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ABSTRACT: A miniaturized, biomarker-based diagnostic for preterm birth 8 30 Print -
(PTB) risk will require multiple sample preparation steps to be integrated ina — Affinity
single platform. To this end, we created a 3D printed microfluidic device that 2 6T Q —— Control
combines immunoaffinity extraction (IAE), solid-phase extraction (SPE), and 3 o | Affinity

fluorescent labeling. This device uses an antibody-functionalized IAE monolith @ Valves ,l;@:,;

to selectively extract PTB biomarkers, a lauryl methacrylate reverse-phase SPE S , | apeling—}—»

monolith to concentrate and facilitate fluorescent labeling of PTB biomarkers, Y-

and 3D printed valves to control flow through the monoliths. The 0 = Flowd

advantageous iterative design process for arriving at a functional device is 0 10 20 30 40
documented. The IAE/SPE device performed selective, reproducible Time (s)

extractions of three PTB biomarkers from buffer and depleted maternal

blood serum, demonstrating its utility for single-biomarker and multiplexed extractions. After tandem extraction and fluorescent
labeling, biomarkers eluted from the SPE monolith in a concentrated plug, facilitating future integration with downstream analysis
techniques including microchip electrophoresis. This device effectively combines and automates orthogonal chromatographic
extraction methods and constitutes a substantial step toward a complete microfluidic PTB prediction platform.
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B INTRODUCTION windows possible from multiplexed serum biomarkers could
Preterm birth (PTB), defined as labor starting earlier than the better .address the PTB predicFion pr.oll)lem. _

37th week of pregnancy, accounts for approximately one During the past 30 years, microfluidic devices have become
million deaths per year." A variety of interventions exist to valuable in a diverse range of fields. Their low sample size
reduce PTB mortality by delaying labor (progesterone, requirements and quick analysis times make them cost-
magnesium sulfate) or accelerating fetal development (cortico- effective for processes including organ-on-a-chip studies," "
steroids), but these interventions require sufficient notice prior cell culture,">"¢ polymerase chain reaction,'”'® and point-of-
to PTB to be fully effective.”® To this end, a variety of care diagnostics.'” Microfluidic devices are particularly
clinically useful PTB predictors have been identified. important for lab-on-a-chip platforms, where processes
Physiological characteristics, including decreased cervical normally carried out by multiple, larger instruments are
length, cervical angle, and vaginal pH, are easier to measure, combined and miniaturized within a single device. Traditional
but offer lower selectivity and specificity in PTB diagnosis”’ fabrication methods, like hot-embossing and soft lithography,
than protein biomarkers in blood serum,”’ cervicovaginal limit the complexity of lab-on-a-chip platforms by constraining

fluid,® or amniotic fluid.® Point-of-care lateral-flow immuno-
assays detecting cervicovaginal or urinary fetal fibronectin have
been approved for use in the European Union; these assays are
cheap, provide rapid results, and ofter PTB prediction windows
of about 1 week.”'’ Mass spectrometric measurements of
multiplexed blood serum biomarkers offer wider prediction
windows'" in exchange for higher costs, more complex sample
preparation, and longer time requirements than their immuno-
assay counterparts.'” Thus, a solution combining the
convenience of a point-of-care test with the wider prediction

device features largely to a 2D plane.”” The development of 3D
printing as a microfluidic device fabrication technique permits

Received: November 19, 2024 PRItk
Revised: ~ February 7, 2025 |
Accepted: February 10, 2025
Published: March 3, 2025

© 2025 The Authors. Co-published by .
University of Science and TEChnology of https://doi.org/10.1021/prechem.4c00092

W ACS PUb| IcatIOI’]S China and American Chemical Society 261 Precis. Chem. 2025, 3, 261-271


https://pubs.acs.org/curated-content?journal=pcrhej&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+D.+Holladay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zachary+A.+Berkheimer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+K.+Haggard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+B.+Nielsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+P.+Nordin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+T.+Woolley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+T.+Woolley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/prechem.4c00092&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/pcrhej/3/5?ref=pdf
https://pubs.acs.org/toc/pcrhej/3/5?ref=pdf
https://pubs.acs.org/toc/pcrhej/3/5?ref=pdf
https://pubs.acs.org/toc/pcrhej/3/5?ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/prechem.4c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Precision Chemistry

pubs.acs.org/PrecisionChem

3D features’' like integrated pumps, valves, and vertical
channels to be incorporated within lab-on-a-chip devices,
allowing for the miniaturization of more powerful and complex
processes.”” Examples include 3D printed microfluidic serial
diluters,”® optical traps,”* and concentration gradient gen-
erators.”>?°

