
Integrated 3D-Printed Hollow Microneedle Array and Lateral Flow
Immunoassay for Point-of-Care Wound Healing Monitoring
Amadeo Sena-Torralba,*,○ Marc Parrilla,○ Ana Hernanz-Grimalt, Annemarijn Steijlen,
Elena Ortiz-Zapater, Cristina Cabaleiro-Otero, Natividad López-Riquelme, Salvador Cerveró-Ferragut,
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ABSTRACT: Chronic wound management requires continuous monitoring to assess
healing and guide treatment. We developed a hollow microneedle array patch integrated
with a lateral flow immunoassay strip to address the need for convenient, home-based
diagnostics. This device extracts wound exudate directly from the wound matrix,
overcoming the limitations of conventional swab sampling, which relies on surface
exudate collection. The patch provides a minimally invasive, rapid solution to assess the
wound healing phase. The immunoassay delivers a colorimetric signal visible to the
naked eye, facilitating straightforward interpretation by clinicians within 10 min. In a
clinical study involving 90 patients, matrix metalloproteinase 8 (MMP-8) was identified
as a critical biomarker, achieving 80.3% sensitivity in detecting the proliferative phase. A specific lateral flow immunoassay for MMP-
8 was developed with a detection limit of 0.7 ng/mL, lower than the threshold level for the proliferative healing phase (164.7 ng/
mL). The hollow microneedle array patch was 3D-printed for cost-efficiency (less than €0.10 per patch) with a height of 865 ± 6
μm, allowing for a painless, easy sampling. Mechanical tests confirmed the durability of the patch, while cytotoxicity assays
demonstrated its biocompatibility. Prevalidation using an ex vivo skin model showed the patch could extract 61 ± 6 μL of exudate,
with a 122% recovery rate for MMP-8 detection, highlighting its efficiency in biomarker extraction. This approach represents a
significant advance in decentralized wound care, offering a low-cost, user-friendly tool for at-home monitoring of chronic wounds,
potentially improving early intervention and reducing hospital visits.

■ INTRODUCTION
Wound healing progresses through four phases: hemostasis
(minutes to hours), inflammation (days 1−3), proliferation
and repair (days 4−21), and remodeling (days 21−365).1,2

Complex wounds often have prolonged inflammation, marked
by increased MMP-8 activity, which indicates tissue damage
and poor healing, making it a valuable biomarker.3−5 Chronic
wound treatment costs in Europe exceed €10.84 billion.6 With
rising rates of obesity, diabetes, and aging populations, the
prevalence of chronic wounds is expected to grow, emphasizing
the need for sensitive, reliable home tests for early diagnosis.
Current diagnostics mainly rely on pain assessment and

visual inspection, while clinical guidelines recommend wound
surface measurements, which are time-consuming and require
expertise.7,8 An alternative is using rapid diagnostic tests
(RDTs) to analyze tissue, serum, or exudate biomarkers.
Lateral flow immunoassays (LFIA) are promising for real-time
monitoring due to their cost-effectiveness, ease of use, and
rapid results.9 Traditional sampling methods, like tissue
biopsies and serum extraction, are invasive and labor-
intensive.10 Wound exudate, which reflects blood plasma and
healing processes, offers a noninvasive alternative.11 However,
current methods for collecting wound exudate, such as
swabbing, face challenges due to inconsistent exudate volume,

accuracy, and the need for dilution, which complicates
biomarker detection.12−14

We propose a novel hollow microneedle array (HMA) patch
integrated with an LFIA strip to directly extract and analyze
wound exudate, bypassing the need for surface sampling
(Figure 1). While microneedles have been used in malaria and
SARS-CoV-2 diagnostics, this is the first application in wound
management validated with an ex vivo model.15−18 The HMA
pierces the wound for 10 min, allowing exudate to flow
through the microneedles to the test strip, generating a
quantifiable colorimetric signal via smartphone. Advantages
include (i) consistent exudate collection, (ii) sufficient volume
for LFIA without dilution, and (iii) rapid, on-site results for
clinical decision-making. Despite concerns, the microneedles
are minimally invasive, avoiding pain receptors and ensuring
painless sampling, as shown in drug delivery studies.19−21

Received: October 22, 2024
Revised: December 3, 2024
Accepted: December 12, 2024
Published: December 17, 2024

