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ABSTRACT
This work describes a cross-shaped PMMAME system capable of detecting ciprofloxacin hydrochloride monohydrate (CPFH) in
unfilteredmilk samples. The cross-shaped PMMAME systemutilizes a BGE consisting primarily of the surface-active agent SDS to
solubilizemilk fat and improve the zeta potential of the PMMAmicrochannel surface. A theoretical lumped-element circuitmodel
for cross-shapedME is introduced in this work to calculate themigration time of CPFH. Thismanuscript improves the capabilities
of PMMA-basedME forCPFH inmilk using an SDS-basedBGE. The presentedME systemhas a fastermigration time, highermean
output voltage, and thinner full-width at half-maximum than previously reported dairy-based biosensor systems. Most notably,
themigration time of the new system is under 10min, being the time associated with themilking of cattle. The system is also found
to be able to detect the presence of milk fat. Discussion is included of potential future integration with existing high-sensitivity
methodologies to place the overall ME system’s limit of detection below an established target. To the authors’ knowledge, this is
the first reported account of a PMMAME system capable of detecting CPFH in unfiltered milk.

1 Introduction

Advancements made in the 20th century to miniaturize electrical
technologies resulted in the formation of microfluidics. Manz
et al. melded microfluidics and CE together to form ME, an
important contribution for the separation of analytes in a compact
microchip device [1]. Microchip electrophoresis is an effective
electrophoretic system that requires only minute reagent and

sample volumes, yields rapid results, and requiresminimal power
for operation [2]. Given these advantageous properties, ME sys-
tems are currently being investigated for applications in clinical
diagnostics [3], biochemical analyses [4], forensic analyses [5],
environmental monitoring [6], pharmaceutical analyses [7], and
for food quality assessment [2, 8]. Traditionally, ME systems were
made of silica to resemble the separation mechanisms observed
in CE. However, within the last decade, polymer-based ME
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systems have emerged. The shift toward the use of a polymer
substrate for ME (as opposed to a silica substrate) is due to
its economical microfabrication, ability to incorporate unique
designs and features, optical transparency, and high durability
[2, 9–12]. However, polymer-based ME systems are much less
explored than their silica counterparts.

An emerging application of interest for ME systems is antibiotic
detection in dairymilk [13, 14]. This is motivated by the important
role that antibiotics have in the dairy industry for the treatment
of bacterial infections [14–16]. Livestock can be administered one
or more antibiotics to combat illnesses [17], and consequently,
milk can become contaminated. This contamination of milk
poses adverse effects to consumers and to the dairy industry
[15–18]. Common antibiotics used in the dairy industry are fluo-
roquinolones such as ciprofloxacin hydrochloride monohydrate
(CPFH) and have been detected through ME, albeit with long
(greater than 10 min) analysis times [16, 19]. Currently, there
are limited portable methods available to test for antibiotics in
milk. Common portable tests for antibiotics include Delvotest
and the Charm rapid one-step assay [14, 20]. However, they are
semi-quantitative and struggle to distinguish antibiotics within
the same group [14, 20] and are prone to human error [20].
Good quantification of antibiotic concentrations is important for
antibiotic regulation [15, 21] and prevents farmers fromdiscarding
batches of milk [15, 22], which leads to a significant loss of profits
[23].

An advantage of these current portable methods for detecting
antibiotics in milk is the ability to detect analytes without
pretreating the milk [14], and this is in contrast to ME systems. A
barrier toME technologies being used on farms is twofold. Such a
system would need to be made adequately fast, for example, with
an analysis time less than 10min [14], which is themaximum time
to milk a cow in a modern dairy parlor [14, 24]. These all must be
balanced while still maintaining portability [14] and suitably low-
voltage operation [25]. The development of such an ME system
may allow on-farm measurements and sensing of antibiotics in
milk.

The above-stated desirable attributes for an ME system can be
elaborated upon. For the context of this paper, a low-voltage ME
system will be defined as an ME system that supplies less than
or equal to 500 V DC to its electrodes, in comparison to other CE
and ME dairy systems with voltages commonly exceeding 2 kV
[8], which pose greater safety and logistical challenges. Although
logistically challenging, these high voltages are able tomake some
CE and ME systems yield migration times (𝑡𝑚) of 5 min or less [2,
26–30]. However, it is desirable to produce a system with both a
short 𝑡𝑚 (< 10 min) and low voltage (< 500 V).

