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a b s t r a c t

Trypsin is frequently used to dissociate mesenchymal stem cells (MSCs) for in vitro adhesion and
chemotaxis assays. However, its potential impact on surface receptor degradation is poorly understood.
The purpose of this study was to evaluate the effect of trypsin-EDTA exposure versus PBS-EDTA on MSC
surface receptor integrity and function. Primary human MSCs were detached with PBS-EDTA alone, or
Cell Dissociation Buffer followed by 30 s exposure to 0.05% w/v trypsin-EDTA (trace trypsin method, TT),
or 0.25% w/v trypsin exposure for 2 or 5 min. Cells were characterized for surface integrity of b1 integrin
(CD29) and PDGF Receptor (PDGF-R), and assessed in vitro for adhesion to atelocollagen-coated surfaces
and migration to PDGF-BB. PBS-EDTA detachment fully preserved receptor integrity but routinely de-
tached only half of the adherent cells and led to cell aggregates that failed to adhere evenly across the
Transwell migration insert. Both CD29 and PDGF-R were significantly degraded by 0.25% trypsin
detachment for 2 or 5 min compared to the TT method or PBS-EDTA (p < 0.05). Cells migrated optimally
to PDGF-BB when detached with the TT method (3.1-fold vs a�MEM, p ¼ 0.01). Cells attached optimally
to atelocollagen when detached using the TT method or PBS-EDTA (6- to 10-fold vs 0.25% trypsin,
p < 0.01). CDB followed by trace trypsin-EDTA exposure is recommended over PBS-EDTA to produce a
single-cell MSC suspension that preserves receptor integrity and more reproducible receptor-mediated
responses.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

A currently emerging approach in regenerative medicine for
cartilage repair is based on the notion that implants can be
designed to attract endogenous mesenchymal stromal cells (MSC)
to regenerating osteochondral wounds [1e3]. Methods to guide
MSCs to repairing wounds are therefore highly sought, but in order
to translate MSC-chemoattractive implants to the clinic, in vitro
data must be sufficiently robust to justify the use of animals for
hypothesis testing [4]. In vitro Transwell migration assays are
frequently used to identify factors that mediate MSC migration, by
seeding MSCs onto a porous membrane insert, and allowing
migration for 3e24 h to a bottom chamber containing different
al Engineering, Institute of
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concentrations of a test agent (Table 1) [5e19]. Detaching MSCs
from the petri is an important step of the Transwell assay, and
commonly achieved using protease-based methods including
0.05%e0.5% trypsin-EDTA (Table 1, [5e19]) or commercial proteo-
lytic solutions (TrypLE or Accutase) [20]. However, it has been
previously reported that 5 min of incubation in TrypLE, Accutase or
0.25% trypsin-EDTA diminishes cell surface chemokine receptor
density and abolishes chemokine-dependent migration of MSCs
[20,21]. As alternatives, enzyme-free Cell Dissociation Buffers (CDB,
from Sigma) or ethylene diamine tetraacetic (EDTA) solutions have
been proposed as methods to obtain MSC suspensions for cell
migration [20,21]. However enzyme-free solutions are also re-
ported to be relatively ineffective at detaching MSCs [13], and can
lead to membrane rupture and cell necrosis [20].

Despite the routine use of trypsin to detach MSCs for chemo-
taxis assays (Table 1, [5e18]), careful assessments are still lacking to
show whether even 2 min of trypsin exposure is degrading surface
receptors to an extent that diminishes functional migration and
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Table 1
Summary of cell detachment methods previously used in studies analyzing human
MSC in vitro chemotaxis.

Detachment method Studies

Trypsin-based method (concentration not specified) [5,6,11,14,21,26]
0.05% Trypsin-EDTA [8,9,13,16,19]
0.25% Trypsin-EDTA [7,10,18]
0.5% Trypsin-EDTA [12,15,17]
Tryp-LE & Accutase [20]
CDB (Sigma) [20]
PBS-EDTA [20,21]

*Except for references [13,16,19,20], incubation time in the different detachment
solutions was not reported.
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adhesion. In this study, we determined the effect of 4 cell detach-
ment methods on the integrity and activity of PDGF-R (the b iso-
type), a receptor that mediates cell migration to PDGF-BB [6], and
b1 integrin (CD29), a receptor that mediates adhesion to collagen
[22]. We tested the hypothesis that PDGF-R ectodomain integrity
and chemotaxis to PDGF-BB, and CD29 cell surface density and cell
adhesion to atelocollagen-coated surfaces is diminished by a 2 or 5-
min exposure to 0.25% w/v trypsin-EDTA compared to PBS-EDTA
detachment or the trace trypsin (TT) method (CDB from Life
Technologies followed by 30 s 0.05% w/v trypsin-EDTA).

