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Skin microbiome sampling is currently performed with tools such as swabs and tape
strips to collect microbes from the skin surface. However, these conventional
approaches may be unable to detect microbes deeper in the epidermis or in epidermal
invaginations. We describe a sampling tool with a depth component, a transepidermal
microprojection array (MPA), which captures microbial biomass from both the epider-
mal surface and deeper skin layers. We leveraged the rapid customizability of 3D print-
ing to enable systematic optimization of MPA for human skin sampling. Evaluation of
sampling efficacy on human scalp revealed the optimized MPA was comparable in sen-
sitivity to swab and superior to tape strip, especially for nonstandard skin surfaces. We
observed differences in species diversity, with the MPA detecting clinically relevant
fungi more often than other approaches. This work delivers a tool in the complex field
of skin microbiome sampling to potentially address gaps in our understanding of its
role in health and disease.
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The skin microbiome comprises diverse families of microbes that play a complex role
in skin health and disease. Skin microbiome sampling is widely used for characteriza-
tion and study of the human skin microbiome to understand the composition and role
of different microbial communities as commensals, mutualists, or pathogens (1). In the
clinic, sampling of skin microbes is needed to determine if the administration of anti-
microbial or antifungal therapy is required. Asymptomatic microbial skin colonization
has been identified as a risk factor for subsequent bloodstream infection (2). Notably,
commensal bacteria such as Staphylococcus aureus (S. aureus) can cause severe skin and
tissue infection, which is a major contributor to hospital-acquired infections and mor-
tality (3). Similarly, commensal fungi such as Candida and Dermatophytes may also
cause chronic superficial and cutaneous fungal infections such as tinea pedis, pityriasis
versicolor, and candidiasis (4).
The stratum corneum (SC) is the uppermost layer of the epidermis and forms our

first line of microbial defense. It comprises corneocytes in layers 10 to 15 cells thick
and 10 to 20 μm deep that are held together by tight epidermal junctions. Contrary to
popular belief, microbial colonization at the SC is not uniformly two-dimensional (i.e.,
only on skin surface) but is instead distributed across various compartments in the
deeper layers including hair follicles, sweat, and sebaceous glands (5–7). It is postulated
that skin surface microbes are transient and that the bacteria in deeper epidermal and
dermal regions should be regarded as the host indigenous microbiome (8). Using serial
tape stripping, it has been established by 16S amplicon sequencing that bacteria popu-
late the upper SC layers but become scarcer farther down the SC (9, 10). Species such
as S. aureus strains associated with atopic dermatitis have been observed to increase in
relative abundance in deeper layers of the skin (11). It was also demonstrated that
bacterial species composition varies with the thickness of the SC, the presence of hair
follicles, and other axillary appendages (12). To our knowledge, there have been no
studies describing changes in commensal fungi composition in human skin assessed by
depth. The highly resistant pathogen C. auris has been detected in the deeper layers of
mouse skin up to 4 mo after initial colonization, despite the mice being negative for
C. auris with a skin swab (13). Attempts to characterize the deeper human skin micro-
biome by biopsy have shown that several bacteria species such as Clotridiales and
Bacteriodetes are enriched in biopsies (14). These findings suggest that the deeper epi-
dermal regions comprise a distinct microbial niche that warrants further investigation.
Current skin sampling methods such as swabbing and tape stripping are limited by

their abilities to collect samples solely from the skin surface or SC of the epidermis
(15–17). Such samples may not accurately reflect the entire spectrum of microbes pre-
sent, potentially leading to false negative diagnosis of pathogenic species. Punch biop-
sies offer a better representation of skin microbiota in deeper layers, including the
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dermis, but are invasive and painful (14, 15, 18). Hence, there
is a need for innovative, minimally invasive sampling tools to
reliably assess the microbiome across the superficial epidermis
layers to deeper layers of the dermis.
Microprojection arrays (MPAs), also known as microneedles,

