggested that the solution viscosity, the collecting distance and the type of solvent combination
used could be an optimum parameter for the generation of porous-buckled fibers with narrow pore size distribution. Georgiadou
et al. (Katsogiannis, Vladisavljević, and Georgiadou, 2016) also confirmed that electrospinning process parameters had an
effect on surface morphology of porous electrospun fibers which was obtained by using PCL solution in a binary solvent
mixture of 90/10 %v/v CF/ DMSO. In another study, PAN porous fibers were spun in one step by electrospinning a ternary
system of PAN/DMF/water (X. Yu et al., 2010). The spinodal decomposition phase separation resulted in the porous structure.
Fortunato et al. (Yazgan et al., 2017) confirmed that irregular and interconnected surface topographies was obtained on PCL
fibers by using CF/DMSO solvent system beginning of 35% RH. Megelski et al. (Megelski, Stephens, Chase, and Rabolt, 2002)
observed that the ratio of the less volatile DMF increased in THF/DMF solvent mixtures, therefore reducing the vapor pressure,
surface roughness or microtexture was observed of PS fibers. The microtexture finally disappeared, leaving a smooth surface
with decreasing solvent volatility by using 100% DMF.

2.3 Vapor induced phase separation (VIPS)
In the VIPS method, vapors (usually water) are condensed as nonsolvents that cause originally homogeneous solutions to
phase separate and porous structures can be obtained after the removal of solvents (C.-L. Li et al., 2010; Srinivasarao et al.,
2001). VIPS also occurs in the electrospinning process (Figure 1 c). Solvent evaporation cools down the jet surface and the
moisture condense from the atmosphere. Initiating of the nucleation and growth of the water-rich phase floating on the solution
subsequently leaves pores on the fiber surface (Lu and Xia, 2013; Megelski et al., 2002; Nezarati et al., 2013; Park and Lee,
2010; Wu et al., 2012).

Many researches highlighted that the effects of relative humidity on electrospun fiber morphology are dependent on polymer
hydrophobicity, solvent miscibility with water, and solvent volatility (Nezarati et al., 2013). Three polymers (poly(ethylene
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glycol) (PEG), PCL, and poly(carbonate urethane) (PCU) were electrospun at a range of relative humidities (RH = 5%-75%).
At high relative humidity (>50%), three distinct effects were observed based on individual polymer properties. An increase
in fiber breakage and loss of fiber morphology occurred in the PEG system as a result of increased water absorption at high
relative humidity. In contrast, surface pores on PCL fibers were observed and hypothesized to have formed via VIPS. Finally,
decreased PCU fiber collection occurred at high humidity likely due to increased electrostatic discharge. It was demonstrated
that the amount of moisture in the air affected the surface morphology of electrospun PS fibers from THF (Casper et al., 2004).
Electrospinning in an atmosphere of less than 25% humidity produced smooth fibers without any surface features. When the
humidity was above 30%, pores began to form on the surface of the fiber. Increasing the amount of humidity caused an increase
in the number of pores on the surface, the pore diameter, and the pore size distribution. In addition to that higher molecular
weight solutions caused fibers to contain larger pores that were less uniform in shape and size. Three solvent systems (i.e., DMF,
THF, and DMF - THF mixture) were tested under four controlled levels of relative humidity (Lu and Xia, 2013). Whereas only
solid PS fibers with smooth surfaces were produced at low relative humidity (2%), both internally and externally porous PS
fibers/yarns were obtained by conducting electrospinning at high relative humidity (22%, 42%, and 62%). Furthermore, it was
discovered that the low vapor pressure of DMF facilitated the formation of internal porosity while the high vapor pressure
of THF hindered the formation of interior pores and could only produce surface porosity. Megelski et al. (Megelski et al.,
2002) proved that increasing relative humidity from 20 to 50% would increase the pore formation for the fibers from PS/THF
polymer/solvent system.

2.4 Thermally induced phase separation (TIPS)
In the TIPS method, a homogeneous polymer solution is first prepared at an elevated temperature and then rapidly cooled to a
temperature where the solvent quality turn to be poor to polymer and phase separation occurs (Chang, Beltsios, Chen, Lin, and
Cheng, 2014). This method can be applied to produce electrospinning porous polymer fibers by controlling the collector at
relatively low temperature to induce phase separation (McCann, Marquez, and Xia, 2006). This method needs post-treatments
to remove residual solvents because the fibers are not completely dried in the electrospinning process.

McCann et al.(McCann et al., 2006) exploited the role of TIPS in the creation of highly porous electrospun nanofibers by
using a liquid nitrogen bath as the quenching medium. The fibers were frozen in the liquid nitrogen bath resulting in TIPS. It
was noted that the distance between the metallic needle and the collector should be chosen properly to ensure that the solvent
could not be completely evaporated before the jet reached the liquid nitrogen. Lee et al. (J. F. Kim, Kim, Lee, and Drioli, 2016)
reviewed TIPS and electrospinning methods for preparation of fluoropolymer membranes, particularly for the polyvinylidene
fluoride and polyethylene chlorotrifluoroethylene membranes. They focused on controlling the membrane morphology from
the thermodynamic and kinetic perspectives to understand the relationship between the membrane morphology and fabrication
parameters. It was reported that by immersing the collector in a bath of liquid nitrogen, porous PS fibers can be obtained
through TIPS between the solvent-rich and solvent-poor regions in the fiber during electrospinning (McCann et al., 2006).
Isotactic polypropylene and poly(vinylidene fluoride) porous fibers were successfully prepared as two of the most commonly
used membrane materials by electrospinning at 200 ◦C combined with TIPS (Ye, Lin, Huang, Liang, and Xu, 2013). The
as-spun porous fibers have high porosity and more than a 100-fold increase in specific surface area compared with non-porous
fibers, which would dramatically improve their in-service performance as separation media.

2.5 Another approaches
Porous nanofibers could be prepared by the selective removal of a component from nanofibers made of composite or blended
materials. For example, the structural changes for fibers consisting of a PLA/polyvinylpyrrolidone (PVP) blend were investigated
when one of the two components was selectively removed from the composites (Bognitzki et al., 2001). It was found that porous
nanofibers were obtained after selective removal of PVP by water extraction or alternatively to remove PLA by annealing at
elevated temperatures, when equal amount of the two polymers were loaded into the electrospinning solution. A leaching
treatment from bi-continuous material of gelatin/PCL nanofibers lead to the formation of novel 3D porous nanofibers with
reduced fiber diameter (Zhang, Feng, Huang, Ramakrishna, and Lim, 2006). The fiber surface after leaching treatment became
rough and irregular because of the existence of many interconnected striated ridges, grooves and ellipsoidal shaped pores
with the long axis oriented in the direction of the fiber axis. Gupta et al. (Gupta et al., 2009) produced porous nylon-6 fibers
from the Lewis acid base complication of gallium trichloride (GaCl3) and nylon-6 using electrospinning, followed by GaCl3
removal. In another study, highly porous fibers were prepared by water-bath electrospinning from PCL, and its blends with
methoxy poly(ethylene glycol) (MPEG) as potential tissue scaffold material (Pant et al., 2011). A new approach was reported
to fabricate electrospun polymer nonwoven mats with porous surface morphology by varying the collector temperature during
electrospinning (C. H. Kim et al., 2006). Polymers such as poly(L-lactide), PS, and poly(vinyl acetate) were dissolved in
volatile solvents, DCM and THF, and subjected to electrospinning. The temperature of the collector in the electrospinning
device was varied by a heating system. According to the results the surface morphology, porous structure, and the properties
such as pore size, depth, shape, and distribution of the nonwoven mats were greatly influenced by the collector temperature. In a
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study, inter-surface-connected porous fibers based on rapid phase separation between poly(propylene carbonate) and PCL were
produced (Wang et al., 2015). ADCs cultured on electrospun fibers with intersurface-connected pores showed increased cellular
adhesion, proliferation and differentiation than those cultured on the fiber with blind-holes. In another study, the morphology,
structure and tensile properties of PLA porous nanofibers were studied (Y. Li, Lim, and Kotaki, 2015). Different crystallization
ability of PLA was electrospun from mixed solvent of DCM and DMF into porous nanofibers through two kinds of spinnerets
(nozzle and channel spinnerets) in a highly humid environment. Results showed that take-up velocity affected the porous
morphology of nanofibers, which was more obvious in the case of channel-based spinneret and PLA with low crystallization
ability. In the case of PLA with high crystallization ability, an increase in take-up velocity led to more highly packed internal
structure, which could contribute to the enhancement in tensile properties. In addition, tensile properties of porous nanofibers
of PLA with low crystallization ability could be manipulated by surface morphology control via channel-based electrospinning
system.

