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Background: This study investigated bacterial colonization of the foam eluate
after negative-pressure wound therapy (NPWT) with instillation and dwell time
(NPWTi-d) to obtain an indication of possible recontamination of the wound
during NPWTi-d. To detect bacterial colonization and the extent of planktonic
and nonplanktonic bioburden as comprehensively as possible, routine culture
and molecular biology methods were used.

Methods: Before (time point 1) and after (median 3.0 days; time point 2) NPWT
(n = 15) and NPWTi-d with antiseptic installation (n = 15), wound bed [22
acute, eight chronic wounds; median age, 51 years (range, 24 to 91); 26 men],
foam, and eluate were examined by routine culture methods and fluorescence
in situ hybridization (FISH), polymerase chain reaction, and FISH sequencing
(FISHseq).

Results: At time point 2, 94.9% (37 of 39) of the pathogens identifiable in
the eluate were also detected in the wound bed. Foam and eluate were always
bacterially contaminated. NPWTi-d resulted in a significant reduction in the
number of pathogen species compared with NPWT (NPWTi-d, time point 1
versus time point 2: P = 0.026; NPWT, time point 1 versus time point 2: not
significant). Routine culture of wound bed samples at time point 2 identified
only 28 of 52 (53.8%) of the pathogens, whereas examination of wound bed,
foam, and eluate and additional FISHseq use detected 50 of 52 (96.2%) of the
bacterial species. FISHseq identified biofilm in one and microcolonies in 10
wounds (time point 2).

Conclusions: The bacterial load of the foam is flushed back into the wound dur-
ing NPWTi-d. FISHseq should be used in addition to the routine culture method
when pathogen identification and detection of nonplanktonic bacterial growth
is particularly important for the patient’s therapy.  (Plast. Reconstr. Surg. 151:
136e, 2023.)
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egative-pressure wound therapy (NPWT)

has dramatically changed the care of com-

plex wounds."” Another important pillar
in wound treatment is wound irrigation, which
usually concludes the operation and is routinely
performed during dressing changes. The com-
bination of these two wound treatment options
has been implemented technically since 1996 for
retrograde instillation of a topical solution with
removal using alternating negative pressure cycles
as an important evolution of the NPWT con-
cept.”* Modern NPWT with instillation and dwell
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time (NPWTi-d) permits a constantly computer-
controlled programmable instillation and allows
the wound solution to dwell in the wound bed for
a user-selected period.’

Improved clinical outcomes have been
reported consistently with the use of NPWTi-d
combined with saline instillation or antiseptic
solutions versus conventional NPWT.!° The clini-
cal benefit, the added comfort, and process sim-
plification of solution delivery in tandem with
NPWT have prompted use of NPWTi-d as first-line
therapy in a wider subset of complex wounds."
NPWTi-d also was shown to reduce both free-liv-
ing (planktonic) bacteria and biofilm-associated
(nonplanktonic) bacteria significantly, whereas
wounds treated with conventional NPWT did not
show this clear effect.”'>!* So it seems understand-
able that the most recent international guideline
recommends the use of NPWTi-d, especially in
contaminated wounds, using saline or antiseptic
solution as instillation fluid in wounds with heavy
bioburden.'*

The recent literature does not, however, take
into account the fact that the wound filler is usually
colonized by bacteria after irrigation at the time of
the foam change.'"” Because the foam is rinsed ret-
rogradely several times a day when using NPWTi-d,
it must be assumed that bacteria are being repeat-
edly flushed back into the wound from this foam.
Against this background, the extent of the contami-
nation of the typically used polyurethane foam and
the severity of possible bacterial recontamination
of the wound bed are of great interest. There are
no published studies that evaluate the eluate bio-
burden to prove whether pathogens from the foam
are flushed back into the wound bed retrogradely
during NPWTi-d. In addition, previous investiga-
tions of bacterial foam colonization were limited to
conventional microbiological methods of detect-
ing routinely culturable bacteria.”

