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ABSTRACT OF THE DISSERTATION 

 
Miniaturized Electronic Sensors and Actuators for Healthcare and 

Environmental Monitoring 

By AZAM GHOLIZADEH 

 

Dissertation Director: 

Dr. Mehdi Javanmard  

 

  
    Lab on a chip is an emerging field that has the potential to fully automate small-scale 

biological experiments. To realize this aim, both analytical and fluid control components 

need to become fully miniaturized. In addition to this, high sensitivity sensors are needed 

to compensate for the reduction in target analyte. In this thesis, we address two key 

challenges in Micro Total Analysis Systems: The fabrication and characterization of 1) 

Highly sensitive sensors and 2) Low power magnetic based valves for microfluidic 

applications in lab-on-a-chip systems utilized for portable analytical methods for point-of-

care healthcare applications and point-of-use environmental monitoring.  

    For health monitoring we focus on development of a non-invasive approach for 

measuring indicators of inflammation and oxidative stress in the respiratory tract by 

quantifying a biomarker in exhaled breath condensate. We utilize the unique properties of 

reduced graphene oxide to electrochemically detect nitrite content in EBC samples. Nitrite 

is as one of promising biomarkers of inflammation in the respiratory tract. 
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For environmental applications, lead contamination poses a serious public health problem 

considering it is one of the most dominant heavy metal present in the environment. Our 

sensor is capable of detecting lead in freshwater sediment samples. A sample-to-answer 

platform capable of on-chip sediment digestion and purification in conjunction with 

electrochemical quantification of lead ions is presented.  

    Miniaturized fluidic valves with ultra-compact instrumentation footprint are necessary 

to realize flow control in microfluidic channels. Here we use an electronically controlled 

magnetic force combined with an elastomeric membrane to fabricate micro-valves. We 

evaluated geometrical effects on the performance of valves using both simulation and 

experimental approaches with permanent magnets. Zero static power switchable valves are 

demonstrated using electropermanent magnets enabling use in hand-held devices. 
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Chapter 1: Introduction 

 
    This chapter gives an overview of the research proposal concepts and problem 

statements for healthcare, environmental developed sensor and magnetic microfluidics 

valve. It briefly explains the background of each part of project and clarifies why these 

issues are worthy to attention nowadays. 

1.1. Healthcare application of graphene oxide sensor 

 

   Biomarkers have enormous potential utility in assessing chronic inflammation, especially 

in asthma, which affects ~300 million people worldwide. Asthma, which is characterized 

by variable airway inflammation and airflow obstruction, is an increasingly important 

global health problem. In the United States alone, ~ 17.7 million adults and 6.3 million 

children were diagnosed with asthma in 2014 [1]. Furthermore, the cost of asthma care in 

the United States was estimated to be $56 billion in 2007. The currently available non-

invasive methods for diagnosing and monitoring asthma, i.e., spirometry and the 

measurement of exhaled nitric oxide, are limited by low sensitivity and the need for 

expensive and bulky equipment. Moreover, existing tests have a limited ability to 

characterize the nature and extent of underlying airway inflammation, which is widely 

variable between individuals [2]. Measurement of biomarkers in exhaled breath condensate 

(EBC) can contribute to the molecular phenotyping of asthma, thus enabling targeted 

treatment and more effective disease management. Given the large and growing burden of 

asthma, there is an urgent need for improved, minimally invasive methods for the 

molecular diagnosis and monitoring of asthma.  
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    The use of biomarkers in EBC may help to overcome the difficulties associated with 

obtaining airway tissue and bronchoalveolar lavage samples that have significantly 

hampered the study of naturally occurring exacerbations of asthma. EBC contains droplets 

of airway lining fluid (ALF) that are exhaled during normal tidal breathing. In addition to 

condensed gas-phase compounds, EBC contains non-volatile compounds that originate 

from ALF, including hydrogen peroxide, nitrite and nitrate, as well as larger molecules 

such as eicosanoids, proteins, and even nucleic acids [3]. The ability to non-invasively 

characterize airway tissue by repeated measurements of biomarkers in EBC would be 

invaluable for studying the time-course of dynamic inflammatory pathways that are 

involved in asthma exacerbation. Ultimately, EBC biomarkers may contribute to the 

assessment of different asthma phenotypes and the development of individualized rational 

approaches to asthma management at the point of care [4]. 

    Recent studies have shown the promise of EBC nitrite for use as a biomarker of both 

oxidative stress and inflammation in asthma (figure 1-1). The primary source of nitrite in 

the respiratory tract is nitric oxide (NO), which is produced from L-arginine by nitric oxide 

synthase. In aqueous solution, NO reacts rapidly with reactive oxygen species (ROS) to 

form more stable nitrogen oxides, such as nitrite (NO2
−) and nitrate (NO−

3) [5]. Increased 

levels of NO are associated with inflammatory disease states such as asthma, COPD [6], 

and cystic fibrosis [7]. The increased level of exhaled NO in asthma has been suggested to 

be due to an increased expression of inducible NO synthase (iNOS) in bronchial epithelium 

[8]. Given the relative stability of nitrite in EBC and its promise as a biomarker of chronic 

respiratory inflammation, we developed a miniaturized probe-free/label-free sensor for the 

detection of nitrite in EBC.  
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Figure 1-1. 1An exhaled breath condensate (EBC) sample is collected, and nitrite content is 

measured electrochemically [9].  

    Nitrite is typically detected through one of several spectro-photometric methods (Griess 

reaction) involving fluorimetry, chemiluminescence, or ion chromatography [10-12]. The 

detection limit of fluorimetric methods is 0.1 μM. Chemiluminescence has a lower 

detection limit (in the nM range). Nitrite concentrations in EBC are in the μM range and 

are compatible with these detection limits. However, despite the low detection limit 

provided by these methods, EBC samples are usually pretreated to induce the appropriate 

reaction and/or to eliminate interfering compounds, such as chlorine [13]. The benefit of 

using electrochemical methods is that pretreatment steps are not required; more 

importantly, both the sensor and the instrumentation readout can be readily miniaturized, 

thus enabling the development of point-of-care diagnostics and even real-time wearable 

health-monitoring devices. The other strong benefit of using electrochemical methods is 

that they can be used to detect nitrite content at a specific potential of 0.7 V in real time 
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without interference from other compounds in the EBC matrix. The drawbacks, however, 

are that these methods often do not offer the same detection limit as those provided by 

optical methods, and standard electrochemical cells require sample volumes of several 

milliliters.  

    The electrochemical detection of nitrite is based on either the oxidation or reduction of 

nitrite [14]. Nitrite oxidation-based methods with a final product of NO3 are usually 

preferred because the presence of interfering molecules (such as oxygen) during reduction 

can be avoided [15]. However, an oxidation reaction as the basis for detecting nitrite 

requires a high over-potential [16]; thus, in recent years, many attempts have been made to 

develop novel electrode materials [17-19]. Among possible novel materials, graphene-

based electrodes have been widely used due to their low over-potentials, low electron 

transfer resistance, small residue currents, wide potential window, excellent chemical 

stability and potential for chemical functionalization. Graphene has previously been 

explored to detect a wide range of chemical and biological species [20-22].  

    Here, we use graphene-based electrodes to detect nitrite in EBC. A nitrite detector is 

fabricated using screen- printed electrodes that are modified with electrochemically 

reduced graphene oxide. Another limiting factor for graphene-based electrochemical 

sensors is that simple drop cast methods are used to deposit graphene oxide on a metal 

electrode film; this method can result in device-to-device variation due to the 

agglomeration of graphene oxide flakes. To resolve this issue, we used a modified drop 

cast method that results in thinner and precisely patterned rGO electrodes. We also 

fabricated a micro-electrochemical cell using a polydimethyl siloxane (PDMS) membrane 

to enable voltammetric measurements of very small sample volumes, which is necessary 
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for analyzing EBC samples, where limited sample volumes are available. To the best of 

our knowledge, this represents the first electrochemical sensor that can directly measure 

nitrite content in clinical EBC samples with submicromolar detection limits.  

    This sensor can easily be portable however, needs further optimization to achieve 

detection in the nano-molar range. Moreover, standardization of new methods for clinical 

application is needed. Especially in EBC samples, the source of variation can be related to 

the technique of sample collection, processing, and analysis. The aim of presented work is 

two-fold. We seek to improve the sensitivity of analysis and study stability of nitrite during 

storage. Moreover, as with electrical detection, the conductivity and nature of matrix are 

very important, these parameters have been studied with variation of electrolytes and 

Electrochemical impedance spectroscopy.  

 

 1.2. Environmental application of graphene oxide sensor 

 

 

   One of the most dominant heavy metals present in the environment is lead as it is widely 

used in building materials, lead paints, and even lead-acid batteries. As a result of this 

overabundance in the environment, particularly in natural water sources and even drinking 

water, lead poisoning has resulted in many public health epidemics. Lead and other toxic 

metals that end up in natural water sources can often settle down to the bottom into the 

sediment. Contaminated sediment can get resuspended into natural water sources due to 

storms and transit of boats and vessels.  The high concentration of lead in sediment 

(reported in the range of mg/kg [23]) when released into the water, poses risks to aquatic 

organisms and thus poses a serious public health problem.  Based on reports, lead can 
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damage the human nervous (especially children), respiratory, and reproductive systems 

[24].  Hence, the ability to rapidly screen sediment samples for lead is necessary to identify 

hot-spots of contaminated areas where remediation is necessary, to thus minimize the risk 

of re-suspension into natural water sources. To meet this requirement, there is a need for 

automated, portable, ultra-compact sensing devices capable of qualitatively identifying 

toxic metals directly in complex environmental samples without the need for manhandling 

and sample preparation. Due to the detrimental health risks resulting from lead 

contamination, a variety of measurement methods have been developed. These methods 

include atomic absorption spectroscopy [25-28], inductive coupled plasma mass 

spectroscopy [29, 30], various optical [31-33] and electrochemical methods, which are 

primarily based on ion selective electrodes [34, 35] and stripping voltammetry [36-39]. 

Among these, because of high speed, high sensitivity, and portability, electrochemical-

stripping voltammetry is a promising method for tools capable of field measurements. 

Stripping voltammetry works well in purified buffers, however, to the best of our 

knowledge, to date, there have been no reports of electrochemical platforms capable of 

direct measurement of lead in sediment sample.  

    Electrochemical based sensors utilize a variety of electrode surface modifications for 

increasing sensitivity of lead detection. One example involves the reaction between tin and 

bismuth with lead and incorporation of these materials on the surface of the electrodes [22, 

40-42]. Also, a variety of other metal nanoparticles have been used, with the aim of 

increasing the surface area [43-46]. Other methods are based on using DNA enzymes [47, 

48]. Additionally, graphene based nanomaterials due to their extraordinary electronic 

transport properties, large surface area, higher cathodic window thus avoiding reduction of 
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hydrogen, and high electrocatalytic activities are another potential class of materials for 

electrode surface capable of sensitive lead detection [49-52]. Among them, graphene oxide, 

prepared through extensive chemical exfoliation of graphite flakes, has oxygen containing 

functional groups such as hydroxy, carboxy, epoxy, ether, diol and ketone, which are active 

sites for adsorbing heavy metals such as lead [22, 53].  

    Various methods allow for relatively easy deposition of graphene oxide (GO) thin films 

on top of electrode surfaces including drop casting [49-51, 54, 55], dip coating [56], 

Langmuir-Blodgett based deposition [57, 58], transfer via vacuum filtration, [59, 60] and 

spin coating [61-63]. The method used for deposition of GO is very important to control 

surface morphology, film uniformity, thickness and surface coverage. Among these 

methods, dip coating and drop casting often result in non-uniform deposition due to 

aggregation of GO sheets. Also drop casting GO suspension usually results in weak 

adhesion to electrode substrate. The rapid evaporation of the solvent during spin coating 

allows a more uniform surface with minimal wrinkling and increases the adhesion between 

the GO thin film and the electrode surface, which is critical during electrochemical 

reduction of GO. 

    Because of the ease and low cost for manufacturing, screen printed electrodes (SPE) 

have great utility as a disposable device. SPEs can be used for point-of-use testing in 

various applications such as industrial process monitoring, environmental monitoring, and 

food testing. Screen-printed electrodes combined with stripping voltammetry provide a 

promising solution for detection of heavy metals such as lead [64-66].  Various lead sensors 

have been developed using SPEs. One example is disposable bismuth oxide modified SPE 

for detection of lead in the range of 20-300 ppb with a detection limit of 8 ppb [67]. In 
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other works, SPEs modified by gold films displayed very highly linear behavior in the lead 

concentration range of 2-16 ppb with a detection limit of 0.5 ppb [68].  

    The key challenge to utilizing electrochemical methods for detecting heavy metals in 

complex matrices such as sediment, food, and soil at point-of-use is the requirement to 

perform a separate pretreatment step for extraction of ions and purification of sample [69-

71]. For lead, the ion extraction step is essential to convert all various chemical forms of 

lead to Pb2+ so that they can participate in the electrochemical reaction.  

