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Abstract

Human skin models are essential for understanding dermatological diseases and testing new
treatment strategies. The use of skin biopsies ex vivo is the most accurate model. However, their
use is expensive and exposes the donor to pain and scarring. While bioengineered skin samples
provide a cheaper alternative, they have limitations due to their simple structure and functionality
compared to human skin. Here, we present a skin-on-a-chip device designed to study neutrophil
responses to Staphylococcus aureus skin infections. We integrate human skin microcolumns,
which have a cross-section that is ~100 times smaller than traditional skin biopsies, are full-
thickness, and are collected using minimally invasive skin sampling techniques. We use human
neutrophils directly from one drop of blood, without the need for blood separation. Using the skin-
on-a-chip device with skin and blood samples from healthy donors, we show that the neutrophil
responses correlate with the bacteria-load in the skin. A pre-incubation step increases the number
of migrating neutrophils in response to a low concentration of bacteria. Antibiotic treatment of S.
aureus-infected skin samples reduces the number of neutrophils migrating towards the skin.
Overall, we validate a skin on a chip model that enables the study of neutrophil migration to the
skin in the presence of microbes and following the administration of antibiotics, two situations
relevant to clinical cases of human skin and soft tissue infections.

Introduction

Skin and soft tissue infections (SSTIs) are some of the most common reasons to seek
medical care in the United States (US).1 Cellulitis accounts for the majority of SSTIs and is
most often caused by Staphylococcus aureus and Streptococcus pyogenes.? In the US, 14.5
million cellulitis cases annually account for $3.7 billion in ambulatory care costs.1: 3
Unfortunately, one-third of these patients are misdiagnosed due to the many clinical mimics
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of cellulitis, known collectively as pseudo-cellulitis.* Incomplete understanding of cellulitis
biology leads to ineffective diagnostic strategies,®>=’ and overuse of broad-spectrum
antibiotics.* At present, the majority of cellulitis cases are diagnosed based on history and
physical exam findings. Unfortunately, the typical cellulitis exam findings of skin redness,
warmth, pain, and swelling are common to many non-infectious, inflammatory skin
conditions, leading to frequent misdiagnosis.>~ Common infection biomarkers, including
white blood cell count, erythrocyte sedimentation rate, C-reactive protein, and procalcitonin,
are neither sensitive nor specific for cellulitis.8-11 Bacterial cultures from patients with
cellulitis are negative more than 80% of the time.12 13 Even when positive, the concentration
of bacteria is low.1%: 14 Skin histology from cellulitis demonstrates dermal edema, lymphatic
dilation, and diffuse, heavy neutrophil infiltration around blood vessels.1® However,
histology provides only a snapshot of the inflammatory process. Because there is no
functional assessment of the inflammatory cells, it cannot distinguish between inflammation
due to bacterial infections and sterile inflammation due to other causes. Thus, a novel tool is
needed to better our disease understanding and facilitate the development of objective
diagnostics for human SSTIs.

Animal skin models are often used in the fields of cosmetics, pharmaceutics, and
immunology. They are convenient models when studying skin reaction to external chemicals
and other stimuli. However, animal skin models have a different structure compared to
human skin, and immunologic responses are often different in animals compared to humans.
16-18 These differences limit the ability to translate research findings from animal skin
models to human disease.1®-24 Thus, the development of human skin models has been the
focus of research since the early 1980s.2% Recently, human models with complex

functionality have emerged through the combination of microfluidics and tissue engineering.
26

In the last decade, skin on a chip (SOC) has been developed to test skin responses to
chemicals,?” drugs,28 and UV irradiation.?® /n vitro SOCs have been developed containing
either multiple layers of cell cultures?8: 29 or 3D skin equivalents?”: 30: 31 Various attempts
have been made to closely mimic the components of skin, including resident dendritic cells,
29 vascular channels,30 and non-contracting fibrin-based dermal matrices.3! However,
current /in vitro SOCs is still not fully capturing cellular and structural characteristics of
human skin. Also, in vitro SOCs require a complicated fabrication process and a long
culture time from three?8 to seven days.2’ In contrast, ex vivo SOCs are generated by
integrating ex vivo human skin samples into devices with32: 33 or without other tissue
components.34 Ex vivoskin is obtained by a traditional 4-5 mm punch biopsy, and does not
require a long incubation time unlike the in vitro models. Moreover, ex vivo SOCs provides
a more accurate model. However, there are still ethical and clinical issues, namely that 4-5
mm punch biopsy leave behind a scar, and the sampling process causes the pain to the donor.
In addition, ex vivo SOCs have a limitation in the real-time imaging due to the large sample
size, requiring immunohistochemical staining.

