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AbstractStem cell mobilization by cytokines and peptide drugs contributes to wound healing in injured tissues.
Owing to the short half-life of cytokines and short peptides in vivo, precisely predicting the in vivo therapeutic efficacy
of stem cell mobilizers is difficult using current in vitro models. To address this problem, we developed a multichannel
microfluidic device with diffusion barriers to recapitulate drug gradients in an in vivo-like environment. We investi-
gated the effects of Substance P (SP), a stem cell mobilizer, on the migration of human bone marrow-derived mesen-
chymal stem cells (BM-MSCs) in the microfluidic chip, which replicated in vivo drug gradients. Simulations of SP
concentration indicated that our microfluidic chip established SP gradients in migration channels, unlike the existing
scratch model for cell migration assays. The scratch model did not distinguish the effects of SP with a short half-life
and PEGylated SP with an extended half-life on BM-MSC migration, whereas the microfluidic system demonstrated
that PEG-SP affected BM-MSC migration more than SP. Furthermore, the microfluidic chip allowed accurate quantifi-
cation of the distance and direction of BM-MSC migration. Our microfluidic system could be useful for the precise
evaluation of drugs associated with cell migration and mobilization.
Keywords: Microfluidic Chip, Cell Migration, Stem Cell Mobilization, Substance P, Drug Gradient

INTRODUCTION

Endogenous stem cells mediate in situ wound healing in defec-
tive tissues [1-3]. Several factors, such as granulocyte colony stim-
ulating factor (G-CSF) and granulocyte-macrophage colony stimu-
lating factor (GM-CSF), are known to facilitate endogenous stem
cell mobilization from the bone marrow to the circulating periph-
eral blood, which leads to the enrichment of stem cells in injured
tissue [4-7]. Novel therapeutic factors that recruit and mobilize
endogenous stem cells to defective target tissues will enable highly
effective cell-free tissue regeneration regimens. Thus, in vitro test
platforms that precisely evaluate stem cell migration using novel
factors are required. There are several existing in vitro techniques
to analyze drug-induced cell migration, including the scratch assay
and the transwell assay [8-12]. However, these techniques have sev-
eral limitations regarding controlling and evaluating cell mobilizer
effects. A scratch assay on a regular cell culture dish or plate can
evaluate cell migration according to the type and concentration of
the drug, but cannot differentiate between sizes of drug molecules
because drug gradients are minimally reconstituted in this assay
[13]. Transwell-based cell invasion assays can evaluate the chemo-
taxis of cells based on the size of the testing drug molecule. How-
ever, this assay cannot precisely assess the in vivo-like behaviors of
the testing molecules because of the absence of a three-dimensional

(3D) diffusion barrier, which is required to maintain the gradient
of molecules [14,15]. The pore size of the transwell membrane and
the gravitational forces often limit cell mobilizer effects due to steep
but unstable molecular gradient formation and size limitations of
applicable cells and cell mobilizers. Furthermore, cell migratory direc-
tion between upper and lower wells delimits live cell imaging. The
micromixer-based microfluidic chip provides one way to overcome
low controllability and poor visibility of conventional cell migration
assays. In a previous study, the microfluidic platform enabled the
linear and stable gradient of the chemoattractant perpendicular to
the channel flow, and thus successfully demonstrated neutrophil
chemotaxis to interleukin 8 gradient [16]. Another study incorpo-
rated extracellular matrix-based hydrogel to a 3D microfluidic chip
to represent in vivo microenvironment [17]. This method efficiently
recapitulated in vivo-like 3D dynamics of chemotactic cell behavior.

