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3D-Printed Hollow Microneedle-Lateral Flow Devices for
Rapid Blood-Free Detection of C-Reactive Protein and
Procalcitonin

Joseph G. Turner, Emily Lay, Ute Jungwirth, Valentyna Varenko, Harinderjit S. Gill,
Pedro Estrela, and Hannah S. Leese*

Hollow microneedle devices as a technology for interstitial fluid extraction
show promise for the minimally invasive point-of-care detection of analytes.
Despite increasing efforts toward on-patch diagnostics, the use of hollow
microneedles has been limited due to the complexity caused by integrating
hollow microneedles with established point-of-care diagnostic techniques.
Herein, a 3D printing method is utilized, to provide low-cost manufacturing of
custom-designed hollow microneedle devices, allowing for easy integration
with lateral flow assays for rapid and blood-free diagnostics. Microneedle
surface modification through PEGylation results in prolonged and enhanced
hydrophilicity, enabling passive uptake of small volume samples (≈22.5 μL)
and an enhanced shelf life. The hollow microneedle devices are deemed
non-cytotoxic to cell types found within the skin following short-term and
prolonged exposure in accordance with ISO10993. Furthermore, the devices
demonstrate high mechanical strength and successfully penetrate porcine
skin grafts without damaging the surrounding skin morphology. This work
also demonstrates for the first time the use of hollow microneedles for the
simultaneous detection, at clinically relevant concentrations, of C-reactive
protein (LoD = 10 μg mL−1) and procalcitonin (LoD = 1 ng mL−1), through
porcine skin, ultimately demonstrating the beneficial use of manufactured
3D-printed hollow microneedles towards low-cost blood-free diagnostics of
inflammation markers.
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1. Introduction

Diagnosis is an essential part of health-
care. Although clinical laboratories offer
sensitive, specific assays, such as blood
culture and high-throughput immunoas-
says for infection, they are often time
and labor intensive, costly, and depen-
dent on well-trained operators, which can
result in reduced access in limited re-
source settings.[1,2] Sampling adequate
volumes of blood for lab based diagnos-
tics is also problematic, causing issues
such as requiring medical professionals,
additional handling, risk of accidental
transmission, as well as being invasive to
the patient, and the potential for subse-
quent infection.[3,4] In contrast, rapid di-
agnostic tests, such as lateral flow assays
(LFAs) are inexpensive, readily available,
and do not require blood samples, en-
abling informed treatments agnostic to
settings and environmental factors mak-
ing them suitable for diagnostic use in
limited resource settings.[5,6]
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Following the onset of a bacterial infection, the body naturally
responds by increasing local blood flow (causing inflammation)
and directing cells from the immune system to produce antibod-
ies to attack foreign bacteria.[7] During this, certain proteins are
released into the bloodstream, making them useful as systemic
inflammatory markers for diagnosis.[8] In clinical practice, ele-
vated C-reactive protein (CRP) and procalcitonin (PCT) levels are
nonspecific but are commonly measured to help identify an in-
flammatory response due to conditions such as: myocardial in-
farction, pneumonia and sepsis.[9–12] Sepsis is a life-threatening
extreme inflammatory response, most commonly linked to bacte-
rial infections. Worldwide, sepsis is the cause of 11 million deaths
each year,[13] with ≈20 million sepsis cases in low- and middle-
income countries,[14] with neonatal sepsis accounting for over 3
million cases.[15] The key for treating sepsis is quick diagnosis,
but the complex inflammatory response sequence makes diag-
nosis challenging since there is not a sufficient single biomarker
concentration for a prolonged time that can be directly linked to
sepsis, making multiple biomarker diagnostics appropriate.[16] In
some cases, CRP provides prognostic value, since concentrations
fall quickly once the cause of inflammation has been resolved,
making it useful for monitoring disease activity and response to
treatment.[17,18]

Interstitial fluid (ISF) is a highly accessible alternative source
of biomarkers found in skin and has a high degree of cor-
relation with blood for many inflammation markers of inter-
est making it useful for blood-free diagnostics.[19,20] Hollow mi-
croneedles (HMNs) contain a hollow bore, that enable access
to ISF, providing the capability of transporting drugs through
the interior by diffusion or pressure-driven flow,[21] and extrac-
tion of ISF through suction or capillary action.[22,23] Since the
first appearance in a 1971 patent,[24] hollow microneedle re-
search has primarily focused on transdermal drug delivery.[21]

In 2005, the first report of glass based hollow microneedles for
ISF extraction through a vacuum pump (and subsequent mon-
itoring of glucose levels) was reported.[25] Typically analysis of
collected ISF is performed off-line with samples stored, trans-
ported, and tested using alternative techniques,[22] increasing
time and cost associated with diagnosis. On-patch diagnostics
are highly beneficial, removing problems associated with off-
line detection, however, is limited through integration of hollow
microneedles with existing analytical techniques. Adding to the
need for intense research toward a low-cost on-patch point of care
diagnostic device, first reported using hollow microneedles in
2020.[26]

Conventional methods of hollow microneedle fabrication,
such as deep reactive ion etching and microhole drilling,[27,28]

are time consuming and require the use of expensive special-
ized equipment. 3D printing is an attractive alternative allow-
ing for easier customization and intricate microneedle architec-
tures otherwise difficult to achieve with alternative industrial-
scale methods. Low-force stereolithography (SLA) 3D printing is
a desktop technique useful for low-cost manufacturing but is lim-
ited by the resolution, restricting designs to microscale 3D print-
ing. Nanoscale 3D printing techniques, such as two-photon poly-
merization (2PP), generate nanoscale structures but come with
a high cost, making it more challenging for mass manufactur-
ing or widescale use. SLA 3D printing provides a suitable bal-
ance between manufacturing cost and hollow microneedle per-

formance, first described in 2019.[29] Despite SLA being advan-
tageous for development of hollow microneedle devices, their
translation to medical device use must be assessed in accordance
with ISO 10993: Biological evaluation of medical devices, with cy-
totoxicity, sensitization, and irritancy to cells the main points to
address.[30] To date, minimal research has assessed the effect of
commercially available resins on relevant skin cell types such as
keratinocytes, and fibroblast cells, with one example using car-
diac mussle cells.[31]