An additional challenge in developing ME systems for on-farm
applications is the current necessity for sample pretreatment
to remove unwanted constituents. Commonly in literature, CE
and ME milk samples are centrifuged, filtered, and chemically
treated [2, 8, 31, 32]. These sample pretreatments alone typically
require two to three times the maximum time to milk a cow
and require chemicals not typically found on-farm. For most
cases, these sample pretreatments are used to remove fat content
within the milk sample, as it can obstruct the capillaries (i.e.,
microchannels) during electrophoresis operations [31]. As raw

milk naturally contains fat, achieving an ME or CE system
capable of operating with virtually no sample pretreatment
is integral to ensure analytes can be detected, and EOF
conditions will not be compromised by microchannel clogging.
Therefore, surfactants are explored in this work to alleviate this
issue.

In this work, we improve upon previously reported dairy-based
ME systems. We significantly improve 𝑡𝑚 of CPFH through the
use of a PMMA microchip and an SDS-based BGE. We avoid
sample pretreatment of fatty unfiltered milk through the use of
SDS. We are able to meet the target 𝑡𝑚 of 10 min and sample
pretreatment avoidance with a low voltage (< 500 V) system.
This is because SDS significantly improves the EOF of PMMA
microchips [9, 10] and solubilizes nonpolar molecules such as
fats [33, 34], and because CPFH does not interact with the SDS
micelles for pH ranges of 5.0–7.0 [35]. The reported ME device is
capable of detecting (but not quantifying) the milk fat. Compared
to previously published ME systems [25, 36], the 𝑡𝑚 for the
presented system is approximately twice as fast. An additional
contribution of this work is the improved theory from using
a cross-channel lumped-element model. With this introduced
model, we are able to better estimate the applied electric fields
when compared to the capillary parallel plate model. These
results demonstrate that low-voltage polymer-based ME systems
are a promising technology for on-farm quinolone antibiotic
detection.

2 Materials andMethods

2.1 Materials and Equipment

2.1.1 Sample and Reagents

The skim milk (SM), one percent milk (1%), and whole milk
(WM) acquired for this workwere of the Dairyland brand (Saputo
Inc, Saint-Laurent, Canada), purchased from a local supermarket
and used as is. The CPFH used for this work had a molecular
weight of 385.82 g/mol (LKT Laboratories Inc, St. Paul, USA).
Ultrapure water with a resistivity of 18 MΩcm was acquired
as needed using a PURELAB Ultra Water Purification System
(ELGA LabWater North America, Woodridge, USA). Anhydrous
sodium hydroxide (NaOH) pellets with a molecular weight of
40 g/mol were acquired (LabChem Inc, Zelienople, USA) and
used in solution to clean and condition the microchips. The
anhydrous NaOHwas dissolved in ultrapure water down to a 1 M
stock. The following chemicals were used for the BGE: A 0.5 M,
6.0 pH citrate buffer was used as is (Thermo Fisher Scientific,
Surrey, Canada). A stock of 10% (1.7 M) acetic acid solution
was used as is (Reinhart Foods Ltd, Surrey, Canada). Anhydrous
SDS, molecular biology grade 99% with a molecular weight of
288.38 g/mol (Thermo Fisher Scientific, Surrey, Canada), was
dissolved in ultrapure water to a 0.1 M stock.

2.1.2 Materials and Hardware

Platinum electrodes of 584 µm diameter and 99.95% purity were
acquired for this work (LabSmith, Livermore, USA). A high-
voltage sequencer (HVS), Keithley 2290-5 high-voltage power
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supply (Tektronix, Beaverton, USA), ultraviolet (UV) LED cir-
cuit board, photodiode (SFH 2440, Osram, Munich, Germany)
mounted to a 109-gain transimpedance amplifier system, and
band-pass filter (86-339, Edmund Optics, Barrington, USA) were
used. Although both the ME and fluorescence systems are
shown to have high specificity (i.e., minimal occurrence of false
positives) [37–41], the SFH 2440 photodiode and 86–339 band-
pass filter were chosen carefully to prevent the measurement of
the fluorescence emission of milk proteins (340 nm) from the
280 nm UV LED [42]. The SFH 2440 photodiode was chosen
as it has a responsivity between 400 and 700 nm, while the
86–339 bandpass (440 ± 20 nm) was chosen to ensure only the
CPFH signal is recorded. It can also be noted that the use and
implementation of nanomaterials (such as quantum dots) and
masking agents within background electrolyte additives (such
as surfactants) has reduced the occurrence of false positives in
electrophoretic systems [43–45] or by incorporating additional
detection schemes [46, 47].