Articlepubs.acs.org/ac

© 2024 American Chemical Society
20684

https://doi.org/10.1021/acs.analchem.4c05688
Anal. Chem. 2024, 96, 20684−20692

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 V

A
L

E
N

C
IA

 o
n 

M
ar

ch
 1

7,
 2

02
5 

at
 1

4:
58

:5
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amadeo+Sena-Torralba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Parrilla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Hernanz-Grimalt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annemarijn+Steijlen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Ortiz-Zapater"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Ortiz-Zapater"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Cabaleiro-Otero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natividad+Lo%CC%81pez-Riquelme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvador+Cervero%CC%81-Ferragut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81ngel+Maquieira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81ngel+Maquieira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karolien+De+Wael"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergi+Morais"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.4c05688&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/96/52?ref=pdf
https://pubs.acs.org/toc/ancham/96/52?ref=pdf
https://pubs.acs.org/toc/ancham/96/52?ref=pdf
https://pubs.acs.org/toc/ancham/96/52?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.4c05688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


We conducted a clinical study with exudate samples from 90
patients to assess MMP-8 as a wound-healing biomarker before
developing the HMA-LFIA test. The HMA patch was
fabricated using 3D stereolithography, achieving high reso-
lution (tip sharpness <30 μm) and low cost (<€0.10 per patch)
for scaling (Table S1).22 After optimizing printing parameters,
we tested the patch’s piercing ability on Parafilm and porcine
skin and evaluated its mechanical properties. We selected
porcine skin since it is the most similar animal skin to human
skin. Biocompatibility was confirmed with human epithelial
cells. Using an ex vivo porcine wound model with agarose
hydrogel, we ethically prevalidated the method, marking the
first use of a hydrogel model for microneedle-based wound
diagnostics. This advancement offers a critical step toward
efficient exudate collection and biosensing, ensuring an
accurate assessment of wound healing.

■ EXPERIMENTAL SECTION
The list of reagents, materials, instrumentation, and
procedures, including the fabrication of the 3D-printed
HMA, characterization of the HMA piercing, cytotoxicity
tests, evaluation of the extraction capabilities of the integrated
patch, detection of MMP-8 with HMA-LFIA, evaluation of
HMA-LFIA in spiked samples, and Ex vivo assay for MMP-8
quantification using HMA-LFIA is provided in the Supple-
mentary Data.

■ RESULTS AND DISCUSSION
Evaluation of MMP-8 as a Diagnostic Biomarker for

Wound Healing. MMP-8 is the predominant collagenase
found in both healing wounds and nonhealing ulcers,23 and its
concentration is a reliable biomarker for assessing wound
status.24 Elevated MMP-8 levels often indicate a chronic,
nonhealing process.25 Previous studies evaluating the diag-
nostic utility of MMP-8 have been limited by small and
heterogeneous patient populations, leading to discrepancies
and variability in the reported outcomes.26 To better establish
the relationship between MMP-8 levels and various wound
healing phases, we analyzed 90 exudate samples from patients
in the inflammatory, proliferative, and mixed (inflammatory
and proliferative) phases using ELISA as the reference method.
The calibration curve is shown in Figure S1. The analytical
parameters of the ELISA calibration curve are provided in

Table S2, and the results of the 90 exudate sample analyses are
summarized in Table S3. The analysis identified 164.7 ng/mL
as the threshold concentration, significantly differentiating the
inflammatory phase from the proliferative and mixed phases
(ANOVA, p = 0.003; Tukey, p = 0.02) (Table S4). Receiver
operating characteristic (ROC) curve analysis demonstrated an
area under the curve (AUC) of 0.80 (p < 0.001), indicating
that the assay achieves 80.3% sensitivity in identifying pressure
ulcers in the proliferative phase (Figure S2). These findings
highlight the potential of the tested immunoreagents for
developing valuable diagnostic devices to monitor wound
healing, particularly in accurately differentiating inflammatory
and proliferative phases.

Development of an LFIA for MMP-8 Quantification in
Wound Exudate. Lateral flow immunoassays for detecting
MMP-8 have been previously developed for diagnosing
periodontitis,27−29 but none have been reported for monitor-
ing MMP-8 levels during wound healing. Earlier LFIA studies
on wound healing have focused on detecting P. aeruginosa
infection30 or measuring C-reactive protein,31 a nonspecific
inflammatory marker that has proven to be an unreliable
diagnostic biomarker for wound healing.32 We developed a
gold nanoparticle-based LFIA for MMP-8 quantification to
address this gap. The calibration curve for MMP-8 (Figure
2A,B) revealed a LoD of 0.7 ng/mL and a LoQ of 1.1 ng/mL
(Table S5).