2. Materials and methods

2.1. Reagents

Eagle a-Minimal Essential Medium (a-MEM), 0.25% Trypsin-
EDTA, PBS-based CDB (Product No 13151-014), Alexa Fluor 488
goat anti-mouse IgG1 and Hoechst 33342 were from Life Technol-
ogies (Burlington, ON, Canada). 0.05% trypsin-EDTA was made by a
1:5 dilution of 0.25% trypsin-EDTA in PBS. Other reagents included
Fetal bovine serum (FBS) (Atlanta Biologics, Atlanta, GA, USA), re-
combinant human PDGF-BB (R&D Systems, Minneapolis, MN, USA),
rabbit polyclonal anti-PDGF-R (Product No sc-432, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mouse anti-CD29 (Clone
12G10, EMD Millipore), b-actin and Horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibodies (Cell Signaling Tech-
nologies, Danvers, MA USA). Atelocollagen was from Smith &
Nephew (Mississauga, ON, Canada). Trypsin inhibitor (Product No

T6522) and all others chemicals were purchased from Sigma
(Oakville, ON, Canada).

2.2. Human MSC cultures

Primary human bone marrow-derived MSCs were purchased
from the Texas A&M Institute of Regenerative Medicine (Temple,
TX, USA). Under institutionally-approved protocols, MSCs were
Table 2
Cell detachment methods investigated in this study.

Method TE5 TE2 TT

Culture preparation Lift cells with 0.25% Trypsin-EDTA, seed at 300,000 cells per T75
Pre-treatment Cell rinsed with PBS
Cell detachment

method
5 min exposure 0.25%
Trypsin-EDTA

2 min exposure 0.25%
Trypin-EDTA

2 � 2 m
0.05% T

Cell suspension
preparation

Add 10 mL a-MEM with 16% FBS, cell collection, centrifugation
Resuspend in CCM with trypsin inhibitor
Count cells
Centrifugation
Resuspend in serum-free a-MEM for adhesion and migration as

Abbreviations: FBS: fetal bovine serum. EDTA: Ethylene diaminetetraacetic acid. PBS: ph
obtained from iliac crest aspirates from healthy donors with
informed consent (N ¼ 4, 22e27 years old, 2 male and 2 female)
and supplied in frozen vials at passage 1. Cells were characterized
by the supplier and were over 98% positive for MSC markers (CD29,
CD44, CD90, CD105, CD166) and less than 2% positive for hemato-
poietic markers (CD14, CD34, CD36 and CD45). MSCs at passage 2
were cultured and maintained subconfluent in complete culture
medium (CCM, a-MEM supplemented with 16% v/v FBS, 4 mM L-
glutamine, 22 mM sodium bicarbonate, 100 units/mL Penicillin and
100 mg/mL Streptomycin).