Many researchers have also verified that electrospinning parameters, including molecular weight of polymer (Casper et al.,
2004), polymer concentration (Kongkhlang et al., 2008; J. Lin et al., 2010), solvent (Kongkhlang et al., 2008; J. Lin et al., 2010),
spinning voltage (Kongkhlang et al., 2008), had an influence on morphology of porous nanofiber in terms of nanoporosity as
well as size, shape, and distribution of these pores.

3. CONCLUSION
Porous materials have found widespread use in a wide variety of applications such as filtration, catalysis, and biomedical research.
Through rational design and controlled fabrication, it is possible to obtain desired porous fibers at different characteristics.
Since different mechanisms resulting from relative humidity, solvent and polymer properties and also electrospinning conditions
involves in the processing, it essential to carefully design experimental setup for various applications.
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Abstract
In early 1990s, microfluidics technology was mainly aiming at the manipulation of fluids in micro-scale and
nanoscale. At present, with the development of microfluidics, it has been widely used in the life science and
medical researches with significant achievements. The microfluidics technology can be used in single cell capture,
cell screening, and synthesis of biomacromolecules. Some microfluidic chips have already been commercialized
and applied in disease detection, drug delivery and bioscience. However, the physical index oriented wearable
technology ignored another part of the most important indications in health monitoring i.e. the body fluid. The
body fluid in this review refers to the blood, sweat, interstitial fluid, saliva, tears, and urine. The current medical
procedures for the testing of body fluid involve using highly sophisticated instrument such as atomic absorption
spectrometry, ion chromatography and gas chromatograph for the detection of specific targets in body fluid. For
correct detection of changes in body fluids, it is necessary to intervene in body fluids naturally. Physical fatigue is
known to have a direct effect on body fluids. For this reason, microfluidic chips are used in experiments after
exercise. Also exercise; diabetes, cancer, cardiovascular disease, muscle, immune, and age-related decline in
cognitive function have been documented against the protect. In addition, regular physical exercise is the most
powerful initiative known to have positive effects on health and aging.
In this review, the production and recent developments of microfluidic chips was classified by the detection object
of the body fluid.
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1. INTRODUCTION
Miniaturization is one of the key driving factors in the evolution of modern technology [1, 2]. It enables devices to have
complex functionalities in a smaller volume, with less energy consumption and lower costs per implemented function. Other
correlated benefits from miniaturization include faster processing time, lower manufacturing and operational costs, smaller
volumes of needed samples and reactants, integration with other devices (multifunctionality), increased safety and reliability by
having less external interconnects between the different parts, and high throughput [3]. Miniaturization brings molecules or
samples closer together for more effective, efficient, and rapid interactions [4]. Miniaturization also increases the portability of
microfluidic devices because the devices are compact yet fully functional by themselves [4].

Microfluidics allows for handling of fluid with volumes typically in the range of nano- to microliters (10−9 to 10−6 L)
or smaller [3, 4]. The attractive and advantageous characteristics of microfluidics include down-scaling and miniaturization.
Microfluidics utilizes and consumes less fluid volumes, and requires fewer materials to make the actual device, making the
device and procedures more cost-effective and capable of being mass produced [5, 6]. The downsizing of microfluidic channels
results in faster analysis and response times, owing to higher surface to volume ratios, shorter diffusion distances, and smaller
heating capacities [4].

Several new microsystems have been created by the fabrication and integration of small electrical and mechanical compo-
nents put together as a system, using techniques that are inherited from or related to the integrated circuit technologies (IC)
[7]. On of these, microelectromechanical systems (MEMS) are precise, miniaturized systems with primary functionalities in
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both electrical and mechanical domains, with applications covering a large range of phenomena in the physical, chemical,
and biological domains [3]. MEMS devices open the possibility of cointegration in a single complex system of functions like
sensing, electronic signal processing, and electromechanical actuation that are traditionally performed by distinctly separated
and bulky functional blocks. Depending on the specific domain of functionality and application of these devices, different
terms have been coined to categorize them. As examples, RF MEMS devices are used for radio frequency telecommunication
applications (e.g., switches, transmission lines, and antennas) [8], optical MEMS refers to devices interacting with light (e.g.,
image scanner micro mirrors, and optical switches) [9, 10] and bio-MEMS [11]/microfluidics [12] are used in systems applied
to biological assays and fluid manipulation (e.g., body fluids and cell manipulation, DNA analysis [13], toxins detection,
diseases diagnosis and treatment, and drug delivery [14]).

The experience accumulated for the microfluidic chips in the life science and medical research recently opened a new
gate for the wearable technology, i.e. wearable microfluidics [15, 16]. As an emerging technology of life science, electronics,
material science and chemistry, wearable technology has experienced a significant development over the past few years.
Wearable technology has been extensively used in life monitoring [17, 18], disease detection [19, 20], sports science [21, 22]
and military [23], etc. Wearable technology refers to the certain kind of equipment that can be directly wore or integrated in
the cloths and accessories.Traditional wearable technology aimed at detection of physical index such as heart rate [24], body
temperature [25], motion tracking [26], bioelectricity signal [27] and steps [28] using photoelectric detection method [29].

1.1 Microfluidics
Microfluidics is the field of the microsystems technology that deals with the study and control of fluids in hydrauli-
cally/geometrically small systems, with lengths typically in the range of a few micrometers up to a few millimeters or
centimeters [3, 4, 30]. It is an enabling technology to perform biological and chemical experiments at greatly reduced spatial
scales, with minimal material consumption and high-throughput. It is based on the control of flows in microchannels with
characteristic dimensions ranging from millimeters to micrometers, constituting the basis of technologies known as micro total
analysis systems (µTAS) or labs-on-a-chip (LOC) [4].

Microfluidics is key to advancing molecular sensors based on bioassays including immunoassay, cell separation, DNA
amplification, and analysis, among many other examples. Microfluidic systems process a large number of parallel experiments
rapidly with a small amount of reagent and automate chemical, biological, and medical applications on a large scale with low
cost. For example, reducing the reaction chamber size by a factor of 10 increases the reaction rate by a factor of 100 because
the smaller characteristic length of the system decreases diffusion time. In addition to faster reaction times, the amounts of
analyte and reagents required are also reduced proportionally to the reduction of the reaction chamber volume. Not only does
this reduce the cost of the test by reducing the required amounts of chemicals, it also allows more types of tests to be conducted
in parallel with the same size of sample [4].

1.2 Biochips
Materials used in microfluidic and biological applications must fulfill a stringent list of requirements. Biocompatibility is
probably the most important one. The entire bill of materials need to be able to operate without releasing toxic chemicals,
reacting with the fluids being transported and analyzed, or activate unwanted immunological response in the biological systems
under analysis [31, 32]. Optical transparency is also a requirement for visualization of the flow using a microscope or video
camera, enabling the identification and measurement of particles, cells, fluorescence, and the use of other colorimetric detection
methods [3].