are minimally invasive medical devices comprising an array of
three-dimensional (3D) microstructures intended to overcome the
skin barrier for transdermal delivery or skin diagnostics (19–21).
While there has been extensive research on MPAs for biofluid col-
lection (22–24), studies on application of MPAs for cellular and
microbial material retrieval from skin have been limited to date.
To our knowledge, there have been no prior reports on using
MPA to enable adhesion-based transepidermal microbiome sam-
pling. We hypothesize the penetration of MPAs into underlying
skin layers renders MPA a suitable tool to retrieve microbes below
the skin surface. Given that MPA physical properties including
size, microprojection density, length, and geometry likely influ-
ence the MPA penetration and quantity and quality of microbial
extraction (25–28), we aimed to leverage on the high versatility
and speed of 3D printing to fabricate transepidermal MPAs of
complex, customizable designs, which are otherwise difficult to
attain using conventional micromolding techniques (Fig. 1A).
Through a systematic and iterative optimization process, we devel-
oped a standardized MPA-based sampling tool that is amenable
with conventional downstream processing and analysis techniques
(Fig. 1B) in order to reliably detect the presence of microbial colo-
nizers in deeper layers of the skin.

Results

Optimization of 3D-Printed MPA Designs. To evaluate the impact
of various physical attributes of MPAs on microbial extraction,
we fabricated customized MPAs with different array sizes, den-
sities, and geometries. Since these MPAs contained highly

intricate microstructures, we chose digital light processing
(DLP), a 3D printing technique that enables fast, accurate, and
high-resolution printing. To comply with safety requirements
necessary to perform the subsequent study on human subjects,
a U.S. Food and Drug Administration (FDA) Class IIa bio-
compatible resin was chosen for fabrication. Cone-shaped
MPAs of two different sizes (C_4 × 4, 11 × 11 mm; C_8 × 4,
22 × 11 mm) and densities (C_8 × 4, containing 32 micropro-
jections; C_16 × 8, containing 256 microprojections) were
manufactured (Fig. 2A and SI Appendix, Fig. S1), and their effi-
cacies in capturing microbial biomass were assessed on porcine
skin preloaded with Malassezia restricta and Staphylococcus epi-
dermidis ex vivo. A 3D-printed MPA base without the micro-
projections was used as control. We observed that the copy
numbers of both M. restricta and S. epidermidis picked up by
the C_8 × 4 MPA were significantly higher than the C_4 × 4
and C_16 × 8 MPAs (Fig. 2 B and C), indicating that a larger
microprojection size but lower density enhanced the extrication
of both bacteria and fungi. To study the effect of micro-
projection geometry on the extraction efficacy, screw-shaped
(S_8 × 4, 22 × 11 mm) and limpet-shaped MPAs (L_8 × 4,
22 × 11 mm) with well-defined features were printed (Fig. 2D
and SI Appendix, Table S1) and applied on porcine skin as
above. High-resolution scanning electron microscopy (SEM)
imaging of the MPAs revealed that different microprojection
geometries with high definitions were obtained (Fig. 2E). A gen-
erally smoother surface topography was observed in the MPA
with cone geometry as compared to the screw and limpet geome-
tries. The C_8 × 4 MPAs picked up significantly higher copy
numbers of M. restricta compared to the L_8 × 4 counterparts.
On the other hand, the S. epidermidis captured and identified on
C_8 × 4 MPAs was superior to all other samples (Fig. 2 F and
G). These results suggest that cone-shaped microprojection geom-
etry was most effective in microbial extraction efficacy.

Fig. 1. Design and manufacture of the 3D-printed transepidermal MPA and the workflow for sampling of human scalp microbiome. (A) CAD design and 3D
printing of the MPA sampling tool. Scale bar: 1 cm (Top), 1 mm (Middle and Bottom). (B) Workflow for sampling of human scalp microbiome. The MPA can be
easily separated into two equal pieces and fitted into one 2-mL Eppendorf tube, which is amenable to DNA extraction using minimal buffer, thereby increas-
ing the concentration for downstream processing by real-time PCR and amplicon sequencing.
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Apart from microprojection size, density, and geometry,
depth of penetration is an important consideration. While lon-
ger microprojections are beneficial to extract microbial coloniz-
ers residing in the deeper layers—including SC, sebaceous
glands, and hair follicles, which could extend to submillimeter
depth (29)—they can lead to greater pain for subjects and
higher risk of blood vessel puncture (30, 31). To strike a bal-
ance between potential discomfort and sampling of microbes in
deeper skin regions, we prescreened cone-shaped MPAs com-
prising three different heights—1 (C_1.0), 1.2 (C_1.2), and
1.5 mm (C_1.5)—and applied them to surrogate porcine skin
(SI Appendix, Fig. S1A). The histological sections depicted the
cavity in the skin generated from the MPA insertion. While the
highest C_1.5 MPA resulted in significantly deeper skin pene-
tration compared to C_1.0 (244 vs. 188 μm, P < 0.05), there
was no significant difference between C_1.2 and C_1.5 MPAs
(SI Appendix, Fig. S1B). Considering that MPAs of 1.2- and 1.
5-mm heights had similar microbial extraction efficacy (SI
Appendix, Fig. S2), and given the higher risk of user discomfort
and injury with the C_1.5 MPAs, C_1.2 MPAs were chosen
for subsequent studies on human volunteers.
As compared to sampling on the in vitro porcine skin model