Here we report, for the first-time, low-cost SLA 3D-printed hol-
low microneedle-based sensing devices for, easy-to-use, blood-
free detection of desirable biomarkers. This unique design allows
for the integration of hollow microneedles with LFAs (HMNs-
LFA) enabling rapid detection of CRP and PCT in sample flu-
ids. We demonstrate sufficient mechanical strength and ability to
penetrate ex vivo porcine skin without damage to the micronee-
dles or surrounding skin. We demonstrate the ability to pene-
trate porcine skin and passively extract and guide fluid samples
onto the sample pad of LFAs without the use of any external
pumps. Increased and sustained fluid flow through the device
was achieved through surface functionalization, and we demon-
strate successful simultaneous detection of CRP and PCT, as low
as 10 μg mL−1 and 1 ng mL−1, respectively, within spiked buffer
solutions. In accordance with ISO 10993, we demonstrate the
hollow microneedle devices biocompatibility with keratinocytes
and fibroblast cells. Ultimately demonstrating a tailorable low-
cost, point-of-care device for blood-free diagnostics.

2. Results and Discussion

2.1. Fabrication of Hollow Microneedle-Lateral Flow Assay
Devices

Hollow microneedle devices were successfully printed using
SLA 3D printing. High Temp resin is a specialized commer-
cially available resin compatible with SLA 3D printers with the
ability to withstand increased temperatures and pressures com-
pared to standard resins. UV/Heat post-processing also increases
heat deflection temperature, mechanical strength, and parts
durability.[32] These enhanced properties make the High Temp
resin highly suitable for direct fabrication of hollow micronee-
dles since various sterilization techniques have little chemical
or structural impact on the produced hollow microneedles. TGA
analysis showed an initial mass decrease at ≈275 °C and maxi-
mum derivative at 420 °C (Figure S1, Supporting Information).

The hollow microneedle devices consist of 15 tear-drop shaped
hollow microneedles (5 × 3) on top of a large base with a 1.5
mm slit for insertion of LFAs (Figure 1). Increasing the print-
ing tilt angle, results in a sharper tip for microneedles. Printing
the hollow microneedles at a 45° tilt with the needles parallel to
the printer edge resulted in an optimum tip diameter while main-
taining print accuracy (printed at 45° perpendicular to the printer
edge caused the bore to be fully sealed by excess resin during
printing, Figure S2, Supporting Information). The resultant hol-
low microneedles have a height of ≈998.5 ± 2.6 μm, bore size
495.6 ± 4.3 μm, and tip radius of 24.9 ± 2.6 μm highlighting ac-
curacy and reproducibility of the 3D printer. The tear-drop shape
was used to compromise between tip diameter with bore qual-
ity. It was found that a bore diameter below 500 μm risked bore
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Figure 1. Hollow microneedle-lateral flow assay device. Schematic (dimensions in mm) and optical images of A) front profile with 1.5 mm slit and B)
side profile of the device. C) Close-up optical image of a single hollow microneedle. D) Optical image of complete hollow microneedle-lateral flow assay
for CRP diagnostics.

blockage during printing as a result of the printer resolution, re-
stricting the use of typical cone/pyramid-based needles of the
same overall dimensions.

It has been reported that increasing the length of the micronee-
dle results in increased pain during application, due to interac-
tions with pain receptors:[20] a needle length of 480 μm induces
a pain response of only 5% of that for a hypodermic needle,
while increasing the length to 1450 μm increases the response to
37%.[33] As a result, the needle height used (1000 μm) allows for
a balance between sufficient penetration depth for ISF extraction
and patient comfort in application. It has been reported that hol-
low microneedles, of similar dimensions, can extract ≈1.5–4 μL
needle−1 of ISF in 5 min.[22,26] Resulting in 15 hollow micronee-
dles able to extract anapproximately 22.5–60 μL in 5 min, which
is sufficient for the LFA to function correctly (experimentally ob-
served as a minimum of 20 μL).

3D printing provides increased flexibility for microneedle fab-
rication often restricted by traditional fabrication techniques. De-
sign alternations can be performed through CAD and quickly
implemented for use. Altering the number of needles on the ar-
ray will affect the total volume of extracted ISF, and 3D print-
ing allows for quick alteration and optimization depending on
the sample volume required for reliable diagnosis.[22,26] The 3D
printer utilizes a small resin volume per hollow microneedle ar-
ray (≈ 0.2 mL array−1) and has a relatively large build platform
and fast production speed, resulting in a viable method of low-
cost mass manufacturing of hollow microneedles. Quantitively,
it is estimated a maximum of 170 devices could be printed at one
time on the build platform, with sufficient spacing surrounding
the parts, using ≈34 mL of resin, taking ≈3 h at the highest reso-
lution, and costing ≈$7.40 USD in total, equating to ≈0.04¢ per
hollow microneedle array.

2.2. PEGylation Surface Modification

To ensure continuous and enhanced fluid flow through the
hollow microneedles, it was necessary to modify the hol-
low microneedles with a long-lasting hydrophilic coating
(PEGylation).[34] Without PEGylation, fluid would not flow
through the needles due to the water surface tension around the
needles caused by the hydrophobicity of the 3D-printed material.
Hollow microneedles with a water contact angle (WCA) < 61°

was observed to have enhanced water fluid flow with a WCA >

61° hindering water uptake. The untreated hollow microneedle
(untreated-HMNs) surface is hydrophobic with no change over
time, with an average WCA of 101 ± 1° (n = 18) (Figure 2A), sim-
ilar to that observed by Bacha et al.[35] In application, no fluid was
able to flow through the needles of untreated hollow micronee-
dles, highlighting the need for surface modification.