To overcome the limitations of conventional assays for the anal-
ysis of cell migration, we developed a microfluidic chip platform with
a 3D diffusion barrier that simulates in vivo cell migration using
stem cell mobilizers. Owing to the presence of a 3D collagen hydro-
gel as a diffusion barrier, our microfluidic chip allows the detection
of differences in stem cell migration depending on the molecular
size of drugs, which has been difficult to evaluate precisely in the
existing in vitro cell migration assays. Here, we simulated in vivo
stem cell migration of Substance P (SP) in the microfluidic chip.
SP, a short polypeptide of 11 amino acids (RPKPQQFFGLM), is
known to augment the mobilization of stem and progenitor cells
from the bone marrow to circulating blood and subsequently pro-
mote wound healing in defective peripheral tissues [18-20]. To
address the limited therapeutic efficacy of SP owing to its short
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half-life in vivo (Approximately 1 min) [21-23], we previously syn-
thesized a polyethylene glycol (PEG)-conjugated SP with an extended
half-life and increased stability [23]. Thus, our microfluidic chip
simulated how the chemotaxis is altered by the different sizes of
the SP and PEG-SP molecules, and these results were compared
with those from the conventional scratch assay. Indeed, the differ-
ence in the migration of human bone marrow-derived mesenchy-
mal stem cells (BM-MSCs) mediated by SP and PEG-SP could
only be validated in the microfluidic chip with a 3D hydrogel bar-
rier channel, while the conventional scratch assay did not differen-
tiate BM-MSC migration by SP and PEG-SP. This was likely due
to a lack of drug gradients, as predicted by simulation analysis. The
effect of the SP antagonist was also confirmed in the microfluidic
chip. Treatment with the neurokinin 1 receptor antagonist (RP67580),
a known SP antagonist [24,25], significantly reduced the migra-
tion of BM-MSCs treated with SP and PEG-SP. Overall, these results
demonstrated that the microfluidic chip reported in this study
could effectively simulate and predict in vivo stem cell migration
using a stem cell mobilizer and its inhibitor.

METHODS

1. Design and Fabrication of the Microfluidic Chip
A microfluidic chip was designed to have five channels to cre-

ate drug concentration gradient so that stem cell migration could
be analyzed: Channel I (factor channel), Channel II (diffusion bar-
rier), Channel III (gradient channel), Channel IV (cell channel), and

Channel V (medium channel) (Fig. 1(a)). The microfluidic device
was fabricated using a soft lithography method with polydimethyl-
siloxane (PDMS; Dow Corning, Auburn, MI, USA). The PDMS-
patterned membrane was molded into the designed shape and was
sterilized by autoclaving. The membrane was then bonded to a steril-
ized cover glass by oxygen plasma treatment (60W, 40s; Femto Sci-
ence, Seoul, Korea). The procedure for preparing the microfluidic
chip for the analysis of BM-MSCs migration by SP and PEG-SP
treatments is illustrated in Fig. 1(b). First, 50g/mL collagen I (Corn-
ing, Bedford, MA, USA) in phosphate-buffered saline was coated
onto the surface of the channels to promote cell adhesion. BM-MSCs
(passage numbers 7-8; Lonza, Bazel, Switzerland) were seeded onto
Channel IV at a density of 1×107 cells/mL and incubated for 2 h to
allow cell attachment. To prevent rapid diffusion of SP and to cre-
ate an SP concentration gradient, a pre-gel solution of collagen I was
added to Channel II 30 min before SP treatment. Collagen cross-
linking was induced to form a 3D collagen hydrogel that acted as
a diffusion barrier. Dulbecco’s Modified Eagle Medium (DMEM;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific), 1%
(v/v) penicillin/streptomycin (Thermo Fisher Scientific), and basic
fibroblast growth factor (bFGF; 20 ng/mL, R&D Systems, Minne-
apolis, MN, USA) was added to the channels. The culture medium
was changed every 24 h.
2. Synthesis of PEG-SP and Measurement of SP Half-life

PEG-SP was synthesized as described in a previous study [19].
Methoxy PEG-succinimidyl succinate (250 mg/mL, 10 kDa mPEG-

