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skin-related medical conditions or inju-
ries, require efficient interventions.[6] 
Therefore, reliable skin models are essen-
tial for the detailed understanding of skin 
pathologies or assessment of pharmaceu-
ticals. Animal models raise ethical con-
cerns, tend to fail predicting the outcome 
in humans, and the absence of sweat 
glands in the mouse skin offers a poor 
model for human skin.[7,8] Consequently, 
there is a great need for reliable in vitro 
models that mimic human skin. Diverse 
approaches were considered as discussed 
in recent reviews.[9–11] Simplistic models 
employ transwells to grow 2D cultures 
of keratinocytes from human biopsy tis-
sues, primary keratinocyte cells, or com-
mercial 3D organotypic skin equivalents 

(e.g., EpiSkin, EpiDerm, SkinEthic). An important shortcoming 
is the lack of a 3D environment in this 2D approach, which 
impacts the morphology and proliferation of the keratinocytes 
as well as the vascular system, leading to critical differences 
compared to human skin.[11] Organ-on-a-chip technology is an 
emerging alternative, which takes advantage of microfluidics to 
apply shear stress mimicking and controlling the mechanical 
properties skin experiences in a living organism.[12–14] Skin-
on-a-chip (SoC) concepts were shown to improve cell differ-
entiation as well as cell–cell adhesion, allowing for increasing 
complexity by incorporating different cell types (i.e., fibro-
blasts, keratinocytes, melanocytes) as recently discussed in 
several reviews.[10,15,16] Recent examples include the use of a 3D 
printing strategy combined with human skin equivalents con-
sisting of the epidermis, dermis, and hypodermis to assemble 
a vascularized SoC.[17] Additionally, SoCs were recently explored 
as microsensors for monitoring skin health,[18–20] to model skin 
diseases,[21–23] and as a platform for drug development.[24,25] 
Additionally, healing of injuries of the epithelial barrier is 
another challenge that can be assessed in in vitro models. 
Conventional wound healing models such as scratch[26] and 
cell exclusion methods consist of 2D cell monolayers to assess 
cell migration, but suffer from lack of reproducibility and high 
variability between experiments.[27] SoC systems present an 
advantage to create automated assays to explore cell migration 
and wound healing processes.[28] For example, van der Meer 
et  al. employed a microfluidic wound healing assay to assess 
cell migration speed when vascular endothelial growth factors 
were present.[29] Recently, Shabestani Monfared and co-workers 
reported a PDMS-based wound healing on-a-chip design to 
investigate agents that stimulate or inhibit cell migration and 
wound healing processes.[30] However, despite the remarkable 

In vitro epidermis models are important to evaluate and study disease 
progression and possible dermal drug delivery. An in vitro epidermis model 
using floating paper chips as a scaffold for proliferation and differentiation 
of primary human keratinocytes is reported. The formation of the four main 
layers of the epidermis (i.e., basal, spinosum, granulose, and cornified layers) 
is confirmed. The development of a cornified layer and the tight junction 
formation are evaluated as well as the alterations of organelles during 
the differentiation process. Further, this in vitro model is used to assess 
keratinocyte migration. Finally, magnetic micromotors are assembled, and 
their ability to aid cell migration on paper chips is confirmed when a static 
magnetic field is present. Taken together, this attempt to combine bottom-
up synthetic biology with dermatology offers interesting opportunities for 
studying skin disease pathologies and evaluate possible treatments.
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1. Introduction

Skin is the largest organ in the human body that protects the 
underlying tissue, controls the body temperature, detects sensa-
tions, or stores blood among others.[1] The hypodermis, dermis, 
and epidermis are the three main layers of the human skin. The 
epidermis is the outer layer composed of keratinocyte cells that 
are in direct contact with the environment. This layer under-
goes constant renewal of keratinocytes that originate from 
the basal layer and go through  differentiation and cornifica-
tion.[2] The epidermis consists of four main layers starting with 
the basal layer (stratum basale) followed by the spinous layer 
(stratum spinosum), the granulose layer (stratum granulosum) 
and the cornified layer (stratum corneum) that interfaces the 
environment.[3]

The skin is a drug delivery route that avoids the first-
pass metabolism and offers improved patient comfort com-
pared with other ways,[4] and is of essential importance for 
the cosmetic industry.[5] Further, individuals struggling with 
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progress over the past years, the fabrication of SoC remains 
rather complex, typically relying on lithography process for chip 
fabrication or 3D bioprinting.

Paper microfluidics is a developing alternative to glass and 
plastic-based chips, taking advantage of the low cost, biocom-
patibility and easy functionalization of paper as scaffold.[31] Over 
the last decade, paper scaffolds were used as support for diverse 
types of in vitro tissue modeling including liver,[32] intestine,[33] 
bone,[34] or cardiac tissue.[35] To our best knowledge, no skin 
model in paper chips has been reported yet. Paper chip fabri-
cation requires the addition of hydrophobic barriers to control 
the liquid flow. A popular way to accomplish this task is based 
on wax printing,[36–39] and more recently on the use of a com-
mercial ink-jet printer[32] followed by a heating process in both 
cases to create these hydrophobic barriers in an easy, reproduc-
ible, and low cost manner.

From a different perspective, micro- and nanomotors are 
a concept that considers the locomotion of particles outper-
forming Brownian motion to facilitate more efficient interac-
tion of colloidal systems with their surroundings to accomplish 
desired tasks, e.g., in nanomedicine[40] or water decontamina-
tion[41] as outlined in a variety of recent reviews.[42,43]

However, many of the concepts and locomotion principles 
remain only explored in simple aqueous (low viscosity, low 
ionic strength) environments, which is very different from 
the complex heterogeneous surrounding the motors would 
face in real-life situations, especially when transporting cargo 
is involved. The latter aspect is among the regularly suggested 
benefits of nano/micromotors. There is a rather wide set of 
small molecules, genes and proteins that were transported by 
nano/micromotors as recently summarized by Ma, Sanchez 
and co-workers.[44] Early examples of large cargo include the 
use of hydrogen peroxide powered Janus micro-motors with 
Pt caps to move inert polystyrene beads,[45] employing mag-
netic nanowire motors to transport drug loaded polymer par-
ticles to cancer cells in culture,[46] or receptor-modified ultra-
sound-propelled nanomotors to catch and transport bacteria.[47] 