Here, we developed an assay that enables the study of neutrophil responses to bacterial
infections in a full-thickness, human microscopic skin tissue column (MSTC). We employed
human skin samples collected by micro-biopsy, a minimally invasive technique that allows
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healing without scarring and minimizes pain during the sampling process.3> We integrated
the harvested MSTCs into the microfluidic device and used a drop of whole blood as the
source of neutrophils without an isolation process. We found that the number of migrating
neutrophils correlates with the concentration of bacteria on the skin column. This suggests
the motility of neutrophils as a potential biomarker for the diagnosis of SSTIs. We also used
the platform to test the efficiency of antibiotic treatment, which may enable clinically
relevant applications, such as antibiotic screening for treating SSTIs.

Microfluidic device fabrication:

Microfluidic channels were fabricated by soft lithography as previously reported.3¢ SU-8
(Microchem) master was fabricated by standard photolithography procedure.
Polydimethylsiloxane (PDMS, Sylgard 184, Corning) was mixed in a 10:1 ratio, poured onto
this SU-8 master, degassed, and cured overnight. Cured PDMS was cut, and punches were
used to make an inlet/outlet: 1 mm for the column loading channel (CLC), and 1.5 mm for
the blood loading channel (BLC). Punched PDMS channel was bonded to 1.5 glass-bottom
well plates using plasma treatment and baked at 65 °C for 30 minutes. Devices were primed
with Iscove’s Modified Dulbecco’s Medium (IMDM) containing 10% fetal bovine serum
(FBS) before use. Devices were placed under vacuum for at least 10 minutes, and IMDM
with 10 % FBS was injected into the outlet of the CLC and inlet of the BLC. IMDM with
10% FBS was further added to the well until the device was completely submerged. The
migration channel was allowed to be completely primed for at least 15 minutes before
further use.

Harvest of full-thickness human microscopic skin tissue column (MSTC):

Multiple edged micro-biopsy needles were fabricated by honing standard 23G hypodermic
needles (Exel).37 After fabrication, the needles were sterilized in an autoclave. A sterile
multi-edged needle was attached to 1 ml syringe filled with sterile silane water (0.9 %). Skin
samples were obtained in sterile conditions from healthy humans undergoing elective
abdominoplasty at Massachusetts General Hospital (MGH). All experiments were performed
in accordance with the Declaration of Helsinki, and approved by the institutional review
board (IRB) committee at MGH. Skin donors were informed regarding the possibility of
excess samples being used in research and consent was obtained. The skin samples are
placed on top of 12 well plates. The skin surface was wiped with a 70 % isopropanol
solution and allowed to air dry completely. Multiple edged needles were inserted through the
skin and withdrawn to extract the microscopic skin tissue column (MSTC). Each MSTC was
transferred in 1 ml sterile saline water (0.9 %) by pushing the plunger of the syringe. Fresh
skin was used to harvest MSTCs on the same day of abdominoplasty. Frozen skin was kept
in saline water at —20 °C and thawed in the warm water bath at the day of the experiment.

Bacteria culture:

The SH1000-GFP Staphylococcus aureus strain, which is resistant to tetracycline and
expresses a green fluorescent protein (GFP), was given by the laboratory of Mary Mullins at
the University of Sheffield (Sheffield, UK) as a generous gift. S. aureuswas cultured in brain
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heart infusion (BHI) agar plate with 5 ug/ml tetracycline (Teknova, B1015). Single or two
colonies were transferred into 10 ml of BHI broth containing 5 pug/ml tetracycline. After
overnight incubation in aerobic conditions with shaking at 37 °C, 0.1 ml of bacterial
suspension was added to 20 ml of BHI broth containing 5 pg/ml tetracycline and sub-
cultured for 4 hours. The bacterial suspension was purified with 10 ml of pure BHI twice by
centrifuge to remove tetracycline from the solution. After the purification, its concentration
was adjusted based on the optical density at 600 nm.