Fig. 1. Design of microfluidic chip and schematic for stem cell migration experiment. (a) Configuration of microfluidic chip; Channel I (fac-
tor channel for administration of drugs such as SP, PEG-SP, and RP67580), Channel II (diffusion barrier with 3D collagen type I
hydrogel), Channel III (gradient channel for drug gradients and cell migration), Channel IV (cell channel for cell seeding and start
point of cell migration), and Channel V (medium channel to provide medium supply). (b) Time-table for microfluidic chip prepara-
tion and cell migration experiment.
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SS; SunBio, Anyang, Korea) and SP (10mg/mL; Anygen, Kwangju,
Korea) dissolved in 10mM Tris buffer (pH 7.5) were mixed in equal
volumes and stirred overnight at 4 oC. The reaction mixture was
purified using an Amicon ultra-centrifugal filter system (NMWL
10 kDa; EMD Millipore, Billerica, MA, USA). The half-lives of SP
and PEG-SP were examined in a culture medium of DMEM sup-
plemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomy-
cin. SP and PEG-SP were added to 100L of the culture medium
at a concentration of 5 nmol and incubated for 72 h at 37 oC and
5% CO2. The amount of remaining SP was measured at predeter-
mined time points using an SP Parameter Assay Kit (#KGE007,
R&D Systems). The concentrations of SP and PEG-SP were calcu-
lated through conversion to molar mass using their corresponding
molecular weights (1,347.63 g SP/mol and 21,347.63 g PEG-SP/
mol).
3. Cell Migration Test in a Scratch Model

Cell migration in a conventional scratch assay was tested as a
control. Eight-well chamber slides (Thermo Fisher Scientific) were
used for the scratch assay. The chamber slide was coated with 50
mg/mL collagen I for 2 h and the BM-MSCs were then seeded onto
the chamber slide at a cell density of 1×106 cells/mL. They were incu-
bated in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) pen-
icillin/streptomycin, and 20 ng/mL bFGF overnight to allow cell
adhesion. The next day, the BM-MSC monolayer was deprived of
serum for 4 h and scraped with a straight line using a 200L pipette
tip. The culture medium was replaced with fresh serum-free medium
containing either SP or PEG-SP. After 12h of incubation, the migra-
tion distance of the BM-MSCs within the scraped region was ana-
lyzed using ImageJ 1.49v software (National Institutes of Health,
Bethesda, MD, USA).
4. Cell Migration Test in a Microfluidic Chip System

SP or PEG-SP (1 pmol) was added to Channel I (factor channel)
to induce BM-MSC migration in the microfluidic chip. The migra-
tion of BM-MSC from Channel IV (cell channel) to Channel III
(gradient channel) was analyzed at 0, 12, 24, 48, and 72 h of cul-
ture. To observe how the SP antagonist affected BM-MSC migra-
tion in the microfluidic chip, 10 nM of RP67580 (Sigma-Aldrich)
was added to Channel I along with SP or PEG-SP. The cell cul-
ture medium containing SP or PEG-SP, with or without RP67580,
was replaced every 24 h. At each of these analysis time points, the
cells were fixed with 10% formalin and stained with TRITC-con-
jugated phalloidin (Sigma-Aldrich). The distance and angular dis-
tribution of migration were quantified using ImageJ 1.49v software.
5. Computational Simulation of SP Concentration

A computational program, COMSOL Multiphysics software
(COMSOL Inc., Burlington, MA, USA), was used to simulate SP
concentration in the cell culture slide and the microfluidic chip. The
model was simulated using the microfluidic module of COMSOL
Multiphysics software with the following parameters was used:
density of culture medium, 1,030 kg/m3 [26]; dynamic viscosity of
culture medium, 0.0025 Pa·s [26]; SP diffusion coefficient in aque-
ous solution, 2.83×1012 m2/s [27]; porosity of hydrogel, 0.9 [28];
maximum SP degradation rate, 8.29×1012 mol/cell·s (calculated
based on [20]); Michaelis-Menten constant km of SP, 190M [20].
To match the conditions for the cell tests, the initial SP concentra-
tion was set to 0.1 mM in the overall domain in the scratch test

and in Channel I of the microfluidic chip.
6. Statistical Analysis

All statistical analyses were performed using the GraphPad Prism
9 software (GraphPad, San Diego, CA, USA). Data are shown as
mean±standard deviation (SD) unless otherwise stated. An unpaired
Student’s t-test was applied, and p-values<0.05 were considered signif-
icant in all tests.