    In this work, we present an ultra-compact sediment pretreatment module combined with 

a highly sensitive electrochemical graphene oxide sensor to detect lead in untreated 

sediment samples obtained directly from the environment (Figure 1-2). Our sediment pre-

treatment module consists of a cellulose sponge, which serves as a membrane between the 

sediment and the active site of the sensor. Sponges have demonstrated significant ability 

to adsorb contamination, [72] thus making them a suitable choice of material for the porous 

membrane. The porous membrane adsorbs contamination of sediment preventing direct 

contact between solid sediment and the active graphene oxide site. Moreover, lead ions 

easily penetrate through the cellulose sponge membrane and thus pure solution reaches the 

graphene oxide surface. An additional benefit to this approach is that this set up minimizes 

the required acidic pretreatment to microliter levels. 
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Figure 1-2. 1Schematic of sediment sample collection and measurement of lead  

 

    Moreover, we selectively spin-coated GO uniformly onto a screen printed gold working 

electrode and investigated the performance of the sensor over a wide range of parameters 

to optimize the performance. Gold screen-printed electrodes are high in conductivity and 

exhibit excellent performance of stripping voltammetry and are thus chosen as the working 

electrode for deposition of GO [73-75].  The surface morphology and chemical 

characterization of the GO film was done using scanning electron microscopy (SEM), 

atomic force microscopy (AFM) and Raman Spectroscopy. The analytical parameters 

affecting the sensor performance and the thin film fabrication were studied in terms of 

concentration of GO solution during spin coating, the effect of GO reduction, the 

supporting electrolyte, square wave anodic stripping voltammetry (SWASV) parameters 

such as deposition time, frequency, and pulse height. The reliability of the electrode in 

response to high concentrations of lead was also investigated to ensure the capacity of lead 

adsorption on the surface of the electrode. Furthermore, the effect of water extracted from 
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sediment on the supporting electrolyte was investigated both with and without adding 

acetate buffer solution in the range of 0 ppb to 20 ppm lead standard. This was then used 

to quantify the amount of lead present in digested sediment samples collected from the 

environment. 

 

 1.3. Magnetic based microfluidic valves 

 

   Microfluidic technology has shown significant promise in a wide range of applications 

including low volume high precision chemical and material synthesis platforms [76, 77], 

diagnostic devices [78, 79], nucleic acid amplification [80] cell sorting, and also culturing 

[81]. To fulfill the demands of these wide ranging applications, integrated solutions for 

dynamic fluidic control through micro-channels is required. The most important fluid 

handling components to enable fully miniaturized Micro-Total Analysis Systems 

(MicroTAS) are on-chip integrated valves, pumps, and mixers. In particular, the ability to 

reversibly open and close specific channels rapidly is an essential requirement for a wide 

range of analytical platforms. Integrated on-chip valves in microfluidic systems are 

typically categorized as passive [82, 83] and active valves. Active valves need external 

forces for operation. In the past few decades various active valve solutions using pneumatic 

[84], magnetic [85], electrostatic [86] and photonic actuation [87], hydrogel swelling [88], 

the movement of ferrofluids [89] and even sharp-memory alloy thermal response [90] have 

been reported.  Among of them, the pneumatic valves developed by Unger and coworkers 

[91] based on soft lithography have emerged as the most widely used solution due to their 

versatility, ease of fabrication, high speed, and small size. Fabrication of numerous large-

scale integrated fluidic systems has been possible with these kinds of valves. The difficulty, 
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however, in using pneumatic valves for realizing portable and even wearable fluidic 

analysis systems stems from the need for large numbers of tubing inserted in the channel 

inlets and the computer-based pneumatic actuators and pressure control system required, 

which makes the full system large and bulky.  Thus, numerous efforts have been underway 

to realize valve solutions, not only with micro-scale valve geometries, but also micro-scale 

actuators as well, thus enabling ultra-compact Micro-Total Analysis Systems. This 

includes electrostatic and piezoelectric actuated valves requiring large actuation voltages 

[92, 93]. 

Among the wide variety of different micro-scale actuation mechanisms, magnetic 

actuation has advantages over other methods. In particular, it has been shown to produce 

large forces (> μN) capable of producing large displacements (100s of μm) [94]. Various 

magnetic micro-valves have been presented in the literature utilizing a number of magnetic 

materials to achieve actuation. Among the first embodiments was the use of electroplated 

soft magnetic materials (e.g. permalloy/NiFe). For example, a silicon-based microvalve 

with a permalloy-coated membrane was presented, consisting of a 7μm-thick Permalloy 

film on a 17μm-thick silicon membrane, capable of being deflected 23 μm via the device’s 

integrated inductors. However, there are drawbacks for magnetic microstructures. As an 

example, it is not possible to generate locally restricted high magnetic field flux density 

inside these structures [95] magnetic hydrogels and ferrofluids are use to tackle this 

problem. Various groups have also suggested using magnetically modified elastomeric 

materials for fabrication of microfluidic valves [96]. As a result, quite a bit of effort has 

been undergone in obtaining suitable nanocomposite of PDMS and magnetic particle for 

actuation purposes [97-99]. Aside from the advantages of these composites, there are some 
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drawbacks for their use as actuating membrane. As an example, the synthesis of a uniform 

magnetic particle elastomer is difficult. Magnetic particles also cause changes in the 

mechanical properties of PDMS, which can vary from sample to sample so achieving 

consistently reliable valves from device to device is difficult. Also one cannot load 

magnetic particles into the PDMS beyond its solubility, which places a limit on magnetic 

permeability of the membrane. Thus, in most cases millimeter sized valves are required to 

get sufficient deformation to fully close a fluidic channel, thus large-scale integration is 

not feasible. Another drawback of these composites results from its optical properties, thus 

making the full channel opaque, making optical imaging difficult.  

Magnetically actuated valves based on dispersion of nanoparticles on N-

isopropylacrylamide hydrogel has also been reported but in spite of rapid on-off switching 

times, it has relatively large dimensions and thus has a sluggish valve response due to the 

cool down time of hydrogels.  Ferrofluids have also been used for fabrication of 

microvalves. Most ferrofluid-based designs implement the ferrofluid in contact with the 

liquid in the channel, and thus the two liquids must be immiscible [89]. Use of a rigid iron 

plate in combination with PDMS membranes was reported [96, 100], however they are not 

suitable for miniaturization, and because of their inflexibility they can not close valves 

completely in low flow rates.  

    In this work, we present the use of magnetorheological (MR) fluids micropatterned on 

top of a PDMS membrane. The magnetorheological fluid is a suspension of microparticles 

in a carrier fluid on top layer of thin deformable PDMS layer. Because of the size of these 

particles, they cover and adhere to the membrane and also because they are suspended in 

liquid, they can rapidly become re-oriented in presence of a magnetic field and apply a 
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strong force to the membrane thus deforming it, closing the microfluidic channel directly 

beneath it. The key advantage of this approach is that the magnetic permeability of the MR 

fluid is significantly higher compared to magnetically doped PDMS membranes, thus 

significantly higher deformation can be achieved, allowing for smaller valves to be 

fabricated, thus making this approach more suitable for large scale biomicrofluidic 

integration. The other advantage of this approach is the cost effectiveness and also general 

compatibility with widely used soft-lithography processes for microfluidic channel 

fabrication.  

 

 

Figure 1-3. 1Schematic of the concept of MR fluid integrated with elastomeric PDMS membrane 

valves with permanent magnet. Application of magnet applies force on MR fluid and it cause 

deformation of thin layer of PDMS that can close the channel in push down method [101].  

 

    Figure 1-3 shows the basic concept of the MR fluid integrated with a PDMS membrane 

microfluidic valve. We systematically studied, both theoretically and experimentally, 
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various magnetic valve geometries and dimensions and compared the performance in terms 

of on-off cycle, response time, ability to close micro-channels, and their ability to withstand 

channel pressure. 

    For permanent magnet valve, the external motor is needed to move magnet. In addition, 

it is too large to create localized actuation and lack on-demand switching capability. For 

electrically actuated valves, such as electrostatic, piezoelectric, high voltage are usually 

required in order to generate enough actuation force [102]. This high voltage creates 

continuously large amount of heat, which can damage the device and biological samples. 

In electropermanent valves, as the coil dimension decreases, the resistance of the wires 

increases and produces significant joule heating, due to the needed of large continuous 

current to maintain the magnetic field.   

    Alternative magnetic force that provides localized actuation, stronger magnetic field and 

requires short current pulse to activate, is electropermanent magnet. The use of EPM to 

actuate the valve, allows both the strong magnetic field of permanent magnets and the 

ability to digitally control electromagnetic valves [103], all while maintaining low power 

consumption necessary for on-demand control of fluidic devices. The common application 

of EMPs are in industrial applications [104]. Recently, smaller versions of them provide 

several new applications including micromotors, programmable matter, and reconfigurable 

smartphones [105]. In addition, EPM actuator for droplet ferro-microfluidics was 

developed to sort droplets in continuous flow of microfluidic design [106]. In other work, 

by using supercapacitor energy buffer, wirelessly controlled electropermanent magnet 

microactuator was introduced that helps to integrate the control circuit platform of EPMs 

[107].    
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    In the next study, we present electropermanent magnetic actuated elastomeric membrane 

based valve designed to store reagents and control fluid in wide-used PDMS based 

microfluidic systems. In this design a short current pulse switches magnetic field in 

microsecond time scale and the deformation of membrane actuates the valve. We 

assembled EPMs and characterized their magnetic behavior in different electrical 

condition. To demonstrate EMP as actuator for microfluidic channels, we have fabricated 

and tested simple and Y-shapes channels that can serve as building block of integrated 

multiple channels microTAS systems. The mechanism of opening and closing of valve was 

investigated in different flow conditions. In addition, we compared the behavior of EMP 

based valve with permanent magnetic one in different range of flow rates. To the best of 

our knowledge this is the first use of EMP to fabricate valves inside the PDMS based 

microfluidic channels.  

    The advantage of this method is, with applying negative current pulse for long period of 

time magnetic field can be canceled so it is highly energy efficient. As the main limitation 

in magnetic based valves, is magnetic force diminish exponentially with distance, in here 

with using micrometer thickness substrate membrane instead of glass, we could minimize 

the distance between EPM and elastomeric membrane. This low power, easy operated 

valve is suitable for long term reservoir of reagents in complex biochemical reactions inside 

the microfluidic systems. In addition, because of fast rate of magnetic switching, with 

applying square wave form and controlling its frequency, it simply can convert to micro-

pump that is ongoing in our group.  In distinction of existing magnetic microfluidic valves, 

using permanent magnet that cannot easily turn off and electromagnetic based ones which 

needs continuous electrical power supply, this design can actuate between ON and OFF 
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status with applying very short current pulse. This design, therefore, has the potential to 

automate the design of point-of-care systems and low-power resource settings. 
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Chapter 2: Results for healthcare application of graphene oxide sensor 

 

2.1. Introduction 

 
   In this project, we present a portable non-invasive approach for measuring indicators of 

inflammation and oxidative stress in the respiratory tract by quantifying a biomarker in 

exhaled breath condensate (EBC). We discuss the fabrication and characterization of a 

miniaturized electrochemical sensor for detecting nitrite content in EBC using reduced 

graphene oxide. The nitrite content in EBC has been demonstrated to be a promising 

biomarker of inflammation in the respiratory tract, particularly in asthma. We utilized the 

unique properties of reduced graphene oxide (rGO); specifically, the material is resilient to 

corrosion while exhibiting rapid electron transfer with electrolytes, thus allowing for highly 

sensitive electrochemical detection with minimal fouling. Our rGO sensor was housed in 

an electrochemical cell fabricated from polydimethyl siloxane (PDMS), which was 

necessary to analyze small EBC sample volumes. The sensor is capable of detecting nitrite 

at a low over-potential of 0.7 V with respect to an Ag/AgCl reference electrode. We 

characterized the performance of the sensors using standard nitrite/buffer solutions, nitrite 

spiked into EBC, and clinical EBC samples. The sensor demonstrated a sensitivity of 0.21 

μA μM− 1 cm− 2 in the range of 20–100 μM and of 0.1 μA μM− 1 cm− 2 in the range of 100–

1000 μM nitrite concentration and exhibited a low detection limit of 830 nM in the EBC 

matrix. To benchmark our platform, we tested our sensors using seven pre-characterized 

clinical EBC samples with concentrations ranging between 0.14 and 6.5 μM. This enzyme-

free and label-free method of detecting biomarkers in EBC can pave the way for the 

development of portable breath analyzers for diagnosing and managing changes in 

respiratory inflammation and disease.  
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2.2. Material and Methods 

 

2.2.1. EBC sample collection 

   

   Briefly, 1–2 mL of EBC was collected during 20 min of tidal breathing from each of 

seven adult subjects using an EcoScreen device (Jaeger, Wurzburg, Germany), which 

condensed the exhaled breath at −20 °C. All surfaces were triple-rinsed with nitrite-free 

water prior to contacting the EBC, and the samples were frozen at −80 °C for later analysis. 

In the previous study, nitrite concentrations were measured using selective catalytic 

reduction and chemiluminescence detection (NOA 280i, GE Analytics, Boulder, CO, 

USA) [108]. All solutions were prepared with distilled water. For testing and calibration 

of the sensors, we experimented with various buffers, including sodium nitrite, acetate, and 

phosphate buffers (Sigma-Aldrich, St Louis, MO, USA).  

2.2.2. Sensor fabrication and characterization  

 

2.2.2.1. Drop cast method 

 
   Graphene oxide was prepared using the Hummers method [109]. Screen-printed three-

electrode micro-chips consisting of Ag/AgCl reference electrodes, platinum counter 

electrodes, and 5-mm gold working electrodes were commercially obtained (Metrohm, 

Herisau, Switzerland). The morphology of the graphene oxide was characterized using 

field-emission scanning electron microscopy (SEM) (Zeiss leo Field emission SEM, Carl 

Zeiss, Inc., One Zeiss Drive, NY, USA) and atomic force microscopy (AFM) (Digital 

Instruments Nanoscope IV, Digital Instruments, NY, USA). The atomic force microscope 

was operated in tapping mode using standard cantilevers with a spring constant of 40 N m− 
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1 and a tip curvature of o 10 nm. FT-Raman spectra (Horiba Johin-Yvon Micro Raman 

Spectrometer, 532 nm excitation laser, HORIBA, NY, USA) were recorded to characterize 

the reduction of the graphene oxide substrates. Electrochemical measurements (PSTAT 

Princeton Instruments, Trenton, NJ, USA) were performed under ambient conditions. All 

potentials were applied with respect to the Ag/AgCl reference electrode. The steps used to 

fabricate the integrated reduced graphene oxide electrode/micro-electrochemical cell are 

shown in figure 2-1.  