This analytical performance surpasses many other colori-
metric AuNP-based LFIAs developed for MMP-8 detection in
different applications (Table S6).33 This superior performance
is attributed to using high-affinity commercial antibodies,
which achieved a detection limit as low as 16 pg/mL in ELISA
(Table S2).

The analytical parameters achieved are well-suited for
monitoring MMP-8 levels during wound healing, as indicated
by signal saturation at 100 ng/mL. This saturation threshold
closely aligns with the MMP-8 concentration observed in the
proliferative phase, which averages 164.7 ± 26.0 ng/mL (Table
S4). Thus, a gradual signal decrease in the TL (Figure 2A)
reports a transition to the proliferative phase and, hence, the
successful healing of the wound.

Furthermore, precise quantification of MMP-8 levels in
wound exudate samples can be achieved using the established
calibration curve (Figure 2B). This capability underscores the

Figure 1. Schematic representation of the approach, showcasing the cost-effective 3D printing of a hollow microarray patch. When coupled with an
LFIA strip, it enables single-step extraction of wound exudate fluid and detection of the MMP-8 healing biomarker.
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potential of the LFIA as a valuable diagnostic tool in assessing
wound healing progress. By enabling real-time monitoring of
MMP-8 concentrations, the LFIA can facilitate timely clinical
interventions, allowing healthcare professionals to tailor
treatments based on the healing phase. Additionally, the
ability to distinguish between inflammatory and proliferative
phases not only aids in diagnosing chronic wounds but also
assists in evaluating the effectiveness of therapeutic strategies.
As such, integrating this LFIA approach into clinical practice
could significantly enhance patient outcomes by providing a
rapid and accurate assessment of wound healing dynamics.

3D-Printed HMA Patch for Improved Exudate
Sampling. Manufacturing an affordable HMA with precise
features for painless piercing, such as small tip diameter, poses
challenges due to the limitations of conventional 3D printing
technology. Therefore, optimizing the parameters of stereo-
lithography printing to achieve the sharpest microneedles while
preventing clogging is essential. The HMA was designed with a
bullet shape, featuring a base diameter of 0.6 mm, a height of
1.0 mm, a tip diameter of 20 μm, and a side hole with a
diameter of 200 μm (Figure S3). This design facilitates both
the optimization and evaluation of the 3D-printed HMA. A
second model was created to ensure seamless integration with
the LFIA while maintaining the exact microneedle dimensions
(Figure S4). Figure S5A−D illustrates the top and bottom
views of the HMA design integrated with the LFIA, while
Figure S5E presents an optical microscope image of the
microneedle. Figure 3A shows a scanning electron microscopy
(SEM) image of the patch, with Figure 3B providing a close-up
view of a single microneedle and an inset of its tip. Figure S6
offers a top view of the hollow microneedle. The SEM images
reveal a distinct layer-by-layer printing structure. At the fastest
printing speed, various exposure times (1, 1.5, and 2 s per
layer) were assessed to optimize for the smallest tip diameter.

Figure 3C indicates that an exposure time of 2 s yielded the
most reliable tip size, with deviations from CAD of 11.0% for 2
s, 81.9% for 1.5 s, and 100.9% for 1 s. Figure S7 details the
specific microneedle dimensions observed at different exposure
times.

Furthermore, Figure 3D demonstrates the influence of layer
height on dimensional deviations, establishing 20 μm as the
optimal parameter for sharper tips, with deviations of 26.0% for
20 μm compared to 213.3% for 30 μm. Figure S8 provides the
specific microneedle dimensions calculated at various layer
heights. After optimization, the 3D-printed hollow micro-
needles exhibited a height of 865 ± 6 μm, a width of 439 ± 13
μm, a hole diameter of 142 ± 9 μm, and a tip diameter of 28 ±
1 μm (N = 3) (Figure 3E).