The voltage potentials applied to the wells during the separation
phaseweremeasuredwith a Fluke 115multimeter (Fluke, Everett,
USA). A NI 6343 (National Instruments, Austin, USA) analog-to-
digital data acquisition module was used to measure the output
of the photodiode located at the detection site of the microchip.
A UV LED was chosen for the presented ME system, being the
LTPL-G35UV275GC-E (LITE-ON Technology Corporation, New
Taipei City, Taiwan) model. This model offers 10 mW of spectral
flux at 280 nm and sufficient thermal performance. The optical
emission spectra of the UV LED used is shown in Figure S1. The
transimpedance amplifier, HVS, and UV LED were powered by
a B&K Precision Triple Output DC Power Supply 1760A (Tek-
tronix, Beaverton, USA). The Fluidic 106 PMMA cross-shaped
microchips with 75 µm depth by 75 µm width microchannels
were used (microfluidic ChipShop, Jena, Germany). For thorough
cleaning of the microchips, a Branson 2800 ultrasonic cleaner
was used (Emerson Electric Co, St. Louis, USA). To fill the
microchannels with aqueous solutions, a vacuum was applied
at the desired well using a custom-built vacuum system with a
model 2QL56C17F478A (discontinued) vacuum pump (Marathon
Electric, Wausau, USA). The mass of all anhydrous reagents
was measured with a Nimbus NBL 214e 0.1 mg readability
precision scale (Adam Equipment Company, Kingston, UK). For
pH measurements, a pH 150 bench meter was used (Oakton
Instruments, South Carolina, USA). A handheld conductivity
meter was used to measure the bulk conductivity of solutions
when needed (LAWNFUL, California, USA). A schematic of the
ME device is shown in Figure 1A.

2.2 Experimental Procedure

The photodiode, HVS, and UV LED circuitry were allowed to
warm up with the voltage configurations shown in Table S1 prior
to any experiments. A thorough methodology for sample and
BGE preparation, microchip conditioning, upkeep, and storage
is found in Section B of the Supporting Information. Once the
microchip has been conditioned, the source well (SO), waste well
(WA), and drain well (DR) reservoirs, are filled with 25 µL of
BGE, and the sample well (SA) reservoir is filled with 20 µL
of BGE. The microchip was then placed under the microscope

FIGURE 1 (A) The top view of the schematic is shown for the
PMMAmicrochip used for all experimentswith lengths of themicrochan-
nels defined and labels SA, SO,WA, andDR to identify the sample, source,
waste, and drain wells, respectively. (B) A circuit resistor model is shown
of a capillary parallel plate model. (C) Circuit resistor model of the cross-
channel lumped-elementmodel is introducedwith the voltage at the cross
section (𝑉CS) of the microchannels highlighted in red.

stage to ensure the wells and cross-section of the microchip were
not contaminated with fibers. The microchip was then carefully
placed in an enclosure. The high-voltage power supply is then
applied at 500 V. The electrodes located at the SA, SO, DR,
and WA were set to 0, 0, 0, and 400 V with the HVS. This
configuration ensures no milk sample passively diffuses through
the microchannels prior to the injection and separation steps. A
5-µL sample of milk was then injected into the SA reservoir, the
electrodes were placed into the reservoirs, and the NI 6343 was
actuated to record through a continuous data stream mode of
200 Hz. The SA, SO, DR, and WA electrodes were then actuated
using the HVS to the injection configuration (500, 400, 500, and
0 V, respectively) for 30 s. The SA, SO, DR, and WA electrodes
were then set to the separation configuration of 250, 500, 0, and
250 V with the HVS. Once the experiment is completed, the NI
6343 as well as the electrodes and high-voltage power supply were
turned off, and the microchip was removed from the enclosure
and cleaned for another trial or for storage. Snapshots of an ME
experiment video submitted as Supporting Information, which
follows the voltage potential configurationsmentioned above, are
shown in Figure 2.

