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ABSTRACT

As the number of clinical trials exploring cell therapy rises, a thorough understanding of the limits of
cell delivery is essential. We used an extensive toolset comprising various standard andmultiplex as-
says for the assessment of cell delivery postejection. Primary humanmesenchymal stem cell (hMSC)
suspensions were drawn up into 100-ml Hamilton syringes with 30- and 34-gauge needles attached,
before being ejected at rates ranging from 10 to 300 ml/minute. Effects of ejection rate, including
changes in viability, apoptosis, senescence, and other key aspects of cellular health, were evaluated.
Ejections at slower flow rates resulted in a lower percentage of the cell dose being delivered, and ap-
optosismeasurements of samples ejectedat 10ml/minutewere significantly higher than control sam-
ples. Immunophenotyping also revealed significant downregulation of CD105 expression in samples
ejected at 10ml/minute (p< .05). Differentiation of ejected hMSCswas investigated using qualitative
markers of adipogenesis, osteogenesis, and chondrogenesis, which revealed that slower ejection
rates exerted a considerable effect upon the differentiation capacity of ejected cells, thereby possibly
influencing the success of cell-based therapies. The findings of this study demonstrate that ejection
rate has substantial impact on thepercentage of cell dosedeliveredand cellular health postejection.
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SIGNIFICANCE

There are a growingnumber of clinical trials usingmesenchymal stemcells (MSCs) for cellular therapy
in a multitude of clinical targets. Numerous cell-therapy procedures use injection-based administra-
tion to deliver high-density cell preparations to the target site, either systemically or directly. How-
ever, there is growing evidence in the literature of a problem with cell injection methods in various
cellular therapy applications. Because a thorough understanding of the limits of cell delivery is essen-
tial, an extensive toolset comprising various standard and multiplex assays was used for the assess-
ment of cell delivery post-ejection. The effects of clinically relevant ejection rates and needles were
assessed in terms of different aspects of cellular health of ejected humanMSCs and their differentiation
capacity. Our study emphasizes the potential impact of the administration protocol of cell suspensions
and the importance of optimization of delivery parameters according to the nature and cellular re-
sponsesofcellspost-ejection.Ournovel findingsandcomprehensiveassessmentofdifferentparameters
of cellular health and differentiation potential may be used to improve cell delivery using fine needles.

INTRODUCTION

Mesenchymal stem cells (MSCs) have been the
focus of numerous preclinical and clinical studies,

affording promise in the treatment of various con-

ditions using cell therapy [1–4]. MSCs have been

investigated to regeneratedamaged tissue resulting

frombrain and spinal cord injury,myocardial infarc-

tion,diabetes,stroke,andboneinjuries[5].However,

one of themain translational challenges of cell ther-

apy is the need to determine and achieve suitable

delivery protocols of the administered cell dose [6].

MSCs have demonstrated valuable therapeu-
tic potential because of their relatively convenient

isolation and multilineage differentiation poten-

tial [7], and ability to promote vascularization [8].

However, a major barrier to the implementation

of MSC therapy is achieving the required cell dose

at the injection site [9]. In addition, the fate ofMSCs

following systemic infusion is mostly unknown [9].

Cellular therapy procedures use injection-based ad-

ministration to accurately administer high-density

cellpreparations,eitherbydirect injectionorsystem-

ically [10]. However, clinical translation of cellular
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therapeutics is hampered by the significant loss of transplanted cells
after delivery. Early cell loss has been reported to be observedwithin
the first minutes of implantation [11], with one study quantifying
immediate postinjection cell survival at 60% [12], and another found
that only 44.8% of cells survived 10 minutes after implantation [13].

There aremany challenges to the injectable delivery of fragile
cell-based therapeutics, particularly when small volumes of cell
suspensions are required to be transplanted with high accuracy.
Becausenumerous cell-therapyproceduresnecessitate theuseof
syringe-based delivery devices to directly inject cells, especially in
thecaseof sitesof limitedaccessibility, there is apressingneed for
the optimization of injectable cell delivery systems and to under-
stand the influence of the injection process on subsequent cellu-
lar functionality. Physicians may favor the use of fine needles to
minimize physical damage and patient discomfort, but thesemay
affect cell viability. Additionally, injection protocols mainly de-
pend on trial and error [14]. Therefore, robust cell delivery proto-
cols must be optimized to accelerate translation to the clinic.

To enable clinical translation of cell therapy, research has
been carried out to evaluate the impact of injection on cell func-
tionality [15–22]. Nevertheless, the discrepancies in the delivery
devices and administration methodologies used has complicated
comparisons and led to contradictory results. This is illustrated in
some studies that demonstrated that cell manipulation through
a needle did not significantly affect viability [16, 17], whereas
others stated that it did exert a significant effect [19]. However,
it would be misleading to assume the same degree of impact and
magnitudes of shear stresswere experienced by all cells used, be-
cause of differences in sizes and shapes, as well as different nee-
dle gauges and syringes used. Another potential concern is the
inadequate testing of the many aspects of cellular health in most
studies, thereby not providing the complete picture needed to
develop appropriate clinical administration protocols. This is ev-
ident in some studies that have only relied on the analysis of cell
viability to conclude that cells were not affected by the injection
parameters under investigation [20–22]. In addition, some stud-
ies have used a relatively small sample size (n # 3) for their
investigations [17–19]. Moreover, different studies had differ-
ent definitions of “effective cell transplantation.” In a study by
Kondziolka et al., a reduction of almost 50% in viability of cells
postinjectionwas considered acceptable [23]. On the other hand,
the Center for Biologics Evaluation and Research has stated that
cellular therapy products should display$70% viability and a re-
peatedly high level of potency [24]. However, it does not recom-
mend atwhat stage, fromcell culture to implantation, this level of
viability is expected.

In an attempt to improve the number of cells that are success-
fully delivered to the target site, typical doses used in clinical trials
comprise up to hundreds of millions of MSCs [9]. However, no
agreement exists regarding the optimal cell number to be trans-
planted, although this is likely to vary depending on cell type
and treatment. Preclinical and clinical studies have explored cell
therapies, using a wide variety of administration methodologies,
doses, and target organs, resulting in variable outcomes. Some
studies have suggested that an increasing cell dose is associated
with a better left ventricular ejection fraction improvement in pa-
tients with myocardial infarction [25, 26], whereas some have
shown an inverse dose response to cell number injected in pa-
tients with ischemic cardiomyopathy [27]. Other clinical studies
have reported that low cell doseswere as effective as higher ones
in inducing response [28], with a recent study demonstrating that

a suitable cell dose, rather than a higher one, can better aid the
repair of injured tissue in patients who have had a stroke [29].
Moreover, there is a possibility of microembolism with high cell
doses in intracerebral transplantations [30]. Therefore, more in-
vestigations are required to optimize cell-delivery protocols using
minimal cell numbers to achieve enhanced delivery.

