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Low-cost fiber-based electrochemical
sensor for quantification of
acetaminophen in human breast milk
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Acetaminophen is the most common cause of acute liver failure in the United States. The transfer of
drugs to breast milk poses risks to infants, yet dosing guidelines are based on limited data from small
studies. Currently, drug levels in milk are simply estimated through invasive blood draws. We present a
new low-cost, textile-based electrochemical sensor for detecting acetaminophen at the point of use in
breast milk. An embroidered conductive yarn (steel and silver) is used, which eliminates the need for
complex microfabrication processes. A gold-nanoparticle-doped carbon ink-modified steel yarn
serves as the working electrode, with pristine steel and silver yarns as counter and reference
electrodes, respectively. Using square wave voltammetry, the sensor achieves a linear detection
range of 9.9-166.4 uM in undiluted breast milk, with a limit of detection of 1.15 yM. This platform
provides a simple and accessible alternative for drug monitoring

Acetaminophen has been approved by the US Food and Drug Adminis-
tration for over-the-counter use since 1955". The drug gained popularity in
the early 1980’s when concerns arose that aspirin use was linked to the
development of Reye’s syndrome in children’. Acetaminophen, also known
as paracetamol outside of the US and Japan, is also sold under the brand
name Tylenol. Despite its ubiquity, the exact mechanism of action by which
acetaminophen blocks pain has yet to be fully understood’.

While many have used acetaminophen safely, many others have suf-
fered severe consequences as a result of overexposure to the drug
(Fig. 1 shows the common side effects). Acetaminophen toxicity results in
over 56,000 emergency room visits each year, with incidence increasing over
the past decade®’. Regardless of its status as a medicine cabinet staple, the
drug remains the most common cause of acute liver failure in children, as
well as the most common cause of liver transplantation in the United
States®™". The American Academy of Pediatrics does not recommend the use
of acetaminophen in patients under 3 months of age without clinical
supervision’, yet it remains one of the most commonly administered
medications for children and neonates'. Adding to the concern is the fact
that acetaminophen is the most commonly prescribed drug for managing
maternal postpartum pain after both vaginal and cesarean births'.

Medications consumed by the lactating mother are secreted in breast milk to
varying degrees (Fig. 1A), depending on the hydrophobicity and molecular
weight of the drug, and the volume of milk produced. These pharmaceu-
ticals are then consumed by the nursing infant, potentially resulting in a
cumulative hepatotoxic effect. As the child’s liver struggles to process
indirect, and potentially direct, acetaminophen exposure, they can sustain
hepatocellular liver injury, which can result in acute liver failure with or
without coagulopathy”.

Before a medication can be secreted in breast milk, it must first enter
the systemic circulation of the mother. Upon administration, acet-
aminophen is primarily metabolized in the liver with some assistance
provided by the kidneys and intestine'’. Once metabolized, the drug enters
the bloodstream where it eventually passes through mammary capillaries
and into mammary tissue. Because pharmacokinetics are dependent on
person-specific factors such as height, weight, sex, metabolism, comorbid-
ities, and genetics, drug plasma levels vary across subjects despite consistent
dosage'*""*. Once the drug is delivered to mammary tissues, it enters breast
milk through three different modalities: active transport, passive diffusion,
or apocrine secretion"’. The degree to which the medication is secreted in
breast milk is determined by multiple parameters including its lipid
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Fig. 1 | Overview of the work. A Systemic progression of drug absorption and

excretion into breast milk.B Molecular structure and potential side effects of acet-
aminophen toxicity. C Oxidation of acetaminophen at the surface of embroidered
electrodes results in electrical current which is detected at the working electrode, and

used to quantify the concentration of acetaminophen in solution. A photo of the
electrodes on a textile backing. D Fabrication and surface modification of embroi-
dered electrodes, and starting conductive fibers of steel, and silver-plated
polypropylene fiber.

solubility, degree of ionization, and mechanism of transport'*’. Once the
drug has been metabolized, there exists a direct relationship between the
concentration of the drug in the blood plasma and expressed milk. This
relationship is referred to as the milk-to-plasma ratio (m/p); the higher the
ratio, the more of the drug secreted into breast milk. Drugs transferred to the
child through their mother’s milk place (potentially compounding) stress on
the infant’s liver and excretory system 1B. This indirect exposure to medi-
cations through breast milk is not currently quantified. As such, mothers are
left with a difficult decision to expose their infants to the medication while
nursing, refrain from taking the pain-killer and exposing themselves to pain
and discomfort, or forego breast milk entirely and opt to formula-feed for an
indefinite period of time. By monitoring maternal drug output in breast
milk, healthcare providers can more accurately calculate therapeutic dosa-
ges for both baby and mother.

There are no tools for at-home or point-of-use quantification of
acetaminophen in breast milk. Traditional methods of maternal drug
quantification use blood draws to measure drug plasma concentration'*™.
The drug concentration is then estimated based on the its m/p ratio (if
known). Frequent blood draws are painful, costly (due to necessary doctor
appointments and laboratory fees), and inconvenient. The common
method of detection in the case of acetaminophen is liquid chromatography
coupled with mass spectrometry"’. This technique requires expensive and
bulky equipment, hazardous chemical solvents that should only be used in a
laboratory setting, and skilled operators, which are all clearly incompatible
with an at-home or point-of-care use.