A key function of many microfluidic devices is to purify and
concentrate biomarkers. Various strategies are used, such as
microbeads,”” membranes,*® porous polymer monoliths,*”*°
micropillars,”’ or other microstructures. Porous polymer
monoliths are particularly useful in microfluidic systems
because they can be fabricated in situ, possess a high surface-
area to volume ratio, and can be morphologically tuned to suit
diverse applications.”” Broadly speaking, monoliths have two
primary applications for biomolecule analysis. They can use
attached affinity binding agents like antibodies, single-stranded
DNA, metal ions, or lectins to perform highly specific
extractions.”” Recent examples of analytes captured usin
high-specificity monoliths include extracellular vesicles,’
chikungunya viral RNA,* tuberculin,* preterm birth bio-
markers,”® and ochratoxin A.** Monoliths can also utilize
general properties such as hydrophobicity or ionic interactions
to preconcentrate classes of biomolecules for further analysis,
like proteins,”**” glycoproteins,®® and nucleic acids.*"***"
Microfluidic systems that use monoliths generally employ
either a high-specificity monolith or a low-specificity one. A
system containing orthogonal affinity and general property
monoliths would allow for multiple on-chip sample preparation
and preconcentration steps, facilitating the analysis of low-
concentration biomarkers in complex sample matrices.

Here, we report the development of a 3D printed
microfluidic device that integrates immunoafhinity extraction
(IAE)*>*" with solid—}ghase extraction (SPE)*° and on-chip
fluorescent labeling*>*’ to selectively purify, concentrate, and
label PTB biomarkers. The device utilizes an antibody-
modified IAE monolith in series with a reverse-phase lauryl
methacrylate SPE monolith. Flow within the device is directed
by pneumatically controlled 3D printed valves. Tests of the
IAE/SPE device using three PTB blood serum biomarkers—
corticotropin releasing factor (CRF), ferritin, and lactoferrin—
demonstrate extraction and labeling of biomarkers from
depleted blood serum samples. This work constitutes a
substantial step forward in combining multiple extraction
functions in a single miniaturized device, and in providing an
integrated microfluidic platform for PTB risk analysis. To our
knowledge, it is the first demonstration of the creation and use
of orthogonal IAE and SPE monoliths in a microfluidic device.

B MATERIALS AND METHODS

Trizma hydrochloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), acetonitrile (ACN), dodecanol, lauryl methacrylate
(LMA), inhibitor removers, polyethylene glycol diacrylate (PEGDA,
258 Da), phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide (Irga-
cure 819) and isopropyl alcohol (IPA) were purchased from Sigma-
Aldrich (St. Louis, MO). Ethylene dimethacrylate (EDMA), glycidyl
methacrylate (GMA), 2,2-dimethoxy-2-phenylacetophenone
(DMPA), Amicon ultra centrifugal filters (50 and 3 kDa cutoff),
and Alexa Fluor 532 carboxylic acid succinimidyl ester were
purchased from ThermoFisher (Waltham, MA). Tris base was
purchased from Fisher Scientific (Fair Lawn, NJ). Sodium carbonate,
monobasic sodium phosphate, and boric acid were purchased from
EMD Millipore (Billerica, MA). Sodium hydroxide pellets were
obtained from Mallinckrodt (St. Louis, MO). Cyclohexanol was
purchased from Spectrum (New Brunswick, NJ). 2-nitrodiphenylsul-
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fide (NPS) was purchased from TCI America (Portland, OR). UV
curing epoxy was purchased from DecorRom (Longgang, Shenzhen).
PTFE tubing (#24) was purchased from Zeus (Orangeburg, SC).
Solutions were made using 18.3 MQ cm deionized water filtered by a
Barnstead EASY-pure UV/UF system (Dubuque, 1A).

CRF was purchased from GenScript (Piscataway, NJ). Ferritin was
purchased from EMD Millipore. Lactoferrin was from Sigma-Aldrich.
Anti-CRF monoclonal antibodies were obtained from Abnova
(Taipei, Taiwan). Antiferritin monoclonal antibodies, antilactoferrin
monoclonal antibodies, and High Select Top 14 Depletion midi spin
columns were purchased from ThermoFisher. Deidentified, non-PTB
maternal blood serum was obtained from Intermountain Healthcare
under BYU IRB # IRB2020—133.