2.3. Transwell cell migration assays

On the day prior to the assay, MSCs were detached using 0.25%
trypsin-EDTA, seeded at 3� 105 cells per T75, allowed to adhere for
8 h and serum-starved overnight in a-MEM with 0.5% FBS. MSCs
were then detached using one of the following four methods, using
CCM, PBS and detachment solutions pre-warmed to 37 �C: 1) TE5:
MSCs were exposed to 5 ml 0.25% Trypsin-EDTA for 5 min at 37 �C,
2) TE2: MSCs were exposed to 5 mL 0.25% Trypsin-EDTA for 2 min
at 37 �C, 3) TT: MSCs were incubated twice for 2 min in 4 mL CDB at
room temperature, after each incubation the CDB solution was
aspirated and discarded, and followed by a 30 s incubation in 5 ml
of 0.05% Trypsin-EDTA at 37 �C, 4) EDTA: MSCs were exposed to
5 mL of 0.5 mM EDTA in PBS for 5 min at 37 �C (Table 2). After the
incubation periods, 10 mL of CCM was added directly to the flasks
containing PBS-EDTA, 0.05% or 0.25% trypsin and cells were
collected in separate 50 ml Falcon tubes, centrifuged 5 min at
190�g, resuspended in 1.8 ml CCM to which 200 mL of 10 mg/mL
trypsin inhibitor was added (Table 2). Cell concentration and
viability (assessed by Trypan Blue exclusion) were determined
using an automatic cell counter (Countess, Life Technologies). Cells
were centrifuged 5min at 190�g and resuspended in serum-free a-
MEM at 5� 105 cells per mL and 5� 104 viable cells were seeded in
the upper chamber of the Transwell migration inserts with 8 mm
pores (Corning, Cambridge, MA, USA). The bottom chamber con-
tained a-MEM ± 10 ng/mL PDGF-BB. Cells were allowed to migrate
for 4 h at 37 �C in a 5% CO2 incubator after which filters were rinsed
in warm PBS and fixed in 1% v/v glutaraldehyde in PBS, followed by
immersion in 1 mg/ml Hoechst 33342 in PBS to stain cell nuclei of
migrated and unmigrated cells. Unmigrated cells left in the upper
chamber of the inserts were removed with a cotton tip. Four
random 40� images (770 � 1,030 mm field) per insert were ob-
tained by epifluorescence microscopy with a digital camera and
calibrated histomorphometry software. Hoechst-stained nuclei
representing migrated cells per microscope field were counted
using the “Particle analysis” algorithm, while adjacent nuclei were
distinguished using the “Watershed” algorithm (Image J, NIH,
Bethesda, MD, USA). Total number of adherent cells was calculated
as: (Average adherent cell per 4 fields/field surface area) x surface
EDTA

the day before the assay. Culture cells in 0.5% FBS overnight

in exposure to CDB (discard) 30 s exposure to
rypsin-EDTA

5 min exposure to 0.5 mM
EDTA in PBS

Resuspend in CCM
Count cells

says

osphate-buffered saline. CDB: Cell Dissociation Buffer.
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area of a 96-well. Data are reported as the mean ± standard devi-
ation from 4 donors assayed in 4 distinct experiments (N ¼ 4).

2.4. Cell adhesion assays

Wells from flat bottom 96-well plates were coated by allowing
10 mg of sterile atelocollagen to dry onto the well overnight. Non-
tissue culture (TC) treated plates and agarose-coated TC-treated
wells were used as negative controls. MSCs from 4 distinct donors
were detached using 0.25% trypsin-EDTA, seeded at 3 � 105 cells
per T75 and cultured for 24 h in CCM. MSCs were then detached
using the 4 methods (Table 2) and 1 � 104 cells were seeded in
duplicate in wells coated with atelocollagen, non-TC treated, or
agarose-coated. Cells were allowed to adhere for 1 h, rinsed three
times in PBS, fixed in 1% glutaraldehyde and stained with 1 mg/ml
Hoechst 33342. Adherent cells were evaluated by taking 3 random
40� epifluorescent images of adherent nuclei per well and quan-
tified as described above. Data are reported as the mean ± standard
deviation from 4 donors assayed on 2 distinct plates on 4 different
occasions (N ¼ 8).

2.5. Western blot analyses of PDGF-R expression

MSCs from 4 donors were detached using the 4 different pro-
tocols, as well as 10 min of 0.25% w/v trypsin-EDTA exposure. Cells
were collected in separate tubes and lysed in Tris-buffered saline
(TBS, 50 mM Tris pH 7.2, 150 mM NaCl) containing 1% Triton-X100
and EDTA-free protease inhibitors (Complete™, Roche, Laval, QC).
Adherent cells directly lysed in the petri dish were used as controls.
50 mg of protein were separated by SDS-PAGE and transferred to
PVDF membranes. Membranes were blocked in 5% non-fat milk in
TBS with 0.1% Tween 20 and incubated with primary antibodies
overnight at 4 �C. Membranes were washed and incubated with
HRP-conjugated anti-rabbit secondary antibody for detection with
a chemiluminescence system. Band densitometry was done using
Image J.

2.6. Flow cytometric analyses of CD29 expression

5 � 105 MSCs detached using the 4 different protocols were
blocked in 1% bovine serum albumin (BSA) for 20 min and incu-
bated with 0.5 mg mouse isotype IgG1 (Clone MOPC-1) or mouse
anti-human CD29 for 30min. Cells were then incubated with 0.5 mg
488 Alexa Fluor goat anti-mouse IgG1. Labeled cells were analyzed
using a MoFlo Cytometer (Cytomation, Denver, CO). Data are re-
ported as mean fluorescence intensity (MFI).