 

Figure 2-1. 1Fabrication process for the reduced graphene oxide biosensor formed in a micro-

electrochemical fluidic cell. (A) Shows electrodes of screen printed electrodes and (B) Shows 

dropping 2 micro-litter graphene oxide solution on top of gold working electrode, creating thin 

layer graphene oxide layer indicates in part (C), part (D) shows how we can have small volume 

area with PDMS membrane and part (E) shows image of sensor we used for detection nitrite [9].  

 

    First, a 3-μL aliquot of graphene oxide suspension, which was synthesized from graphite 

powders using the Hummers method, was placed on the gold electrode surface. Then, a 

thin glass slide was placed on top of the droplet to cast the GO onto the gold electrode. 
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Superfluous solution was aspirated, and the surface was dried at room temperature. The 

GO layer was then reduced electrochemically in acetate buffer (pH 5.5) using cyclic 

voltammetry between −1.6 and 0 V at a scan rate of 25 mV for 30 cycles under continuous 

N2 purging. The micro-electrochemical cell was fabricated by forming a thin layer of 

PDMS on top of the insulated layers of the SPE micro-chip. Then, a thicker PDMS layer 

containing an 8-mm hole was covalently bonded to the thin PDMS layer using O2 plasma 

treatment. During O2 plasma treatment, the rGO layer and the wire-bonding pads of the 

SPE micro-chip were protected with a glass slide.  

2.2.2.2. Spin coat method 

 
    The steps required to modify the working electrode with a spin-coated layer of GO are 

shown in figure 2-2. First a thin PDMS membrane is spin coated onto the screen-printed 

electrode. This step is performed for two purposes. First, the PDMS protects the counter 

and reference electrode from electrical shortage during deposition of GO solution. Second, 

the PDMS layer serves as a substrate for microfluidic channel. 

    To prepare the PDMS mask, a 10:1 ratio of Sylgard PDMS with respect to the curing 

agent was mixed together thoroughly. After degassing and removing bubbles, the PDMS 

thin film was coated in a two-step process with 500 rpm for 5 seconds and 4000 rpm for 

30 seconds on the SPE substrate. After curing in 80 C for 1 hour, an approximately 20 μm 

thick PDMS membrane is formed on top of the electrodes.  The film of PDMS on top of 

the working electrode was manually removed and then the solution of GO was deposited 

on top of the working electrode with the same coating parameters.   



21 
 

 

 

Figure 2-2. 1Fabrication process for spin coated GO thin film on Gold SPE electrode. 

 

 Afterwards, the PDMS membrane was removed from the counter and reference electrodes 

and the contact pads. The substrate is then washed with isopropyl alcohol to ensure removal 

of possible residue of PDMS from the surface of the electrodes.  To increase conductivity 

of the GO sensor it converted into reduced graphene oxide (rGO), GO was reduced 

electrochemically with same process of drop cast method. 

 

2.3. Results 

 

2.3.1 Characterization of graphene oxide sensors  

 

2.3.1.1. Drop casted thin film 

 
     Figure 2-3A shows AFM images of GO deposited on a Si/SiO2 substrate. In most areas, 
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there is a uniform flat GO layer with wrinkles and areas in which agglomeration has 

occurred. These can be produced during vaporization of the solvent, which can perhaps be 

avoided by using a lower concentration of GO solution or by drying the substrate in a 

vacuum. However, because our focus was on the electrochemical properties of GO and the 

sensitivity of the nitrite sensor (rather than the intrinsic electronic properties of GO), we 

intentionally did not remove these defects. In addition, the electrochemical edges of GO 

might be more sensitive than the flat regions. The effects of these defects on sensitivity 

should be systematically explored in future studies but were considered beyond the scope 

of this work. To ensure reproducible fabrication, the same concentrations and volumes and 

top glass slides of equal size were used. An advantage of using electrochemical graphene 

sensors is that we can obtain the active surface area from the slope of a plot of the current 

versus the square root of the scan rate and, instead of absolute current, the data can be 

calibrated and reported as current density. In this way, we can neglect possible differences 

between the coverage of graphene on the electrode surface. In addition, this film-coated 

glass slide method yields more uniform coatings than the usual drop cast method and 

avoids agglomeration, which can cause large differences in active surface area between 

electrodes.  

Figure 2-3B shows a representative SEM image obtained from a larger area of the GO layer 

that was directly deposited on a gold electrode. This image shows that we were able to fully 

cover the surface uniformly, even on a gold working electrode with a surface roughness of 

several microns. The image also indicates that the number of stacked GO layers was 

minimized. The modified drop-cast method presented here is thus more suitable for 

obtaining larger areas of GO without agglomeration than regular drop casting.  
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Figure 2-3. 1 (A) Atomic force microscopy image of the GO layer on Si/SiO2. (B) SEM of the GO 

thin layer on a gold electrode surface. (C) Raman spectrum of GO. (D) Raman spectrum of rGO 

[9].  

   The efficiency of the electrochemical reduction of GO was also investigated using Raman 

spectroscopy. Figure 2-3C shows the Raman spectrum of the GO substrate before 

reduction, and figure 2-3D shows the Raman spectrum of the same substrate after 30 cycles 

of electrochemical reduction. The data shown represent the average of three measurements 

that were recorded at different areas/spots on each sample.  

    The main features observed in Raman spectra of carbon-based materials are the G and 

D peaks. These peaks arise from vibrations of sp2 carbons and appear at ~ 1580 and 1350 

cm − 1, respectively. The overtone of the D peak appearing at ~ 2700 cm − 1 is termed the 

2D peak. Unlike mechanically exfoliated graphene, GO is more disordered; therefore, the 

2D band is usually of low intensity. Thus, GO and rGO can be distinguished based on the 

G and D peaks and the magnitude of the ratio of their intensities. In addition, the G peak 



24 
 

 

of GO and rGO is shifted to higher frequencies (1598 cm− 1) with respect to graphene and 

graphite due to the presence of defects. During the thermal reduction of GO, ID/IG remains 

constant, although an increase in the ID/IG ratio of rGO after electrochemical reduction has 

been reported in the literature [110]. In this study, this ratio was significantly increased 

compared to that for GO (from 0.87 to 1.1). This shows a restoration of sp2 carbons and a 

decrease in the average size of the sp2 domains after the electrochemical reduction of GO. 

An increase in the magnitude of the 2D peak also suggests enhanced graphitization [111].  

2.3.1.2. Spin coated thin film 

 
    Figure 2-4 shows SEM and Raman analysis of spin coated reduced graphene oxide on 

carbon electrode. SEM images show a representative data obtained from a larger area of 

the GO layer that was directly deposited on a carbon electrode. These images show that we 

were able to fully cover the surface uniformly, even on a carbon-working electrode with a 

surface roughness of several microns. Raman data show the spectrum of the GO substrate 

before reduction, and for the same substrate after 30 cycles of electrochemical reduction. 

The data shown represent the average of three measurements that were recorded at different 

areas/spots on each sample. 
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Figure 2-4. 1SEM of graphene oxide on Carbon electrode in different magnifications, Raman 

spectroscopy of Carbon working electrode (green plot), GO thin film (red plot) and rGO thin film 

(blue plot) on top of carbon electrode. 

 

2.3.2. Electrochemical detection of nitrite  

 

2.3.2.1. Using electrolyte  

 
   After fully reducing the GO electrode, we characterized the electrochemical performance 

of our platform for nitrite detection. Because both electrolyte identity and pH affect the 

sensitivity and detection limit of the sensor, we investigated the electrochemical response 

of the rGO sensor using cyclic voltammetry in various electrolytes. Figure 2-5A shows the 

oxidation peak of 5 mM nitrite in phosphate-buffered saline (PBS, pH 7.4), 0.1 M KCl, 

and acetate buffer (pH 6) as measured at a scan rate of 50 mV s−1. Anodic peaks appeared 

at 0.69, 0.7, and 0.63 V for the PBS, KCl, and acetate buffers, respectively. Given that the 

goal of this work is to develop a portable sensing platform that can operate under ambient 
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conditions (in which O2 may react with the analyte), we avoided purging O2 in our samples. 

This enabled us to assess how the sensor will perform on real biological samples under 

ambient conditions. As seen from the voltammetric measurements conducted in EBC 

samples, the voltage of the oxidation peaks was shifted to positive voltages; this is more a 

favorable regime to use due to the lower over-potentials.  

 

Figure 2-5. 1Current versus voltage curves obtained using A) cyclic voltammetry and the rGO 

electrode. (A) PBS after washing three times; (B) 5 mM nitrite in acetate buffer, pH 6, (C) 0.1 M 

KCl, and (D) PBS buffer, pH 7.4. B) Cyclic voltammetry measurements of 1 mM nitrite and (A) 

the gold electrode of SPE and rGO in (B) acetate buffer, pH 6, and (C) PBS buffer, pH 7.4, 

respectively. The voltage range is 0–0.9 V, and the scan rate is 50 mV s
−1

. C, D) Cyclic 

voltammetry of (A) GO, (B) rGO in the presence of 100 μM and 1 mM nitrite. The scan rate is 25 

mV s
−1

 [9].  
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    We therefore opted to use the acetate buffer (pH 6) as the electrolyte for the remainder 

of the experiments. Another important factor in our deciding to use acetate was the fact 

that EBC samples from patients with inflammatory disease are reportedly acidic [112]. 

Thus, pH 6 more closely approximates the actual pH of EBC samples that would be 

obtained from patients with chronic inflammatory disease.  

    The performance of the rGO-modified electrodes was compared to those of the SPE- 

and GO-deposited electrodes. Figure 2-5B shows a comparison between the anodic peaks 

in the presence of 1 mM nitrite for rGO electrodes at pH 6 and pH 7.4 and those for the 

SPE electrodes at pH 6 (50 mV s−1 scan rate). As clearly seen from the figure, rGO has a 

higher current and lower over-potential than the unmodified SPE electrode. Figures 2-5C 

and D also show the response of both the GO- and rGO-modified electrodes in the presence 

of 100–1000 μM nitrite, respectively (scan rate, 25 mV s−1).  

 

Figure 2-6. 1Current versus voltage curves obtained using (A) cyclic voltammetry of varying 

concentrations of nitrite from 20 to 1000 μM at pH 6 with a scan rate of 50mVs
−1

. (B) Square 

wave voltammetry of varying concentrations of nitrite. Square wave voltammetry was also 

performed from 0 to 0.9 V with a step potential of 10 mV, an amplitude of 50 mV, and a frequency 

of 5 Hz [9].  
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Figure 2-6 shows the result of cyclic voltammetry (figure 2-6A) and square wave (figure 

2-6B) voltammetry analysis for nitrite concentrations from 20 to 1000 μM (scan rate, 50 

mV s−1).  

2.3.2.2. Using blank EBC 

 
Figure 2-7 shows electrochemical performance of sensor in nitrite standard solution. As 

you can see acetate peaks occurs in lower voltage so it is better electrolyte for study the 

nitrite detection compare to PBS. EBC blanks obtained from R-tube and Eco-screen have 

been used as the basic matrix to have most similar electrolyte to EBC samples for 

comparison of results with standard electrolytes.  In addition, DPV results shows the blank 

samples that obtained washing R-tube and Eco-screen sampling devices have enough 

electrical connectivity to be used as electrolyte.   

  

 

 
Figure 2-7. 1A) Cyclic Voltammetry of 1 mM nitrite in a) acetate and b) in PBS solution. B) 

Differential pulse voltammetry in a) R-tube bulk, b) Eco-screen bulk, c) acetate, d) PBS. 
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The DPV and calibration curve of spiked nitrite in EBC blank sample form R-tube and 

Eco-screen were shown in figure 2-8 and 2-9 respectively.  

 

 
Figure 2-8. 1A) Differential pulse voltammetry of different nitrite concentration in R-tube EBC 

bulk. B) Calibration curve. 

 

 

 
 
Figure 2-9. 1A) Differential pulse voltammetry of different nitrite concentration in Eco-screen EBC 

bulk. B) Calibration curve. 

 

2.3.3. Detection of nitrite in clinical EBC samples  

 
   After the performance of the fabricated sensor was confirmed in a standard electrolyte 

containing various concentrations of nitrite, we proceeded to test the graphene-based 
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sensors in the complex biological matrix of EBC to study the effects of that biological 

matrix on the sensor. The results obtained provide insight into the response expected for 

clinical samples. Nitrite levels in EBC have been reported in the μM range [108, 113]. We 

used both cyclic voltammetry (CV) and square wave voltammetry (SWV) to measure the 

redox current resulting from spiking buffer solutions with various concentrations of nitrite 

into the EBC sample. Figures 2-10A and B show the voltammetric response of the sensor 

to solutions containing 2–1000 μM nitrite at a scan rate of 25 mV s−1. The magnitude of 

the redox current generated for 1 mM nitrite was similar between the EBC and buffer 

solution matrices (figure 2-10D). However, as previously mentioned, the potential in the 

EBC was shifted to a higher over-potential of 0.79 V. This can occur because the presence 

of proteins in EBC samples can slow electron transfer. The insets shown in figures 2-10a 

and b are calibration curves based on CV measurements. The response of sensor is linear 

in the concentration range of interest. We also studied the analytical performance of the 

nitrite sensor by taking SWV measurements conducted in the range of 0–0.9 V. Figure 2-

10C displays the square wave voltammograms of nitrite in the range from 2 to 1000 μM. 

The redox current peak is found at ~ 0.7 V. Figure 2-10D shows the calibration curve 

obtained using SWV.  

