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 2 

 ABSTRACT 1 

 2 

Currently, a blood test for the diagnosis of endometriosis, a common estrogen-dependent 3 

gynecological disease, does not exist. Recent studies suggest that circulating 4 

concentrations of brain derived neurotrophic factor (BDNF) have potential for the 5 

diagnosis of endometriosis. However, at present BDNF can only be measured by ELISA 6 

which requires a clinic visit, a routine blood sample, and laboratory testing. Therefore, 7 

we developed a point-of-care device (EndoChip) for use with small blood volumes that 8 

can be collected through a finger prick.  Specifically, the presented device is a polymer-9 

based chip with a nanoporous, wrinkled gold film acting as the electrode/sensing layer, 10 

allowing for the electrochemical detection of BDNF in plasma. Increasing concentrations 11 

of BDNF (0.1 – 2.0 ng/ml) induced significant differences in redox current. The 12 

biosensor produces a signal readout in a matter of seconds, and is ideal for realizing 13 

multiplexing. Blood samples were collected from women (n=20) with chronic pelvic pain 14 

undergoing a diagnostic laparoscopy. Plasma BDNF concentrations measured by 15 

commercial ELISA were positively correlated (r2=0.8033; p<0.001) with results from the 16 

EndoChip. Our results demonstrate a quick and reliable method for point-of-care 17 

quantification of circulating concentrations of BDNF and a promising diagnostic tool for 18 

endometriosis.  19 
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 3 

INTRODUCTION 20 

Endometriosis is a common estrogen-dependent disease of unknown etiology 21 

characterized by growth of endometrial stroma and glands in extra-uterine sites1. Women 22 

with endometriosis report significant pain during menstruation and intercourse, leading to 23 

health distress and interference with normal activities including work and leisure time 24 

activities. In addition to pain and infertility, endometriosis has a deleterious effect upon 25 

women’s social functioning, emotional well-being, vitality, employment, and 26 

relationships with medical practitioners2. The prevalence of endometriosis ranges from 27 

7% of women in the general population to 30% of women with chronic pelvic pain and 28 

50% of infertile women3-6; affecting approximately 176 million women worldwide. 29 

Unfortunately, diagnosis remains a challenge and is achieved through the assessment of 30 

patient history, signs and symptoms, imaging studies and ultimately confirmed by an 31 

invasive operative procedure, typically laparoscopy.  32 

 33 

A significant obstacle to the timely diagnosis and treatment of endometriosis is the 34 

absence of a reliable blood test. Challenges facing health care providers include: early 35 

age at onset of symptoms, normalization of pain by primary care providers, and 36 

suppression of symptoms through intermittent use of oral contraceptive pills (OCP)7-8. As 37 

a result, women with endometriosis experience lengthy delays in diagnosis9-10, which 38 

prevent timely access to appropriate treatment1, leading to significant avoidable 39 

morbidity and economic burden for both patients and the health care system9, 11-12. The 40 

total annual costs associated with surgically confirmed endometriosis in Canada alone are 41 
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 4 

approximately $1.8 billion dollars13. Thus, identification of a clinically useful marker of 42 

endometriosis remains an urgent unmet need14. 43 

 44 

Identification of a clinical marker of endometriosis remains elusive. A plethora of 45 

biochemical differences in the peripheral circulation, peritoneal fluid, and endometrial 46 

tissues of women with endometriosis compared to healthy controls have been 47 

documented15-17 and explored as markers of endometriosis. However to date, low 48 

sensitivity limits the use of putative clinical markers as single stand-alone diagnostic 49 

markers of endometriosis1. A proteomic analysis revealed that brain derived neurotrophic 50 

factor (BDNF) expression was greater in the endometrium of women with endometriosis 51 

compared to disease-free controls18. In a subsequent study19, mean circulating 52 

concentrations of BDNF were greater than two times higher in women with 53 

endometriosis relative to healthy asymptomatic controls whilst no differences were found 54 

at three months after surgical removal of lesions. We also recently demonstrated that 55 

plasma BDNF concentrations were significantly higher in women with surgically 56 

confirmed endometriosis (all cases combined) compared to symptomatic controls20. 57 