AlthoughMSCshavebeen shown tobe safe andeffective for a
range of cell-therapy applications [31], critical challenges need to
be addressed before they are established as a standard of care.
With the rising number of clinical trials exploring possible cell-
therapy applications using MSCs, understanding factors that
may impact the functionality of these cells postinjection is of ut-
most importance. An enhanced understanding of what happens
to cellular therapeutics postinjection, specifically with regard to
vital cellular health parameters, will facilitate the development
of more efficient administration and formulation approaches to
achieve higher efficacy and reduce variability. Following on from
our previous work [32], we used a broad toolset for the assess-
ment of cell delivery postejection to explore the various aspects
of administrationof primaryhumanMSCsafter ejection fromclin-
ically relevant, narrow-bore needles.

MATERIALS AND METHODS

Human Mesenchymal Stem Cell Culture

Primary human bone-marrow mesenchymal stem cells (hMSCs)
were obtained from Lonza (Cologne, Germany, http://www.
lonza.com) and cultured in mesenchymal stem cell growth me-
dium (MSCGM) (#PT-3001; Lonza) with 5% CO2 at 37°C. The lot
numbers of hMSCbatches obtained frommale and femaledonors
were as follows: #0000351482, #0000411107, and #0000422610,
and these were cultured as individual patient stocks. Donor char-
acteristics are shown in supplemental online Table 1. These cells
were tested for the ability to differentiate into osteogenic, adipo-
genic, and chondrogenic lineages. All routine passaging and dif-
ferentiation procedures were performed according to Lonza’s
Poietics human mesenchymal stem cells protocols. Cells used
in this study were between the third to fifth passages.

Preparation of hMSCs and Ejection Protocol

After trypsinization, cells were centrifuged and then reconstituted
to a density of 73 105 cells per milliliter in phosphate buffered sa-
line (PBS) for cell-ejection studies, unless otherwise stated. Density
of suspensions used in this study was selected conservatively
based on earlier clinical studies [33–36] as well as practical consid-
erations. Aliquots (100 ml) of this cell suspension were used for
ejection experiments. Cells were directly pipetted into well plates
to provide controls (i.e., not ejected through a needle).

For cell ejection, 100-ml Hamilton GASTIGHT syringes
(model 1710RN; Hamilton Bonaduz, Switzerland, http://www.
hamiltoncompany.com), attached to customized 30G and 34G
20-mm removable stainless steel needles, were used. All flow
studies were performed at room temperature. Cell suspensions
were drawn up with a Harvard Infuse/Withdraw syringe pump
(PHD 2000; Harvard Apparatus, Holliston MA, https://www.
harvardapparatus.com) at 300 ml/minute through the needle be-
fore being ejected at various rates into Eppendorf tubes. The
ejected samples were then transferred into the appropriate well
plates. Needle-gauge sizes were chosen to be appropriate for
high-accuracy cell-therapy applications. Ejection rates used in this
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study (10–300 ml/minute) were selected to mimic clinically rele-
vant ejectionwhile still being practical to usewith a syringe pump.

Cell Size, Flow Parameter, and Shear Stress Calculations

Poiseuille’s equation was used to calculate shear stress:

t ¼ 4Qh

pR3
(1)

where tmax is shear stress (dyn/cm
2), Q is flow rate (cm3/s), h is

dynamic viscosity of the medium (PBS treated as water at room
temperature; 0.01 dyn3 s/cm2), and R is needle radius (30-gauge
[30G] internal radius = 7.9 3 1023 cm; 34-gauge [34G] internal
radius = 2.553 1023 cm) (Table 1).

Transit time was calculated by dividing the needle volume by
flow rate. Volume fraction of the cell suspensions was calculated
to be,0.3%, thereby dilute enough to conform to Poiseuille flow
relationships. Reynolds number was also calculated to determine
flow conditions:

Re ¼ rQ

15pDh
(2)

where r is density of PBS (treated as water at room temperature
at 999.97 kg/m3), Q is volumetric flow rate (ml/minute), D is the
needle diameter, and h is the dynamic viscosity of the medium
(0.001 Pas). For the lowest flow rate (10 ml/minute), Re is 1.33;
for the highest flow rate (300ml/minute), Re is 39.98 for 30G nee-
dles and 124.6 for 34G needles. These values arewithin the range
for laminar flow (Re, 2,000).

To measure cell size, cells from each of the 3 batches used in
this study were suspended to a concentration of 7 3 105 cells
per milliliter and analyzed on a Coulter LS230 particle-size
analyzer (Beckman Coulter, High Wycombe, U.K., https://www.
beckmancoulter.com). Size distributions were obtained using the
Fraunhofer approximation model, and size distribution plots based
on volume distribution were generated.

Quantification of Cell Numbers Using the
CyQUANT Assay

Cell suspensions (1.53105cellspermilliliter)wereejectedatvarious
flow rates, as described, then transferred to clear 96-well plates
(Costar; Corning Life Sciences, U.K., https://www.corning.com)
and incubated for 24 hours. Cell number was then determined by
quantification of total DNA by CyQUANT NF Cell Proliferation Assay
(ThermoFisher Scientific, Paisley, U.K., https://www.thermofisher.
com) according tomanufacturer’s instructions using a Tecan Infinite
M200 microplate reader (Tecan, Reading, U.K., http://www.tecan.
com), with excitation at 485 nm and emission detection at 535
nm. Thismethod correlatesDNAcontent (shownby fluorescence in-
tensity) to the number of cells through the use of a reference stan-
dard curve, thereby providing an accurate measure of cell number.

CyQuant was also used to assess cell adhesion capacity
2 hours postejection, according to manufacturer’s instructions.
Briefly, well plates were prepared in duplicate and test well
plates were washed gently with PBS to remove nonadherent
cells. To determine total cell number, the directly plated control
plate was centrifuged and culture medium was carefully re-
moved. CyQuant working solution (100 ml) was added to each
well. Plates were then incubated in the dark at 37°C for 1 hour.
Adhesion capacity is expressedas fold difference relative to total
cell number in the control plate.