To consistently compare the performance of different sensors and account for device-to-

device variations, we report sensitivity based on current density, which requires a 

knowledge of the active surface area of the electrodes. We used the Randles–Sevcik 

equation to calculate current density. We performed cyclic voltammetry on 5 mM 

K3Fe(CN)6 and plotted the peak current versus ν1/2. 
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Figure 2-10. 1 (A,B) Cyclic voltammogram of rGO electrodes at different nitrite concentrations 

ranging from 2 to 60 μM and 100 to 900 μM, which were spiked into the EBC samples (scan rate 

of 25 mV s
−1

). (C) Square wave voltammogram of spiked (concentration range from 0 to 1000 μM) 

EBC samples. The pulse amplitude is 50 mV. (D) Calibration curve showing the respective slopes 

[9].  

Based on the Randles–Sevcik equation, the relation- ship is linear, and thus the slope of 

the curve can be used to determine the active surface area. From the slope, we estimated 

the active surface area of the electrode to be ~0.07cm2. This allows the sensitivity to be 

determined based on the surface area in the linear dynamic range. For EBC samples, the 

sensitivity is 0.21μAμM−1cm−2 in the range from 20 to 100 μM and the sensitivity is 0.1 

μA μM −1 cm−2 in the range from 100 to 1000 μM. We determined the detection limit to be 

830 nM based on three standard deviations. The detection sensitivity of nitrite in the 

presence of EBC is comparable with values reported in the literature for nitrite content in 

various buffers [114, 115].  

After validating the functionality of the rGO nitrite sensor with spiked EBC samples, we 

proceeded to test the accuracy of the devices using a set of seven previously characterized 
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clinical EBC samples. We performed SWV for each of the seven characterized samples 

(figure 2-11A). The slight differences in oxidation potential between samples might be due 

to differences in the complex EBC matrix between individuals. The nitrite concentration 

in each sample was calculated from the measured oxidation currents based on the 

calibration data obtained using the spiked standard nitrite solutions in EBC (figure 2-11B). 

We benchmarked the accuracy of our measurements by comparing the readings from our 

graphene-based sensor with measurements obtained using an ozone-based 

chemiluminescence technique [116]. Figures 2-11C and D show the results of this 

comparison. The range of measured nitrite concentrations based on the chemiluminescence 

experiments is 0.14–6.5 μM. For at least five of the seven samples, the relationship is linear, 

and strong agreement is found between the results obtained using the rGO sensor and the 

chemiluminescence measurements. 

 

Figure 2-11. 1(A) Square wave voltammogram obtained for seven EBC samples. (B) The 

calibration curve was obtained based on results obtained using spiked samples, (C) a calibration 

curve based on chemiluminescence data, (D) a comparison between predicted concentration and 

chemiluminescence data [9].  
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Regarding the two outlying data points (samples 6 and 7), more experimentation is 

necessary to understand the possible reasons behind their deviation. One possibility relates 

to the fact that the EBC samples were collected, frozen, and characterized by 

chemiluminescence several years prior to the electrochemical characterization experiments 

that were performed in this current study. This opens up the possibility that the nitrite 

content might have degraded over time in the frozen EBC samples (due to the possible 

conversion of nitrite to nitrate), thus highlighting the need for methods that can be used to 

measure samples at point- of-use immediately upon their collection from patients. In this 

experiment, acetate buffer (pH 6) was added to the EBC samples in a 1:1 ratio, and we 

assumed that the pH and conductivity of the samples were consistent between samples; 

however, it is possible that this assumption was not completely valid and that pH and 

conductivity might have varied between samples. Because the EBC sample volumes were 

small, we could not use a standard- sized pH meter electrode to measure pH; thus, we were 

unable to independently validate the consistency of pH and conductivity among the 

samples. To correct this problem, the integration of a microfabricated pH sensor and 

conductivity sensor on the same chip might provide insights that would allow more precise 

comparisons between samples.  

2.3.4. Study storage effect on nitrite detection 

 

    First the case study of fresh real EBC samples has been performed. Our sensor 

successfully distinguished between patients and blank samples with detection limit as low 

as nanomolar without any pretreatment. Results show this sensor can detect nitrite as low 

as 250 nM with high sensitivity. In addition, storage causes a decrease in the amount of 
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nitrite, likely due to freezing. This study demonstrates the improvement in accuracy 

obtained from real-time measurement of nitrite in EBC.  

 

    Figure 2-12 indicates the results for case study of fresh and stored EBC samples. Figure 

2-12 A shows CV curves for fresh samples have been taken form 5 different patients. 

Figure 2-12 B shows DVP of the same EBC samples. Figure 2-12 C shows the DPV results 

we have taken after one-month storage of samples in -80 degree. As you can see in the 

figure 2-12 D it is obvious for most cases the freezing the samples causes reducing the 

amount of nitrite. These results indicates how important is to measure the nitrite exactly 

after collecting samples from a patient. It emphasizes the importance of point of care and 

portable design of biosensors for diagnosis of lung inflammation diseases.     
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Figure 2-12. 1A) CV of fresh EBC samples. B) DPV of Fresh EBC samples, C) DPV of frozen 

EBC samples, D) Concentration of nitrite in fresh and frozen EBC samples.  

 
 

2.3.5. Study electrical properties effect on nitrite detection 

 

 
    Electrochemical impedance spectroscopy is a powerful tool to study electrical properties 

of the surface and solution. EIS results of EBC samples show in figure 2-13. The results 

indicate the electrical differences between the EBC samples and emphasize the ionic nature 

of patient samples are different from each other and we need to take account of it in the 

prediction of nitrite from standard calibration curves. 
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Figure 2-13. 1Electrochemical impedance spectroscopy data of EBC samples and their circuit 

simulation parameters 

 

2.3.6. Microfluidic based nitrite sensor 

 

 

    In the next step, we tried to detect nitrite using microfluidics chamber, so it can be used 

as real-time monitoring of nitrite with assembling this device to the collection system. As 

a proof of microfluidics-based sensor, we successfully fabricated a microfluidic chamber 

for previous designed graphene-based sensor and get amperometry results for nitrite in 

standard buffer solution (figure 2-14). With using this method, the required amount of EBC 

samples for analysis can be reduced into 10 μl. This can effectively decrease the time of 

sample collection and use as real time monitoring in situ with sample collection.  
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Figure 2-14. 1A) Cyclic Voltammetry of nitrite in microfluidic channel, B) Amperometry of 1 mM 

nitrite in microfluidic channel. Nitrite prepared in acetate buffer. 

 

    Table 2-1 shows the predicted concentration based on R-tube, Eco-screen and Acetate 

calibration curve that we previously reported in figures 2-9 and 2-10. So the predicted 

nitrite was calculated based on different sampling method was used for different patients. 

Table 2-2 shows the pH of each sample. The results indicate pH of samples is almost same 

in the range that can effect electrochemical measurement so it has negligible effect on 

predicted results. Table 2-3 shows the difference method and parameters that used for 

detection of nitrite. 
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Table 2-1. 1Predicted level based on different calibration curve 

 
Fresh samples 

Sample Current 

(nA) 

R-tube. 

concentration 

(µM)  

Eco. 

concentration 

(µM)  

Acetate. 

concentration 

(µM)  

1 8.57 1.6 1.9 2.1 

2 7.79 1.4 1.8 1.9 

3 3.08 0.6 0.9 1 

4 2.08 0.4 0.7 0.8 

5 2.37 0.5 0.8 0.8 

 
Frozen samples 

Sample Current 

(nA) 

R-tube. 

concentration 

(µM)  

Eco. 

concentration 

(µM)  

Acetate. 

concentration 

(µM)  

1 7.10 1.4 1.7 1.8 

2 0.89 0.3 0.5 0.5 

3 2.04 0.5 0.7 0.8 

4 2.18 0.5 0.7 0.8 

5 1.58 0.4 0.6 0.7 
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Table 2-2. 1pH of EBC samples 

 

Sample Type pH 

1 R-tube sample 7.89 

2 R-tube sample 7.64 

3 EcoScreen sample 7.67 

4 R-tube sample 7.70 

5 EcoScreen sample 7.64 

8 EcoScreen Blank 7.61 

10 R-tube Blank 7.68 

Acetate 0.1 M 6.00 

PBS 0.1 M 7.00 
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Table 2-3. 1Method and Parameters of nitrite detection 

 
Method Indicator Sample Detection 

limit 

Detection 

range 

Ref 

Catalytic-

spectrophotometric 

Perphenazine Water 0.07 

ng/mL 

0-4.5 

ng/mL 
[117] 

Catalytic-

spectrophotometric 

Crystal violet Water 0.3 ng/mL 1.0-50 

ng/mL 
[118] 

Catalytic-

spectrophotometric 

Pyrogallol red Water/Food 1 ng/mL 3-2000 

ng/mL 
[119] 

Chemiluminescence NO/O3 Water 0.01 

μmol/L 

0.05-50 

μmol/L 
[120] 

Chemiluminescence Luminol/myoglobin Urine 0.4 

μmol/L 

1-22000 

μmol/L 
[121] 

Chemiluminescence H2O2/carbon dots Water/milk 0.053 

μmol/L 

0.1-10 

μmol/L 
[122] 

Electrochemical  Thionine/ACNT Food 1.12 

μmol/L 

3-500 [123] 

Electrochemical Au/GCE Water 2.4 

μmol/L 

10-5000 

μmol/L 
[124] 

Electrochemical MWNT/GCE Food 2.0 

μmol/L 

5-1500 

μmol/L 
[125] 

Electrochemical Fe2O3/rGO PBS  0.015 

μmol/L 

0.05-780 

μmol/L 
[19] 

Chromatography Fluorescence Biological  0.01 

μmol/L 

0.01-2  

μmol/L 
[126] 

Chromatography UV Water 0.2 

μmol/L 

0-2000 

μmol/L 
[127] 

Chromatography Chemiluminescence Water 0.002 

μmol/L 

0.002-2.5 

μmol/L 
[128] 

Capillary 

electrophoresis 

UV Food 2.3 

μmol/L 

5-100 

μmol/L 
[129] 

Capillary 

electrophoresis 

Fluorescence Plasma 0.0006 

μmol/L 

0.002-0.5 

μmol/L 
[130] 

Capillary 

electrophoresis 

Electrochemical NA 1 μmol/L 10-250 

μmol/L 
[131] 

Electrochemical rGO/SPE Exhaled 

breath 

condensate 

0.25 

μmol/L 

0.25-1000 

μmol/L 
This 
work 
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2.4. Conclusion 

 

   In this study, we utilized the outstanding properties of graphene- based electrodes to 

fabricate and characterize an enzyme-free sensor that proved capable of detecting nitrite 

samples in clinical samples of exhaled breath condensate. We also formed a micro- 

electrochemical cell using PDMS, which allowed us to perform measurements using small 

sample volumes of the target material (EBC). We systematically optimized various 

electrochemical parameters in buffer solution, thus allowing us to accurately measure 

nitrite in human EBC samples. The sensitivity of the nanofabricated sensor was 0.21 μA 

μM− 1 cm− 2 in the range from 20 to 100 μM and 0.1μA μM−1 cm−2 in the range from 100 to 

1000 μM with a detection limit of 830 nM. Most importantly, we were able to validate the 

performance of our sensors on clinical EBC samples that had been previously characterized 

using chemiluminescence. We demonstrated that the sensor exhibited high levels of 

precision in quantifying nitrite in the clinically relevant μM range. Future studies can be 

dedicated to fabricating sensors with improved detection limits using techniques, such as 

the use of nanoparticle-RGO composites and enzymatic modification of the electrodes, as 

well as improving the sensitivity of the electronic readout instrumentation. These results 

of important parameters reveal the importance of fabrication of portable biosensor that can 

detect nitrite amount in fresh samples just after the collection of them. In addition among 

of different properties, the method of collection samples and electrical properties of EBC 

samples have a more important influence on the performance of the sensor and they should 

be taken in account in prediction and reporting of nitrite amount in EBC samples. 

 



42 
 

 

Chapter 3: Results for environmental application of graphene oxide 

sensor 

 

3.1. Introduction 

 
     This project presents an integrated on-chip sample-to-answer platform capable of 

qualitatively detecting lead ions directly in sediment samples. Sediment is one of the main 

sources of hazardous heavy metals in aquatic ecosystems. Rapid and real time detection of 

heavy metals in sediment is very crucial in the field of environmental monitoring. In-situ 

measurement of heavy metals with electrochemical sensors has been limited because of 

complicated pretreatment steps necessary to be performed on sediment. In this work, we 

present a sample-to-answer platform capable of on-chip sediment digestion and 

purification in conjunction with electrochemical quantification of lead ions. We have 

developed an integrated system consisting of a porous matrix for purification and 

extraction of Pb+2 on top of a graphene oxide thin film as the active sensing material. 

Although the proposed sensing platform is applicable to detection of a wide panel of toxic 

metals, we focused on platform validation using lead (Pb). First, the coated graphene oxide 

layer was characterized using electron microscopy, atomic force microscopy, and Raman.  

Then, we systematically studied optimization of various parameters affecting sensitivity 

and performance. Upon determining optimum experimental parameters, lead standard 

solution was analyzed with the optimized conditions. A linear working range with a 

detection limit of 4 ppb was established. After optimization of pretreatment parameters, 

the proposed electrochemical sensor was integrated with a 3D porous matrix for extraction 

and purification of lead ions for on-chip sample-to-answer analysis of complex sediment 

samples. The ability to detect lead directly in sediment samples with a minimum volume 
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of pretreatment agents and time makes this system a promising solution for in-situ detection 

of heavy metals for environmental monitoring.  

 

3.2. Material and Methods 

 

3.2.1. Reagents and Instrumentation  

 

    Pb (II) standard solution was prepared using lead nitrate stock standard solution in 

various supporting electrolytes. GO solutions were prepared from standard stock solution 

of 2 mgmL-1 (Sigma Aldrich, MO, USA). To avoid aggregation of GO sheets, each solution 

underwent ultrasonication and centrifugation immediately prior to spin coating. 