Biochips are based on the biological recognition and allow forthe simultaneous analysis of a large number of compounds
[33]. The discussed technology demands the application of very smallamounts of starting material that minimizes the analysis
cost [33]. Due to their advantages, the biochips have been applied for thedetermination of various diagnostic markers [34]
and genetic pre-disposition to many diseases [35]. Also, they have been successfullyused in different practical fields such as
molecular biology [35], medicine [37], biotechnology [38], etc [39].

The most important part of obtaining the final product is the production and subsequent functionalization of microfluidics
by the specified production methods. Because all living things try to adapt to their environment in order to sustain their lives by
perceiving the changes in the environment they live in [40]. Advances in basic sciences have enabled the investigation of the
functions of other biological materials as well as enzymes [41]. As a result, a wide variety of microfluidic systems have been
developed and are being developed.

In microfluidic device studies, enzyme fixation (immobilization) in the biological sensing region of the design is an
important step. The most commonly used methods for enzyme immobilization in studies include; arresting in gel, intramolecular
crosslinking, adsorption, covalent binding and encapsulation (Fig. 1) [40, 42].
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Figure 1. Enzyme Immobilization Methods, a) Covalent Binding, b) Adsorption, c) Arresting in Gel, d) Cross-Linking in
Molecules, e) Encapsulation [40].

Baudoin et al. prepared two layer of biochips using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland /
USA). Briefly, the biochip consists of cell culture chamber manufactured with two layers. The microstructured bottom layer,
with series of microchambers and microchannels, is used as a support for cell attachment. The second PDMS layer, with
a reservoir (depth of 100 µm), is placed on top of the first layer and includes an inlet and outlet microfluidic network for
homogenous culture medium distribution [43, 44].

1.3 Microfabrication
The fabrication of small scale microfluidic devices relies on high-precision micromachining techniques capable of creating
high aspect ratio structures. Micromachining techniques can be basically divided in two major categories: bulk and surface
techniques. Bulk techniques rely on the direct modification of a substrate material, usually a monocrystalline silicon wafer,
glass, quartz or thick polymer matrix, used as a basic (bulk) material or support to shape the desired structures. Typical substrate
thicknesses are in the range of several tens to hundreds of micrometers (Fig. 2 A). On the other hand, surface micromachining
techniques involve the deposition of various layers of materials in the form of thin films and their definition into the desired
structural shape (Fig. 2 B). Typical thicknesses of the various layers in surface micromachining techniques are in the range of a
few nanometers to a few micrometers, much smaller than the bulk thickness, which is used to support the microfluidic device
itself [3].

Figure 2. Schematic illustration examples of (a) bulk micromachining process in a silicon substrate and (b) surface
micromachining process [3].

1.4 Microfluidics devices
These devices are of great interest in physical, chemical, and biological applications. They have stringent specifications in terms
of the precision involved in their fabrication as well as in terms of the compatibility between the different materials used to
fabricate them and the possible interaction between these parts and the fluids/biological systems of interest. Typical microfluidic
systems consist of four main components: (1) microfluidic pumps for driving the fluids along the system (based on various
actuation mechanisms), (2) microfluidic valves for controlling and directing the flow as desired, (3) microfluidic channels
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and chambers, which are the passive and the primary fluidic interconnecting components of these systems, and (4) active
microfluidic components integrated with closed-loop temperature controllers, optical detectors, electrodes for the application of
test voltages and currents, and so forth [3].

1.5 Fabrication of microfluidics devices
Most microfluidic devices are fabricated by replica molding techniques [45, 46] because it allows for simple, low-cost
prototyping of micro channels. Fig. 3 shows a typical fabrication procedure of a microfluidic chip. The polydimethylsiloxane
(PDMS) microchannel is replicated from an SU-8 [47] photoresist negative pattern. Holes for tube connection are then
mechanically punched through the channel. The channel is fixed onto a substrate, which often is a glass slide. There are several
techniques for bonding the top micro channel and the bottom substrate. Typically, the PDMS part is O2 plasma treated and
pressed onto the glass substrate at 100◦C to create permanent bonding. Simple mechanical clamps are also commonly used.
Techniques for microchannel fabrication based on lithography include bulk micromachining of silicon. Anisotropic wet etching
[48, 49] or DRIE [50, 51] creates grooves on silicon substrates. Other techniques include hot embossing [52] and injection
molding [53], which are suitable for mass production [4].

Figure 3. Fabrication of a PDMS microchannel [4].

1.6 Wearable microfluidics chips
As a combination of wearable technology and microfluidis, wearable microfluidics directly contacts human skin, by which
it enables the collection and analysis of body fluid as well as integration with wireless data transfer function. The wearable
microfluidic chips can achieve the real-time continues vital signs monitoring of glucose [54], lactate [55], Na+/K+ [56], Ca+2
[57] and pH of sweat [58], with the collection and analysis of sweat, interstitial fluid, saliva and tears. For the analysis of glucose
and lactate, instead of directly collecting blood, with the help of wearable microfluidics technology, the minimally invasive and
non-invasive sample collection methods could be used to ease patients’ pain. Besides the advantages in sample collections, other
advantages of wearable microfluidics are as follows: (1) the volume of the body fluid sample needed is much less compared
with traditional methods; (2) the volume of the reagent needed for each test is also lowered to micro/nano liter scale, which
significantly reduces the cost of each analysis; (3) the real-time and continues in vivo monitoring of body fluid and wireless
data transfer [59] could be achieved, which is almost impossible for traditional in vitro analysis method; (4) the wearable
microfluidics can be easily integrated with other kinds of sensors since the fabrication technology of microfluidics is inherited
from the microelectromechanical systems (MEMS). Sensors such as optical sensor, electrochemical sensor, piezoelectric sensor
and biosensors can be integrated in the wearable microfluidics chips to meet different requirements of testing body fluid with
much less technical barrier [29].

1.7 Exercise
Since physical exercise is a factor contributing to the quality of life of people, it is recommended as a very important prescription
for both health and disease therapy [60]. The main purpose of exercise; to prevent organic and physical disorders caused by an
inactive life and to maintain physical fitness for many years [61]. It is stated that there are physiological, motoric, psychological
and sociological benefits in regular sports [61, 62, 63]. According to many studies, the increase in the physical activity of the
individuals decreases the risk of death and prolongs the human life [60, 61]. In addition, the type of exercise, intensity, contests,
traumas, stress cause both physiological and metabolic changes in the human body [60]. Therefore, the relationship between
athletic performance, heavy exercise and physiological changes needs to be well known.
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2. APPLICATION OF MICROFLUIDICS CHIPS AND BIOCHIPS
Most of the energy required for the tissue and cell activity is source from the glucose in blood. For the maintenance of organ and
tissue functionality, the glucose level should be kept at a certain range. Lactic acid is the final product of glycolysis. In medical
filed, it is an important indication for the exercise load control, diabetic monitoring and the detction of sugar souced disease
[29]. Currently, the most popular dection methods of blood glucose are either using fully automatic biochemical analyser or
fast blood glucose meter [64]. Compared with traditional method for the test of glucose, the wearable microfluidics technology
provides a minimally invasive or non-invasive method. The minimally invasive method refers to collection of blood using
microneedles array, of which the length of needles would not reach the subcutaneous neural layer, and the subject can hardly
feel the pain. Non-invasive method refers to the indirect testing of glucose from the interstitial fluid [65, 66].

Gowers et al. developed a 3D-printed wearable microfluidic system, which could conduct the on-line testing of glucose and
lactic acid simultaneously. A minimally invasive method was used with a Food and Drug Administration (FDA)-approved
clinical microdialysis probe for the analysis of glucose and lactic acid. Fig. 4 A shows the integration method of the probes and
microfluidic chips, Fig. 4 B and Fig. 4 C illustrate the changes of glucose and lactic acid level during a cycling protocol [67].

