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Background. Tissue glues can minimize treatment invasiveness, mitigate the risk of infection, and reduce surgery time; ergo, they
have been developed and used in surgical procedures as wound closure devices beside sutures, staples, and metallic grafts.
Regardless of their structure or function, tissue glues should show an acceptable microbial barrier function before being used
in humans. This study proposes a novel in vitro method using Escherichia coli Lux and bioluminescence imaging technique to
assess the microbial barrier function of tissue glues. Different volumes and concentrations of E. coli Lux were applied to
precured or cured polyurethane-based tissue glue placed on agar plates. Plates were cultured for 1 h, 24 h, 48 h, and 72 h with
bioluminescence signal measurement subsequently. Herein, protocol established a volume of 5 μL of a 1 : 100 dilution of E. coli
Lux containing around 2 × 107 CFU/mL as optimal for testing polyurethane-based tissue glue. Measurement of OD600nm,
determination of CFU/mL, and correlation with the bioluminescence measurement in p/s unit resulted in a good correlation
between CFU/mL and p/s and demonstrated good reproducibility of our method. In addition, this in vitro method could show
that the tested polyurethane-based tissue glue can provide a reasonable barrier against the microbial penetration and act as a
bacterial barrier for up to 48 h with no penetration and up to 72 h with a low level of penetration through the material.
Overall, we have established a novel, sensitive, and reproducible in vitro method using the bioluminescence imaging technique
for testing the microbial barrier function of new tissue glues.

1. Introduction

For decades, sutures, metallic ware, and staples have been
used as the main method to achieve wound closure or inter-
nal implant fixation in surgical setups [1, 2]. However, these
methods can cause a deficiency of tissue integration, signifi-
cant mismatch between tissue and fixation, leakage, and
additional trauma leading to surgical site infection (SSI) by
microorganisms [3, 4]. Tissue glue as a physical barrier
device against microorganism penetration can provide a fast
and noninvasive option with easier application method
compare to the traditional invasive techniques [5]. Tissue
glues can be categorized mainly as fibrin-, cyanoacrylate-,

or polyurethane-based glues regarding to their structure or
as hemostats, sealants, and adhesives based on their
intended use and application [6, 7]. A tissue glue as an
adhesive should have strong wet adhesion properties and
be stable under different physiological conditions. Tissue
adhesives, if being used as topical wound closure devices,
benefit from less risk of needle stick injury [8]. As a result,
this will decrease the rate of suture tract infections and fluid
or air leakage [9, 10]. Polyurethane-based tissue adhesives
are a family of surgical glues that are entirely manufactured
of a synthetic polyurethane prepolymer and an amine-based
curing agent. Both components are provided in a single-use,
two-chambered ready-to-use syringe. As soon as the
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prepolymer mixes with the curing agent, the poly-addition
reaction begins. Surgical site infection caused by microbial
contamination of the wound site is the most occurring
healthcare-associated infection [11]. Immediately upon
occurring a defect in the stratum corneum barrier of the epi-
dermis, organisms commonly responsible for wound infec-
tions adhere to the surface of the injured tissue and initiate
an infection [12]. The subsequent development of this infec-
tion is related to both the size of the initial bacterial inocu-
lum and the success of local and systemic defense
mechanisms of the living being [13, 14]. In consideration
of that, a tissue adhesive as a wound closure device should
have an acceptable microbial barrier function. To prove the
microbial barrier effectiveness of tissue adhesives and
demonstrate their microbial barrier function, an in vitro
assessment based on the Bhende’s methodology has been
conducted and described before [15, 16]. The basis of the
test is subjecting the adhesive layer in contact with various
organisms responsible for surgical site infections [17]. In this
manner, a wound closure device that forms a barrier for up
to 72 hours provides sufficient time for the natural wound
healing process and evaluated to be effective [15, 18].
Recently, the advancement of genetic engineering methods
allows scientists introducing bioluminescence genes from
numerous species into the bacteria, cells, and animals that
can further be used in in vitro and in vivo studies by apply-
ing new imaging techniques [19]. In the work described
herein, we have utilized transduced Escherichia coli with a
Lux gene that enables emitting bioluminescent light without
the necessity of adding a luciferin substrate [20, 21]. By
doing so, the bacterial growth and subsequently the micro-
bial barrier function can be evaluated through biolumines-
cence imaging, a nontoxic and highly sensitive analytical
technique that has been used in a wide range of studies on
living cells and animals [22, 23]. In the presented study, we
established a novel in vitro method to assess the microbial
barrier function of a polyurethane-based tissue adhesive.

