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Abstract

The human cutaneous lymphatic system strictly controls lymphatic functions by coordinating with skin cells. The
lymphatic system plays important roles in removing cell waste, residual proteins, various antigens, and immune cells
from tissues to maintain homeostasis and activate the immune system through the drainage of interstitial fluid'“. The
skin protects our body from external stimuli such as pathogens through the cutaneous lymphatic system®”. Herein, to
develop an in vitro human cutaneous lymphatic model, we present two 3D microfluidic platforms: a
lymphangiogenesis model with a precollecting lymphatic vessel-like structure and an advanced lymphangiogenesis
model with a functional cutaneous barrier and a precollecting lymphatic vessel-like structure. In addition, we rapidly
analyzed prolymphangiogenic effects using methods that incorporate a high-speed image processing system and a
deep learning-based vascular network analysis algorithm by 12 indices. Using these platforms, we evaluated the pro-
lymphangiogenic effect of Lymphanax, a natural product derived from fresh ginseng. As a result, we demonstrated
that Lymphanax induces robust lymphangiogenesis without any structural abnormalities. In conclusion, we suggest
that these innovative platforms are useful for studying the interaction between the skin and lymphatic system as well
as evaluating the prolymphangiogenic effects of drugs and cosmetics.

Introduction stimulation of the VEGF-C gradient activates the pro-

The lymphatic system is a ‘drainage system’ that removes
interstitial fluid containing wastes, antigens, and immune
cells from tissue in the body"? Our body maintains the
homeostasis of this drainage activity by controlling the
proliferation of lymphatic endothelium with tube forma-
tion, called lymphangiogenesis®. Lymphatic endothelial
cells (LECs) express the receptor tyrosine kinase vascular
endothelial growth factor receptor 3 (VEGFR3), which
binds vascular endothelial growth factor C (VEGF-C). The
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liferation and migration of LECs, which induces neolym-
phatic vessels to sprout from pre-existing lymphatic
vessels®’. The lymphatic vessel structure formed by LECs
allows the drainage of interstitial fluid, resulting in the
regulation of peripheral tolerance and protective immu-
nity®®, Lymphangiogenesis occurs dynamically under
abnormal conditions, such as inflammation, wound heal-
ing, and tumors'®", In particular, the skin coordinates
rapid responses to external challenges through immune
surveillance in the lymphatic system. Because skin pro-
duces large amounts of interstitial fluid in a day, the
cutaneous lymphatic vessels are densely located under the
epidermis to promptly eliminate the interstitial fluid'>".
The failure to drain interstitial fluid in skin causes several
problems, such as loss of elasticity or development of
inflammation'®,
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The cellular dynamics and molecular mechanisms of
three-dimensional (3D) neolymphatic vessel formation
are difficult to represent in the present conventional in
vitro 2D cell culture models with extracellular matrix
(ECM)-coated dishes'®. In vivo models more reflect
complexities more effectively than conventional in vitro
models in 3D, but these models require considerable time
and money and have difficulties in the interpretation of
human physiological results'>'®. Microfluidic chips might
be an intriguing research model that can offer numerous
applications in the biology research field by providing a
diverse culture environment subdivided into several
channels containing ECM and/or cells'”'®. Microfluidic
chip culturing LECs in 3D ECM allowed us to investigate
and regulate lymphangiogenesis'®*’. In this paper, we
explored a microfluidic model culturing LEC monolayers
to verify the effect of a new natural substance termed
Lymphanax, a thermally converted Panax ginseng root
extract, on prolymphangiogenesis.

Recently, it has been reported that ginseng improves
lymphangiogenesis and lymphatic circulation. Total
saponins of panaxnotoginseng (PNS), a mixture isolated
from PNS, increase VEGF-C expression in LECs and
activate lymphangiogenesis®'. Additionally, it has been
shown that ginsenoside Rgl, a component of saponin in
ginseng, promotes prolymphangiogenic activity through
the VEGF-C/VEGFR-3 mechanism, resulting in enhanced
lymphatic transport®?, Lymphanax can, therefore, be a
new candidate to maintain the condition of the lymphatic
system. In this paper, we showed that Lymphanax had a
prolymphangiogenic effect on 3D lymphatic vessels.
Morphological changes in their complicated 3D structure
could be automatically quantified with a deep learning-
based algorithm. The lymphatic vessels were aligned with
the functional cutaneous barrier by coculturing LECs and
keratinocytes in the microfluidic chip. The microfluidic
model formed a thick skin layer and lymphatic vessels
together and showed the prolymphangiogenic effect of
Lymphanax with the cutaneous barrier. As a result,
Lymphanax induced lymphangiogenesis through kerati-
nocytes without abnormal lymphatic conditions. Lym-
phanax was found to promote physiological changes in
lymphatic vessels beneath the skin. These results
demonstrated that our microfluidic model can be used for
evaluating the potential pharmacological ability of a new
substrate in the cutaneous lymphatic system.