If the m/p ratio is not reported, it is calculated by simultaneously
measuring drug concentration in the blood and milk of lactating volunteers.
It is important to note that the m/p ratio suffers from multiple limitations.
As metabolic rates vary from person to person, the resultant drug con-
centrations at a particular point in time will likewise vary"’. There is also the
issue of dilution between nursing sessions. As breast milk is continually
secreted throughout the day and stored in the mammary alveoli, resultant
concentrations will change as more or less drug is secreted based on
maternal dosing'®”’. As a result of these variations, different m/p ratios are
reported for the same drug. For example, Abduljalil et al. reported a m/p
ratio of 0.83 (measured from 10 subjects)”’, while others reported m/p ratios

of 0.94 (eight subjects)”, 1.05 (number of subjects not specified'’, and 0.76
(three lactating subjects)”. The observed discrepancies in reported m/p
ratios necessitate personalized and frequent monitoring of acetaminophen
levels directly in breast milk. This approach is essential to fully capture inter-
individual variations and intra-individual changes throughout the lactation
period.

In this work, we have developed a low-cost, textile-based, electro-
chemical platform for the at-home or point-of-care detection of acet-
aminophen in whole undiluted human breast milk. Our platform measures
acetaminophen based on the drug’s inherent electrochemical properties and
its oxidation at the surface of an electrode. Electrochemical activity of
acetaminophen has been shown in other works on a wide range of elec-
trochemical systems and materials, and acetaminophen has been measured
electrochemically in various biofluids, including human-derived bodily
fluids such as serum, urine, sweat, and saliva” . To the best of our
knowledge, this work reports the first electrochemical measurement of
acetaminophen in human breast milk (regardless of the sensing platform
and materials and methods used for sensor fabrication). We developed our
sensor by embroidering cost-effective conductive steel and silver fibers onto
a textile backing, resulting in a flexible and inexpensive sensor. The use of
yarn and thread in developing electrochemical sensors offers several sig-
nificant advantages. These materials are inexpensive, lightweight, flexible,
and mechanically robust, making them ideal for creating wearable and
portable sensing devices. Their fibrous and porous structures provide a high
surface area, which enhances the loading of active materials and improves
sensor sensitivity. Additionally, yarns and threads can be easily functiona-
lized with conductive materials, enzymes, or other sensing elements,
enabling diverse electrochemical sensing applications” ™",

The emerging research on fabricating sensors from textiles and con-
ductive fibers has shown significant potential through the integration of
conductive nanomaterials and the incorporation of conductive fibers using
traditional techniques like knitting, weaving, and embroidery”*"***. While
there is a substantial amount of research on using conductive fibers to
develop electrodes for electromyography and electrocardiography, there is
comparatively less work on applying these embroidered electrodes for
electrochemical detection®™'. Of the latter, coated/plated yarns (typically
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Fig. 2 | Characterization of yarn-based sensors. A shows the SEM of the steel yarn,
measured without any additional conductive coatings. B shows the SEM of C-Au-
SSf. C shows the Raman Spectra for carbon ink and carbon ink doped with AuNPs.
D demonstrates CVs of pristine and modified SSf in 5 mM [Fe(CN)]* "*~ and 100
mM KCI. E shows the electrochemical impedance spectra (EIS) of pristine and

modified SSf, measured in 5 mM [Fe(CN)4]*"*~ and 100 mM KCL SWV of 74 uM of
acetaminophen in pH 7 buffer, measured with pristine and modified SSf. An external
Ag-AgCl reference electrode and a Pt wire as counter electrode were used for elec-
trochemical measurements.

gold, carbon inks, or conductive polymer) are popular, having been used to
develop enzyme-based electrochemical sensors for glucose, lactate, and uric
acid, as well as non-enzymatic detection of hemoglobin’>*****’, Less com-
mon is the use of a naturally-conductive thread material such as carbon
nanotube fibers and stainless steel’””. To the best of our knowledge, this is
the first report of an electrochemical sensor fabricated from this low-cost
steel fiber. The flexible electrochemical sensing system developed in our
work can directly measure the concentration of acetaminophen in milk,
eliminating the error associated with the use of a one-size-fits-all m/p ratio.

By creating a platform that directly measures drug output in milk, we
allow lactating parents to manage their pain and their infant’s health more
effectively. Direct measurement also removes the need for mothers to
document exact time of medication administration and subsequent nursing
or pumping session to estimate their level of drug secretion. Additionally,
this technology can further efforts in large-scale drug measurements in
donated breast milk at milk banks. There are very few tools available for
analysis of breast milk, and we hope this work will address the technology
gap for at-home and point-of-care analyses for women’s health.

Results

Acetaminophen can be directly detected via oxidation at the surface of a
working electrode”**’. Through the development of appropriate electrode
materials and electrochemical sensing platforms, we hypothesized that
acetaminophen could be measured in breast milk. We aimed to develop a
robust detection platform that can be adapted for point-of-care quantifi-
cation and, in the future, for the development of wearable sensors. We
started our work by looking into low-cost conductive fibers and mostly
found copper and silver-plated yarns. Despite their excellent electrical
conductivity, the high electroactivity and low oxidation potential of silver
and copper make them unsuitable as working electrodes for voltammetric or
amperometric analyses. We came across a low-cost steel fiber (available
through Adafruit) with outstanding conductivity (less than 10 Ohm per
feet) and mechanical strength. While these fibers have been used in other
works in limited settings for electrical connections in wearable devices and

for the development of super capacitors™®, the electrochemical properties

of this material for sensing have not been studied. Moreover, the application
of this steel fiber for electrochemical sensing has not been explored.

Noteworthy, the steel fiber is conductive to the core and not plated over
anon-conductive backbone, resulting in outstanding mechanical properties
and high resilience. Figure 2 shows the scanning electron microscopy (SEM)
image of this fiber (pristine fiber without any metal coatings), demonstrating
a network of 13.8 + 0.8 ym fibers twisted together to form a 700 + 33 ym
thick conductive fiber bundle. We observed no changes in steel fiber con-
ductivity aftermultiple connections and disconnections with an alligator
clip. However, for silver and copper-plated fibers, we noted metal delami-
nation and high contact resistance. In this work, we first study the elec-
trochemical properties of the steel fiber as a working electrode for the
measurement of acetaminophen in breast milk, we then explore the sensi-
tivity and selectivity of the working electrode using an external counter and
reference electrode. Finally, we integrate a fully fiber-based embroidered
sensing system onto a textile backing.