2. Materials and Methods

The study was divided into three parts to address: (i) the
adherence ability of a polyurethane-based tissue adhesive
to contact surfaces like agar or petri dishes and subsequently
the growth of bacteria as pretest 1, (ii) the optimal dosage
and bioluminescence signal of the bacteria culture as pretest
2, and (iii) the microbial barrier function of a polyurethane-
based tissue adhesive as main study.

2.1. E. coli Lux Culture. Escherichia coli Lux was generated
and kindly provided by Dr. Timo Schwandt. Culture was
prepared using bacteria glycerol stock added in to 3mL
sterile Standard I Nutrient Broth medium (Carl Roth GmbH
+ Co. KG, Karlsruhe, Germany) containing 100μg/mL
Ampicillin. The culture was incubated overnight at 37°C in
an incubator shaker with 190 rpm.

2.2. Optical Density Determination. The growth of overnight
E. coli Lux culture was checked the next day by visual con-
trol of the culture cloudiness, then was determined by the

optical density measurement using a spectrophotometer at
the wavelength of 600 nm (BioPhotometer®, Eppendorf,
Hamburg, Germany). OD600 of around three was considered
as optimal.

2.3. Titration Assay and Bioluminescence Measurement. A
serial dilution of 1 : 2 was performed by applying 200μL of
the overnight E. coli Lux culture collected at OD600 around
three to a 96-well microplate. Subsequently, biolumines-
cence measurement was employed using the in vivo imaging
system with the exposure time between 0.5 second and 1min
(IVIS® Lumina XR II, Caliper Life Sciences, Inc., Hopkinton,
MA, USA).

2.4. Colony Forming Unit (CFU) Determination. To deter-
mine the colony forming unit (CFU)/mL, 50μL of serial
dilutions (104, 105, and 106) of the overnight E. coli Lux
culture was cultured on Tryptone Blood Sheep Soy Agar
(TBSA) plates (Oxoid ™ Deutschland GmbH, Wesel, Ger-
many). Plates containing 30–300 colonies were counted to
calculate the final bacterial concentration as CFU/mL values.

2.5. The Polyurethane-Based Tissue Adhesive Preparation. In
pretest 1, the polyurethane-based tissue adhesive (PU-glue)
was cured as a single layer on the inner side of the sterile alu-
minum pouch according to the instruction for clinical appli-
cation. The adhesive strips had approximately 2mm
thickness and were remained under the laminar flow hood
for 2-3 minutes allowing them to polymerize. 2 × 2 cm
squares of the PU-glue were prepared using a sterile scalpel.
Additionally, 2 × 2 cm squares of sterile filter paper were
used as control. The cured PU-glue as well as sterile filter
papers was placed on agar plates and on plain petri dishes.
Furthermore, the PU-glue was used as its liquid form
(uncured) and applied directly to a petri dish. In pretest 2
and the main study, the polyurethane-based tissue adhesive
was solely used in its cured form and placed directly on
TBSA plates.

2.6. Inoculation. In pretest 1, a total of 10 cured and 10
uncured PU-glue in addition to control groups for each set
were tested. 5 of each group were inoculated with 5μL and
5 others with 10μL of pure E. coli Lux culture. In pretest 2,
5μL of different dilutions of the E. coli Lux culture (1 : 10,
1 : 100, and 1 : 1000) was used for inoculation. TBSA plates
with PU-glue or control filter paper were incubated at 37°C
for 1, 24, 48, and 72 hours. At each time point, they were eval-
uated for morphology (visual control of bacterial growth and
shape of the glue/filter) and subsequently the bioluminescence
signal measurement according to the imaging protocol.