    A potentiostat (Gamry 600, Gamry Instruments, Pennsylvania, USA) was used to 

perform electrochemical measurements. Screen printed electrodes with gold working (5 

mm) and counter electrodes and an Ag/AgCl reference electrode was purchased from USA 

Metrohm. All electrochemical experiments were conducted in ambient conditions, except 

for reduction of GO which underwent purging using high purity nitrogen. Ambient 

conditions were chosen to ensure that platform is fully compatible with field-use.  

    The morphology of graphene oxide was characterized using field-emission scanning 

electron microscopy (SEM) (Zeiss Leo Field Emission SEM, Carl Zeiss) and atomic force 

microscopy (AFM) (Digital Instruments Nanoscope IV). The atomic force microscope was 

operated in tapping mode using standard cantilevers with a spring constant of 40 N m−1 and 

a tip curvature of 10 nm. FT-Raman spectra (Horiba Johin-Yvon Micro Raman 

Spectrometer, 532 nm excitation laser) were recorded to characterize graphene oxide 

substrates. The sediment sample was collected in the Arthur Kill at the mouth of Morse’s 
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Creek in Linden NJ. It was collected using a Smith Mack box corer lowered from a boat in 

a depth of approximately 6 feet of water. The sample consisted of a composite of the 

sediments from 0 to 25 cm below the sediment water interface.  

3.2.2. Sensor Fabrication 

 

3.2.2.1. Spin coat method 

 
    The compact sensor system developed herein comprises two main components, (i) a 

modified electrochemical sensor with GO, and (ii) a pretreatment column consisting of a  

cellulose sponge. The steps required to modify the gold working electrode with a spin 

coated layer of GO are shown in figure 3-1.  

 

 

Figure 3-1. 1Fabrication process for spin coated GO thin film on Gold SPE electrode. 

 

First a thin PDMS membrane is spin coated onto the screen printed electrode. This step is 

performed for two purposes. First, the PDMS protects the counter and reference electrode 

from electrical shortage during deposition of GO solution. Second, the PDMS layer serves 
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as a scaffold to structurally support the pretreatment column.  To prepare the PDMS mask, 

a 10:1 ratio of Sylgard PDMS with respect to the curing agent was mixed together 

thoroughly. After degassing and removing bubbles, the PDMS thin film was coated in a 

two-step process with 500 rpm for 5 seconds and 4000 rpm for 30 seconds on the SPE 

substrate. After curing in 80 C for 1 hour, an approximately 20 μm thick PDMS membrane 

is formed on top of the electrodes.  The film of PDMS on top of the working electrode was 

manually removed and then the solution of GO was deposited on top of the working 

electrode with the same coating parameters.  Afterwards, the PDMS membrane was 

removed from the counter and reference electrodes and the contact pads. The substrate is 

then washed with isopropyl alcohol to ensure removal of possible residue of PDMS from 

the surface of the electrodes.    

    To compare the performance of the GO sensor with reduced graphene oxide (rGO), GO 

was reduced electrochemically using cyclic voltammetry between -1.6 to 0 V in 0.3 M 

acetate buffer (pH 5) with a scan rate of 25 mV s-1 for 30 scans under continuous Nitrogen 

gas (N2) purging.  We used platinum as the choice of the counter electrode material to avoid 

damage during the reduction process. 

3.2.2.2. In-situ pretreatment set up 

 
    The pretreatment column is assembled with a 5 mm PDMS layer. To connect column to 

sensor active site, an 8 mm hole is punched through the PDMS layer. An Eppendorf tube 

is used as the pretreatment column.  The pretreatment column adheres on top of the hole 

with glue. A sponge (2 mm high) is located between the sediment sample and the hole 

inside the column. Syringe tips are used for inserting the required agents for pretreatment. 

Figure 3-2 shows the schematic and an image of the fabricated compact sensor set up. The 
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pretreatment column is assembled with a 5 mm thickness PDMS layer. An Eppendorf tube 

is used as pretreatment column. A sponge is located between sediment sample and the hole 

inside the column. The pretreatment column is connected on top of sensor with glue 

through the 8 mm hole punched on PDMS layer. Syringe tips are used for inserting required 

agents for pretreatment inside the setup. 

 

 

Figure 3-2. 1The image of compact electrochemical lead sensor. The schematic of set up design 

and SEM of cellulose sponge, scale bar is 200 µm. 

 

3.3. Results 

 

3.3.1. GO thin film characterization and optimization 

 
    The morphology of the graphene oxide film was studied using AFM and SEM. Raman 

spectroscopy was used to determine the extent of reduction of the graphene oxide layer. 

Figure 3-3A shows the SEM image taken from a spin-coated 2 mg mL-1 graphene oxide 

layer on the surface of the working gold electrode. This illustrates 50 µm of a graphene 

oxide large sheet that can form a uniform layer in most areas despite the roughness (micron 
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scale features) of the gold electrode surface. In comparison to drop-casting which is 

typically used in electrochemically modified electrodes, this method provides more 

reproducibility and enables formation of much larger areas of GO films without 

agglomeration. Figure 3-3B shows two-dimensional AFM images of a graphene oxide 

flake with wrinkles. These wrinkles can be produced during vaporization of the solvent 

during spin coating.   

 

 

 

Figure 3-3. 1A) SEM image of GO thin film on gold electrode surface, B) 2 and 3D Atomic force 

microscopy images on glass slide. C) Raman spectrum of GO (top), and rGO (bottom) image.   

 

     

    We tested and characterized both graphene oxide and reduced graphene oxide films to 

determine which of the two has better performance in detection of lead. Thus, we used 
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electrochemical reduction of the GO films, and the quality of reduction was investigated 

using Raman spectroscopy. Figure 3-3C shows the Raman spectrum of graphene oxide and 

the electrochemically reduced film. The most important features in the Raman spectra for 

assessment of graphene oxide reduction are the G and D peaks.  These peaks arise from 

vibration of sp2 carbon and appear around 1600 and 1340 cm-1 respectively. The overtone 

of the D peak appearing around 2700 cm-1 is called the 2D peak. Unlike mechanically 

exfoliated graphene, the GO 2D band usually has low intensity because it is more 

disordered. Therefore, the peaks that can be used to distinguish between GO and rGO are 

the G and D peaks and their ratio. Also the G peak of GO and rGO with respect to graphene 

and graphite gets shifted into higher frequencies (1600 cm-1) because of defects in the film. 

This ratio exhibited a significant increase compare to GO (from 0.98 to 1.57). This shows 

restoration of sp2 carbon and a decrease in the average size of sp2 domains after 

electrochemical reduction of GO. The increasing in intensity of the 2D peak also suggests 

better graphitization [132]. 

    In order to explore the activation of the modified working electrode, the electrochemical 

performance was evaluated using differential pulse voltammetry (DPV). As shown in 

Figure 3-4A and 3-4B, an increase in concentration of spin coated GO solution increases 

the current intensity in response to 10 ppm of lead standard solution. Also, the current 

intensity exhibited from GO electrodes is higher compared to that of rGO, likely because 

the interaction between oxygen functionalized groups with lead ions. The data suggest that 

among the different working electrodes we fabricated, the spin coated GO film 

(concentration of 2 mg mL-1) exhibits the fastest electron transfer rate for lead ions.  

    We electrochemically characterize the electrode film using an inner sphere redox probe, 
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potassium ferrocyanide. Figure 3-4C shows representative data of cyclic voltammogram 

obtained for an unmodified gold SPE and also various spin coated GO films. The gold SPE 

exhibits a pair of well-defined redox peaks, with a peak-to-peak separation of 78 mV. The 

peak separation can be used to determine hetero-electron transfer (HET) rate. In the case 

of linear mass transfer, smaller separation of the peaks indicates increasing reversibility 

and higher HET rate. Electrochemical characterization of the GO thin films exhibits an 

increasing peak separation with respect to the concentration of GO suspension. The peak 

separations for GO solution concentrations between 0.2-2 mg mL-1, range from 82 to 176 

mV. The electrochemical response of graphene based electrodes towards the ferrocyanide 

redox probe is influenced by the density of states near the Fermi level and more 

significantly by surface morphology and the presence of oxygenated species [133].  

To further characterize the electrochemical performance of the device, we also performed 

electrochemical impedance spectroscopy (EIS). Nyquist plot for the electrodes are shown 

in figure 3-4D. The shape of plot depends on the applied voltage. All impedances were 

biased to the redox voltage of ferrocyanide, which was 0.115 V. The charge transfer 

resistance (Rct) values (based on real part of the impedance in EIS measurements) are in 

agreement with the cyclic voltammograms response. With increasing GO concentration 

HET decreases and Rct increases to higher values.  Also, 2 mg mL-1 GO shows higher 

(constant phase element) CPE, indicating a rougher surface in this case. 
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Figure 3-4. 1A, B) Diffirential pulse voltammograms obtained for different GO and rGO 

concentration electrodes respectively. DPV performed from -0.9 to -0.2 V, with step size 10 and 

pulse size 50 mV in 10 ppm lead in 0.1 M acetate buffer (pH 5). C) Cyclic voltammograms of 

different GO concentrations electrodes in 5 mM K3Fe(CN)6 in 0.1 M KCl. Scan rate is 20 mvs-1. 

D) Electrochemical impedance curves in 5 mM K3Fe(CN)6/K4Fe(CN)6, 0.1 M KCl. The spectra 

were taken at 0.1 Hz to 1 MHz, 0.115 v dc vs Ag/AgCl. 

 

  

    The comparison of results from GO and rGO show the oxygen groups on the surface of 

GO, as expected, play an important role in detection of lead ions. Although the electron 

transfer of GO in ferrocyanide is lower compared to normal SPEs and rGO electrodes, a 

higher current response with respect to lead ions is observed. Various electrolytes were 

tested to find the optimal buffer for lead analysis. Among them, HCl and KCl react very 

aggressively with the electrodes and destroy them. Also HNO3 has a large peak in -0.4 V 

that covers up the lead peak, especially in the low concentration range, and makes the 

detection of lead impossible. Between PBS (pH 7) and acetate (pH 5), acetate has better 
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performance and lower background current and as a result, 0.1 M acetate buffer with pH 5 

was selected for measurement of lead concentrations. 

3.3.2. Sensor Response in Lead Standard 

  

    The cyclic voltammogram (CV) of the electrodes was obtained using a lead standard 

solution of 100 ppm at a scan rate of 50 mV s-1 (figure 3-5). A redox peak corresponding 

to the lead ion appeared in -0.68, -0.74 V. Based on the difference between the cathodic 

and anodic peak location, the electrode shows a quasi-reversible response towards lead 

ions. When performing up to 20 scans, the peak location and intensity, after the second 

scan remains consistent, showing the stability of the electrode surface for lead ions even in 

the presence of very high concentrations of lead. Figure 3-5B shows the differential pulse 

voltammetry (DPV) peak increasing with the concentration of lead. This gives us 

confidence that this peak results from the presence of lead ions and not nitrate, which is in 

the lead standard solution.  

 

 

Figure 3-5. 1A) 20 scans of cyclic voltammograms of 100 ppm lead solution in 0.1 M acetate buffer. 

B) Differential pulse voltammograms in 0-100 ppm lead concentration in 0.1 M acetate buffer. Step 

size 10 and pulse size 50 mV. 
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    As SWASV (Square Wave Anodic Stripping Voltammetry) has proven to be a powerful 

electrochemical method for sensing heavy metal ions, we selected this as our 

electrochemical method in this work. First, we studied the effect of the most important 

SWASV parameters, namely accumulation potential, time, the number of pulses, and the 

applied frequency. 

    As shown in figure 3-6, when we ramped up the pulse amplitude to 50 mV, the peak 

current plateaus and afterward it stays steady as the pulse amplitude is increased.  Also, the 

peak current response of GO SPE electrode was measured at different frequencies. After 

30 Hz, the peak splits into two peaks so 20 Hz is selected for the measurements. The peak 

current gradually increased with accumulation time until 240 s. The maximum peak current 

was obtained in deposition voltage of -1 V. However, because of the over-potential 

involved during reduction of hydrogen on the surface of the electrodes, lower voltages are 

desirable for the purpose of long-term usage. As our final goal is designing portable sensor 

in the bucket of sediment and performing the in-situ measurement, all SWASV analysis 

have been done in stationary and ambient condition. The response in this condition shows 

enough sensitivity for the low concentration range of lead detection.  

After calibration of SWASV parameters, the analytical performance of the lead GO-SPE 

was explored by SWASV. Figure 3-7A, B show SWASV measurements conducted from -

0.85 to -0.4 V vs Ag/AgCl in acetate buffer (pH 5) for a wide range of lead ion 

concentrations (2 ppb-20 ppm). The peak current appeared between -0.75 and -0.66 V. At 

low concentration levels, which are the range of interest for sediment analysis, the 

corresponding peak appeared at -0.75 V. The data has been corrected based on base line 

current. 
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Figure 3-6. 1A, B, C,D) Square wave anodic stripping voltammograms of different pulse amplitude, 

frequency, accumulation time and accumulation voltage. Lead concentration was used is 20 ppm  

in 0.1 M acetate buffer (pH 5). 

 

     Figure 3-7C, D shows the calibration curves, indicating the presence of two linear 

ranges. To calculate the sensitivity of the sensor towards lead ions, the effective surface 

area was obtained using the Randles-Sevcik equation. Based on the slope of the current 

verses the square root of the scan rate in 5 mM K3Fe(CN)6 in 0.1 M KCl, the active surface 

area for spin coated 2 mg mL-1 of GO on top of the SPGE is equal to 0.025 cm2. On the 

basis of this area, the fabricated sensor shows a sensitivity of 1.73 µA ppb-1 cm-2 in low 

and 1.9 µA ppb-1 cm-2 in the high concentration range with a low detection limit of 4 ppb. 

