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Arthroscopic Airbrush-Assisted
Cell Spraying for Cartilage Repair:
Design, Development, and Characterization
of Custom-Made Arthroscopic Spray Nozzles
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Introduction: Airbrush-assisted cell spraying would facilitate fully arthroscopic filling of cartilage defects,
thereby providing a minimally invasive procedure for cartilage repair. This study provides the development and
characterization of custom-made spray nozzles that could serve as a foundation for the development of a
BioAirbrush, a platform technology for the arthroscopic application of (cell laden) hydrogels.
Materials and Methods: Custom-made spray nozzles were designed and produced with 3D printing technology.
A commercially available spraying system was used for comparison. Sprays were characterized based on spray
angle, cone width, droplet size, velocity, and density. This was performed with conventional and high-speed
imaging. Furthermore, cell survival of chondrocytes and mesenchymal stromal cells, as well as the chondro-
genic capacity of chondrocytes after spraying were evaluated.
Results: Changing nozzle design from internal to external mixing significantly increased cell survival after
spraying. Custom-made spray nozzles provide larger droplets compared to the current commercially available
technology, potentially improving cell survival. Sufficient mixing of two gel components was confirmed for the
custom-made nozzles. Overall, custom-made nozzles improved cell survival after spraying, without signifi-
cantly affecting the chondrogenic capacity of the cells.
Conclusions: This study provides a platform for the development of a BioAirbrush for spray-assisted cell
implantations in arthroscopic cartilage repair procedures. Evaluation of the fundamental characteristics of a
spray as well as a study of cell survival after spraying have further expanded the knowledge regarding cell
spraying for cartilage repair. Nozzle design and air pressure characteristics are essential parameters to consider
for the clinical implementation of spray-assisted cell implantations.

Keywords: cartilage repair, cell spraying, arthroscopic, mesenchymal stromal cells, hydrogels, cell therapy

Introduction

Treatment of knee cartilage defects prevents further
progression of articular cartilage damage and allows

patients to return to their daily activities, including sports.1,2

Autologous chondrocyte implantation (ACI) has shown
to be a successful procedure for larger defects (>2.5 cm2),
with sustaining benefits up to 20 years.3–5 However, down-
sides include the requirement of two surgical procedures,
relatively high costs, and the need for a mini-arthrotomy.

A previous study has shown that cell viability in third-
generation ACI is severely hampered by performing this
procedure arthroscopically, because of manipulation of the
implant.6 Besides, it is striking that the main improve-
ments in the field of ACI have been gained in finding the
perfect combination of cells and biomaterials, while im-
provements in surgical instrumentation have been largely
neglected.

Recently, we have proposed arthroscopic airbrush-
assisted cell implantation as a new strategy to improve
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cartilage repair.7 Cell spraying with an arthroscopic airbrush
would facilitate fully arthroscopic filling of cartilage de-
fects, layer by layer. This method could support the recent
shift toward less invasive one-stage procedures.8–12 In vivo
cell spraying has been applied before in other fields of
medicine, such as in the treatment of burn wounds,13–15

ulcers,16,17 or seeding of tubular constructs for tracheal tis-
sue engineering.18 However, currently available commercial
spray instruments, made for spraying fibrin glue, are not
suitable for arthroscopic use. These instruments are associ-
ated with limited arthroscopic maneuverability, the occur-
rence of device clogging, or destructive effect on cell
survival. Hence for implementation of arthroscopic air-
brushing in clinical setting, current devices need adaptation.

This study involves the development and characterization
of two custom-made spray nozzles that could serve as a
foundation for the development of a BioAirbrush, an ar-
throscopic instrument for cell implantations in cartilage re-
pair procedures. To study the feasibility of spraying cells
with these custom-made nozzles, cell survival and chon-
drogenic potential after spraying were studied.