Assessing Cell Recovery and Proliferation
Using PrestoBlue

PrestoBlue (ThermoFisher Scientific) was used to determine 24-
hour viability following ejection of cell suspensions (7 3 105

cells per milliliter), as well as proliferation over several days. A
mixture of PrestoBlue and culture medium (1:9) was added to
each well, and incubated in the dark at 37°C for 1 hour. Triplicate
100-ml aliquots weremeasured for fluorescence on a Tecan Infin-
ite M200microplate reader, using excitation and emission wave-
lengths of 560 and 590 nm, respectively.

Evaluating Cell Viability Using Live/Dead Viability/
Cytotoxicity Assay

Assessment of viability was carried out according to manufac-
turer’s instructions. Calcein AMand ethidiumhomodimer-1were
prepared in PBS to produce Live/Dead staining solution (Thermo-
Fisher Scientific). Samples were visualized using a Nikon Eclipse
TS100 microscope (Nikon, Kingston Upon Thames, U.K., http://
www.europe-nikon.com). For flow cytometric analyses, samples
were incubated with Live/Dead Viability/Cytotoxicity (Thermo-
Fisher Scientific) staining solution for 30 minutes before analysis.

Apoptosis Assessment Using Annexin V/PI Analysis

Cells were analyzed using Alexa Fluor 488 Annexin V/Dead Cell Ap-
optosis Kit (ThermoFisher Scientific). Cells treated with 10 mM
staurosporine (STS)wereusedaspositive control. Briefly, cellswere
detached using Accutase Cell Dissociation Reagent (Cell Technolo-
gies, San Diego, CA, http://www.accutase.com) 24 hours postejec-
tion, washed with PBS, and centrifuged at 380g for 5minutes. Cells
were then resuspended in Annexin V-binding buffer, and 5 ml of
Annexin V-FITC was added and incubated for 5 minutes. Next,
2ml ofpropidium iodidewasaddedandthen incubated fora further
15minutes. Annexin-binding bufferwas then added, and cells were
kept on ice in the dark until flow cytometric analysis.

Flow Cytometry Analysis

For flowcytometric analyses, aBeckmanCoulterCytomics FC500 flow
cytometer (HighWycombe,U.K., https://www.beckmancoulter.com)
using a 488-lnm laser was used. Forward and side scatter data were
also obtained and cross-referenced with fluorescence data. A sorting
parameter of 10,000 total events was used, or 600 seconds per
sample. Gatingwas performed using forward versus side scatter
signals acquired on a linear scale, to exclude debris and clumps.
Quadrants were determined using single stain and unstained
control samples. Flow cytometry data were analyzed using
WEASEL software (F. Battye, Walter and Eliza Hall Institute, Mel-
bourne, Australia).

Apo-Tox Glo Triplex Assay

Cytotoxicity andapoptosiswere assessedusingApoTox-Glo Triplex
Assay (Promega, U.K., https://www.promega.com) according to
the manufacturer’s protocol, after ejecting cell suspensions (1.53
105 cells per milliliter) through 30G needles and then transferring
them to clear 96-well plates (Corning Life Sciences). Fluorescence
and luminescence readings were measured using a Tecan plate
reader. To normalize well-to-well variability, cytotoxicity and cas-
pase level measurements were represented as normalized to via-
bility measurements (dead/live cell ratio and apoptotic/live cell
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ratio). Cells exposed to 3 hours of 10mMSTS treatment were used
to provide a positive control.

Senescence Assay

Weejected 70ml of cell suspensions (73105 cells permilliliter) at
various flow rates, then transferred them to T-25 tissue culture
flasks and incubated them for 3 days. Cells were tested using
SA-b-galactosidase histochemical staining kit (Sigma-Aldrich,
Dorset, U.K., http://www.sigmaaldrich.com) according tomanu-
facturer’s instructions. Senescence-associated b-galactosidase
(SA-b-Gal) activity was determined by counting the number of
blue-stained cells, determining an average percentage of num-
ber of stained cells to total cells. For each flow rate, at least
200 cells were counted from a minimum of 10 nonoverlapping
microscopic fields in each flask.

Immunophenotyping

Afterejectionof thecell suspensions (73105 cellspermilliliter) at the
various flow rates, cells were incubated overnight (n = 3). After 24
hours, flow cytometry-based immunophenotyping was carried out.
Immunophenotypic analysis was carried out using a BD Stemflow
hMSCs analysis kit andBD LSR II flow cytometer (BDBiosciences, Lon-
don, U.K., http://www.bdbiosciences.com). Cells were prepared fol-
lowing manufacturer’s instructions. Mouse anti-human monoclonal
antibodies CD90 FITC, CD73 APC, and CD105 PerCP-Cy5.5 were used
for positive identification of hMSCs; CD19, CD11b, CD34, CD45, and
HLA-DR PE were used for negative expression. Isotype controls were
prepared for all antibodies, and 10,000 events were recorded per
sample.

Multilineage Differentiation Potential of Ejected MSCs

Cells were ejected through 30G needles at the various flow rates
under investigation and tested for their ability to differentiate in-
toadipogenic, osteogenic, andchondrogenic lineages.Uninduced
controls were maintained in basal medium MSCGM (#PT-3001;
Lonza).

Adipogenic Differentiation

EjectedhMSCswere seeded into12-well plates for adipogenic dif-
ferentiation. Cells were cultivated in MSCGM until confluence,
then differentiation was induced with commercial adipogenic in-
duction medium. The medium was altered between adipogenic
induction and adipogenic maintenance media (#PT-3004; Lonza)
for 3 days each time, per manufacturer’s instructions. After 21
days, cultures were rinsed with 70% (volume per volume) isopro-
panol and differentiationwas assessed by specific staining of lipid

droplets with 0.5%Oil Red O solution (Sigma-Aldrich, Poole, U.K.,
http://www.sigmaaldrich.com).