RESULTS AND DISCUSSION

1. Microfluidic Chip Preparation for Stem Cell Migration by
SP and PEG-SP

A microfluidic chip was fabricated with PDMS using soft lithog-
raphy to replicate in vivo drug gradients and cell migration. Intra-
venously injected SP circulates in the bloodstream before reaching
target sites like bone marrow through diffusion barriers such as
3D extracellular matrices [29]. SP gradients across diffusion barri-
ers affect the mobilization of BM-MSCs into other peripheral tis-
sues. To simulate the in vivo behavior of SP, we designed a micro-
fluidic chip with a 3D hydrogel diffusion barrier made from colla-
gen type I, the main component of connective tissue. The chip
was fabricated with five microchannels in the following order: (1)
drug administration channel (Channel I), (2) 3D hydrogel chan-
nel as a diffusion barrier (Channel II), (3) drug gradient channel
for cell migration (Channel III), (4) cell seeding channel (Channel
IV), and (5) medium channel (Channel V) (Fig. 1(a)). A schedule
of the cell migration test within the microfluidic chip is shown in
Fig. 1(b). To facilitate cell adhesion, a collagen type I coating was
applied to all channels 24h before drug administration. BM-MSCs
were then seeded onto Channel IV 2 h before drug treatment, and
then a collagen I hydrogel diffusion barrier was formed in Chan-
nel II. Finally, SP and PEG-SP were administered to Channel I,
and the culture medium was added to Channel V. Because PEG-
SP has two PEG moieties (10 kDa) within the SP molecule, the
molecular weight of PEG-SP (21.347 kDa) is higher than that of
SP (1.347 kDa) (Fig. 2(a)). PEGylation is one of the most efficient
strategies to extend the half-lives of the peptides and proteins [30].
PEG arms on PEG-SP conjugates can protect SP from enzymatic
degradation and hydrolytic cleavage [31,32]. Moreover, the amphi-
philic nature of PEG-SP may allow micelle formation with SP core
and PEG shell, which renders PEG-SP more resistant to degrada-
tion [33,34]. Indeed, the half-life of PEG-SP was up to 40 h longer
than that of SP (1 h) under physiologically relevant conditions
(DMEM culture medium supplemented with 10% FBS) (Fig. 2(b)).
Overall, PEGylation of SP not only increases the molecular weight
but also protects SP from degradation, leading to the extended half-
life of SP and differences in diffusion profiles and rates between SP
and PEG-SP over time. Thus, we speculate that when SP and PEG-
SP pass through Channel II (3D hydrogel diffusion barrier), differ-
ent concentration gradients are formed in Channel III (gradient
channel).
2. Comparison of Stem Cell Migration between the Scratch
Model and Microfluidic Chip

To verify the feasibility of our microfluidic chip as an in vitro
platform for precisely evaluating stem cell migration by SP and
PEG-SP, we compared BM-MSCs migration by SP and PEG-SP in
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the microfluidic chip with that in the conventional scratch assay.
Interestingly, the scratch model did not show differences in the
extent of BM-MSC migration between the SP and PEG-SP treat-
ments, as shown in Fig. 3(a). In contrast, the microfluidic chip with
a diffusion barrier of 3D collagen I hydrogel could distinguish the
enhanced migration of BM-MSCs treated with PEG-SP, compared
to those treated with SP (Fig. 3(a)). Likewise, the average migra-
tion speed of BM-MSCs was not significantly different between
the SP and PEG-SP groups in the scratch assay; however, in the
microfluidic chip, the migration speed of BM-MSCs treated with
PEG-SP was much higher than that of cells treated with SP (Fig.
3(b)). This discrepancy could be attributed to the 3D diffusion

barrier in the microfluidic platform reconstituting different gradi-
ents of SP and PEG-SP. As SP and PEG-SP appeared to diffuse
throughout the entire well in the scratch model without a 3D hydro-
gel barrier, distinct concentration gradients between SP and PEG-
SP were not formed, leading to insignificant differences in stem cell
migration by SP and PEG-SP treatments. However, when SP and
PEG-SP were administered into Channel I of the microfluidic chip,
they passed through Channel II with the 3D diffusion barrier of the
collagen hydrogel, ultimately leading to concentration gradients of
SP and PEG-SP in Channel III. In this situation, SP was likely to
decompose more rapidly than PEG-SP before being transferred to
Channel IV. This resulted in the varying effects of SP and PEG-SP