Materials and Methods

Development of custom-made spray nozzles

Custom-made nozzle designs were created using 3D
computer-aided design (3D CAD) software (Autodesk Fusion
360, Student license) (Fig. 1). Previous experimental expe-
rience7,19 and a patent search into fibrin spraying nozzles
were used as a starting point for the new designs. An online
3D printing service platform, 3Dhubs, was used to find a
manufacturer. MultiJet printing with Visijet M3 Crystal was
chosen because of its combination of high printing resolution
and biocompatibility (class VI material classification). This
material has already been shown to be suitable for production
of microfluidic devices for biological applications.20,21

Fluid dynamic analysis: spray pattern characterization

To visualize the spray with conventional photography, a setup
with a Digital Single Lens Reflex (DSLR) camera (Nikon D750),
a black background, and an external light source was used. Il-
lumination of the spray was directed from the side through fi-
berglass optics. A syringe pump (Harvard Apparatus PHD 2000)
and a pressure regulator (WIKA Fein-Druckmebgerät) were
used to ensure stable flow of fluid (demi-water) and air. The
continuous burst mode option (CH) of the D750 was used to
acquire images at a frame rate of 6.5 fps. Fifteen to twenty
photographs were made for each nozzle. Chosen parameters
were air pressure, 0.6 bar, and fluid flow, 2.4 mL/min. Short
videos were created by combining the images into Graphics
Interchange Format (GIF) files using PicGif (MacOS software)
(see Supplementary Videos S1–S3; Supplementary Data are
available online at www.liebertpub.com/tec).

Furthermore, images were analyzed using ImageJ (version
1.47v) to measure the cone angle and cone width at 5, 10, and
15 mm distance from the nozzle. Ten randomly chosen images
were used for the measurements. Calibration was performed
by using the actual diameter of the nozzle visible in the images
and angles were measured using the angle tool for the densest
part of the spray. The scale bar was used to insert an artificial
ruler (5, 10, and 15 mm) in the image (Fig. 2) using Adobe
Photoshop CS6, indicating the distance to the nozzle, at which
the cone width was measured using the line tool in ImageJ.

Fluid dynamic analysis: droplet characterization

High-speed imaging was used to characterize the spray in
terms of droplet size, velocity, and density, as it was previ-
ously shown that these parameters might have predictive value
regarding cell survival.19 The experimental setup was adopted
from a previous study by Hendriks et al.19 Briefly, the setup
captures droplets in sets of two consecutive images with a
delay of 1ms, which enables the calculation of the droplet size

FIG. 1. Nozzle designs.
(A) Shows the double out-
put channels inside the
DuploSpray (Baxter) system.
(B) Shows the conventional
DuploSpray nozzle, whereas
(C, D) show the designs of
the custom-made double
barrel and 45� double barrel
nozzle, respectively.
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and velocity. A dual-pulse laser (Quantel Evergreen pulsed
ND:Yag laser, 532 nm) was used for brightfield illumination.
The pulses were captured by a dual-shutter camera (PCO
CCD Sensicam). The delay between the illumination pulses
was set to 1ms using a pulse/delay generator (BNC model
575). A 10 · long-distance objective was used at a 10 · mag-
nification. To fully characterize droplets at different locations
in the spray, measurements were performed at different lo-
cations along the x-axis [-2, -1, -0.5, 0, 0.5, 1, 2, 3, 5, and
10 mm], where 0 mm is located at the center of the spray.

Measurements were performed at 15 mm distance from
the nozzle (y-axis). For each location, 429 image pairs were
obtained, as seen in the figure (Fig. 3). The droplets were
automatically detected using a MATLAB script, detecting
only droplets appearing sufficiently sharp, excluding blurred
droplets. The script allowed for detection of droplet sizes in
a range of 1–100 mm and the downward x-y Pythagoras
translation were used to calculate the droplet velocity.
Droplet density was defined as the number of droplets de-
tected in each location of the spray.

Mixing efficiency

Mixing of the two fibrin glue components after spraying
with the newly developed 45� double barrel (DB) nozzle
was evaluated. The 45�DB nozzle was chosen for this ex-
periment because this was considered the design with the
highest potential for arthroscopic use. To evaluate the
mixing of the gel, microspheres were added to the compo-
nents of the fibrin glue. Blue 15mm microspheres (Triton
Dye TRAK, CA) were added to the fibrinogen component
(Tisseel; Baxter) and yellow 15 mm microspheres (Triton
Dye TRAK) were added to the thrombin component. The
spray setup was used (0.6 bar and 15 mm nozzle-substrate
distance) to create sprayed fibrin constructs (500mL) on a
glass microscope slide. After spraying, gel mixing was
evaluated using microscopy (Olympus BX51); images were
taken from four random locations in each construct. Mi-
croscope images were processed using ImageJ (Version
1.47v). Particle analysis was used to calculate the number of
microspheres in the image for each color. The calculated

FIG. 2. ImageJ spray character-
ization analyses. Representative
image of the DuploSpray nozzle
spray pattern. Similar images were
obtained for the other custom-made
nozzles. Spray patterns were char-
acterized based on measurements
of the cone angle (a) and the cone
width (b) at 5, 10, and 15 mm
distance from the nozzle.