Materials and methods
Fabrication of the microfluidic chip

The microfluidic devices were fabricated by soft litho-
graphy. The SU-8-100 photoresist spin-coated 16-inch
silicon wafer was baked at 95°C for 1h, and then,
microfluidic channels were patterned by selectively
exposing ultraviolet (UV) light through a mask. A
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polydimethylsiloxane (PDMS; Dow Chemical, Sylgard
184) solution, which is a representative biocompatible
substance®®, was poured on the wafer and cured at 80 °C
for over 1 hour in a dry oven. The wafer was coated with
polytetrafluoroethylene, and the PDMS curing could be
repeated more than 80 times. After the cured PDMS was
detached from the wafer, reservoirs were punched using
3mm and 1 mm biopsy punches. The punched PDMS
and cover glass were sterilized at 120 °C for 30 minutes
and then dried at 80 °C overnight. The dried cover glass
was bonded onto the PDMS with an oxygen plasma
treatment (FEMTO Science). Then, the hydrophilic
microchannels were coated with 2 mg/mL biocompatible
PDA solution®* and incubated at 37°C for 1hour
30 minutes. After the channels were washed with deio-
nized distilled water (DDW) twice, the microfluidic chip
was dried at 80 °C overnight to allow the microchannels to
be hydrophobic. Collagen type 1 (COL1) solution
(Corning, 354236) at 2 mg/ml, 3 mg/ml, and 5 mg/ml was
prepared by mixing with 10X phosphate buffered saline
(PBS) and DDW. In addition, sodium hydroxide (NaOH,
1N) was added to adjust the pH to 7.4. The mixed
COL1 solutions were injected inside of each of the 3 ECM
gel channels in series and incubated at 37°C for
40 minutes for gelation. After that, the medium channels
were filled with cell culture medium.

Cell preparation

For lymphatic endothelial cell experiments, human
dermal lymphatic endothelial cells and juvenile foreskin
(HDLEC; Promocell, C-12216) were purchased and cul-
tured in an EGM2-MYV bullet kit (Lonza, CC3202) at 37 °C
in a humidified 5% CO, incubator. For keratinocyte
experiments, Human Epidermal Keratinocyte, Adult,
Single Donor (NHEK-Ad; Lonza, 00192627) were pur-
chased and cultured with the KGM Gold Keratinocyte
Growth Medium BulletKit (Lonza, 00192060). HDLECs
and NHEKs were grown to ~ 70% and ~ 80% confluence
in 75T flasks, respectively.

Cell culture in a microfluidic chip

For lymphatic endothelial barrier formation, HDLECs
were detached using Accutase (Innovative Cell Technol-
ogies, AT104) at 37 °C for 10 minutes, and the cell sus-
pension was prepared at a density of 2 x 10° cells/ml. All
medium in the microfluidic chip was removed, and 40 pl
of the cell suspension was injected into each lymphatic
seeding channel. Then, the devices were tilted by 30° at
37 °C for 1 hour so that HDLECs could be attached mainly
to the COL1 hydrogel wall. Subsequently, unattached
HDLECs were eliminated, and then, all medium channels
were filled with fresh medium. After the lymphatic single
layer was established for 2 days, lymphangiogenesis was
induced for the next 6 days.
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Since KGM Gold medium contains 5% more fetal
bovine serum (FBS) than EGM-2 MV medium, KGM
Gold with 5% FBS was used from this stage. This medium
was supplemented with 100 nM sphingosine-1-phosphate
(S1P; Sigma, 73914) for all four conditions, 100 ng/ml of
vascular endothelial growth factor-A (VEGF-165; Pepro-
Tech, 100-20) and VEGF-C (PeproTech, 100-20CD)
except for the negative control. For combined treatment,
50 ng/ml and 250 ng/ml Lymphanax were added to the
medium of the V100 + L50 and V100 + L250 conditions,
respectively. In addition, considering that Lymphanax was
dissolved in 10% DMSO solution, the DMSO ratio of all
culture media was adjusted to be the same.

For the skin and lymphatic endothelial barrier coculture
system, NHEKSs were detached using Accutase at 37 °C for
10 minutes, and the cell suspension was prepared at a
density of 2.4 x 10° cells/ml. All medium in the micro-
fluidic chip was removed, and 40 pl of the cell suspension
was injected into each skin seeding channel. NHEKs were
cultured for 3 days to form a skin barrier, and HDLECs
were introduced to the lymphatic seeding channel. After
we confirmed that the HDLECs were well attached, an air-
liquid interface was established by removing KGM Gold
from the skin seeding channel and tilting the device above
45°. Moreover, ascorbic acid (Sigma, AA4403), which can
enhance the differentiation of keratinocytes, was added.
Induction of lymphangiogenesis began on D5, which was
2 days after HDLECs were seeded.