The Young-Laplace equation (Equation 1) can be used to model
the capillary pressure difference (∆P) sustained within a single
hollow microneedle, due to water surface tension (ɣ, 72.0 mN
m−1)

ΔP =
2𝛾cos (𝜃)

a
(1)

where a is the radius of the hollow microneedle bore (250.0 μm)
and 𝜃 is the WCA (°). To maintain hydrostatic equilibrium, the
capillary pressure is balanced by the change in height of the fluid
within the hollow microneedle (h) (Equation 2)

h =
2𝛾cos (𝜃)

𝜌ga
(2)
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Figure 2. PEGylation characterization. A) Wettability over time with corresponding water droplet profile for untreated (blue triangle), plasma treated
(gray circle) and PEGylated (orange cross), n = 9. B) Varying molecular weight of PEG used, n = 9 and C) varying weight % of PEG in solution, n = 9.

where 𝜌 is the density of the fluid (997.0 kg m−3) and g is
the gravitational constant (9.8 m s−2). For the untreated hol-
low microneedles (WCA = 101 ± 1°), the hydrophilic na-
ture results in a capillary pressure of −5.1 Pa, resulting
in a height of −0.5 mm which supports the observed lack
of fluid flow through the untreated hollow microneedles in
application.

Following plasma treatment, the activated surface becomes
hydrophilic with an initial reduction in WCA to 48 ± 6° (n =
18) after sterilization (Figure 2A). Following UV/heat treatment,
the 3D prints primarily consist of crosslinked poly(methacrylic
acid) (PMAA) with methyl (–CH3) and carboxylic acid groups (–
COOH) found on the surface. Following plasma treatment, sur-
face energy increases and surface methyl groups are replaced by
alcohol (–OH) groups, which are more hydrophilic in nature and
account for the increase in surface hydrophilicity. However, over
time hydrophobic recovery (migration of low MW species from
the surface[36]) results in an increase of WCA to ≈61 ± 5° (n =
18) after 10 days, a significant increase (p < 0.001). In application,
freshly plasma treated samples had increased fluid flow through
the needles, however after 10 days fluid flow was hindered and no
longer aided by the surface hydrophilicity. Freshly plasma treated
samples (WCA = 48 ± 6°) have a capillary pressure of 20.8 Pa and
height of 2.0 mm, which is greater than the 1.5 mm distance be-
tween the opening of the bore and the sample pad located within
the HMN-LFA. However, after 10 days (WCA = 61 ± 5°), the pres-
sure reduces to ≈14.7 Pa and height of ≈1.5 mm, which is equal
to the 1.5 mm distance and highlights how the fluid flow becomes
hindered when the contact angle rises above 61°.

Following the PEGylation process, the surface becomes very
hydrophilic, recording a nonmeasurable WCA (0°) (Figure 2A).
Once submerged in a PEG solution, PEG can form hydrogen
bonds between surface carboxylic acid groups (–COOH) and

ethylene glycol groups in PEG,[37] aided by the high surface en-
ergy (Figure S3, Supporting Information). Following 30 days, sur-
face hydrophilicity remained unaltered and the WCA rose slightly
to ≈5° but the surface remained very hydrophilic. The initial PE-
Gylated hollow microneedle samples (WCA = 0°) have a capillary
pressure of 29.3 Pa and height of 3.0 mm, far greater than the
1.5 mm distance between the bore opening of the microneedle
and sample pad. In application, enhanced fluid flow was still ob-
served after 30 days, highlighting a long-lasting hydrophilic coat-
ing (WCA = 5°). This sustained hydrophilicity over time gives
confidence to a permanent coating, allowing for storage of sam-
ples for later use.

The MW of PEG used during PEGylation affected the longevity
of the resultant wettability, with the concentration maintained at
10 wt% (Figure S4A, Supporting Information). In all cases di-
rectly after PEGylation, the PEGylated hollow microneedles had
a nonmeasurable WCA due to the extreme hydrophilicity of the
surface. After 30 days, on increasing the MW of PEG, the WCA
decreased from 50 ± 6° (200 Da) to 5° (10 kDa) (n = 9, p < 0.001)
respectively, likely due to hydrophobic recovery and coating in-
consistencies for MW 200 Da (Figure 2B). However, it was found
that increasing the MW to 20 kDa also had a negative impact on
the longevity of the hydrophilic coating, recording a WCA of 33
± 6° after 30 days, likely due to the solubility of the PEG in so-
lution resulting in an inconsistent coating. As a result, 10 kDa
was selected as an optimum MW for coating the needles. Varying
the weight percentage of PEG in solution also impacted the re-
sultant longevity of the hydrophilic effect, with MW maintained
at 10 kDa (Figure S4B, Supporting Information). As expected,
the higher PEG wt% formed a more consistent and continuous
coating between the PEG and the hollow microneedle surface af-
ter 30 days (Figure 2C). 1, 5 and 10 wt% resulted in a WCA of
74 ± 3°, 44 ± 3°, and 5°, respectively after 30 days, a significant
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Figure 3. Mechanical properties and skin penetration of porcine skin. A) Resultant displacement with increasing force for PEGylated hollow MNs. B)
Comparison of displacement at 0.08 N/Needle for uncured, cured, and PEGylated MNs. C) Porcine skin penetration after ≈1.5 N applied force. Cross
section of the porcine skin after hematoxylin and eosin (H&E) staining showing pierced skin of D) a single and E) multiple needles in array. Scale bar
equals 0.5 mm.

difference between 1 and 10 wt% (n = 9, p < 0.001). The work of
adhesion (WSL) changed with varying hydrophilicity over time for
the samples (Figure S5, Supporting Information), showing that
the adhesion energy between a solid and liquid surface can be
increased by increasing the hydrophilicity of the solid surface.[38]

Atomic force microscopy (AFM) determined the effect of post-
treatment and surface modification on surface roughness across
twenty, 10 × 10 μm scan areas. Following plasma treatment, the
surface roughness increased to 482.2 ± 51.4 nm, compared to
426.3 ± 33.6 nm for control samples (p < 0.001), caused by an
etching effect occurring during plasma treatment.[39] Following
PEGylation, the surface roughness significantly reduced 272.3 ±
40.6 nm in comparison to the plasma treated samples (p < 0.001)
(Figure S6, Supporting Information).