FIG. 3. Representation of
two consecutive droplet
characterization images.
Time delay between (A, B) is
1 ms. Droplet diameter is
given by D0, downward x-y
Pythagoras translation of the
droplet in t = 1 ms is given by
T. Blurred droplets in (A, B)
are not detected by the
MATLAB script.
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amounts were used to calculate the mixing efficiency, de-
scribed by % mixing, where 100% is considered perfect
mixing (equal amounts of microspheres).

Cell isolation and culture

Cartilage was obtained from redundant material from
patients who underwent total knee arthroplasty. The
anonymous collection of this material was performed ac-
cording to the Medical Ethical regulations of the Uni-
versity Medical Center Utrecht and the guideline ‘‘good
use of redundant tissue for research’’ of the Dutch Fed-
eration of Medical Research Societies. Articular chon-
drocytes were isolated using a previously described
protocol.22 Cells were expanded in an expansion medium
(Dulbecco’s modified Eagle’s medium [DMEM; Gibco],
10% fetal bovine serum [FBS; Hyclone, Logan, UT], and
1% Penicillin/Streptomycin [P/S; Gibco, 100 U/mL/
100 mg/mL]), passaged at subconfluency, and maintained
in the expansion medium until passage 2, when they were
harvested for spray experiments.

Bone marrow aspirates were taken from the iliac crest of
patients receiving total hip arthroplasty, after their informed
consent according to a protocol approved by the local
Medical Ethics Committee (University Medical Center
Utrecht). Human mesenchymal stromal cells (hMSCs) were
isolated from the bone marrow aspirates according to a
previously described protocol.23 Cells were separated on
Ficoll-Paque (GE-Healthcare) and the mononuclear fraction
was plated for culture in the expansion medium (aMEM
[Gibco], 10% FBS, 1% P/S, and 1% l-ascorbic acid-2-
phosphate [AsAp; Sigma-Aldrich]). hMSCs were selected
based on plastic adherence, as previously described.24 Cells
were passaged at subconfluency and maintained in the ex-
pansion medium until passage 3, when they were harvested
for spray experiments.

Cell spray setup

The setup shown in Figure 4 was used for cell spray ex-
periments. Two 1 mL syringes (BD Biosciences), either both
filled with cells in culture medium or the separated two com-
ponents of the fibrin glue, were used to push fluid through the
spray system. The air pressure was regulated using the Du-
ploSpray pressure regulator, connected to a source of com-
pressed air (0–1.5 bar). The fluid flow was kept as constant as
possible.

Cell viability assays

To study cell survival after spraying under the influence of
air pressure, cells were sprayed in the expansion medium
(DMEM, 10% FBS, and 1% P/S in 12-well plates, 250,000
cells in 500mL per well), at a distance of 15 mm, using a
variable air pressure (0–1.5 bar), in triplicates. After 24 h of
culture, relative cell survival was determined by measuring the
metabolic activity of the cells using the AlamarBlue assay (10%
[w/v] resazurin [Alfa Aesar, Thermo Scientific]). AlamarBlue
data were normalized to DNA content and subsequently nor-
malized to the 0 bar samples, resulting in a percentage of rel-
ative viability compared to the negative control (0 bar). DNA
content was measured using the Quant-IT PicoGreen dsDNA
kit (Invitrogen), according to the manufacturer’s protocol.