Ensuring the reliability of the printing process is critical for
manufacturing reproducible patches, as variability in micro-
needle characteristics can significantly impact their effective-
ness in clinical applications. Thus, intrabatch reproducibility
was assessed by measuring five microneedles from three
different batches. Figure 3F demonstrates excellent reprodu-
cibility for the optimized 3D-printing process, with dimensions
of 856 ± 11 μm for height, 192.6 ± 8 μm for hole diameter,
and 29 ± 2 μm for tip diameter (n = 15). These metrics
confirm the reliability of the printing process and suggest that
the HMA patch can consistently meet the design specifications
necessary for practical wound exudate sampling. For additional
details, Table S7 outlines the intramicroneedle reproducibility
of each batch, Table S8 presents the intrapatch reproducibility,
and Table S9 summarizes the intrabatch reproducibility. These
findings collectively reinforce the reliability and consistency of
the 3D-printed hollow microarray patches, highlighting their
potential as a robust tool for wound exudate sampling and
biomarker detection in clinical settings.

Mechanical Characterization of the 3D-Printed HMA
Patch. To ensure that the 3D-printed patch can withstand the
mechanical forces exerted during insertion into the skin or
wound, we conducted a mechanical assessment using Parafilm
as a skin simulant, a model widely recognized for evaluating
microneedle robustness.34,35

A universal testing machine applied a constant force to the
HMA patch while piercing the Parafilm. Previous studies have
established that the forces typically used for piercing
assessment range from 20 to 40 N, reflecting the average
force exerted during thumb pressing.34 After a 30-s insertion
period, the HMA patch was removed, and the piercing depth
through the Parafilm was determined by counting the number
of holes in each layer, each layer representing a thickness of
127 μm (Figure 4A).

The bullet design of the HMA patch demonstrated optimal
performance, achieving an insertion depth of 508 μm in 97.3%
of the microneedles tested (n = 3). Figure S9 presents images
of the Parafilm layers postassessment, while Figure S10
illustrates the displacement profiles of the HMA patch during
the force application over 30 s. As observed in the manual
Parafilm test results, greater force application increased
insertion depth within the skin simulant. The results
underscore the effectiveness of the HMA patch design in
achieving the required piercing depth without compromising
the integrity of the microneedles. This robust performance is
crucial for applying the HMA in clinical settings, as it
minimizes the risk of microneedle breakage or retention
during use. Furthermore, the correlation between the applied
force and the insertion depth emphasizes the importance of

Figure 2. (A) Images of the LFIA strips after detecting MMP-8 in
solution, using different concentrations of MMP-8 as shown in the
images. (B) Calibration curve obtained with the LFIA in solution.
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precise force application during the patch, which can enhance
the overall efficacy of wound exudate extraction.
Figure 4B illustrates the penetration depth measured by

optical microscopy, corresponding to the transverse cuts
shown in Figure 4C. The bullet HMA demonstrated notable
piercing capabilities, with measured depths of 330 ± 21 μm at
20 N, 592 ± 16 μm at 30 N, and 721 ± 23 μm at 40 N. These
results are particularly favorable when compared to previously
reported 3D-printed HMA patches.36−40 The exceptional
performance of the bullet HMA can be attributed to the
advanced printing capabilities of the 3D printer, which
provides an xy resolution of 22 μm. In addition to assessing
piercing capability, it is essential to evaluate the deformation of
the microneedles following the mechanical tests. Height
reduction and tip deformation of the microneedles (MNs)
were quantified using ImageJ software before and after the
mechanical testing (Figure 4D). The results, depicted in Figure
4E, show a slight height reduction of 2.5 ± 0.9% at 20 N, 2.3 ±
1.7% at 30 N, and 0.7 ± 0.2% at 40 N. Figure 4F presents the
tip deformation measurements, showing deformations of 7.4 ±
2.1% at 20 N, 26.4 ± 6.9% at 30 N, and 16.7 ± 9.2% at 40 N.
Notably, while the highest tip deformation occurred at 30 N,
the MNs remained intact, demonstrating the robustness of the
material during insertion.