Figure 4. Wearable microfluidics system for glucose and lactic monitoring. (A) microfluidic device for continuous monitoring
of dialysate; (B) measure tissue glucose and lactate levels in dialysate during the cycling protocol; (C) glucose and lactate
levels during the exercise phase of the cycling protocol [67].

Perspiration is of great importance for maintaining the selfbalancing of inner environment of human body, and is also part
of metabolism process. The sweat carries rich information, and real-time continues analysis of sweat is of great significance for
the vital life sign monitoring. The pH value of sweat directly reflects the pH of human skin [29]. The change of pH in sweat
also reflects the volüme and speed during the perspiration processes, and the pH of sweat will increase when more sweat is
produced [68]. On the basis of measuring pH value of sweat, we can indirectly speculate the dehydration of the subject, which
is useful in the sports science and military field [29].

Traditional methods for testing pH in sweat require strenuous exercise to produce sweat, and then the sweat sample is
collected for the chemical color reaction and the pH value is read out. This testing method requires the subject to produce
significant amount of sweat, and is slow in detection and hard to realize continues real-time monitoring of pH value of sweat.
On the other hand, using wearable microfluidics can realize real-time monitoring of pH of sweat and consume extra low sample
and reagent volüme [29].

Curto et al. proposed a simple and rapid wearable microfluidic devices for the testing of pH of sweat [58]. They used
phosphonium based ionogel integrated with pH sensitive dyes for the direct testing of pH in sweat. Compared with other
detection methods [69, 70], for example, photoelectric sensor to detect chromogenic reaction of pH in sweat, their method
was low-cost with less energy consumption. As shown in Fig. 5 A, the structure of the proposed microfluidic devices was
consisted of the absorbent pad for sweat, microchannels for sweat transfer and ionogel sensors for the chromogenic reaction of
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pH in sweat. Fig. 5 B shows the fabrication process of the microfluidic cihps. The multiple layers of polymethyl methacrylate
(PMMA), ionogel, and pressure-sensitive adhesive (PSA) were fabricated using CO2ffl laser and bonded using PSA. As shown
in Fig. 5 C, the microfluidics chip was worn on human wrist. During the exercise, the color change of the ionogel could indicate
the change of sweat pH in the range of 4.5 to 8.0 [58].

Figure 5. Wearable microfluidic system for sweat pH monitoring. (A) Image of the micro-fluidic platform; (B) micro-fluidic
platform fabrication process; (C) image of the micro-fluidic system integrated into a wrist-band [58].

Coyle et al. fabricated a wearable microfluidic system that integrated the textile-based microfluidics for fluid transportation
and a series of sensors for the analysis of sweat, including pH sensor [71]. Similar to Coyle’s idea, Caldara et al. fabricated a
wearable, flexible and non-toxic sweat sensor using the chromogenic reaction of organically modified silicate (ORMOSIL) [72].
As shown in Fig. 6, Tsioris et al. innovatively used the functionalized silk which had chromogenic reaction under different pH
and integrated the silk in a PDMS-based microfluidic device for testing pH [73].

Figure 6. Structure of polydimethylsiloxane (PDMS)-based wearable microfluidic system for sweat pH monitoring. (A)
Schematic of the microfluidic device composed of the PDMS channel, the CO2H azo-silk, and an inlet/outlet; (B) optofluidic
device setup [73].

The Na+ and K+ can directly reflect the hydration of human skin, the dehydration status and losses of electrolytes for the
personal (athlete, coal miner, soldier) working in extreme environment (i.e. hot and humid) by monitoring the N+ and K+ in
sweat. In the severe environment with high temperature and humid, the sweating is the major way for the cooling of body,
however, the sweating caused loss of electrolytes. If the body cannot adjust the environment well enough, the accumulated loss
of Na+ (higher than 40 mM) will finally lead to muscle cramps or even heat stroke. Thus, monitoring the concentration of Na+

and K+ is of great importance for the health of people working in severe environment. It is worth to mention that during the
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body fluid testing, the concentrations of Na+ and K+ are also related to the pH value of the body fluid. Thus the simultaneous
detection of ionic concentration and pH value is usually required [57].

As shown in Fig. 7, Matzeu et al. assembled dual ion-selective electrodes on the polyethylene terephthalate (PET) layer of
a seven-layer microfluidic devices (Fig. 7 A), the polymethyl methacrylate (PMMA) and pressure sensitive adhesive (PSA)
layers in this microfluidic chip were fabricated using CO2 laser ablation (Fig. 7 B), the PSA layers were used for the bonding
between layers [56]. In this study,the researchers analyzed the relations of the output voltage and the concentration of Na+

using different electrode materials in the stationary cycling sessions (Fig. 7 C). A miniaturized wireless system was also
developed in this study for the data transfer [56].

Figure 7. Polymer-based multi-layer wearable microfluidic system for sweat Na+ monitoring. (A) Dual screen-printed
electrodes on a polyethylene terephthalate (PET) substrate; (B) different layers employed to build up the microfluidics
collecting system; (C) microfluidic chip positioned on the upper arm of the subject [56].

Nyein et al. used ion-selective electrodes to detect Ca+2 and pH value in sweat simultaneously [57]. Ca+2 detection
electrode was made with a combination of organic membrane containing neutral carrier calcium (ETH 129) and an ion-selection
transducer. The wearable microfluidic devices were attached to a flexible printed circuit board which handled the single process
and wireless data transmission. The sensitivity for Ca+2 was as high as 33.7 mV per decade [57].

Ingber et al. developed a microfluidic device which removes magnetized Escherichia coli bacteria from flowing solutions
containing red blood cells [74]. The same group also demonstrated a blood cleansing device that removes Candida albicans
fungi from flowing human whole blood with over 80% clearance at a flow rate of 20 mL/h [75]. Furdui et al. reported an
integrated silicon microchip for separation of Jurkat cells from reconstituted horse blood samples as well as human blood
(about 1:10,000 ratio of Jurkat cells to blood cells) [76]. Zborowski et al. demonstrated the separation of MCF7 cells (breast
cancer cell line) from mixtures of human leukocytes [77].

3. CONCLUSIONS
Wearable microfluidics is a cross-disciplinary field involving fields such as electronics, materials science, biological and
analytical chemistry. Advances in these related fields can affect or advance wearable microfluidics. However, currently
wearable microfluidics are still at an early stage. Large-scale commercial applications are still waiting to be discovered.

Compared with traditional blood draws for lactate, the epidermal biosensor is noninvasive, is simple-to-operate, and causes
no hindrance to the wearer. Future efforts are aimed at further miniaturization and integration of the electronic interface, data
processing, and wireless transmission of the results. Moreover, future studies will seek to concurrently correlate lactate levels
measured in the perspiration with those measured in the blood during a controlled fitness routine [78].
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The developed biosensing platform on integration with portable electronics has the potential to be a self-monitoring
wearable device for real-time tracking of human lifestyle [79].

Current detection methodsfor pH value, Na+ and K+ in sweat are focusing on the ion-selective membrane or electrodes,
which may experience signal drifting and require frequent calibration. It can be expected that, in the near future, more
researchers will turn to the electrochemical method using carbon nanotube (CNT) or graphene. Moreover, with the development
of biosensor, integration of wearable microfluidics with biosensor would be expected [29].