Cell survival after spraying in fibrin glue was determined
using a Live/Dead cell viability kit (Molecular Probes;
Thermo Scientific). Cells were sprayed in fibrin as cocultures
of chondrocytes and hMSCs (ratio 10:90)25 (n = 2), in du-
plicates. When spraying in fibrin glue, cells were dissolved in
the fibrinogen component of the fibrin glue at a concentration
of 1 million cells per mL, to provide an amount of 250,000
cells per 500mL fibrin construct. After 72 h of culture, cells
were stained using Calcein AM (live cells) and ethidium
homodimer-1 (dead cells) in phosphate-buffered saline, as
described by the manufacturer. After 30 min of incubation,

FIG. 4. In vitro cell spray
setup. The DuploSpray in-
strument with custom-made
or conventional nozzle is
stabilized using a stand and
clamp, which enables varia-
tion of the nozzle-substrate
distance. Fluid is pushed
through the system with two
1 mL syringes in the Tisseel
applicator. Air pressure is
supplied by a pressure regu-
lator connected to a source of
CA. CA, compressed air.
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cells were visualized using confocal microscopy (Leica).
Two representative images were taken from each fibrin
construct.

Chondrogenic gene expression analysis

The influence of cell spraying on the ability of articular
chondrocytes to express chondrogenic genes was evaluated
using real-time polymerase chain reaction (RT-PCR). Cells
were sprayed in 12-well plates, 250,000 cells in 500 mL per
well, in DMEM supplemented with 10% FBS, 1% AsAp,
and 1% P/S, under varying pressures (0–1.0 bar), using the
45�DB nozzle. After 72 h of culture, total RNA was isolated
using Trizol (Invitrogen) as described by the manufacturer.
Total RNA (500 ng) was transcribed using the High-
Capacity cDNA Reverse Transcription kit (Applied Bio-
systems). RT-PCRs were performed using iTaq Universal
SYBR Green Supermix (Bio-Rad) in a LightCycler 96.
RT-PCR was performed for chondrogenic genes, aggrecan
(ACAN), type II collagen (COL2A1), and type I collagen
(COL1A1). Primer complementary DNA sequences (In-
vitrogen) were used as a standard, accepting an efficiency of
the standard curve >1.85.

Gene expression was analyzed using absolute quantifica-
tion (LightCycler 96 software) and normalized to 18S ribo-
somal RNA (18S) expression. Primer sequences (Invitrogen)
were as follows: Aggrecan (ACAN), Forward: 5¢ CAAC
TACCCGGCCATCC 3¢, Reverse: 5¢ GATGGCTCTGTA
ATGGAACAC 3¢; Type II Collagen (COL2A1), Forward: 5¢
AGGGCCAGGATGTCCGGCA 3¢, Reverse: 5¢ GGGTCCC
AGGTTCTCCATCT 3¢; Type I Collagen (COL1A1), For-
ward: 5¢ TCCAACGAGATCGAGATCC 3¢, Reverse: 5¢
AAGCCGAATTCCTGGTCT 3¢, and 18S; Forward: 5¢ GTA
ACCCGTTGAACCCCATT 3¢, Reverse: 5¢ CCATCCAAT

CGGTAGTAGCG 3¢. The amplified PCR fragments ex-
tended over at least one exon border (except for 18S).26

Statistical analysis

Differences in cone angle and width were compared be-
tween the three nozzles using an analysis of variance (AN-
OVA) with Tukey multiple comparisons test. Relative cell
viability/DNA after spraying for each air pressure was com-
pared to the 0 bar control using an ANOVA with Dunnett
multiple comparisons test. Fold change in relative gene ex-
pression for each air pressure was compared to the 0 bar
control using an ANOVA with Dunnett multiple comparisons
test. A p-value <0.05 was considered statistically significant.
GraphPad Prism version 6 was used to perform statistics as
well as to generate all graphs.

Results

Development of custom-made spray nozzles

A straight DB nozzle (Fig. 1C) was designed to improve
the fibrin mixing and cell survival by changing from internal
to external mixing. As many arthroscopic instruments have a
30 or 45� angled tip to improve arthroscopic maneuverabil-
ity, a 45�DB nozzle was designed (Fig. 1D), which ensures
external mixing of the fibrin components and an angled tip to
increase arthroscopic maneuverability. The commercially
available DuploSpray nozzle (Fig. 1B) was used as a control.

Fluid dynamic analysis: spray pattern characterization

For each nozzle, the cone angle and the cone width at 5,
10, and 15 mm distance to the nozzle were determined (Fig. 5
and Table 1). Although the measured cone angle was rela-
tively similar for all nozzles, the differences between the

FIG. 5. Spray character-
ization images captured by
conventional photography.
(A–C) Show the spray pat-
tern of the DuploSpray (A),
double barrel (B), and 45�
double barrel (C) nozzle, at a
flow rate of 2.4 mL/min and
0.6 bar pressure.