However, only a few micromotors were reported to be able to 
transport mammalian cells. For instance, polyelectrolyte mul-
tilayered microplate motors were used to move HeLa cells in 
solution.[48] However, the heavy cargo substantially lowered the 
motors velocity and the hydrogen peroxide fuel interfered with 
the viability of the cells. In another effort, magnetically actu-
ated peanut-shaped motors were used to transport single NIH 
3T3 cells to a pre-defined location without detectable negative 
effect on their viability.[49] Peng and co-workers recently dem-
onstrated that helical hydrogel motors loaded with a chemokine 
and superparamagnetic iron oxide nanoparticles could be used 
for chemotactic guidance of immune T cells.[50]

Here, we explored floating paper chips at the air–liquid to 
act as 3D environment for keratinocytes towards the creation 
of an epidermis model to evaluate cell migration processes. 
Specifically, we first characterized keratinocytes cultured in 
paper chips by assessing their proliferation and changes in 
morphology focusing on alterations in their organelles (nuclei, 
mitochondria, and lysosomes), the granulose appearance, 
the tight junction formation, and the development of a corni-
fied layer, i.e., involucrin formation. Second, the migration of 
keratinocytes in the paper chips was characterized, and the 
ability of magnetic micromotors to aid their migration was 
determined (Scheme 1).

2. Results and Discussion

2.1. Keratinocytes Proliferation in Paper Chips

The ability of keratinocytes to proliferate in paper chips was 
determined depending on the coating of the paper chips and 
the cell seeding density. Previous studies employed transwell 
holders coated with collagen I to achieve suitable stiffness for 
proliferation.[51,52] The paper chips resemble this model taking 
advantage of the inherited stiffness of the paper itself. The paper 
chips were fabricated and coated as previously outlined.[33] 

Small 2022, 2201251

Scheme 1. Cartoon of keratinocytes-based epidermis model in a paper chip floating at the air–liquid interface showing the four main layer of the epi-
dermis (i.e., basal, spinosum, granulose, and cornified layer).
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Untreated paper chips were compared to paper chips coated 
with poly(L lysine) (PLL), collagen or photo-crosslinkable meth-
acryloyl (MA)-modified gelatin (GelMA). In addition, the paper 
chips were incubated with cellulase to reduce their thickness 
(referred to as peeled paper chips). The abundancy of cells in 
the paper chips was compared for up to 8 d incubation when dif-
ferent seeding densities (17 500, 50 000, and 100 000 cells) were 
used by staining the cells with fluorescent calcein-AM used 
to show intracellular esterase activity (i.e., live cells shown in 
green) and fluorescent ethidium homodimer-1 that detects loss 
of plasma membrane integrity (i.e., dead cells shown in red). 
Confocal laser scanning microscopy (CLSM) images revealed 
that higher seeding densities resulted in larger numbers of cells 
present in the paper chips largely independent on the coating 
( Figure S1, Supporting Information and Figure 1). Although 
the cells proliferated in all the tested conditions, a 100 000 cell 
seeing density was required to obtain densely populated paper 
chips. In addition, a ≈40% increase in thickness was observed 
in the orthogonal views from day 3 to day 8 suggesting the for-
mation of multiple cell layers (Figure  1a). Since there was no 
benefit of the coating or thinning of the paper chips, untreated 
paper chips with a seeding density of 100 000 cells was used for 
all further experiments unless noted otherwise.

2.2. Keratinocytes Differentiation in Paper Chips

Keratinocytes are known to differentiate by elevating the extra-
cellular concentration of Ca2+ (calcium switch),[53–56] and at 
the air–liquid interface. We confirmed that keratinocytes cul-
tured in tissue culture polystyrene (TCPS) confocal dishes and 
exposed to 2  × 10−3 m CaCl2 showed the expected increase in 
cell size, changes in nuclei and mitochondria morphology, and 
distribution of lysosomes as well as tight junction development 
(Figure S2, Supporting Information).

2.2.1. Layered Structure

First, the development of the cornified layer, the granulose 
layer, and basal layer in the paper chips was followed over 
time depending on the presence of CaCl2 (Figure 2). Specifi-
cally, the cells were let to adhere and proliferate for 3 d before 
exposure to 2 × 10−3 m CaCl2 for additional 5 d. CLSM images 
showed already after 3 d lamellar bodies (shown in the CLSM 
images as bright green spots) present in the middle (i.e., the 
granulose layer) and top layer (i.e., the cornified layer) of the 
paper chips, suggesting an early differentiation likely due to 
the presence of the air–liquid interface. This aspect was sup-
ported by CLSM images taken of cells cultured in submerged 
paper chips (Figure S3a, Supporting Information). In the latter 
case, the paper chips were seeded with cells and they were let 
to adhere overnight before the paper chips were submerged in 
media. CLSM images after 3 d showed significant differences 
in morphology compared with cells grown in paper chips at 
the air–liquid interface, suggesting that the air–liquid interface 
plays an important role in keratinocyte differentiation. Further, 
CLSM images of the cell containing paper chips taken after 
5 and 8 d culture showed distinctive differences between cells 

only exposed to the air–liquid interface, and cells incubated in 
the presence of CaCl2. After 5 d, only paper chips with cells 
incubated in the presence of CaCl2 showed dead cells in the 
cornified layer. In addition, although dead cells were found in 
the outermost layer independent of the presence of CaCl2 after 
8 d of culture, the amount of dead cells was more pronounced 
when CaCl2 was used, pointing towards more efficient differ-
entiation and epidermis mimicking properties. The presence 
of lamellar bodies was predominantly observed in the middle 
and top layers independent of the presence of CaCl2. In con-
trast, only cells in the presence of CaCl2 had lamellar bodies 
in all the layers when cultured in the submerged paper chips 
for 8 d. In this case however, no dead cells or the structural 
protein involucrin were present, suggesting the absence of a 
cornified layer (Figure S3b, Supporting Information). The 
comparison of the cells cultured either in the submerged paper 
chips or in the paper chips at the air-liquid interface illustrated 
that both, the extracellular addition of calcium and exposure to 
an air–liquid interface, were required to obtain differentiated 
keratinocytes.