In this study, we sought to investigate the
extent and spatial distribution of the planktonic
and biofilm-associated microbial load of the elu-
ate after retrograde irrigation of the NPWT foam
and wound tissue samples as comprehensively as
possible. Bacterial colonization was analyzed using
standard routine cultures and molecular analyses.

Study Design and Patient Population

This prospective cohort study was performed
in a center for septic defect wounds. We included
30 consecutive hospitalized patients (age 18 years

or older) with acute or chronic soft tissue and bone
infections receiving NPWT (n = 15) or NPWTi-d
(n = 15). The manner in which patients were
assigned to the groups (NPWT or NPWTi-d) was at
the discretion of the respective surgeon. The study
was approved by the Ethics Committee Berlin,
Germany (EA1/055/15). All patients gave written
informed consent to participate in this study.

Sample Collection

Tissue samples were taken from the wound
bed of open wounds before any contact with a dis-
infectant in primarily closed infection situations
after incision and exploration of the infection area
(time point 1). Skin disinfection was performed
in the operating theater immediately before sur-
gery (Skinsept G; Ecolab, Monheim am Rhein,
Germany). After radical débridement, the wound
was irrigated extensively with antiseptic solutions
and then closed using NPWT or NPWTi-d. After
removal of the NPWT dressing (time point 2),
foam and wound bed samples were taken. In addi-
tion, in both groups, the foam was rinsed retro-
gradely with 20 mL NaCl through the connecting
tube under sterile conditions, simulating the ret-
rograde instillation phase of NPWTi-d.

NPWT and NPWTi-d Application

Patients were assigned to either NPWT or
NPWTi-d (V.A.C. Granufoam Dressing or V.A.C.
Veraflo Dressing, 3M, St. Paul, Minn.) with anti-
septic instillation solution [sodium hypochlo-
rite/hypochlorous acid (HOCI); Granudacyn
NPWT wound irrigation solution, Molnlycke,
Gothenburg, Sweden] immediately after surgical
débridement. HOCI is the only antiseptic fluid
that shows no toxic effects toward cartilage and
nerve tissue.'” A continuous negative pressure of
100 or 125 mmHg was set. For NPWTi-d, HOCI
instillation with dwell time was performed for 20
minutes every 6 hours.

Microbiologic Analysis

Standard Culture Methods

The processing of culture diagnostics was car-
ried out under the usual conditions in microbi-
ology using commercially available solid culture
media (Schaedler agar, Columbia boiled blood
agar, Columbia sheep blood agar, MacConkey
agar, Candida selective agar) and various liquid
enrichment media (brain-heart dextrose broth,
thioglycolate broth) with incubation times of 2 to
7 days. A semiquantitative algorithm was used to
assess growth on the solid media. Simple manual
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procedures as well as the BioMerieux Vitek 2 sys-
tem, which was also used for antibiotic susceptibil-
ity testing (determination of minimum inhibitory
concentration), were available for identification
of the cultured microorganisms. As an alterna-
tive, the inhibition zone diameter was determined
in the agar diffusion test originally according
to Bauer et al.,'” now being performed follow-
ing the standards of the European Committee
on Antimicrobial Susceptibility Testing and the
German National Antibiotics Committee.

Molecular Analysis Using Fluorescence In
Situ Hybridization Sequencing

Fluorescence in situ hybridization (FISH)
sequencing (FISHseq) describes the combination
of molecular imaging of microorganisms using
FISH with 16S rRNA gene polymerase chain reac-
tion and subsequent sequencing, both out of con-
secutive methacrylate-embedded tissue sections.