2.7. Statistical analysis

The General Linear Model (GLM) with Fisher Least Significant
Difference post-hoc analysis was used to determine the effect of cell
detachment condition on PDGF-BBmediated migration (n¼ 4), cell
adhesion (n ¼ 8), PDGF-R/b-actin densitometry signal (n ¼ 4), and
CD29 MFI (n ¼ 3). Differences in MSC migration due to PDGF-BB vs
a-MEM or detachment method were determined using the Stu-
dent's t-test. Statistical significance was defined as p < 0.05.

3. Results

3.1. Cell yield is increased by 0.25% trypsin detachment

Pre-seeding the MSCs the day before the migration assay led to
controlled initial cell density, which allowed us compare the effect
of detachment method on cell viability and cell yield per T75 flask.
Cell viability was above 90% for all 4 detachment methods. Data
showed that almost all cells were recovered using the TE2 and TE5
methods (98 ± 4.5%), compared with lower yields with the TT
method (75.5 ± 5.4%, p < 0.05 vs. TE2 and TE5), and PBS-EDTA
(52.2 ± 6.2%, p < 0.001 vs. TE2 and TE5 and p < 0.01 vs. TT). Dur-
ing the TT method, MSCs were not detached during the two in-
cubations in CDB alone (unpublished observations).

3.2. PDGF-R integrity and migration to PDGF-BB is decreased by
0.25% trypsin detachment

Cell lysates from MSCs detached using the TE5, TE2, TT or EDTA
method were analyzed for PDGF-R integrity bywestern blot using a
polyclonal antibody that recognizes the PDGF-R intracellular
domain. Cell lysates from non-detached adherent MSCs or MSCs
exposed for 10 min to 0.25% trypsin-EDTA (TE10) were used as
negative and positive controls for PDGF-R degradation, respectively
(Fig. 1). In non-detached and EDTA-detached cell lysates, we
exclusively detected bands with a molecular weight of approxi-
mately 180 kDa, which corresponds to intact PDGF-R (Fig. 1A, black
arrow). However, in lysates from MSCs detached using a 2e10 min
exposure to 0.25% trypsin-EDTA (TE10, TE5 or TE2), additional 80
and 110 kDa bands were detected (Fig. 1A). Those lower molecular
weight bands were also faintly detected in lysates from TT-
detached cells, but at a much lower intensity. According to band
densitometry analyses, cells detached with TE10 had less intact
PDGF-R than cells detached using the TT method (Fig. 1B, 180 kDa
band, p < 0.05, TE10 vs TT), and cells detached with TE2, TE5, or
TE10 had more truncated PDGF-R than control cells or cells de-
tached using EDTA or the TTmethod (Fig. 1C,110 kDa band; p < 0.05
vs. TT or. EDTA).

MSCs detached using the TE2, TE5 and TT methods adhered
evenly across the surface of the migration insert whereas EDTA-
detached MSCs adhered in clumps (a “spider-web” morphology),
with some pore insert areas devoid of cells (open arrowhead,
Fig. 2A). Chemotaxis to serum-free a-MEM was used as a negative
control representing baseline motility or chemokinesis (Fig. 2B).
Under all the methods used to detach cells, chemokinesis was the
same whether a-MEM or 10 ng/ml PDGF-BB was added to both the
upper and lower chambers (data not shown). PDGF-BB attracted
nearly twice as many cells when detached using the TT method
compared to the other methods (9046 vs < 5300 average migrated
cells, p < 0.01 TT vs. EDTA, TE2 and TE5, Fig. 2C.). The chemotactic
index (CI, cells migrated to PDGF-BB/aMEM), was 3.1 for TT
(p ¼ 0.01), 2.2 for TE2 (p < 0.05), 2.0 for TE5 (p ¼ 0.11) and 4.9 for
EDTA (p ¼ 0.08, Fig. 2C). Although EDTA-detached cells had the
highest CI (4.9), this was due to fewer EDTA cells migrating to
aeMEM, and was not a reproducible effect between N ¼ 4 donors
(Fig. 2C). This experiment showed that cells detached with the TT
method had the strongest and most reproducible receptor-
mediated chemotaxis response to PDGF-BB.