The ability of the MNs to penetrate the skin was further
assessed using optical coherence tomography, which employs a
low-power infrared laser to image tissue up to 2 mm beneath
the skin. The tomographic analysis was conducted after
removing the HMA patch, as the polymeric nature of the
HMA prevented imaging of the underlying tissue during patch
application. Initially, the system was tested on Parafilm, with
Figure S11 depicting images captured (A) before and (B) after
piercing the Parafilm layers with the bullet HMA. Sub-
sequently, porcine skin was analyzed following a 30 s thumb-
pressing application of the HMA patch. Figure S12A shows the
holes created by the MNs on the skin’s surface, with the green
arrows indicating the area imaged by the OCT. Figure S12B
illustrates the disruption observed in the porcine skin when
OCT imaging was performed at the center of the created holes.
Despite the skin rapidly closing the holes post-removal of the
HMA patch, the OCT images confirm the disruption,
demonstrating the MNs’ ability to reach the dermis layer. By
proving that the MNs can penetrate the epidermis, the
developed patch can access the soft tissue of a pressure injury
characterized by an open wound lacking an epidermal layer.
Given that the dermis is already accessible, the risk of infection
during wound healing remains a significant concern. Therefore,

Figure 3. Design and evaluation of the 3D-printing capabilities: (A) SEM image of the HMA patch. (B) SEM image of a hollow microneedle, inset
from the top view of a hollow microneedle, showing the hole and tip sharpness. Optimization of the (C) exposure time and (D) height layer on the
printing capability of a 3D-printed HMA patch (N = 3). (E) HMA final dimensions after optimization (N = 3). (F) Intrabatch reproducibility of
the 3D-printing method (N = 5).
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it is imperative to utilize sterilized and biocompatible
instrumentation to manage such conditions.

Cytotoxicity Assessment of the 3D-Printed HMA
Patch. Ensuring the biocompatibility of the 3D-printed
material is crucial for developing point-of-care testing devices.
This assessment is critical because the MNs will come into
contact with biofluids, and the 3D-printed resins may pose
toxicity risks. A cytotoxicity assay was conducted by incubating
hollow MNs with human epithelial cells for 2 days. Before
incubation, the MNs were thoroughly rinsed and sterilized.
Building on our recent study, which identified Tween-20 as

the most effective surfactant for enhancing the extraction
capabilities of 3D-printed MNs,31 we coated the HMA patch
with Tween-20. The first column of Figure S13A presents
images of three different cultured cell types, which were fixed
and stained with DAPI before the MN immersion. Following
this, the MNs and the Tween-20-coated MNs (MNs-T) were
immersed in separate cell cultures for 10 min. A third culture,
which did not receive MNs, served as a control. All cultures
were incubated under identical conditions for 1 day (column
2) and 2 days (column 3). As shown, cells in all three cultures

proliferated adequately, indicating that the MNs did not
interfere with their proliferation rates.

Figure S13B illustrates the average cell counts in the three
cultures at day 0 (before MN immersion), day 1, and day 2,
demonstrating no significant decrease in cell proliferation in
the presence of MNs. Additionally, preliminary incubation of
the HMA with Tween-20 revealed no cytotoxic effects,
indicating the safe potential use of Tween-20 to enhance the
hydrophilicity of the MNs.

Evaluation of the Extraction Capabilities of the HMA-
LFIA Test. The extraction process in the HMA-LFIA system is
comprised of two integrated steps: (i) filling the HMA
channels with wound exudate and (ii) subsequent absorption
of the exudate onto the LFIA strip’s sample pad via capillary
action (Figure S5A). We employed a glass fiber membrane as
the sample pad to optimize sample volume requirements,
replacing the conventional cellulose membrane. This sub-
stitution was based on its nearly 2-fold reduction in thickness
(0.43 mm vs 0.83 mm), thereby minimizing the volume
needed for effective sample delivery to the other pads.