2.2.2. Organelle Alterations

The keratinocytes differentiation in the paper chips was fol-
lowed in more detail by visualizing the organelle alterations in 
the cornified layer, the granulose layer, and basal layer focusing 
on the mitochondria, the lysosomes, and the nuclei.

Small 2022, 2201251

Figure 1. Proliferation of primary keratinocytes. Representative CLSM 
images of cells cultured in a) untreated, b) PLL coated and c) peeled 
paper chips after i) 3, ii) 5, and iii) 8 d of incubation. Side views of the 3D 
images are shown in the top and right part of the images. (Green: cal-
cein-AM; Red: ethidium homodimer-1; Cell seeding density: 100 000 cells). 
Scale bars: 20 µm.
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The mitochondria were expected to undergo morphological 
alteration due to polarization. Mitochondrial fission due to low 
energy demand in the granulose layer causes the fragmenta-
tion of mitochondria (i.e., elongation and punctuation of the 
mitochondria) leading to their degradation by autophagosomes 
before cornification.[57] The cells were cultured for up to 8 d and 
the mitochondria were visualized using the MitoTracker Deep 
Red dye. CLSM images after 3 d revealed that mitochondria 
were predominantly present in the granulose layer showing no 
alterations in their morphology (Figure 3a). The subsequent 
exposure to CaCl2 resulted in morphological changes, with the 
appearance of punctate mitochondria in the upper and middle 
layer, while these changes were only observed in the basal 
layer at day 8 (Figure  3b). The autophagosomes were stained 
and their colocalization with the mitochondria was assessed. 
As expected, autophagosomes were only present after calcium 
exposure, showing colocalization with punctate mitochondria 
in all layers (Figure S4, Supporting Information).

The lysosomes of differentiating keratinocytes are known to be 
abundant in the granulose layer but not in the cornified or basal 
layer.[57,58] The acidic organelles were visualized by staining with 
LysoTracker Deep Red. There was no difference between the layers 
after 3 d in culture, but the addition of CaCl2 led to an increase 
in lysosomal bodies in the granulose layer while the basal and 
cornified layer had almost no lysosomes after 8 d (Figure 3). No 
differences in lysosome number and appearance were observed 
between the layers in the absence of CaCl2 at day 8.

Finally, the morphological changes of the nuclei were deter-
mined. Differentiating keratinocytes are known to have nuclei 
of increasing size in the early stages followed by shape changes 
and structural collapse resulting in leakage of the DNA mate-
rial.[57,59] The nuclei were stained with Hoechst 33342, and 
CLSM images showed misshaped nuclei after 3 d, likely due to 
early differentiation (Figure 3a). After 8 d, the addition of CaCl2 
led to the leakage of the DNA from the nuclear region shown 
by the blue fluorescent signal originating from the entire cell 
body. In contrast, cells not exposed to CaCl2 showed only con-
densation of the DNA material (Figure 3b).

Taken together, the detailed visualization of the three dif-
ferent organelles confirmed the presence of differentiated 
keratinocytes in a layered structure in the paper chips.

2.2.3. Cornification

The cornified layer is the outermost part of the epidermis, 
forming a barrier interface to the environment. The cornification 
process involves the synthesis of structural proteins such as invo-
lucrin, loricrin, or filaggrin, which, in addition with lipids such 
as ceramides, make up the cornified envelope that surrounds the 
dead cells of the cornified layer.[2] As involucrin is a differentia-
tion marker expressed in this layer, we followed the involucrin 
development of the keratinocytes cultured on the paper chips to 
identify the cornified layer. Following different culture times of 
the cells in the paper chips, the cells were fixed and the forma-
tion of involucrin was confirmed by incubating the paper chips 
with an involucrin-binding antibody followed by a secondary 
antibody conjugated with Alexa Fluor 488 for visualization using 
CLSM. As expected, no fluorescent signal originating from the 
antibody-stained involucrin was observed in CLSM images taken 

Small 2022, 2201251

Figure 2. Differentiation of primary keratinocytes. Representative CLSM 
images of keratinocytes after a) 3, b) 5, c) 8 and d) 12 d of growth in 
absence (i) or presence (ii) of CaCl2. The cornified (left images), granu-
lose (middle images) and basal (right images) layers are shown. Close-up 
of single cells are included in the bottom left corner of the images. Side 
views of the 3D images are shown on the top and right part of the images. 
(Green: calcein-AM; Red: ethidium homodimer-1; Cell seeding density: 
100 000 cells). Scale bars: 20 µm.
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of the different cell layers in the paper chips cultured for 3 or 
5 d indicating that no cornified layer was formed (Figure 4a and 
Figure S5, Supporting Information). However, an involucrin 
signal was observed after 8 d cell culture, but it was more pro-
nounced in cell cultures that were exposed to CaCl2 confirming 
the formation of a cornified layer (Figure 4b). It should be noted 
that involucrin expression starts in the upper spinosum and 
granulose layers, which it is in agreement with the involucrin 
signal observed after 8 d in the granulose layer.[60] Further, no 
significant differences in involucrin formation were observed in 
cultures after 12 d (Figure S5, Supporting Information).

2.2.4. Tight Junctions

The formation of tight junctions is an important prerequisite 
for the skin’s barrier function. The cells were cultured and 

fixed, and the formation of tight junctions was confirmed by 
incubating the paper chips with an antibody for the tight junc-
tion-binding protein ZO-1 followed by exposure to a secondary 
antibody conjugated with Alexa Fluor 488 for visualization by 
CLSM. No tight junctions were found when 100 000 cells were 
seeded on the paper chips, even after 18 d in culture (Figure S6, 
Supporting Information). Therefore, the seeding density was 
increased to 200 000 cells, and CLSM images were recorded  
8 d after culture in the paper chips. In this case, clearly visible 
tight junctions were present, in particular when the cells were 
exposed to calcium (Figure 5). Additionally, higher cell cov-
erage was observed when 200 000 cells were seeded compared 
to 100 000 cells, even though the thickness was similar in both 
cases (Figure S7, Supporting Information). It should be noted 
that a variety of tight junctions are present in the different 
layers, i.e., claudins and occludins in the upper layers, and 
adherent junctions and desmosomes in the lower layers.[61,62] 
Since anti-ZO-1 only targets claudin and occludin junctions, 
almost no signal was observed in the basal layer.