The exact chemical composition of the photocurable High
Temp resin used is commercially confidential. However, The
FTIR spectrum shares characteristic absorption peaks associated
with methacrylate compounds (Figure S7, Supporting Informa-
tion). The absorption bands at 1720 and 1695 cm−1 can be at-
tributed by the C=O stretching of the carbonyl group. The acry-
late’s C–H and C=C stretch can be found at 1456 and 1383 cm−1,
respectively. C–O stretching, and C–C–O stretching can be found
at 1250 and 1154 cm−1 respectively. The peaks at 955, 810, and
750 cm−1 can be attributed to CH3, C–O–C stretching and C–H,
respectively. The effect of the PEGylation process on the molecu-
lar structure can be observed in FTIR traces, where newly formed
-OH groups are shown by the broad peak at 3300 cm−1 and
changes in the carboxylic acid occurring between 1700 and 1500
cm−1.

2.3. Mechanical Properties and Porcine Skin Penetration

To characterize the intrinsic mechanical strength of the hollow
microneedle arrays, a compressive force was applied, and re-
sultant displacement recorded. It is widely reported that 0.08 N
Needle−1 is the minimum force required to penetrate human
skin,[40] meaning a minimum force of 1.2 N is required for this
microneedle array design. After testing, the hollow microneedles
did not exhibit any plastic deformation or failure following com-
pression up to a total compressive force of 2 N, as highlighted
by the nearly linear relationship between force and displace-
ment (Figure 3A). The mechanical strength of the 3D-printed
hollow microneedles were tested prior to UV/Heat treatment
(uncured-HMNs), after full UV/heat treatment (cured-HMNs)
and after PEGylation (PEG-HMNs) to monitor the effect of post-
treatments on mechanical strength (Figure 3B). The uncured-
HMNs recorded a 42.3 ± 3.8 μm (n = 3) displacement (4.2 ±
0.4% of initial height) at 0.08 N Needle−1 with a Young’s modu-
lus calculated at 1.1 GPa. In comparison, at 0.08 N Needle−1, the
heat/UV treatment resulted in an increased mechanical strength
with a displacement of 13.0 ± 1.2 μm (n = 3, 1.3 ± 0.1% of ini-
tial height) and an increased Young’s modulus (3.3 GPa). Fol-
lowing PEGylation mechanical strength marginally reduced to
a displacement of 16.6 ± 3.0 μm (n = 3, 1.7 ± 0.3% of initial
height) and Young’s modulus of 3.1 GPa. There was a signifi-
cant difference between the displacement of the uncured-HMNs
with both cured-HMNs (p = 0.009) and PEG-HMNs (p = 0.003)
but a nonsignificant difference between the cured-HMNs and
PEG-HMNs (p = 0.16). Highlighting the benefit of post UV/heat
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treatment on mechanical strength. Despite the slight increase in
displacement following PEGylation, the recorded displacement
is nonsignificant in comparison to the initial height of the hol-
low microneedle devices (4 mm), and no visual damage occurred
following compression. It has been reported that microneedles
with an aspect ratio below 12:1 (length to diameter) should have
a Young’s modulus above 3 GPa to reduce risk of sudden fail-
ure and increase success of penetration,[41] the cured-HMNs
and PEG-HMNs have a calculated Young’s modulus of 3.3 and
3.1 GPa, respectively. Giving confidence to sufficient mechanical
strength to avoid damage in application. Further dynamic me-
chanical analysis (DMA) curves can be found in Figure S8 (Sup-
porting Information).

The PEG-HMNs ability to penetrate skin was assessed using
ex vivo porcine skin grafts. Porcine skin is a widely accepted
model for human skin,[42] as it presents a similar composition,
with a stratum corneum thickness of 20–26 μm and an epider-
mis ranging from 30 to 140 μm compared to 50 to 120 μm for
human skin.[43] The PEG-HMNs were subjected to ≈1.5 N (150
g) applied directly onto the base of the hollow microneedles, ex-
ceeding the 1.2 N minimum force. The PEG-HMNs penetrated
porcine skin successfully without damage to surrounding skin or
the PEG-HMNs themselves. An under light was used to enhance
the image and highlight resultant pores in porcine skin, showing
100% skin penetration of the PEG-HMNs (Figure 3C). Histologi-
cal analysis was performed to evaluate the effects of microneedle
penetration (via thumb press application) in skin tissue. The hol-
low microneedles pierce through the outer epidermis and into
the dermis layer (Figure 3D,E). The depth cavity was calculated
at ≈758 ± 41 μm (n = 9) long. In application, this would allow for
collection of ISF located within the dermis while avoiding nerve
endings located deeper within the skin. Images of unpierced skin
prepared using the same method can be found in Figure S9 (Sup-
porting Information). Ultimately, adding confidence that the hol-
low microneedle arrays can successfully penetrate through skin
without damage.