Sample Embedding and FISH

Tissue samples were fixed in FISHopt fixa-
tion solution (MoKi Analytics, Berlin, Germany)
and embedded utilizing cold polymerizing resin
(Technovit 8100; Kulzer, Wehrheim, Germany)
and sectioned as described previously.” FISH
analysis was performed according to Schoenrath
et al.” Sections were hybridized with pan-bacterial
probe EUB338 * to visualize the entire bacterial
population. A nonsense probe NON EUB338
was used to exclude nonspecific probe blndlng
For visualization of nucleic acids in host cell nuclei
and bacteria, 4’,6-diamidine-2"-phenylindole dihy-
drochloride (DAPI) was included. In cases where
a positive EUB338_ ; signal was found, specific
probes related to culture or sequencing results
were used to confirm microbial findings by FISH.
For microscopy, an epifluorescence microscope
(Axioplan 2 and Axiolmager Z2; Carl Zeiss, Jena,
Germany) equipped with narrow band filter sets
(AHF Analysentechnik, Tibingen, Germany)
was used. Digital images were generated using
the ZEN and the AxioVision software from Zeiss.
Microorganisms detected were classified empiri-
cally as planktonic (single bacteria), microcolonies
(clusters of up to 30 microorganisms), or biofilms
(communities of more than three layers of adja-
cent bacteria over a length of more than 20 pm).

DNA Extraction, 16S rRNA Gene Polymerase
Chain Reaction Amplification, and Sequencing

DNA was extracted from consecutive sections
of the embedded samples and polymerase chain
reaction was performed using the pan-bacterial
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primer set time point Ul and RTU3* for the
amplification of the 16S rRNA gene as described.”
Subsequent sequencing of amplicons was per-
formed using a commercial sequencing service
(LGC Genomics, Berlin, Germany) and analyzed
with the commercial analysis pipeline SmartGene
(Lausanne, Switzerland) as described previously.”

Statistics

The data were analyzed and compiled
in tables and graphs (Microsoft Excel 2010;
Microsoft Corp., Redmond, WA; GraphPad Prism
9; GraphPad Software, Inc., San Diego, CA; bio-
render.com, Toronto, Canada). Statistical analy-
ses were performed using SPSS 25 for Windows
(IBM Corporation, Chicago, IL). Data to be pre-
sented descriptively were calculated as frequency,
median with 25th and 75th percentile, or mini-
mum and maximum. To test for normality distri-
bution, the Kolmogorov-Smirnov test was used.
Parametric data were analyzed with the ¢ test and
nonparametric data with the Mann-Whitney U
test. Analysis of linked nonparametric data was
performed with the Wilcoxon test. Statistical sig-
nificance was defined as P< 0.05.

Demographics, Antibiotic Treatment, NPWT
Duration, and Specimen Collection

The median age of the patients (26 male)
was 51 years (24 to 91). Nineteen patients had
already received antibiotic therapy before the
first biopsy [n = 16; median 2.5 days (0 to 50)].
In two patients, antibiotic therapy started on
the day of surgery; in one patient, immediately
before biopsy; and in 11 patients, after speci-
men collection. At time point 2, all patients
received antibiotics. There were 22 acute and
eight chronic wounds (Table 1). There are no
significant demographic differences between the
NPWT and NPWTi-d groups (Table 2). At time
point 1, white blood cell and C-reactive protein
levels in patients with acute wounds were 12.0
(median 25th to 75th percentile, 9.55 to 15.05)
and 73.7 (median 25th to 75th percentile, 44.93
to 215.28), respectively, and in patients with
chronic wounds, 8.3 [median 25th to 75th per-
centile, 7.85 to0 9.63 (P=0.027 versus white blood
cells in acute wounds)] and 12.1 [median 25th
to 75th percentile, 9.13 to 49.1 (P = 0.097 ver-
sus Creactive protein in acute wounds)]. In the
NPWT group, the median interval until foam
change was 3 days (range, 1 to 5 days); in the
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Table 1. Demographic Data and Wound Conditions in Both Groups®