PTB Biomarkers

To show the functionality and versatility of the integrated IAE/SPE
device, we performed tests using three PTB biomarkers: CREF, ferritin,
and lactoferrin. CRF is a 4.8 kDa peptide hormone that is retained less
strongly by IAE and SPE monoliths. Ferritin is a 474 kDa protein that
is retained tightly by both IAE and SPE monoliths. Lactoferrin is an
80 kDa protein that is also retained strongly on IAE and SPE
monoliths, and adheres nonspecifically to surfaces. We chose these
biomarkers to ensure our experimental conditions were robust enough
to elute tightly bound biomarkers and remove nonspecifically retained
analytes while preserving loosely bound biomarkers during rinse steps.
These biomarkers were selected from a panel of nine, which together
offer a sensitivity of 87% and specificity of 81% 4 weeks prior to PTB.
Ideally, an integrated PTB prediction platform would analyze all nine
biomarkers; here, these three were selected to cover a range of sizes
and analyte complexities.

For experiments involving prelabeled biomarkers, labeling occurred
as follows: Biomarkers were dissolved in 100 gL of 10 mM
bicarbonate buffer (BCB), pH 10. Alexa Fluor 532 (20 mM) was
added to each biomarker and incubated overnight with shaking.
Ferritin was labeled using a 30:1 dye:biomarker molar ratio,
lactoferrin with 15:1, and CRF with 3:2. The ratios were chosen
based on the number of active amine sites per biomarker. Following
incubation, the mixtures were transferred to a centrifugal molecular
weight cutoff filter. Ferritin and lactoferrin were placed in 50 kDa
filters, while CRF was placed in a 3 kDa filter. The filters were filled
with 20 mM phosphate, pH 8, then centrifuged for 15 min at 16,000 g
to remove excess dye. The phosphate buffer rinses were repeated
three more times, and the remaining solutions were diluted to 1 gM
in 20 mM phosphate, pH 8. Biomarkers were subsequently diluted to
working concentrations in 20 mM phosphate, pH 8. Blood serum was
depleted according to the manufacturer’s protocol: 100 uL of blood
serum was added to a depletion column, which was then incubated at
room temperature for 10 min with gentle shaking. The column was
placed in a 15 mL falcon tube and centrifuged at 1000 g for 2 min.
Approximately 1.5 mL of buffer-diluted depleted serum was obtained
from this process; this depleted serum was stored at —20 °C until use.

3D Printing

We carried out 3D printing as in prior publications.** Briefly, we used
OpenSCAD (www.openscad.org) to design the 3D printed devices.
After conversion of the 3D models to STL files, they were sliced along
the z-axis into 10 um layers. 3D printed devices were made using a
custom digital light processing stereolithography 3D printer with a
custom resin consisting of PEGDA, NPS, and Irgacure 819, as
described previously.™

Monolith Preparation

IAE and SPE monoliths were prepared using procedures modified
from Parker et al.*! and Bickham et al.,* respectively. IAE monoliths
were composed of 27% GMA monomer and 13% EDMA cross-linker,
with 51% dodecanol and 9% cyclohexanol as porogens, and 1%
DMPA photoinitiator. SPE monoliths were composed of 15% LMA
monomer, 20% EDMA cross-linker, and 65% dodecanol porogen,
with 1% DMPA photoinitiator. To ensure homogeneity, the monolith
mixtures were sonicated for 10 min prior to use. For 5-monolith
devices (Figure S1),* either the IAE or SPE mixture was loaded into
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Figure 1. Schematic of integrated IAE/SPE device. (A) Device features. S1, S2: vacuum (suction) ports 1 and 2. P1, P2: pneumatic ports 1 and 2.
Scale bar is 3 mm. (B) Device set to direct flow through the IAE and balance monoliths. Pressure is applied to P2, closing valve 2. Vacuum applied
through S1. (C) Directing flow through IAE and SPE monoliths. Valve 1 is closed by pressure through P1, vacuum applied through S2.

the microfluidic channels via capillary action. The devices were
masked with electrical tape, leaving only the polymerization window
exposed, and polymerized under a UV lamp for either 7.5 min (IAE)
or 8.5 min (SPE). Following polymerization, the monoliths were
rinsed with IPA for 30 min, then for 10 min with 20 mM borate pH 8.
To functionalize IAE monoliths, 1 mg/mL antibody was flowed
through the monolith for 1 min. The reservoirs were then filled with
20 mM borate pH 8, and the devices were incubated overnight at
room temperature in a sealed humid container to allow primary
amines on the antibodies to covalently attach to GMA in the polymer.
The next day, the monoliths were incubated in 20 mM Tris, pH 8, for
2 h to block any remaining reactive sites. For control devices,
antibodies were omitted and the monoliths were incubated in Tris
overnight.