Osteogenic Differentiation

Ejected cell suspensions (1.5 3 105 cells per milliliter) were
seeded in 12-well plates and cultured in osteogenic differentia-
tionmedium (#PT-3002; Lonza), whichwas changed every 3 days.
After 21 days of incubation, cells were fixed in 10% (vol/vol) for-
malin and the presence of extracellular calcium deposits in wells
containing differentiated cells was verified using Alizarin Red
staining solution and von Kossa silver staining kit (Millipore,
Feltham, Middlesex, U.K., http://www.merckmillipore.com). For
Alizarin Red staining, cells were treated with Alizarin Red for 5
minutes at room temperature. After being washed three times
in deionized water, cells were observed under a microscope.
For von Kossa staining, cells were incubated with silver nitrate
solution under exposure to ultraviolet (UV) light for 20 minutes.
Wells were then washed with deionized water 3 times and treat-
ed with sodium thiosulfate solution for 5 minutes. Wells were
then washed again three times with deionized water. Mineral-
ized nodules were visualized as black spots.

Chondrogenic Differentiation

Micromass cultureswere used for chondrogenic differentiation.
Ejected cell suspensions were seeded in 20-ml chondrogenic in-
duction medium (#PT-3003; Lonza) in 96-well plates (Corning
Life Sciences). After 2 hours, 200 ml of chondrogenic induction
mediumwas added to adherent cells, andmediumwas changed
twice weekly. After 21 days, fixed cells were stained in 1%
(weight per volume) Alcian blue solution (pH 1.5) overnight to
identify the proteoglycan extracellular matrix. Nuclear fast
red (Sigma #N3020; Sigma-Aldrich) counterstain was incubated
for 5 minutes.

Investigation of Cell Retention in the Delivery Device

To investigate whether cells were preferentially retained in the
syringe or needle, the syringe barrel and needle were separated
following cell ejection at 10 ml/minute, and each was then reat-
tached to a corresponding clean syringe or needle. These were
then flushed with PBS three times to dislodge retained cells,
andwasheswere assessed for viable cells using PrestoBlue. To vi-
sualize cells retained in the delivery device, a Nikon SMZ1500 dis-
sectionmicroscope and a Zeiss LSM510UVMETAKombi confocal
system on an Axiovert 100 stand (Carl Zeiss, Jena, Germany,
http://www.zeiss.com) were used.

To investigate the possible extent of adhesion to the delivery de-
vice, 100ml of cell suspensions with different densities (73 105 and
1.53 105 cells per milliliter) were seeded into 96-well glass-bottom

Table 1. Shear stress values and transit times through a 100-ml Hamilton syringe attached to 30G and 34G 20-mm needles at the investigated
flow ratesa

Flow rate (ml/minute)
Shear stress in

30G needle (dyn/cm2)
Shear stress in

34G needle (dyn/cm2)
Transit time through
syringe, seconds

Transit time through
needle lumen, seconds

10 4.24 128.0 600 2.38

20 8.48 256.0 300 1.19

50 21.20 639.9 120 0.48

150 63.59 1,919.7 40 0.158

300 127.18 3,839.4 20 0.079
aCalculated using Equation 1 in the text.
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plates (GreinerBio-One,Gloucester,U.K.,http://www.greinerbioone.
com) and incubated for 10 minutes at room temperature. Suspen-
sions were then removed from the test wells using a pipette and left
in the control wells. Some test wells were then gently washed three
timeswith PBS to removeweakly adherent cells, andotherswerenot
washed and hence designated as “no-wash” wells. Control, no-wash,
andwashedwells were incubated for a further 4 hours to allow cell at-
tachment, and cell numbers were quantified using the CyQuant assay.
Fluorescenceintensitiesoftriplicatesampleswerenormalizedtocontrol.

To assess whether the morphological changes of apoptosis,
such as cellular shrinkage and membrane blebbing, may have
led to a loss of cell-cell adhesion, we investigated ejected cell-
dose recovery of apoptotic cells at 10 ml/minute versus viable
cells. Apoptosiswas induced inhMSCsusing10mMof staurospor-
ine. Cell numbers ejected were then determined using CyQUANT
NF Cell Proliferation Assay, as previously described.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6 soft-
ware (GraphPad Software, San Diego, CA, http://www.graphpad.
com). Experimentswere conductedwith five needles for each batch
of hMSCs tested, unless stated otherwise. Data sets were tested for
normality and suitable tests of comparisonswere subsequently cho-
sen. Datawere analyzed byone-wayor two-way analysis of variance
(ANOVA) with Dunnett’s post hoc test, unless otherwise stated. A
p value # .05 was considered to be significant; mean values are
given plus or minus the SD, unless otherwise indicated.

RESULTS

Cells from the 3 different donors, measured in triplicate, had a
mean size of 22.57 6 1.34 mm and median size of 21.29 6
1.02 mm (supplemental online Fig. 1). The range of shear stress
values generated in this investigation is presented in Table 1.
Calculated shear stress values for 10 and 20 ml/minute in 30G
needles are in the range expected physiologically in the human
circulation: Average wall shear stress is 1–6 dyn/cm2 for venous
circulation, and 15 dyn/cm2 for arterial circulation [37, 38].

Effect of Varying Ejection Rates on Viability and
Percentage Recovery of Dose Delivered

Figure 1A showsmean cell numbers quantified 24 hours after ejec-
tion of cell suspensions (prepared from 3 individual donors)
through 30Gneedles,measuredusing the CyQuant assay. Percent-
ageof dosedeliveredwas significantly lower than the control value
of directly pipetted cells at all flow rates tested (p # .01). In all
donors tested, cells ejected at 300 ml/minute showed the highest
percentage cell dose delivered at 77.6%6 11.7%. PrestoBlue was
used to measure percentage of the dose delivered as viable
cells 24 hours postejection to confirm our findings (Fig. 1B). The
proliferative ability of hMSCs at day 10 was not significantly
affected following ejection (Fig. 1C).

All ejected cells attached to culture surfaces within 3 hours of
ejection and displayed typical fibroblast-like morphology. The
Live/Dead staining kit, which relies on esterase activity of living
cells (green fluorescence) and compromised membranes of dead
cells (red fluorescence), was used to assess viability within cells
ejected. The proportion of viable cells was high among the flow
rates tested (Figs 1D, 1E). However, a visibly lower number of
cells appeared in ejected samples, particularly at 10 ml/minute,

suggesting cell loss during ejection and endorsing the results ac-
quired using CyQuant and PrestoBlue assays. Figure 1E presents
the flow cytometric analysis, which revealed a viability of.97%
at all flow rates under investigation.