MSTC preparation:

In this work, all MSTCs were kept completely soaked in the solution and were transferred
with a solution less than 200 pl using 1 ml pipette. The solution was gently mixed using a 1
ml pipette after the transfer of columns. Besides imaging, the whole procedure is done at
room temperature. Harvested human MSTCs were transferred into 7 ml of bacterial
suspensions of various bacterial concentrations and incubated for 10 minutes. Control
MSTCs were incubated in BHI without bacteria. After incubation, MSTCs were transferred
into 7 ml BHI solution to wash redundant bacteria in solution. This washing step was
repeated four times.

For antibiotic testing, one additional drug treatment step was added to the MSTC
preparation. After bacteria-inoculation, the MSTCs were washed with 7 ml of BHI solution
three times. The MSTCs were then transferred into 2 ml of 0.1 mg/ml Penicillin in BHI and
incubated for 90 minutes. Non-treated MSTCs were incubated in 2 ml of BHI without
antibiotic in this step. After the drug treatment, the MSTCs were washed four times with 7
ml of BHI solution.

SOC loading and time-lapse imaging:

After the washing steps, MSTCs were transferred into 7 ml IMDM containing 10 % FBS.
Then, each MSTC was transferred into separate 1 ml IMDM containing 10 % FBS before
loading into the microfluidic device. MSTCs were transferred near the inlet of the CLC, and
the media was sucked from the outlet of the CLC using a pipette, transporting the MSTC
into the CLC by fluid flow. IMDM with 10 % FBS in the well plate was removed. 100 ul of
IMDM with 10 % FBS was then flowed through the BLC twice to remove the cytokine,
potentially diffused from skin columns. 2 ml of IMDM with 10 % FBS was added into well
until the device was submerged. Blood was obtained from excess, human blood samples
from healthy donors, and collected in 10 ml heparin-coated vacuum tubes (Vacutainer,
Becton Dickinson) at the blood donor center, MGH. Blood donors were informed regarding
the possibility of excess samples being used in research and consent was obtained. Blood
samples were gently mixed using a rotator until the staining step on the same day of
collection. Blood was diluted with IMDM containing 10% FBS at a 1:1 ratio and stained
with Hoechst 33342 at 33 uM for at least 15 minutes before loading into the device. 0.75 pl
of stained, diluted human blood was then loaded into the inlet of the BLC. Devices were
placed on the stage of fully automated, fluorescent Zeiss microscope heated to 37 °C with
5 % CO, and imaged every 10 minutes for 4 hours. Between the start of observation and
blood loading, it took about 10-20 minutes to complete the set-up. The start of the
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observation was considered as time zero in this study. Devices were imaged every 5 minutes
when monitoring the neutrophil migration through the RBC filter.

Pre-incubation methods:

After MSTCs were loaded into SOC, the device was completely submerged in 2 ml of
IMDM with 10 % FBS. Whole devices were incubated on the stage of the microscope at

37 °C with 5 % CO, for 4 hours. After the incubation step, devices were taken from the
stage, and diluted whole blood was loaded into the inlet of the BLC. Devices were re-loaded
on the stage of the microscope and monitored every 10 minutes for 4 hours while heated to
37 °C with 5 % CO,. Since MSTCs were soaked in the bacterial suspension at extremely
low concentrations, some MSTCs had no S. aureus even after the inoculation process. For
the study, such MSTCs were excluded from the infected conditions (Fig. S4).

Data analysis:

Neutrophil counting and integration of green fluorescent intensity were processed using an
ImageJ (Detail is shown in Fig. S5). Null and alternative hypotheses for the statistical
analysis in Fig. 5, 6 are shown in Table S1.

Results and Discussion

Microfluidic device design:

We designed a microfluidic device to study the neutrophil migratory behavior in the context
of bacterial infection. The device has three major compartments: a column loading channel
(CLC), a blood loading channel (BLC), and a migration region (MR, Fig. 1b). MSTCs are
harvested using a laboratory-fabricated micro-biopsy needle (Fig. 1a). The MSTCs are
transferred on top of the device, close to the inlet of the CLC. Then, a negative pressure is
generated by extracting the fluid at the outlet of the CLC using a pipette. As a result, MSTCs
are guided into the CLC via fluid flow through the channel. The MSTC is trapped by two
posts at the end of the CLC that prevent its escape through the outlet. We do not consider the
orientation of columns as a critical factor of this study. This is because the total amount of
chemoattract produced in the CLC does not depend on the orientation of columns. Thus,
MSTCs are loaded into the channel in random orientation (Fig. 3).

