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A B S T R A C T   

Over 27 million individuals are affected every year worldwide with central nervous system (CNS) injuries. These 
injuries include but are not limited to traumatic brain injury (TBI) and spinal cord injury (SCI). CNS injuries 
remain a significant public health concern which demands reliable tools for rapid, on-sight, on-field, and point- 
of-care diagnostic (POC) solutions. To address these challenges, we developed a low-cost, open-source, hand- 
held, portable, and POC detection technology, termed as MicroDrop (μDrop), which can simultaneously detect 
up to eight target biomolecules and display results in both analog and digital formats. The data acquired is stored 
wirelessly in a cloud server for further investigation and statistical analysis. Multiplexing capability of μDrop and 
immuno-biosensors detects and quantifies Cleaved-Tau Protein (C-Tau) and Neuron-Filament (NFL) proteins in 
the blood of TBI patients. Immuno-biosensors rapidly sense the two target proteins in less than 30 min, with 
μDrop and a conventional potentiostat. C-Tau and NFL were selectively detected with μDrop within the dynamic 
range of 10 pg/mL - 100 ng/mL and the sensitivity range of 47 μA/pg mm2 - 65 μA/pg mm2. Comparing the 
biosensing performance with enzyme-linked immunosorbent assays (ELISA) shows that the immuno-biosensors 
combined with μDrop could successfully differentiate between clinical controls and injured patients.   

1. Introduction 

Each year, more than 27 million individuals globally suffer from 
traumas to the brain, and spinal cord, collectively referred to as central 
nervous system (CNS) injuries (James et al., 2019). In North America, 

over 5.3 million CNS injuries are registered due to violence, falls, 
vehicular accidents, and sports-related injuries (James et al., 2019; 
Langlois et al., 2006; Rao et al., 2017). Annual global economic 
expenditure is exceeding $400 billion in direct and indirect expenses. 
These expenses include hospitalization, diagnostic testing, 
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rehabilitation, and productivity loss (Center 2010; Langlois et al., 2006; 
Organization and Society 2013; Peeters et al., 2015). Primary injuries to 
the brain include diffuse axonal injury, focal hemorrhage, and blood 
collection in the brain (hematoma) (North et al., 2012; Zetterberg et al., 
2013). In such a condition for patients, rapid and frequent diagnostic 
tests can reduce morbidity and mortality associated with CNS injuries 
(Langlois et al., 2006; Levin and Diaz-Arrastia 2015; Li et al., 2010; 
North et al., 2012; Organization and Society 2013). Although computed 
tomography (CT) and magnetic resonance imaging (MRI) are current 
clinical gold standards for the diagnosis and prognosis of CNS injury, 
they are not suitable for point-of-care (POC) applications. Moreover, 
they are often not available at rural and remote locations, lack porta
bility, have a high cost of operation and testing, and cause excessive 
exposure to radiation when frequently used (Doolan et al., 2012; North 
et al., 2012; Organization and Society 2013). Therefore, the ability to 
rapidly test, detect, and diagnose CNS injuries and frequently monitor 
injury status remains a major unmet clinical need. 

An alternative to neuroimaging techniques and questionnaire-based 
tests measures the concentration of protein biomarkers released in 
bodily fluids (North et al., 2012). Several CNS-based blood protein 
biomarkers, such as S100 calcium-binding protein β (S100β), glial 
fibrillary acidic protein (GFAP), and ubiquitin C-terminal hydrolase L1 
(UCHL-1) are released after a CNS injury (Khetani et al., 2017a; Khetani 
et al. 2018b, 2019). Cleaved Tau (C-Tau) and Neuron filament light 
protein (NFL) were selected for this study, as they are known to be the 
primary molecular indicators of axonal injury. C-Tau is an early indi
cator of TBI, with concentrations rising from a baseline of <70 pg/mL, 
peaking within 6 h up to 1700 pg/mL – 8700 pg/mL (Adrian et al., 2016; 
North et al., 2012; Zetterberg et al., 2013). On the other hand, NFL 
concentration increases from <35 pg/mL to a peak concentration of 
2000 pg/mL – 10,000 pg/mL after 4 – 10 days post-injury (Adrian et al., 
2016; North et al., 2012; Zetterberg et al., 2013). Although the elevated 
levels would be ideal for detecting TBI, the small change of concentra
tions for mTBI and concussion necessitates biosensors with the limit of 
detection (LOD) of tens of pg/mL (Adrian et al., 2016; North et al., 
2012). 

Although enzyme-linked immunosorbent assays (ELISA) quantifies 
proteins (Gorodkiewicz et al., 2011; North et al., 2012), its workflow is 
developed for processing a large number of samples. They also require 
several sample-preparation steps, designated infrastructure, and trained 
operators for full functionality. Although sensitive immuno-biosensors 
detecting biomarkers within 1 ng/mL to 1 mg/mL range are reported 
(del Río et al., 2019; Khetani et al., 2017a; Khetani et al. 2019; Khetani 
et al. 2018b; Safavieh et al., 2017; Safavieh et al., 2016; Salahandish 
et al., 2018a; Salahandish et al. 2018b; Salahandish et al., 2019a; Sal
ahandish et al. 2018c; Salahandish et al. 2019b), this concentration still 
do not fall within the range and LOD change detecting TBI (North et al., 
2012). Although high-resolution ELISAs from Quanterix detect TBI 
biomarkers within 10 fg/mL to 100 ng/mL range, they are not suitable 
for POC applications (Gill et al., 2018; Mohammadian et al., 2019; Wang 
et al., 2018). 