Table 1. Spray Characterization

Cone angle (�) Width at 5 mm (in mm) Width at 10 mm (in mm) Width at 15 mm (in mm)

DuploSpray 24.99 – 0.86 4.51 – 0.72 6.70 – 1.16 8.49 – 1.12
Double barrel 21.56 – 1.27 2.74 – 0.55 4.87 – 0.47 7.20 – 0.47
45� double barrel 28.23 – 2.73 2.98 – 0.82 5.73 – 1.30 8.11 – 1.07

Spray characterization defined by the cone angle and width at 5, 10, and 15 mm distance to the nozzle. Values are given as
average – standard deviation (N = 10).
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nozzles were statistically significant (Duplo vs. DB: p = 0.0006,
Duplo vs. 45�DB: p = 0.0012, DB vs. 45�DB: p < 0.0001).
Based on the cone angle measurements, the DB nozzle pro-
vided a narrower spray distribution, while the Duplo and
45�DB nozzle were more similar, with 45�DB having the
broadest distribution. Differences in cone width were statisti-
cally significant at 5 mm for Duplo versus DB: p < 0.0001 and
Duplo versus 45�DB: p < 0.0001, at 10 mm for Duplo versus
DB: p = 0.0015, and at 15 mm for Duplo versus DB: p = 0.0198.
The cone width measurements confirmed the narrow distribu-
tion of the DB nozzle, while the Duplo and 45�DB nozzle
provide a broader distribution.

Fluid dynamic analysis: droplet characterization

Droplet characterization was performed using high-
speed imaging, providing information on droplet size,

velocity, and amounts of detected droplets (droplet den-
sity). For the Duplo nozzle, there was a clear distribution
of the droplet sizes, identified by smaller droplets in the
center of the spray and a gradual increase in droplet size
moving toward the edges of the spray (Fig. 6A). With an
increasing air pressure, the average droplet size remained
similar (Table 2). For the DB nozzle, the distribution of
the droplet size was more homogenous compared to the
Duplo nozzle, with no distinct increase in droplet size
moving toward the edge of the spray, only at 5–10 mm
from the center (Fig. 6D). The average droplet size,
however, decreased at higher pressures (Table 2). For the
45�DB nozzle, the distribution was heterogeneous, with a
clear increase in droplet size at 5–10 mm from the center
of the spray (Fig. 6G). The average droplet size gradually
decreased with increasing pressure (Table 2). These re-
sults indicated that the use of the 45�DB nozzle results in

FIG. 6. Droplet characterization. Droplet characterization is defined by droplet radius (A, D, G), velocity (B, E, H), and
number of detected droplets (C, F, I). Dx to center on the y-axis indicates the specific location in the spray. Distributions of
droplet size, velocity, and density were found to be symmetric; therefore values <0 mm from the center of the spray are not
displayed in the graphs. Bar graphs show the mean radius, velocity, or number of droplets, –SD.
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the largest droplets, while the Duplo nozzle distributed the
smallest droplets.

All three nozzles showed a similar trend in terms of
droplet velocity; the fastest droplets were detected in the
center of the spray with a gradual decrease in velocity to-
ward the edges of the spray (Fig. 6B, E, H). Air pressure
was, for most locations in the spray, associated with an
increase in droplet velocity (Table 2). For the Duplo nozzle,
as is shown in Figure 6B, the air pressure had the highest
influence on the droplets located in the center of the spray,
resulting in higher velocities. For the DB nozzle, a similar
trend was observed, where the fastest droplets were detected
in the center or 0.5 mm from the center, with a gradual
decrease in velocity toward the edge of the spray (Fig. 6E).
For the 45�DB nozzle, the detected velocities were the
highest compared to the Duplo and DB nozzle, with the
fastest droplets located in the center of the spray (Fig. 6H).

