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Abstract

Micro-magnetic sensing and actuation have emerged as powerful tools for the diagnosis and 

monitoring of cancer. These technologies can be miniaturized and integrated onto compact, 

microfluidic platforms, enabling molecular diagnostics to be performed in practical clinical 

settings. Molecular targets tagged with magnetic nanoparticles can be detected with high 

sensitivity directly in unprocessed clinical samples (e.g. blood, sputum) due to the inherently 

negligible magnetic susceptibility of biological material. As a result, magnetic microchip-based 

diagnostics have been applied with great success to the isolation and detection of rare cells and the 

measurement of sparse soluble proteins. In this paper, we review recent advances in microchip-

based detection of magnetically labeled biomarkers and their translation to clinical applications in 

cancer.
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1. Introduction

In the last several decades, our ability to measure the molecular signals associated with 

cancer has advanced dramatically. Techniques such as genetic sequencing, high-throughput 

molecular screening, and flow cytometry have enabled sophisticated measurements that 

promise improvements in early diagnosis, personalized tailoring of treatment, and 

understanding of the underlying causes and mechanisms of cancer [1–3]. Unfortunately, the 

realization of tangible improvements in patient care from these molecular measurements has 

been constrained by significant engineering challenges in their translation to clinical 

applications. These challenges stem from the small concentration of cancer biomarkers in 

clinical samples, the heterogeneity of biomarker expression, and the extensive sample 
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preparation that is often necessary prior to these measurement techniques [4,5]. Here, we 

review the use of magnetic actuation and sensing on microfluidic chips as a modality that is 

uniquely well suited to address these challenges.

The fundamental benefit of using magnetic fields to measure and control biological systems, 

rather than alternatives such as optical, acoustic, or electrical fields, is the negligible 

intrinsic magnetic susceptibility of biological systems. Magnetic sensing and sorting are 

based on the selective labeling of biological targets with magnetic nanoparticles (MNPs) 

conjugated with appropriate affinity ligands. The lack of magnetic background enables 

sensing and sorting to be performed on magnetically labeled cells in unprocessed clinical 

samples without interference from host cells or variations in pH, salinity, or turbidity [6,7]. 

By eliminating sample processing, magnetic detection minimizes the loss of precious sample 

and simplifies clinical use.

Magnetic sensors and particles can be scaled down to the micro- and nano-levels, enabling 

measurements to be made on biologically relevant length-scales, such as that of circulating 

tumor cells (~10 μm) [6], circulating microvesicles (~100 nm), and soluble proteins (~1 nm) 

[8]. The ability to measure clinical samples on these length-scales enables rare cells to be 

resolved and sparse molecular signals to be detected. Furthermore, magnetic sensing and 

sorting can be integrated onto microchips for automated, portable use in practical clinical 

settings [4].

The invention of new techniques to measure molecular biomarkers with magnetic 

microchips promises enormous impact on many applications in cancer diagnostics and 

monitoring. One example is the measurement of soluble blood-borne cancer biomarkers, 

which currently suffers from a lack of predictive value [9,10]. It is hypothesized that these 

diagnostics can be improved by increasing detector sensitivity and specificity, by expanding 

the number of proteins that are measured, and by measuring these biomarkers as a function 

of treatment progression [9,10]. Magnetic sensing, with its ability for ultra-sensitive, 

multiplexed detection on low-cost, portable microchips has proven uniquely well suited to 

meet these goals [11]. Another example where magnetic detection can address an important 

challenge in cancer diagnostics and monitoring, is the detection of circulating tumor cells 

(CTCs). Monitoring cancer progression with CTCs is an emerging technology that has 

shown great potential for observing the complex molecular state of a tumor, via a non-

invasive blood test [12]. However, the low concentrations of CTCs versus the vast 

backgrounds of host cells make it challenging to efficiently isolate and profile these cells. 

The detection of magnetic nanoparticle labeled cells, with its inherent insensitivity to 

background and minimum sample processing, has been demonstrated as an effective tool to 

improve resolution of these rare cells [6].

In this paper, the relative utility of magnetic sensing and actuation is outlined, and recently 

reported technologies that harness these approaches for applications in cancer are reviewed. 