Moreover, plasma BDNF concentrations were greater in women with stage I & II 58 

endometriosis compared to controls suggesting that circulating concentrations of BDNF 59 

may have value in detecting early stage active disease. Using a cut off point of 1,000 pg 60 

plasma BDNF/ml, we found the sensitivity and specificity for early stage disease was 100 61 

and 81 %, respectively. Taken together, we suggest that BDNF is a promising clinical 62 

marker of endometriosis, particularly for detection of early stage disease. However, 63 

BDNF can currently only be quantified in plasma by commercially available Enzyme 64 
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 5 

Linked Immunosorbent Assays (ELISA) and thus require blood collection in a clinic, 65 

processing, specialized equipment, and technical skill for analysis. Ideally, useful clinical 66 

markers of endometriosis will be obtained relatively non-invasively and be characterized 67 

by high sensitivity and specificity point-of-care analysis for the diagnosis of 68 

endometriosis. We therefore sought to develop a simple alternative method for the rapid 69 

measurement of BDNF in small volumes of peripheral blood that could be carried out 70 

without the need for expensive specialized equipment or expert technical skill. Herein, 71 

we describe a facile electrochemical detection technique for BDNF in peripheral blood 72 

that is promising for point-of-care diagnostics. 73 

 74 

RESULTS 75 

Development of Immunosensing Chips: Nanoporous and wrinkled electrodes were 76 

fabricated on prestrained polystyrene (PSPS) substrates as previously described21-22. 77 

Briefly, PSPS substrates were first modified with an aminosilane layer in order to link a 78 

gold seed layer to the substrate (Figure 1 (a)-(i), (ii)). A vinyl mask with the desired 79 

electrode pattern was placed on the substrate and a seed layer containing gold 80 

nanoparticles was added (Figure 1 (a)-(iii)). Electroless deposition was used to create a 81 

nanoporous gold film on the seed layer (Figure 1 (a)-(iv)). Finally, the PSPS substrate 82 

was heat shrunk to induce micro/nanoscale wrinkles within the gold film (Figure 1 (a)-83 

(v)). 84 

 85 

Antibodies are widely used in numerous applications to quantify target proteins in tissue 86 

and blood samples. Therefore, an anti-BDNF monoclonal antibody from a commercial 87 
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 6 

ELISA kit employed in our previous study20 was used as the biorecognition element on 88 

the electrode surface. To functionalize the electrodes as immunosensors, a self-assembled 89 

monolayer of cystamine was immobilized on the gold surface by thiol bonds. An aqueous 90 

solution of gluteraldehyde and cystamine was used to bond the antibodies to the electrode 91 

surface. The surface of the immunosensing electrodes was further passivated with Bovine 92 

Serum Albumin (BSA) to reduce non-specific adsorption (Figure 1(b))23. These 93 

immunosensing chips were stable (with a less than 5% variation in peak current) on the 94 

laboratory bench for at least one week (see Methods for details). 95 

 96 

Quantification of BDNF: In order to measure the concentration of BDNF protein 97 

captured by the developed immunosensor, we employed an electrochemical detection 98 

method based on steric hinderance of a redox reporter, [Fe(CN)6]
3-/4 23.  In this assay, 99 

capture of the BDNF protein limits the access of [Fe(CN)6]
3-/4- to the electrode surface,  100 

which decreases the faradaic current generated through interfacial electron transfer 101 

(Figure 1(b)). Differential pulse voltammetry (DPV) was used before and after incubating 102 

the immunosensor with the target to measure the decrease in the oxidation current 103 

generated by the redox reporter. This decrease in current (ΔI) was quantified to assess the 104 

amount of BDNF captured by the immunosensor (Figure 1(c)). In order to compare the 105 

signal changes generated using planar and nanoporous, wrinkled electrodes, we 106 

performed DPV scans before and after incubating the immunosensors with solutions 107 

containing identical concentrations of BDNF protein in phosphate buffered solution 108 