2.7. Imaging Protocol. Bioluminescence imaging was
performed using an IVIS® Lumina XR II imaging system
(Caliper Life Sciences, Inc., Hopkinton,MA, USA). The plates
were placed in the specimen chamber, and photon emission
was measured with the following settings: Binning: 8,
Aperture (f/stop): 1, field of view (FOV): D, and the subject
height: one centimeter. The bioluminescence values were
measured without using the excitation/emission filter (open)
and at room temperature. The exposure time was set ranging
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from 0.5 second to 1min depending on the bioluminescence
intensity signal. Afterwards, the region of interest (ROI) tool
was used to determine the total number of photons detected
per second (photons/s) on the specific parts of the test spec-
imens. For each test and control plate for each time interval,
three different images were obtained: (i) from above, which
measured the whole surface of the PU-glue/filter papers;
(ii) after removal of the PU-glue/filter papers, which mea-
sured only the area below of the glue or filter paper, not
the bacteria growth around them; and (iii) cross-section
which measured the half-cut surface of PU-glue/filter papers
placed perpendicularly on the TBSA plate.

2.8. Data Analysis. Data analyses were performed using the
Living Image® 4.7.3, Microsoft Excel and GraphPad Prism
8 (GraphPad Software Inc., San Diego, CA, USA) software
package for windows 10. The total flux signal in photons
per second from a specific site (site of testing article or filter
paper) was quantified by defining a region of interest (ROI)
drawn manually, then measured using the Living Image®
Software. Henceforward, the background levels were
obtained by measuring the total flux signal from a ROI (out-
side the test material or filter paper). Background values
were then subtracted from the measurement values followed
by calculation of the mean value and standard deviation of
each replicate. Moreover, the radiance signal was measured
in photons/second/cm2/steradian (p/sec/cm2/sr). Statistical
calculations and quality assessment of different rounds of
experiments were performed using the GraphPad Prism
software. The data obtained from all measurements were
converted to CFU/mL values according to the linear regres-
sion analysis and the correlation graph. From there, two-way
ANOVA with Bonferroni posttest was performed, and the
effects were considered statistically significant if p ≤ 0:05.

3. Results

3.1. Pretest 1. The adherence ability of polyurethane-based
adhesive to the contact surfaces of TBSA plate and petri dish
and subsequently the bacterial growth was assessed in pre-
test 1. Furthermore, two different volumes of E. coli Lux cul-
ture (5 and 10μL) were tested by visual control and
bioluminescence signal measurement (group assignment,
see Figure 1(a), n = 1). Signals were measured at three differ-
ent sites (above, bottom, cross-section) as shown in
Figure 1(b) at different time points as depicted in the exper-
imental design in Figure 1(c). For verification of the Lux
gene expression, the bioluminescence signals from different
dilutions of E. coli Lux were first measured in a titration
assay (Figure 1(d)). Afterwards, these results were correlated
with the colony forming units’ values evaluated using stan-
dard culture methods. High correlation in the indicated
range with a correlation coefficient of r2 = 0:956 was demon-
strated (Figure 1(e)). Representative pictures of the biolumi-
nescence measurement with 10μL of incubated E. coli Lux
culture on TBSA plates after 1 h, 24 h, 48 h, and 72h at the
indicated sites are shown in Figure 2. In general, there was
no visible bacterial growth and no measurable biolumines-
cence signal in groups 3, 4, and 5 on the condition that the

test materials were just placed on petri dishes. In group 1,
after 1 h of incubation, no bioluminescence signal could be
measured, whereas a small signal was detected in the control
group. However, as the incubation time reached to 72h, the
bioluminescence signals increased in both groups (1 and 2).
After 48h, a spillover effect/overgrowth of bacteria was
detected with a high intensity at the edges resulting from a
faster bacteria growth when directly in contact with the agar.
To prevent this effect, only 5μL inoculation of E. coli Lux
culture was tested in pretest 2 and the main study. Results
of bioluminescence measurements converted to colony
forming unit values after inoculation with 10 and 5μL of
E. coli Lux culture are shown in Figure 3. Here, the calcu-
lated CFU/mL values of PU-glue placed on agar plates
showed detectable levels starting from 1h of incubation
reaching to the highest level at 24 h with 10μL of E. coli
Lux (Figure 3(a)). No significant differences between PU-
glue and control groups could be seen at different time
points measured from the above, the bottom side, and cross
sections. However, the CFU/mL values of PU-glue group
after 48 h and 72 h were higher than that of the control
group in cross section measurements. Using 5μL of E. coli
Lux culture resulted in more prominent discrimination
between control and PU-glue as shown in Figure 3(b). Biolu-
minescence signals converted into CFU/ml from PU-glue
placed on agar plates showed detectable levels starting from
24h of incubation, whereas in control group the detectable
bioluminescence signal started after 1 h and reached to the
highest level at 24 h. Significant differences between PU-
glue and control groups could be seen on the bottom site
measurements until 72 h of inoculation. No bioluminescence
signals above the detection limit could be measured in the
groups in which PU-glue or filter papers were placed on
petri dishes.