Immunofluorescence staining

Cells in the devices were fixed with 4% paraformaldehyde
(PFA; Biosesang, PC2031-100-00) for 30 minutes and per-
meabilized with 0.2% Triton X-100 (Sigma, T8787) for
5minutes at room temperature. Then, the cells were
blocked using 5% bovine serum albumin (BSA, Sigma,
A9418) for 90 minutes at room temperature. Forty micro-
liters of primary antibody solution diluted in PBS containing
anti-LYVE1 (1:100, Thermo Fisher Scientific, MA5-32512),
anti-RELN (1:100, Thermo Fisher Scientific, PA5-78413),
anti-PROX1 (1:100, Invitrogen, PA5-85552), anti-VE cad-
herin (1:100, Abcam, ab33168), anti-VEGFR3 (1:100,
Thermo Fisher Scientific, MA5-15651), anti-CD31 (1:200,
Abcam, ab24590), anti-Ki67 (1:500, Abcam, ab15580), anti-
K10 (1:100, Abcam, ab76318), anti-K14 (1:100, Abcam,
ab7800), and anti-Loricrin (1:200, Novus Biologicals, NBP1-
33610) in PBS was added to each channel and stored at 4. °C
overnight. After that, appropriate secondary antibodies at
1:200 dilutions were added to the samples for 2 hours at
room temperature. For staining of F-actin and DNA, 1:500
diluted phalloidin and DAPI in PBS were added. All pro-
cedures were performed with devices rocking gently on a
shaker, and three sets of PBS washes were included in each
step. Images were obtained using a confocal microscope
(Carl Zeiss, LSM-700).
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Quantification of lymphangiogenesis

All images used for analysis were immunostained with
phalloidin and captured using Celena® X (Logos Bio-
systems). Due to their tree-like form, vascular networks
can be structurally categorized as branches and nodes.
Since the innermost layer of a vessel consists of endo-
thelial cells that combine to form a tube, branches and
nodes consist of multiple endothelial cells and have a 3D
structure” . Based on F-actin-stained images (1600 x
1200 pixels), 3D lymphangiogenic morphogenesis was
quantified by 12 indicators. The algorithm recognized
the sprouting region between nodes as a branch. Cur-
vature refers to the curvature of a branch; Bra. Area
refers to the area of a branch; Nod.Rad refers to the
radius of a node; Bra.Euc.Leng refers to the Euclidian
distance between the endpoints of each branch; Bra.-
Width refers to the average width of a branch; N.C.B.
refers to the number of branches connected to a node;
Bra.Length refers to the total distance between the
endpoints of each branch; Bra.Num indicates the num-
ber of branches; Area refers to the area of the entire
vasculature; Nod.Num refers to the number of nodes;
Bra.A.Width refers to the mean value of width differ-
entiation at each branch point. For manual image ana-
lysis, values of whole vessels containing several branches
were measured using Image] software. Ves.Num refers
to the number of vessels; Area refers to the area of the
entire vessel; Ves.Leng indicates the total distance from
the starting point to the endpoint of each vessel in a
straight line; Separation refers to the number of vessels
separated from the vessel divided by the total Ves.Num.
The code for this algorithm was released on GitHub?®.
[https://github.com/moonchildz/angio_analysis].

Preparation of lymphanax

For Lymphanax, fresh ginseng was washed 3 times
and dried for 30 minutes. The ginseng was then cut to
1 ¢cm long, cultured in anaerobic conditions for 3 weeks,
and dried under hot air at 60 °C. Subsequently, Lym-
phanax was immersed in 50%-80% EtOH at 50-80°C
for 5 hours. After this process was repeated 3 times, the
extracted material was vacuum filtered, concentrated
and purified with a rotary evaporator. The obtained
Lymphanax was dissolved in DMSO and ready for cell
treatment.

Permeability analysis

For measurement of the permeability of the skin layer in
the microfluidic chip, 10 uM 0.4 kDa fluorescein sodium
salt (Sigma, F6377), 4kDa fluorescein isothiocyanate-
dextran (FITC-dextran; Sigma, FD4), and 40 kDa fluor-
escein isothiocyanate-dextran (FITC-dextran; Sigma,
FD40S) solutions were added to the medium channel of
the skin layer. Fluorescence images of the gel channel
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Fig. 1 A high-throughput microfluidic device for reproducing three-dimensional lymphangiogenesis in vitro. a Schematic design of each
chip of the high-throughput device. The channels painted blue are media channels, and pink channels are gel channels. Media channels were filled
with media containing cytokines and cells. Gel channels were filled with each concentration of collagen type I. b Top view of the whole 24-well
PDMS high-throughput microfluidic device. This device included 24 lymphangiogenesis chips. ¢ Experimental flow diagram of lymphangiogenesis
modeling. Each gel channel was filled with seeding cells. The HDLECs were seeded in channel #5 and cultured for three days. After the formation of
the HDLEC single layer, the cells were treated with Lymphanax for six days. d Immunofluorescence images of the HDLEC single layer on Day 3. The
image above is a top view of the HDLEC single layer, and the image below is a side view of the HDLEC single layer. Prox1 (green) is expressed in

lymphatic cells and HDLECs. The localization of HDLEC was indicated by F-actin (Red). Scale bars indicate 200 pm.