Fig. 2. Characterization of SP and PEG-SP. (a) The chemical structure of SP and PEG-SP. For synthesis of PEG-SP, SP peptide (RPKPQQFF-
GLM) was chemically conjugated with PEG moieties to the arginine (R) and lysine (K) residues. (b) Degradation profiles of SP and
PEG-SP in culture medium (DMEM supplemented with 10% (v/v) FBS) at 37 oC (n=4).

Fig. 3. The migration of human BM-MSCs in scratch model and microfluidic chip system. (a) Microscopic observation of human BM-MSC
migration 12 h after SP or PEG-SP treatment. White dotted lines indicate the location of migrating cells (scale bars=500m). (b)
Average migration speed of human BM-MSCs over 12 h in the scratch model (chamber slide) and microfluidic chip (n=3; **p<0.01,
***p<0.001 vs. each corresponding group in scratch assay, ##p<0.01 vs. NT group in chip assay, ++p<0.01 vs. SP group in chip assay).
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on stem cell migration in the microfluidic chip.
3. Simulation of the SP Gradient in Scratch Model and Micro-
fluidic Chip

The simulation predicted that the different migration extents of

Fig. 4. Simulation of SP concentration gradients in scratch model and microfluidic chip system. (a) SP concentration in the cell culture slide
for scratch assay. (b) SP concentration in the Channel III and Channel IV of the microfluidic chip. Simulation analysis data indicate
SP concentrations in both assays every 6 h up to 24 h. Schematic illustrations below the graphs show the direction of BM-MSC migra-
tion (black arrows) due to SP concentration gradients.

Fig. 5. Migration of human BM-MSCs treated with SP and PEG-SP in microfluidic chip. (a) Migration of phalloidin-labelled BM-MSCs
treated with SP or PEG-SP in the microfluidic chip (24, 48, and 72 h of culture, scale bars=500m). (b) Migration distance quantified
from the fluorescence images of phalloidin-labelled BM-MSCs in each group. NT denotes the no treatment group (n=3; **p<0.01 vs.
NT and SP groups). (c) Measurement of the angular distribution of the direction of cell migration from Channel IV to Channel III in
the microfluidic chip. (d)-(f) Angular distribution of human BM-MSC migration in (d) NT, (e) SP, and (f) PEG-SP groups. Average
angular distribution in each group is marked with a black triangle.

BM-MSC in the scratch model and microfluidic chip were caused
by different SP diffusion rates and concentration gradients. In the
well with the scratch, SP rapidly diffused throughout the well, lead-
ing to the absence of SP gradients (Fig. 4(a)). This indicates that



908 J. Kim et al.

April, 2023

SP in the scratch model could bind to SP membrane receptors on
BM-MSCs within minutes, and consequently induce a certain level
of cell migration (Fig. 3). In contrast, SP concentration gradients
were created according to the location of the microfluidic chip with
a 3D diffusion barrier (Fig. 4(b)). Since SP diffusion in microflu-
idic system with 3D diffusion barrier is not as fast as much as that
in scratch model, it seems that SP degradation became more promi-
nent in the 3D microfluidic chip and, consequently, the effect of
SP without PEGylation on BM-MSC migration was negligible (Fig.
3(b)). Given the large difference in molecular weights of SP and
PEG-SP, their different diffusion behaviors in microfluidic system
were also likely to result in such differential BM-MSC migration
effects. Although computational analysis of PEG-SP diffusion behav-
iors was not conducted in our study, we assume that the gradients
of PEG-SP formed through 3D collagen hydrogel and its prolonged
half-life could induce BM-MSC migration for extended period in
comparison to SP. Therefore, the effects of stem cell mobilizers
administered in vivo, especially those with a short half-life such as
SP, can be better understood using our microfluidic system than
with conventional migration assays.
4. The Effect of Stem Cell Mobilizer in Microfluidic Chip