One of the important features of our device is that the neutrophils are studied directly from
whole blood. A neutrophil isolation step is not required. Following MSTC loading, 0.75 pl
of diluted whole blood is loaded into the BLC (Fig. 1a). Because leukocytes and red blood
cells (RBCs) are heavier than the serum and media, they quickly sediment to the bottom of
the BLC.38 Settling blood cells push each other and distribute uniformly over the surface of
the BLC. At the edges of the BLC, blood cells also push each other towards the MR. MR
consists of 39 RBC filters and 40 migration channels (MCs) (Fig. 1b). RBC filters have 4.5
x 4.2 um cross-section. The small cross-section of the channels mechanically impedes the
passive movement of RBC into the MR.36: 38 However, the cross-section is large enough for
neutrophils to squeeze themselves and autonomously pass through the filter (Fig. 1c). This
small geometry also filters other leukocytes, which are larger and less deformable than
neutrophils, with high specificity (> 96 %).38 To support this point, we show that when
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isolated T cells are loaded into the BLC, none of them passes through the RBC filter to
migrate towards bacteria growing in the CLC (Video S1).

Column harvesting:

We harvest and load cylindrical MSTCs into the microfluidic channel. Human skin is
obtained from healthy human volunteers by elective abdominoplasty. The diameter of
MSTCs is controlled by the size of the biopsy needle and is 23G (internal diameter ~340
pum), comparable to the CLC width and height. The full-thickness, human MSTCs are
harvested using a laboratory-fabricated micro-biopsy needle with two or three cutting edges
(Fig. 2a).

We tested the effect of the number of edges on the skin column shape. When MSTCs are
harvested by a two-edged needle,3% 37 they have a significantly larger epidermis compared
to the dermis (Fig. 2c). Moreover, these MSTCs have a high deviation in dermis size.
Sometimes, the dermis is torn off during the harvesting process, dividing the column into
two pieces. With three-edged needles, MSTCs have a more uniform, cylindrical shape (Fig.
2b): the width of the epidermis is closer to the width of the dermis layer (Fig. 2d), and the
dermis width is significantly more uniform (Fig. 2e). Geometries of MSTCs show no
significant variation between needles (Fig. S1). Thus, for the rest of the study, three-edged
23G needles are used to harvest the optimized columns. Previous studies have demonstrated
that MTSC donor sites harvested by micro-biopsy heal without scarring, unlike the
traditional punch biopsy.3° This feature makes the technique attractive for direct harvesting
of MSTCs from patients.

Monitoring the immune response to the bacterial infection:

The design of the microfluidic channels of the MR allows precise measurements of
neutrophil migration from the blood sample to the skin column. Using this platform, we
compared the neutrophils migratory behavior towards MSTCs with or without bacteria, as
models of infected or healthy skin, respectively. In this demonstration, we harvested MSTCs
from frozen/thawed skin samples.

We simulated bacterial infections by soaking MSTCs in a suspension of S. aureus (Fig. 1a).
The number of bacteria on the columns is roughly controlled by using the bacterial
suspension with various optical density (ODggg). The distribution of bacteria is primarily
limited to the surface of the column. Although this is different from clinical cases of SSTIs,
we found that it replicates key aspects of a skin infection, including the stimulation of
neutrophil migration (Fig. S6).