The review is organized by the three basic elements of magnetic detection: the labeling of 

molecular markers with magnetic nanoparticles (MNPs) (Fig. 1a) and the quantitative 

sensing (Fig. 1b) and the magnetic isolation (Fig. 1c) of these labeled biomarkers.
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2. Recent developments in magnetic sensing and actuation

2.1. Magnetic nanoparticle labeling

Magnetic nanoparticles have physical properties than are qualitatively different than that of 

the bulk. These properties are controlled by the geometry of the particle and can be finely 

engineered for specific tasks [13]. The super-paramagnetic nature of very small (d < 20 nm) 

magnetic nanoparticles (MNPs) (Fig. 2a) has many advantages for biological sensing and 

actuation applications. At this size-scale, particles consisting of most magnetic materials 

(ferrites, iron) will contain only a single magnetic domain with an orientation defined by the 

magnetic anisotropy of the particle [5]. When these particles are suspended in fluid, thermal 

fluctuations at room temperature overcome this anisotropy barrier, causing the magnetic 

moment to spontaneously and randomly flip. An ensemble of MNPs displays a negligible 

net remnant magnetic moment in the absence of an external magnetic field, but become 

strongly magnetized in the presence of an applied field. As such, superparamagnetic 

particles may be described with a high magnetic susceptibility χ at fields lower than their 

saturation value Bs and, above Bs, by a constant magnetization Ms (Fig. 2b).

These superparamagnetic MNPs offer several important advantages for diagnostic 

applications:

1. MNPs conjugated with the appropriate affinity ligands can be made to selectively 

bind to a molecular target of interest. Highly efficient two-step bio-orthogonal 

magnetic labeling strategies may be utilized which enable the use of generic 

nanoparticles, the efficient utilization of valuable affinity ligands, and amplified 

magnetic labeling (>105 MNP/cell) [5] (Fig. 2d).

2. MNPs facilitate molecular-specific mechanical actuation of intended targets. 

Because biological objects have negligible intrinsic magnetic moments, only 

magnetically-labeled targets will respond to external magnetic field gradients and 

experience a mechanical force [14]. Due to the superparamagnetic nature of MNPs, 

the magnetization of the MNPS vanishes when the external field gradient is 

removed, enabling stable long-term storage of these reagents.

3. Biological targets labeled with MNPs assume a magnetic moment proportional to 

their expression of a specific biomarker, enabling quantitative measurements of 

molecular signals.[7,15]

Ferrite particles are among the most widely utilized MNP. In particular, cross-linked iron 

oxide (CLIO) nanoparticles have found wide application due to their stability and 

biocompatibility [16]. CLIO nanoparticles contain a superparamagnetic iron oxide core (3–5 

nm monocrystalline iron oxide) composed of ferrimagnetic magnetite (Fe3O4). The metallic 

core is coated with biocompatible dextran, cross-linked, and functionalized with primary 

amine, resulting in an average hydrodynamic diameter of 25–40nm [17].

Much work has been done to enhance the magnetization of MNPs. Highly magnetic 

particles become increasingly important when labeling cells with weakly expressing 

biomarkers[5] or when trying to detect small objects, such as a bacteria [18]. Doping of 

ferrite MNPs with elements such as manganese (Mn), cobalt (Co) or nickel (Ni) has been 
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shown to improve the MNP magnetization (Fig. 2c) [19]. For even larger gains in 

magnetization, nanoparticles have been synthesized with ferromagnetic metals rather than 

their corresponding oxides [20] (Fig. 2c). To protect these highly reactive cores from 

oxidization and to further enhance magnetization, the particles have been coated with 

artificial ferrite shells [21]. Another strategy to enhance the magnetization of MNPs is to 

increase their size [22] (Fig. 2c). As the volume of the particle increases, there are more 

magnetic spins to contribute to the net magnetic moment. Additionally, surface effects that 

act to diminish the net moment of particles reduce as particles get larger due to the drop in 

their surface-to-volume ratio [5,13].

Polydispersity and aggregation are an impediment to the synthesis of increasingly large 

MNPs, as these issues become worse with increasing particle size (d > 50 nm) [21]. To 

avoid these problems, research groups have shown that multiple magnetic nanoparticles can 

be embedded into larger silica or polystyrene beads [21,23]. In addition to achieving large 

magnetization with these “multi-core particles”, these particles can be synthesized with 

multiple components (e.g. MNPs, fluorophores, quantum dots), creating multi-functional 

nanomaterials [23,24]. As particles get too large (d>100nm), issues arise with stability, 

optimal binding to biomarkers, and permeation into cells [25].