with surface-coated microbes, detecting microbial presence in

human skin requires much higher sensitivity. To reduce the
extraction buffer volume required and increase sensitivity, we
modified the MPA form while maintaining the optimized
microprojection size (22 × 11 mm), density (8 × 4), geometry
(cone), and height (1.2 mm). Instead of a solid base, we intro-
duced perforations along the base midline to facilitate easy fold-
ing into two halves. As a result, three MPAs can be neatly fitted
into one standard 2-mL Eppendorf tube (SI Appendix, Fig. S3).
To evaluate the risks of microprojection breakage in skin, we
examined MPAs post-skin application by microscopy and
observed no visible fractures or structural defects (SI Appendix,
Fig. S4A). The mechanical strength of the MPA was further
confirmed by compression tests, which demonstrated high
compressive force tolerance of >1 N/microprojection (SI
Appendix, Fig. S4B) and markedly exceeded the force needed to
penetrate the skin (0.15 N/microprojection) (32).

ITS and 16S Amplicon Sequencing of Scalp Microbiome from
Healthy Human Subjects. Internal transcribed spacer (ITS) fun-
gal and 16S bacterial amplicon sequencing was performed for
samples collected by swabs, tape strips, and MPAs sampled from
neighboring scalp regions of 29 healthy volunteers (15 males,
14 females). The swab showed a higher positive sampling rate

Fig. 2. Effect of MPA size, density, and geometry on microbe extraction in an ex vivo porcine skin model. (A) Microscopic images depicting the 3D-printed
transepidermal MPAs of various size and density with cone-patterned microprojections. C_4 × 4: 11 × 11 mm, 4 × 4 array; C_8 × 4: 22 × 11 mm, 8 × 4 array;
C_16 × 8: 22 × 11 mm, 16 × 8 array. Scale bar: 1 cm (Top), 1 mm (Bottom). Comparison of their efficacies in picking up (B) M. restricta and (C) S. epidermidis by
qPCR copy number quantification. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Microscopic images depicting the MPAs containing microprojections of different
geometries. S_8 × 4: screw-patterned, 22 mm, 8 × 4 array; L_8 × 4: limpet-patterned, 22 mm, 8 × 4 array, Scale bar: 1 cm (Top), 1 mm (Middle and Bottom).
(E) High-resolution SEM images of the MPA with different microprojection geometries. Scale bar: 100 μm. Comparison of their efficacies in picking up
(F) M. restricta and (G) S. epidermidis by qPCR copy number quantification. The base (22 mm) without any microprojections was used as control. *P < 0.05,
**P < 0.01.
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(i.e., extracted microbiome DNA samples that passed quality
control for amplicon sequencing) for bacteria and the MPAs for
fungi, respectively (Fig. 3A). Tape stripping yielded the lowest
positive sampling rates for both bacteria and fungi.