Among all immuno-biosensors, electrochemical biosensors offer a 
highly linear detection range, low LOD, and rapid measurement due to 
factors, including label-free sensing and quantitative electrical output 
(Bruch et al., 2019; Du et al., 2020a; Singh et al., 2017). Moreover, the 
surface chemistry, possibility to add nanomaterial coatings on the 
electrode, enhances the electrical conductivity and thereby the sensi
tivity in detection (Khetani et al. 2019, 2020a, 2020b; Salahandish et al., 
2019b). While nano-biosensors are miniaturized and compatible with 
POC applications, most of the electrochemical immuno-biosensors use 
benchtop potentiostats (Khetani et al., 2018a, 2019; Salahandish et al., 
2019b; Valente et al., 2017; Vedadghavami et al., 2017). Although 
newer designs of potentiostats have been reported, their curve-shaped 
output reading is not universally understood, requires further data 
processing and interpretations, and complicates the practical imple
mentation of electrochemical immuno-biosensors for POC applications 

(Ainla et al., 2018; Dryden and Wheeler 2015; Rowe et al., 2011). 
Here, we developed a new sensing platform, called MicroDrop 

(μDrop), to overcome the barriers to rapid and accurate CNS injuries 
detection (Scheme 1). μDrop addresses the key limitations of readout 
systems that utilize electrochemical immuno-biosensors for biosensing 
applications. Using μDrop in conjunction with electrochemical immune- 
biosensors, offers a highly intuitive, low-cost, sensitive, portable, and 
sensitive detection system of multiple CNS injury proteins fit for POC 
applications. While several different electrochemical techniques such as 
impedance spectroscopy (EIS) (Khetani et al. 2017b, 2018b) and square 
wave voltammetry (SWV) (Khetani et al., 2019) have been imple
mented, this work used differential pulse voltammetry (DPV) in 
conjunction with μDrop to create a compact sensing unit. Given its 
ability to cancel the background signal, DPV offers high sensitivity to 
potential and current, enabling the detection of electroactive species at 
low concentrations. DPV current response decreases for the increased 
antigen concentration, resulting from the inactive antigen-antibody 
complex on the immunosensors’ surface (Mo and Ogorevc 2001). This 
implementation increases the measurable range of analytes down to 
parts per billion in complex bodily fluids like the blood (Molina and 
González 2016; Osteryoung et al., 1981). μDrop and immuno-biosensors 
enabled the detection and quantification of C-Tau and NFL in pg/mL 
concentration range for both lab-prepared and clinical blood samples 
within <30 min and costing <$20/test. 

2. Methods 

2.1. Creation of the immuno-biosensor 

The details of the μDrop development are presented in Supplemen
tary Information SI – 1. Electrodes were fabricated using a magnetron 
sputtering technique. The electrodes’ geometry was created from poly
methyl methacrylate (PMMA) shadow masks for patterning the elec
trodes. Details of the sputtering, electrode geometry, shadow masks, 
functionalization of electrodes, antibody immobilization, detection of C- 
Tau and NFL proteins, and ELISA protocol are presented in SI – 1K. 
Using this technique, 10 electrodes were produced on a single glass slide 
(Fig. S1JA). The microfluidic chip (shown in Fig. S1JB) was designed 
such that it can be used for multiplexed measurement. 

3. Results and discussion 

3.1. μDrop design, fabrication, and operation 

μDrop design contains a readout system and a biosensing unit. The 
readout system works as a miniaturized potentiostat. It measures the 
redox current of the biosensor strip through the DPV technique and 
operates within a specific pre-set detection range (Figure S 1A). The 
electrochemical reaction, initiated by the DPV, produces an electrical 
current through the counter electrode (CE), followed by measuring the 
current between the CE and working electrode (WE) and correlating it 
with the analyte concentration (Khetani et al., 2017a). Eight identical 
DPV modules were used to allow the measurement of eight parallel 
sensing channels. Each module consists of a potentiostat controlled by a 
small “slave” microcontroller to apply a voltage and convert the 
resulting response into a digital signal. The “slave” then communicates 
with the “master” microcontroller, which coordinates the slaves, man
ages data transfers, and monitors user inputs. Details and circuit dia
grams of potentiostat circuits, slave microcontrollers, power module, 
data storage, display, and the user interface are shared in the supple
mentary file (SI – 1). 

3.2. Comparison between μDrop and a commercial potentiostat 

The working of the μDrop was benchmarked with a commercial 
potentiostat (PGSTAT, Metrohm Autolab, Ontario). The standard redox 
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probe [K(Fe(CN)6]3-/4- within a concentration range of 1 mM – 5 mM 
were tested with both devices. A close correlation was observed between 
DPV current peaks generated for each concentration of the redox probe 
was found with both devices (>R2 = 0.99) (Fig. 1 A, SI - 2). The results 
showed that the output of the μDrop offers the same precision of 
detection as the commercial potentiostat. Besides μDrop offering pre
cision, reproducibility, portability, and multiplexing detection, the co
efficient of variations (COVs) for three repetitive measurements with the 
μDrop was <4.3%, whereas the COVs for the commercial potentiostat 
was <4.1%. The μDrop manages 8-parallel measurements and has a 
much smaller form factor (size: 5.5 × 2.5 × 2.4 cm3, weight: 0.35 kg) 
compared to the PGSTAT204 commercially available benchtop poten
tiostat (size: 9 × 21 × 15 cm3, weight: 2.1 kg). Furthermore, the μDrop is 
more cost-effective and affordable with a price of $680/unit (Table S1D) 
compared to a fully functional single-channel benchtop potentiostat, 
such as PGSTAT204, which is priced above $6000 (Ainla et al., 2018). 
An additional comparison between the μDrop and a few similar portable 
detection devices is shown in Table S2. The μDrop’s readout system 
performs well compared to similar devices given its functionality, user 
interface, multiplexing option, and diagnostic capability. 