3.2. Pretest 2. To further optimize our method, 5μL aliquots
of three different dilutions (1 : 10, 1 : 100, and 1 : 1000) from
overnight E. coli Lux culture were tested on PU-glue and
control filter papers in pretest 2. Bioluminescence signals
were measured and converted into colony forming units at
the indicated dilutions and are shown in Figure 4. In the
PU-glue group, after 1 h incubation with different dilutions
of E. coli Lux, no visible bacteria growth and no measurable
bioluminescence signals were detectable. In the control
group, only minor bacteria growth could be observed at this
time point. Hereinafter, bioluminescence signals of PU-glue
group with pure, 1 : 10, and 1 : 100 dilution of E. coli Lux
showed a detectable level starting after 24 h of incubation.
The signal reached to the highest level as the incubation time
increased to 72h. On the contrary, in the control group with
pure, 1 : 10, and 1 : 100 dilution of E. coli Lux, the biolumi-
nescence signal started to be detectable after 1 h of incuba-
tion and reached to its highest level at the 24h time points.
The 1 : 1000 dilution did not show any bacteria growth or
measurable bioluminescence signal neither on the PU-glue
nor on control filter paper. In general, differences between
PU-glue and control groups could be only seen in measure-
ment from above and on the bottom side of the test material
at 1 h, 24 h, and 48 h time point. However, the differences
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were not significant due to the small sample size. Clear dif-
ferences between PU-glue and control groups could be
detected at 1 h and 24h time points from cross section mea-
surement. Nonetheless, these differences decreased after-
wards at 48 h and 72 h.

3.3. The Main Study. In the main study, the polyurethane-
based adhesive was investigated further for its microbial
barrier function according to the method developed and
optimized in pretests 1 and 2 while using cured adhesive film
and 5μL of a 1 : 100 dilution of E. coli Lux on agar plates
were established and considered as the optimal approach.
For standardization and comparability of our method, the
measured CFU/mL values, OD600nm, photons per second
(p/s) values, and calculated correlation coefficients (between
CFU/mL and p/s values) for pretest 1, pretest 2, and the
main study are shown in Table 1. The compared data indi-
cate that bacteria cultures with an optical density (OD600nm)
around 3, which will result in comparably similar CFU/mL

values and show a good correlation with the measured biolu-
minescence signals (p/s).

For the evaluation of the PU-glue in the main study, we
compared 10 test articles vs. control using the above estab-
lished method (Figure 5). All 10 test articles retained their
integrity as a microbial barrier up to 72 h when measured
by visual observation. All controls were positive as evident
by visual observation and bioluminescence measurements
at 1 h, 24 h, 48 h, and 72 h. In general, bacterial growth
according to the bioluminescence measurement from above
was significantly reduced after 24 h in the PU-glue group,
indicating a slower bacterial growth. Measuring the biolumi-
nescence intensity from the bottom side, significant differ-
ences between PU-glue and control groups were observed
at 1 h and 24h of incubation. However, the difference was
not significant at 48 h and 72 h since the signal levels in the
control group decreased. Furthermore, the cross-section
data showed significant differences between PU-glue and
control groups at 24 h, 48 h, and 72 h time points, similar