(PBS) (Figure 2(a)). The DPV scans recorded using these two classes of electrodes, and 109 

their corresponding ΔI values (Figure 2(a),(c)) demonstrated a significantly larger mean 110 
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 7 

signal change for the nanoporous, wrinkled electrodes compared to planar electrodes.  111 

Following this finding, we used nanoporous, wrinkled electrodes to analyse known 112 

concentrations of BDNF protein in PBS. The DPV scans (Figure 2(b)) and their 113 

corresponding ΔI values (Figure 2(c)) demonstrate a monotonic decrease in the peak 114 

current measured with increasing concentrations of BDNF in the 0.1 to 2.0 ng/mL range. 115 

The limit of detection of BDNF using this system is 0.2 ng/mL considering a signal to 116 

noise ratio of 3 and a signal to background ratio of 2. Prior studies in women with 117 

endometriosis have measured circulating concentrations between approximately 0.2 and 118 

2.0 ng/mL19-20, demonstrating the applicability of this immunosensor for the diagnosis of 119 

endometriosis.  120 

 121 

Correlation between ELISA and Chip methods of detection: To compare the results 122 

obtained using our newly-developed EndoChip with results obtained using a commercial 123 

ELISA method, plasma samples collected from women with endometriosis (35.6 ± 6.2 124 

years) who were either treated with ovarian suppressing medications or were untreated 125 

were tested using both methods. The percentage current change detected was 126 

significantly lower (p < 0.05) in women whose plasma BDNF concentrations were below 127 

the diagnostic cut off of 1,000 pg/ml (Figure 3(a)) compared to women above. Plasma 128 

BDNF concentrations measured by commercial ELISA were positively correlated 129 

(r=0.8033) with ΔI obtained by the EndoChip (Figure 3(b)). Given the large amount of 130 

biological background material present in plasma, including a variety of proteins, this 131 

demonstrates the selectivity of our assay to BDNF. Taken together, these results suggest 132 

that the chip-based assay can be used with a set cut-off point in a binary manner to 133 
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 8 

discriminate between high and low circulating concentrations of BDNF as a basic 134 

diagnostic test for endometriosis. Through this study, we analyzed more than 40 135 

biological (Figure 2) and clinical samples (Figure 3) using disposable chips with 136 

nanoporous, wrinkled electrodes. The number of samples analyzed, the trends observed 137 

with biological samples (signal to noise ratio of at least three, above 0.2 ng/mL), and the 138 

correlation of clinical results with ELISA highlight the repeatability of the designed 139 

method. 140 

 141 

DISCUSSION 142 

Results of the present study demonstrate that BDNF in plasma can be detected using 143 

immunosensing chips. The electrochemical signal changes across the range of circulating 144 

BDNF concentrations detected in human plasma correlated well with results using a 145 

commercially available ELISA method. Taken together, our results using immunosensing 146 

chips and electrochemical detection provide the foundation for a novel point-of-care 147 

device to detect circulating concentrations of BDNF for the diagnosis of endometriosis.  148 

 149 

Lengthy delays in the diagnosis of endometriosis arise in part from the lack of suitable 150 

diagnostic blood tests. In the present study, we combined the sensitivity and selectivity of 151 

an immunoassay with portability and ease-of-use of electrochemical detection devices. 152 

Specifically, we developed a new class of immunosensing chips by integrating 153 

nanoporous, wrinkled electrodes22 with an electrochemical readout method designed for 154 

protein detection23. The nanoporous, wrinkled electrodes used in this study are facile and 155 

inexpensive to fabricate on polymer substrates, and have previously demonstrated an 156 
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 9 

enhanced sensivity in electrochemical biosensing compared to planar electrodes21. The 157 