3 Theory

3.1 Equations to Calculate Migration Time

For an infinitely thin electric double layer (EDL), the Helmholtz–
Smoluchowski expression can be used to quantify EOF mobility
(𝜇EO) and is given by

𝜇EO = −
𝜀0𝜀𝑟𝜁0
𝜂

, (1)

where 𝜀0 is the free space permittivity (8.854 × 10−12 F/m), 𝜀𝑟 is
the relative permittivity of the bulk BGE solution, 𝜁0 is the zeta
potential at the microchannel surface, and η is the viscosity of
the bulk BGE solution [10]. The negative sign determines the
direction of conventional EOF flow to be cathodic under the
presence of an electric field. The electrophoretic mobility (µEP) is
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FIGURE 2 Snippets are shown of the ME experiment video provided in the supporting information, where image (A) shows the microchip prior
to the injection voltage configuration. Image (B) shows the microchip after 35 s of recording, where the milk flowing due to the injection configuration
is highlighted with the dashed red box. Image (C) is the microchip after 45 s of recording, where the red box highlights the sample plug. Image (D) is
the microchip after 75 s of recording. The microchip here is undergoing separation, but no milk is remaining within the microchannels. A color filter is
applied to the microchannels containing the BGE to remove visual glare from the microscope and improve contrast. The white arrows indicate the EOF
flow within the microchannels once the injection and separation voltages are applied.

given by

𝜇EP =
𝑞𝑒

6𝜋𝜂𝑟
, (2)

where 𝑞 is the single-molecule net charge of the analyte in
the aqueous milieu of the sample, 𝑒 is the elementary charge
(1.602 × 10−19 C), 𝜂 is the viscosity of the bulk BGE, and 𝑟 is
the hydrodynamic radius of the analyte [48]. The direction of
electrophoresis flow is defined by the net charge of the analyte.
If the analyte being separated is cationic, the electrophoresis
separation will be toward the cathode; an anionic analyte will
separate toward the anode.

Upon the presence of an electric field (𝐸), the total velocity (𝜈tot)
of an analyte traveling in a microchannel is given by

𝜈tot = (𝜇EO + 𝜇EP) 𝐸, (3)

where 𝐸 is the electric field across the separation channel [25]. In
this work, the 𝜈tot necessary to attain 𝑡𝑚 < 10 min is made feasible
by improving the 𝜁0 of the PMMA microchip with SDS. The use
of SDS on PMMAmicrochips can improve the EOF by over 200%
[10]. The value for 𝐸 can be approximated with

𝐸 = Δ𝑉

𝐿
, (4)

whereΔ𝑉 is the difference between the voltage potentials applied
across the separation channel, and 𝐿 is the total length of the
microchannel that separates the voltage potentials applied to the
separation channel [10, 49, 50]. From Equation (3), 𝑡𝑚 is given by

𝑡𝑚 =
𝑙𝑑
𝑣tot

, (5)

where 𝑙𝑑 is the distance from the microchip cross-section to
the detection site. The 𝑙𝑑 was measured to be 67.5 mm with an
electronic caliper. With Equation (5), theoretical computations
for the 𝑡𝑚 can be made once the appropriate variables from
Equations (1)–(5) are found. The values for 𝜀𝑟, 𝜁0, 𝜂, 𝑞, and 𝑟 used
for this work are 75.5, −85 mV, 1 mPa∙s, −0.752, and 0.65 nm,

respectively. Further justification for the 𝜀𝑟, 𝜁0, 𝜂, 𝑞, and 𝑟 values
used is found in Section C of the Supporting Information and
summarized in Table S2. Substituting in the necessary values for
Equation (1), 𝜇EO was computed to be 5.68× 10−2 mm2/V∙s, which
agrees well with the literature [10]. This 𝜇EO allows the presented
ME system’s 𝑡𝑚 of CPFH to be below 10 min while using low
(< 500 V) voltage. From Equation (2), the 𝜇EP was estimated to
be −9.81 × 10−3 mm2/V∙s. The following section will define the
equations governing the expected electromigration current and
Debye length of the EDL—necessary to compute the 𝑡𝑚 of the
presented PMMAME system.