Group
number

(1) PU-glue cured on agar plates 10/5
10/5
10
10
10

(2) Control: steril filter paper on agar plates
(3) PU-glue cured on a petri dish
(4) Control: steril filter paper on a petri dish
(5) PU-glue liquid (uncured on a petri dish
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Figure 1: Experiment design of pretest 1: (a) group assignment; (b) representative pictures of the bioluminescence imaging from above,
bottom site, and cross section indicating the light intensity with the red color as the most intense and the blue color as the least intense
signal and the set region of interest (ROI). (c) Experimental design D-1: start of the E. coli Lux culture overnight 1 day before of
experiment; D0: testing of E. coli Lux culture by optical density (OD600nm), titration assay, and CFU/mL measurement and application of
E. coli Lux to test and control articles. 1 h, 24 h, 48 h, 72 h: assessment of morphology (bacterial growth), adhesion of PU-glue/sterile
filter papers, and bioluminescence imaging. (d) Image of E. coli Lux titration (1 : 2 dilution series, row A/B-1 to A/B-10). Values in
A/B-12 represent measurements of the control (media only). (e) Linear regression graphs for E. coli Lux titration and bioluminescence
results and calculated r2 values.
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to the measured data from above. In total, the data from this
in vitromodel indicate the penetration of E. coli Lux through
the tested PU-glue after 48 h. It could be also demonstrated
that the polyurethane-based tissue adhesive is an effective
barrier to microbial penetration with 95% confidence only
for 24h based on the obtained data in the main study. The
scattered dot plot data illustrated in Figure 6 show details
about the single measurement from each plate. Interestingly,
bacterial growth after 24 h of incubation was negatively mea-
sured from some plates in PU-glue group, whereas after 48 h
all plates became positive using the bioluminescence mea-
surement. This underlines the need of at least 10 test articles
per group at each time point.

4. Discussion

The discomfort and pain caused by invasive techniques such
as sutures, staples, and metallic ware and the potential
accompanied surgical site infection raise the need for devel-
oping new methods that can minimize treatment invasive-
ness, mitigate the infection, and reduce surgery time
[24–26]. Since decades, tissue adhesives have been addressed
as an attractive alternative for wound closure or internal
implant fixation in surgical setups, providing a microbial
barrier and even antimicrobial properties [27]. Wound heal-
ing is a complex process and requires several orderly events
to occur simultaneously. A natural barrier to outside

elements will be formed within 48 hours through epithelial
cell generation and basal cell movement across the incised
dermis [28]. Until this time, the injured tissue has little or
no tensile strength and is solely dependent on the wound
closure device to provide a suitable barrier and maintain
its integrity [29]. Thereby, new wound closure devices such
as tissue adhesives should be tested for their microbial bar-
rier function, antimicrobial, and removal properties. The
purpose of here-described study was to establish a novel
in vitro method to assess the microbial barrier function of
tissue adhesives using the bioluminescence imaging tech-
nique. We employed E. coli Lux bacteria, the bioluminescent
form of Escherichia coli, as one of the organisms commonly
responsible for wound infection to evaluate the microbial
barrier function of a polyurethane-based tissue adhesive
[19, 20, 30, 31]. This family of adhesives is known to be fully
synthetic, nontoxic, flexible, and biodegradable with a cer-
tain barrier strength [7, 24, 32]. In pretest 1, the adherence
ability of PU-glue to the contact surfaces of agar or petri
dish, its shape, and appearance were assessed by utilizing
two different volumes of the E. coli Lux culture. Data showed
that unlike the clinical situation, the PU-glue will not remain
plane especially on agar plates during the incubation period.
As a consequence, this characteristic can interfere with the
final results. Additionally, the agar media plate is needed to
observe bacterial growth. Therefore, the best application
method for in vitro assessment of PU-glue was curing the

(i) (ii) (iii)

(a) PI-glue

(i) (ii) (iii)