The bare steel fiber has poor electro-catalytic activity, as demonstrated
in Fig. 2D where no peaks are observed in the cyclic voltammogram of the
well-established ferrocyanide-ferricyanide redox couple. This low electro-
chemical activity for steel is known and is likely caused by the presence of
passivating oxide coatings™. To address this issue, we utilized the pristine
stainless steel fiber (SSf) for electrical connections (i.e., SSf acts a flexible
wire), and modified the surface of SSf with conductive carbon-based and
nano-particle (NP) based inks to enhance electrocatalytic activity for vol-
tammetric analysis of acetaminophen. To evaluate effective materials for
surface modification, we cut the steel fiber to 7 cm pieces, and coated one
end with a commercial graphite carbon ink that was doped with doped with
(1) gold nanoparticles (AuNP), (2) graphene oxide (GO), and (3) multi-
walled carbon nanotubes (MWCNT). Cyclic voltammographs of
ferrocyanide-ferricyanide redox couple was measured with this modified SSf
(external reference and counter electrode) to identify the most effective ink
composition and evaluate electrode surface area. We also measured square
wave voltammograms (SWV) of acetaminophen with the modified SSf to
determine the ink composition that has the most catalytic activity for the
oxidation of acetaminophen. As shown in Supplementary Fig. 1, AuNPs had
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Fig. 3 | Electrochemical characterization. A CVs of C-SSfin 5.0 mM [Fe(CN)¢]>**
at different scan rates. B Peak current (I,,) of CVs measured in A plotted vs. the
square root of the scan rate. C CVs of C-AuNP-SSf in 5.0 mM [Fe(CN)4]*** at
different scan rates. D I, of CVs measured in D plotted vs. square root of the scan
rate. E Peak potential from SWV of 74.1 uM acetaminophen at different pH buffers

(Scan Rate (mV/s))2

Potential (V vs. Ag/AgCl)

plotted vs. pH. F SWVs of 74.1 uM acetaminophen in different pH buffers. G CV of
74.1 uM acetaminophen at different scan rates. H Oxidation and reduction peak
currents (I, and L) plotted vs. the square root of scan rate. Anodic current is plotted
as positive and cathodic is negative.

the highest enhancement in peak current in both the CV of ferrocyanide-
ferricyanide, and the SWV of acetaminophen. Measurements from this
point on are performed with the SSf-modifed with carbon ink that is doped
with AuNPs (abbreviated as C-Au-SSf). To optimize the concentration of
AuNPs in the carbon ink, we tested four different concentrations of AuNP
solution per 3.5 grams of ink: 5 uL, 10 uL, 20 uL, and 30 yL. SWVs in 84 uM
acetaminophen in pH 7 buffer were measured with c-AuNP-SSf with dif-
ferent AuNP concentrations (Supplementary Fig. 2), and the 20 yL amount
resulted in the sharpest peak and a high peak intensity. This AuNP ink
concentration was used for the fabrication of sensors presented beyond this
point to achieve high sensitivity, while conserving the amount of nano-
materials used for device fabrication in order to maintain a low cost.

Characterization of surface functionalization
Figure 2A shows the SEM image of pristine SSf. The aligned thread fibers
have a size of 13.8 + 0.8 ym and are twisted together to form an approxi-
mately 500 ym fiber bundle. The void space between the thread fibers is
adequate for the conductive ink to infuse, while providing mechanical
support, lightness, portability, and flexibility to our sensing platform. Figure
2B shows the SEM of C-AuNP-SSf, demonstrating consistent infusion of
carbon and AuNPs among the fibers, creating an integrated thread with a
diameter of 442.5 + 17.3 ym.

Raman spectroscopy (Fig. 2C) was employed to characterize the car-
bon ink, as well as the mixture of carbon ink with AuNPs. We obtained the

characteristic peaks for carbon-based materials: the D peak at 1358 cm ™", the
G peakat 1530 cm ™, and the 2D peak at 2696 cm . The G peak suggests the
presence of sp’-bonded carbon atoms arranged in a hexagonal lattice, while
the D peak indicates the presence of amorphous carbon as well as defects
present in the graphite structure. The I,p/I; ratio indicates a multilayered
graphitic structure in the samples provided”’. We also observed an
increase in the I/Ip ratio after introducing AuNPs into the carbon ink mix
which is a phenomenon commonly observed in carbon materials containing
AuNPs caused by the scattering effect of the nanoparticles®**. Figure 2E
shows the electrochemical impedance spectrum (EIS) of the pristine and
modified fiber, validating that the modification with the AuNP-doped
carbon ink drastically lowers the charge transfer resistance, and facilitates
electrochemical analysis at the surface of the modified fiber. SWV mea-
surements were performed in 74.1 yuM of acetaminophen, spanning a
potential range from 0 to 0.8 V (Fig. 2F). The pristine SSf exhibited the least
catalytic activity, whereas the C-AuNP-SSf showed the highest catalytic
current.