3.2 Lumped Circuit Models

3.2.1 Electromigration Current and Debye Length

For the analysis of the capillary parallel-plate model and cross-
shaped lumped-element model depicted in Figure 1B,C, it is
assumed that the current within the ME system is proportional
to the bulk conductivity (i.e., ion concentration) of the BGE and
that the contribution of the conductance found at the surface of
the microchannel due to the EDL is negligible [10]. In addition,
due to the reservoirs of each well containing excess BGE, and that
the BGE in the reservoirs is replaced after every experiment, ion
depletion and consequential buffer mismatch are assumed to be
negligible during ME operation [50, 51]. The current (𝐼) in such a
system can be modeled with Ohm’s Law,

𝐼 = 𝜎𝐴𝑐𝐸, (6)

where 𝜎 is the bulk conductivity of the BGE, 𝐴𝑐 is the cross-
sectional area of the microchannel, and 𝐸 is the electric field
defined from Equation (4) [10, 50]. The thickness of the EDL
present on a flat planar surface—such as a microchannel—can
be quantified with the Debye length (𝜅−1) and compared to the
radius of the microchannel to determine the negligibility of the
EDL [10]. For BGEs with water as the majority of the solvent
and electrolytes as their solutes, where the valency between the
electrolyte species is asymmetrical, the 𝜅−1 for a flat planar surface
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is given by

𝜅−1 = 4.30 × 10
−10

(
𝑁∑
𝑖=1

𝑧𝑖
2𝑀𝑖

)
−1∕2, (7)

where 𝑧𝑖 and 𝑀𝑖 are the respective valency and molarity of the
ith electrolyte species within the BGE [52]. As the BGE used in
this work consists of 50 mM SDS, 5 mM citrate buffer, and 2 mM
acetic acid, 𝜅−1 of the EDL is estimated to be 1.39 nm, which
agrees well with the literature for an asymmetrical BGE [52].
Literature reports that if 𝑎 ≫ 𝜅−1, where 𝑎 is the microchannel
radius, the contribution of the EDL to the bulk 𝜎 of the BGE
is negligible [10, 52]. As 𝑎 = 37.5 µm for the microchannels of
the PMMA microchips used in the presented work, the EDL is
deemed to be approximated as infinitely thin and negligible to the
bulk 𝜎 of the BGE. Therefore, Equation (6) sufficiently describes
the electromigration current within the microchip for this work,
and the use of Equation (1) to determine the 𝜇EO of the PMMA
ME system is validated [10]. This shows that the use of a 50 mM
SDS-based BGE provides sufficient EDL characteristics within
a PMMA microchip to attain 𝑡𝑚 < 10 min at low voltage. The
following subsections will define the theoretical 𝑡𝑚 of CPFH for
the capillary parallel-plate model (Figure 1B) and cross-shaped
lumped-element model (Figure 1C).

3.2.2 Capillary Parallel-Plate Model

For the capillary parallel-plate model depicted in Figure 1B, the
𝐿 value is 87 mm as seen in Figure 1A. Regarding the Δ𝑉 used to
define 𝐸 with Equation (4), the authors would like to note that
although the voltage potentials for the SA, SO, DR, and WA were
set with the HVS as 250, 500, 0, and 250 V for the separation
process for all ME experiments, the measured voltage potentials
were 230, 400, 3, and 230V, respectively. Althoughunideal voltage
potential configurationswere present due to hardware limitations
and possible screening effects from the BGE, the PMMA ME
system still performed adequately. Using the observed voltages
of 400 and 3 V (i.e., Δ𝑉 = 397) for Equation (4), the electric
field for the separation process is then 𝐸 = 4.56 V/mm. Using
Equation (5), the 𝑡𝑚 of CPFH is 315 s or 5.25 min. The authors
believe this model could be improved upon for cross-shaped
ME systems, as the traditional capillary parallel-plate model
neglects the impact of the cross-section of the microchip and
balance voltage potentials applied to the SA andWAwells during
the separation process. The following section will propose an
alternative (and we believe enhanced) method to analyze 𝑡𝑚 in
cross-shaped MEs that considers the observed voltage potentials
applied by each electrode during the separation process. We label
this as the cross-shaped lumped-element model.