From the current researches, we can observe that the wearable microfluidic systems is still at its early stage which is hardly
considered the comfort of the wearers. This comfortlessness is mainly due to that the system is still too large and heavy. The
whole system may consist of the separated modules for sample collection, analysis, data transfer and power source. The recent
tattoo-like wearable microfluidics inspires the desire for the highly integrated wearable microfluidic system: the whole system
should be integrated in a single flexible substrate/film, which has excellent biocompatibility, gas permeability and small size.
Furthermore, the power source should also seek for some alternatives. A more compact battery or even the energy harvesting
system may be integrated in the wearable microfluidic system [29].
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Abstract
The new complexes, [M(CO)5(msh4)](Cr(1),Mo(2),W (3)), have been synthesized by the photochemical reaction
of metal carbonyls with 2-acetyl-5-chlorothiophenemethanesulfonylhydrazone(msh4) .The structure of these
complexes has been investigated by using elemental analyses; FT-IR; EI-MS and 1H NMR spectrometric methods.
According to all spectroscopic data, msh4 is monodaentate and coordinate via thiophene ring sulfur.
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1. INTRODUCTION
The importance of sulfonamide was reported to be the first antibacterial drug [1, 2]. Many sulfonylamide derivatives exhibit
a cytostatic effect and find application in cancer chemotherapy [3, 6]. Methanesulfonamide residue has a appeared as a
suitable pharmacophoric equivalent to replace functional groups in drug design. Many compounds containing a hydrazine
fragment, e.g. carboxylic acid hydrazides and their Schiff bases, have shown cytostatic activity [7]. Methanesulfonic acid
(msh), CH3SO2NHNH2, is the simplest organic representative of the compounds containinig both sulfonamide and hydrazine.
Structure and vibrational spectroscopy of msh were reported by Lenco et al. [8].

The literature is rich with transition metal-thiophene complexes containing thiophene ligands bound in many ways
(i.e.η1,η2,η3,η4,η5,andη6) to a variety of metal centers, but organometallic complexes of group VIB metals containing
thiophene ligands are still relatively rare . Only two Mo complexes containing coordinated thiophene ligands have been reported.
The first reported stable Mo–thiophene complex, [Mo(CO)3(2,5−(Ph2PCH2CH2)2C4H2S], exists as a pair of chelating ligands
that are bound to Mo through the phosphine groups and sulfur. The second complex, [Mo(η6 − 2MeBT )2], is a sandwich
complex consisting of a Mo coordinated to two 2-methylbenzothiophene (2-MeBT) ligands through the arene rings in an η6

fashion [9].
As ligands, methanesulfonylhydrazones, thiophene-2-carboxyaldehyde methane sulfonylhydrazone (msh 1), 2-acetyl

thiophene methane sulfonyl hydrazone (msh 2), and 2-acetyl-5-methyl thiophene methane sulfonyl hydrazone (msh 3) and their
metal carbonyl complexes have reported. In addition, structure and vibrational spectroscopy of msh, msh 1 ,msh 2, and msh 3
were reported [10].

In this work, first, the synthesis of 2-acetyl-5-chlorothiophenemethanesulfonylhydrazone (msh 4) were reported. Then, the
new complexes [M(CO)5(msh4)](M =Cr(1),Mo(2),W (3)) as shown Figure 1 were prepared by the photochemical reactions
of [M(CO)6](M =Cr,Mo,W ) with msh 4 and characterized elemental analysis, mass spectrometry, IR, and 1H NMR spectro-
copy. According to all the spectroscopic data, msh 4 is monodentate and coordinated via thiophene ring sulfur (C–S–C) in the
complexes. Analytical data of the complexes are given in the experimental section.

https://orcid.org/0000-0002-4500-5214
https://orcid.org/0000-0001-9161-9367


Photochemical Reaction of Metal Carbonyls [M(CO)6(M =Cr,Mo,W )] with
2-acetyl-5-chlorothiophenemethanesulfonylhydrazone — 29/39

2. EXPERIMENTAL SECTION
2.1 Materials and instrumentation
Elemental analysis was performed using LECO-CHNS-O-9320 model (TUBİTAK Laboratories, ANKARA). The infrared
spectra of the compounds were recorded on samples in hexane at the Ege University with a Mattson 1000 FT-IR spectrometer.
1H NMR spectra were recorded in DMSO-d6 on a 400 MHz High Performance Digital FT-NMR at TUBİTAK. Electron impact
mass spectra were recorded on a Micromass VG Platform-II LC-MS at TUBİTAK. UV irradiations were performed with a
medium-pressure 400 W mercury lamp through a quartz-walled, immersion-well reactor.

The solvents, pentane, benzene, hexane, dichloromethane, acetone, ethyl alcohol, diethylether, hydrazine hydrate, and silica
gel were purchased from Merck and M(CO)6 (M=Cr,Mo,W) from Aldrich. These reagents were used as supplied. Methane
sulfonyl chloride, hydrazine mono hydrate,and 2-acetyl-5-chlorothiophene were commercial products(purum).The solvents
used were purified and distilled according to routine procedures [11].

2.2 Preparation of heteroaromatic methanesulfonylhydrazone
The preparation of heteroaromatic methanesulfonylhydrazone 4 is similar to that applied by Dodoff [12]. Thus, solution
of 2.20 g (0.02 M) of msh is dissolved in 10 mL of ethanol. Then, the solution that 3.00 g (0.03 M) of the corresponding
carbonyl compound (2-acetyl-5-chlorothiophene) dissolved in 10 mL of ethanol is added. The mixture is stirred for 30 min.
The precipitating product is kept overnight in a deep freze and then filtered. The precipitate is recrystallized from water and
filtered, followed by rinsing with ether. Finally, it is dried on P2O5 in a vacuum desicator.

2.2.1 Synthesis of 2-acetyl-5-chlorothiophenemethanesulfonylhydrazone (msh 4):
Yield(76%). Anal.Calcd. C, 33.28; N, 11.08; S, 25.38; H, 3.56. Found C, 35.42; N, 11.22; S, 25.46; H, 3.72. IR(υ ,
KBr): 3198(s,NH), 3036(w,CHring), 1600(m,CN), 1331(s,(SO2)asym), 1170(s,(SO2)sym), 896(m,CSCring), 704(m,CSsym),
590(m,CSasym). 1H NMR (δ , DMSO)= 2.20 (CH3C = N,3H, s); 3.01( CH3SO2, 3H, s); 7.10( CHring, 1H, s); 7.24( CHring,1H,
s); 9.98( NH, 1H, s).

2.3 Synthesis of metal carbonyl complexes
The complexes, [M(CO)5(msh4)](M = Cr(1),Mo(2),W (3)) were prepared by photochemical reactions metal carbonyls
M(CO)6(M =Cr,Mo,W ) with msh 4 and were obtained in 70-80% yields. The methods employed fort he preparations of the
complexes are very similar , so that the preparation of [Cr(CO)5(msh4)](1) is given in detail as a representative example.

2.3.1 Cr(CO)5(msh4)(1) :
Cr(CO)6 (0.44g, 2 mM) and msh4 (0.25g, 1 mM) were dissolved in tetrahydrofuran (80-100 mL). The solution was irradiated
for 2 h using a 400 W medium-pressure mercury lamp through a quartz-walled immersion well reactor. During the irradiation,
the color of the reaction mixture changed from colorless to light Brown. After irradiation, the reaaction mixture was evaporated
under vacuum, yielding a light brown solid. After dissolving in dichloromethane (10 mL), 50 mL of petroleum ether was added,
resulting in precipitation of a light brown solid which was washed with petroleum ether and dried under vacuum.Traces of
unreacted hexacarbonylchromium were sublimed out in vacuum on a cold finger at -20◦C. The composition of compounds is
confirmed by elemental analysis. Yield: (76%). Found (%): C, 32.96; H, 2.40; N, 6.72; S, 14.88. Calcd. for CrC12H9N2O7S2Cl
(%): C, 32.41; H, 2.02; N, 6.30; S, 14.4. IR (υ , KBr): 2070(w, CO), 1938(br, CO), 1880(sh, CO), 950(s, CSCring), 868(m,
CSCring), 620(m, CSsym ), 570(s, CSasym) cm-1. 1H NMR(δ , DMSO-d6): 2.18 (CH3C = N,3H, s); 3.01(CH3SO2,3H, s); 7.14 (
CHring, 1H, s); 7.35 ( CHring,1H, s); 9.96 (NH,1H,s) ppm. MS(LC,70 eV): m/z(%)= 402(18)[M+-(Me+CO)]; 374(20)[M+-
(Me-2CO)]; 346(16)[M(Me-3CO)]; 318(10)[M+-(Me-4CO); 290(12)[M+-(Me-5CO).