Droplet density is defined as the number of droplets de-
tected in each location of the spray. The number of droplets
detected varied significantly between the three nozzles. The
number of droplets detected with the Duplo nozzle was higher
compared to the DB and 45�DB nozzle (Fig. 6C, F, I, and
Table 2). For the Duplo nozzle, no distinct pattern was ob-
served in terms of droplet density. There was, however, a
trend toward higher amounts of droplets detected at higher
pressures toward the edge of the spray, up to 2 mm from the
center of the spray (Fig. 6C). For the DB and 45�DB nozzle, a
pattern was observed characterized by lower amounts of
droplets detected in the center of the spray and higher amounts
of droplets detected toward the edge, up to 2 mm from the
center of the spray (Fig. 6F, I). For the Duplo nozzle, the
average number of droplets detected was directly influenced
by the air pressure (Table 2). For the DB and 45�DB nozzle,
this effect was less distinct.

Mixing efficiency

The efficiency of fibrin mixing using the 45�DB nozzle was
evaluated using microspheres. Macroscopic evaluation of the
images did not show clustering of one of the color micro-
spheres throughout the fibrin constructs, indicating random
distribution of the microspheres for both colors (Fig. 7). The
particle analyses showed a mixing efficiency of 84.2% – 3.2%.
Using blue microspheres for the fibrinogen component and
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FIG. 7. Fibrin mixing efficiency analysis. Blue 15 mm
microspheres are shown in dark gray, Yellow 15 mm mi-
crospheres are shown in light gray. Both microspheres were
evenly distributed.
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yellow microspheres for the thrombin component, or vice
versa, showed no significant difference in mixing efficiency
(86.5% – 9.9% vs. 81.9% – 13.9%).

Cell viability assays

Cell survival after spraying at increasing air pressures
was evaluated for human chondrocytes and hMSCs. Using
the Duplo nozzle with increasing pressure had a de-
structive effect on cell survival of both chondrocytes and
hMSCs (Fig. 8). The hMSCs showed large donor vari-
ability; nevertheless, the overall destructive effect was
clearly visible. For chondrocytes, cell viability was sig-
nificantly decreased at a pressure of 0.6, 0.8, 1.0, and 1.5
bar (70.7% – 13.1%, 51.1% – 19.9%, 30.5% – 13.8%, and
15.73% – 11.1%, p < 0.0001) compared to the 0 bar control.
For hMSCs, spraying at 0.6, 0.8, 1.0, and 1.5 bar signifi-
cantly decreased cell survival (63.4% – 35.4%, p = 0.0153,

50.0% – 38.9%, p = 0.0005, 42.5% – 36.0%, p < 0.0001, and
32.0% – 32.9%, p < 0.0001) compared to the 0 bar control.
Using the DB and 45�DB nozzle, minor effects on cell
survival were observed when spraying at an increasing
pressure. For the DB nozzle, chondrocyte viability was
significantly decreased at 1.0 and 1.5 bar (86.1% – 11.4%,
p = 0.0148 and 68.7% – 11.5%, p < 0.0001) compared to the
0 bar control. Cell survival of hMSCs was not significantly
decreased at increasing pressures. For the 45�DB nozzle,
cell survival of chondrocytes was not significantly decreased
at any pressure, while survival of hMSCs was significantly
decreased at a 1.5 bar pressure (70.6% – 22.9%, p = 0.0242)
compared to the 0 bar control.

Cell survival after spraying with the 45�DB nozzle at 0.6
bar in fibrin glue was shown (Fig. 9), which confirms pre-
viously described results. The viability after 96 h of culture
was 95% for injected samples and 94% for sprayed samples.
Spraying in the culture medium as well as fibrin glue at a

FIG. 8. Relative cell viability 24 h after spraying. Relative cell viability determined by AlamarBlue normalized to DNA
content. Donor variability is shown by different data point shapes as indicated in the legend. Mean values are shown for
each air pressure. Statistically significant differences compared to the 0 bar control are indicated by asterisks (*p < 0.05,
***p < 0.001, ****p < 0.0001). hMSCs, human mesenchymal stromal cells.

FIG. 9. Live/dead staining for 10:90
cocultures in fibrin glue. (A) Shows an
injected construct, (B) shows a construct
sprayed with the 45� double barrel nozzle
at 0.6 bar. (A, B) Show a viability of
>94%.
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pressure of 0.6 bar with the 45�DB nozzle did not affect cell
survival after spraying.