Effects of Varying Ejection Rates on Various Markers of
Cellular Health

Multiplex assays are capableofmeasuring cell cytotoxicity, viability,
and apoptosis simultaneously in a singlewell. To overcomewell-to-
well variations in cell numbers ejectedwith different ejection rates,
the ApoTox-Glo Triplex Assaywas used tomeasure cytotoxicity and
apoptosis, and measurements were normalized to viability within
the samewell. There were statistically significant increases in cy-
totoxicity and caspase-3/7 activity levels in both donor samples
ejected at 10 ml/minute through 30G needles, compared with
the directly pipetted control 4 hours postejection (Fig. 2A).

Apoptosis was also assessed using Annexin V/PI: Annexin V2/PI2

cells were considered viable; Annexin V+/PI2, early apoptotic;
Annexin V+/PI+, late apoptotic; andAnnexin V2/PI+ were consid-
ered necrotic. After 24 hours, differences between samples
were evident at the slower ejection rates used (Fig. 2B). The pro-
portion of apoptotic cells was significantly higher in the samples
ejected at slower flow rates, with 7.12%6 2.2% early apoptotic
cells at 10ml/minute versus 4.93%6 1.1% in control samples. A
trendof increasing necrotic cell proportionswith increased ejec-
tion rates was also observed. The results indicate that loss of
hMSC viability may still arise 24 hours postinjection, with in-
crease in apoptotic cell populations in the ejected samples from
the control being statistically significant at lower ejection rates.

SA-b-Gal was used to investigate whether cells undergo
senescence because of the injection process. Supplemental
online Figure 2A shows the quantification of stained SA-
b-gal-positive cells observed after ejection, with a trend to-
ward increased senescence with increasing ejection rates in
cells derived from two donors. However, this increase was
not statistically significant.

Toassess the influenceofejection rateon theadhesion capac-
ity of hMSCs, the numbers of adherent cells were determined by
the CyQUANT NF Cell Proliferation Assay Kit 120 minutes poste-
jection, after gentlywashing twicewith PBS.Adherent cell density
was stated as fold difference relative to the control plate. Cell ad-
hesion in test samples was not significantly different from that of
control samples (supplemental online Fig. 2B).

Immunophenotyping

Following observations of apoptosis and senescence, we then
attempted to determine whether ejection rate could also cause
changes in expression of cell surface markers 24 hours after ejec-
tion. Flow cytometry-based immunophenotypingwas carried out
to measure surface markers as recommended by the Interna-
tional Societyof Cellular Therapy (ISCT) [38]. Analysis showed that
mesenchymal surface markers CD73, CD90, and CD105 were
highly expressed (.95%) in all control samples, whereas the
markers CD11b, CD19, CD45, HLA-DR, and CD34 were negative
(,1%). Ejection of hMSCs at 10 ml/minute caused a reduction
of expression of all surface markers relative to the control
(Table 2). There was a statistically significant downregulation
of expression of CD105 in both donor samples (93.2% 6 0.6%
and 93.5%6 1.2%) at the slowest flow rates under investigation
(p # .05) in comparison with controls.
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Effects of Varying Needle Gauge

Smaller needles areessential clinically for high-accuracy applications
to reduce physical damage, especially for retinal or neural regener-
ative applications. To explore cell viability and recovery following
ejection through smaller needle sizes, hMSCswere injected through
34G 20-mm needles at all the flow rates under investigation. Cells
ejected through both 30G and 34G 20-mm needles exhibited the
same trend of percentage cell recovery with flow rates tested, with
cells ejected via 34G needles at 300ml/minute displaying the great-
est cell recovery (64.4%6 16.3%). However, the use of 34G needles
resulted in a larger reduction in the percentage of cell dose de-
livered compared with the 30G needle at all rates under inves-
tigation (Fig. 3A). Microscopic examination of ejected cells
stained with Live/Dead staining solution exhibited a high per-
centage of cells positive for calcein AM (Fig. 3B).

Figure 3C shows the apoptotic and necrotic cell fractions in cell
samples from three donors; the sampleswere ejected via 34Gnee-
dles, across all flow rates after 24 hours of incubation. A trend toward
increased apoptosis was observedwith this smaller needle diameter.
Additionally, a significant increase in early apoptotic cell proportions
wasobservedwith thehighest flowrateunder investigationaswell as
the slowest flow rate (p, .05), unlike the results previously observed
with the larger needle gauge (Fig. 2B). Table 1 illustrates that shear
forces exerted on the cells ejected through 34Gneedles at the lowest
flow rate under investigation are higher than those calculated for all
flow rates with a 30G needle. This suggests that there may be an op-
timum flow rate that balances theexertedmechanical forceswith the
time spent exposed to these forces. The high variability of apoptotic
cell proportions in the case of 34G needles is possibly attributable to
uneven injection flow, due to its extremely small diameter (51 mm).

Figure 1. Viability of humanmesenchymal stem cells (hMSCs) and percentage of cell dose delivered via 30G needles. (A): Percentage of hMSCs
delivered, determined using CyQuant, following ejection through a 30G 20-mmneedle. Datawere normalized against a control value of directly
plated cells. Data represent averages from 3 donors (n = 5 each) in 5 independent experiments (mean6 SD). p, p # .01 for number of ejected
cells compared with control (one-way analysis of variance [ANOVA] with Dunnett’s post hoc test). (B): Percentage of hMSCs delivered as viable
cells, measured using PrestoBlue, following ejection via a 30G needle (mean6 SD). Data are combined from 3 independent donors and 3 in-
dependent experiments (n = 3 each), each measured in triplicate. p, p # .05 for number of viable ejected cells and control sample (one-way
ANOVA with Dunnett’s post hoc test). (C): Representative graph showing proliferation of hMSCs (because of variants in proliferation rate be-
tweendonors), given as fold change innumber fromday0of each sample,measuredusingPrestoBlue (mean6 SD;n=3;measured in triplicate).
(D): Representative Live/Dead-stained fluorescence images of hMSCs 48 hours following ejection at various flow rates. Scale bar = 50 mm. (E):
Graph shows flow cytometric analysis of ejected hMSCs (three independent experiments), illustrating high viable cell proportions at all flow
rates under investigation. Abbreviation: Ctrl, control.
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Trilineage Differentiation Potential of Ejected hMSCs

The ability of hMSCs to differentiate into multiple lineages is a
functional criterion defining them [38]. Figure 4 is representative
of results obtained with cells from at least 2 donors (n = 5 each),
and shows that all control andejected samples completedmultiline-
age differentiation. After 21 days of induction toward an adipogenic
lineage, a distinctivemorphological changewith appearance of lipid
vacuoles was observed. Osteogenesis was assessed by staining for
calcium and phosphate after 21 days of culture under osteogenic
conditions, with all samples exhibiting positive staining with Alizarin
Red and von Kossa stains. Additionally, all cells retained chondro-
genic differentiation capacity, as shown by positive staining using
Alcian blue. All hMSCs showed similar differentiation patterns.
However, there was an observable difference in both the number

of cells at day 21 and the extent of both adipogenic and osteogenic
differentiation in the samples ejected at 10 ml/minute.