3.2.3 Cross-Shaped Lumped-Element Model

The cross-shaped lumped-element model involves configuring a
cross-shapedME system into the equivalent circuit resistormodel
shown in Figure 1C and solving for the voltage at the cross-section
of the PMMA Microchip (𝑉CS). The method of solving for 𝑉CS is
feasible by the laws of superposition and a voltage division across
the lumped-element model, where resistors 𝑅SA, 𝑅SO, 𝑅WA, and

𝑅DR are used tomodel the resistance of the variousmicrochannels
of the microchip. Since there is a voltage potential applied to
the SA, SO, and WA wells during the separation process, the
contribution of each voltage potential to the value of 𝑉CS is given
by

𝑉1 = 𝑉SO

𝑅SA ||𝑅WA||𝑅DR
(𝑅SO + 𝑅SA ||𝑅WA||𝑅DR) , (8)

𝑉2 = 𝑉SA

𝑅SO ||𝑅WA||𝑅DR
(𝑅SA + 𝑅SO ||𝑅WA||𝑅DR) , (9)

𝑉3 = 𝑉WA

𝑅SO ||𝑅SA||𝑅DR
(𝑅WA + 𝑅SO ||𝑅SA||𝑅DR) , (10)

where the nomenclature 𝑅𝑎||𝑅𝑏 denotes resistors 𝑅𝑎 and 𝑅𝑏
in parallel. The voltages 𝑉SO, 𝑉SA, and 𝑉WA are the voltage
contributions from the electrodes located at SO (400 V), SA
(230 V), and WA (230 V) wells, respectively. Treating the DR (3
V) well as (approximately) ground, the resulting 𝑉CS is then the
superposition of Equations (8)–(10) as given by

𝑉CS = 𝑉1 + 𝑉2 + 𝑉3. (11)

The resistances labeled throughout Equations (8)–(10) are given
by

𝑅𝑖 =
𝑙𝑖

𝐴𝑐𝜎𝑖
, (12)

where 𝑙 and 𝜎 are the length and the bulk conductivity, respec-
tively, from a specified well to the cross-section of the microchip.
The subscript i denotes the specific well (SA, SO, WA, or DR)
for 𝑙, 𝜎, and 𝑅. Here, 𝐴𝑐 is the cross-sectional area of the
microchannels (5620 µm2 for this work). As the sample plug is
estimated to only occupy 0.422 nL (i.e.,< 0.1%) of the total volume
of the 𝑙DR microchannel (0.456 µL), while the remainder of this
microchannel’s volume is occupied by the BGE, it is assumed that
the sample plug contributes negligible changes to 𝜎DR throughout
the separation phase of theMEexperiment. From this assumption
then, 𝜎SO ≈ 𝜎DR in the context of measuring the resistance of
the microchannel and is measured to be 3070 µS/cm (see Section
C of the Supporting Information for the methodology of this
work’s conductivity measurements). The 𝑙SO and 𝑙DR to the cross-
section of the PMMA chip are 6 and 81 mm, respectively. With
Equation (12), the corresponding 𝑅SO and 𝑅DR are 3.48 and 46.9
MΩ, respectively. For the case of the 𝜎SA and 𝜎WA, the presence of
the sample must be considered with regards to the computation
of 𝑅SA and 𝑅WA. As depicted in Figure 2B, milk flows from the
SA to the WA electrodes during the injection phase and remains
in these reservoirs after the separation configuration is applied.
Although the exact amount ofmilk and 1mMcipro presentwithin
the SA and WA reservoirs are unknown, it will be approximated
as the 1:4 ratio of milk sample and BGE solution found in the SA
reservoir. The 𝜎SA and 𝜎WA are measured to be 4270 µS/cm. As
𝑙SA and 𝑙WA are 5 mm each, from Equation (12), we have 𝑅SA =
𝑅WA = 2.08 MΩ. With all the necessary resistances defined, 𝑉1,
𝑉2, and 𝑉3 are computed with Equations (8)–(10) to be 90.5, 88.2,
and 88.2 V, respectively. From Equation (11), 𝑉CS is then 267 V.
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FIGURE 3 Measurements are shown ofME experiments of 1mMCPFH (left column) and blanks (right column) for SM (top row), 1% (middle row),
and WM (bottom row). The vertical spikes present between 0 and 5 min indicate when the ME system actuated its respective injection and separation
processes take place and is explicitly labeled in the SM blank plot.