Antibiotic Therapy NPWT Interval
Therapy/ Duration before Time between Time
Sex/Age, yrs Diagnosis and Wound Conditions Point 1,” days Points 1 and 2, days
NPWT/M/40 Right lower leg phlegmone; redness, swelling, closed; 1 2
acute wound
NPWT/M/53 SSI after ORIF; redness, overheating, putrid secretion, 1 4
open; acute wound
NPWT/F/73 Bursitis olecranii; putrid, redness, swelling, overheat- Unknown 2
ing, closed; acute wound
NPWT/M/56 Ventral lower leg abscess; redness, overheating, putrid Perioperative (single shot 2
secretion, open; acute wound after sample collection)
NPWT/M/68 DFS; necrosis plate, wet infected margin, open; Perioperative (single shot 3
chronic wound before sample collection)
NPWT/M/66 Sepsis in infected left leg ulcer; odorous, moist, necrotic, Preoperative in ED 3
cut through stocking to bone, open; chronic wound before surgery
NPWT/M/54  Softtissue infection after fibula head fracture; conservative 5 5
therapy, redness, swelling, overheating, open; chronic
wound
NPWT/M/33 Infected wound margin necrosis in skin of right knee joint  Postoperative (time 5
with osteomyelitis; 7x5 cm serous secreting wound, fibrin  point 2; 5 days after
threads, suture material enclosed, open; acute wound first surgery)
NPWT/F/91 Left lower leg ulcus cruris; covered ulcer, 12x8 cm, 3 2
redness, overheating, open; chronic wound
NPWT/M /46 Right lower leg injection abscess; two abscesses, 6x3 and 1 3
5x3 cm, putrid, secreting, porus, open; acute wound
NPWT/M/43  Left phlegmonous bursitis olecranii; massive swelling, Perioperative (single shot 1
redness, overheating, closed; acute wound after sample collection)
NPWT/M/27 Infectious pseudarthrosis of the right tibia in a Perioperative (single 4
gunshot fracture; pretibial swelling, reddened scar, shot after sample col-
hemorrhagic crusts, closed; chronic wound lection)
NPWT/M/31 Right foot shattershot fracture; swelling of the forefoot, 4
nonirritant bullet wounds, closed; acute wound
NPWT/M/74  Right ankle joint empyema; redness, swelling, open 1 3
ulcer with greenish coating, open; acute wound
NPWT/M/32 Right lower leg abscess; redness, swelling, closed; Preoperative in ED 3
acute wound before surgery
NPWTi-d/M/29 Right elbow fistulous osteitis; necrosis plate, serous 16 5
secreting fistula, open; chronic wound
NPWTi-d/M/24 Chronic osteomyelitis of the ulna with fistula on the 1 2
right forearm; putrid secretion, redness, swelling,
open; chronic wound
NPWTi-d/M/74 Right lower leg phlegmon; redness, swelling, over- 4 2
heating, closed; acute wound
NPWTi- Right gluteal region abscess; redness, swelling, over- 2 2
d/M/62 heating, putrid secretion, open; acute wound
NPWTi- Infected ulcer with erysipelas in left foot stump osteo- 4 4
d/M/57 myelitis; redness, pain, closed; acute wound
NPWTi- Chronic wound-healing disorder after LL. amputation Postoperative (first 2
d/M/65 with PAD; moist necrotic plate, open; chronic wound postoperative day)
NPWTi- Bone marrow phlegmon radius in right forearm 1 2
d/F/47 abscess; redness, swelling, overheating, putrid secre-
tion, open; acute wound
NPWTi- Left foot abscess; redness, swelling, overheating, Perioperative (single shot 2
d/M/35 putrid secretion, open; acute wound after sample collection)
NPWTi- Left humerus bullet fracture; shotgun channel open, Perioperative (single shot 3
d/M/33 no inflammation; acute wound after sample collection)
NPWTi- Subcutaneous abscess hollow of the knee on both Perioperative (single 3
d/M/49 sides; redness, swelling, overheating, putrid secre- shot after sample col-
tion, open; acute wound lection)
NPWTi-d/M/78 Postoperative hip joint abscess after periprosthetic Perioperative (single 1
fracture treatment; redness, swelling, overheating, shot after sample col-
closed; acute wound lection)
NPWTi-d/M/45 Right thigh phlegmone; acute wound 4 4
NPWTi-d/F/78 Right buttocEf(s postinterventional phlegmon after 2 4
injection; swellin% closed; acute wound
NPWTi-d/M/28 SSI after claviulc ORIF; redness, swelling, overheating, Perioperative (single shot 3
putrid secretion, open; acute wound after sample collection)
NPWTi-d/M/61 Right lower leg abscess, redness, swelling, wet necro- Perioperative (single shot 2

sis, open; acute wound

after sample collection)