3.3. Influence of MSC detachment on CD29 integrity and adhesion
of human MSCs to atelocollagen

MSCs express integrin receptors (CD29/CD45) which mediate
adhesion to collagen [22]. Cell surface CD29 was detected by flow
cytometry on cells detached by the 4 methods (Fig. 3A). While
CD29MFI was similar after EDTA and TT detachment, we detected a
progressive 2- to 3-fold loss of surface CD29 fluorescence with
increasing trypsin exposure (p < 0.05 TE2 vs. TE5; p < 0.001, TE2 and
TE5 vs TT and EDTA, Fig. 3A and B). Freshly detached cells adhered
to atelocollagen-coated surfaces after 1 h, and not to hydrophobic
control surfaces (Fig. 3C). On average 6- to 10-fold more cells
adhered to atelocollagenwhen previously detachedwith TTor PBS-
EDTA, respectively, compared to TE2 or TE5 (p < 0.01, Fig. 3C). TT-



Fig. 2. MSC chemotaxis to PDGF-BB is the highest and most reproducible when cells are detached using the TT method compared to the TE2, TE5 or EDTA method. (A) Repre-
sentative images of both un-migrated and migrated Hoechst-stained cell nuclei from MSCs detached using the TE5, TE2, TT or EDTA method. TE5, TE2 and TT-detached MSCs adhere
evenly across the migration insert whereas EDTA-detached cells do not. Open arrowheads show areas of exposed insert where MSCs did not adhere. (B) Representative images from
Transwell migration assays carried out with MSCs detached using the TT method. Top panels show both unmigrated and migrated Hoechst-stained cell nuclei. Bottom panels show
migrated cell nuclei. (C) Total cell migration after 4 h. Asterisks indicate significant differences between cells migrating to PDGF-BB versus a-MEM (*: p < 0.05; **: p < 0.01). Data
shown as mean ± standard deviation (N ¼ 4).

Fig. 1. Western blot analyses showing that PDGF-R has higher integrity in cells detached by the TT or EDTA method compared to methods that use 0.25% trypsin-EDTA. (A)
Representative western blot for PDGF-R. Arrows indicate bands corresponding to the intact PDGF-R receptor (180e190 kDa) or the degraded PDGF-R receptor (80 and 110 kDa).
Band densitometry analyses showing the average ratios of (B) intact (C) degraded PDGF-R to b-actin. CTRL: lysates from non-detached MSCs. TE10: lysates from MSCs detached
following 10 min exposure to 0.25% trypsin-EDTA, respectively. Data shown as mean ± standard deviation (N ¼ 4).
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detached cells adhered to atelocollagen as evenly-dispersed single
cells while PBS-EDTA-detached cells adhered as aggregates (open
arrowheads, Fig. 3D).
4. Discussion

This study confirmed the hypothesis that 0.25% trypsin-EDTA is
a high enough concentration to induce significant time-dependent
degradation of MSC cell surface receptors with a corresponding
reduction in migration to PDGF-BB and adhesion to atelocollagen
compared to the TT or EDTA method. Our data show that 5 min
exposure to 0.25% trypsin-EDTA retained some functional chemo-
taxis to PDGF-BB unlike 5 min exposure to Accutase or TrypLE
which abolished MSC chemotaxis to chemokines [20,21]. More
importantly, this study showed that a detachment method using
brief exposure to diluted trypsin concentration allows detachment
of MSCs that retain their cell surface receptor density and respon-
siveness to chemotactic signals.