We attempted to qualify the tight junctions using para-
cellular permeability assays with fluorescent dextran (FITC-
dextran, 10  kDa) and fluorescent albumin (BSAF, 66  kDa) as 
flux tracers. Specifically, 100 000 or 200 000 cells were seeded on 
paper chips and let to grow for 8 d in the presence or absence 
of CaCl2. Then, FITC-dextran or BSAF was added on top to the 
chips and let to incubate for 4 h before recording of the fluores-
cence intensity of the phenol-red free media in the wells using 
a multiplate reader. Additionally, TNFα has been reported to 
disrupt tight junctions when incubated with differentiated 
keratinocytes.[21] Therefore, the cell cultures in the paper chip 
were incubated with 50 ng mL–1 TNFα for 24 h to disrupt the 
tight junctions before the exposure to FITC-dextran or BSAF. 
The monitored fluorescence intensities in the multiplate reader 
were normalized to 100 000 cells cultured in the absence of 
CaCl2. Importantly, the increase of fluorescence intensity of the 
media due to the presence of FITC-dextran in presence of TNFα 
was statistically significantly higher for the differentiated cells, 
suggesting that TNFα disrupted the tight junctions (Figure 7b). 
Cultures without Ca2+ exhibited a similar trend, but the differ-
ences were not statistically significant. In addition, BSAF trans-
port showed tendencies of lower flux for the differentiated cells, 
supporting the formation of better tight junction formations 
when CaCl2 was present ( Figure S6, Supporting Information). 
These results suggested that tight junctions were formed for 
both seeding densities although the CLSM images with ZO-1 
staining suggested otherwise for the lower cell seeding density. 
We hypothesized that tight junctions that contributed to retain 
BSAF could not be identified with anti-ZO-1.

2.3. Keratinocytes Migration in Paper Chips

Lateral keratinocyte migration is an important aspect in would 
healing. Consequently, we aimed to determine if the paper chips 
offer a scaffold that allowed for this kind of cell movement. To 
this end, we adapted the paper chip design by including a part 
in the middle that could be removed following cell adhesion 
and proliferation. Specifically, 100 000 cells were seeded on the 
paper chip and let to incubate for 7 d before the strip in the 
middle was peeled off. The progress in cells populating this 
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Figure 3. Organelle alteration. Representative CLSM images of stained 
mitochondria (upper image), lysosomes (middle image), and nuclei 
(bottom image) after a) 3 d and b) 8 d of cell growth in absence (i) 
or presence (ii) of CaCl2. The cornified (left images), granulose (middle 
images) and basal (right images) layers are shown. Close-up of single 
cells/organelles are added in the bottom left corner of the images. 
(Orange: MitoTracker Deep Red; Violet: LysoTracker Deep Red; Blue: 
H33342; Cell seeding density: 100 000 cells). Scale bars: 20 µm.
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area was followed by CLSM over 72 h (Figure 6). Cell migration 
towards the center of the peeled area was observed that resulted 
in increasingly higher cell densities, but no full coverage was 
achieved within the observed 72 h. If CaCl2 was added to the 
cells after 3 d followed by an additional 4 d in culture, no 
cell migration into the peeled area was observed within 72 h, 
i.e., the differentiation had progressed too far for the cells to 
migrate and proliferate (Figure S8a, Supporting Information). 
With the aim to get an indication of how challenging migration 
on cellulose fibers was for the cells, the migration of undiffer-
entiated cells was followed when cultured in 2D TCPS confocal 
dishes, which remains an often used substrate for this purpose. 
To this end, 100 000 cells were seeded on a TCPS confocal dish 
and let to proliferate until a monolayer was formed. Then, the 
cells were scraped off in a similar sized area as the paper chips, 
and the migration was followed for 72 h. Interestingly, the cell 
migration was not more efficient on the 2D TCPS, i.e., there 
was no full cell monolayer after 72 h (Figure S8b, Supporting 
Information).

2.4. Magnetic Micromotors Supported Keratinocytes Migration

Our aim was to explore if magnetic micromotors can assist 
keratinocyte migration in paper chips. The cores of the mag-
netic micromotors were chosen to be 4 or 20 µm in diameter 
to ensure that they were not internalized by the cells while 
exhibiting high speed. They were assembled by the layer-by-
layer technique as previously outlined in detail including their 

locomotion assessment in buffer solution and in the paper 
chips soaked in buffer solution.[63] The 4 or 20 µm polystyrene 
(PS) particles were coated with poly(allylamine hydrochloride) 
(PAH) followed by poly(sodium 4-styrenesulfonate) (PSS) 
before the iron oxide magnetic nanoparticles were deposited. 
Then, PSS was deposited, followed by fluorescently labeled PLL 
(PLLf) as the terminating layer resulting in xMM-PLLf (where x 
indicates the size of the micromotors (i.e., 4 or 20  µm)). The 
paper chips were changed from a circular shape to a rectan-
gular design to facilitate the attachment of a static magnet at 
the end of the chip. The rectangular chip had three different 
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Figure 4. Cornification. Representative CLSM images of keratinocytes 
after a) 3 and b) 8 d of growth in absence (i) or presence (ii) of CaCl2. 
The cornified (left images), granulose (middle images) and basal (right 
images) layers are shown. Side views of the 3D images are shown in the 
top and right part of the images. (Yellow: involucrin; Blue: H33342 dye; 
Cell seeding density: 100 000 cells). Scale bars: 20 µm.

Figure 5. Tight junction formation. Representative CLSM images of 
tight junctions after a) 8 d using a seeding density of 200 000 cells in 
presence (i) or absence (ii) of CaCl2. (Red: ZO-1 dye; Blue: H33342 dye). 
The cornified (left images), granulose (middle images) and basal (right 
images) layers are shown. Side views of the 3D images are shown in the 
top and right part of the images. Scale bars: 20 µm. b) Flux tracer assay 
showing the normalized fluorescence intensity of the media when cells 
on paper chips (seeding density 100 000 or 200 000 cells) were incubated 
with FITC-dextran with or without TNFα. The data were normalized to 
the signal from 100 000 cells in absence of CaCl2. The data are expressed 
as mean ± SD (n  = 3, *p  <  0.05; one-way ANOVA with Sidak multiple 
comparison test).
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areas (Figure S11, Supporting Information). The cells were pre-
seeded in Region A, xMM-PLL were added to Region B and let to 
attach to the cells and Region C was used to determine how far 
the cells were able to migrate in a time interval.