MPA Sampling Revealed Higher Fungal Diversity and Count.
Fungal species mainly from the phyla Basidomycota (Malassezio-
mycetes, Agaricomycetes) and Ascomycota (Agaricomycetes, Saccha-
romycetes, Dothideomycetes, Eurotiomycetes, Sordariomycetes) (Fig.
3B and SI Appendix, Fig. S6A) were found on scalp skin with
all sampling approaches. Multiple MPA pressings (i.e., three
pressings) increased the proportion of fungi detected compared
to a single MPA pressing (Fig. 3B). Alpha and beta diversity
analysis showed that MPA sampling had a higher greater spe-
cies richness compared to swab (SI Appendix, Fig. S6 B and C),
with a higher average number of observed fungal species
observed with MPA than swab and tape strip (Fig. 3C).
The main fungal species observed remained similar across

subjects, but weighted Unifrac distance analysis (which takes
into account species abundance) of fungal species across differ-
ent sampling methods and subjects showed that samples tended
to cluster according to sampling method (Fig. 3D). In contrast,
unweighted Unifrac distance analysis (which considers only
present or absent species) was more likely to cluster samples by
individual subject rather than sampling method (SI Appendix,
Fig. S6D).
More species of Basidomycota were collected by swab as com-

pared to MPA, whereas MPA extracted more Ascomycota than
swab (Fig. 3E; *q < 0.05, **q < 0.01). To determine if MPA
sampling was able to detect more clinically relevant species, we
collated the average Operational Taxonomic Units (OTU)
counts for reads mapping to the specific genus of interest for
each respective sampling method. Significantly higher OTU
counts of Malassezia (representative Basidiomycota species, **P
< 0.01) were detected in swab than MPA, whereas significantly
higher OTU counts of the potentially pathogenic Aspergillus
(representative Ascomycota species, **P < 0.01) were detected in
MPA as compared to swab (Fig. 3F). This suggests that MPA
sampling may be useful for the detection of clinically relevant
fungal species that cause superficial skin infection.

Swab Sampling Showed Increased Bacterial Species Number.
Bacterial species mainly from the phyla Acidobacterium, Actino-
bacterium, Bacteriodetes, Firmicutes, and Proteobacterium (Fig.
4A and SI Appendix, Fig. S7A) were found by scalp swab sam-
pling. Swab had a higher average number of observed bacterial
species with swab than with MPA and tape strip sampling (Fig.
4B). No significant differences were observed in alpha and beta
diversity between swab and MPA (SI Appendix, Fig. S7 B and
C). Similar to our observations for ITS analysis, samples clus-
tered by sampling method when measured using weighted Uni-
frac distance analysis and by subject when using unweighted
Unifrac distance analysis (Fig. 4C and SI Appendix, Fig. S7D).
MPA picked up more Firmicutes and Proteobacteria than did

tape stripping (Fig. 4D, *q < 0.05), although no significant differ-
ences were observed among all three sampling methods in terms of
the OTU counts detected for representative Firmicutes, Proteobacte-
ria, and Mycobacterium species (Staphylococci, Pseudomonas, and
Actinobacteria species, respectively) (Fig. 4E). Overall, the most
abundant five to seven fungal and bacterial species (based on OTU
counts) collected from one subject were similar across all three
sampling methods (SI Appendix, Table S2), suggesting that MPA
sampling efficiency and consistency were comparable to conven-
tional sampling tools.

Species-Specific Copy Number Enumeration by qPCR. A limita-
tion of 16S/ITS amplicon sequencing is that it reflects only the
relative abundance of the different microbial species rather than
the absolute microbial load (33). Hence, for more accurate quan-
titation of specific microbial species, we chose to use qPCR
for four representative skin commensals—M. restricta, M. globosa,
C. acnes, and S. epidermidis—as these were the most frequently
detected fungal and bacterial species on many healthy subjects
(34, 35). Based on the availability of well-curated species-specific
primers and in-house calibrated copy number vectors (36), we
were able to perform species-specific qPCR quantitation for
M. restricta (n = 9), M. globosa (n = 8), P. acnes (n = 6), and
S. epidermidis (n = 6) on selected subject samples. Swab and tape
strip samples contained more M. restricta compared to MPA (SI
Appendix, Fig. S8; *P < 0.05). No significant differences in detec-
tion were observed for M. globosa, S. epidermidis, and C. acnes
with all three sampling approaches. In terms of fungi sampling,
this result is consistent with our observations from amplicon
sequencing experiments, which showed that swabbing is captur-
ing more Basidomycota than MPA.