To determine the electroactive surface area in C-SSf and C-AuNP-SSf,
we employed the use of various scan rates in CVs measured in 5.0 mM
[Fe(CN)g]** (Fig. 3A and C). We measured peak currents at different scan
rates, and plotted the values against the square root of the scan rate (Fig. 3B
and D). The electroactive surface area (A) can be calculated from the slope of
this plot, following the Randles-Sevcik (Equation (1))°>. In this equation, n
shows the number of electrons in the electron transfer reaction, F is the
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Fig. 4 | Calculation of diffusion coefficient. Chronoamperometric analysis of
acetaminophen with varying concentrations in pH buffer 7 (A) and undiluted breast
milk (D), measured at a bias potential of 0.35 V. The Cottrell behavior of chron-
oamperometric measurements, showing linear relationship of anodic current vs. the

reciprocal square root of time (t ™) in pH buffer 7 (B), and milk (E). The Cottrell
slope plotted vs. concentration of acetaminophen in pH buffer 7 (C) and in undiluted
breast milk (F). All measurements were performed at C-AuNP-SSFf with an external
Pt counter electrode, and an Ag-AgCl reference electrode.

Faraday’s constant, C is the concentration, D is the diffusion coefficient, v is
the scan rate, R is the universal gas constant, and T is temperature.

FuD
i = 0.4463nFACy |0 (1)
r RT

The C-AuNP-SSf had a higher electroactive surface area of 37.5 mm’
compared to the C-SSf (26.5 mm’). This enhancement in electroactive surface
area is a result of the incorporation of AuNPs into the carbon matrix. In
addition to increasing the electroactive surface area, the AuNPs also
improve the charge transfer between acetaminophen and the surface of our
electrode (Fig. 2E shows the EIS and the charge transfer resistance).

Effect of pH and scan rate on the oxidation of acetaminophen
The pH value of the electrolyte solution is another important factor that can
affect the oxidation of acetaminophen and its resultant electrochemical
response. Changes in pH can affect the availability of protons in solution
which can significantly impact the kinetics of acetaminophen oxidation. The
influence of supporting electrolyte pH on acetaminophen was studied using
SWV (Fig. 3E, F). Using the Britton-Robinson (B-R) buffer solution, a pH
range from 2.5 to 9.0 was tested. As the pH of the solution increased, an
indirect correlation with the oxidation peak potential of acetaminophen was
observed. Figure 3E shows that the anodic peak potential shifted towards
more negative values with increase in pH. This finding suggests the invol-
vement of a proton-electron transfer process in the electrochemical oxida-
tion of acetaminophen at the interface of the sensor (Fig. 1C)*. Eq. (2) shows
the linear correlation between the anodic peak potential (Epa) and the pH of
the solution.

E,, (mV) = —54.5(pH) + 884.1 (R? = 0.995) ®))
The slope of the anodic peak potential vs. pH in Equation (2) was (-54.5 mV
pH™), which is close to the theoretically-expected Nernstian value (-59.2
mV pH ). This result indicated the oxidation of acetaminophen on the C-
Au-SSf electrode involved an equal number of protons and electrons, as
demonstrated in Fig.1E. We also investigated the effect of pH on peak

current, and achieved the highest peak current at pH 7, which conveniently
overlaps well with pH of breast milk (buffered around pH of 7).

The effect of scan rate on the oxidation of acetaminophen at the surface
of C-AuNP-SSf electrode was investigated using CVs at various scan rates
(Fig. 3G). Both the oxidation and reduction currents increased while
increasing the scan rate from 20 to 100 mV s™". Additionally, a direct linear
correlation was observed between the square root of the scan rate and the
peak currents (Fig. 3H), indicating a diffusion-controlled process controls
the reaction rate (Egs. (3) and (4)).

iy =11.1/v =437 (R® =0.992) (3)

i, =—105{/v+362  (R*=0.967) (4)
InEgs. (3) and (4), v represents the scan rate, I,, and I, represent the anodic
and cathodic peak currents, respectively, and R* is the coefficient of
determination.

Measurement of the diffusion coefficient of acetaminophen in
breast milk

Given that this study is the first work that explores electrochemical analysis
of acetaminophen in human breast milk, we measured the diffusion coef-
ficient of acetaminophen in whole un-diluted breast milk (and buffer as
comparison) using chronoamperometry. This method is commonly
adopted to examine electrochemical kinetics, and to measure the diffusion
coefficient (D) of a species™.

Figure 4 shows the chronoamperometric responses (voltage held at the
oxidation potential of acetaminophen, 0.4 V for buffer and 0.35 V for milk,
and current measured over time) at C-AuNP-SSf in various acetaminophen
concentrations. The Cottrell’s equation (5) explains the dependence of
electrical current on parameters such as time (t), Faraday’s constant (F),
number of electrons in the reaction (n), electrode surface area (A), con-
centration (C), and diffusion coefficient (D).

0
j = FAG VD, )
Jnt
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Fig. 5 | Electrochemical measurements in milk. A SWVs in pH 7 buffer, measured
with C-AuNP-SSf (external reference and counter electrode) at different con-
centrations of acetaminophen. B Linear relationship of peak current and acet-
aminophen concentration (measurements in pH buffer 7). C Reproducibility of
measurements with C- AuNP-SSf (external reference and counter electrode) in pH
buffer 7, at 74 uM acetaminophen. D SWVs in 6-month milk, measured with C-
AuNP-SSf (external reference and counter electrode) at different concentrations
of acetaminophen. E Linear relationship of peak current and acetaminophen
concentration (measurements in 6-month milk). F Reproducibility of

measurements with C-AuNP-SSf (external reference and counter electrode) in
6-month milk, at 74 uM acetaminophen. G SWVs in 6-month milk, measured
with C-AuNP-SSf (Ag-plated yarn as reference electrode and pristine SSf as
counter electrode) at different concentrations of acetaminophen. H Linear rela-
tionship of peak current (measured with fully-yarn-based system) and acet-
aminophen concentration (measurements in 6-month milk). I SWVs measured
with fully yarn-based system in one-month and 12-month milks containing 74.10
UM acetaminophen.