Investigating Low Cell Recovery at Slow Ejection Rates

Additional investigations were undertaken to explore potential
reasons behind the smaller cell numbers ejected at lower ejection
rates. Each ejection was followed by PBS washes (53 100 ml) at
300ml/minute todislodge cells thatmayhave transiently adhered
to the inner surfaces of the syringe or needle. Washes were com-
bined, and cell numbers measured using PrestoBlue. Figure 5A
shows cell numbers of the directly plated controls, ejected sam-
ples, and those quantified in the succeeding PBS washes. A trend
can be clearly detected where the number of viable cells in the
PBS washes was increased at lower flow rates, signifying that

Figure 2. Cytotoxicity and apoptosis levels of humanmesenchymal stem cells (hMSCs) ejected via 30Gneedles. (A):Cytotoxicity and apoptosis
measurements in hMSCs from2donors 4 hours postejection (analyzed byApoTox-Glo Triplex Assay). Cytotoxicity and caspase-3/7 activitymea-
surementswere normalized to viability within the samewell. 10mMstaurosporine treatmentwas used as positive control (n = 5;mean6 SD).
p, p # .05; pp, p, .01; ppp, p, .0001. (B): Percentages of apoptotic and necrotic cells 24 hours postinjection, measured using Alexa Fluor
488Annexin V/PI (3 donors in 6 independent experiments;n =15). p, p # .05 for comparisonof samples and control using analysis of variance
with Dunnett’s post hoc test. Abbreviation: Ctrl, control.

Table 2. Immunophenotypic characteristics of human mesenchymal stem cells in control and samples ejected through 30G needles by
multicolor flow cytometry 24 hours postejection

Marker

Average % of positive cells 6 SDa

Control 10 ml/minute 20 ml/minute 50 ml/minute 150 ml/minute 300 ml/minute

CD90 99.36 0.45 98.56 1.26 99.36 0.44 99.66 0.15 99.56 0.35 99.56 0.18

CD105 95.46 0.50 93.36 0.85b 94.36 2.18 96.16 0.76 95.86 0.98 95.76 1.25

CD73 99.06 0.73 97.96 1.73 98.96 0.61 99.26 0.45 99.26 0.55 99.26 0.33

Negative markers 0.216 0.24 0.186 0.13 0.986 2.0 0.156 0.11 0.116 0.093 0.156 0.17
an = 6 using cells from 2 independent donors.
bp # .05, one-way analysis of variance followed by Dunnett’s post hoc test.
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theadhesivenatureofhMSCsmayhavecausedthemtoadheretothe
delivery device at the lower flow rates. Cells also were observed vis-
ibly aggregating in the syringe barrel as the plunger advanced during
PBSwashes postejection at the slowest flow rates (Fig. 5B), andwere
visualized in the syringe postejection before PBS washes (Fig. 5C).

To explore whether cells were preferentially retained in the
syringeor needle, components of thedelivery device (syringebar-
rel and needle) were separated following ejection of cell sus-
pensions at 10 ml/minute, and each was then reattached to a
corresponding clean syringe or needle. These were then flushed
with 100 ml of PBS 3 times to dislodge any retained cells, and
washes were assessed for viable cells, using PrestoBlue. Most
of the cells were retained in the syringe (21.5%6 9.5%) relative
to 5.6% 6 6.4% retained in the needle (Fig. 5D).

To investigate whether 10 minutes in the delivery device
(for 10ml/minute samples) would account for the loss in cell dose
delivered, cells suspensions with different densities (73 105 and
1.5 3 105 cells per milliliter) were seeded into well-plates with
glass bottoms (made of borosilicate glass to simulate the Hamilton
syringe) and incubated for 10 minutes at room temperature. A
comparisonwas thenmadebetweenwells fromwhich the cell sus-
pensions were removed and those that underwent gentle washes

of PBS after removal of cell suspensions. Fluorescence readings
were normalized to control wells.

After10minutesof incubation, almost 55%of thecell population
adhered to the surface following removal of the suspension from the
wells. Gentle washes resulted in 26.9% of cells still being retained in
the wells with high-density suspensions, and 10.7% of cells being
retained in the low-density suspensions under investigation (Fig. 5E).

Apoptosis was induced in hMSCs using 10mMstaurosporine,
which was shown by Annexin V/PI staining to result in an apopto-
tic population of 89.95% 6 2.14% (n = 4) in comparison with
7.58% 6 1.85% (n = 4) apoptotic cells in normal, viable popula-
tions. A comparison of cell-dose delivery between apoptotic
and viable cells at 10ml/minute was carried out (n = 4) using cells
from 2 different donors. At an ejection rate of 10 ml/minute,
8.89%6 1.99% of the viable cell dose was ejected, in comparison
with 28.8% (SEM, 67.65%) of the apoptotic cell dose ejected at
the same rate (Mann-Whitney test, p , .05) (Fig. 5F).

DISCUSSION

This study emphasizes the importance of optimization of injec-
tion parameters as a critical aspect of designing and comparing

Figure 3. Viability and apoptosis levels of human mesenchymal stem cells (hMSCs) delivered via 34G needles. (A): Percentage of hMSCs de-
livered 24 hours postejection via 34G 20-mm needles. Results are normalized mean values to control6 SD (averages from 2 donors and 2 in-
dependent experiments, eachn=5).pp,p # .01one-way analysis of variance (ANOVA). (B):Representative fluorescence imagesdepicting Live/
Dead-stained hMSCs ejected at several flow rates 48 hours postejection. Scale bar = 100 mm. (C):Mean percentages (6 SD) of apoptotic and
necrotic cells 24 hours postinjection via 34Gneedles,measured using Alexa Fluor 488Annexin V/PI (3 donors in 5 independent experiments;
n = 11). p, p # .05 for comparison of samples and control (ANOVA and Dunnett’s post hoc test). Abbreviation: Ctrl, control.
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clinical studies using cell transplantation. The aim of this study
was to examine the impact of administration of hMSCs via a
syringe-based delivery system on cellular health, which is vital
to their survival postejection. With the increase in number of
cell-therapy clinical trials and variability of results obtained, there
is an urgent need to step back and evaluate key factors required
for the optimal delivery of viable cells.