Figure 4. Evaluation of the mechanical strength and piercing capabilities using a universal testing machine on the Parafilm layers by applying forces
of 20, 30, and 40 N. (A) Percentage of holes created by the HMA patches observed on each parafilm layer after the insertion test (N = 3). (B) Hole
depth using the transversal cut test (N = 3). (C) Transversal cut of the Parafilm layers. (D) Optical microscope images of the hollow microneedle
before and after performing the mechanical test. Evaluation of the percentage deformation after the mechanical test in Parafilm, (E) height
reduction, and (F) tip deformation (N = 3).
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Pressure ulcers, commonly resulting from prolonged
pressure on the skin, are characterized by a loss of skin
integrity, leading to open wounds where the dermis is exposed
(Figure 5A). During the inflammatory phase of wound healing,
exudate leaks from blood vessels.5 Given the physiological
properties of wound exudate from pressure ulcers, we
developed a model mimicking the tissue environment. The
model consisted of agarose gel (representing soft tissue)
impregnated with phosphate-buffered saline (PBS) to simulate
wound exudate, compressed between layers of porcine skin
(representing hard tissue) (Figure 5B). Since a standardized
agarose gel model for the extracellular matrix of open wounds
does not yet exist, we tested the extraction performance of the
HMA-LFIA using varying concentrations of agarose hydrogel
(0.25, 0.5, and 1% agarose in PBS). To assess the extraction
efficiency of the HMA, we applied a customized design for
LFIA interfacing (Figure S5). LFIA strips were fabricated using
detection pads with the highest and lowest flow rates, 90 s
(HF-90) and 180 s (HF-180), for a 4 cm length of
nitrocellulose membrane. The accuracy of our extraction
measurement method was confirmed by the weight difference
of LFIA strips (without attached HMA) after adding 70 μL of
PBS to the sample pads. The average absorbed volume was 68
± 1 μL (N = 3) and 70 ± 1 μL (N = 3) for LFIA strips with
HF-90 and HF-180 pads, respectively. These results demon-
strate that the evaluation method provided high accuracy
(98.0%) and precision (98.8%).
When tested with the HMA-LFIA device, the collected

volumes were 63 ± 2 μL (N = 3) and 45 ± 2 μL (N = 3) for
HF-90 and HF-180, respectively, from a total volume of 70 μL
(Figure 5C). HF-90 was selected for the HMA-LFIA system
due to its superior collection efficiency, driven by its faster
capillary flow rate. These findings confirmed the pivotal role of

the LFIA strip in determining the extraction rate of the HMA.
Faster flow rates in the LFIA strip directly correlated with
higher exudate extraction rates, underscoring the importance of
complete system integration.

The extraction efficiency in the hydrogel model was assessed
using the same methodology. After a 10 min insertion of the
HMA-LFIA device into the hydrogel, we collected 193 ± 14
μL (N = 3), 61 ± 6 μL (N = 3), and 0 μL (N = 3) from 0.25,
0.5, and 1% agarose gels, respectively (Figure 5D). Although
direct comparisons between agarose gels and open wounds are
complex, 0.5% agarose was deemed the most representative of
wound exudate from pressure ulcers, as it balanced moisture
content, being less liquid than 0.25% agarose but less dry than
1% agarose. As expected, the extracted volume decreased with
increasing gel density, validating that the HMA-LFIA can
extract fluid from a semisolid matrix akin to a wound in the
inflammatory phase. Notably, the extracted volume was
sufficient to conduct the LFIA assay. For reference, a
conventional 3.0 mm-wide LFIA strip typically requires 70
μL of sample.41 By reducing the strip width to 2.5 mm, we
reduced the necessary sample volume to 40 μL, sufficient to
rehydrate the conjugate pad and allow capillary flow to reach
the absorbent pad.

Analysis of MMP-8 with the HMA-LFIA Test. The
integrated HMA-LFIA test was first evaluated using serial
dilutions of MMP-8 in PBS. The test demonstrated an average
recovery of 130 ± 13% across MMP-8 concentrations close to
the EC50 of the calibration curve at 3, 10, and 30 ng/mL
(Table S10). These results confirm that the HMA can
effectively collect and transfer MMP-8 to the LFIA strip
without significant loss due to nonspecific adsorption to the
HMA resin (Figure S14). Next, the performance of the HMA-
LFIA was assessed using an ex vivo ulcer model with a 0.5%

Figure 5. Evaluation of the extraction capability of the HMA-LFIA device using an ex vivo model. (A) Image of a pressure ulcer from which
exudate samples were collected. (B) The ex vivo model was composed of porcine skin and agarose hydrogel. (C) Collected volume using LFIA
strips and HMA-LFIA devices with nitrocellulose membranes HF-90 and HF-180, following the addition of 70 μL (N = 3). (D) Total extracted
volume from agarose hydrogel (N = 3). Inset: HMA-LFIA piercing the hydrogel and magnified view of the hydrogel perforations.
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agarose hydrogel. The extracted exudate volume from the
hydrogel was sufficient to rehydrate the conjugate pad and
deliver the sample to the TL and the CL. Notably, the CL
consistently exhibited a strong and stable signal, indicating that
the exudate composition did not interfere with the
functionality of the LFIA or the interpretation of results
(Figure 6A). The CL, a positive control, confirmed that
sufficient sample volume was delivered. Moreover, the low
coefficient of variation (3% RSD) across 12 replicates of the
CL signal demonstrated the high reproducibility of the HMA
in delivering the sample at an optimal flow rate, avoiding
overloading of the detection pad.
The HMA-LFIA system showed consistent signal intensities