3.3. Surface chemistry of the immuno-biosensors 

3.3.1. Confirmation of the functional groups 
The surface of the working electrode is modified using a self- 

assembled monolayer (SAM), which converts the electrode into a 
biosensor. Details of the electrode’s surface modification are given in SI 

– 1K. The SAM and antibodies’ presence were confirmed by determining 
the functional groups using Fourier transform spectroscopy-attenuated 
total reflection (FTIR-ATR) (SI - 3). The FTIR peaks specific to 11-Mer
captoundecanoic acid (MUA) were observed at 1697 cm− 1 for carbox
ylic groups (C = = O), and 2850 cm− 1 and 2918 cm− 1 for alkyl chains 
(CH2) (Fig. S3A) (Šimšíková et al., 2013). The absorbance spectra at 
1536 cm− 1 and 1642 cm− 1 confirmed –CH2 asymmetric stretching vi
bration, and C = = O vibrations belonged to the amide group of the 
linker EC-NHS (Fig. S3B) (Xiong et al., 2017). Characteristic absorbance 
peaks at 1239 cm− 1, 1496 cm− 1, 1600 cm− 1, and 1660 cm− 1 were 
observed on NFL-antibody modified electrodes. Absorbance peaks be
tween 1300 cm− 1 and 1500 cm− 1 are attributed to the CH2 and CH3 
groups in the glycine component. Strong peaks at 1585 cm− 1 and 1600 
cm− 1 are attributed to the –NH2 groups in antibody’s amino acids 
(Fig. S3C) (Boulet-Audet et al., 2016). These characteristic peaks 
belonging to the SAM and antibody immobilization confirmed the 
completion of converting a bare electrode into a functional 
immuno-biosensor. 

3.3.2. Morphology visualization of the immuno-biosensors 
Atomic force microscopy (AFM) was used to identify the morphology 

of all surface modification steps during the preparation of the immuno- 
biosensors. The morphology of the bare (uncoated) electrode and the 
SAM modified electrodes was nearly the same, and the height of the 
modified surface remained between 1 nm and 2 nm (Fig. 1 B-D). The NFL 
antibody-immobilized electrode shows a typical globular structure on 
the surface of the electrode. The roughness of the antibody-immobilized 

Scheme 1. Representation of the concept and the working principle of the MicroDrop (μDrop) platform. (A) Overview of the working principle of the μDrop. The 
self-assembled monolayer (SAM) surface modification technique converts fabricated electrodes to biosensors. The biofluid containing the target biomarkers binds to 
the respective antibodies. μDrop initiates differential pulse voltammetry (DPV) signal, which triggers a redox reaction. The DPV signal is displayed on the device, and 
the data file is stored in a cloud-based data storage module. (B) The overview of the biosensing modules of the μDrop. The sensing module undergoes a redox reaction 
where it is triggered to record a DPV signal. The readout module contains a multichannel potentiostat circuit, a power system, and a user interface, which syn
chronously manages the reactions on the biosensing module. Microcontrollers were programmed to control the electronic protocols, experimental processes, display, 
output, and data storage in a cloud-based app. 
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electrode increases from approximately 2 nm to above 4 nm, confirming 
the presence of antibodies immobilized on the surface (Fig. 1D). 

3.3.3. Diffusion kinetics of the immuno-biosensors 
The diffusion kinetics of the SAM-modified electrodes was assessed 

by measuring the cyclic voltammetry (CV) scan rate on the redox current 
with a commercial potentiostat. The SAM performance was examined in 
the presence of 4 mM redox probes with CV scan rates ranging from 10 
mV s− 1 to 100 mV s− 1. The results showed that the peak redox current 
increased linearly with an increase in scan rate, and the distance be
tween the peaks widens (Fig. S4A). The linear fit between the oxidation 
peak current (Ipa) and the reduction peak current (Ipc) was related to 
the square root of the scan rate (v1/2). Linear equations were identified 
as Ipa = 0.0034 v1/2 − 0.0057 (R2 = 0.98) and Ipc = − 0.008 v1

2 +

0.0053 (R2 = 0.98) (Fig. S4B). The results confirmed that the electro
chemical signal recorded was diffusion-controlled (Du et al., 2020b). 

3.4. Electrochemical characterization of the immuno-biosensors with the 
μDrop and a commercial potentiostat 

Conversion of the electrodes into immuno-biosensors was confirmed 
electrochemically by characterizing them via both μDrop and a bench
top potentiostat in the presence of 4 mM redox probe solution. The 
surface modification steps are detailed in the method section. Immuno- 
biosensors exhibited a decreasing DPV peak current when they were 
characterized by both the benchtop potentiostat and the μDrop (SI 5). 
DPV current responses from both the readout systems after each step of 
surface modification showed a comparable relationship between the 
peak currents. Upon measuring the signals with the benchtop poten
tiostat, the unmodified electrode offered a DPV peak current of 58.71 μA 
in the presence of a 4 mM redox probe (Fig. S5A). The peak current 

decreased to 53.62 μA upon the addition of the SAM (MUA + EDC-NHS). 
For the 25 μg/mL NFL and C-tau antibody immobilized electrodes, the 
peak current further decreased to 46.47 μA and 40.64 μA, respectively. 
Adding 0.25% bovine serum albumin (BSA) on NFL and C-Tau modified 
electrodes (to prevent non-specific binding on the biosensor) resulted in 
38.64 μA and 35.04 μA DPV peak currents, respectively. Lastly, adding 
10 ng/mL NFL and C-Tau antigens spiked in PBS resulted in 21.02 μA 
and 17.66 μA DPV peak currents, respectively (Fig. S5A). 