immediately next to the skin layer were captured after
Omin, 60min, and 120min of incubation at 37°C.
The intensity profile of diffusion was measured by Image]
software, and then, the permeability value P was
calculated using Fick’s first law as follows:

aC
T="Pa
Flux = —PAC

where J is the flux, D is the diffusion coefficient, C is the
concentration, x is the position, and P is the permeability
of the skin layer.

Statistical analysis

Data are presented as the mean * standard error of the
mean (SEM), and statistical significance was determined
using GraphPad Prism software (version 5.01). Compar-
isons among the groups were determined by one-way
analysis of variance (ANOVA) followed by post hoc
pairwise comparison testing using Tukey’s method. Sig-
nificance was defined as follows: *p < 0.05, **p < 0.01, and
***p < 0.001.

Results
A microfluidic device for inducing human dermal
lymphangiogenesis was used to evaluate the
prolymphangiogenic effect of lymphanax

The cutaneous lymphatic system is located in the
hypodermis, the deepest of the three major skin layers of
epidermis, dermis and hypodermis. We designed a
microfluidic chip with five channels defined by posts to
maintain the air-liquid meniscus and confine the filled
liquid to the desired channel (Fig. 1a, S1a). Twenty-four
chips were arrayed in 77.2mm * 1158 mm format to
increase the experiment throughput (Fig. 1b, S1b). In the
lymphangiogenesis application, type I collagen hydrogel
(COL1) was filled in channel #4 and gelled, and human
dermal lymphatic endothelial cells (HDLECs) were seeded
in channel #5 (Fig. 1c), allowing attachment to the COL1
wall (Fig. 1c). Other channels were filled with medium
containing growth factors and/or Lymphanax to create a
gradient toward the HDLEC monolayer. The preparation
processes for the chip are described in the Methods sec-
tion and the supplementary information (Fig. S1c). After
three days of culture, a confluent HDLEC monolayer was
formed (Fig. 1c, d, S1d). The channel was designed to have
a height of 150 ym to form an HDLEC vessel with a
diameter comparable to that of the precollecting
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not connected to the stalk cells in images (e). (n = 6 for the NC condition, n = 8 for the conditions). For comparison with each group and the NC (¥,
black) or Lymphanax-treated group and V100 group (*, blue), the p-value was determined by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001.
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lymphatic vessel in vivo'. VEGF-A/C (100 ng/ml) in other
channels (channel #1 in Fig. 1c) stimulated lymphangio-
genesis, and the VEGF-A/C gradient induced the growth
of lymphatic capillaries toward the gradient (Fig. 2a, S2a).

A strong lymphangiogenic response to VEGF-A/C
and a 250 pg/ml Lymphanax (V100 + L250) gradient
was indicative of the lymphangiogenic effects of Lym-
phanax compared to VEGF-A/C alone (V100) and
VEGEF-A/C with 50 pg/ml of Lymphanax (V100 + L50)
(Fig. 2a, S2a). The pro-lymphangiogenic effect of
Lymphanax was quantified using images acquired with
a high-speed image processing system. Four indices,
vessel number, total vessel area, vessel length and
separated tip cell number per vessel, were manually
measured (Fig. 2b—e). Notably, the number of neo-
lymphatic vessels and the area of neolymphatic vessels
increased significantly in the V100 4+ L250 group com-
pared to the negative control (NC) and V100 groups
(Fig. 2b-d). Additionally, the number of separated tip

cells from vessels per branch was reduced in the
V100 + 250 group. A steep gradient of VEGF-A/C
activates tip cells and induces vigorous migration away
from main vessels®”, but with Lymphanax, this treat-
ment appears to induce lymphangiogenesis while
simultaneously enhancing the structural stability of
lymph vessels (Fig. 2e). The lymphangiogenic response
to VEGF-A/C and 250 pg/ml Lymphanax was stronger
than the lymphangiogenic response to VEGF-A/C and
50 pg/ml Lymphanax (Figs. 2, 3, 7). On the basis of the
observed comparative effectiveness, it can be inferred
that a dose of 100 ug/ml will be less effective than a
dose of 250 pg/ml.