(b) Control

Figure 2: Results of bioluminescence imaging after inoculation with 10 μL E. coli Lux: (a) culture on PU-glue and (b) culture on control
filter paper after 1 h, 24 h, 48 h, and 72 h time points from (i) above, (ii) bottom, and (iii) cross section, respectively. Bioluminescence
signal is shown as radiance (p/sec/cm2/sr) on a color-coded intensity scale depicted in the color bars beside the image. For the cross
section images ((iii) in (a, b)), Min and Max values of the measurement range are indicated on the bottom right corner of the images.
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PU-glue as a layer on the inner side of the sterile aluminum
pouch and placing it on the agar plate after polymerization
for further assessment. In pretest 2, 5μL of different bacteria
dilutions was used and analyzed. Data indicated that the
1 : 100 dilution (corresponding to at least 2 × 107 CFU/mL)
is sensitive enough to detect differences between the test
and the control group and show a reasonable bacterial
growth over time. The data from pretests 1 and 2 confirmed
the importance of finding the right volume and concentra-
tion of the bacteria culture and knowing about the behavior

of the test material to establish a reliable and reproducible
method to discriminate efficiently between test materials.
To avoid the observed spillover effect and overgrowing of
bacteria due to large volume and amount, the 5μL volume
of 1 : 100 dilution (107CFU/mL) was selected as the opti-
mum. As seen in Table 1, the measured CFU/ml, OD600nm,
p/s, and calculated correlation coefficients (between CFU
and p/s measurement) showed a good standardization of
our method when OD600nm level of 3 is reached in the bac-
terial culture. Based on our experience, it is necessary to have
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(i) (ii) (iii)1014

1012

1010

108

CF
U

 (m
l)

106

104

1 h 24 h 48 h 72 h1 h 24 h 48 h 72 h1 h 24 h 48 h 72 h

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎

PU-glue
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PU-glue (Pd)Control
Control (P)

(b)

Figure 3: Results of bioluminescence measurement converted to CFU/mL: (a) after inoculation with 10μL E. coli Lux culture. (b) After
inoculation with 5μL E. coli Lux culture on test materials at the indicated time points and sites: (i) above, (ii) bottom, and (iii) cross
section. PU-glue: cured and placed on agar plates; Control: sterile filter paper placed on agar plates; PU-glue (P): cured and placed on a
petri dish; Control (P): sterile filter paper placed on a petri dish, PU-glue (Pd) liquid (uncured) on a petri dish. Dotted line indicates the
detection limit. ∗∗∗p < 0:0005, n = 1.

PU-glue

PU-glue (1:10)
PU-glue (1:100)Control
Control (1:10)

Control (1:100)

1 h 24 h 48 h 72 h 1 h 24 h 48 h 72 h 1 h 24 h 48 h 72 h
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(i) (ii) (iii)

Figure 4: Results of bioluminescence measurement converted to CFU/mL. After inoculation of 5 μL E. coli Lux culture with different
dilutions on test materials at the indicated time points and sites: from (i) above, (ii) bottom, and (iii) cross section. PU-glue and control:
inoculation with pure E. coli Lux. PU-glue (1 : 10) and control (1 : 10): inoculation with 1 : 10 dilution of E. coli Lux. PU-glue (1 : 100)
and control (1 : 100): inoculation with 1 : 100 dilution of E. coli Lux. There was no detectable bacterial growth with 1 : 1000 dilution
of E. coli Lux.
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a good bacteria stock management and to work with the one
prior selected clone that showed the highest intensity in
bioluminescence measurement, since the bioluminescence
signals can vary among bacteria clones. Regarding the biolu-
minescence analyses, data are presented as pseudo-color
images showing the light intensity superimposed over the
grayscale reference. The red color in these images is indicat-
ing the most intense region, and the blue color defines the
least intense one. However, it has to be noticed that no opti-
cal signal in the region of interest does not necessarily mean
no bioluminescence result, especially if stronger signals are
detected elsewhere in the picture. Thus, a separate ROI anal-
ysis is needed. Furthermore, the bioluminescence detection

limit has to be evaluated in bacteria culture titration assay
using background level measurements of the test materials.
All in all, working with the same bacterial stock, proper stor-
ing, selecting the best clone, and antibiotic treatment are
crucial criteria to reach a standard and reproducible method.
Furthermore, the photon per second values from imaging
measurements needs to be converted to CFU/mL to have
rational results and normalized data for evaluation. How-
ever, the data from cross section images are not suitable
for assessing the microbial barrier function of the here used
polyurethane-based tissue adhesive due to its biodegradable
characteristics over time which results in penetration of the
bacteria. The resolution and sensitivity of the measurement
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Figure 5: Results of bioluminescence measurement converted to CFU/mL. After inoculation of 5μL E. coli Lux culture with 1 : 100 dilution
in test materials at the indicated time points and sites: (i) above, (ii) bottom, and (iii) cross section. ∗∗∗∗p < 0:0001, ∗p < 0:05, n = 10.
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Figure 6: Scattered dot plot of the bioluminescence measurement results in photon/s. After inoculation of 5μL E. coli Lux culture with
1 : 100 dilution in test materials at the indicated time points and sites: (i) above, (ii) bottom, and (iii) cross section.