Similar to the benchtop potentiostat measurement, the unmodified 
electrode showed a DPV peak current of 61.79 μA when measured with 
the μDrop (Fig. S5B). The peak current decreased to 55.68 μA upon the 
surface modification by SAM (MUA + EDC-NHS). The DPV peak current 
decreased further to 49.17 μA and 47.8 μA upon immobilizing 25 μg/mL 
NFL and C-tau antibodies, respectively, for each antibody. Adding BSA 
(0.25% in PBS) on the NFL and C-Tau antibody immobilized electrodes 
decreased the DPV peak current to 42.98 μA and 41.35 μA, respectively. 
Finally, C-Tau and NFL (10 ng/mL) proteins were added to the immuno- 
biosensors and incubated for 30 min decreased DPV peak currents to 
28.97 μA and 24.73 μA, respectively. 

The successive reduction in the DPV peak currents after each step of 
the surface modification can be attributed to non-conductive layers 
resulting in decreased diffusion of the redox probes on the working 
electrodes (Fig. S5A,B) (Khetani et al., 2017a). The comparison between 
the peak currents recorded at every step of the surface modification 
showed a coefficient correlation (R2) of 0.98 at a 5% error rate (Fig. 1E). 
The results confirmed that the measurements recorded with both the 
commercial potentiostat and the μDrop had a close correlation. The 
μDrop is reliable for the sensitive detection of NFL and C-Tau bio
markers. Moreover, the decrease in the peak current had a considerable 
and discernible margin, implying detection thresholds are measurable 
by the μDrop similar to a benchtop potentiostat. Additionally, the 

Fig. 1. The performance of the μDrop’s readout 
system compared to a commercial potentiostat, 
and the morphology visualization of the 
immuno-biosensors. (A) Comparison between 
the DPV current peaks obtained from μDrop and 
a benchtop potentiostat in the presence of 1 
mM–5 mM redox probes. (B-D) Morphology 
characterization of the immuno-biosensor was 
analyzed by an atomic force microscope (AFM) 
to assess the success of the surface modification 
steps: (B) Blank or un-coated Gold (Au)/Chrome 
(Cr) electrode, (C) Au electrode modified with 
11-Mercaptoundecanoic acid (MUA) and cross
linked with N-(3-Dimethylaminopropyl)-N′-eth
ylcarbodiimide hydrochloride - N- 
hydroxysuccinimide (EDC-NHS), created a self- 
assembled monolayer (SAM), and (D) Neuron 
filament light (NFL)-antibody immobilized 
biosensor. (E) The comparison of DPV electro
chemical characterization peak currents per
formed after every step of electrode modification 
with the μDrop and a benchtop potentiostat in 
the presence 4 mM redox probes (n = 3). Peak 
currents for Blank, SAM, Antibody-NFL, anti
body-C-Tau, BSA/blocking on NFL, BSA/block
ing on C-Tau, 10 ng/mL NFL, 10 ng/mL C-Tau 
are shown. All measurements were performed 
three times (n = 3), and the data is displayed as 
mean ± SEM. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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reproducibility test confirmed the reliability of the measurements by 
μDrop and the immuno-biosensors (Table S3A). 

3.5. Analytical performance of the immuno-biosensors 

3.5.1. Immuno-biosensors response measured by μDrop and a commercial 
potentiostat 

The linear detection range of the immuno-biosensors was measured 
by testing within the C-Tau and NFL concentration range of 100 μg/mL - 
100 fg/mL. The results showed a decreasing DPV response with an in
crease in the concentration of the target analytes. Both C-Tau and NFL 
were detectable within the range of 1 pg/mL to 1 μg/mL with the 
benchtop potentiostat. The dynamic detection range followed a linear 
correlation between the response electrical current (Y) and the analytes’ 
concentrations (X). The correlation equation for the biosensor response 
to C-Tau was determined as Y = 2.24× X − 0.347(R2 = 0.98). A similar 
response for NFL detection led to the equation: Y = 3.79 × X − 0.47 (R2 

= 0.98) (Fig. 2 A, B). 
On the other hand, C-Tau and NFL immuno-biosensors offered a 

similar linear response when tested with the μDrop within the concen
tration range of 1 pg/mL – 1 μg/mL of proteins spiked in PBS solution. 
The linear regression equation for C-Tau detection was determined to be 
Y = 3.51 × X − 0.82 (R2 = 0.98), and the linear regression for NFL 
detection was determined as: Y = 3.03 × X − 0.53 (R2 = 0.98) (Fig. 2 C, 
D). Unlike the commercial potentiostat, NFL and C-Tau were reliably 
detected down to 10 pg/mL concentration using the μDrop. The lower 
sensitivity of the μDrop compared to the commercial potentiostat may 

be design related, which showed lower resolution in detecting smaller 
variations between peak currents at the extreme concentrations of the 
analytes. Despite the small reduction in the detection range of the μDrop 
compared to the commercial potentiostat, the μDrop setup and immuno- 
biosensors operated well within the physiologically relevant levels of C- 
Tau and NFL needed for the diagnosis and monitoring of CNS injuries 
(Adrian et al., 2016; North et al., 2012; Yokobori et al., 2015). 