Lymphanax induced morphological and physiological
changes in 3D lymphatic vessels

Using a deep learning-based algorithm, we quantified
the physiological 3D changes in lymphangiogenic struc-
tures (Fig. 3)*’. Treatment with 250 pug/ml Lymphanax



Kim et al. NPG Asia Materials (2024)16:7

Page 6 of 12 7

(@)
15
Bra.Num
1
2 (o)
9
NC V100 V100 V100
+L50 +L250
(b) 15
Area
NC V100 V100 V100
+L50 +L250
(C) *%

Perimeter

*kk
*k%k

o =N W MO
L

]

NC V100 V100 V100
+L50 +L250

(d)
Bra.Leng
. i |
NC V100 V100 V100
+L50 +L250
e 15 *kk
Nod.Num ke

10

*% *
5 o
0

NC V100 V100 V100
+L50 +L250

(f)
B.A.Width

O =N W hO
*
*

—

NC V100 V100 V100
+L50 +L250

Fig. 3 The pro-lymphangiogenic effect of Lymphanax was verified by automatic morphological analysis of branches of neolymphatic

vessels using a vascular vessel network analysis algorithm. a Branch number (Bra. Num) means the average number of total branches in images.
b Area means average area of total branches in images. ¢ Perimeter indicates the average value of the perimeter of vessels in the images. d Branch
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and V100 group (¥,

(n=18 for the NC condition, n = 20 for the other conditions). For comparison with each group and the NC (¥,
blue), the p-value was determined by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001.

black) or Lymphanax-treated group

increased the number of branches and their perimeter and
area, as shown by 12 indices (Fig. 3a—c). Intriguingly,
branch length or the distance between two neighboring
nodes did not change, indicating that Lymphanax treat-
ment primarily stimulated lymphangiogenesis by
increasing the number of nodes and not by branch length
between neighboring nodes (Fig. 3d). Under VEGF-A/C,
Lymphanax, and mixed gradients, the structural similarity
between lymph node branches was maintained. In con-
clusion, treatment of 250 pg/ml Lymphanax with VEGEF-
A/C increases the sprouting of new lymphatic vessels (Fig.
3e) and the number of neolymphatic vessels by increasing
their complexity and adding new nodes. The application
of Lymphanax also increased the mean value of width
differentiation at each branch point (Fig. 3f).

Indices describing the 3D lymphatic structure of lym-
phatic vessels revealed that Lymphanax did not induce
significant morphological deformation (Fig. 4a—e). This
finding indirectly demonstrated that the VEGF and
Lymphanax gradient induced the formation of neolym-
phatic vessels without affecting their fundamental normal
structure. Intriguingly, the number of branches attached

to a node increased marginally in the V100 4+ L250 group
(Fig. 4f). Immunofluorescence (IF) images confirmed the
expression of lymphatic endothelial cell markers, includ-
ing LYVE1l (lymphatic vessel endothelial hyaluronan
receptor 1)*°, PROX1 (prospero homeobox protein 1)*!
and VEGFR3??, as well as a pan-endothelial marker,
CD31%, in both the V100 and V100 + L250 groups (Fig.
5). Reelin (RELN), an extracellular matrix protein secreted
by lymphatic endothelial cells®*, VE-cadherin (vascular
endothelial cadherin)®®, and the proliferation marker
Ki67%¢ were also maintained in both groups (Fig. 5, S2b,
¢). Despite their activated lymphangiogenesis, the addi-
tional Lymphanax gradient-induced lymphatic vessels
maintained normal lymphatic characteristics. Under
Lymphanax treatment, the expression of button-like
lymphatic endothelial cell junctions was also observed
(Fig. S2c).

Reconstitution of the cutaneous lymphatic system

The cutaneous barrier is a physical barrier that protects the
body from external damage®*. To confirm that Lymphanax
can affect the lymphatic system beneath the cutaneous
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Leng) means the average straight length of branches in images. e Branch width (Bra. Width) means the average width of branches in images. f Node
connected branch (N.C. B) is the average number of nodes connecting branches in the images. (n = 18 for the NC condition, n = 20 for the other
conditions). For comparison with each group and the NC (¥, black) or Lymphanax-treated group and V100 group (¥, blue), the p-value was
determined by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001.

PROX1 VEGFR3 CD31 RELN VE-cad Ki67
F-actin F-actin F-actin F-actin F-actin F-actin

Fig. 5 Neolymphatic vessels induced by Lymphanax maintained the original characteristics of lymphatic vessels. Neolymphatic vessels
induced by Lymphanax expressed protein markers indicating characteristics of lymphatic vessels: lymphatic vessel endothelial hyaluronan receptor 1
(LYVET), Prospero homeobox protein 1 (PROX1), vascular endothelial growth factor receptor 3 (VEGFR3), CD31, reelin (RELN), vascular endothelial

cadherin (VE-cad), and Ki67. F-actin (red) indicates the location of each cell. Immunofluorescence images of neolymphatic vessels were obtained
under V100 and V100 + L250 conditions. Scale bars indicate 100 um.

.