Now that 𝑉CS is defined, Equation (5) can be used to determine
the 𝑡𝑚 of CPFH in a cross-shaped microchip. The 𝐿 for this case
is the distance from the cross-section (location of 𝑉CS) to the DR
well (𝐿 = 81 mm), and the corresponding 𝐸 is 3.30 V/mm. The
𝑡𝑚 of CPFH in milk for the cross-shaped lumped-element model
is 436 s, or 7.27 min, showing that the balance voltage potentials
applied to SA and WA have an impact on 𝑡𝑚 as the value differs
by approximately 2 min compared to the 𝑡𝑚 calculated for the
traditional capillary parallel-plate model. Despite the differences
of 𝑡𝑚 between the traditional capillary parallel-plate model and
cross-shaped microchip models, the 𝑡𝑚 of the presented PMMA
ME system for unfiltered milk is expected to be below the
maximum 10-min milking time for cows [24], due to the use of
SDS to improve the EOF and solubilize milk fat. The following
section will showcase the results of the 1 mM CPFH signals
acquired with the PMMAME systems presented in this work and
find the 𝑡𝑚 error between the theoretical and experimental values.
An evaluation and comparison of the presented ME system’s
performance to previously reportedME systemswill also bemade
in the next section [25, 36].

4 Results and Discussion

4.1 Experimental Results

A 1 mM CPFH and blank photodiode response for each milk
type (SM, 1%, and WM) is shown in Figure 3. A MATLAB curve
fitting toolbox was used on all recorded photodiode responses
to center the baseline signal at 0 V. The output voltage, 𝑡𝑚, and
the full width at half maximum (FWHM) for five trials of each
milk type were recorded after the data were centered to 0 V with
a curve fitting algorithm. The negative quasi-Gaussian signals
present after 10 min for the 1% and WM trials in Figure 3 are
due to the presence of fat in these milk samples. Literature shows
there is great interest in quantifying milk fat content in raw (i.e.,
whole) milk as its composition dictates the economic value of
the milk [53, 54]. Milk fat content is affected by the diet [54,
55], health [53, 56], and welfare of the cow [54, 55]. In addition,

several works describe a need for rapid diagnostic and health
monitoring of cattle for optimal dairy farming [54, 56]. These
findings imply that a rapid milk fat quantification system could
be of practical use for the dairy industry to monitor the health of
cows.However, thiswould require amore sophisticated version of
the presented microfluidic system, which is not within the scope
of this work. The detection of fat without any quantification is a
redundant check for dairy applications, as a user on-farm would
likely already know that themilk sample they are testing contains
fat.

The output voltage, 𝑡𝑚, and FWHM metrics for all five trials of
each corresponding milk type are shown in Figure 4. The mean
and SD for each of the metrics are tabulated in Table S3. The
output voltage, 𝑡𝑚, and FWHM of the previously reported ME
system for 1 mM CPFH are extrapolated as 10.5 mV, 15.8 min, and
60 s, respectively [25]. Compared to the previous work of Bosma
et al. that used filtered milk (removal of fat and proteins), the
presented ME system is able to detect CPFH in unfiltered milk
with no sample pretreatment—such as centrifugation—typically
seen in literature [2, 25]. The improvement of the mean output
voltage for the SM, 1%, and WM types is 1.54, 1.37, and 1.15 times
greater, respectively, than the previously reported work [25, 36].
The presented system’s 𝑡𝑚 for unfilteredmilk (mean of all 15 trials)
is two times faster than the previously reported system [25, 36]
and within the 10 min associated with milking a cow [24]. We are
able to achieve this fast analysis time at separation voltages below
500 V because of the improvement to the EOF of the PMMA
ME system from the integration of SDS-based BGE. The FWHM
of the CPFH signal (mean of all 15 trials) of the presented ME
system is approximately two times narrower than the previously
reported system [25, 36]. This is performed for milk samples that
have no pretreatment because of our use of SDS as the primary
constituent within the BGE, allowing for the solubilization of
milk fat [33, 34]. The linearity and estimated limit of detection
of the presented ME system (12 ppm) are reported in Section
E of the Supporting Information and based on the nominal
response curve shown in Figure S2. With the integration of
high-sensitivity sensing systems [57], this limit of detection could
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FIGURE 4 (A) The mean and SD values of the output voltage
measured for the fluorescence signal of 1 mM CPFH in unfiltered milk.
(B) The mean and SD values for the 𝑡𝑚 of 1 mM CPFH in unfiltered milk.
(C) The mean and SD values for the FWHM of the 1 mM CPFH signal
in unfiltered milk. Each of these metrics was calculated using five trials
recorded for 1 mM CPFH in SM, 1%, and WM after it has been processed
with a MATLAB curve fitting toolbox.