DPV scans recorded using these two classes of electrodes, and their corresponding ΔI 158 

values demonstrated a significantly larger mean signal change for the nanoporous, 159 

wrinkled electrodes compared to planar electrodes, which is in line with previous reports 160 

that used three-dimensional, high surface area nanostructured electrodes in affinity-based 161 

biosensing24-26.  The percentage change in detected current was substantially lower for 162 

study subjects whose circulating BDNF concentrations were below compared to those 163 

above the cut-off value established in our prior study20. Indeed, the percentage change in 164 

detected current was significantly correlated with the plasma BDNF concentration 165 

measured in the study participants using conventional ELISA methods. Taken together, 166 

we suggest that the electrochemical chip described in this report has value as a rapid 167 

screening method in combination with clinical judgment and imaging studies for the 168 

detection of endometriosis.  169 

 170 

In summary, we have developed a polymer-based chip with nanoporous, wrinkled 171 

electrodes functionalized with monoclonal BDNF antibody as immunosensors for 172 

detecting BDNF protein. Our results reveal that our chip based method operates in the 173 

dynamic range needed for the diagnosis of endometriosis (200-2000 pg/mL), and results 174 

correlate well with those generated using a conventional ELISA based method. We 175 

propose that the described chip can be utilized as a point of care device in health care 176 

providers’ offices to assist decisions around medical management of endometriosis. 177 

 178 
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 10

METHODS 179 

Materials: BDNF antigen and anti BDNF antibody, gold chloride (HAuCl) , 50% (w/w) 180 

glutaraldehyde, potassium ferricyanide (FiCN, 99.0%), and cystamine were purchased 181 

from Sigma-Aldrich (Mississauga, ON). Potassium chloride (KCl, ≥99.0%) and 182 

phosphate buffered solution (PBS, 1.0M, pH 7.4) were purchased from Anachemia 183 

(Rouses Point, NY). Sulfuric acid (H2SO4, 98%), 2-propanol (99.5%) were purchased 184 

from Caledon Laboratories (Georgetown, ON). Ethanol was purchased from Commercial 185 

Alcohols (Brampton, ON). Immobilized tris (2-carboxyethyl) phosphine (TCEP) was 186 

purchased from Thermo Scientific (Rockford, Il). Tris- (hydroxymethyl)aminomethane 187 

(tris, ≥99.9%) was purchased from BioShop Canada (Burlington, ON). The hydrogen 188 

peroxide (H2O2) was purchased from Caledon. Milli-Q grade ultrapure water (18.2 189 

MΩ·cm) was used to prepare all solutions and for all washing steps. 190 

 191 

Device Fabrication: The commercially-available, planar macroelectrodes (CH 192 

Instruments, Austin, TX) were cleaned by polishing followed by sonication in ethanol for 193 

two 5 minute intervals, DI water for 30 seconds, and air dried. The nanoporous and 194 

wrinkled electrodes were fabricated as follows. Commercially available polysterene (PS) 195 

substrate (Graphix Shrink Film Graphix, Maple Heights, Ohio) was plasma treated and 196 

incubated in a 10% APTES solution in double distilled water. The APTES acts as a self-197 

assembled monolayer with amine affinity for gold (Au). The substrate was covered with a 198 

self-adhesive vinyl sheet. A Robo Pro CE5000-40-CRP vinyl cutter equipped with a 199 

CB09UA supersteel blade was used with Adobe Illustrator [v.16.0.3] CAD modeling 200 

software to create the desired electrode configuration on the vinly masks. The masked 201 
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 11

surface is attached to the substrate and incubated in Au nanoparticle (NP) solution 202 

overnight to form a seed layer. Electroless deposition was performed on the seed layer by 203 

immersion into chloroauric acid (HAuCl4) followed by the injection of hydrogen 204 

peroxide (H2O2) for 2 minutes and then the Au treated substrate was rinsed with water. 205 