Kim et al. NPG Asia Materials (2024)16:7

Page 8 of 12 7

(a) (b)

D-1— Hydrogel filling
#1 #2 1 #3 #4 #5

DO

D2

HDLEC seeding

(@

o T

9) I 1
' '
I 1

D5 + Material treatment
® NHEK ® HDLEC
e VEGF A/C and/or Lymphanax
D11 L A VEGF-C

indicate 200 pm.

Fig. 6 The cutaneous lymphatic system model was completed by adding the functional cutaneous barrier to the lymphangiogenesis model.
a Experimental flow diagram of creating the cutaneous lymphatic system model. Each gel channel was filled before a day seeding cells. NHEKs were
cultured in channel #1, and HDLECs were cultured in channel #5. b Immunofluorescence images of the differentiated cutaneous barrier (two upper
panels) and lymphatic single layers (two lower panels) in the cutaneous lymphatic system model. ¢ Images showing the permeability test for the
functional skin barrier by 40 kDa FITC-dextran (green). d Graph represents the results of the permeability test by each size of substance. Scale bars

(c)

Jaleq uns

(d)

I .
= Permeability
e (x e-005 m/s)
20 4

(28 =i

& 37

@

g 27

<

2 14

0 .
0.4kDa 4kDa 40kDa

barrier, we added normal human epidermal keratinocytes
(NHEKS) in channel #1 and lymphatic vessels in channel #5
(Fig. 6a). Gel channels between the NHEKs and lymphatic
vessels were individually filled with 3 mg/ml, 5 mg/ml and
2 mg/ml type I collagen (COL1). The concentration of COL1
in two gel channels adjacent to the cutaneous layer (3 mg/ml
and 5mg/ml) was optimized for the formation of a stable
cutaneous layer, while the concentration in the gel channel
adjacent to the lymphatic vessel was optimized for the for-
mation of a confluent lymphatic monolayer. NHEKs grew on
3mg/ml COL1 (Fig. 6a, S3a). As they expanded, NHEKs
formed a cutaneous barrier, invaded 3 mg/ml COL1 and
reached 5mg/ml COL1 (Fig. 6a, b). COL1l (3 mg/ml)

induced stable collapse of the cutaneous monolayer, whereas
COL1 (5 mg/ml) minimized the additional collapse of the
hydrogel, preventing the NHEKs from coming into direct
contact and disrupting the lymphatic vessels until Day 12,
which is beyond the total experimental period (Fig. S3a, b).
The 2 mg/ml COL1 concentration was chosen for HDLECs
that formed confluent monolayers and sprouted lymphatic
vessels. Interestingly, NHEKSs did not form a thick cutaneous
barrier without 3 mg/ml COL1 (Fig. S3c, d). The optimal
combination of three COL1s allowed the reproduction of the
structure of human skin.

On this platform, we utilized an air-liquid interface
(ALI) culture system to promote keratinocyte
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differentiation in the cutaneous barrier’’. The day fol-
lowing the filling of all gel layers, NHEKs were seeded in
channel #1 and cultured for 2 days to proliferate suffi-
ciently to form a thick layer. On the second day, HDLECs
were seeded in channel #5, and the device was tilted at 45°
to adopt the ALI culture conditions. Three days later,
HDLECs on 2mg/ml COL1 formed a confluent mono-
layer, whereas NHEKSs developed a stable cutaneous bar-
rier (Fig. 6a). The cutaneous barrier expressed keratin 14
(K14; a skin basal layer marker®), keratin 10 and loricrin
(K10 and Lor; biomarkers of differentiated keratino-
cytes®>*°) on Day 5 (upper panels in Fig. 6b). The HDLEC
monolayer successfully expressed PROX1 and LYVE] in
three days (lower panels in Fig. 6b).

The cutaneous barrier prevents external environmental
substances from invading the body'**”. Several fluores-
cence molecules, including 0.4 kDa fluorescein sodium
salt and 4,40kDa fluorescein isothiocyanate-dextran
(FITC-dextran), were used to confirm the defensive cap-
ability. The molecules were applied to the formed cuta-
neous barrier, and the permeability was calculated from
the fluorescence intensity graph. The acquired perme-
abilities for molecules ranging in size from 0.4kDa to
40 kDa were comparable (Fig. 6¢c, d, S4a), whereas fluor-
escence molecules diffused rapidly across the non-
confluent (leaky) cutaneous barrier (Fig. S4b, c). The
permeability of a healthy cutaneous barrier was inde-
pendent of molecular size and diffusion time (30, 60,
120 min) (Fig. S4c). This model resembles previous
in vitro skin models, preventing the invasion of external
substances with a size of 0.5 kDa*'. With the cutaneous
barrier and HDLEC single layer that reconstitutes the
existing precollecting lymphatic vessel under the
epidermis-like layer, we developed a microfluidic model of
the human cutaneous lymphatic system.