Chondrogenic gene expression analysis

Chondrogenic gene expression 72 h after spraying at in-
creasing pressures was evaluated for ACAN, COL2A1, and
COL1A1. The results display large donor variability, especially
for ACAN and COL2A1 (Fig. 10A, B). Overall, no statistically
significant effects on gene expression were observed for all
chondrogenic genes. For ACAN, spraying with a pressure up to
1.0 bar did not affect gene expression, although one donor
(donor 2) showed an increased ACAN expression at higher
pressures (0.8 and 1.0 bar). For COL2A1, similar as for ACAN,
spraying with a pressure up to 1.0 bar did not significantly
affect gene expression. A similar trend is observed for one
donor (donor 2), characterized by an increased gene expression
at higher pressures. COL1A1 gene expression seemed to show a
more distinct trend toward an increased gene expression with
increasing air pressure, up to 4.2-fold expression at 1.0 bar
(Fig. 10C). The donor variability in COL1A1 gene expression is
evidently smaller than for the other two genes. Nevertheless,
the observed trend was shown not to be statistically significant.

Discussion

This study presents a method to optimize spray-applied
application of cell therapy products during knee arthros-
copy, as well as an extensive study of the fundamental
characteristics and feasibility of this technology. Spray-
applied cell therapy (with custom-made spray systems) has
recently been proposed for a variety of procedures18,27 and
has shown to be easy to use, allows fast gelation, good
adherence, and local cellular regeneration.7,18,28

The DB and 45�DB nozzle presented in this study are
unique in terms of nozzle design compared to the current
endoscopic spray technology. Production of custom-made
nozzles using 3D printing technology has shown to be fea-
sible for translation of a design into a usable prototype.
However, use of these prototypes is limited to in vitro/ex
vivo use, as the 3D printed material is not strong enough to
withstand the forces present during knee arthroscopy, which
was confirmed in a pilot experiment in a cadaveric knee.

An important finding of this study is that the type of nozzle
chosen for cell spraying significantly affects cell survival. The
commercially available DuploSpray nozzle severely decreased
cell survival after spraying at an increasing pressure, while high
cell survival rates were maintained up to a pressure of 1.0 bar
with the custom-made DB and 45�DB nozzle.

During spraying, cells are mainly exposed to two specific
events causing significant cell stress that could lead to de-
creased cell survival; when cells leave the nozzle, they are
exposed to shear stress followed by a second event of cell
stress, caused by the impact of hitting the target surface.
Deformation or subsequent increase of the cell membrane
diameter by these stress events can cause cell death.19,29,30

Nozzle design influences the amount of shear stress that
cells experience when leaving the nozzle. By changing the
nozzle design from internal mixing to external mixing, it
was hypothesized that the shear stress of leaving the nozzle
would be significantly decreased, potentially improving cell
survival. This could explain the higher survival rates that
were observed using the custom-made nozzles.

Alongside nozzle design, assessment of the fundamental
characteristics of a spray is essential to provide information
about the character of a spray. Spray characteristics defined
by the cone angle and width are parameters that are important
for successful filling of cartilage defects. Cone width at ar-
throscopically relevant nozzle-substrate distances (5, 10, and
15 mm) was shown to be smaller than the defect diameter for
all nozzles, which makes them usable for the filling of large
cartilage defects (17.8 mm diameter, >2.5 cm2, respectively).

Droplet characteristics such as size, velocity, and density are
more fundamental parameters regarding cell survival after
spraying. They determine the level of stress experienced at the
moment of impact.19,31 In this study, the largest droplets were
observed for the 45�DB nozzle, with an average droplet size
ranging from 18.4 to 13.5mm in diameter (0.4–1.0 bar),
compared to the DuploSpray with which the smallest droplets
were detected, ranging from 11.3 to 11.2mm in diameter (0.4–
1.0 bar). The assumption is made that cells are centered in the
droplet, which would be approximately true for droplet sizes
just exceeding the cell size; however, for larger droplets, the
cells might be located at the edge of the spreading film where
the shear stresses are much higher than in the center.19,32 The