For integrated IAE/SPE devices, a similar procedure was followed,
except the SPE and balance monoliths were polymerized first,
followed by a 30 min IPA rinse and a 10 min rinse with IAE monolith
mixture. The IAE monolith was then polymerized, and the monoliths
were rinsed again for 30 min with IPA, then for 10 min with 20 mM
borate pH 8. IAE monoliths were functionalized using the procedure
described above. After polymerization and functionalization of the
monoliths, PTFE tubing was inserted into the vacuum and pneumatic
ports and secured using epoxy. During experiments, blunted 25-gauge
needles were used to connect the pneumatic ports to a custom-
designed pressure system (https://github.com/3D-Printing-for-
Microfluidics/valve-control) running at 3$ PSL*

Scanning Electron Microscopy (SEM)

SEM images of monoliths were obtained by removing the device from
the glass slide using a razor blade, then slicing horizontally across the
polymerization window to reveal the monolith. The exposed
monoliths were attached to stubs using carbon tape, and sputter
coated using 80:20 Au:Pd (QISOT ES Sputterer, Quorum
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Technologies, Lewes, East Sussex, UK). Images were taken using an
Apreo C Low-vacuum SEM (Thermo) in high vacuum mode at 10
kV. Image analysis was performed using Image].

Experimental Setup

Experiments were performed using the laser-induced fluorescence
setup described by Parker et al.*' Fluorescence was induced using a
532 nm laser and detected using a Hamamatsu photomultiplier tube,
the signal from which was digitized using custom LabView software.
For IAE experiments, channels were filled with 20 mM HEPES pH 8,
and vacuum was applied for 1 min for an initial rinse. The reservoir
was filled with S yL of biomarker solution, then vacuum was reapplied
for 1 min to load analyte onto the monolith. The reservoir was
emptied and rinsed with 20 mM HEPES pH 8 with 0.1% Tween, then
HEPES buffer was drawn through to remove nonspecifically retained
biomarker. Rinsing continued until fluorescence returned to baseline,
about 1—2 min. To elute, 10 mM NaOH (pH 12) was drawn through
the monolith until fluorescence returned to baseline, about 1 min.

For SPE experiments, the monolith was rinsed with 20 mM BCB
pH 10 for 3 min before loading biomarker onto the column for 90 s. If
unlabeled biomarkers were used, 1 yM Alexa Fluor 532 in 20 mM
BCB pH 10 was next flowed through the column for 90 s. Vacuum
was removed, and the device was incubated at room temperature with
the laser off for 30 min to allow time for more complete labeling. If
prelabeled biomarkers were used, the Alexa Fluor flow and incubation
steps were omitted. The monoliths were then rinsed twice to remove
excess dye, once for 90 s with 20 mM BCB pH 10 and once for 90 s
with 30% ACN in 20 mM BCB pH 10. Analyte was eluted by drawing
through 90% ACN in 20 mM BCB pH 10 for 90 s.

Integrated IAE/SPE experiments were conducted using the
procedures described above, with flow times adjusted for the slower
flow rate in the integrated device with two monoliths. The initial
rinse, loading and postload rinse steps for the IAE portion were

https://doi.org/10.1021/prechem.4c00092
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Waste line

C

Waste line

Figure 2. IAE/SPE integrated device design progression. (A—C) Top views of the CAD schematics for a few iterations of the integrated device.
(D—F) Photographs of 3D printed devices. (A, D) Initial dual-reservoir, 4-valve design with SO m X 50 ym channels. SPE reservoir marked in red,
valve 1 marked with a yellow “X”. (B, E) Compact, simplified design with 100 #m X 100 ym channels and two valves on the waste line. (C, F) Final
design with 100 gm X 100 ym channels and a balance monolith on the waste line. Scale bars are 3 mm.

performed with flow directed through the IAE and balance monoliths
and out the waste line (Figure 1A,B). Vacuum was applied to S1, and
valve 2 was closed via pressure through P2. The initial rinse and
loading steps lasted 2 min each, and the second rinse step took about
2—S min to reach baseline, depending on the biomarker. IAE elution
and subsequent SPE steps occurred with flow through the IAE and
SPE monoliths (Figure 1A,C). Vacuum was applied to S2 and valve 1
was closed via pressure through P1. During elution, fluid was drawn
through for at least 8 min to ensure full transfer of analyte from the
IAE monolith to the SPE monolith. If on-chip labeling was performed,
Alexa Fluor was then pulled through for 3 min, followed by a 30 min
room temperature incubation. During incubation, flow was tempo-
rarily redirected through the IAE and balance monoliths (as during
the IAE monolith loading step, Figure 1B), so the monoliths could be
rinsed with BCB and 30% ACN for 3 min each, removing any
remaining analyte and preventing dye from labeling the antibodies on
the TAE monolith. If using prelabeled biomarker, the Alexa Fluor 532,
incubation, and BCB/30% ACN IAE monolith rinse steps were
skipped. The device was then set so flow once again passed through
the IAE and SPE monoliths (Figure 1C), and BCB and 30% ACN
were drawn through successively for 3 min each to remove excess dye.
Finally, biomarker was eluted from the SPE monolith using 90% ACN
for 3 min, with fluorescence detection occurring between the
monolith and S2 (Figure 1).