To further assess mechanical properties into porcine skin,
porcine skin was attached to the lower titanium plate of the DMA
with PEG-HMNs attached to the upper plate and a compres-
sion applied as previous (Figure S10, Supporting Information).
Following testing, the total recorded displacement was 446.3 ±
19.4 μm at 0.08 N Needle−1 (n = 3). Assuming a 16.6 ± 3.0 μm
displacement due to compression of the hollow microneedles,
infers a 429.7 ± 19.6 μm displacement associated with the at-
tached porcine skin (Figure S10, Supporting Information). This
displacement measurement may not be a direct correlation to
the microneedle penetration depth into the skin. To further in-
vestigate, linear-torsion dynamic tests were performed at various
locations on a porcine skin sample. Hollow microneedles were
brought into contact with the skin before starting the measure-
ment with a target depth of 750 μm (Figure S11, Supporting In-
formation). The initial increase in penetration depth (up to 641.3
± 30.4 μm) uses a smaller force initially (≈3 N) (Figure S11C–E,
Supporting Information). Over the 200 s measurement, the force
profile indicates variability in the porcine skin in various places,
with the range of force between 3.2 N up to a maximum force
recorded at 4.7 N to reach 0.75 mm depth, equaling 0.2 to 0.3
N Needle−1 ≈2.6× greater than the 0.08 N Needle−1 minimum
force required. Regardless of the force required to penetrate and

subsequently go further into the skin, no damage to the hollow
microneedles was observed and indicated that the devices can
still penetrate skin when variable mechanical strength is required
(i.e., variability in skin mechanics).

2.3.1. Biological Evaluation

ISO 10993 concerns the biological evaluation of medical devices,
with ISO 10993-5 describing test methods to assess in vitro cyto-
toxicity, one of the main concerns for a medical device.[30] High
Temperature resin is not listed commercially as biocompatible,
however possess physical and thermal properties that commer-
cially available biocompatible resins do not have, making it highly
suitable for hollow microneedle applications. Cytotoxicity testing
concerns cell death and inhibition of colony formation caused
by direct exposure to medical devices or an extract from the
device.[30] The latter assesses whether leachable substances could
induce a cytotoxic effect.

Human dermal fibroblast cells (HuDAF) and human ker-
atinocytes (Km) are the predominant cells found within the skin
and are therefore used to test the impact of the devices on cell
viability. According to ISO 10993, if cell viability exceeds 70% af-
ter the exposure to the device or extract, it is classed as nontoxic
while a reduction of cell viability below 70% is classed as cyto-
toxic. Untreated cells were used as a negative control and acted as
a baseline for comparison with results. Uncured resin was used
as a positive control and significantly reduced the cell viability to
30.0 ± 13.5% and 36.7 ± 18.6% (n = 3) for HuDAF and Km cells,
respectively (Figure 4A,B).

The biocompatibility of PEGylated devices was tested. PEG is
commonly used as a biocompatible hydrophilic coating typically
used in drug delivery.[44] Indeed, the PEGylated devices barely re-
duced the cell viability of HuDAFs and Km cells (85.7 ± 5.2%
and 92.9 ± 10.7%, approximately a 14% and 7% reduction, re-
spectively) (Figure 4A,B). This nonsignificant reduction indicates
nontoxicity of the PEGylated samples (p < 0.001). Furthermore,
leaching of uncured monomers and other potential toxic sub-
stances from the devices was tested. The devices were incubated
for 24 h in culture media (CM) and subsequently HuDAF and
Km cells were exposed to the obtained CM. The cell viability of
both cell models was again not reduced, with a cell viability of
85.9 ± 1.3% and 93.2 ± 7.6%, respectively. Representative bright-
field images of HuDAF show that only in samples exposed to the
uncured samples cell death was observed (Figure 4C–F).

In addition to the PEGylated samples, plasma treated only
samples were tested for improved biocompatibility of standard
3D-printed samples. HuDAF and Km cells in direct contact
with plasma treated samples had a viability of 89.1 ± 7.2% and
91.4 ± 8.8%, respectively (Figure S12, Supporting Information).
HuDAF and Km cells exposed to CM from plasma treated sam-
ples had a viability of 100.3 ± 9.8% and 89.2 ± 9.7%, respectively.

In addition to the cell viability assay, colony formation as-
says with breast tumor cells (BTCs) were performed (Figure S12,
Supporting Information). Briefly, the colony forming capacity of
BTCs was assessed after direct exposure to both plasma treated
and PEGylated devices, exposure to CM and exposure to the un-
cured resin (Figure S12, Supporting Information). As expected,
the uncured resin completely inhibited BTC colony formation,
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Figure 4. Biological evaluation of 3D-printed devices. Cell viability of A) human dermal fibroblast cells and B) human keratinocytes exposed to PEGylated
samples, CM from the devices or uncured resin (resin) for 24 h. Shown are superplots of n = 3 individual experiments (mean ± SD). Colors indicate the
five replicas of each experiment. One-way ANOVA with Tukey’s post hoc test, where n.s.; not significant (p > 0.05), ***p < 0.001 and ****p < 0.0001.
The dashed line at 70% depicts the cytotoxic cut off, based on ISO 10993-05. Representative images of C) untreated HuDAFs or HuDADs following 24
h exposure to D) resin, E) PEGylated device or F) PEGylated device CM. Scale bar is 100 μm.

Adv. Mater. Technol. 2023, 8, 2300259 2300259 (7 of 11) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Fluid flow through hollow microneedles. Showing: A) PEGylated and B) untreated i) hollow microneedles (left) making initial contact to ii)
spiked solution within iii) weighing boat and (right) being removed. PEGylated and untreated HMN-LFAs following 5 min in C) CRP and D) PCT solution.
E) Simultaneous detection of CRP and PCT in spiked solutions. Scale bar equals 5 mm.

while both plasma treated devices and PEGylated devices had no
significant impact on BTC colony formation.

Together, these results highlight an effective post-processing
procedure to remove uncured toxic resin and ensured complete
crosslinking of the samples. Both plasma-treated and PEGylated
hollow microneedle devices have nontoxic properties. Despite
not being listed as biocompatible, this current experimentation
suggests PEG-HMNs are nontoxic, although further in vivo ex-
perimentation is still required to exclude sensitization and irrita-
tion.