Once MSTCs and whole blood are loaded into the SOCs, neutrophils migrate through MC.
We obtained blood and skin samples from different donors. We use the same blood samples
for both the control and the infected experimental situations. Further, skin columns are
harvested from the same skin sample for both control and infected experiments. Compared
to the control, more neutrophils migrate towards the infected MSTCs, resulting in a higher
accumulation in the CLC (Fig. 3). Because neutrophils from the same donors and skin
samples from the same donors are used for the control and infected conditions, the effect of
the bacterial load is isolated and quantified with precision. We quantify the infection by
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integrating the fluorescent intensity at 470 nm in the CLC over time. This value represents
the total number of S. aureus, which expresses the green fluorescent protein (Fig. 4a). We
quantify the migratory behavior of neutrophils by counting the total number of neutrophils
reaching the CLC over time (Fig. 4b). In these quantifications, the auto-fluorescence of
MSTCs is accounted for by subtracting the fluorescence intensity of an early image from the
time-lapse stack (Fig. S5). The number of migrated neutrophils is plotted as a function of
integrated green fluorescent intensity (Fig. 4c). The number of migrated neutrophils
increases as the amount of S. aureus on the column increases, and scattered plots (Fig. 4a, b)
collapse into one (Fig. 4d). We found distinct trends for each donor, suggesting that each
blood donor shows slightly different immune responses to S. aureus (Fig. 4d, e). A larger
number of neutrophils migrate in response to a larger bacterial load for all donors, even
though the number of neutrophils migrating varies significantly between donors.

Due to the donor dependency of neutrophils migratory behavior, it is not possible to define
the limit of detection for the system. Distinctive neutrophil migratory behavior represents an
interesting finding from the present study. For future clinical applications, donor variability
would need to be taken into account. For example, one could measure the change in
neutrophil migration before and after treatment (e.g., antibiotics) or compare the neutrophil
responses between an infected and uninfected skin samples. For scientific applications,
animal neutrophils from the same donor could be used to obtain consistent and predictable
migratory behavior.

Signal amplification for the diagnosis of SSTIs:

Neutrophils migratory behavior positively correlates with the degree of infection. This
suggests that neutrophil migration in our assay may be employed as a potential biomarker
for SSTIs. The bacteria concentrations in skin samples from patients with cellulitis, the most
common skin infection,? ranges between 1 x 102 - 2 x 108 CFU/g of skin tissue.14 39 For
MSTCs samples of 1 x 1074 cm3, as used in this study, a bacteria density in the range of 0 —
200 CFU/column would be expected. Thus, we tested the limit of bacteria detection on our
platform.

Unfortunately, the adjustment of bacteria concentration based on optical density provides
only rough control over the bacterial load on the column. As a previous study shows, even
when tissue samples are soaked in the same bacterial suspension, significantly different
bacterial loads may result, sometimes different by more than an order of magnitude?.
Therefore, it is not possible to use one column for CFU counting and another for the skin on
a chip assay. Given our results demonstrate neutrophil migration is proportional to bacterial
load (Fig. 4), it is necessary to simultaneously estimate the bacteria number on each skin
column while monitoring the neutrophil migration. Thus, we estimate the initial amount of
bacteria on the column by converting the fluorescent intensity to colony-forming units
(CFU). We measure the integrated fluorescent intensity at 4 hours and compare the value of
MSTCs to that of a single colony inside the device (Fig. S2a, b). After 4 hour-incubation, we
measure a fluorescence intensity of 0.852 + 0.400 (arbitrary units, N = 21) for 1 CFU (Fig.
S2c). We verify that integrated intensity is linearly proportional to CFU (Fig. S3a). The
integrated fluorescent intensity in the CLC is divided by that of one CFU to quantify the
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initial bacterial load on the column. Fig. 3 and 4 show the range of bacteria concentration of
3 x 102 - 1 x 10* CFU/column, corresponding to 3 x 108 - 1 x 108 CFU/g.

To accomplish the detection at clinically relevant bacteria densities, we amplify the infection
signal by pre-incubating the MSTCs before blood loading (Fig. 5). In this demonstration,
MSTCs are harvested from frozen/thawed skin samples. We loaded MSTCs with clinically
relevant bacteria concentration. In two independent trials, infected MSTCs show 9.9 + 12.9
and 5.5 + 5.0 fluorescent intensity/column after 4 hour-incubation, respectively. These
values are corresponding to 11.7 + 19.7 and 6.5 + 5.9 CFU/column (~ 1.2 x 10° + 2.0 x 10°
and 6.5 x 104 + 5.9 x 104 CFU/g). Half of the devices with infected MSTCs are tested
without amplification (Fig. 5a), and another half are incubated in SOCs at 37 °C for 4 hours
before blood loading (Fig. 5b, ¢). Amplified, infected condition (/4) shows a significantly
higher neutrophil migration than its control (C4) at 4 hours after blood loading while non-
amplified ones (/and C) do not (Fig. 5d).