The sensitivity and LOD of the C-Tau and NFL immuno-biosensors 
were evaluated based on their calibration responses. The sensitivity of 
an immuno-biosensor was calculated as Sensitivity = m/A, where m is 
the slope of its calibration plot, and ‘A’ is the geometrical surface area of 
the working electrode (Sha et al., 2017). While the surface area of all the 
immuno-biosensors was 25 mm2, the slopes for each target analyte is 
unique. With the same surface area, the slope depends on the binding 
strength between the target analytes (here proteins) to their respective 
capture antibodies (Fig. 2). The sensitivity of the immuno-biosensors 
measured by the commercial potentiostat was determined to be 28.54 
μA/pg mm2 for detecting C-Tau and 48.28 μA/pg mm2 for detecting 
NFL. Similarly, the sensitivity of the immuno-biosensors measured by 
μDrop was determined to be 44.71 μA/pg mm2 for detecting C-Tau and 
38.56 μA/pg mm2 for NFL (Table S3B). The minimum concentration 
change detectable by the immuno-biosensors indicated by LOD was 
calculated as, LOD = (3×Std.Dev)/m (slope of the caliberation curve)
(Sha et al., 2017). The LOD of the immuno-biosensors was measured to 
be 0.34 pg/mL for C-Tau and 0.2 pg/mL for NFL when quantified by the 
commercial potentiostat. Similarly, the μDrop offered nearly the same 
sensitivity but with a superior LOD than the commercial potentiostat. 

Fig. 2. The response of the immuno-biosensors to Cleaved-Tau protein (C-Tau) and Neuron Filament light (NFL) proteins measured by both a commercial poten
tiostat and the μDrop. The analytical performance of immuno-biosensors measured by a commercial benchtop potentiostat detecting 100 fg/mL - 10 μg/mL con
centration of (A) C-Tau and (B) NFL. The detection range for both proteins detected by the commercial potentiostat was determined to be between 1 pg/mL – 1 μg/ 
mL. The analytical performance of the immuno-biosensor measured by μDrop readout detecting 1 pg/mL - 10 μg/mL concentrations of (C) C-Tau and (D) NFL. The 
difference between the BSA-modified electrode (I0) and C-Tau or NFL concentrations tested (Ic) was used as an analytical metric. The analytical range for both the C- 
Tau and NFL with the μDrop was determined to be within 10 pg/mL - 100 ng/mL. All measurements were performed three times (n = 3), and the data is displayed as 
mean ± SEM. 
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The LODs of the immuno-biosensors measured by the μDrop was 0.14 
pg/mL for C-Tau and 0.16 pg/mL for NFL (Table S3B). The difference in 
the sensitivity and LOD between the C-Tau and NFL immuno-biosensors 
attributed to the molecular weights of C-Tau (335 kDa) and NFL (70 
kDa), and the selectivity level of the capture antibodies for their 
respective analytes. Compared to NFL, the larger C-Tau molecules 
occupied a relatively larger surface area of the immuno-biosensor, 
which reduced the redox probe’s diffusion toward the electrode. In 
summary, based on the comparative analysis of the operational detec
tion range and sensing performance, μDrop and the biosensors devel
oped in this work are qualified for point-of-care detection of the C-Tau 
and NFL protein biomarkers (Adrian et al., 2016). 

3.6. Performance of the immuno-biosensors in PBS matrix 

The biosensors’ responses were measured with the benchtop poten
tiostat within the detectable range in PBS based on the above-described 
calibration curve. C-Tau and NFL were measured in PBS between 1 pg/ 
mL - 1 μg/mL concentrations. For C-Tau, the response was measured as: 
Y = 2.36× X − 0.86(R2 = 0.98), and for NFL, the response was 
measured: Y = 4.14 × X − 1.95 (R2 = 0.97), where ‘Y’ is the peak cur
rent and ‘X’ is the concentration of the target protein (Fig. S5A). The 
LOD and the sensitivity for detecting C-Tau were 0.32 pg/mL and 30.1 
μA/pg mm2, respectively. The LOD and the sensitivity for detecting NFL 
were 0.18 pg/mL and 52.7 μA/pg mm2, respectively (Table S3B). 

Given the comparable performance of the immuno-biosensors 
measured by the μDrop, the response of immuno-biosensors to C-Tau 
and NFL proteins were measured in the dynamic detection range of 10 
pg/mL - 100 ng/mL concentrations in PBS. For C-Tau, the equation was 
calculated as follows: Y = 3.71 × X − 1.28 (R2 = 0.96). For the NFL, Y =

3.51 × X − 1.87 (R2 = 0.98) was found (Fig. 3 A, B; Fig. S5B). The LOD 
and the sensitivity of the biosensors for detecting C-Tau by the μDrop 
were 0.14 pg/mL and 47.3 μA/pg mm2, respectively, and for NFL, they 
were 0.13 pg/mL and 64.7 μA/pg mm2, respectively, in the PBS 

(Table S3B). Simultaneous C-Tau and NFL detection by μDrop was 
performed by mounting the microfluidic chip over the C-Tau and NFL 
immuno-biosensors. C-Tau and NFL samples were individually added 
toward their respective biosensors. The multiplex detection of C-Tau and 
NFL did not change the performance of the μDrop and the outcomes of 
the biosensors. The LOD, detection range and linear correlation 
remained the same as observed for a single target, demonstrating the 
reliability of the μDrop sensing platform’s reliability for multiplexed 
immuno-biosensing. 