Discussion

We report a 3D-printed MPA developed to address limitations in
existing skin microbiome sampling approaches and demonstrate
its utility for skin microbiome sampling supplementary to swab-
bing and tape strip sampling approaches in healthy individuals.

3D printing for MPA fabrication was chosen as it allows rapid
generation of prototypes based on computerized customizable
designs. Unlike conventional micromolding and injection molding
techniques used for MPA manufacture, 3D printing offers much
greater versatility and complete freedom in implementing MPA
design parameters by computer-aided design (CAD) software
without the need of a mold template. In addition, the fabrication
of complex MPA designs that would otherwise be challenging to
generate by micromolding could be achieved rather easily using
3D printing (37–40). Leveraging on the speed and versatility of
prototyping by 3D printing, we were able to systematically opti-
mize the MPA design for skin microbiome sampling. First, we
investigated the impact of design variables including MPA size,
density, and geometries on microbe detection efficacy from skin.
We noted that the extraction efficacy increased with MPA surface
area (SI Appendix, Table S1), likely because the larger MPA pro-
vided more surface area for microbe attachment. Interestingly,
increasing the transepidermal surface area did not result in higher
sampling efficiency. This could be attributed to two factors. First,
the extent of microprojection penetration into the skin was rather
low, hence the bulk of the microprojection surface was not
exposed to the microbes within the skin layers. Second, the “bed
of nails” effect encountered by the MPAs with higher micropro-
jection density (C_16 × 8) resulted in resistance to penetration
due to having many microprojections located close together with
little space in between (25, 41). In terms of microprojection archi-
tecture, we observed that the cone was superior to both screw and
limpet geometries for microbe detection. This may be related to
the surface topographies of the different geometries, as greater
inhibition of bacterial adhesion had been reported on nonuni-
form, uneven topographies such as that of screw and limpet (Fig.
2E), as compared to that of the smooth cone surface (42, 43).

In the second stage, we fabricated MPA with different micro-
projection heights to achieve the desired skin penetration.
Application on ex vivo porcine skin indicated that MPAs of
1.2-mm height were optimal for skin sampling, as they could
reach the deeper epidermal layers and early dermal region
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(<300 μm). Notably, the extent of needle penetration in MPA
(<25%) is lower compared to other microneedles (∼70%).
This may be attributed to the wider base in the MPA (700-μm

diameter; SI Appendix, Fig. S1) as compared to 300-μm conical
microneedles (44). Other factors, such as thickness of skin and
the application force, could also account for the differences in

Fig. 3. Amplicon sequencing of fungal ITS regions: species comparison. (A) Positive sampling rate from the scalp of 29 healthy human volunteers for the
detection ITS fungal and 16S bacterial amplicons, (B) relative abundance, and (C) rarefaction curves of different fungal species across different sampling
approaches. (D) Unweighted pair group method with arithmetic mean (UPGMA) cluster tree based on weighted Unifrac distances. Clusters that segregate by
sampling approach are indicated accordingly, and (E) Metastat analysis between groups identified Basidomycota and Ascomycota to have significant intra-
group variation among the different sampling methods. *q < 0.05; **q< 0.01. (F) out count comparisons were performed for representative Basidomycota
(Malassezia) and Ascomycota (Aspergillus) genera. A one-way ANOVA with Tukey post hoc test was used. **P < 0.01.
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penetration depth (45, 46). Previous studies using microneedle-
based systems have revealed that this penetration depth was
associated with low or minimal pain in humans (47, 48). Nev-
ertheless, it should be noted that the penetration study on

excised skin may not truly reflect the skin condition in its
native physiological environment (e.g., tensional stresses from
the surrounding tissue) (31). The limited microbial biomass
captured from human skin samples poses a challenge for