First, the locomotion of the micromotors was assessed in 
bioinert microfluidic channels filled with cell media. xMM-PLL 
were added to the bioinert channels and allowed to equilibrate 
for 2 min before the 2.9 N magnet was placed at the end of the 
channels. The trajectories and the mean square displacement 
(MSD) plots confirmed locomotion but the average velocities 
were dependent on their concentration. In case of 4MM-PLL, low 
concentrations of the 4MM-PLL showed velocities of v ≈ 7 µm s−1 
that were comparable to the previous reported velocities in 
water-filled microfluidic channels.[63] However, the high con-
centration of 4MM-PLL showed no motion due to aggregation 
of the micromotors and the complex environment. Further, 
20MM-PLL had locomotion being v ≈7 µm s−1 and ≈2 µm s−1, at 
low and high concentrations respectively (Figure S9 and Movies S1 
and S2, Supporting Information).

Second, the locomotion of xMM-PLL was assessed in paper 
chips soaked in cell media to understand to what extent the 
presence of the proteins affected the xMM-PLL velocities. The 
as-produced paper chips were incubated in cell media for 24 h 
before Region B was peeled and xMM-PLL in low or high con-
centrations (≈10 timer higher) of xMM-PLL were loaded and let 
to incubate in cell media for an additional 24 h. Finally, Region 
C was peeled, and the paper chips were placed upside down 
in a Petri dish before two magnets (2.9 N) were clipped on the 

paper chips at the end of Region C. The movies were recorded 
immediately. The extracted trajectories from the movies and 
the resulting MSD plots confirmed locomotion for both mag-
netic micromotors at both concentrations. Previously, we found 
that 4MM-PLL presented an average velocity of v ≈ 7 µm s−1 and 
≈20  µm s−1 in paper chips soaked in water at low and high 
concentration, respectively.[63] In comparison, trajectories and 
MSD when 4MM-PLL were incubated in paper chips soaked in 
cell media showed locomotion with an average velocity v of 
≈2 µm s−1 and ≈8 µm s−1 at low and high concentration, respec-
tively (Figure 7a, Figure S10 and movies S3 and S4, Supporting 
information) confirming that the presence of proteins from the 
media reduce their mobility. The trajectories and MSD plots 
confirmed locomotion of 20MM-PLL in the cell media soaked 
paper chips resulting in average velocity v of ≈8  µm s−1 and 
≈4 µm s−1 at low and high concentration, respectively (Figure 7a 
and Figure S10a,b, Supplementary Information). Surprisingly, 
20MM-PLL was faster at low concentration but 4MM-PLL had higher 
velocities at high concentration. The higher velocities of 4MM-PLL 
could be explained by the fact that 4MM-PLL had an unavoid-
able degree of aggregation and chain formation that resulted 
in a larger overall magnetic moment and higher v compared to 
20MM-PLL where no chain formation or aggregates was observed.

Finally, we compared 4MM-PLL and 20MM-PLL in their ability to 
transport cells in the paper chip to support cell migration. High 
concentration of micromotors was chosen for these cell experi-
ments to ensure enough opportunities for the cells to attach, 
although 20MM-PLL had higher velocities at low concentrations.

First, 100 000 keratinocytes were seeded in Region A and let 
to grow for 7 d before the middle area was peeled and 2.5 µL 
of high concentration xMM-PLL were added and incubated with 
the cells for 72 h to allow the cells to migrate and attach to 
the micromotors. The attachment of the micromotors to the 
cells was followed by CLSM (Figure  7b and Figure S12a, Sup-
porting Information) showing that the micromotor-containing 
Region B was homogeneously covered with cells after 72 h. 
The magnetic micromotors showed no short-term cytotoxicity 
at the tested concentrations (Figure S11a, Supporting Informa-
tion). Additionally, the actin filaments of the cells were stained 
with phalloidin and the attachment of the keratinocytes to the 
micromotors was confirmed with limited or no internaliza-
tion of the micromotors by the cells (Figure S11b,c, Supporting 
Information).

Second, Region C was peeled and the paper chips were incu-
bated for 24, 48, or 72 h in the presence or absence of a 2.9 N 
magnet placed at the end of the paper chips. It was found that 
in the absence of the magnet almost no cells migrated to the 
indicated positions within 72 h (Figure  7c and Figure S12b, 
Supporting Information). In contrast, when the paper chips 
were incubated with the magnet, a substantial increase in 
cell number was observed in positions 1 and 2 in Region C, 
although no differences were found between 24, 48, and 72 h 
incubation. Additionally, a higher amount of cells was found 
in Position 2 when 4MM-PLL were used compared to 20MM-PLL, 
suggesting that either the larger micromotors did not have 
enough thrust to aid the keratinocytes or the cell attachment 
to the micromotors was more challenging due to the size dif-
ferences. It should be noted that the distance from the starting 
point to Position 1 and Position 2 was ≈200 µm and ≈300 µm, 

Small 2022, 2201251

Figure 6. Cell migration in paper chips. Representative CLSM images of 
keratinocytes after a) 0, b) 24 and c) 72 h of migration in absence of CaCl2. 
Left side (left), middle (middle) and right side (right) of the peeled area 
were shown. Side views of the 3D images were shown in the top and right 
part of the images. (Green: Calcein-AM; Red: Ethidium homodimer-1; Cell 
seeding density: 100 000 cells). Scale bars: 20 µm.
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respectively. These distances were larger compared to the cir-
cular chip discussed above where the peeled middle part had a 
width of ≈130 µm, confirming the benefit of the micromotors 
for cell migration.