3.7. Performance of the immuno-biosensors in serum measured by the 
μDrop’s readout system 

The response of C-Tau and NFL immuno-biosensors measured by the 
μDrop readout system was assessed by spiking C-Tau and NFL proteins in 
healthy human blood serums. Based on the detection range obtained in 
PBS, C-Tau and NFL were spiked within the concentration range of 10 
pg/mL to 100 ng/mL in human serums, and the responses of the 
immuno-biosensors were recorded. A linear response similar to bio
sensors’ responses in the PBS was observed within the human serum. 
The detection range of both the immuno-biosensors for target analytes in 
serum remained between 10 pg/mL – 100 ng/mL, the same as that in 
PBS. The linear dynamic relation between the DPV peak current (Y) and 
the target’s concentration (X) was determined to be: Y = 5.08× X −

3.21(R2 = 0.99) (Fig. 3C). A similar relationship was detected for the 
NFL as: Y = 4.21× X − 6.21(R2 = 0.97) (Fig. 3D). The sensitivity and 
LOD for C-Tau were determined to be 0.1 pg/mL and 64.72 μA/pg mm2, 
respectively. Similarly. for NFL analyte, they were 0.11 pg/mL and 
53.63 μA/pg mm2, respectively, in the serum (Table S3B). The perfor
mance of the immuno-biosensors measured by the μDrop in identifying 
and quantifying the target C-Tau and NFL analytes within a complex 
matrix like serum confirms the utility of the μDrop sensing platform for 
testing clinical samples. Furthermore, the developed immune-biosensors 
vastly outperformed all other published reports when comparing linear 

Fig. 3. The linear range and selectivity analysis of the electrochemical C-Tau and NFL immuno-biosensors in PBS and the serum, as measured by μDrop. A linear 
concentration range of 10 pg/mL – 100 ng/mL detected by immuno-biosensors for (A) C-Tau and (B) NFL in PBS, and (C) C-Tau and (D) NFL in the serum. Selectivity 
assessment of (E) NFL, and (F) C-Tau immuno-biosensors evaluated by spiking: 1 ng/mL of GABA (A1), UCHL-1(A2), C-Tau (A3), NFL (A4), All (A1-A3/A4), as well 
as the target analyte with interfering molecules (All) in PBS. All measurements were performed three times (n = 3), and the data is displayed as mean ± SEM (P 
< 0.05). 
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detection range and LOD (Table S4). The linear response formed the 
basis of quantifying target analytes’ concentration in patient samples. 

3.8. Selectivity assessment of the immuno-biosensors 

CNS injury can precipitate changes in the concentration of several 
proteins and neurotransmitters in the blood in addition to C-Tau and 
NFL(Adrian et al., 2016; North et al., 2012; Yokobori et al., 2015). Here, 
the selectivity of the immuno-biosensors measured by the μDrop was 
assessed to characterize the effect of such interfering substances in 
recording the signals resulting from C-Tau or NFL. The sensors were 
independently tested with 1 ng/mL of Gamma-aminobutyric acid 
(GABA) (A1), UCHL-1 (A2), NFL (A3), All (A1, A2, A3), C-Tau (A4), and 
C-Tau + All to evaluate the selectivity of the developed C-Tau 
immuno-biosensors (Fig. 3E). The electrical signals directly related to 
the interfering molecules remain limited to 4 μA, whereas C-Tau and 
C-Tau + All were above 10 μA. It is noted that the signal recorded due to 
the interfering molecules was in the same limit as the signal recorded for 
the BSA-blocking step and 1 pg/mL target analyte concentration, 
demonstrating the high selectivity of the biosensors for the detection of 
the target analytes (Fig. 3E). 

Similarly, the selectivity of the NFL immuno-biosensors was evalu
ated in the presence of 1 ng/mL of GABA (A1), UCHL-1 (A2), C-Tau (A4), 
All (A1, A2, A4), NFL (A3), and NFL + All (Fig. 3F). The signals resulting 
from the interfering molecules remain within the limit of 1 μA – 2 μA, 
whereas the signals obtained for NFL and NFL + All were between 11 μA 
and 12 μA (Fig. 3F). The DPV peak currents did not alter when C-Tau and 
NFL were measured in samples containing other interfering biomarkers. 
The highly selective detection highlights the clinical usefulness of these 
immuno-biosensors and μDrop for detecting C-Tau and NFL targets in 
the presence of potentially signal interfering analytes. 

3.9. Clinical evaluation of the μDrop sensing platform 

Based on the performance of the μDrop and immuno-biosensors in 
detecting CNS biomarkers in the PBS and the serum, we used them for 
detecting C-Tau and NFL in TBI patients. ELISAs were used to validate 
the immuno-biosensors and compare the μDrop sensing platform’s 
clinical utility. C-Tau and NFL ELISAs and the immuno-biosensors 
measured the signal recovery for 50 pg/mL, 100 pg/mL, 500 pg/mL, 
and 1000 pg/mL concentration of each analyte. ELISAs deliver signal 
recovery of above 97% for C-Tau and 98% for NFL (Table S5). Similar to 
ELISAs, the immuno-biosensors’ response measured by μDrop delivered 
the signal recovery of 98% for C-Tau and 94% for NFL (Table S5). The 
spike recovery comparison between ELISA and the μDrop sensing plat
form offered a low RSD between the expected and observed signals, in 
the range of 2.34% – 3.29% and 1.33% – 5.22%, respectively. The re
sults showed that nearly all the concentrations tested were detectable 