Fig. 4. Amplicon sequencing of bacterial 16S regions: species comparison. (A) Relative abundance and (B) rarefaction curves of different bacteria species
across different sampling approaches. (C) UPGMA cluster tree based on weighted Unifrac distances. (D) Metastat analysis between groups identified Actino-
bacteria, Firmicutes, and Proteobacteria to have significant intragroup variation among the different sampling methods. *q < 0.05. (E) OTU count comparisons
were performed for representative Actinobacteria (Mycobacterium), Firmicutes (Streptococcus), and Proteobacteria (Psuedomonas) genera. NS, not significant.
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amplicon sequencing library construction (49, 50); therefore, in
the last phase, we improved the MPA design in terms of packing
efficiency to increase the detection sensitivity of downstream
DNA extraction by introducing perforations on a larger MPA
size to allow them to fit compactly into a 2-mL Eppendorf tube.
Overall, 3D printing has enabled the rapid customization of
various design parameters to facilitate the optimization of MPAs
in an efficient, systematic manner.
A comparison of MPAs with conventional sampling tools on

human skin revealed the optimized MPA was most effective in
the detection of fungal species, while the swab was most effec-
tive for bacterial species. Both MPA and swab performed better
than tape stripping, which gave the lowest positive sampling
rates for bacteria and fungi. While serial tape stripping has
been reported to effectively retrieve skin microbes at the but-
tock, back, and elbow regions (9, 51, 52), we observed limited
sampling efficacy in scalp. This may be attributed to the pres-
ence of hair and high oil content on the scalp, which impeded
the attachment of the tape to the scalp surface. While the supe-
rior bacterial pickup by swabbing may be attributed to the
hydrophilic nature of the moistened swab, which rendered it
more efficient for extraction (49, 53), it is unclear if the
enhanced fungi pickup by MPA was due to better adhesion or
the ability of MPAs to assess fungi-rich regions of the skin.
Unlike skin surface sampling using swab or tape strip, the
MPA is able to assess and extract microbes from the transepi-
dermal (sub-200 μm) regions of the skin, as shown by the pen-
etration studies (SI Appendix, Fig. S2). Since it is known that
the population of microorganisms in skin changes with skin
depth (7, 12), we believe that the differences in microbes col-
lected between MPA and swab or tape strip are most likely due
to the inherent species differences across skin depth. Further
studies using deep skin harvesting techniques, such as skin
biopsies, would be required to validate the relative abundance
of fungi in the deeper epidermal layers, taking into account var-
ious factors including study design (e.g., cohort size, disease/
healthy subjects, geographical region), the sampling region,
sample processing techniques, and data analysis methods (15).
The effective fungi detection by MPA could aid the diagnosis

of diseases caused by pathogenic microbes. Clinically, MPA micro-
biome sampling may be especially useful in supporting the diagno-
sis of invasive superficial mycoses or cellulitis, as the pathogenesis
of many of these skin conditions involves microbe colonization
beyond the skin surface and, hence, would require depth sampling
for accurate detection. In our study, we observed that MPA sam-
pling was significantly better at picking up Ascomycota, which is
a phylum comprising many opportunistic pathogens including
Candida spp, Aspergillus spp, Acremonium spp, Microascus brevicau-
lis, and Scytalidinum dimidiatum (54, 55). If these fungi were pref-
erentially colonizing the deeper skin layers, it would pave the way

for future therapeutic strategies such as the incorporation of anti-
fungal agents in the MPAs for targeted localized delivery (56).

Apart from improved detection of fungal abundance and
clinical relevance, our MPA sampling approach offered several
advantages over swab and tape strip. MPA is applicable across
nonstandard skin surfaces and can be tailored to accommodate
larger skin surfaces that may be curved/contoured (57, 58). In
addition, the easy customizability of microprojection height
enables sampling of skin from body sites of varying epidermal
thickness (59). The MPA may not replace existing sampling
methods, but it serves as an additional tool in our arsenal of
sampling methods to be used as deemed relevant by the investi-
gator (e.g., if an invasive skin infection is suspected to be
caused by an Ascomycota species).

In conclusion, we have developed a human skin microbiome
sampling tool based on a unique, optimized MPA design
enabled by 3D printing. In terms of sensitivity of human scalp
sampling, MPA was superior to tape strip and comparable to
swab. Among all the approaches, MPA yielded samples with
greater fungal diversity and had a higher sensitivity for mem-
bers of the Ascomycota phylum, probably due to its ability to
assess deeper layers of the skin. Our findings demonstrated the
efficacy of MPA as a human microbiome sampling tool, which
will be complementary to existing sampling methods and will
aid in our understanding of the human skin microbiome in
health and disease.