In addition to increasing the magnetization of MNPs, much work has been done to enhance 

the targeting of the MNPs to molecular targets of interest. One successful approach has been 

to break the magnetic labeling into two steps. In this method, molecular biomarkers are first 

targeted with affinity ligands modified with a molecular label that is not reactive with 

biological material. Subsequently, MNPs are introduced and are functionalized with a 

molecule that is selectively and highly reactive with the modified affinity ligand. Two step 

labeling enables the use of affinity ligands to be reduced by ~10×, generic MNPs to be used 

for a wide range of molecular targets, the magnetic signal to be amplified, and non-specific 

binding to be reduced [5]. Bioorthogonal cycloaddition between tetrazine (Tz) and trans-

cyclooctene (TCO) is a fast and chemoselective reaction that does not require a catalyst, and 

has been used with great success for two-step magnetic labeling [26]. Recently, alternative 

schemes based on complementary oligonucleotide approaches[27] and cyclodextrin/

adamantane chemistry [28] have been used to improve labeling and expand the scope of this 

methodology.

2.2. Magnetic sorting

The efficient separation and enrichment of targeted cells from a heterogeneous suspension 

are a critical task in the detection of biomarkers for cancer monitoring and diagnostics [29], 

as well as drug discovery [30], and stem cell research [31]. Magnetic sorting of MNP 

labeled cells has emerged as a promising technique. Highly selective sorting of targeted cells 

can be performed on unprocessed clinical samples due to the negligible intrinsic magnetic 

moments of biological material. Magnetic sorting can be miniaturized and integrated into 

microchip-based diagnostics. Moreover, magnetic sorting can rapidly sort through large 

numbers of cells, as it can process many cells in parallel unlike flow-cytometer based 

methods that process cells one at a time (<108 cells per hour) [32]. This feature is especially 
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relevant for isolating rare cells, such as circulating tumor cells and endothelial cells which 

are suspended among vast backgrounds of host cells [2,33].

Magnetophoresis is the induced motion of a magnetically susceptible object in a nonuniform 

magnetic field B, with the force given by the expression:

(1)

The magnetophoretic force is a function of both the gradient and the strength of the 

magnetic field  For a spherical object in a magnetic field B that is less 

than the saturation field B<Bs, the force is given by a simple analytic expression:

(2)

where a is the radius of the particle, χ is the effective magnetic susceptibility of the particle 

relative to the medium, and μ0 is the vacuum permeability. Note, the magnetic force scales 

with the volume of the particle (~a3), leading to a strong dependence of magnetic force on 

particle size.

Much work has been done to develop and improve magnetic separation through the 

application of microfabrication. Using lithography, magnetic field profiles can be 

engineered by patterning current carrying wires and magnetic materials. Lithographically 

patterned Ni, magnetized with an external permanent magnet, has been used to sort cells 

with high precision and accuracy [14,34]. Recently, a device was demonstrated with 

microfabricated permanent magnetic material (NdFeB), enabling strong magnetic forces 

without the need for a bulky external magnet [35].

There have been a number of creative approaches to magnetic sorting that achieve micro- 

and nano-patterned magnetic fields without the need for photolithography. Obviating 

photolithography enables devices to be fabricated that are larger, three-dimensional, 

inexpensive, and more practical for clinical use [36–38]. One recent device used three-

dimensional columns of self-assembled super-paramagnetic beads that reach into a 

microfluidic channel to create an efficient sorting structure [37]. One recent work by the Lee 

group uses micrometer-scale grains of permanently magnetic material self-assembled to 

form alternating dipoles to efficiently trap cells in a microfluidic chip [36]. In another novel 

approach, a device was fabricated by depositing Nickel onto shrinkable polymer. Once the 

polymer was shrunk, the material buckled and wrinkled, forming many nanoscale magnetic 

traps [38].

One outstanding recent application of magnetic sorting to cancer diagnostics, is a recent 

work by Memhet Toner’s group at Massachusetts General Hospital. Their “iChip” [39] 

combines three microfluidic technologies in sequence on a single chip, for highly efficient 

sorting of rare circulating tumor cells from whole blood. In the first stage, red blood cells 

and platelets are removed from the blood using size-based deterministic lateral displacement 
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through an array of microposts. In the second stage, the remaining cells are aligned to a 

narrow stream using inertial flow focusing. In the third stage, magnetically tagged cells are 

selectively deflected from this narrow stream into a collection channel for downstream 

analysis. In their paper, the iChip is used to isolate tumor cells using both positive selection 

based on antigen expression on the CTCs and negative selection based on antigen expression 

on the leukocytes. This capability allowed them to use this chip to isolate and analyze 

epithelial and nonepithelial cancers, including lung, prostate, pancreas, breast, and 

melanoma.