Figure 4B and E show the expected Cottrell behavior, where the anodic
current exhibits linear dependence on the reciprocal square root of time (B is
pH buffer of 7, and E is milk). The slope of current vs. t "> was then plotted
vs. concentration in Fig. 4C and F (C is buffer and F is milk), allowing for
calculation of the diffusion coefficient in each matrix. The measured D
values for acetaminophen at C-AuNP-SSf in pH buffer and milk solutions
were 2.26x107° and 2.75x 1077 cm’ s, respectively. The observed decrease
in the diffusion coefficient value in milk is attributed to the complexity of its
constituents. Milk contains many components such as proteins, lipids,
carbohydrates, and minerals, any one of which can retard acetaminophen
molecules and restrict their diffusion to the electrode’s surface.

Calibration and validation of C-AuNP-SSf in buffer and milk

In this section, we evaluate the sensitivity, selectivity, and accuracy of ana-
lysis with the C-AuNP-SSf in pH buffer and undiluted whole human breast
milk. Calibrations were performed using SWV to lower the effect of capa-
citive current. Acetaminophen’s peak concentration (Cy,,,) in breast milk
ranges from 66.1 to 99.1 uM®. We calibrated the C-AuNP-SSf in a con-
centration range of 10 uM to 190 uM to fully capture the physiologically-
relevant and potentially toxic concentrations of acetaminophen in milk.

Figure 5A shows the SWVs of acetaminophen in a buffer with pH 7, vali-
dating that peak current increases at higher concentrations of acet-
aminophen. Fig. 5B establishes a linear correlation between peak current
and concentration of acetaminophen in buffer from 8 to 194 yM. A limit of
detection (LOD) of 1.4 uM, and a limit of quantification (LOQ) of 4.5 yM
were achieved. The reproducibility and repeatability of the fabricated C-Au-
SSf electrodes were assessed by examining the response to the same con-
centration of acetaminophen across 10 different electrodes (Fig. 5C). The
relative standard deviation (RSD) was 2.92%, indicating a high degree of
consistency and reliability in the platform’s performance.

To evaluate the performance of the C-AuNP-SSf in breast milk, the
SWYV was measured in un-diluted milk (Fig. 6A-C). The milk was then
spiked with 74 yM acetaminophen and SWVs were measured again,
demonstrating that the acetaminophen oxidation peak appears in the spiked
samples (Fig. 6A-C). The milk matrix appears to lower sensitivity to acet-
aminophen, likely by blocking of the electrode surface; however, none of the
milk components produce peaks that directly overlap with the acet-
aminophen peak. The C-AuNP-SSf platform is able to measure acet-
aminophen directly in un-diluted milk without any interference from milk
components, and without the need for any sample preparation, creating a
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Fig. 6 | Selectivity studies. A SWVs, measured with C-AuNP-SSf (external reference
and counter electrode), at 74.1 M acetaminophen in one-month, B 6-months, and
C 12-month milk samples. The blue traces show the background current without any

Potential (V vs. Ag/AgCl)

Potential (V vs. Ag/AgCl)

acetaminophen, and orange traces show the measurement after acetaminophen is
spiked in the milk.

Table 1| Recovery values (n=3) in 1-month and 12-month milk
samples

1 month breast milk 12 month breast milk

Concentration Recovery (%) Concentration Recovery (%)
M) (M)

19.6 94.6 +9.4 9.9 98.4 +9.6
741 99.9+5.2 741 95.9+6.3
137.9 98.9+3.8 193.6 94.6 +4.1

Measurements performed with C-AuNP-SSf as working electrode, and external Ag-AgCl reference
electrode, and a Pt wire as counter electrode.

powerful technology for at-home analysis of acetaminophen in milk. The
composition of milk changes during the period of lactation to best meet the
needs of the growing infant®**. To ensure that our analysis is rigorous, and
fully captures the complexities of the milk composition at different lactation
times, we tested our sensors in milk collected at one month, six months, and
12 months postpartum. Figure 6A-C validates that our platform is capable
of analyzing acetaminophen across all milk samples.

Figure 5D shows the SWVs (after baseline correction) for acet-
aminophen at different concentrations in 6-month human milk (undi-
luted). A linear relationship between peak current and acetaminophen
concentration was achieved (Fig. 5E), in a concentration range of 10 uM to
219 uM. The calculated LOD and LOQ were 2.9 yM and 9.7 uM, respec-
tively. Once the regression model based on 6-month postpartum milk
samples was created, we then wanted to determine if we could successfully
apply it to milk sampled at one month and 12 months postpartum. These
milks were then spiked with acetaminophen, and the C-AuNP-SSf was used
to measure a SWV, followed by determination of acetaminophen con-
centration using the calibration equation established in Fig. 5E for a
6-month milk. Table 1 shows the recovery values, all ranging from 95% to
99%, confirming the feasibility of electrochemical analysis of acet-
aminophen in breast milk using the developed platform (calibration in
individual milk samples is not needed and the same quantification can yield
good results across diverse milk samples).

To further evaluate the sensor’s reproducibility and repeatability, ten
electrodes were tested using similar acetaminophen concentrations in the
6-month breast milk sample (Fig. 5F). The resultant RSD was computed as
5.7%, confirming a good level of consistency and dependability in the
sensor’s performance across numerous tests. The reproducibility can be
enhanced in future work through automated fabrication of sensors, as
opposed to manually applying masks for surface functionalization.