Materials and Methods

Reagents. The DLP printing resin (freeprint ortho, DETAX) and isopropyl alcohol
(IPA) (99.9% vol/vol) were purchased from Eye-2-Eye Communications Pte Ltd, Sin-
gapore. The resin composition is (% wt/wt) 20 to 50% isopropylidenediphenol
PEG-2 dimethacrylate, 10 to 25% urethane dimethacrylate, 5 to 25% 1,12-dodeca-
nediol dimethacrylate, <5% hydroxypropyl methacrylate, 1 to 10% tetrahydrofur-
furyl methacrylate, 0.1 to 5% diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide,
and <1% 2-hydroxyethyl methacrylate. The optimal cutting temperature (OCT)
compound was acquired from Tissue-tek (Sakura Finetek, Torrance, CA). PCR
reagents and proteinase K were purchased from Sigma-Aldrich, Singapore.

Design and Manufacture of MPAs. The MPAs were fabricated using a DLP
printer (Max × 27 ultraviolet [UV], Asiga) and a commercial FDA Class IIa bio-
compatible resin: FREEPRINT Ortho, which has high optical transparency for visu-
alization and allows for high-resolution printing. The MPAs were designed using
CAD software TinkerCAD and Blender. Surface area calculations of the MPAs
were performed using the Blender software. Subsequently, Asiga Composer soft-
ware was used to process the .stl files and adjust the printing parameters to
achieve the desired printing resolution. Following DLP printing, the MPAs were
washed in IPA for 5 min in a sonicator bath to remove any uncured resin and
cured in a UV chamber for 20 min to ensure complete photopolymerization. The
close-up microprojection features of MPAs were imaged using a light microscope
(EVOS 5000M, Thermofisher Scientific).

Name
Length
(cm)

Width
(cm)

No.
microprojections

MPA
height
(mm)

MPA
spacing
(mm)

MPA
geometry

C_11_4x4 11 11 16 1.5 2 cone
C_22_8x4 22 11 32 1.5 2 cone
C_22_16x8 22 11 128 1.5 1.2 cone
S_22_8x4 22 11 32 1.5 2 screw
L_22_8x4 22 11 32 1.5 2 limpet
C_1.0 22 11 32 1.0 2 cone
C_1.2 22 11 32 1.2 2 cone
C_1.5 22 11 32 1.5 2 cone
Final MPA 22 10 40 1.2 2 cone

PNAS 2022 Vol. 119 No. 30 e2203556119 https://doi.org/10.1073/pnas.2203556119 7 of 9

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203556119/-/DCSupplemental


The dimensions of the printed MPA prototypes are listed in the table below:

SEM Imaging. MPAs of various geometries were affixed onto a sticky tape,
sputter-coated with 4-nm-thickness platinum (Leica EM SCD500), and examined
by SEM (JSM-6701F, JEOL, Japan).

Fracture Test. MPA fracture tests were conducted using an Instron 6800. Sam-
ples were placed pointed-side up on the stage and compressed with a 10-kN
load cell at 1 mm/min up to 50 N applied force.

Histology Analyses. Skin penetration by MPAs was evaluated by analyzing the
histological sections of porcine skin ex vivo after application with MPAs (pressed
by hand ∼5 s). The insertion site on the skin surface was exposed to Tryphan
Blue (0.4 wt%) dye for 1 min before embedding in an OCT compound for cryo-
section. The frozen OCT skin samples were then sliced into 5-μm-thick sections
using a cryotome (Leica CM3050 S) and analyzed using an inverted fluorescence
microscope (Olympus CX41). The depth of MPA penetration, defined as the dis-
tance from lowest point in the cavity to the skin surface, was quantitatively mea-
sured using the image analysis software Fiji.

Culture of Bacteria and Fungi for Mock Community Testing. Bacteria
reference strains (S. epidermidis ATCC 12228, S. aureus ATCC 29213) were cul-
tured in Luria broth with overnight shaking at 37 °C. Malassezia reference strains
(M. restricta CBS 7877, M. globosa CBS 7966, M. sympodialis CBS 7222) were
cultured in mDixon broth at 32 °C to confluence. For the reconstitution of a
mock community, 5 mL microbial suspension was prepared with a final OD600
of 0.1 for bacterial species and 0.05 forMalassezia species, spread evenly on the
surface of a 6 cm × 6 cm piece of porcine skin, and incubated for 15 min. The
excess suspension solution was then decanted, and the skin was left to air dry
for an additional 15 min.