FIG. 10. Chondrogenic gene expression of (A) ACAN, (B) COL2A1, and (C) COL1A1 after spraying. Donor variability is
shown by different data point shapes, as indicated in the legend. Expression is defined by a fold change in relative
expression, compared to the 0 bar control. Mean values are shown for each air pressure. Statistical analysis did not find any
statistically significant differences. ACAN, aggrecan; COL2A1; type II collagen; COL1A1, type I collagen.
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average cell diameter is 10–15mm for human chondrocytes33

and 15–16mm for hMSCs.34 In that respect, the 45�DB nozzle
produces droplets that are just exceeding the cell diameter and
are therefore well suited for spraying of chondrocytes and
hMSCs at a pressure of 0.4 and 0.6 bar. Interestingly, detected
droplet velocities were the highest for the 45�DB nozzle and
smallest for the Duplo nozzle, which is somewhat contradic-
tory because of the inverse correlation with the observed re-
sults regarding droplet size. Previously, it was suggested that
increasing pressure is associated with smaller droplets at higher
velocities, resulting in lower cell survival rates.19 However, the
results of this study suggest that a nozzle producing higher
velocity droplets is not directly associated with small droplets
and lower cell survival, in case of the 45�DB nozzle.

Viscosity of the spray medium and the substrate stiffness
are other parameters determining the level of impact stress
and subsequently cell survival. A limitation of the droplet
characterization is that these analyses were performed with
demi-water. Therefore, it is unknown what the droplet pop-
ulation would resemble when using a spray medium with a
higher viscosity, such as fibrin glue. Increasing the droplet
viscosity is expected to negatively influence the cell viability.
When the viscosity of the droplet would exceed the viscosity
of the cell, the cell is expected to dampen the droplet’s im-
pact, resulting in significant cell deformation and decreased
cell viability.19 However, in this study, cell survival in the
fibrin constructs was shown to be similar to the cell survival
rates observed when spraying in the culture medium. There-
fore, substrate stiffness and tension might be more important
parameters, as a softer substrate provides increased cushion-
ing at the moment of impact.

A possible limitation of this study could be the chosen
in vitro model for spraying cells. In the cell viability experi-
ments, the substrate stiffness was variable during the procedure.
The first layer of sprayed cells was exposed to the plastic
substrate of the well plate; thereafter, the substrate stiffness
changed to that of the fluid that was used for spraying. In
previous studies, viability measurements were performed after
spraying a single layer of cells.18,19 Therefore, the results of this
study regarding cell viability are difficult to compare to other
studies. However, our experiments do approach the in vivo
situation, in which the substrate stiffness will also change
during spraying. The first layer of cells will hit the subchondral
bone inside the defect; thereafter, the following layers of cell-
laden fibrin glue will hit the first layers of fibrin glue and mix
before complete gelation. Therefore, it is not expected that
there will be a layer of damaged cells in the bottom of the filled
defect. This was confirmed in a previous study7 and in the
viability experiments in fibrin glue of this study.

Important for successful cartilage regeneration after
spraying chondrocytes is that the cells do not lose their
chondrogenic capacity. The results of this study indicate that
cells retain their capacity to express chondrogenic genes; no
significant changes in gene expression of ACAN, COL2A1,
and COL1A1 were observed due to spraying. However, a
trend was observed toward higher COL1A1 expression when
higher air pressures were used, which could indicate an
increased dedifferentiation or a fibrocartilaginous phenotype
of the chondrocytes.35 This suggests that air pressure should
be carefully regulated and only a specific range of pressures
should be used for spraying of chondrocytes, to prevent
undesirable dedifferentiation of the cells. In addition, pri-

mary cells are preferred above cultivated cells, as they most
resemble chondrogenic phenotype.

Conclusions

Custom-made spray nozzles were designed, developed, and
characterized, which provide a platform for the development of
a BioAirbrush for spray-assisted cell implantations in arthro-
scopic cartilage repair procedures. Evaluation of the funda-
mental characteristics of a spray generated by different nozzles,
as well as a study of the cell survival after spraying have further
expanded the knowledge regarding the most important pa-
rameters determining cell survival. Nozzle design, air pressure,
and substrate characteristics are essential parameters to con-
sider for the clinical implementation of spray-assisted cell im-
plantations. This work aims at further expanding the knowledge
acquired in this study, to eventually enable translation into a
clinically approved 45� angled spray instrument for the ar-
throscopic implantation of cells in cartilage repair procedures.
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