Limited studies are currently available that assess clinically
relevant cell types, needles, andejection rates. hMSCsused in this
study were found to have a mean size of 22.57mm, making them
comparatively large relative to needle gauges appropriate for
high-accuracy cell-therapy applications. All donors used were
within a small age range (supplemental online Table 1), and there
were no discernible differences in cell-health parameters pre- or
postejection betweenmale and female donors used in this study.

Ejection rates used in clinical trials were found to be highly
variable: For neural cell transplantation, for example, a rate of
5 ml/minute has been used [40]; 300 ml/minute has been used
for spinal injury [41]; and several ejection rates ranging between
10 and 1000ml/minute have been used for stroke [42, 43]. There-
fore, ejection rates used in this study (10–300 ml/minute) were
selected to assess a range of clinically relevant ejection rates pre-
viously used in clinical trials. Calculated values for shear stress
(Table 1) at 10 and 20ml/minute in 30Gneedleswere in the range
expected in human circulation. All other flow rates had shear
stress values outside the ranges for venous and arterial circula-
tions [37, 38]. Most of the shear stress values calculated suggest
that cells are being exposed to supraphysiological mechanical
stresses during the injection process, and, therefore, it is deemed

critical to assess the effects of such stresses on cellular health. The
impact of injectable delivery on hMSCswas quantified in terms of
24-hour viability, apoptosis, and other aspects of cell health.

PrestoBlue andCyQUANTassayswereused tomeasure viabil-
ity in terms of cell numbers obtained relative to directly pipetted
control samples. A significant loss of cells at all flow rates under
investigationwasobservedat24hours postejection. Thepercent-
age of hMSCs delivered was directly proportional to the ejection
rate used, with cells ejected at 300ml/minute displaying the high-
est percentage of cells delivered. This may be due to the shorter
time spent subjected tomechanical forces within the delivery de-
vice at this flow rate, which appears to have a more prominent
effect on the cells than the size of shear stress exerted at the rates
under investigation. This is interesting to compare with the
smaller NIH 3T3 cells used in our previous study [32] (mean size,
14.9 mm), which, unlike hMSCs, had an optimum cell-dose deliv-
ery at 150 ml/minute, after which delivery efficiency decreased.
Percentages of cell recovery at slower ejection rates were con-
firmed microscopically, where lower flow rates resulted in the
ejection of a visibly lower number of cells. Flow cytometric anal-
yses measured proportions of dead cells delivered through the
needle within samples under investigation. Live/Dead analyses
(Fig. 1D, 1E) confirmed that cells obtained by ejection through
30G needles at all flow rates were not discernibly affected (viable
cells .97%). This is comparable with previous viability findings
with various cell types, where viability was .90% at the needle
sizes investigated in those studies [16, 18, 19]. Because cell viabil-
itywas high at all flow rates investigated, it was concluded that cell
loss probably was mainly due to retention in the delivery device.

Figure 4. Trilineage differentiation potential of cultured human mesenchymal stem cells (hMSCs) ejected via 30G needles. To verify the dif-
ferentiation capacity ofejectedhMSCs via30Gneedles, adipogenic, osteogenic, and chondrogenicdifferentiationwas carriedoutonejectedand
control samples following 21 days of differentiation. Adipogenic differentiation was assessed by Oil Red O staining. Osteogenic differentiation
was assessedbyAlizarin Red staining of calcifiedmatrix. Phase-contrastmicroscopyofmicromass cultures showsdifferentiationdown the chon-
drocyte lineage, as confirmed by Alcian Blue staining. In Von Kossa-stained samples, calcified deposits are indicated bywhite arrows. Scale bar =
50 mm. Cells cultured in mesenchymal stem cell growth medium without induction served as a negative control.
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Cell viability assays are a valuable key indicator of potential
damage to cells. However, the cells’ transient exposure to supra-
physiological shear-stress forces (Table 1) may trigger apoptotic
responses and other changes at the molecular level. Therefore,
further investigation into the apoptotic, senescence, and pheno-
typic expressions of the ejected hMSCs was carried out. The

proliferative capacity of the cells ejected through 30G needles
did not show any significant changes with all flow rates under
investigation. However, a significant increase in caspase-3/7
protein levels occurred as early as 4 hours postejection. Multi-
plexing viability, cytotoxicity, and apoptosis assays in the same
culture well provided us with internal controls to determine

Figure 5. Investigation of cell recovery and retention in the delivery device following ejection via 30G needles. (A): To investigate poor cell
recovery at slow flow rates, each ejection was followed by phosphate-buffered saline (PBS) washes (5 3 100 ml at 300 ml/minute), and the
number of cells recovered was quantified using PrestoBlue (mean6 SEM; 2 donors; each n = 3). (B): A representative dissection microscope
image of a syringe barrel postejection at 10ml/minute, depicting cells that have been retained in the syringe aggregating during PBSwash. Scale
bar = 1 mm. (C): Confocal microscopy was used to image cells retained in the syringe postejection at 10ml/minute. Scale bar = 200 mm. (D): To
investigate where cells were being retained in the delivery device, its components (syringe barrel and needle) were separated after ejection at
10ml/minute, and each was separately washed with PBS. The number of cells recovered was measured using PrestoBlue (mean6 SEM; n = 3).
(E):Adhesion of cells to a borosilicate glass surfacewas assessed, comparing the number of cells adheringwith nowash following removal of cell
suspensions from wells and after gentle PBS washes (100ml; n = 3; 3 independent experiments using cells from 3 donors). (F): A comparison of
cell-dose recovery between viable and apoptotic cells (induced using 10mM staurosporine) ejected at 10ml/minute (n = 4). p, p # .05 for the
difference between the 2 groups, using the Mann-Whitney test. Abbreviations: Ctrl, control; Inj., injected.
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caspase-3/7 levels while taking the differences in cell numbers
ejected into account, in contrast with previous studies [17, 19].
This multiplex assay indicated that the slowest ejection rate un-
der investigation (10ml/minute) significantly increased cytotox-
icity and apoptosis levels in ejected hMSCs. An increase in the
apoptotic cell proportions at the slowest flow rates and an in-
crease in the necrotic cell proportions were also observed at
24 hours postejection with Annexin V/PI staining. This suggests
that slower flow rates prolonged cell exposure to shear forces,
possibly inducing apoptosis. Since the lowest flow rates resulted
in a significant increase in apoptotic cell proportions compared
with the control, this endorsed the hypothesis that an equilib-
rium needs to be achieved between the mechanical forces
exerted on the cells and the period of time spent subjected to
these forces. The senescence results displayed a different trend,
where SA-b-galactosidase activity increased with increasing
flow rates, but this failed to reach significance.