We further examined stem cell migration by SP and PEG-SP
throughout the culture time in the microfluidic chip. The migra-
tion of BM-MSCs from Channel IV to Channel III after three days
was significantly increased by PEG-SP treatment compared with
no treatment or SP treatment (Fig. 5(a)). The prolonged effect of
PEG-SP owing to its extended half-life was demonstrated in the
microfluidic chip. BM-MSCs treated with PEG-SP migrated fur-
ther than those with SP treatment or no treatment (Fig. 5(b)). SP
treatment did not significantly enhance the migration distance of
BM-MSCs compared to no treatment. Unmodified SP likely de-
composed during transfer through the 3D hydrogel barrier due to
its short half-life. The angular distribution, which indicates the
direction of cell movement from Channel IV to Channel III, was
examined in the microfluidic chip (Fig. 5(c)). BM-MSCs treated
with PEG-SP exhibited an average angular distribution value of
approximately 15o, while cells treated with SP or without any treat-

ment showed average angular distribution values of approximately
30o (Fig. 5(d)-(f)). A larger number of BM-MSCs treated with PEG-
SP was found to move with directional propensity toward Chan-
nel III. This indicates that different SP gradients formed during
the diffusion of SP and PEG-SP through the 3D hydrogel barrier
affect the efficiency of stem cell migration for each treatment.
5. The Effect of SP Antagonist in Microfluidic Chip

The effects of drug antagonists often need to be examined to
identify and validate their mode of action. Thus, we investigated
the effect of an SP antagonist (RP67580) on BM-MSC migration
using a microfluidic chip system (Fig. 6). Upon exposure to RP67580
administered through Channel I, migration of BM-MSCs treated
with SP or PEG-SP significantly decreased (Fig. 6(a) and (b)),
indicating the SP antagonist adversely affected stem cell migration
in the microfluidic system. We found that the migration distance
of BM-MSCs cotreated with PEG-SP and RP67580 was reduced to
a level similar to that of BM-MSCs cotreated with SP and RP67580
(Fig. 6(b)). These data demonstrate that small molecules, such as
RP67580, diffused through the 3D hydrogel barrier and negated
the effect of SP gradients on stem cell migration in the microflu-
idic system.

CONCLUSIONS

A microfluidic chip containing five microchannels and a 3D col-
lagen diffusion barrier was tested for evaluating stem cell migra-
tion using a stem cell mobilizer (SP) and its derivative (PEG-SP),
which has an increased molecular size and extended half-life. Con-
ventional methods, such as the scratch assay, did not distinguish
between the efficacy of SP and PEG-SP for stem cell migration, while
the microfluidic chip enabled precise simulation of enhanced stem
cell migration with PEG-SP by replicating in vivo SP gradients
using a 3D diffusion barrier. The microfluidic chip can also quan-
tify the cell migration speed and direction along the SP gradients.
In addition, differences in cell migration, according to the pres-
ence or absence of antagonists, were observed in the microfluidic
chip. Overall, our microfluidic platform can be utilized for more

Fig. 6. Effect of antagonist on the migration of human BM-MSCs treated with SP and PEG-SP in the microfluidic chip. (a) Migration of SP-
or PEG-SP-treated BM-MSCs exposed to SP antagonist (10 nM RP67580) in the microfluidic chip (72 h of culture, scale
bars=500m). BM-MSCs were labelled with phalloidin. (b) Migration distance of BM-MSCs quantified from the fluorescence images
of phalloidin-labelled BM-MSCs in each group (n=3, **p<0.01, ***p<0.001 vs. each corresponding RP67580 () group).
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accurate in vitro evaluation of drugs and substances that affect cell
migration and mobilization for tissue regeneration and vascular-
ization.
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