Following the electroless Au deposition process, the vinyl mask was removed with 206 

tweezers and rinsed with DI water. The devices were heated for 3 minutes at 160 °C in 207 

order to be shrunk and rinsed again. 208 

 209 

Scanning Electon Microscopy (SEM) Characterization: The wrinkled surfaces were 210 

characterized using SEM. SEM images of the gold films before and after shrinking were 211 

obtained using a JEOL JSM-7000S scanning electron microscope with an accelerating 212 

voltage of 2 kV, working distance of 6 mm, and low probe current.  213 

 214 

Deposition of Immunosensor Probes for Protein Detection: For both planar and 215 

porous electrode experiments, a self-assembled monolayer (SAM) of antibodies was 216 

created using a 2 M cystamine solution at room temperature overnight with 217 

gluteraldehyde as the primary linker of the detection device44. Before applying the 218 

cystamine solution, a 1 hour reduction was performed with TCEP disulfide reduction 219 

solution to lyse the sulfide bond in the cystamine molecule. After being rinsed with DI 220 

water, 2.5% glutaraldehyde in water, was added to the chip for 1 hour and rinsed again44. 221 

 222 

To test the ability of the device to detect BDNF protein, 10 µg/mL anti BDNF-antibody 223 

in phosphate buffered saline (PBS) was incubated with the device at room temperature 224 
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 12

for 1 hour. After being washed with PBS twice for 5 minutes, 5% (w/v) bovine serum 225 

albumin in PBS was applied to the sensor surface in order the block the unreacted 226 

aldehyde groups44. The sensors were washed 3 times with PBS. Increasing concentrations 227 

of BDNF (0.25, 1, and 2 ng/ml) in PBS were applied to the immunosensors for 40 228 

minutes at 37 °C and washed with PBS and water before electrochemical measurements 229 

were assessed.  230 

 231 

Electrochemical Measurements: All electrochemical experiments were performed 232 

using a CH1 660D potentiostat (CH Instruments, Austin, TX) connected to a 3-electrode 233 

arrangement consisting of a reference electrode Ag/AgCl (1.0 M KCl) and a counter 234 

electrode platinum wire. The nanoporous, wrinkled working electrodes were created as 235 

three 2 x 2 mm2 electrodes per device connected with thin gold lines to contact pads. 236 

Differential pulse voltammograms (DPV) were obtained with a potential step of 5 mV, 237 

pulse amplitude of 50 mV, pulse width of 50 ms, and a pulse period of 100 ms44 before 238 

and after incubation of the chip with solutions containing BDNF protein. 239 

 240 

Protein Detection: Electrochemical signals were measured in an electrochemical  241 

solution containing 2.5 mM K3[Fe(CN)6], 2.5 mM K2[Fe(CN)6],  0.1 M KCl, and 10 mM 242 

phosphate buffer solution (PBS)44. Signal changes corresponding to target protein 243 

binding to the antibody were determined by calculating the difference between negative 244 

and positive current peaks for three aliquots from the same sample and then averaging 245 

them.The difference was calculated as follows:       I(%) = [(Negative Reduction Peak 246 

(uA))-(Positive Reduction Peak (uA))/(Negative Reduction Peak (uA))] x 100. Three 247 
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 13

differential pulse voltammograms were performed per reduction peak to ensure accuracy 248 

of the reading.  249 

 250 

Study participants: To demonstrate that ability of the device to detect plasma BDNF 251 

concentrations and discriminate between cases and controls, plasma samples (n=20) from 252 

our endometriosis tissue bank were used. Briefly, blood samples were collected 253 

immediately before induction of anesthesia from women undergoing a diagnostic 254 

laparoscopy at McMaster University Medical Centre.  Women were between the ages of 255 

18 and 45 years and had given informed consent. All procedures were conducted 256 

according to an approved institutional review board ethics protocol (T-06-064). Plasma 257 

samples were collected and stored at -80ºC until required for analysis. Twenty plasma 258 

samples from women with surgical confirmation of endometriosis were randomly 259 

selected from the tissue bank and coded before analysis. Ten plasma samples were from 260 

women who reported use of ovarian suppressing medications (low circulating BDNF 261 

concentrations) and ten samples were from women that reported no use of ovarian 262 

suppressing medications in the three months preceeding surgery (high circulating BDNF 263 

concentrations). Each sample was tested in triplicate by a study team member (MB) 264 

blinded to prior study results. Circulating concentrations of BDNF were also determined 265 

by a commercial ELISA (BDNF Emax immunoassay ELISA, Promega, Madison, WI) as 266 

previously described20. Following analysis the sample code was broken and results 267 

compared. 268 

 269 
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 14

Statistical analyses: Three individual electrodes were deposited with the same sample of 270 