DFS, diabetic foot syndrome; ED, emergency department; LL, lower leg; ORIF, open reduction and internal fixation; PAD, peripheral artery

disease; SSI, surgical-site infection.
NPWT, n = 15; NPWTi-d, n = 15.
"Time point 1 involves débridement and the beginning of NPWT; time point 2, first dressing (foam) change.
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Table 2. Demographic and Treatment Details of Both
Groups

Demographic and Treatment NPWT NPWTi-d
Details (n=15) (n=15)
Sex, M/F 13/2 13/2
Age, yrs, mean (range) 52 (27-91) 51 (24-78)
Wound site
Upper extremity 2 4
Lower extremity 13 8
Buttock or trunk 0 3
Type of infected wound situation
Acute 10 12
Chronic 5 3
Open/closed 9/6 10/5
Comorbidities
HIV/hepatitis C/drug abuse 3/15 3/156
Diabetes/peripheral artery 3/15 5/15
disease
NPWT treatment, days, 3 (1-5) 2 (1-5)
median (range)
Start of antibiotic application
Days before operation; 8;2 (1-50)  8;3 (1-16)

median (range)
On the day of operation 3 0
before probe biopsy
After probe biopsy
Reduction of bacterial species,
wound bed (time point 1)
versus wound bed (time
point 2),* P

“Time point 1 involves débridement and the beginning of NPWT;
time point 2, first dressing (foam) change.

4 7
0.317 0.026

NPWTi-d group, a median of 2 days (range, 1 to
5 days). At time point 1, a median of 2.8 wound
bed tissue samples (range, one to four) were
analyzed using standard culture methods and
a median of 1.3 samples (range, one to three)
were examined using molecular biology meth-
ods. At time point 2, a median of 2.0 wound bed
tissue samples (range, one to four) were analyzed
using standard culture methods and a median of
1.0 samples (range, one to two) were examined
using molecular biology methods. In addition,
at least one foam sample and the eluate were
analyzed with both microbiological methods. In
total, 235 samples were examined with routine
microbiological methods and 145 samples with
FISHseq.

Bacterial Spectrum of Wound Beds at Time
Points 1 and 2

The additional use of molecular biological
techniques enabled the identification of a mark-
edly higher proportion of pathogens. In time point
1, the presence of 58 bacterial colonizations was
detected in all 30 wound beds (monomicrobial, »

= 16 wounds; polymicrobial, n = 14 wounds). Of
these 58, 43 (74.1%) could be detected using the
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routine microbiological culture-based detection
method and 53 (91.4%; the bacterial species could
only be identified in 53 cases) with FISHseq. In time
point 2, the identification of bacteria in wound bed
samples increased from 28 of 52 (53.8%) to 36 of
52 (69.2%) because of the addition of FISHseq to
the microbiological diagnostics (52 bacteria were
detected in time point 2). At time point 2, in no
case was the wound bed free from colonization.
In 63.8% (37 of 58), the pathogens detected at
time point 1 could also be detected in the wound
bed at time point 2 [NPWT group, 21/28 (75%);
NPWTi-d group, 16 of 30 (53.3%); Figs. 1 and 2].

Foam as Pathogen Reservoir and Possible
Pathogen Backwash

Of the bacteria identified in the wound bed
at time point 2, 84.4% (38 of 45) were also detect-
able in the foam (NPWT group, 76.9%; NPWTi-d
group, 94.7%; Fig. 2). A total of 90.7% (39 of 43)
of the pathogens identifiable in the foam could
also be detected in the wound bed. In no case was
the foam free of pathogens. Five pathogens that
were not detectable at time point 2 in the wound
bed were newly detected in the foam analysis [one
in NPWT (Clostridium perfringens) and four in
NPWTi-d (Staphylococcus warneri, Pseudomonas sp.,
Proteus mirabilis, Acinetobactersp.)]. Regardless of the
type of NPWT, no eluate was free from bacteria. Of
the pathogens identifiable in the foam, 83.7% (in
both groups; 36 of 43) could also be detected in the
eluate. A total of 92.3% (36 of 39) of the pathogens
identifiable in the eluate could also be detected in
the foam and 94.9% (37 of 39) in the wound bed.