3. Conclusion

We report the design of an in vitro 3D epidermis model on 
paper chips floating at the air–liquid interface to study cell 
migration processes. The proliferation and differentiation 
of primary human keratinocytes were evaluated confirming 
the formation of the four main layers of the epidermis (i.e., 
basal, spinosum, granulose, and cornified layer) in addition to 
alterations in organelles such as mitochondria, lysosomes or 
nuclei in agreement with established cell culture approaches. 
Further, the cell migration in paper chips was comparable to 
their migration in 2D TCPS surfaces for not fully differentiated 
keratinocytes. Finally, magnetic micromotors coated with PLL 
could attach to keratinocytes and support their migration in a 
paper chip when pulled by a magnet.

In the next step, the epidermis model could be increased in 
complexity by integrating melanocytes and Langerhans cells 
towards a more realistic pigmented epidermis model with the 
presence of immune cells. Alternatively, these paper chips 

could be used to integrate other parts of the skin towards a 
more realistic platform to study different skin diseases (e.g., 
psoriasis and atopic dermatitis) and their possible treatments, 
or for drug testing applications. Nevertheless, limitations of 
this epidermis-on-a-chip such as extracellular gradients and 
continuous perfusion of nutrients are aspects that need to be 
addressed.

4. Experimental Section
Materials: A4 Whatman filter paper, cellulase from Trichoderma 

sp., bisbenzimide H 33342 trihydrochloride (H33342), poly(L-lysine) 
hydrobromide (PLL, MW = 30–70 kDa), collagen from rat tail, phosphate-
buffered saline (PBS), ethidium homodimer I solution, calcein-AM 
solution, Triton-X-100 (TX), fluorescein isothiocyanate-carboxymethyl-
dextran (FITC-dextran, MW = 10 kDa), bovine serum albumin-fluorescein 
(BSAF), TNFα human, sodium chloride (NaCl, 99%), poly(allylamine 
hydrochloride) (PAH, MW = 17.5  kDa), poly(sodium styrene sulfonate) 
(PSS, MW = 70  kDa), rhodamine B (Rho), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), phalloidin and polystyrene 
particles (PS, 4  µm and 20  µm, 2  wt%) were purchased from Sigma-
Aldrich. Normal Goat Serum, 0.05% trypsin-EDTA, Alexa Fluor 488 
goat anti-mouse IgG (H+L), ZO-1 monoclonal antibody (ZO1-1A12), 
MitoTracker Deep Red, and LysoTracker Deep Red were obtained from 
Thermo Fisher. Cytotoxicity Assay Kit (MTT) was purchased from VWR. 
Anti-Involucrin antibody [SY5] (ab68) was purchased from Abcam. 

Small 2022, 2201251

Figure 7. Magnetic micromotors supported cell migration. a) Cartoon illustrating the experimental setup. b) Locomotion properties of 4MM-PLLf and 
20MM-PLLf (high concentration) in paper chips soaked in cell media including the trajectories (i), MSD plots (ii) and velocities represented as whisker 
plots (iii). c) Migration of keratinocytes in paper chips after 72 h incubated in presence of 4MM-PLLf or 20MM-PLLf. The starting part and middle part of 
Region B are shown. Gray line indicates the beginning of Region B. d) Migration of keratinocytes in Region C after 24 (i) and 72 h (ii) incubated with 
2.9 N magnet in presence of 4MM-PLLf or 20MM-PLLf. Position 1 and Position 2 in Region C are shown. (Green: Calcein-AM; Red: xMM-PLLf; Cell seeding 
density: 100 000 cells). Scale bars: 20 µm.
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CYTO-ID Autophagy detection kit was purchased from Enzo. µ-slides VI 
0.4 bioinert were purchased from ibidi GmbH. 2.9 N NdFeB magnets 
(S-15-03-R) were purchased from Supermagnete.

HEPES buffer consisted of 10 × 10−3 m HEPES and 150 × 10−3 m NaCl 
(pH 7.4). Methacryloyl (MA)-modified gelatin (GelMA),[64] magnetic 
nanoparticles (MNP) and PLLRho

[63] were made following previously 
published protocols.

Paper Chip Preparation: The paper chips were fabricated following 
a published protocol.[33] Briefly, the design of the paper chips was 
performed in Microsoft Power Point and printed double-sided on A4 
Whatman paper using a LaserJet printer (Xerox Workcentre 7845). Then, 
they were autoclaved to melt the ink, forming a hydrophobic barrier that 
allowed them to float on cell media.

Cell Culture Experiments: Commercially available normal Human 
Epidermal Keratinocytes (NHEK; juvenile foreskin, single donor) cells 
were obtained from Promocell. Keratinocytes cells were cultured in 75 cm2 
culture flasks in Keratinocyte Growth Medium 2 (C20011, PromoCell) 
or phenol red-free Keratinocyte Basal Medium 2 (C20216, PromoCell) 
supplemented with Keratinocyte Growth Medium 2 SupplementMix (one 
vial of CaCl2 stock solution, and one vial of SupplementMix, Promocell) 
and 1% Pen Strep (10 000 U mL−1, Thermo Fisher Scientific) at 37 °C and 
5% CO2. All the experiments were performed using cell passage P < 10.

2D Culture: As control, 100 000 keratinocyte cells were seeded in a 
TCPS confocal dish and allowed to adhere overnight at 37  °C and 5% 
CO2. Then, 100 µL CaCl2 (20 × 10−3 m stock solution) mixed with 900 µL 
cell media was added to the dishes and the cells were incubated for 24 h 
prior to imaging. The cells were washed twice with PBS buffer followed 
by incubation with 120  µL of LysoTracker Deep Red (50  × 10−9 m final 
concentration in cell media) for 45  min. Then, the cells were washed 
twice with PBS and the nuclei were stained with 200 µL H33342 (1:200 
diluted in PBS) for 15  min at room temperature. Mitochondria were 
visualized in the TCPS confocal dishes by adding 200  µL MitoTracker 
Deep Red (200  × 10−9 m final concentration in cell media) for 45  min 
at 37 °C and 5% CO2. Then, the cells were washed twice with PBS, and 
the nuclei were stained with 200 µL of H33342 (1:200 diluted in PBS) for 
15  min at room temperature. The TCPS confocal dishes were imaged 
using a Zeiss LSM700 CLSM (Carl Zeiss, Germany) and a 40× objective 
(2% laser gain, 70 µm pinhole). Fluorescence intensities were collected 
using two imaging channels: green emission (LysoTracker Deep Red) 
λex = 555 nm and λem = 573 nm; red emission (MitoTracker Deep Red): 
λex = 639 nm and λem = 660 nm; blue emission (H33342) λex = 405 nm 
and λem = 435 nm.