Fig. 3. TE2 or TE5-detached MSCs show lower levels of surface CD29 and have lower adhesion to atelocollagen than TT or EDTA-detached MSC. (A) Representative flow cytometry
histograms from cells detached using the different methods (TE5: Red; TE2: Blue; TT: Black; EDTA: orange) and incubated with either mouse IgG1 (dotted lines) or anti-CD29 (solid
lines). (B) MFI of CD29-positive cells (N ¼ 3). (C) Average number MSCs adhering to the negative control surfaces (N ¼ 4 agarose and N ¼ 4 non-TC treated surfaces) or atelocollagen-
coated surfaces (N ¼ 8). (D) Epifluorescent images of Hoechst-stained nuclei of attached cells showing aggregated and unevenly distributed EDTA-detached MSCs on the
atelocollagen-coated surfaces. Open arrowheads show aggregated cell nuclei in EDTA-detached MSCs. Asterisks in panel C indicate significant differences between cells adhering to
atecollagen-coated vs negative control surfaces (**p < 0.01). Data shown as mean ± standard deviation (N ¼ 3 or N ¼ 8). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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PBS-EDTA is commonly used to detach macrophages [23],
which stick to surfaces but not to each other. EDTA is also
sometimes used to detach MSCs [20,21], and preserves functional
MSC surface receptors [20,21,24], and responsiveness to chemo-
kines [20]. However, MSCs are connective tissue cells that
spontaneously form a variety of cell junctions upon cell-cell
contact and maintain cell-cell attachment following mitosis.
Our study revealed a number of technical limitations of using
PBS-EDTA to detach MSCs including poor cell yield, aggregated
detached cells, and uneven seeding on transwell inserts and
atelocollagen-coated surfaces. Although MSCs from 4 human
donors preserved a similar level transmembrane protein receptor
integrity with EDTA and TT detachment methods, only cells de-
tached by 0.05% trypsin-EDTA showed a reproducible and sig-
nificant migration response to PDGF-BB compared to a-MEM. The
relatively low level of chemokinesis and more variable migration
response to PDGF-BB by EDTA-detached cells is most probably
due to low migration of cells attached to other cells, and also
reduced general contact between aggregated cells and the pores.
Our data show that brief trace trypsin exposure preserves
transmembrane receptor integrity and is in fact necessary to
produce a single-cell suspension for even cell seeding and
reproducible in vitro migration and adhesion. Based on our col-
lective data, CDB followed by trace trypsin-EDTA is a superior
method to PBS-EDTA.

Despite significant levels of receptor degradation by 0.25%
trypsin, western blot analyses showed that the majority of PDGF-R
was still intact. It is established that the PDGF-R needs to dimerize
to transmit signals. Signal transduction is initiated when dimerized
PDGF-BB brings together 2 PDGF-R through the ligand binding site
in the hinge region between Ig domains 2 and 3 [25]. It is inter-
esting to note that loss of even 30 kDa of ectodomain would be
sufficient to remove the ligand binding site. Therefore, artificial
truncation of 70 kDa of ectodomain by trypsin, as we report in this
study, could produce a dominant-negative receptor, and a reduced
migration response to PDGF-BB by trypsinized cells that still ex-
press high levels of intact receptor.

Many studies analyzing MSC chemotaxis omit details con-
cerning the trypsin concentration used [6,11,14,21], while other
studies report using at least 0.25% trypsin to detach MSC for
migration assays and cell surface receptor analysis [7,10,12,15,17]
(Table 1). Our data recommend that trypsin concentration
should not exceed 0.05% w/v to preserve surface receptor integrity.
Taken altogether, these findings also suggest that as long as suc-
cessful MSC detachment can be obtained, reducing TrypLE or
Accutase concentration and exposure time (i.e. 30 s) could
potentially yield MSCs that have relatively intact surface receptors
and full chemotactic potential.

One limitation of this study was the analysis of only 2 surface
receptors and one type of protease. MSC migration is known to be
mediated by multiple receptors that may have different levels of
sensitivity to degradation by trypsin versus other proteases. In
addition, the in vitro chemotaxis assay is unable to mimic some
aspects of in vivoMSCmigration. For example, mobilization ofMSCs
for in vivo migration may require some protease activity to release
cells from their local environment.

To summarize, this study shows that common trypsin-based
detachment methods produced appreciable surface receptor
degradation and depressed receptor-mediated cell migration and
adhesion compared to EDTA or CDB followed by trace trypsin-
EDTA. Detachment using PBS-EDTA led to low cell yields and
aggregated cells which led to less reproducible in vitro cell migra-
tion and therefore is not recommended as a dissociation condition
for transwell chemotaxis assays. Brief proteolytic digestion was
required for complete cell dissociation. Trypsin at 0.05% w/v con-
centration and 30 s (after pre-treatment with non-enzymatic Cell
Dissociation Buffer) optimally preserves cell receptor integrity and
functional in vitro cell migration and adhesion.