Much work has been done to integrate magnetic actuation onto microfluidic chips for 

compact diagnostics. Continuous sorting of devices has been presented that combine 

magnetic actuation with laminar flow microfluidics to achieve extremely high selectivity 

[14,40]. Recently, magnetic sorting has been integrated with droplet based microfluidics for 

single cell analysis [41] and digital electrowetting-based microfluidics for particle based 

assays [42]. Active magnetic sorting, using arrays of electronically controlled 

electromagnets has enabled the control of magnetically labeled objects that can be 

programmed for a wide array of tasks [43–45].

One outstanding example of integrating magnetic sorting with other functionalities for the 

diagnosis of disease is the Magnetic Integrated Microfluidic Electrochemical Detector 

(MIMED) from the Soh group at University of California, Santa Barbara (Fig. 3) [34]. This 

device integrates sample preparation and electrochemical sensors into a monolithic 

disposable device to detect RNA-based virus directly from throat swab samples. On this 

chip, viruses are first immunomagnetically isolated from throat swabs, subsequently RNA is 

extracted and amplified using reverse-transcriptase polymerase chain reaction (RT-PCR), 

and finally the products of the RT-PCR are read-out using sequence-specific electrochemical 

sensors. With this chip, influenza H1N1 is detected in throat swabs with four orders of 

magnitude with better sensitivity than clinical titer, all on a disposable, compact chip. While 

this chip was designed to detect H1N1 virus, this strategy generally enables sequence-

specific genetic information to be efficiently collected from complex biological samples, 

and could find application in the genetic profiling of tumor cells for cancer diagnostics and 

monitoring.

2.3. Magnetic resonance based detection

Magnetic nanoparticle labeled targets can be detected with high sensitivity by harnessing 

nuclear magnetic resonance (NMR) as the detection mechanism. When placed in the large 

static magnetic fields used for NMR, MNPs create local magnetic fields that dephases the 

NMR signal. This dephasing leads to a measurable change in the magnetic resonance signal, 

manifested as a shortening of the longitudinal (T1) and transverse (T2) relaxation times (Fig. 

4a). The sensitivity of this method arises from the inherent signal amplification, as each 

MNP affects many surrounding water molecules [46]. There are two main MNP based 

assays that have been utilized, 1. Cellular labeling, in which MNPs are targeted to surface 

biomarkers on cells and unbound MNPs are washed away [25,47] and 2. Clustering assays, 

in which target antigens cause dispersed MNPs to cluster and change their net relaxivity 

[46,48]. These techniques have been used to detect a wide range of biological targets 
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including small molecules [49], proteins [17], nucleic acids [46], drugs (~1 pM) [50], 

bacteria [25], and tumor cells (1 cell) [47].

Technological advances in magnetic labeling are helping to extend this approach to 

additional applications. A targeting strategy was recently developed that uses 

oligonucleotide hybridization to achieve amplified and multiplexed labeling of multiple 

targets [27]. A bacteria labeling method was developed that is specific for gram-negativity 

[51].

One important recent development in the use of magnetic resonance, was a technique 

developed by Ralph Weissleder and Hakho Lee’s group at Massachusetts General Hospital 

to sensitively detect circulating microvesicles [52]. In the last several years, circulating 

microvesicles (CμVs) have been shown to contain a wealth of proteomic and genetic 

information that can guide the treatment of cancer [52]. Unfortunately, the utilization of this 

information to improve patient care has been limited by fundamental technical challenges 

that stem from the small size of CμVs (d<1μm) and the extensive sample preparation 

required prior to measurement. The Lee/Weissleder group developed a highly sensitive 

technique to detect circulating microvesicles in blood samples to diagnose glioblastoma. To 

this end, a microfluidic chip was developed upon which microvesicles were first labeled 

with target-specific magnetic nanoparticles and subsequently detected by nuclear magnetic 

resonance. Due to the high sensitivity of magnetic resonance measurements, the limit of 

detection was much lower than with conventional methods. On this chip, glioblastoma 

multiforme (GBM) microvesicles were successfully differentiated from microvesicles from 

healthy cells. Utilizing this technique, the Weissleder/Lee group demonstrated that 

mutations in a brain tumor, which could guide treatment decisions, could be detected 

through a simple blood test.