B RESULTS AND DISCUSSION

A dual-monolith IAE/SPE design enabled orthogonal mech-
anisms for biomarker enrichment and facilitated on-chip
analyte labeling. Separating the IAE and SPE processes using
on-chip valves allowed appropriate eluents to be used with
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each monolith, while keeping the protein labeling reagents
away from the IAE monolith. This minimized fluorescent
labeling of analytes nonspecifically retained on the IAE
monolith, and prevented the antibodies on the IAE monolith
from becoming labeled, allowing device reuse.

The integrated IAE/SPE device layout was modified
approximately 20 times before arriving at the final, fully
functional, reliable design. This iterative process was facilitated
by the unique characteristics of 3D printing, which enabled
modifications to the design to be rapidly implemented and
tested, often multiple times per week. Three key versions of the
device are discussed below, and information on additional
layouts is provided in Table S1. The initial design (Figure
2A,D) had 50 um X S0 pm channels, four valves, and two
reservoirs: one for loading sample onto the IAE monolith
(top), and the other for SPE solutions (left, red). The SPE
reservoir was included so that solutions would bypass the IAE
monolith, facilitating flow during SPE steps and preventing the
labeling solution and SPE eluent from encountering antibodies
or nonspecifically retained analytes on the IAE monolith.
During IAE steps, valve 1 was closed with the intention of
preventing flow from the SPE reservoir. However, when
vacuum was applied to S1 with valve 1 closed, as indicated by
the yellow “X” in Figure 2A, the SPE reservoir still emptied,
indicating that valve 1 did not fully block flow. To address this
issue, the second reservoir was omitted from subsequent
designs.

https://doi.org/10.1021/prechem.4c00092
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GMA
EDMA
Dodecanol

Cyclohexanol
DMPA

24%
11%
55%
10%

1%

27%
13%
51%
9%
1%

Figure 3. Optimizing monoliths for 100 y#m X 100 ym channels. (A-D) SEM micrographs of monoliths polymerized in 100 gm X 100 ygm channels
taken at 800X magnification, 20 ym scale bars for reference. (A) IAE and (B) SPE monoliths created using formulations optimized for S0 ym X SO
pum channels, leading to incomplete monolith adhesion to channel walls. (C) IAE monolith created using low-porogen monomer mixture. (D) SPE
monolith using previous formulation polymerized in a serrated monolith window. (E) Table of IAE monolith compositions. (F) Micrograph of SPE
monolith in serrated channel, with 100 pm scale bar for reference. Monoliths were polymerized in a five-monolith test device (Figure S1).

Tests using a valve-free, single-channel, dual-monolith device
(Figure S2A) revealed a second issue: vacuum was insufficient
to draw flow through two 50 gm X 50 gm monoliths in series.
Further testing using a design modified to be operated via
syringe pump (Figure S2B) showed that the pressure-driven
flow through two monoliths in series often resulted in device
delamination between 3D printed layers and subsequent fluid
leakage. To reduce backpressure, subsequent designs were
created with larger cross-section, 100 gm X 100 ym channels
and monoliths. Monolith formulations are cross-section
dependent; increasing the cross-sectional area and using the
previously reported formulations®”*° resulted in poor monolith
adhesion to the channel walls (Figure 3A,B). Thus, the IAE
monoliths were modified by decreasing porogen content by
approximately 10% and proportionally increasing monomer
and cross-linker content, as noted in Figure 3E. SEM images of
these monoliths indicated good adhesion to 100 gm X 100 ym
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channel walls (Figure 3C), with morphologies similar to IAE
monoliths made using the previous formulation.”® Similar
attempts to modify the SPE monoliths did not improve
adhesion, but adding periodic serrations to the monolith
channel walls through the 3D print design did (Figure 3D,F).
We believe the serrations improved adhesion by increasing the
surface area of the channel walls. Tests in a device similar to
that in Figure S2A, but with 100 ym X 100 pm channels,
showed that vacuum was sufficient to draw flow through two
serial larger-channel monoliths.