2.4. 3D-Printed Hollow Microneedle-Lateral Flow Devices for
Rapid Blood-Free Diagnostics

As discussed, hollow microneedles are reported to extract an ap-
proximate minimum volume of 1.5 μL needle−1 of ISF in ≈5
min,[22,26] resulting in an estimated minimum total volume of
22.5 μL collected in 5 min. This volume was found to be suffi-
cient for the fluid to flow up the HMNs and onto the LFA tests,
where a minimum volume of 20 μL is required for the LFA to
function correctly.

To demonstrate the incorporation of the HMN-LFA devices,
commercially available CRP- and PCT-LFAs, with 10 μg mL−1

and 1 ng mL−1 limit of detection, respectively, were used with un-
treated (untreated-HMNs), plasma treated (plasma-HMNs) and
PEGylated (PEG-HMNs) hollow microneedles. The hydrophilic-
ity of the PEGylated hollow microneedles resulted in enhanced
adhesion with the fluid within the reservoir resulting in an attrac-

tion toward the needles as the device came into close contact (Fig-
ure 5A). Once removed, no build-up of fluid was observed due to a
reduced surface tension between the liquid and solid. In contrast,
untreated hollow microneedles did not attract the fluid within
the reservoir when in close contact and once removed the fluid
was observed to “stick,” surrounding the needles but not flowing
through the bore, due to the higher surface tension between the
liquid and solid on the hydrophobic surface (Figure 5B).

As presented in Video S1 (Supporting Information), to demon-
strate uptake and detection, separate 10 μg mL−1 CRP and 1 ng
mL−1 PCT spiked solutions were prepared in buffer solutions and
placed within individual reservoirs. Although, we have tested de-
tection works at 25 μL, the tests in the video were conducted us-
ing a 12 mL reservoir. Parafilm (with a small hole to allow fluid to
access the skin only) and porcine skin was used to simulate a real-
life penetration and ensure the spiked solutions could only access
the LFAs through the HMN-LFA devices (Figure 5C). CRP- and
PCT- LFAs were used without device as a positive control (00:00;
Video S1, Supporting Information). For HMN-LFA devices, it is
important to highlight, as demonstrated in the video, the little
force required for the user to penetrate skin with the devices. The
samples were left in contact with the spiked solutions for 5 min
before imaging the results (Figure 5D,E). The hydrophobicity of
the untreated hollow microneedle devices resulted in an inabil-
ity for uptake of the spiked solutions, resulting in no transfer of
fluid onto the sample pad and hence no result shown on the LFAs
(00:50; Video S1, Supporting Information). However, PEGylated
hollow microneedle devices had the ability to uptake and trans-
fer the spiked solution onto the LFA sample pad (02:00; Video S1,
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Supporting Information). The test and control line were clearly
observed following 5 min, indicating a positive result for both CRP
and PCT spiked solutions separately at the reported LoD of the
LFAs. This is critical as CRP and PCT concentrations above 10 μg
mL−1 and 1 ng mL−1, respectively, are considered above normal
(high) and indicate an inflammatory state, with both potentially
increasing to 500 μg mL−1 and 10 ng mL−1.[45–47] With the latter
high levels of PCT correlating with severe sepsis.[46] Highlighting
the effectiveness of rapid-diagnostics at this concentration.

Also presented in Video S1 in the Supporting Information
(03:05), specially designed double HMN-LFA devices were fab-
ricated as described to enable simultaneous detection of CRP
and PCT spiked solution in multi-LFA devices (Figure 5E). Cor-
responding LFAs were inserted into PEGylated hollow micronee-
dle devices and exposed to a spiked solution containing both 10
μg mL−1 CRP and 1 ng mL−1 PCT. After 5 min, the LFAs were
imaged as previous. The increased number of needles increases
the total volume collected and the two arrays allows for simulta-
neous detection. After 5 min, two positive results were observed
indicating successful simultaneous detection of CRP and PCT,
respectively. The flexibility of the design allows for tailored alter-
ation of the LFAs to target multiple desired analytes.

Freshly plasma treated hollow microneedle devices exhibited
a similar outcome to the PEGylated hollow microneedle devices,
however after ≈10 days the samples acted like untreated hollow
microneedle devices, indicating the reduction in hydrophilicity
and nonpermanent effect of the plasma treatment (Figure S13,
Supporting Information). This indicates a limited shelf-life for
plasma treated devices and further demonstrates the importance
of the PEGylation and enhanced shelf life.

3. Conclusion

This study has produced a quick, low-cost, direct manufactur-
ing process for hollow microneedle devices which can be eas-
ily incorporated with lateral flow assays to allow for simulta-
neous detection of multiple inflammation markers. The manu-
factured 3D-printed hollow microneedles were post-treated us-
ing heat/UV treatment and PEGylated to enhance surface chem-
istry aiding fluid flow and stability. PEGylated hollow micronee-
dles possess prolonged enhanced hydrophilicity enabling sample
storage before use. Optimized PEGylated hollow microneedles
demonstrated strong mechanical strength and excellent porcine
skin penetration ability, giving confidence to skin penetration
without failure in application. Following biological evaluation,
PEGylated hollow microneedles were considered noncytotoxic to
relevant cell lines. Lastly, the hollow microneedle devices had the
ability to passively uptake both CRP and PCT simultaneously in a
spiked solution and guide the solution onto the sample pad pro-
ducing two positive results, working both as individual tests and
as a multidiagnostic devices. This work paves the way for rapid
blood-free diagnostics from a low-cost point-of-care device using
3D-printed hollow microneedles.

4. Experimental Section
Materials: Dulbecco’s Modified Eagle’s medium–high glucose

(DMEM) (D6429), C-reactive protein (CRP), polyethylene glycol (PEG),

phosphate buffer saline (PBS) tablets (P4417), polyformaldehyde and
hematoxylin and eosin (H&E) were purchased from Sigma-Aldrich (UK).
Fetal bovine serum (FBS) (F9665) was acquired from Merck (Germany).
Procalcitonin (PCT) and 2-propanol (IPA) ≥99.7% was purchased from
VWR International (UK). The EZ4U cell proliferation and cytotoxicity
assay was obtained from Oxford Biosystems (UK). Excised abdomi-
nal pig skin from a single animal was obtained from a local abattoir.
Commercially available inflammation marker lateral flow tests were
purchased from BioPanda Reagents (Belfast, U.K). High Temperature
resin (RS-F2-HTAM-02) was purchased from Formlabs (Formlabs, USA).