There have been a number of technological advances that are enabling NMR-based 

diagnostics to be miniaturized into portable systems that can be used in clinical 

environments. Most notably, Donhee Ham’s group at Harvard has developed an NMR 

system that is 1200× smaller than a benchtop NMR and 150× more sensitive [53]. The use 

of permanent magnets to create the NMR field, integrated circuit-based transceiver circuits 

to sensitively detect the weak NMR signal, surface microcoils for excitation and readout, 

and integrated microfluidics has enabled facile incorporation of NMR into diagnostic 

platforms [54]. Subsequent developments involved the integration of microfluidic 

components to incorporate sample preparation and concentration for enhanced sensitivity 

[52,55]. One major hurdle for bringing NMR to the point-of-care has been its sensitivity to 

temperature variation. As an alternative to costly and bulky mechanisms to control 

temperature, one recent paper utilized an automated feedback system to track and 

compensate for the temperature drift [56]. In a recent piece of work by the Han group at 

MIT, a new technique was developed to fabricate surface coils using multilayer liquid-metal 

microcoils integrated with a microfluidic network by lamination of dry adhesive sheets [57]. 

This new technique offers lower cost of use, as the detachable sample chamber can be 

disposed after each use and the microcoil can be reused without cross-contamination.
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2.4. Micro-magnetic sensors

Extremely high sensitivity can be achieved by microfabricating magnetic sensors to have 

detection volumes similar to that of the objects they measure. A microfabricated10×10μm2 

sensor has adetection volume of only ~1 pL, which is one million times smaller than is 

typically used in conventional diagnostics (~1 μL). These small sensors have been used to 

detect individual microbeads [58,59], magnetically labeled single cells [6,60], and extremely 

small concentrations of soluble molecules (50 aM) [8,7,62].

One important advantage of single cell detection is that it enables rare cells suspended 

among vast backgrounds of host cells to be detected. In bulk measurements, such as the 

magnetic resonance based detection described above, non-specific labeling of the 

background cells overwhelms the relatively small signal that comes from rare cells. The use 

of single cell resolution enables each individual cell to be detected one-by-one without the 

vast background of host cells present. This lack of background coupled with the enhanced 

sensitivity of single cell detectors, enables rare cells to be resolved directly in unprocessed 

clinical samples [6].

There are two main types of microfabricated magnetic field sensors, Hall and 

magnetoresistance. These techniques each have particular advantages that are useful for 

specific applications. For the detection of soluble molecular biomarkers, magnetoresistance-

based sensors have been favored owing to the higher sensitivity at low-fields. In these 

detection schemes, the MNPs are magnetized in their low-field linear regime (Fig. 2b), and 

as such are able to harness lock-in detection on the induced magnetic moments for 

remarkably high sensitivity (~5 aM) [63].

For the detection of cells and microbeads, Hall sensors have been favored. Due to the short 

period of time that cells spend over the sensors in flow (~10μs), the lock-in techniques used 

with magnetoresistance-based assays cannot be utilized. Large magnetic fields (>0.1 T), 

which fully magnetize the MNPs can be applied to improve detection sensitivity without 

saturating the sensors. Owing to linearity in signal strength, cells with non- specifically 

bound MNPs can be accurately excluded by gating the measured signals above a particular 

threshold value. Furthermore, the fabrication of Hall sensors is fully compatible with 

standard semiconductor processing, enabling integration with auxiliary electronics for large 

arrays of sensors [59].

In one recent example of using micromagnetic sensors to measure soluble biomarkers, the 

Wang group at Stanford demonstrated an assay utilizing giant magnetoresistance (GMR) to 

detect sparse molecular targets in complex biological samples [7]. In this assay, the target 

antigen is detected using a sandwich assay between an antibody bound to the surface of the 

GMR sensor and an antibody attached to a superparamagnetic nanoparticle (Fig. 5a). The 

presence of a target antigen, causes MNPs to become bound to the sensor surface. The 

presence of the MNP on the sensor’s surface is detected by the GMR sensor using an 

applied magnetic field to magnetize the MNPs. Each chip contains an array of 64 GMR 

sensors, each of which could be utilized to detect a different type of protein. Multiplexed 

protein detection was demonstrated with a linear dynamic range of over six orders of 

magnitude, with a limit of detection of ~50 aM (Fig. 5b). Recently, the Wang group has 
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combined this GMR detection scheme with a magnetic isolation technique, to detect and 

profile circulating tumor cells (CTCs) in whole blood [64].