Figures 2B and 2E show the fifteenth iteration of the design.
Key changes from the initial layout include elimination of the
second reservoir, use of 100 ym X 100 gm channels, addition
of serrations to the SPE monolith channel, and a 30% decrease
in channel length to further reduce backpressure. Two valves
were placed on the waste line with the objective of preventing
air from entering the fluid channels when vacuum was applied

https://doi.org/10.1021/prechem.4c00092
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Figure 4. IAE and SPE of prelabeled biomarkers in buffer using the integrated IAE/SPE device. IAE extractions were performed using either an IAE
monolith functionalized with antibodies or a Tris-blocked control. (A, C, E) Fluorescence detection of biomarkers eluted from IAE monoliths after
extraction from buffer. The eluted biomarkers were recaptured by the SPE monolith. (B, D, F) Fluorescence detection of biomarkers eluted from
the SPE monolith. (G) SPE elution peak areas for antibody-functionalized and control devices, measured during the 90% ACN elution step after
IAE and SPE. Error bars represent the standard deviation of three replicates. Prelabeled 375 nM CRF, 25 nM ferritin, or 12.5 nM lactoferrin was

used for these experiments.

at S2, an issue that had hindered operation of previous versions
of the device with just one valve. This approach was partially
effective, resulting in select devices that appropriately directed
flow, but many still allowed air to pass in from the waste line.
For devices containing combinations of channels with
monoliths and channels without monoliths, the lower-
resistance monolith-free channels offered a more favorable
path for flow, even with closed valves. Though a single valve
could direct flow through unobstructed channels, two serial
valves were still insufficient to fully direct flow through
channels containing monoliths.

Figures 2C and 2F show the final, twentieth, design of the
integrated IAE/SPE device. It is similar to the one in Figure
2B/F, with rearrangements in the pneumatic channels,
elimination of the second valve on the waste line, and the
creation of a third monolith near S1. This third monolith,
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which we called a “balance monolith,” is made using the SPE
formulation. Its purpose is to restrict flow in the waste line
when vacuum is applied to S2, rather than assist in extraction.
This balance monolith is separated from the IAE/SPE device
functionality by valve 1, and does not incubate with fluorescent
label, preventing spuriously retained material from being
detected in the experiments. The combination of a closed
valve and the balance monolith creates significantly more flow
resistance than a monolith alone, directing flow away from the
waste line and through channels without closed valves.
Moreover, the balance monolith creates a barrier against air
entering from the waste line; if air is drawn toward the balance
monolith, the surface tension of the remaining liquid in the
monolith hinders air from moving in. In operation tests of up
to 1 h, no air passed through the balance monolith when valve
1 was closed and vacuum was applied to S2, which is more
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Figure S. IAE and SPE of prelabeled biomarkers in depleted serum using the integrated IAE/SPE device. IAE extractions were performed using
either an IAE monolith functionalized with antibodies or a Tris-blocked control. (A, C, E) Fluorescence detection of biomarkers eluted from IAE
monoliths after extraction from depleted serum. The eluted biomarkers were recaptured by the SPE monolith. (B, D, F) Fluorescence detection of
biomarkers eluted from the SPE monolith. Prelabeled 375 nM CRF, 25 nM ferritin, or 12.5 nM lactoferrin in depleted blood serum used for these

experiments.

than sufficient to prevent air from entering the integrated IAE/
SPE device during experiments.

Figure 4 demonstrates integrated IAE/SPE device function
using prelabeled biomarkers in buffer. Figures 4A, 4C, and 4E
show fluorescence during elution when 10 mM NaOH is
flowed through the IAE monolith after retaining prelabeled
biomarker. In such experiments and throughout the paper, a
“control” device or column is one in which the IAE monolith
was not functionalized with antibodies. CRF IAE elution peaks
were broad and somewhat variable in shape (Figure 4A).
Ferritin generally eluted from the IAE monolith in a broad, but
somewhat sharper peak than CRF (Figure 4C). Lactoferrin
also eluted in a broad peak, with initial rapidly changing signal
(Figure 4E). In all cases, complete IAE elution took about
200—-300 s. Little to no elution was observed for CRF and
ferritin control columns that lacked the target antibody,
indicating that there was minimal nonspecific retention on
these IAE monoliths. Lactoferrin control columns showed
smaller elution peaks than for IAE columns, indicative of some
nonspecific binding inherent to this protein.