2.3.2 Mo(CO)5(msh4)(2) :
A similar synthetic procedure as that used for 1 was used expect that Cr(CO)6 was replaced by Mo(CO)6 , giving pale-yellow
crystals. Yield(58%). Found(%): C, 30.12; H, 2.02; N, 6.04; S, 13.66. MoC12H9N2O7S2Cl (%): C, 29.50; H, 1.84; N, 5.73;
S, 13.12. IR (υ , KBr): 2073(w, CO), 1940(br, CO), 1888(sh, CO), 957(s, CSCring), 866(m, CSCring), 620(m, CSsym), 578(s,
CSasym) cm-1. 1H NMR(δ , DMSO-d6): 2.18(CH3C = N,3H, s); 3.01(CH3SO2,3H, s); 7.16 (CHring,1H, s); 7.34 ( CHring,1H,
s); 9.98 (NH,1H,s) ppm. MS(LC,70 eV): m/z(%)= 446(20)[M+-(Me+CO)]; 418(18)[M+-(Me-2CO)]; 390(21)[M+-(Me-3CO)];
362(14)[M+-(Me-4CO); 334(10)[M+-(Me-5CO).

2.3.3 W (CO)5(msh4)(3) :
A similar synthetic procedure as that used for 1 was used expect that Cr(CO)6 was replaced by W (CO)6 , giving pale-yellow
crystals. Yield(56%). Found(%): C, 25.88; H, 1.82; N, 4.96; S, 11.64. WC12H9N2O7S2Cl (%): C, 25.00; H, 1.56; N, 4.85;
S, 11.12. IR (υ , KBr): 2072(w, CO), 1930(br, CO), 1880(sh, CO), 958(s, CSCring), 868(m, CSCring), 612(m, CSsym), 580(s,
CSasym) cm-1. 1H NMR(δ , DMSO-d6): 2.18(CH3C = N,3H, s); 3.01(CH3SO2,3H, s); 7.11 (CHring,1H, s); 7.30 ( CHring,1H,
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s); 9.98 (NH,1H,s) ppm. MS(LC,70 eV): m/z(%)= 533(15)[M+-(Me+CO)]; 505(22)[M+-(Me-2CO)]; 477(20)[M+-(Me-3CO)];
449(10)[M+-(Me-4CO); 421(10)[M+-(Me-5CO).

3. RESULTS AND DISCUSSION
3.1 Synthesis
The analytical results and some physical properties of the new heteroaromatic methanesulfonylhydrazone msh 4 is summarized.
It is colorless crystalline solid, stable at room temperature, and soluable in methanol, ethanol, THF, CH2Cl2, DMSO, and poorly
soluable in benzene and water.

3.2 Spectroscopic characterization
The assignment of the FTIR bands were made taking into consideration literature data for compounds containing appropriate
structural fragments: sulfonamides [13, 17], sulfonyl hydrazines, and sulfonylhydrazones [12, 18, 20], methanesulfonyl
derivatives [21, 24], and Schiff bases of salicylaldehyde, and related compounds [25, 29]. Infrared revealed that absorption due
to C=O of the free ligand is 1610-1590 cm-1 [12]. The N-H absorption appeared at 3230-3180 cm-1. The observed band at
520-320 cm-1 correspond to C-Cl stretching vibrations [30]. The medium C-S-C asymmetric stretch is 850-800 cm-1 [31].

1H NMR data of DMSO-d6 solutions of the msh 4 (2-acetyl-5-chlorothiophenemethanesulfonylhydrazone) is collected in
the experimental section. The comparison of spectra of ketone derivatives facilities distinguishing the signals of the methyl
protons from CH3 −C,CH3C = N,andCH3SO2 fragments, the assignment of the latter being in accord with the data reported
[12]. The signal of the CH3C = N protons show no splitting, and the positions of signals of the ring protons are typical.

The carbonyl complexes, [M(CO)5(msh4)](M =Cr,Mo,W )(msh4= 2−acetyl−5−chlorothiophenemethanesul f onylhydrazone)
were prepared by a photochemical reaction as shown in Figure 1. The photogeneration of M(CO)5 from M(CO)6(M =
Cr,Mo,W ) has been extensively studied. These 16-electron M(CO)5 fragments react quickly with any available donor to form
M(CO)5L species. The spectroscopic studies show that msh 4 monodentate coordinating via the thiphene ring sulfur(C-S-C) in
the complexes. Analytical data of the complexes are given in the experimental section.

Important infrared spectral data of the complexes are presented in the synthesis section.Spectral shifts observed for a
number of peaks in the vibrational spectra of msh 4 ligand are significant. The medium intensity band at 890 cm-1 observed in
free ligand ascribed to υ(CSC)ring stretch is divided in two bands, to higher values with 50 cm-1 and to lower values with 50
cm-1 for all compounds, suggesting involvement of sulfur in the bonding with metal [32]. The bands assigned to symmetric
υ(C−S) and asymmetric υ(C−S) shift to lower frequency after complexation in all complexes. No shifts were observed at
υasym(SO2), υsym(SO2), υ(NH), and υ(C = N) with complex formation showing that SO2, NH, and C=N were not coordinated
in the complexes.

Figure 1. Synthesis of msh 4 and the photochemical reaction of M(CO)6(M =Cr,Mo,W ) with msh 4.

1H spectra in DMSO-d6 solutions of compounds are reported in the experimental section. In the 1H NMR spectra, an
upfield shift of about 0.11 ppm for the ring protons relative to the free ligand was observed. The small shift is related to a
decrase in π-electron density in the ring protons with complex formation [33].

The mass spectra show fragmentation via successive loss of CO groups and organic ligands.
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Abstract
The Nigerian medicinal plant, Brachystelma togoense has being used to treat various ailments such as typhoid
fever, cold and cough, gonorrhoea, skin infections, dysentery and pneumonia. In order to determine the
ethnomedicinal potential of Brachystelma togoense. A dihydroflavonol-3-O-α-L-rhamnoside was isolated from
the MeOH extract of the plant. The compound was identified using 1D and 2D NMR spectroscopic methods,
mass spectrometry and by comparison with literature data. The compound exhibited antimicrobial activity against
Staphylococcus aureus, Streptococcus pneumoniae, Escherichia coli, Salmonella typhi, and Candida albicans <
3 mg/ml. The compound had minimum inhibitory concentration ranging from 0.18 to 0.75 mg/ml and minimum
bactericidal concentration ranging from 0.75 to 1.50 mg/ml. The compound is reported for the first time from
Brachystelma togoense.
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1. INTRODUCTION
Brachystelma was first described by Robert Brown in 1822. The genus Brachystelma R. Br. (Apocynaceae: Asclepiadoideae)
is represented by about 100-120 species (Bruyns, 2009). The genus Brachystelma is chiefly distributed in South Africa,
South-East Asia and Australasia (Ollerton et al., 2009). A total of 18 species are known in India (Britto and Bruyns, 2016) and
out of them, 3 species in Maharashtra. It is an erect perennial herb, growing up to 30 cm, recorded from Ghana to Nigeria, in
lowlands to montane situations. The tuber is said to be edible raw (Kew Royal Botanical Gardens, 2019). Many of the tuberous
Brachystelma are known to be used medicinally for the treatment of headache, stomach ache and colds in children.