Thus far, we have confirmed that the C-AuNP-SSf can successfully
measure acetaminophen in undiluted human milk when used as a working
electrode. However, all measurements required external counter and
reference electrodes, which is not practical for point-of-care and at-home

analyses. To ensure a fully yarn-based system can also result in reliable
measurements in milk, we calibrated a fully yarn-based system in 6-month
milk at different concentrations of acetaminophen. We used the C-AuNP-
SSf as a working electrode, a pristine SSf as a counter electrode, and a silver-
plated Nylon fiber as a reference electrode. All fibers are low-cost and
accessible, ensuring the platform can be fabricated inexpensively. To vali-
date the performance of the fully yarn-based system, we dipped the elec-
trodes in milk for establishing the calibration equation. As shown in Fig. 5G,
SWVs can be obtained successfully. The shift in peak position is attributed to
a shift in the reference potential. A linear relationship between peak current
and acetaminophen was achieved in the range 9.9 uM to 166.4 yM, vali-
dating the promise of a fully yarn-based system (Fig. 5H). The three yarn
platform showed an LOD of 4.6 4uM, and LOQ of 15.4 uM. We also con-
firmed that the fully yarn-based sensor bundle can effectively measure
acetaminophen in one-month and 12-month milk samples (SWVs in
Fig. 5I). Comparing the LOD and sensitivity values between an external
reference and counter electrode system and a fully thread-based system, the
yarn-based system exhibited a slightly higher LOD and slightly lower sen-
sitivity. This can be attributed to the higher resistance of the yarn-based
counter and reference electrodes compared to the traditional external
electrodes. Despite this slightly worsened performance, the LOD and linear
range of the fully thread-based system is sufficient for measurements in the
physiologically expected concentration of acetaminophen in milk.

Integrated yarn sensor measurements

After confirmation of sufficient sensitivity, selectivity, and response range of
the three-electrode yarn-based system, which includes a C-AuNP-SSf
working electrode, an SSf counter electrode, and an Ag-plated yarn refer-
ence electrode, we aimed to develop a scalable, cost-effective integrated
sensor platform. We utilized embroidery to create a flexible, fully yarn-based
sensor array using a commercially available embroidery machine.

Embroidery is similar to sewing in that it involves stitching into a fabric.
The primary difference is that, instead of joining two pieces of material, it is
instead aimed at creating numerous, relatively dense stitches in a single piece
of fabric. To prevent the fabric from buckling under the strain of a large
number of stitches across a small surface area, two primary measures are
taken: (1) fabric is inserted in a hoop to ensure uniform tension, and (2) a
temporary fabric is applied at the back of the fabric to increase the integrity
of the fabric and stabilize the fabric (commonly referred to as a “stabilizer”).
Computerized embroidery involves attaching the aforementioned tension
hoop to a computer-navigated arm that executes precise stitching that is
reliably reproducible.

We used a non-woven polypropylene textile (contact angle of 85.7
degrees) and increased the hydrophobicity of the fabric by applying a bio-
compatible waterproofing spray (Scotchguard fabric water shield) to achieve
a contact angle of 127.3 degrees. The increased fabric hydrophobicity avoids
milk leakage to the back of the sensor array, and also helps in defining the
surface area of the working electrode, as fluid only contacts the electrode
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Fig. 7 | Integrated measurements in milk. A Schematic of the integrated yarn-based
sensor with a hydrophilic gauze over the sensing zone for improved milk sampling
and sensing. B SWVs of integrated sensors measured in 166.4 yM acetaminophen in
6-month milk. The three colors show readout from three different sensor patches.

from the top layer. This fabric was then placed in the embroidery loop with a
water-soluble stabilizer, and attached to the embroidery machine.

To accomplish integration of our electrodes into the fabric, we wound a
standard bobbin with the SSf and used it as the lower-thread in a standard
lock-stitch configuration (Fig. 7). All conductive threads were used as a
bottom bobbin (lower thread) benefiting from the reduction in machining
as the lower thread is not forced through the fabric. In the lock-stitch
method, an upper thread (100% polyester which was selected for its
hydrophobic qualities and reduced likelihood of wicking away precious
sample fluid) is fed through a needle which is then pierced through a piece of
fabric (final electrode base textile) and a stabilizing fabric (designed to be
removed after machining). That upper thread is then locked into place using
a separate lower thread (SSf) from the bottom bobbin. The result is a stitch
that is more difficult to unravel than a standard running or chain stitch.

We optimized the embroidery settings which included speed, stitch
length, and machine tension. As the reproducibility of all electrodes bene-
fited from the use of the slowest speed setting, it was maintained throughout
fabrication. We achieved the highest consistency for embroidered steel
fibers with a standard 2.5 mm stitch length combined with a tension setting
of 35%. In the case of the Ag-plated yarn, a 3.5 mm stitch length was used to
lower mechanical stress due to machining. A 75% tension setting was used
for the Ag-plated yarn, and two passes of embroidery (up and down) was
adopted to keep the filaments compressed together for optimum con-
ductivity and high resilience of the fiber-bundle. After the embroidery of all
yarns (SSf as working and counter electrode, and Ag-plated as reference
electrode), a laser-cut mask was placed over the sensing patch, to selectively
apply the C-AuNP ink on the working electrode (Fig. 1D, picture of
embroidered patch in Fig. 5C). Once the ink was dry, a hydrophilic gauze
was placed over the working area and secured with a regular stitch, to assist
in milk sampling and storing of milk over the sensing area.

Different milk samples with varying amounts of acetaminophen were
measured using the patch-integrated electrodes. The peak current exhibited

a linear correlation with acetaminophen concentration in the range of
16 uM to 252 uM (Supplementary Fig. 3). The measured sensitivity, defined
as the slope of the regression line (0.0054 4 A/uM), closely approximated that
of the three-yarn sensor immersed in solution (0.0065 yA/uM). Minor
variations in sensitivity were attributed to differences in electrode surface
area when the working electrode was integrated into the textile matrix.