Low-Force SLA 3D-Printed Hollow Microneedle Arrays: Computer aided
designs (CAD) were developed using AutoCAD (2023, Autodesk, USA) and
features 15 hollow microneedles of height 1 mm, base diameter of 1 mm
and bore diameter 0.5 mm. The base consists of a 1.5 mm chamfered slit
to secure and guide flow onto the sample pad of the LFAs. The CAD file
was exported as an .STL file and imported into PreForm (3.22.1 Formlabs,
USA). Briefly, the design was tilted to 45° and supports with 0.4 mm touch
point size were manually generated to avoid contact with the needles. Fol-
lowing printing (Form 3, Formlabs, USA), the parts were washed in IPA
for 20 min using the FormWash (Formlabs, USA) before being heat/UV
treated at 80 °C for 2 h using the FormCure (Formlabs, USA).

For characterization methods, square samples were printed, and post-
treated, in the same manner as above to allow for characterization to
be performed (TGA, FTIR and wettability). For viability assays cylindri-
cal samples with 20 mm2 total surface area were used in accordance
with ISO 10993. All other experimentations described were with the hol-
low microneedles. All samples were sterilized using a desktop Pres-
tige Medical Autoclave (Prestige Medical, UK) at 121 °C before any
experimentation.

PEGylation Surface Modification: Following complete post-treatment
the hollow microneedles were plasma treated using a Diener Zepto (Di-
ener, Germany) plasma cleaner. The pressure was firstly reduced to below
0.2 mbar and held for 2 min before introducing oxygen to increase the pres-
sure to 0.7 ± 0.1 mbar for 3 min. After which the generator was switched
on for 15 min. Following cleaning the samples were fully submerged in a
PEG solution of MW 10 kDa at 10 wt% for 18 h, as a standard. Following
this, the samples were thoroughly rinsed in DI water and left to air dry for
24 h.

Various MW (0.2, 2, 10, and 20 kDa) and wt% (1, 5, and 10 wt%) were
used to investigate the effect on the prolonged wettability of the resultant
prints.

Assembly of Hollow Microneedle-Lateral Flow Assay Device: Once re-
quired the hollow microneedles were sterilized. Meanwhile, LFAs were re-
moved from the packaging and the LFA was removed from the cassette.
The sample pad was inserted into the slit until fully inserted. The HMN-
LFA devices were used immediately, as per the instructions of the LFAs.

Characterization Methods: Thermal properties of the 3D prints were
evaluated with thermogravimetric analysis (TGA). The tests were per-
formed in an inert atmosphere using the Setsys Evolution TGA 16/18 (Se-
taram, France). Dynamic scans were performed at a heating rate of 10 °C
min−1 from room temperature up to 800 °C.

Fourier-transform infrared spectroscopy (FTIR) was obtained using the
iD5 attenuated total reflectance (ATR)-mode of a Nicolet iS5 FTIR spec-
trometer (Thermo Fisher Scientific, USA). Each spectrum represents the
average of 126 scans in the wavelength range of 4500 – 600 cm−1 with a
spectral resolution of 1 cm−1.

The wettability was assessed using an optical contact angle goniome-
ter, OCA 25 (Data Physics, UK) at ambient temperature. A 0.5 μL DI water
droplet was dispensed at the surface of each sample and allowed to settle
for 10 s. Contact angle calculations were performed on the accompanying
software. The process was repeated over a prolonged period of time, total-
ing 30 days. Following testing, the samples were left to air dry and stored
at room temperature until future testing. These tests were repeated three
times per specimen, for three hollow microneedle specimens, n = 9 in
total.

Atomic force microscopy (Jupiter XR, Oxford Instruments) was used
to evaluate surface topography and to quantify roughness of control,
plasma treated and PEGylated samples. Measurements were carried out
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in blueDrive Tapping Mode, with AC160TS-R3 tips. A total of 20 areas of
10 × 10 μm were imaged per sample, n = 20. Analysis of RMS surface
roughness’ was performed on Gwyddion using the statistical quantities
tool.

All optical microscopy was performed using the Keyence VHX 6000
(Milton Keynes, UK) with the variable up to 200× lens attached. Images
were taken at 0° or 50° using depth composition and 3D mode.

Mechanical Testing: The mechanical strength of sterilized hollow mi-
croneedles were tested using a Mettler Toledo DMA1 (Mettler Toledo,
USA) dynamic mechanical analyzer (DMA). The hollow microneedle sam-
ples were attached to a bottom titanium plate, while the top titanium plate
was lowered until contact was made with the hollow microneedle tip, in-
dicated by a recorded force on the DMA screen. A compressive force from
the bottom plate was applied from 0 to 2 N at a rate of 0.25 N min−1, while
the resultant displacement was recorded. The samples were imaged using
optical microscopy following testing to determine the resultant damage.
These tests were repeated for three untreated-, three UV/Heat treated- and
three PEGylated- hollow microneedle specimens, n = 3 in total.