D. Fong et al. / Biochemical and Biophysical Research Communications 484 (2017) 656e661 661
Acknowledgements

The authors thank Serge S�en�echal for flow cytometry analyses
and Julie Tremblay for quality assurance. This work was funded by
the Canadian Institutes of Health Research (CIHR, grant number
303615). Salary support was from the Fonds de Recherche du
Qu�ebec - Sant�e (FRQ-S, National Researcher Fellowship/Chercheur
National, CDH, grant number 22341), Fonds de Recherche du
Qu�ebec - Nature et Technologies (FRQ-NT, PhD scholarship, DF),
and a summer undergraduate scholarship from the R�eseau de Sant�e
Buccales et Osseuses (RSBO, ND).

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2017.01.171.

References

[1] W. Richter, Mesenchymal stem cells and cartilage in situ regeneration,
J. Intern Med. 266 (4) (2009) 390e405.

[2] K. Andreas, M. Sittinger, J. Ringe, Toward in situ tissue engineering:
chemokine-guided stem cell recruitment, Trends Biotechnol. 32 (9) (2014)
483e492.

[3] C.H. Lafantaisie-Favreau, et al., Subchondral pre-solidified chitosan/blood
implants elicit reproducible early osteochondral wound-repair responses
including neutrophil and stromal cell chemotaxis, bone resorption and repair,
enhanced repair tissue integration and delayed matrix deposition, BMC
Musculoskelet. Disord. 14 (1) (2013) 27.

[4] C. Kilkenny, et al., Improving bioscience research reporting: the ARRIVE
guidelines for reporting animal research, J. Pharmacol. Pharmacother. 1 (2)
(2010) 94e99.

[5] J. Fiedler, et al., BMP-2, BMP-4, and PDGF-bb stimulate chemotactic migration
of primary human mesenchymal progenitor cells, J. Cell Biochem. 87 (3)
(2002) 305e312.

[6] J. Fiedler, N. Etzel, R.E. Brenner, To go or not to go: migration of human
mesenchymal progenitor cells stimulated by isoforms of PDGF, J. Cell Biochem.
93 (5) (2004) 990e998.

[7] V. Sordi, et al., Bone marrow mesenchymal stem cells express a restricted set
of functionally active chemokine receptors capable of promoting migration to
pancreatic islets, Blood 106 (2) (2005) 419e427.

[8] I. Von Luttichau, et al., Human adult CD34- progenitor cells functionally ex-
press the chemokine receptors CCR1, CCR4, CCR7, CXCR5, and CCR10 but not
CXCR4, Stem cells Dev. 14 (3) (2005) 329e336.

[9] M. Honczarenko, et al., Human bone marrow stromal cells express a distinct
set of biologically functional chemokine receptors, Stem Cells 24 (4) (2006)
1030e1041.
[10] A.L. Ponte, et al., The in vitro migration capacity of human bone marrow
mesenchymal stem cells: comparison of chemokine and growth factor
chemotactic activities, Stem Cells 25 (7) (2007) 1737e1745.

[11] Y. Ozaki, et al., Comprehensive analysis of chemotactic factors for bone
marrow mesenchymal stem cells, Stem Cells Dev. 16 (1) (2007) 119e129.

[12] J. Ringe, et al., Towards in situ tissue repair: human mesenchymal stem cells
express chemokine receptors CXCR1, CXCR2 and CCR2, and migrate upon
stimulation with CXCL8 but not CCL2, J. Cell Biochem. 101 (1) (2007)
135e146.

[13] M.M. Thibault, C.D. Hoemann, M.D. Buschmann, Fibronectin, vitronectin, and
collagen I induce chemotaxis and haptotaxis of human and rabbit mesen-
chymal stem cells in a standardized transmembrane assay, Stem Cells Dev. 16
(3) (2007) 489e502.

[14] Y. Mishima, M. Lotz, Chemotaxis of human articular chondrocytes and
mesenchymal stem cells, J. Orthop. Res. 26 (10) (2008) 1407e1412.

[15] S. Stich, et al., Human periosteum-derived progenitor cells express distinct
chemokine receptors and migrate upon stimulation with CCL2, CCL25, CXCL8,
CXCL12, and CXCL13, Eur. J. Cell Biol. 87 (6) (2008) 365e376.

[16] M. Endres, et al., Chemokine profile of synovial fluid from normal, osteoar-
thritis and rheumatoid arthritis patients: CCL25, CXCL10 and XCL1 recruit
human subchondral mesenchymal progenitor cells, Osteoarthr. Cartil. 18 (11)
(2010) 1458e1466.