In these IAE/SPE devices, the IAE eluate flows through the
SPE monolith, which retains analytes through reverse-phase
interaction. Figures 4B, 4D, and 4F show fluorescence during
elution when 90% ACN is run through the SPE monolith after
retention of the IAE eluate and rinsing with BCB and 30%
ACN. CRF eluted in a double peak that lasted about 8 s
(Figure 4B), ferritin came off in a double peak that lasted
about 40 s (Figure 4D), and lactoferrin was removed in a
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jagged, 12-s single peak (Figure 4F). Elution peaks from SPE
monoliths were considerably sharper and taller than those from
IAE monoliths, further demonstrating sample enrichment. The
formation of a concentrated and temporally narrow sample
plug during elution is especially promisin§ for future
integration with microchip electrophoresis.”® Mean and
standard deviation values (n = 3) of SPE elution peak areas
after retention on anti-CRF, antiferritin, and antilactoferrin
functionalized IAE columns are provided in Figure 4G. SPE
elution peak areas from anti-CRF and antiferritin devices were
approximately 20-fold larger than control peak areas, while
those for antilactoferrin devices were 3-fold higher than
controls. Based on the control SPE elution peak areas and
standard deviations, we estimate the limits of detection under
these experimental conditions to be 40 nM, 2 nM, and 5 nM
for CREF, ferritin, and lactoferrin, respectively. Clinical serum
concentrations for these biomarkers in PTB patients are 0.08
nM, 0.04 nM, and 3 nM for CREF, ferritin, and lactoferrin,
respectively,” such that further improvements to detection
limits are needed, for example through the use of longer and/
or higher-capacity monoliths. Improvements to monoliths
could also address the somewhat jagged or tailing elution peak
characteristics sometimes observed, which may result from low
volumes and flow rates used, short lengths of monoliths, dead
volumes from valves, and fluorescent labeling efficiency. As one
example, the latter could be investigated in future mass
spectrometry studies to determine the molecular composition
of each band.
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Figure 6. On-column labeling of biomarkers following IAE and SPE. IAE was performed using either an IAE monolith functionalized with
antibodies or a Tris-blocked control. (A, C, E) Fluorescence detection of biomarkers eluted from the SPE monolith after IAE extraction from
buffer, recapture on SPE monolith, and on-column labeling. (B, D, F) Fluorescence detection of biomarkers eluted from the SPE monolith after
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To evaluate device performance with clinically relevant
maternal serum samples, we performed extractions using
prelabeled biomarkers spiked into maternal blood serum
(Figure S). Since many abundant proteins such as albumin
and immunoglobulins decrease the specificity of immunoaf-
finity extraction, the serum was depleted of the 14 most
abundant proteins prior to use. In contrast to previous work on
IAE with depleted serum, which saw broader, taller peaks when
extracting from depleted serum compared to buffer,’” the IAE
and SPE elution curves for the integrated IAE/SPE device
were relatively unaffected by the change in sample matrix to
depleted serum. The greater reproducibility between extracting
from buffer and depleted serum could be due to improvements
in our IAE rinse buffer,”” which previously did not include
Tween detergent.

Since clinical biomarker analysis involves unlabeled analyte,
we also performed experiments retaining unlabeled biomarkers
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followed by labeling them on-column (Figure 6). PTB
biomarkers were extracted from buffer via IAE, eluted, then
retained on the SPE monolith. Amine-reactive Alexa Fluor 532
was flowed through the SPE monolith with retained
biomarkers and incubated for 30 min to perform fluorescent
labeling. Following incubation, the SPE monolith was rinsed to
remove excess dye, and then the labeled biomarker was eluted.
Figures 6A, 6C, and 6E show the fluorescent signal during SPE
elution for biomarkers extracted from buffer and labeled on-
column. The peaks for on-column labeled PTB biomarkers
exhibited similar sharp, somewhat jagged peak shapes
compared to their prelabeled counterparts in Figures 4B, 4D,
and 4F. Mean peak areas and standard deviations (n = 3) are
provided in Figure 6G. Approximately 25% less CRF was
eluted during on-column labeling experiments compared to
prelabeled ones. This slight decrease was likely driven by loss
of biomarker during the incubation step, since CRF is least

https://doi.org/10.1021/prechem.4c00092
Precis. Chem. 2025, 3, 261-271


https://pubs.acs.org/doi/10.1021/prechem.4c00092?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00092?fig=fig6&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.4c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

strongly retained by SPE monoliths. Compared to experiments
with prelabeled biomarker, similar peak areas for ferritin and
lactoferrin were eluted for on-column labeling experiments.