at the TL, correlating with MMP-8 concentrations in hydrogel
(Figure 6B). Average recovery was 122 ± 38% at 10, 30, and
100 ng/mL in exudate samples (Table S11), with nearly 100%
recovery at concentrations close to the EC50 (21.29 ng/mL).
Recovery decreased at concentrations above the LDR (57.36
ng/mL), e.g., 100 ng/mL showed 178% recovery. A paired
ttest confirmed the HMA-LFIA’s accuracy (P = 0.38) for
MMP-8 quantification (<164.7 ng/mL) within the LDR in 10
min compared to the ELISA method. The assay can be further
optimized to extend the LDR for inflammatory and
proliferative phase MMP-8 levels. High reproducibility high-
lights its potential for minimally invasive, precise fluid
extraction and in situ analysis.

■ CONCLUSIONS
This study presents a 3D-printed hollow microarray patch
integrated with a lateral flow immunoassay (HMA-LFIA) for
monitoring MMP-8 levels in wound exudate. The HMA-LFIA
offers a reliable, minimally invasive method for real-time
wound healing assessment, particularly distinguishing between
inflammatory and proliferative phases. It demonstrated high
analytical performance, detecting MMP-8 at 0.7 ng/mL, with
signal saturation at 100 ng/mL, corresponding to proliferative
phase concentrations. Optimized for efficient exudate extrac-
tion, the patch showed precise dimensions, mechanical
strength, and cytocompatibility. Using an ex vivo ulcer
model, it successfully extracted and quantified wound exudate,
validating its potential for clinical monitoring. This system
advances point-of-care diagnostics by combining a 3D-printed
collection device with a sensitive LFIA, enabling personalized,
effective wound care and timely interventions.
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46022 Valencia, Spain; Departamento de Química,
Universitat Politec̀nica de Valeǹcia, 46022 Valencia, Spain;
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Universitat de Valeǹcia, 46022 Valencia, Spain

Figure 6. Analysis of MMP-8 in wound exudates using the HMA-LFIA system. (A) Image of HMA-LFIA strips showing detection of MMP-8 at
various concentrations in the ex vivo ulcer model (B) Comparison of signal intensity obtained with LFIA and HMA-LFIA strips for quantifying
MMP-8 in PBS and exudate, respectively.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c05688
Anal. Chem. 2024, 96, 20684−20692

20690

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05688/suppl_file/ac4c05688_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05688/suppl_file/ac4c05688_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amadeo+Sena-Torralba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1340-1383
https://orcid.org/0000-0003-1340-1383
mailto:asentor@upvnet.upv.es
mailto:asentor@upvnet.upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergi+Morais"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3722-2358
https://orcid.org/0000-0002-3722-2358
mailto:smorais@upv.es
mailto:smorais@upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Parrilla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1344-8432
https://orcid.org/0000-0002-1344-8432
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Hernanz-Grimalt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annemarijn+Steijlen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05688?fig=fig6&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c05688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Annemarijn Steijlen − A-Sense Lab, University of Antwerp,
2010 Antwerp, Belgium; NANOlab Center of Excellence,
University of Antwerp, 2010 Antwerp, Belgium;
orcid.org/0000-0003-2838-7799

Elena Ortiz-Zapater − Department of Biochemistry and
Molecular Biology, Universitat de Valencia, 46010 Valencia,
Spain; Instituto Investigación Hospital Clínico-INCLIVA,
46010 Valencia, Spain

Cristina Cabaleiro-Otero − Hospital General Universitario de
Elche, 03203 Elche, Alicante, Spain

Natividad López-Riquelme − Hospital General Universitario
de Elche, 03203 Elche, Alicante, Spain

Salvador Cerveró-Ferragut − Hospital General Universitario
de Elche, 03203 Elche, Alicante, Spain
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