Skin Sampling and DNA Extraction. The study design and full protocol
involving human scalp sampling was reviewed and approved by the Agency for
Science, Technology and Research (A*STAR) Human Biomedical Research office
under the approval code #2019–003, with written informed consent from all sub-
jects. All subjects provided written informed consent prior to commencement of
the study. Participants were between 22 and 65 y of age and judged to be
healthy based on the absence of overt skin diseases. A total of 29 (14 female,
15 male) healthy subjects were recruited for this study. Human and porcine skin
microbiome sampling was performed using the COPAN FLOQswab (COPAN Italia,
Brescia, Italy), D-Squame standard sampling discs (Cuderm Cooporation, Dallas,
TX)/tape strip, or the abovementioned MPAs. Briefly, swabbing was performed by
wetting the swab with sterile saline and swabbing an area of the skin ∼4.0 cm2

back and forth thrice. In total, 25 single spot pressings of one tape strip were
used for each sampling. MPAs were applied in one or three pressings (MPA 1×
or 3×) per sampling at different sampling regions, and the data shown are all
3× by default unless specified otherwise. Immediately after sampling, each
swab/tape strip/MPA was placed in an Eppendorf tube containing universal DNA
extraction buffer containing 20 μg/mL proteinase K (Sigma-Aldrich, Singapore)

and incubated at 56 °C for 12 to 18 h. Following proteinase K inactivation (94 °C,
5 min) and high-speed centrifugation, the supernatant was collected and proc-
essed for downstream analysis.

qPCR Detection and Quantification. Real-time qPCR was performed with
species-specific primers for bacterial and fungi (SI Appendix, Table S3) using the
Luna universal qPCR master mix (NEB, Singapore) alongside species-specific pCR4
plasmid template standard curves (3 to 3,000,000 copies) constructed for the
respective species amplicons. Statistical analyses were performed using one-way
ANOVA followed by Tukey’s post hoc test (*P< 0.05, **P< 0.01, ***P< 0.001).

18S and 16S Amplicon Sequencing. gDNA extraction from swabs, MPAs, and
tape strips was performed as described above. DNA concentration and quality
were assessed photometrically using a NanoDrop ND-2000c UV–vis spectropho-
tometer (NanoDrop Technologies, Wilmington, DE). The primer set 341F (50-CCT
AYG GGR BGC ASC AG-30) and 806R (50-GGA CTA CNN GGG TAT CTA A -30) was
used for the amplification of the V3-V4 region of bacterial 16S ribosomal ribonu-
cleic acid (rRNA) gene. The primer set ITS5 (50- GGA AGT AAA AGT CGT AAC AAG
G-30) and ITS2 (50- GCT GCG TTC TTC ATC GAT GC -30) was used for the amplifica-
tion of the ITS region of fungal 18S rRNA gene. The libraries were sequenced on
IlluminaHiSeq platform 2500, and 250-bp paired-end reads were generated at
Novogene AIT (Singapore). Assigned paired-end reads of each sample were
merged to raw tags by using Fast Length Adjustment of SHort reads (FLASH)
(version 1.2.7), and the merged raw tags were filtered and developed into clean
tags according to Quantitative Insights Into Microbial Ecology (QIIME) (version
1.7.0). MUltiple Sequence Comparison by Log-Expectation (MUSCLE) (version
3.8.31) was used to obtain the phylogenetic relationship of all OTU representa-
tive sequences. Alpha and beta diversity indices were calculated with QIIME
(version 1.7.0).

Statistical Analysis. All the data reported in this study were the means ± SD.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
comparisons test, unpaired t test, and Wilcoxon signed-rank test with Prism 5
software (GraphPad). A P value and q value of < 0.05 was considered to be sta-
tistically significant.

Data Availability. All study data are included in the article and/or SI Appendix.
16S and ITS amplicon sequencing data are available in the National Center

for Biotechnology Information (NCBI) database under the Sequence Read Archive
BioProject ID PRJNA856066 (60).
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