The ISCT defines MSCs as cells that are capable of osteogen-
esis, adipogenesis, and chondrogenesis under in vitro conditions,
and that are positive (.95%) for CD73, CD90, and CD105 but neg-
ative for CD11b, CD14, CD34, CD45, CD79a, and HLA-DR surface
markers [39]. Downregulation in expression of CD105, a stromal
cell-associated marker, to less than 95% at 24 hours postejection
at the slowest rate of ejection under investigation (10ml/minute)
represented the greatest significant change observed in flow
cytometric immunophenotyping. This is lower than the value
stated by ICST as minimal criteria to define hMSCs. Downregu-
lated expression of CD105 has been observed afterMSC differen-
tiation and can be used to indicate their differentiation status
[44]. Therefore, altered expression of this surface marker at the
slowest flow rates investigated may affect the multipotency of
hMSCs and, therefore, impact the therapeutic efficiency of the in-
jected cells. The capacity to differentiate into the three lineages
was subsequently investigated.

Targeted cell lineagedifferentiation is vital for the regenerative
effect of MSCs. We investigated the capacity for multilineage dif-
ferentiation of the ejected hMSCs. All samples completed multili-
neagedifferentiation,whichwas inducedusing themanufacturer’s
recommended protocols. The progression of differentiation, indi-
cated via qualitative markers of adipogenesis, osteogenesis, and
chondrogenesis, was consistent with previous studies in terms of
retention of differentiation capacity [16, 17]. However, differenti-
ationwas visibly lower at the slower ejection rates,whichwas con-
firmed by standard staining methods. This may have been due to
lower cell numbers being ejected at these rates, impairing the ca-
pacity for differentiation. Elucidation of the extent of impact of
ejection rateondifferentiation capacity cannot be concludedusing
qualitative stainingmethods alone, and this requires further more
detailed investigation.

Needle gauge also had a substantial impact on viability post-
ejection. A smaller percentage of the delivered cell dosewas ob-
served with the smaller needle diameter (51 mm). This can be
explained by the magnitudes of the forces to which cells are ex-
posed: Smaller needles will result in higher forces being exerted
on the cells. In addition, higher flow rates also caused signifi-
cantly higher apoptotic cell proportions, which may be due to
the higher, supraphysiological shear-force levels exerted at this
flow rate (Table 1). In the case of 34G needles, both the pro-
longed ejection period at 10 ml/minute and higher shear-force
value exerted at 300 ml/minute adversely impacted cells post-
ejection, causing significantly higher apoptotic cell proportions

than control samples. Flow rates in between these lower andup-
per limits seemed to maintain a more favorable balance for the
ejected cells.

Since cytotoxicity and apoptosis results did not fully account
for the substantial differences in percentages of cell doses deliv-
ered, the likelihood of cells adhering to the inner walls of the
delivery device was investigated, because hMSCs are highly ad-
herent anchorage-dependent cells [45]. Results revealed that
cells were mainly retained in the syringe, and a smaller propor-
tion was retained on the inner walls of the needle. These were
only dislodged by PBS washes at 300ml/minute. Cell loss occur-
ring at the slower flow rates may be due to the longer period of
time that the cells are in contact with the syringe glass surface,
which may allow the formation of transient adhesions to the in-
jector and other cells, forming aggregates. The present results
demonstrate that such adhesive interactions with the delivery
device can be significant and could substantially affect the deliv-
ery of cells to the target site. This highlights the importance of
developing materials that do not promote the attachment of
cells for the manufacture of cell-delivery devices. In addition,
the optimization of injection rates used in preclinical and clinical
trials is critical to reduce mechanical stress and improve cell-
delivery success rates.

We also decided to investigate whether the characteristic
morphological changes associatedwith apoptosis, suchas cellular
shrinkage andmembrane blebbing [46], led to the increase in ap-
optotic cell proportions recovered at slower ejection rates, or
whether it was due to the increased time exposed to mechanical
forceswithin the delivery device. Percentage of cell-dose delivery
between apoptotic cells (induced using 10 mM staurosporine)
and viable cells ejected at 10 ml/minute was compared. Despite
the lower cell-adhesion capability exhibited by apoptotic cells,
shown by the statistically significant increase in cell dose deliv-
ered (Mann-Whitney test, p , .05), the increase in percentage
delivered was not substantial. This suggests that the increase in
apoptosis levels at a slower flow rate results from a combination
of both factors: the prolonged exposure to shear forces, aswell as
the lower capacity of apoptotic cells to form transient adhesions
to the syringe.

CONCLUSION

MSCs have recently emerged as excellent candidates for cell ther-
apy. Although great progress has been achieved, future research
should focus on elucidating optimal strategies for injectable cell
delivery, to revolutionize regenerative cellular therapies. Our re-
sults emphasize the importance of adapting cell-administration
protocols to the nature of transplanted cells, because it is reason-
able to assume that the environment into which the cells would
be injected would also have further adverse effects on injected
cells. Initial loss of injected cells may be due to a combination
of cell disruption by mechanical forces and cell retention in the
delivery device. Results of this study reveal that passing hMSCs
through a needle at the slower flow rates used previously in var-
ious clinical trials is likely to induce apoptosis, which can bring
about delayed death of the injected hMSCs, and phenotypic ex-
pression changes, whichmay impact their physiological function-
ing. In comparisonwithour previous studyusingNIH3T3 cells, the
percentage of viable hMSCs delivered increased with increasing
ejection rate, whereas the smaller NIH 3T3 cells had an optimum
ejection rate of 150 ml/minute, after which efficiency of delivery
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dropped. Therefore, this study emphasizes the importance of thor-
ough consideration of administration protocols required for effi-
cacious cell delivery. Further studies will enable us to optimize
protocols using finer needles to minimize the physical damage of
cell implantation, particularly for degenerative diseases accompa-
nying neuronal damage.
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