The steady peaks in very high concentration levels indicates that the surface of GO is not 

saturated so we can assume the bond between oxygen functional group on the surface of 

GO with lead ions is reversible and this sensor can be reused multiple times. 
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Figure 3-7. 1A,B) Square wave anodic stripping voltammogram of different range of lead standard 

solution in acetate buffer (0-40 ppm). Pulse size is 50 mV, frequency 20 Hz, accumulation time 

240 s. C, D) Calibration curve for different concentration range of lead standard solutions. 

 

3.3.3. Lead Detection in Sediment Samples 

 
    After testing the performance of the fabricated sensor on lead standard solutions, we 

turned our attention to characterize the ability of the sensor to detect lead concentrations in 

contaminated complex environmental samples. 

 3.3.3.1 Spiked Sediment Samples 

 
      First, we tested the sensor’s ability to detect lead in water extracted from contaminated 

sediment. Before testing for basal levels of lead in processed environmental sample, we 

tested environmental samples spiked with lead to study the effect of the matrix on the 
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sensor. First, 10 μl of standard lead solution was spiked into untreated water extracted from 

the sediment, but no peak was observed, even despite adding high concentrations of lead. 

To resolve this issue, we added acetate buffer into the matrix.  Figure 3-8 shows the 

SWASV response of the sensor in the range of 2 ppb-20 ppm, spiked at a 1:1 ratio of 

standard solution in acetate in water, which was extracted by centrifuge from the sediment 

samples. The magnitude of the redox current generated for 20 ppm is four times lower than 

the lead standard in purified acetate buffer. The results show that the water extracted from 

the sediment has a significant effect on inhibiting the lead redox currents. The inset shows 

a range of 2-1000 ppb, which is the range of interest for the lead in sediment samples. 

Based on the data obtained, we concluded that the presence of acetate buffer is crucial to 

detection of lead in sediment samples.  

 

 

Figure 3-8. 1A, B) Square wave anodic stripping voltammograms of different range of lead 

standard solution in water extracted from sediment/acetate buffer (0-20 ppm)(1:1 ratio). C, D) 

Calibration curve for different concentration range of lead standard solutions 
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3.3.3.2. Off-Chip Sample Preparation 

 
    For measurement of basal concentrations of lead ions adsorbed to sediment, the sediment 

must first be digested with nitric acid to convert the various types of lead compounds to Pb 

(II). 1 gr Sediment (0.9 gr after water evaporation) was dispersed in nitric acid and then 

filtered using Whatman filter paper (Figure 3-9A). Ultrasound was used for 1 hour in 60º 

C in three different concentration of nitric acid. Figure 3-9B shows the SWASV peaks for 

lead in a 1:1 ratio of digested sediment in nitric acid/acetate buffer. Among various 

concentrations, 0.1 M nitric acid was chosen based on peak current intensity and the need 

for a less aggressive solution on the electrode surface. 

    To quantify the amount of lead, SWASV was performed for different lead standard 

solutions in the same electrolyte composition used for digestion (1:1 ratio 0.1 M nitric 

acid/acetate buffer). The results are shown in figure 3-9C. Finally, we performed the 

digestion without using ultrasound in room temperature. Figure 3-9D shows the average 

result for three different measurements of samples with RSD 10%. The peak intensity is 

significantly higher than before, which was unexpected, however this phenomenon can be 

explained with the concept of adding residues of sediment during ultrasonication that can 

passivate the surface of the electrode. Based on the calibration data, the amount of lead in 

this sample is approximately 21±2 mg kg-1 of sediment, which is comparable with the range 

of lead in sediment reported in previous studies [23, 134]. 
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Figure 3-9. 1A) Solution of sediment in nitric acid before and after filtration. B) Effect of 

concentration of nitric oxide using ultrasound digest in 60 degrees a) digested in 0.1 M nitric acid, 

b) 0.2 M nitric acid. c) blank buffer solution 0.2 M nitric acid/acetate buffer, d) 0.3 M nitric acid 

C) SWASV peaks for different concentration of lead standard solution in 1:1 nitric acid and acetate 

buffer. D) SWASV peaks for a) 0.1 M nitric acid/acetate buffer blank, b) digested lead in 0.1 M 

nitric acid/acetate buffer. 

 

3.3.3.3. On-chip sample preparation 

 
     After determining the appropriate reagents and conditions for sediment digestion, lead 

extraction, and purification, we focused our efforts on miniaturization and integration of 

sample-preparation on-chip. The filter paper and cellulose sponge was assembled on top 

of the GO sensor (figures 3-10B, C). Then amount of 0.1 grams sediment was injected onto 

the surface of the cellulose sponge (figure 3-10D). Nitric acid (0.1 M) was manually 

injected onto the sediment, thus extracting lead ions, which then diffused to the acetate 

buffer below the membrane. This allowed for the lead ions to be suspended in an optimal 



58 
 

 

buffer (acetate) for detection purposes. The lead ions continue to diffuse further until they 

reach the GO sensor and get detected. Figure 3-10D shows the average result of SWASV 

measurement using this integrated sample-to-answer set up. This initial result was very 

encouraging showing that integrated sample preparation was feasible, however, we moved 

towards an integrated fluidic system to minimize the need for manhandling and manual 

injection of reagents.  

 

Figure 3-10. 1A) GO thin film on SPE electrode with PDMS membrane, B) adding filter paper C) 

adding sponge, D) adding sediment sample, E) the SWAVS response of sensor set up 

 

    As a result, the design was modified to incorporate precise microfluidic control to enable 

automation. To allow sufficient time for sediment digestion and minimize user 

manhandling of reagents, a column was used to introduce sediment and nitric acid to the 

device (figure 3-11A). In addition, this design effectively decreases the volume of nitric 

acid (which is hazardous) required to the microliter range. Moreover, separate inlet and 

outlets added to the set up that allow user to more precise control the ratio of reagents. 

They are located as follows: The nitric acid inlet is located at the top of the column. The 

outlet is located in middle of the PDMS hole. The inlet of the acetate buffer is located on 
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top of the hole. With this design, reagents are introduced at a (1:1) ratio to help obtain 

reproducible results comparable to those obtained from calibration experiments. Figure 3-

11B shows the result of the lead measurement obtained with this set up for 0.45 grams of 

dried sediment. Results are compared with traditional pretreatment methods revealing 80 

percent peak recovery (figure 3-11C,D).  

 

 

Figure 3-11. 1A) column based pretreatment set up, B) SWAVS response of column based compact 

electrochemical lead sensor, C) Calibration curve for (1:1) nitric acid: acetate after baseline 

correction, D) comparing results for different pretreatment approaches based on calibration curve.  

 

 

    Here, we introduced an integrated sample-to-answer platform capable of analyzing 

heavy metal ions in complex samples like sediment. The results demonstrate that this 

approach shows promise for an in-situ platform capable of continuously monitoring heavy 

metal concentrations complex environmental samples such as sediment in natural water 

sources. Though we focused on sediment, we emphasize the applicability of this platform 
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to perform sample-to-answer analysis in other complex matrices such as soil and food [69, 

70]. The approach presented in this manuscript use a considerably shorter time for 

digestion sediment compared to off-chip pretreatment methods. Further improvement can 

be made to the design presented here by incorporating a closed-feedback loop based input 

set up. This set up allows the sediment exposes several times to the same volume of nitric 

acid, thus dramatically increasing the exposure time. 

 

3.4. Conclusions 

 

    An integrated miniaturized, sample-to-answer electrochemical sensor system based on 

graphene oxide has been developed, calibrated and tested in both standard lead solutions 

and complex sediment samples. This work shows that square wave stripping voltammetry 

based electrochemical detection of lead is a promising analytical tool for monitoring heavy 

metals in complex matrices, and this work can fill the current gap for on-line heavy metal 

monitoring electrochemical based system in natural water sources.      

    In this study, we utilized the outstanding electrochemical properties of graphene oxide 

thin films with respect to lead ions to fabricate a label-free method for measurement of low 

abundance toxic metals in sediment samples. We systematically optimized modification of 

the electrodes and the electrochemical measurement parameters in buffer solution, which 

allows us to measure the presence lead in low abundance. The sensitivity of the sensor was 

1.73 µA ppb-1 cm-2 in the range of 0-100 ppb and 1.9 µA ppb-1 cm-2 in 100 ppb to 20 ppm 

with a low detection limit of 4 ppb. We tested the performance of the sensor both in 

environmental samples spiked with lead (to test the effect of the matrix), and we also tested 

basal levels of lead in digested sediment. Then we introduced a portable pretreatment set-
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up as an ultra-compact fully nitrated sample-to-answer system. This sensor showed the 

ability to quantify low abundance heavy metals in sediment. We envision miniaturizing the 

potentiostat used to readout the electrochemical sensor into a portable instrument resulting 

in a low cost rapid field analyzer capable of sample-to-answer analysis simultaneously with 

collection of sediment, which can be an alternative to expensive and time-consuming 

methods such as atomic adsorption and Inductively Coupled Plasma Mass Spectrometry. 
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Chapter 4: Results for magnetic microfluidic valve 

 

4.1. Introduction 

 
    In this research, we present a magnetically actuated microfluidic transistor (valve), an 

on-chip micro-valve that uses magnetorheological fluids micropatterned onto an 

elastomeric membrane to develop an ultra-compact solution for digital control of 

microfluidic circuits. We simulated the micro-valves theoretically and also characterized 

micro-fabricated devices experimentally. We simulated effects of channel and valve 

geometry on the deformability of the valve. We experimentally characterized the effects of 

channel and valve geometry on the ability to reversibly close channels fully. We 

characterized the microfabricated valves in the flow rate range of 0.02 to 1 μl/min. Among 

the various kinds of valves examined, for lower flow rates, circular valves with 700 μm 

diameter in 300 μm width channel, and in higher flow rates rectangular valves 700 μm 

wide in same channel show the best ability in terms of valve closure and response time. 

The fabrication and integration of the proposed valve is compatible with a range of polymer 

microfabrication technologies having the advantage of simple fabrication, small size, and 

no external power requirement. These valve structures can be promising solutions for 

pumping and active flow control for portable analytical instrumentation, point-of-care 

diagnostic devices, and even wearable microfluidic devices. 

    In addition, we present a low power and simple designed microfluidic liquid handling 

system, which is enabled by combining elastomeric membrane and electropermanent 

magnet. Placing two millimeter sized rods of hard and semi hard magnetic bars assemble 

electropermanent magnet with a current carrying coil around them. A short current pulse 
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is applied to the coil, which creates or eliminates the externally available magnetic field. 

The elastomeric membrane is either attracted or repelled by this magnetic field to open and 

close the valve. The fabricated valve consumes mJ of energy per actuation with no energy 

needed between actuation. Using this configuration, we demonstrate on demand 

controlling transportation in V-shape configuration channels. To evaluate the flow 

performance of the valve, internal changing in flow rate is examined by passing micrometer 

beads and compared the results with permanent magnet.  

 

4.2. Permanent magnet based microfluidic valve 

 

4.2.1. Fluidic device fabrication 

 
    A three-layer micro-magnetic valve was fabricated using the following procedure (figure 

4-1). First, a layer of SU-8 with 12 μm thickness (measured with profilometer) is spun onto 

a 3” silicon wafer. The patterns of the desired valve structures are transferred into this layer 

(figure 4-1A). Then an air bubble free mixture of 10:1 weight ratio of sylgard silicon 

elastomer and curing agent spun onto the mold with a spin rate of 4000 rpm. The thickness 

of this membrane is 15±2 μm (figure 4-1B). 
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Figure 4-1. 1Fabrication steps of valves. A) Fabrication mold on silicon wafer, B) spin coat of 

PDMS on mold, C) fabrication of PDMS substrate layer contain hole to fill MR fluid, D) bonding 

PDMS substrate layer to spin coated PDMS membrane with activation of oxygen plasma, E) 

remove the mold from the structure, F) fabrication of PDMS upper layer contain inlet and outlet, 

G) bonding all three layers together, H) sample of fabricated device contain four different kind of 

valves [101]. 

 

After curing at 80C for two hours, a substrate 2 mm layer thick PDMS layer with a 

through-hole for the MR fluid is bonded (figure 4-1C) to the PDMS membrane using 

oxygen plasma bonding (figure 4-1D). The whole PDMS structure is then peeled off from 

the silicon master mold wafer (figure 4-1E) and bonded using oxygen plasma to the top of 

a 1 mm thick PDMS layer serving as the base substrate. The 1 mm thick PDMS layer is 

fabricated with a 5:1 ratio of PDMS to curing agent to stiffen the layer to avoid collapsing 

with the PDMS membrane. The inlet and outlet is punched through the membrane and the 

2mm thick layer (figures 4-1F,G). Finally, the MR fluid (please provide vendor information 

here), with a concentration of 10 mg/ml was injected into the miniature hole above the roof 

of the valve membrane. Also, an N52 permanent magnet with a 3900 Gauss magnetic flux 
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density was used to actuate the valve. For proof-of-concept purposes, we used a permanent 

magnet, however we emphasize that there are a broad variety of miniaturized electronically 

actuated micromagnets that can be used for valve actuation. Figure 4-1H shows the image 

of a microfabricated device containing four different valve structures in various opened 

and closed states. In order to characterize the performance of the valve and its ability to 

open and close microchannels and impede flow rate, we injected a suspension of 3 m 

polystyrene beads into the flow channel, and optically monitored the flow rate in the 

channel, by acquiring images using a bright field microscope, in the channel and tracking 

the velocity and position of the beads. Fluid was injected into the flow layer channel and 

flow rate was controlled using a syringe pump.  

 

4.2.2. Results 

 

4.2.2.1. Valve simulation  

 
    We studied and modeled the valve actuation process using the finite element method 

(COMSOL Multiphysics) with the intention of gaining an understanding of the behavior 

of the proposed device with relation to various parameters such as valve geometry and 

dimensions, thus providing an approximate design space to give guidance for our 

microfabrication and experimental characterization efforts. We considered major factors 

affecting membrane deformation including (i) channel width, (ii) valve shape, and (iii) 

valve size. 