BDNF target analyte in PBS for each concentration. The average of the three separate 271 

electrodes yield the average percentage differences with corresponding standard 272 

deviation. In addition, each individual electrode has three separate differential pulse 273 

voltammograms that are averaged for the final reading of controls with corresponding 274 

standard error. Data are presented as the mean ± SD. Comparisons between groups were 275 

made by two-tailed Students t-test using SigmaStat Software (Systat Software Inc., 276 

Sigma-Aldrich Chemical Co. Mississauga, ON). Correlation between BDNF results 277 

obtained by chip and ELISA methods was carried out by linear regression (SigmaStat). A 278 

p<0.05 was considered statistically significant for all statistical procedures employed.  279 

Signal to noise ratio is defined as the ratio of ∆I at a particular concentration to the  280 

standard deviation at that concentration. Signal to background ratio is defined as the ratio 281 

of  ∆I at a particular concentration to the ∆I obtained using a blank solution of PBS. 282 

Stability testing:   Six freshly prepared chips (with the antibody biorecognition layer) 283 

were created for stability testing. The DPV scans of the chips were measured right after 284 

preparation and following a seven day aging period. During the aging period, the chips 285 

were left in a covered petri dish on the laboratory bench. The DPV scans demonstrated an 286 

average current change of less than 5%.287 
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Legend to Figures 

Figure 1. a) Schematic diagram demonstrating the fabrication of nanoporous, wrinkled 

gold electrodes. b) Thiol bonding immobilizes the primary linker cystamine followed by 

the reactive secondary linker glutaraldehyde to create a self-assembled monolayer of 

aldehyde groups. Anti-BDNF (Brain Derived Neurotrophic Factor) monoclonal antibody 

(mAb) was immobilized via the secondary linker to assemble the electrochemical 

detection device. Unreacted aldehyde groups are blocked using 5 % (w/v) Bovine Serum 

Albumin (BSA). The target analyte, BDNF protein, will attach to its mAb. The redox 

reporter system of [Fe(CN)6]
3-/4- is used to electrochemically detect the presence of 

protein. c) Differential Pulse Voltammogram illustrating how the binding of BDNF to the 

antibody inhibits the interfacial electron transfer reaction therefore decreasing current 

signal. 

 

Figure 2. (a) Differential pulse voltammetry of planar (top) and porous (bottom) 

electrodes in an electrochemical solution of 2.5 mM [Fe(CN)6]
3-/4- before (black) and 

after (red) adding an 1.0 ng/mL concentration of BDNF in PBS. The inset demonstrates 

the scanning electron micrographs of the surface of plannar and porous electrodes 

illustrating the increased surface area of the wrinkled surface induced by heat shrinkage. 

(b) Differential pulse voltammograms illustrating the difference in electrochemical 

signals before and after the addition of target analyte at increasing BDNF concentrations 

(0.25,  1.0, and 2.0 ng/mL). (c) In the first panel, comparison of signal changes of planar 

and nanoporous, rinkled immunosensors using a BDNF concentration of 1 ng/mL. In the 
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second panel (c) the mean ± SD percentage change in detected current using increasing 

BDNF concentrations (0.1, 0.2, 0.5, 0.6, 1.0, and 2.0 ng/mL). 

 

Figure 3. (a) Percentage change in detected current in study participants with plasma 

BDNF concentrations below versus above the diagnostic cut off (1,000 pg/ml). (b) Linear 

regression line (r2=0.8033) of plasma BDNF concentrations determined using a 

commercial ELISA method as previously described20 and differences in current signal 

detected using the EndoChip device.  
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Fig. 1. 
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Fig. 2. 
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Fig. 3 
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