Cell Culture in Paper Chips: The geometrical parameters were 
previously described in detail.[33] The thickness of the paper chips 
was ≈500  µm and the inner white area diameter was 0.35  cm. The 
nonprinted area of the paper chips was coated with collagen, PLL, or 
GelMA prior to seeding of keratinocytes. PLL coating was performed by 
adding 50 µL PLL (1 mg mL−1 in water) and incubated for 10 min in cell 
media at 37 °C and 5% CO2. GelMA coating was performed by mixing 
GelMA solution (50  mg mL−1) in HEPES buffer with lithium phenyl-
2,4,6-trimethylbenzoylphosphinate photoinitiator (5  mg mL−1). The 
mixture (50  µL) was added to the nonprinted area of the paper chips, 
and 1 min exposure to ultraviolet light (λ = 405 nm) from both sides was 
used to ensure efficient cross-linking. Collagen coating was performed 
by adding 25 µL (4 mg mL–1) collagen solution (containing 10% volume 
of 10× PBS) and incubated at 37 °C for 30 min before seeding the cells.

The sterile (coated) paper chips were deposited on 1  mL culture 
media in a 24-well plate and allowed to equilibrate and float for 15 min at 
37 °C in 5% CO2 before 17 500, 50 000, 100 000 or 200 000 keratinocytes 
cells were seeded in the hydrophilic central part of the paper chips. The 
media was changed every 2 d. In case of the submerged papers, the cells 
were let to attach overnight. Then, the paper chips were pushed to the 
bottom of the wells using tweezers.

Proliferation: The cell viability was visualized by CLSM using a 
LIVE/DEAD Viability/Cytotoxicity Kit. The paper chips were washed 
twice with PBS after 3, 5, 8, and 12 d in culture. The staining solution 
was prepared containing ethidium homodimer-1 (4 × 10−7 m final 
concentration) and calcein-AM (2 × 10−6 m final concentration) in 

PBS. The staining solution was added to the paper chips (flipped) and 
incubated at room temperature for 45 min protected from light before 
visualizing by CLSM and a 40× objective (2% laser gain, 70 µm pinhole). 
Fluorescence intensities were collected using two imaging channels: 
green emission (calcein-AM) λex = 488 nm and λem = 518 nm; and red 
emission (ethidium homodimer-1): λex = 555 nm and λem = 573 nm.

Layered Epidermis Structure: The cells were let to attach and 
proliferate for up to 18 d. After 3 d in culture, 100 µL CaCl2 (20 × 10−3 m 
stock solution, 2 × 10−3 m final concentration) was added to the wells, 
maintaining a final volume of 1 mL for cell differentiation. The calcium 
was replaced every two days together with the media.

The formation of tight junctions and involucrin was visualized using 
CLSM. To this end, the media was removed from the well plate after 
3, 5, 8, 12, or 18 d (100 000 or 200 000 cell seeding density per chip). 
The paper chips were washed twice with PBS followed by fixation 
with 4% paraformaldehyde (PFA) for 15  min. The fixed cells were 
washed twice with PBS, and the membrane was permeabilized with 
0.5% TritonX (TX) for 5  min at room temperature in the case of tight 
junction staining. Then, the cells were incubated with 200  µL 5 v/v% 
goat serum (60 mg mL−1 in PBS) for 30 min at room temperature. Next, 
the samples were washed 3× with PBS and incubated with 200 µL anti-
involucrin antibody [SY5] (1:500 diluted, Abcam) or ZO-1 monoclonal 
antibody (1:100, Thermo Fisher) for 2 h at 37  °C. Then, the samples 
were washed 3× with PBS and incubated with 200 µL of goat anti-mouse 
IgG (H+L) highly cross-absorbed secondary Alexa Fluor 488 antibody 
conjugate (10 µg mL−1 final concentration) for 1 h at room temperature. 
Finally, the samples were washed 3× with PBS and the nuclei were 
stained with 200 µL H33342 (1:200 diluted in PBS) for 15 min at room 
temperature. These stained samples were visualized by CLSM using a 
40× objective (2% laser gain, 70  µm pinhole). Fluorescence intensities 
were collected using two imaging channels: green emission (secondary 
antibody) λex = 488 nm and λem = 518 nm; and blue emission (H33342) 
λex = 405 nm and λem = 435 nm.

Permeability assay was performed using fluorescein isothiocyanate-
carboxymethyl-dextran (FITC-dextran, 10 kDa) or bovine serum albumin-
fluorescein (BSAF, 66  kDa) and keratinocyte cells cultured for 8 d with 
initial cell density of 100 000 or 200 000 cells in presence or absence of 
CaCl2 (for the last 5 d). The media in the well was replaced with 450 µL 
phenol red-free media and 50 µL FITC-dextran or BSAF (5 mg mL–1 stock 
solution). In case of paper chips were treated with TNFα, the media was 
replaced with 1  mL phenol red-free media that contained 50  ng mL–1 
TNFα and the paper chips were incubated at 37 °C in 5% CO2 for 24 h, 
before adding FITC-dextran or BSAF. Then, 100 µL of media from the well 
was transferred to a black 96-well plate and the fluorescence intensity 
was measured using the multiplate reader (λex/λem = 485/544 nm). The 
results were normalized to the signal from 100 000 cells cultured in the 
absence of CaCl2. The data were statistically compared using one-way 
ANOVA with Sidak multiple comparison test. Three independent repeats 
were performed.

Organelle Alterations: The mitochondria and lysosomes were imaged 
on the paper chips after 3 and 8 d incubation (with and without Ca2+). The 
paper chips were washed twice with PBS buffer followed by incubation 
with 700 µL LysoTracker Deep Red (500 × 10−9 m final concentration in cell 
media) or 700 µL MitoTracker Deep Red (200 × 10−9 m final concentration 
in cell media) for 45 min at 37 °C and 5% CO2. Autophagosomes were 
stained using CYTO-ID Autophagy detection kit. The paper chips were 
incubated for 45 min at 37 °C and 5% CO2 soaked in 500 µL cell media 
containing 0.5  µL Cyto-ID and MitoTracker Deep Red (200  × 10−9 m 
final concentration in cell media). Then, the paper chips were washed 
with PBS and visualized using CLSM and a 40× objective (2% laser 
gain, 70  µm pinhole). Fluorescence intensities were collected using 
two imaging channels: green emission (LysoTracker Deep Red) 
λex = 555 nm and λem = 573 nm; and red emission (MitoTracker Deep 
Red): λex  = 639  nm and λem  = 660  nm and blue emission (H33342) 
λex = 405 nm and λem = 435 nm.