A 3D dimensional model was created. The model contains the permanent magnet (N52 

with a magnetic flux density of 3900 Gauss), three PDMS layers: Layer 1) iron particles, 

Layer 2: valve channel, and Layer 3: the substrate suspended in air. The magnetic 
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properties of the simulation elements were incorporated in the form of relative magnetic 

permeability.  The magnetic field distribution obtained from this model was used to 

calculate the applied force on valve membrane and it was applied as input to the structural 

model formed by valve membrane and fluidic channel. The amount of deformation was 

obtained using the fluid structure interaction module. This model geometry consists of a 

horizontal flow channel a with valve membrane on top. The valve membrane, a deformable 

material, bends under the applied magnetic force load. The Navier-Stokes equations for 

incompressible laminar flow describe the flow in the channel. At the channel entrance, the 

flow has fully developed laminar characteristics with a speed of 100 μm/s. At the channel 

output, the boundary condition is zero pressure. On the solid walls, no-slip condition is 

imposed; also symmetry is assumed at the central vertical plane of the horizontal channel. 

Figure 4-2A shows the simulation result of the cross-sectional and a bird’s eye view of the 

deformed valve membrane for two kinds of rectangular and circular shaped valves. The 

membrane thickness is chosen to be 15 μm, which is the same dimension we chose for the 

microfabricated valves. For comparison, the micrograph of the bird’s eye view of the 

micro-fabricated valve with the same dimensions is shown (figure 4-2B). A membrane 

with the same thickness and length, however differing in width can result in various 

deflection shapes as well as sagging heights due to the applied field. Figure 4-2C shows 

the simulation results for two different sized (600 and 700 μm) circular and rectangular 

shaped valves with respect to different channel widths. The amount of deformation is 

higher in the case of rectangular valves compared with circular valves of the same size. 

The area of rectangle is larger than circle, thus the amount of MR fluid on top of the 

rectangle is greater, and thus a higher magnetic force is exerted for a given field, thus 
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making the deformation of the rectangular valve larger compared to the circle. These 

effects are predominant in valves of larger dimensions thus in the case of 700 m a more 

noticeable difference can be seen between them.  

 

 

Figure 4-2. 1I) Rectangle based valve, II) Circle based valves A) simulation result for deformed 

valve B) fabricated valve, C) effect of different parameters in the amount of deformation [101]. 

 

    Using the simulation results to provide design guidance for experimental efforts, valves 

were microfabricated and validated experimentally. Rectangular and circular shaped valves 

with different channel widths were fabricated and their operational performance was 

compared with each other. Figure 4-3 shows a series of qualitative images to visualize the 

ability of the microfabricated valves to open and close channels.   
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Figure 4-3. 1A) top view B) cross section view of different conditions of valve [101] 

 

   Valves can be closed, as seen (figure 4-3A, B), without affecting the neighboring valve. 

Thus, the PDMS membrane, with MR fluid on top, can be effectively magnetically closed 

as predicted by simulations, and can function effectively and be contactless opened and 

shut. The amount of membrane deformation and thus valve closing depends on membrane 

thickness, channel width and height, valve geometry, and concentration of the MR fluid. 

Among these parameters, we focused on studying the effect of channel width and valve 

geometry for optimizing valve performance. 

 

4.2.2.2. Effect of shape and size of valve on its performance 

 
    We fabricated valves with various dimension including 300-150 μm width, and 1 cm 

length. Circular and rectangle valves (600 μm and 700 μm diameters and side width) were 

embedded.  
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 To characterize the fluid flow in the channel, we injected polystyrene beads into the 

fluid, and monitored the channels optically, recording the video of the channel. The 

position of the beads was tracked optically to determine the average flow rate in the 

channel. The flow of beads was controlled with syringe pump and magnet was applied and 

removed in 30-second intervals. The difference in the speed of the beads was recorded. 

Then the videos were converted to image frames, and the speed of beads was calculated 

before and after applying the magnet. To make the data comparable with the simulation 

results, here we set the syringe pump flow rate to 0.02 μl/min, which is equivalent to an 

average fluid speed of 100±15 μm/s, which was the same assumption made in the 

simulation regarding the speed of the fluid at the inlet. Each of dot obtained in the figures 

of the experimental results is from averaging the speed of five different beads.  

 

Figure 4-4. 1Effect of size and type of valves on the amount of closing of valve, each point was 

obtained from two different valves for average of five different beads speed. Diamond is for circle 

with 700 μm diameter, circle is for circle with 600 μm diameter, square is for rectangle with 700 

μm side and triangle is for simple channels with different channel widths. The flow rate in the 

channels was 0.02 μl/min [101].  
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    Figure 4-4 shows the percentage of valve closure for various configurations. We 

approximate valve closure by calculating the drop in fluid velocity before and after 

applying a magnetic field. In the case where the fluid comes to a complete stop, we assume 

100% valve closure.  The magnetic field applies a force on the MR fluid and causes 

deformation of the thin PDMS membrane layer and stops fluid flow in the channel reducing 

the flow rate to zero. As we expected from the simulations, simple channels (valves without 

a circle or square beneath the patterned MR region) have lower deformation and circular 

valves with a diameter of 700 μm has the greatest deformation.  A decrease in channel 

closure with smaller channel width was also observed experimentally. However, there is 

an essential difference between experiment and simulation for rectangular valves. In spite 

of the fact that rectangular valves have highest deformation because of its geometry 

compared to a circle, more dead volume lies in the valve, thus it cannot become completely 

closed, which becomes especially apparent in low flow rate regimes. We discuss 

differences between circular and rectangular valves in more detail in the next section.  

 

4.2.2.3. Response of valve versus flow rate 

 
    In order to evaluate the response of different valve structures in different flow rate 

regimes, the percentage of valve closure for channels with 300 μm width for three types of 

valves, circular and rectangle (700 μm diameter, side width) and a simple channel (meaning 

that the full 1 cm channel was 300 μm wide throughout) was studied.  

    Fig. 4-5 shows the percentage of valve closure in response to the pressure applied to the 

channel in the valve region. In the low flow rate regime, the circular valve can be 
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completely closed, however as fluid flow rate (or applied pressure) increases, its 

performance degraded much more rapidly compared to rectangular valves. 

  

 

Figure 4-5. 1The response of different kind of valves to different pressure in channel. The amount 

of closing valve for circle (rectangle) and rectangle (triangle) and simple 300 μm valve (circle) 

[101]. 

 

    The rectangular valve can operate with roughly the same performance for a wider range 

of flow rate.  As can be seen, the rectangular channel is reduces the fluid speed by nearly 

86% as the bead velocity drops from 900±50 μm/s to 220 μm/s. For the same flow rate, the 

circular valves and the simple valves respectively close 63% and 40%. 

4.2.2.4. Analysis on-off cycles  

 
     To evaluate the ability for the valve to switch flow in the channel on and off, we tested 

on-off cycles of valves. In other word, the magnetic field was applied for 30 seconds 

closing the valves, and removed for 30 seconds allowing the valve to reopen. Here, the 

speed of beads was recorded for three open/close cycles. In order to obtain the precise flow 

rate of the fluid in the channel, we calculated flow rate based on the fluid speed, rather than 
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relying on the reading provided by the syringe pump, which can often be inaccurate. Figure 

4-6 shows the fluid flow rate in the channel versus time for three valve On-Off cycles.  

 

Figure 4-6. 1On-Off cycles for three times of operating circle type valve with 700 μm diameter. 

A,B,C) For flow rates of 0.5, 0.2,0.02 μl/min of channel during applying magnet respectively [101]. 

 

. When the magnet was applied, the flow rate in the channel dropped significantly with a 

rapid response time, and after the magnetic field was removed, returned near to its original 

level. For the case of 700 μm diameter circular valve with a channel width of 300 μm, the 

continued application of magnet for 30 second in flow rate of 0.02,0.04 µl/min, causes 

complete valve closure and for a flow rate of 0.2 µl/min, a valve closure of 60 percent and 

a flow rate drop to 0.08 µl/min.  

    This was repeated reproducibly over several cycles. Hence, we can expect this valve to 

operate effectively in applications that require repeated opening and closing over long 

periods of time. Various applications exist where it is important to have a system of flow 
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control that can exhibit instantaneous closure and rapid reopening. Thus, we believe these 

valves are suitable candidates for these applications.  

4.3. Electropermanent magnet based microfluidic valve 

 

4.3.1. Fluidic device fabrication 

 
    Microfluidic chips were made of three layers of PDMS (Sylgard 184, Dow Corning) 

using standard soft lithography (figure 4-7). The SU-8 mold was patterned on a silicon 

wafer and then the microfluidic channel layer (10±2 µm thickness) was casted onto the 

wafer by spin coating a 10:1 (v/v) ratio of base to curing agent with a spin rate of 4000 rpm 

and cured for 1 hours in 80˚C. The thickness of this membrane is 15±2 µm.  A 2 mm top 

layer with an embedded tiny disc magnet (1.5 mm diameter) was bonded to the channel 

membrane with oxygen plasma bonding. The whole structure was then peeled off from the 

silicon master mold wafer and bonded to the substrate layer. The substrate polymeric layer 

has the thin layer part with 100 µm thickness and a width of 3 mm to minimize the distance 

between the EPM and the valve.   

4.3.2. Electropermanent magnet assembly 

 
    We fabricated and assembled the EPM based on the design previously developed by 

Knaian [103]. The schematic of EPM set up shows in figure 4-8. The ferromagnetic poles 

were cut from a 0.014” thick Hiperco 50 coil (Ed Fagan Inc. Franklin Lakes, NJ). This 

Iron-Cobalt-Vanadium alloy has ideal magnetic properties such as low coercivity and low 

A.C. core loss that allows fast magnetic switching with minimum lost. High magnetic 

saturation of this material grants the poles to magnetize to the full amount of the 

magnetization without saturation. Two cylindrical magnets (2 mm diameter × 3 mm length) 
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with same remnant magnetization but different coercivity were used. Sintered Neodymium 

Iron Boron Magnet (NdFeB model N38SH) and cast Aluminum Nickel Cobalt (Alnico 

grade LNG40) (BJA Magnetics, USA) were utilized as the hard and soft magnet 

 
Figure 4-7. Microfluidic valve fabrication steps. A) Soft lithographic patterning of SU-8 mold (flow 

channel pattern) on a silicon wafer, B) Spin coating of PDMS on the mold, C) fabrication of PDMS 

substrate layer contains hole to embed tiny magnet, D) bonding PDMS substrate layer onto the spin 

coated PDMS membrane using oxygen plasma bonding, E) removing the two PDMS layers from 

the mold, F) fabrication base PDMS layer to hold the EPM, G) bond all three layers together with 

oxygen plasma. 

 

respectively. The hard magnet has a coercivity (Hc) of 907 kA/m and a remnant magnetic 

field (Br) of 1.22 T and the soft magnet has a coercivity (Hc) 44 kA/m and a remnant 

magnetic field (Br) of 1.2 T. The pole pieces and the two magnets were assembled using 

Loctite Hysol E60-HP epoxy adhesive (Henkel, Westlake, OH). Mechanical pressure was 

applied over night to make fully active the bond of the EPM pieces together. A 40 AWG 

magnetic wire (MWS Wire Industries) was used to make the coil. 
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Figure 4-8. 1Schematic of the concept of electropermanent magnet (EPM) integrated with 

elastomeric membrane. Applying a short current pulse can switch ON and OFF the external 

magnetic field  of EPM, attracting or releasing the magnet below the elastomer membrane, thus 

closing and opening the valve respectively.  

     

4.3.3. Electropermanent magnet characterization 

 
    The EPM coil can be represented using an equivalent circuit consisting of an inductor in 

series with resistance. The resistance of the coil was measured with a digital multimeter 

that varies with the number of coil turns. The inductance of coil was measured by applying 

an AC sweep with a function generator and oscilloscope. To switch the EPM (from on to 

off or vice versa), a short high current pulse is required. A MOSFET H-Bridge circuit, 

which is commonly used to derive D.C. motors, was used to operate the circuit. The power 

was supplied from a D.C. power supply. The positive and negative pulse was generated 

from a function generator and amplified using an amplifier gain stage.   

    The EPM magnetic response was tested using an H-Bridge configuration circuit. A 120 

µs positive current square pulse was applied and amplified to switch ON the EPM and the 

opposite current pulse was used to turn OFF the external magnetic field of EPM. The DC 

actuation voltage was applied and the current response was measured with a 0.1 Ω resistor 
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using the oscilloscope (figure 4-9A). The current response for a 120 turn coil EPM has a 7 

µs time constant with a maximum current of 1.84 A. The maximum actuation time of the 

EPM, defined as 5τcoil  [106] , is 35 µs. Figure 4-9B demonstrates the magnitude of the 

external magnetic field for different applied actuation voltages for the EPM (inset of figure 

4-9B) coil with 120 turns. The magnetic field was measured using the Hall-Effect probe of 

the gaussmeter. To study the magnetic behavior of EPM, voltage was swept from 13 to 30 

V. A positive current pulse was used to turn ON the magnet. It shows as blue curve in the 

figure. And negative current pulse was used to turn OFF the magnet (red curve in the figure 

4-9A). The results indicate that between 25-30 V, the pulse has sufficient power to 

completely switch OFF the external magnetic field. As voltage is increased, the amplitude 

of the magnetic field in the ON configuration increases. A 13 volt pulse does not carry 

sufficient power to perform magnetic switching.  The magnetic field strength (B field) for 

the EPM is estimated as 1.3 T and 0.02 T for the ON and OFF stages respectively when 

the applied switching voltage is 30 V. During the short (15 μs) switching of the EPM, it 

consumes 55.2 W of power (dynamic) and requires 6.6 mJ energy.  The effect of the 

number of turns of the coil was also investigated. Table 1 shows coil resistivity and 

maximum current pulse for different coil turns ranging from 80 to 150 and also the 

corresponding magnetic field intensity for the EPM in the ON and OFF states when 

applying 30 V.           
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Figure 4-9. 1A) Oscilloscope image of pulse properties required to Switch EPM magnet. A 120 μs 

electrical pulse with activation voltage of 30 V is applied to switch an EPM with 120 Coil turns. 