Our platform and pre-incubation procedure enable more rapid measurements compared to
traditional CFU counting on the plate. Whereas the traditional culture methods require more
than 24 hours,4 39 our method provides results in eight hours. Moreover, our approach does
not require tissue homogenization, which causes damage to pathogen and skin tissue,
potentially providing more accurate measurements.

Antibiotic testing:

Ex vivo SOC can be utilized to evaluate the efficiency of antibiotic treatment by monitoring
the change in the immune response. Such evaluations may help test and compare various
treatments on human tissue samples before applying the same treatment to the patients. This
concept could eventually bring personalized antibiotic testing to emergency rooms and
primary care offices.

As proof of principle demonstration, we tested the effect of penicillin treatment on the S.
aureus inoculated MSTCs. In this demonstration, we harvest ex vivo MSTCs from fresh skin
samples. Harvested MSTCs are soaked in bacterial suspension and penicillin solution
depending on the conditions. There are four conditions in this study: control without (C) and
with penicillin treatment (CP), and the infected condition without (/) and with penicillin
treatment (/P). MTSCs are washed to remove the penicillin in the solution before loading
into the device. Cand CP show no significant difference in the neutrophil migration
indicating that penicillin in the solution is either efficiently removed during the washing
steps or does not affect the neutrophil migration (Fig. 6e, h).

Only the infected, untreated samples (/) show clear bacteria growth over time (Fig. 6a—c, f).
Infected samples (/) also show higher initial neutrophil accumulation near the column
compared to /P (Fig. 6a, b, d, g). The number of migrated neutrophils at 4 hours is also
significantly higher (red stars, Fig. 6e, h). The results suggest that penicillin treatment
reduces the bacterial growth on the MSTCs and attenuates neutrophils migration. C, CP, and
/P show no significant difference in the neutrophil migration (Fig. 6e). Interestingly, when
larger amounts of S. aureus are inoculated (Fig. 6¢, f), /P samples show significantly higher
neutrophil migration compared to Cand CP (Fig. 6h). The results suggest that higher
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infection loads may require larger amounts of antibiotic. Testing various antibiotics at
various doses using ex vivo SOC could provide a practical way to estimate the optimal
antibiotic and dose for each patient. SOC may also augment the physician’s ability to
differentiate cellulitis from pseudo-cellulitis, a group of non-infectious skin etiologies that
mimic the signs and symptoms of cellulitis without the microbes* 41. If the application of
antibiotics to a patient skin sample does not change the migration of neutrophils, a
diagnostic of pseudo-cellulitis could be more likely.

Conclusion

In this study, we combine microfluidics with a micro-biopsy technique to make a novel,
microscopic, human ex vivo SOC. The extent of neutrophil migration correlates with the
number of bacteria on the MSTC, suggesting neutrophils as a potential diagnostic biomarker
for SSTIs. By pre-incubating MSTCs, our platform detects bacterial concentrations within a
clinically meaningful range while ensuring a quick measurement. We also demonstrate that
our assay can measure the efficiency of antibiotic treatment. The micro-biopsy technique can
directly collect the skin tissue sample from a patient, making our platform appealing for
diagnosis. This article shows a proof-of-principle for utilizing microscopic, human ex vivo
SOC for diagnosis. More studies would be required to gain an in-depth understanding of the
mechanism of neutrophil migration and donor dependency. Future studies will also test the
ability of the assay to distinguish between cellulitis and pseudo-cellulitis patient samples.
We envision that this platform will expand the current understanding of SSTIs and form the
basis for innovative diagnostic strategies.
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Refer to Web version on PubMed Central for supplementary material.
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Ex vivo SOC assay for the diagnosis of SSTIs. (a) Schematics of the human skin and blood
samples loading. (b) Microfluidic design of ex vivo SOC. Left shows the bright field image
of ex vivo SOC. Top-right represents the design of the migration channel. Bottom-right
shows the dimension of ex vivo SOC components: whole blood loading channel (BLC),
RBC filter, migration channel (MC), and skin column loading channel (CLC). (c) Time-
lapse images show the neutrophil migration through the RBC filter while RBCs are blocked.
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Fig. 2.
Harvesting of full-thickness human MSTCs using micro biopsy techniques. (a) Schematics