Effect of Antiseptic NPWTi-d on Bacterial
Wound Contamination

The microbiological and molecular biologi-
cal analysis of the tissue samples of both therapy
forms showed a significantly reduced number of
pathogen species from time point 1 to time point
2 (P =0.012). In the NPWT group, 75% (21 of
28) of the pathogens identified at time point 1
were also detected at time point 2 in the wound
bed, compared with only 53.3% (16 of 30) in the
NPWTi-d group. The application of NPWTi-d led
to a statistically significant reduction in the num-
ber of pathogen species detected compared with
NPWT (NPWTi-d, wound bed at time point 1 ver-
sus wound bed at time point 2: P= 0.026; NPWT,
time point 1 versus time point 2: P=0.317; Fig. 3).
Five pathogens were newly detected at time point
2 in the NPWT group and three in the NPWTi-d
group (Figs. 1 and 2).
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Fig. 1. Consistency of detection of identified bacterial species in wound bed, foam, and eluate before and after NPWT or NPWTi-d
application in all 30 patients. The numbers given in the circles, separated according to form of therapy, indicate the frequency of
the detection of the respective species. A total of 39 different bacterial species were identified at the two time points (time points
1 and 2) and in all sample materials (wound bed, foam, eluate). Gray circle: NPWT; green circle: NPWTi-d.

two) (Fig. 4). The analysis of the foam (time point
2) in all 30 patients revealed the presence of plank-
tonic growth form in 24 patients (NPWT, 14 of 15;
NPWTi-d, 10 of 15), microcolonies in four patients
(NPWT, 0 of 15; NPWTi-d, four of 15), and biofilm

Biofilm in Tissue Samples and NPWT Foam

In all 30 patients, growth behavior of 35 bacte-
ria in the wound bed (time point 1 to time point 2)
and of 32 bacteria in the wound bed at both time
points and in the foam was investigated. At time

point 1, planktonic bacteria could be detected in 16
wounds (NPWT, nine; NPWTi-d, seven), microcol-
onies in eight wounds (NPWT, two; NPWTi-d, six),
and biofilm in six wounds (NPWT, four; NPWTi-d,

in two patients (NPWT, one of 15; NPWTi-d, one of
15) (Fig. 5). In these two biofilm cases, the bacte-
rial species could be detected in the foam and elu-
ate by routine microbiological culture as well.
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NPWT (n = 15 patients)

NPWTi-d (n = 15 patients)

TP 1 TP2 TP1 P2
Wound | Wound Wound Wound Foam Eluate
bed bed Foam Eluate bed bed
# of wounds n=15 n=15
# of bacterial species 28 26 21 22 30 19 22 17

mean +/- SD / wound

1.9+4/-1.41.7+/-1.2|1.4+/-0.8]1.5+/-0.9

20+/-1.3[1.3+/-0.6(1.5+/-0.7|1.1 +/-0.4

absolut versus TP 1 26/28 | 21/28 | 22/28 % 19/30 | 22/30 17/30
relative versus TP 1 (%) 100 % 929 % 75.0% 78.6 % 100 % 63.3 % 73.3% 56.7 %
WB 2 (WB 1)
- identical 21 /28 (75.0 %) 16 /30 (53.3 %)
- species newly detected 5 3
- no longer detectable 7 14
Foam (WB 2)
- identical 20/26(76.9 %) 18/19(94.7 %)
- species newly detected 1 4
- no longer detectable 6 1
Eluate (Foam)
- identical 19/21(90.5%) 17/22(77.3 %)
- species newly detected 3 0
-no longer detectable 2 5

Fig. 2. Number of bacterial species as detected by all diagnostic methods in both groups (NPWT and NPWTi-d). Shown is the
number in different samples [wound bed at time point 1 (WBT1), wound bed at time point 2 (WB2), foam, and eluate]. Created with

BioRender.com.