B) The ON-OFF Characterization of the EPM with respect to the applied voltage. Inset shows the 

Image of a fabricated EPM (the distance between poles are 3 mm). 

 
Table 4-1. 1Electropermanent magnet properties 

EPM coil turn 

EPM properties with applying 30 volt 

Resistivity (Ohm) 
EPM ON, OFF 

(Gauss) 
Current (A) 

80 6.4 1070, 97 2.36 

100 7.4 1070, 76 2 

120 8.2 1230, 24 1.84 

150 8.4 1240, 18 1.76 

 

 

 

 

 

4.3.4. EPM valve testing 

 
    To benchmark the performance of the microfluidic EPM valve, we built channel (Y-

junction) with two identical circular shaped valves on two of the channels. Fluids of two 
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different colors (Green and Red food dye) are injected into the two inlets (top of the device 

figure 4-10). When both valves are open, both fluids flow through the junction resulting in 

two laminar flow streams moving parallel to each other down the single channel until 

reaching the outlet. When one valve is closed and the other is open, only a single color of 

fluid will flow all the way to the outlet. Figure 4-10 shows the steps of valve operation 

when switching the valve ON and OFF in the top right channel. When a negative current 

pulse was applied to the EPM, the magnetic force was cancelled and the valve remained 

open (Figure 4-10C) and upon application of a positive current pulse, the thin membrane 

became deflected thus closing the valve (Figure 4-10D). We experimentally determined 

that maximum performance is attained when the EPM is positioned vertically and the edge 

of the pole is located on top of the active valve area. The insets of Fig. 4-10 show the Y 

junction area enlarged for various valve states. The thickness of PDMS substrate is thinner 

on top of the valve compared to the other parts in order to minimize the distance between 

the EPM and the valve thus maximizing magnetic field on top of the valve area. Capillary 

flow was the mechanism behind driving the fluid flow in this channel (no syringe pump).  

We also studied the effect of flow rate and the various modes of syringe pump operation. 
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Figure 4-10. 1A) Image of the 300 μm wide microfluidic channel with circular valves of 700 μm 

diameter, B) Channels are embedded 1.5 mm magnet, C) Y-junction state when EPM is OFF and 

top right inlet channel (injecting red fluid) is open, D) Y-junction state when EPM is ON and top 

right inlet channel (injecting red fluid) is closed. 

 
    Figure 4-11 demonstrates the behavior of the valve immediately after applying a positive 

and negative pulse. Figure 4-11A shows the gradual injection of the green food dye into 

the junction as the valve in the top right channel is opened. Though the EPM response is 

on the order of tens of microseconds, the valve response time is on the order of several 

seconds. The channel width is 300 µm with a height of 12 µm. Each valve is a 700 µm 

diameter circle. The distance between the Y junction and the valve was 1 cm.  A negative 

pulse was applied to actuate the EPM located on upper right channel valve (red dye) that 

was initially in closed state. The real time video demonstrating the opening of the valve 

can be found in supplementary information. For the specific geometry fabricated, the 

response time for fully opening the valve and allowing fluid to flow through was 

approximately 6 seconds. Real-time closing of the valve is also demonstrated (Figure 4-
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11B). In this case, the valve was initially open and a positive current pulse was applied 

which turns on the magnetic field of the EPM, thus closing the membrane stopping the red 

fluid from being injected in, allowing the green dye to fully be injected into the bottom 

channel towards the outlet. The response time for closing the valve in this configuration is 

approximately 6 seconds, however the time required to completely evacuate red dye from 

the main channel (lower left) was approximately 10 seconds. The real time video 

demonstrating closing of the valve can be found in supplementary information. This 

performance characterization of valve response time can be insightful for design of 

chemical reactions inside the channels, particularly when multiple reagents are involved. 

 

 
 
Figure 4-11. A) Time lapse image of valve immediately after applying electrical pulse to EPM 

controlling top inlet channel allowing red food dye to get injected into junction. B) Time lapse 

image of valve immediately after applying electrical pulse to EPM closing the top inlet channel 

preventing red food dye from getting inject. Only the green food dye getting injected from the right 

inlet channel is fully passing through the junction into the outlet (left channel). 

 

4.3.5. Flow rate characterization of EPM valve 

 

We characterized the ability of the EPM valve to withstand fluid flow in channels of 

varying flow rates (both fluid withdraw and infusion). The performance of EPMs for 
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actuating the valve was compared with that of a permanent magnets. We used particle 

image velocimetry (3 µm beads) to precisely measure the drop in fluid speed inside the 

channel. To measure the fluid velocity, the suspension of beads was injected using a 

syringe pump, and the beads were tracked optically. This measurement was obtained for 

both the ON and OFF state of the EPM (figure 4-12A). The recorded videos were converted 

to image frames, and the speed of the beads was calculated based on the average of five 

different measurements. Then the speed of the beads was converted to flow rate based on 

the cross sectional area of the channel. Figure 4-12B shows the channel flow rate 

measurements inside the channel for withdrawal mode of the syringe pump in a range of 

0.001 to 3 µl/min. In this experiment, a simple rectangular channel was used (instead of Y-

shaped channels) to make sure the changing of flow rate is due to the valves ability to fully 

withstand the applied pressure, rather than the fluid getting diverted to the adjacent channel. 

The measured flow rate in the channel when the valve was closed was plotted against the 

flow rate forced by the syringe pump. The results show that the EPM driven valve can fully 

withstand and completely stop flow as long as the syringe pump is injecting fluid less than 

0.2 µl/min. When the syringe pump injects fluid at a flow rate of 0.4 µl/min, the valve 

remains 80 percent closed. The permanent magnet begins leaking at 0.05 µl/min, but leaks 

at a slower rate compared to the EPM valve, and can remain 96 percent closed until 3 

µl/min. 
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Figure 4-12. 1 A) A schematic of the experimental setup for optically estimating the flow 

rate in the channel based on particle image velocimetry using 3 µm polystyrene beads. B) 

The y-axis shows the actual flow rate measured in the channel when the magnetic valve is 

closed. The x-axis is the flow rate that is being applied by the syringe pump. The 

performance of EPM and permanent magnet based valves are compared with each other in 

a simple rectangular channel structure. A syringe pump connected to the output withdraws 

fluid.  
 

 

    We also studied the Y-shaped channels using food dye in the infusion mode of the 

syringe pump. Figure 4-13 shows the results for applied flow rate in the range of 3 to 100 

µl/min. The top right and the bottom right channels are the inlets. The left channel is the 

outlet. Fluid flows from right to left. The EPM valve is on in the top right channel. All 

images were taken after 10 seconds of applying a current pulse into the EPM. Based on 

these results, this valve can prevent fluid from passing until 60 µl/min, and beyond that the 

valve no longer withstands the fluid pressure. Most of fluid leakage stems from the edges 

of the valve. To minimize loss from the edge enabling operation in higher flow rates, 

additional traps can be fabricated on the four sides of the circular part, thus increase valve 

operation tolerance.  
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Figure 4-13. 1 Images at different applied flow rates (3 to 100 µl/min) of Y-junction where right 

channels are inlets and bottom left channel is outlet. Syringe pump is in infusion mode injecting 

red food dye in top right channel and green food dye in bottom right channel and directing both 

fluids through the Y-junction to the outlet (bottom left channel). EPM valve is controlling the top 

channel where red food dye is being injected. For each flow rate, both the EPM ON and EPM OFF 

scenarios are visualized. 

 

4.4. Conclusion 

 
    In this work, we designed, simulated, and fabricated a novel method for magnetically 

actuating elastomeric valves with a fast response time. Our fabrication process is 

advantageous because of its compatibility with standard soft-lithography processes, 

allowing for microfluidic users to easily integrate this technique in their design. We 

performed COMSOL simulations to aid with our understanding of the parameters effecting 

valve performance, and we validated the theory by fabricating and experimentally 

characterizing the proposed valve structures. In general, the operating range of flow rate 
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that we tested for the fabricated valves was relatively low (< 1 μl/min) because we used a 

1 mm thick PDMS layer as the base substrate between the magnet and PDMS membrane. 

    The magnetic force exerted on the membrane decreases exponentially as the distance 

from the valve increases. Thus, for future work, we can overcome this limitation by using 

substrates that are thinner to achieve a closer distance to the membrane. Although the 

operating flow rate/pressure range of these valves is relatively (low it can be simply 

improved with using very thin layer of PDMS substrate only in active side of valve. Future 

work to improve the performance of these valves can include designing novel geometries 

with minimal amounts of dead volume, yet maintaining a high level of deformability. Also 

the range of active flow rate of valve can be controlled with changing the thickness of 

substrate PDMS and concentration of MR fluid based on our application needs.  However, 

we emphasize, that these valves can have applicability in a wide range of applications in 

microfluidics requiring low fluid flow rates, such as on-chip protein and nucleic assays. 

Also, by fabricating several valves in the same channel, in series to each other and actuating 

them sequentially to enable peristaltic motion, and on-chip fluid pump can be fabricated. 

The contactless nature of the magnetic actuation also allows envisioning a two dimensional 

array of electrically controlled micro-magnets under a grid of microchannels.  The 

micromagnetics can actuate the grid of microchannels, and move around the fluids, 

performing the assay as desired, and then once completed, the channel can be disposed of, 

and a new grid of channels can be placed on the reusable magnet array. Thus, these valves 

are attractive candidates not only in realizing large-scale microfluidic integration, but also 

miniaturizing the footprint of the instrumentation as a whole. 
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    In addition, we designed and fabricated a low power method for electronically controlled 

magnetic actuation of elastomeric valves suitable for a wide range of microfluidic 

applications. Our fabricated process is advantageous because it is compatible with standard 

soft lithography processing and PDMS microfluidic channels widely used in the lab on a 

chip community. This allows for microfluidic designers to easily integrate this technique 

in their chip fabrication. Electropermanent magnets offer the electronic control of 

electromagnets, without the high power consumption requirements, while exhibiting the 

strong magnetic force of permanent magnets. As previously demonstrated, EPM control 

circuits with low power consumption can be realized using supercapacitors, thus making 

these novel valve structures suitable for integration into point-of-care microfluidic devices. 

To enable practical integration into a network of microfluidic channels, a 3D printed 

package can be developed for holding an array of electropermanent magnets, upon which 

the microfluidic channel substrate can be placed. Future efforts will be dedicated to 

building an array of EPMs and enabling on-chip peristaltic pumping and control of several 

channels for development of domain specific sample-to-answer systems. To enable large-

scale fluidic integration, further miniaturization of the valves using micro-machining and 

microfabrication techniques can be explored. Integration of the magnetic actuator with the 

microfluidic channel by microfabrication of the EPM can enable large scale integrated 

systems. These valves are attractive candidates in long-term reservation and multiple 

reaction based microfluidic devices.   
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Chapter 5: Conclusion  

 

    This research proposes development of high sensitive electronic sensors to monitor trace 

amount of biomarkers and environmental hazardous materials using in-situ measurements.  

    To achieve sensitive sensor, we take advantage of graphene oxide electrochemical 

properties. Study of respiratory inflammation using monitoring of nitrite has been selected 

for healthcare application. In environmental, we focus on detection of lead in natural 

sediment samples. Results show outstanding properties of reduced graphene oxide are 

useful to fabricate enzyme-free sensor that proved capable of detecting nitrite in EBC 

clinical samples in the biological range.  In next step, standardization of fabricated sensor 

performed respect to sample collection, storage and electrical parameters of EBC samples. 

Moreover, the fabricated sensor combined with microfluidic system to have integrated 

sensor with sample collection of EBC samples.  

    Interaction between oxygen groups of graphene oxide and lead creates sensitive sensor 

for detection lead in sediment samples. Less aggressive pretreatment process compare to 

current reported methods has been developed in this research for electrochemical detection 

of lead in complex sediment samples. In situ set up was developed for combining 

pretreatment method with sensor to fabricate device in use system for monitoring lead in 

natural water sources.     

    For further integration of fabricated sensors, microfluidic is the good candidate. One of 

the important fluid-handling components to enable fully miniaturized micro total analysis 

system (microTAS) is integrated valve. In this research, we propose magnetic low power 

valve design that can be combining with fabricated sensors to get fully integrated system. 
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Results show, MR fluid with PDMS thin membrane can act as micro-channel valve in the 

presence of permanent magnet. Circle with diameter of 700 μm configuration indicates 

better performance in opening and closing of valve. In next step, permanent magnet 

replaced with electropermanent magnet (EPM).  EPM helps us to control opening and 

closing of valve with very short electrical pulse. Moreover, this valve will be integrated 

with microfluidic sensor for nitrite detection in EBC samples.    
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oxide." Microsystems & Nanoengineering 3 (2017): 17022. 
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Conferences: 
 
Azam Gholizadeh, Damien Voiry, Cliff Wiesel, Howard Kipen, Robert Laumbach, Manish 
Chhowalla, and Mehdi Javanmard, Measurement nitrite level in exhaled breath condensate 
samples using electrochemical reduced graphene oxide based sensor. Presented in Hilton head 
workshop 2016, South Carolina, USA, 2016.  

 
Azam Gholizadeh, Damien Voiry, Cliff Wiesel, Howard Kipen, Robert Laumbach, Manish 
Chhowalla, and Mehdi Javanmard, Electrochemical Detection of Nitrite Content in Exhaled Breath 
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