of MSTC harvesting using skin samples. (b) Image of a triple-edged micro-biopsy needle
and harvested MSTCs. (c) Image of a double-edged micro-biopsy needle and harvested
MSTCs. (d) The relative width between epidermis and dermis of MSTCs. n = 18 samples, n
= 3 needles. (e) The relative standard deviation of the dermis width of MSTCs. For the
quantification, the width of the dermis is measured at three points from the top, middle, and
bottom of each MSTCs. Brightness and contrast are adjusted to clearly show the edge of
MSTCs. n = 3 needles, n = 6 MSTCs per needle. **** p < 0.005, ***** p < 0.0005.
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Control 3 Control ¥ Infected 0Oh Infected

Fig. 3.

Ngutrophil migration toward full-thickness human MTSC. Representative images showing
neutrophil migration in SOC with the control (left) and bacteria-inoculated MTSC (right).
Blue and green represent the Hoechst stained nucleus of neutrophils and GFP-expressing S.
aureus, respectively. The left and right images show the images at t = 4 h. Time-lapse images
of the red boxed area are shown in the middle. Auto-fluorescence in the DAPI channel of
MSTCs is removed in this figure by subtracting the image at the early stage from the time-
lapse. Brightness and contrast are adjusted to clearly show neutrophils and S. aureus.
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Fig. 4.

Tr?e number of migrated neutrophils for various MSTC infection loads. (a) Integrated green
fluorescent intensity of the CLC over time. (b) The number of neutrophils in the CLC over
time. (c) The number of migrated neutrophils as a function of integrated green fluorescent
intensity. Data points collected from the same MSTC are marked in the same color through
a-c. (d) The correlation between the number of migrated neutrophils and the degree of
infection of MSTC, the total amount of bacteria. (e) Data points obtained from each blood
donor. Each plot in Fig. 4d and e shows the data obtained with five distinct blood donors.
Each donor shows a distinct trend. Besides the last plot of Fig. 4e, all plots were obtained
with MSTCs harvested from the same skin sample. Each dot represents the result analyzed
at each time point. n = 5 experiments, n = 4 or 5 MSTCs per experiment, n = 25 time points
per MSTC.
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Pre-incubation for detecting a small number of bacteria on MSTCs. (a-c) Representative
images are showing bacteria-inoculated MSTCs in SOC without amplification (a), before
amplification (b), and after amplification (c). a and c is taken 4 hours after blood loading. b
is taken after 4-hour incubation and right before the blood loading. (d) Time-lapse images of
the red boxed area (a-c). (€) Number of migrated neutrophils 4-hour after blood loading.
Each plot shows the result of the independent experiment. Amplified, infected condition (/4)

show a significantly higher signal than its control (C4) while there is no significant

difference between non-amplified cases (Cand /). Each dot represents the data from each
MSTCs at 4 hours. Auto-fluorescence in the DAPI channel of MSTCs is removed in this

figure by subtracting the image at the early stage from the time-lapse. Brightness and
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contrast are adjusted to clearly show neutrophils and S. aureus. n = 2 experiments, n = 10 or
12 MSTCs per experiment. * P< 0.05, ** < 0.01.
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Fig. 6.

Ar?tibiotic tests using ex vivo SOC. (a, b) Representative images are showing infected
MSTCs in ex vivo SOC without (a) / with (b) penicillin treatment. Fig. 6a and b are taken 4
hours after blood loading. (c-h) Rows c-e and f-h show the results of two independent
experiments, comparing control (C) and infected (1) skin samples, with and without
Penicillin (P) treatment. (c, f) Integrated green fluorescent intensity over time. (d, g) The
number of migrated neutrophils over time. Error bar represents the standard deviation. (e, h)
The number of migrated neutrophils at 4 hours. Penicillin treatment reduces the degree of a
skin infection, resulting in a significantly lower neutrophil migration (red stars shown in e,
h). Auto-fluorescence in the DAPI channel of MSTCs is removed in this figure by
subtracting the image at the early stage from the time-lapse. Brightness and contrast are
adjusted to clearly show neutrophils and S. aureus. n = 2 experiments, n = 11 or 14 MSTCs
per experiment. * P< 0.05, ** £<0.01, *** P<0.005, **** P<0.001, ***** P< (0.0005
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