This study investigates the bacterial load of the
eluate after retrograde rinsing of the NPWT foam
to clarify whether the use of NPWTi-d leads to
recontamination of the wound with pathogens. To
our knowledge, our study is the first to analyze the
bacterial load and growth behavior of organisms in
NPWT foams, their eluate, and in the wound bed
using both standard cultural microbiological and
molecular biological methods such as FISHseq.
The most important finding is that without excep-
tion, all NPWT foams and eluates showed a high
bioburden. Even though the number of different
bacterial species per wound was significantly lower
in the NPWTi-d group, antiseptic instillation fluid
was not able to produce a pathogen-free condition
in the eluate, the foam, or the wound bed.

Other studies have shown that the foam
presents a high bacterial load in the context of
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NPWT. Anagnostakos and Mosser”” found at
least one type of microorganism in 39 out of 101
foams (39%) and polymicrobial contamination
in 26%. Yusuf et al.'” found that 97% of foams
were colonized, 54% of which were polymicro-
bial. Our results showed that 100% of foams were
colonized, 30% of which were polymicrobial. Just
as the major difference between the two studies
cited can be explained by the use of sonication by
Yusuf et al.,'” the results presented here show that
the use of additional FISHseq can more sensitively
detect bacterial colonization by fastidious or rest-
ing bacteria that would otherwise have remained
unidentifiable.

Yusuf et al.'” demonstrated a high bacterial
count in the foam after NPWT but did not take tis-
sue samples from the wound. Based on this work,
it was hoped that pathogens would collect in the
NPWT foam, leaving the wound clean. However,
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Fig. 3. Number of bacterial species identified in each individual patient in the wound bed (time points 1 and 2), foam, and eluate
at time point 2 in the NPWT group (n = 15 patients) and NPWTi-d group (n = 15 patients). Created with GraphPad Prism 9.

50 pm

Fig. 4. Fluorescence in situ hybridization of wound tissue in a patient before NPWT. Culture was positive for
Streptococcus sp. and Enterobacteriaceae. (Left) Overview shows the tissue in green and host cell nuclei in blue. Inset
marks a region where bacteria detected by the panbacterial FISH probe are visible within a small biofilm. At higher
magnification (above, right), the Streptococcus genus-specific FISH probe (orange)* shows a strong fluorescence
signal, indicating active bacteria. In DAPI (below, right), additional rods are visible, in line with Enterobacteriaceae
detected by culture.
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Fig. 5. Fluorescence in situ hybridization of a NPWT foam that was culture-positive for Pseudomonas aeruginosa and
Staphylococcus aureus. The section was hybridized with the Staphylococcus genus-specific probe STAPHY_ " and
the Pseudomonas genus-specific probe PSMG, . .** DAPI was used for visualization of nucleic acids in host cell nuclei
and bacteria. (Above) Overview shows negative pressure wound therapy foam colonized with host cell nuclei and
bacterial biofilms. Inset marks a region were FISH-positive bacteria are visible within biofilms. At higher magnification
(below), the Staphylococcus genus—specific FISH probe (first round inset, orange) and the Pseudomonas genus—specific
FISH (second round inset, green) shows a strong fluorescence signal, indicating active bacteria of both species.

other research groups have shown the tendency of
pathogens to persist in the wound during NPWT
therapy.*~ The results of our study confirm not
only the persistence of pathogens in the wound
and in the foam but also that with NPWTi-d the
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pathogens can be flushed back and forth with
each instillation cycle and thus may repeatedly
recontaminate the wound.

