
Introduction

Fentanyl centered opioid overdose
epidemic is afflicting the United States and
worldwide. 1,2 To address this crisis, point-
of-care (POC) fentanyl testing is among the
critical health intervention tools, providing
insights into its diffusion among
populations. Deep learning-enabled image
processing has significant applications in
point-of-care diagnostics. However, the
generalizability of traditional supervised
convolutional neural networks may be
precluded by the need for large, specialist-
annotated training datasets.3,4 To address
this issue, we use an adversarial neural
network to capitalize on unannotated data.
We have developed a deep learning-
enabled smartphone-based POC assay for
fentanyl detection, that makes use of
platinum nanoparticles (PtNPs) to generate
visible bubble signals.
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Results and Discussion

Conclusion
We developed the first deep learning
assisted POC fentanyl detection assay with
high sensitivity and accuracy.
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Classifier accuracy, using a
cutoff concentration of 1
ng/mL, was 88.9±6.7% in
PBS; 95.3±1.5% in human
serum; and 93±0% in
artificial human urine.

Fentanyl at concentrations
as low as 0.23 ng/mL in
phosphate buffered
saline, 0.43 ng/mL in
human serum, and 0.64
ng/mL in artificial human
urine can be detected.
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Methodology

We used a combination of smartphone-
based bubbling microchips and catalytic
platinum nanoparticles (PtNPs) to achieve
high analytical sensitivity. We trained the
network using a limited dataset of 104
images with known fentanyl concentrations
and a retrospective library of 17,573
images, including 16,000 images
synthetically generated through an
adversarial neural network, previously
developed by our lab, called the
SPyDERMAN platform.

Abstract

Fentanyl is a major drug implicated in the
current opioid overdose epidemic
worldwide. Accurate, sensitive, and rapid
detection of fentanyl levels in the patient
samples is essential for controlling drug
abuse and administering appropriate
treatment. We used a combination of
smartphone-based imaging of bubbling
microchips and catalytic platinum
nanoparticles (PtNPs) to achieve high
analytical sensitivity. As a result, we were
able to develop the first deep learning
assisted Point-of-Care fentanyl detection
assay, with high sensitivity and accuracy.
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A) Human body fluid samples are first mixed with platinum nanoparticles
conjugated with anti-fentanyl antibodies (FenAb-PtNP). If fentanyl
molecules exist, they bind to the fentanyl binding sites on the FenAb-
PtNP.

B) Then, the mixture is further mixed with magnetic beads coated with
fentanyl conjugated bovine serum albumin (Fen-BSA-MB), which capture
FenAb-PtNPs. If fentanyl molecules already occupy the binding sites of
FenAb-PtNPs, less FenAb-PtNPs are captured.

C) Then, all Fen-BSA-MB are pulled down with magnet, mixed with
bubbling fuel (24% H2O2, 20% Glycerol) and transferred to the bubbling
microchip. When fentanyl molecules exist, less bubbles show up in the
bubbling microchip.

D) Finally, the images of bubbles are captured by smartphone camera and
quickly and accurately analyzed with a deep learning network. Not to
scale.
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A) Dose response curve of the bubble area ratio of fentanyl bubbling chips
against different concentrations of fentanyl (0, 0.1, 0.5, 1, 2, 5, 10, and
100 ng/mL).

B) Zoom in of the portion in (A) inside of the square with x axis in linear
scale.

C) Dose response curve of the bubble area ratio of fentanyl microchips
against different concentrations of norfentanyl (0, 10, 100, and 1000
ng/mL).

D) Comparison of the bubble area ratios of fentanyl bubbling microchips
with different drugs at the concentration of 100 ng/mL. ns, P ˃ 0.05; *, P
≤ 0.05; **, P ≤ 0.01, ***, P ≤ 0.001; ****, P ≤ 0.0001. Mean ± standard
deviation; n=3.

Analytical performance of fentanyl bubbling assay
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A) The general architecture and developmental
pipeline of the adversarial network used in this
study. fs, ft, Lc, Ladv, and Ltotal represent feature maps
of source images, classifier loss, transfer loss, and
total loss, respectively.

B) The validation, classifier, and transfer loss curves of
the network over the course of development.
Validation loss was obtained at 50 iteration intervals
when evaluating the validation set during training.

C) The confusion matrix of the best model, when
evaluating PBS samples spiked with Fentanyl (n=45)

D) The bar graph illustrates the average performance
metrics of the model when evaluating 45 PBS
samples spiked with Fentanyl (n=3 seeds).

Development and evaluation of the 
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(A) and (B) represent the confusion matrix of the best model,
and the average performance metrics of the model when
evaluating 100 Fentanyl-spiked urine samples.

(C) and (D) represent the confusion matrix of the best model,
and the average performance metrics of the model when
evaluating 100 Fentanyl-spiked human serum samples.

Validation with spiked fentanyl in artificial 
urine and human serum
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Open access code for 
implementing SPyDERMAN

Data Library Fentanyl Dataset generated 
and analyzed 
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Characterization of platinum nanoparticles conjugated with anti-fentanyl 
antibodies (FenAb-PtNP) 
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Optimization of the 
concentration of platinum 
nanoparticles conjugated 

with anti-fentanyl 
antibodies (FenAb-PtNP) 

for fentanyl bubbling assay
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Processing microchip images to measure bubble areas
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Images of fentanyl bubbling microchips with different concentrations of fentanyl - From left to 
right: 0, 0.1, 0.5, 1, 2, 5, 10, and 100 ng/mL fentanyl in buffer (PBS, pH 7.4, containing 1% BSA).
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Brand A: One Step Fentanyl 
Test Dip Card (Healgen
Scientific LLC, TX, USA). 

Brand B: Rapid Response 
Fentanyl Test Strips (BTNX 

Inc, ON, Canada).

Performances of commercially available fentanyl lateral flow strips - From left to right: 0, 1, 10, 
100, 1000 and 10000 ng/mL of fentanyl in buffer (PBS, pH 7.4, containing 1% BSA) 
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Images of fentanyl bubbling 
microchips with different 

concentrations of norfentanyl - From 
left to right: 0, 10, 100, and 1000 

ng/mL norfentanyl in buffer (PBS, pH 
7.4, containing 1% BSA).
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Images of fentanyl bubbling 
microchips with different drugs 

at a concentration of 100 
ng/mL - From left to right: 

buffer (PBS, pH 7.4, containing 
1% BSA), fentanyl, norfentanyl, 
amphetamine, cocaine, heroin, 

methamphetamine.
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t-SNE plots demonstrating the 
ability to distinguish between 
positive and negative samples 
in both source and test data 

points, as well as the 
association between source, 
test distribution with target 

distribution.
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Images of fentanyl bubbling microchips of artificial urine samples with different 
concentrations of spiked fentanyl. From left to right: artificial urine only, 0.1, 1, 10, and 

100 ng/mL spiked fentanyl in artificial urine.
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Images of fentanyl bubbling microchips of human serum samples with different 
concentrations of spiked fentanyl. From left to right: human serum only, 0.1, 1, 10, and 

100 ng/mL spiked fentanyl in human serum.
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Dose response curves of fentanyl bubbling assay with spiked (A) artificial human 
urine and (B) human serum samples
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Coefficient of variations of the fentanyl bubbling assay

Fentanyl (ng/mL) Coefficient of Variance

0 7%
0.1 11%
0.5 16%
1 8%
2 19%
5 2%

10 29%
100 39%

Average CV 16%