Human breast milk containing 166.4 yM of acetaminophen was
applied on the patch, and SWVs were measured (Fig. 7B). Subsequent
recovery values were calculated using the patch electrodes’ calibration
equation, achieving recovery values of 95.6%, 98.9%, and 111.2%. These
promising results provide strong evidence of the effectiveness of the elec-
trochemical platform for the measurement of acetaminophen in breast milk.
Beyond acetaminophen detection, this sensor holds potential for mon-
itoring a wide range of biomarkers related to women’s health, paving the
way for future research and innovation in this field. The flexible, thread-
based sensor is envisioned for use as part of a lactation pad, inserted into a
nursing bra. Lactation pads are commonly worn inside nursing bras to
absorb leaked milk and prevent stains on clothing. After saturation, the pad
can be removed, connected to a portable potentiostat to measure acet-
aminophen in the collected milk, and then disposed of. While this proof-of-
concept device represents a significant step toward accessible breast milk
analysis, further work is needed to seamlessly integrate the sensor into
nursing bras for on-body use. Future iterations could focus on enabling
continuous, real-time monitoring directly on the body.

Discussion

The process of childbirth imposes substantial physiological stress, fre-
quently leading to discomfort and pain during the postpartum period.
While acetaminophen is recommended to many mothers for management
of pain after vaginal or cesarean deliveries, they are often left wondering as to
the amount of drug being passed on to their newborn. Current clinical
guidelines allow women to breastfeed while taking acetaminophen. While
acetaminophen is generally considered safe, even small amounts present in
breast milk may impose additional stress on an infant’s liver, particularly in
premature, ill, or underweight infants, whose systems are already com-
promised in managing the physiological burden. A pump-and-dump
strategy presents a promising alternative to indiscriminately feeding drug-
containing milk to an infant. This approach is employed in specific cases to
reduce infant exposure to potential irritants in breast milk while main-
taining lactation and milk flow. An effective pump and dump strategy
requires knowledge of the kinetics of drug release in milk.

Due to high variability from person to person, and for the same indi-
vidual across the lactation time, it is challenging to estimate the con-
centration of acetaminophen in milk using the m/p ratio and
pharmacokinetics. A more promising and realistic approach is the measure
the concentration of acetaminophen in the milk sample that the infant is
about to consume. Our electrochemical sensing platform allows for con-
venient at-home analysis of acetaminophen in milk without the need for any
sample preparation. The user can place this flexible patch inside a nursing
bra to collect milk or apply the pumped milk directly onto the sensing zone.
The fiber-based sensors can also be embedded in a lactation pad to create
smart lactation pads as reported by us in other work™”". We envision that
the user could measure acetaminophen levels right before a feeding to assess
the drug content in the milk. Additionally, the user can regularly measure
acetaminophen levels in the milk to track its release kinetics, helping to
determine the optimal timing for “pump and dump” to ensure safe feeding.
Also, this platform will grant clinicians and parents (especially those of
children with compromised health) the ability to track both direct and
indirect drug exposure to help prevent hepatoxicity.

We believe that the frequent at-home monitoring provided by this
device will offer parents and care providers better insight into a neonate’s
day-to-day drug exposure. We believe this is an improvement upon the
current method of relying on infrequent maternal blood draws and m/p
conversion ratios. This work explored the first fiber-based electrochemical
sensor for measurement of acetaminophen in breast milk, and there are
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many future steps to take to ensure successful translation. The flexible yarn-
based nature of the sensors allows for their integration in wearable devices in
future studies to increase the convenience of sensor use. Portable electro-
chemical detectors should be developed or existing portable detectors
(refs. 71-74) used for the signal readout to ensure users can truly measure at-
home atlow costs. Clinical studies should be performed to better understand
dthe istribution of medications in breast milk for each individual. Our
sensing platform can also be expanded to other biomarkers for a complete
analysis of important biomarkers and potential contaminants in breast milk.

The new low-cost, textile-based, electrochemical sensor has been
developed to measure breast milk’s acetaminophen levels across various
stages of lactation. We opted for a textile-based sensor due to its inherent
durability as well as its ability to remain low-cost, scalable, and discrete with
minimal packaging and storage requirements. A stainless steel yarn was
specifically used for sensor fabrication to its biocompatibility, high con-
ductivity (resistivity of 10 Ohms per foot), and durability this thread. We
applied a conductive carbon ink doped with gold nanoparticles on a portion
of the working electrode to enhance its electrocatalytic activity towards
acetaminophen and to increase the electrode surface area. This modified
steel fiber showed excellent sensitivity and selectivity for the measurement of
acetaminophen in buffer and breast milk. We demonstrated accurate (less
than 10 percent error) measurement of acetaminophen in undiluted whole
human breast milk (with a response range of 10 uM to 170 uM), using a
flexible embroidered yarn-based sensing platform. This work paves the way
for precision breastfeeding in the future and more autonomy for mothers to
make decisions about the quality of milk and infant exposure to harmful
pharmaceuticals.

Methods

Materials and reagents

Medium conductive 3 ply stainless steel thread was purchased from Ada-
fruit (item P641B). Silver-coated embroidery yarn was purchased from
Swicofil. Pellon 541 Wash N Gone 100% PVA Embroidery Stabilizer was
purchased from Jo-Ann Fabrics (Item 17311085). Conductive carbon ink
was purchased from Sun Chemical (item 321C0814D2). 3M Scotchguard
fabric water shield was purchased from Target (item number 003-05-0497).
Acetaminophen (product number: 1003009), gold nanoparticles (product
number: 808849, 20 nm diameter, 3.27 x 10" particles/ml), carbon Nano-
tube, multi-walled, greater than 90% carbon basis (product number:
659258), potassium hexacyanoferrate(I) trihydrate (product number:
1003395970), iron (III) ferrocyanide (product number: 234125), and gra-
phene oxide carboxylic acid enriched (product number: 795542) were all
purchased from Sigma-Aldrich. Britton-Robinson buffer (B-R buffer) 0.04
M was made by combining boric acid, phosphoric acid, and acetic acid, and
the solution was buffered to pH 2.0 - 9.0 using 0.2 M NaOH. All solutions
were freshly prepared and carried out using sterilized deionized water
(conductivity of 18.20 MQ /cm) and analytical-grade chemicals. The pla-
tinum wire counter electrode (CHI115) and Ag/AgCl reference electrode
(012167) were both purchased from CH Instruments.