The SPE elution peaks for on-column labeled biomarkers
extracted from depleted serum (Figures 6B, 6D, and 6F) were
similar in size and shape to their buffer solution counterparts.
We note that if nonbiomarker serum proteins had also been
retained by the IAE monolith, the SPE elution peaks for
experiments with depleted serum would have been larger than
those for buffer experiments, where there are no off-target
proteins present. The similar peak sizes indicate that these IAE
monoliths selectively extract the PTB biomarkers of interest,
with minimal retention of off-target analytes. Vitally, these
experiments also demonstrate the capacity of the IAE/SPE
device to selectively extract, purify and label PTB biomarkers
from depleted serum, a promising step toward an integrated
PTB prediction platform. By integrating a plasma separation
component’’~* and an on-chip depletion column to remove
abundant proteins,so_52 an integrated PTB prediction platform
could analyze whole blood samples, eliminating the upstream
sample preparation methods utilized herein. Furthermore,
analyzing whole blood could improve diagnostic specificity,
since clinically relevant proteins may be lost during the serum
preparation process.

Since PTB risk assessment is improved by quantifying
multiple biomarkers, an IAE/SPE device capable of performing
multiplexed extractions is advantageous. Multiplexed experi-
ments were conducted by functionalizing IAE monoliths with
equimolar concentrations of anti-CRF, antiferritin, and
antilactoferrin antibodies. Device operation followed the
procedures described previously, except combinations of
prelabeled biomarkers were loaded (CRF only; CRF plus
ferritin; or CREF, ferritin, and lactoferrin) and extracted from
buffer. Figure 7 shows SPE elution peaks for each of the
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Figure 7. Elution from an SPE monolith following multiplexed IAE
extraction. IAE monoliths were functionalized with anti-CRF,
antiferritin, and antilactoferrin antibodies. Fluorescence was measured
during SPE elution following IAE/SPE of mixtures of biomarkers.
Prelabeled 187.5 nM CRF, 12.5 nM ferritin, and 6.3 nM lactoferrin
used for these experiments. The initial 50 s of baseline data before
each peak were trimmed to allow for clearer comparisons between
runs. Tests were performed in random order on a single device.

biomarker combinations. As the number of biomarkers
increased from one to three, the peak areas increased,
indicating that all three biomarkers were retained on the
multiplexed IAE column, eluted and retained on the SPE
monolith, and then detected fluorescently during SPE elution.
The biomarkers eluted in a single peak, which is beneficial for
the formation of sample plugs containing multiple biomarkers
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during future integration with microchip electrophoresis. Table
1 compares the multiplexed SPE elution peak areas to

Table 1. Comparison of Combined Peak Areas from Single-
Biomarker and Multiplexed Experiments

biomarker combination single antibody” multiplexed”
CRF 38 + 12 41
CRF + FER 81 +£22 102
CRF + FER + LF 130 + 24 170

“Sum of peak areas as reported in Figure 4G, divided by 2 to account
for sample concentration differences between the single-antibody and
multiplexed experiments (mean + standard deviation). “Adjusted to
correct for photomultiplier tube gain differences between single-
antibody and multiplexed experiments.

corresponding sums of peak areas obtained during the single-
antibody experiments in Figure 4. Peak areas for the CRF and
CREF plus ferritin biomarker combinations were consistent to
within one standard deviation, between the multiplexed and
single-antibody experiments. The peak area for the multiplexed
CRE plus ferritin and lactoferrin combination was larger than
the sum of peak areas from single-antibody counterparts.
These results demonstrate that for CRF and ferritin,
consistency is preserved between single-biomarker and multi-
plexed experiments. Future experiments should investigate
whether the increased lactoferrin retention in multiplexed
experiments is the result of interactions between lactoferrin
and the other biomarkers, off-target binding, or some other
effect.

B CONCLUSION

We have reported on a 3D printed integrated IAE/SPE device
for purification and on-device labeling of preterm birth
biomarkers. Numerous iterations of this device were designed
and tested before arriving at its final, functional form,
illustrating the utility of 3D printing for convenient layout
reconfiguration. Furthermore, key features of the device,
including integrated valves and channels arranged in three
dimensions, were only possible due to the ability of 3D
printing to create nearly arbitrary shapes. We have shown that
this integrated IAE/SPE device is capable of selectively
extracting analyte from depleted blood serum, enriching it
labeling it, and releasing it in a concentrated plug for
downstream analysis. We have further demonstrated the use
of these devices for performing multiplexed biomarker
extractions. Future integration with a plasma separation
component, depletion column, and microchip electrophoresis
system™® will yield a complete platform for point-of-care PTB
prediction. Moreover, the fact that the integrated IAE/SPE
device functions well with both small peptides and large
proteins makes it promising for application to biomarkers for
numerous diseases, not just PTB.
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