[17] G. Kalwitz, et al., Chemokine profile of human serum from whole blood:
migratory effects of CXCL-10 and CXCL-11 on human mesenchymal stem
cells, Connect. Tissue Res. 51 (2) (2010) 113e122.

[18] K. Anton, D. Banerjee, J. Glod, Macrophage-associated mesenchymal stem cells
assume an activated, migratory, pro-inflammatory phenotype with increased
IL-6 and CXCL10 secretion, PLoS One 7 (4) (2012) e35036.

[19] D. Fong, et al., Biodegradable chitosan microparticles induce delayed STAT-1
activation and lead to distinct cytokine responses in differentially polarized
human macrophages in vitro, Acta biomater. 12 (2015) 183e194.

[20] A. Garg, et al., Non-enzymatic dissociation of human mesenchymal stromal
cells improves chemokine-dependent migration and maintains immunosup-
pressive function, Cytotherapy 16 (4) (2014) 545e559.

[21] G. Chamberlain, et al., Murine mesenchymal stem cells exhibit a restricted
repertoire of functional chemokine receptors: comparison with human, PLoS
One 3 (8) (2008) e2934.

[22] K. Warstat, et al., TGF-beta enhances the integrin alpha2beta1-mediated
attachment of mesenchymal stem cells to type I collagen, Stem cells Dev.
19 (5) (2010) 645e656.

[23] L.M. Wahl, S.M. W, L.E. Smythies, P.D. Smith, Isolation of human monocyte
populations, Curr. Prot. Immunol. (2005). Unit 7.6A: p. 7.6A.1-7.6A.10.

[24] R.H. Lee, et al., The CD34-like protein PODXL and alpha6-integrin (CD49f)
identify early progenitor MSCs with increased clonogenicity and migration to
infarcted heart in mice, Blood 113 (4) (2009) 816e826.

[25] P.H. Chen, X. Chen, X. He, Platelet-derived growth factors and their receptors:
structural and functional perspectives, Biochim. Biophys. Acta 1834 (10)
(2013) 2176e2186.

[26] B. Ruster, et al., Induction and detection of human mesenchymal stem cell
migration in the 48-well reusable transwell assay, Stem cells Dev. 14 (2)
(2005) 231e235.

http://dx.doi.org/10.1016/j.bbrc.2017.01.171
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref1
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref1
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref1
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref2
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref2
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref2
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref2
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref3
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref3
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref3
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref3
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref3
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref4
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref4
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref4
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref4
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref5
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref5
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref5
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref5
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref6
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref6
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref6
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref6
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref7
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref7
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref7
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref7
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref8
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref8
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref8
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref8
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref9
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref9
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref9
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref9
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref10
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref10
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref10
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref10
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref11
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref11
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref11
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref12
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref12
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref12
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref12
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref12
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref13
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref13
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref13
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref13
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref13
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref14
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref14
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref14
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref15
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref15
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref15
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref15
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref16
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref16
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref16
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref16
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref16
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref17
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref17
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref17
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref17
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref18
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref18
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref18
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref19
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref19
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref19
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref19
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref20
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref20
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref20
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref20
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref21
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref21
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref21
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref22
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref22
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref22
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref22
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref23
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref23
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref24
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref24
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref24
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref24
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref25
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref25
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref25
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref25
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref26
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref26
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref26
http://refhub.elsevier.com/S0006-291X(17)30234-6/sref26

	Mesenchymal stem cell detachment with trace trypsin is superior to EDTA for in vitro chemotaxis and adhesion assays
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Human MSC cultures
	2.3. Transwell cell migration assays
	2.4. Cell adhesion assays
	2.5. Western blot analyses of PDGF-R expression
	2.6. Flow cytometric analyses of CD29 expression
	2.7. Statistical analysis

	3. Results
	3.1. Cell yield is increased by 0.25% trypsin detachment
	3.2. PDGF-R integrity and migration to PDGF-BB is decreased by 0.25% trypsin detachment
	3.3. Influence of MSC detachment on CD29 integrity and adhesion of human MSCs to atelocollagen

	4. Discussion
	Acknowledgements
	Transparency document
	References