According to the recent literature on
NPWTi-d, there is a trend toward reduced
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bioburden with antiseptic solutions com-
pared with normal saline.””” Our decision to
instill HOCI was primarily based on the results
of previously published studies describing a
broad spectrum of microbiocidal activity and
noncytotoxic effects to cartilage and nervous
structures.'®**% The results of bacterial load
reduction may vary depending on the antiseptic
solution used in NPWTi-d. Although there was a
significant reduction in bacterial species in the
wound bed in the NPWTi-d group compared
with the NPWT group, no wound bed became
bacteria-free. Similar results were observed in
previous studies in which complete reduction of
bacterial contamination was not observed after
NPWTi-d.'*5738

The bacteriological profiling of infected
wounds could be improved significantly in our
study by supplementing the standard cultivation
method with molecular biological diagnostic
techniques such as FISHseq. With this method,
the detection rate of bacterial pathogens in the
wound bed could be increased from just over 70%
using the standard cultivation method to almost
95% using FISHseq at time point 1 and from
50% using the standard cultivation method to
70% using FISHseq at time point 2, confirming
infection by visualization of the microorganism
within the tissue. Bacteria embedded in biofilms
are difficult to detect and to culture,'”* a fact that
may also contribute to the underestimation of
bioburden.

These study results are limited by several fac-
tors, including the way patients were assigned
to the two groups (NPWT or NPWTi-d). There
was no randomization procedure, and allocation
was at the discretion of the individual surgeons,
so selection bias cannot be excluded, although
there were no relevant differences in group
characteristics. Although several surgeons were
involved, all patients were treated uniformly
according to the established standards of a mili-
tary wound center for septic defects. The hetero-
geneity in antibiotic administration should be
noted. In particular, antibiotic administration,
which in some cases was already started preop-
eratively, influenced the detection of bacteria in
intraoperative microbiological samples, because
preoperative antibiotic administration can lead
to false-negative results.”” On the other hand,
the fact that antibiotic administration was often
started before surgery in our study corresponds
with the realities of patient care, as unsuccessfully
treated cases or patients with complications are
usually transferred to our treatment center with

antibiotic therapy already in progress. However,
our observations on contamination of the elu-
ate or foam and the wound bed as well as on
the consistency of the bioburden remain valid.
Thus, the current study adds important new
insights to the literature and provides a basis for
exploring further clinical trial options to under-
stand and demonstrate the effect of NPWTi-d
on wound healing, particularly in wounds with
high bacterial bioburden. It would be interesting
to conduct further clinical studies to investigate
the influence of antiseptic foams, such as silver
foams, on reducing bacterial load when using
NPWT or NPWTi-d.

In summary, all wounds and foams remained
colonized by bacteria after NPWT. In most
cases, the original pathogens were still in the
wound and foam after NPWT. The eluate of
NPWT foams has a bacterial load and this load
is at risk to be washed back into the wound as
part of NPWTi-d. Nevertheless, the number of
bacterial species in the wound is reduced after
NPWT with antiseptic instillation compared
with conventional NPWT. Therefore, NPWTi-d
should be used for contaminated wounds. The
analysis of nonplanktonic bacterial life forms
during NPWT shows that there is a tendency to
detect fewer microcolonies and biofilms in the
wound bed and foam even after a short NPWT
period. Our observations underline the ques-
tion of the significance of the quantity of the
pathogens in wounds, which has not yet been
adequately answered. Through the additional
use of molecular biological examination tech-
niques (FISHseq), a significantly higher propor-
tion of bacterial species can be identified. This
technique is costly and not necessary for every
wound, but it should be recommended for ther-
apy-resistant infection situations without previ-
ous microbiological pathogen detection.

We investigated the foam and eluate of NPWT
for the first time and found that NPWT poses
a risk of backwashing bacteria into the wound.
NPWT cannot achieve complete decontami-
nation of wounds after one cycle, but by using
NPWTi-d, the bacterial load in contaminated
wounds can be significantly reduced compared
with conventional NPWT. The use of additional
molecular biological methods, such as FISHseq,
can significantly improve pathogen detection in
difficult therapy-resistant wounds and offer fur-
ther therapeutic options.
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