potentially be brought below the 0.1 ppm target of the European
Union [58].

4.2 Migration Time Differences BetweenModels
and Experiment

As described in respective Subsections 3.2.2 and 3.2.3, a theo-
retical 𝑡𝑚 value was calculated for the capillary parallel-plate
model and cross-shaped lumped-element model. The theoretical
𝑡𝑚 error (er𝑟mt) for this work is quantified as

er𝑟mt = 100
||||1 − 𝑡𝑚,𝐸

𝑡𝑚,𝑇

|||| , (13)

where 𝑡𝑚,𝐸 and 𝑡𝑚,𝑇 are the experimental and theoretical 𝑡𝑚,
respectively. For 𝑡𝑚,𝐸 the mean 𝑡𝑚 for all fifteen 1 mM CPFH
trials reported in this work is 7.61 min. The 𝑡𝑚,𝑇 values are
the theoretical 𝑡𝑚 values calculated for the traditional capillary
parallel-plate model and cross-shaped lumped-element model,
which are 5.25 and 7.27 min, respectively. Equation (13) yields
an er𝑟mt of 45.0% for the traditional capillary parallel-plate

TABLE 1 Tabulation of the presented system’s improvements
toward the output voltage, 𝑡𝑚 , and FWHM of 1 mM CPFH in unfiltered
milk over its previous iteration (rows 1–3) [25, 36]. The calculated err𝑚𝑡
between the traditional capillary parallel-plate model and cross-shaped
capillary models is shown (Rows 4 and 5).

Parameter

Milk

SM 1% WM

Output voltage 1.54 1.37 1.15
𝑡𝑚 2.07
FWHM 2.09
Traditional CE er𝑟mt 45.0%
Cross-shaped er𝑟mt 4.68%

model and 4.68% for the cross-shaped lumped-element model.
As the er𝑟mt for the introduced cross-shaped lumped-element
model is approximately one order of magnitude less than the
traditional capillary parallel-plate model, the use of the cross-
shaped lumped-element model is deemed a favorable alternative
method to quantify 𝐸 and the corresponding 𝑡𝑚 in a cross-shaped
ME system. A summary of the presented system’s improvements
to the previously published dairy ME system [25] and er𝑟mt are
shown in Table 1.

5 Concluding Remarks

The need for adequately fast and safe (low voltage) antibiotic
detection technologies is pivotal for the development of portable
on-farm sensors. At the same time, a robust biosensor should be
able to operate on unfiltered milk. This work described a low-
voltage (< 500 V) cross-shaped PMMA ME system capable of
detecting CPFHwithin milk under the maximum time necessary
to milk a cow (10 min). The ME system presented requires
no filtration, centrifugation, or chemical pretreatment of milk
samples prior to ME measurements and performed better in
all accounts (output voltage, migration time, and FWHM) than
previous ME systems in literature used to detect CPFH in milk
[21, 31]. The PMMA ME system was also found to be capable
of detecting milk fat but requires further optimization to be
able to reliably quantify and separate milk fat. A lumped circuit
model of a cross-shaped microchip as an alternative method to
determine the voltage at the injection-separation microchannel
cross section for computations of the expected migration time
of an analyte was introduced in this work. To the best of the
authors’ knowledge, this is the first reported account of a PMMA
ME system capable of detecting CPFH in unfiltered milk. This
work serves as an early prototype toward the overarching goal of
on-farm use.
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