The World Health Organization (WHO) has reported that traditional medicinal plants are those natural plant materials
which are used without processing for the treatment of various ailments in our locality. Traditional herbal medicine has being
in use for the past years because it is natural and have fewer side effects (Jamshidi-kia et al., 2018). It in view of the uses of
these plants for the treatment of various ailments that we decided to isolate the bioactive flavonoid in B.togense. Flavonoids
are referred to as the primary class of polyphenolic compounds (Xie et al., 2015). Most flavonoids have been reported to
exhibit various microbial activities which includes but not limited to anti-oxidation, anticancer, anti-inflammatory activies
(Xiao and Kai, 2012). Over the years, flavonoids have become interesting subject of medical research all over the world. This
is because, they have been reported to posses vast antimicrobial activies (Cushnie and Lamb, 2005). Flavonoids have been
reported also to posses many biochemical properties. They are known for their antioxidant activity, hepatoprotective activity,
antibacterial activity, anti-inflammatory activity, anticancer activity and antiviral activity (Kumar and Pandey, 2013). A similar
flavonoid, 2-3-dihydromyricetin-3-O-α-L-rhamnoside isolated from Pradosia huberi (Ducke) Ducke (Sapotaceae) was reported
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for rat isolated mesenteric arteries though it was ineffective in the eliciting vasorelaxation (Medeiros et al., 2010). But flavoids
antimicrobial activities have been well documented. Therefore, the bilological investigation of the plant which led to the
isolation and characterization of a bioactive flavonoid has justified the ethnomedicinal use of B.togense in Nigeria.

2. MATERIALS and METHODS
2.1 Instrumentation
The NMR spectra were recorded in CD3OD on a 400 MHz Bruker AVANCE III NMR instrument at room temperature.
HREIMS was recorded on an Agilent Technologies 6550 iFunnel Q-TOF LC/MS with the sample dissolved in CH2Cl2. The
optical rotation was determined in CH2Cl2 on a JASCO P-1020 polarimeter and the infrared spectra was recorded using a
Perkin-Elmer (2000 FTIR) spectrometer on NaCl plates. The ECD spectra was measured on a Chirascan CD spectrometer
using a 1 mm cell with acetonitrile as solvent at the Department of Chemistry, FEPS, University of Surrey, United Kingdom.

2.2 Plant material
The aerial parts of Brachystelma togoense was collected in the month of April 2018 from Benue State, Nigeria. The plant was
identified by the plant taxonomist Mallam Sanusi Namadi and a voucher specimen (25856) is retained in Biological Science
Depatment, Ahmadu Bello University, Zaria-Nigeria (Ekalu et al., 2019).

2.3 Extraction and isolation
The air dried Brachystelma togoense (1.0 kg) was extracted on a shaker at room temperature successively with 100 % CH3OH
for 72 hours. The extracts was concentrated using a rotary evaporator at 40 ◦C to a yield brown gum (9.0 g, 0.9 % MeOH
extract). The extract was separated by flash chromatography (Biotage SP1) over silica gel using three solvent mixtures; first
with a CH2Cl2/EtOAc step gradient starting with 100 % CH2Cl2 and gradually increasing the polarity to 100 % CH2Cl2 then
EtOAc was added gradually until 100 % EtOAc was reached to yield 8 fractions ((Fr.1-Fr.8). Fr.5 was separated successively
over Sephadex LH-20 (CH3OHEtOAc 2:8) to give 1 (50 mg, 0.6 %).

2.4 Antimicrobial screening
The antimicrobial activities of the isolates were determined using some microorganisms. The microorganisms were obtained
from the Department of Medical Microbiology, Ahmadu Bello University Teaching Hospital, Zaria, Nigeria. The antimicrobial
activity of the isolates were evaluated using the broth dilution assay as described previously for the bacteria and Mueller
Hinton broth assay for the fungus (Niaz et al., 2018). The microorganisms tested were: Staphylococcus aureus, Streptococcus
pneumoniae, Escherichia coli, Salmonella typhi, and Candida albicans. Different solutions of 6.0 mg of the compound were
made using DMSO (10 ml) and the experiment was also set up using DMSO as the control (Bello et al., 2011a).

2.5 Determination of zone of inhibition
The standardized inocula of the isolate were uniformly placed on freshly prepared Mueller Hinton agar plates using a sterile
swab stick. Exactly 5 appropriately labelled wells were punched into each agar plate using a sterile cork borer (6 mm in
diameter). Aliquot of 0.3 ml of the appropriate isolate concentration was placed in each well and then allowed to diffuse into
the agar. An extra plate was streaked with the isolate and ciprofloxacin (10 µ /disc) was placed on it. The plates were incubated
at 37 ◦C for 24 h. While for the fungus, Sabouraud dextrose broth was used and the incubation period was 30 ◦C and 48 h. The
antimicrobial activities were expressed as diameter (mm) of inhibition zones produced by the isolate (Bello et al., 2011a).

2.6 Minimum inhibition concentration (MIC)
The minimum inhibition concentrations of the isolate was carried out using the broth dilution method as outlined by the
Clinical and Laboratory Standards Institute (CLSI. Performing Standards for Antimicrobial Susceptibility Testing, Clinical and
Laboratory Standards Institute, n.d.). Mueller Hinton broth was prepared; 10 ml was dispensed into tubes and was sterilized at
121 ◦C for 15 minutes and allowed to cool. The McFarland turbidity standard scale 0.5 was prepared to give turbidity solution.
Normal saline was prepared, 10 ml was dispensed into sterile test tube and the test microbes was inoculated and incubated at 37
◦C for 24 hours. Dilution of the test microbes was done in the normal saline until the turbidity marched that of the Mc-Farland
turbidity scale by visual comparison at this point the test microbe has a concentration of about 1.5x108 cfu/mL. Two-fold serial
dilution of the extracts in the sterilized broth was made to obtain the concentrations of 3.00 mg/ml, 1.50 mg/ml, 0.75 mg/ml,
0.37 mg/ml, 0.18 mg/ml and 0.09 mg/ml. The initial concentration was obtained by dissolving 6 mg of the isolate in 10 ml of
the sterile broth. Having obtained the different concentrations of the extracts in the sterile broth, 0.3 ml of the standard inoculum
of the test microbe in the normal saline was then inoculated into the different concentrations. Incubation was made at 37 ◦C for
24 h, after which each test tube of the broth was observed for turbidity (growth). The lowest concentration of the isolate in
which the broth shows no turbidity was recorded as the Minimum Inhibition Concentration (MIC) (Bello et al., 2011a).
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2.7 Determination of minimum bactericidal concentration/minimum fungicidal concentration (MBC/MFC)

This was carried out to determine whether the microorganisms could be completely killed or their growth could only be
inhibited. The minimum bactericidal concentration of the isolates was determined as outlined by the CLSI on the nutrient agar
plates. Minimum bactericidal concentrations were determined by assaying the test tube contents of the MIC determinations. A
loopful of the content of each tube was inoculated by streaking on a solidified nutrient agar plate and then incubated at 37 ◦C
for 24 h for bacterial and 30 ◦C for 48 h for fungus. Then it was observed for microbial growth. The lowest concentration of
the subculture with no growth was the minimum bactericidal concentration/ minimum fungicidal concentration (Bello et al.,
2011a).

3. RESULTS and DISCUSSION

3.1 Data for compound 1

Dihydroflavonol-3-O-α-L-rhamnoside (1): Yellow solid, [α]D
20 = - 83.6 (c =1.00, MeOH); HRESIMS: m/z 474.1071

[C21H24O7 +Na] (Calculated for C21H24O7Na 473.1060 for C21H22O11Na); IR (neat): 3382, 2919, 1638 cm-1; 1H NMR
(CD3OD, 400 MHz) and 13C NMR (CD3OD, 100 MHz) data are given in Table 1.

Compound 1 was isolated as a yellow solid from the MeOH extract of the aerial parts of Brachystelma togoense and was
identified as the known dihydroflavonol-3-O-α-L-rhamnoside, which has been isolated from the methanol extract of Xinjiang
wine grapes (Vitis vinifera) (De Britto et al., 1995; Xueyan et al., 2018).