Table 1: Characterization of the E. coli Lux bacteria culture. Optical density measurement (OD600nm), the measured and calculated CFU/mL
values, the mean of bioluminescence signals measured in 5 μL of a 1 : 2 E. coli Lux dilution, and correlation coefficient between colony
forming units and photon per second values as r2 are shown.

Test round OD600 nm CFU/mL Mean (p/s) r2 (CFU/mL vs. p/s)

Pretest 1 3.011 2:4 × 107 7.76E+10 0.956

Pretest 2 3.065 2:48 × 107 1.29E+09 0.8919

Main study 3 2:66 × 107 1.46E+10 0.9510
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are not high enough to discriminate between the bacterial
growth on the material and the bacterial growth through it.
On this account, measuring the bacterial growth below the
tissue adhesive as an indication of its ability to prevent the
bacteria from reaching to the skin surface is considered as
an assessment of microbial barrier function. Results of the
main study indicated the penetration of E. coli Lux through
the PU-glue after 48 h of incubation. Comparing the here
described in vitro method with standard in vivo models, it
should be noted that this novel in vitro assessment is much
more sensitive than an animal infection model, since in
practice higher numbers of organisms would be required to
generate an infection in an in vivomodel owing to the inher-
ent immune response [17]. Moreover, the imaging settings
play an important role in obtaining standard and accurate
results which are reproducible. The amount of the collected
light, the distance from the lens to the sample, subject
height, and the exposure time are some of the factors which
can affect the results. One limitation of this in vitro method
would be that it does not simulate the wound healing pro-
cess; thus, it cannot be studied through this model. Addi-
tionally, the agar plate may not reflect the clinical situation
since it is different from the skin [33].

However, the results of this study can easily be extended
to other bacteria species responsible for SSIs (Staphylococcus
aureus, Pseudomonas aeruginosa, Staphylococcus epidermi-
dis, and Enterococcus faecalis) [34]. Since many years, the
role and significance of microorganisms in wound healing
are discussed. On the one hand, it is thought that microbial
density is of primary importance in wound infection [18,
35–38]; on the other hand, it has been argued that the types
of microorganisms to be of greater importance [39–44].
Despite the fact that wound environment is mostly poly-
microbial [45–50], one study indicates one-third of the total
number of microbial species in colonized wounds are anaer-
obic. Moreover, this frequency and prevalence increases to
approximately 50% if the wound is infected [51]. Several
studies also determined that the majority of infected wounds
are colonized with at least 105CFU/g of bacteria [36, 52–58].
It has always been a matter of concern to strictly compare
in vitro results from evaluating studies on tissue adhesives
since the bacterial strains used, the inoculated volume, and
CFU/mL values were different [33]. Bioluminescence bacte-
ria have been utilized in many in vivo studies and showed
many potentials to be used in different fields of science
[59–63]. The goal of the here-described study was to
observe, detect, and measure actively growing bacteria using
bioluminescence imaging techniques in an in vitro situation
as a novel method to assess the microbial barrier function.
The established in vitro assessment not only provides easier
and earlier detection of bacterial growth but also more reli-
able data to evaluate the microbial barrier function of a
tested tissue adhesive.

5. Conclusion

The purpose of this study was establishing a novel in vitro
method to evaluate the microbiological barrier function of
tissue adhesives using bioluminescent imaging technique.

Data of the in vitro experiment supported the hypothesis
that the tested polyurethane-based tissue adhesive can pro-
vide a reasonable barrier to microbial penetration with
95% confidence for 24h. The results suggest that this PU-
glue is likely to act as a bacterial barrier for up to 48 h with
no penetration and up to 72 h with a low level of penetra-
tion, proven by the low levels of bacterial growth.
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