Evaluation of lymphanax with a reconstituted cutaneous
lymphatic system

The cutaneous lymphatic system was used to confirm the
pro-lymphangiogenic effect of Lymphanax. Lymphanax was
applied to the fully differentiated functional cutaneous bar-
rier for six days (Fig. 6a). More lymphangiogenesis was
observed in the V1004 L250 (applied to the cutaneous
layer) group than in the V100 group (applied to the cuta-
neous layer) (Fig. 7a, S5a). We measured the vessel length,
vessel number and vessel area and found that the number,
area and length of neolymphatic vessels were increased
under the Lymphanax-treated condition, similar to previous
results without a cutaneous layer (Fig. S5b). As confirmed,
the number of separated tip cells decreased (Fig. S5c).
Additional quantification with the algorithm revealed that
the average number, area and perimeter of total neolym-
phatic branches increased after treatment with 250 pg/ml
Lymphanax (Fig. 7b). The number of nodes and the branch
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width differentiation were also greater in the V100 + L250
condition, whereas the average branch length was compar-
able across all conditions (Fig. 7b). Then, we confirmed the
character of the neolymphatic vessels with the cutaneous
barrier. As anticipated, there were no differences in the
curvature, branch area, node radius, straight length of
branches, branch width, or number of branches connecting
nodes across all conditions (Fig. 7c). In addition, stable
expression of all markers was observed in each lymphatic
vessel after treatment with Lymphanax in the cutaneous
layer (Fig. 7d). Consistent with our previous data presented
in Fig. 5b, the V100 + L250 group expressed these markers
more strongly than the V100 group (Fig. 7d).

The permeability test with the cutaneous barrier
demonstrated that it could block 0.4kDa molecules,
which are smaller than saponin, the major component of
Lymphanax (1.2 kDa)****, Therefore, the lymphangio-
genic effect may be caused not only by the direct effect of
leaked Lymphanax on the lymphatic vessel but also by the
substances secreted from keratinocytes. Using ELISAs, we
assessed molecules secreted from Lymphanax-treated
NHEKSs and found that only the VEGF-C concentration
increased (Fig. S6a). NHEKSs treated with Lymphanax at
concentrations greater than 20 pg/ml exhibited cytotoxi-
city (Fig. S6b). Secreted VEGEF-C, which is known to
promote lymphangiogenesis, could be a potential candi-
date, but verification requires additional investigationzz.

Discussion

The essential function of the cutaneous lymphatic sys-
tem, which consists of lymphatic vessels in the hypo-
dermis, is to maintain skin homeostasis. As one of the
largest organs in the human body, the skin produces a
high level of interstitial fluid, which is effectively removed
by the dense cutaneous lymphatic system. If this process
does not occur, the skin will become swollen and cracked,
allowing antigens and molecules from the outside to enter
the body. This phenomenon is responsible for a vicious
cycle of severe inflammation. Therefore, a comprehensive
understanding of the skin and lymphatic system is
necessary. Nonetheless, the absence of a research model
for the cutaneous lymphatic system remains a barrier.
Although animal models are used to study the complexity
of the cutaneous lymphatic system, they do not accurately
represent human responses. In addition, current in vitro
models cannot accurately reflect the communications
between the skin and lymphatic system because it is dif-
ficult to replicate these two conditions.

In this paper, we describe a microfluidic platform that
contains precollecting lymphatic vessels beneath the
functional cutaneous barrier and has the potential to
evaluate lymphangiogenesis in the human cutaneous
lymphatic system. First, we optimized three different
collagen concentrations for stable formation of the



Kim et al. NPG Asia Materials (2024)16:7 Page 10 of 12 7

(a)

V100+L250

NC
V100+L50

(b) 6 * 5 ok (C) 2
4
E 4 o © 15
3 3 . g <
2 L2 S
g < 4 = g 05
@ 0 & @ »

NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100
+L50 +L.250 +L50 +L250 +L50 +1.250 +L50 +L250

-
[$)]
N

Perimeter
o — N W £
Nod.Num
Nod.Rad

Bra.Euc.Leng

| 0 | 54
NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100
+L50 +1250 +L50 +1250 +L50 +L250 +L50 +L250
5 2 15 15
i . *k
< o 15 i .
5 3 = 5 0
S S )
s 2 p = o5
< 4 © 05 © z
@ @ o | " :
NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100 NC V100 V100 V100
+L50 +.250 +L50 +L250 +L50 +1250 +L50 +L250

(d)
LYVE1 PROX1 VEGFR3 RELN VE-cad Ki67
F-actin F-actin F-actin F-actin F-actin F-actin