The HRESIMS (spectrum 1.1) showed a molecular ion peak at m/z [M+H+Na]+= 474.1071 ( calcd 473.1060 for
C21H22O11Na) indicating a molecular formula of C21H22O11 for the compound. The IR spectrum (spectrum 1.2) showed
absorbance bands for hydroxyl (3382 cm-1), conjugated ketone (1638 cm-1), sp3 CH (2919 and 2851 cm-1) and olefinic carbon
(1463 cm-1) groups.

Ring A showed meta-coupled H-6 (δH 5.93 d, J = 1.2 Hz) and H-8 (δH 5.91 d, J = 1.2 Hz) proton resonances and ring B
showed an ABX system with coupled H-2’ (δH 6.97 d, J = 1.9 Hz), H-5’ (δH 6.83 d, J = 8.2 Hz) and H-6’ (δH 6.84 dd, J = 2.1,
8.1 Hz) resonances. As no methoxy groups were present, hydroxyl groups were placed at C-5, C-7, C-3’ and C-4’. Hydroxy
group proton resonances were not seen in the 1H NMR spectrum (spectrum 1.3) as the solvent used was deuterated methanol
and the hydroxyl groups of the molecule undergo proton exchange.

A keto group (δC 196.1) was present in the 13C NMR spectrum (spectrum 1.4) that could be assigned to C-4 of the flavonoid
skeleton. A pair of doublets (δH 5.09 d, J = 10.8 Hz, δH 4.59 d, J = 10.7 Hz) could be assigned to H-2 and H-3 of ring B. These
large coupling constants showed that H-2 and H-3 were trans to each other.

The NMR spectra showed the presence of one sugar group. The presence of a three proton doublet (δH 1.19 d, J = 6.3 Hz)
indicated that this was α-L-rhamnose (Xueyan et al., 2018). This was supported by correlations seen in the NOESY spectrum
(spectrum 1.9) between the 1” (δH 4.06 d, J = 1.6 Hz), 3” (δH 3.67 dd, J = 3.4, 9.5 Hz), 4” (δH 3.31 dd, J = 6.6, 9.5 Hz) and 5”
(δH 4.26 dd, J = 6.5, 9.6 Hz) proton resonances. The rhamnose was attached at C-3 β . This was shown by a correlation seen
between the H-3 and C-1” ((δC 102.3) resonances.

The 1H and 13C NMR resonances were assigned using HSQC and HMBC spectra and are given in Table 1, the structure of
compound compound 1 is shown in Figure 1.

The specific rotation was found to be [α]D
20 = - 83.6 (c = 1.00 g/ml, MeOH) and [α]D

20 = - 13.5 was reported (Xueyan et
al., 2018) which confirmed the stereochemistry of compound 1. The configurations at the chiral centres were confirmed using
the NOESY spectrum.

The ECD spectrum (spectrum 1.10) agreed with the stereochemistry reported in literature (De Britto et al., 1995).
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Figure 1. Molecular structure of (2R, 3R)-dihydroflavonol-3-O-α-L-rhamnoside isolated from bracystelma togoense.

Table 1. NMR Data for (2R, 3R)-dihydroflavonol-3-O-α-L-rhamnoside (CD3OD, 400 MHz J in Hz)

C

13C NMR
(100MHz)
in CD3OD

13C NMR
(100MHz)
in DMSO-6
(Xueyan et al., 2018)

1H NMR
(400MHz)
CD3OD
(J in Hz)

HMBC
(H→C)

COSY NOESY

1 -
2 84.1 CH 82.4 5.09 d, J= 10.8 1’, 2’, 3, 4, 6’ 3α 3
3 78.7 CH 76.5 4.59 d, J= 10.7 1’, 1”, 2, 4 2β 2
4 196.1 C 195.1 -
5 164.3 C 162.8 -
6 97.5 CH 96.2 5.93 d, J= 2.1 5, 7, 8
7 165.7 C 167.0 -
8 96.4 CH 95.1 5.91 d J= 2.1 6,7,9
4a 162.5 C 162.8 -
8a 102.6 C 101.5 -
1’ 129.3 C 128.1 -
2’ 115.6 CH 114.5 6.97 d, J= 1.9 1’, 2, 3’,6’
3’ 146.7 C 145.9 -
4’ 147.5 C 145.1 -
5’ 116.5 CH 115.2 6.83 d J= 8.2 1’, 4’, 6’ 6’
6’ 120.6 CH 119.5 6.84 dd, J = 2.1, 8.1 1’, 2, 4’, 5’ 5’
1” 102.3 CH 100.5 4.06 d, J= 1.6 3α , 3”, 4”, 5”
2” 71.9 CH 70.4 3.54 dd, J= 1.7, 3.3 3α , 3”, 5”
3” 72.3 CH 71.3 3.67 dd, J = 3.4, 9.5 4”, 5” 4”, 5” 3α , 4”, 5”
4” 73.9 CH 72.6 3.31 dd, J = 6.6, 9.5 3”, 5”, 6” 3”, 5”, 6” 2
5” 70.7 CH 68.9 4.26 dd, J = 6.5, 9.6 3”, 4”, 6” 3”, 4”, 6” 3α , 3”, 4”
6” 17.9 CH3 17.1 1.19 d, J= 6.3 4”,5” 4”,5” 3α , 3”, 4”, 5”

Table 2. Diameter of Zone of Inhibition (mm) of the compound
Concentration (mg/ml)

Micro organisms 3.0 1.5 0.75 0.375 Ciprofloxacin 10x10-6 Terbinafine 30x 10-6
S. aureus 16 14 13 12 25

E. coli 18 16 14 13 35
S. pneumoniae 16 14 12 11 20

S. typhi 23 20 16 13 24
C. albicans 20 18 16 14 33
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Figure 2. Representation of diameter of zone of inhibition.

Table 3. Summary of MIC, MBC and MFC of the compound (mg/ml)
Micro organisms MIC MBC MFC

S. aureus 0.75 1.50
E. coli 0.37 0.75

S. pneumoniae 0.75 1.50
S. typhi 0.37 0.75

C. albicans 0.18 0.75

Figure 3. Representation of MIC, MBC and MFC of the compound (mg/ml).

Flavonoids are phenolics widely distributed in plants with reported antimicrobial activity (Cushnie and Lamb, 2005). The
results showed that the compound had a remarkable activity against all the five microorganisms tested. Four bacterial strains,
Staphylococcus aureus, Streptococcus pneumoniae, Escherichia coli, Salmonella typhi, were used. Ciprofloxacin was used as
the positive control against the four bacteria with MIC values of 0.75, 0.37, 0.75, 0.37 mg/ml (Table 3 and figure 3) respectively.
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Candida albicans was used as the fungus. Terbinafine was used as the positive control against the fungus with MIC values of
0.18 mg/ml (Table 3 and figure 3). The compound had zones of inhibition ranging from 11 to 23 mm (Table 2 and figure 2).
Flavonoids have been reported to exhibite anti-inflammatory, anti-microbial, anti-cancer and anti-allergic activities (Bello et
al., 2011b). The antimicrobial activity of flavonoid has been reported (Taleb-Contini et al., 2003) for different flavonoids on
microorganisms.There, we can confirm that the isolated compound, a flavonoid has vast medicinal potential which justifies the
ethnomedicinal uses of the plant.

4. CONCLUSION
A flavonoid was isolated and identified as a (2R, 3R)-dihydroflavonol-3-O-α-L-rhamnoside from B.togoense. To the best of our
knowledge, the compound is reported for the first time in this source. The flavonoid showed significant activities against E. coli,
S. typhi and C. albicans. The results from this research have supported the ethnomedicinal uses of this plant in the treatment of,
typhoid fever skin infections, abdominal disorders, dysentery, pneumonia, gonorrhea, and as a cough and cold remedy. This
justifies the ethnomedicinal uses of the plant in Nigeria.
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