with ELISAs and the immuno-biosensors, further demonstrating the 
applicability of the developed biosensors and μDrop system for detecting 
unknown concentrations of C-Tau and NFL in clinical samples. The 
serum obtained from patients diagnosed with TBI and healthy controls 
were analyzed with μDrop and the immuno-biosensors to evaluate their 
ability to detect C-Tau and NFL. Blood was collected within 72 h of 
injury from six TBI patients admitted to the trauma unit at Foothills 
Medical Centre, Calgary, Alberta, Canada. Out of 10 clinical samples, 4 
were clinical controls (labeled Healthy-1 to Healthy-4), and 6 from pa
tients with TBI (labeled TBI-1 to TBI-6). The severity of the injury is 
determined based on the Glasgow Coma Score (GSC) (Table 1). GSC 
score of 15–13 is considered mild, 12–8 is moderate, and less than 8 is 
severe. All patients have evidence of either focal intracranial bleed, 
diffuse axonal injury, or both. None of the six patients required intra
cranial surgery or had any associated injuries, such as musculoskeletal 
injuries or lung contusion. 

The concentration of the biomarker targets in unknown samples was 
identified based on the detection equation of ELISAs and immuno- 
biosensors. For ELISAs, absolute values of the unknown C-Tau and 
NFL concentrations were determined by substituting the absorbance 
values in their respective ELISA equations. For the immuno-biosensors, 
the unknown concentration of the target C-Tau and NFL proteins was 
determined by substituting the absolute peak current (I0 -Ic) in each 
target’s detection equations. All the control samples were found to have 
C-Tau levels close to the lower end of the detection range of the ELISA 
method (30.6 pg/mL – 32.2 pg/mL), and the immuno-biosensor (be
tween 10.2 pg/mL – 12.2 pg/mL) (Fig. 4 A, B, Table 1). In the control 
samples, NFL was measured by ELISA within the range of 30.1 pg/mL – 
32.6 pg/mL, and 10.8 pg/mL – 11.7 pg/mL with the biosensor (Fig. 4 A, 
B, Table 1). The values for all control samples measured were near or 
below the cut-off concentrations of 70 pg/mL for C-Tau, and 30 pg/mL 
for NFL (Adrian et al., 2016; North et al., 2012). Therefore, both tech
niques ruled out the possibility of injury and confirmed the control 
subjects’ healthy state. 

Next, serum samples from six clinically confirmed TBI patients were 
analyzed for C-Tau and NFL levels using ELISA and the immuno- 
biosensors (Fig. 4 A, B). Comparing the results for TBI patients and 
healthy controls, a significant correlation (p = 0.05; unpaired two-tailed 
t-test) was observed between C-Tau and NFL measurements (Table 1). 
Based on the clinical range, the C-Tau immuno-biosensor detected injury 
in the patient labeled TBI-5, which would have gone undetected with 
ELISA. C-Tau levels measured using the μDrop did not confirm TBI in the 
rest of the samples. Four out of the six TBI-samples showed an elevated 
concentration above the NFL’s baseline with both techniques. However, 
NFL’s concentration, which may also indicate severity, was more pro
nounced with the immuno-biosensor than with the ELISA. This diver
gent conclusion for the same clinical samples but different biomarkers 
highlights the gap of the existing techniques in using a single biomarker 

Table 1 
Concentrations of C-Tau and NFL in clinical samples measured with ELISA and immuno-biosensors.   

Sample codes 
Demography Intra-cranial Abnormalities NFL C-Tau 

GCS Severity TBI- type ELISA Immuno-biosensor ELISA Immuno-biosensor 

Healthy-1 n/a n/a n/a 31.1 ± 0.43 11.21 ± 0.9 30.6 ± 0.32 10.5 ± 0.5 
Healthy-2 n/a n/a n/a 32.6 ± 0.25 11.72 ± 0.67 30.83 ± 0.65 11.34 ± 0.41 
Healthy-3 n/a n/a n/a 30.8 ± 0.67 10.74 ± 0.45 31.16 ± 0.53 10.2 ± 0.45 
Healthy-4 n/a n/a n/a 30.1 ± 0.78 10.85 ± 0.73 32.24 ± 0.32 12.21 ± 0.52 
TBI-1 13 Complicated Mild IH 50.08 ± 0.9 63.08 ± 1.3 34.04 ± 0.8 39.04 ± 1.2 
TBI-2 6 Severe SDH 165.25 ± 1.3 201.25 ± 6.8 55.83 ± 0.93 66.85 ± 2.1 
TBI-3 15 Mild None 31.412 ± 0.43 44.41 ± 1.1 15.61 ± 0.32 22.64 ± 0.9 
TBI-4 9 Moderate SAH 320.89 ± 8.43 351.89 ± 5.7 44.53 ± 0.45 52.53 ± 1.3 
TBI-5 6 Severe SAH 445.06 ± 8.54 491.06 ± 10.2 69.83 ± 0.43 76.83 ± 1.76 
TBI-6 15 Complicated 

Mild 
SAH 690.29 ± 9.34 782.29 ± 15.54 40.65 ± 1.2 48.65 ± 1.32 

Table 1. Legend: Not applicable (n/a); Mild TBI Glasgow Coma Scale (GCS) 13–15); complicated mild TBI (GCS 13–15 with intracranial lesions); moderate TBI (GCS 
8–12); severe TBI (GCS <8). Subarachnoid hemorrhage (SAH), subdural hematoma (SDH), diffuse axonal injury (DAI); intraventricular hemorrhage (IH). 
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in blood-based detection and diagnosis of CNS injuries. It is evident that 
both axon injury biomarkers are expressed differently and have unique 
concentration profiles, therefore they may not be reliable diagnostic 
biomarkers if analyzed independently. Therefore, when two targets are 
considered for the CNS injury diagnosis, ELISA would have only iden
tified elevated NFL concentrations and delivered an inconclusive diag
nosis based on C-Tau concentrations. In comparison to ELISA, immuno- 
biosensors conclusively confirmed the injury of TBI-5 using C-Tau 
concentration. 