Cell Migration: The cell migration chips were designed maintaining the 
same hydrophilic nonprinted area as the previously used circular chips. The 
black bar in the middle had a width of 130 µm. This printed bar was pre-cut 
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with a blade before 100 000 cells were seeded and let to grow for 7 d as 
outlined above. Then, the middle bar was peeled using tweezers, and the 
cell migration was followed over 72 h by visually checking different areas in 
the chip for cells stained with the LIVE/DEAD Viability/Cytotoxicity Kit as 
previously outlined. For comparison, the cell migration chips were treated 
with CaCl2 between day 3 and 7d, and the cell migration was followed over 
72 h as outlined before. As control, 100 000 keratinocyte cells were seeded 
in a TCPS confocal dish and let to grow until a monolayer was formed. 
Then, the same size area as the paper chip was scraped off and the 
migration was followed over 72 h. The paper chips were visualized using 
CLSM and a 20× objective (2% laser gain, 70 µm pinhole). Fluorescence 
intensities were collected using two imaging channels: green emission 
(calcein-AM) λex = 488 nm and λem = 518 nm; and red emission (ethidium 
homodimer-1): λex = 555 nm and λem = 573 nm.

Magnetic Micromotors (xMM-PLL) Mobility: The synthesis of magnetite 
nanoparticle (MNP) and magnetic micromotors were made following 
previously published protocols.[63] Briefly, either 4 or 20 µm polystyrene 
particles (PS) were used to assemble xMM-PLL using the layer-by-layer 
technique. The terminating layer was PLLRho. Micromotors were stored 
in the fridge until further use.

The locomotion of xMM-PLL was characterized in cell media. First, 
xMM-PLL were dispersed in bioinert µ-slides at low (×1) and high (×10) 
concentrations and allowed to stabilize for 2  min. Then, movies were 
recorded in absence or presence of a 2.9 N magnet.

Alternatively, paper chips were designed as previously described.[33] 
The paper chip consisted of three different regions (i.e., A, B and C) 
(Figure S11, Supporting Information). The paper chips were incubated 
for 24 h in cell media at 37 °C. Then, 2.5 µL xMM-PLL were loaded in the 
peeled Region B of the paper chips and incubated at 37 °C for 24 h. Finally, 
Region C was peeled, and the paper chips were placed upside down in a 
Petri dish. The movement was recorded in absence or presence of 2.9 N 
magnet and low and high concentration of magnetic micromotors. Two 
magnets were placed at the end of the papers above and below the Petri 
dish with the paper chip in the middle. Three hundred frames per image 
were recorded and the trajectories were tracked at 16.67 fps with a 10× 
objective. The image color of the extracted frames was inverted prior to 
the analysis (TrackMate plugin in the software Fiji[65] only distinguishes 
white particles in a black background). The tracking procedure and 
MSD analysis were performed as explained in the previously published 
protocols.[63] Movie panels were 2× accelerated for better visualization.

Short-Term Cytotoxicity of the Magnetic Micromotors: The cell viability 
was assessed using an MTT assay. 75 000 keratinocyte cells per well were 
seeded in a 96-well plate and let to adhere overnight at 37 °C in 5% CO2. 
Either 2.5, 5, or 10 µL of 4MM-PLL or 20MM-PLL were added to the wells and 
incubated for 24 h. Then, the media was removed, and 110 µL of fresh 
media containing 10  µL of MTT labeling reagent were added per well 
and let to incubate for 4 h at 37 °C in 5% CO2. Then, 100 µL of formazan 
solubilization solution was added and incubated for 18 h at 37  °C in 
5% CO2 before the absorbance at λ = 570 nm was measured using the 
multimode plate reader (PerkinElmer Ensight). The background signal 
consisting of only media treated with the reagents was subtracted in all 
the measures. Three independent repeats were performed.

Magnetic Micromotors (xMM-PLLf) Supported Cell Migration in Paper 
Chips: The Regions B and C were pre-cut with a blade before 100 000 
cells were seeded in Region A and let to grow for 7 d. Then, Region B 
was peeled and 2.5 µL of high concentration 4MM-PLLf or 20MM-PLLf were 
deposited and incubated for 72 h to allow the cells to migrate and 
interact with the micromotors. Afterward, Region C of the paper chips 
was peeled, and they were incubated in the presence or absence of two 
2.9 N magnets clipped at the end of the paper chips for 24, 48, or 72 h at 
37 °C and 5% CO2 prior to imaging.

The cells and xMM-PLLf were visualized by CLSM. To this end, the paper 
chips were incubated with Calcein-AM (2 × 10−6 m final concentration) in 
PBS for 45 min at room temperature before visualizing by CLSM using 
a 20× objective (2% laser gain, 70 µm pinhole). Fluorescence intensities 
were collected using two imaging channels: green emission (calcein-AM) 
λex = 488 nm and λem = 518 nm; and red emission (RhoB): λex = 555 nm 
and λem = 573 nm.

The interaction of the micromotors and the cells was studied staining 
the cells with phalloidin. The paper chips were washed twice with 
PBS followed by fixation with 4% paraformaldehyde (PFA) for 15  min. 
The fixed cells were washed twice with PBS, and the membrane was 
permeabilized with 0.5% TritonX for 5 min at room temperature. Then, 
the cells were incubated with 200 µL phalloidin (25 µg mL−1 in PBS) for 
40 min at room temperature. Finally, the paper chips were washed twice 
with PBS and visualized using CLSM using a 40× objective (2% laser 
gain, 70 µm pinhole). Fluorescence intensities were collected using one 
imaging channel: red emission (RhoB and phalloidin): λex = 555 nm and 
λem = 573 nm.
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from the author.
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