This study was conducted in accordance with the ethical principles of
the Declaration of Helsinki. The use of de-identified human breast milk
samples was reviewed and approved by the University of Southern Cali-
fornia Institutional Review Board (IRB) under study protocol HS-23-00356.
The IRB granted a waiver of informed consent under 45 CFR 46.104(d)(4)
because the research involved only anonymized specimens obtained from a
licensed biorepository (Mothers’ Milk), and no identifiable private infor-
mation was accessible to the investigators. All procedures followed insti-
tutional and federal guidelines for human subjects research.

Equipment

The sensing platform was fabricated using a Husqvarna Viking Designer
Ruby 90 computerized embroidery system and accompanying mysewnet
software. Sulky Solvy water soluble embroidery stabilizer was used to sta-
bilize embroidered electrodes without damaging the integrity of conductive
textiles. Electrochemical measurements were conducted using a CH

Instruments electrochemical workstation (CHI760E). Scanning electron
microscopy (SEM) analysis was performed using Nova NanoSEM 450 (FEI,
OR, USA), using 10 keV electron beam energy and 3 spot size. Raman
spectroscopy characterization was performed using the Horiba XploRA
Raman Microscope System (Horiba, Japan).

Electrode fabrication

7-cm pieces of stainless steel thread were cut from the spool and masked
using low-tack adhesive tape, leaving 1 cm of exposed thread at the tip. The
yarns were secured to a plastic backing, and a laser-cut mask was applied
over the yarns, leaving 1 cm exposed at the tips. The ink was prepared by
hand mixing 3.5 g of the commercial carbon ink with 20 uL of stated
nanoparticle inks (AuNP, GO, MWCNT) for 45 minutes. This ink was then
painted onto the 1 cm exposed tip of SSfusing disposable round-tipped clean
room swabs. The laser-cut mask was removed prior to drying of the ink, and
sensors were left to dry for 24 hours in the fume hood at room temperature.

For embroidery, a non-woven polypropylene fabric was treated using
canned 3M waterproofing spray. The material was placed in the hood while
the can was held upright and 6 inches away from the fabric. Light, over-
lapping layers of the product were applied in two coats, with 20 minutes to
dry in the hood in between coating applications. Once both sides of the
fabric had been treated, it was left to dry overnight in the fume hood. The
waterproofed fabric was then placed in a standard 120 x 120 mm embroi-
dery hoop with a commercially available water-soluble material made of
100% polyvinyl alcohol used as an embroidery stabilizer.

The hoop was placed into the computerized embroidery arm of a
Viking Designer Ruby 90 computerized embroidery machine, with the
accompanying MySewNet software used for electrode design. All con-
ductive threads were incorporated via the bottom bobbin with a 100%
polyester all-purpose thread serving as the upper thread in the lock-stitch.
Stainless steel working and counter electrodes were single-stitched at the
lowest speed setting with a stitch length of 2.5 mm and a tension setting of
35. The reference electrode using Swicofil Silver thread was double-stitched
at the lowest speed with a 3.5 mm stitch length and a tension setting of 75.

The silver yarn (reference electrode) was placed between the two steel
fibers (working and counter electrodes). This orientation enabled more
consistent embroidery, as the stitching methods for the steel and silver yarns
differed. The stiffer steel fiber required securing with a loop stitch, while the
more flexible silver yarn could be attached using a standard stitch. By
spacing the two steel fibers apart, we reduced stress on the fabric, enhancing
its durability. The electrodes were spaced 1 cm from each other.

Upon completion of fabrication, the electrode arrays were soaked in
deionized water overnight to dissolve away the stabilizer backing and left to
dry in the hood. Three electrode arrays were then cut individually from the
larger cloth with a 1cm length of thread left exposed at the base. This 1cm
was then taped off using low-tack adhesive and coated with functionaliza-
tion ink formulations optimized in the protocol above.

Measurements in breast milk

Square-wave voltammetric (SWV) tests were conducted at a frequency of
5 Hz, with a 10 mV step potential and a 40 mV amplitude. For the deter-
mination of acetaminophen in breast milk, SWV measurements were initially
performed in human breast milk devoid of acetaminophen. Subsequently,
different aliquots of a 0.001 M acetaminophen standard stock solution were
added to an electrochemical cell containing 5 mL of human breast milk.

Data analysis

The capacitive background current in all voltammetric tests has been cor-
rected using baseline correction methods. Using “pybaselines™”, an open-
source Python library, a polynomial background was fitted to the signal after
masking the corresponding peak of acetaminophen. Later, this background
is subtracted from the signal’®’®. SciPy, another open-source Python library
for scientific and technical computations, was also utilized for linear
regression and creating the calibration curve””. The limit of detection (LOD),
which represents the smallest detectable concentration, is determined

npj Women's Health | (2025)3:48


www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-025-00088-6

Article

through Equation (6), wherein (S) signifies the slope obtained from the
regression formula, and (o) denotes the standard deviation of the response.

LOD = 3?0 (6)

Similarly, the limit of quantification (LOQ), which represents the
minimum concentration that can be accurately quantified, is calculated
using Equation (7). The calculated LOD and LOQ were determined to be
1.4 uM and 4.5 uM, respectively.

10Q="¢" @)
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