The utility of micro-Hall (μHall) sensors to detect magnetically labeled cells was recently 

demonstrated by Issadore et al. in the Weissleder/Lee group at Massachusetts General 

Hospital [6]. The ongoing challenge with the measurement of rare cells (e.g. cancer cells, 

stem cells) is that they often go undetected by conventional technologies, because current 

approaches require extensive sample purification and because many types of rare cells have 

limited half-lives outside of the body. The μHall sensor chip uses an array of eight 8×8μm2 

Hall sensors to measure the magnetic moments of individual immunomagnetically tagged 

cells (Fig. 6a). Because the chip detects cells individually, it is able to ignore not only 

unbound MNPs but also other cells with inadvertently (non-specifically) attached MNPs. As 

a result, the μHall sensor can detect single cells even in the presence of vast numbers of 

blood cells and unbound reactants, and does not require any washing or purification steps. 

The micro-chip consists of a semiconductor substrate (GaAs) containing the μHall sensors 

with a PDMS microfluidic network placed on top. Hydrodynamic focusing is used to 

position cells into the middle and bottom of the channel towards the μHall sensors to 

maximize sensitivity (Fig. 6b). In a small trial of late stage ovarian cancer patients, this 

device was able to detect circulating cancer cells in all patients, even those that tested 

negative with current clinical standards (the CellSearch system) (Fig. 6c) [6]. Demonstrating 

the broad utility of this approach, the Weissleder/Lee group recently published a paper 

demonstrating that this same chip can be used to detect gram negative bacteria [65].

3. Current challenges and future perspectives

An important next step for micromagnetic sensors is to extend the technology from the 

measurement of human cells (~10μm) to smaller objects, such as pathogens (~1μm) and 

microvesicles (~100 nm). This transition requires a number of fundamental developments in 

the technology. Most notably, the size of the sensors would need to be scaled to that of the 

individual object being measured. These sensors would be sub-micrometer, but well within 

the realm of modern integrated circuit (IC) foundries. The most recent Intel chip has feature 

sizes as small as 14 nm [66]. Secondly, smaller immunomagnetically tagged objects tend to 

have fewer surface biomarkers, and consequently weaker, more difficult to measure 

magnetic moments. The use of highly magnetic nanoparticles, described in Section 1, and 

bio-orthogonal magnetic labeling strategies to multiply the number of MNPs per biomarker, 

can be used to enhance this signal. Finally, it is difficult to design microfluidics to accurately 

position the flow of sub-micrometer objects to sub-micrometer sensors. One potential 

approach to solving this problem is utilizing many sub-micrometer sized sensors in parallel 

to reduce the required accuracy of the microfluidics.

The integration of large arrays (>1000 sensors) onto single, monolithic chips is possible 

using integrated circuit (IC) manufacturing [67,61]. On an IC, multiple layers of metallic 

wires are integrated with the semiconductor structure, allowing complex circuits that 

incorporate sensors, analog and digital electronics, as well as memory [43,45]. By 

incorporating a large number of sensors and their control circuits, an IC chip could provide 

enhanced throughput and obviate the need for microfluidics. With the beneficial features of 
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low-cost electronics, μHall sensors are poised to offer clinician-friendly tools for molecular 

diagnostics at the point of care.

The simultaneous detection of multiple biomarkers in a sample, or on an individual cell, is 

essential for many biomedical applications. Unfortunately, magnetic sensing is not easily 

extended to multiplexed detection because the analytical signal arises from a single physical 

parameter, the magnetic moment m. By exploiting the distinct magnetization properties of 

different types of MNPs, several groups have shown that it is now possible to add “color” to 

the typically “gray-scale” modality of magnetic detection. Issadore et al. have demonstrated 

that different types of superparamagnetic MNPs (e.g. different sizes, different materials) can 

be distinguished by their unique non-linear magnetization curves [6]. By measuring 

individual cells at several different field strengths, the relative quantity of three different 

types of MNPs, each tagging a different biomarker, was calculated. This is analogous to the 

use of multiple fluorescent molecules in optical measurements, however the system 

currently has very low resolution and is not easily extended to more than 3–4 markers. Other 

prospective techniques such as detecting the harmonics generated by the non-linear 

magnetization curve of MNPs [67] and the detection of the particle’s ferromagnetic 

resonance (FMR) [68,69] offer potential ways forward.