Fig. 7 The pro-lymphangiogenic effect beyond the functional cutaneous barrier was verified in the cutaneous lymphatic system model.
a Immunofluorescence image of neolymphatic vessels induced under each condition on Day 11. The area under the posts is channel #5, which is
covered by the HDLEC single layer. A functional skin barrier was placed above the gel channels (not shown in the image). Neolymphatic vessels
sprout toward the 2 mg/ml collagen channel. F-actin (red) indicates each HDLECs. Scale bar indicates 200 um. (b-c) Data for 12 indices extracted by
the blood vessel network analysis algorithm for the experimental results of the cutaneous lymphatic system model. The results of algorithm analysis
of the pro-lymphangiogenic effect under each condition b. The results of algorithm analysis of the structural abnormalities of neolymphatic vessels
(). The p-value was determined by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001. d Immunofluorescence images of neolymphatic vessels
in the cutaneous lymphatic system model under V100 or V100 + L250 conditions. Each marker (green) indicates the characteristics of lymphatic
vessels. F-actin (red) indicates the location of each cell. Scale bars indicate 100 pm.
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cutaneous layer and lymphatic monolayer. COL1, with a
high concentration in the middle layer, acted as a barrier
to prevent direct contact and uncontrollable interruption
between NHEKs and lymphatic vessels. Each cell pre-
ferred a particular concentration of COL1, and the three-
channel design allowed the cocultured cutaneous com-
ponents to remain healthy and functional. COL1 (3 mg/
ml) was sufficient for NHEK cells to maintain confluence
but insufficient for long-term experiments. COL1 (2 mg/
ml) allowed lymphatic cells to form a confluent mono-
layer and engage in active spouting. ALI culture acquired
via chip tilting induced keratinocyte differentiation into
small substances blocking the cutaneous barrier (400 Da).
Despite the successful development of a functional cuta-
neous barrier, the irregular direction of skin stratification
posed a limitation (Fig. 6b). This limitation may be
attributable to the insufficient duration of culture under
an air-liquid interface (ALI) for the cells to become fully
differentiated, as well as the increased chance for kerati-
nocytes to interact with the surface of microfluidic
channels. The cutaneous barrier used in this paper has a
sufficient barrier function to prevent the penetration of
small substances, but it is not completely differentiated
and has imperfect inner layer alignment.

Lymphanax, which is an extract of specially fermented
fresh ginseng and contains saponin family components,
was evaluated for its lymphangiogenic effect. Intriguingly,
basic 3D vessel-unit structures with similar node sizes and
connected branches were maintained despite the vigorous
lymphatic vessel growth observed under the influence of
Lymphanax. The pro-lymphangiogenic effect of Lym-
phanax when applied to the cutaneous layer can
demonstrate the molecule’s potential for use in cosmetics.
Lymphanax has a cytotoxic effect when applied directly to
cultured NHEK cells at concentrations greater than 20 pg/
ml. Even at much higher concentrations, we were unable
to detect the cytotoxic effect of Lymphanax applied to the
ALI-cultured cutaneous layer formed with NHEK cells in
the microfluidic channel. We hypothesized that Lym-
phanax applied to the cutaneous layer leaked and induced
a pro-lymphangiogenic effect, but we also discovered a
weak indication that stimulating keratinocytes to secrete
VEGE-C. Lymphanax has been identified as a stimulant
that affects the lymphatic system beneath the cutaneous
barrier, although the precise mechanism of Lymphanax in
keratinocytes remains to be clarified through additional
research.

We also demonstrated that the previously reported
algorithm for vascular network analysis can be used to
quantify 3D lymphangiogenesis. In 3D lymphatic vessels,
the correlation between manually measured and auto-
matically quantified data with the deep learning-based
algorithm was confirmed. The algorithm also enabled us
to monitor physiological 3D alterations in neolymphatic
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vessels. The potential effect of Lymphanax on a pro-
lymphangiogenic effect could be easily verified with an
additional effect on the stability of the lymphatic network
structure. The algorithm improved the speed, objectivity,
and precision of our platform, making them viable can-
didates for high-throughput lymphangiogenesis analysis
platforms and models of the cutaneous lymphatic system.
Investigations of the cutaneous lymphatic system can be
conducted in a cost-effective and precise manner with the
aid of this tool.

Protection, thermoregulation and sensation are three
primary functions of skin**, The integration of sensory
neurons is associated with thermoregulation and sensa-
tion**. The primary objective of this paper is to recon-
stitute the lymphatic system and confirm the regulatory
ability of a molecule (Lymphanax) on the reconstituted
lymphatic system. A skin barrier was added to corroborate
that the capability is still present when the lymphatic
system is located beneath the skin barrier. The inclusion
of other cells, such as neurons, is expected to reproduce
additional thermoregulatory and sensory skin functions in
further research. The lymphatic system added to the skin
layer may have potential applications, such as biosensors
and infection research®>*®, through further development.
This device serves as an alternative to animal models and
has the potential to produce better results by utilizing
human-derived cells, in light of the global trend toward
animal experimentation prohibition. We therefore
anticipate that these platforms will serve as valuable
development tools for the pharmaceutical and cosmetics
industries.
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