Penetration of Porcine Skin: Excised porcine skin was obtained from
a local abattoir. Normal high temperature cleaning procedures were not
used to preserve the integrity of the skin barrier. Within 24 h of slaugh-
ter, the porcine skin was washer with water, sliced with a dermatome to
a nominal thickness of 750 μm and frozen. Before use, the frozen skin
was thawed and cut down to ≈2 cm2 and placed on a supporting struc-
ture. The sterilized hollow microneedles were inverted and placed on top
of the skin. Using a known mass, a force equating to roughly 1.5 N was
applied and maintained for 1 minute before removing. The resultant pores
were analyzed using optical microscopy. The % penetration was calculated
by assessing the percentage of needles penetrated (NP) against the total
number of needles (NT) (Equation (3))

% Penetration =
NP

NT
× 100 (3)

Histological analysis was performed by pressing the hollow micronee-
dles into porcine skin using thumb pressure for 1 minute before being
submerged in a 4% PFA solution overnight. The skin samples were dehy-
drated using increasing concentrations of ethanol before being embedded
in paraffin and sectioned into 7 μm thick slices using a microtome (Leica
HistoCore, BIOCUT) and stained with hematoxylin and eosin (H&E). The
stained skin samples were examined using an inverted microscope (EVOS
M5000, Invitrogen, USA).

To assess mechanical properties of the hollow microneedles while pen-
etrating skin, porcine skin was attached to the bottom plate of the DMA,
with hollow microneedles attached to the upper plate. The hollow mi-
croneedles were brought into contact with the porcine skin as indicated
by a recorded force on the DMA screen, and a compressive force was ap-
plied from 0 to 2 N at a rate of 0.25 N min−1. These tests were repeated
for three PEGylated hollow microneedle specimens, n = 3 in total.

Additionally, to assess forces exerted during skin penetration, an Elec-
tropuls E10000 linear-torsion dynamic material test machine (Instron,
USA) with 1 kN load cell was used. A laser engineered buffer table was
used to prevent damage to the equipment, parafilm was placed on top of
the buffer table to avoid damage to the hollow microneedles due to the
buffer table, lastly porcine skin was placed on top of the parafilm. The hol-
low microneedles were attached to the upper plate. The hollow micronee-
dles were manually brought into contact with the porcine skin, a 4 N force
was applied over 30 s to ensure skin penetration, the hollow micronee-
dles were then lowered to 0.75 mm into the skin over 2 min, before being
held in the skin for 60 s, with force and displacement recorded throughout
(WaveMatrix2, Instron, USA). These tests were repeated for three further
hollow microneedle specimens, n = 4 in total.

Biological Evaluation: Human dermal adult fibroblasts (HuDAF) and
human keratinocytes (strain Km) were generously provided by the Walko
lab, from stocks originally obtained from the Watt laboratory.[48] Human
breast cancer cells MDA-MB-231 cells were from Jungwirth laboratory
stocks originally obtained from the Isacke laboratory.[49] All cells were rou-
tinely subject to mycoplasma testing. All cells were cultured at 37 °C and

5% CO2 and were passaged at ≈80% confluence. All cells were cultured in
DMEM supplemented with 10% FBS, 1% penicillin/streptomycin and 2 ×
10−3 m l-glutamine.

In case of colony formation and viability assays, hollow microneedles or
cylindrical (20 mm2 surface area) devices were used, respectively. Plasma-
treated and PEGylated devices were added directly to cultured cells. To test
the effects of leachable substances from the devices, cell culture medium
was incubated with the devices for 24 h at 37 °C (0.5 mL per cylindrical
device for viability, 1 mL per hollow microneedle device for colony forma-
tion). This culture media was then added directly to the cells. As a positive
control for cytotoxic effects, uncured resin was incubated with cell culture
media (1/4 v/v) for 24 h and added directly to cells.

For viability assays, 2 × 104 cells well−1 were seeded into 24-well plates.
After 24 h, cells were exposed to one hollow microneedle device, culture
media, or control conditions. 24 h post-treatment, cell viability was mea-
sured using the EZ4U Cell Proliferation and Cytotoxicity Assay kit (Ox-
ford biosystem, B1-5000) according to the manufacturer’s instructions.
In brief, 100 μL of 1:10 diluted EZ4U substrate were added per well and
plates incubated at 37 °C for 1.5 h. The supernatant was transferred to
a flat bottom 96-well plate to measure the absorbance (450 nm) using a
BMG FLUOstar Omega plate reader. Viability values were normalized to
viability of untreated control cells.

For colony formation assays, 100 cells well−1 were seeded into 6-well
plates. After 24 h, the cells were exposed to the hollow microneedle de-
vices or controls. Cell colonies were stained 7 days later with crystal
violet (Fisher Scientific, 10646972, 0.5% w/v crystal violet in 25% v/v
methanol/water). Plates were imaged using a flatbed scanner and colonies
counted.

Multianalyte–multi-LFA detection: A stock 100 μg mL−1 CRP solution
was prepared by diluting 100 μL of 10 μg mL−1 CRP solution to 10 mL
using a standard PBS solution and stored until required. Once required
a sufficient volume of 10 μg mL−1 CRP solution was made up by diluting
the stock in standard PBS solution. A stock 10 μg mL−1 PCT solution was
prepared by diluting 10 μg of PCT into 1 mL of PBS solution. Once required
sufficient volume of 1 ng mL−1 PCT solution was prepared. A CRP/PCT
mixed solution was prepared by combining equal volumes of spiked 20 μg
mL−1 CRP and 2 ng mL−1 PCT solutions, which resulted in a final spiked
solution of 10 μg mL−1 CRP and 1 ng mL−1 PCT solution.

Fully combined HMN-LFA devices were penetrated through parafilm
so only the needles exposed. The devices were lowered into the spiked
solutions until contact with the fluid was made. The device was held in this
position for 5 min before being blot dried to remove excess fluid. Following
this, the LFAs were observed for the results as the test and control lines.
Control, plasma treated, and PEGylated hollow microneedles were used in
comparison.

Statistical Analysis: Statistical analysis between various samples was
performed using paired sample Student’s two tail t-test, where n.s.; not
significant is indicated by a p-value greater than 0.05. Statistical analysis
of biological evaluation data was performed using one-way ANOVA with
Tukey’s post hoc test, where n.s.; not significant is indicated by a p-value
greater than 0.05. All statistical analyses were performed using Excel Data
Analysis Tools (Microsoft, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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