Further integration of multiple microfluidic structures, sensors, and actuators onto single 

monolithic chips will enable the microchips to perform more complex, multi-step 

diagnostics, including sample preparation, molecular labeling, detection, and analysis. For 

commercialization of many of these approaches, these tools must be made less reliant on 

external instrumentation. The ultimate goal is to make “sample-to-answer” chips, with no 

external peripherals, in which an unprocessed clinical sample is the device’s input and 

digital, electronic data, presented in a useful format for clinicians, is the device’s output [4].

Overall, the work on magnetic microchip diagnostics described in this paper paints a hopeful 

picture. By enabling miniaturization of molecular diagnostics for caner, patients will gain 

access to more accurate, timelier, and far less expensive diagnosis and disease monitoring.
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Fig. 1. 
Magnetic sensing and actuation. a. Molecular markers of interest on cells can be labeled 

with magnetic nanoparticles (MNPs). A cell labeled with MNPs assumes a magnetic 

moment proportional to the expression of the targeted biomarker. b. Magnetic sensors can be 

used to quantitatively detect them. c. External magnetic field gradients can be used to apply 

forces to these cells and d. soluble biomarkers, such as proteinsor nucleic acid, can be 

captured onto magnetic beads for isolation or detection. For example, shown here a 

sandwich assay is used to capture an analyte onto a surface, and then label that analyte with 

MNPs. e. Magnetic sensors can be used to quantify soluble biomarkers labeled with MNPs. 

f. External magnetic field gradients can be used to isolate magnetic beads that have captured 

soluble biomarkers.
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Fig. 2. 
Magnetic nanoparticle labeling. a. A transmission electron micro-graph (TEM) images of 

manganese-doped ferrite nanoparticles (MnFe2O4) [26]. b. A graph demonstrating a typical 

magnetization curve for a suspension of superparamagnetic nanoparticles, with 

susceptibility χSM and saturation magnetization Ms. c. A graph summarizing the 

magnetization Ms and size of recently reported particles [5]. d. A summary of two-step 

magnetic labeling. First a clinical sample is mixed with a TCO modified affinity ligand (e.g. 

antibody), and then subsequently labeled with Tz modified MNPs.
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Fig. 3. 
Magnetic trapping. Genetic analysis of H1N1 virus, on a microfluidic chip that integrates 

magnetic isolation of the virus from a throat swab, PCR amplification, and electrochemical 

detection. Reprinted from Ref. 35 with permission from the American Chemical Society.
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Fig. 4. 
Magnetic resonance based detection. a. Principal of μNMR-based cell detection. When 

magnetic nanoparticles are bound to cells, they enhance the dephasing of surrounding water 

molecule’s NMR signal, causing the relaxation time (T2) to be reduced. b. A photograph of 

the DMR-III, a miniature magnetic resonance system for portable clinical use. The system 

consists of a permanent NdFeB magnet, micro-coil, and custom electronics. The system 

interfaces with a mobile device to facilitate system control and data sharing over wireless 

networks [56].
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Fig. 5. 
Giant magnetoresistance (GMR) based sensing of proteins by the Wang group at Stanford. a. 

The top figures show micrographs of the array of sixty four 100×100μm2 GMR sensors, 

below, a schematic of the magnetic nanoparticle based sandwich assay. b. Sensitivity and 

linear dynamic range of the GMR sensor and ELISA. Reprinted from Ref. 7 with permission 

from the Nature Publishing Group.
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Fig. 6. 
Micro-Hall detection of rare cells. a. A SEM micrograph of an array of eight 8×8μm2 Hall 

sensors. b. A fluorescence micrograph of a-hydrodynamic focusing structure, demonstrating 

that focusing can be controlled by utilizing a combination of vertical and lateral sheaths. c. 

Clinical applications of the μHall sensor. CTCs in patient blood samples with late stage 

ovarian cancer (n=20) were detected using the μHall sensor and with a clinical gold standard 

system, CellSearch (bottom). The μHall detected CTCs in all cancer patients, even those that 

were not detected using the gold standard [6].
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