One of the factors affecting the concentration of biomarkers was 
intracranial bleeding during the injury (Table 1). The patient sample 
labeled TBI-6 was diagnosed with mTBI and had intracranial bleeding 
while displaying a relatively high C-Tau and NFL levels. In contrast, the 
patient sample labeled TBI-1, diagnosed with mTBI without intracranial 
bleed, did not show an elevated biomarker concentration. The patient 
sample TBI-5 with high C-Tau and NFL had presented with a history of 
other medical issues such as hypertension, high cholesterol, and a 
remote heart attack while using several medications (Metoprolol, 
warfarin, Crestor, amlodipine, telmisartan) at the time of injury. These 
conditions and medicines could have also influenced biomarkers’ 
concentrations. 

Passing-Bablock regression (n = 10) was performed to evaluate the 
performance of the immunosensors in detecting the concentrations of C- 
Tau and NFL serum samples obtained from clinical TBI patients. 
Comparing the detection of C-Tau, the values of intercepts A and B were 
20.05 (confidence interval (CI), − 6.0 to 27.6109) and 0.59 (CI, 0.3159 
to 1.00), respectively. The cusum test for linearity showed no significant 
deviation from linearity with P = 0.06 (Fig. 4C). For NFL, intercepts A 
and B values were 21.17 (CI, − 6.0016 to 23.2027) and 0.8549 (CI, 
0.7059 to 0.9229), respectively. The cusum test for linearity showed no 
significant deviation from linearity with P = 0.77 (Fig. 4D). These 

statistical analyses suggest that both NFL and C-Tau target proteins were 
detectable with high confidence with μDrop-immunosensors compared 
to ELISA. 

Receiver operating characteristic (ROC) curve analysis was per
formed to statistically determine the diagnostic accuracy of the μDrop- 
biosensors (Fig. S6A,B). Patient cohorts with TBI (n = 6) and control (n 
= 4), were used, with TBI as a positive state for obtaining the ROC curve. 
It showed that the μDrop-immuno-biosensors offered 100% sensitivity 
(AUC = 1) for both the target analytes compared to AUC = 0.83 for NFL 
and 0.95 for C-Tau by ELISA. Larger AUC and higher specificity and 
sensitivity obtained for the concentration of targets confirm the superior 
diagnostic accuracy of the μDrop sensing platform compared to ELISA. 

4. Conclusions 

We developed the μDrop sensing platform, comprising of electro
chemical immuno-biosensors and a low-cost readout system, for the 
non-invasive quantification of CNS injuries to overcome the diagnostic 
challenge of CNS injuries. The novel μDrop system was developed with 
open-source designs and communication protocols to measure C-Tau 
and NFL levels accurately and reliably in the blood, particularly for TBI 
patients in a clinical POC setting (Video 1). The combination of μDrop 
and the immuno-biosensors outperformed several recently reported 
works (Tables S2, S4), leading to an easy, accessible, fast, reliable, and 
cost-effective method of testing CNS injuries. 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2021.113033 

The technology evaluation strategy of using data from the samples 
prepared in PBS, the serum, and undiluted clinical samples from TBI 
patients showed that μDrop offers equally reliable and accurate results 
as a benchtop potentiostat. Furthermore, μDrop is significantly less 

Fig. 4. Evaluation of diagnostic accuracy of the immuno-biosensors in 10 clinical TBI samples and compared with ELISA. (A) The concentration of C-Tau obtained 
with ELISA (orange) and immuno-biosensors (green). (B) The concentration of the NFL obtained with ELISA (orange) and immuno-biosensor (blue). The red line 
indicates the cut-off concentration (baseline). All the samples were measured three times (n = 3) with both the techniques and the data is displayed as mean ± SEM. 
The diagnostic performance comparison for detecting (C) C-Tau, and (D) NFL concentrations measured with the μDrop-immunosensors and ELISAs. The regression 
line is shown solid blue, the dotted black line represents the identity line, and two dashed red lines show the confidence band (n = 10). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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expensive while offering portability and integrated data processing, 
enhancing its POC use. μDrop offers COVs <5% to operate and perform 
TBI detection with minimal inputs. This development shows an effective 
way to eliminate large, expensive, and inaccessible potentiostats for CNS 
diagnosis, in favor of the portable, accurate, and user-friendly μDrop, 
which can be directly placed in the hands of healthcare workers in sports 
medicine or emergency rooms settings. 

The device specification allows μDrop to operate for at least one 
month with a one-time battery charge, rechargeable using a USB cable. 
The secure communication protocol and data transferability to a cloud 
server allow for integrating data into the healthcare database. The de
vice is inexpensive to purchase and operate (<$700; Table S1D), with 
the assay cost <$20 per target. The multiplexing option for μDrop 
showed that the detection of CNS injuries with two target biomarkers 
could be more reliable than single biomarker. However, this can be 
explored further with a larger sample size consisting of spiked, controls, 
and clinical samples, identifying more accurate and precise biomarkers 
of injury and recovery. Such an elaborate work can further validate the 
specificity, sensitivity, and detection rate of the assay and make μDrop 
and the immune-biosensors useful for non-invasive detection and 
management of CNS injuries. 
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